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Abstract: Cationic amyloid fibrils found in human semen enhance the transmission of the human

immunodeficiency virus (HIV) and thus, are named semen-derived enhancer of virus infection

(SEVI). The mechanism for the enhancement of transmission is not completely understood but it
has been proposed that SEVI neutralizes the repulsion that exists between the negatively charged

viral envelope and host cell membrane. Consistent with this view, here we show that the fluores-

cence of cationic thioflavin T (ThT) in the presence of SEVI is weak, and thus ThT is not an efficient
detector of SEVI. On the other hand, K114 ((trans, trans)-bromo-2,5-bis(4-hydroxystyryl)benzene)

forms a highly fluorescent, phenolate-like species on the cationic surface of SEVI. This species

does not form in the presence of amyloid fibrils from insulin and amyloid-b protein, both of which
are efficiently detected by ThT fluorescence. Together, our results show that K114 is an efficient

detector of SEVI.
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Introduction

Many human diseases, including Alzheimer’s dis-

ease, Parkinson’s disease, and type 2 diabetes, are

associated with amyloid fibrils.1 A recent finding

has further increased the association of amyloid

fibrils with disease. Amyloid fibrils found in semen

have been implicated in the enhanced transmission

of the human immunodeficiency virus (HIV).2–5

Among the amyloid fibrils found in semen, semen-

derived enhancer of virus infection (SEVI) was the

first to be discovered and has received the greatest

attention. SEVI results from the self-assembly of a

basic, 39-residue fragment of prostatic acid phospha-

tase (PAPf39) (Fig. 1).2,3 SEVI is thought to enhance

HIV infection by promoting the fusion of virions to

cells by acting as a polycationic bridge that elimi-

nates the electrostatic repulsion between the virions

and target cells both of which possess negatively

charged surfaces.2,6,7 A mutated form of PAPf39

where all lysine and arginine residues were replaced

with alanine forms amyloid fibrils that do not bind

virions or promote infection.6 Importantly, the
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magnitude of enhancement of HIV infection by

semen samples correlates with the levels of SEVI.8,9

SEVI is thus, an important target for the devel-

opment of strategies that will prevent the spread of

HIV. One attractive strategy is to inhibit SEVI for-

mation or disassemble pre-formed SEVI using small

molecules. An efficient detector of SEVI thus will be

useful in reporting the efficacy of anti-SEVI agents.

Here, we show that thioflavin T (ThT), the most

widely used molecule for the detection of amyloid

fibrils in solution,10–12 is not an efficient detector of

SEVI. On the other hand, an analogue of Congo red,

K114 [(trans, trans)-bromo-2,5-bis(4-hydroxystyryl)-

benzene],13 efficiently detects SEVI at

physiologically-relevant concentrations through the

formation of a phenolate-like species that is facili-

tated by the positively charged surface of SEVI.

Results and Discussion
The small molecule that is most widely used to

detect amyloid fibrils in solution is thioflavin T

(ThT).10–12 It contains a dimethylaminobenzene ring

and a cationic benzothiazole ring [Fig. 2(A)]. The

basis for detection is simple: the binding of the mole-

cule on the fibril surface leads to a dramatic

enhancement in ThT fluorescence.10,11,14–18 Because

the amyloid fibrils from PAPf39 are cationic, we

hypothesized that the binding of ThT is suboptimal

and thus the enhancement of ThT fluorescence will

be weak. Figure 2(B) presents fluorescence spectra

of ThT in the presence of amyloid fibrils from

PAPf39 and insulin. Both spectra show maximum

fluorescence intensities at 483 nm. However, the

enhancement of ThT fluorescence at 483 nm in the

presence of SEVI is only 83 relative to the emission

intensity of ThT in buffer at 483 nm, much less than

the enhancement observed (2133) in the presence of

a similar amount of amyloid fibrils from insulin.

