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Amyloidogenic peptides of yeast cell wall
glucantransferase Bgl2p as a model for the
investigation of its pH-dependent fibril formation
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The pH-dependence of the ability of Bgl2p to form fibrils was studied using synthetic peptides with potential
amyloidogenic determinants (PADs) predicted in the Bgl2p sequence. Three PADs, FTIFVGY, SWNVLVA and NAFS,
were selected on the basis of combination of computational algorithms. Peptides AEGFTIFVGY, VDSWNVLVAG and
VMANAFSYWQ, containing these PADs, were synthesized. It was demonstrated that these peptides had an ability to
fibrillate at pH values from 3.2 to 5.0. The PAD-containing peptides, except for VDSWNVLVAG, could fibrillate also at pH
values from pH 5.0 to 7.6. We supposed that the ability of Bgl2p to form fibrils most likely depended on the coordination
of fibrillation activity of the PAD-containing areas and Bgl2p could fibrillate at mild acid and neutral pH values and lose
the ability to fibrillate with the increasing of pH values. It was demonstrated that Bgl2p was able to fibrillate at pH value
5.0, to form fibrils of various morphology at neutral pH values and lost the fibrillation ability at pH value 7.6. The results
obtained allowed us to suggest a new simple approach for the isolation of Bgl2p from Saccharomyces cerevisiae cell wall.

Introduction

Amyloids are fibrillar aggregates of proteins consisting of long
B-sheets in which B-strands are located perpendicular to the fibril
axis (cross-f3-structure).! Initially, amyloids attracted researchers’
attention because of the fact that many human and animal dis-
eases, including Alzheimer and Parkinson disease, are associated
with formation of amyloid deposits called “amyloid plaques” in
various tissues.” However, over the last decade a diversity of pro-
teins have been shown to fulfill their role in vivo in the form
of amyloid fibrils.** Amyloids were found to be highly wide-
spread at the cell surface of various microorganisms, including
fungi.”!" Hydrophobins,*’ repellents,'
shown to form amyloids on fungal surfaces and many secreted

and adhesins'' have been

cell wall proteins of Ustilago maydis are predicted to be amy-
loids.!? The investigation of amyloid proteins of microorganisms
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is of special importance for understanding of the potential of
microbe amyloids to cause harm to human and animal health,
particularly by constituting the “nucleus” of amyloid deposits in
macroorganisms."

Recently, we studied the cell wall (CW) of Saccharomyces cere-
visiae yeast, a microorganism of great significance for industry,
medicine and pharmacology, in order to identify amyloid-form-
ing proteins. We showed that the major, conserved and thermo-

stable cell wall protein'*"

glucantransferase Bgl2p, described for
a wide range of yeast species, formed the amyloid aggregates.'®
The amyloid-like characteristics of Bgl2p include fibrillar mor-
phology of the aggregates revealed in Bgl2p preparations using
transmission electron microscopy, as well as interaction of Bgl2p-
containing CW with Congo Red (CR), giving strong green
birefringence, and B-sheet-rich secondary structure shown by cir-

cular dichroism analysis and thioflavin T (ThT) fluorescence.'®
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Whether there were conditions, in which Bgl2p did not show the
ability to fibrillate, had been unknown by the time we started
this work.

In view of the importance of understanding the mechanism
of amyloid fibril formation for biotechnology, biology and medi-
cine, it is necessary to investigate factors and conditions which
define the existence of proteins in a soluble or an amyloid form."”
Also it was suggested that the key elements of the fibril formation
may be common to different proteins and simple model systems
could help to clarify many general aspects of this process.”® In the
present work, the Bgl2p fibrillation process was investigated more
thoroughly using Bgl2p synthetic peptides as model systems.
We focused on the pH dependence of the fibrillation processes
because of the facts that the pH value has a strong impact on the
amyloid fibrillation tendency and the structure of amyloid fibrils
depends on the pH at which they are prepared.'®"

This approach allowed us to identify trends in the ability of
Bgl2p, isolated from cell walls by heating, to fibrillate at different
pH values, based on which we offered a new method of Bgl2p
extraction from yeast CW.

Results

Bioinformatic analysis of potential amyloidogenic determi-
nants in Bgl2p. The Bgl2p sequence was analyzed using six com-
putational algorithms (FoldAmyloid, TANGO, AGGRESCAN,
PASTA, WALTZ and DHPRED), and the obtained results were
compared. The underlying principles of these algorithms can be
found in the articles dedicated to these issues.?*® The results of
the analysis are presented in Figure 1. Several potential amyloido-
genic determinants (PADs) were predicted at least by four or even
by five methods out of six. The predicted PADs were TALFFTAS
(aa 12-19), FTIFVGV (aa 83-89), NAFS (aa 190-193) and
GVNVIVFEA (aa 268-276). The rest of the protein sequence
was presented by areas, which none of the programs used pre-
dicted as potentially amyloid ones, as well as by those that were
predicted to be potentially amyloid, but by less than four of the
programs. Several sequences were predicted by Fold Amyloid and
AGGRESCAN. It should be noted that upon comparison of pre-
dicted aggregation propensity results by different methods and
experimental data obtained in vivo the programs Fold Amyloid
and AGGRESCAN demonstrated better results than in the case
of the TANGO, PASTA and WALTZ algorithms.” To verify
whether the predicted PADs of Bgl2p really had the pronounced
propensity to form amyloid structures, we synthesized PAD-
containing peptides with a length of 10 aa.

