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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
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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

l Catalyzes the hydrolysis of 3',5'-phosphodiester linkage
of RNA at the 5'-ester bond of pyrimide and purine bases
in a two-step reaction: transphosphorylation and
hydrolysis
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l It is 11 orders of magnitude over the uncatalyzed
reaction ( � 15 Kcal/mol).

1. Transphosphorylation: Gives pyrimidine
2',3'-cyclic phosphate.

2. Hydrolysis: The hydrolysis of the cyclic phosphate
gives a terminal 3'-phosphate.



Transition State
Introduction

RNase A

Reaction

Transition State

Diff. Mechanisms

Method

Results

Conclusions

February 21, 2008 Hydrolitic Cleavage of Phosphodiester Bonds – 4/ 38

Both steps occur via transition states having a pentavalent
phosphorus atom with a trigonal bipyramid geometry.
Transphosphorylation
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l It is a concerted general acid-base catalysis



General Accepted Mechanism
Introduction

Diff. Mechanisms
Standard
Mechanism
Breslow's
Mechanism
Haydock's
Mechanism
Lopez's
Mechanism

Method

Results

Conclusions

February 21, 2008 Hydrolitic Cleavage of Phosphodiester Bonds – 5/ 38

l Imidazole side chain of His 12 acts as a base

F Abstracts a proton from 2'-oxygen

F Facilitates 2'-oxygen attack on the phosphorus atom
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l Imidazolium side chain of His 119 acts as an acid

F Protonates the 5'-oxygen

F Facilitates 5'-oxygen displacement
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1. Imidazole side chain of His 12 acts as a base

2. Imidazolium side chain of His 119 acts as an acid

3. The two products are released to solvent
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1. Imidazole side chain of His 12 acts as a base

2. Imidazolium side chain of His 119 acts as an acid

3. The two products are released to solvent

4. The slow hydrolysis of 2',3'-cyclic phosphate occurs in a
separate process that resembles the reverse of
transphosphorylation

l His 119 acts as a base

F Abstracts a proton from the nucleophile

F Facilitates the nucleophilic attack on the
phosphorus atom

l His 12 acts as an acid

F Protonates 2'-oxygen
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1. Imidazole side chain of His 12 acts as a base

2. Imidazolium side chain of His 119 acts as an acid

3. The two products are released to solvent

4. The slow hydrolysis of 2',3'-cyclic phosphate occurs in a
separate process that resembles the reverse of
transphosphorylation

l His 119 acts as a base

l His 12 acts as an acid

5. Both transitions states are dianionic
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l The transphosphorilation step occurs in two steps
1. step

F Imidazolium side chain of His 119 protonates the
phosphate

F Imidazole side chain of His 12 deprotonates
2'-oxygen

F A monoanionic phosphorane is formed
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l The transphosphorilation step occurs in two steps
1. step

2. step

F Imidazole side chain of His 119 removes the
proton on the phosphoryl oxygen

F Delivers it to 5'-oxygen
F Facilitates the displacement of the leaving group



Breslow's Mechanism
Introduction

Diff. Mechanisms
Standard
Mechanism
Breslow's
Mechanism
Haydock's
Mechanism
Lopez's
Mechanism

Method

Results

Conclusions

February 21, 2008 Hydrolitic Cleavage of Phosphodiester Bonds – 8/ 38

l The transphosphorilation step occurs in two steps
1. step

F Imidazolium side chain of His 119 protonates the
phosphate

F Imidazole side chain of His 12 deprotonates
2'-oxygen

F A monoanionic phosphorane is formed

2. step

F Imidazole side chain of His 119 removes the
proton on the phosphoryl oxygen

F Delivers it to 5'-oxygen
F Facilitates the displacement of the leaving group

l The slow hydrolysis of 2',3'-cyclic phosphate occurs in a
separate process that resembles the reverse of
transphosphorylation
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l An alternative mechanism for the �rst step of Breslow's
proposed transphosphorylation
F Imidazolium side chain of His 119 hydrogen bonds to

a phosphoryl oxygen, instead of giving up its proton
F Imidazole side chain of His 12 deprotonates

