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Class I hydrophobins are small amphipathic proteins that self-
assemble to form functional amyloid fibrils, known as rodlets,
on the surface of fungal structures such as aerial hyphae and
spores. The rodlets form a monolayer through lateral
association and are highly robust; dissociation is only possible
with certain concentrated acids. This monolayer is amphi-
pathic, with the hydrophobic face as water-resistant as
Teflon."! In fungal biology the layer serves a number of
important roles, including conferring water resistance to
spores and mediating fungus—host interactions.

Structural information on hydrophobins is critical for
understanding the molecular interactions that define the
rodlet assembly process and to aid the design of both
antifungal agents and novel hydrophobin-based nanomateri-
als. EAS is a class I hydrophobin from Neurospora crassa and
is so named because mutants lacking this protein displayed an
easily wettable (EAS) phenotype.”! The structures of the
soluble form of EAS and a functional truncated variant,
EAS,;s, have been determined by solution NMR spectrosco-
py. The structures display the f3-sheet topology unique to
hydrophobins (Figure 1A).Fl The surface exhibits a clear
separation of charged and hydrophobic amino acid residues
that makes the proteins highly amphipathic and surface-active
(Figure 1B). Recombinantly produced EAS and EAS,;
spontaneously assemble into rodlet monolayers at hydro-
phobic-hydrophilic interfaces with the same regular, well-
packed morphology as is observed on fungal structures and
the same ability to reverse the wettability of surfaces (Fig-
ure 1C,D). Circular dichroism (CD) spectra indicate that the

assembled rodlets are rich in B-sheet structure, while soluble
EAS,,s shows little regular secondary structure (Figure 1E).F!
Detailed structural information from the assembled rodlet
monolayers has so far proved elusive owing to their inherently
insoluble and non-crystalline nature.

Magic-angle-spinning (MAS) solid-state NMR (ssNMR)
has become the primary method for yielding detailed
structural information on fibrillar proteins,”*! and in favorable
cases multiple conformations can be distinguished.”! In
general, only local order is required to yield ssNMR spectra
of sufficient quality for structural information to be derived.
Recent advances, including 'H-detected heteronuclear
experiments, have made possible ssNMR structure determi-
nation and dynamics studies of well-ordered systems, such as
microcrystalline proteins® and ordered amyloid fibrils.*¢7!
These methods add an additional nucleus as a source of
information and greatly enhance spectroscopic possibilities.”®!

Solid-state NMR spectra of the functional EAS, s rodlets
were obtained on double- and triple-labeled EAS,s rodlet
samples. The EAS,;s spectra generally show broad NMR
signals indicative of conformational heterogeneity. However,
despite the overall broadness of the signals, both proton-
detected "N/'H correlations from sparsely protonated sam-
ples as well as “C/®C correlation spectra recorded on
protonated rodlets show that a subset of the resonances are
notably well defined. Figure 1 G shows the solid-state “"N/'H
correlation spectrum of deuterated and partly 'H-back-
exchanged rodlets. Highly indicative of the hydrogen-bonding
network, °N/'H correlations are commonly used for charac-
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Figure 1. Comparison of solution-state (monomer) and solid-state (rodlet) properties of hydrophobin EAS,;s. A) Overlay of the 20 lowest energy
structures of monomeric EAS,,s (PDB code 2k6a). B) Electrostatic surface of monomeric EAS,,s. C) Negatively stained transmission electron
micrograph of EAS,,s rodlets. D) Water droplets on bare octadecyltrichlorosilane (OTS)-treated silicon wafer and on EAS,s-coated OTS-treated
silicon wafer layer. E) CD spectra of EAS,;s in water and as rodlets dried onto a quartz cuvette. Experimental details are available in the
Supporting Information. F) *N/'"H-HSQC spectrum recorded on monomeric EAS,;s in solution. G) "H-detected solid-state *N/"H correlation of
EAS rodlets under comparable buffer conditions as in (F). Dashed lines indicate peaks that arise from side-chain amides.

terization of the protein fold in solution-state NMR spec-
troscopy. This approach could be transferred to the solid state
in a straightforward manner, largely facilitated by partly 'H-
back-substituted *H,"”C,"*N-labeled protein samples. In the
“N/'H correlation spectrum recorded on EAS rodlets,
a subset of resonances stand out against a broad and poorly
defined bulk; they can be further distinguished by apodiza-
tion or 'H T,-modulated representation (Supporting Infor-
mation, Figure S4). These observations suggest that the
EAS,5 rodlets have a twofold molecular composition, with
a structurally conserved and tightly packed core among
a heterogeneous ensemble of conformationally disordered
regions.

