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ABSTRACT: R1-Antitrypsin (AT) is the most abundantly circulating human proteinase inhibitor in the serpin
family. The polymerization of AT, leading toR1-antitrypsin deficiency, has been studied extensively in
vitro by a variety of ensemble methods. Here we report the use of fluorescence correlation spectroscopy
to gain further insight into this process. Measurements of the distributions of diffusion times of polymerizing
AT, carried out at 45, 50, and 55°C, clearly show the existence of a kinetic lag phase, during which short
oligomers are formed, prior to the formation of heterogeneous mixtures of longer polymers, and suggest
that long polymers, which appear to be metastable, are produced through the condensation of shorter
oligomers.

The serine proteinase inhibitors (serpins) are a superfamily
of proteins that control a wide variety of biological events,
such as inflammation, coagulation, and fibrinolysis (1-3).
This superfamily contains a diverse set of proteins, including
R1-antitrypsin (AT),1 R1-antichymotrypsin, C1 inhibitor,
antithrombin, and plasminogen activator inhibitor-1 (4, 5).
Crystal structures of serpins have shown that they are
comprised of a highly conserved tertiary fold consisting of
three largeâ-sheets surrounded by nineR-helices, and a
reactive center loop containing the scissile bond denoted as
P1-P1′ (residues 358-359) (6-9) (Figure 1). Within this
fold, the reactive center loop is the most flexible element
and can remain either totally exposed or become partly or
fully inserted into the center of the Aâ-sheet (9-12). This
flexibility, while apparently critical for serpin inhibitory func-
tion (2), can also lead to serpin polymerization, the underly-
ing cause of several diseases (13, 14). While mutations in
serpins can induce polymerization even under physiological
conditions, polymerization of native serpins typically requires
incubation either at temperatures higher than 40°C or in
the presence of relatively low concentrations of denaturants,
such as guanidine hydrochloride (15-17).

AT is the most abundantly circulating proteinase inhibitor
(18-20) among human serpins. Polymerization of AT leads
to R1-antitrypsin deficiency, which may further result in
juvenile cirrhosis, hepatocellular carcinoma (21, 22), or early-
onset panlobular emphysema (23, 24). AT polymerization
has been studied extensively in vitro. The overall process is
temperature and concentration dependent (18, 25, 26), and
gives rise to polymers resembling “beads on a string”, as
determined by electron microscopy (27). Studies employing
fluorescence and circular dichroism (CD) spectroscopy have
led to the suggestion that AT polymerization follows a bi-

phasic mechanism, in which a rapid unimolecular step
involving a conformational change is followed by a bimo-
lecular interaction involving insertion of the reactive center
loop of one molecule into the Aâ-sheet of a second molecule
(25, 26). A recent study, conducted at pH 4, and employing
turbidity measurements in addition to florescence and CD,
provides evidence for a more complex mechanism, in which
the first-order step is followed by two bimolecular reac-
tions, with the formation of a protodimer corresponding to
loop insertion into the Câ-sheet rather than the Aâ-sheet
(28-30).

Although these latter studies, employing ensemble-aver-
aged approaches, provide significant insight into AT polym-
erization, they are incapable of elucidating many aspects of
the mechanism, in particular the distributions of stable
products and transient intermediates during polymerization.
By contrast, fluorescence correlation spectroscopy (FCS),
which allows the detection of single molecules, can be used
to determine these distributions. FCS (31-37) is based on
the measurement of temporal intensity fluctuations caused
by one or several fluorescent molecules diffusing in and out
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FIGURE 1: Crystal structure ofR1-antitrypsin showing the reactive
center loop (top) and the Aâ-sheet (front) (9).
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of a well-defined excitation volume element. The autocor-
relation function obtained from the intensity fluctuations
provides information about the residence time of a fluorescent
molecule in the excitation volume element, allowing calcula-
tion of the molecule’s diffusion constant and hydrodynamic
radius, based on the Stokes-Einstein relationship (38, 39).
From the amplitude of the autocorrelation function one can
also obtain the number of molecules within the volume
element, and thus the sample concentration (40-42).

FCS has previously been used to study reactions such as
DNA-induced polymerization of HIV-1 integrase (35), the
elongation and branching of fibrinogen polymers induced
by thrombin (36) and the aggregation properties of amyloid
â-protein (31, 32). Here we employ FCS to elucidate the
mechanism of AT polymerization. Our results demonstrate
that polymerization proceeds via a lag phase, corresponding
to the accumulation of small oligomers, which is followed
by a rather abrupt formation of considerably larger ag-
gregates.

