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ABSTRACT: Retroviral gene transfer is the method of choice for the stable introduction of genetic material into the cellular
genome. However, eﬃcient gene transfer is often limited by low transduction rates of the viral vectors. We have recently
described a 12-mer peptide, termed EF-C, that forms amyloid-like peptide nanoﬁbrils (PNF), strongly increasing viral
transduction eﬃciencies. These nanoﬁbrils are polycationic and bind negatively charged membranes of virions and cells, thereby
overcoming charge repulsions and resulting in increased rates of virion attachment and gene transfer. EF-C PNF enhance vector
transduction more eﬃciently than other soluble additives and oﬀer prospects for clinical applications. However, while the
transduction-enhancing activity of PNF has been well-characterized, the exact mechanism and the kinetics underlying infection
enhancement as well as the cellular fate of the ﬁbrils are hardly explored. This is partially due to the fact that current labeling
techniques for PNF rely on amyloid probes that cause high background staining or lose signal intensities after cellular uptake.
Here, we sought to generate EF-C PNF covalently coupled with ﬂuorescent labels. To achieve such covalent bioconjugates, the
free amino groups of the EF-C peptide were coupled to the ATTO 495 or 647N NHS ester dyes. When small amounts of the
labeled peptides were mixed with a 100- to 10 000-fold excess of the native peptide, PNF formed that were morphologically
indistinguishable from those derived from the unlabeled peptide. The ﬂuorescence of the ﬁbrils could be readily detected using
ﬂuorescence spectroscopy, microscopy, and ﬂow cytometry. In addition, labeled and nonlabeled ﬁbrils captured viral particles and
increased retroviral transduction with similar eﬃcacy. These covalently ﬂuorescence-labeled PNF are valuable tools with which to
elucidate the mechanism(s) underlying transduction attachment and the fate of the ﬁbrils in cells, tissues, and animal models.

■

polycations are cytotoxic and not very eﬃcient.7−11 We and
others have recently described peptide nanoﬁbrils (PNF) as a
novel, highly eﬃcient, and safe class of retroviral transduction
enhancers.12−17 PNF form by self-assembly of peptides into wellordered ﬁbrillar structures that share biochemical and biophysical

INTRODUCTION

Low transduction eﬃciencies are a major drawback of retroviral
gene transfer.1,2 The main reason for ineﬃcient transduction
rates is the electrostatic repulsion between the negatively
charged viral and cellular membranes.3,4 Several additives based
on soluble cationic polymers, such as hexadimethrine bromide
(Polybrene) and diethylaminoethyl (DEAD)-dextran, have been
used for decades to increase the rates of viral attachment to the
cell surface and hence viral entry into the cell.5,6 However, most
© 2017 American Chemical Society
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Figure 1. Chemical structure of ATTO dyes and EF-C peptide. (A) Structure of ATTO 495 NHS ester. (B) Structure of ATTO 647N NHS ester.
(C) Structure of EF-C monomeric peptide.13 Primary reactive amino groups are marked in red. (D) Structure of the ATTO EF-C peptide. The three
potential free amino groups at neutral pH were labeled with NHS ester.

properties with amyloid ﬁbrils: they exhibit green birefringence
after staining by the amyloid dye Congo red, show shifts in
their ﬂuorescence spectrum upon binding to thioﬂavin T
(ThT), exhibit characteristic patterns by X-ray diﬀraction,
feature β-sheet-rich secondary structures as indicated in Fourier
transform infrared (FTIR) spectra, and form ﬁbrillar structures
visible by transmission electron microscopy (TEM).18,19
The best-characterized and most potent PNF-based transduction enhancer is derived from an amphiphilic 12-mer
peptide derived from the HIV glycoprotein gp120, termed
enhancing factor C (EF-C).13 This peptide with the sequence
QCKIKQIINMWQ instantaneously forms ﬁbrils when dissolved in polar solvents.13 The ﬁbrils are hundreds of nanometers long and have diameters of ∼3 nm.13 Like other
transduction enhancers, EF-C PNF display positive ζ potentials
at neutral pH and are thus polycationic. Transduction enhancement is mediated through electrostatic interactions between
the positively charged ﬁbrils and negatively charged viral
and cellular membranes.12,13,20−22 This overcomes the charge
repulsions of the membranes and results in increased rates of
virion attachment and fusion with target cells. This mechanism
is supported by data showing that abrogating the cationic
properties of the ﬁbrils through anionic polymers diminishes
their ability to enhance infection.20−23 Of note is the fact
that EF-C PNF are not cytotoxic at concentrations allowing
maximal transduction enhancement and do not alter the
diﬀerentiation capacity of human hematopoietic stem cells.13
EF-C PNF increase retroviral transduction more eﬃciently
than other commercially available additives and have now been
commercialized under the brand name Protransduzin.12,13,24
Thus, PNF represent a highly versatile, eﬀective, and broadly

