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A bstract 

Alkaline protease from Pseudomonas aeruginosa IF03080 is a member of a 
superfamily 'metzincins'. The crystal structure of the alkaline protease was 
solved at 2.0 A resolution. The enzyme consists of two domains: proteolytic 
(N-terminal) domain and a C-terminal domain. The proteolytic domains of 
the metzincins including the alkaline protease share a common folding topol­
ogy. The C-terminal domain is ,B-strand dominant comprising eighteen ,8-
stranc.ls. To elucidate the catalytic mechanism of the alkaline protease, com­
plexes of the enzyme with a synthetic inhibitor and two substrate-analogue 
peptides, were prepared by soaking method. Furthermore, structural com­
parisons between the alkaline protease and other structurally known met­
zincins were carried out to reveal the structural differences responsible for 
their functions. Through these studies, it has been revealed that steric hin­
drance surrounding the s~ pocket of the alkaline protease is relatively low 
compared with that of other metzincins. A loop region, which is flexible in 
the native structure of the alkaline protease, adopts a fixed conformation on 
ligand binding, stabilizing the Michaelis complexes making hydrogen bonds 
with the ligands. Each of the non-primed portions of the ligands can adopt 
relatively free conformations compared with those of the primed-portions. 
All these observations explain the broad specificity of the alkaline protease. 
Moreover, through a modeling study of the complexes on a graphic work­
station, it is suggested that basic residues such as arginine or lysine in P 1 

position of a ligand can enhance binding affinities toward the enzyme by mak­
ing salt bridges with the fixed flexible loop. This observation corresponds to 
experimental results showing that the enzyme preferentially hydrolyzes a 
substrate of the C-terminal side of a basic residue. Taking into acount the 
structures of the native enzyme, its complexes, and the results previously 
obtained through the biochemical experiments, the catalytic mechanism of 
the enzyme is proposed. 

The alkaline protease also has an additional C-terminal domain. T his do­
main is ,B-strand dominant and can be further subdivided into three regions: 
catalytic domain proximal region, C-terminal region, and ,B-helix region. The 
C-terminal region appears to provide a signal essential for the secretion of 
the inactive higher molecular weight zymogen of the alkaline protease into 
the extracellular medium. The folding of the right-handed ,B-helix region 
may be associated with the activation process mediated by calcium ions af­
ter secretion, due to a large conformational change on the ion binding to 
the region. The domain may play a significant role in the maturation of the 
enzyme and/ or secretion into the extracellular medium from the bacterium. 



Chapter 1 

Introduction 

The elucidation of tertiary sturctures of biological substances in detail at 
atomic resolution has been bringing us a variety of invaluable knowledge. 
One brilliant example is the discovery of DNA double helical structure, which 
was made by J. D. Watson and F. H. C. Crick in 1953 [1, 2], by X-ray crys­
tallography. It can be said that modern biology, termed 'molecular biology', 
started with this discovery because it led the way to understanding life phe­
nomena in molecular terms. Since this success, the observation of biological 
substances at atomic resolution, especially using X-ray crystallography, has 
become one of the most powerful ways to understand living organisms. Accu­
mulated evidence has shown us that macromolecules, such as proteins, nucleic 
acids, lipids and multi-macromolecular assemblies adopt their characteristic 
structures in vivo, and these conformations are strongly associated with their 
functions. Nowadays, to know the tertiary structures of macromolecules is 
a significant and essential step to discuss the functions of macromolecules, 
leading to the total understanding of the organisms made up of these sub­
stances. In this way, biology has changed its primary approach from toxology 
to a more analytical approach involving chemistry or physics, caused partly 
by X-ray crystallography. 

1.0 .1 X-ray crystallography 

The first successes in solving the tertiary structure of hemoglobin by J. K­
endrew, and that of myoglobin by M. Perutz are also landmarks in molecular 
biology. These works proved that X-ray crystallography can reveal structures 
of molecules as large as proteins. 

1 



2 CIIAPTER 1. INTRODUCTION 

Limitations of X-ray crystallography 

In spite of early successes, lit tle progress in the subject had been made by 
the early 70's1 . This was because X-ray crystallography of macromolecules 
has severe inherent difficulties. They are; 

• Difficulty in crystallizing the macromolecule. 

• Difficulty in data collection caused by the large unit cell and radiation 
damage. 

• Problems in obtaining the phases of structure factor amplitudes. 

At first, the macromolecules must be crystallized to diffract enough for 
structural determination. It often takes a few years for researchers to obtain 
an adequate crystal. Generally speaking, crystallization has been more of an 
art or technique than a science for the majority of crystallographers in the 
field of biology. This is partly caused by a lack of basic knowledge about 
the processes of crystallization. The best conditions for crystal growth need 
an optimal combination of such factors as protein concentration, tempera­
ture, pli, ionic strength, specific additives and precipitants [3]. Crystallizing 
macromolecules has been a series of 'trial and error' processes with much ef­
fort. This also means that X-ray crystallography greatly depends on chance. 

Besides the difficulties of crystallization, crystallographers face further 
problems in data collection. The macromolecule crystals mainly consist of 
light atoms such as hydrogen, nitrogen, carbon and oxygen. They also con­
tain a large amount of solvent up to fifty percent volume. These imply that 
the diffraction intensities become weak, especially at high resolution, and 
that signal to noise ratios tend to be worse due to the increasing noise level 
from the solvent. 

Furthermore, the crystals usually have large unit cell dimensions of some 
tens to hundreds of angstrom, causing the spatial separation of diffractions 
to become severe. A large unit cell volume ( V) also weakens the diffraction 
intensities, as shown by the following equation; 

I (h k l )oc IF(~~l)l2 

where I ( h k l ) is the intensity of a diffraction, IF( h k l)l the amplitude of a 
structure factor and V the unit cell volume [3] . The weaker diffraction in­
tensities in macromolecular crystallography make a high resolutional analysis 
much more difficult than those of low molecular weight substances. 

The solvents contained in the crystal cause a more serious problem­
radiation damage. It is inferred that a solvated electron ( e~q), hydrogen 

1 0nly three structures had been solved by 1965, and 11 by 1970. 
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atom(!!) and hydroxyl radical (OJ!) are produced during exposure in the 
X-ray beam, followed by the formation of free radicals (R) [4]. 

RX -1 e;q ---. R = X 

The solvated electron may also react with H+, 

In this way, the solvated electron reacts with the covalent bonds of the macro­
molecules and destroys the crystalline order in the X-ray, leading to the decay 
of diffraction intensities. Due to the radiation damage, it has been almost im­
possible to collect a whole dataset with one crystal. The dataset obtained by 
merging those of a few or more crystals sometimes gives an electron density 
map which is difficult to interpret. 

T h e phase pro ble m in X-ray crystallogr aphy 

The phase problem seems to be one of the most serious difficulties in the X-ray 
crystallography for macromolecules. The intensity of the diffracted reflection 
I (h k l) is proportional to the square of the amplitude of the structure factor 
F( h k 0· The structure factor is a function of the electron density distribution 
p( x y z) in the unit cell, 

F(S) = 2::: J;exp[27rirj · S] 
j 

where S = s- s0 (lsi = lsol = 1), s is a vector of a diffracted reflection 
and s0 , of the insident X-ray. The summation is over all atoms j in the unit 
cell. Instead of summing over all separate atoms we can integrate over all 
electrons in the unit cell: 

F (S ) = f p(r )exp [27rir · S]dv 
lcell 

where p(r ) is the electron density at position r in the unit cell. Suppose x, y 
and z are fractional coordinates in the unit cell (0 ~ x < 1; the same for y 
and z) and V is the volume of the unit cell, we have 

dv = V·dxdydz 

r ·S = (a·x + b·y + c·z)·S = a- S ·x + b·S ·y + c·S ·z = hx + ky + lz 

Therefore, F (S ) can also be written as F(h k 0-
F(h k I)- V J~ 0 J;=O fz1=0 p(x y z)exp{27ri(hx + ky + lz)]d xd yd z Then, 

by Fourier transformation, we can calculate the electron density p at every 



4 CIIAPTER 1. INTRODUCTION 

position x, y, z in the unit cell: 

p(x y z) = ~EhEkE1F(h k l) exp[- 27ri(hx + ky + lz )] 

= ~EhEkE,jF(h k l)lexp[-27ri(hx + ky I lz) + io:(h k l)] 

However, there is a problem. Although the IF(h k l)ls can be derived from 
the intensities l (h k l), the phase angles o:(h k l) can not be obtained directly 
from the diffraction pattern. This problem was an obstacle of the early X-ray 
crystallography, and will continue to be in future. 

C rys t a llization t echniques 

Because of the limitations described above, it was very difficult to solve the 
structures of biological macromolecules by X-ray crystallographic method. 
The situation has largely changed in recent years. Besides progress in the 
fundamental understanding of crystallization, the discovery and use of ef­
fective additives has contributed largely to success of X-ray crystallography. 
For instance, the use of polyethylene glycol (PEG) as an additive has accel­
erated the rate of success [5). PEG has many advantages over salts such as 
ammonium sulphate, phosphate and citrate. It is effective at relatively low 
ionic strength, causing that the back ground level diffracted by a crystal from 
the PEG solution to be lower than those from higher ionic strength. For the 
researchers, this leads to easier interpretation of electron density maps of pro­
teins. Furthermore, PEG has an additional advantage. The high effectiveness 
of low ionic strength offers higher ligand binding affinities to proteins than 
does a high ionic strength medium such as concentrated salt.. This is highly 
significant in preparing isomorphous derivatives and complexes of macro­
molecules with substrate analogues, inhibitors and other macromolecules. It 
can be said that having such an effective precipitant as P BG bas not only 
made the crystallization more successful, but also made the further processes 
of structural analysis easier. Nowadays, nearly half of the protein structures 
solved have used PEG [3], and it takes the prime position as the precipitating 
agent. 

An empirical screening method has also accelerated the rate of success. In 
this method, a few sets of the most probable conditions for crystallization are 
selected based on successful examples of crystallization. 2 This systematic 
protocol has saved much exertion, and the possibility for crystallization bas 
become much greater than that of previous decades. 

2 You can purchase the crystallization kit, CRYSTAL SCREEN™. 



5 

P r ogress in d ata collection 

The average time required for data collection has been shortened owing to 
newly developed apparatuses in the X-ray field, enabling us to reduce ra­
diation damage of crystals. The cryo-technique has been also developed in 
recent years, and has proved to be very useful in reducing X-ray damage 
during data collection (6, 7]. 

Development of a rotating anode generator has increased the X-ray in­
tensity available in home-laboratories. The rotating anode generator can 
produce a more brilliant3 and fine-focused X-ray beam. The development of 
two-dimensional detectors such as the image plate, the multiwire area de­
tector and the charge coupled device (CCD) also has much contributed to 
reduce the measurement times. 

Although the X-ray beam from the rotating anode generator is high bril­
liant, that from synchrotron radiation is two orders of magnitude stronger 
than the a conventional X-ray. It is especially suitable for weakly diffracting 
specimens, such as very tiny crystals or crystals with extremely large unit 
cells. Moreover, the beam has a low divergence resulting in sharper diffrac­
tion spots and high signal to noise ratio4

. Its tunability in the wavelength is 
beneficial when the anomalous dispersion effects are used for MAD (Multiple 
wavelength Anomalous D ispersion) measurement. 

Phase improvem ent 

The phase problem has also been greatly improved by the development of 
many useful algorithms. In calculating phases of reflections by multiple iso­
morphous replacement (MIR), it is often very difficult to calculate the phases 
precisely with only two isomorphous derivatives, even though this is possi­
ble in theory. The MIR phases generally have lack-of-closure errors, causing 
much noise in the initial electron density map. The errors in phases can be 
effectively improved by recently developed techniques; solvent flattening (8], 
molecular averaging, non-crystallographic symmetry averaging and density 
modification (9]. 

As mentioned above, in the early stage of the subject, determination of the 
macromolecule structures was extremely difficult due to several obstacles and 
strongly depended on chance. Therefore, crystallographers tended to select 
areas of study depending on how readily they could obtain and crystallize 
the materials not regarding how significant the specimens were in biology. 

However, the stance of crystallographers on X-ray analysis has been 
changing in recent years. X-ray crystallography of macromolecules has great-

3 Drilliance is defined as number of photons/sec/mrad2mm2 /0.1% relative bandwidth. 
4 l n the present analysis, the synchrotron radiation source in KEK Tsukuba, Japan was 

used because our crystal has large unit cell dimensions. 
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ly progressed in many aspects including crystallization, data collection and 
calculation of phases. Nowadays the determination of three-dimensional 
structures of macromolecules is not as difficult as it used to be. Crystal­
lographers have come to positively choose the objects of study with respect 
to their importance in biology and for further understanding of their func­
tions. For instance, the crystal structure of IIIV acid proteinase was solved 
for the purpose of developing specific inhibitors to prevent virus proliferation 
leading to the development of AZT [10]. A specific inhibitor of angiotensin­
converting enzyme was developed based on its structure revealed by the X-ray 
technique, and is extremely useful in the treatment of hypertension or heart 
diseases [11]. In recent biology, it has been essential to know tertiary struc­
tures of biological macromolecules at atomic resolution. Nowadays, X-ray 
crystallography seems to have reached a stage where everyone without much 
knowledge of the method can study the structures they are interested in. 



Chapter 2 

Native structure 

2 .1 Introduction 

The author bas been interested in the relationship between the structure and 
function of biological substances, especially of enzymes. lie has selected the 
X-ray crystallographic technique for exploring this relationship, because it 
has a powerful ability to offer him the finest information on tertiary struc­
tures of biological macromolecules at atomic resolution. He decided to carry 
out the X-ray crystallographic analysis of an enzyme, termed alkaline pro­
tease, from Pseudomonas acruginosa IF03080. The alkaline protease is a 
kind of bacterial zinc metalloendoproteases1 whose tertiary structure was 
unknown. This enzyme consists of 4 70 amino acid residues. Its optimum pH 
is in slightly basic range, 7-9 [12, 131, as summarized in Table 2.1. The speci­
ficity of the enzyme is reported to be relatively broad toward natural and 
synthetic substrates, which contrasts with the specificities of tbermolysins or 
carboxypept,idases. The enzyme is classified as one of metalloproteases, and 
protease possesses one zinc ion in the active site, which plays crucial roles 
in the substrate binding and increasing nucleopbilicity of a water molecule 
bound to the zinc ion. 

Significant r oles of zinc for enzymes 

Zinc is an essential component of many enzymes involved in various aspects 
of biological processes such as proteolysis and gene expression. It has been 
found to be an indispensable component for nearly three hundred enzymes 
in different specieses, including zinc proteases. The metal plays crucial roles, 
not only in catalysis ( c.f. Figure 2.2) but also in stabilization of proteins and 
nucleic acids as structural zinc. 

For instance, asparate transcarbamoylase (AT Case) contains one struc-

1More accurately, the alkaline protease should be termed alkaline 'proteinase'. 

7 
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Table 2.1: General properties of alkaline protease. The number the calcium 
ions was determined through this X-ray analysis. 

Strain 
Superfamily 
Family 
Molecular weight 
No. of residues 
Optimum pH 

Pseudomonas aeruginosa IF03080 
metzincins 

Optimum temperature (°C) 
Ligands 

serralysins 
~50,000 

470 
7- 9 
60 

1 Zn2t 
8 calcium ions 

tural zinc atom with two cystein residues as zinc ligands. The zinc atom 
contributes to the quaternary structure stabilization [14]. Zinc finger motif 
widely occurs in DNA binding proteins, where the metal serves as the struc­
tural zinc, typically liganded by two histidine and two cystein residues [15]. 
In an alcohol dehydrogenase (ADII)2 [16], one zinc atom has a structural 
role, and the other a catalytic role. The atom can have either a structural 
or a catalytic role. The structural zinc atom is ligated tetrahedrally by the 
four sulfur atoms of four cystein residues. 

Advantages of zinc for organisms 

Why does nature select zinc as an integral component for such a wide range 
of organisms ? Zinc has some advantageous properties compared with other 
divalent metals such as Ni, Co, Cu and Hg. In focusing on the ionic radii of 
these metals, an increase is seen in the series 2

; 

Ni(II) (0.69 A)< Co(II) (0.72 A) < Cu(II) (0.72 A) < llg(II) (1.1 A) 

Because of its compact size, zinc is almost as strong a Lewis acid as Cu(II) 
[17], which is suitable for polarizing other molecules ( c.f. Figure 2.2, page 12. 
However, in contrast to Cu(II) and Co(II), zinc is inert to redox reactions, 
which may be an advantage in biological systems. In addition, it is relatively 
flexible in its coordination geometry [18]. 

2 Handbook of Chemistry and Physics (1974 1975) 
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Zinc mctalloprotcascs 

Proteases which use zinc as a catalytic integral metal are classified into z­
inc metalloprotease. The superfamily is further subdivided into two types: 
zinc metallo-endo- and -exo-proteases. The representative enzymes of zinc 
metalloexoproteases are carboxypeptidases, whose catalysis mechanisms are 
among those best characterized through the native and complex crystal struc­
tures [19, 20, 21, 22, 23, 24, 25, 26]. Through sequence comparison among 
calboxypeptidases, the enzymes are found to conserve four ligands to the 
catalytic zinc atom; two histidines and one glutamic acid are found to be 
conserved in these enzymes. The forth ligand is also known to be a wa­
ter molecules. Very few changes occur in the amino acid residues adjacent 
to them [27, 28, 29, 30, 31, 32, 33, 34, 35, 36]. The exo-catalytic manner 
of the enzymes is attributed to the S~ pocket which is essentially a deep 
dead-end pocket for the terminal P~ residue, and the structure is unable to 
accommodate any other residues at the further primed positions3 . The zinc 
metalloendoproteases termed 'zincins' are hitherto classified into five distinct 
superfamilies as shown in Figure 2.1, termed 'zincins' [38, 39]. Until 1993, 
no tertiary structures from the a superfamily termed 'metzincins' had been 
available. The further classification which subdivides the zincins into two su­
perfamilics was carried out by vV. Bode et. al. after strong similarities were 
found between the crystal structures, including the zinc binding sequences 
and the 'met-turn' structure of astacin [40] and adamalysin [41]. The zincins 
have a conserved motif for the zinc binding site, IIEXXII,4 in an 'active-site 
helix'. The thermolysins, which are one of the enzyme most intensely studied 
by X-ray crystallography, have four zinc ligands, two histidines in the motif, 
and one glutamic acid in a position about twenty residues downstream from 
the second histidine ligand, and a catalytically important water molecule. 

In contrast, the other four families can be further classified into a super­
family 'metzincins', which exhibit the extended motif, IIEXXIIXXGXXII. 
The three histidines in the consensus motif were found to serve as zinc lig­
ands, whose manner of zinc ligation is different from that of thermolysins, 
and the glutamic acid is inferred, based on the knowledge of thermolysins 
[42], to act as a 'general base' residue to polarize a water molecule involved 
in a nucleophilic attack at the scissile peptide bond. Thermolysin, which is 
one of the bacterial zinc metalloendoproteases, has offered us a knowledge 
of tertiary structure solved by X-ray crystallography [43], and this struc­
ture has been the standard reference for those of other metalloproteases. 
The catalytic mechanism of thermolysin was proposed based on the native 
structures and the complexes with inhibitors and transition state analogues 

3 The nomenclature used for the individual amino acid residues Rl, H1, R~, R~, etc. 
and the active site subsites S1 , S~, etc. follows that of Schechter & Derger [37]. 

4 X is a variable amino acid residue. 
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Figure 2.1: Five zinc metalloendoproteases. Zinc metalloendoproteases are 
classified into two superfamilies: thermolysins and metzincins. In each en­
zyme of the metzincins, a consensus methionine is conserved at the Met­
turn. The metzincins are further subdivided into four families: matrixins, 
serralysins, astacins and adamalysins. Only representative members of the 
metzincins are shown. 
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144, 45, 46, 4 7, 42, 48). As shown in Figure 2.2, the catalytic zinc ion liganded 
to the active site cleft plays a crucial role in the binding and depolarizing of 
the carbonyl oxygen of the substrate, leading to the hydrolysis of the scis­
sile peptide bond 147, 49, 42), where Glu143 is postulated as a general base 
residue. However, there had been no proposal for catalytic mechanisms of the 
metzincins, including the alkaline protease, because their tertiary structures 
were unknown until 1993. 

Purposes of this study 

In 1991 when the present study on the alkaline protease started, one of the 
main purposes was to elusidate the crystal structure of the enzyme and to 
compare it. with those of thermolysins and/or carboxypeptidases, not with 
other metzincins5

. Structural comparisons of the alkaline protease with those 
of structurally known zinc metalloproteases seemed to bring us the knowl­
edge about the catalytic mechanism of the alkaline protease. In the course 
of the study, the situation has been somewhat changed because some en­
zymes that have an extended consensus motif for the zinc binding site, 
IIEXXIIXXGXXII, were analyzed by X-ray crystallography. They were 
classified into the superfamily 'metzincins' including the alkaline protease. 
At this stage, it became also interesting to compare the tertiary structure of 
alkaline prolease with those of the metzincins in order to show the features 
of the structure and the catalytic mechanism. It had become customary to 
discuss questions of the relationship between the structure and function of 
the alkaline protease referring to the more closely related enzymes. 

