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Introduction

1.1 STARCH
1.1.1 Source

Starch is the major carbohydrate reserve in plabers and seed endosperm
where it is found as granules typically containisgveral million amylopectin
molecules accompanied by a much larger number aflsmamylose molecules. By far
the largest source of starch is corn (maize) witfeocommon sources being wheat,
potato, tapioca and rice.

1.1.2 Structure

Starch consists of two types of molecules, amylgsemally 20-30%) and
amylopectin (normally 70-80%). Both consist of pobrs of a-D-glucose units: in
amylose (Fig. 1) these ac€1-4) linked, with all the ring oxygen atoms beingdted
on the same side, whereas in amylopectin (Figbh8uione residue in every twenty is
alsoa(1-6) linked, thereby forming branch-points. Theatigle proportions of amylose
to amylopectin andi(1-6) branch-points both depend on the source obthesh,e.g.
amylomaizes contain over 50% amylose whereas “waxglize has almost none
(~3%).

Amylose and amylopectin are
fundamentally different molecules,
amylose having a low molecular weight
and a relatively extended shape

" on (hydrodynamic radius 7-22 nm) whereas

amylopectin has large but compact

% molecules (hydrodynamic radius 21-
oH 75 nm). Although then(1-4) links are

capable of relatively free rotation around
a8 the () phi and () psi torsion angles,

hydrogen bonding between the O3' and

02 oxygen atoms of sequential residues
Fig. 1: Partial structure of amylose. tends to encourage a left-handed helical

conformation.
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Fig. 2: Partial structure of amylopectin.

Amylose molecules consist of single, mainly unbhattchains with from 500
to 20,000 glucose units, depending on the souncaddlition, a small number af1-6)
branches and linked phosphate groups may also welfdlrhe single helix amylose
possesses a relatively hydrophobic inner surfagehblds a spiral of water molecules
which are relatively easily lost and replaced byrophobic molecules. This is also
responsible for the characteristic binding of amglao chains of charged iodine
molecules €.g. the polyiodides; chains of land & forming structures such a§ land
I153') where each turn of the helix holds about two nedatoms and a blue color is
produced due to donor-acceptor interactions betweser and the electron deficient
polyiodides. This reaction allows for an easy débeacof the presence of starch if
exposed to iodine, as well as of amylolytic traaivity if starch is used as an
immobilized substrate.

Amylopectin contains up to two million glucose chss, displays a compact
structure and is formed by non-randafi-6) branching of the amylose-typél-4)-D-
glucose structure. The branching is determinedrbpdhing enzymes which leave each
chain with up to 30 glucose residues.
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There are usually slightly more “outer”
unbranched chains (A-chains) than “inner”
branched chains (B-chains). There is only one
chain (C-chain) containing the single reducing
end (Fig. 3).

le——————

T"JI_ B chains

Fig. 3: Macromolecular structure of amylopectin.
a C chain

@<4+— Reducing end

1.1.3 Hydrolysis

The complete degradation of starch requires a nuwfogifferent enzymes; the
most important of which are summarized in Table 1.

Tab. 1: Characteristics of main amylolytic enzymes.

Enzyme (EC number) | Cleaved bonds | Characteristics

a-amylase (3.2.1.1) a(1-4) » endoenzyme capable of bypassir(d-6) links
* produces maltose and maltotriose

B-amylase (3.2.1.2) a(1-4) « exoenzyme unable to bypaskl-6) links
* requires a non-reducing end
* produces maltose

Glucoamylase (3.2.1.3) a(1-4) +a(1-6) | « produces glucose

Isoamylase (3.2.1.68) | a(1-6) * debranching enzymes
Pullulanase (3.2.1.41)

These enzymes are part of the large group of cgdvate-degrading enzymes
that are the glycoside hydrolases (GH). One pd#gibdor classifying enzymes is
shown in the preceding tablee. as a function of their substrate specificity. This
classification is recommended by the Internatiokhdion of Biochemistry and
Molecular Biology (IUBMB) and attributes an EC nuentio each enzyme: EC 3.2.1.X
for glycoside hydrolases where X represents thetsatie specificity.
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There are several problems associated with thssifieation system: firstly,
multi-substrate enzymes cannot be taken into acc@atondly, highly homologous
enzymes may be split into different and distant B©ups, even if they share
evolutionary and structural features, as well asramon catalytic mechanism. Thirdly,
this IUBMB classification system does not take iatmount stereochemical features,
e.g. all GHs display a mechanism of action that eittletains or inverts the anomeric
configuration of the carbohydrate. The spatial {@siof the catalytic residues is of
importance for determining the mechanism of actibthe enzyme. The active site is
generally constituted by two essential Asp or @sidues typically separated by about
5A in retaining enzymes or about 10 A in invertimpzymes. Fourthly, this
classification system does not provide any inforamBbout whether enzymes act at
the extremity (typexo) or internal (typeendo) of the polysaccharide chain.

In 1991, Henrissat (Henrissat, 1991) proposed adlasgsification of glycoside
hydrolases based on amino acid sequence simitathitgp://afmb.cnrs-mrs.fr/CAZY).
As sequence and structure of a protein are lintaddtive information on the structure
and the mechanism of action can be deduced fromrthary structure alone, with the
assumption that the stereospecificity and the nutdeenechanism are conserved for a
given family of enzymes. Some advantages of ttassification are that (i) it reflects
similar folds for the members of a family, (i) jrovides some information about
evolutionary aspects. Indeed, examples to illustthe latter statement are that the
members of a family may hydrolyze different sultssabut share a similar fold, thus
reflecting a divergent evolution, or that enzymesplying different folds but similar
specificities indicate a convergent evolution.

The Carbohydrate-Active Enzymes database providesnénuously updated
list of the glycoside hydrolase families. Becausefbld of proteins is better conserved
than their sequences, some of tHamilies can be grouped in “clans”
(i) when new sequences are found to be relatedote than one family, (ii) when the
sensitivity of sequence comparison methods is aszé or (iii) when structural
determinations demonstrate the resemblance betwembers of different families.

The present work is focused aramylases which are glycoside hydrolases that
catalyze hydrolysis with retention of the anomeranfiguration and belong to family
GH13 of this classification. GH13 is constituted &@yew thousand primary structures
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of enzymes grouping 21 different substrate spetdgg (http://afmb.cnrs-
mrs.fr/ICAZY/fam/GH13.html). In this family, a totabf approximately 200 3D
structures have been elucidated: their common tsaicfeature is af}{a)s barrel and
thus, family GH13 is part of the GH-H clan. The niers of this family share only
weak sequence similarities, approximately 10 %, anky 10 residues (out of a few
hundred) are strictly conserved. However, 7 regmmsfound to be highly conserved
(Janecek, 1997).

1.2 a-AMYLASES

1.2.1 General structure

a-amylases display similar dimensions (40 A x 50 8xA) and molecular
weights ¢ 50 kDa) and share a common general structure imeghin three domains

(Fig. 4).

Fig. 4: General structure ofa-amylases. 1) calcium ion; 2) active site; 3) noratalytic triad and 4)
chloride ion. Based on the PDB accession code 1AQHx-amylase from Pseudoalteromonas
haloplanktis
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The N-terminal extremity is located in the centtamainA (residues 1-86 and
130-356) that adopts the fold of @/¢)s barrel and binds a chloride ion in its centre in
all animal and some bacterialamylases (see below). Domdn(residues 87-129) is
relatively small, formed only b@-strands and is inserted betweenfiBestrand and the
a3-helix of domain A. This domain, with the exceptiof the region around the
calcium-binding Asp residue, is less conservedaimify GH13 in terms of size and
sequence (Janecek, 1997). The active site is lb@atde large cleft between domains
A and B, and therefore domain B determines sometifumal and structural properties
of the enzymes: adaptation of activity to pH, efficy of inhibitors, correct folding
and substrate specificity. Domdh(residues 357-448) is the C-terminal domain; @s 1
B-strands are organized in a Greek key motif angpadalobular shape. The function
of domain C remains unclear, but mutagenesis afetiale experiments have shown
domain C to be essential for catalysis.

For their structural integrity as well as for enatin activity, all known
a-amylases require octo-coordinated binding of asiene C# ion (Qianet al., 1993)
between domains A and B.e. close to the active sitex(12 A). This coordinated
calcium ion has no direct function during catalysig it is responsible for holding
domains A and B together, thus shaping the catabéft. In some cases, additional
calcium ions and their binding sites have been sk such as for tha-amylase
from Aspergillus niger. For information, in the latter case the bindinfgaosecond
calcium ion has been shown to involve two catalsggidues and this might explain the
inhibitory effect of high calcium concentrations tiis enzyme (Boedt al., 1990).

In addition to calcium, one particular groupcohimylases requires the binding
of a chloride ion as allosteric activator (Levitadad Steer, 1974) (see §1.2.4 Catalytic
mechanism). The binding site of this @in is located in the center of domain A, close
to the C-terminal end of theB/f)s barrel and at 6 A from the active site. The
allosteric activation by chloride is typical fol ahimala-amylases and some bacterial
a-amylases.

Approximately 300 primary structures (August 2006y-amylases are known,
including those from Archaea, Bacteria and Eukaryaround 80 of which are from
chloride-dependenta-amylases. Of a total of 19 available and non-rdduoh
a-amylase 3D structures, 5 are of chloride-dependeaymes: (i) the bacterial and
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psychrophilic a-amylase from Pseudoalteromonas haloplanktis (AHA), formerly
known asAlteromonas haloplanctis (Aghajariet al., 1998a, Aghajarét al., 1998b), (ii)
the larvala-amylase from inseclenebrio molitor (TMA) (Strobl et al., 1998), (iii) the
porcine Qus scrofa) pancreatica-amylase (PPA) (Buissoda al., 1987), and (iv) the
human salivary (HSA) (Ramasubbual., 1996) and (v) pancreatic (HP&}amylases
(Brayeret al., 1995).
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and two bacterial species.

1.2.2 Phylogeny

Amino acid sequence alignments of

o-amylases reveal the existence of three
compact groups (Janecek, 1994) (Fig. 5A): a)
a-amylases from fungi and yeast, b) from

plants and c) from animals and streptomycetes.
The primary structures of bacteralamylases

are more diversified.

Figure 5B illustrates the
relationships between the members of
group c¢ (Fig. 5A: a-amylases from
streptomycetes, mammals and insects) and
a-amylases the bacteria
Thermomonospora curvata and
Pseudoalteromonas haloplanktis. In this
group, the a-amylases the
streptomycetes differ from the others by
their independence of chloride.

from

from
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1.2.3 Phylogeny of Cl "-dependent a-amylases

Allosteric activation ofu-amylases by chloride was for a long time thought t
be restricted to those from mammals (Bragteal., 1995), until the discovery of this
feature for thea-amylase fromPseudoalteromonas haloplanktis. D’Amico et al.
(D'Amico et al., 2000) have aligned and compamémylase sequences in order to
analyze structural similarities and evolutionarylatienships of Cldependent
a-amylases. The identification of such enzymes waseth on the presence of the
chloride coordinating residues Arg195, Asn298 amg/ltys337 (PPA numbering), and
led to the recognition of 38 potentially @lependenta-amylases out of the 200
sequences known at that time. The authors proptieedinrooted evolutionary tree
shown in Figure 6.

The multiple sequence alignment revealed a rembgkalbmology, even
between distant organisms such as bacteria anebvatés¥ 40 %). Indeed, among the
470-500 residues corresponding to an averageriataber of residues far-amylases,
60 are strictly conserved.

