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ABSTRACT Structures of substrate bound hu-
man angiogenin complexes have been obtained for
the first time by computer modeling. The dinucleo-
tides CpA and UpA have been docked onto human
angiogenin using a systematic grid search proce-
dure in torsion and Eulerian angle space. The dock-
ing was guided throughout by the similarity of
angiogenin-substrate interactions with interactions
of RNase A and its substrate. The models were
subjected to 1 nanosecond of molecular dynamics to
access their stability. Structures extracted from MD
simulations were refined by simulated annealing.
Stable hydrogen bonds that bridged protein and
ligand residues during the MD simulations were
taken as restraints for simulated annealing. Our
analysis on the MD structures and annealed models
explains the substrate specificity of human angioge-
nin and is in agreement with experimental results.
This study also predicts the B2 binding site residues
of angiogenin, for which no experimental informa-
tion is available so far. In the case of one of the
substrates, CpA, we have also identified the pres-
ence of a water molecule that invariantly bridges
the B2 base with the protein. We have compared our
results to the RNase A-substrate complex and high-
light the similarities and differences. Proteins 2001;
42:125-135. ©2000 Wiley-Liss, Inc.
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INTRODUCTION

Human angiogenin is 33% identical in sequence (see Fig.
1) to bovine pancreatic ribonuclease (RNase A). A sequence
comparison of Angiogenin with RNase A shows that key
residues are conserved. Angiogenin also has a three-
dimensional structure similar to that of RNase A but
catalyzes the same reaction, cleavage of single stranded
RNA, 10° times less efficiently’ (in terms of specificity
constant). Though angiogenin’s primary biological role is
that of stimulating the growth of blood vessels,? the RNase
activity nevertheless seems to be an important function of
the protein.? Structural information on angiogenin has so
far been confined to only the native form and its mu-
tants.*~8

In order to understand the mechanism of action of
angiogenin it is imperative that structures of substrate
bound angiogenin complexes become known. We have
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taken some initial steps in this direction by modeling
mono®'® and dinucleotide substrates onto angiogenin. In
this study we report the docking of dinucleotides CpA and
UpA, both of which are substrates, onto human angio-
genin.

The docking of substrates onto angiogenin was not
straightforward because of two main reasons. The first one
being the obstruction of the B1 binding site by the side
chain of residue Q117.'* A similar problem has been dealt
with in detail in an earlier study on bovine angiogenin.®
The other hurdle faced in docking dinucleotide substrates
is the dearth of biochemical data on the second base
binding region of the protein. The present investigations
predict the plausible residues that could interact with the
second base. In the docking effort the biochemical evi-
dence®'* on the active/binding regions and structures of
substrate bound RNase A were used as reference. The
substrate bound RNase A complexes included both crystal
structures'® and those modeled by our group in earlier
studies.’®~'® In addition to the direct protein substrate
interactions we have also predicted the presence of a
water-mediated interaction in one case. Our model is the
first structure of angiogenin with its substrate.

A nanosecond molecular dynamics simulation is carried
out on the modeled complexes, which brings out the
stability of the complexes and highlights the persistent
interactions. Finally, we have refined our structures by
simulated annealing. This method is now frequently used
for structure refinement.?>?! We comment on the sub-
strate specificity of angiogenin and also on the conforma-
tional aspects of the docked substrate.

METHODS
Docking Procedure

The torsion angles of the substrate (Fig. 2a,b) that were
varied during the docking procedure are shown in Figure
2a. In order to dock the substrate CpA, the coordinates of
the pyramidine base of bovine angiogenin -3'CMP com-
plex® were transferred onto the crystal structure of human
angiogenin (PDB code 2ANG®). This transfer was effected
after the active and binding site residues (H13, K40, and
H114 of angiogenin) of the two proteins were superim-
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Fig. 1. An alignment of the Human and Bovine Angiogenins with RNase A. The conserved active/binding
site residues, Q12, H13, K40, T44, H114, and F/L115 (numbering according to Human angiogenin sequence),

have been shaded in grey.
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Fig. 2. Schematic representations of the docked substrates (a) CpA and (b) UpA. The substrate torsion

angle «, B, X, v, 9, €, and n are marked in a.