applicable nanomaterial that might signiﬁcantly facilitate viral
gene transfer in basic and clinical research applications.
We have shown that EF-C PNF bind to the surface of cells. It
is currently unclear, however, whether the ﬁbrils remain at the
surface or get internalized and degraded, stored, or eventually
released.13 Studying the dynamics of the interaction of PNF
with cells and intracellular transport requires labeling of the
ﬁbrils, preferentially with ﬂuorescent probes, allowing the
tracking of the ﬁbrils by ﬂuorescence microscopy and other
techniques over extended time periods. Various labeling
methods for amyloid ﬁbrils have been described.25−27 Probably
the most widely used technique involves staining with Congo
red, a secondary diazo dye showing yellow-green birefringence
under crossed polarized light.25−27 Another commonly used
dye is ThT, a benzothiazole salt that presumably intercalates
into the β-sheet structure of amyloid ﬁbrils to induce a characteristic red shift in its ﬂuorescence emission spectrum.28−30
Although ThT allows convenient and well-aﬀordable detection of amyloid in reaction tubes, its application in complex
environments such as cells or tissues is limited due to high
background signals.25,31,32 A novel derivative of ThT that yields
a brighter signal over a wider dynamic range is ProteoStat.31
Both ThT and ProteoStat are molecular rotor dyes that noncovalently and selectively interact with aggregated protein to
alter ﬂuorescence signals.31 Other newly developed sensitive ﬂuorescent amyloid probes are luminescent conjugated
oligothiophenes, e.g., the pentameric thiophene derivative
p-FTAA.31,33 All of the above-mentioned amyloid probes allow
the detection and quantiﬁcation of EF-C PNF.13,34 However,
they generally come with the caveat of causing high background
activities in protein rich body ﬂuids, cells, or tissues.22,31,34−36
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Figure 2. Morphology and ﬂuorescent properties of generated ﬁbrils. (A) Electron micrographs (upper panel; scale: 200 nm) and confocal images
(lower panel; scale: 10 μm) of newly generated ATTO 495−EF-C ﬁbrils. EF-C represents the unlabeled peptide only, and 495 EF-C represents the
labeled peptide only. (B) Electron micrographs (upper panel; scale: 200 nm) and confocal images (lower panel; scale: 10 μm) of newly generated
ATTO 647N−EF-C ﬁbrils. EF-C represents the unlabeled peptide only, and 647N−EF-C represents the labeled peptide only. (C) Fluorescence
spectra of ATTO 495−EF-C ﬁbrils with a maximum at 531 nm (excitation: 465 nm). (D) Fluorescence spectra of ATTO 647N−EF-C ﬁbrils with a
maximum at 674 nm (excitation: 547 nm). RFU, relative ﬂuorescence units.

noncovalent probes and allow a signiﬁcantly more-sensitive detection of ﬁbrils in cell culture. We believe that covalently labeled
EF-C PNF represent a powerful tools to study the interaction of
ﬁbrils with cells with high contrast and stability and therefore
outperform current labeling approaches. Our results will have a
great future impact for studies aiming to analyze the interaction of
amyloid ﬁbrils with cellular surfaces, along with their internalization, storage, or degradation. Moreover, the stable ﬂuorescent
label should now also allow us to study the biodistribution and
stability of functionally active PNF in animal models.

We believe that this limitation is due to the noncovalent
binding of the probes, which is a dynamic process leading to
loss of signal and reduced speciﬁcity in complex mixtures, e.g.,
under in vivo conditions and extended observation times.37−39
Moreover, the ﬂuorescence emission spectra of these amyloid
probes are not tunable, which restricts applications such as
multicolor ﬂow cytometry or confocal microscopy.
To overcome these limitations, we here generated EF-C PNF
that were covalently linked with ﬂuorescent labels. These ﬂuorescent PNF are structurally similar to parenteral EF-C PNF and
allow detection using ﬂuorescence-based techniques. Importantly,
the covalently labeled EF-C PNF are not cytotoxic and enhance
retroviral infection as eﬃciently as nonlabeled ﬁbrils. We show
that labeled ﬁbrils are more stable than EF-C PNF stained with

