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Abstract

Amyloid is a complex pathology associated with a growing number of diseases including Alzheimer’s disease, type 2
diabetes, rheumatoid arthritis, and myeloma. The distribution and extent of amyloid deposition in body organs establishes
the prognosis and can define treatment options; therefore, determining the amyloid load by using non-invasive molecular
imaging is clinically important. We have identified a heparin-binding peptide designated p5 that, when radioiodinated, was
capable of selectively imaging systemic visceral AA amyloidosis in a murine model of the disease. The p5 peptide was
posited to bind effectively to amyloid deposits, relative to similarly charged polybasic heparin-reactive peptides, because it
adopted a polar a helix secondary structure. We have now synthesized a variant, p5R, in which the 8 lysine amino acids of
p5 have been replaced with arginine residues predisposing the peptide toward the a helical conformation in an effort to
enhance the reactivity of the peptide with the amyloid substrate. The p5R peptide had higher affinity for amyloid and
visualized AA amyloid in mice by using SPECT/CT imaging; however, the microdistribution, as evidenced in micro-
autoradiographs, was dramatically altered relative to the p5 peptide due to its increased affinity and a resultant ‘‘binding
site barrier’’ effect. These data suggest that radioiodinated peptide p5R may be optimal for the in vivo detection of discreet,
perivascular amyloid, as found in the brain and pancreatic vasculature, by using molecular imaging techniques; however,
peptide p5, due to its increased penetration, may yield more quantitative imaging of expansive tissue amyloid deposits.
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Introduction

Amyloid is a proteinaceous aggregate associated with a growing

number of diseases and with aging [1–3]. Some systemic

amyloidoses (e.g., light chain [AL], serum amyloid protein A

[AA] and transthyretin [ATTR]) are rare, whereas other visceral

amyloid-related diseases (e.g., type 2 diabetes and dialysis

arthropathy) are far more common. The former are often

incurable disorders that are likely under-diagnosed due to the

heterogeneity in presentation. The latter diseases are more

common, and the importance of amyloid deposits in disease

etiology is still being established as it was in Alzheimer’s disease a

decade ago [4].

Currently, there are no FDA-approved agents available in the

USA for quantitative whole body imaging of visceral amyloid in

vivo. Recent data suggest that small molecule tracers, such as

Pittsburgh compound B (PIB) which is used for Ab amyloid

imaging in patients with Alzheimer’s disease, may prove useful for

the routine clinical detection of cardiac amyloidosis [5]. However,

there is no evidence that either this or the recently FDA-approved

Ab tracer AmyvidTM will facilitate detection of amyloid deposits in

other visceral organs. Numerous amyloid-binding radiotracers

have been described, e.g. 99mTc-aprotinin [6–8], 99mTc-DPD

[9,10], 131I-b2M [11,12], and 123I-SAP [13–15]. However, only
123I-SAP whole body, planar scintigraphic imaging of amyloid,

developed approximately 2 decades ago at the Royal Free

Hospital in London, is in routine clinical use [14,15]. This

method is not available in the US because the SAP is of human

origin and, due to its structural sensitivity, cannot tolerate the

stringent viral inactivation steps required by the FDA. In addition,

cardiac and pancreatic amyloid is, at best, poorly detected using

SAP imaging.

Imaging visceral amyloidosis in patients with diseases such as

type 2 diabetes, rheumatoid arthritis and myeloma may provide

the physician with an additional tool to assist in the diagnosis of

these diseases. Images can provide information on the whole body

disease distribution and burden without the need for multiple

invasive biopsy procedures. Thus, molecular imaging could help

inform treatment strategies and prognostication (e.g. in patients

with type 2 diabetes, the IAPP amyloid load may act as a surrogate
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for b-cell loss in the pancreatic islets - [16]). Perhaps most

importantly, the detection of amyloid by molecular imaging can be

used to stratify patients for new treatments and to monitor the

response to therapies quantitatively, avoiding unnecessarily

expensive, toxic or ineffective treatment.

To this end, we have characterized a peptide, designated p5,

that could be used to specifically image the distribution of AA

amyloid in a mouse model of the disease by using dual single

photon emission and x-ray computed tomographic (SPECT/CT)

imaging and microautoradiography [17]. Dual energy SPECT

imaging showed that p5 was comparable to SAP for imaging AA

murine amyloid in liver and spleen. Furthermore, pancreatic and

intestinal amyloid deposits were imaged with p5 but not with SAP

[18]. Importantly, the amount of uptake of radiolabeled p5 in

hepatic and splenic AA amyloid deposits was shown to correlate

with the amyloid load in those organs as evidenced by Congo red

staining and quantification [19].

The in vivo amyloid imaging efficacy of peptide p5 was

postulated to be due to its ability to adopt a polar a helix that

resulted in the presentation of a linear array of basic lysine side

chains with a regular periodicity [17]. To test this hypothesis and

to identify a potentially better imaging peptide, we have generated

an arginine-substituted variant of p5, p5R, that was postulated to

have a higher propensity for a-helical formation and, therefore,

enhanced amyloid binding capabilities in vivo along with improved

imaging characteristics. Herein, we describe the characterization

of peptide p5R which exhibited increased affinity for both

immobilized heparin and AA amyloid-laden tissue extracts.

