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Example of Atomic Environment Vector Computation

Water

As a simple example of how atom-centred symmetry functions (ACFSs) are used to con-
struct atomic environment vectors (AEVs), let us consider a simple water molecule with the
fictitious coordinates of Table [I]

Table 1: Fictitious coordinates for a water molecule.

index x y z
H 1 1 0 0
H 2 0 1 0
O 3 0 0 O

If this is the only system we want to describe, we have only two elements (N, = 2) and
we need to compute three AEVs, one for each atom.

Radial symmetry functions are parametrised by nr and Ry; for simplicity we only consider
here ng = 1 and R, = {0, 1}. Angular symmetry functions are parametrised by 14, Rs, 0s
and (; for simplicity we only consider here ny =1, R; =0, 6, =0 and ¢ = 1.

The atomic environment vector for the oxygen atom (for N, = 2) has the following form:
O _ (AR R R R A A A
Gy = [G31 r,=0: G ro=1» G50, R.=00 G50, Ro=15 Gien i G0y G 0]

Since there are no other oxygen atoms in the system, we have G, 5 _o =0, G{y o, =0,
and G?,QO = 0 since such ACSFs depend on one or two neighbouring oxygen atoms within
the cutoff distance R, (which we consider here large enough to include all atoms of the

system). The atomic environment vector for the oxygen atom therefore reduces to

O _ R R . A
GS - [G3;H7RS:O>GS;H,Rszla0707G3;H,H7070]-



Explicitly, the non-zero ACSFs composing the AEV for the oxygen atom are

G?IEH,RS:O = Z @7R§’jfc(R3,j) = G_Rg'lfc(R&l) + G_Rg’ch(R&z)
i3
GEH

G?]?;H,Rszl — Ze_(Rg,j_lpfc(RS,j) _ 6—(R3,1—1)2fC<R371) + e—(R3,2—1)2fC(R372)

J#3
jeEH
(B3 jtRa g 2
Ghun= 3 [+cos(Os;0le %) fu(Ryy) £l Rs )
§.k#3
jeEH keH

R3 1+R3 2

=1+ 008(93,1,2)]6_( 2 >2]fc(R3,1)f0(R372)

If we consider R, to be large enough so that f.(R) ~ 1 and we use the geometry defined
in Table (1], we can perform an explicit calculation for the particular configuration considered

here (where R3; = R32 =1 and 0315 = 7/2):

G =[2¢71,2,0,0;¢71,0,0]

The AEV for oxygen encodes its atomic environment and it is, by construction, rotation-
ally and translationally invariant.

The same procedure can be repeated for every atom of the system, so that all atoms are
described by their own AEV, so that we can describe the whole system with a matrix of
AEVs of dimension Ngoms X Nagys (Where Nagys depends on the number of elements n, as
well as the number of different values for the parameters R, ng, ... ).

Fig. 1| shows the atomic environment vectors for water computed with TorchANT.Y Dis-
crepancies with the analytical calculation above come from the fact that the radial part is

multiplied by a factor of 1/4 in the TorchANI implementation (see TorchANI code).


https://github.com/aiqm/torchani/blob/a85e3305b5d60956930c32b3ae60216d08284b7b/torchani/aev.py#L50-L55
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Figure 1: AEVs for the atoms in the water molecule defined in Tab . The two hydrogen
atoms have the same AEVs because of symmetry.



Ammonia

Let us consider another simple example: ammonia. Again, we only have two elements
(N. = 2) and we need to compute four AEVs, one for each atom. If we consider the same
parametrisation for radial and angular symmetry functions described above, we have the

following atomic environment vector for nitrogen:

N _ [~R R R R A A A
G" = [GN;H,RS:07 GN;H,RS:D GN;N,Rszov GN;N,RS:D GN;H,H? GN;H,Na GN;N,N]

since there are no other nitrogen atoms in the system, the AEV for the only nitrogen atom

reduces to

GV = [Gﬁ;H,RS:(]? Gﬁ;H,Rs:p 0,0; Gﬁ;H,H? 0,0]

Explicitly, denoting dy g the nitrogen-hydrogen distance, we have

G R0 = Z e~ n f(dnu) = 3¢V fo(dyr)
J#EN
jeH

Gﬁ;H,de = Z @_(dNH_l)ch(dNH) = 36_(dNH_1)2fc(dNH)

J#N
jeH
_(dngt+dng )2
G = Z [1+ cos(On,mm)]e (e )fc(dNH)fc(dNH>
J kAN
jeEH keH

=3[1 + cos(@N;HH)]ef(dNH)chz(dNH)

Using dyg = 1 and On,pg = 109.5 we have the following atomic environment vector for
nitrogen

GY = [3¢7',3,0,0;3 (1 + cos(109.5)) e~ *,0,0] .

Fig. [2| shows the atomic environment vectors for ammonia computed with TorchANT."
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Figure 2: AEVs for the atoms in the ammonia molecule defined in Tab . The three hydrogen
atoms have the same AEVs because of symmetry.



