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Gas-phase dissociation pathways of a tetrameric protein complex
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Abstract

The gas-phase dissociation of the tetrameric complex transthyretin (TTR) has been investigated with tandem-mass spectrometry (tandem-MS)
using a nanoflow-electrospray interface and a quadrupole time-of-flight (Q-TOF) mass spectrometer. The results show that highly charged
monomeric product ions dissociate from the macromolecular complex to form trimeric products. Manipulating the pressure conditions within
the mass spectrometer facilitates the formation of metastable ions. These were observed for the transitions from tetrameric to monomeric and
trimeric product ions and additionally for losses of small molecules associated with the protein complex in the gas phase. These results are
interpreted in the light of recent mechanisms for the electrospray process and provide insight into the composition and factors governing the
stability of macromolecular ions in the gas phase.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The plethora of multiprotein complexes that have been
preserved in the gas phase and recorded by mass spectrome-
try (MS) in recent years prompt research into understanding
their gas-phase structure and composition[1–3]. While it is
widely accepted that the mass spectra of protein complexes
under the appropriate conditions can be used to determine
the stoichiometry of interacting subunits, relatively few re-
ports describe the application of tandem-MS approaches to
examine macromolecular complexes. Examples that have
been reported include the isolation and collision-induced
dissociation (CID) of a tetramer of streptavidin using Fourier
transform-ion cyclotron resonance (FT-ICR) MS, where an
asymmetric distribution of charge between the monomeric
and trimeric product ions was observed[4]. More recently,
investigations of homodimers reveal unequal distributions of

Abbreviations: CID, collision-induced dissociation; ESI, electrospray
ionisation; FT-ICR, Fourier transform-ion cyclotron resonance; MS, Mass
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tion; Q-TOF, quadrupole time-of-flight; TTR, transthyretin
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charge in the resulting monomers[5], as well as metastable
ions formed via slow decay of the collisionally activated
dimer in the reflectron-time-of-flight (TOF) mass analyser
[6]. We have demonstrated the use of gas-phase dissociation
of hetero-oligomeric assemblies, specifically in a hexameric
molecular chaperone complex[7] and in the heterogeneous
complex formed between transthyretin (TTR), thyroxin,
retinol-binding protein and retinol[8]. While it is tempting
to suggest that subunits of the periphery of the complex
dissociate more readily than those in the core at the present
time, it is not clear if this will always be the case. It is antic-
ipated that a greater understanding of the dissociation path-
ways of multiprotein complexes in the gas phase will extend
the ability of the technique to be applied to examine com-
plexes of unknown composition and structure. In addition,
the metastable decay of species which originate from a se-
lected charge state of the protein complex can give valuable
insight into the composition of the multiprotein complex.

The composition of macromolecular complex ions in the
gas phase requires an understanding of their formation from
solution. Recent reports have suggested that there is gen-
eral consensus about the initial events of the electrospray
process at least for globular proteins from aqueous solution
in ammonium acetate buffers[9]. In the electrospray pro-
cess, the bulk solution is dispersed into a stream of droplets
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[10]. The ‘Rayleigh fission’ model predicts that coulom-
bic repulsion between like charges in the shrinking droplet
leads to asymmetric dissociation when the repulsive force
between like charges exceeds the surface tension of the
droplet (the Rayleigh instability limit). Successive rounds
of Rayleigh fission coupled with evaporation are predicted
to yield droplets containing a single ion. Evaporation, aided
by collisions with gas molecules in the source region is pro-
posed to account for the final desolvation steps until no fur-
ther solvent can be removed, yielding free ions in the gas
phase. This mechanism is known as the charge residue model
and is proposed as the universal model for electrospray of
large multiply charged species[9]. The counter ions, primar-
ily acetate ions, will be attracted to the positively charged
capillary wall. When essentially all the solvent has evapo-
rated the charge will be close to that required for ion evap-
oration. Multiple protonation will occur by proton transfer
from the NH4

+ ions to the basic residues on the surface of
the protein. Prior to this stage the protein ions inside the
droplet will have a net charge close to zero since counter
ions will serve to neutralise positive and negative charges.
For folded globular proteins, the overall charge of the pro-
tein, by the time it is recorded in the mass spectrum, has
been shown to be close to the number of surface accessible
basic sites[10]. The introduction of nanoflow-electrospray
has lead to a mechanism in which the protein droplet enters
at a much later stage, when the initial droplet size is signif-
icantly smaller than for conventional electrospray. This has
significant advantages for preserving noncovalent interac-
tions in the gas phase since the energy required to desolvate
these ions is significantly reduced[11].

