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Summary

Serpin polymerization is the result of end-to-end ordered aggregation of serpin monomers into
linear unbranched chains. This change in molecular state represents the basis of several
conformational diseases with pathological gain-of-function and loss-of-function phenotypes,
termed serpinopathies. Tools that enable quantification and characterization of polymer
formation are therefore important to the study of serpin behaviour in this pathophysiological
context. Such methods rely on different manifestations of molecular change: polymerization –
the generation of molecules with increasing molecular weight - is accompanied by concomitant
structural rearrangements in the constituent subunits. Different approaches may be
appropriate dependent on whether measurements are made on static samples, such as tissue or
cell culture extracts, or in time-resolved experiments, often undertaken using polymers
artificially induced under in vitro destabilising conditions. In the former category, we describe
the application of polyacrylamide electrophoresis, western blot, ELISA and negative-stain
electron microscopy; and in the latter category, Förster resonance energy transfer and
fluorescence spectroscopy using environment-sensitive probes.
Key words: Polymerisation, oligomerisation, protein aggregation, monoclonal antibody,
western blot, ELISA, FRET, negative-stain electron microscopy

1. Introduction
The ability to transition between distinct structural topologies is fundamental to
the serpin mechanism, and is the product of an evolved interplay between
thermodynamic instability and kinetic stability [1,2]. A substantial proportion of
the molecule is involved in maintaining this balance [3]; consequently, there are
a large number of mutations that can induce aberrant conformational behavior
[4]. Such mutations are the basis of a group of conformational diseases, the
serpinopathies, which result from defects in serpin secretion, turnover or from
compromised functional activity. Serpinopathies can be associated with a toxic
gain-of-function phenotype, from the accumulation of inactive serpin aggregates
at the site of synthesis, and a loss-of-function phenotype, caused by the resultant
deficiency of the active serpin [5]. These accumulating aggregates have been
found to comprise linear chains of serpin molecules called polymers, which are
mediated by a propagation of intermolecular interactions [6,7]. The ability to
detect and quantify polymers is accordingly of importance in the study of the
molecular and pathophysiological mechanisms that underpin several disease
states.
Serpin function and malfunction are highly interrelated. Inhibitory serpins (Fig.
1A) interact with a target protease through the bait sequence in their reactive
center loop. Following cleavage by the protease, the reactive center loop
becomes incorporated into the 5-stranded central β-sheet A, a change

accompanied by acquisition of thermodynamic hyper-stability. This same
increase in stability is evident for polymers. Combined with the observation that
peptide mimetics both stabilize the native molecule and prevent polymerization,
the constituent polymer subunits have long been expected to adopt a similar 6stranded β-sheet conformation [6] (Fig. 1B). The first mechanism proposed for
polymer formation directly linked the basis of this stability increase with the
inter-molecular interaction: the “loop-sheet” model proposes that the reactive
center loop of one molecule becomes incorporated into β-sheet A of the next [6].
More recently, it has become evident that multiple polymer forms are accessible,
depending on the conditions under which they form and the identity of the
serpin. In crystallographic studies, different topologies have been observed for
“β-hairpin” dimerized antithrombin [8] and “C-terminal” swapped trimeric
antitrypsin [9]. Additionally, different destabilizing conditions have been shown
to yield polymers with distinct biophysical characteristics [10-14].

Fig. 1. A generalized reaction schematic of polymerization. Native AAT [15],
representative of the core fold shared by all members of the serpin superfamily,
appears at the left. Polymerization proceeds from an intermediate conformation
(denoted “I”), and results initially in the formation of dimers prior to elongation
into higher-order oligomers. Conformational change that occurs in the absence
of oligomerization leads to the formation of a stable, misfolded latent species.
There is evidence that different polymer forms are possible; models of
pathological AAT polymerization have been based on biophysical (LS) and
crystallographic (BH,CT) data.

The mechanism by which polymers form in general involves the adoption of a
monomeric, activated intermediate state [16] which shares a cryptic epitope
with the resultant polymer [17]. There is a spectrum of behavior with regards to
the polymerization pathway. In neuroserpin and the Z mutant of alpha-1antitrypsin, this intermediate is also associated with formation of an inactive,
misfolded state termed the latent conformation [18,19]. While there is no
evidence of seeding with these proteins, this has been observed with alpha-1antichymotrypsin [20]. Urea-induced alpha-1-antitrypsin polymerization, which
generates a markedly different polymer form to that induced by heat or found in
patient tissue [10], shows some similarity to antithrombin as both polymerize
predominantly through the addition of activated dimers rather than monomers
[21].

