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ABSTRACT: As a model for mechanistic comparison with peptidyl transfer within the ribosome, the reaction
of aqueous glycinamide withN-formylphenylalanine trifluoroethyl ester (fPhe-TFE) represents an
improvement over earlier model reactions involving Tris. The acidity of trifluoroethanol (pKa 12.4)
resembles that of tRNA (12.98) more closely than do the acidities of model reactants described earlier,
and the reactivity of the simple nucleophile glycinamide is free of potential complications that arise from
alternative reaction pathways available to Tris. At 25°C, the uncatalyzed reaction of glycinamide with
fPhe-TFE proceeds with a second-order rate constant of 3× 10-5 M-1 s-1; ∆Hq ) +7.8 kcal/mol;T∆Sq

) -15.7 kcal/mol. The ribosomal reaction of puromycin with fMet-tRNA proceeds 3× 107-fold more
rapidly, with a second-order rate constant (kcat/Km) of 1 × 103 M-1 s-1; ∆Hq ) +16.0 kcal/mol;T∆Sq )
+2.0 kcal/mol. That rate enhancement, an order of magnitude larger than estimated earlier, is fully explained
by the more favorable entropy of activation of the ribosomal reaction. Experiments involving ethylene
glycol esters suggest that neighboring-OH group effects are negligible in the presence of solvent water,
which itself acts as a general base catalyst. In the desolvated interior of the ribosome, the vicinal 2′-OH
group of aminoacyl-tRNA probably replaces water as a general base catalyst. But the catalytic effect of
the ribosome itself is overwhelmingly entropic in origin, suggesting that the ribosome achieves its effect
by physical desolvation and/or juxtaposition of the reactants in a manner conducive to peptidyl transfer.

In enzyme-catalyzed reactions that involve a single
substrate and hydrolytic reactions in which the second
substrate (water) cannot be elevated much above its con-
centration in cellular fluid, enzymes have been found to
produce a major reduction in the enthalpy of activation
(∆Hq). Those enzymes produce relatively minor changes in
the entropy of activation (T∆Sq), with an average effect near
zero (1). In two-substrate reactions, which are common in
biosynthesis, an enzyme must often gather two substrates
from dilute solution and bind them noncovalently in a
configuration that is conducive to reaction. In itself, this
“gathering” effect might in principle produce a very large
rate enhancement (2). After two substrates have been bound,
the enzyme’s active site may also participate in the reaction
as a chemical catalyst, using additional forces of attraction
to stabilize chemical intermediates that approach the transi-
tion state in structure. In such a two-substrate reaction, the
dissociation constant of the enzyme’s complex with the
combined substrates in the transition state is expected to be
lower than the product of the dissociation constants of each
of the two substrates by a factor that matches or exceeds
the factor by which the turnover number (kcat) of the EAB
complex exceeds the second-order rate constant of the
uncatalyzed reaction under otherwise similar conditions (3).

How substantial a role does entropy reduction play in the
catalytic effects of two-substrate enzymes, and is there a
significant disparity between their behavior and the behavior

of enzymes catalyzing simpler reactions? The possibility that
entropy might play a substantial role in enzyme catalysis of
multisubstrate reactions can be tested by determining the rate
of a two-substrate reaction in the absence of a catalyst, and
of the corresponding reaction in the presence of an enzyme,
as a function of changing temperature. One interesting case
in which that question has arisen is the peptidyl-transferase
center of the ribosome. According to Crick’s original
“adapter” hypothesis (4), the ribosome and mRNA might
be expected to act partly (or perhaps entirely) as a “marriage
broker” that brings one molecule of peptidyl-tRNA together
with one molecule of aminoacyl-tRNA. To what extent do
proximity effects account for the activity of the ribosome,
and to what extent does the peptidyl-transferase center of
the ribosome “recognize” distinctive chemical features of the
altered substrates in the transition state (such as electrostatic
charge and optimal geometry), and so act as a catalyst in a
more “chemical” sense? A strong entropic component would
favor the first answer, and a strong enthalpic component
would favor the second.

