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ABSTRACT: Amino acids in the serine proteinase inhibitor eglin ¢ important for its inhibitory specificity and
activity have been investigated by site-directed mutagenesis. The specificity of eglin ¢ could be changed
from elastase to trypsin inhibition by the point mutation Leu45 — Arg (L45R) in position P1 [nomenclature
according to Schechter and Berger (1967) Biochem. Biophys. Res. Commun. 27,157-162]. Model building
studies based on the crystal structure of mutant L45R [Heinz et al. (1991) J. Mol. Biol. 217, 353-371]
were used to rationalize this specificity change. Surprisingly, the double mutant L45R /D46S was found
to be a substrate of trypsin and various other serine proteinases. Multidimensional NMR studies show that
wild-type eglin ¢ and the double mutant have virtually identical conformations. In the double mutant
L45R/D46S, however, the N-H bond vector of the scissile peptide bond shows a much higher mobility,
indicating that the internal rigidity of the binding loop is significantly weakened due to the loss or destabilization
of the internal hydrogen bond of the P1’ residue. Mutant T44P was constructed to examine the role of
a proline in position P2, which is frequently found in serine proteinase inhibitors [Laskowski and Kato
(1980) Annu. Rev. Biochem. 49, 593-626]. The mutant remains a potent elastase inhibitor but no longer
inhibits subtilisin, which could be explained by model building. Both Arg51 and Arg53, located in the core
of the molecule and participating in the hydrogen bonding network with residues in the binding loop to
maintain rigidity around the scissile bond, were individually replaced with the shorter but equally charged
amino acid lysine. Both mutants showed a decrease in their inhibitory potential. The crystal structure of
mutant R53K revealed the loss of two hydrogen bonds between the core and the binding loop of the inhibitor,
which are partially restored by a solvent molecule, leading to a decrease in inhibition of elastase by 2 orders

of magnitude.

Serine proteinases are involved in nearly every aspect of
life, e.g., protein digestion and regulatory mechanisms such
as complement activation and blood coagulation [reviewed
by Neurath (1984)]. They are also recognized as possible
pathogenic factors in a number of diseases (Hérl & Heidland,
1982), which hasled to intensive studies of proteinase inhibitors
as potential drugs [reviewed by Schnebli and Braun (1986)].
In general, proteinaceous proteinase inhibitors act as pseu-
dosubstrates, however with extremely slow turnover (Laskow-
ski & Kato, 1980). The crystal structures of proteinase
inhibitors in complex with their target enzymes have provided
insights into the structural prerequisites necessary for specific
inhibition [reviewed by Read and James (1986) and Bode
and Huber (1992)]. The predominant structural feature of
these inhibitors is the so-called reactive site binding loop,
which is highly complementary to the active site region of the
enzyme and which resembles closely the conformation of a
peptide substrate when bound to the enzyme. In contrast to
a flexible peptide substrate, the binding loop is held in a rigid
conformation which prevents it from being cleaved at the “scis-
sile bond”. This rigidity is maintained by covalent (i.e., di-
sulfide bridges) or noncovalent interactions between residues
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located in the binding loop and the rest of the molecule.

The amino acid located in position P1 (Schechter & Berger,
1967) is chiefly responsible for the inhibitory specificity of
serine proteinase inhibitors (Laskowski & Kato, 1980;
Laskowski et al., 1981). A mutation at this position should
therefore have a large effect on the inhibitory specificity. A
number of specificity changes caused by mutations of amino
acids located in position P1 of different serine proteinase
inhibitors have been reported (e.g., Leary & Laskowski, 1973;
Wenzel et al., 1976; Owen et al., 1983; Jallat et al., 1986;
McWerther et al., 1989; Longstaff et al., 1990; Komiyama
et al., 1991; Kojima et al., 1991; Sinha et al., 1991).

To further investigate the structural basis of binding loop
stabilization and inhibitory specificity in proteinaceous pro-
teinase inhibitors, amino acid substitutions were performed
in the inhibitor eglin ¢, a 70 amino acid containing protein
isolated from the leech Hirudo medicinalis (Seemiiller et al.,
1977). Eglin c belongs to the potato I inhibitor family
(Laskowski et al., 1981) and strongly inhibits human leuko-
cyte elastase (HLE), cathepsin G, a-chymotrypsin, and sub-
tilisin, but not trypsin (Seemiiller et al., 1980). The gene
encoding the protein has been synthesized and expressed in
Escherichia coli (Rink et al., 1984), yielding a convenient
source of recombinant eglin ¢ (referred to in the following
simply as eglin). The crystal structure of eglin in complex
with subtilisin Carlsberg (McPhalen et al., 1985; Bode et al.,
1986a) consists of a small globular core and an exposed active
site binding loop (Figure 1). The binding loop which harbors
the scissile peptide bond between Leu45 (P1) and Aspd6 (P1’)
is held in a rigid conformation by hydrogen bond interactions
between three residues located in the binding loop (Thrd4,
Asp46,and Argd8), three residues located in the core (Arg51,
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FIGURE 1: RIBBON diagram (Priestle, 1988) illustrating the
secondary structure of eglin. The following residues are involved in
the stabilization of the binding loop: Arg51, Arg53, ArgdR, Thrdd4,
Aspd6, and the carboxy terminus. The P1 residue, Leud$, is also
indicated. The scissile bond is located between residues LeudS and
Asp46.

Arg53,and the C-terminal Gly70), and a number of internally
bound solvent molecules. In addition, an intraresidual
hydrogen bond which is formed between the side chain of
Asp46 and its own amide proton is assumed to be critical for
binding loop stabilization (Bode et al., 1986a; Wagner et al.,
1990).

In this paper, we describe the construction and the functional
and structural characterization of five eglin mutants containing
point mutations in the binding loop and in positions in the
core which are believed to be involved in the stabilization of
the binding loop. Functional properties were evaluated by
steady-state inhibition kinetics, and structural data were
obtained by X-ray crystallography, NMR spectroscopy, and
model building based on the crystal structures of inhibitors
and serine proteinases.

MATERIALS AND METHODS

Design of Eglin Mutants. The locations of the mutations
in the sequence of eglin are shown in Table I. Mutants Leud5
— Arg (L45R),L45R /D468S, and T44P were designed on the
basis of sequence comparisons with other serine proteinase
inhibitors. Mutant L45R was constructed to test whether
eglin could be changed to an inhibitor of trypsin or thrombin
which prefer basic amino acids in position P1. Most of the
trypsin and thrombin inhibitors belonging to the Bowman-
Birk inhibitor, potato inhibitor II, and al-proteinase related
inhibitor families contain a well-conserved serine in position
P1’ following an arginine or lysine in position P1 (Laskowski
& Kato, 1980). The double mutant L45R/D46S was
constructed to test whether these mutations could change eglin
toa thrombin inhibitor on the basis of the sequence comparisons
described above. Mutant T44P was constructed to improve
the binding of eglin to HLE which seems tointeract favorably
with substrates or inhibitors containing a proline in position
P2 (Bode et al.,, 1989a) and based on the fact that many
natural HLE inhibitors contain a well-conserved proline at
this position (Laskowski et al., 1987). Both mutants T44P
and L45R /D46S were also made to examine the role of Thr44
and Asp46 in maintaining the implied vital rigidity of the
binding loop by interacting with residues located in the core
of eglin. The conservative point mutations R51K and R53K
inthe core of eglin were constructed to investigate the relative
contribution of both arginines to the noncovalent stabilization
of the binding loop.

