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Abbreviations

Penicillium antifungal protein (PAF) is a promising antimycotic without
toxic effects on mammalian cells and therefore may represent a drug candi-
date against the often lethal Aspergillus infections that occur in humans.
The pathogenesis of PAF on sensitive fungi involves G-protein coupled sig-
nalling followed by apoptosis. In the present study, the solution structure
of this small, cationic, antifungal protein from Penicillium chrysogenum is
determined by NMR. We demonstrate that PAF belongs to the structural
classification of proteins fold class of its closest homologue antifungal pro-
tein from Aspergillus giganteus. PAF comprises five B-strands forming two
orthogonally packed B-sheets that share a common interface. The ambigu-
ity in the assignment of two disulfide bonds out of three was investigated
by NMR dynamics, together with restrained molecular dynamics calcula-
tions. The clue could not be resolved: the two ensembles with different
disulfide patterns and the one with no S-S bond exhibit essentially the
same fold. '°N relaxation dispersion and interference experiments did not
reveal disulfide bond rearrangements via slow exchange. The measured
order parameters and the 3.0 ns correlation time are appropriate for a
compact monomeric protein of this size. Using site-directed mutagenesis,
we demonstrate that the highly-conserved and positively-charged lysine-rich
surface region enhances the toxicity of PAF. However, the binding capabil-
ity of the oligosaccharide/oligonucleotide binding fold is reduced in PAF
compared to antifungal protein as a result of less solvent-exposed aromatic
regions, thus explaining the absence of chitobiose binding. The present
study lends further support to the understanding of the documented sub-
stantial differences between the mode of action of two highly homologous
antifungal proteins.

AFP, antifungal protein (from Aspergillus giganteus); CSA, chemical shift anisotropy; Ca, o carbon atom; DD, dipolar—dipolar coupling; I1AA,
iodeacetamide; mPAF, mature PAF; MUMO, minimal under restraining, minimal over restraining; PAF, Penicillium antifungal protein; RT,

room temperature.

FEBS Journal 276 (2009) 2875-2890 © 2009 The Authors Journal compilation © 2009 FEBS

2875



Structure and dynamics of an antifungal protein

Antimicrobial proteins are produced by the most
diverse organisms (e.g. bacteria, fungi, plants, insects,
amphibians and humans). Cationic, low molecular
weight antifungal proteins from filamentous fungi have
become the subject of investigation within the last dec-
ade [1]. Apart from the antifungal protein (AFP) from
Aspergillus giganteus, Penicillium antifungal protein
(PAF) from Penicillium chrysogenum is one of the most
studied antifungal peptides of fungal origin. Both
belong to a distinct group of cysteine-rich antifungal
proteins, effectively inhibiting the growth of numerous
plant-pathogenic and zoo-pathogenic filamentous fungi
[2-9], as also reviewed elsewhere [1,6,10].

Recent studies have allowed deeper insight into the
mechanism of antifungal activity of PAF [3,11,12].
Importantly, no toxic effects of PAF were found on
various mammalian cells and tissues [13]. PAF hyper-
polarizes the plasma membrane of sensitive fungi,
as demonstrated in the filamentous fungus model
organism Aspergillus nidulans, and the disturbance of
homeostasis finally leads to the disorganization of
mitochondria and the onset of apoptotic cell death
[6,12]. Recently, PAF arose as a promising antimycotic
with potential agricultural, biotechnological and
biomedical applications, and even as a model system
aiming to enhance our understanding of fungal cell
biology at the molecular level [6]. The identification of
proteins that may interact with PAF either on the
plasma membrane surface (e.g. the potential heterotri-
meric G-protein-coupled sensors) or in the cytoplasm
(e.g. heterotrimeric G-protein subunits) is of crucial
importance when considering new PAF-based antifun-
gal therapies [6]. According to another hypothesis,
PAF may interact directly with plasma membrane
components, which consequently disturbs lipid-raft-
based signal transductions [6].

Structural data may help us substantially with the
identification of motifs recognized by potential inter-
acting partners in sensitive organisms and, hence,
explain the mechanism of action and the observed spe-
cies specificity of PAF [1,3]. Furthermore, a compari-
son of the 3D structures of PAF and AFP [14] may
shed some more light on the astonishingly different
molecular backgrounds of the similar swelling-hyper-
branching phenotypes triggered by PAF and AFP
treatments in sensitive fungi [6,10]. Despite the high
similarity in their primary structures, the antifungal
action of AFP appears to be predominantly mem-
brane-and cell wall-based [7,10,15] and may include
the inhibition of chitin synthase [15], whereas the
action of PAF appears to be primarily receptor-based
[6,12]. Until now, only the NMR solution structure of
AFP could be determined [14].
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In the present study, we report the 3D structure and
backbone dynamics of PAF by 2D homonuclear and 3D
N resolved heteronuclear NMR spectroscopy and
demonstrate the functional importance of the conserved
lysine residues and the disulfide bonds for proper
biological function. Moreover, the stability of PAF at
high temperatures and extreme pH values, as well as
resistance against protease digestion, is investigated,
along with its chitin (or chitobiose) binding capability.

Results

Protein purification and MS analysis

After cation exchange chromatography, the purity of
the native PAF was confirmed by RP-HPLC. One single
peak corresponding to 6244 Da protein was detected
(see Fig. S1A), which is six protons < 6250 Da (i.e. the
theoretical molecular mass of PAF) as a result of the
presence of three disulfide bonds. Importantly, the MS
data yielded evidence demonstrating the lack of any
post-translational modification of native PAF other
than the removal of the prepro-sequence when secreted
into the supernatant [5,6,16] and also revealed that all
six cysteine residues are involved in the formation of
three intramolecular disulfide bonds.

Inactivation of PAF by alkylation of the sulfhydryl
groups

To investigate the importance of the disulfide bonds
for biological activity, the six cysteine residues were
reduced by dithiothreitol. The monothiol groups were
stabilized by iodoacetamide derivatization to avoid
reoxidation. Residual iodoacetamide was blocked by
the addition of cysteine. MS analysis demonstrated the
increase in the molecular mass of the chemically modi-
fied protein from 6.25 to 6.59 kDa, which reflected the
derivatization of all six cysteine residues (see Fig. S1).
The increase in molecular mass was also evident from
the reduced mobility of the modified protein in dena-
turing SDS/PAGE. No growth inhibition by the cyste-
ine derivatized PAF (purified by HPLC) was detected
on the test strain Aspergillus niger (Fig. 1A). These
results suggest that the presence of three disulfide
bonds is essential for maintaining the tertiary structure
of PAF, and thereby its antifungal activity.

