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C atalysis is an important process in chemistry and enzymology. The rate acceleration for any catalyzed reaction is the differ-
ence between the activation barriers for the uncatalyzed (AG,,,*) and catalyzed (AG,,.") reactions, which corresponds to the
binding energy (AGs* = AGy." — AGyo") for transfer of the reaction transition state from solution to the catalyst. This transi-
tion state binding energy is a fundamental descriptor of catalyzed reactions, and its evaluation is necessary for an understanding
of any and all catalytic processes. We have evaluated the transition state binding energies obtained from interactions between
low molecular weight metal ion complexes or high molecular weight protein catalysts and the phosphate group of bound sub-
strate. Work on catalysis by small molecules is exemplified by studies on the mechanism of action of Zn,(1)(H,0). A binding energy
of AG* = —9.6 keal/mol was determined for Zn,(1)(H,0)-catalyzed deavage of the RNA analogue HpPNP. The pH—rate pro-
file for this deavage reaction showed that there is optimal catalytic activity at high pH, where the catalyst is in the basic form
[Zn,(1)(HO™)]. However, it was also shown that the active form of the catalyst is Zn,(1)(H,0) and that this recognizes the C2-oxygen-
ionized substrate in the deavage reaction. The active catalyst Zn,(1)(H,0) shows a high affinity for oxyphosphorane transition state
dianions and a stable methyl phosphate transition state analogue, compared with the affinity for phosphate monoanion sub-
strates. The transition state binding energies, AG,*, for deavage of HpPNP catalyzed by a variety of Zn®* and Eu®>" metal ion
complexes reflect the increase in the catalytic activity with increasing total positive charge at the catalyst. These values of AG*
are affected by interactions between the metal ion and its ligands, but these effects are small in comparison with AG,* observed
for catalysis by free metal ions, where the ligands are water. Enzymes are unique in having evolved mechanisms to effectively
utilize binding interactions with nonreacting fragments of the substrate in stabilization of the reaction transition state. Orotidine
5’-monophosphate decarboxylase, a-glycerol phosphate dehydrogenase, and triosephosphate isomerase catalyze dissimilar decar-
boxylation, hydride transfer, and proton transfer reactions, respectively. Each enzyme derives ca. 12 kcal/mol of transition state
stabilization from protein interactions with the nonreacting phosphate group, which is larger than the highest ~10 kcal/mol tran-
sition state stabilization that we have determined for small-molecule catalysis of phosphate diester deavage in water. Each of these
enzymes catalyze the slow reaction of a truncated substrate that lacks the phosphate group, and in each case, the reaction of the
truncated substrate is strongly activated by the allosteric binding of the second substrate “piece” phosphite dianion, HPO,>~. We
propose a modular design for these enzymes with a dlassical active site that recognizes the reactive substrate fragment and a sep-
arate phosphodianion binding site. The second site is created, in part, by flexible protein loops that wrap around the substrate
phosphodianion group and bury the substrate in an environment with an optimal local dielectric constant for the catalyzed reac-
tion and with the most favorable positioning of the catalytic side chains. This design is easily generalized to a wide variety of

enzyme-catalyzed reactions.
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Introduction

Linus Pauling noted that catalysis in general, and by enzymes
in particular, will result from the development of tight inter-
actions between the catalyst and the transition state for the
catalyzed reaction.’ This is shown by the transition state bind-
ing energy, AGs* (Scheme 1). Catalysis by most enzymes is so
efficient that release of products would be strongly rate-de-
termining if they were to bind with the same affinity as the
transition state. Consequently, enzymes show a large discrim-
ination and bind their substrates/products much more weakly

than the reaction transition state (Scheme 1).2
The Pauling paradigm has a particular appeal when trying

to explain catalysis to students. On the other hand, there are

issues that must be addressed if this model is to be accepted
as a starting framework for explaining enzyme catalysis. These
include the following:

(1) Recently, Zhang and Houk wrote: “While complementar-
ity of the type proposed by Pauling can account for accel-
eration up to 11 orders of magnitude, most enzymes
exceed that proficiency.”® They therefore proposed that
enzymes “achieve over 15 kcal/mol of transition state bind-
ing not merely by a concatenation of noncovalent effects
but by covalent bond formation between enzyme or cofac-
tor and transition state, involving a change in mechanism
from that in aqueous solution.”

