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Loop variants of the serpin thyroxine-binding globulin: implications for
hormone release upon limited proteolysis

Helmut GRASBERGER*, Henriette M. B. GOLCHERT, Anja FINGERHUT+ and Onno E. JANSSEN"
*Howard Hughes Medical Institute, University of Chicago, 5841 S. Maryland Ave, Chicago, IL 60637, U.S.A., and T Division of Endocrinology, Department of Medicine,

University of Essen, Hufelandstrasse 55, 45122 Essen, Germany

Thyroxine-binding globulin (TBG) and corticosteroid-binding
globulin are unique among non-inhibitory members of the
superfamily of serine-proteinase inhibitors (serpins) in under-
going a dramatic increase in stability [stressed-to-relaxed (S — R)
transition] after proteolytic cleavage within their exposed re-
active-site-loop (RSL) equivalent. This structural rearrangement
involves the insertion of the cleaved loop as a new strand into the
f-sheet A and is accompanied by a decrease in hormone binding.
To define the mechanism that leads to disruption of hormone
binding of TBG after proteolytic cleavage, the effect of partial
loop deletions and replacements by the a,-proteinase inhibitor
homologues of TBG were evaluated. Unexpectedly, deletion of
the loop’s C-terminus, thought to be important for thyroxine
binding, improved the binding affinity over that of normal TBG.
Proteolytic cleavage of this variant revealed an intact S —> R
transition and reduced its binding activity to that of cleaved

TBG. In contrast, a chimaera with C-terminal loop extension
mimicked the decreased binding affinity of cleaved TBG and had
a thermal stability intermediate between that of native and
cleaved serpins. This variant was still susceptible to loop cleavage
and underwent an S — R transition, yet without changing its
binding affinity. Our data exclude a direct involvement of loop
residues in thyroxine binding of native TBG. Limited insertion of
the RSL into f-sheet A appears to trigger hormone release after
proteolytic cleavage. In support of this concept, residues within
the hinge region of the TBG loop are phylogenetically highly
conserved, suggestive of their physiological role as a functional
switch in vivo.

Key words: chimaera, limited proteolysis, reactive site, targeted
hormone delivery, thyroid hormone transport.

INTRODUCTION

Thyroxine-binding globulin (TBG), a 54 kDa glycoprotein of
hepatic origin, is the principal carrier of thyroxine (T,) and tri-
iodothyronine (T,) in human serum [3]. On the basis of sequence
similarity, TBG belongs to the serine-proteinase-inhibitor (ser-
pin) superfamily [4]. Historically, the name serpin is derived from
the function of most of their members as inhibitors of serine
proteinases. However, some inhibitors of this family target
cysteine proteinases, while others have no known inhibitory
function. The inhibitory serpins have fundamental importance
in the regulation of blood coagulation and fibrinolysis (e.g.
antiplasmin, antithrombin III, heparin cofactor II, protein C
inhibitor), inflammatory response and extracellular matrix turn-
over [e.g. o,-proteinase inhibitor (a,-PI), «,-antichymotrypsin,
plasminogen-activator inhibitors] and viral pathogenicity (e.g.
CrmA, SERP-1) (reviewed in [5]).

The crystallographic structures of several serpins have been
resolved (reviewed in [6]). The inhibitory activity of serpins
depends on their exposed reactive-site loop (RSL) acting as
suicide substrate for their target proteinases. Inhibitory serpins
are known to undergo a conformational rearrangement on
cleavage, resulting in insertion of the N-terminal part of their
RSL in the middle of the underlying f-sheet A and trapping of

the bound proteinase as a tight equimolar complex. This struc-
tural rearrangement is accompanied by a remarkable increase in
thermodynamic stability [stressed-to-relaxed (S — R) transition]
[71.