Site-Directed Mutagenesis and Purification. Plasmid
PML147 used for the expression of recombinant eglin (Rink
et al., 1984) was obtained from Dr. M. Liersch (Ciba-Geigy
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Ltd., Basel). Site-directed mutagenesis of eglin was performed
inM13mp8 (Messing, 1983) according to the primer extension
method of Zoller and Smith (1983). Mutagenic oligonucle-
otides (18-22 bases in length) were synthesized and purified
by H. Rink (Ciba-Geigy Ltd., Basel). E.colistrain BMH71-
18mutS (Kramer et al., 1984) was transformed with mu-
tagenized phage M13mp8. Phages containing mutant eglins
were screened by colony hybridization (Grunstein & Hogness,
1975) using 32P-phosphorylated mutagenic primers. Mutants
were confirmed by dideoxy sequencing (Sanger et al., 1977).
Eglin mutants were expressed in E. coli JA221 (Clarke &
Carbon, 1978) under the control of the tryptophan promoter
(Rink et al., 1984).

E. coli cells producing mutant eglins were grown by
fermentation as described (Rink et al., 1984). After cen-
trifugation, cells were suspended in 20 mM Tris-HCI buffer,
pH 7.8, and disrupted using a dyno mill. Cell debris was
removed by centrifugation. The high resistance of eglin to
denaturation by acid (Seemiiller et al., 1977) was used to
precipitate most contaminant proteins by adding acetic acid
to a final concentration of 2%. Viscosity of the solution was
reduced by adding DNase I (10 mg/L). Precipitate was
removed by centrifugation, and the supernatant was lyo-
philized (Virtis, Gardiner, NY). The dry lyophilisate was
dissolved in a small volume of 20 mM ammonium carbonate
buffer,pH 7.5, and applied to a gel filtration column (Sephadex
G50SF, Pharmacia, Uppsala, Sweden). Eglin mutants were
eluted in ammonium carbonate buffer and subsequently
lyophilized leading to approximately 100-200 mg of pure
protein/L of fermenter solution.

Protein Chemical Characterization. Eglin mutants were
shown to be homogeneous by SDS-PAGE on silver-stained
gels containing 20% polyacrylamide (Laemmli, 1970) and
reversed-phase HPLC (Millipore-Waters, Milford, MA). The
isoelectric points (pI) of the mutants were determined by
isoelectric focusing using Ampholine PAG plates (LKB-
Pharmacia, Uppsala, Sweden) in the pH range of 3.5-9.5 and
using a p/ calibration kit containing reference proteins with
pl values ranging from 3 to 10. The pI value of wild-type
eglinis 5.4. Only mutants L45R (p/ = 6.1) and L45R/D46S
(pI = 6.7) deviated from this value due to the additional positive
charge and the loss of a negative charge, respectively. The
mass of eglin mutants was determined by mass spectrometry,
performed by F. Raschdorf (Ciba-Geigy Ltd., Basel) using
the fast atom bombardment method. MH* peaks with an
accuracy of £1 Da could be obtained (Barber et al., 1984).
Mutants were compared with wild-type eglin using CD
spectroscopy (in the laboratory of Dr. P. Moser, Ciba-Geigy
Ltd., Basel) to confirm that they were correctly folded.
Measurements were performed on a Jasco J-20 spectropo-
larimeter at 25 °C and 90 °C. No significant differences in
their secondary structures were detected on comparison with
the wild-type spectrum.

Kinetic Measurements. Active-site-titrated HLE was
obtained from Dr. H.-P. Schnebli (Ciba-Geigy Ltd., Basel).
1-(Tosylamino)-2-phenylethyl chloromethyl ketone- (TPCK-)
treated bovine pancreatic trypsin was from Worthington
(Freehold, NJ). Itwasactive-site-titrated using p-nitrophenyl
p-guanidinobenzoate hydrochloride (Fluka, Switzerland) as
described (Chase & Shaw, 1970). Subtilisin (from Bacillus
subtilis) was from Boehringer (Mannheim, Germany) and
was active-site-titrated using analytically pure wild-type eglin,
which has previously been equivalence titrated with HLE as
described (Braun et al., 1987). Human thrombin was from
Sigma (St. Louis, MO). The following peptide substrates
were used for kinetic experiments: MeO-Suc-Ala-Ala-Pro-
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Table I Locations of Mutations in the Eglin Sequence®

Mutations in the Binding Loop of Eglin

43 44 45 46 47 48
position 41 42 P3 P2 P1 PY P2/ P3’ 49
wild-type eglin -Ser- Pro- Val- Thr- Leu- Asp- Leu- Arg- Tyr-
mutant L45R -Ser- Pro- Val- Thr- Arg- Asp- Leu- Arg- Tyr-
mutant L45R/D46S -Ser- Pro- Val- Thr- Arg- Ser Leu- Arg- Tyr-
mutant T44P -Ser- Pro- Val- Pro- Leu- Asp Leu- Arg- Tyr-
Mutations in the Core of Eglin
position 49 50 51 52 53 54 55
wild-type eglin -Tyr -Asn -Arg -Val -Arg -Val -Phe-
mutant R51K -Tyr -Asn -Lys -Val -Arg -Val -Phe-
mutant R53K -Tyr -Asn -Arg -Val -Lys -Val -Phe-
2 The scissile peptide bond is located between residues 45 and 46.
Val-p-nitroanilide (pNA) (specific for HLE: Ky = 2.0 X
10~ M) and Bz-L-Arg-pNA (specific for trypsin: Ky = 3.8 0.201
X 10 M) were from Bachem (Bubendorf, Switzerland); A
MeO-Suc-Arg-Pro-Tyr-pNA (specific for subtilisin: Ky =
0.8 X 10*M) and D-Phe-Pip-Arg-pNA (specific for thrombin) 0.15 B
were from KabiVitrum (Stockholm, Sweden). Michaelis
constants Ky listed above were determined as described by o
Michal (1984). Thefollowing buffersand solutions were used Fo.10]
for the inhibition assays: PBS Dulbecco (Oxoid, Basingstoke, ° 7
England), 0.15 uM human serum albumin for HLE; 0.2 M s .
triethanolamine, 20 mM CaCl,, pH 7.8 for trypsin; 50 mM 0.05 { ) s
Tris-HCI, 100 mM CaCl,, pH 8.5, for subtilisin; 50 mM Tris- A
HCI, 100 mM NaCl, 0.1% PEG 6000, pH 8, for thrombin.
Equivalence titrations were performed as described (Braun et 0.00

al., 1987). Throughout all kinetic experiments, the concen-
trations of HLE, trypsin, and subtilisin and their inhibitors
are given in molarities of “active” molecules.

Equilibrium dissociation constants, Kj, describing the
interactions of eglin mutants with the selected serine pro-
teinases elastase, trypsin, and subtilisin were determined
according to Bieth (1974) and Braun et al. (1987) in the
laboratory of Dr. H.-P. Schnebli (Ciba-Geigy Ltd., Basel)
using a recording Uvikon 820 spectrophotometer (Kontron,
Switzerland) equipped with a constant temperature sample
holder and modified to allow the use of a magnetic stirrer in
the cuvette. K; was determined by measuring the enzymatic
activity of mixtures containing constant amount of substrates
(4-20 times Kpf) preincubated with increasing amounts of
inhibitor. After addition of the enzyme, the release of
p-nitroaniline was recorded until steady-state reaction rates
could be measured, i.e., until the curve (ODygs vs time) was
linear for at least 20 min. Kjepp) and K; were calculated for
each inhibitor concentration from the following relationship
and averaged (Braun et al., 1987):

Vil Vo
1-¥/Ve

where Vpand ¥V, are the steady-state rates for free enzyme and
enzyme in presence of inhibitor, respectively, and [S¢], [Eo],
and [Io] are the total concentrations of substrate, enzyme,
and inhibitor in the cuvette. A family of inhibition curves is
shown in Figure 2 for the inhibition of HLE by mutant R51K.

