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ABSTRACT OF THE DISSERTATION

Preparation, Conjugation, and Stabilization of Amyloid-f3 Peptides
by
Sheng Zhang
Doctor of Philosophy in Chemistry
University of California, Irvine
2021

Professor James S. Nowick, Chair

Chapter 1 presents the development of an efficient method for the expression and
purification of aggregation-prone amyloid-B (Ap) peptides, including ABvi-42), '’N-labeled ABmi-

42), and APm1-42) familial mutants.

AP peptides are central to the pathogenesis of Alzheimer’s disease. AP peptides are highly
aggregation-prone, making them challenging to prepare and purify. Advances in amyloid research
rely on improved access to AP peptides. Chemical synthesis of Ap can lead to impurities, such as
amino acid deletion products, that are difficult to eliminate during purification. Expression of AB-
42) peptide requires the generation of fusion protein and cleavage by protease to remove the N-
terminal methionine group that originates from the translational start codon, which can make the

preparation of AP costly and time-intensive.
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In this chapter, I collaborated with fellow graduate student Stan Yoo to express ABmi-42),
a widely used form of AP with properties comparable to those of the native AP-42) peptide.
Expression of APmi-42) is simple to execute and avoids the expensive and difficult enzymatic
cleavage step associated with expression and isolation of AP(1-42). We then developed an efficient
method to afford ABni-42) and '*N-labeled ABvi-42) at around 19 mg per liter of bacterial culture
with high purity using simple and inexpensive steps in three days. This method relies on the
combination of protein biology tools such as bacterial expression and inclusion body
solubilization, as well as peptide chemistry tools such as preparative HPLC purification of the
solubilized inclusion bodies. This chapter also describes a simple method for the construction of
recombinant plasmids and the preparation of AP peptides containing familial mutations. These
methods may enable experiments that would otherwise be hindered by insufficient access to Af,
such as NMR experiments with '’N-labeled AB. We anticipate that this method can be adjusted

for the expression and purification of other amyloidogenic proteins.

Chapter 2 presents the preparation of AP peptide with an N-terminal cysteine [APci-42)],
the development of tailored chemical reaction conditions for the conjugation of aggregation-prone

AP(c1-42) peptide with fluorophores or biotin, and the biophysical studies of labeled A peptides.

N-terminally functionalized AP peptides are important in amyloid and Alzheimer’s disease
research. Site-specific labeling on the N-terminus of AP minimizes perturbation in the structure
and function of the peptide, as the central and C-terminal regions of AP are more involved in fibril
and oligomer formation. Although synthetic N-terminally functionalized AP peptides are
commercially available, these peptides are expensive and limited to biotin and a few common
fluorophores. Expressed AP peptides offer advantages over synthetic AP because they are free

from amino acid deletions and epimeric contaminants, and they have been found to be more

XiX



biological relevant because they aggregate more quickly and are more neurotoxic than synthetic

AB.

The method of preparing ABci-42) relies on the hitherto unrecognized observation that the
expression of the ABwci-42) gene yields the AB(ci-42) peptide, because the N-terminal methionine
is endogenously excised by E. coli. This observation is significant, because it allows the
preparation of a useful APci-42) peptide without the additional N-terminal methionine that
originates from the translational start codon. The Apci-42 peptide represents a minimal
modification of native AP(-42), and the addition of a single cysteine residue at the N-terminus
enables labeling of the expressed AP with complete site specificity using widely available

maleimide-based reagents.

The AP peptide is challenging to handle and label because of its strong propensity to
aggregate. This chapter details the development of tailored chemical reaction conditions for
handling and labeling of this aggregation-prone peptide. The labeling chemistry was optimized to
be performed at pH 9 in HPLC fractions AP(ci-42), where AP remains mostly monomeric.
Biophysical studies show that the labeled AP peptides behave like unlabeled AP and suggest that
labeling of the N-terminus does not substantially alter the properties of the AB. This chapter also
goes on to demonstrate the utility of the labeled AP peptides through fluorescence microscopy to
visualize their interactions with mammalian cells and bacteria. Ready access to labeled A bearing
fluorophores will advance amyloid and Alzheimer’s disease research by enabling experiments for
investigating the pathogenic mechanism, transport, and clearance of AP, as well as for screening

anti-A antibodies.

XX



Chapter 3 presents the introduction of intramolecular disulfide bonds to AP peptides that
stabilizes AP into oligomeric state and the discovery of a disulfide-stapled peptide, APciscss, that

forms homogeneous dimers and does not fibrilize.

AP aggregates rapidly and exists as three different forms in equilibria: monomers,
oligomers, and fibrils. Although AP fibrils are the most commonly found species in the brain tissue
of patients with Alzheimer’s disease, soluble AP oligomers are the toxic contributors to
neurodegeneration. AP oligomers are heterogenous and metastable: they can rapidly aggregate into
more thermodynamically stable fibrils, which makes it challenging to isolate them and study their
structures and biological properties. No high-resolution structures of AP oligomers have been
reported thus far. Filling this gap is necessary for an enhanced understanding of the molecular

basis of Alzheimer’s disease.

In this chapter, we aimed to generate stable, non-covalent AP oligomers by introducing
intramolecular disulfide linkages to AP. The intramolecular linkages were designed to enforce a
B-hairpin conformation, the key conformation that favors AP oligomer formation and disfavors
fibrilization. We have designed, prepared, and studied a variety of mutant AP peptides containing
intramolecular linkages. Among these mutant peptides, we discovered Afcisc3s, an AP peptide
containing a disulfide bond between positions 18 and 33, that forms stable, homogeneous dimers

and does not fibrilize, as evidenced by the results of a series of biophysical studies.

The AP dimer has been proposed to be the basic building block of many larger AP
oligomers and is thought to be one of the most neurotoxic and pathologically relevant species in
Alzheimer’s disease. We thereby anticipate that the APciscss peptide to serve as a stable, non-
fibrilizing, and noncovalent AP dimer model for the exploration of the structure and pathogenesis

of AP dimers, the generation of AB-specific antibodies, and the screening of AP-targeted drugs.
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Our laboratory is exploring ways to obtain high-resolution structures of this dimeric A} model

peptide, using techniques including cryo-EM, NMR, and X-ray crystallography.

Chapter 4 presents the structure-based design of a cyclic peptide inhibitor towards SARS-
CoV-2 using free molecular modeling and docking software and publicly available X-ray
crystallographic structures. When the COVID-19 pandemic forced the temporary closure of our
laboratory in March 2020, we began working on the structure-based drug design of inhibitors
against the SARS-CoV-2 virus main protease. These efforts resulted in the design of a cyclic
peptide inhibitor, UCI-1. Working with other group members, I published a tutorial paper based
to describe the structure-based drug design process and teach others how to do it using the publicly

available software UCSF Chimera and AutoDock Vina.

SARS-CoV-2 is a highly infectious virus that causes COVID-19, a serious respiratory
infection that has caused over 178 million infections and over 3.8 million deaths worldwide as of
June 2021. Main protease is a crucial enzyme that SARS-CoV-2 utilizes for site-specifically
cleaving the polyprotein that is translated from viral mRNA and generating mature proteins that
are necessary for replication and infection. The essential role of main protease, as well as the
success of HIV protease inhibitors in the treatment of AIDS, make main protease an attractive

therapeutic target in the treatment of COVID-19.

This chapter begins with the analysis of the X-ray crystallographic structure of the main
protease of the SARS coronavirus (SARS-CoV) bound to a peptide substrate. This chapter then
describes the structural modification of the peptide substrate using the UCSF Chimera molecular
modeling software to create a cyclic peptide inhibitor. Finally, this chapter presents the use of
molecular docking software AutoDock Vina to show the interaction of the cyclic peptide inhibitor

with both SARS-CoV main protease and the highly homologous SARS-CoV-2 main protease.
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The supporting information section of this chapter provides an illustrated step-by-step
protocol showing the inhibitor design process. These and other molecular modeling studies helped
our laboratory decide to pursue the synthesis of the cyclic peptide and experimentally evaluate its
promise as an inhibitor of SARS-CoV-2 main protease. The molecular modeling studies presented
in this chapter may help students and scientists design their own drug candidates for COVID-19

and the coronaviruses that may cause future pandemics.
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Chapter 12

An Efficient Method for the Expression and

Purification of APmi-42)

Introduction

Amyloid-B (AB) peptides, which include the highly neurotoxic 42-amino acid alloform
APa2, are central to the pathology of Alzheimer’s disease.!™ Ready access to experimental-scale
quantities of pure AP peptides, including isotopically labeled AP and mutants associated with
familial Alzheimer’s disease, is essential to progress in research in Alzheimer’s disease. AP
peptides are highly aggregation-prone, making them challenging to prepare and purify. Expressing
AP peptides overcomes the challenge of purification that arises as a result of chemical synthesis —
elimination of amino acid deletion, addition, and epimerization byproducts — leading to products
with superior fidelity and purity. Expressed A peptides have also been reported to aggregate faster
and be significantly more toxic toward neuronal cells than synthetic ApB.’> Expression of AB(i-42)
peptide requires the generation of fusion protein and cleavage by protease to remove the N-

terminal methionine group that originates from the translational start codon (Figure 1.1). This

2 This chapter is adapted from Yoo, S.*, Zhang, S.}, Kreutzer, A. G., and Nowick, J. S. Biochemistry 2018 57 (26),
3861—-3866. Stan Yoo and I co-wrote the paper and published the paper as co-first authors. Stan Yoo has also included
this chapter in his Ph.D. dissertation.



approach requires expression and purification of the protease and an affinity purification step,

which can make the preparation of AB(1-42) costly and time-intensive.””’

Walsh and co-workers expressed AP(i-42) as the APmi-42) variants bearing the N-terminal
methionine residue from the start codon (Figure 1.1).% ABi-42) is a widely used form of AB with
properties comparable to those of the native APB(1-42) peptide. The additional N-terminal methionine
has little impact on aggregation properties, fibril structure, and neurotoxicity. ° ' The expression
of APmi-42) negates the need for the expensive and time-consuming protease cleavage and affinity
purification steps, but the expression system reported by Walsh and co-workers only affords

APBmi-42) with a yield of 1.7 mg per liter of bacterial culture.®

1 42

AB(142) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
ABm142y MDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

Figure 1.1. Sequences of AP(i-42) and ABmi—42).

In this chapter, we report an efficient method for the expression and purification of
ABmi-42) peptide and associated homologues, including the uniformly *N-labeled peptide and
familial mutants. This method relies on the combination of protein biology tools, such as bacterial
expression and inclusion body solubilization, and peptide chemistry tools, such as preparative
HPLC purification of the solubilized inclusion bodies. Our method bypasses cumbersome steps in
previously reported AP preparation procedures and affords pure AP peptides in three days at ca.
19 mg/L of bacterial culture through simple and inexpensive steps. This chapter also reports a
simple method for the construction of recombinant plasmids for the preparation of AP peptides

containing familial mutations.



Results and Discussion

Expression of APmi-42. To express APmi-42), the pET-Sac-APmi-42) plasmid is
transformed into BL21(DE3)-pLysS competent E. coli. Expression is induced with isopropyl -D-
1-thiogalactopyranoside (IPTG). The expressed peptide is pelleted with the inclusion bodies,
which are washed several times and then solubilized with 8 M urea. The yield of ABmi-42) depends
on the extent of cell growth prior to IPTG induction, with an ODeoo of ca. 0.45 proving optimal for
wild-type ABmmi-42) production. Growth to substantially higher or lower ODsoo values gives lower

yields of peptide.

Purification of APmi-42). At this point in the procedure, the expressed peptide is handled
like a synthetic peptide, and preparative HPLC is used to purify it. The solution of the inclusion
bodies in 8 M urea is filtered to prevent damaging the HPLC column. Initially, a 0.22 pm nylon
syringe filter was used, but doing so resulted in a substantial loss of peptide. The hydrophobicity
and propensity of AP to aggregate appear to make AP particularly prone to loss in filters. We
screened several types of syringe filters to optimize peptide recovery, monitoring the relative
concentrations of peptide by UV absorbance at 280 nm (Table 1.1).!” We found that a 0.22 pm
hydrophilic filter, such as hydrophilic polyvinylidene fluoride (PVDF) or poly(ether sulfone)

(PES), provided satisfactory peptide recovery.



Table 1.1. Effect of different syringe filters on APmi-42) recovery.

Filter type UV absorbance at 280 nm Peptide recovery
Nonfiltered AB sample 0.7279 £ 0.0052 N/A
Millex-HV PES 0.6294 + 0.0001 86.5%
Fisher hydrophilic PVDF 0.6279 + 0.0009 86.3%
Millex-GV hydrophilic PVDF 0.5703 £ 0.0003 78.3%
Fisher nylon 0.2907 £ 0.0001 39.9%
Millex-GV MCE 0.2273 £ 0.0001 31.2%

A typical HPLC trace of unpurified ABmi-42) shows three major peaks (Figure 1.2A). The
first peak is the largest and contains mostly monomer, and the second and the third peaks appear
to be oligomers (Figure 1.S1). For preparative HPLC, a reverse-phase silica-based C8 column is
used as the stationary phase, and a gradient of water and acetonitrile containing 0.1%
trifluoroacetic acid is used as the mobile phase. To enhance resolution and reduce peak tailing, it
was necessary to heat the column. Without heating, the resolution and yield of the peptide are
substantially lower. The ABmi-42) peptide monomer generally elutes at around 34% acetonitrile
when the C8 column is heated to 80 °C in a water bath. HPLC fractions containing pure peptide
were combined, and the purity was confirmed by analytical HPLC (Figure 1.2B). Acetonitrile was
removed by rotary evaporation, and the aqueous solution of pure peptide was then frozen and
lyophilized. These procedures typically yield ca. 19 mg of APmi-42) as the trifluoroacetate salt per

liter of bacterial culture.

This purification procedure does not require specialized equipment or costly reagents and
is not time-consuming. It avoids the use of specialized and costly columns, such as cation exchange

chromatography columns and size-exclusion chromatography columns. Another advantage of this



procedure is that it yields lyophilized powder as the final peptide product. Working with
lyophilized peptide is convenient for subsequent studies as it can be dissolved in any appropriate

buffer at a desired concentration.

The purity and composition of the APi-42) peptide were further assessed via MALDI-MS
and SDS-PAGE with silver staining. MALDI-MS confirms that the observed mass of ABwmi-42)
matches the expected mass (Figure 1.2C). The silver-stained SDS-PAGE gel shows that at low
concentrations, the APmi-42) peptide exists as a monomer. At higher concentrations, APmi-42)
begins to form oligomers with molecular weights consistent with trimers and tetramers (Figure

1.2D).
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Figure 1.2. Purification and characterization of ABwmi-42). (A) Typical analytical HPLC trace of a
filtered crude APmi-42) sample. (B) Typical analytical HPLC trace of purified ABmi-42). (C)
MALDI mass spectrum of purified APmi-42). (D) Silver-stained SDS-PAGE gel (16%



polyacrylamide) of increasing concentrations of APmi-42) from 0.5 to 125 pM. A 12 pL aliquot
was loaded in each lane of the gel.

Sample Preparation for Biophysical and Biological Studies. The propensity of AP to
aggregate necessitates the preparation of monomeric AB for subsequent studies.'® Without any
sample preparation, studies are reported to be irreproducible.!”” Fezoui and co-workers reported
that treatment of A with NaOH disrupts aggregates and generates Af that is monomeric or nearly
monomeric.?’ This NaOH-treated AP is widely used in subsequent aggregation studies.'® We
applied this procedure to each batch of expressed AP to generate aliquots for further studies. Thus,
the lyophilized powder was dissolved in 2 mM NaOH, and the pH was adjusted, if necessary, by
addition of 0.1 M NaOH, to give a pH 10.5 solution. The solution was sonicated for 1 min; the
concentration was determined by UV absorbance at 280 nm, and the yield of APwmi-42) was
calculated. The solution was then aliquoted in 0.0055 or 0.020 pmol portions into small tubes, and
these samples were frozen and lyophilized. The lyophilized aliquots were stored in a desiccator at

—20 °C.

Expression of >N-Labeled ABi-42). °N-labeled AP peptides are useful tools for NMR
structural studies and for studying binding profiles of AB. For expression of ’N-labeled ABmi-42),
E. coli cells are grown to an ODeoo of ca. 0.45 in LB medium, and then the LB medium is
exchanged with M9 minimal medium containing '"NH4Cl. Expression is induced in the 'N-
enriched M9 medium for 16 h with IPTG. Purification and sample preparation of *N-labeled
APi-42) are identical to those of unlabeled ABmi-42). The composition of "N-labeled ABni-42)
was assessed by MALDI-MS (Figure 1.3A). A 'H-'"N HSQC NMR spectrum of 160 pM >N-
labeled ABmi-42) in 50 mM potassium phosphate buffer in 10% D20 was recorded at 5 °C with a
500 MHz NMR spectrometer equipped with a cryogenic probe (Figure 1.3B). This spectrum

matches the NMR spectrum reported by Macao and co-workers.” The yield of the '*N-labeled



APBmi-42) peptide is comparable to that of the unlabeled APmi-42) peptide, at ca. 19 mg/L of

bacterial culture. Access to such amounts of the '"N-labeled peptide at low cost enables the

performance of SAR by NMR experiments.?!

A unlabeled AB(M1-42)
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Figure 1.3. MALDI mass spectra and NMR spectra of unlabeled and '°N-labeled ABni-42). (A)
MALDI spectra of unlabeled ABmi-42) and *N-labeled APmi-42) peptides. (B) 1H-15N HSQC
NMR spectrum of 160 uM '"N-labeled ABmi-42) peptide at 5 °C at 500 MHz equipped with a

cryogenic probe.
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Figure 1.4. Molecular cloning strategy for constructing recombinant plasmids of ABmi-42)
containing familial mutations.
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Figure 1.5. MALDI mass spectra and typical yields of AP peptides. (A) MALDI mass spectra of ABwmi-42)
peptides with A21G, E22G, E22K, and D23N mutations. (B) Typical yields of APai-42, *N-labeled
APBmi-42), and mutant ABan-42) peptides.

Construction of Recombinant Plasmids for Expression of Mutant ABwi-42) Peptides.
To express APmi-42) peptides containing familial mutations, we construct recombinant plasmids

by ligating enzymatically digested pETSac-ABmi-42) and DNA sequences that encode APBmi-42)
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mutants (Figure 1.4). In this procedure, pET-Sac-APmi-42) is first digested with Ndel and Sacl
restriction enzymes to remove the wild-type APmi-42) sequence. Next, the digested pET-Sac vector
is treated with shrimp alkaline phosphatase (rSAP) to remove the terminal phosphate groups. The
digested vector is isolated by agarose gel electrophoresis purification using a commercially
available kit. Synthetic DNA encoding each mutant APmi-42) is purchased and then digested with
Ndel and Sacl to generate the inset. The vector and insert are ligated using T4 ligase and then
transformed into TOP 10 competent E. coli. E. coli cells transformed with ligated plasmid form
colonies on agar containing carbenicillin. Plasmids are isolated from colonies, and the sequences
are verified by DNA sequencing. In this section, we constructed five plasmids with familial
mutations: A21G, E22G, E22K, E22Q, and D23N. This cloning strategy is inexpensive and is
simpler to execute than site-directed mutagenesis. The entire cloning procedure takes 2 days, and
many mutants can be generated concurrently. Another advantage of this strategy is that ABwmi-42)
plasmids containing multiple point mutations can be prepared as easily as plasmids containing

single point mutations.

The purification and preparation of ABi-42) containing familial mutations are identical to
those of APwi-42). The composition of familial mutant ABwmi-42) peptides was assessed using
MALDI-MS (Figure 1.5A). The expression levels and yields of the ABwmi-42) familial mutants
varied because of different aggregation propensities of the peptides. Analytical HPLC traces of
crude samples of the A21G and E22Q mutants showed smaller first peaks and larger second and
third peaks, suggesting that more oligomers are formed after the inclusion bodies are dissolved.
Figure 1.5B shows typical yields of the peptides. Our expression and purification procedures
proved to be unsuitable for the E22Q mutant, which showed very little monomer in the HPLC

trace.
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Conclusion

The procedures described in this chapter provide an efficient method for the expression
and purification of APmi-42), °N-labeled APmi-42), and APmi-42) containing several familial
mutations. Our method employs the most convenient features of protein expression and peptide
purification to provide ready access to good quantities of the pure peptides. We anticipate that our
method will provide new opportunities for pilot experiments that require large amounts of AB. We
also anticipate that this method can be adjusted for the expression and purification of other

amyloidogenic proteins.
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Methods

Isolation of pET-Sac-Apmi-42) plasmid

We received the pET-Sac-APmi-42) plasmid from Addgene as a bacterial stab and
immediately streaked the bacteria onto a LB agar-plate containing carbenicillin (50 mg/L).
Colonies grew in < 24h. Single colonies were picked and used to inoculate 5 mL of LB broth
containing carbenicillin (50 mg/L). The cultures were shaken at 225 rpm overnight at 37°C. To
isolate the pET-Sac-ABmi-42) plasmids, minipreps were performed using a Zymo ZR plasmid
miniprep kit. The concentration of the plasmids was measured using a Thermo Scientific Nanodrop

Instrument.

Bacterial expression of APi-42)
Transformation and expression of APmi-42)

All liquid cultures were performed in culture media (LB broth containing 50 mg/L
carbenicillin and 34 mg/L chloramphenicol). For ABmi-42) wild-type and mutant peptides: Wild-
type or mutant plasmids were transformed into BL21 DE3 PLysS Star Ca’"-competent E. coli
through heat shock method. The cell cultures were spread on LB agar plates containing
carbenicillin (50 mg/L) and chloramphenicol (34 mg/L). Single colonies were picked to inoculate
5 mL of culture media for overnight culture. (A glycerol stock of BL21 DE3 PLysS Star Ca*'-
competent E. coli bearing the plasmids was made, and the future expressions were started by
inoculating culture media with an aliquot of the glycerol stock). The next day, all 5 mL of the
overnight culture were used to inoculate 1 L of culture media. After inoculation, the culture was

shaken at 225 rpm at 37 °C until the cell density reached an ODsoo of approximately 0.45 (after
18



around 3 h 45 min). Protein expression was then induced by the addition of isopropyl B-D-1-
thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM, and the cells were shaken at 225
rpm at 37 °C for 4 h with IPTG. The cells were then harvested by centrifugation (4000 rpm, 4 °C,

25 min), and the cell pellets were stored at -80°C.

For '"N-labeled ABi-42): Wild-type plasmids were transformed into BL21 DE3 PLysS
Star Ca®"-competent E. coli through heat shock method. The cell cultures were spread on LB agar
plates containing carbenicillin (50 mg/L) and chloramphenicol (34 mg/L). Single colonies were
picked to inoculate 5 mL of culture media for overnight culture. [A glycerol stock of BL21 DE3
PLysS Star Ca**-competent E. coli bearing the plasmids was made, and the subsequent expressions
were started by inoculating culture media with an aliquot of the glycerol stock.] The next day, all
5 mL of the overnight culture were used to inoculate 1 L of culture media. After inoculation, the
culture was shaken at 225 rpm at 37 °C until the cell density reached an ODeoo of approximately
0.45-0.50 (after around 3 h 50 min). The cells were harvested by centrifugation in sterile 500-mL
thick-walled centrifuge bottles (4000 rpm, 4 °C, 25 min). The cell pellets were then resuspended
in sterile M9 minimal media supplemented with '"NH4Cl, carbenicillin (50 mg/L), and
chloramphenicol (34 mg/L) (Table 1.S1), and incubated for 1 h at 225 rpm at 37 °C. Protein
expression was then induced by the addition of isopropyl B-D-1-thiogalactopyranoside (IPTG) to
a final concentration of 0.1 mM, and the cells were shaken at 225 rpm at 25 °C for ~20 h with
IPTG. The cells were then harvested by centrifugation (4000 rpm, 4 °C, 25 min), and the cell

pellets were stored at -80°C.

Table 1.S1. M9 minimal media.

Reagents Amount
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5X MO salts solution

(34.0 g of Na2HPO4, 15.0 g of KH2POs, 200.0 mL
and 2.5 g of NaCl in 1.0 L of H20)

1.0 M MgSO4-7H20 solution 2.0 mL
1.0 M CacCl: solution 0.1 mL
SNH4CI 10g
D-Glucose 100 g
Carbenicillin (50 mg/mL) 1 mL
Chloramphenicol (34 mg/mL in EtOH) I mL
H>O Fillupto1.0L

Cell lysis and inclusion body preparation

To lyse the cells, the cell pellet was resuspended in 20 mL of buffer A (10 mM Tris/HCI,
1 mM EDTA, pH 8.0) and sonicated for 2 min on ice (50% duty cycle) until the lysate appeared
homogenous. The lysate was then centrifuged for 25 min at 16,000 rpm at 4°C. The supernatant
was removed, and the pellet was resuspended in buffer A, sonicated and centrifuged as described
above. The sonication and centrifugation steps were repeated three times. After the fourth
supernatant was removed, the remaining pellet was resuspended in 15 mL of freshly prepared
buffer B (8 M urea, 10 mM Tris/HCI, | mM EDTA, pH 8.0), and was sonicated as described above,

until the solution became clear.

Peptide purification

The solution (15 mL) was then diluted with 10 mL of buffer A and filtered through a Fisher

Brand 0.22 pm non-sterile hydrophilic PVDF syringe filter (Catalog No. 09-719-00).
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Analytical reverse-phase HPLC was performed to evaluate if expression of APmi-42) was
successful. A 40-uL sample of the above solution was injected onto an Agilent 1200 instrument
equipped with a Phenomonex Aeris PEPTIDE 2.6u XB-CI18 column with a Phenomonex
SecurityGuard ULTRA cartridges guard column for C18 column. HPLC grade acetonitrile (ACN)
and 18 MQ deionized water, each containing 0.1% trifluoroacetic acid, were used as the mobile
phase. The sample was eluted at 1.0 mL/min with a 5-100% acetonitrile gradient over 20 min, at

35 °C or 60 °C. Figure S1 shows an example HPLC trace of the crude ABmi-42) solution.
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Figure 1.S1. HPLC trace of filtered urea-solubilized APi-42) and silver-stained SDS-PAGE gel of
HPLC fractions. HL: Precision Plus Protein Dual Color Standards from Bio-Rad; LL: Spectra Multicolor
Low Range Protein Ladder from ThermoFisher.

22



APBi-42) peptides were then purified by preparative reverse-phase HPLC equipped with
an Agilent ZORBAX 300SB-C8 semi-preparative column (9.4 x 250 mm) with a ZORBAX
300SB-C3 preparative guard column (9.4 x 15 mm). The C8 column and the guard column were
heated to 80 °C in a water bath. HPLC grade acetonitrile (ACN) and 18 MQ deionized water, each
containing 0.1% trifluoroacetic acid, were used as the mobile phase at a flow-rate of 5 mL/min.
The peptide solution was split into three ~8 mL aliquots, and purified in three separate runs. The
peptide was loaded onto the column by flowing 20% ACN for 10 min and then eluted with a
gradient of 20—40% ACN over 20 min. Fractions containing the monomer generally eluted from
34% to 38% ACN. After the peptide was collected, the column was washed by injecting 5 mL of
filtered buffer B (8 M urea, 10 mM Tris/HCL, 1 mM EDTA, pH 8.0) while flushing at 95% ACN
for 15 minutes. This cleaning procedure ensures elution of all peptide that is retained in the column

and avoids problems of cross-contamination between runs.

The purity of each fraction was assessed using analytical reverse-phase HPLC. A 40-uL
sample was injected onto the analytical HPLC. The sample was eluted at 1.0 mL/min with a 5—
100% acetonitrile gradient over 20 min, at 35 °C or 60 °C. Pure fractions were combined and the
purity of the combined fractions were checked using analytical HPLC. The combined fractions
were concentrated by rotary evaporation to remove ACN, and then frozen with dry ice, liquid
nitrogen, or a -80 °C freezer. [It is recommended to combine and freeze the purified fractions
within 5 hours after purification to avoid oxidation of methionine.] The frozen sample was then

lyophilized to give a fine white powder.
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NaOH treatment and peptide concentration determination

The lyophilized peptide was then dissolved in 2 mM NaOH to achieve a concentration of
~0.5 mg/mL. The pH was adjusted (if necessary) by addition of 0.1 M NaOH to give a solution of
pH ~10.5. The sample was sonicated in a water ultrasonic bath at room temperature for 1 min or
until the solution became clear. When preparing samples, pH should not be near pH 5.5 where the
peptide is prone to aggregate, and solution become opaque, giving inaccurate UV readings. pH
should not be over 11, where tyrosine is mostly deprotonated, giving slightly different UV spectra

(Figure 1.S2).

The concentration of APmi-42) was determined by absorbance at 280 nm using the
extinction coefficient (g) for tyrosine of 1490 M lem™ (¢ = A/1490). The ABmi-42) solution was
then aliquoted into 0.0055 pmol or 0.020 umol aliquots in 0.5 mL microcentrifuge tubes. The '°N-
labeled APi-42) solution was aliquoted into appropriate volume that contains 0.5 mg in 1.6 mL
Eppendorf tubes. The aliquots were lyophilized and then stored in a desiccator at -20 °C for future

use.
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Figure 1.S2. UV absorption spectra of APi-42) at different pH.

Table 1.S2 shows a representative schedule for expression of APmi-42). Table 1.S3 shows

a representative schedule for expression of '’N-labeled ABvi-42).

Table 1.S2. A representative schedule for expression of ABmi-42).

Day Time
Monday  Evening

Morning

Steps
Starter culture

Daytime culture

Tuesday  Afternoon

IPTG Induced expression

Evening

Morning

Cell pelleting

Sonication; urea extraction

Wednesday
Afternoon

Purification by prep-HPLC

Collecting pure fractions, freeze, and lyophilize

Thursday Afternoon

NaOH treatment, freeze, and lyophilize

Table 1.S3. A representative schedule for expression of ’N-labeled ABvi-42).

Day Time
Monday  Evening

Morning

Steps
Starter culture

Daytime culture

Tuesday  Afternoon

Media exchange to 15N-containing M9 media

Evening

Morning

IPTG induction and incubation in 25 °C

Cell pelleting

Wednesday Morning

Sonication; urea extraction

Afternoon

Purification by prep-HPLC; collecting pure
fractions, freeze, and lyophilize
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Thursday  Morning NaOH treatment, freeze, and lyophilize

Mass spectrometry

MALDI mass spectrometry was performed using an AB SCIEX TOF/TOF 5800 System.
0.5 pL of 2,5-dihydroxybenzoic acid (DHB) was dispensed onto a MALDI sample support,
followed by the addition of 0.5 puL peptide sample. The mixture was allowed to air-dry. All
analyses were performed in positive reflector mode, collecting data with a molecular weight range

of 2000-8000 Da.

SDS-PAGE

SDS-PAGE and silver staining were adapted from and in some cases taken verbatim from
our previously reported procedure.? For the sample preparation, a 0.0055 pmol aliquot of AP
peptide was dissolved in 11 pL of 20 mM HEPES buffer (pH 7.4) to give a 500 pM peptide stock
solution, and serial diluted with 11 uL of 20 mM HEPES buffer (pH 7.4) to create 11 puL of peptide
stock solutions with concentrations of 250 uM to 1.0 uM. The peptide stock solutions were then
immediately diluted with 11 puL of 2X SDS-PAGE loading buffer (100 mM Tris buffer at pH 6.8,
20% (v/v) glycerol, and 4% w/v SDS) to give 11 uL of peptide working solutions with
concentrations from 125 pM to 0.5 uM. A 12.0-uL aliquot of each working solution was run on a
16% polyacrylamide gel with a 4% stacking polyacrylamide gel. The gels were run at a constant

90 volts at room temperature.

Staining with silver nitrate was used to visualize peptides in the SDS-PAGE gel. Briefly,

the gel was first rocked in fixing solution (50% (v/v) methanol and 5% (v/v) acetic acid in
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deionized water) for 20 min. Next, the fixing solution was discarded and the gel was rocked in
50% (v/v) aqueous methanol for 10 min. Next, the 50% methanol was discarded and the gel was
rocked in deionized water for 10 min. Next, the water was discarded and the gel was rocked in
0.02% (w/v) sodium thiosulfate in deionized water for 1 min. The sodium thiosulfate was
discarded and the gel was rinsed twice with deionized water for 1 min (2X). After the last rinse,
the gel was submerged in chilled 0.1% (w/v) silver nitrate in deionized water and rocked at 4 °C
for 20 min. Next, the silver nitrate solution was discarded and the gel was rinsed with deionized
water for 1 min (2X). To develop the gel, the gel was incubated in developing solution (2% (w/v)
sodium carbonate, 0.04% (w/v) formaldehyde until the desired intensity of staining was reached
(~1-3 min). When the desired intensity of staining was reached, the development was stopped by

discarding the developing solution and submerging the gel in 5% aqueous acetic acid.

