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Abstract '

The crystal and molecplar structures of two serine pro-
teases, a-lytic protease and rat submaxillary gland tonin,
have been d.i‘imd using x-ray diffraction methods. The
crystal structure of a-lytic protesse had been “solved pre-
viously at 2.8R resolution using multi-isomorphous -
replacement me:hodi the refinement of its structure at high
resolution is doccribod.: The structure of tonin was solved
- using molecular replacement methods, and has subsequently
been refined. 1In addition to,fﬁebi‘ﬂxporilontal\sthdioil ‘
the use of a new translatxon functio;\\r discussed.’

The structure of a- lytic protease, ‘a serine protease
produced by the bacterium Lysobacter enzymogenes, has been
refined at 1,74 resolutiqpf The conventional R-factor is
0.131 for the 14996 rctl‘ctions betwveen 8 and 1.7% resol-
ution vitﬂ'xzza(x). 4he hodel consists of 1391 non-hy@rogén
protein atoms, 2 sul(ﬁte'ions.and 156 vater molocules. The
overall root-neanrsqpare error in the coordxnatcs is
estimated to be aboﬁt 0.14X. The refined structure was
~compared with homovbgous enzyme;, a-chymotrypsin, and
Streptomyces arlsT#s protease A and B. A new sequence
numbering for the bacterxal enzymes was derived based on the
alxgnment of thesﬁ structures. The comparxqon shoved that
the greatest st;zctural homology is around the active site
residues Asplagl Hi;éz and Ser195 and that basic folding
pathvayg arﬁxméintained despite pronounced ci%mical chapgel

in the hydréphobic cores. A detailed analysis of the \
/ .

-
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dro;:n bonding in the structure wvas carried out and fhd
- farameters dqscribing the intersctions were tabulated. The
analylio rov;\ihd the presence of close intra-rcoidu. inter-
actiond. Charged groups on the protein are either paired

with a counter- fon or are ozpoocd to the solvcgﬂle‘r .
ppoitionl of the bownd solvents vere c.rotully de ldncn

.and :hc rclulttng itructyrc indicatod no t’gniticant ‘ogdnd
shell of solvent molecules. o o |

The 3-‘incnltonal structure of tonin has boon dctcr-
mined and ro!incé at 1.8 ‘resolution. Tonin ig.a nammalian .
serine protease that is capnblc of generitinq the
vaiécénstrictivo ‘agent, angiotensin I1, directly from its

prccursor protcin, angiotensxnbgcn. a prdécess that norpally
rcquircs tvo enzymes, renin and angxotensxn convetting
enzyme. . Tonin is an enzyme that is closely rcla?od td’////’fﬁ‘
.kallikrein. The structure solution vas by the molecular

»

| replacement method using ‘as the search model, the structure
of bovin

trypsin. .The refined -model of tonin consists qf

~ 227 amino acid residues out of the 235 in the complete“uolg-
cule, 149 vater molecules, and one an*-ién.\\The é-tactor
is 0.196 for the 14997 aeasured’daia betweén 8‘1.8!/;esol-
ution with Iz0(1). It xs estimated that’ the overail r.m.s.
error in the coordinates is about 0 3A. The structure ot
tonin that has been determined is not in its active conform-
ation, but one that has been perturbed by the bxndxng of a
hz’ﬁion in the active site. 2n2* was xncluded in the

~bu§;er toraxd the crystallization, Neverthelsss thev

§

-
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structure of tonin that is dner{ d is tor the Iolt)ét

‘-mur to its nstive form ‘n indlcaud y thy close -

tertiary structural homology vith )ulﬂ::?\hc dlf.tcr-

‘ ences in \‘ehc structures of the two onsyan ar; concontuud
“in several loop regions and R‘ptobubly n!pd‘nﬂbli for the

‘diftoroncci/th their ro‘ct}vitiol and specificities,

- One of the koy :tcm in t.ho structure ulutioa o! tonin

vas the dovolopnut ;t a nev tranglation tunction. It i.
one that uses a linear correlation coefficient botvocn
obsorvod and calculatcd :Lrhcturo tactor amplitudes to
determine the torrect position of an oriented IOIQCUIQ in
the ctystal cell. The mothod has been iuploncntod ina ¢
program called BRUTE. .In .the course of solvinq othcr struc-
tures the ptogram has 1ncorporated useful fecturos such as
the.abilxty to refine the orxcntation_ot the model and the
inclusion oba fixed set of atoms. A 'standard’ procedure
for solving the transdation problen has evolved from ,
experiénce and examples of difficult structureg solved u;ing
this program are giveh. These examples illustrate the'type

of structures that may be solved usxng molecular replacement

and 1ndlcate the lxmxtatxons .0of the method.

» -«
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.1+* Introduction to Serine Protd\sol;v;
Proteases are enzymes that catalyie the hydtolysiwg;f pep-
tide bonds. Serine proteases are characteri ;?
tive serine residue. They are irreversil ﬁﬁa’b
organophosphates such as dxxsopropyltluorophosphate"
these reagents are often used to test whether a8 newly
discovered protease belongs to the serine protease family,
They are endopeptidases, that is they catalyze the hydro-
lysis of a peptide in the middle of the chain. The point of
Cleavage is determined by the sequence of amind acids about
the scissile bond. 1In addition these enzymes can act as
esterases, cétalyzing the hydrolysis of ester linkages.
Serine proteages OCéLt in various organigems, from bacteria
to mammals and are invplvéd in a wide var\ety of functions
ranging from indiscriminate degradation of roteins to
delicate requlation of physiological processes.

One of the most well studied serine protease is chymo-
trypsin, It is a digestive enzyme secreted by the pancreas
into the intestine as an inactive zymogen form, chymotryp-
sinogen. Whea it reaches fhe intestines a series of
enzymatic cleavages transforms it into the active enzyme
consisting of 241 amino acid residues making up three poly-
peptide chains., It has a primary'specificity for large
aromatic residues, cleaving on the C-terminal side of Trp,
Phe, and Tyr (Hess, 1971).

- In addition to the reactive serine, the pH dependence

of the activity implicated a histidine residue in the



)

. ' 2
\ o 4, :
enzymatic reaction (Bender & Killheffer, 1973). The abflity

of an active site directed specific leylatiﬂq agent, tosyl-
phenylalanylchloromethylketone (TPCK), to inhibit a-chymo- !
trypsin also ,upportqe the presence of a histidine |
(Schoellmann & Shav, 1963; Powers, 1977). When the three-
dimensional structure of cﬁymotrypsin vas-dqterninfd
(Matthevs et al.;, 1967; Sigler et al., 1968), it showed gbat'
the histidine residue at position §7 in the sequence' was ‘
indeed hydrogen Sondbd to the reactive Ser195, confirming
the earlier chemical studies. - In iddition,’.:buried
aspartate residue at position 102 was found hydrogen bonded
to theJhistidine (Blov et al., 1969). These three residues,
Ser, His, and Asp, form w?at is known as the catalyt{c triad
of serine proteases. Blow et gl. (1969) ggoposed the -
‘charge relay mechanism' in which the nucleophilicity of the
serine hydroxyl group is increased by the aspartate.aéting*
through the histidine. Even though the mechanism in the
original form does not seem to be true, the interactions
among these residues is still believed to belimportant'in,
the catalytic mechanism (James et al., 1980; Steitz &
Shulman, 1982), 2

As mentioned above, serine proteases have been isolated
from many different sources. §?f£Lr there are two distinct:
families of serine proteases. Within each familiﬁ the

enzymes exhibit varying degrees of sequence homology but

'The sequence numbering used throughout this thesis for the
chymotrypsin family of enzymes corresponds to the one
obtained by the alignment of the sequence with that of
chymotrypsinogen (Hartley, 1964). -
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share the same basic folding pattern. Dlspitc thc &lﬂ% that
the enzymcs in the twvo families are folded in a.nonplotoly
different manner, they have. the eamcrcatalytic groups o
located roughly in the same relative po'oi't'ions on th’ mo'l'o'-
cules., These two tamilies are thought to @e the product of
convergent evolutxon. That is, each evglved indepondontly
to portorn & common function and resulted in common struc- ;

\

tural teatures.
" The tirst.family includes the pancreatic enzymes chymo-

trypsin and trypsin. ‘Members of :iis family are ‘

charsccerized by the sequence Gly-Asp:Ser-Gly-Gly a(ound the

accive serine residue. Ogher members of this tanilx perform

a diversity of physiological functions. Elastase {; another .

"digestive enzyme from the pancreas (Hartley & Shotton, 1971)°

with an ability to dxgest elastin., Acrosomal grotease is

involved in Ehe penetration;etvthe\z?na pellucida of the

ovum by the sperm (Stambaugh & Buckley, 1969). 'There are

also many serine proieases,that regulate physiological~

processes. The cleavage of fibrinogen t6 form fibrin by

thrombin is the last step in ;he ieéhlatory process leaéing-'

to the formation of blood élofs (Magnusson, 1971}.

Kallikreins are ser%pe proteases that produce kinin from "

kininogen resulting in lowering of the blood pressure o

(Schacter, 1980). There are also enzymes of this family

from prokaryotic sources. Streptomyces griseus secretes a \;;,
mixture of enzymes collectively called pronase (Hirématsu‘i

Ouchi, 1963). Three of the enzymés have been characterized
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as being chylotrypain-fika serine proteases. These are
-calla& Streptomyces gr/seus protease A and B (SGPA and SGPB,
respectively), and Stnoptamycos'arlsqu§ trypsin (SGT)
(Johnson & Smillie, 1974;1Juriiak et ai., 1974). iFPA and
SGPB are very ainilar to each othar and have chylotrypain
lika actiwity. From an evolutionary standpoint, SGT ia ot
particular importance because of ita c;oaa raaanblanca to .
bovxna trypain (ﬁartlay, 3970, 1979; Hewett-Emmett et al.,
1981 Read et al., 1984). ‘a-Lytic protease is another bac- .+
tthal enzyme, obtained from Lysooacter enzyuoaones.
.(ﬂﬁitakar et al., 1965). 1t has been studied uaing NMR
me&hodl because the active site hx;tmdxne is uu!gue in the
protein (review by Steitz [’ Shulnan, 1982).

The qacond family of ser;ne proteases is typified by
the subtlliaina. The enzymes in this family contain the .
sequence Thr-Ser-Met around thg}é.actjve site serineé. So
far only prokaryotic ‘enzymes are known to belong to this
iéamily' It includes subtilisin Carlsberg from Baclllus
subtilis (§§1th et al. , 1966; McPhalen et al., 1985a), sub-
) t1l}sxn ﬂovo (alao.knpwn as aubtilisid_npn')"from Bacfillus
amylo] iquefaciens (Wright et al., 1969; Drenth et al., 1972;
McPhalen et al., 1985b),“andvp§oteinase K from the fungus
'Trltlréchlum album Limber (Pahler et al-, 1984). The subti-
"lisins have a chymottyptxc specxfxcxty,'cleavxng the poly-
‘MpQStxde chain on the carbonyl side of large aromatlc amino
acids. The discussion in this thesis will be mainly

restr{ctadUJQE _ghymotrypsin family of enzyges but the
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~ behavior of the iubtil{giﬁs is similar,

‘The various members of the sfiino protease family
exhibit not only differences in their sp.ci!ieitiol;!br sub-
s;ritis but al;o in the :p;atfvo importance J? ;hoir blnging_
sites. Schechter and Berger (1967) have introduced a '
.notation which it usefWl in diocdosiad'tho interactions of »
sup;tnato.vith’a protease. The amino acid residwes of the
substrigé are labeled P/, P;. P,, etc. tévard the N-terminus
.from the scissile bond and P.;.’P,'? etc. tovard the é?fer-
minus. The cbnplementary regions on the enzyme are denoted
as S.,,fz, etc. and S,', S,', etc. (ﬁjg; 1.1). The bind-
.ing sites on the enzyme can consist of more than one res-
idue. '

There have bedn extensive kiretic studies done to
elucidate the naturé of the substrate-enzyme interactions in

Qeveral serine proteases (review by Frbion, 1978). 1In hogt

of the enzymes studied the binding region extends lor‘abpﬁt

4

Pept ide Py Py Py p,\ Py Py
H H H H ‘ H H
“NH-CA-CO-NH-CA-CD-NH-CA-CO-NH-CA - CO-NH-CA-CO-NH-CA -CO-
| | | | | |
Re Ry LP) R, Ry’ Ry’
""""" e Sl R bbbl EEEE el EEEE R R EEEEEPE
Enzyme Se Sy Sy S S, s,
\

Figure 1.1, Interactions Between a Protease and a Substrate.
The notation introduced Schecter & Berger (1967) is
useful in describing profease-substrate interactions. The
peptide substrate is labeled P, and P,' from, the scissile
bond (denoted by an arroqi’and the gsites on the enzymes that
are complementary to thes® residues are Iabeled S, and S,°,
respectively.

\ L]
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six to seven sites of which about four are on the acyl side
" of the scissile bond; Chymotrypsin and trypsin are highly
specific (for the P, residue withlthe5‘g£mer recognizing Trp,
Tyr,.ana‘Phe and the latter, Arg and Lys. For theéefenzymeé
the other sites are less important. Increasing the sub- !
 strat¢ length to cover all of the binding sites increases
the hydrolysis rate éBo;t 4000 fold for chymotf}psin (Bauer,
1976; Badir et al., 1976) and about 300 fold for trypsin
(Izumiya & Uchio, 1959;: Yamamoto & Izumiya, 1967). 1In |
contrast SGPA, SGPB, a*lyGic protease, and elastése all rely
on interactions outside of the S, site. For these enzymes
there is about 10’ fold increase in the rate of hydrolysis I
of longer‘substrétes (Thompson & Blout, 1970, 1973:; hauer,
1976; Bauer et al., 1976; Bauer, 1978). The increase is
mainly from an increase ig kcat - These results have been
interpfeted to mean that for these enzymes the S, pocket is
‘not specific enough so that the interactions at the other
sites are required for thé optimal posiiioniné of the sub-
strate on” the enzyme. " ' |

The primary specificities of SGPA and SGPBJare similar
to that of thmotrypsin éxqept that Trp is not as i
favourable. a-Lytic proteasé and elastage are less specific,
their binding sites reéognike only smali aliphatic .groups in
the P, posit‘i.on. Subt {%s®in also has a chyniotrypsimli{gg P,
spgcificzty but in addition it has a site for bindingjé
large hydrophobic residue at the P, position as deduced from

structural studies (Robertus et al., 1972).
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Figure 1.2, Interactions Between a Protease (SGPB) and an
Inhibitor (OMTKY3). The structure of the complex of SGPB and
OMTKY3 "has been refined at 1.8& resolution (Fujinaga et al.,
1982). Shown are the residues in the active site region of
SGPB (open bonds) and residues of the inhibitor (filled
"bonds) that are in the binding cleft of the enzyme. The
side chain of Lys341 has been omitted for clarity.

Crystal structures of serine proteases and the com-
plexes with inhibitors have helped to understand the kinetic
results in structural terms (Figure 1.2). There is a well

defined pocket for the P, residue. For.chymotrypsin, SGPA,

and SGPB this is a deep depression that can accept a large

aromatic side chain. In trypsin, the bottom of the pocket
contains an asPartate residue which can form an ion pair
with an Arg or a Lys side chain in the P, position‘qf.the
substrate. There is only a shallow pocket in elastase and
a-lytic protease, consistent with their specificity for
small aliphatic residues. ‘|

Another important interaction for the P, residue is the

binding of the carbonyl oxygen in the so called oxyanion



hole (Henderson, 1970). This oxygen atom receives two
hydrogen bonds from the main chain amide groups of Gly 193
and Ser 195. These interactions are thought ié stabilize
the oxyanion that forms in the transition state of the

‘ acylation reaction of the substrate with the active site
sefine. The N-terminal segment of,the substrate is bound to
the enzyme by B-sheet type interactions, making a pair of
anti-parallel main chain hydrogen bonds at residue 216,
Theré is also a long and poorly oriented hydrogen bond‘from
the;NH of the P, residue to the carbényl grogp‘of Ser214 on
the enzyme. The segment from 214 éb 217 alsb-forﬁ%'one side
of the S, pocket. The bindfng sites for the side chains of
the N-terminal segment are not as well defined as the
primary binding pocket. On the C-terminal side the only
structural information comes from tpe complexes with the

—_;;zz;in inhibitors guch as £he pancreatic trypéin inhibitor
(PTI) (Huber et;al., 1974; Chen & Bode, 1983), ovomucoid.
inhibitor (OﬁTKY3) (Fujinaga et al., 1982), and the pan-
creatic Secretory trypsin inhibiter (PSTI) (Bolognesi
et al., 1982). These Structures show binding sites for P,'
to Py' with a possibility of main chain hydrogen‘bonds to be
formed from P,'. | | v

'The pathway for the reaction catalyzed by serine pro-

teases has been worked out mainly by kinetic methods and has
been reviewved by Bender and Killheffer (1973). The enzyme

will catalyze the hydrolysis of an amide or an ester bond

and in fact—the process can be thought of as an acyl

-

/
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Figure 1.3. ThevReaétion Pathway fj.ISeriﬁe Proteases. The

scheme drawn after Kraut (1977) shows the symmetrical nature

of the acylation and deacylation steps. E represents the

enzyme and X is the leaving group which is replaced by a

nucleophile, Y. .

transfer reaction. The symmetri?al nature of the acylation

and the deacylation steps are shown in Figure 1.3 after the

one given by Kraut (1977). ’

The first step in the!reactibn is the formation of the -

"rgﬁichaelis complex. This is a stat‘iﬁroposed for all enzymic

reactions to explain saturation kinetics and it reptesentsf
the productive binding of the substrate to the enzyme. The
reaction proceeds with the nucleophilic attack of the
carbonyl carbon atom of the scissile bond by the activé Site
serine hydroxyl group. A tetrahedral transition state is
formed whicﬁ thén breakﬁkéown to the‘acyl intermediate,‘
rel®asing tgé C-terminal part of the substrate. The tetra-
hedral state' is presumed to exist in order to form the

covalent acyi-enzymg intermediate. According to the
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traﬁsition state stabilization theory (Pauling, 1946, 1948;
Wolfenden, 1972) the enzyme should be désighed to stabilize
the tetrahedral spéqies along thf reaction pathway. The
existence of an intermediate was established by the abser-
vation of a bu:st kinetic behavior using ester substr:}es
for which the breakdown of the intermediate is rate limiting
(Hartley & Kilby, 1954). The intermediate was ‘shown to be a
covalent acyl-enzyme by X-ray studies under conditions in
which Ghe‘ing?rmediates afe stable (Henderson, 1970; Alber
et al., 1976). 1t should be noted that this conclusion is
based on difference maps calculated from unrefined st rdd-
tures and are thus not totally reliable. For amide sub-
strate the formation of the acyl-enzymé is rate limifing and
its existence céuld only be established by indirect means
(Fastrez & Fersht, 1973). An intermediate before the
acyl-enzyme had been observed by stopped-flow methods
(Hunkapiller et al., 1976; Petkov, 1978;;Fink & Meehan,
1979; Comptén & Fink, 1980). However, these re§ults‘;ere
interpreted as being artifacts when a subseqguent study |
showed no gvidencé for a long lived tetrahedral intermediate
(Markley et al., 1981). The second half of the reaction,
deacylation, is the reverse of the first half. It becomes a
hydrolysis reaction when the attacking nuéleophile is H,0.

The reaction pathway should not be confused with the ¥
catalytic mechaniéﬁ or hoﬁ the enzyme can accelerate the

reaction. In order for catalysis to occur the activation -

energy barrier to reach the transition state must be.

-
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reduced. This may be achieved by at least th vays. Pirst
the reaction‘pathway'can be changed from'that of the
uncatalyzed reaction so that smaller activation barriers are

encountered, and seéond the transition states can be stabjl-
| ized so as to reduce the activation energies. Serine pro-
teases use various mechanisms to effect catalysis.

The binding sites on the.enzyme position the-substratc
optimally. This is seen in kinetic studies using ditferent‘
lengths of polypeptide substrates. Tﬁe in;}ease in the N‘"
hydrolysis rate for longer chains is'mainly due to the’
increase in kﬁat (Bauer et al., 1981). The additional
inﬁeractions that a longer peptide makes with the enzyme
.either improve its position with respect to the nucleophilic
serine or Place it in the optimal configuration in the
transition state.

The reaction with the serine, to form an acyl-enzyme
vhich is subsequently rapidly hydrolyzed, can be seen as
nucleophilic catalysis. Before the attéck by water takes
place, the substrate is changed , by a nucleophitle, into a
more reactive species. This process is aided by. )
general-base catalysis*by the Asp-His pair and an
electrostatic catalysis by the hydrogen bonds to the
oxyanion hole.

The original proposal of a 'charge-relay' mechanism
(Blow et al., 1969) in which the negative charge on Asp 102
is transfered to Ser 195 by the double proton transfer from

His 57 to Asp. 102 and Ser 195 to H1s 57 is no longer

— -
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acceptable. It has beeh‘ihown thit the histidine and
agpartate fesidues have normal PKa's and that the proton on
tRe ND atom® of the histidine wvhich is hydrogen Sonded to
Asp 302 stays there as the pH is lowered (Bachovchin et al.,
1981; Kossiakoff & Spencer, 1980,1981). The fate of the

,“ hydroxyl proton of Ser 195 as the reaction proceeds is not
clear. 1In éhe native enzyme structures, the hydraben bond

»
between the NE of the histidine and the serine OG is weak

‘making proton transfers difficult. On. the other hand in the
structures of the enzyme compigxed with érotein inhibitors
such as PTI and OMTKY3 , there is a strong hydrogen bond
between the serine and the histidine (Huber & Bode, 19783
Fujinaga et al., 1982). There are conflicting NMR data
about the charge on His 57 in the complex, but it is poss-
ible that it is protonated having received a proton from Ser
195 (Markley, 1979; Steitz & Shulman, 1§82). That would
leave the seriﬁe residue as an alkoxide ion which would be a
very nucleophilic spécies. In these complexes the Ser195 OG
is about 2.6& from the carbonyl carbon atom of the scissile
bond in the inhibitor (Huber & Bode,/1978; Fujinaga et al.,
1982). This distance -is too long for a covalent interaction
and too short for a van der Waals interaction. The chemical
nature of this close approach of the oxygén atom to the
.carbon atom is not understood so that the possibility of a
stable alkoxide ion cannot be rUled out., In addition to theffl

Y
deprotonation of the serine, the histidine is believed to be

The atom nomenclature used in this thesis is according to
the IUPAC-IUB recommendations of 1969 (1970).
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] important in ptotontiing the leaving group on the substfate.
The  importance of the histidine residue .is indicated by the
PH dependence of the enzyme activity and inhibition by chem-
ical modification:of the hi;tidine (Bender & Killhefféf,
1973). \
The role of Asp 102 is not clear. Its importance is .

implied by the fact that this residue is conserved in all !
serine proteases. It’seems unlikely that it functions only
to position the histidine residue. Computer simulations
(Nakagawa & Umeyama, 1984; Weiner et al., 1986) indicate
that Ehe charge on Asp 102 helps to stabilize the charge
developed on the tetrahedral transition state.