MATERIALS AND METHODS

Preparation of the C232S/S359CR1-Antitrypsin Variant.
Site directed mutagenesis was accomplished using the
Quickchange method (Stratagene, La Jolla, CA). The tem-
plate was a double-stranded pET11a vector (New England
Biolabs, Beverly, MA) containing T7 promoter, terminator
and the entire antitrypsin cDNA. Primers were annealed to
the template usingPfuDNA polymerase and thermal cycling.
The PCR product was transformed into XL-1 supercompetent
cells. Plasmid DNA was isolated using either the Wizard
Plus SV DNA purification system (Promega, Madison, WI)
or the Qiagen Plasmid mini kit. Mismatched codons were
confirmed by DNA sequencing.

Expression. E. colistrain BL21 containing pET-pro-AT
was grown at 37°C in 15 L of LB medium containing 0.1
mg/mL ampicillin. WhenA600 reached 0.4-1.0, isopropyl-
â-D-thiogalactose was added at 1 mM final concentration to
induce pro-rAT expression, and growth was continued for
another 3-4 h, bacterial cells were harvested, quickly frozen,
and stored at-70 °C.

Purification. Approximately 20 g of cell paste was
dispersed in 200 mL of buffer A (50 mM Tris, pH 7.8, 50
mM NaCl, 1 mM EDTA, 10 mM â-mercaptoethanol).
Phenylmethylsulfonylfluoride (PMSF) was added to a final
concentration of 150 mM. Cells were lysed by passage
through a French press at 10,000 psi at 4°C. Supernatant
was collected and centrifuged at 10,000 rpm for 35 min. The
pellet, containing recombinantR1-antitrypsin within inclusion
bodies, was washed 2x with buffer A containing 0.5% Triton
X-100, and then dissolved in buffer A containing 8 M urea.
Solubilized protein was diluted to 2 L of refolding buffer,
buffer B (10 mM sodium phosphate, pH 6.5, 50 mM NaCl,
1 mM EDTA and 1 mMâ-mercaptoethanol). The protein
concentration was∼ 0.4 mg/mL. After incubating overnight
at 4 °C, the solution was dialyzed against 30 L of buffer B
with three changes. The dialyzed sample was applied to a
DEAE-Sepharose column (2.5× 50 cm) (BioRad, Hercules,
CA) and eluted with 0-0.3 M NaCl linear gradient. Fractions
containing R1-antitrypsin were pooled, concentrated and
buffer-exchanged using an Amicon concentrator. The puri-
fied sample contains only a small amount (<20%) of dimers

and/or trimers, as shown by PAGE analysis. The activity of
the refolded protein was confirmed by its ability to inhibit
chymotrypsin enzymatic activity.

Preparation of P1′-TMR-AT.C232S/S359C-R1-antitrypsin
(1.3 mg) was reacted with a 20-fold excess of tetramethyl-
rhodamine (TMR) dye and a 10-fold excess of buffer C (tris-
(2-carboxyethyl)phosphine hydrochloride (Molecular Probes)
in 5 mL of 50 mM Tris/50 mM KCl buffer, pH 8.3). The
reaction proceeded overnight at 4°C in the dark, and was
quenched by addition of excessâ-mercaptoethanol. Excess
dye was removed by applying the reaction mixture to a
column (5.0 cm) consisting of 8.3 mL of PD-10 (Amersham
Biosciences, Piscataway, NJ) topped by 1.0 mL of Toyopearl
HW-40C (Tosoh Bioscience, Inc., South San Francisco, CA).
AT-containing fractions were pooled, concentrated, and
reapplied to the column for further removal of excess dye.
The extent of labeling of AT at the P1′ position is 1.04 TMR/
protein, as determined using a TMR extinction coefficient
of 52,000 M-1 cm-1 at its isosbestic point (528 nm) (43).
Protein was measured by bicinchoninic acid (BCA, Pierce,
Rockford, IL) assay.

PAGE Analysis ofR1-Antitrypsin Polymerization.R1-
Antitrypsin (18.0µM) of sample was heated to the desired
temperature in buffer C, aliquots were removed at various
time points, and brought to room temperature by dilution
with 5 volumes of buffer C. Samples were analyzed by
nondenaturing polyacrylamide gradient gels (4-15%, Bio-
Rad, Hercules, CA). Protein was visualized by silver staining.
Densiometric analysis was performed using NIH Image
software, version 1.61.

