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ABSTRACT Nanoflow electrospray ionization has been
used to introduce intact Escherichia coli ribosomes into the ion
source of a mass spectrometer. Mass spectra of remarkable
quality result from a partial, but selective, dissociation of the
particles within the mass spectrometer. Peaks in the spectra
have been assigned to individual ribosomal proteins and to
noncovalent complexes of up to five component proteins. The
pattern of dissociation correlates strongly with predicted
features of ribosomal protein—protein and protein-RNA in-
teractions. The spectra allow the dynamics and state of folding
of specific proteins to be investigated in the context of the
intact ribosome. This study demonstrates a potentially gen-
eral strategy to probe interactions within complex biological
assemblies.

Mass spectrometry is well established as a powerful and rapidly
expanding technique for studying the covalent structures of
biological macromolecules. The development of electrospray
ionization (ESI) has extended the reach of mass spectrometry
into the realm of noncovalent interactions (1). ESI techniques
can generate gas-phase ions from solutions in which proteins
are in their native state, allowing investigation of their struc-
ture and dynamics and events associated with their folding (2).
Combined with the sensitivity and generous molecular weight
limits of modern mass analyzers, ESI holds the promise of
allowing studies of noncovalent structure in large multimo-
lecular complexes (3, 4). Here we report on the successful use
of ESI mass spectrometry to initiate investigations of ribo-
somes from Escherichia coli.

The pivotal role of the ribosome in the translation of genetic
information into biological activity has made it the subject of
intensive research over the past 30 years, revealing much about
its structure and function (5-7). Most of this research has been
directed toward E. coli ribosomes. These 2.5-MDa particles
contain 54 proteins, many of which are posttranslationally
modified, and three large RNA molecules (also posttranscrip-
tionally modified), which comprise the majority of the mass of
the ribosome. The largest RNA molecule is thought to be a
ribozyme participating in the peptidyltransferase reaction (8,
9). Intact (70S) ribosomes consist of two noncovalently asso-
ciated subunits: a small (30S) subunit and a large (50S)
subunit, each of which is stable in isolation. Interactions within
and between the subunits determine and regulate the process
of protein biosynthesis within the cell.

MATERIALS AND METHODS

Ribosomes. Ribosomes were harvested from E. coli strain
MREG600 by using standard protocols (10); no salt washing
steps were used. Stock solutions then were buffer-exchanged to
a final concentration of 50-500 nM in 10 mM ammonium
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chloride, 1 mM 2-mercaptoethanol, pH 6.5 by using Centricon
100 concentrators. Any monomeric proteins that dissociated
from the ribosome during this exchange protocol passed
through the membrane. Denatured ribosomes were prepared
by suspension of stock ribosomes in 50% acetic acid at 0°C for
30 min (11), and buffer exchange was carried out as for intact
ribosomes.

Electrospray Mass Spectrometry. Solutions were kept at
4°C throughout buffer exchange and immediately before elec-
trospray analysis. Nanoflow capillaries were prepared as de-
scribed previously(12). The high viscosity of the ribosomal
solutions necessitated preparation of capillaries with large tips
(by manually breaking the drawn end under a stereomicro-
scope) and 10-20 psi of backing pressure during electrospray-
ing. The samples were introduced into a Micromass Platform
II quadrupole mass spectrometer operating in positive ion
mode using a nanoflow probe. Capillary voltages of 1.3-1.5kV
and cone voltages of 60-110 V typically were used. Mass
spectra were obtained at 20°C without heating in the interface,
and no organic cosolvents were used to enhance electrospray
analysis. Conventional ESI yielded spectra of similar appear-
ance although of substantially reduced signal to noise. Spectra
represent averages over 5-10 acquisitions. Hydrogen/
deuterium (H/D) exchange experiments were performed by
diluting stock solutions of ribosomes by a factor of 10° into
D,0 buffers (measured pH 6.4) and concentrating the result-
ing solutions with Centricon 100 concentrators.

Data Processing. MaxEnt processing (13) was used to survey
initially the spectra and provide candidate species; reported
m/z values for assigned proteins are calculated by conventional
deconvolution of the charge-state distributions.