■

RESULTS
Generation of ATTO 647N- and 495-Labeled EF-C
PNF. We have chosen the ﬂuorescent ATTO 495 (Figure 1A)
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Figure 3. HIV-enhancing activity of covalently labeled ﬁbrils. (A and B) ζ potentials of (A) ATTO 495- and (B) 647N-labeled EF-C PNF.
(C) ATTO 495- and (D) 647N-labeled EF-C PNF do not aﬀect viability of TZM-bl cells at concentrations up to 25 μg/mL on TZM-bl cells.
(E) ATTO 495- and (F) 647N-labeled EF-C PNF enhance viral infection rates of HIV-1. Viral particles were incubated with the indicated
concentrations of ﬁbrils and then used to inoculate TZM-bl cells, resulting in a 10-fold dilution of PNF. Infection rates were determined 3 days later
by quantifying ß-galactosidase activity in cellular lysates by a luminescence assay (relative light units per second, RLU/s). Numbers above columns
indicate the n-fold infection enhancement relative to PBS-exposed virus. All values shown are mean values derived from three technical (panels A and
B) or biological (panels C−F) replicates ± standard deviation.

and 647N (Figure 1B) labels as they exhibit a green and red
ﬂuorescence, respectively, which are detectable by most ﬂow
cytometers. Both labels are characterized by strong absorption,
high ﬂuorescence quantum yields, and high thermal stability
and photostability as well as a high stability toward atmospheric
ozone, which makes them ideally suited for ﬂuorescence-based
microscopy studies. Moreover, ATTO 647N absorption and
ﬂuorescence properties are stable in a pH range between 2 to
11, and they should thus not be aﬀected by the acidic environment existing, e.g., in cellular lysosomes.42 To generate chromophore labeled EF-C (1533 Da), a 2-fold molar excess of
N-hydroxysuccinimide esters of ATTO 495 (549 Da) or ATTO
647N (843 Da) were added to an EF-C peptide in DMSO, as
described in the Experimental section. The mixture was
incubated and processed following the manufacturer’s instruction, yielding covalent conjugates in which the respected
chromophore is attached to maximum of three potential free

amino groups of the peptide (Figure 1C). The resulting ATTO
495- or 647N-labeled EF-C peptides have molecular weights of
2832 and 3714 Da, respectively if all three binding sites are
labeled (Figure 1 D). However, it is notable that no labeling or
single- or double-labeling of the monomeric peptide can occur,
as veriﬁed by matrix-assisted laser desorption−ionization
(MALDI) measurement.
To evaluate whether the covalently labeled peptides form
ﬂuorescent nanoﬁbrils, they were diluted in PBS to induce selfassembly.13 Unlabeled EF-C was used as control. Thereafter,
the solutions were analyzed by transmission electron microscopy (TEM). The parenteral noncoupled peptide formed a
mesh of aggregated ﬁbrils (Figure 2A,B, upper panels). The
ATTO 495- and 647N-labeled EF-C solutions also formed
ﬁbrils but to a signiﬁcantly lesser extent (Figures 2A,B; data
not shown). The ﬂuorescence of the ﬁbrils was then studied
at excitation at 488 nm for (ATTO 495) or 633 nm (ATTO
1263

DOI: 10.1021/acs.bioconjchem.7b00079
Bioconjugate Chem. 2017, 28, 1260−1270

Article

Bioconjugate Chemistry

tested ﬁbrils were cytotoxic at concentrations up to 25 μg/mL
(Figure 3C,D).
To clarify whether the ﬂuorescent EF-C PNF enhance
retroviral infection, HIV-1 particles that represent prototype
retroviral vectors were exposed to the ﬁbrils, and these mixtures
were subsequently used to transduce TZM-bl cells. Upon
successful infection with HIV-1, the viral Tat protein is
expressed and transactivates expression of TZM-bl cell encoded
ß-galactosidase, which can be quantiﬁed in a luminescencebased assay. As shown in Figure 3E,F, all analyzed samples
enhanced viral infectivity with similar activity as the parenteral
peptide. For example, exposure of virus to 25 μg/mL of
the ﬁbrils (resulting in ﬁnal cell culture concentrations of
2.5 μg/mL) exhibiting the highest “green” ﬂuorescent intensity
(99/1; see Figure 2A) increased infection by 23-fold as
compared to the control containing no ﬁbril (Figure 3E).
Likewise, the two PNF with highest “red” ﬂuorescence (99/1
and 99.9/0.01) boosted viral infection 34- and 30-fold, respectively (Figure 3F). Thus, ﬂuorescent ATTO 495- and 647Nlabeled EF-C PNF display cationic surface charges; they are
obviously not cytotoxic, and they are functionally active as they
boost retroviral infection as eﬃciently as the wildtype EF-C PNF.
Long-Lasting Fluorescence of Covalently Labeled EF-C
PNF. In principle, covalently labeled PNF should outperform
commonly used ﬁbrils stained with p-FTAA, ProteoStat, or
ThT that only form supramolecular complexes by exerting a
longer-lasting, detectable ﬂuorescence signal. To test this,
100 μg/mL of EF-C PNF that were stained either with the
three amyloid probes or coupled with 647N (99/1 ratio) were
agitated in PBS, and ﬂuorescence intensities were recorded over
250 min. Already within 25 to 60 min, ﬁbrils stained with ThT
and the closely related ProteoStat dye lost ∼50% of ﬂuorescence intensities (Figure 4). The ﬂuorescence of p-FTAAlabeled EF-C PNF gradually decreased over time with a halfmaximal reduction of the relative ﬂuorescence at ∼160 min. In
contrast, the ﬂuorescence signal of the ATTO 647N-labeled
EF-C PNF remained constantly high throughout the entire
observation period (Figure 4).
Sensitive Detection of ATTO 647N-Coupled EF-C PNF
in Cell Culture. Next, we compared the sensitivity of detection
of covalently and noncovalently labeled ﬁbrils in cell culture

