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ABSTRACT: Diketopiperazine (DKP) formation is an important ° o 0
degradation pathway for peptides and proteins. It can occur during N 1
\ H \ NH
synthesis and storage in either solution or the solid state. The —n (Gly)slys —» \L % B (Gly)srLys
kinetics of peptide cleavage through DKP formation have been =0 NN ﬂ
analyzed for the model peptides Xaa'-Pro*-Gly,-Lys’ [Xaa = Gln, "N~ 0
R R = GIn, Glu, Lys, Ser, Phe, Trp, Tyr, Cha, Aib, Gly, and Val

Glu, Lys, Ser, Phe, Trp, Tyr, Cha (f-cyclohexylalanine), Aib (a-
aminoisobutyric acid), Gly, and Val] at multiple elevated
temperatures in ethanol with ion mobility spectrometry—mass
spectrometry (IMS—MS). When Xaa is an amino acid with a charged or polar side chain, degradation is relatively fast. When Xaa is
an amino acid with a nonpolar alkyl side chain, the peptide is relatively stable. For these peptides, a bulky group on the & carbon
speeds up dissociation, but the kinetic effects vary in a complicated manner for bulky groups on the f or y carbon. Peptides where
Xaa has a nonpolar aromatic side chain show moderate dissociation rates. The stability of these peptides is a result of multiple
factors. The reaction rate is enhanced by (1) the stabilization of the late transition state through the interaction of an aromatic ring
with the nascent DKP ring or lowering the activation energy of nucleophilic attack intermediate state through polar or charged
residues and (2) the preference of the cis proline bond favored by the aromatic N-terminus. The number of unseen intermediates
and transition state thermodynamic values are derived for each peptide by modeling the kinetics data. Most of the transition states
are entropically favored (AS* ~ —5 to +31 J-mol™"-K™"), and all are enthalpically disfavored (AH* ~ 93 to 109 kJ-mol™!). The
Gibbs free energy of activation is similar for all of the peptides studied here (AG* ~ 90—99 kJ-mol™).

N-terminal residues influence the stabilities and mechanisms of the degradation

B INTRODUCTION

Diketopiperazine (2,5-dioxopiperazine, DKP) formation is a
spontaneous intramolecular aminolysis reaction that forms a

resist mentioning the b, product ion, on which many
. , . 12-15 .

pioneering studies have been done. In previous work
with substance P, we compared formation of the b, ion by gas-
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DKP dipeptide from the first two amino acids of the parent
peptide, leaving the remainder of the truncated sequence as a
second fragment (Scheme 1). This happens most often when a
peptide contains penultimate proline and has an unprotected
N terminus.'~* The mechanism requires the amino group in
the N terminal residue to come into close proximity with the
carbonyl group between the second and third residues.” In
order for this to happen, a cis penultimate proline is required;
therefore, trans — cis isomerization of the Xaa'-Pro’ peptide
bond usually occurs prior to the dissociation.

DKP formation is a common process that happens durin:
the storage of peptides as well as during peptide synthesis.””
This process can also be found within the human body,
generating a wide range of biologically active dipeptides such
as cyclo (His-Pro).>” These dipeptides are important in terms
of neurophysiological function in tissues and body fluids.*'® In
addition, a variety of phosphorylated peptides are found to be
strongly associated with cancer and serve as potential targets
for drug development against cancer.'' Of particular interest is
that a majority of these peptides contain a penultimate proline
and thus are susceptible to DKP formation. Therefore,
understanding the DKP formation is of critical importance.
Because this is a Focus issue for Peter Armentrout, we cannot
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phase activation to DKP formation in solution and discussed
the energetics of those two processes.'® We do not pursue that
further in this paper.