It is well established that proteins in their native state
carry fewer charges when compared with denatured states,
a phenomenon attributed to the disruption of salt bridges in
the unfolded protein. For folded proteins in ammonium ac-
etate buffer at the droplet stage, NH4

+ ions will be on the
surface and the hydrophilic protein molecule will be in the
centre of the droplet. However, a consistent feature of the
mass spectra of noncovalently assembled particles is that the
mass measured for the intact multiprotein complex invari-
ably exceeds that of the mass calculated for the sum of the
individual subunits. This excess mass has been attributed to
the trapping of water molecules, buffer salts or counter ions
within the interstices of the multiprotein complex[12,13].
Evidence for this proposal comes from the displacement of
the heterogeneity associated with peak broadening during
ligand-binding experiments[14] and the fact that gas-phase
association leads to narrower peak widths than are typically
observed for solution-based protein interactions. The com-
position of the small molecules trapped within these macro-
molecular complexes remains unknown.

The aims of this investigation are twofold: firstly, to dis-
rupt a multiprotein complex through CID and examine the
gas-phase dissociation pathways of tetrameric TTR and sec-
ondly, to probe the composition of ions formed from mul-
tiprotein complexes by investigating fragment ions formed

by metastable decay of collisionally activated complex ions.
Specifically, we explore the dissociation of the homotetramer
TTR (Leu55Pro (L55P) mutant).

2. Experimental

Protein was expressed and purified in our laboratory
as described previously[14]. All spectra are acquired
on a quadrupole time-of-flight (Q-TOF) 1 instrument
(Micromass, Manchester, UK) under conditions opti-
mised for the transmission of noncovalent complexes.
Nanoflow-electrospray ionisation (nano-ESI) capillaries are
prepared by using a micropipette puller (Flaming/Brown
P-97, Sutter Instruments, Novato, CA, USA) and borosili-
cate glass tubes of 1 mm outer and 0.5 mm inner diameter
(Harvard Apparatus, Holliston, MA, USA). These are coated
with a thin layer of gold by using an SEM sputter-coater
(Polaron, Newhaven, UK) to make them electrically con-
ductive. The pulled end of the capillaries is clipped under
a stereomicroscope, resulting in inner tip diameters of be-
tween 2 and 5�m. Two microlitres of the aqueous protein
solution were sprayed from these capillaries with the aid of
a backing pressure of 0.5 bar.

For tandem-MS, ions in a narrowm/z window are iso-
lated in the quadrupole analyser and accelerated into an
argon-filled linear hexapole collision cell, where they be-
come activated by multiple collisions and eventually dis-
sociate to form a CID product spectrum, recorded in the
TOF analyser. The following parameters are typically used
for the experiments (positive ion mode): capillary voltage
1.7 kV, cone gas 100 l/h, source temperature 300 K, sam-
ple cone 125 V, extractor cone 2 V, and ion energy 2 V.
Collision voltage and pressures vary according to the exper-
iment. Typically MS/MS spectra were recorded with a TOF
analyser pressure of 4.9× 10−7 mbar. The spectra recorded
under lower collision cell pressure gave rise to a TOF pres-
sure reading of 4.6 × 10−7 mbar. External calibration of
the spectra is achieved using solutions of cesium iodide.
Data are acquired and processed with MassLynx software
(Micromass). All spectra are shown with minimal smooth-
ing and without background subtraction.

3. Results and discussion

The tetramer TTR consists of four identical subunits ar-
ranged to form a channel structure, occupied in vivo by the
thyroid hormone thyroxin[15]. A typical nano-ESI mass
spectrum of L55P TTR from aqueous solution buffered with
ammonium acetate at pH 7 is shown inFig. 1. The predom-
inant signal corresponds to intact homotetramer, labelled Q.
The observed charge states extend from 16+ to 13+ with
Q15+ as the major species. In addition, two peaks atm/z
1986 and 2316 indicate the presence of monomer (M7+ and
M6+). Low intensity signal aroundm/z 5000 is consistent
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Fig. 1. Nano-ESI spectrum of L55P TTR tetramer (Q, calculated mass 55,506.4 Da) introduced from aqueous solution at pH 7.0 and acquired under
non-dissociating conditions. Monomer (M, calculated mass 13,876.6 Da) and octamer (O) are also visible.

with an octameric species (O21+ and O20+). These species
may originate from solution-phase equilibria; X-ray crys-
tallography also reveals an octameric complex formed from
two tetramers[16]. The monomeric form of TTR is impli-
cated in the formation of disease-related amyloid fibrils un-
der physiological conditions[17].

