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Crystal Structures of Eosinophil-Derived Neurotoxin (EDN) in Complex with the
Inhibitors 3-ATP, Ap:A, ApsA, and AgA T+
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ABSTRACT. Eosinophil-derived neurotoxin (EDN) is a catalytically proficient member of the pancreatic
ribonuclease superfamily secreted along with other eosinophil granule proteins during innate host defense
responses and various eosinophil-related inflammatory and allergic diseases. The ribonucleolytic activity
of EDN is central to its antiviral and neurotoxic activities and possibly to other facets of its biological
activity. To probe the importance of this enzymatic activity further, specific inhibitors will be of great
aid. Derivatives of 5ADP are among the most potent inhibitors currently known. Here, we use X-ray
crystallography to investigate the binding of four natural nucleotides containing this mot&tyPsbinds

in two alternative orientations, one occupying thedBbsite in a conventional manner and one being a
retro orientation with no ordered adenosine moiety. Diadenosine triphosphatd)Apd diadenosine
tetraphosphate (A$) bind with one adenine positioned at thedibsite, the polyphosphate chain extending
across the Psubsite in an ill-defined conformation, and a disordered second adenosine moiety. Diadenosine
pentaphosphate (Ap), the most avid inhibitor of this series, binds in a completely ordered fashion with
one adenine positioned conventionally at thesBbsite, the polyphosphate chain occupying tharkli
putative P, subsites, and the other adenine bound neteo-like manner at the edge of the, Bubsite.

The binding mode of each of these inhibitors has features seen in previously determined structures of
adenosine diphosphates. We examine the struetffaity relationships of these inhibitors and discuss

the implications for the design of improved inhibitors.

Eosinophils are leukocytes that store a battery of toxic soluble inflammatory mediators including cytokines, chemo-
proteins in cytoplasmic granules. These cells are recruitedkines, and growth factors( 7).
to tissues in response to parasitic infections, whereupon the Eosinophil infiltration and degranulation are also character-
toxic proteins are secreted as part of the innate host defensestic features of allergic inflammatio). Markedly elevated
system ). The granule proteins include eosinophil-derived |evels of eosinophil granule proteins including EDN and ECP
neurotoxin (EDN; RNase 2) and eosinophil cationic protein  have been found in the inflamed tissues of patients suffering
(ECP; RNase 3), two closely related members of the from allergic asthma, rhinitis, inflammatory bowel disease,
pancreatic ribonuclease superfamil@).(ECP possesses atopic dermatitis, and certain eye diseasesi(3), where
potent helminthotoxic and bactericidal activities, but those they are believed to contribute to the symptoms. The extent
of EDN are considerably weakes,(4). Each reduces the  of the involvement of EDN in these allergic disorders is not

infectivity of respiratory syncytial virus for target celis  clear at present, but in extreme experimental models, exogen-
vitro, possibly mediating the antiviral activity of eosinophils - ous EDN applied in high concentrations is toxic toward cer-
against isolated virions in the respiratory trasjt (n addition, tain neural cell typesl{, 15) and hence the name of the

EDN functions as a selective chemoattractant for dendritic protein.
cells and elicits therefrom the production of a variety of 114 ribonucleolytic activity of EDN is central to its
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Ficure 1: Atom-numbering and torsion-angle scheme fosApTorsion-angle definitions follow IUPAEIUB recommendations66)
where possible. A lacks thee phosphate, while AfA lacks thed ande phosphates.

ity-determining subsites designateg B;, and B, respec- gift of Dr. R. J. Youle (NIH, Bethesda, MD). The recom-
tively. The B, subsite is specific for pyrimidines, and the B binant protein differs from the natural protein in that it is
subsite is selective for purines. In RNase A, dbes not not glycosylated and it has an additional Met residue at the
discriminate strongly between C and We( 22), while B; N terminus. Crystals were grown in sodium acetate at pH
has a 12-25-fold preference for A over G19, 23). Other 6.5 using the hanging drop-vapor diffusion method as de-
peripheral subsites interact with RNA substituents further scribed previously 46). Nucleotides were introduced by
upstream (subsites Pand R) and downstream (subsites P soaking crystals in reservoir solution supplemented with 100

and B). mM nucleotide (sodium salt; Sigma Chemical Co.) for 24 h.
Kinetic and crystallographic analyses of EDN have Crystals were then transferred briefly to a cryoprotectant
provided some details of its;BPy;, and B subsites 16, 22, composed of reservoir solution supplemented with 25% gly-

