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Proteomics in living cells

Stephen W. Michnick

The study of protein dynamics in vivo is central to understanding the
chemical machinery that makes up the process of life: in determining
how, when, where and under what conditions proteins are created, form
complexes, are modified and disintegrate. Until recently, facile methods
to study these processes in intact living cells did not exist. This review
describes promising experimental strategies that have been devised to
visualize the dynamic nature of proteins and protein complex formation
occurring in living cells. The approaches described are based largely on
genetically encoded fusions to proteins of interest combined with labelling
strategies. The feasibility of employing such strategies in genome-wide
biochemical pathway mapping efforts is discussed.

v We are witnessing a fundamental change
in the way that biomedical research is carried
out. In the recent past, it was enough to say
that a normal or pathological cellular process
was understood if the components of that
process could be isolated and their behaviour
studied out of the context of the intact cell.
This has always presented a paradox: does
what we see ex cellulo really represent what
is happening in a living cell? All of this is
changing, thanks to rapid developments
and improvements in probe reagents, optical
technologies and software available for study-
ing proteins in intact cells or whole organ-
isms. The term ‘proteomics’ can imply study-
ing either the whole or a large subset of
proteins in the cell. However, it can equally
imply the study of protein dynamics. By study-
ing protein dynamics | mean determining
when, where and under what circumstances
proteins are expressed, are covalently modi-
fied and subsequently interact with other
molecules. From a practical point of view, pro-
teomics implies studying proteins on a large
scale; that is, studying many proteins under
many conditions. Although we are beginning
to witness some considerable success in study-
ing protein dynamics on a large scale using
in vitro techniques, notably those based on mass-
spectroscopic approaches, we are far from
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achieving the same levels and detail of analy-
sis with cell-based assays. In this review, | will
focus on the recent literature about technol-
ogies that are not necessarily ready for prime
time but which may be useful for large-scale
analyses of protein dynamics in intact cells or
have the technical hallmarks of simple, scalable
assays.

The hallmarks of scalable cell-based assays
In thinking about this review, | asked myself
what were the criteria for deciding what were
good existing or potential cellular proteomics
methods, based on four basic elements: direct-
ness of the method of measurement, portabil-
ity, simplicity and scalability. Bearing in mind
that our goal is to ask what, where, when and
in what form and in the company of what
proteins a particular protein functions, we can
list the following criteria:

* The state of a protein is detected directly,
not through secondary events such as tran-
scription activation.

* Genes are expressed in the relevant cellular
context, reflecting the native state of the
protein with the correct post-translational
modifications.

* Changes in protein dynamics induced by
changes in the cell state, such as the cell
cycle or response to hormones, growth fac-
tors or unnatural perturbations such as small
molecule inhibitors or small interfering
RNAs (siRNAs), can be detected, providing
target validation by linking proteins to spe-
cific pathways. For example, using insulin-
sensitive cells, changes in protein dynamics,
such as interactions with other proteins
stimulated by insulin, can be detected and
quantitated.

< Any method should provide information
on at least one key aspect of protein dy-
namics, but preferably several, including
cellular location, turnover, post-transla-
tional modifications or interactions with
proteins or other molecules.
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As a final point, | should mention emerging technologies
for performing cell-based assays on a large scale. Whatever
the merits of individual assays, the goal of following the
myriad of events that occur during the lifetime of a pro-
tein would require one to monitor the effects of several
perturbations in cell populations as well as, if possible, in
individual cells or subpopulations. Standard technologies
such as flow cytometry and certainly microscopy do not
lend themselves to the practical realization of this goal, in
terms neither of time nor cost. However, emerging technol-
ogies based on microfluidics or solid-phase arraying of cells
promise to make large-scale analysis of protein dynamics
in intact living cells a practical possibility.

