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infectious passion for science especially for the “fun-experiments”. This paper describes the results of such experiments.

bstract

We evaluated and optimized conditions for tandem mass spectrometry on macromolecular protein complexes, using a modified Q-ToF instrument
arying the gas pressure inside the hexapole collision cell, and studied the influence of using different collision gases, e.g. argon, krypton and
enon. These variations affected ion transmission through the instrument and dissociation efficiency In particular the high mass fragment ions
ere generated more readily and transmitted more efficiently using the heavier xenon as collision gas. We used the 800 kDa GroEL 14-mer

haperone machinery for these initial studies. Applying the optimized tandem mass spectrometry conditions, i.e. relatively high pressures and
enon as collision gas, we studied in detail the influence the binding of one and two gp5 substrate proteins had on the gas-phase dissociation of
he chaperonin complex constructing break-down diagrams. We observed that the binding of substrate polypeptides had a significant effect on
he gas-phase stability of the chaperonin complex, with the complex containing one and two substrate molecules being less susceptible towards
issociation than the substrate free GroEL. Interestingly, the GroEL:gp5 and GroEL:(gp5)2 complexes dissociate exclusively via the elimination

f GroEL monomeric ions, indicating that both gp5 substrates are likely encapsulated inside the two cavities of, respectively, the cis and trans ring
f the GroEL. From all data acquired, we conclude that the heavier xenon is the preferred collision gas for tandem mass spectrometry on very large
acromolecular complexes.
2007 Published by Elsevier B.V.
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. Introduction

For structural biology, macromolecular electrospray ioniza-
ion (ESI) mass spectrometry has become a key method to
tudy protein complexes of increasing size and complexity [1–8]
ulminating recently in the analysis of intact endogenously

xpressed heterogeneous protein complexes, such as the in RNA
egradation involved exosome complex [9,10]. The analysis of
roteins and protein complexes by mass spectrometry (macro-

Abbreviations: Q-ToF m/z, mass-to-charge; GroEL, Escherichia coli chap-
rone complex; gp5, major capsid protein of bacteriophage P22
∗ Corresponding author. Tel.: +31 302536797; fax: +31 302518219.
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olecular mass spectrometry) has become possible because of
he relatively gentle ionization procedure ESI, which can retain
on-covalent interactions in protein complexes [11]. The mass
nalysis of larger proteins and protein complexes is not a routine
echnique, since careful optimization of operating conditions
f the mass spectrometer is required, which so far, was diffi-
ult to realize using commercially available instruments. We
nd others have described modifications made to commercially
vailable mass spectrometers enabling mass spectrometry on
acromolecular complexes [12–14]. One of the most impor-

ant findings has been that the pressures in the first and second

acuum chambers have to be increased to analyze large protein
omplexes [12,15–19]. This effect is attributed to the collisional
ooling and focusing of large ions in the ion guides and, there-
ore, improved transmission through the ion guides and ToF [18].

mailto:a.j.r.heck@uu.nl
dx.doi.org/10.1016/j.ijms.2007.06.012
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lthough ions of macromolecular complexes attain a large num-
er of charges in ESI [2], making their kinetic energy high, their
elocity inside the mass spectrometer is relatively low, which
akes them susceptible to off-axis drifting. This may be even
ore applicable for ions formed in highly energetic dissocia-

ion processes such as collision induced dissociation, whereby
ragment ions are released with significant off-axis kinetic
nergies.

However, in recent years it has been shown that tandem
ass spectrometry can be used to dissect in a sequential fash-

on even large protein complexes of a few hundreds of kDa
n the gas-phase to identify building blocks, and potentially
he topology, quaternary structure and stability of the complex
5,20–22]. In such tandem mass spectrometry experiments, pre-
ursor ions are selected on the basis of their m/z ratio in the
rst quadrupole mass analyzer after which the selected ions
re dissociated in a gas-filled collision cell. The subsequent
oF analyzer then allows mass measurement of the product

ons. Although these procedures are alike for small molecules,
he collisional activation of macromolecular complex ions is
ather different. Ions of macromolecular complexes, such as
he 800 kDa GroEL chaperone machinery, may attain tens of
harges (approximately 70 for the chaperone complex GroEL),
nd with the voltage over the hexapole collision cell reach-
ng up to a maximum of 200 V this leads to laboratory frame
ollision energies in the order of 15,000 eV. Typically these
acromolecular ions are subjected to collisions with relatively

