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We have determined the solution structures of recombinant domain 1 and
native domain 6 of the multi-domain Kazal-type serine proteinase inhibi-
tor LEKTI using multi-dimensional NMR spectroscopy. While two of
the 15 potential inhibitory LEKTI domains contain three disulfide bonds
typical of Kazal-type inhibitors, the remaining 13 domains have only two
of these disulfide bridges. Therefore, they may represent a novel type of
serine proteinase inhibitor. The first and the sixth LEKTI domain, which
have been isolated from human blood ultrafiltrate, belong to this group.
In spite of sharing the same disulfide pattern and a sequence identity of
about 35% from the first to the fourth cysteine, the two proteins show
different structures in this region. The three-dimensional structure of
domain 6 consists of two helices and a b-hairpin structure, and closely
resembles the three-dimensional fold of classical Kazal-type serine pro-
teinase inhibitors including the inhibitory binding loop. Domain 6 has
been shown to be an efficient, but non-permanent serine proteinase inhibi-
tor. The backbone geometry of its canonical loop is not as well defined as
the remaining structural elements, providing a possible explanation for
its non-permanent inhibitory activity. We conclude that domain 6 belongs
to a subfamily of classical Kazal-type inhibitors, as the third disulfide
bond and a third b-strand are missing. The three-dimensional structure
of domain 1 shows three helices and a b-hairpin, but the central part of
the structure differs remarkably from that of domain 6. The sequence
adopting hairpin structure in domain 6 exhibits helical conformation in
domain 1, and none of the residues within the putative P3 to P30 stretch
features backbone angles that resemble those of the canonical loop of
known proteinase inhibitors. No proteinase has been found to be inhibited
by domain 1. We conclude that domain 1 adopts a new protein fold and is
no canonical serine proteinase inhibitor.
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Introduction

Proteinases are essential for the regulation of
most physiological processes, but can also be
potentially dangerous to their proteogenic environ-
ment, and therefore, must be carefully controlled.
Once a proteinase is activated by liberation from
its zymogen, the in vivo activity is controlled by
specific endogenous proteinase inhibitors. Many
pathological effects originate from misregulated
endogenous proteinases or proteinases encoded
by bacteria, viruses, or parasites, underlining the
important function of the respective inhibitors.1 In
the case of serine proteinase inhibitors at least 18
non-homologous families can be distinguished
according to their sequences, their disulfide pattern
and their three-dimensional structures.2

Two previously unknown polypeptides of 55
and 68 amino acid residues (HF6478, 55 amino
acid residues, and HF7665, 68 amino acid residues,
hemofiltrate peptides with molecular masses of
6478 and 7665 Da, respectively) have been isolated
from human blood ultrafiltrate, and were shown
to represent domain 1 and domain 6 of a large pre-
cursor protein termed lympho-epithelial Kazal-
type-related inhibitor (LEKTI), which contains 15
potential serine proteinase inhibitory domains.3

Two out of these domains resemble typical Kazal-
type serine proteinase inhibitors, as deduced from
their primary structure and characteristic pattern
of six cysteine residues. The other 13 domains
share partial homology to Kazal-type inhibitors,
but lack one of the three conserved Kazal-typical
disulfide bridges. Thus, it has been suggested that
they may represent a novel type of serine protein-
ase inhibitor. In addition, all 15 LEKTI domains
contain a longer sequence stretch between the first
two cysteine residues compared to typical Kazal-
type inhibitors (13 and 12, respectively, instead of
six to nine residues; Figure 1).

No proteinase has so far been found to be inhibi-
ted by domain 1, whereas domain 6 has been

shown to inhibit trypsin efficiently, but temporarily
with an apparent IC50 of approximately 150 nM.3 – 5

Since the LEKTI gene (SPINK5) is mainly
expressed in mucous epithelia and associated
glands as well as in lymphoid organs, the digestive
enzyme trypsin is unlikely to be a physiological
target proteinase of LEKTI or its domains.

A possible role of LEKTI in the regulation of
T-lymphocyte differentiation or antimicrobial pro-
tection is suspected, but the target proteinases of
LEKTI still remain to be determined.5 Interestingly,
it appears that defects in SPINK5 are directly corre-
lated with the congenital skin disorder disease
Netherton Syndrome. Those defects are various
mutations leading to premature termination
codons,6 generation of altered splice products,7

and point mutations resulting in exchanges of
single amino acid residues.8 Especially, an E420K
mutation (numbering according to full-length
LEKTI) shows a significant association with atopic
dermatitis and a weak association with asthma as
demonstrated with two independent panels of
families. Additionally, the point mutations N368S
and D386N were identified, all three located in
domain 6 of LEKTI, with the latter amino acid
exchange being part of the putative canonical
loop.8,9 These results demonstrate, that significant
genotype–phenotype correlations exist, but the
actual physiological function of LEKTI or its
domains still remains unclear. Komatsu et al.10

localized mRNA encoding for LEKTI in the upper-
most epidermis of normal human skin, and they
determined elevated stratum corneum hydro-
lytic activity in Netherton Syndrome patients
suggesting a regulation of desquamation by
LEKTI. This is a first hint for a natural target pro-
teinase of LEKTI or its domains.10

Since LEKTI domains 1 and 6 circulate in human
blood, they represent naturally occurring pro-
cessed forms of LEKTI. Despite their sequence
identity of 35% within the region from the first
to the fourth cysteine and their identical cysteine

Figure 1. Top: primary structure alignment68 of LEKTI domain 1 (residues 23 to 77) and domain 6 (residues 356 to
423), as found in human hemofiltrate. Identical residues are displayed in red, conserved and semi-conserved substi-
tutions are colored green and blue, respectively. The 1–4, 2–3 disulfide bond pattern and the putative P1–P10 sites of
both LEKTI domains are indicated. Bottom: schematic comparison of LEKTI domains 1 and 6 with a typical Kazal-
type inhibitor indicating conserved disulfide bonds and the number of amino acids spacing the cysteine residues.
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connectivity pattern3,11 (Figure 1), they exhibit
different activities against trypsin and other pro-
teinases. These features and the fact that some
of the point mutations, which seem to be related
to Netherton Syndrome, are located within the
sequence of domain 6, make them both interesting
target molecules for structure determination.
Here we report the three-dimensional structures
of recombinant domain 1 and native domain 6
of LEKTI. Despite their significant sequence
homology the proteins show different overall
folds.

