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"Odabelling of carboxyl oxygens has been used to
identify the C-terminal amino acid residue and probe
mechanisms of peptide fragmentation in the mass
spectrometer.P''?'

In this paper, we describe a new approach to facili­
tate sequence analysis of peptides by mass spectrom­
etry that utilizes information about the number of labile
hydrogens (derived from -QH, -NH-, -NH2,

-SH and -eaOH groups) in the peptide.
Hydrogen-deuterium exchange is an established tech­
nique for the characterization of low molecular weight
organic molecules by mass spectrometry." Katta and
Chait have used hydrogen-deuterium exchange and ES
mass spectrometry to determine the number of labile
protons in proteins.P To our knowledge, the' use of
hydrogen-deuterium exchange for peptide sequencing
has not yet been reported.

EXPERIMENTAL

Peptide samples. 'The peptides used in this study were
synthesized on a solid phase carrier utilizing Fmoc/But
strategy on acid cleavable linkers. Samples were either
purified by high-performance liquid chromatography
(HPLC) or used unpurified.
Moss Spectrometry. All mass spectra. were obtained
using a TSQ-700 triple sectorquadruople massspecrrom­
eter (Finnigan MAT, San Jose, CA, USA), equipped
with a standard electrospray ion source. The various
multiply charged ions for horse-heart apomyoglobin
were used to calibrate the mass scale. Peptide samples
were dissolved in 50% aqueous methanol at a coneen­
tration of 20 pmol/ul.. A Harvard model 22 syringe
pump (Harvard Apparatus, South Natik, MA, USA)
was used to infuse the sample into the electrospray
source at a rate of 2 f.lLfmin. The instrument was
operated in a programmed mode for data collection.
Profile spectra were collected over the mass range mf
z 200-1500 with a 3 s scan time. A centroid spectrum
was derived from the average of four profile spectra.
From the centroid spectrum, the data system selected
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'l1leutUityof hydrogen-deuterium exchange for sequencing peptides by mass spectrometry is demonstrated. The
number of exchangeable hydrogens in a peptide is readily obtained by eteetrcspray analysis of the peptide
~~lved in deuterated solvents. This information can be used, in conjunction with. published computer
llIg()l1tbms for interpreting peptide mass spectra, to reduce significantly the number of candidate sequences that
fit the experimental data. This information, when combined with fragment-ion information in the mass

trum, greatly increases the reliability of sequence determination.

trometry has slowly developed into a power­
sitive tool for peptide sequencing which can

cth as an alternative and a complement to
Edman degradation."? Generally, tandem

~rometry (often referred to as MSfMS) is
enerate fragment-ion spectra from collision­
issociation (CID) of intact peptide ions

either fast-atom bombardment (FAB) or
~i?~Y (ES) ionization techniques. While peptide
~lle obtained in a matter of minutes, the time

di~qjl1terpret the spectrum is often an order of
qe:Jonger. and requires a high level of skill and
.A.number of computer programs have been

Ith the goal of improving both the speed and
ofinterpreting peptide mass spectral data.4

-
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ur from such programs is a list of possible
ranked by score. In those instances when the

one.sequence.Is significantly better than the
there is. some confidence in the result.
l.all too often there are a number of possible
swith similar scores and the result is much less
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iiSiqerivatization procedures have been used to
e sample analyses and interpretation of the

riL>Before the advent of ionization methods com­
.WWith polar, thermally labile molecules, acetyla­
pfantinefunctionalities and methylation of carbox­
~Ficigroups was necessary to obtain spectra." By
. a mixture of deuterated and non-deuterated

derivatives, it is possible to distinguishing
ina! from C-terminal ion series. Derivatizaticn

iij9#nd carboxylic acid functionality is not necess­
gbtain spectra, using techniques like FAB or ES,
still done to improve sensitivity or resolve ambi­
in the interpretation. IS-IS The formation of 2­
ylammonium acetyl N-terminal derivatives has
ed ··to direct charge distributions that favor

ntation processes that permit the differentiation
'I!C and isoleucine in high energy CIO spectra."
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0.834 NAAGQQVGEF'
0.832 AGGAGQQVGEF
0.832 GAGAGQQVGEF
0.832 GAGAGQQGVEF
0.832 QGAGQQVGEF'
0.~7 AGQGQQGVEF'
0.827 QQGQQGVEF
0.826 AANGQQVWF'
0.826 QQGQANVEF

