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bstract

Using electrospray ionisation, non-covalently bound protein complexes can be transferred intact into the gas-phase and analysed and manipulated
n a mass spectrometer. Here, two large (70–80 kDa) similar non-covalent protein complexes, gp31 and GroES, both cochaperonin to GroEL in
scherichia coli, were manipulated and compared inside a mass spectrometer using several gas-phase activation techniques. Nozzle-skimmer
issociation and collision-activated dissociation were performed using a quadrupole time-of-flight mass spectrometer and a Fourier transform
on cyclotron resonance mass spectrometer. Dissociation of these heptameric complexes mainly results in hexamers and monomers. There are no
ignificant differences in gas-phase stability between the two complexes, but their fragmentation pathways exhibit considerable differences. Charge
ivision over the fragments and overall charge losses during dissociation of the complexes differ clearly between GroES and gp31. These effects

lso differ between the various activation techniques, demonstrating that the different activation techniques yield complementary data. Combined,
he different activation techniques are used to elucidate the dissociation mechanism and the degree of unfolding of the ejected monomer from the
omplex. The different behaviour of the two protein complexes is rationalized to be dependent on the gas-phase structures of gp31, GroES and
heir fragmentation products.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Electrospray ionisation (ESI) can be used to transfer non-
ovalently bound complexes into the gas-phase for intact protein
omplex analysis in a mass spectrometer. ESI is a soft ionisa-
ion method that retains labile quaternary associations of protein
omplexes [1–3]. Very small complexes, such as protein ligand
nteractions, up to intact ribosomes have been examined with ESI
4–6]. The structure and gas-phase stability of these complexes
an be examined by means of ion activation techniques. By trap-

ing the intact complexes in a Fourier transform-ion cyclotron
esonance-mass spectrometer (FT-ICR-MS), the complexes can
e examined and manipulated for extended periods of time.

∗ Corresponding author at: FOM Institute for Atomic and Molecular Physics,
ruislaan 407, 1098 SJ Amsterdam, The Netherlands. Tel.: +31 206081234;

ax: +31 206684106.
E-mail address: heeren@amolf.nl (R.M.A. Heeren).
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his creates possibilities for ion activation via infrared multi-
hoton dissociation (IRMPD), surface induced dissociation
SID), electron capture dissociation (ECD), blackbody infrared
adiative dissociation and sustained off-resonance irradiation
ollision activated dissociation (SORI-CAD) or on-resonance
AD [7–9]. Non-covalent protein complexes of increasingly

arger masses are subject to structural analysis by mass spec-
rometry [10,11]. Activation and dissociation analysis of over
0 kDa complexes is now routinely done. In this paper, we report
n two non-covalent complexes, GroES and gp31, which have
een subjected to gas-phase stability experiments.

Both gp31 and GroES are cochaperonin of the GroEL pro-
ein in Escherichia coli. In E. coli many proteins need the
roEL-GroES chaperonin machinery to be able to fold into

heir biologically active native state [12]. GroEL functions as

he folding cage, the so-called Anfinsen cage [13], and GroES
s the lid of this cage The chaperonin complex is involved in the
olding of approximately 15% of all the E. coli proteins [14].
hese proteins vary greatly in size and function, illustrating the

mailto:heeren@amolf.nl
dx.doi.org/10.1016/j.ijms.2007.02.008
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ersatility of this chaperonin complex. This broad functionality
f the complex is the main reason why it is being studied very
xtensively [15–19].

E. coli can get infected by Bacteriophage T4. As part of
he reproduction of the bacteriophage, its major capsid protein,
p23, needs to fold into its native state. To achieve the native
tate, the chaperonin machinery of the E. coli cannot be used,
.e., gp23 cannot fold with the help of the normal GroEL-GroES
omplex. The GroES lid of the folding cage has to be substituted
y the bacteriophage-encoded protein gp31 [20]. Gp31 shows
tructural similarity to GroES. Both are non-covalent complexes
f seven identical subunits arranged in a circular fashion, exhibit-
ng seven-fold symmetry. The gp31 heptamer is slightly heavier
84 kDa) than groEL (73 kDa).