The catalytic effeét of the oxyanion hole is much more
straightforward. The‘two hydrogeﬁ bonds are formed from the
amide nitrogen atoms of Gly 193 and Ser 195 to the carbonyl
oxygen atom of the scissile bond on the substrate. This
interaction would sﬁabilize the negative charge developed on
the Bxygén atom in the transition state. Thefe is an

'S

additional hydrogen bond which is thought to stabilize the

' L4
e
L

interaction between the amide nitrogen atom of the P, res- ‘

transition state (Robertus et al., 1972). This is the

idue and the carbonyl oxygen atom of Ser 214, which is long
in the complexes with protein inhibitors (Chen & Bode, 1983;
ﬁead et al., 1983) but may become ghort in the tetrahedral
state as indicated by the structure of SGPA complex with an
aldehyde substrate (James et al., 1980). The complex is

formed as a hemiacetal with a covalent link between Ser195

.
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and the aldehyde. and mimics a tetrahedral transition state.
Recently, more emphasis has beQn placed on

understanding the différénces between individual serine pro-
teases. This is aided‘by the large number of serine pro-
tease structures that are now available and the advent of
site directed mutagenesis. By understanding how various
structural features give rise to characteristics such as
specificity, reactivity, and stability, it will be possible

to design new enzymes.
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11. a<Lytic Protease’ |
a-Lytic ﬁrotcaso (EC3.4.21.-) is a bacterial serine protease
isoiaced from the extracellular filtrate produced by'tho
sofl microorqaﬁism.iysooacteb enzymogenes (Chrissensen & .,
Cook,wl978, ATCC 29487, formerly known as Myxobacter 49%).
ng enzyme has an élastqse-like primary specitiéity,
cleaving oligopeptide substrates on the carbonyl l;dq of
those amino acids with short aliphatic side chains (Whitaker
et al., 1965; Kaplan & Whitakar, 1969; Kaplan et al., ‘p?Q).
Kinetic studies with synthet;c peptides'have shown that the
substrate binding interactions extend over at least six
subsites (Bauer et al., 1981).

Various NMR studies, desfﬁned fo probe the protonation
state of the catalytic triad (Asp}OZ, His57, Ser195), have
been done with a-1lyti¢ protease (see review by Steitz &
Shulman, 1982). The eniyme;is.;n ideal_subj;ét for such
studies because the active éi;e histidine is unique in the

7
proteirr, . ~ » Y

.
A

Comparison of the three'dimension#l structure of
a-lytic protease at 2.84& resolution (Brayer et al., 1979)
witﬁ that of elastase (Sawyer et al., 1978) showed that in
spite of-relatively weak sequence homology (James et al}.
1978) the enpzymes display extensive tertiary structural hom-

ology. Large insertions and deletions in the sequence of

a-lytic protease relative to the pancreatic enzymes made the

'A version of this chapter has been published (Fujinaga, M., )
Delbaédre, L. T. J., Brayer, G. D., & James, M. N. G, (1985)
J. Mol. Biol. 184 479-502]). .

19
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'fer;i}fy'étrhcturalobredictions from comparative model-
‘building exceedinaly difficult {McLachlan & Shottoﬁ, 1971;
Delgaere et al., 1979). a-Lytic protease is much more
homologous fo the bacterial serine proteases from Strepto-
myces gr:lseus, SGPA and SGPB (James et al., 1978). The
seguence iéentity with\thﬁge enéymes‘is 40% and 43% respec-
tively and thé structurél equivalences are approximately
80%. In this chapter, the sequence; of thre three bacterial
enzyhes, a-lytic protease, SGPA and SGPB and fhat Qi a-
chymotrypsin have been aligned. This alignment is baseé.;n
the.refined high resolution structures of all 4 molecules
and differs in détaii in several places from the.previousv
alignmentﬁbased«only on unrefines\}xparﬁon atom coordinafes
(James et al., 1978)'" The amino acid numbering scheme used .
herein for a-lytrc protease is based on this new alrgnment.
The structures of a-lytic protease and SGPA have beenhb
compared aqd the diffﬁ&gnces in th; hydrophobic cores of the
enzy@ss were anélyzed. ,In addition, the refinement of the
structure®allous for a detailed examination of the hydrogen
b§nding and the solvent structure. The-refined parameéers

of a-lytic protease have been deposited with the Brookhaven

Protein Data Bank (Bernstein et al., 1977).
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A. Experimental Procedures

Crystallization apd Data Collection |

A single cry®tal grown from 1.3M Li,SO,, pH 7.2 (Brayer
et al.;*1979) was used to collect a complete 1.8% resolution
data set on w?iéh much of the refinement was based. This
data set was replaced at a later stage in the refinement by
A 1;7R_Eesolution in£ensity data set collected froﬁ a crys-
tal grown fromﬁl.BM L{,so., PH 6.1. This crystal, grown in
slightly different conditions from the first crystal, was
the only one suitable for high resofqgjon data collection.
The details of the crystal parameter and data collection

conditions are summarized in Table II.1.

”Relf inement
N >

The 2.8& resolution multi-isomorphous replacement
structure for a-lytic protease (B  .ver et al., 1979) was
'refined using the restrained-parameter least-squares program
of Hendéiékson & Konnert (1980). The progress of the.
refinement was slow as‘seen in the plot'bf the R-factor’
versus refinement cycle (Figure II.1). About every ten ®.
cycles of refinement, the current model was displayed with a
- superimposed electron density map that had been computgd

with coefficients 2|Fq|-|F.|, ac (a. = calculated phase),

on the MMS-X graphics system (Barry et al., 1976) using the

¢

R = L||Fo|=|Fc||/Z|Fc|, where |Fo| and |F.| are the
observed and calculated structure factor amplitudes, respec-
tively. '

.
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Crystal Data and Data Processing Information

Crystal 1 Crystal 2
Growth condition 1.3 M Li,SO, 1.8 M Li SO,
(puy 2) (pus.i)
Space group P3y21 P3521
a 66.28(3) & 66.21(3) &
b 66.28(3) & 66.21(3) &
e - 80.08(4) & 80.01(4) R

Diffractometer

“~

Incident beam

Diffracted beam

Scan type

-

Scan width
Background measurement

Background correction

Absorption correct%on

Decay correctidn

Min.
Total no.

o3

Geometric correction

d-spacing
of reflections

served reflections

(1)

¥

Picker FACS-1

Ni-filtered
CuKa,40kV, 26mA
65 cm _ .
crystal-counter
He-filled beam
path

w scan,
continuous
0.55° at 2°/min
Two 4s fixed
position counps
taken at 0.42°

offset from w=0°

in w direction
Bicubic spline
fit of the mea-

sured background

as a functlon-bf
26 and ¢ 'g

~ Norgh et al.
o
Hendrickson
(1976) :
Lorentz and
polarization
1.88

19,304
14,246 [zza(l)]

Enraf-Nonius
CAD4

‘Ni-filtered

CuKa, 40kV, 26mA
60 cm ,
crystal-counter
He-filled beam
path

w scan,
continuous

0.8° at 0.8°/min
0.2° in w on
either side of
the peak scan

Same

Same
Same-

Same

.1.7R

22,828

15,241 [220(1)]

I+c’I’+(tI/tBk) (ZBk+c?LBk?)

fk=total intensity

Bk=background counts
ty=time taken for intensity mea-

surement

measurement

. tpk=time taken for- background

c=instrument instability=0.01

s
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Figure II1.1. Progress of the Re?inemEnt. A plot of the
R-factor at each cycle of refinemeft, Point a indicates the
first cycle using the new data from crystal 2 (Table II.1).
All solvent molecules in the model were deleted. Point b
indicates the fir®t cycle of the solvent position .
redetermination. Solvent molecules were deleted at this
point as well. Data of different resolutions were used to
calculate the R-factor at different points of refinement.
For example the low values of R at the beginning of the
refinement is due to the low resolution data used.

program M3 written by Colin Broughton of this laboratory
(Sielecki et al., 1982). Manual adjustments were made to
the model aé indicated by.the electron density. fable 11.2
gives some of the details oflthe refinement progress at
various stages. At:cycle 91, the data seﬁ was replaced by a
new one ‘(crystal 2, Table II.1) with the hope that better

data may speed up the refinement. However, no significant

improvement in the rate of refinement was observed..



Table I1.2
é??’ - Summary of the Reti;;ment of a-lytic Protease

Cycle L2 34 66 . 91 124 156
R 0.241 0.2417 0.196 0.233 0.136 0.131
r.m.s. A bond 0.023 0.034 0.029 0.032 0.019 0.019

distance (R)
r.m.s. A angle 0.089 0.056 0.038 0.040 0.031 0.030
—distance (&)
IFo |- |Fc] 124.8 70.1 54.5 86.8 33.8 32.5
No. of parameters 4190 5670 5960 4175 6370 6385
No. of solvents 0 21 75 0 153 156
Resolution range 6-3.8% 6-1.8% 6-1.88 6-2.88 8-1.78 8-1.78
No. of data 1538 11,716 13,638 4200 14,996 14,996
_ ® (230) (230) (220) (220) (220) (220)
B (&2) 5.7 8.6 0.6 13.7 13.6 14.3

'New data using crystal 2 (see Table II.1).

1

Solvent molecules were included in the model starting
at cycle 33. Difference electron density maps computed with
coefficients |F,|-|F.], and phases a., were used to locate
possible sélvent positions. Peaks in the electron density
that yere in positions with hydrogen bonding potential were
interpreted‘as water molecules and were allcwed to refine as
neutral oxygen atoms with individual temperature factors,
B(R?) agd occupancies. The indicated shifts on B's and
occupancies were applied in alterate cycles. Solvent mole-
éuleé that refined to very high temperature factors or very
low occupancy values were eliminated. When the data set was
changed at cycle 91 all the solvents were deleted and a new
difference map was calculated. The map sho;ed that many of

the solvents were in the same positions in the two crystals.



: .25

In addition to these water molecules, two sulfate ions

have been included in the model. These were refined with

A

just individual B factors. - : : -—

Redetermination of Solvent Positions

At cycle 124 of the refinement, it was felt that there

were problems with the procedure used to select solvent

positions. The requirement that a potential solvent atom be

ip a hydrogen bonding position relative to polar protein

atoms biases the resulting solvent structure. To overcome

\

this problem, the solvent positions were redetermined using

a new procedure as follows:

(1)

(2)

(3)

(4)

- (5)

Remove_aal solvents and allow the protein atoms to
refine for a few cycles (typically 4). .
Calculate a difference map and select 'as solvent
positions all peaks w{th electron dehsities higher
than a relatively high cutoff level. A high cutoff
is necessary because of the larger errors in the
phases at this point,

Refine with the new solvents for a few cycles
(again, typically 4). | ,
Calculate a difference map and use a lower cutoff

level to pick out new solvents.

Repeat steps 3 and 4.

It is important, at each iteration, to keep the cutoff

level high enough so that noise is not misinterpreted as a
|

solvent atom. In this context, additional criteria that the



c

totai peak size be a certain value and that titg¢ peak be
relatively convex by visual inspection Qere imposed. 1In khe
~last difference map a cutoff level of 0.22 e/R’ and a
hinimum peak size of 0.21 e/peak vere used. Thé error of -
the map vas estimated to be 0.05 e/&’ (Blundell & Johnson,

1976) .

Estimation of Errors

The“detérmination of errors in atomic coordinates in a
structure refined by a restrained least-séuares procedure is
not straightfofward. The reader is referred to Read et al.
(1983) for a full discussion. |

Thus coordinate errors were'estimated using three_dif-
ferent methods. The method pf Luzzati (1952) estimates the
error from the variation of the R-factor with resolution.
From such a plot (not shown), we estimate the ove}all root-
mean-square (r.m.s.) error for the refined a-lytic protease
structure 0.14R. However, from this method only an over-
all error estimate is obtained.

An estimate of the errors in individual atomic
positions may be calculated from the formula given by
Cruickshank (1949, 1954, 1967). The equation for a trigonal

[ J

space group is similar to that for a monoclinic space group

and is given by



cl £ 12(yr |-|F.])2)1/2
b o cl

0,; =
o (m/2)12f,;exp[-B;sin26/22)
hkl ‘

4 L]

wvhere ¢ is the axial length, f,; is the atomic scattering
factor, a?d m= 2 or l'depending‘oﬁ whether the reflection
is centric or not. .The radial error is given by op; = 3
0zi. The r.m.s. error for all the atoms in the protein cal-
culated using the Cruickshank formula is 0.10K. |

The third way to estimaté,pésitional‘er:ors is to.
compare the coordinates of the refined structure with those
obtained by refining without restraints (Chambers & Stroud,
1979). Four cycles of unresgrained refinéhent converged
with an R-factor of 0.117, fhe r.m.s., differencde between
the coordinates‘df the restrained and‘ﬁnrestrained struc-
tures as a function of the B factor for each ato% type is
shown in Figure 11:2. The;very large deviations of nitrogen
atoms with large B-factd;; Figure 11.2b) cofrespond_to»dis-
ordered arginine side chains. The overall r.m.s. difference
is 0.12R for all the aéghs of the prg;gin.-:The errors pre-
dicted by the Cruickshaﬁk formula are:superimposed on these
plots and show reasonéble agreement between the two methods.
These plots can be %ﬁed to obtain an estimate of the error
as a function of B. The variation of B aloné the p6lypep-

§)
tide chain is given in Figure I1.3.

L 4
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Figure 11.2. Coordinate Errors. o, as a function of the iso-
tropic temperature factor (B). The points in the plots
represent the r.m.s. difference between restrained and
unrestrained structures. The curve in each plot is the
radial error [SIG(R)] calculated from.the Cruickshank
formula for the corresponding atom type.

\

t W

Structure Equivalence and Sequence Alignment

The refined structures of SGPA at 1.5& resolution
(Sieiecki et al., 1979; Sielecki & James, 1981), SGPh at
1.78 resolution (Sawyer et al., unpublished), a-chymotrypsin
at, 1.8% resolution (the a-chymotrypsin structure is that
from the crystals of its c;mplex with the third domain of
the turkey ovomucoid inhibitor, Read; Fujinaga, Sielecki,
~Ardeii, Laskowski & James, unpublished results) and «-lytic
protease were used. We used the program of W. Bennett that
is based on the methodology of Rossmann and Argos (1975) to
determine the structural equivalence of these four enzymes.
Those pairs of a-carbon atoms that differed in position by
less than 1.9% were considered structurglly equivalent in
the two enzymes being compared. For the comparison of the

three bacterial enzymes with bovine pancreatic



B-factor (A?)

A &8 60 100 1200 137 189 - W3 216 228
"Protein Sequence

Figure I1.3. The Variation in the B-factor Along the
Polypeptide Chain. The thick line shows the mean B (R2) of
the main chain atoms while the thin line shows the corres-
ponding values for the side chain atoms.

a-chymotrypsin we relaxed this criterion to 3.0%.
B. Results and Discussion
Overall Structure

'S

with gbod‘%eometry and a low R-factor. The final model con-

The refinement proce@ure has resulted in a structure

sists of 1391 protein atoms, 2 sulfate ions.and 156 water
molecules. The R-factor is 0.131 for the 14996 reflections
between 8-1.7& resolution that satisfy the criterion 1 2
20(1). _ |

The quality of the structure can be judged from the
data in Table II.3 that summarizes the deviation from ideal
geometry. Another indication of the quality can be seen in
a ¢-v plot (Ramakrishnan & Ramachandran, 1965) shown in

Figure I1.4. There are only five non-glycyl residues
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Table I11.3

r.m.8 Deviations from Ideal Geometry at the End of
Refinement .

Distance restraints (R)

Bond distance 0.019(0.015)"

Angle distance 0.030(0.020)

Planar 1-4 distance 0.033(0.020)
Plane restraint (R) 0.018(0.015)
Chictal-volume restraint (&?) 0.188(0.100)
Non-bonded contact restraint (R)

Single torsion contact 0.209(0.250)

Multiple torsion contact 0.128(0.250)

Possible h{drogen bond 0.132(0.250)
Peptide torsion angle restraint (°) 3.4(2.0)

'The values of o, in parentheses, are the input estimated
standard deviations that determine the relative weights
for the corresponding restraints (see Hendrickson &
Konnert, 1980).

(Ala39, Asn60, Pro95, ThrS54, ?rolzo) whose ¢,¥y values fall
outside the accepta$1e regions. The first three are located
in turns, while the remaining residues, Thr54 and Proi120,
are located very close to the boundaries of the acceptable
regions on the ¢-¥ plot. Proline 95 with ¢,y values
(-81°,-155°) is in a cis conformation. The corresponding
prolyl residues in SGPA and SGPB are also‘in cis-conform-
ations with very similar ¢-y angles (Brayer et al., 1978).
The general folding of the polypeptide chain is as
described in the 2.8& resolution stud§ (Brayer et al.,
1979). The mfjor changes to the structure as a result of
the refinement are due to side chain reQrientation and
flipping of four peptide bonds. The r.m.s. diffgrence in

position between the 2.8% resolution structure and the

Tefined Structure is 0.88R for the main chain atoms and
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;lgure IT.4. ¢-v Plot of the Refined Structure of a-lytic
Protease. The symbols correspond to the followin? residue
ty?es: (o) proline, (V) B-branched amino acids, (+) Glycine,
(o) others. The solid lines enclose areas that are the
fully allowed conformational regions and the broken line
shows the areas of acceptable van der Waals contacts for
r(C®) of 115° .(Ramakrishpan & Ramachandran, 1965).
1.60R for the side chain atoms. These values include
average shifts in x, y, z of 0.54, 0.06, 0.178 for the main
chain atoms and 0.49, 0.02, 0.12& for the side chain atoms.
Figure I1.5(a) shows the complete molecule while Figure
11.5(b) shows the main chain atoms with the hydrogen bonds
in dashed lines.

The redetermination of solvent positions at cycle 124
resulted in 156 water molecules and 2 sulfate ions. Of the

153 water molecules in the model before the redetermination,

24 did not reappear. The water molecules were ordered



(a)

(b)

Figure 11.5. Stereoscopic View of a-lytic Protease. (a) The
complete molecule of a-lytic protease, The peptide backbone
is shown in thick lines while the side chains are shown in
thin lines. .

(b) The same view as (a) but without the side chain atoms.
The dashed lines indicate the hydrogen bonds between main
dhain atoms. The residue numbey is given every five res-
idues (see Table II.4). @
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aécording to a quality factor (James & Sielecki, 1983) that
is defined as occupancy’/B and indicates roughly the
reliability of each molecule. They ~ere numbered
sequentially in decreasing order of their quality factor.
The 23 incorrect water molecules were among those v}th the

lowest quality tactors. It

d seem that our refinement

Procedure is not always a giscriminate noise from veak

features,

Comiparison with Homologous Enzymes . »
The amino-acid sequences of a-lytic protease, SGPA,
SGPB and a-chymotrypsin have been aliéned (Table 11.4) and ¢
the amino mcid residues are numbered according to thig, new
‘alignment. This alignment‘wds constructed from the results
of the pairwise structural comparisons of the four proteins

using the refined atomic coordinates. The fitting of each

structure, one to the otﬂer, was done on the basis of a
rigid body least*squates refinement procedure with a-carbon
atom coordinates only. The results are summarized in Table
II1.5. It is clear from Tables I1.4 and II.5 that the three
bactgrial enzymes are much more similat to one another than
they are to a-thymotrypsin althobgh the structural
equivalences to the lattér are considerable. There are
APpProximately 110 a-carbon atoms of the bacterial proteases
that are structurally equivalent to corresponding a-carbon

atoms in the mammalian pancreatic proteases.
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Table 11.4
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The Sequence Alignment of Homologous Serine Proteases
i .

LP
PA
PB

CH"

PA
PB
CH

LP
PA
PB
CH

LP
PA
PB
CH

LP
PA
PB
CH

A B .
15 15 16 17 18 19 20 21
A N I VvV 6 G - -
- -1 A 6 G - -
- - 1 § 6 G - -
- .- 1 VvV N G E .E

»

28 29 30 31 32 33 34 35
- - - 1 E Y § 1
-, - - E A 1 T T
- - - D A I Y S
P W Q \ S L 0 D

A |

42 43 44 44 45 47 48
C $§ V G F v T
C S L G F vV s
C S L G F "V R
cC G G - § 1 N

52 53 54 55 56 57 58 59
F V T A G C G
A" L .T A .G cC T
F L T A G cC T
V V T A A H C G

64 65 66 67 68 69 70 71
A R I G - - - -
W S - - - - .- .
W W A N S A - -
D V V V A G E F

36

t

=

I n<go w >

rgz3 wu»

72

23

Q=g

73

24 25 26
G
38 39 40
N A S
G G S
S T G
G F H
C
48 49 50
A T K
G v A
$ T Y
- E' N
vy 4
60$ 61 62
N A T
S A S
AT T
" T - T
l\k

74 ;?Z 76
S

41

m oo

51

b e ol > Y



G A
PA - = - - -
PBL - -~ -R T T
CH E K I Q K
91 92 93 94 95
LP v - - F P
BA S - - F P
PB. S - - F P
CH N S K Y N
% 105,106 107 108 109
SRS 7 S O R AN L T
. "_PA I 'IV~ : I R "H S
¢CH L .L K L s
et :
g
A- B
118 119 120 120 120
LP . L' P RY V
- M - D G R V
CH \' S A - -
121 122 123 124 125
————— 4
LP V R G S T
PA I T T A G
PB I T ‘S A A
CH v ¢ L P s

-

(Table I1.4 continued)

78 79 80 81 82.
b - - -

83

r< 1 <

96

110

:Faz::m

C
120

AN

84 85
V G
1 G
L G
K I

97 98
L

111 112
A Q
P A
T T
A A

‘D E
12Q@ 120
N G-
L Y
_\—

86

113

0= -3

F.
120

LZ -

126 127 128 129

OZZwm

100 101 102 103 1

04
G N D R A
N N D Y G
N N D Y G,
N N D I T
A

Cmx >
1
'
I

"G H ) J K

120 120 120 120 120

S S F VvV T
G S Y Q D
- - G Q D

130 131 132 133 134
A A A G A
A F V' G Q
AT V G M
F A A G T.
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(Table 11.4 continued)

135 136 137 138 139 140 141 142 143 144 145 146 147 148

LP A Vv ¢ R 8§ G R T T - - - - -
PA AV Q R S 6 S T T - - - - -
PB A V. T R R G % T T - - - - -
C(Hh T C VvV T T 6 W 6 L T R Y T N
149 150 151 152 153 154 155 156 157 158 159 160 161 162
LP - - - - - - - G Y Q ¢C G T I
PA - - - - - - - G L R S .G S v
PB - - - - - - - G T H S G S v
CH A N P D R L Q Q A s L P L
O
163 164 165 166 167 168 169 170 171 172 173 174 175 176
Lp T A K N V¥V T A N -Y - A B G A
"~ PA T 6 L N A T V N Y G S S G I
PBE T A L N A T V N Y ,G G¥. g p v
CH L § N T N € K K Y W G T K 1
-
177 178 179 180 181 182 !83 184 185 186 187 188 189 190
. [ P .
P vV R 6 L T Q G N A - - - C M
PA V ‘'Y G M I Q T N VvV - - - C A
BB VvV Y G - I R Ty N VvV - - - Cc 3
CH K Ilivgpz'M g (n SN N A S G v s S
. kb .
;f -}4
‘o . | “ A
191)192 193 194 195 196 197 198 199 200 201 201 202 203
l» 6 R G D S G G S W I T 5 A -
PA Q. P G D S GG G S L. F AL < G -
PB E P G D s 6 G P L Y S - G -
CH €C M G D S G G P L véﬁﬁc - K K

.
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(Table 11.4 continued)

204 205 206 207’208 : )"211 212 213 214 215 216 217

b - - - ¢ B ,ﬁyéﬁfu G V M S G G N

PA - - - § 7T £, 6 L T S G G S

PB. - - - T R A I G L T § G G s

CH N G A W T L.V 6 I V S W ¢ s
A B C D A " A B ¢

T 218 219 219 219 219 219 220 220 221 222 222 222 222 223
Vv Q@ s N @

A S Q

- - - - —

s T - - -

POz
[ NeXeXe]
QOO

nnod

I
T
S
T

NZZZ

224 225 226 227 228 229 230 231 232 233 234 235 236 237

R § S L& f¥ E R L Q@ P I L S ¢
G T T F Y Q P V T E A L S A
G T T F F Q P V T E A L V A
T ,P G V. Y A R V T A L V N W

........

