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ABSTRACT: Human angiogenin (Ang) is an RNase in the pancreatic RNase superfamily that induces
angiogenesis. Its catalytic activity is comparatively weak, but nonetheless critical for biological activity.
The crystal structure of Ang has shown that enzymatic potency is attenuated in part by the obstructive
positioning of Gln117 within the B1 pyrimidine binding pocket, and that the C-terminal segment of residues
117-123 must reorient for Ang to bind and cleave RNA. The native closed conformation appears to be
stabilized by Gln117-Thr44 and Asp116-Ser118 hydrogen bonds, as well as hydrophobic packing of
Ile119 and Phe120. Consistent with this view, Q117G, D116H, and I119A/F120A variants are 4-30-fold
more active than Ang. Here we have determined crystal structures for these variants to examine the structural
basis for the activity increases. In all three cases, the C-terminal segment remains obstructive, demonstrating
that none of the residues that has been replaced is essential for maintaining the closed conformation. The
Q117G structure shows no changes other than the loss of the side chain of residue 117, whereas those of
D116H and I119A/F120A reveal C-terminal perturbations beyond the replacement site, suggesting that
the native closed conformation has been destabilized. Thus, the interactions of Gln117 seem to be less
important than those of residues 116, 119, and 120 for stabilization. In D116H, His116 does not replicate
either of the hydrogen bonds of Asp116 with Ser118 and instead forms a water-mediated interaction with
catalytic residue His114; residues 117-121 deviate significantly from their positions in Ang. In I119A/
F120A, the segment of residues 117-123 has become highly mobile and all of the interactions thought
to position Gln117 have been weakened or lost; the space occupied by Phe120 in Ang is partially filled
by Arg101, which has moved several angstroms. A crystal structure was also determined for the deletion
mutant des(121-123), which has 10-fold reduced activity toward large substrates. The structure is consistent
with the earlier proposal that residues 121-123 form part of a peripheral substrate binding subsite, but
also raises the possibility that changes in the position of another residue, Lys82, might be responsible for
the decreased activity of this variant.

Human angiogenin (Ang),1 a monomeric protein of 123
amino acids, is a ribonucleolytic enzyme in the pyrimidine-

specific pancreatic RNase superfamily that induces formation
of new blood vessels in vivo (for recent reviews, see refs3
and 4). It was first isolated from medium conditioned by
human colon adenocarcinoma cells (5), and has since been
demonstrated to play a critical role in the establishment of a
wide range of human tumor xenografts in athymic mice
(6-9), most likely by contributing to tumor angiogenesis.
Moreover, Ang expression is elevated in numerous types of
human cancers, and in many instances, increased Ang levels
have been shown to be associated with cancer aggres-
siveness and/or progression (10-18). These findings identify
Ang as an attractive target for anticancer therapy.

The precise molecular mechanism by which Ang induces
neovascularization has not been determined. However, muta-
tional studies have established that the ribonucleolytic active
center of the protein is a key participant. Individual replace-
ments of catalytic and substrate-binding residues simulta-
neously attenuate both enzymatic and angiogenic activities
(19-21); crystal structures determined for two of the catalytic
site variants reveal that there are no significant changes
beyond the mutation sites (22). Thus, detailed knowledge
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of the enzymatic properties of Ang and their structural basis
is essential for understanding the biological function of this
protein, and may provide a route to the development of Ang
antagonists for clinical use.

The most striking aspect of the ribonucleolytic activity of
Ang is its weakness with standard RNase substrates; e.g.,
Ang cleaves dinucleotides and tRNA 105-106 times less
rapidly than does RNase A (23-26). The reason for this low
activity is not apparent from the amino acid sequence (27),
which shows all three of the catalytic residues of RNase A
(His12, Lys41, and His119) are conserved in Ang (as His13,
Lys40, and His114, respectively) along with many important
substrate binding components. However, the crystal and
solution structures of human (22, 28, 29) and bovine Ang
(30, 31), together with the results of extensive mutational
studies (26, 32-35), have revealed several unique features
of the protein that contribute to the attenuation of enzymatic
potency (discussed in ref22). Chief among these is the
obstructive positioning of Gln117 (Glu118 in bovine Ang)
within the site that corresponds to the open pyrimidine
binding pocket of RNase A. Indeed, this blockage is the
structural “trademark” of Ang. Modeling indicates that
binding and cleavage of RNA substrates cannot occur unless
Ang undergoes a conformational change to alleviate the
occlusion (34), and that movement of the side chain of
residue 117 alone would not suffice.

The inactive structure seen in native human Ang crystals
appears to be maintained by several interactions within the
C-terminal segment containing Gln117, and others that link
this segment with adjacent elements (Figures 1 and 2).
Gln117 itself forms two hydrogen bonds with Thr44, and

the residues flanking this glutamine, Asp116 and Ser118,
are linked by two hydrogen bonds. The orientation of Gln117
seems to be dictated further by the secondary structure of
the segment 117-121, a 310 helix in which main chain
hydrogen bonds connect Gln117 with Phe120, and Ser118
with Arg121. Finally, hydrophobic packing of the side chains
of Ile119 and Phe120 may play a part in fixing the position
of the helix and the direction in which it travels.