The capacity for loop insertion is thought to be crucial for
inhibitory activity and is found in all inhibitory serpins [8,9].
Non-inhibitory serpins, such as ovalbumin [10], angiotensinogen
[11], pigment-epithelium-derived factor [12] and maspin [13],
show no loop insertion and no S — R transition on cleavage. The
hormone-transport proteins TBG and corticosteroid-binding
globulin (CBG) also belong to the non-inhibitory serpins;
however, they do exhibit an S — R transition and hence loop
insertion, as evidenced by their increase in heat stability after
cleavage as first described by Pemberton et al. [14]. It has been
postulated that this structural rearrangement has evolved for the
targeted delivery of their ligands to tissues rich in proteinases,
such as sites of inflammation, since cleavage by human leucocyte
elastase (HLE) results in disruption of the binding properties of
both CBG and TBG. The decrease in the affinity of T, binding
to TBG by a factor of 3 [15] was less profound than the decrease
in cortisol-binding affinity of CBG by a factor of 10 [14], but in
agreement with the recently reported increased free-to-bound T,
ratio of TBG exposed to HLE [16]. While Pemberton et al. [14]
were first to describe loss of binding of cleaved CBG, they were

Abbreviations used: CBG, corticosteroid-binding globulin; HLE, human leucocyte elastase; K, affinity constant [thyroxine (T,)-binding]; o.;-Pl, et;-
proteinase inhibitor; RSL, reactive-site loop; s, f-strand (e.g. s1C); Sf9, Spodoptera frugiperda 9; S — R transition, stressed-to-relaxed transition;
serpin(s), serine proteinase inhibitor(s); T, tri-iodothyronine; TBG, thyroxine-binding globulin; residues are numbered as described by Schechter and
Berger [1], where P1-P1” is the scissile bond, P2, P3, etc. are residues in the N-terminal direction and P1’, P2’, etc. are residues in the C-terminal
direction; for the non-inhibitory TBG, the numbers correspond to the equivalent positions of a;-Pl based on the alignment of the conserved regions
preceding and following the RSL respectively; the denotation of serpin secondary-structural elements and their assignment to the TBG sequence are

as described in [2].
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unable to detect changes in the binding affinity of cleaved TBG.
The reason for this discrepancy is unclear, but it could be due to
the sensitivity of the method used to detect T, release from TBG,
since our results have been confirmed as recently shown by
Schussler [17]. Indeed, work from Schussler’s laboratory showed
that the proteolytic cleavage of TBG by leucocytes led to the
release of T,, as determined by equilibrium dialysis [16]. They
also reported a rapid disappearance of TBG from serum of
subjects undergoing cardiac by-pass surgery, which was not
accompanied by a loss of other serum proteins [18,19]. This
finding, attributed to TBG consumption due to proteinase
cleavage at inflammatory sites, is supported by our finding of loss
of T,-binding capacity due to further degradation of the primary
cleaved fragment during exposure to HLE [15]. Finally, Suda et
al. [20] probed the ligand-binding site of TBG with a specific
fluorophore, 1,8-anilinonaphthalenesulphonic acid, and con-
cluded that T, binding also decreases after serine-proteinase
cleavage of the TBG molecule.

There is, though, no experimental evidence to establish caus-
ality between the ability to undergo the S — R transition and the
detrimental effect on the binding properties. Indeed Terry and
Blake [21] suggested a direct interaction of residues in the C-
terminal part of the RSL with bound T, as implied by molecular
modelling of the binding site of TBG. These interactions would
be disrupted by cleavage within the loop, independently of the
concomitant S — R transition.

To better understand the high-affinity T, binding and to define
the mechanism by which cleavage by HLE leads to a reduction
of the binding activity, we have characterized TBG variants by
deletions and substitutions of different parts of its RSL by the
respective o,-PI homologues.