238 239 240 241 242 243 244 245

LP Y G L S§ L VvV T G-
PA Y G A T V L - -
PB Y G V 'S VvV Y - -
CH V Q Q@ T L A A N

S

The sequence alignment of a-lytic protease (LP), SGPA (PA),
SGPB (PB), and a-chymotrypsin (CH) (the 1-letter code of the
amino acids is used). This alignment was derived from the
structural equivalence observed from the refined crystal
structures of all. four enzymes, based on the algorithm of
Rossmann & Argos (1976). The continuous and dotted lines
under, the sequence numbers refer to the structurally equiv-
alent residues common to the three bacterial serine pro-
teases; continuous lines correspond to residues that have
a-carbon atems superimposable simultaneously to within 1.0R,
the dotted shifhes corgespond to additional residues that are
superim Je when the limit is relaxed to within 1.9K, The
detail summary of the pairwise fitting is given in Table
11.5. ‘Bge®contihuous and dotted lines drawn under the amino
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(Table I1.4 continued)
.

acid sequence of a-chymotrypsin refer to the 112

structurally equivalent residues of a-lytic protease and
a-chymotrypsin. The 94 residues with a continuous underline
are those for which the a-carbon atoms are superimposed )
simultaneously to within 1.9&8; r.m.s. deviation 1.04R. There
are 18 additional a-carbon atoms superimposable when the
limit is gmlaxed to 3,08, Table II.5 summarises this
sequence identity in the structurally equivalent regions; it¥»
ranges from 21% (a-lytic protease versus a-chymotrypsin) to
70% (SGPA versus SGPB). : .

e _ B )
In addition to tﬂJ”least-squares superposition, we have
compared the strﬁctures-inﬁﬂhirs on the MMS-X interactive
graphics system (Sielecki et al., 1982)., In Table II.4, the

& . .
so derived regions of structural equivalence are depicted i

*

.two ways. For the comp{rison of a=Tytic qumease with a- \
chymotrypsin, the 112 amino acid resiaue;’that are :Q\ .
underlined (solid or dotted lines at the bottom of the ro#sf\\

are conside;ed to be structurally equivalent. The 94 res- - \\\

idues with a so0lid underline are those for which the \

1

‘a-carbon afoms can be superimposed simultaneously within
1.9R; the r.m.s. deviation in their fositions is 1.04&, . The
dotted underlines indicate the adﬂifional 18 residues that
can .be superposed within 3,08 (Table I1.4).

The regions of structural equivalehce aﬁong the three
bacterial serine proteases are indicated in Table I1.4 by
splid and dotted lines on top of the rows, below the
sequence numbers. The criterion for deducing these regions
was more stringent than that used for the comparison o% a-

lytic protease and a-chymotrypsin. Solid lines correspond

to those regions that are superposed simultanéously to



Table I1I1.5

Summary of the Structural Pairwise Fitting of the Bacterial
Serine Proteases with a~chymotrypsin

SGPA SGPB a~lytic a-chynio-
(181) (185) protease trypsin
' (198) . (230)

SGPA - 162(0.55) 159(0.76) 91(0.98)
7 o C[1e(1.am))
SGPB 114,(70) - 150(0.74) 88(0.96)
{110(1.36)]

a-lytic protease 63(40)  64(43) - 94(1.04)
- — [(112(1.34))

a-chymotrypsin 27(23) 28(25)  24(21) -

The number of amino acids in each protein are given below .
the name. (The A chain of a-chymotrypsin has been omitted
from this comparison). The upper triangular portion of the
matrix has the number of structurally equivalent a-carbon
atom pairs that fit within 1.98 of each' other in the two
enzymes compared. The r.m.s. deviation in & for those
a-carbon atom pairs is given in parentheses. . Comparisons
of the bacterial serine proteases with a-chymotrypsin also
give in square brackets the number of a-carbon atom pairs
that fit within 3.0R. The lower triangular matrix gives
the number of identical amino acid residues in the
structurally equivalent portions of the pairs of enzymes.
The number in parentheses is the percentage of the residues
comprising the structurally equivalent segments that are
identical. § :

-

within 1.0&; the r.m.s. deviaﬁions range from 0.408 to
0.528. The dotted lines correspond to those additional res-
idues that are superposed simultaneously when the limit is
relaxed to 1,94,

The strands of polypeptide chdin that exhibit the -
‘greatest struétural equivalence are those strands either

containing the residues of the catalytic triad, Aspl02,

His57 and Ser195, or are the strands spatially close to



them.. There are ten such strands forming two antiparallel
B-pleated sheets fhat are the junction between the two ’
‘domains of the enzyme (see Figs. 1II.5(a) and (b) for the
a-lytic protease structure). Within .the structurally equiv-
alent regions of a-lytic protease and a-chymotrypsin, the

amino-acid sequence identity is relatively low; only 24 of

the 112 structurally equivalent residues are iden‘al and v .
e

of these 11 are on the étrénd; carrying HisS57 and 'ri95
(Table I1. 4)

There are five major regions of the two enzymes with no
structural homology. The N-termini, although exhibiting
remarkable sequence identity, have completely different con-
formations. The Ca2* binding loop of the trypsin family
(residues 70 to 80 in the pancreatic serine proteases) is
missing in é-lytic protease, as is the autolysis loop,
144-155. The part of the methioﬁiRQ\ioop from residue 164
to 176 has an a-helical conformatgon in a-chymotrypsin, but
is in an extended B-sheet conformation in the bacterial
enzymes. a-lytic protease has a four residue insertion at
position 219 in the primary specificity poeecket that, in
part, limits the size of P, reszd‘.p in potential sub-
strates. These regions of the a- lytic molecule have been
discussed in more detail (Brayer et al., 1979). -

The similarity of structure and sequence among the bac-
terigl proteases can be exemplified by comparing SGPA and
a-lytic protease. Within the same definition of structural

equivalence as used above, there are 159 structurally
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homologous pairs of amino-acid residues (a-carbon atom
positions)'between SGPA (refined coordinates at 1,58 resol-
ution, Sielecki & James, 1981) and a-lytic protease (Table
I1.4). This represents 88x,of‘thg residues in SGPA (total
of 181 aminb acids). The r.m.s. deviati;n of these |
superposed a-carbon atom pairs is 0.76&. Of the 159 struc—'
turally equivalent pairs of residues in SGPA and a-lytic
protease, 63 (40%) are chemically identical.

This highly homologous.folding of the polypeptide.chaif
results in very similar active site regions of the two
enzymes. Fitting 84 atomg,;‘;pq\ 15 amino-acid residues’ that
comprise the active_siic'}ééion of a-lytic protease to
corresponding ones of SGPA via a lea;t-squates procedure
results in an r.m.s. deviation of 0.28&; for the correspond-
ing atom pairs of SGPA and SGPB this r.m.s. deviation is
0.15%.

With such remarkable structural similarity, it is not
surprising that the chémical sequence identity is maximal in
the neighborhood of the catalytic triads (Table II1.4). The
activgfsites of these enzymes are found at the junction of
the two domains of the molecules. Since the Sgi;peptide
chains are structurally equivalent in these domains, it is
also likely that the equivalent amino-acids of the hydro-
phobic core be identical. However the hydrophobic cores
(far the N-terminal and C-teéminal domains) have markedly

different amino acid compositions in SGPA and a-lytic pro-

tease. Of the 159 equivalent pairs of residugs in SGPA and

[



gilytic protease, the 72 in the N-terminal domain have an
r}m.s. deviation of 0.874 whéreas the 87 in the C-terminal
démafn have an.r.m.s. deviation of 0.648R.

_:‘The N-terminal domains of the two bacteri;I enzymes are
compared in Figure II.6. For clarity, some amino-acid side‘
chains that do not contribute to the hydrophobic core have
been omitted from Figuremyl.é(a). It can be seen that in
the vicinity of His57, Asp102, Cys42 and Cys58 both main
chain and amino acid side chains have extremely similar con-
formations. However, the hydfophobic interior; of the two
enzymes have vastly different chemical character; that of
SGPA is predominantly aliphatic, whereas there are more
aromatic residues méking up the interior of a-lytic pro-
tease. Also, it can be seen that as one moves farther from
the active site, ané more towards the be?iphery of the .
enzyme, the structural homology decreases and the polypep-
tide chains adopt\less'equfvalent paths.

Two adjacent sections rough the superimposed N-termi-
nal domains of SGPA and a-lytic protease are represented in
parts (b) and (c) of Figu}e I1.6. Insertions in the amino
acid sequence for a-lytic.protease at 15A and B and at 66 to
83 relative to SGPA are probably-the cause of major differ-
ences in'the polypeptide chain conformations near these
sites [Figure II1.6(b)]. Residues Ilel6, Ile31, Ile66, Val84
and Leul08 in a-lytic protease form an elliptically shaped

region of hydrophobic side chains in this portion of the

core. The roughly equivalent volume of SGPA is occypied by

”

/

N
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(a) , ' -

Figure II.6. N-terminal Hydrophobic Cores of a-lytic
Protease and SGPA. a-lytic protease is shown in thick lines
and SGPA in thin lines. Numbers refer to residues of a-
lytic protease and correspond to the alignment in Table
IT.4. Mainly, only those side chains contributing to the
hydrophobics core are represented in (a). The active site
residues His57 and Asp102 are at the bottom of the figure in
this orientation. (b) A section through the N-terminal
cores of a-lytic protease and SGPA; this view is approxi-
mately orthogonal to that in (a) from the top. Major dif-
ferences in polypeptide chain conformations for the two
enzymes are evident in this comparison, e.g. from residues
64-85 where there is a five residue insertion in a-lytic
protease (Table II1.4). Residues of a-lytic protease contri-
buting to the core are: Ilei6, Ile31, Phe52, 1le66, Val84,
Leu108 and Leult4. (c) The neighboring section of the cores
to that in (b). The position of Phe52 is common to both
views (b) and (c) for reference. The large volume differ-
ence between Phe and Ala at position 52 is only partially
compensated by other changes in the region of these res-
idues. The polypeptide chains in this section of both mole-
cul?s is much more structurally equivalent than that shown
in (b).



(b)

(c)

Figure I11.6 (continued)

44¢
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four side chains Ilels I1le84, Hxs 108 and Asnd46, but-—these
-residues are not coincident with the above five side chains
of a-lytic protease [Figure I11.6(b)]).

The side chain of Phe52 [seen in both Figs. I1.6(b)
and 11.6(c)]) is‘ggftrally located in the N-terminal hydro- ‘
phobic core- of a-lytic protease. The side chain of Ehis
residee is surrounded by the side chains of Ilel§, Tyr33,
Val4d, Thr54, I1le66, ValB4, Val106 and Leul08. The struc-
turally equxvalent residue 52 in SGPA is an alanxne. The
large volume change associated with this amino-acid
substitution is accompanied by compensatory sequence changes
in re7iaues 33, 44, B4, 106 and 108 and some main chain
rearrangements. In spite of these changes, there are two
small cavities in SGPA, situated in a volume equivalent to
that occupied by the phenyl ring of Phe52 in a-lytic pro-
tease. These cavities are about 80-90% the volume of a
water molecule and are surrounded by apeflar atoms. Similar
small cavities have been observed in other protein struc-
tures (Lee & Richards, 1971).

The C-terminal domains of a-lyfic protease and SGPA
have a greater degree of structurai equivalence than do
their N-terpinal domains (Figure.II.7). The major conform-
ational differences are in the region of Cys220A (Brayer
et al., 1979) where a-1ljtic protease has two insertions
relatiQe to SGPA, one of 5 residuge,;218-219c, and one of 3
residues at 222B-223 (Table 11.4). The extended B-loop,

Ala130 to‘Thr163, in both enzymes is structurally
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‘carboxyl#te of Asp194 (James et al., 1978)
-

’;,‘;:wé

. 3
. o e
figure I1.7. C-terminal Hydrophobic Cores of ¥~lytikg *Lﬁ . %’
S

Protease and SGPA. a-lytic protease is shown ' i.;hi k
and SGPA in thin lines. Numbers refer to residuds

®ent in Tabl
IT.4. Seri195 is located towards the topgif-the diagr m.,
The Pep199 to Leul199 difference is centr
Compensatory changes involve residues 136,
185, 226 and 228. The conformations of the p¢lype ﬁ?de
chaxhs in these C-terminal domains are much mgre sxm1lar ® .
than in the N-terminal,domains of the two en

clarity some of the side chains not contribu
hydrophobic core have been omitted. LN

lytic protease and correspond to the ali

equivalent, Where there are amino acid d1ffq&$6¢cs :n thxs

loop, the side chains point to the surface. . @igh degtee :
of structural equivalence among the bacterx. %

teases is required for this loop as it is

0

the structurally and functionally 1mportan& (

The side chain of Arg138 makes a buried sa{ {
« Ll i = S

P2

lﬁiocatodf f»:"'
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Jsp199 is centrally located in the C-terminal hydro-
phobigfcor@ of a-lytic protease. The strucéurally equiv-
alent regidue in SGPA is a leucine (Figure If.7). The
relatively large volume ditfirence between the side chains
of these two residues is as‘qéiated with compensatory
changes ip both seq::nce and cOnformatan at positions 136,
138, 181, 183, 185, 226_and-?28, Two other sequence differ-.
ences, Ala190 for Met190 andyTht213 for Met213 (Table II.4
ipd Figure II1.7) are in part responsible for the difference
in substrate specificity between SGPA and a-lytic protease.

This structural comparison Jeyeals that .in spiée of
pronounced dlfferences in the :a;ugi of the amino acid ‘'side

chains that constxtute the hydrophobic interior Qf these -

3 related proteins, the basic folding pattern of the.

supporting polypeptide chain is preserved.

Hydrogen Bonds.

Commonly, a hydrogog bond is defined as a bond between
D-H and A (D = donor atom, A = accéptor atom) specifically
involving the hydrogen atom (e.g. Pimentel and McClellan,
1960). 1t has been shown that much of the behavior of '
hydrogen bonds can be understood in terms of van der Waals
and electrostatic interactions (van Dui jneveldt-van de Rijdt
and van Duijneveldt, 1971; Jhgler et al., 1974). However,

when analyzing a structure, one must resort to either geo-

metrical or energetic criteria with cut-off values to

w‘lassify an interaction as being a hydrogen bond. In

-

L}
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.addition, in almost all protein strud®@res, the position of -

the . hydrogen atoms cannot be determined pxferimentally due

»

to the Iimiied resolution of data«that can be obtained.*® Due

oo . Vgl
to these difficulties, any listing of hydrogen bonds will

‘have a certain degree of uncertainty. *

*r o
In our analysis we have used strictly geometrical
. -
criteria for determining the presgpce of a.hydrogen bond.
For nitrogen atoms with planar comfigurations, hydrogen
e

atoms ‘can be located reasonably welf assuming standard
gé&metry (program of S. Phillips). For cases where the
‘hydrogen atom position is amb1guous, as in hydroxyl gr&yps
and. quaternary amino groups, the optlmal position in the L
plane of the donor and acceptér groups was assumed. No
aFtempt was made to position the hy?:gg;n atoms on §olvent
‘molecules. An interection was considered to be a possible
hydrogen bond if the H---A digtance was less than 2.4& for
- oxygen qccebt?rs and ]g§s¢1h9n gggﬂ for nitrogen acceptors.
For hxdrogen bonds between water‘molecules; and water dble-
: phieS*to aéceprers on\the protein, a cutoff of 3.4& for the
1nteratom1c d1stenoéjg§§ used it sRou¥d'be hoted that tée
use'qf such‘geometrical criteria and somewhat arbitrary
curoff values“will résult in Some favou‘gile interactions
being rejetted and possibly s( e unfavourable interactions
?Z

.

I

~being accepted as hydrogen bor
A listing of the possible hydrogenwbonds between qﬁin

i
chain atoms is,given inLTable I1.6. The table is divided
N s - '
according ta _the type vf,secondary structural unit. It can

.



N ' Table I1.6

r

Hydrogen Bonds Between Main~chain Atoms

N-H C=0 d ?) g§§?0) afgon) a(COH)

) (%)

B-Sheets .
Tyr 33 Cys 42

) 161 153 154
Ser 34 Arg 65

158 152 145

. e 35  ser 40 . 153 154 153
K¢n 36  Thr 62 . 169 155 151
Cys 42 . Tyr 33 . . 172 171 169
val 44  Ile 31 . . 159 156 149

Val 47 Gly 51
Thr 48 Ser241
Arg 48A Thr 49
Gly 51 Val 47
Phe 52 Valioe

169 134 136
158 156 149
167 . 155 153
140 152 164
154 157 148

—~ VVDOWVPOOW=WDDWDOD DY

val 53 Phe 45 159 155 154
Thr 54 Ala104 . 162 141 144
Arg 65 Ser 34 . 157 Y43 137
Ile 66 Ala 82 154 155 156

Val 84 Ala 64
Thr 87 - Ser107
Ala-' 88A Trp105S
Val 91 Arg103
*  Arg103 .  val 91
Ala104 Thr 5%
-‘Vali06 Phe 52..

176 154 154
155 . 157 154
161 - 154 148
163 160 158
166 158 153
130 137 149
168 165 161

v

-

Ser107 . Thr 87 144 16 1€ 172
Leu108 Lys .50 ~ 173. 139 138
Thr109 Val 84 163 154 156

Val120B Vvali20J
Asn120D Ser120H
Vali20Jg Vali120B

154 °~ 156 148
163 127 133
162 156 150

-
. [ . . . . .

OWNODOURDWOBI P OVODOODOVOIDOVOROWVWUOUOUDwPDW=aONaOOVOVUROOYO —

. “Vali121 Pro120 v 176 134 135 -
Vali36 Gly160 167 141 141
Cys137 11e200 161 156 149

e ¢ e o o o o e o

. 3 .
DI ODD—= O J WD W ~JWD O~ DLW ® WD DO

Arg138 Gln158
- Ser 139 Ser198
Gln158 -Arg138
Gly160 Vali3é
Ilel162. Ala134
Ala164 Gln182
Valile? Leu180
Ala 169 Vali1?7?
Tyr171 Gly175
Vali177 Ala169
Leu180 Valie?
Thri181 Phe228
Gln182 Alal164
Gly183 Ser226

154 167 158
154 158 151
160" - 161 155
162 ' 177 170
162 168 162
%8s 134 138
W5 145 146
165 . 155 151
139 126 128
165 165 162
149 143 . 150
172 161, 163
17 152 150 -
16%4" 163 159

1 ] L] L] . L] L]
-y
.

e o o
¢ W

4

Sne

. . . . L4 . . . - - . L]
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N-H C=0 d(NO)' d(OH) a(NHO) a(CON) a(COH)
(R) (R) (°) (°) (°)
‘11e200 . Cys137 2.8 178 165° 154 149
val212 Glu229 2.8 1.9 154 154 148
Gly215 Leu227 3.1 2.1 163 140 136
Asn217 Ser225 3.0 2.1 150 163 154
Ser226 Gly183 3.0 2.1 154 164 165
Leu227 Gly215 2.6 1.6 174 158 159
Phe228 Thr181 2.9 1.9 168 160 156
Glu229 Val212 2.8 1.9 164 152 157
Leu231 Gln210 3.0 2.1 160 - 121 123
Ser241 Thr 48 2.8 1.8 165 161 156 ,
Val243 Ser 46 3.1 2.1 167 137 141
Bends x :
Ala 39 Ile 35 2.9 2.0 153 130 123
Thr 49  Arg 48A 3.0 2.1 150 12¢ %28
Cys 58  Mla 55 3.1 2.2 152 114 105
Ala 61 Thr. '59A 2.9 2.0 154 144 141
Ala B2 .Ile 66 3.1 2,2 152 119 118
GIn112 Thr109 3.2 2.2 166 123 118
Ser120H Asn120D - 2.8 2.0 148 135 135
Ala134 Ala131 3.0 2.0 160 145 142
“Gly175 Tyr171 3.0 2.2 143 116 105 °
Asp194 Gly191, 2.9 2.0 157 150 . 145
. Gly197 Asp19d - 3.0 2.1 149 144 136
Gly207 * Twr201 2.9 2.0 © 162 - 120 116
Gly219C  Gln219 2.9 1.9 154 122 116
»  Gln223 Pro222A 2.8 1.9 - 152 . 127 118
Arg224 Ala222B 3.1 2.1 166 115 11
Ile234 Leu231 3.0 2.3 121 122 107
Asni101 Pro 95 3.1 2.2 139 82 95
‘a-helices .
Leu235 Leu231 3.1 2.1 167 168 164
Ser236 Gdn232 3.1 2.2 166 162 158
Gln237 Pro233 2.9 2.0 152 143 134
Tyr238 Ile234 .3.0 2.1~ 160 154 150
Gly239  Leu235 2.9 2.3 113 145 129
Others ' '
Ile 16  Thr113 2.7 1.8 176 165 165
Gly 18 | Arg120A 2.8 1.8 166 145 150
Gly 19 val 44 2.8 1.8 170 142 138
. Ser 43 Ser 195 2.9 2.0 157 163 ¢«163
Gly 44A val 53 2.9 2. 127 164 159
N Asn 60 ° Phe 88 2.8 1.8 166 143 141 -
Ala 64 Gly 85 2.9 1.9 173 142 142
Phe 88 Ala 61 - 2.8 1.? 159 159 151
Gly 106 Ala176 2.9 2.0 151 148 142
Ala 89 3.1 . 2.2 157 158

155

.