647N) using confocal imaging. As expected, PNF derived from
parenteral EF-C peptide showed no ﬂuorescence (Figure 2A,B;
bottom panels). Less predictively, PNF derived from ATTO
495- or ATTO 647N-labeled peptides only produced a diﬀuse
ﬂuorescence signal (Figure 2A,B). This is likely due to intra- or
intermolecular quenching eﬀects that may occur through
quenching due to strongly interacting chromophores leading
to a shortening of the ﬂuorescence lifetime and reduced ﬂuorescence intensities.43−45
We next sought to generate ﬂuorescent PNF by mixing
DMSO stocks of unlabeled and labeled EF-C peptides. Specifically, 90/10, 99/1, 99.9/0.1 and 99.99/0.01 ratios of unlabeled
versus labeled peptides in DMSO were mixed and subsequently diluted in PBS to induce ﬁbril formation. TEM analyses
demonstrated that all samples containing a 10-fold and higher
excess of unlabeled peptide formed ﬁbrillary structures
that were structurally similar to parenteral EF-C-based PNF
(Figure 2A,B). Fluorescence microscopy revealed that ﬁbrils
formed by peptide mixtures containing a 100-fold (99/1) or
1000-fold (99.9/0.1) excess of unlabeled peptide were readily
detectable as “green” (Figure 2A, Exmax = 526 nm) or “red”
(Figure 2B, Exmax = 559 nm) ﬂuorescent nanostructures that
closely resembled those of EF-C derived PNF stained with the
amyloid probe ProteoStat.13 Fibrils generated from mixtures
containing a 10 000-fold (99.99/0.01) excess of unlabeled peptide only produced a faint ﬂuorescent signal (Figure 2A,B), which
became undetectable when the amounts of labeled peptides was
further decreased (data not shown).
We next determined the emission spectra of the generated
EF-C ﬁbrils by excitation at 465 nm (for ATTO 495) and
547 nm (for ATTO 647N), respectively. The parenteral EF-C
PNF and the buﬀer control (PBS) did not result in a detectable
signal (Figure 2C,D) indicating that nonspeciﬁc background
emission is low. However, ﬂuorescence intensities increased
and peaked for ATTO 495-containing ﬁbrils at 531 nm
(Figure 2C) and ATTO 647N at 674 nm (Figure 2D) in all
samples containing the labeled peptides. Samples containing
1% labeled peptide (99/1) resulted in highest ﬂuorescence
intensities (Figure 2C,D). In the sample containing 10% ATTO
495-labeled peptide, a second peak at around 640 nm was
detectable, which is likely due aggregation of highly lipophilic
ATTO 495 chromophores, as communicated by the manufacturer. Taken together, these ﬁndings demonstrate that EF-Cbased ﬂuorescent PNF were generated at optimum chromophore-to-peptide ratios, and the resulting ﬁbrils structurally
resembled those of the parenteral EF-C PNF.
Covalently Labeled ATTO 495 and 647N EF-C PNF
Have Cationic Properties and Boost Retroviral Transduction Properties. The positive net surface charge of PNF
is important for viral transduction enhancement.12,13,20,21
We found that all ﬂuorescent EF-C PNF display positive ζ
potentials, similar to the parenteral PNF (Figure 3A,B). The ζ
potential of the 90/10 sample was slightly enhanced for ATTO
647N ﬁbrils (Figure 3B), which is likely due to the cationic
nature of the dye that carries a net electrical charge of +1.
To determine possible cytotoxic eﬀects of the generated
PNF, we performed cell viability assays. For this, TZM-bl cells,
a HeLa cell derivate that is widely used to study retroviral
infection,46 were incubated with serial dilutions of the various
labeled or unlabeled EF-C-based PNF for 3 days. The metabolic activity of the cells was evaluated by measuring intracellular ATP levels and demonstrated that none of the