The stability of PAF against extreme test
conditions

Whereas PAF was stable over the pH range 1.5-11 (data
not shown), the exposure of PAF to extreme
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Fig. 1. Microtitre plate activity assay for the determination of the
growth of A. niger in the presence of PAF that had been exposed
to various test conditions. 10% conidiasmL™" were incubated with
1-5 pg'mL~" of PAF for 24 h at 30 °C. (A) PAF was reduced by
dithiothreitol as described in the Experimental procedures. (B) PAF
was exposed to 60, 80, 90 and 100 °C for 10, 30 and 60 min,
respectively. (C) PAF was digested with proteinase K for 3, 9 and
24 h or with pronase for 3, 9 and 12 h. Note that the asterisk in (C)
indicates different exposure times of PAF with pronase (i.e. 12 h
instead of 24 h). Values represent the precent growth (%) of
A. niger in the presence of PAF that had been exposed to various
test conditions compared to A. niger left untreated ( = 100%).

temperature conditions (60 min at 95-100 °C) resulted
in a reduction of the protein activity (Fig. 1B) accompa-
nied by degradation of the protein (data not shown).

Structure and dynamics of an antifungal protein

Exposition of 10* conidiamL™" to 1 pgmL™" of
PAF in microtitre plate activity assays resulted in a
growth reduction of 79% in the highly-sensitive test
organism A. niger compared to the untreated control
( = 100%) (Fig. 1B). The antifungal activity was
retained after exposure of PAF to 80 °C for 60 min,
and it was significantly reduced only after treatment at
95 and 100 °C for at least 60 min. The loss of protein
activity was not reversible after cooling the sample
to room temperature (RT) (data not shown). This
indicates a permanent change in PAF structure and
activity.

Pepsin digestion at pH 4 or 5 did not affect PAF
antifungal activity and the protein retained its cytotox-
icity (data not shown). Similarly, PAF resisted pro-
teinase K and pronase digestions for 3-9 h (Fig. 1C).
By contrast, exposure of PAF to pronase for 12 h and
to proteinase K for 24 h dimininished the protein
activity significantly (Fig. 1C). This inactivation was
accompanied by protein degradation, as revealed by
low molecular mass peptide fragments detectable on
SDS/PAGE (data not shown). We could exclude any
growth inhibitory effects of the two proteases alone
or the protease solution buffer (0.1 M citric acid-
Na,HPO,) in control experiments (data not shown).
This proves a specific gradual inactivation of PAF by
proteinase K and pronase digestion under the applied
test conditions.

NMR results

NMR signal assignment

The PAF sequence consists of 55 amino acid residues
with a lysine rich sequence, with the composition:
Ala3—Cys6-Asp7-Glul-Phe2-Gly2-Ileul-Lys13-Asn7—
Prol-Ser1-Thr6-Val2-Tyr3. Sequence alignment of
PAF with AFP along with the three higlighted con-
served regions is shown in Fig. 2.

In the 700 MHz 'H-'""N HSQC spectrum (see
Fig. S2), all amide NH-s and Asn side-chain NH,
groups were clearly resolved and assigned. Many
amides appear as doublets as a result of large 3JHN,HA
couplings (~ 9 Hz) that are characteristic of a dominant
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Fig. 2. Sequence alignment of PAF (top) and AFP (bottom) with three highly-conserved regions marked in yellow that are putatively assigned
to chitin binding (3-9), DNA binding (12-17) domains and cation channel forming (34-39) capabilities. Arrows indicate B-strands.
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B-strand secondary structure. By contrast to AFP, no
additional minor signal set was observed in the NMR
spectra within the temperature range 280-320 °K.
However, similar to the structures reported for AFP
[14], the NMR data did not allow unambiguous
assignment of the disulfide pattern for PAF. The
assignment work was aided by the '’N resolved 3D
TOCSY and NOESY spectra. Using the SPARKY [17]
spectrum visualization and assignment tool, many of
the NH(i)-HA(i-1) sequential NOE connectivities were
easily identified and often augmented with NH()-
HB(i-1) links. Although some lysine sidechain protons
remained unassigned, the completeness of 'H assign-
ment finally reached 89%.

Secondary structure determination

Considering the secondary structure sensitive parame-
ters [oo carbon atom (Co) chemical shifts and 3JHN,HA
coupling constants] and the NOE constrained struc-
ture, we conclude that five antiparallel B-strands run
between residues: Lys2 to Thr8 (B1), Glul3 to Lysl7
(B2), Asp23 to Ile26 (B3), Lys42 to Asp46 (p4) and
Asn49 to Asp5S5 (BS) (Fig. 3). In addition, amide H-D
exchange rates (measured from HSQC spectra after
dissolving PAF in D,0) (Fig. 4) and relaxation experi-
ments also supported the presence of five B-strands in
PAF (Fig. 5). Measured deuteration rates clearly dem-
onstrated that amides in the proposed B-sheet regions
are protected from water access, whereas they are
more solvent exposed in loops and less structured
regions.

L3
L1
B2
B3
55
B4
Bs g 12

L4

Fig. 3. Super secondary structure of PAF.
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Fig. 4. Deuteration rates measured for amide NH groups in PAF
(note the logarithmic scale). Missing bars represent fast deuteration
rates (i.e. those NH signals that disappeared within 10 min); low
values mean high protection. Slow deuteration of amides protons
correlates with solvent protection in B-sheet regions. Note that all
six cysteines are well protected because they reside in the hydro-
phobic core.
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Fig. 5. S? order parameters reflecting internal mobility of the NH
residues obtained from the Lipari-Szabo analysis of '°N T;, T, and
NOE relaxation parameters. Slightly enhanced mobility is clearly
detected at the N-terminus and in the loop regions, as indicated by
the dips in the bar plot. For comparison, S? values calculated from
the assigned chemical shifts are shown at the bottom using using
the random coil index (RCIl) method. The average of
SZp/ Sker = 0.96 +0.07. Residue 29 is proline and, consequently,
is not shown in the experimental data.

Tertiary structure determination

ATNOS/CANDID 1.1 software, in combination with
CYANA 2.0, gave automatic NOE assignment [18-20]
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Table 1. Summary of cyaNa calculations for 20 selected PAF struc-
tures and their respective PROCHECK_NMR analyses.

S-S bond No disulfide abbacc abcabc
NOE upper distance limits 757 769 742
CYANA restraint violations 0 2 0

Target function 0.36 + 0.16 0.42 +0.22 0.19 + 0.07
rmsd from mean structure

Backbone (A) 0.65 +0.18 0.54 +0.14 0.60 + 0.11

All heavy atoms (A) 1.15+£0.23 1.03+0.117 1.09 + 0.08
Ramachandran statistics
Most favoured 59.5% 46.3% 55.5%
Additionally allowed 32.7% 46.2% 42.9%
Generously allowed 5.3% 7.5% 1.6%
Disallowed 2.5% 0% 0%

"5N-"H CSA/DD cross—correlated relaxation rates

[1/s]
6.
5.
4.
3.