The roles of the residues in the C-terminal segment 116-
123 have been examined by mutagenesis. Replacements of
Gln117 with Gly and Ala increase enzymatic activity toward
tRNA by 30- and 18-fold, respectively, consistent with the
deleterious location of the side chain of residue 117 in the
three-dimensional structure (34). Substitutions of Asp116
produce increases in activity toward RNA of up to 18-fold
(D116H) (32, 36). Mutation of Ser118 to Ala enhances
activity by 7-fold (35), and simultaneous replacement of
Ile119 and Phe120 with Ala results in a 4-fold activation
(33). Deletion of the three C-terminal amino acids [generating
des(121-123) Ang] has only a small effect on cleavage of
dinucleotides, but diminishes activity toward tRNA by 10-
fold, suggesting that these residues make a positive contribu-
tion to cleavage of large substrates (33).

In the study presented here, we have investigated the
structural basis for the altered functional properties of the
D116H, Q117G, I119A/F120A, and des(121-123) Ang
variants (Table 1) by X-ray crystallography. In the crystal
structures of the first three superactive proteins, the confor-
mation of the C-terminal segment remains obstructive,
indicating that none of the replacements by itself is sufficient
to trigger the reorientation required to provide access to the
pyrimidine binding site. However, the closed conformation
appears to have been destabilized in D116H and I119A/
F120A. The des(121-123) structure is consistent with the
view that residues 121-123 form part of a peripheral subsite
for binding polynucleotide substrates, but also raises an
alternative possibility.

EXPERIMENTAL PROCEDURES

Preparation and Crystallization of Ang Variants.Variants,
all in the natural pyroglutamic acid-1 (Pyr1) form, were
produced inEscherichia coliwith the expression plasmid
pAng3 (32-34, 37). Crystals were grown at 16°C using
the vapor diffusion technique, by equilibrating a 1:1 mixture
of protein (20 mg/mL in water) and reservoir buffer against
the reservoir buffer. With Q117G and des(121-123), this
buffer was the same as that used for native Ang [0.2 M
sodium potassium tartrate and 20 mM sodium citrate (pH
5.2) with 10-15% (w/v) PEG 6000 (22, 38)]. The reservoir
buffer for D116H crystallization was 0.1 M sodium citrate
(pH 5.6), 20% (v/v) 2-propanol, and 20% (w/v) PEG 4000,
and that for I119A/F120A was 0.2 M ammonium acetate
and 0.1 M sodium citrate (pH 5.6) with 30% (w/v) PEG
4000. D116H crystallized in theP41212 space group, whereas
the other variants, like wild-type Ang, crystallized in the
P21212 space group. Crystallographic details are listed in
Table 2.

Data Processing and Reduction.Diffraction data were
collected for all four Ang variants on a Siemens area detector
mounted on a Siemens rotating anode X-ray source with Cu
KR radiation operating at 45 kV and 80 mA. Additional data

FIGURE 1: Representation of the Ang structure showing the
C-terminal segment (residues 116-123) in red and the side chains
of the three catalytic residues (His13, Lys40, and His114) in
cyan.

C-Terminal Segment of Human Angiogenin Biochemistry, Vol. 41, No. 8, 20022553



to high resolution (1.8 Å) for variant Q117G and des(121-
123) were collected on station PX 9.5 (λ ) 0.8 Å) of the
Synchrotron Radiation Source (Daresbury, U.K.) using a 30
cm diameter MAR research image plate. The XDS program
(39) was used for raw area detector data processing and
reduction. Raw data images from the synchrotron source
were indexed, integrated, and corrected for Lorentz and
polarization effects using the program DENZO (40). All data
were scaled and merged using the program SCALEPACK
(40). Intensity measurements from the area detector and

synchrotron were merged and scaled by the program SCALA
(41). Intensities were truncated to amplitudes by the TRUN-
CATE program (42). Details of the data processing statistics
are presented in Table 2.

FIGURE 2: Stereoviews of the interactions of the C-terminal segment of wild-type Ang. Panel A shows the hydrogen bonds (dashed lines)
of residues 116-121, with residue atoms in standard colors; in addition, the uracil moiety of uridine vanadate (UV, green), taken from the
structure of the UV-RNase A complex (65) superimposed onto that of Ang, is shown to highlight the blockage of the B1 site by Gln117.
The side chain of Arg121 has been omitted for clarity. Panel B shows the hydrophobic contacts of Ile119 and Phe120. van der Waals
surfaces of Ile119 and Phe120 are in cyan, and those of Thr44, Val78, Arg101, Val103, Val104, Val105, and Leu115 are in yellow. This
figure was generated with the program GRASP (72).

Table 1: Enzymatic Activities of Angiogenin Variants Relative to
That of Angiogenina

enzyme tRNA CpA UpA enzyme tRNA CpA UpA

wild-type 1 1.0 1.0 I119A/F120A 4 3.3 3.2
D116H 18 3.7 3.0 des(121-123) 0.1 0.7 0.5
Q117G 30 25 22

a Relative activities that are listed are based on data from refs32
(D116H), 34 (Q117G), and33 [I119A/F120A and des(121-123)].
Activities toward CpA and UpA representkcat/Km values taken from
the first-order reaction measured at a substrate concentration well below
Km. The activities toward tRNA are initial reaction rates in an assay
that assesses production of perchloric acid-soluble RNA fragments (24);
the substrate concentration that was used was similar to the apparent
Km value.