However, when administered to mice with severe AA amyloid,

the microdistribution of the p5R peptide within the splenic

amyloid was dramatically altered due to a binding site barrier

effect.

Materials and Methods

Ethics Statement
These studies were carried out in strict accordance with a

protocol approved by the University of Tennessee Institutional

Animal Care and Use Committee. All procedures were approved

by the IACUC and were performed in accordance with the

guidelines provided by OLAW and the Guide for the Care and

Use of Laboratory Animals.

Preparation of peptides p5, p5R and p5R(1–24)
Peptides were purchased from Keck Laboratories and further

purified by high performance liquid chromatography (Agilent,

1100 series) by elution from a reverse-phase C3 matrix in a linear

gradient of 0 to 50% acetonitrile in water with 0.05%

trifluoroacetic acid (flow rate of 1 mL/min). One mL-fractions

were collected, pooled and the mass verified by mass spectrometry

using a single quadrupole MS (Applied Biosystems).

Murine model of AA amyloidosis
AA amyloidosis was induced in H2-Ld-huIL-6 Tg Balb/c

transgenic mice that constitutively express the human interleukin-6

transgene [20,21] by iv administration of 10 mg of isolated amyloid

enhancing factor (AEF – a suspension of AA amyloid fibril extract,

[22]) in 100 mL of sterile phosphate-buffered saline (PBS). Mice

used in these studies were 4–6 wk post induction. These studies

were carried out in strict accordance with a protocol approved by

the University of Tennessee Institutional Animal Care and Use

Committee. All procedures were approved by the IACUC and

were performed in accordance with the guidelines provided by

OLAW and the Guide for the Care and Use of Laboratory

Animals.

Circular dichroism spectroscopy
CD spectra of peptides p5 and p5R (0.05 mg/mL in PBS) were

acquired using a DSM 1000 CD instrument (Olis Inc., Bogart,

Georgia) with a peptide sample volume of 2.9 mL and a 1 cm

cuvette path length. Data were collected in triplicate over the

190 nm – 250 nm wavelength range with 1 nm increments. Coil

to helix transitions were induced by preparing peptides at

0.05 mg/mL in PBS with 2,2,2 trifluoroethanol up to 40% by

volume. Spectra were corrected for background by subtraction of

a PBS-only CD spectrum. Mean residue ellipticity [h] was

calculated according to:

[h] = h*(MW/no. AA)/(10*conc.*l)

where: h is elipticity (millidegrees); MW is the molecular weight

of the peptide; no. AA, is the number of amino acid residues; conc. is

the peptide concentration (mg/mL), and; l, is the cuvette

pathlength (cm)

Solid phase heparin binding studies
Assessment of solid-phase heparin binding was performed using

a 20 mL bed-volume Heparin FF16/10 column (GE Healthcare

#28-9365-49) with a BioRad Biologic duoflow FPLC system. An

aliquot of 0.5 mg of peptide (1 mg/mL) was injected over 30 sec

onto the heparin column and eluted using a gradient from 0 – 2 M

NaCl over 10 minutes with a flow rate of 2 mL/min. The

absorbance at 280 nm and the conductivity (mS/cm) were

measured using in-line detectors.

Radiolabeling of peptides
Peptides (100 mg) were radioiodinated with , 2 mCi of iodine-

125 or -123 (125I, Perkin Elmer, Waltham, MA; 123I, MDS

Nordion, Ottawa, ON, Canada), using 20 mg chloramine T. After

quenching the reaction with 20 mg sodium metabisulfite, the

radiolabeled peptides were diluted into 0.1% sterile gelatin in PBS

and purified by gel filtration on a 5 mL PD10 column equilibrated

in gelatin/PBS. Peak fractions of radiotracer were pooled and the

product’s radiochemical purity was established by SDS polyacryl-

amide gel electrophoresis (PAGE) analysed by phosphor imaging

(Cyclone Storage Phosphor System, Perkin Elmer, Shelton, CT).

Ex vivo binding to AA amyloid extract
The livers of 2 mice with reactive (AA) amyloidosis and 2

healthy (WT) mice were harvested at necropsy. Approximately

0.5 g of each AA or WT liver was removed, pooled, and a 10-fold

volume of PBS added. Serine protease inhibitors leupeptin and

phenylmethylsulfonyl fluoride (PMSF) were added, each at

100 mg/mL. The solution was mixed vigorously (3610 s bursts)

with a Polytron (Kinematica Inc., Bohemia, NY) and then

centrifuged at 4,000 x g for 10 min. The supernatant was

discarded and the pellet resuspended in a 10-fold volume of PBS

with 0.05% tween-20 and 0.05% NaN3. The solution was mixed

vigorously again by using the Polytron and the resulting

suspension stored at 4uC.

FiftymL (,5 mg) of liver extract was centrifuged at 21,000 x g

for 3 min. The supernatant was discarded and the pellet

resuspended in 400 mL PBS with 0.05% tween-20 (PBST).