The origin of this functional difference has been investigated
xtensively [21,22]. It is believed that the difference in function
rises from a difference in structure between the two protein
omplexes [23]. The size of the folding cage for the GroEL-
p31 complex is somewhat larger than that of the GroEL-GroES
omplex. This enlargement allows for the accommodation of the
elatively large gp23 (56 kDa), which is close to the upper size
imit of proteins that can be accommodated by GroEL-GroES
haperonin and will probably not fit into this folding cage [21].
he crystal structures of the two proteins are reproduced in
ig. 1. Besides the increase in cavity size, there are other struc-

ural differences visible between GroES and gp31. Gp31 has

large mobile loop that might have other functions than just

ssisting in the size increment of the folding cage. In addition
he roof loop that is present in GroES is missing in gp31, which

ight allow the formation of a larger folding cage.

A
E
h

ig. 1. (A) Plain spectrum obtained for the gp31 non-covalent heptamer on the left
f the protein complex. The result of isolation of the 20+ charge state and subsequen
emaining parent, a charge stripped heptamer, fragment hexamers and pentamers at th
B) Plain spectrum obtained for the GroES non-covalent heptamer. Here, the 17+ ch
he spectra indicate the stoichiometry of the various species.
ass Spectrometry 265 (2007) 159–168

Using native mass spectrometry of non-covalent complexes
24], possible with FT-ICR-MS and quadrupole time-of-flight
q-ToF) mass spectrometry, it is possible to uncover additional
ifferences between the two complexes. For instance, differ-
nces in the stability and structure of the complexes in the
as-phase can become apparent when activating these molecules
n the mass spectrometer. In this paper, we report on the analysis
f both complexes in the gas-phase using nozzle-skimmer disso-
iation, on-resonance CAD and SORI-CAD. These techniques
re all based on collisional activation, but the activation and anal-
ses timescales of the experiments vary. These techniques will
ender complementary information on collisional activation of
he protein complexes.

. Experiment

Both co-chaperonins, gp31 and GroES were over-expressed
n E. coli strain MC1009 [25] and purified as described previ-
usly [26–28]. The proteins were buffer exchanged to a 1 mM
mmonium acetate buffer, pH 6.8, by using ultra filtration filters
ith a cut-off of 5000 Da (Millipore, Bedford). Final concen-

rations of gp31 and GroES in the spray sample were 13.5 and
8 �M, respectively. Protein concentrations are given based on
he gp31 and GroES monomer. Denatured solutions of gp31 and
roES consist of 14 �M protein dissolved in a buffer of water

29%), methanol (69%) and acetic acid (2%).

The experiments were performed using a modified Bruker

PEX 7.0e FT-ICR-MS equipped with an infinity cell [29].
xperimental control hard- and software were developed in-
ouse and have been described elsewhere [29]. Elevated pressure

side, flanked by the crystal structure [23], revealing the seven-fold symmetry
t SORI-CAD is shown on the right-hand side of the top graph. Visible are the
e high-mass end and at the low-mass end highly charged, unfolded monomers.
arge state is isolated and collision-activated. The cartoons next to the peaks in
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n the source octopole (∼2 mbar) facilitated transfer of the large
ntact protein complexes into the gas-phase and to the ICR cell
30]. Ions were accumulated inside the ICR cell using gas-
ssisted trapping with typical accumulation times of 10–12 s.
ndividual charge states of the protein heptamers were isolated
sing SWIFT pulses [31].

Nozzle-Skimmer (NS-) dissociation was performed by scan-
ing the capillary voltage from 0 to 300 V while keeping the
kimmer voltage constant at 25 V. The dissociation is thus
ctually “capillary-skimmer dissociation”, but it is comparable
o what is commonly called NS-dissociation in orthogonal-
cceleration time-of-flight mass spectrometry. We will use
S-CAD to refer to this technique. Ions are accelerated out of

he capillary-skimmer region where they collide with neutral
ir molecules. The pressure in this region is in on the order of
0−2 mbar. The activated ions and their dissociation products
re subsequently transported to the ICR-cell and analysed.

CAD and SORI-CAD experiments were also performed.
n CAD, the SWIFT isolated charge states were excited on-
esonance for increasing amounts of time, where after the
ctivated ions collide with neutral argon gas. In SORI-CAD,
he ions were excited off-resonance to produce ions with varying
inetic energy [32]. SORI-CAD was performed with a +1000 Hz
ffset and argon collision gas, using procedures described
reviously [33]. SORI-CAD is a slow-heating technique that
nly activates the lowest energy decay channel, whereas on-
esonance CAD activates the ions in a much shorter time period.
n-resonance CAD is usually thought not to be able to add

nough internal energy to large ions/ion complexes to allow
ragmentation. Longer excitation via SORI-CAD is necessary
o achieve the threshold activation energy for dissociation. As it
urns out, both techniques deliver enough energy to dissociate
he complex and the results of both techniques can be compared.

