transient formation of a catalyst-substrate covalent bond
The decarboxylation of acetoacetate, as chemically ¢
alyzed by primary amines, is an example of such a process
(Fig. 15-4). In the first stage of this reaction, the amine nu-

cleophilically attacks the carbonyl group of acetoacetate to
form a Schiff base (imine bond).

B. Covalent Catalysis k
(\Covalent catalysis involves rate acceleration through t:> <

H . H H
Nit G 0 =L} =
T : —_— ~— T iIN—4( :— = -
Vé/ INE N—C-=-0H N=C + OH
H
{ ~ Schiff
‘B H—A base

| The protonated nitrogen atom of the covalent intermediate
then acts as an electron sink (Fig. 15-4, bottom ) S0 as to re-
duce the otherwise high-energy enolate character of the tran-
sition state. The formation and decomposition of the Schiff

base occur quite rapidly, so that these Steps are not rate de
lermining in this reaction sequence)
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. ms are somewhat arbitrarily ol
an

: ch - ili i
TRCaC“On_-m: with either ““cleO[)l.IIhC catalysis o Eleqtm
- O.C.Curlt:;;’sis depending on which of these effe, "
philic cataly>®

L he greater driving force .fo.r the reaction, ¢
P\’?d?’: atalyzes its rate-determining step. The
which uatalyzed decarboxylation Qf ac;toagetate i
iglgl]ee;ophﬂicauy catalyzgd re:actlon Since its nUCleophil{c |

’ ;:»hase, Schiff base formation, 1S not ltS' rate-cletermimng
| step. In other covalently catalyzed reactions, however .
" nucleophilic phase may be rate determng. ‘
The nucleophilicity of a substance is closely relateg o

its basicity. Indeed, the mechanism of puclem
resembles-thatof general base catalysis except that, instead
of abstracting a proton from the substrate, the catalys
nucleophilically attacks it so as to form a co

Consequently, if covalent bond formation is the rate
determining step of a covalently catalyzed reaction, e
reaction rate tends

i to increase with the covalent catalyst

_ basicity (PK).

, O?L—_‘Hnbl BECL of covalent_catalysis is that [h.i

| -y e Covalent bond formed, the 1688?3/@)‘3 |

I cCompose in the 1; - A goe
CovaTent al steps of a teaction. A ¢ .
contradictc(z)lta I Cretore comﬁmcenlll]ié
biliy 1 g " OPETES of high nucleophilicity S -
feverse the b(r)n a.good leaving group, that is, 10 ealsqr"
iZabilitieS (hi nd fOrmation Step. Groups with high P° ‘nd |

| l0ng hy oile eleCtronS), such as imidazol6 ﬁod

o these Properties and hence mak®?

S.
> “iﬁ:;\gf;___-_

Ssiﬁe(1 |

Pro. -
Hhat i
S Clea),

|
4

valent bord
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peptidoglycan binds
in the active site

of lysozyme Sn2
Spl mech':nlsm
mechanism A‘
5 P G

(.lu

/ Sy
PO
CH,0H
O C() Cl, ()” C_

S

Asp%? acts as @ covalent
catalyst, directly
displacing the GlcNAC

A rearrang sement
produces A g lycosyl ()

I /—I GleNAc viaan$ 2 mechanism.
A G ) A L. O s
(
;:,:h.,.m-.llm displaced I I|I N\ O &_ GlcNAc to facilitate its
GIcNAC oxygen and departure.
facihitates its departure AcN 1 AcN | 0,_H
. Oy Oin i - OY, : ,
Llysozyme Y / ) q OH
Asp®?  CH,0H Asp e 2
L 0.
”\P H
@ “()/J H H ”()
H NAc
— First product _m— Flfo F"‘JdUCt
Gluds T F Glu?® \»\u\
o — o o-=h. e M
N\ ¢
N\, Glycosyl \' Covalent
1 ﬁ carbocation : H intermediate
H intermediate
R ‘OY,O o AN A-oY,o —
Asp™? . N Asp®? 4