A range of biophysical and structural techniques can be used for polymer
detection and quantification, which will be outlined here with reference to the
most-studied serpin in regards to polymerization, the plasma elastase inhibitor
alpha-1-antitrypsin (AAT). Methods fall into two general categories: those that
respond to the change in molecular size that occurs concomitantly with the
formation of intermolecular interactions between serpin molecules; and those
that respond to obligatory structural changes in the molecules that permit those
intermolecular interactions to occur in the first place. Methods in the former
category include: non-denaturing PAGE-based assays that separate polymers
based on size and charge distribution, with or without detection by western blot;
the use of fluorescent probes to measure inter-subunit proximity in Förster
resonance energy transfer (FRET) experiments; and negative-stain EM (NSEM).
The latter category includes most antibody-based assays and fluorescence
spectroscopy using environment-sensitive probes.

Polymers can be isolated from tissue if this is available [6], produced in cell
culture [22], or can be made artificially under thermally or chemically
destabilizing conditions [20].

2. Materials
High purity water denotes >10 MΩ resistivity, ultrapure denotes >18 MΩ
resistivity at 25°C. PBS denotes phosphate buffered saline: 8 g NaCl, 0.2 g KCl,
1.44 g Na2HPO4, 0.24 g KH2PO4, made to a volume of 0.8 L in ultrapure water, the
pH adjusted as necessary to 7.4 with HCl, volume adjusted to 1 L with ultrapure
water, and filtered through a 0.45μm filter.
.

2.1 Non-denaturing polyacrylamide gel electrophoresis (PAGE)

1. Acrylamide-based non-denaturing gel, with a Bis-Tris, Tris-Glycine or TrisTricine buffer formulation (not Tris-Borate or Tris-Acetate, however). These
are readily obtainable in a pre-cast format, such as NativePAGE 3-12%
gradient gels (Life Technologies). Such systems will resolve proteins with a
net negative charge at the pH of the electrophoresis running buffer (i.e. an
isoelectric point below approximately 7). This will apply to most serpins,
however those with a high isoelectric point are best resolved using an acid
native PAGE system [13,23], with a corresponding exchange of cathode and
anode.
2. Sample buffer: 50% v/v glycerol, approximately 0.1% w/v bromophenol
blue.
3. Laboratory film such as Parafilm™.
4. Sufficient running buffer to completely fill the inner (anode) chamber of the
electrophoresis tank, and at minimum immerse the cathode and base of the
gel in the outer (cathode) chamber.
5. Power supply capable of delivering 300V or more (see Note 1)
6. Gel stain: a Coomassie blue-based stain, which can purchased commercially
or be made by dissolving Coomassie Blue R-250 to a concentration of
0.1% w/v in a solution of 50% v/v methanol and 10% v/v acetic acid, adding
the acid last.

2.2 Western blot

1. A non-denaturing PAGE gel that has been used to resolve sample
components.
2. An electroblotting system for dry, semi-dry or wet protein transfer, such as
the iBlot Dry Blotting system with associated reagents (transfer stack,
cathode stack, anode stack, filter paper, disposable sponge).
3. A clean square petri dish.
4. 50 ml polypropylene tubes.
5. Washing buffer 1: PBS pH 7.4.
6. Washing buffer 2: PBS pH 7.4, 0.1% v/v Tween 20.
7. Blocking buffer: PBS pH 7.4, 5% w/v non-fat dry milk powder.
8. Primary antibody buffer: washing buffer 2 + 5% w/v BSA, 0.1% w/v sodium
azide.
9. Secondary antibody buffer: washing buffer 2 + 5% w/v nonfat dry milk.
10. Polyclonal or monoclonal primary antibody.
11. Suitable secondary antibodies, such as Odyssey donkey anti-rabbit/mouse IR
secondary antibodies.
12. Detection system, such as the Odyssey IR reader.

2.3 Sandwich ELISA
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

96-well EIA/RIA plates with a flat bottom and high protein-binding surface.
Multi-channel 20-200 μl pipette with tips.
Coating buffer: PBS pH 7.4.
Washing buffer: 0.9% w/v NaCl, 0.05% v/v Tween 20.
Blocking buffer: PBS pH 7.4, 0.25% w/v BSA, 0.05% v/v Tween 20.
Blocking buffer with azide: blocking buffer + 0.1% w/v sodium azide.
Substrate solution: 3,3',5,5'-tetramethylbenzidine (TMB) substrate
Stop solution: 1 M sulphuric acid.
Spectrophotometric plate reader that can read absorbance at 450 nm.
Antibodies and antigens diluted in blocking buffer.

