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ABSTRACT. Angiogenin (ANG) is a potent inducer of angiogenesis and an RNase A homologue whose
ribonucleolytic activity is essential for its biological action. Recently, we reported the identification of
small non-nucleotide inhibitors of the enzymatic activity of ANG by high-throughput screening (HTS)
[Kao, R. Y. T., et al. (2002Proc. Natl. Acad. Sci. U.S.A. 920066-10071]. Two of the inhibitors that

were obtained, National Cancer Institute compound NSC-65828 [8-aminekygrbxybiphenyl-4-ylazo)-
naphthalene-2-sulfonate] and ChemBridge compound C-181434djidatboxy-3,3-bis(naphthylamido)-
diphenylmethanone], were judged to be suitable for further development, and one of these (NSC-65828)
was shown to possess antitumor activity in mice. Here we have used computational docking as a guide
for the identification of available NSC-65828 and C-181431 analogues that bind more tightly to ANG,
and for the characterization of inhibitor binding modes. Numerous analogues were found to have greater
avidity than the HTS compounds or any small nucleotide inhibitors; four were considered to be of interest
as potential lead¥{ = 5—25 uM). Two of these analogues bind more tightly to ANG than to RNase A,
and are the first small molecules shown to exhibit this selectivity. The predicted binding orientations of
the HTS compounds and the new lead inhibitors were evaluated by determining the effects of ANG active
site mutations on inhibitory potency. The results with ANG variants R5A, H8A, N68A, and des(121
123) are highly consistent with the docking models. Affinity changes observed with Q12A and Q117G
reveal aspects of active site function that are not apparent from the free ANG crystal structure or from the
modeled complexes. These findings should prove to be useful in the design of more effective and specific
ANG antagonists.

Angiogenin (ANG} is a member of the pancreatic RNase important site of action1(0) and that ANG functions there
superfamily whose sequence is 33% identical to that of to promote ribosome biogenesis required for cell proliferation
RNase A (). It is unigue among RNases in that it is a potent (11). This might then provide a biological “rationale” for
inducer of angiogenesis in viv@) Its enzymatic properties  ANG'’s catalytic inefficiency, since a robust general RNase
are also distinctive: most notably, the ribonucleolytic activity would be highly destructive in such an RNA-rich local®)
of ANG toward standard RNase substrates is extremely weak, ANG was first isolated from human tumor cell-conditioned
typically 1P—10F times lower than that of RNase 8+5). medium @), and clinical studies have since shown ANG
Despite this weakness, studies with variants and inhibitors expression to be increased in at least 12 different types of
have indicated that the enzymatic activity of ANG is critical cancer; in some instances, a specific association between high
for angiogenic activity§—9). Although the precise molecular ~ ANG levels and cancer progression or poor prognosis has
mechanism by which ANG induces the formation of new also been demonstrated (see rE8s-15). Moreover, several
blood vessels has not been determined, evidence to dateANG antagonists, including monoclonal antibodies, antisense
suggests that the nucleolus of endothelial cell targets is anoligonucleotides, the ANG-binding protein actin, and an
ANG-binding peptide, have proven to be highly effective at
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proaches for generating enzyme inhibitors based on substrat®f the variant preparations also indicated that these did not
or product analogues may be difficult in this case. Therefore, contain any significant RNase A81). Sources of RNase A
we recently explored a pathway for identifying non-nucle- and substrates for enzymatic reactions were listed previously
otide antagonists by high-throughput screening (HTS) ( (9, 32). The preparation of compountl [8-amino-5-(4-
Two of the inhibitors that were obtained, NSC-65828 hydroxybiphenyl-4-ylazo)naphthalene-2-sulfonate] used for
(henceforth termed compourdland C-181431 (compound  kinetic determinations was the resynthesized material re-
2), were considered especially suitable for further develop- ported previously ). The other compounds tested as
ment. Compoundl was shown to delay or prevent the inhibitors of ANG were from the National Cancer Institute
establishment of PC3 and HT29 human tumor xenografts in (NSC series), ChemBridge Corp. (C series), or Sigma-Aldrich.
athymic mice, whereas an analogue with no detectable effectThe six inhibitors characterized in detail were judged to be
on the ribonucleolytic activity of ANG did not impede tumor >95% pure by thin-layer silica gel chromatography [10:10:
growth. The data from this study strongly support the strategy 2:1 (v/v) 2-butanol/ethanol/water/ammonium hydroxide mix-
of targeting the ANG active site and suggest that compoundsture]. Additional analytical information about compouhd
with increased antiribonucleolytic potency might be even was reported previously9). NSC-65820 [6-hydroxy-5-(2-
more efficacious as therapeutic agents. hydroxy-3,5-dinitrophenylazo)naphthalene-2-sulfonate] and
The availability of a high-resolution crystal structure of benzopurpurin B [3,3dimethylbiphenyl-4,4bis(2-amino-
ANG (21) enables “rational” approaches for lead optimiza- naphthylazo-6-sulfonate), Sigma-Aldrich] were analyzed by
tion. Ideally, this route would utilize as its starting point a liquid chromatographymass spectrometry (LEMS) on a
crystal or NMR structure of an ANGinhibitor complex. Micromass Platform LCZ instrument with electrospray
However, structural studies on complexes with compounds ionization. LC was performed on a C18 column (YMC ODS-
1 and2 have been hampered by the limited aqueous solubility AQ, 2.0 mmx 50 mm, particle size of am) in 0.1% formic
of these inhibitors (K. R. Acharya, J. L. Jenkins, and R. acid with a 15 to 100% acetonitrile gradient over 5 min at a
Shapiro, unpublished observations) and unfortunate inter-flow rate of 0.8 mL/min at 50C. [M — H]~ was 432.9 Da
molecular contacts in all ANG crystals grown thus fap)( versus 433.0 Da (calcd) for NSC-65820 and 679.0 Da versus
In previous cases where proteiligand complex structures  678.1 Da (calcd) for benzopurpurin B. MS data confirming
were unavailable, computational ligand docking has often the structures of compouriti[4,4'-dicarboxy-3,3bis(naph-
been a powerful tool for predicting binding configurations thylamido)diphenylmethanone], C-473872 [3dscarboxy-
of newly discovered leads and facilitating rational design 4,4-bis(4-biphenylamido)diphenylmethane], and C-467929
(23, 24). For ANG, comparison of the results of computa- [3,3'-dicarboxy-4,4-bis(3-nitrophenylamido)diphenyl-
tional high-throughput docking with those from HTS of the methane] were provided by the supplier. For most of the
same chemical library26) suggests that docking may also compounds that were examined, concentrations were based
be useful with this target. on weight, except that spectrophotometric determinations
Here we have used models of the complexes of ANG with were performed in those cases where published extinction
compoundd and2 generated by the AutoDock Lamarckian coefficients were available3g).
Genetic Algorithm 26) as a basis for searching chemical Molecular Modeling and DockindMolecular visualization
databases for available analogues that might have improvedwvas carried out in Insightll (Accelrys, Inc., San Diego, CA)
inhibitory activity. This led to the identification of numerous on a Silicon Graphics Indigoll Maximum Impact workstation.
compounds that bind more tightly than the original inhibitors, Protein coordinates for docking included a 1.8 A resolution
four of which we judge to be of interest as potential leads. X-ray structure of free ANG (PDB entry 1B1l), a modified
The predicted binding orientations, or “poses”, of these version of this structure in which C-terminal residues 419
analogues and the original compounds were then evaluatedL23 have been deleted, a 1.8 A resolution structure of Q117G
by measuring the effects of ANG active site residue ANG (PDB entry 1K59), and a 2.0 A resolution structure of
replacements on inhibitory potency. The specificity of the free RNase A (PDB entry 1AFU). Compound structures were
various compounds for ANG versus RNase A was also obtained from the NCI Developmental Therapeutics Program
assessed, and was interpreted with respect to dockedwebsite (http://dtp.nci.nih.gov/), Sigma-Aldrich, and Chem-
complexes with the two proteins. Our results are largely Bridge Corp. (www.chembridge.com). Where necessary,
consistent with the models, but reveal aspects of active sitetwo-dimensional structures were converted to three-dimen-
function that are not apparent from either the crystallographi- sional structures and energy minimized in Chem3D (Cam-
cally determined structure of free ANG or the predicted bridgeSoft). Waters were removed from protein PDB files,
complex structures. These findings should prove to be usefuland hydrogens were assigned in Insightll; potentials and
for the design of new ANG antagonists based on the partial charges for proteins and compounds were assigned
compounds now in hand as well as future active site-directedwith the CFF91 force field, and structures were saved as

