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Abstract

Bacteria within Curli biofilms are protected from environmental pressures (e.g., disinfectants,
antibiotics), and this is responsible for intractable infections. Understanding aggregation of the
major protein component of Curli, CsgA, may uncover disease-associated amyloidogenesis
mechanisms. Here, we report the application of pulsed hydrogen—deuterium exchange and mass
spectrometry (HDX-MS) to study CsgA aggregation, thereby obtaining region-specific
information. By following time-dependent peptide signal depletion, presumably a result of
insoluble fibril formation, we acquired sigmoidal profiles that are specific for regions (region-
specific) of the protein. These signal-depletion profiles not only provide an alternative aggregation
measurement, but also give insight on soluble species in the aggregation. The HDX data present as
bimodal isotopic distributions, one representing a highly disordered species whereas the other a
well-structured one. Although the extents of deuterium uptake of the two species remain the same
with time, the relative abundance of the lower mass, less-exchanged species increases in a region-
specific manner. The same region-specific aggregation properties also pertain to different
aggregation conditions. Although CsgA is an intrinsically disordered protein, within the fibril it is
thought to consist of five imperfect B-strand repeating units (labeled R1-R5). We found that the
exterior repeating units R1 and R5 have higher aggregation propensities than do the interior units
R2, R3, and R4. We also employed TEM to obtain complementary information of the well-
structured species. The results provide insight on aggregation and a new approach for further
application of HDX-MS to unravel aggregation mechanisms of amyloid proteins.
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Introduction

Although amyloid proteins are commonly associated with Alzheimer’s?, Parkinson’sZ, and
other neuro-degenerative diseases, some play a critical role in normal cellular physiology. 4
Of particular interest are curli, an extracellular amyloid fiber produced by Salmonella spp.,
Escherichia coli, and other enteric bacteria.> ¢ These fibers are involved in the adhesion of
bacteria and biofilm formation, protecting bacteria from the environmental stress of
disinfectants and antibiotics.® % €. Biofilms are the cause of persistence and recurrence of
many infections.” & Understanding the curli amyloid production process provides a unique
perspective on the molecular mechanism underlying amyloidogenesis and its related cellular
toxicity and function.

The major component of the curli fiber is CsgA, initially synthesized as an intrinsically
disordered protein with a molecular weight of 13 kDa. The 22 N-terminal residues serve as a
signal peptide for CsgA secretion through the outer membrane. The remaining residues 23—
131 correspond to an amyloid core region in the curli fiber and consist of five imperfect,
repeating strand-loop-strand units. CsgA consists primarily of serine, glutamine, glycine,
and asparagine residues.? Its aggregation /7 vitro has been studied using various
conventional techniques including Thioflavin T (ThT) fluorescence and circular dichroism
(CD) spectroscopy.Z9-Z2 Cherny et al.Z% identified prion-like hexa-repeats within CsgA and
showed that chemically synthesized hexapeptides of CsgA with aromatic residues are able to
self-associate into well-ordered fibrillary species. Wang et al.Z4 showed, by using either
synthesized peptides corresponding to each repeating unit or proteins with each repeating
unit deleted, that repeats R1, R3 and R5 of the five imperfect repeating units in the amyloid
core of CsgA are the regions responsible for polymerization. The latter group also showed

Int J Mass Spectrom. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 3

that mutations of four conserved residues in R1 and R5 slow CsgA aggregation /n vitro and
completely disable curli assembly in vivo.®

MS-based approaches have become a highly sensitive and effective tool for investigating
biomolecules in their native or near-native state.Z6-28 HDX-MS, for example, allows
experimentalists to probe the protein conformation at moderate structural resolution,
providing critical insights into higher-order structures of protein complexes.Z6-16 By
measuring deuterium exchange differences, one can characterize changes in protein
dynamics and conformation induced by protein/ligand binding,2% 29 post-translational
modification?Z and aggregation?2-?%. This is applicable because protein backbone amide
hydrogen undergo HDX based on solvent accessibility and hydrogen bonding. Regions that
show greater amide hydrogen exchange rates represent flexible or solvent accessible areas,
whereas those that show a smaller exchange rate are likely involved in a relatively rigid
conformation or buried environment. In the work presented here, we focused on using
hydrogen—deuterium exchange coupled with mass spectrometry (HDX-MS) to study the
aggregation behavior of CsgA.