Answers to these questions would be helpful in under-
standing the action of multisubstrate enzymes. They might
also be of practical value in indicating whether, in designing
inhibitors of such enzymes, it would be sufficient simply to
combine the binding determinants of the two substrates. A
striking example of a potential bisubstrate analogue inhibitor
is CCdApPuromycin, designed by Yarus et al. to resemble
peptidyl-tRNA and aminoacyl-tRNA at the moment of their
reaction to form a new peptide bond (5). Indeed, the peptidyl-
transferase center of the ribosome, composed entirely of
RNA, was first identified by locating the site of binding of
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the Yarus inhibitor (6). The effectiveness of this inhibitor is
consistent with the view that the amino group of aminoacyl-
tRNA (bound at the A site) attacks the ester linkage between
the carboxylate group of the growing peptide chain and the
3′-OH group (7) of peptidyl-tRNA (bound at the P site).
Recent biochemical and mutagenesis studies suggest that the
ribosome is unlikely to act as an acid/base catalyst (8-12),
but many aspects of the mechanism of peptide bond
formation within the ribosome are still under debate.

Earlier, reactions of methyl and ethylene glycol esters of
N-formylglycine (fGly-OMe and fGly-glycol, respectively)
with the primary amino group of tris(hydroxymethyl)-
aminomethane (Tris) were examined as possible models for
peptidyl transfer in the ribosome.1 Comparing the second-
order rate constants for these model reactions in water with
the second-order rate constant observed for peptidyl transfer
within the ribosome, the ribosome was found to enhance the
rate of reaction by a factor of∼3 × 106 at 25°C (13, 14).
That rate enhancement was found to be entirely entropic in
origin, the heat of activation for the model reaction in water
being considerably more favorable than the heat of activation
for peptidyl transfer within the ribosome. That observation
seemed consistent with two possibilities. It was suggested
that the purely entropic advantage of the ribosome might
arise from its ability to juxtapose the reactants in a position
conducive to reaction, or from its ability to avoid the entropic
cost of organizing solvent water around the (presumably
zwitterionic,15) transition state for peptidyl transfer.

The reactants chosen for examination in the model
reactions described above were deficient, however, in certain
respects. First, any of the three-OH groups of Tris might
serve as an initial site of acylation (in a reaction that might
be subject to intramolecular catalysis by the primary amino
group of Tris) followed by O-to-N migration. Such behavior
has been observed in some aminolysis reactions of Tris (16,
17), although not in others (18). If O-to-N migration did
indeed occur, Tris might be correspondinglymorereactive
than other primary amines for which that ambiguity does
not exist, including aminoacyl-tRNA. Second, the basicity
of the conjugate base of trifluoroethanol (pKa ) 12.4, see
Table 1) more closely approximates the basicity of the
leaving 3′-OH group of the terminal adenosine of tRNA (pKa

) 12.98,19) than do those of ethylene glycol (pKa ) 14.8,
20) or methanol (pKa ) 15.5,20), which were used in the
previous study. The inherent reactivity of esters containing

these model leaving groups might then beless than the
inherent reactivity of esters of tRNA. The effects of these
potential shortcomings on reactivity would be expected to
oppose each other to some unknown extent. Finally, in
contrast with the reaction of phenyl acetate with methylamine
(15), general base catalysis by a second molecule of amine
was not observed for the reaction of Tris with these esters.
The absence of general base catalysis suggests that the
behavior of Tris might be atypical in some respects, rendering
its reactions inappropriate for comparison with the aminolysis
of peptidyl-tRNA.

To circumvent those difficulties, it seemed desirable to
examine the behavior of model reactants bearing a closer
resemblance to the biological reactants. In the present work,
we examined the reaction of fPhe-TFE with glycinamide,
whose free amino group serves unambiguously as the
nucleophile in acyl transfer (Scheme 1 and Table 1). The
thermodynamics of activation were also determined for
the uncatalyzed reaction, to allow comparison with those of
the reaction in the ribosome (13, 14). Several related reactions
were also characterized, to establish the effects of varying
structure on reactivity.

MATERIALS AND METHODS

N-Formylalaninemethylester(fAla-OMe)andN-formylphen-
ylalanine methyl ester (fPhe-OMe) were purchased from
BACHEM Biosciences Inc. (King of Prussia, PA). 2,2,2-
Trifluoroethyl formate was purchased from SynQuest Labo-
ratories Inc. (Alachua, FL). Other compounds, unless oth-
erwise noted or described below, were purchased from
Sigma-Aldrich, Inc.

