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The post-translational modifications of the 96 kDa protein dynamin A from Dictyostelium discoideum
were analyzed using Q-TOF mass spectrometry. The accurate molecular mass of the intact protein revealed
a covalent modification causing an additional mass of 42 Da. The modification could be identified as
N-terminal acetylation by tandem mass spectrometry. Extracted ion chromatograms for the a; and b,
ion of the tryptic T1 peptide were used to detect the acetylated peptide within 54 nanoelectrospray
ionization tandem mass spectra. Owing to the accurate molecular mass of the intact protein, additional
covalent modifications could be excluded. In addition to the covalent modification, the domain structure
of dynamin A was determined by applying a combination of limited proteolysis, sodium dodecylsulfate
polyacrylamide gel electrophoresis, automated tandem mass spectrometry and protein database searching.
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INTRODUCTION

Dynamins form a protein family within the GTP-binding
protein superfamily. Their members share considerable
sequence identity in the N-terminal region, whereas large
variations in size and sequence are observed in the C-terminal
part of these proteins. Dynamin A from Dictyostelium
discoideum is composed of 853 amino acids and shows up
to 44% sequence identity with dynamin-related proteins
from other species. DymA~ cells, which lack functional
dynamin A, show alterations of mitochondrial, nuclear and
endosomal morphology, a defect in fluid-phase uptake and
an impairment in normal cytokinesis.! Dynamin A forms
ring-like structures and helical assemblies in a nucleotide-
dependent fashion supporting a mechanochemical action of
dynamin A, in which tightening and stretching of a helix
contribute to membrane fission.>

In the past few years, mass spectrometry (MS) has become
the most powerful technique for the analysis of covalent pro-
tein modifications. Apart from isomerization and racemiza-
tion, every covalent protein modification causes an alteration
in molecule mass and thus is readily detectable with mass
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spectrometric techniques. Applying tandem mass spectrom-
etry even isomerizations such as isoaspartate formation are
detectable.’ Low-energy collision-induced dissociation (CID)
of modified peptides often causes a characteristic neutral loss
of small molecules, e.g. loss of phosphoric acid from Ser/ Thr-
phosphorylated peptides* or loss of SO; from Tyr-sulfated
peptides,® or yields specific fragment ions, e.g. the phos-
photyrosine immonium ion at m/z 216.04,° sugar oxonium
fragment ions from glycosylated peptides’ or a fragment ion
at m/z 104.02 derived from acrylamide-modified peptides.?
These fragmentation reactions can be utilized for the spe-
cific detection of modified peptides in complex mixtures of
protein digests. A drawback of this strategy is the risk of
missing single modified peptides. The sequence coverage
achieved by analysis on the peptide level in most cases is
far from 100% owing to the loss of peptides during sample
preparation. For example, hydrophobic peptides may be lost
because of adsorption or precipitation and hydrophilic pep-
tides may be lost during the desalting procedure owing to
their low affinity to the C;s phase.” The so-called top-down
approach introduced by McLafferty circumvents this funda-
mental problem by avoiding the cleavage of the protein.!’ The
top-down characterization of a protein starts with the deter-
mination of the accurate molecular mass of the intact protein
using Fourier transform ion cyclotron resonance (FTICR)
mass spectrometry. Electron-capture dissociation (ECD) of
the intact protein is then used to obtain sequence information
including the localization of the covalent modifications.!!~13

Here we describe a strategy for the characterization of
covalent protein modifications using the accurate molecular
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mass of the intact protein and a combination of different
protein cleavage methods. The post-translational modifica-
tions of the 96 kD protein dynamin A from Dictyostelium
discoideum were determined with this strategy, since post-
translational modifications might control the assembly of
dynamin A into different ring and helical structures.? In
addition, a straightforward strategy for the characterization
of protein domain structure based on limited proteolysis,
automated tandem mass spectrometry and protein database
searching is described and applied to dynamin A. Knowl-
edge of the domain structure of dynamin A is useful for the
interpretation of the ring and helical structures observed by
electron microscopy.?

