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ABSTRACT

Nano-electrospray mass spectrometry is an emerging approach for studying the architecture and dynam-
ics of complex oligomeric proteins. The analysis of such species can, however, be hindered by ‘non-specific’
protein-protein associations which arise as a result of the electrospray method. To understand the forma-
tion of specific versus non-specific protein oligomers detected by mass spectrometry we have developed
a simple and rapid computational approach. This Monte Carlo algorithm characterizes the occupancy of
protein species in the last offspring droplets created by the nano-electrospray process. As such it enables
us to assess whether oligomers detected in mass spectra reflect solution populations, or instead are the
result of associations during droplet fission and evaporation. We have trained and validated this method
on three model protein complexes which are not known to form higher order oligomers, and one which
has a tendency to self-associate in solution in a concentration dependent manner. We have then com-
pared predictions of droplet occupancy to abundances obtained from mass spectra for the tetrameric
amyloid-related protein transthyretin, which can cause cardiomyopathy and polyneuropathy in humans.
Interestingly, when such comparisons were made for wild-type transthyretin we were able to observe a
propensity for the protein to form specific oligomers larger than the tetramer. In contrast, the tendency
for the leucine-55-proline variant to form such oligomers was considerably reduced. We contemplate
the significance of these specific higher order wild-type oligomers, and absence of such species in the
variant, on the pathway of amyloid formation in transthyretin. More generally this easy-to-implement
computational approach promises to improve our ability to identify oligomers of biological significance

within the mass spectra of heterogenous protein complexes.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Mass spectrometry (MS) has become an extremely effective
means for the investigation of architectural and dynamical aspects
of proteins and the large biomolecular assemblies they form
[1-5]. A number of amyloid-related proteins have been stud-
ied by MS including the aggregation of an SH3 domain [6], and
[3-2-microglobulin [7,8]. Additionally, MS has been used to inves-
tigate Parkinson’s disease related protein a-synuclein [9,10], and
the structural properties of the monomers, protofibrils and amy-
loid derived from the Alzheimer’s peptide Amyloid-f3 [11-13]. The
amyloid-related protein transthyretin (TTR) has previously been
studied in our laboratory to characterize its dynamics [14], and
ligand binding ability [15]. During these studies, in addition to
the basic TTR tetramer [16], the presence of low abundances of
octameric and dodecameric higher order oligomers was noted.
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While one of the strengths of MS is its ability to interrogate poly-
disperse systems [17], it can still remain a challenge to determine
the specificity of interactions, and hence assess the biological sig-
nificance of low intensity higher order oligomers such as these
observed for TTR.

This difficulty arises because occasionally the presence of mul-
tiple oligomeric forms does not reflect the solution composition
but rather is a result of the electrospray (ES) process. ES, particu-
larly the miniaturised version nano-ES [18], is the method of choice
for transferring fragile protein complexes into the gas phase [1],
and is widely accepted to generate protein ions according to the
charged residue model (CRM) [19,20]. The fundamental size dif-
ference between a protein complex and a nano-ES droplet, and
the subsequent fission processes, can result in multiple copies of
a protein species not only in the initial droplets formed, during
nano-ES, but also in the progeny droplets. The presence of mul-
tiple protein species within the final offspring droplets, and the
subsequent evaporation which fully desolvates the droplet-bound
species, results in the production of so-called ‘non-specific’ assem-
blies[1]. This is an effect which therefore results from the ionization
process, and is distinct from the tendency for some proteins to
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aggregate in solution [21]. It is critical to be able to discriminate
between these artefacts of the ES process, and those interactions
which derive from the proteins having an affinity for each other in
solution. Most recently these false positives have been studied using
a non-binding reference protein [22] or reporter molecule [23], or
by employing a hydrogen-deuterium exchange methodology [24].

In order to tackle the problem of identifying these ES-produced
assemblies without labelling or addition of standards we have
developed a computational method which enables the identifica-
tion of non-specific associations. The Droplet Occupancy Predictor
(DroP)! algorithm predicts, purely from a probabilistic point of
view, the distribution of proteins in the final nanospray droplets.
Through calculating the number of protein complexes present in
simulated droplets we are able to distinguish between two key
scenarios: (i) are the higher order oligomers observed in nano-ES
spectra reflective of solution populations, or (ii) are they a result
of association as the droplets evaporate to produce ‘naked’ protein
ions? Hereupon we will refer to these types of oligomers as being
‘specific’ or ‘non-specific’, respectively.

