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ABSTRACT. The conversion of am-helical to aj-strand conformation and the presence of chameleon
sequences are fascinating from the perspective that such structural features are implicated in the induction
of amyloid-related fatal diseases. In this study, we have determined the solution structure of a chimeric
domain (Dom1PI) from the multidomain Kazal-type serine proteinase inhibitor LEKTI using multi-
dimensional NMR spectroscopy. This chimeric protein was constructed to investigate the reasons for
differences in the folds of the homologous LEKTI domains 1 and 6 [LaubertTal. (2003)J. Mol.

Biol. 328 205-219]. In Dom1PI, two adjacent phenylalanine residues (F28 and F29) of domain 1 were
substituted with proline and isoleucine, respectively, as found in the correspondiagdR5 positions

of domain 6. The three-dimensional structure of Dom1PI is significantly different from the structure of
domain 1 and closely resembles the structure of domain 6, despite the sequence being identical to that of
domain 1 except for the two substituted phenylalanine residues and being only 31% identical to the sequence
of domain 6. The mutation converted a shoigBelix into an extended loop conformation and parts of

the long COOH-terminadi-helix of domain 1 into g-hairpin structure. The latter conformational change
occurs in a sequence stretch distinct from the region containing the substituted residues. Therefore, this
switch from ana-helical structure to #-hairpin structure indicates a chameleon sequence of seven residues.
We conclude that the secondary structure of Dom1PI is determined not only by the local protein sequence
but also by nonlocal interactions.

In general, the information for the three-dimensional nant expression in lympho-epithelial tissues and its sequential
structure of most proteins is encoded in the amino acid similarity to known Kazal-type inhibitors, the protein was
sequencel| 2). However, there are examples of so-called termed lympho-epithelial Kazal-type-related inhibitor
chameleon sequences which adopt context-dependent seqLEKTI). An unequivocal correlation between the severe
ondary structures3j. Identical segments of up to 11 residues congenital skin disorder Netherton syndrome and defects in
can adopt ar-helical conformation in one context and a the gene encoding LEKTI (termed SPINK5) was fouh-
fB-sheet conformation in anothed)( whereby nonlocal 15). Even though the pathophysiological role of LEKTI in
interactions determine the fold. These conformational changesNetherton syndrome is undisputed, the actual physiological
can be induced by either mutations in a distant sequencefunction of any LEKTI domain remains to be determined.
position ), different ligands binding to the same protein Komatsuet al. (14) localized mRNA encoding LEKTI in
(6), or changes in pH7). One of the most widely known  the uppermost epidermis of normal human skin. Furthermore,
examples of conversion from an-helix to a g-sheet they determined elevatetiatum corneunydrolytic activity
conformation occurs in prion diseases, such as transmissiblan patients with Netherton syndrome, suggesting an inhibitory
bovine spongiform encephalopathy (BSE). In inherited regulation of desquamation by LEKTI-derived peptides. This
human prion diseases, specific mutations are believed to bes the first hint of a natural target proteinase for any LEKTI
responsible for thet — f transition leading to aggregation domain (4). A role for LEKTI in the regulation of
and amyloid fibrils 0). In this study, we report the alteration
of an a-helix to ap-hairpin conformation identified in the 1 Abbreviations: BMRB, BioMagResBank; BSE, bovine spongiform
solution structure of the chimeric LEKTI domain Dom1PI. encephalopathy; DIPSI, decoupling in the presence of scalar interac-

As deduced from the cloned cDNA, the entire LEKTI  ¢3ei PGPt dott) e 4 o o e roscopy: DSS, 2.2-
consists of 1064 amino acid residues containing 15 potential gimethyl-2-silapentane-5-sulfonic acid; HNHA, three-dimensional

serine proteinase inhibitor domairidj. Due to its predomi- heteronucleartd—'>N—1H) shift correlation double-resonance; HSQC,
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Identification of a Chameleon Sequence

T-lymphocyte differentiation or antimicrobial protection has
also been suggestediq).

LEKTI contains two Kazal-type serine proteinase inhibitor
domains, as deduced from their primary structure and
characteristic pattern of six cysteine residues, together with
13 other domains containing only four of the six cysteines
typical of Kazal-type inhibitors. As single domains 1, 5, and
6 have been isolated from ultrafiltrates of human blobd (
17) and a 30 kDa LEKTI fragment corresponding to
approximately four domains starting with domain 8 was
isolated from human epidermal keratinocyte-conditioned
media (8), we suggest that both single- and multiple-domain
fragments of LEKTI occur naturally.

