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Abstract

The predominant working hypothesis of Alzheimer's disease is that the proximate pathologic
agents are oligomers of the amyloid p-protein (AB). “Oligomer” is an ill-defined term. Many
different types of oligomers have been reported and they often exist in rapid equilibrium with
monomers and higher-order assemblies. This has made formal structure-activity determinations
difficult. Recently, Ono et al. (Ono, K. et al. (2009) Proc Natl Acad Sci USA 106, 14745-14750)
used rapid, zero-length, /n situ chemical cross-linking to stabilize the oligomer state, enabling the
isolation and study of pure populations of oligomers of specific order (number of AB monomers
per assembly). This approach was successful, but highly laborious and time-consuming,
precluding general application of the method. To overcome these difficulties, we developed a
“continuous flow reactor” with the capability of producing theoretically unlimited quantities of
chemically stabilized AP oligomers. We show, in addition to its utility for Ap, that this method can
be applied to a wide range of other amyloid forming proteins.
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Alzheimer’s disease (AD) is the most common age-related dementia, affecting over 5.3
million in the U.S. alone(1). This number is expected to triple by 2050(2). Increasing
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evidence suggests that oligomeric forms of the amyloid B-protein, Ap, may be the proximate
neurotoxins in AD(3). Oligomeric assemblies have been shown to exist in increased
concentrations /n vivoin AD patients and in AD animal models(4, 5). These oligomers are
associated with significant neuronal dysfunction before any amyloid deposits are
observed(6). In addition, rats injected with oligomeric AB assemblies display significant
inhibition of hippocampal long-term potentiation, a measure of learning and memory(7). /n
vitro studies have shown that AB oligomers are more toxic than either monomers or amyloid
fibrils(8). Similar findings exist with other diseases associated with amyloid forming
proteins, including Parkinson’s disease(9) (a-synuclein: aSyn), type Il diabetes(10, 11)
(islet amyloid polypeptide: IAPP), familial amyloid polyneuropathy(12) (transthyretin:
TTR), dialysis-related amyloidosis(13) (B2-microglobulin: 2M) and medullary carcinoma
of the thyroid(14) (calcitonin: CT). These observations have led to a paradigm shift in target
identification for drug discovery, namely away from the importance of amyloid deposits and
fibrils per se toward the central role of protein oligomers.

A complex equilibrium exists among monomers and oligomers that involves both monomer
conformation (secondary and tertiary structure) and order (quaternary structure)(3, 15, 16).
Various oligomer structures have been described(3), but no consensus exists with respect
either to oligomer structure or biological activity i.e., structure-activity (neurotoxicity)
relationships (SAR). This fundamental problem exists because of the metastable and
heterogeneous nature of oligomers(15). For this reason, a detailed structural and functional
characterization of the oligomers, particularly of the more toxic 42 amino acid form of AB,
AB42, has proven difficult(17).

To address the metastability problem, we used the method of photo-induced cross-linking of
unmodified proteins (PICUP) to “freeze” the oligomer population, allowing quantitative
determination of the oligomer size frequency distribution(18). When we originally published
our application of the PICUP method in the AP system, we did extensive control
experiments to convince ourselves that "physical reality" was being represented(19), which
showed that the technique accurately reflected the oligomer frequency distribution in
solution at the moment of cross-linking, for system sizes of <20 monomers per oligomer.
This system size appears to be the one most likely to contribute to the pathogenesis of AD,
as suggested by many (for a review, see(3)). The data were consistent with studies of
assembly size done using dynamic light scattering(19) and with later discrete molecular
dynamics simulations of A oligomerization(20). The technique revealed that other
amyloidogenic proteins yielded distinct oligomerization patterns whereas non-
amyloidogenic, monomeric proteins yielded distributions consistent with concentration-
dependent, diffusion limited cross-linking—namely ladders of bands, the nodes of which
were determined by protein concentration, as would be expected from random
collisioninduced cross-linking. These data provided further evidence that the cross-linking
system does reflect what exists in solution.