} o
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L4

N-H C=0 , d(NO)"' d(gH) -a(NHO) a(CON) a(COH)
: (%) (R) (°) (®) (*)

176 162 164
137 156 154
144 84 . 92
177 153 152
169 138 136
154 144 136
128 146 136
163 147 141
© 158 153 152
143 161 149
156 170 162
173 - 133 131
136 * 147 157
165 139 135
160 147 153
166 143 143
162 . 149 143
155 151 152
135 91 104
165 133 129
149 169 160
149 147 142
158 170 163

Thr113 Ala 15A
Leul19 Ile 16
Arg120A Leul19
~Alai120C Gly 18
Arg122 Gly207
Gly133 Ile162
Gly156 Gly140
Thr163 Gln182
Arg178 Gly100
Asn184 Thr161
Argi192 Gly219C
Gly 196 Met213
Trp199 Gly211
— Thr201 Gln208
Ala209 Gly123
Gln210 Trp199
Met213 - Gly197
Ser214 - Leu227
Val218 Gly21e6 <
Gln219 Asn219D
Asn220 Met 190
Leu240 Leu235
Gly245 Vali21

-

. [ ] ] . - - . . .
e ¢ o o e o

L]
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.
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‘d,distance; a,angle

be seen that the protein is mainly made up of B-sheets wth
only a short a-helix from Leu231 to Gly239 and a very short
370 helix from Pro223 Fo Ar9224.‘w?he turns were classified
according to the criteria givenk‘ﬁli;%katachalam (1968) and
are summarized in Table 1I1.7. & type ILI (345) turn occurs
. at the N~-terminus of the a-helix betwegn re51due Leu231 and
Ile234 The carbonyl group of LeuZ31 31ﬁb accepts a hydro- o
gen bond from Leu235~NH thus form1n§ the start of an a-helix
[Figure I1.5(b)]. It is more common for a 30 conformation

to sccur at the C-terminal end of a helix (Richardson, )

.1981). There is a single reverse open turn (Ramachandran §&

.o
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‘ - . Table 11.7
’%'. ‘ -y Anéles in Turns
P , , . .,
g 2(°) ¥i () (%) ¥3(°)
v Standard typel . -60 -30 -90 0
’ Residues 201-207 -63 -21 -85 1 .
219-219C -60 -24 -8 1
2228-224' -1 -23 -102 1
: 9 © .
Standard tyé@ﬂh' . 60 30 90 0
' Residwes 66-82 . 54 39 85 =15
‘ » ‘
Standard type I1° -60 120 80 0
- Residues 59A-61 -58 139 77 -1
131-134 ~58 135 98 =16
. 191-194: -56 133 106 ~-22
B 194-1973 -49 142 88 -21
Standard type II'. . 60 -120 -80 0
" jResidues 48A-49 68 -132 =75 = =12
R 120D-120H 64 -124 . -92 -6
Standard- type 111 -60 -30 -60 =30
Residues “55-58 -63 -35 -67 -13
109-112 -61 -23 -72 -17
. 171-175 . -53 -39 -75 -20
) 222A-223" -54 -35 -61 =23
' 231-234¢ -~ -44 -54 -59 -34
'Standard type I{1' ' 60 30 60 30

. Residues 35-39 . 49 41 56 .25

Reverse open turn .
.Residues 94-161 . -81 -155 93 -71

-
'Helical (3,o)
‘Far. from standard values

Mitra, 1976) from Phe%¢ to Asn101, with the only cis?prolinq
of the molecule at;position'gs [Figure 1I1.8(a)]). This type
of turn is also observed in the homologous region of SGPA as
depicted in Figure I;.e(b). The reverse open turn is »
distinct from thg type VI turn that has a cis-proline at‘the

i+2 position (Richardson, 1981),

-
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(Ramachandran & Mitra, 1976). (Hydrogen .bon §.are shown by
broken lines.) (b) The hamologous region in .SGPA is showp

(solid line and labelled residues) superimposed on the
equivalent residues of a-lytic protease (broken lines).

The

superposition was done using all the alpha carbons in each .

molegule. .

S
i
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_ In addition to the hydrogen bonds listed in Table 11.6,
thore is a.group of'main.chain-main chain interactions that
fall withio the limits that we have set'fo; a hydrogen bond
but have neverthelkss not been included in the teble. These
involve residues in what is known as a C, conforﬁation. In
these residues the N-H and C-O groups are aimost coplanar
with H---O distances of about 2.3& and N-H--0 angles of ’
abvht 100°.. In most oa;es these residues are part of a
B-sheet and presumably the C, conformetion is imposed on
them by the secondary structure. However, there are other
cases in which the reasons for adopting such a conformation
are not clear.“ It is not obvious what the nature of the
interaction is in‘a Cs conformation and whether it is '
justified to classify it as a hydrogen bond. The existence
of such intetactioos oas been infetrea f?oﬁ,lk soectra of

model peptides in CCl, (Avignon et al., 1969).

We' examined in detail the angular parameters of the

main chain hydrogen bonds. Fiqure II.9 shows the angle at
the hydrogen atom as a function of the hydrogen to tﬁe

acceptor distag'ce. The trend seen in the plot is smular to

that observed m small l“cule structutes (Olovsson &
JonssqQn, 1976)’ The lxn&ar conf1guratxon at the shorter,
hydrogen to aéceptor dxsiances would Mminimize the |

2N ;

unfavourable contact beﬁween the ng&rogen.aﬂﬁ oxygen atfm
& " 3’ - :

(Hagler et al. <1974) ff_;;,“ e ‘ '

?
‘]

In human lysozyme, Artymiuk and. Blake (1981) analyzed

the polar angles of the hydrogen bond’ at the acceptor atom.

’

@
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Figure I11.9. Hydrogen Bond Angles and Distances. Angle
N-H---0 as a function of the H---0 distance for hydrogen
bonds between main chain atoms. ’

They defined two angles g and vy, where B is fhe angular
pOfition-of the hydrogen atom wi;h respect to the plane of
the peptide group and y is the azimuthal angle”in the pep-
tide plane with the zero defined by the C=0 dife;tion (see
Figure 11.10 inset).
;._ They observed for human lysozyme a c;usteri;gvof points
| corresponding to reéidues in a~hglices, turns anéﬁﬁfsheets
into different regions of a B-y plot. The corré;poﬁding
Plot for a-lytic protease is shown in Figure II.fO: A
'similar clustering of secondar& structural units ﬁah be
seen. In éddition, the different types of turns cluster
{“7iint° sep§rate.fegions.’ The types I and IlI turns are ig a
: Rl VS -
ke s
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.Fiqure II.10. Angulas.{arametgrs at the Main-chain Carbonyl
" Oxygen. Plot of the ar angles B and y (defined in_ the
.+ inset) at the carbonyl oxygen of the main chai (Artymiuk & -

Jf Blake, 198%. The values for the hydrogen bond involving

' ‘the main chain atoms are given with the following symbols: {sr
(0) B-sheet, (x) a-helix, (%) others. The hydrogen bonds in
~:turns are designated by the corresponding turn type number
‘(venkatchalam, 1968). Type III turn is included with the
type I (shown as 1) and the type II1' is included with the
type 1' {(shown as 1'). Type II and I1' turns are shown as 2
‘and 2' respectively. ‘ ~
: LN

;fegiPn.(so, -30) in B, y and type Il turns are %gg?nd (30,
7395. All ‘the turns I', II' and III' cluster téﬁe}her at
around (-50, -30). | ®

f‘ 1 A corresponding pair of polar angles céﬁ.also.be
iaefihgd at the amide hydrogen atom of peptides. 8’ is the
‘anghla; position of the acéeptor~atom with respect to the — ,

peptide plane and y' is the azimuthal angle in that plane

’ "with thg zero defined by the N-H direction. The plot of

. % ,
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B'-y' is shown in Fiqgure II1.11, Here again the different
secondary structural units seefl to be localized into differ-
ent regions. However, the various types of turns do not
cluster igko‘saparate o-~rups and the a-helix does not seem
to cluster at ali. The angular parameters for the helix may
not be representative since tﬁere is only a short a?helical
segment in this molecule. |

The possible hydrogen bonds invblving the side chains
are tabuaated in Tables 11.8 and 11.9. The listing on Table

I1.8 is much more tentative as it involves donor groups

whose hydrogen atom positions are ambiguous (amino terminus,

{

-3
)
.

-60

-9C

. . v '
90 60 »m ] » 60 920

Figure II.11. Angular Parameters at the Main-chain Amide
Nitrogen. Plot of the polar angles B8' and y' (defined in the
inset) at the amide hydrogen of the main chain. The '

labelling of the various secondary structural units is-as in
Figure I11.10. '
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Table 11.8
Side-chain Hydrogen Bonds with Ambiguous Hydrogen Atom
Positions
Donor Acceptor d(DA)' d(AH) a(CDA) a(DHA) a(CAD)
() (R): (°) (°) ().
Ala 15A N Gln112 OE1 2.8 1.8 113 175 146
Tyr 33 OH Thr 54 0OG1 2.8 1.8 117 169 106
~ Ser 34 OG Ser 34 0 = 3.2 2.4 82 141 63
Ser 43 OG Gly193 0" 3.0 2.0 131 149 137
Ser ‘46 0OG Leul119 0O 3.0 2.1 92 154 129
Thr 48 0G1 Thr 48 O = 3.1 2.3 83 ‘ 141 67
Lys S50 NZ Ser110 O 2.9 1.9 . 104 171 139
Lys 50 N2Z Gln112 0O 2.6 1.6 116 171 169
Thr 54 OG!1 Ser 43 0 3.2 2.2 128 154 147
Thr 87 OG1 Thr 87 O » 3.0 2.1 86 145 70
Ser107 OG Ser107 O = 3.2 2.4 76 133 75
Thr109 OG1 Thr109 O = 3.3 2.4 85 145 59
Thr125 OG1  Gln208 OE1 3.2 2.3- 89 150 109
Ser139 0OG Alat120C © 2.7 1.7 107 174 135
Thr142 0OG1 Arg192 0 2.7 1.7 100 164 130
Thr143 0OG! Asp194 OD1 2.6 1.6 114 173 126
Thr163 OG1 Glni182 0O 3.2 2.2 116 172 97
Lys165 N2 Glu129 OE2 3.0 2.0 109 178 124
Lys165 N2Z Alai130 O, 2.7 1.7 99 162 143
Tyr171 OH Ser214 0OG - 2.8 1.8 113 176 113
Ser195 0G* His 57 NE2 3.1 2.2 85 144 -
Ser198 OG Gly 44A O 2.6 1.7 19 166 140
Thr201 OGt Thr201 O » 3.2 2.3 86 146 62
Ser214 OG - Aspi102 ODI 2.6 1.6 114 173 127
Ser225 0OG Gln182 OE1 3.0 2.0 102 169 120
Ser226 0OG Alai85 O 2.6 1.6 101 166 ~ 165

‘d,distance; a,angle; D,donor; A,acceptor; C,carbon.
%, an intra-residue interaction.
*Not likely to be a hydrogen bond.

See text and Table II.,11,
Lys, Ser, Thr and Tyr). The hydrogen atoms were placed in
the optimal position as described above in the Definition
section, and the distances and angles in the table are
included to give an idea of the geometry of the interaction.

Most of the groups listed in this table also make additional

hydrogen bonds with solvent molecules. The possible
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hydrogen bonds listed in Table II.9 on the other hand
. - /

involve hydrogen atoms that can be located assuming standard
geometry and thus the interactions can be examined vitﬁ‘more
*eonfidence.

An uncertainty concerning the protonatioﬂ state of the
single histidine residue (His57) arises. Since the crystal
was grown at pH 6.1 that is at or‘ncarfthe normal pK, of
hjstidine (nominally 6.5), the equilibrium favors a
partially protonated (i.e, partially positively charged)
state of the ihidazole ring. From NMR dgta,‘Westler et al.
(1982) have reported pK, values from 5.9 to 6.5 for this
residue of a-lytic protease, depending on the sample brepar-
ation. In any ¢ase, ND1 of the h}st&dine is protonated; a
strong hydrogen bond exists from this atom to Asp102 OD2"
(Brayer et al., 1979). At oné time there was a controversy

about whether the proton was on the histidine or on the

———

aspartate (Hunkapiller et al., 1975). The question now
seems to have been resolved in favour of thé proton being on
the histidine (Bachovchin et al., 1981). The hydrogen
bgnding interactions found in this study indicate that NE2
o?nthe histidine is—also protonated, making the imidazole
group positively charged (see the section 'Charge
Interactions').

In Tables II1.8 and I11.9, there arg several intra-res-
idue interactions (marked by s's) which fall within our

hydrogen bonding criteria. A five-membered ring-like struc-

ture occurs when there is a close approach of the hydroxyl



Arg 90 NH!1 Gly 56 @
Arg 90 NE Gly 56 O
Aspl102 N Glu229 OE2 2
Arg103 NH2 Glu229 OE2 3
Arg103 NH1 Gln237 OE! 2

149 136 140
148 127 131
169 117 114
139 100 - 88
153 171 166

Tablg 11.9
Side-chain Hydrogen Bonds without Ambiguous Hydrogen Atom
: Positions :

Donor Acceptor d(NA)' d(AH) a(NHA) a(CAN) a(CAH)

(R) (R) (°) (°) (°)
Arg 48aA NF) Tyr238 O 3. . 146 170 168
Ala 55 N ™" Thr 54 OG! 2. . 128 80 96
Gly 56 N .Asp102 OD2 2. . 108 152 135
His S7 N Asp102 OD2 2. . 153 145 143
His 57 ND! Asp102 OD1 2. . 166 115 110
Thr 59A N Thr 59A OG1 s 2. . 100 68 . 90
Thr 62 N Asn 36 ODI1 2 . 170 135 137

3

3

—'-\omomommummom\o\aowwomm\me\ow
SN 2PN AN N = a2 Nas DN =N == NDNN

L] L2 L] L] L] .
“ V= O =P OVOWDOVWOUNVOW—=OVOWJIOW b

Argi03 NE Glu229 OE2 2 155 133 134
Gln112 NE2 Thr109 OG1 2 , 172 160 157
Phe1201 N Ser120H 0G 3. . 126 75 91
Thr125 N Gln208 OE1 2. . 168 141 . 145
Alai130 N Gln210 OE1 2. . 178 120 121
Arg138 NH2 Glyi8%6 O 3. . 127 163 148
Arg138 NH1  Thr143 OGI 2. . 120 154 140
Arg138 NH1 Cys189 O 2. . 140 142 155
Argi41 N Ser 43 0OG 3. . 162 132 138
Arg141 NH2 Thr142 OGt * 2. . 160 125 131
Arg141 NH1 Glu 32 OE2 3. . 140 141 137.
Argié1 NE Glu 32 OE2 2. .9 150 125 116
Thr142 N ASp194 OD2 2. 2.0 148 143 148
Thr143 N Asp194 OD2 3. 2.2 164 105 101
Gln158 NE2  Thr143 O 2.9 1.9 163 153 148
Thr161 N Asn184 OD1 "~ 2.9 1.9 161 136 132
Glu174 N Glu174 OE! & 2.7 1.8 145 94 107
Gln182 NE2 Thri163 0OG! 2.8 1.9 162 125 118
Met 190 N Asn220 OD1 2.9 2.0 148 151 149
Gly191 N Asp194 OD!1 2.7 1.8 147 132 122
Ser198 N ' Ser198 0G & 2.6 2.2 103 69 85
Gln208 N Thr201 0G! 3.0 2.1 153 151 155
Gln210 NE2 Thr125 O 2.8 ' 1.8 162 149 150
Gln2Y0 NE2 G1ln208 O 3.0 2.0 173 108 108
AsSn217 N Asn217 OD1 * 2.8 2.3 117 83 95
Asn217 ND2 Gln223 O 3.0 2.1 153 153" 145
Gln219 NE2.  Asn217 O 2.8 1.9 161 131 130
AsSn219D N . - Asn219B OD1 3.1 2.2 165 128 129
Asn220 ND2 Ser226 0OG 3.1 2.1 168 144 141
ASn220 ND2  Asn217 onm 3.0 2.0 165 156 152
Cys220A N Asn219D OB¥% .2 g 1.9 145 129 118
Arg224 NH2 1le222 O 2.9 2.1 132 6 159
Arg224 NH!1 Asni184 O 3.1 2.1 170 B! 161



. ©
(Table I1.9 continued)' , ' ¢
Dogor Acceptor d(NA)' A(AH) a(NHA) a(CAN) a(CAH)
, o (R) (R) . (®) (*) (%,
Arg224 NE 1le222 O 3.0 2.2 134 145 140
Ser225 N Asn217 OD1 2.9 1.9 169 17 121
Arg230 NH2 Glu129 OE1 3.1 2.2 146 139 148
Arg230 NE Glu129 OE1 3. 2.2 154 103 98 .
Gln232.N32 ‘;ﬁerIZC 2.9 2.0 166 155 156
‘d, dista e:,a, ngle; A,acceptor. ¢
*,an int ~fesi interactxon.
. ' [ ]
L w '

: * ” oxygen of seranes and threonxnes to the main chain N-H
(degre li . This conformation 1s similar to the,C, con-

“‘jformatxon &xscussed above, but 18‘1acks the favourable
dxpovb xnteractaoP present 14 the latter. Six-membered

A
rxng-l1}e st;uctures can resul’ from an interaction either
s
betyeen the hydroxyl hydtogen atom of serines and threonines

" R

'to the ma1n chain carbonyl oxygen atom (not shown), or from

h the ma1ﬂ éha1n N- H to the side chain carbonyl group .of
‘ aqureate or asparqglné resxdues tFigure.11.12), For cases
1nv;lv1ng a serxne Or a threonxne, the actual hydrogen atom

posxtxon is not known so that the existence of such an

1nteractxon is dszxcult to assess.

o)
\
=0
O-- ... O\C/9, c/c -
| I l I \ |
C ke
~c—" Ne—N c\\c,/’"

Figure 11.12. Intraresidue Interactions. Possible int&r-
actions with 5-, 6-, and 7-membered rings.
¢ '



. The last type 1nvolves a hydrod'. bond between the main
chaxn N-H and the sxde chain carbonyl oxygen atom of gluta-

mate or glutam1ne. There is ohe examplg,of this in u-lytxc

protease at Glu174 with X1 = -56° and x, = 77°. A similar /
(ad ' :

- conformatxon of a glutamate side chain has been observed at
L i ’ )

the reactive site of the turkey ovomucoid 1nh1b1§or

domain III“(Read et al«, 1983) The torsional angles for
. ’ LT

' Glu191 in that structur! &re X, = 61’ Xz = -62°, The most

»
commonly observed conformation for a glutamate side chain ,
- has torsional andles x, = -60°, x, = 180° (Janin &t al.,
1978). . ' | | .

-~

Mo{e‘can two thirds of the interactions listed in

Tables ITP8*and I1.9 occur between side chaxn and main chain

*.atoms. Of tﬂese, the ones 1nvblv1ng ggbartate and aspar-
agine residues are of part;cular interest in their role in

determ1n1ng the structure of a protein. There is a high

'probab111ty for aspartates and especxally asparagxnea;es-_
\xdues to be located 1n a reverse turn (Crawford et al.
5“1973) In addltlon these res1dues can form af;everse turn-

‘like structure< the Asx turp (Rees et al. 1983) In these LY -

stayctures, the Asx s1de cha1n CO group takes the role of .

»

L 4
, the main cha1n carbonyl group. of the 1th“re51due in a normal

turn. Jn a-lytxéaprotease, Asx turns are observed at
-Asn2198 ané at Asn219D Qpﬂ re51dues are found frequently ]
: <‘ ;lso lt the enﬂ'of’? Sheets (chhardson. 1981) ‘Here again‘ v
) ; thd side chaln CO can reozace a main ch51n carbonyl group J/ﬁ '
. -Eesultang 1n‘the termxna;gpn{of the B-sheb;.’ Unlike the Asf

N L4
0 - & - &£ N . .
‘ : A

. .
- ~
o - .
. . /\
= : .
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(a)

(b)

Ry
14

Figure I1.13
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»
,

(c)

7 TR | :
& (d) R ! ‘ ) Y y

Figure II.13. A-sheet TerminJi/on by Asx Residues. (a)‘—.(d{/ > T
Regions where a p-sheet confofmation of the polypeptide’ ‘4.#
chain is terminated by hydrogen bonding to the.side chaind

Asx residues. The hioken lines indicate ‘the hydrogen bondy,. -
(c) also shows' two exagples of Asx turns (Rees et al., 1983k
.8t Asn219B and at.Asn219D.. . Y 2 , %

D
4
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tutn,'tgat h;b\the same number, of aﬁoms as a reverse turn,

the te}mination of a B-sheet by an Asx residue inyolqes .n'
, extra atoﬁ'(FB) as compared to a B-sheet interactiBn. The

insertion of the addfﬁi;nal atom~co¢ld make that t'ype of
Ninteraction less‘favorable;' Houe;ef the numerous occir-

rgnces of this structure im a-lytxc protease, at Asnl6,

Asn184 Asp194,Asn219B and ASA220 (Figures 1. ﬂ3(a) (dx)

indicate that it is an i

ANt structural elemiﬁt.

Zpﬁte\iiwi\iiTjjhat $ cial hydrégen bond not listed in
. P i - -

the tables. Th;s 1s)§ﬁ!éfgteraction between the side chains
L . o,

of Trp199 and Metzﬁs ‘The distance from Trp199 HE! to

Met213 SG *is Q.SK while the distance from the. NE1 ' of the '“b

¢ . [
tryptophan side chain to SG ;E 3.4R. The angle at the

hydrogen is 150°. A cutoff of 2.8R for H---S distance was

There are relat1vely few dxrect hydrogen bonds between )
14

proteln molecules in the crystal and these “are ngen in

msed.'or hydrogen bonds to sulfur acceptors.