tatic, small argon atoms in the gas-filled hexapole collision cell.
hen such macromolecular ions with high translational ener-

ies undergo inelastic collisions with neutral rare gas atoms,
art of the translational energy may be converted into internal
nergy, leading to decomposition. To simplify the description
f such a process, one needs to consider the center-of-mass
com) framework instead of the laboratory reference frame. The
aximum available energy for the transfer of kinetic energy to

nternal energy, in the first collision event, is the relative energy
Ecom) and depends on the collision partners’ masses. Conver-
ion from laboratory to center-of-mass collision energies is given
y [23]:

com =
(

mt

(mp + mt)

)
Elab (1)

here Elab is the ion’s kinetic energy and mt and mp repre-
ent the masses for the neutral target gas and precursor ion
800 kDa for GroEL), respectively. Using argon as a colli-
ion partner in this equation, it is evident that 15,000 eV in
he laboratory framework reduces to approximately 0.75 eV in
he center-of-mass framework, hardly sufficient to break any
hemical bond. Therefore, it is generally expected that suc-
essful macromolecular tandem mass spectrometry depends on
ultiple collision events, as happening in the hexapole col-

ision cell of the Q-ToF mass spectrometer. Considering this

imple equation it is evident that with a heavier collision part-
er such as krypton or xenon considerably more energy may
e transferred into internal energy. In this study, we report
he use of the collision gases argon, krypton and xenon for

p
i
s
t

ass Spectrometry 268 (2007) 198–206 199

acromolecular tandem mass spectrometry. We show that the
ressure in the collision cell has a significant effect on the
ransmission of precursor and fragment ions, with in partic-
lar the lowly charged high mass macromolecular fragment
ons being negatively discriminated at lower gas pressures.
dditionally, we show that the heavier target gases result in
ore efficient fragmentation and fragment ion detection, mak-

ng xenon the collision gas of choice in macromolecular mass
pectrometry.

. Experimental

.1. Chemicals and preparation of proteins

GroEL was overexpressed in Escherichia coli strain MC1009
ontaining plasmid pSL6. Cells were grown in Luria-Bertani
LB) medium containing 100 mg/l ampicillin and 0.0005 (w/v)
rabinose at 37 ◦C under vigorous aeration. GroEL was purified
ccording to a previously described protocol, slightly modified
y the introduction of an acetone precipitation step [3,22]. Puri-
ed gp5 was a kind gift of C. Teschke (University of Connecticut,
SA).
The buffer was exchanged to 50 mM ammonium acetate with

pH of 6.8 using ultra centrifugation filters with a cut-off of
0 kDa (Millipore, Bedford, UK) GroEL gp5 complexes were
ormed by first unfolding the gp5 in 8 M urea for 30 min at room
emperature at a final gp5 concentration of 25 �M. The unfolded
ubstrate was added to 50 mM ammonium acetate buffer con-
aining 28 �M monomeric GroEL at ratios varying from 1:0
o 1:5. The resulting maximum concentration of 1.7 M urea
id not affect the oligomeric GroEL structures. Excess of urea
as removed from the sample by filtration while changing the
uffer to 50 mM ammonium acetate. Final concentrations of the
roEL proteins on the basis of their monomeric masses were
�M. Cesium iodide, used for calibration of the mass spec-

rometer, and ammonium acetate were purchased from Sigma
Zwijndrecht, NL).

.2. Mass spectrometry

All the mass spectrometry measurements were performed in
ositive ion mode. Proteins and protein complexes were intro-
uced into the mass spectrometer by using borosilicate needles
n the absence of any backpressure. The needles were pulled
rom borosilicate glass capillaries (Kwik-Fil, World Precision
nstruments, Sarasota, FL) on a P-97 puller (Sutter Instruments,
ovato, CA), coated with a thin gold layer by using an Edwards
cancoat (Edwards Laboratories, Milpitas, CA) six Pirani 501
putter. All the mass spectra were calibrated using cesium iodide
5–25 mg/ml) in 50% (v/v) 2-propanol. The instrument used was
modified first generation Q-ToF 1 (Waters, Manchester, UK)