TwentymL of a 1:100 dilution of radiolabeled peptide 125I-p5 or
125I-p5R (, 200,000 cpm) was added to the suspension. The

mixture was rotated at RT for 1 h before being centrifuged at

Peptide Radiotracers for Amyloid Imaging
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10,000 x g for 3 min. Supernatants, containing unbound peptide,

were collected in glass tubes and the pellets washed by addition of

400 mL PBST and centrifugation at 10,000 x g for 3 min. The

supernatants were again removed and added to those previously

collected. Pellets were resuspended in 800 mL of PBST and

transferred to glass tubes. The radioactivity in each sample was

measured using a Packard Cobra II gamma counter (Perkin

Elmer, Waltham, MA) with a 1 min acquisition time. The

percentage of radiolabeled peptide bound to the pellet was

determined as follows where CPM is counts per minute:

[Pellet CPM/(Pellet CPM + Supernatant CPM)] * 100

To assess the relative affinity of the peptides for AA liver

homogenate, the binding of 125I-p5 and 125I-p5R was performed

as described above, in 0.15, 0.25, 0.5, 0.75 and 1 M NaCl (0.05%

tween-20). To generate binding data for Scatchard analysis 5 ng

(,70,000 cpm) of radioiodinated peptide was added to the tissue

homogenate with increasing amounts of unlabeled homologous

peptide (up to 2 mg for p5 and 1 mg for p5R).

In vivo amyloid reactivity of peptides p5, p5R and p5R(1–
24)

Mice, wild type or those with AA-amyloid, were injected iv in

the lateral tail vein with ,10 mg (,150 mCi) of radioiodinated

(123I or 125I) peptide p5, p5R, p5R(1–24) or p5R mixed with 1 mg

of unlabeled p5R peptide. After the appropriate uptake time, 1, 2,

or 4 h (see figure legend), the mice were euthanized by an

isoflurane inhalation overdose. At this time, SPECT/CT images

were acquired followed by a necropsy performed for biodistribu-

tion and autoradiographic analyses.

In vivo biodistribution measurements
Samples of muscle, liver, spleen, pancreas, kidneys, heart,

stomach, small and large intestines and lung tissue were harvested

post mortem from every mouse [23]. Each sample was placed into

a tared, plastic vial, weighed and the 125I or 123I radioactivity

measured using an automated Wizard 3 gamma counter (1480

Wallac Gamma Counter, Perkin Elmer). The biodistribution data

were expressed as % injected dose/g tissue (% ID/g). When dual-

energy biodistribution measurements were performed, the high

energy gamma rays of 123I were windowed, and this value was

used to correct for spill down of the 123I photons into the lower

energy 125I window. Standard samples of unmixed probes were

used to determine cross-over parameters and also for %ID/g

calculations. In addition, samples of each tissue were fixed in 10%

buffered-formalin for 24 h and embedded in paraffin for

autoradiography.

Autoradiography
Four to 6 mm-thick sections were cut from formalin-fixed,

paraffin-embedded blocks onto PlusTM microscope slides (Fisher

Scientific), dipped in NTB-2 emulsion (Eastman Kodak), stored in

the dark and developed after a 96-h exposure. Each section was

counter-stained with hematoxylin. Amyloid deposits were con-

firmed after staining with alkaline Congo red. Tissues were

examined using a Leica DM500 light microscope fitted with cross-

polarizing filters. Digital microscopic images were acquired using a

cooled CCD camera (SPOT, Diagnostic Instruments, Sterling

Heights, MI).

SPECT/CT imaging of 125I-p5R in AA mice
Imaging was performed as described [18]. Briefly, WT or AA-

amyloid mice were injected with ,7.5 mg of 125I-p5R (, 150 mCi)

in the lateral tail vein. After a 2 h uptake time, the mice were

euthanized by an isoflurane inhalation overdose.

SPECT images were acquired using an Inveon trimodality

imaging platform (Siemens Preclinical Solution, Knoxville, TN;

[24]). Low energy (125I; 25 – 45 keV) gamma photons were

acquired at each of 60, 16-sec projections with 90 mm of bed

travel. A 1 mm-diameter 5-pinhole (Mouse Whole Body) collima-

tor was used at 30 mm from the center of the field of view. Data

were reconstructed post hoc onto an 886886312 matrix with

isotropic 0.50 mm voxels using a 3D ordered subset expectation

maximization (OSEM) algorithm (8 iterations; 6 subsets). CT data

were acquired using an x-ray voltage biased to 80 kVp with a

500 mA anode current, and the data were binned at 464. A 225

msec exposure was used, and 360, 1-degree projections were

collected. The data were reconstructed using an implementation of

the Feldkamp filtered back-projection algorithm [25] onto a

512651261296 matrix with isotropic 0.106 mm voxels. SPECT

and CT datasets were visualized using the Inveon Research

Workplace visualisation software package (Siemens Preclinical

Solution, Knoxville, TN).