(2) There are only small differences in the structure of the sub-
strate/product and the transition state for many enzyme-
catalyzed reactions. The origin of the large differential
binding of these species is generally unknown.?

(3) Enzymes are large molecules that undergo many types of
motion, some of which may be coupled to catalysis. Fur-
ther, catalysis of chemical reactions must ultimately be
explained at the level of quantum mechanics. Since nei-
ther protein dynamics nor quantum mechanics are central
to the Pauling paradigm, more sophisticated models for
catalysis might either use this paradigm as a starting point
or as a specialized example or, in the most extreme case,
discard it entirely.

Our goal as experimentalists has been to characterize the
mechanisms for catalysis by small metal ion complexes and
by larger enzymes where much or all of the catalytic power is
derived from the utilization of phosphate binding energy. We
summarize here the results of this work and provide an inter-
pretation of our results within the framework of the Pauling
model.
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Phosphate Diester Cleavage

The design of catalysts to cleave RNA has considerable intel-
lectual appeal, along with potential to produce RNA cleavage
reagents that have practical applications.* ® J. R. Morrow and
co-workers have shown that lanthanide(lll) complexes are effi-
cient catalysts of the cleavage of RNA,”® and they have exam-
ined cleavage of the 5' cap of mRNA by several metal
ion—macrocycle complexes.® Recent collaborative work
between the Morrow and Richard laboratories has focused on
characterizing the rate acceleration for catalysis by metal ion
complexes and defining the origin of the catalytic rate
acceleration.

Kinetic Analyses. An examination of the literature sug-
gested to us that the laboratory time expended in the synthe-
sis of novel metal ion catalysts of RNA cleavage often
exceeded the time spent in characterizing their Kinetics and
mechanism of action. In particular, it is difficult to compare the
catalytic activity of metal ion complexes prepared in differ-
ent laboratories, because there is no commonly agreed upon
protocol for measuring and reporting the Kinetic parameters
for catalysis. Our initial goal was to develop such a protocol
for reporting Kkinetic data for metal ion complex-catalyzed
phosphate diester cleavage in water at 25 °C, in the hope that
it might be adopted by other laboratories.

We have reported second-order rate constants k. for the
catalyzed cleavage of HpPNP, UpPNP, and UpU to form cyclic
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FIGURE 1. pH-rate profiles for cleavage of HpPNP catalyzed by
HO™ and Zn(ll) complexes in water at 25 °C:'° (#) Kopeq (577 fOr
spontaneous HO -catalyzed cleavage; (M), ky,. (M~' s~ for
cleavage catalyzed by Zn(2)(H,0); (®), kye (M~' s7) for cleavage
catalyzed by Zn,(1)(H,0); (v), ratio of k,,. for cleavage catalyzed by
the dinuclear (k) and mononuclear (K,,ono) Zn(ll) complexes.
phosphate diesters. These rate constants are generally deter-
mined as the slopes of linear plots of Ky, (S~ ') for phosphate
diester cleavage against the catalyst concentration. The rate
constant ky,. has the same units (M~' s~') and meaning as
k'K fOr an enzyme-catalyzed reaction. Values of k. deter-
mined at Buffalo and elsewhere can be directly compared in
order to provide a simple and meaningful measure of the cat-
alytic activity of different metal ion complexes or of their activ-
ity relative to enzyme catalysts.

The catalytic effectiveness of a variety of metal ion com-
plexes was then evaluated over a broad range of pH. Figure
1 shows representative pH—rate profiles for the Zn,(1)(H,O)-
and Zn(2)H,O-catalyzed cleavage of HpPNP and for the spon-
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taneous specific-base-catalyzed cleavage of HpPNP.'° These
profiles show that the complex between HpPNP and the fully
protonated catalyst is inactive and that this complex is con-
verted to the active form upon loss of a proton. Maximal activ-
ity is observed at high pH, where the metal-bound water of
the free catalyst is ionized. The pH— and pD—rate profiles for
catalysis of the cleavage of HpPNP, UpPNP, and UpU by a
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broad range of mono- and dinuclear catalysts are also gov-
erned by ionization of a metal-bound water, as shown in
Scheme 2.9 The data in Figure 1 and that for related cat-
alyzed reactions show a good fit to eq 1 derived for Scheme
2, which gave values of K, similar to those determined by
potentiometric titration.'®

anKa
K,+[H"]

