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Abstract

A probability model is given which accurately predicts the electrospray mass patterns of substance P arising from full or
incomplete deuterium exchange in solution. For accurate determination of the number of exchangeable protons the solvent
should have a deuterium purity of at least 98%. At 25◦C several minutes are required before the degree of exchange reaches the
equilibrium value.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The use of deuterium exchange to provide chemical
information is well established in HPLC/MS. Hy-
drogen atoms bound to heteroatoms such as oxygen
and nitrogen are in general more reactive than those
bound to carbon and can exchange much more readily
with other exchangeable hydrogens in the surround-
ing environment. By comparing the mass spectra of
the analyte with and without deuterium exchange
the presence of functional groups such as amides,
amines, alcohols, and acids can be established in both
molecular and fragment ions. This approach is an im-
portant tool in drug development, for example, in the
elucidation of chemical structures of impurities and
metabolites.
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Given the right conditions deuterium exchange can
occur in either the gas phase (for example, by us-
ing ND3 in place of N2 as nebulisation gas[1]) or in
solution [2–11]. With HPLC/MS the solution phase
deuterium exchange can be achieved either by using
deuterated solvents in the mobile phase[3,4,6,7,9,11]
or by post-column addition[10].

However whilst deuterium exchange is established
in HPLC/MS, there are relatively few reports of work
covering the required purity of the deuterated mobile
phase and the consequences of partial deuteration
([2] covers FAB with a partially deuterated matrix,
and [3] thermo spray). For compounds with many
exchangeable protons incomplete exchange results in
a complex pattern of isotope peaks which can make
interpretation difficult. The problem is more serious
for compounds of moderate mass, such as small pep-
tides, where the numbers of carbon and other atoms
means that the pattern due to the naturally occurring
isotopes is already complex.
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2. Probability model

Probability models can be used to predict H/D mass
distribution patterns based upon the number of ex-
changeable protons in the analyte and the deuterium
purity of the surrounding environment[2]. In this work
the expected overall mass patterns were predicted by
combining the patterns expected from H/D exchange,
with those arising from the naturally occurring iso-
topes in the non-deuterated parent.

For an analyte withn exchangeable hydrogens the
relative intensity of the peak with a mass shift ofp
(wherep < n) can be described byEq. (1).

Ip = dp(1 − d)(n−p) n!

(n − p)!p!
(1)

whered is the deuterium purity of the solvent system
(between 0 and 1).

The relative intensity depends upon the chance ofp
of then sites being deuterated and the number of ways
in whichp can be chosen fromn. Multiplication of the
deuteration probability distribution with those arising
from the naturally occurring isotopes (e.g.13C and
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Fig. 1. Relative intensities of the mass peaks arising from complete and partial (n − 1) deuteration for analytes with different numbers of
exchangeable protons.

12C) gives the overall expected mass distribution. The
predicted relative intensities of the individual isotope
peaks can then be compared with those measured from
the mass spectra.

The importance of a high degree of deuterium purity
increases with the number of exchangeable sitesn.
This importance is illustrated by examining the relative
intensities of the mass peak arising from alln sites
being deuterated, with that due to onlyn − 1 being
deuterated. UsingEq. (1)the relative intensities of the
two peaks can be described byEq. (2).

In

In−1
= dn

(1 − d)n
(2)

Fig. 1 shows the values obtained fromEq. (2) for
analytes with different numbers of exchangeable pro-
tons in solvents with deuterium purities in the range
85–100%. FromFig. 1 it is seen that for small values
of n a moderate value of solvent deuterium purity is
sufficient to ensure that the mass peak due ton is much
more intense than that due ton − 1. As the number
of exchangeable sites increases so must the deuterium
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purity of the solvent. Withn = 20 a deuterium purity
of more than 95% is required for the fully deuterated
mass peak to be more intense than that due to only 19
positions being deuterated.

3. Experimental

Mass spectra were recorded using a Micromass
ZQ (Manchester, UK), in the rangem/z 1340–1380
with a cone voltage of 100 V. Samples were infused
using a syringe pump at 50�l/min. Deuterium oxide
(99.9%) and TFA were from Fluorochem (Glos-
sop, Derbyshire, UK), and substance P was from
Sigma (Gillingham, UK). Two stock solutions were
prepared by mixing 0.5 mg of substance P, 8�l of
TFA, and 8000�l of either H2O or D2O. The stock
solutions were then allowed to stand at room tem-
perature overnight before analysis. For the kinetic
study (25◦C) an 80% D2O solution was prepared by
mixing the two stock solutions and then analysing it
at times ranging from 230 to 64,580 s. For the other
experiments appropriate proportions of the two stock
solutions were mixed and allowed to stand for 24 h at
room temperature before analysis.