In this context, the author has been carrying out the crystallographic 
study of the alkaline protease and comparing its structure with those of 
other metzincins to obtain a basic understanding of the relationship between 
the structure and function of the enzyme. 

R oles of the a lkaline pro t ease in v ivo 

Bacterial proteases, including zinc metalloproteases and serine proteases such 
as, 

• Pseudomonas aeruginosa alkaline protease and elastase. 

• Serratta marcescens 56-, 60- and 73-kDa proteases. 

• Aspergillus melleus protease. 

• vibrio vulnificus protease, subtilisin from Bacillus subtilis. 

• Thermolysin from Bacillus stearothermophiilus. 

5There was no classification, 'metzincins' at that time. 
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Figure 2.2: Proposed catalytic mechanism of Thermolysin. (a) The carbonyl 
oxygen atom of a bound peptide substrate ligands to the catalytic Zn2 1 ion, 
and the water molecule must be pushed toward Glul43 carboxyl. (b) The 
pushed water molecule is increased in its nucleophilicity by the Zn2+ and the 
Glul43. It reacts with a carbonyl carbon of the scissile peptide bond and (c) 
generates the tetrahedral intermediate or transition stale, which is further 
stabilized by electrostatic interactions of the carbonyl oxygen with the Zn2 t­

and by two hydrogen bonds from other side chains. The proton bas been 
tranferred from the Glu143 to -liN- of the scissile peptide bond. (d) '!'he 
tetrahedral species leaves a proton on the Glu143 carboxyl, then it moves 
onto -NH- of the scissile bond to cleave the peptide bond. 
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• Streptomyces caespitosus protease and V8 protease from Staphylococcus 
aureus. 

cause a vast and complex range of pathogenic effects in infected foci. These 
effects are; 

1. Liquefactive necrosis when injected into cornea [50, 51]. 

2. Degradation and inactivation of endogenous proteinase inhibitors, such 
as a:rproteinase inhibitor, C1-esterase inhibitor, and antithrombin III, 
causing unlimited clotting, fibrinolysis, and kinin release [52, 53]. 

3. Inactivation of immunosystems by cleaving immunoglobulin G and A 
[53], lysozyme and transferin [54]. 

4. Inactivation of the complement system and chemotaxis [55). 

5. Activation of Hageman factor-kallikrein- kinin cascade resulting in the 
enhancement of vascular permeability [51, 55, 56, 57), leading to ac­
tivation of coagulation cascade. This cascade is shown in Figure 2.3. 

6. Tissue degeneration leading to spread of infection and septicemia [50). 

7. Sever cytotoxicity after internalization of the proteinase-a2 macroglo­
bulin (a 2M) complex through a 2M receptors on the cell surface [58). 

8. Activation of factor X and plasminogen, causing the increase of influen­
za and paramyxovirus infectivity [59]. 

9. Activation of bacterial toxin, leading to enhanced spreading of bacterial 
toxins mediated through kinin activation [59]. 

The Hageman factor, in the form of a zymogen, is a kind of serine proteases, 
which is activated by many kinds of bacterial proteases. The Hageman factor 
dependent pathway is considered to be an initiation system of the intrinsic 
blood coagulation pathway. The pathway has three zymogen-type proteases 
(Hageman factor, prekallikrein and blood coagulation factor XI) and one 
cofactor (high-molecular weight kininogen). Activation of these zymogens is 
associated with an amplification mechanism in the protease cascade system 
[55]. 
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Figure 2.3: Schematic representation of the activation of the Hageman factor­
kallikrein-kinin cascade by bacterial proteases such as Pseudomonas aerug­
inosa alkaline protease or Serratia protease. CTI; corn trypsin inhibitor, 
SQ 20,881; EYPRPQIPP-OH, ACE; angiotensin converting enzyme, CPN; 
carboxypeptidase N [55]. 

Pseudomonas aeruginosa 

The bacterium Pseudomonas aeruginosa is a species of gram-negative, aero­
bic, rod-shaped bacteria commonly isolated from clinical specimens (wound, 
burn, and urinary tract infections). It is also widely distributed in soil and 
water. The bacterium is a major agent of nosocomial and infection a ma­
jor causative agent of opportunistic infection. It is a kind of gram-negative 
bacteria and secretes a large amount of bacterial toxins into extracellular 
mediums6

, which contrasts with the way that normal gram-negative bacteria 
secrete the toxins because many of them produce endotoxins. 

The alkaline protease was first isolated by Dr. K. Morihara [60, 13], 
and inferred as one of the exotoxins secreted by Pseudomonas aeruginosa 
strains IF03455, T-30, IF03080 and P-M, as shown in Figure 2.4. The 
strains IF03455 and T-30 further secrete Pseudomonas aeruginosa elastases 
[61], which were classified as thermolysins ( c.f. Figure 2.1, page 10) and 

6 exotoxins 
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Figure 2.4-: Electron microscopic photographs of Pseudomonas aeruginosa 
strain IFO 3455, T- 30, IF03080 and P-M. The strains IFO 3455 and T - 30 
produce Psettdomonas aeruginosa elastases, but neither those of IF03080 nor 
P- M does. These photographs were kindly provided by Dr. K. Morihara. 
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their tertiary structure is found to be similar to that of thermolysin [62J. 
Those strains with the elastase have been shown to be much more pathogenic 
than those without it; their toxity was partly shown by an acute liquefactive 
necrosis in the guinea pig cornea and permeability enhancement reaction of 
a vascular in guinea pig skin caused by these enzymes [50J. 

Therefore it has been suggested that the elastase and the alkaline protease 
are, in cooperation with each other, probably responsible for the tissue de­
struction observed during pulmonary and corneal infections by this pathogen 
[63]. 

2.1.1 Specificity of the alka line protease 

In an early study on characterization of the alkaline protease, K. Morihara 
et al. reported that the enzyme exhibited a broad specificity toward the 
oxidized insulinB-chain [12], as shown in Figure 2.5. In a later study on the 

alkaline 

protease 
(IF03080) 

+ + + ' ' + ' 
+ Nll2 Nll2 S03H S03H + + + + + 

I 

' i - V- 0 - E- H- L-C-G-S- H- L- V-E-A-L-Y- L- V- C- G- E- R-G-i -F-Y- T- P- K- A 

elastase 
(IF03455) 

+ + + + + + 

Figure 2.5: Broad specificity of the alkaline protease demonstrated by hy­
drolysis of an oxidized insulin B-chain. 

specificity of the enzyme, however, a result inconsistent with the previous one 
was reported [64, 65, 66]. Synthetic peptides were systematically hydrolyzed 
by the alkaline protease as shown in Table 2.6. This experiment led to the 
conclusion that the enzyme had the major recognition site at P1 for Arg 
(or Lys) with an additional site at P~ because the the residue enhanced 
susceptibility of the enzyme to the substrates. It is essential to solve the 
crystal structure of the alkaline protease to discuss the discrepancy beteween 
the results from these experiments. In summary, the main purposes of this 
study are ; 

1. To solve the crystal structure of the alkaline protease in order to obtain 
a fundamental knowledge of relationships between the structure and 
function of the enzyme. 
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SynthCl>C substrate JV,(mM) kut (s•C' 1 ) k,n/1(, 

P,- P,- P1- P, -P',- P'1-P', (mM 1 .• -1) 

b~-GlylPhe-Arg !Ala-Nba 0. 20 0.11 0.51 
Ab~-Gly~Phe-ArgtVal-Nba 0.25 0.03 0.12 
Ab~-GlylPhe-Arg~Leu-Nba 
Ab~-Gly!Phe•Arg~Phe-Nba 0.13 0.13 1.10 
Ab~-GlylPhe-Lys~Leu-Nba 0.23 0.03 0.15 
Abz-G1y-Phe-Arg~Leu·Gly-Nba 0.25 0.29 1. 30 
Abz-G1y-Phe-ArglLeu-Leu-Nba 0.04 0.32 7.50 
Abz-Met-Thr-ArglLeu-Leu-Nba 0.16 0.73 4.50 

Z-Phe-Arg!MCA 0.14 0.0027 0.02 
Abz-Ala-Gly-LeulAla-Nba 0.13 0.12 0.98 

Figure 2.6: Kinetic parameters on the hydrolysis of fluorogenic substrates 
by the alkaline protease. Arrows indicate the bonds to be split. The exper­
imental conditions were as follows; 50 mM Tris buffer, pH8.0/0.l M NaCl, 
0.01 M CaCl2 , 2.3 % DMF, and 25°0. Abz-; amino benzoyl group, -Nba; 
4-nitrobenzyl group. Dr. Nishino et. al. concluded that the hydrolysis 
of -Gly-Phe- bonds was attributed to the contamination of Pseudomonas 
aeruginosa elastase into the specimem. 

2. To elucidate the catalytic mechanism through structural analysis of 
complexes between the alkaline protease and ligands. 

3. To compare the structures of metzincins including the alkaline protease, 
which reveals their functional differences induceed by the structures. 

To achieve these purposes, the author has intensively carried out the struc­
tural analysis of the alkaline protease and its complexes by X-ray crystallog­
raphy at high resolution. 
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2 .2 M a t eria ls and M etho d s 

2.2.1 Crystallization 

Although X-ray crystallography has made great progress as described in 
Chapter 1, one point remains unchanged- success in solving the structures 
largely depends on the quality of crystals. To obtain crystals of the alkaline 
protease suitable for X-ray analysis, the following experiments were con­
ducted. The lyophilized sample of the alkaline protease from Pseudomonas 
aeruginosa IF03080 (Nagase Biochemical Co. Ltd), was kindly gifted by Dr. 
K. Morihara7

• The incubation and purification parameters of the specimem 
is summarized in Table 2.2. Crystallization trials were conducted using a 
hanging drop vapor diffusion method as illustrated in Figure 2. 7. A large 
number of conditions were screened, varying the nature of precipitant, pro­
tein concentration, pH, additives and temperature8 . The chemicals used and 
conditions tested are showed below. 

Table 2.2: Incuvation and purification parameters for the alkaline protease. 

Origin 
Quality 
Activity 
Absorbance 

Specific activity 
Purity 

· E~~~ at 280 nm = 16.0 

Pseudomonas aeruginosa IF03080 
crystalline 
4,400 units (mPU) per mg 
O.D. (280 om) of the solution of 0.2 mg/rnl 
with distilled water; 0.259 
5.43 mPU per mg of protein: 
108.7% 

H a nging drop vapor diffusion method 

Vapor diffusion techniques are most widely used for crystallization in macro­
molecular X-ray crystallography. Prior to a hanging drop vapor diffusion I5J, 
20 mm diameter glass cover slips (matsunami micro cover glass, matsunami 
glass incl., Japan) were washed with a silicon solution (Sigmacoat; Sigma 
chemical company, U. S. A.) and dried overnight at room temperature. The 

7 Institute for Applied Life Science, University of East Asia, lchinomiya-Gakuen-cho 
2-1, Shimonoseki, Yamaguchi P ref. Japan. 

8 All chemicals used were of extra reagent grade and purchased from Nacalai tesque,inc. 
Kyoto, Japan, without any notations. Water was singly distilled. 
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well rims of the micro plate (Cell Wells™; Corning Glass Works, Corning, 
New York, U. S. A.) were daubed with silicon compound (Toray Dow Corn­
ing Silicone Co. Ltd., Tokyo, Japan). Cystals suitable for X-ray analysis 
were prepared as shown in Figure 2. 7. The protein solution was prepared by 
dissolving the 10 mg of the specimen in 500 p.l of an 1 mM NaN3 + SmM 
CaC12 solution (pii 7 .0). The wells were filled with a reservoir solution. The 
reservoir solution was 50 mM acetate butter (pH 5.6) containing 6% (w/v) 
polyethylene glycol 6000 and 1mM NaN3 . Hemispherical 5 rd droplets of 
the protein solution were formed on the glass slips by mixing the protein 
solution and the reservoir solution in the volume ratio 1:1. The cover slips 
were overturned and set on the rims and pressed to seal the wells with the 
silicon compound. Small crystals (in the maximum size S 0.3 mm) as shown 

micro plate 

"' 

silicon compound protein droplet 

reservoir solution 

Figure 2.7: Hanging drop vapor diffusion method. The protein droplet con­
sists of 2.5 pl of a 2% (w/v) protein solution (SmM CaCld1mM NaN3 , pH 
7.0) and a 2.5 J.Ll reservoir solution. The reservoir solution consists of 50 mM 
acetate buffer (pll 5.6) containing 6 % ( w /v) polyethylene glycol 6000 and 
1 mM NaN3 . Each well was filled with 1 rnl of the reservoir solution. The 
micro plate was placed in an incubator at 25 °C. 

in Figure 2.8 were obtained in the hanging drops . 

M a croseeding t echnique 

Blood coagulation glass plates as shown in Figure 2.9 (six depressions, 75x49-
x5 mm ) were washed with the silicon solution and then immediately rinsed 
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Figure 2.8: Small and stacked crystals. They were obtained from the hanging 
drops at 25 oc, typically in 3-7 days. 

with water. The rim of a plastic box was daubed with the silicon compound. 
Both the protein solution and the reservoir solution were filtered through 
cellulose acetate filters (13 mm diameter 45 f.Lm pore diameter, Disposable 
Sterile Syringe Filter™; Corning Glass Works, Corning, New York, U. S. A.) 
and used for further experiments. Small crystals (0.1-0.3 mm) obtained by 
the hanging drop vapor diffusion method, which must be free from twinning 
or any other crystalline state, were used for a macroseeding technique [67] to 
grow the crystals. The macroseeding technique was performed as follows; 

1. A micro vessel was placed on each of the four corners of a plastic box. 
1 ml of the reservoir solution was poured into each of the vessels. 

2. One of the small prismatic crystals was picked up inLo a Pasteur pipet 
connected to a micro syringe with a piece of rubber tubing, under a 
dissecting microscope using a magnification of 10-40 x. 

3. To wash out the micro crystal, the prismatic crystal was introduced 
from the pipet into a the reservoir solution on a blood coagulation 
glass plate. 

4. The washed crystal was again picked up into the pipet, and brought 
into a droplet consiting of 30 f.Ll of the protein solution and the equal 
volume of the reservoir solution, on another blood coagulation glass 
plate. 

5. Each of six cystals was set into the each droplet on the plate, and the 
plastic box was sealed with a transparent plastic cover, one by one. 
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Figure 2.9: The macrosceding procedures. A seed crystal was picked into a 
droplet of the precipitant solution to wash out the micro crystals attaching 
to the seed. The seed was then introduced into 60 I·Ll of the protein solution 
which consists of 30 p.l of the 2 % solution and the equal volume of the reser­
voir solution. The rim of the plastic box was daubed with silicon compound. 
The box was sealed with a transparent plastic cover, and placed at 25 °C. 



22 CHAPTER 2. NATIVE STRUCTURE 

The procedures are illustrated in Figure 2.9. The small crystals obtained 
from the hanging drop method could be reproducibly grown up to a size 
(typically, l.Ox0.6x0.3 mm) large enough for X-ray experiments using the 
macroseeding technique. The crystals grown were free from any twisting and 
stacking. A typical crystal shape is shown in Figure 2.10. 

Figure 2.10: A prismatic crystal suitable for X-ray experiments. The crys­
tal, grown by the macroseeding technique, typically reached to a size of 
l.Ox0.6x0.3 mm in 7-10 days. 

Precession photograph 

To determine the crystallographic parameters, and assess crystallinity of the 
target crystal, a photographic method is still widely used. Precession pho­
tographs were first taken for these purposes. Defore taking precession pho­
tographs of the crystal, the following items were prepared; 

1. Pasteur pipets were drawn out in a flame to give a narrow bore and 
some were cut off to increase the bore at the tip. 

2. The tip of an X-ray capillary (1.5 mm diameter 80 mm long, Mark­
Rohrchen fiir rontgenographische Aufnahmen, Berlin, Germany) was 
snapped open, and soaked into the silicon solution, then rinsed with 
water immediately, and dried. The open end of the capillary was heated 
to close it. 

3. The upper half of the capillary was filled with the reservoir solution 
using the narrow Pasteur pipet. 
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Figure 2.11: Crystal mounting method. The closed tip of the glass capillary 
was fixed to the wax blob (GC New Sticky Wax; GC Dental Products Inc. 
Ltd., Tokyo, Japan). Another wax blob was daubed on the capillary near 
the open side. The crystal, picked up with the narrow Pasteur pipet, was 
introduced into the glass capillary and guided to the middle with the reservoir 
solution. The excess solution was removed from the capillary, leaving only a 
small amount of the solution surrounding the crystal. The upper part of the 
upper wax blob was clipped, and then the capillary was sealed with a small 
amount of epoxy resin, and fixed to the X-ray goniometer head with hard 
clay. 

As shown in Figure 2.11 on page 23, the prismatic crystal grown to 0.5-1.0 
mm in its maximum dimension by the macroseeding method, was selected 
for the precession photographs [4]. The crystal in the droplet was picked up 
with a narrow Pasteur pipet connected to the micro-syringe with a piece of 
rubber tubing, and then transferred into the capillary. 

When the crystal got to the middle of the capillary, it was adhere to the 
inside wall of the capillary by sucking the reservoir solution into the narrow 
Pasteur pipet. The direction of the crystal was adjusted using a piece of thin 
glass fiber, and the excess solution around the crystal was absorbed with a 
thin filter paper to adhere the crystal to the inside wall. A small plug of 
the reservoir solution was introduced into the capillary over the crystal using 
the Pasteur pipet to keep the inside humidity constant. The open end of the 
capillary was scaled with epoxy resin (Araldite; Ciba-Gcigy, Switzerland). 

Crystallographic parameters were determined from the precession photographs 
shown in Figure 2.12. All of the photographs show that the crystal diffracts 
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Table 2.3: Conditions for taking precession photographs. 

X-ray film 
Precession camera 
X-ray generator 
Focus size 
Collimator diameter 
X-ray power 
Exposure time 

J.L 
Camera distance 
Slit radius 
Slit width 
Temperature 
Beam direction 

Kodak, 12.7x12.7 mm 
Nonius 

Rigaku RU-200 
0.3 x3.0 mm, fine 

0.5 mm 
40 kV, 100 rnA 

12-16 hours 
12° 

100 mm 
15 mm 
1 mm 

room temperature 
a1 b1 c 

up to at least 3 A resolution, and that the diffaction spots were fine enough 
for X-ray analysis. 

Conditions for taking precession photographs 

The precession photographs were taken at the Institute for Protein Research, 
Osaka University, Suita, Osaka 565, Japan. The crystal mounted on a go­
niometer was set on a precession camera (Nonius ). Three photographs were 
taken with each crystallographic axis parallel to the incident X-ray beam. 
Detailed conditions are shown in Table 2.3. 

R efinement of crystallographic parameters 

The cell dimensions and space group determined by the precession pho­
tographs were further refined and examined with a diffractometer (Rigaku 
AFC-7). Operating conditions are shown in Table 2.4. The number of 
molecules per unit cell (Z) can be estimated by a method proposed by 
Matthews [68]. In most protein crystals, the ratio (V M) of the unit cel­
l volume and the molecular weight (Mw) is between 1. 7 and 3.5 A 3 /Da. 
Assuming that Mw = 50,000 and Z = 4, then 

VM - Vm/Mw/Z 

698,431.5/50,000/4 

= 3.49(A3 /Da) 
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Figure 2.12: Precession photographs. These photographs indicate that the 
native crystal diffracts up to 3.0 A resolution, and that the spots are fine 
enough for X-ray analysis. 

... 
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Table 2.4: Operation conditions for diffractometer. This condition was fur­
ther applied to derivative searches. 

X-ray generator 
Focus size 
Collimator diameter 
X-ray power 
Scan speed 
Scan width 
Measurement time 
for background 
Slit size 
Temperature 

RU-300 
0.5 x 10 mm, normal 

0.5 mm 
40 kV, 300 rnA 

5 deg./min. 
0.8 deg. 
3.0 sec. 

0.5 deg. 
10.0 oc 

There is an approximate relation between the volume of solvent (V aolv) in 
the unit cell (Vprotcin) and VM: 

V aolv = 1- 1.23/VM 

This gives 

v .ovl = 1 - 1.23/3.49 

= 0.65 

Crystallographic parameters obtained are summarized in Table 2.5. Four 
molecules of the alkaline protease are packed in the unit cell as shown in 
Figure 2.13. 