Table2. Results oftbe computer analysis of theelI)
of the peptide KKGQKVGEFreported b
and Biernann along with the calculated
exchangeable hydrogens (Em. Those
the same number of EH as -the 'correct
(underlined) are indicated with boldface tf

Sam: 5cqucna:

0.850 GAQGAGQVGEF
0.850 GAQGQAGVGEF'
0.850 GAQGQQVGEF'
0.850 GAQGQQGVEF'
0.848 AANGQQVGEF'
0.840 AGQGAQVGEF'
0.840 AGQGQAGVGEF'
0.840 AGQGQQVGEF'
0.840 QQGQAGVGEF
0.840 QQGQAGVGEF
0.834 QQGQQVGEF
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1
2
3
4
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7
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Iar weight but different compositions may
ent numbers of labile hydrogens. The
exchangeable hydrogens can be used to filter
candidate sequences provided by a computer
tation program. For example. computer analy
cm mass spectrum of a tz-restdue peptide b
and Biemann'? gave a list of 20 sequences
scores over a narrow range (Table 1).
analyzed each of these possibilities in de
certain that the sequence with the highest 5C

correct sequence. Knowing that the number
geable hydrogens is 23 reduces the list of possib
nine. In the same work. the authors use the 5p
a 9-residue peptide KKGQKVGFF as an ex
one difficult to analyze. Computer analysisof
trum resulted in a list of 20 possible sequen
similar scores (Table 2). The correct segue
ranked number 11. However, using infonnati
number ofexchangable hydrogens reduces
possibilities to three and the correct one has th
score. Unfortunately, ambiguities with respect
(K) and glutamine (Q) cannot be resolved beca
have the same mass and the same number of
able hydrogens. Likewise. the number of ex
hydrogens cannot be used to distinguish bet
cine (L) and isoleucine (1). In these and s
examples, Q is used to designate both Lys and
I is used to designate both Ile and Leu.

The number of exchangeable hydrogens ina
is. readily· determined using electrospra
spectrometry. When dissolved in deuterated
methanol solutions at the concentrations su
electrospray analysis «50pmol !!L), there is
of all hydrogens"attached to oxygen. nitr
sulfur. Results for a test set of peptides havi
to 24 exchangeable hydrogens (EH)· are given
3. Spectra collected were obtained at lowr

all ions above 10% of the base peak for CID MS/MS
analysis. Under data system control, the instrument
was set to pass a selected ion through the first quadru­
pole mass analyzer. Argon collision gas was.introduced
into the octapole collision cell. and the second quadru­
pole analyzer was used to. scan the spectrum over the
mass range 1-:-1500 u with a3s scan time. Various offset
voltages for each quadrupole analyzer and the collision
cell were set according to a fonnula that varies values
according to the mass of the precursor ion. Generally.
higher collisionenergies are needed for larger peptides.
Eight profile scans were averaged and .converted
to a centroid spectrum for computer analysis.
Deuterium-exchanged samples were prepared by dis­
solving the peptide samples in 50% DzO (Aldrich
(Milwawkee, WI, USA), 99.9% d), methanol-d,
(Cambridge Isotope Lab. (Woburn, MA, USA),
99$% d). No acid was used to enhance the exchange
rate.
Computer interpretation. A preliminary version of the
program PepSeqlJsupplied by Finnigan MAT was used
to interpret theCID spectra. The program was set for
fully automated ES mode, using average mass values. a
mass error of 0.7 u•.and. a threshold value of 0.1% of
the base.peak. Sequences were extended from the
Ceterminus, and the Oterminal amide group was speci­
fied. An Intermediate count of 2000 was used to limit
the number of subsequences carried on to the next
analysis cycle. The observed mass and charge state
(Table 1) were entered for each peptide spectrum.

