INVITED PERSPECTIVE

Molecular Position of Radiolabels and Its Impact
on Functional Integrity of Proteins

Therapy control is one of the main
areas of interest during the follow-up
of cancer patients. This information
is currently acquired by a series of
conventional investigations, including
morphologic changes, symptomatic
responses, and clinical chemistry.
Techniques such as radiography, CT,
sonography, and MRI are imaging
techniques that cover the extent and
morphology of tumor masses and, to
some degree, alterations in tumor
perfusion. In contrast, nuclear medi-
cine has at its disposal a series of
radiopharmaceuticals that are success-
fully used for the assessment of the
therapy response. Among these agents,
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I8F-FDG acts as a surrogate marker
showing the influence of, for example,
cytostatic drugs on the glucose trans-
port and hexokinase activity of
tumors. A decrease in tracer accumu-
lation is expected to indicate a treat-
ment response and a better survival.
However, interpretation of the signal
may be complicated by inflammatory
reactions, such as those that can occur
early after radiation therapy. Further-
more, the tumor response is shown
through a negative signal—a decrease
in tracer uptake that may be problem-
atic in cases of moderate accumulation
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before therapy. In this respect, tracers
providing a positive signal are more
desirable.

Eight years ago, *™Tc-labeled an-
nexin V was presented for the first
time as a new agent capable of
imaging cell death in vivo. Apoptosis
was visualized in several model sys-
tems, including myocardial infarction
and Fas antibody-treated liver and
tumors after cytostatic drug applica-
tion (1,2). The use of 2°™Tc-labeled
annexin V as an in vivo imaging
indicator for apoptosis was based on
results obtained with a previously de-
veloped annexin V-fluorescent dye
conjugate used to show apoptotic cells
under a microscope (3). Annexin V
was first isolated from human placenta
(4) and demonstrated an anticoagulant
effect by inhibiting, among other
factors, prothrombinase activity. This
effect was attributed to the displace-
ment of coagulation factors from the
phospholipid membrane (5).

Annexins are ubiquitous homolo-
gous proteins that bind to phospholip-
ids in the presence of calcium.
Annexin V, formerly also known as
placental anticoagulant protein or vas-
cular anticoagulant protein (5), binds
together with Ca?" on externalized
phosphatidylserine (PS) present on
cell membranes early after the onset
of apoptosis. Under normal conditions,
nearly 100% of PS resides on the
interior leaflet of the bilayer cell
membrane, where it functions as an
anchor for annexin I, which is in-
volved in transmembrane signaling
and internalization processes (6). The
activation of effector caspases 3, 6,
and 7, which are induced after either
intrinsic or extrinsic stimuli, results in
the proteolytic inactivation of proteins
that maintain, under normal condi-

tions, the asymmetric distribution of
lipids within the cell membrane.
Among these proteins are several
types of translocase enzymes, includ-
ing a ubiquitous Mg?"-adenosine
triphosphate (ATP)—dependent amino-
phospholipid flippase that selectively
catalyzes the inward transport of PS
and phosphatidylethanolamine, an
ATP-dependent floppase that moves
phospholipids outward with little
head group specificity, and a Ca*-
dependent scramblase that destroys
the bilayer asymmetry (7). ATP de-
pletion attributable to energy-demanding
apoptotic process also may hamper the
maintenance of the asymmetric lipid
distribution.

The high affinity of annexin V for
cells with exposed PS exhibiting a dis-
sociation constant of less than 10710
mol/L (8) is the basis for detecting
apoptosis in vivo. What is the struc-
tural background for the strong an-
nexin V-PS interaction? It is known
from x-ray structure analyses that this
kind of binding functions through
the cocomplexation of Ca?" with the
carboxyl-phospholipid head group in
collaboration with AB, AB’, and DE
Ca?*-binding sites. These binding
sites are located in each of the 4
tandemly repeated segments of an-
nexin V. Figure 1 shows the interac-
tion of one of these segments (domain
IIT) with glycerophosphoserine (trun-
cated PS) on Ca?*-annexin V-binding
sites (9). Primary AB and secondary
AB’ Ca?*-binding sites are located
within the loop between the A and B
helices of each domain. They also are
called type II and type II Ca’*-
binding sites, respectively.

It should be noted that the 3 com-
plexation sites—AB, AB’, and DE—
imply differentially coordinated calcium
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Structural alignment of glycerophosphoserine (bright colors) in AB and

AB’ Ca?*-binding sites in third domain of annexin V (muted colors). Amino and amide
nitrogens are in blue, oxygen and hydroxyls are in red, and phosphorous is in green
(modified structure (9); courtesy of Barbara A. Seaton, written personal communica-

tion, April 13, 2006).

cations with different stabilities: site AB
> site AB’ > site DE. The second
complex entity, PS, coordinates Ca" in
the AB’ site with the carboxyl function
of serine and with the negatively
charged phosphate oxygen in the AB
site. In addition, the protonated a-amino
group of serine appears to stabilize and
interconnect the two Ca>™ sites through
hydrogen bonds with neighboring main
chain amino acids (9).