Ion mobility spectrometry—mass spectrometry (IMS—MS)
has been receiving increasing attention due to its advantage of
resolving isomers with different collisional cross sections
(CCS)."” Previous study on the peptide bradykinin (Arg'-
Pro’-Pro’-Gly*-Phe’-Ser®-Pro’-Phe®-Arg’) shows a slow con-
figurationally coupled protonation process.'” A study on
neuropeptide substance P (Arg'-Pro*Lys’-Pro*-Gln®-Gln®-
Phe’-Phe®-Gly’-Leu'®-Met'") captured the sequential cleavage
event of the Pro>-Lys® bond followed by the cleavage of the
Pro*-Gln® bond.'” A study that focused on the solvent effect on
DKP formation implies that the local environment where the
peptide resides can generate a great impact on its stability,zo
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Scheme 1. Cleavage reaction of Pro*>-Gly’ by DKP formation with Xaa'-Pro® in the cis configuration
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which is analogous to enzymatic processes.”’ Recently, we
studied the influence of peptide length on peptide dissociation
structural changes and mechanisms.” In this study, we utilize
IMS combined with MS to systematically study the influence
of the N-terminal residue on stability with a series of model
peptides Xaa'-Pro®-Gly,-Lys”. A few reports studied the N-
terminal effect on DKP formation rate but were confined to
short peptides.””** In these studies, the potential interaction
between the C- and N-terminus cannot be excluded, making it
impossible to gain insight into the effect on dissociation rate
induced only by the N-terminus amino acid. In this study,
longer linkers are used in each model peptide, and explanations
are proposed for understanding the different stabilities of
peptides with various N-terminal residues. Potential dissocia-
tion pathways are derived, and transition-state thermodynamic
values behind the reaction are extracted. Higher numbers of
unseen intermediates are found in stable peptides. For peptides
with the same number of intermediates, activation energy
determines the relative stability. Gibbs free energies of
activation are mainly regulated by enthalpy. We have measured
the variation in rates for this process in water, methanol,
ethanol, and n-propanol.”” We have chosen to conduct all the
work described here in ethanol, as in another earlier study,22
because the intermediate rates in that solvent allow for
practical monitoring of the reaction kinetics.

B EXPERIMENTAL SECTION

Sample Preparation and Electrospray lonization (ESI)
Conditions. Peptide Xaa'-Pro>-Gly,-Lys’ analogues were
synthesized using an Applied Biosystems 433A Peptide
Synthesizer (Applied Biosystems, Foster City, CA) based on
a well-documented Fmoc (9-fluorenylmethoxycarbonyl) solid-
phase peptide synthesis procedure.”” All solvents involved in
the synthesis including DMF, DCM, MeOH, and diethyl ether
were of the highest purity. Liquid chromatography was used to
purify the desired peptides. The purified peptides were
dissolved into pure ethanol to make 1 mM stock solutions,
which were stored at —20 °C. Stock solutions were diluted to
20 4M in ethanol with 1% acetic acid (by volume), followed by
electrospray from a Nano-ESI (Triversa nanomate, Advion
Biosciences, Ithica, NY) auto sampler. Throughout the
experiment, the ESI voltage was kept at 1.2 kV.

Instrumentation and Kinetics Experiment. During the
kinetics experiment, samples are incubated in separate vials
independently in a water bath at multiple defined temper-
atures. The dissociation experiments were conducted in
triplicate. The samples were monitored periodically with a
home-built 2-m drift tube instrument coupled with a time-of-
flight mass spectrometer as shown in Figure SI. Detailed
descriptions of the instrument and IMS—MS theory can be
found elsewhere.”*"** Briefly, ions generated by ESI are
collected and stored in the ion funnel represented as F1 in
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Figure S1.”° Packets of ions are pulsed into the drift tube
periodically. The drift tube is filled with ~3 Torr of 298 K He
buffer gas. While the ions migrate through the two drift tube
segments D1 and D2, they are separated based on their gas-
phase mobility under the influence of a weak uniform electric
field (~10 V-cm™). As ions exit the drift tube, they are ejected
orthogonally into a time-of-flight mass analyzer to measure
their m/z value.>® CCS are derived according to the following
L P 2732 N

equation28
1
1 1
N + —_
my Mg
(1)

where the relevant terms are drift time (tp,), ion charge (ze),
Boltzmann’s constant (k;), mass of the ion (), mass of the
buffer gas (myg), temperature (T), electric field value (E), drift
tube length (L), pressure of buffer gas (P), and buffer gas
neutral number density ().