To follow CsgA conformational changes during the highly regulated amyloid production
process, we chose a pulsed HDX-MS platform?4in which differences in deuterium exchange
relate to various populations of molecules that may exist in the aggregation process. This
platform was first developed to examine conformational changes of soluble oligomers
during amyloid peptides AB aggregation in a physiologically relevant environment.Z#
Recently, we applied both continuous and pulsed HDX-MS studies to another curli family
member, CsgE, to determine the regions involved in self-association, and we discovered a
conformational rearrangement during the oligomerization process.€% Extension of this
platform to regulated CsgA aggregation provides an opportunity to understand region-
specific aggregation for the near-native state. In addition, we complemented pulsed HDX-
MS with transmission electron microscopy (TEM) to probe both soluble and insoluble CsgA
proteins.

Materials and Methods

Materials

Wild-type CsgA containing a 6-His-tag at the C-terminus were expressed and purified as
previously reported.ZZ CsgA stock was stored in solution containing 200 mM imidazole, 50
mM potassium phosphate buffer (pH 7.2), and 6 M guanidine hydrochloride (GdnHCI) at
-20 °C to prevent aggregation. Prior to the HDX experiment, the protein solution was
exchanged into phosphate buffer saline (PBS, pH 7.4) using a Sephadex G25 desalting
column (HiTrap GE Healthcare, Pittsburgh, PA).

D,0 was purchased from Cambridge Isotope Laboratories Inc. (Andover, MA). Angiotensin
| peptide and all other chemicals were purchased from MilliporeSigma (St. Louis, MO).

Pulsed HDX-MS

Following removal of GdnHCI, 10 uM CsgA was incubated at 22 °C and monitored as a
function of time. The first time point was approximately 1 min after protein was passed
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through the desalting column to remove the GdnHCI. Three different incubation conditions
were tested: continuous stirring, quiescent (no stirring), and one following a freeze/thaw
cycle of the buffer-exchanged CsgA. Samples (20 uL) obtained at different incubation times,
were centrifuged at 13,000 rpm (Eppendorf Microcentrifuges 5418, Hamburg, Germany), at
4 °C for 10 min. All incubation times did not include the 10 min centrifugation at 4 °C. The
top 10 pL of the supernatant was discarded to concentrate the large, soluble oligomers that
will preferentially populate the lower solution after centrifugation.

Pulsed deuterium labeling was achieved by diluting the lower 10 pL solution into 40 uL of
D,0 buffer for 30 s at 4 °C. Ice-cold, reducing quench buffer containing 3 M urea with 1%
trifluoroacetic acid (TFA) was added to each reaction solution at a ratio of 1:1 (v:v) to
quench the HDX reaction. Angiotensin | peptide (60 pmol) was spiked into the quenched
solution as an internal standard. Online pepsin digestion and HPLC separation were
performed as previously described.26 Briefly, protein samples were digested while flowing
through a custom-packed online pepsin column. The resulting peptides were trapped and
desalted on a C8 trap column (Agilent Inc., Santa Clara, CA). Separation of the peptide
mixtures was carried out on a 1.9 um reversed-phase C18 column (Hypersil Gold Thermo
Fisher Scientific, Waltham, MA) with a 5.5 min linear gradient. All experiments were
performed in triplicate.

MS analysis of the eluted peptides was conducted on a MaXis quadrupole time-of-light
instrument (Bruker Daltonics Inc., Billerica, MA) by using positive-ion electrospray
ionization (ESI) mode. The ESI spray voltage was set to 4 kV. The temperature and
nebulizer gas were 180 °C and 0.8 bar, respectively. The drying gas flow rate was 6 L/min.

HDX-MS Data Analysis

Identification (mapping) of peptic peptides was achieved in a preliminary LC/MS/MS
experiment by submitting peptic peptides to collision-induced dissociation (CID)
fragmentation in a data-dependent mode on a Thermo LTQ XL Orbitrap (San Jose, CA).
Product-ion spectra were then submitted to MassMatrix (version 2.4.2)¢7 for identification,
followed by manual inspection. Among all identified peptides, eight with relatively strong
signals that represent the complete sequence were chosen for following the CsgA
aggregation (Figure S1).