Table II.IO: Most” of thej1ntermolecu1a\ interactions

involve bridging solvent molecules. . i

charge,lnlcfactions

| q-rYtic«pgotease {; a basif protein with twelve
‘argininés. two ysineé, four glutamates, two aspartates, one
Histidine and the free amino and carboxy terﬁini. All the |
negatively. charged groups interact either direc:ly, or

indirectly via solvent bridges, to positively charged

groups. The C-terminus forms a hydfbgén bonded bridge

-
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Table 11.10

In:crmolecular Hydrogen Bonds

Donor . Acceptor _  d(NAJ" 'd(AH) a(NHA) a(CAN) a(CAH)
: ‘ (&) (&) (°)  (°) " (%)
Asn 15B ND2 Pro233 O 2.9. 2.4@ a1 113 115
Asn 5B ND2, Ser236 0G. . 2.8 1.9 167 . 148 ° 144
: Glul%é O 2.7 1.7 172 140 -~ 139
n237 0 2.8 1.9 158 124 125
~ &236 0. ., 2.9 250 141 . 171 174
) 2q93,¢- 2.8,-°1.8 162 125 120
Ala131 N Ash 38 O 2.9 1.9 168 165 15ﬂ
* ;ﬂg*g?)' d(AH) a(CGA) a(OHA) a(CAO)

| B gt G )
Ser120H OG  Ser241 OG- 3.3 z“ 44 1% 150
. —

'd,distance; a,angle; A acceptor

. , !
through Wat138 to Argl122NE. Three of the four glutamites

1nteract dmrectly thh atg1n1ne residues wh11e the- remaxnlng
Aui7e forhs a hydrogen bonded brxdgejthrough Wat97 and
Wat1§ﬁ to Arg122 og a neighborxng qolecule. Both of the
aSparag}e res%dues are buried. Asp102, whlch 1s a member «of
A the catalytxc ttlad ksp‘tus Ser,’ is stabilized by hydrogen
bondxng to H1357NDI as well as to Gly56N, HisS7N, and
Ser2140G. The other aspartate, Asp194 is ilso a very : |
1mportant residue as it is conserved in the faqﬁf} of serxne
proteases with the dgx1ve ;1te sequence Giy-ASp-Ser Gly- Gly, '
The side.chain of Asp194 is w1th1n 3. 4R of the gﬁ:;xd1n1um
group\ of Argi138, but ;heqe is no‘hydrogen bond betwveen these
gre;:g:~ Instead the intefectién is mediated by.hydrogen
bonds r143OG\(Figure I1.14). There is an intricate -
hyerééEsz;dxng network in the vicinity of these re51dues.



Figure II.14. Environment of Arg138 ah §p194. Hydrogen
- bonding involving the buried charged regfidues Ar§138 ‘and
Asp194. 'The broken;lines show the hydrogen'bonds.. 02 is a
. tightly bonded inteinal water mg‘gcule: The interadtion
between the two chérged ®siduesis mediated by Thr143:

\

{ idcéxgiqg‘iptpractions with a strongly bound internal water

4

-

" molecule, Wat®. In the pancreatic serine proteases this o
* ;“Q. ‘ ,- - - 3 ‘ . ’ ) Y . : : ‘
aspartate residue interacts with the N-tecminus and is
. v . T . .
important in the actxgsplon of the zymogen. (Huber. & ﬁade,
: o . B » . P " . ) s N
1-978). . ‘ . '-‘ . “' . . ' LS
" The two sdlgike—ions in thq_struciute.make a nymber of
, intermolecular interactions. The possible hydrogen bonds

iﬁvolving these molecules are listed in’Taple I1.11 and

-

igures 11.15(a) and *(b) -show their environments. Sul 1 is

.

.-

. located in the binding .site of the enzyme #nd receives .

°
[

,«\\ hydrogen bonds from His5INE2 and Ser1950G [Fiédrelll;iS(a)].q

L3 "

-
P l/.
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Table 1I.11 - A

, Hydrogen Bonds to Sulfate Ions

L]

OD)' A(OH) a(OHD) a(SOD)
- (R) (R) (°) (°) .

L3

4

Sul 1, S<01 wat 87 2.8 C.102 . -
: . Wat 25 205 159 e
SeP2 Arg122 NH1? 2.9 e 123 82
. ' Wat 51 2.9 146
- 7 Wat 108 3.2 . 121
3.  s-03 wat 87 _ 3.1 90
: ‘ it 76 3.2 130,
His 57 NE2 2.8 149- 124
- Arg122 NH1? 2.9 135 83
, Ser195 0G 3.1 - 151, B0 .
‘ S-04 Gly193 N 2.6 - 170 20 .
= —“} r195 0G 2.6 170 g p
Sul 2 s-01 WEtn§ 2.9 - 9 ..
e Asn 1SBN , 3.1 %8 123 -
7 s-02  wat S8 2.7 116
. ~ Arg230 NH1? 3.0 164 15
S-03’ Wat104 2.7 : . 126
. - Arg230 NH2? 2.9 173 2@
2.5

'd, dxstance- a,angle; D donor ,
' ‘Symmetry related molecule.

 $-04  Wat 31 N
‘ | e

"In qddi-ti.on,'Arg122 from an 'q%ﬂ’ageht molecule. donme% a
hydrpg‘en bpnd to this ion. The existence of -'/'a gooqd h}dfogen

. bond fromrzssmsz .is a strong 1nd1catxon that thig residue

R is politlvely charged and thus cannot €acc:e;‘.»l: a hydrogen bond - @»
from Ser1950G. * o T

~ a The other éulfate ion, Sul 2, is bound nqﬁr the N-ter-
minus of the protein .[’Fig_ure 11.15(b)]. , Tt?e};e ishoﬁdireét
contact with the N-terminal alanine but a long' bridging
interaction is made via Wat124 and Wat58. - The distance

.b’wgen these ‘wat‘e'r .x;nblecule!‘:‘iswl.sx. Tk;ere ié"‘ahéi\rect‘

charge interaction from the iod to Arg230 on a neighboting'



Figure I1.15, Environment of-the Sulfate Ions. Broken lines
indicate amino acids from a neighbouring molecule. Watery
molecules are given single letter codes, O. The hydrogen
bondingsinteractions are listed in Table II.11. ©
(a) Sul 1 bound near the active gite. o :
v (b) Sul 2 bound near the N-terminus.

/ -

T )



molscule. , . : Y
T"vén’me .‘"d lysine residues that do not have .
corunte::iati,@f“by';nré l'u exposed to the bulk solvent. Of
thgse; A:. ] 2 seems to haveé ﬁvo ‘distinct side chain conform- “
; &ggt,io‘?s ‘int_hq wtg‘}‘ (fF,igure 11.16). "I'he alternate con-

- * , .
format iefl ‘Be less favourable as the side chain would N

the. packing interface and it would thefi be

boéplgo bu
‘ posit;on‘ _ se to Argl'zz of a neighboring mdlec.ule. -
o .. "il" "” "".) S ‘
o .:,t;:‘ o |
= AR o

.“ . . .
o@ugm}ng’l 8 sqlvéqnt density of 1.0 g/mland a partial

»

Ipedficvolixh,‘é &,t prote’in of 0.73 ml/g, it is estimated
e~ ‘ : . B )
+4 tlht there are avbputi,,a;, «Jater, molecules in an asymmetric ‘
unit of whe-2rystal of a-lytic protease. Thus the 156 ~
LRI s : - p )

-

Figure II1.16. Disordered Arg192 Residue. The multiple con-
formation of Arg192 is shown superimposed on the electron
density map calculated with coefficients (2|Fg|-1Pc], ac).
The 80lid lines indicate the conformation in the refineg
structure vhereas the dashed lines ghov the possible
alternate conformation. -

/
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Figure 1I1I.

broken lines indicate hydrogen bonds invo

molecules.

" . ‘ n

17. Oligomeric Intecrnal Water M ‘%ecules. The
1ving the vater
A dimer between Watl and Wat12 is shown in (a)

whi trimer (Wat5, Wat59, Wat99) and a dimer (Wat7, -
Wat16) are shown in (b)



factors. Their quality factors are among the highest

te S,

e : | | 72

" ‘ ‘
ordered water molecules represent only 18X of the tota] sol-

vent content. In contrast, the homologous bacterial serine ,

proteases SGPA and’SGPB have 235 and 249 solvent sites
respectively (Sielecki & James, 1981:.Saqu§;et al.,
unbyblished). Thesgpresults indicate that there may be more
aélyent gig;s.yef t; be found in £he ’-%ytic‘p;otease"c;fs-a

tal, Hé&ever, the number of ordere@®Bolvent sites will also

depend on the crystadl packing and the ther pon of the
protofn. - . . - -

, \.
L) F . . L)
"There are nine inﬁernal-wl@%r molecules in the aylytic

broéease structure. Two of these are isolated malecules,,
inside the protein, while the remaining ones occur as two
dimers amd one trimer that are hydrogen bonéea together
(Figure I1.17). As expected, most of tﬁese water sites

refine with very high occupansfes and, low gemperaturg'

N4

. Y
o )
. ‘g e ————t
\ . )
. 3,4 . - -+
Y : .
: .,
S 4 : )
o
a1 - 4/ -
L 4 g ‘/
% 4
=3
- -
© f—‘ v L] v v LA : :
2.0 2.3 2.6 2.9 3.2 $.6 @8 4.t ‘

Distonce. (A)
“a | .
Figure I1.18. Water-Protein Contacts. Histogram of the
closest water-protein contact distances.

2

o

L
[]

el 2% .
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twventy. Two exceptions .are two of the water molecules in
the trimer that are locaﬁed at number’g9 and 99 in the
quality factor ordering, | ’-

The analysis of the general features of the solvent
structure showed resultl‘similqr to those found previously
in other structures'(Bll et‘al.. 1983; Watenpaugh et al.,
1978:'Pinney, 1979). FigPre 21;18 shows a hiétbgram of the
closest contact distancesltrdﬁ”solvent to protein. It shows
a peak around 2.88 rep:esentxng &n ideal hydrogen bonding
distance. There is no sxgniticqq; evidgnece of a second’
shell of ordered water molecules further away from ‘the pro-
tein One water is located 2.4& from the main'éhain
carbonyl oxygen of Ala202, and theré“:e nine o‘*er water -

4
molecules thh contact d1stances less than 2.6X. These vere

e v
L 3
!

- Table 1I.12 .

o . B
Clagsification of Water Molecules by their Hydrogen Bonds

’/

S

@ . ’ . ' ‘NOc .'.-.' "f‘-&"l-‘
- —e - - S e I U0
Tota& number ‘of solventgipef gsymmetric unit = 15155‘g§g§
. - J*!
. Solvents with only 1 hydrogen bond to protexn L \ 7]&
" Solverits with 2 or more byd:ogen bonds to protexn a
Solvents brldq‘ng between 2 or more protein molecules 1w
Solwvents with hydrogen bonds to other solvents only 19

[ 4

Solvents with no pydrogquFondé
T\ *

\
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not rejected since the estimated erro

for the protedn and L‘

-

\

the solvent atoms are about 0.10A and 0.15R respectively, ’

'FOIIOwinq Blake et al. (1983), we 9touped the_nnlvi’/i
into Qifferent categories according to the hydtogen boan

that aro made (Tablc 11.12). Of the seveh vater molecules

. - that -qﬁ'

‘o : f .

vithin ¢,

drogon bonds, six of them have polar qroups
The remaining water (watrzs) is located in a

region of :eak electron density and is not reliable. The

breakdown 9( solv0nts according to bhp'type of the group or

;hc\.fom on the prouexn to which they are bopnd is shown in

Table I1.13. Thc distrxbug‘!' is similar to that ohserved
B

in lysozypo ?Blake et al., 3) and penicillopepsin (James

L Sxeleckx, 1983)" . .
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“ﬁh\* loakdcwn of Solvthzﬁrrotoin Hydtogon Bonds by '
~ Groups orY.the Protein ‘

Vg
*»  Hydrogen bond 1%) ~ y ,
To main-chain CO 45
To main-chain NH . 16
To side-chain, 39
. Té oxygen atoms 73
To nitrogen atoms ' 27
Mean distance to ot’gon atoms (&) 2.9170.24)

Mean

distance to- Mt;:ﬁ’n a'toms (X).%‘g‘ 8.01(0.17)
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111, Tonipn—

1y -

Tonin‘is a serine proteaée with a poésible réle to P}ay in
the regulation of blood préssure. In vitro, it i;‘;qpable
of producing.angiotensin 11, a\powerful vasoconstricter,
from angio;ensinogen, anéiotensin 1 or renin ~
tetradecapeptide substrate by the cleavage of a’Phe-H{s bond

(Figure I1I.1) (Grise et al., 1981, Boucher et'al., 1972),

L] 5
LNGIOTENSINOGEN

P = //b i renin
T

LRGICTERSIN
tonn ( .
. angiotensin converting enzyme L{E
\ or ,
N tonin
AN ’
LRGIQTENSIN 11
. A
»
LHNGIOTENSINGGEL - : -
, tomin renin ]
' +
Lsp-irg-val-Tyr-lle-H15-Fro-Phe-*15 _eu-Leu-ial -Che-Ser-Srotern
LNGIOTINSIN
] ¢ LCE or tonmin .
. , \
Lsp-irg-val-Tyr-lle-His-Oro-Phe-H15-Leu ) }
ENGIOTENSIN 11 . '
Lsp-irg-Val-Tyr-lie-Hi1s¥rn-Phe - ~.

Figure III.1. Reactions Catalyzed by Tonin. Angiotensin 1II
is produced either by the combined actions of renin and
angiotensin converting enzyme (ACE) or by tonip. Renin
cleaves the N-terminal decapeptide from angiotensinogen to
form angiotensin I which is subsequently converted by ACE to
angiotensin II. Tonin cleaves at a Phe-His bond in:
angiotensinogen to produce angiotensin Il directly. Tonin
also catalyzes the formation of angiotensin II from '
angiotensin I or from the tetradecapeptide renip substrate
(the N-terminal fourteen residues of angiotensi#fogen).
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The productxon of angiotensin 11 normglly requxres two
enzymes, renxn and angioténsin convertxng enzyme. Ton;n is
not affected by pepstatxn, a renin inhibitor, or by inhi-
bitors of the an91otens1n.convert1ng enzyme: EDTA, SQ14,225
or $Q20,881 ﬁBoucher et al.j 1974, Béuc?pt_ef al., 1977).
It is howeve; strongly inhibited by‘Ln inhibitor'in the
plasma thought to be a,-maqfoglobulin (Tremblay}ét al.,

-

1981) which does not inhibit éenia or angiptensin-conberting
enzyme. N - _ .
The actual physiological function of tonin is not
known. Tonin was isolated‘from the submaxillary gland in
raté (Boucher et al., 1972) and was afﬁo found injzhe kidney
(Ledoux et al.;, 1982) and in the prostate (Ashley &’
McDonald, 1985a). However it has no activity in the plasma
due to thg presence of an inhibitor as mentioned above. |
Fofvsmall synthetic substrates, tonin shows a t;yps}n
like activity, cleaving at arginyl residues under bas&c con-
ditions (Thihault & Genest, 1981). On the_other hand, |
studies with substrates such as BFlipqtropin, adreno-
corticotpopin, proopiomelanocortin (Seidah et al., 1979) and
substarre® P (Chrétien et al., 1980) have shown the strange
ability of-this enzyme to cleave either at phenylalafyl or
arginyl residues. There ié also an indication of an L
extended binding region. If the two N-terminal residues in
angiotensin I are not present, tonin will nof cleave the

peptide (Schiller et al., 1976) implying that interactions

(ar from the scissile bond are important in the specificity

BN
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of the reaction. Recent studxes sﬁow that these properties
| of tonin are not unique. Both trypsxn adﬂ'kallxkrexn can
produce angiotensin’fI.from a plasma protein fraction at
'weakiy acidic conditions (Arakawa et al., 1976, Afakawa‘
et al., 1980,‘A(akq'e & Maruta, 1980). Moreover, tonip can
ac; as a kiniﬁbgena§e. producing bradykinin from low molecu-
lar weiéht (LMW) kininogen (Ikeda &-Arakawa, 1984). o
Initia&}y the ahino'acid'sequehce of tonin was deter-
mined by Lazure et al. (1984) using protein sequencing
(:;g.methods. The sequence is highly homologous to other serine
'ﬁioteases such as kallikrein and the vy subun1t_of the nerve
growth factor. Like kallikrein and trypsin it has an
aspartate residue at ﬁosition 189' so that it should also
have a primary specificity for basic residues. “The most
surprising a@jpect of thg?Sequence was the presence of a ,
leqéyl res;due at positibn 102 where an aspartate reeidﬁe is
normally found. This aspartafe is part of the catalytic
triad, Asp-His-Ser, in serine proteases, and is believed to
: pe indispensable for the1r activity. Ashley ( McDonald
(1985b) havelsubsequently cohpﬁeted the nucleotide sequence
of tonin from rat aleng with those of several other
kallikrein- lxke proteins., They showed that Lazure et al
(1984) had missed a 16 re51due\fragment and like other
serine proteases tonin has an hspaftate residue at position

-

102. The total number of amino acids in tonin is thus 235
- . ‘ r '
' The residue numbering used throughout this chapter is

derived from the structural alignment of tonin with chymo-
trypsin. \




..with a molecular weight of 25548.

© Trigonal crystals of tonin Qere;fir§} reported by
Hayakava et.al. (1978). These crygtals‘diftracted to about
2.58 resofution. Tetrage::} crystals of much better
diffracting quality were obtained by including an+ in the
cryst;llizacion ‘solution. Unfortunately, as will be shown
'latgr, zn* interacts with the enzyﬁe in ghe region of its
active site, di,tortihg %ﬁ from the native conformation.

The‘c%ructure solution and refinement of the zn2* inhi-

bited form of "tonin will be described. (

A. Materials and Methods

Crystallization and Data Collection

Purified enzyme was kindly provided by Dr. R.
Boucher® and Dr. J. Genest of the Clinieal Reﬁearch
Institﬁte of Montreal. The crystallizatib; was done by the
hanging drop method. The crystal used to collect the
initial 2.8% resolution data set was grown under slightly
different conditions fromthat used to collect the 1.8%
resolution data set. The crystal data are summarized in
.'Tablé I11.,1, 'Data collection and processing meﬁhods'were
very similar for the two crystals (Table III.Z).\ T?ble ‘
I11.3 gives the percenéagé of reflections with intensities
above one or two times their estimated standard deviations

based on counting statistics. The program ORESTES (Thiessen

* deceased
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~ ; Table III.! ‘
i Crystal Data
Crystal 1 Crystal 2
N Growth condition - 15 ul/ml PEG200' 0.1 M PIPES®
- ; 0.1 M cacodylate 5 mM ZnSO4
10 mM ZnSO ~ 2.1 M (NHg),S04
a8 M (NH4?2504 pH 6.8
- pH 6.2
Crystal size 0.80x0.35x0.60mm 0.76x0.48x0.30mm
Spate group P43242 P432,2
a 48.64(1) R . 48.58(1) R
b 48.64(1) R 48.58(1) R
c 201.23(6) & 200.20(10) R
/ 8 8

a4 :
'Polyethylene glycol , '
*Piperazine-N,N'-bis[2-ethane sulfonic acid]

& Levy, 1973) was used to sca'le the data to absolute units
and to produce normalized structure factors (f€|). The
Wilson plot indiéated a scale of 36.5 and an overall temper-
ature factor of 16.1 R&* for crystal 2.
Structure Solution

The method oT mwlecular replacement was used to solve
the phase problem. For the search model, the refined struc-
ture of trypsin (Fehihammer & Bode, 1975; Bode & Schwpger,
1975) was used. The rotational parameters were obtained by
using the fast rotation function (Crowther, 1972) with data
between 10 and 3.5& resolution and a radius 6£ integration
bétween 5 and 21R. The maximum of the function was 4.4o0
above the mean, Before doing the trans{:;ional search, the

trypsin search model was rotated accordi to the angular

>



Table III.2

Data Collection and Processiag ’
A ]
Diffractometer Enraf-Nonius CAD4 )
I¢¢’§pnt beam Ni-filtered CuKa,40kV,26mA
Difffacted beam 60 cm crystal-counter He-filled
beam path )
Scan type w scang: s
Scan width 0.6° at™ ,(crystal
a 0.66+0.14¢ t 0.8°/mi
(crystal 2) :
Background measurenfent . 16.7% of the total scan width
each side of the peak
Background correction averaged in ranges of 6 and ¢
Absorption correction North et al. (1968)
Decay correction Hendrickson (1976)
Geometric correction Lorentz and polarization
[ 4
~ Crystal 1 Crystal 2
Minimum d-spacing | 2.8% 1.8%
Total no. of reflections 6954 265%9
No. of unique reflections 6548 23355
Merging R' 3.8% 7.4%
v (149 refs.) (2744 refs.)
No. of refs. with I 2 4707 11023
20(1)?
e

“R = IZ|T-1;|/ET

' g*(I) = I+c*1%*+(t;/tgy)? (ZBk+c*LBk?)
I=total intensity ‘
Bk-background counts
ty=time taken for intensity measurement
tgx=time taken for backgreund measurement
c=1nstrument 1nstqé§&}ty=0 .01

-

parameters correspondidé to this maximum,

The method used fg solve the translational problem was
inspired by the work of H;rada et al. (1981) (see Chapter
- IV). A systematic search is used in which the model is
moved over a grid in the search volume. At eag? point of

the grid, structure factors are calculated and are compared
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Table I111.3 >

Number of Dbserved Reflections from Crystal 2

Resolution No. of I'2 10 (%) 1 2 20 (%)
range reflections

«-4.00 2371 , 90 8s
4.00-3.00 3018 82 73
3.00-2.70 1879 78 63
2.70-2.50 1834 72 5% /
2.50-2.30 2447 . 67 46
2.30-2.15 2492 67 47.
2.15-2.00 3285 60 35
2.00-1.90 2773 49 25
1.90-1.80 3345 . 38 14

L Y

to the observed structure factors by evaluating the correl-
ation coefficient,
L(|Fo|2-|Fs|2) (|Fc|2-|Fc|2)
[z(|po|2-|ro;2>22(|rc|2-|{¢|2)211/2

where |F,| an® |F.| are the\observed and calculated struc-

ture factor amplitudes, respéctively, and the summation is

carried out over a set of reflethions. Initiaily the 140
reflections between 8-10& resolution and 2& grid spacing
-were used. A complete translational search volume‘!hr space
group P4,2,2 is from 0 to 1 in x, 0 to 1/2 in y and 0 to 1/2
in z. The maximum correlation obtained was 0.43, or 4.50
above the mean. However there ;ere several other peaks
along the z direction that were within 10 of this maximum.
Finer searches around these peaks using 0.5% grid spacings
and 903 reflections between 5-10& resolution discriminated

the correct solution, With the higher resolution data the

correlation coefficient in the region of the maximum in the
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previous search became 0.33. The correlation coefficient
will, in general, go down with more data but so will the
noise 1%vel. Q\}ho correlpondinq values for, other peaks were -
about 0. 23\ An improvoment In the algorithm increased the’

d
speed of ;omputatfbn and allowed the recalculation of the

tranzlation function over the total search area using data
between ¢ and 5& resolution and a 1& grid spacing and con-
(irméd tﬂt correctness of the solutio;.~ A peak which was 8o
above the mean clearly showed the correct position of the
- molecule ih the crystal. '

For certain dpace groups; there is an enantiomorphic
space group for v%xch the extinctions are identical and a-
un1que assignment is not possxble from the dxffractxon
pattern., P4,2,2 and 94:572 are such a pair and it was
during the translational searcp-that the ambiguity of the
space.group became resolved. The translational searches
done in the enantiomorphic space group P4,2,2 failed to give
a significant signal, The R factor (z||’o|‘|’c||/§|’o|) for
date between 10-2.8& resolution based on the rotated, and
"translated trypsin search model in the correct space group

<«

v o
Refinement
At the time the refinementy wvas started, only partial
I'd 'd')
sequence information was available (Lazure et al., 1981).

