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Abstract: To assess the relative proficiencies of enzymes that catalyze the hydrolysis of internal and C-terminal
peptide bonds, the rates of the corresponding nonenzymatic reactions were examined at elevated temperatures in
sealed quartz tubes, yielding linear Arrhenius plots. The results indicate that in neutral solutiohCat@&ptide

bonds are hydrolyzed with half-times of approximately 500 years for the C-terminal bond of acetylglycylglycine,
600 years for the internal peptide bond of acetylglycylglycienethylamide, and 350 years for the dipeptide
glycylglycine. These reactions, insensitive to changing pH or ionic strength, appear to represent uncatalyzed attack
by water on the peptide bond. Comparison of rate constants indicates very strong binding of the altered substrate
in the transition states for the corresponding enzyme reactigsattaining a value of less than 13 M in
carboxypeptidase B. The half-life of the N-terminal peptide bond in glycylglyiskmeethylamide, whose hydrolysis

might have provided a reference for assessing the catalytic proficiency of an aminopeptidase, could not be determined
because this compound undergoes relatively rapid intramolecular displacement to form diketopip&yazings(

days at pH 7 and 37C). The speed of this latter process suggests an evolutionary rationale for posttranslational
N-acetylation of proteins in higher organisms, as a protection against rapid degradation.

Enzymes catalyzing the hydrolysis of peptide bonds have beenis catalyzed by carboxypeptidases, endopeptidases, aminopep-
characterized extensively with respect to their catalytic efficien- tidases, and dipeptidases, in terms of their inherent rates of
cies (K.afKm), structures, and sensitivities to reversible and hydrolysis in the absence of a catalyst. This would allow
irreversible inhibitors. To appreciate the abilities of peptide estimation of the catalytic proficiencies of these enzymes with
hydrolases to enhance the rates of hydrolysis of peptide bondsgach other and with those of other—@® hydrolases whose
it would be desirable to know the rate constaritg,j of catalytic proficiencies have already been determihetihis
nonenzymatic reactions corresponding to those catalyzed bypaper describes the cleavage of glycine-containing peptides of
carboxypeptidases, endopeptidases, aminopeptidases, and dipeparious types, observed by analyzing the contents of sealed tubes
tidases, under comparable conditions. The rate constant of thethat had been exposed to elevated temperatures for timed
uncatalyzed reaction, currently established for only a few intervals. Using the integrated intensities of carbon-bound
enzymes, also provides a basis for estimating “catalytic profi- proton resonances observed by high-field NMR, it proved
ciency”, defined askialKm)/knon! Expressed in units of M, possible to account for all species arising during the cleavage
catalytic proficiency furnishes a direct indication of the minimal of simple peptides based on glycine and to determine first order
affinity of an enzyme for the altered substrate in the transition rate constants for peptide cleavage. Although susceptible to
state, and its potential susceptibility to inhibition by stable decarboxylation at higher temperatures, the product glycine itself
compounds resembling highly activated reaction intermediates, did not undergo more than 1% decomposition under the most
i.e., transition state analogue inhibitors. extreme conditions used in these experiments. Rate constants

Peptide hydrolysis is known to be catalyzed by acids, bases,obtained at elevated temperatures were then extrapolated to room
and metal complexes. Glycylglycine, for example, is hydrolyzed temperature.
with a half-time of approximately 2 days il M NaOH and First order rate constants for hydrolysis of bonds joining two
150 daysm 1 M HCI, at 25°C ? and unactivated peptide bonds glycine residues were determined for (1) glycylglycine, repre-
are cleaved rapidly in the presence of complexes of pallatlium senting the substrate of a generic dipeptidaseN¢agetylgly-
and coppef. The uncatalyzed hydrolysis of peptide bonds had cylglycine, representing the substrate of a generic carboxypep-
received relatively little attention, however, until Kahne and Still, tidase, and (3N-acetylglycylglycineN'-methylamide, and the
using a resin-bound peptide witfC-labeled glycine at its  results were extrapolated to 2&. The rate of hydrolysis of
C-terminus, were able to monitor the release of small quantities the peptide bond in glycylglycini-methylamide, which might
of glycine with an extrapolated half-time of several years, have represented the substrate of a generic endopeptidase, could
throughout the pH range near neutrafty. not be measured because of its rapid cyclization to form