Me —

(1)

Figure 1 shows that the relative activity of Zn,(1)(H,0) and
Zn(2)(H,0) as catalysts of the cleavage of HpPNP depends
upon whether the observed second-order rate constants ke
are compared at high or low pH. There is only a 12-fold dif-
ference in the apparent reactivity of the dinuclear complex and
the mononuclear complex at high pH. This difference
increases to 290-fold for reactions at low pH because the
downward break in catalytic activity is observed at a higher pH
for Zn(2)(H,0), as a result of the 1.2 unit higher pK, for ion-
ization of the zinc-bound water at Zn(2)(H,O) than of that at
Zn5(1)(H,0)."°

The high catalytic activity of Zn5(1)(H5O) is notable because
tethering two mononuclear Zn** complexes to form a
dinuclear complex often causes only a statistical ca. 2-fold
increase in catalytic activity.'®> The X-ray structure of crystals
(grown at pH 6.0) of the perchlorate salt of Zn,(1)(H,O) shows
that the two Zn>" are separated by only 3.66 A, due to shield-
ing of the electrostatic interaction between the metal cations
by the bridging alkoxide.'® The interactions between the two
Zn?* and the linker alkoxide anion draw the metal cations
into a densely charged core, which provides a particularly
large electrostatic stabilization of the dianionic transition state
for phosphate diester cleavage.'®'>

Transition State Binding Energies

Our next goal was to obtain a simple measure of catalytic
effectiveness from our kinetic data. The rate accelerations
for the catalyzed cleavage of HpPNP, given by eq 2 derived
for Scheme 3, were calculated from the relative displace-
ment of the parallel lines for the formally HO -catalyzed
cleavage (®, Figure 1) and the HO ™ -dependent metal ion
complex catalyzed reactions (® and W), where K is the ion-
ization constant for the metal-bound water and K,, = 10~ '*
M?.2° The transition state binding energies of AGs* = —9.6
and —5.9 kcal/mol for the reactions catalyzed by
Zn,(1)(H50) (K, = 1077-% M) and Zn(2)(H,0) (K, = 1079-> M)
respectively, correspond to (1.1 x 107)-fold and (2.2 x
10%-fold rate accelerations over the specific-base-catalyzed
reaction.'®2° Zn,(1)(H,0) is an extremely impressive small
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SCHEME 3
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molecule catalyst. Metal ion complexes with even higher
catalytic activity in water?' and in methanol®? have been
prepared.

KoK /K
AGSF = AGy, — AGyo' = —RTln[M]

kHO

Figure 2 shows the transition state binding energy as the
difference in the activation barrier for HO -catalyzed cleav-
age of an RNA analogue and for the metal ion complex-cat-
alyzed reaction, which is also an HO ™ -dependent reaction (eq
2). The calculation of AGs* compresses extensive Kinetic data
into a single parameter that provides a direct measure for cat-
alytic activity at neutral pH, where the catalyst is largely pro-
tonated. We have determined the values of AGs* for a wide
variety of metal ion complex-catalyzed reactions and used
these data to evaluate the effect of changing catalyst and sub-
strate structure on catalytic activity.'14.16.18720

Active Form of Catalyst

The pH dependence (Figure 1) of the uncatalyzed and cata-
lyzed cleavage of HpPNP at pH less than the catalyst pKj,
shows that under these conditions a proton is lost from the
catalyst or substrate on proceeding to the rate-determining
transition state. This Kinetic analysis cannot distinguish
between (a) the loss of proton from the substrate, in which
case Zn,(1)(H,O) is the active catalyst and (b) the loss of a pro-
ton from the catalyst, in which case the active form of the cat-
alyst is Zn,(1)(HO™), whose concentration approaches a limit
at pH > pK, (Scheme 2).'%12