MATERIALS AND METHODS
Materials

o,-PI M-type cDNA [22] was kindly given by Dr R. C. Foreman,
School of Biological Sciences, University of Southampton,
Southampton, U.K. Vent DNA polymerase and restriction
endonucleases were obtained from New England Biolabs. Puri-
fied TBG and rabbit anti-TBG serum were generously donated
by R. Girtner, Medizinische Klinik, Klinikum Innenstadt,
Department of Endocrinology, Ludwig-Maximilians University,
80336 Munich, Germany. T, stock solutions and TBG concen-
trations were quantified using RIAs [BRAHMS Diagnostica
GmbH (Berlin, Germany) and CIS Bio International (Gif-Sur-
Yvette, France, now acquired by Schering)].

Construction of hybrid TBG—o,-PI cDNAs and expression in insect
cells

The construction of the TBG transfer vector, the generation of
recombinant baculoviruses and the expression in Sf9 (Spodoptera
frugiperda) insect cells have been described previously [23].
Chimaera TP , was generated by repeated cycles of two-step
PCR overlap extension [24] with TBG and «,-PI cDNA or the
gel-purified intermediate PCR products as templates respectively.
The cDNAs were fused sequentially with the internal primers 5'-
TCGATGGTCAGCACAGCCTTATGGGCAGCATT-3" and
5-AATGCTGCCCATAAGGCTGTGCTGACCATCGA-3
(antisense and sense primers for N-terminal fusion) and 5'-
ATGTCTATCCCCCCCGAAAACACTTTCCTACA-3" and
5-TAGGAAAGTGTTTTCGGGGGGGATAGACATGG-3’
(sense and antisense primers for C-terminal fusion). The external
primers were 5-CGGAATTCCTTCCTTCCAAAATGTCA-
CC-3" and 5-CGGGGTACCCCAATGGCCTTTTTCCCGA-
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CTA-3’ specific for the N- and C-terminus of the TBG-cDNA,
respectively, and 5-TGAGGAGCGAGAGGCAGTTA-3" for
the C-terminus of the «,-PI ¢cDNA. These primers provided
EcoRI and Kpnl linkers respectively for subcloning into
pBlueBac4 (Invitrogen). The correct sequence of the final product
was confirmed by automated sequencing with fluorescent dye
terminators (PRISM-System 377, Applied Biosystems).

The shorter loop replacement in chimaera TP , was con-
structed via a cassette mutagenesis approach. Briefly, fragments
of the human TBG coding sequence were derived from the
plasmid pGpT [25]. Fragment A, encoding Met' to Ala®'® of
TBG as well as a portion of the cloning vector, was obtained by
treatment of pGpT with EcoRI and Poull. Similarly, fragment B,
coding for the C-terminal part of TBG starting with Arg®%®, was
obtained by digestion of pGpT with HindIIl and Bg/ll. Two
complementary oligonucleotides (5'-CTGTCCCTTTTTTAGA-
GGCCATACCCATGTCTATCCCCCCTATTATCCAAATT-
GATA-3, 5-GATCTATCAATTTGGATAATAGGGGGGA-
TAGACATGGGTATGGCCTCTAAAAAAGGGACAG-3')
coding for residues Phe®? to Pro®%! of « -PI flanked by residues
Val**? to Pro®®® and Pro®%® to Asp®*® of TBG were synthesized
and annealed such that the 5- and 3’-termini of the duplex
(fragment C) would be compatible with the 5’-overhang produced
by cleavage of pGpT with Bg/Il and with the blunt-ended
recognition site of Pvull respectively. Fragment D was EcoRI/
HindIll-digested pGEM-4z (Promega). The ligation was per-
formed in a two-step reaction, with double digestion of the
ligation product of fragment A and C with EcoRI and Bg/II and
subsequent ligation of the obtained monomeric ligation product
with fragments B and D. The efficiency of this procedure was
confirmed by partial sequencing of five ampicillin-resistant
JM109 transformants, all of which contained the desired hybrid
coding sequence. One clone, designated TP, |, was subcloned into
the transfer vector pBlueBac4 and sequenced in its entirety.