Isolation of the 15+ tetramer charge state and activa-
tion in the collision cell gives rise to the spectra shown in
Fig. 2. At a collision voltage of 30 V, the Q15+ ions pass
intact through the collision cell. At 45 V the ions undergo
increasingly energetic collisions, and groups of peaks are
apparent in the spectrum corresponding to CID products of
the tetrameric charge state. Finally, at a collision voltage of
60 V little intact tetramer survives; rather the monomeric
and trimeric CID products dominate the spectrum. Around
m/z 1500–2000, highly charged monomers with 7+, 8+ and
9+ charges are observed, accompanied by trimer ions with
8+, 7+ and 6+ charges in them/z 5000–7000 range. At

Table 1
Calculated and observedm/z values of monomeric (M) and trimeric (T) dissociation products and the tetrameric parent ion (Q) (cf.Fig. 2)

M9+ M8+ M7+ Q16+ Q15+ Q14+ T8+ T7+ T6+

m/z (calculated) 1542.8 1735.6 1983.4 3470.2 3701.4 3965.7 5210.7 5955.0 6947.3
m/z (observed) 1543.1 1735.9 1983.6 3479.2 3712.0 3970.5 5219.6 5963.7 6955.3

least three distinct dissociation pathways are evident for the
TTR homotetramer, with a disproportionally high amount
of the total charge associated with the monomer.

The trimer and tetramer peaks are consistently broader
and the masses higher than would be predicted by straight-
forward association of monomeric subunits (Table 1). This
suggests that the small molecules derived from the solvent
are retained in the trimeric structure. Curiously, two small
but distinct peaks also appear for the Q14+ and Q16+ charge
states of the tetramer, which imply loss and ‘gain’ of a pos-
itive charge, respectively. While loss of a positive charge
from an ion with 15+ charges could occur readily by loss of
an ammonium ion, it is difficult to conceive how a 15+ ion
could gain further positive charge, e.g., by gas-phase pro-
tonation. A more likely explanation for the appearance of
the Q16+ charge state would, therefore, be loss of an at-
tached negative ion, for example, an acetate ion from the
buffer. In spite of the fact that a negative ion attached to a
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Fig. 2. The effect of increasing collision cell voltage on CID of the isolated Q15+ charge state of L55P TTR tetramer. As the collision voltage is increased
from 30 to 45 and 60 V (A–C) disruption of the tetramer gives rise to monomeric (M) and trimeric (T) product ions. Small quantities of charge-stripped
tetramer ions (Q16+ and Q14+) are also produced. Quadrupole analyser pressure 4.2 × 10−5 mbar, TOF analyser pressure 4.9 × 10−7 mbar.

multiply positive-charged complex must experience strong
attractive forces, stripping of a negative charge occurs to
almost the same extent as the loss of a positive charge. It
should be kept in mind, however, that collisions with the
comparatively small argon atoms will initially deposit en-
ergy in a well-localised area of the much larger molecular
ion, such that this process cannot be described by simple
equilibrium parameters, such as internal energy[18]. Be-
sides, a counter-ion embedded in the molecular complex or
attached to its surface will only experience a fraction of the
total charge, and is consequently partly shielded. We have
observed apparent ‘gain’ of positive charge during CID of
a number of noncovalent protein complexes. The extent to
which this happens correlates with the width of the parent
ion peak, indicating that increased heterogeneity of the par-
ent species facilitates the loss of attached ions, both positive
and negative.

�

Fig. 3. Decomposition of the isolated Q15+ charge state of L55P TTR tetramer during MS/MS analysis. Upper panel: activation of parent ion (Q15+)
gives rise to charge-stripped tetramers (Q16+ and Q14+), monomers (M9+ to M7+, as well as M17+ to M10+) and trimers (T9+ to T6+). Lower panel:
enlarged section of the same spectrum, also showing heptamers (H20+ to H17+, see text) and various metastable ions labelledm∗1 to m∗8 (seeTable 2).
Collision voltage 50–90 V, quadrupole analyser pressure 4.2×10−5 mbar, TOF analyser pressure 4.6×10−7 mbar. Inset: scheme depicting major pathways
of asymmetric dissociation during CID of Q15+ tetramer and the underlying signal of O30+ octamer.