Recently, we showed that the dramatic enhance-

ment of ThT fluorescence in the presence of amyloid

fibrils from insulin correlates with the NMR-

detected on–off binding of ThT on the fibril sur-

face.18 The on–off binding was revealed by

exchange-transferred nuclear Overhauser effect spec-

troscopy (NOESY),19 by which exchange-transferred

NOE cross peaks due to cross relaxation between

protons in ThT were observed.18 These cross peaks

were not detected in ThT in buffer only. Together,

our data indicate that the cross relaxation between

protons in ThT was developed in its bound state and

that the exchange between bound and free ThT is

fast within the NMR timescale such that the NOE’s

in the bound state are transferred to the resonances

of free ThT. We acquired NOESY spectra of ThT in

the presence of SEVI. No exchange-transferred NOE

cross peaks were observed (Supporting Information

Fig. S1), indicating that the NMR-detected on–off

binding of ThT on the fibril surface does not exist.

The absence of NMR-detected on–off binding of

ThT on the surface of SEVI may be explained by

electrostatic effects. Studies of SEVI using

hydrogen-deuterium exchange mass spectrometry

and protease protection assay have indicated that

the N-terminus of PAPf39 (residues 1–9) (Fig. 1) is

excluded from the fibril core and thus accessible to

exchange and proteolytic attack.20 This region con-

tains three positively charged lysine residues (Fig.

1) that will interact unfavorably with the cationic

Figure 1. Primary structure of residues 248–286 of prostatic

acidic phosphatase (PAPf39). The polypeptide is basic with a

pI of 10.21. Residues that are predominantly charged at

physiological pH include lysine and arginine (in red) which are

positively charged and glutamate (in green) which is nega-

tively charged. Residues found in the N-terminus of the poly-

peptide (underlined) do not form part of the core of SEVI.

Figure 2. Thioflavin T (ThT) and its fluorescence in the pres-

ence of SEVI and amyloid fibrils from insulin. (A) ThT is a cat-

ionic molecule that contains a positively charged

benzothiazole ring and a dimethylaminobenzene ring. The

twisting of the two rings relative to one another defines the

torsion angle /. (B) The enhancement of ThT fluorescence in

the presence of SEVI is much less than the enhancement of

ThT fluorescence in the presence of amyloid fibrils from insu-

lin. Emission spectra of ThT in buffer (red), ThT in the pres-

ence of SEVI (blue) and ThT in the presence of amyloid fibrils

from insulin (black) are shown. The concentration of ThT in

the three samples is 100 mM. The ThT:insulin and ThT:PAPf29

ratios in the fibril-containing samples were fixed at 1:1

(mole:mole).
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ThT molecule. ThT has been shown by others to

have low affinity for other amyloid fibrils with cati-

onic surfaces including fibrils from the fibril-forming

domain of the HET-s fungal prion protein21 and

from the model peptide KLKLKLELELELG.22,23

Because the surface of the amyloid fibrils from

PAPf39 is cationic, we hypothesized that a small mol-

ecule that has the ability to form a negatively

charged fluorescent species would be an efficient

detector of the fibrils. The dye K114, (trans,trans)-1-

bromo-2,5-bis(4-hydroxystyryl)benzene [Fig. 3(A)],

forms a highly fluorescent phenolate anion at highly

basic pH (pH>9.5), whose maximum emission is

significantly red-shifted to 520 nm, relative to that

of unionized K114.13 Because K114 is highly insolu-

ble in aqueous solvents, we prepared stock solutions

of the dye in dimethylsulfoxide (DMSO). An aliquot

of the stock solution was then added to freshly dis-

solved PAPf39 phosphate-buffered saline (PBS) (pH

7.4) and to dispersions of SEVI in the same buffer.