Western blotting

Samples were run on continuous Tris/glycine/10 9%-(w/v)-poly-
acrylamide gels under denaturing, non-reducing conditions [26].
For PAGE under non-denaturing conditions, SDS was omitted
from all buffers. Blotted nitrocellulose membranes were probed
with rabbit anti-TBG antiserum as primary antibody followed
by enhanced chemiluminescence (ECL®) immunodetection with
horseradish peroxidase-conjugated donkey anti-rabbit IgG (Am-
ersham Pharmacia Biotech, Freiburg, Germany) as secondary
antibody.

Reaction with HLE

Samples were incubated in assay buffer (0.1 M NaCl/0.059,
Triton X-100/0.1 M Hepes, pH 7.4) with purified HLE (EC
3.4.21.37; Calbiochem) in equimolar concentrations for 20 min
at 37 °C. HLE inhibitory activity was determined in the same
buffer using methoxysuccinyl-Ala-Ala-Pro-Val p-nitroanilide
(Calbiochem) as chromogenic substrate as described in [23].

T, binding assay

Parameters of T, binding to the recombinant proteins were
measured by a method previously described in detail [27]. Briefly,
samples were diluted with 270 mM barbital buffer, pH 8.6, and
incubated with ['**I]T, (sp. radioactivity 48.8 MBq/ug; DuPont—
New England Nuclear) in the presence of increasing amounts of
unlabelled T,. After equilibration, protein bound was separated
from free [**I]T, with anion-exchange resin beads (M 400;
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Mallinckrodt) and the specific **I-binding determined. The
affinity constants (K,) and binding capacities for T, were cal-
culated by Scatchard analysis [28]. The accurate determination
by the resin method of the concentration and K, of TBG both
native and cleaved by elastase has recently been verified by
equilibrium dialysis [16] and by T, displacement [20].

Stability assays

Heat-stability assays was assessed at a temperature range from
40 to 95 °C. Following a 20 min incubation, the samples were
rapidly cooled on ice, soluble protein fractionated by centrifu-
gation (15 min at 14000 g) and aliquots loaded on to non-
denaturing polyacrylamide gels for analysis. Functional stability
was assessed by analysis of residual specific T,-binding capacity,
which was expressed relative to controls kept at 0 °C.

RESULTS
Design of TBG—PI chimaeras

Alignment of the conserved regions preceding and following
the hypervariable RSL revealed that TBG and PI differ in the
apparent length of this region (Figure 1). Residues near the C-
terminus of the TBG loop (namely Glu®*** and Phe?®°) have been
implicated in the T,~TBG interaction [21]. Thus two chimaeras
differing in the length of their loop sequence were constructed.
Chimaera TP, contained the «,-PI loop from position P7 to P3".
P7 was fused in-frame to the TBG sequence based on the
alignment of the conserved hinge region (P12-P16) of its loop
with that of o -PI. P3" was linked to Pro®* (the beginning of
strand 1C) of TBG. The loop of TP,, was thus four residues
shorter than that of normal TBG. In chimaera TP, a longer PI
fragment (P20-P3’) was transferred into the TBG context. P20
was fused in-frame to the aligned TBG sequence and P3’ of the
PI fragment was linked to Pro®*® of TBG. The loop of TP, , was
therefore three residues longer than that of normal TBG. Both
chimaeras and TBG were expressed in Sf9 cells using recombinant
baculovirus. All recombinant proteins were secreted at similar
expression levels of up to 5 ug/ml as determined radioimmuno-
metrically and by Scatchard analysis of T, binding (results not
shown).

Reaction with HLE

Both chimaeras were specifically cleaved by HLE (Figure 2), but
cleavage of TP , was much slower than that of TBG and TP,
(results not shown). The apparent molecular masses of the
reaction products were compatible with cleavage within their
RSL. Like normal TBG, both chimaeras reacted as pure sub-

P16 P12 Pl/Pl !

