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Abstract: Biophysical studies on amyloidogenic and aggregation-prone peptides often require
large quantities of material. However, solid-phase synthesis, handling, and purification of peptides
often present challenges on these scales. Recombinant expression is an attractive alternative
because of its low cost, the ability to isotopically label the peptides, and access to sequences
exceeding ~50 residues. However, expression systems that seek to solubilize amyloidogenic
peptides suffer from low yields, difficult optimizations, and isolation challenges. We present a
general strategy for expressing and isolating amyloidogenic peptides in Escherichia coli by fusion
to a polypeptide that drives the expression of attached peptides into bacterial inclusion bodies.
This scheme minimizes toxicity during bacterial growth and enables the processing and handling
of the peptides in denaturing solutions. Immobilized metal affinity chromatography, reverse phase
HPLC, and cyanogen bromide cleavage are used to isolate the peptide, followed by further reverse
phase HPLC, which yields milligram quantities of the purified peptide. We demonstrate that driving

the peptides into inclusion bodies using fusion to BCL-XL-1/2 is a general strategy for their
expression and isolation, as exemplified by the production of 11 peptides species.
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Introduction

Amyloidogenic peptides are the object of intense study
because their misassembly into cross-beta sheet, or
amyloid, structures is associated with a spectrum of
aging-associated diseases, including Alzheimer’s dis-
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ease and type II diabetes.* Understanding the mecha-
nisms of amyloid assembly should provide insight into
the etiology of these diseases and possibly enable
interventional strategies. Amyloidogenic peptides are
challenging to produce, purify, and handle3; and too
often the scope of their study is limited by the quanti-
ties of the peptide that can be generated.

To date, all full-length amyloidogenic-peptide-
expressing systems in E. coli have either expressed the
peptides directly or expressed them by fusion to a solu-
bilizing protein or protein domain. Direct expression is
unreliable for short peptides. The solubilizing fusion
partners used for expression of amyloidogenic peptides
include maltose binding protein,*5 glutathione S-trans-
ferase,®” thioredoxin,®° and poly(NANP).'® Because
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amyloidogenic peptides are naturally aggregation-
prone, we designed a system where the peptide is
attached to a fusion partner that directs the polypeptide
into inclusion bodies in E. coli. This strategy takes
advantage of the natural bacterial response for dealing
with aggregating polypeptides, and relieves the cell of
the potential toxicity conferred by soluble aggregates of
these proteins.">** Indeed, it has recently been observed
that bacterial inclusion bodies share biophysical proper-
ties with amyloid aggregates.’®'# Thus, inclusion-body-
directing tags are a more natural choice for bacterial
expression of amyloidogenic peptides than solubilizing
tags. An amyloidogenic peptide fusion to ketosteroid
isomerase (KSI), a sequence that prefers to form inclu-
sion bodies, has been used for the expression of a short
fragment of an amyloidogenic peptide, Ap 11-26'%; how-
ever, it is unclear whether this approach would efficiently
afford inclusion bodies when fused to longer full-length
amyloidogenic peptides. Fusion of KSI to the C-terminus
of peptides of interest afford the unnatural C-terminal
homoserine lactone after CNBr cleavage,'® which may be
acceptable for model systems, but may not be acceptable
for studies on native amyloidogenic peptides.

High-level expression of proteins as inclusion
bodies has generally been eschewed in the structural
biology community because of the difficulties associ-
ated with recovering native structure after resolubiliza-
tion in chaotrope.” Unlike many proteins that adopt
well-defined structures, aggregation-prone amyloido-
genic peptides are often weakly structured or intrinsi-
cally unstructured in solution.’®® As preservation of
structure is unnecessary, recovery of these peptides in
a denatured state is preferable to prevent handling dif-
ficulties associated with aggregation.