We trained and validated DrOP over a wide concentration range
using four globular protein complexes: triosephosphate isomerase
(TIM), pyruvate kinase (PK), alcohol dehydrogenase (ADH), and
glutamate dehydrogenase (GDH). These protein complexes are of
different sizes, and vary in their known propensities for self-
association in solution. Thus validated, our in silico approach was
then applied to TTR, the aggregation of which leads to a number
of devastating diseases characterized by the extracellular deposi-
tion of insoluble amyloid fibrils in the tissues and organs [25,26].
The wild-type (WT) protein is implicated in senile systemic amy-
loidosis, a degenerative geriatric disease [27,28]. Additionally, many
variant forms of TTR cause the lethal familial amyloidotic polyneu-
ropathy (FAP) [29], the most virulent form of which results from
the leucine-55-proline (L55P) point mutation [30]. Current mod-
els for in vitro TTR aggregation propose that the amyloid is formed
as a result of tetramer dissociation to non-native but globular
monomers which have undergone some misfolding; these species
can then assemble into protofibrils and amyloid fibrils [31,32]. How-
ever, in both diseases, there remains uncertainty in the aetiology of
the pathogenic species and the intermediates formed en route to
amyloid deposition [33,34]. Recently, toxic non-fibrillar aggregates
have been observed in FAP deposits and are thought to consist of
species up to ~100 kDa in size [35,36]. The potential involvement of
multiple oligomeric forms of TTR in the disease process encouraged
us to investigate both the WT and the L55P variant form in order
to asses the specificity of the octameric and dodecameric forms we
had observed previously [14,15].

Through our use of DrOP we are able to differentiate between
oligomers that exist in solution and those formed during nano-
ES. Consequently we can identify specific interactions between WT
tetramers in solution as contributing to higher order oligomers of
WTTTR. In contrast, we find that the higher order oligomers of L55P
TTR derive solely from the nano-ES process itself. By exploring the
specificity of these higher oligomers in TTR we reflect on the extent
of the involvement of higher order oligomers in stabilizing protein
structure and in the mechanism of amyloidogenesis.

2. Experimental
2.1. Proteins
TIM and PK from Oryctolagus cuniculus, ADH from Saccharomyces

cerevisiae, and GDH from Bos taurus were obtained from Sigma

1 The DrOP algorithm is available from the authors, free of charge for academic
use.

(Poole, Dorset, UK). TTR was expressed and purified in-house as
described previously [37]. TIM, PK, ADH and GDH were buffer-
exchanged into 100 mM ammonium acetate and TTR into 20 mM
ammonium acetate (both pH 6.8) using micro bio-spin-6 columns
(Bio-Rad Laboratories).

Protein concentration was obtained by measuring UV
absorbance at 280nm (Biomate, Thermo). An experimental
extinction coefficient of 19400 M~1cm~! [38] was used to cal-
culate TTR concentration, and theoretical extinction coefficients
were used to calculate TIM, PK, ADH and GDH concentrations using
equation (1),

€280 = 550007, + 1490n7y, + 125055 (1)

where &,g0 is the extinction coefficient in M~! cm~!, ngy is the
number of tryptophan residues, nry, is the number of tyrosine
residues and ngs the number of disulphide bonds [39].

Solutions of protein complexes for mass spectrometry were
prepared from stock solutions to ensure accurate relative concen-
trations for successive dilutions. Concentrations (in wM) of TIM
dimer analysed were: 200, 150, 100, 75, 50, 25, 12.5, 5, and 2.5.
Concentrations (in wM) of PK tetramer, ADH tetramer, and GDH
hexamer analysed were: 25, 6.25, and 1.56. Concentrations (in M)
of TTR (WT and L55P) tetramer analysed were: 50, 25, 12.5, 6.25,
3.13, 1.56, and 0.78.

2.2. Mass spectrometry conditions

Nano-electrospray mass spectra were acquired on a Synapt
HDMS mass spectrometer (Waters, Manchester, UK), using a pre-
viously described protocol optimized for the transmission of
noncovalent protein complexes [40]. Variables such as needle tip
orifice and needle position were maintained as carefully as possi-
ble and all instrument parameters and pressures were preserved
for all concentrations of each protein.

The following instrument parameters were used for TIM, in pos-
itive ion mode: capillary voltage 1.7 kV; cone gas 80Lh~!; sample
cone 50V; extraction cone 0V; accelerating voltage into the trap
cell (termed ‘trap collision energy’ as per the manufacturer’s ter-
minology) 15 V; accelerating voltage into the transfer cell (termed
‘transfer collision energy’ as per the manufacturer’s terminology)
15V; bias voltage 30V; backing pressure 6.6 mbar, trap and trans-
fer pressure 5.3 x 10~2mbar (argon), T-wave drift cell pressure
5.1 x 10~! mbar (nitrogen), and ToF pressure 2.3 x 10~6 mbar.

The following instrument parameters were used for PK, in
positive ion mode: capillary voltage 1.7 kV; cone gas 80Lh~!; sam-
ple cone 100V; extraction cone 0V; trap collision energy 10V;
transfer collision energy 10V; bias voltage 20V; backing pres-
sure 4.5 mbar, trap and transfer pressure 3.5 x 10-2 mbar (argon),
T-wave drift cell pressure 4.4 x 10~! mbar (nitrogen), and ToF pres-
sure 1.1 x 10~% mbar.