Testing of various serine proteinases showed that domain

6 is an efficient (1Go = 150 nM) but temporary inhibitor of
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further purification, using one-step €oechelating affinity
chromatography23). The Trx tag and the linker region were
removed by factor Xa cleavage. This strategy resulted in a
homogeneous product with correct disulfide bonds as proven
by RP-HPLC, mass spectrometry, and NMR. For uniform
5N labeling, Dom1PI was isolated and purified frdncoli
Origami (DE3) cultures grown in M9 minimal mediur@4)
enriched with">NH,Cl, using the same purification protocol
described above. As the expression strain lacks the capability
of synthesizing leuciné?®N-labeledL-leucine (Campo Sci-
entific, Veenendaal, The Netherlands) was added to the
medium according to the manufacturer’s instructions
(Novagen).

Proteinase Inhibition and Cleage AssaysThe inhibitory
activity of Dom1P| was assessed by determining its effects

trypsin (L0). Trypsin inhibitory activity has also been found ©ON the enzymatic activity of the serine proteinases blovine
for natural domain 5 and recombinant domains 8 andL7s ( YPSin and chymotrypsin, humafi-tryptase, thrombin,

In contrast, no proteinase has been found to be inhibited byc0agulation factor Xa, plasmin, urokinase-type plasminogen
domain 1 so far, a fact that can be explained on a structural activator, kallikrein 5 and leukocyte elastase, porcine tissue

level (19). Despite their significant sequence homology and
conserved disulfide pattern, LEKTI domains 1 and 6 exhibit
different folding topologies and domain 1 is lacking the
canonical loop structure typical of proteinase inhibitors. The
three-dimensional structure of domain 6 consists of two
helices and g3-hairpin structure, closely resembling the
classical Kazal-type serine proteinase inhibitor fold, including
the inhibitory binding loop. In domain 1, the putative'P1
site is followed by a short3-helix that bends into a long
COOH-terminalr-helix, thus lacking thé-hairpin observed

in domain 6 (9).

In this study, we constructed the chimeric LEKTI domain
Dom1PI to investigate the determinants of the structure and
activity differences. Most LEKTI domains and other serine
proteinase inhibitors contain a conserved sequence motif
consisting of a proline followed by A-branched aliphatic
amino acid in the P4and P5 position. This motif is found
in 13 of 15 LEKTI domains, including domain 6, but is
absent from LEKTI domain 1. By substituting Pro and lle
into the corresponding positions of LEKTI domain 1
(Phe28Pro/Phe29lle), we produced a chimeric protein
(Dom1PI). The three-dimensional structure of Doml1PI

reveals the existence of a chameleon sequence of seven

residues and indicates the importance of nonlocal interaction
to the secondary structure of domain 1.

EXPERIMENTAL PROCEDURES

Expression and Purification of Dom1PThe procedure
used for the expression and purification of Dom1PI is similar
to that previously described for domain 1 of LEKT(Q). In
brief, we used the vector construct pET-32a-Xa-Dom1 and
performed a QuikChange mutagenesis (Stratagene, La Jolla
CA) to generate the vector pET-32a-Xa-Doml1PIl. This
construct produces Dom1PI with an ht&rminal Escheri-
chia coli thioredoxin fusion (Trx tag, Novagen, Madison,
WI) connected by a 43-amino acid residue linker containing

S

kallikrein and pancreatic elastase, aBacillus subtilis
subtilisin. Briefly, the proteinases were incubated in the
absence or presence of L& Dom1PI (inhibitor/enzyme
ratio > 250 for all proteinases) at room temperature in assay
buffer [50 mM Tris, 150 mM NacCl, 0.01% Triton X-100,
0.01% sodium azide (pH 7.6), and Quiy/mL heparin for
stabilization ofg-tryptase]. The residual enzymatic activity
was quantified both immediately after addition of Dom1PI
and after preincubation for 30 min by following the hydroly-
sis of a suitable 7-amino-4-methylcoumarin substrate for 10
min in a Perkin-Elmer HTS 7000 microtiter plate fluorom-
eter.