Ono et al. recently showed that the PICUP technique yielded stable, low-order Ap40
oligomers of constant quaternary structure and restricted conformational complexity, which
allowed the performance of formal SAR studies for monomer through tetramer(17).
Although successful, the studies of Ono et a/. required the laborious and time-consuming
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preparation of hundreds of small batches of each oligomer that were pooled to provide
sufficient material for study. Such an analytical scale process precludes production of the
quantities of pure oligomers required for the broad range of studies necessary to fully
characterize Ap oligomer structure (e.g., NMR and x-ray crystallography), examine
biological activity (in cell culture and animals), produce specific antibodies, or prepare
oligomer immunogens for therapeutic purposes.

We report here that preparative-scale amounts of cross-linked Ap oligomers can be produced
easily using a continuous flow reaction system. We show that other amyloid proteins also
can be cross-linked successfully using this system. The ability to produce large quantities of
stable oligomers now should enable the conduct of a variety of biophysical and biological
experiments that heretofore have been precluded due to sample scarcity and oligomer
instability.

Experimental Procedures

AP was prepared by the Biopolymer laboratory at UCLA. aSyn was a gift from the
laboratory of David Eisenberg. Other proteins were purchased from Sigma (TTR), Anaspec
(CT), Poly Peptide, San Diego, CA (IAPP) and Lee Biosolutions, St. MO (B2M).
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was obtained from TCI America, Portland, OR.
Tris(2,2'-bipyridyl)dichlororuthenium(ll) hexahydrate (Ru(l1)) and ammonium persulfate
(APS) were purchased from Sigma. Dithiothreitol (DTT) was purchased from Fisher.

Preparation of LMW AB

Lyophilized Ap was dissolved in 60 mM NaOH, diluted into 1 v Milli-Q water, and then
mixed with an equal volume of 22 mM sodium phosphate buffer, pH 7.4. The material was
sonicated in an ultrasonic water bath (model 1510, Branson Ultrasonics Corp., Danbury,
CT), for 1 min at 22 °C, transferred into centrifugal filters (30,000 molecular weight cut-off,
Centricon YM-30, Millipore Corp. Billerica, MA), and centrifuged at 16,000 x g using a
bench top microcentrifuge (Eppendorf model 5415C, Brinkmann Instruments) for 30 min.
The eluate from the filtration was collected and Ap was quantified by UV absorbance
(2280=1280 cm~1 M~1) using a 1 cm quartz cuvette (Hellma, Plainview, NY) and a Beckman
DU-640 spectrophotometer (Beckman Instruments, Fullerton, CA). All measurements were
performed at 22°C. This protocol results in uniform and reproducible material termed low
molecular weight (LMW) AB(21), containing monomeric AR in equilibrium with low order,
unstructured oligomers. LMW Ap was cross-linked immediately upon preparation.

Preparation of aSyn and IAPP

To prepare aggregate-free aSyn and 1APP, the Iyophilized peptide was dissolved with ice
cold HFIP and then dried in silicon-coated low-adsorbent tubes, as described previously(22).
These “protein films” were stored airtight at —20°C. Prior to use, the peptide film was re-
solubilized, initially in 60 mM NaOH(22).
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Photochemical cross-linking using PICUP

Immediately after preparation, peptide solutions were diluted to concentrations of 5-40 M
and then they were cross-linked using the PICUP method, as described previously(19).
Briefly, 18 pL of protein solution was added to 2 uL of 2 mM Ru(l1)bpys2* and 2 uL of 40
mM APS. The mixture was irradiated for 1 s with a 150 W visible light source and the
reaction was immediately quenched with 2 uL of 1 M DTT. For each reaction, the mixture
was vortexed for 1 s before and after addition of the cross-linking reagents and immediately
preceding irradiation. To determine the frequency distribution of oligomers(23), the material
was fractionated on 4-20% gradient Tris-Glycine or 10-20% gradient Tricine
polyacrylamide gels (Invitrogen, Eugene, OR), depending on the size of the protein of
interest. Samples were mixed with an equal volume of 2x SDS sample buffer (Invitrogen)
and boiled for 10 min prior to loading. After electrophoresis, the gels were stained with
SilverXpress (Invitrogen, Eugene, OR), according to the manufacturer’s protocol.

