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ABSTRACT: Human angiogenin (Ang) is a tumor-promoting RNase in the pancreatic RNase superfamily.
Efforts to develop nucleotide-based inhibitors of Ang as potential anticancer drugs have been hampered
by the lack of direct structural information on Ang-nucleotide complexes. Here, we have used heteronuclear
NMR spectroscopy with15N- and15N/13C-labeled Ang to map the interactions of Ang with the phosphate
ion, seven adenosine mononucleotides (the 2′-, 3′-, and 5′-monophosphates, the 2′,5′- and 3′,5′-diphosphates,
the 5′-diphosphate, and the 2′-monophospho-5′-diphosphate), and the dinucleotide 2′-deoxyuridine 3′-
pyrophosphate (P′ f 5′) adenosine-2′-phosphate (dUppA-2′-p). The 2′-phosphate based derivatives, which
bind more tightly than the corresponding 3′-phosphate isomers, induced characteristic large resonance
perturbations of the backbone amide proton of Leu115, the backbone15N of His114, and the Gln12 side-
chain NH2 group in the Ang active site. In contrast, adenosine derivatives with only 3′- or 5′-phosphates
produced much less dramatic perturbations of Leu115and His114 resonances, along with modest perturbations
of additional residues both within and beyond the active site. Measurements of NOEs together with
molecular docking analyses revealed the three-dimensional structures of the complexes of Ang with
adenosine 2′,5′-diphosphate and dUppA-2′-p; the binding modes of these inhibitors differ substantially
from those predicted in earlier studies. Most notably, the 2′-phosphate rather than the 5′-phosphate occupies
the P1 catalytic subsite of Ang, and the side chain of His114 has undergone a conformational transition
that positions it outside P1 and allows it to form stacking interactions with the adenine ring of the inhibitor.
Strikingly, the 2′-deoxyuridine moiety of dUppA-2′-p makes only a few contacts with Ang, and these
involve residues outside the B1 subsite where the pyrimidine ring of substrates normally binds.

Human angiogenin (Ang),1 a monomeric protein of 123
amino acids, is a unique member of the pancreatic RNase
superfamily that induces angiogenesis in vivo (1, 2) and has
been implicated as an important factor contributing to the
development of human tumors (3-7). Ang exhibits a

characteristic ribonucleolytic activity that is several orders
of magnitude weaker than that of RNase A (8, 9) but
nonetheless essential for its angiogenic and tumor-promoting
activities (10-12). There is, therefore, significant interest
in the design and discovery of small molecule inhibitors of
the enzymatic activity of Ang as antitumor agents (13-15).

Ang and other RNases of the same superfamily all cleave
P-O5′ bonds of RNA specifically after pyrimidine residues
to leave a 2′,3′-cyclic phosphate group, and all prefer purine
nucleotides on the opposite side of the scissile bond
(reviewed in refs16-19). Several three-dimensional struc-
tures of human Ang have been determined, including three
crystal structures of the free enzyme (20, 21), two crystal
structures of complexes with small inorganic molecules
(phosphate and pyrophosphate ions) (22), and one solution
structure by use of NMR spectroscopy (23). These structures
show that the architecture of the P1 subsite where phos-
phodiester bond cleavage occurs corresponds closely to that
in RNase A; this site includes the catalytic triad His13/Lys40/
His114 (His12/Lys41/His119 in RNase A), as well as the side
chain of Gln12 and main-chain NH of Leu115 (Gln11 and
Phe120, respectively, in RNase A) (21, 22, 24, 25). However,
the key pyrimidine-binding subsite, B1, is obstructed by the
C-terminal segment of Ang, which travels in a markedly
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different direction from that in RNase A and contains a four-
residue extension. This blockage is achieved primarily by
the positioning of residue Gln117 (corresponding to residue
Ala122 in RNase A) within B1 and is one of several structural
features responsible for the low enzymatic activity of Ang
(see refs22 and26). Another is the inadequate structuring
of the B2 purine-binding subsite, which is much more open
than that in RNase A and lacks analogues for three B2

components of that enzyme (Asn71, Gln69, and Asn67).
Attempts to develop nucleotide inhibitors of Ang have not

been as successful as parallel efforts with RNase A (14, 27,
28). For RNase A, investigation of a series of adenosine
nucleotides showed that tight binding could be achieved by
incorporating a 5′-pyrophosphate and a 2′- or 3′-monophos-
phate group, with a further advantage conferred by attaching
a pyrimidine nucleotide to the pyrophosphate through its 3′-
oxygen.Ki values for the most avid of these inhibitors were
in the range of 10-8 to 10-7 M. Application of this same
strategy with Ang (13) yielded inhibitors whose affinities
were considerably higher than those of simple substrates and
nucleoside monophosphates but still orders of magnitude
weaker than had been measured with RNase A. The best of
these nucleotide inhibitors are 5′-diphosphoadenosine 2′-
phosphate (ppA-2′-p) and its 2′-deoxyuridine derivative
dUppA-2′-p and NADPH, all withKi values of∼10-4 M
with Ang (13, 14, 29).

Information on the three-dimensional structures of Ang-
nucleotide complexes should be helpful for the development
of more potent inhibitors to target the unique substrate
binding sites of Ang. Although nucleotide complexes of other
members of the RNase superfamily have been extensively
investigated by X-ray crystallography and NMR, no struc-
tural studies on Ang-nucleotide complexes have been
reported to date. Crystallographic efforts in particular have
been impeded because residues from neighboring Ang
molecules impinge upon the B2 region of the active site in
all available Ang crystal forms (22). Therefore, attempts to
understand the potency and selectivity of Ang inhibitors have
been based on models constructed by analogy with known
RNase A complex structures (13, 30). In these models,
inhibitors such as ppA-2′-p and its 3′-phosphate isomers were
assumed to adopt the same general binding mode as
substrates, with the pyrophosphate in P1 and the 2′- or 3′-
phosphate group in the P2 subsite. The preference of Ang
for a 2′- versus a 3′-phosphate (contrasting with the prefer-
ence of RNase A for a 3′-phosphate) was then interpreted
in terms of the positioning of the P2 site residue Arg5 (which
differs from that of the P2 residues Lys7 and Arg10 in RNase
A). Binding of the dinucleotide dUppA-2′-p was thought to
require a substantial structural reorganization to allow access
of the pyrimidine ring to the B1 site, as has been postulated
to occur during the normal catalytic pathway for substrate
cleavage.

Here, we have examined the interactions of Ang with a
series of related nucleotide inhibitors, using binding-induced
resonance perturbations of15N- and 15N/13C-labeled Ang.
Specifically, we have measured the15N,1H-HSQC spectra
of 15N-labeled Ang in the presence of phosphate ion (Pi),
adenosine (A), and the adenosine-based nucleotides A-2′-p
(adenosine 2′-phosphate), pA-2′-p (adenosine 2′,5′-diphos-
phate), ppA-2′-p, pA (adenosine 5′-phosphate), ppA (ad-
enosine 5′-diphosphate), A-3′-p (adenosine 3′-phosphate),

pA-3′-p (adenosine 3′,5′-diphosphate), and dUppA-2′-p, for
which Ki values with Ang have been determined previously
(ref 13; Figure 1). Extensive resonance perturbations of the
P1 and/or B2-subsite residues of Ang were induced by the
phosphate and all nucleotide compounds, indicating the
validity of this approach. Interestingly, we found that 2′-
phosphoadenosine-based inhibitors appear to interact with
Ang more specifically than the 3′- and 5′-phosphoadenosine
derivatives. More significantly, NOE measurements with
both free and inhibitor-bound Ang were used to derive three-
dimensional structures for Ang in complex with the 2′-
phosphoadenosine-based nucleotides pA-2′-p and dUppA-
2′-p. Both inhibitors were found to adopt binding modes that
differ strikingly from those anticipated.

