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Nowadays, mass spectrometry plays an important role in structural biology. At one end it can
be used to investigate intact protein complexes, providing details about the complex
composition, topology, stability, and dynamics, whereas at the other end the protein’s identity
and possible modifications can be visualized using proteomics approaches. Combining all this
information allows the generation of detailed models for functional biological assemblies.
Here, a perspective on the application of native mass spectrometry in structural biology is
presented. The potential of this technique and some important current limitations are discussed.
This includes issues regarding the quality/homogeneity of the sample, the dissociation efficiency of
protein complexes during tandem mass spectrometric analysis, and some boundaries of ion mobility

mass spectrometry.
Mass Spectrometry
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fied as one of the most rapidly evolving analyt-

ical tools of the last few decades. Regarding the
analysis of proteins, it is now most renowned for its
widespread applications in the field of proteomics. This
is due in part to the increasing number of proteomic
studies performed, and to extensive technological and
instrumental developments, such as the invention of
fast high-resolution mass analyzers, novel ionization
techniques, and the introduction of stable isotope label-
ing approaches [1-7].

Equal and perhaps even more spectacular advances
can be found within native MS. Native MS focuses on
the structural and functional analysis of intact proteins
and protein complexes [8]. In less than 30 years, the
ability of measuring the mass of a peptide of 1000 Da
has shifted by five orders of magnitude, to the analysis
of macromolecular complexes of more than 10 million
Da [9-13]. In reviewing literature, notably one of the
most commonly made statements is that native MS is
becoming a powerful new structural biology technique.
However, as evidenced by a vastly growing amount of
reported studies, native MS is no longer only applied
when the more traditional techniques, such as electron
microscopy (EM), X-ray crystallography, and nuclear
magnetic resonance (NMR), seem to have reached their
limits or fail. Although native MS provides low-resolution
structural information, it can surpass the other tools by
its diversity in methodology and applications.

The assembly of proteins into a functional macromo-

By all means mass spectrometry (MS) can be classi-
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lecular complex remains one of the most mysterious
processes in molecular life sciences. Already the small-
est hitch in the assemblage can have a dramatic effect on
its cellular activity [14, 15]. Many diseases are the result
of incorrect protein folding that can hamper the binding
of their cofactor and subsequently lead to nonspecific
protein aggregation [16]. It is thus important to study
these protein assemblies as intact entities. Native MS
can reveal the composition, stoichiometry, dynamics,
stability, and also the spatial arrangement of the sub-
units of protein assemblies. In combination with more
proteomics based MS, i.e., profiling of post-translational
modifications, complete pictures of intact biological
machineries can be generated. At the same time, native
MS is very sensitive and selective, allowing the analysis
of even endogenous protein complexes [17-27]. There-
fore, this technique should no longer be considered as a
promising tool for structural biology. No, nowadays it
has definitely proven to be a full-fledged member of the
tool-box required to understand protein function at the
cell machinery level.

As usual, the success stories have been well docu-
mented, and relatively less attention has been given to
some of the remaining difficulties in native MS. Al-
though this article is not meant to place it in a negative
perspective, some examples will be given of where the
technique is still in its infancy. Realizing what the
current limits of native MS are will hopefully trigger
further instrumental and methodological develop-
ments. Just as in the early days, when native MS was
restricted to measuring masses only and tandem MS
was introduced. Suddenly protein complexes could be
dissected in the gas phase, giving information about
their stability, structure, and topology [28]. More re-
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cently, ion mobility MS (IM-MS) was introduced, which
allows to directly probe the cross-section (conforma-
tion) of protein complex ions in the gas phase [29, 30].
Independent of the approach chosen, above all the
quality of the sample determines the outcome of the
experiments. Native MS does not require large amounts
of sample; a minimum of 10 picomoles is sufficient.
Typically 100-500 pmol are desired to allow sample
optimization and multiple analysis. However, native MS
does put constraints on the sample purity/homogeneity.
The influence of sample quality on the acquired mass
spectra will be illustrated by the analysis of different
macromolecular systems; a homomeric complex of
gp16 from bacteriophage T4, the heteromeric complex
between gpl and gp4 from bacteriophage P22, and
human hepatitis B virus capsids filled with small RNAs
[12, 31]. In recent years, gas-phase dissociation studies
on macromolecular complexes have revealed that most
complexes dissociate via a nearly generic decomposi-
tion pathway [32, 33]. However, this mechanism has
also indicated some limitations in the use of tandem
MS, especially when the complexes become very large
and/or are not carrying many charges. The analysis of
GroEL from Escherichia coli is used to show the current
edge of tandem native MS. Alternative approaches are
discussed that have recently gained popularity and may
be used to (partly) overcome these issues. Finally, the
current status of IM-MS in native MS is highlighted.