Fusions to truncated BCL-XL proteins were previ-
ously used as a strategy for directing the expression of
membrane-bound proteins to inclusion bodies. These
inclusion bodies were reconstituted into SDS micelles
and transferred to model bilayer-forming detergents for
structural studies.®*® These BCL-XL fusions yielded
higher quantities of peptide relative to the typically used
fusion partners, KSI and trpALE. We surmised that this
strategy could be adapted for the expression of aggrega-
tion-prone amyloidogenic peptides, although we opted to
use a different host plasmid, one that is arabinose induci-
ble to gain enhanced control over the expression of these
cytotoxic peptides. To our further advantage, BCL-XL
was established as compatible with cyanogen bromide
treatment; the cleavage method we chose given its low
cost, its generation of a N-terminus with minimal restric-
tion on the identity of the first amino acid, and the avail-
ability of this method to denaturing conditions.

Results

Vector design
In the work of Thai et al.,>° two constructs were
tested: a 173-amino acid BCL-XL segment generated

Yonemoto et al.

AraC Construct

(see below)

Kpnl
Hindil

(derived from pBAD, Invitrogen)

poly(His) tag

Ndel

Peptide

DSB | His, | [(K/R)(P/G)]s

cationic spacer
downstream box

BCLXLy, |M

methionine
for cleavage

Figure 1. A schematic of the pBCA plasmid: the pBCA
plasmid is derived from the pBAD plasmid (Invitrogen) and
is modified to express the inclusion-body construct as
indicated. A reconfigured multiple cloning site (MCS) has
been engineered and a distal Nde1 site has been removed,
affording a unique Nde1 site within the construct. The
inclusion body construct includes a downstream box (DSB)
for enhanced translation, a poly(His) tag for metal affinity
chromatography, a cationic linker to improve purification,
and the BCL-XL-1/2 sequence. This is followed by a
methionine residue for cyanogen bromide cleavage
provided by an in-frame Nde1 restriction site (CATATG).

by truncating the C-terminus, and a 96-amino acid
segment generated by truncating 77 additional amino
acids from the N-terminus. For our purpose, we chose
to use the shorter, 9g6-amino acid peptide as the basis
for our fusion partner, which we refer to as BCL-XL-1/
2. This choice was made because more of the mass of
the inclusion is the amyloidogenic peptide of interest
and because the shorter BCL-XL-1/2-amyloidogenic
peptide fusions are more amenable to reverse phase
HPLC purification.

The Thai et al.>® vector was altered in three im-
portant ways. First, our vector, distinct from the
IPTG-inducible pET vector used by Thai et al., uses an
arabinose-inducible promoter derived from the ara-
BAD operon utilized in the Invitrogen pBAD vector,
upon which the pBCA vector (see Fig. 1) used herein is
based.** This change was made to improve the control
of amyloidogenic peptide expression to prevent amy-
loid-associated bacteriotoxicity before induction. Sec-
ond, a downstream box (DSB, Fig. 1) was added N-ter-
minal to the His, purification tag to enhance ribosome
binding,** and a cationic spacer ([(K/R)(P/G)];, Fig. 1)
was inserted between the His, purification tag and the
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Table I. A List of the Peptides Generated in the Course of this Study

Peptide Sequence mw (kDa)

Amylins*®23

Amylin (carboxylate) KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY 3904.3

Amylin free acid KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTYG 3961.4

Amylin + KR KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTYGKR 4245.7

Amylin + CT KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTYGKRNAVEVLKREPLNYPLY 6145.9

Proamylin KATPIESHQVEKRKCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTYGKRNAVE 7650.6
VLKREPLNYPLY (see note added in Proof)

Gelsolins®27

AGel 5 kDa ATEVPVSWESFNNGNCFILDLGNNTHQWCGSNSNRYERLKATQVSKGIRDNER 6067.6

AGel 8 kDa ATEVPVSWESFNNGNCFILDLGNNTHQWCGSNSNRYERLKATQVSKGIRDNER 7860.5
SGRARVHVSEEGTEPEA

Insulins®#*5

Proinsulin FVNQHLCGSHLVEALYLVCGERGFFYTPKTRREAEDLQVGQVELGGGPGAGSL 9388.7
QPLALEGSLQKRGIVEQCCTSICSLYQLENYCN

Proinsulin akita FVNQHLCGSHLVEALYLVCGERGFFYTPKTRREAEDLQVGQVELGGGPGAGSL 9540.7
QPLALEGSLQKRGIVEQCYTSICSLYQLENYCN

a-Synucleins®

a-Synuclein major core GKTKEGVLYVGSKTKEGVVHGVATVAEKTKEQVTNVGGAVVTGVTAVAQKTV 7256.3
EGAGSIAAATGFVKKDQLGKN

a-Synuclein minor core GKTKEGVLYVGSKTKEGVVHGVATVAEKTKEQVINVGGAVVTGVTAVAQKTV 7867.9