A custom-developed program implemented in MathCAD (v14, Parametric Technology
Corp., MA) was used to fit the HDX isotopic envelopes of each CsgA peptide with two
binomial distributions. The program outputted centroid masses and peak areas of both
species. Peak area of Angiotensin | was obtained from a peak fit using a binomial
distribution. Relative abundances of MS-detectable CsgA peptides with regard to the internal
standard were calculated by normalizing peak areas of CsgA peptides to those of
Angiotensin | ions of all charge states. The deuterium uptake percentage was calculated by
using Eq. 1:

D% = ((mHDX _ m“"”“““‘) X 100%

N - 2) x 0.80 (1)
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where mypxand Megyniorare the centroid mass of the deuterated and non-deuterated
peptides, respectively, 0.80 corresponds to the final DO content of the buffer system, and
(V- 2) represents the number of the amide hydrogens that are exchangeable, assuming first
two residues retain no deuterium by the time of measurement.

IB
The fractional species B (at lower m/z region) was calculated according to I, + I,

where /4 and /g are the abundances of species A and species B, respectively. Curve fitting
with four parameter sigmoidal curves, calculating the first-derivatives of the sigmoidal
curves, and all data plottings were performed with Prism 6 (GraphPad, La Jolla, CA).

Transmission Electron Microscopy (TEM)

CsgA solutions (2.5 pL, 4 pM) were transferred onto the surface of a glow-discharged
carbon-coated 200-mesh copper grid (Electron Microscopy Sciences, Hatfield, PA). The grid
surface was negatively stained with 1% uranyl acetate solution. Excess solution was
removed by blotting with filter paper. The grid was left to air dry and then viewed using a
JEOL 100CX Transmission Electron Microscope (Peabody, MA) with a 100 kV acceleration
voltage.

Thioflavin T (ThT) Assay

Amyloid polymerization of CsgA was followed by the change in fluorescence of ThT as
described in previous reportsZZ. CsgA was 4 pM in 20 mM potassium phosphate buffer
containing 150 mM NaCl and 25 uM ThT (pH 7.4), in a total volume of 1 mL in a glass tube
and incubated at 25 °C with stirring. The ThT fluorescence change was recorded as a
function of time on a spectrofluorometer (PTI, Photon Technology International, Edison,
NJ) by using an excitation wavelength of 438 nm and emission 490 nm.

Results and Discussion

MS-detectable materials decrease as a result of aggregation

Insoluble materials (e.g., fibrils), are formed during the protein aggregation process. When
HDX-MS is employed to follow the formation of intermediates or conformational changes
during protein aggregation, DMSO can be used after deuterium labeling to dissolve
insoluble materials before MS detection.Z2 26 DMSO treatment, however, restricts HDX
analysis to the global level as enzymes are not compatible with a high organic solvent
content. To achieve higher resolution at the peptide level, one can either use a supersaturated
urea solution to dissolve aggregates followed by significant dilution%, or focus on those
soluble species that can be transferred directly into the mass spectrometer?4 2% 30, The latter
may be the appropriate approach because soluble oligomers, rather than fibrils, are proposed
to be toxic species in different neurodegenerative diseases, > % making them potential
targets for therapeutic drugs.? 5% Thus, we focused on soluble species utilizing a MS-
friendly quenching and digestion protocol in which some but not all fibrils are also
investigated. 24
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To understand better the species sampled by HDX, we first investigated the depletion of
peptide intensities as a function of time. The time course of soluble-species depletion reports
the stages of CsgA aggregation and informs us when useful HDX observations should be
made. Additionally, the depletion of soluble species as measured by MS should be
considered as another measurement dimension for protein aggregation. We monitored the
relative abundance of MS-detectable CsgA peptides with respect to an internal standard
peptide (Figure 1). The large signal losses we see are likely caused by the formation of
insoluble fibrils. We did not include data for peptide 94-105 because we were unable to
follow it after peptide signals started to decrease significantly following the lag phase, owing
to its low signal intensity and other interferences in its /7/z region. All other peptides display
sigmoidal profiles, which are similar to the ThT fluorescence profiles for CsgA aggregation.