2.2 .2 Preparat ion of heav y-atom derivatives 

Protein crystals normally contain crystallization solvent by about 50 % of 
the crystal volume. Various kinds of chemical species such as ions, inhibitors, 
substrate analogues and heavy atoms can go through three channels and react 
with the protein without disturbing the crystalline order. These reactions can 
be achieved in full by soaking native crystals in ligand solutions [4]. \Vhen 
preparing isomorphous heavy-atom derivatives, following conditions must be 
satisfied; 

• The heavy atoms must occupy a limited number of sites in the crystals, 
which are crystallographically identical. 
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Figure 2.13: Crystal packing of the enzyme molecules in the unit cell. Each 
asymmetric unit contains one molecule. Note that there are solvent channels 
in the unit cell, which is significant for preparing the complexes. 

Table 2.5: Crystallographic parameters of the native crystal. They were 
refined by the diffractometer. 

Space group 
a(A) 
b (A) 
c (A) 
z 
Vm (A3 ) 

VM (A) 
v.olv 

P2t2t2t 
77.2 
176.7 
51.2 

4 

693,431.5 
3.49 
0.65 
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• The heavy atoms must react with the protein molecules without de­
stroying the crystallinity. 

Preparation of heavy-atom derivatives is basically a 'trial and error, process, 
just the crystallization. 

Soaking of crystals 

To solve the phase problem by multiple isomorphous replacement (MIR) [4], 
isomorphous heavy-atom derivatives were prepared by soaking method [4, 5]. 
Each heavy-atom agent was dissolved in the reservoir solution ( c.f. page 19) 
to adjust the concentrations to 0.1-20 mM. The heavy-atom solution was 
poured into the upper half of the siliconized capillary fixed to the wax blob 
( c.f. Figure 2.11, page 23) with the narrow Pasteur pipet. Each crystal was 
soaked in the heavy-atom solution for a period of some hours to several weeks 
at 25 °C. The heavy-atom agents used and their concentrations are in Table 
2.6. Prior to measuring diffraction intensities of the crystals soaked in the 

Table 2.6: Soaking conditions. All of the heavy-atom agents were dissolved 
in the reservoir solutions (6 % (w/v) PEG 6000, 50 mM acetate buffer, pH 
5.6, 5 mM CaCb/1 mM NaN3 ). 

Heavy-atom agent Concentration (mM) Soaking time (day) 
U02(N03)2 10.0, 2.5, 1.0, 0.5, 0.1 1-2 
K3U02Fs 10.0, 5,0, 1.0, 0.1 1-7 
U02(CH30C0)2-2H20 0.1, 1.0 1 
Sm(N03)3 10.0, 5.0, 1.0, 0.2 1-3 
Er2(S04)3 1.4 1-3 
CH3COOHgCsHs slightly soluble 
CH3HgCl 15.0, 5.0 1-3 
HgCb 2.5 1-3 

K2PtCl4 slightly soluble 
K2PtCls 10.0 1 7 

Pb(N03)2 10.0, 1.0 1 

CH30COAg 1.0 1 

heavy-atom solutions, intensity profiles on crystal axes (h 0 0), ( 0 k 0) and ( 0 
0 l) were checked. The structure factor amplitudes of the crystals soaked in 
the heavy-atom solutions which seemed to give effective profile changes were 
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further measured to a resolution of 5.5 A using the diffractometer under the 
same operating conditions as shown in Table 2.4, page 26. 

Determination of the h eavy-atom sites 

The major heavy-atom binding sites were located using difference Patterson 
and difference Fourier maps calculated with the program package PHASES 
[69] installed on a workstation Iris Indigo (Silicon Graphics Inc., California, 
U. S. A.). Refinement of the heavy-atom parameters was performed by an 
iterative method of phase determination and least-squares refinement [70]. 
Minor heavy-atom sites of each derivative were found with difference Fourier 
maps during the refinement, and included in the further refinement. 

I somorphous h eavy-a t om d erivatives 

Three kinds of isomorphous heavy-atom derivatives, CH3IlgCl, HgCl2 and 
U02 (CH30CO)l-2II20 were obtained from the soaking experiments as shown 
in Table 2.6. The derivatives could be considered sufficiently isomorphous 
for the MIR method, giving enough changes in structure factor amplitudes 
compared with the native. Crystals soaked in other heavy-atom solutions 
such as U02(N03)2, Pb(N03 ) 2, (N03)J, and Er2(S04)J were insufficient for 
the MIR method and lost their crystallinities. Those from K3 U02F 5 and 
K2PtCl6 gave slight changes in structure factor amplitudes. 

D a ta collection us ing synchrotron radiation 

Diffraction intensities of the native and derivative crystals were rather weak 
in high resolution range probably because of the high solvent content. Syn­
chrotron radiation was required to collect the high resolution intensity data. 
All data sets for the crystals were collected with a screenless Weissenberg 
camera [71] at the DL6A2 station of Photon Factory in National Laboratory 
for High Energy Physics, Tsukuba, Japan. The monochromatic X-ray wave­
length was adjusted to 1.00 A at the station. Image plates (Imaging Plate; 
Fuji Film Inc. Ltd., Tokyo, Japan) were used as two-dimensional detectors 
[72] for recording diffraction patterns. Image plates have many advantages 
over conventional X-ray films. Image plates are at least 10 times more sen­
sitive than X-ray films and their dynamic range of the crystal is 104-105 

times wider than that of X-ray films. In data collection using synchrotron 
radiation, their high sensitivity at the shorter wave length is especially useful. 

Each of the two native crystals was mounted with its crystallographic b*­
or c• -axis parallel to the rotation axis of the crystal, and all the derivatives 
were in the c· -setting. For one Weissenberg shot, the oscillation range and 
the ratio of crystal rotation to cassete movement were 4.7° and 1.0°·mm-1 , 

respectively. The exposure time was 14.1 sec. A series of diffraction images 
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which covers a crystallographically independent area was recorded for the 
crystals. Twenty-five frames of the partial image for each crystal were scaled 
and merged together using the program package WElS [73]. Measurement 
conditions applied to all of the cystals are summarized in Table 2. 7. 

Table 2. 7: Conditions for data collection using synchrotron radiation. 

Wavelength 
Spindle axis 

Overlap 
Oscillation angle !lw 
Cassette movement /lZ 
wjZ 
Collimator diameter 
Rotation speed 
Number of oscillations 
Image plate size 
Temperature 

1.00 A 
b• , c• (native) 

c• (derivatives) 
0.5 deg. 
4.7 deg. 
4.7 mm 

1.0 deg./mm 
0.2 mm 

2.0 deg.jsec. 
6 

20x40 em 
10.0 oc 

Data p rocessing using t he p rogra m WEIS 

All diffraction intensity data collected using the synchrotron radiation X­
ray source were processed to structure factor amplitudes with the program 
WEIS [73]. Two sets of the native data obtained in the b• and c• rotation axis 
settings, were merged into the native data set for increasing the completeness 
of data. The processing criteria for the native data were more strict than 
those for the derivatives. The statistics for data processing are shown in 
Table 2.8. The data processed were turned to be sufficient for X-ray analysis 
as indicated by the values of Rmerge and completeness of the data. 

D etermina tion of heavy-a tom parameters 

To determine binding sites, temperature factors and occupancies of heavy 
atoms, difference Patterson functions of the derivatives were calculated using 
the following equations: 

1 
P(uvw) = V L I!:1F(hk1Wcos[27r(hu + kv + lw)] 

hkl 
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Table 2.8: Statistics for data processing. The native data were derived from 
two data sets, and were processed using more strict criteria than those of the 
derivatives. 

Crystals 
Native CH3HgCl HgCl2 U02{CH30COh 

No. of crystals 2 1 1 1 
Rotation axis b•, c• c• c• c• 

Resolution (A) 2.0 2.0 2.0 2.0 
Total observations 60,923 66,307 66,808 67,894 
1c(I > a(I)) 
Unique reflections 44,151 32,610 32,053 32,801 
Completeness of data (%) 96.8 71.5 70.2 71.9 
o) Rmerge (%) 5.28 4.81 5.17 4.38 

- oJRmerge (%)= lOOE,I(J,} J,I/IEii,; (!,) is the average of I, over all observed 
symmetry equivalents. 

I~F(hkl)l - IIFPH(hkl)l - IFp(hkl)ll 

or in short, 

1 
P( u ) = V L I~J(S)Icos(27ru·S] 

s 

where u, v, and w are relative coordinates of the Patterson map space and 
I.6F(h k 1)1 is the difference in structure factor amplitude between the native 
and derivative crystals. Note that the Patterson function does not contain 
any phase information. Therefore, the Patterson function can be directly cal­
culated with structure factor amplitudes of the native and derivative crystals, 
which are derived from the X-ray measurements. Major heavy-atom bind­
ing sites of these derivatives were determined by calculating the Patterson 
function maps using the program package PHASES (69]. These maps clearly 
showed the peaks for the major heavy-atom binding sites, as shown in Fig­
ure 2.14-2.14. Furthermore, other heavy-atom sites were interpreted one 
by one using difference Fourier maps based on the major heavy-atom sites 
found in the difference Patterson maps. The heavy-atom sites were refined 
using the program PHASES (69]. The conditions for preparing isomorphous 
derivatives are summarized in Table 2.9, and the heavy-atom binding sites 
are shown in Table 2.10. A mini-map of native electron density [3] without 
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Table 2.9: Conditions for preparing isomorphous heavy atom derivatives. 
The heavy-atom reagents were dissolved in the reservoir solution. 

CihllgCl HgCl2 U02(ClhOC0)2 
Concentration of 15.0 2.5 1.0 
heavy-atom agent (mM) 

Soaking time (day) 3 3 1 
Temperature (°C) 25.0 25.0 25.0 

Table 2.10: Heavy atom parameters. 

Derivative Site number X y z B G 
CH3HgCl 1 0.5106 0.3976 0.4253 31.69 1.259 

2 0.0167 0.3993 0.1725 57.88 0.465 
3 0.0980 0.2425 0.5064 80.00 0.513 
4 0.7480 0.0837 0.3228 63.12 0.513 

HgCl2 1 0.0709 0.3240 0.2686 47.37 1.180 
2 0.0100 0.3996 0.1554 78.21 0.799 
3 0.0893 0.2488 0.4730 68.84 1.039 
4 0.5082 0.3973 0.4219 30.34 0.856 
5 0.7217 0.4529 0.4304 54.08 1.086 

U02(CH30C0)2 1 0.1877 0.1078 0.2686 49.87 0.684 
2 0.6800 0.2239 0.4883 45.66 1.486 
3 0.5633 0.1655 0.4448 43.60 0.387 
4 0.3305 0.0089 0.1091 55.22 0.414 
5 0.3290 0.2940 0.1562 56.78 0.311 
6 0.5076 0.4500 0.5079 67.92 0.345 

B: temperature factor. G: occupancy in arbitrary scale. 
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Figure 2.14: Difference Patterson maps on a Harker section (x=0.5). 



34 CHAPTER 2. NATIVE STRUCTURE 

CH3HgCI 
Y=- 0 . 5000 

~~~-r-4~~~-+T-r-+-~~ g 
0 u 
~ ~ 

0 
0 
0 
~ 

N 

0 
0 
0 
0 

0 

0 . 000 0 

I 

D-
f--

0 . 0000 

X 0 . 5000 

U02(CH3COO) 

Y: 0 . 5000 

~ ~·~ A/ 
1-il ~t§}f - -

·-1 ·-

- -
-
--

1-
( )._ -liN\ 

X 0 . :5000 

0 

0 
(.) 

0 
0 

0 

HgCI2 
Y=- 0 . '5000 

m v JIJ,? _K ~.~! ~~- I/ -
Il l~ ~.;. r...,/ 

P' -
-~ 

.-
J-
-

I 

=--F - ·-
-

-ic 
0 . 0000 X O. oOOO 

Figure 2.14: Difference P atterson maps on a Harker section (y:.-0.5). 
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solvent flattening at 2.8 A resolution was made prior to the interpretation 
of the electron density map on the IRIS workstation. It is possible to mark 
directly on the mini-map with colored markers and to determine more easily 
the boundaries of molecules in the map than on the map in the graphic work­
station. Z-sections of the map were plotted out at 2 A intervals and copied 
on transparent OHP sheets (A4 size, Sumitomo 3M Inc. Ltd., Japan), and 
each of them was set on mounting flames (302x265 mm, Sumitomo 3M Inc. 
Ltd., Japan). The mini-map was then lighted up on a light box (Fujicolor 
light box 5000) and the probable molecular boundary, the N or C-termini, 
the molecular size, active site cleft and so on, were determined on the map. 
The probable contour of the main chain of the molecule was followed by 
marking the sections with colored markers. 

The mini-map, which shows the electron density over the whole unit 
cell was calculated at 2.8 A resolution using phased reflections, as shown in 
Figure 2.15. The map clearly shows molecular boundaries depicted in dashed 
lines. There were four molecules9 of the alkaline protease in the unit cell, 
which was consistent with the previous estimation derived from the value of 
VM. The molecule had an elongated elipsoidal shape, and seemed to consist 
of two structurally different domains, which were globular and elongated, 
respectively. The approximate size of the molecule was turned out to be 
50x90x45 A in the directions of a, b and c axes, respectively. However, 
much noise arose especially in the solvent region, and there remained some 
ambiguities mainly in loop regions on the surface of the molecule. Therefore, 
it was difficult to rationally interpret the electron density map. 

C alcula tion of electron density maps 

All procedures for calculating the electron density maps were performed using 
the program package PHASES [69]. The initial native electron density map 
was calculated at 2.8 A resolution by a multiple isomorphous replacement 
(MIR) method. To improve the quality of the electron density map, a solvent­
flattening technique [8] was applied to the map. After twenty-eight cycles, 
the interpretability of the map was improved. The solvent volume of the 
crystal was assumed to be 0.55. The procedures were as follows; 

1. Computing the first solvent mask. 

2. Computing four cycles of solvent flattening (using the first mask). 

3. Computing the second solvent mask. 

4. Computing four cycles of solvent flattening ( using the second mask). 

9 0nly two molecules were seen in the mini-map. 
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•••••• y ....... 

Figure 2.15: The mini-map of the alkaline protease at 2.8 A resolution. This 
map was sectioned in the c axis. The map was calculated using the initial 
phased MIR-data (not solvent-flattened). The molecules can be seen in the 
regions enclosed by dashed lines. The approximate size of the molecule is 
50 x 90 x 45 A. There is much noise in the solvent region. 

5. Computing the third solvent mask. 

6. Computing eight cycles of solvent flattening (using the third mask). 

As a result, 16 cycles of solvent flattening and 3 cycles of mask calculation 
were performed i terati vely.10 

The averaged figure of merit increased from 0.571 to 0.759 during this 
procedure. The statistics for the map calculation arc shown in Table 2.11. 
Examples of the electron density maps are shown in Figure 2.16 (a) the initial 
MIR map at 2.8 A resolution, (b) the solvent-flattened map at 2.8 A resolu­
tion, and (c) the final map refined at 2.0 A resolution. The solvent flattening 
technique was generally not so effective for the main chain connectivity, but 
it greatly reduced the noise level in the solvent region, leading to the easier 
interpretation of the map. 

Modeling on g ra phic workstation 

The 2.8 A electron density map, which had been solvent-flattened, was in­
terpreted on the graphic workstation IRIS Indigo Elan using the program 
TURBO-FRODO [74, 75]. The initial model was built by superimposing 
each amino acid residue on the electron density map. To interpret am-

10doall.sh in the PHASES was used. 
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(a) 

(b) 

(c) 

Figure 2.16: Examples of electron density maps around Q95 W103. (a) The 
initial MIR map drawn at 2.8 A resolution, 1.5 O" > I( O" ), (b) after 28 cycles of 
solvent flattening at 2.8 A resolution, 1.5 O" > J(q), (c) final electron density 
map at 2.0 A resolution, 2.2 O" > 1(0"). 
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Table 2.11: Statistics for isomorphous replacement. 

Derivative Resolution No. of completeness Ra} 
iao 

(A) reflections (%) (%)_ 
CII311gCl 10.0-2.8 15,662 89.6 24.1 
IIgCI2 10.0-2.8 15,593 89.6 15.8 
U02(CII3 C00)2 10.0-2.8 15759 90.2 28.2 

Averaged figure of meritc) 0.571 (not solvent flattened) 
0.760 (solvent flattened) 

a)Jliso - lOOIJMtivel - IJderivativel/llnativel 
b)Phasing power = (Pu) /(E); the mean amplitude of the heavy-atom 
structure factor divided by the r.m.s lack-of-closure error. 
c) Figure of merit = IFh.kl(best )1/IFh.kll· 
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Phasig 
powerb) 
---
1.83 
1.79 
1.86 

biguous regions in the map, difference Fourier maps with coefficients of 
(2IFobsl- lfcalcl)exp(iacalc) or (IFobsi-IFca!cl)exp(iacalc) were calculated. 

Calcium binding s ites 

Calcium ions were incorporated into the model based on the height of elec­
tron densities and coordination numbers . The positions of calcium ions were 
further confirmed by means of an anomalous scattering measurement. It is 
well known that calcium ions, which are not directly coupled with enzymat­
ic activity, bind to some enzymes such as thermolysin, [76), Pseudomonas 
aeruginosa elastase, and Bacillus cereus neutral protease [77]. The ions are 
associated with increase of thermal stability of these enzymes, although it has 
been pointed out that enhanced thermostability of calcium-bound enzymes 
cannot be attributed to a single determinant [43]. 

In general, however, removal of the calcium ions causes autolysis or irre­
versible loss of catalytic activity [49]. In the case of the alkaline protease, 
it was also suggested that the enzyme contained 1-2 atoms of calcium ions 
per mole of enzyme [78], and that the calcium binding prevented the enzyme 
from its autolysis. Furthermore, Morihara et al. pointed out that calcium 
ions must be incorporated into the synthesized calcium-free form of the alka­
line protease secreted into a medium by Pseudomonas aeruginosa, and that 
the hypothetical calcium-free form might be more adapted for secretion than 
the calcium-bound one because of flexibility [79]. 

In the later study on protease B and protease C, which are homolo­
gous with the alkaline protease in their primary structure, it was shown that 
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they are synthesized as inactive higher molecular weight precursors with N­
terminal extensions which are secreted into the external medium, where the 
divalent-cation-mediated activation occurs [80]. In this way, calcium ions 
play significant roles in enhancing thermal or structural stabilities and in­
ducing activation of zymogens as as in the case of trypsin [81]. To determine 
calcium binding sites in the alkaline protease, native anomalous scattering 
effects derived from the bound calcium ions in the crystal were measured. To 
calculate each 6.1Fianom 1 which is the difference between the amplitudes of 
the structure factor for the reflections (h k l) and (h k f) (Bijvoet pairs), the 
diffraction intensities of each Bijvoet pair were measured at 2.8 A resolution 
by R-AXIS IIC (Rigaku Denki Co., Ltd., Tokyo, Japan). The measurement 
condit.ions are summarized in Table 2.12. 

Table 2.12: Measurement conditions for anomalous scattering effects. One 
native crystal was used. 

Crystal size 
Wavelength (A) 
Measurement apparatus 
Generator 
Focus 

X-ray power 
Rotation axis 
Oscillation angle 
Number of flames 
Crystal to detector distance 
Detector two-theta angle 
Resolution 
Measurement temperature 

R efin ement of the model 

0.5x0.3 x0.2 rnrn 
1.5418 (Cu-Ko.) A 

R-AX!S llC 
RU-300 
0.3 x3.0, 

monochromated fine focus 
40 kV, 100 rnA 

b• 
3.0 deg. 

33 
160.385 mm 
0.0114 deg. 

3.0 A 
20.0 oc 

The initial model of the enzyme was refined by means of simulated anneal­
ing techniques using the molecular dynamics program, X-PLOR version 3.1 
(82, 83, 84], installed on a CRAY Y-MP2E/264 supercomputer. In the prepa­
ration for simulated annealing refinement, several cycles of energy minimiza­
tion were carried out to relieve strains or bad contacts in the initial model. 
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The slow-cooling protocol for the simulated annealing was then executed by 
reducing the temperature from 3,000 K to 300 K at intervals of by 25. At 
each temperature, 50 cycles of the refinement were carried out. During a 
whole series of cycles of the refinement, the WA converged to about 300,000. 
After several cycles of the refinement, a manual rebuilding of the model was 
carried out using omitted difference Fourier maps. In the earlier stage of 
the refinem<'nt, classical protein structure parameters were used (called as 
'param19x.pro' and 'toph19x.pro' in the X-PLOR package), and in the later 
stage, those of R. A. Engh and R. Huber were employed (termed 'parhcs­
dx.pro' and 'tohphscdx.pro') [85]. The resolution was gradually increased 
to 2.0 A during iteration of the refinement and rebuilding. Water molecules 
were assigned to electron densities which appeared in the same positions both 
in IFobsi-IPcalcl (> 3u) omit maps and 2IFobsl IFca!cl (> u) omit-maps by 
manual interpretation. In the later stage of refinement, the positions of wa­
ter molecules were automatically picked up using the program WATPEAK. 
The positions of the water molecules were confirmed by 2IF'obsl - IP~a1cl and 
IFobsl - II-~"1cl omit-maps. Calcium 1ons were incorporated into the model 
based on the height of electron densities and the coordination number. The 
positions of calcium ions were further confirmed by means of an anomalous 
scattering measurement. Individual temperature factors were also refined at 
2.5 A resolution. At 2.3 A resolution, the b• -rotation native data set was 
merged with the c• -rotation set. The whole course of the refinement strategy 
is shown in Figure 2.17. 

The refinement procedure was not straightforward because crystallograph­
ic R-values converged to slightly above 20.0 %at 2.0 A resolution on the later 
cycles of the refinement as shown in Table 2.17, and the r.m.s.deviations11 

from the ideal values of the bond lengths and residual angles of the model 
have converged to 0.017 A and 3.122°, respectively. These values were not 
so good for the model refined at 2.0 A resolution. This is because the pro­
tein structure parameters used were exchanged to those of Engh and Huber, 
which can be expected to offer a better model in its geometries, and because 
observed the structure factor amplitudes were scaled to those from the re­
fined model. After the exchange and the scaling, the R-value reduced to 19.3 
% at 2.0 A resolution and the r.m.s. deviations for bond lengths and angles 
were improved to 0.001 A and 1.595°, respectively. In the final cycle of the 
refinement, the freeR value (Rrree) [86] was calculated. The final coordinates 
of the alkaline protease has been processed by the Drookheaven Protein Data 
Bank with the ID code lAKL and will be available soon by the anonymous 
FTP. The strategy and the course of refinement is summarized in Figure 
2.18. 

To estimate the deviation from a Luzzati plot [87] and to determine the 

11 root-mean square deviation. 
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• Initial model 

No 
'------1 Checking of model (R-factor, geometry) 

Figure 2.17: Refinement strategy of the model of the alkaline protease. 
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Figure 2.18: Progress in the structure refinement with program X-PLOR: 
A, start of refinement with 2.8 A resolution initial model; B, extension of 
resolution to 2.5 A; C, addition of 110 water oxygens and 8 calcium ions; 
D, increase of the number of water molecules to 183; E; temperature factor 
refinement; F, extension of resolution to 2.3 A; G, increase of the number 
of water molecules to 253; II, increase of the number of water molecules to 
303; I, b• data set was merged to the initial native data; J, decrease in the 
number of water to 248; K, increase of the number of water molecules to 301; 
L, protein structure parameters were changed to those of Engh and Huber; 
M, the native data set was scaled to the model; N, increase in the number of 
water molecules to 331. 
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absolute scale K and an overall temperature factor n, the Luzzati plot and 
Wilson plot [88] for the alkaline protease were calculated. They are shown 
in Figure 2.19 and Figure 2.20, respectively. The deviation from a Luzzati 
plot was estimated by the plot. The absolute scale factor K and tempera-

R factor Luzzati Plot (0.5 to 0.2) 

0.6 

0.55 

0.05 

o~----~--~----~----~----~----~---------
0.204083 0.254083 0.304083 0.354083 0.404083 0.454083 

1/d 

Figure 2.19: Luzzati plot for the refined model of the alkaline protease at 2.0 
A resolution. The plot is drawn based on 33,698 reflections up to a resolution 
of 2.0 A. The estimated deviation from the Luzzati plot is 0.3. 

ture factor B of structure factor amplitudes !Fabel can be determined by the 
following equation, 

The final model statistics and refinement parameters are summarized in 
Table 2.14. A Ramachandran plot, depicted by the program PROCIIECK 
(89), is shown in Figure 2.21. All residues are observed in the allowed region 
of the Ramachandran plot, and 87.6 %of the total residues (353 residues) lie 



2.2. MATERIALS AND METJIODS 45 

Table 2.13: Crystallographic R-values as a function of resolution or intensity. 

resolution range reflections R-value Accumulated R-value 
3.86-8.00 6041 0.1547 0.1547 
3.13-3.86 5636 0.1671 0.1597 
2.75-3.13 5110 0.2147 0.1695 
2.51-2.75 4591 0.2308 0.1762 
2.33-2.51 4011 0.2495 0.1816 
2.20-2.33 3310 0.2689 0.1861 
2.09-2.20 2751 0.2814 0.1897 
2.00-2.09 2248 0.3053 0.1928 

33,698 

Fobs amplitude range reflections R-value Accumulated R-value 
25.843-1353.265 23,943 0.2798 0.2798 

1353.265-2680.688 6,512 0.1628 0.2297 
2680.688-4008.110 2,359 0.1159 0.2058 
4008.110-5335.532 669 0.0934 0.1972 
5335.532-6662.955 151 0.0709 0.1944 
6662.955-7990.377 47 0.0628 0.1933 
7990.377-9317.800 11 0.044 7 0.1930 

9317.800-10645.222 6 0.0518 0.1928 
33,698 
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Table 2.14: Final model statistics and refinement parameters at 2.0 A reso­
lution. 

Data statistics 
number of reflections 
resolution range (A) 
completeness for range 
data cutoff 

Refinement statistics 
R-valuea) 
free R-valueb) 
free R-value test set 
mean B-value (A 2 ) 

estimated deviation from 
Luzzati plot (A) 

r.m.s.d in 
bond length 
residual angles 
dihedral angles 
improper angles 

Number of 
protein atoms 
water molecules 

33,698 
8.0-2.0 
0.751 
2.0 a 

0.193 
0.225 

10.0% 
26.55 
0.3 

0.010 A 
1.595 deg. 
26.12 deg. 
1.201 deg. 

3,504 
331 

zmc 10n 1 
calcium ions 8 

a)R- value= EIIFoba(h k l)I-IFcaic(h k 1)11/EIFobsl· 
b)free R value= E(hkl)IIFoba(h k 1)1 -IFcalc(h k 1)11/E(hkl)fiFobal· 
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Log( <FP>/<ff>) 

Figure 2.20: A Wilson plot based on 13,153 reflections up to the level of 2.0 
A resolution. The value of the temperature factor B and scale factor K were 
determined to be 27.78 A 2 and 0.0433 from the best fitted line,respectivcly. 

in the most favored region, 11.7 % ( 4 7 residues) are present in the additional 
allowed region and 0.7% (3 residues) are in the generally allowed regions. No 
non-glycine residues fall into the disallowed regions. The average temperature 
factors of the main and side chains are plotted against the residue numbers as 
shown in Figure 2.22. The absolute deviation from mean Xll x2 , w torsions 
, and ( torsions, and secondary structures assignment by the method of W. 
Ka.bsch and C. Sander [90] are shown in Figure 2.23. 

2.3 The N-terminal catalytic domain 

A ribbon drawing of the alkaline protease and a folding diagram are depicted 
in Figure 2.24 and Figure 2.25, respectively. The enzyme has an elongated 
ellipsoidal shape with approximate dimensions of 90 x 42 x 35 A. The enzyme 
has twelve a-helices, twenty :five ,8-stra.nds, one catalytically essential zinc 
ion and eight calcium ions. The structure comprises two structurally dis­
tinct domains: a globular proteolytic (or N-tcrminal) domain whose folding 
topology is very similar to those of other metzincins as discussed later, and a 
C-termina.l domain where ,8-strands are dominantly present. Apart from the 
N-terminal region including a a-helix (al in Figure 2.25), which is associated 
with the C-terminal domain, the proteolytic domain comprising residues 18-
250 the catalytically essential zinc ion in the active center. The domain has 
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Plli(deJI'<C'I) 

Figure 2.21: A Ramachandran plot of the alkaline protease refined at 2.0 
A resolution. Triangles indicate glycine residues and squares, non-glycine 
residues. Tyr190 is in a flexible loop region. The total number of residues is 
470, 87.6 % of which lie in the most favored regions [A,B,L]. 11.7 %of the 
total residues are in the additional allowed regions [a,b,l,p), and 0.7 % fall 
into the generously allowed regions ["'a,"'b,"'l,"'P]. 

69 r-----------------------------------------~ 