The present work was undertaken to establish whether therediketopiperazine.
might be significant differences between bonds whose hydrolysis
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Table 1. Proton NMR Chemical Shifts, Relative to TSP, in@
Solution Buffered at pD 6.8 with 0.1 M Potassium Phosphate

species chemical shift

acetyglycylglycyine N-methylamide
CH3CONHCHCONHCH2CONHCH3  3.92 (doublet)
CH3CONHCH,CONHCHoCONHCH3  2.82
CH3CONHCHoCONHCHoCONHCH3  2.05

acetylglycylglycine
CH3CONHCH2CONHCHCOO- 3.90 (doublet)
CH3CONHCH2CONHCH>COO- 1.98
glycylglycine N-methylamide
NH3z+*CHCONHCH2CONHCH3 3.81 (doublet)
NH3+CH2CONHCH2CONHCH3 2.73
glycylglycine
NHz+CH2CONHCH2COO- 3.69 (doublet)
diketopiperazine
HNCH2CO 4.08
OCCH2NH
acetylglycine
CH3CONHCH2CO0- 3.67
CH3CONHCH2COO- 1.98
glycine N-methylamide
NH3+CH2CONHCH3 3.70
NH3+CH>CONHCH3 2.73
glycine
NH3*CH2CO- 3.56
methylamine
NH3z+CH3 2.60
N-methylacetamide
CH3CONHCH3 2.60
CH3CONHCH3 1.95
acetate
CH3CO0- 1.89

(0.5 mol) on glycine methyl ester or glycylglycine ethyl ester
hydrochloride (0.1 mol) at 56C for 30 min. After addition of NaOH
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Figure 1. Rate constantsk{ + k-;) for approach to equilibrium
between diketopiperazine €85) and glycylglycine (GG).

slow hydrolysis to glycine in neutral solution, glycylglycine
(GG) enters into relatively rapid equilibrium with diketopip-
erazine (G=G).”~° As ring opening is thermodynamically
favored by ionization of GG, withlg, values of 3.1 and 8.1 at
25°C 9 cyclization was not found to occur to a significant extent
during earlier observations of acid- and base-catalyzed hydroly-
sis of GG? In neutral solution, we found that GG and=&
were interconverted very rapidly compared with the rate of
hydrolysis of GG, with the apparent rate constants for approach
to equilibrium shown in Figure 1. Extrapolated to 25, these
data indicate that interconversion of GG aneG occurs with

(0.12 mol) and rotary evaporation to remove excess methylamine, the @n overall rate constanks(+ k-1) of approximately 2x 108

product was recrystallized from water. Acetylglycylglycine and
acetylglycylglycineN-methylamide were prepared by the action of a
5-fold excess of acetic anhydride on glycylglycine or glycylglycine
N-methylamide in boiling acetic acid for 2 h, followed by removal of
acetic acid under vacuum.

Each of these products was found to be free of proton-containing
impurities by proton NMR in RO, observed using a Bruker AMX-

500 spectrometer. Chemical shifts of these compounds, and of the

products of their decomposition, are shown in Table 1.
In a typical experiment, 0.5 mL of a solution of peptide (0.01 M) in

s1, corresponding to &, ~ 1 year at pH 7.

We next examined the position of equilibrium between GG
and G=G, starting either from pure GG or pure=&, in
experiments conducted over time intervals equivalent to more
than 8 half-lives for their interconversion, with the results shown
in Figure 2. The same results were obtained regardless of the
position from which equilibrium was approached, and the
observed equilibrium constant for conversion of GG te®
varied with temperature, with values ranging from a value of

buffer (0.1 M potassium phosphate or potassium acetate, adjusted t00.44 at 160°C to a value of less than 0.18 at 8€.!!

ionic strength 2.0 with KCI) was sealed under vacuum in a quartz tube
(4 mm internal diameter, 1 mm thick, obtained from G. M. Associates,
Inc., Oakland, CA). The sealed tube was placed in an oil bath in an

Extrapolation of the line in Figure 2 yields an equilibrium
constant of 0.08 for conversion of=85 to GG at 25°C. In
view of the downward curvature of the plot, this should

oven for a measured time interval and then opened. An aliquot (0.2 presumably be regarded as an upper limit.

mL) was evaporated to dryness;@(2 mL) was added, and the sample

was evaporated to dryness; this procedure was repeated twice to replac&

exchangeable protons. The sample was then dissolved@n (D.5
mL), and pyrazine (0.01 M in D, 0.5 mL) was added as an internal

