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Abstract—Protein misfolding and aggregation have been considered important in understanding many neurodegen-
erative diseases and recombinant biopharmaceutical production. Various traditional and modern techniques have been
utilized to monitor protein aggregation in vitro and in living cells. Fibril formation, morphology and secondary structure
content of amyloidogenic proteins in vitro have been monitored by molecular probes, TEM/AFM, and CD/FTIR an-
alyses, respectively. Protein aggregation in living cells has been qualitatively or quantitatively monitored by numerous
molecular folding reporters based on either fluorescent protein or enzyme. Aggregation of a target protein is directly
correlated to the changes in fluorescence or enzyme activity of the folding reporter fused to the target protein, which
allows non-invasive monitoring aggregation of the target protein in living cells. Advances in the techniques used to
monitor protein aggregation in vitro and in living cells have greatly facilitated the understanding of the molecular mech-
anism of amyloidogenic protein aggregation associated with neurodegenerative diseases, optimizing culture condi-
tions to reduce aggregation of biopharmaceuticals expressed in living cells, and screening of small molecule libraries

in the search for protein aggregation inhibitors.
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INTRODUCTION

Protein misfolding and aggregation have attracted great atten-
tion in recent years. These phenomena are implicated in the onset
of numerous human diseases and are also critical issues in the produc-
tion and formulation of biopharmaceuticals. Misfolding and aggre-
gation of proteins are known to cause numerous neurodegenerative
diseases, such as Alzheimer’s (AD), Parkinson’s (PD), Amyotrophic
Lateral Sclerosis (ALS), and Huntington’s [1-6]. AD is the most
common form of dementia. Currently, 5.3 million people in US are
affected, with the number projected to rise to 13.5 million by 2050
[7]. PD is the second most common neurodegenerative disease with
nearly 1 million people in the US affected. PD is a brain disorder
leading to shaking and difficulty with walking and movement. Amy-
otrophic lateral sclerosis (ALS), also known as Lou Gehrig’s dis-
ease, is a rapidly progressing and fatal neuromuscular disease that
attacks the nerve cells responsible for controlling voluntary mus-
cles [8]. A common pathological hallmark of these neurodegenera-
tive diseases is the accumulation of insoluble protein aggregates in
the central nervous system. AD, PD, and ALS are closely associ-
ated with aggregation of toxic amyloid-beta peptide (Af), a-synu-
clein, human copper/zinc superoxide dismutase (SOD1), respectively.
A and a-synuclein are accumulated outside of the cells, whereas
misfolded SODI tends to form insoluble toxic protein aggregates
inside cells [9,10]. Therefore, monitoring protein aggregation in
vitro and in living cells is essential to understanding the molecular
mechanism of neurodegenerative diseases and in identifying drug
candidates capable of modulating protein aggregation.

Protein aggregation is also one of the major issues in biophar-
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maceutical production, storage, and formulation. Numerous recom-
binant protein drugs have been produced from E. coli (reviewed in
[11,12]). However, over-expression of recombinant proteins usu-
ally results in aggregates (such as, inclusion body) formation inside
E. coli [13]. Many environmental factors can perturb correctly folded
conformation or inhibit correct protein folding; leading to protein
misfolding and aggregation (Fig. 1). Once misfolded proteins are
formed inside the cells, they can be returned to their correctly folded
state with the aid of chaperones or even removed via degradation.
However, abnormally increased misfolded proteins create a dam-
aged or over-loaded protein degradation system leading to intracel-
lular aggregate formation. Misfolded or unfolded recombinant proteins
in inclusion bodies require an extra refolding process in order to be
functional. Furthermore, many proteins that are structurally com-
plex and require multiple disulfide bonds cannot easily refold [14].
In those cases, formation of a soluble target protein is desirable. To
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Fig. 1. Scheme of protein folding and misfolding/aggregation.
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facilitate protein folding by chaperone proteins as well as post-transla-
tional modification, more protein drugs have been produced in cul-
tured yeast and mammalian cells in recent years. However, intracel-
lular aggregate formation and misfolding of biopharmaceuticals, such
as o-galactosidase, a~glucosidase, antithrombine 111, and angiopoi-
etin-1 in mammalian cells remain obstacles in achieving high yield
production of biopharmaceuticals [15-19]. To reduce intracellular
aggregate formation, cell culture medium composition and envi-
ronmental factors have been optimized [20]. With advancements
in molecular biology techniques and high-throughput screening,
less aggregation-prone variants of proteins have been identified by
screening mutants [21]. Various methods have been developed to
enable monitoring protein aggregation in cultured cells, including
bacteria, yeast and mammalian cells.