Table 2: Data Collection Statistics

D116H Q117G I119A/F120A des(121-123)

space group P41212 P21212 P21212 P21212
unit cell

a (Å) 35.98 86.65 88.12 86.45
b (Å) 35.98 37.63 41.16 40.41
c (Å) 199.93 38.78 33.66 32.98

resolution (Å) 30.0-2.7 40.0-1.8 35.0-2.3 30.0-1.8
no. of reflections

measured
13508 94895 24206 38216

Rsym
a (%) 7.3 4.4 8.7 7.3

no. of unique
reflections

3781 11982 5235 10158

completeness
(outermost
shell)b (%)

92.3 (52.4) 98.3 (96.3) 88.0 (32.0) 92.3 (90.0)

I/σ(I) (outermost
shell)b

13.3 7.8 15.5 11.7

a Rsym ) ∑h∑i|I(h) - Ii(h)|/∑h∑iI i(h), whereIi(h) andI(h) are theith
and mean measurements of the intensity of reflectionh, respectively.
b Outermost shell: 2.8-2.7 (D116H), 1.9-1.8 [Q117G and des(121-
123)], and 2.4-2.3 (I119A/F120A).
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Phasing and Refinement.The structures of all four Ang
variants were determined by the method of molecular
replacement using the program AMoRe (43) with the
coordinates of human Ang (Pyr1 form) at 1.8 Å resolution
(22) as a search model. The output model from AMoRe for
every Ang variant was subjected to rigid-body refinement
with X-PLOR 3.851 (44). Alternating cycles of manual
building, conventional positional refinement, and the simu-
lated annealing method as implemented in X-PLOR im-
proved each model. Rebuilding was initially performed at
3.0 Å resolution using program O version 5.10.3 (45).
Extension of the refinement from 3.0 Å to higher resolution
was performed in 0.1 Å resolution steps, and the quality of
each model was monitored using sigmaA-weighted 2|Fo| -
|Fc|φcalc maps calculated using the program SIGMAA (46)
improved by solvent flattening, histogram matching, and
density modification using the program DM (47). The
behavior of theRfree (48) value was also monitored through-
out the refinement. During the final stages of refinement,
water molecules were inserted into the models only if there
were peaks in the|Fo| - |Fc| electron density maps with
heights greater than 3σ and they were at hydrogen bond
forming distances from appropriate atoms. The 2|Fo| -
|Fc|φcalc maps were also used to check the consistency in
peaks. Water molecules with a temperature factor of>60
Å2 were excluded from subsequent refinement steps. At the
final stages of refinement, all data from 20.0 Å resolution
were included and solvent correction was applied as imple-
mented in X-PLOR 3.851 (49) (Table 3).

The program PROCHECK (50) was used to assess the
quality of the final structures. Analysis of the Ramachandran
(æ-ψ) plots for the four structures showed that all residues
lie in the allowed regions. Structural superimpositions were
performed using the program SHP (51), and figures were
drawn with Molscript (52) as modified by R. Esnouf (53).

RESULTS AND DISCUSSION

OVerall Structures of D116H, Q117G, I119A/F120A, and
des(121-123) Ang Variants.In general, the structures of all

four variants are well-defined in the electron density map
except for the N- and C-termini and some side chains on
the surface, as in the native structure (22). There is no density
for residues 1 and 2 in I119A/F120A even at 0.6σ; in the
other variants, these residues had some density at 0.8σ and
were modeled. Residues 122 and 123 are disordered in
D116H and Q117G. There is no density for residues 121-
123 in the I119A/F120A structure and only weak density
for 119 and 120 at 0.8σ. In contrast, the C-terminal segment
of des(121-123) is well-ordered through to the end. Outside
of the N- and C-terminal regions, there is no density for all
or part of the following side chains: Lys17 (in all structures
but D116H), Gln19 [D116H and des(121-123)], Arg24 (all
but Q117G), Arg31 (Q117G and I119A/F120A), Arg32
(Q117G), Arg51 (D116H and Q117G), Lys54 (Q117G),
Lys60 (all), Arg66 (all), Glu67 (D116H and I119A/F120A),
Lys82 [all but des(121-123)], and Arg95 (all). There are
31, 70, 41, and 59 water molecules in the structures of
D116H, Q117G, I119A/F120A, and des(121-123), respec-
tively. The structures of Q117G and des(121-123) each
contain one citrate molecule from the crystallization buffer,
bound outside the active site region.

If the disordered residues at the termini are excluded, the
structures of D116H, Q117G, I119A/F120A, and des(121-
123) Ang superimpose with that of native Ang at 1.8 Å
resolution (22) with rms deviations of 0.50, 0.20, 0.43, and
0.52 Å, respectively, for 119 (D116H and Q117G) or 118
[I119A/F120A and des(121-123)] equivalent CR atoms.
Apart from the C-terminal region, only surface loop residues
showg1 Å deviations in the positions of main chain atoms
(Figure 3): Gln19 (all structures except Q117G), Ser37
(D116H), Glu67 [des(121-123)], and the loop of residues
85-92 (all but Q117G). The orientations of side chains are
largely similar in the variant and wild-type structures, except
for several surface residues and amino acids in the vicinity
of the mutation sites.

Structure of D116H Ang.The role of Asp116 in Ang was
first investigated by site-specific mutagenesis prior to the
determination of the Ang crystal structure. This aspartate was
considered to be of interest because it is analogous to Asp121
of RNase A, a residue that is conserved throughout the
pancreatic RNases (54) and had been shown to make a
significant contribution to activity in a semisynthetic form

Table 3: Refinement Statistics

D116H Q117G I119A/F120A des(121-123)

resolution (Å) 30.0-2.7 20.0-1.8 20.0-2.3 20.0-1.8
Rcryst

a (%) 19.1 19.6 19.3 20.6
Rfree

b (%) 36.0 24.1 28.1 27.5
no. of reflections 3779 11958 5222 9945
no. of protein atoms 994 987 938 967
no. of solvent

molecules
31 70 41 57

no. of citrate
molecules

- 1 - 1

rms deviations from
ideality

bond lengths (Å) 0.012 0.010 0.010 0.009
bond angles (deg) 1.7 1.6 1.5 1.8
dihedrals (deg) 29.0 27.0 27.9 27.5
impropers (deg) 0.9 0.8 0.8 0.8

averageB factor (Å2)
main chain atoms 22.2 23.3 29.7 26.2
side chain atoms 24.4 29.0 33.5 31.0
all protein atoms 23.3 26.1 31.6 28.6
solvent atoms 31.7 40.9 44.8 42.5

a Rcryst ) ∑h|Fo - Fc|/∑hFo, whereFo andFc are the observed and
calculated structure factor amplitudes of reflectionh, respectively.b Rfree

is equal toRcryst for a randomly selected 5% subset of reflections not
used in the refinement (48).

