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Contribution of an Imidazole-Indole Stack to High Catalytic Potency
of a Lysine-Specific Serine Protease, Achromobacter Protease I
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Achromobacter protease I (API), a lysine-specific serine-protease of the trypsin family,
has an aromatic-ring stacking Trp 169-His 210 in close proximity to the reactive site. In
order to investigate the role of this novel aromatic stacking, several mutants of the two
residues were constructed and their kinetic parameters were determined. Three His 210
mutants showed lower activity by one order of magnitude than the wild-type with a
peptide substrate of Ala-Ala-Lys-MCA (4-methylcoumaryl-7-amide), but 30-170% activity
towards Val-Leu-Lys-MCA, suggesting that His 210 plays a role in keeping high activity
toward various substrates by maintaining the active form of the substrate-binding sub-
site. Kinetic results of eight Trp 169 variants showed a roughly linear relation between
ĉ*t o r m̂ values and the surface area at residue 169. With increasing size of the side-

chain, kcmi values increased, while K^ values decreased. A systematic kinetic analysis of
the activities of Trp 169 mutants toward Lys-MCA, Ala-Lys-MCA, and Ala-Ala-Lys-MCA
peptide substrates revealed that large side-chain, rather than aromaticity, plays an im-
portant role in retaining the high catalytic activity of APL Due to the presence of the
aromatic stacking, API shows one order of magnitude higher activity than bovine
trypsin.

Key words: aromatic stacking, catalytic triad, serine protease, site-directed mutagene-
sis.

Serine proteases play important physiological roles in vari-
ous biological processes such as development, signal trans-
duction, RNA translation, blood coagulation, immunity, and
apoptosis (1-6). They are enzymes whose structures, func-
tions, and mechanisms of catalysis are well understood (7-
10). Achromobacter protease I (API, EC 3.4.21.50) is a tryp-
sin-type serine protease secreted extracellularly by Achro-
mobacter lyticus M497-1 (11). Amino acid sequence identity
between API and bovine trypsin is as low as 20% (12). API
is distinct from the trypsin type serine protease in its
restricted lysine specificity, an order of magnitude higher
peptidase activity, a broad pH optimum ranging from pH
8.5-10.5 and stability against denaturation with urea and
SDS (13, 14). Due to these favorable properties as a pro-
tein-degrading enzyme, API is now a uniquely useful lysyl-
endopeptidase for protein fragmentation (15, 16) and lysyl
bond formation (17).

We have studied the structure-function relationship of
API by X-ray crystallography and protein engineering in
order to reveal the structural basis of the superior features
of API. So far, the mechanism of lysine specificity has been
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shown to involve Asp 225, which is at the shallow Si-
pocket in the active site (18). The three-dimensional struc-
tures of native and TLCK-inactivated API have been solved
by X-ray crystallography at 1.2 and 2.0 A resolution, re-
spectively (protein data bank code of larb.pdb and larc.
pdb). The apparent three-dimensional structure of API is
quite similar to that of bovine trypsin. In the TLCK-modi-
fied enzyme, the active-site region is exclusively perturbed
by the introduction of TLCK, which is covalently bound to
His 57 in the catalytic triad composed by this 57 Asp 113
and Ser 194. Subsite mapping has revealed the presence of
at least three subsites which extend to the N-terminal side
of the scissile bond in the substrate, and His 210, Gly 211
and Gly 212 have been proposed as substrate-binding sub-
sites SI, S2, and S3, respectively. API has His 210 at sub-
site SI, while other serine proteases have Ser (Fig. 1). hi
addition, crystallographic analysis revealed that the imida-
zole ring of His 210 is stacked with the indole ring of Trp
169, which is not directly involved in the constitution of the
active site (Fig. 1). The" novel aromatic interaction in the
active site region may have a certain connection with the
high catalytic potency of API, while API shows higher
activity by one order of magnitude than bovine trypsin. The
present paper deals with the analysis of kinetic parameters
for several API mutants at both aromatic residues.