TBG 339 EKGTEAAAVPEVELSDQ———PENTFLHPIIQID 368
PI 342 EKGTEAAGAMFL PEVKFN 367
TP,, 339 EKGTEAAAVPFLEAIPM IIQID 364
TP, 339 EKGTEAAGAMFLEATPMSIPPENTFLHPIIQID 371

RSL > +—slC—

Figure 1  Alignment of the RSL of TBG, «,-PI and the chimaeras

Parts of the amino acid sequences of TBG, o-Pl and the two chimaeras are shown. The
numbers to the left and right indicate the N- and C-terminal positions of the amino acid
sequences. The reactive site is indicated by P1/P1”. P12—P16 represent the loop’s hinge region.
The secondary-structure elements of the o,-PI model are indicated at the bottom. Shaded areas
indicate residues taken from the oc,-PI sequence.
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Figure 2 Reaction of recombinant serpins with HLE

Recombinant TBG and the chimaeras were incubated either alone (—) or with (+4) an
equimolar amount of HLE for 30 min at 37 °C. The reaction products were separated by non-
reducing SDS/PAGE. After incubation with HLE, all proteins showed a decrease in apparent
molecular mass consistent with specific cleavage within their RSL. No SDS-stable complexes
with HLE, which would have been indicative of true inhibition, were detected.
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Figure 3 Effect of loop length on T, binding

Changes of the TBG loop markedly influenced the T,-binding properties: the affinity constant
(K) for T, binding of TP, (A) was reduced to one-third of that of TBG (O)

a
[(0.38+0.16) x 10" M~" versus (117 +0.19) x 10'® M~", means +S.D.]. In contrast, TP,

(1) had a higher binding affinity [, (1.69 +0.21) x 10'® M~"] than that of TBG. Plots shown
are representative of four independent experiments.

strates and not as inhibitors, since no complex formation with
HLE was observed (Figure 2) and no measurable HLE inhibition
was found in an inhibitor assay (results not shown).

Analysis of T, binding

The effect of loop exchange on T, binding was assessed with a
resin uptake test and Scatchard analysis. Unexpectedly, sub-
stitution of the loop by the «,-PI homologue had a pronounced
effect on the T, binding properties: The binding affinity of TP,
ata K, of (0.38+0.16) x 10" M " was only one-third of that of
native TBG [K, (1.17+0.19) x 10 M!] (Figure 3), similar to
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Figure 4 Effect of HLE cleavage on T, binding

Affinity constants (K;) for T, binding were determined before (black bars) and after (hatched
bars) specific cleavage with HLE (means + S.D. for four independent experiments).

that of cleaved TBG (see below). In contrast, TP, had a higher
T,-binding affinity than normal TBG [K, (1.69+0.21)x
10" M1, thus representing the first protein with a higher T,-
binding affinity than TBG.

Cleavage of their RSL reduced the T,-binding affinity of TBG
and TP, [to K, values of (0.33+0.11)x 10" M and (0.44 +
0.17) x 10™ M respectively], whereas cleavage of TP, did not
further decrease its T,-binding affinity (Figure 4). Thus native
and cleaved TP, resembled the functional properties of cleaved
TBG.

Stability assays

To assess the conformational stability of the recombinant pro-
teins, their soluble fraction after heat denaturation was separated
on native PAGE. TBG and TP, were denatured and lost their
ability to migrate as monomers after incubation at 55 and 50 °C
respectively (Figure 5). In contrast, TP , exhibited neither
multimerization nor loss of soluble antigen at temperatures as
high as 80 °C. With this increased stability, native TP, almost
mimicked the stability profile of the relaxed (R) conformation of
serpins.

To test if the variants underwent an S — R transition upon
cleavage, the functional stability of their native and cleaved
forms was assessed by determination of their residual activity
after thermal denaturation (Figure 6). Native TP , was inacti-
vated at a slightly lower temperature than TBG (55 versus
60 °C). In accordance with the results of the native PAGE, T,
binding of TP, , was remarkably heat-resistant, with no significant
loss after incubation at temperatures as high as 80 °C for 20 min.
After HLE cleavage, all recombinant proteins had an increased
functional stability, i.e. all three proteins were converted into a
more relaxed state by cleavage within their RSL.