MATERIALS AND METHODS

Reagents and Inhibitors.All chemicals were analytical
grade and purchased from commercial sources. Sodium
phosphate was from BDH (Toronto, Canada). Adenosine
nucleotides were from Sigma-Aldrich except for ppA-2′-p
and dUppA-2′-p, which were synthesized by a combined
chemical and enzymatic procedure as described previously
(13, 30).

Preparations of15N- and15N/13C-labeled Ang. A synthetic
gene for Met-1 Ang (31) with its Nde1and BamH1sites
removed by site-directed mutagenesis (32) was inserted into
the uniqueNde1andBamH1sites of the vector pET11a (33)
and transformed intoEscherichia coli(34). Cells were grown

FIGURE 1: Structures and abbreviations of inhibitors used for the
present study.Ki values determined kinetically at pH 5.9 in 0.2 M
MES-NaOH (13, 22) are shown in parentheses.
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in M9 medium (35) containing15N-ammonium sulfate with
99% 15N enrichment (Isotech) as the sole nitrogen source
and supplemented with 1 mM MgSO4, 0.1 mM CaCl2, 5 µg/
mL FeCl3, 1 µg/mL thiamine, 50µg/mL ampicillin, and 1%
D-glucose (either unlabeled or labeled with13C at 99%
enrichment (Isotech)) as the sole significant carbon source.
A 1 mL volume of starter cultures (one for each 2 L of final
culture) was inoculated with 5µL of cryopreserved culture
and grown at 37°C with shaking (300 rpm) until slightly
turbid (6-8 h). Each of these cultures was added to 100 mL
of medium and grown in the same manner for 12-14 h.
Cells were then harvested by centrifugation, resuspended in
6 mL of medium per 100 mL of culture, and 3 mL was added
to 1 L of medium. These cultures were grown to an A600 of
0.6-0.9, at which time IPTG (isopropylâ-thiogalactoside)
was added to a final concentration of 1 mM. Cells were
harvested after another 3 h of growth. Ang was obtained in
high yield (∼15 mg/L) by the purification procedure for
mouse angiogenins described by Holloway et al. (36).

NMR Sample Preparation.15N-labeled Ang for15N,1H-
HSQC measurements was prepared at a concentration of
0.1-0.15 mM in a buffer containing 50 mM sodium acetate,
0.2 mM EDTA, and 5-10% (v/v) 2H2O at pH 5.0. For
titration experiments with the phosphate ion and nucleotide
inhibitors, a stock solution of each inhibitor (7.5-90 mM)
was prepared in the acetate buffer, with the pH adjusted to
5.0. For NOE and13C,1H-HSQC measurements, samples of
15N/13C-labeled Ang were prepared in the nucleotide-free
state and in the presence of a 10-15-fold molar excess of
pA-2′-p or a 6.3-fold molar excess of dUppA-2′-p at protein
concentrations of 0.9-1.0 mM and in the same buffer
solution except for the use of deuterated sodium acetate-d3.
The higher protein concentrations and sodium acetate-d3 used
did not cause any differences in the protein NMR spectra,
as verified by using15N-labeled Ang samples at concentra-
tions ranging from 0.1 to 1.2 mM.

NMR Experiments.Two-dimensional15N,1H-HSQC spec-
tra were recorded at 298 K using Bruker 500 MHz NMR
spectrometers (DRX-500 or Avance-500). The proton carrier
frequency was placed on the water resonance, and the solvent
signal was suppressed by a WATERGATE pulse sequence
(37). The 15N,1H-HSQC spectra were acquired with 1024
(t2) × 128 (t1) data points and processed using the NMRPipe/
NMRDraw software program (38). The spectral resolutions
after processing were 6.0 and 10.9 Hz along theF2 (HN)
and F1 (15N) dimensions, respectively. Three-dimensional
NMR spectra for the15N/13C-labeled Ang samples, including
double- and triple-resonance experiments HNCACB, CBCA-
(CO)NH, HBHA(CO)NH (39), HCCH-TOCSY (40), NOESY-
15N,1H-HSQC (41), and NOESY-aromatic13C,1H-HSQC,
were recorded at 298 K on an 800 MHz spectrometer
(Bruker: Avance-800). The mixing times were 21.0 ms for
HCCH-TOCSY and 120.0 ms for 3-D NOESY experiments,
respectively. In all the experiments,15N-decoupling during
the detection period was achieved by applying a 1.0 kHz
GARP sequence (42). Three experiments, HCCH-TOCSY,
NOESY-15N,1H-HSQC, and NOESY-aromatic13C,1H-HSQC,
were modified to remove the extra heteronuclear couplings
caused by the additional isotope. In HCCH-TOCSY and
NOESY-aromatic13C,1H-HSQC experiments,15N couplings
were removed by applying a 1.0 kHz GARP sequence
throughout thet1 and t2 time periods. In NOESY-15N,1H-

HSQC,13C splittings were refocused by using13C refocusing
pulses at 42.0 ppm in thet1 and t2 periods and by applying
a 1.5 kHz 13C SEDUCE-1 (43) at 125.0 ppm in the1H
evolution period and at 176.0 ppm in the15N evolution
period. Aromatic side-chain proton assignments were achieved
by performing the (HB)CB(CGCD)HD and (HB)CB(CGCD-
CE)HE experiments (39). In 13C,1H-HSQC experiments, a
1.0 kHz GARP was applied to the15N nuclei during the
evolution period.

Three different experimental schemes were used with the
800 MHz spectrometer to collect intraligand (transferred) and
intermolecular NOEs originating from the nucleotide protons.
For the Ang-[dUppA-2′-p] complex, all nucleotide and Ang
protons were allowed to evolve during thet1 time period,
and only the nucleotide proton signals were detected during
acquisition. All cross-peaks, including intraligand and in-
termolecular NOEs, had the same sign as the diagonal
signals, indicating that these NOEs are from the Ang-
nucleotide complex but transferred to the free nucleotide
(transferred NOEs). Intermolecular NOEs appeared asym-
metrically in the spectrum while intranucleotide transferred
NOEs were found in symmetry-related locations. Intermo-
lecular NOEs were also identified by comparing the NOESY
spectra acquired with and without simultaneous15N/13C
decoupling duringt1. For the Ang-[pA-2′-p] complex, the
intraligand and intermolecular NOEs were observed in a
NOESY experiment whereby Ang proton resonances were
suppressed during thet1 evolution followed by the detection
of all nucleotide and Ang proton signals duringt2. For both
complexes, intermolecular NOEs were also observed selec-
tively by frequency-labeling of the13C magnetization of Ang
during t1, which was transferred to the13C-attached protons
before the NOE mixing period and followed by detection of
nucleotide protons duringt2. The intermolecular NOESY
experiments were carried out using a previously published
procedure (44) modified to incorporate a WATERGATE
sequence (37) and selective detection of nucleotide protons
during t2.