2.4 Fluorescent labelling of serpins using amine-reactive NHS fluorophore derivatives
1.
2.
3.
4.
5.
6.

The serpin to be labelled, purified to homogeneity.
A UV/visible spectrophotometer.
A UV transilluminator and camera, or a fluorescence gel scanner.
Centrifugal concentrator units with a molecular weight cut-off of 30 kDa.
Dialysis membrane with a cut-off between 10 kDa and 30 kDa (optional).
An amine-free buffer with a pH between 7.2-8.5 for conjugation such as PBS
pH 7.4 or 0.1 M sodium bicarbonate pH 8.0 supplemented with 0.05%
sodium azide.
7. 0.1 M hydroxylamine to quench the reaction.
8. Two NHS-ester fluorescent derivatives whose excitation and emission
spectra overlap sufficiently such that the ‘acceptor’ fluorophore is indirectly
excited upon direct excitation of the ‘donor’ fluorophore when they are
within 50-70 Å distance (see Note 2). Combinations of fluorescein-based
(such as Alexa-488 or Atto-488) and rhodamine-based (Alexa-594 or Atto594) probes work well. These are diluted to a concentration of 20-50 mM in
anhydrous DMSO and when stored in small single-use aliquots at -80C are
sufficiently reactive for at least 6 months.

2.5 Förster resonance energy transfer (FRET)

1. Plates and plate seal appropriate to the instrument used to monitor the
fluorescence (see Note 3).
2. Two stock solutions at a concentration greater than 1 mg/ml of the serpin of
interest conjugated with different fluorophores. With AAT, conjugation is
often performed between a maleimidyl fluorescent derivative and the
endogenous single cysteine. NHS chemistry, which primarily targets lysine
residues can also be used, if optimised for a modest labelling ratio of
approximately 1-2:1 fluorophore to serpin.
3. Buffer for sample dilutions such as PBS pH 7.4. For heating experiments,
Tris-based buffers are best avoided due to strong effects of temperature on
solution pH.
4. For heat-induced polymerization, a real-time thermal cycler is usually
required to ensure consistent and stable temperature. For chemical-induced
polymerization at temperatures close to ambient, a fluorescence platereader
would suffice. The instrument must be capable of specifically exciting the
‘donor’ fluorophore, and recording emission fluorescence of both the ‘donor’
and ‘acceptor’ fluorophores separately.

2.6 Bis-ANS fluorescence spectroscopy

1. Cuvette-based instrument capable of fluorescence excitation at 390 nm
range and emission at 490 nm (see Note 4). For continuous monitoring of
heat-induced polymerisation, this should have a Peltier temperature
controller or stable heating from a circulating water bath.
2. Cuvette with excitation and emission windows, and a lid that is effective at
preventing evaporation (see Note 5).
3. 20 mM stock of 4,4'-dianilino-1,1'-binaphthyl-5,5'-disulfonic acid diluted in
ethanol and stored at -20°C.
4. Buffer for sample dilutions such as PBS pH 7.4.

2.7 Negative stain electron microscopy

3. Methods

1. Copper electron microscopy grids with a carbon or Formvar™ support film.
2. Serpin sample diluted in a non-phosphate-based buffer (such as 50 mM Tris
pH 7.4, 50 mM NaCl) to around 0.05 mg/ml.
3. Laboratory film such as Parafilm™.
4. 2% w/v uranyl acetate stain, diluted in high purity water and stored in the
dark. Other contrast reagents can be trialled, however in our experience
uranyl acetate works well.
5. Pointy-ended tweezers.
6. Grid glow-discharger.
7. Glass slide and glass petri dish.
8. Filter paper.
9. Timer.
10. Bench microfuge.
11. A low voltage (100-120kV) electron microscope and grid loader.
12. Computer with the Fiji implementation of ImageJ installed [24].

Carry out all procedures at room temperature unless otherwise specified.

3.1 Non-denaturing polyacrylamide gel electrophoresis (PAGE)
Serpin polymers are typically non-covalent in nature and therefore generally not
resolvable by SDS-PAGE. Non-denaturing PAGE however represents a suitable
and straightforward technique for assessing the oligomeric state of a serpin
sample, with a greater resolving power than analytical size exclusion
chromatography (Fig. 2). In contrast to SDS-based methods, the rate of migration
under an electric current is mediated by the intrinsic charge of the protein. As a
result, molecular weight markers are not particularly useful, and direct
comparison of the position of bands is best undertaken against control samples
of known oligomeric state. This also means that comparison of absolute
migration between different serpins is not possible, although comparisons
between patterns of oligomer distribution should still be informative.