In some studies,'"” we are able to detect the singly charged
cDKP along with the other doubly charged fragment, while in
other systems, it is difficult to detect the singly charged
cDKP.”” We believe that in this study the lack of singly
charged ¢cDKP is due to instrument discrimination. If we
changed the settings to detect both fragment ions, we would
give up the ability to detect the precursor ions. Therefore, in
this study, we focused on the doubly charged G,K and
precursor ions.

/2
tbE 760 T 1

_ (187)'/?
16

ze

Q =
(ka)l/Z

B RESULTS AND DISCUSSION

Mass Spectral Data for Xaa'-Pro’-Gly,-Lys’ Peptide
Dissociation. Figure 1 shows DKP degradation mass spectra
of the peptide Glu'-Pro*-Gly,-Lys’ at 75 °C. At 0 min, the
mass spectrum shows one peak at m/z = 301, which
corresponds to the [EPG,K+2H]** ion. At 30 min, the
degradation yields the doubly charged fragment ion [G,K
+2H]*". As the incubation time progresses to 45 min, the [G,K
+2H]*" fragment ion grows in abundance while the intact
peptide [EPG,K+2H]*" ion decreases in abundance. By 130
min, the degradation is completed, and only the [G,K+2H]**
fragment ion remains in the spectrum. The dissociation half-
life is ~46 min. Dissociation mass spectra for peptides with Xaa
= Cha (f-cyclohexylalanine), Val, Trp, Phe, Tyr, Lys, Ser, and
Gly are shown in Figure S2. All these dissociations follow the
DKP formation mechanism illustrated in Scheme 1.

Figure 2 shows the dissociation half-lives for a set of Xaa'-
Pro*-Gly,-Lys’ analogues (Xaa = Cha, Val, Trp, Phe, Tyr, Lys,
Ser, and Gly) at 75, 70, and 65 °C. It turns out that varying the
amino acid residue at the N-terminus, next to the penultimate
proline, generates an obvious effect on the peptide’s
dissociation rate. The general trend is that when the N-
terminal residue is a polar or charged amino acid (Gln, Gly,
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Figure 1. Dissociation mass spectra of peptide Glu'-Pro*-Gly,-Lys’ in
ethanol with 1% acetic acid (by volume) at 75 °C. Self-cleavage of
Pro’-Gly® bond happens with a half-life of 46 min.
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Figure 2. Dissociation half-lives of peptides Xaa'-Pro*-Gly,-Lys’ (Xaa
= Gly, Trp, Val, Cha, Tyr, Phe, Lys, Ser, Glu, and GIn) at 75, 70, and
65 °C in ethanol with 1% acetic acid (by volume).

Ser, Lys), the dissociation has relatively fast kinetics, and when
the N-terminal residue is nonpolar (Gly, Val) the dissociation
rate is slow. When the N-terminal amino acid contains an
aromatic group (Phe, Tyr), the dissociation rate is between the
rate of the charged/polar amino acids and the nonpolar amino
acids. One special case is when Xaa is Trp: although Trp
contains an aromatic residue, the dissociation rate of Trp'-
Pro*-Gly,-Lys’ is close to peptides Val'-Pro>-Gly,-Lys’ and
Gly'-Pro*-Gly,-Lys’. The dissociation half-lives are listed in
Table 1.