EGAGSIAAATGFVKKDQLGKNEEGAPQ

BCL-XL-1/2 sequence to improve the yield and to aid
in purification, respectively. Third, the Thai BCL-XL-
1/2 sequence has been mutagenized for E. coli codon
optimization and was modified by mutating an inter-
nal cysteine to serine (C35S) to prevent complications
resulting from the potential generation of intermolecu-
lar disulfide bonds. A schematic of the pBCA plasmid
and BCL-XL-1/2 construct is shown in Figure 1.

Using standard molecular biology approaches (see
Materials and Methods), we prepared plasmids for the
expression of 11 peptides from four nonhomologous
peptide families to demonstrate the versatility of the
BCL-XL-1/2 expression system for the production of
amyloidogenic peptides (Table I).>® These include pep-
tides from the amylin family,'®*' the insulin fam-
ily,®#25> the gelsolin amyloid fragment (AGel) fam-
ily,227 and two peptides identified by limited
proteolysis as the core of alpha synuclein fibrils.?®

Expression and characterization

Generalized BCL-XL-1/2-peptide expression conditions
are based upon the optimized conditions for the
expression of the amylin free acid construct. Bacteria
harboring the pBCA plasmid are grown to very high
densities (ODgoo ~1.4). Expression was induced using
arabinose, and the incubation temperature was
increased to 40°C to promote inclusion body forma-
tion. The bacteria were harvested after a relatively
short time (2 h). The araBAD-operon-containing BL21
strain performed marginally better than the recom-
mended Top1o (modified DH1o0alpha) strain, possibly
because of the extra copy of the araC gene for added
expression control in spite of the innate metabolic
consumption of arabinose found in this strain (data
not shown). The BL21 strain was also preferable
because of its faster generation time, enabling cultures
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to grow to desired high densities in a convenient
timeframe.

Bacteria expressing the BCL-XL-1/2-amylin free
acid fusion exhibited classical inclusion body morphol-
ogy as revealed by electron microscopy imaging. Unin-
duced bacteria occasionally contained inclusion bodies,
likely because of natural processes within bacteria, but
these inclusion bodies did not stain with the polyhisti-
dine antibody [Fig. 2(A)]. Inclusion bodies found in
induced bacteria stained with secondary immunocon-
jugated gold particles bound to a monoclonal anti-pol-
yhistidine primary antibody [Fig. 2(B)].

Processing of inclusion bodies

After harvesting and overnight freezing, bacterial cells
were lysed using sonication and the insoluble compo-
nents were subjected to repeated cycles of washing by
sonication in fresh buffers and pelleting by centrifuga-
tion. SDS-PAGE monitoring of this process indicated
increasing enrichment of the desired peptide away
from endogenous E. coli proteins [Fig. 3(A)]. As
designed, throughout the wash steps the insoluble pel-
lets contained the expressed peptide fusion, evidenced
by the presence of reactivity to an anti-polyhistidine
antibody [Fig. 3(B)] only in the pellet samples.

Complications in inclusion body processing

The induced BCL-XL-1/2 fusion polypeptides migrated
upon SDS-PAGE as SDS denaturation-resistant oligo-
meric structures. These oligomers appear shortly after
induction in E. coli and persist and intensify over the
course of inclusion body washing [Fig. 3(B)]. To deter-
mine if intermolecular disulfide bonding could be re-
sponsible for this phenomenon, an amylin mutant
with no cysteines and an amylin mutant with an
increased cysteine count were generated and inserted

Expression of Amyloidogenic Peptides in E. coli



Figure 2. (A) Uninduced bacteria harboring a pBCA
plasmid with an amylin free acid insert generate inclusion
bodies, but they are not very prevalent and fail to label
when stained using an anti-polyhistidine primary antibody
and an immunogold-conjugated secondary antibody.