NMR spectroscopy

Approximately 0.5 mg of NaOH-treated, lyophilized '>N-labeled APmi-42) was dissolved
in 0.6 mL of 50 mM potassium phosphate buffer containing the internal standard, 4,4-dimethyl-4-
silapentane-1-ammonium trifluoroacetate (DSA) at a concentration of 30 uM and 10% D20 (pH
7.4) to give a 160 uM peptide solution. The exact concentration of the peptide solution was
determined by absorbance at 280 nm using the extinction coefficient for tyrosine of 1490 M 'em™.
The NMR sample was prepared immediately prior to the NMR experiment. NMR was performed
using a Bruker DRX500 500 MHz spectrometer equipped with a cryogenic probe. The temperature
was maintained at 5 °C to reduce peptide aggregation. NMR data were processed using

XWinNMR. 'H-'SN heteronuclear single quantum correlation (HSQC) spectra were acquired
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using GARP decoupling. The number of points acquired in the direct dimension ('H) was 2048,

and the number of increments in the indirect dimension (°N) was 256 experiments.

Molecular cloning
DNA sequences for Apmi-42) familial mutant

DNA sequences for APmi-42) familial mutant peptides were ordered from Genewiz. Figure 1.S3

shows the design of the DNA sequences for ABi-42) mutants.

__3’and 5’ overhangs | | Ndel restriction site/start codon . stop codons
__ Sacl restriction site . familial mutation
>ABMmi-42)

GATATA EATATG GAC GCT GAA TTC CGT CAC GAC TCT GGT TAC GAA GTT CAC
CAC CAG AAG CTG GTG TTC TTC GCT GAA GAC GTG GGT TCT AAC AAG GGT GCT
ATC ATC GGT CTG ATG GTT GGT GGC GTT GTG ATC GCT A8 GAGCTC
GATCCG

>ABM1-42/A21G)

GATATA EATATG GAC GCT GAA TTC CGT CAC GAC TCT GGT TAC GAA GTT CAC
CAC CAG AAG CTG GTG TTC TTC @8 GAA GAC GTG GGT TCT AAC AAG GGT GCT
ATC ATC GGT CTG ATG GTT GGT GGC GTT GTG ATC GCT S GAGCTC
GATCCG

>ABMi1-42/E22G)

GATATA GATATG GAC GCT GAA TTC CGT CAC GAC TCT GGT TAC GAA GTT CAC
CAC CAG AAG CTG GTG TTC TTC GCT @8 GAC GTG GGT TCT AAC AAG GGT GCT
ATC ATC GGT CTG ATG GTT GGT GGC GTT GTG ATC GCT A8 GAGCTC
GATCCG

>ABM1-42/E22K)
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GATATA EATATG GAC GCT GAA TTC CGT CAC GAC TCT GGT TAC GAA GTT CAC
CAC CAG AAG CTG GTG TTC TTC GCT B8 GAC GTG GGT TCT AAC AAG GGT GCT
ATC ATC GGT CTG ATG GTT GGT GGC GTT GTG ATC GCT A8 GAGCTC
GATCCG

>ABMi1-42/E22Q)

GATATA GATATG GAC GCT GAA TTC CGT CAC GAC TCT GGT TAC GAA GTT CAC
CAC CAG AAG CTG GTG TTC TTC GCT @88 GAC GTG GGT TCT AAC AAG GGT GCT
ATC ATC GGT CTG ATG GTT GGT GGC GTT GTG ATC GCT A8 GAGCTC
GATCCG

>ABMi-42/D23N)

GATATA CGAT ATG GAC GCT GAA TTC CGT CAC GAC TCT GGT TAC GAA GTT CAC
CAC CAG AAG CTG GTG TTC TTC GCT GAA B8 GTG GGT TCT AAC AAG GGT GCT
ATC ATC GGT CTG ATG GTT GGT GGC GTT GTG ATC GCT [ISSIAE GAGCTC
GATCCG

Figure 1.S3. Design of the DNA sequences for ABai-42) mutants.
Restriction enzyme digestion of pET-Sac-APwi-42) and Afmi-42) familial mutant DNA sequences

The pET-Sac-APmmi-42) plasmid was digested using Sacl and Ndel restriction enzymes.
Table 1.S4 details the restriction reaction conditions. Reagents were added in the order they are

listed.

Table 1.S4. Double-digestion of the pET- Sac APmi-42) plasmid.

Reagents Amount

20 uL of 50 ng/uL plasmid

pET-Sac ABmi-42) solution (1.0 pg in total)

10X CutSmart buffer 5.0 uL
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H20 23.0 uL

Ndel restriction enzyme 1.0 uL (1 U)
Sac1-HF restriction enzyme 1.0 uL (1 U)
Total 50.0 uL
Time 1.0h
Temperature 37.0°C

Next, to prevent backbone self-ligation, the digested plasmid was treated with shrimp

alkaline phosphatase (rSAP). Table 1.S5 details the rSAP reaction conditions.

Table 1.S5. SAP treatment of the vectors.

Reagents Amount
Double-digestion mixture 50.0 uL
rSAP 1.0 uL (1U)
Total 51.0 uL
Time 0.5h
Temperature 37.0°C
Heat inactivation 65.0 °C for 20 min

After the rSAP reaction and heat inactivation were complete, the reaction mixture was
mixed with DNA loading buffer and loaded onto a 1% agarose gel containing ethidium bromide
(5 uL per 100 mL gel). The agarose gel was run at 100 V for ~30 min. A UV box was used to
visualize the digested pET-Sac vector (~4500 bp), which was excised from the gel using a razor
blade. The digested pET-Sac vector was purified from the agarose gel using a Zymoclean Gel

DNA Recovery Kit. The concentration of the vector after purification was measured using a
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Thermo Scientific Nanodrop instrument. The purified digested pET-Sac linear vector was used in

the subsequent ligation step.

The APmmi-42) mutant DNA sequences were digested using Sac/ and Ndel restriction
enzymes. Table 1.S6 details the restriction reaction conditions. Reagents were added in the order

they are listed.

Table 1.S6. Double-digestion of the inserts.

Reagents Amount

20 uL of 5 ng/uL. DNA

DNA sequence encoding mutation solution (100.0 ng in total)

10X CutSmart buffer 2.5 uL
H>O 1.5 uL
Ndel restriction enzyme 0.5 uL (0.5 U)
SacI-HF restriction enzyme 0.5 uL (0.5 U)
Total 25.0 uL
Time lh
Temperature 37.0 °C
Heat inactivation 65.0 °C for 20 min

T4 ligation of the APmi-42) mutant DNA sequences and the linear digested pET-Sac vector

The inserts and the vectors were ligated together using T4 ligase. Table 1.S7 details the T4

ligation reaction conditions. Reagents were added in the order they are listed.

Table 1.S7. T4 ligation of the inserts and the vectors.

Reagents Amount
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Vector

Insert

10X T4 DNA
ligase reaction
buffer

T4 DNA ligase
H20

Total

Time
Temperature

Heat inactivation

2 uL of the ligation reaction mixture was then transformed into TOP10 Ca*"-competent E.
coli using the heat shock method. The cell cultures were spread on LB agar plates containing
carbenicillin (50 mg/L). Single colonies were picked to inoculate 5 mL of overnight cultures in
LB media with carbenicillin (50 mg/L). The plasmids were extracted from TOP10 cells using
Zymo ZR plasmid miniprep kit. The concentration of the plasmids was measured through Thermo

Scientific NanoDrop spectrophotometer. The sequences of the ABmi-42) mutants were verified by

DNA sequencing.

Insert:Vector = 0:1
(molar ratio)
(negative control)

6.2 uL of 9.7 ng/uL DNA
solution (60.0 ng in total)

2.0 uL

1.0 uL
10.8 uL

20.0 uL

10 min

Insert:Vector = 5:1
(molar ratio)

6.2 uL of 9.7 ng/uL DNA
solution (60.0 ng in total)
2.5 uL of 4.0 ng/uL DNA
solution (10.0 ng in total)

2.0 uL

1.0 uL
8.3 uL

20.0 uL

22.0 °C (room temperature)

65.0 °C for 10 min
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Characterization Data

Analytical HPLC trace of ABmmi-42). % Purity: >99%
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MALDI-MS trace of of ABmi-42).
Positive reflector mode; Matrix: 2,5-dihydroxybenzoic acid.

Exact mass calculated for M": 4642.3; Exact mass calculated for [M+H]": 4643.3; Exact mass
calculated for [M+2H]*": 2322.2. Observed [M+H]": 4642.8; Observed [M+2H]*": 2322.0.
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Figure 1.S4. Analytical HPLC and MALDI-MS traces of ABmi-42).

Analytical HPLC trace of 'N-labeled ABmi-42). % Purity: >99%
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MALDI-MS trace of >N-labeled ABmi-42).
Positive reflector mode. Matrix: 2,5-dihydroxybenzoic acid.

Exact mass calculated for M": 4698.3; Exact mass calculated for [M+H]": 4699.3; Exact mass
calculated for [M+2H]*": 2350.2. Observed [M+H]": 4697.6; Observed [M+2H]*": 2349 4.
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Figure 1.S5. Analytical HPLC and MALDI-MS traces of '°N-labeled ABai-42).

37



Analytical HPLC trace of ABmi-42/a216). % purity: >99%
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MALDI-MS trace of APmi-42/A21G).
Positive reflector mode. Matrix: 2,5-dihydroxybenzoic acid.

Exact mass calculated for M": 4628.3; Exact mass calculated for [M+H]": 4629.3. Observed
[M+H]": 4629.1.
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Figure 1.S6. Analytical HPLC and MALDI-MS traces of ABmi—42a21G).
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Analytical HPLC trace of ABmi-42/6226). % purity: >99%
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MALDI-MS trace of ABmi1-42/E22G).
Positive reflector mode.
Matrix: 2,5-dihydroxybenzoic acid.

Exact mass for M": 4570.3; Exact mass calculated for [M+H]": 4571.3; Exact mass calculated
for [M+2H]*": 2286.2.

Observed [M+H]": 4570.6; Observed [M+2H]*": 2285.9.
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Figure 1.S7. Analytical HPLC and MALDI-MS traces Of AB(M1—42/E22G)~
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Analytical HPLC trace of APmi-42/E22x). % purity: >99%

1500
1000

500 +
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MALDI-MS trace of ABmi-42/E22K).
Positive reflector mode.
Matrix: 2,5-dihydroxybenzoic acid.

Exact mass for M": 4641.3; Exact mass calculated for [M+H]": 4642.3; Exact mass calculated
for [M+2H]*": 2321.7.

Observed [M+H]": 4642.0; Observed [M+2H]*": 2321.5.
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Figure 1.S8. Analytical HPLC and MALDI-MS traces of ABmi—42E22K).
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MALDI-MS trace of ABi-42/p23N).
Positive reflector mode.
Matrix: 2,5-dihydroxybenzoic acid.

Exact mass for M*: 4641.3; Exact mass calculated for [M+H]": 4642.3; Exact mass calculated
for [M+2H]*": 2321.7.

Observed [M+H]": 4641.9; Observed [M+2H]**: 2321.5.
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Chapter 22

Expression of N-Terminal Cysteine Af4: and
Conjugation to Generate Fluorescent and

Biotinylated Ap4:

Introduction

Peptides and proteins bearing an N-terminal cysteine residue are valuable tools in chemical biology
research, because the unique reactivity of N-terminal cysteine permits native chemical ligation,
conjugation, and other site-specific modifications.!™ Amyloid-p (AB) peptides bearing an N-
terminal cysteine offer promise in Alzheimer’s disease research through N-terminal labeling with
fluorophores or biotin, as well as other N-terminal modifications. N-terminally labeled A peptides
have been widely used to investigate cellular phagocytosis, transport, and clearance of A through
optical fluorescence microscopy, and to screen anti-Af} antibodies through enzyme-linked
immunosorbent assays (ELISA).>?° Site-specific labeling on the N-terminus of AB minimizes
perturbation in the structure and function of the peptide, as the central and the C-terminal regions

of AB are more involved in fibril and oligomer formation.!®*”3* Although some N-terminally

2 This chapter is adapted from Zhang, S.; Guaglianone, G.; Morris, M. A.; Yoo, S.; Howitz, W. J.; Xing, L.; Zheng,
J.; Jusuf, H.; Huizar, G.; Lin, J.; Kreutzer, A. G.; Nowick, J. S. Biochemistry 2021, 60, 1191-1200.
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labeled derivatives of AP are commercially available, they are expensive (ca. $1000/mg) and
limited to biotin and a few common fluorophores. Ready access to good quantities of pure N-
terminally labeled AP can advance Alzheimer’s disease research by enabling experiments that
would otherwise be hindered by insufficient access to these peptides.

Here we describe an efficient method for recombinant expression and purification of the
AP peptide with an N-terminal cysteine, APci-42), and the preparation of labeled AP(c1-42) peptides.
Expressed AP peptides are superior to chemically synthesized AP, because they are free from the
amino acid deletions or epimers that form through amino acid racemization during each coupling
step.>132 Expressed AP peptides have been found to aggregate more quickly and be more toxic
than synthetic AP, and thus are widely used in amyloid research.?*3> Although AP peptides bearing
fluorescent and biotin labels can be prepared by chemical synthesis, the expressed AP peptide
bioconjugates should also be preferable to those derived from synthetic AP.

Chapter 1 reported an efficient method for expression and purification of N-terminal
methionine AB, APmi-42).°° In chapter 2, we set out to adapt this method to include a cysteine
residue for further functionalization by attempting to express ABmci-42). When we expressed an
ABmci-42) plasmid in E. coli, we were surprised to find that the N-terminal methionine is
endogenously excised by the E. coli methionyl aminopeptidase (MAP), leaving cysteine on the N-
terminus and affording AP(ci—42) (Figure 2.1).*7*° This hitherto unrecognized observation provides
amethod of preparing the AP(ci-42) peptide, without the additional methionine group that originates
from the translational start codon.?®*’ The absence of methionine is significant, because AP(ci-42)
represents the minimal modification of native APa-42) that permits further functionalization
through robust cysteine-maleimide conjugation. Our method to prepare AP(ci-42) is straightforward

and does not require any additional treatment with enzymes or reagents after the initial expression
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and reverse-phase preparative HPLC purification. This expression method affords ca. 14 mg of

ABci-42) with > 97% purity from one liter of bacterial culture.

1 42
AB(142) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
ABic1-42) MCDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
ABci4z  CDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

Figure 2.1. Sequences of AB(1_42), AB(MC1-42), and AB(C1_42).

The AP(ci42) can be further functionalized to create a variety of derivatives using thiol-
maleimide chemistry and readily available maleimide-based labeling reagents.*’ We have
developed an optimized labeling protocol to allow AP(ci-42) to be labeled with fluorophores or
biotin in 15 minutes without AP oligomer or fibril formation, and we demonstrate this protocol
through the preparation of AP(ci-42) labeled with fluorophores (TAMRA and FAM) and biotin.
Only two equivalents of the labeling reagents are required to achieve complete labeling, which
minimizes the cost of the maleimide reagents. This labeling protocol affords ca. 3 mg of labeled
AP from one liter of bacterial culture with minimal cost for reagents. HPLC analysis indicates the
labeled peptides to be 94-97% pure. We also demonstrate that these labeled AP peptides behave
similarly to unlabeled APmi-42) in aggregation and fibrillization assays, which indicates that the
labeling of the N-terminus of AP does not substantially alter the properties of the AB. We further
demonstrate the application of the fluorophore-labeled AP(ci-42) by using fluorescence microscopy
to visualize its interactions with mammalian cells and bacteria.

These methods represent a novel and valuable contribution to the AP toolbox, because they
exploit a hitherto unrecognized cleavage of methionine in expressed AP42, provide tailored
conjugation conditions to enable rapid labeling of this highly aggregation-prone peptide, and allow

choice of wide variety of fluorophores and other labels. We anticipate that these methods will

50



provide researchers with convenient access to useful AP peptides bearing N-terminal labels or a

free N-terminal cysteine residue.

Results and Discussion

We expressed APci-42) in E. coli using a plasmid for APmci-42) that we constructed and have
subsequently made available through Addgene.** The expressed peptide forms inclusion bodies
that are isolated by multiple rounds of washing. The inclusion bodies are then solubilized in urea
buffer, and the solubilized AP(ci-42) is purified by reverse-phase HPLC. The pure HPLC fractions
of AP(ci-42) are combined, and the conjugation reactions are performed directly in the combined
pure fractions at alkaline pH. The conjugated peptides are purified by another round of HPLC
purification. The pure HPLC fractions are then combined and lyophilized. The yields of the labeled
peptides are assessed gravimetrically, and the composition and purity of the peptides are assessed
by analytical HPLC and matrix-assisted laser desorption ionization mass spectrometry (MALDI-
MS). For subsequent biophysical and biological studies, the purified peptide is rendered
monomeric by treatment with hexafluoroisopropanol (HFIP). Biophysical experiments show that
the labeled AP(ci-42) behaves similarly to unlabeled ABi-42), and fluorescence microscopy studies

with mammalian cells and bacteria further demonstrate applications of the labeled AP(ci-42).

Expression and Purification of AP(ci-42. We prepared a pET-Sac plasmid encoding
APoici-42) in the same fashion as we had previously described,*® and we deposited the plasmid
with Addgene to make it available to others.*? We also provide procedures to prepare the plasmid
in the Supporting Information (Figure 2.S1). To express AP(ci1-42), we transform the pET-Sac-

ABmci-42) plasmid into BL21(DE3)-pLysS competent E. coli and induce expression with
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isopropyl B-D-1-thiogalactopyranoside (IPTG) when the cultured E. coli reach an optical density
(ODs00) of 0.45. After expression, we lyse the cells, wash the inclusion bodies containing APci-42)
with Tris buffer, and then solubilize the inclusion bodies with 8 M urea. We then filter the solution
through a 0.22 pum hydrophilic polyethersulfone (PES) syringe filter or a 0.22 um hydrophilic
polyvinylidene fluoride (PVDF) filter (to prevent damaging the HPLC columns) and purify the
AP(ci-42) by preparative reverse-phase HPLC using a C8 column at 80 °C with water and
acetonitrile containing 0.1% trifluoroacetic acid (TFA). A typical analytical HPLC trace of the
filtered lysate shows four major peaks, with the first peak corresponding to the AB(ci-42) monomer
(Figure 2.S2). The AP(ci-42) monomer elutes at ca. 34% acetonitrile during the preparative HPLC
purification. We then combine the HPLC fractions containing pure Ap(ci-42) monomer, and the
combined pure fractions typically show >97% purity, as assessed by analytical HPLC (Figure 2.2A
and Figure 2.S7). We measure the concentration of AB(ci-42) in the combined the HPLC fractions
by UV absorbance at 280 nm with an estimated extinction coefficient for tyrosine of 1490 M-'em
!. On the basis of the spectrophotometrically determined concentration, we typically obtain ca. 14
mg of AP(ci-42) as the trifluoroacetate salt from one liter of bacterial culture.

MALDI-MS shows that the mass of the peptide is consistent with APc1-42), not APmci-42)
(Figure 2.2B), and tandem mass spectrometry (MS/MS) peptide sequencing confirms that the N-
terminus of the peptide begins with cysteine, rather than methionine (Figures 2.S9). The loss of
the N-terminal methionine is consistent with a mechanism in which methionyl aminopeptidase
(MAP) excises the N-terminal methionine.***! The combined pure HPLC fractions of ABci-42)
can be directly used for subsequent labeling, or stored at -80 °C for at least three weeks without

forming detectable aggregates.
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Figure 2.2. Characterization of APci42). (A) Analytical HPLC trace of purified ABci—2). HPLC was
performed on a C18 column at 60 °C with elution with 5-67% acetonitrile over 15 minutes. (B) MALDI
mass spectrum of ABci_42). Mass-to-charge (m/z) labels on peaks correspond to [M+H]" and [M+2H]*".

Labeling of AB(ci-42). Proteins are often labeled with fluorophores or biotin by dissolving
the lyophilized protein powder in buffer and adding a reactive derivative of the fluorophore or
biotin to the solution of the protein. We found that when we lyophilized the AB(ci1-42), it became
unsuitable for labeling, because it aggregated during the lyophilization and redissolution process.
All of our attempts to label lyophilized AB(ci-42) gave rise to turbid solutions of aggregated APci-
42) that were unsuitable for subsequent purification and use. To address this problem, we have
developed a protocol to rapidly label the AP(ci42) in the combined HPLC fractions, where AP

remains mostly monomeric.
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In this protocol, we first we determine the concentration of AP(c1-42) in the combined HPLC
fractions by UV absorbance at 280 nm. We then calculate the amount of the maleimide-based
labeling reagent needed for a 2:1 molar ratio of the reagent to the AP(ci-42) peptide. Although
typical thiol-maleimide labeling protocols use a 5-20-fold molar excess of the maleimide reagent,
we found that a 2-fold molar excess is sufficient to achieve complete labeling of the AP(c1-42). Use
of only a 2-fold molar excess of the reagent not only minimizes the cost, but also simplifies
subsequent purification of the APci42) conjugate. Typical thiol-maleimide labeling protocols
suggest treating the cysteine-containing unlabeled peptide with a 10-100-fold molar excess of
tris(2-carboxyethyl)phosphine (TCEP) to reduce any disulfide bonds that might have formed. We
found that TCEP interferes with the labeling of AP(ci-42) and is unnecessary for our A labeling
protocol.*

We found that the labeling reaction must be performed in alkaline conditions to proceed
rapidly and avoid aggregation of the AB. The pH of the combined HPLC fractions of ABci-42) is
ca. 2.2 because of the presence of TFA in the mobile phases, which is unfavorable for thiol-
maleimide conjugation chemistry. At acidic pH, the thiol-maleimide reaction does not reach
completion after overnight incubation, and AP(ci-42) aggregates before being completely labeled.
Common protein labeling protocols recommend doing the thiol-maleimide conjugation at ca. pH
7.4. APc1-42) aggregates rapidly at this pH, which is close to its isoelectric point (pI = 5.6), where
APB(ci-42) is not heavily charged and is thus prone to aggregation.** We observed that at pH 7.4, AB
aggregates in several minutes, which hinders the labeling of AB. We thus developed a basification
protocol to rapidly raise the pH of the acidic HPLC fractions to ca. 9.0. It is essential to bring the
pH from ca. 2.2 to ca. 9.0 rapidly to bypass the plI quickly thus prevent AP aggregation.®’ In this

protocol, we first titrate a I mL portion of the combined HPLC fractions with pH 9.0 sodium borate
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buffer until a pH of 9.0 is reached. This portion of the combined HPLC fractions is discarded. We
then calculate the quantity of borate buffer needed to basify the remainder of the combined HPLC
fractions to pH 9.0 and add it in a single portion. We then add the appropriate amount the
maleimide reagent as a solution in DMSO and allow the reaction to proceed for 15 minutes at room

temperature to achieve complete labeling of the Ap.

Purification, Characterization, and HFIP Treatment of Labeled ABc1-42. We purify
the labeled AP(ci-42) by preparative HPLC to remove unreacted maleimide reagent, borate buffer,
and oligomers that formed during the labeling reaction. Before HPLC purification, we must filter
the reaction mixture to prevent damaging the HPLC column. We have found both hydrophilic
polyvinylidene fluoride (PVDF) syringe filters and hydrophilic polyethersulfone (PES) syringe
filters are suitable for filtering expressed ABmi-42) and Aci-42) before HPLC purification while
minimizing peptide loss.>® Nevertheless, we find that only PES filters should be used for filtering
the labeling reaction mixture, as the use of PVDF filters resulted in substantial loss of fluorophore
or biotin labeled AP(ci-42) peptide. The filtered solution is then subjected to purification by
preparative reverse-phase HPLC on a C8 column at 80 °C. The labeled APc1-42) elutes at ca. 34—
38% acetonitrile. The pure fractions of labeled AB(c1-42) peptide are combined.

Using these procedures, we labeled AP with three different maleimide reagents:
maleimide-6-carboxyfluorescein (FAM), maleimide-5-tetramethylrhodamine (TAMRA), and
maleimide-PEGz-biotin (Figure 2.3). MALDI-MS corroborated the composition of each labeled
AP peptide (Figure 2.4). HPLC analysis indicated the purity of each peptide to be 94.0-96.6%
(Figures 2.5, 2.510, 2.S12, 2.S14). After lyophilizing the combined pure HPLC fractions, we

gravimetrically determined the yield of each of the labeled peptides as the trifluoroacetate salt to
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be 2.6-3.6 mg per liter of bacterial culture (Table 2.S15). To provide aliquots of monomeric
labeled AP for subsequent biophysical and biological studies, we dissolve and incubate the
lyophilized powder of labeled AP in HFIP and portion the labeled A into 0.02 pmol (ca. 0.1 mg)
aliquots. We then lyophilize the aliquots to remove HFIP and store the lyophilized aliquots in a

desiccator at -20 °C until further use.

Thiazine Rearrangement of Labeled APci-42). After we completed the work, Gober et
al. recently reported that maleimide conjugates of N-terminal cysteine peptides rearrange to the
isomeric thiazines over the course of hours at neutral or basic pH (Figure 2.3A).% To evaluate the
occurrence of this rearrangement in the maleimide conjugates of AP(ci-42) reported in the this
chapter, we have performed ultra-performance liquid chromatography—high-energy collision-
induced mass spectrometry (UPLC-MSF) analysis on 5-TAMRA-APci-42). Upon digestion of 5-
TAMRA-ABci-42) with proteinase K at 37 °C at pH 7.2 followed by UPLC-MSEF, we were able to
identify a set of three peaks in the UPLC trace associated with 5-TAMRA-AB«c1-7) (14.4, 16.3,
16.5 minutes) and a set of three peaks in the UPLC trace associated with 5-TAMRA-ABc1-5) (15.9,
17.8, and 18.1 minutes) (Figure 2.6). The patterns of three unique peaks associated with each
digestion fragment are consistent with the thiazine isomer and the two diastereomers of the
maleimide conjugate. Similar patterns of three peaks were reported by Gober et al. for maleimide
conjugates of several model tripeptides bearing N-terminal cysteine residues, with the thiazine
isomer eluting first and the two diastereomers of the maleimide conjugate eluting subsequently.*6
The observation of these characteristic sets of three peaks provides strong evidence that 5-
TAMRA-APB(ci-42) has partially rearranged to the thiazine isomer in the course of preparation and

isolation. We expect that 6-FAM-AP(c1-42) and PEGz-biotin-AB(c1-42) also partially rearranged to
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the thiazine isomers in the course of preparation and isolation. We further expect these AP(ci-42)
maleimide conjugates to fully rearrange to the corresponding thiazine isomers during the course
of common experiments that involve prolonged incubation at neutral pH (Figure 2.3). Because N-
terminal substitution does not substantially alter the properties of the AP, we anticipate that the
isomerization of the maleimide conjugates to the isomeric thiazines will not significantly affect

the use of the N-terminally labeled A4z peptides.
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Figure 2.3. Conjugation of AP ci-42) with maleimide reagents (A). Structures of labeled AP products: FAM-
AB(C1.42) (B), TAMRA—AB(C1.42) (C), and PEGz—biOtin—AB(c1.42) (D)
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Figure 2.4. MALDI mass spectra of fluorophore and biotin labeled AB(ci-42): (A) TAMRA-labeled A. (B)
FAM-labeled AP. (C) Biotin-labeled AB. Mass-to-charge (m/z) labels on peaks correspond to [M+H]" and

[M+2H]*".

58



A "AUS 214 im TAMRA-abeled AB(c12)
1400
1200
1000
800
600
4004
2004

-200

25 5.0 75 10.0 125 15.0 175
Time (min)

mAU 4 541 nm, TAMRA-labeled AB(c1-42)

7004

600 7
500 7
4004
3004
2004
1004

0 _J

25 5.0 75 10.0 125 15.0 175
Time (min)

B 214 nm, FAM-labeled ABci—2)

8004

6004

4004

2004

04
-200

25 5.0 75 10.0 125 15.0 17.5
Time (min)

mAU | 494 nm, FAM-labeled AB(c1-42)

2.5

25 5.0 75 10.0 125 15.0 175
Time (min)

C mAU- 214 nm, Biotin-labeled AB(ci-42)
800+
600+
400+

200

-200

o
!

N

o

o]

o

7.5 10.0 125 15.0 175
Time (min)

Figure 2.5. Analytical HPLC traces of purified fluorescent and biotin labeled ABci-42): (A) HPLC trace of
TAMRA-labeled AP at 214 nm and 541 nm. (B) HPLC trace of FAM-labeled AP at 214 nm and 494 nm.
(C) HPLC trace of biotin-labeled AP at 214 nm. HPLC was performed on a C18 column at 60 °C with
elution with 5-67% acetonitrile over 15 minutes. The absorbance of FAM-labeled AP at 494 nm is low in
the acidic (0.1% TFA) HPLC mobile phase.
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Figure 2.6. UPLC-MSF total ion current chromatogram of 5-TAMRA-AB(ci-42) digested with
proteinase K for either 10 minutes (A) or 60 minutes (B). Peaks were analyzed and assigned by
MSEF analysis through identification of b and y ions in the fragmentation mass spectra using Waters
BiopharmaLynx software. UPLC was performed on a C4 reverse-phase column with elution with
3—27% acetonitrile containing 0.1% formic acid over 25 minutes.

Oligomerization and Fibrilization Studies of Labeled AP(ci-42). To determine whether
N-terminal labeling perturbs the aggregation properties of the APci-42), we compared labeled A
to unlabeled AP by SDS-PAGE, thioflavin T (ThT) fluorescence assays, fluorescence suppression
assays, and transmission electron microscopy (TEM). In these studies we used APmi-42), an

expressed homologue with properties similar to native Af(1-42), as an unlabeled Ap control.>®
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SDS-PAGE shows that the labeled AP peptides behave similarly to ABwi-42) (Figure 2.7).
We ran SDS-PAGE at a range of concentrations to better observe both the monomeric and
oligomeric species, and we visualized the peptides by silver staining. We also visualized the FAM-
and TAMRA-labeled AP directly by fluorescence imaging. At lower concentrations (e.g., 4 and 8
uM), the AP shows up exclusively or predominantly as the monomer, which appears as a band
between the 4.6 kDa and 10 kDa ladder bands. At higher concentrations (e.g., 125 and 250 uM),
bands associated with trimers and tetramers appear just below and above the 17 kDa ladder band.
In spite of the differences among the N-terminal substituents and visualization techniques for the
SDS-PAGE gels, all of the gels show remarkably similar patterns of monomers and oligomers

among the four peptides.
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Figure 2.7. SDS-PAGE of labeled APci-42) and APwi-42) at a range of concentrations, visualized by silver
staining and fluorescence imaging. (A and B) FAM-labeled APci—4») visualized by silver staining and
fluorescence imaging. (C and D) TAMRA-labeled Aci-42) visualized by silver staining and fluorescence
imaging. (E and F) Biotin-labeled APci—42) and APmi-42) visualized by silver staining. The contrast of
images 6A, 6C, 6E, and 6F have been increased by 40% to enhance the visualization of the silver staining.

61



ThT fluorescence assays are widely used to study the onset of fibril formation by
amyloidogenic peptides. In these assays, AP or a related amyloidogenic peptide is incubated with
ThT. After a lag time, the onset of fibril formation is marked by the rapid increase in ThT
fluorescence and a subsequent plateau. In a ThT assay, the APmmi-42) exhibited a lag time of ca.
100 minutes, followed by a rapid increase in fluorescence and a plateau, reflecting the formation
of fibrils (Figure 2.8 A). The biotin-labeled AP(ci-42) exhibited a shorter lag time (ca. 20 minutes),
followed by a more rapid increase in fluorescence and a plateau (Figure 2.8B). The FAM label
absorbs light at wavelengths similar to ThT and does not permit a conventional ThT fluorescence
assay to be performed. Aggregation of the FAM- and TAMRA-labeled AP can be observed by a
diminution of fluorescence as the labeled AP begins to aggregate, even before the onset of fibril
formation.?”-?’ We thus studied the aggregation of these fluorophore-labeled AB peptides through
a fluorescence suppression assay. In this assay, the FAM-labeled AP(ci-42) exhibited a slight initial
diminution in the fluorescence signal, followed by a lag time, and then a rapid drop in fluorescence.
The initial diminution in fluorescence may reflect the formation of small oligomers, while the
subsequent drop likely reflects the formation of fibrils (Figure 2.8C). In contrast, the TAMRA-
labeled AP(ci-42) exhibited an immediate substantial drop in fluorescence, suggesting more rapid
aggregation and fibril formation (Figure 2.8D). The differences observed between the biotin-
labeled AP(c1-42) and the APvi-42), and between the FAM- and TAMRA-labeled AB(ci-42), indicate

that the choice of label is important in the aggregation of the AP.
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Figure 2.8. ThT fluorescence assays and fluorescence suppression assays of labeled APci-42) and APi-42).
(A and B) ThT fluorescence assays of ABi-42) and biotin-labeled AP (40 uM peptide, 40 uM ThT, 37 °C,
quiescent, 6 hours). (C and D) Fluorescence suppression assays of FAM-labeled AB and TAMRA-labeled
AP (40 pM peptide, 37 °C, quiescent, 6 hours). These assays were performed in five replicates (light blue,
dark blue, orange, yellow, and gray).
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To directly visualize amyloid fibrils formed by labeled AP, we performed transmission
electron microscopy (TEM). TEM studies reveal that APi-42), biotin-labeled AP(ci-42), FAM-
labeled AP(ci-42), and TAMRA-labeled AP(ci-42) all form fibrils after one day of incubation (Figure
2.9 and Figure 2.S18). The fibrils differ in morphology: ABmi-42) forms wide, twisted, multi-
fibrillar assemblies. Biotin-labeled AP(ci-42) forms long, thin fibrils. FAM- and TAMRA-labeled
APci-42) form more heterogenous fibrils. The TEM studies further confirm that the choice of label
is important in the aggregation of AB. We performed atomic force microscopy (AFM) to further
characterize the fibrils. AFM shows that the fibrils formed by ABwmi-42), biotin-labeled AP(ci-42),
FAM-labeled AP(ci-42), and TAMRA-labeled Ap(ci-42) range in height from ca. 2—5 nm and exhibit
some morphological differences (Figure 2.10 and 2.S19). Although there are differences among
the rates of fibril formation and the morphologies of the fibrils, the TEM and AFM experiments
and the ThT and fluorescence suppression experiments collectively show that all of the labeled AP

peptides retain the propensity to form fibrils.

