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Abstract

PAPf39 is a 39 residue peptide fragment from human prostatic acidic phosphatase that forms
amyloid fibrils in semen. These fibrils have been implicated in facilitating HIV transmission. To
enable structural studies of PAPf39 by NMR spectroscopy, efficient methods allowing the
production of milligram quantities of isotopically labeled peptide are essential. Here, we report the
high-yield expression, as a fusion to ubiquitin at the N-terminus and an intein at the C-terminus,
and purification of uniformly labeled 13C- and 1°N-labeled PAPf39 peptide. This allows the study
of the PAPf39 monomer conformational ensemble by NMR spectroscopy. To this end, we
performed the NMR chemical shift assignment of the PAPf39 peptide in the monomeric state at
low pH.
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Introduction

Amyloid fibril formation is a hallmark of a number of human diseases. PAPf39, or Prostatic
Acidic Phosphatase fragment of 39 residues (corresponding to residues 248 to 286 in human
prostatic acidic phosphatase), is a cationic peptide that forms amyloid fibrils in semen
(SEVI) which increase HIV infectivity by up to five orders of magnitude [1]. Understanding
the mechanism of PAPf39 fibril formation may provide insights into HIV transmission via
semen and lay a foundation for the development of therapeutics against this effect. This
approach requires structural information for both the monomeric and fibrillar states of
PAPf39 [2, 3].

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful method for determining the
structure and dynamics of biomacromolecules [4-6]. However, modern protein NMR relies
on the properties of stable isotopes of carbon (13C) and nitrogen (1°N). Current methods of
peptide synthesis allow incorporation of isotope enriched amino acids, but synthesis is rather
expensive, especially for larger peptides and certain amino acid types. In contrast, isotopic
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enrichment by bacterial expression in defined media using isotopically labeled metabolites
such as 13C glucose and °N ammonium chloride as the sole source of carbon and nitrogen
has been proven as a cost effective strategy to generate milligram quantities of isotopically
labeled proteins [4-8]. However, peptides are notoriously difficult to express in bacterial
expression systems due to their rapid degradation. Peptides that have an intrinsic propensity
to aggregate and, in particular, form amyloid fibrils create additional problems for
recombinant expression. To overcome this challenge, various fusion constructs with larger
proteins that act as solubility tags and/or protect the peptides from degradation have been
used. We have previously expressed soluble peptides as ubiquitin fusion proteins [9-11].
However, when this expression system was used for the amyloidogenic peptide, PAPf39, we
observed a significant level of degradation of the peptide from the C-terminus. To alleviate
these substantial losses, we attached a self-cleaving intein as a C-terminal fusion. This
allowed the high yield expression and easy purification of the PAPf39 peptide free of non-
native sequence insertions. The fibril formation of recombinant PAPf39 was characterized
by Thioflavin T (ThT) fluorescence assays and Atomic Force Microscopy (AFM) imaging,
and NMR chemical shift assignment was performed for the PAPf39 monomer in solution.

Materials and Methods

Chemicals and Plasmids

All reagents were purchased from Sigma-Aldrich and Fisher Scientific unless stated
otherwise. The plasmid pTXBL1, restriction enzymes, and £. coli expression host BL21(DE3)
were purchased from New England Biolabs (Ipswich, MA). DNA purification kits and Ni-
NTA resin were obtained from Qiagen (Germantown, MD). DNA oligonucleotides were
purchased from Integrated DNA technologies (Coralville, IA). 1°N ammonium chloride

and 13C glucose were purchased from Cambridge Isotope Laboratories (Andover, MA).
SDS-PAGE analysis was done using precast Thermo Scientific Precise 4-20% gel in a Tris-
HEPES buffer system, which allows all fragments to be resolved on the same gel.

Design of expression construct

Expressing small peptides in £. coliis commonly a challenging process because the peptides
are susceptible to £. coli proteases and/or are toxic to the expression host system. The use of
fusion proteins may limit these problems. Our first attempt to express the PAPf39 peptide
with ubiquitin attached to the N-terminus of the peptide resulted in C-terminal truncated
peptides. Similar effects were observed for other fusion protein constructs such as GFP and
MBP. To prevent C-terminal degradation, we created a construct with self-cleavable tag
(intein) attached to the C-terminus of the peptide using a pTXBZ1vector [12]. The vector
diagram of the protein construct is shown in Figure 1.

The protein construct was designed to have a N-terminal hexahistidine (6H) tag for
purification, followed by the ubiquitin (UBQ) sequence for solubility, a TEV protease
cleavage site to allow removal of the 6H-UBQ tag [9-11], the PAPf39 sequence, and an
intein tag to stop the C-terminal degradation of PAPf39. The construct was inserted in a
pTXB1 vector using the Xbal and Sap1 restriction enzyme sites. The gene sequence of
6H_UBQ_TEV_PAPf39 (6H-UBQ attached to PAPf39 with a TEV cleavage site in
between) was amplified from the pGia vector by PCR with the following primers: forward
GGTTTCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGG and reverse
GGTGGTTGCTCTTCCGCAGTACATAATTAATTTTTTATAGGATGG. The amplified
PCR product, and pTXB1vector were digested with Xbal and Sap1, and gel purified.