Densitometry

The gels were scanned at 600 dpi and converted to 8-bit grayscale and analyzed
densitometrically by ImageJ 1.43r. Densitometry profiles were measured for each lane.
Normalized relative percentages of each band were determined by dividing baseline-
corrected peak intensities by the sum of all intensities in a lane.

Continuous flow PICUP reactor

Results

Peptides were prepared as described above and then diluted to 5-40 pM and combined in the
dark with Ru(I1)bpy32* and APS. A small aliquot of each sample was used as a control to be
cross-linked in the traditional camera system. The continuous flow reactor was fabricated
using opaque 1 mm I.D. PEEK tubing (GE life Sciences) coupled to a peristaltic pump (Bio-
Rad). Tubing passed from the peristaltic pump into a light-tight chamber and then back out
into a collection vessel. An illumination volume was created by splicing in ~4 cm of clear
tubing. The lamp (20 W tungsten halogen, Cedarberg Industries, Eagan, MN) was positioned
approximately 5 cm above a 6 cm wide opening in the chamber, and turned on to equilibrate
the temperature at the illumination point for 15 minutes prior to flow of the sample. The
tubing was washed with >10 mL of 4 °C buffer immediately prior to each sample. The AB,
Ru(11)bpys2*, APS mixture was kept on ice, shielded from light, and pumped through the
illumination chamber into a collection tube containing 1M DTT.

PICUP chemistry

The PICUP chemistry is radical based (Fig. 1). The protein complex of interest is mixed
with a water-soluble metal complex, such as tris(2,2”-bipyridyl)ruthenium(11) chloride
hexahydrate (Ru(11)bpy32*), and ammonium persulfate (APS). To initiate the chemistry, the
ruthenium complex (Amax = 452 nm) is photolyzed with visible light. Photolysis of the
Ru(11)bpy32* complex produces an excited state that results in the donation of an electron to
persulfate, causing cleavage of the persulfate O-O bond(24). The products are Ru(lll), a
potent one-electron oxidant(25-27), the sulfate radical, which is a good hydrogen atom
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abstraction agent, and sulfate anion. The activated Ru(l11) metal complex can abstract an
electron from an amino acid, particularly Tyr, Trp, His, or Met. These amino acids have
higher propensities to form radicals due to their ability to stabilize the radical state through
aromatic or neighboring-group effects. This produces a protein radical species that can then
attack a variety of other groups, leading to covalent cross-linking among proteins within a
complex. A hydrogen atom must be lost to quench the radicals and form stable products(28).
The PICUP method is a rapid (<1 s), efficient (80-90%), zero-length, /n situ chemical cross-
linking method that works across a wide pH range(29). PICUP does not require pre facto
structural modification of the peptide of interest, e.g., the introduction of a spacer or an
unnatural photoreactive group into the protein, as do other chemical(30) or photoaffinity(31)
cross-linking methods. The rapidity of the PICUP reaction is important, because it limits
cross-linking between protein chains not already in oligomers. That is, the resulting
covalently stabilized protein population reflects pre-existing complexes and not simply
complexes formed by collisions of monomers or oligomers in the bulk solution phase(19).