Structure Calculations Using NMR and NOE-DeriVed
Constraints.Structure calculations using NOE-derived dis-
tance restraints were carried out by a simulated annealing
procedure implemented in the CNS version 1.0 program
interfaced with ARIA(45, 46). A total of 4360 NOE peaks
were identified for free Ang from the 3-D NOESY spectra:
1024 from NOESY-15N,1H-HSQC, 175 from NOESY-
aromatic 13C,1H-HSQC, and 3161 from NOESY-13C,1H-
HSQC. For the dUppA-2′-p complex, a total of 3933 NOE
peaks were identified, including 1096 from NOESY-15N,1H-
HSQC, 226 from NOESY-aromatic13C,1H-HSQC, and 2611
from NOESY-13C,1H-HSQC. Lists of the NOE peaks were
iteratively assigned as unique and ambiguous NOE distance
restraints using a procedure described previously (47). The
X-ray structure of Ang (20) was employed to calculate an
initial contact map and a loosely folded starting structure of
Ang, by adding a deviation of 8 Å to all the atomic
coordinates. This starting structure template was used to filter
spectral artifacts and reduce the number of ambiguous NOE
distance constraints to manageable levels (45, 46). Dihedral
angles based on the13C chemical shift index (48) were also
included as additional constraints in the refinement stage of
the structure calculations. Thirty-four residues with13C shift
differences, [13CR - 13Câ], deviating by more than 2 ppm
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from the random-coil values (deposited in www.bmrb.wis-
c.edu) (48), were used to constrain the backbone dihedral
angles to theR-helical conformations,-85° < φ < -45°
and-55° < ψ < -15°. The backbone conformations of 47
residues, of which [13CR - 13Câ] deviated-2 ppm or less
from the random-coil values, were constrained toâ-strand
conformations with-155° < φ < -115° and+115° < ψ
< +155°. The degree of assignment ambiguity and the
tolerance of violated distance constraints (45) were adjusted
in iterative steps to arrive at the structure solutions with
converged NOE assignment lists. The contact maps through
the iterations were convergent together with the improve-
ments of the calculated structure models.

Calculation of Dissociation Constants, KD, Using Binding-
Induced Resonance Perturbations.Binding-induced chemical
shift changes in the15N,1H-HSQC spectra of Ang were
measured for the phosphate ion (up to 360 mol excess) and
adenosine nucleotide inhibitors, A (up to 420 mol excess),
A-3′-p (up to 210 mol excess), pA (up to 210 mol excess),
A-2′-p (up to 105 mol excess), pA-3′-p (up to 60 mol excess),
ppA (up to 60 mol excess), pA-2′-p (up to 21 mol excess),
and ppA-2′-p (up to 6.1 mol excess). Dissociation constants,
KD, of each nucleotide inhibitor were calculated from the
dependence of the observed resonance perturbations of
various Ang residues on inhibitor concentration using the
equation

where ∆ν and ∆νmax are the resonance perturbations at
inhibitor concentration [I] and at saturation, respectively. The
total inhibitor concentrations were used for values of [I]
because depletion by Ang is minimal when [I]total . [Ang].
Four to eight increments of inhibitor concentrations were
used to obtain titration data for evaluating theKD values.

Docking Analysis of Ang-Nucleotide Complexes.Flexible
ligand docking of pA-2′-p to Ang was performed with
AutoDock 3.0.5 employing a Lamarckian Genetic Algorithm
(LGA) (49). The LGA performs flexible docking by com-
bining a genetic algorithm with an adaptive local search
method to minimize interaction energy. Docking configura-
tions are evaluated based on an empirical energy scoring
function that has been calibrated to 30 protein-ligand
complexes with known structures and binding constants. The
coordinates for pA-2′-p with C2′endo/C3′exoand C3′endo
ribose puckering were taken from the crystal structures of
the EDN-[pA-2′-p] (50) and RNase A-[ppA-2′-p] complexes
(51), respectively. Ang coordinates were taken from the 1.8
Å resolution crystal structure of free Ang (ref21; PDB code
1B1I). Protonation states were assigned in Insight II (Ac-
celrys), and atom potentials and partial charges were assigned
with the CFF91 force field. A 26.25 Å3 docking grid,
centered at the position occupied by the phosphorus atom
in the Ang-phosphate complex (ref22; PDB code 1HBY),
was created with the AutoGrid program. Default LGA
parameters were used, except that ligands were initially
positioned at the grid center, and 10 docking runs with 1.5
× 106 energy evaluations each were carried out. An initial
model of Ang complexed with dUppA-2′-p was generated
in Insight II by fusing dUp [taken from the X-ray coordinates
of the complex of RNase A with 5′-phospho-2′-deoxyuridine
3′-pyrophosphate (P′ f 5′) adenosine 3′-phosphate (pdUppA-

3′-p) (PDB code 1QHC)] onto an AutoDock model for pA-
2′-p. Manual adjustments to the dUp portion of this structure
were performed, and the models obtained were energy
minimized in Discover (Accelrys) using the CFF91 force
field and conjugate gradients minimization (100 steps), with
the A-2′-p position held fixed.

RESULTS

Resonance Assignments and Assessment of the Three-
Dimensional Structure of Free Ang in Solution.Studies on
free Ang were performed at pH 5.0 in 50 mM sodium acetate;
this buffer does not influence the enzymatic activity of Ang
(Russo, A. and Shapiro, R., unpublished experiments), and
we therefore presume that neither Na+ nor acetate ion binds
to the active site region. Residue-specific assignments of the
1H and15N resonances of the backbone and side-chain amide
groups were achieved through sequential and intraresidue
connectivities in the HNCACB and CBCA(CO)NH spectra
of 15N/13C-labeled Ang. Figure 2 shows an15N,1H-HSQC
spectrum of the15N-labeled (or15N/13C-labeled) protein. Of
all the backbone amide groups, those for Gln1, Lys60, and
Lys73 were not identified, and signals for some residues (His8,
Thr11, Gln19, Ile53, Asn59, His65, Arg66, Ile71, Ala106, and Ser118)
overlapped with others. Most of the side-chain NH2 groups
of Asn and Gln were assigned to specific residues. A weaker
15N,1H-HSQC signal was observed for each amide group of
residues Lys40, Cys92, Ala96, Thr97, Ala98, and Leu115 and the
indole ε-NH Trp89 as reported previously for Ang in a
phosphate buffer (23).

Assignments of the observed13CR and13Câ resonances in
the HNCACB and CBCA(CO)NH spectra allowed an as-
sessment of the secondary structure of free Ang in solution
based on the13C chemical shift index (48). No differences
were found at the secondary structure level for free Ang in
solution and in the crystalline state (data not shown). In
addition, a low-resolution structure calculated using NOE
distance constraints from the 3-D NOESY-15N,1H-HSQC and
NOESY-13C,1H-HSQC measurements and dihedral angle

∆ν/∆νmax ) [I]/( KD + [I])

FIGURE 2: 500 MHz15N,1H-HSQC spectrum of15N-labeled Ang
at a concentration of 0.15 mM in a buffer of 50 mM sodium acetate
containing 0.2 mM EDTA, at pH 5.0 and 298 K.
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constraints based on the13C chemical shift index reproduced
essentially the same secondary and tertiary folds of the Ang
backbone as those of free Ang in the crystaline state (20-
22). Therefore, there do not appear to be major structural
differences between free Ang in solution and in the crystal,
in agreement with previous findings (23).

