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Abstract: 1H NMR saturation transfer andT1 experiments were used to monitor the amide hydrogen exchange rates
of 2,5-piperazinedione (diketopiperazine, DKP) and 2-piperidone (δ-valerolactam) in water. Specific acid-catalyzed
exchange rate constants (kH) for δ-valerolactam and DKP are quite similar, but DKP exhibits an approximately
740-fold larger specific base-catalyzed rate constant (kOH) at 25°C, which approaches the diffusion limit. The rate
constants for DKP are larger than expected from simple inductive effects. The enhanced rate constants for DKP are
attributed to electrostatic interactions involving the second peptide group. In general, the exchange data and inspection
of protein structures suggest that such electrostatic interactions may have significant effects on hydrogen exchange
in proteins.

Introduction

Hydrogen exchange has served as a powerful tool for the
investigation of protein folding, stability, and function.1 Nu-
merous labs have demonstrated that hydrogen exchange behav-
iors of subsets of peptide groups in proteins can provide accurate
measures of conformational equilibria in proteins.2 Interpreta-
tion of the hydrogen exchange behavior of peptide groups not
reflecting conformational equilibria has been the focus of
considerable discussion and is limited by our understanding of
the factors that influence hydrogen exchange.1

The study of model compounds provides valuable information
for the interpretation of hydrogen exchange data.3-7 Such
studies illustrate that inductive effects can modify exchange.3,4

In linear peptides, electron-withdrawing groups such as peptide
groups and various side-chains increase base-catalyzed rate
constants up to 100-fold and decrease acid-catalyzed rate
constants to a similar extent. On the other hand, electron-
donating groups increase acid-catalyzed rate constants and
decrease base-catalyzed rate constants.
2-Piperidone (δ-valerolactam,1) and 2,5-piperazinedione

(diketopiperazine, DKP,2) have previously served as model
compounds for the study of peptide bond properties.5 These
simple peptides confer the advantage of studying backbone
interactions in a relatively rigid structure with an absence of
side-chain and end-group effects. In the present study, NMR
saturation transfer andT1 experiments have been used to monitor
the amide hydrogen exchange rates of1 and2 in water. The
rate constants for2 were found to be significantly enhanced
and cannot be explained by simple inductive effects alone. The
results suggest that through-space electrostatic interactions are
influencing the exchange rates. Similar interactions may affect
hydrogen exchange in proteins.

Experimental Section

Materials: Diketopiperazine (glycine anhydride, 99+%) andδ-vale-
rolactam (99+%) were purchased from Aldrich Chemical Co. (Mil-
waukee, WI). The purity was verified by1H NMR. TSP (sodium
3-(trimethylsilyl) propionate-2,2,3,3-d4) and D2O (99.9 atom %) were
from Cambridge Isotope Laboratories (Woburn, MA). Reagent grade
potassium chloride, monobasic potassium phosphate, and potassium
acetate were from EM Science (Gibbstown, NJ).
NMR Spectroscopy:All samples contained 10 mM DKP orδ-vale-

rolactam, 100 mM potassium chloride, 10 mM monobasic potassium
phosphate, 10 mM potassium acetate, 0.89 mM TSP, and 10% D2O.
All water was deionized and distilled. The pH was adjusted with the
addition of small amounts of concentrated HCl or KOH. The pH was
measured at room temperature using an Orion Research pH meter
(Model 611) with a 3 mmo.d. Ingold combination electrode (Wilmad
Glass Company; Buena, NJ) standardized at two points with standards
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from VWR Scientific (West Chester, PA) and Fisher Scientific
(Pittsburgh, PA). Final sample volumes were 700µL.
All NMR spectra were recorded using a Nalorac Cryogenics

Corporation (Martinez, CA) IDT500 5 mm triple resonance probe on
a Varian Unity spectrometer, located in the University of Iowa College
of Medicine NMR facility, operating at a1H frequency of 499.733 MHz.
Solvent irradiation was achieved using no more than 35 mW of power
for 4 s. Probe temperatures were determined using a methanol
standard.8

Longitudinal relaxation time constants,T1, were determined using
an inversion-recovery sequence9 with irradiation of the solvent. Each
FID was the sum of eight scans collected as 8000 complex data points
and a spectral width of 6000 Hz. TheT1 times were determined in
triplicate for each sample.
Fractional amide peak intensities were determined using a 1-1h jump-

return pulse sequence in the presence and absence of solvent irradia-
tion.10 The transmitter was placed at the solvent frequency and the 1-1h
delay (∼1330 µs for 1 and ∼1520 µs for 2) permitted maximal
excitation of the amide proton. Amide peak intensities, measured as
peak heights, were normalized to resonance intensities for the nonex-
changing protons within the range of maximal excitation. Three
determinations were performed for each sample.
The solvent accessible surface area of2 was calculated based on

the Lee and Richards algorithm as implemented in the Insight II
program (Release 95.0, BIOSYM/Molecular Simulations, San Diego,
CA).11 Solvent probe radius was 1.4 Å.