Synthesis of peptides. The peptides were synthesized with
blocked (acetylated and amidated) and non-blocked termini.
Hereinafter “NB” and “B” at the end of peptides mean “non-
blocked” and “blocked” termini, respectively. The first predicted
PAD (aa 12-19) was discarded, since it fell into the Bgl2p post-
translationally processed N-terminal cell wall transport signal
region, which was absent in Bgl2p from CW. Unfortunately,
the peptides which contained PAD (aa 268-276) turned out
to be insoluble in all solvents tested, therefore this PAD was

also not studied further. The control peptide NDVRSVVADI
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(aa 141-150 “B”) from the region which was predicted to be
non-amyloid according to our bioinformatic analysis, was syn-
thesized as well. Because several sequences were predicted by
FoldAmyloid and AGGRESCAN, we decided to synthesize pep-
tides VDSWNVLVAG (aa 166-175 “B” and “NB”) with one of
such sequences, SWNVLVA (aa 168-174).

In further experiments the soluble PAD-containing peptides
AEGFTIFVGYV (aa 80-89 “B”) and VMANAFSYWQ (aa 187-
196 “B” and “NB”), the peptides VDSWNVLVAG (aa 166-
175 “B” and “NB”) and the non-amyloidogenic control peptide
NDVRSVVADI (aa 141-150 “B”) were examined.

Effect of pH value on fibrillation of peptides. In the first
step of our work, the ability of the peptides to form fibrils was
determined using the amyloid-specific fluorescent probe ThT.?
To avoid presence of charges on termini of the peptides inves-
tigated (to keep their state close to the one inside the Bgl2p
molecule) measurements of ThT fluorescence of peptides with
blocked (acetylated and amidated) termini were made. Peptides
AEGFTIFVGV (aa 80-89 “B”) and VMANAFSYWQ (aa 187-
196 “B”), containing PADs of different length, fibrillated at all
pH values investigated (3.2-7.6) after half an hour of shaking
(Table 1). Peptide VDSWNVLVAG (aa 166-175 “B”) did not
fibrillate during this time frame (half an hour), but it fibrillated
at pH 3.2, 3.9 and 4.5 after shaking during 1.0, 1.5 and 14.0
h consequently (Table 2). Fibrils of this peptide at pH value
5.0 were visualized with ThT using fluorescent microscopy
(Fig. 2A). Thus, peptide VDSWNVLVAG (aa 166-175 “B”)
fibrillated at pH values from 3.2 to 5.0 and it can also be viewed
as a PAD-containing peptide. At pH ranging from 6.2 to 7.6 the
fibrillation of this peptide was not detected (data not shown).
The non-amyloidogenic control peptide NDVRSVVADI (aa
141-150 “B”) did not induce the characteristic ThT fluorescence
at pH values ranging from 3.2 to 7.6 even after shaking for 14 h
(data not shown).

Fibrils of peptide VDSWNVLVAG (aa 166-175 “NB”) at
pH value 5.0 were visualized with ThT in microscopy (Fig. 2B).
Some additional experimental data in support of the amyloid
properties of the investigated peptides with PADs is given in
Supplemental Information section (Figs. S1-S3; Table S1).

Fibril forming ability of Bgl2p. The fibrillation kinetics of
Bgl2p was studied at pH 5.0 and 7.6 using ThT. Bgl2p induced
specific ThT fluorescence at pH 5.0, but did not induce specific
ThT fluorescence at pH 7.6 (Fig. 3). The ability of Bgl2p to form
fibrils in water was also demonstrated (pH average 6.4 + 0.2).
Using microscopy it was demonstrated that Bgl2p isolated from
the CW without trypsin treatment formed long (up to several
tens of wm) fibrils and aggregates resembling “wisps” or “nests”
with evident aggregation centers (Fig. 4A—C). When Bgl2p was
isolated from the trypsin-treated CW, the fibrils detected were
curved, “worm-like” and rather short (up to 10 wm) (Fig. 4D
and E). In this case only a few evident aggregation centers
were revealed only by TEM (Fig. 4H-], arrows). Addition of
the major CW component, -1,3-glucan (laminarin), did not
affect the morphology and amount of Bgl2p fibrils (data not
shown). However, electron microscopy revealed clear aggrega-
tion centers in presence of 3-1,3-glucan (Fig. 41 and J). Notably,