quipped with a Z-spray source. Except where specifically indi-
ated, all modifications to this instrument have been described

reviously [14]. A schematic diagram of the instrument is shown
n Fig. 1. Electrospray ions are produced at atmospheric pres-
ure after which the partly solvated ions are introduced into
he first vacuum stage (P1) of the mass spectrometer through
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sample cone with an orifice of 400 �m. The pressure in P1
as increased by reducing the pumping efficiency of the rotary
ump (10 mbar). The molecular beam that evolves behind the
ample cone is then extracted orthogonally through an extractor
one with an orifice of 1 mm into the second pumping stage (P2;
× 10−2 mbar). The cone voltage used was 175 V. Ions enter-

ng the second pumping stage (P2) were focused by a hexapole
on guide. The third vacuum chamber contains a quadrupole,

separate collision cell and a transport hexapole lens. The
uadrupole in the modified Q-ToF had a frequency of opera-
ion of 300 kHz. This sets the theoretical accessible transmission
imit to 32,000 m/z. When acquiring ToF spectra the quadrupole
perates in RF-only mode as a broad-band mass filter, how-
ver, in the tandem MS mode the quadrupole transmits only
ons in a narrow m/z window around the set m/z, thus, operat-
ng as a narrow-band mass filter. Ions are then transferred to
he hexapole collision cell, which was modified such that the
ollision gas pressure can be increased. The entrance and exit
rifices of collision cell were varied between 1.5 and 2.0 mm,
espectively, as described in detail in the results section. The
oltage over the collision cell was varied between 0 and 200 V.
o measure protein complexes we used a cylinder head pres-
ure of 1.8 mbar admitted to the collision cell via a needle leak
alve with a 100 �m capillary with a length of 1.25 m lead-

ng to a typical P4 pressure of around 2 × 10−2 mbar. Using
rgon the resulting pressure at P3 was 6.7 × 10−4 mbar in case
f the 2 mm orifices and 1.5 × 10−4 mbar in case of the 1.5 mm
rifices.

d
h
i
n

ig. 1. Schematic layout of the modified Q-ToF 1 mass spectrometer. Details of mos
ntrance and exit orifices of the hexapole collision cell, which sizes were varied in the
n the manuscript.
ass Spectrometry 268 (2007) 198–206

. Results and discussion

.1. Ion transmission and gas-phase dissociation of GroEL
haperone complexes using different collision gases and
ifferent entrance and exit orifices on the collision cell

To analyze intact ions in vacuo from large complexes in solu-
ion conditions have to be optimized. Insufficient axial cooling

akes ions miss the detector, whereas insufficient radial cool-
ng results in poor transmission of ions through the different
pertures in the mass spectrometer. We and others have noticed
hat increasing the collision gas pressure in the collision cell
upports dissociation and ion transmission of high m/z ions. The
ntrance and exit orifices of the hexapole collision cell (see Fig. 1
or their location) in our instrument have standard apertures
f 2.0 mm. When using argon and increasing the P4 pressure
bove 1.5 × 10−2 mbar the transmission of the ions decreased
trongly (the signal was 20% lower when changing from 1.5
o 2 × 10−2 mbar). The pressure in the P3 region increased to
pproximately 6.7 × 10−4 mbar, which is at the limit of being
olerated by the instrument. As we hypothesized that increasing
he collision cell gas pressure might further assist the dissocia-
ion and ion transmission, we evaluated smaller entrance and exit
rifices of 1.5 mm as the gas leakage out of the cell is expected to

ecrease using these smaller apertures allowing us to achieve a
igher pressure (P4) in the collision cell. We first tested whether
on transmission was affected using the different orifices and
oticed decreases in total ion transmission in the order of 25%

t of the modifications have been described previously [14]. The position of the
current experiments, are indicated as well as the pressure read-outs mentioned
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or ions with m/z values around 10,000, using the smallest aper-
ures, a loss we took for granted. Using the smaller apertures
f 1.5 mm, we noticed that the collision gas pressure P4 could
ven be increased close to 3 × 10−2 mbar (using argon). Now a
4 pressure in the collision cell of 2 × 10−2 mbar resulted in a
ressure P3 of 1.2 × 10−4 mbar. Resulting in a decrease of the
eakage effect of gas from the collision cell into the quadruople
egion which is six times lower with the 1.5 mm orifices than
ith the 2 mm ones.
Next we evaluated what the effect of increasing the collision

