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Abstract. The development of rapid, sensitive, and accurate mass spectrometric

methods formeasuring peptides, proteins, and even intact protein assemblies hasmade

mass spectrometry (MS) an extraordinarily enabling tool for structural biology. Here, we

provide a personal perspective of the increasingly useful role that mass spectrometric

techniques are exerting during the elucidation of higher order protein structures. Areas

covered in this brief perspective include MS as an enabling tool for the high resolution

structural biologist, for compositional analysis of endogenous protein complexes, for

stoichiometry determination, as well as for integrated approaches for the structural

elucidation of protein complexes. We conclude with a vision for the future role of MS-

based techniques in the development of a multi-scale molecular microscope.
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Introduction

L iving cells are highly dynamic systems that utilize a
large variety of proteins to organize their intricate ar-

chitectures and to carry out their many functions. The spa-
tial organization of these proteins and the structures that
they form are hierarchical in nature [1] (Figure 1), begin-
ning with the unique order of amino acids within each
different protein (termed their primary structures). These
primary arrangements of amino acids fold into forms that
include alpha helices, beta sheets, and turns (their secondary
structures), which in turn fold or are organized into highly
specific three-dimensional shapes (their tertiary structures).
Finally, these proteins can assemble with other proteins,
DNA, RNA, and lipids to form higher order assemblies that
we loosely term protein complexes. Such protein complexes
can be stable or highly dynamic, and can form yet higher
order assemblies, as in cellular machines such as the
replisome responsible for DNA replication [5–7] or the
nuclear pore complex responsible for controlling molecular
traffic between the cytoplasm and the nucleus [8–10]. This

hierarchy continues through still larger substructures, which
incorporate other biomolecular components including
lipids, to finally the entire cells themselves (Figure 1).
Since cellular function is governed by the forms and inter-
actions of its constituents, it is crucial to have available
tools for characterizing the dynamic arrangements of pro-
teins at each level within this hierarchy. Here we provide a
personal perspective on the increasingly effective role of
mass spectrometry (MS) as a tool for probing higher order
protein structures. Along the way, we highlight key analyt-
ical challenges that still lie ahead of us.

Ideally, biologists would like to investigate proteins and
protein assemblies in their natural environment within living
cells in full atomic detail. Since this goal remains largely
beyond present analytical capabilities, it has been necessary
to devise workarounds. Thus, structures are mostly determined
using proteins that are recombinantly overexpressed and re-
moved from their endogenous context before being subjected
to high resolution analytical procedures such as X-ray crystal-
lography and NMR spectroscopy [11]. Though clearly not
ideal, these remarkable procedures have provided most of the
information on protein structures currently available at atomic
resolutions. Deriving such high resolution protein structures
are formidable multidisciplinary undertakings, requiring:Correspondence to: Brian T. Chait; e-mail: chait@rockefeller.edu
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appropriate protein construct design and expression; successful
folding and purification of the protein; crystallization trials and
phase determination in the case of X-ray crystallography or
careful tuning of solution conditions in the case of NMR; and
finally accurate structure determination and interpretation.
Modern MS methods can greatly facilitate these obligate tasks,
especially since the advent of effective methods for ionizing
proteins such as matrix-assisted laser desorption ionization
(MALDI) and electrospray ionization (ESI) [12–14].

MS as an Enabling Tool for the High
Resolution Structural Biologist

We and many others have shown that MS can be used to
considerable advantage at virtually each of the steps described
above that are needed to elucidate the high resolution structure
of a protein [15–17]. We illustrate this extraordinary utility,
using as an example the first X-ray structure determination of a
transmembrane chloride ion transporter [18, 19] (Figure 2).