Preliminary inhibition experiments with thrombin were
undertaken with wild-type eglin and the mutants L45R and
L45R/D46S. Control measurements were performed with
hirudin, a potent natural thrombin inhibitor (K; = 10-14 M;
Stone & Hofsteenge, 1986). A total of 500 pmol of thrombin
was mixed with the eglin molecule (in 10-fold excess) and
incubated at 37 °C for 10 min. After addition of 2 mM

Kiapp) = Ki(1 + [Sel/Kw) = [To] = Vi/ VolEo)

10 20 30

Time [min)

FiGURE 2: Hydrolysis of 0.89 mM substrate (MeO-Suc-A-A-P-V-
pNA) by 8.4 nM HLE in the absence of mutant R51K (curve A)
and in the presence of 8.4 nM (curve B), 16.8 nM (curve C), 25.2
nM (curve D), and 33.6 nM (curve E) mutant R51K. The slopes
of the steady-state parts of the curves (calculated by linear regression)
repr)esent ¥, (absence of inhibitor) and ¥; (presence of inhibitor) (see
text).

substrate, the increase in optical density at 405 nm was
measured and compared with substrate consumption by
thrombin alone.

Timed proteinase—inhibitor incubation mixtures were an-
alyzed by gel electrophoresis to discriminate whether mutant
eglins arein fact inhibitors or substrates or whether they bound
to the enzyme at all. Mutant eglins (in a final concentration
of 200 M) were incubated in a molar excess with their putative
target enzyme. Samples were taken at predetermined times
and analyzed immediately by SDS gel electrophoresis. A
decay or absence of the band representing the eglin mutant
indicated the mutant being a substrate of the respective
enzyme. Additional bands of lower molecular weight indicated
the cleavage of the eglin molecules upon binding to the enzyme.

Crystal Structure Analysis and Model Building Studies.
The crystal structures of complexes formed between subtilisin
Novo and the eglin mutants L45R (to 2.1-A resolution) and
R53K (to 2.4-A resolution) were solved by molecular re-
placement and difference Fourier techniques, respectively.
Details about crystallization, structure determination and
interpretation are described by Heinz et al. (1991). Mutant
L45R could be co-crystallized with bovine trypsin. Unfor-
tunately, the crystals were not suitable for structure solution.

Model building studies were performed using an interactive
Evans & Sutherland PS390 graphics display system and a
modified version (Rice version 6.6; Pflugrath et al., 1984) of
the program FRODO (Jones, 1978). The model complex of
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mutant L45R with trypsin was built on the basis of the
structural similarity of eglin and bovine pancreatic trypsin
inhibitor (BPTI) in their binding loops and the crystal
structures of mutant L45R and the BPTI-trypsin complex
(Huberetal.,1974). Details of the superposition are described
by Heinz et al. (1991). A model of the complex between
wild-type eglin and HLE was kindly provided by Dr. W. Bode
(Max-Planck-Institut, Martinsried, Germany). It has been
constructed on the basis of the structures of wild-type eglin
and the complex formed between HLE and the third domain
of the ovomucoid inhibitor (Bode et al., 1986b). The point
mutations in the models of mutants T44P and R51K were
introduced into the wild-type structure using optimized
stereochemistry for the changed residues.

NMR Spectroscopy. The assignments of the NMR res-
onances of eglin ¢ and the double mutant were performed
using standard assignment techniques (Wagner & Wiithrich,
1982). The assignments of the wild-type protein were
described previously (Hyberts & Wagner, 1989). NOESY
spectra of wild-type and mutant protein were recorded using
standard methods (Jeener et al., 1979; Anil Kumar et al,,
1980; Macura et al.,, 1981). All spectra were recorded at 30
°C, pH 3.0. Two-dimensional heteronuclear proton detected
I’N-H correlated spectra were recorded with an antiphase
evolution period as described originally by Vindusek et al.
(1982). '°N relaxation times and heteronuclear NOEs were
measured with techniques described by Peng et al. (1991)
and Peng and Wagner (1992). ’N-Labeled wild-type eglin
and mutant L45R /D46S were produced by growing cells in
minimal media containing !>N-labeled NH4C1 (99% enriched;
Cambridge Isotope Laboratories, Innerberg, Switzerland) as
the sole nitrogen source. The completeness of 1*N-labeling
was confirmed by mass spectrometry. For the measurements
of the temperature coefficients of amide resonances, heter-
onuclear ’N—H correlated spectra were recorded at different
temperatures. The chemical shifts were referenced relative
to 3-(trimethylsilyl) [2,2,3,3-2H]propionate (TSP). The pH
dependence of the NH resonances was studied using 2D
heteronuclear 1N-1H correlated spectra, recorded at 36 °C.
Heteronuclear >N-'H vicinal coupling constants were mea-
sured in ’N-enriched samples using the technique analogous
to those described by Montelione et al. (1989). In particular,
2D TOCSY spectra (Braunschweiler & Ernst, 1983) of
uniformly !N-enriched eglin ¢ and the double mutant were
recorded using a DIPSI-2 spin lock (Shaka et al., 1988). To
solve problems of resonance overlap, two 3D NOESY spectra
(Wider et al., 1989) of these two samples were recorded with
the following pulse sequence:

90°('H)-7-90°(*°N)-1, ,,-180°('H)+, ,-90°("*N)-
7—,-90° ("H)—7_-90°(‘H)-acq

RESULTS

Inhibitory Activity of Eglin Mutants. Equilibrium disso-
ciation constants, Kj, describing the interactions of mutant
eglins and the serine proteinases HLE, trypsin, and subtilisin
are listed in Table II. None of the eglin mutants reaches the
strong inhibitory potential of wild-type eglin against HLE (X
= 2.0 X 10-11 M). Mutants T44P, R51K, and R53K are
10-100-fold weaker inhibitors, and mutant L45R shows even
weaker inhibition, whereas the double mutant L45R /D46S
is a substrate of HLE.

Mutant L45R strongly inhibits trypsin (K; = 2.5 X 10-!
M), in contrast to wild-type eglin, which shows only weak
trypsin inhibition K; > 10-3 M, verifying the desired specificity

Heinz et al.

Table II:  Equilibrium Dissociation Constants, K;, of Eglin Mutants

a. HLE Inhibition

eglin mutant Ki (M)
wild-type eglin 20£18) x 101
T44P (2.7 % 3.2) X 1010
1L45R weak inhibitor
L45R/D46S substrate
R51K (6.9%24) x10°?°
R53K (1.1£1.7) X 10°°

b. Trypsin Inhibition

eglin mutant K (M)
wild-type eglin weak inhibitor
L45R (25=21)x 101!
L45R/D46S substrate

c. Subtilisin Inhibition

eglin mutant Ki (M)
wild-type eglin (3.2£25) x 101
T44P substrate
L45R (5.4 4.0)x 101
L45R/D46S substrate
R51K substrate
R53K (1.1£4.1) x 10-10

change from HLE to trypsin inhibition caused by the single
point mutation Leu45 — Arg. Similar to the inhibition of
HLE by wild-type eglin, the mechanism of trypsin inhibition
by mutant L45R is fully competitive, as shown by an increase
of the K; after the substrate concentration is raised in the
assay.

In strong contrast to mutant L45R, mutant L45R/D46S
is a substrate of trypsin. Besides wild-type eglin, only the
mutants L45R and R53K inhibit subtilisin; mutants T44P,
L45R /D468, and R51K are substrates of this enzyme. Similar
to wild-type eglin, mutants L45R and L45R /D468, which is
homologous to natural thrombin inhibitors in positions Pl
and P1’, showed no inhibition of thrombin.