All the depletion curves show an initial lag phase for approximately 60 min, followed by an
exponential decrease for another 60 min; all peptides finally reach a plateau after 120 min.
To characterize better each peptide, we fit our data with four-parameter sigmoidal curves
(Figure 1A) and extracted ty/, values for each peptide (Figure 1B). All peptides show nearly
identical behavior with similar ty/, values of approximately 72 min. We expected the
behavior at the peptide level to be constant over the protein because each peptide is a
representative of the whole protein. The sigmoidal curves derived from HDX-MS data break
slightly earlier than that for ThT fluorescence (Figure S2). The aggregation of CsgA (4 uM)
as followed by the ThT assay showed a sigmoidal curve with a lag phase of approximately
120 min, a growing phase of about 8 h to a plateau phase. An earlier paper reported that the
ThT lag time of CsgA decreased 2-3 fold with a 20-fold increase in protein concentration,
and the lag phase was approximately 90 min for 10 pM CsgA at neutral pH.Z% The ThT lag
time of CsgA aggregation varied from 1-3 h depending on conditions, as described
elsewhere.Z0 11, 14 Considering that the ThT assay follows formation of amyloids that are
highly insoluble, our peptide-level quantitation results that report on soluble species
depletion are consistent with those of the ThT assay, showing that both report on nucleation,
elongation and fibrillation.

We used this quantitative approach on the mass spectra to avoid using the extracted ion
chromatograms of the peptide signals during HDX (described next), which are complex
owing to the broad isotopic envelopes characteristic of HDX. We also combined signals
from all the charge states to eliminate charge variations at ESI. It is to note that peptides
representing regions near the N-terminus generally provide higher ion signals than those
close to the C-terminus. The differences in the initial relative abundances of each peptide
likely result from differences either in ESI ionization efficiency or pepsin digestion but not
from structure because each CsgA monomer lacks structure and exists as an intrinsically
disordered protein (IDP).34 Furthermore, the protein is already denatured before digestion.

HDX reveals two species during CsgA aggregation

We next turned to HDX in an effort to follow region-specific aggregation, an opportunity
easily achieved with MS. We first added 6 M GdnHCI to prevent the aggregation of CsgA
and measured the extent of HDX as seen in the mass spectrum of peptide 106-137 in the
presence of 6 M GdnHCI (Figure 2A). We complemented this measurement with those in
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the absence of GAnHCI (Figure 2B) incubated at selected time points. As all peptides show
two species with a time-dependent abundance change during CsgA aggregation, we chose
peptide 106-137 as a representative case for illustration and discussion. Although peptide
signals decrease significantly with incubation times (Figure 1), the amount of soluble
species remains detectable at the longest incubation time, a manifestation of the high
dynamic range of most modern mass spectrometers. The abundance of peptide 106-137
relative to the internal standard during HDX (Figure 1), is also described in Figure 2 caption.

In the presence of GdnHCI, a single, highly deuterium exchanged species exists that is the
denatured monomer. The average deuterium uptake for all peptides of this denatured
monomer is 70% (no back-exchange correction). Not one but two populations, denoted as
species A and B, are present, however, and exhibit distinct deuterium uptake during CsgA
aggregation. Species A, representing the highly exchanged population, has the same HDX
behavior as that of the denatured CsgA monomer, indicating that these soluble species
possess little or no defined structure. It is not surprising to observe a highly exchanged
species A with this IDP protein. Weis and co-workers®® showed that IDP proteins undergo
high HDX even on the time scale of seconds. In contrast to the disordered species A, of
higher m/z, species B undergoes significantly lower deuterium uptake, suggesting a
relatively more ordered structure.

To characterize species A and B more completely, we applied a two-binomial functional
distributions to fit the HDX patterns of all the peptides. Deuterium uptake for both species A
and B plotted as a function of incubation time are shown in Figure 2C. We have no data for
peptide 94-105 after 240 min because its signal was no longer detectable. Our HDX results
show that the deuterium uptake of both species A and B remain relatively constant during
the aggregation process, but the levels are relatively constant with incubation time;
specifically, the deuterium uptake of species A and B are ~ 60-80% and ~ 5-10%,
respectively. Chapman and co-workers3 proposed that unfolded CsgA forms a transient
oligomeric pool with an average molecular weight of approximately 66 kDa; this low-energy
state contains dynamic and amorphous conformers once aggregation is triggered. Although
species A shows the same HDX as the denatured monomer, we propose that species A is this
dynamic, less structured oligomer. The subtle structural difference between the dynamic
amorphous oligomer pool and completely unstructured monomer, however, is not revealed
by HDX, possibly because the labeling time window is not sufficiently short for capturing
small differences.