N-Formylphenylalanine Trifluoroethyl Ester (fPhe-TFE).
N-Formylphenylalanine (TCI America; 3.6 mmol) was
treated with HCl-saturated 2,2,2-trifluoroethanol (10 mL) for
∼3.5 days at room temperature. After removal of the solvent
by evaporation, the product was dissolved in 50% aqueous
methanol containing sodium acetate (0.1 M) and purified by
reverse-phase HPLC (Whatman Partisil 10 ODS-2, 22×
500 mm) using a linear gradient from 50% methanol to 100%
methanol in 1 h at aflow rate of 3 mL/min. The product
was eluted after 30 min (∼50% yield), and its identity was
confirmed by NMR (Supporting Information, Figure 1) and
mass spectrometry (Supporting Information, Figure 2). The
only other peaks in the HPLC chromatogram (Supporting
Information, Figure 3) corresponded to unreacted starting
materials and fPhe-OMe formed by methanolysis during
workup. Fractions containing the product were evaporated
to dryness and stored under vacuum.

N-Formylphenylalanine Ethylene Glycol Ester (fPhe-
glycol). N-Formylphenylalanine (TCI America; 0.4 mmol)
was treated with dry ethylene glycol saturated with HCl
(∼1 mL) for 24 h at room temperature. The starting material
was completely consumed, and after removal of the solvent
(and byproduct formyl ethylene glycol) by evaporation, the
identity of the desired product (∼30% yield, syrup) was
confirmed by NMR and mass spectrometry. The only other
product of this reaction was the deformylated ethylene glycol
ester (∼70% yield). Because the present aminolysis reactions
were carried out under pseudo-first-order conditions, and
monitored by the resonances arising from formyl protons,
the presence of the phenylalanine ethylene glycol ester did
not interfere with the analyses described below.

1 Tris, tris(hydroxymethyl)aminomethane. Amino acid derivatives
are abbreviated according to the following conventions (example
phenylalanine): fPhe-TFE,N-formylphenylalanine trifluoroethyl ester;
fPhe-OMe, N-formylphenylalanine methyl ester; fPhe-glycol,N-
formylphenylalanine ethylene glycol ester.

Table 1: pKa Values of Model Reactant Groups and Their
RibosomalCounterparts

acyl group
transferred pKa

attacking
amine pKa

leaving group
alcohol pKa

N-formylphenyl-
alanine

3.3a glycinamide 8.2b 2,2,2,-trifluoro-
ethanol

12.4c

peptidyl-tRNA 3.4d aminoacyl-
tRNA′

8.1e tRNA 12.98f

a Supporting Information, Text 1 and Reference21. b Reference22.
c Reference23. d Reference24. e Reference14. f Reference19.
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N-Formylalanine Trifluoroethyl Ester (fAla-TFE). N-
Formylalanine (TCI America; 0.4 mmol) was treated with
HCl-saturated 2,2,2-trifluoroethanol (4 mL) for∼1 week at
room temperature. After removal of the solvent by evapora-
tion, the identity of the product (∼60% yield, ∼40%
unreactedN-formylalanine) was confirmed by NMR and
mass spectrometry.

Kinetic Measurements.The present kinetic studies were
conducted in 99% D2O, but since only a slight reduction
(∼10%) in the rate of the uncatalyzed reaction of phenyl
acetate with methylamine was observed in D2O (15), kinetic
isotope effects on ester aminolysis rates are expected to be
small. Reactions of fPhe-TFE with glycinamide were fol-
lowed by proton NMR (Varian Inova 600 MHz; Palo Alto,
CA), as a function of changing temperature. The temperature
of the NMR probe was calibrated with ethylene glycol, using
calibration software provided by Varian (VnmrJ, version
1.1c). A buffer solution (1 mL) containing glycinamide
(0.4 M), potassium hydroxide (0.2 M), and pyrazine
(10-3 M, added as an integration standard) in 99% D2O was
preincubated at the final probe temperature. Immediately
before data collection, fPhe-TFE (0.5 mg) was quickly
dissolved in this solution to produce a final concentration
of 10-3 M and the progress of reaction was followed by
measuring the NMR spectrum at intervals. In these experi-
ments, unprotonated glycinamide was present in large excess
(0.2 M) and the decomposition of starting material followed
first-order kinetics to completion (Supporting Information,
Figure 4). Data were routinely acquired over a period of at
least two half-times. A standard water suppression pulse
sequence was used with a delay corresponding to 5 times
T1. The value ofT1 was approximated at each temperature
using an inversion recovery sequence whereT1 ≈ tnull/ln(2).
The calculated value ofT1 at 18°C (10.7 s) was also used
for the experiments at 11°C and 4°C. At least 20 data points
were collected at each temperature, using a minimum of 8
transients for each point. The integrated intensities of the
formyl proton peaks of the starting material, the aminolysis
product, and the hydrolysis side product, estimated with
reference to the internal pyrazine standard, were then fit to
the appropriate rate equations by nonlinear regression, using

SigmaPlot (Systat Software, Point Richmond, CA), as
described in Results.

