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Deuterium exchange has been used extensively in mass
spectrometric studies to determine the number of labile sites in
simple molecules! and, more recently, to infer structural features
of complex biomolecules.>? While examples of solution H/D
exchange of biomolecules followed by mass spectrometric analysis
are abundant 4 fewer studies have considered H/D exchange in
the gas phase.27 We have examined H/D exchange reactions
of protonated glycine oligomers (Gly,H*, n = 1-3) and several
small peptides using an external ion source FT-ICR mass
spectrometer.? Exchangekinetics are highlydependent on peptide
structure and the properties, mainly the basicity, of the exchange
reagents [Dzo (1 66),9 CD;0D (182), CD;CO,D (190), and ND;
(204)]. We report implications which these studies have for
mechanisms of gas phase H/D exchange reactions of protonated
peptides.

The small oligomers Gly,H* with n < 3 readily exchange labile
hydrogens with the reagent gases, with exchange rates generally
increasing with reagent basicity.1® For the larger oligomers
Gly4H* and GlysH* reacting with D,O, and to a lesser extent
CD;OD, facile exchange abruptly halts and only one deuterium
is slowly incorporated into the molecule (e.g., Figure 1).1! In
contrast, NDs exchanges all labile hydrogens on every glycine
oligomer studied. CD3;CO,D exhibits behavior intermediate
between that of D,O and NDj3, exchanging several but not all of
the labile hydrogens of the larger oligomers.!?

It is of interest to explore the occurrence of multiple exchanges
inasingle collision event. Continuous ejection of the first exchange
product of Gly;H* with D,O inhibits further exchange (Figure
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Flgure 1. Temporal variation of exchange products of Gly,H*. (a)
GlysH* readily exchanges five of six labile hydrogens with D;0. (b)
Gly4H* slowly exchanges a single hydrogen with D20. The number of
deuterium atoms incorporated into each species is indicated.
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Figure 2. (a) Exchange products of GlysH* with D,O. Continuous
ejection of the d; species (lower spectrum) inhibits higher exchange
products. (b) Exchange products of GlysH* with NDs. Continuous
ejection of the d, species (lower separation) still yields higher deuterated
products. Forallexperiments, ion ejection occursin a time short compared
to the time between collisions.

2a). It follows that D,O partakes in predominantly single
exchanges. Incontrast, continuous ejection of the first exchange
product of Gly;H* with ND; does not inhibit further exchange
(Figure 2b). Multiple exchanges in a single collision event are
prevalent with NDj.

ND; is the most effective reagent for facile exchange of labile
hydrogens in protonated peptides. Table 1 summarizes H/D
exchange reactions of eight selected protonated peptides with
ND;. Peptides which lack basicresidues, suchas glycine oligomers
and leucine enkephalin, exchange all labile hydrogens. Introduc-
tion of basic residues such as arginine, with a proton affinity
approximately 40 kcal/mol higher than that of ND;,!* has a
significant impact on exchange. Leucine enkephalin arginine
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Table 1. Summary of H/D Exchange Results of Selected
Protonated Peptides with ND;

exchangeable exchanges

peptide sequence sites obsds
glycine oligomers  Gly, (n = 1-5) n+3 (n+3)f
leucine enkephalin Tyr-Gly-Gly-Phe-Leu 9 5f,4m
leucine enkephalin  Tyr-Gly-Gly-Phe-Leu-Arg 14 Sm,1s
arginine
bradykinin Arg-Pro-Pro-Gly-Phe-Ser- 18 none
ro-Phe-Arg

af = fast, k> 1 X 10-1% m = medium, 1 X 10712 > k> 1 X 10-11;
s = slow, kK < 1 X 101! ¢m3 molecule! s,

readily exchanges five of 14 labile hydrogens and one more
slowly,!4 while bradykinin with two arginine residues does not
undergo exchange with our conditions.