24—26). The catalytic triad at P(His-15/Lys-38/His-129) cerol before collection of diffraction data at 100 K. Several
closely resembles the corresponding part of RNase A (His- preliminary data sets were collected at beamline X11 of
12/Lys-41/His-119), as do key specificity-determining resi- DESY, EMBL-Hamburg, Germany. Then, data from a crystal
dues at B (EDN Thr-42 corresponds to RNase A Thr-45) soaked in 5ATP were collected using an ADSC Quantum-4
and B (EDN Asn-70 and His-129 correspond to RNase A CCD detector at station PX9.6 of the SRS, Daresbury, U.K.
Asn-71 and His-119). Other residues that contribute to the Data from crystals soaked in Afd and ApA were collected

B, and B subsites are less strictly conserved, and a major using a MAR 300 image plate mounted on an Rigaku RU-
difference in substrate specificity occurs at Bhere EDN H3R rotating anode source emitting CuxKadiation. Data
has an unusually strong (56Q0100-fold) preference for A from a crystal soaked in A were collected using an ADSC
over G @2). Three-dimensional alignment with RNase A Quantum-4 CCD detector at station PX14.2 of the SRS,
and the observation of bound anions has also allowed theDaresbury, U.K. All data were processed and scaled using
assignment of potential peripheral phosphate-binding sub-the HKL suite @9). Data collection statistics are shown in
sites, P4, Py, and B. Table 1.

Adenylic mononucleotide diphosphates such a#\BP Phase Determination and Refinemeviblecular replace-
(ppA) and 3,5-ADP are inhibitors of EDN withK; values ~ ment was performed with MOLRER3(, 31) using PDB
in the 10°-10"* M range and are potential starting points entry 1GQV @6) as a search model. Refinement was then
for the design of tight-binding inhibitors2f). Recently,  conducted using CNS3p) with 5% of the reflections set
Kumar et al. established that several larger, naturally aside for cross-validation38). After one initial round of
occurring nucleotides that incorporate the ppA structure are rigid-body refinement, cycles of minimization, individual
also inhibitors of EDN 27). These include 'SATP (pppA) B-factor refinement, simulated annealing, and electron-
and dinucleotides of the form Af (diadenosine 55™-P*,P" density map calculation were interspersed with manual model
polyphosphate) such as & ApsA, and ApA (Figure 1).  puilding using O 84). Ligands were added manually after
The binding strengths of A (Ki = 1.9 x 10° M) and  one full cycle of refinement according to the density present
ApsA (Ki = 3.7 x 1077 M) are significantly higher than those i F, — F, electron-density maps, and water molecules were
of ppA, pppA, or ApA, and the reasons for this are not added automatically (minimurf, — F. peak height= 30).
obvious. Here, we report crystal structures of EDN in Al data were included in the final round of refinement.
complex with SATP, ApsA, ApoA, and ApA. They reveal The EDNApsA structure was refined additionally using

how the extension of the ppA core _outward from thie SHELX 97-2 @35). Three rounds of refinement with isotropic
phosphate affects the mode of binding and suggest howd. | t ; ded multiol ds of refine-
improved inhibitors may be generated. isplacement parameters preceded multiple rounds of refine
ment with anisotropic displacement parameters, each of
EXPERIMENTAL PROCEDURES which consisted of 10 cycles of restrained CGLS refinement
followed by electron-density map calculation and manual
Protein Purification, Crystallization, and X-ray Data model building using O. The occupancy of all water
Collection.Recombinant EDN, expressedtscherichia coli molecules was fixed at 1.0. Alternate conformations were
from a synthetic gene cloned into pET-11c and purified from assigned to Phe-5, Asn-25, GIn-34, Val-51, Asn-53,
inclusion bodies as described for ECEB), was the kind Thr-67, Ser-76, lle-81, GIn-100, Val-109, and Asn-113.
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Table 1: Data Collection and Processing Statistics