The following instrument parameters were used for ADH, in
positive ion mode: capillary voltage 2.0kV; cone gas 80Lh~!; sam-
ple cone 100V; extraction cone 0V, trap collision energy 10V;
transfer collision energy 10V; bias voltage 20V; backing pres-
sure 4.6 mbar, trap and transfer pressure 5.2 x 10-2 mbar (argon),
T-wave drift cell pressure 5.0 x 10~! mbar (nitrogen), and ToF pres-
sure 1.2 x 10~ mbar.

The following instrument parameters were used for GDH, in
positive ion mode: capillary voltage 1.8 kV; cone gas 80 Lh~!; sam-
ple cone 100V; extraction cone OV; trap collision energy 10V;
transfer collision energy 10V; bias voltage 20V; backing pres-
sure 4.7 mbar, trap and transfer pressure 3.4 x 10-2 mbar (argon),
T-wave drift cell pressure 4.3 x 10~! mbar (nitrogen), and ToF pres-
sure 8.7 x 10~7 mbar.

The following instrument parameters were used for TTR, in pos-
itive ion mode: capillary voltage 1.5kV; cone gas 80Lh~!; sample
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cone 100V (for WT TTR) and 50V (for L55P TTR); extraction cone
0V; trap collision energy 10V; transfer collision energy 10V; bias
voltage 20 V; backing pressure 4.3 mbar, trap and transfer pressure
5.4 x 102 mbar (argon), T-wave drift cell pressure 5.1 x 10~! mbar
(nitrogen), and ToF pressure 1.49 x 106 mbar. The reduced sample
cone voltage for the L55P TTR compared to the WT form was used
to ensure no dissociation of the complex and does not affect the
relative intensities of the oligomers in the mass spectra.

2.3. Data analysis

Ion mobility MS (IM-MS) spectra were acquired and processed
using MassLynx 4.1 with Driftscope (Waters, Manchester, UK). The
m/z dimension of the spectra was calibrated externally using a
100mgmL-! solution of caesium iodide. All spectra are shown
with minimal smoothing and without background subtraction. A
linear background was, however, subtracted prior to quantitative
analysis to facilitate accurate measurement of the intensities of var-
ious oligomers. Relative intensities of oligomers were calculated
from the mean peak height of the three most intense peaks in the
charge state distribution for each oligomer. In all cases this accounts
for >80% of the ion current and avoids the complications which
arise from overlapping charge states. The deviation between tripli-
cate experimental measurements is ~18% of the mean abundances
shown.

2.4. Statistical fitting

DrOP predictions for different £ values (for definition see Section
3.2) were compared quantitatively to the TIM training set by using
root mean square deviation (RMSD). At each concentration, the &
that fitted the data best was taken to be that with the minimum
resulting RMSD. Furthermore, the difference in RMSD between the
best and second-best fits represents a useful indicator of the qual-
ity of the overall correspondence between experiment and theory
for that particular concentration. This is therefore used to give a
weighted & which is subsequently applied to PK, ADH, and GDH for
validation, and to investigate the self-association of TTR.

3. Theory
3.1. Non-specific association via the charged-residue model

The mechanism of charging of protein complexes during elec-
trospray is generally accepted to follow the CRM [5,18-20]. After
being expelled from the Taylor cone, a droplet, with charges local-
ized atits surface, loses solvent through evaporation until it reaches
the Rayleigh diameter Dy (equation (2)) [41]:

5/ nee

Dp =
R TYEo

(2)

where ne is the charge on the droplet surface, y the solvent sur-
face tension, &g the electrical permeability of vacuum, and e the
elementary charge.

At this point Coulombic repulsion overcomes the surface ten-
sion holding the droplet together, and an asymmetric fission occurs,
whereby small offspring droplets taking ~2% of the volume and
~15% of the charge are released from the parent droplet [42,43].
These processes of evaporation and fission reoccur until the solvent
is depleted and what remains is a residue composed of the compo-
nents of the final droplet, with the same charge the droplet held
an instant before [19]. It has been shown that the charge on glob-
ular proteins observed in electrospray mass spectra is at or below
that predicted by the Rayleigh limit [20], a trend which appears to
hold also for protein complexes [5], indicating that these species
are likely formed via the CRM.

This leads to a simple model for the formation of non-specific
oligomers, namely that they arise when two or more copies of
a species are present in the final droplet, and therefore consti-
tute the charged residue formed. This suggests that the number of
non-specific oligomers might be deduced through predicting the
occupancy of the droplets produced during electrospray [1].

3.2. Droplet occupancy predictor (DrOP)

To model the occupancy of nanospray droplets we incorporated
the theory described in the previous section into a Monte Carlo
simulation implemented in C++. The software relies on a number
of parameters: the hard-sphere radius of the species being investi-
gated (Rs); the concentration of this species in solution (Cs) and the
radius of the final droplet (Rp).