Results

NMR spectroscopy

One-dimensional 1H NMR spectra at different
temperatures revealed an optimal resonance dis-
persion at 298 K for both proteins. Therefore, all
NMR experiments were carried out at this tem-
perature. The spin systems of all amino acid
residues of domain 6 except for the COOH-termi-
nal Asn were assigned sequence-specifically
according to standard procedures12 using data

Figure 2. Secondary structure of domain 6 (a) and domain 1 (b). Summary of sequential and medium-range NOEs
and chemical shift indices (HA CSI). The relative strength of the NOEs, classified as weak, medium and strong from
cross-peak intensities of 2D-NOESY spectra (domain 6, domain 1) and the 15N-NOESY-HSQC spectrum (domain 1), is
indicated by the strength of the horizontal bars. Positive and negative chemical shift indices are typical of extended
and helical structure, as denoted by rectangles above and below the axis. Values of 3J(HN,Ha) , 6 Hz and .8 Hz, typi-
cal of helical and extended structure, are shown as white and black squares, respectively. The secondary structures of
both proteins as derived from structure calculations are depicted in the bottom line.
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from homonuclear 2D spectra. An almost complete
sequence-specific assignment of the backbone as
well as side-chain resonances of domain 1 was
obtained from heteronuclear and homonuclear
spectra except for the spin systems of Cys30,
His31, and Glu32. The spin systems of all leucine
residues (Leu42, 54, and 70) were assigned from
homonuclear spectra. All Xxx-proline peptide
bonds of both domains are in trans conformation,
as evidenced by unambiguous Ha(i) Pro-Hd(i þ 1)
nuclear Overhauser effect (NOE) signals in the
NOE spectroscopy (NOESY) spectra and the fact
that Ha(i) Pro-Ha(i þ 1) connectivities were
absent.12

Secondary structures of LEKTI domains 1
and 6

1Ha chemical shifts

1Ha chemical shifts of both peptides were ana-
lyzed by the chemical shift index strategy13,14

using the random coil values given by Wishart
et al.15 For all spin systems followed by a Pro resi-
due, corrected random coil values were used for
the analysis.15 Only deviations of more than

0.1 ppm from the random coil values were taken
into account for secondary structure determi-
nation, represented by þ1 and 21 values (Figure
2(a) and (b), next to last line, respectively). Two
potential helical regions were obtained for domain
6: from Tyr363 to at least Leu366, and from Thr399
to Lys416. Furthermore, indication for extended
structure is found from Lys378 to Cys381 of
domain 6 (Figure 2(a)). For domain 1 upfield
shifted 1Ha resonances suggest helical regions
from Glu25 to at least Met29, from Asp47 to
Phe50, and from Leu54 to Glu71. A short stretch
with indications for extended structure can be
deduced for Phe36 to Lys38 of domain 1 (Figure
2(b)).

Coupling constants

For domain 6 a total of 49 3J(HN,Ha) coupling
constants was determined from a high digital reso-
lution double quantum filtered correlated spec-
troscopy (DQF-COSY) spectrum, with 24 coupling
constants unambiguously transformable into
f-angle constraints. A total of 14 helix-typical
coupling constants (f-angle: 260(^20)8) were
identified within the two putative helices. Around

Table 1. Structural statistics

Experimental restraints used for the structure calculation
Domain 1 Domain 6

Intraresidual NOEs 102 68
Interresidual NOEs 421 616
Sequential 203 279
Medium-range 162 207
Long-range 56 130
Dihedral angle restraints 14 24

Molecular dynamics simulation statistics
Energies (kcal/mol)
Total 79.71 ^ 1.43 90.21 ^ 1.77
Bond lengths 2.01 ^ 0.17 1.94 ^ 0.14
Bond angles 62.06 ^ 0.79 72.93 ^ 0.98
Improper angles 7.01 ^ 0.21 8.28 ^ 0.28
van-der-Waals repulsion 4.31 ^ 0.53 2.63 ^ 0.56
Distance restrains 4.31 ^ 0.41 4.42 ^ 0.68
dihedral angle restraints 0.00053 ^ 0.0012 0.01 ^ 0.02

RMSDs from ideal distances (Å)
Bond lengths 0.0015 ^ 0.00006 0.0013 ^ 0.00005
Distance restraints 0.013 ^ 0.0006 0.011 ^ 0.0009

RMSDs from ideal angels (8)
Bond angels 0.49 ^ 0.0032 0.50 ^ 0.0038
Dihedral angel restraints 0.0038 ^ 0.007 0.05 ^ 0.07

Atomic RMSDs from the average structure (Å)
Domain 1 Domain 6

Back bone Heavy atoms Back bone Heavy atoms

Overall 1.80 2.45 2.77 3.26
Structured regiona 0.57 0.99 0.62 1.13
Regular secondary structureb 0.47 0.83 0.43 0.82

Except for the experimental restraints all values are average values over the 21 accepted structures in the form average value ^
standard deviation.

a Residues 29–74 for domain 1, residues 363–413 for domain 6.
b Residues 34–38, 40–41, 48–52, 54–74 for domain 1, residues 363–371, 388–413 for domain 6.

208 Homologous Proteins with Different Folds



Leu373 to Leu379 and Ile388 to His396 another ten
coupling constants characteristic for extended
structure (f-angle: 2120(^40)8) were found
(Figure 2(a)).

A total of 20 3J(HN,Ha) coupling constants
were determined from the HNHA spectrum of
15N-labeled recombinant domain 1, with ten helix-
typical coupling constants in the NH2-terminal
region up to Ala35, in the central region from
Lys48 to Phe50 and in the COOH-terminal region
around Ala64 to Ala74. Four coupling constants
characteristic for extended structure are located in
the area from Phe36 to Phe43 (Figure 2(b)).