@1;1]20 érHZO

/__’G‘l;;;\\ '/‘ //";; 1u35 - |
V. A O / A

| s R O/‘9. cnss—— { <—““‘<-.. ,.0 O .___,—»":
. —Q I
General base catalysis N\ N Glu35 acts as a general
by Glu?" facilitates the \\C" O—1 \| f’ O—H base catalyst to facilitate
attack of water on the H /] the S\2 attack of water,
plycosyl carbocation to H displacing Asp52 and
form product, i
p AcN 00 AcN generating product.
o O, /O e .00
X Y ’ Y

g TN L Asp J,«: —
—— e !l,.;sozyme‘
4

Covalent

intermediate

RO AcN gt 0,5, com . bour?d m.the
Second product Y A active site

e

\ Asp52 3 }/

(a)

:‘fiiHANISM FIGURE 6-28 Lysozyme reaction. In this reaction (described
the toxt), lhu wnor introduced into the product at C-1 of Mur2Ac is in

tha ea

(b)

pathway (right) is the mechanism most consistent with current data
(b) A surface rendering of the lvensuma arbim ~ie .

Al s
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‘3 Nearly one-third of all known enzymes require the presence
;‘,’,’,}’}Eﬁons for catalytic activity. There are two classes of
netal ion—requiring enzymes that are distinguished by the
strengths of their ion—protein interactions:

7 Metalloenzymes contain tightly bound metal ions,
st commonly transition metal ions such as Fe?", Fe’*,
Cut, , Mn?*, or Co®*.

) Metal-activated enzymes loosely bind metal ions
?'m solution, usually the alkali and alkaline earth metal

. + 24 2+
ions Na®, K, Mg, or Ca™".

Metal ions participate in the catalytic process in three
major ways: N -

Aﬂding to substrates so.as to orient them prop-
i);fo/rfeaction. : : |
7By mediating oxidation-reduction reactions through
reversible\changes in the metal ion’s oxidation state.
3By electrostatically stabilizing or shielding negative

charges. J A

] ~

'~
.
-

’In this section we shall be mainly concerned with the
third aspect of metal ion catalysis. The other forms of
fa“tlyme-mediated metal ion catalysis are considered in
enzer chapters in conjunction with discussions of specific

yme mechanisms. e

Scanned by CamScanner



 a/Metal Ions Promote Catalysis through
Charge Stabilization

In many metal 1on— catalyzed reactions, the metal ion
acts 1n much the same way as a proton to neutralize neg-
ative charge, that is, it acts as a Lewis acid. Yetfnetal ions
are often much more effective catalysts than protons because
metal ions can be present in high concentrations at neutral

pH’s and can have charges greater than +1. Metal ions have
therefore been dubbed “superacids.”
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The decarboxylation of dimethyloxaloacétlate, as cat-
aﬁ-ze. d by metal jons such as Cu?* and Ni*", is a nonenzy-
matic example of catalysis by a metal ion:

M W0~
0 ~O0CH, O |
b \CI*L
V4 &/ 3 ‘
O CH, O~ -
Dlmethyloxaloacet_z_i_be l
J\’ COZ
r .M’.H' , o
—0 07 - CH,
N\ AJ/
\/ c—C=2¢
/ \
-0 CH.,
— H*
Y
o) 9) CH
\ 0/
C—C—CH’/ + M™*
g =\
0 CH,

Here the metal ion (M""), which is chelated by the di-
methyloxaloacetate, electrostatically stgbilizes the devel-
oping enolate ion of the transition state.)This mechanism
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late 0Xaloacelale Icyuie a mvuas e

b, Metal Tons Promote Nucleophilie Catalysis

_~ia Water-Ionization
akes Its hound water molecules

metal ion’s charge m s
more acidic than free H,O and therefore a source o f
le, the water mol-

ions even below neutral pH’y. For example,
ecule of (NH;)sCo’*(H,0) ionizes according to the reac-

tion:
" (NH;)sCo**(H,0) = (NH,)sCo®*(OH") + H’

with a pK of 6.6, which is ~9 pH units below the pK of
free H,O. The resulting metal ion—bound hydroxyl group

is a potent nucleophile.