A ABm142) B TAMRA-AB

C Biotin-AR

Figure 2.9. Transmission electron micrographs of fibrils formed by AP peptides: (A) ABi-42), fibril width
ca. 36 nm; (B) TAMRA-labeled A, fibril width ca. 15 nm; (C) FAM-labeled AP, fibril width ca. 56 nm;
(D) Biotin-labeled AP, fibril width ca. 12 nm. Fibrils were formed by incubating 40 uM of each peptide in
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PBS buffer (pH 7.4, 37 °C, 1 day, 225 rpm shaking). The red bars indicate the locations where the widths
of the fibrils were measured.

A ABm1-42) B TAMRA-AB

Figure 2.10. Atomic force micrographs of fibrils formed by AP peptides: (A) APmi-42), fibril height ca. 4.5
nm; (B) TAMRA-Iabeled A, fibril height ca. 5.2 nm; (C) FAM-labeled AP, fibril height ca. 2.3 nm; (D)
Biotin-labeled AP, fibril height ca. 4.1 nm. Fibrils were formed by incubating 40 uM of each peptide in
PBS buffer (pH 7.4, 37 °C, 1 day, 225 rpm shaking). The red arrows indicate the locations where the heights
of the fibrils were measured.

Fluorescence Microscopy Studies of Fluorophore-Labeled ABci-42). To evaluate the
applicability of the labeled AP in fluorescence microscopy, we visualized the interaction of the
FAM- and TAMRA-labeled AP(c1-42) with mammalian cells and bacteria. The interaction of Af
with neuronal cell membranes is thought to be important in neurodegeneration in Alzheimer’s
disease.?®*” When we treated SH-SY5Y neuroblastoma cells with the fluorescent AB, we observed
binding to the cell membranes, internalization of the fluorescent AP (Figure 2.11A, 2.11B, and
2.S17). These interactions occurred rapidly (within 3 hours) for the TAMRA-AP and more slowly
(within 48 hours) for the FAM-A. In both cases, we observe small punctate features within the

cells, suggesting that internalization occurs through interaction with the cell membranes and the
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formation of endosomes. Macrophages have been shown to play an important role in AP
clearance.*®* When we treated RAW 264.7 macrophage cells with fluorescent AP, we also
observed uptake of the AP, with the uptake of the TAMRA-AP occurring more extensively. The
punctate features associated with the internalized peptides are larger, consistent with phagocytosis
of the labeled AP by the macrophage (Figure 2.11C, 2.11D, and 2.S17). A is also thought to have
antimicrobial activity and play a role in innate immune response.’*>! When we treated B. subtilis
(Gram-positive) and E. coli (Gram-negative) with the fluorescent AP, we observed interaction of
what appeared to be aggregated AP with the bacterial cell walls (Figure 2.11E and 2.11F). These
results indicate that the fluorescent AP peptides prepared by this method can be used to visualize
and monitor interactions between A and cells, with the TAMRA-A giving somewhat more rapid

and more uniform staining.>?
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A FAM-AB; SH-SY5Y cells B TAMRA-AB; SH-SY5Y cells

C FAM-AB; macrophage D TAMRA-AB; macrophage
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Figure 2.11. Fluorescence micrographs of labeled AB with mammalian cells and bacteria. (A and B) SH-
SYS5Y neuroblastoma cells treated with FAM- and TAMRA-labeled AP (10 uM peptides, 37 °C, 48 and 3
hours, respectively). The nuclei are shown in blue through Hoechst 33342 staining. (C and D) RAW 264.7
macrophage cells treated with FAM- and TAMRA-Iabeled AP (10 pM peptides, 37 °C, 4 hours). (E and F)
B. subtilis treated with FAM- and TAMRA-labeled AP (5 uM peptides, 37 °C, 225 rpm, 225 rpm shaking,
2 hours). (G and H) E. coli treated with FAM- and TAMRA-labeled AB (5 uM peptides, 37 °C, 225 rpm,
225 rpm shaking, 2 hours). These micrographs were collected by Gretchen Guaglianone and Dr. Michael
Morris.

Conclusions

Our discovery that expression of an ABwci-42) plasmid in E. coli leads to endogenous
excision of methionine has enabled us to develop methods to express and purify AB(ci-42) and then

label the AP at the N-terminus with fluorophores or biotin through cysteine-maleimide chemistry.
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The expression and labeling of AB(c1-42) provide an efficient and economical route to obtain ca. 14
mg of N-terminal cysteine AP or ca. 3 mg of labeled AP per liter of bacterial culture. Analytical
HPLC and MALDI analyses confirm that the AB(ci-42) and labeled A are pure and homogeneous.
SDS-PAGE, ThT fluorescence assays and related fluorescence suppression assays, and TEM
studies establish that N-terminally labeled A retains aggregation properties similar to unlabeled
AB. Fluorescence microscopy shows that the labeled AP can be used to visualize interactions
between AP and mammalian or bacterial cells.

Expression offers advantages over solid phase peptide synthesis, because the expressed AP is
free of deletion or epimerization impurities. The addition of a single cysteine residue at the N-
terminus enables labeling of the expressed AP with complete site specificity using maleimide-
based reagents. Although NHS esters are widely used to label lysine residues or the N-terminus of
proteins, site specific labeling of expressed AP is not possible using NHS-ester based reagents,
because multiple labeling sites are present.

The expression, purification, and conjugation methods that we report here should enable other
researchers to produce milligram quantities of pure labeled AP in their own laboratories. Ready
access to labeled AP peptides will advance amyloid and Alzheimer’s disease research by
facilitating experiments that might otherwise be hindered by insufficient access to these valuable
peptides.>*® We anticipate these fluorophore and biotin labeled Ap peptides will be especially
useful in investigating cellular interactions, transport, and clearance of AP, as well as screening
anti-Ap antibodies.®®® Researchers may also apply our methods to label AR with other popular
fluorophores, such as Alexa Fluor™ 488 and BODIPY™ FL.%%7° The potential to install a variety
of fluorophores may enable studies of AP peptide interactions through Forster resonance energy

transfer (FRET) studies in which AP has been labeled with FRET donors and acceptors, such as
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Cy3 and CyS. The N-terminal cysteine AP formed through N-terminal methionine excision also
promises to be valuable in other applications, such as native chemical ligation or other site-specific
modifications. We anticipate that this method of incorporating an N-terminal cysteine residue can
be adapted to the expression, purification, and conjugation of other variants of A, such as familial

mutants,>® further enabling a variety of experiments in Alzheimer’s disease research.
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Materials and Methods'

General Information
Chemicals and Supplies. All chemicals were used as received unless otherwise noted.

Deionized water (18 MQ) was obtained from a Thermo Fisher Scientific Barnstead Genpure Pro
water purification system. The pET-Sac-APmi-42) plasmid was a gift from Dominic Walsh
(Addgene plasmid # 71875). DNA sequences that encode APwci-42) was purchased in 500 ng
quantities from Genewiz. Ndel and Sacl restriction enzymes, CutSmart buffer, and shrimp alkaline
phosphatase (rSAP) were purchased from New England Biolabs (NEB). TOP10 Ca*'-competent
E. coli and BL21 DE3 PLysS Star Ca®*-competent E. coli, T4 ligase, and ethidium bromide were
purchased from Thermo Fisher Scientific. Zymo ZR plasmid miniprep kit was purchased from
Zymo Research. Zymoclean Gel DNA Recovery Kit was purchased from Zymo Research. Fisher
BioReagents LB Broth was purchased from Thermo Fisher Scientific. Carbenicillin was purchased
from Gold Biotechnology and added to culture media as a 1000X stock solution (50.0 mg/mL) in
water. Chloramphenicol was purchased from RPI Research Products and added to culture media
as a 1000X stock solution (34.0 mg/mL) in EtOH. Isopropyl B-D-1-thiogalactopyranoside (IPTG)

was purchased from Gold Biotechnology and added to the culture media as a 1000X stock solution
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(23.8 mg/mL) in water. Maleimide-6-carboxyfluorescein (FAM) and maleimide-5-
tetramethylrhodamine (TAMRA) were purchased from Lumiprobe and maleimide-PEG:-biotin
was purchased from Thermo Fisher Scientific. DMSO was purchased from Thermo Fisher
Scientific. Urea and sodium borate were purchased from Thermo Fisher Scientific. Boric acid was
purchased from Sigma-Aldrich. Tris hydrochloride was purchased from Avantor.
Ethylenediaminetetraacetic acid (EDTA) was purchased from Sigma-Aldrich. Trifluoroacetic acid
(TFA), and HPLC grade acetonitrile (ACN) were purchased from Thermo Fischer Scientific.
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was purchased from Oakwood Chemical. Thioflavin T
(ThT) was purchased from Sigma-Aldrich. Spectra multicolor low range protein ladder and 6X
SDS-PAGE loading buffer were purchased from Thermo Fisher Scientific. Sodium carbonate
(299.5%) was purchased from Sigma-Aldrich.* Ammonium persulfate, formaldehyde, and silver
nitrate were purchased from Thermo Fischer Scientific. N,N,N',N'-tetramethylethylenediamine
(TEMDA) was purchased from Alfa Aesar. Sodium thiosulfate was purchased from Avantor.
Corning® 96-well half area black/clear flat bottom polystyrene nonbinding surface (NBS)
microplates (product number: 3881) were purchased from Corning Incorporated.® 0.22 um
Hydrophilic polyethersulfone (PES) syringe filters were purchased from Genesee Scientific
(catalog number: 25-244). 0.20 um Nylon syringe filters were purchased from Thermo Fisher
Scientific (catalog number: 09-719-006). DMEM:F12 media were purchased from Thermo Fisher
Scientific. Molecular biology grade agarose was purchased from Thermo Fisher Scientific. Difco

Mueller Hinton broth was purchased from Becton Dickinson and Company.

# Use of high-purity sodium carbonate is crucial for successful silver staining.
® Microplates with a non-binding surface give reproducible ThT assay results.
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Instrumentation. The concentrations of the DNA and peptide samples were measured

using a Thermo Fisher Scientific NanoDrop One spectrophotometer. E. coli were incubated in a
Thermo Fisher Scientific MaxQ Shaker 6000. E. coli were pelleted by centrifugation using
Beckman Coulter Avanti J-E centrifuge with JA-10 and JA-18 rotors. E. coli were lysed using a
QSonica Q500 ultrasonic homogenizer. Analytical reverse-phase HPLC was performed on an
Agilent 1260 Infinity II instrument equipped with a Phenomonex bioZen Peptide XB-C18 LC
column (4.6 x 150 mm, 2.6 um particle size). Preparative reverse-phase HPLC was performed on
a Rainin Dynamax instrument SD-200 equipped an Agilent ZORBAX 300SB-C8 semi-preparative
column (9.4 x 250 mm, 5.0 pm particle size) with a ZORBAX 300SB-C3 preparative guard column
(9.4 x 15 mm, 7.0 um particle size). During preparative HPLC purification, the C8 column and the
guard column were heated to 80 °C in a Sterlite plastic bin equipped with a Wancle Sous Vide
immersion circulator. HPLC grade acetonitrile and deionized water (18 MQ), each containing
0.1% trifluoroacetic acid (TFA), were used for analytical and preparative reverse-phase HPLC.
MALDI-TOF mass spectrometry and tandem mass spectrometry (MS/MS) peptide sequencing
were performed using an AB SCIEX TOF/TOF 5800 System. Rotary evaporation was conducted
using a Biichi Rotavapor. Lyophilization was conducted using a Labconco FreeZone Freeze Dry
System. Sonication of the peptide DMSO stock was performed using a SharperTek ultrasonic
cleaner. pH of the solutions was measures using a Thermo Fisher Scientific AB150 Benchtop pH
Meter and a Fisherbrand™ accumet™ pH probe. Fluorescence suppression assays and ThT
fluorescence assays were performed using a Thermo Fisher Scientific Varioskan Lux microplate
reader. The absorbance of the ThT solution and peptide solutions were measured using a Thermo
Fisher Scientific Multiskan Go microplate spectrophotometer. SDS-PAGE gels were visualized

using a ChemiDoc Touch Imaging System. Mammalian cell fluorescence microscopy was
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performed using a Keyence BZ-X810 fluorescence microscope. Mammalian cell fluorescence
microscopy was performed using a Zeiss LSM 780 confocal fluorescence microscope. TEM

images were obtained using a JEOL JEM-2100F-cryo-TEM instrument.

Molecular Cloning

This section describes the preparation of the pET-Sac-ABmci-42) plasmid. We have
now deposited the pET-Sac-ABmci-42) plasmid with Addgene to make it available to others.?

Isolation of pET-Sac-Apwmi-42) Plasmid. The pET-Sac-ABmi-42) plasmid was purchased as
a bacterial stab from Addgene (Addgene plasmid #71875)°, which was made available as a gift
from D. Walsh.* The bacterial stab was immediately streaked onto a LB agar-plate containing
carbenicillin (50 mg/L). Colonies grew in < 24 h. Single colonies were picked and used to inoculate
5 mL of LB broth containing carbenicillin (50 mg/L). The cultures were shaken at 225 rpm
overnight at 37 °C. To isolate the pET-Sac-ABwmi-42) plasmids, minipreps were performed using a
Zymo ZR plasmid miniprep kit. The concentration of the plasmids was measured using a Thermo

Scientific Nanodrop instrument.

Restriction Enzyme Digestion of pET-Sac-APmi-42 Plasmid. The pET-Sac-ABmi-42)
plasmid was digested using Sacl and Ndel restriction enzymes to remove the ABmmi-42) sequence
and prepare vector backbones for the subsequent generation of ABmci-42) recombinant plasmid.
Table 2.S1 details the restriction reaction conditions. Reagents were added in the order they are

listed.
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Table 2.S1. Restriction enzyme digestion of the pET- Sac ABmi-42) plasmid

Reagents Amount
pET-Sac ABi_42) 20 uL of 50 ng/uL pi?)i:f)ld solution (1.0 pg in
10X CutSmart buffer 5.0 uL
H>O 23.0 uL
Ndel restriction enzyme 1.0 uL (1 U)
Sacl-HF restriction enzyme 1.0 uL (1 U)
Total 50.0 uL
Time 1.0h
Temperature 37.0°C

Next, to prevent vector backbone self-ligation, the digested plasmid was treated with

shrimp alkaline phosphatase (rSAP). Table 2.S2 details the rSAP reaction conditions.

Table 2.S2. rSAP treatment of the vector backbones

Reagents Amount
Restriction enzyme digestion mixture 50.0 uL
rSAP 1.0 uL (10)
Total 51.0 uLL
Time 0.5h
Temperature 37.0 °C
Heat inactivation 65.0 °C for 20 min

After the rSAP reaction and heat inactivation were complete, the reaction mixture was
mixed with DNA loading buffer and loaded onto a 1% agarose gel containing ethidium bromide
(5 uL per 100 mL gel). The agarose gel was run at 100 V for ca. 30 min. A UV box was used to
visualize the digested pET-Sac vector (ca.4500 bp), which was excised from the gel using a razor
blade. The digested pET-Sac vector was purified from the agarose gel using a Zymoclean Gel
DNA Recovery Kit. The concentration of the vector after purification was measured using a
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Thermo Scientific Nanodrop instrument. The purified digested pET-Sac linear vector was used in

the subsequent ligation step.

Design of the DNA Sequence for Afmci-42). DNA fragment for ABmci-42) was ordered from

Genewiz. Figure 2.S1 shows the design of the DNA sequence for ABmci-42).

___37and 5’ overhangs [ Ndel restriction site/start codon

. stop codons | Sacl restriction site

GAT ATA CATATG TGC GAC GCT GAA TTC CGT CAC GAC TCT GGT TAC GAA GTT
CAC CAC CAG AAG CTG GTG TTC TTC GCT GAA GAC GTG GGT TCT AAC AAG GGT
GCT ATC ATC GGT CTG ATG GTT GGT GGC GTT GTG ATC GCT I8 GAG CTC
GAT CCG

Figure 2.S1. Design of the DNA sequence for ABmci-42).

Restriction Enzyme Digestion of Afmci-42) DNA Fragment. The ABmci-42) DNA fragment
was digested using Sacl and Ndel restriction enzymes to generate the insert DNA. Table 2.S3

details the restriction reaction conditions. Reagents were added in the order they are listed.
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Table 2.S3. Restriction enzyme digestion of the APmci-42) DNA fragment

Reagents Amount
DNA sequence encoding 20 pL of 5 ng/uL. DNA solution (100.0 ng in
mutation total)
10X CutSmart buffer 2.5 ulL
H>O 1.5 uL
Ndel restriction enzyme 0.5 uL (0.5 U)
Sacl-HF restriction enzyme 0.5 uL (0.5 U)
Total 25.0 uL
Time 1.0h
Temperature 37.0 °C
Heat inactivation 65.0 °C for 20 min
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T4 Ligation of the APpmci-42) DNA Fragment and the pET-Sac Vector. The ABmci-42) DNA
fragment (insert) and the backbone vector were ligated together using T4 ligase. Table 2.54 details

the T4 ligation reaction conditions. Reagents were added in the order they are listed.

Table 2.S4. T4 ligation of the insert and the vector

Amount
Reagents Insert:Vector = 0:1 Insert:Vector = 5:1
UG TAEL ), (molar ratio)
(negative control)
Vector 6.2 uL of 9.7 ng/uL. DNA 6.2 uL of 9.7 ng/uL DNA
solution (60.0 ng in total) solution (60.0 ng in total)
2.5 uL of 4.0 ng/uL DNA
Insert o solution (10.0 ng in total)
10X T4 DNA
ligase reaction 2.0 uL 2.0 uL
buffer
T4 DNA ligase 1.0 uL 1.0 uL
H20 10.8 uLL 8.3 uL
Total 20.0 uL 20.0 uL
Ligation time 10 min
Temp 22.0 °C (room temperature)
Heat inactivation 65.0 °C for 10 min

APwici-42) Recombinant Plasmid Preparation. 2 pL of the ligation reaction mixture was
then transformed into TOP10 Ca*’-competent E. coli using the heat shock method. The cell
cultures were spread on LB agar plates containing carbenicillin (50 mg/L). Single colonies were
picked to inoculate 5 mL of overnight cultures in LB media with carbenicillin (50 mg/L). The
plasmid was extracted from TOP10 cells using Zymo ZR plasmid miniprep kit. The concentration
of the plasmid was measured through Thermo Scientific NanoDrop spectrophotometer. The DNA
sequence of the APvci-42) recombinant plasmid was verified by DNA sequencing. The APmci-42)

recombinant plasmid was deposited to Addgene.?

91



Representative Schedule for the Expression, Purification, and Labeling of APc1-42)

Table 2.S5. Representative schedule for the expression, purification, and labeling of ABci1-42)

Day Time Steps
Day 1 Evening Starter culture
Morning Daytime culture
Day 2 Aftenrnoo IPTG induced expression of AB(ci1-42)
Evening Cell pelleting
Morning Cell lysis and urea extraction to obtain peptide solution
Day 3 Afte;lrnoo Prep-HPLC purification of the 1% batch of peptide solution
Evening Prep-HPLC purification of the 2" batch of peptide solution

A total of ca. 14.0 mg® of pure AP(ci-42) is obtained
(in two batches of combined HPLC fractions)

Morning | Labeling of the 1% batch of AB(c1-42); prep-HPLC purification
Day 4 Aftenrnoo Labeling of the 2" batch of AB(c1-42); prep-HPLC purification
Day 4-5 Oveinigh Lyophilization of purified labeled AP(c1-42)
A total of ca. 3.0 mg® of pure labeled AP(ci-42) is obtained
Day 5 Afte;lrnoo HFIP treatment of pure labeled AP(ci-42); lyophilization

Bacterial expression of ABci1-42

Transformation of Afmci-42) Plasmid. All liquid cultures were performed in culture media
(LB broth containing 50 mg/L carbenicillin and 34 mg/L. chloramphenicol). APmci-42) plasmid
was transformed into BL21 DE3 PLysS Star Ca**-competent E. coli through heat shock method.

The cell cultures were spread on LB agar plates containing carbenicillin (50 mg/L) and

? The yield of APB(ci-42) was determined spectrophotometrically.
® The yield of labeled AP(ci-42) was determined gravimetrically.
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chloramphenicol (34 mg/L). Single colonies were picked to inoculate 5 mL of culture media for
overnight culture (ca. 14 h). A glycerol stock of BL21 DE3 PLysS Star Ca**-competent E. coli
bearing the plasmid was made. The glycerol stock was stored at -80 °C and was used in all

subsequent expression procedures.

Expression of Af(ci-42). For a typical expression procedure, a starter culture was made by
inoculating culture media with an aliquot of the glycerol stock. The next day, all 5 mL of the
overnight culture were used to inoculate 1 L of culture media. After inoculation, the culture was
shaken at 225 rpm at 37 °C (for ca. 3 hours and 50 minutes) until the cell density reached an ODeoo
of ca. 0.45. Protein expression was then induced by the addition of isopropyl B-D-1-
thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM, and the cells were shaken at 225
rpm at 37 °C for 4 more hours with IPTG. The cells were then harvested by centrifugation at 4000
rpm using a JA-10 rotor (2800 x g) at 4 °C for 25 minutes, and the cell pellets were then stored at

-80 °C.

Purification of the AP(ci-42) Peptide

Cell Lysis. To lyse the cells, the cell pellet was resuspended in 20 mL of buffer A (10 mM
Tris/HCI, 1 mM EDTA, pH 8.0) and sonicated for 2 minutes on ice (50% duty cycle) until the
lysate appeared homogenous. The lysate was then centrifuged for 25 minutes at 16000 rpm using
a JA-18 rotor (38000 x g) at 4°C. The supernatant was removed, and the pellet was resuspended in
buffer A, sonicated and centrifuged as described above. The sonication and centrifugation steps
were repeated two additional times. After the third supernatant was removed, the remaining pellet

(inclusion bodies) was resuspended in 15 mL of freshly prepared buffer B (8 M urea, 10 mM
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Tris/HCIL, 1 mM EDTA, pH 8.0), and was sonicated as described above, until the peptide solution

became clear.

Sample Filtering and Analytical HPLC. The peptide solution (ca. 15 mL) was then diluted
with 10 mL of buffer A and filtered through a 0.22 pm hydrophilic PES syringe filter from Genesee
Scientific (catalog number: 25-244) or a 0.22 um hydrophilic PVDF syringe filter from Thermo
Fisher Scientific (catalog number: 09-719-006).* Successful expression of the APci-42) peptide
was confirmed by analytical reverse-phase HPLC as follows: A 20-uL sample of the above
solution was injected onto an Agilent 1260 Infinity II instrument equipped with a Phenomonex
bioZen Peptide XB-C18 LC column (4.6 x 150 mm, 2.6 um particle size). HPLC grade acetonitrile
(ACN) and 18 MQ deionized water, each containing 0.1% trifluoroacetic acid, were used as the
mobile phase. The sample was eluted at 1.0 mL/min with a 5-67% acetonitrile gradient over 15
minutes, at 60 °C. The absorbance was taken at 214 nm. A typical analytical HPLC trace of the
successfully expressed AP(ci1-42) shows four major peaks, with the first peak (ca. 10.4 min)

corresponding to the AP(ci-42) monomer (Figure 2.S2).

2 Use of appropriate filter materials is essential for minimizing loss of peptide by adsorption during
filtration.

94



MWD1 A, Sig=214.4 Ref=off (SHENG\SZ-A248-CRUDE-PESFILTERED.D)

1250 “‘

1000 | |
750 ‘ |

500 ‘ | ‘

|
250 [

-250

T S S o oo
25 5 75 10 125 15 175 20 mi

Figure 2.S2. Representative HPLC trace of filtered, unpurified AB(c1-42). HPLC was performed on a
C18 column at 60 °C with elution with 5-67% acetonitrile over 15 minutes, and absorbance was monitored
at 214 nm.

Preparative HPLC Purification of Afci-42). The filtered peptide solution was then purified
by preparative reverse-phase HPLC equipped with an Agilent ZORBAX 300SB-C8 semi-
preparative column (9.4 x 250 mm) with a ZORBAX 300SB-C3 preparative guard column (9.4 x
15 mm). The C8 column and the guard column were heated to 80 °C in water bath using a Sterlite
plastic bin equipped with a Wancle Sous Vide immersion circulator.* HPLC grade acetonitrile
(ACN) and 18 MQ deionized water, each containing 0.1% trifluoroacetic acid, were used as the
mobile phase at a flow-rate of 5 mL/min. The filtered peptide solution (ca. 24 mL) was split into
two ca. 12 mL batches and purified in two separate runs, with three injections in each run.® In each
run, the peptide was loaded onto the column while flowing 20% ACN through the column. The

AP(ci-42) peptide was then eluted using the following solvent gradient (Table 2.S6). The

? Any water heater large enough to submerge a HPLC column should be sufficient.

® It may be possible to purify the peptide in a single batch if a larger diameter column is used (e.g.,
21.4 x 250 mm).
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absorbance was taken at 214 nm. Fractions containing the monomeric Afci-42) generally eluted

from 33% to 35% ACN.

Table 2.S6. HPLC solvent gradient for the purification of ABc1-42)

% H20 % ACN Elapsed Time
80 20 0 min

80 20 15 min

40 65 60 min

5 95 61 min

5 95 80 min

Column Maintenance. After the peptide was collected, the column was washed by injecting
5 mL of filtered buffer B (8 M urea, 10 mM Tris/HCI, 1 mM EDTA, pH 8.0) while flushing at
95% ACN for 15 minutes. This cleaning procedure ensures elution of the peptide that is retained
in the column and avoids problems of cross-contamination between runs. If an increase in column
back-pressure is seen after several purifications, back-flushing the semi-preparative HPLC column

using the following cleaning protocol will solve the problem (Table 2.S7).

Table 2.S7. Prep-HPLC column cleaning protocol

Solvent Flow rate Washing Time
100% ACN 5 mL/min 10 min
100% isopropanol 2 mL/min 15 min
100% hexanes 2 mL/min 20 min
100% isopropanol 2 mL/min 15 min
100% ACN 5 mL/min 10 min

Characterization of Purified Afci-42. The purity of each fraction was assessed using

analytical reverse-phase HPLC. A 20-puL sample was injected onto the analytical HPLC. The
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sample was eluted at 1.0 mL/min with a 5-67% acetonitrile gradient over 15 min, at 60 °C. The
absorbance was taken at 214 nm. Pure fractions were combined and the purity of the combined
fractions were checked using analytical HPLC. The purity of AB(ci-42) was determined to be 97.7%
by integration of the analytical HPLC trace at 214 nm (Figure 2.S7). The yield of AP(ci-42) was
determined to be ca. 14.0 mg per liter of bacterial culture, on the basis of the
spectrophotometrically determined concentration of A(ci42 in the combined pure HPLC
fractions of each batch and the total volume of the two batches of the combined pure HPLC
fractions. The details of spectrophotometric determination of the concentration of AB(ci-42) in the
combined pure HPLC fractions can be found in the “Labeling of APci-42)” section of the
Supporting Information. The composition of the combined peptides was assessed by matrix-
assisted laser desorption ionization mass spectrometry (MALDI-MS) and tandem mass
spectrometry (MS/MS) (Figure 2.S8 and 2.S9). The details of running MALDI-MS and MS/MS

can be found in the “Mass Spectrometry” section of the Supporting Information.

Storage of the Combined Pure HPLC Fractions of Af(ci-42. The combined pure HPLC
fractions of AP(ci-42) can be directly used for subsequent labeling, or stored at -80 °C for at least
three weeks without forming detectable aggregates. It is recommended to combine and freeze (at
-80 °C or with dry ice) the purified fractions within 5 hours after purification to avoid oxidation of

methionine.

97



Labeling of AP(ci-42)

The labeling was performed for the first batch of combined pure HPLC fractions of
ApP(c1-42)., and then repeated for the second batch of ABi1-42). A representative protocol to

label one batch of combined pure HPLC fractions of APci-42)is provided below.*

Stoichiometry Calculation. The combined pure HPLC fractions of AB(c1-42) was removed
from the freezer or dry ice and allowed to thaw (ca. 20 min). The concentration of AP(ci-42) in the
combined HPLC fractions was determined by UV absorbance at 280 nm using an estimated
extinction coefficient (g) for tyrosine of 1490 M 'em™'. A 35% ACN solution (acetonitrile 35%,
water 64.9% and trifluoroacetic acid 0.1%) was used as blank solution for the UV absorbance
measurement.® The amount of the maleimide-based labeling reagent needed was then calculated
based on a 2:1 molar ratio of the reagent to the AP(c1-42) peptide. A typical reagent table for labeling
AP(ci1-42) with maleimide-5-tetramethylrhodamine (TAMRA) is provided here (Table 2.S8).
Labeling of AP(ci-42) with maleimide-6-carboxyfluorescein (FAM) or maleimide-PEGz-biotin was

performed in a similar manner.

It may be possible to label and purify the peptide in a single batch if a larger diameter column is
used (e.g., 21.4 x 250 mm).

® The typical volume of the combined pure HPLC fractions from purifying a 12-mL batch of
peptide solution is ca. 10 mL. The typical UV absorbance of the combined pure HPLC fractions
at 280 nm is ca. 0.2 and the typical peptide concentration in the combined pure HPLC fractions is
ca. 140 uM.
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Table 2.S8. Reagent table for labeling AB(ci-42) with maleimide-5-TAMRA

Reagent Combined HPLC fractions of Maleimide-5-TAMRA
AP
Concentration 141.9 uM -
volume 8.0 mL ---
1.26 mg
Mass dissolved in 126 uL DMSO
Molecular weight --- 552.6 g/mol
Moles 1.14 pmol 2.28 pmol
Molar equivalent 1.0 2.0

Sodium Borate Buffer Preparation. A 750 mM sodium borate buffer solution (pH 9.0) was
made by dissolving 1.54 g of sodium borate decahydrate (Na2B4O7¢10H20) and 0.25 g of boric
acid (H3BOs3) in 22 mL of deionized water (18 MQ), followed by adding more deionized water (18
MQ) until the total volume was 27 mL (Table 2.S9). The final pH of the 750 mM sodium borate

buffer solution made through this recipe is typically 9.0. It is not necessary to further adjust the

pH using acid or base.

Table 2.89. Recipe of making 750 mM sodium borate buffer (pH 9.0)

Reagent Molecular weight Mass/Volume
Sodium borate

decahydrate 381.43 g/mol 1.54 g
(NazB407' 10H20)

Boric acid (H3BO3) | 61.84 g/mol 025¢g

Deionized water
(18 MQ)

Add 22 mL to dissolve Na;B;O7¢10H,0 and H;BOs,
then fill up to a total volume of 27 mL

Titration. A 1.0 mL portion of the combined HPLC fractions of AP(c1-42) was then set aside
on ice and titrated with the 750 mM sodium borate buffer in increments of 20 uL without stirring

or shaking. The pH of the solution was checked with a pH meter after the addition of each aliquot.
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After a pH of 9.0 was reached, one additional 20 pL increment of sodium borate buffer was added.
The titration results were recorded in a table and the titrated 1.0 mL portion of the combined HPLC

fractions of AP(c1-42) was discarded. A typical titration table is provided below (Table 2.S10).

Table 2.S10. Titration of a 1.0 mL portion of the combined HPLC fractions of ABc1-42)

Total volume of 750 mM sodium

borate buffer (pH 9.0) added pH
0 23
20 uL 2.4
40 uL 6.0
60 uL 8.3
80 uL 8.8
100 uL 8.9
120 uL 9.0
140 uL 9.1

Basification. The volume of sodium borate buffer needed to basify the remainder of the
combined HPLC fractions to pH 9.0 was calculated from the total volume of the sodium borate
buffer used to titrate the 1.0 mL portion of the combined HPLC fractions of APci-42). The
appropriate volume of the sodium borate buffer was added in a single portion to the remainder of
the combined HPLC fractions on ice without stirring or shaking (Table 2.S11). The pH of the
basified solution was checked with a pH meter. The basified solution was also checked with
analytical HPLC to make sure AP(ci-42) stayed in mostly monomeric form after basification (Figure

2.83).2

 If the basification process is not properly performed, a substantial (> 20%) oligomer peak will
appear after the monomer peak (at ca. 11.1 and 10.3 min, respectively). The labeling will still
work, but the yield of labeled AP will be compromised.
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Table 2.S11. Basification of the remainder of the combined HPLC fractions of AB(c1-42

Total volume of 750 mM sodium borate H
buffer (pH 9.0) added P

0 2.4
1120 pL 8.9

MWD1 A, Sig=214 4 Ref=off (SHENG\SZ-A250-A248-P1-COMBO-PH9.D)
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Figure 2.S3. Representative HPLC trace of basified combined pure fractions of APci42). HPLC was

performed on a C18 column at 60 °C with elution with 5-67% acetonitrile over 15 minutes, and absorbance
was monitored at 214 nm.