~~~ 
I SO 100 ISO 200 lSO 300 JSO ~00 ~SO ~ '0 

(a) 
Residue uumber 

Figure 2.22: Temperature factor (D A?) plots against residue number. (a) 
that of the main chain and (b) that of the side chain. 
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Figure 2.23: Residue properties of the alkaline protease. (a): Absolute de­
viation of x1 torsion angle from the ideal value; (b): absolute deviation w 
torsion angle from the ideal value; (c): absolute deviation of ( torsion an­
gle (defined by the atoms CQ-N-C-C13 ) from the ideal value; (d): schematic 
representation of secondary structure and estimated accessibility assignment; 
(e): Ramachandran plot regions of the residues. 
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a globular shape, with approximate dimensions of 35x38x38 A, as depict­
ed in Figure 2.26. It further consists of two subdomains: the "upper, and 
the "lower, subdomains. They are separated by the active site cleft, which 
horizontally runs through the whole width of the enzyme. The "active site 
helix, a6 comprising residues Y169- 1182, which is inserted between {34 and 
/35, lies at the bottom of the cleft with the zinc ion. 

The upper subdomain partly consists of five ,8-strands, ,83, ,84, ,85, ,86 
and ,87, which are connected by coils in the manner, -1x, +2, + 2, -1 with {36 
antiparallel to the others [92). The ,8-strands make a twisted ,8-pleated sheet 
which serves as the upper wall of the subdomain. Behind the a6, an a-helix 
aS, consisting of residue A90- S104, runs obliquely from top to bottom. A 
coil consisting of Y75- K89, which connects a4 and a5, makes a bulge over 
the {3 pleated sheet being the upper lim of the active cleft. 

Zinc b inding site 

The lower subdomain mainly consists of coils and a-helices, a7 to a9, 
making up the lower rim of the active site cleft. The long a-helix a9, consist­
ing of residue 1236- Y246, lies nearly horizontally from right to left, serving 
as a half of the bottom of the active site cleft. A long coil, consisting of 
residues 0223-1235, makes the other half of the bottom connecting a8 and 
a9. 

The 2IFobsl - IFca~cl electron density map superimposed on the skeletal 
model around the zinc ion is drawn in Figure 2.28 (a). The map was cal­
culated using the phase angles from the final refined model, contoured in 
1.8 a level. Small globular-like electron densities correspond to bound water 
molecules around the active site. The active site cleft has a highly hydrophilic 
environment and approximately 28 water molecules, as shown in Figure 2.27. 
This may contribute to an increase in the accessibility of substrates. Most of 
the bound water molecules are replaced with ligands which bind to the en­
zyme. This is consistent with the case of the complexes between thermolysin 
and the transition state analoques [93). 

The geometries around the zinc ion are shown in Table 2.15. In the zinc 
ligation, the imidazole nitrogens of His176 and H186, and the water oxygen 
are located on the vertices of the triangular base plane which accommodates 
the active site zinc ion. The imidazole nitrogen of His180 and the phenolic 
oxygen of Tyr216 lie perpendicular to this triangle and occupy the vertices 
of the bipyramid. Tyrosine residues equivalent to Tyr216, which serves as 
the fifth zinc ligands in the alkaline protease, are conserved in the sequences 
of all members of the serralysins and the astacins, as shown in Figure 2.36, 
on page 75, but not in the other three superfamilies. The distance between 
the zinc ion and the phenolic oxygen of Tyr216 is somewhat long to make 
a coordinate bond with each other. Therefore, the side chain of Tyr216 is 
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Figure 2.24: A ribbon drawing of alkaline protease from Pseudomonas aerug­
inosa IF03080, depicted with the program MOLSCRIPT [91]. In the figure, 
a-helices are denoted by helical ribbons colored in red, ,8-strands by blue ar­
rows, the active site zinc ion by a green sphere, and calcium ions by magenta 
balls, respectively. 
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C- terminal domain 

Proteolytic domain 

Figure 2.25: A schematic representation of the secondary structure elements 
of the alkaline protease. All of the secondary elements are depicted with 
corresponding one-character codes. a-Helices are depicted as filled black 
cylinders, ,8-strands as arrows. The active site zinc is drawn as a black ball 
with a code 'Zn', calcium ions as white balls. The conserved Met-turn is 
located around M214, drawn as a striped ball. A flexible loop region is 
presented as a doted line. 
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Figure 2.26: A stereo drawing of the proteolytic domain of the alkaline pro­
tease. The relative orientation of this picture is about 180 ° to the molecule 
in Figure 2.25 rotated about an axis perpendicular to the paper plane. He­
lical ribbons and arrows indicate a-helices and ,8-strands, respectively. The 
numbers on secondary structure elements correspond to those depicted in 

Figure 2.25. 

Table 2.15: Geometries around the active site zinc ion. 

Angles (0
) Distances (i\) 

N£186-Zn-N€180 95.03 NE180-Zn 2.20 
NE186-Zn-H20 120.97 OH216-Zn 3.02 
Ne176-Zn-H20 118.53 N€176-Zn 2.36 
NE180-Zn-H20 114.34 NE186-Zn 2.22 
NE180-Zn-NE176 99.61 N~-186-Zn 2.16 
OH216-Zn-H20 63.27 
0H216-Zn-NE176 82.93 OH216-H20 2.86 
011216-Zn-N E186 85.89 0Etl77-H20 2.88 
OII216-Zn-N E180 177.24 0e2177-H20 3.53 
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Figure 2.27: A stereo drawing of the active site with bound water molecules. 
Small balls represent water molecules with dashed lines which show hydrogen 
bonds. There are approximately 28 water molecules inside the active site cleft 
which make a hydrogen bond network. 

able to rotate relatively freely around the zinc ion. As discussed later, the 
Tyr216 plays an important role in binding ligands, making hydrogen bonds 
with them. 

A fl exible loop region 

The loop region of Y190-G195 (Y190-N191-A192-G193-E194-D195) in the 
native alkaline protease, which is depicted as a dashed line in Figure 2.25, 
exhibited an unclear electron density. The average temperature factor in the 
region diverges to more than 70 A 2 , as shown in Figure 2.22, page48 which 
implies that this region disordered. Interestingly, the sequence of the flexible 
loop region in the serralyins is highly conserved as shown in Figure 2.29, 
although it is common in proteins that flexible loops their molecular surfaces 
are less conserved than functionally important portions. This implies that 
the flexible loop region may play an important role in catalytic function. 

2.3.1 Functions of the C-terminal domain of the a l­
kaline protease 

The catalytic (N-terminal) domains of metzincins have a basically common 
folding topology as discussed 
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(a) 

(b) 

Figure 2.28: A stereo drawing of the area around an active site zinc ion. (a) 
The 2JFobsl- IFca!cl map at 2.0 A resolution, superimposed on the skeletal 
model. The contours arc drawn at 1.8 e1level. The zinc ion has five ligands, 
llis176, Ilis180, II186, Tyr216 and one II2 0 molecule. (b) A ball-and-st.ick 
representation around the active site. The conserved Met-turn including 
Met214 is located beneath the active zinc ion. 
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N·terminal extension 10 
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Figure 2.29: Sequence alignment of serralysins. The sequence numbers cor­
respond to the alkaline protease. Zinc ligands are indicated by '*,s. The con­
served zinc binding motif around His180, a flexible loop region, a conserved 
Met-turn, and repeated GGXGXD motifs are boxed or indicated. The align­
ment was performed with program package AMPS [94], and depicted using 
program ALSCRIPT [95]. 
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2 .4 The C-terminal domain 

The C-terminal domain comprises residues 251-470 with eight Ca21- ions 
(Cal Ca8 in Figure 2.25). The domain is highly ,8-strand dominant, con­
taining eighteen ,8-strands, ,88 to ,825. Its approximate size is 47x25x21 A, 
exhibiting an elongated shape. 

T he ,8-h elix region 

The ,8-strands in the domain are incorporated in a two-layer ,8-sandwich 
structure as shown in Figure 2.30. The domain can be subdivided into three 
separate regions on the basis of structural features. The proximal region 
to the catalytic domain, which includes five strands, /38 to /312, adopts a 
mixed parallel/ anti parallel /3-sheet structure with irregularly wound loops. 
The region is connected to the proteolytic domain by a loop linking a:9 to 
,88, and is in contact with the proteolytic domain through one external face 
of this region. The C-terminal region consisting of strands /320 to /325 also 
has a mixed ,8-sheet topology with rather irregular loop connections between 
the successive strands. The central region consisting of six strands, ,814 to 
/319, has a right-handed parallel ,8-helix (R,BH) structure formed by all the 
strands arranged regularly in a spiral. 

TheN-terminal a-helix, a1, is packed predominantly on one external face 
of the ,8-sheet (,815, ,817, ,819) of this region. In the right-handed parallel 
,8-helix (R/3II) structure, two parallel ,8-sheets, (,815, ,817, ,819) and (,814, 
,816, ,818), are packed together in an antiparallel manner. The sheets of 
the central ,8-helix have only a slight twist, which is in striking contrast to 
parallel ,8-sheets found in parallel a/ ,8 domains of proteins. This flatness 
of the sheets in the ,8-helix seems to be a consequence of the characteristic 
Ca21 binding discussed below. This is also in contrast to the nature of the 
,8-sheets in the other regions of the ,8-sandwich structure, which are more 
individually twisted. The inside of the ,8-helix can be further subdivided into 
three regions on the basis of their water molecule accessibility. The central 
core region of the ,8-helix is kept highly hydrophobic, because each set of 
Leu349, Leu367, Leu392, and Leu340, Leu358, Phe376 makes parallel lines 
stacked like a zipper by hydrophobic contact, as shown in Figure 2.31. As a 
result, there is no water molecule in this region. On the other hand, 'upper' 
and 'lower' regions from the central core region are hydrophilic because four 
aspartate residues, Asp338, Asp356, Asp374 and Asp400, are arranged in a 
straight line in the upper region to form the coordinate bonds with Ca3, Ca4 
and CaS. Asn34 7, Asp365 and Asp390 also line up in the lower region and 
form coordinate bonds with Ca6 and Ca7, as shown in Figure 2.31. 

Parallel right-handed ,8-helix structures (R/3II) similar to the central R,Bli 
are also found in pectate lyases C and E from Erwinia chrysanthemi [96, 97], 
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Figure 2.30: C-terrninal domain of the alkaline protease. The domain com­
prises residue 251-470 with eight Ca2-t ions (Ca1-Ca8). The domain is pre­
dominantly formed by ,8-strands, ,88-,825, ,814-,819 of which form a parallel 
right-handed ,8-helix (R,BII) structure. The domain can be further subdived­
ed into three subdomains: catalytic domain proximal region (/38 to /313), 
C-terminal region (/320 to /325), and {3-helix region (/314 to {319). 



66 CHAPTER 2. NATIVE STRUCTURE 

(a) 

Figure 2.31: Stereo drawings of skeletal models in the parallel right-handed 
,Bhelix (R,BH). (a) A stereo drawing of the ,8-helix showing the inside. Two 
lines of three leucine residues, each of which comprises three of the residues, 
make a hydrophobic central region stacked together. The upper side of the 
central region, the 'upper' region, contains three calcium ions, Ca3, Ca4 and 
CaS . The lower region contains two calcium ions, Ca6 and Ca7. (b) The 
same region of the ,8-helix obtained by rotating (a) by 90° about an axis 
running from the top to the bottom of the paper. 
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and the tailspike protein of Salmonella typhimurium phage P22 [98]. In all of 
the structures, the ,8-strands are connected by right-handed crossovers which 
seem to be essential for constructing the ,8-helix structure. 

2.4 .1 Ca2+ binding s ites 

The calcium binding sites were determined by measuring the anomalous dis­
persion effects of calcium ions in the crystal, and calculating an anomalous 
difference Fourier map using the program PHASES [69]. The statistics of this 
measurement are summarized in Table 2.16, and anomalous peak heights and 
sites in Table 2.17. An anomalous difference Fourier map superimposed on 
the skeletal model of the alkaline protease is shown in Figure 2.32. 

Table 2.16: Statistics for native anomalous differences. 

Resolution (A) 4. 76 3. 78 
fi.( 1 t> 3.66 5.59 8.31 
R(- ) 3.79 5.54 8.47 
R(± ) 4.66 6.87 10.37 
R(cent) 3.01 4.59 7.37 
Rw( +)b) 4.31 6.34 9.08 
Rw(- ) 4.48 6.20 9.17 
Rw(± ) 5.42 7.68 11.18 
Rw( cent) 4.28 5.53 8. 78 

&JR( ~) = lOOE I(F2(+))- F 2(+,i)I/EF2(+,i). 
b)Rw( 1 )= ..j(F2( + )) - F 2 ( +, i) 2

/ E wF2
( +, i) 

3.30 
13.13 
12.83 
15.91 
10.91 
13.98 
14.00 
17.06 
11.61 

R( ), Rw(- ), R( cent), Rw( cent) are the similar definitions for 
for negative and centric reflections. 