Figure 4. Stability of the ﬂuorescence signal of EF-C PNF over time.
ATTO 647N EF-C ﬁbrils 99/1 and amyloid-speciﬁc dyes stained
ﬁbrils were incubated in PBS, and ﬂuorescent ﬂuorescence spectroscopy was performed every 5 min with 5 s of shaking before each
measurement. The following settings were used for ATTO 647N-, pFTAA-, ProteoStat-, and ThT-labeled ﬁbrils (excitation/emission):
644/669, 450/510, 550/610, and 450/482 nm, respectively. Error bars
1264
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Figure 5. Detection of ﬂuorescent EF-C PNF in cell culture. (A) Laser scanning microscopy of TZM-bl cells incubated for 4 h with 5 μg/mL of the
unlabeled or labeled EF-C PNF. Unlabeled EF-C ﬁbrils were not detectable with the applied settings (scale: 10 μm). The following excitation lasers
were used for ATTO 647N, p-FTAA, ProteoStat, and ThT: 633, 488, 514, and 405 nm. (B) Flow cytometry analysis of TZM-bl cells that were
exposed to 5 μg/mL of the labeled ﬁbrils. Cells were trypsinized and analyzed at indicated time points. The gray line represents the PBS control, the
black line represents unlabeled EF-C PNF, and colored lines represent labeled ﬁbrils. The following excitation lasers were used for ATTO 647N,
p-FTAA, ProteoStat, and ThT: 640, 488, 488, and 405 nm. The mean ﬂuorescence intensity (MFI) of labeled ﬁbrils is depicted in each panel.
(C) Assay sensitivity was calculated by dividing MFI obtained from cells incubated with labeled ﬁbrils through MFI of cells exposed to buﬀer
(see panel B).

using confocal microscopy and ﬂow cytometry. TZM-bl cells
were exposed for 4 h to 5 μg/mL of 647N (99/1), p-FTAA,
ProteoStat- and ThT-stained PNF, or unlabeled EF-C PNF as
control. Thereafter, medium was changed, and cells were ﬁxed
and analyzed. As shown in Figure 5A, all labeled PNF were
detectable at the cellular surface (Figure 5A, bottom panel),
whereas no signal was obtained unlabeled ﬁbrils (Figure 5A,
upper panel). These data show that 647N-labeled ﬁbrils interact with the cellular surface, a prerequisite for viral infection
enhancement.12,13,20

Next, we quantiﬁed ﬂuorescence intensities of TZM-bl cells
exposed to the diﬀerently labeled PNF (5 μg/mL) by ﬂow
cytometry over several days. At day 0 (i.e., 4 h post-incubation),
cells supplemented with 647N-labeled PNF (99/1) showed
the highest mean ﬂuorescence intensity (MFI), with 16 355
arbitrary units that outperformed p-FTAA (MFI: 1854) and
ProteoStat (MFI: 545) (Figure 5B). In contrast, ThT-stained
PNF were hardly detectable (MFI: 134). The MFI of all
samples decreased over time. Signal intensities were close to
background for ThT- and ProteoStat-labeled PNF at day 6 and
1265
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for p-FTAA-stained ﬁbrils at day 10. In contrast, 647N-labeled
EF-C PNF were still detectable even after 10 days of incubation
(Figure 5B), suggesting that covalently labeled ﬁbrils are also
more stable in the presence of cells.
Finally, we determined the sensitivity of detection of the
various ﬂuorescent ﬁbrils and calculated the signal-to-noise
(S-to-N) ratios by dividing the MFI of cells incubated with
labeled PNF through MFI of cells exposed to buﬀer. The
highest ratios were obtained for 647-N-labeled EF-C PNF
with S-to-N ratios of 2781 at day 0 and 1472 at day 3, which
decreased to a still detectable ratio of 44 at day 10. These values
were more than 1 order of magnitude higher than those
obtained for p-FTAA-labeled PNF. Lowest S-to-N values were
obtained for the commonly used ThT- and ProteoStat-stained
PNF. Taken together, these results show that covalently
coupled ATTO 647N EF-C PNF are stable in vitro and in vivo
and allow a highly sensitive detection of the ﬁbrils in cell culture
over extended detection periods.