11
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Fig. 6: Unrooted evolutionary tree of chloride-depadent a-amylases. For abbreviations, refer to addendum 2. T
branch lengths are proportional to the sequence dargence. ClusterA: bacteria; cluster B: insects and acari; clustel
C: mollusks, crustaceans and nematodes; clust&: mammals and birds. Source: (D'Amicoet al, 2000).
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1.2.4 Catalytic mechanism

The catalytic residues Aspl195, Glu223 and Asp30RA(Fhumbering) are
located on the C-terminal side of tRestrands of domain A and their side chains are
oriented towards the catalytic cleft between domairand B. The first two residues act
respectively as nucleophile and acid/base catalyske the role of Asp300 is less
certain. It has been proposed that this residirapticated either in the stabilization of
the oxocarbenium intermediate state (Uitdehetagl., 1999) or in maintaining the
correct protonation state of the catalytic Glu.

As mentioned, o oﬁ/l T ow)
a-amylases ora(1-4)-D-glucan- ad s s . ﬁ"ﬂ
4-glucanohydrolases, hydrolyz " b\ _= v R o
a(1-4) O-glycosidic bonds with Qa -0 |
retention of the anomeric Acmmmw /Ko

configuration. The  catalytic & i\' =
mechanism has been proposed Glgcosylntivn .

be divided in two steps (Fig. 7 \ on °})
(McCarter and Withers, 1994) R°w°

/R'I
glycosylation and °"\,°4°\,,
deglycosylation.  First,  the /K

o
carboxylic group of Aspl95 Deglycosylation o
carries out a nucleophilic attac \1

on the anomeric carbon of th °
substrate leading to the firs s ° 'o = °"°\a."°5—
intermediate oxocarbenium stat on L _m R - °H~ R
This step is facilitated by & oH .
general acid/base  catalysi /Ko /Ko
implicating the carboxylic = =
function(s) of Glu223 alone or ot Fig. 7: Catalytic mechanism ofa-amylases.

Glu223 and Asp300, leading to a weakened C1-O bamd the formation of the
covalentp-glycosyl-enzyme intermediate. The hydrolysis of ttovalent intermediate
state starts with the attack of a water molecule-@Ri), which is activated by the
carboxylate group of Glu223, on the anomeric carl#aain, an intermediate state is
formed, leading finally to product formation withetention of the anomeric

13
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configuration and the initial protonation statelod catalytic residues. If R’ represents a
glucose monomer and R” a hydrogen atom, we inddesttrve the hydrolysis of starch
with formation of a new reducing end. The preseotglucidic residues R and R’
illustrates the fact that-amylases are endoenzymes.

The role of chloride as an allosteric activator viiest discussed by Levitzky
and Steer in 1974 (Levitzki and Steer, 1974) arsldiace been extensively analyzed
for AHA (Felleret al., 1996, Aghajaret al., 2002), HPA (Numaet al., 2002) and PPA
(Qianet al., 2005). All authors agree that chloride is noedily implicated in substrate
binding, although the chloride binding site is l@zhclose to the center of the central
barrel,i.e. close to the catalytic and the calcium bindingssitMoreover, all authors
agree on the fact that the chloride anion is necggs® increase thpK, value of the
catalytic residue Glu223 so as to maintain the gitlain of this residue in the
protonated state required for catalysis. Q#ral. (2005) have demonstrated that in
addition to the induceg@K, shift, the direct effect of chloride binding is ¢oient the
glutamic side chain so as to optimize the catalytacess.

1.2.5 a-amylase from Pseudoalteromonas haloplanktis

Pseudoalteromonas haloplanktis, formerly known ag\lteromonas hal oplanctis,
is an aerobic, Gram-negative coccobacillus stiaah has been isolated from sea water
near the Antarctic research base Dumont D’Urvilld erre Adélie. The CHependent
a-amylase secreted biyseudoalteromonas haloplanktis has first been described by
(Felleret al., 1992): the mature primary structure counts 45Baracid residues with a
molecular weight of 49,340 Da and the functionatyene displays an optimal pH for
activity around neutrality and a pl of 5,5. Intanegly, its closest structural homologue
is the porcine pancreatic-amylase (PPA) with 53 % identity and this surmgsfact
has been attributed to horizontal gene transfen fiaimal to bacterium (Da Lageal.,
2004).

14
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Moreover, in agreement with the activity-stabilftgxibility relationshig,
AHA presents the general characteristics of psygitic enzymes (Fellegt al., 1994):
(i) a catalytic constant 7 times higher at low tengpures than for PPA, the mesophilic
counterpart, (ii) a reduced conformational stapitif approximately 30 kJ/mole when
compared to PPA, (iii) an apparendyIfor activity of 30 °C in contrast to 50 °C for
PPA, and (iv) highly increased dissociation constdor calcium (2,000 times higher
than PPA) and chloride (20 times higher than PBA%¥.i The primary structure of AHA
contains 13 proline residues instead of 21 for PERAarginine residues versus 29 for
PPA and the folded enzyme displays 4 disulfidedaslinstead of 5 for PPA.

AHA was the first psychrophilic enzyme to be crilstad (Aghajariet al.,
1996) and the 3D structure was published in 199gnh@fariet al., 1998a) with the
Protein Data Bank accession code 1AQH.

1.2.6 a-amylase from Drosophila melanogaster

Thea-amylase fronDrosophila melanogaster is a highly polymorphic enzyme
at both the allozyme and specific activity leveheTenzyme we used in our study is
coded for by the genamy-p with a length of 2141 bp for the complete coding
sequence. The sequence has been deposited in e &&fa bank with the accession
code AB042870 and the protein is catalogued inShwssProt data bank under the
name AmyA_Drome with the accession code P08144.prboein has been produced,
purified and crystallized, but the 3D structure Ina$ yet been elucidated. Based on
sequence similarities, this mesophilieamylase is thought to be chloride-dependent. It
shares 41 % identity with AHA, 54 % with PPA and%2with TMA. Similarities are
56 % with AHA, 67 % with PPA and 75 % with TMA.

! At low temperatures: the higher the activity, there flexible an enzyme needs to be, which is
achieved by lowering the stability. This relatioipsis the generally accepted hypothesis for cold
adaptation of enzymes.

15
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1.2.7 The non-catalytic triad

The occurrence of a triad mimicking the active sifeserine proteases and
lipases is certainly the most surprising featureldbride-dependera-amylases. The
first one to report the presence of such a moti-simylases was David Blow in 1990
(Blow, 1990), who screened the PDB for “lurkingiatts and identified together with
Janet Thornton (European Bioinformatics Institéellcome Trust Genome Campus,
Hinxton, Cambridge, UK) the TAKA-amylase-{amylase fromAspergillus oryzae) as
a candidate, albeit that this enzyme bears a diratigtorted triad. No function has
been attributed to this motif. Aghajagt al. (Aghajari et al., 1998a) reported the
presence of a triad in AHA, and after multiple seage alignments of chloride-
dependenii-amylases, it became clear that this triad wasadlgticonserved in all
known chloride-dependerd-amylases, from bacterium to human (D'Amiebal.,
2000). In 1998 (Aghajaet al., 1998a), the authors proposed the triad to beoresiple
for autoproteolysis ofi-amylases, as in certain buffers devoid of chloddd calcium,
these enzymes are rapidly cleaved into two peptM&snow know that this hypothesis
was incorrect.

In AHA, the motif is situated at the surface of t{ffa)s barrel in close
proximity to the C-terminal domain and at 22 A fréhe active site (Fig. 4), and has
low solvent accessibility. It is formed by residugsr303, His337 and Glul9 (amino
acid numbering based on AHA is used throughout doeument, unless stated
otherwise) and can be superimposed with the cataiyads of serine proteases and
lipases (Fig. 8A), as well as with the triads of five chloride-dependemi-amylase
crystal structures (Fig. 8B), demonstrating a haggree of conservation in the
stereochemistry of the three side chains.

However, differences between the non-catalyticdtrid a-amylases and the
catalytic triad of proteases and lipases do exidtare (i) a Glu residue replacing Asp
and (ii) a flipped position of the His residue (Basbservable in Fig. 8A) the ND1
atom of which now faces the Ser OG atom insteadthef carboxylate group.
Throughout this document, triads with the His raeidn its flipped position will be
designated as being in an amylase-like configunaiio contrast with the protease-like
orientation.

16
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Fig. 8: Structural superimposition of catalytic and non-catalytic triads. A, the non-catalytic triad of
pig pancreatica-amylase (PPA, black, labeled) is superimposed withe active site catalytic triads of
trypsin (blue), chymotrypsin (orange), subtilisin ( ) and lipase (ed). B, superimposition of the
non-catalytic triads in the five crystal structures of chloride-dependent a-amylases: porcine
pancreatic (orange), human pancreatic ( ), human salivary (lue), insect ¢ed) and bacterial

(black) a-amylases. Interatomic distances are given in A anthe four functional atoms are indicated
in panel B.
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1.2.8 Aim of this study

To our knowledge, the three publications cited &bare the only publications
that ever mentioned the non-catalytic triadoifamylases; this motif has never been
reported to be present in other proteins. Hense&pie remains unknown and the aim of
this study is to unravel the function of this higldonserved motif by means of

mutational, biophysical and biochemical approachée. structure of this work can be
schematized as follows with a flow-chart.

Non-catalytic triad

proteolytic or action of Site-directed Random
lipolytic activity ? inhibitors of mutagenesis mutagenesis
proteases ?

PART I ; ;
1 Disulfide bridge

Hypothesis ‘
[ BromrorMaTICS

PART I  PART III

NMR

The first part focuses on the mutational studyheftriad in severak-amylases
and led to our working hypothesis. In part I, viient test the validity of the working

hypothesis by NMR spectroscopy and finally, we stigate the presence of such a
triad in other proteins by bioinformatic means.
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2.1 INTRODUCTION

This chapter corresponds to Part | in the flow-thar

At the beginning of this project, we knew that thiad was highly conserved at
the level of both sequence and structure amonghtwide-dependert-amylases. On
the other hand, the role that this triad mightillulfas unknown. In order to unravel its
function, we firstly tested aa-amylase for proteolytic and lipolytic activity. When
investigated the effects of mutating the triad lom behavior of severalamylases.

2.2 MATERIALS AND METHODS

2.2.1 Bacterial strains

Escherichia coliRR1
This strain was used because of its high growth aat its capacity to produce
high amounts of recombinaatamylase at 18 °C.

Escherichia coliBL21(DE3)

E. coli BL21(DE3) is an all-purpose strain for high leyebtein expression,
commercialized by Stratagene. We used the straithéoproduction of genes that are
cloned in a pET vector, thus allowing induction B§TG. The designation DE3
indicates that this host carries in its genomic D% sequence coding for the
prophage lambda DE3 containing phage T7 RNA polgs®igene under the control of
a strong promotdiacUV5.

Epicurian Coli® XL1-Blue

The advantage of this strain is its high transfdioma efficiency. These
supercompetent cells are commercialized by Stratage
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Epicurian Coli® XL1-Red

These mutagenic competent cells, developed by ageae, were used for
random mutagenesis experiments. The strain ladle® tBNA repair systemsnutS
mutD andmutT, which multiplies the error frequency by 5,000 gamed to the wild-
typeE. coli strain.