Determination of Penultimate Proline Configuration.
Alanine substitution experiments were performed in order to
determine the configuration of penultimate proline in these
peptides. Unlike proline that can exist in either the cis or trans
configuration, alanine only allows for the trans isomer.
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Table 1. Summary of Half-Lives of Peptides Xaa'-Pro*-Gly,-
Lys’ (Xaa= Gly, Trp, Val, Cha, Tyr, Phe, Lys, Ser, Glu, and
Gln)

dissociation half-life” (min)

Xaa 75 °C 70 °C 65 °C
Gly 276 £ 3 396 + 3 751 = 10
Trp 173 £ 3 332 +£3 488 + 8
Val 127 £ 2 214 £ S 343 + 4
Cha 107 =2 172 + 1 283 + 4
Tyr 99 + 10 144 £ 3 283 +2
Phe 74 £2 132 £ 4 192 + 3
Lys S3+2 105 £1 165 + 3
Ser 44 £2 88 + 1 135 £ 3
Glu 46 £ 1 80 £ 1 133+ 3
Gln 24 + 4 415 60 + 6

“The reported dissociation half-lives are the averaged value and
standard deviation from triplicate measurements.

Therefore, after substitution, if the structure does not change,
we label the proline configuration as trans. Otherwise, we label
the proline configuration as cis. Figure 3 shows the CCS
distribution profiles of doubly charged Xaa'-Pro*-Gly,-Lys’
(Xaa = Glu, Ser, Tyr, and Gly) and their alanine substituted
analogues (analogous data for other peptides are shown in
Figure S3). All of the CCS values for alanine-substituted
peptides are corrected according to the intrinsic size parameter
difference between alanine and proline as described
previously.”” The CCS distribution of Ser'-Pro*Gly,-Lys’
shows no overlap with its Pro’-Ala substituted analogue,
indicating that Ser'-Pro*-Gly,-Lys’ contains exclusively cis-
Pro’. This aligns with its relatively fast dissociation rate among
the peptides in this study. In contrast, other peptides show
peaks that align with their alanine-substituted analogues,
suggesting the existence of trans-Pro® in these peptides.

CCS Distribution Profiles of Precursor lons during
Dissociation. Figure 4 shows the CCS distribution change of
peptide Xaa'-Pro>-Gly,-Lys’ (Xaa = Glu, Tyr, and Gly)
(similar figures for Xaa = Lys, Cha, Val, Trp, and Phe are
shown in Figure S4). The phenomenon of decreasin% FWHM
was observed during dissociation in a previous study.”* This is
likely because several gas-phase conformers are formed from
the trans solution conformer but cannot be resolved by IMS.
As the peptide undergoes trans — cis isomerization of the
Xaa!-Pro? peptide bond, the decrease in abundance of the trans
isomer results in the narrowing of the mobility peaks of these
conformers. The mobility peak centers of Xaa'-Pro*-Gly,-Lys’
(Xaa = Trp, Val, and Gly) shift to a higher CCS value, which
suggests a configuration change of proline from trans to cis
during dissociation. In contrast, the peak center of other
peptides remains in the same position. This is probably
because the trans and cis isomers are too close in CCS value to
be separated by this IMS instrument. The Xaa'-Pro*-Gly,-Lys’
peptides that dissociate most slowly (Xaa = Trp, Val, and Gly)
are also those where the cis and trans isomers can be
differentiated, so this larger difference in cross section may
indicate a more significant—and slower—conformational
change.

Understanding the Stability of Peptides with Differ-
ent N-Terminus Residues. In order to evaluate the influence
on dissociation rate induced by the benzyl group on the N-
terminus, the hydrophobically similar but nonaromatic amino
acid Cha is used to replace Phe as a control. As shown in
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Figure 3. CCS distribution for peptide Xaa'-Pro*-Gly,-Lys’ (Xaa = Glu, Ser, Tyr, and Gly) and their Pro® to Ala substituted peptide. Distributions
are acquired in ethanol with 1% acetic acid (by volume). CCS distributions of Ala substituted peptides are corrected with intrinsic size parameter

between Pro and Ala residues.
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Figure 4. CCS distribution for doubly charged peptide Xaa'-Pro*Gly,-Lys’ (Xaa = Glu, Tyr, and Gly) at different dissociation times.