MATERIALS AND METHODS

Materials—Enzymes and peptide substrates were pur-
chased from following sources: all restriction and modifica-
tion enzymes from Takara (Kyoto), API from Wako Pure
Chemical Industries (Osaka) and Boc-Val-Leu-Lys-MCA
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from the Peptide Institute (Osaka). Ovomucoid from hen
egg white was from Sigma Chemical (St. Louis, Missouri).
Boc-Val-Leu-Lys-MCA was from the Peptide Institute Inc.
Boc-Lys-MCA, Boc-Ala-Lys-MCA, and Boc-Ala-Lys-MCA
were prepared in our laboratory. All other chemicals were
obtained from commercial suppliers and of the highest ana-
lytical grade.

Preparation and Purification of API Mutants—Single-
stranded DNA for mutagenesis was obtained from plasmid
pKYN200 (19). The mutagenesis was performed according
to the Uracil-DNA mediated method (20). The mutagenic
primers were: 5'-CGGCGCCGCCGCCXYZGGCCACGAA-
CG-3' for Trp 169 mutants |XYZ = GTA (Tyr), GAA (Phe),
CAA (Leu), GTG (His), TAC (Val), TGC (Ala), and CCC
(Gly)] and 5'-CGACGGGCCCCCXYZCAGCTGGCCGAG-
CAC-3' for His 210 mutants [XYZ = GGC (Ala), GGA (Ser),
and GAA (Phe)] where XYZ represents the mismatched
bases for substituting sites. Escherichia coli strain JM109
was used for the preparation of plasmid and phage DNA.
The mutant genes were identified by DNA sequencing and
then subcloned into the expression vector pKYN200 (19).
Transfonnants of E. coli strain JA221 cells were grown on
Luria-Bertani medium supplemented with 50 tig/ml ampi-
ciliin. The expression and purification of each wild-type or
mutant API was done as described previously (16). The
amount of the mutant protein obtained from 2 liters of cul-
ture medium was 0.5-0.8 mg.

Determination of Kinetic Parameters—Lysylendopepti-
dase activity of each enzyme was measured with Boc-Lys-
MCA, Boc-Ala-Lys-MCA, Boc-Ala-Ala-Lys-MCA, and Boc-
Val-Leu-Lys-MCA as a substrate. Quantitative assay tech-
niques were previously reported by our laboratory for API
mutants using these substrates (16). Briefly, the substrate
in 0.2 M Tris-HCl (pH 9.0) containing DMF (1%) was
diluted with 0.2 M Tris-HCl (pH 9.0) to the desired final
substrate concentration. After incubation for 10 min at
37°C, a portion (2 ml) of the substrate solution was mixed
with 100 |xl of a 2 nM enzyme solution. Increased fluores-
cence of liberated 7-amino-4-methylcoumarLn was deter-
mined at 440 nm upon excitation at 380 run with a Hitachi
fluorescence spectrometer (F-4000). Each enzyme concen-
tration was determined by amino acid composition analysis

with a Hitachi L-8500S automatic amino acid analyzer.
Values for the catalytic rate constant (kal) and the Michae-
lis constant (Km) were obtained from initial velocity on the-
oretical curves calculated by nonlinear regression analysis
and are shown as the average of at least three experiments.

Calculation of Accessible Surface Area of Individual Resi-
dues in API—The accessible surface area of individual resi-
dues in API was calculated with software of Dailrin Comtec
MOL-CLYS. Information on individual atoms of API was
obtained from Protein Data Bank, code name: larb.pdb.
For this calculation, the atoms of crystallized water mole-
cules were removed from the data. The radius of the sol-
vent probe was 1.4 A.