Results and Discussion
Agree to Disagree

For the majority of the complexes, the stoichiometry
determined by native MS is in agreement with that
revealed by other methods, although some exceptions
have been described [34-37]. Chlorite dismutase from
Azospira oryzae, an enzyme of the perchlorate and
chlorate respiration system, was thought to assemble
into tetramers as assessed by early ultracentrifugation
experiments. However, the recently solved crystal
structure of this enzyme revealed a hexameric organi-
zation, and subsequent native mass spectrometric anal-
ysis hinted at the sole presence of pentamers [37]. This
might be an extreme example but clearly stresses that
different methods do not always agree with each other.
One possible explanation may be that depending on the
technique, the protein is analyzed in quite different
environments (crystal, solution, and gas phase).
Overall, it can be rather difficult to conclude which
oligomeric state properly reflects the composition of the
biologically active enzyme. Fortunately, the frequency
of disagreeing results is outnumbered by cases where
the various techniques are consistent [8, 12, 22, 29,
38-40]. Of course it can be questioned whether this is a
proper reflection of the situation, or the consequence of
the still consisting reluctance to report disagreeing
results. Anyhow, this is a general dilemma in structural
biology; not specifically stressing the limits of MS.

J Am Soc Mass Spectrom 2010, 21, 971-978

Quality Rules

In native MS, the quality of the sample is the primary
determinant for success. As illustrated below, sample
heterogeneity due to partial protein degradation or the
binding of adducts can severely restrict the possibilities
of this technique.

Figure 1la shows the mass spectrum for gp16, which
is the small terminase protein of bacteriophage T4.
Together with gpl7, the large terminase protein, gp16
forms a holoenzyme complex of unknown stoichiome-
try and structure. The holoenzyme associates to the
dodecameric portal protein gp20 to form the packaging
motor of bacteriophage T4 [41]. There is great interest in
revealing the biological activity of genome packaging
systems in general, even by the pharmaceutical indus-
try, as this may provide new entries to interfere with
virus replication. So far, numerous packaging models
have been proposed for bacteriophage T4 [42, 43], yet
the basic details are still a mystery. Logically, a first
start is elucidating the complex composition. More than
a decade ago, scanning transmission electron micros-
copy measurements showed the formation of rings and
side-by-side double rings for gpl6 [44], estimated to
consist of 8 = 3 and 19 * 4 monomers, respectively.
Native MS analysis of gpl6 indicated the presence of
11- and 22-mers, answering the long standing question
of gpl6’s exact stoichiometry.

Unfortunately, both full-length and truncated gp16
(gpl6g_164) Were present in this preparation, equally
capable to oligomerize. This resulted in various compo-
sitions for the gp16 rings as indicated by the splitting of
each charge state into multiple peaks. This was con-
firmed by creating a theoretical mass spectrum of
undecameric gp16, composed of both gp16 and gp16g_;¢,.
The spectra were in excellent agreement (Figure 1a,
bottom panel) [45, 46]. The highest m/z value for each
charge state corresponds to an undecamer solely com-
posed of full length gp16, as established by tandem MS
analysis (Figure la, inset). The adjacent peaks are the
result of the successive exchange of one full length gp16
monomer for a gpléy_;¢, monomer, up to six in total.

From this study, it might seem that sample hetero-
geneity does not complicate the analysis too much.
However, the next step is to study gp16 in complex with
gpl7. Gpl7 (70 kDa) presumably forms pentamers,
based on image processing and electron microscopy
data [46]. When the mass and charge of a protein
complex increases, it becomes more difficult to resolve
individual peaks in the spectra. Thus, unfortunately,
further MS analysis of the holoenzyme and packaging
complex has not been successful.