A direct comparison of "N/'H correlations recorded from
rodlets in the solid state with corresponding spectra from the
monomer reveals that the pattern obtained from the structur-
ally conserved amino acid residues in the rodlets deviates
significantly from that obtained from the monomer in
solution (Figure 1F,G; see the Supporting Information, Fig-
ure S5 for an overlay). The solid-state spectrum also includes
new signals from ordered Gln or Asn amide side chains, two
amino acid residue types which have been implicated in
forming intermolecular side-chain ladder interactions in other
amyloid structures.””) These changes are in marked contrast to
the behavior of proteins that maintain their fold upon
precipitation,'” and reveal a substantial structural rearrange-
ment upon EAS, s fibril formation. For many of the distinct
and intense peaks found only in the rodlet spectra, both local
mobility (as outlined by 'H T, data and "N/'H correlations
comparing dipolar and scalar magnetization transfers) as well
as peak positions support the formation of new structured
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elements in the rodlets (Supporting Information, Figure S1C,
S4, and S5). Incomplete proton back-substitution into
exchangeable positions has been excluded by H/D exchange
experiments.

We were not able to obtain any sequential assignments
using HNCA/HNCO! and hCxhNH!™ (on partially 'H-back-
exchanged deuterated samples) or NCACX/NCOCX![®
experiments (on protonated samples) owing to the overall
low definition of the spectra and low signal-to-noise ratios.
Instead, MAS C/®C correlation spectra under various
mixing schemes were recorded on protonated EAS,,5 samples
(Figure 2; Supporting Information, Figures S2 and S3). These
were compared to previous solid-state NMR studies of other
protein fibrils. The substantial structural heterogeneity
observed in the EAS,;s rodlet spectrum (Figure 2B), as
evident from the broadness of most signals, is similar to that
observed for full-length HET-s fibrils!"¥ but in contrast to the
very well-defined and clearly resolved spectra observed for
ordered fibrils. The latter include fibrils of HET-s (218-
289),1*! which has a similar monomer size to EAS,;s (Fig-
ure 2C), fibrils of an 1l-residue amyloidogenic peptide
derived from transthyretin® or fibrils formed by the 40-
residue AP peptide.*!! Although fibrils composed of higher-
molecular-weight proteins can also yield well-resolved spec-
tra,' it is notable that the higher quality solid-state NMR
spectra were mostly recorded on amyloid structures formed
from shorter peptides or the isolated amyloidogenic region
only, whereas the whole functional EAS,;s protein unit is
present in the rodlets examined here. The structural disorder
observed on the molecular scale in the EAS, ;s rodlets is in
contrast to the apparent order on the supramolecular scale, as
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Figure 2. The inherent structural heterogeneity of EAS ;5 rodlets reflected in '>C homonuclear correlations. A) >C/™C correlation spectrum of
EAS,;s showing intraresidue correlations. The numbers denote that the peaks belong to the same spin system. B,C) Comparison between (B)
a rodlet preparation of the hydrophobin EAS 5 (B) and prion fibrils (C, courtesy of Prof. Beat Meier) prepared from fungal HET-s (218-289).1
See the Supporting Information, Figures S2 and S3 for spectra recorded with different mixing times/schemes as well as for a comparison with

rodlets formed by DewA, another rodlet-forming hydrophobin.""

evidenced by the consistently well-packed and regular
morphology of the rodlets as imaged by atomic force
microscopy and electron microscopy on a range of sub-
strates.”

Despite the apparent disorder, resolved resonance sets
from about 18 amino acid residues could be identified, which
were mostly Ala, Ile, Thr, Val, and Pro. Figure 2 A shows
annotations corresponding to amino acid types identified with
the help of “C/“C homonuclear correlation spectroscopy
using DARR mixing and a 3D NCACX experiment. The two
cross-peaks at a chemical shift of 6 =50 ppm/15 ppm may
have arisen from Ala residues with upfield-shifted C} atoms
or, despite their presence in the short mixing time (5 ms)
PDSD spectra, may represent very close inter-residue con-
tacts. Unresolved cross-peaks in the region around 6 =35-
40 ppm/50-55 ppm probably correspond to Co/Cf contacts
from Cys, Asp, and Asn residues.