Labeling. After basification, the remainder of the combined HPLC fractions of AP(ci-42)
was removed from the ice bath. The calculated amount the maleimide reagent (Table 2.S8) was
dissolved in DMSO to give a 10 mg/mL stock solution. The maleimide reagent stock solution was
slowly added to the remainder of the combined HPLC fractions of AB(ci-42) with gentle swirling.

The reaction mixture® was then allowed to stand without stirring or shaking at room temperature

2 The composition of the reaction mixture: ca. 30.6% v/v acetonitrile, 0.1% v/v trifluoroacetic acid,
1.4% v/v DMSO, 67.9% v/v water, 92 mM sodium borate/boric acid, 250 pM maleimide reagent,
and 125 ].,LM AB(C1—42)«
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for 15 minutes. If maleimide-5-TAMRA or maleimide-6-FAM was used as the labeling reagent,

the reaction mixture was also protected from light.

Purification of Labeled ABci1-42)

Sample Filtering and Analytical HPLC. After the reaction had proceeded for 15 minutes,
the reaction mixture was filtered through a 0.22 um hydrophilic PES syringe filter from Genesee
Scientific (catalog number: 25-244). A PVDF syringe filter should not be used to filter the reaction
mixture as it will lead to a substantial loss of labeled peptide in the reaction mixture. Successful
labeling of the AP(ci-42) peptide was confirmed by analytical reverse-phase HPLC as follows: A
20-puL sample of the above solution was injected onto an Agilent 1260 Infinity II instrument
equipped with a Phenomonex bioZen Peptide XB-C18 LC column (4.6 x 150 mm, 2.6 um particle
size). HPLC grade acetonitrile (ACN) and 18 MQ deionized water, each containing 0.1%
trifluoroacetic acid, were used as the mobile phase. The sample was eluted at 1.0 mL/min with a
5-67% acetonitrile gradient over 15 minutes at 60 °C. If maleimide-5-TAMRA was used as the
labeling reagent, the absorbance was taken at 214 nm and 541 nm. If maleimide-6-FAM was used
as the labeling reagent, the absorbance was taken at 214 nm and 494 nm. If maleimide-PEG2-biotin
was used as the labeling reagent, the absorbance was taken at 214 nm. A typical analytical HPLC
trace of the successfully labeled AP(ci-42) shows a sharp peak corresponds to monomeric labeled
APci-42) at ca. 10.2 minutes, with a slight retention time change compare to the unlabeled AB(c1-

42 (Figure 2.54, 2.85, and 2.6) (Table 2.512).
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Figure 2.54. Representative analytical HPLC trace of filtered, unpurified TAMRA-labeled A ci-42). HPLC
was performed on a C18 column at 60 °C with elution with 5-67% acetonitrile over 15 minutes, and
absorbance was monitored at 214 nm (top) and 541 nm (bottom).
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Figure 2.S5. Representative analytical HPLC traces of filtered, unpurified FAM-labeled Apci-42). HPLC
was performed on a C18 column at 60 °C with elution with 5-67% acetonitrile over 15 minutes, and
absorbance was monitored at 214 nm (top) and 494 nm (bottom).
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Figure 2.S6. Representative analytical HPLC trace of filtered, unpurified biotin-labeled APci-42). The
absorbance was taken at 214 nm. HPLC was performed on a C18 column at 60 °C with elution with 5-67%
acetonitrile over 15 minutes, and absorbance was monitored at 214 nm.

Table 2.S12. Analytical HPLC retention time

Peptide Analytical HPLC retention time
Unlabeled AB(ci-42) 10.4 min
TAMRA-AB(ci1-42) 10.7 min
FAM-AP(ci1-42) 10.6 min
Biotin-AB(ci-42) 10.0 min

Preparative HPLC Purification of Labeled Af«i-42). The reaction mixture was then
purified by preparative reverse-phase HPLC equipped with an Agilent ZORBAX 300SB-C8 semi-
preparative column (9.4 x 250 mm) with a ZORBAX 300SB-C3 preparative guard column (9.4 x

15 mm).* The C8 column and the guard column were heated to 80 °C in water bath using a Sterlite

It may be possible to label and purify the peptide in a single batch if a larger diameter column is
used (e.g., 21.4 x 250 mm).
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plastic bin equipped with a Wancle Sous Vide immersion circulator.* HPLC grade acetonitrile
(ACN) and 18 MQ deionized water, each containing 0.1% trifluoroacetic acid, were used as the
mobile phase at a flow rate of 5 mL/min. The filtered reaction mixture was loaded with two 4-mL
injections onto the column while flowing 20% ACN through the column. The labeled-AB(ci-42)
peptide was then purified using the following solvent gradient (Table 2.S13). The absorbance was
taken at 214 nm. Fractions containing the monomeric labeled-Ap(c1-42) generally eluted from 34%

to 38% ACN.P

Table 2.513. HPLC solvent gradient for the purification of labeled-ABci-42)

% H20 % ACN Elapsed Time
80 20 0 min

80 20 15 min

40 65 60 min

5 95 61 min

5 95 80 min

Characterization of Purified labeled Afci—42). The purity of each fraction was assessed
using analytical reverse-phase HPLC. A 20-uL sample was injected onto the analytical HPLC.
The sample was eluted at 1.0 mL/min with a 5-67% acetonitrile gradient over 15 min, at 60 °C. If
maleimide-5-TAMRA was used as the labeling reagent, the absorbance was taken at 214 nm and
541 nm. If maleimide-6-FAM was used as the labeling reagent, the absorbance was taken at 214
nm and 494 nm. If maleimide-PEG2-biotin was used as the labeling reagent, the absorbance was

taken at 214 nm. Pure fractions were combined and the purity of the combined fractions were

* Any water heater large enough to submerge a HPLC column should be sufficient.

® An increase in column back-pressure is rare after purifying the reaction mixture. If column
maintenance is needed, please refer to the “Column Maintenance” procedures from the
“Purification of the AP(c1-42) Peptide” section.

106



checked using analytical HPLC. The purities of labeled APci-42) were determined by integration
of the analytical HPLC trace at 214 nm (Figure 2.S10, 2.S12, and 2.S14) (Table 2.S14). The
composition of the combined peptides was assessed by matrix-assisted laser desorption ionization
mass spectrometry (MALDI-MS) (Figure 2.S11, 2.S13, and 2.S15). The details of running

MALDI-MS can be found in the “Mass Spectrometry” section of the Supporting Information.

Table 2.S14. Typical purities of labeled-APci-42) peptides

Labeled-ABci1-42) peptides Purity
TAMRA-ABci-42) 94.7%
FAM-AB(ci-42) 94.0%
Biotin-APci-42) 96.6%

Storage of the Purified Labeled Afci-42). The combined pure HPLC fractions of labeled-
AP(c1-42) were concentrated by rotary evaporation to remove ACN,?* and then frozen with dry ice.
It is recommended to combine and freeze the purified fractions within 5 hours after purification to
avoid oxidation of methionine. The frozen sample was then lyophilized. For TAMRA- and FAM-

labeled AP(ci-42), the sample should be protected from light during lyophilization process.

Yields of Labeled Af«ci-42 Peptides. After the lyophilization was completed, the
lyophilized labeled AP from two batches of purifications are combined, and the yields of the
labeled peptides were assessed gravimetrically. Table 2.S15 shows the typical yields of labeled-

AP(ci-42) peptides per liter of bacterial culture.

2 The water bath for the rotary evaporator should not be heated.
107



Table 2.S15. Typical yields of labeled-Apci-42) peptides

Labeled-Apc1-42) peptides Yield (per liter of bacterial culture)
TAMRA-ABci-42) 3.6 mg
FAM-AB(c1-42) 2.6 mg
Biotin-APBci-42) 3.0 mg

HFIP Treatment of Labeled Afci-42) Peptides

The lyophilized labeled AB(c1-42) peptides were then treated with HFIP to provide aliquots
of monomeric AP for subsequent biophysical and biological studies. Briefly, the lyophilized
peptide was dissolved in HFIP to give a clear solution with 0.25 mg/mL concentration of peptide.
The peptide solution was allowed to stand without stirring or shaking at room temperature for 3
hours. The solution was then placed on ice for an additional 30 minutes. For TAMRA-labeled
APci-42) and FAM-labeled Ap(ci-42), the samples were protected from light. The ABmi-42) peptide,

which was prepared as a control, was treated in a similar fashion.?

The chilled peptide solution was then aliquoted into microcentrifuge tubes using a single-
channel pipette.® We typically aliquot 0.02 pumol of peptide (ca. 0.1 mg) per tube, as shown in
Table 2.S16. The tubes were then frozen in dry ice and lyophilized to remove HFIP. The
lyophilized aliquots were stored in a desiccator at -20 °C until needed for further use. For TAMRA-

labeled A(ci-42) and FAM-labeled AB(ci-42), the samples were protected from light.

& ABmi-42) is an expressed homologue with properties similar to native AP1-42), which was used
as an unlabeled AP control for subsequent biophysical and biological studies. APmi-42) was
expressed, purified, and lyophilized following the protocol we published previously.'

b It is important to chill the HFIP solution to minimize evaporation and allow dispensing with a
single-channel pipette. Alternatively, a positive displacement pipette may be used.
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Table 2.S16. Volumes of HFIP peptide solution per aliquot

Moles of Mass of HFIP peptide Volume of HFIP
. A Molecular . . 5 -
Peptide peptide per cight® peptide solution peptide solution per
tube? weig per tube concentration tube
TAMRA- 5170 g/mol 0.103 mg 412 4L
ABc1 )
FAM-ABici- 5116 g/mol 0.102 mg 408 UL
B 0.02 umol 0.25 mg/mL
Biotin-
5143 g/mol 0.103 mg 412 puL
ABci-42)
ABmMi-42) 4645 g/mol 0.093 mg 372 uL

2 Molecular weight calculated for the free peptide. If trifluoroacetate counterions are present from HPLC
purification, then the effective molecular weight of the peptide will be higher (by ca. 10-15%, depending on the
number of trifluoroacetate counterions per peptide), and the number of umol of peptide per tube will be slightly
lower (by ca. 10-15%, depending on the number of trifluoroacetate counterions per peptide).

Mass Spectrometry

Matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) and tandem
mass spectrometry (MS/MS) were performed using an AB SCIEX TOF/TOF 5800 System. 0.5 pL
of 2,5-dihydroxybenzoic acid (DHB) was dispensed onto a MALDI sample support, followed by
the addition of 0.5 puL peptide sample. The mixture was allowed to air-dry. MALDI analyses were
performed in positive reflector mode, collecting data with a molecular weight range of 1000-9000
Da. MS/MS analysis of the AP(ci-42) peptide was performed using CID fragmentation of the

precursor mass 4617 + 2 Da. The B&Y fragment ion was calculated with fragment ion calculators.

SDS-PAGE, Silver staining, and Fluorescence Imaging

Sample Preparation and SDS-PAGE. A 0.02 pmol aliquot of labeled AB(ci1-42) or ABmi-42)
was dissolved in 20.0 uL of DMSO first, then diluted with 13.3 pL of 10 mM sodium phosphate
buffer (pH 7.4) to give a 600 uM peptide stock solution. 15.0 puL of the 600 uM peptide stock

solution was serial diluted with 15.0 pL of 10 mM sodium phosphate buffer (pH 7.4) to create 15.0
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pL of peptide stock solutions with concentrations of 300 uM to 4.7 uM. The peptide stock
solutions were then immediately diluted with 3.0 uL of 6X SDS-PAGE loading buffer to give 18.0
pL of peptide working solutions with concentrations from 500 uM to 3.9 uM. All 18.0 uL of each
working solution was loaded on a 4% stacking polyacrylamide gel with a 16% running
polyacrylamide gel. The gels were run at a constant 90 volts at room temperature for ca. 3 hours.

For FAM-labeled A(ci-42) and TAMRA-labeled AB(ci-42), the gels were protected from light.

Silver Staining. Silver staining method was used to visualize the SDS-PAGE gels for
labeled APc1-42) and APi-42). Briefly, the gel was first rocked in fixing solution (50% (v/v)
methanol and 5% (v/v) acetic acid in deionized water) for 20 minutes. Next, the fixing solution
was discarded and the gel was rocked in 50% (v/v) aqueous methanol for 10 minutes. Next, the
50% methanol was discarded and the gel was rocked in deionized water for 10 minutes. Next, the
water was discarded and the gel was rocked in 0.02% (w/v) sodium thiosulfate in deionized water
for 1 minutes. The sodium thiosulfate was discarded and the gel was rinsed twice with deionized
water for 1 minute (2X). After the last rinse, the gel was submerged in chilled 0.1% (w/v) silver
nitrate in deionized water and rocked at 4 °C for 20 minutes. Next, the silver nitrate solution was
discarded and the gel was rinsed with deionized water for 15 seconds (2X). To develop the gel,
the gel was incubated in developing solution (2% (w/v) sodium carbonate,® 0.04% (W/v)
formaldehyde until the desired intensity of staining was reached (ca. 1-3 min). When the desired
intensity of staining was reached, the development was stopped by discarding the developing

solution and submerging the gel in 5% aqueous acetic acid.

2 Use of high-purity (=99.5%) sodium carbonate is crucial for successful silver staining.
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Fluorescence Imaging. Fluorescence imaging was also used to visualize the SDS-PAGE
gels for TAMRA-labeled AB(c1-42) and FAM-labeled AP(ci-42). Before silver staining, the gels for
TAMRA-labeled AP(ci-42) and FAM-labeled AB(ci-42) were imaged using a ChemiDoc Touch
Imaging System. The gel for TAMRA-labeled Af(ci-42 was imaged with Krypton channel
(excitation at ca. 530 nm, exposure time: 0.2 seconds). The gel for FAM-labeled AB(c1-42) was

imaged with Fluorescein channel (excitation at ca. 490 nm, exposure time: 0.2 seconds).

Thioflavin T (ThT) Assay

ThT Solution Preparation. The ThT solution was freshly prepared and placed on ice before
use. Briefly, a solution of ca. 40 uM ThT was prepared in a 1x PBS buffer (pH 7.4). The
concentration of ThT in the solution was determined by UV absorbance at 412 nm using an
estimated extinction coefficient (g) of 36000 M 'cm™! and adjusted to 41.7 uM. The solution was
filtered through a 0.22 um nylon syringe filter. The ThT solution was stored on ice and protected

from light.

Peptide Working Solution Preparation. A 0.02 umol aliquot of biotin-labeled AP(ci-42) or
APmi-42) was dissolved in 20 uLL of DMSO first and sonicated for 30 s in a water bath, then diluted
with 480 uL of ThT solution to give a working solution with final peptide concentration of 40 uM
and ThT concentration of 40 uM. The peptide working solution was stored on ice and protected

from light.

ThT Fluorescence Assay Setup. ThT fluorescence assays were conducted in Corning® 96-
well half area black/clear flat bottom polystyrene nonbinding surface (NBS) microplates (product

number: 3881). A 100-uL aliquot of the working solution was immediately transferred to each of
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five wells of 96-well plate, and the plate was kept at room temperature. ThT solution was
transferred to each of five wells of 96-well plate as negative control. The 96-well plate was sealed
with adhesive plate sealer. The 96-well plate was immediately inserted into a Thermo Fisher
Scientific Varioskan Lux microplate reader. The plate was incubated at 37 °C with or without
shaking (240 rpm, low shaking force) and the ThT fluorescence was monitored (440 nm excitation,

485 nm emission, 5 nm bandwidth) over 6 hours using the bottom-read mode.

Fluorescence Suppression Assay

Peptide Working Solution Preparation. A 0.02 pmol aliquot of TAMRA-labeled AB(ci-42)
or FAM-labeled AB(ci-42) was dissolved in 20 pL of DMSO first and sonicated for 30 s in a water
bath, then diluted with 480 uL of 1X PBS (pH 7.4) to give a working solution with final peptide

concentration of 40 uM. The peptide working solution was stored on ice and protected from light.

Fluorescence Suppression Assay Setup. Fluorescence suppression assays were conducted
in Corning® 96-well half area black/clear flat bottom polystyrene nonbinding surface (NBS)
microplates (product number: 3881). A 100-pL aliquot of the working solution was immediately
transferred to each of five wells of 96-well plate, and the plate was kept at room temperature. 1X
PBS buffer was transferred to each of five wells of 96-well plate as negative control. The 96-well
plate was sealed with adhesive plate sealer. The 96-well plate was immediately inserted into a
Thermo Fisher Scientific Varioskan Lux microplate reader incubated at 37°C with or without
shaking (240 rpm, low shaking force). The fluorescence was monitored with 541 nm excitation,
567 nm emission, 5 nm bandwidth for TAMRA-labeled AP(c1-42) and with 494 nm excitation, 520

nm emission, 5 nm bandwidth for FAM-labeled AP(ci-42) over 6 hours using the bottom-read mode.
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Transmission Electron Microscopy (TEM)

Sample Preparation. A 0.02 umol aliquot of labeled AB(c1-42) or ABmmi-42) was dissolved
in 20 pL of DMSO first, then diluted with 480 puL of 1X PBS buffer (pH 7.4) to give a 40 uM
peptide solution. The peptide solutions were then incubated at 37 °C for 24 hours, while shaking

at 225 rpm.

TEM Imaging. TEM images of AP peptides were taken with a JEM-2100F transmission
electron microscope (JEOL, Peabody, MA, USA) at 200 kV with an electron dose of ca. 15 e/A2.
The sample was cooled at liquid nitrogen temperature through the cryostage. The images were
recorded on a Gatan OneView CCD (Gatan, Pleasanton, CA, USA), at magnification of 30000x
with a pixel size of 3.7 Angstrom at specimen space. The contrast and brightness of the images

were adjusted as appropriate.

Atomic Force Microscopy (AFM)

Sample Preparation. A 0.02 umol aliquot of labeled AB(c1-42) or ABmmi-42) was dissolved
in 20 pL of DMSO first, then diluted with 480 puL of 1X PBS buffer (pH 7.4) to give a 40 uM
peptide solution. The peptide solutions were then incubated at 37 °C for 21 hours, while shaking

at 225 rpm.

AFM Imaging. A drop of the peptide sample solution (3 uL) was deposited on freshly
cleaved mica mounted on glass slides. After 5 minutes, the mica was gently rinsed once or twice

with 50 pL aliquots of deionized water (18 MQ) to remove salts. Excess liquid was blotted off by
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Whatman filter papers and the mica was left air-dry for an additional 5 minutes, and the samples
were imaged immediately after the mica is dry. All AFM images of A peptides were taken under
ambient condition with an Anton Paar Tosca 400 AFM instrument. Scanning parameters were as
follows: tapping mode, setpoint at 285.6 kHz which is 5% below cantilever resonance frequency,

scan rate at 1.0 Hz.

Fluorescence Microscopy

SH-SY5Y Cell Preparation, Treatment, and Imaging. SH-SY5Y cells were plated in an
Ibidi p-Slide 8 Well Chamber Slide at 20,000 cells per well. Cells were incubated in 500 uL of a
1:1 mixture of DMEM:F12 media supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 pg/mL streptomycin at 37 °C in a 5% CO: atmosphere and allowed to adhere
to the bottom of the slide for 24 hours. Working solutions of FAM-AB and TAMRA-AB were
prepared immediately prior to cell treatment by adding 10 pL of 20 mM NaOH to one aliquot of
0.02 umol lyophilized FAM-AB or TAMRA-AR. The resulting solution was diluted with 190 puL
of media bringing this solution to a peptide concentration of 100 uM. An 80 pL aliquot of the 100
uM stock solution was added to 720 pL. of warmed media for a final peptide concentration of 10
uM. After 24 hours, the media was removed from the wells and replaced with 200 pL of 1pg/mL
Hoechst in phenol red free 1:1 DMEM:F12 media. After 30 minutes, the Hoechst-containing media
was removed and replaced with 200 pL of 10 uM FAM-AB or TAMRA-A. Control wells were
treated with media containing no peptide. The slide was incubated in the microscope chamber for
0—48 hours and imaged for the duration using a Keyence BZ-X810 fluorescence microscope.
Images were collected with a 60x oil immersion objective lens. Fluorescence micrographs of

treated cells were recorded using the GFP filter cube [excitation wavelength = 470/40 nm (450—
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490 nm) and emission wavelength = 525/50 nm (500-550 nm)] for FAM-A, and the TexasRed
filter cube [excitation wavelength = 560/40 nm (540-580 nm) and emission wavelength = 630/75
nm (592.5-667.5 nm)] for TAMRA-A. The image brightness of the FAM and TAMRA channels

was adjusted using BZ-X810 Analyzer software.

RAW 264.7 Cell Preparation, Treatment, and Imaging. RAW 264.7 cells were plated in an
Ibidi p-Slide 8 Well Chamber Slide at 25,000 cells per well. Cells were incubated in 500 pL of
DMEM media supplemented with 10% fetal bovine serum at 37 °C in a 5% CO:z atmosphere and
allowed to adhere to the bottom of the slide for 24 hours. Working solutions of FAM-A and
TAMRA-AP were prepared immediately prior to cell treatment by adding 10 pL. of 20 mM NaOH
to one aliquot of 0.02 pmol lyophilized FAM-AB or TAMRA-APR. This solution was diluted with
190 pL of media for a peptide concentration of 100 uM. An 80 pL aliquot of the 100 uM stock
solution was added to 720 pL of warmed media for a final peptide concentration of 10 uM. After
24 hours, the media was removed from the wells and replaced with 200 pL of 1 pg/mL Hoechst in
phenol red free 1:1 DMEM:F12 media. After 30 minutes, the Hoechst-containing media was
removed and replaced with 200 pL of 10 uM FAM-AP or TAMRA-AR. Control wells were treated
with media containing no peptide. The slide was incubated for 4 hours and imaged using a Keyence
BZ-X810 fluorescence microscope. Images were collected with a 60x oil immersion objective
lens. Fluorescence micrographs of treated cells were recorded using the GFP filter cube [excitation
wavelength = 470/40 nm (450—490 nm) and emission wavelength = 525/50 nm (500-550 nm)] for
FAM-AB, and the TexasRed filter cube [excitation wavelength = 560/40 nm (540-580 nm) and
emission wavelength = 630/75 nm (592.5-667.5 nm)] for TAMRA-AB. The image brightness of

the FAM and TAMRA channels was adjusted using BZ-X800 Analyzer software.
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Bacteria Culturing, Treatment, and Imaging.” B. subtilis (ATCC 6051) and E. coli (ATCC
10798) were allowed to grow overnight (ca. 16 h) in Mueller-Hinton broth in a shaking incubator
at 225 rpm and 37 °C. The following morning, the cultures were diluted 1:100 in the appropriate
broth and were allowed to grow exponentially in a shaking incubator at 225 rpm and 37 °C. Once
an ODecoo of ca. 0.3 was achieved, 500 uL of bacteria was transferred to a sterile Eppendorf tube

and the bacteria were centrifuged at 4000 rpm (1300 x G) for 5 min.

I mg/mL DMSO stock solutions of FAM- and TAMRA-labeled AB were prepared by
dissolving a 0.02 pmol aliquot of the lyophilized peptide (ca. 0.1 mg) in 100 pL of sterile DMSO
in an autoclaved Eppendorf tube. Solutions of labeled AP were protected from excessive exposure
to light in the imaging experiments by use of an unlit biosafety cabinet and minimizing exposure

to room lights.

A 2% stock solution of agarose was prepared by adding 1.0 g of agarose into 50 mL of
sodium phosphate buffer, autoclaving, and allowing the solution to cool until it completely
solidified. While the bacteria were growing in the shaking incubator, fresh 2% agarose beds were
prepared to immobilize bacteria for fluorescence microscopy studies as follow: On a laboratory
bench equipped with an alcohol burner (to help maintain sterility), microscope slides were gently
warmed on a hot plate. While the slides were gently warming, the solidified 2% agarose solution
was heated in a microwave oven until it became a homogenous liquid. Once the microscope slides
were warm to the touch, a 75-uL aliquot of the molten 2% agarose solution was applied to each
microscope slide, and a No. 1.5 coverslip was immediately applied gently to the drop of agarose.

The assembly was allowed to set for at least 45 minutes before use.

While the bacteria were being centrifuged, 25 ug/mL solutions of FAM- and TAMRA-

labeled AP were freshly prepared and then used immediately to stain the bacteria. The 25 pg/mL
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solutions were prepared by diluting 15 uL of each 1 mg/mL DMSO stock solution with 585 uL of
sterile PBS. The diluted solutions were subsequently vortexed for 30 seconds and then used

immediately to stain the bacteria.

After centrifuging the bacteria (see above), the supernatant was removed, the pellet was
resuspended in 500 pL of 25 pg/mL of the probe solution, and the bacteria were incubated in a
shaking incubator at 225 rpm, 37 °C for 2 h. The bacteria were centrifuged at 4000 rpm (1300 x
G) for 5 min, and the supernatant was removed. The pellet was resuspended in 500 pL of sterile
PBS, the suspension was centrifuged at 4000 rpm (1300 x G) for 5 min, and the supernatant was
removed. This washing process was repeated two additional times. After the last wash, the cells
were resuspended in 200—500 pL of sterile PBS.* On a sterile bench, the coverslip of each agarose
bed was removed, and a 5-uL aliquot of the stained bacteria was applied to the coverslip. The

coverslip was then sandwiched on top of the agarose bed.

The stained bacteria were immediately imaged on a Zeiss LSM 780 confocal fluorescence
microscope. Images were collected with a 63x oil immersion objective lens, with additional optical
zoom used as needed to provide detailed images. Fluorescence micrographs of bacteria treated
with FAM-labeled AP were recorded with excitation at 488 nm and emission between 490544
nm. Fluorescence micrographs of bacteria treated with TAMRA-labeled AP were recorded with
excitation at 561 nm and emission between 568—639 nm. The image brightness of the FAM and
TAMRA channels were adjusted linearly using Volocity 6.3 (Quorum Technologies), and a

medium filter in the Volocity software was used to reduce noise in all channels.

? The volume of phosphate buffer was selected based on the size of the pellet remaining after the
washing steps.
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Characterization Data and Additional Figures

Analytical HPLC Trace, MALDI Mass Spectrum, and MS/MS Spectrum of AP(c1-42)
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Signal 1: MWDl A, Sig=214,4 Ref=off

Peak RetTime Type Width Area Height Area
= [min] [min] [mMAU*s] [mAU] %
| i | s e [ | == == |
1 10.345 MM 0.0500 48.90459 16.30959 0.5368
2 10.441 MM 0.0972 8903.51074 1526.55994 97.7272
3 10.676 MM 0.0565 158.15851 46.64415 1.7360

Totals : 9110.57384 1589.51367

Figure 2.S7. Representative analytical HPLC trace of ABci-42). HPLC was performed on a C18 column at
60 °C with elution with 5-67% acetonitrile over 15 minutes, and absorbance was monitored at 214 nm.
Purity: = 97.7%.

118



a245-p1-combo

a.i.

90

60

30

4615.7853

2308.3509—

0 T T T y
1000 2000 3000 4000 5000 6000 7000 8000 9000
m/z

2245-p1-combo

a245-p1-combo ¢

146157853
e
hY
~,2308.3509
.
—
—

o\
\/ \\/VAV.V/\,/

}

/ . f
/ i IR SN .

23065 23070 23075 23080 23085 2309.0 23095 2310.0 23105 2311.0 23115 23120 23125 23130
miz

4617 4620 4623
mz

Figure 2.S8. Representative MALDI mass spectrum of Afci—2). Positive reflector mode; Matrix: 2,5-
dihydroxybenzoic acid. Exact mass calculated for M": 4614.3; Exact mass calculated for [M+H]": 4615.3;
Exact mass calculated for [M+2H]*": 2308.1. Observed [M+H]": 4615.8; Observed [M+2H]*": 2308.4.
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Figure 2.89. Representative MS/MS spectrum of APci—42). MS/MS analysis was performed using CID
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Analytical HPLC Trace and MALDI Mass Spectrum of S-TAMRA-AB(c1-42
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Totals : 6358.56215 1579.71484

Signal 2: MWDl B, Sig=541,4 Ref=off

Peak RetTime Type Width Area Height Area

# [min] [rmin] [mAU*s] [mAU] %

1 10 7.17678
2 10.747 MM 0 3055.95190
3 10.915s mM 70.97472
Totals : 3134.10341 790.88250

Figure 2.S10. Representative analytical HPLC trace of 5-TAMRA-APci-42. HPLC was performed on a
C18 column at 60 °C with elution with 5-67% acetonitrile over 15 minutes, and absorbance was monitored
at 214 nm (top) and 541 nm (bottom). Purity: = 94.7%.
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Figure 2.S11. Representative MALDI mass spectrum of 5-TAMRA-APci.42). Positive reflector mode;
Matrix: 2,5-dihydroxybenzoic acid. Exact mass calculated for M": 5166.5; Exact mass calculated for
[M+H]": 5167.5; Exact mass calculated for [M+2H]*": 2584.2. Observed [M+H]": 5168.8; Observed
[M+2H]*": 2584.9.
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Analytical HPLC Trace and MALDI Mass Spectrum of 6-FAM-AB(c1-42)
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Totals : 20.55094 5.57020

Figure 2.S12. Representative analytical HPLC trace of 6-FAM-APci-42. HPLC was performed on a C18
column at 60 °C with elution with 5-67% acetonitrile over 15 minutes, and absorbance was monitored at
214 nm (top) and 494 nm (bottom). Purity: = 94.0%.
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Figure 2.513. Representative MALDI mass spectrum of 6-FAM-AB(ci-42). Positive reflector mode; Matrix:
2,5-dihydroxybenzoic acid. Exact mass calculated for M": 5112.4; Exact mass calculated for [M+H]":
5113.4; Exact mass calculated for [M+2H]*": 2557.2. Observed [M+H]": 5114.6; Observed [M+2H]*":

2557.7.
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Analytical HPLC Trace and MALDI Mass Spectrum of PEG:-Biotin-Apc1-42)
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Figure 2.S14. Representative analytical HPLC trace of PEG;-biotin-Apci-42). HPLC was performed on a
C18 column at 60 °C with elution with 5-67% acetonitrile over 15 minutes, and absorbance was monitored
at 214 nm. Purity: = 96.6%.
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Figure 2.S15. Representative MALDI mass spectrum of PEG»-biotin-APci-42). Positive reflector mode;
Matrix: 2,5-dihydroxybenzoic acid. Exact mass calculated for M": 5139.5; Exact mass calculated for
[M+H]": 5140.5; Exact mass calculated for [M+2H]*": 2570.8. Observed [M+H]": 5140.8; Observed

[M+2H]*": 2570.8.
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Figure 2.816. ThT fluorescence assays and fluorescence suppression assays of labeled AP(ci42) and
ABmi-42). (A and B) ThT fluorescence assays of ABwi-42) and biotin-labeled AB (40 pM peptide, 40 uM
ThT, 37 °C, 240 rpm shaking, 6 hours). (C and D) Fluorescence suppression assays of FAM-labeled A
and TAMRA-labeled AP (40 uM peptide, 37 °C, 240 rpm shaking, 6 hours). These assays were performed
in five replicates (light blue, dark blue, orange, yellow, and gray).
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Figure 2.S17. Fluorescence micrographs of labeled Ap with mammalian cells (low magnification views).
(A and B) SH-SY5Y neuroblastoma cells treated with FAM- and TAMRA-Iabeled AB (10 uM peptides, 37
°C, 48 and 3 hours, respectively). Nuclei are shown in blue through DAPI staining. (C and D) RAW 264.7
macrophage cells treated with FAM- and TAMRA-labeled AB (10 uM peptides, 37 °C, 4 hours).
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Figure 2.518. Transmission electron micrographs of the fibrils formed by AP peptides: (A—D) ABmi-42);
(E-H) TAMRA-labeled AB; (I-L) FAM-labeled AB; (M—P) Biotin-labeled Ap. Fibrils were formed by
incubating 40 uM of each peptide in PBS buffer (pH 7.4, 37 °C, 1 day, 225 rpm shaking).
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Figure 2.519. Atomic force micrographs of the fibrils formed by AP peptides: (A) APmmi-42) AFM image
and fibril height measurement data, fibril height ca. 4.5 nm; (B) TAMRA-labeled Ap AFM image and fibril
height measurement data, fibril height ca. 5.2 nm; (C) FAM-labeled AP AFM image and fibril height
measurement data, fibril height ca. 2.3 nm; (D) Biotin-labeled Ap AFM image and fibril height
measurement data, fibril height ca. 4.1 nm. Fibrils were formed by incubating 40 uM of each peptide in
PBS buffer (pH 7.4, 37 °C, 1 day, 225 rpm shaking). The red bars indicate the locations where the heights
of the fibrils were measured.
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Chapter 3

Preparation and Studies of a Disulfide-Stapled AP

that Forms Dimers but Does Not Form Fibrils

Introduction

Although AP fibrils are the most commonly found species in Alzheimer’s disease (AD)
brains, AP oligomers are the key contributors to the neurodegeneration observed in AD.!"® Small
oligomers of AB have been shown to be far more neurotoxic than the large oligomers.”” The AP
dimer has been proposed to be the basic building block of many larger AP oligomers and is thought
to be one of the most neurotoxic and pathologically relevant species in AD.!*!® AR dimers are
challenging to characterize and study, because A oligomers are heterogenous and metastable. The
oligomers vary in size and can rapidly aggregate into more stable fibrils.!”?” A plentiful source of
homogenous and stable Ap dimer would be valuable to the research in the pathogenesis of A

dimers in AD.