0 10 20 30 40 50 60
Residue number

Fig. 6. Different CSA/DD relaxation interference rates displayed as
a pile-up bar graph. Instead of extracting site specific '°N chemical
shift anisotropies from all the relaxation data, this type of straight
visualization of "H-">N CSA/DD transversal cross-correlated relaxa-
tion rates (Hxy) is sensitive to secondary structure elements.

and gradual improvement of the PAF structure in
seven consecutive steps. Two probable conformational
families with different disulfide bridge patterns and
one in the absence of disulfide bonds were considered.

Fig. 7. Final MUMO ensembles (80 con-
formers) of PAF calculated with different
disulfide pairings labelled as abbacc, abcabc
and no disulfide bond. The average NMR
structure (red line) with no disulfide bonds
is overlaid on the ensembles.

abbacc

Structure and dynamics of an antifungal protein

The goodness of the selected conformational families
along with their Ramachandran analysis are shown in
Table 1.

NMR relaxation combined with restrained
molecular dynamics calculations

The model-free analysis [21] of conventional >N relax-
ation experimental [22] data yielded a 3.0 ns global
correlation time for PAF (see Table S1), which is
appropriate for a monomeric globular protein of this
size [23]. The order parameters are shown in Fig. 5 in
comparison with those calculated from assigned chemi-
cal shifts using the random coil index method (http://
wishart.biology.ualberta.ca/rci/cgi-bin/rci_cgi_1_e.py).
On average, S° = 0.81 + 0.05, with slight drops at
the N-terminus and loop regions, displaying enhanced
mobilities. The order parameters calculated straight
from chemical shifts agree well with those measured
from relaxation (S3,/Sgc; = 0.96 +0.07) and predict a
fairly compact structure. However, this type of relaxa-
tion is sensitive only to picosecond to nanosecond time
scales. In addition, "’N and 'H chemical shift aniso-
tropy (CSA)/dipolar—dipolar coupling (DD) cross-
correlated relaxation [24] has been measured (see
Table S1). The good correlation between secondary
structure and the 'H transversal cross-correlated relax-
ation rates (Fig. 60) is a result of the extensive hydrogen
bonded networks, as well as the high CSA values of
these protons [25], in the PB-sheet regions. Using the
N Nxy and m, CSA/DD CCR rates according to the
method of Kroenke et al. [26], we separated exchange
contribution to R, relaxation rates, and found them to
be below 2 s! for all NH groups. No outliers were
found; consequently, slow time scale conformational
exchange is unlikely in PAF.

The eighty final conformers of PAF obtained from
the minimal under restraining, minimal over restrain-
ing (MUMO) calculations [27] are shown in Fig. 7.
These ensembles are assumed to be consistent with the

NOE-derived distance restraints, as well as with the
experimental S* order parameters. With respect to
14-28, 43-54)

NOE violations, the abbacc (7-36,

abcabc No disulfide bond

FEBS Journal 276 (2009) 2875-2890 © 2009 The Authors Journal compilation © 2009 FEBS 2879
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ensemble appears to outperform the others (note that
perfect agreement with NOE data could not be easily
achieved because the parameterization is quite different
from those in ‘conventional’ structure calculation
methods that are designed to ensure this). Correlation
coefficients with > values (see Figs S3 and S4) for the
‘no disulfide’ and abcabc (7-36, 1443, 28-54) 80-mem-
bered ensembles are approximately 0.8, corresponding
to the performance of the restraining method [28]. The
abbacc ensemble exhibits relatively low correlation
(0.43), which, although the correlation was high for
each snapshot of the eight parallel replicas, can be
explained by the high structural divergence during the
simulation. The calculated ensembles show weak corre-
lation with the experimental 3JHN,HA couplings, with
correlation coefficients in the range 0.42-0.5. Calculat-
ing J-value correlations using weighted averages of the
two pairings considered in the present study does not
improve the agreement. Ho chemical shifts back-calcu-
lated with SHIFTX [29] also do not favour any of the
ensembles. In all three MUMO ensembles, loop
regions on the surface of the protein (Lysl7-Asp23,
Cys28-Lys35 and Asp46-Asn50) show increased
mobility coupled with structural heterogeneity. This
may indicate that one or more of these loops acts as
an interaction site with partner molecules. Lys9 resides
in loop 1, whereas Lys35 and Lys 38 are parts of the
large loop 3. They are surface and moderately solvent
exposed, and reside in conserved regions (Fig. 2). For
this reason, site-directed mutagenesis of these residues
was initiated.

Chitin binding function of PAF

We tested PAF for the ability to interact with oligo-
saccharides (oligosaccharide/oligonucleotide binding
domain; Fig. 2). This domain was suggested to con-
tribute to the cell wall [15] and/or nucleic acid [30,31]
binding activity of the homologous A. giganteus
protein AFP. Selective [32,33] and group selective [34]
saturation transfer difference NMR experiments with
chitobiose did not result in response signals in the
difference spectra (data not shown). The negative
results suggest that the chitobiose binding affinity (if it
persists) must be below the sub-milimolar regime. Sur-
face plasmon resonance testing of chitobiose binding
to immobilized PAF also provided no evidence for
strong binding. Furthermore, our attempts to colo-
calize the antifungal protein with nuclei in 4. nidulans
hyphae failed (see Fig. SS). This indicates that PAF
does not interact with those cellular structures that
were suggested to be target molecules of the closely
related A. giganteus AFP protein [15,30,31].

G. Batta et al.

Antifungal activity of mutated PAF versions

To investigate the impact of the highly-conserved,
lysine rich domain of PAF on antifungal activity, we
generated PAF mutants carrying amino acid
exchanges of distinct lysine residues, which originally
contributed to the high density of positive charges on
the same side of PAF. The antifungal potency of the
recombinant proteins was assessed by exposing
A. niger to mature PAF (mPAF), PAFX9A, PAFK394,
PAFX¥A and PAFX353A and carrying out a subse-
quent determination of growth rates (Fig. 8). Similar
growth inhibitory activity and morphological effects
could be observed between the native and the recom-
binant PAF (Fig. 8A). By contrast, a single exchange
of the lysine residues at positions 9, 35 or 38 reduced
the antifungal potential of PAF and increased the
proliferation of A. niger in a dose-dependent manner
(Fig. 8B). These results indicate that this conserved
lysine rich region behaves like a recognition motif for
the sensitive fungus. However, the triple mutation did
not further aggravate the loss of antifungal activity.
This allows the assumption that at least an additional
protein motif might contribute to the antifungal
activity.

