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Abstract
The amyloid fold is usually considered a result of protein misfolding. However, a number of
studies have recently shown that the amyloid structure is also used in nature for functional
purposes. CsgA is the major subunit of Escherichia coli curli, one of the most well-characterized
functional amyloids. Here we show, using a highly efficient approach to prepare monomeric
CsgA, that in vitro fibrillation of CsgA occurs under a wide variety of environmental conditions
and that the resulting fibrils exhibit similar structural features. This highlights how fibrillation is
“hardwired” into amyloid that has evolved for structural purposes in a fluctuating extracellular
environment and represents a clear contrast to disease-related amyloid formation. Furthermore, we
show that CsgA polymerization in vitro is preceded by the formation of thin needlelike protofibrils
followed by aggregation of the amyloid fibrils.

Amyloid fibrils are commonly associated with devastating diseases such as Parkinson’s and
Alzheimer’s diseases, type II diabetes, and transmissible spongiform encephalopathies such
as Creutzfeld-Jacob disease.1–4 Amyloid formation is considered to be the result of
misfolding followed by spontaneous polymerization of otherwise soluble protein into
biochemically and structurally similar fibrils with a characteristic cross-β structure in which
the β-strands are arranged perpendicular to the fiber axis.5–9 Amyloid fibrils examined by
TEM or AFM are typically found to be composed of intertwined filaments. The fibrils are of
indeterminate length and have a width on the order of 7–20 nm, varying with fibril
morphology.4,6
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The fact that many structurally unrelated proteins can form amyloid fibrils indicates that the
general amyloid fold is governed by protein backbone interactions, while the kinetics and
thermodynamics of fibrillation may be modulated by side chain interactions.6,10–13 The β-
strands underlying the amyloid structure can arrange in numerous different ways.14 Thus, a
given amyloid structure does not necessarily represent a global energetic minimum in the
folding landscape as is the case for the native structure of simple globular proteins15,16 but
rather represents the most accessible conformational amyloid state under the given
experimental or physiological conditions.17–19 Variations in the molecular structures of
amyloid fibrils made of the same polypeptide chain are thought to be responsible for the
existence of multiple strains of mammalian prion diseases and yeast prion phenotypes.20–25

Furthermore, such polymorphism may produce variations in the toxicity or patterns of
deposition of amyloid fibrils in Alzheimer’s and other amyloid diseases.26,27

Despite its common association with diseases, the amyloid structure is also used for
beneficial purposes in nature. The curli system in Escherichia coli is one of the best studied
systems of functional amyloids. Curli fimbriae are part of the complex extracellular matrix
that is essential for biofilm formation, host cell adhesion, and invasion, and they are reported
to be important stimulants of the host inflammatory response.28–34

A highly regulated pathway involving two divergently expressed operons is required for
curli biogenesis. The csgBA operon encodes curli subunits CsgA and CsgB. csgDEFG
encodes proteins essential in the regulation and transportation of CsgA and CsgB to the cell
surface.31,35–37 The major curli subunit, CsgA, is secreted to the cell surface as a soluble
unstructured protein.38,39 Here, it interacts with membrane-bound CsgB, which nucleates
the fibrillation of CsgA. After this initial step, amyloid fibrils are predicted to grow by
addition of CsgA to the growing tip.37,39

CsgA and CsgB both contain five imperfect repeats with highly conserved glutamine and
asparagine residues that are important for amyloid formation.40 Each repeating unit is
predicted to form a strand–loop–strand motif that closely resembles the cross-β fold
described for many disease-related amyloids.8,41 It seems reasonable to hypothesize that the
presence of specific side chain interactions in and between curli subunits as well as the
presence of five repeating units in one protein sequence guides the fibrillation of CsgA
toward a single well-defined amyloid form. Here we have evaluated the robustness of the
fibrillation process by checking the sensitivity of the final CsgA amyloid structure toward
various environmental conditions in vitro. We have investigated the structural features using
a broad range of biophysical tools, including Fourier-transform infrared spectroscopy,
circular dichroism, X-ray fiber diffraction, and transmission electron microscopy, and
conclude that CsgA forms fibrils over a broad swathe of physiologically relevant conditions.
This robustness toward changing environmental conditions is consistent with evolutionarily
optimized fibrillation properties.