ell pressure (using argon) had on the tandem mass spectrom-
try spectra of the 14-mer GroEL chaperone machinery. For
hese measurements GroEL complexes in 50 mM ammonium
cetate pH 6.8, were used at a monomer concentration of 6 �M.
he capillary voltage was typically set at 1500 V, the cone volt-
ge at 175 V and the ion energy at 2.0 V. Produced ions were
ass isolated in the quadrupole analyzer and accelerated into

he target gas-filled collision cell. In Fig. 2 the tandem mass
pectra are shown of the mass selected 69+ ion of GroEL (at
n m/z value of 11,640) measured under identical conditions,
ith the collision voltage at the maximum of 200 V. The argon

ollision gas pressure was varied from 1 × 10−2, 1.5 × 10−2,
× 10−2 to 3 × 10−2 mbar. In all these cases, an equal amount

f mass spectra were averaged. In Fig. 2, the spectra are nor-
alized on the intensities of the monomeric fragment ions. The
echanism of the dissociation of subunits from protein com-

i
t
a

ig. 2. Gas-phase dissociation of GroEL varying the collision gas pressure. Tandem
.8 at different P4 argon pressures in the collision cell. The 69+ ion of GroEL (11,64
on peak of the tetradecameric complex dissociates into tridecameric GroEL (15,000–
verage charge state 28+). At higher gas pressure also the dodecameric GroEL (28,600
ollision gas pressures of 1 × 10−2, 1.5 × 10−2, 2 × 10−2 and 3 × 10−2 mbar, respec
ass Spectrometry 268 (2007) 198–206 201

lexes in tandem mass spectrometry is still a relatively poorly
nderstood process, however, it is generally accepted that multi-
omponent protein complexes dissociate via similar pathways,
.e. expulsion of the smallest monomeric subunit [2] attain-
ng an inequitable high amount of the charges. Recently, some
nteresting exceptions have been reported notably with surface
nduced dissociation [24], but also with specific “dimer-of-
imers” tetramers [14]. The gas-phase dissociation pathway of
nliganded GroEL (800 kDa) has been well documented [20,22]
nd follows the generally observed trends described above. Upon
solation of the 69+ ion of GroEL at an m/z value of 11,640 a

onomeric GroEL subunit becomes ejected from the tetrade-
americ complex. The monomers attain during the dissociation
large amount of the charges and are observed around m/z 2000

28+), whereas the tridecameric ions are observed around m/z
8,000 (41+). At higher collision gas pressure, a second GroEL
onomer is dissociated from the tridecameric complex, result-

ng in the formation of dodecameric GroEL product ions. The
odecameric GroEL obtains an average charge state of only 20+.
herefore, these ions appear at a high m/z values above ∼30,000.
he spectra shown in Fig. 2 reveals the effect of increasing the
ollision gas pressure. In the range studied, the total detected
on intensities of the monomer fragment ions were only chang-

ng about 10% with increasing pressure. Therefore, we used
hese ions to normalize the spectra. The higher m/z ions show
significant increase in transmission. The ion intensities of the

mass spectrometry was performed on GroEL in 50 mM ammonium acetate pH
0 m/z) was selected and dissociated at a collision voltage of 200 V. The parent
22,000 m/z; average charge state 40+) and monomeric GroEL (1500–2200 m/z;
–38,200 m/z; average charge state 20+) is present. Figures A, B, C and D show

tively.
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igh mass ions rise with increasing gas pressure, the precur-
or ions increases 1.5 times, the tridecameric fragment ions 4
imes and the dodecameric fragment ions 10 times comparing
he collision cell pressures of 1.5 × 10−2 and 3 × 10−2 mbar. In
he ideal case, the summed intensity of the high mass fragment
ons should be identical to the summed monomeric fragment
on intensities, which seems to be the case from a gas pres-
ure of 2 × 10−2 mbar and upwards in the collision cell. We
ttribute the observed positive influence of increasing the gas
ressure only marginally to increased dissociation of the pre-
ursor ions, but mainly too the improved transmission of the
igh m/z precursor and fragment ions. We evaluated addition-
lly a collision gas pressure in the hexapole of 6 × 10−3 mbar,
ut then only monomeric fragment ions were observed, at an
on intensity reduced to 30%, compared to the measurements
t 1 × 10−2 mbar. Therefore, reducing the gas pressure below
× 10−2 mbar deteriorated the ion transmission too much. We