Qtn instructive example of this phenomenon OCCUIS in
thecatalytic mechanism of carbonic_anhydrase (Section

10-1C), a widely occurring enzyme that catalyzes the
reaction:

CO, + H,0 = HCO; + H*

Carbonic anhydrase contains an essential Zn** ion that lies
at the bottom of an ~15-A-deep active site cleft (Fig. 8-41),
where it is tetrahedrally coordinated by three evolution-
arily invariant His side chains and an O atomof either an
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{1 v s W

. a water moleculg}?i
o o ]_5-5(1 or a wd : g 5.
HCO; 101 (r'f]:; the fo)llowing catalytic meChanisp,. %)

ater molecule bound to the -
" the Zn? " ion’s fourth liganding position (E, g 15-5p Thil:
lZnt]t;f":polarized H,O ionizes in a process facilitated thrOUgh

1 N 1 €Cgia?
general base catalysis by His 64 in 1ts “In™ conformg,,

Lk
Although His 64 is too far away from the Zn""-boung 4

ter to directly abstract its proton, these entities are linkeg

by two intervening water molecules to form a hydmgen
bonded network that 1s thought to act as a proton shutte

A
A

Zn2t—Im

W We begin withaw

Ny

H—N

AN
H—NQN“H ‘0—H :0—H :0:

| ’Im—— %n2+ —Im
|
Im

His 64
Im = imidazole
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+_hound OH™ 10n nucleg

Phil;
tically bound CO,, the Icq)|

. 2
The resulting Zn o all
YC()n‘

" attacks the nearby enzyma
verting 1t 10 HCO3.

Im 0
. N
Im—Zn’t-0_ -+ ﬁ
Im H CO
I|m '
i
=t Im H ey
/ - g
Im fn gate
- "‘2 o » o \ﬂ" ‘ /O/
" _fIm—-Zln ’-f—-c,)“ ol 4 H—_O_C\
| Im H = | O:

Im = imidazole

In doing s0, the Zn**-bound OH™

. on the substrate CQO
t }ragile Catalytic site ig re by
e ~-bound HCOj;

|
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= P
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with the deprotonation of His (ﬂPn the latter process, His
64 swings L0 its “out™ conformation (Fig. [5-5b), which may
litate proton transfer to the bulk solvent,

facl
A{f\[ctal Ions Promote Reactions through
L/Charg(ﬂ: Shlelding _ -
Another important enzymatic function of metal 1ons is
charge shielding. For example, the actual substrates of

kinases (phosphoryl-transfer enzymes utilizing ATP) are
Mg "-ATP complexes such as

| Mgt
Adenine—Ribose—O—P—0—P—0—P—0O—
T e

rather than just ATP. Here, the Mg?* ion’s role, in addi-
tion to its orienting effect, is to shield electrostatically the
negative charges of the phosphate g@ep;sgl)therwise, these
charges would tend to repel the electreapairs of attacking
nucleophiles, especially those with anionic character.
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The Enolase Reaction Mechanism Requires Metg lone

3 A 1 i ;_’;(l f',' ; Lre g
\nother glyeolyvtic enzyme, enolase, cal 1y 7z (e

reversible dehvdration ol Z2-phosphoglyecrate te) Py

phoenolpyruvate:

0
@) /O O v 4
i 0O (}; (H)
F (: ()~ r’) ..... () ___.___':;1" (l],' - ‘()' "l])"' () + Hz()
HO-CH, O CH, ©O
2-Phosphoglycerate Phosphoenolpyruvate

The reaction provides an cxample of the use of an Cnzy.

matic cofactor, in this case a metal ion (an example of

coenzyme function is provided in Box 6-3). Yeast ene.

lase (M, 93,316) is a dimer with 436 amino acic residues

per subunit. The enolase reaction illustrates one type of

metal ion catalysis anc provides an additional example

of general acid-base catlalysis and transition-state stabi-

lization. The reaction occurs in Lwo steps (Fig. 6-26a).