CAD was also performed using a q-ToF I instrument from
icromass. This mass spectrometer is adapted for tandem mass

pectrometry on macromolecular protein complexes [34]. The
ource pressure was elevated to 8 mbar to cool the ions and facil-
tate ion transfer into the gas-phase [35–37]. Selected parent
harge state ions were accelerated into the collision quadrupole
nd the resulting fragments analysed with the ToF system.
esults of all the activation techniques were compared.

The timescales with respect to activation and analyses times
or the various techniques differ. For the various (on-resonance)
AD experiments, the activation of the protein complexes is

ast, via several energetic collisions, whereas the activation with
ORI-CAD proceeds slower, via multiple low-energy collisions.
fter activation, the analysis times also differ between the q-
oF and the FT-ICR-MS. The time-of-flight measurement of

he activation products proceeds within milliseconds, whereas
nalysis in the FT-ICR-MS takes several seconds.

. Results
In Fig. 1, on the left-hand-side, the plain mass spectra for gp31
nd GroES are shown, together with their crystal structures. The
olution phase Kd of GroES is estimated to be 1 × 10−38 M6 [38].
or the molarities used in these experiments, the equilibrium is

2
a
w
a

ass Spectrometry 265 (2007) 159–168 161

lmost completely to the heptameric form. For gp31 no mea-
urement of the solution phase dissociation constant exists, but
onsidering the similarity between the two complexes it can be
xpected that the equilibrium for gp31 will also be shifted to the
eptameric complex. Gel filtration experiments confirm that at
oncentrations between 10 and 25 �M gp31 is in its heptameric
orm (unpublished data). The gas-phase data confirm that the
quilibrium is completely towards the heptameric form, showing
nly the heptamer stoichiometry in the plain mass spectra.

On the right-hand side of Fig. 1, typical SORI-CAD break-
own diagrams of one specific charge state are shown. Gp31
nd GroES exhibit similar behavior upon activation. Activation
f the parent ion leads to charge reduction of the parent peak
s is visible in the spectrum where the heptamer peak has one
ess charge. Most likely this lost charge is a charged adduct like
odium or ammonium, present in the solution. It is unlikely that
rotons are knocked of the complex. The resolution of the spec-
ra is not sufficient to determine the nature of the lost charge
arrier. While other groups have reported the loss of a negative
harge upon activation of large complexes [39,40], in the exper-
ments in this paper loss of a negative charge has not occurred.
esides charge reduction, the parent heptamer can also fragment
pon activation. Fragmentation proceeds via ejection of a sub-
nit from the complex, leaving behind a hexamer. The ejected
onomer carries away a disproportionally large share of the total

umber of charges. This disparate charge distribution has been
bserved numerous times in CAD experiments of protein com-
lexes [2,11,41–45]. It is believed that Coulombic forces drive
he dissociation, which proceeds via the partial unfolding of a
ingle subunit from the complex. While this subunit unfolds, a
harge redistribution takes place. When the monomer is suffi-
iently unfolded and charged, Coulombic repulsion is thought to
ead to expulsion of the highly charged monomer. The unfolded

onomers appear at the low mass/charge region of the spectrum.
he pentamers present in the spectrum can originate via ejec-

ion of a dimer from the complex or via subsequent ejection of
wo monomers. Although dimers are not visible in the spectra,
t cannot be concluded that dimmer ejection has not occurred,
ecause the dimers probably fall apart into two monomers after
jection.

CAD experiments of the proteins on the FT-ICR-MS and
he q-ToF I also resulted in both charge reduction of the par-
nt species and dissociation of the complex into hexamers and
ighly charged monomers mostly.