MATERIALS AND METHODS
E. coli MG1665 mutant SM2258,42 used for curli production, was kindly provided by S.
Molin (BioCentrum-DTU, Lyngby, Denmark).

Purification of Curli
Curli were isolated by a protocol modified from Collinson et al.43 as described previously
by Dueholm et al.44
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Purification of CsgA from Curli
Curli were lyophilized, dissolved in 98% formic acid, and lyophilized again. The
depolymerized curli were then dissolved in anion exchange (AIEX) binding buffer [8 M
urea, 1 mM DTT, and 20 mM bistris (pH 6.5)] and filtered through a 0.22 µm filter. The
sample was subjected to ion exchange on a 5 mL HiTrap Q HP column equilibrated with
AIEX binding buffer using a flow rate of 5 mL/min and eluted by stepwise increasing the
concentration of NaCl (0, 100, 200, 500, and 1000 mM). Fractions containing CsgA were
pooled and dialyzed against deionized water for 2 days. This resulted in precipitation of
CsgA. The precipitate was collected, resuspended in 98% formic acid, and lyophilized. The
lyophilized material was suspended in GdmCl buffer [6 M GdmCl and 20 mM NaPO4 (pH
7.0)]. CsgA monomers were isolated from aggregated material and dimers by gel filtration
in GdmCl buffer using a Superdex 200 10/300 column (GE Healthcare). CsgA was desalted
into deionized water using a 5 mL HiTrap desalting column right before the protein was
used for fibrillation studies. This thorough procedure was required to obtain reproducible
fibrillation curves in the fibrillation assay.

Fibrillation Assay
Gel-filtered CsgA in 6 M GdmCl was desalted using a HiTrap desalting column equilibrated
with deionized water. Protein concentrations were estimated by the UV absorbance of the
peptide bond using the empirical formula of Waddell.45 The protein was diluted in deionized
water to 2 times the final concentration and mixed with a premade 2× cocktail of buffer,
NaCl or seeds, and 80 µM ThT; 200 µL samples were loaded in a 96-well plate. Immediately
afterward, the plate was transferred to a Tecan GENios Pro plate reader and fluorescence
was measured using excitation/emission at 448/485 nm (ThT) or 360/485 nm (ANS), and a
gain of 60. Measurements were taken by bottom reads every 2 min, and shaking for 30 s
(orbital, amplitude of 2.5 mm) was applied between the reads. Reads was integrated for 40
µs. Six fibrillation curves were averaged to reduce the signal-to-noise ratio. For seed
preparation, 5 mL of a 1 mg/mL suspension of native curli fibrils was sonicated using a rod
sonicator at its maximal effect for 30 s. The following buffers were used: 20 mM citric acid-
NaOH for pH 3–5, 20 mM histidine-HCl for pH 6, 20 mM phosphoric acid-NaOH for pH 7,
20 mM Tris-HCl for pH 8, and 20 mM glycine-HCl for pH 9. In all cases, the ionic strength
was adjusted to 50 mM by the addition of NaCl. Note that we do not include error bars for
the various time profiles in the figures, as this will make it impossible to gain a clear
overview of the data. Rather, the quality of the data may be assessed through the error bars
of the kinetic parameters in different panels of Figure 1. All these values are based on
kinetic parameters from individual fibrillation curves and therefore represent true errors.

Circular Dichroism
Circular dichroism (CD) spectra from 250 to 190 nm were recorded on a Jasco J-810
spectropolarimeter using 0.2 nm steps, a scan speed of 50 nm/min, a bandwidth of 3 nm, and
a response time of 2 s. A light path of 0.1 mm was used, and the temperature was kept
constant at 20 °C with a thermostatically controlled cell holder. The protein concentration
was 0.2 mg/mL, and all spectra were baseline corrected with respect to buffer. To improve
the signal-to-noise ratio, five scans were averaged for each sample. The results were
expressed as mean residue ellipticity (MRE). All samples except those collected during the
fibrillation were sonicated briefly to minimize fibril precipitation.