Discussion

The structure of PAF

PAF from P. chrysogenum is a member of the posi-
tively-charged cysteine rich small proteins found in
other ascomycetes. PAF shares 43.6% amino acid
sequence identity and 71.3% sequence similarity with
AFP from A. giganteus [1]. Their homology is reflected
by their remarkable structural similarity presenting a
good alignment of their Co traces (see Fig. S6).
Accordingly, the fold of PAF belongs to the structural
classification of proteins (http://scop.mrc-lmb.cam.
ac.uk/scop/) fold class of AFP [14].

The 3D molecular structure of PAF consists of five
B-strands connected by three small loops involving
B-turn motifs (loops 1, 2 and 4) and the large loop 3
(Fig. 9). The B-strands create two orthogonally packed
B-sheets. Each B-sheet comprises three antiparallel
B-strands, which are ordered as 123 and 145, respec-
tively. The six conserved cysteines form three disulfide
bonds surrounded by the two orthogonal B-sheets,
creating a hidden central core.

The Bl-strand running from Lys2 to Thr8 is highly
twisted as a result of the conserved flexible GlyS
followed by the bulky side chain of lysine and the
disulfide-paired Cys7, which pulls the strand towards

2880 FEBS Journal 276 (2009) 2875-2890 © 2009 The Authors Journal compilation ® 2009 FEBS
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Fig. 8. Analysis of the antifungal activity of mutated PAF protein versions on A. niger. (A) Microscopic analysis of A. niger exposed to
100 pg'mL~" of PAF for 24 h. The recombinant mPAF protein (c) exhibited comparable growth inhibition potency with respect to the native
PAF (B). Hyphae of the untreated control are shown in (a). (A-c) Microscopic overviews (x 20); (a—c) showing details of (aA-c) (x 63). (B) The
increase in proliferation of A. niger when exposed to mutated PAF protein versions was correlated with the proliferation in the presence of
recombinant mPAF at the corresponding protein concentrations of 5 ug-mL™" (light grey) and 100 pg-mL™" (dark grey). The proliferation of
the PAF-unexposed A. niger control cells was 2.4 + 0.2-fold and 7.4 + 1.1-fold greater compared to the growth of the samples treated with
recombinant mPAF at the respective concentrations of 5 and 100 pg-mL™".

Fig. 9. Ribbon diagram of the mean PAF structure without disulfide
bond constraints.

the core of the protein (Fig. 9). As a consequence of
the highly-twisted geometry, Bl is shared by both
sheets 1 and 2 providing a common interface.

The central strand of sheet 1 is B2 spread between
Glul3 and Lysl7. The constituents of B2 are in an
extensive hydrogen bond network, with both Bl and
B3 contributing to the stabilization of sheet 1 (Table 2 ).
Loop 1 (9-12) and loop 2 (18-23) create a B-turn. A
characteristic of the PAF loop regions is the recurring
asparagine—aspartate or aspartate—asparagine (Asnl8—
Aspl9, Asp32-Asn33, Asp39-Asnd0) sequence, either
preceding or following a lysine residue, resulting in a
preferential  o-helical conformation [35,36]. This
sequence introduces a sharp turn geometry in the
loops. Strand B3, a stretch between Lys22-1le26, and
the following first half of the large loop 3 (2742),
spanning the segment from Lys27 to Phe3l, is part of
the most extended hydrophobic region of the molecule
with low primary structure homology (Fig. 2) to AFP.
The single proline (Pro29) forms a trans-isomer, as in
AFP, and creates a bend in the large loop, which is
highly coiled as a result of two aspartate—asparagine
(Asp32/Asn33; Asp39/Asn40) turn preference motifs.
According to deuteration rates (Fig. 4). and S* order
parameters (Fig. 5), the most mobile region of loop 3
is between Lys30 and Lys34.
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Table 2. Hydrogen bonding pattern in the AFP fold proteins.

Secondary structural

elements PAF AFP
B1-p4 Tyr3HN-Val450 AlaTNH-Tyr450H
Tyr30-Val45HN Gly50-Cys40HN
Ala10-Thr47HN Cys7HN-Ala380
Gly5HN-43CysO
B4-B5 Asp460-Ala50HN Asp430-Gly47HN
Asp4B6HN-Ala510 Tyr50HN-Glu410
Thr440-Asp53HN Tyr500-Glu41HN
B1-p2 Lys60-Lys15NH l1e130-Tyr8HN
Lys60-Lys15HN
Tyr80-lle13HN
B2-p3 Cys14HN-1le260 Cys26HN-Cys140
Asp18HN-Lys220 Cys28HN-Asn120
Tyr160-Thr24HN
B3-B5 Cys14N-Asp530
in loop 2 (17-21) Gly2THN-Asn180 Ala180-Gly21HN
B1 - large loop 3 Cys70-Asn40HN Cys70-Gly37NH
B1 —loop 1 ThreNH-Lys110

The second half of loop 3 is one of the most highly-
conserved regions of PAF: three lysine side chains
(Lys34, Lys35 and Lys38) from this loop give rise to a
high density of positive charges in addition to the posi-
tively-charged side chains of Lysll and Lys9 pointing
to the same region (Fig. 10). The importance of this
motif for the antifungal activity of PAF became
evident when replacing the Lys9, Lys35 and Lys38 by
alanines. Mutations within this motif resulted in a sig-
nificant reduction of antifungal activity. The slightly
solvent-exposed Asp39, which is a conserved residue in
the family, apart from its structural role of introducing
a perpendicular turn with the following Asn40, stabi-
lizes the positive charges of the adjacent Lys9 and
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Lys39. Similarly, Asp23 stabilizes the juxtaposed
Lys15 and Lys17 side chains.

The hydrophobic strand B4 is located between Cys43
and Asp46 and, as a central strand of sheet 2, partici-
pates in an extensive hydrogen bonding network with
both strand 1 and B5 contributing to the sheet 2 stabil-
ization (Table 2). The B5 strand is the most negatively-
charged region of PAF and close to the C-terminus
starts at Ala51. Loop 4 (47-50) connects strands f4 and
B5 and creates a B-hairpin with a highly-exposed, con-
served Tyr48. All the three tyrosines of PAF with their
phenolato side chains can be found closely positioned in
the space between P4 and loop 2 and create a well-
defined aromatic region of the protein.

The topology of the disulfide pairs and the
function of the cysteines

According to the biochemical studies, no free thiol
groups can be detected in PAF. This is in good agree-
ment with the NMR measurements, which corroborate
that the six cysteines form three pairs of disulfide
bridges. These are essential for the inhibitory activity
on the growth of the sensitive fungi. Similar to the
AFP study [14], unambiguous assignment of the disul-
fide connectivity could not be obtained by NMR.
However, two sets of disulfide patterns are plausible
for PAF: abcabc and abbacc.