Chemical shifts in the "N/'H correlation spectra directly
reflect the underlying secondary structure. These correlations
from 'H-back-exchanged triple-labeled EAS,;s rodlets are
generally shifted downfield and represent a typical (3-sheet
distribution. For the *C/**C correlations, secondary chemical
shifts (ACa-ACP) were generated and compared to their
random coil analogues.™ In analogy to a chemical shift index,
consideration of the Ca and CP values extracted for single
amino acid residues suggests a (3-sheet conformation in the
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majority of cases (Figure 3). Although five Val Cy peaks could
be assigned, the C} peaks were more overlapped; thus only
two Val residues were included in the secondary chemical-
shift analysis. However, the other three Val residues would be
expected to have similar secondary chemical shifts and are
likely to be in a 3-sheet conformation.

As with other amyloid structures, non-residue-specific
spectroscopic methods such as CD spectropolarimetry, Four-
ier transform infrared spectroscopy, and X-ray fiber diffrac-
tion indicate that an intermolecular -sheet motif connects
EAS,,;s monomers within the rodlet structure.® To form
intermolecular B-sheets, either pre-existing [3-strands in the
EAS, ;s monomer structure must pack against those from
a neighboring monomer, or a structural rearrangement
revealing new [(3-strands capable of forming intermolecular
hydrogen bonds must occur. Such structural changes have
been observed for a number of other amyloid fibrils, such as
the AP fibrils associated with Alzheimer’s disease.” The
region of EAS postulated to form the cross-3 core upon rodlet
formation has been localized in the primary sequence.'”’ Our
solid-state NMR data give direct experimental evidence for
substantial structural changes in the monomer and formation
of new secondary structural elements within the rodlets,
consistent with the hypothetical model constructed from
functional assays and mutagenesis data.'® Furthermore, the
disorder observed in the solid-state NMR spectra is consistent
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Figure 3. Secondary chemical shifts for amino acid-type assigned residues in EAS,;s. A) Most EAS,,;s chemical shifts fall into 3-sheet regions
(cyan) rather than showing random-coil or a-helical shifts (purple) in the C,">C correlation spectrum.® The colored regions represent two
standard deviations (o) from the average of the chemical shifts associated with the secondary structure. B) ACa-ACP values (denoted secondary
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and B-sheet residues,'® respectively, with the most intense band marking the average values and the shades fading out at & ¢ from the mean.
The bar corresponding to the secondary chemical shift for each amino acid residue is colored in purple, cyan, or gray according to the
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Numbering is according to the amino acid sequence in mature, full-length EAS. The secondary structure of EAS,;5 in solution is given underneath,

where arrows represent f3-strands. Amino acid residues belonging to the amyloidogenic sequence as identified in a previous mutagenesis study

07

are boxed. D) Ribbon diagram of EAS,,s solution structure. E) lllustration of proposed rodlet model displaying cross-f3 structure assembled from
multiple EAS,;s monomers after a simple conformational change.'”! F) Amino acid residues identified in the solid-state spectra and their probable
secondary structure (based on literature values)'® as compared with secondary structure observed in the monomer. B-sheet, a-helix, and coil are

represented as E, H, and C, respectively.

with the putative rodlet model, where the cross-f3 core is well
defined while the remainder of the structure in each monomer
can be accommodated in many ways without affecting the
lateral packing between individual rodlets or the overall
amphipathicity of the monolayer.

This study uses the entire functional amyloid form rather
than the fibril core only. Thus it is possible that the structural
heterogeneity in the non-core regions is a native, inherent,
and even required feature of the rodlet monolayers. Notably,
all "N/'H and C/"C correlations of EAS,,; rodlets were
reproducible across different preparations and all presented
ensemble distributions (Supporting Information, Fig-
ure S1A). Structural heterogeneity may offer additional
functionality, such as to allow the rodlets to pack into
monolayers with tight lateral association (a feature not
present in other amyloid fibrils)!'”! or to coat surfaces with
different geometries on the nanometer scale. A recent study
of the functional amyloid Pmell7 has also demonstrated that
conformational variation around a basic structural motif can
give rise to the same biological function.

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Even though spectroscopic characterization is much more
challenging for whole functional proteins with mixed struc-
tural characteristics than for truncated fragments with
a homogeneous nature, the ability to characterize these
systems and their molecular (sub)structures remains worth-
while and may reveal unique insights into biological functions.
We have shown that hydrophobin rodlets are largely com-
posed of a B-sheet structure that has a substantially altered
protein fold compared to the monomer in solution. The
structurally defined (3-sheet core exists within a larger-scale
architecture that exhibits structural heterogeneity but which
is compatible with the formation of rodlets of regular
morphology that associate into monolayers.
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