Rs is estimated using the following relationship (equation (3)),
based on an average protein density of 0.84 DaA—3 and assuming a
smooth sphere topology [1],

Rs =\ 11207 (3)

where m is the mass in Da of the protein complex under scrutiny.
The implicit assumption that the density of gas-phase proteins and
protein complexes can be approximated as constant is suggested
by the literature [44]. As a starting point Rp is considered to be
9nm, based on the literature suggesting the formation of initial
nanospray droplets at ~90 nm radius [18,45], and their offspring
having a radius ~10% of this value [42,43].

DrOP operates by filling a theoretical volume with a number
of proteins, as defined from Cs, which are assigned random spa-
tial coordinates. R is used to establish an excluded volume, such
that different proteins cannot overlap with each other. This ele-
ment is particularly important when Cs or Rs are very large, and
overlap is likely. A sub-volume based on Rp is then specified, to
represent the final nanospray droplet, and the number of proteins
within each droplet are counted. This simulation is then repeated
many (~50,000) times in order to establish accurate statistics.

There are a number of assumptions made in this computational
setup with the potential to affect the accuracy of the simulations.
These are primarily the accuracy of the estimates of Rs, Rp and the
accuracy of measurement of Cs. Of these the value for Rp is expected
to be the most significant source of error, as it is derived from
literature estimates based on extrapolation, rather than empirical
measurement. Additionally, though there is likely to be a distribu-
tion of offspring droplet sizes we take a single value for Rp for our
calculations. During our algorithm development we have found that
this simplification makes a final difference in droplet occupancy of
less than 3%. More significantly, however, Rp can be affected consid-
erably by MS parameters such as the dimensions of the nanospray
capillary, the nanospray voltage, the distance between capillary and
sample cone, and the amount of backing pressure [18], and hence is
likely to vary between different instruments and users. To address
the inaccuracy and variability of Rp we have included a dimension-
less correction factor into DrOP, which can act to scale simply Rp as
follows (equation (4)),

X =XRp (4)

where x is the correction factor, and £ is inputted into DrOP in place
of Rp. It should be noted that this is equivalent to scaling Cs, as
increasing the number of proteins counted within the sub-volume
can not only be effected by increasing the size of the sub-volume
(Rp) but also by increasing the particle density (Cs). Therefore
scaling Rp not only addresses inaccuracy in our estimate of this
parameter, but also any deviations in Cs which may result from sol-
vent evaporation during nano-ES, or from imprecise concentration
determination.
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Additionally, it is known that there are MS instrumental fac-
tors which combine to affect the relationship between the actual
abundances in solution, and those observed in the gas phase. These
include detector efficiency, and other effects such as saturation
and ion beam divergence [46]. In addition the relative ionization
efficiency and signal suppression can further alter the observed dis-
tribution versus the actual [47]. Though these effects are likely to be
relatively minor compared to the estimate of Rp, the replacement
of Rp with & also has the benefit of reducing systematic deviations
between computational prediction and MS experiment by manip-
ulating the droplet occupancy and, as a consequence, the relative
abundances of oligomers. It should be noted however that though
& is derived from Rp and has units of nm, it should not be regarded
as being the actual radius of the final droplets. Remarkably, we find
that this simple approach is sufficient to ensure that the predicted
distributions match well those observed within the accuracy of our
MS measurements.

4. Results and discussion
4.1. The non-specific association of TIM

TIM is a monodisperse protein, physiologically active in higher
eukaryotes as a 53.3 kDa dimer [48]. With no known propensity for
TIM from Oryctolagus cuniculus to form higher order oligomers we
conceived this as a reliable system to study non-specific interac-
tions of protein complexes.

Fig. 1 shows nano-ES mass spectra of TIM over a 2.5-200 uM
dimer concentration range. At 2.5uM concentration there is
one predominant charge state distribution, centred on the +14
charge state, which dominates the spectrum. This charge state
series corresponds to a mass of 53,268 +11Da, in good agree-
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Fig. 1. Stack plot of nano-ES mass spectra of TIM over a range of concentrations.
With increasing TIM concentration more non-specific assemblies larger than the
dimeric biological unit are observed. At the lowest concentration (2.5 wM) mainly
dimer (red) with a small amount of tetramer (yellow) are detected, whereas at the
highest concentration (200 wM) there are many oligomers including: dimer (red);
tetramer (yellow); hexamer (pink); octamer (green); decamer (purple); dodecamer
(orange); tetradecamer (blue) and hexadecamer (black). From front to back dimer
concentrations are: 2.5, 5, 12.5, 25, 50, 75, 100, 150, and 200 M. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of the article.)

ment with the 53,251 Da mass calculated for the sequence of
the TIM dimer. A very small amount of TIM tetramer is also
noticeable at this concentration in the 4700-6000 m/z region.
As the concentration is increased the number of charge state
distributions per spectrum also increases. At a concentration of
200 uM species ranging from a dimer to a hexadecamer are
observed for TIM. The different oligomeric states are labelled in
Fig. 1 with the dimer occurring in the 3500-4300 m/z range, the
tetramer in the 4700-6000 m/z range, hexamer in the 6000-7100
m/z range up to a hexadecamer form in the 10,000-10,500 m/z
region.