Species B, on the other hand, must be well-structured, not highly solvent-accessible because
it undergoes a remarkably low extent of HDX. When carefully inspecting the mass spectra,
we observed that species B is present immediately after GAnHCI is removed. This suggests
that CsgA starts aggregating once GAnHCI is removed, consistent with previous

reports.Z4 94 As the incubation time increases, species B becomes relatively more abundant
than species A (Figure 2B), indicating a change from an IDP to a more ordered structure
accompanying aggregation. Species A remains detectable at the longest incubation time even
though it has been seriously depleted (Figure 1), illustrating the high dynamic range of MS-
based methods. However, MS detection has high bias towards the readily soluble materials.
The actual abundance of species A relative to the total protein is low because majority of the
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protein has formed fibrils, most of which can’t be easily detected under our experimental
setup. It is not possible, however, for us to distinguish whether species A at the end of
aggregation process represents the original dynamic conformers that have not been
converted to fibrils, or some products from the equilibrium between solid phase (i.e., fibril)
and solution phase.

Although this bimodal isotopic distribution is similar to that arising from an EX1
mechanism?6 37 that occurs when local protein refolding rates are slower than deuterium
labeling rates, we do not invoke EX1 mechanism changes to explain the data. Similar
phenomena were reported in other aggregation systems using pulsed HDX.26: 36 \We
hypothesize that pulsed HDX presents various populations of molecules that co-exist in
solution; species A represents soluble, dynamic and amorphous conformers whereas species
B the highly ordered. The origin and function of species B will be discussed below.

The five regions (R1-R5) of CsgA exhibit different aggregation propensities

Returning to a signal-depletion analysis, we investigated the B fractional species changing
with time for each peptide (Figure 3) with the goal of obtaining region-specific information
during conformational change from IDP to ordered fibrils. This species-dependent
measurement is made possible by HDX but it has a more limited dynamic range than that for
the data in Figure 1. The sigmoidal curve fitting of the data (Figure 3A) shows that, for all
peptides, the fractional species B remains less than 3% before ~90 min and then increases
afterwards. Peptides 26-37 and 106-137 display the most rapid increase in the fraction B
species, followed by peptide 38—-48. The last time points of peptides 84-93 and 106-137 are
missing because their corresponding MS signals become very weak at long aggregation
times. Although we are only able to follow peptide 94-105 for 240 min, the B fractional
species appears to display a similar trend to that of the other peptides 1-25, 49-69, 70-83
and 84-93; that is, they all increase at a slower rate. We then compared the extracted t;, for
each peptide (Figure 3B; error bars here indicate ranges at 95% confidence intervals).
Peptides can be divided into two groups: peptides 26-37, 38-48, and 106-137 (group )
have significantly smaller t;, values compared to the peptides 1-25, 49-69, 70-83 and 84—
93 (group I1) at 95% confidence. Noticeably, peptides in group | have entered a stationary
phase while peptides in group 11 have not completed aggregation (after 1000 min). If the
slow aggregating regions, as represented by group Il peptides could be measured to
completion, their ty;, values would be even longer, and the difference between the two
groups of peptides, therefore, would be larger.

To confirm the difference between two groups of peptides, we also analyzed the increasing
rates of the fraction B species by calculating the first-derivatives of the fitting curves (Figure
3C). This method allows us to make a direct comparison between all peptides whether or not
they have stationary phases. Peptides 26-37 and 106—137 have the largest maximum values,
followed by peptide 38—-48. The peptides of group Il have similar and the small least
increasing rates of the fraction B species. Both statistical methods show that regions
represented by peptides from group | (26-37, 38-48, and 106-137) aggregate faster than the
remaining regions of the protein. The observation that these peptides (26-37, 38-48, and
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106-137) have significantly different abundance at starting points (Figure 1) ensures that
their faster aggregation propensities are not artifacts caused by variable peptide signals.