RESULTS

Mutation, Expression, and Characterization of API Mu-
tants—In the present investigation, His 210 and Trp 169
were selected as target amino acids for modification and
separately mutated (Fig. 1). Three amino acids, Ala, Ser,
and Phe, were chosen as substitutes for His 210. Substitu-
tion of the two aliphatic residues was designed to unravel
the functional role of the imidazole ring, which may inter-
act electrostatically with Asp 113. Phe was the sole aro-
matic substituent for testing whether aromaticity is suffi-
cient for residue 210 to contribute to the enhancement of
the catalytic potency of API. Seven amino acids, Tyr, Phe,
His, Leu, Val, Ala, and Gly, were substituted for Tip 169.
Mutation of Trp 169 was designed to examine whether aro-
maticity, hydrophobicity, size of the side chain at position
169, or a combination of these factors is necessary to gener-
ate and maintain the high catalytic potency of the lysylen-
dopeptddase.

The DNA fragment of each mutant was chemically syn-
thesized and integrated into an API expression vector. The
mutation site in the cloned gene was confirmed by DNA
sequencing. The mature mutated protein secreted into the
periplasm in E. coli cells was purified and the molecular
mass was confirmed for most purified proteins. Far UV-CD
spectra revealed that all mutated enzymes retained the
same backbone structure as native API (data not shown).

Kinetic Parameters for His 210 Mutants—The lysylen-

Ser 195 « * * • A s p 1 0 2

His 57

Catalytic Triad

Bovine Trypsin

His 57

Catalytic Triad

Achromobacter Protease I

Fig. 1. Ball-and-stick model of
the active sites for Achromo-
bacter protease I (API) and
bovine trypsin. Catalytic triad
residues in API are Asp 113, His
57, and Ser 194. Catalytic triad
residues in trypsin are Asp 102,
His 57, and Ser 195. SI pocket
binds a lysyl side-chain of the sub-
strate. Substrate-binding sub-
sites in API and trypsin are His
210-Gly 211-Gly 212 and Ser
214-Trp 215-Gly 216, which are
regions for stabilizing substrate-
enzyme complex by several hy-
drogen bonds. API has a unique,
protein-surface Trp 169 in prox-
imity to the reactive site.
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Aromatic Stacking in API 215

dopeptidase activity of three His 210 mutants, H210F,
H210S, and H210A, was assayed with two synthetic tripep-
tide substrates, Boc-Ala-Ala-Lys-MCA and Boc-Val-Leu-
Lys-MCA (Table I). With Boc-Ala-Ala-Lys-MCA, H210A
and H210S were 12-14-fold less active than native API. A
similar inactivation also took place with H210F, showing
that the presence of an aromatic ring is not sufficient to
maintain a high lysylendopeptidase activity. The lowering
of kaJKm for the three mutants was caused by a combina-
tion of decreased k^ and increased K^. With a more hydro-
phobic substrate, Boc-Val-Leu-Lys-MCA, every mutant
behaved differently: the peptidase activity of H210A was
slightly lost, whereas H210S was considerably activated
(170% activity compared with native API). H210F was the
least active of the three mutants. The increased activity of
H210S was due to a 3-fold decrease of K^. The decreased
activity of H210F was due mainly to a 3-fold increase of K^.
The ratio of K^ estimated with Boc-Val-Leu-Lys-MCA to
that estimated with Boc-Ala-Ala-Lys-MCA for native API,
H210A, H210S, and H210F, was 0.75, 0.21, 0.12, and 0.73,
respectively. These results suggests that the aromatic ring
at the side chain of residue 210 serves to moderately lower
K^ for a substrate that has hydrophobic subsites P2 and
P3. Basically the k^ tended to increase either with a
hydrophobic substrate or in the presence of an aromatic
ring at residue 210. In fact, the ratio of k^ estimated with
Boc-Val-Leu-Lys-MCA to that estimated with Boc-Ala-Ala-
Lys-MCA for native API, H210A, H210S, and H210F was
0.95, 3.0, 2.8, and 1.8, respectively, which showed that non-
aromatic 210 mutants much favored the hydrophobic sub-
strate. These results indicate that His 210 generates the
high catalytic potency of API by decreasing K^ and by