To determine whether trypsin or chymotrypsin cleaves
Dom1PI, a 10uM Dom1PI solution was incubated for 30
min at room temperature with buffer alone or the proteinases
(0.6 nM, i.e., the concentration used in the inhibition kinetic
experiments, or 1uM). Subsequently, the Nfterminal
amino acid sequences were determined using an Applied
Biosystems Procise 492 sequencer.

NMR Spectroscopy and Data Processingl NMR
experiments were carried out at 298 K on a commercial
Bruker DRX600 spectrometer equipped with a triple-
esonance!H, 13C, >N probe and pulsed field gradient
capabilities. For homonuclear two-dimensional NMR spectra,
the sample contained approximately 1.5 mM unlabeled
protein in 0.5 mL of NMR buffer [L10 mM potassium
phosphate (pH 5.0) and 10% (v/v),D] or buffered BO
(99.994%). The sample for heteronuclear three-dimensional
NMR spectra contained approximately 1.3 mil-labeled
protein in 0.3 mL of NMR buffer. Homonuclear DQF-COSY,
TOCSY (80 ms mixing time), and NOESY (150 and 200
ms mixing times) and heteronuclédN HSQC, HNHA, 5N
TOCSY-HSQC (60 ms mixing time}®N NOESY-HSQC
(150 ms mixing time) 25), and®®N HMQC-NOESY-HSQC
(150 ms mixing time) spectra were recorded using standard
techniquesZ6, and references cited thereifijH} 5N NOE
values were measured using the pulse sequence of Dayie

six histidine residues and a factor Xa cleavage site. To ensureand Wagner27) with a relaxation delay of 6 s; the evolution

accurate disulfide formation, d&h coli trxB~/gor522- double
mutant E. coli Origami (DE3), Novagen] with an oxidative
cytoplasm was use@{, 22). This strategy has been shown
to result in the correct LEKTI domain 1 disulfide pattern
(20). The soluble fraction of the cell lysate was used for

time increments in the indirect dimension of the spectra with
and without proton saturation by application of a train of
120 high-power pulses for the fih& s of therelaxation
delay were recorded alternately in a single combined
experiment.
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_ Homonuc_:lear spectra data were multipli_ed with a squared Table 1: Structural Statisties
sine-bell window function shifted byt/4 prior to Fourier
transformation. Sixth-order baseline and phase corrections _ :
were used. Data processing was performed using the NDee No. of interresidual NOEs

Experimental Restraints Used for Structure Calculation

. sequential 167
soft\_/vare package (Spanp Inc., Dortmund, Germany) op- medium-range 112
erating on Sun workstations. Heteronuclear data were long-range 89
processed using software written in-house and visualized no. of dihedral angle restraints 15

using NMRView version 5.0.428) and the NDee software

. . . Molecular Dynamics Simulation Statistics
package (SpinUp Inc.) on Sun workstations. Data processing

energy (kcal/mol)

cop5|sted of Ilneqr prediction, apodlzatlor] thhz orn/;’s- total 16.54% 2.74
shifted squared sine-bell functions, zero filling in all dimen- bond lengths 0.9% 0.20
sions, and Fourier transformation. Baseline correction in the bond angles 7.4% 1.25
acquisition dimension was performed using a model free 'mprgpe\r/\?”%'es i Zz-o&isg-ég
algorithm @9). The proton chemical shifts were referenced stance rectrainta Son 358090
to external DSS at 0.0 ppm. The chemical shifts of fine dihedral angle restraints 0.830.03
resonances were referenced indirectly usingafwy ratio standard deviations from ideal geometry
of 0.101329118 at 298 K3(). bond lengths (A) A 0.0009- 0.0001
Sequence-specific resonance assignment was carried out ~ distance restraints () 0.030.002
. e bond angles (deg) 0.166 0.014
using characteristic NOE cross-peaks fré?hl NOESY- dihedral angle restraints (deg) 0.048).032

HSQC and!®N HMQC-NOESY-HSQC spectra. Th&N

TOCSY-HSQC spectrum was used to assign intraresidual Atomic Standard Deviations from the Average Structure (A)

proton resonancesHo chemical shifts were taken from backbone heavy atoms
HNHA and >N TOCSY-HSQC spectra. overall structure 1.19 1.83
The distance restraints for structure calculation were taken _regular secondary structdre 0.69 1.29

from the'>N NOESY-HSQC spectrum for NOEs involving 2 Except for the experimental restraints, all values are average values
amide protons and from the homonuclear NOESY spectra from the 30 accepted structures in the form average valseandard