Fourier-Transform Infrared Spectroscopy
Fourier-transform infrared spectroscopy (FTIR) was conducted using a Tensor 27 (Bruker)
FTIR spectrophotometer equipped with a deuterated triglycine sulfate (DTGS) midinfrared
detector and a Golden Gate single-reflection diamond attenuated total reflectance (ATR) cell
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(Specac). Approximately 4 µg of protein was dried on the ATR crystal using dry nitrogen.
Spectra were recorded from 4000 to 1000 cm−1 using a nominal resolution of 2 cm−1 and 64
accumulations. Fourier self-deconvolution of the spectra in the amide I region was
performed using a built-in apodization function with a deconvolution factor of 2, a noise
reduction factor of 0.5, and a Lorentzian line shape in the OPUS 5.5 system (Bruker).
Identification of the different components of the amide I region was performed by
secondderivative analysis in the OPUS 5.5 system.

Transmission Electron Microscopy
A fibril solution (10–20 µL) was applied to the nickel grid for 30 s. The grids were washed
with one drop of glass-distilled water, stained with three drops of 1% phosphotungstic acid
(pH 6.9), and blotted dry. Electron microscopy was conducted using a JEOL 1010 TEM
instrument at 60 kW. Images were taken using an Olympus KeenView camera. For size
determination, a standard grid size replica plate (2160 lines/mm) was used.46

X-ray Fiber Diffraction
Fiber diffraction specimens were prepared on a stretch frame using a suspension of
approximately 5 mg/mL fibrillated CsgA and dried at room temperature. Data were
collected in house using a Cu Kα rotating-anode source (FR591 Enraf Nonius, Delft, The
Netherlands; wavelength of 1.5418 Å), equipped with a MAR Research 345 image plate X-
ray detector (345 mm diameter). The sample–detector distance was 400 mm with exposure
times of 20–60 min. The images were evaluated using Fiber Fix for Windows version 1.3.1.
Bragg distances were measured as the peak maxima from radial-averaged intensity plots.

SDS–PAGE
SDS–PAGE was performed according to the method of Laemmli with modifications by
Ames.47,48 Samples were mixed with SDS–PAGE loading buffer with DTT, boiled for 5
min, and analyzed on a 15% SDS–PAGE gel. The concentration of non-amyloid CsgA was
estimated from the CsgA monomer band intensity using the ImageJ gel analysis tool (http://
rsbweb.nih.gov/ij/). We did not detect significant amounts of CsgA dimer on the gel.

RESULTS
Effects of pH and Ionic Strength

The ability of CsgA to form amyloid fibrils was investigated under a wide range of
conditions using thioflavin T (ThT) fluorescence as a probe of amyloid formation. For such
experiments, it is essential to employ highly pure CsgA preparations devoid of preformed
nuclei and nucleator protein CsgB because artifacts may otherwise arise from seeding
reactions. Highly pure monomeric preparations of the Aβ peptide have also been shown to
lead to more reproducible fibrillation.49 Accordingly, we developed a procedure for
obtaining CsgA in which E. coli curli were depolymerized in formic acid and subsequently
separated into different protein components by ion exchange in buffer containing 8 M urea.
CsgA fractions were dialyzed against water, lyophilized, and resuspended in formic acid to
facilitate CsgA dissociation. CsgA was subsequently purified by gel filtration in a buffer
containing 6 M GdnHCl (Figure S1 of the Supporting Information). The fraction containing
CsgA monomers was then transferred to water on a desalting column immediately prior to
aggregation assays.

