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Few measurements in biochemistry are
as fundamental as mass. Whereas the

mass of a macromolecule is often in-
ferred by its migration through polymer
gels, direct measure may only be deter-
mined by mass spectrometry. Most sci-
entists’ expectation of mass spectrome-
try is that of determining the mass of an
unknown. In the postgenomic era, this
has resulted in a fundamental shift in our
ability to approach biological investiga-
tion. Consider the problem of elucidat-
ing the identity of a protein resolved on
a two-dimensional polyacrylamide gel.
What was once a dissertation project is
now a service in which protein is ex-
tracted from the gel and proteolysed, and
the fragment masses determined by mass
spectrometry. Given the specificity of the
protease and the organism’s genome, the
identity of the protein is determined by a
database search (1). Historically, most
mass spectrometry is conducted by first
ionizing molecules from harsh condi-
tions, e.g., desiccated in the case of ma-
trix assisted laser desorption ionization,
or heated and acidified aqueousyorganic
mixtures in the case of electrospray ion-
ization. It is, however, possible to ionize
biomolecules from aqueous buffers at
neutral pH and room temperature. This
is done with some difficulty using
conventional electrospray ionization,
and with relative ease using nano-
electrospray ionization (2, 3). As a result,
a great many biochemists are finding
novel applications of mass spectrometry
in instances where the mass is already
known (4).

In this issue of PNAS, Fändrich et al.
(5) use mass spectrometry to examine
the oligomeric structure of MtGimC
from M. thermoautotrophicum. MtGimC
is an archael homologue of the eukary-
otic chaperone prefoldin (or GimC; ref.
5), the role of which in S. cerevisiae is to
escort newly synthesized actin and tubu-
lin to a cytosolic chaperone, CCT (6). It
has been suggested that the role of the
archael homologue is that of a general
chaperone of newly synthesized polypep-
tides (7). The work of Fändrich et al.
focuses on the supramolecular assembly
of MtGimC, its stability and kinetics.
Whereas prefoldin is a heteromeric com-
plex of six polypeptides, MtGimC is com-

posed of only two subunits termed a and
b. Ionization of this heteromeric com-
plex from native conditions using a min-
imum of electric potential to drive the
ions into the mass analyzer gives rise to
a single distribution of charge states cor-
responding to a mass with only a single
possible stoichiometry: 4 b and 2 a.

This approach to stoichiometry deter-
mination has two significant advantages.
First, the mass accuracy under these
conditions is better than one part per
thousand. As the substituents’ masses are
known, this trivially allows unequivocal
determination of stoichiometry. Second,
this approach does not require separa-
tion of free precursors from the complex,
thus allowing direct measurement with-
out risk of solution dissociation contrib-
uting to the observation.

To understand these applications, it is
important to understand the basis of
nano-electrospray ionization. An over-
view of the procedure, in brief, begins
when an analyte solution ('1 ml at '10
mM) is placed in a metal coated glass
capillary (Fig. 1). The tip of the capillary
has an inner diameter of about 1 mm and
is held at a high potential difference (1–2
kV) with respect to the orifice of the
mass analyzer. As a result, there is a local
separation of charges at the tip. The
repulsion of these charges overwhelms
the surface tension and gives rise to a jet
of charged droplets. These droplets have
an initial volume on the order of 10211 ml
and f low at about 10 nlymin. Cycles of
evaporation followed by droplet fission
ultimately result in desorption of the
macromolecular ion. During most of the
100 ms over which this process takes
place, the macromolecule is still in solu-
tion. Once ions are formed, they are
analyzed by using a variety of techniques
(e.g., time-of-f light) all of which give rise
to a massycharge (myz) spectrum. Thus,
a pure protein sample will give a spec-
trum composed of a series of peaks, each
corresponding to the same mass, but
different numbers of charges on the pro-
tein. Of particular relevance to the bio-
chemist is that a few ml of sample may be
analyzed for hours while requiring as
little as 1–2 seconds for a spectrum to be
taken.

The first observations that ionization
of this type was sufficiently gentle to
analyze conformation came from the ob-
servation that the charge state distribu-
tion of a protein is sensitive to the solu-
tion from which it is ionized (8). Proteins
ionized from denaturing solution condi-
tions give rise to many more charge states
than proteins ionized from native condi-
tions. Furthermore, the most abundant
charge state resulting from native state
ionization tends to be at higher myz. The
explanation for this is that unfolded pro-
teins adopt extended conformations,
which have a greater capacity to stabilize
charge.

Deuterium labeling at labile positions,
principally the amide NH, is a powerful
tool for analyzing residue-specific struc-
ture formation and stability. Deuterium
at these locations are readily exchanged
back to hydrogen from water unless the
conformation of the protein excludes
solvent andyor the amide has a hydrogen
bonding partner (9). The ability of inves-
tigators to perform these experiments
indicates that nothing extreme is happen-
ing to the protein in the 100 ms during
which ionization takes place. In ion cy-
clotron resonance mass spectrometry,
strong magnetic and electric fields may
be used to trap molecules after ioniza-
tion. In recent experiments, ions formed
from troponin C were trapped and ex-
posed to D2O gas. The mass of the
molecules increases on exchange with
D2O in the gas phase. Remarkably, these
profiles show a dependence on the solu-
tion conditions from which the ions were
made (10). Although it is impossible to
establish that gas phase ions are native-
like, gaseous protein ions clearly have
discrete and interconvertable conforma-
tions (11).

Lastly and most recently, it has been
possible to ionize and measure the mass
of intact noncovalently associated mac-
romolecular complexes (4). This has sev-
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eral important advantages over other
methods. Firstly, it does not require sep-
aration of complex from precursor.