© 2002 Biochemical Society
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Figure 5 Thermal denaturation of recombinant serpins

TBG and the chimaeras were incubated for 20 min at the indicated temperatures, separated by
non-denaturing PAGE and probed with anti-TBG antiserum. TP, showed neither signs of
polymerization nor loss of detectable antigen at temperatures as high as 85 °C. TBG and TP,
were stable only up to temperatures of 60 °C. bv-TBG, TBG synthesized in the baculovirus
system described in the Materials and methods section.

100 1

50 1

residual T,-binding (%)

0 40 50 &0 70 80
°C for 20 min

90 95

Figure 6 Thermal inactivation profile of intact and cleaved recombinant
serpins

Aliquots of the intact and HLE-cleaved recombinant proteins were incubated between 40 °C and
95 °C for 20 min. Soluble proteins were then fractionated by centrifugation and analysed for
their residual T,-binding capacity, which is expressed relative to control samples kept at 0 °C
(mean values for duplicate experiments). Open symbols mark uncleaved samples while the
corresponding filled symbols mark HLE-cleaved proteins. Intact TP, () was slightly less
stable than TBG (QO), but after cleavage, it (Ill) was as stable as HLE-cleaved TBG (@). TP,
(£\) showed a markedly increased thermal stability with no loss of T,-binding capacity at
temperatures of up to 85 °C. After cleavage its (A) stability further increased, indicating an
intact S — R transition.

DISCUSSION

The hormone-binding serpins TBG and CBG have both been
implicated in the targeted delivery of their ligands to tissues rich
in proteinases, e.g. sites of inflammation [14-16,20]. The dis-
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ruption of binding is caused by the specific proteolytic cleavage
within a surface loop, which aligns to the RSL of inhibitory
serpins. During this process their exposed loop is believed to
undergo a drastic conformational change, with insertion of the
part N-terminal to the cleavage site into the major p-pleated
sheet A. Indirect evidence for this is inferred from the charac-
teristic increase in stability following cleavage (S — R transition),
which is observed in all inhibitory serpins. Crystallography of
their cleaved forms shows insertion of the N-terminal loop as a
new strand (strand 4A) into fg-sheet A.

Alignment of serpin sequences (Figure 1) suggests that TBG
has a relatively long loop conformation, four residues (Glu®**"—
Phe?®®?) longer than the respective «,-PI sequence. However, the
RSL of serpins is quite variable in length, with antichymotrypsin
sharing a similar conformation to TBG in this region. On the
basis of an alternative alignment, others have modelled these
residues as a f-bulge within the following strand 1C [21]. This
was postulated to provide increased access to the underlying /-
barrel structure comprising the T,-binding site [23]. In addition,
an interaction of these residues with the iodine atoms of T, via
Phe®®® and with the a-amino group of T, via Glu*7 has been
postulated.

To examine the importance of the loop in T, binding of TBG,
we designed chimaeric TBG—«,-PI molecules by replacing the
loop with its «-PI counterpart, with and without deleting
the additional residues of TBG. Contrary to the prediction, the
deletion of Glu**—Phe®®° resulted in a variant (TP,;) with an
even higher T,-binding affinity than normal TBG (Figure 3).
These data essentially excluded the functional importance of the
deleted residues for T, binding.

While the transfer of the PI RSL failed to confer HLE-
inhibitory activity to TP ,, the molecule still underwent the
typical S — R transition after cleavage by HLE (Figure 6). The
lack of HLE inhibition by TP, was thus not due to the inability
of the «,-PI loop to insert into f-sheet A of TBG per se. In
addition, the concomitant reduction in T ,-binding affinity (Figure
4) clearly showed that the disruption of T, binding after cleavage
of TBG does not depend on the presence of a TBG-specific loop
sequence.