Effects of Ionic Strength, Buffer Concentration, and pH.
All reactions were conducted at 25°C in D2O and followed
by 600 MHz 1H NMR. The pulse sequence was similar to
that used in the temperature dependence experiments, but
used only 4 transients. Increasing amounts of KCl were added
to a solution containing a fixed concentration of unprotonated
glycinamide (0.1 M) and ester (10-3 M). The effect of
changing glycinamide concentration was tested by allowing
fPhe-TFE (1.5× 10-3 M) to react with increasing amounts
of glycinamide in D2O. The concentration of unprotonated
glycinamide was adjusted by adding different amounts of a
buffer containing glycinamide (2 M) and potassium hydrox-
ide (1 M). In both sets of experiments, the observed pH value
remained constant over the full range of buffer/KCl con-
centrations. To test the dependence of the reaction on
changing pH, a solution of unprotonated glycinamide
(0.125 M) was adjusted with either 3 M KOH or 3 M HCl
to the appropriate pH value, maintaining the ionic strength
at 0.5 M by appropriate addition of KCl, and allowed to react
with the model ester (1.5× 10-3 M). The pD values of the
reaction mixtures were estimated by adding 0.408 (25) to
the observed pH value, measured before and after reaction
with fPhe-TFE. Concentrations of-OD were calculated using
a pKw value of 14.87 (based on molarity) for D2O at 25°C
(26). Proton NMR data were integrated with reference to
pyrazine as an internal standard, as described above. In every
case, decomposition of the starting material followed first-
order kinetics. The observed first-order rate constant was then
divided into its components according to the observed
fraction of the overall decomposition of the ester that
proceeded by aminolysis and hydrolysis, respectively.

RESULTS

Glycinamide Attack on N-Formylphenylalanine Trifluo-
roethyl Ester (fPhe-TFE).The reaction of fPhe-TFE with
glycinamide was accompanied by hydrolysis, but the rates
of aminolysis exceeded those of hydrolysis at all temperatures
used in this study. The NMR signals of the starting material
and the two products were sufficiently resolved for accurate

Scheme 1: Chemistry of Peptide Bond Formationa

a (A) Model reaction between glycinamide andN-formylphenylalanine trifluoroethyl ester in aqueous solution. (B) Reaction in the peptidyl-
transferase center of the ribosome. Amino-acylated tRNA (aminoacyl-tRNA′, bound in the A-site) attacks the ester linkage of the nascent peptide
chain (peptidyl-tRNA, bound in the P-site).
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integration through the temperature range between 4°C and
25 °C. At temperatures above 25°C, overlap between the
product peaks became a significant source of error, so that
data acquired above 25°C could not be used with confidence.
A typical set of observations is shown in Figure 1A. In these
experiments, we analyzed the full time course of formation
of each of the two products using the equations below (see
Supporting Information, Text 2):

where A1 ) N-formylphenylalanine trifluoroethyl ester,
A2 ) N-formylphenylalanyl glycinamide, A3 ) N-formylphen-
ylalanine,t ) time, and RNH2 ) glycinamide. Correlation
of the integrated data (Figure 1B) obtained at different time
points was satisfactory (R2 > 0.99). The aminolysis product

of the reaction was also isolated using HPLC and unequivo-
cally identified using mass spectrometric analysis (Supporting
Information, Figure 5). The formyl proton resonance
(8.01 ppm) of the isolated material was identical with that
of the peak (4) indicated in Figure 1. The second-order rate
constants (kRNH2) observed at each temperature are shown
as an Arrhenius plot in Figure 2. Each value was corrected
for the shift in the concentration of unprotonated glycinamide
as a function of temperature, according to the experimentally
determined constant∆pKa/°C ) -0.025 (Supporting Infor-
mation, Figure 6). Linear regression analysis (Figure 2)
yielded an activation energy,Ea, of 8.4 kcal/mol. The hint
of curvature in Figure 2 suggests a slight difference in heat
capacity between the substrates in the ground state and the
transition state, but minor uncertainties in the concentration
of amine in the free base form might be responsible for this
apparent departure from linearity. The activation enthalpy