Therefore a combined tonin-trypsin model was constructed by

replacing, wherever possible, the amino acids of the -

¥ 3



molecular replacement trypsin model by théso of tonin.. The
resulting structurc conlistod ot 223 amino acid }osiduos ot ‘
which 146 rcsiduos, in three tragncnts, corr%upondod to the
se§uence of tonin. The restrained-parameter Loult-lquaros
refinement program of Hendé{ckson ¢ Konnert (1980) vas used.

Manual corrections to the model were made on thn'nus-x

interactive qraphi“hsystem*(sarry et al., 1976) using the

M3 program written by C. Broughton (Sielecki et al., 1981).
Reinterpretations were done mainly based on electron density
maps computed ®ith coefficients 2|F,|-|P.|, and calculated .

phases a.. The progress of the refinement was very slow and
initially'\nfre vas much concern about the extent of model
bias since the only source of phase information was the i
model. Many parts of the ﬁol?cule roughf} fitted the elec-
tron aensily_vhereas other parts that did not tit could not
be reinterpreted based on the current maps. The prbblem
remained even after most of the sequence (except for a 16
residue ftagmgpt that had been missed) became available
(Lazure et al., 1984). At this stage the R factor vas 0.43
for the data with rzzJ(x) in the 6.0-2.8% resolution shell.
Various appronches vereé trled in order to overcome model
bias and to establish confidence in the model. These
included we@ghting of map coefficients by figurés of merit,
free atom refinement in whigh all restraints were removed,
refinement of a polyélycine model based on the main chain
atoms of the tonin-trypsin structﬁre, and partial difference

‘maps with coefficients, [Fq|~|P.|, ac, in which parts of the
»

S



%

87
. : °

. e
\ // .model vere removed before calculating structbro factors.

)&

»

All thoao ptoccdurou did not seem to give any more
in(ornation than the maps vith coefticients 2|Fq|-|Fc|. In
Qho end, after many cycles of refinement, the strategy that
vorked the best vas to remove all parts of the model that
could no?‘*c £nt;rprctod from the electron density map and
then to refine the resulting partial structure. This |
consistod of 185 residues or about 80X of the vhol:/holo-
cule. The R factor at that point was 0.34 for the 6.0-2. ok
daéa. The liolxny amino acid residues vere aded back into ~
the model only wvhen the associated electron denllt9~bgcame

apparent and interpretable. Additioqal-improvement in the

,phases and the quaiity of the electron density were obtained

vhen a peak near the active site region was interpreted as a
2n2* jon. It clarified the position of a loop containing
two histidine residues that bind the Zn2* ion. As the
refinement progressed the resolution of the data Jsed was
slowly increased, individual temperiture.factors, B, were
refined and golvent molecules were added.

yhc; the refinement ;as almost complete (R = 0.17 for
B.Oﬂi;?l data), the positions of the 190, solvent molecules
in the structure were checked in a manner similar to that
done for a-lytic protease (Fujinaga et al. (1985{ / First
the solvent sites were ordered according to a qual#ty factor
defined by occupancy?/B .(James & Sielecki, 1983) . This

factor vas defined to reflect the fact that the atoms with

high occupancies and low B values are the most reliable.
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'Deviations from Ideal Goo-otry at the lud o!

r.m.8.

¢

2

Refi

Table 111.4

{

Distance restraints. (&)
Bond distance
Angle distance .

Planar

14 distance

Plane restraint (R)

Chira

Single torsion contact
Multiple torsion contagt/ -

Possible h
Peptide tors

{

drogen bbnd

-volume restreint (R?)
Non-bohded contact restraint (R)

\

on angle restraint ( )

0.016(0.013):

(0.018)
.02740.018)

0 139(0 080) .

0.220(0.250)
0.192(0.2%0)
0.207(0.2%))
3.2(2.0)

'The values of o, in
standard deviations that determi
for the co;rg’poﬂainq restraints
198

Konnert,

The solvent molec%}os w\th the 2/3 lowest quality factors

vere removed from the model.

the relstive weights

see@ Hendrickson ¢

A few &ycles of refinement

rentheses, are the input estimated

vere carried out preceding the computation of a dittcrﬁncc

map from wvhich new solvent positions were determined.

Additional rounds of refinement and examination of Ciffer-

ence maps resulted in a total of

than ofi%inally assigned.

149 solvent sites,

41 fewer

-

Most qf thelretinement was done using data with

1220(1).

including data with 1210(1).

cycle as vell as deviations from ideal geometry are given in

Table I111.4.

of resolution.

L
The parameters of the, last

~

»
The last lew cycles of refinement were carried out

Figure 1I1.2 shows the R-factor as a function

The change from the initial molecular

'replacement model can be seen in Pigure [11.3, vhere the a

carbons of the trypsin search model and those of the refined

R .
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Figure III.2. Variation of the R-factor with Resolution.
R-factor in ranges of sin6/\A. e all data; A data with
120(1); ® data with 1220(I). The overall R-factor. is 0.196
for data between 8-1.8R resolution with I20(1).

tonin structure are superimposed. The numbering of the

amino acids in this fiqure and_throughout the chapter

~

follows\that of chymotrypsinogen and is based on the

tertiary structural alignment of tonin with a-chyhotrypsin.

’

- For this purpose, the}structure'of a-chymotrypsin in the
molecular complex with the third domain of the turkey ovohu-
coid inhibitor refined at 1.8& resolution was used (Read,

R. J, Fujinaga, M., Sielecki, A., Ardelt, W., Laskowski,

M. Jr., & James, M. N. G., unpublished results).



Figure II1.3. Comparisori of the Molecular Replacement
Solution with the Final Refined Structure. The trypsin model
obtained with molecular ‘replacement is shown superimpo%ed on
the final refined structure of tonin. The molecules a
represented by line segments connecting the a-carbon atodms.
Tonin drawn with thick lines and is 'labeled every five res-
idues, and trypsin is shown with thin lines.

Quality of the Structure
There is yet no known way of determinin§ accurately the
errors in atomic coordinates resulting from a sparse-matrix
restrained refinement. Therefore, errors in-the coordinates
were estimated using several different approaches. Lu;zati
(1952) calculated the mean error in the coordinates from the
variation of the R-factor with resolution. The expected
variation assumes that the discrepancy between |F,| and |Fé]
results only from coordinate eryrors and that the observe%
and the ﬁbdel structures have the same scattering power.:

For the structure-of tonin the mean error calculated in this

way is about 0.358 that corresponds to a root—mean-squgre
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Figure III.4. Est%mation of the Error with a op Plot. Plot
of 1n(op) vs. sin<6/x for estimating the coordinate error
by the method of Read (1986) The slope.of the regression
line is Lﬁla&ed to the mean coordinate error (|Ar|) by,
slope=n3 |Ar | The first and the last three points were
rejected in determ1n1ng the regression line. N
(r.m.s.) error of 0.38R,

A similar method which uses the agreement betwea’»lf‘ol
and |Fc| to derive the mean error is that of Read (1986).
The error i$ obtained from the slope of a line f1tted to the

. ,

plot of 1ln(op) vs sin26/A2 (Figure II11.4), where op is
related to the sharpness of the phase probability distri-
bution (Srinivasan & Chandrasekaran, 1‘&7); This approach
allows for a difference in the scatter1ig power between the
model and the real structure and is insensitive to scaling -
-errors. The mean error obtained by this method is 0.31R&

(0r m.s. = 0.34R).
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Figure III.5. Estimation of the Error with the Method of
Cruickshank. Coordinate errors calculated from the equations
given by Cruickshank (1949, 1954, 1967). The radial error
was calculated from o,.*=30,?. Errors for carbon, nitrogen,
oxygen, and sulfur atoms as a function of the temperature
factor, B, aré plotted.

Unlikg the above two methods which give only an overall

value for the error, the formulae derived by Cruickshank
(1949, 1954, 1967) allow for the calculation of coordinate

errors as a function of atom type and temperature factor.

! N

Despite the fact that the eguations were derived for differ-

ence Fourier refinement with resolved atoms, they seem to

_give reasonable results (Read et al., 1983, Fujinaga et al.,

1985). Figure I111.5 shows the plots of the calculated

errors as a function of temperature factor, B, for four



93

“ F
"w
8 f - f
9 | ‘ ] l
—_ | |
<3 I | - b | .
i ‘ i1 l l .
/<] | |
5 . ‘ | | , o
b' 2 . ' [ . ' | (
@ . 'V . T | o
|\ 1 I | ' Y
ol s . ' ' { A ) L W !
. B (¥ ) ! K " U | ,
! t
/ Ay 1
o T
18 39 59 80 97 139 159 179 "wr. 221 240
_Protein Sequenee R

Figure III1.6. Th;\Variation of the B-factor Along the
Polypeptide Chain. The average temperature factors of the
main chain atoms are shown with thick lines and the average
over the side chain atoms are shown with thin lines.

different atom types. The variation of the tempetature

factor algné the poly epﬁade chain is depicted in-Figure
II1.6. These two figﬁ?és~caﬂ/5;\used}to'obtain the'errO{s
associated with eaéh regiQue; The r.m.s. error for all the
atoms in the structure‘is\O.ZSX. %hus the three different

" metMeds all indichte that the overall error is about 0.3A.
This value is larger than those found for other structures
réfined at high E/;plﬁf?bn whg%% the errors are in the range
0.1 to 0.2&. The larger err;} in the tonin coordinates is
probably‘due‘to the lower effective resolution of.thg tha
(Table I11.3). -

Qualitative information about the accuracy of the

refined model can be obtained by examining the fit of tg;ﬁ

r
I



Figure _III1.7. The Zn?* Ion.Environment. The coordination of
the Zn *kion found near the active site of the enzyme with
His57 being one of the ligands. The superposed electron
density shows the map calculated w%th coefficients,
2|F5|-|Fc], ac contoured at 40 eR™3,

. 1

molecular model to the electron density map. For the most

part the agreement between the model and the eleétron

T

densit§ is very good. As an example, Figure 111.7 shows the

- environment of the zn?* ion bound in the vicinity of the

active site. Nevertheless there are other regions that are

not as well defined. _An eight residue segment from I1e95C

to Gln95J could not be located. The following residue

. / . r
Pro95K could not be fitted as a prolyl residue and was G

refined as an alanine. Likewise, there was no electron

density associated with the side chains of Arg86 and so the
toms beyond CB were removed from the model. 1In addition,’
there are some other residues whose side chains could not be

itted wel}.‘ Table 1I11.5 summarizes all the regions of the
8 ‘ ' ’
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Table III.S \\

Poorly Determined R;gions \

Lys21
Glu23

Lys24
Asn63
Glnés

Leu73
Phe74

'Lys75
Arg82

Arg86

Gln8?7

1le95C
Gln95J
.. Pro95K
Glu110
Thr 125
Lys128
Glui129
Lys131
Vali150
Glui166
Lys173

\
Met 186

Glui186A

Lys222
Lys223

Lys239
Lys243

to

to

CD, CE, NZ
CG, CD,
OE1, OE2
CE, NZ~
OD1, ND2.
CDh, OE1,

‘NE2

side chain
CB

CE, NZ 4
NE, C2Z,
NH1, NH2
side chain

CD, ‘OE1,
NE2

cD, QE1,
OE2
061, €62,

CG, CD,
CE, N2
CB, CG1,
CG2

CG, CD,
OEl1, OE2
CG, CD,
CE, N2
CB, CE

CB, CG,
CD, OET,
OE2

CE, N2

CG, {cD,
CE, N2
CE, N2Z
CG, CD,

CE, Nz

low density f
low density *

no interpretable density
no interpretable /
spherical density, maybe rotational
disorder

poor fit but in density

no interpretable density, r1ng has
some density

no interpretable density

no interpretable d¢psity

refined as Ala, no interpretable

‘density beyond CD

low density

. .
no interpretable density -
refined as Ala, not possible to fit
a Pro
no interpretable density

poor fit

disconnected, probably mobile (see
Figure II1I, 6)

no interpretable density

poor fit
poor fit

low density

no interpretable density for CB,
poor fit for CE

no interpretable density

low density, probably there is an
alternate conformation
no interpgetable density

low density T
no interpretable &énsi:y

\J
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»+ model wheré the agreement with the electron density are

Q
poor.

B. Results and Discussion
.
Overall Description

The refined structure 6{ tonin consists of 227 aminb
acid residues out of the 235 in-the complete molecule. The
side chains of two residues, ArgBG and ﬁroQSK were omitted
beyond the BS-carbon atom. The model also includes one zn<*
ion and 149 water molecules. There is one cis peptide at
Pro219. The model of tonin is shown in Fiqure III.8(a)
while the main chain atoms aqd hydrogen bonding among them
are shown in Figure III.8(b).

.The secondary structural assignmgnts were done
according to the definitions given by Kabsch ¢ Sander
(1983), in which electrogtatic interactions between NH and
CO groups are calculated according ro:‘

E = q,q;.(1/d(0N)+1/d(CH)-1/d(OH)—1/d‘(CN))#332
with q,=0.42e and g,=0.20e, e is the unit electron charge
and d(AB) is the distance between atoms A and B in R. The
dimension factor, 3357 gives E in unit of kcal/mol.
Interactions with E<-0.5 kcal/mol are considered as hydrogen
bonds. The output of their program is reproduced on TableJ
III1.6. It shows that gg;'protein consists mainly of

extended f-sheets with>thﬂee helical regions. There is a

short 3,9 helix from Ala56 to Cys58 that contains the active
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(a)

Figqure II1I.8. The Refined Structure of Tonin. (a) The
complete molecule with the polypeptide backbone shown in'
thick lines.

(b) Same view as in (a) but without the side-chain atoms.
Amino acids are labeled every five residues and hydrogen
-bonds among the backbone atoms, as defined by the criterion
of Kabsch & Sander (1983), are shown with broken lines.



Secondary Strugture ‘Assignments

Table }I1.6
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(Table 111.6 continued)

L.

‘lr9

RESIDUE ACC SUM

3-T 4-T 5T BND CHR BR1 BR2 SHT\
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Not visible in the final electron
density map.
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(Table I111.6 continued)

\
RESIDUE ACC SUM 3-T 4-T S-T BND CHR BR! .BR2 SHT

L105
L106
H107
.. L1108
S109
E110
P11l
AV12
D113
1114
T115
G116
G117
viig
K119
V120
1121
D122
L123
P124
T125
K128
E129
P130
K131
vi132
G133
S134
T135
c136
L137
A138
S139
G140
W14
G142
S143
T144
N145
P146
S147
E148
M149
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vVi51
S$152
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(Table !11.6 continued)

RESIDUE ACC SUM 3-T 4-T 5-T BND CHR BR! BR2 SHT

Q156
als?
V158
N1§89
1160
H161
- L1162
¢« L163
S164
N16%
BE166
K167
dies
1169
E170
~ T171 @
Y172
K173
D174
N175
vilée
T77
D178
V179
M180
L181
d182
A183
G184
E185
M186
E186A
G186B
G187
K188
D189
T190
e491
A192
G193
D194
$195
G196
G197
P198
L199
1200
c201
D202
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(Table I11.6 continued)
L 4

[

RESIDUE ACC SUM 3-T 4-T 5-T BND CHR BR! BR2 SHT

G207
v208
L209
Q210
G211
1212
T213
§214
G215
G216
A217
T218
P219
e220
A221
K222
P222A ¢
K223
T224
P225
A226
- 1227
Y228
A229-
K230
L231
1232
K233
F234
T235
$236
w237
1238
K239
K240
V241
M242
K243
E244
N24%
P246

3 S
< 3

mEmEmEmE-
A}
h#&l’
o o
o

-3 -3 wv 0" n
wn
(2]
Txrx
www

o R B e
s oo ofihe of
owoOw

AAAV VY
PR R R R R YR 2 B R R S T R R A R 0 2 R R TN TR T D R R N B |

IXT I I I ITIEIITIIIOOQOQOMNMBEMMOMm

mnunununununmnunuouunununununum

% b8 NHENEDONJW = B WOW 2O = N—-O% J® = VOVDOOODNVONOODODO -0V
AAAADMMMXY VXV bV

F o A

RESIDUE

Amino acids a;& given in one-letter code
except for Cy$ residues which are labeled

» a, b, ¢, etc. to indicate the SS-pairs,

ACC = Accessible area, given as the ssible
number of water molecules in contact.

* = more than 9 water molecules. Also can
be interpreted as the solvated surface area

-
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(Table IIl 6 continued)

: in units of 10 &2,
SUM = Structure Summary
= 4-helix (a-helix)
residue in isolated B-bridge
extended strand in B-NJadder
3-helix (31p-helix)
5-helix (m-helix)
hydrogen bonded turn
bend | )
In case of overlap, priority is given to the .
. structyre-<first in the above list. ™
3-T,4-T,= Hydroged bonding patterns for turns and helices
5-T > = backbone CO makes H-bond(i,i+n)
< = backbone NH makes H-bond(i-n,i)
X = both CO and NH make H-bond v
3, 4, 5 ='residues bracketed by H- bonds
BND = Bend
‘* S = five-residue bend
CHR = Chirality
The sign of. the dihedral angle defined by
CA i-1 to i+2
Bridget, Bridge2
Name of B-ladder in which the residue i
participates
A, B, C, etc. = antiparallel
.3, b, ¢, etc. = parallel Y
Ladders named sequentially from N- to C-terminug” ’
SHT = Sheet :
Name of B-sheet in which the residue participates
A, B, C, etc.

n3I—~OnwX

BR1

e}

X

N
"

See Kabsch & Sander (1983) for more details.

site residue, HisS7. Tgis helix is'also found in other
serine proteases and its dipole moment helps to stabilize
the negative charge of asp102 (Moult et al., 1985). There
are several 3,9 helices from Asn165 to Vall79, ingprrupted
at Cys168 and at the turn from Lys173 to Vall176. Finally,
there is a long helix at tﬂ%=E4termihus that begins as a 3,
helix at Leu231 becoming an a-helix at Thr235 and(continuing

until Glu244.
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A turn, as defined by Kabgéh & Sander (1983), exists
when there is a hydrogen bond‘between éhe carbon§1 group of
the ith residue and the amid; groﬁp of the i+n residue,
where n=3, 4, or 5. All the turnstgn tonin are of the type
n =3 and they are listed in Table III.7 with the associated

hydrogeﬁ bonding energies (Kab&ch & Sander, 1983) and ¢-v

angles. The ones with the lc.er energies conform more

Table 111,7

Turns in Tonin

Energy ¢, Vo © 3 V3 Type'

oo (kcal/mol) -
B-turns
Glu23 "’ - Ser26 -1.5 -53 129 48 45 11
Gln27 — Gln30 -2.5 -58 -20 -90 -7 1
Asp48 - TrpS1 -1.1 =49 -28 -108 -2 I
Asn72 -~ Lys75 -1.1 -63 -28 -115 46 I
Glu78 — Ala80 -0.6 -72 -38 -93 7 1
HisS1 - Tyr94 -1.6 =50 -36 -91 -2 1
His99 - Aspi02 -0.9 -78 144 65 26 11
Lys131 — Seri134 -2.6 -54 136 92 -11 11
"Lys173 — Vali7e -2.8 41 -115 =132 31 IT’
Glu185 — Gly186B -2.2 -55 -28 =75 -18 I
Cys191 - Aspl194 - -2.1 -59 128 102 -18 11
Asp194 - Gly197 -1.9 -47 134 91  -12 11
Cys201 — Val208 -2.2 52 36 86 -3 I’
Lys222 — Thr224 v -1.6 -61 142 63 23 11 //
Asx turns
Tyr40 — Asn35
Ser50 — Aspiés8
Phe74 — Asnl2
Ser 100 — Asp98
Ser 147 — Asni4gs

'Classification according to Venkatachalam (1968).
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closely to the idealized classification of turns defined by
Venkatachalam (1968). The table also shows the location of
"Asx turns' (Rees et al., 1983).
Sibanda & Thornton (1985) have analyzed what ﬁhey have
called B-hairpins in proteins. These structures consist of
\,/{wo antiparallel strands connected by a loop region. In
tonin, there are two B-ﬂairpins} each with two residueg in
the loop. Cne of these is linked by a type I' turn, Cys201
to Val2O08. Typé I' and type II' turns are most commonly
observed in two residue loop B-hairpins (Sibanda & Thognton,

1985). However the other B-hairpin involves a type I turn

L] [ 4

Figure II1.9. Type I' Turn from Asp48 to Trp51. This type of
turn is not favoured for an antiparallel B-hairpin (Sibanda
& Thornton, 1985) but may be necessitated by the presence of
a prolyl residue at the i+1 position. The Asx turn from
Aspd8 and the hydrogen bond from Alal112 stabilize the con-
formation of the turn.

w
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from Asp4B8 to TrpS1. This type of turn, that is thought to
be iv.pmpatible with an antiparallel B-hairpi& (sibanda &
Thoz$£on, 1985), is most likely imposgd by the presence ot‘h
Pro49 at the i+1 position and stabilized by the hydrogen
bond from Alaliz N to Pro49 O and the Asx turn between Asp48
OD1 and Ser50 N. 1In fact, four out of the five Asx turns in
this st}ucture occur,. in turn regions implying an important

role in helping the main chain to form a bend. This trend

has been noted in other p{Oteins by Baker & Hubbard (1984).

180 1+ -

120 4
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I‘J.

> 0 .y
3
.«
s e
. 'y
.
’ Yo"
_60 4 -~ * 3l
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»
-120
1
- v
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-180 120 -60 0 60 120 180

Figure III.10. ¢-y Angles in ‘Tonin. The symbols correspond
to the following: (o) proline, (V) B-branched amino acids,
(+) glycine, (e) others. The fully allowed conformational
regions,'{solid lines) and the areas of acceptable van der
Waals gpntact for 7(C®) of 115° (Ramakrishnan &
Ramacharndran, 1965) are shown. -
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"

| The conformation of the molegule is shown as a ¢-v plot

_(Rimakrishnan 1) Ramaéﬂandran, 1;65)'insFigdre I11.10. Most
of the amino acid ré¥idues have cbnformations that fall

within the region of acceptable van dé; Waals contact. Two

exceptions are Asn35 with (¢,v) angles of (-158°,-134°) and

e
L 4
1

Asp174 with (41°, -115°), The environment of these res-
idues, alon:)with the associated electron déensity are shown
in Figures IIT.11(a) and (bl, Asn35, involved in an Asx
turn (Table II11.7), is wéll ordéred with an average ‘main
chain temperature factdr of 1682 and the fit to the electron
density is very.good. On the other hand Asp174, in a type
IT' turn (table I11.7), is highly mobile with an average
main chain temperature factor of %182 and the cor-~dgonding
électron density is poor. However, it is still clear that
the path of the polypeptide chain in this region is the
correct one.: Attempts to refit in a different éonfovmation
were unsuccessful. Both of these regions will be discussed

t

in more detail in the next section.