increasing kat.
Kinetic Parameters for Trp 169 Mutants^-(i) Kinetics

with Boc-Val-Leu-Lys-MCA Kinetic parameters of seven
Trp 169 mutants, W169Y, W169F, W169H, W169L, W169V,
W169A, and W169G, were determined using Boc-Val-Leu-
Lys-MCA as a substrate (Table II). All mutants assayed
were less active than native API. Tyr, Phe, and Leu mu-
tants retained 25—45% endopeptidase activities. These re-
sults imply that hydrophobicdty rather than aromaticity at
residue 169 is important to express high catalytic activity
of API. However, W169H was only 10% active, which was
due mainly to an 8-fold increase in its K^. This indicates
that hydrophobicity rather than aromaticity at residue 169
contributes to an increase in kaJKm. W169A and W169G,
which have neither a hydrophobic nor an aromatic ring at
position 169, were >200-fold less active relative than the
native enzyme. To decide whether hydrophobicity or size of
the side chain at residue 169 is primarily responsible for
high catalytic potency, kinetic parameters were plotted as a
function of surface area, which represents the size of the
side chain in free amino acid (Fig. 2). With increasing size
of the side-chain at residue 169, kmi values increased, while
K^ values decreased. The k^ versus surface area relation
was roughly linear, while K^ versus surface area relation
showed less linearity due to the deviation of the W169H
value.

(ii) Kinetics with Boc-(Ala)0_2-Lys-MCA: To investigate the
effect of subsite interaction on the peptidase activity, ki-
netic parameters were determined for six Trp 169 mutants
using Boc^Ala^-Lys-MCA (Table III). Several interesting
features were found in this experiment. First, the lysylen-
dopeptidase activity of all mutants increased as the sub-

TABLE I. Kinetic constants of three His210 mutants as ob-
tained with Boc-Ala-Ala-Lys-MCA and Boc-Val-Leu-Lys-MCA
as substrate at pH 9.0 and 3TC.

Enzyme

Wild-type

H210S

H210A

H210F

Substrate
AAK
VLK
AAK
VLK
AAK
VLK
AAK
VLK

2.8 ±
2.1 ±
6.0 ±
0.7 ±
6.1 ±
1.3 ±

10.0 ±
7.3 ±

0.2
0.2
0.3
0.1
0.3
0.2
0.3
0.3

98
93
18
52
15
45
51
96

±
±
±
±
±
±
±
±

12
10
4
5
3
5
6
14

kJK* (MM"1 a"1)
35 ± 7
44± 9

3.0 ± 0.7
74 ± 18

2.5 ± 0.6
35 ± 9

5.0 ± 0.7
13 ± 3

TABLE II. Kinetic constants of seven Trpl69 mutants as
obtained with Boc-Val-Leu-Lys-MCA as substrate at pH 9.0
and 37"C.

Enzyme
Wild-type
W169Y
W169F
W169L
W169H
W169V
W169A
W169G

2.1 ± 0.2
4.3 ± 0.1
3.6 ± 0.3
3.4 ± 0.3
17 ± 0.4
10 ± 1
20 ± 1
32 ± 1

93 ± 10
83±9
71 ± 12
36 ±8
67 ±15
28±9
4.6 ± 1.2
0.8 ± 0.2

44
19
20
11

4.0
2.8

0.23
0.030

:tlM"1 sr1)

± 9
± 3
± 5
± 3
±0.7
± 1.1
±0.07
±0.003

B

0 100 200

Surface Area (A2)

0 -

0 100 200
Surface Area (A2)