2.2.2 Plasmids

All plasmids confer ampicillin resistance and weugified on a Nucleospin
column (Macherey-Nagel).

paH12wt*

A stop codon was introduced after the last residiuthe mature enzyme in
order to delete the C-terminal domain of the presupnf the psychrophilic-amylase
from Pseudoalteromonas haloplanktis. The gene and its peptide signal were then
cloned into a pUC12 plasmid, after the promotacZ, by ligation of theSmal
restriction site of the polylinker of the plasmidtlvthe Hpal restriction site located
60 bp upstream of the start codon of the peptidmpasi pH12wt* (4.23 kb)
constitutively expresses the enzyméeircoli RR1.

pET-22b(+)

This plasmid is part of the pET System vectors tgerl by Novagen. It is a
powerful vector for the expression of recombinamttgins inE. coli. Target genes are
under control of strong bacteriophage T7 transionptand translation signals.
Expression is induced by providing a source of TNVARpolymerase in the host cell.
Thus, we used this vector in combination with Ehecoli BL21(DE3) strain. Another
important benefit of this system is its ability n@intain target genes transcriptionally
silent in the uninduced state.

pSP73

The pSP73 vector is a small sized plasmid thatr®tievide range of restriction
sites and thus, was used for the subcloning of ggbeéore their final transfer into the
pPET vector.
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pET-AmyD

This plasmid was constructed according to the ¥algy strategy. Theamy-p
gene (coding for AmyD) in the pGEM-T Easy vectorsvkindly provided by Dr. Jean-
Luc Da Lage from UPR 9034 Laboratoire des Poputatidsénétique et Evolution,

CNRS, 91198 Gif-sur-Yvette cedex, France.

Ndel (60)
ALPHA

. PS

Clal (336)
Ndel (399)

GarH738)

p-alpha-Ndel AHA

4175 bp

Ndel (1266)

APr \\ Stop

‘Xbal (1497)
l ALPHA

Ndel (1740)

This plasmid is identical togH12wt*, but with
an engineerebldel restriction site at the ATG
codon of the signal peptide.

Restriction Clal/Xbal

ALPHA
1 | Ndel (2739)
Ndel (244) | |es
ALPHA | AHA
(Xbal) AP f / (Clal)
F4+—  — A
alpha-Ndel
3014 bp
Clal (4447)
AHA |
PS \
Ndel (4171) \ |
ALPHA
Excision of
residual part of <= p-alpha-AmyD
AHA by PCR 4450 bp

AP

AmyD 7

pGEM AmyD
4517 bp

1

PCR
Introduction of restriction siteSlal/Xbal
and a stop codon

alal (5) AmyD

1

Stop
Xbal (1441)

——

Clal-AmyD-Xbal
1447 bp

Ligation

AmyD /

\ Stop

‘Xbal (1433)

ALPHA
Ndel (1676)
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.

PS

Ndel (4171)\
ALPHA

AmyD

Stop

Xbal (1433)

Hindlll (1459
ALPHA

Ndel (1676)

APT

Hindlll (5317)
Ndel (5204)

_ PHAGE F1
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PET-22b(+)

HAc 5493 bp

Ndel (2382) — Hindlll (76)

AP
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Ndd/Hindlll
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AmyD
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3837 bp
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Ndel (3)

LACI AmyD

~Stop
Hindlll (1534)
PHAGE F1
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6911 bp
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22



Mutational study of the non-catalytic triad

2.2.3 Culture media

Luria Bertani (LB) medium was prepared with 5 g/L yeast extract (@ifc
10 g/L tryptone (Difco); 10 g/L NaCl and 1 mM CaQH,O; pH 7.2. If agar (16 g/L)
and ampicillin are added, the medium is designatedhe abbreviation LBAA. We
used LB in the random mutagenesis experiment anthépreparation of Petri dishes,
except if stated otherwise.

Tryptone-Yeast-Phosphate (TYP)medium contained 16 g/L yeast extract
(Difco); 16 g/L tryptone (Difco); 5g/L NaCl; 0.1Mi CaCh.2H,O and 2.5¢g/L
KoHPO,.2H,0O; pH 7.0. This rich culture medium was used foe tproduction of
bacteriala-amylases.

Terrific broth (TB) was composed of 24 g/L yeast extract (Difco); A2 g
tryptone (Difco); 5.04 g/L glycerol; 2.31 g/L KRO, and 12.54 g/L KHP(G,.2H,0; pH
7.0. This rich culture medium was used for the potidn of insecti-amylases.

SOC broth was composed of 5 g/L yeast extract (Difc2);g/L tryptone
(Difco); 10 mM NacCl; 2.5 mM KCI; 10 mM MgGl6H,O; 10 mM MgSQ.7H,O and
20 mM glucose; pH 7.2. This medium was essentiabgd in the transformation
protocol.

Ampicillin was filtered (0.22 um) and added to thespective media after
autoclaving and cooling to 50 °C.

2.2.4 Activity tests

(i) Lipolytic and proteolytic activities of ther-amylase were assayed on
immobilized substrates. In both cases, the stan@i@dium for Petri dishes was 50 mM
HEPES buffer at pH 7.2 to which 15 g/L of agar wmdded. Before autoclaving, either
0.5 % tributyrine, previously emulsified by sonicat for detection of lipolytic
activity, or 1 % casein for detection of proteatyéctivity was added. 5 pL of sample,
previously sterilized by filtration on a 0.22 pum/lNpiore filter and containing purified
0.35 mM Pseudoalteromonas haloplanktis a-amylase (in 10 mM Tris buffer; 25 mM
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NaCl; 1 mM CaCGl.2H,0; 1 mM NaN, pH 8) was deposited on a Petri dish which was
then incubated at room temperature for one month.

(i) Amylolytic activity was measured using 3.5 mMi-nitrophenyla-D-
maltoheptaoside-4,6-O-2-ethylidene (Et-G7-pNP orSERsS substrate (Boehringer
Mannheim). The reaction medium contains an excéss-glucosidase as coupling
enzyme in 50 mM HEPES, 50 mM NaCl, 10 mM MgQbH 7.2. Activities were
recorded in a thermostated Uvikon 860 spectrophetern{Kontron) and calculated on
the basis of an absorption coefficient for paraepihenolate of 8980 Mcmi* at 405 nm
and a stoichiometric factor of 1.25 was applied.

2.2.5 Site directed mutagenesis

Two PCR-based techniques were used for the inttmgfuof point mutations:
the Inverse Polymerase Chain Reaction (IPCR) aa®@ihikchange Mutagenesis kit by
Stratagene. The former was used in the introduafdhe mutations in theogd12wt*
plasmid while the latter kit was used for mutating pSP-AmyD vector.

(i) Concerning IPCR, this technique allows tt
amplification of plasmids and the introduction of nautation,
carried by only one of the two
primers. The particularity of this Fig. 9 Principle of IPCR.

. . . ... The red cross indicates
technique is that primers hybridize the mutation.
adjacently, as shown in Fig. 9, leading

to the amplification of the entire linear plasmid.

The “sense” or mutated primer binds to the non+ugditrand of the template
DNA and is composed of 27 nucleotides, with 3 cadahthe 5’ end of the mutated
codon and 5 codons at the 3’ end. The “antisenssilent primer is complementary to
the coding strand of the template DNA and is coradasf 24 nucleotides.

The reaction mixture was composed of 1 pL tempMA purified with a
Nucleospin column; 3 uL dNTP 2mM; 5 uL of each mimat a concentration of
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20 puM; 10 pL polymerase buffer 10x; 2 pL MgSt®0 mM; 1 pL of Vent polymerase
10 units/puL and 73 pL of 4 milliQ.

The mixture was heat denatured at 95 °C for 3 mmullowed by 23 cycles
composed of 1 minute of denaturation at 95 °C, 8055 °C to allow hybridization of
the primers with the single stranded template DMA 4 min, 15 s of elongation time
(at 1 kbase/minute) at 72 °C. A final cycle with extended elongation time (9 min,
15 s) completed the reaction.

PCR products (10 uL) were analyzed by electroplimms 1 % agarose gels
and purified (90 pL) with the Qiaquick® PCR puré#ton kit (Qiagen) according to the
recommended protocol. Linear fragments were phdigmted with T4 kinase and
ligase before transformation.

(i) Introduction of a mutation with the Quikchange
Mutagenesis kit was performed as recommended by -

- , . . I
manufacturer. The main differences with the preagdechnique \/6\
are that both primers carry the desired mutatibay thybridize
with complementary sequences of the template Y. and the
nicked DNA is repaired by the competent cellg. (coli

XL1-Blue) after transformation.
Fig. 10: Principle of Quikchange Mutagenesis
kit. The red crosses indicate the mutations.

The nucleotide sequence of the constructs was ebewkth an Amersham
Pharmacia Biotech ALF DNA sequencer.

2.2.6 Stabilizers

The stabilization assays of the-amylase mutant S303A were performed
directly on the supernatant. For each assay, savoplene was 1 mL and consisted of
0.86 mL supernatant and 0.14 mL “complétdini, EDTA-free Protease Inhibitor
Cocktail” (Roche Applied Science) in phosphate éuff00 mM, pH 7, so as to prevent
a-amylase degradation by proteases present in thesupernatant. To these samples
were added the following stabilizing agents: M@S®,0, N&SO0,.10H0,
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trimethylamine N-oxide (TMAO), sucrose, trehalose, glycerol, alaninand
polyethyleneglycol (PEG) 4000. Final concentratiamsre 1 M for each stabilizer,
except for PEG4000 which we used at a concentrati@nl M. A first blank consisted
of only supernatant, the second of supernatant “anchpleté“Mini, EDTA-free
Protease Inhibitor Cocktail”. Assay temperature wasntained at 4 °C.

2.2.7 Kinetic parameters

Relative substrate specificity was measured byhésotal Titration Calorimetry
(ITC) as described by Lonhieneeal. (Lonhienneet al., 2000) for the macromolecular
substrate starch (100 % activity) and for shortdigosaccharides such as
maltooligosaccharides from corn syrup, maltoperdaamsd EPS. The substrates were
prepared in 50 MM HEPES, 50 mM NaCl, 1 mM Ga&H,0, pH 7.2 at a
concentration of 2 % for starch and 5 mM for thigadaccharides. The purified AHA
and a sample of the culture supernatant of S303# wWilyzed overnight against the
same buffer.

Kw values were determined for EPS by varying the tsatesconcentration in
the above mentioned reaction medium (see actiggiis}. The initial reaction rates were
fitted on the Michaelis-Menten equation ¥y calculation.

2.2.8 Random mutagenesis

XL1-Red competent cells were transformed with S3084tant plasmid and
incubated on LBAA plates for 36 hours at 37 °C. I5 of LB medium were then
inoculated with about 200 colonies and incubated2# hours at 37 °C. Under these
conditions, mutation frequency was estimated tdliiemutations per 2 kb. Mutated
plasmids were extracted and purified with the Nosgfen kit and the size of the
extracted plasmids was controlled by 1 % agarokelgetrophoresis after digestion.

To screen mutant enzymes for restored actiitycoli RR1 competent cells
were transformed with 1 pL of purified mutant plagsnand incubated on LBAA plates
for 36 hours at 25 °C. Each isolated colony wasisfierred into 200 uL of LB
ampicillin medium in a 96 wells uncoated plate (Ge€). In addition, a humber of
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wells were inoculated witl. coli RR1 cells previously transformed with wild-type
plasmid so as to serve as a blank. After incubatiotine plates for 48 hours at 37 °C,
the EPS reaction mixture was directly added to riierocultures and absorbance
variation at 405 nm was recorded after 15 minutésder these conditions, cells
expressing the wild-type-amylase display activity while those expressing 3803A
mutant do not.

2.2.9 Western Blot

After separation of the sample proteins on a biigh@®S gel and transfer onto
a PVDF membrane, the presencexedmylases was revealed by immunoblotting in 3
steps. Firstlya-amylases were coupled to specific anti-amylase dg@oodies from
rabbit. These primary antibodies were then recaghizy secondary anti-rabbit IgG
antibodies coupled to alkaline phosphatase. Fintily membrane was treated with the
alkaline phosphatase substrate to reveal the pres#rihe complexes.