inhibitors. Sybyl mol2 files. Rotatable bonds in the ligands were
assigned with the program AutoTors in AutoDock; ak=N
EXPERIMENTAL PROCEDURES N bonds were made unrotatable. Ligand docking was carried

Materials Human ANG and its R5A, Q117G, des(321  out with the AutoDock 3.0.5 Lamarckian Genetic Algorithm
123), H8A, Q12A, and N68A variants were produced with (26). The binding free energies calculated by this program
a recombinant system irfEscherichia colias reported are based on an empirical function derived by linear
previously @7—30). Testing with an inhibitor that greatly = regression analysis of proteitigand complexes with known
prefers RNase A over ANG showed that the ANG prepara- binding constants; this function includes terms for changes
tion was essentially free of contamination by adventitious in energy due to van der Waals, hydrogen bonding, and
RNase A 0). The strong cytidine versus uridine selectivity electrostatic forces, as well as ligand torsion and desolvation.
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The AutoDock default parameters were employed for dock-
ing, except that 10 runs with 1.5 10° energy evaluations
each were used and ligand centers were initially positioned
at the grid centers. The docking energy grid (22.50fdk
compoundd andlaand 26.25 Afor the other compounds,
which are larger) was produced with the AutoGrid program.
Grids were centered at the position occupied by the
phosphorus atom in the superimposed coordinates of the
ANG—phosphate complex (PDB entry 1H52) and each ANG
or RNase A structure. After docking had been carried out,
the 10 positions were sorted into clustershwit A root-
mean-square deviations (rmsd), and the lowest-energy dock-
ing pose was used for analysis. The reported rmsd values
are with respect to the lowest-energy pose, and were
determined with the executable “RMSD” from DOCK 4.0
(39).

Analogue Searching and PrioritizatioNClI, the Available ' W 4
Chemicals Directory (ACD), and ChemBridge libraries were / cell-binding site
searched for analogues as described in the Results and

Discussion. ACD was accessed using Isis/Base version 2 oFIGURE 1: Schematic representation of the crystal structure of ANG
MDL. Inf . S | NCI d ChemBrid (PDB entry 1B1l) showing secondary structural elements (cylinders
( nformation System, Inc.). an €MmDBIIdge  for g-helices and ribbons fgB-strands) and side chains of active

databases were searched directly through their websites. Irsite residues, drawn with Insightll (Accelrys). The positions of the
those instances where analogue hit lists were prioritized for subsites for binding ribonucleotide phosphateg énd basesH)
testing by high-throughput docking, the program DockVision are indicated.
(35) was used and the poses were scored in LG6) as . o
described previously26), except that the van der Waals radii  0ut at 37°C in 20 mM Mes-NaOH (pH 5.9) containing 20,
parameter in DockVision (“pvdw Radius”) was softened from 100, and 200 mM NaCl (i.e., 26, 106, and 206 mM total
4 to 6 because this was found to position test ligands NSC- Na', respectively) with 0.5, 2, and&Vl ANG, respectively;
65828 and C-181431 more closely to AutoDock-generated incubation times were 50 min, 1 h, and 2 h, respectively.
poses. The enzymatic potencies of ANG variants differ consider-
HPLC-Based Inhibition Assayk; values were determined ~ @bly, and it was therefore necessary to tailor enzyme
from the dependence &./K values for cleavage of the ~concentration, incubation time, and buffer frdetermina-
octanucleotide substrate (#¢(dA), on inhibitor concentra-  tions individually: 5uM, 2 h, and buffer B for R5A; &M,
tion. Except where otherwise noted, test compounds werel h, and buffer B for H8A; 1uM, 1 h, and buffer B for
incubated with %M ANG and 20uM substrate [expected ~Q12A; 1uM, 1 h, and buffer B for N68A; 2«M, 1 h, and
to be well below theK, (28, 37)] in 20 mM Hepes-NaOH buffer B for des(123.—1_23); and 0.5(M, 50 min, and buffer
and 100 mM NaCl (pH 7) (buffer A) at 37C for 2 h. Sub- A fo_r Q117G. Reactions in buffer_ A and buffer B were
strate and cleaved product were resolved by Mono Q anion-Carried out at 37 and 2%, respectively.
exchange chromatography, and their peak areas were used Dinucleotide and tRNA Assay3he activities Kea/Km
to calculatek.a/Km values 6, 38). Inhibitors were screened values) of ANG and ANG variants with dlnL_JcIeotldes were
initially at 50 or 754M for NSC-65828 analogues, and at measured with an HPLC-based assag) (using buffer B,
25 or 50uM for C-181431 analogues, and inhibition constants €xcept that for the pH study for H8A, 0.2 M sodium acetate
were calculated as(KealKm)i]/[( KealKm)o — (KeafKm)i], Where (pH 5.0) and O._2 M Ijepes—NaOH (pH 7.0) were also used.
(kca/Km)i and ((calle)O are values measured in the presence Ki Vall,!es fOI’ |nh|b|t|0n Of ANG by I‘IUC|eOtIdeS were
and absence of inhibitor, respectively, ahds the total ~ determined with CpA as a substrate in buffer B at’25as
inhibitor concentration. For the six analogues studied in described previously1Q). K; values for RNase A were
detalil, at least six concentrations were used to obtain final determined from the dependence let/Kn on inhibitor -
K; values, which were calculated by fitting the data to the concentration in a spectrophotometric assay monitoring

equation 89) complete cleavage of CpG by 100 nM RNase A in buffer A
at 37°C (40). The ribonucleolytic activity of ANG toward
(Koof K.Y = [(keof K)o 2EN [(K; + | — E)? + 4K E]M? — tRNA was measured in a precipitation assdy (
(Ki+1—E)}  RESULTS AND DISCUSSION
in SigmaPlot 2000 (SPSS), whekeis the total concentration The docking models and mutational studies presented