Mutants which did not inhibit the activity of serine
proteinases in the kinetic experiments were found to be
substrates of these enzymes by electrophoretic and reversed-
phase HPLC analysis of timed incubation mixtures of mutant
eglins and enzymes. A SDS-PAGE gel of 24-h incubation
mixtures of wild-type as well as mutant eglins with HLE is
shown in Figure 3a. The gel shows bands (M, = ca. 8200)
corresponding tointact wild-type eglin and the mutants R51K,
L45R/D46S,R53K, L45R, and T44P. Inthe case of mutant
L45R/DA46S, the missing band demonstrates the complete
proteolytic digestion of this mutant by HLE. For wild-type
eglinand mutant R51K, an additional band of lower molecular
weight (ca. 2500-4000) is found, representing an average of
the truncated N-terminal (starting with Lys8; 38 amino acids)
and C-terminal (25 aminoacids) halves of the molecules caused
by incomplete cleavage between residues 45 and 46 of the
inhibitors during binding to HLE. In contrast, the bands of
T44P and R53K remained intact. The intensity of the band
of mutant L45R is reduced with no additional band of lower
molecular weight.

The SDS-PAGE gel of eglin mutants alone and of 15-h
incubation mixtures with bovine trypsin is shown in Figure
3b. The band of mutant L45R is unchanged, indicating
complete inhibition of trypsin. The cleavage of the inhibitor
upon binding to trypsin cannot be excluded. Upon incubation
with trypsin (in a molar ratio of 1:1) over 24 h, a weak band
of lower molecular weight representing cleaved halves of the
inhibitor is visible, however, only under denaturing conditions.
The band of mutant RS1IK and L45R/D46S completely
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FIGURE 3: (a) SDS—polyacrylamide gel electrophoresis of eglin alone (lane 2) and of mixtures of wild-type eglin (lane 3) and eglin mutants
R51K (lane 4), L45R /D468S (lane 5), R53K (lane 6), L45R (lane 7), and T44P (lane 8) (200 uM) with HLE (4 uM) after 24 h of incubation
time. The band representing HLE is not visible. Bands with molecular weight labeled with A represent intact eglin, those labeled with B
represent cleaved fragments of eglin (see text). The molecular weight standard proteins range from 14 000 to 82 000 (lane 1). (b) SDS-
polyacrylamide gel electrophoresis of eglin mutants L45R (lane 1), R51K (lane 3), L45R /D468 (lane 5), and R53K (lane 7) and of the same
mutants (200 M) after a 15-h incubation with bovine trypsin (4 uM) (lanes 2, 4, 6, and 8). Bands of intact inhibitors are indicated by an
A; those of cleaved inhibitors are indicated by a B (see text and panel a). (c) SDS—polyacrylamide gel electrophoresis of mixtures of wild-type
eglin (lane 1, eglin alone; lane 2, eglin incubated) and eglin mutants T44P (lane 3), L45R (lane 4), R51K (lane 5), L45R/D46S (lane 6),
and R53K (lane 7) (200 uM) with subtilisin (80 gM) after a 1-h incubation. The molecular weight standard proteins range from 14 000 to
82 000 (lane 8). The band representing subtilisin is not visible. Bands labeled with A represent intact eglin, those labeled with B represent
cleaved fragments of eglin (see text and panel a).

FIGURE 4: Model complex of eglin mutant L45R (solid bonds) and bovine trypsin (open bonds). Arg45 (P1) of the inhibitor fits into the
S1 binding pocket of trypsin, forming a salt bridge with Asp189 at the bottom of the pocket. Residues 42—44 in the binding loop of eglin form

a short antiparallel S-sheet with the enzyme.

disappeared whereas for mutant R53K a band for cleaved
inhibitor appears showing that these mutants are also
substrates of trypsin.

The SDS-PAGE gel of wild-type eglin alone and of a 1-h
incubation of wild-type and mutant eglins with subtilisin
(Figure 3c) shows intact bands for wild-type eglin and mutants
L45R and R53K and the almost complete disappearance of
bands corresponding to the mutants T44P,R51K, and L45R /
D46S. Additional bands of lower molecular weight in the
case of wild-type eglin and mutants L45R and R53K indicate
a cleavage of the inhibitors during binding to subtilisin. The
results obtained from the time incubations corroborate the
kinetic data shown in Table II and confirm that mutants which
show no interaction with their target enzymes during kinetic
measurements are in fact substrates of these enzymes.

Crystal Structures and Model Building Studies. The
crystal structures of mutants L45R and R53K in complex
with subtilisin Novo were solved and refined at 2.1 A and 2.4
A, respectively (Heinz et al., 1991). To rationalize the
specificity change of eglin caused by the single mutation Leud5
— Arg in position P1, the structure of mutant L45R was
compared with BPTI and their binding loops comprising
positions P3 to P3’ were superimposed. Despite their com-
pletely different three-dimensional folds, an excellent fit of
their binding loops was found (rms deviation of main chain
atoms = 0.48 A for residues in positions P3 to P3’; Heinz et
al., 1991). The modelstructure of the complex between mutant
L45R and trypsin shows Arg45 bound into the active site cleft
of trypsin and interacting with Asp189 at the bottom of the
cleft. Only two “bad” contacts between both molecules are
observed in the model (Figure 4).

The model structure of HLE in complex with mutant L45R
shows essentially no space in the small hydrophobic active site
pocket of HLE for the extended side chain of Arg45 in position
P1 (figure not shown). Due to the truncation of the side
chain of Arg53, Lys53 can no longer interact directly via
hydrogen bonds with Thr44 located in position P2 in the
binding loop of mutant R53K. Instead,atom {of Lys53 forms
a single hydrogen bond to a solvent molecule which is itself
hydrogen bonded to the main chain carbonyl oxygen of Thr44
(Heinzetal., 1991). Inthe model structure of mutant R51K,
the side chain of Lys51 isnolonger able tointeract via hydrogen
bonds to Asp46 in the P1’ position of the binding loop, which
might increase the binding loop flexibility in the vicinity of
the scissile bond (Figure 5). The model complexes of mutant
T44P with subtilisin and HLE shows an excellent fit of Pro44
into the hydrophobic S2 pocket of HLE (lined by residues
His57, Leu99 and Phe215) (Figure 6).

NMR Comparisonof Wild Type and Mutant L45R [ D46S.
The mutations described here affect mainly the proteinase
binding loop, and the NMR analysis was directed toward this
protein region. We concentrated on the comparison between
the wild-type protein and the mutant L45R /D468 since this
mutant was not accessible to X-ray structure analysis. It
could not be crystallized in the free form and could not be
crystallized in the complex with a proteinase because it is
cleaved immediately by the enzyme. To characterize the
difference between the wild-type and mutant protein, we have
compared the chemical shifts, the complete set of nuclear
Overhauser enhancement cross-peaks in 2D NMR spectra,
and homonuclear and heteronuclear vicinal coupling constants.
Since hydrogen bonds are a crucial structural feature of the
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FIGURE 5: Model structure of eglin mutant RS1K. The structure of the complex of wild-type eglin with subtilisin Novo (Heinz et al., 1991)
was used, and the side chain of Arg51 (shown with thin bonds) was replaced with a lysine. The side chain of Lys51 is too short to interact

directly with Asp46 of the binding loop in this model.

conformation of the binding loop, we also have made efforts
to characterize this aspect by measuring the pH dependence
and the temperature coefficients of the NH resonances.
Finally, 15N relaxation time measurements were performed
to characterize the mobility of the polypeptide backbone.

