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Affibody molecules represent a novel class of affinity proteins with a high potential as tracers for radio-
nuclide molecular imaging. In this comparative structure–property study, a series of Affibody molecules
with the 99mTc-chelators maGGG, maSSS, or maESE attached to the e-amine of the internally positioned
K49 was prepared by peptide synthesis, for comparison to molecules with similar chelators positioned at
the N-terminus. The conjugates were labeled with 99mTc and evaluated in vitro and in vivo. It was found
that both composition and position of the chelating moiety influence the label stability, biodistribution
and targeting properties of HER2-binding Affibody molecules.

� 2009 Elsevier Ltd. All rights reserved.
Certain novel anti-cancer therapies are directed towards partic-
ular oncogene products and successful treatment requires sensi-
tive detection methods for evaluation of the expression levels of
such proteins. The use of radionuclide molecular imaging allows
for non-invasive detection of overexpressed target proteins both
in primary tumors and metastases. Affibody molecules constitute
a new class of targeting proteins, which has demonstrated favor-
able properties as tracers for radionuclide molecular imaging.1

Affibody molecules are three-helix bundle proteins originating
from the 58 amino acid scaffold of the staphylococcal protein A-de-
rived Z domain. The scaffold has been subjected to randomization
of 13 surface-exposed residues in helices 1 and 2 to generate a li-
brary from which high-affinity binders have been selected by
phage display.2 The small size (about 7 kDa) of Affibody molecules
enables rapid extravasation and diffusion in the extracellular space
of tumors, and also allows for rapid clearance from blood and non-
specific compartments.1 The selection of the Affibody molecule
ZHER2:342, which binds to the proto-oncogene product human epi-
dermal growth factor receptor type 2 (HER2) with picomolar affin-
ity, has recently been reported.3 In vivo assessment of HER2
expression is important for selection of breast cancer patients,
who would benefit from therapy using the humanized monoclonal
anti-HER2 antibody trastuzumab. Radiolabeled Affibody molecules
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have previously demonstrated specific targeting and high-contrast
imaging of HER2-expressing xenografts.4 Furthermore, data from a
clinical pilot study has confirmed the value of ZHER2:342 for imaging
of HER2-expressing breast cancer in patients.5 The ability to pro-
duce Affibody molecules by peptide synthesis6 allows for site-spe-
cific incorporation of chelators for radiometal labeling and
generation of well-defined conjugates with uniform chemical and
biodistribution properties.7–12

The radionuclide 99mTc (T1/2 = 6.0 h) is the most frequently used
label for nuclear medicine tracers due to its low cost, good logistics
and low dose burden to patients. Earlier studies have demon-
strated that mercaptoacetyl-containing peptide-based chelators
Figure 1. General structure of mercaptoacetyl-containing peptide-based 99mTc-
chelators. R1 = H, CH2OH or (CH2)2COOH, R2 = H or CH2OH, and R3 = H, CH2OH or
(CH2)2COOH.
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incorporated at the N-terminus of Affibody molecules allow for
stable attachment of 99mTc(V) (Fig. 1).13 Moreover, the use of polar
amino acids in the chelator suppresses hepatobiliary excretion of
the radioactivity and shifts the clearance to the more favorable re-
nal excretion pathway.9–12 It has also been found that the use of
glutamic acid, serine and lysine instead of glycine in the chelator
improves the catabolic stability of the chelates.9–12 Furthermore,
it has been observed that a combination of serine and glutamic
acid in the chelator reduces renal accumulation of the radioactivity
while providing a predominant renal excretion.11 Since the amino
acids located close to the chelator can influence the stability of a
99mTc chelate,14 we wanted to investigate if our previously ob-
served results are valid also when mercaptoacetyl-containing che-
lators are positioned elsewhere on the Affibody molecules. To
study this, a series of ZHER2:342 derivatives, containing mercapto-
acetyl-glycyl-glycyl-glycyl (Ne49-maGGG-ZHER2:342), mercaptoace-
tyl-seryl-seryl-seryl (Ne49-maSSS-ZHER2:342) and mercaptoacetyl-
glutamyl-seryl-glutamyl (Ne49-maESE-ZHER2:342) chelators were
synthesized and evaluated. The chelators were incorporated as a
peptide branch at the side chain of K49, located in the middle of
helix 3 (Fig. 2). This position is distant from the binding surface
and modification at this site was hypothesized to cause minimal
interference with the HER2-binding.