Fig. 2. Relationship between kM (A) and
(B) and surface area of amino acids at posi-
tion 169 in seven Trp 169 mutants. Boc-Val-
Leu-Lys-MCA was used as substrate, and the
surface areas of amino acids are from the litera-
ture (23). G, A, V, L, H, F, Y, and W denote Gly,
Ala, Val, Leu, His, Phe, Tyr, and Trp, respectively.
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strate peptide chain length increased, and the presence of
at least three subsites (SI, S2, and S3) was confirmed. Sec-
ond, the peptidase activity of API decreased to 1/320 upon
loss of the indole ring at residue 169 (W169A), even though
all three subsites may be involved in the binding of sub-
strate. In this case, a 38-fold reduction of kM was a major
cause of the inactivation. Third, W169L was 8.5-fold more
active than W169H, of which the lower enzyme activity was
due to a 5.2-fold increase of K^ relative to the Leu mutant.
These data indicate that catalytic activity is enhanced by
the contribution of hydrophobicity rather than aromaticity
at residue 169. On the other hand, the relationship be-
tween K^ and substrate chain length unraveled the contri-
bution of the side chain of residue 169 to the potentiation of
substrate binding with subsite (Table HI). It is obvious that

TABLE m. Kinetic constants of six Trpl69 mutants as ob-
tained with Boc-tAlaVj-Lys-MCA as substrate at pH 9.0 and
37'C.

Enzyme

Wild-type

W169Y

W169F

W169L

W169H

W169V

W169A

Substrate

K
AK
AAK
K
AK
AAK
K
AK
AAK
K
AK
AAK
K
AK
AAK
K
AK
AAK
K
AK
AAK

Km

(nM)
3 8 ± 1
3.7 ± 0.3 (10%)
2.8 ± 0.2 (7%)
37 ± 1
7.2 ± 0.6 (19%)
6.3 ± 0.4 (17%)
29 ± 1
5.8 ± 0.3 (20%)
4.0 ± 0.5 (14%)
46± 2
9.9 ± 0.3 (22%)
4.6 ± 0.4 (10%)
74 ± 3.8
34 ± 1 (46%)
24 ± 1 (32%)
81 ± 2.2
42 ± 1 (52%)
12 ± 1 (15%)
66 ±2.1
34 ± 2 (52%)
23 ± 2 (35%)

(s-1)

8.4 ± 3.1
46±8
98 ± 10
5.2 ± 2.2
22 ± 11
40 ±7

6.0 ± 1.1
24±4
48±9
4.5 ± 1.4
31 ±4
37 ±6
2.7 ± 0.9
11 ±3
23 ±3
2.3 ± 0.7
7.0 ± 0.6
20 ±6
0.4 ± 0.2
1.1 ± 0.4
2.6 ± 0.8

kJKa
(l̂ M-1 s-1)

0.22 ± 0.08
12 ± 4
35 ± 7

0.14 ± 0.06
3.1 ± 1.9
6.3 ± 1.9

0.21 ± 0.04
4.1 ± 1.0
12 ±4

0.10 ± 0.03
3.2 ± 0.4
8.0 ± 2.2

0.04 ± 0.01
0.31 ± 0.08
0.94 ± 0.20
0.03 ± 0.01
0.17 ± 0.02
1.7 ± 0.6

0.006 ± 0.003
0.032 ± 0.015
0.11 ± 0.05

Substrates K, AK, and AAK are Boc-Lys-MCA, Boc-Ala-Ala-Lys-
MCA, and Boc-Ala-Ala-Lys-MCA, respectively. Parentheses in K^
show the relative K^ values of Boc-Ala-Ala-Lys-MCA and Boc-Ala-
Ala-Lys-MCA denned by Km value of Boc-Lys-MCA as 100%.

Trp 169 strengthens the binding of substrate at subsites
S1-S2 and S1-S2-S3 to the same extent. This binding
potential was reduced by changing the indole side chain to
a smaller and less hydrophobic one.

(Hi) Size and hydrophobicity of the side chain of residue
169: To explore factors which enhance lysylendopeptidase
activity, the k^ and K^ values relative to those of native
API were calculated for the six Trp 169 mutants based on
kinetic data (Table lH) and plotted as a function of size of
the side chain at residue 169 (Fig. 3). Although some plots
deviated from linearity, the ^-surface area relation was
essentially linear irrespective of the peptide chain length of
substrate, suggesting that the size and hydrophobicity of
the side chain is primarily responsible for the high enzyme
activity. The plotting of K^ against surface area clearly
showed that the binding of Boc-Lys-MCA at subsite SI has
no relation with the size and hydrophobicity at the side
chain of residue 169.