Biogenic A oligomers isolated from AD brains are arguably most biologically relevant,
but the dimers and other oligomers are only present in minute concentrations and are thus difficult
to study.”!>"'>2 For this reason, researchers have developed artificial covalent AP dimers by
crosslinking AB monomers through several types of intermolecular crosslinkers, including
isopeptide bond,® dityrosine bond,***>'* disulfide bond,'*'®*?**3¢ homocysteine-disulfide
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bond,* alkyl linker,*¢? 4-hydroxynonenal induced crosslinking,*’ and photoinduced crosslinking
of unmodified proteins (PICUP).”***"* These covalent AR dimers generally aggregate further
with time into a heterogenous mixture of larger oligomers, globulomers, protofibrils, or fibrils

(Figure 3.1).

Non-covalent AP dimers may be more biologically relevant than covalent dimers because
they mimic native AP dimers that are formed through non-covalent interactions.’*!*+4¢ Previous
approaches to generate non-covalent oligomers have relied upon stabilizing intramolecular
linkages, including intramolecular disulfide bonds and oximes, to facilitate non-covalent AP
oligomer formation.*’ > The intramolecular linkages were designed to enforce a PB-hairpin
conformation, and thus promote AP oligomer formation and arrest AP in the oligomeric state.
These modified AP peptides bearing intramolecular linkages formed various sizes of oligomers

upon incubation in solution (Figure 3.1).

e )

Covalent AB dimer
o _
\/\
\/—\ Q
~

Noncovalent AB dimer

Figure 3.1. Cartoons of covalent AP dimer generated by intermolecular disulfide bridges and non-covalent
AP dimer generated by intramolecular disulfide bridges.
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Although the AP oligomers formed by AP peptides bearing intermolecular or
intramolecular linkages are often heterogenous, those artificial oligomers have proved useful in

amyloid and Alzheimer’s disease research. These artificial oligomers have been used as chemical

16,35-37,47,48,51 23,24,28—

models to study A peptide’s neurotoxicity, aggregation kinetics and pathways,

32,34,38,40,48,52 effects 39,53

on behavioral deficits and neuroplasticity,'® antibody-binding activities,
and structural information.*” Although these efforts have provided useful chemical model systems,
most of the oligomers produced are heterogenous. There are, to our knowledge, none that form

stable homogeneous dimers.

Our laboratory has recently developed conditions that permit the efficient expression and
purification of AP42 peptides and mutants thereof. In the current study we set out to explore the
effect of introduction of disulfide linkages into APB42 peptides, by preparing and studying a variety
of mutant AB42 peptides containing two cysteine residues. Here, we report the discovery of
APciscss, a mutant AP42 peptide containing a disulfide bond that forms stable homogeneous

dimers.

Results

Design of Disulfide-Stapled AP Peptides. In previous studies, our laboratory has observed
that homologous B-hairpin peptide containing different residue pairings form different types of
oligomeric assemblies.’* Inspired by earlier studies of AB peptides containing disulfide linkages,*”
4953 we expressed and purified five mutant AB42 peptides containing pairs of cysteine residues at

positions 21 and 30, 18 and 33, 21 and 32, 24 and 29, and 21 and 31, respectively (Figure 3.2).

The first of which corresponds to a peptide reported to form a mixtures of dimers and trimers in
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SDS-PAGE and hexamers in the solid state.*®*’ In each peptide, we replaced one residue from the
hydrophobic central region of AB and one from the hydrophobic C-terminal region, with the goal

of inducing B-hairpin formation with different residue pairings.

ABC21C30 21
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Ty — G
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Figure 3.2. Cartoons of mutant AP peptides that are constrained in B-hairpin conformation by
intermolecular disulfide bridges.

Preparation of Disulfide-Stapled Ap Peptides. We prepared the recombinant plasmid
encoding mutant AP peptides bearing double cysteine mutations through molecular cloning
(Figure 3.S1 and 3.S2). We then transformed the recombinant plasmid into E. coli and express

mutant AP peptides through isopropyl B-D-1-thiogalactopyranoside (IPTG) induction. After
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expression, we lysed the cells and solubilize the inclusion bodies using urea to obtain cell lysate
containing mutant AP} peptides. We then added dimethyl sulfoxide (DMSO) to the cell lysate to
oxidize the cysteines and form the intramolecular disulfide bridge in mutant A peptides. Finally,
we purified the disulfide-stapled AP peptides by preparative reverse-phase HPLC using a C8
column at 80 °C with water and acetonitrile containing 0.1% trifluoroacetic acid (TFA). Each of
the peptides contains an N-terminal methionine residue, which is associated with the start codon
for the expression. For comparison, we also prepared APmi-42), which is a homologue of full-

length AB4> with properties similar to native Aa42.>>¢

SDS-PAGE Studies: Discovery of the APciscss Dimer. To evaluate the propensities of
these disulfide-stapled AP peptides to form oligomers, we performed sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) and used silver staining to visualize the species
formed by each of the peptides we prepared (Figure 3.3A). In the SDS-PAGE, ABmi-42) runs with
main band just above the 5 kDa ladder band, at ca. 6 kDa, that corresponds to the monomer, as
well as a pair of weaker bands at ca. 13 and 15 kDa, which are generally attributed to trimer and
tetramer.>”>® The previously reported APcaicio peptide gives a pair of bands, with similar
appearance but slightly lower in position. These bands have previously been attributed to dimer
and trimer.*® The ABc2ic32 and ABc2ic31 peptides give bands just above the 5 kDa ladder band, at
ca. 6 kDa, and thus form monomers. The ABc24c29 peptide gives a pattern of monomer, trimer, and
tetramer bands similar in position and appearance to those of APwmi-42). The APciscss peptide
stands out among the mutant peptides, giving an intense band midway between the 10 and 15 kDa

ladder bands, at ca. 12 kDa, which corresponds to the dimer.
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Figure 3.3. SDS-PAGE studies of the oligomerization propensities of the disulfide-stapled AP peptides.
(A) oligomerization patterns of disulfide-stapled AP peptides at 80 pM concentration. (B) Comparison of
the oligomerization pattern of AP -42) and APciscss peptides at various concentrations.

To further explore the dimerization of the APciscss peptide, we ran SDS-PAGE at
concentrations ranging from 7.8 to 500 uM (Figure 3.3B). At each concentration, the dimer band

predominates, with small bands corresponding to monomer and higher-order oligomers at higher
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concentrations. In contrast, ABwi-42) shows a predominance of the monomer at all concentrations,

with the trimer and tetramer bands appearing at higher concentrations.

To investigate the effect of the disulfide bond of ABcisc3s upon dimer formation, we
reduced the disulfide bond of ABcisc3s using tris(2-carboxyethyl)phosphine hydrochloride (TCEP)
and studied the oligomerization of the reduced APciscss peptide by SDS-PAGE (Figure 3.4). The
reduced ABciscss peptide shows distinct bands corresponding to monomer, dimer, trimer, and
tetramer, at lower concentrations, as well as an additional band corresponding to the pentamer at
higher concentrations. These results demonstrate that the disulfide bond is essential for non-
covalent dimer formation and establish that the cysteine mutations alone do not induce the

formation of a well-defined dimer.
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Figure 3.4. SDS-PAGE studies of ABcisc3s before and after TCEP reduction at various concentrations.
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MS Studies of APciscss. To further corroborate the formation of non-covalent dimers and
to exclude the possibility of covalent dimer formation through a pair of intermolecular disulfide
bonds, we performed mass spectrometry. Matrix-assisted laser desorption/ionization mass
spectrometry shows exclusively the APcisc3s monomer (Figure 3.S12). This observation is
significant, because it establishes that the dimer observe for APciscs3 in SDS-PAGE is non-
covalent, rather than a covalent dimer formation through a pair of intermolecular disulfide bonds
or a catenane. The ABcisc3s peptide also shows monomer in the ESI mass spectrum in SEC-MS,
eluting with ammonium formate and acetonitrile at pH 10 (Figure 3.5A). Addition of the non-ionic
detergent dodecyl maltoside (DDM) to the SEC eluant gives a new peak in the total ion current
chromatogram associated with the dimer (Figure 3.5B). Analysis of this peak reveals 5+ and 6+
ions associated with the dimer (Figure 3.5C and 3.5D). The observation of non-covalent dimers in
SEC-MS experiments with DDM provide further evidence that Afciscss3 forms well-defined

dimers in the presence of detergent.
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Figure 3.5. SEC-MS studies of APcisc3s peptide. (A) SEC chromatogram showing APciscss
monomers. (B) SEC chromatogram showing the formation of ABcisc3s dimers after coincubation
with DDM. (C) Mass spectrum of the SEC peak corresponding to ABciscss dimers and monomers.
(D) A representative mass peak corresponds to 5+ ion associated with APciscss dimers.

To further characterize the non-covalent APciscs3 dimers, we performed native ion
mobility—mass spectrometry (IM-MS). In this technique, the sample is directly injected into the
mass spectrometer, and species are separated in the gas phase on the basis of mobility. A solution
of 25 uM APciscss and 300 uM DDM in 200 mM ammonium acetate buffer pH 7.4 directly
injected into the instrument gave an ion mobility chromatogram with two main peaks at 7.8 and
11.1 ms, corresponding to the dimer and monomer (Figure 3.6). Analysis of the isotope patterns

and m/z ratios confirmed that the peaks correspond to the dimer and monomer. The SEC-MS and
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IM-MS results agree with SDS-PAGE results that ABciscss forms well-defined dimers in the

presence of detergent micelles.
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Figure 3.6. IM-MS studies of ABciscss peptide.

CD Studies of APciscss. To explore the structure of dimers formed by ABciscss, we turned
to circular dichroism (CD) spectroscopy. In the absence of SDS, a 30 uM solution of APciscss in
10 mM sodium phosphate buffer at pH 7.4 exhibits a broad negative band below 230 nm, with a
shallow minimum at 203 nm (Figure 3.7A). With 20 mM SDS, the CD spectrum shows a well-
defined minimum at 212 nm and maximum at 191 nm (Figure 3.7A). These data indicate that the
ABciscss peptide adopts B-sheet structure in the presence of SDS, but that random coil structure
predominates in the absence of SDS. The spectrum in the presence of SDS differs dramatically
from that of APmi-42), which exhibits minima at 207 and 222 nm and a maximum at 190 nm in
SDS and thus adopts a-helical structure (Figure 3.7B). These results bring into sharp perspective
the effect of the disulfide staple upon the conformation of ABciscss, preventing a-helix formation

and enforcing -sheet formation under conditions most relevant to SDS-PAGE.
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Figure 3.7. CD spectra of ABcisc3s (A) and ABmi-42) (B) in the absence or in the presence of SDS.

To gain further insight into the structure of APciscss dimers under conditions relevant to
the SEC-MS and IM-MS experiments described above, we collected CD spectra of ABcisc3s and
APmi-42) with various concentrations of DDM. The CD spectra of APcisc3z with DDM at
concentrations well above the critical micelle concentration (CMC, 0.17 mM), resemble the
spectrum of ABciscss with 20 mM SDS (CMC 8 mM), exhibiting a well-defined minimum at 214

nm and maximum at ca. 190 nm (Figure 3.8A). The CD spectrum of ABmi-42) with DDM shows
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a broader minimum, centered at 215 nm, and a weaker maximum at ca.190 nm (Figure 3.8B).
Analysis of the ABcisc33 spectra using secondary structure analysis server BeStSel>>®® shows the
formation of ca. 50% antiparallel B-sheet structure as the concentration of DDM is raised above
the CMC (Figure 3.8C). In contrast, the ABi-42) spectra shows only ca. 20% antiparallel B-sheet
structure under these conditions (Figure 3.8C). These results further support a model in which the
disulfide staple enforces a -hairpin conformation in ABciscss in the membrane-like environments

provided by detergents. 6!,
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Figure 3.8. CD spectra of ABciscss and ABmmi-42) in the presence of DDM. (A) CD spectra of
ABcisc3s in the presence of various concentrations of DDM. (B) CD spectra of ABmi-42) in the
presence of various concentrations of DDM. (C) Percent composition of antiparallel p-sheet
structure of ABciscss and APmi-42) peptides in the presence of various concentrations of DDM.
The CD spectra were analyzed using secondary structure analysis server BeStSel. The critical
micelle concentration (CMC) of DDM (ca. 0.15 mM) was marked with a dashed line.

ThT, TEM, AUC, and DLS Studies of APciscss. To determine the effect of the disulfide
staple upon fibril formation, we performed thioflavin T (ThT) fluorescence assays. Solutions of
ABciscss and ABmi-42) were incubated in PBS buffer at pH 7.4 in the presence of ThT at 37 °C.
Under these conditions, APmi-42) showed a characteristic lag time followed by a rapid onset of
fluorescence at ca. 30 minutes (Figure 3.9B). In contrast, ABcisc33 showed no appreciable increase
in fluorescence over 24 hours (Figure 3.9A). To rule out the possibility that the ABcisc3s peptide
is resistant to fibrilization because of the point mutations rather than the intramolecular disulfide
bridge, we performed a ThT assay using an APcisc3s analogue peptide bearing double alanine
mutations, APaisass. Under comparable conditions, the ABaisa3s peptide showed a lag time of ca.
4.5 hr, followed by a rapid onset of fluorescence (Figure 3.9C). These observations demonstrate
that the disulfide bond prevents fibril formation. The longer lag time associated with the APaisa33
mutant likely reflect the effect of valine-to-alanine mutation at position 18 of the critical

"LVFFA?!' amyloidogenic region of Ap.
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Figure 3.9. ThT fluorescence assays of (A) ABciscss, (B) APmi-42), and (C) APaisass. Assays were
performed with 40 uM AP and 40 uM ThT in PBS buffer at 37 °C without shaking (quiescent
conditions). Fluorescence was monitored with 440 nm excitation and 485 nm emission. The ThT
assays were performed in five technical replicates (purple, dark blue, red, light blue, and green).
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We performed transmission electron microscopy (TEM) to corroborate that ABciscss does
not fibrilize. Incubation of ABcisc33 at 37 °C for 24 hours in PBS buffer, followed by imaging by
TEM, showed no fibrils (Figure 3.10A). In contrast, ABmmi-42) showed long fibrils, characteristic
of AP (Figure 3.10B). APaisa33 also showed fibrils, albeit shorter than the characteristic ABmi-42)
fibrils (Figure 3.10C). Upon treatment with TCEP to reduce the disulfide bond and incubation in
PBS buffer, ABciscss showed fibrils (Figure 3.10D). Collectively, these results confirm that the

intramolecular disulfide bond is critical to arresting the APciscs3 peptide in the oligomeric state.

A ABC18C33 B AB(M1—42)

200 nm

D ABcigcas + TCEP

ABA18A33

Figure 3.10. Transmission electron micrographs of AP peptides: (A) ABciscss, (B) APpmi-42), (C)
APaisass, and (D) APciscss with TCEP. Solution of the AP peptides were incubated in PBS buffer
for 24 hours at 37 °C and then imaged by TEM with uranyl acetate staining.

To further evaluate the ABcisc3s peptide in aqueous solutions, we performed analytical
ultracentfugation (AUC) and dynamic light scattering (DLS) experiments. Sedimentation velocity

AUC experiments in 10 mM sodium phosphate buffer with 25 mM NaCl at pH 7.4 on samples of

147



ABciscss at 5-160 pM show distinct species with sedimentation coefficients of 0.54 and 1.01,
which correspond to the monomer and the dimer (Figure 3.S13). Larger aggregates that settled
rapidly were also observed to pellet in these 60,000 rpm experiments and constituted 52—-76% of
the sample. In DLS experiments, a freshly prepared solution of ABcisc33 (30 uM in 10 mM sodium
phosphate buffer at pH 7.4) shows a peak centered at 24.4 nm (Figure 3.11). Upon incubation for
24 hours at 37 °C, the peak shifted to 32.7 nm. These results show that APcisc3s forms large stable
oligomeric assemblies in aqueous solution in the absence of detergent, and are consistent with the
pelleting observed in the AUC experiments. Monomer and dimer, which are observed in the AUC
experiments, are likely in equilibrium with these assemblies, but are too small to be observed by
DLS. In contrast, a freshly prepared solution of APmmi-42) shows a peak centered at 58.8 nm, which
shifts to 955 nm upon incubation for 24 hours (Figure 3.11). These observations are consistent

with the fibril formation observed in the ThT and TEM experiments.

Dynamic Light Scattering (DLS) Results
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Figure 3.11. Dynamic light scattering experiments of ABciscs3 and APmi-42). DLS experiments
were performed on 30 uM solutions of the A peptides in 10 mM sodium phosphate buffer at pH
7.4. DLS data were recorded for freshly prepared solutions and then after the solutions were
incubated for 24 hours at 37 °C.

148



Conclusion and Discussion

APcisc3s, a double mutant of the expressed peptide APmi-42) containing a disulfide staple,
forms stable dimers in the presence of anionic and non-ionic detergents. The dimers exhibit a high
degree of B-sheet character and can readily be observed by SDS-PAGE and mass spectrometry. In
aqueous buffer, the ABcisc3s peptide does not aggregate to form fibrils, but instead forms stable
solutions of large oligomers as well as detectable monomer and dimer. The APciscss is readily

prepared by expression in E. coli and can be purified by preparative reverse-phase HPLC.

We anticipate that APciscss will be a valuable tool in biological and biophysical
experiments, by providing ready access to stable, homogenous, non-covalent AP dimers.
Oligomers of native AP peptides (APi-40, APi-42, ABmi-42), etc.) are heterogeneous and prone to
further aggregation to form fibrils. Oligomeric preparations of these peptides can thus be
problematic to use in biological and biophysical studies. The APciscsz peptide provides an
attractive alternative to these preparations, because of the stability and homogeneity of the dimers

that it forms in membrane-like environments.
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General information on materials and methods

All chemicals were used as received unless otherwise noted. Deionized water (18 MQ) was
obtained from a Thermo Scientific Barnstead Genpure Pro water purification system. The pET-
Sac-ABmi—42) plasmid was a gift from Dominic Walsh (Addgene plasmid # 71875).2 DNA
sequences that encode APcaicso, ABc2ics2, ABc2ac29, APc2icsi, and ABciscsss were purchased in
500 ng quantities from Genewiz. Ndel and Sacl restriction enzymes, CutSmart buffer, and shrimp
alkaline phosphatase (rSAP) were purchased from New England Biolabs (NEB). TOP10 Ca**-
competent E. coli and BL21 DE3 PLysS Star Ca*"-competent E. coli, T4 ligase, and ethidium

bromide were purchased from Thermo Fisher Scientific. Zymo ZR plasmid miniprep kit and
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Zymoclean Gel DNA recovery kit was purchased from Zymo Research. Carbenicillin and
chloramphenicol were purchased from RPI Research Products. The carbenicillin was added to
culture media as a 1000X stock solution (50 mg/mL) in water. The chloramphenicol was added to
culture media as a 1000X stock solution (34 mg/mL) in EtOH. Dimethyl sulfoxide (DMSO) was
purchased from Thermo Fisher Scientific and stored in a desiccator. 3-(4,5-Dimethylthiazol-2-yl)-

2,5-Diphenyltetrazolium Bromide (MTT) reagent were purchased from Thermo Fisher Scientific.

The concentration of the DNA sequences was measured using a Thermo Scientific
NanoDrop spectrophotometer. E. coli were incubated in a Thermo Scientific Max(Q Shaker 6000.
E. coli were lysed using a QSonica Q500 ultrasonic homogenizer. Analytical reverse-phase HPLC
was performed on an Agilent 1200 instrument equipped with a Phenomonex Aeris PEPTIDE 2.6u
XB-C18 column with a Phenomonex SecurityGuard ULTRA cartridges guard column for C18
column. Preparative reverse-phase HPLC was performed on a Rainin Dynamax instrument SD-
200 equipped an Agilent ZORBAX 300SB-C8 semi-preparative column (9.4 x 250 mm) with a
ZORBAX 300SB-C3 preparative guard column (9.4 x 15 mm). During purifications, the C8
column and the guard column were heated to 80 °C in a Sterlite plastic bin equipped with a Kitchen
Gizmo Sous Vide immersion circulator. HPLC grade acetonitrile and deionized water (18 MQ),
each containing 0.1% trifluoroacetic acid (TFA), were used for analytical and preparative reverse-
phase HPLC. MALDI-TOF mass spectrometry was performed using an AB SCIEX TOF/TOF
5800 system. SEC mass spectrometry and ion mobility mass spectrometry were performed using
Waters Synapt G2 HD system. The dynamic light scattering (DLS) experiments were performed

in disposable cuvettes using the Malvern Zetasizer pV instrument.
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Isolation of pET-Sac-ABmi-42) plasmid

We received the pET-Sac-APmi-42) plasmid from Addgene as bacterial stabs and
immediately streaked the bacteria onto LB agar plates containing carbenicillin (50 mg/L). Colonies
grew in less than 24h. Single colonies were picked and used to inoculate 5 mL of LB broth
containing carbenicillin (50 mg/L). The cultures were shaken at 225 rpm overnight at 37°C. To
isolate the pET-Sac-APBmmi-42) plasmid, minipreps were performed using a Zymo ZR plasmid
miniprep kit. The concentration of the plasmids was measured using a Thermo Scientific Nanodrop

instrument.

Molecular cloning
DNA sequences encoding mutant peptides

DNA sequences encoding mutant peptides were ordered from Genewiz. Figure 3.S1 shows the

design of these DNA sequences.

__37and 5’ overhangs | Ndel restriction site/start codon . stop codons

__ Sacl restriction site . codon for cysteine _ codon for alanine

ABnaci-a2): 5°-GAT ATA BATATG GAC GCT GAA TTC CGT CAC GAC TCT GGT TAC
GAA GTT CAC CAC CAG AAG CTG GTG TTC TTC GCT GAA GAC GTG GGT TCT AAC
AAG GGT GCT ATC ATC GGT CTG ATG GTT GGT GGC GTT GTG ATC GCT [NEAE
GAG CTC GAT CCG-3’

APcaico: 5°-GAT ATA GATATG GAC GCT GAA TTC CGT CAC GAC TCT GGT TAC
GAA GTT CAC CAC CAG AAG CTG GTG TTC TTC [l8€ GAA GAC GTG GGT TCT AAC
AAG GGT [l8@ ATC ATC GGT CTG ATG GTT GGT GGC GTT GTG ATC GCT [NEAE
GAG CTC GAT CCG-3’
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ABcaics: 5°-GAT ATA EATATG GAC GCT GAA TTC CGT CAC GAC TCT GGT TAC
GAA GTT CAC CAC CAG AAG CTG GTG TTC TTC 8@ GAA GAC GTG GGT TCT AAC
AAG GGT GCT ATC 88 GGT CTG ATG GTT GGT GGC GTT GTG ATC GCT S
GAG CTC GAT CCG-3’

APBcaace: 5°-GAT ATA EATATG GAC GCT GAA TTC CGT CAC GAC TCT GGT TAC
GAA GTT CAC CAC CAG AAG CTG GTG TTC TTC GCT GAA GAC [l88 GGT TCT AAC
AAG [l8@ GCT ATC ATC GGT CTG ATG GTT GGT GGC GTT GTG ATC GCT S
GAG CTC GAT CCG-3’

ABcaicsi: 5°-GAT ATA EATATG GAC GCT GAA TTC CGT CAC GAC TCT GGT TAC
GAA GTT CAC CAC CAG AAG CTG GTG TTC TTC @@ GAA GAC GTG GGT TCT AAC
AAG GGT GCT 8@ ATC GGT CTG ATG GTT GGT GGC GTT GTG ATC GCT A
GAG CTC GAT CCG-3’

APciscas: 5°- GAT ATA AT ATG GAC GCT GAA TTC CGT CAC GAC TCT GGT TAC
GAA GTT CAC CAC CAG AAG CTG [l88 TTC TTC GCT GAA GAC GTG GGT TCT AAC
AAG GGT GCT ATC ATC [l8@ CTG ATG GTT GGT GGC GTT GTG ATC GCT NS
GAG CTC GAT CCG -3

APaisass: 5°- GAT ATA EATATG GAC GCT GAA TTC CGT CAC GAC TCT GGT TAC
GAA GTT CAC CAC CAG AAG CTG GCT TTC TTC GCT GAA GAC GTG GGT TCT AAC
AAG GGT GCT ATC ATC GET CTG ATG GTT GGT GGC GTT GTG ATC GCT NS
GAG CTC GAT CCG -3

Figure 3.S1. Design of the DNA sequences for APmci-42) mutants.
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Figure 3.S2. Molecular cloning strategy for constructing recombinant plasmids of APmci-42)

mutants.

Restriction enzyme digestion of pET-Sac-Afmi-42) plasmid

The pET-Sac-APmi-42) plasmid was digested using Sac/ and Ndel restriction enzymes.
Table 3.S1 details the restriction reaction conditions. Reagents were added in the order they are

listed.

Table 3.S1. Double-digestion of the pET- Sac APmi-42) plasmid.

Reagents Amount
pET-Sac ABmi-42) 20 pL of 50 ng/uL plasmid

solution (1.0 pg in total)
10X CutSmart buffer 5.0 uL
H2O 23.0 uL
Ndel restriction enzyme 1.0 uL (1 U)
Sacl-HF restriction enzyme 1.0 uL (1 U)
Total 50.0 uL
Time 1.0h
Temperature 37.0 °C
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Next, to prevent backbone self-ligation, the digested plasmid was treated with shrimp

alkaline phosphatase (rSAP). Table 3.S2 details the rSAP reaction conditions.

Table 3.S2. SAP treatment of the vectors.

Reagents Amount
Double-digestion mixture 50.0 uL
rSAP 1.0 uL (10)
Total 51.0 uLL
Time 0.5h
Temperature 37.0 °C
Heat inactivation 65.0 °C for 20 min

After the rSAP reaction and heat inactivation were complete, the reaction mixture was
mixed with DNA loading buffer and loaded onto a 1% agarose gel containing ethidium bromide
(5 pL per 100 mL gel). The agarose gel was run at 100 V for ~30 min. A UV box was used to
visualize the digested pET-Sac vector (~4500 bp), which was excised from the gel using a razor
blade. The digested pET-Sac vector was purified from the agarose gel using a Zymoclean gel DNA
recovery kit. The concentration of the vector after purification was measured using a Thermo
Scientific Nanodrop instrument. The purified digested pET-Sac linear vector was used in the

subsequent ligation step.

The APmci-42) mutant DNA sequences were digested using Sac/ and Ndel restriction
enzymes. Table 3.S3 details the restriction reaction conditions. Reagents were added in the order

they are listed.
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Table 3.S3. Double-digestion of the inserts.

Reagents Amount

20 pL of 5 ng/uL. DNA

DNA sequence encoding mutation solution (100.0 ng in total)

10X CutSmart buffer 2.5 ulL
H20 1.5 L
Ndel restriction enzyme 0.5 uL (0.5 U)
Sacl-HF restriction enzyme 0.5 uL (0.5 U)
Total 25.0 uL
Time 1.0h
Temperature 37.0 °C
Heat inactivation 65.0 °C for 20 min

T4 ligation of the AP mci-42) mutant DNA sequence and the linear digested pET-Sac vector

The inserts and the vectors were ligated together using T4 ligase. Table 3.S4 details the T4

ligation reaction conditions. Reagents were added in the order they are listed.
Table 3.S4. T4 ligation of the inserts and the vectors.

Amount

Reagents Insert:Vector = 0:1 Insert:Vector = 5:1

(molar ratio) (molar ratio)
(negative control)

9.1 uL of 6.6 ng/uL DNA | 9.1 uL of 6.6 ng/uL DNA

Vector solution (60.0 ng in total) solution (60.0 ng in total)
2.5 uL of 4.0 ng/uL DNA

Insert o solution (10.0 ng in total)

10X T4 DNA

ligase reaction 2.0 uL 2.0 uL

buffer

T4 DNA ligase 1.0 uL 1.0 uL

H>O 7.9 nL 5.4 uL
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Total 20.0 uL 20.0 uL

Ligation time 10 min
Temp 22.0 °C (room temperature)
Heat inactivation 65.0 °C for 10 min

2 uL of the ligation reaction mixture was then transformed into TOP10 Ca**-competent E.
coli using the heat shock method. The cell cultures were spread on LB agar plates containing
carbenicillin (50 mg/L). Single colonies were picked to inoculate 5 mL of overnight cultures in
LB media with carbenicillin (50 mg/L). The plasmids were extracted from TOP10 cells using
Zymo ZR plasmid miniprep kit. The concentration of the plasmids was measured through Thermo
Scientific NanoDrop spectrophotometer. The DNA sequences of the recombinant APmci-42)

plasmid was verified by DNA sequencing.

Bacterial expression of APi—42) mutant peptides
Transformation and expression of APwi-42) mutant peptides

All liquid cultures were performed in culture media (LB broth containing 50 mg/L
carbenicillin and 34 mg/L chloramphenicol). ABmci-42) mutant plasmid was transformed into
BL21 DE3 PLysS Star Ca®'-competent E. coli through heat shock method. The cell cultures were
spread on LB agar plates containing carbenicillin (50 mg/L) and chloramphenicol (34 mg/L).
Single colonies were picked to inoculate 5 mL of culture media for overnight culture. [A glycerol
stock of BL21 DE3 PLysS Star Ca**-competent E. coli bearing the plasmids was made, and the
future expressions were started by inoculating culture media with an aliquot of the glycerol stock.]
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The next day, all 5 mL of the overnight culture were used to inoculate 1 L of culture media. After
inoculation, the culture was shaken at 225 rpm at 37 °C until the cell density reached an ODesoo of
approximately 0.45. Protein expression was then induced by the addition of isopropyl B-D-1-
thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM, and the cells were shaken at 225
rpm at 37 °C for 4 h with IPTG. The cells were then harvested by centrifugation at 4000 rpm using

a JA-10 rotor (2800 x g) at 4 °C for 25 min, and the cell pellets were then stored at -80°C.

Cell lysis, inclusion body preparation, and disulfide bond formation by DMSO

To lyse the cells, the cell pellet was resuspended in 20 mL of buffer A (10 mM Tris/HCl,
1 mM EDTA, pH 8.0) and sonicated for 2 min on ice (50% duty cycle) until the lysate appeared
homogenous. The lysate was then centrifuged for 25 min at 16000 rpm using a JA-18 rotor (38000
x g) at 4°C. The supernatant was removed, and the pellet was resuspended in buffer A, sonicated
and centrifuged as described above. The sonication and centrifugation steps were repeated three
times. After the last round of sonication and centrifugation, the supernatant was removed, the
remaining pellet was resuspended in 15 mL of freshly prepared buffer B (8§ M urea, 10 mM
Tris/HCI, 1 mM EDTA, pH 8.0), and was sonicated as described above, until the solution became
clear. The solution was diluted with 10 mL of buffer A, and 5 mL of DMSO was added to the
solution. The resulting mixture (30 mL) was incubated on a shaker at room temperature for 2-6

days.
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Purification of APwi1-42) mutant peptides

The reaction mixture was titrated with 1M NaOH to a pH of ~10.5, and was filtered through
a Fisher Brand 0.22 pm non-sterile hydrophilic PVDF syringe filter (Catalog No. 09-719-00).
After filtering, the solution was titrated with 1M HCI to pH ca. 8.0. Successful expression of the
APBmi-42) mutant peptide was confirmed by analytical reverse-phase HPLC as follows: A 20-uL
sample of the above solution was injected onto an Agilent 1200 instrument equipped with a
Phenomonex Aeris PEPTIDE 2.6u XB-C18 column with a Phenomonex SecurityGuard ULTRA
cartridges guard column for C18 column. HPLC grade acetonitrile (ACN) and 18 MQ deionized
water, each containing 0.1% trifluoroacetic acid, were used as the mobile phase. The sample was

eluted at 1.0 mL/min with a 5-100% acetonitrile gradient over 20 min at 35 °C.