ested the ion transmission also for krypton and xenon. While
or krypton the presence of monomeric to oligomeric ions is
qual starting at a pressure of 5 × 10−3 mbar, xenon showed the
ame transmission efficiency from 1 × 10−3 to 2 × 10−2 mbar.
hus observed effects are very significant with the commonly
sed argon as collision gas, but they seem to diminish when using
rypton and especially xenon. As the results with the aperture of
.5 mm seem to be optimal for macromolecular mass spectrom-
try, we performed all later described experiments with these
ntrance and exit orifices.

.2. Energy resolved gas-phase dissociation of GroEL
haperone complexes using argon, krypton and xenon
ollision gases

Following the optimization of the collision cell entrance

nd exit apertures, we investigated the effect of the identity
f the collision gas. It is well known that the identity of the
arget gas may influence the dissociation efficiency, although
uch data is largely limited to the analysis of relatively small

r
f
t
i

ig. 3. Gas-phase dissociation of GroEL varying the collision gas identity. Tandem
easured at a collision voltage of 200 V using different collision gases at a constant
s in Fig. 2, the precursor ions dissociate into monomer (1500–2200 m/z; average ch
odecamer (28,600–38,200 m/z; average charge state 20+).
ass Spectrometry 268 (2007) 198–206

olecules/peptides [23,25,26]. Using identical experimental
onditions, selecting the same precursor ions of GroEL, we
erformed tandem mass spectrometry using sequentially argon
average mass 40 Da), krypton (average mass 83.8 Da) and
enon (average mass 131.3 Da) as collision gas. For illustra-
ive purposes we have depicted in Fig. 3 tandem mass spectra of

ass selected 69+ ions of GroEL measured under identical con-
itions, with the collision voltage at the maximum of 200 V, only
arying the nature of the collision gas between argon, krypton
nd xenon (bottom to top in Fig. 3). With all these three colli-
ion gases we recorded spectra with varying collision voltages,
nd calculated the ion intensities by averaging over all charge
tates of a particular ionic species. These ion intensities do evi-
ently not correspond directly to species abundance, as several
nstrument response factors (transmission and detection) have
o be taken into account. Here we just use the integrated ion
ntensities for relative comparisons. In Fig. 4 A, B and C these
break-down” diagrams are depicted, plotting the measured ion
ntensities of the GroEL precursor ions, the monomeric, the
ridecameric and dodecameric fragment ions versus the colli-
ion voltage for argon, krypton and xenon as collision gases,
espectively. In all these graphs a gradual relative decrease in
recursor ion intensity is observed (the solid circles), although
he onset of this decrease varies with the identity of the col-
ision gas. Interestingly, using xenon and krypton the summed
on intensities of the concomitant fragment ions (i.e. monomeric
ersus tridecameric fragment ions) seems to be in line. This
ight be expected as for each monomeric fragment ion one

ridecameric fragment ion is formed, indicating that the other
nstrument parameters influencing the response factors for these
wo very different ions are quite identical. In contrast, using
rgon as collision gas the ratio monomer versus tridecameric
ragment ions is very much in favor of the monomeric ions,

evealing that using argon the transmission of the tridecameric
ragment ions is reduced, just as described in the previous sec-
ion. To determine a relative threshold for dissociation we plotted
n Fig. 5A the ratio (precursor ions/(precursor ions + monomer