EDN-5'-ATP EDN-ApzA EDN-Ap,A EDN-ApsA

wavelength (A) 0.979 1.54 1.54 0.979
space group P2:212 P2,212; P212:2; P2,212;
unit cell dimensions

a(h) 52.70 52.70 52.42 53.04

b (A) 56.71 56.37 56.53 56.96

c(R) 41.97 41.73 41.62 42.26
resolution range 40:01.24 20.6-2.00 20.0-1.86 40.6-0.98
number of reflections

measured 366 963 32823 75 292 601 614

unique 36418 8785 10540 74 196
Reymn? 0.049 (0.134) 0.080 (0.325) 0.076 (0.392) 0.076 (0.136)
1la(l) 32.1(13.7) 12.2(3.1) 16.5 (2.7) 23.1(11.1)
completeness (%) 99.1 (100) 99.2 (99.1) 96.8 (95.9) 94.4 (91.2)

aRsymm = Ynyi [[li(h) — O(M)QVYnYili(h)], wherel; is theith measurement andi(h)Cis the weighted mean of all of the measurement$(lof.
Figures in parentheses refer to the highest resolution shell{1.2&, 2.072.00, 1.93-1.86, and 1.020.98 A for EDN5'-ATP, EDN-ApsA,
EDN-ApJA, and EDNApsA, respectively).

Table 2: Refinement Statistics

EDN-5'-ATP EDN-ApsA EDN-Ap.A EDN-ApsA

resolution (A) 1.24 2.00 1.86 0.98
number of non-hydrogen atoms

protein 1099 1089 1089 1137

water 192 105 117 210

acetate 4 4 4 4

nucleotide 36 27 31 57
Rerys? 0.188 0.190 0.185 0.134
Riree 0.221 0.228 0.215 0.162
goodness of fit 2.74
deviation from ideality (rms)

bond lengths (A) 0.004 0.006 0.006 0.007

bond angles (deg) 1.36 1.37 1.39 0.18
meanB factor by atom type

protein 10.6 21.9 23.6 10°6

water 25.0 29.2 31.6 230

acetate 10.3 16.2 19.6 16.7

nucleotide 22.1 63.0 61.0 15.3

2 Includes atoms in alternate conformatiohBerysi= Y nlFo — Fcl/Y nFo, WhereF, andF. are the observed and calculated structure-factor amplitudes
of reflectionh. © Reee is equal toReryst for a randomly selected 5% of the reflections not used in the refinerB@ntd(After anisotropic refinement.
¢ Mean isotropic equivalerB factor.

Distribution of anisotropy was monitored using PARVATI of EDN (24—26) and other members of the pancreatic
(36); those residues identified as having extreme anisotropy ribonuclease superfamilyQ, 41).
were refined isotropically thereafter. In the final round of  The ¢ traces of the four structures are very similar,
refinement, the positions of riding hydrogen atoms were eypipiting root-mean-square (rms) deviations of 6-8236
calculated for all residues apart from those in alternate A from the C trace of nucleotide-free EDN (PDB entry
conformations and those excluded from anisotropic refine- 1GQV) (26) and indicating that no major main-chain
ment. Refinement statistics are given in Table 2. adjustments take place upon inhibitor binding. Residues 1,
Final structures were analyzed using PROCHEGK)(  66-68, 77, and 8796 show the greatest deviation from their
BAVERAGE, SUPERPOSE, and GEOMCALC from the counterparts in 1GQV, but even these show only a modest
CCP4 suite 1) and HBPLUS 88). The accessibility and  geviation (maximum deviatior= 1.2 A for residue 90).
presence of clefts and crevices on the protein surface werengeed, when they are eliminated from calculations, the C
assessed using VOIDOGY). rms deviation drops only slightly, to 0.29 A in each case.
RESULTS Furthermore, all of these outliers are located in flexible loops

t to pl le in inhibitor binding.
Topology and Gross Feature$he crystal structures of and do not appear to play any role in inhibitor binding

EDN in complex with 5ATP, ApsA, Ap.A, and ApA were In the following analyses, the adenine moiety bound to
determined at resolutions of 1.24, 2.00, 1.86, and 0.98 A, the B> site is designated “A” and the phosphate group
respectively. Each structure contains all 135 amino acid atached directly to ribose A is designated” (Figure 1).
residues plus one nucleotide. In their respective Ramachan- Structure of EDN5'-ATP. Analysis of the binding of
dran plots, 89-90% of the residues lie in the most favorable 5-ADP, 2,5-ADP, and 35-ADP to EDN does not enable
regions and none lie in disallowed regions. Main-chain one to predict with confidence the mode in whichA'P
electron density is continuous apart from at the extreme N might bind; depending upon where the phosphate groups are
and C termini and the 8994 loop. Disorder of the 8994 attached, markedly different modes of ligand binding are
loop or its equivalent is a characteristic of crystal structures observed 25). For example, whereas,3-ADP (a moiety
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A

