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Abstract

We document the systematics of collision-induced dissociation of singly charged peptide ions in a matrix-assisted lase
desorption/ionization (MALDI) ion trap mass spectrometer. We show that singly charged peptide ions/withtios
extending to 3500 can be effectively fragmented using a newly devised excitation scheme, termed red shifted off-resonanc
large amplitude excitation (RSORLAE), and classify the dominant features of the resulting collision-induced dissociation
spectra as follows. (1) Peptides ions witmé&value of <1500 can be effectively fragmented independent of their amino acid
composition. (2) Peptides ions witin/z < 3000 that contain lysine but not arginine can be extensively fragmented. (3)
Arginine-containing peptide ions undergo highly preferential fragmentation at the C-termini of aspartic/glutamic acid residues.
(4) Peptide ions containing a C-terminal lysine residue as well as one or more arginine residues readily rearrange to lose tl
terminal lysine. (5) Proline-containing peptide ions fragment preferentially at the N-termini of the proline residues. These
systematics are helpful for the verification of peptide primary structures and for formulating efficient strategies for protein
identification using tandem MALDI ion trap mass spectrometric data. (Int J Mass Spectrom 190/191 (1999) 313—-320) © 199¢
Elsevier Science B.V.
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1. Introduction spectra of individual peptide ions [1-4]. Database
searching with mass spectral CID data frequently
Recent developments in protein identification in- yie|ds reliable, unambiguous identifications. Cur-
corporating database searching with mass spectrometyently, the majority of such CID data is derived from
ric (MS) data have established the high value of data doubly (and sometimes triply charged) peptide ions
obtained from collision-induced-dissociation (CID) produced by electrospray ionization (ESI) from tryp-
sin digests of proteins. The wide use of electrospray
* Corresponding author. E-mail: chait@rockvax.rockefeller.edu  i0Nization (ESI) for this purpose derives from the fact
* Current address: Department of Biochemistry and Department that tryptic peptides yield mostly doubly charged ions
of Cell Biology, Baylor College of Medicine, One Baylor Plaza, by ESI and that doubly charged peptide ions undergo
Houston, TX 77030. . . . .
Dedicated to J.F.J. Todd and R.E. March in recognition of their extensive and readily interpretable fragmentation
original contributions to quadrupole ion trap mass spectrometry.  upon collisional excitation. ESI is also conveniently
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carried out from peptide solutions that are directly 2. Experimental
infused into the mass spectrometer or are subjected to

on-line liquid chromatographic separation just prior to
MS analysis. Finally, there are several highly evolved
instruments that prove to be well suited for acquiring
CID spectra of peptide ions from the continuous ion
current ESI source. These instruments include the
triple-stage quadrupole mass spectrometer [5], the ion
trap mass spectrometer [4] and more recently the
orthogonal injection quadrupole-time-of-flight mass
spectrometer [6—8].

Pulsed ion sources, especially those incorporating
matrix-assisted laser desorption/ionization (MALDI),
can also be used for obtaining tandem MS data from
peptides. Instruments adapted for this purpose include
the axial-geometry time-of-flight (TOF) analyzer fit-
ted with an electrostatic mirror [9—11], the orthogonal
geometry quadrupole-TOF instrument [12], and the
ion trap mass spectrometer [13,14]. A potential ad-
vantage of MALDI is its ability to produce informa-
tion-rich spectra from complex mixtures of peptides
without the requirement for chromatographic separa-
tion of the peptides or removal of biochemical addi-
tives such as buffers and salts. This ability to acquire
CID spectra from unfractionated peptide mixtures is
especially attractive for protein identification involv-
ing protein/DNA database searches, where the
amount of available sample is often severely limited.

To take advantage of these good properties of
MALDI, we recently constructed a MALDI ion trap
mass spectrometer and demonstrated the utility of the
instrument for protein identification and analysis of We obtained MALDI ion trap CID mass spectra of
post-translational modifications [15,16]. We devised more than 200 different peptides and found that the
an excitation scheme [termed red shifted off-reso- features observed in these spectra depend on the peptide
nance large amplitude excitation (RSORLAE)] that molecular mass, amino acid composition, and sequence.
enables the deposition of sufficiently large amounts of Our results lead to a relatively simple classification
energy to allow the efficient decomposition of singly scheme for the fragmentation of singly protonated pep-
charged peptide ions witlm/zup to 3500 [17]. In the tides, which we summarize by the following five general
present article, we describe the results of an investi- rules.
gation of the CID fragmentation of more than 200
different singly protonated peptides. The observed
fragmentation systematics prove helpful for the veri-
fication of peptide primary structures and for formu-
lating efficient strategies for protein identification The RSORLAE scheme [17] (which supplies
using tandem MALDI ion trap MS data. higher amounts of energy than conventional resonant

