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Evidence is growing at an increasing 
-pace that amyloid fibers are not just 

the result of aberrant protein folding 
associated with neurodegenerative dis-
eases, but are widespread in nature for 
beneficial reasons. Amyloid is an attrac-
tive building material because its robust 
design and simple repetitive structure 
make for very durable and metabolically 
cheap material. But this requires that the 
production of amyloid be put under firm 
control. This appears to involve the use of 
four to five chaperones that are expressed 
under the control of the same promoter 
as the amyloid proteins. Significant 
progress has been made in deciphering 
this process in E. coli’s csg operon, also 
found in Salmonella. Recently, we have 
discovered a new and unrelated operon 
( fap) responsible for amyloid produc-
tion in Pseudomonas, which also confers 
biofilm-forming properties to E. coli. 
Intriguingly, this operon shares a number 
of features with csg, namely two homolo-
gous proteins (one of which, FapC, has 
been shown to be directly involved in 
amyloid build-up) and a small number of 
auxiliary proteins. However, FapC seems 
to be less economically structured than 
its E. coli counterpart, with a smaller 
number of repeats and very large and 
variable linker regions. Furthermore, 
the putative chaperones are not homolo-
gous to their csg counterparts and have 
intriguing homologies to proteins with 
other functions. These findings suggest 
that controlled amyloid production has 
arisen on many independent occasions 
due to the usefulness of the product 
and offers the potential for intriguing 
insights into how nature disarms and 
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reconstructs a potentially very dangerous 
weapon.

When proteins make a move, of which we 
don’t approve
What is it that always intervenes?
Urea and SDS, they have their place I guess,
But first: send chaperones!
Let strand meet friend, 
And till their pleats at hand
They’ve got to be protected, 
All their folds respected
Till a state we like can be selected!

Fondly adapted from Tom Lehrer 
“Send the Marines.”

The Problem  
of Protein Aggregation

Protein aggregation and the accumula-
tion of characteristic β-sheet rich amy-
loid structures is a widespread problem, 
giving rise to neurodegenerative diseases 
such as Alzheimer and Parkinson in 
humans. These amyloid structures are 
typically long and thin needle-like struc-
tures, formed by the stacking of parallel or 
antiparallel β-strands into an indefinitely 
long β-sheet orthogonal to the fibril axis 
and often stabilized by the lateral associa-
tion of several different sheets1 (Fig. 1). 
Essentially all proteins can be induced 
to fibrillate under extreme conditions,2 
typically due to the formation of partially 
unfolded states which can satisfy hydro-
gen bonding requirements by forming 
intermolecular β-sheet structures. Until 
recently it was thought that aggregation 
under physiological conditions was limited 
to a small number of individual proteins. 
In fact, aggregation appears to be a generic 
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bacterial models of amyloid proteinopathy 
wherein aggregation leads to aging, rather 
than vice versa. The bacterial plasmid-
encoded protein RepA can assemble into 
amyloid fibers upon binding to DNA in 
vitro and an exacerbation of this propen-
sity in the hyper-amyloidogenic mutant 
RepA-WH1 leads to the accumulation 
of cytoplasmic amyloid inclusions, which 
increases the bacterial generation time 
5-fold11 provided they are retained in the 
bacterial cell. This is surely the fastest-
reproducing and most economical animal 
model of amyloid deposition disease!