(B) Induced bacteria generally generate inclusion bodies,
which exhibit immunogold staining using the same protocol.

in the fusion polypeptide construct, and the postinduc-
tion oligomer content was probed by Western blotting.

The amylin analog containing no cysteines yielded
oligomeric species, albeit in very low quantities;
increasing the cysteine count resulted in progressively
increased dimer and higher order oligomer content,
suggesting that disulfide oxidation can trap oligomers
as covalently bonded species [Fig. 3(C)]. It is clear
that oligomerization does not correlate solely with the
presence of cysteines, as proinsulin, which contains
three times as many cysteines as amylin, exhibits a
prominent dimer band, but higher order oligomer
accumulation is less pronounced than that of the amy-
lin-derived species containing fewer cysteine residues
[Fig. 3(C)]. Thus, both peptide sequence and cysteine
count determine oligomerization propensity. The
increase in oligomerization with cysteine count under-
scores the need to keep cysteine-containing peptides
reduced when using this expression system and vindi-
cates the choice to mutate the wild-type BCL-XL cyste-
ine residue to serine in the BCL-XL-1/2 sequence.

The BCL-XL-1/2-alpha synuclein minor core frag-
ment fusion exhibited noteworthy solubility and
required a modification of the standard process
described earlier for effective inclusion body produc-
tion. Without modification, some of the fusion peptide
was sequestered as inclusion bodies, but most of the
product persisted in the soluble supernatant after cen-
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trifugation [Fig. 4(A)]. Inclusion body sequestration
could be enhanced by increasing the time or tempera-
ture of induction, or increasing both [Fig. 4(B)]. The
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Figure 3. A typical bacterial expression run is exemplified
by the amylin free acid fusion construct. (A) Coomassie-
stained gel of whole cell lysates 0, 1, and 2 h postinduction
illustrates the increasing titer of the engineered peptide;
samples of supernatant (S) and pellet (P) after successive
rounds of centrifugation illustrate retention of the
engineered peptide in the pellets and increasing levels of
purity. (B) Anti-polyhistidine Western blot of the same gel
confirms the identity of the engineered peptide and
illustrates the presence of oligomeric species. Comparison
of the Coomassie gel and the Western blot suggests that
the oligomers have a higher affinity for the primary
antibody, presumably because of polyvalency. (C) The
presence of increasing numbers of cysteine residues
contributes to an increased population of the oligomeric
states; however, as is illustrated by the differences between
the amylin constructs and the proinsulin construct, peptide
identity also contributes significantly to the oligomer
distribution.
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Figure 4. Expression of alpha synuclein (minor core
fragment) exhibited altered inclusion body dynamics.

(A) A Coomassie-stained gel of the expression and
processing steps shows large quantities of the engineered
peptide in the soluble fraction post-lysis. Persistence of the
peptide in the second and third soluble fractions is likely due
to the presence of unlysed bacteria or pellet disassembly. (B)
A Coomassie-stained gel of a reoptimization of the
expression conditions varying on time and induction
temperature. Despite its propensity to resolubilize the BCL-
XL-1/2 construct, the minor core fragment can be driven into
inclusion bodies by elevating the expression temperature
and harvesting after extended periods of time.

alpha synuclein fusion polypeptide could be nearly
completely forced into the insoluble fraction by shift-
ing the postinduction temperature to 42°C instead of
40°C and harvesting the bacteria 8 h postinduction,
instead of 2 h.

Under the standard conditions described earlier,
the BCL-XL-1/2-alpha synuclein major core fragment
fusion peptide also exhibited some solubility. However,
the relative ratio of soluble versus insoluble for this
species was not as dramatic (see Supporting Informa-
tion). This sequence differs from the minor core frag-
ment sequence only by the lack of the C-terminal six-
residue sequence EEGAPQ. Hence, the usually predict-
able inclusion body formation can be disrupted by
subtle sequence-specific effects; although it seems that
the factors preventing sequestration into inclusion
bodies can be overcome by altering the environmental
conditions, in particular the temperature.