2.2.10 Production of a-amylases

() AHA: E. coli RR1 competent cells were transformed wittH@2wt* or
with one of the mutant plasmids, plated onto LBA#&triPdishes and incubated for 24
hours at 37 °C. The colonies were then transfeméa 1 L erlenmeyer flasks, each
containing 200 mL of TYP culture medium and 20 mig ampicillin, and were
incubated at 18 °C. When required, the culture omadivas centrifuged at 13,000 g for
50 minutes at 4 °C in order to eliminate the celbis.

(i) AmyD: E. coli BL21(DE3) competent cells were transformed witasphid
pET-AmyD, plated onto LBAA Petri dishes and incwdzhfor 16 hours at 37 °C. The
colonies were then transferred into 1 L erlenmdlggks containing each 200 mL of
TB culture medium and 20 mg of ampicillin. After4Rours incubation at 18 °C {4
between 4 and 5) the production was induced byngdali5 mM IPTG. The production
was at its maximum after 24 hours induction andctiiure medium was centrifuged at
13,000 g for 50 minutes at 4 °C.
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2.3 RESULTS

2.3.1 Activity Assays

As mentioned in the materials and methods, we firsbed thex-amylase from

P. haloplanktis for proteolytic and lipolytic activity on immob#ed substrates, so as to
allow for the detection of trace activity not reded by usual spectrophotometric
methods. The complete absence of any sign of hygleobf the substrates for both the
wild-type enzyme and the recombinaramylase demonstrates that these enzymes are
devoid of proteolytic and lipolytic activity, thusuling out a possible accessory
hydrolytic activity in this enzyme, as already segigd by the relatively low solvent
accessibility of the triad.

2.3.2 Site-directed mutagenesis

In order to evaluate the function of the non-cdtaltriad, the mutations
Glul9GIn, Ser303Ala and His337Asn were introducepasately in the AHA gene.
The three combinations of double mutations and tigle mutant were also
constructed. These mutations eliminate the resmectiemical function of the original
residues while maintaining a similar steric hindgnthus they should allow the
enzyme to maintain a correct fold and allow usval@ate the impact of the mutations.

The mutants are readily expressedEncoli, as demonstrated by Western
blotting, but they display a strongly reduced digb{Fig. 11). Moreover, they display
a very low amylolytic activity (less than 0.5% difet wild-typea-amylase expressed
under the same conditions) (Fig. 12), with halesvof activity in cell-free extracts of
one or two days whereas the wild-typeamylase is stable for weeks under these
conditions.
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Fig. 11: Immunoblots of wild-type and mutants of AHA after 38 hours of culture in panel A,
and after 132 hours of culture in panel B. 1: wildtype; 2: S303A; 3: H337N; 4: E19Q; 5: E/S
double mutant; 6: E/H; 7: H/S; 8: E/H/S triple mutant. Double arrow indicates the native
forms.
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Fig. 12: Evolution of relative amylolytic activity (in % of wild-type
activity) measured in the supernatant (ed) and in the cell lysate flue)
of the S303A culture, as well as in the cell lysate ) of the H337N
culture.

The least stable and active mutants (activity addyectable on immobilized
starch) are those bearing the Glu19GIn mutatidheerlone or in combination.

In an attempt to produce a stable mutant contaigngaltered triad, the
following mutations have also been engineere®.ihaloplanktis a-amylase. His337,
the central residue of the triad, has been sulgetitesaturation mutagenesis and
replaced by all other amino acid residues. Theoreagy we chose to subject only the
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His residue to saturation mutagenesis residesdrfdtt that a stable triad-His mutant
would have been helpful for the analysis by NMRe(sext chapter). Furthermore, two
double mutants, Glul19Cys-His337Cys and Ser303Cg837iCys, were designed to
introduce a covalent disulfide bridge within th&dr This is the opposite strategy if
compared to all the other described mutations is ¢hapter: instead of destabilizing
the non-catalytic triad by the elimination of pitathydrogen bonds, we introduced a
covalent interaction to increase the bond energwdxn the residues of the (altered)
triad. Finally, the three basic mutations Glu19GhRer303Ala and His337Asn were
introduced separately in Mut5, a strongly stabdiagariant of theP. haloplanktis
a-amylase (D'Amicoet al., 2003), and in the closely related inseeamylase from
Drosophila melanogaster (AmyD) that is one of the most stable chloride-eegent
a-amylases according to microcalorimetric studiesdI@fet al., 1999). The mutation of
the triad in Mut5 and AmyD should have less impactthe overall stability of these
more stable enzymes, thus allowing for the charzettion of such a mutant.

Each of the described mutants was expressdsl @oli but all were found to
display the same weak residual activity and pronednnstability. As a result, attempts
to purify these mutants were unsuccessful, evamusist chromatographic techniques.
These results demonstrate that any of the testddtions in the non-catalytic triad
leads to a drastic destabilization of the protéincsure in these-amylases, even in the
case of more stable enzymes such as AmyD and Mbgse two cases underline that
the low stability of AHA due to its psychrophilicharacter cannot account for the
observed pronounced instability of the triad muant

2.3.3 Mutant Ser303Ala characterization

The triad mutant Ser303Ala is slightly more stah&efar as the half-life of
activity in cell free extracts is concerned. Thabdity of this mutant cannot be
improved in cell free extracts, neither by inhibitiof serine-, thio-, metallo-, or acid
proteases nor by the use of the usual protein ligeisi such as MgSP NaSQ;,
sucrose, trehalose, glycerol, alanine or polyetig/lglycol. TrimethylamineN-oxide
(TMAO), a protecting osmolyte that has a stronglitgbto force proteins to fold
(Baskakov and Bolen, 1998) is also ineffectivetabgizing the Ser303Ala mutant. By
contrast, concentration-independent kinetic pararsesuch as th&,, value for the
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substrate Et-G7-pNP (EPS\=150 puM) and the relative substrate specificity tfoe
macromolecular polymer (starch, 100% activity) astorter oligosaccharides
(maltooligosaccharides from corn syrup, 64%; matdpose, 69%; Et-G7-pNP, 113%)
are unchanged with respect to the wild-type enz¢ig 13 and 14). Maintenance of
these kinetic parameters suggests that mutankteofdn-catalytic triad are produced in
a native state followed by a fast and irreversibsiéolding, leading to proteolysis of the
unfolded state.
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Fig. 13: Determination of the Michaelis-Menten consnt for the
synthetic substrate Et-G7-pNP at 25 °C: wild-typea-amylase [lue)
compared to mutant S303A ied).
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Fig. 14 Example of relative substrate specificity determmation by Isothermal
Titration Calorimetry for the wild- type amylase. The lower curve corresponds t
the macromolecular polymer starch (100% activity) ad the upper curve to
maltopentaose as substrat

2.3.4 Random mutagenesis

In an attempt to understand the destabilizing éftécthese mutations, the
mutant Ser303Ala was subjected to extensive randatagenesis in the mutator strain
E. cali XL1-Red with a programmed mutation frequency o€ ém six bp substitutions
per gene. The objective of this experiment wasbtaio a secondary mutation restoring
the stability to that of the native-amylase or at least improving the stability of the
mutant Ser303Ala. However, none of the 12,500 matanreened displayed even a
slightly improved stability than the Ser303Ala mmitaln control experiments on the
wild-type a-amylase gene randomly mutated in the same condijtib was found that
at a mutation frequency of 1 bp substitution penegeabout 5% of the mutants
possessed a significantly improved stability. Teguence of some of these mutants
also confirmed the programmed mutation frequend\esE results indicate that under
the described conditions, the mutational pertudnatiin the non-catalytic triad of the
Ser303Alaa-amylase cannot be balanced by any simple mutatiomeak interaction
in the enzyme structure.
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2.4 CONCLUSION

The triad in the tested-amylases was found, under the conditions useldeto
devoid of proteolytic and lipolytic activity, whighstifies the “non-catalytic” attribute.

The mutation of any of the three residues of the-catalytic triad in AHA
leads without exception to the production of unistabnzymes with very low
amylolytic activity. The most stable mutant S303Ancneither be purified nor
stabilized by usual protein stabilizers. Furthereare could not counterbalance the
marked instability by any simple secondary mutgtias shown by the random
mutagenesis experiment. Finally, the substrateifsggc of this mutant is unchanged
with respect to the wild-type enzyme, indicatingttithe mutanta-amylases are
expressed in a native state followed by a fastimadersible unfolding.

All these mutations, except for those of the sdilbmamutagenesis experiment,
were chosen in order to eliminate the chemical tione of the side chains of the
implicated residues while maintaining a similaristdaindrance. In other words, these
mutations were designed to destabilize the triagdryurbing the H-bond network. The
introduction of a disulfide bridge in the triad repents the opposite approach: it was
hoped to stabilize the triad through the introduttof a covalent bond. However, this
attempt was unsuccessful as the mutants displayiantly the same low stability and
activity.

Knowing that psychrophilic enzymes such as AHAtheir wild-type form, are
already characterized by a relatively low stabiliy compared to their mesophilic and
thermophilic homologues, we investigated the effifcthe mutations in the triad on
more stable enzymes. The same mutatiorts-amylases such as the stabilized mutant
Mut5 of AHA or in wild-type AmyD, produced exactthe same effects, thus clearly
excluding the psychrophilic character from beingpansible for our results.

The role of the non-catalytic triad is thereforaleniably of a structural nature.
All three residues of this motif are located in domA that adopts g3(a)s barrel fold.
Glul9 is located on thel-helix, His on the loop between tA8-sheet and the8-helix
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and Ser is located on tfi8-sheet. Thus, we propose that the triad stabitibesain A
by holding its N- and C-terminal ends together.

This is the first time that a triad with only mindifferences when compared to
the catalytic triad, and thus for believed to beagalytic motif, is reported to be of
structural importance. We therefore propose the-aatalytic triad to be a novel
structural motif in the conformational stability pfoteins.

At this stage, one may wonder how a combinatiorthoée residues could
constitute a key determinant of the conformatiosi@bility in a large monomeric
protein (453 amino acids, 49,340 Da). Thisamylase tolerates various amino acid
substitutions: more than twenty mutations haveaalyebeen introduced during various
studies with some being at close proximity to tlo@-patalytic triad €g. Asn12Arg
close to Glul9, Lys300Arg and Lys300GIn close t@388) but none had such a
destructive impact on conformational stability hese implicating the residues of the
triad. Moreover, the 2 putative H-bonds linking #ide chains in the non-catalytic triad
are a priori unlikely to contribute significantly to the-amylase conformational
stability (400 H-bonds have been detected in thesBlcture (Aghajarét al., 1998b))
except if at least one of these putative H-bondsotsa conventional interaction but a
strong H-bond.

Hydrogen bonds can be classified as a functiorhefdistance separating the
heteroatoms implicated in the establishment ofttved and as a function of th&p
values of the proton donor and acceptor. Accortintis classification, three types of
H-bonds are describeftlistances and bond energy values do slightly varghe
literature): (i) weak or normal H-bonds display Haengths of 2.8-3.1 A with bond
energies ranging from 10 to 50 kJ/mol. (ii) Stroog low-barrier hydrogen bonds
(LBHB) display bond lengths of 2.5-2.8 A with enimsy ranging from 50 to
100 kJd/mol, and (iii) for very strong or single-weél-bonds, bond lengths from 2.3-
2.5 A and energies higher than 100 kJ/mol are tegofHibbert and Emsley, 1990).
The general consensus is that the shorter the loadigher its bond energy and the
closer the K, values of acceptor and donor, leading to an espaidi sharing of the
proton in the strongest H-bonds. For proteins anodlenc acids, weak hydrogen
bonding is generally expected: thus, strong or basrier hydrogen bonds in biological
systems are unusual and noteworthy (Hibbert andeym990).
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Mutational study of the non-catalytic triad

The occurrence of a strong hydrogen bond in the-catalytic triad could
account for the instability of mutants of the papating residues. Indeed, the stability
of AHA has been characterized by differential sdéagncalorimetry, yielding a
calorimetric enthalpy for unfolding of approximat&d00 kJ/mol (Felleet al., 1999). It
follows that disrupting an LBHB by mutagenesis casult in a +10% decrease of this
value.