Figure 1. Hierarchy of protein structures within cells. Mass Spectrometry is playing an increasingly important role in revealing

aspects of higher order protein structures as well as the architectures of protein assemblies at all relevant scales within cellular

systems. For illustrative purposes, we show a yeast cell nucleus. Embedded in the nuclear envelope at its periphery are nuclear pore

complexes (NPCs), the sole mediators of transport into and out of the nucleus. The yeast NPC is an assembly consisting of some

500 protein subunits that are formed through association of a host of protein complexes [2]. One of these, the seven-membered

Nup84 protein complex, is shown as an example [3]. There are 16 copies of the Nup84 complex in the yeast NPC [4]
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Figure 2. MS helped facilitate several of the obligatory steps that were required during the X-ray structure determination of the ClC

chloride transporter [18, 19]. See text for details
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One of the keys to successfully growing diffraction grade
protein crystals is to initiate the crystal trials with homogenous
starting material. In the early stages of this work, MS proved
useful for detecting heterogeneity at the amino-terminal end of
the protein resulting from an unanticipated second translation
initiation site 26 residues downstream of the main initiator
methionine. This heterogeneity was readily detected in the
MALDI mass spectrum of the Salmonella ClC chloride trans-
porter expressed in E. coli, and was eliminated by mutating
methione-26 to a leucine residue. It is noteworthy that this
microheterogeneity would not have been detected with stan-
dard analysis techniques, such as SDS-PAGE and size exclu-
sion chromatography, which are commonly used by structural
biologists, but lack the resolution of MS. Another widely used
strategy to improve the chances of acquiring diffraction grade

crystals is to design protein constructs that incorporate the more
tightly folded domains while eliminating or reducing the size of
other more flexible parts of the protein. Again, this proved to be
the case for the ClC chloride transporter, which we determined
could be truncated to homogeneity by appropriate digestion
with Lys-C endoproteinase. MALDI MS analysis of the diges-
tion products as a function of time determined optimal param-
eters for obtaining the most homogenous product, which ulti-
mately yielded diffraction grade crystals. Because it is gener-
ally not possible to predict the detailed buffer, salt, detergent,
and precipitant mixtures that yield high grade crystals, struc-
tural biologists standardly assay a wide array of conditions in
experimental crystallization trials. Although the number of
trials that are needed can sometimes be very large before
conditions are found that promote pristine crystal growth, this

Figure 3. Identification of proteins in the highly enriched nuclear pore complex (NPC) fraction [4]. Proteins in the highly enriched

NPC fraction were separated by hydroxyapatite HPLC and SDS-PAGE. The number above each lane indicates the corresponding

fraction number. Proteins were visualized with Coomassie blue; the approximate molecular mass of proteins as estimated from

standards shown on the left side. Bands analyzed by MALDI-TOF mass spectrometry are indicated by the adjacent numbers. The

proteins identified in each band are shown in the top panel. Proteins known to directly associate with the NPC are colored blue,

whereas proteins believed not to be NPC-associated are colored red. On the top left are listed proteins not found in this separation

but identified by MS/MS of reversed phase HPLC-separated peptides (RP/HPLC) or peptide microsequencing (PROT SEQ). Figure

adapted from [4] with permission
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number can be reduced by using MS to judiciously limit some
of the parameters. For example, we tested the sensitivity to
trypsin cleavage of the ClC chloride transporter in different
detergents, reasoning that improved resistance to proteolysis
might provide evidence for enhanced detergent stabilization.
Indeed, we found that the transporter was more resistant to
proteolysis in octylmaltoside (OM) than it was in
decylmaltoside (DM), and ultimately crystals grown in OM
yielded diffraction to 3.5 Å resolution [18]. Once crystals that
diffract well are available, it is necessary to solve the phase
problem [11]. This is generally done by heavy element

incorporation—in the present example through incorporation
of seleno-methionine. To assess the completeness of this in-
corporation, we measured the mass difference between the
methionine-containing protein and that in which seleno-
methionine had been incorporated, and were able to confirm
that the seleno-methionine incorporation was essentially com-
plete. During the model building stage, we examined the results
of partial proteolysis experiments on the E. coli channel in the
light of a simple topology prediction, which indicated 12
putative transmembrane helical segments of approximately
equal length [19]. It was immediately apparent from the

Figure 4. Protein interactions of the Nup84 complex [41]. (a) Sample of affinity purifications containing Nup84 complex proteins.