The ,8-hclix of the alkaline protease is stabilized through Ca 21 binding to 
the sites specialized with the Ca2+ binding motif, G G XGXD XllX (B: bulky 
hydrophobic residue, ideally leucine) . In the motif, loops connecting each of 
the ,8-strands in the ,8-helix make sharp turns bending approximately 180°, 
which provide liganding basements for the Ca2+ ions. This motif is repeated 
four times in total, between the sequence Gly334-Val378. 

The CaS was found to be replaced by an UO~+ ion when the native crystal 
was soaked into the uo~+ solution to prepare the heavy-atom derivative. 
Therefore, the binding site for CaS is inferred to be more susceptible to 
ligand exchanging reactions, maybe due to looser stereo hindrance around 
the site than inside the ,8-helix. 
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Table 2.17: Peak assignments in an anomalous difference Fourier map. The 
atom names in this table correspond to those of Figure 2.25. Fractional 
coordinates in the unit cell are shown for the peak sites. 'l'he eighth calcium 
ion, Ca8, could not be assigned in this peak search. 

Peak number Hight X y z Atom name 
1 296 0.7834 0.2029 0.5134 Ca7 
2 275 0.3177 0.2357 0.174 7 Ca4 
3 265 0.8283 0.2083 0.8626 CaS 
4 259 0.7946 0.2292 0.4893 Ca6 
5 248 0.8286 0.2370 0.8481 Ca3 
6 197 0.4465 0.1977 0.5758 Cal 
7 179 0.4028 0.2211 0.6024 Ca2 
8 170 0.0575 0.1228 0.5641 
9 168 0.2958 0.0943 0.7739 
10 167 0.4527 0.1811 0.3779 
11 166 0.3413 0.2126 0.8268 
12 164 0.2645 0.0451 0.4997 
13 164 0.3759 0.1734 0.6994 
14 163 0.6396 0.0569 0.5506 
15 161 0.3873 0.1598 0.2132 
16 161 0.2550 0.2503 0.1995 
17 161 0.4309 0.1179 0.6624 
18 161 0.7680 0.1455 0.7382 
19 160 0.7329 0.2388 0.6099 
20 159 0.1489 0.2143 0.2139 



2.4. TilE C- TERMINAL DOMAIN 69 

Figure 2.32: A stereo drawing of a native anomalous difference Fourier map 
at 3.0 A resolution. The map, contoured at 4a level, is superimposed on the 
Ca model of the alkaline protease. A calcium ion Ca8 could not be directly 
identified using this map, but could be assigned to an equivalent peak on the 
difference Fourier and 2IFobai-IFca.lcl maps during the refinement procedure. 
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2.4.2 Calcium coordination modes 

T he modes of Ca21 coordination are summarized in Figure 2.34. Bach of the 
calcium ions adopts six-coordination with the main chain carboxyl oxygens 
(0), side chain oxygen (OD1, OD2, OE1, OE2) and water molecules (II2 0), 
except for Ca2 which adopts seven-coordination. 

A stereo drawing of the portion around Ca8 is shown in Figure 2.33. The 

Figure 2.33: Coordination geometry of Ca8. The ion has six ligands, OD1 
and 0 of D446, OD1 of Asp450, 0 of Ilis452, OD1 and OD2 of Asp454. 

Ca8 ion is a distinctive calcium ion compared with the case of Serratia pro­
tease which has seven calcium ions corresponding to Ca1- Ca 7 of the alkaline 
protease. The circle-like loop region comprising residues Phe447- Asp454 be­
tween {323 and {324 makes a calcium binding sites for Ca8. The temperature 
factor for Ca8 shows an abnormally high value (72.9 A2

), probably because 
of low occupancy of the ion 12

. Therefore the Ca8 is thought to be less sig­
nificant for the structural stability of the alkaline protease than the other 
calcium ions. 

2.5 Discussion 

2.5.1 Structural comparison with other metzincins 

Zinc metalloendoproteases hitherto studied are classified into five families as 
shown in Figure 2.1, page 10. All of them possess the zinc atom at their 

12The occupancy of CaB was assumed to 1 during the refinement processes. 
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Figure 2.34: Ca2 '" coordination modes. The boxed region indicates residues 
and ligands in the inside of the ,8-helix. All of the calcium ions adopt six­
coordination geometries, except for Ca2, having a seven-coordination. T he 
repeat of the motif, "GGXGXD XDX, is observed in the boxed region. 
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catalytic centers, where the zinc binding motif, IIEXXII, is present as in 
the cases of bacterial endopeptidase, thermolysin, depicted in Figure 2.36, 
and closely related neutral endopeptidases [43, 40, 99, 100]. In the motif, 
two histidine residues serve as zinc ligands, and the glutamic carboxylate 
is thought to polarize a zinc-bound water molecule for a nucleophilic at­
tack on the scissile peptide bond of a bound substrate [101], as illustrated 
in Figure 2.2, page 12. The fourth ligand to the zinc atom is present 20 
residues downstream from the second histidine ligand, which is in another 
sequence motif NEXXSD embedded in an a-helix running perpendicular to 
the active site helix. However, the IIEXXII motif has been observed not 
only in thermolysins, but also in other various kinds of metalloendoproteas­
es [102]. Some of these contain the further elongated zinc binding motif, 
HEXXIIXXGXXII [39). They are grouped into the superfamily 'metzincin­
s' because all of them have a strictly conserved 1,4-/3 turn, shown in Figure 
2.1, containing a methionine residue beneath the catalytic zinc atom. A se­
quence alignment of the metzincins based on their tertiary structures was 
carried out to reveal similarities in their secondary structure elements, as 
shown in Figure 2.37 The conserved methionine is believed to offer a hy­
drophobic basement for their zinc ligands, beneath the catalytic zinc [39]. 

The metzincin superfamily consists of four families- serralysins, astacin­
s, matrilysins and adamalysins. The serralysins are named after the repre­
sentative enzyme, Serratia protease. The primary structure of the enzyme 
was deduced from the gene sequence of a gram-negative bacterium Serratia 
marcescens [103], and its tertiary structure has recently been determined at 
atomic resolution [104). Tertiary structures of metzincins have been studied 
using X-ray crystallography, and are now available at atomic resolution. To 
reveal folding similarities among metzincins and significant structural differ­
ences which may be associated with functions, astacin [40, 10S], a catalytic 
domain of human fibrobrast collagenase complexed with a peptide hydrox­
amate inhibitor [106, 107], adamalysin II [108], and a ligand-free form of 
Serratia protease [104) were each superimposed on the ligand-free alkaline 
protease using the program LSQKAB (CCP4 program suit), as shown in 
(a), (b) and (c) of Figure 2.38. A thermolysin complexed with a phospho­
ramidon inhibitor [4 7] was also superimposed on the alkaline protease. The 
folding topologies of metzincins turned out to be almost same, in that three 
a-helices, aS, a6 (active helix) and a9, and a {3-pleated sheet comprising five 
/3-strands, /3-3 to /3-7, are present in the 'upper' domain. As shown in Figure 
2.37 and Figure 2.38, these secondary structure elements and Met-turn are 
aligned in the order of /33, aS, /34, /3S, /36, {37, a6 (active helix), 'Met-turn', 
and a9. 
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Figure 2.35: Tertiary structures of zincins. (a) The catalytic domain of 
the alkaline protease, (b) the catalytic domain of the Serratia protease, (c) 
Astacin, (d) the catalytic domain of human fibrobrast collagenase with an 
inhibitor, (e) adamalysin, and (f) thermolysin with an inhibitor. 
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Figure 2.35: -continued. 
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zinc binding moti! Met-turn 

Serralysins 
alkaline proteasP. TLTHE IGHALGLSHPGO(l6) ESTRAYSVMSYWEEQN 
serratia protease TFTHEIGHALGLSHPGO(l6) EDTRQFSLMSYWSETN 
protease A TLTHEIGHALGLSHPAE(l7) EDSRQFSIMSYWSIEN 
protease B TLTHEIGHALGLAHPHE(l6) EDSYQFSIMSY>~OIEN 

protease c TFTHEIGHALGLAHPGE(l6) EDSYQFSIMSYWGENE 

Astacins 
astacin TIIHEL~mAIGFYHEHT(33) EDYQYYSIMHYGKYSF 
meprin (mouse) TIEHETFHALGFFHEQS(35) TPYDYESLMHYGPFSF 
BMPl IVVHELGHVVGFWHEHT ----IGALMHYARNTF 

Matrilysins 
collanenase f VAAHELGHSLGLSHSTD ----IGALMYPSYTFS 
collagenase n VAAHEFGHSLGLAHSSD ----PGALMYPNYAFR 
matrilysin AATHEHELGHSLGMGHSS ----PNAVMY PTYGNG 

Ada.malysins 
adamalysin II TMAHELGHNLGMEHDGK(2) RGASL-CEMRPGLTPG 
atrolysin TMAHELGHNLGMEHOGK(2) RGASL-CEMRPGLTKG 
trimerelysin TMTHELGHNLGMEHODK(3) CEA---CEMSDVISDK 

Thermolysin 
thermolysin VVAHELTHAVTOYTAGL----
elastase VAAHEVSHGFTEQNSGL----

Figure 2.36: Sequence alignment around zinc binding sites of five zinc met­
allocndoprotcase families around zinc binding sites. The 'Met-turn, motif is 
conserved in all of the metzincins. A part of the alignment was cited from 
139]. 

n 
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Figure 2_37: Sequence alignment of metzincins. 
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Figure 2.37: -continued. Serralysins: alkaline protease, protease D and 
Serratia protease. Adamalysins: adamalysin II, EAP 1 and cryitestin. 
Matrilysins: collagenase n, stromelysin and matrilysin. A s tacins: astacin, 
meprin A and BMPl. Designations for secondary structures correspond with 
those in Figure 2.26. Part of this alignment was cited from [38]. 
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N- terminal extensions 

As shown in Figure 2.37, the serralysins (alkaline protease, Serratia protease 
and protease D) have the extension of 40 50 residues in the N-tcrminal region, 
where a1, /31, /32 and a2 are present in this order, compared with the other 
metzincins. These regions further have short N-terminal extensions, as shown 
below, in their inactive zymogens [109]. 

alkaline protease 
protease A 
protease B 
protease C 
Serratia protease 

MSSNSLALK 
M Q QNENVSLNTSAAAKA 
MGKNLSLRQDDAQQALS 
MGKNLSLRQDDAQHALS 
MQSTKKAIEITESSLA 

These zymogens are secreted into the external medium where a divalent 
cation (most likely Ca21 ) mediated activation occurs [109]. The short N­
terminal extensions are removed during the activation process, probably by 
an autocatalytic mechanism. The amino acid profiles of these extensions do 
not correspond with those of typical signal peptides where hydrophobic amino 
acid residues are dominant for enabling intrusion into lipid bilayers. Ques­
tions therefore arise as to what functions these short N-terminal extensions 
possess. Taking into account detailed studies on the secretion machinery of 
proteases B and C which are highly homologous to the alkaline protease, 
these extensions may be essential not for secretion, but rather for rendering 
the protease inactive. In the inactive forms, the N-terminal portions may 
adopt different conformations from those of native forms so that the short 
N-terminal extensions interact with the active site and then arc cleaved by 
autolysis. The N-terminal extensions might also be essential for the proper 
folding of the mature protease, as has been shown for subtilisin where the 
pre-pro-subtilisin transformation occurs [110]. Moreover, in all the families 
except for adamalysins, a conserved Trp residue (designated W57 in Figure 
2.37) is located in a superimposable bend between {36 and {37 of the pleated 
sheet. The tryptophan residue is buried in a hydrophobic environment, which 
might imply that the conserved residue plays a significant role in folding into 
mature forms. 

T he up p er bulge r egion of the a lka line pro t ease 

One of the most remarkable structural differences between the alkaline pro­
tease and other metzincins is the inserted region between {33 and aS, shown 
in Figure 2.37. As a result of the insertion, this region, approximately com­
prising P65- F88, forms an 'upper bulge region' over the catalytic cleft of the 
alkaline protease. As discussed later, this bulge turned out to be associat­
ed with inhibitor binding. The side chain of Asp78 makes salt bridge with 
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Nry 1,2-Arg of the inhibitor, which corresponds with the observation that the 
arginine residue in the peptide portion of the inhibitor enhances the affinity 
to the enzyme [65, 66]. However, the bulge does not seem to be associated 
with substrate binding. 

In the case of adamalysins, a long inserted portion consisting of about 30 
residues is located between {34 and {35. This portion folds into an additional 
a-helix over the five-stranded {3-pleated sheet, making a projection which 
corresponds to the upper bulge of the alkaline protease. However, it may not 
be directly associated with any functional aspect of substrate binding, since 
it is not elongated over the catalytic cleft, which means that the projection 
cannot interact with the substrate. 

With the exception of astacins, the portion between {35 and {36 makes 
another bulge region. In the alkaline protease, this region comprises four 
residues, Ser-Val-Gly-Gly, and bulges out over the catalytic cleft almost per­
pendicular to {35 and {36, as shown in b'igure 2.38. This bulge spatially 
restricts the ligand binding to the enzyme. In contrast, the corresponding 
region of adamalysin II is displaced to the right approximately by 6 A, even 
though the region also makes a bulge (Figure 2.38 (c)). In a collagenase, this 
region does not make a bulge, but forms a part of the rim of the upper wall 
along the active site cleft. As a result, the rim of the upper wall of the colla­
genase is longer than that of the alkaline protease ( I<'igure 2.38 (b)). Even in 
the Serratia protease, this region has a 'more open' conformation than that 
of the alkaline protease. However, the bulges or the rims of this region play a 
certain role in restricting substrate binding. In contrast, the astacin has no 
bulge or rim in this region, making it the least spacially restricted area. This 
might correspond with the observation that the astacin possesses multiple 
substrate binding sites, and only hydrolyzes pentamers or longer substrates 
[105, 111]. 

The region comprising {35-a6 (active helix) has relatively less insertion­
s or deletions than other regions. This implies that these are functionally 
important. Actually, as can been seen in residues around a6, catalytical­
ly invaluable residues, comprising three histidines and one glutamic acid, 
are located in this region making a zinc binding site. The serralysins have 
short insertions containing a portion Tyr-Asn-Ala-Gly-Glu-Gly, which makes 
a flexible loop region between a6 and the Met-turn. This flexible loop region 
turned out to be extremely significant for the serralysins to bind and stabilize 
the substrates, as discussed later. In short, the conformation of the flexible 
region changes on ligand binding, leading to the formation of hydrogen bond­
s with the ligands, and with the phenolic oxygen of Tyr216 to stabilize the 
Michaelis-complexes. In the case of the astacin, a longer region is inserted 
between a6 and the Met-turn, leading to the formation of the largest 'lower' 
wall found among the metzincins as seen in Figure 2.38 (a), as expected from 
the longest insertion between a6 and the Met-turn. Atoms on the lower wall 
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of the astacin , however, has relatively lower temperature factors than those 
of the alkaline protease, leading to the conclusion that the lower wall of the 
astacin takes a rigid conformation during hydrolysis, which contrasts with 
the catalytic mechanism of the alkaline protease discussed later. 

M et- t urns a nd S~ pockets 

The (34 is followed by the strictly conserved 'Met-turn' as shown in Figure 
2.38. The I\lct-turn is located beneath the active site zinc ion, and forms 
the hydrophobic environment for zinc ligands. In serralysins and astacins, 
the conserved methionine residue in the Met-turn is followed by the tyrosine 
residue which serves as the fifth zinc ligand. In contrast, adamalysins and 
matrilysins possess no fifth zinc ligand; instead, bulge-like rims of the so­
called 'S~' pocket arc formed behind the Met-turn. 

By accumulated evidence derived from a vast number of inhibitor-enzyme 
complexes, it has been shown that the s~ pocket , which harbors the p~ side 
chain of the substrate, plays a crucial role in substrate recognition and is 
the most influential determinant for enzyme specificity. As seen in Figure 
2.38, all of the families except for the serralysin, have rims or walls of the S~ 
pockets , which arc designated 'S~' in the figure. Adamalysins and matrilysins 
cannot have a tyrosine residue as the fifth zinc ligand due to steric hindrance 
caused by the rims of the S~ pocket. In the astacins, however, the rims are 
formed in a somewhat different manner from those of the adamalysins and 
the matrilysins. The S~ rim of the astacins are built along the active site 
heLix, juxtaposed to the catalytic zinc, thus providing a room for the fifth 
zinc ligand. In contrast, the region followed by Tyr216 (the fifth ligand of 
the zinc) makes a loop directed downward, causing the serralysins to have 
no s; rims or walls . As a result, the P; side chain of the substrate is less 
sterically hindered in the serralysins than in the other metzincins , implying 
that the serralysins have the relatively broad substrate specificity. As seen in 
Figure 2.5, page 16, the alkaline protease hydrolyzes the oxidized insulin-B 
chain in an almost non-specific manner, which seems to correspond with the 
structural observations made around the s~ pocket. 

2.5.2 Functions of the C-terminal domain of the al­
kaline protease 

The catalytic (N-terminal) domains of metzincins have the basically com­
mon folding topology as discussed above. On the other hand, most of the 
metzincins have additional C-tcrminal domains, which are different from on 
another in their structures and functions. The C-terminal domains act as 'ad­
ditional modules', taking part in a variety of functions. For instance, human 
nutrophil and fiblobrast collagenases have C-terminal domains which play 
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(a) 

(c) 

Figure 2.38: Structural comparison of zincins. 
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(e) 

56 

Figure 2.38: -continued. Structures depicted in bold lines are the alka­
line protease, those in thin lines are (a) astacin, (b) the catalytic domain of 
human fibrobrast collagenase with an inhibitor, (c) adamalysin II, (d) ther­
molysin with an inhibitor, and (e) ligand-free form of Serratia protease. Each 
of the structures was superimposed on the alkaline protease using program 
LSQKAD (CCP4 program suit) and by manual adjustment. The sites around 
the s~ pocket are signatured. 
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a role in unfolding triple-helical collagens. When the C-terminal domain­
s are separated from the catalytic domains, their enzymatic activities are 
lost [112, 113, 114, 115]. The C-terminal domain of matrix metalloprotease 
(MT-MMP), which is a member of the matrilysins, is a functional transmem­
brane linker when it is fused to a secretory protein, and is a tissue inhibitor 
for matrix metalloprotease-1 [116]. The zymogens of the M'l'-MMPs are ac­
tivated on the cell surface by the plasma membrane-dependent mechanism 
specific for the enzymes [117]. Furthermore, breast cancer cells have binding 
receptors on their surfaces for MMP-2, also a member of the matrilysins, 
and the bound MMP-2 can efficiently cleave surrounding matrix components 
[118]. Meprins A and 13, which belong to the astacin family, also have the 
C-terminal domains which act as membrane linkers [119, 120]. In this con­
text, in case of the alkaline protease, the C-terminal domain containing the 
,8-helix region seems to be associated with a functional aspect. 

Accumulated evidence suggests that the domain plays a important role in 
secreting the inactive zymogen of the enzyme into the external medium where 
the divalent cation-mediated activation occurs [109]. As shown in Figure 
2.39, aprA (50.4 kDa), which is the structural gene of the alkaline protease, 
is located in a 8.8 kb fragment of Pseudomonas aeruginosa DNA linked with 
other gene open reading frames, aprD, (63.7 kDa) aprE (48.1 kDa), aprF 
(54.2 kDa) and apr! (13.9 kDa) [121]. The hydrophathy profile of the amino 

I pJUE K72 pUEP74 

Kl El pl E2 p2 EJ K2 PJ E 4 

t I I 
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aprD I a prE I aprF II apr A llaprlj 

Figure 2.39: Genetic organizatin and restriction map of the apr locus derived 
from pJUEK72 [122). Restriction sites indicated are Kpnl (K), EcoRl and 
vull. T he sites at which the lac promoter was inserted in the different plas­
mids are shown as solid downward arrowheads. Coding regions of apr genes 
are shown as open boxes [121]. The products encoded by the genes aprD, 
aprE and aprF together make a one-step secretion machinary for the alka­
line protease. The aprA is a structural gene, encoding the zymogen of the 
alkaline protease, and the apr! , a macromolecular inhibitor for the enzyme. 

acid sequence indicates that AprD lacks a signal peptide but possesses four 
hydrop hobic domains corresponding to putative transmembrane segments, 
characteristic of inner membrane proteins. A motif for the ATP-binding site, 
GXXGXGKS, is located in the C-terminal region of AprD. The hydropathy 
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profile of the second gene, AprE, shows one hydrophobic domain located 
between residues 14 and 36, without signal peptide. The third, AprF, is 
largely hydrophilic with the exception of residues at the N terminus which 
show properties of a typical signal sequence. As shown by the hydrophathy 
profiles of amino acid sequences encoded by the genes, the products encoded 
by aprD, aprE and aprF may together make the special secretion machinery 
driven by the hydrolysis of ATP. 