The safest assignment exists for the Cys7-Cys36
disulfide pair, which is supported by the approximately
400 pm CB~Cp; distance in the structures without any
SS bond constraint [37]. The well-defined Cys7-Cys36
disulfide pair cramps the large loop L3. Four cysteines
(Cysl4, Cys28, Cys43 and Cys54) are in a close prox-
imity at the interface between sheet 1 and sheet 2,

Fig. 10. The electrostatic surface potential of AFP (left) and PAF (right) structures representing the orientation of the side chain lysine resi-
dues. Lys9, Lys35 and Lys38 of PAF and Lys9, Lys32 and Arg35 of AFP are the corresponding conservative mutated lysines.
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facing with their side chains to the core of the protein.
In the abcabc disulfide bond topology, the cross-link
between the two main sheets is proposed between
Cysl4 (B2) from sheet 1 and Cys43 (B4) from sheet 1,
as well as the bridge between Cys28 and Cys54, which
links B3 from sheet 1 to BS from sheet 2. In the abbacc
disulfide pattern, connectivity inside the individual
sheets is favoured, where Cysl4 makes a link with
Cys28 in sheet 1 and Cys43 of B4 connects Cys54 of
B5 in sheet 2. In the same structure for the abcabc pat-
tern, the 14-43 and 28-54 CB,—CB; distances are 442
and 525 pm, whereas, in the alternative abbacc pattern,
we obtain 455 pm for the 14-28 distance and 486 pm
for the 43-54 distance.

The question remains as to whether two intercon-
verting PAF species exist (i.e. one with each disulfide
topology) or whether only a single topology is present
but escapes identification. Relaxation-compensated
Carr—Purcell-Meiboom—Gill experiments [38] did not
indicate S-S bond rearrangement on the 0.5-5 ms time
scale (data not shown) in contrast to previously
reported isomerization of a disulfide bond in bovine
pancreatic trypsin inhibitor [39]. The extreme stability
of PAF is further evidence against a putative disulfide
bond rearrangement.

The disulfide bonds in PAF contribute to the overall
stability of the compact scaffold and stabilize the inter-
face between the two sheets. This feature helps to
maintain protein integrity in the extracellular environ-
ment, as well as to maintain stability at elevated tem-
peratures and extreme pH and to resist protease
digestion. Moreover, the disulfide bonds might play an
active role in the internalization process, as suggested
for diphtheria toxin or animal baculovirus gp64 [40].
In such cases, the rearrangement of the disulfide bonds
can be triggered by membrane-associated oxidoreduc-
tases, such as protein disulfide isomerases, and the
presumable conformational change could help with
the protein internalization [40—43].

It is not known whether PAF is subjected to struc-
tural changes and partial reduction in the cytoplasm,
providing some redox activity, as found for thiored-
oxins [44]. However, the disturbance of heterotrimeric
G-protein signalling alone may increase intracellular
reactive oxygen species concentrations in filamentous
fungi [45,46], which could occur in the absence of any
redox activity of PAF.

Differences and similarities between the
structures of PAF and AFP

The common geometrical arrangement of the two
proteins is the special Greek key fold, in which the
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two orthogonally packed B-sheets are connected via
the P1 strand as a common interface. The similar
hydrogen bonding network might be the main deter-
minant of this scaffold formation (Table 2). The fold
is further stabilized by six conserved cysteines in
addition to three highly-conserved regions, and sev-
eral conserved residues with key locations in the two
proteins (Figs 2, 3 and 9). In the case of AFP, two
extra cysteines form the fourth disulfide bridge. In
the AFP structure, three disulfide bond topologies
were proposed: abbcadcd, aabcedbd and abcdabed.
The latter correlates with the suggested abcabc disul-
fide pattern in PAF.

The three highly homologous regions are situated
in the sequence between Alal and Lys9 (region 1),
between Asnl2 and Lysl7 (region 2) and between
Lys34 and Asp39 (PAF) and Lys31 and Asp36
(AFP) (region 3). Two conserved GlyLys motifs are
repeated in the structure, the glycines (i.e. Gly5 from
Bl and Gly20 from loop 2) introduce flexibility into
the secondary structural elements. The side chains of
the two conserved tyrosines (Tyr3 and Tyrl6) consti-
tute an aromatic patch in between loop 2 and fl,
which is stretched to the solvent-exposed Tyr48 of
PAF and Tyr45 of AFP from loop 4. In addition to
the three conserved tyrosines, AFP contains three
more tyrosines compared to PAF: two of them
(Tyr29 and Tyr50) are solvent exposed, and can pro-
vide target side chains for interactions with nucleic
acid bases (see Fig. S7). Indeed, DNA binding and
condensation activity was observed for AFP [31] and
also corroborated by a colocalization of AFP to the
nuclei [30]. An aromatic region was shown to repre-
sent a binding site for DNA in a structural homo-
logue cold shock protein from Bacillus caldolyticus
upon hexathymidine binding [47]. The function of
AFP was also associated with chitin binding activity
and interaction with the cell wall [15]. In carbohy-
drate binding modules, surface-exposed aromatic resi-
dues (e.g. Tyr and Trp) are in stacking interactions
with pyranose/furanose rings of oligosaccharides [48].
A few tyrosines of AFP are replaced by aspartates,
making the aspartate rich C-terminal negatively-
charged in PAF. However, we did not observe chito-
biose binding of PAF. PAF neither colocalizes to
the nuclei, nor binds exclusively to the cell wall. The
absence of surface-exposed tyrosines in PAF may
explain the difference in oligosaccharide binding
(Fig. 2).

Both PAF and AFP exhibit an amphipatic surface
alternating the positively- and negatively-charged
patches (Fig. 10). However, a well-defined positive
and an acidic region are formed only in PAF. The
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positive charges concentrate at one side of the mole-
cule composed of Lys34, Lys35, Lysll and Lys9. As
demonstrated by site-directed mutagenesis in the
present study, this positively-charged motif indeed
plays a central role with respect to the toxicity of
PAF on target organisms. A common characteristic
of the surface of both molecules, PAF and AFP,
comprises the numerous solvent-exposed positively-
charged lysine side chains, which could function in
disturbing the integrity of the plasma membrane or
determine the interaction with a target molecule that
is located in the plasma membrane. However, it
remains to be investigated in future studies whether
this motif mediates the binding of the protein to
structures of the outer layers of the target organism
or exerts its function intracellularly [6,12].

In conclusion, the solution structure of PAF has
been disclosed up to the extent of a disulfide pairing
ambiguity. No evidence for a putative disulfide bond
rearrangement on the millisecond time scale has been
found by NMR dynamics. With respect to the possible
mechanism behind the antifungal action of PAF, the
modulation of specific ion channels appears to be more
likely than chitin or DNA binding, in contrast to
AFP.