FiIGURE 2: Electron-density maps for the nucleotide inhibitors. (ARFP, (B) ApsA, (C) ApsA, and (D) AgA. In each panel, the sigma
A-weightedF, — F; omit electron-density map is shown in stereo, contoured at 2.0, 2.7, 2.7 camespectively.

found naturally in RNA) binds conventionally with its tions, and somewhat weaker (2)3lensity at the Bsubsite
adenine at the Bsubsite and its. phosphate at HHis-129 corresponding to an adenine moiety. No ribose density is
in conformation A), 5ADP (ppA) binds in an unconven- evident. It appears that only one of the diphosphate orienta-
tional, retro-like mode @2) with its adenine in the vicinity  tions (designated “A”) is associated with the adenine density
of B; and its8 phosphate at P(His-129 in conformation and that the other (“B”) has no associated adenosine density.
B). Extension of any attached polyphosphate chain (with its The two orientations of the diphosphate moiety correlate with
inherent torsional flexibility) might even further increase the alternate conformations of the His-129 side chain [designated
number of phosphate-binding permutations at theubsite. likewise in accordance with the two conformations observed
The electron-density map of the EDBFATP complex previously in various structures of pancreatic ribonuclease
indicates two modes of ligand binding (Figure 2A). It shows superfamily member26, 43)].
strong (4.%) density at the Psubsite, consistent with the In orientation A (occupancy 0.35), the interactions between
binding of a diphosphate moiety in two overlapping orienta- the adenine and the protein can be discerned reasonably well
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Table 3: Potential Hydrogen Borfdsetween EDN and the Nucleotide Inhibitors

length (A)
EDN-5'-ATP

donor-acceptor orientation A orientation B EDRNp:A EDN-Ap,A EDN-ApsA
adenine A

Asn-70 N>—AN1 2.9 b 2.9 2.9 2.9

AN6—Asn-70 O* 3.1 b 3.2 3.1 2.9
ribose A

His-129 N1-AQ5' c b c c 3.0
o phosphate

His-15 N>—01A 2.4 b c c 2.8

His-129A N'-02A 24 b c c 3.0

Leu-130 N-O2A 2.8 b c c 3.0
p phosphate

Lys-38 N—O1B 2.7 2.8 c c 2.7

GIn-14 N>-02B 2.9 c c 3.0
y phosphate

His-15 N>—01G b 31 b b

His-129B N*—03G b 2.8 b b

Leu-130 N-O2G b 2.8 b b

0 phosphate
Arg-36 NH1-01D d d d d 3.0

a Potential hydrogen bonds were identified with HBPLUEB)(and have H-A distances of<2.5 A and D-H---A angles of>90°. ? Ligand
atoms that are not observedlhe conformation of the ligand is unclediNo equivalent inhibitor atom is present.

Table 4: Hydrophobic Interactioh®etween EDN and the Nucleotide Inhibitors

EDN atoms

inhibitor atom EDN5'-ATPP EDN-ApsA EDN-Ap.A EDN-ApsA
adenine A

AC2 Val-128(C?) Val-128 (C?) Val-128 (G?) Val-128 (G?)

AC4 His-129 (C) His-129 (@, C)

AC5 His-129 (C, C%)

AC6 Ala-110 (@) Ala-110 () Ala-110 () Ala-110 (¢)

AC8 His-129 (C, C%2, C) His-129 (C, C%, C) His-129 (C, C%, C) His-129 (C, C%2, CY)
ribose A

AC4 c c c Trp-7 (C9)
ribose B

BCS d e e Lys-38 (C)
adenine B

BC2 d e e His-82 (CY),

lle-133 (C1, C°Y

BC4 d e e GIn-40 (@)

BC5 d e e GIn-40 (C)

BCS8 d e e GIn-40 (@)

a|nteractions were identified with HBPLUS). The listed atoms are3.9 A apart.’ The ligand in orientation A¢ The conformation of the
ribose moiety is uncleaf. Atoms that are not present in the inhibitéhe electron density for adenine B and ribose B is not observed.

