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ABSTRACT

The energetics of rotation around single bonds (torsions) is a key determinant of the 3D shape that
drug-like molecules adopt in solution, the solid state, and in different biological environments,
which in turn defines their unique physical and pharmacological properties. Therefore, accurate
characterization of torsion angle preference and energetics is essential for the success of

computational drug discovery and design. Here, we analyze torsional strain in crystal structures of



drug-like molecules in CSD and bioactive ligand conformations in PDB, expressing the total strain
energy as a sum of strain energy from constituent rotatable bonds. We utilized Cloud computing
to generate torsion scan profiles of a very large collection of chemically diverse neutral fragments
at DFT(B3LYP)/6-31G*//6-31G** or DFT(B3LYP)/6-31+G*//6-31+G** (for sulfur-containing
molecule). With the data generated from these ab initio calculations, we performed rigorous
analysis of strain due to deviation of observed torsion angles relative to their ideal gas-phase
geometries. Contrary to the previous studies based on molecular mechanics, we find that in the
crystalline-state molecules generally adopt low-strain conformations, with median per-torsion
strain energy in CSD and PDB under 1/10% and 1/3™ of a kcal/mol, respectively. However, for a
small fraction (<5%) of motifs, external effects such as steric hinderance and hydrogen bonds
result in strain penalty exceeding 2.5 kcal/mol. We find that due to poor quality of PDB structures
in general, bioactive structures tend to have higher torsional strain compared to small molecule
crystal conformations. However, in the absence of structural fitting artifacts in PDB structures,
protein-induced strain in bioactive conformations is quantitatively similar to those due to the
packing forces in small molecule crystal structures. This analysis allows us to establish strain
energy thresholds to help to identify biologically relevant conformers in a given ensemble. The
work presented here is the most comprehensive study to date that demonstrates the utility and
feasibility of gas-phase QM calculations to study conformational preference and energetics of
drug-size molecules. Potential applications of this study in computational lead discovery and

structure-based design are discussed.
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Figure S1: Screenshot of Orion floe that was used to perform torsion scan calculations. Each
rectangular box in this figure represents an Orion Cube, which performs a specific task.
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Figure S2: Illustrative example showing calculation of global and local torsion strain energy.
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Figure S3: Distribution of molecule weight (A) and number of rotatable bonds (B) of the fragments
used in this study.



1600

1400 A

1200 A

1000 +

800 1

Count

600

400 A

200 ~

0 50 100 150 200 250
SMARTS Patterns

Figure S4: Frequency of occurrence of SMARTS patterns in the set of torsion motifs used to
analyze dihedral angle preference and torsion strain
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Figure S5: Distribution of molecular weight (A and B), polar atom count (C and D), and rotor
count (E and F) of motifs in the CSD set. (Top row) low-strain motifs. (Bottom row) high-strain

motifs.
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Figure S6: Distribution of molecular weight (A and B), polar atom count (C and D), and rotor
count (E and F) of motifs in the PDB set. (Top row) low-strain motifs. (Bottom row) high-strain

motifs.
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Figure S7: Frequency of occurrence of torsion motifs in the drug-like collection of CSD (left) and
PDB (left) structures used in the present work. Simpler motifs, such as anisole, butyl etc., are
represented more frequently compared to other fragments. Nonetheless, despite an over



representation of such frequently occurring motifs, they account for only a small fraction of the

entire set—Iless than 10% for top 10 in CSD- and PDB- set.

Table S1: List of SMARTS patterns represented in the torsion motifs collection used in the present
study. For each SMARTS pattern, a representative torsion motif is shown along with the frequency

of occurrence of the pattern.
SMARTS

1 [#1:1][CX4:2]!@[CX4:3][1#1:4]

2 [H1:1][CX4H2:2]!@[CX4H2:3][1#1:4]
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=
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[cHO:1][c:2]([cH1D)!'@[c:3]([cHO:4])[cH1]

%

[0:1]=[CX3:2]!@[nX3:3][aH1:4]

8“{\

[C:1][S:2](=0)(=0)!@[NX3H1:3][C:4]

-V a

[s:1][c:2]!@[C:3)([NH1])=[0:4]

()

[a: 1][c:2]'@[C:3](=[N:4][H# 1N #1])

D]
@)\m 7

[a: 1](INHI,NH2])[2:2]!@[CX3:3](=[0:4])([NX3H0,CX4HO0,c])

I
% I

[0:1]=[CX3:2]!@[CX3:3]=[0:4]