FIGURE 3: Diagram showing the rms distances of the main chain
atoms of wild-type Ang from those of the D116H (red), Q117G
(green), I119A/F120A (blue), and des(121-123) (purple) variants
in the superimposed structures.
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of the enzyme [RNase(1-118)‚(111-124) (55)]. Crystal
structures of RNase A and its nucleotide complexes (56-
58) had revealed a hydrogen bond of the Asp carboxylate
with Nδ1 of His119 that was postulated to help orient His119
for catalysis [as subsequently confirmed by functional and
structural analysis of D116N and D116A variants, which
were 3-160-fold less active than the wild-type enzyme (59)].

Contrary to expectations based on RNase A, replacement
of Asp116 in Ang demonstrated that this amino acid acts to
suppress enzymatic activity. Substitutions by His, Ser, Ala,
Glu, Asn, Lys, and Val increased the effectiveness of Ang
toward tRNA by factors of 18, 16, 15, 9, 8, 4, and 2,
respectively (32, 36). These findings were mysterious until
the advent of the Ang crystal structure (28), which showed
the side chain of Asp116 is oriented quite differently from
that of Asp121 in RNase A. Rather than interacting with
catalytic residue His114 (the analogue of His119 in RNase
A), Asp116 swings away from it and forms two hydrogen
bonds with Ser118 (Oδ1 to Oγ and N) (Figure 2A) that
appear to contribute to the obstructive positioning of Gln117
within the B1 pyrimidine binding site.2 This suggested that
the activity increases associated with replacements of Asp116
might be consequences of eliminating one or both of the
hydrogen bonds between residues 116 and 118 (Nδ1 of His
is structurally analogous to one of theδ oxygens of Asp,
and the Asp116 to His replacement could potentially retain
one of the two hydrogen bonds with Ser118).

The crystal structure of the D116H variant, determined at
2.7 Å resolution, reveals that in fact His116 does not form
any hydrogen bond with Ser118 (Figure 4 and Table 4). The
two imidazole nitrogens of His116 are 4.9 and 3.8 Å from
Oγ of Ser118, and even farther from the backbone N of
residue 118. Interchanging His116 atoms Cδ2 and Nε2 with
Nδ1 and Cε1, respectively, does not diminish these distances
significantly (the crystal structure cannot distinguish between
the two possible His rotamers). The increased distance
between residues 116 and 118 in D116H reflects movements
of both residues. Nδ1 and Nε2 of His116 are each∼2 Å
from Oδ1 of Asp116 in the superimposed wild-type and
variant structures; this shift moves the side chain of residue
116 closer to the imidazole of His114, with which it forms
a water-mediated hydrogen bond (Nδ1-Nε2). Oγ and N of

Ser118 in D116H are 1.9 and 0.9 Å, respectively, from their
locations in wild-type Ang. The movement of the main chain
of residue 118 is part of a more general perturbation of the
C-terminal segment starting at position 117. The rms
deviations for the positions of residues 117-121 in the wild-
type and D116H structures are 0.90 Å (main chain only)
and 1.15 Å (all atoms), and residues 117-121 in D116H no
longer form a 310 helix (Table 4). Despite this partial
reorientation, the side chains of Ile119 and Phe120 maintain
their low solvent accessibility.

Importantly, the putative B1 site remains blocked in
D116H; i.e., elimination of the two hydrogen bonds between
residues 116 and 118 present in wild-type Ang is not
sufficient to remove Gln117 from its obstructive position
(Figure 4). The side chain amide of Gln117 in D116H
superimposes well with that in Ang and forms the same two
hydrogen bonds with Thr44 (Table 4), despite a∼1 Å shift
in the position of CR.

All of the residues thought to interact directly with the
core dinucleotide of RNA substrates are oriented similarly
in the D116H and wild-type structures. These include His13,
Lys40, His114, Gln12, and Leu115 (N) at the P1 subsite (60);
Thr44, which plays a major role in defining pyrimidine
specificity; and Glu108, which has a minor role in binding
purines at the B2 subsite (21). Two functionally important
residues outside this central region, Arg5 and His8, deviate
appreciably in the two structures. Arg5 forms part of the P2

subsite (61); its guanidino group in D116H is positioned 4-5
Å away from that in Ang and makes a hydrogen bond with
the Glu108 carboxylate that is not present in Ang. However,
the significance of this difference is unclear because Arg5
is involved in crystal packing interactions in both structures.
His8 appears to play an indirect role at P1 (R. Shapiro,
unpublished results). In D116H, His8 is∼2 Å closer to P1
than it is in Ang, but this residue, like Arg5, participates in
crystal contacts that might influence its position.

2 The active sites of RNase A and its homologues contain subsites,
designated P0-Pn, B0-Bn, and R0-Rn (1, 2), for binding the phosphate,
nucleobase, and ribose moieties of RNA substrates, respectively. The
core dinucleotide occupies the B1, R1, P1, B2, and R2 subsites.