Statistical methods
Comparison of 125I-p5 and 123I-p5R or 123I-p5 and 125I-p5R

biodistribution in mouse tissues was performed by using a paired,

two-tailed Students t-test. Significance was set at p,0.05 and all

analyses were conducted using SPSS Version 19 (Armonk, NY:

IBM Corp).

Results

Peptides p5 and p5R each have 31 amino acids, a net charge of

+8 and a pI of .10 (Table 1). The secondary structure was

predicted based on the database-matching algorithms by using the

iTASSER software [26,27] to adopt an a-helical secondary

structure (Fig. 1); however, the AGADIRms helix/coil transition

algorithm [28,29] predicted only 6.5% and 15.9% a-helix content

for p5 and p5R, respectively (Table 1). Both peptides contain the

heptad repeat (BxxBxxx) of amino acids with the basic residues (B),

Lys and Arg, at positions a and d in p5 and p5R, respectively,

which results in a nearly linear array of charge along a single face

of the alpha helix (Figs. 1 A–C). When overlaid, the predicted

positions of the basic amino acid side chains were similar for p5

and p5R (Fig.1 D).

The helicity of the peptides was assessed by using CD

spectroscopy with varying concentrations of TFE (Figs. 2A & B).

The CD spectra of both peptides contain minima at ,205 nm and

,220 nm but exhibit weak maxima at 195 nm indicative of a mix

of a-helix and random coil. Helicity was assessed by calculating

the ratio of the mean residue elipticity at 222 nm and 205 nm (Fig.

2C). Based on a CD spectrum of bovine serum albumin [30], a

222 nm/205 nm ratio of 1 was presumed to represent ,100%

helical structure. Both the p5 and p5R CD spectra ratios

approached 1 as the concentration of TFE was increased to

40% by volume; however, in PBS alone, p5R exhibited 2-fold

more helicity than p5 (Fig. 2C). As the TFE concentration was

increased, the helicity of both peptides increased and was maximal

and equivalent at 30% TFE (Fig. 2C). The spectra of peptide p5R

(Fig. 2A) shows an isodichroic point (arrow) indicating a two state

coil-to-helix transition. No such point was obvious in the p5

spectra.

Peptide Radiotracers for Amyloid Imaging
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The relative affinity of the p5 and p5R peptides for heparin was

assessed in vitro using a heparin-derivatized agarose column (Fig.

3A) Reactivity for murine AA amyloid was measured by the

binding of radioiodinated peptides to hepatic AA amyloid in the

presence of increasing NaCl concentrations (Fig. 3B). Even though

the net charge of both peptides is 8+, peptide p5R bound with

greater avidity to the heparin-agarose column as indicated by the

greater amount of NaCl required to elute the peptide (i.e., peak

values of 70 mS/cm [,0.9 M NaCl] vs 100 mS/cm [,1.3 M

NaCl] for p5 and p5R, respectively – Fig. 3A). Similarly, the

estimated IC50 of NaCl (the molar concentration required to

inhibit 50% of the peptide binding) for the interaction of peptides

with AA amyloid-laden liver tissue homogenate was ,0.35 M and

,0.9 M for p5 and p5R, respectively (Fig. 3B). Binding curves

(Fig, 3C) and Scatchard plots were generated using 5 ng of

radiolabeled p5 and p5R added to AA tissue homogenate in the

presence of increasing concentrations of unlabeled peptide up to

2 mg or 1 mg for p5 and p5R, respectively (Figs. D and E).

Scatchard analyses revealed 2 binding sites with AA liver

homogenate for both peptides (Figs, 3D and 3E), with Kd values

of 0.5 mM and 0.14 mM for the high affinity binding of p5 and

p5R, respectively. The low affinity binding , 1 mM for each

peptide was essentially equivalent.

For comparison with published data for p5 peptide, the amyloid

reactivity of peptide p5R was assessed in vivo using the transgenic

H2/IL-6 murine model of systemic visceral AA amyloidosis. In

mice with moderate to severe AA amyloidosis (3 – 4+), the

biodistribution of the peptide at 1 h and 4 h post injection (pi) was

indicative of the distribution of amyloid in diseased mice (Figs. 4A

& B). Notably, there was significant radioactivity seen in the liver,

spleen, pancreas, and intestines as compared to the WT mice at

both 1 h and 4 h pi. At both time points, the major uptake of

radiolabeled p5R was the pancreas (.10% ID/g) followed by the

liver and spleen (5 – 10% ID/g). The specificity of the peptide

binding within the tissues and organs was assessed by using micro-

autoradiography (Fig. 4C). The distribution of radiolabeled

peptide, evidenced by the presence of black silver grains, co-

registered with the presence of amyloid deposits seen in Congo

red-stained consecutive tissue sections (not shown). The 125I-p5R

peptide tracer bound AA amyloid in all tissues evaluated; notably,

those deposits occupying the hepatic sinusoids, the myocardium,

pancreatic microvasculature, zona reticularis of the adrenal gland,

renal papilla, and intestinal villi (Fig. 4C). There was no evidence

of 125I-p5R associated with healthy, amyloid-free tissues with the

exception of the hyaline cartilage in the tracheal rings (presumably

hypersulfated chondroitin sulfate), where mild uptake was

observed (not shown).