. . : . . N oo deviation.? Residues +55. ¢ Residues 313, 15, 16, 19, 20, 30, 31,
for NQEs involving aliphatic anq aromatic protoﬁi(.H ,H%) 35, 36, and 3952.
coupling constants were obtained from line-shape analysis
of the antiphase cross-signal splitting in a high-resolution . ] ) ]
DQF-COSY spectrum using a Lorentzian function for peak ©f structure calculations with subsequent distance analysis.

fitting as well as from cross-peak to diagonal peak intensity Each round _of structure calculat_ion started frc_)m templates
ratios in the HNHA spectrum. with randomized backbone torsion angles. Dihedral angle

Structure Calculationln total, 368 nontrivial interresidual ~ constraints were introduced in later rounds of the structure

unambiguous NOESY cross-peaks were used for structurec@lculation. Control calculation without disulfide bond
calculation (Table 1). According to their relative intensities, distance restraints and without the conformational database

these cross-peaks were divided into three groups andPotentialterm resulted in virtually the same overall structure.
converted into upper distance constraints: strong (2.7 A), A family of 160 structures was calculated, and 30

medium (3.5 A), and weak (5.0 A). The Karplus equation Structures were selected according to the lowest overall
was used to conve”I(HY,H) coupling constants inte energy for further characterization. Geometries of all struc-
angles allowing the following deviation&l(HN,H%) coupling tures, as well as elements of secondary structure, were

constants 0f6.0 Hz were translated inpangle constraints ~ @nalyzed using MOLMOL 36) and PROCHECK 7).
of —60 + 20°, and coupling constraints 0f8.0 Hz were MOLMOL (36) was used for visualization of the structure.

translated int@ angle constraints of 120+ 40°. Disulfide Data Bank EntriesThe coordinates and NMR restraints
bonds were taken into account by using one NOE distanceNave been deposited in the Protein Data Bank (PDB entry
restraint fss = 2.02+ 0.10 A) for each disulfide bond. luuc), and chemical shift values and coupling constants have

All structures were calculated using X-PLOR version been deposited in the BioMagResBank (BMRB entry 6110).
3.851 @1) and a modifiedab initio smulafced_anneallng RESULTS AND DISCUSSION
protocol. The structure calculation strategy is similar to those
described previously, i.e., a three-stage simulated annealing Structure DeterminationA complete sequence-specific
protocol 32), floating assignments of prochiral grou3s), assignment of the backbone as well as side chain resonances
and a modified conformational database potential te8#n (  of Dom1PI was obtained from homonuclear and hetero-
35). The conformational search phase (80 ps of molecular nuclear spectra. The existence of unambiguouagi HPro-
dynamics at 2000 K) was followed by a refinement in which Ho(i+1) nuclear Overhauser effect (NOE) signals in the
the system was cooled to 1000 K within 60 ps. During this NOE spectroscopy (NOESY) spectra and the fact that H
period, the force constants for nonbonded interactions were(i)—Pro-Ho(i+1) connectivities were abser88) identified
increased to their final value. In a second cooling phase, thea trans conformation for the prolyl peptide bonds of Pro23
system was cooled from 1000 to 100 K within 30 ps. To and Pro28, respectively.
approach the energy minimum, 1200 steps of energy A total number of 368 distance constraints, comprising
minimization were performed, the final 1000 steps being 167 sequential, 112 medium-range, and 89 long-range NOE
without conformational database potential. contacts, as well as 15 dihedral angle constraints (Table 1)
Initial ambiguities in the NOE cross-peak assignments were used for structure calculations. BoiN NOESY-
were resolved by an iterative approach using several roundsHSQC and homonuclear spectra were used to obtain these
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Ficure 1: Secondary structure of Dom1Pl. Summary of sequential and medium-range NOEs, coupling constants, and chemical shifts. The
relative strength of the NOESs, classified as weak, medium, and strong, from cross-peak intensitiégNoNBESY-HSQC spectrum and
two-dimensional NOESY spectra, is indicated by the height of the horizontal Jé#!,H*) values of<6 and>8 Hz, typical of helical

and extended structure, are shown as white and black squares, respectively. Positive and negative chemical shift indices that are typical of
extended and helical structure are denoted with rectangles above and below the axis. Elements of regular secondary structure of Dom1PI,
as derived from structure calculations, are shown at the bottom. Th@ PXite is indicated in the sequence.