. Thermodynamic stabilities of GroES and gp31 are
omparable

Comparison of the thermodynamic stabilities of the two com-
lexes was done via collision activation experiments on the
-ToF I. For gp31 individual charge states were isolated in sep-
rate experiments (19+ up to 22+) and subject to CAD. The
ame was done for various charge states of GroES (18+ up to

0+). The survival yields of the parent ions were calculated for
ll collision energies used in the experiment. The survival yield
as calculated by dividing the ion count of the remaining parent

fter activation by the total ion count of the remaining parent
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Fig. 2. Breakdown diagrams constructed for the various parent charge states of
gp31 and GroES. The breakdown diagrams are constructed by calculating the
survival percentage of heptamer compared to all activation products present.
The survival percentages are shown as a function of kinetic energy with which
the parent enters the collision cell. The 50% survival yield points show a trend to
lower kinetic energies for higher charge states, compensating for less Coulombic
repulsion within the complex for lower charge states. The differences in 50% sur-
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ival yield points between the two species can be explained by this charge-effect
nd do not indicate any intrinsic thermodynamic stability difference between the
wo proteins in the gas-phase.

lus fragment species. The constructed survival yield diagrams
or all parent charge states are shown in Fig. 2. The collision
oltages (Vcoll) are scaled with the charges (q) of the various
arent ions to obtain the kinetic energy (Ekin,lab) with which the
ons enter the collision cell (Ekin,lab = q × Vcoll). As is immedi-
tely evident from this figure, with increasing charge state the
as-phase complexes are thermodynamically less stable. Less
inetic energy is needed to achieve 50% survival yield for the
igher charged ions. This 50% survival yield point is indicative
or the mean of the initial internal energy distribution prior to

issociation [46,47]. Assuming that the number of degrees of
reedom, temperature and the molecular weight of the two com-
lexes are very similar, the difference in location of the 50%
nflection points can be considered to be indicative for the rela-

o
e

ig. 3. (A) CAD of the gp31 20+ heptamer for the various activation methods indic
he average charge state of the heptamers at 0 V NS-Activation is 20.27. This is close
een linearly aligned at zero activation and 50% survival yield. (B) CAD of the GroES
f GroES is: 19.24. This is compared to the 19+ charge states in the other activation e
ass Spectrometry 265 (2007) 159–168

ive gas-phase thermodynamic stability. Evaluating the observed
ifference in thermodynamic stability of GroES and gp31, the
ata show that for the same parent charge state, the 50% survival
ields are comparable within error. Any apparent difference in
tability is caused by different number of charges on the pro-
ein complexes in the gas-phase. The total interaction strength
etween the subunits for GroES and gp31 is thus comparable,
emonstrating that the difference in function of the two com-
lexes in vivo cannot be directly related to differences in their
as-phase thermodynamic stability.

. The different activation mechanisms result in
omparable breakdown diagrams

The q-ToF collisional activation measurements are compared
ith survival yield curves constructed from activation measure-
ents using on-resonance CAD, SORI-CAD and NS-CAD on

he FT-ICR-MS. In Fig. 3A, the gp31 20+ charge state is visu-
lised and in Fig. 3B the 19+ GroES charge state survival yield
urves are shown. The 19+ and 20+ charge states are chosen,
ecause they lie closest to the average parent heptamer charge
n the NS-CAD experiment. To be able to compare the survival
ields of the parent ions for the various experiments in one
raph, scaling factors for the degree of activation are needed.
hroughout the rest of the paper, in the graphs the 50% sur-
ival yield points using the various activation methods will be
ligned. The alignment procedure is done via Eqs. (1a) and
1b), creating a new dimensionless quantity: Iact, the activation
ntensity,

act = Ekin,lab

C50
NS-CAD, q-ToF-CAD and FTMS-CAD

(1a)

act = NSORI〈Ekin,lab〉 FTMS SORI-CAD (1b)

50

Here, Ekin,lab is the resulting laboratory frame kinetic energy
f the parent after activation (for NS-CAD the “average” par-
nt), 〈Ekin,lab〉 the average laboratory frame kinetic energy during

ated. For NS-Activation, it is not possible to isolate a charge state beforehand.
st to the 20+ charge state for the other activation experiments. The spectra have
19+ heptamer. The average parent heptamer charge state at 0 V NS-Activation
xperiments.
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Table 1
Overview of the C50-scaling values (in eV) used in Eqs. (1a) and (1b) to align the 50% survival yield points in Figs. 3, 5 and 6 of this paper

C50-values Gp31 GroES

22+ 21+ 20+ 19+ 20+ 19+ 18+ 17+ 16+

NS-CAD 3,700 3,675
q-ToF-CAD 730 778 796 864 830 870 929
on-res. CAD 1,466 1,090 1,205 950 1,130 1,175 1,950
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consequently the monomer is less unfolded as compared to the
denatured protein. During dissociation, the charges are located at
the sites with the highest gas-phase basicity. Table 2 also reveals
the variation of the monomer charge with the different parent