The proton affinities of Gly, vary smoothly from 211.6t0 231.8
kcal/mol for n = 1-5.15 We have considered the contribution
which folding makes to thisincrease. Separate AMI calculations!®
were carried out for the protonated species in an extended S-sheet
and ina compact hydrogen-bonded configuration. The extended
form experiences a significant increase in proton affinity. (ap-
proximately 5 kcal/mol) only in proceeding from Gly to Gly..
The regular increase in proton affinity predicted and observed
for Gly, (n = 3-5) comes mainly from folding the peptide to
solvate the charge site through intramolecular hydrogen
bonding.1™-1® For GlysH*, AM1 calculations predict that the
folding stabilization accounts for 83% of the proton affinity
increase relative to glycine.1?

When the mechanism of H/D exchange is discussed, an initial
reactionintermediate comprising a chemically activated hydrogen-
bonded complex?® is usually invoked (Figure 3). We propose
that the mechanism of H/D exchange for Gly,H* with ND;
involves molecular choreography in which an endothermic proton
transfer is rendered energetically feasible by solvation of the
resultant ammonium ion to compensate for loss of folding
stabilization. AM1 calculations show that this onium ion
mechanism is especially favorable for ammonia, as the solvated
ammonium ion complex with Gly; is 27 kcal/mol more stable
thanthe reactants (Figure 3a).2! Multiple exchanges are favorable
with this potential energy surface.

In contrast, calculations indicate that a solvated D;O* complex
with Glys is energetically unfavorable (Figure 3b). The proton
affinity of D,0 is too low and the energy recovered by solvation
of the hydronium ion is insufficient to overcome the endothermicity
of proton transfer from any of the glycine oligomers. We propose
arelay mechanism for facile H/D exchange of protonated peptides
with DO in which a proton isshuttled from the site of protonation
onto D,0 in concert with the transfer of a deuteron from D,O
to a slightly less basic site on the molecule (an amide carbonyl
in Figure 3b). Therelay mechanism makes proton transfer viable
within a molecule using the chemical activation (E*, Figure 3)
provided by hydrogen bonding. It seems reasonable that the
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Figure 3. (a) Potential energy surface for H/D exchange of Gly;H* and
ND; via an onium ion mechanism. (b) Potential energy surfaces for
H/D exchangeof Gly;H* and D,Ovia an onium ion and relay mechanism.
E* is the chemical activation provided by hydrogen bond formation in
the nascent complex IIL.

relay surfacein Figure 3bisless conducive to multiple exchanges.
AM]1 calculations indicate that with NDj relay intermediates
are energetically feasible but readily collapse to the more stable
solvated ammonium ion (species IIIa).

Molecular dynamics simulations show that D,O hydrogen bonds
with Gly;H* and disrupts the secondary structure, causing the
internal hydrogen bonds to rupture.!® Thisexposeslabile hydrogen
sites and facilitates exchange by the relay mechanism. Similar
calculationsshow that the more extensive intramolecular hydrogen
bonding of Gly,;H™* cannot be disrupted, and D,O is unable to
undergo facile exchange with this (or any larger) oligomer.

Strongly basic residues complicate the simple mechanistic
picture of H/D exchange due to their high proton affinities,
typically resulting from the ability to delocalize charge on a
functional group. The resultant disparity in functional group
basicities mitigates against the relay mechanism for H/D
exchange. Fivesites on leucine enkephalin arginine, presumably
the five labile hydrogens of the side chain, readily exchange with
NDj;. AMI1 calculations show that the protonated arginine side
chain is not strongly solvated by the peptide due to the diffuse
nature of the charge site, and reaction with ND; to form a solvated
ammonium ion is slightly exothermic. Protonated bradykinin
with two arginine groups does not exchange with ND3. Calcula-
tions predict that a protonated arginine side chain is completely
encapsulated and not readily accessible to an approaching
ND;.19.22

It is clear from the simple examples discussed here that the
temptation to assign gas phase structures of complex species from
H/D exchange results must be approached with caution. Weare
currently undertaking investigations to further elucidate the relay
and onium ion exchange mechanisms with more complex singly
and multiply protonated peptides and oligonucleotides.
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