FIGURE 4: Stereoview of the superimposed structures of wild-type Ang (green) and D116H (standard coloring scheme) showing the C-terminal
segment of residues 114-121 plus Thr44 and catalytic residues His13 and Lys40. A water molecule in the D116H structure is shown in
orange. Hydrogen bonds in D116H are represented as dashed lines. Residue labels refer to the variant.
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Replacement of Asp116 with His amplifies angiogenic
potency as well as ribonucleolytic activity (32). Although it
is possible that the increased biological activity is simply a
consequence of the enhancement in catalytic efficiency, it
is also conceivable that it derives from improvements in the
binding of Ang to endothelial cells or its subsequent nuclear
translocation, both of which are critical for induction of
neovascularization. These cellular interactions are known to
involve, minimally, residues of the segments of positions
60-68 and 108-111 (cell binding) and 31-33 (transloca-
tion) (62-64). In D116H, His116 forms van der Waals
contacts with Leu69 that are not made by Asp116 in wild-
type Ang that might have some impact on cell binding.
However, the main chains of the cell-binding elements in
D116H and Ang superimpose well (Figure 5), and only the
side chain of Asn68 (which is relatively flexible in the
structures) diverges appreciably. The nuclear translocation
element also corresponds closely in the two structures, with
the exception of the side chain of Arg31, which is involved
in crystal contacts in D116H.

Structure of Q117G.Gln117 corresponds to Ala122 of
RNase A, the side chain of which travels away from the
active site. Therefore, this residue was not suspected to be
functionally important prior to the determination of the Ang
crystal structure. The obstructive location of Gln117 revealed
by the structure reflects the markedly different secondary
structure of the C-terminal segment in Ang (28); residue 122
in RNase A extendsâ-strand 7, whereas residue 117 in Ang
initiates a short 310 helix. The helical turn places the side

chain of Gln117 within the putative B1 binding pocket, where
its carboxyamido group forms hydrogen bonds with the side
chain hydroxyl and main chain N of Thr44 that mimic those
made by pyrimidines in nucleotide complexes of RNase A
(65-67) (Figure 2A).

Superposition of the Ang structure with those of the RNase
A complexes shows that the main chain atoms of residue
117 lie within 1-2.5 Å of the N3, C4, and C5 atoms of the
pyrimidine, and hence are also obstructive. Thus, removal
of the side chain, by itself, should not be sufficient to provide
access to the B1 site. Nonetheless, replacement of Gln117
with Gly increases the ribonucleolytic activity of Ang by
21-30-fold (34). This enhancement could have at least three
sources. (i) The loss of the hydrogen bonds between residues
117 and 44 might cause the free protein to adopt the same,
as yet undefined, B1 open conformation that forms during
the normal catalytic pathway of wild-type Ang. (ii) The loss
of these hydrogen bonds might lower the energetic cost of
the conformational change, but not induce it. (iii) The
removal of the side chain might allow a different, less
extensive conformational change that moves the main chain
of residue 117 the few angstroms necessary to open the
pyrimidine site.

The crystal structure of Q117G, determined at 1.8 Å
resolution, shows that the first of these explanations does
not apply; i.e., the variant structure is essentially identical
to that of Ang except for the loss of the side chain of residue
117. The conformation of the segment of residues 114-121
is not altered by the replacement (Figure 6), and all of the

Table 4: Potential Hydrogen Bonds in the Ribonucleolytic Active Site of Human Ang and Its D116H, Q117G, I119A/F120A, and
Des(121-123) Variantsa

donor acceptor wild-type D116H Q117G I119A/F120A des(121-123)

His8 Nε2 Gln12 Oε1 2.9 3.3 - 3.3 2.9
His13 Nδ1 Thr44 O 2.9 2.9 3.0 3.1 2.7
His13 Nε2 water 3.0 - 3.1 2.9 3.0
Lys40 Nú Asn43 Oδ1 - - 2.8 2.9 2.8
Lys40 Nú Ile41 O - - - - 2.9
Lys40 Nú Gln117 Oε1 (B)b - - - - 2.9
Thr44 N Gln117 Oε1 2.9 3.0 - 2.8 2.6
Thr44 N water - - 3.0 - -
Thr44 Oγ1 Thr80 Oγ1 2.8 3.1 2.8 2.7 2.9
Lys82 Nú Phe120 OT2 - - - - 3.1
Arg101 Nη1 Ile119 O - 3.2 - - -
Arg101 Nη1 Ala119 O - - - 3.0 -
His114 Nδ1 water 2.8 - 3.1 - 2.7
His114 Nε2 water 2.8 2.8 2.7 2.5 2.7
His116 Nδ1 water - 2.3 - - -
Gln117 Nε2 Thr44 Oγ1 3.1 2.9 - 2.7 2.6
Gln117 Oε1 (B)b Ile42 O - - - - 2.8
Gln117 Nε2 (B)b water - - - - 3.3
Gln117 N Leu115 O - 2.6 - 2.8 -
Gln117 N water - - - - 3.0
Gly117 N Leu115 O - - 3.2 - -
Ser118 N Asp116 Oδ1 3.1 - 2.9 - 3.2
Ser118 Oγ Asp116 Oδ1 2.5 - 2.6 3.0 3.0
Phe120 N Gln117 O 3.0 - - - 3.1
Phe120 N Gly117 O - - 3.0 - -
Arg121 N Ser118 O 3.1 2.9 3.3 - -
Arg121 Nη1 Asp41 Oδ1 - 3.0 - - -
water Gln12 Oε1 - - 3.3 2.7 2.9
water Thr44 Oγ1 - - 2.8 - -
water Asp116 Oδ2 2.9 - 3.1 2.4 -
water Ile119 O 2.8 - 2.7 - -
water Phe120 O 3.0 - 3.1 - -