Fig. 4. (A) The major dissociation pathway for both the GroES heptamer and the
gp31 heptamer. This pathway holds for all examined charge states and activation
mechanisms. It indicates dissociation of the non-covalent parent heptamer into
ORI -CAD 17,463 17,603 19,210

ORI activation, NSORI the total number of SORI cycles and C50
s the scaling factor aligning the 50% survival yield points. The

50 values for all experiments are given in Table 1. Compar-
ng the kinetic energies needed to achieve 50% survival yield
or the on-resonance CAD experiment in the FT-ICR-MS with
hat needed for the CAD experiment in the q-ToF, somewhat
igher kinetic energy is needed in the FT-ICR-MS for both pro-
ein complexes. First, ions in the q-ToF were internally hotter
han in the FT-ICR-MS before activation, resulting in higher
inetic energy needed for dissociation in the FT-ICR-MS [48].
econd, collision gas pressure used in the FT-ICR-MS was lower

han in the q-ToF, resulting in a slower kinetic energy to inter-
al energy conversion resulting in a greater InfraRed (IR) loss.
oth factors contribute to the higher kinetic energy needed for
issociation in the FT-ICR-MS. Concerning IR-losses, due to
he slow-heating process of SORI-CAD, the effect of IR-loss
uring activation with this technique becomes considerable and
s clearly visible in the decreased slope of the breakdown dia-
rams. For the q-ToF CAD, FT-ICR-MS on-resonance CAD
nd NS-CAD the survival yield diagrams have comparable
hapes.

These figures also do not reveal any significant difference in
as-phase thermodynamic behavior of the two complexes. In the
ollowing paragraphs, however, we will show that, despite the
omparable stability of the two protein species using the differ-
nt activation techniques, there are major differences between
echniques and species concerning dissociation mechanics.

. Dissociation pathways for GroES and gp31 exhibit
ifferences

Activation of the non-covalently bound protein complexes
esulted in fragment species with two distinct characteristics:
toichiometry and charge. The experimental results do not indi-
ate that the stoichiometries of the fragment species differ,
ut the distributions of charges over the various fragments for
he different activation techniques show that the dissociation

echanisms of the two complexes differ. The stoichiometric
ragmentation pathway of the two complexes, is reproduced
n Fig. 4A. This figure shows the parent heptamer dissociating

nto a hexamer and a monomer. The hexamer has relatively low
harge and the (partially) unfolded monomer has relatively high
harge. In the next sections, the average charge states of the hex-
meric and monomeric fragments, resulting from dissociation as
n Fig. 4A, will be further analysed.

a
m
m
f
p
d

19,210 26,963 17,463 30,037

.1. Charge state of ejected monomer depends on
ctivation technique, parent charge and parent species

As stated earlier, it is commonly believed that the ejection of
he monomer from the complex proceeds via Coulomb-induced
nfolding of the monomer and corresponding migration of
harge carriers onto the unfolding monomer. Table 2 shows
he average charge of the ejected monomers at 50% survival
ield for all experiments and species together. It also shows the
verage charge of monomers present in a mass spectrum of dena-
ured gp31 and GroES. The average charge state is calculated by
eighing the charge states in the spectra with their intensities.
he charge state of the denatured form of the proteins is
onsiderably higher than those of the ejected monomers during
ctivation. Since we are assuming Coulomb-induced unfolding,
his means the Coulomb repulsion is not further reduced by

igrating more charges onto the monomer (considering the fact
hat the supply of charges is limited by the parent charge) and
hexamer and a monomer. The hexamer has a relatively low charge and the
onomer has a relatively high charge. This picture is incomplete. Our measure-
ents reveal the effect the activation technique has on the charge states of the

ragmentation products. (B) A more detailed representation of the fragmentation
roducts after dissociation. The various activation techniques result in different
egrees of unfolding and charging of the monomer.
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Table 2
Overview of average monomer charge states

Species Parent charge q-ToF FT-ICR-MS

CAD on-res. CAD SORI-CAD NS-CAD

gp31 monomer 22 7.3 – – 6.0
21 7.7 7.9 8.1
20 7.4 8.1 8.4
19 7.3 8.1 8.3
Denatured 11.2