of the enzyme; this treatment takes into account depletion below are described with reference to the standard nomen-
of free inhibitor by enzymeK; values were also measured clature for subsites in the active site of RNase A and some
in 200 mM Mes-NaOH (pH 5.9) (buffer B) at 2%, the specific aspects of the active site architecture in ANG (Figure
conditions used previously for nucleotide inhibitors. ANG 1). Therefore, we begin by briefly summarizing this informa-
has~10-fold higher activity in this assay, and the enzyme tion. RNases contain subsiteg B,, and R, for binding the
concentration and incubation time were therefore decreasedohosphate, nucleobase, and ribose components of RNA
to 1 uM and 1 h, respectively. Assays used to assess thesubstrates, respectivel]). P; is the subsite where cleavage
effect of salt concentration on binding to ANG were carried of the P-O5 bond is catalyzed by a Hid ys—His triad
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Ficure 2: Structures of compoundsand2 from HTS (boxed with thick lines) and some of the analogues that were investigated (for the
complete set of compounds, see Tables 1S and 2S in the Supporting Information): (A) cortpeuiesd and (B) compourtiseries. The
analogues selected for further study are boxed with thin lines.

[His12—Lys41—His119 in RNase A41, 42) and His13- also lie in or near the Bregion in the free ANG structure,
Lys40-His114 in ANG @, 7)]. The main chain NH group  and earlier mutagenesis indicated a minor role for Glu108
of Phel120 and the side chain amide of GInl11 are also part(8). Kinetic measurements with R5A have shown that Arg5
of P, in RNase A 42), and the corresponding elements of is an important component of the Bubsite for binding the
ANG (Leull5 and GIn12, respectively) are seen to interact 5'-phosphate of the BR, nucleoside 19). Modeling sug-
with phosphate in the crystal structure of the ANG  gested that His8, the residue analogous to theuBstituent
phosphate complexp). B; is a pyrimidine-binding subsite  Lys7 in RNase A45, 46), may also participate in this subsite
immediately 5of the scissile bond. This subsite is completely (19). ANG does not appear to contain an effectiyesbsite,
open in RNase A, but is blocked by GIn117 and, to a lesser but a potential B subsite consisting of Asp41 and/or Lys82
extent, the side chain of Phel20 in AN@1( 43). The was proposed on the basis of modeling9)( Further,
obstruction, which accounts in part for the low enzymatic mutagenesis results have indicated that residues-123
activity of ANG, is maintained largely by interactions of the may form a peripheral subsite on theside of the scissile
C-terminal segment of residues +1623, including hydrogen  bond @9).
bonds between Aspl16 and Serl18, and the hydrophobic Modeling of the ANG Complexes with Compoutdsd
burial of 1le119 and Phel20 (see r&&and44). Modeling 2. Compoundd and2 (Figure 2) were docked onto the high-
indicates that rearrangement from an “inactive’i-Bosed) resolution crystal structure of free ANG to identify structural
to an “active” (B-open) conformation is required for ANG features likely to be important for active site recognition.
to bind and cleave RNA substratez8), although the exact Inhibitor 1 is an azo compound linking 8-aminonaphthalene-
nature of this change remains unknown. 2-sulfonate with 4hydroxybiphenyl. All 10 docking poses
The B; subsite of ANG on the other side of the scissile were clustered witmi 1 A (rmsd), indicating a strong
bond is less developed than in RNase A, and recognition is consensus for a single binding mode. The lowest-energy pose
thought to be achieved primarily through stacking inter- is shown in Figure 3A. [This model was reported previously
actions of the His114 imidazole1); Glu1l08 and Asn68  (9), and is described here in greater detail.] The azo group
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{GIn117
Glnl

Ficure 3: Stereoviews of lowest-energy AutoDock poses of compodn@s and 2 (B) in the ANG active site. Compounds are shown
with carbon atoms in green. The backbone trace of ANG is shown, along with the side chains of residues that contact the inhibitors.
Predicted hydrogen bonds are shown as dashed lines. The figure was drawn with Insightll.