a Values are distances in angstroms. Hydrogen bonds are listed if the distance between a donor (D) and an acceptor (A) is shorter than 3.3 Å and
if the D-H-A angle is greater than 120°. Hydrogen bond parameters were calculated with the program HBPLUS (71). b B denotes an alternative
conformation of Gln117 seen only in the des(121-123) structure (see the text).
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hydrogen bonds (Table 4) and hydrophobic contacts of
segment residues other than residue 117 are retained. The
main chain atoms of residue 117 have moved by 0.3-0.4
Å, an amount well below that required to open the B1 site.
However, it is possible that such a minor localized movement
of the main chain of residue 117 occurs in the presence of
ligand, and that this accounts for the increased activity of
Q117G (see Conclusions). The orientations of the catalytic
residues are unchanged, except that Nú of Lys40 diverges
by 1.1 Å from its location in wild-type Ang. Two water
molecules, both with low temperature factors, occupy posi-
tions close to those of Oε1 and Nε2 of residue 117 in the
native structure and make analogous hydrogen bonds with
Thr44 (Table 4 and Figure 6).

Structure of I119A/F120A. Ile119 and Phe120 of human
Ang are conserved or replaced with other hydrophobic resi-
dues in bovine, mouse, rabbit, and pig Ang (68-70). In the
human Ang crystal structure, the side chains of these residues
are largely buried [accessible surface areas are 25 (Ile119)
and 4 Å2 (Phe120)] in a region that contains components
from five â-strands:â1 (Thr44),â4 (Val78 and Thr80),â5
(Arg101), â6 (Val103, Val104, and Val105), andâ7
(Leu115); Ile119 and Phe120 form six van der Waals con-

tacts with each other and 10 with additional amino acids
(Figure 2B). These observations suggest that hydrophobic
interactions of Ile119 and Phe120 might help to orient the
C-terminal segment and thereby contribute to placement of
Gln117 within the B1 site (33). Moreover, the side chain of
Phe120 itself intrudes into the putative B1 pocket; the Cγ
and Cδ2 atoms of this residue lie less than 2 Å from the site
where O4 or N4 of substrate pyrimidines is expected to bind
(22).

Simultaneous replacements of Ile119 and Phe120 with Ala
increase enzymatic activity by 3-4-fold (33), demonstrating
that these residues indeed have a suppressive role. A similar
degree of activation is observed when the catalytic efficiency
of wild-type Ang is measured in the presence of 45%
methanol, which might be expected to weaken or eliminate
the hydrophobic interactions of Ile119 and Phe120. In
contrast, the potency of I119A/F120A is barely affected by
methanol. Thus, the activation of Ang by methanol appears
to involve Ile119 and Phe120, consistent with the view that
the hydrophobic burial of these residues stabilizes the inactive
conformation of Ang.

The crystal structure of I119A/F120A, determined at 2.3
Å resolution, reveals only modest changes in the positions

FIGURE 5: Stereoview of the superimposed structures of wild-type Ang (green) and D116H (standard coloring scheme) showing residues
60-68 and 108-111 in the putative cell binding site.

FIGURE 6: Stereoview of the superimposed structures of wild-type Ang (green) and Q117G (standard coloring scheme) as in Figure 4.
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of the C-terminal residues, and Gln117 continues to block
the putative B1 site (Figure 7). However, the mobility of this
segment is dramatically increased. As noted above, there is
no electron density for residues 121-123 and the density
for residues 119 and 120 is very weak. In addition, the
temperature factors for all atoms of Ser118 are extremely
high (67-82 vs 20-25 Å2 in wild-type Ang) and those for
Gln117 are significantly higher in the variant (41-59 Å2)
than in the wild-type protein (19-22 Å2), whereas the
averages for all protein atoms in the two structures are nearly
identical (30 vs 31 Å2). The Asp116 carboxylate is also
somewhat more flexible in the I119A/F120A structure. As
a consequence of the general loosening of the C-terminal
segment, residues 117-121 no longer form a 310 helix (Table
4). The hydrogen bond between Oδ1 of Asp116 and N of
Ser118 is absent as well, and Oδ2 of Asp116 now forms a
water-mediated hydrogen bond with Nε2 of His114, like that
made by His116 of D116H. Although Oδ1 of Asp116 is still
positioned to hydrogen bond with the main chain N of
Ser118, the high mobility of the latter residue indicates that
in fact there is no strong interaction. Similar considerations
apply to the two hydrogen bonds of Gln117 Oε1 and Nε2
with N and Oγ1 of Thr44, respectively; the distances and
angles are similar to those in wild-type Ang, but the greater
flexibility of the side chain of residue 117 in I119A/F120A
suggests that these interactions are less stable. The space
occupied by the Phe120 phenyl group in Ang is now partially
filled by the Arg101 guanidino group, which has moved 4-5
Å and hydrogen bonds with the main chain oxygen of
Ala119.

The conformations of the other residues in the active site
region are largely unaffected by the double replacement.
Arg5, Gln12, His13, Thr44, Glu108, and His114 are all
within 0.5 Å of their positions in wild-type Ang. Lys41
diverges at Nú as in the Q117G structure. His8 is shifted
somewhat, but still forms a hydrogen bond with Gln12.