CsgA clearly polymerized to ThT-binding aggregates over the entire pH range (pH 3–9)
tested (Figure 1A). Polymerization kinetics displayed a sigmoidal time profile, in which a
lag time of ≤2 h was followed by a rapid increase in ThT fluorescence, which typically
stabilized at a plateau level after ~6 h. The data were highly reproducible and showed
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overall variations in terms of lag time and end ThT fluorescence of 5– 10%. Both the half-
time for fibrillation, t50 (i.e., the time required to reach half the final ThT fluorescence), and
the lag time (i.e., the time at which the tangent to the fibrillation curve at t50 intersects with
the start ThT level) remained fairly constant from pH 3 to 7 (Figure 1B) but increased at
higher pH values. Closer inspection of the first 4 h of the fibrillation revealed that when the
pH was below 7, the ThT fluorescence increased without any clear lag phase (Figure S2 of
the Supporting Information). This increase was most pronounced around the pI of mature
CsgA, which according to the theoretical titration in Figure 1C lies around pH 5–6. Given
that ThT can also bind unspecifically to amorphous aggregates and give rise to small
increases in fluorescence (ref 44 and references therein), the early stage increase in the
magnitude of the ThT signal may reflect rapid and relatively nonspecific aggregation (seen
as visible cloudiness in the solution) because of the lack of electrostatic repulsion near the pI
of CsgA.

The end point ThT values generally increased with pH (Figure 1D). This could be due to
either the pH dependence of ThT binding or fluorescence or genuine changes in fibril
structures. Using pH-jump experiments in which acid or base was added to preformed
fibrils, it was clear that ThT fluorescence levels in the presence of CsgA fibrils could
reversibly and rapidly switch from one level at one pH value to another at another pH level
(Figure S3A of the Supporting Information) and switch back again. Given that fibrils are
unlikely to reconfigure so rapidly and reversibly from one stable state to another, we
consider it most likely that the different ThT fluorescence levels reflect largely pH-
dependent effects (in terms of either affinity or fluorescence intensity) of binding to similar
fibril structures. Note that there are small variations. Close comparison of the end levels for
the pH jumps in Figure S3A of the Supporting Information with the original fibrillation
curves at different pH values in Figure 1A shows that the end ThT levels at pH 9 are higher
than at pH 7 (Figure 1A), while the pH-jump experiments show that going from pH 7 to 9
leads to a small decrease in fluorescence. The differences are relatively small and within the
variation range seen for typical fibrillation experiments.

Overall, it is remarkable that CsgA can fibrillate over such a broad range of pH values
spanning the neutral region, given that extreme pH values are often required to induce
fibrillation in many other cases.50–52

The effect of ionic strength on the fibrillation of CsgA was examined at pH 7 by varying the
NaCl concentration from 0 to 500 mM (Figure 1E). CsgA fibrillation was evident at all
NaCl concentrations, and the half-time for fibrillation as well as the lag time decreased in
proportion to the square root of the ionic strength (Figure 1F), which indicates a role for
Debye–Huckel screening effects in the aggregation process. The end point ThT levels
clearly increased with NaCl concentration (Figure 1E). This could in principle reflect
changes in ThT binding affinity. Modulation of ThT binding affinity by electrostatic
screening has been observed in other contexts.53 However, this did not seem to play a role in
our experiments as addition of NaCl to preformed fibrils did not alter the ThT fluorescence
(Figure S3B of the Supporting Information), unlike the effect of a change in pH (Figure S3A
of the Supporting Information). Another possibility is that different amounts of aggregates
are formed at different ionic strengths. This can be ruled out by the observation (see below)
that CsgA monomers are completely incorporated into higher-order structures. A final
possibility is either a change in fibrillar architecture (in which more densely clumped fibrils
will have less accessible surface area for ThT to bind) or the ratio between fibrils and
nonfibrillar aggregates, but this is difficult to verify using these data (see the section on
electron microscopy below).