Postprocessing purification
Once isolated from most of the soluble E. coli compo-
nents, the inclusion bodies are subjected to a 5- to 7-
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day resolubilization procedure using highly denaturing
and reducing conditions: 7.2M  guanidine-HCI,
tris(carboxyethyl) phosphine. The peptides are then
subjected to ultracentrifugation to clear the remaining
insoluble material, including lipids, nucleic acids, and
possibly protein aggregates. The remaining superna-
tant contains the fusion polypeptide and is subjected
to immobilized metal affinity chromatography, which
affords a highly purified sample. The eluted peptides
appear to comprise monomeric BCL-XL-1/2 fusion
peptides, persistent dimers, and occasionally, proteo-
lyzed fragments. These are then subjected to RP-HPLC
(C4) to further purify and remove the guanidine dena-
turant. The RP-HPLC solvents (acetonitrile or isopro-
panol) were removed by lyophilization, affording a dry
sample of the fusion peptide.

The lyophilate was subjected to cyanogen bromide
cleavage in 7.2M guanidine-HCI and separated from
the fusion polypeptide by a second round of RP-
HPLC, again using a C4 column. Additional purifica-
tion could be achieved by subjecting the peptide to a
final round of RP-HPLC using a C18 chromatography
column.

Yields of peptides

Upon cleavage and repurification, all constructs
yielded between 5 and 10 mg of peptide as measured
by the dry mass of the lyophilate, including TFA coun-
terion salts, which can be nonstoichiometric (see Table
II). These values corresponded to a yield of ~15—20%
for the cyanolysis reaction. Although typical cyanolysis
reactions can exhibit yields approaching 50%,%%3° our
reaction exhibited lower yields. We ascribe this to the
self-association tendencies of these peptides and their
propensity to form oligomers and aggregates. Any per-
sistence of such aggregates upon resolubilization of the
lyophilate may create steric occlusion or accessibility
problems near the critical methionine residue. Over-
night treatment in denaturant was critical for the suc-
cess of the reaction.

Table II. Yields of Fusion Polypeptide and Cleaved
Peptide from a 4 L of Shake-Flask Culture

Fusion Final

protein yield

Family Construct yield (4 L) (4 L)
Amylin Amylin (carboxylate) 130 mg 9 mg
Amylin free acid 250 mg 10 mg

Amylin + KR 180 mg 6 mg

Amylin + CT 170 mg 7 mg

Proamylin 150 mg 4 mg

Gelsolin 5 kDa aGel 210 mg 9 mg
8 kDa aGel 170 mg 6 mg

a-Synuclein Major core 220 mg 12 mg
Minor core 330 mg 7 mg

Insulin Proinsulin 206 mg 10 mg
Akita proinsulin 140 mg 8 mg

Expression of Amyloidogenic Peptides in E. coli



Discussion

The solid-phase synthesis of aggregation-prone amyloi-
dogenic peptides, while capable of producing large
quantities, is often complicated by on-resin aggrega-
tion. Furthermore, impurities found in this process are
often truncations or deletions, which may be difficult
to separate by HPLC. By contrast, expression gives
access to longer polypeptides, enables isotopic label-
ing, and facilitates orthogonal purification using tags.
Final HPLC steps on expressed peptides ultimately
separate peptides from chemically distinct species,
improving overall purity.

Although no one system is an ideal solution for
the expression of all peptides, a careful choice of
expression vectors can afford high yields of products.
Not all peptides are well suited for our expression sys-
tem—the Alzheimer’s A-beta peptides (both 1-40 and
1-42), for example, contain an internal methionine
which would be subject to fragmentation during the
cyanogen bromide cleavage step. This internal methio-
nine can affect the aggregation characteristics of the
A-beta peptide when oxidized,?' suggesting that even a
conservative mutation, such as mutation to leu-
cine,'®3* could result in nontrivial effects. It may be
possible to express methionine-bearing peptides by
using N-chloro-succinimide to selectively cleave at the
C-terminus of a tryptophan residue, but this was not
attempted for our system.32 It may also be possible to
engineer sites enabling enzymatic cleavages to be con-
ducted in denaturing solutions by specialized, kineti-
cally stable proteases.?*