distance constraints. A total of 2&(HY,H*) coupling tion of 30 structures, the rmsd value for the complete
constants were determined by using a high-resolution double-sequence is 1.19 A for the backbone heavy atoms and 1.83
quantum-filtered correlated spectroscopy (COSY) spectrumA for all heavy atoms. Regions with regular secondary
and the HNHA spectrum. Of these, 15 coupling constants structure exhibit rmsd values of 0.69 A for the backbone
could be unambiguously transformed igtangle constraints  heavy atoms and 1.29 A for all heavy atoms (Table 1). The

with five helix-typical coupling constantg(= —60 £ 20°) rmsd values per residue (Figure 3a) indicate a higher level
being located within the two helices. Another 10 coupling of local disorder for the exposed potential binding loop than
constants characteristic of extended structyreafgle = for the regular secondary structure. Also, the values of the

—1204+ 40°) were found around Met15Phe21 and Ile29 {H}'*N heteronuclear NOEs for the amide protons of
Met36 (Figure 1). These data are consistent with character-Cys22-1le35 are less than 0.6, indicating an increased
istic medium-range NOEs that suggest the existence of twoinherent flexibility of the N-H vectors on a pico- to
B-hairpin motifs. In the final round of structure calculation, nanosecond time scalgg; Figure 3c). This is in accordance
a set of 160 structures was calculated. The 30 structureswith a high uncertainty in they and ¢ angles of P3-P3
showing the lowest overall energies were used to representresidues (Cys22Lys27, respectively; Table 2). A hydro-
the solution conformation of Dom1PI (Figure 2a). A control phobic core is built by the disulfide bonds and Phell, Phel4,
calculation without disulfide bond distance restraints con- Leu20, and Leu48. These residues display a high number of
firmed the disulfide pattern. The PROCHECK analy§ig)( long-range NOE connectivities among each other (Figure 3b).
shows a favorable backbone conformation for almost all  The Secondary and Tertiary Structure of DomiPI Is
residues of the 30 structures with 89.4% of the non-glycine Different from That of the Wild-Type Protein and Resembles
and non-proline residues in the most favored regions andpomain 6. (1) Comparison of Dom1PI with Wild-Type
9.1% in additional allowed regions of the Ramachandran plot. _EKTI Domain 1.The sequence of Dom1PI differs from
The best-fit superposition of the structures (Figure 2a), as that of the wild-type protein, LEKTI domain 1, in only two
well as the corresponding local rmsd values (Figure 3a), sequentially adjacent amino acids, so both proteins are 96%
demonstrates a well-defined tertiary structure for Dom1PI, identical in sequence. However, the order and arrangement
except for the loop region from GIn24 to Lys27. The of elements of secondary structure, as well as the overall
structures have no distance violations greater than 0.2 A, tertiary structure of Dom1PI, reveal remarkable differences
and there are no systematic violations greater than 0.12 A.from the wild-type protein. Dom1PI lacks the short-Belix
Description of the Tertiary Structure of Dom1Blom1PI present in domain 11Q), instead displaying a loop confor-
consists of twax-helices with an almost orthogonal orienta- mation in this region. Furthermore, Dom1PI exhibits a second
tion, two S-hairpin structures, and a hydrophobic core that S-hairpin structure (Figures 2b and 4a). The amino acids
position the putative proteinase binding loop comprising participating in thiss-hairpin are distant from the position
residues Cys22lle29 (Figure 2b). The Nkterminal helix of mutation and are part of the long COOH-terminahelix
extends from Glu3 to Alal3 and is followed bygahairpin in the wild-type protein (Figure 4a). Similarities between
from Met15 to Leu20. A secongthairpin motif extends from  Dom1PI and the wild-type protein exist in the fifsthairpin
GIn30 to Met36 and merges into a long COOH-terminal motif comprising residues Mett3_eu20, in parts of the
a-helix from Asn39 to Lys53 that displays characteriskig- NHx-terminal and COOH-terminabi-helices, and in the
(i,i+4) NOEs. The potential PAP1 site (GIn24 and Asp25)  hydrophobic core that is formed by both disulfide bonds,
is located in an exposed loop connecting bgthairpins Phell, Phel4, Leu20, and Leu48. Compared to the case with
(Figures 1 and 2). As calculated from the best-fit superposi- wild-type domain 1, the unambiguous assignment of all 55
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a COOH