Results

pH Dependence off and T1obs. The transfer of saturation
from water to the amide proton is manifested as a diminished
amide proton peak intensity in the NMR spectrum (Figure 1).
The ratio of the amide proton peak heights in the presence
(Figure 1B) and absence of saturation transfer (Figure 1A)
describes the fractional peak intensity.
The resulting fractional peak intensity,f, depends upon the

rate of proton exchange,kex, and the intrinsic spin-lattice

relaxation time constant,T1int:12

The exchange process also influences the observedT1, T1obs,
according to:12

The dependence ofkex on pH can then be analyzed according
to

wherekH andkOH are the exchange rate constants for acid- and
base-catalysis, respectively. The water ionization constant, pKW,
is corrected for temperature.13 The pH-independent term,kH2O,
includes the concentration of water.
Amide hydrogen exchange follows pseudo-first-order kinetics,

with the observed rates being independent of solute concentra-
tion over the ranges of 3-100 mM and 1-100 mM for1 and
2, respectively (data not shown). The concentration studies
approached the solubility limit of2 and probably1.5j The
observed independence of hydrogen exchange on solute con-
centration agrees with the self-association constants for1 and
2, 0.013 and 0.018 M-1 respectively, which indicate dimer
concentrations less than 1% of the total peptide in solution at
the highest concentrations.5d, g

The pH dependences off andT1obs for 1 and2 are shown in
Figure 2. The different experimental temperatures of 35°C
for 1 (Figure 2, parts A and C) and 16°C for 2 (Figures 2B
and 2D) were dictated by large differences in hydrogen exchange
rates for the two compounds.
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Figure 1. 1H jump-return spectra of 10mM DKP, pH 4.00 at 16°C.
Distortion of the water resonance and the 180o phase shift are artifacts
of the pulse sequence. Upper spectrum (A) illustrates the amide intensity
in the absence of saturation transfer. Lower spectrum (B) shows a
diminished amide intensity due to the transfer of saturation from water.
Spectra are normalized according to peak heights of nonexchanging
resonances within the range of maximal excitation. The diminished
CH2 resonance (panel B) resulted from poor reproducibility of peak
intensity measurements outside the range of maximal excitation.

Figure 2. pH dependence of normalized fractional amide intensity
(b, A and B) and observedT1 values (2, C and D) forδ-valerolactam
(A and C, 35.2-36.0 °C) and diketopiperazine (B and D, 16.3-16.8
°C). Lines represent simultaneous nonlinear least-squares fits of the
data to eqs 1-3. Error bars, not always visible, represent one standard
deviation (n ) 3).
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Activation Energies. Hydrogen exchange was measured at
various temperatures to determine the activation energies for
acid- and base-catalyzed exchange (Figure 3). While exchange
at all pH will have contributions from both of these mechanisms,
the experimental pH values were chosen so that one would
clearly predominate.
Activation energies for acid- or base-catalysis and the intrinsic

relaxation time constant, Eak and EaT1 respectively, were
obtained by simultaneous fitting of thef andT1obsdata at various
temperatures, T, to eqs 1 and 2 and 4 and 5

whereR is the gas constant,k* is the fitted exchange rate
constant, andT1int* is T1int at the reference temperature,T*, of
273 K.
The activation energy values for base-catalyzed exchange,

corrected for the ionization enthalpy of water, are similar (Table
1).14,15 However, the activation energy value for acid-catalyzed
exchange in2 is approximately 6 kcal mol-1 less than that for
1. The apparent activation energy values for1 are in agreement
with those reported for linear peptides.16,17

The average activation energy for the relaxation rates, 1 /
T1, was 3.6( 1.2 kcal mol-1 for 1 and 4.6( 1.0 kcal mol-1

for 2 (data not shown). These values agree with those reported
by Rosevearet al., e4.2 kcal mol-1, for small peptides.17