posed.?? Rigid body translation and rotation operations?
were performed on the base to systematically obtain all
steric-free conformations of the base. Of these allowed
conformations of the base only those that have interactions
with protein residues identified biochemically as impor-
tant for first-base binding were chosen. Interactions here
refer to hydrogen bonds and Van der Waal’s interactions.
The ribose R1 moiety was added to the chosen conforma-
tions of the base. A grid search was done on the glycosidic

torsion angle x1. A coarse grid search takes torsion angles
at 30° intervals. A finer search, if necessary, is done on a
smaller range of torsion angles for every 6°. All steric-free
conformations with most if not all desired interactions are
chosen. The phosphate moiety was built onto these tem-
plates. Another grid search is done in torsion angle space
and the allowed conformations are selected based on the
number of favorable interactions. This procedure is re-
peated again with the uracil base for docking UpA.
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TABLE 1. The Number of Atoms and Physical Dimensions of the Systems
on Which MD Simulations Were Carried Out

Total number of atoms
System (number of waters) Box size (A%)
human angiogenin 10912 (2983) 56.67 X 48.01 X 46.12
human angiogenin + CpA 10140 (2705) 56.37 X 47.86 X 43.87
human angiogenin + UpA 10064 (2680) 56.34 X 48.01 X 46.12

The second nucleotide with an adenine base is built
upon this template in a procedure similar to that men-
tioned above. The ribose R2 and base B2 were added
serially. With the addition of every moiety, the additional
torsion angles are subjected to a grid search to obtain
favorable conformations. The pucker of the ribose sugar is
also varied during the docking procedure. Such a system-
atic grid search in torsion angle and Eulerian angle space
ensures scanning of all possible productive modes of
binding.

In the case of two angiogenin complexes, not only were
the substrate torsion angles varied but also some select
main-chain and side-chain torsion angles of the protein
were systematically varied. These variations were done in
conjunction to the rigid body rotation and translation
effected on the base of the first nucleotide.

Molecular Dynamics (MD) Simulation Protocol

All simulations reported in this study have been carried
out using the AMBER4.1 suite of programs.>* All force
field parameters are listed in AMBER 4.1.25 Details of the
sizes of the simulated systems reported in this study are
presented in Table I. The starting structures for these
simulations were the modeled structures of the protein-
substrate complexes. The starting structure for the native
human angiogenin was the 2.0 A crystal structure® taken
from PDB (PDB code 2ANG). The starting models were all
solvated using a box of TIP3P?¢ water molecules using the
EDIT module of AMBER. The dimensions of the box (see
Table I) were such that there was at least one water
molecule 4A away from every protein atom. When the
starting structures were taken from X-ray crystallogra-
phy, experimentally determined waters were excluded.

All the starting structures were modeled using the
AMBER 94 all-atom force field.?® The amino acids lysine
and arginine carried a net charge of +1 while the amino
acids glutamic acid and aspartic acid carried a net nega-
tive unit charge. All histidines side chains except H13
were doubly protonated. The side chain of H13 was
protonated only in the Ne position in conforming to the role
of general base attributed to this residue during cataly-
sis.?”

The starting structures were energy minimized. The
first 200 steps of minimization followed the steepest
descent approach while the next 1800 steps made use of
the conjugate gradient algorithm. Equilibration steps fol-
lowed minimization. During equilibration the system was
simulated using the canonical ensemble (NVT) for 4ps at
100K followed by another 4ps of NVT MD at 200K and
finally for 12ps at 300K. The temperature during equilibra-

tion was held fixed using the Berendsen’s coupling pro-
cess.?® For the production run the temperature coupling
was removed and the systems were simulated in the
micro-canonical ensemble (NVE). However, rescaling was
resorted to if the temperature deviated from 300K by 10°
or more. SHAKE?® has been used to constrain all covalent
bonds at their equilibrium values. The usage of SHAKE
also facilitated a time step of 2 femtoseconds. Particle
Mesh Ewald sum®® (PME) was used to calculate electro-
static interactions utilizing a cubic B-spline interpolation
order. The size of the grid sides was chosen to be products
of 2, 3, and 5, to facilitate fast Fourier transforms. The grid
spacing was ~1A. Periodic boundary conditions were
applied. Nonbonded interactions were evaluated using a
residue-based list with a cutoff of 124, updated every 25
steps. A constant value of 1 was used for the dielectric
constant. During the simulation, trajectory snapshots
were stored every 1ps. The production runs were all of 1
nanosecond duration.

Analysis

The analysis of all the MD trajectories was carried out
using programs coded in FORTRAN. For all the simula-
tions the root-mean-square deviation (RMSD) from its
starting and time-averaged structures, residue-wise RMS
fluctuation and backbone, and side-chain torsion angles
were routinely calculated. Along with these analyses, the
acceptor-donor distance of potential hydrogen bonding
pairs was also monitored. The criteria of a donor-acceptor
distance of less than 3.6A and the proton-acceptor distance
of less than 2.6A, were used for hydrogen bond detection.