Hydrolysis of Glycylglycine (G-G). Formation of G from
G, after correction for the rapid equilibration of GG withFG
at elevated temperatures to obtain the concentration of GG that

standard for measuring integrated intensities of nonexchangeable protondvas actually present under the reaction conditions, followed

by NMR. This procedure, introducing.D after incubation at elevated

satisfactory first order kinetics over the temperature range from

temperature, was adopted (1) to avoid solvent deuterium effects on12(° to 20Q, as indicated by linear semilogarithmic plots of

reaction rates and (2) to avoid exchange of carbon-bound hydrogen

atoms. By observing the integrated intensities of the signals from
carbon-bound protons (Table 1), it proved possible to follow the course
of each of these reactions by high-field NMR, accounting for each of

(6) Abbreviations: AcG= acetylglycine, AcGG= acetyglycylglycine,
GG = glycylglycine, G=G = diketopiperazine, GGNHMe= glycylglycine
N-methylamide, AcGGNHMe= acetyglycylglycineN-methylamide.

(7) Long, D. A.; Truscott, T. G.; Cronin, J. R.; Lee, R. Gans. Faraday

the species arising during the course of peptide hydrolysis. First order Soc.1971, 67, 1094-1103.

rate constants were obtained by dividing l18g/A) by the time elapsed,
whereA, = the starting concentration of peptide, af\d= (A, minus
the concentration of product formed).

Results

Equilibration between Glycylglycine (GG)® and Dike-
topiperazine (G=G). Earlier work has shown that during its

(8) Steinberg, S. M.; Bada, J. ISciencel981, 213 544-545.

(9) Qian, Y.; Engel, M. H.; Macko, S. A.; Carpenter, S.; Deming, J. W.
Geochim. Cosmochim. Act93 57, 3281-3293.

(10) Martell, A. E.; Smith, R. MCritical Stability ConstantsPlenum:
New York, 1974; Vol. 1, p 294.

(11) A van't Hoff plot of these equilibrium constants, shown in Figure
2, indicates that cyclization of GG to=8G is accompanied by gains in
enthalpy and entropy. The downward concavity of this plot also suggests
that these compounds differ in heat capacity (see also ref 12).
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Table 2. Rates and Equilibria at pH 68

reactants products Kisoec (S7Y) kosec (579 Eact (kcal/mol)
AcG-GNHMe hydrolysis AcGt+ GNHMe 5.1x 10°® 3.6x 1071 +23.5
AcG-G hydrolysis AcGt+ G 6.2x 1076 44x 101 +25.0
G-G hydrolysis G+ G 8.9x 1076 6.3x 1071 +23.0
GGNHMe cyclization G=G + H,NMe >1073 8 x 108 +17.2

_ . >107° 2x10°8 not determined
GG cyclization G=G + H-0 { 0.40 Keg) >0.08 Keq®

a Slopes obtained by linear regression (Figuress)lwere used to calculate values Bf; and are associated with standard errorst&Po.
b Maximal value, ignoring downward curvature of Arrhenius plot (see text).
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Figure 2. Equilibrium constants for conversion of GG t&=&, starting " T T T
from GG (squares) or from G (circles). 2.2 2.4 2.6
AJA as a function of time elapsed. To determine the rate 1000/T(Kelvin)

constant for hydrolysis of GG to glycine, allowance was made Figure 3. Rate constants for hydrolysis of GG, after correction for
for the “buffering” effect of the relatively rapid equilibrium  the fraction of total glycylglycine that is present as=G (see text).
between GG and €G described above, by expressing rates of
product formation as a function of the reduced concentrations
of GG that were actually present at equilibrium under the
reaction conditions, as determined in the previous seétitm.
0.1 M potassium acetate and phosphate buffers in the rang
from pH 4.2 to pH 7.8, hydrolysis of GG was found to proceed
with a rate constant of 8.9H0.7) x 10°s™1. Rates of reaction
did not change when buffer concentrations were varied in the
range from 0.1 to 0.3 M, nor was the rate of reaction affected
by variations of the ionic strength from 0.5 to 2, adjusted by
adding KCI to 0.1 M potassium acetate buffer (pH 4.7) or

106 s1, and GG and &G accumulate together with a
combined apparent rate constant ofx310°® s™1. Separate
experiments showed that the product AcG is hydrolyzed with a
rate constant of Zx 1076 s* under these conditions and that
€he relative rate of this reaction does not change significantly
at lower temperatures. After subtracting the rate of disappear-
ance of the product AcG, the rate constant for cleavage of the
peptide bond of AcGG was estimated from the rate of appear-
ance of AcG, as approximately 6.8-1.3) x 10°® s at 150