RESULTS AND DISCUSSION

Mass Spectra of Intact 70S Ribosomes and 50S Subunits.
Fig. 1 (Upper) shows positive ion mass spectra obtained from
an aqueous solution at pH 6.4 of intact 70S E. coli ribosomes
introduced into the nanoflow electrospray ion source of a
quadrupole mass spectrometer. The particles give rise to
very high-quality spectra consisting of sets of overlapping
charge-state distributions. Deconvolution of the m/z values
shows that the peaks all correspond to species having masses
in the range of 10-70 kDa. Although the peaks arise from
many different proteins, the most intense are from just five
of the component proteins of the ribosome; four of these are
located in the 50S subunit (L7/L12, L10, and L11) and one
in the 30S subunit (S1). Observation of the signals indicates
that these proteins have dissociated selectively from the
ribosome after introduction of the particles into the mass
spectrometer. Repeating the experiment with isolated 50S
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F1G.1. Positive ion ESI mass spectra of aqueous solutions of intact 70S ribosomes and 50S subunits at pH 6.4. Only the most intense peak for
each assigned protein is labeled (along with the total charge for that peak); each protein gives rise to a charge-state distribution of 4-10 identifiable
peaks. (Upper) Intact 70S ribosomes. (Lower) 50S subunits. The spectra are highly reproducible; ca. 100 experiments with 16 separately prepared
solutions of ribosomes yiclded essentially identical spectra. Control spectra of acid denatured ribosomes show no peaks, confirming that only intact
ribosomes are retained during the buffer exchange and that the proteins observed in the mass spectra dissociate from the ribosomes after

introduction into the mass spectrometer.

subunits results in similar spectra (Fig. 1, Lower) to those of
the intact ribosome, except for the absence of peaks from
protein S1. All observed masses (Table 1) are in excellent
agreement with the known amino acid sequences and post-
translational modifications.

The spectra of both 70S ribosomes and 50S subunits also
contain a series of broad peaks from species whose masses are
substantially greater than the largest component proteins;
these have been found to result from noncovalent complexes
between proteins. One set of peaks, from a component with a
mass of 66,533 = 40 Da, is particularly intense and can be
identified as arising from a complex having two copies of L7,
two of L12, and one of L10. This group of proteins corresponds
to a well-established feature of ribosomes, visible in electron
micrographs as a flexible stalk-like protuberance on the 50S

Table 1. Comparison of predicted and observed masses for
ribosomal proteins present in mass spectra of intact 70S ribosomes,
50S subunits, and 30S subunits

Predicted, Observed Observed
Protein  Da 70S, Da 508, Da

L7 12,206.0 12,207.4 = 2.7 12,203.5 = 1.0
L10 17,5804 17,582.7 = 3.8 17,5784 +3.2
L11 14,8724 14,871.0 = 2.3 14,8683 = 1.9
L12 12,1640 12,1653 = 2.7 12,162.4 = 2.8
S1 61,239.1 61,207.5 = 18.6

Observed
30S, Da

61,205.3 = 12.9

S2 26,612.5 26,6153 = 4.2
S3 25,852.0 25,8534 = 3.7
S5 17,514.2 17,508.9 = 2.2
S10  11,735.6 11,7332 = 2.3

L7 is N-acetyl L12. N-methyl lysine variants of L7 and L12 (30-50%
prevalence) also were observed at mass values 12-15 Da higher than
the unmodified species. Observed mass is the average of the masses
calculated for each recorded charge state of a given protein; uncer-
tainties are 1 SD of the mean.

subunit (6, 14). The observation of this complex in the spectra
shows that these proteins dissociate together from the intact
particle within the ion source of the mass spectrometer. The
details of the dissociation process are not known; however,
increases in the nozzle/skimmer cone voltage result in a
decrease of the signals from the complex relative to those of
its component proteins; this observation suggests that the
complex dissociates within the mass spectrometer and provides
additional evidence to support our assignment of the compo-
sition of this noncovalent species.

