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Enzyme-catalyzed group transfers
Transfer of an electrophilic group from one nucleophile to another

* Acyl group transfer
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Acyl group transfer to water: hydrolases
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Scope of reactions/physiological functions of proteases
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Digestive proteases- best characterized. Classes:
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Chymotrypsin-catalyzed hydrolysis of peptide
bonds: a case study that illustrates principles
of enzyme catalysis

« 25,000 Mr protease
* zymogen -> active form

» Cleaves peptide bonds adjacent to
aromatic AAs

* A serine protease

* Serine proteases are the most thoroughly
studied and understood class of enzymes
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Chymotrypsin

» Cleaves (hydrolyzes) peptide bonds
adjacent to aromatic AAs

Y )\[(W
W‘”’”H ” )\'(w

= Phe, Tyr, Trp
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Serine proteases: serine is a nucleophile. Attack of serine on peptide
bond generates a covalent acyl-enzyme intermediate
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Critical amino acid residues at the active site of chymotrypsin
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The active site of chymotrypsin
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Catalytic principles observed in chymotrypsin

* Ping-pong kinetic mechanism:
O o) o H)O O O s O
£+ R—& XLE.R &_x 2 e L g %E—&—R-Hzo B e Ri;E”’%—g—R

k1 N\

X

« HisS7: 2x general base, 2x general acid
* Two tetrahedral intermediates (transition states)
* Oxyanion hole stabilizes tetrahedral intermediates (TS)

* The pKa of “free” serine is 13.6! (6.6 units above phys.): how
can it serve as a nucleophile?
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Ser195
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Enzyme-catalyzed group transfers

* Phosphoryl group transfer
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Purposes of phosphorylated compounds

« Convert a poor leaving group to a good one
« Stabilizing structural element

* Increase H,O solubility of hydrophobic
molecules

 Offer reactive handle to biological catalysts
* Enzyme regulation

S. Ensign group transfer reactions

15



Phosphoryl group transfer. nomenclature

Inorganic phosphate: [0
OH H* OH H* o H* o9 36‘_,L0_ 3
HO—IL—OH —A HO—IL—O@—A HO—IL—O@—A @O—IL—O@ J)
g pKa=2.15 g pK5=6.82 g pKs=12.38 g ] b
O O
A phosphate group: 0 ﬁ o A phosphoryl group: _i_o'
O O
A phosphomonoester: R—O—i—d A phosphodiester: R—O i O—R,

O
A phosphoanhydride: © A phosphoramidate: r—N—b_o

O—T1T—0
o
O—T1v=0
o
Py
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Ry—X:

Nucleophile
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Phosphoryl group transfer

o
+ R1OILO@
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Product
o

Ho—b_0© Inorganic phosphate

©
R,—o—b_0© Alkyl phosphate

0 o
Rz—g—O—IL—O © Acyl phosphate

o
RZ—O—IL—O@ phosphoramidate

©  ©
R2_0_£_o_.£_o@ phosphoanhydride
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Scope of “phosphoryl” transfer reactions

C Phosphatase} Water is the acceptor
Phosphoryl _| e Ki
transfer Inase
__+ Mutase
Phosphoester | Phosphodiesterase water is the acceptor
transfer | o Nucleotidyl transferase A nucleophile other than water is the acceptor

Phosphorolysis « Phosphorylase

} A nucleophile other than water is the acceptor
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Scope of phosphoryl transfer reactions

* Phosphatase
— S/T; Y; dual specific
— Acid and alkaline (small molecules)

So Oo
R—O—IL—O@ +H0 —> R_o_H + Opg |J> O—H

: 4
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Scope of phosphoryl transfer reactions

 Kinase
—S/T, H, Y, D, C, small molecules

Co
R—O—IL—O@ +XH —> R_o—H + O9g IL O—X

4 4

Important examples from central metabolism: hexokinase, phosphofructokinase, pyruvate kinase,
creatine kinase, protein kinase a, phosphorylase kinase

20
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Scope of phosphoryl transfer reactions

 Mutase
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Alkylphosphoryl group (phosphoester) transfer reactions

 Phosphodiesterase
— DNAse, RNAse, phospholipase

* An alkylphosphoryl group is transferred
R, @O

ofl
3—o—|l>—o@ +H,0 — » R—O—H + R—O |L O—H

4
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Alkylphosphoryl group (phosphoester) transfer reactions

* Nucleotidyl transferase
— Example: ADP ribosyl transferase
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Chemistry of phosphoryl group transfer

* Which bond is broken? Isotopic labelling:

o Sle)
R—O—IL—O@ +HO0 —>= R_o—H + Opo |l> O—H
4 4
o Sle)
R—O—IL—O@ +H0 —>= Rr_o—H + Op J> O—H
§ §

* A phosphoryl group is transferred, NOT a phosphate group
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Chemistry of phosphoryl group transfer

* Possible mechanisms for phosphory!
group displacement

— Dissociative (Sy1)
— Associative (Sy2)
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Associative mechanism (S\2)

« Pentavalent intermediate or transition state?

Nu:
o) @ @
©
0 i O ¥ 4 N (=R
O 43\\ 4
Tetrahedral Pentavalent Tetrahedral
geometry geometry geometry

Stereochemical consequences?