DISCUSSION

Since H210S was shown to be a more active enzyme than
native API, the imidazole ring of His 210 is not indispens-
able for high lysylendopeptidase activity in the hydrolysis
of Boc-Val-Leu-Lys-MCA. This is reminiscent of structural
characteristics inherent in the chymotrypsin family, in
which Ser/Thr is usually found at subsite SI. However,
with less hydrophobic Boc-Ala-Ala-Lys-MCA, His 210
played a pivotal role in both the enhanced affinity for sub-
strate and the acceleration of the hydrolysis of lysyl bond.
The contribution of the hydrophobic environment around
subsites SI and S2 to efficient substrate binding and the
subsequent catalytic process was indicated. This hydropho-
bic effect was significant in the case of H210S. It can be
noted that the presence of His 210 at subsite SI is critical
in the generation of high k^JK^ values for both hydropho-
bic and hydrophilic lysine substrates. As is seen for W169F,
the imidazole ring at residue 210 is essentially replaceable
by a benzene ring, even though the Km is greater than that
of native API. This is probably due to local structural disor-
der caused by imperfect packing of the benzene ring in
place of the His 210 imidazole ring that makes contact with
the His 177 imidazole ring (2.7 A for His 210 N51-His 177
NE2). It is thus suggested that the aromatic-aromatic inter-
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Fig. 3. Relationship between rela-
tive kM (A) and K^ (B) and surface
area of amino acids at position 169
of six Trp 169 mutants. Relative Am
and K^ values of mutant enzymes were
defined by those of wild-type API as 1.0.
Kinetic parameters were determined
with Boc-Lys-MCA (closed circles), Boc-
Ala-Lys-MCA (open circles), and Boc-
Ala-Ala-Lys-MCA (open triangle). G, A,
V, L, H, F, Y, and W denote Gly, Ala, Val,
Leu, His, Phe, Tyr, and Trp, respectively.
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action between His 210 and Trp 169 builds up a stable,
local conformation around subsite SI, and thereby API effi-
ciently hydrolyzes a wide range of substrates at the lysyl
bond. Of course, this is only one of the roles that His 210
plays, and the possibility of other roles in the generation
and/or control of high catalytic potency of API is not ruled
out.

In addition to His 210, Trp was found to be the best
amino acid at position 169. The side chain of this aromatic
amino acid is the largest and most hydrophobic among pro-
tein amino acids, making it possible for API to attain the
efficient substrate binding and substrate turnover during
catalysis. In the present investigation, it was shown that
*oit w a s affected by the size and hydrophobicity of the side
chain of residue 169 only in the presence of the S2-P2 and
S3-P3 interactions: k^ increases linearly as the side chain
increases its size and hydrophobicity. In native API, the
scissile lysyl bond must be properly oriented to a defined
position to enable the nucleophilic attack by the Ser 194
hydroxyl in the enzyme-substrate complex. Such favorable
orientation of the substrate toward the catalytic site is
likely to be ensured by the His 210-Trp 169 pair for dipep-
tide and longer peptide substrates. Trp 169 has actually lit-
tle effect on the kat with an acyl lysine substrate lacking
subsites P2 and P3. A similar subsite potentiation effect by
an adjacent aromatic residue is absent in bovine trypsin
though Trp 215 exists at subsite S2 (21).