Retention of the 125I-p5R in mice with AA was sufficient in the

liver (L), pancreas (P), spleen (S) and intestines (I) to allow

visualization by using SPECT/CT imaging (Fig. 4D). Notably, in

the SPECT images, the pancreas exhibited the greatest concen-

tration of activity, which correlated well with biodistribution

findings (Figs. 4A & B). In contrast to previous SPECT imaging

studies of AA amyloid in the H2/IL-6 mice using 125I-p5 [17], the

spleen in these mice retained a remarkably low amount of

radiolabeled p5R relative to the other organs, although the total

amyloid burden measured by Congo red staining was similar.

Faced with the counter-intuitive observation that peptide p5R

had a greater affinity for heparin (Fig. 3A) and ex vivo AA amyloid

(Fig. 3B), yet the reactivity with splenic AA amyloid in vivo

appeared markedly reduced relative to studies with peptide p5, we

examined the binding of both peptides in the same subject by

using dual-energy biodistribution analyses (Fig. 5). Individual H2/

IL-6 mice with moderate to severe AA amyloid (3 – 4+) received
125I-p5R and 123I-p5 or 125I-p5 and 123I-p5R. Biodistribution

measurements at 2 h pi (Fig. 5A & B) showed significantly greater

retention of p5 in splenic AA amyloid as compared to peptide p5R

(p = 0.045, Fig. 5A; p = 0.032, Fig. 5B). There was no significant

Figure 1. Peptides p5 and p5R predicted to adopt an a-helical
secondary structure. Representations of peptides p5 with lysine side
chains (blue) and p5R with arginine residues (red) overlayed showing a-
helix backbone (upper) and as surface renderings. Models were
predicted using iTASSER, and PDB files were rendered using Deep-
View/Swiss-PdbViewer v4.0.4 (www.expasy.org/spdbv/).
doi:10.1371/journal.pone.0066181.g001

Table 1. Primary structure and physical properties of peptide p5 and p5R.

Peptide p5 Peptide p5R

Amino acid Sequence GGGYS KAQKA QAKQA KQAQK AQKAQ AKQAK Q GGGYS RAQRA QARQA RQAQR AQRAQ ARQAR Q

MW (Da)a 3257.7 3481.8

pIa 10.54 12.48

Net charge +8 +8

Helix contentb 6.47% 15.9%

ahttp://web.expasy.org/protparam/.
bpH 7, 0.1 ionic strength, 278 K: http://agadir.crg.es.
doi:10.1371/journal.pone.0066181.t001
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difference (p . 0.05) in the retention of peptides p5 and p5R in

hepatic or pancreatic AA amyloid deposits.

In an attempt to discern the reason for this discrepancy, we

analyzed micro-autoradiographs of spleens from mice with 1+ or

4+ AA amyloid that had been injected with 125I-p5 or 125I-p5R. In

mice with mild (1+) amyloid, the micro-distribution was uniform

throughout the perifollicular AA amyloid deposits for both

peptides (Fig. 5C upper, arrows); however, in mice with 4+
splenic AA amyloid, the peptide uptake pattern varied markedly

between p5 and p5R when viewed at 80x (Fig. 5C panel). The
125I-p5 remained fairly uniformly distributed throughout the

amyloid with scant areas of punctate uptake (arrows). In contrast,

the 125I-p5R peptide appeared to be focally deposited (arrows)

with areas of apparently dense, relatively avascular amyloid that

were devoid of significant p5R uptake. This phenomenon was

more readily seen in images taken using a magnification of 320x

(Fig 5C. bottom). The 125I-p5 peptide was uniformly distributed in

the perfollicular amyloid (arrow); however, in contrast, there were

regions of AA that lacked 125I-p5R (arrow) and numerous areas of

dense focal uptake (arrowhead) that appeared to correlate with the

deposition of perivascular or perisinusoidal AA amyloid.

To further parameterize this phenomenon, we examined the

difference in retention of radioiodinated p5 and p5R (%ID/g) vs

the amount of amyloid in the organ – estimated by the

accumulation of p5 peptide (%ID/g; Fig. 5D). As the amount of

splenic or hepatic AA amyloid increased the more p5 peptide was

bound relative to p5R in that organ. For example, in a mouse with

a splenic amyloid load equivalent to 20% ID/g of p5 peptide, the

p5 peptide was retained 10% ID/g more than peptide p5R. This

phenomenon was not observed for the pancreas, i.e., regardless of

Figure 2. Peptide p5R exhibits enhanced a-helical secondary structure. CD spectra of peptides p5R (A – arrow shows isodichroic point) and
p5 (B) in increasing concentrations of trifluoroethanol (TFE). The ratio of 222 nm and 205 nm was calculated (C) as a measure of a-helical content for
p5 (#) and p5R (N). The 222 nm/205 nm ratio for human serum albumin in PBS was 1.0 (not shown).
doi:10.1371/journal.pone.0066181.g002