Medium range NOEs

The patterns of sequential and medium range
NOE connectivities for domain 6 and domain 1
corroborate the results from chemical shift data
and coupling constants (Figure 2). For domain 6, a
high density of daN(i,i þ 3) and dab(i,i þ 3) NOEs,
which are characteristic for helical structure, was
detected from Ser362 to Leu373 and Thr399 to
Glu413 (Figure 2(a)). Similar NOEs were found for
domain 1 in the sequence stretch from Gln52 to
Ala74, and a few isolated (i,i þ 3) NOEs were
determined in the central region of the protein
(Figure 2(b)). These data together with the 1Ha
chemical shifts and the coupling constants suggest
a COOH-terminal helix for both proteins and an
NH2-terminal one for domain 6.

Structure calculations

Structure calculation of domain 6 was based on a
total number of 684 distance constraints com-
prising 68 non-trivial intraresidual, 279 sequential,
207 medium range, and 130 long range NOE con-
tacts, as well as 24 dihedral angle constraints
(Table 1). For domain 1, the respective number of
distance constraints is 523, comprising 102 intra-
residual, 203 sequential, 162 medium range, and
56 long range NOEs together with 14 dihedral
angle restraints (Table 1). The distance constraints
of domain 6 were derived from homonuclear
NOESY spectra. For domain 1, a 15N-NOESY-
HSQC and homonuclear NOESY spectra were
used, each at 298 K. Trans conformation of all
Xxx-Pro peptide bonds was considered. Structure
calculations were performed iteratively, including
only unambiguous distance restraints in the first
rounds. A set of 60 structures for both domains
was calculated in each round of structure calcu-
lations. The solution conformation of domains 6
and 1 (Figure 3) is represented by a family of 21
structures each, that was chosen from the final
rounds of calculations by the criterion of the lowest
overall energy. The overall energies and RMSD
values from ideal geometry of both proteins are
similar, and small deviations from ideal bond
lengths and bond angles reflect a good covalent
geometry (Table 1). The structures have no distance
violations greater than 0.13 Å and no dihedral

angle violations greater than five degrees. The best
fit superimposition of the structures (Figure 3), as
well as the corresponding RMSD values (Figure 4,
Table 1) demonstrate well-defined tertiary struc-
tures for LEKTI domains 1 and 6. Both proteins,
however, exhibit exposed and flexible termini,
which might relate to post-translational processing
of the complete 15-domain precursor protein
LEKTI or parts of it.

Tertiary structures

LEKTI domain 6

A best-fit backbone superimposition of the 21
structures of lowest overall energy of domain 6
together with one representative structure indi-
cating regular secondary structural elements are
given in Figure 3(a) and (b). The RMSD value of
the 21 converging structures is 2.77 Å for the back-
bone heavy atoms and 3.26 Å for all heavy atoms.
Omission of the unstructured terminal residues
resulted in lower RMSD values of 0.62 Å and
1.13 Å, respectively, for residues 363 to 413 (Table
1). The three-dimensional structure of domain 6
consists of two helices and a b-hairpin structure,
with their relative almost orthogonal orientation
defined by the two disulfide bonds and a distinct
hydrophobic core. The NH2-terminal helix extends
from Tyr363 to Arg371, with the second half of the
helix having 310 helix character in some structures
of the calculated family. The COOH-terminal helix
represents a stable a-helix from Thr399 to at least
Glu413, in some cases followed by a short 310

helix. The end of the COOH-terminal helix is
not well defined as a result of missing NOE data
due to severe spectral overlap for this region. The
analyses of 1Ha chemical shifts, as well as helix-
typical coupling constants imply an extension of
the COOH-terminal helix up to residue Lys416.
Most structures show a b-hairpin from Ile388 to
His396, as b-sheet-typical backbone/backbone
NOEs were present, e.g. a HaHa NOE between
Gln389 and Val395. The experimentally deter-
mined secondary structure of domain 6 is summar-
ized in the lower part of Figure 2(a). The
hydrophobic core, which is indicated by a high
number of long range NOE connectivities, mainly
comprises the residues Tyr370, Leu379, Phe406,
and Phe407, and is additionally stabilized by the
two disulfide bonds. The well-defined secondary
structure, the disulfide bonds, and the hydro-
phobic core act as a supporting scaffold for the
proteinase binding loop with the side-chains of
the P2 to P30 residues (numbering according to
the nomenclature of Schechter & Berger16), i.e.
Thr382 to Asp386, being exposed. As deduced
from RMSD values per residue (Figure 4(a)), the
exposed binding loop and the preceding residues
exhibit higher local disorder than residues located
in regular secondary structure. From Figure 3(a) a
second backbone conformation for the binding
loop residues can be deduced for three out of the
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Figure 3. (a) and (c) Best-fit backbone superimposition of the 21 lowest overall energy structures of domain 6 (a) and
domain1 (c) (generated with MOLMOL63). Helical elements are displayed in red, b-sheet structure is colored in green.
(b) and (d) Schematic drawing of a representative structure of domain 6 (b) and domain 1 (d), indicating regular
secondary structural elements (same color code as in (a) and (c)). The heavy side-chain atoms of the P1 and P10 resi-
dues of domain 6 (Arg383 and Glu384) and the corresponding residues of domain 1 (Gln46 and Asp47) are shown
(generated with MOLSCRIPT65 and Raster3D66,67).

Figure 4. Atomic RMSD values from the average structures of domain 6 (a) and domain 1 (b). The average structures
were calculated over the residues 363 to 413 for domain 6, and residues 29 to 74 for domain 1. Values for the backbone
heavy atoms and all heavy atoms are displayed as filled and open circles, respectively.
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21 structures. Omission of these structures for the
calculation of the RMSD values from the average
structure (Figure 4(a)) only improves the backbone
and side-chain RMSD values of residue Asn385
and the side-chain RMSD value of Glu384. But
nevertheless, the RMSD values for residues
Arg375 to Asp386 are still increased compared to
the remaining structured regions. Closer exami-
nation of the f and c angles of the P3 to P30 resi-
dues reveals that the second conformation can
mainly be ascribed to different f angles of Glu384
and Asp386 compared to the remaining 18 struc-
tures. All 3J(HN,Ha) couplings found for residues
381 to 386 are in agreement with the canonical
loop geometry (only 3J(HN,Ha) of Glu384 could not
be determined due to spectral overlap): The
3J(HN,Ha) coupling constant for Cys381 (P30) unam-
biguously indicates extended structure. The values
for the P2, P1, P20 and P30 sites could not unam-
biguously be transformed into f angle restraints
but are compatible with the backbone angles
shown in Table 2.