FIGURE 1: Reaction ofN-formylphenylalanine trifluoroethyl ester and glycinamide at 4°C monitored by 600 MHz1H NMR. (A) Real time
kinetic data following the formyl protons of the aminolysis product, starting material and hydrolysis product (left to right, respectively) in
the range of 8.04 to 7.88 ppm. (B) Integrated data plotted as a function of time forN-formylphenylalanyl glycinamide (4),
N-formylphenylalanine trifluoroethyl ester (b), andN-formylphenylalanine (0). Nonlinear regression fit the data satisfactorily (R2 > 0.99):
the first curve (solid line) corresponds to exponential decay (eq 3) while the other curves (dashed and dotted lines) correspond to exponential
rise to max (eq 5 and eq 6, respectively).

FIGURE 2: Arrhenius plot of the second-order rate constants for
the aminolysis of fPhe-TFE by glycinamide. The concentration of
unprotonated amine used for the calculation of the second-order
rates was based on the temperature dependence of the dissociation
constant of glycinamide in D2O.

A198
kRNH2

app

A2 (eq 1)

A198
kOH-

app

A3 (eq 2)

[A1] ) [A1]0e
-kTt (eq 3)

kT ) kRNH2
app + kOH-

app (eq 4)

[A2] )
kRNH2

app [A1]0

kT
[1 - e-kTt] (eq 5)

[A3] )
kOH-

app [A1]0

kT
[1 - e-kTt] (eq 6)

kRNH2
app ) kRNH2[RNH2] (eq 7)

4040 Biochemistry, Vol. 46, No. 13, 2007 Schroeder and Wolfenden



for the aminolysis reaction (∆Hq ) 7.8 kcal/mol at 25°C)
was calculated using the relationshipEa ) ∆Hq - RT. That
value is similar to the value (∆Hq ) 8.5 kcal/mol) determined
by Jencks et al. (15) for the uncatalyzed rate of aminolysis
of phenyl acetate by methylamine. Because hydroxide attack
is more sensitive to temperature than aminolysis, the fraction
of kT represented by hydroxide attack varied from 20% at 4
°C to 40% at 25°C (for further discussion of the reaction
with hydroxide ion see Supporting Information, Text 3).

Effects of Buffer Concentration, pH, and Ionic Strength.
Rate constants for aminolysis and hydroxide attack were
obtained by apportioning the overall first-order rate constant
for substrate decomposition,kT (eq 4), according to the
observed ratio of products (which did not vary during the
course of reaction). Figure 3 shows the apparent rate constant
for aminolysis,kRNH2

app , plotted against the concentration of
unprotonated glycinamide. [In accordance with the relation-
ship described in eq 4, the (kobs - k0) term in Figure 3 is
equivalent to (kT - kOH-

app ); this new convention is adopted
throughout the manuscript.] The upward curvature of this
plot is consistent with the presence of both an uncatalyzed
and an amine-catalyzed term in the rate equation and can be
analyzed in terms of eq 8, wherek1 ) the uncatalyzed rate
andk2 ) the catalytic contribution of the buffer, as observed
for the reaction of phenyl acetate with methylamine (15).
Fitting these data to eq 8 (R2 > 0.99) yieldedk1 ) 3.0 ×
10-5 M-1 s-1 for uncatalyzed aminolysis andk2 ) 1.7 ×
10-3 M-2 s-1 for amine-catalyzed aminolysis, at 25°C.

Included in Figure 3 are data obtained under two sets of
experimental conditions: (a) varying the concentration of
glycinamide at constant pD and (b) varying the concentration
of the conjugate base of glycinamide by adjusting the pD,
at a fixed concentration of glycinamide. Both sets of data
show the same dependence on glycinamide concentration
(eq 8). Apparent second-order rate constants for aminolysis,
adjusted for the contribution of amine catalysis (k2) and the
change in the concentration of unprotonated amine, were
found to be independent of pD over a range of∼0.5 log
units centered about the pKa of glycinamide (Figure 4). The

finding that theobserVedaminolysis rate constant increases
with increasing pD in proportion to the concentration of free
amine, and that the value ofk1 is independent of the [-OD],
indicates that aminolysis proceeds exclusively by attack of
the conjugate base of glycinamide. Addition of the nonpolar
solvent tetrahydrofuran (10% v/v) reduced the observed
aminolysis rate by about 35% (Supporting Information,
Figure 7). That solvent effect is consistent with a reaction
between two neutral species to form a more polar transition
state (15). For reasons that are unclear, the rate of aminolysis
did not vary with ionic strength between 0.25 and 2.75 M
KCl (Supporting Information, Figure 8).