A very similar observation in sample heterogeneity
was made when investigating the first stages of tail
assembly for bacteriophage P22 [31]. Whereas the mass
spectrum of the gpl portal complex showed a uniform
distribution corresponding to a dodecamer, the addi-
tion of gp4 (first tail factor) resulted in peak splitting
(Figure 1b). Analogous to what was described previ-
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Figure 1. (a) Native mass spectrum of gp16 that forms 11- and 22-mers of 202,380 *+ 7 and ~405,000 Da
(top). The low-charged 10-mers are the product of gas-phase dissociation. The highly charged monomers
are not on this mass scale (around 2200 17/z). The peak indicated by an asterisk is selected for tandem MS
(inset). The peak with the highest 11/z value for each charge state corresponds to a gp16 11-mer composed
of full length gp16 only, as confirmed by the dissociation of a single species of gp16 with a mass of 18,389 =
1 Da. The bottom panel shows an overlay of the experimental mass spectrum of gpl6 (black) and a
simulated mass spectrum created by SOMMS (red) [45]. (b) Mass spectra of gpl bound to gp4.
Distributions of different gp1:gp4 complexes were present, originating from gp4 degradation. The inset shows
a uniform complex between gpl and gp4-1425T" (Figure adapted with permission [31]). (c) Mass spectra of
HBV capsids formed by full length and truncated (inset) capsid proteins (Figure adapted with permission [12]).

ously, this originated from the partial degradation of A final example of how the heterogeneity of a sample
gp4. Expression and purification of the truncated form  can limit the success of MS comes from the analysis of
of gp4 solely, and its complexation to the portal com-  intact human hepatitis B virus T = 3 and T = 4 capsids

plex, resulted in a single distribution (Figure 1b). [12]. The monomeric building block is 183 amino acids
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long, of which the first 140 residues form the core
domain. Via a linker region the core is connected to the
C-terminal protamine domain which is involved in
RNA binding, essential to package the genome at virus
proliferation. During capsid production in Escherichia
coli the capsids can unspecifically package small pieces
of RNA from the host. As these small RNAs differ in
size a heterogeneous mixture of filled capsids with
slightly different masses is generated, impeding the
resolution of individual charge states (Figure 1c). Dele-
tion of the protamine domain (dispensable for capsid
assembly), results into homogeneous capsids from
which their accurate masses could be determined.

Clearly, complexes that differ only marginally in
mass are extremely difficult to analyze by native MS
because of overlapping charge states of the individual
species. Similar phenomena are observed when pro-
teins are sprayed from involatile buffers, such as Tris
and Hepes, both extremely popular among biochemists
for protein purification. These buffers are not easily
compatible with native MS. The involatile substances
will not fully evaporate during the electrospray ioniza-
tion process, instead they will form adducts to the
protein and suppress ionization. As the most generic
compromise native mass spectrometric measurements
are often performed using aqueous ammonium acetate
at physiological pH as the “buffered” spray solution.
On occasion, additional components are essential to
keep noncovalent complexes intact in the gas phase. A
complete overview of potential buffers and additives
are described by Hernandez and Robinson [47], and
more recently by Lorenzen and van Duijn [48].

In the category of intricate samples for MS, mem-
brane protein complexes also need to be mentioned.
Many membrane protein complexes cannot be purified
to homogeneity and are problematic to study by struc-
tural biology techniques [49, 50]. The major difficulty is
that upon their removal from the physiologically rele-
vant context, membrane proteins start to aggregate and
may lose their function. Only recently it has come
within reach to analyze these hydrophobic assemblies
by native MS [51, 52]. The idea behind this success is to
generate ions of complete micelles containing the mem-
brane protein complex. By collisionally activating these
ions, the micelle dissociates and ultimately leaves the
“naked” protein complex for mass spectrometric anal-
ysis. The advantage of this method is that the mem-
brane complexes retain their original oligomeric state
[51, 52]. However, a large amount of collisional activa-
tion energy is required to obtain the membrane protein
complex by itself, leaving less space for subsequent
studies regarding the topological arrangement of the
subunits. Also, if the membrane protein is fully stripped, it
is questionable to what extent the structure of the assem-
bly is affected by the activation energy. On the contrary,
if insufficient collisional activation is applied to the
system, this results in incomplete stripping of the
micelle (Supplementary material, which can be found in
the electronic version of this article).
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Break Up to Decipher the Make Up

Once the stoichiometry of a complex is determined, the
next step is to probe the structural arrangement of the
individual subunits. Often, this can be achieved by
performing tandem MS (collision induced dissociation
(CID), gas-phase dissociation). It is now well estab-
lished that a greater part of all protein complexes follow
a similar decomposition pathway, which may be used
to study the structural arrangement of subunits [32, 53].
In short, a protein complex ion is mass selected, and
after its activation subunits will dissociate. Normally a
small subunit, located at the periphery of the assembly,
will dissociate preferentially. Before its release the
charges of the protein complex ion relocate, whereby
the majority of charges gather on the subunit to be
expelled. The highly charged subunit unfolds and
leaves the complex; a modestly charged stripped oli-
gomer remains.