2 0.870 GGVSQIQPGQVVVF 21
3 0.870 NVSQIQPGQVVVF 23
4 0.867 VSGGQIQPGQVVVF 22
5 0.864 VNSXQQPGQVVF 22
6 0.864 GRSQIQPGQWVF 25
7 0.862 GGADQIQPGQWVF 22
8 0.862 XADQIQPGQWVF 21, 0.862 NADQIQPGQVVVF 23

10 0.857 GQDQIQPGQVVVF 23

11 0.852 SPDQIQPGQWVF 21
12 0.850 SVGGQIQPGQVVVF 22
13 0.845 GGEGQIQPGQWVF 22
14 0.845 NEGQIQPGQVVVF 23

15 0.842 SRGQIQPGQWVF 25
16 0.837 VNSQIQPGQVTPF 23

17 0.836 GGVSXQQPGQVVF 21
I. 0.836 NVSXQQPGQVVVF 23

l' 0.835 DQGQIQPGQVVVF 23

20 0.835 QDGQIQPGQVVVF 23

RESULTS AND DISCUSSION
The various amino acid residues contain different
numbers of exchangeable hydrogens (G, A, V, L, I, M,
F--one labile hydrogen; 5, T, D, E,Y, H. C-two; N,
K. Q-three; R-five). Peptldes with the same mclecu-

Table1. Results of thecomputer analysis of theem spectrum
of an a-cllymotryplic peptide reported by Johnson
and Blemann along with the calculated numberof
exchangeable hydrogens (EH). Those entries with
the same number of EH as the correct sequence
(underlined) are indicated with boldface type

EJIlry1\11. S<:ol>: 5cquena: at

1 0.898 VNSQIQPGQVVVF 23
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back-exchange.
Also includedin Table 3 are the number of possible

amino acid compositions for amidated peptides that
correspond, to the observed mass and the. number
compositions consistent with the ,observed number, of
EH. This is a good measure of the degree of simplifica­
tion possible when information about the EH is used in
sequence analysis of peptide mass spectra.

The proJram, (PepSeq) described, by Yeates and
coworkers was usedto interpret the CID spectra
collected for each peptide in the test set. Results of the
analysis are summarized in Table. 4. In these, prelimi­
nary studies, we purposely avoided optimizing instru­
ment and computer interpretation parameters for each
individual sample. All spectra, were acquired under
identical, conditions. As a consequence, some
fragment-ion spectra were of low intensity and not well

PEPTIDE SEQUENCING USING HYDROGEN·DEUTERIUM EXCHANGE

Table 4. Summary of computer analysis (PepSeq) of em Iragment-lon spectra for
the set of test peptldes. The rank of the correct, sequence, and the total
number in the range of scores indicated is given before and after filtering
the ,list using the experimentally determined number ef" exchangeable
hydrogens (Ell)

Enlry nefnn: EH fillerins Rangeo! Afler EH fillerins
Sequence Charges "'"' Th131 number -= Roo' Talal number

LALYWKa 1 20 1.6-4.1 1 10
1 16 104-3.8 1 6

2 WNYFKa 1 1 18 3.2.,6.9 1 6
2 2 18 1.3-3.9 1 3

3 TYTAGGll 1 1 15 8.0-16.1 1 8
4 KGSGAVASa 1 30 2.6-4.1 2

2 30 1.2-2.6 8
5 DGSRYRTSa 2
6 WVFDYa 1 17 3.0-4.7 4
7 YWKLAa 1 18 1.2-2.7 8
8 KGSRHTASa 2 30 0;3-0.6 0
9 KFWKTa 1 30 1.0-2.2 8