Native amylin contains a C-terminus that is ami-
dated. The chemical transformation to convert the C-
terminal carboxylic acid (amylin (carboxylate), Table
I), resulting from our recombinant expression, to a
primary amide was not explored in this study. How-
ever, we believe that it should be possible to achieve
this using EDC/NHS activation of the amylin C-termi-
nal carboxylate followed by treatment with aqueous
ammonia, as amylin itself contains no carboxylate side
chains. Williamson and Miranker®® have recombi-
nantly made the nonamyloidogenic, rodent C-termi-
nally amidated amylin sequence, taking advantage of
ammonia treatment of an intein-derived thioester.
Considering that the intein has to be folded in order
to function, this strategy could be problematic for
amyloidogenic peptide expression.

Considering these limitations, our strategy
resulted in multimilligram quantities of amyloidogenic
peptides from laboratory-scale bacterial expression
using our constructs. Moreover, the strategy is general,
applicable to the expression of 11 different peptides
from four different families of amyloidogenic peptides,
including epitope-tagged peptides, and truncations.
Some of the constructs generated enabled the produc-
tion of peptide variants for biophysical study.'® In one
construct, a greater than fivefold improvement in
expression yield was achieved over our previous
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efforts,2® notwithstanding improved purity conferred

by our revised purification strategy. We envision that
this platform will be useful for the expression of other
amyloidogenic peptides, as well as for the expression
of isotopically labeled samples, which are critical for
modern solid-state NMR studies on amyloid struc-
tures.’®:3%37 Qverall, the versatility of this system dem-
onstrates that using the internal system for handling
misfolded peptides is a sound and general strategy for
the expression of naturally aggregation-prone peptides
in E. coli.

Materials and Methods

Preparation of plasmid vectors and inserts

pBCA was prepared by modification of the pBAD
(Invitrogen) plasmid vector. The multiple cloning site
of the pBAD vector was altered by insertion of a syn-
thesized double-stranded oligonucleotide and ligation
of the oligonucleotide to the plasmid digested with the
Xhol and HindIII restriction enzymes. An Ndel
restriction site on the opposite side of the plasmid was
eliminated by the insertion of a sticky-end double-
stranded oligonucleotide generated by annealing two
complementary, single-stranded oligonucleotides. The
modified BCL-XL-1/2 open reading frame was pre-
pared by repeated cycles of assembly PCR3® to contain
an optimized codon set. The following changes in pep-
tide sequence were made from the original human
BCL-XL gene (accession: Z23115): only residues 117—
212 were used, M159 and M170 were mutated to leu-
cines,?® and C151 was mutated to a serine.

Individual fusion constructs were generated by
extension PCR to generate a 5' Ndel and a 3’ double
stop codon (TAGTAA) and Xhol restriction site. The
PCR products and the pBCA plasmid were then sub-
jected to digestion by the respective restriction
enzymes, isolation of fragments using agarose gel elec-
trophoresis, and ligation using T4 ligase (New England
Biolabs). Some ligations failed, likely owing to primer
design and overhang requirements of the Ndel
enzyme. These required insertion of the PCR product
into the pCR 2.1 plasmid using a commercial TA clon-
ing kit (Invitrogen), followed by bacterial production
of the shuttle plasmid and excision of the insert using
Ndel and Xhol restriction enzymes, followed by inser-
tion into a pBCA plasmid by ligation using T4 ligase
as described earlier.

Peptide production and

characterization (general)

Plasmids were transformed into chemically competent
E. coli strain BL21 (DE3). A 6-mL starter culture con-
taining 50 pg/mL carbenicillin was inoculated with a
colony of the transformed bacteria; this starter culture
was harvested by centrifugation (40009, 10 min) after
overnight growth. The resulting pellet was twice sub-
jected to a wash step, where the culture was
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resuspended in fresh Luria-Bertani (LB) broth, and
centrifuged on a benchtop centrifuge (14,000¢g, 1 min)
to separate the bacteria from the supernatant broth.