Many Gram-positive and Gram-negative bacteria secrete extracellular 
proteins into the growth medium [80]. In the case of Gram positive bac­
teria, which only have a cytoplasmic membrane, most of them are secreted 
via the "signal peptide" pathway. In the case of Gram-negative bacteria in­
cluding Psc·u,domonas aeruginosa, in which the cell envelope comprises two 
membranes, the secretion of extracellular proteins always involves a specific 
mechanism. For some of the proteins secreted by Gram-negative bacteria, 
the initial step involves the recognition of a typical N-terminal signal pep­
tide by the general export system and the subsequent translocation of the 
protein across the cytoplasmic membrane, followed by another step requiring 
specific functions to cross the outer membrane. There are also some secreted 
proteins which do not have a signal peptide. For instance a-hemolysin, the 
product of the hlyA gene in hemolytic Escherichia coh strains, docs not have 
a signal peptide. Two envelope proteins, the products of the hlyA-linked 
genes hlylJ and hlyD, are necessary for a-hemolysin secretion [80, 123, 124), 
and the vicinity of the C-terminal portion of a-hemolysin contains a signal 
region which is recognized by the envelope proteins. 

In case of the alkaline protease, the enzyme also has a signal region close 
to the C-terminus [121], which might be recognized by the secretion system 
comprising the products of aprD, aprE and aprF. Protcases U and C, which 
are highly homologous to the alkaline protease, also has secretion signals 
located within the last C-terminal 40 amino acids [125], and the enzymes 
arc secreted into an external medium via the similar secretion machinery. 
All these observations strongly suggest that the C-terminal domain of the 
alkaline protease has a signal region recognized by the one step secretion 
device consisting of the membrane proteins encoded by aprA-linked genes, 
aprD, aprE and aprF, as shown in Figure 2.39. 

The product encoded by apr I is a macromolecule inhibitor for the al­
kaline protease. Recently, the complex between the Serratia protease and a 
macromolecule inhibitor from Erwinia chrisanthemi homologous to that of 
the alkaline protease has been solved by X-ray crystallography[126]. In this 
complex, the N-terminal portion of the inhibitor was located inside the cat­
alytic cleft of the Serratia protease, which accommodates the active site zinc 
ion and general base residue Glul77 13

. The Erwinia chrisanthemi inhibitor 

13The picture of this complex cannot be drawn at present, because the set of coordinates 
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is fold in a compact eight-stranded antiparallel ,8-barrel of simple up-down 
topology as is found in members of the retinol binding protein family, and 
occupies the S~ site of the Serratia protease. The product of the gene apr I 
probably inhibits the zymogen of the alkaline protease in the same manner as 
that of the Serratia protease- Erwinia chrisanthemi inhibitor complex, and 
prevents the components inside the bacterium from uncontrolled hydrolysis 
caused by the enzyme. As mentioned above, the C-terminal domain of the 
alkaline protease consists of three separate subdomains on the basis of struc­
tural features: the catalytic domain proximal region, the C-terminal region, 
and the ,8-helix region. Through sequence similarities with the proteases 
B and C, the C-terminal region of the alkaline protease, which comprises 
strands ,820 to ,825, may be recognized as a signal region by the secretion 
machinery encoded by aprD1 aprE and aprP. The C-terminal region may be 
constructed immediately after the translation of the structural gene, aprA, 
offering a recognition region for the secretion machinery. 

In contrast, the ,8-helix region is inferred to be unstable or almost unfolded 
in the cell, because the Ca2+ concentration inside of bactera is known to be 
relatively low compared with that of the outer medium, and the ,8-helix 
requires Ca2+ to fold stably. It is widely accepted that most of the systems 
for protein secretion or translocation across biological membranes require the 
following principale mechanisms [80]; 

1. The protein to be secreted across a membrane must adopt a "translo­
cation competent" conformation, most likely an incompletely folded 
conformation. Special proteins seem to be necessary to promote its 
establishment or to increase its half-life. 

2. The protein to be secreted must somehow interact with the membrane. 
In most cases, this is achieved by a signal peptide which is subsequently 
cleaved off. 

3. In cases where two membranes have to be crossed (chloroplast en­
velope, mitochondrial outer and inner membranes, and envelope of 
Gram-negative bacteria such as: Pseudomonas aeruginosa1 Serratia 
marcescens, and E. coli) contact sites between the two membranes have 
been implicated in the process. 

4. Biosynthesized proteases must be inactive in the cell of the bacterium 
to avoid hydrolysis harmful to the organisms. 

In the case of the alkaline protease, the unfolded ,8-helix region seems to 
enable the enzyme to adopt the "translocation competent" conformation. 

designated 'lSMP is now hold on in PDB. Refer figure 1- 3 in [127). 
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Very interestingly, a-hemolysin also has eleven tandem repeats of the 
'GGXGXD' motif between the amino acid residue, 789 and 849 1128}, and 
the higher molecular weight zymogen of the a-hemolysin is activated by Ca2 ~ 

after secretion into the extracellular medium 1123). The GGXGXD repeated 
region may fold into the right-handed ,8-helix (R,BH) topology as in the cases 
of the alkaline protease [129, 130, 127) and Serratia protease [104). 

Taking into account all of these observations, the roles of the C-terminal 
domain containing the ,8-hclix region may be deduced as follows; 

1. The alkaline protease lacks a typical signal sequence in the N-terminal 
region. This implies that the enzyme requires a special secretion system 
which is independent from the general secretion systems. 

2. The special secretion system consists of the membrane proteins encoded 
by genes, aprD, aprE, and aprF, which are located in the vicinity of the 
structural gene, aprA, as shown in Figure 2.39. This secretion system 
is driven by the hydrolysis of ATP. 

3. The ,8-helix region of the alkaline protease may adopt an almost un­
folded conformation suitable for passing through the membrane of the 
bacterium. 

4. The macromolecule inhibitor of the enzyme, encoded by apr! located 
proximally to aprF, must inhibit the catalytic activity of the enzyme in 
the inside of the bacterium to avoid harmful hydrolysis by the enzyme. 

5. T he C-terminal region containing strands ,820 to ,825 may be recog­
nized by the secretion mechanism. The macromolecule inhibitor might 
be separated from the enzyme before the enzyme passing through the 
membrane by using the secretion mechanism. 

6. The higher-molecular-weight zymogen of the alkaline protease is subse­
quently activated by Ca2 1- so that the N-terminal extension is cleaved 
off. In this step, the unfolded ,8-helix region folds into a right-handed 
helical conformation, and then the enzyme autocatalytically hydrolyzes 
the N-terminal extension. 



Chapter 3 

Crystal structures of 
complexes 

3.1 Introduction 

As mentioned previously, one of the main purposes of this study is to reveal 
the catalytic mechanism of the alkaline protease. The detailed elucidation 
of the mechanism will solve the questions raised previously ( c.f. Figure 2.6), 
whether the alkaline protease is specific to a substrate which has a lysine or 
an arginine in its P 1 site [64, 65, 66]. It is difficult, however, to understand 
the mechanism by solving only the native structure, because X-ray structures 
are usually steric and do not shed much light on the dynamics of catalysis. 
Although dynamic crystal structures can be obtained using a time resolved 
Laue method, the method is still under development and has some difficulties 
to be solved [131, 132]. Therefore, complexes are usually prepared in order to 
reveal residues, water molecules, metal ligands and conformational changes 
which during the catalytic process. In general, there are two ways to pre­
pare crystals complexed with ligands, e.g., inhibitors, substrate analogues, 
transition state analogues and macromolecules. They are; 

• The soaking method where are soaked native cystals into solutions of 
the ligands for preparing crystals of the complexes. attempted into 
introduce to the crystals. 

• The co-crystallization method where enzymes are complexed with lig-
ands in solution prior to being crystallized. 

In earlier studies on catalytic mechanisms of thermolysin [46, 47, 42, 48, 45, 
44] or carboxypeptidase A [19, 133, 134, 135], almost all the complexes were 
prepared by the soaking method. In the recent studies, some complexes of the 
collagenases [136, 107] and Serratia protease [104], which are members of the 
metzincins ( c.f. Table 2.1, page 10) have been reported to be prepared by the 

88 
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co-crystallization technique. For preparing complexes between the alkaline 
protease and a specific inhibitor or substrate analogue, these two methods 
were tried. Many specific inhibitors for various metalloproteases have been 
developed with the common strategy of using the most susceptible peptides 
(sec Figure 2.6, page 17) with appropriate ligand groups to zinc. A specific 
inhibitor was originally developed for the Serratia protease [66]; 

Bz-Phe-Arg-(NH)-(CGH4 )-m-S-Bzl·HCl (Mw = 736.8) 

This inhibitor was found to be also effective to the alkaline protease (Ki 
= 7.0 11-M) IG5]. Because it has been reported that some complexes of the 
metzincins were prepared by co-crystallization method [136, 107], the method 
was first tried to complex the alkaline protease with the specific inhibitor. 

3 .2 Materials and methods 

Co-crystallization 

A preparation of the enzyme-inhibitor complex by the co-crystallization method 
was conducted as follows; 

1. 10.0 mg of the lyophilized alkaline protease was dissolved in 500 ~tl of a 
solution containing 1 mM of the inhibitor, 1 % ( v /v) dimetylsulfoxide 
(DMSO), and 5 mM CaCl2 /1 mM NaN3 , 

2. The protein solution was placed over stirring the solution in an incu­
bator kept at 37 oc for 12 hours. 1 

3. Aft.er the incubation, the protein solution was filtered with the acetate 
filter (13 mm filter diameter, 45 11-m pore diameter, Disposable Sterile 
Syringe Filter™; Corning Glass Works, Corning, New York, U.S. A.). 

4. To search for crystallization conditions of the complex, the hanging 
drop vapor diffusion method was employed ( c .f. Figure 2. 7, page 19, 
using 97 kinds of reservoir solutions of a sparse matrix.) 

5. 500 1tl of each reservoir solution was poured into each well of the micro 
plate, one by one, and 2 JLl of the reservoir solution poured was mixed 
with an equivalent volume of the complex solution on a siliconized glass 
cover slip. 

6. The glass slips were set on the greased rims of the micro plates, and 
then the plates were placed at 25 °C or 4 °C. 
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Table 3.1: Screening conditions for co-crystallization using a sparce rna-
trix. No.l-50 are from CRYSTAL SCREEN, and No.51- 98, from CRYSTAL 
SCREEN II. 

No. Salt Duffer Precipitant 
1. 0.02 M Ca chloride 0.1 M Na acetate pll 4.6 30% vjv 

2-methyl-2,4-pentanediol 
2. none none 0.4 M K, Na Tartrate 
3. none none 0.4 M N 1!4 Phosphate 
4. none 0.1 M Tris IICl pH 8.5 2.0 M NII4 Sulfate 
5. 0.2 M Na citrate 0.1 M Na Hepes pll 7.5 30% vjv 

2-methyl-2,4-pentanediol 
6. 0.2 M Mg chloride 0.1 M Tris HCl pii 8.5 30% W /v PEG 4000 
7. none 0.1 M Na Cacodylate pH 6.5 1.4 M Na acetate 
8. 0.2 M Na citrate 0.1 M Na Cacodylate pH 6.5 30 % v Jv 2-propanol 
9. 0.2 M NH4 acetate 0.1 M Na citrate pH 5.6 30 % w /v PEG 4000 

10. 0.2 M NH4 acetate 0.1 M Na acetate pll 4.6 30 % w Jv PEG 4000 
11. none 0.1 M Na acetate pH 4.6 1.0 N If -1 Phosphate 
12. 0.2 M Mg chloride 0.1 M Na Hepes pH 7.5 30 % v / v 2-propanol 
13. 0.2 M Na citrate 0.1 M Tris IICl pll 8.5 30% vjv PEG 400 
14. 0.2 M Ca chloride 0.1 M Na Hepes pH 7.5 28% PEG 400 
15. 0.2 M NH4 Sulfate 0.1 M Na Cacodylate pii 6.5 30% wjv PEG 8000 
16. none 0.1 M Na IIepes pH 7.5 1.5 M Li Sulfate 
17. 0.2 M Li Sulfate 0.1 M Tris HCl pli 8.5 30% PEG 4000 
18. 0.2 M Mg acetate 0.1 M Na Cacodylate pll 6.5 20% PEG 8000 
19. 0.2 M NH4 acetate 0.1 M Tris HCl pll 8.5 30 %vjv 2-propanol 
20. 0.21\l NH4 Sulfate 0.1 M Na acetate pH 4.6 25% w/v PEG 4000 
21. 0.2 M Mg acetate 0.1 M Na Cacodylate pll 6.5 30% vjv 

2-methy 1-2,4-pen tanediol 
22. 0.2 M Na acetate 0.1 M Tris IICl pH 8.5 30 % w /v PEG 4000 
23. 0.2 M Mg chloride 0.1 M Na IIepes pll 7.5 30% vjv PEG 400 
24. 0.2 M Ca chloride 0.1 M Na acetate pll 4.6 20 % v /v 2-propanol 
25. none 0.1 M Imidazole pll 6.5 1.0 M N a acetate 
26. 0.2 M NH4 acetate 0.1 M Na citrate pH 5.6 30% vjv 

2-methyl-2,4-pentanediol 
27. 0.2 M Na citrate 0.1 M Na Hepes pll 7.5 20 % v /v 2-propanol 
28. 0.2 M Na acetate 0.1 M Na Cacodylate pii 6.5 30% wjv PEG 8000 
29. none 0.1 M Na Ilepes pH 7.5 0.8 M K,Na Tartrate 
30. 0.2 M NH4 Sulfate none 30% w/v PEG 8000 
31. 0.2 M NH4 Sulfate none 30 % w /v PEG 4000 
32. none none 2.0 ~t Nll4 Sulfate 
33. none none 4.0 ~1 Na Formate 
34. none 0.1 M Na acetate pll 4.6 2.0 M Na Formate 
35. none 0.1 M Na Hepes pH 7.5 1.6 M Na,K Phosphate 
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Table 3.1: -continued. 

36. none 0.1 M Tris HCl pH 8.5 8% w/v PEG 8000 
37. none 0.1 M Na acetate pll 4.6 8% PEG 4000 
38. none 0.1 M Na Hepes pH 7.5 1.4 M N a citrate 
39. none 0.1 M Na llepes pll 7.5 2% v/v PEG 400 

2.0 M NH4 Sulfate 
40. none 0.1 M Na citrate pll 5.6 20% v/v 

20 % w/v PEG 4000 
11. none 0.1 M Na Hepes pH 7.5 10 % v /v 2-propanol 

20% w/v PEG 4000 
12. 0.05 M K Phosphate none 20% w/v PEG 8000 
43. none none 30 % w /v PEG 1450 
14. none none 0.2 M Mg Formate 
15. 0.2 M Zn acetate 0.1 M Na Cacodylate pll 6.5 18 % w /v PEG 8000 
46. 0.2 M Ca acetate 0.1 l\1 Na Cacodylate pH 6.5 18 % w /v PEG 8000 
47. none 0.1 M Na acetate pll 4.6 2.0 M NH4 Sulfate 
48. none 0.1 M Tris HCl pll 8.5 2.0 M NH4 Phosphate 
49. 1.0 M Li Sulfate none 2% w/v PEG 8000 
50. 0.5 M Li Sulfate none 15% w/v PEG 8000 
51. 2.0 Sodium chloride none 10% w/v PEG 6000 
52. 0.01 M Cetyl none 0.5 M N a chloride 

trimethylammoniumbromide 0.01 M Magnesium chloride 
hexahydrate 

53. none none 25 % v /v Ethylene glycol 
54. none none 35 % v/v Dioxane 
55. 2.0 M Ammonium sulfate none 5 % v /v isopropanol 
56. none none 1.0 M Imidazole pH 6.5 
57. none none 10% w/v PEG 1000 

10% w/v PEG 8000 
58. 1.5 M Na chloride none 10 % v /v Ethanol 
59. none 0.1 M Na acetate pii 4.6 2.0 M Na chloride 
60. 0.2 M N a chloride 0.1 M Na acetate pH 4.6 30% v/v MPD 
61. 0.01 M Cobalt chloride 0.1 M Na acetate pH 4.6 1.0 M 1,6 Hexanediol 

hexahydrate 
62. 0.1 M Ca chloride 0.1 M Na acetate pll 4.6 30% v/v PEG 400 
63. 0.2 M N H4 sulfate 0.1 M Na acetate pH 4.6 30% w/v PEG 400 
64. 0.2 M NJI4 suflfate 0.1 M Na citrate pll 5.6 2.0 M Nll4sulfate 
65. 0.5 M Nll4 sulfate 0.1 M Na citrate pH 5.6 1.0 M Li sulfate 
66. 0.5 M Na chloride 0.1 M Na citrate pH 5.6 4 %w/v Polyethyleneimine 
67. none 0.1 M Na citrate pH 5.6 35 % v /v tert-butanol 
68. 0.01 M Ferric chloride 0.1 M Na citrate pll 5.6 10% v/v Jerramine M-600 

hexahydrate 
69. none 0.1 M Na citrate pll 5.6 2.5 M 1,6 Hexanediol 
70. none 0.1 M MES pH 6.5 1.6 M Magnesium sulfate 

heptahydrate 
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Table 3.1: -continued. 

71. 0.1 M Na phosphate monobasic none none 
0.1 M K phosphate monobasic 

72. none 0.1 M MES pH 6.5 12% w/v PEG 20,000 
73. 1.6 M NH4 sulfate 0.1 M MES pll 6.5 10% vfv Dioxane 
74. 0.05 M Cesium chloride 0.1 M MES pH 6.5 30% v/v Jeffamine M-600 
75. 0.01 M Cobalt chloride 0.1 M MES pH 6.5 1.8 M Nl£4 suflate 

hexahydrate 
76. 0.2 M NH4 suflate 0.1 M MES pH 6.5 30% w/v PEG monomelhylether 
77. 0.01 M Zinc sulfate 0.1 M MES pii 6.5 25% vfv PEG monomelhylether 

heptahydrate 0.1 M MES pH 6.5 550 
78. none none 1.6 M Na citrate pH 6.5 
79. 0.5 M Nll4 sulfate 0.1 M Ilepes pH 7.5 30% vfv MPD 
80. none 0.1 M Hepes pH 7.5 10 % wv I PEG 6000 

5% vfv MPD 
81. none 0.1 M Hepes pH 7.5 20% v/v Jeffamine M-600 
82. 0.1 M Na chloride 0.1 M llepes pll 7.5 1.6 M N I£4 sulfate 
83. none 0.1 M Hepes pH 7.5 2.0 M NI£4 formate 
84. 0.05 M cadmium sulfate 0.1 M Hepes pH 7.5 1.0 M Na acetate 

octahydrate 
85. none 0.1 M IIepes pll 7.5 70% v/v MPD 
86. none 0.1 M Hepes pll 7.5 4.3 M Na chloride 
87. none 0.1 M llepes pll 7.5 10% w/v PEG 8000 

8 % v /v ethylene glycol 
88. none 0.1 M Hepes pH 7.5 20% w/v PEG 10,000 
89. 0.2 M Magnesium chloride 20% w/v PEG 

hexahydrate 0.1 M Tris pll 8.5 3.'1 M 1,6 Hexanediol 
90. 0.1 M Ca chloride dihytdrate 0.1 M Tria pll 8.5 25% vfv tert-butanol 
91. 0.01 M Nickel chloride 0.1 M Tris pll 8.5 1.0 M Li sulfate 

hexahydrate 
92. 1.5 M NII4 sulfate 0.1 M Tris pll 8.5 12 % v /v glycerol 
93. 0.2 M NII4 phospharte 0.1 M Tris pll 8.5 50% v/v MPD 

monobasic 
94. none 0.1 M Tris pH 8.5 20% v/v Ethanol 
95. 0.01 M Ni chloride 0.1 M Tris pll 8.5 20% w/v PEG 

hexahydrate monomethylether 2000 
96. 0.1 M Na chloride 0.1 M llicine pll 9.0 30% w/v PEG 

monomethylether 550 
97. none 0.1 M Bicine pll 9.0 2.0 M Magnesium 

chlroride hexahydrate 
98. 2% v/v Dioxane 0.1 M Bicine pll 9.0 10% w/v PEG 20,000 
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The reservoir conditions used are listed in Table 3.1. Visible but thin 
crystals were obtained from no.l7, no.28, no.31 and no.29 under the condi­
tions listed in Table 3.1. After some trials to enlarge the crystals obtained, 
taking account of the successful conditions in Table 3.1, prismatic crystals 
were harvested, as shown in Figure 3.1 which differed in shape from those 
of the native crystals. The crystallographic parameters of the complex is 

Figure 3.1: Crystals prepared by the co-crystallization. 

summarized in The data from a co-crystallized complex was collected under 
the condition shown in Table 3.2. 