Figure 2, replacing Phe with Cha makes the peptide more
stable. This suggests the aromaticity of the benzyl group
located on the N-terminal side of the proline residue favors the
dissociation kinetics, which means it must lower the transition-
state energy. This is likely due to two reasons. First, the
aromatic moiety enhances the conformational stability of the
transition state. It is well-documented that when there is an
aromatic group in the cyclic dipeptide the DKP ring will stay in
a boat-shaped conformation with the aromatic group folded
over the DKP ring.’®*” The intramolecular dipole—induced
dipole interaction between the DKP ring and the aromatic 7
electrons makes this structure energetically favored.”” We
propose that the transition state resembles the product (a
“late” transition state), and the free energy barrier to reach this
transition state is lowered by the interaction between the
benzyl group and the DKP ring as it forms. Second, the
interaction between the aromatic residue and proline promotes
the formation of cis amide bonds,"*™>* the prolyl that favors
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DKP formation. Another example of this is the stability of the
peptide with Tyr as the N-terminal residue. Previous research
shows that the Tyr-Pro pair exhibits higher cis amide bond
composition than Phe-Pro,**”**>” but we found the peptide
Tyr'-Pro-Gly,-Lys’ is more stable than the peptide Phe'-Pro*-
Gly,-Lys7 under our experimental conditions. Therefore, in
this case, the hydroxyl-substituted ring in Tyr must be less
effective at lowering the energy of the transition state than is
the phenyl in Phe. Of particular interest is the slow dissociation
rate of the peptide Trp'-Pro*-Gly,-Lys’ compared to the
peptide Tyr'-Pro>-Gly,-Lys’ and Phe'-Pro>-Gly,-Lys’. The
CCS value of Trp'-Pro*Gly,Lys’ is 164.1 + 2 A% while
Tyr'-Pro*-Gly,-Lys’ and Phe'-Pro*-Gly,-Lys’ are 1729 + 3
and 169.4 + 2 A? respectively. In spite of the larger side chain
on Trp compared to Tyr and Phe, Trp'-Pro*-Gly,-Lys’ is a
more compact structure than Tyr'-Pro*-Gly,-Lys’ and Phe'-
Pro’-Gly,-Lys’. This is likely due to intramolecular interactions
that stabilize the trans isomer, slowing its conversion to the cis

https://doi.org/10.1021/jasms.2c00037
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Figure 5. Dissociation mass spectra (a) and relative abundance plot (b) of peptide Gln'-Pro*Gly,-Lys’ in ethanol with 1% acetic acid (by volume)
at 75 °C. DKP formation by self-cleavage of Pro’—Gly® bond as well as formation of pyroglutamate [QPG,K — NH,]* happens during the

incubation. The dissociation half-life is ~24 min.

conformer and subsequent dissociation. In addition, the
different electron-withdrawing ability between indole and
benzene rings can contribute to the difference in dissociation
rate.

The rapid dissociation of peptides with charged or
uncharged polar side chains (Xaa = Lys, Glu, and Ser) likely
results from the stability of the transition state. The
nucleophilic attack of the amino group on the carbonyl
group to form the DKP ring involves electrostatic attraction
between atoms with partial charges, so a charged or polar side
chain can lower the energy of the transition state during
dissociation, thus favoring the degradation.

It is interesting that when the N-terminal amino acid is Gln
the peptide degrades through two parallel pathways as shown
in Figure 5. Figure Sa shows mass spectra of the peptide Gln'-
Pro’-Gly,-Lys”’s dissociation at 75 °C. During the incubation,
two new peaks appear. One corresponds to formation of DKP
product with m/z = 188. The other peak is at m/z = 583,
which corresponds to loss of NH; from [QPG,K+2H]*". The
m/z = 583 product is a pyroglutamate moiety that is produced
by the cyclization of Gln.”*”®° Scheme 2 illustrates a simple
mechanism of pyroglutamate formation through nucleophilic
attack® by the N-terminal amino group on the carbonyl
carbon of the Gln side chain. The same reaction can happen
with glutamate at the N terminus but with a slower rate as

Scheme 2. Pyroglutamate formation reaction of peptide
Gln'-Pro*-Gly,-Lys’ with N-terminal Gln

o
o
H,N
PGGGGK NH, H
f PGGGGK
o
o

NH,
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shown in a previous study.”’ (No pyroglutamate formation is
detected with peptide Glu'-Pro*-Gly,-Lys’ under our exper-
imental conditions.) Figure Sb shows the normalized intensity
of each product during the dissociation as a function of time. It
turns out that the DKP formation and pyroglutamate
formation begin around the same incubation time but DKP
formation mechanism is the major dissociation pathway.