Nu: 9 © O@ (_)@
© >|5< —R Nu--)’i--- —R — Nu—lf3< © + ROH
56, é@ e 5

Phosphoryl transfer reactions occur with inversion. This can be proven using “chiral” substrates with three isotopes of O present
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Associative mechanism (Sy2)
Compare to displacements at sp? and sp3 C centers
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Rules for formation and decomposition of pentacoordinate
intermediates of relevance to enzyme mechanisms
No pentavalent “intermediate” has ever been directly
observed or isolated

The Pentacovalent Phosphorus . .
Science 2003: 299 Intermediate of a Phosphoryl PNAS 2006 103. A Trojan horse transition state analogue generated
9 067-.2 071’ Transfer Reaction 14732-1 4737' by MgF; formation in an enzyme active site

1 £
Depsh D. ':hlfl. G iofen Z:'l Agll Nicola J. Baxter", Luis F. Olguin®, Marko Goli¢nik*$, Guogiang Feng", Andrea M. Hounslow!, Wolfgang Bermel/,
ebra Dunaway-Mari G. Michael Blackburn", Florian Hollfelder*'?, Jonathan P. Waltho™**, and Nicholas H. WilliamsTt*

Enzymes provide enormous rate enhancements nmatche d by y h yP "Departmen Biotechnolo rsity of Sheffield, Sheffield S10 2TN, United Kingdom; *Department of Biochemistry, University
of catalyst. The stabilization of high-energy states along the ordin: of Cambridge, Ca ted Kingdom: for Chemical Biology, Department of Chemistry, University of Shefield, sheffield §3 7HF,
is the crux of the enz) he El United Kingdom; al
structure of a hi nterm ed in
an enzyme. Crystalliza f ph ph ryl ted B-| ph ph gluc Wi , WI, @ M )
pre f the Mg(1l) of the sub: es gluc
or glt 6-phospha d ry l of h yme g( 6-
(b )ph ph e complex, wh h dff ted x to 1.2 and angstroms,
espectively. The structure bl d l h phor:
form d h e pho: ph ryl f fom h c(1o fgl (b )ph h
the eophilic arboxylate.

Nucleophiles approach and leaving groups depart from
axial positions
* 4-6 member rings will span axial-equatorial positions

Electronegative ligands prefer axial positions,
electropositive ligands prefer equatorial positions
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Phosphoryl group transfer to water: phosphatase

Mechanism showing the pentavalent transition state:

OD O—R C%//, 5 O@
/ (B H—A - H—0O-- 1/ —R . H—O |J> 0®
H— -
B—H" ~® H KR B—H" J:L+ A

Mechanism “shortcutting” the pentavalent transition state
o®

00 U7, o ko0
H— o/cg e 7 B—H' g+ A

H—O—R

Mechanistic considerations: identity of general acids/bases? Charge shielding and stabilization?
30
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Possible roles for a metal ion in charge shielding/stabilization

|\/|92+ //Il\/lg2+
M92+\O@ < &/
D6 IL 0—R 2o 'L 0—R Mg2+----@-0 IL 0—R
H—O / lb H—.Q'\/ gD H—0 / g)
B JH B:./)—| B _/H
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Examples of phosphoryl group transfer

Transfer of a phosphoryl group from ATP to an alcohol
(hexokinase)

Transfer of a phosphoryl group from one position to another in a
molecule (phosphoglyceromutase)

Substrate level phosphorylation (phosphoglycerate kinase,
pyruvate kinase)

Converting a poor leaving group to a good leaving group
(glutamine synthetase)

32
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Hexokinase mechanism showing pentavalent TS
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Hexokinase “shortcut” mechanism
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Phosphoglyceromutase
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Substrate level phosphorylation: phosphoglycerate kinase
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Substrate level phosphorylation: pyruvate kinase
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Converting a poor leaving group to a good leaving group: glutamine synthetase

S O O
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Phosphester group transfer: ribonuclease A

2',3’-cyclic phosphate intermediate

Two pentavalent transition states

— cyclization, hydrolysis

— 5-member ring spans axial, equatorial positions
Two base mechanism

In-line associative mechanism proposed for both the
cyclization and hydrolysis steps
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Ribonuclease A

40
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Ribonuclease A
« Formation of a 2’3’-cyclic phosphate intermediate

i © NH
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Ribonuclease A
« Hydrolysis of the 2’3’-cyclic phosphate intermediate

R\:) , /
? c \)\
\ o N
_O/ % : )
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Evidences for the mechanism

* model (honenzymatic) systems
— Polynucleotides with KOH: mix of 2" and 3’ phosphates. No 5" phosphate.

21
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Evidences for the mechanism
model (nonenzymatic) systems

— Cyclic intermediate with KOH: mix of 2" and 3’ phosphates

_A>_

Ty Tty

_é_ _é_
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Evidences for the mechanism
model (nonenzymatic) systems

— Deoxypolynucleotides with KOH: no hydrolysis

'o_leo
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Evidences for the mechanism
* Enymatic activity with:
— PCpN (poor substrate)

'O_EH_O o ¢ : T C
g : : o_ﬁ_o“ o
-O_'L:O H - 'o_lL:o H
N o]

— 5’-phosphocytidine 2’-3’cyclic monophosphate

OH OH
-O—IL—O C -O—IL—O

: 7%? - ! ??
X oo
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Purposes of phosphorylated compounds

« Convert a poor leaving group to a good one
« Stabilizing structural element

* Increase H,O solubility of hydrophobic
molecules

 Offer reactive handle to biological catalysts
* Enzyme regulation
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