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A Proficient Enzyme

Anna Radzicka and Richard Wolfenden

Orotic acid is decarboxylated with a half-time (t, ,,) of 78 million years in neutral aqueous
solution at room temperature, as indicated by reactions in quartz tubes at elevated
temperatures. Spontaneous hydrolysis of phosphodiester bonds, such as those
present in the backbone of DNA, proceeds even more slowly at high temperatures, but
the heat of activation is less positive, so that dimethyl phosphate is hydrolyzed with a
t,,» of 130,000 years in neutral solution at room temperature. These values extend the
known range of spontaneous rate constants for reactions that are also susceptible to
catalysis by enzymes to more than 14 orders of magnitude. Values of the second-order
rate constant k__/K,,, for the corresponding enzyme reactions are confined to a range
of only 600-fold, in contrast. Orotidine 5'-phosphate decarboxylase, an extremely
proficient enzyme, enhances the rate of reaction by a factor of 10'7 and is estimated
to bind the altered substrate in the transition state with a dissociation constant of less

than 5 X 10724 M.

Many enzymes act on substrates at rates
that approach the rate of encounter be-
tween enzyme and substrate in solution (I).
Biological reactions vary greatly, however,
in their spontaneous rates and in the con-
sequent burden that they place on an effi-
cient catalyst. For example, carbon dioxide
is hydrated nonenzymatically within several
seconds in nelitral aqueous solution at room
temperatare (2); peptide bonds undergo cis/
trans isomerization within a few minutes
(3); chorismic acid is converted to prephen-
ic acid over a period of several hours (4);
and the hydrolytic deamination of cytidine
or adenosine approaches completion only
after several centuries (5). Observations of
reactions in sealed quartz tubes at elevated
temperatures, described below, indicate
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that under physiological conditions in the
absence of enzymes, the decarboxylation of
orotic acid and the hydrolysis of phosphodi-
esters proceed on a time scale that dwarfs
the life-span of living organisms. Enzymes
catalyzing these reactions are correspond-
ingly proficient at lowering the activation
barrier for reaction and exhibit a high de-
gree of discrimination between the sub-
strates in the ground state and in the altered
form that is present in the transition state,
binding the latter species very tightly. En-
zymes of this type are expected to be espe-
cially sensitive to inhibition by stable ana-
logs of the altered substrate in the transition
state.

1,3-Dimethylorotic acid has been shown
to undergo decarboxylation slowly in sulfo-
lane at 206°C (6). In order to compare this
reaction with the enzymatic decarboxyl-
ation of orotidine 5’-phosphate (OMP) by



the pure enzyme from yeast (7), we wished
to determine the rate of decarboxylation of
OMP in neutral aqueous solution in the
absence of enzyme. To avoid complica-
tions arising from cleavage of the glyco-
sidic bond, 1-methylorotic acid (8, 9) was
chosen for this study (Fig. 1A). In dilute
aqueous buffers (0.01 to 1.0 M) with pH
between 3 and 11, at temperatures be-
tween 140° and 200°C, 1-methylorotic
acid was converted quantitatively to
1-methyluracil in sealed quartz tubes (10),
as indicated by high-pressure liquid chro-

creased sharply with decreasing tempera-
ture (Fig. 2), with an enthalpy of activa-
tion AH* = +44.4 kcal/mol and an entro-
py of activation TAS* = +5.9 kcal/mol.
Extrapolation of the Arrhenius plot yield-
ed a nonenzymatic rate constant (k) of
2.8 (£2) X 10716 571 at 25°C (12-14).
Comparison of the present value of k__ in
neutral aqueous solution at 25°C with the
turnover number (39 s7!) reported for
yeast OMP decarboxylase at pH 6 and
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25°C (7) indicates a 1.4 X 10'7—fold rate
enhancement (Table 1).

Staphylococcal nuclease catalyzes the
hydrolysis of phosphodiester linkages in
DNA as well as RNA (15). Dimethyl phos-
phate, a simple phosphodiester, has been
reported to decompose slowly in water, with
P-O cleavage in neutral solution. From
rates observed at lower pH values, at which
dimethyl phosphate is more reactive, the
rate constant for water attack on the