Volume 7 Issue 2

. Do not distribute

lI0Science

©2012 Landes B



aa 10 20
MRFSTTLATA

seq
Foldamyloid
AGGRES CAN
WALTZ
DHPRED
PASTA

TANGO

aa 70 80
KVYAASDCNT LQNLGPAAEA

WRRARRN AR A

seq
Foldamyloid
AGGRES CAN
WALTZ
DHPRED
PASTA

TANGO

TWRRARNR

B

aa 130 140

seq
Foldamyloid
AGGRES CAN
WALTZ
DHPRED
PASTA

TANGO -

R

WRRARN AR e

aa 200
seq
Foldamyloid
AGGRES CAN
WALTZ
DHPRED
PASTA

TANGO

aa 250 260
seq TNFESSYPSV DNAKQFWKEG
Foldamyloid

AGGRESCAN o e
WALTZ
DHPRED *
PASTA
TANGO

aa 310
SDNLKYSLDC DFS

B

seq
Foldamyloid
AGGRESCAN B T
WALTZ
DHPRED
PASTA
TANGO

B

WRRARN AR

D VSAIGELAFN LGVKNNDGTC KSTSDYETEL QALKSYTSTV

VGSEALYRND LTASQLSDKI NDVRSVWWVADI SDSDGKSYSG KQVGTVDSWN VLVAGYNSAV

QGQTM QNASYSFFDD

B

30 40 50 60

T

100 110 120
PTDDSHYAAE KAALQTYLPK IKESTVAGFL

o
T

e "R w RRw

wRRRR

150 160 170 180

e

o = *

210 220 230 240
IMQALQVIQS TKGSTDITFW VGETGWPTDG

B

R

290 300
WKPNTSGTSD VEKHWGVFTS

Figure 1. Potential amyloidogenic determinants in Saccharomyces cerevisiae cell wall glucantransferase Bgl2p (UniProtKB/TrEMBL entry number
P15703). The amino acids predicted by computational algorithms to be a part of potential amyloidogenic determinants are marked with an asterisk
opposite the name of the corresponding algorithm. The confluences of positive amyloidogenic determinant prediction results are surrounded by
frames. Bgl2p N-terminal cell wall transport signal (in gray letters); peptide sequences, which were synthesized and investigated, are saturated gray.

Abbreviations: aa, amino acid number; seq, amino acid sequence.

the common feature of all fibrils was their length of more than
1 pm.

Bgl2p, which was partially purified by ultrafiltration (cut off
limit 100 kDa) from the growth medium of mutant strain S. cere-
visiae A270 with deletion in SSU/MCD4 gene (Bgl2p™), at pH
6.7 formed unstructured aggregates in the absence (Fig. 5A) and
fibrillar structures in presence of CR (Fig. 5B-D). CR is known
as an agent, which can either inhibit or enhance fibrillation.?3

www.landesbioscience.com
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Fibrillar structures were also found in growth media subjected
to dialysis and partial concentration by ultrafiltration in order to
eliminate of components with molecular mass less than 10 kDa
(Fig. 5E) without addition of CR.

According to the results presented in the Supplemental
Materials (Fig. S4), no difference was observed between the
mutant growth medium Bgl2p (Bgl2p“™) and wild-type CW
Bgl2p in their primary structure and in post-translational
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Figure 2. Fluorescence microscopy of the peptides at pH 5.0. (A) The peptide (aa 166-175 “B”). (B) The peptide (aa 166-175 “NB"). Staining was done

with 7.5 wM ThT.

modifications. It is important to note as well that Bgl2p®™ was
able to form denaturation-resistant oligomers (Fig. S5) and CW
Bgl2p demonstrated proteinase K resistance (Fig. S6).

Isolation of Bgl2p from cell walls without heating. Previously,
we suggested that the ability to form amyloid-like fibrils allows
Bgl2p to be retained firmly in the cell wall.'® In this work we dem-
onstrated that the fibrillation ability of this protein extracted from
a cell wall by heating was decreasing with the increase of pH value.
We took into consideration such pH dependence tendency of
Bgl2p fibrillation and extracted Bgl2p by incubation of cell walls
in a solution with alkaline pH (Fig. 6). It was possible to extract
Bgl2p ata pH value between 8 and 9, but the extraction was either

Table 1. Amyloid formation ability of the Bgl2p PAD-containing
peptides (aa 80-89 “B") and (aa 187-196 “B")

ThT fluorescence value + SEM value (arbitrary units)

pH value “Amyloid” peptide “Amyloid” peptide

(aa 80-89 “B”) (aa 187-196 “B”)
3.2 130+ 11.9 121.4 £ 26.4
3.9 137.2 £9.1 94.8+10.3
4.5 159.5+7.4 118.3 £24.8
5.0 146.7 + 8.4 105.1 £ 294
6.2 101.2 £ 16.7 164.6 +£22.9
6.9 117 £20.3 125.8 £ 15.7
7.6 104 £15.5 131 £33

Peptides were fibrillated during 30 min at 35°C with 1.9 cm orbital shak-
ing (200 rpm). The fluorescence value of a ThT control sample was sub-
tracted the (ThT + peptide) sample. At time zero the difference between
the fluorescence value of the (ThT + peptide) sample and the fluores-
cence value of the control ThT sample was equal to zero at all pH values
investigated and for all peptides investigated also. S.E.M., standard error
of mean of three replicates.
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slow (in this case the cell walls had to be incubated at alkaline pH
for more than 24 h) or ineffective (data not shown). At pH 9 effi-
clent extraction conditions were shown, since in a relatively short
time period the amount of Bgl2p comparable to the amount of
the protein extracted from the cell walls by heating was extracted.