The dissociation efficiency of protein complex ions
largely depends on their charge state, and is enhanced
with increasing charge [33]. However, even for multiply
charged protein complex ions breaking up is not always
easy, due to the asymmetric distribution of charges
upon dissociation. This is illustrated by the selection
and activation of the 67+ ion of tetradecameric GroEL
chaperonin (Figure 2a) [54]. The first monomer leaves the
complex with ~29 charges (7% of the mass but 40% of the
charge!). At higher activation energies a second monomer
is released, taking about half the number of charges,
leaving a dodecamer with an average of 19 charges.
Dissociation of a third monomer is simply not possible
because the number of residual charges is not sufficient.
This means that the majority of the complex (often the core
of the assembly) cannot be studied via this approach, and
alternative methods have to be used to fully characterize
the topology of macromolecular assemblies.

Recently, supercharging of ions were described to
improve the gas-phase dissociation of protein com-
plexes, as illustrated by Lomeli et al. for the 690 kDa 20S
proteasome [55, 56]. For GroEL, the average charge was
increased from 66+ to 71+ after adding the supercharg-
ing compound m-nitrobenzyl alcohol (m-NBA) to the
spray solution (Figure 2b). The highest charge state
observed was 76+ but, unfortunately, this was still not
sufficient to expel a third subunit from the intact
chaperonin (data not shown). Interestingly, the mass
spectrum shows an increase in intensity of heptameric
GroEL, which implies that the stability of the complex is
affected by the addition of m-NBA. This is also impor-
tant structural information as it reveals that the intact
chaperone is formed by two heptameric rings stacked
back-to-back together.

Nowadays, CID measurements are often preceded
by in-solution dissociation of the protein complex. The
addition of organic modifiers to the spray solution
results in the formation of subcomplexes that reflect the
stable entities of the assembly. The composition of each
subcomplex is subsequently analyzed by CID. Combin-
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Figure 2. (a) Tandem mass spectra of 67+ GroEL ions at varying collision energies. Without
collisional activation, the GroEL chaperone remains intact (top panel, light blue). Upon increasing
energies, first one monomer is released from the chaperon (middle panel, dark blue). At high collision
energies (lower panel) up to two monomers can be expelled from the chaperonin, eventually leaving
a 19+ charged 12-mer of 687 kDa. (b) Native mass spectrum of GroEL sprayed from 50 mM
ammonium acetate pH 6.9 with (top, purple) and without (bottom, black) 0.5% m-nitrobenzyl alcohol.
The addition of m-NBA increases the number of charges on the chaperonin.

ing all gas-phase and in-solution dissociation data re-
sult in the generation of complete topology maps [19,
20, 22, 24, 40, 57].

What is clear is that the ideal candidate ion for
tandem MS is highly charged. Whereas there are many
methods that can reduce the charge of analyte ions,
increasing their charge state is a far more challenging
task [58-60]. Ion—ion reactions and collisions with
molecular oxygen have been used to increase the ions’
charge state; however, both have only been applied to
peptides and small proteins.

Additionally, alternative dissociation approaches
can also be considered, such as electron transfer- and
electron capture dissociation (ETD and ECD). These
methods are quickly gaining popularity in so-called
“top-down” proteomics. Backbone fragment ions are

formed from intact the protein, revealing their identity.
While noncovalent bonds are likely preserved, ECD
and ETD are less suitable to probe the topology of
protein complexes. However, Xie et al. [61] elegantly
showed the use of this method to identify protein-ligand
interaction sites, which is normally quite a difficult task.
Protein-ligand fragment ions were generated in which the
noncovalent interactions were retained. In this way, direct
information about the contact sites is obtained. To date,
one of the largest proteins studied via a top-down MS
approach was around 200 kDa [62].

Keep in Shape

Most recently, ion mobility was coupled to native MS
[21, 29, 30, 63]. By IM-MS the mass, subunit composition
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and gas-phase conformation can be studied simulta-
neously. In a simplified way, one can state that the drift
time of the ions, i.e., the time the ions require to drift
through the gas-filled ion mobility chamber, depends
on their collision cross section (conformation/shape).