Peptides were purchased from the Sigma Chemical
Co. (St. Louis, MO).Escherichia coliRecA protein
was provided by Dr. Kenji Adzuma (The Rockefeller
University) and rabbit phosphatase inhibitor-I was
provided by Dr. Andrew Czernik (The Rockefeller
University). Modified bovine trypsin and endopro-
teinase Lys-C were sequencing grade from Boehr-
inger Mannheim (Indianapolis, IN). Digestions of
proteins were carried out according to protocols
suggested by the manufacturer. All experiments were
performed using our custom-built MALDI ion trap
mass spectrometer. A detailed description of the instru-
ment can bdound in [14]. RSORLAE [17] was used
to obtain the MS/MS spectra. The amplitude and period
of the excitation was respectively 21,y and 30 ms,
except for the MS/MS spectrum of N-acef§dendor-
phin, which was excited for 120 ms. Excitation
frequencies were in the range 59-102 kHz, chosen to
be ~5% to the red of the resonant frequency of the ion
to be dissociated [17]. The matrix solution used for
the present measurements was 2,5-dihydroxybenzoic
acid (DHB) solution in water/acetonitrile 1:1 (v/v)
(2x dilution of a saturated solution of DHB.) Samples
were prepared for mass spectrometry by thoroughly
mixing 1 uL of the sample solutiomvith 1 uL of the
matrix solution directly on the sample probe and allow-
ing the solution to dry at room temperature.

3. Results and discussion

3.1. Peptide ions with m/z valu€1500 can be
effectively fragmented independent of their amino
acid composition
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Fig. 2. MS/MS spectra of (a) reduced somatostatin and (b)
B-endorphin.

Fig. 1. MS/MS spectra of (a) substance P and (b) bombesin. A

description of the nomenclature used for the fragment ions can be

found in [18]. lons resulting from the loss of,B and/or NH from

b andy ions, are here denotdaf and y*.

3.2. Peptide ions that contain lysine but not

arginine produce extensive fragmentation
excitation) allows effective fragmentation of singly
protonated peptide ions witm/z values <1500, Singly protonated peptides ions with/z < 3000
relatively independent of the amino acid composition that contain lysine but not arginine can be fragmented
and sequence. Fig. 1 shows MS/MS spectra of sub- extensively, although usually not at every peptide
stance P and bombesin, two peptides that are com-bond. Examples of MS/MS spectra of peptides in this
monly used as benchmarks for evaluating CID. The category (reduced somatostatifsendorphin, amy-
spectra were taken with a 100 fmol loading on the loid-g-protein  12-28, and N-acetyd-endorphin
mass spectrometer sample probe and with a massl—27) are shown in Figs. 2-4, using 1 pmol of each
isolation resolution of~4 Da. CID using RSORLAE  peptide loaded onto the sample probe. In this cate-
is seen to produce extensive sequencing information, gory, peptide ions withm/z values as high as 3000
generating predominately andy type ions [18] (as undergo fragmentation as readily as do those with
well as ions arising through additional loss of®f m/z = 1000—a surprising deviation from the general
NH; from the b andy ion species, which are here trend of reduced efficacy of dissociation as a function
denotedb* and y*). of increasing molecular mass.



316 J. Qin, B.T. Chait/International Journal of Mass Spectrometry 190/191 (1999) 313-320

byy s Vio

Y Yio Y7 Vs
Ac-Y‘(:GFNI1‘S4I4$H[}I’[,V{I‘LF K'NHILHNHY
) biy bybyy bys ,
ylﬁ )‘lyllym 'Hy hlllh.‘lbll blh )IS
15
o NP
by~ by by by bys
hk hH) bI: bIJ b\b
Yu
hl() y
b, by Y10 b, | 2
| Yio
n lu.. diw I hi IL oYy lLIA n ]l A .Al d IALl n ] Yi2 bys AYI”
700 800 900 1000 1100 1200 1300 1400 A‘ Y I A! I _..il 1 A A i L
by,
12 1400 1500 1600 1700 1800 1900 2000
b|7 h27
b3 Yo b
24
ba3
Yis b 'bm by
26
vl bl b
20 o
L - L N Al )
I I I I I T T T I l
1500 1600 1700 1800 1900 2200 2400 2600 2800 3000
Fig. 3. The MS/MS spectrum of the amyloRiprotein 12—-28. Fig. 4. The MS/MS spectrum of N-acetgrendorphin.
3.3. Arginine-containing peptide ions undergo times be lost completely for peptides containing
preferential fragmentation at the C-termini of Asp/  multiple Arg and Lys residues. The CID of Arg-
Glu residues containing peptides that do not contain acidic amino