From Pathology to Functionality: 
Useful Amyloid and Their  
Widespread Prevalence

However, all is not doom and gloom with 
regards to amyloid. There is a growing 
number of examples of amyloid structures 
performing beneficial functions in nature 
as functional amyloid.5,12-17 In humans, the 
Pmel17 protein deposits as insoluble struc-
tures which help form melanosomes with 
covalently linked melanin.18 The Pmel17 
protein is incredibly aggregation-prone, 
even aggregating within seconds in molar 
concentrations of the powerful chemi-
cal denaturant guanidinium chloride.18 
However, this potentially devastating 
potential is kept in check by having Pmel17 
attached to a membrane, from which it is 
released controllably through protease 
cleavage and subsequent dissociation. 
Amyloid is also found in silk moth oocytes 
and embryos,19 spider silks20 and fungi such 
as Aspergillus where they help hyphae pen-
etrate the air-water interface interface.21

Perhaps the most widespread occur-
rence of amyloid is observed in the bacte-
rial realm. We have combined fluorescence 
in situ hybridization with Thioflavin T 
staining and binding of conformation-
ally specific antibodies targeting amyloid 
to investigate the prevalence of amyloid 
in bacterial biofilm communities. Our 
results show that 5–40% of all bacte-
rial species in habitats from lakes, sea-
water, drinking water and waste water 
treatment systems harbor amyloid.22,23 
The key to these observations is the 
diversity of location and function. We 
find amyloids in a wide range of bacte-
rial species, including Proteobacteria 

the bacterial cellular machinery is unable 
to fold a particular protein to its proper 
native conformation, the protein will typi-
cally precipitate within inclusion bodies. 
Interestingly, these bodies are not mere 
amorphous graveyards. The proteins in 
inclusion bodies show amyloid proper-
ties such as binding of the fibril-specific 
dye Thioflavin T, the ability to seed 
growth of new amyloid structures5-7 and 
sequence specificity, meaning that differ-
ent co-expressed aggregating proteins do 
not localize to the same inclusion body.8 
Heterologously expressed proteins tend to 
retain their original conformational prop-
erties in the bacterial environment. Thus 
prion proteins from yeast strains, which 
can “infect” properly folded versions of 
the same protein to engender a new fold, 
retain this property when expressed in  
E. coli.9,10 In fact there are bona fide 

problem of aging. A recent proteomics 
study identified several hundred proteins 
that become less soluble as C. elegans ages. 
The sequences of these proteins were 
characteristically enriched for aliphatic 
residues favoring β-sheet structures.3 
These aggregates are usually disposed of 
through the formation of aggresomes,4 but 
this regulation becomes less efficient with 
age. Age-triggered aggregation problems 
are thus a combination of an age-related 
decline in the cell’s ability to regulate pro-
tein homeostasis (proteostasis) and a ris-
ing propensity to aggregate, e.g., due to 
changes in the cellular environment or the 
accumulation of chemical insults.

Although these problems are most 
intensely studied in long-lived eukary-
otic multicellular organisms, similar 
problems can occur in rapidly dividing 
unicellular organisms such as bacteria. If 

Figure 1. Model of the generic amyloid fibril structure, based on X-ray fiber diffraction data. Here 
four β-sheets (separated by a distance of around 10–12 Å) make up the protofilament structure, 
running parallel to the fibril axis with β-strands (separated by 4.8 Å) perpendicular to the fibril 
axis. Reprinted with permission from Sunde M, et al.1
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Clearly the large quantities of amyloid 
produced would lead to an insurmount-
able waste problem if they could not be 
degraded properly. Degradation obviously 
does occur. For example, the sulfide-oxi-
dizing Thiothrix is encased in an amy-
loid-containing sheath, but the amyloid 
disappears in places where the absence of 
elemental sulfur grains indicates a loss of 
metabolic activity and cell death.23 There 
is as yet no clear understanding of how 
this recycling might occur, though there 
are tantalizing clues. The amyloid-pro-
ducing filamentous bacterium Chloroflexi 
is often covered by multiple copies of epi-
phytic Candidatus Epiflobacter species 
(Saprospiraceae, Bacteroidetes) (Fig. 3).41  
This epiphyte is specialized in protein 
degradation, excreting high levels of pro-
teases and consuming amino acids but 
not acetate or glucose.42 It is tempting to 
speculate that these proteases feast on the 
accessible amyloid. Despite its robustness, 
CsgA is also susceptible to degradation by 
proteases (Yde A, Nielsen PH and Otzen  
DE, unpublished observations). It is likely 
that different protease-based recycling 
schemes will be uncovered as we learn 
more about the biology of these structures.