The amount of DMSO in these samples was kept at

1% (v/v). Electron microscopy of SEVI in the pres-

ence of K114 (Supporting Information Fig. S2) did

not show the presence of dye aggregates that could

lead to quenching of K114 fluorescence.13 Figure

3(B) presents fluorescence spectra of K114 in the

presence of freshly dissolved PAPf39 and in the pres-

ence of SEVI. The fluorescence spectrum of K114 in

the presence of SEVI was dramatically enhanced

and the location of maximum emission intensity is

notably red-shifted to 535 nm. We attribute the red-

shift to the formation of a phenolate-like species

from K114. Figure 3(C) shows a schematic represen-

tation of how a phenolate-like species from energy-

minimized K114 may be formed on the surface of

SEVI. The partially negative oxygen atoms of the

hydroxyl groups of K114 form attractive electrostatic

interactions with the positively charged lysine resi-

dues. Additional stabilization may occur from hydro-

gen bonding between the hydroxyl protons of K114

and electronegative atoms on the fibril surface.

There is precedence in the literature for lysine-

phenolate electrostatic interactions. Studies of

structure–function correlations in fructose-1,6-

bisphosphate muscle aldolase, an essential glyco-

lytic enzyme, indicate that a lysine residue stabil-

izes a phenolate ion formed as a result of proton

transfer from a tyrosine residue.24

K114 fluorescence spectra in the presence of

amyloid fibrils from amyloid-b 1-42 (Ab42) (pH 4.3)

and insulin (pH 2) were recorded to compare them

with the K114 fluorescence data collected in the pres-

ence of SEVI (pH 7.4). K114 fluorescence is signifi-

cantly enhanced in the presence of insulin or Ab42

fibrils [Fig. 4(A)]. However, the emission spectra are

not red-shifted relative to the emission spectrum of

K114 in pure buffer. To better visualize the differen-

ces in the shifts in the emission spectra of K114 in

the presence of amyloid fibrils from the three precur-

sors studied here, the fluorescence spectra of K114 in

the presence of amyloid fibrils from PAPf39, Ab42

and insulin were plotted together as shown in Figure

4(B). The location of maximum emission of K114 in

the presence of SEVI is dramatically red-shifted by

80 nm. Increasing the pH of the dispersion of amyloid

fibrils from Ab42 and insulin to 7.4 did not produce

red-shifts in the emission spectra of K114 (Supporting

Information Figs. S3 and S4). Together, our data sug-

gest that the phenolate-like species from K114 which

forms on the surface of SEVI does not form on the

surface of amyloid fibrils from insulin and Ab42. This

result indicates that the surface of fibrils from insulin

and Ab42 are not cationic.

Figure 3. K114 (trans,trans)-1-bromo-2,5-bis(4-hydroxysty-

ryl)benzene) and its fluorescence in the presence of SEVI. (A)

K114 is a neutral molecule that contains two phenol groups

which ionize to form phenolate species at basic pH. (B) The

fluorescence of K114 is dramatically enhanced and shifted to

longer wavelengths in the presence of SEVI. Emission spec-

tra of K114 in the presence of unfibrillized PAPf39 (blue) and

in the presence of SEVI (black). The position of maximum

emission in the presence of SEVI is notably red-shifted to

535 nm. At this wavelength, the fluorescence intensity in the

presence of SEVI is 353 higher than that in the presence of

unfibrillized PAPf39. The concentration of K114 is 10 mM and

the K114:PAPf39 ratio is 1:2 (mole:mole) in both samples. (C)

Schematic representation of the binding mode of K114 on

the surface of SEVI. K114 forms a phenolate-like species that

interacts with lysine residues found on the fibril surface.
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M€unch and coworkers showed that SEVI-spiked

semen enhanced HIV infection in a dose-dependent

manner and that the required concentration of SEVI

for enhancement to occur is in the mg/mL range.2 Kim

and coworkers later showed that semen-mediated

HIV infection is donor dependent and correlates with

the levels of SEVI in semen.9 These results suggest

that methods to rapidly detect and quantitate small

amounts of SEVI in semen are needed. Figure 4(C)

shows that the emission intensity of K114 increases

with increasing amounts of SEVI in the sample.