is positioned in B, and hydrogen bonds with His11461. these interactions to form. One naphthalene lies near the
One side of the naphthalene ring packs against the extendedgbutative B subsite, and the other forms hydrophobic contacts
Arg5 side chain; the 2-sulfonate forms a salt bridge with with the aliphatic portion of Lys40. Three of the other nine
the guanidino group, and the 8-amino group donates adocking poses are clustered within 2.3 A of this model and
hydrogen bond to the main chain O of this residue. The exhibit similar interactions of the carboxylates with Arg5
amino group also accepts a hydrogen bond frofil Nf and Lys40. Overall, the 10 docking poses for this compound
His8. The phenyl proximal to the azo group is tucked do not cluster as well as those for compouhdand none
between the His13 and His114 imidazoles, and the otherare within 1 A (rmsd) of each other.
phenyl makes hydrophobic contact with the-€Cy atoms Docking-Directed Analogue Searching andafiation.
of GIn117. Both phenyl groups are positioned to form The models of the complexes of ANG with compourids
cation—z interactions 47) with NC of Lys40. Other potential  and2 were used to guide searches of the NCI, ChemBridge,
contacts include hydrogen bonds between the biphenyl-OHand ACD libraries for analogues. The primary objective
group and Iiy1 and Ny2 of Arg121 and @1 of Asp4l. was to identify more potent inhibitors, but some analogues
Compound2 is a symmetric molecule in which two were also selected to test predictions from docking regarding
methanone-linked aminobenzoic acids are joined via amideskey substructures and to assess the contributions of specific
to naphthalenecarboxylic acids. In the lowest-energy dockedinteractions. Thus, libraries were searched both by sub-
model, one of the benzyl carboxylates forms salt bridges with structure and by chemical similarity. The substructure used
Ne and Nyl of Arg5, and the other makes two with Lys40 for compoundl was 5-phenylazonaphthalene-2-sulfonic
N¢ (Figure 3B). The ketone oxygen is slightly beyond acid (i.e., the entire molecule except for the amino group
hydrogen bonding distance of thed)lN atoms of both His8  and the benzyl alcohol), whereas for componave used
and His13, but small side chain adjustments would allow only the core consisting of the linked benzoic acids, whose
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carboxylates appear to form the major anchoring contacts attolerated if the 2-sulfonate is simultaneously moved to the
P, and R in the model. 3-position (e.g., as in NSC-9617 and -47735), maintaining
Searching of the NCI library for compouridanalogues  similar spacing between the two groups. (iv) Affinities do
by substructure and by similarity (85% with respect to the not correlate with the number of negative charged groups
full structure) yielded 102 and 99 analogues, respectively, (which ranges from 0 to 4, primarily sulfonates). This finding
with 29 common to the two hit lists. The structures of these is noteworthy in view of the cationic character of the ANG
172 compounds were inspected manually, and 49 wereactive site, and its potential for nonspecific binding based
selected for testing; 31 incorporated the query substructure.on ion exchange.
The substructure and similarity searches of the ACD library  Searching of the ChemBridge library for compougd
gave 23 and 179 compounds, respectively. Six of these wereanalogues containing the methanone-linked dibenzoic acid
manually chosen for testing, and another six after prioriti- core yielded 11 hits, whereas 99 were obtained with a search
zation by high-throughput docking. All but one contain the criterion of 90% chemical similarity to this substructure.
substructure. The ChemBridge library contained no analoguesMost of the latter were found to differ from compouBdn
that met either search criterion. that the positions of the carboxyl and amino substituents on
The K; values of the 61 analogues of compouhdhat the core phenyl groups are reversed; i.e., these groups are
were evaluated were found to range from 27-fold lower to metaandpara, respectively, vis-ais the bridge rather than
>10-fold higher than that of the original inhibitor. (Tables para and metg respectively. The bridge in all such com-
S1 and S2 in the Supporting Information list the structures pounds is a methylene group rather than a methanone. In
andK; values of all compound and2 analogues that were  these analogues, the twae-carboxylates are separated by a
tested; the structures of the compounds cited below are alsadistance similar to that of thp-carboxylates in compound
shown in Figure 2.) Sixteen analogues are at least 2-fold 2. Therefore, an additional search based on this substructure
more effective than compourddK; = 3—38uM vs 81uM). was performed, yielding 50 compounds. Eight of these were
Most of these are bis-azo or tris-azo compounds that areselected manually for testing, along with two of the analogues
considerably larger than compoudd(e.g., benzopurpurin  that have the compoun@ substructure. Four additional
B and NSC-79596), suggesting that inhibitor components candidates were selected by high-throughput docking of the
that extend farther than the hydroxybiphenyl of compound hit list from the similarity search (three other compounds
1 can form productive interactions with ANG. Eight other that ranked highly had already been included from the
bis- or tris-azo analogues that contain the substructure (e.g.substructure search). Searches of the NCIl and ACD libraries
NSC-65546 and -75778) have lower inhibitory potency than yielded only 2 compounds, both from NCI; these were also
compoundl. Although the compound docking pose had  included in the set for evaluation.
indicated a potential clash of most multiazo analogues with The 16 analogues of compourdthat were tested had
the C-terminal tripeptide of ANG, we did not eliminate these K; values ranging from 2-fold lower te-10-fold higher
compounds from consideration because this region is notthan that of compound itself. Only two were more
well-ordered in the ANG crystal structure. Moreover, as effective (C-473872 and -467929, wiky values of 20 and
noted above, the C-terminal segment is postulated to undergd?4 uM, respectively, vs 4LM for compound?). C-181429,
a major conformational change to accommodate substratesin which the carboxylates of compoudare replaced with
and we thought it was possible that some restructuring could hydroxyls, gave no detectable inhibition, indicating that these
also occur when inhibitors bind. carboxylates are indeed critical, and neither did NSC-37136,
Despite the relatively high number of compourid a compound withm-carboxylates and underivatized amino
analogues that were examined, there are only a few instancegroups. Thus, one or both of the groups with an amide
in which variations are sufficiently small that structure  linkage to the amines are also important. C-224197, in which
activity relationships can be established. Substitution of the these groups are short alkyl acids rather than aromatic rings,
hydroxyl group of compound. with a sulfonate (NSC-  also did not inhibit ANG at the highest concentration that
724225) has no impact on affinity. Benzopurpurin B binds was tested.
to ANG 35-fold more tightly than does NSC-75778, which ~ Two analogues of compountd (NSC-65820 and benzo-
is structurally identical except that its two naphthalene rings purpurin B, hereafter designated compouridsand 1b,
contain additional 4-hydroxyl groups and its central biphenyl respectively) and two analogues of compo@(C-473872
lacks two methyl groups. NSC-65820 is 12-fold more potent and C-467929, designated compourgdsand 2b, respec-
than NSC-45538, which differs only in its phenyl substituents tively) were selected for further characterizatiéf.deter-
(two nitro groups and an OH group for NSC-65820 vs a minations (Table 1) were carried out in both the HTS buffer
single nitro group for NSC-45538). Addition of a 7-sulfonate (9) and the buffer used in previous nucleotide inhibition
to NSC-45538 (generating NSC-45540) has no effect on studies so that direct comparisons could be made (e.g., see
affinity. Although structural differences in most other cases ref 20). Compoundla was chosen because it is the most
are more substantial, some general conclusions seem to beffective mono-azo inhibitork; = 25 uM). It contains
warranted. (i) The putative critical substructure is indeed 6-hydroxynaphthalene-2-sulfonate with a 5-azo linkage to
important. Only one of the top 20 compounds does not 2-hydroxy-3,5-dinitrophenyl. Compourid is a symmetrical
contain it, as compared to 12 of the bottom 20. (ii) In bisulfonated bis-azo compound and is the smallest of the
particular, a sulfonate at the naphthalene 2-position in 5-azogroup of inhibitors with the lowed; values (3-5 uM). As
compounds is highly advantageous (as is evident, e.g., fromalready noted, compoun@s and2b are the only compound
the poor inhibition by NSC-45557, which has a sulfonate at 2 analogues that bind more tightly. Both have the alternative
the 8-position rather than the 2-position). (ii) Shifting of (m-carboxylate) core and are symmetrical; in compogad
the azo from the 5- to 6-position on the naphthalene is well- the groups with an amide linkage to the core are biphenyl-
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Ficure 4: Binding orientations of compounds 1a, 1b, 2, 2a, and2b (stick rendering) predicted by the AutoDock Lamarckian Genetic
Algorithm. ANG (PDB entry 1B1l) is shown as a surface model. For the compabrdodel, ANG residues 119123 were deleted (see
the text).

present in compountlis positioned to form hydrogen bonds

Table 1: Compound; Values .
with both the O and NH group of the Leull5 backbone.

Ki (uM) The 2-hydroxy-3,5-dinitrophenyl moiety occupies a space
d MW  bufferA buffer B ; ;
compoun name utter utter largely different from that of the hydroxybiphenyl of
1 NSC-65828 420 81 3° 58+2 compoundl, and all three of its functional groups hydrogen
ﬁ‘ E‘fnczbepsu%grin B Aé%i 52% (1) 5 41% (2) 4 bond with ANG: the 2-OH and 3-Ngyroups both hydrogen
2 C-181431 609 412 1241 bond to Lys40, and the 5-N@roup is within range of the
2a C-473872 649 26:1 22+1 main chain NH group of GIn117. Overall, the hydrogen
2b C-467929 586 241  7.0+02 bonding contribution in this pose is somewhat greater than

aAssay conditions: 20 mM Hepes-NaOH and 100 mM NaCl, that of compound. Seven of the other nine docking poses

pH 7.0, at 37°C. ° Assay conditions: 200 mM Mes-NaOH, pH 5.9, for compoundLa clustered withi 2 A of thelowest-energy
at 25°C. ¢ From ref9. model

carboxylic acids, whereas in compougb, they are nitro- (i) Compoundlb..Dockmg of_the bls-azp compour@
to ANG resulted in poorly fitting configurations with

benzenecarboxylic acids. Overall, the docking-directed search . - . .