Discrepancies with the analytical calculation above come from the fact that the radial part

is multiplied by a factor of 1/4 in the TorchANI implementation (see TorchANI code) and

that the angle between two vectors is computed as § = arccos(0.95 * ¢) where ¢ = | ;11”:2'

N

instead of § = arccos(c) (see TorchANI code).


https://github.com/aiqm/torchani/blob/a85e3305b5d60956930c32b3ae60216d08284b7b/torchani/aev.py#L50-L55
https://github.com/aiqm/torchani/blob/a85e3305b5d60956930c32b3ae60216d08284b7b/torchani/aev.py#L77-L81

Gradients

The model, consisting of the AEVComputer and a collection of NNs, can be described as a

function of the atomic coordinates f(R), returning the binding affinity a:

a= f(R)

The loss function (MSE loss) is defined as the mean square difference between predicted
and experimental affinities. For a single prediction a and the corresponding experimental
affinity A, the loss function is:

L(a,A) = (a — A)?

—

Given that a = f(R), the gradient of the loss function with respect to the atomic coordinates

can be computed using the chain rule
ViL(a, A) = Va(a(R) — A)? =2(a — AV za = 2(a — AV 5f(7)

The negative gradient of the loss function indicates the directions where the atoms can be
moved to minimise the loss function, i.e. bring the predicted binding affinity a closer to the
expected binding affinity A.

In some cases, such as classification of actives and decoys, it is clear what the desired
outcome of the model is (i.e. an active molecule) and therefore the loss can be computed
with respect to the desired output. In other cases, such as the prediction of the binding
affinity, the desired outcome A (experimental binding affinity) is usually not known, and
therefore it is not possible to compute the loss and its gradient. However, it remains possible
to compute the gradient of the output with respect to the atomic coordinates.

The gradient of the predicted binding affinity a can be computed by differentiating f



—

with respect to the atomic coordinates R:

This gradient can be computed with back-propagation and only requires a forward pass
within the network. The positive gradient of the input indicates the directions where the
atoms can be moved in order to increase (maximise) the predicted binding affinity.

For convenience of visualization, it is possible to show the (magnitude) of the gradient

on each atom as color-coded.



Table 2: Model performance—with consensus scoring—on the validation set for different
values of d, all else being fixed to optimal values (256-128-64-1 feed-forward atomic NNs,
batch size of 64 and dropout probability of 25%). The approximate training time per epoch
is also reported. Training is performed on an NVIDIA GeForce GTX 1080 Ti GPU.

Distance (A) RMSE Pearson’s 7 Time (s/epoch)

0.0 1.52 0.72 1.6
2.5 1.51 0.74 3.3
3.0 1.42 0.76 5.0
3.5 1.37 0.78 2.7
4.0 1.35 0.78 6.3
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Figure 3: Number of atoms—within d = 3.5 A from the ligand—for each element in the
PDBbind 2016 refined set? when only protein residues are considered.
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Figure 4: Number of atoms—within d = 3.5 A from the ligand—for each element in the
PDBbind 2016 refined set.2 The following PDB IDs correspond to selenoproteins: 1uj6,
1nu3, 3gpo, 2wqp, 3m89, 3hx3, 2qry.
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Figure 5: Comparison of per-class Pearson correlation coefficient between AEScore and
GNINA.#4 The difference in correlation coefficient between the two methods (AEScore —
GNINA) is also reported.
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Figure 6: Per-class Pearson correlation coefficient, with each bar color-coded by the corre-
sponding RMSE in pK units, for the 57 classes of the CASF-2016 dataset. The model is
trained on systems without hydrogen atoms.
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Figure 7: Per-class Kendall correlation coefficient, with each bar color-coded by the corre-
sponding RMSE in pK units, for the 57 classes of the CASF-2016 dataset.
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Figure 8: Per-class Spearman correlation coefficient, with each bar color-coded by the cor-

responding RMSE in pK units, for the 57 classes of the CASF-2016 dataset. The model is
trained on systems without hydrogen atoms.

16



1.0 2.5

0.8 1 2.0
0.6

1.5
0.4 1

1.0
0.2 A I I
0.0 A I I 0.5

—0.2 1

Kendall's Correlation Coefficient
(syun 3d) ISy

0.0

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57
Target Class

Figure 9: Per-class Kendall correlation coefficient, with each bar color-coded by the corre-
sponding RMSE in pK units, for the 57 classes of the CASF-2016 dataset. The model is
trained on systems without hydrogen atoms.
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Figure 10: Pearson’s correlation coefficient for different models incorporating atoms from the
protein and the ligand (P + L, d = 3.5 A) or atoms of the ligand only (L), for the CASF-2013
and CASF-2016 benchmarks, together with 90% confidence intervals.