Figure 3. Peptide p5R binds immobilized heparin and AA amyloid tissue homogenate with high affinity. (A) Peptides p5R (solid) and p5
(dashed) eluted from a heparin-agarose column with peak conductivities of 100 mS/cm (,1.3 M NaCl) and 70 mS/cm (,0.9 M NaCl), respectively. (B)
The concentration of NaCl required to inhibit 50% binding of peptide to AA amyloid-laden tissues (IC50) was 0.9 M and 0.35 M for p5R (gray) and p5
(black), respectively. (C) Binding of p5 (open) and p5R (closed) to AA amyloid-laden tissue homogenate assayed by addition of 5 ng of 125I-p5R with
increasing concentrations of unlabeled homologous peptide. Scatchard plot of p5 (D) and p5R (E) binding to AA tissue homogenate. Data were fitted
using 2 linear trendlines. Kd was determined as 1/Ka (slope = –Ka).
doi:10.1371/journal.pone.0066181.g003
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Figure 4. Peptide 125I-p5R specifically visualizes visceral AA amyloid in vivo. The biodistribution of radiolabeled peptide p5R in mouse
tissues from healthy WT mice (grey) or AA amyloidotic mice (black) expressed as % injected dose per gram of tissue (%ID/g) at 1 h (A) and 4 h (B)
post-injection (mean + SD, n = 3). (C) Specific localization of 125I-p5R peptide with amyloid was confirmed by micro-autoradiography where peptide
was evidenced by the presence of black silver grains (original mag. 80x). (D) SPECT/CT imaging (anterior, posterior and lateral views) of mice at 2 h pi
showed uptake of 125I-p5R in the liver (L), spleen (S), intestine (I), and pancreas (P).
doi:10.1371/journal.pone.0066181.g004

Figure 5. The distribution of peptide p5R differs from p5 in AA mice in vivo. Dual energy biodistribution studies of (A) 125I-p5R (black) and
123I-p5 (gray) and (B) 123I-p5R (black) and 125I-p5 (gray) in individual mice with moderate-to-severe AA amyloid (mean + SD, n = 5). (C) The
microdistribution of 125I-p5 and 125I-p5R in separate mice with weak (1+) and strong (4+) AA assessed by autoradiography. Arrows indicate the
presence of ‘‘large’’ AA splenic amyloid. (D) The difference between 125I-p5 and 125I-p5R uptake (i.e. %ID/g p5 – %ID/g p5R) in the spleen (#), liver (N)
and pancreas (%) relative to amyloid load (%ID/g 125I-p5).
doi:10.1371/journal.pone.0066181.g005
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the pancreatic amyloid load, the amount of p5 or p5R retained in

that tissue was nearly equivalent.

The difference in microdistribution pattern could be due to

differences in binding of the arginine and lysine side chains with

the target in the amyloid; however, it also could be explained by

the higher affinity and binding of p5R to the first amyloid target

encountered, thereby depleting the probe from penetrating deeper

into the dense amyloid deposit. To test this latter hypothesis, we

first constructed peptide p5R(1-24), a 24-mer variant lacking the

N-terminal 7 amino acids and with a reduced net charge of +6

(Fig. 6A). This peptide has the same predicted positioning of

arginine side chains along a single face of the helix (Fig. 6B), but it

exhibited a lower affinity for immobilized heparin relative to p5R

due to the loss of 2 arginine residues (, 90 mS/cm Fig. 6C). In

contrast to the dense, focal splenic micro-distribution of 125I-p5R

peptide (Fig. 6D left) in mice with moderate AA amyloidosis, the
125I-p5R(1-24) peptide was markedly diffuse (Figs. 6D center and

right). No dense, focal perifollicular retention of 125I-p5R(1-24)

was seen in the spleens of mice with AA. The micro-distribution of
125I-p5R(1-24) in the spleen of mice with moderate AA was similar

to that of the 125I-p5 peptide (Fig. 5C). In a second approach, the
125I-p5R was mixed with 1 mg of unlabeled p5R peptide before iv

tail vein injection. The distribution of 125I-p5R, as shown by

micro-autoradiography, was markedly more diffuse and extended

into the dense perifollicular splenic AA amyloid (Fig. 6E), which

was in stark contrast to the 125I-p5R injected alone (Fig. 6D, left).

Discussion

The detection of amyloid by using non-invasive molecular

imaging techniques has experienced a resurgence in the last 5

years with the realization that the ability to quantitatively and

longitudinally assess amyloid load in the brains of patients with

mild cognitive impairment (MCI) provides valuable prognostic

information [31]. Similarly, the ability to detect cerebral amyloid

in patients with mild to moderate Alzheimer’s disease will

invariably assist with making differential diagnoses, stratification

of patients for novel therapies and for monitoring response to

therapy, both in the clinic and in amyloid-focused clinical trials.

Recently, AmyvidTM (also known as, Av45 or florbetapir) was

approved by the US Food and Drug Administration (FDA) and in

the European Union (EU) as an 18F-labeled PET radiotracer for

the specific detection of amyloid in the brains of patients with MCI

and early AD [32]. None of the Ab amyloid-reactive probes have

general application for imaging peripheral amyloid.

