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Introduction

In 2002, John Fenn and Koichi Tanaka
were awarded the Nobel prize in
Chemistry for their contribution to the
development of the ionisation techniques
electrospray ionisation (ESI)" and matrix-
assisted laser desorption/ionisation
(MALDI),? respectively, in the late 1980s.
These two novel “soft” ionisation tech-
niques have had a great impact on mass
spectrometry and have given, in particu-
lar, biomolecular mass spectrometry
research an enormous impulse. Working
independently, Fenn and Tanaka discov-
ered ways to give huge molecules an
electric charge without ripping them apart.
Since the invention in 1988, ESI and
MALDI have become ubiquitous in both
academic and industrial laboratories.
Nowadays, mass spectrometry is, in addi-
tion to its applications in organic and inor-
ganic chemistry, an essential technology
in high-throughput proteomics for the
identification of primary sequences of
proteins, protein profiling, quantification
and post-translational modifications.
However, these proteomics studies do
not provide us with direct information on
higher-order protein structures, protein
complexes and interactions between
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proteins and between proteins and
ligands.

Protein X-ray crystallography, electron
microscopy, nuclear magnetic resonance
and small-angle X-ray scattering are excel-
lent resources in providing protein struc-
tural information. In the last decades,
these techniques have yielded an enor-
mous amount of information, varying
from three-dimensional structures and
dynamics of smaller proteins, like the
solution structures of the integral
membrane protein OmpX by nuclear
magnetic resonance® up to quaternary
structures of viruses, like the 7 A resolu-
tion data for hepatitis B virus particles by
electron microscopy.* Although these
methods provide high-quality data, they
also have their own intrinsic limitations,
such as high sample consumption and
low throughput. In addition, nuclear
magnetic resonance and X-ray crystallog-
raphy are mainly restricted to single
proteins or protein domains and require
homogeneous samples.

In recent years, the newly-developed
soft ionisation techniques together with
the possibility to measure masses by
high-resolution mass analysers with high
transmission and with a broad mass-to-
charge range have given mass spec-
trometry the opportunity to add
complementary information to the
protein structural biology community.
Indeed, soon after the introduction of
MALDI and ESI, these ionisation methods
were already being used to investigate
intact proteins and non-covalent interac-
tions between proteins and ligands, such
as nucleic acids, lipids, cofactors,

substrates and inhibitors.>® Nowadays,
we can explore intact heterogeneous and
large assemblies by, especially, ESI mass
spectrometry.”® For instance, Robinson
and coworkers have demonstrated that it
is possible to maintain the non-covalent
associations in ribosome complexes,
consisting of a large number of proteins
and RNA (e.g. Escherichia coli 30S ribo-
some consists out of 21 different proteins
and 16S RNA).° Also, extremely large
intact virus particles are nowadays within
the scope of mass spectrometry analy-
sis.'% In the rest of this communication
we will focus further on the emerging role
of mass spectrometry in structural biol-
ogy.

By definition, an ESI mass spectrome-
ter consists of an ESI source, a mass anal-
yser and a detector. The success of ESI
started when John Fenn and coworkers
showed that multiply-charged ions were
obtained from proteins, allowing their
molecular mass to be determined.' The
introduction of nanoflow electrospray has
given ESI a new impetus, as such a
device makes the analysis of minute
amounts of sample possible without
compromising signal intensity. Moreover,
the increased tolerance to buffer salts and
the formation of smaller droplets means
that lower desolvation energy is
required.” An electrospray is produced by
applying a strong electric field (1-4 kV),
under atmospheric pressure, to a liquid
passing through a capillary (Figure 1)."
Due to this electric field, the liquid in the
capillary becomes, in positive-ion mode,
enriched for positively-charged ions.
Evaporation of solvent from the droplets
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Figure 1. Schematic representation of the ESI process.

decreases the radius of the droplets and
since the charge is conserved, at a criti-
cal radius the repelling Coulombic forces
overcome the cohesion forces, thereby
causing their divison. Each droplet will
then undergo a cascade of ruptures, yield-
ing smaller and smaller droplets. When
the electric field on their surface becomes
high enough, desorption of ions from the
surface occurs. The resulting ions
obtained from proteins carry a greater
charge when multiple ionisation sites are
present. Typically, a protein measured
under denaturing conditions will carry one
charge per 1000-1500 Da, however, a
protein measured under folded, native-
like conditions will carry less charges.
Therefore, as we will see later, the charge
envelope of a protein may give tertiary
and quaternary structure information.
For folded proteins it is thought that the
charged residue mechanism™ describes
the process in which macro-ions of native
proteins are formed. In this mechanism
the water molecules in the smallest
droplets containing a protein completely
evaporate and the protein becomes
charged by the residual charges, which
have been accumulated during the elec-
trospray process. These excess charges
are then transferred to the basic sites at
the surface of the protein. Therefore, the
number of charges a protein takes up
depends on the number of exposed basic
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sites when the protein is transferred from
the solution-phase into the gas-phase.
The charged residue mechanism may
also predict that the number of charges a
protein obtains is dependent on the mass
or size of a protein. The calculated charge
of a protein can be predicted by the
stability limit for Coulombic fission of
water droplets* with a size equivalent to
the protein:

Z,=8n/e x (yg, R*)? 0
In which vy is the surface tension of the
water droplet, €, the electrical permittiv-
ity of vacuum, e the elementary charge
and R the radius of the droplet. It is
reasonable to assume that the radius of
a protein is directly correlated to the
molecular mass of a protein and that the
density of a protein is similar to that of
water. From this we can derive a simpler
equation in which M is the mass of the
protein:

Z,=0.078 x M'? @)

Our group and others have validated
this equation by accumulating a large
number of experimental data on the ESI
of folded globular proteins (Table 1). This
table shows, for a number of proteins and
protein complexes, the molecular mass
and the charge of the most intense ion
signal in positive-ion mode. We have also
plotted the charges of the base peaks
against the molecular masses in Figure 2.
It is clear that the predicted number of
charges is in close agreement with the
experimentally-measured number of
charges (=90% of the predicted
number). For instance, human tumour
suppressor protein Menin type |, having
a molecular mass of 68.2 kDa, obtains in
positive-ion mode on average 17 charges,

Table 1. Number of mean charges a protein obtains in positive ion mode for a number of folded

native-like proteins and protein complexes. All mass spectra were obtained in 50 mM ammo-

nium acetate, pH 6.8.

Protein Mass (kDa)
Sumo 11.0
PheA2, monomer 18.4
PheA2, dimer 36.9
EtaA 61.8
Menin type | 68.2
MutS, monomer 95.4
GltS, monomer 166.2
MutS, dimer 190.8
GltS, dimer 332.6
Gp23, hexamer 335.8
SR1:GroES 476.5
GroEL 801.3
Urease 1064

Charge (positive ion mode) Rayleigh?
6 8.2
8 10.6

12 15.0
16 19.3
17 20.3
20 24.1

24 31.8
28 34.0
36 45.0
41 45.2
50 53.8
71 69.8
80 80.5

3 Charge predicted by the Raleigh model, Z, = 0.078 x M'/2
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Figure 2. Number of mean charges of a
number of globular proteins and protein
complexes in positive-ion mode compared
with the Rayleigh limit model predicted
charge. The number of observed charges is
close (= 90%) to the Raleigh limit model
predicted charge. All mass spectra were
obtained in 50 mM ammonium acetate, pH
6.8 in positive ion mode.

whereas 20 charges are predicted by
Equation 2. Thus, the number of mean
charges a protein obtains is a measure of
the tertiary and quaternary conformation
of a protein and may be used to study
protein conformational changes, as
reviewed recently.” In the second part of
this communication, we will focus on the
quaternary structure of one protein
complex to show the potential of ESI
mass spectrometry in structural biology.

Glutamate synthase in
action

The enzyme glutamate synthase is a
crucial protein in the early stages of
ammonia assimilation in plants in which
it is catalysing the conversion of the
amino acid L-glutamine into the amino
acid L-glutamate.'®" Glutamate synthase
is a large (165,000 Da per monomer)
and complex enzyme, containing two
cofactors and two active site cavities that
are separated from each other by 30 A.
Furthermore, the protein requires two
electrons originating from two iron-sulfur
containing ferredoxin  molecules to
produce the final L-glutamate product. We
studied the quaternary structures of gluta-
mate synthase and its interaction with the
binding partner ferredoxin. Initially, we
measured the exact mass of glutamate
synthase under denaturing conditions
using a spray solution of 50/50/0.1%
acetonitrile/water/formic acid by nanoflow
ESI mass spectrometry [Figure 3(a)]. The
mass determined from this spectrum is
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Figure 3. Mass measurement in positive-ion mode and quaternary structure of glutamate
synthase. (a) Glutamate synthase (2 pM) as measured in the unfolded state in 50/50/0.1%
acetonitrile/water/formic acid and (b) glutamate synthase (2 pM) as measured in the folded
native-like state in 50 mM ammonium acetate, pH 6.8.

165,526 Da, which is very close to the
mass calculated from the primary
sequence (165,477 Da). Due to the
denaturing conditions, the protein accom-
modates many positive charges with a
distribution centred around [M + 66H]®%*.
This experiment was followed by the
measurement of folded glutamate
synthase under native-like conditions in
aqueous ammonium acetate buffer at pH
6.8. The mass spectrum showed two
glutamate synthase species [Figure 3(b)].
The first species has a narrow charge
distribution around [M + 24H]?** with a
measured mass of 166,222 Da. Indeed
this mass corresponds very well with the
mass of glutamate synthase in complex
with its two cofactors (calculated mass
166,230 Da). The fact that the mean
charge state is reduced from 66+ to 24+
reveals that the protein is, under the latter
conditions, more folded. The second
species with a charge distribution around
[M + 36H]*¢* has a mass very close to
the calculated mass of the folded dimeric
enzyme.