1. If present, remove the well comb from the top of the non-denaturing gel,
while gently rinsing with water to displace residual buffer and non-reacted
acrylamide. Remove any sealing tape that may be present.
2. Assemble the vertical gel electrophoresis apparatus with the gel, inner buffer
chamber, buffer barrier (if required), and any other components to create a
water-tight seal between anode and cathode chambers. The orientation of
the gel should be as described by the apparatus manufacturer.
3. Pour the running buffer into the chambers, but not directly onto the gel to
avoid distorting the wells. It is important that the chamber in contact with
the top of the gel is filled such that the wells are submerged, and the buffer
level in the other chamber at minimum is above the bottom of the gel. In the
event that significant heating of the gel is observed during electrophoresis,
filling the latter chamber to a higher level can assist with heat dissipation.
4. As non-denaturing PAGE separates both on the basis of size and intrinsic
charge, like-for-like comparisons are the most meaningful and protein
markers are generally not used. Consider use of controls with known or
expected monomeric and oligomeric states.
5. Samples containing 2-5 µg of protein are prepared by mixing at a 4:1 (or
lower) ratio with sample buffer. This can conveniently be performed by
dispensing 5 µl drops of sample buffer into rows on a piece of Parafilm, and
sequentially adding sample, with mixing. The maximum total volume for a
typical standard midi-size gel is generally no more than 25 μl.
6. Carefully dispense the samples into the wells of the vertical gel. For large
volumes, use long thin pipette tips and dispense close to the bottom of the
well, gradually raising the tip as the well fills.
7. Connect the lid of the electrophoresis apparatus to the tank, and the leads to
the power supply, paying close attention that the polarity is correct.
8. Different gel sizes, power settings and buffer systems will lead to different
completion times. Therefore, close monitoring of the progress of
electrophoresis is recommended initially (see Note 6). Unless otherwise
recommended, power is applied at a constant 20-30 mA. Run the gel for
around 40 minutes at 25 mA until the dye front reaches the bottom of the
gel.
9. Carefully remove the gel from the casing by separating the plates with a
spatula. This can be facilitated by submerging in water at the same time to
reduce surface tension.
10. Transfer the gel to a dish for staining. Add sufficient (around 5-10ml)
Coomassie gel stain to submerge, and incubate on a rocker. Depending on
the stain used, protein bands will begin to appear after around 2-10 minutes.
Generally staining is complete after 1-2 hours; following this, destain the gel

as required, which for some commercial products can be achieved using
sequential soaks in tap water (see Note 7).

Fig. 2. A non-denaturing gel of AAT polymers formed by different in vitro
methods, compared to polymers isolated from plasma. All methods produce
polymers that run differently on the gel indicating that the species formed vary
in size and/or charge. M denotes monomer; H, heat-induced polymer; P, plasma
polymers; A, acid-induced polymer; and U indicates urea-induced polymer.

3.2 Western Blot

Often serpin samples are heterogenous. Coupling the resolution of nondenaturing PAGE with specific recognition by antibodies can provide a powerful
means to assess oligomeric and conformational state (Fig. 3).

1. Perform non-denaturing gel electrophoresis as described in method 3.1 but
load 0.2-0.4 μg of protein per well and do not stain the gel.
2. Assemble the blotting apparatus – dry, semi-dry or wet - according to
manufacturers’ instructions. This will involve creating a stack in which the
gel is sandwiched against a PVDF membrane cut to the same size (see Note
8). These are placed between sealed buffer gel matrices in enclosed
proprietary systems, or between transfer buffer-soaked filter paper and
sponges for semi-dry systems and wet systems. To avoid trapping bubbles
between the gel and the membrane, hold the gel (still attached to one half of
the gel casing) face down and closely above the membrane. Dislodge the
bottom end of the gel to touch the membrane and gently release the gel from
the casing and onto the membrane little by little by lifting the casing. If
necessary, gently squeeze out air bubbles by rolling a clean polypropylene
tube diagonally across each layer as the ‘sandwich’ is built up.
3. Electroblot the gel onto the PVDF membrane as per manufacturers’
instructions.

4. Wearing new gloves, carefully transfer the membrane to a clean square petri
dish and soak in washing buffer 1 for 10 minutes on a rocker before tipping
away.
5. Block the membrane in 10-20 ml blocking buffer for 1 hour on a rocker at
room temperature.
6. Dilute the primary antibody to around 1 μg/ml in the primary antibody
buffer (total volume 5-10 ml) and add to the membrane in a 50ml
polypropylene tube. Incubate the membrane overnight at 4°C on a roller (see
Note 9). Ensure the transfer side of the membrane is facing inwards, i.e.
away from the sides of the tube.
7. Wash the membrane three times, each for three minutes, using washing
buffer 2.
8. Dilute the fluorescent secondary antibody at the supplier’s recommended
concentration in secondary antibody buffer (total volume 5-10 ml) in a new
50ml polypropylene tube. For Odyssey infrared antibodies, this is 1:10,000.
Add the membrane, transfer-face inwards, and incubate for 1 hour on a
roller at room temperature. This step (and all subsequent steps) should be
carried out in the dark, to avoid photo-bleaching.
9. Wash the membrane as in step 7.
10. Wash the membrane as in step 4.
11. Image the membrane using a fluorescent scanner, such as the Odyssey IR
reader.