To visualize the results, we also mapped the HDX results onto a predicted CsgA structure?
(Figure 4). This structure is a left-handed monomer subunit existing in the fibrils, and it has
similar energy to one with a right-handed topology.®? Peptide 26-37 falls completely onto
R1, 38-48 located at the end of R1 and the beginning of R2, and peptide 106-137 spans the
end of R4 and the entire R5. Thus, our HDX results indicate that R1 and R5 become
structured most rapidly among the five repeating units. This finding coincides with that of
Chapman and co-workersZ4, indicating that R1, R3 and R5 are amyloidogenic, and R1 and
R5 are the most significant contributors. The primary growth direction of CsgA fibrils is
suggested to be perpendicular to the B-strands (dashed line), along with lateral fibril
association induced by polar and acidic amino-acid side chains.®? This is consistent with the
observation that R1 and R5 become ordered first, followed by the remaining regions.

TEM suggests origins of species B from large aggregates to fibrils

As discussed earlier, species A is likely to be a highly dynamic, amorphous oligomer that
undergoes HDX within the pulse-labeling window as that of the denatured monomer. CsgA
needs to escape from this low-energy pool to generate nucleation seeds for amyloid
formation.% Therefore, species A is of little interest, and we suggest that species B is more
important. Both their abundances, relative to that of the internal standard, and the fraction B
species of all peptides exhibit sigmoidal profiles as a function of incubation time. If species
B is part of the nucleation seeds, one would expect the lag phase monitored by either method
to be the same. The fractional species B, however, starts to increase significantly after 90
min when soluble materials are already largely depleted. In other words, region-specific
aggregation propensities are observed when large amount of insoluble fibrils are already
formed. Additionally, species B is formed immediately after denaturant removal. Although
the fraction B species increases with incubation time, the absolute quantity of species B
remains at a constant, low level. Thus, we suspect that species B represents different large
components in the CsgA aggregation than does species A.

To test our hypothesis and capture a more complete picture of CsgA aggregation, we
employed TEM as a complementary analysis (Figure 5). MS detects soluble materials
whereas negative stain and TEM provide morphology of protein molecules from large
oligomers to aggregates, especially the relatively large, insoluble species that are unlikely to
be detected by MS. The protein aggregates observed in the early phase of CsgA aggregation
(Figure 5A and 5B) are morphologically different than the amyloid fibrils formed at the
plateau phase (Figure 5C). There are a few large, amorphous aggregates and clumps of
different sizes observed at the lag phase (Figure 5A, 30 min). Beside the amorphous
aggregates, needle-like short fibrils (Figure 5B, right panel) start appearing at the early
growth phase (Figure 5B, 1 h). In a previous study, the authors described the formation of
needle-like protofibrils at the early process of CsgA aggregation.Z? The appearance of short
fibrils in the sample incubated for 1 h indicates formation of potential nucleation speices; ¢
that time correlates with the time course determined by large depletion of the peptide
signals. Based on both HDX-MS and TEM experiments, we propose that species B
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represents a soluble part of the large amorphous aggregates at early time points, possibly as
protofibrils or fibrils along the aggregation pathway. It is unclear whether species B signals
growth-competent protofibrils (i.e., on-pathway oligomers). Nevertheless, our HDX results
show that R1 and R5 fold faster than the remaining regions, suggesting they have higher
amyloidogenic properties.

CsgA aggregation depends on conditions

We also followed CsgA aggregation at two other sample handling conditions by monitoring
changes in the fraction B species. We did not detect significant changes in that fraction for
all the peptides when incubating CsgA without stirring for as long as 144 h (data not
shown). It is not surprising that the fractional species B under quiescent conditions increases
more slowly for each region than under agitation where seed fibrils are fragmented under
mechanical stress. Interestingly, one flash freeze-and-thaw cycle of freshly purified CsgA
(denoted as freeze/thaw) followed by incubation under the quiescent condition resulted in
the appearance of a bimodal distribution much more rapidly than for freshly prepared CsgA
under the same quiescent incubation. The fraction B species for all peptides shows a
significant increase after 120 min (Figure S3). This finding suggests that one freeze/thaw
cycle of CsgA monomers promotes seed formation, thereby shortening the lag phase. In a
manner similar to that of freshly prepared CsgA studied under continuous stirring, fractional
species B for peptides 26-37, 38—48, and 106-137 show more rapid increases than do the
remaining peptides. This result further supports the finding that R1 and R5 have higher
aggregation propensities than the interior regions.