The peptide ZHER2:342 was assembled using automated Fmoc/tBu
solid phase peptide synthesis according to protocols described ear-
lier (see Supplementary data).6 Reagents and amino acids were as
previously reported except for K49 which was incorporated as
Fmoc-Lys(Mtt)-OH.13 After completed synthesis the N-terminal
amino group was protected by reaction with di-tert-butyl pyrocar-
bonate. The orthogonal protection group Mtt was then liberated
from the resin-bound peptide.15 The 99mTc-chelating moieties
maGGG, maSSS, or maESE were incorporated at the e-amino group
Figure 2. Schematic figure of an Affibody molecule showing the two positions (N-
terminus and K49 in helix 3) used for attachment of the mercaptoacetyl-containing
peptide-based chelators. The figure is based on the NMR solution structure of the
Affibody scaffold molecule Z (pdb ID 2spz).

Table 1
Characterization, labeling and stability of ZHER2:342 Affibody molecules with mercaptoacet

Peptide Mw theoretical/
experimental (Da)

Tm (�C) KD (pM)

ZHER2:342 6718/6718 64 80
maGGG-ZHER2:342

a 7021/7021 64 200
maSSS-ZHER2:342

b 7054/7054 65 400
maESE-ZHER2:342

c 7138/7138 62 500
Ne49-maGGG-ZHER2:342 6964/6964 57 530
Ne49-maSSS-ZHER2:342 7054/7054 59 450
Ne49-maESE-ZHER2:342 7138/7138 55 500

Radiochemical yield was determined as percent of affibody-bound 99mTc at the end of th
colloid form at the end of the labeling. Labeling and stability data are presented as an a

a Data from 13, molecular weight includes an acetamide group (+57 Da) for thiol cap
b Data from 9.
c Data from 11.
of K49 by step-wise manual synthesis.16 The synthetic products
were analyzed by RP-HPLC and by MALDI MS.13,17 The purity of
all peptides was more than 95%.

The melting temperatures of Ne49-maGGG-ZHER2:342, Ne49-
maSSS-ZHER2:342 and Ne49-maESE-ZHER2:342 were determined by
variable temperature measurements.13 All three variants were
found to have a lower melting temperature (6–7 �C) compared
with analogues carrying the chelator at the N-terminus (Table 1).
Circular dichroism wavelength scans from 250 to 195 nm collected
before and after melting indicated that the proteins refolded after
heating to 90 �C.

The binding affinities of Ne49-maGGG-ZHER2:342, Ne49-maSSS-
ZHER2:342 and Ne49-maESE-ZHER2:342 were evaluated by real-time
biospecific interaction analysis on a Biacore 2000 using Recombi-
nant Human ErbB2/Fc Chimera (R&D Systems) as immobilized li-
gand.13 Ne49-maSSS-ZHER2:342 and Ne49-maESE-ZHER2:342 were
found to have KD values similar to their N-terminally modified ana-
logues, whereas Ne49-maGGG-ZHER2:342 displayed a lower affinity
(Table 1).

99mTc-labeling was performed using either a direct labeling ap-
proach9 or indirect transchelation from tartrate.13,18 Analysis of the
labeled Affibody molecules was performed by instant thin layer
chromatography.13,19 The label stability was evaluated by chal-
lenge with 300-fold excess of cysteine during 2 h at 37 �C (Table
1).13 Indirect labeling resulted in poor stability of all three conju-
gates during cysteine challenge (17.9–44.4%) and they were there-
fore excluded from further evaluation. The cysteine challenge
stability of 99mTc-Ne49-maGGG-ZHER2:342 was poor also following
the direct labeling approach (58.1 ± 4.7% of Affibody-bound activ-
ity), while the N-terminally modified 99mTc-maGGG-ZHER2:342 was
much more stable (87.5 ± 1.8%).13 These data indicate that the che-
lator position can influence the properties of 99mTc-labeled conju-
gates. Due to the poor stability, 99mTc-Ne49-maGGG-ZHER2:342 was
yl-containing chelators in different positions

Radiochemical
yield (%)

Reduced hydrolyzed
Technetium (%)

Stability under cysteine
challenge (%)

n.a. n.a. n.a.
82 ± 12 <2 87.5 ± 1.8
82.3 ± 4.9 <1 97.1 ± 0.5
87 ± 8 <1 89.5 ± 0.5
88.5 ± 4.6 0.2 ± 0.2 58.1 ± 4.7
98.5 ± 2.3 0.2 ± 0.1 92.1 ± 1.3
94.2 ± 3.5 0.1 ± 0.1 91.3 ± 0.12

e labeling. Reduced hydrolyzed technetium was determined as percent of 99mTc in
verage from 3 to 6 labelings ± SD.
ping.