GroES monomer 20 6.9 – – 5.0
19 7.3 8.2 7.9
18 7.3 7.8 7.9
17 – 7.4 7.4
16 – 7.0 7.0
Denatured 9.9

T ious collisional activation techniques, as well as the average charge of the monomers
i an error of ±0.2.
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Fig. 5. Evolution of the average charge of the dissociation products, monomers
and hexamers, with increasing activation of the parent heptamer, for the gp31
20+ parent charge state (A) and the GroES 19+ parent charge state (B). The
parent charge states not shown exhibit similar behaviour. All activation tech-
he table shows the average monomer charges at 50% survival yield for the var
n the mass spectrum of the denatured protein. All indicated charge states have

rotein species and charges and with the activation technique
hosen.

.2. Charge state of the ejected monomer relates to the
xtent of unfolding

In Fig. 5, for the gp31 21+ parent and the 19+ parent for
roES, the average charges of the monomer and hexamer frag-
ents are shown, along with their combined charge as a function

f increasing activation. The other investigated parent charge
tates (19+ and 20+ gp31 and 18+ GroES) exhibit similar behav-
or and are not reproduced in this figure. The on-resonance CAD
xperiments using the FTMS and the CAD experiments using
he q-ToF show comparable evolution of the combined charge
f the fragment hexamer and monomer, whereby the combined
harge is somewhat lower for the q-ToF CAD than for the FTMS
n-resonance CAD. Interestingly, the charges are differently dis-
ributed over the hexamer and monomer. In the q-ToF CAD
xperiment, the monomer takes away fewer charges than in
he FTMS on-resonance CAD experiment. Since the monomer
harge states differ, this suggests that the degree of unfolding of
he monomer is different for both experiments because otherwise
he charge migration onto the monomer would have been the
ame. The time frame of activation and the total analysis time is
horter for the q-ToF than for the FTMS; which is also indicated
y the higher kinetic energy needed for dissociation in the FT-
CR-MS. The data indicates that the monomer is already ejected
rom the complex in the q-ToF experiment before the Coulomb-
nduced unfolding has reached the same degree of unfolding as
ith the FTMS on-resonance CAD experiment.
Around the 50% survival yield point, there is only a slight

ifference in monomer charge between on-resonance CAD and
ORI-CAD on the FTMS. The q-ToF CAD experiment has
lightly lower charged monomers, for most parent charge states;
ee also Table 2. Despite the fact that SORI-CAD slowly heats

he protein complex and thus probably would also allow for more
xtensive unfolding of the monomer, the monomer charge is not
igher than for the FTMS on-resonance CAD experiment. This
eans the Coulomb-induced unfolding has reached equilibrium

niques are shown in one graph. For NS-CAD, the average parent charge state
is 20.27 for gp31 and 19.24 for GroES. The 50% survival yield point is indi-
cated by the vertical dashed bar in each graph. Also the combined charges of
the monomer + hexamer are shown in the figure, to visualise the overall charge
loss with increasing activation.
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Table 3
Overview of average hexamer charge states

Species Parent charge q-ToF FT-ICR-MS

CAD on-res. CAD SORI-CAD NS-CAD

gp31 hexamer

22 14.6 – – 12.5
21 13.8 12.0 12.2
20 12.9 11.6 11.5
19 12.1 10.8 10.6

GroES hexamer

20 13.0 – – 12.0
19 11.9 10.9 10.8
18 11.2 10.2 10.1
17 – 9.7 9.6
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he table shows the average hexamer charges at 50% survival yield for the vario

efore dissociation occurred. The ejected monomer charge can
herefore be seen as an indicator of the degree of unfolding of
he monomer.

In an earlier study, we observed no charge redistribution to
he ejected monomer in ECD experiments, while a monomer
as also ejected from the gp31 protein complex [49]. This was

ttributed to the shorter time-scale of dissociation for the ECD
xperiment compared to the (SORI-)CAD experiment. This
bservation agrees well with the differences in activation time
nd resulting charge redistribution that we observe in the exper-
ments discussed in this paper. Overall, our findings show that
hanging the mechanism of activation can influence the degree
f unfolding of the ejected monomer.

Fig. 4B shows a schematic representation of these effects.
oing from no charge carrier rearrangement (“no” unfolding)

o some charge rearrangement (“some” unfolding) to even more
harge migration to the monomer (“more” unfolding), by using
CD, NS-CAD, q-ToF CAD and FTMS on-resonance CAD and
TMS SORI-CAD, respectively.