APmi-42) mutant peptides were then purified by preparative reverse-phase HPLC equipped
with an Agilent ZORBAX 300SB-C8 semi-preparative column (9.4 x 250 mm) with a ZORBAX
300SB-C3 preparative guard column (9.4 x 15 mm). The C8 column and the guard column were
heated to 80 °C in a water bath. HPLC grade acetonitrile (ACN) and 18 MQ deionized water, each
containing 0.1% trifluoroacetic acid, were used as the mobile phase at a flow-rate of 5 mL/min.
The peptide solution was split into two ca. 15 mL batches and purified in two separate runs, with
four injections in each run. In each run, the peptide was loaded onto the column by flowing 20%
ACN for 15 min and then eluted with a gradient of 20—-40% ACN over 20 min. Fractions containing
the monomer generally eluted from 34% to 38% ACN. After the peptide was collected, the column
was washed by flushing with 100% isopropanol for 15 minutes. This cleaning procedure ensures
elution of the peptide that is retained in the column and avoids problems of cross-contamination

between runs.
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The purity of each fraction was assessed using analytical reverse-phase HPLC. A 20-uL
sample was injected onto the analytical HPLC. The sample was eluted at 1.0 mL/min with a 5—
100% acetonitrile gradient over 20 min, at 35 °C. Pure fractions were combined and the purity of
the combined fractions were checked using analytical HPLC. The combined fractions were
concentrated by rotary evaporation to remove ACN, and then frozen with dry ice, liquid nitrogen,
or a-80 °C freezer. [It is recommended to combine and freeze the purified fractions within 5 hours
after purification to avoid oxidation of methionine.] The frozen sample was then lyophilized to

give a fine white powder.
NaOH treatment and peptide concentration determination
The lyophilized peptide was then dissolved in 2 mM NaOH to achieve a concentration of

~0.5 mg/mL. The pH was adjusted by addition of 0.1 M NaOH to give a solution of pH ~10.5. The
sample was sonicated in a water ultrasonic bath at room temperature for 1 min or until the solution

became clear. The concentration of the peptide was determined by absorbance at 280 nm using the

extinction coefficient (g) for tyrosine of 1490 M 'em™ (c = A/1490). The peptide solution was
then aliquoted into 0.020 umol aliquots in 0.5 mL microcentrifuge tubes. The aliquots were

lyophilized and then stored in a desiccator at -20 °C for future use.

SDS-PAGE

The concentrations of the peptide working solutions vary for different SDS-PAGE assays.
Here we provide a general procedure for the SDS-PAGE assays we conducted in this chapter. For

the sample preparation, a 0.02 umol aliquot of peptide was dissolved in 208.4 uL of deionized
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water to give a 96 uM peptide stock solution. A 20 pL aliquot of the 96 uM peptide stock solution
and 4 pL of 6X SDS-PAGE loading buffer (100 mM Tris buffer at pH 6.8, 20% (v/v) glycerol,
and 4% w/v SDS) was then combined to give a 24 uL of peptide working solution with a
concentration of 80 uM. A 10 pL aliquot of the working solution was run on a 16% polyacrylamide
gel with a 4% stacking polyacrylamide gel. The gels were run at a constant 90 volts at room

temperature.

Staining with silver nitrate was used to visualize peptides in the SDS-PAGE gel. Briefly,
the gel was first rocked in fixing solution (50% (v/v) methanol and 5% (v/v) acetic acid in
deionized water) for 20 min. Next, the fixing solution was discarded and the gel was rocked in
50% (v/v) aqueous methanol for 10 min. Next, the 50% methanol was discarded and the gel was
rocked in deionized water for 10 min. Next, the water was discarded and the gel was rocked in
0.02% (w/v) sodium thiosulfate in deionized water for 1 min. The sodium thiosulfate was
discarded and the gel was rinsed twice with deionized water for 1 min (2X). After the last rinse,
the gel was submerged in chilled 0.1% (w/v) silver nitrate in deionized water and rocked at 4 °C
for 20 min. Next, the silver nitrate solution was discarded and the gel was rinsed with deionized
water for 1 min (2X). To develop the gel, the gel was incubated in developing solution (2% (w/v)
sodium carbonate, 0.04% (w/v) formaldehyde until the desired intensity of staining was reached
(~1-3 min). When the desired intensity of staining was reached, the development was stopped by

discarding the developing solution and submerging the gel in 5% aqueous acetic acid.

Thioflavin T (ThT) fibrillization assay

ThT Solution Preparation. The ThT solution was freshly prepared and placed on ice before
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use. Briefly, a solution of ca. 40 uM ThT was prepared in a 1x PBS buffer (pH 7.4). The
concentration of ThT in the solution was determined by UV absorbance at 412 nm using an
estimated extinction coefficient () of 36000 M 'cm™! and adjusted to 41.7 uM. The solution was
filtered through a 0.22 um nylon syringe filter. The ThT solution was stored on ice and protected

from light.

Peptide Working Solution Preparation. A 0.02 umol aliquot of AP peptide was dissolved in
500 pL of ThT solution to give a working solution with final peptide concentration of 40 pM and
ThT concentration of 40 uM. The peptide working solution was stored on ice and protected from

light.

ThT Fluorescence Assay Setup. ThT fluorescence assays were conducted in Corning® 96-
well half area black/clear flat bottom polystyrene nonbinding surface (NBS) microplates (product
number: 3881). A 100-uL aliquot of the working solution was immediately transferred to each of
five wells of 96-well plate, and the plate was kept at room temperature. ThT solution was
transferred to each of five wells of 96-well plate as negative control. The 96-well plate was sealed
with adhesive plate sealer. The 96-well plate was immediately inserted into a Thermo Fisher
Scientific Varioskan Lux microplate reader. The plate was incubated at 37 °C without shaking and
the ThT fluorescence was monitored (440 nm excitation, 485 nm emission, 5 nm bandwidth) over

24 hours using the bottom-read mode.

Dynamic light scattering (DLS)

A 30 uM solution of AP peptide was freshly prepared in 10 mM sodium phosphate buffer

(pH 7.4) , or incubated in the buffer at 37 °C for 24 hours with 225 rpm shaking. The dynamic
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light scattering (DLS) experiments were performed in disposable cuvettes using the Malvern
Zetasizer puV instrument at 25 °C. Scattering data were collected as an average of 10 scans for each

measurement.

Circular dichroism (CD)

A 30 puM solution of AP peptide was freshly prepared in 10 mM sodium phosphate buffer
with or without detergent (pH 7.4). CD spectra were acquired on a Jasco J-810 circular dichroism
spectropolarimeter at room temperature. The instrumental parameters to record the CD spectra
were: 260 nm to 190 nm measurement range, 1 nm data pitch, 2 nm band width, standard
sensitivity, 50 nm/min of scanning speed. The data were averaged over 3 accumulations with 21-

point smoothing. The CD spectra were analyzed using secondary structure analysis server BeStSel.

Mass spectrometry

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) was
performed using an AB SCIEX TOF/TOF 5800 System. 0.5 uL of sinapinic acid (SA) or 2,5-
dihydroxybenzoic acid (DHB) was dispensed onto a MALDI sample support, followed by the
addition of 0.5 puL peptide sample. The mixture was allowed to air-dry. All analyses were
performed in positive reflector mode, collecting data with a molecular weight range of 1500-8000

Da or 1800-10000 Da.

Size exclusion chromatography-mass spectrometry (SEC-MS) was performed using a

Waters Synapt G2 system. AP peptide was dissolved in 10 mM ammonium acetate buffer with or
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without 0.4 mM n-Dodecyl -D-maltoside (DDM) (pH 7.3) to a final peptide concentration of 0.25
mg/mL and incubated at 37 °C for 2 hours. 2 pg of AP peptide was injected on the SEC column

and the SEC was run in 1:1 ammonium formate: acetonitrile running buffer (pH 10.0).

Ion mobility mass spectrometry (IM-MS) was performed using a Waters Synapt G2
system. AP peptide was dissolved in 200 mM ammonium acetate buffer containing 0.3 mM DDM
(pH 7.4) to a final concentration of 25 uM. 40 pL of the 25 uM peptide solution was then

immediately injected on the IM-MS system.

Transmission electron microscopy (TEM)

TEM images of AP peptide were taken with a JEM-2100F transmission electron
microscope (JEOL, Peabody, MA, USA) at 200 kV with an electron dose of approximately 15 e
/A%. The microscope was equipped with Gatan K2 Summit direct electron detector (Gatan,
Pleasanton, CA, USA) at 15,000x or 25,000x magnification. The sample was cooled at liquid
nitrogen temperature through the cryostage. Contrast and brightness of the images were adjusted

as appropriate.
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Characterization Data and Additional Figures
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Figure 3.S3. An analytical HPLC trace of ABc21c30 peptide. Temperature: 35.0 °C. Sample purity: 97.5
%.
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Figure 3.S9. MALDI-TOF mass spectra of ABcz2ic32 peptide. Positive reflector mode.

Matrix: 2,5-dihydroxybenzoic acid. Exact mass: 4662.2; Observed [M+H]": 4663.6112; Observed

[M+2H]*": 2332.4307.
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Figure 3.S11. MALDI-TOF mass spectra of APcaic31 peptide. Positive reflector mode.

Matrix: 2,5-dihydroxybenzoic acid. Exact mass: 4662.2; Observed [M+H]": 4663.7105; Observed
[M+2H]*": 2332.4739.
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Chapter 42

Structure-Based Drug Design of an Inhibitor of

the SARS-CoV-2 Main Protease

Introduction

SARS-CoV-2 is a highly infectious virus that causes COVID-19, a serious respiratory
infection that has caused over 178 million infections and over 3.8 million deaths worldwide as of
June 2021.! SARS-CoV-2 causes infected cells to express a main protease (MP® or 3CL protease)
that is responsible for site-specifically cleaving the polyprotein, which is translated from viral
mRNA within human cells. The proteolytic activity of MP™ is essential for the virus to generate
the individual proteins that are necessary for replication and infection. The essential role of MP™,
as well as the success of HIV protease inhibitors in the treatment of HIV/AIDS, make MP™ an
attractive therapeutic target to treat COVID-19.2"

Proteases are enzymes that cleave polypeptide chains, hydrolyzing an amide bond within

the polypeptide chain. Once the polypeptide is bound within the active site of the protease, the

2 This chapter is adapted from Zhang, S.; Krumberger, M.}; Morris, M. A.%; Parrocha, C. M. T.; Kreutzer, A. G.;
Nowick, J. S. Eur. J. Med. Chem. 2021, 218, 11390.
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scissile amide bond is hydrolyzed to generate a carboxylic acid and amine (Figure 4.1A). The
binding pockets of a protease are referred to as subsites, denoted by “S”. Typically, each subsite
interacts with a specific side chain of the polypeptide substrate, denoted by “P”. The position at
which the polypeptide substrate is cleaved determines the assignment of prime or no-prime
notation. Prime notation refers to the C-terminal side and no-prime notation refers to the N-

terminal side of the polypeptide and corresponding pockets (Figure 4.1B).

A H protease
R. _N._, enzyme R. _OH
TR o Y R,
(0] (0]
B
S3 S Sy’
P3 O P1 O P2’ O
H H H
N N N
’ \J i \J "
S, Sy Sy’
Toward N-terminus Toward C-terminus

Figure 4.1. A: Amide bond hydrolysis by a protease enzyme. B: Binding of a protease to a polypeptide
substrate. The side chains of the protein (P1, P2, P3, etc. and P1°, P2°, P3’, etc.) fit into pockets of the
enzyme (S1, S2, S3, etc. and S1°, S2°, S3’, etc.). The scissile bond is designated with a wavy red line. This
figure was prepared by Dr. Michael Morris.

SARS-CoV-2 MP® is a member of the class of enzymes called cysteine proteases. These
proteases usually contain a catalytic dyad of cysteine and histidine residues in the active site, which
catalyze the cleavage of polypeptides, as shown below. The histidine deprotonates the cysteine
thiol to give a nucleophilic thiolate, which adds to the amide carbonyl of the substrate to form a

tetrahedral intermediate. The tetrahedral intermediate then breaks down to give a thiol ester and
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an amine. The electrophilic thiol ester is then hydrolyzed by water to give a carboxylic acid, thus

completing the cleavage of the polypeptide substrate and regenerating the active enzyme (Figure
p g g polypep g g y g

4.2).
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Figure 4.2. Proteolysis mechanism by the catalytic dyad of M"™. This figure was prepared by Dr. Michael
Morris.

In this chapter, we will use the X-ray crystallographic structure of the homologous SARS-
CoV MP™ bound to a protein substrate to recapitulate the design of a cyclic peptide inhibitor of the
SARS-CoV-2 MP™ # We will first use the molecular modeling software UCSF Chimera to visualize
the X-ray crystallographic structure of the SARS-CoV MP™ bound to the protein substrate.” We
will then modify the protein substrate to create a model of the cyclic peptide inhibitor within the
SARS-CoV MP®. Finally, we will use AutoDock Vina to evaluate this model, by docking the
inhibitor to SARS-CoV MP® and then to SARS-CoV-2 MP®.!% We have selected these software
packages, because they can be downloaded without cost and are easy to learn.!! !> These and other
molecular modeling studies helped our laboratory decide to pursue the synthesis of the cyclic
peptide and experimentally evaluate its promise as an inhibitor of SARS-CoV-2 MP®. In an
accompanying paper, we describe the synthesis of the cyclic peptide and the experimental
validation as an inhibitor of SARS-CoV-2 MP™?

Here, we provide the rationale and then overview the process of designing the inhibitor
with UCSF Chimera and evaluating it with AutoDock Vina. In the supporting information, we
provide an illustrated step-by-step protocol showing the inhibitor design process to teach others
how to execute the design process. We anticipate this chapter will help students and scientists use
free software to design their own drug candidates for COVID-19 and the coronaviruses that will

cause future pandemics.

Results and Discussion

Selecting a starting structure for inhibitor design. The design of the cyclic peptide
inhibitor begins with the X-ray crystallographic structure of SARS-CoV MP™ (C145A) [Protein

189



Data Bank (PDB) ID: 5B60].!* The SARS-CoV MP™ is 96% identical to the SARS-CoV-2 MP™,
and thus provides a good starting point for the design of inhibitors of SARS-CoV-2 MP®.” In this
crystal structure, the C-terminal fragment of one M molecule extends into the active site of an
adjacent MP" molecule. The C-terminal fragment would normally be cleaved by SARS-CoV MP™,
and thus the inactive C145A mutant provides a snapshot of the enzyme bound to one of its
substrates. Molecules that mimic the C-terminal fragment, but are resistant to proteolysis, may

serve as inhibitors that block viral replication.

Modifying the C-terminal fragment of SARS-CoV MP™ to create a cyclic peptide
inhibitor. We begin the procedures by displaying the C-terminal fragment of the MP™ (substrate)
as sticks and the adjacent MP™ protein as a van der Waals surface, to visualize how the substrate
fits into the binding pockets of the protein active site. The substrate adopts a kinked conformation,
in which the phenyl group of Phe 309 points toward the backbone of Phe 305. The proximity of
Phe 309 and Phe 305 inspired us to connect the phenyl group of the Phe 309 with the backbone of
Phe 305 to form a cyclic peptide (Figure 4.3). By cyclizing the linear substrate, we aim to lock the
peptide substrate into its bound conformation and increase its stability toward proteolysis.
Furthermore, cyclic peptides often exhibit greater cell permeability than the corresponding linear

analogues, which is critical because MP™ constitutes an intracellular target.'>




Figure 4.3. The interaction between the substrate (sticks) and the active site of the protein (grey surface).
The green oval illustrates the concept of connecting the phenyl group of Phe 309 to the backbone of Phe
305.

To create the cyclic peptide, we delete Ser 301, Gly 302, Val 303, Thr 304 (except for the
carbonyl group), Lys 310, and the carbonyl group of Phe 309, as these fragments are not needed
in the cyclic peptide (Figure 4.4A). We then add a methylene (CH2) group at the para position of
Phe 309 by building a tetrahedral methyl group (CH3) in UCSF Chimera and then deleting one of
the hydrogen atoms of the methyl group (Figure 4.4B).

We next prepare to connect the Thr 304 carbonyl carbon to the newly built CH2 group, and
thus cyclize the substrate. In UCSF Chimera, when the new bond is formed, it must not cross other
atoms or bonds, otherwise subsequent structural minimization will fail. We rotate the backbone
Co—N bond of Gln 306 to bring the Thr 304 carbonyl carbon close to the CH2 group, to avoid
crossing other atoms or bonds when building the new C—C bond (Figure 4.4C). We cyclize the
substrate by building a C—C bond between the Thr 304 carbonyl carbon and the CHz carbon. In
cyclizing the substrate, we have built an unnatural amino acid residue — [4-(2-
aminoethyl)phenyl]-acetic acid (AEPA) — from Phe 309 and Thr 304. The resulting cyclic peptide
contains a B-turn comprising Phe 305 and GIn 306 (Figure 4.4D). We envision that hydrogen

bonding within this B-turn might provide additional conformational rigidity to the cyclic peptide.
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Figure 4.4. Building the cyclic peptide. A: The structure of the substrate after deleting extraneous
fragments. B: Adding a CH; group at the para position of Phe 309. C: Rotating the backbone Co—N bond
of Gln 306 to bring the Thr 304 carbonyl carbon close to the CH» group. D: Building a C—C bond between
the Thr 304 carbonyl carbon and the CH, carbon.

Geometry optimization of the cyclic peptide inhibitor. At this point, the bond lengths,
angles, and dihedral angles of the newly built cyclic peptide are not optimal. We are now ready to
allow the cyclic peptide to relax to a low-energy conformation (local minimum) within the active
site of the SARS-CoV MP™. We use the “minimize structure” tool to optimize the geometry of the
cyclic peptide while holding the structure of MP™ fixed.? The minimized structure (Figure 4.5A)
has more reasonable bond lengths, angles, and dihedral angles than the structure prior to

minimization (Figure 4.4D), with Phe 305 and GIn 306 forming a hydrogen-bonded B-turn.

2 In preparing the structure for geometry optimization, hydrogens are added to the protein and the inhibitor. The
addition of hydrogens causes the color of portions of the surface to change from grey to tan.
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Figure 4.5. Geometry optimization of the cyclic peptide inhibitor. A: The structure of the Gly 307 cyclic
peptide after geometry optimization.”' B: Gly 307 has been mutated to Ser. C: The structure of the Ser 307
cyclic peptide inhibitor after geometry optimization. D: The chemical structure of the Ser 307 cyclic peptide
inhibitor.

To introduce additional conformational rigidity, we mutate Gly 307 to Ser, which is the
most common residue at the P1’ position of SARS-CoV-2 MP™ substrates (Figure 4.5B). UCSF
Chimera allows this point mutation to be achieved with a single command. After the point
mutation, we perform a second round of geometry optimization to clean up the structure and afford
a hypothesized structure of the cyclic peptide inhibitor (Figure 4.5C). Figure 4.5D illustrates the

chemical structure of the cyclic peptide inhibitor, which we term UCI-1 (University of California,

Irvine Coronavirus Inhibitor-1).2

Docking the inhibitor to SARS-CoV MP™ and SARS-CoV-2 MP™. In structure-based
drug design, we would typically now synthesize the cyclic peptide inhibitor and evaluate its
activity experimentally through studying its ability to block the cleavage of a fluorogenic peptide
substrate by SARS-CoV-2 MP™. We would also attempt to co-crystalize the inhibitor with the MP™
to experimentally evaluate the structure hypothesized in Figure SC. Using the co-crystal structure
and additional structure-activity studies, we would then carry out iterative rounds of modification
and optimization of the cyclic peptide inhibitor to achieve higher affinity and specificity for SARS-

CoV-2 MP®.

Since this is exclusively a computational study, we will use the molecular docking software
AutoDock Vina in place of these experimental studies. UCSF Chimera enables AutoDock Vina to

be used as a plugin, which allows us to conveniently perform molecular docking and view the
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docking results in UCSF Chimera.* We will first evaluate the ability of the cyclic peptide inhibitor
to bind the SARS-CoV MP™ in silico and thus test our cyclic peptide inhibitor design. We will then
evaluate the ability of the cyclic peptide inhibitor to bind SARS-CoV-2 MP™® in silico to test our

inhibitor against the relevant target of COVID-19.

In the first molecular docking exercise, we dock the geometry-optimized cyclic peptide
inhibitor to the SARS-CoV MP® structure (PDB 5B60), which we have already used for the
inhibitor design.'* We start by defining a receptor search region to which AutoDock Vina will
dock the inhibitor. The receptor search region should thus include the active site of the SARS-CoV
MP™, To facilitate identification of the active site, we highlight several residues in the active site
in red (Cys 38, Cys 44, Met 49, Met 165, and His 41) and then set a grid box which engulfs all of
the active site as the search region (Figure 4.6A). After the molecular docking is complete, we get
five docked structures, with energy scores of -10.5, -8.0, -7.8, -7.7, and -7.6 kcal/mol. In the lowest
energy structure, the inhibitor fits well in the active site of SARS-CoV MP®. The P2 (Phe), P1
(GlIn), P1’ (Ser), and P2’ (Lys) side chains of the inhibitor occupy the S2, S1, S1°, and S2’ pockets,
and the AEPA residue occupies the S3’ pocket (Figure 4.6B). This docking result demonstrates

that the cyclic peptide inhibitor has the potential to bind to SARS-CoV MP™.

2 UCSF Chimera provides a graphical user interface for the AutoDock Vina plugin, which allows the user to avoid
command-line programming required by the free-standing AutoDock Vina application.
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Figure 4.6. Molecular docking of the geometry-optimized cyclic peptide inhibitor to SARS-CoV MP®, A:
The region to which AutoDock Vina will perform molecular docking is defined using a grid box
encompassing the active site of SARS-CoV MP°. B: After molecular docking, the lowest energy
conformation of the cyclic peptide inhibitor fits in the active site of SARS-CoV MP™.

In the second molecular docking exercise, we dock the geometry-optimized cyclic peptide
inhibitor to a recently published crystal structure of SARS-CoV-2 MP® (PDB 6YB7).2! We load
the SARS-CoV-2 MP™ structure using the “fetch PDB” function in UCSF Chimera, and conduct
molecular docking in a similar fashion to the previous exercise (Figure 4.7A). After the molecular
docking is complete, we get ten docked conformations with energy scores of -8.1, -7.8, -6.8, -6.5,

-6.5, -6.4, -6.4, -6.4, -6.2, and -5.6 kcal/mol. Although the lowest energy structure only partially
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fits into the active site of SARS-CoV-2 MP, the second lowest energy structure of the inhibitor
fits better in the active site. The P2 (Phe), P1 (Gln), P1’ (Ser), and P2’ (Lys) side chains of the
inhibitor occupy the S1, S1°, S2, and S2’ pockets, while the AEPA residue sits near the S3° pocket
(Figure 4.7B). This docking result suggests that the cyclic peptide inhibitor that we designed based

on SARS-CoV MP™ bound to a protein substrate might be repurposed to target SARS-CoV-2 MP™.
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Figure 4.7. Molecular docking of the geometry-optimized cyclic peptide inhibitor to SARS-CoV-2 MP.
A: The region to which AutoDock Vina will perform molecular docking is defined using a grid box
encompassing the active site of SARS-CoV-2 MP, B: After molecular docking, the second lowest energy
conformation of the cyclic peptide inhibitor fits in the active site of SARS-CoV-2 MP™.
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Conclusions

UCSF Chimera and AutoDock Vina allow the structure-based design of inhibitors of
SARS-CoV-2 MP™ as potential drug candidates. Using publicly available X-ray crystallographic
structures and free software, anybody can unleash their imagination and try to invent new
molecules that might help treat or prevent COVID-19 or other diseases. This chapter demonstrates
the process and provides a simple example of how a published X-ray crystallographic structure
can be modified and manipulated with the goal of creating molecules to bind and block a critical
enzyme. This chapter can also be adapted to design inhibitors of other enzymes (e.g., HIV
protease) from an X-ray crystallographic or NMR-based structure of an enzyme complex.?> 2 We
hope that this chapter will help students and scientists design their own inhibitors of SARS-CoV-
2 MP™ or other drug targets to help discover drugs for the treatment of COVID-19 and other

diseases.
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1.1.

General notes

Here we present the illustrated step-by-step protocol of our inhibitor design, geometry
optimization, and molecular docking process. This protocol has been tested on both
Windows (Windows 10) and Mac (MacOS Catalina) operating systems. The UCSF
Chimera user interface is virtually identical between the two operating systems. This
protocol includes steps and screenshots of operating UCSF Chimera in Windows 10

system, and MacOS Catalina-specific notes.'-?
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1.2.

1.3.

2.1.

The following font style key will be used throughout the exercise to describe how to
navigate and interact with the UCSF Chimera user interface using particular keystrokes or

menu options:

Font style Meaning Example
bold key on keyboard up arrow, ctrl, shift, enter
italics menu bar option in UCSF Chimera Actions — Surface — show
“quotation” on-screen window text in UCSF Chimera “minimize structure”
underlined on-screen button in UCSF Chimera minimize

There is no general-purpose undo action in UCSF Chimera.’ For example, if you delete
atoms, they are permanently gone and can only be recovered by reading the original
structure file back into UCSF Chimera. It is therefore recommended to save the session
after critical steps using File — Save Session As. To reopen a saved session, use File —

open.

Selecting a starting structure for inhibitor design

We design the cyclic peptide inhibitor based on the X-ray crystallography structure of
SARS-CoV MP™ (C145A) [Protein Data Bank (PDB) ID: 5B60].* To reduce the reader's
workload, we simplified the SARS-CoV MP™ (C145A) structure (PDB 5B60) using UCSF
Chimera. The simplified structure contains only the portions that are relevant to this
chapter: the C-terminal fragment of an MP™ molecule (substrate) and the adjacent MP™

molecule (protein) with the active site. We named the simplified PDB file as “5B60-S.pdb”
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2.2.

and have provided it as an additional file with the Supporting Information (SI). Readers
are encouraged to proceed to the next section using the “5SB60-S.pdb” file.

If you are interested in the process of simplifying the SARS-CoV MP® (C145A) structure
(PDB: 5B60) using UCSF Chimera, including generating symmetry mates and deleting

unnecessary parts, the details can be found in the appendix of the SI.

Modifying the C-terminal fragment of SARS-CoV MP™ to create a cyclic peptide inhibitor

Showing the substrate and the protein binding pocket

. Download the “5B60-S” PDB file from the SI.

Open the “5B60-S” PDB file in UCSF Chimera.

In the menu bar across the top of the UCSF Chimera window, click File — Open. Find the

“5SB60-S” file, then click Open.

. You can use the mouse to do basic model viewer controls.

Left mouse button (LMB): Rotate the view

Middle mouse button (MMB): Translate the view across screen

Right mouse button (RMB): Zoom in or out
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3.1.5. Visualize the protein as a van der Waals surface.

UCSF Chimera currently shows a ribbon representation of the protein. It is helpful to
visualize the protein as a van der Waals surface in order to better interpret the shape of the

binding pocket.

Select any part of the protein using Ctrl+LMB. Once an atom, residue, or secondary
structure is selected, the up and down arrow keys will change the scope of a selection (e.g.,
atom — residue — secondary structure — entire model). To select the entire protein, press

the up arrow key twice.
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3.1.6. Change the color and transparency of the protein surface.
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Sometimes it is helpful to add transparency to the protein surface in order to see through
protrusions in the binding pocket, change the color of the surface, and remove other

representations of the model from view:
Actions — Surface — transparency — 30%
Actions — Color — Dark Grey

Actions — Ribbon — hide

3.1.7. Rotate and zoom in the view so the substrate and protein binding pocket are facing you.

Use LMB to rotate the view, MMB to translate view across screen, and RMB to zoom in,

so that the substrate and protein binding pocket are facing you.
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3.1.8. Add hydrogens to the substrate.

Based on the interactions between this substrate and the binding pocket, we now want to
make some structural modifications to the substrate to create a cyclic peptide inhibitor that

may be more conformationally rigid and resistant to proteolysis.

In order to simplify future structural modifications, we will add hydrogens to the substrate:

Tools — Structure Editing — AddH.

This will open the “Add Hydrogens” window. You will notice two possible models to add
hydrogens to, “5B60-S.pdb (#0.1)” and “5B60-S.pdb (#0.2).” These two models are the

substrate and protein, respectively.

Select “5B60-S.pdb (#0.1)” (the substrate), then click OK.
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=. Add Hydrogens — O X
5B60-S.pdb (#0.1

Add hydrogens to:

¥ Consider each model in isolation from all others
—Method
© steric only

& also consider H-bonds (slower)

Protonation states for: histidine —i

« Residue-name-based
(HIS/HID/HIE/HIP = unspecified/delta/epsilon/both)

© Specified individually...

“ Unspecified (determined by method)

OK | Close | Help |

Deleting unnecessary residues, bonds, and atoms from the substrate

Constructing our inhibitor involves removing certain residues from the substrate, mutating
others, and creating new bonds to form a macrocycle. We will begin by deleting

unnecessary residues, bonds, and atoms.
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3.2.1.

First, we want to select Ser 301 in the substrate and delete it. There are two ways to find

and select Ser 301 of the substrate.

a. Hovering the mouse cursor over any atom in the structure will cause text to appear in the

format [model number] [residue name] [residue number] [atom type]. Hover the cursor

over the atoms of the substrate until you find Ser 301.

To select Ser 301, select any atom in the Ser 301 residue using Ctrl+LMB, then use the
up arrow key once to expand the scope of the selection from a single atom to the entire Ser

301 residue.
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b. In the menu bar, Favorite — sequence. The following “Show Model Sequence” window

will show up.

= Show Model Sequence - O X

5B60-S.pdb (#0.1) chain A
5B60-S.pdb (#0.2) chain A

Show sequence for:

I" Keep dialog up after Show

Show | Close ‘ Help

Highlight “5B60-S.pdb (#0.1) chain A” only, click Show. The following “chain A:

3CLPRO” window will show up.
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|| "= chain A: 3CLPRO - [m] X

UFile Edit Structure Headers Numberings Tree Info Preferences

5B60-S.pdb (#0.1) chainA 1[SGFRKMAFPSGKVEGCMVQVTCGTTTLNGLWLDDTVYCPRHVICTAEDML
5B60-S.pdb (#0.1) chainA 51 NPNYEDLL IRKSNHSFLVQAGNVQLRVIGHSMQNCLLRLKVDTSNPKTPK
5B60-S.pdb (#0.1) chain A101 Y KFVRIQPGQTFSVLACYNGSPSGVYQCAMRPNHT IKGSFLNGSAGSVGF
5B60-S.pdb (#0.1) chain A151 N IDYDCVSFCYMHHMELPTGVHAGTDLEGKFYGPFVDRQTAQAAGTDTT |
5B60-S.pdb (#0.1) chain A201 TLNVLAWLYAAVINGDRWFLNRFTTTLNDFNLVAMKYNYEPLTQDHVDIL
5B60-S.pdb (#0.1) chain A251 GPLSAQTGIAVLDMCAALKELLQNGMNGRTILGSTILEDEFTPFDVVRQC
5B60-S.pdb (#0.1) chain A301 SGV T FQGKF KK I VKGT|

Helices/strands depicted in gold/green

Quit‘ Hlde‘ Help‘

Find position 301, use LMB to click and drag to highlight the letter “S” representing Ser

301. Click Quit to close the window.

= chain A: 3CLPRO

File Edit Structure Headers Numberings Tree Info Preferences
5B60-S.pdb (#0.1) chainA 1[SGFRKMAFPSGKVEGCMVQVTCGTTTLNGLWLDDTVYCPRHVICTAEDML
5B60-S.pdb (#0.1) chain A 51 NPNYEDLL IRKSNHSFLVQAGNVQLRVIGHSMQNCLLRLKVDTSNPKTPK
5B60-S.pdb (#0.1) chain A101 Y KFVR I QPGQTFSVLACYNGSPSGVYQCAMRPNHT IKGSFLNGSAGSVGF
5B60-S.pdb (#0.1) chain A151 N IDYDCVSFCYMHHMELPTGVHAGTDLEGKFYGPFVDRQTAQAAGTDTT |
5B60-S.pdb (#0.1) chain A201 TLNVLAWLYAAVINGDRWFLNRFTTTLNDFNLVAMKYNYEPLTQDHVDIL
5B60-S.pdb (#0.1) chain A251 GPLSAQTGIAVLDMCAALKELLQNGMNGRTILGSTILEDEFTPFDVVRQC
5B60-S.pdb (#0.1) chain A301SIGV T FQGKF KK VKGT|

Shift-drag to add to region; control-drag to add new region Quit | Hide | Help

Info->Region Browser to change colors; control left/right arrow to realign region

In the UCSF Chimera workspace, Ser 301 is selected.

After using either way to select Ser 301, to delete the selected Ser 301, use Actions —

Atoms/Bonds — delete.
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3.2.2. Now delete Gly 302, as above.
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3.2.3. Delete Val 303.
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3.2.4. Rather than deleting Thr 304 in its entirety, we will only delete part of it. We will delete
the side chain, the alpha carbon, and the amine, but leave the amide bond between Thr 304
and Phe 305 intact. Hover the cursor over the substrate until you find those atoms and
bonds to delete. To select multiple atoms or bonds simultaneously, hold Shift while using

Ctrl+LMB (i.e. Ctrl+Shift+LMB).
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As before, delete this selection using Actions — Atoms/Bonds — delete.

If there are any leftover atoms/bonds that you did not select the first time, use

Ctrl+Shift+LMB to select them and delete. Now only the amide bond of Thr 304 remains.

3.2.5. Delete Lys 310 (the entire residue).
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3.2.6. Delete the carbonyl of Phe 309. Use Ctrl+Shift+LMB to select the carbonyl oxygen,
carbon-oxygen bond, carbonyl carbon, and carbon-carbon bond then Actions —

Atoms/Bonds — delete.
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3.3.

Mutating Phe 309 to [4-(2-aminoethyl)phenyl]-acetic acid (AEPA)

Our inhibitor design involves a mutation of Phe 309 to [4-(2-aminoethyl)phenyl]-acetic
acid (AEPA) in order to form a macrocycle with the remaining amide bond of Thr 304.
This starts by adding a new tetrahedral methyl group (CH3) to Phe 309 in the para position.