1H and 15N Resonance Perturbations of Ang Residues
Induced by Pi and Adenosine Monophosphates.The binding
of inhibitors to Ang was characterized by measuring the
15N,1H-HSQC spectra of15N-labeled Ang in the presence of
varying amounts of these molecules. Figure 3 shows the
resonance perturbations about the backbone amide and the
Gln12 side-chain NH2 groups by saturating amounts of Pi and
the three kinds of adenosine monophosphate derivatives,
A-2′-p, A-3′-p, and pA. Adenosine itself did not cause
appreciable changes for any residues even at concentrations
as high as 35 mM (data not shown). A large excess of Pi

induced dramatic and differential resonance perturbations of
the backbone amide protons of Leu115 and Gln117 and the
Gln12 side-chain NH2 group (Figure 3a) (effects on side-
chain NH groups of other residuesse.g., His13, Lys40, and

His114sexpected to interact with Pi (22) cannot be seen in
this type of experiment because of rapid proton exchange
with solvent). A-2′-p induced particularly large perturbations
of the amide protons of Leu115 and the Gln12 side chain
similar to those produced by Pi (Figure 3b). Thus, the 2′-
phosphate group occupies the catalytic P1 site rather than
the subsite (P2) where the 3′-phosphate group of B2 purine
nucleotides in substrates would normally bind (13, 52). In
addition, A-2′-p induced a large perturbation of the His114

backbone15N resonance, whereas the Gln117 backbone amide
proton did not show appreciable response to binding of this
inhibitor.

In contrast, binding of the 3′ and 5′ monophosphate
derivatives A-3′-p and pA induced much smaller resonance
perturbations of Leu115 and His114 and somewhat less sizable
changes in the Gln12 side-chain resonance (Figure 3c,d).
Instead, moderate perturbations of the Gln117 backbone amide
proton (50-70 Hz) and side-chain15N (∼30 Hz, not shown)
resonances appear to be characteristic of the interactions of
A-3′-p and pA with Ang. In addition, a number of other
residues, including Thr44, Glu58, Gly62, Val103, Val104, and
Val105, displayed some response to the binding of one or
both of these inhibitors. However, none of these resonance
perturbations was as large as those of Leu115 and His114

induced by A-2′-p (Figure 3b).
Table 1 lists the dissociation constants of Pi, A-2′-p, A-3′-

p, and pA along with those of the other nucleotide inhibitors
studied, as calculated from the magnitudes of the resonance
perturbations for various residues at different inhibitor
concentrations. SimilarKD values were derived for each
inhibitor irrespective of the resonance used, as long as the
residue involved lies within the active site of Ang. These
values are in good agreement with the kineticKi measure-
ments and indicate that A-2′-p binds ∼3-5 times more
effectively than the other monophosphates.KD values for
A-3′-p and pA based on perturbations of Val104 and Val105,
which interact with the side chains of Leu115 and Ile119 near
the active site, are in the same range as those calculated from
the effects on Gln12, Leu115, and Gln117. However, values
derived from perturbations of residues well away from the
active site (e.g., Glu58 and Gly62) are significantly higher.
These observations suggest that A-3′-p and pA interact with
Ang less specifically than A-2′-p and have alternative binding
modes involving regions outside the active site.

Effects of Adding 5′-Phosphate Groups:1H and 15N
Resonance Perturbations of Ang Residues Induced by pA-
2′-p, ppA-2′-p, pA-3′-p, and ppA.Figure 4a,b shows reso-
nance perturbations of Ang induced by saturating amounts
of pA-2′-p and ppA-2′-p. Both inhibitors caused dramatic
perturbations of residues Leu115 (HN), His114 (15N), and Gln12

(side-chain NH2), in some cases even greater than with A-2′-
p. Thus, induction of large effects on these active site residues
appears to be a general feature of all of the 2′-phosphoad-
enosine-based inhibitors. However, some additional reso-
nance perturbations were observed with pA-2′-p (Ile42, Cys81,
Leu83, and Arg121) and ppA-2′-p (Cys26, Ser37, Arg51, Lys54,
Asn61, Gly62, and Arg122) that had not been seen with A-2′-
p. TheKD values for pA-2′-p and ppA-2′-p calculated from
the Leu115, His114, and Gln12 perturbations were 6- and 20-
fold, respectively, lower than for A-2′-p (Table 1), in
excellent agreement with the kinetic data (Figure 1). The
values for pA-2′-p derived from perturbations of Arg121 and

FIGURE 3: Perturbations (in Hz or 500.13× |∆δH| for proton and
50.68 × |∆δH| for 15N) of the 1H and 15N resonances of the
backbone amide groups and the side-chain NH2 group of Gln12 of
15N-labeled Ang by (a) Pi (at 360 mol excess), (b) A-2′-p (at 105
mol excess), (c) A-3′-p (at 210 mol excess), and (d) pA (at 210
mol excess) measured in a buffer of 50 mM sodium acetate
containing 0.2 mM EDTA, at pH 5.0 and 298 K. The concentrations
of Ang were in the range of 0.1-0.14 mM. The different parts in
the bars of the Gln12 side chain depict each of the perturbations of
the syn (hatched) and anti (black) amine protons of the NH2 group.
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Ile42 and for ppA-2′-p from the perturbation of Arg122 are
comparable to those based on residues Gln12, His114, and
Leu115. These observations suggest that the 2′-phosphate of
pA-2′-p and ppA-2′-p, like that of A-2′-p, occupies P1 and
that the additional 5′-phosphate and pyrophosphate groups
may interact with residues Arg121, Arg122, and Ile42. These
residues are in the active site region of Ang, and it has been
proposed that Arg121 and/or Arg122 may form part of a
substrate binding site upstream from P1 (53). Distinctly larger
KD values for pA-2′-p and ppA-2′-p were calculated from
the other perturbations, all involving residues outside the
active site. Thus, these inhibitors also seem to have secondary
binding sites.

Addition of a 5′-phosphate to A-3′-p and pA had no major
impact on the pattern of resonance perturbations (Figures
3c vs 4c and 3d vs 4d). In both cases, the perturbations of
the Leu115 and His114 backbone NH remained much smaller
than those measured with the 2′-phosphoadenosine nucle-
otides, although a modest increase in the effect on Leu115

was seen for ppA versus pA. The 5′-â-phosphate group in
ppA enhanced the perturbation of the Gln12 side-chain NH2
protons to the level observed for the A-2′-p series, and the
effect on the Gln117 backbone NH was somewhat greater for
pA-3′-p than for A-3′-p. The presence of the additional 5′-
phosphate group induced perturbations of three residues
(Ile42, Cys81, and Leu83) not affected appreciably by A-3′-p
or pA binding. Again, theKD values calculated from the
perturbations of active site residues (Table 1) were entirely
consistent with the kinetic measurements (Figure 1) and
showed improvements in binding affinity associated with the
phosphate additions (∼6-fold in both instances). However,
in contrast with the A-2′-p series, some of theKD values
based on residues outside the active site (e.g., Cys81 and
Leu83) are in the same range, indicating that specific binding
to the active site is not as predominant.

Effects of Attaching 2′-Deoxyuridine to ppA-2′-p: Reso-
nance Perturbations of Ang Residues Induced by dUppA-
2′-p. Figure 4e shows resonance perturbations of Ang
induced by a 6.3-fold molar excess of dUppA-2′-p. No

remarkable further perturbations were seen beyond those
induced by ppA-2′-p. Large perturbations of the backbone
NH resonances of Leu115 and His114 can be attributed to the
A-2′-p portion of the dUppA-2′-p molecule as in the other
three 2′-phosphoadenosine nucleotides, A-2′-p, pA-2′-p, and
ppA-2′-p (Figures 3b, 4a, and 4b, respectively). Modest
perturbations of some other residues (Ser37, Arg51, Lys54,
Asn61, and Arg122) are very similar to those caused by the
binding of ppA-2′-p. These observations indicate that the
dU moiety itself does not interact with the Ang backbone
and that binding of the dUppA-2′-p molecule does not have
any significant impact on the blockage of the B1 pyrimidine-
binding subsite. TheKD values of dUppA-2′-p estimated from
the perturbations of active site residues were similar to those
for ppA-2′-p, consistent with results from earlier kinetic
studies (ref13; Figure 1).