Table 2
Summary of properties of Affibody molecules with 99mTc-chelators at K49 compared
to N-terminally modified analogues

MaGGG MaSSS MaESE

Melting temperature Lower Lower Lower
Refolding Equal Equal Equal
HER2-binding affinity Lower Equal Equal
99mTc-labeling yield Lower Equal Equal
Label stability Lower Equal Equal
Cell-binding specificity n.d. Equal Equal
Cell-binding capacity n.d. Lower Lower
In vivo stability n.d. Lower Lower
Tumor uptake n.d. Lower Lower
Intestine uptake n.d. Lower Equal
Kidney uptake n.d. Higher Lower
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excluded from further evaluation. Both labeling yields and in vitro
stability of 99mTc-Ne49-maSSS-ZHER2:342 and 99mTc-Ne49-maESE-
ZHER2:342 were quite similar to the analogues with chelators at-
tached to the N-terminus (Table 2).

Cell-binding specificity and antigen binding capacity of 99mTc-
Ne49-maSSS-ZHER2:342 and 99mTc-Ne49-maESE-ZHER2:342 were mea-
sured as previously described.13 Both conjugates demonstrated
specific binding to HER2-expressing cells. However, the antigen
binding capacity (21.1 ± 0.7% for 99mTc-Ne49-maSSS-ZHER2:342 and
13.7 ± 1.8% for 99mTc-Ne49-maESE-ZHER2:342) was appreciably re-
duced in comparison to conjugates with N-terminal chelators
(69.3 ± 2.5% and 64.3 ± 2.0% respectively). Since the binding affini-
ties were only slightly reduced by the introduction of the chelator
functions at K49, and the circular dichroism wavelength scans indi-
cated that all Affibody conjugates refold properly after heating, the
incorporation of the Tc atom and the harsh labeling conditions are
most likely the causes of the loss of function. It is possible that the
Tc-chelator complex interferes with refolding, while a free chelator
does not. This interference could be much more pronounced when
the chelator is positioned at K49 than at the N-terminal. Further-
more, a direct interaction of Tc with the nearest amino acid outside
the chelator cannot be excluded.

To evaluate the influence of chelator position on biodistribution
and targeting properties of 99mTc-labeled Affibody molecules, an
animal study with Balb/c nu/nu mice, bearing HER2-expressing
SKOV-3 xenografts was performed using the protocol reported ear-
lier.9,20 The general pattern of the biodistribution was similar for
the conjugates (high accumulation in tumors and rapid clearance
from blood and healthy tissues), however, certain differences were
observed (see Supplementary data). Both conjugates with chela-
tors attached to K49 demonstrated significantly higher radioactiv-
ity uptake in thyroid, stomach and salivary glands compared to the
N-terminally modified analogues, which indicates a lower in vivo
stability of the labels. The radioactivity concentration in tumors
was higher than in any organ or tissue, except for kidney, for
99mTc-Ne49-maSSS-ZHER2:342 and 99mTc-Ne49-maESE-ZHER2:342. How-
ever, the tumor uptake was significantly lower than for conjugates
with chelators at the N-terminus. One possible explanation is the
decreased antigen binding capacity. The accumulation of 99mTc-
Ne49-maSSS-ZHER2:342 in the intestines content was reduced com-
pared to 99mTc-maSSS-ZHER2:342. This suggests that the excretion
pathway is dependent on the positioning of the chelator in the Affi-
body molecule, and not only on its composition. Charge and lipo-
philicity of the chelating moiety have previously been found to
be crucial parameters that govern the biodistribution of Affibody
molecules carrying the chelator at the N-terminus. This effect
was less pronounced when the chelator was located at K49. An-
other interesting observation was the difference in the renal reten-
tion. When the maESE-chelator was positioned at K49, the renal
retention was reduced compared to the N-terminally modified
analogue. However, the reversed effect was observed for the maSSS
chelator. Taken together, these results show that the effect on glo-
bal molecular properties from chelating moieties of a given compo-
sition may differ depending on whether they are placed internally
or at the N-terminus. The biodistribution results in normal organs
were confirmed in another mouse strain NMRI, not carrying xeno-
grafts (data not shown).

In conclusion, both chelator composition and position of the
chelating moiety influence the label stability, biodistribution and
targeting properties of Affibody molecules. This is of general rele-
vance to consider for targeting agents where alternative positions
for site-specific chelator introduction are available.
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