As we will see in the next chapter, strong hydrodpemds and especially
LBHBs have been proposed as patrticipants in thehamésms of action of many
enzymes. In biological systems, they are most headientified and studied by NMR
spectroscopy as this method permits their strucagsignment.
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3.1 INTRODUCTION

The story of thesatalytic triad began in 1969 with the X-ray crystal struetof
chymotrypsin (Blowet al., 1969), one of the first four protein structuresbe solved.
Based on this diffraction data, Blow’'s interpretati of the underlying catalytic
mechanism led to the so-called “charge-relay” moaeth protons being relayed
towards the Asp residue and electrons towardsT®ernet effect would be to make Ser
a powerful nucleophile (Fig. 15).

His57

A . g

/Cio-..H\Na‘ \52 H
Asp102

£ —— |\f2
H H—g

[ Ser!9s

O,
\\C ]
L —H.. O \82 H
/A5p102 N\ A
£ 2

y N
\

H .
H ok

Ser!9 Ser!9s

Fig. 15: The charge-relay system, as proposed by Blet al (1969) for chymotrypsin.

The proposed catalytic charge-relay system providednany insights as it
raised questions (mainly concerning the possibitifyalkoxide ion formation, the
reactivity of Asp, the position of protons in thgdnogen bonds and the solvent
accessibility). It therefore needed additional X-dhffraction work and spectroscopic
studies, capable of examining more directly thepprties of the H-bonds, to draw a
clearer picture of the underlying mechanism.

Nuclear magnetic resonance has since provided quednformation on the
hydrogen bond network that is the key to the céitalyechanisrh The first landmark

2 For extensive review of the contributions of NMiRthe study on hydrogen bonds in serine
protease active sites, refer to Bachovchin, W.280(): Contributions of NMR spectroscopy to
the study of hydrogen bonds in serine proteasgestiesMagn. Reson. Chem., 39, S199-S213.
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paper on this topic was published by Robillard &milman in 1972 (Robillard and
Shulman, 1972), who first identified a lone and déeld *H-NMR signal in the
spectra of chymotrypsin and chymotrypsinogen. Theégrals were assigned to the
proton in the Asp-His hydrogen bond of the catalytiad and its downfield position
was explained by the presence of an unusually gtkbbond between the 2 residues.
Over the last 35 years, it can be seen that théuttmo of the knowledge on the
catalytic triad has been directly dependent oretiution of NMR technology. Thus,
the currently proposed model (Fig. 16) is essdntibhsed on observations of this
resonance phenomenon. As can be seen in the redthxNMR signal already
observed by Robillard and Shulman (1972) is stlitpf the model with its presence
limited to the imidazolium form of His.

1JNH ~80 Hz His57 1JNH ~100 H;|£—| &
is is
5 6.92 ppm & 138 pfm Pra 6.38 ppm
Y EIR A y G- ..HHN3|/§’2/H
Asplo2 ' Sp
= / ey % (e 1735 ppm / e} — ){‘— 239.5 ppm
185.9 ppm % —— 178.1 ppm 5
H Ho .H\ H—g
; 5
O (0]
9.22 ppm 8.15 ppm
Ser214 y: Sér‘g5 Ser'¢ (l Ser19s

Fig. 16: Current model of the catalytic mechanism bserine proteases, showing a ‘catalytic tetrad’,
chemical shifts and spin coupling constants. The rebox indicates the NMR signal already observed
by Robillard and Shulman (1972) and seems to be gnpresent for the imidazolium form of His, not
for the neutral ring. Source: (Bachovchin, 2001).

Besides this modern biochemistry textbook moded tlifferent and opposing
theories have also been proposed.

Firstly, the low-barrier hydrogen bond theory hasib published in 1994 by
Freyet al. (Freyet al., 1994) and actually corresponds to a slightly riedicharge-
relay system. The authors have proposed that thiecmiar basis of proteolytic
catalysis would reside in the transformation of Asp-His H-bond to a low-barrier
H-bond upon protonation of the imidazole ring ie tinansition state, essential for the
charges to relay. LBHBs are known to be unusudtgng with energies reported to
range from 40-100 kJ/mol and according to Feegl., they are most easily identified
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by the high chemical shifts of the H-bonded protomgh a minimum threshold of
about 15 ppm. Moreover, LBHBs are characterizedrbgqual or nearly equal sharing
of the H-bonded proton due to matching,walues of donor and acceptor groups and
by short distances between the implicated hetemusfs2.65 A).

Secondly, Astlet al. proposed the imidazole ring flip theory in 200Gl et al .,
2000). The flip movements of the imidazole ring ishof a rotation about itsFCy
axis, NE2-H changing position with CE1-H and NDMfth CD1-H. Thus, the rotation
interchanges exchangeable N-H protons with nonamxgbable C-H protons, with the
resulting system being either in a proton trangi@sition with activated Ser, or in a
proton transfer blocking position. Although the laars present results that oppose the
presence of a strong H-bond in the catalytic triady do not propose any explanation
for observing the downfield proton NMR signal.

What is interesting from these two theories for stuidy is that both report the
presence of an unusually strong hydrogen bonddrc#talytic triad that gives rise to a
characteristic signal in proton NMR spectra, whetirenot it is an LBHB. To date, this
NMR signature for a strong H-bond has been dematestrfor the catalytic triads of
many enzymes other than serine proteases. ThdseenghospholipaseC (Ryanal.,
2001), aspartic proteases (Northrop, 2001), lipolfrtioesterase/protease | (Lehal.,
1998), cholinesterases (Viragh al., 2000, Massiatet al., 2001) and hydroxynitrile
lyases (Stranzkt al., 2004). It is noteworthy that all LBHBs detectdtug far in
enzymes involve carboxyl groups (Mildvenal., 1999).

Taking into account our “structural motif” proposaf the non-catalytic triad in
a-amylases and the observations made'tyNMR spectroscopy for the catalytic
motif, we decided to analyze AHA bJH-NMR to test for the presence of a
downshifted peak. A strong hydrogen bond couldheekey to the elucidation of the
non-catalytic triad’s role and could explain howstmotif can be an essential feature in
the conformational stability of an entire protein.
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3.2 MATERIALS AND METHODS

3.2.1 Production and purification of AHA

E. coli RR1 competent cells were transformed with the midspoaH12wt*,
plated onto LBAA Petri dishes and incubated foth®dirs at 37 °C. The colonies were
then transferred into 2 L erlenmeyer flasks comair200 mL of TYP culture medium.
After 5 days of incubation at 18 °C, the culturedimen was centrifuged at 13,000 g for
50 minutes in order to eliminate the cell debrifisTstep and all the subsequent
purification steps were carried out at 4 °C in orgeprotect the psychrophilic enzyme
from heat denaturation.

The proteins in the supernatant were precipitatitidl 80 % ammonium sulfate,
centrifuged at 14,500 g for 1 hour and the resglpellet was resuspended in 50 mL of
chromatography buffer (50 mM Tris, 1 mM CaQiH 7.5). After dialysis of the protein
suspension for 24 hours against 2x3L of chromajggy buffer, three
chromatographic steps were required for the patifim of recombinant AHA:

(i) DEAE-agarose ion exchange chromatography (D%): elution of bound
protein with a linear salt concentration gradied0(8 M NaCl; 400x400 mL) in the
chromatography buffer.

(i) Sephadex G100 gel filtration chromatographyp(®5 cm): actually used as
a pseudo affinity chromatography as it retainsahg/lase longer than expected with
respect to its molecular size.

(i) Ultrogel AcAb4 matrix (2.5x95cm): a second elg filtration
chromatography step.

The last two columns were eluted with chromatogyamiffer and between the
different chromatographic steps the sample was exgnated with an Amicon
Ultrafiltration cell using a nitrogen pressure ob&rs and a Millipore polyethersulfone
membrane with a cutoff of 10,000 Da. The final fimgs containing thex-amylase
were pooled, concentrated and stored at -70 °C.

39



Nuclear Magnetic Resonance

3.2.2 Construction of pET-AHA

In order to produce AHA in M9 medium foiN-labeling, the AHA gene was
transferred into a pET-22b(+) vector according® following strategy:

ALPHA PS

Clal (336)

/

Clal (738)
— AHA

p-alpha-H12wt
4175 bp

—_ sall (1508)
ALPHA

}

Restriction Clal/Sall :
2 fragments
Clal(336)-=al1(1508) : 1172 bp
Sall(1508)Clal(336) : 3003 bp

Sal | PHAGE F1

AP

HAc DET-22b(+)

5493 bp

#

ALPHA Ndel (60)

PS

// _ Clal (336)

Ndel (399)
Clal (738)
— AHA

p-alpha-Ndel
4175 bp

T~ Ndel (1266)

ALPHA
Ndel (1740)

}

This plasmid is identical to
paH12wt*, but with an engineered
Ndel restriction site at the ATG
codon of the signal peptide.

Restriction Ndel/Clal :
5 fragments
Ndel (60)-Clal(336) : 276 bp
Clal(336)Ndel (399) : 63 bp
Ndel (399)-Ndel (1266) : 867 bp
Ndel (1266)-Ndel (1740) : 474 bp
Ndel (1740)-Ndel (60) : 2495 bp

Restriction Ndel/Sall :
2 fragments
Ndel (289)-all(177) : 5381 bp
Sall(177)Ndel (289) : 112 bp
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The fragments constituting the restriction mixtusesre separated by 1 %
agarose gel electrophoresis. The bands corresgptwihe highlighted fragments were
recovered from the gel, purified and ligated, givinse to the production plasmid

pET-AHA bearing the amylase gene and its origiigria peptide:
Ndel (6834)
PS

/ Clal (276)
/ % Ndel (339)

\Clal (678)
=

LACI
AHA
Ndel (1206)

OET-AHA sl (1448)

6834 bp PHAGE F1

3.2.3 Production and purification of ~ N-labeled AHA

®N-M9 culture medium, witH°NH,CI as the only nitrogen source, was used
for the production of labeled AHA and was prepaasdollows: NaHP(G,.2H,0 6 g/L;
KH,PQ, 3 g/L; NaCl 0.5 g/L (pH 7) were autoclaved and ledoto 50 °C.">NH,CI
1.1 g/L; MgSQ.7H,O 2 mM; CaC} 0.1 mM; glucose 0.4 % and ampicillin 100 mg/L
were filtered (0.22 pum) and added to the autoclawedure. For the preparation of
*N-labeled M9 Petri dishes, 16 g/L of agar were adukfore autoclaving.

E. coli BL21(DE3) competent cells were transformed withke thlasmid
PET-AHA, plated onta®N-M9 Petri dishes and incubated for 16 hours at@7The
colonies were then transferred into 2 L erlenméhgsks containing 200 mL dfN-M9
culture medium. After +10 hours of incubation at °@8 when the absorbance at
550 nm reached 0.5+0.1 units, the production wdsidad by adding 0.5 mM IPTG.
The production was at its maximum after 24 houdsi@tion and the culture medium
was centrifuged at 13,000 g for 50 minutes at 4Tle proteins of the supernatant
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were then precipitated with 95 % of ammonium selfatentrifuged at 14,500 g for 1
hour and the resulting pellet was resuspended ml50f chromatography buffer.

Subsequent dialysis and purification were as desdrior unlabeled AHA.

3.2.4 Mass spectroscopy

Purified protein samples®N-labeled and unlabeled AHA) were prepared in
ammonium acetate 100 mM, pH 6.6 and the proteingadrated to 0.1 mM using a
Millipore Ultrafree membrane with a cutoff of 5 kD&8 uL of acetonitrile/bD (1:1)
were then added to 1 pL of each protein sample.