The observed free energy of activation for ester aminolysis
(∆Gq) was 23.5 kcal/mol. Using the relationship∆Gq )
∆Hq - T∆Sq, the activation entropy was estimated to be
-15.7 kcal/mol at 25°C.

Glycinamide Attack on Other Model Esters.A plot of the
observed fAla-TFE aminolysis rate as a function of the
concentration of unprotonated glycinamide (Figure 5) fit
eq 8 satisfactorily (R2 > 0.99, solid line). The resulting values
of k1 and k2 were similar to those observed for fPhe-TFE
(Table 2). The dashed line, representingk2 for the catalyzed
rate alone, matched the data withR2 ) 0.95. The difference
between the two curves corresponds tok1, the uncatalyzed

FIGURE 3: Plot of the apparent fPhe-TFE aminolysis rate constant
(wherekobs ) observed rate constant andk0 ) apparent hydrolysis
rate constant) versus the concentration of unprotonated glycinamide.
The concentration of glycinamide in the free base form was adjusted
either by the addition of glycinamide while maintaining a constant
pD (0) or by varying the pD at a fixed concentration of glycinamide
(b). The curve shown corresponds to a 2-parameter quadratic
(see eq 8).

FIGURE 4: Plot of the apparent second-order fPhe-TFE aminolysis
rate constant (wherekobs) observed rate constant andk0 ) apparent
hydrolysis rate constant) versus the concentration of-OD. The solid
line represents a linear fit to the observed aminolysis rate data (b)
while the dashed line is a straight line that corresponds to the
average value for the aminolysis rate when adjusted for the
contribution of amine catalysis (O).

FIGURE 5: Plot of the apparent fAla-TFE aminolysis rate constant
(wherekobs ) observed rate constant andk0 ) apparent hydrolysis
rate constant) versus the concentration of unprotonated glycinamide.
The lower curve (dashed line) corresponds to a 1-parameter
quadratic fit and represents the contribution of amine catalysis to
the observed aminolysis rate (4). The upper curve (solid line)
corresponds to a 2-parameter quadratic fit and includes the
uncatalyzed contribution to the observed aminolysis rate.

kRNH2
app ) k1[RNH2] + k2[RNH2]

2 (eq 8)
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(or water-catalyzed; see Discussion) contribution to the
observed rate of aminolysis.

The same procedure was applied to formyl-TFE (trifluo-
roethyl formate, representingN-formylglycine trifluoroethyl
ester), fPhe-glycol (Supporting Information, Figure 9),
fPhe-OMe (Supporting Information, Figure 10), fAla-OMe
(Supporting Information, Figure 10), and fGly-OMe (Table
2).

DISCUSSION

The reaction of fPhe-TFE with glycinamide addresses
several potential shortcomings of a previous model reaction
between fGly-glycol and Tris. In addition to the first-order
reaction of glycinamide with fPhe-TFE, whose rate constant
was the objective of the present experiments, the rate
expression contained a second term consistent with general
base catalysis by a second molecule of amine (15, 27, 28).
The absence of that term in the earlier reaction with Tris
seemed anomalous, suggesting that the mechanism of the
Tris reaction might be atypical, possibly involving initial
attack by oxygen (see introductory remarks). An additional
advantage of the present model reaction is that the basicity
of the conjugate base of trifluoroethanol (pKa ) 12.4, see
Table 1) more closely approximates the basicity of the
leaving 3′-OH group of the terminal adenosine of tRNA
(pKa ) 12.98,19) than do those of ethylene glycol (pKa )
14.8,20) or methanol (pKa ) 15.5,20), which were used in
the previous study. [It may also be worth noting that the
derivatives of glycine used in the earlier model studies are
usually somewhat more reactive than those of other amino
acids, as exemplified by the entries for fGly-OMe and fPhe-
OMe in Table 2 (see also Greenstein and Winitz,29)].