This review focuses on recent advances in protein aggregation
monitoring methods in vitro and in cultured cells. Considering space
limitations, it is not possible to review all methods available or all
target proteins. Therefore, this review mainly focuses on 1) bio-
physical and immunological monitoring methods of protein aggre-
gation leading to amyloid fibril formation directly linked to neurode-
generative diseases, and 2) molecular reporter systems monitoring
intracellular protein aggregation in bacteria and mammalian cells.
1. Monitoring Protein Aggregation In Vitro

Partially misfolded or misfolded proteins self-assemble to form
protein aggregates in vitro. Protein aggregates have diverse struc-
tures including disordered aggregates, prefibrillar aggregates, and
amyloid fibrils (Fig. 1). Originally, insoluble fibrils were thought to
be the principal conformer conferring neurotoxicity in diseases such
as AD [22]. As such, the scientific community committed much
time and resources into the development and optimization of many
traditional in vitro techniques to characterize this particular form of
protein aggregate. However, through recent in vivo and in vitro dis-
covery, smaller, prefibrillar aggregates (Fig. 1) have now emerged
as the primary toxic species in several of these diseases [23-26].
Prefibrillar aggregates include the following conformers: prefibrillar
oligomers (globular aggregates lacking the ordered cross-stacked
sheet structure) and fibrillar oligomers/protofibrils (aggregates with
the cross-stacked S-sheet structure). Because of this paradigm shift,
many limitations and potential drawbacks of using traditional fibril
monitoring techniques to study prefibrillar aggregates have become
apparent. In addition, new techniques (or new uses of traditional
techniques) have emerged to better characterize prefibrillar/oligo-
meric aggregates and the effectiveness of proposed aggregation inhi-
bition therapies. The focus of this section is to review recent trends
in the use of several traditional techniques (small molecule probes,
TEM/AFM, and CD/FTIR) and a new technique (dot-blot assay
using conformational-specific antibodies) for routine monitoring of
prefibrillar aggregates in the study of protein aggregation.

1-1. Molecular Probes for Aggregate Characterization
1-1-1. Thioflavin T Binding Assay

The use of a small molecule dye, Thioflavin T (ThT), and its de-
rivatives is arguably the simplest and most widely used method to
monitor aggregation of amyloidogenic proteins. ThT displays a fluo-
rescence emission maximum at around the 485 nm wavelength upon
binding to the Ssheet groove structure of fibrillar protein aggre-
gates [27]. The use, binding sites, and binding mechanisms of ThT
with protein aggregates have been reviewed extensively [28-35].
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Traditionally, ThT has been used to detect amyloid fibrils only
due to the characteristic sigmoidal increase in fluorescence that oc-
curs between the monomer and end fibril state [36-40]. However,
ThT has also been found to bind prefibrillar aggregates that contain
the Ssheet groove binding site (fibrillar oligomers and protofibrils).
Prefibrillar aggregates which contain the sheet structure have fewer
binding sites than fibrils and so their fluorescence is lower but still
observable (1.5 fold increase for prefibrillar aggregates vs. 100 fold
for fibrils) [32,41]. Therefore, ThT could prove indicative of the
presence of toxic protofibrils and fibrillar oligomers, but not pre-
fibrillar oligomers that lack defined Ssheet structure [42,43]. Lastly,
caution should be taken when using ThT to monitor aggregation in
the presence of aggregation inhibitors due to potential spectral inter-
ference with ThT fluorescence [31,36].

1-1-2. Congo Red Binding Assay

Congo Red (CR) is another small molecule probe which, simi-
lar to ThT, has traditionally been used to identify amyloid fibrils,
specifically in the form of deposits in the brain tissue or in vitro (re-
viewed in [28,30,32,44]). CR binds to Ssheet rich structures present
in amyloid fibrils [31] and demonstrates a characteristic shift in the
absorbance maximum from 490 to 540 nm and green birefringence
with crossed polarized light [29].

More recent studies have shed light on the use of CR toward exam-
ining prefibrillar aggregates. Walsh et al. observed a change in CR
absorbance when applied to protofibrils, albeit the change was less
marked than that of amyloid fibrils [45]. Additionally, Maezawa et
al. applied surface plasmon resonance to identify the binding affin-
ity/dissociation constant of CR towards prefibrillar oligomers [30].
However, a shift in absorbance maximum upon CR binding was
not observed for prefibrillar oligomers. So, as was the case with
ThT, recent studies demonstrate that CR could be applicable to char-
acterize protofibrils and fibrillar oligomers, but not prefibrillar oligo-
mers that do not have defined stacked sheet structure.