acids also proves difficult to characterize although the

We have reported previously that singly proto- fragmentation is found to be strongly dependent on
nated, arginine-containing peptide ions undergo pref- the number and relative position of Arg residues in the
erential fragmentation at the C-termini of Asp/Glu sequence. Thus, peptide ions with multiple Arg resi-
residues [19]. This fragmentation gives rise to intense dues resist fragmentation when the Arg residues are
y type ions if the Arg residue is located C-terminal to positioned towards the middle of the sequence, but
the acidic residues, drtype ions if the Arg residue is  fragment relatively easily when they contait8 Arg
located N-terminal to the acidic residues. Peptides in residues positioned close to the termini.
this category can be readily fragmentedriotzvalues
as large as 3700. Lys-containing peptides that do not 3.4. Peptide ions containing a C-terminal lysine
contain Arg sometimes exhibit similar selective frag- residue as well as one or more arginine residues
mentation at Asp, but the preference is not as dramatic readily rearrange to lose the terminal lysine
as for Arg-containing peptides. The fragmentation of
peptides containing both Arg and Lys as well as acidic ~ During an investigation of the CID spectra of
residues is less readily characterized and the prefer-peptides generated by digestion of proteins by endo-
ence for fragmentation at acidic residues can some- proteinase Lys-C (i.e. peptides that terminate in a
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3.5. Proline-containing peptide ions undergo
preferential fragmentation at the N-termini of the
proline residues

AVTELGRPDAEYWNSQK

Proline-containing singly protonated peptides un-
dergo moderately preferential fragmentation at the
N-termini of the Pro residues. This preferred fragmen-
tation has also been observed in other types of MS
b K measurement, e.g. ESI triple quadruple MS [20] and
) L N w ESl-ion trap MS [21]. In the present investigation, we
600 80 1000 1200 140 160 1800 2000 observed relatively intense fragment ions arising from
the cleavage at the N-terminal of Pro and fragment
ions arising from the cleavage at the C-terminal were
TTLTLQVIAAAQREGK usually absent or very weak. Examples of this phe-
™ nomenon are evident in Fig. 1(a) (stroofgand weak
%), Fig. 2(b) (strongdo,, and missingb, 5), and Fig.
4 (strongy, s and missingy, ,), generating a gap in a
series of sequencing ions. For Arg-containing pep-
tides, the selective fragmentation at Pro residues is not
Vi by by as dominant as that observed at Asp/Glu residues.
bt tpainde | o Exceptions are sometimes observed to the weak
600 800 1000 1200 1400 1600 cleavage at the C-terminal of Pro [see, g.gin Fig.
1(a)]. The moderate cleavage selectivity at Pro for
Fig. 5. MS/MS spectra of Lys-C peptides with the sequence (a) singly charged peptide ions in the MALDI ion trap
AVTELGRPDAEYWNSQK and (b) TTLTLQVIAAAQREGK. mass spectrometer should be contrasted with the more
dominant cleavage selectivity at Pro observed for
doubly charged peptide ions in a ESI ion trap mass
spectrometer (where fragmentation at Pro is even
more pronounced than that at Asp [21]).

C-terminal Lys), we frequently observed a relatively
intense fragment ion with en/z~ 129 less than the
precursor ion. This preferential fragmentation was
especially evident when the peptides contained one or 3.6. Tandem ion trap mass spectrometry of peptide
more Arg residues in addition to the C-terminal Lys. ions from unfractionated enzymatic digestions of

In some cases (see, e.g. Fig. 5), the intensity of this Proteins

fragment ion was higher than or comparable with
fragments generated by the previously discussed pref-
erential cleavage at Asp/Glu residues. This intense