These mass spectra clearly illustrate that with increasing protein
concentration a wider distribution of oligomeric states is observed.
Furthermore, we notice a decrease in the intensity of these non-
specific higher oligomers which is distinctly different from the
distributions observed for samples which exhibit polydispersity in
solution [17]. These results therefore represent a ‘training set’ of val-
ues with which to constrain simulations predicting the occupancy
of nano-ES droplets.

4.2. Development of the DrOP algorithm

To simulate the formation of non-specific clusters of protein
complexes we developed a Monte Carlo based approach to assess
the occupancy of protein species in the last offspring droplets cre-
ated by the nano-ES process. Fig. 2 shows schematically the steps
included in the programme to help us analyse the origins of inter-
actions between protein complexes (for more detail see Section
3.2). Stage 1 calculates the number of proteins species in a cubic
virtual volume of 0.125 pm?, based on the measured protein con-
centration. Stage 2 involves the random distribution of these protein
species throughout the virtual volume. Following this the volume
of a nano-ES progeny droplet is superimposed on the unit volume
and the algorithm assesses if any proteins (stage 3), and how many
(stage 4), are contained within this droplet. Stages 2-4 are repeated
50,000 times (stage 5) in order to produce statistically accurate
data for occupancy of droplets. The final output gives details of the
droplet occupancy distribution which we assume is directly related
to the relative populations of the oligomeric species observed by
MS.

The programme relies on three inputs: the radius of the species
in question (Rs), the measured concentration (Cs), and a value &
derived from the radius of the droplet and a correction factor (for
more detail see Section 3.2). In the case of TIM Rs was approximated
to 2.47 nm. Using this radius we simulated the droplet occupancy
of a specified concentration of biological units (BUs) over a range
of & values from 20 to 35 (Fig. 3). For the lowest value of & the
simulation predicts the dimer (one BU) to be the most abundant
species, with the intensity of higher oligomers decaying sharply
with increasing numbers of BUs. As £ increases the intensity of one
BU drops and the intensity of the higher order oligomers increase.
At £=26 the intensity of higher oligomers continues to decrease
with increasing oligomer size but much more gradually than for
smaller & values. Additionally, for £ =26 the intensity of two BUs (a
tetramer) is greater than that of one BU. This increasing trend in
intensity from one to two BUs is also observed for larger values of

Qualitatively, the simulated intensities plotted for the 100 uM
TIM dimer concentration (Fig. 3), and those calculated for other
concentrations (data not shown), appear similar to the experi-
mental MS oligomer intensities of TIM shown in Fig. 1. However,
qualitative analysis alone is insufficient and it is important to
be able to compare quantitatively the experimentally determined
relative oligomeric abundances with those predicted computation-
ally.
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averages of proteins in droplets
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Occupancy distribution of droplets
as a percentage of total droplets

Fig. 2. Schematic of inputs, output and steps in the DrOP algorithm. Three inputs
are required: sample concentration, protein radius, and &. Once the number of pro-
tein species in a unit volume has been calculated (Stage 1) the species are assigned
random positions in a unit volume (Stage 2). Stage 3 locates a progeny nanospray
droplet at the centre of the unit volume and checks that at least one protein species
is located with in the droplet. Stage 4 determines the number of protein species per
droplet and stage 5 repeats stages 2-4 50,000 times to obtain statistically accurate
occupancy values. The final step is the occupancy distribution output.
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Fig. 3. Oligomer intensities simulated using DrOP for 100 wM TIM for a range of &
values. For the lowest & (20) a sharp decline in higher order oligomer intensity is
seen. As £ increases the decay in intensity of higher order oligomers is more gradual,
and at £ =26 a small increase in intensity from one to two biological units, followed
by a decrease in intensity for subsequent higher order species, is observed. This trend
continues up to & =35 for which a slight increase in intensity is observed from one to
two biological units followed by an almost linear decay in intensity for subsequent
oligomers. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

4.3. Finding the optimum &

Simulations of TIM droplet occupancy were computed for & val-
ues from 20 to 35 over a BU concentration range of 2.5-200 wM,
and overlaid with the experimental oligomer abundances deter-
mined from the mass spectra (Fig. 4). At low sample concentration
(5 wM) (Fig.4A) the choice of £ is relatively robust, with a wide range
of & values appropriately fitting the experimental data, though
the best fit is £=22. However, with increasing concentration, &
must be more accurately defined in order to model the experi-
mental findings. Panel B shows that at 75 M dimer concentration
there is a wider distribution of oligomeric species detected by
MS and that the simulated intensities shown by the line graphs
are more diverse. At this concentration £=27 is the closest fit to
the experimental abundances. Finally panel C compares the sim-
ulated intensities to the experimental intensities of TIM with a
dimer concentration of 200 uM. A & of 21 at this concentration
most appropriately describes the experimental finding. The & value
identified for each concentration as best describing the experi-
mental intensities was chosen as the & value with the minimum
RMSD between simulated and experimental intensities of each BU
for a given concentration. These £ values, and their correspond-
ing RMSDs, were then used to calculate a weighted mean & of
24 + 3 (error represents two standard deviations from the weighted
mean), over the 2.5-200 wM concentration range. This average &
value can now be used to examine the specificity of other protein
complex associations.