Concept and design of a continuous flow reactor (CFR) for large-scale oligomer

production

The “continuous flow reactor” (CFR; Fig. 2) is a simple, versatile instrument in which each
component of our prior analytical-scale single-reaction system(32) has been modified for
continuous flow chemistry. The cross-linking chemistry proceeds at a negligible rate unless
Ru(I1)bpy32* is photooxidized, thus the peptide, Ru(l1)bpys2* complex, and APS are pre-
mixed in a light-tight reservoir kept on ice. Pre-mixing the reactants in this way eliminates
the need for even a rudimentary on-line fluidic mixing device. The reactants are pumped
through opaque (light tight) tubing into an exposure chamber using a peristaltic pump,
which allows precise control of flow rates, and thus irradiation time. The exposure chamber
is a black box (literally) through which the tubing passes. A small opening is created in the
box to allow the entrance of light from a 20 W tungsten halogen lamp. Various lamps will
work. The primary lamp design consideration was photon flux, which determines irradiation
time (flow rate), although cost and maneuverability are also considerations. To create an
irradiation volume, a section of clear tubing was “spliced” into the tubing within the
exposure chamber. The volume of exposed sample was calculated to be 34.5 uL (4.4 cm of 1
mm i.d. tubing). This region of tubing was 6 cm from the light source. Quenching of the
reaction is done by placing the outflow tube from the exposure chamber into a vessel
containing 1M dithiothreitol in water.

Because differences in irradiation time can affect the cross-linking efficiency, reproducibility
requires that each element in the reaction volume be irradiated identically. To determine if
this was so, we calculated the Reynolds number of the system. The Reynolds number(33),
Re, is a dimensionless number that gives a measure of the ratio of inertial forces to viscous
forces and thus can determine if fluid flow is laminar or turbulent. The instrument should
display laminar flow so that the residence time of each molecule is constant. Using the

pVD
equation Re= n where solvent density o = 1,000 kg:-m~3, mean velocity V= 0.036545

m-s~1, cylinder diameter ©=0.001 m, and dynamic viscosity = 8.98 x10™* kg-m~1s71, we
determined the Reynolds number to be between 30 and 40, which is far below the upper
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limit (2300) of the laminar flow regime. Thus, the geometry and flow rates for the CFR
system described above will produce laminar flow of the reactants, leading to homogeneous
irradiation and consistent cross-linked products.

Establishment of operating parameters

Temperature control—We found that heat radiating from the lamp caused an increase in
the temperature of the illuminated tubing over time, and as a result, increased fluid
temperatures and altered reaction rates. The distance of the light source to the irradiation site
is proportional to the heating effect. To ensure a constant reaction temperature, we placed an
infrared filter between the lamp and the irradiated volume. This reduced the temperature
increase (data not shown), although 4°C water immediately came to room temperature (22—
23°C) upon flowing through the previously empty, room temperature, tubing of the CFR
system. This temperature jump is likely due to the friction of the peristaltic pump, and heat
transfer from the room temperature CFR tubing. We determined that the reactor could be
equilibrated prior to use by pumping 4°C water through the tubing for 10 min at 1 ml/min.
After this equilibration process, a constant reaction temperature could be maintained.

Irradiation time determination—The CFR design allows control of irradiation time by
simple adjustment of the flow rate. When the PICUP technique originally was adapted to the
AP system, we observed that short irradiation times resulted in inefficient cross-linking but
long irradiation times resulted in peptide damage(19). To establish optimal irradiation times
for the CFR, we performed reactions at flow rates from 0.02—6.0 ml/min. We evaluated
cross-linking quality by performing SDS-PAGE and silver staining on samples from each
flow rate. "Quality" was determined by comparison of results from the CFR with those
obtained using our camera-based method (Fig. 3). At the fastest flow rate, 6.0 ml/min, the
monomer is much more abundant than it is using the camera-based PICUP method, and
fewer high-order oligomers are observed. This reflects lower cross-linking efficiency. There
is a gradual decrease in the amount of monomer and a concomitant increase in the amounts
of higher-order oligomers as the flow rate is decreased. At the slowest flow rates (longest
exposure times), little or no monomer is observed and the oligomer distribution "collapses"
into one comprising primarily dimer and trimer. In addition, the oligomer bands become
more nebulous, likely due to formation of multiple species (intra- and intermolecularly
cross-linked) with similar molecular masses but slightly different mobilities in SDS-PAGE.
Bitan et al, carefully described the effect of extended irradiation times on the refative
abundance of AP oligomers when initially characterizing the application of PICUP to Ap,
concluding that irradiation time had little effect on the relative abundances of low-order
oligomers(19). Optimal flow rates were found to be between 0.2-1.0 ml/min. At these rates,
cross-linking occurred efficiently without peptide damage. The calculated exposure time for
a flow rate of 1 ml/min is 2 s. For the analytical scale system, the typical exposure is 1 s. The
longer exposure time for the CFR likely results from a combination of the use of a weaker
light source, 20 W, as compared to 150 W, and the difference in system geometry.