Discussion

Bgl2p has been studied for a long time but only recently it has
been shown that this protein possesses amyloid properties.'®
However, conditions influencing on Bgl2p fibrillation have not
been studied until now.

According to the literature, one of the important factors that
affects the fibrillation is pH value of the medium.'®"” Therefore
we focused on studying the pH dependence of Bgl2p fibrillation.
The pH-dependence of the ability of Bgl2p to form fibrils was
studied using synthetic peptides with potential amyloidogenic
determinants (PADs) predicted in the Bgl2p sequence according
to a bioinformatic approach.

Structural studies as well as in vitro experiments with pro-
teolytic fragments of amyloidogenic proteins and synthetic pep-
tides revealed that the tendency for a protein to form amyloid is
often limited to a short sequence of a full protein, known as a
“self-recognition element.”® Self-recognition elements constitute

32,33

the core of amyloid fibrils,*3* and “hot spots” for aggregation of
the native protein into amyloid fibrils.** In this article, such self-
recognition elements are referred to as “potential amyloidogenic
determinants” (PADs).

In this work Bgl2p peptide sequences, determined to be impor-
tant for the amyloidogenic properties of Bgl2p using various bio-
informatics analyses, were validated experimentally mainly using

the ThT assay. The selected PAD sequences were predicted to be
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PAD:s by at least four out of six prediction algo- 35 1
rithms. Furthermore, a sequence only selected
by FoldAmyloid and AGGRESCAN was also
selected, because these two programs had ear-
lier demonstrated a high level of correlation
between the change in aggregation propensity
observed in vivo and the change in aggregation
propensity predicted in silico.”

Our prediction of amyloidogenic determi-
nants in the Bgl2p sequence correlated well
with the data obtained on the fibrillation abil-
ity of the peptides (Tables 1 and 2; Fig. 2).
The PAD-containing peptides AEGFTIFVGV
(aa 80-89 “B”) and VMANAFSYWQ (aa
187-196 “B”) formed amyloids at all pH o

30 1

25 o

20 A

15 o

10 A

Fluorescence intensity (arbitrary units)

NNV SV

values investigated (Table 1), the peptide °
NDVRSVVADI (aa 141-150 “B”), which was

1 2 3 a 5 6 7
Time of incubation (hours)

predicted to be non-amyloidogenic, did not

form amyloids (data not shown). The pep-
tides VDSWNVLVAG (aa 166-175 “B” and
“NB”) also formed amyloids within the pH
range 3.2-5.0 (Table 2; Fig. 2). For compari-

Figure 3. Fibrillation kinetics of Bgl2p at different pH values measured by thioflavin T
fluorescence at 480 nm at pH 5.0 (solid line) and pH 7.6 (dashed line). The fibrillation kinetics
was measured at 35°C and using 600 rpm of shaking for 240 s during each cycle of 400 s.
The excitation wavelength was 450 nm. The plotted data curves are an average of the three
individually measured fibrillation kinetics.

son some additional experiments revealing
the amyloid properties of the peptides investi-
gated (with non-blocked termini) are presented in Supplemental
Information (Figs. S1-S3; Table S1). These experiments sup-
ported the presence of amyloid-like aggregates in the samples of
peptides that showed a positive ThT signal.

Bgl2p had the same tendency to fibrillate as the peptides
VDSWNVLVAG (aa 166-175 “B” and “NB”) (Table 2; Fig. 2):
it fibrillated at pH 5.0 and did not fibrillate at mild alkaline pH
value 7.6. Thus, apparently the Bgl2p ability to fibrillate at differ-
ent pH-values was the function of coordinated fibrillation activ-
ity of different peptides.

The new insight into the pH-dependence of Bgl2p fibrillation
was used to introduce a novel extraction method where Bgl2p was
extracted from the cell wall without heating. It is advantageous
to avoid heating of Bgl2p although Bgl2p is considered to be a
thermally stable protein, since its activity when using the heating
method of extraction is rather low,” which may in some cases lead
to misinterpretation of the results.'*” Furthermore, earlier the
isolation of Bgl2p without heating was an extremely complicated
and laborious procedure.” As follows from the results obtained,
extraction of Bgl2p at alkaline pH from the cell walls allowed us
to purify Bgl2p to near homogeneity in one stage (Fig. 6).