Structure of Des(121-123).Arg121, Arg122, and Pro123
of human Ang are neither conserved nor conservatively
substituted in the angiogenins of the other species examined
to date. Nonetheless, the proximity of these residues to the

active site and to residues 116-120 raises the possibility
that they might have some functional role. Moreover,
Arg121, as the final residue of the 310 helix, forms a main
chain hydrogen bond with Ser118 that appears to stabilize
the inactive conformation. The importance of these amino
acids was investigated by producing the deletion mutant des-
(121-123) (33). The enzymatic activity of the variant toward
dinucleotide substrates was found to be nearly the same as
that of the wild-type protein (Table 1), whereas potency with
tRNA and poly(C) was reduced by 10-fold. On this basis,
Russo et al. (33) proposed that residues 121-123 play a
positive role in cleavage of polynucleotides by participating
in a peripheral substrate binding subsite beyond the core
region of the B1, P1, and B2 sites.

Examination of the crystal structure of des(121-123),
determined at 1.8 Å resolution, reveals a potential alternative
explanation for the decreased enzymatic activity of this
variant toward large substrates; Lys82, which had been
considered to be a possible B0 site residue on the basis of
modeling (61), adopts a position markedly different from
that seen in the wild-type Ang structure (Figure 8). The Nú
atom of this residue is 7.4 Å away from its location in Ang,
and forms a hydrogen bond with the Phe120 C-terminal
R-carboxylate (Table 4). If Lys82 indeed serves as part of
the B0 site, it is unlikely to fulfill this function from its altered
location. Thus, the effect of the deletion of residues 121-
123 on activity might be due to the movement of Lys82
rather than to the loss of any direct interactions of the
C-terminal tripeptide with substrate. Although Lys82 is also
shifted considerably in the crystal structures of D116H and
I119A/F120A, it is poorly defined in these other structures
[whereas it is well-defined in des(121-123)] and does not
form any interactions that might fix its position. Asp41,
another proposed B0 residue, has also moved in the des-
(121-123) structure, but in this case, the altered positioning
may reflect an interaction of theâ-carboxylate with the bound
citrate molecule.

The residues in the C-terminal segment and active site
region of des(121-123) are positioned essentially as in wild-
type Ang (Figure 8) and form largely the same set of

FIGURE 7: Stereoview of the superimposed structures of wild-type Ang (green) and I119A/F120A (standard coloring scheme) as in Figures
4 and 6, but rotated to highlight the positions of the amino acid replacements.
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hydrogen bond (Table 4) and van der Waals interactions.
However, Gln117 adopts two alternative conformations that
are related by a 60° rotation around the Cγ-Cδ axis. One of
these conformations corresponds to that in wild-type Ang.
The other also obstructs the B1 subsite, although in this case
the carboxyamido group of residue 117 lies closer to the
position where N1 and C1′ (rather than O2 and N3) of
pyrimidine nucleosides are expected to bind. The interactions
with Thr44 are lost, and Gln117 Oε1 makes a hydrogen bond
with Nú of Lys40 instead.

Conclusions.The results of molecular modeling strongly
suggest that the native conformation of Ang is inactive and
that a major structural rearrangement of the C-terminal region
to open the B1 site is required for Ang to cleave RNA (34).
Changes in substrate, rather than enzyme, conformation, e.g.,
rotations around the glycosidic bond or modifications of the
ribose pucker of the pyrimidine nucleotide, do not appear to
be capable of alleviating the blockage. Further support for
the existence of the proposed restructuring is provided by
the marked changes in activity and C versus U preference
that occur when Thr44 is mutated (21); these effects indicate
that Thr44 interacts directly with pyrimidines, which it cannot
do unless Gln117 moves at least several angstroms from its
observed position(s).

The closed conformation observed in the Ang crystal
structure appears to be stabilized by a combination of
hydrogen bonds and hydrophobic interactions. The two
hydrogen bonds of Gln117 with Thr44 seem to “pull” Gln117
into the B1 site and anchor it there, while the hydrogen bonds
of Asp116 with Ser118 and those generating the helix of
residues 117-121, together with the hydrophobic burial of
the Ile119 and Phe120 side chains, define the orientation of
the main chain to “push” Gln117 into the B1 site. From this
vantage point, it is reasonable that replacements of Asp116,
Gln117, Ile119, and Phe120 would all destabilize the closed
conformation and thereby increase enzymatic potency.
However, the crystal structures of the D116H, Q117G, and
I119A/F120A variants presented here, together with analysis
of the functional effects of the mutations, indicate that the
basis for activation may be more complex.

Strikingly, in all three variant structures, the enzyme
continues to adopt the closed conformation, demonstrating
that no individual residue among those mutated, by itself, is
critical for maintaining this conformation. The Q117G crystal
structure differs from that of wild-type Ang with respect to
only residue 117, whereas those of D116H and I119A/F120A
show significant perturbations of the C-terminal region
beyond the replacement site. In D116H, the residues in the
segment of residues 117-121 have lost their helicity and
undergone a partial reorientation. In I119A/F120A, the entire
C-terminal region has become much more mobile and all of
the hydrogen bonds thought to stabilize the obstructive
conformation have been lost or weakened (as indicated by
the high temperature factors of the atoms that are involved).
These observations suggest that in fact the hydrogen bonds
of Gln117 with Thr44 may be less important than the
interactions of residues 116, 119, and 120 for maintaining
the native conformation. Indeed, Lequin et al. (29, 31) had
concluded from the NMR structures of human and bovine
Ang that the hydrogen bonds between residues 117 and 44
(residues 118 and 45 in bovine Ang) are transient; the side
chain of residue 117 (or 118) occupies multiple positions,
and the Thr44 (or Thr45) amide and hydroxylic protons are
not protected. The des(121-123) crystal structure also shows
the carboxyamide of residue 117 in an alternative (although
still obstructive) orientation.