Very recently it has been shown that 
something as simple as D-amino acids can 
disassemble biofilms in different bacteria 
(B. subtilis, S. aureus and P. aeruginosa)43 
by releasing the TasA amyloids from the 
cell surface, with a mixture of four differ-
ent amino acids (Tyr, Met, Trp and Leu) 
being particularly effective (IC

50
 ~10 nM). 

This appears to occur when incorporation 
of D-amino acids into the cell wall some-
how persuades the YqxM protein, which 
is involved in associating TasA with cells, 
to cast off the amyloid fibrils. However, 
in this case, amyloid is released rather 
than actually degraded, so this intriguing 
mechanism merely postpones the problem 
of recycling.

The Hows of Functional Amyloid: 
Policing the Masses

While the question of why functional 
amyloid is produced is easy and rather 
trivial to address, it is much more inter-
esting to focus on the how aspect. This 
aspect has extremely important con-
sequences for our understanding and 

recent solid state NMR studies of the fun-
gal HET-s protein at pH 3 versus pH 7 29. 
This evolutionarily optimized robustness 
of design means that amyloid can be used 
as reliable building material in materials  
ranging from the cement of barnacle adhe-
sive plaques30 to templates for gold nanow-
ires31 and biomimetic silks in materials 
and medical applications.32 The amyloid 
state has also been shown to constitute a 
storage state for peptide hormones nor-
mally secreted in secretory granules of the 
endocrine system,33 though in this case 
extreme stability is not desired; rather, the 
amyloid here has to constitute a rapidly 
mobilizable source of material and there-
fore the amyloid can probably dissociate 
quite simply by a switch in pH.

Interestingly, functional amyloid may 
possess a unique structural fold rather than 
simply being the conventional cross-β 
structure observed in pathological amy-
loid by the combined efforts of fiber dif-
fraction1,34 and X-ray crystallography.35,36 
Although CsgA fibrils give rise to the clas-
sical diffraction distances at 5 and 10 Å 
characteristic of cross-β structures and rep-
resenting inter-strand and inter-sheet dis-
tances, respectively, solid state NMR and 
electron microscopy fail to demonstrate 
the expected in-register parallel β-sheet 
architecture.37 It is speculated that CsgA 
may instead form β-helix structures.37 This 
is consistent with the reported β-solenoid 
structure of the fungal HET-s protein38 and 
our own observations that Pseudomonas 
amyloid gives rise to an additional diffrac-
tion distance around 6.3 Å, in addition to 
those corresponding to inter-strand and 
inter-sheet distances.27 It is worth noting  
that similar β-helix structures have been 
proposed for the passenger domains 
of bacterial autotransporters such as 
Ag43,39 which we have shown to generate 
Thioflavin-T positive structures in vivo.40 
Future high-resolution structures of func-
tional amyloid may resolve whether this 
unusual structure is formed in and con-
tributes to the high stability of functional 
amyloid.

Going Green: The Challenge  
of Recycling Functional Amyloid

The heavy-duty durability of functional 
amyloid raises the question of its recycling. 

(Alpha-, Beta-, Gamma- and Delta-
proteobacteria), Bacteriodetes, Chloroflexi 
and Actinobacteria, as well as others not 
yet identified. Amyloid can localize on 
the cell surfaces and in the extracellular 
matrix between the cells, both as diffuse 
halos and as long distinct fibers (Fig. 2A). 
Some filamentous bacteria, e.g., from the 
phylum Chloroflexi, also express amyloids 
as a part of the sheath or close to the sep-
tum between the individual cells in the 
filaments. In the Gram-negative Mycolata 
family, it was necessary to strip off the lipid 
top layer by harsh treatment with alkaline 
alcohol to reveal the underlying amyloid 
structure, indicating that the amyloid, 
shown to consist of one to two protein 
components, was deeply integrated into 
the cellular envelope where it may perform 
essential structural functions24 (Fig. 2B).