Affinity-purified protein A (PrA)-tagged proteins and interacting proteinswere resolved bySDS-PAGEand visualizedwith Coomassie

blue. The name of the PrA-tagged protein is indicated above each lane. Molecular mass standards (kDa) are indicated to the left of

the panel. The bandsmarked by filled circles at the left of the gel lanes were identified byMS. The identity of the co-purifying proteins

is indicated in order below each lane; PrA-tagged proteins are indicated in blue, co-purifying nucleoporins in black, NPC-associated

proteins in grey, and other proteins (including contaminants) in red. Each individual gel image was differentially scaled along its

length so that its molecular mass standards aligned to a single reference set of molecular mass standards, and contrast-adjusted to

improve visibility. (b) The mutual arrangement of the Nup84-complex-associated proteins as visualized by their calculated localiza-

tion volumes. Figure adapted from [41] with permission
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observed positions of cleavage that this topology model was
likely incorrect. Mapping of the cleavage sites onto the actual
helical arrangement determined by X-ray diffraction showed
that the actual topology was considerably more intricate [18],
with the complex orientations of the polarized helices turning
out to be a key contributor to the chloride transporter mecha-
nism of action. From studies like these, we and others have
observed that the rapid, informative feedback afforded by MS
makes it an extraordinarily valuable tool for many high reso-
lution structural biology studies.

MS as a Tool for the Compositional
Analysis of Endogenous Protein
Complexes

Although solving the structures of recombinant and heterolo-
gously expressed proteins is enormously informative, this only
provides a narrow snapshot of the hugely complex and dynam-
ic living interactome; hence, we still need to gain as much
information as possible about the structure and behavior of
proteins in concert with their normal partners and in the context
of their native cellular environment. As discussed above, cel-
lular systems are rich assemblies of dynamic, heterogeneous
macromolecular complexes. Given this extraordinary complex-
ity, it remains challenging to elucidate their composition and
stoichiometry. Here again, modern MS methods are playing an
increasingly important role. In particular, high sensitivity qual-
itative MS approaches are proving especially enabling for
identifying and defining the substituents of protein complexes
[4, 20–22], while quantitative MS-based approaches are be-
coming increasingly powerful for determining subunit stoichi-
ometry [23–30]. Indeed, bottom-up MS-based protein identifi-
cation [31–34] has become a method of choice in the initial
discovery mode to determine the composition of an assembly.
As an illustrative example, we used this approach in our initial
determination of the components that make up the yeast nucle-
ar pore complex (NPC) (Figure 1), a large (~50 MDa) protein-
aceous machine embedded in the nuclear envelope [8–10]. The
NPC acts as a selective gate for molecular traffic between the
cytoplasm and the nuclear interior, but also organizes many
genetic processes in the nucleus [35]. At the time that we
initiated these studies (mid 1990s), many of the components
of the NPC (so-called nucleoporins) were already known, but
the full complement had not been elucidated. Thus, the first
problem was to define what should be considered to be a bona
fide nucleoporin. This was not a trivial exercise because a vast
number of macromolecules interact either directly or indirectly
with the NPC, including the transport factors the help ferry the
myriad proteins, ribosomal subunits, messenger RNA, and
other cargo between the nucleus and cytoplasm as well as, for
example, interactions with proximal chromosomal compo-
nents. The problems that we encountered in this study remain
classic challenges in most proteomic studies. They include (1)
differentiating specific from nonspecific interactions, (2) main-
taining the stability of the assembly during biochemical

