The Mechanism of Chorismate Mutase

* Physical organic chemistry has found huge number of new problems in the
realm of enzymology.

* However, it is often overlooked that enzymes are simply macromolecular
catalysts, not black boxes.

* Both are governed by the same physical organic principals which can fully
describe the chemical processes mediated by the enzyme.



Cope versus Claisen Rearrangements
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[3,3] sigmatropic shifts favor chair-like transition states:

— Cope: AG =5.7 kcal / mol

— Claisen: AG = 3.0 kcal / mol |
Only a small change in activation energy is observed despite an overall 17 kcal /
mol exothermicity, suggesting an early transition state.

The decreased energy difference observed in the Claisen process is most likely
due to a looser transition state when compared to the Cope rearrangement.

Gajewski J. Am. Chem. Soc. 1979, 101, 6693.



Substituent Effects on the Claisen Rearrangement
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Table 1. Kinctie Data for Compounds {-6

temp alft, ast, Kyl
compd range, °C kealfmol calftmol Kj 100 °C
1 124174 27.08 ¢+ 0.09 -11.6 £ 0.2 .90
2 6G-118 2284 ¢ (.19 -1342 0.8 t1i
3 $5-101 22332020 -13.0: 0.6 270
4 Y- 140 22.58 £ 0.26 -18.0: 1.3 156
3 135-1858 28,76+ (.54 -11.2+1.2 0.11
6 113-173 2540+ 0.65 ~15.9+ 1.5 93]

Table 3. Predivtions of Qualitative Substitueni Btlects on the
Aliphiatic Claisen Rearrangeinent®
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e Installation of electron withdrawing
substituents accelerates the reaction

by:

- stabilizing the 2,5 diyl intermediate

- polarizing the substrate

e This leads to a greater degree of
bond formation in the transition state.

Carpenter J. Am. Chem. Soc. 1981, 103, 6983.



Claisen Rearrangements
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Relative to the parent Claisen rearrangement of allyl vinyl ether ( AVE ),

chorismate rearranges at a greatly enhanced rate, even in the absence of the

enzyme.

What structural factors contribute to the facility of this rearrangement?

— Conformation

— Electronic Perturbation

Gajewski J. Am. Chem. Soc. 1979, 101, 6693.
Smith Biochemistry 1973, 12, 3492.



Solution Structure of Chorismate
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NMR reveals an 88 : 12 mixture of
equatorial and axial conformers in H,O at
25°C.

In methanol, the increase in this ratio is
attributed to enhanced H-bonding
between the hydroxyl and carboxylate
groups.

This leads to a 100 fold attenuation in the
rate of the rearrangement.

This H-bond is responsible for the large
energetic difference between the
conformers in chorismate.
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Tuble Ul Conformational Preferences and Relative Rearrangement
Rites of Chorismic Acid, Chorismuate, and 4-0-Methylchorismate
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“Perdeuterio sulvents were used for NMR measurcments of confor-

mational equilibria,  Unlabeled solvents were used for rearrangenient

rate measurements. P25 °C. <30 °C 4 Bis(tetra-n-butylammonium)
\
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Knowles J. Am. Chem. Soc. 1987, 109, 5008.




Substituent Effects in Chorismate

Table tl. Relative Rate Constants for Rearrangement and
Elimination of Chorismate Analogues

compound Kog (rearr) Ko (elim)®
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2 AN rate constants determined in 2:1 »iv methanol/water at 73 °C.
¥ Instabiliny of compound C8 precluded accurate determination of rate
constants.

Formation of the esters leads to a
minor decrease in rate.

Again, installation of the hydroxyl
group leads to a drastic decrease in
rate.

However, these increases in the
rate of rearrangement are
counterbalanced by a loss of
stability towards elimination.

Gajewski J. Am. Chem. Soc. 1987, 109, 1170.