To investigate the effects of small molecules binding to
the molecular ion, the pressure in the collision cell was
manipulated, thus affecting the number of collisions which
the molecular ions undergo on their passage through the
cell. During collisional activation of ions, their initial ki-
netic energy (which depends on the collision voltage and
the charge state of the ion) is converted into internal energy,
effectively heating the ions until they decompose[19,20].
Product and parent ions that have survived the CID process
but have lost a large proportion of their kinetic energy (only
a few eV remaining) will be pulsed into the orthogonal
TOF with the correct angle in order to pass the reflectron
and reach the detector. At lower collision gas pressure,
however, the ions will experience fewer collisions, and ac-
tivation will happen close to the exit of the collision cell.
In spite of the time taken for ions to reach the pusher,
on the order of milliseconds, where they are orthogonally
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accelerated into the TOF analyser, a proportion will not
have decomposed under lower collision gas pressure condi-
tions. When these ions exit the pusher, they decompose in
the first field-free TOF drift zone (also termed ‘post-pusher
decay’ ions, PPD[21], by analogy with ‘post-source decay’
ions in MALDI, PSD). Product ions, which are produced
by metastable decay, will have roughly the same velocity
as the parent ion but will have lost some kinetic energy
according to the mass-to-charge distribution between the
products, and thus penetrate the reflectron less deeply. They
therefore appear at the detector at a different time than
the intact parent ion, and consequently at a differentm/z
value.

The CID product ion spectrum of the 15+ charge state
of the L55P TTR tetramer was also investigated at inter-
mediate collision voltages, but lower collision cell pressure
(seeSection 2). Fig. 3 shows the familiar pattern of asym-
metric dissociation into monomers and trimers. Adjacent to
the Q15+ parent ion, the tetramers with charge states Q16+
and Q14+ are also apparent. In addition to ions correspond-
ing to monomeric subunits (7+ to 9+), a group of highly
charged monomers is visible with charge states ranging
from 17+ to 10+. Close examination of the highm/z re-
gion of the spectrum reveals a series of peaks with 20+ to
17+ corresponding inm/z to heptamers. The presence of
heptamer indicates that the isolated ion signal labelled as
Q15+ must also have contained some O30+ octamer, at the
samem/z ratio.

In addition to well-resolved CID product ions, the spec-
trum in Fig. 3 also shows a multitude of broad diffuse
peaks at aroundm/z 2200–2400 and 3500–4200. These
ions are assigned to ions formed by metastable decay (cf.
Table 2). A simple relationship has been deduced to re-
late the mass-to-charge ratios of the precursor ions with
both the focused fragment and the metastable ions (m∗) in
orthogonal TOF mass spectrometers[22]:

m∗ = ma

(
1 + (mb/ma)r

1 + r

)2

,

where r is an instrumental parameter dependent on
the relative electrical potentials and path length of the

Table 2
Calculated and measured masses of parent, product and associated metastable ions (cf.Figs. 3 and 4)

m∗ (metastable) ma (parent) mb (product)

m/z (calculated) m/z (observed) m/z (calculated) m/z (observed) m/z (calculated) m/z (observed)

m∗1 2251.6 2236.8 Q15+ 3701.4 3706.0 M9+ 1542.8 1543.8
m∗2 2366.5 2353.4 Q15+ 3701.4 3706.0 M8+ 1735.6 1736.3
m∗3 3529.0 3565.7 Q15+ 3701.4 3706.0 Q16+ 3470.2 3473.5
m∗4 3646.9 3672.7 Q16+ 3470.2 3473.5 Q15+ 3701.4 3706.0
m∗5 3768.7 3799.8 Q14+ 3965.7 3969.4 Q15+ 3701.4 3706.0
m∗6 3851.9 3872.2 Q13+ 4270.7 n/o Q15+ 3701.4 3706.0
m∗7 3903.5 3957.8 Q15+ 3701.4 3706.0 Q14+ 3965.7 3969.4
m∗8 4043.6 4060.5 Q13+ 4270.7 n/o Q14+ 3965.7 3969.4

n/o indicates that the parent ion is not observed but is inferred by observation of the corresponding metastable and product ions.

reflectron-TOF mass spectrometer (for the Q-TOF it was
determined asr = 0.606), andma and mb are parent and
product ion mass-to-charge ratios, respectively. Substitution
of the precursor and product ions into the above formula
reveals that the metastable productsm∗1 and m∗2 were
formed from the decomposition of TTR tetramer Q15+ to
the monomers M9+ and M8+, respectively. The two ma-
jor dissociation pathways give rise to these two monomer
charge states and also to the two dominant metastable ions
at m/z ∼2300.