Peptides with nonpolar amino acids as the N-terminal
residue are more stable compared to other peptides: the
dissociation half-lives at 75 °C for the peptide Gly'-Pro*-Gly,-
Lys’ and Val'-Pro*-Gly,-Lys’ are 276 and 127 min, respectively
(Figure 2). This indicates that there is no interaction induced
by Gly and Val that speeds up the dissociation kinetics as
compared to peptides with either aromatic or polar N terminal
residues. Previous research shows that increasing the bulkiness
of the substituent in intramolecular organic reactions enhances
the cyclization rate.”” Accordingly, DKP formation is faster
when Xaa is Val, with its isopropyl side chain, than when Xaa is
Gly.

In order to achieve a deeper understanding of the steric bulk
effect, we ran dissociation of Xaa'-Pro>-Gly,-Lys’ (Xaa = Aib,
Ile, Ala, and Leu) at 75 °C with identical solution conditions
(Figure 25). It turns out that increasing the bulkiness of the a-
carbon in the N-terminal residue speeds up the dissociation
rate dramatically: Aib'-Pro*-Gly,-Lys7 degrades completely in
8 min at 75 °C, as shown in Figure SS. By replacing Val with
Ile and introducing a methyl group two carbons away from the
a-carbon, the dissociation rate increases slightly compared to
Val'-Pro*-Gly,-Lys’ and the half-life decreases by just 7 min.
This means the bulkiness on the y-carbon has only a small
impact on DKP formation. Both Ala'-Pro*-Gly,-Lys’ and Leu'-
Pro’-Gly,-Lys’ have a dissociation halflife ~S0 min. The
dissociation rates are roughly twice as fast as those of Val'-
Pro*-Gly,-Lys’ and Ile'-Pro*-Gly,-Lys’, which is similar to
previous studies.”> " It turns out that bulkiness at the f-
carbon has a complex effect on DKP dissociation rate.

Characterizing Potential Dissociation Pathways. For
each peptide, a number of different mechanisms are proposed
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to fit with the experimental kinetics data, and the sums of
squares of fitting residuals are compared in order to
understand the dynamics behind the degradation. A detailed
description of the fitting method is provided elsewhere.”” We
first fit the data with the simplest pathway: direct formation of
G,K from EPG,K, as shown by the following reaction:

[EPG,K + 2H]** — [G,K + 2H]** + cEP ®)

In Figure 6, the dashed lines represent the best fitting curve
of this model with experimental kinetics data for each

1.0 4§
EPG,K?*

o o o
£ (o)} (o]
1 1 1

normalized intensity

o
N
1

0.0 4

-

T T T T
150 200 250 300

time (min)

350

Figure 6. Normalized abundances of doubly charged peptide [EPG,K
+2H]?* as incubation progresses in ethanol. Hollow rectangles, circles,
and triangles represent experimental data at 75, 70, and 65 °C. Kinetic
fits from two models are shown: model 1 (dashed lines) and the best-
fitting model (solid lines). Details can be found in Table 2.

temperature. Obviously, this model fails to capture the general
trend of the dissociation. We then compare 13 more
mechanisms for this dissociation. Table 2 shows the sums of
squares of the fitting residuals for each candidate mechanism.
It shows that the best representation of the Glu'-Pro*Gly,-
Lys’ dissociation data (XRSS at a minimum) is found with six
intermediates. This fit appears in Figure 6 (solid curves).
Analogous figures of the total sum of squares of the residuals
and sequential models for dissociation kinetics of Xaa'-Pro*-
Gly,-Lys’ when Xaa = Aib, Ser, Lys, Phe, Tyr, Cha, Val, Trp,
and Gly are shown in Tables S1—S9 (2RSS) and Figures S6—
S14 (fits). For each peptide, over 10 mechanisms are
compared. The number of unseen intermediates involved in
the dissociation pathway of peptide Xaa'-Pro>-Gly,-Lys’ are
six, seven, and eight, respectively, for Xaa = Aib, Ser, Lys, while
Xaa = Phe, Tyr, Cha, Val, Trp, and Gly all have 17 unseen
intermediates. These unseen intermediates are derived from
the best fitting model, though not detected by the IMS—MS
instrument. The results show peptides with fast dissociation
kinetics tend to have fewer intermediates during the induction
period compared to peptides that have slow dissociation
kinetics.