Comparison of CFR and analytical scale cross-linking methods

To validate the CFR system relative to our analytical scale camera system, we compared the
AB40 and AB42 oligomer distributions (Fig. 4). For each peptide, the two techniques
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produced similar distributions (XL~, XL* and 0.2 lanes from Fig. 3, shown side by side in
Fig. 4A). The CFR was marginally less efficient, as measured by monomer level. To
compare the distributions quantitatively, we performed densitometry analyses using Image J
software (Fig. 4B). The quantification showed that the CFR produced more higher-order
oligomers for AB40, though this is potentially influenced by the smearing effect seen at the
slowest flow rates. Quantification showed that dimer was the most abundant oligomer
species for both Ap40 and Ap42. We observed monomer through hexamer oligomer states
for AB40, and monomer through heptamer states for AB42. As expected(19), the pentamer
and hexamer states in the Ap42 distribution constituted a node, though this node was
slightly less pronounced with the CFR (17% vs. 14% for pentamer, and 14% vs. 11.6% for
hexamer).

General utility of the CFR

The AR system is not the only one in which oligomers exist or are thought to be important in
disease causation. Proteins or peptides have been implicated in Parkinson's disease (a-
synuclein; aSyn)(9), senile systemic amyloidosis and familial amyloid polyneuropathy
(transthyretin; TTR)(12), dialysis-related amyloidosis (B,-microglobulin; p2M)(13), and
medullary carcinoma of the thyroid (calcitonin; CT)(14), among others(13). To determine
whether the CFR might be of utility for preparation of large quantities of chemically
stabilized oligomers of these other proteins, we cross-linked aSyn, IAPP, TTR, f2M, and
CT and compared the resulting oligomer distributions with those obtained after cross-linking
5-10 pg of each protein using the analytical scale PICUP method. In each system, PICUP
was performed immediately upon protein dissolution (Fig. 5A).

We found, as in the AB40 and AB42 cases, that the oligomer populations produced using
each method were qualitatively similar or identical, within experimental error (¢f “A” and
“CFR” for each sample). Densitometry analyses were consistent with this conclusion, but
also suggested, in the cases of aSyn, f2M, and CT, that the CFR method was more efficient
(Fig. 5B). This could be inferred by relative decreases in monomer frequency and increases
in the frequency of higher-order oligomers when comparing the CFR results to those from
the analytical-scale method.

We note that the most abundant oligomer species for aSyn and p2M was dimer. IAPP
exhibited abundant monomer, followed by a sharp decrease in oligomer abundance as
oligomer order increased. Interestingly, the oligomer distribution for IAPP resembled that
predicted for high-efficiency cross-linking of proteins undergoing random diffusion-limited
collisions(19), suggesting that substantial oligomerization had not occurred in the 4 min
required to dissolve and cross-link IAPP. Cross-linked TTR displayed only tetramer and a
very nebulous dimer band, whereas CT showed a Gaussian-like distribution of oligomers
centered at trimer and tetramer. A three-dimensional representation of the oligomer
abundance profiles for each protein illustrates these similarities and differences (Fig. 6).

Discussion

One major obstacle to a detailed understanding of Ap oligomer structure and activity is the
diversity and complexity of oligomer preparation methods, and the widespread use of poorly
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defined materials derived there from in studies of the effects of oligomers. A critical aspect
of the CFR method is that it reliably produces consistent starting material with stability far
superior to non-cross-linked oligomer preparations and in quantities sufficient for
examination by myriad /n vitro, ex vivo and in vivo methods. These include studies of the
effects of oligomers on cellular pathways (inflammation, signaling), animal models of
disease, structural studies (CD, TEM, AFM, NMR, and crystallography), and effects on gene
expression. Importantly, the CFR is a simple yet powerful device that can easily be
fabricated. To assemble a CFR, a laboratory only needs to have: (1) a peristaltic pump; (2) a
light source (as basic as a flashlight(28)); and (3) tubing.