Rate constants and thermodynamic parameters for the
present uncatalyzed (or water-catalyzed;Vide infra) model
reaction, for the ribosomal reaction, and for the previous
model reaction are summarized in Table 3. The rate
enhancement produced by the ribosome (3× 107) is
calculated by dividing the second-order ribosomal rate
constant (kcat/KM) by the second-order rate constant for the
uncatalyzed reaction (k1). Earlier,kcat/KM was shown to be
limited by the rate of a chemical process in the ribosome
reaction rather than by a binding event (14).

Most single-substrate (or hydrolytic) enzymes enhance
reaction rates by lowering heats of activation. That behavior
is consistent with the formation of new hydrogen bonds and
electrostatic interactions in the transition state, as for example
in general acid/base catalysis. Because there is no second
substrate, or the second substrate (water) is present in

abundance, the usefulness of proximity effects is reduced
or nonexistent in one-substrate reactions. Thus, it seems
understandable that entropic effects are minor in catalysis
by those enzymes, with a change in the entropy of activation
that approaches zero (1, see Figure 6).

In the ribosome, the rate enhancement is entirely entropic
in origin. In fact, the enthalpic barrier to the bisubstrate
reaction within the ribosome is actuallyhigher than the
reaction in solution by nearly 8 kcal/mol. And while the
solution reaction is entropically unfavorable (T∆Sq is large
and negative), theincreasein T∆Sq approaches 18 kcal/mol
(Figure 6), more than sufficient to account for the rate
enhancement produced by the ribosome. That rate enhance-
ment (3× 107) is relatively modest compared with a typical
value of 1012 to 1014 for single-substrate or hydrolytic
enzymes (30), as might be expected for a mechanism
dependent entirely on physical effects.

The entropic effect of the ribosome may include contribu-
tions from two potential sources of catalysis that cannot be
distinguished on the basis of present experimental evidence.
First, the ribosome might juxtapose the substrates in a
position conducive to reaction, reducing the translational and
rotational entropy costs associated with complex formation
in solution. Interestingly, the observed rate enhancement for
this reaction approaches the maximum value expected of a
purely “entropic” catalyst (108, 2). A second possibility arises
from the presumably zwitterionic nature of the transition state
for ester aminolysis. The solvent retardation observed in the
present model for peptidyl transfer is consistent with the
likelihood that two neutral species combine to form a more
polar transition state. Formation of this zwitterionic transition
state within the essentially desolvated peptidyl-transferase
center of the ribosome would avoid the entropic cost of
organizing solvent water around this species in free solution,
accelerating the reaction. This latter alternative is supported
by theoretical calculations and molecular dynamics simula-
tions conducted by Warshel (31) and A° qvist (32, 33) and
their associates. It seems likely that the action of the ribosome
depends on some combination of juxtaposition and desol-
vation effects.

Weinger et al. have established that a vicinal 2′-OH group
must be present in peptidyl-tRNA for peptidyl transfer to
occur rapidly within the ribosome (34). Thus, the rate of
peptidyl transfer is reduced by a factor of 106 when the
2′-OH group is removed. They have described that effect,
appropriately, as “substrate assistance”. Effects of this kind
have also sometimes been described as “substrate-assisted
catalysis”, a term that may be less fortunate because of its
potential for confusion. As noted above, the zwitterionic
transition state for peptidyl transfer is expected to be more
strongly solvated by water than are the substrates in the
ground state. In view of the existence of an additional
reaction pathway for ester aminolysis that involves general
base catalysis by amine, it seems reasonable to suppose that
solvent water also acts as a general base catalyst for this
reaction. Water has been implicated in a similar role for the
related hydrolysis of esters and anhydrides because it falls
on the same linear Brønsted plot as do other general bases
for that reaction (for a more complete treatment of this
subject, see ref35 and references cited therein). The water
reactions of those compounds are also associated with
extraordinarily large and negative entropies of activation

Table 2: Rate Constants for Aminolysis by Glycinamide of Various
Model Esters

model ester catalyzed rate (M-2 s-1) uncatalyzed rate (M-1 s-1)