Fluorescence Correlation Spectroscopy.The confocal
fluorescence microscope used is similar to those de-
scribed in other studies (35-37, 44). Briefly, the excitation
source (∼270 µW) at 514.5 nm was derived from the laser
lines of an Ar+ laser (Spectra-Physics, Mt. View, CA), which
was brought to a focus in the sample solution by a
microscope objective (Nikon 100×, NA 1.3, oil-immersion).
The emission was collected by the same objective and was
separated from the excitation by a dichroic mirror. The
confocal volume was defined by a 50µm pinhole. A single
interference filter was used to allow only the fluorescence
to pass through and reach the detector. Photon counting in
real time was done by an avalanche photodiode detector
(SPCM-AQR-16, Perkin-Elmer, Vaudreuil, Canada) and a
data acquisition card (PCI-6602, National Instruments,
Austin, TX). A computer program written in LABVIEW
(National Instruments, Austin, TX) was used to control the
data collection as well as the subsequent autocorrelation
analysis.

For a prolate ellipsoidal Gaussian observation volume the
autocorrelation functionG(τ) is given by eq 1 (45, 46):

where n represents the number of fluorescent species in
solution,τ is the lag time,τD

i is the characteristic diffusion
time of speciesi during which it resides in the observation
volume,ω signifies the axial (z0) to lateral (r0) dimension
ratio of the volume element,N denotes the mean number of
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fluorescent molecules in the time limitτ f 0, i.e.,G(τf0)
) 1/N, andfi signifies the fraction of speciesi in the solution.
SinceτD for a given molecule correlates with its hydrody-
namic radius, it can be used to monitor the kinetics of a
polymerization process during which slower diffusing species
are generated.

Samples for FCS analysis were prepared by quickly
heating 5µM P1′-TMR-AT in buffer D (50 mM Tris-KCl
buffer, pH 8.3) to the desired temperature (e.g., 45, 50, or
55 °C), which was maintained over the course of the
experiment. At predetermined time intervals aliquots were
removed, quickly diluted with buffer solution at room
temperature (23°C) to give a final concentration of 1 nM.
This procedure halts further polymerization or depolymer-
ization (30). Diluted samples were used immediately for FCS
measurements. The total observation time for each FCS
measurement is 100 s with an integration time of 100µs for
each point. Either 10 (for data presented in Figure 7) or 100
(for data presented in Figure 8) measurements were taken
for each diluted sample.

RESULTS

Characterization of C232S/S359C-R1-antitrypsin (P1′-AT).
P1′-AT was purified to apparent near homogeneity when
analyzed by SDS-PAGE, but showed the clear presence of
small amounts of aggregates, presumably mostly dimer and
trimer, when analyzed in a nondenaturing gradient gel (Figure
2A). The large majority of the protein is active in formation
of an SDS-stable complex with chymotrypsin, with only
minor concomitant formation of cleaved P1′-AT (Figure 2B).
The apparent stoichiometry of inhibition (SI) value for

P1′-AT vs chymotrypsin is 1.3, as determined by densito-
metric scanning of gels such as those shown in Figure 2B
(47) and by titration (Figure 2C).

Nondenaturing PAGE Analysis of Ensemble P1′-AT
Polymerization.Nondenaturing PAGE analysis provides
an ensemble approach for following heat-induced P1′-AT
polymerization (18, 25). As seen in Figure 3 for
TMR-P1′-AT, as time increases, there is a clear and easily
quantifiable disappearance of the dominant monomer band,
as well as a darkening of the upper portion of the gel,
consistent with the formation of a heterodisperse mixture of
protein aggregates. Similar results were obtained for
P1′-AT. Comparison of the rates of disappearance of
P1′-AT monomer and TMR-P1′-AT monomer at 55°C, and
of the rates of disappearance of P1′-AT monomer at 45°C
and 65°C as well (Figure 4), make it clear that the apparent
rate constant (a) is insensitive to TMR substitution at P1′
[0.61 ( 0.05× 10-3 s-1 (P1′-AT) vs 0.68( 0.07× 10-3

s-1 (TMR-P1′-AT)] and (b) is very temperature sensitive,
rising 50-fold with a 20°C rise in temperature (45°C to 65
°C), and giving an activation energy of 175 kJ/mol (Figure
4, inset).