Fluorophore NHS ester coupling has previously been applied
to label preformed ﬁbrils.52−58 We have similarly tried to couple
mature EF-C PNF with ATTO 647N but failed to generate
ﬂuorescent ﬁbrils with potent virus-enhancing activity (data not
shown). An alternative strategy to generate ﬂuorophore-labeled
amyloids is to mix labeled with unlabeled polypeptides before
ﬁbrillation is initiated, as was done to produce ﬂuorescent
α-synuclein or light-chain amyloids.48,59,60 Likewise, Jin et al.
successfully generated ATTO565-coupled Aß(1−42) ﬁbrils
through incubating a mix containing 10% labeled and 90%
unlabeled peptide.61 Interestingly, this approach also worked
with the EF-C peptide that forms ﬁbrils on a seconds time
scale, whereas self-assembly of other amyloids takes days to
weeks.
For further analysis, we focused on ATTO 647N-labeled
ﬁbrils as they exhibited a higher ﬂuorescence quantum yield
than ﬁbrils derived from the ATTO 495-coupled peptide
(Figure 2A,B). One main advantage of the covalently labeled
ﬁbrils is the long-lasting stability of the ﬂuorescence signal
(Figure 4). This is in contrast to the ﬂuorescence intensities
of EF-C PNF that were not stained covalently with molecular
rotor dyes (ThT or ProteoStat) or p-FTAA that lost signal
intensity already during incubation (Figure 4). We also demonstrate that covalently labeled EF-C PNF interact with cellular surfaces, similar to PNF stained with ThT, ProteoStat, or p-FTAA
(Figure 5A,B). However, even under these conditions, the
covalently labeled ﬁbrils produced a brighter (absolute ﬂuorescence intensity) and more-speciﬁc (signal-to-noise ratio)
signal in cell culture as compared to noncovalently stained
ﬁbrils (Figure 5B,C). Thus, the new covalently labeled EF-C
PNF are not only functionally active and enhance viral infection but also can be detected by ﬂuorescence-based techniques
with sensitivities exceeding those of other amyloid probes.
Interestingly, the ﬂuorescence signal remained detectable in cell
culture throughout an observation time of 10 days, which is in
contrast to data obtained with ThT or p-FTAA-labeled ﬁbrils.
This may be due to the higher stability or the increased
ﬂuorescence yield of the ATTO 647N-coupled PNF.
Taken together, we here describe the generation and
functional characterization of ATTO 495- and 647N-labeled
EF-C PNF. These covalently labeled ﬁbrils provide many superior features compared to ﬁbrils stained with classical amyloid
probes because of their increased brightness, higher stability,
and greater sensitivity. Application of these ﬂuorescent ﬁbrils
will now foster studies to determine kinetics and dynamics of
the interaction of ﬁbrils with cells and viruses along with
cellular uptake and transport. Of note, the available ATTO
labels enable analysis of the ﬁbrils not only by ﬂuorescence
spectroscopy, confocal microscopy, and ﬂow cytometry, as
shown herein, but also by time-resolved spectroscopy, ﬂuorescence resonance energy transfer (FRET), single-molecule
detection (SMD), and high-resolution ﬂuorescence microscopy as stimulated emission depletion (STED) microscopy
and stochastic optical reconstruction microscopy (STORM).
Finally, because PNF have prospects to maximize in vivo
transduction eﬃciencies of lentiviral vectors used in gene
therapy approaches,13,24 the covalently labeled PNF presented
herein represent ideal tools to study plasma stability and
biodistribution in vivo.