When fluorescence intensity at 535 nm was plotted

against amounts of SEVI, a linear plot was obtained

[Fig. 4(D)] suggesting that the emission intensity of

K114 at 535 nm can be used to rapidly detect and

quantitate amounts of SEVI in the mg range.

In summary, this work shows that ThT is not an

efficient detector of SEVI because of suboptimal

binding on the fibril surface due to unfavorable elec-

trostatic interactions between the positively charged

ThT molecule and the positively charged residues on

the surface of SEVI. On the other hand, K114

detects SEVI with high efficiency due to its ability

to form a fluorescent phenolate-like species on the

positively charged surface of SEVI.

Materials and Methods

Preparation of fibrils
Human insulin was purchased from Sigma-Aldrich

(St. Louis, MO). Peptides PAPf39 and Ab42 were

synthesized by NeoBioScience (Woburn, MA) and

21st Century Biochemicals (Marlborough, MA),

respectively. Both were at least 95% pure as indi-

cated by analytical reverse phase HPLC. Mass spec-

tra of the peptides showed molecular masses

consistent with theoretical values.

Figure 4. K114 fluorescence in the presence of amyloid fibrils from Ab42, insulin and PAPf39. (A) The fluorescence of K114 is

also dramatically enhanced in the presence of amyloid fibrils from insulin and Ab42 but it is not shifted to longer wavelengths.

Emission spectra of K114 in buffer only at pH 4.3 (red) and at pH 2 (black, overlaps with spectrum obtained at pH 4.3) and in

the presence of amyloid fibrils from Ab42 (green) and insulin (blue) are shown. The position of maximum emission in the spectra

of samples that contain amyloid fibrils is at 455 nm. The concentration of K114 is 10 mM in the four samples and the K114:pro-

tein ratio is 1:2 (mole:mole) in the samples with amyloid fibrils. (B) Emission spectra of K114 in the presence of amyloid fibrils

from Ab42 (green), insulin (blue) and PAPf39 (black). The position of maximum fluorescence of K114 in the presence of SEVI is

dramatically red-shifted by 80 nm. (C) The fluorescence of K114 at 535 nm can be used to determine the amount of SEVI in

solution. Emission spectra of K114 in the presence of 6.8 (red), 13.7 (blue), 20.5 (green), 27.3 (black), and 34.1 (magenta) mg of

SEVI are shown. (D) The fluorescence intensity of K114 at 535 nm increases linearly with the amount of SEVI. The line is the

result of linear regression as follows: y 5 9.46x, R 5 0.99. Each data point is the average of three separate measurements. The

amount of SEVI in each sample was calculated by multiplying the molarity of the PAPf39 solution used in preparing fibrils by

the molar mass of PAPf39 and the volume of the sample for K114 fluorescence (150 mL).
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Insulin fibrils were prepared by dissolving insu-

lin at a concentration of � 100 mM in 10 mM sodium

phosphate buffer (pH 2) with 10 mM NaCl.18 The

concentration of insulin was determined by UV

absorbance at 275 nm using an extinction coefficient

of 6,190 M21 cm21.25 The solution was then incu-

bated at 70�C and monitored by circular dichroism

(CD) until the a-helix to b-sheet transition was

complete.

PAPf39 was dissolved at a concentration of

�300 mM in pH 7.4 PBS buffer (8 mM NaH2PO4,

1.8 mM KH2PO4, 140 mM NaCl, 2.7 mM KCl). Pep-

tide concentrations were determined by UV absorb-

ance at 275 nm using an extinction coefficient of

2,980 M21 cm21.26 SEVI was prepared by incubating

the solutions at 37�C with agitation at 1400 rpm in

an Eppendorf thermomixer. Solutions were incu-

bated until the random coil to b-sheet transition was

complete as indicated by CD.

