
THIO EFFECTS ON MOLECULAR
DYNAMICS SIMULATION OF RNASE

A - CpA TRANSITION STATE LIKE
COMPLEXES

Elena Formoso
Kimika Fakultatea, Euskal Herriko Unibertsitatea, and

Donostia International Physics Center (DIPC)
P. K. 1072, 20080 Donostia, Euskadi (Spain)



RNase A Family
Introduction

RNase A Family

RNase A

Reaction

Transition State

Diff. Mechanism

Thio Effects

Objective

Method

Results

Conclusions

Acknowledgements

July 1st, 2009 Thio effects on MD simulation of RNase A - CpA TS like complexes – 2 /21

l Ribonuclease A family contains proteins, which
decompose the RNA polymer chain

l Many members of the family have potent biological
activities

F Human Angiogenin is implicated in cancer and in
vascular rheumatoid diseases

F Eosinophil-derived neurotoxin (EDN) and
eosinophil-cationic protein are neurotoxic in vivo and
are involved in hyper-eosinophilic syndromes and
allergy

F Bovine pancreatic seminal RNase has
antispermatogenic and immunosuppresive activity

F Onconase has cytotoxic activities

l Bovine pancreatic ribonuclease A (RNase A) is
recognised as the archetype of this family
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l Predominant form of an enzyme produced by the bovine
pancreas

l It has a single chain of 124 aminoacid residues ( � 1860
atoms)
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l Predominant form of an enzyme produced by the bovine
pancreas

l It has a single chain of 124 aminoacid residues ( � 1860
atoms)

l It digests the large
amounts of RNA pro-
duced by microor-
ganisms present in
forestomachs

l It catalyzes the hydrolysis of 3',5'-phosphodiester linkage
of RNA at the 5'-ester bond of pyrimidine residues in a
two-step reaction: transphosphorylation and hydrolysis
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l The reaction is 11 orders of magnitude over the
uncatalyzed reaction.

1. Transphosphorylation: Gives pyrimidine
2',3'-cyclic phosphate.
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2. Hydrolysis: The hydrolysis of the cyclic phosphate
gives a terminal 3'-phosphate.
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Both steps occur via transition states having a pentavalent
phosphorus atom with a trigonal bipyramid geometry.
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l There are some different mechanism proposed:
F Classic Mechanism Findlay, D. et al. Nature, 190 (1961), 781-784

F Breslow's Mechanism Anslyn, E. and Breslow, R. J. Am. Chem.

Soc. 111 (1989), 4473-47482

F Haydock's Mechanism Haydock K. et. al J. Am. Chem. Soc. 112

(1990), 112, 3826-3831

F Wladkowski's Mechanism Wladkowski B. et. al J. Phys. Soc. 99

(1995), 6273-6276

F Lopez's Mechanism Lopez X. et. al Int. J. Quantum Chem. 86

(2002), 10-26

l The important residues in all of the proposed mechanism
are:

F His 12

F His 119

F Lys 41

F Phe 120
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l Thio Effects = the change in the reaction rate that
occurs when oxygen atoms are substituted by sulfur at
selected positions
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l Thio Effects = the change in the reaction rate that
occurs when oxygen atoms are substituted by sulfur at
selected positions

l Thio Effects are a powerful technique to probe
mechanistic details

l Affect several structural parameters simultaneously

F Chain folding

F Hydrogen bonding

F Metal-ion binding

F Solvation

F Van der Waals interactions
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l Thio Effects = the change in the reaction rate that
occurs when oxygen atoms are substituted by sulfur at
selected positions

l Thio Effects are a powerful technique to probe
mechanistic details

l Affect several structural parameters simultaneously

l Electronic and solvation effects are opposite

F Electronic effect: Stabilize anionic posphorane-like
TS by more facile delocalization of the negative
charge

F Solvation effect: the solvation of the thiophosphorane
is less ef�cient
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l Analyze the hydrogen-bond pattern of thio-substitutions
of RNase A - CpA transition state-like complexes

F Transphosphorylation TS F Hydrolysis TS
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l 3 different thio-substitutions have been studied

Mono S2P Dithio Mono S1P
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l Molecular Dynamic Simulations within CHARMM

l Periodic Boundary Conditions

l Solvation: Rhombic dodecahedron (70.4 	A )

l Physiological ionic strengh of 0.15 mol/L

l Parameters for the phosphorane-types are taken from
Mayaan's1 paper

l � 24300 atoms system

l The system is equilibrated
for 120 ps

l The production phase
covers 6ns

1 J. Comput. Chem., 2007, 28, 495
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Occupancy = Total lifetime / production time

Aa
His 12 Lys41 Gln11 His119 Phe120

Water
H� 2 H� 1 H� 2 H� 3 H� 21 H� 1 HN

O20

Native 0.36 0.23 0.25 0.32
MonoS1P 0.18 0.03 0.23 0.15 0.561

MonoS2P 0.20 0.13 0.11 0.12 0.381

Dithio 0.11 0.28 0.25 0.14

O1P /S1P

Native 0.09 0.10 0.11 0.94 1.09
MonoS1P 0.08 0.13 0.13 0.47 1.44
MonoS2P 0.36 0.15 0.13 0.36 1.35