LEKTI domain 1

A best-fit backbone superimposition of the 21
structures of lowest overall energy of domain 1
together with one representative structure indi-
cating regular secondary structural elements are
given in Figure 3(c) and (d). The RMSD value of
the 21 converging structures is 1.80 Å for the back-
bone heavy atoms and 2.45 Å for all heavy atoms.
Omission of the unstructured terminal residues
resulted in lower RMSD values of 0.57 Å and
0.99 Å, respectively, for residues 29 to 74 (Table 1).
Common features of the experimentally deter-
mined structures of domain 1 are three helices
and a b-hairpin. The first helix extends from
Gln34 to Phe36, directly followed by the b-hairpin
motif from Met37 to Leu42. For few structures,
helical structure is identified for residues Glu25 to
Glu28. Due to the unassigned spin systems of
Cys30 to Glu32, it is not clear if the NH2-terminal
helix extends from Glu25 to Phe36. A 310 helix
extends from Lys48 to Gln52, followed by a kink

and a regular a-helix from Leu54 to Ala74. The
disulfide bonds and a hydrophobic core, mainly
comprising the residues Phe33, Phe36, Leu42,
Phe59, and Leu70, define the relative orientation
of the secondary structural elements and the
overall shape of domain 1, which is dominated by
the long COOH-terminal helix (Figure 3(c) and (d)).

Discussion

The structure of LEKTI domain 6 resembles
that of classical Kazal-type inhibitors

The order and arrangement of the secondary
structural elements, as well as the overall structure
of LEKTI domain 6 closely resembles the three-
dimensional fold of classical Kazal-type serine pro-
teinase inhibitors, apart from the fact that the third
disulfide bond and a third b-strand connecting the
COOH terminus with the core region of the protein
are missing. The remaining structural elements,
i.e. the b-hairpin and the first half of the COOH-
terminal helix, however, align well with the
respective structural elements of classical Kazal-
type inhibitors (Ca RMSD ,1 Å; Figure 5(a)).
Also, the putative binding loop of domain 6
resembles that of classical inhibitors and the back-
bone angles of the corresponding residues are
within the typical range for canonical inhibitory
loops (Table 2). The backbone geometry of the
canonical loop and the preceding residues
(Arg375-Pro387), however, is not as well defined
as the remaining structural elements of domain 6
(Figures 3(a) and 4(a)). This disorder might be due
to a lack of experimental restraints within this
region. Assuming the disorder of this region being
an intrinsic feature of domain 6, however, would
provide an explanation for its partial substrate-
like behavior, and thus, for its non-permanent
inhibitory activity: During a trypsin-inhibitory
assay, cleavage of the scissile peptide bond (P1–
P10) occurs over the time, reducing the overall
inhibitor concentration, and therefore, leading to
an increasing trypsin activity.3 The lack of the
third disulfide bond and of the third b-strand, as

Table 2. f and c angles of P3 to P30 residues of domain 6 and domain 1 in comparison to characteristical backbone
angle values of the canonical binding loop of proteinase inhibitors69

Loop position Canonical loop Domain 6 Domain 1

P3 f 2140–2120 CYS 381 2136.9 ^ 26.7 CYS 44 251.9 ^ 3.8
c 140– 170 179.2 ^ 14.9 246.5 ^ 2.5

P2 f 2100– 260 THR 382 2105.6 ^ 19.8 PRO 45 262.8 ^ 1.6
c 139– 180 2176.5 ^ 8.4 79.9 ^ 4.5

P1 f 2120– 295 ARG 383 284.5 ^ 16.3 GLN 46 2118 2 6 ^ 8.7
c 10– 50 21.2 ^ 38.9 279.5 ^ 40.8

P10 f 2100– 260 GLU 384 252.9 ^ 61.7 ASP 47 2135.0 ^ 43.7
c 139– 180 150.3 ^ 13.9 68.9 ^ 7.0

P20 f 2140– 299 ASN 385 2110.7 ^ 21.5 LYS 48 261.8 ^ 5.9
c 70– 120 59.2 ^ 6.6 28.7 ^ 5.1

P30 f 2140– 299 ASP 386 2142.1 ^ 60.6 LYS 49 241.7 ^ 0.9
c 70– 120 78.8 ^ 7.9 226.9 ^ 0.7
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well as the additional amino acid residues between
the first two cysteine residues, might contribute to
an intrinsic flexibility of the canonical loop region
compared to classical Kazal-type inhibitors. This
assumption is supported by the fact that domain
15 of LEKTI containing three disulfide bonds and
lacking one residue between the first two cysteine
residues compared to domain 6 is a permanent
inhibitor of trypsin, not showing a substrate-like
behavior.4,5

The sequence stretch between the first two
cysteine residues consists of four to seven
additional residues compared to classical Kazal-
type serine proteinase inhibitors. Analyzing Pro-
tein Data Bank (PDB) structures of Kazal-type
inhibitors, the usually six to nine residues between
the first two cysteine residues do not exhibit regu-
lar secondary structure. Only in the case of bull
seminal plasma acrosin inhibitor IIA (BUSI IIA,
PDB code: 2bus17) with nine residues in this
sequence stretch, a 310 helix for the four residues
directly following the first cysteine was identified.
Domain 6 also exhibits helical structure in this
region, followed by a turn-like loop stabilized by
hydrophobic side-chain interactions of Val374 and
Leu379. These structural features lead to a shorten-
ing of the distance between the first two cysteine
residues, thus matching the orientation of the
disulfide bridges of Kazal-type inhibitors (Figure
5(a)). A best fit superimposition of the Ca atom
positions of the cysteine residues of domain 6
with the corresponding atoms of Kazal-type inhibi-
tors results in a Ca RMSD value of ,0.7 Å (PDB
codes: 2bus: 0.6 Å, 2ovo:18 0.7 Å).