for available analogues of the HTS-generated hits resultedpmd!(:te{j binding energies well above expe_rlmgntally de-
in improvements ink; of 3—16-fold for the compound terml_ned_ valugs. This was not unexpected_m view of the
series and of-2-fold for the compouna series, as measured conflict involving 'Fhe C-terminal residues in the crystal
in HTS buffer. Thes&; values are 26160-fold lower than ~ Structure of ANG discussed above. When residues-173
that for the most effective nucleotide inhibitor of ANG;5  Were removed, compourttb was able to dock in a manner
diphosphoadenosine'-phosphate, under these conditions Strikingly similar to that of compountl (Figure 4), with the
[500 uM (9)]. The K; values for the six non-nucleotides in  POsitions of the biphenyl group and the “lower” naphthalene

the standard assay for nucleotide inhibitors were either @1d azo groups all within-1 A of those in the original

similar to (Lb and2a) or lower than (up to 3.4-fold2 and inhibitor. The 2-sulfonate still forms a salt link with Arg5,
2b) those under the HTS conditions, and up~@0-fold but His114 is now beyond hydrogen bonding range of the
below the value for 5diphosphoadenosiné-ghosphate(9). azo nitrogens. The 6-Ntgroup donates a hydrogen bond
Modeling of ANG-Analogue Complexes. (i) Compound t0 Oel of GIn12 and accepts one fromeR of His13. The
la. The lowest-energy docking pose for compoutalis additional naphthalene ring forms hydrophobic contacts with

generally similar to that of compourig but the naphthalene-  the side chain of lle42, and its sulfonate makes two salt links
azo portion is shifted42 A and rotated slightly (Figure 4).  with N of Lys82. The amino substituent of this naphthalene
The interaction of the azo group and His114INs retained, and the second azo group do not interact with ANG. All
along with the salt bridge between the 2-sulfonate and the nine of the other docking poses clustered witBiA of the
Arg5 guanidino group. The naphthalene 6-OH group not top-ranking pose.
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(iif) Compound?2a. In the lowest-energy docking pose,

] L ; 8 Table 2: Enzymatic Activities of ANG and ANG Variaidts
compound2a arcs in a semicircular fashion around His114

(Figure 4). Although a high intramolecular ligand energy was (dA)srC(dA) CpA
calculated for achieving this configuration (11.4 kcal/mol), kCE{KTl (keal Km)ut/ (kead K/
it was counterbalanced in the overall energy score by enzyme (M™—s™) (KoalKim)var (Koal Km)var
intermolecular contacts. The core structure of linked benzoic ANC‘;Jb 336+ 14

acids occupies a space similar to that of compoRiin its A s 102 ég
model complex, and again forms hydrogen bonds with Arg5  g12a 3251 7 10 10
and Lys40, but there are some notable differences in ring N68A® 269+ 4 1.2 2.1
orientations. The “lower” carboxylate lies onlyl A from deS(102%123)° 77+ 3f 4.4 1.4

its position in the compound model and forms the same ST%G Q%i é7 003 004

interactions with Arg5. However, the “upper” carboxylate
is shifted by almos3 A and replicates only one of the two
hydrogen bonds with Lys40 while forming an additional
interaction with N2 of GIn12. The oxygen of the upper
amide of compounda also hydrogen bonds with Nof
Lys40. The first ring of the lower biphenyl partially super-
imposes with the corresponding part of the naphthalene group

of compound?2, but the distal phenyl ring travels into a predicted binding mode of compound is generally correct,
different region, where it tucks in behind the side chain of and that the large gap between the calculated and actual
Asn68. The upper biphenyl is oriented in a manner quite binding energies reflects a penalty associated with confor-
different from that of the upper naphthalene of compofind mational adjustments of ANG. The more modest disparities
and lies near the aliphatic portions of the GIn117 and Arg121 for the other compounds might result from differences in
side chains. As with compoun® there is little clustering  buffer conditions or inhibitor characteristics as compared to
of the 10 docking poses, although six of them show the those used to calibrate the AutoDock binding free energy
predicted key interactions of the benzoic acids with Arg5 function. With regard to the latter, we note that the inhibitors

a Activities were determined as described in Experimental Proce-
dures.? Kinetic assays performed in 200 mM Mes-NaOH, pH 5.9, at
25 °C. ¢Kinetic assays performed in 20 mM Hepes-NaOH and 100
mM NaCl, pH 7.0, at 37C for (dA)srC(dA), and in 200 mM Mes-
NaOH, pH 5.9, at 28C for CpA. 9 From ref27. € From ref29. f From
ref 9. 9 From ref28.

and Lys40.

(iv) Compound2b. Compound2b adopts a semicircular
conformation similar to that of compourgh in its lowest-
energy pose, but its core is shifted by a few angstroms
(Figure 4). The upper carboxylate is deeper in theubsite,
in position to hydrogen bond with 42 of His13 and the
main chain NH group of Leul15 rather tharg Nf Lys40.
The upper amide oxygen is also positioned to interact with
His13 and the Leul15 NH group instead of Lys40. The lower
carboxylate is slightly beyond hydrogen bonding distance
of the guanidino group of Arg5, but a minor rotation of the
amino acid side chain would be sufficient to reestablish this
interaction. The upper phenyl partially superimposes with
that of the corresponding group of compou2a and its
nitro group accepts hydrogen bonds from Lys4Q &hd
Arg121 Ny2. The lower phenyl is packed against the side
chains of Asn68, Leu69, and Alal06, and its nitro group
accepts a hydrogen bond fromdRl of Asn68. Again the
various docking poses did not cluster well, and only three
were within 3 A of thelowest-energy pose.

(v) Comparison of Predicted and Obsed Free Energies
of Binding The binding energies for the inhibitors calculated
by AutoDock followed the same order as the values
determined experimentally, except that compoun#as
ranked too high (second rather than sixth). All of the
predicted binding energies (from8.1 to —12.2 kcal/mol)

used to calibrate AutoDock foK; values above 1M
contained only 518 non-hydrogen atoms for inhibitors,
whereas our compounds in the same affinity range contained
30—49 atoms. It is also possible that some of the ANG
residues in the ligand binding site (e.g., Arg5 and Arg121)
are more flexible than for the AutoDock calibration set, and
that the contributions of their interactions are therefore
overestimated.

Effects of ANG Actie Site Mutations on Inhibitor Binding.
Inhibition studies were performed with active site variants
of ANG to further characterize ANGligand binding inter-
actions and to assess the validity of the model complexes
generated by docking. Many variants were available from
earlier studies@—8, 12, 27—30, 48). Six of them containing
substitutions or deletions of residues that form intermolecular
contacts in one or more of the models were selected for
testing: R5A, H8A, Q12A, N68A, Q117G, and des(+2R3)

(in which the C-terminal Arg121-Arg122-Pro123 tripeptide
has been deleted). The enzymatic properties of H8A, Q12A,
and N68A (0) had not been characterized previously, and
are reported here. Although the catalytic triad variants H13A,
H114A, and K40G 7, 30) would also have been of interest,
measurement of inhibitor binding to these enzymatically
inactive proteins would require the use of physical methods,
which have thus far not proven to be feasildevalues were
determined by using HPLC-based inhibition assays as for

were at least 1.7 kcal/mol lower than the observed valueswild-type ANG. Activities of the six variants with the

(from —5.8 to —7.5 kcal/mol). In three cases (compounds
la, 2a, and 2b), the discrepancy fell within the intrinsic
standard error of 2.2 kcal/mol estimated for AutoDo2E)(
The largest difference (4.7 kcal/mol) was with compound

octameric substrate (d&JC(dA), and the dinucleotide CpA

are provided in Table 2, and the effects of the mutations on
inhibitor potency are shown in Figure 5 and in Table S3 of
the Supporting Information. The data for the R5A variant

1b, where the receptor used for docking had been truncatedwith compoundl were reported previoush\9). The supply
at the C-terminus to avert a possible clash, as discussedf compound2 was limited, and measurements for this

above. In contrast, docking to the full ANG structure yielded

inhibitor were performed only with R5A and H8A.

a poor calculated binding energy, much less favorable than (i) R5A. Replacement of Arg5 with Ala was shown
the experimental value. These findings suggest that thepreviously to produce a smaller decrease in activity toward
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Ficure 5: Changes in the affinity of inhibitors for ANG variants as compared to that of wild-type ANG, determined in HPLC-based
enzymatic assays. Changes in affinity were calculatet; @i —wypd/Kivarian: Asterisks for compoun@ with Q12A, N68A, Q117G, and
des(121123) indicate that measurements were not performed (see the text).