This culture was reinoculated into a 100-mL sec-
ond starter culture containing 50 pg/mL carbenicillin.
After 2—3 h, this starter was harvested, washed twice
as mentioned earlier, and reinoculated into 4 L of LB
broth culture (in 1 L Fernbach flasks) containing
25 mM sodium phosphate (pH 7.4) and 25 pg/mL
ampicillin. Bacterial growth was monitored by UV; typi-
cally the desired induction density (ODgoo = 1.4 AU)
was reached after 2 h of culture growth.

Peptide expression was induced by the addition of
20 mL of 20% (w/v) arabinose in water (5 mL per li-
ter). Samples for analysis were taken before induction
and after 1 and 2 h; after 2 h, the bacteria were har-
vested by centrifugation (20 min, 16,000g) and frozen
overnight at —80°C.

Frozen cultures were thawed at room temperature
for ~10 min, resuspended in 50 mL lysis buffer
(50 mM Tris, 100 mM NaCl, 0.1% (w/v) NaN,, 5 mM
EDTA, 0.1% v/v Triton X-100, pH 8.4), and sonicated
until a homogenous suspension was obtained. The sus-
pension was centrifuged (40 min, 20,000¢g) to pellet
the insoluble matter, and the pellet resuspended by
sonication in a further 50 mL of lysis buffer including
10 ng of DNAse 1. The suspension was centrifuged to
pellet the insoluble matter, and the pellet resuspended
by sonication in 50 mL of wash buffer (50 mM Tris,
100 mM NaCl, 0.1% (w/v) NaN; 5 mM EDTA, pH 8.4)
including 10 ng of DNAse 1. This pellet was subjected
to two further rounds of resuspension and centrifuga-
tion in 50 mL of low pH buffer (50 mM Tris, 50 mM
MES, 100 mM NaCl, 0.1% (w/v) NaN,, pH 5.0) each.
The final pellet was resuspended in 50 mL of IMAC
buffer A (50 mM Tris, ~7.2M GdnHCI, pH 8.4), with
the addition of 24 mg TCEP, and incubated at 4°C
with rotary agitation (10 rpm) for 7 days.

The resuspended peptide pellet was centrifuged
once at medium speed (38,0009, 10 h) and twice at
high speed (100,000g, 2 h each) to remove insoluble
matter and filtered using a 0.22-um PVDF filtration
membrane before loading using FPLC (Akta, GE Health-
sciences) onto the TALON cobalt IMAC resin (Clontech)
loaded in an HR-16 column housing (GE Healthscien-
ces). The TALON resin was pre-equilibrated in IMAC
buffer A, the flow rate was dropped to 0.1 mL/min, and
the resolubilized inclusion bodies were passed over the
resin to immobilize the peptide of interest. After loading
the resolubilized inclusion bodies, the flow rate was
increased to 0.5 mL/min and briefly (10 mL) washed in
more IMAC buffer A. This wash was followed by an
exchange into IMAC buffer B (50 mM Tris, 50 mM
MES, ~7.2M GdnHCI, pH 5.0), which effected elution.

Fractions containing the fusion polypeptide as evi-
denced by higher UV absorbance at 280 nm were
pooled, a further 24 mg TCEP was added and the pep-
tide was incubated overnight, and subjected to HPLC
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purification (C4, Vydac). HPLC purification was per-
formed using a 30-60% gradient of 95% acetonitrile
with 0.5% (v/v) TFA with the balance being water con-
taining 0.5% (v/v) TFA. A mixture of 70% 2-propanol,
25% methanol, 5% deionized water with 0.5% (v/v)
TFA was used when acetonitrile was unavailable. Frac-
tions containing the fusion peptide were pooled and
lyophilized.

Lyophilized peptide was resuspended (10 mg/mL)
in cleavage buffer (7.2M GdnHCl with one molar
excess HCl: prepared by adding 50 mL of a 5M HCI
stock solution to 171 g GAnHCI and the volume made
up to 250 mL), sonicated for 30 min and incubated
overnight to disaggregate the peptide, and then sub-
jected to an equal volume of 5 mg/mL (~100-fold
molar excess) cyanogen bromide in the same buffer
for cleavage over 36 h at 25°C. The peptide was then
subjected to separation from the fusion peptide by
HPLC purification using a gradient tailored to each
peptide (C4, Vydac), and lyophilization.