Soaking in an inhibitor solution 

Native crystals were soaked in ligand solutions to prepare complexes. An 
inhibitor solution was prepared as follows; 

1. 7.37 mg of the inhibitor was dissolved in 200 J.Ll of acetone in a tube 
(1.5 ml volume). 

2. 200 1J.l of the reservoir inhibitor solution was added to the inhibitor 
solution, then the mixed solution was sonicated for 30 min. 

3. 200 ttl of acetone and 400 J.Ll of the reservoir solution were added to the 
sonicated solution, which was sonicated further for 30 min. 

4. A native crystal was soaked in a siliconized capillary, half of which 
was filled with the solution ( 10 mM inhibitor, acetone + the reservoir 
solution (3:2 vjv) solution), for 5 days at 25 °C in a procedure similar 
to that described in Figure 2.11, page 23. 

1 Because the inhibitor is slightly soluble in water, DMSO was added to the solution to 
increase the solubility. 
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Soaking in syn t hetic p ep t ide solu t ions 

Three synthetic peptides were kindly donated by Dr. K. Morihara. They 
are; 

Z-Ala-Gly-Gly-Leu (Mw = 492) 
Z-Phe-Gly-Ala-Ala (Mw = 523) 
Z-Phe-Lys-Ala-Ala (Mw = 612) 

However, both Z-Phe-Gly-Ala-Ala and Z-Phe-Lys-Ala-Ala were slightly sol­
uble in the reservoir solution, so Z-Ala-Gly-Gly-Leu was used for further 
experiments as follows; 

1. 4.92 mg of the Z-Ala-Gly-Gly-Leu was dissolved in 1 ml of the reservoir 
solution (50 mM acetate buffer (pH 5.6), 6% (w/v) polyethylene gly­
col 6000 and 1 mM NaN3 ), to prepare a 10.0 mM Z-Ala-Gly-Gly-Leu 
solution. 

2. A native crystal was soaked in the solution, in a similar manner to that 
described above, for 3 days at 25 °C. 

Besides them, another synthetic peptide; 

Ac-Tyr-Val-Gly (Mw = 333, Peptide Institute Inc., Osaka, Japan) 

was purchased and tried. This peptide has the virtu of being soluble in the 
reservoir solution with acetone. A native crystal was soaked in the peptide 
solution prepared as follows; 

1. 3.3 mg of the specimen was dissolved in 250 p.l of the reservoir solution 
(50 mM acetate buffer (pH 5.6), 6 % (w/v) polyethylene glycol 6000 
and 1 mM NaN3 ). 

2. 500 f.Ll of acetone was added to the solution to increase the solubility 
of the peptide, and the solution was stirred for 30 min. 

3. A native crystal was soaked in a siliconized capillary, half of which was 
filled with the solution at 25 °C for 3 days, in a similar way to that in 
Figure 2.11, page 23. 

3.3 Data collection of complexes 

Diffraction data the complexes were collected using an R-AXIS IIC (Rigaku 
Denki Co., Ltd., Tokyo, Japan). Data collection conditions for the complexes 
prepared by the soaking and co-crystallization methods are shown in Table 
3.2, and soaked ones in Table 3.3-3.5, respectively. All data sets were 
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Table 3.2: Data collection condition for an inhibitor complex prepared by 
co-crystallizaion 

Ligand (co-crystallized) 
Crystal size 
Wavelength 
Measurement apparatus 
Generator 
Focus 

Filter 
X-ray power 
Rotation axis 
Oscillation angle 
Number of flames 
Crystal-to-detector distance 
Detector two-theta angle 
Exposure time per flame 
Resolution 
Measurement temperature 

Bz-Phe-Arg-(NH)-(CsH4,-mrBzl 
0.5x0.4x0.3 mm 

1.5418 A (Cu-Ka) A 
R-AXIS IIC 

RU-300 
0.3x3.0 mm, 

double mirror focusing, fine 
Ni, 0.00015 mrn 
40 kV, 100 rnA 

~b· 

2.0 deg. 
47 

170.52 mm 
12.99 deg. 

25 min. 
2.2 A 

20.0 oc 
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Table 3.3: Data collection conditions for an inhibitor complex prepared by 
the soaking. A native crystal was soaked in a 10 mM Bz-Phe-Arg-(NH)-­
(C6Il4)-111rBzl solution for 5 days on 25°C. 

Ligand (soaked) 
Crystal size 
Wavelength 
Measurement apparatus 
Generator 
Focus 

Filter 
X-ray power 
Rotation axis 
Oscillation angle 
Number of flames 
Crystal to detector distance 
Detector two-theta angle 
Exposure time per flame 
Resolution 
Measurement temperature 

Bz-Phe-Arg-(NII)-( C6ll4 )-111r Bzl 
l.Ox0.6x0.4 mm 

1.5418 A (Cu-ka) A 
R-AXIS IIC 

RU-300 
0.3x3.0 mm, 

double mirror focusing, fine 
Ni, 0.00015 mm 
40 kV, 100 rnA 

3::b• 
2.0 deg. 

52 
169.54 mm 
13.93 deg. 

25 min. 
2.1 A 

20.0 oc 
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Table 3.4: Data collection condition for Z-Ala-Gly-Gly-Leu complex prepared 
by soaking. /\. native crystal was soaked in a 10 mM Z-Ala-Gly-Gly-Leu 
solution for 3 days at 25 °C. 

Ligand (soaked) 
Crystal size 
Wavelength 
Measurement apparatus 
Generator 
Focus 

Filter 
X-ray power 
Rotation axis 
Oscillation angle 
Number of flames 
Crystal to detector distance 
Detector two-theta angle 
Exposure time per flame (mim.) 
Resolution 
Measurement temperature 

Z-Ala-Gly-Gly-Leu 
0.5x0.4x0.3 mm 
1.5418 (Cu-ka) A 

R-AXIS IIC 
RU-300 

0.3x3.0 mm, 
double mirror focusing, fine 

Ni, 0.00015 mm 
40 kV, 100 m/\. 

~b· 

2.0 deg. 
52 

171.50 mm 
14.06 deg. 

25 min. 
2.1 A 

20.0 oc 
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Table 3.5: Data collection condition for Ac-Try-Val-Gly complex. A native 
crystal was soaked into a 10 mM Ac-Try-Val-Gly solution for 3 days at 25 
a c. 

Ligand (soaked) 
Crystal size 
Wavelength 
Measurement apparatus 
Generator 
Focus 

X-ray power 
Rotation axis 
Oscillation angle 
Number of flames 
Crystal to detector distance 
Detector two-theta angle 
Exposure time per flame 
Resolution 
Measurement temperature 

Ac-Try-Val-Gly 
l.Ox0.6x0.2 mm 
1.5418 (Cu-Ka) 

R-AXIS IIC 

0.3x3.0, 
double mirror focusing, fine 

40 kV, 100 rnA 
~b· 

2.0 
47 

170.52 mm 
12.99 deg. 

25 min. 
2.2 A 

20.0 oc 
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processed using a profile fitting method [137] to generate structure factor 
amplitudes with a program R-AXIS IIC Data Processing Software installed 
on a workstation Iris Indigo2 (Silicon Graphics Inc., California, U. S. A.). 
Data collection statistics for the complexes are shown in Table 3. 7. 

Molecular replacement 

The molecular replacement method [138] is one of the ways to phase struc­
ture factor amplitude IFI(h k l)js. The method assumes that proteins, which 
are homologous in their amino acid sequences, are similar in the tertiary 
structures, even if their crystal systems differ each other. A structurally es­
tablished molecule can be placed in the target unit cell by determining the 
proper orientation and position. First, the proper rotation function must 
be calculated by rotation search. The next step is a translation search to 
superimpose the known molecule on the unknown. The molecular replace­
ment method was performed with the program X-PLOR version 3.1 based 
on Patterson correlation (PC) refinement [139], using the refined model of 
the alkaline protease at 2.0 A resolution as an initial searching model. The 
procedures were as follows; 

1. Water molecules and calcium ions were removed from the initial search 
model. 

2. The initial rotation functions were calculated with the Eulerian angles 
(81 02 83), d using a direct rotation search protocol in the X-PLOR 
package. 

3. The most probable 160 sets of Eulerian angles were selected according 
to their Patterson correlation coefficient values. 

4. The translation function was calculated searching for the asymmetric 
unit of the target unit cell (0 ~ x, y, z ~ 0.5) divided into multiple grids 
in dimensions of 1.0 x 1.0 X 1.0 A. 

5. The initial searching model was superimposed well on a molecule in the 
target unit cell according to the result from the rotation and translation 
functions. 

6. The generated model was refined using the slow-cooling protocol [84, 
131] in the X-PLOR package, adding water molecules to the model and 
gradually increasing the resolution to 2.5 A. 

Prior to the structure refinements of the complexes prepared by the soaking 
method, a structure model of each ligand was constructed referring to a 
parameter handbook [140). The structure of each complex was refined by the 



100 CHAPTER 3. CRYSTAL STRUCTURES OF COMPLI!JXI!JS 

Table 3.6: Crystallization conditions and crystallographic parameters of com­
plexes prepared by co-crystallization. The parameters were refined with an 
R-AXIS IIC. The crystal contains two molecules in the asymmetric unit. 

Protein solution 

Incubation 

Method 
Time (month) 

Crystal size (mrn) 
Space group 
a (A) 
b (A) 
c (A) 
z 
Vm (A3) 

VM (A) 
v.olv 

2 % ( w /v) protein solution of 
5 mM CaCla/1 mM NaN3 

+ 1 % dimethylsulphoxid (DMSO) 
+ 1 mM synthetic inhibitor 

37°C, 12 hours 

sitting drop vapor diffusion 
1-2 

0.5x0.4x0.3 
P212121 

81.8 
164.2 
80.1 

8 
1075,830.5 

2.69 
0.46 
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Table 3.7: Data. statistics of complexes. 

Crystals 

Ligand Inhibitor Z-Ala-Gly-Gly-Leu Ac-Tyr-Val-Gly 
Preparation method 
Resolution (A) 
Total observations 
(I > a(I)) 

----~--------~~--------~---.co-cry. soaking soaking soaking 
15- 2.1 15-2.1 15- 2.1 15- 2.1 
45,719 34,437 35,437 33,935 

Unique reflections 22,926 
Completeness of data.(%) 96.8 
a)Rrnerge (%) 10.03 
Rreliability (%) 9.61 

a))Rmerse(%) lOOE•I(J,) 1,1/IEiJ,; 

23,458 
81.3 
7.45 
7.95 

24,017 
80.1 
6.88 
7.33 

(I;) is the average of Ii over all observed symmetry equivalents. 
• co-crystallization. 

26,684 
81.8 
6.40 
7.17 

slow-cooling protocol [84, 131] at 2.3 A resolution. The refinement procedures 
were as follows; 

1. The model was refined by one cycle of the slow-cooling protocol. The 
annealing temperature during the refinement was reduced from 800 K 
to 300 K. 

2. A IFobsl- IFca!c l (Difference Fourier) map of the complexe was calcu­
lated, and each ligand model was superimposed on the electron 

density map, removing the water molecules around the placed ligands. 

3. In regions where large conformational changes occurred, the model was 
manually rebuilt to fit the corresponding IFobsi - IFcalcl maps. 

4. The second cycle of slow-cooling was performed with the modified mod­
el by reducing the temperature from 800 K to 300 K. 

PC-refinc m cni and translation search 

The direct rotation search followed by the ?~refinement [139] generated 
six peaks (> 0.14 in Patterson correlation coefficient) as shown in Figure 
3.2. Each set of the Eulerian angles derived from the peaks of the rotation 
function was used for setting the initial orientation of the search model to 
perform the following translation searches, which were carried out for each 
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of two molecules in the asymmetric unit. 
The resulting crystal packings were examined to see whether the arrange-

RefmedPC 

0.14 

0.12 

0.1 

0.08 

0.06 

0.04 

0.02 

0 
25 50 

Figure 3.2: PC-refinement. Peaks come from Patterson correlation (PC) 
refinement. Six peaks showing values larger than 0.14 in patterson correlation 
coefficient were found. The vertical axis indicates values of PC, and the 
horizontal, solution indices of the preceded rotation search. 

Table 3.8: Results from the rotation and translation functions . The searching 
operations were carried out independently for each of two molecules in the 
asymmetric unit. 

molecule A 

Rotation function (0
) (01 ,02 ,(}3 ) (98.714 56.485 137.58) 

Translation function (A) ( 7.775 0.000 12.411 ) 
Patterson correlation 0.1976 

molecule 13 

(93.125 41.904 141.24) 
(35.805 72.850 22.520) 

0.1974 

ment of the molecules in the unit cell was appropriate, and the crystal­
lographic statistics calculated from the packings matched the actual ones. 
Finally, one set of the rotational and translational parameters could be se­
lected among the candidates . This set offunctions is listed in Table 3.8. The 
structure model of two anhydrous molecules, reasonably located in the unit 
cell, was refined with a simulated annealing protocol in the program pack­
age X-PLOR (version 3.1), and water molecules were added to the model. 
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The current. crystallographic R-value of the structure, which consists of two 
enzyme molecules and 195 water molecules, has been reduced to 21.2 % for 
the data between 8.0 2.8 A resolution. The refinement procedure is now in 
progress, by gradually extending the resolution. The mode of crystal packing 
of the complex is demonstrated in Figure 3.3. 

Figure 3.3: Crystal packing of a complex obtained by the co-crystallization. 
Each asymmetric unit contains two molecules. The crystal belongs to space 
group, P212121 , with unitcell dimensions of a= 81.8 A, b = 164.2 A, and c 
= 80.1 A. 

3 .3.1 Crystal s tructures of complexes prepared by 
the soaking m ethod 

Complexes prepared by the soaking method turned out to be more suitable 
for complex analysis than those prepared by the co-crystallization because 
the isomorphism of those prepared by the soaking method was completely 
maintained after ligand binding. Structure refinement of the three complexes 
carried out using a few cycles of the simulated annealing technique, comple­
mented by manual model re-building and interpretation of water molecules. 
The final model statistics of the complexes are shown in Table 3.9. The dif­
ference Fourier maps and schematic representations of ligands are depicted in 
Figure 3.4 3.6. The refined coordinates of ligands are on Table 3.10-3.12, 
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respectively. Ligand- protein distances are summarized on Table 3.13. To 

Table 3.9: Final model statistics of complexes prepared by soaking method. 

Crystals 

Inhibitor Z-Ala-Gly-Gly-Leu Ac-Tyr-Val-Gly 
Resolution (A) 8.0- 2.3 8.0- 2.3 8.0 2.2 
No. of reflection 21,118 21,270 24,834 

Completeness 67.8 68.3 69.3 
of data(%) 

R-value (%) 18.0 17.7 18.8 
rmsd in 
bond length (A) 0.012 0.026 0.026 

angle (0
) 2.896 1.790 1.866 

No. of 289 300 289 
water molecules 

confirm the ligand binding to the active site of the alkaline protease, differ­
ence Fourier maps were calculated with the refined models. The difference 
Fourier maps revealed clear electron densities for the ligands as shown in 
Figure 3.4-3. 6. 

3.4 Discussion 

As shown in Figure 2.29, page 60, the portion corresponding to the flexible 
loop region of the alkaline protease, Tyr190- Glu195, are almost completely 
conserved for all members of the metzincin superfamily, which is consistent 
with the observation that the flexible loop region of the alkaline protease 
plays a significant role in ligand stabilization as mentioned above. Tyrosine 
residues which correspond to Tyr216 of the alkaline protease are present in 
the conserved Met-turn of the superfamily . The tyrosines probably serve as 
the fifth ligand to the active site zinc, and their conformation should change 
on ligand binding in the same way similar to that observed in the alkaline 
protease. In conclusion, the ligand stabilization mechanism the the 'flipping' 
of Tyr216 and its hydrogen bonds to Asn191 in the flexible loop, may be 
a common mechanism among the serralysins. The so-called 'St' pocket' of 
the serralysins are not hydrophobic, which is in contrast with those of the 
thermolysins and carboxypeptidases [141, 43]. In the alkaline protease, the 
S1' pocket is formed by Thr173, Arg209, Tyr216 and six water molecules, 
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p 

Figure 3.4: A stereo drawing of the final difference Fourier map around the 
inhibitor. The final refined skeletal model was superimposed on the electron 
density, contoured at 2.8 u level. A flexible loop region is depicted in a bold 
line. 
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Figure 3.5: (a) A stereo drawing of the final difference Fourier map around 
the Z-Ala-Gly-Gly-Leu peptide ligand. The final refined skeletal model was 
superimposed on the electron density, contoured at 3.0 u level. (b) a schemat­
ic representation of ligand-protein interactions. 
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Table 3.10: Refined inhibitor coordinates. B; temperature factor, BZL; ben-
zyl, MA; mercaptoamilide, BZ; benzene. X1 Y1 Z are in angstroms in an 
orthogonal coordinates (A). Occupancies are set to unity. 

Atom Residue X (A) Y(A) Z(A) B (A2 ) 

1CB BZL 55.822 82.281 24.953 54.97 
1CG BZL 56.614 81.496 25.967 53.53 
1CD1 BZL 56.480 81.805 27.317 51.99 
1CD2 BZL 57.480 80.472 25.600 53.10 
1CE1 BZL 57.188 81.098 28.278 51.78 
1CE2 BZL 58.196 79.748 26.563 50.93 
1CZ BZL 58.052 80.064 27.898 51.86 
2SD MA 56.103 81.933 23.149 51.57 
2CG MA 55.294 83.304 22.188 59.35 
2CD1 MA 55.111 83.182 20.805 59.63 
2CD2 MA 54.867 84.419 22.892 58.97 
2CE1 MA 54.428 84.257 20.120 59.41 
2CE2 MA 54.208 85.438 22.235 58.54 
2CZ MA 53.972 85.379 20.857 59.86 
2N MA 53.268 86.468 20.218 61.21 
N ARG 50.238 87.381 18.572 58.35 
CA ARG 51.343 87.717 19.4 72 58.72 
CB ARG 50.863 88.641 20.617 57.15 
CG ARG 50.311 90.004 20.171 56.87 
CD ARG 51.333 91.133 20.317 56.17 
NE ARG 51.386 91.664 21.685 57.23 
cz ARG 51.731 92.917 22.006 56.73 
NR1 ARG 52.064 93.791 21.064 57.42 
NR2 ARG 51.766 93.296 23.280 58.06 
c ARG 51.930 86.440 20.085 59.70 
0 ARG 51.284 85.380 19.939 57.28 
3N PRE 48.470 88.353 15.570 60.71 
3CA PRE 49.032 87.334 16.461 59.72 
3CB PRE 49.555 86.156 15.636 59.13 
3CG PRE 49.982 84.978 16.463 60.27 
3CD1 PRE 49.042 84.021 16.869 59.89 
3CD2 PRE 51.336 84.788 16.793 59.85 
3CE1 PRE 49.439 82.876 17.591 60.29 
3CE2 PRE 51.753 83.651 17.514 60.20 
3CZ PRE 50.798 82.689 17.911 60.46 
3C PRE 50.161 87.891 17.343 59.52 
30 PRE 51.022 88.660 16.871 59.61 
4CG BZ 47.192 88.997 15.911 60.36 
4CD1 BZ 46.866 89.283 17.218 59.69 
4CD2 BZ 46.273 89.325 14.869 59.39 
4CE1 BZ 45.664 89.932 17.539 58.60 
4CE2 BZ 45.070 89.980 15.174 58.58 
4CZ BZ 44.762 90.281 16.515 58.97 
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Table 3.11: Refined ZAGGL ligand coordinates. B; temperature factor, Z; 
bcnzyloxycarbonyl. X, Y, and Z are in the orthogonal coordinates (A). Oc-
cupancies are set to unity. 