That the interactions between the component proteins are
sufficiently strong to maintain this complex after dissociation
from the intact ribosome is supported by the fact that the same
complex is stable in aqueous solution (15). Interestingly,
models of the 50S subunit indicate that L11, the only other 50S
protein giving rise to intense signals in the mass spectra,
interacts strongly with the L7/L.10/L12 group of proteins (16).
Moreover, the peaks arising from the L7/L10/L12 complex
are not only broad but are of somewhat higher mass (=180 Da)
than predicted from the masses of the component proteins.
Both of these features are characteristic of the presence of
additional water molecules (17, 18); the mass indicates that an
average of 10 such molecules are tightly bound in the complex.
Other broad peaks in the spectra at high m/z (Fig. 1) corre-
spond to noncovalent protein complexes whose charge-state
distributions apparently extend beyond the m/z range of our
spectrometer. Although these are not yet assigned they indi-
cate that groups of proteins other than L7/L10/L12 can
remain associated after release from the intact particles.

Mass Spectra of 30S Subunits. Although the signals from
the 50S proteins are closely similar in the spectra of both the
isolated subunits and the intact 70S particles, a different
situation is found for the 30S proteins. In the intact ribosome,
intense peaks from 30S proteins are observed only for S1. In
the spectra of isolated 30S subunits, however, intense signals
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FiG. 2. Positive ion ESI mass spectra of aqueous solutions of 30S subunits at pH 6.4. Ninety-five percent of the peaks observed in this spectrum
have been assigned to various charge states of the five 30S proteins indicated; only the most intense peak of the charge-state distribution for each
protein is labeled (along with the total charge for that particular peak). (Inset) Representation of the topology of the 30S E. coli ribosomal subunit,
derived from neutron scattering measurements of partially deuterated ribosomes (20). Proteins observed in the mass spectrometer are shown in
labeled, white circles; unobserved proteins are represented as unlabeled, black circles.

from an additional four proteins are clearly evident (Fig. 2).
The factors influencing the intensity of peaks from different
proteins are complex and can include suppression of signals by
other components. Nevertheless, the greater intensity of peaks
from 30S proteins in the absence of the 50S subunits strongly
suggests that interactions between the 30S proteins are weaker
in the isolated subunits than in intact ribosomes!. All of the
proteins that dissociate readily in the 30S subunits are in close
proximity to each other, as indicated in the model of 30S
topology obtained from neutron scattering measurements (20)
(see Fig. 2). Interestingly, however, they are not located at the
subunit interface. Proteins S3, S5, and S10 in particular are
known to interact strongly with each other, forming a stable
trimer in solution (21). Although the latter has not been
detected directly in the mass spectra, the results for both 30S
and 50S subunits suggest that groups of strongly interacting
proteins may dissociate from the particles together, some of
which subsequently split up into monomeric species.

The majority of ribosomal proteins are basic and many
contain stretches of 10 or more amino acids where at least half
of the residues are lysine or arginine. Such regions, also present
in histones and viral coat proteins, are thought to mediate
interactions with negatively charged nucleic acids (22). The
proteins observed in the mass spectra all lack these regions and
are among the most acidic of ribosomal proteins; they thus are
expected to have relatively weak interactions with the ribo-
somal RNA. Moreover, the proteins that dissociate most
readily from the ribosome at pH 6.4 in the mass spectrometer
all are among the first released into solution by the addition of
LiClI (1.0 M for 508 subunits, 3.5 M for 30S) (23). Dissociation
in the mass spectrometer, therefore, appears to occur most

IAlthough ribosomal subunit association generally is thought to re-
quire Mg?*, adducts with this cation reduce resolution and sensitivity
of ESI mass spectra; we therefore excluded it from the buffers in the
present study. Fluorescence measurements of ethidium bromide
binding to intact ribosomes and isolated subunits have, however, led
to the proposal that subunits interact even in the absence of Mg?*+
(19).