Why Functional Amyloid?

Why is amyloid so widespread? This is 
not difficult to answer: amyloid is excel-
lent building material. The β-strands are 
stacked with near-perfect design, and it 
has been estimated that there is only one 
misalignment per 30,000 strands in a 
typical amyloid structure.25 Unlike patho-
logical amyloid, which often can be dis-
solved by denaturants, SDS or even pure 
water,26 functional amyloid generally 
resists boiling SDS (though exceptions 
do occur), thus providing a convenient 
selection criterion for its isolation24,27 and 
is only dissolved by high concentrations 
of formic acid.24,27,28 Furthermore, func-
tional amyloid has typically been evolved 
to fibrillate, meaning that this process can 
occur over a broad range of conditions 
rather than a small “window of opportu-
nity” engendered by the fortuitous accu-
mulation of structural flexibility under 
specific structure-promoting conditions. 
The archetypal CsgA, which is the major 
component of the E. coli amyloid struc-
ture called curli,28 fibrillates to the same 
amyloid structure in vitro under a broad 
range of pH, temperature, concentration 
and ionic strength, according to fiber dif-
fraction and Fourier Transform Infrared 
Spectroscopy (Dueholm MS and Otzen  
DE, unpublished observations). Note that 
unphysiological extremes of pH may still 
lead to different structures, as seen by 
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are not in place. A good example is once 
again provided by CsgA, whose regulation 
is described below. When CsgA fibrils 
are injected into mice, they exacerbate 
murine amyloid protein A amyloidosis, 

regulation of the process. Thus an amyloid 
that is suitably “constrained” within one 
organism due to a strong regulatory net-
work can wreak havoc when unleashed on 
another organism where these safeguards 

appreciation of the mechanism of patho-
logical amyloid formation. Given the 
functional amyloids’ extremely strong 
drive towards aggregation, it is clear that 
nature has put a premium on a tight 

Figure 2. (A) Functional 
amyloid occurs in 
different species in 
different shapes and sizes. 
Antibody labeling using 
the amyloid-specific 
antibody WO1 is shown 
in green and nuclear 
counterstaining (DAPI) 
in blue. (i) C. glutamicum. 
FuBA is present around 
all cells. (ii) G. obscurus. 
FuBA occurs in large 
extracellular aggregates. 
The arrows indicate 
extracellular material with 
a high level of amyloid 
but low cell density. Bars 
10 μm. (iii) M. avium. 
Velvet-like substances 
strongly bind WO2. (iv) 
T. spumae. Long (up to 
50 μm) fibrils (arrows) 
are present. Bars 10 μm. 
(B) Saponification of G. 
amarae at increasing 
temperatures reveals 
gradual liberation of 
fibril-like substances: 
TEM micrographs with 
1% phosphotungstic 
acid staining of (a) 
nonsaponified G. amarae, 
(b) bacteria saponified 
for 4 days at 37°C, (c) 
bacteria saponified for 
4 days at 60°C and (d) 
bacteria saponified for 
4 days at 80°C. Bars in 
(a–c) represent 0.5 μm; 
the bar in d represents 
100 μm. The arrows 
indicate the positions of 
(a) a dense extracellular 
matrix and (b to d) fibrillar 
material. Reprinted with 
permission from Jordal 
PB, et al.24
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stabilization and secretion requires the 
N-terminal 22 residues of the mature 
CsgA, a sequence that is not part of the 
five imperfect repeats.52