In other amyloid-related diseases, only 123I-SAP has been used

routinely within the clinic to detect the presence of amyloid in

visceral organs principally in patients with AL and AA amyloid-

osis, but patients with other rarer forms of spontaneous and

hereditary amyloid-related conditions have been studied

[14,33,34]. SAP imaging has not been approved by the US

FDA as an imaging technique and is only routinely performed in 3

centers in the EU. Even though SAP scans provide useful

information, there is no evidence that 123I-SAP scintigraphy or

SPECT imaging is sufficiently sensitive to visualize the often scant

Figure 6. Peptide 125I-p5R(1-24) microdistribution is uniform relative to 125I-p5R in splenic AA amyloid. Primary (A) and predicted
secondary structure (B) comparison of peptides p5R (red arg side chains) and p5R(1-24) (green arg side chains). (C) Peptide p5R(1-24) eluted from a
heparin column with conductivity of 90 mS./cm at the maximum. (D) Microautoradiographs of 125II-p5R (left) and 125I-p5R(1-24) (center and right) in
4+ AA amyloid-laden spleen tissue sections.. (E) Microautoradiograph of splenic distribution of 125I-p5R (, 10 mg) when mixed with 1 mg of
unlabeled p5R prior to iv injection. Original magnification as shown. Arrows indicate sites of peptide-free amyloid in (left) and diffuse (non-punctate)
uptake of peptide in amyloid (center and right).
doi:10.1371/journal.pone.0066181.g006
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and diffuse, but debilitating amyloid within the heart. In addition,

pancreatic amyloid composed of islet-associated polypeptide

(IAPP) that is common in patients with type 2 diabetes and may

have etiologic significance, has yet to be imaged using SAP or any

other radiotracer.

Given the potential importance of amyloid imaging for the

purpose of prognostication, patient stratification and monitoring

response the therapy, we evaluated a panel of heparin-reactive

peptides for their ability to specifically bind the hypersulfated

heparan sulfate proteoglycans that are a ubiquitous component of

all cerebral and visceral amyloid deposits and, thereby, provide a

means for imaging the deposits in vivo. A screen of 7 basic peptides

with net positive charges ranging +6 to +16 yielded peptide p5 (+8;

[35]) as the optimal imaging agent based on the uptake of 125I-

labeled peptide in amyloid laden organs (% injected dose per gram

of tissue) and the microdistribution of the 125I-p5 peptide in the

amyloid as evidenced in microautoradiographs [17]. The efficacy

of peptide p5, relative to the other reagents, was posited to be due

to the ability of this peptide to adopt a polar a-helical

configuration that aligned all the charged lysine side chains along

one face of the helix [36]. This distribution of charge has been

shown to be optimal for the reactivity of this peptide with soluble

heparin [36,37] due to the availability of 8 basic side chains that

can interact electrostatically with the linear charges on heparin

and hypersulfated heparan sulfate. The potential for multivalent

interaction greatly enhances the affinity of the binding and

specificity is bestowed by the spatial arrangements of the positive

charges on one face of the a helix coinciding with the positions of

the corresponding negative charges on the target. Although p5 and

p5R have similar predicted positive charge arrangements when in

a helical form (Fig.1), substitution of the lysine residues in p5 by

arginine to produce p5R resulted in a much greater affinity of p5R

for heparin, likely due to its inherently greater propensity for

helicity in PBS (Fig. 2). Similar data has been presented for related

peptides where the lysine variant bound soluble heparin with a Kd

of 640 nM as compared to 3.4 nM for the arginine-substituted

peptide [36].

The arginine-substituted form of p5 (p5R) bound with greater

affinity, as compared to p5, to immobilized heparin as well as

murine AA amyloid-laden liver homogenate, suggesting that the

same linear electrostatic interactions were important for both

heparin and amyloid binding (presumably via the fibril-associated

heparan sulfate moieties). Both peptides exhibit modest a-helical

structure in physiological saline, with p5R having 2-fold more

helix as evidenced in CD spectra. In the presence of trifluor-

oethanol (TFE), which promotes the formation of helical

secondary structure [38], both peptides became more structured

reaching the same plateau value of 222 nm/205 nm ratio at 30–

40% TFE. A peptide similar in sequence to peptide p5 adopts an

a-helical conformation in the presence of soluble heparin [35,36],

indicating that the presence of natural binding partners can

promote and stabilize a helical, ligand-binding conformation.