[H:1][CX4H1:2]!@[SX4:3][!#1:4]

o
W )\
-"\

[*:1]~[cX3:2]!@[P:3]~[*:4]
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180

181

182

183

184

185

186

187

[cH1:1][c:2)([nX3])!@[0:3][C:4]

[0:1]=[C:2]'@[NX3H1:3]([H:4])(c([nX2HO])([nX2HO0]))

[*:1][CX4:2]!@[0:3][CX3:4](=[!0])

[#1:1][CX3:2]!@[SX2:3][#1:4]

[cH1:1][c:2)([nX3H1])!@[NX3H1:3][C,c:4]

[cHO: 1][c:2]([cH1])!@[CX3:3](c)=[0:4]

[a:1][c:2]([a])|@[O:3][CX4HO0:4]

[*: 1~ [CX3:2]!@[0X2:3]~[*:4]

[cHO:1][c:2]([cHOD)!@[O:3][c:4]
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189

190

191

192
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194

195

196

[a:1][c:2]'@[C:3](=[N:4][CX4])(N[CX4])

0=[S:1](=0)[NX3HO0:2]!@[CX4H2:3][#1:4]

[nX2HO0:1][c:2](c)!@[CX3:3]([!0])=[0:4]

[cHI:1][c:2]([cH1])!@[CX3:3]([CX3HO0])=[0:4]

[cHO: 1][c:2]([nX3H1])!@[NX3H1:3][C,c:4]

[c:1][cr6:2]!@[cr6:3][c:4]

[c:1][CX4H2:2]'\@[0X2:3][1#1:4]

[0:1][CX4:2]!@[0:3][CX4:4]

[*:1]~[CX4:2]!@[P:3]~[*:4]
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198

199

200

201

202

203

204

205

[*:1][S:2](=0)(=0)!@[NX3HO0r:3][*:4]

[nX2HO: 1][c:2]([nX3H1])!@[NX3H1:3][C,c:4]

[cH1:1][a:2]([cH1])!@[a:3]([sX2,0,nX2H0,nX3H]1:4])

[O:1]=[C:2]([NHI])!@[NX3H]1:3](C=0)[H:4]

[CNCX3: 1]([H])=[CX3:2]([H])!@\[CH2:3][C:4]

[cHO: 1][c:2]([cHO])!@[C:3](=[N:4])

[cHO: 11(C)[e:2]([cHI])!@[CX3:3)(INX3H1])=[0:4]

[a:1]([OH1])[a:2]!@[CX3:3](=[0:4])([NX3H0,CX4HO0,c])

[CI\CX3: 1]([H])=[CX3:2]([H])!@/[CH2:3][C:4]
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211

212

213

214

[*:1]~[CX3:2]!@[NX2:3]~[*:4]

[cH1:1][c:2])([cH1])!@[CX4H2:3][CX4H1:4]C(=0)(0)

[cHO:1][c:2]'@[CX4H1:3][a:4]

[c:1]([OH1]D)[c:2]!@[CX3:3](=[O:4])([O])

[CX3:1]=[CX3:2]!@[CH2:3][c:4]

[CX3:1]=[CX3:2]!@[CH1:3](C)[C:4]

[C:1][CX4:2]!@[CX3:3][C:4]

O=[C:1][NX3H0:2]!@[CX4H0:3][C:4]

[nX3HI1:1][a:2]'@[a:3][0,s,nX2H0:4]
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223

[cHO: 1][a:2]([cH1])!@[2:3]([sX2,0,nX2H0,nX3H]1:4])

[a:1][2:2]'@[CX3:3]=[CX3H2:4]

O[c:1][c:2](cO) I @[0:3][C:4]

[cH1:1][c:2]([cH1])!@[O:3][!C;!H:4]

[cHI:1][a:2]([cH1])!@[a:3]([cH1])[cH1:4]

Q
[cHO:1][c:2]([cHO])!@[c:3][nX2H0:4]
!
® b
[cHO: 1][¢c:2])([cHOT)!@[NX3:3][CX4:4]
0

[cHO: 1](CD[c:2])([cH1])!@[CX3:3]=[0:4]

[aHO: 1][c:2]([aHO])!@[SX4:3][1#1:4]
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225
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228

229

230

231

232

[a:1][ar5:2]!@][ar5:3][a:4]

[0:1]=[CX3:2]([NH1])!@[CH2:3][CX3:4]=0

[0:1]=[C:2](['NH1])!@[NX3H1:3]([H:4])(c([nX2HO0])([nX2HO0]))

[CIN[CX3: 1)([H])=[CX3:2]([H])!@\[CHI:3](C)[C:4]