The whole process of controlled secre-
tion and amyloid formation is rigorously 
orchestrated, involving tight coordination 
between several different chaperones. The 
two chaperones CsgE and CsgG inter-
act with CsgG at the outer membrane,52 
and expression of CsgF is severely com-
promised in E. coli strains lacking CsgE 
and abolished by the absence of CsgG.55 
Conversely, clustering of the CsgG pores 
around the curli strains require the pres-
ence of CsgE and CsgF as well as CsgA 
and CsgB.53 Strains lacking CsgF secrete 
CsgA in a soluble state that only assembles 
to curli to a small extent.28 This is because 
CsgF mediates CsgB cell-association and 
protease-resistance and thus provides the 
impetus for the anchoring and seeding of 
the curli fibrils.55 It remains unclear as yet 
whether CsgF directly binds CsgB to the 
membrane surface or promotes its folding,  
allowing it to assume a state that is both 

DE, unpublished results; Smith DR and 
Chapman M, personal communication), 
indicating that amyloid formation is 
robustly encoded.

This strong drive towards aggregation 
cannot go unchecked in vivo, however. 
Several additional chaperoning factors are 
involved, found within the Csg operon. In 
vivo curli formation occurs by a process 
of extracellular nucleation-precipitation 
(ENP),49,50 in which CsgA and CsgB are 
exported to the surface of the cell. Here 
CsgB somehow anchors on the membrane 
surface and provides the nucleation site 
for CsgA to attach and initiate growth 
of the curli fibril.51 CsgA and CsgB are 
exported to the surface of the cell via 
CsgG, an oligomeric lipoprotein in the 
outer membrane that appears to contain 
a central pore52 and from which the curli 
appear to emanate on the bacterial cell 
surface.53 CsgG is also needed to stabilize 
the proteins in the cytosol, since CsgA 
and CsgB do not accumulate in the cell 
in its absence,54 possibly because they are 
proteolytically degraded. This process of 

presumably by either directly seeding the 
amyloid deposition or by boosting the 
physiological responses that lead to the 
production of this protein.44

We have a great deal of understanding  
of how biophysical factors modulate 
protein aggregation, e.g., the impact of 
sequence variation, protein stability and 
structure. Overall fibrillation requires 
a loss of native densely packed structure 
(facilitated e.g., by mutant destabilization, 
loss of co-factors or proteolytic cleavage) 
in order to form flexible dynamic regions, 
which can undergo the significant con-
formational changes required for amyloid 
formation. Aggregation of these flexible 
regions to amyloid structures is promoted 
by a certain degree of hydrophobicity, a 
modest amount of charge and a propensity 
to form β-sheet rather than α-helix.45-47 
The challenge is to use this knowledge to 
predict how aggregation-prone sequences 
fare in a cellular environment, where other 
protein factors play a crucial role in con-
trolling the spatial and temporal aspects 
of aggregation. There are already attempts 
to model these processes in silico48 but 
they are currently hampered by lack of 
precise quantitative data. Insight may be 
provided by a better understanding of the 
way in which functional amyloid forma-
tion is regulated in the cell. While we still 
lack many details, a picture of how these 
processes are regulated inside the cell, is 
gradually emerging, mainly based on the 
extensive work of curli formation in E. coli 
spearheaded by Normark, Hultgren and 
Chapman and others.

Curli are biologically important amy-
loid fibers which contribute to biofilm 
formation, host cell adhesion and inva-
sion and immune system activation.49 In 
E. coli, the final curli fibrils consist of two 
subunits, CsgA and CsgB, found as major 
and minor components, respectively. Both 
contain 5 imperfect repeats, which are rich 
in Gln/Asn residues and show the tincto-
rial and structural properties of amyloid.28 
In vitro CsgA polymerizes spontaneously 
with a classic nucleation-polymerization 
time profile, in which a lag phase is fol-
lowed by a steep growth phase until all 
monomer has been incorporated into the 
fibrils. This happens over a wide variety 
of conditions (pH, protein concentration, 
ionic strength) (Dueholm MS and Otzen  

Figure 3. Filamentous Chloroflexi (green) are often covered by epiphytic “Candidatus 
epiflobacter sp.” (Saprospiraceae, Bacteroidetes, colored yellow) which are specialized in protein 
degradation.41 Figure provided courtesy of Per Halkjær Nielsen.
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boiling SDS-PAGE.27 Finally, the lyophi-
lized amyloid can be solubilized in high 
concentrations (typically ≥80%) formic 
acid, which allows us to visualize it by 
conventional SDS-PAGE.