Simulated Annealing

Simulated annealing is a standard technique that takes
a system to a global minimum circumventing local minima.
The annealing method increases the energy of the system
so that it can go to a state that transcends most if not all
energetic barriers. The system’s energy is then reduced
gradually with the introduction of appropriate constraints
to navigate its course to the global minimum.?%?! The
temperature of the system, which is a good handle on its
energy, is first increased and the system is then slowly
cooled.

In the docking studies in which both the substrate and
protein were modeled to obtain their complex, it is impera-
tive to ensure that the complexed structures are energeti-
cally at their minimum. To this end, simulated annealing
was performed on the dinucleotide complexed modeled
structures taken from snap shots of MD simulations.
Inter-atomic distances between atoms of the substrate and
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TABLE II. A Summary of the Protocol Used for Simulated Annealing

Time constant for Restraints on
Time period of Temperature range temperature coupling interatomic distances
MD simulation (Kelvin) (ps) (Kcal/mol)
0to 3ps
Ops—1ps 0°-1200° 0.2 0.1 X 25
1ps—3ps 1200°-1200° 0.2 1.0x 25
3ps—15ps 1200°-0°
3ps—11ps 4.0-2.0 1.0 X 25
11ps—13ps 1.0-05 1.0x 25
13ps—15ps 0.05 1.0 X 25

the protein that interacted through a hydrogen bond were
used as distance restraints in the simulated annealing
run. The restrained hydrogen bonds are shown in Table
II1.

The system that was annealed was only a part of the
whole docked complex and is referred to as a “belly”
system. All residues that came within a spherical cutoff of
12A from the substrate, including water, constituted the
belly system for which simulated annealing was per-
formed. The belly systems were subjected to MD at high
temperatures initially and the temperature was then
gradually reduced. With reduction in temperature the
inter-atomic distance restraints were made stronger. For
each of the protein-substrate complexes 10 final models
were obtained by annealing 10 different complex struc-
tures.

Table II summarizes the protocol for annealing. The
change in temperature is controlled by the time constant
for the heat bath coupled to the solute.?® The smaller the
value of this coupling constant, the tighter is the coupling
to the heat bath and hence faster the rate of change of
temperature. The value of the coupling constant was 0.2ps
for the first 3 picoseconds, where the system was heated to
a temperature of 1200K. The system was cooled in the next
12 picoseconds. The time constant for coupling during the
first 8 picoseconds of the cooling phase started from 4.0ps
and decreased gradually to 2.0ps. This is the slow cooling
stage. Similarly the time constant for coupling was re-
duced from 1.0ps to 0.5ps in a further 2ps. For the last 2
picoseconds of dynamics, the value of the coupling con-
stant is taken as 0.05ps. This very low coupling constant
will cool the system rapidly and is akin to an energy
minimization.

RESULTS AND DISCUSSION
Docking of Dinucleotides CpA and UpA

There are two key questions that need resolution in the
docking of substrates (dinucleotides) onto human angioge-
nin. First, how is the obstruction to the B1 subsite from the
side chain of Q117 removed to facilitate the first base to
bind? Second, what are the residues that interact with the
second base? Biochemical evidences so far only point to the
residues that bind to the first nucleotide base.!?*

The first step in docking substrates was to superimpose
the crystal structure of human angiogenin on the CMP
bound complex of bovine angiogenin, which was modeled

TABLE III. Important Acceptor-Donor Pairs Identified
From the MD Simulations of Angiogenin-Substrate
(CpA and UpA) Complexes and Used as Restraints in

Simulated Annealing
Presence in Presence in
the annealed  the annealed
models of models of
Donor-acceptor pair CpA complex  UpA complex
1 NH2HIS8-0O2P Py* I %4
2 Ne2 HIS 13-O1P Py I [
3 Ne2HIS 13-02' Py I %
4  N{LYS40-O2 Py 7 %
5 N{LYS40-02' Py I [
6 N THR44-N3 Py I X
7 N THR44-02 Py X %
8 Oyl THR44-N3 Py X I
9 Oyl THR44-N4/04 Py I X
10 N32 ASN68-N1PuP I 7
11  N31HIS114-0O5' Py I X
12 N31HIS114-O1P Py % %
13 NLEU115-O1P Py % %
14 OHIS8-NGLN 12 I [
15 Oy1THR44-Oy1THR 80 I I
16 NH1ARG66-Oe1GLU67 7 X
17  0e2ARG66-N52 ASN6GS I X
18 WATER-O€e2 GLU67 7 X
19 WATER-N6 Pu 7 X
2Py Pyrimidine (U or C)
PPu Purine (A)