Oligomer structure cannot be studied formally, at present, in the absence of oligomer
stabilization. In fact, the difficulty in studying unstabilized oligomers has been a significant
barrier to progress in the field. Even if one begins an experiment with an oligomer
“enriched” fraction, the results thus obtained represent "population average" data because
the oligomer fraction exists in an equilibrium among many different species. One cannot
determine the structure of a particular oligomer, and how that oligomer contributes to this
population average for any particular biological effect. Structure-activity relationships of Ap
oligomers thus have not been established so far without stabilization (see(17)).

The inability to determine the structures of unstabilized oligomers precludes a comparision
of their structures with those of chemically stabilized oligomers. However, there are reasons
to suggest that they may be very similar. The oligomers differ in primary structure only
through the presence/absence of the carbon-carbon bond in the zero-length cross-linking
procedure. No alterations in the solvent milieu of the peptides is made during the cross-
linking. In addition, we have found that Ap40 and Ap42 monomers do exist in a partially
folded state(34). This means, prior to cross-linking, that the conformational space of the
oligomer population is relatively restricted and thus if that state is stabilized properly, it
would be representative of the population of conformers at the time of cross-linking.

The benefit of the CFR could be far reaching in the general field of oligomer study. The
reactor enables the study of the properties of chemically-stabilized oligomers not only of
AB, but of aSyn, B2M, IAPP and CT. The CFR method thus is not restricted to the study of
any one protein or disease, but can be applied broadly to many diseases in which oligomers
may be involved.

Finally, a very significant practical advantage is provided by the CFR, namely time-effort
efficiency (Table 1). Analytical-scale reactions each typically involve 20 pL of 80 uM Ap
(10 pg). In the continuous flow reactor, the quantity of sample is only limited by the amount
of protein available. For example, to produce 1 mg of cross-linked protein using the
analytical method would require 100 individual reactions, 400 individual pipetting steps, and
turning the light source on and off (actuating the shutter release) 100 times to irradiate the
samples—a total of ~200 min of investigator time. In contrast, using the CFR system, the
entire 1 mg is produced in one step, at 1 mL/min, with only 4 pipetting steps, with the lamp
on for 1 min, finishing the reaction in ~4 min, a 50-fold time savings. This becomes more
dramatic when considering the production of larger volumes. It would take ~200,000 min of
investigator time to prepare 1 g of sample with the analytical method. If this time were
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expended during an 8 h work day, the entire process then would take 14 months. In contrast,
using the CFR system, preparing 1 g would take just 2,000 min (33 hours) total time, with
only 2 min of investigator time input, a 300,000-fold savings in investigator time and a 300-
fold elapsed time savings.
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ABBREVIATIONS
AD Alzheimer's disease
AB amyloid B-protein
aSyn a-synuclein
IAPP islet amyloid polypeptide
TTR transthyretin
p2M Bo-microglobulin
CT calcitonin
SAR structure-activity relationship
PICUP photo-induced cross-linking of unmodified proteins
Ru(11)bpy32* tris(2,2” -bipyridyl)ruthenium(11) chloride hexahydrate
APS ammonium persulfate
CFR continuous flow reactor
XL~ non-cross-linked
XL* cross-linked
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Figure 1.