!H NMR Assignments and Comparison of Chemical Shifts
in Wild Type and Mutant L45R/D46S. Assignment of the
'H NMR resonances of wild-type eglin ¢ have been described
previously (Hyberts & Wagner, 1989). The assignments of
the 'TH NMR resonances of mutant L45R /D46S were achieved
in a similar manner. Table II shows a list of the 'H chemical
shifts in wild-type eglin and the double mutant for the regions
in the vicinity of the mutation site. These are the residues
Ser41-Tyr49 in the binding loop and the strand Asn50-Phe55
whose side chains interact with the binding loop via hydrogen
bonds. Residues that are not listed in Table II have identical
chemical shifts in both proteins. All backbone resonances are
identical except for residues Val43—Arg48, and both Arg51
and Arg53 which interact with the binding loop. The most
significant difference is an upfield shift of the backbone amide
proton of the mutated residue Ser46 in position P1” of the
double mutant compared to Asp46 in the wild-type protein.
As has been mentioned above, the side chain of Asp46 in
wild-type eglin forms a hydrogen bond to its own amide proton,
according to the crystal structure of eglin ¢ in complex with
subtilisin Carlsberg (Bode et al., 1986a, 1987; McPhalen &
James, 1988). The pH titration experiments described below
provide evidence that this hydrogen bond also exists in the
free protein in solution.

The N¢H of Arg51 has an unusually large downfield shift
(9.12 ppm) in both wild-type eglin and mutant L45R /D46S

FIGURE 6: Model of eglin mutant T44P (solid bonds) with HLE (open bonds). The ¢, conformation angles of the P2 residue, Thr44, in
the wild-type eglin structure are such that no alteration is necessary for the incorporation of the more restricted proline residue.

compared to approximately 6.6 ppm in random coil peptides
(Bundi & Wiithrich, 1979). This indicates that this atom is
forming a strong hydrogen bond, which is the C-terminal
carboxyl group of Gly70 as found in the crystal structure of
eglin. It also shows that the interaction of the side chain of
Arg51 with Gly70is unperturbed in the double mutant L45R /
D46S. For comparison, the N<H resonances of Arg22, Arg4$,
and Arg53 are at 7.01, 7.30, and 7.32 ppm, respectively,
indicating that these N<H groups are not involved in intramo-
lecular hydrogen bonds. The N7H resonances of Arg51 have
been assigned from NOESY spectra. They show two broad
intraresidue cross-peaks to the NH resonance. Their position
is almost the same in the double mutant (Table III). There
islittle knownin the literature about the influence of hydrogen
bonding on arginine N"H resonances, and there are not many
cases where these resonances have been assigned in proteins.
In the crystal structures of the proteinase complexes the N"H
protons are involved in hydrogen bonds with the Asp46 side
chain. Inthedouble mutant, one of these resonances is shifted
to higher field by 0.14 ppm. This may indicate a weakening
or loss of this hydrogen bond.

pH Titration Experiments. The pH dependence of the
amide proton resonances of wild-type eglin ¢ was studied with
2D heteronuclear "N-H correlated experiments. Spectra
at 14 pH values from 1.85 to 5.72 were recorded. The pK,
values and the titration shifts, Aé, of resonances of the binding
loop region are listed in Table IV. There are only two
carboxylates in this region of the protein, Asp46 and the
C-terminus. The peptide NH of Asp46 titrates with a pK,
of 2.8 by the amount of -0.28 ppm. This indicates that the
side chain of Asp46 has a pK, of 2.8 and forms a hydrogen
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Table III: Comparison of the Proton Chemical Shifts® of Mutant L45R/D46S and Wild-Type (in Parentheses) Eglin (at pH 3.0, 36 °C)
residue NH He H#, g% Hr!, H? others
Ser41 7.72 (1.72) 4.61 (4.61) 3.86, 3.96, (3.86, 3.96)
Pro42 4.48 (4.49) 1.88,2.28 (1.88, 2.25) 2.02,2.10 (2.02, 2.10) (3.92,3.72)
Val43 8.12 (8.07) 4.53 (4.57) 2.11(2.11) 0.84, 0.95 (0.84, 0.95)
Thr4 7.76 (7.66) 4.43 (4.36) 4.38 (4.30) 1.23(1.21)
Argds 8.62 (8.60) 4.31 (4.46)
Serd6 7.68 (8.16) 4.32 (4.45) 3.82,3.91 (2.65, 2.74)
Leud? 8.34 (8.13) 4.70 (4.72) 1.45,1.53 (1.38, 1.45) (1.30) H?: 0.83, 0.90 (0.80, 0.86)
Argd8 8.90 (8.82) 4.53 (4.56) 1.56, 1.83 (1.56, 1.82) 1.53 (1.53) H?: 3.15 (3.15)
Ne¢H: 7.28 (7.30)
Tyr49 8.47 (8.46) 4.28 (4.28) 2.85, 3.31 (2.85, 3.31) H 7.15 (1.15)
H+ 6.83 (6.83)
Asn50 7.94 (7.94) 4.96 (4.96) 2.63, 3.25 (2.63, 3.25) H% 7.63,7.84 %7.63, 6.89%
ArgSl 7.30(7.29) 5.40 (5.37) 1.45,2.29 (1.45, 2.29) 1.79 (1.79) H? 2.85,2.93(2.85,2.93
NeH: 9.16 (9.12)
N7H: 6.44, 6.64 (6.58, 6.64)
Val52 8.37 (8.37) 4.13 (4.13) 1.20 (1.20) 0.19,0.19 (0.19,0.19)
Arg53 8.67 (8.62) 4.43 (4.43) 1.49, 1.76 (1.49, 1.76) 0.89, 1.19 (0.89, 1.21) H?: (2.90,3.14)
NeH: (7.32)
Val54 8.69 (8.70) 4.13 (4.13) 1.41 (1.41) 0.18,0.98 (0.18, 0.98)
Phe55 9.21 (9.21) 6.08 (6.08) 2.72,2.83 (2.72,2.83) H 7.13 (7.13)
He 7.05 (7.05)
H¥% 7.13(7.13)
Val69 8.53 (8.53) 4.65 (4.67) 2.15 (2.15) 1.18,1.09 (1.18, 1.09)
Gly70 8.83 (8.84) 3.42,4.34 (342, 4.34)

@ Only resonances of residues close to the mutation site are listed. Stereospecific assignments were obtained for those 8-methylene protons and for
y \/ P

those y-methyl protons of valines that are underlined (Hyberts et al., 1987).

Table IV: NH Resonances of the Vicinity of the Binding Loop with
Significant pH Titration shifts®

residue number pKa Ab

Thr 44 <2.0; ~2.8 +0.32
Leu 45 <2.0 -0.19
Asp 46 28 -0.28
Leu 47 ~2.8 +0.14
Arg 48 <20 -0.20
ArgH¢ 51 <2.0 -1.42

@ The titration shift Ad is the total chemical shift change between pH
1.85and 5.72. Negative values are for shifts to lower field with increasing
pH, indicating hydrogen bonds to titrable groups.