(Tables 3 and 4): the base engages in hydrogen bonds with In orientation B (occupancy 0.65), only a diphosphate
Asn-70, van der Waals interactions with the side chains of moiety is visible. Its location and its interactions with
Ala-110 and Val-128, ang—x stacking interactions with  His-129 indicate that it comprises the terminal énd j3)

the side chain of His-129, which adopts the active “A” phosphates of the ligand, while the phosphate and
conformation g1 = 175, y, = —69°). These interactions  adenosine portion are in no fixed conformation. Despite the
are highly similar to those in the EDR,5-ADP complex contrasting behavior of the adenosine, this is suggestive of
(PDB entry 1HI4) @5 and in structures of adenylic the retro-like binding mode observed in the EDS-ADP
nucleotide inhibitors bound productively to the Bubsite structure (PDB entry 1HI5PE); i.e., the polyphosphate chain
of RNase A 84—47). The lack of electron density prevents runs across the;Bubsite in a direction opposite to that of
the conformation and interactions of the ribose moiety from orientation A. They phosphate is in a position similar but
being discerned with confidence. Thephosphate forms  not identical to that of thex phosphate of orientation A,
hydrogen bonds at the; Bubsite with the side chains of while the § phosphates of the two orientations are in the
His-15 and His-129 and with the main-chain nitrogen of same general position, diverging B40°. Significantly, the
Leu-130. Thef phosphate lies within hydrogen-bonding y phosphate engages in a hydrogen bond with the inactive
distance of the other;RBubsite residues, GIn-14 and Lys-38, “B” conformation of His-129 g, = 165, y, = —119),

and thus, thex and phosphate share occupation of the P which can only exist when the,;Bubsite is vacant. The other
subsite. In contrast, thephosphate appears to be in no fixed protein atoms with which thg phosphate makes hydrogen
conformation and to make no contact with the protein. bonds match those contacted by thphosphate of orienta-
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Table 5: Conformation of AfA When Bound to EDN
torsion angles (ded)

N-glycosidic bond

AO4'—AC1'—AN9—AC4 (xa) —77 (anti)
backboneg
AC5'—AC4'—AC3 —AO03' (On) 78 (+s0)
AO5' —AC5 —AC4'—AC3' (ya) 58 (+s0)
PA—AO5 —AC5 —AC4 () —146 (—ac)
O3A—PA—-AO5—ACY (aa) 65 (+s0
PB—03A—PA—AO5' (Ep) -76
03B—PB—03A—PA ({p) 142
PG—-03B—PB—03A ({) —-78
03G-PG-03B—PB ({p9) —169
PD—03G—PG-03B ({ps) 72
03D—PD—-03G—PG () —157
PE-O3D—PD—-03G () 111
BOS —PE-03D—PD (Cye) —64
03D-PE-BO5—BC5 (o) 77 (+s0)
PE-BO5—BC5—BC4 (8s) 160 @p)
BO5—BC5—BC4—BC3 (ys) 38 (+s0
BC5—BC4—~BC3—BO3 (Jg) 136 (+ac)
N-glycosidic bond
BO4—BC1 —BN9—BC4 (¢z) —107 (@nti)
ribose A pucker
pseudorotation phase angle (deg) 38
conformation C4exo
ribose B pucker
pseudorotation phase angle (deg) 144
conformation C2endo

aTorsion-angle definitions follow IUPAEIUB recommendations
(66) where possible? Backbone torsion angles are listed in sequence
from adenine A to adenine B as illustrated in Figuré As described
by Altona and Sandaralingané?).

between adenine A and the protein can be discerned clearly
and are essentially the same as those described above for
the EDN5'-ATP complex, orientation A (Tables 3 and 4).
His-129 is exclusively in conformation A. Weak electron
density prevents the conformation and interactions of ribose
A from being discerned with confidence, while the likely
presence of multiple conformations significantly impedes
analysis of the polyphosphate chain. However, it appears

Ficure 3: Topology of the inhibitor-binding cleft. The protein  |ikely that theo. and phosphates of each nucleotide interact
surface from the EDM\psA structure is shown with inhibitors with the protein.