Up to now, 18 different serine proteinase inhibi-
tor families have been described.2 This classifi-
cation is based on sequence similarities, disulfide
patterns, location of the active site, and on topo-
logical similarity of the three-dimensional overall
structures. All families share the canonical confor-
mation of the inhibitory binding loop, but each

family has its own specific three-dimensional
fold.2,19 A DALI protein structure comparison
search20† with the experimentally determined
structure of domain 6 reveals similarity to Kazal-
type proteinase inhibitors such as the third domain
of the ovomucoid inhibitor. From this result and
from our structural studies we conclude, that
domain 6 and maybe the other domains of LEKTI
that contain only two disulfide bridges instead of
three compared to typical Kazal-type inhibitors
belong to a subfamily of classical Kazal-type
inhibitors, with the exception of domain 1. This
conclusion is based on the conserved disulfide
connectivity pattern for the remaining two bridges,
on the order and arrangement of the secondary
structural elements, namely the b-hairpin structure
and the COOH-terminal helix, as well as the back-
bone structure of the exposed binding loop (Figure
5(a)). This is further stressed by the experimental
identification of the P1–P10 site of domain 6,
resembling that of classical Kazal-type inhibitors
(P. Kreutzmann, personal communication). Dif-
ferences from classical Kazal-type inhibitors are
the additional amino acid residues between the
first two cysteine residues, the elongation of the
COOH-terminal helix by one or two helix turns
and in particular the absence of the third b-strand,
which is connected to the other two strands by
the third disulfide bridge in classical Kazal-type
inhibitors (Figure 5(a)).

Point mutations of domain 6 and their location
in the structure

Three point mutations in SPINK5 leading to
single amino acid exchanges have been identified
in patients with atopy, atopic dermatitis, and/or
Netherton syndrome, all being located in LEKTI

Figure 5. Schematic drawings
of the best-fit superimpositions
of matching structural elements of
domain 6 and BUSI IIA (2bus.PDB)
(a) and of domains 1 and 6 (b). For
BUSI IIA and domain 1 helical
elements are displayed in orange,
b-sheet structure is colored in cyan
(for domain 6 same color code as in
Figure 3).

† http://www.ebi.ac.uk/dali/
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domain 6. These mutation are namely N368S,
D386N, and E420K,8,9 with the latter showing a sig-
nificant genotype–phenotype correlation.8 As only
persons with atopy, atopic dermatitis, and/or
Netherton syndrome have been examined, it is not
clear if the observed polymorphisms for N368 and
D386 are associated with these diseases or if they
also can be found in healthy persons.

Glu420 resides in the unstructured COOH termi-
nus of domain 6. Thus, a particular structure/
activity relationship cannot be deduced, but an
influence of this substitution on the correct proces-
sing of LEKTI and the release of the single inhibi-
tory domain 6 is likely. The point mutation D386N
might have an influence on the inhibitory activity
and/or on the specificity of domain 6, as this
mutation affects the P30 site. In ten out of the 15
LEKTI domains an aspartate residue is found in
the P30 position. Domains 10 and 8, however, have
an asparagine residue in this position, making an
influence on proteinase specificity more likely
than an influence on inhibitory activity. The point
mutation N368S is located in the a-helical region
around the first cysteine residue of domain 6 and
is involved in side-chain interactions with Glu365,
as well as Arg371. As this residue is not very con-
served among the LEKTI domains, an influence of
the mutation on the helical structure as well as on
the overall assembly or stability of the three-
dimensional structure can only be suspected.

Domain 1 is no canonical serine proteinase
inhibitor and adopts a new protein fold

The three-dimensional structure of domain 1
shows three helices and a b-hairpin structure.
Except for the central part of the COOH-terminal
helix and the conserved disulfide pattern, domain
1 does not show similarity to classical Kazal-type
inhibitors. In contrast to the b-hairpin structure
that follows the binding loop in classical Kazal-
type inhibitors as well as in domain 6, domain 1
exhibits helical conformation in this region, and
only one of the residues within the putative P3 to
P30 stretch features backbone angles that resemble
those of the canonical loop of proteinase inhibitors,
in agreement with the experimentally observed
3J(HN,Ha) coupling constants (Figures 2(b) and
5(b); Table 2). Up to now, no proteinase has been
found to be inhibited by domain 1. We do not
ascribe this fact to the unusual residue in the puta-
tive P1 position, i.e. Gln46. In fact, at least ten of
the over 470 known Kazal-type inhibitors possess
a glutamine residue at the P1 position.†2 Usually,
the P1 residue of a particular serine proteinase
inhibitor is identical to the corresponding substrate
residue, i.e. arginine or lysine for trypsin inhibi-
tors. However a couple of exceptions are known,
and the P1 position is very tolerant to variations.19

For example, in turkey ovomucoid third domain
the P1 leucine has been replaced by any of the 19
residual amino acids, and inhibitor/proteinase
complexes have been characterized. In all cases
the same residue position served as P1 residue,
independent of the particular amino acid.2,21 – 23 A
similar study was conducted for bovine pancreatic
trypsin inhibitor (BPTI), where crystal structures
of ten P1 variants of BPTI in complex with trypsin
have been determined. All ten mutants use residue
15 as P1 residue, even the mutant with glycine at
that position.24 These results demonstrate that the
location of the P1 residue is not determined by its
side-chain character, but rather by the canonical
backbone geometry of the binding loop.2 Taken
together, we ascribe the missing serine proteinase
inhibitory activity of domain 1 to the backbone
conformation of the assumed binding loop that
does not fulfill the requirements for being a canoni-
cal loop, which is a requisite for proteinase inhi-
bition by the standard mechanism.2 We conclude
that domain 1 is no canonical serine proteinase
inhibitor. A non-canonically inhibition mechanism,
however, cannot totally be excluded, as a few non-
canonically binding serine proteinase inhibitors
have also been identified.25,26

The experimentally determined three-dimen-
sional structure of domain 1 has been classified as
a new protein fold by the SCOP database (struc-
tural classification of proteins‡), and no hit was
found applying a DALI protein structure compari-
son search.20 Furthermore, a pairwise comparison
of the experimentally determined structures of
domains 1 and 6 using the DALI server did not
result in significant similarity. The experimentally
determined structure of domain 1, thus, exhibits a
new protein fold.