It is worth noting that the apparent rate constant for
P1′-AT monomer disappearance at 45°C, 0.05× 10-3 s-1,
is similar in magnitude to the narrow range of values
(0.03-0.04× 10-3 s-1) previously determined at the same
temperature for a slow phase of polymerization of human
plasma AT, using three different ensemble fluorescence
measurements (29). It would thus appear that the minor
contamination of P1′-AT monomer with dimer and trimer,
noted above, has no major accelerating effect on P1′-AT
polymerization. This is consistent with recent results showing
that the rate of AT aggregation, unlike that of ACT aggre-
gation, is not nucleated byR-Crystallin (48).

FCS Measurements.Sample FCS measurements (photon
bursts) for an unheated sample of P1′-TMR-AT are shown
in Figure 5. The autocorrelation of these signals can be
modeled by eq 1 with two components (Figure 6). The fast
component has a diffusion time of∼200µs, which is quite
likely due to a small amount of residual free dye molecules,
whereas the major slow component has a diffusion time of
∼2 ms and can be assigned to the diffusion of the monomer.
This assignment is consistent with the theoretically estimated
diffusion time of the AT monomer, which has a hydrody-
namic radius of about 35 Å (49), based on the Stokes-
Einstein relationship (42). The diffusion coefficient of
Rhodamine 6G has been determined to be 2.8× 10-6 cm2

s-1 (42). Using this value as a standard, the diffusion

FIGURE 2: Characterization of P1′-AT. (A) Gel electrophoretic
analysis of purified protein. Lanes 1 and 2, SDS-PAGE, standards
and purified protein, respectively, Coomassie blue staining. Lane
3, nondenaturing PAGE, purified protein, silver staining. (B) SDS-
PAGE analysis of complex formation between P1′-AT (10.0 µM)
and chymotrypsin (30.0µM). Samples were mixed in a quenched
flow apparatus. E, chymotrypsin; I, P1′-AT; I cl, cleaved P1′-AT;
C, chymotrypsin-P1′-AT complex. (C) Inhibition of chymotrypsin
activity by P1′-ACT.

FIGURE 3: Nondenaturing gel analysis of TMR-P1′-AT polym-
erization at 55°C. TMR-P1′-AT (0.8 mg/mL) was incubated in
buffer C. At the times indicated, aliquots were removed, diluted
5-fold in 50 mM Tris, 50 mM KCl buffer, pH 8.3, and flash frozen
in liquid nitrogen. A 4-15% gradient gel was employed.
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coefficient of the AT monomer was determined to be 3.2×
10-8 cm2 s-1 according to the following relationship:

whereD is the diffusion coefficient andτ is the respective
diffusion time. As a control, we have also measured the
diffusion time of TMR (data not shown). The recoveredτD

(∼200 µs) was similar to that measured by others using
comparable equipments (35-37, 44).

Autocorrelation Decay.The autocorrelation data in Figure
6 present two indications that P1′-TMR-AT polymerizes on
prolonged incubation at 45°C. First, the rate constant for
decay of the slow component decreases, indicating formation
of slower diffusing species due to polymerization. Second,
G(0), the amplitude of the autocorrelation function, which
is inversely proportional to the average number of species
in the confocal volume at zero time, increases, consistent
with monomer disappearance. Moreover, this increase occurs
with a rate constant of 0.05( 0.01× 10-3 s-1, which agrees

precisely with the ensemble rate constant for monomer
disappearance mentioned above (Figure 4).

Diffusion Time Distribution.The distributions of diffusion
times as a function of reaction time, temperature, and initial
AT concentration are shown in Figure 7. At 45°C, species
with diffusion times of 4 to 6 ms are quickly formed (<30
min). This initial distribution remains essentially unchanged
for about 200 min, after which there is a clear increase in
the population of species whose diffusion times are between
8 and 16 ms. Most interesting, however, is the sudden jump
in the diffusion time at about 400 min, indicating the
formation of longer polymers. After this point, the population
of these long polymers continues to increase. These results
are consistent with the widely held notion (26) that serpin
polymerization proceeds via a lag phase, during which shorter
oligomers are formed. A more detailed examination of the
transition from shorter to longer polymers is displayed in
Figure 7b, in which FCS measurements were carried out on
aliquots removed at 15 min intervals on either side of the
400 min incubation time. The results indicate that the marked

FIGURE 4: Rate of monomer disappearance. Gels were scanned and densiometric analysis of monomer intensity was performed using NIH
Image 1.61. Lines are drawn to calculate first-order rate constants. Inset shows an Arrhenius plot for P1′-AT rate constants.