Fig. 2. Effect of temperature
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Fig. 1. (A) Decarboxylation of 1-methylorotic acid. 18 22 26 3.0 3.4
(B) Hydrolysis of dimethyl phosphate. 1000/T (degrees K1)
Table 1. Enzymes listed in order of decreasing catalytic proficiency.*
Rate Catalytic
) . e k.t L/ proficiency
* 1 it
Enzyme Nonenzymatic ¢, ,, Knon* (671 (3021) (8531 Mr21) en&an‘/clfmt)ant (koK Vo ]
cat’ “non (M—1)
OMP decarboxylase 78,000,000 years 2.8x 10716 39 5.6 X 107 1.4 x 10" 2.0 X 1023
Staphylococcal nuclease 130,000 vyears 1.7 X 10~ 18 95 1.0 x 107 5.6 X 10" 5.9 X 191
Adenosine deaminase 120 years 1.8 X 10710 370 1.4 x 107 2.1 X 102 7.8 X 10
AMP nucleosidase 69,000 years 1.0°x 10— 60 5.0 X 10° 6.0 X 102 5.0 X 108
Cytidine deaminase 69 years 3.2 X 101 299 2.9 x 108 1.2 X 102 9.1 X 10'®
Phosphotriesterase 2.9 years 7.5 x107° 2100 4.0 X 107 2.8 x 10" 5.3 x 108
Carboxypeptidase A 7.3 years 3.0 x 10-° 578 6.6 X 108 1.9 X 10" 2.2 X 10'®
Ketosteroid isomerase 7 weeks 1.7 X 1077 66000 3.0 X 108 3.9 x 10" 1.8 X 108
Triosephosphate 1.9 days 4.3 x10°¢ 4300 2.4 x 108 1.0 X 10° 5.6 x 103
isomerase
Chorismate mutase 7.4 hours 2.6 % 107° 50 1.1 x 108 1.9 X 108 4.2 x 10%°
Carbonic anhydrase 5 s 1.3 x 107! 1% 108 1.2 x 108 7.7 X108 9.2 x 108
Cyclophilin, human 23 s 2.8 % 1072 13000 1.5 X 107 4.6 X 10° 5.3 x 108

*Nonenzymatic reaction rate constants were obtained for OMP decarboxylase and staphylococcal nuclease from the present work, for adenosine and cytidine deaminases from (5),
for AMP nucleosidase from (25), for phosphotriesterase from (26), for carboxypeptidase A from (3), for ketosteroid isomerase from (27), for triosephosphate isomerase from (28), for

chorismate mutase from (4), for carbonic anhydrase from (2), and for cyclophilin from (3).

‘tEnzyme reaction rate constants were obtained for OMP decarboxylase from (7), for

staphylococcal nuclease from (29), for adenosine deaminase from (30), for AMP nucleosidase from (37), for phosphotriesterase from (26), for carboxypeptidase A from (32), for
ketosteroid isomerase from (33), for triosephosphate isomerase from (34), for chorismate mutase from (4), for carbonic anhydrase from (35), and for cyclophilin from (36).
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monoanion of dimethyl phosphate (Fig.
1B), the major species in solution at pH 7,
was estimated as approximately 0.03
year~! at 100°C, but its dependence on
temperature was not investigated (16). To
determine its rate of hydrolysis at neutral
pH and the heat of activation of this
reaction, we examined the behavior of
dimethyl phosphate in potassium phos-
phate buffer (0.1 M, pH 6.8) over the
temperature range between 150° and
240°C. In sealed quartz tubes, hydrolysis of
dimethyl phosphate proceeded directly to
inorganic phosphate and methanol, with
no accumulation of methyl phosphate,
which is in accord with the more rapid
hydrolysis of methyl phosphate than of
dimethyl phosphate (16). Hydrolysis of
the diester was monitored by observation of
the integrated intensities of proton reso-
nances of dimethyl phosphate in aliquots in
which H,O had been replaced by D,O. The
rate of hydrolysis varied with temperature
(Fig. 2), with AH* = +26.5 kcal/mol and
TAS* = —8.3 kcal/mol (17). Extrapolation
of this Arrhenius plot to 25°C yielded k__
= 1.7(£1) X 10783 s~ at 25°C (13, 14).

Comparison with the turnover number (95

s™1) reported for staphylococcal nuclease, at
pH 7.4 and 23.5°C (18), indicates a 5.6 X
10"—fold rate enhancement under these
conditions (Table 1).

An enzyme’s proficiency as a catalyst can
be appreciated by dividing the second-order
rate constant for its action on the substrate

(k.../K,) by the rate constant of the same
reaction, measured in neutral aqueous solu-
tion in the absence of enzyme (k__ ). Cata-
lytic proficiency, defined in this way, mea-
sures an enzyme’s ability to lower the acti-
vation barrier for the reaction of a substrate
in solution. Catalytic proficiency, expressed
in units of concentration, represents the
lower limit of the enzyme’s affinity for the
altered substrate in the transition state.
Thus, enzymes that are proficient by this
criterion are expected to be unusually sensi-
tive to a special class of reversible inhibitors,
designed to resemble the altered substrate in
the transition state (19). Table 1 and Fig. 3
compare the present results with rates re-
ported earlier for other nonenzymatic and
enzymatic reactions of single substrates that
proceed by mechanisms that do not appear
to involve double displacement (20). With-
in this group of enzymes, k___ is seen to vary

non

1010

kcal/Km
M'sT)