2 17 0.2-004 2 5

WNYFKa

"".­LAYWKa

KGSGAVASa

WVFDYa

KFWKTa

YWKLKAa

DGSRYRTSa

TYTAGGa

KGSRHTASa

6

5

",,"
00.
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3
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Table 3. Calculated and observed average mass values for peptide molecular ion species with and without
deuterium exchange. For each entry, the total number of possible compositions for peptides of
that length and having that mass as well as the number of those compositions consistent with the
number of exchangeable hydrogens (ER) are given

1kf'"1: After
NllI1Ibcr af adlan;e adlange

Charges Cak:ulall:d Obsem:d EU' Cak:ulall:d O~

1 679.8 679.9 12 692.8 692.7
2 340.4 340.2 347.4 347.3
I 756.9 756.7 14 771.9 771.7
2 379.0 378.8 387.0 386.8
1 568.6 568.5 12 581.6 581.5
2 284.8 291.8
1 675.8 675.6 15 691.8
2 338.4 338.3 346.9
I 941.0 940.8 24 966.0
2 471.0 470.9 484.0
I 728.8 728.7 11 740.8
2 364.9 371.4
1 679.8 679.7 12 692.8 692.6
2 340.4 340.3 347.4 347.4
1 842.9 842.7 21 864.9 864.8
2 421.9 421.8 433.4 433.3
3 281.6 281.5 289.3 289.6
1 708.9 708.7 14 723.9 723.7
2 354.9 354.8 362.9 362.8

• Number given is for the neutral molecule. For an ion with n charges.n is added to the number of exchangeable
hydrogens.

9

8

cluster was not resolved, and values
are for average mass. The value of the number

@geable hydrogens (EH) in the Table is for the
Lmotecule. In ES, peptide ions. are generally
d by proton attachment. Thus, the number of EH
~.sedby one for each charge on the ion. For each

~deinthe test set, the observed difference in mlz
p~t\veen samples run without deuterated solvents
ose run in deuterated solvents was within 0.1 u of
Iculated difference. Previously, Kana and Chait

reported that back-exchange can occur during the
ray process." They demonstrated that the
of water vapour from the spray region elimi­

ack-exchange. The atmospheric pressure region
Finnigan MAT TSQ-700 source is constantly

'¢~i1Nith hot, dry nitrogen to promote solvent
rlltion which eliminates ,any possibility for

Table 2. Results orthe computer analysis of the C
of the peptide KKGQKVGEF reported
and Biemann along with the calculated
exchangeable hydrogens (ER). Those'.e
the same number of EH as the co
(underlined) are indicated with boldface t

lar weight but different compositions may h
ent numbers of labile hydrogens. The n
exchangeable hydrogens can be used to filter
candidate sequences provided by a computer
taticn program. For example, computer anal
crn mass spectrum of a 12-residue peptide b
and Biemann'? gave a list of 20 sequences
scores over a narrow range (Table 1).
analyzed each of these possibilities in d
certain that the sequence with the highest sc
correct sequence. Knowing that the number
geable hydrogens is 23 reduces the list of p
nine. In the same work, the authors use the
a 9~residue peptide KKGQKVGFF as an
one difficult to analyze. Computer analysis
trum resulted in a list of 20 possible seq
similar scores (Table 2). The correct seq
ranked number 11. However, using informa
number of exchangnble hydrogens reduces
possibilities to three and the correct one has th
score.' Unfortunately, ambiguities with respect
(K) and glutamine (Q) cannot be resolved beca
have the same mass and the same number ofe
able hydrogens. Likewise, the number of exc
hydrogens cannot be used to distinguish be
cine (L) and isoleucine (I). In these and s
examples, Q is used to designate both Lys an
I is used to designate both lie and Leu.