To elucidate whether subtle global structural rearrangements
or a more specific interaction at the loop’s hinge account for the
decreased binding affinity of cleaved TBG, we constructed a
second chimaera including the additional, TBG-specific residues
(Figure 1). Extension of the loop by three residues resulted in a
3-fold reduction of T,-binding affinity when compared with
native TBG and thus in a binding affinity similar to cleaved TBG
(Figures 3 and 4). TP, exhibited a remarkable thermostability,
with neither loss of binding nor polymerization at temperatures
of up to 80 °C (Figures 5 and 6).

The dramatic increase in stability of TP, can be explained by
detachment of strand 1C from f-sheet C, a mechanism by which
inactivation by polymerization of other serpins take place [29].
Extending the loop could retard this process in that it allows the
stronger annealing of strand 1C to p-sheet C, as has been recently
proposed for a thermostable o« -PI variant with a C-terminally
extended loop [30]. Such a model, though, would be difficult to
reconcile with the reduced binding affinity of TP, ,, which rather
suggests a conformational change in the f-barrel [23]. Alterna-
tively, TP, ,’s thermostability could also be explained by a latent
conformation similar to native plasminogen-activator inhibitor-
1 [31], in which complete loop insertion occurs by simultaneous
detachment of strand 1C from p-sheet C [32]. However, in-
consistent with a latent conformation, the TP, loop was still
susceptible to HLE cleavage. Taken together, our data are
compatible with partial pre-insertion of the TP, , loop, sufficient

to cause diminished T, binding. Superimposing the native and
cleaved serpin structures, e.g. of a,-PI, reveals the lateral dis-
placement of strand 3A and expansion of S-sheet A upon
loop insertion [33]. Similarly, in TP, ,, modelling of partial loop
insertion reveals a lateral dislocation of the C-terminal part of
the neighbouring strand 3A, residues of which are facing into the
interior of the f-barrel motif. Thus, in keeping with the results of
recent studies mapping the T,-ligand binding site by site-directed
mutagenesis [34] and characterization of the binding-deficient
variant TBG-Aborigine [35], where an Ala'®! — Thr replacement
at the end of strand 3A results in diminished T, binding, we
hypothesize that disruption of T, binding in TP, is due to
weakening of interactions of T, with residues in the close vicinity
of the loop’s hinge region. Consistent with this explanation,
complete loop insertion after cleavage did not alter T, binding of
TP, , (Figure 4). In addition, cleavage of the RSL should further
increase heat stability by completion of an energetically favoured
antiparallel g-sheet A, and this was, indeed, the case for TP,
(Figure 6). This hypothesis also explains the puzzling finding of
an increased T,-binding affinity in TP, |, assuming a pre-insertion
of the loop in normal TBG. The shorter loop of TP, , would
result in reduced pre-insertion of its loop, which would then lead
to the observed increase in T, binding and reduction in stability
of this chimaera.

Further credence to the concept that hormone release of TBG
after cleavage critically depends on the insertion of only the N-
terminal part of its loop stems from an alignment of multiple
serpin RSLs, which reveals conservation only of the hinge region
(P12-P16) of the TBG loop between species as well as to the
consensus sequence of inhibitory serpins. This conservation
suggests a functional importance of the structural flexibility of
this region in TBG. Since receptor-mediated uptake of cleaved
TBG has not been substantiated [36], the ligand-releasing func-
tion is the more likely candidate for facilitated hormone transport
[15,16,20].

In conclusion, our results offer a model of how the metastability
of inhibitory serpins might have been adapted in the non-
inhibitory serpin TBG to serve as a targeted hormone-releasing
mechanism. Accordingly, partial insertion of the reactive site
loop of TBG in S-sheet A is sufficient to trigger hormone release,
presumably by a local structural rearrangement in the vicinity of
the loop’s hinge region in keeping with the previously identified
ligand-binding site [23,34]. The remarkable conservation of
residues within the hinge region of TBG not only lends support
to our model, but also suggests a physiological role of this
evolutionary conserved functional switch in vivo.

This work was supported by grants from the Deutsche Forschungsgemeinschaft to
0.E.J. (DFG Ja 671/1-3 and SFB 469/B8).
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