To perform meaningful structural biology research, a
fundamental criterion is that the structure of the protein
complex resembles its active state. In vivo protein
complexes are surrounded by cellular fluid, while in
native MS the assemblies are studied in the gas phase.
Often, native MS results indicated that the structure of
protein complexes could be retained upon their transfer
to the gas phase, but finally IM-MS could provide direct
proof for this [64—-66]. It should not come as a surprise,
though, that the lower charge states best reflect the
native structure of the protein complex [33, 65]. In
contrast to tandem MS, IM-MS preferentially investi-
gates low charged ions. The use of basic proton sponges
have been described to reduce the net charge of protein
assemblies [25, 67, 68]. Ion—ion reactions with anions or
the use of a corona discharge particle source for proton
transfer reactions can also reduce the ions’ charge state
[59, 69]. These methods, however, concentrate on the
analysis of peptides and small proteins.

Additionally, it is important to realize that at lower
charge states protein complexes become more prone to
bind adducts, compromising mass analysis. In addition,
the efficiency of the time-of-flight detectors, normally
used in native MS, significantly drops with increasing
mass-to-charge values [70]. Also, the range of the TOF
detector should be sufficiently high for the analysis of
low charged protein complexes, which is currently
125,000 m/z at maximum [53].

To date, the only commercial IM-MS instrument
available in native MS is the Synapt from Waters
(Milford, MA, USA). This mass spectrometer uses a
traveling wave-type ion mobility chamber, thus calibra-
tion of the ion mobility cell is required, which is
currently one of the major bottle-necks in native IM-MS
[30, 71]. There are only a handful of calibrant proteins
available, with reported collision cross sections ranging
from 1041 A2 up to 3815 A? [72], clearly limiting high
precision collision cross section determinations of very
large protein complexes (typically >100 nm?). A proto-
col for traveling wave IM-MS calibration has been
described by Ruotolo et al. [21], allowing accurate and
reproducible measurements [66]. Nonetheless, the pre-
cise determination of collision cross sections for very
large protein complexes will greatly benefit by the
availability of calibrant ions with large collision cross
sections.

Another limitation of IM-MS on large biological
complexes is the ion mobility resolution. This is impor-
tant, especially when mixtures of large protein com-
plexes, which differ only slightly in collision cross
section, are present in the same spray solution. This
year, Waters launched the second generation IM-MS
instrument, the Synapt G2 that has significantly en-
hanced ion mobility resolution.
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Concluding Remarks

At the beginning of this article, it was stated that native
MS is no longer becoming a member in the field of
structural biology, but by now has definitely found and
deserved its place within. Just like any of the other
methods, native MS is not always successful. The prime
determinant for success is the quality of the sample, but
perhaps no more so than for EM, NMR, or X-ray crystal-
lography. Further methodological and technological de-
velopments, especially those regarding the process of
protein charging, in solution dissociation, ion mobility
cell calibration, and resolution, will fortify the position
of native MS. Furthermore, the field of native MS will
definitely benefit from instruments with higher sensi-
tivity and selectivity. Such advances will not only allow
the analysis of endogenous protein complexes to a
more general basis, but will also enable the investi-
gation of each protein complex individually in very
complex samples.

Sometimes it may seem as if the different structural
biology techniques are in competition with each other.
However, it is far better to realize the strengths and
weaknesses of each method separately and to combine
their forces to claim the victory of solving the structure
of a protein complex together. After all, isn’t it much
better to have two winners instead of two losers? This is
exactly the current “trend” in structural biology, as
more often MS results are integrated with structural
data from various sources, leading to the generation of
detailed structural models for protein complexes.

Experimental

Gp16 from bacteriophage T4 and GroEL from Esche-
richia coli, were purified as described previously [44, 73].
The buffers were exchanged to 50 mM ammonium
acetate pH 6.9, using ultrafiltration units with a cutoff of
10,000 Da (Millipore, Bedford, MA, USA). Both gp16
and GroEL were analyzed at a concentration of 5 uM.
To supercharge GroEL, m-nitrobenzyl alcohol was
added to 0.5% (vol/vol). Electrospray ionization capil-
laries were prepared in house [53]. An LCT or a
modified Q-ToF1 was used in positive ion mode (both
Waters). Typically, mass spectra were recorded with a
capillary voltage of 1.3 kV, cone voltage between 140—
200 V, and a pressure of ~7 mbar in the source region.
The collision cell of the Q-ToF1 was filled with Xenon
and the collision voltage varied between 10-400 V. The
pressure in the ToF was 2.7 X 10~° mbar.
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