Methods such as size exclusion chroma-
tography rely on dissociation rates to be
slow compared with the time of analysis.
Second, material requirements are ex-
ceedingly small. Volumes on the order of
1 ml at concentrations of the order of 10
mM are readily analyzed. These proper-
ties, when combined with the accuracy
and resolution of mass spectrometry,
have resulted in a variety of fascinating
applications. For example, the coordina-
tion of metal by the 7 zinc metal-
lothionein MT-2 (12). This investigation
permitted identification of cooperative
formation of a 4 zinc center before for-
mation of a 3 zinc center. In a second
recent example, the stoichiometry of the
PA28 regulatory complex of the eukary-
otic proteasome has been investigated by
electrospray ionization (ESI)-MS (13).
This complex is formed from two homol-
ogous ('50% identity) subunits, a and b,
and is particularly interesting because a
homomeric complex may be formed
from isolated a. Coexpression of the two
subunits in Escherichia coli gave rise to a
complex whose mass spectrum is domi-
nated by a heterocomplex consisting of 3
a and 4 b subunits.

These observations strongly suggest
that the process of ionization does not
perturb protein conformation. This is an
observation no less alarming than the
observation that enzymes may be trans-
ferred to organic solvent and maintain
structure and activity (14). Furthermore,
maintenance of protein structure in or-
ganic solvent depends on strict elimina-
tion of water (15). Given the recent evi-
dence that water may catalyze secondary
structure interconversion (16, 17), it is
possible that gas phase protein ions main-
tain a native-like structure as a result of
being kinetically trapped.

Protein ions collide with residual neu-
tral gas molecules in the source of a mass
spectrometer (Fig. 1b). The energy of
these collisions may be increased simply
by raising one of the potential differ-
ences used to guide the ions through the
mass analyzer to the detector. Such col-
lisions permit the relatively weak nonco-
valent associations to be broken. In a
number of systems of known structure
[e.g., the ribosome (18)], partial disas-
sembly within the mass spectrometer
yields subcomplexes which reveal the su-
perstucture of the intact complex. In Fig.
1a, the mass of a hypothetical trimeric
complex is consistent with two alterna-
tive assemblies. On collision-induced dis-
sociation within the mass spectrometer
(Fig. 1b), subcomplexes are seen that
only correspond to one of the two pos-
sibilities. Confidence has now been es-
tablished in these approaches, permit-
ting Fändrich et al . to describe a
structure consistent with a central dimer

of a subunits surrounded by 4 b subunits
which interact with the a dimer, but not
each other.

The pathway of assembly can also be
measured (Fig. 1c). Reactants are mixed
and placed in the capillary of a mass
spectrometer by using settings which cor-
respond to those used for measuring the
intact complex. Kinetics may be measured
by monitoring the disappearance of the
signal of the precursor (19) andyor ap-
pearance of the complex. Intermediates of
such a reaction may be inferred either
indirectly from a disparity in these two
rates, or directly from observation of the
intermediates themselves. By using this
approach, Fändrich et al. note that there is
no appearance of intermediate forms in
the assembly of MtGimC. This suggests
either that formation of MtGimC is highly
cooperative, or that subunits are not suf-
ficiently stable to be observed. As they had
already been able to detect subcomplexes
by using collisions in the mass spectrom-
eter, they are able to infer that their
observations are a reflection of coopera-
tive formation of the complex.

It is notable that isolated b subunits of
MtGimC are unfolded at the normal
growth temperature of 65°C, whereas a
are folded. Fändrich et al. have devel-
oped a separate temperature controller
for the capillary of the electrospray
source (Fig. 1d) enabling them to con-
duct thermal melts of the complex with
direct detection of dissociated products.
This permitted them to directly measure
the dissociation of the complex as well as
make observations of the dissociation
products. As a result, they were able to
clearly observe that the b subunits re-
main a component of the complex even
at temperatures above the melting tran-
sition for isolated b subunits.

There are a number of mechanistic
questions critical to understanding how
MTGimC might work. Which subunits
bind unfolded peptides? What oligo-
meric state of MtGimC binds unfolded
peptides. Do MtGimC ligands have a
consensus sequence? Does the binding of
unfolded peptides affect assembly rates
and or the stability of intact complex and
subcomplexes. These are intriguing ques-
tions with many alternative answers. The
alternatives, however, have distinct
masses. The ability of ESI-MS to monitor
assembly in real time, the recent addition
of thermal control of the sample, and its
unique ability to simultaneously measure
multiple species makes mass spectrome-
try ideal for these investigations.
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Fig. 1. Nano-electrospray ionization of a hypo-
thetical trimeric heterocomplex composed of
two square and one round subunits. (a) Soft
ionization results in a single mass which unequiv-
ocally determines the stoichiometry of the com-
plex. Supramolecular assembly cannot, however,
be determined. (b) By increasing the electric po-
tential in the source of the mass spectrometer,
the energy of collisions between the complex
and neutral residual gas causes the complex to
fall apart. The identity of the subsequently mea-
sured subcomplexes reveals that the assembly is
square-circle-square. (c) The assembly of com-
plexes can be determined in real time by mixing
the subcomponents and loading the reaction
into the capillary needle of the mass spectrome-
ter. Unique to mass spectrometry, the separate
rates of assembly may be measured. (d) Fändrich
et al. have now gone further by developing a
temperature controller for the nanospray capil-
lary which allows thermal melts to be conducted
on the sample. The products of heat-induced
dissociation can be measured directly. As the
subcomplexes are separately detected, denatur-
ation curves can be assigned explicitly to partic-
ular subcomponents.
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