Ficure 2: (a) Best-fit superposition of the 30 lowest-energy
structures of Dom1PI [generated with MOLMOI3)]. Helical
elements are colored red, afiesheet structure is colored green.

site is colored blue. The heavy side chain atoms of the putative
P1-PT site (GIn24 and Asp25, respectively) and both disulfide

bonds (C8-C44 and C22C41) are shown.
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Ficure 3: (a) Atomic rmsd values from the average structure of
Dom1PI. Values for the backbone heavy atoms and all heavy atoms
are displayed as black and white circles, respectively. (b) Distribu-
tion of NOEs. Intraresidual (black), sequential (medium gray),
medium-range (dark gray), and long-range (light gray) NOEs are
displayed as vertical stacked bars. {#}}1°N NOE values at 600
MHz are displayed as vertical bars.

spin systems leads to a better structural definition of the
(b) Schematic drawing of a representative structure of Dom1PI termini of Domi1PI [overall backbone rmse 1.19 A

indicating elements of regular secondary structure. Helical elements(Dom1PI) vs 1.80 A (wild-type domain 1)] and causes an
are colored red3-sheet structure is colored green, and the mutation extension of the Nkiterminal o-helix.

The changes in the secondary structure of the central part

of the protein induced by the mutation become apparent in
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Table 2: ¢ andy Angles of P3 to P3Residues of LEKTI Domain 1, Domain @9), and Dom1PI in Comparison to Characteristic Backbone
Angle Values of the Canonical Binding Loop of Proteinase Inhibitd (

position angle canonical loop Dom1PI domain 1 domain 6
P3 Cys Cys Cys
1) —140to—12C —92.1+23.7 —51.9+ 3.8 —136.9+ 26.7
P 140to 170 93.8+ 24.6° —46.5+ 2.5 179.24+14.9
P2 Pro Pro Thr
1) —100 to—60° —61.2+ 3.1° —62.8+1.6° —105.6+ 19.8
P 140 to 180 173.7+£ 60.8 79.9+ 4.5 —176.5+ 8.4
P1 GIn Gin Arg
1) —120t0o—95° —77.4+40.7 —118.6+ 8.7 —84.5+16.3
P 10 to 50 —92.24+48.3 —79.5+ 40.8 21.2+38.9
P Asp Asp Glu
1) —100 to—60° —78.0+£58.2 —135.0+ 43.7 —52.9+61.7
P 140 to 180 130.44+ 39.7 68.9+ 7.0¢ 150.3+ 13.9
P2 Lys Lys Asn
¢ —140 to—10¢° —74.64+ 23.7° —61.8+ 5.9 —-110.7+£21.5%
Y 70to 120 —24.8+76.6 —8.7+£5.1° 59.2+ 6.6°
P3 Lys Lys Asp
1) —140 to—100° —95.8+ 42.6 —41.7£ 0.9 —142.1+ 60.6°
P 70to 120 120.8+ 27.6¢° —26.9+ 0.7 788+ 7.9

comparing the d secondary chemical shiftgl@) of both As for domain 6 of LEKTI ((9), no medium- and long-range
proteins (Figure 5). The resonances of residuesZ&Band distance restraints could be observed for residues Gin24
35—39 are shifted to lower field in Dom1PI compared to Lys27 within the putative canonical loop region of Dom1PI
those in wild-type domain 1, whereas for residues 24, 31, (Figure 3b), also leading to a less well-defined backbone
and 34, a shift to higher field can be observed. This suggestsgeometry compared to the rest of the protein (Figure 3a,c).
a change in secondary structure in the corresponding posi-We suggest that this level of local disorder (Figure 3a) and
tions. Shifts to lower field in the region preceding the inherent flexibility (Figure 3c) are even higher than those
mutation site indicate an extended conformation and the of domain 6, leading to an only marginal inhibitory activity
decomposition of the short;@helix. In the center of this  of Dom1PI (see below).