Transition-State Thermodynamics. Measurements of
the kinetics data at different solution temperatures were used
to derive Arrhenius plots based on eq 3

In(k) = —*

1
: ? + In(A) )
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where E, and A represent activation energy and pre-
exponential factor, respectively (Figures S15—S24). We are
able to derive enthalpy, entropy, and Gibbs free energy
according to eqs 4—6 based on transition-state theory

AH* = E, + RT (4)
_ ekBTeAs*/R

(s)

AGF = AHF — TAS* (6)

where h is Planck’s constant, kg is Boltzmann’s constant, R is
the gas constant, T is temperature of the reaction, and e is
Euler’s number. Table 3 shows the step-by-step thermochem-
istry values for the dissociation process. Peptides with N-
terminal residues such as Phe, Tyr, Cha, Val, Trp, and Gly have
the same number of intermediates, so the transition-state
Gibbs free energy barrier heights reflect their relative
dissociation rates: the peptide with the fastest dissociation
kinetics has the lowest transition state Gibbs free energy
barrier. In addition, it is worth noting that all but two of the
dissociation processes are entropically favored and have a loose
transition state for sequential steps leading toward degradation.
The entropy of activation is slightly negative for Xaa = Phe and
Tyr. As discussed above, these aromatic side chains are
believed to position themselves over the DKP ring as it forms
in order to lower the barrier to that reaction. These AS* values
indicate that the aromatic groups in Xaa = Phe and Tyr must
be positioned more precisely in the late transition state than
the side chains of other Xaa'-Pro>-Gly,-Lys’ peptides. By
replacing Phe and Tyr with hydrophobically similar but
nonaromatic amino acid Cha, a positive entropy of activation
is found, indicating the importance of benzyl in stabilizing the
transition state. For all of the peptides in this study, the
transition state Gibbs free energies of activation are mainly
determined enthalpically.

B SUMMARY AND CONCLUSION

All the peptides we have studied in the Xaa'-Pro*Gly,-Lys’
family undergo fragmentation through a mechanism that
cleaves off Xaa'-Pro” as a DKP. This is the sole fragmentation
mechanism for all except Gln'-Pro>-Gly,-Lys’, in which a
pyroglutamate mechanism happens in parallel with DKP
formation, making the dissociation kinetics the fastest among
all the peptides in the study. Our data show that the type of N-
terminal amino acid in Xaa'-Pro>-Gly,-Lys’ has a significant
impact on the peptide’s relative susceptibility to this
dissociation process: the dissociation is fastest when Xaa is a
charged or polar amino acid and slowest when Xaa is a
nonpolar amino acid. Temperature-dependent kinetic analysis
indicated that that there are sequential unimolecular
mechanisms for the dissociation, from which transition state
enthalpies, entropies, and free energies are derived. Inter-
actions known to occur within precursor peptides and
dipeptides in DKP form were proposed to affect the
characteristics of either a transition state or a late transition
state, thus rationalizing most of the variations in these
peptides’ dissociation rates. The stability of the peptide is
related to both number of transition state intermediates and
Gibbs free energy barrier.
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Table 2. Modeled Reaction Mechanisms Compared with Experimental Kinetics Data of the Glu'-Pro?-Gly,-Lys’ Dissociation