1-1-3. ANS Fluorescence Assay

Another small molecule, 1-anilinonaphthalene 8-sulfonate (ANS),
and its closely related derivative, 4,4"“bis-1-anilinonaphthalene 8-
sulfonate (Bis-ANS), have served since their discovery in the 1950s
as one of the most frequently used fluorescent probes for charac-
terizing a diverse array of proteins [35,38,46]. ANS provides an
assessment of surface hydrophobicity by showing an increase in
fluorescence intensity and a blue shift (decrease in wavelength) in
the fluorescence maximum upon being exposed to hydrophobic
regions on the surface of proteins [46].

Interaction and subsequent perturbation of hydrophobic lipid mem-
brane bilayers is believed to be one of the primary mechanisms by
which prefibrillar aggregates confer toxicity to cells in associated
diseases (for an in-depth review of possible toxicity mechanisms,
see reference [47]). Thus, to gain insight into the potential for toxicity
through hydrophobic interactions, an assessment of surface hydro-
phobicity of protein aggregates through ANS could be potentially
very useful in the study of prefibrillar protein aggregates. Indeed,
recent studies have shown that 1) prefibrillar oligomers of A2
peptide exhibited an increase in fluorescence and a blue shift when
exposed to ANS compared to fibrils and monomers [48,49] and 2)
a correlation between increased ANS fluorescence and toxicity [48-
50]. In the specific area of monitoring prefibrillar protein aggre-
gates, ANS has been used less frequently than CR and ThT. Ladi-
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wala et al. used ANS to characterize A2 fibrils, freshly disag-
gregated low molecular weight species, and soluble prefibrillar oli-
gomers and reported that prefibrillar oligomers showed the largest
increase in fluorescence and blue shift, characteristic of ANS interac-
tions with hydrophobic regions [37]. These oligomers were also re-
ported to be more toxic than fibrils and low molecular weight species.
1-1-4. Antibody Dot Blot Assay

Because of the difficulty in obtaining high resolution crystal struc-
tures of protein aggregates (prefibrillar aggregates, in particular),
conformational-specific antibodies have been developed over the
past 10 years to help identify and monitor the state of amyloidogenic
protein aggregation and screen potential aggregation inhibitors/modu-
lators.

Glabe et al. developed three conformational-specific antibodies
that are important to detect physiologically-relevant prefibrillar aggre-
gates: Al (recognizing prefibrillar oligomers but not fibrillar con-
formers [23]; OC (recognizing the cross-stacked Ssheet structure
of fibrillar oligomers, protofibrils, and fibrils [51]; and @APF (recog-
nizing annular protofibrils [52]). These conformational-specific anti-
bodies have been extensively used and reviewed [24,30,37,53-55],
and a summary of their respective reactivity to the various aggre-
gation conformers is shown in Fig. 2(a). As an example of the A11
antibody to evaluate the inhibitory capacity of A aggregation modu-
lator, inhibition of toxic All-reactive Af aggregate formation by
brilliant blue G (BBG), a small molecule inhibitor, is illustrated in
Fig. 2(b) [56].

Even though the application of these antibodies has provided im-
portant insight into the properties of prefibrillar protein aggregates
and the effects of potential therapeutics, recent studies have shown
that care must be taken when using and interpreting the results. First,
due to the transient nature of prefibrillar aggregates compared to
end-state conformers, preparing a homogeneous sample of exclu-
sively A11, OC, or @APF reactive (no cross reactivity) prefibrillar
aggregates in vitro has proven quite challenging, though prepara-
tion of homogeneous prefibrillar aggregates was reported by a few
research groups [41,43,52]. Despite their success, non-physiologi-
cal aggregation conditions (low pH) [41] or incomplete removal of
pre-treatment disaggregation agent [41,43] were employed in order
to generate these homogeneous populations. Other groups who have
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Fig. 2. (a) Summary of reactivity of A1l, OC, and o~APF confor-
mational-specific antibodies to various aggregate species [S2].
(b) Inhibition of All-reactive A/ aggregate formation by
brilliant blue G (BBG), a small molecule inhibitor; for 3 days
[56].
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applied the OC and A1l conformational-specific antibodies have
observed more non-homogeneous populations, either in the form
of fibrillar conformers populations containing significant A11-reactiv-
ity [57-59] or prefibrillar oligomer populations possessing significant
OC-reactivity [36,60]. Because of the cross reactivity demonstrated
by these populations, it is difficult to discern which species is domi-
nant. Second, in rare but present cases [61], false positive antibody
reactivity has been observed when testing the inhibitory/modula-
tory activity of extrinsic compounds on protein aggregates. Because
of these two factors, care must be taken when designing experiments
and interpreting the results of these antibodies.