isolation procedures in the face of dissociation and exchange,
and (3) differentiating proximal relevant interactions from
more distal indirect interactions. Figure 3 shows our separation
of the isolated NPC into its component proteins together with
their identification by MS whereby we identified 174 different
proteins [4]. The major challenge then, as it remains today, was
to determine which of these proteins prove to be actual com-
ponents of the NPC. We used several approaches to address
this problem. First, we reasoned that because nucleoporins
were present in modest amount (~2000 copies/cell) and be-
cause most of the nucleoporins were found exclusively in the
NPC, abundant proteins with known function (e.g., ribosomal
proteins) could be excluded. Candidates other than these were
then genomically tagged, and each of the resulting strains
assayed to determine if the tag localized as punctate patterns
at the nuclear periphery. In this way, we were able to pare down
the 174 co-isolating proteins to 30 putative nucleoporins [4].
Since this analysis was published in 2000, we are now able to
assess whether the strategy was accurate and complete. Over
the intervening years, all of the putative nucleoporins have
been repeatedly verified [10], showing that the accuracy of this
type of analysis can be high. It is worth pointing out that at the
time that we carried out this analysis, our mass spectrometer
had a much lower dynamic range than is available today from
the best new instruments. Thus, we were able to detect only the
most abundant proteins. Fortunately our NPC preparation was
relatively pure (estimated at ~70%) and the components ap-
proximately stoichiometric, so that the substituents of interest
should have been readily detected. If, however, a preparation is
less pure, analysis with the current generation of high dynamic
range mass spectrometers will lead to the detection of literally
thousands of proteins. So, especially in cases where the bona
fide substituents are sub-stoichiometric, it becomes increasing-
ly difficult to discern which of these proteins actually belong to
the assembly of interest.

There is a second approach for determining the composition
of protein assemblies and learning about their architectures.
This involves the use of affinity capture to isolate complexes
from an assembly [20, 21, 36–40]. Bottom-up MS readout of
these isolated sub-complexes enables identification of the pro-
tein constituents as well as information about their proximity to
one another. Figure 4 provides an example of this strategy,
where we have genomically tagged each of the seven members
of a subcomplex within the NPC (termed the Nup84 complex
shown in Figure 1) and affinity captured components of the
subcomplex at different levels of stringency [41]. The resulting
data can be used to provide restraints on an architectural model
of the subcomplex. Extending this strategy to include similar
data on all the components of the NPC allowed us to obtain the
first molecular model of this 50 MDa machine, comprised of
some 500 protein subunits [2] (see Figure 1). Again, differen-
tiating specific from nonspecific associations can be highly
problematic. Ideally, one would use extraction and affinity
capture buffers that co-isolate just the relevant proteins without
contaminants. In practice, choosing such optimal buffer sys-
tems represents a problem not dissimilar to choosing conditions
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for crystalizing proteins—a job that we now believe is better
left to screening strategies [22]. However, even with the best
buffer systems, contaminants will inevitably be present at some
level. There are several possible ways of discerning such
contaminants from bona fide components of the assembly of
interest: first, analyses of large collections of datasets have
revealed so-called BCRAPomes,^ typically composed of high
abundance or sticky proteins that are repeatedly observed in
many unrelated experiments [42]. With care, these
BCRAPomes^ can be exploited to eliminate likely contami-
nants. Variants of this include computational tools using MS
spectral counting to derive the probability of a co-isolating
protein being a true interactor [43–45]. Second, if the affinity
isolation is relatively clean and the assembly under investiga-
tion approximately stoichiometric, minor components can be
rationally eliminated, such as when they arise from known
highly abundant or sticky proteins [42]. Third, various more
specific quantitative approaches can be devised for differenti-
ating specific from nonspecific interactors, as for example in
our own development of I-DIRT [46] as well as other useful
strategies [47]. In the I-DIRT approach, one strain of the
organism of interest is grown in heavy isotope-containing
medium, while a second is grown in light medium. The only
difference between the two strains is that the one grown in the
heavy medium contains an epitope-tagged version of the target
protein to be fished out together with its partners in the com-
plex. The cells are mixed and affinity isolation performed on
the resulting lysate. Proteins that co-isolate with the heavy

epitope-tagged protein and do not exchange during isolation
will contain exclusively heavy isotopes—thus unambiguously
identifying these interactors as being specific. Contaminants
(as well as rapidly exchanging proteins) will contain a 50:50
mix of heavy and light isotopes.