Analysis of inhibition of the Zn,(1)(H,O)-catalyzed cleav-
age of HpPNP shows that methylphosphate dianion binds to
Zn5(1)(H50) with a 1600-fold higher affinity than does dieth-
ylphosphate monoanion.?® This strong and specific binding of
the stable dianion resembles the specific binding of the dian-
jonic transition state for cleavage of HpPNP to Zn,(1)(H50),
with an affinity that is much greater than that of the substrate
monoanion.'® We concluded that methyl phosphate dianion
is a transition state analogue for the Zn,(1)(H,0)-catalyzed
cleavage of phosphate diesters.?*
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FIGURE 2. Bar graph that shows the barrier for HO™-promoted
phosphate diester cleavage in water (AG,o", green bar), the barrier
for the metal ion complex-catalyzed hydroxide ion-promoted
reaction (AGy,.*, green bar), and the binding energy for the
transition state for the aqueous HO -promoted reaction (AGs).
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Apparent inhibition constants, K;, for inhibition of Zn,-
(1)(H,0)-catalyzed cleavage of HpPNP by methyl phosphate
dianion approach a limiting small value of 6 x 10~° M for for-
mation of a tight complex at low pH, where the catalyst exists
mainly in the protonated form Zn,(1)(H,0).? These data (not
shown) were fit to the model in Scheme 4 in which the tran-
sition state analogue dianion binds to the active protonated
catalyst, Zn,(1)(H,0), but not to the ionized catalyst
Zn5(1)(HO™). We concluded that Zn,(1)(H50O) is the active cat-
alyst that stabilizes the transition state dianion and that it is
converted to the inactive form Zn,(1)(HO™) when the pH is
increased above pK, = 7.8. Deprotonation of Zn,(1)(H,O) may
inactivate the catalyst by changing the favorable displacement
of the water ligand by the substrate phosphate monoanion to
an unfavorable reaction for the displacement of the strongly
basic hydroxide ion ligand.

A change in solvent from H,O to D,O causes an increase
from 7.8 to 8.4 in the pK, of the zinc-bound water at
Zn,(1)(L,0) (Scheme 2), but has little effect on the reactivity of
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Zn,(1)(L,0) toward cleavage of UpPNP.'? Therefore, there is
no primary kinetic solvent deuterium isotope effect on the
cleavage reaction that results from movement of a hydron in
the rate-determining transition state,"# such as occurs in reac-
tions where there is concerted general base catalysis (GBC,
Scheme 5A). We concluded that the phosphate diester cleav-
age reaction follows the specific-base-catalyzed (SBC) path-
way shown in Scheme 5B.

We have proposed that the SBC pathway is observed for
catalysis by these metal ion complexes because of the dom-
inant role played by electrostatics in stabilization of the tran-
sition state for cleavage of RNA analogues by interactions with
the metal ion complex catalyst (Scheme 5B).' In other words,
that the “covalent’-type stabilization gained by placing the
Bronsted base at the transition state for the GBC reaction
(Scheme 5A) is smaller than the electrostatic stabilization lost
upon partial neutralization of negative charge at the now
partly protonated O-2.

Structure—Reactivity Effects

We next used the above kinetic protocols to examine the
effect of systematic changes in the metal cation, ligand, and
substrate structure on the transition state binding energy AGS*
(Scheme 3) for reactions catalyzed by free metal ions and by
metal ion complexes.

Ligand Effects. Chart 1 shows transition state binding
energies (AGs*, Scheme 3) for catalysis of the cleavage of
HpPNP by several mononuclear Zn** complexes and by
hydrated Zn>*.'® By comparison, a value of AGs* = —3.3
kcal/mol was determined for Zn**-catalyzed deprotonation of
acetone,?® where Zn?* interacts with a monoanionic rather
than a dianionic transition state. A value of AGs* = —6.1 kcal/
mol was determined for Zn**-catalyzed aldose—ketose

CHART 1
Zn(2)(H0) Zn(3)(H,0) Zn(H.0)s Zn(4)(Hx0)  Zn(5)(H.0)
[\ —.OH RS \H OH, 20K H/ ),
HQL N O ° B H.O. } OH . \ N, O
~7Zn Ho0;==-2Zn%* : P i W 1,0F=-Zn
H \/ H\/H - HN M
-5.9 -5.7 -6.6 -7.4 7.4

AGgF (kcal/mol) S = HpPNP
isomerization of trioses, where there is additional stabiliza-

tion of the transition state from a chelate effect (Scheme 6).2°

SCHEME 6
+
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CHoOH CHZOH CHoOH