Comparison with Kallikrein

The high sequence homology between tonin and kallikrein
(Lazure et‘al., 1984; Ashley & McDonald, (1985b) suggeéts
that their tertiary structures should be similar. The
refinea coordinates of tonin were superimposed on those of
porcine kallikrein (Bode et al., 1983)’with a program ’

written by W. Bennett based on the method of Rossmann & .

Argos (1975). A probability cutoff of 0.005 was ..d
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(a)

(b)

Figure III.11. Regions with Abnormal ¢-v Angles. (a)Asn35
and its surroundings superimposed on an electron density map
calculated with coeffgcients 2|Fo|-|Fc|, ac. The map is
contoured at 0.40 e8™ 3. (b)Region around Asp174 super-
imposed on an electron density map as in (a).



. ' ' 109

without the progression rule. The two structures closely
resemble one another as seen in Figure I11.12, There are
203 a-carbon atom pairs that superimpose within 1,98 with an
r.m.s differencé of 0.68. Table I11.8 shows the sequence of
i,’:}'pnin aligned with that of kallikrein according to the
tertiary structural homology. This alignment is identical
to the previous alignment of these proteins based on the
sequence 1nfurmation alone (Ashley & McDonald, 1985b). As
previously stated, the sequence numbering used is baseg on
the tertiary structural alignment of tonin ang
a-chymotrypsin. This numbering differs slightly from that
used by Bode et al. (1983) for kallikrein. In particular,

d
since the polypeptide chain of kallikrein is cleaved at

Figure II1.12. Structures of Tonin and Kallikrein. The
~structure of tonin (thick lines) is compared to that of
kallikrein (thin lines). The molecules are represented by
their a-carbon atoms connected by line segments. The amino
acids of tonin are labeled every five residues.

e~
\
) 4
& L
?



: 110
Table 111.8
/
Sequence Alignment of Tonin with Kallikrein
k9
16 17 18 19 20 2% 22 23 24. 25 26 27 28 29
TN 1 \ G G Y K C E K N S Q P W
KA I I G G R E C E K N S H P W
30 31 32 33 34 35 36 38 39 40 41 42 43 44
™ I1Q VvV Alv 1 N - - E Y LvL[[C GV ¢
KA Q@ Vv a1 Y H S F Q[C G 6
C -
45 46 47 48 49 50 51 52 53 54 55 56 57 58
TN v L 1 D P S W A 1 T A A H C
KA \ L \Y N p K W \ L T A A H C
59 60 61 63 64 65 66 67 68 69 70 71 72 73
TN Y S N N Y Q \Y L L G R N N L
KA K N D N Y E \4 W L G R H N L
A .
74 _ 75 77 78_79 79 8 1 _82 83 84 S 86 87
TN F K D E P F A Q R R L \Y R Q
KA F E N E N T A F F G Vv T A
A B _C D E F
88 89 90 91 92 93 94 95 95 95 ;95 95 95 9°
TN S F R H P D Y 1 P L I \% T i
KA D F P H P G F N L S - - - -
G H 1 J K
95 95 95 95 95 96 97 98 99 100 191 102
TN D T E Q p v H D H S N D
KA - - - A D G K D Y S H D
105 106 107 108 109.110 111 112 113 114 115 116 117 118
TN L 'L H L S E P A D T G G \Y
KA L L R L Q S P A K 1 T A \
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B
147 148 149 150 151 152 153 154 155 156 157 158 159 160
- E M VvV Vv s H p rvflo ¢ V]IN 1
D D F E F P D E 1]|Q ¢ Vl]o v
161 162 163 164 165 166 167 168 169 170 171 172 173 174
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A B

175 176 177 178 179 180 181 182 183 184 185 186 186 186
N|[v T]p v[M L ¢ A G|E M ETJ[G
K|lv T|E s|M L C A _G|]Y L P|[G
187 188 189 190 191 192 193 194 195 196 197 198 199 200
G K D T c|laf{6 D S G G P L. 1
G K D T c¢c|/M|66 D s 6 6 P L 1
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201 202 203 207 209 210 211 212 213 214 215 216 217 218
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A

219 220 221 222 222 223 224 225 226 227 228 229 230 231
P ¢c|lA K P kK Tt([Pp]lafl1 Y] alK 1L
P CjG S A N £kl|pP|lsl|lt ¥Y!lT|K 1L
232 233 234 235 236 237 238 239 240 241 242 243 244 245
1|k F T s|[w 11K kK v M K[E N
1/F Y L D|W 1{D D T I T{E N
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(Table 111.8 continued)

TN

246
P
KA P

The sequence alignment of tonin (TN) with that of
kallikrein(KA). The alignment was done based'on the struc-
tural overlap of the two molecules based on the algorithm of
Rossmann & Argos (1975). A structural alignment of each
enzyme with a-chymotrypsin was used to derive the sequence
numbering shown. The solid and dotted lines under the
sequences indicate regions of structural similarity.
Residues that are within 1.0R of each other after the .
superposition of the two structures are underlined with
.solid lines whereas the dotted lines indicate the additional
-fifteen residues that are withine1.98 of each other.

*

Ser95B and it is not known how much of thg chain is missing,
the residues in this region have been numbered 95A, 95B,
95Y, 957 (Fiedler & Fritz, 1981). On the other hand, the
complete sequence of tonin is known so the corresponding
residues were labeled consecutively instead.

As e*pected ﬁrom the close tertiary structural homol-
ogy, the secondary structures of tonin and kallikrein are
almost identical. The main differences occur where there
are insertions or deletions. There are six regions in tonin
in which the path of the polypeptide chain differs greatly
from that in kallikrein (Table I11.8). These are residues
Asn25-$er26; Glu39-Leu4 1, Pro95A-Asni101, Ser147-Ser152,
Ile169-Aspi178, and Gly215-Pro219. All but the first region
are located near the active site of the enzyme are probably
regions involved in substrate specificity. It was also

found in comparing the structures of kallikrein and trypsin
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that the differences in the two structures were mainly in .
the reJions surrounding the active site (Bode et al., 1983).

It is fnstructive, in light of the recent interest in
comparative model building of protein structures based on
sequence homology (Greer, 1981; Read et al., 1984), to look
at these regions in more detail. In such model building
studies, it will be tLe parts of tf:/molecule that determine
the specificity that will be the most important but also the
most difficult to p;ed}ctf

The first region, around Asn25 and Ser26, is in a turn

(Figure II1.13) located far from the active site. The

24

<3

Figure III.13. Comparison of Tonin and Rallikrein from
Residue 23 to 28. Tonin is shown in thick lines and
kallikrein in thin lines. The small differences in the
structures is due to the change from a type I turn in
kallikrein to a type II turn in tonin.
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—srelatively small differences in the two structures are a
,rp&ylt of ch;nging«trom a type I turn in kallikrein to a
éype 11 turn in tonin. Since the amino acids in the turn
Glu23-Ser26 are the.same in the two structures, the conform-
ation of the turn must be dictated by the environment
outside of these residues. The conformation in to%in in
this region is in fact very similar to the corresponding
part in trypsin with the sequence, Gly23-Ala24-Asn25-Thr26.
The next segment, Glu39 to Leud!, involves an insertion

of two residues in kallikrein with respect to the tonin

-

Is

Figure III.14, Comparison of Tonin and Kallikrein from
Residue 33 to 44. Tonin is shown in thick lines and
kallikrein in thin lines. There is a two residue insertion
in kallikrein with respect to tonin,

——
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" sequence (Figure I11.14). In kallikrein, this region is a 8
hairpin turn with a classic g-bulge (Richardson et al.,
1978) at residues Gln4! and Cysé2:. The shorter loop in
tonin forms a three residue B-hairpin with a hydrogen bond
from Asn35 L to Tyr40 O. "~ This type of hydrogen bond between
the NH group of a residue to the CO group of a residue that
is two residues ahead is rarely observed (Kabsch & Sander,
1983). 1In addition Asn35 is involved in an Asx turn to
Tyr40, providing additional stability to ;his unusual bend.
The side chains of Tyr40 in tonin and Phe40 in kallikrein
occupy totally different positions, contrary to what one
might expect from the homology in the sequence.

The region of the kallikrein loop, around Pro95A to
Asni01, is expected to be.quite different in the two struc-
tures because of the additional seven residues in tonin with
respect to kallikrein (3able I11.8). 1In addition the
kallikrein molecule is cleaved in this loop and the pdsition
of the ends of the chains could o&ly be'inferred froh the
structure of kg}likrein-pancreatic trypsin inhibitor complex
(Chen & Bode, 1983), This region in tonin is also not
defined with residues 11e95C ;o Gln95J totally absent from
the electron density. Figure 111.15 shows the superposition
of the kallikrein loop regions from the two enzymes.

Further perturbations may be intgoduced in the tonin struc-
ture by the 2zn2* jon which binds to His97 and His99.

The loop containing the residue Ser147 to Ser152 in

tonin adopts a conformation similar to the corresponding
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Figure II1.15, Comparison of Tonin and Kallikrein in the
Region of the Kallikrein Loop. Tonin is shown in thick lines
and kallikrein in thin lines. Eight residues from 11e95C to
Gln95J in tonin could not be located in the electron density
map. Pro98K was refined a's as alanyl residue. Kallikrein
is cleaved between Ser95B and Ala95J and the positions of
residues LeuS5A to Gly96 were not determined (Bode et al.,

1981L;
loop in kallikrein which has two extra residues (Figure
IIT.16). The conformation in tonin is quite similar to the
corresponding region in trypsin where the numbg; of residues
involved is the same (éigufﬁ 111.3). The $side chain of
Glu148 is one of the ligands of the zn2* jon along with
three other histidyl residues from another molecule.

The largest differences between the two structures

occur in the region of residues Ile164 to Asp178 (Figure

i
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Figure III1.16. Comparison of \Tonin and Kallikrein from
Residue 145 to .154. Tonin is {hown .in thick lines and
kallikfein in thin lines. .The is an insertion of two res-
idues, Pro147A and Asp147B, in kdllikrein with respect to
tonin.

~ . . . o

I11.17). This is also the part that may be respcnsible for
the specificity that tonin has for residues far from the
scissile bond in the P, ghd Pe positions. There is a change
an the secondary s;ructure in . this region, from an a-helix
in kallikrein (Asni65 to Ala171) to two short B;Oshelices in
tonin (Asn165 to‘Lys167 and IIe169»to Thr171). In
kallikrein the helix is followed by a bend at Pro173, then a
stretch of ex%ended polypeptide chain and a type I turn
starting at Thr177. In ;ontrast the 310’he1ix in tonin 1is

(ollowed by a type II' turn starting at Lys!73 and another

short 349 helix from Vali176 to Val179. The type I1' turn



118

Figure III.17. Comﬁatison of Tenin and Kallikrein from
Residue 167 to 180. Tonin is sgown in thick lines and
kallikrein in thin lines. There are extensive changes in
the secondary structure in this region, even though the
number of residues are the same.
places Aspl174 in an unfavourable conformation (Figure
I11.10) as discussed previously. A glycyl residue at -this
‘; ..
position is normally expected in a type II' turn (Sibanda &
Thornton, 1985). Since the: are no insertions or deletions
in this region, the oObserved differences in the two struc-
tures would be very hard to predict.

0 The conformation of residues Gly215 to Pro219 was .
totally unexpect;d and differs drastically from tha® in the
corresponding region in all other serine proteases of known
structure (Figure III.18). This is a segment of polypeptide
chain that normally forms the opening of the primary specif-

icity pocket and is also involved in secondary binding. 1In

tonin, however, the polypeptide is shifted effectively
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Figure II11.18. Comparison of Tonin and Kallikrein in the
Binding Loop. Tonin is shown in thick lines and kallikrein
in thin lines. There are large differences in the segment
from Ser214 to Cys220. Many water molecules are found in
the p#imary specificity pocket around the carboxyl group of
Asp189.

L}

closing off the normal opening of tﬁé‘pocket. The new con-
formation has resulted in another opening Setween this
strand and the strand containing residues Pro225-Tyr228
(Figures II1.8, III.11 and III.17L£* It is not clear the
~reason for thg%Very diff%’spt confgrmation in tonin. There
‘would not ‘'be any close contacts:if this segment had the con-
férmatibn found ip kallikrein. The occurrences of two gly-
cine residues in a row must make this region more flexible
and it is possible tﬁat the hydrcgen-bbnd from Thr218 to the
same residue in a symmetry related molecule causes the poly-~

peptide to shift. Aside from this segment, the binding
)
pocket of the two enzymes are very simjlar. Asp189 that
@‘ .
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give these enzymes a primary specificity for basic residues
occupy eqguivalent positions jn/fﬂb two structures. The
serine at position 226 that is hydrbgen bonded to Aspi189 in
.kallikrein is changed to an alanyl residue in tonin. The
corresponding position in trypsin is occupied by a glycine.
Figure I11.19 shows the regions of the active site.
The main differenceé between the two structures are in the
binding loop (Gly215 to Pro219) discussed, above, and the
conformation of the side chain of His57. The imidézole ring
has shifted in order that it can act as a ligand for the’
2n2* ion along with the side chains of His97 and Hig99.
This change h;: been achieved without losing the hydrogen
bonded interaction to the Asp102 carboxy up from the NDI
of the histidine. There is* Em;ll change ;n the orient-
ation of the Aspi02 side chainf;perhaps to accommodate the

new position ©f HK&??.

Figure I11.19. Comparison of the Catalytic Residues of Tonin
and Kallikrein. Tonin is shown in thick lines and kallikrein
in thin l}nes. The side chain of His57 is rotated away,

from the position found in other serine proteases, to bind
the 2n¢* ion.

Q{?A
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Thé.an’ Ion and its Environment

There are many lings of evidence for the presence of
zn2* ion in the structure. First it occupies a region of
ver} high electron density and refines well as a zn?* ijon
with a temperature factor of 6.1 &2 and an occupancy of
0.85. <Zinc is the heaviest atom in the crystallization
medium, all the other atoms being much lightera. Secondly
the coordination is roughly tetrahedral with bonding dis-
tances expected for zn?* (Table III1.9) with four ligands.
The relative positions of the ligands can also be seen in
Figure I11.7. The ceordination is provided by three
imidazole groups from His57, His97 and His99 and the
carboxy}l group of Glui48 from a neighboring molecule.

Finally the distortion of the conformation of the active

Table 111.9

Geometry of the Zn Coordination

Distances (&) .
R His57 NE2 2.04

In - His97 NE2 2.05
Zn e His99 NE2 2.06
Zn - Glu148' OE2 2.07
Angles (°)
H1s57 NE2 ---2n -:-Hi1s97 NE2 99
His57 NE2 ---2Zn --His99 NE2 99
His57 NE2 - -Zn --Glu148' OE2 101
His97 NE2 ---2Zn :-His99 NE2 100
His97 NE2 ---Zn -:-Glu148' OE2 144
His99 NE2 - -:2n - -Glu148' OE2 99

'from a symmetry related molecule

121
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site histidine (His57) is expected to prev;nt the enzyme
from functioning. Indeed the presence of Zn2* inhibits the
activity of tonin to cleave p-tosyl-L-arginine methyl ester
at pH 6.5 (unpublished resylt). The possibility that the
z2n2* pbound form of tohin'can cleave angioténsiﬁ I is
eliminated because that reaction is not inhibited by EDTA
(Boucher et al., 1972). \

Conclusions

It is expected that the native form of tonin, without a
bound Zn2* ion, will resemble more closely the structure of
kallikrein ip the region of ihe active site. The side chain
of His57 should be rotated close to Ser195 so that it can
participate in the catalytic reaction. The binding loop
from Ser214 ¥o Cys220 should also have the conformation that
is found in the corresponding segment in kallikr?in. This
conformation will allow the productive binding of a sub-
strate,

Assuming that the native conformation of tonin is as
‘described above, it is still not possible to explain fully
the abnormal behavior of this enzyme. The ability of tonin
to cleave a substrate at a phenylalanyl residue can be
partially understood by noting that the upper part of the
primary binding pocket is designed to bind apolar atoms.
This is the region that binds the aliphatic parts of'h

arginine and lysine. The benzyl moiety of benzamidine also

interacts with this region in kallikrein (Bode et al., 1983)
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189

Figure II1.20. Superposition of a Tetrapeptide Product on
Kallikrein. The structure of a product acetyl-Pro-Ala-Pro-
Phe complexed to SGPA (James et al., 1980) was superposed on
the structure of kallikrein (Bode et al., 1983) by aligning
the enzyme structures by the method of Rossmann & Argos
(1975). Shown are the active site region of kallikrein
(thin lines) with a benzamidine molecule bound in the P!
pocket. The position of the phenyl group on the tetrapep- _
tide (thick lines) overlap the benzamidine molecule, indi-
cating that the upper pdrt of the binding pocket accepts
aromatic groups. .

and in trypsin (Bode & Schwager, 1975). When the structure
of a bacterial serine protease, Streptomyces griseus pro-
teasegy (SGPA) with a bound product acetyl-Pro-Ala-Pro-Phe
(James et al., 1980) is superposed on the structure of
kallikrein, the phenyl ring of the bound product in SGPA
overlaps the position of the benzamidine'ring in the
kallikrein stgpctu;ef Of course the binding of phenyl-

alanine in the primary specificity pocket of tonin,
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kallikrein, or trypsin will result in burying the charged
side chain of Aspi89 at the bott§m~of the pocket. It is not
clear how such an interaction can become fayourable near
neutral pH where the hydrolysis of angiotensin I at a
phenylalanyl residue by tonin is known to occur (Thibault &

Genest, 1981),
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IV. Experiences with a New Tdanslation Function
The physical process of diffraction of x-rays by a crystal
can be described by a mathematical device calfed the Foudier
transform (FT). The transform and its inversi are defined

for the one-dimensional case as follows:
g(t) = (1/28)1-oG(w)expliwt )dw

G(w) = [ ag(t)eMp(-iwt)dt

" The Fourier transform defines a relatiénship between two
functions and converts one into the other.

FT

g <—> G

An analogous transform can be defined for the three-
dimensional case and it is used to model the relationship
betwee.. the positions of the electrons that scatter the
x-rays and the diffracted beam as follows.

FT

p <—> F r

-

p is the electron density and F represents the. . diffracted
x-ray beam and is called the structure factor. F is a com-
plex quantity consisting of an amplitude and a phase. The
domain of p is called the real space and that of F is called
the reciprocal space. If F is known then p can be calcu-
lated using the Fourier transform and determination of crys-
tal structures would be trivial. However only the amplitude

of F, which is proportional to the intensity of the

128
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diffracted beam, can be measured and the phase angle cannot
be directly determined. This is‘the ‘phase problem' of
cryctalyaqgnphy. Values for the phase angles mu;t somehow
be obtained in order for a crystal structure to be solved.
The gh+se problem can be overcome by different methods
deb&nding on the nature of the structure. For a small mole-
culg, with less tﬁﬁh about 100 atoms, either Patterson
methods or direct methods usually lead to a solution,
Patterson methods rely on ﬁhe presence in the structure
of an atom that is much heavier than the other atoms. The
position. of this heavy atom is first located by using the
Patterson function (Patterson, 1935). This function is

defined by,
P(u) = (1/V)L|Fg(h)|2cos2r(h-w)

vhere V is the crystal cell volume, |F,(h)| are the measured
structure factor amplitudes, h are the reciprocal lattice
vectors, and u are position vectors given in the fractional
coordinate system. The summation is done over }he
reciprocal lattice points. The function can be calculated
prior to having any phase information since it uses only t’
observed structure factor amplitud‘hi The function has a
peak at every position correspondiég to all the inter-atomic
vectors in the crystal and the size of the peak is
proportional to the scattering power of the atoms at the
ends of the vector. Therefore the peaks corresponding to
vectors between heavy atoms can be picked out and the

position of the heavy atom determined. If the heavy atom
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makes up a substantial fraction of the total scattering

matter in the crystal, the phases calculated using only the
heavy atom will approximate the true phase and the positions
of the lighter atoms can then be determined.

Direct methods, as the name impl%es, is a means of
- obtaining the phase information directly from the
relationships that exist among the structure factor
amplitudes., It is based on probabilistic formulae that

result from assumptions ¢

ut positivity and atomicity of
the electron density. yA e number of étoms in the mole-
cule increases, these . nships. become less reliable and
the structure solution befomes ;ore difficult. A detajled
account of the subject can be found in Ladd & Palmer (1980).
Many sﬁall molecules are now solved Using direct methods
with the available program packages (eg. Main et al., l986)v
that allow automated structure solution. ‘

For protein molecules, the above methods do net work
dué to the large number of atoms involved. The usual
approach to the solution of the phase problem is to use the
method of multi-isomorphous replacement (MIR). It was firsg
successfully used for the sgructure solution of hemoglobin
(Green et al., 1954). The method relies an the replacement
or the addition of‘a'heavy atom without perturbing the rest
. of the structure, that is the structure remains isomorphous.
The knowledge of the position of tﬁe heavy atom and the
changes in the intemsities of the diffracted beam that

4

result due to the inclusion of the heavy atom provide
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phasing information.

I‘,)'
L
et Fp and Fpy be the structure factors of the protein
and the protein with a heavy atom, respectively. 1If Fy is
the contribution to the structure factor due to the heavy

atom, then

Fpy = Fp + Fy
The position of the heavy atom can be determined using the
Patterson function in a manner similar to the small molecule
cale so that both the amplitude and the phase of Fy can be
determined. The relationship between the observed
“amplitudes, |Fpy| and |Fp|, and Fy can be understood most
éasily from an Argand diagram (Figure IV.1). It shows that

the phase angle of Fp is restricted to two possible valu

In an ideal case two isomorphous heavy atom derivatives with

‘\ - Iovv:?‘ginovy
/)
/ . Q i
]
L1

\\\\ RSl

axis
- ¥
IFel ) .

‘.

v

Figure IV.1. The Isomorphous Replacement Method. Argand

diagram showing the relationship among |Fp|, |Fpj| and Fy.
The knowledge of the phase of Fy restricts the pgase of Fp
to one of two values since Fpy=Fp+Fy. :

‘
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the heavy atoms occupxing different positions are required

to assign unique phases to the native structure factors,
In practice, due to the errors in the data and

non-isomorphism, more than two derivatives are required

FP.

hence the name, multi-isomorphous replacement. In addition,

the preparation and screening of heavy atom derivatives is

often a very time consuming process and success is not
guaranteed.

