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Electron capture dissociation (ECD) of proteins in Fourier
transform ion cyclotron resonance mass spectrometry
usually leads to charge reduction and backbone-bond
cleavage, thereby mostly retaining labile, intramolecular
noncovalent interactions. In this report, we evaluate ECD
of the 84-kDa noncovalent heptameric gp31 complex and
compare this with sustained off-resonance irradiation
collisionally activated dissociation (SORI-CAD) of the
same protein. Unexpectedly, the 21+ charge state of the
gp31 oligomer exhibits a main ECD pathway resulting in
a hexamer and monomer, disrupting labile, intermolecu-
lar noncovalent bonds and leaving the backbone intact.
Unexpectedly, the charge separation over the two prod-
ucts is highly proportional to molecular weight. This
indicates that a major charge redistribution over the
subunits of the complex does not take place during
ECD, in contrast to the behavior observed when using
SORI-CAD. We speculate that the ejected monomer
retains more of its original structure in ECD, when
compared to SORI-CAD. ECD of lower charge states of
gp31 does not lead to dissociation of noncovalent bonds.
We hypothesize that the initial gas-phase structure of the
21+ charge state is significantly different from the lower
charge states. These structural differences result in the
different reaction pathways when using ECD.

Since the late 1990s, electron capture dissociation1 (ECD) has
been available as a tool for structural analysis in Fourier transform
ion cyclotron resonance mass spectrometry (FT-ICR-MS). To date,
ECD is routinely used for top-down sequencing and identification
of the posttranslational modifications, such as sulfide bridges,
phosphorylation, and methylation.2-7 During an ECD experiment,

low-energy electrons are injected into the ICR cell and captured
by multiply protonated ions, resulting in the release of approxi-
mately 2-6 eV of recombination energy into the ion.1,8 Typically,
the capture of one or more electrons leads to the rapid dissociation
of covalent backbone bonds, resulting in the formation of c and
z‚ fragment ions.9

The ECD process has so far been studied using peptides and
proteins with a molecular mass up to 50 kDa5,10 but not yet for
protein complexes or proteins with a higher molecular mass.
There is still an active debate about the exact mechanisms of
ECD.8,11-17 The early research demonstrated that ECD leads to
rapid dissociation of the backbone close to the site of electron
capture, not necessarily fragmenting the weakest bonds in the
molecule. In line with this observation, ECD has been found to
often preserve labile noncovalent bonds,10 for instance in cyto-
chrome c18 and vancomycin complexed with diacetyl-L-Lys-D-Ala-
D-Ala.19 This makes ECD a potentially useful technique for
examining interaction sites in larger, noncovalent protein com-
plexes.

In this report, we use ECD to study the interaction sites in
the large gp31 heptameric protein complex from bacteriophage
T4. The protein complex has a molecular mass of 84 kDa and
consists of seven identical subunits that are noncovalently linked
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together and form a domelike structure with 7-fold symmetry.
Gp31 is a co-chaperonin that bacteriophage T4 uses in concert
with the GroEL chaperonin of the host bacterium Escherichia coli
in order to fold its viral capsid protein.20-25 The structure of gp31
is analogous to the E. coli co-chaperonin GroES, but is somewhat
larger to accommodate the viral capsid protein inside the chap-
eronin complex. In contrast to the expectations, ECD of the gp31
co-chaperonin leads exclusively to noncovalent bond dissociation
for one particular charge state, with a remarkable charge distribu-
tion over the two fragments.

EXPERIMENTAL SECTION
The experiments were performed using a modified Bruker

APEX 7.0e FT-ICR-MS equipped with an infinity cell.26 Experi-
mental control hard- and software were developed in-house and
have been described elsewhere.26 Elevated pressure in the source
octopole facilitated transfer of the large intact protein complexes
into the gas phase and to the ICR cell. Ions were directly gas-
assisted accumulated inside the ICR cell with typical accumulation
times of 10-12 s. Individual charge states of the gp31 heptamer
were isolated using SWIFT pulses27 and subsequently irradiated
with low-energy electrons. ECD settings were optimized for
maximum fragmentation. The optimal electron energy was de-
termined to be ∼0.3 eV. A Heatwave STD134 heated cathode,
mounted at the back end of the cell on axis and operated at 1.3
A, 7.5 W, dispensed electrons into the ICR cell. Electrons emitted
from the cathode passed through the cell once and were collected
on the end plate. Electron irradiation times used in the experi-
ments varied between 2 and 3 s. During ECD and measurement
of the ions, trapping plate voltages were lowered to 1.5V.