Zn** alone is a good catalyst of the cleavage of HpPNP
(Chart 1). However, it is not possible to obtain large rate
constants for this catalyzed cleavage at high pH, because of
the sparing solubility of hydrated Zn?*. Ligands 2—5
strongly enhance catalysis by increasing the total concen-
tration of soluble metal cation. The small variation in AGS*
across Chart 1 suggests a similar origin for the transition
state stabilization, which we propose is mainly stabilizing
electrostatic interactions between the metal cation and tran-
sition state dianion.'®

Chart 1 shows that macrocycle ligands either increase or
decrease the catalytic activity compared with the case where
there is no ligand but that the effect on AGs* is no more than
1 kcal/mol. The formation of Zn** complexes has the effect
of shifting positive charge from Zn** to the electron-donor
ligand atom so that the weakest complexes will tend to show
the highest charge density at Zn**. The complexes of Zn*" to
macrocycles 4 and 5 are substantially weaker than the com-
plexes to 2 and 3, but the weakly bound Zn** at the former
complexes shows the greater catalytic activity (Chart 1).'® The
higher activity of Zn(4)(H,0) and Zn(5)(H,O) may be due to the
larger positive charge density at the more weakly coordinated
Zn**, and the resulting enhancement of stabilization from
electrostatic interactions with the dianionic transition state.'®

Cation Effects. The second-order rate constants for
cleavage of HpPNP catalyzed by Cu,(1)(H,0) (Chart 2) are
much smaller than those for catalysis by Zn,(1)(H,O) under
the same conditions and are invariant between pH 7 and
10."* The X-ray crystal structure for Cu(1)(H,0) shows a
bridging alkoxide linker and a Cu(ll)—Cu(ll) distance of 3.58
A,27 similar to that observed in the crystal structure for
Zn,(1)(H,0).'° The structure for Zn,(1)(H,0) shows one
hexacoordinated and one pentacoordinated Zn(ll),'® while
the structure for Cu,(1)(H,O) shows two pentacoordinated
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CHART 2
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Cu(l1).2” We proposed that the coordination site missing
from Cu,(1)(H,O) is essential for the efficient binding and
catalysis of the reaction of HpPNP.

The larger absolute transition state binding energy of AGs*
= 9.8 kcal/mol for cleavage of HpPNP catalyzed by Eu(lll)
(mainly [Eu(OH,)e]**)"® in water than for cleavage catalyzed
by hydrated Zn*" in water (AGs* = 6.6 kcal/mol, Chart 1)'8 is
probably due to the stronger stabilizing electrostatic interac-
tion of a trication than of a dication with the transition state
dianion. Chart 3 gives the values of AGs" for catalysis of cleav-
age of HpPNP by mononuclear Eu(lll) complexes of 6'® and
7,'9 and for a dinuclear complex that forms by spontaneous
dimerization of [Eu(6)(OH,),]" at pH > 7.5.'®

CHART 3

AGgt (kcal/mol)

S = HpPNP

The absolute value of AGs* = 8.6 kcal/mol for catalysis by
[Eu(7)(OH,),]?" is only 1.2 kcal/mol larger than that observed
for the most active mononuclear Zn(ll) catalysts (Chart 1).
Apparently, the larger number of donor groups to Eu(lll) at
[Eu(7)(OH>),]** compared with mononuclear Zn(ll) catalysts act
to attenuate the 3.2 kcal/mol larger transition state stabiliza-
tion that is observed for catalysis by Eu(lll) when all the ligands
are water. The 1.5 kcal/mol larger absolute value of AGs* for
[Eu(7)(OH,),]3* than for [Fu(6)(OH,),]" shows that there is a
small increase in the catalytic efficiency with increasing total
positive charge at the catalyst available to interact with the
transition state dianion. Finally, the similar transition state
binding energies for catalysis by [Eu(6)(OH,),]* and [Eus-
(6)-(OH)(OH,),]" provide evidence that the two metal ions in
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the dimeric complex operate independently in catalyzing the
cleavage of HpPNP.

Specificity. There are significant differences in the rate
accelerations for the Zn,(1)(H,O)-catalyzed cleavage of RNA
analogues and a dinucleoside monophosphate that reflect the
different specificities of the dinuclear complex Zn,(1)(H,O) for
transition state binding (Chart 4).'%'"'72% The binding “site”
at this catalyst has not been characterized; however, it should
not show strong shape complementarity to any of these sub-
strates. We proposed other origins for the range of transition
state binding energies shown in Chart 4.