Analysis was performed in a quadrupole-time oftiligystem (Q-TOF Ultima)
after ionization by electrospray. The maximal exith this system is 4 Da.

The percentage of isotopic labeling could thus deutated with the following
formula:
MW(SN — AHA) ~ Mw(*N — AHA) }* 100
number of N atoms

4=

3.2.5 NMR

Purified AHA was prepared in buffer MES 200 pM, CatuM, pH 5.8, and
concentrated to 0.3 mM using the same type of mangbas described above. 30 pL of
D,O were added to 430 pL of sample just before tipeement. Data was recorded at
20 °C on a Varian 800 MHz Inova NMR spectrometertted Institut de Biologie
Structurale Jean-Pierre Ebel in Grenoble, Framcepilaboration with Dr. Jean-Pierre
Simorre.
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3.3 RESULTS

AHA was produced irE. coli, purified to homogeneity and concentrated to
0.3mM. To promote His protonation, the pH was set 18, & value close to the
solubility limit of the protein (pH: 5.4). The'H-NMR spectrum of AHA is shown in
Fig. 17A.

A
15.0 10.0 50 00 5.0
IH (ppm)
B
bﬂ
16.0 15.0 14.0 13.0 12.0
14 (ppm)

Fig. 17: 800 MHz proton NMR spectra of AHA in*H,0. A, overview of the proton signals for AHA.
B, enlargement of the downfield spectrum in A showig the two proton signals at 14.4 and 15.5 ppm.

From the mass of overlaying signals of the propemtons, we observe a lone
peak at 15.5 ppm (Fig. 17B) with a very low fietonance, similar to that attributed to
the protonated His residue in catalytic triads,\®ry unusual for such a large structure
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(50 kDa). Moreover, this peak is accompanied bgansd peak at 14.4 ppexactly as
in the '"H-NMR spectrum of the thioesterase/protease | (T)EH-E. coli (Tyukhtenko
et al., 2002) where this peak has unambiguously beeibwtd to the hydroxyl
hydrogen atom of the Ser of the catalytic triadrliBapublications also mentioned the
presence of the second, less downfield shiftedasign the spectra of other serine
proteases (Robillard and Shulman, 1972, SteitzSimdman, 1982).

The peak at 15.5 ppm disappears when th@/IB,0 ratio is raised, showing
that the proton responsible for this peak is exgkable. However, the exchange rate is
much slower than that of normally H-bonded protandicating that either the energy
of this hydrogen bond is higher as compared tormabH-bond, or that the responsible
proton displays low solvent accessibility.

Under certain conditions, the close proximity ofanmatic ring to a proton or
even a proton of the aromatic ring itself couldascount for the observed downfield
shift: the important cyclic currents created by thelocalized electrons strongly
influence the environment of the proton and thtssNMR signal. Therefore, we first
have checked this possibility using the softwarkiftx”* (Neal et al., 2003) which
allows the calculation of chemical shifts basedlsobn the atomic coordinates of a
given molecule. The protons are positioned at adstal distance from the atom they
are bound to and whenever such a proton is clostaromatic ring, its predicted
chemical shift will account for it if required. At running the algorithm on AHA (PDB
code: 1AQH), we checked every hydrogen atom ofsthecture but could not find any
with a chemical shift predicted to be higher thahppm. This should exclude the
influence of cyclic currents on a proton as thegiariof the observed signal in the
a-amylase spectrum, but does not provide any proat the proton belongs to an
imidazole side chain.

Consequently, the next step was the analysis diHHEN correlation spectrum
of N-labeled AHA. To reach this goal, the AHA gene Hmeen inserted into the
expression vector pET-22b(+), following the engnivege of anNdel restriction site at
the start codon. The labeled enzyme was produc&tRiminimal medium containing
>NH,CI as the sole nitrogen source. The productiordyies approximately 3.5 mg/L.

® http://redpoll.pharmacy.ualberta.ca/shiftx/
Software developed by David Wishart.
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About 50 mg of°N-labeled AHA have been purified to homogeneity andcentrated
to 0.3 mM. Mass spectroscopy showed a mass differefi 587+4 Da between the
labeled and unlabeled enzyme; thus, the isotopieliey was calculated to be
97.7£0.7 %.

Figure 18 shows an extract of th&-*H correlation spectrum dfN-labeled
AHA corresponding to part of the bulk protein. Ewxaough the quality of the spectrum
is excellent for a 50 kDa structure, the elevatechimer of overlaying signals precludes
detailed analysis of correlations despite the Ipigier of the NMR appliance used.
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Fig. 18: 800 MHz H-®N HSQC correlation spectrum of the *N-labeled AHA. H signal is
represented on X-axis;'®N signal on Y-axis. Spectrum recorded with the caiier centered on the
amide proton at 120 ppm.

Nevertheless, in the low field of tHel shifts (Fig. 19), the observation of a
spot at the position'H: 15.5 ppm; ®N: 182 ppm demonstrates that the proton
responsible for the signal at 15.5 ppm is corrdlatigh a nitrogen atom.
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Fig. 19: 800 MHz 'H-'>N HSQC correlation spectrum of the chemical shift ange of interest.’H
signal is represented on X-axis!®N signal on Y-axis. Spectrum recorded with the caier centered at
190 ppm on the His ND1 chemical shift.

The Biological Magnetic Resonance BanBMRB) (Seaveyet al., 1991)
provides a database with the majority of the NMRroltal shifts observed for all
atoms of all 20 amino acids that are encounterdtidéniving world. We searched the
BMRB for the chemical shifts of the hydrogen atomdaof the nitrogen atom
responsible for the observed spot and came toahewsion that the only possible N-H
configuration able to explain both chemical shiftsa protonated histidine imidazole
ring.

In addition, Yufeng and McDermott (Yufeng and McbBett, 1999) have
analyzed theH chemical shifts as a function of the distanceveen the H-bonded
heteroatoms implicating a protonated His side chauh carboxylic groups (Fig. 20).

* http://www.bmrb.wisc.edu/
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Fig. 20: 'H-NMR chemical shift versus N...O distance of H-bonde heteroatoms established by the
nitrogen atoms of imidazolium and the oxygen atomef carboxylic groups. Dashed lines refer to the
15.5 ppm signal observed for AHA. Adapted from Yufag and McDermott, 1999.

A chemical shift of 15.5 ppm corresponds to a tétddond length of 2.66 A,
which is in perfect agreement with the 2.71+0.0Tn&asured for the &-amylase
structures between the E19 OE2 atom and the H3Z7al&m. As the strength of such
a hydrogen bond increases with decreasing hetenoditstance, the non-catalytic triad
seems to bear a remarkably strong H-bond betwsédBlit and His residues. According
to Yufeng and McDermott (1999) and in addition be tfact that the His side chain
must be in its imidazolium form and Glu must be rdépnated to account for all our
observations, the difference between acceptor andrdK, values must not exceed 5
units. The protonated state of the histidine sidairg the short distance between the
implicated heteroatoms and the wedk, plifference are facts that have already been
discussed in the charge-relay model and the LBHBrth

Despite these interesting observations, the NMRadggcould not be attributed
unambiguously to the His residue composing the gatalytic triad for several reasons:
(i) AHA bears 12 His residues, (ii) none of thetriHis mutants of AHA, AHA Mut5
and AmyD was stable enough to be purified, rendeirimpossible an analysis of these
mutants by NMR, and (iii) attempts to use pulsed-thimensional NMR techniques for
the identification of the His residue failed beao$the size of the proteine. the high
number of overlaying NMR signals.
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3.4 CONCLUSION

We report the presence of an isolated, downfielfteshpeak in théH-NMR
spectrum of AHA. The responsible proton was cordignby'H-""N NMR analysis of
*N-labeled AHA to be bound to an imidazole nitrogeom.

These observations are very similar to those reddir the spectra of serine
proteases and other enzymes whose catalytic mechaeiies on a triad. In all these
cases, the origin of the NMR signal was attributed strong hydrogen bond between
the side chains of Asp/Glu and His of this catalytiotif.

The presence of such a strong H-bond in the naalytet triad could account
for the results reported in the first section ostdocument and thus, would be a
convincing explanation as to how the triad coulthd@te the conformational stability
of a-amylases. Further evidence in favor of our stmatthypothesis was provided by
the group of McDermott and coworkers, whose obdemsa allowed us to underline
the presence of a strong hydrogen bond-amylases. The question whether the strong
H-bond is of the LBHB type or not is difficult tmawer, and finally not very important.
Facts in favor of an LBHB are however the distabe®veen the N and O heteroatoms
matching with the distances reported for LBHBswa#l as the significant NMR shift.
pK, values of the triad’s His and Glu residues as wsllthe exact position of the
hydrogen between the heteroatoms are unknown.

The unambiguous attribution of the N-H signal t@ tHis residue of the
non-catalytic triad has failed for the above mamti reasons. This probably will
remain problematic, since the only technique siétdibr tracking hydrogen bonds is
NMR and as we used one of the most powerful NMRspmeters currently available.

However, some additional arguments are in favothef assignment of the
NMR signal to the triad His residue. All LBHBs detied thus far on enzymes involve
carboxyl groups (Mildvamt al., 1999): among the 12 His residues of AHA and hesid
the triad His, only 3 (His117, 321 and 442) aréldtonding distance and coplanar with
an oxygen atom of a carboxylate function, but thase non-conserved His in the
chloride-dependent-amylase family and are devoid of any known functiblone of
these 3 His-carboxylate combinations has a Seduesiearby. In the same context,
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both strictly conserved histidines indirectly invetl in the catalytic mechanism (His89
and 263) have no carboxylate at H-bonding distasuggesting that the NMR signal at
15.5 ppm is not related to the active site.

Assuming that the His residue of the non-catalfriaxd is indeed the origin of
the NMR signal and thus that this triad bears angtrhydrogen bond, the sum of
observations with respect to their underlying ctods guided us to the following
model (Fig. 21).

His
H CH,
o H
® -~
\é——%-—“H/N\ N
“H
~—

Fig. 21: Proposed model of the H-bond network fortte non-catalytic triad of a-amylases.

This model accounts for the protonated state ofHiseimidazole ring (on the
NE2 atom) and thus, it explains the NMR peak ab ppm due to an LBHB between
His and Glu. On the other side of the ring, therbgen atom needs to be on the
hydroxyl oxygen atom of Ser to account for the patlt4.4 ppm, therefore excluding
the presence of an alkoxide ion which would in aage be far too reactive to exist in
this apparently inactive triad. The reason why weppsed this proton to be interacting
with the His ND1 atom resides in the fact thathe torrelation spectrum (Fig. 19) we
observe a very weak N-H correlation signal at pmsitH: 14.4 ppm;**N: 202 ppm.
This signal indicates that both atoms must be coskinteracting.

The question as to why this non-catalytic triaddevoid of any lipolytic or
proteolytic activity remains interesting. If we as®e that the moderate solvent
accessibility of the triad is not the (only) reagonthis motif being inactive, our model
could explain this lack of activity, independentfywhether a catalytic triad operates
via a charge-relay system or a flip movement ofHigeside chain. Indeed, if the proton
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on the acid side is on the carboxyl group, we umallly encounter a conflicting
situation (Fig. 22)j.e. a very reactive alkoxide ion would have to remaiert while
being close to the -NH group of the imidazole ring. Also a flip movemaeritthe His
imidazole ring would not provide any solution fdrig improbable and conflicting
situation.

His
H CH,

H
~
\é——OH A N\H@
Glu/ eO—Ser
H

Fig. 22: Conflicting model for the non-catalytic tiad of a-amylases, illustrating why no charges can
be relayed.