In addition to ECD, collision-activated dissociation (CAD) and
sustained off-resonance irradiation collision-activated dissociation
(SORI-CAD) experiments were also performed. CAD was per-
formed on the ECD products to determine their composition.
SORI-CAD was used on the native gp31 heptameric species to
compare SORI-CAD pathways with ECD pathways.28 SORI-CAD
was performed with a +1000 Hz offset and argon collision gas,
using procedures described previously.2

The gp31 heptamer was purified as described previously.29 The
protein was buffer exchanged to a 1 mM ammonium acetate
buffer, pH 6.8, by using ultrafiltration filters with a cutoff of 5000

Da (Millipore, Bedford, MA). Final concentration of gp31 in the
spray sample was 13.5 µM. Protein concentration is given based
on the gp31 monomer.

RESULTS AND DISCUSSION
ECD Leads to Dissociation of Noncovalent Bonds for

Specific Charge States of gp31 Heptamers. Figure 1 shows
an electrospray ionization (ESI) FT-ICR-MS spectrum of hep-
tameric gp31. Indicated in the figure are the visible charge states.
Along with the spectrum, the X-ray crystal structure of gp31 is
presented, showing the circular arrangement of the seven non-
covalently bound subunits.23 Heptamer charge states 18+ through
21+ were isolated separately and subjected to ECD under identical
experimental conditions. The results are shown in Figure 2.

Remarkably, ECD of gp31 did not result in backbone frag-
mentation, for all the different charge states that were examined.
There are no peaks in the spectra corresponding to backbone
fragments. The [M7 + 21H]21+ species shown in Figure 2A
exhibited two pathways under ECD. First, multiple electron
capture without fragmentation occurs, creating lower charged
radical heptamer species. This is reaction I shown in Scheme 1.
Second, electron capture is followed by dissociation of noncovalent
bonds, creating hexamer and monomer fragments (the observa-
tion of pentamer and dimer fragments is discussed below). This
is reaction II in Scheme 1. Reaction II may occur either upon first
electron capture or after multiple electron captures. The resulting
ECD products from reaction II may again be susceptible to
subsequent electron capture(s).

The [M7 + 20H]20+ species, shown in Figure 2B, also exhibited
both pathways, although the pathway following reaction II from
Scheme 1 is much less prominent than for the [M7 + 21H]21+

species, visible only by the 16+ hexamer peak. ECD of species
[M7 + 19H]19+ and [M7 + 18H]18+, shown in Figure 2C and D,
only followed reaction I leading to charge reduction. For the latter
two precursor ions, reaction I occurred up to seven times before
the ion signal disappeared, creating ions of charges down to 12+
and 11+, respectively. The release of up to seven times the
recombination energy into the molecule thus does not result in
any visible dissociation of noncovalent bonds or cleavage of
backbone bonds. ECD on large proteins leading to charge
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Figure 1. ESI FT-ICR-MS spectrum of the gp31 co-chaperonin
complex. Around 4250 m/z, the charge states 18+ through 21+ of
the heptamer are visible. The donut-shaped cartoon represents
heptameric gp31. Only the (native) heptameric form of gp31 was
present. On the right, the X-ray crystal structure of the heptameric
gp31 is shown23 (PDB accession code, 1G31).
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reduction without fragmentation has been shown before.13,14 ECD
leading to dissociation of small, noncovalently bound peptide
complexes has also been demonstrated.19 However, ECD of large,
noncovalently bound protein complexes resulting in dissociation
of intermolecular noncovalent bonds has never been shown before
to the knowledge of the authors. Moreover, the fact that it only
occurs for specific charge states makes this observation even more
interesting.

To confirm that dissociation of the noncovalent bonds was not
due to thermal activation by blackbody IR photons emitted by
the heated cathode, a reference spectrum was obtained (Figure
2A, inset). This spectrum reveals there was no fragmentation when
the heated cathode was on and the electrons were repelled from
the ICR cell, revealing that the observed dissociation is truly
electron capture induced.