2'-oxygen
F Imidazolium side chain of His 12 protonates a

phosphoryl oxygen
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l An alternative mechanism for the hydrolysis step
F His 119 acts as a base

n The imidazole side chain abstracts a proton from
the nucleophile

n Facilitates the nucleophilic attack on the
phosphorus atom

F Lys 41 acts as an acid (instead of His 12)

n Protonates 2'-oxygen
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l Different models of RNase A –
2'-deoxycytidyl-3',5'-deoxyadenosine (d(CpA)) complex
are studied by MD Simulations
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l Different Bound Substrates
F Reactant Model

F Transphosphorylation
Transition State Mimic

F Hydrolysis Transition
State Mimic
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l Transphosphorylation and Hydrolysis transition state
mimics are studied by QM/MM simulations

l AM1/d-PhoT semiempirical Hamiltonian is applied

l GHO atoms are used as boundary atoms

l Umbrella Sampling is used for the dynamics

F Window width = 0.2 	A

F Each window is

1. Minimize for 1500 steps

2. Heat for 20 ps

3. Equilibrate for 15 ps

4. Produce for 15 ps

F Time Step = 0.5 fs
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l Molecular Dynamics

F Hydrogen bond study

F Time evolution of different residues of interes

l QM/MM Simulations

F Potential Energy Surfaces of different Reaction
Coordinates
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l Molecular Dynamics

F Hydrogen bond study

F Time evolution of different residues of interes

l QM/MM Simulations

F Potential Energy Surfaces of different Reaction
Coordinates

F Potential of Mean Force of different Reaction
Coordinates
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l The movement of H� 2 is studied from His 12 to O2' axial
oxygen as R(PX-O2') distance is enlarge.

F R.C.a = R[N� 2-H� 2] - R[H� 2-O2']

F R.C.b = R(PX-O2')

l NOE restraint:

F 1.5 � R(PX-O5') � 1.97 	A
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l 2.7 � R.C.b � 2.5 	A

F The proton moves from O2' to His 12
F For one R.C.a value before H� 2 binds His 12, O2X

equatorial oxygen is protonated by His 119

F Once His 12 is cationic, His 119 hydrogen bonds O5'
axial oxygen
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l R.C.b = 2.4 	A

F The proton binds �rstly O2', secondly O2X, thirdly
His 12 and �nally O2X again.
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l R.C.b = 2.4 	A

F The proton binds �rstly O2', secondly O2X, thirdly
His 12 and �nally O2X again.

F When H� 2 is bonded to His 12, O2X equatorial
oxygen is protonated by His 119

0.6 0.5 0.4 0.3 0.2 0.1 0.0 -0.1 -0.2 -0.3 -0.4-0.5 -0.6
RCa  = (Ne2 -- He2) - ( O2'  -- He2) 

0.9

0.95

1

1.05

1.1

1.15

D
is

ta
nc

e 
(Å

)

NE2-HE2 (his12)
HE2-O2'
HE2-O2X



His12 H� 2�! O2' + PX – O2'
Introduction

Diff. Mechanisms

Method

Results

Trans.TS Mimic

b)His12
H� 2�! O2'

u)His12
H� 2�! O2X

b)His12
H� 2�! O2X

Hydr.TS Mimic

b)His12
H� 2�! O2'

u)His12
H� 2
�! O2X

u) PX – O2'

Conclusions

February 21, 2008 Hydrolitic Cleavage of Phosphodiester Bonds – 17/ 38

l R.C.b = 2.4 	A

F The proton binds �rstly O2', secondly O2X, thirdly
His 12 and �nally O2X again.