FIGURE 5: Fluorescence signal from TMR labeled AT monomer
as a function of time.λex ) 514.5 nm.

Drhodamine

Dmonomer
)

τrhodamine

τmonomer
(2)

FIGURE 6: Representative autocorrelation decay profiles (O)
corresponding to different reaction times of the polymerization
reaction of AT at 45°C: (a) 0 min; (b) 200 min; (c) 465 min; (d)
675 min; (e) 49 h. Solid lines are fits to eq 1.
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rise in diffusion time takes less than 15 min, strongly
suggesting that longer AT polymers are generated by the
fusions of two shorter polymers. This suggestion is consistent
with models used by Bark et al. (36).

AT polymerization at 50 and 55°C, (Figure 7c and d),
proceeds similarly to the process at 45°C except the length
of the lag phase preceding formation of long polymers
decreases. In addition, polymers formed at 55°C have
considerably longer diffusion times on average, as compared
with those formed at 45 and 50°C. Raising the initial

concentration of AT from 5 to 22µM at 45 °C (Figure 7e)
also decreases the length of the initial lag phase, by about
4-fold. However, the resulting polymers display a narrower
chain length distribution, with a markedly higher percentage
of the longer polymeric strands and an increased average
chain length as compared with what is seen at lower
concentration (Figure 7a). These changes most likely reflect
a change in the position of equilibrium between longer and
shorter polymers as a function of concentration. While the
effects of increasing temperature and AT concentration on

FIGURE 7: Distribution of diffusion times of polymerization of AT with the progress of the reaction at different temperatures and initial AT
concentrations. Temperature: (a and e) 45°C; (c) 50 °C; (d) 55 °C. Concentration: (a, c, and d) 5µM; (e) 22 µM. The distribution of
diffusion times at the point of long chain formation at 45°C and 5µM AT is displayed in part b.
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the time dependence of polymerization, as measured by
changes in diffusion time distribution, are consistent with
the results of previous ensemble studies (26, 50), the FCS
studies provide the first detailed information regarding the
size distribution of AT polymers.

AT polymerization at 45°C proceeds in a heterogeneous
manner, as shown by the time course of diffusion time
distribution (Figure 8). Such distributions are generated by
counting the number of diffusion time intervals obtained from
the autocorrelation decay profiles (e.g., 0-2, 2-4, 4-6 ms,
etc.). At an early stage of the reaction (e.g., 200 min), the
distribution is dominated by a species whose diffusion time
is about 4 ms, whereas at longer reaction times the distribu-
tion becomes broader and the center of the distribution shifts
toward longer diffusion times. For example, at 465 min, the
concentration of the monomer decreases to a level that is
essentially undetectable by the current method, and there is
a clear decrease in the number of the fast diffusing species,
or short polymers, and a corresponding increase in the
number of moderately slowly diffusing species, or longer
polymers. At later reaction times, very slowly diffusing
species (up to a diffusion time of∼50 ms) are formed.
Interestingly, however, these long chain polymers are only
transiently stable and they disappear at a later time. After a
49-hour incubation, the polymers generated exhibit a rela-
tively narrow distribution of diffusion times, centered at a
diffusion time of∼26 ms. According to previous studies (29),
the reaction of AT polymerization under similar conditions
should be virtually complete after about 42 h. However, the
FCS results clearly show the reappearance of the species with
very long diffusion times after incubating the sample
continuously for 5 days. The mechanism leading to reap-
pearance of these very long polymers is presently unclear.

It is of interest to directly relate diffusion times to polymer
chain lengths. Several models are available for this purpose,
which are applicable for different physical conditions of the
polymers in solution (51-55). Depending on the properties
of the systems of interest, the diffusion constantD of a

polymer withN monomer units may exhibit rather complex
dependence onN. According to the Rouse model (51), which
was developed to describe the dynamics of dilute polymer
solutions and is appropriate for the current studies,D is
inversely proportional toN. Since the diffusion time,τD, is
inversely proportional toD (42), N is proportional toτD.
Applying this conclusion to, for example, the results obtained
after 5 days of incubation of the 5µM AT sample (Figure
8), and noting that AT monomer exhibits a characteristic
diffusion time of ∼2 ms, the observed distribution of
diffusion times between 16 and 28 ms corresponds to a chain
length distribution of 8-14 monomer units.