[CX3:1]=[CX3:2]!@[CX3:3]=[CX3:4]

[C:1][S:2](=0)(=0)!@[NX3H0:3][C:4]

[*:1]~[0X2:2]!@[SX4:3]~[*:4]

[*: 1~ [NX2:2])@[nX3:3]~[*:4]

[*:1]~[CX4:2]!@[NX2:3]~[*:4]
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234

235

236

238

239

240

241

242

[1#1:1][CX3:2](=S)!@[NX3HO:3][1#1:4]

0=[S:1](=0)[NX3HI:2]!@[CX4H2:3][#1:4]

O=[C:1][NX3H1:2]!@[CX3:3]=[*H1:4]

[NX2HO: 1][a:2]([nX2HO])!@[CX3:3]=[0:4]

[cHO: 1][c:2]!@[CX4HO0:3][CX3:4]

[cHO: 1][a:2]([cHO])!@[2:3]([sX2,0,nX2H0,nX3H1:4])([cHO])

[cHO: 11(F)[c:2]([cH1])!@[CX3:3]=[0:4]

[c:1][S:2](=0)(=0) |@[NX3H1:3][C:4]

[c:1][S:2](=0)(=0)!@[NX3H0:3][C:4]
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244
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248
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250

251

[*:1]~[nX3:2]'@[0X2:3]~[*:4]

[*:1]~[CX3:2]!@[cX3:3]~[*:4]

[*:1][S:2](=0)(=0)!@[NX3HO0:3][*:4]

[#1:1][c:2]!@[SX3:3][#1:4]

[1#1:1][CX4H2:2]!@[0X2:3][c:4]

[1#1:1][CX4H2:2]!@[0X2:3][C:4]

0=[S:1](=0)[NX3HI:2]!@[CX4H]1:3][H:4]

[nX2:1][c:2]([nX3])!@[0:3][C:4]

[nX2: 1][c:2]'@[NX2:3]=[C:4]([NX3])N

~md
.CI)_D/—
i



252

254

255

256

257

258

259

260

261

[cH:1][c:2]([cH)!@[O:3][C:4](F)(F)[F]

[cHO: 1][c:2]!@[CX4H2:3][1#1:4]

[cHO: 1][c:2]!@[CX4H]1:3][CX3:4]

[cHO:1][a:2]([cHO])!@[a:3]([sX2,0,nX2H0,nX3H1:4])([cH1])

[cHO: 1](F)[c:2]([cH1])!@[CX3:3]([NX3H1])=[0:4]

[CNCX3: 1]([H])=[CX3:2]([C])!@\[CH2:3][C:4]

[CHO: 1][NX3:2]([CHO])!@[c:3][a:4]

[*: 1~ [CX4:2]'@[CX3:3]~[*:4]

[*:1][S:2](=0)(=0)!@[NX3H1:3][*:4]
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263 [cHI:1][c:2]([cH1])!@[O:3][S:4]

264 [cHI:1][c:2]([cHI])!@[NX3:3][a:4]

¢

3

266  [cHO:1][c:2]([cH1])!@[O:3][!C;!H:4]

267 [cHO:1][c:2]([cHOD)!@[CX3:3])(c)=[0:4]

268 [cHO: 1][c:2]!@[CX4H1:3][H:4]

269 [cHO:1]([CX3])[c:2])([cH1])!@[CX3:3](c)=[0:4]

%

270  [c:1][cr6:2]'@[cr6:3][cHO:4]

'

f%'\
F

271 [c1][CX4:2]'@[CX3:3][c:4]
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272 [a:l][a:2]'@[a:3][a:4]'@a
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277

278

279

280

281

[C:1][S:2](=0)(=0)!@[NX3H]1:3][c:4]

[*:1]~[NX3:2]!@[NX3:3]~[*:4]

[1#1:1][CX4H2:2]!@[OX2:3][#1:4]

[#1:1][CX4:2]1@[SX3:3][#1:4]

0=[S:1](=0)[NX3HO0:2]!@[CX4H1:3][H:4]

0=[S:1](=0)[NH1:2]!@[c:3]([cH1])[cH1:4]

0=[S:1](=0)[NH1:2]'@[c:3]([cH1])[cHO0:4]

0=[S:1](=0)[NHO:2]!@[c:3]([cH1])[cH1:4]

O=[S:1](=0)[N:2]'@][c:3][a:4]



282  O=[C:1][NX3HI:2]!@[CX3:3]=[*H2:4]

283  O=[C:1][NX3HI:2]!@[CX3:3]=[*H0:4]