3ir-helix, Phe28 was replaced with proline, leading to a  proteinase Inhibition and Cleage.Despite the structural
backbone¢ angle usually not found in helices. Another simjlarity to LEKTI domain 6, an efficient but temporary
reason for the disappearance of thet8elix might be aloss  trypsin inhibitor, Dom1PI, has no effect on the enzymatic
of stabilization of an intrinSicaiiy unstable helix by loss of activity of trypsin even at a concentration of ﬂm, i.e., an
hydrophobic contacts. The NHerminal end of the @-helix jnhibitor/enzyme ratio of>15000. The lack of inhibition

in wild-type domain 1 comprises two lysined9 that cannot be attributed to a temporary or slow inhibition
amplify the helix dipole, therefore being energetically mechanism because inhibition was not observed after dif-
unfavorable 41). The 3c-helix, however, is stabilized by  ferent incubation times (630 min) and cleavage of the
contacts between Phe29 and Ile38 that are part of the longprotein could not be detected under the conditions used for
COOH-terminalo-helix in the wild-type protein. Via re- jnhibition kinetics. After incubation with higher trypsin
placement of Phe28 and Phe29 with Pro and iie, reSpeCtiVeiy,Concentrations (;uM’ 30 min), however’ C|eavage at the
the introduction of Pro changes the orientation of lle so that Lys19-Leu20 bond and to a lesser degree at the Lys40
stabilization by hydrophobic contact is omitted and the 3 Cys41 bond was observed, indicating that these regions are
helix can no longer be built. accessible to the proteinase.

Shifts to lower field in the region distant from the mutation Dom1PI also does not inhibit plasmin and subtilisin,
site (residues 3539) indicate an extended conformation proteinases inhibited by recombinant LEKT43] and a
corresponding to the secofiehairpin in the overall structure  recombinant LEKTI fragment containing domains &and
(Figures 4a and 5). Thus, the mutation causes a change noj part of domain 9, which shows only weak inhibition of
only in the secondary structure in the proximal region but plasmin @4). Also, fp-tryptase, the coagulation factors
also in a distant I’egion, indicating an influence on tertiary thrombin and Xa, urokinase_type plasminogen activator, the
contacts. kallikreins pK1 (porcine tissue kallikrein) and hK5 (human

(2) Comparison of Dom1PIl with LEKTI Domain 6. stratum corneum tryptic enzyme), and pancreatic elastase are
Although the level of sequence identity between Dom1PI not inhibited. Marginal effects on the activity of chymo-
and LEKTI domain 6 is only 31%, their folding topology is  trypsin and leukocyte elastase, however, were observed
very similar (Figure 4b). The length and orientation of both (~10% inhibition at 1Q«M), indicating that Dom1PI shows
terminala-helices, as well as of the firgthairpin structure, very weak inhibitory activity against these proteinases.
are almost identical (rmsek 1.54 A). Only the orientation ~ Fragmentation of Dom1PI could be detected only at higher
of the secong-hairpin toward the helices is different (Figure chymotrypsin concentrations (IM) at the Phe2%Cys22
4b). Another similarity in Dom1PIl and LEKTI domain 6 is and Phe3#lle38 bonds. In comparison, recombinant LEKTI
the existence of an exposed potential canonical loop (Figuresinhibits chymotrypsin to a similar degree, whereas the affinity
2a,b and 4b). In domain 6, this region acts as a proteinasefor leukocyte elastase is much high&s ¢~ 300 nM) @3).
binding loop @2), leading to temporary trypsin inhibitory It is worth mentioning that, in contrast to isolated LEKTI
activity that is most likely due to enhanced flexibility9). domains, full-length recombinant LEKTI shows noncompeti-
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Ficure 5: Ho chemical shift differences between domain 1 and
Dom1PI. To account for different random coil shifts of the mutated
amino acids (black), secondary chemical shifts were used for the
calculation of chemical shift differences of Dom1PI and wild-type
domain 1. For residues-8L0, no values have been acquired since
they have not been assigned in wild-type domain 1.

tive inhibition of various proteinases, suggesting the existence
of a binding site distinct from the catalytic center of the
proteinase 43).

The observed lack of strong inhibitory activity of Dom1PI
might be due to intrinsic flexibility, unfavorable residues or
unfavorable backbone angles (Table 2) in the-P3 region,
the orientation of the secorftthairpin motif (Figure 4b), or
a combination thereof. Canonical serine proteinase inhibitors
are characterized by a canonical binding loop that interacts
with a complementary strand of the proteinase forming a
stabilized antiparallgb-sheet 45). To perform this task, the
backbone torsion angles along the binding loop must adopt
characteristic valuesAg, Table 2). A scaffold comprising
secondary structure elements, a hydrophobic core, and
disulfide bonds stabilizes the position of the binding loop
of proteinase inhibitors4(7). In contrast to domain 6, some
of the backbone angles of the binding loop residues of
Dom1PI differ from those found for the typical canonical
loop conformation. Due to ambiguous coupling constants and
the absence of NOEs, these angles are poorly defined (Table
2 and panels a and b of Figure 3). This result is in accordance
with a higher intrinsic flexibility in this region as determined
by {H}**N heteronuclear NOEs (Figure 3c).