in Ethanol

Model Sum of residuals
Model reaction mechanism
No. squared
1 [EPGK+ 2H]*" — [G4K+ 2H]* 1.16
2 [EPG4K + 2H]*" —iy— [GK+ 2H]** 0.548
[EPG4K + 2H* —i— [GK+ 2H]**
3 | /r 0.524
[EPG4K + 2H** —i— [GK+ 2H]**
4 | 0 1.16
ip
5 [EPG4K + 2H]*"— i1—i, — [G{K+ 2H]* 0.34
[ EPG(K + 2HJ* —i)— ir— [G4K+ 2H]**
6 0.565
i3
7 [EPG4K + 2H]*" —iy—ir—i; — [G4K+ 2H]* 0.21
[ EPGK + 2H]* —iy— is— [GK + 2H]?*
8 0.256
i
9 [EPG4K + 2H]* —iy—... — iy — [G4K+ 2H]* 0.108
10 [EPGK + 2H* —iy—... — is— [G4K+ 2H]* 0.0417
11 [EPGiK + 2H* —ij—... — ig— [G4K+ 2H]* 0.0327
[EPG4K + 2H]** —ij—... — ig— [G4K+ 2H]*
12 0.245
L .
13 [EPG4K + 2H]*" —iy—... —i— [GK+ 2H]* 0.0354
14 [EPG4K + 2H]*" —ij—... —ig— [G,K+ 2H]* 0.0452

Table 3. Summary of Transition-State Thermodynamic
Data of Peptide Xaa'-Pro*-Gly,-Lys’ (Xaa= Aib, Glu, Ser,
Lys, Phe, Tyr, Cha, Val, Trp, and Gly)

Xaa
Aib
Glu
Ser
Lys
Phe
Tyr
Cha
Val
Trp
Gly

“n represents the number of unseen intermediates derived from the

[

0 3 N &

17
17
17
17
17
17

AG*
(kJ-mol™")
904 + 1.2
97.7 £ 2.5
97.0 + 1.1
979 + 2.5
94.6 + 0.9
954 + 0.7
953 +2.0
96.8 + 1.5
98.4 + 0.5
99.3 + 2.1

best-fitting model.

AH*
(kJ-mol™")
97.8 + 0.9
1069 + 1.9
1024 + 0.8
108.5 + 2.4
932 + 0.7
94.5 + 0.6
98.0 + 2.0
993 + 1.1
104.4 + 0.4
105.0 + 1.6

AS*

(J-mol™K™") E, (kJ-mol™")

24.8 £ 2.7
30.7 + 5.3
181 £23
354+ 1.7
—4.7 + 2.0
-3.1x14

9.1+ 19

8.5 +32
203 + 1.0
19.1 + 4.6

95.3 £ 038
104.4 £ 1.9
99.9 £ 0.8
106.0 + 2.4
90.7 + 0.7
92.0 £ 0.6
95.5 £2.0
969 + 1.1
101.9 + 0.4
102.5 + 1.6
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2-m IMS—MS instrument diagram (Figure S1);
dissociation mass spectra of peptide Xaa'-Pro*-Gly,-
Lys’ (Xaa = Cha, Val, Trp, Phe, Tyr, Lys, Ser, and Gly)
(Figures S2); CCS distribution for peptide Xaa'-Pro*
Gly,-Lys’ (Xaa = Cha, Phe, Lys, Val, and Trp) and their
Pro® to Ala substituted peptide (Figure S3); CCS
distribution for peptide Xaa'-Pro*-Gly,-Lys’ (Xaa = Cha,
Phe, Lys, Val, and Trp) at different dissociation times
(Figure S4); dissociation mass spectra of peptide (Aib)-
PG,K (Figure SS); sequential models for the dissocia-
tion kinetics of Xaa'-Pro*-Gly,-Lys’ (Xaa = Aib, Cha,
Val, Trp, Phe, Tyr, Lys, Ser, and Gly) (Figures S6—14);
Arrhenius plot for mechanism mentioned in the main
text (Figures $15—24); modeled reaction mechanisms
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compared with experimental kinetics data of peptides in
the main text (Table S1—-S9) (PDF)
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