mass spectrometry on 69+ charge state of GroEL complex. All spectra were
pressure of 1.5 × 10−2 mbar; argon for (A), krypton for (B) and xenon for (C).
arge state 29+), tridecamer (15,000–22,000 m/z; average charge state 40+) and
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Fig. 4. Break-down graphs of GroEL using different collision gases. Ion inten-
sities of the GroEL monomers, tetradecamers, tridecamers and dodecamers at
increasing collision energies for argon (A), krypton (B) and xenon (C). The
different ion intensities were integrated and plotted in relative abundance to the
total ion intensity. The pressure of the collision gas was 1.5 × 10−2 mbar for
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Fig. 5. Break-down graphs of GroEL precursor ions using different collision
gases in the laboratory and center-of-mass frame. To construct relative break-
down curves of the GroEL precursor ions the ion intensity of the precursor
was divided by the summed ion intensities of the precursor and monomeric
fragment ions (Y-axis). Dissociation threshold scheme of the tetradecameric
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ll measurements; (�) represent the tetradecamer selected for dissociation (69+

t 11,640 m/z), (©) the dissociated monomer, (�) the tridcamer and (�) the
odecameric GroEL complexes.

ons) versus the collision voltage. These graphs reveal that the
ollision voltages at which the precursor ion intensity is reduced
o 50% are approximately at 157, 137 and 128 V, for argon,
rypton and xenon, respectively. In Fig. 5B these results are
e-plotted, but now versus the center-of-mass collision energy.
vidently, in this graph the three curves should overlay, when

he simple relationship Eq. (1) would be valid for our measure-
ents. However, this seems not to be the case, indicating that
q. (1) either overestimates the amount of collision energy con-
erted into internal energy using argon, or underestimates the
mount of collision energy converted into internal energy using
enon. Clearly, xenon is found to be a much more efficient colli-
ion gas in our measurements. The fact that the simple Eq. (1) is
ot valid may be due to the fact that it describes single collision

vents, whereas the collisional activation leading to dissociation
f the macromolecular complexes described here is a multiple
ollision event, estimated to involve hundreds of collisions. This
rocess is evidently much more efficient in case of xenon as

s
B
a

roEL complex. These ratios are plotted vs. collision voltage in (A) and vs.
enter-of-mass collision energy (Ecom) in (B). The lines represent the different
ases: – for argon, . . . for krypton and - - - for xenon.

ollision gas compared to argon. Previously, Mauk et al. [27]
roposed a more elaborate model for the energy transfer from
inetic to internal energy in multiple collision events based on
heir experimental work on the dissociation of cytochrome c. As
e do, they also observed that the conversion to the center-of-
ass collision energy as given in Eq. (1) does not fully make up

or the conversion into internal energy. An argument for the more
fficient dissociation observed with heavier collision gasses put
orward by Mauk et al. is that the collisions with the heavier gas
olecules slows the macromolecular ions more down, extend-

ng their residence time in the collision cell, giving them more
ime to fragment, an effect closely resembling the kinetic shift
ffect.

.3. Energy resolved gas-phase dissociation of GroEL,
roEL:gp5 and GroEL:gp52 chaperone-substrate

omplexes using xenon as collision gas
In chaperone assisted folding, an unfolded polypeptide sub-
trate is encapsulated in one of the rings of the GroEL chaperone.
inding of a substrate to one of the GroEL rings is generally
ssumed to have an anti-cooperative effect, i.e. binding of the
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the same trend is observed, with relative thresholds for elimina-
tion of the second monomer at 0.86 eV for GroEL, GroEL:gp5
1.01 eV and for GroEL:(gp5)2 1.06 eV confirming that the gas-
phase stability of the complexes is increased by the binding of

Fig. 7. Appearance curves of high mass fragment ions in the tandem mass spec-
tra of GroEL, GroEL:(gp5) and GroEL:(gp5)2. The only high mass fragment
ions observed are due to the sequential loss of one and two monomeric GroEL
subunits. The curves depict the observed relative ion intensities in case of GroEL
ig. 6. ESI mass spectrum of intact GroEL gp5 substrate complexes. GroEL (1
an be observed in these spectra originating from GroEL (©), GroEL:(gp5) (�
s given.

rst substrate inhibits the binding of a second substrate in the
pposite ring [28,29]. In contrast, we showed previously by
acromolecular mass spectrometry that the stoichiometry of

ubstrate binding to the chaperonin complex is dependent on
he type of substrate [3,22]. For instance, the bacteriophage
22 capsid protein gp5 is able to occupy both GroEL rings
imultaneously [30]. To illustrate this, an ESI mass spectrum is
hown of a mixture of tetradecameric GroEL to which unfolded
p5 substrate was added in a ratio of 1:2 Fig. 6A. This rather
omplex mass spectrum reveals three charge state distributions,
learly originating from GroEL, GroEL:gp5 and GroEL:(gp5)2
s indicated by the convoluted zero-charge mass spectrum in
ig. 6B.