Pentamer Species of gp31 Originate via Dimer Ejection
from the Heptamer. Pentamers with charge states 12+ and 13+
were seen to be formed in the ECD experiment on the [M7 +
21H]21+ ions, as shown in Figure 2A. They were generated in a
one-step reaction analogous to reaction II, but now with the
ejection of a dimer instead of a monomer. Subsequent ejection of
two monomers can be excluded, because the fragment hexamers
from ECD of [M7 + 21H]21+ were observed not to dissociate
further upon electron irradiation, as illustrated in Figure 3A. The
15+ hexamer fragment from Figure 2A was isolated and subjected
to a second round of ECD, i.e., MS3. For this species, only reaction
I occurred, i.e., charge reduction without dissociation of nonco-
valent bonds. Isolation and subsequent ECD of the 5975 m/z
fragment peak, as shown in Figure 3B, revealed that this ion signal
originated, at least partly, from dimeric ions. This observation
confirms that the pentamers from Figure 2A originate through
dimer ejection from the heptamer.

ECD Products Have Not Had Backbone Cleavage. As
stated previously, backbone fragmentation without dissociation
of the fragment from the complex did not occur. Further evidence
for this is provided in Figure 4A, which shows the result of
resonant CAD of the 15+ hexamer fragment that originated from
ECD of [M7 + 21H]21+. CAD resulted in fragmentation analogous

Figure 2. ECD spectra of the different charge states of the intact
gp31. The peaks in the spectra are annotated with corresponding
charge states and cartoon representations of the oligomeric state.
All mass-selected parent ions were subjected to ECD for 3 s. (A)
The most abundant fragment ions correspond to lower charged
heptamers as well as smaller oligomers, indicating that ECD of [M7

+ 21H]21+ causes prominent charge reduction and dissociation. (B)
ECD of [M7 + 20H]20+ results in prominent charge reduction and minor
dissociation. (C, D) ECD of parent species [M7 + 19H]19+ and [M7 +
18H]18 results only in charge-reduced heptamer species. In (D), the
subsequent electron captures are also indicated, showing seven
subsequent electron captures. The inset in (A) shows a reference
spectrum with the electron gun on and electrons repelled from the
ICR cell. This spectrum confirms that fragmentation does not occur
due to blackbody infrared radiative dissociation from the heated
cathode.

Scheme 1. Reaction Pathways of Gp31 21+
upon Activation Using ECD (I and II) or
SORI-CAD (III and IV)a

a (I) Electron capture leads to charge reduction of the complex
without fragmentation, creating a radical complex. (II) Electron
capture leads to dissociation of the complex creating a hexamer
and a monomer. The radical H-atom resides with either the
hexamer or the monomer. (III) SORI-CAD leads to charge
reduction via ejection of a positive charge. Resolution is not
sufficient to ascertain the identity of the ejected fragment. In the
reaction this particle is symbolized by H+. (IV) SORI-CAD leads
to dissociation of the complex creating a hexamer and a
monomer. The charge states of the ejected monomers in reac-
tions II and IV are different. In (II), m ) 2-3 and, in (IV), k )
7-9.
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to reaction IV from Scheme 1. All CAD products corresponded
to monomers and pentamers without any visible mass losses.
From this we infer that the backbone of the CAD parent, the 15+
hexamer ECD fragment, was intact. Resonant CAD on the 2+
monomer fragment that originated from ECD of [M7 + 21H]21+

did not result in any c and z ions (data not shown), indicating
that the backbone of the 2+ monomer ECD fragment, was intact.

Multiple Electron Capture before Dissociation. We stated
that the [M7 + 21H]21+ complex dissociated either upon the first
electron capture or after multiple electron captures. The occur-
rence of the second option is confirmed by the spectrum in Figure
4B. In this experiment, the 5975 m/z fragment peak from the first
ECD step was isolated and subjected to a subsequent ECD step,
the same as was done to obtain the spectrum in Figure 3B.
Contrary to the results in Figure 3B, in Figure 4B, mostly
heptamers and hexamers are present after ECD. This reveals
that the parent peak composition at 5975 m/z was different for
the two experiments. In the second experiment, this peaks
consisted mostly of [M7 + 21H]14+ ions, whereas for the experi-
ment shown in Figure 3B it consisted mostly of 2+ monomers
and 4+ dimers.