EXPERIMENTAL

Protein cleavage and limited proteolysis

Dynamin A was purified from a dynamin A overexpressing
cell line as described recently.? For analysis of the cova-
lent modifications the protein was cleaved with BrCN,
chymotrypsin and trypsin. The cleavage with BrCN was
performed by dissolving about 10 pmol of dynamin A in
20 ul of 150 mm HCI, 150 mm BrCN, 8 M urea. This solu-
tion was incubated at room temperature overnight. The
chymotrypsin digestion was carried out in 0.1 m Tris—HCI,
10 mm CaCl,, pH 7.8 at 0 °C for 24 h with a chymotrypsin-to-
protein ratio of 1:10000 (w/w). The trypsin digestion was
carried out in 20 mm NH,HCO;, pH 8.0 at 37°C overnight
with a trypsin-to-protein ratio of 1:100 (w/w).

Limited proteolysis experiments were performed with
papain, subtilisin and trypsin with protease-to-protein ratios
of about 1:10000 (w/w) on ice. After different periods of
times aliquots of the reaction solution were dissolved in
sodium dodecylsulfate (SDS) buffer and separated by SDS
polyacrylamide gel electrophoresis (SDS-PAGE). Bands were
excised from the gel, cut into small pieces, destained with
40% acetonitrile, 0.1 M NH;HCO;, washed twice with water,
dried under vacuum and rehydrated in 20 ul of trypsin
solution (0.02 ug/pl trypsin in 20 mm NHyHCO;3). Protein
digestion was performed overnight at 37 °C. The supernatant
was removed and the gel pieces were extracted twice with
10 pl of 50% acetonitrile. The extracts were combined with
the supernatant, dried under a stream of nitrogen and
redissolved in 20 pl of water for the desalting procedure.

Desalting

For determination of the accurate molecular mass of the intact
protein, the protein solution was desalted using C,-ZipTips
(Millipore, Bedford, MA, USA). Equilibration of the Cy-
ZipTips and washing of the bound protein were performed
with 50% formic acid. For protein elution a solution of
50% formic acid and 50% 2-propanol was used. All peptide
samples were desalted with Cis-ZipTips using 2% formic
acid for equilibration and washing and 50% acetonitrile, 2%
formic acid for peptide elution.

Mass spectrometry

Mass spectra were recorded on a Q-TOF2 quadrupole
time-of-flight mass spectrometer (Micromass, Manchester,
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UK) equipped with a nanoelectrospray ionization (ESI)
source. Spray capillaries were manufactured in-house using
a type P-87 micropipette puller (Sutter Instruments, Novato,
CA, USA) and coated with a semi-transparent film of
gold in a type SCD 005 sputter coater (BAL-Tec, Balz-
ers, Liechtenstein). The mass spectrometer was calibrated
over the mass range 100-2000 using a 20 mMm solution
of phosphoric acid (in 30% 2-propanol). Tandem mass
spectra were recorded in the automated MS to MS/MS
switching mode with an m/z-dependent set of five col-
lision offsets. For searching in the SwissProt protein
database, the search engine Mascot was used.!* For the
assignment of the peptides generated by cleavage with
BrCN and with chymotrypsin, the software tool Sherpa
(www hairyfatguy.com/Sherpa/Info.html) was utilized.