■

DISCUSSION
We here describe the generation and functional characterization
of EF-C-based PNF covalently linked to ﬂuorescent dyes of the
red and green spectral region. These ﬁbrils were generated from
the native EF-C peptide labeled at its free amino groups
with N-hydroxysuccinimid (NHS) activated ﬂuorescent
dyes. The EF-C structure is composed of three amino groups
(Figure 1C), which are able to undergo nucleophilic reactions
with the activated carboxylic acid groups of the NHS esters
leading to the desired covalently labeled peptide.47
Formation of EF-C PNF is usually initiated by dissolving the
peptide DMSO stock solution in polar solvents such as water,
PBS, or cell culture medium.13 However, when pure covalently
labeled EF-C peptide was treated the same way, only sparse
amounts of nonﬂuorescent ﬁbrils formed (Figure 2A,B; data
not shown). This may be due to steric hindrance as the dye
molecule structures are composed of conjugated aromatic rings
and thus demand space that might be required for eﬀective
aggregation or aggregation of high densities of lipophilic
chromophores compete with structured formation of nanoﬁbrils.48−50 The absence of a deﬁned ﬂuorescence signal is
probably due to static self-quenching, a phenomenon that has
been described for molecules labeled with multiple copies
of the same ﬂuorophore and may originate from identical
ﬂuorophores being in strong coupling conditions, i.e., parallel
orientation and close proximity to each other.43,51 Mixing
DMSO stocks of labeled and nonlabeled EF-C peptide in ratios
of 90/10 to 99.99/0.01 followed by dilution in PBS, however,
resulted in the formation of ﬂuorescent ﬁbrils that were
morphologically similar to those derived from the parenteral
peptide (Figure 2). The broadest ﬂuorescence signal was
derived from 99/1 mixtures in the case of the ATTO 495 ﬁbrils
and 99/1 and 99.9/0.1 mixtures for the ATTO 647N ﬁbrils.
According to the manufacturer, the ﬂuorescence quantum
yield of ATTO 495 is around 70% less than for ATTO 647N,
(ηfl(ATTO 495) = 20% and ηfl(ATTO 647N) = 65%). We also detected
this diﬀerence for the labeled peptide ﬁbrils (Figure 2). Our
results also imply that the labeled peptide was incorporated into
the growing ﬁbril and that high overall ﬂuorescence quantum
yields were retained after assembly. It is noteworthy that the
covalently labeled EF-C PNF resembled the parenteral EF-C
PNF, both structurally and functionally, as they increased
retroviral infection with similar eﬃciencies (Figure 3).
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EXPERIMENTAL SECTION
Materials and Instruments. Peptides were chemically
synthesized and puriﬁed by high-performance liquid chroma1266
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(Malvern, Herrenberg, Germany). A total of three measurements per sample were performed.
Cell Culture. Adherent TZM-bl reporter cells (NIH Aids
Reagent) containing lacZ reporter genes under the control of
the HIV long terminal repeat (LTR) promotor and HEK 293T
cells (ATCC, CRL-11268) were cultured as described.13,16
DMEM was used with 120 μg/mL penicillin, 120 μg/mL
streptomycin, 350 μg/mL glutamine, and 10% inactivated fetal
calf serum (FCS) unless noted otherwise (GIBCO, Carlsbad,
CA).
Generation of Retroviral Particles. Virus stocks of HIV-1
NL4-3 92TH014 were generated by transient transfection of
293T cells as described.40 After transfection and overnight
incubation, the transfection mixture was replaced with 2 mL of
cell culture medium containing 2.5% inactivated FCS. After
40 h, the culture supernatant was collected and centrifuged for
3 min at 330g to remove cell debris. Virus stocks were analyzed
by p24 antigen ELISA and stored at −80 °C.
Eﬀect of PNF on Retroviral Infection. The reporter cell
line TZM-bl was obtained through the NIH ARRRP and
cultured in cell culture medium (DMEM medium supplemented with 120 μg/mL penicillin, 120 μg/mL streptomycin,
350 μg/mL glutamine, and 10% inactivated FCS). This cell line
is stably transfected with an LTR-lacZ cassette and expresses
CD4, CXCR4, and CCR5. Upon infection with the retrovirus
HIV-1, the viral protein Tat is expressed, which activates the
LTR resulting in the generation of β-galactosidase. To assess
the PNF-mediated enhancement of HIV-1 infection, 104 TZMbl cells in 180 μL of cell culture medium were seeded in 96 well
ﬂat-bottom plates (Sarstedt, Nümbrecht, Germany) the day
before infection. PNF were preincubated with diluted HIV-1
virus containing ∼0.1 ng p24 antigen. After 10 min, 20 μL of
these mixtures were added to TZM-bl cells, and transduction
rates were determined 3 days post-infection by measuring
β-galactosidase activities in cellular lysates using the Tropix GalScreen kit (Applied Biosystems, Life Technologies, Frederick,
MD) and the Orion microplate luminometer (Berthold,
Bad Wildbad, Germany). All values represent reporter gene
activities (RLU/s) derived from triplicate infections minus
background activities derived from uninfected cells.
Cell Viability Assay. Possible eﬀects of EF-C PNF were
analyzed using TZM-bl cells under the same conditions as
described above but in the absence of virus. After 3 days of
incubation, intracellular ATP levels were quantiﬁed by CellTiterGlo luminescent cell viability assay (Promega, Fitchburg, WI) as
described by the manufacturer. Luminescence signals were
measured using an Orion microplate luminometer (Berthold,
Bad Wildbad, Germany).
Confocal Microscopy. Fibrils were stained with ThT
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany), ProteoStat (Enzo Life Sciences, Farmingdale, NY), and p-FTAA33
according to the referenced protocols.31,33,41 For microscopy,
TZM-bl cells were seeded in μ-slides (8 well; Ibidi, Munich,
Germany) 1 day prior to ﬁbril incubation. Labeled ﬁbrils were
incubated with cells at a ﬁnal concentration of 5 μg/mL in
media for 4 h. Cells were then ﬁxed with 4% PFA in 1× PBS.
Fibril-only samples were imaged using the same settings with a
concentration of 100 μg/mL in μ-slides (18 well; Ibidi, Munich,
Germany). All samples were imaged using the Zeiss LSM710
confocal microscope. Excitation wavelengths for ATTO 495,
ATTO 647N, p-FTAA, ProteoStat, and ThT were 488, 633,
488, 514, and 405 nm, respectively.