4. Results and discussion

Based upon the structure of the peptide substance P
(seeFig. 2), the most intense MH+ ion would be ex-
pected to give anm/z value of 1347.7, and full deuter-
ation to give a mass shift of+23 (M′D+). In the first
experiment the kinetics of deuterium exchange were
investigated by mixing a solution of substance P dis-
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Fig. 2. The structure of the peptide substance P.

solved in H2O/0.1% TFA with one of substance P
dissolved in D2O/0.1% TFA, to give a resultant solu-
tion of 80% D2O/20% H2O/0.1%TFA. Mass spectra
of substance P in the 80% D2O solution were then
recorded at times ranging from 230 to 64,580 s after
mixing. Fig. 3 shows the intensities of the ions with
m/z values ranging from 1362 to 1373 (i.e. mass shifts
between+14 and+25 from 1348), as a function of
time. Fig. 3 shows that the intensities of the different
ions alter slightly at the early time points but show
no significant changes after 790 s. These data indicate
that a finite period of time is required to reach equi-
librium in the deuterium exchange process if the mass
analysis is to give accurate results.Fig. 3 also shows
that the mass ion representing full deuteration (+23)
is only the eighth most intense.

Fig. 4 shows the predicted mass shift patterns ob-
tained from substance P dissolved in 99.8, 90, and
80% D2O, respectively. InFig. 4adeuteration is al-
most complete with an M′D+ ion shifted by+23 be-
ing the most intense ion. Higher masses are due to full
deuteration and the presence of the naturally abundant
13C, 15N, 34S, and18O isotopes.Fig. 4b and cshow
that as the deuterium purity of the solvent drops so
does the relative intensity of the fully deuterated peak.
With 90% D2O mass+23 is the third most intense
peak and with 80% D2O only the eighth most intense
peak.

Fig. 5 compares the mass shifts predicted by the
probability model, and the measured mass spectrum
for substance P dissolved in 98% D2O/2% H2O/0.1%
TFA. Fig. 5 shows an excellent agreement between
the mass pattern expected from the probability pat-
tern and that obtained by MS. The most intense mass
peak has anm/z value of 1371, which is+23 from the
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Fig. 3. Measured mass intensities for substance P dissolved in 80% D2O as a function of time.

un-deuterated parent and in agreement with the proba-
bility model. The relative proportions of the other ma-
jor mass ions atm/z 1370, 1372, and 1373 (+22,+24,
and+25 from the parent), are also correctly predicted
by the probability model.
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Fig. 4. Predicted mass shifts for substance P dissolved in 99.8, 90, and 80% D2O.

In order to check the probability model further
the predicted and experimental mass distributions
were measured in solutions ranging from 80% D2O
to 99.8% D2O. Fig. 6 shows good agreement be-
tween the predicted relative intensities (solid lines),
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Fig. 5. Predicted mass shifts and measured masses for substance P dissolved in 98% D2O.
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Fig. 6. Predicted and measured mass patterns for substance P as a function of the deuterium purity of the solvent.
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and the measured values (individual data points) for
ions shifted in mass from 18 to 23.Fig. 6 shows
that the relative intensities of the mass peaks aris-
ing from partial deuteration increase rapidly as the
deuterium purity of the solvent drops below 99.8%.
For example, at a deuterium purity of 95% the peak
due to full deuteration is only slightly more intense
than the partially deuteratedn − 1 peak. Because of
the complexity in the mass pattern arising from both
the partial deuteration and the naturally occurring
isotopes, the deuterium purity must be significantly
higher than 95%, and ideally of 98% forn to be
determined reliably.

5. Conclusions

For the peptide substance P the unambiguous de-
termination of the number of exchangeable protons
requires the use of a solvent with a high deuterium
purity, ideally 98% or more, and an equilibration pe-
riod of several minutes. These observations support
the use of fully deuterated mobile phases rather than
post-column addition as a reliable way of determin-
ing the number of exchangeable protons by LC/MS.
For fast LC methods, or analytes and mobile phase

conditions which give slower exchange kinetics, the
sample may also need to be incubated with deuterated
solvents prior to analysis.
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