It is notable that £ is considerably greater than the literature
value of Rp, demonstrating that the scaling factor is necessary. This
is expected due to the assumptions of the model and the fact that
the £ value encompasses a range of systematic experimental errors,
most significantly the accuracy of Rp (for more details see Sec-
tion 3.2). While the & value addresses a number of complicated
issues, the overall effect of all these influences on droplet occu-
pancy are described adequately by this simple scaling. It should be
noted that, due to £ accommodating instrumental factors, the MS
platform used will likely affect the optimal &. Moreover, while a
single £ value describes remarkably well the effects of concentra-
tion on oligomeric intensity for TIM, it is also important that we
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Fig. 4. Comparison of experimental MS intensities of TIM oligomers (bars) with
simulated intensities of TIM oligomers (lines) for dimer concentrations of 5 WM (A),
75 M (B) and 200 M (C). Panel A demonstrates that for a low concentration sam-
ple several simulated intensities, computed using a number of different & values,
can each describe well the experimental intensities. However, with increasing sam-
ple concentration (panels B and C) the experimental oligomer distribution is most
accurately described by a single simulation with a defined value for &. From these
experiments we calculated an empirical value for & of 24 + 3. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)

determine the general applicability of this method to other protein
complexes.

4.4. Validation of DrOP method by application to PK, ADH and
GDH

Having characterized the non-specific associations of the TIM
dimer, in order to validate the DrOP method, we applied the

weighted average £ value (24 + 3) identified from TIM simulations
to PK, ADH, and GDH to predict the level of non-specific oligomer-
ization. We chose PK and ADH, which are homotetramers of 232
and 146 kDa, respectively, as they are not known to form higher
order oligomers at ambient temperature [49,50]. This, in addition to
them being considerably different in both size and oligomerization
to TIM, means PK and ADH represent stringent positive controls.
GDH, a 334 kDa hexamer, by contrast, is known to self-associate in
solution in a concentration dependent manner [21], and therefore
represents a negative control. As for TIM, as sample concentrations
were increased larger assemblies containing multiple BUs were
detected by MS. Fig. 5 compares the experimental oligomer abun-
dances of PK, ADH and GDH for concentrations of 1.56, 6.25 and
25 1M, to the simulated intensities of all the oligomers obtained
using the range of & values (24 + 3) determined from the TIM train-
ing set.

For PK and ADH the range of predicted non-specific associations
obtained from DrOP matches well the observed oligomeric abun-
dances extracted from mass spectra. This is remarkable given that
ADH and PK are respectively approximately three and four times
the size of TIM, and possess different structural and surface proper-
ties. Moreover, for our negative control, GDH, the predictions match
the experimental abundances very poorly. Therefore it seems that,
despite these significant differences between the proteins, we are
able to account for the higher order non-specific oligomers by sim-
ply considering droplet occupancy.

The correspondence between experimental PK, ADH data and
DrOP-derived intensities, and lack thereof for GDH, indicates the
generic nature of this approach and its usefulness in identifying
non-specific oligomers. The core advantage of our method is its
simplicity: it requires only the concentration of protein sample
in question, and an approximate radius for the biological unit.
Nano-ES MS is an increasingly popular element of the structural
biologist’s tool kit when investigating molecular machines, but
these fragile assemblies often have very particular buffer require-
ments and in order to study them by MS considerable time will
often be invested in removing salts and contaminants. One of the
strengths of the DrOP approach is that additional reference species,
which may not be appropriate when investigating delicate and
complex biological assemblies, are not required. Moreover, experi-
ments need only be optimized for studying the complex of interest
rather than to assess higher order oligomer specificity. Addition-
ally, scarcity of sample may often restrict the running of extensive
experiments solely to identify if larger oligomers are the result of
non-specific associations or reflective of actual solution popula-
tions. The straightforwardness of the DrOP approach, which relies
on computational analysis rather than additional experimentation,
allows us to quickly discriminate between oligomers identified in
MS experiments as being specific or non-specific.