Hydrogen Exchange Rate Constants.The rate constants
reported in Table 2 were obtained by simultaneous fitting of

the data in Figure 2 to eqs 1 and 2, substituting eq 3 forkex,
using nonlinear regression.18 To facilitate comparison of results
for 1 and2, the activation energy values in Table 1 have been
used to calculate rate constants at a common temperature of 25
°C. ThekH values for1 and2 are similar, 170( 40 and 390
( 40 M-1 s-1 respectively. The differences inkH are statisti-
cally significant but negligible compared to the difference in
kOH: the extrapolatedkOH value for2 is (5.8( 0.8)× 109 M-1

s-1, about 740-fold larger than the (7.9( 1.2)× 106 M-1s-1

for 1 at 25 °C . The rate constant for2 thus approaches the
diffusion limit.19 The rate constants for1 are in good agreement
with the hydrogen-deuterium rate constants reported by Chen
and Swenson5i at 24.9°C, kD ) 267( 7 M-1 s-1 andkOD )
(4.63( 0.10)× 106 M-1 s-1.

Discussion and Conclusions

Amide hydrogen exchange rates are modulated by substitu-
ents.3,4 In derivatives ofN-methylacetamide,kOH increases
4-fold upon the addition of a peptide group on the carbonyl
side, while replacement of the methyl with a peptidyl substituent
on the nitrogen increaseskOH approximately 17-fold.4 These
nearest neighbor inductive effects are additive.1a, 3c The
observed 740-fold increase inkOH in 2 relative to1 thus suggests
that the additional peptide bond in2 is exerting more than a
simple inductive effect on exchange.
Inspection of the crystal structure of2 reveals that only 2.5

Å separates the nitrogen of one peptide group from the carbonyl
carbon of the second peptide group. The overlapping van der
Waals radii suggests the possibility of a significant electrostatic
interaction between atoms of the two peptide groups.20

Electrostatic calculations based on Coulomb’s law were used
to estimate relative magnitudes of the interactions between the
peptide groups in2 (Table 3). Atoms were treated as point
charges and one dielectric constant was used for both the
compound and solvent. The use of a single dielectric probably
leads to an underestimation of the interaction energies among
the amide nitrogens and carbonyl carbons relative to interactions
involving the carbonyl oxygens and amide hydrogens, which
are more solvated than the ring atoms (Table 3).
Distances measured from the crystal structure of2were used

to calculate the electrostatic free energy of interaction,Gel,
according to

whereq is the atomic charges of the interacting atoms separated
by a distancer, εo is the permittivity of a vacuum (2.116×
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Figure 3. Temperature dependence of normalized fractional amide
peak intensities (circles, A and B) and observedT1 values (triangles, C
and D) forδ-valerolactam (A and C) at pH 2.25 (open symbols) and
6.50 (filled symbols) and diketopiperazine (B and D) at pH 2.73 (open
symbols) and 4.25 (filled symbols). Lines represent simultaneous
nonlinear least-squares fits of the data to eqs 1-2 and 4-5. Error bars,
not always visible, represent one standard deviation (n ) 3).

Table 1. Summary of Amide Activation Energies

pH Ea (kcal mol-1)a temp (°C)b

δ-valerolactam 2.25 18 (2) 10.0-35.3
6.50 6 (1) 15.0-44.0

diketopiperazine 2.73 12 (1) 6.9-32.1
4.25 3 (2) 5.8-26.8

a The data in Figure 3 were fit simultaneously to eq 1 and 2 and 4
and 5 using nonlinear regression to determine the apparent activation
energies. Numbers in parentheses represent errors of the fits at one
standard deviation.b Temperature range over which data were collected.

Gel )
q1q2
4πεoεr
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k) k* exp(EakR (T- T*
T*T )) (4)

1

T1
int

) 1

T1
int*

exp(EaT1R (T- T*
T*T )) (5)
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10-9 kcal-1 C2 m-1), andε is the effective dielectric constant.24

The choice of a dielectric constant, which is 2 for the present
calculations, is somewhat arbitrary in that our aim is a
semiquantitative evaluation of interactions present in2 but not
in 1.
The calculations suggest a relatively strong favorable interac-

tion between the amide nitrogen and carbonyl carbon of the
two peptide groups (Table 3). While several unfavorable
interactions with the carbonyl oxygen are indicated, the calcula-
tions ignore the increased solvent accessibility of this atom. Any
correction for solvent accessibility would only increase the
amide nitrogen-carbonyl carbon interaction and attenuate the
other interactions.
The significance of the electrostatic interactions may be