Given the enhanced helicity and resulting increased affinity for

amyloid, it was anticipated that the radiolabeled peptide 125I-p5R

would provide enhanced amyloid imaging in vivo. Based on

biodistribution studies and SPECT imaging, the p5R peptide

bound AA amyloid in mice and generated images indiscernible

from images that had been produced using 125I-p5 peptide

[17,18]. However, analysis of the microdistribution of 125I-p5R

peptide in mice with AA amyloid revealed that, even though the

‘‘small’’ discrete amyloid lesions that are common e.g., in the liver,

heart, pancreas and adrenal were evenly covered by radiolabeled

peptide, the large expanses of avascular, dense amyloid seen in the

spleens of highly diseased animals were variably stained. This

phenomenon was most evident in mice with extensive (3+ – 4+;

[19]) splenic amyloid but, interestingly, not in mice with (1+ – 2+)

amyloid in the spleen which suggests that this effect is not due to

the lack of a binding target in the splenic amyloid. It is likely that

the enhanced affinity of the p5R peptide for amyloid resulted in a

binding-site barrier effect which causes a non-uniform distribution

of reagent within the target site and was first observed for tumor-

targeting monoclonal antibodies [39–42]. In these cases, the

antibodies, as with the p5R peptide, are delivered to the target via

the vasculature, and as the reagent passes through the vascular

wall, it binds with high affinity to the first target encountered and

does not penetrate into the center of the lesion [41,42]. The

affinity of p5R for AA amyloid-laden tissue homogenate in vitro (Kd

estimated to be 0.15 mM) is only ,4-fold greater than that of p5

(Kd , 0.5 mM); however even this modest increase can lead to

differences of more than 40 mm of tumor penetration from the

blood vessel when mAbs are studied [41]. This process results in a

dense accumulation of peptide at the regions of amyloid that are in

the immediate vicinity of the supplying vasculature with a

decreasing density of peptide in the ‘‘center’’ of the amyloid

lesion. For probes of lower affinity, some probe can bypass the

primary binding site, penetrating farther into dense target before

finding a partner. This is shown schematically and with 2

examples in Fig. 7. One consequence of this effect is that larger

amyloid masses or those with low surface area to volume ratios will

likely accumulate less p5R peptide as compared to p5. Indeed, we

demonstrated a significantly lower amount of 125I-p5R in the

spleens of mice with .3+ amyloid as compared to peptide 125I-p5

(p = 0.032). The binding-site barrier effect for antibodies was

overcome by using F(ab) fragments which are capable of only

monovalent interactions and, therefore, have a lower affinity for

the target as compared to bivalent Abs [43]. To mimic this, we

first synthesized a C-terminally truncated p5R variant, p5R(1-24),

that lacked 2 arginine residues. This shorter electronic signature (6

charges vs 8 charges) resulted in a relatively lower affinity for

heparin. The microdistribution of this peptide in the expansive

splenic AA amyloid deposits was similar to the diffuse accumu-

lation seen with 125I-p5, supporting the hypothesis that the

enhanced affinity of p5R for amyloid resulted in a barrier effect.

Figure 7. The binding-site barrier effect. (A) Schematic represen-
tation of the diffuse accumulation of p5 throughout the amyloid lesion.
In contrast, peptide p5R accumulates as non-uniform (focal) deposits at
the periphery of the amyloid mass. (B) Microautoradiographs of 125I-p5
and 125I-p5R that exemplify the consequence of a binding-site barrier
on the amyloid-uptake of radiolabeled peptides.
doi:10.1371/journal.pone.0066181.g007
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This effect hindered penetration, altered the distribution in the

amyloid and significantly decreased the accumulation of peptide in

large amyloid deposits relative to that of p5. Enhanced penetration

of p5R into the expansive splenic amyoid was also achieved by

increasing the peptide concentration to 1 mg, which resulted in a

saturation of the perivascular amyloid allowing p5R to penetrate

more uniformly into the amyloid mass.

Although these observations have been made in the murine

model of AA amyloidosis, this phenomenon suggests that

translation of the p5R peptide for clinical detection of amyloid

in patients should be considered with caution as it may not provide

quantitative images of amyloid load in patients with excessive

disease. These patients present with very high amyloid burdens of

liver and spleen, and amyloid load is readily detected by imaging.

Many proposed therapies for peripheral amyloid focus on

reducing amyloid burden. If the goal of non-invasive imaging is

monitoring response to therapy, a one to one correlation of probe

binding to amyloid load is essential; however, in these therapies

applied to highly diseased patients, one would expect changes in

the surface area to volume ratio to accompany disease progression

or regression. Thus, for quantitative imaging, a lower affinity

probe should give more linear results. In cases where the amyloid

under investigation is discrete and in close proximity to the

vasculature, for example in patients with Ab-associated cerebral

amyloid angiopathy (associated with an increased risk of stroke;

[44]) or with the pancreatic islets of patients with type 2 diabetes,

then imaging with a high affinity probe such as peptide p5R may

be more appropriate. Our results demonstrate the excellent

specificity of either p5 or p5R for AA amyloid deposits in the

huIL-6 mice relative to WT mice. Our prediction that p5R would

have a higher affinity for heparin and for AA amyloid held true;

however, this higher affinity compounded correlation of SPECT

images with amyloid load. We conclude that p5 is an optimal

imaging agent for non-invasive detection and quantitation of some

peripheral amyloids (such as AA and AL). For less dense and more

vascular forms (Ab, IAPP etc.), the higher affinity p5R should be

superior. These ideas need to be tested in appropriate patient

populations.
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