The number of exchangeable hydrogens in
is, readily determined using electrcspra
spectrometry. When dissolved in deuterated
methanol solutions at the concentrations' sui
electrospray analysis «50 pmol ~), there'
of all hydrogens attached to oxygen, nitr
sulfur. Results for a test set of peptides havi
to 24 exchangeable hydrogens (EH)· are give
3. Spectra collected were obtained at low r

EnlfyNo. "". Sequence
1 0.850 GAQGAGQVGEF
2 0.850 GAQGQAGVGEF
3 0.850 GAQGQQVGEF
4 0.850 GAQGQQGVEF
5 0.848 AANGQQVGEF
6 0.840 AGQGAQVGEF
7 0.840 AGQGQAGVGEF
8 0.840 AGQGQQVGEF
9 0.840 QQGQAGVGEF

10 0.840 QQGQAGVGEF
11 0.834 QQGQQVGEF

12 0.834 NAAGQQVGEF
13 0.832 AGGAGQQVGEF
14 0.832 GAGAGQQVGEF
15 0.832 GAGAGQQGVEF
16 0.832 QOAGQQVGEF
17 0.827 AGQGQQGVEF
18 0.827 QQGQQGVEF
19 0.826 AANGQQVWF
20 0.826 QQGQANVEF

IYDROGEN-DEUTERlUM EXCHANGE
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Table 5. Result of PepSeq analysis of em spectra of both the
singly and doubly protcneted molecule fOl" the pep-
tide WNYFKa.
I· CballC ~IaIC 2· CbOfgc llaIC

'"!- "". EM Sequence "". EM
WNVFQ 7.33 1. WIYfO 3.86 12
QGDYFQ 6.4' 15 WNYFQ 3.53 1.
YHYFQ 6.06 13 WMHRQ 2.30 16
YEYPGE 5.91 12 WISHSQ 2.30 15
HYYFQ 5.59 13 WISNHT 2.16 15
EYYPGE 5.50 12 WISSHQ 2.15 15
ANDYFQ 4.29 15 WIYQF 1.94 12
NADYFO 4.29 15 WIFYQ 1.89 12
QGDYQF 4.29 15 WNYQF 1.75 I'
QGDYTSS 3.94 17 WISHNT 1.58 15
NWYFQ 3.63 I' WNFYQ 1.50 "YEYPW '.50 11 MFYSSW 1.48 12
GAGDYFQ 3.19 " QYSSSW 1.44 16
QGDYFAG 3.19 I' YHYFQ 1.37 13
AGGDYFQ 3.19 I' YQSTMQ 1.36 16
QGDYFGA 3.19 I' WIFQY 1.34 12
WNYFGA 3.13 13 YQSTRC 1.33 19
WNYFAG 3.13 13 YQSECQ 1.31 17

suited for computer interpretation..The program failed
to interpret (correct sequence not listed) five of the
spectra. The results for entry number 2 (sequence
WNYFKa) are presented in detail in Table 5 for both
the singly protonated (Fig. 1) and doubly protonated
molecule (spectrum nor shown). Analysisof the singly
charged ions yieldsa list of possible sequences with.the
correct .sequence. ranked .first~ After EH •. filtering
(selecting only those sequences\Vith .14 exchangeable
protons)•.the original list of18i.sreducedto6; .There
are only z compositione represented-and the score for
the correct sequenceIs much greater than the others.
The anaIysisof the dcubly protonated ions yields simi­
lar results. TIle correctsequence is ranked secondwith
a s~ore c!osetothat of the first entry that has a
substitution of He forAsn. The 0;7 mass error setting
usedhlfepSeqallo\Vs a lrnassunitvaria~on in the
molecul~r\lleight. for doubly .charged i()ns.After .I:H
filtering;tbe list.of possibilities fs reduced.to three,' all
with the same composition; Once again. the correct
sequence has a significantly better score than the other
possibilities;

The number of exchangeable _protons can also be
determined for each fragment in the eIn spectrum;
The CID spectra for the singly charged ions of the
peptide WNYKFawith ~ndwithollt.· deuterium
exchange are compared in Fig,l. Thefragmentation Is
not significantly affected by the exchange and the
expected": mass shifts for the- fragment ions .. are
observed. This information could be quite valuable in
those instances when ..• the assignment of an ion is
ambiguous. Also; it would be easy to modify existing
sequence .interpretation programs· to accommodate
deuterium exchange. 11Ie masses of .. the amino acid
residues and terminal groups would have to be changed
to reflect the number" of hydrogens. that would be
replaced by deuterium, and the protons transferred to
generate fragment ion series such as Y" would have to
be changed to account for deuterium exchange.