18



5.90 o .
° ° ﬂ
5.88 W
5.86 - “ J
Y

5.84
< r’
o
> 5.821 f
I= +
& 5.80 -

®
5.78 4
5.76 - o “
—&— gnina
5.74 1 P 'Y ® —-=—- experimental
0 50 100 150 200 250 300 350

angle (degrees)

Figure 11: Predicted affinity as a function of the angle of rotation for the CNN-based scoring
function gnina® on the 1058 complex—the one with smaller absolute prediction error—of
the CASF 2016 data set. Predictions are obtained using the pre-trained Default2018 model.
The complex is rotated around the protein center of mass along the z axis.
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Table 3: Comparison between models incorporating atoms from the protein and the ligand
(P + L, d = 3.5A) or atoms of the ligand only (L). The best performance for each test set
is underlined. RMSE values are given in pK units.

Model AEV Test Set  RMSE Pearson’s r
AEScore P+ L CASF-2013 1.46 0.76
AEScore L CASF-2013  1.65 0.70

AEScore (no H) P+ L CASF-2013 1.48 0.75
AEScore (no H) L CASF-2013  1.69 0.67
A-AEScore P+ L CASF-2013 1.53 0.74
A-AEScore L CASF-2013 1.6 0.68
A-AEScore (no H) P +L CASF-2013  1.52 0.74
A-AEScore (no H) L CASF-2013  1.61 0.70
Vina (optim) — CASF-2013  1.83 0.60
AEScore P+ L CASF-2016 1.30 0.80
AEScore L CASF-2016  1.49 0.74
AEScore (no H) P+ L CASF-2016 1.28 0.81
AEScore (no H) L CASF-2016  1.59 0.69
AEScoregs (no H) P + L CASF-2016  1.22 0.83
AEScoreg; (no H) L CASF-2016  1.50 0.72
A-AEScore P+ L CASF-2016 1.34 0.79
A-AEScore L CASF-2016 141 0.76
A-AEScore (no H) P + L CASF-2016 1.32 0.80
A-AEScore (no H) L CASF-2016  1.40 0.77
Vina (optim) —  CASF-2016 1.75 0.60
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Table 4: Performance of different machine learning and deep learning models for affinity
prediction on the CASF-2013 and CASF-2016 benchmarks. NN denotes feed-forward neural
networks, CNN denotes convolutional neural networks, and ML denotes “classical” machine

learning methods (random forests, gradient boosting trees, ...).

“core” all refer to the PDBbind dataset.

“Refined”, “general” and

Model Type Training Set Test Set ~ RMSE Pearson’s r
AEScoref NN Refined 2016 CASF-2013  1.46 0.76
AEScoref(no H) NN Refined 2016 CASF-2013 148 0.75
RosENet? CNN Refined 2016 CASF-2013  1.43 0.80
AGL-Score® ML Refined 2016 CASF-2013  1.46 0.79
1D2D CNNX CNN Refined 2013 CASF-2013  1.47 0.78
Res4HTMD" CNN Refined 2016 CASF-2013  1.48 0.77
NNScore 2.089 ML General 2018 CASF-2013  — 0.75
RF Score®0" ML General 2018 CASF-2013  — 0.75
Pafnucy™ CNN General 2016 CASF-2013  1.62 0.70
Vina (optim) — — CASF-2013  1.82 0.61
AEScore! NN Refined 2016 CASF-2016  1.30 0.80
AEScoref(no H) NN Refined 2016 CASF-2016  1.28 0.81
AEScoregsf(no H) NN  Refined 2016 - 95% CASF-2016  1.22 0.83
AGL-Score® ML Refined 2016 CASF-2016  1.28 0.83
NNScore 2.089" NN General 2018 CASF-2016  — 0.82
RF Score®10" ML General 2016 CASF-2016  — 0.81
pairt? NN Refined 2018 CASF-2016  1.45 0.78
Vina (optim) — — CASF-2016  1.75 0.59
AEScoref NN Refined 2016 Core 2016 1.32 0.80
AEScoref(no H) NN Refined 2016 Core 2016 1.32 0.81
AEScoregs(no H) NN  Refined 2016 - 95%  Core 2016  1.22 0.83
1D2D CNNX CNN Refined 2016 Core 2016 1.21 0.85
Res4HTMD® CNN Refined 2016 Core 2016 1.25 0.83
RosENet® CNN Refined 2016 Core 2016  1.24 0.82
KDeep'? CNN Refined 2016 Core 2016  1.27 0.82
AutoDock & RF-Score’™® ML Refined 2016 Core 2016  1.36 0.82
DeepAtom™ CNN Refined 2016 Core 2016 1.32 0.81
AK-score (ensemble)!®  CNN Refined 2018 Core 2016 — 0.81
gninal?ise CNN General 2016 Core 2016 1.37 0.80
RF Scoret?3 ML Refined 2016 Core 2016  1.39 0.80
Pafnucy™ CNN General 2016 Core 2016  1.42 0.78
gninaliee CNN Refined 2016 Core 2016 1.50 0.73
AK-score single!® CNN Refined 2018 Core 2016 — 0.76
f This work.

" Systems that could not be parsed by OpenBabel or RDKit were excluded from the test
sets, resulting in 180 and 276 complexes for CASF-2013 and CASF-2016, respectively.
* 280 protein-ligand complexes in the test set.
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