Differences between the structures of LEKTI
domains 1 and 6

Up to now, only a few examples are known
for homologous proteins with different folds, for
example structural variations within the RING
finger domain family.27 In contrast, quite often
similar folds are found for proteins that exhibit
only very low to no sequence similarities. An
example are the b-defensins: The members of this
large mammalian peptide family, which are small
cationic and cysteine-rich antimicrobial peptides,
exhibit only low sequence similarity, but share a
considerable similarity on the level of secondary
and tertiary structure, suggesting that the fold is
mainly stabilized by the presence of three con-
served disulfide bonds.28 Another example is a
study on BPTI, where almost 50% of all residues
have been substituted by alanine. Despite those
drastic changes in the sequence, the mutants
folded into a native-like three-dimensional structure,

† http://www.chem.purdue.edu/LASKOWSKI/
qtable.html ‡ http://scop.mrc-lmb.cam.ac.uk/scop/
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even though only one of the originally three
disulfide bonds remained intact.29

Despite their significant sequence similarity and
their conserved disulfide pattern, the experi-
mentally determined structures of domains 1 and
6 exhibit different folds. The Ca atom RMSD
between the well-structured region of the average
structure of domain 1, i.e. residues 29 to 74, and
the corresponding residues of domain 6 (366 to
411) is ,6.2 Å. Also, considering only the 37 resi-
dues from the first to the fourth cysteine, the Ca

atom RMSD is still ,6 Å. In contrast, omitting the
central parts of the proteins and considering only
the residues 29 to 44 and 62 to 74 of domain 1 and
the corresponding residues of domain 6 (366 to
381 and 399 to 411), the fit improves substantially,
resulting in an RMSD value of ,1.8 Å (Figure
5(b)). Therefore, similar structural features of both
proteins are the second half of the long COOH-
terminal helix and partially the NH2-terminal
helix. In addition, the backbone course of residues
37 to 42 of domain 1 resembles the corresponding
sequence of domain 6 (residues 374 to 379), but
only domain 1 shows a regular b-hairpin structure
in this region, as only for this domain a b-sheet
typical inter-strand HaHa NOE was present, also
in 2H2O solution. For domain 6, the interactions
within this loop region are dominated by side-
chain/side-chain interactions, whereas backbone/
backbone interactions dominate the NOE pattern
of domain 1. This applies particularly to Val374 of
domain 6 and the corresponding Met37 of domain
1, which show significantly different secondary
1Ha chemical shifts.

The most striking differences between the struc-
tures of domains 1 and 6 are located around the
putative binding loops and the following 12
amino acid residues. The P3 to P30 residues of
domain 6 largely match the characteristic f and c
angles of canonical inhibitory loops (Table 2) and
show mainly extended conformation, whereas the

corresponding residues of domain 1 exhibit turn-
like and helical secondary structure. Furthermore,
domain 1 exhibits helical structure where domain
6 shows a b-hairpin in the corresponding sequence
stretch, and the COOH-terminal helix of domain 1
thus starts eight residues NH2-terminally of the
according helix of classical Kazal-type inhibitors
and that of domain 6 (Figure 5(b)). These structural
differences are sufficient to classify domains 1 and
6 into different structural folds using tools like the
DALI server and the SCOP database. Domain 6
shows typical features of Kazal-type proteinase
inhibitors, including the arrangement of secondary
structural elements and the geometry of its canoni-
cal binding loop. This classification is also con-
firmed by its biological activity. In contrast,
domain 1 does not show a canonical binding loop
anywhere in the protein and its secondary and
tertiary structure do not resemble hitherto known
protein folds.

In order to find an explanation for these findings
we carried out a similarity search, as well as
secondary and tertiary structure predictions and
compared the results with our experimentally
determined structures. Based on their sequences,
domains 1 and 6 are generally considered to be
homologous and to adopt similar folds by pro-
grams like BLAST and 3D-PSSM. Using the
BLASTP2 similarity search† for LEKTI domain 1,
one of the first similar sequences not belonging
to LEKTI itself was that of BUSI IIA, which is a
typical member of the Kazal-type proteinase
inhibitor family. Further Kazal-type inhibitors
were found with lower score values beside other
proteins with various functions. Compared to
domain 1, the BLASTP2 search for domain 6
resulted in a slightly higher score value for BUSI
IIA, and all other hits, with only two exceptions,

Figure 6. Comparison of predicted (Pred)31 and experimental (Exp) secondary structure for Japanese quail ovomu-
coid third domain (1ovo), BUSI IIA (2bus), and LEKTI domains 1 and 6. The sequences (Seq) are aligned with respect
to conserved cysteine residues. Helical elements and b-sheet structure are displayed as cylinders and arrows,
respectively.

† http://blast.wustl.edu
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belonged to serine proteinase inhibitors of the
Kazal-type. Using 3D-PSSM,30 a program that is
able to recognize remote protein sequence homo-
logues as well as structural relationships, a fold
similar to the BUSI IIA structure (PDB code: 2bus)
was predicted for domain 1 with a certainty of
50%. Also, domain 6 was predicted to adopt a
BUSI IIA-like fold with the same certainty. Interest-
ingly, domain 6 was also predicted to adopt a
domain 1-like fold (PDB code: 1hdl) with a cer-
tainty of 70%. Thus, using 3D-PSSM, domain 6 is
predicted to be structurally more homologous to
domain 1 than to classical Kazal-type inhibitors
(for comparison see Figure 5(a) and (b)). These
findings are likely due to two steps in the structure
prediction procedure: (1) the significant sequence
similarity of both domains (Figure 1), and (2) the
secondary structure prediction used by 3D-PSSM,
i.e. PSIpred†,31 resulting in similar predictions
for both domains (Figure 6). Comparison of the
predicted and experimentally determined secon-
dary structures of domains 1 and 6, as well as the
classical Kazal-type inhibitors BUSI IIA and the
Japanese quail ovomucoid third domain (PDB
code: 1ovo)70 reveals that for domains 1 and 6 two
helices in similar sequence stretches are predicted,
and that the COOH-terminal helix is also predicted
for the two classical Kazal-type inhibitors (Figure
6). These helices largely match the experimentally
determined ones in all cases. In contrast, for none
of the examples the Kazal-typical first two
b-strands have been predicted, reflecting the
general difficulties in prediction of short b-strands.
The tertiary structures of the two classical
Kazal-type inhibitors are predicted correctly by
3D-PSSM due to a high sequence identity to the
Kazal-type inhibitors used in the database. From
the similarities of their sequences as well as of the
predicted secondary structures it is not unexpected
that 3D-PSSM also predicts similar tertiary struc-
tures for domains 1 and 6. For domain 1, however,
a higher similarity between predicted and experi-
mental secondary structure can be obtained by the
use of other prediction methods‡, resulting in a
consensus prediction that closely matches the
experimental data for all helical elements of this
domain, including the central 310 helix (data not
shown). Therefore, the results of theoretical struc-
ture prediction methods should generally be
interpreted with caution, as the accuracy of the
prediction of tertiary structure is usually associated
with that of secondary structure.