superposed in ball-and-stick representation. The substrate-binding . .
subsites Py, By, P, and B are colored purple, green, blue, and ~ Structure of EDNApsA. The electron-density map permits
red, respectively, while the small nonpolar cleft formed by residues the modeling of the entire A molecule in the EDNApsA
Leu-45, Tyr-108, and Leu-130 (immediately next to thesie) is complex (Figure 2D). As observed for the binding of:Ap
colored yellow. ApA, Ap,A, and ApA are shown in yellow, pink, 504 ApA, adenine A occupies the ,Bsubsite and the
and orange, respectively. Residues Trp-7 and Trp-10, which ' . .
overhang the polyphosphate-binding region, are also shown in ball- POlyphosphate linker passes over theskbsite. However,
and-stick representation. in contrast to the shorter homologues, the linker adopts a
fixed conformation and adenine B resides at the edge of the
tion A, while the phosphate makes a hydrogen bond with B: subsite (Figure 3). Because of the higher resolution of
Lys-38 but not with GIn-14. the structure and the higher structural order of this nucleotide,
Structures of EDNAp;A and EDNAp,A. With the EDN the enzymaenbhibitor interactions can be defined more clearly
ApsA and EDNAp,A complexes, the electron-density map (Tables 3 and 4), as can the conformation of the inhibitor
permits satisfactory modeling of adenine A but only rough (Table 5).
modeling of ribose A and the polyphosphate chain out to  Adenine A interacts with EDN in a manner similar to that
the 8 phosphate (EDM\psA) or the y phosphate (EDN seen in the EDMN8',5-ADP, EDN-5'-ATP (orientation A),
ApsA) (parts B and C of Figure 2). Because of a complete EDN-ApzA, and EDNAp,A complexes, with the adjacent
lack of electron density, it is not possible to model any part ribose making a hydrogen bond with His-129 and van der
of adenosine B, and this moiety is deduced to be in no fixed Waals interactions with Trp-7 (Figure 4). As for orientation
conformation. A of the EDN'5'-ATP complex, thea phosphate forms
The visible portions of ApA and ApA bind within the hydrogen bonds with His-15, His-129, and Leu-130, while
active-site cleft, with adenine A positioned at thedBibsite the s phosphate interacts with the side chains of GIn-14 and
and the polyphosphate chain extending across {lseilfsite Lys-38, with all of these residues being components of the
to the fringe of B (Figure 3). In each case, the interactions P; subsite. The polyphosphate chain adopts a remarkably
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FiGure 4: Structural details of the EDMpsA complex. (A) Adenosine A and the, 3, andy phosphates. (B) Adenosine B and fhey,
0, ande phosphates. Stereo ball-and-stick representations are shown, in which the inhibitor is drawn with orange sticks, protein residues
are drawn with purple sticks, and selected water molecules are drawn as cyan spheres. All direct and selected water-mediated hydrogen
bonds between the inhibitor and the protein are shown as dashed lines. Carbon, nitrogen, oxygen, and phosphorus atoms are colored white,
blue, red, and yellow, respectively. (C) Comparison of the binding @®AB',5-ADP, and 5-ATP to EDN. A ball-and-stick representation
is shown in which the EDM\psA (orange), EDN3',5'-ADP (PDB entry 1HI4) 25) (yellow), and EDN5'-ADP (PDB entry 1HI5) 25)
(blue) complexes are superposed in stereo. Key protein residues from théARiMN\structure are drawn with green sticks, while the
corresponding residues from the EEBNS'-ADP structure are drawn with white sticks. Carbon, nitrogen, and oxygen atoms of the protein
are colored white, blue, and red, respectively.

contorted, S-shaped conformation that bringsitiposphate ~ component of the R subsite (Figure 4)24). This confor-
within hydrogen-bonding distance of Arg-36, a potential mation of the polyphosphate chain is also stabilized by two
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and itsoa torsion angle lies in the-scrange. These features
have precedents among free and protein-bound nucleotides
(54) but are not typical of adenylic nucleotides bound to
pancreatic ribonuclease superfamily members. For example,
the furanose rings in the EDRI,5'-ADP, RNase A3',5'-
ADP, and RNase Al(CpA) complexes all adopt’-2ndo
conformations and hav& angles in thetac range 25, 44,

47). The torsion angles of adenosine B all lie within ranges
commonly observed for free and protein-bound nucleotides,
and the C2endo conformation adopted by ribose B is
Ficure 5. Comparison of the EDN- and adenylate kinase-bound favored by protein-bound nucleotides.

conformations of ApA. The EDN-bound conformation of A . . . . . .
is shown in orange, and the 1.60 A resolutrstearothermophilus Dinucleoside oligophosphates interact with many intra- and

adenylate kinase-bound conformation (PDB entry 1ZIB) (is eXtrace”mar.prOteiUS of mamma|3 .(for reviews, see B&fs .
shown in yellow. The adenine A rings of the two nucleotides are and56). The interaction of dinucleoside pentaphosphates with
superposed. one particular class of enzymes, the nucleoside monophos-