Perturbations of Aromatic Side-Chain Resonances of Ang
Induced by the Binding of pA-2′-p and dUppA-2′-p. Interac-
tions of pA-2′-p and dUppA-2′-p with Ang were investigated
further to clarify the binding mode of the 2′-phosphoadenos-
ine-based inhibitors. Nucleotides with 3′-phosphate or with
only 5′-phosphates were not included in these studies because
they bind more weakly and apparently less specifically to
Ang. The aromatic regions of the13C,1H-HSQC spectra for
the nucleotide-free and the complexed states of Ang were
compared (Figure 5). All the13C,1H-HSQC signals, except
for 13CHε1 of histidines and13CHú of some phenylalanines,
were assigned through the Câ/Hδ and Câ/Hε resonance
connectivities in the (HB)CB(CGCD)HD and (HB)CB-
(CGCDCE)HE spectra. The His-δ2 and His-ε1 signals are
characterized by unique doublet and singlet patterns in the
high-resolution spectra (Figure 5a,b) along the1H and 13C
dimensions, respectively. It is seen that binding of pA-2′-p
and dUppA-2′-p perturbed the imidazoleδ2 protons of three
histidines (His8, His13, and His114), the ε1 protons of some
histidines, theδ-proton of Tyr6, and theδ-proton of Phe9 in
very similar ways. Among these, the perturbation of the
His114-δ2 proton resonance was particularly large for both
inhibitors.

Table 1: Binding Constants of the Phosphate Ion and Phosphoadenosine-Based Nucleotides Determined through Resonance Perturbations of the
Selected Ang Residues

KD (mM)

inhibitor Leu115HN
Gln12

side-NH2 syn His114 15N Gln117HN Arg121HN Arg122HN Ile42 15N

Pi ∼7 ∼9 ∼8
A-2′-p 1.9 2.3 2.0
A-3′-p ∼9 ∼9 ∼7
pA 5.5 5.9 5.1
pA-2′-p 0.3 0.3 0.3 0.3 0.5
pA-3′-p 1.3 1.2 1.7 1.0
ppA 1.0 1.0 1.9 1.3
ppA-2′-pa 0.1 0.1 0.1 0.1

KD (mM)

inhibitor Thr44HN Glu58 15N Gly62HN Cys81HN Leu83HN Val104HN Val105 15N

A-3′-p .10 .10 .10 5.5 ∼7
pA ∼8 ∼9 4.9 5.5
pA-2′-p 0.8 0.8
pA-3′-p 2.5 1.2 1.3 1.9 2.0
ppA 1.2 1.1 1.3 2.2 1.5

a Resonance perturbations for other residues (Cys26, Ser37, Arg51, Lys54, Asn61, Gly62) by ppA-2′-p did not appear to reach plateaus at the inhibitor
concentration (6.1 mol excess) yielding the maximal changes of perturbations of Arg122 and the three active site residues.
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To identify the origin of the resonance perturbation of the
His114 side chain, NOE contacts involving the His114-δ2

protons were analyzed in detail for free Ang and for Ang in
complex with pA-2′-p and dUppA-2′-p (Figure 6). Assign-
ments of the CH3 protons of 15N/13C-labeled Ang were
accomplished through a combined analysis of HCCH-
TOCSY and HNCACB spectra measured for the three
samples. The residues showing NOE contacts with the His114-

δ2 protons were different for free Ang versus both of the
complexes, suggesting that the His114 side chain undergoes
a conformational change upon binding of pA-2′-p and
dUppA-2′-p. Resonance shifts for the His114 â-protons from
the free state (Figure 6) also indicate a change in the
environment around the His114 residue when the inhibitors
bind.

Three-dimensional structures of Ang have revealed two
distinct conformations for the side chain of His114, as had

FIGURE 4: Perturbations (in Hz or 500.13× |∆δH| for proton and
50.68 × |∆δH| for 15N) for the 1H and 15N resonances of the
backbone amide groups and the side-chain NH2 group of Gln12 of
15N-labeled Ang by (a) pA-2′-p (at 21 mol excess), (b) ppA-2′-p
(at 6.1 mol excess), (c) pA-3′-p (at 60 mol excess), (d) ppA (at 60
mol excess), and (e) dUppA-2′-p (at 6.3 mol excess) measured in
a buffer of 50 mM sodium acetate containing 0.2 mM EDTA, at
pH 5.0 and 298 K. The concentrations of Ang were in the range of
0.1-0.14 mM. The different parts in the bars of the Gln12 side
chain depict each of the perturbations of the syn (hatched) and anti
(black) amine protons of the NH2 group.

FIGURE 5: 800 MHz aromatic-13C,1H-HSQC spectra of a15N/13C
doubly labeled Ang at a concentration of 1 mM for (a) the
nucleotide-free state, (b) a state in the presence of 10 mol excess
of pA-2′-p, and (c) a state in the presence of 6.3 mol excess of
dUppA-2′-p, in a buffer of 50 mM sodium acetate-d3 containing
0.2 mM EDTA, at pH 5.0 and 298 K.
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been reported previously (54, 55) for the corresponding
residue (His119) of RNase A. The high-resolution X-ray
structure of free Ang (21) shows only the major A confor-
mation (ø1 ≈ 168°; ø2 ≈ 88°) that predominates in RNase
A, whereas the NMR structure of Lequin et al. (23) indicates
a dynamic equilibrium between this conformation and a
minor B conformation (ø1 ≈ -60°; ø2 ≈ -65°). (ø1 is the
torsion angle for N-CR-Câ-Cγ, andø2 is the torsion angle
for CR-Câ-Cγ-Nδ1). In conformation A, the His114-δ2

proton has short distances to the side-chain CH3 protons of
Leu69 that correspond well to the strong NOE connectivity
between these protons we observe for free Ang (Figure 6a).
In contrast, strong NOE signals between the His114-δ2 and
the Val113-γ-CH3 protons were observed for both [pA-2′-p]-
and [dUppA-2′-p]-bound states of Ang (Figure 6b,c), and
the NOE intensities between Leu69 and His114 greatly
decreased. This provides clear evidence that His114 adopts
the alternative B conformation in both complexes. (The
His114-δ2 and the Ala106-â protons, which show strong NOE
signals in free Ang and the two complexes, are separated
by nearly identical distances in the two conformations.)