earlier.® The superposition was done using the N5 and Ne
atoms of the two catalytic histidines (H13 and H114) and
the N{ atom of K40. The coordinates of the substrate were
then transferred onto the human protein. As in the case of
the bovine system, the B1 binding site was obstructed by
the side chain of Q117. An extensive grid search in
side-chain torsion angle space did not reveal an alternate
steric-free conformation of Q117 which would open up the
B1 binding site to facilitate the binding of the first base of
the substrate. The docking strategy was then to alter the
main-chain conformation of the C terminus, of which Q117
is a part. The torsion angle ¢ of residue LL115 was moved by
18° to effect a change in the Q117 position. This change led
to the movement of the C* atom of Q117 by 2.12A from its
original location in the crystal structure. This new confor-
mation of the C terminus facilitated the docking of the first
nucleotide of the substrate without steric hindrance. Both
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TABLE IVA. Substrate Torsion Angles and Substrate-Protein Interaction Enthalpies in CpA Bound Human

Angiogenin Complex
Interaction
Model Phase 1 Phase 2 x1 X2 63 B v1 v2 51 52 € 4 energy”
RNase
A-UpA 18.00 —159 -63 91 -172 178 173 77 94 —166 81
Starting
model 18.00 —54.00 177.13 —128.10 —61.76 —104.81 —152.00 —156.07 101.32 96.01 —178.91 -170.88 —
1.00 5789 —4751 -151.28 —62.51 145.08 —173.06 50.40 63.89 76.07 12436 —153.11 114.23 —470.05
2.00 56.93 —-8.70 —160.31 —67.88 99.25 88.49 53.13 —179.82 81.71 153.70 —108.80 103.08 —469.60
3.00 5697 —32.08 —146.84 —-9690 5824 17776 -—4445 17261 86.37 139.80 —169.35 131.60 —445.58
4.00 58.93 4198 —159.66 —99.18 7139 147.12 -—46.07 17625 89.33 75.05 —152.07 121.15 —468.42
5.00 57.85 6443 —146.76 —108.08 61.24 17792 —4349 16997 85.06 83.02 —167.74 128.04 —437.24
6.00 5443 —43.76 —149.79 -60.51 128.99 —166.03 44.06 60.78 74.14 12510 —154.35 119.28 —466.94
7.00 5724 —41.02 -150.71 -9557 8201 157.78 9.04 —17830 69.08 131.39 —169.06 135.04 —446.35
8.00 5234 —20.79 —146.95 -93.74 6455 16828 —4526 17834 81.12 14126 —17854 14413 —473.28
9.00 5421 —39.91 -14462 —88.68 5490 15846 3246 —173.10 68.91 136.32 —163.99 119.82 —454.38
10.00 57.22 4752 —146.55 —12297 6732 169.61 48.70 166.80 82.17 7762 —178.12 147.26 —473.11

2Energy is expressed in terms of kcal/mol

TABLE IVB. Substrate Torsion Angles and Substrate-Protein Interaction Enthalpies in UpA Bound Human

Angiogenin Complex
Interaction
Model Phase1l Phase?2 x1 X2 a B vl v2 31 52 € L energy”
1.00 6023 —21.61 -164.38 —89.31 102.05 9271 179.75 -—-179.77 8194 15294 -11955 91.10 —398.38
2.00 4426 56.23 —169.85 —142.80 66.73  155.03 60.14 17921 84.77 7696 —159.84 123.76 —390.23
3.00 7327 3847 17097 -—75.86 103.61 104.37 73.85 —158.37 9440 13424 -11799 9866 —419.83
400 3554 8090 —155.30 —116.08 44.78 179.53 55.78 —173.36 87.61 8836 —164.44 12142 —436.63
500 1834 —42.82 -148.11 -11347 48.04 -173.39 53.80 —172.32 82.88 126.74 167.56 164.26 —415.26
6.00 6545 —2449 17780 -—90.25 110.22 87.61 —179.58 —161.17 82.96 144.29 -124.11 96.67 —378.19
7.00  47.00 59.68 —152.76 —11892 6867 14589 -15865 179.56 8243 7411 -—131.77 109.58 —364.91
800 6328 —31.87 -17151 —87.33 107.01 77775 —17043 -152.80 90.04 139.98 -131.38 99.82 —390.30
9.00 55.96 56.33  174.09 -125.17 111.85 7441 -164.63 17393 98.89 88.17 —94.17 103.37 —403.55
10.00 5542 —80.28  175.00 87.08 7713 17349 -168.86 40.78 81.82 9048 -130.63 10445 —402.57