MS for Stoichiometry Determination

To elucidate the structure of any endogenous assembly, it is
necessary to know the stoichiometry of its subunits. Although a
variety of approaches have been developed to address this
analytical task, they can be difficult to implement and some-
times do not provide sufficient accuracy to be definitive [48–

Figure 5. Selection of landmarks in the development of “native

MS.” (a) Mass spectra of cytochrome c electrosprayed from

variously acidified aqueous solutions. The observed charge

distributions reflect the folding state of cytochrome c in the

ESI solution [78]; (b) (top panel) early observation of

noncovalent ternary complex between the dimeric enzyme

HIV-1 protease and a substrate-based inhibitor obtained under

native spray conditions [79]; (bottom panel) only the protease

monomer was observed when a high amount of collisional

energy was injected into the system; (c) m/z spectrum of a

mixture of four compounds obtained with a collisional damping

interface for an orthogonal injection ESI time-of-flight mass

spectrometer [80], showing that it was possible to measure

masses ranging from 1000 to 1,000,000 Da in a single mass

spectrum; (d) m/z spectrum of the intact rotary ATPase from T.

thermophiles, a membrane-embedded molecular machine with

mass 659,202 Da [81]. Peaks are assigned to the intact ATPase

complex (stars) aswell as to losses of the indicated subcomplex

and subunits; (e) (left panel) ESI mass spectrum of ~18 MDa

Prohead-1 particles from bacteriophage HK97 capsids. A par-

tially resolved series of charge states is observed, allowing the

accurate mass calculation indicated [82]; (right panel) charge

detection MS, which simultaneously measures the charge and

the m/z of individual ions, of bacteriophage P22 procapsid

distributions [83]. Shown is the charge versus mass scatter plot

for individual P22 procapsid ions centered at mass 23.60 MDa

as well as a lower mass cluster of ions centered at 19.84 MDa,

attributed to empty capsids. Figures adapted from the indicated

references with permission

b
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53]. The high inherent precision and sensitivity of MS make it
an attractive alternative for extracting accurate stoichiometry
measurements. Two types of MS approaches for obtaining
stoichiometry have been used. The first approach entails isola-
tion of the assembly, enzymatic digestion of its substituent
proteins into peptides, followed by measurement of the relative
amounts of selected peptides from each of the proteins, some-
times achieving higher accuracies by calibration with the addi-
tion of heavy isotopically labeled internal standards [24, 25, 26,
54–60]. A second method for stoichiometry determination
arose through the development of MS techniques for

measuring the masses of intact multi-subunit protein assem-
blies [61–77]. This class of methods is a major focus of the
present issue of JASMS, being particularly attractive because it
can directly examine the composition, stoichiometry, and even
connectivity of protein complexes in their near-native states.
Figure 5 provides some landmarks in the development of
Bnative mass spectrometry.^

One of the early indicators that native MS stoichiometry
determination might prove possible had its origins in our
observation that the MS charge distributions of proteins
produced by ESI reflect (to some extent) the folding state

Figure 6. Nativemass spectrometry for determining stoichiometry and subunit connectivity of endogenous protein complexes [89].