°C, in 0.1 M potassium acetate and phosphate buffers in the

logarithmic function of 1T, yielding E,c = +23 kcal/mol, for

the conversion of GG to G- G in the neutral pH range.
Hydrolysis of Acetylglycylglycine (AcGG). Acetylglycyl-

glycine (AcGG), with a peptide bond resembling those cleaved

by a carboxypeptidase, was found to decompose mainly by

hydrolysis of its peptide bond, to yield Ac& G as the major + G in the neutral pH range.

products, with acetateé GG grising as min_or products. At 150 Hydrolysis of Acetylglycylglycine N-Methylamide (AcG-

C, for ex:;mip:{e, f;_fG_P'SaE.?ears W:trll a flrstAo(r;jer rate GNHMe). AcetylglycylglycineN-methylamide (AcGGNHMe),
const?rlt N 'th x N ’tV\f" Ite aé:ety gtycme (t Ct )fa>5f-1 with a peptide bond resembling those cleaved by an endopep-
cumulates with an apparent first order rate constant obo.1 - tigase "undergoes nonenzymatic hydrolysis of its peptide bond

(12) Shock, E. LGeochim. Cosmochim. Act92 56, 3481-3491. to yield AcG and GNHMe as the major productsd0%), with
(13)tDecart_)oxyl?tion of glytcine, 'negfl'igiblte ur:detr t?%c%ndittions of %he a rate constant of 6.041.1) x 1077 st at 150°C, in 0.1 M
present experiments, occurs to a significant extent at higher temperatures, ; L ) ;
as noted earlier by Qian et al. (ref 9). These authors reported rate constantsPOtass'um acetate and imidazole-HCl bUﬁers in the range from
for hydrolysis of GG to G, in unbuffered solution, that are in substantial PH 4.2 to pH 7.8. When buffer concentrations were varied,
agreement with the present values at 100 and *L2@ut deviate toward we detected no evidence of catalysis by acetate or imidazole
lower values at 160 and 22C. The latter discrepancy can probably be buffers in the range from 0.1 to 0.3 M. Unlike hydrolysis of
ascribed, at least in part, to the lack of correction by Qian et al. for the A ;
increasing fraction of total GG that is present as=G at higher GG or AGG, however, hydrolysis of AGGNHMe was found to

temperatures. be subject to significant catalysis by potassium phosphate buffers

affected by variations in ionic strength produced by addition of
KCI, from 0.3 to 2.0. Figure 4 shows rate constants for AcGG
hydrolysis, observed over the temperature range between 110
and 170°C, plotted as a logarithmic function of L/ This plot
yields Esc;= +25 kcal/mol for the conversion of AcGG to AcG
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of diketopiperazine formation in 0.1 M potassium phosphate
buffer, pH 6.8, over the temperature range between 37 and 130
°C. This plot yieldsE,: = 17.2 kcal/mol for cyclization of
GGNHMe. At 37°C, the rate constant for this process was
3.2 x 1077 s71, corresponding to a half-time of 25 days.

2.2 2.4 26 2.8 Discussion
1000/T(Kelvin)

Figure 5. Rate constants for hydrolysis of ACGGNHMe to yield AcG
and GNHMe.

The hydrolyses of AcG-GNHMe, AcG-G, and G-G appear
to proceed predominantly by a mechanism involving uncatalyzed
attack by water on the peptide bond. Thus, each of these
reactions proceeds at a rate that is insensitive to pH in the range

= 5¢1 -1 i
(o =55 (1) x 10°°s ' M* at pH 6.8, 150°C). Figure 5 between 4.2 and 7.8, and none of these reactions is sensitive to
shows rate constants observed for the uncatalyzed reaction N, ariations in ionic strength in the range between 0.2 and 2

otassium acetate buffer, pH 5.0, over a temperature range h . ; .
Eetween 100 and l?OpIottedpas a logarithmic fun?:tion of I/ 9€obtained by adding KCl to 0.1 M potassium acetate or potassium

: X o : phosphate buffers. In earlier work, a similar invariance of rate
This plot yieldsEaet = +23.5 kcal/mol for the conversion of . i . . .
ACcGGNHMe to AcG+ GNHMe in the neutral pH range. with pH was reported for release of a C-terminal glycine residue

Cyclization of Glycylglycine N-Methylamide (GGNHMe). from a resin-bound tripeptide of phenylalanf¥. Also in