The appearance of the 3+ monomer at 3984 m/z in Figure
4B, together with the heptamers and hexamers at higher masses,
confirms that the second ECD step dissociated the noncovalent

bonds in the [M7 + 21H]14+ species. Thus, sequential reactions I
created the [M7 + 21H]14+ species, which subsequently dissoci-
ated via reaction II.

Comparison of ECD with SORI-CAD Reveals Different
Dissociation Mechanics. Dissociation of noncovalent bonds in
protein complexes can also be achieved by other activation
methods such as (SORI-)CAD or InfraRed multi-photon disso-
ciation.30-33 A comparison of the observed fragments created by
activation with ECD or with SORI-CAD reveals that charge states
of the generated species differ, suggesting that the dissociation
mechanism for ECD is different from that in SORI-CAD. In Figure
5, the 21+ ECD spectrum from Figure 2A is compared with the
results obtained from SORI-CAD of that same species. With SORI-
CAD, two breakdown pathways are identified. In the first pathway,
charge reduction of the activated heptamer is observed. After
which, the charge-reduced heptamer (now 20+) was no longer
activated and did not react further. This behavior corresponds to
reaction III in Scheme 1. In the second pathway, the activated
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Figure 3. ECD MS3 spectra of the [M7 + 21H]21+ gp31 species. In the middle spectrum, the 4250-7000 m/z mass region from Figure 2A is
reproduced, i.e., the first ECD step. From this spectrum, the peaks at 4780 and 5975 m/z were mass-selected and examined. (A) ECD of the
15+ hexamer fragment at 4780 m/z. After ECD the major peak in the spectrum corresponds to the 15+ hexamer “parent”. The other peaks
present correspond to charge-reduced species of the hexamer. ECD of the hexamer does not result in any dissociation. (B) ECD of the 5975
m/z fragment peak. Electron capture resulted in monomers and dimers of low charge states, as indicated. The presence of dimers and monomers
after ECD confirms that the “parent” 5975 m/z peak consisted of both monomers and dimers.

Figure 4. ECD and CAD MS3 spectra of the [M7 + 21H]21+ gp31 species. The middle spectrum shows a result of ECD of the [M7 + 21H]21+

gp31 species, focused on the 4250-7000 m/z region. Peaks at 4780 and 5975 m/z were isolated and examined. (A) CAD of the 15+ hexamer
fragment at 4780 m/z leading to dissociation of noncovalent bonds to produce a highly charged (i.e., unfolded, as indicated by the cartoon)
monomer and corresponding pentamer. There are no peaks corresponding to small backbone fragments. (B) ECD of the 5975 m/z product.
Heptamers and hexamers are present as ECD products, indicating that the mass-selected “parent” contained the [M7 + 21H]14+ species. The
3984 m/z peak is identified as a 3+ (folded) monomer, since a charge-state distribution corresponding to an oligomer is not present. Part of the
[M7 + 21H]14+ thus dissociated into a hexamer and a monomer, confirming the possibility of dissociation after multiple electron capture.
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complex dissociated into a highly charged monomer and corre-
sponding hexamer. This corresponds to reaction IV from
Scheme 1.

In our experiment, ECD leads to symmetric charge separation
over the fragments, while SORI-CAD leads to asymmetric charge
separation. This disparate charge distribution has been observed
numerous times in CAD experiments of protein complexes. It is
believed that Coulombic forces drive the dissociation, which
proceeds via the partial unfolding of a single subunit from the
complex. While this subunit unfolds, a charge redistribution takes
place. When the monomer is sufficiently unfolded and charged,
Coulombic repulsion is thought to lead to expulsion of the highly
charged monomer.30-32,34-37

The charge redistribution to the ejected monomer, as seen
with SORI-CAD, is absent in the case of ECD. Therefore,
dissociation of noncovalent bonds via ECD is thought not to alter

the underlying structure of the monomer. The monomer dissocia-
tion from the complex using ECD is rapid relative to dissociation
with SORI-CAD, otherwise the Coulomb forces would redistribute
charges to the monomer during ejection. The observed rapid
dissociation with ECD can be interpreted as supporting the
nonergodic dissociation mechanism for ECD, but the data are not
conclusive on this matter.