Because of the insight that the three primary conformational-spe-
cific antibodies discussed above have given and due to the high degree
of polymorphism that exists in prefibrillar aggregates, additional con-
formational-dependent antibodies are being developed to further
characterize these conformers. Wang et al. developed four single-
chain variable fragment antibodies that specifically recognize AS
oligomers, but not monomers or fibrils [62]. However, the use of
this antibody does not appear to have caught on in a widespread
manner throughout the community. Furthermore, Kayed et al. devel-
oped six new monoclonal antibodies that recognize immunologi-
cally distinct preparations and sub-variants of prefibrillar oligomers
also recognized by the more general polyclonal antibody, A11 [63].
Even though the sub-classes of prefibrillar oligomers identified by
the monoclonal antibodies showed different molecular weight size
distributions through Western blot analysis, it is not yet clear whether
or not these variants are more pathologically relevant than A11 anti-
body.

1-2. Methods for Obtaining Visual Morphological (Quatemary Struc-
ture) Information on Protein Aggregate Species
1-2-1. Electron Microscopy & Atomic Force Microscopy

Transmission electron microscopy (TEM) and atomic force micros-
copy (AFM) are the two techniques most commonly used to visual-
ize the morphology of amyloidogenic protein aggregate samples [30,
31,36,37,39-41,48,50,58,60,64-67]. Both TEM and AFM provide
information (both qualitative and quantitative) at the nanometer level
of quaternary structure characteristics, including the length, width,
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Fig. 3. A/A0 fibrils (top) and protofibrils (bottom) aggregates visu-
alized using TEM (left) and AFM (right) [56,58]. TEM (left
side) scale bar is 100 nm.
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curvature, and surface features of protein aggregates (reviewed in
[28,35,68-72]). Several examples of A0 fibril (top) and protofibril
(bottom) aggregates visualized using TEM (left) and AFM (right)
are shown in Fig. 3.

However, there are several significant differences and/or limita-
tions to consider when using these methods to study prefibrillar pro-
tein aggregates. Although TEM has the advantage of being a direct
method (i.e., crystallization of the sample is not required) [68] and
can be performed fairly quickly [70], the degree of resolution that
can be obtained for smaller, prefibrillar aggregates less than ~20 nm
is fairly limited compared to higher resolution techniques [72]. Be-
cause of this limitation, TEM is useful in verifying formation, inhibi-
tion, and/or disaggregation of larger protofibrils/fibrils and provid-
ing an approximate gauge for morphology of smaller aggregates,
but not for yielding high-resolution, low-error details of these small
prefibrillar conformers. However, despite this drawback, TEM has
been used to provide a numerical estimation of the length or width
of smaller aggregates less than 30 nm [42,60,73].

Conversely, AFM provides sub-nanometer three-dimensional
(including height) resolution of protein sample characteristics [74]
and is thus well-suited for studying smaller prefibrillar aggregates
with low expected error. However, the sample preparation for AFM
often takes longer and involves more steps (for example, freezing,
adsorption to mica surface) than a simple negative-stain TEM sam-
ple preparation [70].

1-3. Methods for Obtaining Secondary Structure Information on Pro-
tein Aggregate Species

1-3-1. Circular Dichroism & Fourier Transform Infrared Spectros-
copy

Circular dichroism (CD) and Fourier transform infrared spec-
troscopy (FTIR) are two well-established techniques that are used
most frequently to assay the secondary structure (Ssheet, orhelix,
Pturn, and disordered content) of protein aggregates in vitro [38,
39,66,67]. CD measures the differential absorption of right and left
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polarized light, and FTIR analyzes molecular bond vibration fre-
quencies [71]. Although it has been reported to be theoretically possi-
ble to determine antiparallel vs. parallel A-sheet secondary structure
using CD [75,76], FTIR is used more readily to obtain resolution
on secondary structures within the S-sheet group.

Secondary structure content is important for the study of protein
aggregates because specific secondary structures are characteristic
of different stages in the aggregation pathways. For example, in the
Ap peptide associated with AD, monomers and small oligomers
have been found to consist of mainly unordered/c-helical structures,
whereas the intermediate fibrillar oligomers, protofibril, annular pro-
tofibril, and ending fibril conformers contain mostly Ssheet sec-
ondary structure [41,52,54,77]. Unlike the other conformers, there
is a considerable amount of disagreement in the literature regard-
ing the secondary structure of soluble prefibrillar oligomers. On
one hand, several research groups have reported that A oligomers
contain mostly random coil/disordered secondary structure [42,43],
while others have reported these oligomers possessing prevailing
parallel or antiparallel Ssheet content [57,58,73]. Given the tran-
sient nature of this aggregate species and the difficulty in preparing
a homogeneous conformer sample, it is not surprising that different
research labs obtained different results.