Dueholm et al. Page 5

Biochemistry. Author manuscript; available in PMC 2013 July 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Effect of Protein Concentration
The effect of protein concentration on the kinetics of fibrillation was investigated (Figure
1G). A linear relation was found between the protein concentrations and end ThT intensities
(Figure 1H), indicating that the same fibrils (with similar ThT binding properties) are
formed at different concentrations and the amount scales simply with the amount of
precursor monomer. The non-zero intercept reflects background contributions from free
ThT. Although the lag time decreased 2–3-fold over a 20-fold increase in protein
concentration (Figure 1I), the half-time for fibrillation, t50, remained essentially invariant
(Figure 1I), effectively making the time required to reach the end plateau (~6 h) independent
of CsgA concentration. Powers and Powers have demonstrated that a concentration-
independent t50 corresponds to a situation in which the protein is above the supercritical
concentration (scc), so that the fibrillation rate is independent of protein concentration.54

The situation is a little more complex for CsgA, given that the lag time does decrease
slightly with concentration. However, the invariance of t50 does suggest that either CsgA has
an extremely low scc or the monomer is the active fibrillating nucleus. Such a nucleus could
conceivably form if the monomer, which is initially unstructured,55 folds back on itself via
the five imperfect repeats to form an elongation-competent monomeric nucleus.

Effect of Seeding
The effect of seeding on the fibrillation kinetics (Figure 1J) was evaluated by replacing a
part of the monomeric CsgA with preformed native curli fibril seeds. The lag time decreased
markedly with an increasing seed concentration (Figure 1K). In contrast, the elongation
phase was fairly constant. Even the lowest seed concentration (0.1%) had a significant effect
on fibrillation. This is very good evidence that the monomer CsgA solution contained no or
very few seeds. The start value of ThT fluorescence scaled linearly with seed concentration
(Figure 1L), consistent with a linear relationship between the amount of seed present and the
number of binding sites for ThT. However, a higher seed concentration results in an
asymptotic increase in the end ThT level (Figure 1L). A simple but speculative explanation
for this is that a large amount of nuclei leads to many small fibrils while a small amount
leads to a few large fibrils. These two classes of fibrils may have different ThT binding
properties.

Analysis of Fibril Structure
We characterized the structure of the fibrils formed under different conditions. The
morphology of fibrils formed at various pH values and NaCl concentrations was examined
by transmission electron microscopy (TEM). All samples exhibited similar needlelike
fibrils, which aggregated into large clumps (a representative sample is shown in Figure 2).
In all samples, we also detected agglomerated structures, which could be interpreted as
either dense amorphous aggregates or clumps of tightly associated fibrils and protofibrils.
For this reason, it was difficult to quantify the relative amounts of fibrils and potential
amorphous aggregates. Samples exposed to sonication prior to TEM still contained
significant amounts of these clumps (data not shown), indicating strong adhesive forces
linking the aggregates together.

The secondary structure of the fibrils was analyzed by CD and FTIR (Figure 3A – F). All
CD spectra exhibited similar strong β-sheet signatures with the characteristic minimum at
~217 nm and maximum at ~197 nm (Figure 3A,B). FTIR also showed very similar spectra
for the fibrils with a well-defined peak at 1623 cm−1, indicative of β-sheet in an amyloid-
like conformation maintained by very strong hydrogen bonds and a minor shoulder at 1663
cm−1, which indicates β-turns (Figure 3C – F).56–58

Dueholm et al. Page 6

Biochemistry. Author manuscript; available in PMC 2013 July 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The structure of fibrils formed at various pH values was examined by X-ray fiber diffraction
(Figure 3G,H). For all samples, a characteristic Bragg reflection at 4.6 Å was seen,
corresponding to the spacing between β-strands in the amyloid fold6 and a reflection at 8–10
Å, corresponding to intersheet spacing.6,59 The latter manifested itself as a broad and rather
featureless peak. Similar reflections have been shown for wild-type curli.60 Additional well-
defined reflections were seen for all samples at 6.3, 5.3, and 4.2 Å. The structural origin of
these reproducible reflections is not clear.

If fibrils are well-aligned, they will show characteristic meridional reflections around 4.8 Å
and equatorial reflections at 10 Å, reflecting the amyloid arrangement in which β-strands are
orthogonal to the fibril axis, whereas the β-sheets are arranged parallel to the axis. This was
not the case for the CsgA fibrils, whose highly aggregative disposition (see the following
section and Figure 4) prevented good alignment of the fibers and consequently hindered a
more detailed analysis of the structural features of the fibers. Nevertheless, the similarities of
the observed reflections suggest little difference in the packing of the CsgA fibers and a
common core structure regardless of pH.