To disaggregate pre-formed assemblies, Ab42

was pretreated with 1,1,1,3,3,3-hexafluoroisopropa-

nol (HFIP). Briefly, the peptide was dissolved in

100% HFIP. After several minutes, the solution was

then allowed to dry in a fume hood, and then lyophi-

lized for 5 hr to completely remove the solvent. The

lyophilized peptide was then dissolved in 10 mM

sodium phosphate buffer (pH 7.4) and incubated at

37 �C in an Eppendorf thermomixer with mixing at

1000 rpm until the random coil to b-sheet transition

was complete as monitored by CD.

Circular dichroism
Circular dichroic spectra were acquired at 25�C using

a JASCO J-815 spectropolarimeter. Quartz cuvettes

with a path length of 1 mm were used. Spectra were

acquired from 260 to 195 nm at intervals of 1 nm

using an averaging time of 4 s. For each sample, four

spectra were acquired and then averaged.

Transmission electron microscopy (TEM)

Transmission electron microscopy was used to test for

the presence of fibrils. An aliquot of the CD samples

was placed on a carbon-coated copper grid and incu-

bated for one minute. Excess solution was wicked off

using tissue paper (Kimwipes). The sample was then

stained with 1% aqueous uranyl acetate solution,

dried with Kimwipe, incubated at room temperature

for an additional 15–20 min to fully dry and then

stored in the grid box holder until use. Micrographs

were taken at the Core Electron Microscopy Facility

of the University of Massachusetts Medical School.

Fluorescence spectroscopy
Ultra-pure ThT was purchased from AnaSpec Inc.

(Fremont, CA). All samples for ThT fluorescence

were prepared as follows. A concentrated stock solu-

tion of ThT was prepared in the same buffer used to

prepare the amyloid fibril of interest. The concentra-

tion of ThT was determined by absorbance at

412 nm using an extinction coefficient of 32,000 M21

cm21.27 An aliquot of this solution was added to the

peptide or protein sample of interest such that the

ThT:peptide or protein ratio is 1:1 (mole:mole).

K114 was purchased from Sigma-Aldrich (St.

Louis, MO). Samples for K114 fluorescence were pre-

pared as follows. A stock solution of K114 (10 or

20 mM) was prepared in DMSO. An aliquot of the

stock solution was added to the peptide or protein

sample of interest such that the K114:peptide or pro-

tein ratio is 1:2. The concentration of DMSO in all

samples was kept at 1% (v/v).

Fluorescence spectra were recorded using an

Agilent Cary Eclipse spectrometer. Spectra of sam-

ples containing ThT were recorded from 450 to

600 nm following excitation at 440 nm. Spectra of

samples containing K114 were recorded from 400 to

650 nm following excitation at 360 nm. Excitation

and emission slit widths were set at 10 nm.

NMR spectroscopy
All samples for NMR were prepared in 99.9% D2O,

including: (i) ThT in buffer; (ii) ThT in the presence

of amyloid fibrils from insulin; and (iii) ThT in the

presence of SEVI. The concentration of ThT in all

samples is 100 mM. The ThT:protein or polypeptide

ratio in samples (ii) and (iii) is 1:1 (mole:mole). All

samples contained 2,2-dimethyl-2-silapentane-5-

sulphonate (DSS) for chemical shift reference. A Var-

ian INOVA spectrometer operating at 600 MHz and

equipped with a 5 mm pulsed-field gradient triple

resonance probe was used to acquire both one- and

two-dimensional 1H NMR spectra at 5�C. NOESY

spectra were recorded using 384 t1 increments and

2K data points in t2. Sixteen scans were acquired

per t1 increment. A relaxation delay of 2 s and mix-

ing times of 10–400 ms were used.

Molecular modeling
A molecular model of K114 was built using the

molecular builder tool in version 2012.10 of Molecu-

lar Operating Environment (MOE) (Chemical Com-

puting Group, Montreal, Quebec, Canada). The

potential energy of the molecule was minimized

using the energy-minimization protocol in MOE and

the MMFF94X force field that is parameterized for

small molecules.
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