“Energy is expressed in terms of kcal/mol

pyrimidines Uracil and Cytosine were docked in the first
base position. The second base (B2) Adenine was then built
using the substrate conformation of the UpA substrate
complexed to RNase A.'®

We identified five polar residues that were in the vicinity
of B2 as most probable candidates to interact with it.
These were R66, E67, N68, E108, and R5. None of these
protein residues, however, seemed to be within proper
hydrogen bonding distance of base B2 or ribose R2. An
extensive grid search in torsion angle space of the side
chains of these residues also did not yield any results. This
exercise was carried out on different loop conformations
(backbone of residues R66, E67, and N68) by taking
structures from different time points of the native human
angiogenin MD simulation. This too did not give any good
interaction between the residues of the protein and the
second base. The interactions were finally obtained by
another grid search after changing the pucker of the ribose
R2 to C1'-endo (phase angle -54°) from C3’-endo (phase
angle 18°). The residue N68 hydrogen bonds to the N1
atom of B2. The residues E67 and R66 in the same loop are
still beyond hydrogen bonding distance. R5 interacts with
the O3’ atom of the ribose R2. E108, a binding site residue

in RNase A, does not interact with the substrate. The
torsion angles of the substrate in the unrefined model,
referred to henceforth as the starting model, are listed in
the first two rows of Table IVa. Both the CpA and UpA
substrates were given the same conformation in the start-
ing model, the only difference being that the Ovy1 of T44
was hydrogen bound to the N3 atom of the first base of
UpA as opposed to the N4 atom of CpA.

The starting model of the substrate-angiogenin complex
had hydrogen bonds that connected the phosphate oxygens
of the substrate to the catalytic histidines (H13 and H114),
HS8 and Q12. The atoms O2 of B1 and O2’ of R1 interacted
with the side chain N{ of Lys40. There is biochemical
evidence in the form of site-directed mutagenesis to show
the involvement of these residues in the binding pro-
cess.*'2 All these interactions are also conserved in the
case of substrate bound complexes of RNase A.

In human angiogenin, like in the case of eosinophil-
derived neurotoxin,®! the position 115 is occupied by
Leucine, the equivalent residue in bovine angiogenin and
RNase A being Phenylalanine, F116 and F120, respec-
tively. The back bone N of F120 in RNase A tethers the
phosphate position and allows for the bending of the
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Fig. 3. Stereo diagram of a space filled model of human angiogenin with the docked substrate CpA shown

in stick representation.*®

a RS b

E67

N68

Fig. 4. The active and the binding site residues of human angiogenin. The substrate [(a) = CpA and (b) =
UpA] is in stick representation while the protein residues are in ball and stick representation.

substrate to position B2 to interact with protein residues.
Additionally the side-chain ring of F120 stacks with B1 of
the substrate. In our starting model of the substrate-
angiogenin complex, the hydrogen bond to the backbone of
L115 is retained without any stacking interactions. Resi-
dues L42 and N43 are also within hydrogen bonding
distance of the substrate atoms. These residues were not
included among those on whose side chains torsion angle
grid searches were done because their role has not been
biochemically elucidated.

Figure 3 shows a space-filled model of the protein with
the docked substrate in stick representation. It can be
noticed that even in the starting model, the substrate fits
into pockets on the protein surface. The first base sits deep
inside one such pocket. Figures 4a and b show all the
residues that interact with the protein. These are the

residues whose surface makes the pockets shown in Fig-
ure 3.

Molecular Dynamics Simulation of the
Docked Model
RMS fluctuations

The native structure and the starting models of the
angiogenin-substrate complexes were subjected to 1 nano-
second of MD simulation. Figure 5a shows the RMSD
trajectory of native angiogenin (2Ang) and that of its two
substrate (CpA and UpA) bound complexes with respect to
their respective MD averaged structures. The CpA bound
angiogenin structure shows the least RMSD, closely fol-
lowed by that of the native structure. The UpA bound
structure shows a much higher RMSD. This is indicative of
the relative stability of the substrate bound structures.
This trend is again apparent in the plot of residue-wise
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Fig.5. A: RMSD trajectory of the native protein (thin line), CpA complex (thick line), and UpA complex (thin
dashed line) from the respective MD simulations. B: Residue-wise RMS fluctuation during MD of the native
protein (thin line), CpA complex (thick line), and UpA complex (dotted line).