Atom Residue X (A) Y(A) Z(A) B (A2
) 

CB z 54.206 89.870 19.442 51.47 
CG z 52.808 89.804 18.917 52.35 
CD1 z 52.143 88.575 18.833 52.92 
CD2 z 52.150 90.962 18.507 52.56 
CE1 z 50.834 88.505 18.344 52.64 
CE2 z 50.850 90.913 18.015 51.62 
cz z 50.187 89.683 17.931 51.98 
OE z 54.972 88.900 19.432 51.13 
c z 56.088 88.932 18.668 51.89 
0 z 56.986 89.734 18.928 50.81 
N ALA 56.350 87.633 18.202 49.12 
CA ALA 55.404 86.890 17.374 50.46 
CB ALA 56.109 86.377 16.148 49.90 
c ALA 54.832 85.720 18.177 50.90 
0 ALA 53.818 85.858 18.887 51.92 
1N GLY 55.525 84.504 18.041 52.07 
lCA GLY 55.114 83.324 18.775 50.58 
1C GLY 55.874 83.384 20.091 50.74 
10 GLY 57.108 83.264 20.089 49.35 
2N GLY 55.114 83.594 21.264 51.54 
2CA GLY 55.741 83.698 22.578 53.35 
2C GLY 55.884 82.437 23.406 53.83 
20 GLY 56.124 81.360 22.864 52.20 
N LEU 55.785 82.614 24.804 56.50 
CA LEU 55.860 81.532 25.807 59.58 
CB LEU 57.253 80.872 25.848 57.29 
CG LEU 57.343 79.775 26.927 56.23 
CD1 LEU 56.168 78.803 26.759 53.61 
CD2 LEU 58.650 79.034 26.873 54.79 
c LEU 55.474 82.010 27.238 61.87 
0 LEU 54.280 81.883 27.609 63.11 
OT LEU 56.365 82.477 27.994 63.32 
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Table 3.12: Refined Ac-Y-V-G ligand coordinates. D; temperature factor, 
AC; acetyl. Occupancies are set to unity. 

Atom Residue X(A) Y(A) Z(A) B (A2 ) 

c AC 54.448 81.572 17.358 52.88 
0 AC 54.464 82.160 16.268 54.31 
CT3 AC 53.775 80.195 17.475 51.45 
N TYR 54.589 82.244 18.586 51.52 
CA TYR 55.309 83.523 18.701 50.08 
CB TYR 54.316 84.679 18.518 49.36 
CG TYR 54.889 86.066 18.692 50.50 
CD1 TYR 55.760 86.616 17.740 49.27 
CE1 TYR 56.261 87.923 17.893 49.75 
CD2 TYR 54.534 86.853 19.802 50.25 
CE2 TYR 55.028 88.160 19.960 49.54 
cz TYR 55.887 88.682 19.005 48.82 
OH TYR 56.365 89.958 19.160 49.67 
c TYR 56.044 83.606 20.054 48.76 
0 TYR 57.259 83.373 20.108 45.72 
N VAL 55.259 83.904 21.204 48.85 
CA VAL 55.827 83.978 22.581 49.06 
CB VAL 54.994 84.961 23.517 48.11 
CG1 VAL 55.360 86.468 23.285 45.98 
CG2 VAL 53.517 84.746 23.290 46.76 
c VAL 55.938 82.587 23.279 48.17 
0 VAL 55.532 81.582 22.717 44.57 
N GLY 56.497 82.525 24.566 50.68 
CA GLY 56.614 81.242 25.269 54.04 
c GLY 56.959 81.232 26.770 55.58 
0 GLY 56.282 81.946 27.562 55.56 
OT GLY 57.899 80.490 27.167 55.60 
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which implies that the inside of the pocket is rather hydrophilic. Moreover, 
the pocket is larger than those of thermolysins and collagenases. 

To the author's knowledge, there have been no complexes between z­
inc metalloproteases and inert peptide substrates. except for the present 
structures of complexes. The present X-ray structures of the complexes are 
landmarks from a point of view that the peptide ligands bind to the enzyme 
without hydrolysis. The peptide-enzyme complexes mimic the interactions 
between the natural substrates and the enzyme, providing information more 
useful to elucidate the catalytic mechanism of the enzyme than that obtained 
from an inhibitor enzyme complex. The reason why the peptide-ligands were 
complexed with the enzyme without hydrolyzation is thought to be as follows. 

• The pii values (pH 5.6) in preparing the complexes were rather acidic 
compared with the optimum pH (pll7-9) of the enzyme. In such an 
acidic condition, the 061 ,2 of the 'general base residue' Glu177 were 
probably protonated, decreasing the nucleophilicity of the residue. In 
a phosphate inhibitor-thermolysin complex, Glu143, which is presumed 
to be a general base residue, also appears to be protonated, even in a 
solution at pll 7.2 [46]. 

• The thermal motions of the molecules packed in a crystal were more 
restricted by crystal packing force than those in solution, which leads 
to a decrease in catalytic activity. 

• T he temperatures applied for preparing the complexes ( 25 oc ) and 
collecting data ( 20 oc ) were lower than the optimum ( 60 °C ). 

On ligand-binding to the enzyme, most of the water molecules present in 
the catalytic cavity ( c.f. Figure 2.27 page 58) were replaced by ligands, and 
large conformational changes occurred mainly in the side chain of Tyr216 
and the flexible loop region comprising Tryl90-Glu195, as shown in Figure 
3.7, page 115. Similar movement of a tyrosine residue near the active site 
zinc is observed in Tyr248 of carboxypeptidase A on the binding of a peptide 
in the active site [142] . In carboxypeptidase A, Tyr248 included in a flexible 
loop on the molecular surface is not a zinc ligand, unlike Tyr216 in the 
alkaline protease; the phenolic oxygen of Tyr248 is in the vicinity of the active 
site, being about 7 A from the zinc ion. The crystal structures of various 
carboxypeptidase A-ligand complexes show that when each ligand binds to 
the enzyme, Tyr248 undergoes a substrate-induced conformational change 
resulting in displacement of the phenolic hydroxyl group from the surface 
of the enzyme within the hydrogen-bonding distance of the nitrogen of the 
peptide bond to be cleaved. In arsanilazotyrosine-248 carboxypeptidase A, 
it has been shown that Tyr248 interacts with the zinc ion in order to interact 
with the scissile bond on ligand binding [143]. There is some controversy 

n 
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over the role of Tyr248 in the mechanism of action of carboxypeptidase A. 
However, it has been confirmed by a mutagenesis study that the phenolic 
hydroxyl group of Tyr248 in carboxypeptidase A does not act as a proton 
donor for the amino nitrogen in the cleaved peptide bond but participates in 
ligand binding. In this context, the role of Tyr216 in the alkaline protease 
is not that of a proton donor but a residue which stabilizes ligand- enzyme 
complexes by forming hydrogen bonds. 

The sulfur atom of the inhibitor liganded to the zinc, replacing the water 
molecule bound to the zinc. As can be seen in Table 3.13, the distance 
from the sulphur atom (2SD) to the zinc is 2.12 A, which approximately 
coincides with the average observed for Zn- S distances in protein structures 
[144, 145). The sulfur atom also interacts with Ot:1-177Glu which is assumed 
to be a general base residue. On the other hand, the sulfur (2SD)-OII216'l'yr 
distance is 4.10 A, which may be slightly longer in order to interact with each 
other. On inhibitor binding, the conformation of Tyr216 was changed. The 
phenolic oxygen of the residue was moved a distance of 2.56 A from the 
zinc, due to rotations of the ¢, 1/J and x angles as shown in Table 3.14. 
The phenolic oxygen, in turn, made hydrogen bonds with N-192Ala and 
N82-191Asn, probably to stabilize the flexible loop region. In the native 
form, the ¢>-'1/J angles of Try216 lie slightly outside of an a-helix region in a 
Ramachandran plot. However, those angles in the liganded forms fall into 
the a-helix region, which may imply that geometric stress caused by the 
coordinate bond between the OH-216Tyr and the zinc was released on ligand 
binding. 

N1]1,2-Arg of the inhibitor make salt bridges with 081-78Asp and 082 -

78Asp stabilizing the Michaelis complex, which coincides with the result 
obtained previously that an arginine residue present in the peptide portion 
of the inhibitor increases affinity to the alkaline protease [65, 66]. These 
conformational changes in the Try216 and the flexible loop region were al­
so observed in the peptide ligand complexes, as shown in Figure 3.7. The 
peptide ligand-enzyme complexes were further stabilized by hydrogen bonds 
between the 081-Asn191 and amide nitrogen of P~ residues as shown in Table 
3.13 and Figure 3.5 -3.6. The P~ amide nitrogen and P 2 carbonyl oxygen 
of the ligands made hydrogen bonds with 0-135Ala and N-Ala137 of the 
enzyme, respectively, probably stabilizing the ligand complexes. 

On the other hand, all of the N-terminal portions of the ligands, Dz-F­
in the inhibitor, Z-A- in the ZAGGL, and Ac-Y- in the AcYVG, loosely 
interacted with the enzyme mainly through hydrophobic forces (see r,igure 
3.5-3.6). Fourier maps of the complexes imply thai these portions of the 
ligands were not so significant in determining complementarities between 
the ligands and the enzyme. This contrasts with the extended substrate 
binding mode of thermolysin, as deduced from a variety of its inhibitor­
enzyme complexes [4 7, 42). In the thermolysin, R2 , R 1 and R~ interact with 
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the protein backbone of Trp115 Alal13 as in an antiparallel pleated sheet. 
In human neutrophil collagenase, an extended substrate binding mode has 
been also proposed, where each residue in extended P3-P~ portion of ligands 
make six hydrogen bonds with active site rims. 

The so called 'S~ pocket' of the alkaline protease comprises Thr173, 
Arg209, six water molecules, and the Tyr216, whose conformation changes 
on ligand binding as mentioned earlier. It is widely accepted that in zinc 
metalloendoprotcases, the substrate specificities of the enzymes greatly de­
pend on the residues forming the s~ pockets [4 7, 42, 48, 141, 45, 44], because 
the S~ harbors the P~ side chains of bound substrates. The size of the pocket 
is difficult to estimate because its boundary is ambiguous. 

On the other hand, all of the S~ pockets of other metzincins such as 
adamalysin [108], astacin [40, 105, 120, 146] and collagenases [106, 136, 41, 
113, 107, 145], arc more sterically restricted than that of the alkaline pro­
tease, as shown in Figure 2.38. In thermolysins [4 7, 42, 48], the S~ pocket is 
also more sterically hindered than that of the alkaline protease. These ob­
servations suggest that the s~ pocket of the alkaline protease does not have 
much influence in the determination of the substrate specificity, unlike the 
other metzincins. This lower steric hindrance in the P~ pocket of the alkaline 
protease seems to correspond to the results supporting the 'broad' specificity 
shown by hydrolyzing the oxidized insulin B-chain and a variety of synthetic 
peptides [78, 12, 13]. 

Affini ty enha ncem e nt. by Lys or Arg in t.he P 1 site 

These observations, which substantiate the fact that the alkaline protease 
has a 'broad' specificity, seem to contradict the results showing that the 
alkaline protease specifically recognizes lysine or arginine in the P 1 site of 
the substrates [64, 65, 66]. To address this discrepancy, the glycine residue 
which corresponds to the P 1 residue of the ligand ZAGGL in the complex 
was replaced with lysine, and the modified complex was carefully inspected to 
determine whether the lysine could interact with the enzyme without steric 
hindrance. The result is shown in Figure 3.8. As seen in this figure, the 
side chain of the replaced arginine reaches the position where Nry1,2 of the 
arginine can make salt bridges with Oc1,2-Glu194 and O-Ala131. Glu194 of 
the enzyme, which is located in the flexible loop region, takes a relatively free 
conformation on ligand binding. When substrates having no basic residues 
(Arg or Lys) in the P 1 site bind to the enzyme, the Glu194 does not take 
part in ligand stabilization. However, if substrates having basic residues in 
the P 1 site bind to the enzyme, the side chain of Glu194 in turn enhances 
the ligand affinity to make salt bridges with the basic residues. In other 
words, although the alkaline protease can make Michaelis complexes with a 
variety of substrates regardless of the property of P 1 residues, as shown by 
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Table 3.13: Ligand-protein distances. 

Ligand Protein Distance (A) 
Inhibitor 
2SD ZN 2.12 
2SD 0€t-177Glu 3.12 
2SD 0€2-177Glu 3.88 
2SD OH-Tyr216 4.10 
N1Jt·Arg 06t-78Asp 2.96 
N1Jt·Arg 062-18Asp 3.65 
N1J2-Arg 06t-78Asp 3.74 
N1J2-Arg Oo2-78Asp 3.29 

Z-A-G-G-1 
O-Gly2 ZN 2.21 
0-Glyt N-137Ala 3.00 
O-Gly2 06r177Glu 3.28 
O-Gly2 OH-216Tyr 3.63 
N-Gly 061-191Asn 2.90 

N-Leu 0-135Ala 3.27 
Ac-Y-V-G. 
O-Val ZN 2.16 
0-Tyr N-137Ala 2.83 
0-Val2 00t·177Glu 4.17 
O-Val OH-216Tyr 3.18 
O-Val 06t-191Asn 3.26 
N-Gly 0 -135Ala 2.84 

Table 3.14: Conformational changes of Try216 on ligand binding. The ¢> '1/; 
angles of the ligand-binding forms are present in the a-helix region of a 
Ramachandran plot. 

(¢> '1/; Xt) (0) 
Native (-114 2 -81.8) 
Inhibitor (-101 -18 -88.4) 
ZAGGL (-107 -18 -86.8) 
AcYVG (-106 -17 -87.1) 
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Figure 3.7: Conformational changes around the active sites on ligand bind­
ing. The skeletal models depicted in thin and bold lines indicate native and 
complcxed forms, respectively. (a) The skeletal model of the inhibitor com­
plex is superimposed on that of the native one. (b) ZAGGL native. (c) 
AcYVG-native. 
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Figure 3.8: Affinity enhancement by a replaced arginine. The ligand ZAGGL, 
depicted in dark grey, in the complex was modified to ZAGR L. N171,2 of the 
arginine can make salt bridges with Oc1,2 - Glu194 and 0 A131. 

the three kinds of complexes of the alkaline protease, the ligand affinity can 
be increased by the basic residue in the P 1 site. For this reason, in the series 
of hydrolysis experiments using fluorogenic substrates shown in Figure 2.6, 
page 17, it was concluded that the alkaline protease prefers arginine or lysine 
residues in the substrate P 1 site [64, 65, 66], resulting in a classification of 
the enzyme as 'COOH' type [147]. 

C omparison with an alka line p ro tease solved with a product 

The crystal structure of the alkaline protease from Pseudomonas aeruginosa 
PAOl [121] is now availabe [127]. The structure turned out to possess a tetra 
peptide as a product in its catalytic cleft, which may derive from impurities 
in the specimen. The amino acid residues of the bound peptide have been 
assigned in the coordinates deposited in the PDB,2 maybe deduced from 
the electron density, although the literature [127] said that the ligand was 
a hetero tetra peptide. We can get an insight into what will occur when 
the two kinds of the peptide ligands, ZAGGL and AcYVG are hydrolyzed 
by the enzyme, based on the structure of PAOl with the hydrolyzed prod­
uct . The stereo representation of the alkaline protease from Pseudomonas 
aeruginosa P A 0 1 is shown in Figure 3. 9 (b) together with (a) that of the 
ZAGGL complex. As can be seen in this figure, the tetra peptide does not 
take an extended conformation; instead, the N-terminal portion comprising 

l ldentity code 'lKAP' in the PDB. 
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Figure 3.9: Structural changes during hydrolysis. Fixed flexible loops are 
represented by coils. (a) ZAGGL complex. 051 and N52 of Asn191 make 
hydrogen bonds with N-P 1 and OH- Tyr216, respectively, stabilizing the fixed 
loop conformation and the Michaelis complex. (b): GSNS complex from 
another form of the alkaline protease 1127). The primed portion of the peptide 
is thought to be cleaved by hydrolysis. As a result, the cleaved product was 
displaced along {36, leading to changing conformation of the fixed flexible 
loop, and rotation in the side chain of Asn191 94° about the x2 axis . The 
hydrogen bond between N52- Asn191 and OII-T yr216 was turned off, and, a 
new one between N52-Asn191 and 0 - P 3 was formed. 
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P 4 and P 3 residues is nearly perpendicular to {36 without any hydrogen bond­
s or salt bridges with the enzyme, except that between N753I and a water 
molecule 0630. This means that the N-terminal portion of the ligand has 
no significant influence on substrate recognition or binding. The situation 
is exactly same in the case of the ZAGGL and the AcYVG complexes of 
the alkaline protease, where the N-terminal portions can take relatively free 
conformations as shown in F igure 3.5 3.6. On the other hand, one of the two 
C-terminal carboxyl oxygens makes a hydrogen bond with the 0E1,2 of gen­
eral base residue Glu177. The other carboxyl oxygen makes a coordination 
bond with the catalytic zinc, and a hydrogen bond with the phenolic oxygen 
of the 'flipped' T yr216, as seen in the three kinds of ligands described in this 
study. The phenolic oxygen of Tyr216 also makes a hydrogen bond with the 
peptide nitrogen of A192 which is located in the flexible loop region. This 
flexible loop, however, takes a somewhat displaced conformation compared 
with those of the three kinds of ligand complexes in this study, in accordance 
with the displaced product to the ' left side' in the figure. In other words, the 
role of the flexible loop in stabilizing Michaelis complexes during the reac­
tion allows considerable geometry changes in the bound ligands, which may 
partly explain the broad specificity of the enzyme. 

In contrast, Nh'2 of Asnl91 cannot make a hydrogen bond with the phe­
nolic oxygen of Tyr216, because the side chain was rotated 94° about the x2 

axis, possibly in accordance with the displacement of the product to the 'left' 
side. As a result, the hydrogen bond between Nh'2-Asn191 and Oil Tyr216 
was turned off, the fixed flexible loop to become unstable again, and a new 
hydrogen bond between Nh'2-Asn191 and O-P 3 residue replaces the previ­
ous one. Such an exchange of hydrogen bonds during the hydrolysis may 
contribute to the release of the products from the catalytic cleft. 

P roposed catalytic m echanism of the alkaline pro t ease 

Taking into account the tertiary structures of the alkaline protease, and the 
results obtained from biophysical or biochemical experiments, the catalyt­
ic mechanism of the alkaline protease can be proposed as in Figure 3.10. 
In conclusion, the following catalytic mechanism of the alkaline protease is 
suggested. T he flexible loop region of Tyr190-Gly195 may vibrate in accor­
dance with the 'flip-flop' motion of Tyr216, to make or to break the hydrogen 
bond between OII-Tyr216 and No2-Asn191, which may contribute to increase 
substrate-enzyme affinity. On ligand binding, Try216, which has been the 
fifth ligand of the zinc, is pushed out of the s; pocket to make a hydrogen 
bond with the Asnl91. The water molecule bound to the zinc ion is also 
pushed toward the carboxyl oxygen of Glul77 to have the enhanced nucle­
ophilicty. The bound ligand is mainly stabilized by the coordinate bond 
between the P 1 carbonyl oxygen and the zinc ion, and further by 0-Alal35, 
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Figure 3.10: Proposed catalytic mechanism of the alkaline protease. (a) In the 
ligand-free form of the alkaline protease, Tyr216 and the flexible loop region of 
Tyrl90-Glyl95 which contains Asnl91 and Asp194, probably join together to 
make a 'back and forth' or 'flip-flop' motion, mainly driven by their thermal vi­
bration. (b) The ligand bound to the active site is stabilized by a P1 carbonyl 
oxygen-zinc coordinate bond and other hydrogen bonds with the enzyme. Simul­
taneously pushing Tyr216 is pushed out of the S~ pocket. The flexible loop also 
changes its conformation to make hydrogen bonds with Tyr216 and the ligand. 
(c) The pushed water molecule is further depolarized by the zinc ion and Glu177 
residue, and its nucleophilicity is increased. (d) The water molecule reacts with 
the carbonyl carbon of the P 1 residue to generate the tetrahedral transition state, 
which is stabilized by Ala135, Glu177, and Asnl91. A proton derived from the 
water molecule moves from Glul77 carboxyl to -NH- of the scissile bond, (e) and 
the peptide bind is cleaved. The product is displaced to the 'left' side in the fig­
ure, and the side chain of Asnl91 is rotated by 94° about the x2 axis. As a result, 
the hydrogen bond between N82-Asn191 and OH-Tyr216 is cleaved, leading to 
the unstabilization of the fixed flexible loop, and a new hydrogen bond between 
N82-Asn191 and O-P3 is then formed. The product is subsequently released from 
the cleft, partly by the thermal motion of the flexible loop. 

r 
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O- Ala137, 061- Glu177, 06rAsn191 and OII-Try216. The proton the de­
splaced water molecule is transferred from the carboxyl to the scissile bond 
to cleave the peptide bond. The product is displaced to the left in the figure, 
and the side chain of Asn191 is rotated 94° about the x2 axis. The hydrogen 
bond between Nc52- Asn191 and OII-Tyr216 is subsequently cleaved, leading 
to the destabilization of the fixed flexible loop, and a novel hydrogen bond is 
made between Nc52- Asn191 and O- P 3 of the product which is subsequently 
released from the catalytic cleft by the thermal motion of the flexible loop. 
As a result, the enzyme is reproducibly set to be ready for the next substrate. 
When the bound substrate has a basic residue in its P 1 position, a salt bridge 
may be formed between the side chain of the P 1 residue and Oc51,2 Glul94, 
and a hydrogen bond between the side chain of the P 1 residue and O- Ala131, 
leading to the increase of affinity of the ligand to the alkaline protease. 
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