CHART 4
HpPNP UpPNP UpU UpOCH,CCIl; UpOEt
3-Uridine 3-Uridine 3'-Uridine 3'-Uridine
i Q U -:“,) 0
% P-0 i Osp- 0-P-0 0-P-0
SOPNP < OPNP Dd-Uridine: O H,CCl, © OCH,CH,
-9.6 -7.2 -9.3 -71 -9.3

AGg* (kcal/mol) Cat = Zn,(1)(H,0)

(1) The difference between AGs* = —9.6 and —7.2 kcal/mol
for catalysis of cleavage of HpPNP, a minimal substrate,
and of the more bulky substrate UpPNP, respectively, sug-
gests that close approach of the phosphate diester to the
metal cations is required for effective catalysis and that
there is steric hindrance to the approach of the larger sub-
strate UpPNP to Zn,(1)(H,0).""

(2) The difference between AGs* = —9.3 and —7.1 kcal/mol
for catalysis of cleavage of UpOEt and UpOCH,CCl;, respec-
tively, is a consequence of the different Brgnsted parame-
ters pig = —1.28 and —0.72 for the specific-base-catalyzed
and Zn,(1)(H,0)-catalyzed cleavage reactions.'”-?® This cor-
responds to the neutralization of an effective transition
state charge of ca. 0.56 units by interactions between the
catalyst and the leaving group anion.?° These data show
that there is stabilization of the transition state for cleav-
age of UpOEt from interaction of the cationic catalyst with
both the reacting phosphate core and the strongly basic
alkoxy leaving group.

(3) The difference between AGs* = —9.3 and —7.2 kcal/mol
for catalysis of cleavage of UpU and UpPNP, respectively,
is due partly or entirely to transition state stabilization by
interaction of the catalyst with the strongly basic alkoxy
leaving group at UpU. There may also be a weak nonspe-
cific interaction between the catalyst and the second pyri-
midine base at UpU.2°



Lessons from Studies on Small Molecule
Catalysis

The high catalytic activity of Zn,(1)(H,O) arises from strong
stabilizing binding interactions (AGs*, Scheme 3) between the
dianionic transition state and the densely charged cationic
core of Zn,(1)(H,0).'° No concerted general base catalysis of
phosphate diester cleavage is observed, presumably because
anything gained from such catalysis is offset by an even larger
reduction in the electrostatic stabilization of the transition state
(Scheme 5).

A distinguishing feature of these metal ion complex-cata-
lyzed reactions is their large discrimination between the bind-
ing of the substrate phosphate diester monoanion (weak) and
of the oxyphosphorane-like transition state dianion° and the
methyl phosphate dianion transition state analogue (strong).*>
These results provide evidence that transition state stabiliza-
tion by mononuclear and dinuclear metal ion complexes is
due largely to electrostatic interactions, which are optimal for
the dianionic transition state and transition state analogue. In
other words, good catalysis of the cleavage of phosphate
diesters in water has been obtained relatively easily because
of the intrinsically strong stabilizing interactions between
densely charged metals and phosphate dianions. The total
transition state binding energy AG<* can be modified by inter-
actions between the metal ion and its ligands, but these effects
are small in comparison with the transition state stabilization
observed for catalysis by free metal ions, where the ligands
are water (Chart 1).

Enzyme Catalysis

A major difference between small molecule and enzyme cat-
alysts is that the latter have evolved mechanisms for utiliza-
tion of the binding interactions between the protein and
nonreacting portions of the substrate in stabilization of the
transition state for the catalyzed reaction.? The transition state
binding energies of up to —10 kcal/mol observed for cataly-
sis of the cleavage of phosphate diesters are due mainly to
electrostatic interactions between the catalyst and the phos-
phate group, which is the reaction center. We have observed
even larger transition state stabilizations of ca. 12 kcal/mol
from utilization of the binding energy between enzyme cata-
lysts and the nonreacting phosphodianion group of substrates
for enzyme-catalyzed proton transfer, hydride transfer, and
decarboxylation reactions.3'33