Isotope Effects in the Enzyme Catalyzed Reaction

He
Hr—$ " oo CO,
' 2
: 0 H
. ' . s
- H H boat
: OH
He -
( ‘ ; 010)
> Eas g . -~ HZ 2
fors (eens 02C O' o - Hs a
< N )
Figure 1. Rate of tritium Joss from incubations of enzymically produced” CO2 OH HaOH
1 Z3-19-*H [chorismate (0), {(£.7)-[9- ‘H}Lhun\malc (), and (£)-]9- 72 R —_— + R
‘H}L arismate (A) with chorismate mutase and pheaylpyruvaie amom- .
crase at pH <6, H H chair
OH
}4" o oo Mmm lﬁ(llup\ Hlu(\ un nu x\n'\ VI an dl 1y e lu munz xmm uf [\ lI 7.8 ] md {‘} e ('](.'lu'xi\':rlnL“ 9
posiiion ) eNtend nl cO, -
) ottt nen G Babed r r reaction ¢ A” A[ 72 /
I b [ N ) lii‘(lr;‘ !'.‘.l);$~ o .909 + Qg SO0 i. M 9 <) (!l 2
5 1.072 00l 0,908+ 0003 R
p 1.003 > 0.003 b 4R.3 G992+ )2 _
v D459 + 0.004 b 43,7 00 CO,
CHZY TR s (L0587 ¢ 0.003 RIS 2y POUR S G0 OH
s RCERE IR IR TTERS G983+ BOus RN
§ 6,884 > a.002 [IRE RN (TN 684
D985 0003 46.5 Lo} 2 = il 5

-

Y L6085 » 0005

Foangd r e s defined under Reauin,
\‘fih- \'t‘.:’\hl.lilun h Un\ Cane 111 SICHSTINN !h s zlu,» wifect i umm N

¥ Cader the comditions of the thermal reaction,
G onfy from the specilic radioactivity of (lu I8 nnmd mbnrn N

dhe witium L] s non stably bound in the product

EIE = 1.21 (75°)

Lack of KIE in enzymatic reaction suggests rearrangement is not the RDS.

Small inverse KIE ( ky / ky = 0.969 ) at 4 position is related to a conformational bias.

Knowles Biochemistry 1983, 22, 4494.



Structural Requirements for Catalysis
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Kegt =29 s™
ERA = 2.3 x 10°

no promotion

not an inhibitor
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Keat = 0.56 8™
ERA =2.0 x 10*

Km = ND
Keat = 0.35 57!
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Both carboxylates are required for
catalysis by the enzyme.

The contribution of the free hydroxyl
at C4 actually has a negative effect
on the reaction rate ( possibly a
conformation bias ).
The C4 oxygen functionality is not
required for catalysis, which:

— Casts doubt on Paths C and D

This leaves Paths A, B and E.

Berchtold J. Am. Chem. Soc. 1989, 111, 3374.



Crystal Structure of the Enzyme-Inhibitor Complex
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The enzyme is a monofunctional homotrimer.
Three binding sites exist in the interfaces between the individual chains.

The active site is identified by a positively charged wall flanked by some closely
spaced aromatic residues.

Little conformational change is observed around the active site upon binding of
the inhibitor.

Lipscomb Proc. Natl. Acad. Sci. 1993, 90, 8600.



Spatiotemporal Principle
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Two major structural changes exist between the gas phase transition state and

the enzyme bound transition state:
— AC-O=+0.03 A
- AC-C=-0.449 A
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which hus been defined as Cd of chorismare Gefer © Brene 1o
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structuee point Coan Pigore 5y The profile was constucted by
sequentiadly deletng wnno acid cesidues i decreasig onder of thes
distance fronn the veaction center wind recalenlatsng the eoerpy atter cach
defetion. Protein corresponds o the enerpy difference of the enme
stmulation sysieny “vacunin” relers o the epergy differcoce of the
systent after wll the MM atoms have been deleteds specific potnts have
been Libeled and correspond 1o the energy difference alter the espdue
indicated has heen deleted

This indicates that compression is an important part of catalysis, not only

conformational restriction.
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