Genetically encoded markers of protein dynamics

The simplest and most specific approaches to date for
monitoring protein dynamics in cells are based on geneti-
cally encoded reporters; that is, the fusion of a nucleotide
sequence of a reporter gene to that coding for a protein of
interest and the autologous expression of the fusion prod-
uct in some cell of interest. The most notable examples of
such reporters are the natural autofluorescent proteins
(AFPs) of the green fluorescent protein family and their ar-
tificially engineered variants. The numerous examples of
their utilization as protein and cell compartment markers
have been extensively reviewed [1]. In spite of their great
success, there are three downsides to the use of AFPs in the
study of protein dynamics in cells. First, the large size
(238 amino acids), slow folding and maturation, stable
structure and ability to homo-oligomerize, even for those
species designed not to do so, might result in considerable
changes in the dynamics of a protein to which the AFP is
fused. Another limitation of AFPs is the spectral properties
of these proteins. Extensive protein engineering has been
done with AFPs, resulting in those with improved folding
and maturation characteristics, reduced tendencies to
oligomerize as well as red-shifted emission maxima (for
improved signal over cellular background fluorescence and
tissue penetration) and higher quantum yield. AFPs have
also been engineered to be less sensitive to changes in the
physical state of the intracellular milieu, such as pH [2].
Nevertheless, the production of alternatives to AFPs as ge-
netically encoded markers for proteins has been motivated
by two considerations: first, the desire to produce markers
with specific and optimal spectral characteristics; second,
to produce simpler and smaller markers that would be less
likely to change the dynamics of the proteins to which
they are fused. Several markers that possess one or more of
these properties have been reported recently. Chemical flu-
orophores are ideal because they can be designed to have the
most desirable spectral characteristics by functionalizing
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several basic fluorophores. Moreover, general strategies
have been developed to assure that fluorophores can enter
the cell while at the same time limiting their exit. The
problem then is to get them to associate in a specific way
with a protein of interest. One recently demonstrated strat-
egy is based on the clever utilization of the nucleotide-acy-
lating enzyme O¢-alkylguanine alkyltransferase (AGT) [3].
This strategy takes advantage of the enzyme’s ability to
transfer an alkyl group (normally a methyl group) from the
Of% position of guanine to a cysteine on the surface of the
protein to form a stable thioether. In the scheme presented
in Figure 1a, an O%-benzyl derivative of a fluorophore or
other derivative of guanine is used to label the protein. The
authors demonstrate their ability to specifically label bac-
terially expressed proteins and nuclear localization pep-
tides in mammalian cells. In principle, labels with differ-
ent fluorophores could be synthesized to produce proteins
labelled in different ways. One obvious advantage of this
approach is that, in theory, any fluorophore could be
specifically associated with a protein of interest and with
the most desirable spectroscopic properties. There are a
couple of downsides to this approach. First, mammalian
cells express an AGT that can act as an acceptor of O%-ben-
zylguanine derivatives, resulting in background labelling.
Thus, experiments must be performed in cells in which the
gene has been knocked out. Second, AGTs, like the AFPs,
are relatively large (human AGT used in these studies has
207 amino acids), begging the question of whether they
also could alter protein dynamics.