Dithio 0.10 0.12 0.06 0.87 1.30

O2P /S2P

Native 0.99 0.73 1.001

MonoS1P 0.99 0.00 0.42 0.911

MonoS2P 0.97 0.01 0.24 0.99 0.85
Dithio 0.99 0.17 0.98 0.88

O30

Native 0.05 0.52
MonoS1P 0.02 0.27
MonoS2P 0.01 0.44

Dithio 0.00 0.14

O50

Native 1.00 0.14
MonoS1P 1.00 0.33
MonoS2P 0.97 0.24

Dithio 0.99 0.42
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Occupancy = Total lifetime / production time

Aa
His 12 Lys41 Gln11 His119 Phe120

Water
H� 2 H� 1 H� 2 H� 3 H� 21 H� 1 HN

O20

Native 0.36 0.23 0.25 0.32
MonoS1P 0.18 0.03 0.23 0.15 0.561

MonoS2P 0.20 0.13 0.11 0.12 0.381

Dithio 0.11 0.28 0.25 0.14

O1P /S1P

Native 0.09 0.10 0.11 0.94 1.09
MonoS1P 0.08 0.13 0.13 0.47 1.44
MonoS2P 0.36 0.15 0.13 0.36 1.35

Dithio 0.10 0.12 0.06 0.87 1.30

O2P /S2P

Native 0.99 0.73 1.001

MonoS1P 0.99 0.00 0.42 0.911

MonoS2P 0.97 0.01 0.24 0.99 0.85
Dithio 0.99 0.17 0.98 0.88

O30

Native 0.05 0.52
MonoS1P 0.02 0.27
MonoS2P 0.01 0.44

Dithio 0.00 0.14

O50

Native 1.00 0.14
MonoS1P 1.00 0.33
MonoS2P 0.97 0.24

Dithio 0.99 0.42

1 One water molecule
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Occupancy = Total lifetime / production time

Aa
His 12 Lys41 Gln11 His119 Phe120

Water
H� 2 H� 21 H� 1 HN

O20

Native 0.36 0.80
MonoS1P 0.18 0.41 0.561

MonoS2P 0.20 0.36 0.381

Dithio 0.11 0.67

O1P /S1P

Native 0.30 0.94 1.09
MonoS1P 0.34 0.47 1.44
MonoS2P 0.64 0.36 1.35

Dithio 0.28 0.87 1.30

O2P /S2P

Native 0.99 0.73 1.001

MonoS1P 0.99 0.00 0.42 0.911

MonoS2P 0.97 0.01 0.24 0.99 0.85
Dithio 0.99 0.17 0.98 0.88

O30

Native 0.05 0.52
MonoS1P 0.02 0.27
MonoS2P 0.01 0.44

Dithio 0.00 0.14

O50

Native 1.00 0.14
MonoS1P 1.00 0.33
MonoS2P 0.97 0.24

Dithio 0.99 0.42

1 One water molecule
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l The stabilization of the phosphorane structures by
speci�c water molecules and bulk solvent effects are
analyze using Radial Distribution Functions of water
molecules around phosphorane.
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l Solvation is very sensible to thio-substitutions
l Reduction of the solvation of the active site
l Loss of structure of the �rst solvation layer and solvent int eractions at

thio-substituted positions
l O20 has a speci�c interaction with water molecules in mono-thio

subsituted models
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Occupancy = Total lifetime / production time

Aa
His 12 Lys41 Gln11 His119 Phe120 Lys7

Water
H� 2 H� 1 H� 2 H� 3 H� 21 H� 1 HN H� 1 H� 2 H� 3

O20

Native 0.13 0.12 0.15 0.19 0.551

MonoS1P 0.06 0.40 0.24 0.23 0.08
MonoS2P 0.28 0.00 0.00 0.01 0.02 0.931

Dithio 0.10 0.16 0.20 0.22

O1P /S1P

Native 0.21 0.14 0.22 0.86 1.47
MonoS1P 0.16 0.10 0.10 0.39 0.01 0.02 0.03 1.17
MonoS2P 0.04 0.32 0.33 0.24 0.46 1.21

Dithio 0.10 0.10 0.09 0.82 0.01 0.03 0.02 1.04

O2P /S2P

Native 1.00 0.00 0.85 0.991

MonoS1P 1.00 0.90 0.73
MonoS2P 0.88 0.14 0.87 0.89

Dithio 1.00 0.03 0.86 0.49

O30

Native 0.79 0.40
MonoS1P 0.51 0.37
MonoS2P 0.01 0.65

Dithio 0.13 0.10

O50

Native 0.88 0.19
MonoS1P 0.96 0.00 0.29
MonoS2P 0.02 0.13 0.00 1.00

Dithio 0.74 0.01 0.02 0.00 0.29
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Occupancy = Total lifetime / production time