RESULTS AND DISCUSSION

Post-translational modification analysis

When analyzing the post-translational modifications of a
protein, the accurate molecular mass of the intact protein
is valuable information, since it is certain that all covalent
modifications are present on the intact protein. In contrast,
covalent modification analysis on the peptide level may be
incomplete, particularly when only one type of protease
isemployed. In view of these facts, the first step in
analyzing the post-translational modifications of dynamin
A was molecular mass measurement of the intact protein.
For this purpose the protein prepared from Dictyostelium
discoideum was desalted using C,-ZipTips. For a reliable
determination of the accurate molecular mass of an intact
protein, complete desalting is a crucial step, since salt adducts
lead to incorrectly high experimental masses. To remove the
non-covalently bound ions 50% formic acid turned out to
be a suitable reagent, since owing to its good properties as
a protein solvent the risk of protein precipitation is low.
The peak width in the deconvoluted ESI spectrum is a good
criterion to control successful desalting. If the experimental
peak width is much greater than the calculated isotopic
envelope, the molecular mass is probably incorrectly high.
The deconvoluted nanoESI spectrum of intact dynamin A is
shown in Fig. 1. Here the experimental peak width is 50 Da,
about twice the calculated peak width, in our experience a
tolerable value for a protein of that size analyzed with Q-
TOF MS. The experimental average molecular mass is 96 148
Da, 42 Da higher than the molecular mass calculated from
the amino acid sequence of the protein (SwissProt accession
number Q94464).

A common post-translational protein modification that
results in a mass shift of +42 Da is the acetylation of
amino groups, especially of the N-terminal amino group.
For verification and localization of the suspected acetylation,
dynamin A was cleaved by different methods: cyanogen
bromide cleavage and digestion by chymotrypsin and
trypsin. The peptide mixtures of the cyanogen bromide
cleavage and of the chymotrypsin digestion were analyzed
with nanoESI-MS. The large peptides generated by these
methods are readily assigned by accurate mass alone. In both
cases a sequence coverage of 46% was obtained and large

J. Mass Spectrom. 2003; 38: 277-282



JMS

+ESIT
100 - 96148.4 M

calc. M, =96106.0

mass

95500 96000 96500 97000

Figure 1. Deconvoluted nanoESI-TOF mass spectrum of
dynamin A from Dictyostelium discoideum. The experimental
molecular mass is 42 Da higher than the molecular mass
calculated from the amino acid sequence.

parts of the protein were easily discovered as unmodified.
A complete tryptic digestion of dynamin A was performed,
resulting in small- and medium-sized peptides, which were
characterized by nanoESI-MS/MS. The tandem mass spectra
of the tryptic peptides were recorded in a data-dependent
acquisition mode (automated MS to MS/MS switching).'®
The analysis of the tryptic digest resulted in a sequence
coverage of 66%. In summary, the three alternative cleavages
allowed us to assign 96% of the protein as unmodified.

To verify the suspected N-terminal acetylation of
dynamin A, the tandem mass spectra of the tryptic peptides
were systematically analyzed for specific fragment ions. If

100 m/z 129.95 — 130.15

100
m/z 157.95 — 158.15

Modifications and Domain Structure of Dynamin A

the genetically encoded N-terminal methionine is present,
fragment ions at m/z 146.06 (a; ac-M) and m/z 174.06 (b,
ac-M) are expected. If the N-terminal methionine is post-
translationally removed, two fragment ions at 7/z 130.05 (a;
ac-D) and m/z 158.05 (b; ac-D) are expected. Owing to the
acylation of the N-terminal amino group, the formation of a;
and b; ions is feasible, which normally are not observed in
the tandem mass spectra of peptides.!® Applying automated
MS to MS/MS switching to the tryptic digest of dynamin A,
54 peptide tandem mass spectra were recorded and stored
in a single data file. This data file was analyzed for the
presence of the acetylated a; and by ions by generating
extracted ion chromatograms for the above-mentioned m/z
values. The result is shown in Fig. 2. The a;—b; ion pair for
ac-M is detected in two tandem mass spectra corresponding
to doubly charged precursor ions at m/z 606.8 and 617.8,
respectively. In contrast, the a;—b; ion pair for ac-D is not
observed in a tandem mass spectrum. To avoid false-positive
signals in the extracted ion chromatogram the mass window
was set to £0.1 Da. The tandem mass spectrum of the doubly
charged precursor ion at m/z 606.8 is shown in Fig. 3. The
spectrum shows a complete y ion series from y; to yo which
identifies the peptide ac-MDQLIPVINK, representing the
acetylated N-terminal peptide of dynamin A. The tandem
mass spectrum of the doubly charged precursor at m/z 617.8
identifies the sodium adduct of the same peptide. Hence
the N-terminal amino acid of dynamin A is an acetylated
methionine. This fits very well with the observed experimen-
tal molecular mass of the intact protein and thus allows the