Despite extensive general reviews of the techniques [28,35,71,72,
78-80] and the vast amount of primary works employing CD and
FTIR to assess protein aggregates, a single, straight-forward proto-
col does not exist that details how to use these methods to estimate
secondary structure content percentages. Instead, researchers employ
a host of scientifically acceptable approaches to estimate secondary
structure content from the raw CD and FTIR data generated. Often,
a qualitative-based analysis is used by comparing general features
of the CD or FTIR spectra with controls or “expected’ results, which
are used to correlate secondary structure changes or overall content.
For example, the CD or FTIR spectra of an unknown protein aggre-
gate sample could be compared to a predominantly Fsheet fibril
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Fig. 4. (a) Characteristic Ssheet (2-red line), o~helix (1-black line), and unordered/random coil (S-light blue line) secondary structure CD
spectra [85]. (b) Decomposition of total FI-IR spectrum (solid line) in to Ssheet (short dash line), o-helix (long dash line), and
unordered/random coil (dotted line) secondary structure components [111].
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control spectra, and deviations could be visualized [41]. Similarly,
spectral features of an unknown sample, such as curve minima and
maxima between 190-250 nm for CD and 1,600-1,700 cm™ for FTIR
are often compared to established “expected” correlations to obtain
a qualitative assessment of the major secondary structure features
[43,59,60,64]. Correlations of CD and FTIR curve characteristics
to secondary structure have been reviewed [28,81]. Examples of
the characteristic fsheet, o~helix, and unordered/random coil sec-
ondary structure CD spectra and FTIR decomposition component
curves are shown in Fig. 4. Altematively, a more complex, but quanti-
tative analysis has been developed and utilized in order to estimate
the percentage of secondary structure content of a sample from CD
spectral data using one or more single value decomposition, regres-
sion, or neural network algorithms available [82-84]. Several examples
of these methods/algorithms include CDSSTR, SELCON, CONTIN,
and K2D. For a review of these numerical methods, see [85]. It is
important to note that the majority of these algorithms require that
the sample CD spectra is ‘matched’ to a protein with known second-
ary structure content within various protein reference sets [81]. Be-
cause amyloidogenic proteins (or their parent proteins) and disor-
dered/random coil proteins are often not included in these refer-
ence sets, caution should be taken in interpreting CD spectra of dis-
ordered prefibrillar aggregates. Additionally, the numerical results
obtained from the analysis should agree (at least directionally) with
what is seen upon visual inspection of the sample spectra, and the
error value (normalized root mean square deviation) should not be
the only criterion used to select the best fit.
2. Monitoring Protein Misfolding/Aggregation in Living Cells

To date, numerous methods to monitor protein misfolding/aggre-
gation in living cells have been developed. The protein-based fold-
ing reporters can be categorized based on either phenotype (flu-
orescence vs. enzyme activity) or folding reporter principle (C-termi-
nus fusion vs. complementation) (Fig. 5).
2-1. Monitoring Protein Misfolding/Aggregation Using Fluorescent
Reporter Proteins

Fluorescent proteins including green fluorescent protein (GFP)

and its variants are widely used tools in cell biology. Fluorescent
proteins can be fused to a target protein to visualize the target pro-
tein expressed inside cells. Furthermore, by fusing the fluorescent
protein to a target protein, the extent of target protein misfolding
and aggregation can be correlated to cellular fluorescence intensity;
typically measured with a flow cytometer or fluorescence plate reader.
The focus of this section is to summarize recent developments of
fluorescence reporters of protein aggregation used in living cells.
2-1-1. Fluorescence Reporter Fusion to C-terminus of a Target Pro-
tein

Waldo et al. first developed a folding reporter GFP (ffGFP) fused
to the C-terminus of a target protein to examine the aggregation and
folding status of the target protein in E. coli [21]. Cellular fluores-
cence intensity of cells expressing ffGFP fused to the target protein
is directly proportional to how correctly the target protein has folded.
As the extent of the target protein misfolding and aggregation in-
creases, solubility of the target protein inside cells decreases and
then cellular fluorescence intensity decreases (Fig. 6). Using the ffGFP
fusion technique, Waldo et al. successfully evolved two insoluble
proteins, C33T of gene V protein and bullfrog H-subunit ferritin to
highly soluble variants via several rounds of directed evolution [21].
Kim et al. fused frGFP to A0 and A2 peptides and screened
A peptide mutant libraries expressed in E. coli in order to identify
A variants with enhanced or reduced aggregation propensity [86,87].
These findings clearly demonstrate that frGFP fusion could be a
convenient tool to design/identify soluble variants of other insolu-
ble proteins.