Intraligand and Intermolecular NOEs of pA-2′-p and
dUppA-2′-p in Complex with Ang. NOEs originating from
free nucleotide protons were collected to obtain further
information on the contacts of Ang with pA-2′-p and dUppA-
2′-p. These NOESY spectra contain all1H,1H-correlations
of the protons of the nucleotides, including NOEs within
the bound nucleotide (transferred NOEs) as well as inter-
molecular NOEs between the nucleotide and Ang. Assign-
ments of the protons of the two nucleotides, which were used
to identify the intranucleotide NOEs and through-bond
correlations, were carried out using the1H,1H-TOCSY and
1H,1H-ROESY spectra of the nucleotides. A total of 10 NOEs
were identified as intranucleotide transferred NOEs for the
dUppA-2′-p complex (Table 2). The adenine ring H8 proton

had NOE contacts with the H1′, H2′, H4′, and H5′ protons
of the adenosine sugar moiety, while the adenine ring H2
proton (in the six-membered ring) of dUppA-2′-p did not
exhibit any intranucleotide NOEs. These intraligand NOE
patterns suggest that the adenine aromatic ring is oriented
in such a way that the H2 proton points away from the rest
of the nucleotide. Furthermore, the uracil ring H6 proton of
dUppA-2′-p had only NOE contacts with the H2′ and H5′
deoxyribose protons of the dU moiety but no NOEs to other
parts of the dinucleotide. The intraligand NOEs observed
for the pA-2′-p complex were almost identical to those
identified within the pA-2′-p portion of the dUppA-2′-p
complex (Table 2). Very significantly, neither complex
exhibited an intraligand NOE between the adenine H8 proton
and the H3′ proton of the adenosine ribose ring, even though
NOEs involving other protons of the same sugar moiety were
clearly observed (Table 2). These similar patterns of intrali-

FIGURE 6: 800 MHz NOESY-aromatic13C,1H-HSQC spectra of
1.0 mM 15N/13C doubly labeled Ang. Shown are only strips of the
spectra specifying the (13C,1H) resonances of His114-δ2 (a) for the
nucleotide-free state, (b) in the presence of 10 mol excess of pA-
2′-p, and (c) in the presence of 6.3 mol excess of dUppA-2′-p, in
a buffer of 50 mM sodium acetate-d3 containing 0.2 mM EDTA,
at pH 5.0 and 298 K.

Table 2: Intraligand NOEsa Observed for pA-2′-p and dUppA-2′-p
in Complex with Ang

pA-2′-pb dUppA-2′-pc

no. intensity of NOE 1H/ppm 1H/ppm assignment (base)

with adenine ring H8 (8.42 ppm)
1 strong 5.05 5.00 H2′(A)
2 medium 6.21 6.17 H1′(A)
3 medium 4.09 4.18 H5′(A)
4 weak 4.56 4.57 H4′(A)
5 medium 2.42 H2a′(dU)
6 weak 2.06 H2b′(dU)

with uracil ring H6 (7.61 ppm)
7 medium 2.06 H2b′(dU)
8 weak 2.42 H2a′(dU)
9 weak 3.69 H5′(dU)

with H1′ of deoxyuridine (dU) (6.04 ppm)
10 weak 4.18 H5′(A)

a No NOEs were observed between the adenine H8 ring proton and
the clearly resolved H3′ proton of the adenosine ribose ring for both
complexes.b pA-2′-p was 15 mol excess over∼1 mM 15N/13C-Ang.
c dUppA-2′-p was 6 mol excess over∼1 mM 15N/13C-Ang.

Table 3: Intermolecular NOEs between pA-2′-p and dUppA-2′-p
Protons and13C-Attached Protons of15N/13C-Labeled Ang

Ang resonance (ppm)

[pA-2′-p]a [dUppA-2′-p]b

no.
intensity of
NOE signal 1H (13C) 1H (13C) assignment

with adenine ring H2 (8.13 ppm)
1 strong 1.31 (19.4) 1.31 (19.4) Ala106 Hâ

2 strong 0.83 (21.4) 0.80 (21.2) Leu69 Hδ2

3 weak NDc (23.3) NDc (23.2) (Leu69Hδ1)d

4 weak 1.38 (41.4) NDc (NDe) (Leu69 Hâ2)d

5 weak NDc (30.2) NDc (NDe) (His114 Hâ2)d

6 weak NDc (39.7) NDc (NDe) unknownf

with ribose H1′ (6.17 ppm)
7 medium 2.78 (30.2) 2.72 (30.3) His114Hâ2

8 weak 1.38 (41.4) NDc (41.7) (Leu69 Hâ2)d

9 weak NDc (52.0) NDc (NDe) (Leu69 HR)d

with uracil ring H5 (5.70 ppm)
10 weak 1.71 (NDe) (Arg66 Hâ1/

Arg121 Hâ2)d

11 weak 0.48 (NDe) unknownf

a In the presence of 10 mol excess of pA-2′-p. b In the presence of
6 mol excess of dUppA-2′-p. c ND: proton signals were not detected.
d Assignments compatible with uniquely assigned intermolecular NOEs
(nos. 1, 2, and 7).c ND: 13C signal was not detected.f No assignments
were compatible with other assigned intermolecular NOEs.
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gand transferred NOEs for pA-2′-p and dUppA-2′-p indicate
that the adenosine mononucleotide moieties of both nucle-
otides have similar bound conformations in complex with
Ang.

Additional NOESY measurements (see Materials and
Methods) were made to assign Ang residues involved in
intermolecular NOEs with pA-2′-p and dUppA-2′-p. These
spectra provided resonance locations of Ang13C atoms, each
of which is attached to an Ang proton that gives rise to an
intermolecular NOE with a proton of the bound nucleotide.
Nine cross-peaks were identified as intermolecular NOEs
between pA-2′-p and Ang (Table 3). Of these, three signals
were unambiguously assigned to Ang residues with unique
(13C, 1H) resonance frequencies. In particular, the adenine
H2 proton exhibited two strong NOEs with the methyl
protons of Leu69 and Ala106, and the ribose H1′ proton had
an NOE with aâ-proton of the His114 side chain (Table 3).
Five of the six weaker NOE signals could also be condition-
ally assigned to Leu69 or His114 protons, guided by the
uniquely assigned intermolecular NOEs. For the dUppA-2′-p
complex, similar intermolecular NOEs involving adenosine
protons were assigned to the same Ang residues as for pA-
2′-p (Table 3), providing further evidence that Ang binds to

the pA-2′-p moiety of dUppA-2′-p in the same way as to
pA-2′-p itself. Two weak NOEs involving the uracil ring
H5 proton could be assigned to aâ-proton of either Arg66

or Arg121, but there are no intermolecular NOE contacts of
the dU moiety with Ang residues around the B1 site,
consistent with resonance perturbation data suggesting that
the dU portion of dUppA-2′-p does not occupy this subsite.

Docking Analysis of the Bound Conformations of pA-2′-p
and dUppA-2′-p in Complex with Ang.To explore possible
conformations and orientations of pA-2′-p and dUppA-2′-p
bound to Ang, pA-2′-p was docked onto Ang with AutoDock
3.0.5 (49), and a model for the dUppA-2′-p complex was
manually generated from the predominant docking pose using
energy minimization. The crystal structure of free Ang was
used to model high-resolution structures of the complexes
since NOEs of free Ang in solution show the absence of
major structural changes. Moreover, three-dimensional struc-
ture models of Ang calculated using NMR shifts and NOEs
of the Ang-[dUppA-2′-p] complex showed minimal devia-
tions from the global fold structure of free Ang determined
here and reported previously (results not shown). However,
as discussed above, NOEs involving the His114-δ2 proton in
the Ang-[pA-2′-p] or Ang-[dUppA-2′-p] complexes indicate