Correlation of K^ with the size of the side chain of resi-
due 169 was not simple (Fig. 3). As in the case of k^ the
Sl -Pl interaction was not affected by the nature of residue
169, as expected from its distant location to subsite SI. The
S2-P2 interaction was so strong that the S3-P3 interaction
became trivial in native API (Table HI). W169Y and W169F
retained the same tendency, suggesting that the presence
of an aromatic residue at position 169 strengthens sub-
strate binding at subsites S2 and S3 simultaneously.
Smaller and less hydrophobic side chains than typical aro-
matic rings at residue 169 tended to bipartite substrate
binding at subsites S2 and S3, as is seen for W169L,
W169V, and W169H. The typical stacked structure of two
side chains can not be formed in the former two mutants,
which have no planar aromatic rings in the side chains of
residues 210 and 169, leading to weaker side chain interac-
tion compared with the His 210-Trp 169 pair. As a result,
conformation around residue 169 in W169L/V is likely to be
locally disordered and destabilized compared with native
API, causing significantly looser substrate binding at sub-
sites S2 and S3 in these non-aromatic mutants. Deviation
of these two mutants from a linear relation in the ^ - sur -
face area/hydrophobicity plot may be explained by such a
local structural disorder.

In the case of W169H, the formation of aromatic-aro-
matic stacking is structurally possible between His 210 and
His 169. However, Trp and His at residue 169 differ criti-
cally in that the indole ring, unionizable in the physiologi-
cal pH range, is much larger and more hydrophobic than
the ionizable imidazole ring. As discussed later, the size
and hydrophobicity of the side chain at position 169 are
important factors to lower the K^ by shielding the His 210
side chain from the solvent. Since the imidazole ring is
hydrophilic, it is likely that His 169 has only a weak shield-
ing effect on His 210 compared with Trp 169. This insuffi-
cient shielding of His 210 in W169H may cause significant

deviation from the linear relationship in the i^-surface
area plot.

A more detailed consideration of the role of the His 210—
Trp 169 interaction is possible based on the three-dimen-
sional structure of API. In this structure, Trp 169 is ex-
posed (accessible surface area, 127 A2) and His 210 is bur-
ied (28 A2). Trp 169 exists far from substrate PI, P2, and
P3 residues, and it would be structurally impossible for it
to interact directly with atoms of the bound tripeptdde sub-
strate. Accordingly, it is only possible that this aromatic
residue indirectly exerts its effect on the function of the
substrate-binding subsite. In this indirect interaction, His
210 acts as a sole potential mediator for Trp 169 to play its
functional role, which is to activate subsites S2 and S3
autonomously to strengthen the substrate binding. For API
to efficiently hydrolyze lysyl peptide bonds in a variety of
lysine substrates, the stacking of these two aromatic rings
is critical and indispensable to potentiate the catalytic
power of the active site. The result of the molecular dynam-
ics simulation unraveled that the behavior of this aromatic
stacking as a single structural entity supports this idea.

The present investigation provided evidence that the
novel His 210-Trp 169 stacking interaction is responsible
for enhancing the lysylendopeptidase activity of API. The
major role of this aromatic-aromatic interaction is thought
to strengthen the binding of substrate at subsite S2 and S3
irrespective of hydrophobicity at subsite P2 and P3. In
addition, His 210 is disposed close to the carboxyl group of
Asp 113 (3.4 A for Asp 113 C-y-His 210 N81), a component
of the catalytic triad. It is possible that His 210 sterically
compresses the dynamics of Asp 113, as proposed for Asp
102 in salmon trypsin (22). If similar steric compression
occurs in API, the carboxylate of Asp 113 would be fixed to
maintain hydrogen bonding to His 57 in the catalytic triad
and increase the population of the functionally "active" con-
formation of the catalytic triad. This leads the notion that
both the catalytic and substrate-binding sites are signifi-
cantly potentiated by the novel His 210-Trp 169 stacking,
which plays an essential role in the generation of the par-
ticular catalytic activity of API as a highly active lysylen-
dopeptidase.

We are grateful to Ms. Yoshiko Yagi for the amino acid analysis
and Ms. Yumi Yoshimura for the sequence analysia Thanks are
also due to Dr. Ettore Appella for linguistic check of the manu-
script.
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