4.5. The propensity of the amyloid-associated protein
transthyretin to form oligomers

To explore the utility of our method for distinguishing specific
versus non-specific oligomers we chose a protein complex known to
aggregate both in vitro and in vivo. Such systems are among the most
difficult to study by MS due to their propensity to self-associate
in solution. An IM-MS spectrum of a polydisperse sample of WT
TTR with a tetramer concentration of 63 M is shown in Fig. 6. By
separating the oligomers by m/z and drift time in a nitrogen filled T-
wave cell [51] we can distinguish oligomers for the basic biological
unit which is a tetramer (in the 3800-4500 m/z range) up to an
icosamer (in the 8000-8600 m/z range). An increase in drift time
was observed for oligomers of increased mass from just over 6 ms,
for the highest charge state of the WT TTR tetramer, to about 14.5 ms
for the lowest charge state of the WT TTR icosamer. This increase
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Fig. 5. The experimental abundances (bars) for PK (A-C), ADH (D-F), and GDH (G-I), are overlaid with those predicted by using DrOP for biological unit concentrations:
1.56 wM (A, D, and G); 6.25 uM (B, E, and H) and 25.0 uM (C, F, and I). A value for & of 24 + 3, identified from TIM experiments, was used to simulate oligomeric intensities.
£=24is plotted as a solid black line and the extremes of this range are shown in the figure as error bars; £ =21 is indicated by the red error bar and & =27 is indicated by the
blue error bar. Considering the differences between TIM, PK and ADH, both in size and structure, the range of £ values identified from the TIM analysis describes well the
experimental higher order oligomer intensities of PK and ADH. Additionally, GDH, which is known to self-associate in solution in a concentration-dependent manner, shows
experimental oligomer intensities significantly above the level predicted by the simulation. These results provide a stringent validation of the range for £ determined from
the TIM measurements. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

in drift time for the larger oligomers is related to an increase in the
collision cross-section of the oligomer which can stem from both
the size and shape of the protein complex, and allows improved
deconvolution of the different oligomers [52]. As with other protein
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Fig. 6. lon mobility mass spectrum of WT TTR. Five TTR oligomers: tetramer,
octamer, dodecamer, hexadecamer, and icosamer, are separated by their ability to
traverse a region of nitrogen gas under the influence of small DC pulses as well as by
m/z. The drift-time dimension improves the deconvolution of each oligomer from
the polydisperse ensemble.

complexes examined in this study, high sample concentrations give
rise to the detection of multiple oligomeric forms.

The value for & of 24 (as identified from the TIM analysis and
validated by PK, ADH and GDH results), along with an Rs for the
TTR tetramer of 2.50 nm, was used to simulate the oligomers arising
purely as a result of non-specific associations. In fact we had chosen
TIM as the ideal ‘calibrant’ protein for TTR as they are very similar in
size. Fig. 7A shows one raw mass spectrum obtained for a 3.13 pM
concentration of WT TTR. Three oligomeric states were detected
(tetramer, octamer and dodecamer) and the heavily solvated peaks
arise due to our desire to avoid excessive collisional activation [53],
which may have a significant impact on the relative intensities of
the different oligomers. Fig. 7B shows a histogram of all oligomer
intensities, averaged from three experiments for WT TTR tetramer
concentrations from 0.78 to 50 wM. The plot shows a reduction
in the intensity of the TTR tetramer with increasing concentra-
tion as the larger oligomers become more populated. Overlaid is
a surface depicting the simulated oligomer intensities predicted
for each concentration using a value of £ = 24. The surface therefore
represents the intensity of higher order oligomers which could be
explained as aresult of non-specific clustering of protein complexes
in nano-ES progeny droplets. The fractions of the bars which pro-
trude above the surface represent higher order oligomers formed
as a result of specific solution phase affinities. In fact even if we
apply the entire range of & values observed to fit any concentra-
tion of TIM, we find that DrOP predicts lower abundances for all
higher order oligomers of WT TTR than obtained experimentally
by MS (data not shown). This difference between the in silico and
in vacuo abundances therefore represents the contribution by spe-
cific solution-phase interactions in the formation of these larger
oligomers of WT TTR.

As with all proteins and protein complexes at high sample con-
centrations some contribution from non-specific association are
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likely to occur. In the case of WT TTR however it appears that higher
order oligomers are formed from a composite effect of both non-
specific associations arising in the nano-ES process and an inherent
ability of the TTR tetramer to associate as a result of specific affin-
ity between basic tetrameric units. Moreover, the WT octamer and
dodecamer that we have observed previously [14,15] are to a large
extent formed from a specific interaction between tetramers.

These findings reveal the ability of WT TTR to associate specif-
ically and form large higher order oligomeric species in solution.
Moreover, as the concentration of TTR in the body is ~3.6-7.2 uM
[54], and we observe such species at this concentration, it appears
likely that this self-association also occurs in vivo. Furthermore, the
WT tetramer compared to other more amyloidogenic forms of TTR
is considered to be more stable [55]. This propensity for the WT TTR
to form higher order structures in solution may contribute in some
way to this stabilization.