105

KSI TIM

Catalyzed

4 Uncata-
lyzed

e e

Fig. 3. Rate constants for nonenzymatic (k. reactions (bottom) in units of s=' and for enzymatic
(k /K, reactions (top) in units of M~ s~ in neutral solution at 25°C, from Table 1. Enzyme proficiency
[k oK)k onl is indicated by the length of the vertical bar for OMP decarboxylase (ODC), staphylococcal
nuclease (STN), calf intestinal-adenosine deaminase (ADA), bacterial cytidine deaminase (CDA), keto-
steroid isomerase (KSI), triosephosphate isomerase ( TIM), chorismate mutase (CMU), cyclophilin (CYC),
and carbonic anhydrase (CAN). The length of the vertical bars provides a measure of binding affinity in the

transition state.
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by more than 14 orders of magnitude. Cat-
alytic efficiency (k_, /K ) varies over a range
of only 600. Catalytic proficiency [(k_, /K )/
k...J, indicated by the length of the vertical
bars in Fig. 3, varies over a range of more
than 10, and this variation can be seen to
arise almost entirely from variations in k.
For staphylococcal nuclease, the maximal
dissociation constant of the altered substrate
in the transition state is approximately 1.7
X 1072 M. The affinity of yeast OMP
decarboxylase for the altered substrate in the
transition state for decarboxylation is even
greater, with a dissociation constant of 5 X
1072 M or less. OMP decarboxylase is a
pure protein catalyst without metals or other
cofactors, and other evidence indicates that
this remarkable transition state affinity is
achieved without formation of covalent
bonds between the enzyme and the substrate
(21-24).

In modern organisms, OMP decarboxyl-
ase catalyzes the last essential step in the
biosynthesis of pyrimidines. This reaction is
of such importance for nucleic acid synthe-
sis that the sluggish progress of OMP decar-
boxylation in the absence of enzyme would
seem to have raised a serious barrier to
biochemical evolution. If an early organism
had developed an ability to enhance the
rate of the spontaneous reaction 1000-fold,
for example, then the t,,, for production of
uridine 5’-phosphate would merely have
been reduced to 78,000 years. A partial
answer to this paradox may lie in the acute
temperature dependence of the rate of the
nonenzymatic reaction (Fig. 2). The activa-
tion barrier would have been much less
severe for a thermophilic organism living at
temperatures near 100°C, a temperature at
which the t,,, of the nonenzymatic reaction
is only 10 years (Fig. 2). If it is assumed that
it was possible to generate sufficient binding
affinity under these conditions, even a
primitive catalyst might have allowed this
reaction to proceed at a useful rate.
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Structure-Based Design of Transcription Factors
Joel L. Pomerantz, Phillip A. Sharp, Carl O. Pabo

Computer modeling suggested that transcription factors with novel sequence specificities
could be designed by combining known DNA binding domains. This structure-based
strategy was tested by construction of a fusion protein, ZFHD1, that contained zinc fingers
1 and 2 from Zif268, a short polypeptide linker, and the homeodomain from Oct-1. The
fusion protein bound optimally to a sequence containing adjacent homeodomain (TA-
ATTA) and zinc finger (NGGGNG) subsites. When fused to an activation domain, ZFHD1
regulated promoter activity in vivo in a sequence-specific manner. Analysis of known
protein-DNA complexes suggests that many other DNA binding proteins could be de-

signed in a similar fashion.

Transcription factors are critical regulators
of gene expression. The rational design of
transcription factors with novel DNA bind-
ing specificities and regulatory activities
will provide reagents for both biological
research and gene therapy. The recent de-
termination of a series of structures of pro-
tein-DNA complexes has facilitated a de-
sign strategy that uses computer modeling
to predict how DNA binding domains
could be combined to generate novel spec-
ificities. We explored this strategy by de-
signing and testing a zinc finger—homeodo-
main fusion protein.

Computer modeling studies were used to
visualize how zinc fingers might be fused to
the Oct-1 homeodomain. The known crys-
tal structures of the Zif268-DNA (I) and
Oct-1-DNA (2) complexes were aligned by
superimposition of the double helices in
several different registers. Two arrange-
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ments were particularly interesting. In one
alignment, the COOH-terminal end of zinc
finger 2 was 8.8 A away from the NH,-
terminal arm of the homeodomain (Fig. 1),
which suggested that a short polypeptide
linker could connect these domains. In this
model, the fusion protein would bind a
hybrid DNA site with the sequence 5'-
AAATNNTGGGCG-3'. The Oct-1 ho-
meodomain would recognize the AAAT
subsite, zinc finger 2 would recognize the
TGG subsite, and zinc finger 1 would rec-
ognize the GCG subsite. There was no pos-
sibility for steric interference between the
zinc fingers and the homeodomain in this
arrangement. Superimposition of the DNA
duplexes in other registers generated a sec-
ond plausible arrangement for a hybrid pro-
tein (3); however, this model was not as
favorable because there was a risk of steric
interference between the zinc fingers and
the homeodomain.

The design strategy was tested by con-
struction of a fusion protein, ZFHDI1, that
contained fingers 1 and 2 of Zif268, a gly-
gly-arg-arg linker, and the Oct-1 homeodo-
main (Fig. 2A). A glutathione-S-transferase
(GST) domain was added to facilitate ex-
pression and purification, and the DNA
binding activity of this fusion protein was
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