F When H� 2 is bonded to His 12, O2X equatorial
oxygen is protonated by His 119

F O2' is protonated by Lys 41, when O2X is protonated
by H� 2 and R.C.a = -0.5 and -0.6 	A
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l R.C.b = 2.3 	A

F The proton binds �rstly O2' and secondly O2X

0.6 0.5 0.4 0.3 0.2 0.1 0.0 -0.1 -0.2 -0.3 -0.4-0.5 -0.6
RCa  = (Ne2 -- He2) - ( O2'  -- He2) 

0.9

0.95

1

1.05

1.1

1.15

D
is

ta
nc

e 
(Å

)

HE2-O2'
HE2-O2X

PX-O2' = 2.3 Å

F When O2X is protonated, Lys 41 hydrogen bonds
O2' axial oxygen while His 119 hydrogen bonds O5'
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l 2.2 � R.C.b � 1.6 	A

F The proton is all the time with O2X equatorial oxygen
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l Conclusions:
F His 12 takes H� 2 when R.C.b � 2.4 	A and if His 119

protonates O2X equatorial oxygen
F When R.C.b � 2.2 	A

n O2X equatorial oxygen is protonated all the time
by H� 2 =) monoanionic
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l The movement of H� 2 is studied from His 12 to O2X
equatorial oxygen

F R.C. = R[N� 2-H� 2] - R[H� 2-O2X]

l NOE restraints:

F 1.5 � R(PX-O5') � 1.97 	A

F 1.6 � R(PX-O2') � 2.00 	A
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l The movement of H� 2 is studied from His 12 to O2X
equatorial oxygen

F R.C. = R[N� 2-H� 2] - R[H� 2-O2X]

l NOE restraints:

F 1.5 � R(PX-O5') � 1.97 	A

F 1.6 � R(PX-O2') � 2.00 	A

l Problems:

F R(PX-O5') > 3.0 	A
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l Conclusions:
F The 2',3'-cyclic is monoanionic
F O5' is protonated by His 119
F His 12 is cationic
F Lys 41 is hydrogen bonding O1X
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l The movement of H� 2 is studied from His 12 to O2X
equatorial oxygen as R(PX-O5') distance is enlarge.

F R.C.a = R[N� 2-H� 2] - R[H� 2-O2X]

F R.C.b = R(PX-O5')
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l 1.6 � R.C.b � 3.5 	A

F The proton moves from His 12 to O2X equatorial
oxygen

F PX-O2' distance is between 1.6 and 1.7 	A
F Lys 41 distance to O2' increases from 1.9 to > 2.8 	A

as R.C.b increases
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l 1.6 � R.C.b � 1.8 	A
F His 119 is cationic and it is hydrogen bonding O5'

l 1.7 � R.C.b � 1.9 	A
F O1X equatorial oxygen is protonated by Lys 41 for

some dynamics where His 12 and His 119 are
cationic



His12 H� 2�! O2X + PX – O5'
Introduction

Diff. Mechanisms

Method

Results

Trans.TS Mimic

b)His12
H� 2�! O2'

u)His12
H� 2�! O2X

b)His12
H� 2�! O2X

Hydr.TS Mimic

b)His12
H� 2�! O2'

u)His12
H� 2
�! O2X

u) PX – O2'

Conclusions

February 21, 2008 Hydrolitic Cleavage of Phosphodiester Bonds – 23/ 38

l 1.6 � R.C.b � 1.8 	A
F His 119 is cationic and it is hydrogen bonding O5'

l 1.7 � R.C.b � 1.9 	A
F O1X equatorial oxygen is protonated by Lys 41 for

some dynamics where His 12 and His 119 are
cationic

l R.C.b = 1.9 	A
F His 119 swings between protonate O5' axial oxygen

or maintain the proton
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l 1.6 � R.C.b � 1.8 	A
F His 119 is cationic and it is hydrogen bonding O5'

l 1.7 � R.C.b � 1.9 	A
F O1X equatorial oxygen is protonated by Lys 41 for

some dynamics where His 12 and His 119 are
cationic

l R.C.b = 1.9 	A
F His 119 swings between protonate O5' axial oxygen

or maintain the proton

l 2.0 � R.C.b � 3.5 	A

F O5' axial oxygen is protonated by His 119

F Lys 41 is hydrogen bonding O1X equatorial oxygen
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l Conclusions:
F O2X equatorial oxygen is never protonated or

hydrogen bond by His 119
F His 12 is cationic when:

1. R.C.b � 2.0 	A , O1X equatorial oxygen is
hydrogen bonded by Lys 41

2. R.C.b � 1.9 	A , O1X equatorial oxygen is
protonated by Lys 41
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l The movement of H� 2 is studied from His 12 to O2' axial
oxygen as R(PX-O2') distance is enlarge.

F R.C.a = R[N� 2-H� 2] - R[H� 2-O2']

F R.C.b = R(PX-O2')

l NOE restraint:

F 1.5 � R(PX-O3T) � 1.9 	A
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l 1.9 � R.C.b � 2.1 	A

F The proton moves from His 12 to O2X equatorial
oxygen instead of to O2' axial oxygen

F While H� 2 is bonded to His 12, one of the equatorial
oxygens is protononated by His 119 (O2X) or Lys 41
(O1X)
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l 1.9 � R.C.b � 2.1 	A

F The proton moves from His 12 to O2X equatorial
oxygen instead of to O2' axial oxygen

F While H� 2 is bonded to His 12, one of the equatorial
oxygens is protononated by His 119 (O2X) or Lys 41
(O1X)

F Once H� 2 is bonded to O2X equatorial oxygen

n His 119 hydrogen bonds O3T axial oxygen

n Lys 41 hydrogen bonds O2' axial oxygen and
O1X equatorial oxygen
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l 2.2 � R.C.b � 2.3 	A
F The proton moves from His 12 to O2X equatorial

oxygen instead of to O2' axial oxygen
F Neither His 119 or Lys 41 protonates an equatorial

oxygen when His 12 is cationic
F Lys 41 is a bit nearer O2' axial oxygen than O1X

equatorial oxygen
F His 119 is not hydrogen bonding O2X



His12 H� 2�! O2' + PX – O2'
Introduction

Diff. Mechanisms

Method

Results

Trans.TS Mimic

b)His12
H� 2�! O2'

u)His12
H� 2�! O2X

b)His12
H� 2�! O2X

Hydr.TS Mimic

b)His12
H� 2�! O2'

u)His12
H� 2
�! O2X

u) PX – O2'

Conclusions

February 21, 2008 Hydrolitic Cleavage of Phosphodiester Bonds – 28/ 38

l 2.2 � R.C.b � 2.3 	A
F The proton moves from His 12 to O2X equatorial

oxygen instead of to O2' axial oxygen
F Neither His 119 or Lys 41 protonates an equatorial

oxygen when His 12 is cationic
F Lys 41 is a bit nearer O2' axial oxygen than O1X

equatorial oxygen
F His 119 is not hydrogen bonding O2X
F When R.C.a = 0.7 	A , H� 2 bonds O2' axial oxygen
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l Conclusions:
F R.C.b < 2.2 	A the TS mimic is monoanionic

n If His 12 is cationic, Lys 41 or His 119 protonates
an equatorial oxygen

n If His 12 is neutral, H� 2 protonates the equatorial
oxygen

F When R.C.b � 2.2 	A
n If His 12 is cationic, the TS mimic is dianionic
n If His 12 is neutral, the TS mimic is monoanionic
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l Conclusions:
F R.C.b < 2.2 	A the TS mimic is monoanionic
F When R.C.b � 2.2 	A

n If His 12 is cationic, the TS mimic is dianionic
n If His 12 is neutral, the TS mimic is monoanionic
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l The movement of H� 2 is studied from His 12 to O2X
equatorial oxygen