CpA than toward tRNA and CpAp, indicating a role for Args that the losses in affinity for nearly all of the inhibitors are
in the B subsite 19, 27). With (dA)srC(dA),, this substitution  similar in magnitude to the (as yet unexplained) decrease in
reducesk../Km by 1 order of magnitude. Binding of all six  ribonucleolytic activity with this variant. Whatever feature
inhibitors was also weakened appreciably (from 5>tb7- of His8 underlies the effect of the Ala substitution on
fold, Figure 5), consistent with the presence of hydrogen enzymatic activity may also be responsible for the changes
bonds of the Arg5 guanidino group with a sulfonate or in inhibitor potency.

carboxylate as predicted by the Autquck models. The (iii) Q12A. Replacement of the;Rsubsite residue GIn12
largest change was seen for compodnevhich appears 10 \yith ‘Ala had little effect onkea/Kn values for cleavage of
form particularly favorable interactions with Arg5 in the (dA)srC(dA), or any of the dinucleotides that were

model complex. tested. [Activities relative to that of ANG are 1.0 for the

(i) HBA. Replacement of His8 with Ala reduces activity octanucleotide (Table 2), 1.0 for CpA, 1.0 for CpG, 0.77
toward all substrates, and these effects are no greater forfor UpA, and 1.2 for CpC.] These findings are similar to

large substrates [10-fold for tRNA and 4-fold for (a#]- those reported for substitution of the analogous residue of
(dA),] than for dinucleotides (6-fold for CpA and 10-fold — pnaqe AF\) GInl11 §1), where relatively mino? changes in
for_CpG, CPC’ and UpA) or even the mym_maj substrate kol Km values for cleavage of poly(C) and UpA were
cytidine cyclic 2,3-phosphate (16-fold). This indicates that measured. For RNase A, more detailed kinetic analysis

His8 influences the function of the;®Br B; subsite rather :
) . . showed that there were larger, approximately equal decreases
than B, as had been hypothesized on the basis of the Iocatlonin bothkea:andKs, and it was proposed that the function of

(r);stuhlz \;\(/aesrlgﬁ g]rt;hdef oArl\:((e; l;rcy:rtﬁinitgﬂit#éeéoﬁgzlog:(;i GInl1l is to prevent nonproductive binding of substrate. For
P P P gANG, determination of individuak.: and Ky, values is

r§5|due of RNase A, I._ys746), whose role in Phas been .. difficult because of extremely weak binding by substra&).(
directly demonstrated in crystal structures of complexes with Sy )
nucleotides 45). It was proposed that Lys7 enhances the Therefore, we used a nucleotide |nh|b|t<_3r to assess the impact
efficiency of R through long-range Coulombic interactions g; tzr']-eCS/llg%a?foAL?léigliceegngggI?jnloble?edrlr\}\(/zi’t.thi\éi“iﬁan
that depress theky values of catalytic residues His12 and with wild-type ANG (1.4 vs 5.4 mM), paralleling thi,,

His119 @9). However, Coulombic effects on Bre unlikely .
to account for the reduced activity of H8A; the changes in effect seen with the Q11ARNase A complex.

keaf/Km values for CpA cleavage are nearly identical over a Binding of the non-nucleotide inhibitors to Q12A is also
range of pH values [5.0 (6.0-fold), 5.9 (6.0-fold), and 7.0 tighter than binding to ANGK; differences range from 2-
(6.9-fold)] spanning thelf, of His8 [6.5 60)], and therefore ~ (compound?a) to 6-fold (compoundLb) (Figure 5). Thus,
appear to be independent of the protonation state of thisGIn12 appears to impede binding of these compounds as
residue. well, although most of the AutoDock models show some
Inhibition of H8A by compoundg, 1b, 2, 2a, and2b was favorable interactions for this residue. The models of the
~3-fold weaker than with ANG, whereas binding of com- compoundlb and2a complexes in particular include short
poundlawas barely affected by the amino acid replacement hydrogen bonds with GIn12. It is possible that removal of
(Figure 5). As noted above, the His8 imidazole forms the GInl2 side chain causes structural rearrangements that
hydrogen bonds with compoundsind1b in the AutoDock simultaneously improve binding of both nucleotide and non-
models; rotation of this residue would allow hydrogen bonds nucleotide inhibitors to the ANG active site. For example,
with compound< and2b as well. Although His8 does not  the neighboring residues His8 and Lys40 might move into
hydrogen bond with compounga in the model, it does  more advantageous positions for binding. The orientation of
partially shield the bridge from solvent (Figure 4). For the His8 imidazole seems to be partially fixed by a hydrogen
compoundla, neither function appears to be served. Thus, bond with G:1 of GIn12, and that of § of Lys40 might be
the experimental findings are reasonably consistent with theinfluenced by the proximity of the GIn12 side chain amide
models overall. At the same time, it may not be a coincidence as well.
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Ficure 6: Comparison of docking modes for the upper biphenyl
group of compoun@a (see Figure 4) with ANG (A) and Q117G

(B), as predicted by AutoDock. The protein surface and backbone
trace along with the side chain of GIn117 are shown (50%

transparent). This figure was generated with Insightll.