interpreted in terms of the exchange mechanisms. For both
compounds, base-catalyzed exchange involves direct deproto-
nation of the nitrogen (Scheme 1).3d,6,16 The rate-determining
step in base-catalyzed exchange is deprotonation of the amide

to form anion3.3d, 6, 16 During base-catalysis, the increased
negative charge of the deprotonated nitrogen will interact more
favorably with the carbonyl carbon of the second peptide group
in 2, thereby accelerating the exchange rate.
The presence of the second peptide group in2 alters the

mechanism of acid-catalyzed exchange.6 While 1 exchanges
primarily through the N-protonation mechanism (Scheme 2),
the additional electron-withdrawing peptide group in2 promotes
the imidic acid mechanism (Scheme 3). The rate-determining
step for acid-catalyzed exchange is deprotonation of cations4
and5, with the overall rate being the product of this step and
the preceding equilibrium.7

Two electrostatic interactions may be involved in the
enhanced acid-catalyzed rate constant of2. First, the favorable
interaction between an amide nitrogen of one peptide group with
the carbonyl carbon of the other peptide may polarize the
carbonyl bond thereby promoting the initial protonation of the
carbonyl oxygen (Scheme 3). The electrostatic calculations
further suggest that a destabilizing interaction may arise between
the protonated nitrogen and the carbonyl carbon of the other
peptide group thus facilitating deprotonation of cation5. The
effects of the second peptide group in2 on the equilibrium
leading to5 are unclear.
In 2, bothkH andkOH are increased about 10-fold beyond the

expected inductive effects. The electrostatic calculations are
consistent with the observed rate enhancements in2 relative to
1. Further evidence for changes in amide acidity is the enhanced
hydrolysis rates of the peptide bonds in2with respect to linear
di- and tripeptides.25 In addition, the amide proton resonance
for 2 is shifted downfield about 0.7 ppm relative to1, which is
consistent with an increase in the acidity of2 (data not shown).4

Through-space electrostatic interactions have been hypoth-
esized to alter hydrogen exchange rates in peptides and
proteins.26 The altered rates can result from several mecha-
nisms. First, the electrostatic field may alter the local pH at
the exchangeable site: a region with a high charge density will
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420-433.
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to the Life Sciences, Benjamin/Cummings Publishing Company, Inc.:
Menlo Park, CA, 1979; pp 331-342.
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Biochemistry1966, 5, 697-701.
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Dempsey, C. E.J. Am. Chem. Soc. 1995, 117, 7526-7534. (d) Dempsey,
C. E.Biochemistry1988, 27, 6983-6901. (e) Dempsey, C. E.Biochemistry
1986, 25, 3904-3911. (f) Rohl, C. A.; Baldwin, R. L.Biochemistry1994,
33, 7760-7767. (g) Eriksson, M. A. L.; Ha¨rd, T.; Nilsson, L.Biophys. J.
1995, 69, 329-339.

Table 2. Summary of Hydrogen Exchange Rate Measurementsa

temp (°C) kH (10-2 M-1 s-1) kOH (10-7 M-1 s-1) kH2O (10
2 s-1) T1int b(s)

δ-valerolactam 35 4.5 (0.5) 1.1 (0.1) 1.6 (1.8) 4.8 (0.4)
25c 1.7 (0.4) 0.79 (0.12) 3.8 (0.7)

diketopiperazine 16 2.0 (0.1) 500 (20) 7.7 (1.5) 2.8 (0.1)
25c 3.9 (0.4) 580 (80) 3.6 (0.3)

a The data in Figure 2 were fit simultaneously to eqs 1-3 using nonlinear regression to determine the catalytic rate constants. Values in parentheses
represent errors of the fits at one standard deviation.b The fitted values of the intrinsicT1 for the exchanging amides.c Extrapolated rate constants
based on the experimentally determined apparent activation energies reported in Table 1.

Table 3. Calculated Electrostatic Free Energies of Interaction in
Diketopiperazine

distance
(Å)a

atomic charge
(1.602× 1019 C)b

Gel (kcal
mol-1)c

SAS area
(Å2)d

Amide Nitrogene

N 2.8 -0.20 2.4 5.4
H 3.6 0.20 -1.8 23.3
C 2.5 0.42 -5.6 7.8
O 3.6 -0.42 3.9 41.9

Carbonyl Oxygenf

N 3.6 -0.20 3.9 5.4
H 4.3 0.20 -3.2 23.3
C 4.1 0.42 -7.1 7.8
O 5.3 -0.42 5.5 41.9

aDistances determined from the crystal structure.21 bTypical atomic
charges for peptide atoms.22 The use of partial atomic charges based
on semiemperical andab initio calculations alters the absolute but not
relative magnitudes of the free energies of interaction.23 c Electrostatic
free energies based on eq 6 and a dielectric constant of 2. Negative
values indicate favorable interactions.dMean solvent accessible surface
area for peptide atom.11 e Interactions between an amide nitrogen and
atoms of the second peptide group. N, H, C, and O signify the amide
nitrogen, amide hydrogen, carbonyl carbon, and carbonyl oxygen of
the second peptide group.f Interactions between a carbonyl oxygen and
atoms of the second peptide group.