Fibrillation Followed by TEM
We examined samples collected during the fibrillation process by TEM (Figure 4).
Immediately after monomeric CsgA had been mixed with buffer, a few short, thin filaments
were observed. After 1 h, larger fibrils were seen to coexist with many thin filaments. At 2
h, the fibrils appeared to have grown even larger at the expense of the small filaments. At 4
h, the fibrils started to aggregate and form larger clumps. A few thin filaments were still
present. These filaments were completely absent after 6 h, and only large clumps of fibers
were present. Some amorphous aggregates were seen in all samples except for the 0 h
sample. Over time, these aggregates appeared to assemble into larger dumps.

Fibrillation of CsgA Followed by ANS Fluorescence
We used the hydrophobic probe 8-anilino-l-naphthalenesulfonate (ANS), whose
fluorescence is enhanced by the presence of hydrophobic regions,61–63 to investigate if
hydrophobic protofibrils of non-amyloid character were formed prior to the formation of
ThT binding amyloid fibrils (Figure 5A). In general, the two probes exhibited similar
fibrillation profiles, indicating that aggregation to form ThT-binding fibrils is accompanied
by the exposure of contiguous patches of hydrophobic surfaces, but that there is no separate
non-ThT binding preaggregate species.

Fibrillation of CsgA Followed by SDS–PAGE
To investigate if the increase in the magnitude of the ThT signal correlates with an increase
in the relative amount of fibrillated CsgA, samples were collected during fibrillation and
analyzed by SDS–PAGE (Figure 5B). Fibrillar CsgA cannot be dissolved in SDS–PAGE
loading buffer in the absence of formic acid, whereas monomerized CsgA remains soluble in
the SDS– PAGE loading buffer and enters the gel. It was found that essentially all CsgA was
converted to the fibrillar form and thus that the increase in ThT fluorescence arises from the
increase in the percentage of CsgA in the fibril form.

Note that we cannot say anything definite about the existence of oligomeric structures based
on this SDS-PAGE analysis. We do not see any higher-order structures on the gel, but if
potential oligomeric species are sensitive to SDS, they may not survive as intact species on
the gel. However, any such oligomer might be present in only small quantities, as discussed
by Wang et al.55 and suggested for many other fibrillating proteins.52
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Fibrillation of CsgA Followed by Circular Dichroism
CD showed a clear transition from a random coil structure to one with a high content of β-
sheet structure (Figure 6). This transition generally correlated with the increase in ThT
fluorescence, although direct correlation to the mean residue ellipticity was problematic
because of protein precipitation and settling. Thus, we cannot reach any definite conclusions
about the secondary structure content of the needlelike fibrils formed at early stages of
aggregation according to TEM (Figure 4); although they are likely to contain regular
secondary structure, the absolute CD signal will depend both on the amount of solubilized
material and on the fraction of CsgA that forms these structures rather than the original
random coil structure. However, the lack of defined structures at 0.5 and 1 h suggests that
only a small fraction of CsgA is in the fibrillated state, which is in good agreement with the
SDS-PAGE data. TEM is biased toward large and aggregated species and is inappropriate
for determining the fraction of protein in a given form.

DISCUSSION
The ability of CsgA monomers to assemble into amyloid-like fibrils was evaluated under a
wide range of conditions and clearly shows that the protein has an inherent tendency to
fibrillate. This is consistent with fibrillation properties being highly optimized for specific
purposes through evolution. Most other proteins require specific circumstances to expose
their amyloid forming propensities. In vitro fibrillation is typically promoted by acidic pH,
elevated temperatures,11 submicellar concentrations of anionic surfactants,64 or moderate
concentrations of denaturants65 or organic solvents.66 Fibrillation by disease-associated
proteins under physiological conditions usually requires either aggregation-inducing
mutations, long-term exposure to a chemically reactive environment (e.g., dopamine as
suggested for α-synuclein in Parkinson’s disease67), or proteolytic cleavage to either
destabilize the protein (e.g., gelsolin68) or release peptides (e.g., Aβ or ADan/ ABri69) that
fibrillate when removed from their normal physiological context.