Conclusion

Unlike protein aggregation and amyloid formation in neurodegenerative diseases,” < 4 CsgA
aggregation into a functional amyloid occurs by a well-regulated mechanism?. To
compensate for the usual limitation that HDX detects principally soluble species without
regard to their relative abundance, we followed the abundance of each peptide relative to an
internal standard. These profiles are sigmoidal with a lag phase consistent with that
determined by ThT fluorescence. HDX-MS reveals two species during the aggregation with
distinctly different extents of labeling. One species (denoted A) exchanges rapidly similar to
that of a denatured monomer, whereas the other species (denoted B) is structured and well-
protected. Although HDX extents of both species are nearly constant with respect to
incubation time, the fraction of the ordered species B increases significantly after the lag
phase. We also found that among fractional species B, certain regions of the protein (26-37,
38-48, and 106-137) develop structure more quickly than others, in agreement with the
observation that CsgA nucleation specificity is encoded mainly by repeating units R1 and
R5.74 Thus, we see that HDX and MS can make significant contributions to understanding
amyloid formation.

TEM, which probes large or insoluble materials that are less likely to be observed by mass
spectrometry, shows large amorphous aggregates during the lag phase whereas mass
spectrometry detects mainly dynamic conformers and a small fraction of high-order
structure. The protofibrils and then the mature fibrils can be seen by TEM during the time
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that fractional species of ordered-structure B starts to increase noticeably. Based on these
data, we hypothesize that the species B uncovered by HDX-MS represents heterogeneous
large components in the CsgA aggregation. Studies under different aggregation conditions
further confirm that region-specific aggregation information can be extracted from the
fractional species B.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Amyloid formation of CsgA protein in curli followed by pulsed HDX and MS

. Amyloid formation of CsgA also characterized by MS quantification of
soluble protein

. One highly structured and one disordered species coexist during aggregation
of CsgA

. Regions of CsgA that determine aggregation identifiable by HDX and MS

. Protein species involved in various stages of aggregation seen by TEM
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Figure 1.

(A) Relative abundance of CsgA peptides with respect to the internal standard as a function
of incubation time for peptide 1-25 (=), 26-37 (=), 38—48 (+), 49-69 (+), 70-83 (-+), 84-93 (o)
and 106-137 («). Data were fit with sigmoidal curves (dotted line). Error bars are standard
deviation at each time point. (B) t/» value of each peptide extracted from sigmoidal curve
fitting with errors indicating t1/» ranges at 95% confidence level.
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Figure 2.
HDX mass spectra of peptide 106-137 molecular ion (A) in the presence of GdnHCI and (B)

in the absence of GdnHCI incubated for 0, 90, 120, 480, and 1440 min. The isotope cluster
at higher m/z range is denoted as species A (blue) whereas the one at lower m/z range is
denoted as species B (red) (C) Deuterium uptake of both species A (blue) and B (red) as a
function of incubation time for all peptides. The relative abundance of peptide 106-137 to
the internal standard is 21%, 4%, 1%, 0.9%, 0.5% at 0, 90, 120, 480, and 1440 min,
respectively, as plotted in Figure 1.
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Figure 3.
(A) Fractional species B as a function of incubation time for peptide 1-25 (»), 26-37 (=),

38-48 (-+), 49—69 -+, 70-83 -+, 84-93 (-2, 94-105 -+ and 106-137 (=). Data were fit with
sigmoidal curves (dotted lines). (B) ty/, value of each peptide extracted from sigmoidal
curve fitting in A with errors indicating ty/, ranges at 95% confidence level. Color were
coded the same way as in A. (C) Increasing rates of fraction B species (i.e., the first
derivative of fraction B species against incubation time) as a function of incubation time.
Color coding is the same as in A.
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Figure 4.
Relative increasing rates of fraction B species mapped onto a computed CsgA monomer

structure. Colors were coded the same way as in Figure 3: 26-37 in red, 38—-48 in orange,
106-137 in dark red, and the remaining peptides in gray. Surface areas of amyloid core (23—
131) that contains five imperfect repeats, calculated in UCSF Chimera,#? are shown as the
background to backbone structure. Dashed line indicates the proposed primary fibril growth
direction.
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Figure 5.
TEM images of CsgA incubated with continuous stirring at 30 min, 1 h, and 5 days. Two

figures at each incubation time point were provided with a different scale.
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