Scheme 1

Scheme 2

Scheme 3
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be surrounded by counterions thereby altering the local pH and,
hence, the exchange rate. This counterion condensation mech-
anism was used to explain the ionic strength dependence of
amide hydrogen exchange rates from the neutral poly(DL-
alanine) and the positively charged poly(DL-lysine) polypeptides.26a

Another mechanism of altering exchange rates is through the
burial of ionizable groups in a protein structure thereby
inhibiting interactions with catalyst. Additionally, when ionized,
a residue may interact with dipoles or other charged residues.
Such electrostatic interactions may alter the effective acidity
or pKa of the ionizable group as in the case with2.
The proposed interactions responsible for the enhanced

hydrogen exchange rate of2 span very short distances (Table
3). Similarly short distances among neutral polar groups are
also found in regions of secondary structure in proteins.27

Interpeptide carbonyl carbon to carbonyl oxygen distances in
regions ofâ-sheet in p21ras were found to range from 3.5 to
7.9 Å, whileR-carbon(i) toR-carbon(i+3) distances for strict
type Iâ turns are 4.6 Å.27d,e The proximity of uncharged polar
groups has been proposed to cause the enhanced hydrogen
exchange rates observed for some peptide groups in proteins.2a-c

A recent study reporting hydrogen exchange data for the B1
domain of protein G found that the backbone amides of Lys
10, Thr 11, and Leu 12 had exchange rates five- to 24-fold larger
than the corresponding model peptides at pD 3.1.2a These
residues are located in a type Iâ turn between the first and
secondâ-strands with the amides aligned in the same direction.28

The authors propose that the resulting local positive electrostatic
field may lead to counterion condensation of hydroxide ions
around that region which would enhance base-catalysis. Al-
ternatively, the proximity of the positive amide hydrogens may
also serve to stabilize anion3 during base-catalysis, thereby
enhancing the exchange rates.
Rapid hydrogen exchange rates for several buried amides in

bovine pancreatic trypsin inhibitor, BPTI, have been attributed
to electrostatic influences.29 Inspection of a BPTI crystal
structure revealed that some of the backbone amides, such as

that of Asp 50, were located at the N-terminus of a helix.30

The authors propose that the positive potential generated at the
N-terminus of the helix not only increased the local hydroxide
ion concentration but also stabilized the negative charge on the
deprotonated intermediate3 (Scheme 1), thereby promoting
amide deprotonation and increasing base catalysis. They also
propose that the lowkH for Asp 50 resulted from electrostatic
interactions with the helix dipole which inhibited acid-catalysis
through cation repulsion and destabilized the positively charged
intermediate5 (Scheme 3).
Numerous other studies have illustrated the possible influence

of a helix dipole on acidity, hence hydrogen exchange rates.26c-f,31

For instance, the amides at the termini of the alamethicin helix
exhibited exchange constants which were altered up to 20-fold
relative to model peptides with the same nearest neighboring
amino acid side chains.26c The helix dipole is attributed with
enhancingkOH for the non-hydrogen bonded N-terminal residue
while increasingkH for the hydrogen bonded C-terminal
residues. Similar enhancements ofkOH for N-terminal residues
have been reported for other helical peptides such as melittin,
apamin, and some alanine based peptides.26d-f

Other implications of backbone electrostatic interactions have
been the focus of several recent studies. Maccallumet al.,32

have proposed that such backbone interactions may play an
important role in stabilizing regions of secondary structure,
especiallyâ-sheets. Such interactions have also been proposed
to contribute to the conformational preference of amino acid
residues.22b Hence, interactions among neutral polar backbone
atoms may have far reaching consequences on protein structure,
stability, and function. The present study illustrates the potential
magnitude of the effect of one neutral polar group on the
reactivity of nearby peptide groups.
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(29) (a) Tüchsen, E.; Woodward, C.J. Mol. Biol. 1985, 185, 405-419.
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