The pH may also be a parameter for controlling the formation of functional amyloid. For
example, pH changes modulate the solubility of the amyloid form of pmel17 involved in
melanin deposition70 and may even be a way to control the storage of peptide hormones as
temporary amyloid deposits.71 CsgA fibrils formed at different pH values do show
variations in the level of ThT fluorescence that cannot entirely be ascribed to simple pH
changes; this is also seen in the fiber diffraction data in which the relative sizes of different
diffraction peaks vary. Nevertheless, fibrils form over the entire pH range tested.3–9

Presumably, the robust fibrillation of CsgA reflects the need to ensure reliable fibril
formation and integrity under a wide range of extracellular conditions outside the control of
E. coli, in contrast to the carefully controlled environment of melanin production and
hormone release.

Despite CsgA’s “hardwired” ability to fibrillate, we still observe variations in the fibrillation
kinetics depending on the specific conditions. It was found that the kinetic parameters t50
and lag time were shortest near and below the pI of CsgA and longest at higher pH values.
This shows that negatively charged residues at higher pH values reduced the propensity of
CsgA to form a fibrillation prone nucleus, whereas the positive charges present below the pI
have only minor effects. This is not surprising if we investigate the spatial arrangement of
the charged residues in Chapman’s proposed β-helical model of CsgA in the curli fibrils,39

which is based on the proposed structure of the AgfA β-helix41 and supported by solid state
NMR experiments.60 The negative charges originate from aspartic acid and glutamic acid
residues, and these are situated next to Ser1 and around Gln18 in the repeats. According to
the proposed structure, hydrogen bonding between these amino acid residues as well as Gln7
and Asn12 of the repeats provides stability to the amyloid structure. Introduction of
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repulsive charges around these amino acids will therefore reduce the stability of the nucleus.
The transition time (i.e., the time taken to reach the ThT maximum from the lag phase) was
relatively constant (~3 h) throughout the tested pH range (Figure 1A). This shows that
interactions involved in fibril growth are only slightly perturbed by changes in pH. This is in
good agreement with an amyloid structure stabilized by pH-independent polar interactions
between the side chains of glutamine and asparagine residues. It furthermore shows that
charges in the vicinity of Ser1 and Asn12 at most have a minor effect on fibril elongation
despite a clear effect on nucleation. It should also be noted that R5, the most aggregation
prone repeat of CsgA, does not contain any acidic groups, as is true for R1 and R5 of
CsgB.72 It is therefore likely that the repeats directly involved in nucleation have been
tailored to withstand changes in the pH of the environment. Charge still plays a role, given
that the rates of nucleation and growth both decreased in proportion to the square root of the
ionic strength, implying a screening of charged groups in CsgA. However, the effect is
modest, given that the lag times and half-times decrease less than 2-fold as we increase the
ionic strength to 1 M.

Fibril morphology in TEM images, X-ray fiber diffraction patterns, and secondary structure
analysis by FTIR and CD all point toward a similar amyloid structure. This is in agreement
with the initial hypothesis that CsgA forms a well-defined amyloid structure because of the
stabilizing effect of the repeating units and side chain interactions.

All these fibrils are prepared in vitro, raising the obvious question of the extent to which our
findings can be extrapolated to in vivo conditions. In this context, we note that the general
biophysical properties of in vitro polymerized CsgA and that of curli fibers are the same.
Both structures are rich in β-strand, bind to ThT and Congo red, and have grossly the same
appearance by TEM.38,60 Nevertheless, techniques such as solid state NMR may reveal
differences in the ultrastructures of in vitro polymerized CsgA and curli fibers. For example,
curli in vivo are the result of initial templating by the CsgB nucleator protein. Therefore, we
predict that the structure of curli fibers in vivo will reflect properties of CsgB as well as
CsgA. Information about the fibrillation properties of CsgA is thus a necessary part of a
fuller understanding of the formation of curli fibers.