Fig. 3. Western blot of a non-denaturing gel showing the progression of AAT
polymerisation at increasing temperatures. Polymeric species are only
recognised by the polymer-specific antibody 2C1 (right panel) whereas an antiAAT polyclonal antibody recognises all conformations of AAT (left panel).

3.3 Sandwich enzyme-linked immunosorbent assay (ELISA)

Another antibody-based approach, the ELISA represents a complementary
technique for measuring the presence of specific epitopes within a sample. In
this way, the amount of serpin in a crude sample can be accurately quantified.
Conformation-specific antibodies recognize cryptic epitopes; use of these
reagents permit further fine-grained evaluation of conformational states within
a sample (Fig. 4). Here we describe use of a sandwich ELISA technique, which
uses an immobilised capture antibody to provide an in-plate enrichment of the
serpin of interest.

1. Dilute antigen-purified polyclonal anti-serpin antibody (not polyclonal sera)
to 2 µg/ml in coating buffer.
2. Add the antibody solution to a plate at 50 µl per well using a multi-channel
pipette. Cover the plate with a lid to stop evaporation and allow to coat
overnight on the bench.
3. Empty the plate by inverting and flicking the contents into the sink several
times. Wash the plate by adding 300 µl per well of washing buffer, waiting 5
minutes, then again empty the contents. Repeat the wash step twice more.
4. Add 300 µl per well of blocking buffer + azide, incubate overnight at 4°C (see
Note 10).
5. Antigens (for example different polymer types) are applied with a starting
concentration of 1 μg/ml and serially diluted 1 in 2 across the plate in
blocking buffer + azide. This can be done by adding 50 µl of blocking buffer +
azide to all wells except column A. In column A, add 100 µl of antigen at
1 μg/ml in blocking buffer, aspirate 50 μl, mix this with the 50 μl of blocking
buffer in column B, aspirate 50 μl and continue across the plate. Incubate
the plate for 2 hours at room temperature (see Note 11).
6. Wash the plate three times as in step 3.
7. Incubate the wells with 50 µl of detection (primary) antibody at 1 μg/ml in
blocking buffer + azide for 2 hours at room temperature (see Note 12).
8. Wash the plates three times as in step 3.
9. Incubate the wells with 50 µl of HRP-labelled secondary antibody diluted
1:20,000 in blocking buffer without azide. Azide inhibits the activity of HRP
and so detection would not work. Incubate the HRP-labelled antibody for 1.5
hours in the dark.
10. Wash the plates three times as in step 3.
11. Develop the reaction for around 10 minutes with 50 µl of substrate solution
(see Note 13).
12. Stop the reaction with 50 µl of stopping solution.
13. Read the absorbance at 450 nm straight away in a plate reader.
14. Plot the absorbance against antigen concentration to reveal differences in
affinity of the antibody for the antigens.

Fig. 4. Sandwich ELISA experiments using monoclonal antibodies 2C1 (left
panel) and 4B12 (right panel) as detection antibodies against different AAT
conformations. Whereas 4B12 [25] shows similar affinities for the different
antigens, 2C1 [26] shows strong discrimination between different AAT polymer
types.

3.4 Fluorescent labelling of serpins using amine-reactive NHS fluorophore derivatives

Use of FRET to monitor oligomerization requires the preparation of two serpin
populations conjugated to different ‘donor’ and ‘acceptor’ fluorophores. Whilst
some proteins, such as AAT, have an accessible free cysteine residue suitable for
conjugation with a thiol-reactive maleimidyl group, a more widely applicable
approach is the reaction between an NHS ester and surface-exposed lysines. Due
to the relative abundance of this amino acid, the site of label will be distributed
across the protein.