Next, we compared the gas-phase stability of GroEL to
roEL:gp5 and GroEL:(gp5)2 by measuring “break-down”

urves for the dissociation of these species, selectively perform-
ng tandem mass spectrometry measurements on precursor ions
f the chaperone with zero, one and two substrate gp5 bound.
easurements were done with argon, krypton and xenon as col-

ision gases. All three species revealed similar fragmentation
eactions, namely the loss of one monomeric subunit at interme-
iate collision voltages, followed by the loss of a second GroEL
onomer at higher collision voltages. Interestingly, the elimi-

ation of 57 kDa GroEL subunits is favored over the loss of the
7 kDa gp5 substrate, which may indicate that the substrate is
till encapsulated within the GroEL ring in the gas-phase dimin-
shing its diossciation, in line with our previous data on similar
roEL substrate complexes [22]. In Fig. 7 break-down curves

re shown obtained with krypton as collision gas, but results
ith the other gases revealed similar effects. In Fig. 7 the break-

own curves for loss of one GroEL subunit (solid symbols) and
GroEL subunits (open symbols) are depicted. We evaluated

reak-down graphs of different charge states of all three GroEL
GroEL:gp5 – GroEL:(gp5)2 species, but always observed sim-

(
f
i
t
t

r) and gp5 were mixed in a 1:2 ratio. Three different charge state distributions
GroEL:(gp5)2 (♦). In (B), the corresponding convoluted zero-charge spectrum

lar trends. The threshold for dissociation increases when one
nd even more when two gp5 substrate molecules are bound
o the GroEL machinery. We estimated the relative thresholds
or the formation of tridecameric species. For GroEL this was
.73 eV for GroEL:gp5 0.87 eV and for GroEL:(gp5)2 0.91 eV,
sing krypton as collision gas. In the elimination of the sec-
nd monomer, and thus, the formation of the dodecameric ions,
©, �) GroEL:(gp5) (�, �) and GroEL:(gp5)2 (�, �). The GroEL tridecamer
ragment ions are depicted by solid symbols, whereas the dodecamer fragment
ons are presented by open symbols. The tridecameric abundances are relative
o their highest intensity, the dodecameric ions are relative to the corresponding
ridecamer.
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ubstrate molecules. This result may be not that surprising as
he encapsulated substrate molecules will bind multivalently to
he GroEL subunits of the rings, as one substrate molecule can
ave numerous interactions with multiple subunits of the ring.
t is interesting to note that the stabilizing effects of substrate
inding, expected in solution, are mimicked in this case in the
as-phase, providing further evidence that some of the solution-
hase structure of larger protein complexes may be retained in
he gas-phase [7,22,31].

. Conclusions

Native or macromolecular electrospray ionization mass spec-
rometry has become a viable method to study multimeric
rotein complexes of increasing size and complexity, which may
e used to complement other techniques in structural biology.
he chemical architecture of such an assembly may be further
robed by tandem mass spectrometry, which can dissect even
arge protein complexes of a few hundreds of kDa in a sequential
ashion, helping to identify building blocks, and potentially the
omplex topology, quaternary structure and stability. Here we
how that using a modified Q-ToF 1 such tandem mass spectrom-
try experiments may be optimized by using smaller entrance
nd exit orifices on the collision cell and heavier collision gas tar-
ets. With the- standard used- lighter argon as collision gas, we
bserved that the dissociation was not efficient, but more notice-
bly we observed only very low abundant high mass fragment
ons in the tandem mass spectra. These effects can be largely
ttributed to the decreased ability to focus ions of very high m/z
efore and after collisional activation, which may easily drift
ff-axis due to their relatively low axial velocity. Additionally,
he heavier collision gasses and higher pressures may slow down
he macromolecular ions more efficiently, leading to longer res-
dence times in the collision cell, giving them more time to
ragment [27]. We conclude, therefore, that the heavier xenon
s the preferred collision gas for tandem mass spectrometry on
ery large macromolecular complexes.
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