FIGURE 7: (A) Model I: the lowest energy structural model of the Ang-[pA-2′-p] complex derived by using AutoDock 3.0.5. All possible
hydrogen bonds for the modeled complex are shown as dashed lines. (B) Model II: a minor alternative docking solution obtained only
when the inhibitor was given a C2′endo/C3′exoribose pucker. (C) Expected binding mode of substrates to Ang based on a superposition
of the crystal structure of free Ang (PDB code 1B1I) with that of the RNase A-d(ApTpApA) complex (ref52; PDB code 1RCN). Only the
pA-3′-p portion of the substrate analogue on the immediate 3′ side of thymidine is shown. (D) Crystal structure of the complex of EDN
with pA-2′-p (ref50; PDB code 1HI3). (E) Crystal structure of the complex of ECP with pA-2′-p (ref62; PDB code 1H1H). The complexes
are rendered in stick display mode (Insight II) with standard atomic colors, using green for ligand carbons and gray for protein carbons.
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that the side chain of His114 assumes a conformation different
from that observed in the crystal structure (B vs A). The
docking analyses, therefore, utilized both conformations (with
ø1 and ø2 ) -65° for B, as in the complex of EDN with
pA-2′-p; ref50). In addition, theø3 torsion angle of the Gln12

side chain (Câ-Cγ-Cδ-Nε2) was changed from 107 to-76°
so that the NH2 group would be oriented toward P1, as in
the high-resolution X-ray structure of the Ang-Pi complex
(22). Furthermore, we used two pA-2′-p structures that differ
with respect to the puckering of the ribose ring (C2′endo/
C3′exo and C3′endo, as commonly seen in complexes of
other RNases with adenosine nucleotides (50, 51)); this was
necessary because AutoDock itself cannot alter ring confor-
mations, although it allows full flexibility around rotatable
bonds in ligands.

None of the docking solutions for pA-2′-p obtained with
His114 in conformation A were compatible with the present
NMR observations. For example, in all generated positions,
the adenine H2 of pA-2′-p is far from the methyl groups of
Ang Ala106 and Leu69 (6.5-15.5 and 9.8-15.1 Å, respec-
tively). Further, in some cases, the 2′-phosphate of pA-2′-p
is too far from the amide proton of Ang Leu115 to form a
hydrogen bond (4.8-10.6 Å), inconsistent with the large
resonance perturbation of this proton by the nucleotide
inhibitor (Figure 4a). In contrast, the solutions found when
His114 is assigned to the B conformation were able to satisfy
all of the constraints from the experimental data, and the
estimated binding energies were 2-3 orders of magnitude
lower than those calculated when His114 was in the standard
A conformation. In the lowest-energy ligand positions,
oxygens of the 2′-phosphate group of pA-2′-p are placed
within hydrogen-bonding distance from the Leu115 backbone
NH, Gln12 side-chain NH2, and His13 imidazole NHε2, and
the adenine ring of pA-2′-p forms stacking interactions with
the imidazole ring of His114 (Figure 7A) (the hydrogen bond
criteria used are donor-acceptor distance<3.4 Å and
donor-hydrogen-acceptor angle>90°). The adenine aro-
matic ring of the docked pA-2′-p points away from the
adenosine sugar moiety as predicted from intraligand trans-
ferred NOEs (Table 2). The ribose pucker for this docked
pA-2′-p turned out to be C2′endo/C3′exo, which is in exact
agreement with the patterns of intraligand NOEs, especially
the absence of a transferred NOE between the adenine H8

proton and the H3′ proton of the ribose ring (vide supra).
Moreover, the adenine H2 and the ribose H1′ of pA-2′-p
are near the side chains of Leu69, Ala106, and His114, in
agreement with the intermolecular NOEs (Table 3). Impor-
tantly, all of the pA-2′-p docking solutions that are consistent
with the NMR observations place the 2′-phosphate in the P1
subsite, whereas the 5′-phosphate would occupy P1 if the
inhibitor binds in a manner analogous to normal RNA
substrates (ref52; Figure 7C).

Two reasonable configurations with this alternative pA-
2′-p binding mode were found that were nearly identical
except with respect to the orientation of the 5′-phosphate
group. In the predominant docking solution (model I, Figure
7A), the 5′-phosphate group points toward the C-terminal
of Ang and forms hydrogen bonds with the Arg121 side chain.
In some of the solutions obtained for pA-2′-p with the
C2′endo/C3′exoribose pucker (model II, Figure 7B), the 5′-
phosphate group of pA-2′-p instead forms hydrogen bonds
with the side chains of Gln12 and Lys40.

A potential binding mode for dUppA-2′-p was investigated
by grafting dUp onto the 5′-phosphate of pA-2′-p in model
I (model II is incompatible with the NOE between uracil
and Arg66 or Arg121 of Ang). Retention of the orientation of
pA-2′-p seemed reasonable in light of the nearly identical
resonance perturbations and intraligand and intermolecular
NOEs for the pA-2′-p and dUppA-2′-p complexes. Manual
rotation of the dUp portion of the inhibitor showed that uracil
H5 could be placed within 5 Å of either Arg121 Hâ2 (Figure
8A) or Arg66 Hâ1 (Figure 8B), consistent with intermolecular
NOEs (Table 3). The bent conformation for dUppA-2′-p
(Figure 8B) is supported by the intraligand NOEs between
the adenosine and the deoxyribose (dU) moieties (Table 2).
It is noteworthy that all unstrained positions for the uracil
moiety project away from the protein into the solvent and
are far from the normal B1 subsite utilized by substrates.

DISCUSSION

Ang favors adenine as the nucleobase in the B2 position
of substrates (9, 56), and studies on nucleotide inhibitors of
Ang have therefore focused primarily on adenosine deriva-
tives. Although all of the inhibitors examined bind much
less avidly to Ang than to RNase A, a wide range of affinities

FIGURE 8: Possible dUppA-2′-p orientations in complex with Ang that are consistent with the observed intermolecular NOEs. (A) dUppA-
2′-p configuration with uracil H5 near Arg121 Hâ2. (B) dUppA-2′-p configuration with uracil H5 near Arg66 Hâ1.

11146 Biochemistry, Vol. 42, No. 38, 2003 Tonan et al.



(from ∼14 to 0.1 mM) has been observed, and some clear
preferences have emerged. Within the series of compounds
examined here, the order of affinities, based on both kinetic
determinations and NMR titrations, is ppA-2′-p ∼ dUppA-
2′-p > pA-2′-p > ppA > pA-3′-p > A-2′-p > pA > Pi >
A-3′-p (Figure 1 and Table 1). In all cases, derivatives with
a 2′-phosphate bind severalfold more tightly than the
corresponding 3′-phosphate isomer. (This also applies to
ppA-2′-p vs ppA-3′-p, a nucleotide not examined here but
included in a previous kinetic study (14).)

The interactions of Ang with the various inhibitors can
be evaluated by comparing the patterns and extents of proton
and 15N resonance perturbations of Ang residues induced
upon binding (Figures 3 and 4). Binding of the 3′-phospho-
adenosine-based nucleotides and 5′-phosphoadenosines causes
modest resonance perturbations of many Ang residues both
within and outside the active site. In contrast, 2′-phospho-
adenosine-based nucleotides all induce characteristically large
resonance perturbations of the three Ang residues Leu115,
Gln12, and His114. Therefore, Ang appears to bind the 2′-
phosphoadenosine nucleotides basically in the same manner
and through interactions more specific than those for the
binding of 3′- and 5′-phosphoadenosine nucleotides. The
Leu115 and Gln12 groups affected (backbone amide NH and
side-chainΝΗ2) are among those seen to be involved in
hydrogen bonds with Pi in the crystal structure of the Ang-
Pi complex (22), along with others (the His13 and His114

imidazoles and Lys40 ammonium group) not visualized in
this NMR experiment. Binding of Pi also induces resonance
perturbations of these residues (Figure 3a), suggesting that
the binding mode in solution is similar. However, Pi does
not influence the His114 main-chain15N resonance, indicating
that the perturbation induced by the 2′-phosphoadenosine
nucleotides may not be simply due to an interaction of the
2′-phosphate with the side chain of His114.