If (i) the B1 site is still blocked in Q117G and (ii) the
hydrogen bonds between residues 117 and 44 are weak (and
thus their removal would not shift the closed-open equi-
librium appreciably), then why is Q117G 30-fold more active
than wild-type Ang? This activation is perhaps most easily
understood if the “open conformation” that is reached during
the Q117G-catalyzed reaction involves only a localized
movement of the main chain of residue 117 out of the B1

site, rather than the more elaborate reorientation that occurs
with the wild-type enzyme. In this scenario, other functional
aspects of the Gln117 replacements can also be rationalized.
For example, the∼2-fold greater activity of Q117G as
compared to that of Q117A (34) might reflect the lesser
difficulty of pushing Gly rather than Ala out of the B1 site.

FIGURE 8: Stereoview of the superimposed structures of wild-type Ang (green) and des(121-123) (standard coloring scheme) as in Figures
4 and 6, except that Lys82 has been added.
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Moreover, the availability of a localized minor conforma-
tional adjustment for Q117G might also account for the
nonadditivity of the effects of Gln117 and Asp116 replace-
ments (34), if the Asp116 variant follows the wild-type
reorientation and the double variant primarily undergoes the
more limited change. A previous hypothesis, which the
crystal structures of Q117G and D116H now demonstrate
to be false, was that the mutational effects are not additive
because each substitution alone is sufficient to open the B1

site.
In some respects, D116H appears to be a more straight-

forward case than Q117G. The crystal structure shows that
both of the stabilizing hydrogen bonds between residues 116
and 118 have been lost, and that the C-terminal secondary
structure has partially melted, as might be expected from
such destabilization. Moreover, the 7-fold activation that
results from replacement of Ser118 with Ala (35) provides
independent evidence (lacking for residues 117 and 44; see
ref 21) that at least one of the hydrogen bonds between
residues 116 and 118 is moderately strong. At the same time,
the simple attribution of the activity increase to facilitation
of the opening of the B1 site cannot account for one important
facet of D116H; although this variant is 18-fold more active
than Ang with polynucleotide substrates, it is activated by
only 3-fold with dinucleotide substrates (32) (Table 1). This
disparity is limited to Asp116 variants (32, 36); that is,
substitutions of Gln117, Ser118, Ile119, and Phe120 each
increase activity toward large and small substrates in parallel
(Table 1 and ref35). This type of substrate dependence might
arise if replacement of Asp116 (but not the other residues)
improves the interactions of the enzyme with peripheral
polynucleotide components as well as those with the core
dinucleotide. In this case, the extent of activation due to
destabilization of the closed conformation might be only the
factor of 3 measured with dinucleotide substrates. However,
it would then be difficult to understand why substitutions of
Ser118, both singly and together with Asp116, produce larger
activity increases that are substrate-independent (35). More-
over, the D116H crystal structure displays no perturbations
that seem likely to influence known peripheral subsites.

The structural basis for the functional changes associated
with the Ile119/Phe120 double substitution appears to be still
more complex. The crystal structure of I119A/F120A sug-
gests that the closed conformation has been destabilized
much more than for D116H and Q117G. Indeed, all of the
C-terminal residues starting at residue 117 have become quite
mobile, and it is doubtful that any of the strong interactions
thought to place Gln117 in the B1 pocket are still present.
Why then is the degree of activation produced by these
mutations severalfold smaller than those for replacements
of Asp116 and Gln117 (Table 1)? The I119A/F120A
structure does contain one new hydrogen bond, connecting
Arg101 Nη1 and the main chain O of A119, which might
promote the obstruction of the B1 site. However, the high
temperature factors of these atoms (57 and 100 Å2, respec-
tively) suggest that this bond is weak at best. These
observations raise the interesting possibility that interactions
other than those already identified may make important
contributions to defining the native C-terminal conformation.

In contrast with the other C-terminal variants discussed
here, des(121-123) has markedly decreased activity toward
polynucleotide substrates. Thus, residues 121-123, unlike

residues 116-120, appear to play a largely positive role,
originally proposed to involve binding of peripheral substrate
components. The crystal structure of des(121-123) supports
the view that these residues are not involved in defining the
obstructive orientation of the C-terminal segment; the seg-
ment of residues 116-120 is entirely well-ordered as in wild-
type Ang, and all of the key interactions are maintained. The
structure provides no direct evidence for or against the
participation of residues 121-123 in binding of large
substrates. However, it raises the possibility that movement
of a putative peripheral subsite residue, Lys82, rather than
the loss of any contacts of residues 121-123 with substrate,
might account for the decrease in activity. Interestingly,
Lys82 forms a hydrogen bond with the new C-terminus that
might be expected to diminish potency by stabilizing the
closed conformation. However, in this case, it is unclear why
cleavage of small substrates would not be affected similarly.

A more complete understanding of the role of the
C-terminal region of Ang must await the determination of
the structure of the open conformation that Ang adopts upon
binding to substrates and substrate analogues. This has
remained elusive because of the relatively low affinity of
all known Ang inhibitors, and because in all crystal forms
of Ang grown thus far the key B2 and P2 binding subsites
are occupied by residues from neighboring molecules (see
ref 60). It seems likely that the structure of the active
conformation will reveal additional, perhaps positive, roles
for some of the residues whose contributions have been
demonstrated to be negative. For example, in the active
conformation, Asp116 might help orient His114 for catalysis,
as does Asp121 (with His119) in RNase A. The activity
increases observed in these instances would then reflect the
net difference between the effects of losing activity-sup-
pressing and activity-enhancing interactions.
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