Gas-Phase Structure Determines ECD Pathway. In sum-
mary, we have shown the dissociation of species [M7 + 21H]21+,
[M7 + 20H]20+, and [M7 + 21H]14+ upon electron capture, while
no dissociation was observed for the [M7 + 19H]19+, [M7 +
18H]18+, [M7 + 19H]14+, and [M7 + 18H]14+ species, as visible in
Figure 2C and D. We hypothesize that different gas-phase struc-
tures of the various gp31 heptamer species determine the behavior
with ECD. Variations in ECD behavior between proteins have been
attributed to conformational differences.11,38 It has been shown
that gas-phase structures of a single protein differ between specific
charge states and even differ for the same charge state.39

Increasing Coulomb repulsion through an increase of the number
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Figure 5. Tandem MS spectra of the gp31 co-chaperonin using two different activation techniques: ECD and SORI-CAD. The ECD spectrum
of Figure 2A is reproduced here. The lower m/z range is multiplied 10 times to show that peaks here are present for SORI-CAD, but are absent
with ECD. SORI-CAD resulted in heptamers, hexamers, and monomers of the indicated charge states, showing that both SORI-CAD reactions
from Scheme 1 occurred. Even though both ECD and SORI-CAD resulted in dissociation of noncovalent bonds into the same oligomeric species,
the charge separation over the fragments was significantly different.

Figure 6. Schematic representation of the hypothesis that different gas-phase structures for the 21+ charge state of gp31 cause the different
pathways observed for ECD. The center of the figure shows the charge states and structures after ESI. These species are subject to ECD (the
arrows downward) with the resulting species dependent on the parent structure, or they are subject to SORI-CAD (the arrows upward) with the
resulting species not dependent on the parent structure. The scheme also shows that the ejected monomer remains relatively more folded
when using ECD than when using SORI-CAD.
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of charges on the ion during the evaporation process induces
conformational changes. It is thought that for heptamer charge
states up to 20+ the Coulomb repulsion is not large enough to
inflict serious structural deformations from the 7-fold symmetric
ring arrangement. However, the 21+ heptamer experiences
significant Coulomb repulsion, and at least part of the gas-phase
population has undergone a conformational change away from the
7-fold symmetry. As a result, we conclude that the overall structure
exhibits a deformation that makes it susceptible to dissociation
by ECD.

One can imagine that, during ECD, electron capture at or close
to the structurally deformed site will lead to rapid dissociation of
the complex, whereas electron capture at sites away from the
deformation will only lead to charge reduction. The actual
dissociation event is still caused by a single electron capture. To
account for the dissociation of the [M7 + 21H]14+ species with
ECD in Figure 4B, we postulate that charge reduction by electron
capture in the gas phase will not lead to a structural rearrangement
back to the 7-fold symmetric ring but will leave the ion susceptible
to dissociation upon a next electron capture.

The analytical results and the hypothesis on the influence of
conformation are schematically summarized in Figure 6. The
structural deformation for the 21+ charge state is visualized as a
dislocation of one subunit. Contrary to ECD, for SORI-CAD, the
complex is slowly heated and the original gas-phase structure is
not relevant for the eventual breakdown pathway.

CONCLUSION
ECD of the noncovalent gp31 co-chaperonin complex does not

lead to cleavage of covalent backbone bonds as has been observed
for monomeric proteins, but instead to rapid disassembly of the
complex for which multiple noncovalent intermolecular interac-
tions have to be broken. The backbone of the subunits remains
intact and the ejected subunit does not unfold during dissociation
from the complex. These observations are very different from what
has been reported for ECD on smaller, monomeric proteins. We
conclude that the 21+ charge state of the complex has a gas-
phase structure that is different from that of the lower charge
states, allowing ECD to dissociate noncovalent bonds. This
conclusion implies that the underlying differences in gas-phase
structure lead to the observed different dissociation pathways for
ECD, but not for (SORI-)CAD. This thus indicates that the
conformation of a protein plays a crucial role in ECD.
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