Experimental procedures

Production of PAF in P. chrysogenum

For PAF production, P. chrysogenum Q176 (ATCC 10002)
was cultivated in minimal medium (0.3% NaNO;, 0.05%
KCl, 0.05% MgSO47H,O, 0.005% FeSO47H,O, 2%
sucrose, 25 mm NaCl/P;, pH 5.8) at 25°C (RT) as
described previously [5]. For preparation of '’N-labelled
PAF for NMR analysis, 0.3% Na'>NO; (Cambridge
Isotope Laboratories, Andover, MA, USA) was used as
nitrogen source in minimal medium.
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Site-directed mutagenesis and heterologous
expression of mutated PAF protein variants in
Pichia pastoris

The nucleotide sequence coding for the mature PAF protein
version was PCR amplified from P. chrysogenum cDNA
using the primers with incorporated restrictions sites for
inframe cloning into the pPic9K expression vector (forward
5’-AGCTCGAGAAAAGAGCCAAATACACCGGAAAA
TG-3’, Xhol site underlined; reverse 5-CTGAATTCCTA
GTCACAATCGACAGCGTTG-3’, EcoRI site underlined,
stop codon in bold). Amplification was performed in a two-
step PCR: three cycles of 1 min at 94 °C, 1 min at 50 °C
and 1 min at 72 °C; and then 30 cycles of 40 s at 94 °C
and 1 min at 72 °C; with a final extension for 7 min at
72 °C. Because an inefficient STE13 protease activity was
reported, we followed a previously described cloning strat-
egy [49] and eliminated the Kex2p and Stel3p signal cleav-
age sites. The vector for expression of the recombinant
wild-type version of PAF was named pPic9Kmpaf. Muta-
genesis of the PAF coding sequence (exchange of lysine into
alanine) was performed by two sequential PCR strategies,
essentially as described previously [50]. For the design of
the mismatch primers, P. pastoris preferential codon usage
was taken into account. Ten nanograms of pPicOKmpaf
were used as a PCR template to generate the mutations:
PAF®A  (plasmid pPic9KpafK9A), PAFX*A  (plasmid
pPic9K pafK35A) and PAFX3A (plasmid pPic9K pafK38A).
For generation of the triple mutant (PAFX3384) " the
codon for lysine 35 was mutated in the plasmid pPic9K-
pafK38A to generate pPic9KpafK35,38, which served as
template for further mutagenesis using the appropriate
primers (Table 3). The amplified overlapping PCR products
containing the desired mutation were combined in a third
PCR where both fragments served as megaprimers for fur-
ther elongation of the PAF sequence in the first few PCR
cycles. The elongated fragments were then further amplified
using the primers 5’AO0X1 and 3’AOXI1 (33 cycles of 45 s
at 94 °C, 45s at 54 °C and 1 min at 72 °C, with a final

Table 3. Oligonucleotides used for site-directed mutagenesis. Codons for amino acid exchanges are shown in bold-italic typeface.

Mutation Oligonucleotide Sequence (5- to 3') PCR template

PAFKSA opafK9Ase GGAARATGCACCGCTTCTAAGAACG pPic9Kmpaf
opafK9Arev CGTTCTTAGAAGCGGTGCATTTTCC

PAFKS5A opafK35Ase GTTTGATAACAAGGCTTGCACCAAGG pPic9Kmpaf
opafK3bArev CCTTGGTGCAAGCCTTGTTATCAAAC

PAFKS8A opafk38Ase GAAGTGCACCGCTGATAATAACAAATG pPic9Kmpaf
opafK38Arev CATTTGTTATTATCAGCGGTGCACTTC

PAFKS5.38A opafk35,38Ase GTTTGATAACAAGGCTTGCACCGCTG pPic9KpafK38A
opafK35,38Arev CAGCGGTGCAAGCCTTGTTATCAAAC

PAFK9-36.:38A opafK9Ase GGAAAATGCACCGCTTCTAAGAACG pPic9Kpafk35,38A
opafK9Arev CGTTCTTAGAAGCGGTGCATTTTCC
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extension of 7 min at 72 °C). The PCR product was
digested with BamHI/EcoRI and cloned into the Bam-
HI/EcoRI digested pPicOK vector. The occurrence of the
desired mutations was verified by nucleotide sequence deter-
mination using an automated 3100 ABI PRISM DNA sequen-
cer (Applied Biosystems, Foster City, CA, USA).

Restriction enzymes and T4 DNA ligase were purchased
from Promega (Vienna, Austria), the multi-copy Pichia
expression kit was obtained from Invitrogen Life Technolo-
gies (Lofer, Austria) and primers were obtained from Euro-
fins MWG Operon (Ebersberg, Germany).

Manipulation of the P. pastoris KM71 strain was per-
formed using the Multi-copy Pichia expression kit version
F according to manufacturer’s instructions and as desribed
previously [49]. Protein purification was performed as
described below.

Purification of PAF

PAF was isolated by molecular mass filtration and ion-
exchange chromatography as described previously [3]. By
contrast to the wild-type PAF, the recombinant mutated pro-
teins did not bind to the CM-sepharose CL-6B column
(Amersham, Uppsala, Sweden), but were found to be pure in
the flow-through, which was subsequently concentrated in
Centriprep YM-3 filter devices (Millipore, Billerica, MA,
USA). The purity of PAF was checked by 16% SDS/PAGE
and silver staining before the protein solutions were filter-
sterilized (0.22 um, Millipore) and stored at —20 °C. For
structural analysis, purified PAF was lyophilized.

Native PAF and PAF that had been exposed to various
test conditions in stability assays were subjected to RP-
HPLC, equipped with a 127 solvent module and a Model
166 UV-visible-region detector (Beckman Instruments, Palo
Alto, CA, USA). The separation of the samples was per-
formed on a Nucleosil 300-5 C4 column (length, 125 mm;
inner diameter, 4 mm; particle pore size, 5 um; pore size,
30 nm; end-capped; Machery-Nagel, Diiren, Germany).
Samples of approximately 5 pg of PAF were injected onto
the column and chromatographed within 20 min at a con-
stant flow of 0.5 mL-min~' with a linear acetonitrile gradi-
ent starting at solvent A: solvent B (15 :85) (solvent A:
0.1% trifluoroacetic acid trifluoroacetic acid in H,O;
solvent B: 70% acetonitrile, 0.1% trifluoroacetic acid). The
concentration of solvent B was increased from 15% to 70%
over 20 min. The effluent was monitored at 210 nm and the
peaks were recorded using Beckman SYSTEM GOLD software.
The PAF fraction was collected, lyophilized and stored at
—20 °C for further analysis.

Antifungal activity assays

In vitro assays were carried out in 96-well plates with the
test organism A. niger (CBS 120.49) in complete medium
(0.2% peptone, 0.1% yeast extract, 0.1% NZ-amine A, 2%
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glucose, 0.05% KCl, 0.04% MgSO,7H,0, 0.15% KH,PO,,
pH 6.5) at 30 °C. Antifungal activity of the protein samples
was determined by measuring the 4459 of 4. niger cultures
at 24 h in a microtitre plate reader as described previously
[3]. The protein concentrations tested were in the range
1-100 pgrmL™".