Aa
His 12 Lys41 Gln11 His119 Phe120 Lys7

Water
H� 2 H� 1 H� 2 H� 3 H� 21 H� 1 HN H� 1 H� 2 H� 3

O20

Native 0.13 0.12 0.15 0.19 0.551

MonoS1P 0.06 0.40 0.24 0.23 0.08
MonoS2P 0.28 0.00 0.00 0.01 0.02 0.931

Dithio 0.10 0.16 0.20 0.22

O1P /S1P

Native 0.21 0.14 0.22 0.86 1.47
MonoS1P 0.16 0.10 0.10 0.39 0.01 0.02 0.03 1.17
MonoS2P 0.04 0.32 0.33 0.24 0.46 1.21

Dithio 0.10 0.10 0.09 0.82 0.01 0.03 0.02 1.04

O2P /S2P

Native 1.00 0.00 0.85 0.991

MonoS1P 1.00 0.90 0.73
MonoS2P 0.88 0.14 0.87 0.89

Dithio 1.00 0.03 0.86 0.49

O30

Native 0.79 0.40
MonoS1P 0.51 0.37
MonoS2P 0.01 0.65

Dithio 0.13 0.10

O50

Native 0.88 0.19
MonoS1P 0.96 0.00 0.29
MonoS2P 0.02 0.13 0.00 1.00

Dithio 0.74 0.01 0.02 0.00 0.29
1 One water molecule
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Occupancy = Total lifetime / production time

Aa
His 12 Lys41 Gln11 His119 Phe120 Lys7

Water
H� 2 H� 21 H� 1 HN

O20

Native 0.13 0.46 0.551

MonoS1P 0.06 0.87 0.08
MonoS2P 0.28 0.01 0.02 0.931

Dithio 0.10 0.58

O1P /S1P

Native 0.57 0.86 1.47
MonoS1P 0.36 0.39 0.06 1.17
MonoS2P 0.04 0.89 0.46 1.21

Dithio 0.29 0.82 0.06 1.04

O2P /S2P

Native 1.00 0.00 0.85 0.991

MonoS1P 1.00 0.90 0.73
MonoS2P 0.88 0.14 0.87 0.89

Dithio 1.00 0.03 0.86 0.49

O30

Native 0.79 0.40
MonoS1P 0.51 0.37
MonoS2P 0.01 0.65

Dithio 0.13 0.10

O50

Native 0.88 0.19
MonoS1P 0.96 0.00 0.29
MonoS2P 0.02 0.13 0.00 1.00

Dithio 0.74 0.03 0.29
1 One water molecule
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l Solvation is very sensible to thio-substitutions
l Reduction of the solvation of the active site
l MonoS2P model shows larger solvation than monoS1P model
l Loss of structure of the �rst solvation layer and solvent int eractions at

thio-substituted positions
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l His12 is key in stabilizing the excess of negative charge
of the atom at 2P equatorial non-bridging position
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l His12 is key in stabilizing the excess of negative charge
of the atom at 2P equatorial non-bridging position

l Interaction of Lys41 and His12 with O20 is highly
in�uenced by the type of thio substitution
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l His12 is key in stabilizing the excess of negative charge
of the atom at 2P equatorial non-bridging position

l Interaction of Lys41 and His12 with O20 is highly
in�uenced by the type of thio substitution

F In the transphosphorylation TS all the thio
compounds reduced the interactions

F In the hydrolysis TS

n Mono S1P

u Interaction with Lys41 is strengthed

u Interaction with His12 is weakened

n Mono S2P

u Interaction with Lys41 dissapears

u Interaction with His12 is strengthed
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l His12 is key in stabilizing the excess of negative charge
of the atom at 2P equatorial non-bridging position

l Interaction of Lys41 and His12 with O20 is highly
in�uenced by the type of thio substitution

l Thio substitutions could alter the propensity of
Lys41/His12 to act as acid catalyst
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l His12 is key in stabilizing the excess of negative charge
of the atom at 2P equatorial non-bridging position

l Interaction of Lys41 and His12 with O20 is highly
in�uenced by the type of thio substitution

l Thio substitutions could alter the propensity of
Lys41/His12 to act as acid catalyst

l Thio effects are relevant in the propensity of His119 to be
positioned as a good base catalyst in the hydrolysis
reaction
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l His12 is key in stabilizing the excess of negative charge
of the atom at 2P equatorial non-bridging position

l Interaction of Lys41 and His12 with O20 is highly
in�uenced by the type of thio substitution

l Thio substitutions could alter the propensity of
Lys41/His12 to act as acid catalyst

l Thio effects are relevant in the propensity of His119 to be
positioned as a good base catalyst in the hydrolysis
reaction

l Introduction of sulfur in the active site leads to poorer
solvation and less structured �rst solvation layer
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