phate kinases (NMPKSs), has been studied at high resolution
internal hydrogen bonds, one between atoms A@Bose  (reviewed in ref57). These enzymes play essential roles in
A) and O1G { phosphate) and one between atoms BO3 pycleotide metabolism and in the maintenance of cellular
(ribose B) and O1BA phosphate). Ribose B makes a single energy charge and are inhibited by dinucleoside pentaphos-
van der Waals interaction with the protein at Lys-38, while phates. There are close similarities in the ways in which these
adenine B stacks against the side-chain amide group ofcompounds bind to NMPKs from diverse organisms: in the
GIn-40 and makes additional hydrophObiC interactions with Crysta| structures of A‘E‘A bound to adeny|ate kinase from
the side chains of His-82 and lle-133. A total of 19 water Bacillus stearothermophilu?DB entry 1ZIN) 68), ApsU
molecules are discernible within hydrogen-bonding distance phound to uridylate-cytidylate kinase fromictyostelium
of the nucleotide. discoideum(PDB entry 1UKE) 69), and AgT bound to
Adenine B partially blocks the pyrimidine-specificiB  human thymidylate kinase (PDB entry 1E2Q0), the
subsite. Although at present there are no crystal structurespentaphosphate chain of the nucleotide adopts a relatively
of EDN-pyrimidine nucleotide complexes available for extended conformation. This contrasts sharply with the
comparison, the Bsubsite of its relative RNase A has been contorted conformation of Ap when bound to EDN (Figure
well-characterized. In this enzyme, B a narrow pocket  5) and it would appear that the flexibility of the pentaphos-
whose primary functional component is Thr-45. This residue phate chain plays a significant role in the precocious nature
recognizes pyrimidines via two hydrogen bonds made with of these compounds.
atoms in the pyrimidine ring, its main-chain NH group
donating a proton to the 2-keto group of either base, and its DISCUSSION
side-chain OH group donating to the N3 atom of cytidine or
accepting from the N3 atom of uridind9). In the EDN Strength of Inhibition.The inhibition constants for the
ApSA structure, adenine B does not penetrate the putative adenylic inhibitors of EDN examined in this work have been
B, pocket, but there is a water-mediated hydrogen bond determined previously2(?), as have those of the adenosine
between its N3 atom and the side-chain OH group of diphosphates’8ADP, 2,5-ADP, and 35-ADP (25). Hence,
Thr-42, the counterpart of RNase A Thr-45 (Figure 4). This the crystallographic data presented here enable some ratio-
arrangement bears some resemblance to the nonproductiv@alization of the structureaffinity relationships of the
retro binding of various purine-containing nucleotides to the Present inhibitors. It is acknowledged that this type of
B, subsites of RNase A and bovine seminal RNa@@:48— analysis can be enhanced by undertaking thermodynamic
53). In these cases, the purine penetrates far enough into théneasurements that enable the calculation of both the enthal-
B, pocket to engage in a direct hydrogen bond with the B Pic and entropic contributions to ligand binding.
threonine residue. Hence, the binding of adenine B offAp The affinity of 5-ATP for EDN (K; = 21 uM) is very
can be viewed as a less invasive version of this. Features ofsimilar to that of the conventionally binding,3-ADP (K;
retro binding are also present in the EEBNADP complex = 32 uM) and a few-fold greater than that of thetro-
(25), in which the adenine ring lies in a plane similar to that binding 3-ADP (K; = 92 uM). The EDN5'-ATP structure
of adenine B of AgA and stacks against the side chain of indicates that BATP can bind in both fashions, although
GIn-40 (Figure 4). However, the ribose moiety ¢fADP with modifications to each. The relatively high strength of
shows a~2.5 A displacement and &18Q flip that leads the electron density for the polyphosphate moiety suggests
to a significant difference in the alignment of the attached that interactions at the;Rubsite provide the main driving
adenine. force for B-ATP binding, as appears to be the case for the
The torsion angle of the N-glycosidic linkage of adenosine binding of phosphorylated nucleotides to various members
A (x») places its adenine in the energetically favorable high- of the pancreatic ribonuclease famiB5 47). Because the
anti conformation in which the AC8 atom lies over the ribose set of interactions between the observable nucleotide and
ring (Table 5). This arrangement is highly similar to that the protein includes only interactions that are present in the
seen in the EDN8',5-ADP complex £5) and in structures  EDN-3',5-ADP and EDN5'-ADP structures, it appears that
of adenylic nucleotide inhibitors bound productively to the similarities in polyphosphate binding underlie the similar
B, subsite of RNase A44—47). The conformation of ribose  inhibition constants of these compounds. It is reasonable that
A'is somewhat unusual in that it adopts'aefoconformation the need to accommodate the extra phosphate group of
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5'-ATP prevents the ordered binding of the adenosine moiety (sugar attachment at Asn-17, -59, -65, -84, and -23)§2),

in theretro mode. However, we cannot readily explain why which may affect inhibitor binding.