A derivative of GFP, venus yellow fluorescent protein (VYFP)
has been used as a folding reporter [88]. In comparison to GFP, vYFP
forms its fluorophore at a faster rate, has increased folding effi-
ciency and remains stable in harsh cellular environments. Arslan et
al. reported the use of vYFP as a reporter protein to monitor the
aggregation of A/#?2 peptide in cell-free systems. Arslan et al. screened
a library of peptides and identified peptides that facilitate the folding
of A2 in a cis-manner in E. coli [88,89].

Similar to GFP and its derivatives, Heddle et al. tested the reef
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Fig. 5. Comparison of protein-based folding reporters.
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Fig. 6. Correlation of solubility of proteins expressed in E. coli with
fluorescence of cells expressing corresponding proteins fused
to GFP [21].

coral fluorescent protein (RCFP) as a aggregation reporter [90]. The
tertiary structures of the RCFPs and GFP are similar and RCFP emits
fluorescence at similar levels as GFP, making RCFPs an alternative
potential folding reporter. ZsGreen, (an RCFP variant), shows the
most promise as a folding reporter, because it can differentiate be-
tween poorly folded and well folded target proteins without alter-
ing the aggregation propensity of the target protein.

The utility of the GFP as folding reporter has been extended to
mammalian cells. Gregoire et al. utilized enhanced GFP (EGFP)
as a folding reporter of human copper/zinc superoxide dismutase
(SOD1) in mammalian cells [91]. Using flow cytometry to quan-
tify cellular fluorescence intensity of HEK293T and NSC-34 cells
expressing the SOD1-EGFP fusion protein, they accurately deter-
mined deviations from the correctly folded wild-type SOD1 confor-
mation. It was the first report directly correlating the average cellular
fluorescence intensity to the extent of misfolding/aggregation of a
target protein in mammalian cells.

The frGFP fusion has also been used to identify inhibitors of pro-
tein aggregation. Using the fiGFP fused to A2 peptide expressed
in E. coli, Kim et al. screened small molecule libraries and suc-
cessfully identified A42 aggregation inhibitors [92]. Geng et al.
utilized ASenhanced cyan fluorescent protein fusion protein as a
folding reporter of Af peptide in E. coli in order to screen inor-
ganic drug candidates, polyoxometalates (POMSs) in the search for
A aggregation inhibitors [93]. Several POMs identified inhibited
Aaggregation in vitro and also reduced A Sassociated cytotoxicity.
Searching through compounds in such a manner allows for parallel
experiments and the ability to screen a vast library of compounds
in a timely fashion.

Another quantitative measure of protein misfolding/aggregation
using GFP is fluorescence resonance energy transfer (FRET) from
GFP to blue fluorescent protein, a blue-shifted form of GFP [94].
Tagging each of these fluorescent proteins to the N- and C-termi-
nus of the target protein, the folding status of the target protein could
be determined by the FRET signal from the two proteins.

2-1-2. Complementation of Split Fluorescent Reporters

Many of the monitoring systems of protein misfolding/aggrega-

tion involve indirect C-terminus fusions using a fluorescent protein
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or antibiotic resistance proteins. However, these systems increase
the probability of “false positives” due to proteolytic cleavage or
increased aggregation of a target protein caused by the soluble nature
of the reporter protein. As an alternative to ffGFP fused to the C-
terminus of a target protein, Cabantous et al. developed self~com-
plementary GFP fragments (split GFP) to monitor aggregation of a
target protein [95-97]. A short, non-fluorescent 15-amino acid por-
tion (GFP 11) of GFP is tagged to the C-terminus of a target protein.
To complete the fluorophore formation of GFP, the other portion
of GFP (GFP 1-10) must complement the GFP11 fragment fused
to the target protein. Target proteins that are misfolded or insoluble
will reduce the accessibility of this portion of the GFP, making self-
complementation difficult and reduce the fluorescence of cells ex-
pressing both split GFP fragments, whereas highly soluble and well
folded target proteins will allow complementation of split GFP frag-
ments leading to high fluorescence.

The split GFP complementation has been successfully used to
detect aggregation of target proteins both in bacteria and mamma-
lian cells. Johnson et al. reported that split GFP complementation
can be used to monitor aggregation of mutant tau proteins, which
is associated with Alzheimer’s disease, in mammalian cells [98].
This was the first time the split GFP system was used to quantify
protein aggregation in mammalian cells. Listwan et al. modified this
system to a high-throughput format, utilizing an automated Biomek
FX liquid-handling robot coupled with Cytomat incubators, DTX
plate reader, Rotanta centrifuge, and ORCA transportation rail [99].