fPhe-TFE 1.7× 10-3 3 ( 2 × 10-5

fAla-TFE 1.5× 10-3 5 ( 2 × 10-5

formyl-TFEa 7.3× 10-1 5 ( 2 × 10-3

fPhe-glycol 1.4× 10-5 1 ( 0.4× 10-6

fPhe-OMe 6.0× 10-6 4 ( 1 × 10-7

fAla-OMe 6.8× 10-6 1 ( 0.4× 10-7

fGly-OMe 6.0× 10-5 (masked)b

a TFE formate, a model for fGly-TFE.b A single parameter fit was
sufficient to account for the observed rate data.
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(36, 37). But ordinarily, when one speaks of the effect of
substrate structure on the catalytic proficiency of an enzyme,
one refers to interactions between a substrate and catalyst
that enhance the rate of the catalyzed reaction above the rate
of reaction in water in the absence of a catalyst. Judged by
that criterion, the 2′-OH group of peptidyl-tRNA may not
be formally catalytic, although it becomes essential for
reaction within the special context of the ribosome. As has
been recognized by other authors (38, 39), the principal role
of the 2′-OH group may simply be to assume the role that
water molecules play in ester aminolysis in aqueous solution.
As shown earlier (14, 40, 41), and in the present work
(Table 2, comparing the uncatalyzed reaction rate of fPhe-
glycol with that of fPhe-OMe), a vicinal-OH group exerts
only a minor effect on the reactivity of esters with amine or
hydroxide ion nucleophiles when water is present in abun-
dance.

It remains possible, of course, that the 2′-OH group of
peptidyl-tRNA also causes some structural reorganization
within the ribosome. But it remains to be demonstrated that
the 2′-OH group makes any additional contribution to the
overall rate enhancement that extends beyond mere com-
pensation for the absence of solvent water as a catalyst.

CONCLUDING REMARKS

In summary, the present aminolysis reaction differs from
earlier model reactions (14) in that it (A) incorporates a
leaving group whose pKa value approaches that of tRNA,

(B) exhibits general base catalysis by amine (as well as
“uncatalyzed” aminolysis), and (C) employs a simple amine
that does not participate in undesirable side reactions. For
these reasons, this reaction appears to furnish a more robust
model for the ribosomal reaction. The paradoxical absence
of any apparent effect of a neighboring-OH group on the
rate of ester aminolysis in water (which stands in contrast
to the presence of a marked-OH group effect on the rate
of reaction in the ribosome) can be understood in terms of
the likelihood that, in the ribosome, this-OH group replaces
solvent water as a catalyst. Interestingly, Petkov et al. have
shown that the vicinal 2′-OH group increases the rate of
peptidyl adenosine ethanolysis by∼600-fold in the absence
of water (42). Together with the results of other biochemical
investigations (8-12), the present results leave no compelling
reason to suppose that the ribosome itself acts as a chemical
catalyst in any conventional sense. Instead, the ribosome
appears to act entirely by a combination of propinquity and
desolvation effects.
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SUPPORTING INFORMATION AVAILABLE

Additional spectra pertaining to the synthesis of fPhe-TFE
and its subsequent reaction with glycinamide (along with

Table 3: The Thermodynamic Activation Parametersa,b for Model and Ribosomal Reactions

amine ester rate constantc ∆Gq ∆Hq T∆Sq

uncatalyzedd glycinamide fPhe-TFE 3× 10-5 23.5( 0.7 7.8( 0.4 -15.7( 0.8
ribosome (E. coli)e puromycin fMet-tRNA fMet 1 × 103 14.0 16.0 2.0
uncatalyzede Tris fGlyglycol 3× 10-4 22.2 9.1 -13.0
uncatalyzedf Tris fMet-tRNAfMet 1 × 10-4 22.7 16.2 -6.5
a Comparisons that seem most appropriate are shown in boldface. Reactions with Tris appear to involve complications (see text).b Values reported

in units of kcal/mol.c Values reported in units of M-1 s-1. d This work. e References13, 14. f Reference12.

FIGURE 6: Heats and entropies of activation for model uncatalyzed reactions representative of peptide hydrolysis (blue, green, maroon,
pink, or gray filled squares) and peptide synthesis (red filled square, this work) compared withkcat for the corresponding hydrolytic enzyme
(blue or gray filled circles) orkcat/Km for the ribosome-catalyzed reaction (red filled circle), respectively. The blue shaded portion of the
diagram indicates that the rate enhancements of hydrolytic reactions are predominantly based on lowering heats of activation, while the
orange shaded region indicates that the ribosome catalyzes peptide synthesis by rendering the entropy of activation more favorable.
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the corresponding solvent and salt effects), information on
the pKa determination ofN-formylphenylalanine, a plot of
the temperature dependence of the pD of a glycinamide
solution, and representative plots for the aminolysis of both
ethylene glycol and methyl esters. This material is available
free of charge via the Internet at http://pubs.acs.org.
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