F R.C. = R[N� 2-H� 2] - R[H� 2-O2X]

l Restrains:

F NOE: 1.5 � R(PX-O3T) � 2.00 	A

F RESD: R(PX-O2') - R(PX-O3T) = 0.2 	A
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l Results:
F The average distance of PX-O2' = 1.90 	A and

PX-O3T = 1.712 	A
F When His 12 is cationic

n Lys 41 protonates O1X equatorial oxygen when
R.C. = -0.65 	A

n His 119 and Lys 41 hydrogen bond the equatorial
oxygens
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l The enlargement of the PX - O2' distance is studied from
1.6 	A to 2.9 	A

F R.C. = R[PX - O2']

l NOE restraint:

F 1.5 � R(PX-O3T) � 2.00 	A
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l 1.6 � R.C. � 1.7 	A
F The phosphorane structure is broken (PX-O3' > 3.0

	A)
F O2X is protonated by His 12
F O3' is protonated by O3T
F His 119 and Lys 41 are cationic
F There is a water molecule between O2X and His 12
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l 1.8 � R.C. � 2.2 	A
F O2X equatorial oxygen continue protonated by His12
F Lys 41 is hydrogen bonding O2' axial oxygen
F His 119 and Lys 41 are cationic
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l 1.8 � R.C. � 2.2 	A
F O2X equatorial oxygen continue protonated by His12
F Lys 41 is hydrogen bonding O2' axial oxygen
F His 119 and Lys 41 are cationic

l R.C. = 2.3 	A
F O2' axial oxygen is protonated by His 12
F Lys 41 is hydrogen bonding O1X equatorial oxygen
F There is a water molecule between His 12 and O2X
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l R.C. = 2.4 	A
F O2X equatorial oxygen is protonated by His 12
F Lys 41 is hydrogen bonding O2' axial oxygen
F His 119 is hydrogen bonding O3T
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l R.C. = 2.4 	A
F O2X equatorial oxygen is protonated by His 12
F Lys 41 is hydrogen bonding O2' axial oxygen
F His 119 is hydrogen bonding O3T

l R.C. = 2.5 	A
F O2X equatorial oxygen is protonated by His 12
F O2' axial oxygen is protonated by Lys 41
F His 119 is hydrogen bonding O3T
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l 2.6 � R.C. � 2.9 	A
F O2' axial oxygen is protonated by His12
F Lys 41 is hydrogen bonding O1X
F His 119 is hydrogen bonding O3T
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l From the data we have obtained, we can conclued:
F The transphophorylation TS mimic is monoanionic
F The hydrolysis TS mimic is monoanionic
F However, the mechanisms are not clear

n Transphosphorylation mechanism
u His 12 abstracts the proton from O2'

1. Prior protonation of O2X equatorial
oxygen by His 119

2. Protonation of O2X equatorial oxygen by
His 119

3. Protonation of O1X equatorial oxygen by
Lys 41

u His 119 donates a proton to O5'
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l From the data we have obtained, we can conclued:
F The transphophorylation TS mimic is monoanionic
F The hydrolysis TS mimic is monoanionic
F However, the mechanisms are not clear

n Transphosphorylation mechanism

n Hydrolysis mechanism

u His 119 abstracts the proton from the
nucleophile

u Sometimes

1. O2X equatorial oxygen is protonated by
His 119

2. O1X equatorial oxygen is protonated by
Lys 41

3. O2' axial oxygen is protonated by Lys 41
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l Umbrella Sampling dynamics with different reaction
coordinates:

F O2X H� 2�! O2' + PX – O2'

F His 12 H� 2�! O2X + PX – O2'

F His 12 H� 2�! O2X + O5' – PX – O2'

l Ab-initio calculations of a small part of the system

l QM/MM simulations with DFT of some points of the
obtain PMFs.

l MD simulations of di-thio and mono-thio substitutions.
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