Further purification was achieved by resuspending
the peptide in 7.2M GdnHCIl, 50 mM Tris, pH 8.0
with or without 12 mg TCEP, depending on the oxida-
tion state desired, overnight incubation, followed by
lowering the pH by dilution (1:1) in 7.2M GdnHCI,
50 mM MES, pH 4.0, and performing a third round of
HPLC purification (C18, prep, Phenomenex; or C18,
semi-prep, Vydac), again on gradients tailored to each
peptide of interest.

Electron microscopy

Immunoelectron microscopy on ultrathin sections was
performed as described with minor variations.?®
Induced and noninduced bacterial cells were fixed in
4% paraformaldehyde, 0.1% glutaraldehyde in o0.1M
phosphate buffer, embedded in gelatin, and cryopro-
tected in 2.3M sucrose before freezing. Thin cryosec-
tions (~100 nm) were cut on a Leica FC6 freezing
ultratome and mounted on nickel mesh grids. Each
grid was processed on individual droplets of the
following solutions on Parafilm at room temperature:
50 mM glycine, 10% fetal calf serum (FCS) in PBS,
primary antibody (anti-polyhistidine antibody pro-
duced in mouse: clone HIS-1: Sigma) diluted 1:50 in
5% FCS (control grids were prepared from noninduced
cells). Subsequently, the grids were washed in 0.2%
FCS, incubated in goat anti-mouse tagged with 12 nm
gold (Jackson ImmunoResearch, West Grove, PA)
diluted 1:20 in 5% FCS in PBS. Grids were then
washed in PBS alone, fixed in 1% glutaraldehyde in
PBS, washed in double deionized H,O, and contrasted
in uranyl oxalate (pH 7). Each individual grid was
then picked up in ice-cold uranyl acetate/methyl cellu-
lose (pH 4) mixture using copper wire loops. Once
dry, the grids were examined on a Philips CM100
TEM (FEI, Hillsbrough, OR) at 80 kV. Images were
documented using a Megaview III CCD camera (Soft
Imaging Systems, Lakewood, CO).
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PAGE analysis of peptide expression

Whole cell-containing media (undiluted) and superna-
tants (1:10 dilution in wash buffer) and pellets (1:10
dilution in wash buffer) from the first four stages of
inclusion body preparation were subject to SDS-PAGE
in the tris-glycine system with 15% polyacrylamide
(w/v); SeeBlue 2 (Invitrogen; Carlsbad, CA) ladder
was used to estimate molecular weights. Aliquots of
the IMAC process were diluted (1:9) in 10 mM Tris,
8M urea, 0.1% (w/v) SDS before loading onto the gel;
SeeBlue 2 ladder was diluted (1:1) in the same buffer.
For the IMAC process gels, two extra lanes on either
side of the sample lanes were loaded with 10 mM Tris,
8M urea, 0.1% (w/v) SDS. 6x Laemmeli sample buffer
(375 mM Tris, 9% (w/v) SDS, 50% (v/v) glycerol,
0.03% (w/v) bromophenol blue, pH 6.8) was added to
all samples for all gels and the samples were boiled
~5 min before loading.

After electrophoresis, gels were treated (min. 5 h
incubation after heating to boiling with microwave
irradiation) with Coomassie Brilliant Blue G-250 (1%
w/v in 50% acetic acid, 20% methanol), and destained
overnight in 50% acetic acid, 20% methanol to visual-
ize total peptide content. Alternatively, the separated
proteins were transferred onto a nitrocellulose mem-
brane and subjected to Western blot using a mouse
monoclonal anti-polyhistidine antibody (Sigma)
(1:5000 dilution in 20 mM Tris, 100 mM NaCl, 0.1%
(v/v) Tween, 4% (w/v) condensed milk, pH 7.6) fol-
lowed by a goat anti-mouse-HRP secondary antibody
(1:5000 dilution in the same buffer) to visualize spe-
cific peptide content.
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Note added in Proof: The underlined KA in the proa-
mylin sequence was originally annotated by PubMed as
part of the proamylin sequence, but is now annotated as
part of the signal peptide. The sequence, as given, is what
was expressed, however the underlined KA should not
have been included.
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