5'-ADP does not behave like' TP in binding (albeit Because the Bsubsite of EDN has a strong preference

fractionally) in the conventional mode. for pyrimidines, replacement of one adenine with a pyrimi-
The affinity of Ap:A for EDN (Ki = 70 uM) is a few- dine such as uridine may yield a compound that occupies

fold less than that of BATP. Assuming, as above, that the both the B and B subsites. However, the suggshosphate

binding of each is driven by the interactions of the poly- connections in the dinucleoside polyphosphates studied here

phosphate moiety, thi; values suggest that the polyphos- involve the 5 oxygen at both ends of the chain, which is

phate interactions are less favorable withsAghan with not the case in RNA. Consequently, the pyrimidine is likely
5'-ATP. This is borne out by the observed conformational to approach the Bsubsite from a very different perspective
heterogeneity in the polyphosphate linker of ;Ap any and may never bind authentically.

deleterious effects on polyphosphate binding are likely to  The use of diadenosine polyphosphatesivo is undesir-
be compensated to some degree by favorable interactions aéble. First, the polyphosphate linkers of these compounds

the B; subsite. are cleaved readily by a variety of hydrolases and phos-
The affinity of Ap/A for EDN (Ki = 1.9 uM) is phodiesterases both outside and inside the cell, limiting their
considerably greater (37-fold) than that of Ap A straight- biological half-lives 63). This can, however, be overcome

forward explanation is not provided by the structural data by replacement of some or all of the phosphate groups with
presented here. With each of these compounds, one adeninaonhydrolyzable alternatives such as methylene phosphonates
binds conventionally at the Bsubsite, while the adjacent or fluorophosphonate$4). Second, the compounds are of
ribose and polyphosphate linker show conformational het- limited use in cases where an intracellular action is re-
erogeneity. The additional phosphate of ,Apappears to quired: the abundant phosphate groups impart a significant
impart a little more order to the complexed polyphosphate negative charge at physiological pH, preventing the com-
moiety (Figure 2), and thus, there may be a difference in pounds from readily penetrating cell membranes. The charges
the strength of polyphosphate ligation. It is also possible that can be masked by derivatizing with bioreversible neutral
the longer linker alleviates unfavorable, transient interactions groups, e.g., bis-pivaloyl-oxymethyl (bisPOM). Such deriva-
between adenosine B and the protein. Similar trends are seetives are readily transformed to free phosphate forms inside
for the inhibition of RNase A and angiogenin by A&pand various cell types, providing a potential “pro-drug” strategy
Ap4A (27). However, no further structural or thermodynamic (65). Third, the compounds occur naturally and bind to a
data are available for the complexes formed with these two broad range of protein§4). They are found intracellularly,
proteins. where they appear to be involved in cell-cycle regulation

ApsA (K; = 0.37uM) is the most avid inhibitor of this  and can inhibit ATP-dependent enzyme reactions, and
series. The high binding affinity can be attributed to multiple, extracellularly, where they are purinoreceptor ligands and
well-defined interactions involving the, 3, and 6 phos- modulators (reb6 and references therein). Therefore, efforts
phates and to the binding of both adenosine moieties. Clearly,need to be made to tailor the specificity of the inhibitor
the additional length of the polyphosphate linker enables the toward EDN. The difference in conformation of the poly-
formation of a set of new interactions and the alleviation of phosphate chain that results whensApinds to EDN and
unfavorable interactions that may affect the binding ofAp  NMPKs (Figure 5) suggests one way of enhancing specific-
and ApA. ity, i.e., the introduction of additional bridging atoms to

Design of Impreed EDN Inhibitors.The specific inhibi- constrain the linker in a contorted conformation. Three-
tion of pancreatic ribonuclease superfamily members holds dimensional structures featuring diadenosine polyphosphates
considerable promise for the elucidation of their normal in complex with other proteins (including other ribonu-
physiological roles and for the treatment of several human cleases) will be required to guide further specificity enhance-
diseases](7, 18). Guided by an EDMNApsA structure at a ment.
resolution higher than that of any other prot&ip,N
complex determined to date, it may now be possible to designACKNOWLEDGMENT
improved inhibitors of EDN.
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