tography (HPLC) with a purity of >95% by Synpeptide Co.,
Ltd. (Shanghai, China). EF-C has the sequence QCKIKQIINMWQ. ATTO 647N and ATTO 495 NHS ester were
purchased from ATTO-TEC GmbH (Siegen, Germany, order
no. ATTO 647N NHS ester: AD 647N-31 and ATTO 495
NHS ester: AD 495-31). Fluorescence spectroscopy measurements were conducted using Tecan Inﬁnite M1000 PRO plate
reader (Männedorf, Zürich, Switzerland) using a 384 well plate
with black bottom from Greiner Bio-One (Kremsmünster,
Austria). Transmission electron microscopy (Jeol JEM-1400,
Akishima, Tokyo, Japan) was used to determine morphology
and size of the amyloid ﬁbrils. Confocal microscopy (Zeiss
LSM-710, Oberkochen, Germany) was used to detect
ﬂuorescence of the ﬁbrils and in cell culture. To determine
the amount of ﬁbril-positive cells, we used ﬂow cytometry (BD
Canto II, Heidelberg, Germany).
Labeling of EF-C with ATTO 647N and ATTO 495 NHS
Ester. The EF-C peptide was lyophilized after synthesis and
further diluted in 99.99% DMSO to a ﬁnal concentration of
10 mg/mL. Labeling was performed according to the manufacturer’s protocol using a 2-fold molar excess of the dye.
Therefore, we mixed the respective peptide DMSO solution
with to 1 mg ATTO NHS dye. The labeling reaction was
performed for 1 h at room temperature.
Generation of Labeled ATTO 647N and ATTO 495
PNF. To generate labeled ﬁbrils, ATTO 647N- and ATTO
495-labeled EF-C peptides from the labeling reaction were
mixed with unlabeled and untreated peptide at diﬀerent ratios
in 99.99% DMSO. The ﬁbrillation process was initiated by
diluting the peptide mixture 10-fold in PBS. Fibrils were formed
immediately as described previously.13 All ﬁbrils were washed
three times by centrifugation at 20817g for 15 min and
resuspended in an equal amount of PBS.
Transmission Electron Microscopy Analysis. Aliquots
were removed from the reactions and incubated on glowdischarged (20 mA for 40 s) Formvar carbon coated copper
grids (Plano, Wetzlar, Germany) for 5 min at room temperature. The grids were washed three times with double-distilled
water before they were counter-stained three times with 2%
(w/v) uranyl acetate. The samples were analyzed using a JEM1400 electron microscope (Jeol, Akishima, Japan) equipped
with a TemCam-F216 (TVIPS, Gauting, Germany) at a size of
2048 × 2048 pixels.
Absorption and Fluorescence Spectroscopy. Absorption and ﬂuorescence spectra were recorded on Greiner Bioone 384 well black plates (Kremsmünster, Austria) and the
Tecan Inﬁnite M1000 PRO plate reader (Zürich, Switzerland).
All measurements were performed using a 100 μg/mL ﬁbril
solution in 1× PBS. For ﬂuorescence emission spectra measurements, 465 and 547 nm were used as excitation wavelengths for
ATTO 495 and ATTO 647N, respectively. For single excitation and emission measurements, the following settings were
used for ATTO 495, ATTO 647N, p-FTAA, ProteoStat, and
ThT, respectively: 498/526, 644/669, 450/510, 550/610, and
450/482 nm. For stability measurements over time, the plate
was incubated at 37 °C, and ﬂuorescence was measured every
5 min after 2 s of linear shaking with a 2 mm linear amplitude.
ζ Potential. The surface charge of newly generated
ﬁbrils was measured by ζ potential as previously described.13
Brieﬂy, 50 μL of 1 mg/mL solution was diluted with 950 μL of
1 mM sterile KCl solution. The mixture was measured in a
DTS1061 capillary cells (Malvern, Herrenberg, Germany)
using the Zeta Nanosizer and the DLS Nano software
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Flow Cytometry. For ﬂow cytometry, TZM-bl cells were
seeded in 6 well plates (Sarstedt, Nümbrecht, Germany) 1 day
prior to incubation with 5 μg/mL of diﬀerent labeled ﬁbrils
for 4 h (day 0), or 3, 6, and 10 days. Thereafter, cells were
trypsinized, washed twice with PBS, and ﬁxed with 2%
PFA. Cells were analyzed using a BD Canto II (Heidelberg,
Germany) and then gated for singlets. Excitation wavelengths
for ATTO 647N, ProteoStat, p-FTAA, and ThT were 640, 488,
488, and 405 nm, respectively.
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P. C., Fowler, D. M., Koulov, A., Kelly, J. W., Mothes, W., Grivel, J.-C.,
Margolis, L., Keppler, O. T., Forssmann, W.-G., Kirchhoff, F.,
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