DISCUSSION

FCS is a powerful technique for the study of heterogeneous
processes (31, 35-37), such as protein polymerization and
aggregation, since it provides information unobtainable by
ensemble methods. Here we apply FCS to investigate AT
polymerization. Our results indicate that a lag phase precedes
the formation of long polymers. The species formed toward
the end of the lag phase at 45°C exhibit a mean diffusion
time of about 8-12 ms (Figure 7b), corresponding mainly
to tetramers and hexamers, which appear to be required for
formation of the longer polymers. Both the duration of the
lag phase and the average length of the polymers formed
are sensitive to temperature and concentration. For example,
it takes about 500 min for long polymers (τD > 30 ms) to
form at 45 °C, but at 55°C they emerge in less than 80
min. Raising initial AT concentration has a similar effect.
Moreover, higher temperature not only speeds up polymer-
ization in general, but it also shifts the distribution of species
toward considerably longer polymers. As expected, increas-
ing AT concentration at a fixed temperature favors longer
over shorter polymers.

Importantly, following the lag phase, long polymers form
over a relatively short time interval (<15 min, Figure 7b),
suggesting that the formation of long polymers encounters
a relatively small activation barrier. Although this observation
is in general agreement with a nucleation and growth model
(56) whereby longer polymers form via the condensation of
two shorter polymers, our results also show that the “nucleus”
is not unique. Different nuclei can be formed, depending on
the time, temperature, and perhaps other variables (e.g., pH).
Such heterogeneity with respect to nucleation is one mani-
festation of the highly heterogeneous nature of AT polym-
erization, as indicated by the distributions of the diffusion
times at discrete reaction times (Figure 8). The most populous
species have 8 to 16 monomer units, consistent with a recent
electron microscopic study, suggesting that stable AT
polymers contain 7 to 14 monomers (30).

Interestingly, very long polymers (e.g. those withτD >
40 ms) are only transiently populated when AT is incubated
at 45 °C. Moreover, polymerization appears not to reach
equilibrium even after 49 h, with the appearance and
disappearance of longer aggregates continuing for a pro-
longed period of time. The origins of this oscillating behavior
are not clear. One possibility is that these very long polymer
species further condense to form truly large aggregates that
we do not detect, either because they precipitate or because
they simply diffuse too slowly. Although this possibility
cannot be ruled out entirely, we do not believe it is the main

FIGURE 8: Distribution of diffusion times of polymerizing AT as
a function of incubation time at 45°C: 200 min, 465 min, 675
min, 25 h, 49 h, and 5 days.
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mechanism leading to the disappearance of the very long
polymers that we did observe, for two reasons. First, no
visible precipitation was detected, even after incubating the
sample (at 5µM) for 5 days. Second, the amplitude of the
autocorrelation function,G(0), which is inversely propor-
tional to the average number of fluorescent molecules,
residing in the excitation confocal volume, increases by
nearly a factor of 10 over 49 h (Figure 2), a period which
coincides with the formation of a distribution of polymeric
species with 8 to 16 monomer units (Figure 8). Thus, there
is no obvious loss of sample mass over the course of the
experiment. The more likely explanation of the oscillating
behavior is that the observed long polymers are energetically
not stable and break up to yield shorter polymers, via
processes that are not simple reversals of formation steps
and are perhaps initiated by random local conformational
changes.

The results of the FCS studies presented here both
elaborate and alter our understanding of AT polymerization,
which has heretofore been based completely on studies at
the ensemble level (26, 28, 29). In particular, our studies
demonstrate (a) the heterogeneity of the reaction, which the
ensemble studies failed to reveal; (b) the abruptness of long
polymer formation, in striking contrast to the suggestion from
ensemble measurements that the elongation of short polymers
is a gradual process (29), akin to the formation of monomeric
R-helices (57); and (c) that equilibrium in the polymerization
process is not achieved even after very long times (up to 5
days) of incubation, whereas ensemble measurements had
suggested that the polymerization of AT at 45°C is
essentially over by about 42 h (29).

CONCLUSIONS

In summary, AT polymerization was studied in detail by
using the FCS technique, demonstrating aspects of the
dynamics and heterogeneity of serpin polymerization that
are unobtainable by ensemble methods. Our results clearly
show that a temperature-dependent lag phase precedes the
formation of long polymers, that such formation proceeds
via combinations of two shorter chains, and that some long
polymers are populated only transiently.
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