Reactions of Triosephosphates

Triosephosphate isomerase (TIM) is a prototypical catalyst of
proton transfer at carbon (Chart 5). This enzyme catalyzes the
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stereospecific 1,2-hydrogen shift at (R)-glyceraldehyde 3-phos-
phate (GAP) to give dihydroxyacetone phosphate (DHAP). A
single base (Glu-165) catalyzes suprafacial proton transfer
through a cis-enediol(ate) intermediate.>* The ratio of second-
order rate constants (Ka/Kp)oap/Keat/Ki)oa = (2.4 x 108 M™!
s 1/(0.34 M~ s7') = 7 x 108 for the TIM-catalyzed isomer-
ization of GAP and of (R)-glyceraldehyde shows that binding
interactions between the enzyme and the phosphodianion
group of GAP provide =12 Kkcal/mol of transition state stabi-
lization.?> This may account for all but 2 kcal/mol of the tran-
sition state stabilization for TIM-catalyzed isomerization of
GAP.35’36

CHART 5
Triosephosphate Isomerase

© nY oH
E-co, MNg© H O E-CO,
T E-CO,H .JEOH 0

OP032- OP032- OP032>
GAP DHAP
Holistic Substrate Two-Part Substrate
H O H o)
0 I;II Q I
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700-fold activation by the binding of phosphite dianion

The value of (Ka/Kim)ay = 0.26 M~" s~ for TIM-catalyzed
exchange of deuterium from solvent D,O into the truncated
substrate glycolaldehyde is similar to (Kc./Km)ca = 0.34 M™!
s~ for isomerization of (R)-glyceraldehyde.®' The deuterium
exchange reaction of glycolaldehyde is strongly activated by
addition of the second substrate “piece” phosphite dianion,
HPO5?". The data give (Kea/Km)e.upi = 185 M~ ' s~ for turn-
over of glycolaldehyde by TIM that is saturated with phos-
phite dianion, so binding of phosphite dianion to TIM results
in a 700-fold rate acceleration of proton transfer from car-
bon. The two substrate pieces, glycolaldehyde and HPO5?",
each bind weakly to TIM, and there is a large “chelate” effect
for binding of the whole substrate GAP (Chart 5).3'37 The
binding of HPO5?~ to free TIM (K4 = 38 mM) is 700-fold
weaker than its binding to the fleeting TIM - transition state
complex (K45 = 53 uM, Scheme 7). This corresponds to an
intrinsic phosphite dianion binding energy of —5.8 kcal/mol
(Scheme 7).3"

The proton transfer reaction catalyzed by TIM occurs in an
active site at which the substrate is sequestered from
solvent.3839 We proposed a model for catalysis by TIM in

Vol. 41, No. 4 = April 2008 = 539-548 = ACCOUNTS OF CHEMICAL RESEARCH = 545



Phosphate Binding Energy and Catalysis Morrow et al.

SCHEME 7
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\'OH H |
HTY 0
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which part of the total intrinsic binding energy of the phos-
phodianion group of substrate is utilized to drive a protein
conformational change that sequesters the substrate at an
active site with an apparent dielectric constant substantially
lower than that of solvent and with the catalytic groups opti-
mally organized to stabilize the transition state for deproto-
nation of a-carbonyl carbon.3'4°

SCHEME 8
Ha on NADH NAD® L H o
\Eo LZ, H{OH
0P OPO 2

The whole substrate DHAP is reduced by NADH to give L-glyc-
erol 3-phosphate in a reaction catalyzed by a-glycerol phosphate
dehydrogenase (Scheme 8).*' The ratio (keq/Kin)prap/KeatKimaiy
=(1 x 10 M " s 1/(0.009 M~ " s7") = 1.1 x 108 for rabbit
muscle o-glycerol phosphate dehydrogenase-catalyzed reduc-
tion of DHAP and glycolaldehyde gives an intrinsic phosphate
binding energy of —11 kcal/mol, which is similar to that for
TIM.23 We find that phosphite dianion is also a powerful activa-
tor of enzyme-catalyzed reduction of the truncated neutral sub-
strate glycolaldehyde by NADH.?3 X-ray crystallographic analysis
of human o-glycerol phosphate dehydrogenase provides evi-
dence that the phosphate binding energy of the substrate is used
to drive the closure of a loop over the substrate.*’

Orotidine 5'-Monophosphate
Decarboxylase (OMPDC)