.3. Activation of complexes results in overall charge loss
In Table 3, the average charges of the remaining hexamers
re given. Since the average monomer charge and the average
examer charge do not add up to the parent charge, charge is

d
l

able 4
verview of the charge deficits

pecies Parent charge q-ToF

CAD

p31 charge deficit

22 0.1
21 −0.5
20 −0.3
19 −0.4

roES charge deficit

20 0.1
19 −0.2
18 −0.5
17 –
16 –

he charge deficits are the differences between the average monomer charge + aver
ctivation method and charge state. All indicated charge deficits have an error of ±0.
9.0 9.1

lisional activation techniques. All indicated charge states have an error of ±0.2.

omehow lost in the process. Table 4 show these charge deficits
rom the various measurements. For GroES there is only a small
harge deficit present for the 19+ parent at the 50% survival yield
oint in the FTMS SORI-CAD experiment. For gp31 charge
eficits are present in the FTMS experiments for the higher
harged parents and seem to increase with increased charge state.

Table 4 also shows that for the q-ToF CAD experiment there
s no charge loss at the 50% survival yield point. The aver-
ge charge states for the q-ToF experiments from Tables 2 to 4
ogether show that charging of the monomer is restricted by
he degree of unfolding of the monomer during dissociation
sing CAD in the q-ToF. In Table 2, all monomers arising from
ifferently charged parents are approximately equally charged.
his means the extra charge with increasing parent charge is not

edistributed to the ejecting monomer. Monomer charges when
sing FTMS on-resonance CAD and SORI-CAD are, however,
igher, indicating that in this case the monomer is unfolded more
xtensively.

.4. Loss of charge happens during or after dissociation of
he complex
Since the experiments also showed charge stripping without
issociation upon activation (see Fig. 1) it is presumable that at
east part of the charge loss of the fragments has already occurred

FT-ICR-MS

on-res. CAD SORI-CAD NS-CAD

– – 1.8
1.1 0.7
0.3 0.2
0.1 0.1

– – 2.2
−0.1 0.2

0.0 0.0
−0.1 0.0

0.0 −0.1

age hexamer charge and the parent heptamer charge. It is calculated for each
3.
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Fig. 6. Evolution of the charge division over the dissociation products, monomers and hexamers, with increasing activation of the parent heptamer. Per species and
activation technique all charge states are shown in one graph. The graphs are aligned using Eqs. (1a) and (1b). The 50% survival yield point is indicated by the
vertical dashed bar in each graph. The bottom graph combines the results of NS-CAD for both proteins.
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ell before the onset of dissociation. This is actually not the
ase, because we observe no difference in dissociation pathway
etween a charge stripped parent and a parent with fewer charges
y itself. For instance, the 21+ gp31 parent with a charge deficit
f 2 would be indistinguishable from the 19+ parent without a
harge deficit. From Fig. 6, it becomes clear that dissociation
f these two parents does not yield the same fragment species
n the presented experiments. In this figure, the charge division
etween the monomers and hexamers is shown with increas-
ng activation for all activation techniques. In Fig. 6C, it can be
een that dissociation of the gp31 21+ parent never yielded the
ame distribution of charges over the fragments as dissociation
f the 20+ and 19+ parents. With increasing activation for the
on-resonance) CAD experiments, the charge loss increased, as
hown in Fig. 5 by the decreasing combined monomer and hex-
mer charge. The charge division over the fragments (Fig. 6C)
ith increasing activation (i.e., increasing charge deficits) actu-

lly diverges from a charge division over the fragments measured
or the lower charge states. This confirms that charge stripping
nd subsequent equilibration does not occur before dissociation,
mplying that the charge stripping cannot be seen separate from
he dissociation of the complex.