The interaction of annexin V with
PS through jointly used Ca?*t is,
however, not solely responsible for
the strong binding affinity. Multivalent
binding must be considered because
Ca?* forms peptide complexes with
a dissociation constant Kyq of only
107#-1075 mol/L. In combination with
PS, this value may decrease to some

degree because of the bidenticity of
PS for Ca?*. However, to meet the
above-mentioned small dissociation
constant, 2 or more domains must be
involved in annexin V-Ca?>*—PS head
group interactions. These considera-
tions assume that enough Ca?*t is
present. The Ca?" dependence was
validated by titration in the presence of
annexin V binding at low membrane
occupancy, showing the strong cooper-
ativity of this interaction with respect
to Ca®" (10). Up to 12 Ca>* atoms
theoretically can be complexed by 3
binding sites—AB, AB’, and DE—in
each of the domains. As many as 10
Ca®* atoms have been located in rat
annexin V crystal structures—all bind-
ing at the membrane-facing surface of
the protein (9).

These interactions are potentially
delicate with respect to disturbing
substituents such as chelators and
radiometals attached to the lysine
residues of annexin V. This is espe-
cially true when lysine belongs to the
sequence that coordinates Ca?* and
interacts with PS. Table 1 shows the se-
quence homology in the Ca’"-binding
loops of annexin V (/7). Amino
acids in bold type contribute main-
chain carbonyl oxygen ligands to the
AB Ca?*' ion. These sequences con-
tain 4 of the 22 lysine residues (K)
present in the protein. Lysine residues
in the interacting area are potentially
endangered for amine-directed radio-
ligands.

An interesting investigation of site-
specific radiolabeling is reported by
Tait et al. on pages 1546-1553 of this
issue of The Journal of Nuclear Med-
icine (12). They present a systematic
investigation of the influence of amine-
directed tags on annexin V binding.
The modifications included conjuga-
tion reactions of activated esters of
hydrazinonicotinic acid, mercaptoace-
tyltriglycine, and biotin as well as
fluorescein isothiocyanate. These con-
jugates, labeled with °°™Tc, were
compared with annexin V-128 carry-
ing a site-specific *°™Tc label posi-
tioned at the N-terminal end. This was
made possible by implementing the
amino acid sequence Ala-Gly-Gly-
Cys-Gly-His by recombinant techniques.
N-terminal **™Tc¢ was clearly shown
to be superior to randomly distributed
lysine tags. This work represents
a continuation of earlier efforts in-
vestigating recombinant techniques to
introduce chelating peptide sequences
at the N terminus (/3) and to improve
the imaging quality of annexin V (/4).

TABLE 1
Sequence Homology in AB Ca?*-Binding Site Loops of Annexin V*

Domain Residues Sequence

| 26-31, 72 M K G L G T E
I 98-103, 142 L K G A G T D
1 181-187, 226 G E L K w G T E
v 257-262, 301 M K G A G T D
*Data are from Seaton et al. (77).
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The 36-kDa annexin V is obviously
more sensitive to lysine-directed sub-
stituents than are monoclonal anti-
bodies (~150 kDa). This result might
be expected on the basis of knowledge
of the amino acid sequences shown in
Table 1. Amine-directed substituents
carrying complexed *°™Tc generally
do not compromise the biologic char-
acteristics of proteins, as shown with
a series of monoclonal antibodies
conjugated with up to 4 heterobifunc-
tional ligands (Bis(aminoethanethiol)
type) per protein molecule without
a loss of immunoreactivity (/5). Bind-
ing began to decrease above that
conjugation ratio. Although the num-
ber of complexed ligands in relation
to the molecular protein mass were
about the same in the antibodies
(4/150 kDa) as in the modified annex-
ins (1/36 kDa), this result surely was
favored by the lack of lysines in the
complementarity-determining regions
of the antibodies. In another study
(16), the incorporation of radioiodine
with various specific activities into
heavy and light chains of 13 mono-
clonal antibodies was studied. Radio-
iodine is less space demanding than
the technetium complexes mentioned
above, but this substituent may change
the hydrophobic nature of the variable
regions if tyrosine residues are pres-
ent. In that study, several antibodies
proved stable while others did not,
even at a low dose (/6).

One of the main lessons that can be
learned from the investigation of Tait
et al. (12) is that knowledge about the
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amino acid composition of the binding
site is an indispensable condition.
Site-specific labeling is the solution
of choice, especially when recombi-
nant techniques are available. One of
the other techniques that uses site-
directed labeling is the application of
C-terminal histidine tags on recombi-
nant antibodies, which can be used to
bind ?°™Tc through the exchange of
water from the [**™Tc(CO)5(H,0)5]™
complex (17).
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