The problem of size could be solved with the genetic
encoding of relatively small and linear peptides that bind
covalently or noncovalently to specific probes. Roger Tsien
and his group have reported a novel strategy to stably label
very small peptide tags in living cells [4-7]. The principle is
based on the formation of stable complexes of arsenic with
two thiols. A peptide tag containing between six and 17
amino acids, including the tetracysteine motif Cys-Cys-
Xaa-Xaa-Cys-Cys, will react with biarsenide derivatives of
several fluorophores, forming stable complexes between
the peptide and fluorophore and, in the chosen example
(Figure 1b), resulting in a fluorophore of sufficiently in-
creased quantum yield over that of the uncomplexed fluo-
rophore to detect and localize tagged proteins in living
cells. Simple cell-permeable fluorophores that fluoresce in
the green (fluorescein) [6], red (resorufin [4] and Nile red
[8]) and blue (3,6-dihydroxyxanthone and 2,7-dichloro de-
rivative) [4,5] have been described and the utilization of
these tags to study protein turnover and movement in the
cell has been presented, most notably in an elegant study
of the subcellular trafficking of the tight junction-associated
protein calnexin 43 [5]. This strategy has already been
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demonstrated to have significant advantages over autoflu-
orescent proteins for the monitoring of protein dynamics.
Besides the fact that the tag peptide itself is dramatically
smaller than AFPs, thus preventing spurious effects on pro-
tein turnover and trafficking, the range of spectral properties
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Figure 1. Genetically encoded protein fluorescent labelling strategies.
The red ellipsoid represents the tagged protein. (a) Human
alkylguanine alkyltransferase (hAGT) transfers the fluorescently
labelled benzyl derivative of a fluorophore from the O¢ position of
guanine to a cysteine on the surface of the protein to form a stable
thioether. (b) A peptide tag containing the tetracysteine motif Cys-
Cys-Xaa-Xaa-Cys-Cys reacts with biarsenide derivatives of a
fluorophore (fluorescein here) to form a stable complex between the
peptide and fluorophore, resulting in a fluorophore of sufficiently
increased quantum yield over that of the uncomplexed fluorophore to
detect and localize tagged proteins in living cells. (c¢) Complexes of
transition metal-nitrilotriacetic acid (Ni2+:NTA) with fluorophores.
Ni2*:NTA can form a stable complex with a hexahistidine peptide
fused to a protein. (d) Small acid-rich peptides form specific
complexes with tryptophan- or tyrosine-activated luminescent
lanthanides (e.g. Tb3+, grey ball).

of dyes is limited only by the practical requirements of the
system; the complexes form very rapidly (within seconds,
compared to AFPs which require minutes to reach maxi-
mum fluorescence) and are stable for days, allowing for
very long-term analysis of protein dynamics.

It would be hoped that the design of the biarsenate fluo-
rophores and their use with small genetically encoded tags
will inspire chemists to develop other in vivo small peptide-
specific labelling strategies. Alternative peptides and labels
could allow for multiplexed analysis of the dynamics of
many proteins at a time, as well as potentially allowing
protein co-localization and, in some cases, protein—protein
interactions to be followed. Two examples have been
demonstrated in vitro that have some promise for use in
vivo in some form. One is based on complexes of transition
metal-nitrilotriacetic acid (Ni2*:NTA) with common cya-
nine fluorochrome (Cy3 and Cy5) chomophores. Niz*:NTA
can form stable complexes with a hexahistidine peptide
which can be incorporated anywhere in a peptide (Figure 1c)
[9]. Another strategy is based on engineering acid-rich pep-
tides that can form specific complexes with tryptophan- or
tyrosine-activated luminescent lanthanides (Figure 1d)
[10]. It is likely that these approaches are sufficiently
robust to be scaled to the study of many proteins, but it
remains to be seen how the dyes can be used in different
cell types. The problems of differences in uptake of the flu-
orophores as well as devising ways to get heavy metals into
cells (e.g. using artificial ionophores) and overcoming their
toxicity in different cell types would need to be addressed.
Labelling techniques that do not require metal coordination
would be a preferred alternative.

An alternative to protein or peptide labelling that holds
some promise for multiplexed labelling is suggested by re-
cent advances in the development of so-called ‘quantum
dots’ (QDs). QDs are semiconductor nanoparticles ((1L0° m
in diameter), which can be manufactured in such a way as
to emit fluorescence at distinct wavelengths. If the surfaces
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of individual QDs (having a unique
fluorescence emission maximum) could
be chemically modified to interact with
specific proteins, in principle it could

be possible to follow the dynamics of Il,.-"’

a series of proteins, perhaps in an indi- B

vidual cell at a time. Until recently, ,': Ty

technical hurdles existed in the use of
QDs in vivo, such as simple ways to in-
troduce them into cells or to derivatize
their surfaces chemically so that they
could be used to label proteins in a spe-
cific way. However, recent examples of
both cell-surface and intracellular pro-
tein labelling show that these problems
are surmountable [11-13]. Even so, QDs
are enormous compared with small
molecule fluorophores, being compa-
rable in size to, or larger than, proteins.
By contrast, chemical fluorophores are
about 100 times smaller than proteins.
Nevertheless, QD conjugates with pro-
tein-specific antibodies or peptide or
protein aptamers might prove power-
ful tools for parallel analysis of protein
levels locations and modifications
within individual cells or populations
of cells, as has been demonstrated as a
proof-of-principle with fluorescently
labelled antibodies [14].