It is important to note that the PAD-containing peptide
AEGFTIFVGYV (aa 80-89 “B”) contains a glutamic acid residue,
which possesses a negative charge at mild alkaline pH values.
Thereby this peptide at mild alkaline pH may lose its ability to
fibrillate due to electrostatic repulsion between negative charges
of the glutamic acid residues of the peptides. However, no signifi-
cant difference was found in fibrillation of the PAD-containing
peptides AEGFTIFVGYV (aa 80-89 “B”) and VMANAESYWQ
(aa 187-196 “B”) at mild alkaline pH values (Table 1). Apparently
the charges of amino acid residues in peptides with PADs did
not impede their fibrillation significantly. On the other hand,

www.landesbioscience.com

PAD-containing peptide VDSWNVLVAG (aa 166-175 “B”)
contains one residue with a negatively charged side chain (aspar-
tic acid) and it lost its ability to fibrillate at mild alkaline condi-
tions (Table 2). Two peptides AEGFTIFVGV (aa 80-89 “B”)
and VDSWNVLVAG (aa 166-175 “B”) have each one charged
residue in the second position from the N-termini of peptide.
In the first case it is Glu and in the second one it is Asp. It is
interesting that these peptides revealed different amyloidogenic
properties in different pH values. This may be explained by the
difference in the structure of the Glu residue, which differs from
Asp by only a single CH, group elongation of its side chain. This
small change causes big differences in the biological uses of Asp
and Glu residues. It was shown for CsgA protein that certain
Asp and Gly residues functioned as gatekeeper residues which

Table 2. Amyloid formation ability of the Bgl2p PAD-containing peptide
(aa 166-175 “B")

Time of incubation (hours)
pH

0.5 1 1.5 14
value
ThT fluorescence value + SEM (arbitrary units)
3.2 0 297.2 £ 35.1 194 +27.2 n.d.
3.9 0 0 134 £21.2 n.d.
4.5 0 0 0 1544 +11.6
5.0 0 0 0 0

Peptide was fibrillated at 35°C with 1.9 cm orbital shaking (200 rpm). The
fluorescence value of a ThT control sample was subtracted the (ThT +
peptide) sample. At the zero time difference between fluorescence
value of (ThT+ peptide) sample and fluorescence value of control ThT
sample was equal to zero at all pH values investigated. SEM, standard
error of mean of three replicates. In case of zero difference between
experiment and control samples SEM was no more than 1 arbitrary unit.
n.d, not determined.
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Figure 4. Bgl2p fibril morphology. (A-E) Immunofluorescent microscopy using anti-
Bgl2p antibody. Bgl2p was isolated from the CW, which was either not treated (A-C)

or treated (D and E) with trypsin before Bgl2p extraction from Saccharomyces cerevisiae
cell wall. (F-J) Transmission electron microscopy. Bgl2p was isolated from trypsin-treat-
ed Saccharomyces cerevisiae cell wall and then it was incubated in absence (F-H)

orin presence (I and J) of laminarin. Arrows indicate the “aggregation centers.”

inhibited the amyloidogenic properties of these repeating units.*®

Certain aspartic acid residues were shown to inhibit the intrinsic
aggregation tendencies of CsgA, a major subunit of the bacterial
cell surface of amyloid curlin.*

Alignment of predicted PADs with Bgl2p homologs (see
Supplemental Materials section Search for PAD-containing pep-
tides in Bgl2p fungi and plant homologues) led to the hypothesis
that homologs of Bgl2p from S. cerevisiae from different species
(including pathogenic yeast species, e.g., C. albicans) also pos-
sessed amyloid-like properties. In a previous study we have shown
that Bgl2p was not the only protein which could form amyloid in
a CW of S. cerevisiae yeasts.’”” Our result fit well with the predic-
tions about presence of B-aggregation prone proteins in the cell
wall made in the work of Tartaglia and Caflisch.?®

The difference in morphology of fibrils formed by Bgl2p
obtained from the CW not treated with trypsin, and the fibrils
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formed by Bgl2p obtained from trypsin-treated
CW, was shown (Fig. 4). The first ones looked
like “wisp” supramolecular aggregates with evi-
dent aggregation centers, and the second ones were
much less ordered (“worm-like”). Both morpholo-
gies have been observed earlier for well character-
ized amyloid fibrils, e.g., “wisps” of glucagon fibrils
and “worm-like” AR fibrils.*** The organization
of Bgl2p fibrils may be defined by the compound
(so called nucleator) susceptible to trypsin hydro-
lysis. Similar phenomenon is known for E. coli
curli extracellular amyloid fibril polymerization
which is directed by CsgB nucleator.”’ Adding of
B-1,3-glucan (major yeast cell wall component) to
Bgl2p, isolated from trypsin-treated CWss, did not
reveal significant alteration of Bgl2p fibril mor-
phology (data not shown). Electron microscopy
revealed slightly more visible aggregation centers
(Fig. 41 and J). These results indicated that 3-1,3-
glucan evidently is not strong nucleator in this
case. It should be noted that trypsin did not cleave
Bgl2p.'® Apparently the presumptive Bgl2p nuclea-
tor (PBN) contained the peptide part with arginine
and/or lysine residues which are the prerequisites of
trypsin proteolysis sites.

Our studies showed a positive correlation
between the predicted degree of amyloidogenic-
ity of various Bgl2p peptide sequences and their
experimentally measured ability to fibrillate. We
focused on the pH-dependence of Bgl2p fibril-
lation. Using amyloidogenic peptides as a model
for the investigation we demonstrated that pH
value was the important factor, which defined
the existence of Bgl2p in a soluble or an amyloid
form and proved this proposition using Bgl2p
isolated from CW by heating. We demonstrated
also that at mild acidic and neutral pH values
Bgl2p formed fibrillar structures with different
morphology (Figs. 4 and 5). We suggest that the
observed fibrillation of Bgl2p was the result of
PADs interaction. On the other hand the morphology of Bgl2p
fibrils depended on isolation conditions and apparently on yet
unidentified constituents.