As this scenario is very unlikely, we propose thattriad ina-amylases cannot
be active as no charges can be relayed. Basedranaulel, it therefore appears that the
precise positioning of the Ser residue is the Keynent which decides if a triad is
active or not (Fig. 23).

/ ~N‘“H ~~~O

\O—Ser |
Ser
Fig. 23: Possible explanation for a triad being inetive. Left side: model as proposed for the

non-catalytic triad in a-amylases; right side: model as proposed in the clge-relay system for the
catalytic triad.

Nevertheless, we must not forget that the imidazolg is flipped in the

non-catalytic triad ofi-amylases with respect to the catalytic triadshulie ND1 atom
facing Ser OG instead of the carboxylate grouphd@lgh the chemical significance of
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this strict conservation of the imidazole geomatrgll the catalytic triads has not been
explained to date, the inverse geometrypitamylases is the main obvious difference
that we have to accept as another possibilityHerlack of Ser reactivity, although this
is not easily explicable from the model as thertfiange of ND1 and NE2 atomise(

the non-catalytic protease-like orientation, seextnehapter) leaves the model
unaffected (Fig. 24).

His
H,C H
o)
H

\ ® <

S) N N7
c—o---"H XN H

T~o—s
Glu &

Fig. 24: Triad in the non-catalytic protease-like orentation.
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4.1 INTRODUCTION

In order to identify similar triads in protein sttures other thaa-amylases,
we scanned the entire RCSB Protein Data B&Bkrmanet al., 2000) (almost 30,000
entries in January 2005) with the algorithm Jg®&arker and Thornton, 2003) (a
modified version of the TESS algorithm (Wallagteal., 1997)) provided by Jonathan
Barker from the European Bioinformatics Institiféellcome Trust Genome Campus,
Hinxton, Cambridge, UK.

The screening of databases to analyze or idendifglytic Ser-His-Asp triads
has already been reported several times. In 1988hBt al. (Barthet al., 1993) have
performed an extensive steric comparison basednsd fits of the active site residues
of all the serine proteases contained in the PDBaAesult, they were able to classify
these enzymes according to the (chymo)trypsin abtilisin families, and to identify
an additional serine which is highly conservedha active site of the serine proteases
and which they suggested to be part of a “catalgicad”. They also found several
examples of Ser-His-Asp triads in non-proteolytiotpins (Barthet al., 1994). Still in
1994, Artymiuket al. (Artymiuk et al., 1994) have used a graph-theoretic approach for
the identification of the 3D patterns of amino aside chains in protein structures.
Besides the identification of several catalytiads from their data set, they also
identified an unusual triad from the pro-enzymegnabtrypsinogen and trypsinogen
which does not exist in the active form. A differastructural comparison of the serine
proteases, using a less specific technique, has fdormed by Fischeat al. (1994)
(Fischeret al., 1994). Their method, derived from geometric haghnethods used in
computer vision research, treats alh @toms in a protein as points in space and
compares proteins purely on the geometric relatigssbetween these points. It thus
can detect recurring substructural 3D motifs, arah \able to identify the structural
similarities of the active sites of the trypsindilkand subtilisin-like serine proteases
based solely on the similarities of thex @eometries of their constituent residues.
Finally, Wallaceet al. (1996) (Wallaceet al., 1996) have described how to derive a 3D

® http://www.rcsb.org/pdb/

® For information: Jess is not an acronym; thushas not to be written in capital letters
throughout. It is named in honor of its predece34$68S, the T replaced by the first initial of the
author’s name, Jonathan Barker. The author alspgses “Jonathan’s Excellent Shite Shuffler”
for those who absolutely want the name to be aongon.
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coordinate template to search structural databasgave illustrated their method by
applying it to the catalytic triad. The algorithmsed in all these studies were different
from Jess (not available at the time) and the tadgéabase contained approximately
600 selected structures out of the PDB.

Furthermore, none of these studies mentions a imiadamylases for several
reasons: (i) some of the 3D structures had not ledecidated at that time, (ii) the
algorithms were not suitable or sophisticated ehoyig) the target database was too
restricted, or most importantly, (iv) the triad its non-catalytic,a-amylase-like
orientation would in any case have been missed sutth scans, as all the templates
used in these searches were based on the cataigticand none of the authors was
trying to identify a non-catalytic triad. Thereforeur project to scan the entire PDB
with a powerful constraint-based algorithm and ecjge 3D template derived from the
non-catalytic triad was pioneering work and impottéor underlining our “structural
motif” hypothesis.

4.2 MATERIALS AND METHODS
4.2.1 Algorithm

Jess is an algorithm capable of processing a teenplansisting of arbitrary
constraints on physical (type of atom), sequerjitdm attributed to a corresponding
amino acid) and geometric (atomic coordinates) @rigs. We can regard the template
as a query and probe a database of structuresd¢ovdir matching sites. As Jess uses
the distances between pairs of atoms in the tempdamatch its geometry, a tolerance
factor (the delta parameter &) is introduced and set by the user: in a matching
structure, the distances between pairs of atomswiten A A of the corresponding
distance in the template.

4.2.2 Templates
Since the work of Wallacet al. (1996), we know that the relative positions of

the two functional oxygen atoms Asp OD2 and Serdd@ern the conformation of the
catalytic triad. An additional proof of the impantze of the position of these two atoms
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Is shown in Fig. 8A, the superimposition of theatgtic and non-catalytic triads: only

the positions of these atoms and of the imidaz@l®gen atoms are conserved and
determine the establishment of hydrogen bonds penigent of the orientation of any
other implicated residue.

Therefore, besides the fact that our templates wased on the triad of the
Pseudoalteromonas haloplanktis a-amylase (PDB identifier: LAQH), our first template
consisted of the coordinates of ND1 and NE2 of H&337 imidazole ring and the
oxygen atoms OG of Ser303 and OE2 of Glul9, therléacing NE2.4 = 0.2 A).

ATOM 101 o©E2 GLu 15 17,704 200729 26,257
ATOM 1 oz SER 303 13,848 22.804 21.000
ATOM 1 ®ND1l HIS 337 14.748 20,544 22,412
ATOM 1 MEZ2 HIS 337 16,267 20,388 23,885

Fig. 25: Template 1.

As can be seen in the second column of templaenimeric code is attributed
to each atom, equivalent to the mentioned sequemtiestraint: “101” imposes a match
to any non-carbon side chain or ligand atom withesidue matching (Glu could be
replaced by Asp for example), whereas “1” imposenaich to any non-carbon side
chain atom within the specified residue (which nies (i) Ser OG to a strict
conservation of element, name (the “G” in OG) aegldue, and (ii) His nitrogen atoms
to be interchangeable, allowing them to match wiiads in either protease- or
amylase-like orientation and to account for thedoan assignment of these atoms in
protein structures). The fact that we also targetetease-like triads can be considered
as a control for the validity of our results.

For the second template, the coordinates of the @&t of His337 were added
with the numeric code “0” imposing an exact matchatom name and residue name.
The oxygen atom of Ser and the imidazole nitrogema were imposed to match any
atom of the same element within the residue sgec{fnumeric code “3”),e. for Ser, it
could also be a main chain oxygen, and for Hidriet £onservation (main chain atoms
would be allowed, but in main chains they neveruodn the N-C-N configuration as
determined by the atomic coordinates). Thus, omy amylase-oriented triads should
be retained.
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ATOM 101 o©E2 GLu 15 17,704 200729 26,257
ATOM 3 O3 SER 303 13,848 22.804 21.000
ATOM 0 CE1l HIS 337 15.36¥ 21.183% 23.357
ATOM 3 MCD1 HIS 337 14,748 20,544 22,412
ATOM 3 MEZ HIS 337 16,257 20,388 23.885

Fig. 26: Template 2.

4.2.3 Data treatment

Jess records matching structures, called hits, thehfollowing attributes: (i)
the rmsd value of the hit superimposed on the tatapl(ii) the delta value
corresponding to the maximum distance differenedr (pise atom distances compared
with the template), (iii) the PDB accession codaj anost importantly (iv) the serial
number of each atom as it appears in the PDB ilexbff the matching structure, which
then leads to the identification of the correspogdimino acid residue.

To this list of attributes we then added the narheaxh protein, its enzyme
classification or EC number and its foreg free, complexed, mutant, fragment, etc.).
Secondly, for each hit we consulted the Catalyitie Stlas (CSA) (Porteet al., 2004),
which provides catalytic residue annotation foryenes in the PDB to determine
whether the identified amino acid residues of tlaaming structure are catalytic or not.
Whenever a structure was lacking in the CSA dagba® consulted the primary
literature. Finally, using SwissPdb-VieWwewe superimposed the complete side chains
of identified triads by fitting them to the sideaths of His residues to visually control
the validity of the hit and the orientation of tlesidues (amylase or protease-like). This
visual control also allows the verification of tbeplanarity of both oxygen atoms with
the imidazole ring, a very important feature foe ttorrect establishment of hydrogen
bonds.

" http://www.ebi.ac.uk/thornton-srv/databases/CSA

8 http://www.expasy.org/spdbv

This software is developed and regularly upgrade@laxoSmithKline, the version used here
was 3.7(SP5).
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4.3 RESULTS

4.3.1 Statistics

The first template, with & tolerance of 0.2 A, led to the identification of731
matching structures, whereas the second template Q.5 A) provided 272 hits. As
expected, this second number is smaller due toatlditional carbon atom in the
template introducing supplementary constraints, iactiides triads already matching
with template 1. Thus, if the proteins found tware taken into account, a total of 450
structures were identified with both templates 450 different PDB codes bearing a
triad in either orientation. The finding of proteasesterases, lipases and other enzymes
with a similar catalytic triad, as well as of all chloride-dependenti-amylases
underlines the validity of our method.

However, this number does not perfectly match i real number of triads
in the PDB, as distorted triads would have escageditification by our search even
though they are present and/or conserved. A simplens of identifying such distorted
motifs was to significantly increase the delta takee, but as a result, the number of
matching structures was also much higher and tteeimtluded triads that were not
superimposable with the non-catalytic triad whem ¢bmplete side chains were taken
into account. We therefore retained the value ®ff0for the delta parameter as being
the best compromise for the search with the fesidlate.

The results obtained with template 1 were satigfyamd would have been
sufficient as far as our study was concerned. feadly mentioned, the introduction of
the His CE1 atom into template 2 (while maintainingt 0,2 Al) was only expected to
allow for the easy separation of the proteasefli&mm the amylase-like triads; however,
a few structures expected to bear a triad wereirlgck our results. Therefore, we
finally increased the delta tolerance to 0.5 Atloe search with the second template,
which also explains why template 2 did not exclakivead to the identification of all
the amylase-like triads already found with template

After grouping the hits (450) obtained with botimfg#ates, all the enzymes
with a catalytic triad, all thex-amylases as well as the redundant structures,
structures with different PDB codes but of the samzyme (only the structure with the
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best rmsd value was retained in this case) werevedfrom the list, thereby allowing

us to focus on the two remaining categories: the-caialytic amylase-like triads and
the non-catalytic protease-like triads. The listthoé first category of triads counts 41
non-redundant structures, representing 110 PDBscodeof the 450. Among these 41
structures, 20 triads are composed of Ser-His &hdreGlu or Asp whereas the other
21 are formed with different residues or ligandshasthird member. In the category of
non-catalytic protease-like triads, 14 non-redund@mictures representing 32 different
PDB codes have been identified. 5 of the 14 strastare formed with Glu or Asp and
the rest are formed with other residues; no ligdrad® been identified in this category.