(iv) N68A. Replacement of Asn68 with Ala resulted in
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Table 3: Comparison of AutoDock Binding Energy Scores for
Complexes of Wild-Type ANG and Q117G

AGWildftype AGQ117G AAGb

compound (kcal/mol) (kcal/mol) (kcal/mol)
1 —9.69 —10.24 —0.55
la —8.19 —8.93 —0.74
2a —9.14 —11.61 —2.47
2b —8.59 —9.56 —0.97

a Calculation of binding energy scores is discussed in Experimental
Procedures? AGgi176 — AGuiid—type

structure of des(121123) subsequently raised an alternative
possibility, i.e., that a perturbation of the side chain of Lys82,
which was previously cited as aBubsite candidatelg),
underlies the reduction in activity toward large substrates
(44). With the substrate (dA)C(dA), used for our inhibition

small decreases in activity toward dinucleotides: 2.1-fold studies, des(121123) is 4.4-fold less efficient than wild-

for CpA, 2.9-fold for UpA, 1.1-fold for CpG, and 1.5-fold

type ANG (Table 2).

for CpC. The magnitude of the changes was dependent on Deletion of residues 124123 affected binding of the

the identity of the base occupying site,Buggesting that

Asn68 plays a minor role in this subsite. Activity toward
(dA)srC(dA), was 80% of that for ANG (Table 2). The
replacement had no effect on inhibition by the compofind

various inhibitors in diverse ways. Losses in affinity of up
to 2-fold were observed for compounds la, and 2b,
whereas~2-fold increases were seen for compouttisand
2a (Figure 5). The direction of the change correlates well

series (Figure 5), consistent with the AutoDock models with the size of the compound components that extend
(Figure 4), in which Asn68 does not approach any of these toward the ANG C-terminus in the AutoDock models. As
inhibitors. Binding of compounab, which forms a hydrogen  discussed above, if the binding mode of compofihdvere
bond with Asn68 in the model complex, was weakened by analogous to that predicted for compoutd the extra
2.7-fold, whereas that of compou2#, which makes only  azonaphthalenesulfonate moiety would bump against the
van der Waals contacts with this residue, was weakened byC-terminal tripeptide of ANG. Repositioning of this flexible

1.4-fold.

(v) Q117G. Substitution of the Bobstructing residue
GIn117 with Gly was shown previously to increase activity
toward dinucleotides by 2129-fold, reflecting ~5-fold
improvements in botk.,;andKy, (28). We find that activity
toward (dA}rC(dA), is enhanced by 36-fold (Table 2). In
the AutoDock models of the ANG complexes with com-
poundsl, la 1b, 2a and2b, the GIn117 @—Cy atoms

ANG segment to avoid the clash would presumably have
an energetic cost, perhaps explaining the greater affinity of
compoundlb for des(121123). The other compound that
binds more tightly to the deletion variartg, also contains

a large substituted naphthalene group in the corresponding
region, and removal of residues 12123 might provide
access to a binding surface for this moiety that is preferred
over the one in the native structure. Moreover, Argl121 is

seem to form favorable hydrophobic contacts with one of the primary component of ANG that forces compotal
the phenyl rings of each compound (Figure 4). Nonetheless,into its strained semicircular conformation in the AutoDock
all of the inhibitors bound more tightly to Q117G than to model, and deletion of this residue would allow the inhibitor
ANG, by factors of 3.2, 3.5, 6.1, 6.7, and 9.2, respectively to adopt a lower-energy conformation. The smaller com-
(Figure 5). To explore possible physical bases for these pounds {, 1a, and2b) that have lower affinities for des-

affinity increases, we docked compourijsla, 2a, and2b
to the high-resolution crystal structure of Q11743 This

(121—123) appear to make more favorable interactions with
Arg121 in the AutoDock models: the compouhdydroxyl

structure shows no major changes other than the loss of theand compoun@b nitro group are within hydrogen bonding

position 117 side chain, which creates a cavity in the B
region. In all of the Q117G AutoDock complexes, the
inhibitor exploits this new feature. This is most striking for
compound2a, where the upper biphenyl group (Figure 4)
travels in a direction different from that in the ANG model
and becomes largely buried in the putative dte formed

by Thr44, lle42, and Phel20 (Figure &)1f. Outside of this

distance of the Arg121 guanidino, and a minor side chain
rotation would allow the formation of a hydrogen bond with
the 3-nitro group of compountla.

Effect of Salt Concentration on InhibitiorANG and
RNase A become enzymatically less active and bind nucle-
otide inhibitors less tightly as the salt concentration is
increased, reflecting the weakening or disruption of interac-

region, the docking poses for this inhibitor and the others tions between substrate phosphates and cationic active site
are largely unchanged. The binding energy scores calculatedesidues 37, 52, 53). The influence of salt concentration on

by AutoDock for the Q117G models with all four inhibitors
are superior to those for the wild-type ANG models (Table 3).
(vi) Des(121-123).1t was shown earlier that deletion of
the C-terminal tripeptide of ANG has only a minor effect
on keafKm values with dinucleotides, but decreases activity
toward polynucleotide substrates by 10-foRB). On this
basis, it was proposed that residues 1223 contribute to
a peripheral binding subsite, probably,.BThe crystal

the affinity of ANG for the six non-nucleotide inhibitors was
examined to assess the importance of ionic interactions in
the complexes of ANG with these compounds and to further
test the docking models. The activity of ANG toward
(dA)srC(dA), decreased from 1238 72 to 142+ 5 and 34

+ 1.5 Mt s ! as the N& concentration was increased from
26 to 106 and 206 mM, respectively. TKe values for all

five compounds that were examined were belovw/Dwhen
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Table 4: Effect of Salt Concentration on Compoufidvalues affinities, whereas compounds 1b, and2 are somewhat

(uM)2 (2—3.4-fold) more effective against RNase A. The basis for
compound 26 MMNa® 106 MM Na& ¢ 206 mM Na 9 these experimental obse_r_va_tions. was explored by modeling.
n 942020 632167 — For.t.he most ANG-specific inhibitor, compour@, super-
la 621+03 O 16+ 3 (2:6) 3142 (5.0 position of the crystal structure of RNase A onto the
1b 1.3+02() 4.4+0.7@3.49 24+ 5 (18) AutoDock model of the ANG complex showed clashes
2a 43+03(Q) 20+1(4.7) 40+5(9.9 between the lower biphenyl group (Figure 4) and&sidues
2b 31+05(@0) 83+0427 28+1(9.0 GIn69 and Asn71 of RNase A (whereas this biphenyl fits

2Values were determined as described in Experimental Procedureswell into the more expansive space in the ANG dibsite
Tﬁe fold ifE)CYIZ%S:S i re|ag_\t/_€' to th280lowhiS;ANhf\lonocangsgogoarfM behind Asn68). Docking of compourzh to the RNase A
shown in bold? Assay conditions: mM Mes-Na ; ; ; i
NaCl, pH 5.9, at 37’(%/. ¢ Assay conditions: 20 mM Mes-NaOH and Stru.Cture in AutoDock places the _b|phenyl In-a different
100 mM NacCl, pH 5.9, at 37C. ¢ Assay conditions: 20 mM Mes- region, between the N-terminathelix and residues 11
NaOH and 200 mM NaCl, pH 5.9, at 3. ¢ Value could not be 113 on the86—p47 loop. In the lowest-energy pose, the upper
determined due to precipitation of the compound. biphenyl enters the openiBsite, but only one of the

carboxylates forms interactions (with GIn11 and Lys7). In

an alternate pose where the two carboxylates occupyithe P
and B subsites, the biphenyls are unable to go into the B

Table 5: Inhibition of RNase A

. . . b
compound i (M) (KDrnasd(Ki)ave or B, site. The AutoDock models of the other five com-

1 24£5 0.3 pounds with RNase A also show binding modes different
la 38+1 15

1b 25407 05 from those for ANG. For example, the sulfonate of com-
2 1945 0.5 pound la is positioned in P rather than R and the
2a 4542 2.3 2-hydroxy-3,5-dinitrophenyl occupies the &ite rather than

2b 2141 0.9

extending into the P-B; region.