OMPDC is a remarkable enzyme that effects an enormous
10"7-fold acceleration of the chemically very difficult decar-
boxylation of orotidine 5'-monophosphate (OMP, Chart 6)
to give uridine 5'-monophosphate (UMP).*? The enzymat-
ic*3 and nonenzymatic** decarboxylation reactions pro-
ceed through the vinyl carbanion intermediates.
Comparison of the X-ray crystal structures of free yeast
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OMPDC and that complexed with the transition state ana-
logue 6-hydroxyuridine 5'-monophosphate shows that
ligand binding results in a large motion to “close” the active
site with the formation of numerous protein—ligand con-
tacts, including five hydrogen bonds to the phosphodian-
ion group.*> The phosphodianion at OMP, or at any
phosphorylated enzymatic substrate, may simply “anchor”
the substrate to the enzyme, or the enzyme conformational
change effected by the small remote group may directly
assist in the creation of an active site that provides opti-
mal transition state stabilization.

CHART 6
o OMP Decarboxylase
”N)i “”Ji
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OH OH OH OH
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(koK )pemp; = 1600 Mgl

80,000-fold activation by the binding of phosphite dianion

ke/Km=94x 106 M 157!

The intrinsic binding energy of the phosphodianion group
of OMP, calculated from the ratio of second-order rate con-
stants k. /K., for the OMPDC-catalyzed reactions of OMP (9.4
x 10° M~" s7")*® and the truncated substrate 1-(3-p-erythro-
furanosyl)orotic acid (EO, 2.1 x 107> M~ " s7")32is —12 kcal/
mol (Chart 6). The weak binding of the EO (K4 ~ 0.1 M) and
phosphite dianion (K = 0.14 M) pieces to OMPDC is striking
in view of the tight binding of the whole substrate OMP (K,
= 1.6 uM).37*5 Decarboxylation of EQ is strongly activated by
phosphite dianion, with (Key/Ki)e. et = 1600 M~' s~ for turn-
over of EO by OMPDC that is saturated with HPO527, so the
binding of this dianion to OMPDC results in an 80000-fold
acceleration of decarboxylation.?? The binding of HPO;*~ to
OMPDC (K4 = 0.14 M) must also be 80000-fold weaker than
its binding to the fleeting complex of OMPDC with EO in the
transition state (K, = 1.8 uM, Scheme 7). The total intrinsic
binding energy of HPO;%~ at the transition state complex is
therefore —7.8 kcal/mol. This is divided into the small —1.2



kcal/mol binding energy observed in the ground-state com-
plex and an additional —6.6 kcal/mol interaction that devel-
ops on proceeding to the transition state for enzyme-catalyzed
decarboxylation of EOQ.%32

The Pauling Paradigm

Our studies have shown that the interactions between non-
reacting phosphodianion fragments of substrate and the
protein provide an 11-12 Kkcal/mol stabilization of the tran-
sition states for proton transfer, hydride transfer, and decar-
boxylation reactions. Therefore, enzymes that catalyze the
reactions of small phosphorylated substrates such as GAP
and DHAP have a potential transition state binding energy
of —12 kcal/mol. The medium-sized phosphorylated sub-
strate OMP interacts with OMPDC via its phosphodianion,
ribose sugar ring, and nucleic acid base portions and exhib-
its a transition state binding energy far in excess of —15
kcal/mol that was proposed as the limit on noncovalent
enzyme catalysis.>*?

Pyridoxal 5'-phosphate (PLP) provides impressive covalent
catalysis of the deprotonation of a-amino acids to form a-amino
carbanions.*” However, the large rate acceleration for proton
transfer obtained by recruitment of this cofactor can be also
obtained by protein catalysts, such as proline racemase. This
enzyme provides a 19 kcal/mol stabilization of the transition
state for deprotonation of enzyme-bound proline by interaction
with the protein catalyst.*® Our proposal that “pure protein catal-
ysis” of deprotonation of amino acids results from the binding of
the amino acid substrate at a nonpolar active site that favors for-
mation of a carbanion zwitterion*®>° has been supported by
X-ray crystallographic and computational studies.>'>* We are
generally skeptical of arguments that cofactors such as PLP have
evolved to do what is impossible for protein catalysts, because of
the great diversity of protein-catalyzed reactions. On the other
hand, cofactor catalysis is often simpler and more general than
protein catalysis, and these factors favor the recruitment of cofac-
tors in enzymatic catalysis.
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