Protein stability assays

Stability analysis of PAF was performed essentially as
described previously [S51]. Thermal stability was investigated
by incubating 1 mg-mL™" of PAF in 10 mm Na-phosphate
buffer, pH 6.6, 25 mM NaCl, 0.15 mm EDTA at 40-100 °C
for 10, 30 and 60 min. The pH stability of 1 mgmL™' of
PAF was tested within the pH range 1.5-11 at 25 °C for
24, 48 and 96 h. The buffers used (25 mMm) comprised: gly-
cine-HCIL, pH 1.5; sodium citrate-HCl, pH 3; citric acid-
Na,HPO4, pH 5; glycine-NaOH, pH 9 and 11. Stability
towards proteases was assayed by exposing 7 pg of PAF to
10 pg of pepsin, proteinase K or pronase (all from Sigma,
Vienna, Austria) in 0.1 M citric acid-Na,HPO, (at pH 4
and 5 for pepsin and at pH 7 for proteinase K and pron-
ase) for 3, 9 and 24 h at 30 °C.

To disclose the presence of the disulfide-bridges between
cysteine residues, PAF was treated with dithiothreitol (Fer-
mentas, St Leon-Rot, Germany), iodeacetamide (IAA;
Sigma) and cysteine (Sigma): 20 pg of PAF in 100 puL of
buffer A (100 mm NH4HCO;, pH 8) were mixed with
50 pL of dithiothreitol (10 mM in buffer A) and incubated
for 30 min at 56 °C. Next, 50 pL of IAA (55 mM in buffer
A) was added and the sample was further incubated at RT
for 20 min in the dark. Finally, excess IAA was blocked by
the addition of 50 uL of cysteine (55 mMm in buffer A). As a
control, PAF was treated in the same way as described, but
without either dithiothreitol, IAA or cysteine, or by omit-
ting all three components. Instead, equivalent buffer
volumes were used. The sample was subsequently concen-
trated by reducing the volume to 50 pL using a Gyro Vap
centrifugal evaporator (Howe, Banbury, UK). For each
experiment, samples were taken for SDS/PAGE analysis,
an antifungal activity assay, HPLC analysis and MS.

Microscopic analysis

The intracellular localization of PAF was visualized in
A. nidulans hyphae by indirect immunofluorescence staining
with rabbit anti-PAF serum and fluorescein isothiocyanate-
conjugated anti- (rabbit IgG) (Sigma) as described previ-
ously [11]. After washing for 10 min in Tris/NaCl/P;,
nuclei were stained with the fluorescence stain 4’,6’-diamidi-
no-2-phenylindole (1 :1.000 in Tris/NaCl/P;; Sigma) for
10 min. The samples were washed three times for 10 min in
Tris/NaCl/P; and mounted with Vectashield® mounting
medium (Vector Laboratories, Inc., Burlingame, CA, USA)
before visualization with a Zeiss Axioplan fluorescence
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microscope, equipped with an AxioCam MRC camera
(Zeiss, Vienna, Austria). The samples were observed with
the appropriate filters: excitation/emission at 488/520 nm
for green fluorescence and 356/420 nm for blue fluores-
cence. Picture editing was performed using Adobe Photo-
shop CS3, version 10.0 (Adobe Systems Inc., San Jose, CA,
USA).

SDS/PAGE separation

Pre-treated proteins (1 pg per lane) were separated by
SDS/PAGE on 16% polyacrylamide precast gels in the
Tris—glycine buffer system (NOVEX; Invitrogen, Lofer,
Austria) under denaturing and reducing conditions (sample
buffer: 0.1 m Tris, 0.8% SDS, 5% glycerine, 2% p-mercap-
toethanol, 0.002% bromphenolblue, pH 6.8) or under
denaturating, nonreducing conditions (nonreducing sample
buffer: 0.1 m Tris, 10% glycerine, 0.002% bromphenolblue,
pH 8.8; without heat-denaturation). In all experiments,
untreated PAF served as loading control. Proteins were
visualized by Coomassie blue staining or silver staining.

MS analysis

Determination of the molecular mass of the samples (native
PAF, protease-treated PAF, reduced PAF) obtained by
RP-HPLC was carried out using an LCQ ion trap instru-
ment (ThermoFinnigan, San Jose, CA, USA) equipped with
an electrospray source (ESI-MS). The electrospray voltage
was set at 4.5 kV, and the heated capillary was held at
200 °C. Protein samples (~ 1 pg) were dissolved in 50%
aqueous methanol containing 0.1% formic acid, and
injected into ion source.

NMR spectroscopy

Two 1.4 mg ""N-labelled PAF samples were dialyzed from
10 mm Na3;PO4/20 mm NaCl solution at pH 5.0. Then,
2.8 mg of protein was dissolved in a volume of 275 pL of
95: 5% H,0/D,0 to yield an approximate PAF concen-
tration of 1.6 mm-L™". The protein solution in a shigemi
NMR tube contained 40 mm-L™' NaCl and 0.04% NaNj.
The PAF NMR spectra did not exhibit sample decomposi-
tion for more than 1 year (the sample was stored at 4 °C).
All NMR spectra were acquired at 304 °K, except when
temperature-dependent >N HSQC spectra were measured
in the range 275-310 °K. Proton chemical shift scales are
referenced to sodium 2,2-dimethyl-2-silapentane-5-sulfo-
nate = 0 p.p.m. and heteronuclear shifts are referenced
indirectly from the gyromagnetic ratios for "N and '°C,
which gives 67.1 p.p.m. for the dioxane '*C signal.