The digested vector was treated with SAP (Shrimp Alkaline Phosphatase) overnight, which
was then inactivated by heating at 65°C. The SAP treated vector and PCR product were
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ligated using T4 ligase overnight at 4°C. The ligated products were transformed into DH5a
competent cells using electroporation. The transformed cells were plated on LB agar plates
with 100 pg/ml ampicillin and incubated overnight at 37°C. Individual colonies were picked
and grown overnight in LB medium with ampicillin. Plasmid was isolated from the cells
followed by sequence verification. The sequence of the verified plasmid used for expression
is shown in Figure 1B, where residues 1-83 correspond to the N-terminal 6H-tagged
ubiquitin, residues 84-90 comprise the TEV protease recognition motif (cleavage between
Q89 and G%), residues 90 to 128 correspond to the PAPf39 peptide, and residues 129
through 388 correspond to the intein sequence followed by a chitin binding domain as
encoded by the pTXBL1 vector.

Recombinant expression of uniformly 1°N- and 13C-enriched PAPf39

The pTXB1-6H_UBQ_TEV_PAPf39_INTEIN expression construct was transformed into £.
coliBL21(DE3) and plated on LB agar plates containing 100 pg/ml of ampicillin. A single
colony was picked and grown in 2 ml of LB medium to make a starter culture. From the
starter culture, a 100 ml overnight culture (Neidhardt medium [13]) was inoculated. For
uniform labeling of 1°N and/or 13C, the bacteria were grown at 37°C in Neidhardt medium
containing 0.5 g/liter of 15NH,Cl and 2 g/liter of 13C glucose as the sole nitrogen and carbon
sources [13]. When the cell density reached ~0.8 O.D. at 600 nm, expression of the
6H_UBQ_TEV_PAPf39_INTEIN fusion protein was induced by adding 1 mM isopropyl-D-
thiogalactopyranoside and incubating at 25°C for 6 hrs. Cells were harvested and lysed
using a French pressure cell. Soluble 6H_UBQ_TEV_PAPf39_INTEIN fusion protein in the
cell extract was purified using Ni-NTA affinity resin under native conditions and eluted in
250 mM imidazole buffer following the manufacturer’s protocol.

To remove the intein tag, the pH of the protein solution was adjusted to pH 8.5 using 1 M
Tris (pH 8.5) followed by the addition of 125 mM dithiothreitol (DTT). The reaction was
incubated at 4°C for 12 to 24 hours and the degree of intein cleavage was assessed by SDS-
PAGE. Once cleavage was completed, the DTT was removed by overnight dialysis against 4
liters of modified TEV buffer (50 mM TRIS, 5% Glycerol, 300 mM sodium chloride, pH 8
with 0.5 mM EDTA). To remove the 6H-UBQ tag, 1 mg of TEV was added for every 40 mg
of substrate and the reaction mixture was incubated at 4°C for up to 24 hours. Cleavage of
the 6H-UBQ tag was assessed by SDS-PAGE. After TEV cleavage, the pool containing
PAPf39, intein, and ubiquitin was titrated with concentrated HCI to pH ~3.5-4. This causes
precipitation of the intein tag, which can be easily separated from the soluble fraction via
centrifugation (~12,000 g for 20 min at 4°C). The supernatant was loaded onto a Sephadex
G-75 size exclusion chromatography (SEC) column (2.5 x 150 cm) equilibrated with 5%
acetic acid. Since 6H-UBQ and PAPf39 elute very closely together, the fractions containing
PAPf39 and a mixture of PAPf39 and 6H-UBQ were pooled and lyophilized together. The
lyophilized powder was dissolved in 0.05% TFA in water and injected onto a C18 RP-HPLC
(reverse-phase high performance liquid chromatography) column (Discovery Bio Wide pore
C18 10 pm, Supelco Sigma-Aldrich, Bellefonte, PA). The column was washed with 0.05%
TFA in water at a flow rate of 2 ml/min and PAPf39 was eluted in 5 column volumes during
a water/methanol gradient at ~80-85% methanol. Sample purity was verified by SDS-PAGE.
The peptide concentration was determined using a molar extinction coefficient of 2,980 M1
cm L at 280 nm. The molecular mass of the purified peptide and the degree of isotope
incorporation was determined by MALDI mass spectrometry (Bruker Ultraflex 11l MALDI
TOF/TOF).