bond to its own amide proton. From the difference between
this pK, and the pK, of aspartic acid in random coil peptides,
which is 3.9 (Bundi & Waiithrich, 1979), we estimate the
strength of the hydrogen bond as AAG = 0.68 kcal/mol (using
the formula AAG = RT ApK,). The N<H resonance of Arg51
has a constant chemical shift of 9.12 ppm between pH 2.5 and
6. It shifts strongly to higher field with the pH decreasing
below pH 2.5. At the lowest pH (1.85) where we recorded
a spectrum, the pH dependence is steepest, indicating that the
pK, of the interacting titrable group is lower than 2.0. The
titrable group causing this effect can only be the C-terminal
carboxy group of Gly70. This proves that the hydrogen bond
between the C-terminus and the NH of Arg51, seen in the
crystal structure of the complex with proteinases, is conserved
in the solution structure of the free inhibitor. From the
difference between the pK, value of a free C-terminal carboxy
group of ca. 3.3, we estimate the strength of this hydrogen
bond as > 0.8 kcal/mol. This estimate includes, however,
alsoall other hydrogen bonds in which this C-terminal carboxy
group is involved. One of these can be identified from the pH
titration experiments as the peptide NH of Arg48. It shows
an upfield shift with decreasing pH with the same pK, as the
N<H of Arg51. Theamount of the shift is significantly smaller
than that of Arg51. This indicates that the hydrogen bond
from the C-terminus to the Arg51 side chain is stronger than
to the backbone NH of Arg48. The peptide NH groups of
the residues Asp46 and Leu47 do not shift with the titration
of the C-terminal Gly70 while Thr44 experiences the titration

of both carboxy groups. The interpretation of the titration
behavior of Thrd4 is not straightforward. It shifts in the
direction opposite that of the residues involved in hydrogen
bonds. This apparently means that the deshielding of this
amide proton becomes less efficient due to minor conforma-
tional changes when the carboxy groups get negatively charged
with increasing pH and adapt stronger hydrogen bonds with
their most favorable partners, other than Thr44. Generally,
the residues of the binding loop, listed in Table IV, are more
pH dependent than the rest of the protein.

Comparison of Temperature Coefficients in Wild-Type
Eglinand Mutant L45R/D46S. Thetemperature coefficients
of the HN resonances for the wild-type protein and the double
mutant were measured, and heteronuclear !H-15N correlated
spectra were recorded at 6, 16, 26, and 36 °C for the wild
type. For the double mutant protein, spectra were recorded
at 10, 20, 25, 30, and 36 °C. Figure 7 shows a comparison
of these temperature coefficients for wild-type eglin and the
double mutant. The first nine residues that are unstructured
and solvent accessible (Hyberts & Wagner, 1989; Hyberts et
al., 1992) have uniform temperature coefficients of approx-
imately 7 £ 1 parts per billion (ppb) per degree. The values
for the rest of the molecule show a large variation; therefore,
an obvious classification of amides in two groups with small
and large temperature coefficients, respectively, is not possible.
In this context, however, we found that all temperature
coefficients, in particular those of the binding loop including
residue 46, areidentical in the wild-type and the double mutant,
within the errors of measurements. This is a strong indication
that the hydrogen bond patterns involving main chain amide
protons are very similar in wild-type eglin ¢ and the double
mutant. For residue 46, it seems that the peptide NH is
involved in similar hydrogen bonds in the wild type and in the
double mutant, but the hydrogen bond is weaker in the mutant
L45R/D46S. Thus, the loss of the inhibitory activity seems
mainly to be a consequence of differences in protein dynamics.

Comparison of NOEs in Wild Type and Mutant L45R/
D46S. NOESY spectra of wild-type eglinand mutant L45R/
D468 are nearly identical. A detailed quantitative analysis
of the NOEs in wild-type protein has been carried out, and
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FIGURE 7: Comparison of the temperature coefficients of the amide
proton resonances ineglin: (a) wild typeand (b) L45R /D468 mutant.
The temperature coefficients were measured from !*N-'H corre-
lated spectra.

a high-precision structure has been determined (Hyberts et
al., 1992). NOESY spectra at long mixing times (200 ms)
were completely assigned, and NOESY cross-peak volumes
in spectra with 50-ms mixing times were quantitatively
measured. A similar quantitative analysis is in progress for
thedouble mutant. Atthe presentstage, nostrikingdifferences
in the NOESY spectra could be detected.

Comparison of Coupling in Wild Type and Mutant L45R/
D46S. A complete analysis of the x! dihedral angles was
performed by measuring the heteronuclear vicinal "N-H?
coupling constants and estimating the homonuclear H*-H?
coupling constants. All x!' dihedral angles that could be
characterized were found to be identical in the wild type and
the double mutant, in particular for residues in the binding
loop. Residue Asp46 in the wild-type protein and Ser46 in
the double mutant have both x! angles of around +60°, which
is close to the value seen for Asp46 in the crystal structure
of wild-type eglin. Two residues of the proteinase binding
loop of free eglin ¢ appear to have different x! angles than
those in the crystal structure of eglin ¢ in the complex with
subtilisin Carlsberg, both in the wild-type protein and the
double mutant. These are Val43 (+60° in solution, —-60° in
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the complex) and Leu47 (180° in solution, —60° in the crystal
structure of the complex). For Val43, the coupling constants
indicate that there is mobility with respect to x!, and +60°
is only the dominant torsion angle. For Leud7 the identifi-
cation of the angle is only tentative. The measurement of the
homonuclear and the heteronuclear coupling constants is
difficult due to the near degeneracy of the H® resonances.

Comparison of °N Relaxation Parameters in Wild Type
and Mutant L45R/D46S. Figure 8 shows a plot of the cross-
peak intensities vs sequence in a 2D steady-state ’N NOE
experiment for wild-type elgin and double mutant. The values
of the bars represent the intensity of the cross-peaks in the 2D
heteronuclear 'H-15N correlated spectra after long saturation
of the proton resonances. The steady-state NOE is 1 minus
the intensity given in the Figure 8. Spectra were recorded as
a time series with increasing irradiation times, and the data
given are the results of fitting this time dependence. This
gave more precise results than measuring a single spectrum
with a long irradiation time. In particular, the heteronuclear
NOEsaresodifferent in eglin that steady state may be reached
for one residue (for example in the rigid core) but not for
another (N-terminus). Without presaturation, the intensity
is 1.0, with long proton presaturation, this value goes down
to 0.6-0.8, for the rigid parts of the protein. More mobile
parts of the protein have values significantly below this level
(Figure8). Inwild-typeeglin c, most nitrogens have intensities
in the heteronuclear NOE experiment of around 0.7 with the
exception of the mobile N-terminal residues Thr1-Lys8 that
have values as low as —2.4 Also, the residues Thr44, Leud5,
Asp46, and Leud7 have smaller values between 0.4 and 0.6,
indicating that the binding loop is significantly more mobile
than the core of the protein. In the double mutant L45SR/
D468, the cross-peak intensity in the heteronuclear NOE for
residue Ser46 is around —0.1. This demonstrates that the
mutation D46S dramatically increases the mobility of the
scissile bond. Similar observations are made in measurements
of the longitudinal relaxation times T; and the transverse
relaxation times T, or T, respectively. The latter value
changes by 30% of the double mutant. The assignments of
the H-N cross-peak of Asp46 and Ser46 in wild-type and
mutant protein, respectively, have been checked carefully in
2D NOESY, and 3D N dispersed TOCSY spectra. A
detailed account of 1N relaxation measurements in eglin ¢
and the double mutant will be presented elsewhere.

DISCUSSION

Change in the Inhibitory Specificity of Eglin. In many
serine proteinase inhibitor families, a large variety of amino
acids are found in position P1, a phenomenon called the
“hypervariability” of the reactive site (Laskowski & Kato,
1980) which finds its zenith in the third domains of avian
ovomucoids where eight alternative amino acids were found
in position P1 (Laskowski et al., 1981, 1987). Therefore,
serine proteinase inhibitors can be regarded as an exception
to the rule that functionally important residues are strongly
conserved inevolution. Toa first approximation, the specificity
of serine proteinase inhibitors is mainly determined by the
shape and the character of the S1 pocket of the respective
target enzyme, i.e., the high preference of trypsin for basic
amino acids is due to its extended S1 pocket with a negatively
charged residue at its bottom (Huber et al., 1974). These
findings suggest that it might be well possible to change the
inhibitory specificity of serine proteinase inhibitors by ex-
changing amino acids in position P1.