We suspect the key residues for the switch
between helical and b-hairpin structure found in
the central parts of the structures of LEKTI
domains 1 and 6 are located within the central 310

helix of domain 1. Over 95% of all known classical
Kazal-type inhibitors exhibit a Proline residue in
the P40 position (position Phe50 of domain 1)

followed by a b-branched amino acid residue,
mainly valine, in about 90% of the cases (Phe51 in
domain 1). The only exceptions are the ovomucoid
inhibitors, which often possess a leucine residue
in this position, and BUSI IIA as one of the rare
examples where a histidine residue follows the
conserved proline residue. Ten of the 15 LEKTI
domains exhibit a valine residue, and four
domains, including domain 6, exhibit an isoleucine
residue in this position. All LEKTI domains except
domains 1 and 2 feature the proline residue in the
P40 position. The helix breaker proline followed by
a b-branched amino acid residue seems to be
associated with an extended structure in the region
directly following the canonical loop of Kazal-type
proteinase inhibitors. Whether the presence of
these two residues is a commensurate condition
for b-sheet structure in the central part of the
protein or if further amino acid exchanges are
necessary is currently under investigation in our
laboratory.

Materials and Methods

Source of peptide material

Isolation of domain 6

Native LEKTI domain 6 was isolated from a peptide
library generated from human blood ultrafiltrate as
described.32 The isolation was guided by matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry and included multiple steps of
chromatographic purification. Primary structure, molec-
ular mass, and homogeneity of native LEKTI domain 6
were verified by sequencing, electrospray ionization
mass spectrometry, and capillary zone electrophoresis.
Disulfide bonds were determined by sequence analysis
following tryptic cleavage of the peptide3 (P. Kreutzmann,
personal communication).

Peptide synthesis of domain 1

Non-labeled domain 1 was synthesized applying
solid-phase technology on a preloaded TentaGel R
Trt-Gln-Fmoc resin (Rapp Polymere, Tübingen,
Germany). Fmoc-protected amino acids were purchased
from Orpegen (Heidelberg, Germany) or Novabiochem
(Bad Soden, Germany) with the following side-chain
protections: Asn(Trt), Asp(OtBu), Gln(Trt), Glu(OtBu),
His(Trt), Lys(Boc), Ser(tBu), Thr(tBu), Cys(Acm), and
Cys(Trt). Acylations were carried out with TBTU/HOBt
activation in N-methyl-2-pyrrolidinone. For selective
introduction of the disulfide bonds, Cys30 and Cys66
were Acm-protected, and Cys44 and Cys63 were Trt-
protected. After cleavage of crude peptide from the
resin, disulfide bonds were subsequently introduced by
air oxidation followed by iodine treatment, and the
product was purified using preparative HPLC. Peptide
purity was checked by analytical RP-HPLC (Vydac
C18), capillary zone electrophoresis, and ESI-MS
(Perkin–Elmer, Sciex API 100).

† http://bioinf.cs.ucl.ac.uk/psipred/
‡ http://npsa-pbil.ibcp.fr/cgi-bin/align_clustalw.pl
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Expression and purification of domain 1

A detailed description of the procedure has been
published recently.11 In brief, the gene fragment coding
for domain 1 (HF6478) was combined with a sequence
encoding a factor Xa cleavage site at its 50 end, using
standard PCR techniques,33 and was cloned into the
vector pET-32a (Novagen, Madison, WI). The resulting
vector construct pET-32a-Xa-hf6478 produces domain 1
with an NH2-terminal Escherichia coli thioredoxin
fusion (Trx-tag, Novagen, Madison, WI) connected by a
43-amino acid residue linker containing six histidine
residues and a factor Xa cleavage site. As host strain for
expression an E. coli trx B2/gor5222 double mutant
(E. coli Origami (DE3); Novagen, Madison, WI) was
used, allowing disulfide formation in the oxidative cyto-
plasm of this strain.34,35 The soluble fraction of cell lysate
was used for further purification, using a one-step
Ni2þ-chelating-affinity chromatography.36 Trx-tag and
linker region were removed by factor Xa cleavage.
Expression of recombinant domain 1 (rHF6478) as
Trx-fusion protein in E. coli Origami (DE3) resulted in a
homogeneous product with the correct disulfide bonds.
For uniform (.95%) 15N-labeling domain 1 was isolated
and purified from E. coli cultures grown in M9 minimal
medium enriched with 15NH4Cl, using the same purifi-
cation protocol. As the expression strain lacks the capa-
bility to synthesize leucine, unlabeled leucine was
added to the medium according to the manufacturers
instructions (Novagen, Madison, WI).

NMR spectroscopy and data processing

Domain 6

The sample of native domain 6 contained approxi-
mately 2 mM protein in 0.5 ml of H2O/2H2O (9:1, v/v,
pH 4.0) or 2H2O (99.994 at.%). All two-dimensional
NMR experiments were carried out at 298 K on a com-
mercial Bruker DRX600 spectrometer equipped with
triple resonance 1H/13C/15N probes and pulsed field
gradient capabilities. For resonance assignment DQF-
COSY, TOCSY (80 ms mixing time), and NOESY (150
and 200 ms mixing time) spectra were performed using
standard techniques.37 Water suppression was accom-
plished by excitation sculpting38 for NOESY and z-fil-
tered TOCSY spectra,39 and by coherence selection with
magic angle gradient for the DQF-COSY spectrum.40 All
experiments were acquired with 4096 data points in t2

and 720 to 1024 data points in t1, and a sweep width of
6613.8 Hz in both dimensions. Quadrature detection
was used in both dimensions with the time-proportional
phase incrementation (TPPI) technique in t1.

41 Spectra
data were multiplied with a squared sinebell window
function shifted by p/2, p/3, or p/4 prior to Fourier
transformation. Sixth-order baseline and phase correc-
tion were used. Data processing was performed using
the NDee software package (SpinUp Inc., Dortmund,
Germany) on Sun and DEC workstations.