Many proteins in living cells form protein complexes including
heterodimers. Heterodimer formation can increase or decrease sta-
bility of each protein subunit. There are potential issues in examin-
ing the aggregation of a heterodimer using the split GFP system. If
the proteins in a complex are soluble when expressed separately,
but insoluble once the complex is formed, the split GFP system can-
not accurately determine the level of aggregation of the protein com-
plex. To address this issue, Lockard et al. added an additional hexa-
histidine tag to the N-terminus of the target protein while keeping
the GFP11 tag on the C-terminus of the target protein [100]. Once
cells expressing the fusion protein are lysed, heterodimers that are
not aggregated have the hexa-histidine tag available for binding to
affinity resin. However, if heterodimers are aggregated, limited ac-
cessibility of the hexa-histidine tag would prevent binding of the
heterodimer aggregates to affinity resin. By incorporating an affin-
ity tag to the detection system as well as split GFP complementation,
a DNA fragment library of the human protein p85 and breakpoint
cluster region-homology were screened to identify stable, soluble
heterodimeric protein complexes.

2-2. Monitoring Protein Misfolding/Aggregation Using Enzyme
Reporters

Numerous enzyme-based protein misfolding and aggregation re-
porters have been developed. Similar to the GFP reporter, the enzyme
reporter activity is strongly correlated to enzyme folding. Any devi-
ations from the correct structure will reduce the ability of the enzyme
to catalyze a particular reaction. Here, the most recent developments
in monitoring protein misfolding/aggregation using enzymatic activ-
ity are summarized.

2-2-1. Enzyme Reporter Fusion to C-terminus of a Target Protein

The first successful enzyme-based reporter of protein aggrega-
tion is chloramphenicol acetyltransferase (CAT) [101]. CAT is a
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homo-trimeric protein that retains its enzymatic activity even when
fused to the C-terminus of another protein. Maxwell et al. reported that
mutants of an insoluble HIV integrase fused to CAT were screened
to identify soluble mutant of HIV integrase by testing chlorampheni-
col antibiotic resistance of E. coli expressing the mutant HIV inte-
grase fused to CAT [101]. This result indicates that the extent of
aggregation of a target protein fused to CAT is directly correlated
to chloramphenicol antibiotic resistance.

Murine dihydrofolatereductase (mDHFR) is an enzyme that is
essential for reducing dihydrofolic acid to tetrahydrofolic acid and
is imperative for E. coli survival. Trimethoprim (TMP) is also known
to inhibit the activity of £. coli DHFR, but has no effect on mDHFR.
As a folding reporter, mDHFR is tagged to the N-terminus of a target
protein. Similar to the fifGFP, the folding of mDHFRis highly depen-
dent upon the folding of the target protein fused to mDHFR. When
the fusion protein is over-expressed in E. coli, only cells that express
correctly folded mDHFR will survive when in the presence of TMP.
Dyson et al. were able to utilize this system to find protein con-
structs that are soluble in £. coli [102,103]. In accordance with the
split GFP system, it was also used to screen a library of fragmented
genes of two proteins to determine domains of proteins that are re-
calcitrant. Minimal perturbation of the target protein upon mDHFR
fusion is an attractive characteristic for monitoring protein aggrega-
tion as well as its ability to be expressed in high quantities in E. coli.

Human DHFR (hDHFR) has also been used as a folding report-
er of protein aggregation. As detailed in the work by Morell et al.,
hDHFR was tagged to the C-terminus of proteins of interest and
expressed in erg6A yeast cells in the presence of methotrexate (MTX)
[104]. Similar to the aforementioned mDHFR assay, misfolding/
aggregation of the target protein was inversely proportional to the
cell viability in the presence of MTX. Since the cell line used is also
drug-permeable, this system can be used as a screen for potential
aggregation modulators of recalcitrant proteins.

2-2-2. Complementation of Split Enzyme Reporter

Similar to its split-GFP counterpart, researchers have created assays
that rely on the self-complementation of enzyme fragments. Wigley
et al. developed an assay for assessing protein aggregation propensity
using complementation of Fgalactosidase (#Gal) [105]. A smaller
Gal fragment was fused to the C-terminus of a target protein. Ag-
gregation of a target protein limits accessibility of the target protein-
fused (Gal fragment to a larger fGal fragment inhibiting com-
plementation of two QGal fragments, which leads to reduction of
Qal activity. Proteins with various levels of aggregation propen-
sity were examined to determine whether the enzyme activity of 4
Gal fusion protein correlates directly with the solubility of the target
protein, When expressed in E. coli, /~Gal fusion protein allows for
direct quantification of the color intensity of the colonies that are
grown on plates containing the larger portion of the £Gal protein.