Fibril formation and Thioflavin T Fluorescence Assay

Fibril formation assays were conducted in order to test if recombinant PAPf39 forms
amyloid fibrils similar to synthetically produced peptides. As described in Ye et al. [2], 2
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mg/ml of fresh recombinant un-labeled PAPf39 was agitated at 37°C for two days in 1.5 ml
microfuge tubes in phosphate buffered saline pH 7.4 (PBS; 137 mM NaCl, 2.7 mM KCl,
10.14 mM sodium phosphate dibasic, 1.76 mM potassium phosphate monobasic, and 0.2%
w/v sodium azide pH 7.4). After 48 hours, 50 pL of incubated sample were withdrawn and
mixed with 60 pL of 100 uM Thioflavin T (ThT) in 20 mM sodium phosphate buffer pH
7.4 and 440 pL of PBS pH 7.4 to a total volume of 550 L in a quartz cuvette. The samples
were excited at 440 nm and the emission intensity was monitored between 450 and 550 nm.
Appropriate blank measurements were performed without PAPf39 and subtracted.

Atomic Force Microscopy (AFM)

Samples for atomic force microscopy (AFM) were prepared and recorded as described by us
previously [2]. Briefly, AFM plates were prepared by spotting 20 p.L of sample on freshly
cleaved mica and incubating at room temperature for twenty minutes followed by a gentle
wash with 4 ml of Milli-Q water to remove extra sample layers and buffer salts. The plates
were allowed to dry overnight prior to imaging. AFM amplitude and height images were
acquired using AC tapping mode in air at room temperature and humidity on a MFP-3D
AFM (Asylum Research, Santa Barbara, CA), using a silicon, Al reflex coated cantilever
(AC240TS, Olympus America Inc., Center Valley, PA). AFM images were analyzed in the
Igor Pro MFP3D software (Wavemetrics Inc., Portland, OR).

NMR experiments

NMR spectra were acquired at 5°C on Bruker 800-MHz and 600-MHz Avance 1l
spectrometers equipped with cryoprobes with z-axis gradients (Billerica, MA). Complete
resonance assignments of the backbone amides for all residues, with the exception of Gly1l
and Pro31 that do not have amide protons, were obtained. This was done through the
analysis of atomic correlations detected in two-dimensional 1H-15N and 1H-13C single
quantum coherence (HSQC), and three-dimensional 1°N-separated TOCSY, 1°N-separated
NOESY, HNCO, HNCACB, HNCOCACB, (H)CC(CO)NH, and H(CCCO)NH spectra
using the auto-assignment program MONTE [14]. NMR samples were prepared at a final
concentration of approximately ImM PAPf39 by dissolving lyophilized protein in buffer
containing 5% acetic acid, pH 2.0, and 10% D,0 [9, 12]. These buffer conditions were
chosen because, as shown previously [2, 3] using analytical centrifugation, PAPf39 remains
monomeric in broad range of concentrations for extended periods of time under these
conditions. The NMR data were processed using TopSpin 2.1 and analyzed using the
software package Sparky [15].

Results and discussion

Expression and purification of isotopically labeled PAPf39

The expression system for the 6H_UBQ_TEV_PAPf39_INTEIN fusion protein produced
protein product at high levels that remained in the soluble fraction of the cell extract (see
Figure 2). The 6H_UBQ_TEV_PAPf39_INTEIN fusion protein was efficiently isolated
from the cell lysate using Ni-NTA affinity resin under native conditions. Removal of the C-
terminal INTEIN and N-terminal 6H_UBQ tags was achieved by promoting intein self-
cleavage followed by digestion using TEV protease, respectively. As shown in Figure 2, the
fusion protein was found to readily and specifically undergo the intein self-cleavage and
proteolytic digestion to near completion. Therefore, the TEV protease was able to access and
effectively cleave the engineered restriction site and the intein was able to properly fold and
undergo self-cleavage without requiring alteration of the native sequence of the PAPf39
peptide. The final yield was ~7 mg (1.4 ml of 1 mM 15N/13C peptide sample for NMR) of
pure PAPf39 peptide per 3 L of Neidhardt minimal media (0.5 g/liter of 2°NH,Cl and 2 g/
liter of 13C glucose). The measured molecular masses for unlabeled, 1°N-labeled,
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and 15N/13C-labeled PAPf39 were determined by MALDI mass spectrometry (Figure 2).
The mass spectrometry data contain peak envelopes with m/z distributions consistent with
near complete degrees of isotope incorporation.

on in recombinant PAPf39

Fibril formation of recombinant PAPf39 was assayed using a previously developed protocol
based on the ThT fluorescence and AFM imaging [2]. Figure 3A shows the change in ThT
fluorescence after 48 hours of incubation of PAPf39 peptide at 37°C in PBS pH 7.4. The
dramatic increase in fluorescence intensity is indicative of fibril formation. This is supported
by AFM amplitude images that show an abundance of fibrils at 48 hours (Figure 3B). These
results suggest that recombinantly expressed PAPf39 shows the same properties as
chemically synthesized peptide [2, 3].