readily for those groups of proteins whose ionic interactions
with RNA are weakest. This finding is consistent with inves-
tigations of protein—small molecule complexes, which indicate
that ionic interactions are more strongly preserved in the gas
phase than are hydrophobic interactions (24, 25). Appearance
of proteins in the mass spectra, therefore, may reflect not just
their proximity in the structure but the nature of their inter-
actions with each other and with RNA molecules.
Characterization of Individual Ribosomal Proteins. As
well as providing a means to probe the interactions between
the components of the ribosome, the observation of distinct
peaks in the mass spectrometer provides an opportunity to
investigate the properties of individual proteins. Many of
these are at least partially unfolded in isolation (26), and
little is known about their structure and dynamics in the
intact particle. A powerful means of probing the latter is
through hydrogen/deuterium (H/D) exchange experiments
(27), which can be monitored by mass spectrometry as a
consequence of the resulting changes in mass (28-31). We
have carried out such experiments on 50S subunits, and the
numerous mass shifts indicate that exchange protection
occurs in many proteins. We have analyzed the results in
some detail for two proteins, L10 and L11 (Fig. 3). L10
retains 55 * 6 protons after 6 hr of exchange in D,O (pH 6.5,
4°C), and L11 90 = 8 protons. The extent of protection for
these proteins is consistent with both being highly folded in
the ribosomal particle. Interestingly, NMR spectroscopy of
a C-terminal fragment of protein L11 shows the RNA
binding domain to be unfolded in the absence of rRNA (32).
In the ribosome the extent of protection of L11 is extremely
high for a protein of this molecular mass (14,872 Da) and is
close to that found for the similarly sized protein lysozyme
in crystals rather than in solution (33). This degree of
protection suggests that tight packing within the intact
ribosome restrains the conformational fluctuations that give
rise to hydrogen exchange in an isolated protein in solution.
The conformational state of a protein also is reflected in its
charge-state distribution observed in the mass spectrum (29,
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FiG. 3. Hydrogen/deuterium (H/D) exchange of ribosomal pro-
tein L11 in intact ribosomes. ESI mass spectra of 50S subunits in H,O
(solid trace) and after 6 hr of exchange in D,O (dotted trace). m/z
values for the +9 charge state of L11 are shown in both traces,
indicating the increase in mass resulting from chemical exchange of
protons for deuterons. Deuterons have been incorporated in an
average of 154 of 244 exchangeable sites, indicating that 90 sites are
protected from exchange.

34). The charge-state distributions of all of the proteins except
for S1 are typical of those from folded proteins. In the case of
S1, the charge states show a striking bimodal distribution (Fig.
2). One of these sets of peaks, centered at 3,200 m /z, is typical
of a globular protein. The second, an extensive set of highly
charged species centered at 1,650 m/z, is, however, typical of
an unfolded state of a protein. There are therefore at least two
distinct conformations of S1 within the population of intact
ribosomes studied here. This observation may be related to the
fact that S1 is known to undergo a transition from a protease-
sensitive state to a protected state as a result of a conforma-
tional change triggered by mRNA binding (35).

CONCLUSIONS

The electrospray technique has been found previously to be
capable of generating gas phase ions from biological assem-
blies with masses of up to 40 MDa, some of which have been
shown to maintain functional integrity during passage
through the mass spectrometer (36). Measurement of the
spectra of such species, however, is beyond the capabilities
of many mass spectrometers™*. In the present work we have
shown that mass spectrometry still can be used in their study
provided that dissociation to smaller units can be achieved.
We propose that the dissociation of the large assemblies in
the mass spectrometer at least in part reflects the nature of
the interactions between the constituent macromolecules.
Whatever the mechanism of dissociation, however, the iden-
tification of complexes of proteins provides direct evidence
for the interactions between their components in the intact
particle. Moreover, observation of the component species
enables their properties to be probed by using established
methods. We believe therefore that the approach described
here will have wide applicability in the investigation of other
biologically important macromolecular complexes. In the

**Globular proteins generally have higher mass/charge ratios than
unfolded proteins (17). Similarly, assemblies of proteins have higher
mass/charge ratios than their individual components; for the L7/
L10/L12 complex, for example, the charge-state distribution is
centered around z = 18, rather than z = 38, which would be
predicted from the sum of the species from the component proteins.
The lack of detectable ions for intact large complexes therefore is
likely to arise in part from mass/charge ratios too high for detection
in conventional spectrometers.

Proc. Natl. Acad. Sci. USA 95 (1998)

context of the ribosome, we have developed a sensitive assay
for studying protein interactions within the ribosome and
conformational changes in specific proteins. We plan to use
this approach to contrast the properties of isolated proteins
with those of ribosome-bound proteins and to monitor
specific conformational changes of proteins in actively syn-
thesizing ribosomes.
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