exclusion of other covalent modifications.
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Figure 2. Extracted ion chromatograms for detection of the acetylated N-terminal tryptic peptide; 54 nanoESI tandem mass spectra
were analyzed. Extracted ion chromatograms for (a) the a4 ion for ac-D, (b) the b4 ion for ac-D, (c) the a4 ion for ac-M and (d) the b+
ion for ac-M. The precursor ions at m/z 606.8 and 617.8 correspond to the acetylated N-terminal tryptic peptide of dynamin A and to

its sodium adduct, respectively.
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Figure 3. Tandem mass spectrum for the doubly charged acetylated N-terminal tryptic peptide derived from dynamin A. The

spectrum shows a complete y ion series.

The described strategy for analyzing N-terminal acetyla-
tion using extracted ion chromatograms with accurate mass
values is in principle also applicable for other N-terminal
modifications, e.g. myristoylation, although myristoylated
peptides are often very hydrophobic and therefore difficult
toanalyze. The corresponding a; and b; ions have m/z values
of 240.23 and 268.23. In addition to these, the corresponding
acylium ion (by) is observed at m/z 211.21.77

Domain structure
Functional protein domains are mostly compact folded
structures, connected by linker regions. In general, these
linker regions contain small hydrophilic amino acids, which
built up a flexible stretch between the protein domains.
Endoproteases cleave preferentially at the linker regions,
since they are more easily accessible than the compact folded
domains. Consequently, limited proteolysis can be used for
the characterization of protein domain structure.’® Mass
spectrometry is often used as a tool for the characterization
of the protein domains generated by limited proteolysis.!?=?!
To characterize the domain structure of dynamin A from
Dictyostelium discoideum, limited proteolysis experiments
with papain, subtilisin and trypsin were performed. The
proteolytic reactions were stopped with SDS buffer after
different periods of time, and the generated protein domains
were separated by SDS-PAGE. Figure4 shows as an
example the SDS-PAGE analysis for the limited proteolysis
experiment with trypsin. Three domains with an apparent
molecular mass of 80, 60 and 14 kDa are obtained under the
applied conditions. The corresponding Coomassie Brilliant
Blue-stained bands were excised from the gel and the protein
domains were digested in-gel with trypsin. The tryptic
peptides were analyzed with nanoESI-MS/MS applying the
automated MS to MS/MS switching mode. The combined
and processed MS/MS data were used without manual
interpretation for a search in the NCBI non-redundant
protein database using the search engine Mascot.!* The
result of this search is summarized in Plate 1. Apart from
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keratin, dynamin A from Dictyostelium discoideum was the
only significant hit in the database with a score of 513 (scores
>43 indicate identity or extensive homology). Ten different
peptides from the C-terminal region of the protein were
identified, which together form a protein domain with an
average molecular mass of 14561.7 Da. This mass is in good
agreement with the molecular mass of 14 kDa determined
by SDS-PAGE.

The 60 kDa (T60) and the 80kDa (T80) fragment of
the limited trypsin proteolysis and the protein fragments
generated by limited proteolysis with papain (P14, P20,
P39 and P58) and subtilisin (S14 and S58) were analyzed
in the same way. The results of these experiments are
summarized in Fig. 5(a). The shaded gray areas represent
regions identified with MS/MS data. The domain borders lie
within the light-gray areas. The size of the light-gray areas
represents the difference of the molecular mass determined