NMR spectroscopy and assignment of chemical shifts

The high quantities of isotopically enriched PAPf39 enabled the rapid and sensitive
acquisition of high-quality multidimensional heteronuclear NMR spectra. The lineshapes of
resonances detected in one dimensional 1H and two-dimensional 1H-1°N HSQC spectra of
PAPf39 are consistent with PAPf39 behaving as a monomer in solution and free of
significant aggregation. As shown in Figure 3C, the two-dimensional H-15N spectrum is
largely free of peak overlap and overcomes the extensive chemical shift degeneracy for
amide protons. Chemical shift assignments of PAPf39 resonances were completed through
the analysis of correlations detected by standard triple resonance techniques. Resonances for
backbone atoms were assigned using the auto-assignment program MONTE [4, 14] with the
completion of the resonance assignments for side-chain atoms being manually performed.

Conclusions

A method for the recombinant expression of PAPf39, a 39-residue peptide that forms
amyloid fibrils, was developed. Recombinant PAPf39 forms amyloid fibrils as shown by
both ThT fluorescence assays and AFM imaging. High yields of PAPf39 from expression in
minimal medium allowed isotopic labeling of the peptide for NMR experiments.
Furthermore, NMR chemical shift assignment was completed. We suggest that our method
will be useful to generate milligram quantities of other peptides that exhibit aggregation,
toxicity toward, and/or rapid degradation within the host bacterium.
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Abbreviations used

PAPf39 a 39residue peptide fragment from human prostatic acidic phosphatase
GFP green fluorescent protein

MBP maltose binding protein

UBQ ubiquitin

TEV tobacco etch virus
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PAGE polyacrylamide gel electrophoresis
SEC size exclusion chromatography
PBS phosphate buffered saline
Ni—NTA nickel-nitrilotriacetic acid

TFA Trifluoroacetic acid

6H hexahistidine tag
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0%’ GIHKQKEKSRLQGGVLVNEILNHMKRAT
QIPSYKKLIMY'*®*CITGDALVALPEGESVR
IADIVPGARPNSDNAIDLKVLDRHGNPVLA
DRLFHSGEHPVYTVRTVEGLRVTGTANHPL
LCLVDVAGVPTLLWKLIDEIKPGDYAVIQR
SAFSVDCAGFARGKPEFAPTTYTVGVPGLV
RFLEAHHRDPDAQAIADELTDGREYYAKVA
SVTDAGVQPVYSLRVDTADHAFITNGFVSH
ATGLTGLNSGLTTNPGVSAWQVNTAYTAGQ
LVTYNGKTYKCLQPHTSLAGWEPSNVPALW

QLQ388

Expression construct for PAf39 peptide. Panel A. The hexahistidine tagged-ubiquitin gene
with a TEV protease cleavage site followed by the PAPf39 coding sequence was inserted
into a pTXBL1 construct to yield the pTXB1::6H_UBQ_TEV_PAPf39_INTEIN expression
plasmid. Panel B. The sequence of the expressed construct: residues 1-83 correspond to the
N-terminal 6H-tagged ubiquitin, residues 84-90 comprise the TEV protease recognition
motif (cleavage between Q89 and G20), residues 90 to 128 correspond to the PAPf39
peptide, and residues 129 through 388 correspond to the intein sequence.
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Figure 2.

Purification of the recombinant PAPf39 peptide. Panel A. Coomassie blue stained SDS-
PAGE analysis of recombinant soluble lysates in £. coli strain BL21(DE3): (Lanel: Thermo
Scientific Page Rules Prestained Protein Ladder 10-130 kDa) (lane 2: whole cell lysate),
(lane 3: soluble protein fraction), (lane 4: fractions after Ni-NTA), (lane 5: cleavage of the
intein), (lane 6: TEV-protease digest), (lane 7: PAPf39 containing fraction after SEC), (lane
8: pure PAPf39 fraction after RP-HPLC). The position of migration of all fragments,
including PAPf39, is shown. Panel B. Mass spectrometry analysis of purified PAPf39:
unlabeled PAPf39 (black line), 1°N-labeled PAPf39 (red line), and 1°N/13C-labeled PAP39
(blue line). Determined masses are shown above each peak, with expected masses given in
parenthesis.
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Biophysical characterization of the recombinant PAPf39 peptide. Panel A. ThT fluorescence
spectra before (black line) and after (red line) binding to PAPf39 fibrils. Panel B.
Morphology of the PAPf39 fibrils determined by AFM. Panel C. 1H-15N chemical shift

correlation spectrum (HSQC) of the PAPf39 peptide with the complete assignments of the
backbone 1°N amide protons.
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