RMS fluctuations shown in Figure 5b. The residues of
angiogenin in the CpA bound complex fluctuate lesser
about their mean positions than their counterparts in both
the native and the UpA bound complex. The residues that
fluctuate the most in the native structure are the same
that do so in the CpA bound complex, but to a greater
extent. These residues are all part of loops that connect
secondary structures of the protein. The regions are the
loops that connect the first and second helices (residues 14
to 22), strands 2 and 3 (residues 66,67,68), strands 4 and 5
(residue 84 to 92), and strands 6 and 7. Residues 66 to 68
interact with the bound substrate and they are therefore
understandably better behaved in the CpA complex than
in the native structure. The region encompassing residues
84 to 92 is also better behaved than it is in the native
structure even though it is ~20A away from the bound
substrate. Most of the loop regions that connect two
secondary structures show considerably high RMSDs in
the angiogenin-UpA complex. Some of the loops such as
those connecting the secondary structures (H2-B1), (B3-
B4), and (B5-B6), which were fairly stable in the native
structure exhibited high fluctuations in the UpA complex.
The fluctuations of the residues in these loops in the
UpA complex are also higher in magnitude than that of
their counterparts in the CpA complex. The residue-wise
RMS curve for the UpA complex is always above that of
the CpA complex or that of the native (Fig. 5b). This
indicates that the CpA complex is bound tighter than
the UpA complex. This conforms to available experimen-
tal evidence that CpA is preferred over UpA as sub-
strate.*

Protein-substrate hydrogen bonds

From the analysis of hydrogen bond trajectories between
the substrate and the protein, a few key interactions
mediated by hydrogen bonds have been picked up. These
hydrogen bonds along with some important protein-
protein and water-mediated hydrogen bonds have been
listed in Table III. From this list, it can be seen that the
biochemically'? crucial interactions such as those of resi-

dues H13, K40, and T44 with the first base and ribose are
retained. Important interactions of the phosphate with
residues H114 and L115 are also retained. Interaction of
the second base with residue N68 has emerged. In the case
of CpA, the interaction with the second base was stabilized
by a water-mediated hydrogen bond. These interactions
are listed at the bottom of Table III and a detailed analysis
on how these interactions contribute to substrate specific-
ity is presented in the section on simulated annealing. The
acceptor-donor distances from these hydrogen bonds were
taken as distance restrains in the simulated annealing
run.

Besides the hydrogen bonds listed in Table III, an
analysis of the MD trajectory of the complex also showed
the formation of hydrogen bonds between the substrate
and other residues of the protein, 142, N43, and R5. We
have mentioned earlier the proximity of the residues 142
and N43 to the substrate. Yet hydrogen bonds between
these residues and the substrate are not stable; they form
and break frequently in the course of the simulation. It is
known that R5 interacts with the second Phosphate (P2) of
the single stranded RNA chain.®? It is therefore not
surprising that the long arginine side chain in our model
sometimes interacts through a hydrogen bond with O3’ of
the ribose R2, the atom that extends as P2 as can be seen
from Figure 4a. This interaction is also an indirect indica-
tion that the model proposed conforms to known biochemi-
cal evidence.

Unusual structure of loop connecting strands 2
and 3

A water molecule was found to be invariantly bound to
both the Oe atoms of E67 and to the N6 atom of B2-
Adenine (Fig. 4a) during the simulation. This interaction
bolsters the direct protein-B2 interaction in the case of
CpA. Interestingly, this interaction is absent in the case of
UpA-angiogenin complex (Fig. 4b) though B2-adenine is
the same in both substrates. One of the features that
orients this region to forming the water-mediated hydro-
gen bond in the CpA complex is a network of hydrogen
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Fig.6. The C*trace of the 10 annealed structures of (a) CpA and (b) CpA superimposed on each other. The
substrate is shown in ball and stick representation.*®