M, (kDa) trypsin 0 0.51.02.0 5 10 15 30 60 {ime (min)
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Figure 4. SDS-PAGE of the protein fragments generated by
limited tryptic proteolysis of dynamin A. The marked gel bands
(T14, T60 and T80) were excised and the protein domains were
cleaved completely by trypsin and analyzed with
nanoESI-MS/MS.
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by SDS-PAGE (with a presumed error of £10%) and the
molecular mass calculated from the peptides identified with
MS/MS. In Fig. 5(b), the domain structure of dynamin A
as derived from the limited proteolysis experiments with
papain, subtilisin and trypsin is shown. Four domains can
be identified: domain I from position 1 to 180, domain II
from position 180 to 508, domain III from position 508
to 730 and domain IV from 730 to 853. Figure 5(c) shows
the domain structure of dynamin A as proposed from
sequence comparison with other dynamin-like proteins.!
The experimentally identified domains are very similar
to the proposed domain structures. Domain IV correlates
with the so called GTPase effector domain (GED) known
from other dynamin-like proteins. Domain III correlates
with a glutamine—asparagine—serine-rich domain (QNS), a
domain that is not found within other dynamin-like proteins.
Together domainIand Il form a 58 kDa fragment. A fragment
of the same size is generated by limited proteolysis of human
dynamin 1,2 a protein with extensive sequence homology
to dynamin A in this region. The limited proteolysis with
papain results in a 20 kDa N-terminal protein fragment, a

Papam
159

Subtilisin

Trypsin

/////////////////////////:::::7//////////////////////////////?/2

IS I

Modifications and Domain Structure of Dynamin A

fragment not observed with either trypsin or subtilisin. The
cleavage site for this protein fragment is located around
position 180 and lies within the GTPase domain. As is
evident from the crystal structure of the GTPase domain
of dynamin A (positions 2-316), the protein forms a loop
structure in this region (positions 179-187).% This loop does
not contain a trypsin cleavage site, but it seems to be sensitive
for papain cleavage.

CONCLUSIONS

The covalent modifications of dynamin A from Dictyostelium
discoideun have been determined by mass spectrometric
analysis. Thereby, the accurate molecular mass of the intact
protein was the key information. After the identification of
the acetylated N-terminal tryptic peptide using extracted ion
chromatograms, the molecular mass of the intact protein
allowed us to exclude the presence of further covalent
modifications. Extracted ion chromatograms turned out to
be a useful tool for the detection of covalently modified
peptides. The prerequisites for this strategy are, of course,

730 ;;;;; 2, 853
7%

Figure 5. Domain structure of dynamin A from Dictyostelium discoideum. (a) Protein fragments generated by limited proteolysis of
dynamin A with papain, subtilisin and trypsin. The shaded gray areas represent regions identified with MS/MS data. The domain
borders lie within the light-gray areas. The size of the light-gray areas represents the difference of the molecular mass determined by
SDS-PAGE (with a presumed error of £10%) and the molecular mass calculated from the peptides identified with MS/MS.

(b) Domain structure of dynamin A as derived from the data shown in (a). (c) Domain structure of dynamin A as derived from
comparison with other dynamin-related proteins (after Wienke et al.’); QNS, glutamine—asparagine—serine rich domain; GED,

GTPase effector domain.
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that the modified peptide is present with a fairly high
relative abundance and that the modified peptide yields
a specific fragment ion upon CID. The molecular mass of
the intact protein and the extracted ion chromatograms of
specific fragment ions together are a valuable combination
for the detection and localization of post-translational
modifications.

Limited proteolysis, SDS-PAGE, automated MS/MS
and protein database searching were used to characterize
the domain structure of dynamin A. The benefit of this
combination comes from the automated acquisition and
interpretation of the MS/MS data. In the described approach,
the borders of the analyzed domains can directly be revealed
from the Mascot search result without manual interpretation
of the MS/MS data. The domain structure of dynamin A
obtained in this way is in good agreement with the predicted
domain structure obtained by sequence comparison with
other dynamin-like proteins, showing the applicability of
the strategy.
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