Select the para hydrogen using Ctrl+LMB.
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Tools — Structure Editing — Build Structure will open the “Build Structure” window.

< Build Structure ] X
Start Structure —t |
“ atom —Atom Parameters
- f Place helium atom at:
ragment
3 & Center of view
" SMILES string
Add © PubChem CID o =0yl =0
u ] em Use 'Modify Structure' tab to change
C peptide element type and add bonded atoms.
© helical DNA/RNA Residue name:|UNK
© more RNA... ¥ Select placed atom
Put atoms in 5B60-S.pdb (#0.1) —i |
# Color new atoms by element
Apply
Close| Help|

This window has multiple tabs for making structural modifications to atoms and bonds.
These tabs can be navigated using the drop-down menu at the top-middle of the window;
the initial tab is “Start Structure.” Navigate to the tab called “Modify Structure.” The

window will change to show new options.
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<. Build Structure - O X

Modify Structure — ‘

Change selected atoms to...
Element  Bonds Geometry

C —l‘ 4 —l‘ tetrahedral —l‘

~ Retain current atom names
“ Set atom names to: |C1

¥ Connect to pre-existing atoms if appropriate

™ Focus view on modified residue

¥ Color new atoms by element
Residue Name
© Leave unchanged

# Change modified residue's name to |UNK
© Put just changed atoms in new residue named |UNK in chain’A_

Apply
Delete |selected atoms/bonds

Close | Help

This window will allow you to modify selected atoms. (Keep this window open throughout
the building process, or you will have to reopen it.) Currently, the para hydrogen of Phe
309 is selected, and we want to change it to a tetrahedral methyl group (CHs). Under the
heading “Change selected atoms to...”, make sure that the “Element,” “Bonds,” and
“Geometry” options read “C,” “4,” and “tetrahedral,” respectively. Click Apply to make

the indicated change.

Note that under the header “Residue Name,” the radio button labeled “Change modified
residue’s name to [UNK]” is selected. Because this is selected, when you changed the para
hydrogen to a methyl, it also renamed Phe 309 to UNK 309. This is important for the

upcoming minimization, and the reason why will be explained later.
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< Build Structure

Modify Structure — |

Change selected atoms to...
Element  Bonds Geometry

C —| 4 —| tetrahedral —
© Retain current atom names
© Set atom names to: [C1
¥ Connect to pre-existing atoms if appropriate

I Focus view on modified residue

¥ Color new atoms by element

Residue Name

© Leave unchanged

© Change modified residue's name to [UNK

 Put just changed atoms in new residue named [UNK in chain/A

ronh |

Delete selected atoms/bonds

Note that the new carbon is grey while the other carbons in the molecules remain tan. We
want the color of the new carbon to be consistent with the rest of the substrate. Open the

“Color Actions” window using:
Actions — Color — all options.

The grey carbon is already selected from the previous step; to change it to tan, check the

box next to “Show all colors—” and click tan. Close the “Color Actions” window.
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3.4.

= Color Actions
Tools
Coloring

applies to:
 atoms/bonds ue forest green pink

firebrick

© ribbons =

plum

© surfaces rT—

© atom labels

 bond labels

¢ residue labels

© all of the above

 ribbon helix interior [P haki [RCRET
© background more...

blue

light blue RN

medium blue JEECUCTIUCCRIN  dark green light gray sienna

dark khaki light green

Other colorings: dark magenta

by heteroatom dark olive green

by element dark red

light gray from editor dark slate blue  medium blue

none

dark slate gray

navy blue
white

yellow

Close | Help

Creating a new bond to make the substrate a cyclic peptide

Now we want to form a bond between the carbonyl carbon of Thr 304 and the newly built
methyl carbon to make this substrate a macrocycle. To do so, we first have to make room

on the newly built methyl group (CHs) by deleting one hydrogen. Clear the selection using
Select — Clear Selection

Simultaneously select one of the methyl hydrogens as well as its corresponding carbon-
hydrogen bond using Ctrl+Shift+LMB, then delete that selection using Actions —

Atoms/Bonds — delete. The methyl group (CH3) becomes a methylene (CH2) group.
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To form a bond between the Thr 304 carbonyl carbon and the newly built methylene (CHz2)
group carbon, we must rotate some bonds to put the atoms to be bonded into closer
proximity. When the new bond is formed, it must not cross other atoms or bonds. Crossing

other atoms or bonds will cause the later minimization to fail.

Select the backbone Ca-N bond of GIn 306 using Ctrl+LMB.
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l ' #0.1 GLN 306.A N-CA 1.451A

In the currently open “Build Structure” window, change from the “Modify Structure” tab
to the “Adjust Torsions” tab. As the relevant bond in Gln 306 is already selected, click

Activate to make it rotatable and bring up options for changing the bond torsion.

The bond can be rotated in three ways:

a. Entering a new angle value and pressing Enter

b. Clicking the arrow buttons to the left and right of the angle value

c. Clicking and dragging the circular dial

Using the method of your choice, rotate the bond so the carbonyl carbon and the newly
built methylene (CH2) group carbon are as close to one another as possible. The goal is for
there to be no intersections once a new bond is formed between these two atoms. In this
case, we click the arrow button to the left of the angle value until the angle value shows -

109.0.
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= Build Structure

Adjust Torsions — |

1 Activate |selected bond as torsion
D Near | Bond | Far ] Torsion
1B —|#016IN306ACA-> N — | PHE30SAC — | «[1050 ﬂ@

Dial size: medium —¢

" Rotate #0.1 GLN 306.ACA-> N — |using button1 — ‘

“ None Decimal places 4/3
-
Labels
jame
s # Show degree symbol

Cese| Heb

After you are done rotating, deactivate the bond torsion. To do so, click on #0.1 GLN 306.A

CA -> N button and under the drop-down menu select Deactivate.

Adjust Torsions— |

1 Activate [selected bond as torsion
D Near | Bond | Far | Torsion

Dial size: medium —
F Rotate  —i |using button 1 —

“ None Decimal places 4/3
.

Labels D
© Name
> s # Show degree symbol

Now we want to build a C-C bond between the Thr 304 carbonyl carbon and the newly

built methylene (CHz2) group carbon to cyclize the substrate. Select — Clear Selection. Use
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Ctrl+Shift+LMB to simultaneously select both the carbonyl carbon of Thr 304 and the

CH2 carbon.

In the currently open “Build Structure” window, change from the Adjust Torsions tab to

the Adjust Bonds tab. Find the drop-down menu that says reasonable and change it to all
possible. Because the selected carbon atoms are more than 1.5 Angstroms apart, the bond
we are about to create is not ‘reasonable;” however, the upcoming minimization will correct
the bond length and make it reasonable. Click Add to form this new bond. Again check to

make sure that this new bond is not crossing other atoms or bonds.
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Renaming Thr 304

3.5.
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The last step we do before conducting structural minimization of the cyclic peptide
inhibitor is renaming Thr 304. The minimization method we select in this chapter is the
AMBER* force field, which is pre-programmed to recognize the canonical amino acids.
However, if a modified amino acid has the name of a canonical amino acid, the force field
will not recognize it and the minimization will fail. Thr 304 is no longer intact after we
have deleted parts of it. We have to rename it so that the force field will treat it as a new
object. The previously modified Phe 309 has already been renamed as “UNK” by UCSF
Chimera when we were adding a methyl group to it, so we rename the modified Thr 304

as “UK2” using the command line. To open the command line:

Tools — General Controls — Command Line

In the command line, type:

setattr r type UK2 :304.A

Then press Enter.

79 ¢c

“setattr” stands for “Set Attribute.” “r” means “residue,” “type” refers to the residue name,

“UK2” is the new residue name, and “:304.A” is residue 304 on chain A (the “chain” is

derived from the original PDB file).

Hover the cursor over Thr 304 to confirm that the name has been changed to “UK2.”
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4.1.

Geometry optimization of the cyclic peptide inhibitor

Since the bond lengths, angles, and dihedral angles of the newly built cyclic peptide are
not optimal, we want to perform geometry optimization (structural minimization) to clean

up the structure.

Changing the VDW radii used to create the surface

When minimizing, UCSF Chimera will be adding hydrogen atoms to both the cyclic
peptide inhibitor as well as the protein. When hydrogens are added to a protein displayed
in a surface representation, the following error message often pops up reflecting numerical

failure of the embedded MSMS code in UCSF Chimera:®

231



x -

=. Chimera Warni... — d X

Calculation of some surface components
failed.

A single component of the surface was
calculated correctly - the failure
occurred for disconnected additional
components such as inside bubbles. If
the desired surface is already shown,
there is no need for concern. However,
if it is not shown, see below for possible
fixes.

Surface calculation frequently fails for

A large, multi-chain structures. The
calculation may be successful if the
chains are treated individually, by using
the "split" command before generating a
surface. If splitting is not desired or the
structure is already a single chain,
changing molecular surface parameters
in the Selection Inspector or (before
surface creation) the New Surfaces
category of Preferences may allow the
calculation to succeed. More details are
given at

http://www.cgl.ucsf.edu/chimera/docs/Us
ersGuide/surfprobs.html

Open Reply Log ‘ Close | Help ‘

To avoid this error message, before adding hydrogens to the protein, we will slightly

increase the van der Waals radii of all atoms. To do so:

Select — Clear Selection

Ctrl+LMB on any part of the surface to select the protein (you will see a green outline

when the protein is selected).
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In the currently open command line at the bottom of the workspace, type "vdwdefine +.05",

then press Enter.’
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4.2.

Minimize the cyclic peptide inhibitor while fixing the protein

We want to fix the protein and allow the cyclic peptide inhibitor to move freely during

minimization. To do so:

Select — Clear Selection

CtrlI+LMB on any part of the cyclic peptide inhibitor, then press the up arrow key twice

to select the entire cyclic peptide inhibitor.

Open the “Minimize Structure” window using:

Tools — Structure Editing — Minimize Structure

The following window will appear. Make sure that both “5B60-S.pdb (#0.1)” and “5B60-
S.pdb (#0.2)” are highlighted so both the cyclic peptide inhibitor and the protein will be

included in the minimization process.
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Under the drop-down menu “Fixed atoms”, change from “none” to “unselected.” Doing so
will fix the protein and allow the cyclic peptide inhibitor to move freely during

minimization.

Select the radio button for “Neither memorize nor use memorized options” to prevent

accidentally changing the upcoming minimization options.

=. Minimize Structure — O X
5B60-S.pdb (#0.1)
5B60-S.pdb (#0.2)

Steepest descent steps: \100

Steepest descent step size (A): ‘0.02
Conjugate gradient steps: ‘10

Conjugate gradient step size (A): \0.02
Update interval:|10

Fixed atoms: unselected —

¢ Memorize options chosen in subsequent dialogs
¢ Use previously memorized options, if any
¢ Neither memorize nor use memorized options

I Keep dialog up after Minimize

Help

Minimize ‘ Close

Click Minimize. The “Dock Prep” window will appear. Make sure that both “5B60-S.pdb
(#0.1)” and “5B60-S.pdb (#0.2)” are highlighted, but leave the other settings as their

defaults.®

235



= Dock Prep - O X

Molecules to prep:

5B60-S.pdb (#0.1)
5B60-S.pdb (#0.2)

For chosen molecules, do the following:
¥ Delete solvent

™ Delete non-complexed ions
* If alternate locations, keep only highest occupancy
¥ selenomethionine (MSE) to methionine (MET)
¥ bromo-UMP (5BU) to UMP (U)
~ methylselenyl-dUMP (UMS) to UMP (U)
* methylselenyl-dCMP (CSL) to CMP (C)

Change:

# Incomplete side chains: Replace using Dunbrack 2010 rotamer library —
% Add hydrogens
¥ Add charges
™ Write Mol2 file
Publications using Dunbrack 2010 rotamers should cite:
Shapovalov, M.S., and Dunbrack, R.L., Jr. (2011)
A Smoothed Backbone-Dependent Rotamer Library for Proteins
Derived from Adaptive Kemel Density Estimates and Regressions
Structure, 19, 844-858. Iy

Cancel | Help

Click OK. The “Add Hydrogens for Dock Prep” window will appear. As before, make sure
that both “5B60-S.pdb (#0.1)” and “5B60-S.pdb (#0.2)” are highlighted, but leave the

other settings as their defaults.

<. Add Hydrogens for Dock... — O X
5B60-S.pdb (#0.1)

5B60-S.pdb (#0.2)

Add hydrogens to:

~ Consider each model in isolation from all others
Method
“ steric only

“ also consider H-bonds (slower)

Protonation states for: histidine —

. Residue-name-based
(HIS/HID/HIE/HIP = unspecified/delta/epsilon/both)

« Specified individually...
“ Unspecified (determined by method)

OK| Close | Help |
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Click OK. Hydrogens have now been added to both the protein and the substrate. Note
some of the newly added hydrogens on the substrate are not selected. In the UCSF Chimera

window, press up arrow once to select the entire cyclic peptide substrate. In the “Assign

Charges for Dock Prep” window, make sure that both “5B60-S.pdb (#0.1)” and “5B60-

S.pdb (#0.2)” are highlighted, but leave the other settings as their defaults.

= Assign Charges for Dock Prep - | X
5B60-S.pdb (#0.1)

5B60-S.pdb (#0.2)

Add charges to:

Standard residues: AMBER ff14SB —

Other residues: © AM1-BCC © Gasteiger

. _ " nonstandard residues
Add labels showing charges to atoms in: .
I" standard residues

OK | Close | Help |

Click OK. The “Specify Net Charges” window will appear. The non-canonical amino acids

UNK and UK2 that we built are not charged, so we use the default setting of net charge =

0. Leave the charge method as default: AM1-BCC.”
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= Specify Net Charges - O X

\Residue| Net Charge
UK2 +0 —

UNK+UK2 +0 —l|

Please specify the net charges for the above residues
so that their atomic partial charges can be computed.

Charge method: = AM1-BCC © Gasteiger
Charges are computed using ANTECHAMBER.
Publications using ANTECHAMBER charges should cite:
Wang, J., Wang, W_, Kollman, P.A., and Case, D.A. (2006)
Automatic atom type and bond type perception in molecular mechanical calculations
Journal of Molecular Graphics and Modelling, 25, 247-260. oM

OK | Cancel | Help

The following figure illustrates the cyclic peptide inhibitor structure before minimization.

Click OK in the “Specify Net Charges” window, and the minimization process will proceed
in two steps: The first is “Steepest Descent”, during which you will be able to see subtle
movements of the cyclic peptide inhibitor in increments of 10 steps. The second is

“Conjugate Gradient”, which takes longer than “Steepest Descent”. “Finished 10 of 10
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4.3.

conjugate gradient minimization steps” will show at the bottom when the minimization is

finished. The minimization should be complete in 2-5 minutes.

Mutating Gly 307 to Ser 307

We want to mutate Gly 307 to Ser to make the cyclic peptide inhibitor less flexible (i.e.
more conformationally rigid). To do so, in the currently open command line at the bottom

of the window, type

swapaa ser :307.a

Then press Enter.

Gly 307 has now been mutated to Ser, and the name of that residue has also been changed

to “Ser 307”.
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4.4.  The second-round of minimization after mutating Gly 307 to Ser 307

The side chain of Ser 307 is not selected. Press up arrow once to select the entire cyclic

peptide inhibitor including the side chain of Ser 307.
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Open the “Minimize Structure” window using Tools — Structure Editing — Minimize

Structure.

The following window will appear. Make sure that both “5B60-S.pdb (#0.1)” and “5B60-
S.pdb (#0.2)” are highlighted so both the cyclic peptide inhibitor and the protein will be

included in the minimization processes.

Under the drop-down menu “Fixed atoms”, change from “none” to “unselected.” This way
we fix the protein and allow the cyclic peptide inhibitor to move freely during

minimization.

Select the radio button for “Neither memorize nor use memorized options” to prevent

accidentally changing the upcoming minimization options.

<. Minimize Structure - O X
5B60-S.pdb (#0.1)
SBGO-S.pdb (#0.2)

Steepest descent steps: ‘100

Steepest descent step size (A): \0.02
Conjugate gradient steps: ‘10

Conjugate gradient step size (A): \0.02
Update interval:|10

Fixed atoms: unselected —

© Memorize options chosen in subsequent dialogs
~ Use previously memorized options, if any
“ Neither memorize nor use memorized options

[ Keep dialog up after Minimize

Help

Minimize ‘ Close
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Click Minimize. The “Dock Prep” window will appear. Make sure that both “5B60-S.pdb
(#0.1)” and “5B60-S.pdb (#0.2)” are highlighted, but leave the other settings as their

defaults.®

= Dock Prep - O x

Molecules to prep:

5B60-S.pdb (#0.1)
5B60-S.pdb (#0.2)

For chosen molecules, do the following:
¥ Delete solvent
I~ Delete non-complexed ions
¥ If alternate locations, keep only highest occupancy

¥ selenomethionine (MSE) to methionine (MET)

¥ bromo-UMP (5BU) to UMP (U)
Change:

¥ methylselenyl-dUMP (UMS) to UMP (U)

¥ methylselenyl-dCMP (CSL) to CMP (C)
¥ Incomplete side chains: Replace using Dunbrack 2010 rotamer library —
¥ Add hydrogens
¥ Add charges
I~ Write Mol2 file

Publications using Dunbrack 2010 rotamers should cite:
Shapovalov, M.S., and Dunbrack, R.L., Jr. (2011)
A Smoothed Backbone-Dependent Rotamer Library for Proteins
Derived from Adaptive Kernel Density Estimates and Regressions

Structure, 19, 844-858. L\
Cancel‘ Help‘

Click OK. The “Add Hydrogens for Dock Prep” window will appear. As before, make sure
that both “5B60-S.pdb (#0.1)” and “5B60-S.pdb (#0.2)” are highlighted, but leave the

other settings as their defaults.
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=. Add Hydrogens for Dock... — O X
5B60-S.pdb (#0.1)

Add hydrogens to: 5B60-S.pdb (#0.2)

~ Consider each model in isolation from all others
Method
© steric only

% also consider H-bonds (slower)

Protonation states for: histidine —

. Residue-name-based
(HIS/HID/HIE/HIP = unspecified/delta/epsilon/both)

“ Specified individually...
¢ Unspecified (determined by method)

OK| Close | Help |

Click OK. Hydrogens have now been added to both the protein and the ligand.

The hydrogens that just added to Ser 307 are not selected. Press up arrow once to select

the entire cyclic peptide inhibitor including the hydrogens that was just added to Ser 307.
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The “Assign Charges for Dock Prep” window will appear. Again, make sure that both
“SB60-S.pdb (#0.1)” and “5SB60-S.pdb (#0.2)” are highlighted, but leave the other settings

as their defaults.

= Assign Charges for Dock Prep — | X
5B60-S.pdb (#0.1)

5B60-S.pdb (#0.2)

Add charges to:

Standard residues: AMBER ff14SB —

Other residues: © AM1-BCC  Gasteiger

) _ I nonstandard residues
Add labels showing charges to atoms in: )
I standard residues

OK| Close | Help |

Click OK. The “Specify Net Charges” window will appear. The non-canonical amino acids
UNK and UK2 are not charged, so we use the default setting of net charge = 0. Leave the

charge method as default: AM1-BCC.’
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= Specify Net Charges - O

\Residue| Net Charge|
UK2 +0 —

UNK+UK2 +0 —l|

Please specify the net charges for the above residues
so that their atomic partial charges can be computed.

Charge method: = AM1-BCC © Gasteiger

Charges are computed using ANTECHAMBER.
Publications using ANTECHAMBER charges should cite:

Wang, J., Wang, W_, Kollman, P.A., and Case, D.A. (2006)

Automatic atom type and bond type perception in molecular mechanical calculations

Journal of Molecular Graphics and Modelling, 25, 247-260.

0

OK | Cancel

Help

The following figure illustrates the cyclic peptide inhibitor structure before minimization.

Click OK in the “Specify Net Charges” window, and the minimization process will proceed

in two steps: The first is “Steepest Descent”, during which you will be able to see subtle

movements of the cyclic peptide inhibitor in increments of 10 steps. The second is

“Conjugate Gradient”, which takes longer than “Steepest Descent”. “Finished 10 of 10

conjugate gradient minimization steps” will show at the bottom when the minimization is

finished. The minimization should be complete in 2-5 minutes.
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5.1.

Docking the inhibitor to SARS-CoV MPr

To evaluate the ability of the minimized cyclic peptide inhibitor binds to the SARS-CoV
MP we will dock the cyclic peptide inhibitor to the SARS-CoV MP™ structure (SB60-

S.pdb) using the AutoDock Vina plugin in UCSF Chimera.® !

Saving the cyclic peptide inhibitor and the protein as separate PDB files

This step follows the “4. geometry optimization of the cyclic peptide inhibitor” section.

We want to save the cyclic peptide inhibitor and the protein as separate PDB files for

AutoDock Vina to perform molecular docking.

To save the cyclic peptide inhibitor as a PDB file, we first make sure the cyclic peptide
inhibitor is selected. Then in the menu bar, select File — Save PDB. In the pop-up window,
select save models “5SB60-S.pdb (#0.1)”, select “save selected atoms only”, select “save
relative to model “5B60-S.pdb (#0.1)”, give a valid file name (example “ligand”) and click

save.
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= Save 5B60-S.pdb as PDB File - o X

Folder:| v
B |COVID19 Chimera project\ B ST beta test\ [
rosslink\ 05312020 modified ligand.pdb
urent awareness-34\ 05312020 protein with binding pocket.pdb
urent awareness-35\ 1bvg.pdb
urrent awareness -03\ 1hvr.pdb
urrent awareness -04\ 2aif.pdb
urrent awareness -09\ 5b6o - 309 304.pdb
urrent awareness 07\ 5B60-S.pdb
urrent awareness 11\ 5b6o.pdb
urrent awareness-01\ —flu7 mPro with an inhibitor N3.pdb
urrent awareness-02\ 6Y2E mPro wo inhibitor.pdb
urrent awareness-05\ 6Y7M.pdb
urrent awareness-06\ Shvp HIV-1 protease.pdb
urrent awareness-08\ Ohvp.p
urrent awareness-10\ ligand 06032020.pdb
urrent awareness-12\ ligand 06042020.pdb
urrent awareness-13\ ligand 07032020.pdb
urrent awareness-14\ ligand-2 07032020.pdb
urrent awareness-15\ lprotein 06032020.pdb
urrent awareness-16\ Pprotein 06042020.pdb
I current awareness-17\ lprotein 06052020.pdb
urrent awareness-18\ pprotein 07032020.pdb —]
urrent awareness-19\ pprotein surface red 06042020.pdb
—Jeurrent awareness-20\ pprotein-2 07032020.pdb
urrent awareness-21\ protein-3 07032020.pdb
i bt a0 et . 2 e id
L] b
File igand 07072020 [v
© Add .pdb suffix if none given
File type: PDB [.pdb] — New folder..

5860-5.pdb (0.1
[Save models: PB60-5:pdb (#02)

 Save displayed atoms only
¥ Save selected atoms only
¥ Save relative to model: 5B60-S.pdb (#0.1) —

Large-structure serial numbering: hybrid-36 —

™ Keep dialog up after Save

Save| Close ‘ Help ‘

To save the protein (SARS-CoV MP™) as a PDB file:

Select — invert (all models); actions — surface — hide; actions — atoms/bonds — show

File — Save PDB; select save models “5B60-S.pdb (#0.2)”, select “save selected atoms
only”, select “save relative to model “5B60-S.pdb (#0.2)”, give a valid file name (example

“protein”), click save.
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5.2.

5.2.1.

5.2.2.

5.2.3.

= Save 5860-S.pdb as PDB File - o X

[Folder:|C:\Users\melod\Google Drive\UCI Nowick\COVID19 Chimera project\SI beta test v|
4 [calcium bioassay project\ 4 [9HVP.backup\ = ligand 07072020.pdb
(COVID19 Chimera project\ )
crosslink\
curent awareness-34\ 05312020 modified ligand.pdb
curent awareness-35\ 05312020 protein with binding pocket.pdb
current awareness -03\ 1bvg.pdb
current awareness -04\ thvr.pdb
current awareness -09\ 2aif.pdb
current awareness 07\ 5b60 - 309 304.pdb
current awareness 11\ 5860-S.pdb
current awareness-01\ 5b60.pdb
current awareness-02\ 6lu7 mPro with an inhibitor N3.pdb
current awareness-05\ 6Y2E mPro wo inhibitor.pdb
current awareness-06\ 6Y7M.pdb
current awareness-08\ 9hvp HIV-1 protease.pdb
current awareness-10\ 9hvp.pdb
current awareness-12\ ligand 06032020.pdb
current awareness-13\ ligand 06042020.pdb
current awareness-14\ ligand 07032020.pdb
current awareness-15\ ligand-2 07032020.pdb _|
current awareness-16\ lprotein 06032020.pdb
__leurrent awareness-17\ lprotein 06042020.pdb
lcurrent awareness-18\ lprotein 06052020.pdb
lcurrent awareness-19\ lprotein 07032020.pdb
current awareness-20\ protein surface red 06042020.pdb
i ivkbubodiamishebontot RS tavaanon hd
< [»
File [protein 07072020 [v|
~ Add .pdb suffix if none given
File type: PDB [.pdb] — New folder..|

[5860-5.pdb (#0.1)
ISR - 0-5..b (+0.2)

™ Save displayed atoms only
© Save selected atoms only

¥ Save relative to model: 5B60-S.pdb (#0.2) —i
|Large-structure serial numbering: hybrid-36 —

™ Keep dialog up after Save

[save] ctoe| v |

Installing AutoDock Vina and creating a folder for docking files

Download and install AutoDock Vina (http://vina.scripps.edu/download.html).

Create a new folder on your desktop or a location you prefer and call it “docking” or a
name you prefer.

Copy and paste both the ligand.pdb and protein.pdb that you just saved in the folder that
you created on the desktop. Additionally, copy and paste vina.exe in this folder; Vina.exe
can be found in your Program Files (X86) in the folder called “The Scripps Research

Institute”.

For MacOS users, copy and paste vina linux executable file in this folder that you created
on the desktop. The AutoDock Vina Unix executable file is located in the extracted folder
that you downloaded from the AutoDock Vina website. Note for MacOS users: this may
not happen to all MacOS users, but you might have to unlock permissions to run the

AutoDock Vina Unix executable file. To do this, double click the Unix executable file, and

248



5.3.

a pop-up window may show up stating that the software could be malware. If this window
pops up, click on the “?” button, and then a help guide should load up. Click on the blue
link and it should bring you to Security and Privacy preferences. Unlock permissions by

entering your password to enable AutoDock Vina.

Opening the saved ligand and protein PDB files in the same view

File — close session to close the current session in UCSF Chimera (make sure that you

have saved the important sessions).

File — Open, find the protein.pdb file from the docking folder on your desktop and click

open.

File — Open, find the ligand.pdb file from the docking folder on your desktop and click

open.
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54.

Highlighting the active site of the protein

Select the protein by Ctrl+LMB any part of the protein, press up arrow twice.

We want to change the preset to “stick” so we can locate the active site (binding pocket)
easier. Actions — Ribbon — Hide;, Actions — Atoms/Bonds — stick; Actions —

Atoms/bonds — show
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Actions — color — dark grey; Select — clear selection.

Locate the active site in the protein. It can most easily be found by looking for several
residues in the active site, such as Cys 44, Cys 38, Met 49, Met 165, His 41. For example,
to find Met 165, Favorite — sequence. The following “Show Model Sequence” window

will show up.

=. Show Model Sequence - | s

protein 07072020.pdb (#0) chain A
ligand 07072020.pdb (#1) chain A

Show sequence for:

I Keep dialog up after Show

Show | Close ‘ Help
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Highlight “protein 07072020.pdb (#0) chain A” only, click Show. The following “chain A:

3CLPRO” window will show up.

= chain A: 3CLPRO - [m} X
File Edit Structure Headers Numberings Tree Info Preferences

protein 070720...db (#0) chainA 1 SGFRKMAFPSGKVEGCMVQVTCIGTTTLNGLWLDDTVYCPRHVICTAEDML
protein 070720...db (#0) chain A 51 NPNYEDLL IRKSNHSFLVQAGNVQLRVIGHSMQNCLLRLKVDTSNPKTPK
protein 070720...db (#0) chain A101 YKFVR | QPGQTFSVLACYNGSPSGVYQCAMRPNHT I KGSFLNGSAGS|VGF
protein 070720...db (#0) chain A151 NI DYDCVSFCYMHHMELPTGVHAGTDLEGKFYGPFVDRQTAQAAGTDTT I
protein 070720...db (#0) chain A201 TLNVLAWLYAAV INGDRWFLNRFTTTLNDFNLVAMKYNYEPLTQDHVD I L
protein 070720...db (#0) chain A251 GPLSAQTGIAVLDMCAALKELLQNGMNGRTILGSTILEDEFTPFDVVRQC
protein 070720...db (#0) chain A301 SGV T FQGKF KK | VKGT]

Helices/strands depicted in gold/green Quit Hide‘ He\p‘

Find position 165, use LMB to click and drag to highlight the letter “M” representing Met

165. Click Quit to close the window.

= chain A: 3CLPRO — a X
File Edit Structure Headers Numberings Tree Info Preferences

protein 070720...db (#0) chainA 1 SGFRKMAFPSGKVEGCMVQVTCIGTTTLNGLWLDDTVYCPRHVICTAEDML
protein 070720...db (#0) chain A 51 NPNYEDLL IRKSNHSFLVQAGNVQLRVIGHSMQNCLLRLKVDTSNPKTPK
protein 070720...db (#0) chain A101 YKFVR I QPGQTFSVLACYNGSPSGVYQCAMRPNHT | KGSFLNGSAGS|VGF
protein 070720...db (#0) chain A151 N | DYDCVSFCYMHHMEILPTGVHAGTDLEGKFYGPFVDRQTAQAAGTDTT I
protein 070720...db (#0) chain A201 TLNVLAWLYAAVINGDRWFLNRFTTTLNDFNLVAMKYNYEPLTQDHVD I L
protein 070720...db (#0) chain A251 GPLSAQTGIAVLDMCAALKELLQNGMNGRTILGSTILEDEFTPFDVVRQC
protein 070720...db (#0) chain A301 SGVTFQGKFKKIVKGT

Shift-drag to add to region; control-drag to add new region Quit| Hide| Help
Info->Region Browser to change colors; control left/right arrow to realign region

In the UCSF Chimera workspace, Met 165 is selected.

To color Met 165 in red, Actions — color — red.
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After highlighting several residues in the active site, we can show the protein as a van der
Waals surface in order to better visualize the binding pockets in the active site. Ctrl+LMB
on any part of the protein, press up arrow three times, actions — surface — show; actions

— atoms/bonds — hide; actions — surface — transparency — 30%.
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5.5.

Running AutoDock Vina

Tools — Surface/Binding Analysis — AutoDock Vina (a new window will pop up).

= AutoDock Vina — O X

Output file:| Browse
Receptor: protein 07072020.pdb (#0) —t

Ligand: protein 07072020.pdb (#0) —

|‘Receptor search volume options

™ Resize search volume using button 2 —i

Center: ‘ ‘ ‘
Size: ‘ ‘ ‘

»Receptor options

»Ligand options
»Advanced options

»Executable location
no output file selected

OK Apply‘ Close‘ Help‘
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Click on Browse next to “Output file” and find the folder that you created on the desktop.

Under file name type “docking” or a name you prefer and press enter on your keyboard.

= Save File in Chimera - o X
Folder:|C:\Users\melod\Desktop\Docking v
~ Jconjugation HPLC\ docking 06052020 ligand deleted else.ligand.pdbat B
IFQSK-AEBA_docking\ docking 06052020 ligand deleted else.pdbqt
docking 06052020 ligand deleted else.receptor.pdbat
Useful\ docking 06052020 ligand.pdbat

docking 06052020.pdbat

docking 06052020.receptor.pdbat

docking 07032020-2.ligand.pdbat

docking 07032020-2.pdbat

docking 07032020-2.receptor.pdbat

docking 07032020 ligand.pdbat

docking 07032020.pdbat

docking 07032020.receptor.pdbat

docking reasonable 06052020 ligand.pdbat

docking reasonable 06052020.pdbat

docking reasonable 06052020.receptor.pdbat

docking ser mutant 06052020 smaller box.ligand.pdbat
docking ser mutant 06052020 smaller box.pdbat
docking ser mutant 06052020 smaller box.receptor.pdbat

docking ser mutant 06052020.ligand.pdbat
docking ser mutant 06052020.pdbqt

docking ser mutant 06052020.receptor.pdbat

docking V6 06052020 ligand.pdbat

docking V6 06052020.pdbat

docking V6 06052020.receptor.pdbat

Docking V6 6YB7 06102020.ligand.pdbat

Packina VA RYR7 16102020 ndhat j
« | ol
File name:|docking 07072020 |v|
~ Add .pdbat suffix if none given

File type:_pdbat [.pdbat] — New folder...

[«

Set Output Location Clcse‘ Help

Select “protein.pdb” as the receptor and select “ligand.pdb” as the ligand.