1. Buffers containing amine groups, such as Tris, are not suitable for
conjugation. If required, exchange the target protein sample buffer with PBS
pH 7.4 or sodium bicarbonate pH 8.0 by dialysis, centrifugal ultrafiltration or
using a desalting column. This must be thorough enough that any
contaminating amine is at least below the concentration of the protein.
2. The serpin of interest should be pure and its concentration in the vicinity of
0.5-2 mg/ml; adjust as appropriate using a centrifugal concentrator with a
10-30 kDa cut-off or by dilution.
3. The protein to be labelled should be divided into two tubes. Add a 5-fold
molar excess of one NHS ester fluorescent probe to each. Incubate the
samples at 25°C for 4 hours while protecting from light. These two samples
should be kept separate at each step listed below.
4. Add a 1/10 volume of 0.1 M hydroxylamine to quench the labelling reaction.
5. Depending on the properties of the serpin in question, it may be possible to
remove excess unconjugated fluorophore by repeating a chromatographic
step used to purify it. Alternatively, sequential application to two desalting
columns, or a greater than 200-fold buffer exchange using a centrifugal
concentrator unit with a 30 kDa cut-off, should suffice.
6. The presence of unconjugated label can be evaluated by SDS-PAGE, where
the free fluorophore will migrate close to the dye front. Do not stain the gel,
but visualise using a UV transilluminator or fluorescence gel scanner. Using
densitometry software such as ImageJ, calculate the relative intensity of the
band near the dye front as a proportion of the labelled protein. Unconjugated
label should be barely discernible and certainly less than 10% of the proteinbound label. If higher, perform another buffer exchange.
7. Use a spectrophotometer to determine the conjugation efficiency:
Ext serp
Absλmax
E=
×
Ext label Abs280nm − Absλmax ∗ 𝑝
where E is the number of conjugated fluorophores per molecule of serpin,
Extlabel is the extinction coefficient of the label at λmax, p is the ratio of the
absorbance of the label at 280 nm to its absorbance at λmax (both parameters
should be provided by the manufacturer), and Extserp is the extinction
coefficient of the serpin of interest. If the value of E is less than 0.7 or more
than 2, the labelling process should be repeated with fresh material,
adjusting the excess of fluorescent conjugate accordingly.
8. Concentrate the labelled protein to at least 1 mg/ml, divide into aliquots, and
freeze at -80°C until use.

3.5 Förster resonance energy transfer (FRET)

The process of polymerization brings serpin molecules into close proximity; the
distances involved are on an order of magnitude that matches the size of the
individual molecules (around 50-70Å) and which are amenable to use of FRET-

based measurements. Due to the required use of specific fluorescent probes, this
technique is most readily applied in vitro to purified protein, where
polymerization is induced under destabilizing conditions. The progress of the
reaction can be monitored on a discontinuous or continuous basis; the latter is
favored for convenience and reduced intra-sample variability (Fig. 5).

1. Arrange the plate layout according to the aims of the experiment and the
capabilities of the real-time thermal cycler or plate reader. For example,
some thermal cyclers are able to generate a temperature gradient across the
plate (see Note 14).
2. Prepare a stock mixture of the differentially-labelled serpin of interest,
obtained as described in section 3.4. Based on the calculated efficiency of
labelling by the two fluorophores, the relative proportions of each
component should be adjusted such that the molar amount of each label is
equivalent.
3. If there is no option to export raw fluorescence data from the thermal cycler
or plate reader, calibrate it for the individual fluorophores according to the
manufacturer’s protocol. Create a non-temperature-cycling program of an
appropriate length, making sure the fluorescence of both donor and acceptor
fluorophores is read sufficiently frequently to capture the main features of
the progress curve. On a thermal cycler, a heated lid should be used, and
heating and cooling rates should be at their maximum value. Add a cooling
step at the end so that the final state of the serpins can be assessed by nondenaturing PAGE.
4. For room-temperature experiments, any chilled reagents should have been
brought up to ambient temperature prior to commencing the experiment.
5. If using a real-time thermal cycler, a total final concentration of the serpin
(labeled and unlabeled) of 0.05-0.4 mg/ml generally works well. Dispense
aliquots into wells of the PCR plate. Depending on the experimental aims,
pipette additives into the relevant wells, and add the desired buffer to a final
volume of 20 µl. A minimal volume of 40 µl and 80 µl is used for 384-well
and 96-well plate reader microplates, respectively. Use of higher volumes
may permit lower final concentrations to be used, it is important however
that the non-path length-corrected absorbance of the samples at the
wavelengths read is 0.1, which may limit the upper concentration used.
6. If using a real-time thermal cycler, seal the plate with a suitable transparent
film. If necessary, centrifuge the plate at 500g for 1 minute.
7. Perform the polymerization experiment.
8. Export the data into a numerical package and express the ‘acceptor’
fluorescence as a ratio of the ‘donor’ fluorescence. Non-linear regression can
be applied to the resulting curves; alternatively they can be normalized to
values between 0 and 1.0, and the half-times at which the signals reach 0.5
can be readily determined.

Fig. 5. FRET analysis of AAT polymerisation at the indicated temperatures using
the gradient function of a real-time thermal cycler, in the absence (left panel)
and presence (right panel) of a polymerisation-blocking antibody. AAT, labelled
with Atto-488 and Atto-594, was incubated at a volume of 20 µl and final
concentration of 0.2 mg/ml in PBS. The data indicate that polymerization
proceeds at a higher permissive temperature in the presence of the antibody.