These experiments thus suggest that
glutamate synthase is in equilibrium
between the monomeric and dimeric
conformation. In order to validate these
results we also studied the protein by X-

ray crystallography and small-angle X-ray
scattering. Crystallography data collected
at the European Synchrotron Radiation
Facility in Grenoble (France) revealed that
glutamate synthase is described in terms
of four distinct domains with different
function and topology with a total size of
about 110 x 100 x 100 A® per mono-
mer'® [Figure 3(a)]. The crystal packing
also indicates that the enzyme forms a
dimer within the crystalline state, which
agrees well with our mass spectrometry
data. On the other hand, the small-angle
scattering experiments performed in the
solution-phase at the Deutsches Elek-
tronen  Synchrotron in  Hamburg
(Germany) have suggested that gluta-
mate synthase is mainly monomeric at
high protein concentrations.'™ Taken
together, the data strongly indicate that
glutamate synthase is a dimeric protein,
which is in equilibrium with its
monomeric form. It should be noted here
that results obtained by using different
techniques might be strongly dependent
on the experimental conditions such as
pH, protein concentration and ionic
strength. In the experiments presented
here the pH was always neutral, but
protein concentrations varied from 2 uM
in mass spectrometry up to 90 pM in
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Figure 4. Mass measurement and quaternary structure of glutamate synthase in complex with
ferredoxin. The mass spectrum was obtained in 50 mM ammonium acetate, pH 6.8 in positive-
ion mode. (a) Glutamate synthase (2 uM) and (b) glutamate synthase (2 pM) mixed with ferre-
doxin (2 uM). (0) Indicates folded glutamate synthase monomer and (0*) indicates the
non-covalent complex between glutamate synthase and ferredoxin.

small-angle X-ray scattering. Moreover, the
ionic strength of the solution used in X-
ray crystallography was far higher then in
mass spectrometry and small-angle X-ray
scattering.

As introduced above, ESI mass spec-
trometry is a promising technique to
study not only oligomerisation behaviour
and interactions between proteins and
smaller ligands such as cofactors, but also
between two or more different proteins.
Glutamate synthase is known to receive
two electrons, used for the formation of
the final product L-glutamate, from its
binding partner ferredoxin. Studying the
interaction between glutamate synthase
and ferredoxin by X-ray crystallography
appeared to be inconceivable due to the
low stability of the complex at high ionic
strength. Therefore, we undertook the
assessment to probe the interaction
between the two proteins by ESI mass
spectrometry. When we mixed glutamate
synthase with ferredoxin in a molar ratio
of 1: 1, an equimolar complex of gluta-
mate synthase and ferredoxin was
observed (Figure 4). The measured
molecular mass of 176,698 Da is in close
agreement with the calculated mass of an
equimolar complex, including the cofac-
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tors (166,230 Da for glutamate synthase
+ 10,468 Da for ferredoxin). Even upon
the addition of a three-fold molar excess
of ferredoxin, we only observed an
equimolar complex between the two
proteins. This is the first direct analysis of
a complex between glutamate synthase
and ferredoxin, revealing that the two
proteins interact very tightly with each
other and only form a 1:1 complex.
These results were recently validated by
synchrotron radiation scattering experi-
ments (Figure 5).

Discussion and future
perspectives

The development of ESI in the late 1980s
has led to the breakthrough of biomolec-
ular mass spectrometry in the field of
structural biology, next to X-ray crystallog-
raphy, nuclear magnetic resonance, small-
angle X-ray scattering and electron
microscopy. It is now perfectly possible to
transfer very large heterogeneous protein
complexes and viruses from the solution-
phase into the gas-phase with retention
of their higher-order structures and non-
covalent interactions. Moreover, we can
speculate on the conformational changes
of proteins on the basis of the number of

Figure 5. Quaternary structure of glutamate
synthase in complex with ferredoxin as deter-
mined by small-angle X-ray scattering. The
low-resolution models were calculated by
DAMMIN and GASBOR and superimposed
on the high-resolution structures of gluta-
mate synthase and ferredoxin.' Bottom view
is rotated counter-clockwise by 90° around
the X-axis.

charges a protein obtains in the ESI
process.

To date, the mass spectrometry
community has mainly focused on rela-
tively homogeneous protein samples,
such as single proteins, protein—ligand
interactions and protein oligomers
consisting of one or two different
subunits. Recent technological progres-
sion has provided a unique niche for
mass spectrometry to focus on large and
heterogeneous protein complexes and
their dynamics. Mass spectrometry
cannot give atomic details as protein
crystallography and nuclear magnetic
resonance can, but provides the
researcher with complementary struc-
tural information, such as higher-order
structures, stoichiometry and dynamics
of association. Major advantages of mass
spectrometry over all other structural
biology techniques is the relatively high
throughput, the sensitivity and the possi-
bility to measure each constituent
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