Protein—protein interactions

The interactions that proteins make
with other molecules and in particular
with other proteins tell us what pro-
teins are doing in the cell; thus both
the identification of protein—-protein

Figure 2. Methods for detecting dynamics of protein—protein interactions in living cells.
Ellipsoids A and B represent the tagged interacting proteins of interest. (a) Detection of
protein—protein interactions is based on fluorescence resonance energy transfer (FRET), in
which excitation of a donor fluorophore (CFP, cyan) fused to one protein emits photons
at a wavelength within the range of wavelengths in which an acceptor fluorophore (YFP,
yellow) fused to an interacting protein, if sufficiently close (within about 50-100 A), can
absorb these photons. (b) Protein fragment complementation assays. Complementary
fragments of a reporter enzyme are fused to two proteins, which interact with each other.
Interaction of the two proteins brings the reporter enzyme fragments into proximity,
where they can fold into their active 3D structure.

Drug Discovery Today

interactions and the study of their dy-
namics on a large scale are a key goal of proteomics. In liv-
ing cells, the ways in which interactions can be directly
measured are limited. As mentioned above, AFPs have been
— and selectively labelled peptide tags fused to proteins
could be — used to measure protein—-protein interactions
based on fluorescence resonance energy transfer (FRET), a
weak quantum mechanical phenomenon in which excita-
tion of a donor fluorophore emits photons at a wavelength
within the range of wavelengths in which an acceptor flu-
orophore, if sufficiently close (~50-100 A), can absorb these
photons (Figure 2a) [15]. However, FRET is insensitive, has
a very narrow dynamic range and is very difficult to scale
because the two proteins must be expressed in the cell at

optimal levels to ensure that perturbation of the acceptor
by donor fluorophore can be detected. It is difficult to
imagine obtaining optimal levels of expression of two pro-
teins simultaneously on a large scale. Protein interaction-
assisted folding of reporter enzymes from fragments or pro-
tein fragment complementation assays (PCA) provide an
alternative to FRET that overcomes this problem [16-22].
In this approach, complementary fragments of a reporter
enzyme are fused to two proteins that are thought to inter-
act with each other. Interaction of the two proteins brings
the reporter enzyme fragments into proximity where they
can fold into their active, three-dimensional structure
(Figure 2b). The all-or-none nature of protein folding assures
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that the dynamic range of response is maximal (in princi-
ple, if the two proteins do not interact before some trigger-
ing event, there is no signal in the absence of the trigger,
whereas the triggered interaction results in maximal sig-
nal). Further, no careful adjustment of signal of expression
levels is necessary and thus pairwise analysis of constitu-
tive or induced interactions is possible. Nevertheless, the
same caution must be exercised in interpreting PCA results
as with any genetically encoded probe. In particular, care
must be taken to ensure that the localization of protein
complexes is not altered by attachment of reporter frag-
ments to the two proteins of interest. Furthermore, inter-
actions should not be interpreted as being ‘binary’. In the
cell, a third protein could mediate an interaction; in which
case the interaction is indirect. The only way to prove that
an interaction observed by PCA is binary is through direct
binding assays with proteins expressed in an exogenous
background. Several assays have been developed, includ-
ing those based on ubiquitin, dihydrofolate reductase,
B-lactamase and AFPs [16-25]. Proof-of-principle examples
of the uses of these approaches to systematically study both
induced and constitutive interactions have been demon-
strated, and the potential of these methods to both detect
novel interactions and map out biochemical pathways has
been realized [25]. We should see more examples of appli-
cations of PCA to larger-scale mapping of biochemical
pathways and networks in the near future.