Indeed, significant resonance perturbations of the side-
chain protons of His114 indicate that the conformation of this
residue changes upon binding of pA-2′-p or dUppA-2′-p
(Figures 5 and 6). Characteristic NOEs between the His114-
δ2 proton and other residues of Ang in complexes with pA-
2′-p and dUppA-2′- p (Figure 6) show that the His114 side
chain has rotated about the CR-Câ and Câ-Cγ bonds into
the nonstandard B conformation. (The CR-Câ rotation is
demonstrated by the gain of NOEs involving Val113 and loss
of NOEs involving Leu69; the maintenance of the strong
NOEs with Ala106 despite this change in orientation implies
that the Câ-Cγ rotation has also occurred.) This conforma-
tional change also explains the large perturbations of the15N
resonance of the His114 backbone caused by the 2′-phospho-
adenosine nucleotides. In the B conformation, the main-chain
15N atom of His114 is placed in a region where the shielding
effect of the His114 imidazole ring would endow this atom
with a more upfield-shifted15N resonance (57). Moreover,
computational docking of pA-2′-p to Ang produces structures
consistent with the observed intermolecular NOEs and other
NMR data only when His114 takes the B conformation. The
docking models show that the His114 imidazole side chain
in this conformation stacks with the adenine ring of the
inhibitor (Figure 7A,B) and contributes entirely as a base-
binding residue (B2) rather than participating in phosphate
binding at P1.

The NMR data and modeling studies reveal that pA-2′-p
and the pA-2′-p moiety of dUppA-2′-p bind to Ang in an
orientation that differs strikingly from that predicted in earlier
studies, most notably in that the 2′-phosphate rather than the
5′-phosphate occupies the P1 subsite. Comparison of pertur-
bations for pA-2′-p versus A-2′-p (Figure 4a vs 3b) indicates
that the 5′-phosphate affects the Arg121 backbone amide
group. Addition of another phosphate to the 5′-position
instead caused resonance perturbations of Arg122 (Figure 4b).
A comparable15NH resonance perturbation is also seen for
Arg122 in the complex of Ang with dUppA-2′-p (Figure 4e).
Therefore, it seems likely that the 5′-phosphate groups of
pA-2′-p, ppA-2′-p, and dUppA-2′-p extend toward the
C-terminal region, forming hydrogen bonds and/or Coulom-
bic interactions with the positively charged Arg121-Arg122

unique to Ang, as in the major docking model for pA-2′-p
(model I, Figure 7A). All the structure models show a
common binding mode for the adenosine core structure, with
the adenine moiety lying on the periphery of the putative B2

subsite and making aromatic interactions with the side chain
of His114 in the B conformation.

Crystal structures of complexes of RNase A with the 3′,5′-
pyrophosphate-linked dinucleotides pdUppA-3′-p and dUppA
show a substrate-like binding mode with the uracil ring in
B1 and the 3′,5′-pyrophosphate in P1 (30, 58). It was
anticipated that dUppA-2′-p would interact with Ang analo-
gously, which in this case would require reorientation of the
C-terminal segment containing Gln117 to provide access to
B1. However, NMR data establish that in fact the dinucleotide
binds to Ang in an entirely different manner. There are no
significant perturbations of backbone NH resonances for Ang
residues 116-120 upon addition of dUppA-2′-p, demonstrat-
ing that the conformation of this segment has not been altered
appreciably. Intramolecular (Ang) and intermolecular NOEs
indicate that the pA-2′-p portion of dUppA-2′-p is oriented
with the 2′-phosphate in P1. Moreover, the dU moiety has
no NOEs with residues in the B1 site of Ang and only weak
NOEs with residues distant from this site, suggesting that it
largely extends away from the surface of the protein.

No three-dimensional structure has been reported for the
complex of pA-2′-p with RNase A, but the crystal structure
of the RNase A-[ppA-2′-p] complex (51) shows that the 5′-
pyrophosphate group is placed in the P1 site, the adenine is
in B2, the 2′-phosphate is in P2, and the side chain of His119

(corresponding to His114 of Ang) adopts the standard A
conformation. The difference between the interactions of the
2′-phosphoadenosine mononucleotides with Ang and RNase
A may be explained in part by the marked differences in
the B2 subsite architecture. In RNase A, the side chains of
Asn67, Gln69, Asn71, and Glu111 surround the adenine ring,
forming multiple hydrogen bonds and providing a highly
constrained environment (59-61). In this position, the
adenine is also able to make stacking interactions with the
His119 imidazole in its A conformation. Ang contains no
structural analogues of the RNase A residues Asn67, Gln69,
Asn71 and has a much less defined B2 subsite. Thus, the
positioning of adenosine nucleotides within the Ang active
site may be largely driven by optimization of the interactions
of the phosphate(s) as well as the ring stacking interactions
between adenine and the rotated His114 side chain.

Recently determined crystal structures of the complexes
of pA-2′-p with two other RNases, EDN and eosinophil
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cationic protein (ECP), both show the 2′-phosphate in P1 as
in the Ang complex. The EDN complex (ref50, Figure 7D)
is similar to the docking models for Ang. Gln14 and Leu130

of EDN are hydrogen bonded to the 2′-phosphate as for the
corresponding Ang residues (Gln12 and Leu115), and the side
chain of His129 is again in the B conformation, where it is
almost parallel to and stacks with the adenine ring. However,
the 5′-phosphate group of the bound pA-2′-p forms different
interactions in the two cases: a water-mediated hydrogen
bond with the Met0 residue of EDN versus a direct contact
with the Arg121 side chain of Ang (in model I). Neither Met0

of EDN nor Arg121 of Ang has a structural analogue in the
other protein. (EDN has a two-residue N-terminal extension
as compared to Ang and terminates four residues earlier.)
The conformation of pA-2′-p when bound to ECP (ref62;
Figure 7E) is generally similar to that in the Ang and EDN
complexes, but the position of the nucleotide is shifted by a
few angstroms. Consequently, the 2′-phosphate oxygens are
too far from the backbone nitrogen atom of Leu129 (corre-
sponding to Leu115 of Ang) to form a hydrogen bond and
instead interact with the ammonium group of Lys38 (corre-
sponding to Lys40 of Ang). The 5′-phosphate extends into
the P-1 phosphate-binding subsite of ECP, where it hydrogen
bonds with the Nη2 of Arg34. Importantly, His128 of ECP
adopts the standard A conformation instead of the B
conformation observed for His114 of Ang and His129 of EDN.

In summary, heteronuclear and multidimensional NMR
spectroscopy have been used to determine for the first time
the three-dimensional structures of Ang complexes with
nucleotide inhibitors. The interactions of dUppA-2′-p and
pA-2′-p with Ang highlight (i) negatively charged moieties
such as phosphates strategically located to form electrostatic
contacts with side- and main-chain nitrogens on Ang, (ii)
aromatic stacking interactions of the adenine ring of the
inhibitors, and (iii) the strength of obstructive interactions
preventing the dU moiety of the dinucleotide dUppA-2′-p
from reaching the B1 site. The complexes examined involve
two of the most avid nucleotide inhibitors of Ang identified
to date, pA-2′-p and dUppA-2′-p, and thus represent a
potentially important advance toward the development of
more effective antitumor agents targeting the ribonucleolytic
active site of Ang. Rational design efforts based on these
compounds must now be redirected in light of the unexpected
binding mode observed, which would seem to identify the
2′- rather than the 5′-end of the molecule as most promising
for modifications to improve affinity.
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