(a) Cryomilling, affinity isolation, protease elution, and subsequent native MS analysis of the endogenous Nup84 complex from

budding yeast. (b) SDS-PAGE separation and Coomassie staining to assess the post-elution sample handling steps (elution was

achieved by cleavage with the HRV 3C protease, later removed by filtration; subsequent buffer exchange was performed with

500mM ammonium acetate, 0.01% Tween-20). Also shown is the native MS spectrum of the Nup84 complex with (c) low in-source

activation and (d) high in-source activation. The structural model for the Nup84 holocomplex, based on integrative structural studies

(see text) is also shown. Figure adapted from [89] with permission
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of the proteins in the electrosprayed solution [78]
(Figure 5a). Not long thereafter, it was observed that stable

cofactors could survive dissociation from proteins during
the transition from the solution to the gas phase in the ESI

Figure 7. Integrated modeling approaches that incorporate MS for the structural elucidation of protein complexes. (a) Chemical

crosslinkingwith MS readout (CX-MS)maps of the Nup84 complex by disuccinimidyl suberate (DSS) crosslinker (top) and 1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) crosslinker (bottom). (b) The Nup84 complex molecular architecture

revealed by CX-MS integrative pipeline. (c) Correlation between the number of crosslinks and the accuracy of dimer models as

compared to a part of the structure for which a crystallographic dimer structure is available (see text). Accuracy of dimer models as a

function of the number and type of crosslinks. Each symbol displays the first and third quartile (lower and upper side of the boxes),

the median (red line), as well as minimum and maximum (lower and upper limit of the dashed whiskers, respectively) of the Cα

dRMSD with respect to the crystallographic structure for the 100 best-scoring models. (d) (left) Subunit proximities within S.

cerevisiae replisome determined by CX-MS. (d) (right) Architecture of the eukaryotic replisome with the proposed DNA path

indicated. Red and black lines illustrate possible leading- and lagging-strand DNA. The blue arrow indicates the direction of

replisome movement on DNA. The diagram indicates a long path of leading-strand DNA through the entire Mcm ring and then

bending back up to Pol ε, requiring about 40 nucleotides of ssDNA. Leading ssDNA is illustrated as going completely through the

Mcm2–7 complex and then bending up through the second ‘accessory’ channel of CMG, but this path is speculative. Other DNA

paths are possible. Figure adapted from [3, 7] with permission
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process [84–86]. Remarkably, it was found that even
noncovalent protein complexes could maintain their interac-
tions into the gas phase when produced by ESI from
nondenaturing solutions [79] (Figure 5b). Because non-
denatured proteins and their complexes were considerably less
charged than denatured proteins (Figure 5a), one limiting factor
during this early period was the low m/z range of the quadru-
pole mass analyzers then in use (typically 2000–3000m/z
units). This problem was initially overcome with time-of-
flight mass spectrometry having specially designed orthogonal
injection interfaces that incorporated collisional cooling [80]
(Figure 5c). In the intervening years, an impressive array of
noncovalent assemblies have been determined by native MS
[81–83, 87] (Figure 5d and e), with accumulating evidence that
the molecular masses of the measured assemblies can be used
to accurately deduce their stoichiometry [61–77]. One of the
obvious advantages of this approach is its simplicity and
directness—here a relatively precise mass determination, taken
together with the identities and masses of the substituents, can
often be enough to unambiguously assign the stoichiometry of
a protein complex. Another significant advantage is its ability
to deal with mixtures of complexes. This is key, for example,
when using affinity capture techniques because the isolated
material is never guaranteed to be a single pristine complex

but could, instead, be a composite of complexes centered about
the targeted protein. The high sensitivity of native MS even
allows for analysis of endogenous protein assemblies isolated
from their native cellular context, eliminating the need for the
time-consuming expression of the constituents in heterologous
systems and for ensuring native reconstitution. It also allows
one to examine native heterogeneity that can be important for
normal cellular function [88]. Unfortunately, to date the much
needed application of native MS to the analysis of endogenous
protein complexes has been limited. The main limitations have
been the difficulty in capturing sufficiently pristine cellular
protein complexes and preparing them at sufficiently high
concentrations in ESI-compatible solutions to obtain useful
MS spectra. In one attempt to address this need, we have
presented a robust workflow that couples rapid and efficient
affinity isolation of endogenous protein complexes with a
sensitive native MS readout [89] (Figure 6).