Materials and Methods

Salts and low-molecular weight compounds were of ana-
lytical grade or better. Congo red {3,3-[(1,1'-biphenyl)-4,4'-
diylbis(azo)]bis- (4-amino-1-naphthalene) acid} disodium salt;
Sigma, product number C6277) and ThT [4-(3,6-dimethyl-
1,3-benzothiazol-3-ium-2-yl)-N,N-dimethylaniline  chloride;
Sigma, product number T3516] were used without further puri-
fication. TRIS was purchased from Merck (product number
648309). Qualifications and producers of the other compounds
are indicated in the sections devoted to the corresponding meth-
ods. Milli-Q water was used throughout.
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Figure 5. Bgl2p®" fibril morphology. Immunofluorescent microscopy of
Bgl2p®M fibrils with anti-Bgl2p antibody. Ultrafiltered growth medium
of Saccharomyces cerevisiae ssu21/mcd4 mutant contains components
which pass through the membrane with a cut-off limit of 100 kDa. Im-
ages of these components were collected without Congo red (A) and

in presence of 8 wM Congo red (B-D). The growth medium containing
components which do not pass through the membrane with a cut-off
limit of 10 kDa (E).

S. cerevisiae strain. DBY 746 (genotype MATo ura3-52 leu2-
3,112 trp1-289 his3-Al) further referred to as “wild type” mat-
ing type a kindly provided by M.D. Ter-Avanesyan (Cardiology
Research Center). This strain is parental with respect to A270
strain.

A270 with the deletion in SSU2I/MCD4 gene (genotype
MATa ura3-52 leu2 trpl-289 his3-Al ssu2l) and its revertant
strain bearing pHTSA plasmid with SSU21/MCD4 gene®* were
kindly provided by M.D. Ter-Avanesyan and G.V. Fominov
(Cardiology Research Center). Growing of yeasts in liquid
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Figure 6. Analysis of Bgl2p which was extracted from Sac-

charomyces cerevisiae cell wall in 100 mM Tris solution, pH 9.2.

(A) SDS-PAGE,Coomassie staining. (B) Western blot analysis. Bgl2p was
detected with antibodies. (1) Protein marker; (2) Bgl2p preparation.

—Bagl2p

nutritious YPD (1% yeast extract, 2% peptone and 2% glucose)
medium was performed in 750 ml flasks with a growth medium
volume of 200 ml in an orbital shaker (200 rpm) at 30°C.

Yeast cell wall isolation. Log-phase yeast cells (19 h of
growth) were precipitated by centrifugation for 10 min at 1,650 g
(OPn-8 with RU 180L rotor, Russia), washed twice with 0.05 M
potassium-phosphate buffer pH 8.0 and disrupted in the shaker
(Heidolph) using glass beads (0.5 mm; Sigma) on cooling. The
extent of cell disruption was estimated using a light microscope
(Opton). Only CW preparations containing less than 0.1% of
intact cells were used in the further work. CWs were separated
from the intracellular contents by centrifugation at 3,000 g for
5 min. CWs and cells formed the double-layer precipitate; CWs
forming the upper layer were carefully suspended in water and
separated from the cells. Then the CW preparation obtained was
washed twice with water, twice with 1% saccharose, twice with
1 M NaCl, twice with 1% NaCl and once with water. According
to the data obtained in our laboratory earlier, the treatments
allow the complete removal of intracellular contents and cyto-
plasmic membrane components (Kalebina, unpublished results).
The amount of CW was estimated spectrophotometrically
[absorbance at 540 nm (A540) of I ml of 500 g ml"* CW suspen-
sion equaled approximately 1.0].

Yeast cell wall partial deproteinization. For Bgl2p isola-
tion two different partial deproteinisated CW-preparations were
used. One of which was subjected to trypsin and SDS treatment
and the other was subjected to SDS treatment only.

Isolated CWs (A, = 100) were suspended in 3 ml of trypsin
solution (10 mg ml” in 0.05 M TRIS-HCl buffer, pH 7.5) (Sigma)
and incubated for 2 h at 37°C. For trypsin removal, CWs were
washed four times with 1 M NaCl and twice with water. To
ascertain the absence of proteolytic activity in the preparation,
the test with prestained casein (Reakhim) was used. In short,
an aliquot of CW suspension was incubated with prestained
casein solution (10 mg ml?) for 30 min at 37°C, and then the
protein was precipitated by incubation with 7% trichloroacetic
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acid (15 min at 4°C) and centrifugation at 11,100 g (Eppendorf
Minispin). The supernatant containing proteolytic peptides
conjugated with chromophore groups was separated from the
precipitate and investigated colorimetrically at 400 nm. The
absence of the supernatant color change was evidence of the
absence of proteolytic activity in the preparation studied. The
solution of prestained casein in the absence of proteases was used
as a control. After complete proteinase removal, CW suspension
was centrifuged at 3,000 g for 3 min, and the supernatant was
discarded.