4.6. Associations in a disease-associated variant of transthyretin

The L55P variant causes the most devastating form of early
onset TTR diseases. A range of pre-fibrillar structures from single
subunits up to multi-subunit systems with masses of 100 kDa are
proposed to be the cytotoxic units for the amyloidogenic variant
valine-30-methionine [36]. Given the importance of oligomers in
TTR pathology we were motivated to consider the ability of L55P
TTR tetramers to associate in vitro. Fig. 7C shows a mass spectrum
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of a 3.13 uM concentration of L55P TTR. Similarly to Fig. 7A, and
for the same reason, peaks are highly solvated. However, there is
a striking lack of higher order oligomers for L55P, compared to the
WT, with only one resolved charge state series which corresponds
to an L55P TTR tetramer. The histogram in Fig. 7D displays all the
oligomer abundances for a wide range of concentrations of L55P TTR
determined by MS, and the red surface represents the oligomeric
intensities calculated for £ =24 using DrOP. The experimental abun-
dances deviate only marginally from the theoretical ones, indicating
that the populations of higher order oligomers observed for L55P
TIR can be attributed to the nano-ES process. Comparison with
the equivalent results for WT TTR (Fig. 7B) show striking differ-
ences. The largest L55P oligomer formed at the highest protein
concentration analysed (50 wM) was a dodecamer compared to
the tetracosamer of the WT. Similarly, at the lowest concentration
(0.78 M) only a tetramer is observed for the L55P form whereas
a small amount of octameric WT is observed at the equivalent
concentration. Additionally, the intensity of the L55P tetramer dom-
inates each spectrum at all concentrations, and a sharp decrease
in the abundance of higher order oligomers is seen in all cases.
Despite very similar MS conditions, the abundances of the higher
order oligomers of each TTR form are considerably different, with
the L55P form showing a greatly reduced population relative to
the WT. This indicates, at least for the samples examined here, a

reduced propensity of L55P TTR to oligomerize compared to WT
TTR.
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Fig. 7. Mass spectra, obtained under low activation MS conditions, are displayed for 3.13 uM WT (A) and L55P (C) TTR. Despite equal sample concentrations different levels of
oligomerization for the WT and L55P are immediately noticeable. Tetramer, octamer and dodecamer forms of the WT TTR are easily identifiable at this concentration; whereas
the L55P TTR displays high abundance of tetramer but only a very low intensity octamer. For each concentration of TTR three mass spectra were acquired and the relative
intensities of each oligomer were averaged. The bar charts show these averaged TTR oligomer intensities, as determined by nano-ES MS, over a range of concentrations for
WT (B) and L55P (D). The red surface on both graphs represents the simulated oligomer intensity with a & of 24. Graph B clearly shows specific oligomerization of WT TTR,
with higher order oligomers observed at abundances larger than predicted for non-specific assemblies. Conversely, the mutant L55P oligomerizes to a much lesser extent
(graph D). The disparity between the ability of WT and L55P to oligomerize may have implications on the mechanism by which TTR forms amyloid. Moreover, the higher
order structures formed by the WT TTR may play an essential stabilizing role in protecting this species from forming toxic intermediate species and amyloid fibrils.
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The attenuated level of oligomerization for L55P TTR compared
to WT may indicate that these higher order oligomers in WT TTR
play a crucial role in protection from pathogenicity and amyloido-
genicity. Due to the lower toxicity of WT TTR compared to the L55P
mutant form, and the ability of the WT to form larger oligomers
in solution, it is a possibility that the association of WT tetramers
in solution provides a form of protection against the formation of
amyloid and toxic intermediates. This is in agreement with pre-
vious in vitro studies which suggest that TTR amyloid formation
occurs via a mechanism which involves tetramer disassembly and
partial unfolding of the resulting monomers which initializes the
formation of pre-fibrillar species and amyloid [31,32].

5. Conclusions

This new method combines in vacuo, in vitro, and in silico
approaches to aid our understanding and analysis of higher order
protein oligomers, enabling us to reflect on the susceptibility of an
amyloid protein to form higher order species. We have shown that,
while there is some non-specific contribution to WT TTR oligomer
populations, there is also a very significant contribution made by
interactions which occur in solution. This specific association of the
WT TTR tetramer in vitro perhaps reflects its ability to aggregate in
vivo, revealing the complex nature of subunit interactions in solu-
tion and difficulties in defining the early stages of TTR amyloid fibril
formation. Furthermore, we suggest, the propensity of WT TTR to
form higher order oligomers, and the inability of the more viru-
lent L55P to do so, may guard the WT TTR against the formation
of amyloid and the smaller cytotoxic intermediates which are cre-
ated en route to amyloid deposition. With the mechanism of TTR
amyloid formation remaining the subject of much research [56],
the biological role of these higher order oligomers, and how their
abundances vary in different variants, remains a focus of research
in our laboratory.

More generally we have presented here a new method which
enables MS to become a more powerful approach for the analy-
sis of soluble protein aggregates. This allows us to determine in
a straightforward way the specificity of protein oligomers, facili-
tating accurate interpretation of oligomer populations in solution.
Fundamentally, this coarse-grained approach of DrOP enables us
to identify the origins of protein complex interactions as either:
specific and present in solution, or as deriving from the nano-ES
process through clustering in offspring droplets. The capability to
distinguish between these two scenarios will improve our abil-
ity to interpret the complicated mass spectra which ensue for
many polydisperse [17], and dynamic [57], protein ensembles. Such
species are among the most challenging systems for structural
biology. Aided by computational accessories such as DrOP, mass
spectrometrists are well placed to provide unique insights into their
architecture and associated dynamics.
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