MS for Structural Elucidation of Protein
Complexes

As structural biologists turn their focus on increasingly larger
and more complex macromolecular assemblies, it has been

Figure 8. Vision for a multiscale molecular microscope to define cellular protein assemblies in space and time
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necessary to develop hybrid approaches that computationally
integrate data generated by a large variety of experimental
techniques [2, 41, 90–97]. These include X-ray crystallogra-
phy, NMR spectroscopy, homology modeling, electron mi-
croscopy, co-affinity isolation, as well as any other biochemical
methods able to generate spatial restraints that may be useful
for modeling these systems. Ideally, such integrative modeling
approaches should objectively generate an ensemble of solu-
tions that sample the space of all possible models, and these
models should optimally satisfy the available experimental
data. Thus, for example, we used a variety of proteomic data,
including the determination of the spatial proximities of all the
different subunits in the NPC (as determined by affinity capture
experiments with MS readout of protein identities), to deter-
mine the molecular architecture of the yeast NPC [2, 41]
(Figure 1). This architecture, albeit obtained at relatively low
resolution, revealed new symmetries and a degree of modular-
ity not previously appreciated, providing clues to the function-
ality and evolutionary origins of the NPC.

We and others have also been developing means to generate
higher resolution integrative models for systems where limited
conventional high resolution data are available. A key tool that is
enabling us to accomplish this goal is chemical crosslinkingwith
MS readout [17, 88, 98–113]. It provides data on subnanometer
scale proximities within and between substituents of protein
complexes—data that can be readily translated into spatial re-
straints for integrative modeling [90–92, 94–96]. In the first
example shown, we used this approach to model the structure
of a seven member subcomplex from the NPC [3]. The affinity
capture data shown in Figure 4 originally provided us with a
very low resolution model for this complex (precision ~6 nm)
[2, 41]. Integrative modeling of this complex, incorporating
additional higher resolution restraints including those generated
from crosslinking experiments (Figure 7a), yielded the
subnanometer resolution structure shown in Figure 7b [3]. By
modeling the effect of adding increasing numbers of crosslinks,
we deduce that 4–5 crosslinks are sufficient to optimally define
the docking interface of two interacting proteins, at least in cases
where we can use the simplifying assumption that they interact
as non-deformable rigid bodies [3] (Figure 7c).

Even in cases where we do not use the full integrative
modeling strategy outlined above, MS crosslinking data can
provide extraordinarily useful architectural information on spe-
cific features of protein assemblies. This proved to be the case
for the architectural elucidation of a eukaryotic replisome, the
protein machine responsible for unwinding the DNA helix and
then creating duplicate helices for cell division [7]. A helicase
enzyme within the replisome separates the double-stranded
DNA into two single strands, which are each replicated by a
different DNA polymerase. In contrast to the long held belief
that the two DNA polymerases trail behind the helicase as it
unzips the strands, our new pictures of the replisome obtained
by single-particle EM appeared to show that one polymerase
sits above the helicase (Figure 7d, right). We used crosslinking
with MS readout to identify that the top polymerase is Pol-ε
(Figure 7d, left). These new approaches are therefore providing

an exciting new window into the high resolution architectures
and functions of macromolecular assemblies.

Future Directions

This brief Perspective provides illustrative examples of the broad
utility ofMS as a tool for defining aspects of higher order protein
structures. Indeed, we feel that in a sense, MS is contributing to
the development of a Bmultiscale molecular microscope.^While
still largely out of reach, this microscope would ultimately be
comprised of suites of tools that allow the full hierarchy of
endogenous protein assemblies to be defined in both space and
time at all meaningful scales and resolutions (Figure 8).
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