.5. Charge stripping is a kinetic effect

Fig. 5 shows that with growing activation in (on-resonance)
AD the combined fragment charge decreases (i.e., an increas-

ng charge deficit), while for the SORI-CAD experiment the
ombined fragment charge remains approximately constant. In
ORI-CAD, the average internal energy is increased with “con-

inuous low kinetic energy and multiple (soft) collisions”, not
esulting in more charge loss. This is contrary to (on-resonance)
AD, where the kinetic energy at the start of the collision cas-
ade is increased, resulting in harder collisions and more charge
oss. This difference indicates that the charge stripping is a
inetic effect. The charge deficit increases with increasing parent
harge state for all experiments. This increasing charge loss is
argely accounted for by fewer charges on the ejected monomer.
his is evident from the observed decrease in monomer charges

Fig. 5) while the hexamer charge remains relatively constant.
his becomes even more clear in Fig. 6C, D and E which shows

hat the relative charge on the hexamers is increasing compared
o the monomer charge. NS-CAD has the highest charge deficit,
elative to the average parent charge. While the lowest monomer
harge states are achieved with NS-CAD, the hexamer charge
tates remain comparable to the results for the other FTMS
xperiments (Fig. 5). Despite the fact that NS-CAD exhibits
he largest charge losses, the charge loss is more equally divided
ver the hexamer and monomer fragment than for the other acti-
ation mechanisms that show charge losses. This is shown in
ig. 6F, where the charge division between the fragments during
S-CAD only slightly changes with increasing activation, while

he charge loss increases with increasing activation (Fig. 5). This

oes not agree with the diverging charge divisions in Fig. 6C,

and E when charge loss increases. The exact origin of the
harge losses with the ejected monomer and, partly, the fragment
examer thus remains to be determined.

d
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.6. Difference gp31 and GroES

Besides the effects of different experimental techniques and
arent charge states on the charge states of the fragmentation
roducts, the two different protein complexes exhibit different
ehaviour.

This study shows that using various activation techniques it
s possible to induce different effects on the GroES and gp31
roteins. With rapid, energetic activation, as in NS-CAD, the
ehavior of the proteins complexes is comparable with respect to
harge loss and division over the fragments. Going to a relatively
ore gentle activation mechanism, the q-ToF CAD, GroES starts

howing less charge loss than gp31. This trend continues when
sing FTMS on-resonance CAD, even gentler activation. When
sing SORI, the most gentle activation technique used in this
aper, also for gp31 the amount of charge loss decreases.

The major differences between the two complexes using these
xperiments pertain to the effects of charge loss during activa-
ion/dissociation. We hypothesize that this loss is related to the
tructure of the ejected monomer, which is likely to be partially
nfolded. The different structure and charging of the parents
ause different dissociation pathways to become activated for
he two protein complexes, resulting in different divisions of the
harge over the fragment hexamers and ejected monomers and
he amount of charge loss.

Despite the fact that the denatured average charge state for
p31 monomers is 11+, while the maximum charge state of the
onomers formed via dissociation is around 8+, it seems that the
onomer cannot be loaded to higher charge states during dis-

ociation. Not even for the slowest activation technique used in
his paper (SORI-CAD), will the monomer be unfolded enough
o accommodate the maximum number of charges. For GroES
he same is applicable, although less pronounced.

The GroES monomer loading is also limited around 8
harges, while the hexamer charge still increases with increasing
arent charge.

The lower parent charge states for GroES are the prime
ause of the different behavior under the different activation
echniques. The monomers will reach their maximum loading
apacity only for the highest GroES parent charge state in the
TMS on-resonance CAD and SORI-CAD experiments. For the
-ToF CAD experiment, both the gp31 monomer and the GroES
onomer have reached their maximum loading capacity.

. Conclusion

In this study, gas-phase differences between two highly sim-
lar large non-covalent protein complexes were examined, in
n effort to relate their functional in vivo differences to differ-
nces in gas-phase stability and/or structure. The experiments
eveal that there is no significant difference between the gas-
hase stability of the two proteins. From this we deduce that
he difference in function of the two complexes in vivo does not

epend on the inter subunit interaction strength. Comparison of
he different activation techniques with respect to the effects on
harge distribution over the fragments proves to be interesting.
he maximum loading capacities of the ejected monomers are
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btained and the correlation is shown between the time frame of
ctivation and the degree of unfolding of the ejected monomer.

The investigation into the dissociation pathways for the two
rotein complexes revealed differences with respect to charge
istribution over the dissociation products and with respect
o the extend of charge loss during dissociation. There are
o differences for NS-CAD and small differences for q-ToF
AD, but differences between the two complexes become more
pparent with the more gentle activation mechanisms, FTMS
n-resonance CAD and FTMS SORI-CAD. These differences
ndicate that there are structural features of the two complexes
hat are significantly different and that control the dissociation
athway. The major discriminants of the dissociation pathway
re the parent charge state and the ability of the unfolded
onomer to take up charges.
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