Foit et al. developed a screening system to monitor aggregation
of a target protein using a tripartite fusion system [106]. This fusion
protein is designed such that a target protein is flanked by two frag-
ments of the penicillin resistance gene, TEM-1-Alactamase. TEM-
1-lactamase is a small, monomeric protein that hydrolyzes the S
lactam ring of penicillin (Fig. 7). When the two fragments are sepa-
rated, similar to split GFP, the antibiotic resistance protein has no
activity. However, when the enzyme is self-assembled, it regains

its enzymatic activity.

Antibiotic
“0\6\“9 resistant

G 7
0“6 L
) o™
\-’ Antibiotic
T~ fsf°f sensitive
x__\xﬁqsd

~

Fig. 7. Tripartite split enzyme assay for monitoring protein aggre-
gation in living cells [112].

The basis for the fusion method is that if a protein is misfolded
or aggregated, the two fragments that are fused to the N- and C-
termini of the target protein will not be able to self-assemble, leading
to reduction of enzymatic activity. Using penicillin as the antibiotic
to select bacteria that express well folded fusion proteins, the sys-
tem is able to give insight on in vitro thermodynamic stability. The
benefits of the tripartite fusion protein system are that it reduces the
number of false positives that occur frequently in other systems,
can be applied to proteins regardless of size and the species the pro-
tein is typically expressed in and gives a quantitative output on the
thermodynamic stability of the protein. Also, the fusion protein is
expressed within the periplasm of the cell, whereas other fusion pro-
tein systems are typically expressed within the cytoplasm of the
cell. The system has been applied to examining protein folding in
periplasmic space, antibody-antigen interactions, and single chain
antibody aggregation [107,108].

Yumeredendi et al. developed an aggregation assay where a target
protein is fused to a short linear biotin acceptor peptide as well as a
hexa-histidine tag at the N-terminus of a target protein [109]. Solu-
ble proteins are more likely to have their peptide accessible for biotin
binding, making detection of biotinylation possible using streptavidin.
However, aggregated or misfolded proteins will reduce the ability
for the peptide to become biotinylated and detected using streptavi-
din. Using anti-hexa-histidine antibodies, intact and soluble proteins
were successfully distinguished from truncated or poorly soluble
proteins. This system was first used to determine soluble domains
of PB2, the influenza polymerase. The system was also expanded
to examining the aggregation of protein complexes, called the Co-
ESPRIT system [110]. The fragmented library is cloned between
an intein-based open reading frame selection plasmid. The incor-
poration of the intein-based plasmid will remove many out of frame
genes that were present in the initial form of the system. This led to
a 9-fold enhancement in screening power, and led to only in frame
genes being screened after the first selective pressure was applied
to the system [110].

CONCLUSION AND FUTURE PROSPECTS

Various techniques to monitor protein aggregation in vitro and
in living cells have been developed. To monitor amyloid fibril for-
mation in vitro, traditional methods, dye binding assay, TEM, CD,
and FTIR analysis, have been widely used. More recently, AFM
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and dot blot assay using conformation-specific antibodies have been
used to characterize physiologically important prefibrillar protein
aggregates. Regarding dye binding assay, poor detection of pre-
fibrillar oligomers by current dyes is a critical limitation. Therefore,
identification of dyes that preferentially bind to prefibrillar oligomers
will allow quantitative monitoring of prefibrillar oligomers. Although
dot blot assay using conformation-specific antibodies has been used to
monitor formation of prefibrillar aggregates, the binding mechanism
of each antibody to the corresponding conformer remains unclear. To
enhance the utility of CD and FTIR analyses for monitoring amy-
loidogenic protein aggregation, two issues need to be resolved. First,
reference sets including diverse conformations of amyloidogenic pro-
tein aggregates need to be developed to increase the accuracy of
quantitative analysis of CD spectra. In particular, addition of more
spectra of disordered proteins to existing reference sets will facili-
tate more accurate analysis of spectra of disordered amyloidogenic
aggregates. Second, standard protocols to quantitatively interpret
CD and FTIR spectra and to evaluate quality of the analysis need
to be established.

To monitor protein aggregation in living cells, various molecular
folding reporters using either fluorescent protein or enzyme have
been developed. A target protein fusion to either N-terminus of a
folding reporter or one of the split reporter proteins directly corre-
lates the target protein aggregation to the loss of either fluorescence
or enzyme activity of the reporter, respectively. Despite numerous
applications of the molecular folding reporters in E. coli, fewer appli-
cations have been reported in mammalian cells. Considering the
enhanced interest in protein aggregation in mammalian cells, devel-
opment of molecular folding reporters optimized in mammalian
cells is needed.
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