The group of peaks around the Q15+ tetramer, labelled
m∗3 to m∗8, is assigned to species which were formed by
metastable loss of positive or negative charges from an in-
tact tetramer (Table 2). According to this interpretation, the
broad peaksm∗3, m∗5 andm∗8 correspond to the loss of
a singly charged negative ion from Q15+, Q14+ and Q13+,
respectively, giving rise to an apparent increase in charge as
discussed above. The concomitant small change in mass has
been neglected for the calculations as it does not contribute
significantly to the total mass. The somewhat narrower
metastable peaksm∗4 andm∗7 indicate loss of a single pos-
itive charge (most likely, an ammonium ion) from the Q16+
and Q15+ ions, respectively. The metastable peak atm∗6 is
believed to arise from the transition Q13+ → Q15+ and in-
volves either the gain of two positive charges or loss of two
negative charges simultaneously. Since simultaneous gain
of two positive charges is unlikely the results appear to be
consistent with loss of a doubly charged anion, such as phos-
phate or sulphate ions, present as impurities in the protein
solution.

The width of metastable ions is attributed to the spread
of kinetic energies in the resulting fragment ions. Losses
of small positively charged ions yield narrow metastable
peaks (m∗4 and m∗7) implying that most of the energy
is carried by the lighter fragment leading to a narrow
peak. Consequently, the broader peaks observed for an in-
crease in positive charge (or decrease in negative charge)
could arise from more than one pathway, presumably with
a wide mass range, such as protonation from NH4

+ or
H3O+, or loss of acetate ions, HSO4

− or HPO4
−. Inter-

estingly, the most intense metastable ions originate from
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Fig. 4. The effect of increasing collision voltage on the appearance of metastable peaks formed by loss of ions derived from the buffer solution (same
experimental conditions as inFig. 3).

parent ions that have already undergone charge stripping
indicating that they are sufficiently activated in the colli-
sion cell to undergo further losses in a slow, metastable
process.

The effects of increasingly energetic collisions on the ap-
pearance of these metastable ions was investigated by a step-
wise increment of the collision voltage. The results shown
in Fig. 4 indicate that at the lowest energy essentially only
the isolated tetramer Q15+ is present with a small amount
of Q14+ charge state formed by loss of a positive charge.
As the energy is increased this transition to form the Q14+
charge state becomes more prominent and the metastable
ion m∗5 for formation of Q14+ → Q15+ via loss of neg-
ative charge becomes apparent. Significantly, them∗3 sig-
nal for the transition Q15+ → Q16+ is only observed at
higher collision cell voltages, indicating that the stripping
of negative ions from the more highly charged tetramers
requires more energy than the transition (Q14+ → Q15+).
At a collision cell voltage of 90 V, the parent ion signal
Q15+ is of comparable low intensity to the metastable ions
m∗3 and m∗5. From this series of experiments, it can be

concluded that dissociation of the tetramer occurs concomi-
tantly with loss of ions derived from the buffer and implies
that these ions are an integral part of multiprotein com-
plexes that perhaps contribute to their stability in the gas
phase.

4. Conclusion

We have shown that during CID of tetrameric TTR ions,
both trimer and monomer products are formed. As the
collision energy is increased, the intensity of the tetramer
decreases until trimer and monomer peaks dominate the
spectra. The fact that the protein variant (L55P TTR) is
known to be partially folded under the solution conditions
employed here suggests that this structure may be capable
of trapping an increased distribution of buffer molecules.
During CID these ions are released giving rise to multiple
protonation/deprotonation events, from trapped NH4

+ and
acetate ions, and hence a broader charge state distribution
for the parent complex ions. The lower surface area of the
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monomer is less likely to trap adducted ions than the trimer
or tetramer species consistent with the increased masses
observed for the latter species suggesting that they retain
heterogeneity of small molecule binding, presumably in the
interfacial regions of the protein complex.

Further evidence for the dissociation pathways comes
from the metastable ions observed for the decomposition of
the tetramer to both monomeric and trimeric products. The
observation of metastable ions for changes in charge state
of the tetrameric ion, however, was unexpected but serves to
demonstrate the presence of buffer molecules in the compo-
sition of these gas-phase species. For the 15+ charge state
of the TTR tetramer a peak width ofm/z 28 was recorded.
The presence of a single ammonium or acetate ion added to
the theoretical isotope distribution of the molecular ion and
taking into account the resolution of the instrument would
contribute to peak broadening withm/z 1.2 and 2.8, respec-
tively. The observed peak widths suggest, therefore, that a
convolution of small molecules and ions are adducted to the
protein complex.

How does this fit in with current views of the electro-
spray mechanism? From the evidence presented here, it is
apparent that not all ions from the buffer solution are lost
to the capillary wall or during the final desolvation stages.
Rather a heterogeneous distribution of solvent-derived ions,
both positively and negatively charged, appear to be present
in these gas-phase multiprotein complex ions. This hetero-
geneous distribution of small ions that coexist within these
gas-phase macromolecular structures may contribute to their
stability after their transfer into the gas phase.
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