We have also evaluated the feasibility of perform-
ing MS/MS experiments on unfractionated peptides
produced by enzymatic digestions of proteins. More
fragment ion arises through the loss of the C-terminal 5, 50 different proteins were included in this study.
Lys by a rearrangement reaction that formally yields ¢|p spectra obtained from individual peptides in the
ac,_, ion fragment [18]. In cases where the sequence proteolytic mixtures exhibited the same general fea-
of the peptide is unknown, it proves difficult to tyres as those outlined above. Peptide ions of interest
differentiate this type of rearrangement from preferred were isolated with a mass resolution of 4—7 Da in the
cleavage of an N-terminal Glu residue because the jon trap using a procedure that we have described
latter also yields an intense fragment ion with a mass previously [22]. Although this mass isolation resolu-
129 Da less than that of the protonated precursor tion is modest, it is usually sufficient to allow analysis
species. of quite complex peptide mixtures without prior
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chromatographic separation. We illustrate the proce-
dure in Figs. 6—8. Fig. 6 displays a mass spectrum of Fig. 7. MS/MS spectra of (a) RecA 136-153 and (b) RecA 50—61.
a trypsin digest of the 38 kD&. Coli RecA protein.
Figs. 7 and 8 show MS/MS spectra of the five that this reduced S/N is related to the limited charge
individual components that are marked with arrows in capacity of the ion trap. If the trap is filled with ions
Fig. 6. The patterns of fragmentation of these peptides having many differenin/zvalues, then the number of
belong to the categories described above. The amountions at any particulam/z will be limited, and rela-
of sample loaded onto the probe for the spectra tively fewer ions will be available for dissociation
displayed in Figs. 6—8 was0.5 pmole per peptide, after mass isolation of the peptide species of interest.
and we did not observe any sign of sample depletion  The S/N ratios are improved for CID spectra in which
at the end of the experiment. This relatively low relatively few dissociation channels are accessible to the
consumption of sample is one of the advantages of precursor peptide ions. This is apparent by comparing
MALDI, allowing a small quantity of digest to be Fig. 7 (Lys-containing peptides that yield extensive
interrogated by a very large number of laser shots in fragmentation) with Fig. 8 (Arg- and Asp/Glu-contain-
order to obtain maximal information. Indeed, CID ing peptides that undergo highly selective fragmenta-
spectra can be obtained for all the peptides detected intion). The number of dissociation channels is restricted
Fig. 6 from one such loading. to the number of acidic residues present in the peptide,
The signal-to-noise ratios (S/N) of the CID spectra leading to an improved S/N ratio. Although the content
in Fig. 7 obtained from the complex mixture were of sequence information is reduced in such cases, sub-
observed to be lower than those obtained from the stantial sensitivity gains are observed. This sensitivity
CID of single peptides, (Figs. 1-4), even when the proves crucial for the identification of small amounts of
sample loading per peptide was the same. We believeprotein isolated by gel electrophoresis [15].
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Fig. 8. MS/MS spectra of (a) RecA 90-106, (b) RecA 35-61, and
(c) RecA 108-135.

We have found MALDI ion trap MS/MS to be of
great value for confirming peptide sequences. A
particularly challenging situation occurs in MS pep-
tide mapping when two peptides in a protein have
sufficiently similarm/zto preclude a definitive assign-
ment. Such ambiguities can be resolved by MS/MS.
Fig. 9 shows an example of this application of tandem
MS. In a V8 protease peptide mapping of the RecA
protein, two potential V8 fragments, RecA 6—18/¢
1455) and RecA 50-64n{/z 1454), could not be
readily differentiated in the MS spectrum of the
digest. The resolution and mass accuracy of the
MALDI ion trap instrument were insufficient to per-
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Fig. 9. MS/MS spectra of (a) RecA 6-19 and RecA 50-64 and (b)
the phosphatase inhibitor-1 127-142.

nents. The present ambiguity was resolved with a
MS/MS experiment in which the CID spectrum
clearly revealed the coexistence of both candidate
peptides [Fig. 9(a)]. Notwithstanding the low intensi-
ties of the fragment ions, the measured masses of
fragment ions were sufficiently accurate to ensure the
unambiguous assignments indicated in the figure. Fig.
9(b) illustrates a second example of ambiguity in
which we observed a peak in a tryptic digest of the
protein phosphatase inhibitor-l. The measured mass
could be assigned either to inhibitor-1 127-148/%
1606) or inhibitor-1 70—-82r(/z1607). It was impor-
tant to distinguish these two possibilities because we
were interested in phosphorylation of phosphatase
inhibitor | by MAP and CDC2 kinase, and each

mit unambiguous assignment of the species present incandidate peptide contained a consensus site for

the single unresolved peak. Indeed, even with isoto-

phosphorylation by these proline-directed kinases.

pically resolved peaks, such assignments can be The MS/MS spectrum [Fig. 9(b)] reveals the presence

problematic because of overlapping isotopic compo-

of inhibitor-I 127-142 with no hint of inhibitor-I
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70-82. Note again the preferred cleavage at the ferent degrees of selectivity depending on the mass

N-terminal of Pro (se,,, by, b,,, andb,,). and amino acid composition/sequence of the peptide.
We have also demonstrated that MALDI ion trap
4. Conclusions tandem mass spectrometry can be routinely performed

with unfractionated complex peptide mixtures.
Tandem MALDI ion trap mass spectrometry is not
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