We have so far had most success with 
a Pseudomonas strain designated UK4, 
whose 16S rRNA showed 99.8% similar-
ity with that of P. gessardii.27 It was pos-
sible to purify this protein to two bands, 
which in size corresponded to a 25 kDa 
monomer and a 50 kDa dimer. Such 
dimers are not unexpected in view of 
amyloid proteins’ tendency to aggregate, 
and are seen for CsgA from both E. coli 
and Salmonella. Although the protein 
was clearly amyloid according to electron 
microscopy, secondary structure analy-
ses and Thioflavin T fluorescence, iden-
tifying the protein proved remarkably 
difficult. A combination of chemically 
assisted fragmentation mass spectrom-
etry and N-terminal sequencing yielded 
enough information to clone part of the 
associated gene sequence, but full iden-
tification required genomic sequencing. 
However, an additional advantage of this 
approach was that it allowed us to identify 
not only the amyloid in question, which 
we designate FapC, but also the other five 
proteins (FapA-B and FapD-F) under the 
control of the same promoter (Fig. 5A). 
Gratifyingly, when transplanted into E. 
coli, this operon was able to induce the 
production of a very large amount of bio-
film, indicating that this is a functional 
entity which can be recognized across the 
bacterial spectrum.27 Several important 
insights were obtained by a closer analysis 
of the operon sequences.

The Amyloid Forming Protein 
FapC Has Multiple Repeats  

with Variable Linkers

Like CsgA, FapC contains a signal 
sequence, an N-terminal sequence and 
several imperfect repeats (Fig. 5B). These 
features are also found for a number of 
homologs found in other Pseudomonas 
species.27 However, there are some notable 
differences. The N-terminal sequence is 
37 residues long and not homologous to 
CsgA’s 22-residue sequence. Given that 
CsgA’s N-terminal sequence is likely 
involved in cytosolic stabilization and 

From the Specific to the General: 
Diversity of Mechanisms  

Regulating Functional Amyloid 
Formation

The csg operon provides a simple but 
elegant solution to the problem of spa-
tio-temporal control of amyloid forma-
tion. Yet, given the enormous prevalence 
of functional amyloid in many different 
walks of life, some diversity in the details 
of regulation is to be expected. A way 
forward is to identify and compare the 
proteins involved in functional amyloid 
production from different diverse spe-
cies. This is a bit of a fishing expedition 
where persistence and flexibility are both 
required—not all functional amyloid bites 
the investigative hook. In this context, 
the extreme stability of these functional 
amyloid structures is both a blessing and 
a curse, since they provide for a method 
and a criterion for purification but are 
also typically recalcitrant towards mass 
spectrometric identification methods. 
Our approach has been to take samples 
from ecological niches where amyloid 
might be expected to play a role, such as 
biofilm growing in non-chlorinated water 
reservoirs.22 By growing these samples on 
agar plates containing Congo Red, ini-
tial hints about amyloid production can 
be obtained, since amyloid-producing 
colonies will be dark-red or even brown  
(Fig. 4). Subsequent amyloid produc-
tion can be verified using conformation-
ally specific antibodies that recognize the 
amyloid fold.65 This presupposes, how-
ever, that the amyloid is accessible to the 
large antibody molecules, and this cannot 
be expected to be the case if the amyloid 
is firmly embedded in the cell membrane, 
as appears to be the case for various Gram-
positive Mycolata species (cfr. Fig. 2B and 
discussion above).24 Subsequently 16S 
rRNA sequencing identifies the bacterial 
species. Many amyloid-producing species 
can be identified at this stage, but so far it 
has only been possible to purify amyloid to 
single- (or double-) band purity for a very 
small number of cases. The process is a 
variation over the theme of cell disruption 
and degradation of the cell wall to release 
the extracellular amyloid, followed by 
preparation SDS-PAGE in which only the 
functional amyloid resists solubilization in 