Conclusions and Implicationd’he new ANG inhibitors
identified here have greater in vitro potency than any
previous small-molecule antagonists. TKevalues for the
most effective of these compounds are in the low-micromolar
range under near-physiological conditions, up to 20-fold
below those of the inhibitors we had obtained by HTS and
as much as 160-fold lower than that of the best nucleotide
antagonist. All of the non-nucleotides examined in detail have
more favorable selectivity for ANG versus RNase A than
do the nucleotides originally investigated as ANG inhibitors
of K versus N& concentration either are linear (compounds (20). Further optimization of both affinity and specificity will
laand2a) or reveal greater changes as the ancentration most likely be required for pharmacological efficacy in
increases (not shown). Thus, ionic contacts play a major role humans while averting untoward side effects. However, the

a K values were determined as described in Experimental Procedures.
Assays were carried out in 20 mM Hepes-NaOH and 100 mM NacCl,
pH 7.0, at 37°C. ? K| values for ANG are from Table 1 (buffer A).

the lowest Na& concentration was used (Table 4). For
compound®aand?2b, K; values were~9-fold higher in the
buffer containing 206 mM Ng whereas increases of 5- and
18-fold were observed for compountla and1b (no value
could be measured for compouticat high Na concentra-
tions because of poor solubility). Moreover, telpg plots

in recognition of these inhibitors.
Specificity of Inhibitors for ANGersus RNase Adumans
have seven RNase homologues of ANG (see &fand

magnitudes of these improvements are unclear at this stage.
The amount of endogenous ANG in the human body is
relatively large [normal plasma contain®5 nM ANG (61,

55), including a pancreatic-type RNase whose active site 62)], and it will therefore be necessary to achieve fairly high

structure is essentially identical to that of RNaseb58)( A

concentrations of inhibitor in vivo. Thus, there may be no

recent reportg7) suggests that human pancreatic RNase may major advantage in lowering th§ value beyond the mid-
have a role in vascular homeostasis apart from its digestivenanomolar range. In this regard, it should be noted that even
function. RNase 2 and RNase 3 (also known as eosinophil-compoundl, with a K; of 81 uM, was able to retard or
derived neurotoxin and eosinophil cationic protein, respec- prevent the establishment of human tumor xenografts in
tively) are thought to participate in host defens8)( and it athymic mice when administered locally at modest doggs (
has been proposed that RNase 4 also has a nondigestive rol€he degree of selectivity vissas ANG homologues that
(59). Thus, it may be necessary for ANG inhibitors that are will be required depends on the importance of these other
used clinically to have a strong preference for ANG over its enzymes in normal physiological processes, which is as yet
relatives. It was therefore of interest to characterize the unknown.
specificity of the present non-nucleotide compounds. All  The computational models of ANG@nhibitor complexes
small nucleotide inhibitors examined to date bind much more constructed here should provide a rational basis for designing
tightly to RNase A and related human RNases than to ANG. more potent and specific antagonists. These models are
K; values for ANG are typically> 100-fold higher than for  highly consistent with the results obtained with compound
the other enzymed 9, 20), although one nucleotide (NADP analogues and ANG variants, as well as with comparisons
was recently shown to bind to ANG onty6-fold less tightly of inhibitor avidity for ANG versus RNase A. The effects
than to RNase AQQ). of the active site mutations perhaps provide the strongest
We find that theK; values for compound$a and2a are support. All of the models exhibit strong interactions of
1.5- and 2.3-fold lower for ANG than for RNase A (Table inhibitor sulfonate or carboxylate groups with Arg5, and Ala
5), respectively, making these the first small molecules that replacement indeed decreases affinity markedly for every one
have been shown to exhibit any preference for ANG. of the compounds. His8 is predicted to contact all of the
Compound2b binds to the two enzymes with similar compounds except fata, and this inhibitor was the only
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one whose binding was not significantly weakened in H8A. of the compound? series 2, 2a, and 2b), it should be
Asn68 contacts only compoun@s and 2b in the models, advantageous to avoid the type of symmetry that is charac-
and these are the only inhibitors whose affinity is diminished teristic of the parent structures, given the quite dissimilar
by Ala substitution. The largest compourddh, was expected  natures of the sites in which the R groups are expected to
to bump against the C-terminal tripeptide of ANG, and bind. Our findings also suggest ways in which inhibitor
deletion of these residues was found to increase the avidityselectivity might be improved. Compoun2laand2b appear
for this inhibitor, but not for smaller compounds1a, and to utilize the B subsite of ANG, which is much more open
2h. Although it was not apparent from the models that than those in the other RNasé&s3(66—68). The component
removal of the GIn117 side chain would enhance binding of these inhibitors that occupies site Bannot be accom-
of the five inhibitors that were examined, the AutoDock modated in the corresponding subsite of pancreatic RNase
calculations for these models predicted that this would be (or the other enzymes, results not shown), but the flexibility
the case. The only results for which the docking models could of the compounds allows the conflict to be averted. Modi-
not account were the universal decreasdsjiproduced by fications that enlarge or rigidify this part of the inhibitor
the GIn12 to Ala replacement. In this case, however, a similar structure might then be highly advantageous. Extension of
unexplained improvement in affinity is seen with the inhibitors farther into site Bmight produce an additional
nucleotide inhibitor 2CMP, suggesting that GIn12 may benefit: residues in or adjacent to this region are thought to
impede ligand binding at,Pmore generally through some form part of a critical cell-binding site of ANG6Q), and
mechanism that cannot be discerned from the ANG crystal these compounds might therefore serve as “double-barreled”
structure. antagonists that simultaneously inhibit the ribonucleolytic
Although the experimental findings support the general action of ANG and hinder interactions with cellular targets.
binding modes observed in the computational models, we
do not expect that the models correspond in detail to the ACKNOWLEDGMENT
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tions when their importance to inhibitor interactions is ggsistance.

supported by structural data; however, no such information
was available for ANG-inhibitor complexes, and we there-
fore excluded all of the crystallographically observed water
molecules. Finally, the docking method used here does not

take into account changes in receptor structure associated®

with ligand binding. This limitation may be particularly
relevant to ANG, which undergoes an as yet uncharacterize
conformational change involving the C-terminal segment of
residues 117123 8, 43) to accommodate RNA substrates.
In the crystal structure of free ANG, residues 1120 are
well-fixed (temperature factors are low, and several interac-
tions are formed with outside residues), whereas residues
121-123 are flexible and have only weak density. We found
that it was only possible to obtain a realistic docking position
for compoundlb when these latter residues were deleted
from the ANG structure. A previous study on thymidylate
synthase had emphasized the importance of taking into
account such “soft spots” for structure-based drug design
(65). The consistency between the docking and experimental
results with our inhibitors suggests that these compounds
do not induce a repositioning of the entire segment of
residues 11%123. However, this possibility cannot be
excluded.

The kinetic and docking results suggest some specific
approaches for the rational design of more effective ANG
inhibitors. The ionic interactions of these compounds with
the R and B subsites of ANG appear to be important and
should probably be maintained (or, if possible, strengthened)
in the core scaffold of any new analogues. Combinatorial
methods may prove to be useful in identifying favorable R
groups to attach to these scaffolds, especially on the side
that approaches the flexible C-terminal region. For analogues
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Tables of the structures ar€l values for the complete
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tested andK; values for selected inhibitors with ANG
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