Sequence-specific resonance assignment from the two-
dimensional spectra was carried out using standard
methods.12 All distance restraints for structure calcu-
lation were estimated from cross-peak intensities of the
NOESY spectra. 3J(HN,Ha) coupling constants were
obtained from line-shape analysis of the anti-phase
cross-signal splitting in a high digital resolution
DQF-COSY spectrum using a Lorentzian function for
peak fitting. The chemical shifts are in reference to DSS
as an external standard.

Domain 1

For homonuclear two-dimensional NMR spectra of
synthetic (2 mM in H2O/2H2O (9:1, v/v), pH 4.0) and
non-labeled recombinant domain 1 (1.2 mM in
H2O/2H2O (9:1, v/v), pH 4.5) the same standard tech-
niques as for domain 6 were used, i.e. COSY, NOESY,
and TOCSY spectra.

All NMR experiments described below were per-
formed on a sample containing 15N-labeled recombinant
domain 1 at a final concentration of 1.5 mM in H2O/
2H2O (9:1, v/v), pH 4.5 at 298 K on a Bruker DRX600
spectrometer equipped with triple resonance
1H/13C/15N probes and pulsed field gradient capabili-
ties. Quadrature detection in the indirectly detected
dimensions was obtained by the States-TPPI method41,42

or by the echo–antiecho method43 if coherence selection
with gradients was employed.44,45 The HSQC step in the
15N-TOCSY-HSQC consists of a sensitivity enhanced
HSQC with gradient coherence selection for water sup-
pression. The 15N-NOESY-HSQC46 and the HNHA47

were recorded with a watergate and a water flipback
scheme. For proton TOCSY mixing the DIPSI2rc
sequence,39 and for heteronuclear decoupling during
acquisition the GARP pulse sequence48 was applied.

All data were processed using in-house written soft-
ware and visualized using NMRView 4.1.049 and the
NDee software package (SpinUp Inc., Dortmund,
Germany) on Sun and DEC workstations. Data proces-
sing consists typically of SVD-linear prediction50 with
root-reflection51 in the heteronuclear dimension, apodiza-
tion with p/2 or p/3 shifted squared sinebells, one zero-
filling in all dimensions, and Fourier transformation.
Finally baseline correction in the acquisition dimension
was performed using a model free algorithm.52 The pro-
ton chemical shifts were referenced to external DSS at
0.0 ppm. The chemical shifts of the 15N resonances were
referenced indirectly using the J ratios of the zero-point
frequencies at 298 K: 0.101329118 for 15N/1H.53

Sequence-specific resonance assignment was carried
out using characteristic NOE cross-peaks from 15N-
NOESY-HSQC and 15N-HMQC-NOESY-HSQC spectra.
Intraresidual proton resonances were assigned using the
15N-TOCSY-HSQC spectrum. 1Ha chemical shifts were
taken from HNHA and 15N-TOCSY-HSQC spectra.

The distance restraints for structure calculation were
taken from the 15N-NOESY-HSQC spectrum for NOEs
involving amide protons and from the homonuclear
NOESY spectra for NOEs between aliphatic and aro-
matic protons. 3J(HN,Ha) coupling constants were
measured from cross-peak to diagonal peak intensity
ratios in the HNHA spectrum, corrected by a factor of
1.05.54,55

Structure calculation

The total number of non-trivial unambiguous NOESY
cross-peaks used for structure calculation was 523 for
domain 1 and 684 for domain 6 (Table 1). These cross-
peaks were divided into three groups according to their
relative intensities and converted into upper distance
constraints: strong, 2.7 Å, medium, 3.5 Å and weak,
5.0 Å. 3J(HN,Ha) were converted into f-angles according
to the Karplus equation allowing the following devia-
tions from derived angle: 3J(HN,Ha) coupling constants
,6.0 Hz were translated to f-angle constraints of
260(^20) degrees, coupling constants .8.0 Hz
were translated to f-angle constraints of 2120(^40)8.
Disulfide bonds were taken into account by one NOE
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distance restraint (dss ¼ 2.02(^0.10) Å) for each disul-
fide bond.

All structures were calculated using X-PLOR 3.85156

and a modified ab initio simulated annealing protocol.57

The structure calculation strategy is similar to those
described previously, i.e. a three-stage simulated anneal-
ing protocol,58 and included floating assignments of pro-
chiral groups,59 a conformational database potential
term,60 which was modified in the case of domain 6,61

and a reduced presentation for non-bonded interactions
for part of the calculation58 to increase efficiency. The
conformational search phase (80 ps of molecular
dynamics at 2000 K) was followed by a refinement in
which the system was cooled to 1000 K within 60 ps,
accompanied by increasing of the force constant for
non-bonded interactions and angle energy constants for
the diastereospecifically unassigned groups to their final
values. Applying these high force constants the system
was cooled from 1000 to 100 K within 30 ps. To approach
the energy minimum, 1200 steps of energy minimization
were performed, the final 1000 steps without confor-
mational database potential.

An iterative approach using several rounds of struc-
ture calculations with subsequent distance analysis was
used to solve ambiguities in the NOE cross-peak assign-
ments. Dihedral angle constraints were introduced in
later rounds of the structure calculation. Each round of
structure calculation started from templates with ran-
domized backbone torsion angles. Using the modified
database term for structure calculation of domain 1 as
well, results in virtually the same overall structure.

For each protein, a family of 60 structures was calcu-
lated and 21 structures were selected, respectively, with
the criterion of lowest overall energy for further charac-
terization. Geometry of the structures as well as elements
of secondary structure were analyzed using PROCHECK62

and MOLMOL.63 RASMOL,64 MOLSCRIPT,65 Raster3D,66,67

and MOLMOL63 were used for visualization of the struc-
ture data.

Data Bank accession numbers

The coordinates and NMR restraints have been depos-
ited to the Protein Data Bank (codes: 1hdl for domain 1,
and 1h0z for domain 6), chemical shift values and
coupling constants have been deposited to the Bio-
MagResBank (accession numbers: 4910 for domain 1,
and 5551 for domain 6).
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Bayreuth) for providing excellent laboratory and
NMR facilities. We further thank Ludger Ständker
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