anchored to the membrane (via the 
C-terminal repeat) and folded. These two 
phenomena are not mutually exclusive. 
Like CsgA and CsgB, CsgF contains a 
high proportion of Gln and Asn which 
suggests that CsgF may have amyloid-
forming or -stabilizing properties of its 
own.55

Thus, while aggregation is generic to 
proteins, functional amyloid has two dis-
tinguishing features: a simple composition 
(an abnormally high percentage of Asn, 
Gln, Gly and Ala) and a whole family of 
anxious auxiliary proteins working in an 
incredibly tightly choreographed pas-de-
deux. Aggregation is still driven by the 
protein’s intrinsic aggregation propensity 
but this only takes place in the right envi-
ronment. The available evidence suggests 
that CsgA starts out in the unfolded state 
and folds directly to the amyloid state, 
thus avoiding potentially cytotoxic inter-
mediates and providing a fast track to the 
right structure.56 Presumably the existence 
of five repeats within the protein provides 
for an intramolecular initation of the 
cross-β fold, reducing the need for forma-
tion of oligomeric but not yet fibrillar spe-
cies. Such oligomeric species, formed by 
proteins involved in amyloid diseases such 
as Aβ and α-synuclein and many others, 
are able to permeabilize membranes and 
synthetic phospholipid and this has been 
suggested to provide the basis for aggre-
gate toxicity.57-59

Gratifyingly, it is becoming clear that 
changes thay increase amyloidogenicity in 
vitro can have the same effect in vivo. We 
introduced the term gatekeeper residues 
to describe residues whose replacement by 
mutagenesis enhanced in vitro misfold-
ing60 and aggregation,61 and these types of 
residues have been shown to be overrep-
resented in potential hot-spots of aggre-
gation.62 Gatekeeping residues (glycines 
and asparagines) have been identified in 
CsgA; mutants lacking these gatekeep-
ers polymerize in vitro significantly faster 
than wild-type CsgA and polymerized 
in vivo in the absence of the nucleation 
machinery, resulting in mislocalized 
fibers and cytotoxicity.63 Conversely, com-
pounds that prevent CsgA fibrillation in 
vitro also inhibit CsgA biogenesis and  
formation of biofilms of uropathogenic  
E. coli.64
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immediate parallel to the csg operon is sug-
gested by the fact that FapC also has an 
internal homolog, namely FapB. However, 
the three repeats in this protein, while 
very rich in Asn, Gln, Gly and Ala (which 
together constitute 63% of the entire 
sequence), are only 17 residues long, and it 
is unclear whether this is sufficient to trig-
ger the seeded nucleation that CsgB can 
confer on CsgA. Complementation stud-
ies using appropriate knock-out strains51 
would be a simple way to address this, 
and this will be aided by the successful 
heterologous expression of the fap operon 
in E. coli. It will also be intriguing to see 
whether CsgB can complement FapC and 
FapB ditto CsgA, though the differences 
in repeat lengths suggest to us that this 
will not be the case.