For signal assignment and structure determination, the
NMR spectra were recorded on a DRX-700 (Bruker,
Rheinstetten, Germany) spectrometer. Water signal sup-
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pression was achieved using the WATERGATES sequence [52].
2D 'H-'>N HSQC spectrum was the seed for the assign-
ments at 700 MHz, and also allowed the straightforward
measurement of *Jyna couplings from signal splitting
(1400 x 256 time domain points transformed in a
8192 x 512 Fourier data table). Gradient echo-anti-echo
phase discrimination in both indirect dimensions was
applied in sensitivity enhanced 3D "N HSQC-TOCSY
(62 ms DIPSI mixing time) and 3D N HSQC-NOESY
(130 ms mixing time) experiments. The double echo-
anti-echo technique provides better sensitivity and water
suppression quality than standard TOCSY-HSQC or
NOESY-HSQC methods. In the proton dimension, 12 or
5 p.p.m. (amides only) was used, whereas, in the "N
dimension, the spectral window was reduced to 19 p.p.m.,
which resulted in folding of Lys15 and Gly21 peaks. In 3D
experiments 2048 x 256 x 46 points were acquired and
transformed in 2048 x 512 x 128 points. In general, suitably
shifted squared cosine or Gaussian window functions were
applied. Sequence specific resonance assignments [53-55]
were determined from the 3D spectra using the SPARKY
software [17,56]. Distance restraints were obtained from
SN decoupled and radiation damping suppressed 2D
NOESY (130 ms mixing time) spectrum. The 2D spectrum
was acquired in 2048 x 529 points and transformed to
4096 x 2048 points. Natural abundance '*C-'H HSQC
spectra lent more support to assignments, and provided
invaluable Co chemical shifts to aid secondary structure
determination. When the assignment was finished with
SPARKY, the automatic NOE assignment and structure cal-
culation was carried out using the ATNOS/CANDID 1.1
[19,20] in combination with cYANA 2.0 [18]. The basis of
automatic structure determination was a single 2D NOESY
spectrum (130 ms mixing time, 4096 x 4096 Fourier size,
2.1 Hz/point digital resolution). Because unambiguous
assignment of the disulfide pattern could not be achieved,
several conformational families were explored with different
disulfide pairings, including the simplest case with no disul-
fides at all (e.g. six free thiol groups). The final mean struc-
tures were energy minimized with GROMACS molecular
dynamics software using the optimized potential for liquid
simulations — all atom force field in vacuum to the force
field limit of 250 kJ'mol™'nm™'. For NMR dynamics,
besides the conventional N relaxation [T}, 7> and '"N-
(*H) NOE] [22,57,58], the longitudinal and transverse '°N
and 'H CSA/DD cross-correlated relaxation rates nZZ(ISN),
nxy(lsN) and nxy(lH) [59], and NH deuteration rates were
measured at 500 MHz. The PAF sample lyophilized from
H,O was dissolved in D,0, and then the progress of amide
deuteration at 304 °K at pH 5.0 was monitored in a series
of "N HSQC spectra using the peak volume integrals.
Sixty-nine time points were measured in the 0.17-48 h
interval. The decays were fitted with single exponential
functions, yielding the rates. For relaxation, a series of 2D
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heteronuclear correlated spectra using sensitivity enhanced
gradient pulse schemes [25] were recorded. Regarding the
typical experimental parameters: the 'H carrier frequency
was switched between the water resonance and the centre at
8.15 p.p.m. of the 5.2 p.p.m. 'H spectral window, whereas
the "N window was 27 p.p.m. centred at 118.5 p.p.m. The
relaxation delay times were set as: 73, 11.2, 101.2, 201.2,
401.2, 601.2, 801.2, 1001.2 and 1201.2 ms; 7,, Carr—Pur-
cell-Meiboom—Gill pulse trains of 0.03, 30.4, 60.8, 91.2,
121.6, 182.4, 243.2, 302.4, 360 and 417.6 ms in duration
were used; for the measurement of cross-correlated relaxa-
tion rates, m,, and Ty, the relaxation interference was
allowed to be active for 20 or 21.6 ms in pairs of experi-
ments, including the reference (A = 0 ms) experiment. The
number of transients collected per f; increment were 8 for
Ty, 16 for T», 32 for NOE, and 80 for n,, and ny, measure-
ments. A spin-lock field of 3400 Hz was used for the '*N
transverse cross-correlation experiment. Two-parameter
exponential fits of the measured volume intensities of cross
peaks were applied to extract the relaxation times 7', and
T>. The cross-correlation rate constants were determined
using the initial linear build-up rate approach. The theoreti-
cal expressions for the autorelaxation (R;, R,) and cross-
correlation rate constants (Nyy, N,,) and for the steady-state
heteronuclear NOE in terms of the spectral density func-
tions [J%®) auto- and J°(w) cross-correlation] are used as
described previously [60]. The simplifying assumption of
isotropic overall tumbling and the axial symmetry of con-
stant (Ac = —160 p.p.m.) N chemical shielding tensors
were applied. A bond length of ryy = 0.102 nm was used
in all calculations. The model-free [21] analysis of T}, T,
and heteronuclear NOE yielded the S$* order parameters
and local correlation times for all NH and the global corre-
lation time. The calculated ‘theoretical’ relaxation data
derived from these parameters agreed with experimental
values within a range of 2.3-2.8% (one standard deviation).

For the detection of chitobiose binding selective [32,33]
and group selective [34] saturation, transfer difference
experiments were run using solutions of 0.1 mm '’N-
labelled PAF and 5 mm chitobiose and a 3 s total satura-
tion time. Selective irradiation at 0.0 p.p.m. was carried
out using a pulse train of 50 ms 270° Gaussian pulses,
whereas simultaneous pre-irradiation of all amides was
aided with repeated (30 ms) bilinear rotational decoupling
pulse trains.

The MUMO combined molecular mechanics and
NMR dynamics

To obtain realistic conformational ensembles reflecting the
dynamical features of PAF, structure calculations using the
MUMO approach [27] were applied. Half-harmonic S>
restraints [28] and pairwise treatment of NOE restraints
between replicas were implemented in GROMACS 3.3.1 [61].
A simulated annealing protocol using ten 230 ns cycles
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Table 4. Analysis of the MUMO ensembles (80 members) with
respect to experimental NMR parameters, as calculated using r~°
averaging on the ensembles.

No disulfide abbacc  abcabc
Number of violated NOEs 15 9 22
Average violation (A) 1.12 0.33 1.65
Maximum violation (A) 422 1.01 438
S? (correlation coefficient) 0.81 0.44 0.79
SJntna (correlation coefficient) 0.43 0.50 0.42
HA-chemical shifts 0.60 0.64 0.67

(correlation coefficient)

similar to that described previously [27] was used, except
that the force constants were not modified during the
cycles. A simulation with eight replicas using the optimized
potential for liquid simulations — all atom force field [62] in
explicit water (SPC model) was run after a short round of
energy minimization and solvent equilibration. The starting
NMR structure was the output of the ATNOS/CANDID/CYA-
NA calculations. Disulfide bridges were introduced followed
by short energy minimization to ensure realistic geometry
using SYBYL (Tripos, St Louis, MO, USA) molecular mod-
elling software. Three ensembles were generated: one with-
out disulfide bridges, one with the pairing abbacc (7-36,
14-28, 43-54) and one with that of abcabc (7-36, 14-43,
28-54) (see Fig. S8). To validate the obtained structures,
3 Jin.na couplings were back-calculated from the ensembles
(Table 4) (parameters for the Karplus equation were taken
from a previous NMR/X-ray data set) [63] and correlated
with the measured values. Chemical shifts estimated with
SHIFTX [29] and averaged for the different ensembles were
also used for the evaluation of different ensembles.
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