An alternative approaﬁh is available if the unknown
structure is related.to a known structure. This is the

technique of molecular replacement (Rossmann, 1972).°

Consider a protein of unknown structure for which there are

cryé(gllographic data. 1f:-there is a protein whose struc-

' ture is known and whose sequence is similar to the prote

" of imterest, then these proteins are expected to have

Py

in

~gimilar three-dimensional structures and the known structure

e .
will serve as an approximate model of the unknown one in

‘overqoﬁing the phase problem. This is done by positioning

- e

the model in the crystal cell to superimpose on the unknown

structure. The phases, a., can then be calculated from
"model using the equation for the structure factor given

F.(h) = |Fc5h)|exp(iac)

ijexp[21ri (h'xj")]
]

v
where F. is the calculated structure factor, fj are the

»

atomic scattering factors and xj are the coordinates of

this

by

the

atoms in the model. These calculated phases are then used
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3
.

as approximations of the true phases. Molecular replacement
is theB concerned with finding the three rotational and
th}ee translational parameters that’specify the orientation
and position> respectively, of the molecule in the crystal
cell with respect to the symmetry elements.

Many of the technigyes used in moleeular replacement
are based on the Patterson function and it i1s useful to go
into more detail here. As mentioned before, the Patterson
function has peaks at positions corresponding to

inter-atomic vectors. These vectors can be thought of as

being made up of two groups. One is the set consisting of

‘ intra—mglecular vectors or vectors between atoms of the same

molecule, and the other is the set of inter-molecular
vectors or those between atoms of different molecules. The
intra-molecular vectors contain only the dnformation
concerning the orientation of the molecule whereas the
inter-molecular Uéctors also haQe information about the
position ofethe mplech}e in the crystal.' Cdnsideration of -

these two groups of vectors allows the determination of the

3 7
t

orieofgf?pn f1r§t iudebéﬁaently of the position.
t

hree rotational parameters are usually determined

X ) )

from the rotation ftinction proposed by Rossmann and Blow
)

(1962). It is based on the the.idea of max)mlz1ng the

egreement of the intra-molecular vecﬁégf between the

observed and calculated Patterson functions. Even though

- the inter- and intra-molecular vectors in the observed

Patterson function cannot be sepérated, by placing the model
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structure in an artificially larPe unit cell, the two sets
of vectors for the calculated Patterson can be distin-
guished. The function given by Rossmann & Blow (1962) is

given by,

R(G.,O,& Tﬁc(u')P (u)du

‘. A
where 6,, 6., 6, specify the orientation of the model,
usually in terms of Eulerian angles, and u' is in a rotated
.coordinate system éorresponding to these angies. P. and P,
are the Patterson .functions of the model and observed struc- |
tures, re.spectiveiy. The limits of iﬁtegration are chosen’ “
to include all the intra-molecular vectors of P. and to
reject the inter-molecular vectors. The function measures
Athe overlap of the two Patterson functions as the model isj§
.rotated and should be maximal at the orientation whefe the
agreement between the intra-molecular vectors of tne model
and of the obsérved structure is highest. The actual
computation of this function is done in recip}ocal spacé.
Crowther (1972) proposed a Eas; algorithm which expands the
Patterson function in terms of spherical harmonics, allowing
for the calculation to be performed using the fastEFourier
transform (FFT) which is an algorithm devised by Cooley &
Tukey (1965) for carrying out certain types of Fourier
transforms very efficiently. The rotational parameters are
thus obtained independently of the position of the model in
the cell, Once the orieﬁtation is known the translational
parameters can be determined.

‘.“.“& -
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I't has been more difficult to find a satisfactory
solution to the translation problem as indicated by the
numerous translation functions that exist (Tollin, 1966;
\Crowther & Blow, 1967; Hendrickson & Ward, 1976; Harada
et al., 1981; Langs, 1985). The one of Crowther and Blow
"(1967) is often used. It is similar to the rotation fuﬁc-
tion in that the correlation of the observed and the modg}
Patterson functions are calculated with a product function.
In this case, however,” the model Pattggson,function consists
of the intermolecular vectors of molecules related by a
symmetry operation. h

T(t) = Jvﬁ%jtu,t)Po(u)du

where Pij is the Patferson due to symmgtry related molecules
i and j of the model and P, is the oﬁgérved Patterson. The
intermolecular vector between molecules i and j is given by
t. The integral is taken over the cell volume, V.,

The expression is evaluated in reciprocéi space using
FFT. The performance of the function can be improved by
‘subtracting out the intra-molecular vector contributions
from Po. This is done by substituting for |Fo(h)|2 in
_calculating Py, the expression, |

|Fo(h)|2-§|FM(hRj)|2

where Fy are the structure factors due to the model struc-
ture and Ry are the rotation matrices of the crystallo-
graphic symmetry operations. The summation is over -all the

symmetry operations. Tollin (1966,1969) has shown that his
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Q-function is similar to Cfowther and Blow's translation
function but expressed in terms of the sum function
(Buérger, 1959) .

Another commonly used procedure is to calculate the
R-factor (R=Z||Fo|-|fC||/Z|FO|) as the model is translated
in the cell. This is not computed as efficiently as is the
t;anslationlfunction since FFT cannot be used but with
ihcreasing computer speeds this is not a serious drawback.
On the other hand it is sensitive to errors in scaling of
|Fo| to the absolute scale that |Fc| is on. Such an error
may result in an incorrect solution. Nevertheless many
closely related structures have been solved using this
method (Rossmann, 1980).

More recently Harada et al. (1981) have introduced a
function that combines a product function, similar to the
one defined by Crowther & Blow (1967), and an overlap func-
tion that measures the amount that the atoms of symmetry
related molecules of the model overlap. They began with a
correlation coefficient defined as,

LIFol2|Fc|?

[z|po|4zlpcl4]1/2

and then derived a guantity that is more easily computed.
The numerator of the new function is a measure of the agree-

ment between observed and calculated structures and is given

by,
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L|Fg(h)|2|Fc(h,r) |2
TO(r) = -
Z|Fg(h) |4

K
where r is the position of the molecule in the cell. The
expression can be shown to be proportional to the product
function of the observed and calculated Patterson functions
since by Parseval's theorem (Bracewell, 1965), .

TO(r) = JyPo(u)P.(u,r)du

Unlike Crowther and Blow;s translaﬁion funct|l1(1967);t!he
calcul;ted Patterson, P., corresponds to a complete set of
vectors between all symmetry related molecules.

The denominator of the function is an overlap function
and is defined as,

Z|Fs(h,r)|2
Oo(r) =

NIZ|Fp(h)|2

where N is the number of symmetry operations and Fp is the
molecular structure factor or the dbw;ribution to the struc-

ture factor due to one moleiyle. Thi$ function is

proport}onal to the origir. peak in the calculated Patterson
function, representing vectsrs from every atom to itself and
any other atom pairs that ars very close together, and thus
would be a measure of the ove:r .ap of the molecules in the
cell. The correct structureA;nuuld not have atoms that are

very close together and so the overlap will be minimal for

such a structure. The complete function is then,
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TO(x)
T'(r) =

O(r)

The function is maximal when the agreement between the
inter-molecdlar vectors of the observed and calculated
Patterson functions is large and the overlap among the mole-
cules is small. Harada et al. have sshown that the function

can be evaluated using FFT. '

A. The Correlation Coefficient
We were inspired by the work of Harada et al. (1981) to
use the correlation coefficient for the solution of the
translation problem. Unlike them we chose to work with the
standard linear corfggéf{oh coefficient defined as follow§:
E(|Fo|2-1Fo12) ([Pl 2-]7c]2)

[E(lFolz'lpolz)ZZ(IFC|2—|FC'2)2]1/2

This quantity varies from -1 to 1 unlike the correlation
coefficient, C', defined by Harada et al. (1981) that is
limited by 0 and 1. Like the R-factor, the correlation
coefficient cannot be computed using FFT methods but unlike
the R-factor, it is insensitive to scaling errors.

Using Parseval's theorem, one can shoy that C' is equal
to the correspbnding quantity for Patters&functions.
i.e.

c' =

‘[IvPozduIVPczdu]‘/2
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and similarly, for summation over a narrow range of resol-
ution, C can be thought of as a correlation of origin-
removed Patterson functions.

vao'Pc'du
C =

[JyPy' 2dulyP. ' 2du] 1/2

v

~ where P,' and P.' are origin-removed Patterson functions.

It is not immediately qhvious whether C includes sope mea-
.sure of molecular overlap since the origin peaks are
removed. Overlapping atoms will lead to lower values in
both the numerator and the denominator of the expression for
C.

Alternatively the correlation coefficient can be inter-
preted in reciprocal space as a measure of the phase error.
A group in Madras has worked out probability distributions
for a pair of structures, where one is the observed struc-
ture and the other is a model or a trial structure
approximating the observed one (Srimivasan & Parthasarathy,
1976) . They considered the case of comparing an observed’
structure with a partial model with errors. For a
non-centrosymmetric space group the probability distribution
of a pair of normalized structgfre factor amplitudes is as

follows:

4|Eo||Ec| |Eo|2*|Ec|2 2°A|Eo||Ec|
P(|Ey|,|Ec|)®=————exp]|- Ig
1’0A2 1“0A2 1'0A2 .

9]

where : -
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OA = 0|D

M

N
012 = (L £52)/(L £452)
j j

of atoms in the model

wvhere M = no.
N = no. of atoms in the observed structure

B = <cos(2rh-4ar)>

] .
\\r 8ry = coordinate error .

Ip(X) = zero order modified Bessel function

(Watson, 1958)
The conditional probability distribution for the phase
error, asa,~a-, given the normalized structure factor

amplitudes is,

20)|Ey| |Ec|coSa ?
2

P(a;|E;!,|EC|) = Kexp
' ']-OA

where

-1
K = [2n10(20A|E0|lEcl/(1-aA2))]

This is a unimodal distribution with the maximum at a=0 and
the width determined by op. The distribution becomes
sharper® as o, becomes larger.

The behavior of various discrepancy indices with
respect to oy were also examined. One in particular, the
normalized Booth-type index using intensities, has a simple

relationship-to op. The index is defined as,
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gRy(]) =
L1,2

<(|Eg]2-|E.| D) 2>

<|g°|4>

This index is equal to lcoAZ assuming that Wilson's
statistics hold.

Hauptman (1982), working on a related problem came up
with the identical distribution for a pair of norhalized
stfucture factor amplitudes. He went on to shov that,

<(|Eq|2-<|E1|2>)(|Ex|2-<|Ex 2>)>

o =
[<(E | 2-<|E[2>) 2><(| Bz | 2-<|Ep| 25) 2>]1/2

= C

-

\

If the summation is done over a narrow range of resolution,
- then a correlation coefficient calculated for |F| will be

the same as that calculated for |E|. Under this condition,

finding the position for the molecular model in the unit
cell that maximizes the correlation coefficient ?s equiv-
alent to minimizing the phase error.

The calculation of correlation coefficients has been
implemented in a prog?am called BRUTE (for the brute force
technique of finding a solution). It moves the search model
over a grid of points in the crystal cell. At each point
the symmetry related positions are generated and the struc-
ture factors are calculated. The amplitudes of these calcu-

lated structure factors are then compared to the observed

values using the correlation coefficient, C, as well as the

>0
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conventional R-factor. The calqg}ation of structure
factors, F., are done rapidly by the use of molecular
scattering factors (Lipson & Cochran, 1957).

Let xjk = ijOk’Tj

where Rj, Tj are the rotation matrix and the translation

vector, respectively, of the symmetry operation j of the

[

space group, and th}fre the coordinates of the atoms ef an

oriented search modeX in an asymmetric unit with k = 1 to

-

the number of atoms (NATM). Then for a shift A in the
coordinates,
X5k = Rj(xgy*ta)+T;
= Rjxqg+T+R40

- = Xjk+RjA

//~ NSYM NATM

F(h) = ? i fkexp2ni(h-xjk')

and

= L L fyexp2rxi(h- (xj+*R44))
i k
c LE fkexpzxi(h-ijk)expzui(h~aja)
ik

=z GMj(h)eXPZKi(h‘RjA)
J

where

NSYM

no. of symmetry operations

NATM
GMj(h) = i fkepoRi("Xjk)

, = molecular scattering factor
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The molecular scattering factors, Gmj. are ialculated once
for the first grid point and stored for use at subsBquent
grid points. Therefore the overall calculation time becomes
essentially independent of the number ot atoms in the model.
The computation time is the*’a tunctxon of the number of
symmetry operations, the number of reflections, and the
number of grid points, .

In addition to the basic computations described above,
the program hds been modified to incorporate some useful
features. First, the program allows for the inclusion of a
set of atoms whose positions are fixed. Their contributions
to the structure factors are added to the part due to the
moving set of atoms. This is useful when the orientation
and the position of a part of a molecule are bthNg:ownr
Second, the program can make adjustments in the drienq;Ean

of the search model. A rotational search: g:an bc' Me ‘Q\y;g‘ E

set of grid points corresponding to rotatxona ayougﬂeachhg?‘

Sy
A4

an orthogonal set of axes. The resuk{}ng rotations‘are :,&
»\h'
nearly mutually orthogonal for small chlnges 1nath‘ anglk#a

When cqmbxned with a translational search 1

iﬁ-dxme%sxonal

ntatxon ~a

search is possible. However for each newjo
. . X 3’ K

) A
whole set of molecular scatt¢ring factors, | must be

:.
~

recalculated so that the computation tmeibﬁs;mes e
. i

prohxbxtxvely long except for small 6-D _; J . ;

L) . 'g : M -
et al., 1977). ili i ‘ A improv.ng the

*a

v ey

R A
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molecular replacement solution has been described by Lulio. .
(1985). This is’e;pecially trde vhen there are manyvrigid
groups involved. On the otherAhandl it does have a limit on
the size of adjustments it can make to the structure vhereas
ther® is no such limitation when using BRUTE.
The program has been written for the Floating Point

iSystems 164 Attached Processor (FPS164)-which is currently
driven by the host' computer, Amdahl 5870. FPS164 is a
parallel pipeline machine which is capable of fast

operations ‘im\long array;. BRUTE was written to maximize
vector usage and takes advantage of the'assemblerr
subroutines supplied with the system for doing the vector
and matrix operations. A version of the.program written

L

totally in standard FORTRAN also exists.

v} il ’ ’ ‘n
B. Practical Experienges ‘' ° .

In the course of the development of the prograh,
several structures have been solved and a 'standard' proced-
ure has evolved. Some of these structures were trivial to
solve as they were known structures in a different crystal
environment. Others which used homologous molecules as the
search models were more difficult. A unique solution to the ¢
translation problem‘has alwa;s been obtained whenever the
rotation function result was unambiquous. The program
itself started out as an R-factor search program whiéh was
modified to look at the correlation of |F|'s and then of

|F|2's as it does now.
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The procedure that is outlined here was derfvequy
trial .and error and is by no mgg;s a rigorodé one. It was
u;eé_for the most difficult case Cﬁgz—;as solved
sucgessfully, the pepsinogéh sgructure (James &,Sﬁelecki,,’

1986) .
&

The first thing to consider when doing a tgapslational
s

search is to choose the rgsolution of the data to be used
. , i
which in turn dictates the waximum grid size that must be

used. Finer grids must be ‘used for higher resolution data.
L\ . - - " R
It seems that about 1/4 of the minimum 'd-spacing is an

appropriate size for the grid interval. It is recommended

that a second search which is offset from the figst by 1/2
.
grid interval in each direction be done to insure that no

r

peaks are missed. The choice of the resolution of data to
A - - X

be used depends on the similg;i}) of the model to the

unknown strudture. Lower resolution data should be used for
a

models which are ngs ver;thomologous to the unknown mole-

. -
cule. .Data befween 4:and 5 R resolution and 1 & grid

-

. intervalg-have been used with success.
4

It was found that rotationa{}g?rameters can and should
. - _ -
be refined using~.BRUTE before \any translational searches are

dcne. This is done by specifyina only the P1 symmetry and
\ £ ’ -

adjust{ng the angular parameters‘, in the neighborhood of

the orientation obtained from the rotation function, until
- the correlation is maximfzed;
Once the ofientation has been optimized thq complete
4 -

éranslatﬁonal sdarch can be performed. The search area must

t ”
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be the maximum subset of the unit ¢ at conthins a

.\single permissible origin. It is an area that contains a

complete set of unique vectors relative to an origin. This
means that for example in P1 in which every point can be an
origin, there is no need for a translational search. For

polar space groups the search area is a plane perpendicular

Lto the‘polar axis, and for space groups of higher symmetry,

" a three-dimensional volume must be searched. After a

-~

solution has been found, all of the angular and transla-
tional parameters can be refined with a 6-D search in the'
neighborhood. |

Since the correlation coefficient is related to the
phase error, one should attempt to obtain' the highest
correlation possible. This may be done by using a different
model or by deleting regiqns of the.molecule that are likely
to be different or by substituting the amino acid side
chains to correspond to the ones 'in the obses:ed structure.
Oqce the'best model is dbtained, phases can be derived and
an electron density map calculated. There is always a
danger, 1n such a mép, of model ?ias.‘ It has long been
known that maps calculated with model phases tend to
reproduce the model (Ramachandran & Srinivasan, 1961).
However, when the electron density résembles the model it is

not often possible to distinguish whether it is"dye to model
Y

4 ’

bias or due to the model resembiing the observed structure.

v

. r YO
The best way to reduce model bias is to combine the molecu-

lar replacement phases with othérs derived by an independent
¢

. & '
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method such as MIR. There are also a variety of map
coefficients and weighting«scheﬁes available for reducing
model bias (Main, 1979; Read, 1986a). It may also be
helpful to make a partial difference map in which parts of
the moael which are'questionasie are deleted before the
phase calculation. v |
The capabilities of the program can be demonstrated by
examining three of the more difficult’ cases that have been'\
successfull} solved. These are two serine proteases, tohin
(Chap. 111) and Streptomyces griseus trypsin (SGT) iRead,
1986b; Read et al., 1984), and the aspartjl protease
" zymogen, pepsinogen‘QJamés & Sielecki, 1986). ‘

- Tonjn is a serine protease that is closely relat?d to
kallzkrexn (Bode et al., 1983). It is isolated froﬁ the
submaxillary gland of rats-(Boucher et al., 1972). Its
structure has~been solved usxng ﬂi’ecular teplacement -
methods w1th bbvine tryps1n (Fehlhammer -& Bode, 1975) as the
search model. Had the structure of kallikrein beedn Known at

Ca
the time the structure solution of tonin was being done, it

would have served as a much better search model than ]
“trypsin. The structures of tonin and kallikrein are very
similar with an r.m.s. deviation of 0.6&8 for the 203
g-carbon atom pairs that can be superposed to’within 1.98
(Chapter II1),. The.molecular replacement solution was
obtained with oﬁly a slight difficulty but the intérpret‘

ation of the resulting electron densify map was not

straightforward and the refinement of the structure
| K;
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proceeded slowly.

SGT is a bacterial protease whose structure is more
similar to that of bovine trypsin than ko other bécterial
serine proteases. Consequentl; the structures of trypsin
and chymotrypsin were used as molecular replacement models
(Read, 1986b). Trouble was encountered in obtaining an
unambiguous translation solution. It turned out that the
orientation obtained from the rotation function was suffic-
iently far from the correct one to prevent the translation

search from working. The problem was overcome by including

in BRUTE the capability to adjust the ofientation. The

phasés derived,from the trypsin and chymotrypsin models were
combined with MIR phase information. However the heavy atom
phasés did not make a significant contribution due to their
low quality and due to the overestimation of the accur;cy of
the molecular replacement phases. During the refinemént éf'l
the structure, a method was developed by Read (1986a) to get
a better estimate of the phase errors and to produce p‘haﬁ‘
.with reduced model bias. These tecﬁniques facilitated the
refinement process. v y '
The structurgvsolutiop gﬁ’qpe mammalian aspartyl pro-
tease zymogen, pepsinogenf;1é f%e most difficult one that
has been successfully solved with BRUTE. As the search

£y

model, the refined strugture of adkapgal aspartyl»protqisf.

Sl
»

penicillopepsin (James & Sielecki, 1983) was used. The
X 3 ' -
correlation obtained from the translational search was lpw

and the electron density map obtained from the molecular

v

[
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’

, neplaCement phases was deemed too difficult to interpret.
The molecular replacement phases were combined with the MIR
phases which were of slightly higher qQuality than in the
case of SGT., A be;ter estimate of the error of the molecu-
lar replacement pnases was obtained usinguthe procedure of
Read (1986). The combined phases consisted mainly of the
MIR phase informatibn and the electron density was more
1nter?@3§able. In thls case the additional information pro-
vided, sy molecular replacement vas small and may not have
been necessary

A summary ¢f the structure solutions of these three
ﬁproteins is given in Table IV.1. The experience with these
cases shows that fai}}y dissimilar proteins can be used as .

}models for molecular replacement, However as the structgfes
become more d1fferent less phasing information is obta(n;d
‘to the poxnt that it no longer allows the development of the

»observed structure from the starting model. That is not to

'_say that in such ca;es, molecular replacement will be

.useless. It can still be used for finding or confirming
.heavy atom sites to be used for MIR. It will also be useful

gin resolving the ambiquities in the phases obtained from a
single i§0m6rphous replacement. Finally, a molecular

replacement model will aid in the interpretatiion of the

electron density map.
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V. General Discussion
The determination and refinement of the 3-dimensional struc-
ture of proteins are essent{al in understanding their activ-
ity and their architecture. It is only afﬁer accurate
coordinates have been determined, with high resolution data
] and extensive refinement, that inferences concerning the
details of the reactivities of proteins can be made. 1In
addition, the comparison of homologous structures show us
the\parts of the molecule which are imbqrtant to their
common function as}wel; as indicating how d}fferences in
reactivities can arise.

‘The structures of two serine proteases, a-lytic pro-
tease and tonin, have been‘refined at high resolution. ‘
Their g%ructures have been aﬂalysed and compared to struc-
tures of homologous enzymes. These structures provide
accurate coordxirtes for interpretation of sesults using
other methods such as NMR, and for structural and

» ;
mechanistic studies using computer simulation techniqughiya

o W

The analysis of the interactions in the proteins reveal
éharacteristics and patterns that help £0 generalize the
features of protein structures. In both enzymds, the basic
fold1ng of the polypeptxde chain is seen tqgée relatively

* constant in the core of the protein. Comp%?&atory changes

Loccur in the sequence to maintain the samé%foldxng In the
A~
‘case of tonin, the structure that was ?gtermined is not in

EYERN
)

*v its native form due to a bound zn2* jon. However the

‘existence of a highly homologous ‘enzyme, &allikrein, allowe W5,

»
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for the prediction of the native structure of tonin,
Homblogous protein structures not only provide struc-
tural information but also can be used to solve the struc-
tures of related molecules. This is done using the methods
of molecular replacement as was done in structure solution
of tonin. One of the difficult steps in the method is the
posiﬁ@oniqg of ‘the oriented molecule in the crystal cell,
otherwise known as the translation problem. During the
course of the determination of ;he tonin structure a new
method of overcoming the translation problem was developed.
It has been subsequently improved upon as a consequence‘of
problems encounteréd in solving ather structures. The
utility of the method is demonstrated by the number of

difficult structures that have been solved with it.