In summary, detailed information about the CsgA fibrillation process was obtained by
analyzing samples collected at various times during the fibrillation at pH 7. The samples
were analyzed via TEM, ANS binding, CD, and SDS–PAGE. It was found that the
fibrillation was initiated by a conversion of the monomers into thin needlelike protofibrils
(Figure 7). These protofibrils later converted into hydrophobic amyloid fibrils, which
associate to larger aggregates. It is tempting to speculate that the highly aggregative and
hydrophobic nature of the CsgA fibrils may be useful in curli-mediated E. coli and
Salmonella surface attachment and biofilm formation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

AFM atomic force microscopy

AIEX anion exchange

ANS 8-anilino-l-naphthalenesulfonate

ATR attenuated total reflectance

CD circular dichroism

DTGS deuterated triglycine sulfate

FTIR Fourier-transform infrared spectroscopy

MRE mean residue ellipticity

scc supercritical concentration

SDS–PAGE sodium dodecyl sulfate–polyacrylamide gel electrophoresis

t50 half-time for fibrillation

ThT thioflavin T

TEM transmission electron microscopy
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Figure 1.
Effect of environmental conditions on the fibrillation of CsgA. (A, E, G, and J) Fibrillation
of CsgA followed by ThT at various pH values (A), NaCl concentrations (E), protein
concentrations (G), and CsgA fibril seed concentrations (J). The standard conditions for the
fibrillations were 20 µM CsgA in 20 mM sodium phosphate (pH 7) without addition of NaCl
or seeds. (B, F, I, and K) Effect of pH (B), ionic strength (F), protein concentration (I), and
CsgA fibril seeds (concentrations in weight percentage) (K) on the kinetic parameters t50
and lag time. (C) Theoretical overall charge of mature CsgA as a function of pH calculated
using CLC DNA Workbench version 5.7.1. (D and E) Effect of pH (C) and protein
concentration (H) on the ThT maximum. (L) Effect of seeds on ThT start level and
maximum.
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Figure 2.
Morphology of the CsgA fibrils. TEM image of CsgA fibrils formed in 20 mM sodium
phosphate (pH 7).
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Figure 3.
Biophysical characterization of CsgA fibrils formed under various environmental
conditions. (A and B) CD spectra of CsgA fibrils formed at various pH values (A) and at pH
7 with varying NaCl concentrations (B). (C and D) FTIR (C) and second-derivative (D)
spectra of CsgA fibrils formed at various pH values. (E and F) FTIR (E) and second-
derivative (F) spectra of CsgA fibrils formed at pH 7 with varying NaCl concentrations. (G)
X-ray fiber diffraction pattern of CsgA fibrils formed at pH 7. (H) Radial averaged X-ray
fiber diffraction spectra of fibrils formed at various pH values.
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Figure 4.
Fibrillation of CsgA followed by TEM. Samples was collected at various time points during
the fibrillation of 40 µM CsgA at pH 7 and examined by TEM. The fibrillation curve
measured by ThT is shown at the top, with circles corresponding to the time points shown in
the bottom panels.
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Figure 5.
Fibrillation of CsgA followed by ANS fluorescence and SDS–PAGE. (A) Fibrillation of 20
µM CsgA followed by ThT and ANS fluorescence. (B) Fibrillation of 20 µM CsgA followed
by ThT and SDS–PAGE. SDS–PAGE data were expressed as the CsgA monomer
concentration calculated from the CsgA monomer band intensity using the ImageJ gel
analysis tool (http://rsbweb.nih.gov/ij/).
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Figure 6.
Fibrillation of CsgA followed by circular dichroism. (A) Fibrillation of 20 µM CsgA
followed by ThT and CD signal intensity at 197 nm. (B) CD wavelength spectra of samples
collected during fibrillation.
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Figure 7.
Proposed CsgA fibrillation mechanism. Monomeric CsgA initially forms thin needlelike
protofibrils. These protofibrils rearrange to form amyloid fibrils, which subsequently
aggregate into dense clumps.
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