bonds formed between the side chains of R66, E67, and
N68 as shown in Figure 4a. This network is not present in
the UpA-angiogenin complex. This network of side-chain
hydrogen bonds in the CpA bound angiogenin structure
introduces an unusual conformation, a II'’ turn in the
protein. The main-chain torsion angles of R66 fall into the
unfavorable region of conformational space.??3* Peptide
units that form a II' turn take the ¢— values (60, -120)
and (-80,0) in the i+1 and i+2 positions resulting in a
hydrogen bond between the carbonyl oxygen of the i‘"
residue and the NH of the i+3°! residue. A distorted type
I’ turn can deviate by 30° from these values.?*36 Residues
65 to 68 in the native protein take up a distorted II' turn.
This turn is retained in the simulation and the annealed
models of the CpA bound complex. The unusual II' turn
found in the native structure”® and the CpA bound
complex is not unique to this protein; its occurrence has
been noticed in 24 proteins of a nonhomologous data set.>”
The ¢—s of the i+ 1 residue of a II’ turn is normally allowed
only for a glycine. However, arginine has occurred in this
position in one other protein.®® It should also be noted that
in the case of the UpA-angiogenin complex R66 is in the
allowed conformation (B) of the Ramachandran map. Fur-
ther, the side-chain hydrogen bond network among the
residues 66, 67, and 68 is broken in the UpA complex.

Simulated Annealing of the Bound Complexes

The starting structure for the MD simulation was an
unrefined model of the substrate-protein complex. From
the MD trajectory 10 structures were picked up at random
and annealed to get refined models of the protein-
substrates complex by constraining the interactions given
in Table III. A comparison of the models of the two
substrates brings out several interesting features.

Comparing the protein-substrate interactions in the
CpA and UpA complexes and origin of substrate
specificity

Figures 6a and b show the superimposition of the
annealed models of the CpA and UpA complexes, respec-
tively. The UpA complex shows more fluctuation than the
CpA complex. This is a reflectance of the MD trajectory of
which the starting structures of these annealed models
were a part.

The donor-acceptor pairs whose separation was re-
strained were mainly between the substrate and the
protein. There were also a few protein-protein hydrogen
bonds that were restrained (see Table III). These con-
nected residues T44 with T80, R66 with E67, and E67 with
N68. The hydrogen bond between T44 and T80 is impor-
tant in keeping Thr44 oriented toward the substrate. The
importance of the T80 for enzymatic activity of angiogenin
has been investigated biochemically.?® These hydrogen
bonds feature in all the annealed models. The side-chain
hydrogen bonds formed between the Residues R66, E67,
and N68 have also been used as distance restraints. Even
in the annealed models, this network of side-chain hydro-
gen bonds is seen only in the case of the CpA complex. As
mentioned earlier, the existence of this network conforms
this loop to a distorted II' turn in the CpA complex as
found in the native enzyme. A strong preference to move
away from this strained conformation in the UpA complex
is an interesting example of substrate-induced conforma-
tional change in the protein structure.

Protein-substrate interactions emerge very clearly from
the two sets of annealed structures. Identical atoms of the
two dinucleotides interact with residues H13, K40, H114,
and L115. Differences are seen in the interactions of the
protein with the bases B1 and B2, despite using the same
constraints during the process of simulated annealing. The
Ov1 atom of Thr44 interacts with the N4 of the cytosine in



MODELING OF HUMAN ANGIOGENIN-SUBSTRATE INTERACTIONS

133

Fig. 7.
first base atoms were used for the superimposition.

the CpA complex and with that of the N3 atom of Uracil in
the UpA complex. The N of Thr44 interacts with the N3 in
the case of CpA and with O2 in the UpA bound models.
This amounts to a small shift in the positioning of the first
base in the two complexes. The absence of the RNase A
equivalents of residues S123 and D83 and any water-
mediated interactions*® in this region leaves Thr44 to be
the only residue that interacts with the first base. Because
both the substrates interact with Thr44 with two hydrogen
bonds it is not possible to infer the specificity of the protein
from these interactions alone. However, a slight shift in
the B1 position seems to have propagated into the B2 site.
In the case of the UpA complex there is no water-mediated
hydrogen bond between the substrate and E67 nor is there
a network of side-chain hydrogen bonds between the
residues R66, E67, and N68 that would facilitate the
formation of a water-mediated bond. The only common
interaction between B2 and the protein is between N68
and the N1 atom of adenine. The absence of an additional
water-mediated hydrogen bond in the B2 site of the UpA
complex results in less rigid binding of the base B2.
Figures 7a and b show the conformational freedom of the
substrates in the annealed models. It is clearly discernible
that UpA samples a wider range of conformations than
CpA, especially in the second base region. This can result
in the increase of conformational entropy of the UpA
complex. Further, the subtle changes between CpA and
UpA binding, particularly with less number of hydrogen
bonds in the B2 region, manifests itself in the form of
~b50kcal/mol difference in interaction energy, as can be
seen from the last columns of Tables IVa and b. The energy
here pertains only to the enthalpic contribution to the total
energy. We infer that the basis of substrate specificity of

Superimposition of the substrates (a) CpA and (b) UpA from the 10 annealed structures. Only the

angiogenin is due to the subtle shift in substrate position,
which cascades into significant differences in conforma-
tional entropy and interaction energy.