Of the four remaining fap gene prod-
ucts, FapD turns out to have a very high 
degree of homology with a putative C39 
peptidase. This peptidase facilitates secre-
tion of bacteriocin and is involved in 
quorum sensing.73 Remarkably, its sub-
strates typically contain a double glycine 
motif, which is also found in FapF. This 
opens up for a scenario in which the bio-
film induced by FapC aggregation (and 
exported by the action of FapA and FapE?) 
can be regulated by the action of FapD 
and FapF. Note also that the six fap genes 
all lie downstream of the fap promoter, in 
contrast to the csg promoter, which lies 
between CsgA and CsgB on the one side 
and CsgCDEF on the other. This points 
at possible differences in the regulation of 
their translation.

contiguous Gln residues can provide an 
amyloid zipper that can be used to con-
struct an amyloid backbone on which the 
rest of the protein can hang.70 Even for 
amyloids whose aggregation plays a bio-
logical role such as the yeast prion protein 
Sup35, only a fraction of the protein is 
actually involved in amyloid formation.71 
Thus only a subsection of the protein need 
assume a flexible state that can be packed 
into the amyloid structure.72 Obviously 
the most efficient use of the protein as 
amyloid building material requires that as 
much as possible of the protein be incor-
porated. In practice this means that the 
protein should start out in the unfolded 
state so that all the protein is structurally 
accessible. CsgA and its accessory amyloid 
component CsgB both assume a natively 
unfolded state in vitro under physiological 
conditions prior to amyloid formation,56 
and the entire sequence (apart from the 
N-terminal part required for secretion) 
is incorporated into the amyloid struc-
ture. This is very unlikely to be the case 
for FapC. Linkers may in different ways 
affect the aggregation process by collaps-
ing part of the structure in the non-aggre-
gated state or instead keeping it extended, 
thus, for example, obstructing formation 
of unwanted β-strand registers.

The Role  
of the Other Operon Members

FapB: Like CsgA, FapC is undoubt-
edly heavily dependent on the other Fap 
products for its correct aggregation. An 

export through CsgG, this challenge will 
presumably be tackled in a different way 
for FapC. FapC only has three repeats, 
unlike CsgA’s five, though they are longer 
(30 residues versus CsgA’s 22–23 residues). 
These repeats are rich in Gln and Asn (a 
total of 38%, which compares well with 
the 19% in CsgA), and also contain large 
amounts of Gly and Ala (33%, compared 
to 27% in CsgA). The complete absence 
of aromatic residues in the repeats empha-
sizes that aromatic residues play no role in 
these functional amyloids, as seen also for 
CsgA 66 but in contrast to other modes of 
stacking β-strands in amyloid67,68 and pri-
ons.69 Rather the composition is indicative 
of a very economical use of simple amino 
acids, which presumably involves minimal 
metabolic cost.74 An additional intriguing 
distinction is the presence of large link-
ers between FapC’s variable repeats. In 
contrast, CsgA has no linkers between 
its five repeats, only a few residues to 
execute a tight β-turn. While the linker 
between the first two repeats is relatively 
tightly conserved in length between the 
different species (35–38 amino acids), 
the linker between the second and third 
repeat varies between 36 and 275 residues 
and shows a distinct predilection for small 
and generally hydrophilic amino acids 
(Ser, Gly, Ala, Val, Thr and to some extent 
Asn and Gln). It remains entirely specu-
lative at present what the possible role of 
this linker could be. Some possibilities 
include: (1) modulation of the bacterial 
cell surface, rendering it more hydro-
philic, (2) structured domains with actual 
function (unlikely in view of the paucity 
of aliphatic and aromatic residues usually 
found in the core of globular proteins), (3) 
modulation of the aggregation propensity 
of the FapC molecule. We are currently 
analyzing the behavior of different FapC 
analogs to address these questions.

The presence of these linkers high-
lights an important aspect with regards to 
the extent of sequence incorporation into 
the final amyloid structure. Pathogenic 
aggregates are formed by proteins that 
can assume a wide variety of structures 
in their native state. Thus they have to 
undergo a very fundamental confor-
mational change in order to access the 
amyloid state. This need not involve the 
entire polypeptide chain. As little as ten 

Figure 4. Colony morphotypes of bacterial strains when grown on Congo red agar plates. 
Bacteria were grown for 48 h at 26°C. It was subsequently possible to purify and identify amyloid 
from the strain designated UK4.
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