Outstanding issues

| have no doubt that we are close to having technologies
that can be applied on a large scale to the study of protein
dynamics. In particular, fluorescent labelling of small, ge-
netically encoded peptides provides a promising means of
studying protein trafficking and turnover, while PCAs
could prove the most general way to monitor the dynam-
ics of protein complexes. However, we know that the pro-
teome is more than the sum of its parts, their dynamics
and interactions. How a protein functions is dependent on
its state and position within a cell at a given time, and is
affected by the conditions that the individual cell or cell
population is under at that time. The state of a protein is
often determined by specific post-translational covalent
modifications. Unfortunately, there are no methods to de-
termine exactly how a specific protein is modified in intact
cells, although, in a sense, the question is meaningless at
this point because we must first develop ways to determine
what modifications proteins undergo during their life cycle;
these problems are best addressed by mass-spectroscopic
approaches [26]. Nevertheless, methods to elucidate key
functional post-translational modifications can be used to
monitor the activity of specific biochemical pathways. For
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example, | alluded earlier to the use of antibodies that are
highly specific for covalently modified peptide sequences
on specific proteins to label cells in which the modification
has occurred under a particular condition [14]. Fluorescent
labelling of specific antibodies with chemical or QD chro-
mophores would in principle allow the state of proteins
under a wide range of conditions to be monitored, but the
scale of such studies would be limited by the availability of
highly specific antibodies. Alternatively, FRET-based detec-
tors of covalent modifications of peptides that correspond
to sequences in proteins known to be modified in specific
ways could serve as indirect but not completely specific
monitors of post-translational modifications [27,28].

In addition, a goal of all proteomics research is to deter-
mine the organization of biochemical pathways and net-
works. This will not be possible without a set of comple-
mentary technologies that allow us to observe changes in
protein dynamics in conjunction with perturbations of
pathways. Among the most obvious perturbation strategies
to emerge in the last few years has been siRNAs that are
finding use in knocking down the levels of expression of
individual genes [29-31]. However, gene knockdowns can
take a long time to have an effect on a pathway because
of the relatively slow turnover of the protein knocked
down, and there is always the possibility of a compensat-
ing mechanism that might hide the effects of the knock-
out. Direct knockout or knockdown of proteins has been
achieved using fluorescence-mediated protein inactivation.
In this approach, a fluorophore is covalently associated with
a protein via either an AFP, one of the small genetically en-
coded peptide—fluorophore complexes mentioned above
or a fluorophore-labelled protein-specific antibody. Excitation
of the fluorophore results in emission of photons that ex-
cite molecular oxygen into a free radical triplet state which
can then react with and hydrolyse peptide or other side
chain groups in the vicinity of the fluorophore (over ~50 A),
thus destroying either the integrity or the catalytic activity
of the tagged protein or those with which it is in contact.
Several examples of this approach, including a proof-of-
principle of its utility on a larger scale, have been reported
recently [32-34]. Alternatives to siRNA or destructive pro-
tein knockdown approaches are chemical or genetically
encoded inhibitors of protein function that have immedi-
ate effects on gene activity. An example of chemically en-
coded knockouts are those devised by Kevan Shokat to
specifically inhibit one class of enzymes, protein kinases
[35]; examples of genetically encoded peptide aptamer
strategies have also been devised although they have not
yet been demonstrated to be useful on a large scale [36,37].

Finally, the development of protein detection technologies
must be married to technologies that will allow large-scale
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screening of many proteins in cells that can be perturbed
by siRNAs, drugs, hormones, etc., by analogy to the way
that analysis of gene expression with DNA microarrays has
been used to map pathways and compare normal and
pathological states of cells. Given the costs of maintaining
living cells and studying multiple cellular processes, this
issue must be addressed soon. Several groups have demon-
strated microcellular array and liquid handling on nanolitre
scales that should prove to meet this challenge [38-40].
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