Hydrolysis of the peptide bond in glycylglycinémethylamide accord with the present _results, the reported rates of acid- and
(GGNHMe) might in principle have served as a model for the base-catalyzed hydrolysis of Gxtrapolated to pH 7, are too

. . . : low veral orders of magni hav ntri
reaction catalyzed by an aminopeptidase. Instead, this com->° by several orders of magnitude to have contributed

p9und .under.goes ,fapid intramolecular CyCIizaFion to form (14) The present rate constant for hydrolysis of the peptide bond in
diketopiperazine, with displacement of methylamine, as shown AcGG, obtained by extrapolation to 2& and pH 7, is 2x 107 s,

in Scheme 2. Aside from methylamine and diketopiperazine, considerably lower than the rate constant(3L0~° s™2) reported earlier

: . by Kahne and StilP for release of C-terminal glycine from a tetrapeptide
no trace of any other product was observed. This reaction (-Phe-Phe-Phe-Gly) joined through its N-terminus to a polyacrylamide resin.

proceeded to completion as a simple first order process, The nature of the peptide bond undergoing cleavage is similar in these two
generating linear semilogarithmic plots A§/A as a function reactions; and steric hindrance, if any, seems more likely to have occurred

; ; in the case of the resin-bound peptide. This suggests the possibility that
of time elapsed. At 80C, we obtained a rate constant of 6.2 attack by water on the resin-bound peptide might be assisted by its proximity

(£1) x 107 sL,in potassium phosphate and imidazole-HCI {5 the polymer matrix, directly or through some effect on the solvent
buffers at pH 6.8. Figure 6 shows the temperature dependencesnvironment.
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Table 3. Catalytic Proficiencies of Some Peptide Hydroldses

rate catalytic
t1/2 nonenz Knon Keat keal Km enhancement proficiency
enzyme (years) (s (s (stMY Keafknon (keal Km)/Knon (M™2)

C-terminal peptide bond (exemplified by 1100 1.8x 1071* 238 6x 10° 1.3x 108 3.3 x 10v
AcGGQG) vs carboxypeptidase B, 28°
internal peptide bond (exemplified by AcGGNHMe) 19 1.13x 10°° 139 6x 10 1.2x 10% 5.3x 1013
Vs angiotensin-converting enzyme, 3F*
dipeptide bond (exemplified by GG) vs ascites tumor 15 15x 10°° 1842 7.4x 1P 1.2x 10% 4.9 x 104

dipeptidase, 40C¢

2 Nonenzymatic reaction rates for glycine compourkig,( are extrapolated from the present data, to the temperature at which the enzyme
reaction was investigated. Protease reactions known to proceed through covalent intermediates, such as those catalyzed by chymotrypsin and
papain, are not included in this table, because such reactions do not permit straightforward estimation of transition state affinities from comparisons
of enzymatic and nonenzymatic reaction rates (ref Darboxypeptidase B- hippuryl+-arginine, pH 8, 23C (ref 18).¢ Angiotensin-converting
enzyme+ cbz-p-(NQ)Phe-His-Leu, pH 8.0, 37C (ref 19).9 Ascites tumor dipeptidas¢ Ala-Gly, pH 8.3, 40°C (ref 20).

