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Hydrolysis rate constants of glycylglycine to glycine and equilibrium constants between glycylglycine and
diketopiperazine were determined simultaneously in situ using an FT-IR spectroscopy flow reactor at 310-
330 °C and 275 bar. The hydrolysis of the peptide bond in neutral hydrothermal solution follows the first-
order (or pseudo-first-order) rate law. The cyclization of dipeptides is very prominent at high temperatures.
Pressure affects the hydrolysis rate and the enthalpy of cyclization of the dipeptide. Specifically, the activation
energy for hydrolysis of the dipeptide is reduced by about 50 kJ/mol and the standard enthalpy change of
cyclization of the dipeptide is increased by about 50 kJ/mol when pressure is increased from a steam pressure
of 1-16 bar to a solution pressure of 275 bar. The data analysis method used in this work is general and
could be applied to other dipeptides provided the decomposition rate of the free amino acid product of hydrolysis
is monitored.

Introduction

The mechanisms of hydrolysis and the reverse formation of
a single peptide bond have been studied experimentally1,2 and
theoretically.3-7 The hydrolysis rate of peptide bonds is very
slow at ambient conditions in neutral solution. It has been shown
however that the presence of acids, bases,8-10 and metal
complexes11-14 promotes the hydrolysis rate and that base
catalysis is more efficient than acid catalysis. Less attention has
been paid to the preferential hydrolysis of peptide bonds in
polypeptides and proteins. With minimal assumptions, Martin15

proposed that nucleation was required in the initial condensation
of two amino acids to yield the dipeptide, which was slower
than subsequent condensation to grow the chain. Experimentally,
the formation of the dipeptide or its cyclic dipeptide via the
condensation of amino acids and the hydrolysis of the polypep-
tide was found.16-26 Cyclization of glycylglycine to diketopip-
erazine was more rapid than its hydrolysis.19,20,25,26In a neutral
hydrothermal solution, the hydrolysis of glycylglycine via the
formation of diketopiperazine18-20 and the formation of the
polypeptide mediated by diketopiperazine22,23,27indicate that the
diketopiperazine might play an important role in prebiotic
polypeptide formation.

Accurate nonenzymatic hydrolysis rates of peptide bonds are
difficult to determine in neutral solution at room temperature
because they are very slow. A method28-31 was therefore
developed to bind reactants and products with a polymeric
fluorogenic substrate. The hydrolysis process was then moni-
tored by determining the concentrations of complexes using
HPLC. However, this method inevitably disturbs the state
distribution of species in aqueous solution, accelerates or
decelerates the hydrolysis of some peptide bonds because of
the substrate, and may lead to inaccurate rate constants,
especially for polypeptides. Raising the temperature can increase
the hydrolysis rate of the peptide bond, but at the same time
accelerate the formation of dipeptides from both amino acid

condensation16-21,25,29and internal aminolysis of polypeptides18-20

and reduce them by decomposition of the product amino
acids.32-36 The cyclization of the dipeptide was more prominent
at high temperature. Thermodynamically, the formation of
dipeptides from condensation of the amino acid is favored at
high temperature.37 Therefore, accurate determination of the rate
constant of hydrolysis of the peptide bond requires simultaneous
consideration of amino acid condensation, internal aminolysis
(for a polypeptide), cyclization of the dipeptide, and decomposi-
tion of product amino acids. In the course of studies on
hydrothermolysis of amino acids, it was found that the rate
constant of hydrolysis of simple dipeptides, such as glycyl-
glycine, to free amino acids and the equilibrium constant
between the dipeptide and its cyclization product diketopipera-
zine could be determined simultaneously in situ by using a FT-
IR spectroscopy flow reactor. In this paper, the hydrolysis rate
constants of the simplest dipeptide, glycylglycine, and equilib-
rium constants between glycylglycine and diketopiperazine are
described. In theory, this method could be applied to dipeptides
of other amino acids if the decomposition of the product amino
acid can be monitored.

Experimental Section

Glycylglycine (glycine anhydride) and alanylalanine (alanine
anhydride) were purchased from Sigma-Aldrich Co. and used
without further purification. Milli-Q deionized water was used.
Solution pH values of the aqueous solutions were measured on
an Orion model 330 pH meter. The concentrations of aqueous
solutions were 0.1m.

The flow reactor FT-IR spectroscopy cell constructed from
titanium with sapphire windows and gold foil seals has been
described in detail elsewhere.38,39The temperature and pressure
were controlled within(1 °C and(1 bar, respectively. The
flow rate in the 0.1-1.0 mL/min range at ambient temperatures
and 275 bar was controlled with an accuracy of 1% by the use
of an Isco syringe pump. Correction of the flow rate in the
spectroscopy cell was made to account for the density change
with temperature. Transmission IR spectra were recorded at 4* Correspondence author. E-mail: brill@udel.edu.
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cm-1 resolution with a Nicolet 560 Magna FTIR spectrometer
and an MCT-A detector. Background spectra recorded for pure
water at the same conditions were subtracted. Thirty-two spectra
were summed at each condition.