Treatment with 1% SDS (Amresco, 0227) (1 h at 37°C) was
also applied. To remove SDS, the CWs obtained were addi-
tionally washed five times with 0.2 M sodium acetate buffer
(pH 5.5), three times with n-butanol/water mixture 0.7:1 (vol/
vol) and with water, until the smell of n-butanol had disappeared.
After each ablution, the suspension was centrifuged at 2,580 g
for 3 min, and the supernatant was discarded. CWs were stored
at 4°C in 0.05 M TRIS-HCI buffer (pH 7.5), and sodium azide
was added to the final concentration of 0.02%, if extended stor-
age was required.

Isolation of Bgl2p glucantransferase from the CWs.
Glucantransferase Bgl2p was isolated from trypsin/SDS- and
SDS-treated CWs (A, = 15) as previously described.'

Protein extraction in TRIS solution. Purified CWs were
incubated in 100 mM TRIS solution, pH 9.2 in ratio 1 optical
unit CW (A, ) for 2 ul 100 mM TRIS solution during 4.5 h at
30°C. Bgl2p extract was separated from CW by centrifugation at
13,400 rpm (Minispin) during 2 min at room temperature.

Prediction of potential amyloidogenic determinants. The
Bgl2p sequence was analyzed using six computational algo-
rithms, and the results obtained from the various algorithms
were compared. In this work, the following algorithms were
used: FoldAmyloid (http://bioinfo.protres.ru/fold-amyloid/oga.
cgi), TANGO (http://tango.crg.es/), AGGRESCAN (http://
bioinf.uab.es/aggrescan/), PASTA (http://protein.cribi.unipd.it/
pasta/) and WALTZ (http://waltz.switchlab.org/), as well as the
secondary structure prediction server DHPRED (htep://www.fz-
juelich.de/nic/cbb/service/dhpred.php). The principles underly-
ing the work of these algorithms can be found in articles devoted

to these issues.?%28

Importantly, the average correlation between
the change in aggregation propensity observed in vivo and the
change in aggregation propensity predicted in silico by the algo-
rithms FoldAmyloid and AGGRESCAN was better than for the
algorithms TANGO, PASTA and WALTZ.”

Thioflavin T amyloid-specific fluorescent probe assays. For
fibrillation kinetic measurements of peptides with non-blocked
termini or Bgl2p protein, a Fluostar Optima platereader (BMG
Labtechnologies) was used with 384-well plates with optical
bottoms from Nalge Nunc International (Rochester). The
samples were assayed in triplicates, and each well contained
50 wl of 25 pg ml' peptide or 30 wg ml' protein sample in
phosphate-citrate buffer. A final ThT concentration of 25
wM ThT (filtered) was introduced to each well. For the ThT
concentration determination, a molar extinction coefficient
at 412 nm of 36,000 M cm™ was applied for ThT in water.

The wells were covered with Polyolefin non-sterile sealing tape,
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also from NalgeNunc International, to avoid evaporation of the
samples. ThT fluorescence measurements were performed as
bottom/bottom measurements using an excitation wavelength
of 450 nm (10 nm bandpass) and an emission wavelength of
480 nm (12 nm bandpass). The fluorescence measurements
were performed at 35°C or 45°C every 400 sec. During each
cycle of 400 sec, there was 1 mm orbital shaking (600 rpm) for
240 sec.

Fluorescence measurements of fibrillation of peptides with
termini blocked were performed with Cary Eclipse fluorescence
spectrophotometer with 5 nm excitation and emission band-
pass (Varian Inc.). Excitation and emission wavelengths were
the same as used for the Fluostar Optima platereader. Peptides
were initially dissolved in 100% DMSO (up to concentration
of peptides equal 2 mg ml"). After that they were dissolved in
phosphate-citrate buffer and final concentration of DMSO was
no more than 1.25%. It should be noted that peptides with
blocked termini did not fibrillate without shaking. Fibrillation
of peptides with termini blocked was performed using incubator
shaker Excella E24 (New Brunswick) at 35°C with 1.9 cm orbital
shaking (200 rpm). The samples were assayed in triplicates in
1.5 ml tubes (each tube contained 500 pl of 25 pg ml! peptide
in phosphate-citrate buffer). A final ThT concentration of 25 pM
ThT (filtered) was introduced to each tube.