Photo-induced cross-linking of unmodified protein (PICUP). The chemistry is initiated by
photolyzing Ru(ll) (Amax = 452 nm) with visible light. Photolysis of this metal complex
produces an excited state, which can donate an electron to persulfate, cleaving its O-O bond.
The products are Ru(l11), the sulfate radical, and the sulfate anion. The activated metal
complex Ru(l11) can abstract an electron from a nearby amino acid (Tyr, Trp, His, or Met are
the most reactive). This produces a protein radical species that can then attack a wide variety
of other groups on nearby proteins. This chemistry results in a covalently cross-linked
protein complex without any prior modification to the protein of interest.
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Collection vessel
with quencher

Continuous flow reactor. The peptide is mixed with APS and Ru(I1)bpys2* at 4°C and
shielded from light. The reaction mixture is pumped through a variable flow rate pump into
an exposure chamber in which a section of clear tubing is placed approximately 10 cm away
from a light source. The fluid flows out of the exposure chamber to a collection vessel
containing reaction quencher (e.g., 2-mercaptoethanol).
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Figure 3.
Continuous flow rate optimization for AB40 (top) and Ap42 (bottom) PICUP chemistry. 40

UM AR was and combined in the dark with Ru(ll) and APS at a final concentration ratio of
0.72: 1: 20. The volume of the exposed sample in the apparatus is ~35 pL and the exposure
time is ~2 seconds (at 1 ml/min). Negative control; non-cross-linked (XL7); positive control;
cross-linked using the original camera system (XL*); 1.0*, the final lane examined the
stability of Ap pre-mixed with Ru(ll) and APS, but not irradiated until 2 hours later at 1 ml/
min.
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A) Analytical vs. continuous flow cross-linking of AB40 and AB42. The leftmost lanes are
non-cross-linked protein (XL7), the middle lanes are analytical scale cross-linking (A), and
the rightmost lanes are 0.2 ml/min continuous flow cross-linking (CFR), these data from Fig.
3 are shown here side-by-side for clarity of comparison. The number of monomers per
oligomer is shown on the right. B) Densitometry analysis of oligomer abundance for
analytical vs. continuous flow cross-linking. Oligomer order is plotted vs. oligomer
frequency. Black bars show abundance from the analytical scale system. White bars
represent the abundance from the continuous flow system.
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Figure 5.
A) Silver stained SDS-PAGE analysis of analytical vs. continuous flow cross-linking of

aSyn, IAPP, TTR, B2M and CT oligomers. For each peptide, the leftmost lanes are non-
cross-linked protein (XL7), the middle lanes are analytical scale cross-linking (A), and the
rightmost lanes are continuous flow cross-linking (CFR). The oligomer order is shown
beside each distribution. B) Densitometry analysis of oligomer abundance for analytical vs.
continuous flow cross-linking. Oligomer order is plotted vs. oligomer frequency. Black bars
show abundance from the analytical scale system. White bars represent the abundance from
the continuous flow system.
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Figure 6.
Oligomer frequency distributions of CFR products. For each protein, oligomer frequency

(%) is plotted against oligomer order. The % abundance axis is shown at 60% for clarity,
though TTR is 100% tetramer.
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Comparison of time and effort for analytical vs. continuous flow cross-linking. Production capacity and its

related metrics are shown for each method. The continuous flow apparatus allows for production of

theoretically limitless quantities, while at the same time reducing investigator time by four orders of
magnitude (for 1 g preparation). Time and effort are shown for a flow rate of 0.5 mg/ml.

Protein Effort & | Analytical PICUP Continuous Flow Analytical
quantity Time PICUP /CF Ratio
Effort 1 individual reaction: 4 pipetting steps, 1 1 reaction: 4 pipetting steps, 1 exposure of <1 min 1
exposure.
1ug
Total Time | 2 min | 2min | 1
Effort 100 individual reactions: 400 pipetting steps, 1 reaction: 4 pipetting steps, 1 exposure of 2 min 100
100 exposures.
1mg
Total Time | 200 min | 4 min | 50
Effort 100,000 individual reactions: 400,000 1 reaction: 4 pipetting steps, 1 exposure of 2000 min
pipetting steps, 100,000 exposures. 600,000 2 min investigator time 300,000
1g min investigator time *
Total Time | = 14 months 1.4 days elapsed time 300

*

600,000 min total elapsed investigator time assuming an 8 hour work day (14 months).
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