This approach was very successful for the L45R eglin mutant
where a clear-cut specificity change of eglin was engineered.
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FIGURE 8: Plot of the heteronuclear steady-state NOEs of '*N nuclei in eglin vs the amino acid sequence. Solid and dashed bars are for the
wild type and the L45R /D46S mutant, respectively. The value of the columns represents the intensity of the !N resonance of the residue
while saturating the 'H resonances. The details of the experiment are described by Peng and Wagner (1992). The last four columns represent
the parameters for the N* resonances of the four arginines in positions 22, 48, 51, and 53. The latter two have side chains involved in

intramolecular hydrogen bonds.

L45R eglin is a potent trypsin inhibitor with a K; of 2.5 X
10-'" M, a value which lies well in the range of natural trypsin
inhibitors. L45R eglinisa weak HLE inhibitor which parallels
the weak inhibition of trypsin by wild-type eglin. This clearly
shows that a residue in position P1 in eglin determines largely
its inhibitory specificity. The result complements similar
experiments performed on a variety of different proteinase
inhibitors: Thechemical mutationof Arg63 — Trpinsoybean
trypsin inhibitor changed its specificity toward a-chymo-
trypsin (Leary & Laskowski, 1973). Semisynthetic methods
have been used to replace Lys15 (P1) in BPTI with arginine,
valine, phenylalanine, and tryptophan (Jering & Tschesche,
1976). The specificity of BPTI could be changed from trypsin
to elastase inhibition by the mutation Lys15 — Val (Wenzel
etal., 1986), which represents a reversal of our results described
in this paper. The natural mutation of Met358 — Arg in
al-proteinase inhibitor changed the elastase inhibitor to a
thrombin inhibitor (Pittsburgh mutant), resulting in a fatal
bleeding disorder in a patient (Owen et al., 1983). These
results were confirmed by in vitro mutagenesis (Jallat et al.,
1986). McWerter etal. (1989) systematically studied mutants
in position P1 of the Curcurbita maxima trypsin inhibitor
and created novel inhibitors for HLE and cathepsin G. The
inhibitory specificity of chymotrypsin inhibitor 2, an inhibitor
highly homologous to eglin, was changed from chymotrypsin
to trypsin (K; = 5.6 X 10~ M) by mutating Met59 (P1) to
lysine (Longstaff et al., 1990). The replacement of Leul8
(P1) with glutamate converted the third domain of the turkey
ovomucoid into a powerful inhibitor of Glu-specific Strep-
tomyces griseus proteinase (Komiyama et al., 1991). The

Kunitz-type inhibitor domain of Alzheimer’s S-amyloid
precursor protein was changed from a trypsin to an HLE
inhibitor by changing the putative P1 arginine to a valine
(Sinha et al.,, 1991). The model structure of the complex
between mutant L45R and trypsin shows an excellent fit of
Arg45 into the S1 binding pocket of trypsin which is the first
necessary requirement for a desired specificity change. The
superposition of mutant L45R on BPTI shows the second
necessary requirement, a good agreement in the contribution
of the binding loops, which are complementary to the respective
targetenzyme. A specificity changecaused by point mutations
in position P1 is only possible if the whole binding loop of the
inhibitor is highly complementary to the active site of the
target enzyme, too.

Mutant L45R is still a strong subtilisin inhibitor which
reflects the promiscuity of the large active site pocket of
subtilisin. BPTI, however, does not inhibit subtilisin, despite
a very similar binding loop conformation compared to the
strong subtilisin inhibitor eglin. The reason is the presence
of a bulky secondary binding loop, which interferes with
binding tosubtilisin (Hironoet al., 1979). This exampleshows
that even the presence of a highly complementary binding
loop together with the “correct” P1 amino acid in proteinase
inhibitors is often not sufficient for the inhibition of a new
target enzyme.

Mutants L45R and especially L45R /D46S do not inhibit
thrombin which can be explained by the extended binding
loop of eglin which unfavorably interferes with the narrow
active site cleft of thrombin (Bode et al., 1989b), which
probably prevents efficient binding. This result suggests that
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the binding loop structure of mutant L4SR/D46S differs
significantly from those in natural thrombin inhibitors, despite
having a “conserved” arginine and serine in positions P1 and
P1’, respectively. In summary, we suggest the exchange of
amino acids in position P1 of serine proteinase inhibitors as
a general means to change their specificity, as long as the
reactive site loop of the inhibitor is highly complementary to
the active site of the target proteinase and provided no
unfavorable interferences occur between both molecules.

Binding Loop Stabilization in Eglin. On the basis of
sequence comparisons, mutant T44P (position P2) was
designed to increase its binding to HLE. Instead, it showed
a 10-fold higher K; for HLE. Thrd4inwild-type eglin interacts
via two hydrogen bonds with the side chain of Arg53 in the
core of the molecule. One of these hydrogen bonds (i.e.,
betweenatom O1 of Thrd4 and Arg53) is lost in mutant T44P.
Despite the possibly improved binding of mutant T44P to
elastase due to a proline residue in position P2, the loss of this
important hydrogen bond leads to a weakening of the binding
loop stabilization which causes a decrease in the inhibitory
activity. A complementarysituationisfoundinmutant R53K.
Thecrystal structure of this mutant, whichis a 100-fold weaker
inhibitor of HLE, similarly shows the loss of both important
hydrogen bonds formed between residues 44 and 53 in wild-
typeeglin. The missing hydrogen bonding potential is partially
restored by a tightly bound solvent molecule which is situated
exactly between both residues in mutant R53K (Heinz et al.,
1991).

The noncovalent interactions between residues 44 and 53
parallel the role of disulfide bridges formed between cysteines
in positions P2 (or P3) and the core of the inhibitor as found
in many other serine proteinase inhibitors (Laskowski & Kato,
1980). The selective reduction of the disulfide bridge between
Cys14 (P2) and Cys38 in BPTI converted the inhibitor of
trypsin to a substrate (Jering & Tschesche, 1976), demon-
strating the importance of these interactions for binding loop
stabilization.

Both mutants T44P and R53K are HLE inhibitors, T44P,
however, became a substrate of subtilisin in contrast to R53K.
This behavior can be understood by considering the structure
differences of the active sites between HLE (Bode et al., 1986b)
and subtilisin. The S2 pocket of HLE (lined by the flat side
of His57, Leu%9, and Phe215) is very hydrophobic and can
well accommodate a proline in position P2 (Figure 6). The
additional binding energy provided by these favorable inter-
actions probably compensates for the lack of one hydrogen
bond important for the binding loop stabilization. The S2
pocket in subtilisin is less hydrophobic (Thr33, His64, Leu96,
and a solvent molecule) than in HLE, which might lead to
weaker interactions with mutant T44P and a subsequent
cleavage of the weaker inhibitor and an easier release of the
cleaved product.

Mutant R51K became a weaker HLE inhibitor and a
substrate of subtilisin. In the absence of experimental
structural data on this mutant, the only explanation of its
weaker inhibitory potential is the loss of interactions between
Aspd6 and Arg51 (hypothetical model in Figure 5) which
most likely increases the mobility of the binding loop. The
investigation of this mutant by NMR spectroscopy is underway
(Dayie & Wagner, unpublished results). The 'H NMR
spectrum has been assigned, and the secondary structures
have been characterized. They are clearly the same as in the
wild-type protein. However, the resonance positions of many
residues, in particular in the binding loap, are largely changed.
The mutant also has generally weaker NOE’s and seems to
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be more “floppy” than the wild-type protein or the L45R/
D468 double mutant. It can be expected that in the tertiary
structure of this mutant the position of the binding loop relative
to the core of the protein is significantly different from the
wild-type and the double mutant. It appears that the R51K
mutation destabilizes the interaction of the core of the protein
with binding loop while the internal rigidity of the binding
loop is conserved, so that some proteinase inhibitory activity
is maintained. This is an effect just opposite to that in the
double mutant L45R /D46S.