Higher pH values (more than 7.6) were excluded from the
analysis due to the ThT instability under alkaline conditions.**

Synthesis of PAD-containing peptides. Synthesis of pep-
tides with non-blocked (not acetylated, not amidated) termini
was performed on an z-alcoxybenzyl polymer (containing 0.5
mmol g' of hydroxyl groups) using standard procedures of
solid phase synthesis for FmocBu® protective groups of amino
acids.** Removal of a peptide from a polymer and simultaneous
unblocking of side groups of amino acid residues was conducted
in a mixture of trifluoroacetic acid (TFA): thioanisole: H,O:
ethanedithiol (85:5:5:5) for 2 h. The peptides were purified
using reversed phase high performance liquid chromatography
in a gradient of acetonitryl in 0.1% TFA (10-70% in 60 min)
at an eluent velocity of 4 ml min™. The eluent’s absorption was
registered at a wavelength of 226 nm. The HPLC experiments
were performed with a System Gold chromatograph (Beckman),
in Jupiter 5 C18 300A 250 x 4.60 mm (Phenomenex) and
Reprosil-Pur C18AQ 5w 250 x 4.60 mm (Dr Maisch, Germany)
columns in the case of analytical chromatography, and in a
Jupiter 10 C18 300A 250 x 10.00 mm (Phenomenex) in the
case of the preparatory one. The molecular weight of the pep-
tides was measured with a VISION 2000 device (Bioanalysis),
according to the MALDI method, and was found to correspond
with the calculated one.

Synthesis of peptides with termini blocked (acetylated and
amidated) was performed on a Rink-polymer using standard pro-
cedures of solid phase synthesis for Fmoc Bu' protective groups of
amino acids.” Removal of a peptide from a polymer and simul-
taneous unblocking of side groups of amino acid residues was
conducted in a mixture of TFA: H,O: ethanedithiol (90:5:5) for
2 h. The peptides were purified using reversed phase high per-

formance liquid chromatography in a gradient of acetonitryl in
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0.1% TFA (30 to 70% in 40 min) at an eluent velocity of 4 ml
min”. The eluent’s absorption was registered at a wavelength of
226 nm. The HPLC experiments were performed with a System
Gold chromatograph (Beckman), in Jupiter 5 C4 300A 250 x
4.60 mm (Phenomenex) column in the case of analytical chro-
matography, and in a Jupiter 10 C4 300A 250 x 10.00 mm
(Phenomenex) in the case of the preparatory one. The molecular
weight of the peptides was measured with a VISION 2000 device
(Bioanalysis), according to the MALDI method, and was found
to correspond with the calculated one.

In the majority of the studies the peptides with non-blocked
termini were dissolved in deionized water and then buffer was
added. Peptides with termini blocked were initially dissolved in
dimethyl sulfoxide and then buffer was added (final concentration
of dimethyl sulfoxide was no more that 1.2%). Concentrations of
peptides were equilibrated to 25 pg ml” before experiments.

Protein and peptide concentration measurement. Protein and
peptide concentrations were measured according to the technique
of Scopes.”” Sample absorption in the range of 190-350 nm was
determined using a Cary 50 Scan UV-Visible Spectrophotometer
(Varian, Inc.). Bgl2p concentration was 0.03 mg ml™.

Confocal microscopy of samples stained with ThT. Images
of fibrils formed by peptides were obtained using fluorescent con-
focal scanning microscopes, Carl Zeiss Axiovert 200M LSM 510
META (Zeiss), or Leica TCS SP2 AOBS (Leica).

Bgl2p peptide samples placed on glass slides were incubated
in conditions preventing desiccation in case of usage of phos-
phate-citrate buffer with pH 5.0 or 7.6. Afterwards, samples were
stained with 7.5 pM of ThT. ThT was excited using an Argon
laser (458 nm), and the emission signal was detected in the range
of 475-525 nm.

Confocal microscopy of Bgl2p samples stained with anti-
body. Images of fibrils formed by glucantransferase Bgl2p were
obtained using fluorescent confocal scanning microscopes Carl
Zeiss Axiovert 200M LSM 510 META (Zeiss), or Leica TCS SP2
AOBS (Leica).

Bgl2p-containing samples placed at glass slides were incu-
bated in conditions preventing desiccation. After that, samples
were stained with mouse primary polyclonal antibody against
Bgl2p and secondary polyclonal goat anti-mouse antibody lgG
labeled with Alexa-488 fluorophore (Invitrogen).

Electron microscopy. Negative-staining EM was used. Small
volumes (2 ) of samples containing at least 60 ng of Bgl2p
were adsorbed onto glow-discharged carbon-coated, Formvar-
filmed 400-mesh copper grids and immediately dried down. Two
percent uranyl acetate staining solution was then absorbed for
2 min. Grids were allowed to dry in a light-protected environ-
ment and were viewed in a JEM-100B (JEOL) electron micro-
scope at the accelerating potential of 80 kV.

Electrophoresis, western blot analysis. Electrophoresis was
performed according to Laemmli*® in 10% resolving polyacryl-
amide gels. Proteins were stained with Coomassie G-250 or
immunologically detected by western blot analysis. Prestained
Protein Molecular Weight Marker (Fermentas, Canada) was
used. Bgl2p antiserum was raised in male BALB/c mice (SPF
status) using SDS PAGE-purified protein (40 pg per mouse).*’

Other methods. S. cerevisiae ssu2l/mcd4 mutant growth
medium ultrafileration was performed using MidGee Cross Flow
hollow fiber cartridges (GE Healthcare) with hold-up volume of
0.5 ml and cut-off limit of 100 kDa and using Millipore filters
with cut-off limit of 10 kDa.
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