Comparing the angiogenin-substrate complexes
with the RNase-UpA complex

Both angiogenin and RNase A catalyze the same reac-
tion and have most of their active and binding sites
conserved, a lot of protein-substrate interactions are also
in common. Due to the structural and sequential homology
between the two proteins, RNase A and its complexes were
used as a standard throughout the docking exercise. The
dissimilar interactions indicate the difference between the
two systems. In work similar to that reported here,
substrates of RNase A were docked onto its active site.'5*”
In angiogenin as in RNase A, the catalytic histidines
interact with the phosphate oxygens. The Histidine that
acts as a base (H13) also interacts with O2' of the ribose
sugar. The acidic Histidine (His 114) has interactions with
the phosphate oxygens. K40 (K41 in RNase A), a residue
crucial for the catalytic action, binds to the O2’' atom in
both the protein complexes. T45 interacts with the pyrimi-
dine base. However, the other residues that interact with
the pyrimidine base in RNase A, S123 and D83, are not
conserved in angiogenin and there are no equivalent
interactions. Ribonucleotide binding specificity of RNase A
is imparted by interaction by all the residues that bind
directly (T45, D83) or through water (S123).%° In the case
of angiogenin the specificity is seemingly controlled by the
interactions of T44 alone with the B1 base of the substrate.
An analysis of this has been done in an earlier section.

Major differences between RNase A and angiogenin’s
binding to its RNA substrates come from the interaction
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that the base B2 has with the proteins. In RNase A this
base interacts with N71. Taragona-Fiol et al.*! have
shown that mutating this residue decreases RNase activ-
ity of RNase A by nearly three orders of magnitude. The
loop to which this N71 belongs is not conserved from
RNase A to angiogenin. It has also been shown that in a
chimera where this loop in angiogenin is replaced by that
from RNase A, the ribonuclease activity increases.*® In our
model of the angiogenin-substrate complex, the role of N
71 is taken up by N68.

CONCLUSIONS

We report here for the first time a modeled structure of
human angiogenin bound to its substrates CpA and UpA.
The substrates were docked onto the binding sites of the
protein after the C-terminus of the protein was modeled to
accommodate the first base of the dinucleotide substrates.
The sugar pucker of the second ribose of the substrate was
altered from C3’-endo to the energetically less favored
C1l’-endo in order to gain the desired interaction of the
second base with the N68 residue of the protein. The
modeled starting structures were refined by subjecting
them to MD simulations. The stable trajectory of the
RMSD plots for both complexes indicate good binding.
Hydrogen bonds that stabilized substrate-protein interac-
tions were identified from an analysis of the MD trajecto-
ries. These hydrogen bonds were then used as distance
restraints in simulated annealing runs to further refine
our models.

From an analysis of the annealed models we infer that
the substrate specificity of angiogenin towards cytosine
over Uracil in the first base position is not based on the
interactions of the protein with the first base alone. For
both Uracil and Cytosine our models have two interactions
with atoms of Thr45. Subtle differences in these interac-
tions lead to a orientation difference in the two substrates
finally cascading into an energy difference of about 50kcal/
mol in favor of CpA. It was also observed from both the MD
and annealing studies that the conformational rigidity of
the CpA in the complex is greater than that of UpA. This
combined with smaller fluctuations of the protein residues
in the CpA complex as compared with the UpA complex
makes a more tightly bound complex.

Our models of the CpA complex place the residue R66 in
the disallowed region of the Ramachandran map, leading
to a distorted II’ turn, which is also a feature of the native
structure but is not seen in the UpA complex. This
disallowed conformation seems to be maintained because
of a stable network of hydrogen bonds that bind the side
chains of R66, E67, and N68. In the case of CpA, this
network orients the side chain of E67 to have a water-
mediated interaction with the N6 atom of the Adenine
base. This interaction further stabilizes the CpA complex.
No such interaction was found in the simulation of the
UpA complex.
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