The deuterium oxide used in these studies was con­
taminated with low levels of cations such as sodium,
potassium and calcium. As a consequence, peptides
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F1gurel. Ccllision-tnduced dissociation fragment-ion spectra
single protonated peptide WNYFKa. Spectrum A is for thet
mtz 756 formed by electrospray from a 20 pmol/llLs
aqueous methanol. Spectrum B is for the hydrogen
exchanged ion at mtz 771 obtained by electrospray using
water and decterared methanol. Ion series members are
using the nemenclature uf Roepstorff and Pohlman." Ion
result from lossof H:OorNH1 (commonly observed in I
CID spectraj in addition to the cleavage of the peptide backbo
designated with an asterisk;

with a high affinity for alkali cations (genemlly t
with carboxylic acid.functionality) exhibit a numb
different ions during electrospray analysisThis
not affect the determination of. the total numbe
exchangeable hydrog~ns because the various s
are readily assigned and the number of EH ca
determined from anyone of them. However, the
ence of such salts has a strong influence on the qu
of CID fragment ion spectra obtained after deute
exchange; Species formed by alkali cation attach
did not yield useful eID fragment-ion spectra.

In .. conclusion; hydrogen-deuterium exchange
facile"method of. derivatizing peptides for seque
analysis. The mass shift between deuterated and n
deuterated forms is a direct measure of the numbe
exchangeable hydrogens. This information placessl
ficant restraints on the number of different amino
compositions corresponding to the determined rna
Iar weight. Hydrogen-deuterium exchange also aff
the mass of Iragmenr ions generated by ccllisi
induced dissociation. This methodology has the pot
tial to greatly increase the efficiency of pc
sequence determination by mass spectrometry pa
lady when used in conjunction with computer a
ithms for spectral interpretation. Work is in progre
new sequencing programs that more fully
exchangeable hydrogen information.
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Figure 1.·.Collision-induced dissociation fragment-ion spectra
single protonaled peptide WNYFKa~ Spectrum A is for the'
mtz756 formed by electrospray from a 20 pmolhlLsolulion i
aqueous. methanol. Spectrum B is for the hydrogen.
exchanged ion at mtz 771 obtained by electrospray using
water and deuteratedmethanol. Ion series members arc
using the nomenclature of Roepstorff and Pohlman.;!j
result from Icss cr H!O orNHl (commonly observed in
cm spectra) in additiolito the cleavage of the peptide
designated with an asterisk.

with a high affinity for alkali cations (generally
with carboxylic acid functionality) exhibit anum
different ions during electrospray anaiysis.:This
not affect the determination of the total numb
exchangeable hydrogens because the various sp
are readily assigned and the number of EH cary
determined from anyone of them. However, thep
ence of such salts has a strong influence on the qua
)f ern fragment ion spectra obtained after deureri
exchange. Species fanned by alkali cation attach
fld not yield useful ernfragment-ion spectra.

In conclusion, hydrogen-deuterium exchange
ucile method of derivatizing peptides for sequ
rnalysis. The mass shift between deuterated and
leuterated forms is a direct measure of the num
xchangeable hydrogens. This information places
kant restraints on the number of different amino
ompositions corresponding to the determined m
if weight. Hydrogen-deuterium exchange also a
he mass of fragment ions generated by coil"
tduced dissociation. This methodology has the po
al to greatly increase the efficiency of pep
equence determination by mass spectrometry pa
rrly when used in conjunction with computer al
hms for spectral interpretation. Work is in progr
ew sequencing programs that more fully
(changeable hydrogen information.
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