significantly to the rate of hydrolysis of GG at pH 7, obtained angiotensin-converting enzyme) and also a dipeptidase from
by extrapolation in the present work. ascites tumor cells are somewhat less proficient in enhancing
Peptide bonds in AcG-GNHMe, AcG-G, and G-G are the rates of their respective reactidAsNevertheless, enzymes
hydrolyzed at rates that differ by less than a factor of 2 at 150 with transition state affinities of this magnitude offer exception-
°C, nor do their energies of activation, obtained by linear ally promising targets for the design of potent competitive
regression analysis of the Arrhenius plots, differ by more than inhibitors.
the experimental error~1.2 kcal/mol) estimated from the The present results, summarized in Table 2, indicate that in
standard errors of the slopes of each of the individual plots. solvent-exposed positions in proteins, a typical C-terminal
Substituent effects in this series appear too insignificant to justify peptide bond is hydrolyzed at a rate comparable with that of a
any attempt at detailed interpretation. Based on an averagetypical internal peptide bond. In the absence of inter- or
value of 23.8 kcal/mol for the energy of activation of all three intramolecular catalysis, such a bond would be expected to
compounds, AcG-GNHMe, AcG-G and G-G undergo uncata- survive for several centuries in neutral solution at ambient
lyzed hydrolysis at 23C with half-times of 600, 500, and 350 temperatures. In contrast, the peptide bond that joins an
years, respectively, at pH values near neutrality. unprotected N-terminal dipeptide to the rest of a protein chain
The observed route of decomposition of GGNHMe, via rapid undergoes cleavage, to form a diketopiperazine, more than 1000-
formation of diketopiperazine, agrees with earlier observations fold more rapidly. Accordingly, a typical protein would be
of a similar route of degradation of glycylglycine amide at 130 expected to be completely degraded to diketopiperazines within
°C15 and of several peptides that have been shown to be less time than the time required for hydrolysis of a single internal
degraded by elimination of diketopiperazines from the N- or C-terminal peptide bond.
terminal position at 100C.16 GGNHMe cyclizes too rapidly With a half-time of approximately 35 days at pH 7 and 37
to permit measurement of the rate of the competing hydrolytic °C, diketopiperazine formation is rapid enough to pose an
cleavage of the peptide bond in GGNHMe, ang=G and apparent threat to the stability of proteins and to suggest a
methylamine are the only products observed. In GGNHMe, possible rationale for the posttranslational N-acetylation of
peptide hydrolysis is evidently much slower than cyclization, proteins that has been observed in most proteins in higher
so that its rate cannot be measured directly as a model for theorganisms® It seems reasonable to speculate that in the
reaction catalyzed by an aminopeptidase. From the lack of relatively long-lived cells of eukaryotes, N-acetylation has
sensitivity of uncatalyzed peptide hydrolysis to substituent evolved as a mechanism for protecting proteins against spon-
effects, noted above, it seems reasonable to infer that hydrolysisaneous degradation. Short generation times presumably al-
in GGNHMe, if it could be measured, might proceed at a rate leviate this problem in prokaryotic organisms, in which mech-
similar to those observed in the other cases. anisms for N-acetylation appear to be absent.

Table 3 compares the present rate constants, for hydrolysis Acknowledgment. Financial support for this work was

of bonds in glycine peptides, with kinetic constants t_hat have provided by Research Grant No. GM-18325 from the NIH.
been reported for proteolytic enzymes acting on peptide bonds

in similar chemical environments. By these criteria, carboxy- JA954077C

peptidase B shows high proficiency as a catalyst, Wi/ ( (19) Hayman, S.; Patterson, E. K.Biol. Chem1971, 246 660-669.
Km)/knon ~ 4 x 107 M~L. The reciprocal of this value (20) Frick, L.; Mac Neela, J. P.; Wolfenden, Bioorg. Chem.1987,
15, 100-108.

corresponds to a maximal dissociation constant of approximately (21) The present rate constants for hydrolysis 6f\Cbonds in GG,

25 x 107 M for the enzyme-substrate complex in the  AcGG, and AcGGNHMe in neutral solution are surprisingly similar to rate
transition state. ThiK value is slightly lower than those that  constants reported earlier for hydrolysis of the exocyclieNCbonds in

; ; ; : 4: - cytidine and adenosirf€ Bond distancedifteratomic DistancesChemical
have been estimated for adenosine deaminase and Cytldm%ociety: London, 1958) suggest that exocyclieNCbonds of cytidine and

deaminase, which also catalyze the hydm'ySiS_ ofNC adenosine, like peptide bonds, may be markedly stabilized by resonance.
bonds!’~20.21 Table 3 shows that an endopeptidase (the Thus, exocyclic CN bonds in derivatives of cytosine (1.31 A) and adenine
(1.30 A) are slightly shorter than a value considered typical of th&NC

(15) Meriwether, L.; Westheimer, F. H. Am. Chem. Sod 956 78, bond in peptides (1.325 A) (Pauling, The Nature of the Chemical Bond
5119-5123. Cornell: Ithaca, NY, 1960; pp 281282).

(16) Steinberg, S. M.; Bada, J. .. Org. Chem1983 48, 2295-2298. (22) To reduce ambiguities of interpretation and render enzymatic and

(17) Wolff, E. C.; Schirmer, E. W.; Folk, J. El. Biol. Chem.1962 nonenzymatic reactions more closely comparable for purposes of estimating
237, 3094. catalytic proficiency (see ref 1), Table 3 is limited to proteases thatodo

(18) Stevens, R. L.; Micalizzi, E. R.; Fessler, D. C.; Pals, D. T. appear act through double displacement mechanisms.
Biochemistryl972 11, 2999-2310. (23) Brown, J. L.; Roberts, W. K1976 254, 14471454,