The seconds-hairpin motif in Dom1PIl and domain 6
positions the putative binding loop by providing a stabilizing
scaffold together with the firgi-hairpin motif, a hydrophobic
core, and both disulfide bridges. The best-fit superposition
of Dom1PIl and domain 6, however, indicates that the second
p-hairpin motif connecting the putative binding loop with
the COOH-terminalo-helix is oriented in different ways
(Figures 4b and 6). We suggest that this difference originates
FiGURE 4. (a) Schematic drawing of the best-fit superposition of from the sequence in the kink region between the hairpin
Dom1PI and wild-type domain 1. For Dom1PI, the same color code gnd the COOH-terminal helix: residue 38 is an isoleucine

as in Figure 2b was used. For wild-type domain 1, the helical . ;
elements are colored orange and fhsheets cyan. The mutation in Dom1Pl, whereas domain 6, several other LEKTI

site is colored blue. The chameleon sequence is colored violet. Thedomains, and many other Kazal-type serine proteinase
B-sheet in Dom1PI (green) is an integral part of the chameleon inhibitors exhibit a glycine at the corresponding position.

sequence. (b) Schematic drawing of the best-fit superposition of Glycine enables the protein backbone to form bends or turns
Dom1PIl and domain 6. For Dom1PI, the same color code as in y allowing a large range of torsion angles. In the case of

Figure 4a was used. For domain 6, the helical elements are colore : - -
orange angs-sheets cyan. In Dom1PI, the mutation site is colored om1Pl, the voluminous side chain of lle38 prevents the

blue and the chameleon sequence violet. Breheet in Dom1pl  formation of a sharp kink such as that found for domain 6
(green) is an integral part of the chameleon sequence. (Figure 6). This side chain could be a reason for the absence




Identification of a Chameleon Sequence Biochemistry, Vol. 43, No. 35, 200411245

both proteins. The direction of tlee— $ transition is worth
mentioning as most presently known chameleon sequences
have been discovered by converse transitid$8). o —

p transitions are particularly interesting with regard to prion
diseasesq).

The 3¢helix in domain 1 seems to be stabilized by
interactions between Phe29 and lle38. Therefore, we suspect
that this hydrophobic interaction stabilizes two intrinsically
unstable helices. This hypothesis is confirmed by the helix
propensity prediction algorithm AGADIRSM), resulting in
helical propensities 0£2% for both the Z-helix of domain
1 and the chameleon sequence (LeuB&238). This implies
that the NH-terminal extension of the COOH-terminal
o-helix of domain 1 built by the chameleon sequence is
intrinsically unstable and stabilized by tertiary contacts. Such
a stabilization of secondary structure elements by tertiary
FIGURE 6: Close-up of the best-fit Supel’pOSition of Dom1PI and contacts |S presumed to be a general p”nC'ple |n prote|n

domain 6 (same color code as in Figure 4b). The transition region : .
between thegs-hairpin motif and the COOH-terminat-helix is folding (55). We assume that after substitution of one

shown. For Dom1PI, the side chain atoms of lle38 are shown and interaction partner the stabilization energy decreases so that

the corresponding position of Gly42* in domain 6 is marked with  Dom1PI adopts the energetically preferygdhairpin struc-

an arrow. ture. A small difference in the energies of different confor-
mations that can be offset by tertiary interactions is also

of inhibitory activity of Dom1PI, acting by preventing the postulated for several other chameleon sequerB&ss().

required orientation of the secon@-hairpin and thus The identification of mutations causing a structural change

indirectly of the putative binding loop. could be very relevant for the understanding and prediction

Also, the unusual P1 residue of Doml1PI cannot be of amyloid diseases5g) as several mutations involved in

excluded as another reason for the lack of strong inhibitory prion diseases are situated in elements of regular secondary

activity. In general, Kazal-type proteinase inhibitors which structure 9, 60). The structure of Dom1PI determined in

act against trypsin seem to prefer positively charged aminothis study demonstrates that minor mutations can cause

acids in this position 48), which is consistent with a  extensive nonlocal structural changes.

substrate-like mechanism of inhibition since trypsin cleaves
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