[First, Lys™ acts as a general base catalyst, abstracting

a proton from C-2 of Z-phosph()gly(:erat,(}; then Glu®"

acls as a general acid catalyst, donating a proton to the
—OH leaving group. The proton at C-2 of 2-phospho-
glycerate is not acidic and thus Is quite resistant to its
removal by Lys™. However, the electronegative oxygen
atoms of the adjacent, carboxyl group pull electrons
away from C-2, making the altached protons somewhat
more labile. In the active site, the carboxyl group of
Z-phosphoglycerate undergoes strong ionic interactions
with two bound Mg®" ions (Fig. 6-26h), strongly
enhancing the electron withdrawal by the carboxyl.
Together, these effects render the C-2 protons suffi-
ciently acidje (lowering the [_)I\’:,) so that one can be
abstracted to initiate the reaction. As the unstable eno-
late intermediate is formed, the metal ions further act Lo
shield the two negative charges (on the carboxyl oxy-
Jen atoms) that, ransiently exist in close proximity (0
cach other. Hydrogen bonding to other active-site
amino acid residues also contributes to the ()verzl_“
mechanism. The various interactions effectively stabl-
lize both (he enolate intermedijate and the transitiol
state preceding its formation,
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(a) Lys345 abstracts a
proton by general
base catalysis. Two
Mg?* ions stabilize
the resulting enolate
intermediate.

Enolase / _,

2-Phosphoglycerate bound to enzyme

Glu?' facilitates

Mg2+ PO%~ \  elimination of the
\‘ri\ | \ -OH group by
_'/'0\ (l) III i general acid
24+ g | catalysis.
Mg YR /
\\0 C()H W, HOU
H —™NHO, 0 - 7 _
_ N+
H—N"™—H \c/ e
Lys345 G1u211

Enolate intermediate

d
o)
Y TN
o’ H

Phosphoenolpyruvate
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’&atalysis through Proximity and

Orientation Effects

Although enzymes employ catalytic mechanisms that re-
semble those of organic model reactions, they are far more
catalytically efficient than these models. Such efficiency
must arise from the specific physical conditions at enzyme
catalytic sites that promote the corresponding chemical re-
actions. The most obvious effects are proximity and
orientation: @eacmnts must come together with the proper
spatial relationship for a reaction to occur. For example, in
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the bimolecular reaction of imidazole with p-nilmphcnyl-
acelate,

(Il) ﬂ /

\d CHjy— e Y- NO,

-
g /
( p-Nitrophenylacetate

N (p-NOybAc)
§ 7 0

1NI'I
/ Imidazole

lkl \/
0]

| ,
CH;—C +v 0 NO,

|
N.
N
\\ > p-Nitrophenolate
: NH

(p-N02¢O 7)

N-Acetylimidazolium

the progresé- of the reaction is conveniently monitored by
the appearance of the intensely yellow p-nitrophenolate

ion:
d[p-NO,$O~
2 ,[P;,IZ?J = kj[imidazole][p-NO,;pAC] [15.4]
N = ki[p-NOybAc]

’/ a—

where & = phenyl. Here ki, the pseudo-first-order rate
constant, is 0.0018 s "when [imidazole] = 1M, However,

for the intramolecular reaction

0)
Il
C

\ NH \/

the first-order rate constant k, = 0.043 s7!; that is, k, =
24k!. Thus, when the 1M imidazole catalyst is covalently
: attached to the reactant, it is 24-fold more effective than
when it is free in solution; that is, the imidazole group in
the intramolecular reaction behaves as if its concentration
is 24 M. This rate enhancement has contributions from both

proximify and ori'e‘th’aTiaﬁ‘,']’_—'x—”
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