3.6 Use of bis-ANS to monitor intermediate formation

Environment-sensitive fluorescent probes can be used to monitor changes in
molecular conformation. Bis-ANS (4,4'-dianilino-1,1'-binaphthyl-5,5'-disulfonic
acid) has a very low fluorescence yield in an aqueous environment, but
fluoresces strongly when sequestered into a non-polar medium. In the case of
AAT, bis-ANS fluorescence primarily reports the conversion from a native to
polymerization-prone monomeric state, rather than the formation of polymers
(Fig. 6). While in some contexts these two processes may occur almost
contemporaneously, this will not be universally applicable, and therefore this
distinction must be borne in mind. In addition, it has been noted that this probe
has an enhanced affinity for the Z mutant of AAT [27], and can induce
polymerization of plasminogen activator inhibitor-1 [28], which highlight the
care that must be taken with such reagents.

1. Make the buffer that will be used for the experiment, including any additives,
but do not add the serpin molecule of interest at this stage. If unsure, PBS pH
7.4 is a good general purpose buffer. Add an aliquot of the stock bis-ANS
solution to give a final concentration that is at least 10 µM and 5-fold the
molar concentration of the protein, whichever is higher. If intending to use a
range of protein concentrations, use a consistent bis-ANS concentration
across the whole experiment.
2. Prepare the spectrofluorimeter for the experiment. Add the buffer to the
cuvette. If polymerization will be induced at an elevated temperature,
equilibrate the heating system at the required setting, including the cuvette
and as many of the components as possible (including for example buffer
and oil overlay, if used). Ensure experimental parameters are set, including
the length of the time-course, the frequency of data collection, and an
excitation wavelength in the vicinity of 370-390 nm and emission
wavelength of 470-500 nm. If a magnetic flea is to be used, add this and
commence stirring.
3. Add the protein of interest directly at the base of the cuvette, taking
particular care if using an oil overlay. If the cuvette is not magnetically

stirred, using a swirling motion with the tip for a few seconds to disperse the
sample.
4. Conduct the polymerization experiment. The duration should be chosen to
allow recording of the change in bis-ANS fluorescence to a steady-state
value.
5. Repeat as required for other samples.
6. Export the data to a numerical package for analysis. With AAT, the increase
in fluorescence is dominated by the first-order change from a native
conformation to a polymerization-primed monomeric form, but also reports
polymerization. The initial change in fluorescence corresponds with a twophase exponential equation of the form:
𝐹𝑡 = 𝐹0 + 𝐻1 �1 − e−𝑘1 t � + 𝐻2 �1 − e−𝑘2 t �
where Ft is the fluorescence at time t, F0 is the fluorescence at time 0, k1 and
k2 are rate constants of the two phases and H1 and H2 are the contributions
of the two phases to the total signal.

Fig. 6. Induction of AAT polymerization monitored by bis-ANS fluorescence and
FRET. Curves with the same color and numbering were collected
simultaneously, highlighting that the processes reported by bis-ANS (top panel)
and FRET (lower panel) are different.

3.7 Negative-stain electron microscopy

It was this technique that first revealed polymers of AAT to be arranged as
linear, unbranched chains of discrete protein subunits [6]. The use of a
contrasting agent – typically, uranyl acetate – provides significantly higher
contrast than achieved with cryo-electron microscopy and allows images with
distinguishing features to be collected with relatively low-powered electron
microscopes. Protein excludes the stain, and hence appears as light objects on a
black background in the resultant images (Fig. 7). These images can be used to
derive characteristics such as polymer morphology (circular/linear), chain
length distribution, flexibility, inter-subunit distance and information on higherorder interactions (Fig. 8). The operation of an electron microscope is an
advanced technique, and it is the preparation of the sample grids for
visualization that is described here.

1. Remove copper grids from the box with the carbon side facing up using
sharp tweezers and place on a glass slide. Only touch the edge of the grid
with the tweezers and take care not to bend the grids.