Mutant L45R/D46S was found to be a substrate of the
serine proteinases trypsin, HLE, and subtilisin. The mutant
was thoroughly investigated by 2D-NMR spectroscopy. The
composition of the 'H chemical shifts of wild-type eglin and
mutant 1L45R/D46S revealed as the major difference an
upfield shift of the backbone amide proton of residue 46 of
0.48 ppm. In random coil peptides, serine and aspartic acid
have identical chemical shifts for the amide proton and the
a-proton (Bundi & Wiithrich, 1979). Therefore, the different
covalent structure cannot be made responsible for this chemical
shift change. Also, there are no aromatic side chains near
this residue. Therefore, changed ring current shifts cannot
cause the change of the resonance position of the amide proton
of residue 46. It has been recognized before that amide proton
resonances are very sensitive to hydrogen bonding, and a clear
relationship between hydrogen bond length and downfield
shift has been found (Wagner et al., 1983; Pardi et al., 1983).
Thus, the observed upfield shift of the amide proton of Ser46
inmutant L45R /D468S led to the hypothesis that the mutation
Asp46 — Ser results in the loss or weakening of the intraresidue
hydrogen bond between the backbone amide proton and its
own side chain (Wagner et al., 1990), which interaction is
suggested by the crystal structure of eglin (Bode et al., 1986a).
The pH titration experiments (Table IV) indicate that such
a hydrogen bond exists also in the free inhibitor and is not just
a consequence of the formation of the complex with the
proteinase.

A commonly used method for studying hydrogen bonding
in polypeptides and proteins in solution is the measurement
of the temperature dependence of the amide proton chemical
shifts. It has been shown, for example, in small cyclic peptides
(Schwyzer et al., 1972) that resonances of amide protons that
areinvolved in intramolecular hydrogen bonds exhibit a small
temperature coefficient close to zero while resonances of amide
protons that are exposed to the solvent have a significantly
larger temperature coefficient of about 0.006 ppm/deg. This
phenomenological distinction seems to hold to some degree
for proteins. Recently, we have measured the temperature
coefficients of the amide resonances for the basic pancreatic
trypsin inhibitor for which a refined high-resolution crystal
structure is available (Huber et al., 1974). We find that
resonances of amide protons involved in intramolecular
hydrogen bonds always show smaller temperature coefficients
than amide protons exposed to solvent (Clubb and Wagner,
unpublished results). All amide protons of BPTI that are
involved in intramolecular hydrogen bonds have temperature
coefficients of less than 0.005 ppm/deg. However, the
distinction between amide protons involved in intramolecular
versus intermolecular hydrogen bonds with water is not that
clear as it seems to be in small molecules. Therefore, this
spectroscopic aspect may not be valuable to identify intramo-
lecular hydrogen bonds as such, but it may give qualitative
information about changes in hydrogen bonding patterns
between related molecules.
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FIGURE 9: Ensemble of 10 NMR structures of eglin calculated with the distance geometry program DG-II (Havel, 1991). For each structure,

a spline is given to represent the peptide fold.

In mutant L45R /D468, we find no significant difference
in the temperature coefficients when compared to those in
wild-type eglin (Figure 7). The value is slightly higher than
for the wild-type protein but by far not as high as for the
residues of the mobile N-terminus. This indicates that the
amide group of Ser46 is also involved in intramolecular, but
probably weaker, hydrogen bonds.

Mobility of the N-H bond vectors can readily be studied
with measurements of 1N relaxation parameters, such as the
longitudinal and transverse relaxation times 7 and T,
respectively, the 'H-15N heteronuclear nuclear Overhauser
effect (NOE), and 'H-!5N heteronuclear cross-relaxation rates
oun. For molecules of the size of eglin and a field strength
of 11.745 T (500-MHz proton frequency), internal mobility
is most significantly manifested in the heteronuclear NOEs.
For large molecules without internal mobility, the heteronu-
clear TH-1N NOE is expected to be 0.82 (this value is different
from 1 since relaxation by chemical shift anisotropy plays a
role (Peng & Wagner, 1992)). For internal motion the
heteronuclear NOE is expected to be 2 negative number which
reaches its theoretical limit at —3.6. In wild-type and double
mutant eglin c, the heteronuclear NOEs are very similar
(Figure 8). The only significant difference in the 'H-1SN
NOE elaxation parameters in mutant L45R /D468 compared
to wild-type eglin is a much smaller heteronuclear NOE for
residue Ser46 compared to Asp46 (Figure 8). This shows
that the mutation Asp46 — Ser dramatically increases the
mobility of the N-H bond vector of residue 46. On the other
hand, the mobility of the side chains of R53 and RS51 is
essentially unchanged as monitored by the relaxation pa-
rameters of the 1N¢ (Figure 8). Thus, we conclude that the
interaction of the core with the binding loop is essentially
conserved but the internal mobility of the binding loop is
increased.

Figure 9 shows a set of calculated NMR structures of wild-
typeeglin. Details of the structure determination are described
elsewhere (Hyberts et al., 1992). In this context, we focus on
the conformation of the binding loop. While the backbone
of the core of the protein has average root mean square
differences (rmsd) to the mean coordinates of approximately
0.4 A, the average rmsd for the binding loop is as large as 2.0
A. Analysis of the backbone dihedral angles shows that the
peptide bonds 38-39 and 4647 seem to act as hinges causing
this motion, as also observed by Heinz et al. (1991), while
residues 4345 have a relatively rigid backbone structure.
The flapping mobility may be necessary to provide the
necessary adaptability of the inhibitor to fit into the proteinase

activesite. Therelative rigidity of the loop in itself is required
toprevent cleavage of the inhibitor. The D46S mutationalone
destroys the relative rigidity of the peptide bond 4546, as
observed by the relaxation time experiments so that the local
rigidity required for function as an inhibitor is lost.

The reasons for the loss of local rigidity are not obvious, as
thereis little definite understanding of what makes a molecule
rigid or flexible. The strength of the interaction between the
side chains of residues 46 and 51 may certainly decrease with
the exchange of an asparagine with a serine; the fact that the
link of these two side chains is shorter in the double mutant
may distort the local structure so that the structure of the
bound water molecules nearbyis changed. The double mutant
is significantly less stable against denaturation by heat than
the wild type protein, indicating that some favorable interaction
is lost.

In summary, we conclude that already very subtle changes
of the extensive hydrogen bonding pattern formed between
the binding loop and the core in eglin can determine the fate
of the molecule as being an inhibitor or a substrate of serine
proteinases. Although the conformations of wild-type and
mutant eglin are virtually identical, the loss of inhibitory
activity is manifested in the dynamic properties of the protein.
There seem to be three aspects that affect the inhibitory activity
of the mutants: (i) The surface of the inhibitor is changed so
that the fit with the complementary surface of the proteinase
is perturbed. This aspect was probed with mutants T44P and
L45R. (ii) The internal stability of the binding loop is
perturbed. This hasbeen probed withthe L45R /D46S mutant
which leaves the overall structure completely conserved but
reduces the rigidity of the backbone around the scissile bond
leading toa loss of the inhibitory function. (iii) Theinteraction
of the binding loop with the core of the protein is perturbed.
This has been probed with the R51K mutant which has a
changed conformation while the binding loop appears to
maintain its rigidity. This seems to be sufficient to maintain
some inhibitory activity.
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