During the hydrothermolysis of the dipeptide, only the
asymmetric stretch of the aqueous CO2 product centered at 2343
cm-1 was observed in the band-pass of sapphire. The band area
of CO2 was converted into concentration by using the Beer-
Lambert law and the previously determined molar absorptivity
of aqueous CO2.40 The CO2 concentrations were corrected for
hydrolysis41 as expressed in eqs 1-4. The total CO2 concentra-
tion was replaced by the observed CO2 concentration in acidic
and neutral media at temperatures of 310-330 °C because
buffering by the reactants, products, and water prevents a
significant change in the pH and hydrolysis of CO2.32

The total CO2 concentration [CO2]T is

The calculation of pH at high temperature was performed on
the basis of charge balance and the ionization constants of the
species. The ionization constants were obtained by extrapolation
using the iso-Coulombic method42 given the ionization constant
at room temperature43 and specific volume of water.43

Results and Discussion

A rapid equilibrium exists between glycylglycine (Gly-Gly)
and diketopiperazine (DKP) compared to the hydrolysis rate of
the Gly-Gly. The rate of the forward reaction (i.e., Gly-Glyf
DKP) is faster than the backward reaction. It is therefore
reasonable to assume that equilibrium always exists between
Gly-Gly and DKP during the hydrolysis of the peptide bond.
Scheme 1 applies to the hydrolysis of Gly-Gly at hydrothermal
conditions. At the early stage of decarboxylation of glycine,
the analytic kinetic expressions eqs 5-7 apply:

C0 is the initial concentration of DKP,kh is the hydrolysis rate

of Gly-Gly, kd is the decarboxylation rate constant, andKeq is
the equilibrium constant.kh andkd are first-order rate constants.
Fitting of the nonlinear eq 7 with the previously determined
decarboxylation rate constants of glycine at the same condi-
tions32 provides the hydrolysis rate constant of Gly-Gly to
glycine and equilibrium constant between Gly-Gly and DKP
simultaneously. These constants are given in Table 1. The
variation of the hydrolysis rate constant with temperature
followed the Arrhenius equation (Figure 1), and the variation
of the equilibrium constant with temperature followed the van’t
Hoff equation (Figure 2). Also plotted are results from previous
work. The data at water stream pressure from Qian et al.25

(pressure change is in the range of 1-16 bar when temperature
changed from 100 to 220°C) and most of the data from
Wolfenden et al.26 (pressure was not measured, but we estimate
that the highest pressure was not more than the water stream
pressure at a given temperature) were estimated from their
graphs, but are not listed in Table 1 because they are less
accurate than those obtained here. It can be seen from Figure 1
that the present results agree very well with Qian’s data at high
pressure (265 bar) when extrapolated to high temperatures, while
the low-pressure results from Qian et al. and Wolfenden et al.
had similar activation energies but different frequency factors.
The Arrhenius parameters were therefore calculated with a
correlation coefficient of 0.99 based on the present work and
that of Qian et al. at high pressure. A similar result was obtained
when the present data were compared with those of Wolfenden
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TABLE 1: Hydrolysis Rate Constants kh of Glycylglycine to
Glycine and Equilibrium Constants Keq between
Diketopiperazine and Glycylglycine at 275 bar

temp/°C kh/s-1 Keq

310 1.9× 10-4 0.01762
320 2.2× 10-4 0.01332
330 2.8× 10-4 0.01152
100 1.10× 10-6 a

120 3.28× 10-6 a

160 8.94× 10-6 a

220 3.72× 10-5 a

Arrhenius plot van’t Hoff plot

Ea/kJ‚mol-1 ln(A,s-1) ∆rH°/kJ‚mol-1 c ∆rH°/kJ‚mol-1 d

43.53( 1.13 (96.23)b 0.47( 0.29 -62.32( 10.74 -14.62

a From Qian et al. at 265 bar.b From Wolfenden et al.c This work
at 275 bar.d Based on Wolfenden’s data (unknown pressure).

Figure 1. Arrhenius plot of glycylglycine hydrolysis to glycine.
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in Figure 2. Interestingly, the intersections in Figures 1 and 2
occur at about 150°C with respect to low and high pressures.
Pressure has an obvious effect on the hydrolysis and cyclization
of the dipeptide.

The effects of temperature and pressure studied theoretically
by Shock37 show that increasing temperature and decreasing
pressure would increase the thermal stability of the peptide bond
in hydrothermal solutions and that the decrease of thermal
stability of the peptide bond at high pressure was offset by the
increase in stability at high temperature. An activation energy
of about 90 kJ/mol is needed to hydrolyze a peptide bond at
low pressure,25,26,45,46while increasing the pressure to 275 bar
lowers the activation energy to about half that at low pressure.
At the same time, the standard enthalpy change of cyclization
of the dipeptide increases about 50 kJ/mol as pressure increases.
It should be noted that pressure had no effect on the hydrolysis
of an ester47 or the decarboxylation of amino acids,32,33and the
peptide bond dealt with (including the thermodynamic calcula-
tions by Shock) is only in the dipeptide. It is not known whether
pressure has a similar effect on the peptide bonds in polypeptides
and proteins. But if the observations by Bada et al.18-20 that
the hydrolysis of polypeptide occurs via the formation of
diketopiperazine and by Takaoka et al.22,23and Rode27 that the
formation of polypeptide is mediated by diketopiperazine hold,
then more kinetic data at high pressure are needed to explore
its role in prebiotic conditions.

When the kinetic method here was applied to alanine
anhydride, rate and equilibrium constants could not be obtained
because the decarboxylation rate of alanine was so slow that
the CO2 concentration could be determined only at the upper
limit of temperature and the longest residence time of the flow
reactor. However, this method of data analysis is general and
can be applied to other dipeptides provided the decomposition
(decarboxylation and deamination) of the free amino acid
product is monitored.
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Figure 2. Van’t Hoff plot of cyclization of glycylglycine to dike-
topiperazine.
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