2. Glow-discharge the grids to make them hydrophilic by placing the glass slide
in the glow discharger machine. Good parameters to start with are 30 mA for
1 minute and grids should be prepared shortly after glow-discharging (less
than 1 hour). Transport the slide in a glass petri dish.
3. Centrifuge 2% uranyl acetate (UA) for 1 minute at 5000g to pellet any
precipitate.
4. Lay out Parafilm on the bench and add a 3 μl drop of serpin sample diluted to
around 0.05 mg/ml in a non-phosphate-based buffer such as 50 mM Tris,
50 mM NaCl. Phosphate ions can cause the precipitation of uranyl ions,
which will interfere with visualisation.
5. Add two 3 μl drops of the UA stain next to the sample drop from the center of
the centrifuged tube.
6. Using tweezers, place the grid with the glow-discharged side face down on
the sample drop and incubate for 1 minute. The sample can be incubated for
longer if it is very dilute.
7. Pick up one end of the grid with the tweezers and blot off the excess sample
by carefully touching the opposite edge on the filter paper.
8. Lay the grid on the first 2% UA drop and incubate for 1 minute.
9. Blot off the excess stain to leave a thin layer, and repeat the incubation and
blot steps with the second 2% UA drop.
10. Leave the grids to dry face up on filter paper in a glass petri dish (see Note
15).
11. Put the grid in the grid loader of a low voltage microscope for visualization.
This requires an appropriate magnification and alignments of the
microscope to be carried out. Operating at relatively low magnification and
higher defocus values, look for regions that show an even background stain
and good dispersal of protein (light objects). Collect data from such regions
at higher magnification and lower defocus values.
12. Image analysis can be performed using the Fiji implementation [24] of the
ImageJ [29] software. Polymer shape and length distribution can readily be
discerned. Using the fast fourier transform bandpass filter at different
stringencies can help to resolve objects and allow inter-subunit distances
measured (Fig. 8).

Fig. 7. A negative-stain electron micrograph of AAT polymers formed by heating
monomeric AAT for 48 hours at 55℃. Protein appears as white objects on a dark
background. The grid was imaged using a Tecnai T12 equipped with a CCD
camera at a nominal magnification of 67,000:1.

Fig. 8. Image processing of a section from a negative stain electron micrograph.
A band-pass filter was applied with a stringent low-pass 35 Å cutoff, a linear
region of interest was defined using a smoothed spline 45 Å wide, and its
linearized intensity ‘profile’ calculated. The period of the intensity provides
information on the distance between subunits in the polymer.

4. Notes
1. As the resistance increases during electrophoresis, for a constant current the
voltage will increase. When the voltage reaches the maximum output of the
power supply, the current will drop, as will the rate of migration. Use of a
power supply with a limiting voltage greater than 300V will help to avoid
this, however to prevent over-heating the gel it is recommended that the
power output is still restricted, for Bis-Tris non-denaturing PAGE we use a
limit of 15W or below.
2. The Förster radius (R0) is the distance at which the efficiency of energy
transfer is 50%, and is usually reported on commercial supplier websites. In
our hands, values in the vicinity of 50-70 Å work well for serpin polymers.
3. White plates will tend to increase the signal output for the samples at the
expense of increased background fluorescence.
4. A plate-based spectrophotometer can be used and provides the possibility of
higher throughput. Differences in light path between wells due to meniscus
and plate characteristics can lead to higher variability in the data for interwell comparisons. Where this option is available, excitation and emission
light paths should be set to top and bottom, respectively.
5. An oil overlay can be used as a barrier to evaporation. As we have found
some mineral oils can induce polymerization, we tend to use Vapor Lock
(Qiagen), although other low-density fluorinated oils may also work. If using
this product exercise care in cleaning the cuvette and pipetting sample; if the
walls of the cuvette are wet or contaminated sample wicking may occur.
6. A NativePAGE 3-12% gradient gel (Life Technologies) run at 25 mA using a
power supply capable of up to 3000V and applying a 15 W limit takes about
25 minutes.
7. For home-made Coomassie stains, destaining can be undertaken by
incubating with a 20% methanol, 10% acetic acid solution overnight,
submerging small folds of paper towelling next to the gel to adsorb the dye.
8. Before transferring the membrane, it can be helpful to cut a little triangle off
one corner so you retain your orientations of samples on the gel/membrane
during washing and staining steps.
9. Two primary antibodies can be incubated with the membrane at the same
time. Similarly, two Odyssey IR antibodies can then be added in the
secondary antibody stage.
10. Plates can be left in blocking buffer + azide (covered with a lid) at 4 °C for
several weeks.
11. Antigens can also be diluted 1 in 3 down the plate by transferring 25 µl and
mixing with 50 µl of blocking buffer.
12. Binding antibodies need not be purified and can be added as culture medium
supernatant (CMS) diluted in blocking buffer. Generally, a dilution between
1:50-1:200 is adequate depending on the secretion of the hybridoma.
13. It is best if the substrate solution is allowed to equilibrate at room
temperature for 15 minutes before use.
14. The temperatures produced by the gradient function of a real-time thermal
cycler do not generally increase in linear increments. To save sample while
surveying the widest range of temperatures it may be appropriate to skip
some columns.
15. Grids can be easily stored in a grid box for years and re-imaged.
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