=, AutoDock Vina - O X

Output ﬁle:‘\docking 07072020.pdbgt Browse

Receptor: protein 07072020.pdb (#0) —t

Ligand: ligand 07072020.pdb (#1) — ‘

|‘Receptor search volume options

™ Resize search volume using button 2 — ‘

Center: \ \ \
Size: ‘ ‘ ‘

»Receptor options

»Ligand options
»Advanced options

»Executable location
no search volume selected

OK Apply‘ Close‘ Help‘
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Y ou will now have to define the receptor search grid box (area where docking will be done)
by typing in certain numbers in “Center” and “Size”. You have to play around with this so
that your box engulfs all of the active site. The box must encompass all of the active site,
but must not exceed 30 A on an edge. You can also try to maneuver the box with your
mouse by selecting the “Resize search volume using” and then selecting the mouse button
that you want to use. Start off by typing 1, 1, 1 (X, y, z coordinates) for the center, and 30,
30, 30 (A) for the size. Then, reposition the box so that the active site residues (Cys 44,
Cys 38, Met 49, Met 165, His 41; colored in red) are in the center of the box. Do not make
the box larger than 30, 30, 30. Rotate around to make sure the box is covering the active

site. In this case, we use 42, 20, 12 for the center and 30, 30, 30 for the size.

= AutoDock Vina - u] X

Output file:|ocking\docking 07072020. Browse

Receptor: protein 07072020.pdb (#0) —

Once you have the receptor search grid box with appropriate size and position, you have
to check that everything is set up for docking. Click on “Receptor options” and make sure
that all of the options are set to “true” except for “Ignore chains of non-standard residues”

and “Ignore all non-standard residues” which should be set to “false”.
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Click on “ligand options” and make sure that both options are set to “true”.

Click on “Advanced options” and make sure that the “Number of binding modes” is set to
10 (this is the maximum number of outputs that you will get per docking), “Exhaustiveness
of search” is set to 8 (this determines how much of your CPU will be used and how good

the search will be), and the “Maximum energy difference (kcal/mol) is set to 3.

Under “Executable location”, select “Local”, click Browse, and find the location of

vina.exe in the folder that you created on the desktop.

= AutoDock Vina - a X
Ouputfile]  Browse
Receptor: protein 07072020.pdb (#0) —
Ligand: ligand 07072020.pdb (#1) _4‘

[*Receptor search volume options

I Resize search volume using button 2 —
Center:[42 20 2
Size:[30 [30 [30

[ *Receptor options

Add hydrogens in Chimera: true —
Merge charges and remove non-polar hydrogens: true —

Merge charges and remove lone pairs: true —

Ignore waters: true —
Ignore chains of non-standard residues: false —
Ignore all non-standard residues: false —

"L\gand options
Merge charges and remove non-polar hydrogens: true —i |

Mergelcherpesenelfremovelicoaipaie T ] \

vAdvanced options

Number of binding modes:
Exhaustiveness of search: 8

Maximum energy difference (kcal/mol): ,_j_‘

YExecutable location

© Opal web service

Server:|http://nbcr-222.ucsd.edu/opal2/services/vit  Reset

© Local

Path:|C:\Users\melod\Desktop\Docking\vina.exe Browse...

no output file selected

OK | Apply | Close | Help

Click OK and wait. “Running” will show at the bottom. The docking will take
approximately 2 minutes. Once the docking is done a new window will pop up called
“ViewDock” and it will allow you to examine all of your docked structures. A

“docking.pdbqt” file containing all of the docking results will be generated in your folder

on the desktop.
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= ViewDock - C:A\Users\melod\Des... ~ — =} X

File Compounds Column Selection Chimera HBonds

S | Score|RMSD I.b.|RMSD u.b.

1915 2.798
2.838 3.918
2105 2.889
3.872 5.918
Chimera Model #3.1
T: 0.000

Change Compound State
¢ Viable © Deleted < Purged

Viewing the docking results

Rotate until you find the binding pocket with key residues in red. You should find the

docked cyclic peptide inhibitor (green) with the lowest energy structure (#3.1) falls into

the binding pocket.

= ViewDock - C:\Users\melod\Des.

File Compounds Column Selection Chimera HBonds

Chimera Model #3.1
REMARK VINA RESULT: -10.5
0.000
REMARK 12 active

0.000

e torsions:

Change Compound State
© Viable © Deleted © Purged

e Qui |

258



CtrlI+LMB on any part of the undocked inhibitor (blue), press up arrow twice; actions —

atoms/bonds — hide.

1515 2.798
2.838 3.918
2195 2.889
3.872 5.918
Chimera Model #3.1
RESULT: -10.5 0.000

Change Compound State
© Deleted © Purged

Note that in the docked inhibitor (green), the previously built C-C bond is missing. The
docked ligand is created by reading the AutoDock Vina output, and that output is missing

the ring-closing bond.!° You can easily re-establish the bond with the following command:
Tools — general control — command line
In the command line, type:

bond #3.1:304@c:309@c1

Press Enter
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1.915
2.838 3.918

2.195 2.889
3.872 5.918
Chimera Model #3.1
-10.5 0.000

ions:
Change Compound State
© Deleted © Purged

nd #3.1:304@c:309@ct

:PQF1P2F3r4r5r6r7r8r 9r Al Next | Previous

For other structures, use “bond #3.2:304@c:309@c1”, “bond #3.3:304@c:309@c1”, etc.,

to fix the missing bond issue.

To better view the lowest energy structure of the docked inhibitor (#3.1), we want to add
hydrogens back to it. To do so, Ctrl+LMB on any part of the docked inhibitor, press up

arrow twice. Tools — Structure Editing — AddH.

The “Add Hydrogens” window will appear. Make sure the lowest energy structure “docked

ligand.pdb (#3.1)” is highlighted, and leave the other settings as their defaults. Click OK.
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=, Add Hydrogens - O X

rotein 07072020.pdb (#0) -
gand 07072020.pdb (#1)

Add hydrogens to:jutoDock Vina Search Volume (#2)
ocked ligand 07072020.pdb (#3.1)Rd

Kl ]
¥ Consider each model in isolation from all others
—Method

“ steric only

# also consider H-bonds (slower)

Protonation states for: histidine —

« Residue-name-based
(HIS/HID/HIE/HIP = unspecified/delta/epsilon/both)

< Specified individually...
¢ Unspecified (determined by method)

OK | Close | Help |

2.838 3.918
2.195 2.889
3.872 5.918
Chimera Model #3.1
RESULT: -10.5

Change Compound State
© Deleted © Purged

Hydrogens added LEL]

Select — clear selection. Use LMB to rotate view, MMB to translate view across screen,

and RMB to zoom in.
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6.1.

Docking the inhibitor to SARS-CoV-2 MP™

To evaluate the ability of the minimized cyclic peptide inhibitor binds to the
SARS-CoV-2 MP*, we will dock the cyclic peptide inhibitor to the SARS-
CoV-2 MP™ structure (PDB ID: 6YB7) using the AutoDock Vina plugin in

UCSF Chimera.’™!!

Saving the cyclic peptide inhibitor as a PDB file
This step follows the “4. geometry optimization of the cyclic peptide

inhibitor” section.

To save the cyclic peptide inhibitor as a PDB file, we first make sure the cyclic peptide

inhibitor is selected. Then in the menu bar, select File — Save PDB. In the pop-up window,
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6.2.

select save models “5B60-S.pdb (#0.1)”, select “save selected atoms only”, select “save

relative to model “5B60-S.pdb (#0.1)”, give a valid file name (example “ligand”) and click

save.

=, Save 5B60-S.pdb as PDB File X
IFolder:| v
BN S beta test\  Jligand 07072020.pdb
05312020 modified ligand.pdb protein 07072020.pdb
urent awareness-34\ 5312020 protein with binding pocket.pdb
urent awareness-35\ 1bvg.pdb
urrent awareness -03\ 1hvr.pdb
urrent awareness -04\ 2aif.pdb
fcurrent awareness -09\ 5b6o - 309 304.pdb
(current awareness 07\ 5B60-5.pdb
lcurrent awareness 11\ 5b6o.pdb
lcurrent awareness-01\ —6lu7 mPro with an inhibitor N3.pdb
current awareness-02\ 6Y2E mPro wo inhibitor.pdb
urrent awareness-05\ 6Y7M.pdb
urrent awareness-06\ hvp HIV-1 protease.pdb
urrent awareness-08\ 9hvp.pdb
urrent awareness-10\ ligand 06032020.pdb
urrent awareness-12\ ligand 06042020.pdb
urrent awareness-13\ ligand 07032020.pdb
urrent awareness-14\ ligand-2 07032020.pdb
urrent awareness-15\ protein 06032020.pdb
urrent awareness-16\ protein 06042020.pdb
[ current awareness-17\ protein 06052020.pdb
lcurrent awareness-18\ protein 07032020.pdb —
lcurrent awareness-19\ protein surface red 06042020.pdb
fcurrent awareness-20\ protein-2 07032020.pdb
lcurrent awareness-21\ protein-3 07032020.pdb
7 frvirant Svaranaee. 221 et DRARININ o b 3o =
[«] [»
FFile [i 07082020 v
# Add .pdb suffix if none given
File type: PDB [.pdb] — New folder...
5B60-5.pdb (#0.1
Save models; PB60-5:pdb (#0.2)
 Save displayed atoms only
~ Save selected atoms only
~ Save relative to model: 5B60-S.pdb (#0.1) —
Large-structure serial numbering: hybrid-36 — |
™ Keep dialog up after Save
Save | Close | Help

Loading and modifying the SARS-COV-2 MP™ structure

File — close session to close the current session in UCSF Chimera (make sure that you

have saved the important sessions).

Protein X-ray crystallographic structure files can be retrieved from Protein Data Bank
(PDB) and opened in UCSF Chimera with the “Fetch by ID” function. In the menu bar,

select File — fetch by ID — select “PDB” — type in “6YB7” — click Fetch.'!
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«., Fetch Str... — O X
Database H ID H Example ‘
NDB pde024
* PDB 1yti
PDB (mmCIF) 1yti
PDB (biounit) 1hho
SCOP dlgOsa_
« cellPACK HIV-1_0.1.6
“ PubChem 12123
« CASTp lwww
« EDS (2fo-fc) 1a0m
“ EDS (fo-fc) 1a0m
-~ EMDB 5625
~ EMDB & fit PDBs 1048
- PQS 2cwj
~ ModBase P04848
~ VIPERdb 1ej6
© UniProt NGF_HUMAN

Set download directory

™ Ignore any cached data

Fetch| Web Page| Close| Help

" Keep dialog up after Fetch
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Opened 6YB7 containing 1 model, 3047 atoms, and 757 residues

We want to delete the solvents (water, DMSO) in SARS-COV-2 MP™ structure (PDB
6YB7) as they are not necessary in the molecular docking process. Ctrl+LMB on any part

of the protein, press up arrow twice to select the protein.

2571 atoms, 2649 bonds/H © &

Select — invert (all models)
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476 atoms, 24 bonds B © &

Actions — atoms/bond — delete

selection cleared B

Now we want to save the solvent-deleted PDB file. File — save PDB; give a valid file

name (example “protein”), click save.
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6.3.

6.3.1.

6.3.2.

6.3.3.

. Save 6YB7 as PDB File - [} X

Folder: [C:\Users\melod\Google Drive\UCI Nowick\COVID19 Chimera project\SI beta test v
4 lcalcium bioassay project\ 4 [9HVP.backup\ 4 [ligand 07072020.pdb
cowmg Chimera project\ SHVP, ligand-2 07082020.pdb
crosslink\ protein 07072020.pdb
curent awareness-34\ 05312020 modified ligand.pdb.
curent awareness-35\ 05312020 protein with binding pocket.pdb
current awareness -03\ 1bvg.pdb
current awareness -04\ 1hvr.pdb
current awareness -09\ af.pdb
current awareness 07\ b6o - 309 304.pdb
current awareness 11\ ~5B60-S.pdb
current awareness-01\ b6o.pdb
current awareness-02\ 6lu7 mPro with an inhibitor N3.pdb
current awareness-05\ 6Y2E mPro wo inhibitor.pdb
current awareness-06\ 6Y7M.pdb
current awareness-08\ Shvp HIV-1 protease.pdb
current awareness-10\ Shvp.p
current awareness-12\ ligand 06032020.pdb
current awareness-13\ ligand 06042020.pdb
current awareness-14\ ligand 07032020.pdb
current awareness-15\ ligand-2 07032020.pdb
current awareness-16\ pprotein 06032020.pdb =
current awareness-17\ protein 06042020.pdb
[ current awareness-18\ lprotein 06052020.pdb
current awareness-19\ protein 07032020.pdb
current awareness-20\ protein surface red 06042020.pdb
-~ lcurrent awareness-21\ = Jorotein-2 07032020.0db id
L] b
File [ 2 07082020 v

# Add .pdb suffix if none given

File type: PDB [.pdb] — | New folder..

6Y87 (#0)
Save models:

I Save displayed atoms only
I Save selected atoms only
 Use untransformed coordinates

Large-structure serial numbering: hybrid-36 —

™ Keep dialog up after Save

Close. ‘ Help

Installing AutoDock Vina and creating a folder for docking files

Download and install AutoDock Vina (http://vina.scripps.edu/download.html).

Create a new folder on your desktop or a location you prefer and call it “docking” or a
name you prefer.

Copy and paste both the ligand.pdb and protein.pdb that you just saved in the folder that
you created on the desktop. Additionally, copy and paste vina.exe in this folder; Vina.exe
can be found in your Program Files (X86) in the folder called “The Scripps Research

Institute”.

For MacOS users, copy and paste vina linux executable file in this folder that you created
on the desktop. The AutoDock Vina Unix executable file is located in the extracted folder
that you downloaded from the AutoDock Vina website. Note for MacOS users: this may
not happen to all MacOS users, but you might have to unlock permissions to run the
AutoDock Vina Unix executable file. To do this, double click the Unix executable file, and

a pop-up window may show up stating that the software could be malware. If this window
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6.4.

6.5.

pops up, click on the “?” button, and then a help guide should load up. Click on the blue
link and it should bring you to Security and Privacy preferences. Unlock permissions by

entering your password to enable AutoDock Vina.

Opening the saved ligand and protein PDB files in the same view

File — close session to close the current session in UCSF Chimera (make sure that you

have saved the important sessions).

File — Open, find the protein.pdb file from the docking folder on your desktop and click

open.

File — Open, find the ligand.pdb file from the docking folder on your desktop and click

open.

Opened ligand-2 07082020.pdb containing 1 model, 93 atoms, and 6 residues

Highlighting the active site of the protein

Select the protein by Ctrl+LMB any part of the protein, press up arrow twice.
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up-arrow to increase selection (atoms->residues->chains etc.) 2571 atoms, 2649 bonds B * &

We want to change the preset to “stick” so we can locate the active site (binding pocket)
easier. Actions — Ribbon — Hide, Actions — Atoms/Bonds — stick; Actions —

Atoms/bonds — show

2571 atoms, 2649 bonds® ¥ &

Actions — color — dark grey; Select — clear selection.
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selection cleared/H

Locate the active site in the protein. It can most easily be found by looking for several
residues in the active site, such as Cys 145, Met 165, His 164. For example, to find Met

165, Favorite — sequence. The following “Show Model Sequence” window will show up.

=. Show Model Sequence - O X
protein-2 07082020.pdb (#0) chain A

ligand-2 07082020.pdb (#1) chain A

Show sequence for:

™ Keep dialog up after Show

Close ‘ Help

Highlight “protein-2 07092020.pdb (#0) chain A only, click Show. The following “chain

A: replicase polyprotein 1AB” window will show up.
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= chain A: replicase polyprotein 1AB - [m} X
File Edit Structure Headers Numberings Tree Info Preferences

protein-2 0708...db (#0) chainA 1 SGFRKMAFPSGKVEGCMVQVTCGTTTLNGLWLDDVVYCPRHVICTSEDML
protein-2 0708...db (#0) chainA 51 NPNYEDLL IRKSNHNFLVQAGNVQLRVIGHSMQNCVLKLKVDTANPKTPK
protein-2 0708...db (#0) chain A101 Y KFVR I QPGQTFSVLACYNGSPSGVYQCAMRPNFT I KGSFLNGSCGSVGF
protein-2 0708...db (#0) chain A151 N | DYDCVSFCYMHHMEILPTGVHAGTDLEGNFYGPFVDRQTAQAAGTDTT I
protein-2 0708...db (#0) chain A201 TVNVLAWLYAAV INGDRWFLNRFTTTLNDFNLVAMKYNYEPLTQDHVD I L
protein-2 0708...db (#0) chain A251 GPLSAQTG | AVLDMCASLKELLQNGMNGRTILGSALLEDEFTPFDVVRQC
protein-2 0708...db (#0) chain A301 SGVTFQ

Helices/strands depicted in gold/green Quit‘ Hide‘ Help‘

Find position 165, use LMB to click and drag to highlight the letter “M” representing Met

165. Click Quit to close the window.

= chain A: replicase polyprotein 1AB - (m] X
File Edit Structure Headers Numberings Tree Info Preferences

protein-2 0708...db (#0) chaihA 1 SGFRKMAFPSGKVEGCMVQVTCIGTTTLNGLWLDDVVYCPRHVICTSEDML
protein-2 0708...db (#0) chain A 51 NPNYEDLL IRKSNHNFLVQAGNVQLRVIGHSMQNCVLKLKVDTANPKTPK
protein-2 0708...db (#0) chain A101 YKFVR I QPGQTFSVLACYNGSPSGVYQCAMRPNFTIKGSFLNGSCGSVGF
protein-2 0708...db (#0) chain A151 N I DYDICVSFCYMHHMELPTGVHAGTDLEGNFYGPFVDRQTAQAAGTDTT |
protein-2 0708...db (#0) chain A201 TVNVLAWLYAAV INGDRWFLNRFTTTLNDFNLVAMKYNYEPLTQDHVDI L
protein-2 0708...db (#0) chain A251 GPLSAQTG I AVLDMCASLKELLQNGMNGRTILGSALLEDEFTPFDVVRQC
protein-2 0708...db (#0) chain A301 SGVTFQ

Shift-drag to add to region; control-drag to add new region Quit| Hide
Info->Region Browser to change colors; control left/right arrow to realign region

Help

In the UCSF Chimera workspace, Met 165 is selected.

To color Met 165 in red, Actions — color — red.
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chain A: replicase polyprotein 1AB

Repeat the steps for His 164 and Cys 145. After that, select — clear selection.

selection cleared

After highlighting several residues in the active site, we can show the protein as a van der
Waals surface in order to better visualize the binding pockets in the active site. Ctrl+-LMB

on any part of the protein, press up arrow three times to select the entire protein, actions
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6.6.

— surface — show; actions — atoms/bonds — hide; actions — surface — transparency

— 30%.

2571 atoms, 2649 bonds B &

Surface protein-2 07082020.pdb, category main has 11

Running AutoDock Vina

Tools — Surface/Binding Analysis — AutoDock Vina (a new window will pop up).
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=. AutoDock Vina — O X

Output file:| Browse
Receptor: protein-2 07082020.pdb (#0) —

Ligand: protein-2 07082020.pdb (#0) —

YReceptor search volume options

I~ Resize search volume using button 2 —i

Center: | | |
Size:

»Receptor options
»Ligand options
»Advanced options

»Executable location
no output file selected

OK| Apply | Close | Help

Click on Browse next to “Output file” and find the folder that you created on the desktop.

Under file name type “docking” or a name you presser and press enter on your keyboard.

. Save File in Chimera - [} X
Folder: C:\Users\melod\Desktop\Docking
4 [conjugation HPLC\ docking 06052020 ligand deleted else.ligand.pdbqt
dFQSK-AEBA_docking\ docking 06052020 ligand deleted else.pdbqt
docking 06052020 ligand deleted else.receptor.pdbqt
I Useful\ docking 06052020.ligand.pdbqt

docking 06052020.pdbat
docking 06052020.receptor.pdbat

docking 07032020-2.ligand.pdbat

docking 07032020-2.pdbat

docking 07032020-2.receptor.pdbat

docking 07032020.ligand.pdbat

docking 07032020.pdbat

docking 07032020.receptor.pdbat

docking 07072020.ligand.pdbat

docking 07072020.pdbat

docking 07072020.receptor.pdbat

docking reasonable 06052020.ligand.pdbat

docking reasonable 06052020.pdbat

docking reasonable 06052020.receptor.pdbat

docking ser mutant 06052020 smaller box.ligand.pdbat
docking ser mutant 06052020 smaller box.pdbqt
docking ser mutant 06052020 smaller box.receptor.pdbat
docking ser mutant 06052020.ligand.pdbat

_ docking ser mutant 06052020.pdbat

docking ser mutant 06052020.receptor.pdbat

docking V6 06052020 ligand.pdbat

d dockina V6 06052020.0dbat
Kil| |
File |docking 07082020
 Add .pdbat suffix if none given
File type:_pdbat [.pdbgt] —¢ New folder...

Set Output Location | Close | Help

Select “protein.pdb” as the receptor and select “ligand.pdb” as the ligand.
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=. AutoDock Vina — O X

Qutput file: |g\docking 07082020.pdbgt Browse

Receptor: protein-2 07082020.pdb (#0) —

Ligand: ligand-2 07082020.pdb (#1) — ‘

"Receptor search volume options

™ Resize search volume using button 2 — ‘

Center:\ | \
Size:\ | \

»Receptor options

»Ligand options
»Advanced options

»Executable location
no search volume selected

OK Apply‘ Close‘ Help‘

You will now have to define the receptor search grid box (area where docking will be done)
by typing in certain numbers in “Center” and “Size”. You have to play around with this so
that your box engulfs all of the active site. The box must encompass all of the active site,
but must not exceed 30 A on an edge. You can also try to maneuver the box with your
mouse by selecting the “Resize search volume using” and then selecting the mouse button
that you want to use. Start off by typing 1, 1, 1 (X, y, z coordinates) for the center, and 30,
30, 30 (A) for the size. Then, reposition the box so that the active site residues (Cys 145,
Met 165, His 164; colored in red) are in the center of the box. Do not make the box larger
than 30, 30, 30. Rotate around to make sure the box is covering the active site. In this case,

we use 13, 4, 18 for the center and 30, 30, 30 for the size.
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= AutoDock Vina - a X
Output file:|g\docking 07082020.pdbat Browse
r: protein-2 07082020.pdb (#0) —
igand: ligand-2 07082020.pdb (#1) — ‘

location
App\y‘ Clcse‘ He\p‘

Once you have the box of the size and position that you would like you have to check that
everything is set up for docking. Click on “Receptor options” and make sure that all of the
options are set to “true” except for “Ignore chains of non-standard residues” and “Ignore

all non-standard residues” which should be set to “false”.

Click on “ligand options” and make sure that both options are set to “true”.

Click on “Advanced options” and make sure that the “Number of binding modes” is set to
10 (this is the maximum number of outputs that you will get per docking), “Exhaustiveness
of search” is set to 8 (this determines how much of your CPU will be used and how good

the search will be), and the “Maximum energy difference (kcal/mol) is set to 3.

Under “Executable location”, select “Local”, click Browse, and find the location of

vina.exe in the folder that you created on the desktop.
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Click OK and wait. “Running” will show at the bottom. The docking will take
approximately 3 minutes. Once the docking is done a new window will pop up called
“ViewDock” and it will allow you to examine all of your docked structures. A

“docking.pdbqt” file containing all of the docking results will be generated in your folder

on the desktop.
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= AutoDock Vina - o x

Output file: Docking\docking 07082020.pdbat  Browse
Receptor: protein-2 07082020.pdb (#0) —
Ligand: ligand-2 07082020.pcb (£1) — |

Receptor search volume options

¥ R=medhwhnoosy | Eima = \

Center:|13.0 4.0 18.0
Size: |30 30 30

vReceptor options

Add hydrogens in Chimera: true —
Merge charges and remove non-polar hydrogens: true —i

Merge charges and remove lone pairs: true —

Ignore waters: true —

Ignore chains of non-standard residues: false —

Tgnore al non-standard residues: false —i |

vLigand options
Merge charges and remove non-polar hydrogens: true —

Merge charges and remove lone pairs: true —

vAdvanced options

Number of binding modes: Lo

8

Exhaustiveness of searchi &

Maximum energy difference (keal/mol): ‘il

¥Executable location
Opal web service

Server: http://nber-222.ucsd.edu/opal2/services/vir  Reset

* Local
Path: [C:\Users\melod\Desktop\Docking\vina.exe  Browse...

ok Apply | Close Help‘

= ViewDock - C:\Users\melod\Des. u] X

File Compounds Column Selection Chimera HBonds

S | Score| RMSD |.b.| RMSD u.b.

3.591 5.775
2.781 385
2937 9.752

V -65 7428 10823

Chimera Model #3.1

REMARK VINA RESULT: —8.1
0.000

REMARK 12 active torsions:

Change Compound State

© Viable  Deleted © Purged



6.7.

Viewing the docking results

Rotate until you find the binding pocket with key residues in red. You should find the
docked cyclic peptide inhibitor (green) with the second lowest energy (#3.2) falls into the
binding pocket. (Alternatively, it may be the lowest energy structure, depending on how

the docking was performed.)

CtrlI+LMB on any part of the undocked inhibitor (blue), press up arrow twice; actions —

atoms/bonds — hide.

Movie
S [Score|RMSD Lb.[RMSD u.b.
0.0 0.0

2781 385
2937 9.752
7428 10823
Chimera Model #3.2
RESULT: -7.8

EEEEEEEEEEEEEE sions:
Change Compound State
© Deleted < Purged

Note that in the green inhibitor (docked inhibitor), the previously built C-C bond is missing.
The docked ligand is created by reading the AutoDock Vina output, and that output is
missing the ring-closing bond.!” You can easily re-establish the bond with the following

command:
Tools — general control — command line

In the command line, type:
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bond #3.2:304@c:309@c1

Press Enter

= ViewDock - C:\Users\melod\Des... ~—

File Compounds Column Selection Chimera HBonds

ovie
s | Score|RMSD Lb.[RMSD u.b.
0.0 0.0

2.781 385
2937 9.752
7.428 10.823
Chimera Model #3.2
7.8

© Purged

.

bond #3.2:304@c:309@cl
Activemodels;Wuw1W2ﬁ3r4r5r5r7rBr9rAllNexth uuuuuu ‘

Command:

For other structures, use “bond #3.3:304@c:309@c1”, “bond #3.4:304@c:309@c1”, etc.,

to fix the missing bond issue.

To better view the second lowest energy structure of the docked inhibitor (#3.2), we want
to add hydrogens back to it. To do so, CtrI+LMB on any part of the docked inhibitor, press

up arrow twice. Tools — Structure Editing — AddH.

The “Add Hydrogens” window will appear. Make sure the docked inhibitor structure with
the second lowest energy structure “docked ligand.pdb (#3.2)” is highlighted, and leave the

other settings as their defaults. Click OK.
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<. Add Hydrogens - O X

2in-2 07082020.pdb (#0) -
d-2 07082020.pdb (#1) =
Add hydrogens to: ed ligand-2 07082020.pdb (#3.1)
ed ligand-2 07082020.pdb (#3.2)
« 3

¥ Consider each model in isolation from all others
~Method

¢ steric only

% also consider H-bonds (slower)

Protonation states for: histidine —i

r: Residue-name-based
(HIS/HID/HIE/HIP = unspecified/delta/epsilon/both)

~ Specified individually...
© Unspecified (determined by method)

Close | Help |

= ViewDock - C:\Users\melod\Des...

o

File Compounds Column Selection Chimera HBonds
M

ovie
s | Score|RMSD L.b.[RMSD u.b.
vV 81 0.0 0.0

2.781 3.85
2,937 9.752
7.428 10.823
Chimera Model #3.2
ESULT: =

[REMARK VINA R
5.775
IREMARK 12 torsions:
Change Compound State
© Deleted < Purged

Command:|bond #3.2:304@c:309@c1

Active models: # 0F 1 #2737 4r5r6r 7 81 91 All Next| Previous

Hydrogens added Hed

Select — clear selection. Use LMB to rotate view, MMB to translate view across screen,

and RMB to zoom in.
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7.1.

Appendix: Generating a structure of SARS-CoV MP™ bound to the C-terminal

substrate (SB60-S.pdb)

In this appendix, we will generate a structure of SARS-CoV MP™ bound to the C-terminal
fragment of an MP™ molecule within the active site. We have already provided this file as
“5B60-S.pdb” as a separate Supporting Information document. Here we will go through
the operations needed to generate SB60-S.pdb file from the publicly available PDB file

5B60.

Loading the SARS-CoV MP™ crystal structure in UCSF Chimera

Protein X-ray crystallographic structure files can be retrieved from Protein Data Bank
(PDB) and opened in UCSF Chimera with the “Fetch by ID” function. In the menu bar,

select File — fetch by ID — select “PDB” — type in “5SB60” — click fetch
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«. Fetch Str... — O X
Database ” ID || Example

“ NDB pde024

“ PDB 5B60) 1yti

“ PDB (mmCIF) 1yti

© PDB (biounit) 1hho

© SCOP dig0sa

< cellPACK HIV-1 0.1.6

“ PubChem 12123

© CASTp Iwww

© EDS (2fo-fc) 1a0m

“ EDS (fo-fc) 1a0m

 EMDB 5625

 EMDB & fit PDBs 1048

© PQS 2cw]

© ModBase P04848

“ VIPERdb 1ej6

® L NGF. HUMAN

Set download directory

™ Ignore any cached data

Fetch| Web Page| Close| Help

™ Keep dialog up after Fetch
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7.2.

Generating symmetry mates in the crystal lattice

To visualize how the C-terminal fragment (substrate) interacts with the active site of the
MP™_ we have to generate the symmetry mates in the crystal lattice. Doing so will allow us
to see the C-terminal part of one MP™ molecule extending into the active site of another
MP™ molecule in the adjacent asymmetric unit.

To do so, Tools — Higher-order structure — unit cell. A window will pop up: click options
— check "use crystal symmetries from file" — uncheck "use space group if symmetries

nn

are missing", "use non-crystallographic symmetry", and "pack molecules in unit cell" —

click make copies.
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= Unit Cell

Molecule: 5B60 —

Space group: P 21 21 21

Cell size: 63.682 90.237 110.268

Cell angles: 90.00 90.00 90.00

Crystal symmetries in file: 4

Space group symmetries: 4

Non-crystal symmetries in file: 0

¥ Use crystal symmetries from file x|
I~ Use space group if symmetries are missing
™ Use non-crystallographic symmetry

™ Pack molecules in unit cell

Cell origin (00 0

Number of cells 111 offset 00 0

Make copies | Outline ‘ Delete copies ‘

Options | Close | Help

Deleting unnecessary parts

Close the “unit cell” window. Now we can see the C-terminus of the newly generated blue
dimer extends into the binding pocket of the newly generated green dimer. To make the
subsequent minimization and docking steps easier, we will only use the monomer of the
green dimer containing the binding pocket and the C-terminus of the blue dimer in the
exercise.

To delete the tan dimer, we Ctrl+LMB on any part of the tan dimer, press up arrow four

times. Now we selected the tan dimer.
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Actions — atoms/bonds — delete. Now we have deleted the selected tan dimer.
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To delete the pink dimer, we Ctrl+LMB on any part of the pink dimer, press up arrow four

times. Now we selected the pink dimer. Actions — atoms/bonds — delete.

To delete the monomer of the green dimer that does not interact with the blue dimer, we
Ctrl+LMB on any part of the monomer of the green dimer that does not interact with the
blue dimer, press up arrow twice. Now we selected the monomer of the green dimer that

does not interact with the blue dimer. Actions — atoms/bonds — delete.

Now we want to keep the C-terminus substrate of the blue dimer and delete the rest parts
of the blue dimer. First, we select the substrate. To select the substrate, find C-terminal

lysine 310 on the blue dimer, Ctrl+LMB on the terminal Nitrogen, press up arrow once.
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Select — invert (selected models). This way you selected the non-substrate part of the blue

dimer.
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Actions — atoms/bonds — delete.
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7.4.

Now we should only have the monomer of the green dimer containing the binding pocket
and C-terminal substrate of the blue dimer left. We can see the C-terminus of the blue

dimer is interacting with the binding pocket of the green monomer.

Saving the modified PDB file

File — save PDB — select “save multiple models in a single file” — give the PDB file a

valid file name (e.g., 5SB60-S) — save
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8.

(1)

)

3)

= Save Multiple Models as PDB File - ] X

Folder: ‘C:\Users\melod\Google Drive\UCI Nowick\COVID19 Chimera project ﬂ

HVP.backup\

HVP.prj\

5312020 modified ligand.pdb
5312020 protein with binding pocket.pdb
bvg.pdb

hvr.pdb

ajf.pdb

béo - 309 304.pdb

B60-S.pdb

b6o.pdb

lu7 mPro with an inhibitor N3.pdb
Y2E mPro wo inhibitor.pdb
Y7M.pdb

hvp HIV-1 protease.pdb

hvp.pdb

gand 06032020.pdb

rotein 06032020.pdb

ol >
File name:[SB60-S | v]
¥ Add .pdb suffix if none given

File type: PDB [.pdb] — New folder...

S5bbo #2 (#1)
Save models: Shtok:l )

I” Save displayed atoms only

I" Save selected atoms only

F Save relative to model: 5b6o #2 (#1) —
Save multiple models in a single file —
Large-structure serial numbering: hybrid-36 —t

I~ Keep dialog up after Save

Close | Help
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