4.3.2 Non-catalytic amylase-like triads

To belong to this category, the structures haveetr a triad composed of a His
residue in its flipped position, the Ser OG atomrdiiore faces the His ND1 atom and
any non-carbon side chain or ligand atom may faeeHis NE2 atom.

For the sake of clarity, we subdivided the 41 stmes of this first category into
the 2 mentioned types: (i) triads composed of By, and Glu/Asp (Tab. 2), and (ii)
triads with other residues or ligands instead efébid (Tab. 3).

Tab. 2: His-Ser-Glu/Asp non-catalytic amylase-likeriads. For each hit, the PDB accession code, the
rmsd and delta values (A), the structure’s full nane, the number of redundancies (TOT.) and the
identified residues are provided; numbering of the3 latter columns as in corresponding PDB file.
The double line separates triads with Glu from triacs with Asp.

PDB rmsd (A) A(A) | ENZYME NAME TOT. SER HIS ACID
1R1S 0.08 0.05 SH2 domain 30 S97 H106 E71
1VH4 0.13 0.14 protein binding protein (stabilizer) 1 S243 H215 E187
2HMY 0.16 0.35 methyltransferase 1 S294 H292 EA7
10DO 0.16 0.18 cytochrome P450 1 S318 H291 E20
1INKG 0.18 0.27 rhamnogalacturonan lyase 1 S367 H365 E136
1VFR 0.19 0.12 NADPH oxidoreductase 1 S81 H82 E54
IN2K 0.19 0.38 sulfatase 2 S250 H227 E253
1CF2 0.22 0.18 glyceraldehyde-3-P dehydrogenase 1 S302 H299 E301
1JY1 0.24 0.2 tyrosyl-DNA phosphodiesterase 2 S419 H372 E415
11ZN 0.31 0.2 actin capping protein 1 S171 H152 E221
1QHM 0.13 0.17 pyruvate formate lyase 6 S1083 H1084 D1074
1BGL 0.15 0.28 | B-galactosidase 2 S971 H972 D591
1KWO 0.17 0.31 human Phe-hydroxylase 2 S273 H271 D151
1H46 0.18 0.28 exoglucanase 1 S43 H42 D74
1UKP 0.18 0.1 B-amylase 3 S464 H335 D275
1ASG 0.18 0.14 aspartate aminotransferase 7 S141 H145 D223
1DE6 0.2 0.2 rhamnose isomerase 2 S177 H229 D231
1SI0 0.21 0.15 iron binding protein 2 S278 H267 D205
1MRJ 0.23 0.18 ribosome inactivating protein 2 S61 H51 D1
1DEL 0.28 0.17 deoxynucleoside-P kinase 1 S7 H194 D218
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These triads have been analyzed in detail to cHebleir existence is known
and if they could serve as a structural motif, adic to our working hypothesis.

Structures bearing an amylase-like Ser-His-Glu triad

The primary literature mentions neither a triad any of the identified residues
for the structureHMY (O'Garaet al., 1999),10DO (Podustet al., 2004),1INGK
(McDonoughet al., 2004) andlVFR (Koike et al., 1996, Koikeet al., 1998). No
literature is available for structuié/H4.

+ 1R1S(Choet al., 2004)SH2 domains

This structure is the best representative of 3@ii)ymes bearing a Sarcoma
virus (Src) homology 2 domain, or SH2 domain. ltrngortant to note that the 30
identified structures correspond to 9 different amdependent enzymes. The perfect
matching with the template, as shown by the lowdmnasd A values, is worth
mentioning. SH2 domains are non-catalytic regiohspmteins shown to play an
important role in cellular signaling pathways. Théave been found in many
cytoplasmic signaling proteins and have been showsind to phosphorylated growth
factor receptors and other proteins phosphorylatagsponse to extracellular signals.
These domains are approximately 100 amino aciduesiin length and are often found
in conjunction with a 50 amino acid domain knowragdrc homology 3 (SH3) domain.

The sequence position of His106 is variable but itetposition in the 3D
structure: within SH2 domains, this highly conservesidue is always located on the
BD4-strand and is implicated in binding of phosphosyne. It is known to form
hydrogen bonds with E71 and other residues. Howelerprimary literature for all 30
identified structures mentions neither the Serdugsinor the word “triad”.

+ 1N2K (Chruszczt al., 2003)Sulfatase

H227 is close to the catalytic residue H229. Howgtbe corresponding
literature mentions neither a triad nor any ofithplicated residues.
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+ 1CF2(Charronet al., 2000)GAPDH

This D-glyceraldehyde-3-phosphate dehydrogenaseP{@# originates from
the hyperthermophilic Archaedviethanothermus fervidus. The residue E301 is strictly
conserved within the whole family of GAPDHs and trithutes to the protein stability
through hydrogen bonding. The reason why Jessifgehonly 1CF2 and not the entire
family is that residues H299 and S302 are conseordg among hyperthermophilic
archaeal GAPDHs and 1CF2 is the only such 3D strecvailable. This conservation
perfectly fits with our working hypothesis wherethe triad could serve as a stabilizing
motif in these hyperstable proteins.

+ 1JY1 (Davieset al., 2002)Tyrosyl-DNA phosphodiesterase

Esterases are known to bear a catalytic triad &isl dtructure makes no
exception to the rule; however, the residues watified for this human tyrosyl-DNA
phosphodiesterase are different to the catalyitid tand not mentioned in the primary
literature.

+ 1IZN (Yamashiteet al., 2003)Actin capping protein

The available literature on this heterodimeric ractiapping protein only
mentions residue E221 as being crucial for (i) naamng the overall architecture by
substantially contributing to the stabilizationtb& individual subunit structure, and (ii)
stabilizing the dimer, as E221 also interacts wahidues of the second subuwi&
hydrogen bonding.

The triad residues are all located in
the C-terminal domain of tH& subunit, but
on different secondary structures (Fig. 27).
E221 is located in the middle of a long
helix which stretches over an anti-parallel
B-sheet formed by five consecutive
' B-strands, whereas H152 and S171 are
~\ found on two adjacerfi-strands. As neither
His nor Ser are mentioned in the literature,
the unexpected presence of a motif such as
Fig. 27 Partial representation of the a “stabilizing” triad could provide further

C-terminal domain of the B subunit, . . .
illustrating the position of the triad. information on how the overall fold is
maintained.
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Structures bearing an amylase-like Ser-His-Asp triad

Concerning the structurdQHM (Leppaneret al., 1999),1BGL (Jacobsoret
al., 1994), 1IKWO (Andersenet al., 2002), 1lUKP (Kang et al., 2003), 1DE6
(Korndorferet al., 2000),1SI10 (Shouldiceet al., 2004),1MRJ (Huanget al., 1995) and
1DEL (Teplyakovet al., 1996), neither a triad nor any of the residuesmusing this
triad are mentioned in the relevant literature.

The only 2 structures requiring additional inforioatare:

+ 1H46 (Munozet al., 2003)Exoglucanase

The particularity of this hit is that it is not tiser OG atom which is implicated
in the triad but the main chain carbonyl oxygenmatd Ser. Furthermore, the identified
triad of this exoglucanase or exocellulase is mistirom the active site.

+ 1ASG (Danishefskyet al., 1991)Aspartate aminotransferase

Residues D223 and H145 of this aspartate amindiase are part of the 25
known catalytic residues, of which D223, K258 and A& are the most important.
D223 is implicated directly in catalysis whereasiH1s also strictly conserved but only
seems to be involved in formation of the active gibcket. The reason why we kept
this convincingly matching structure in the listoiecause S141 is not mentioned in the
literature.

Structures bearing an amylase-like Ser-His-X triad

As mentioned, this is the second type of non-ctitalgmylase-like triad in
which Asp or Glu are substituted by other residuesven ligands. In many cases, this
substituted third member of the triad is a Serdgsi However, cross-checking of these
structures showed that their complete side chaiasnat superimposable with each
other, prompting us to consider them independently.
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Tab. 3: His-Ser-X non-catalytic amylase-like triads.

PDB rmsd (A) A(A) | ENZYME NAME TOT. | SER HIS 39 RES or LIGAND
1HXH 0.05 0.07 hydroxysteroid dehydrogenase 1 S141 | H182 S180

1GU6 0.12 0.14 cytochromeC nitrite reductase 1 S255 | H351 Q378

1L11 0.13 0.17 collagen IV 4 S163 | H121 S142

10H9 0.14 0.15 acetylglutamate kinase 3 S33 H34 N248

1M4N 0.15 0.2 1-aminocyclopropane-1-carboxylate synthas| 1 S287 | H266 H226

1MGN 0.16 0.31 metmyoglobin 5 S92 H93 heme-Fel54
107G 0.16 0.38 naphtalene 1,2-dioxygenase 7 S347 | H261 S310

1VK9 0.17 0.15 hypothetical protein 1 S96 H74 S94

1E5Q 0.17 0.15 saccharopine oxydoreductase 1 S74 H81 S99

1TS3 0.17 0.17 toxin of toxin shock syndrom 1 S111 | Hi41 Q136

1A2K 0.17 0.43 nuclear transport factor NTF2 3 S83 H73 Q71

1KOW 0.18 0.14 ribulose-P-epimerase 3 S30 H80 N28

1A8R 0.18 0.18 GTP cyclohydrolase 1 S112 | H113 GTP

1JYW 0.18 0.2 Lac Z 2 S998 H540 06 of substrate
1L5V 0.19 0.31 maltodextrin phosphorylase 1 S132 | H60 T134

1TME 0.19 0.32 virus shell protein 1 S119 | H122 S240

1Q07 0.2 0.31 epoxide hydrolase 1 S148 | H97 Q86

1RKX 0.26 0.18 glucose dehydratase 1 S40 H17 S61

1W15 0.33 0.16 calcium binding protein (synaptotagmin) 1 S400 | H420 H404

1B8Y 0.34 0.16 metalloproteinase (cat. dom. of stromelysin)| 1 S133 | H96 T131

1ClY 0.36 0.19 Bacillus insecticidal toxin 1 S428 | H429 R265

For structured GU6 (Bamfordet al., 2002),1LI1 (Thanet al., 2002),10H9
(Gil-Ortiz et al., 2003),1M4N (Capitaniet al., 2003b),1A2K (Stewartet al., 1998),
1A8R (Nar et al., 1995, Auerbaclet al., 2000),1L5V (Geremiaet al., 2002),1RKX
(Voganet al., 2004),1W15 (Dai et al., 2004),1B8Y (Parkeret al., 1999, Pavlovskgt
al., 1999),1TME (Grantet al., 1992),1Q07 (Zou et al., 2000)and1CIY (Grochulski
et al., 1995, Liet al., 1991), neither a triad nor any of the identifieidues are
mentioned.

+ 1HXH (Benachet al., 2002)Hydroxysteroid dehydrogenase

An almost perfect superimposition with the non-taim triad of AHA is
demonstrated by this triad, with surprisingly lomsd andA values of, respectively,
0.05 and 0.07 A. This bacterial hydroxysteroid dibgenase fromComamonas
testosteroni is in its free form in the PDB file. Mutagenestadies have demonstrated
that His182 is important for cofactor NAD(H) bindinalthough not directly involved.
His182 is known to establish hydrogen bonds tosite chains of Serl41 and Serl180
as well as the main chain atoms of Ser138, andaape form a salt bridge with the
side chain of Glu241. This network of interacti@e®ms responsible for linking the C-
terminal substrate binding region to the active aitd thus illustrates thateSidues not
directly located at the active site contribute to catalysis in a complex manner through
support of correct conformations of the active-site residues’ (Benachet al., 2002). This
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statement is absolutely in accordance with our thgmis and the authors do not
mention any triad configuration.

+ 1MGN (Hargroveet al., 1994, Quillinet al., 1993)Myoglobin

Interestingly, these triads (5 hits) are compode®92, H93 and the Feion of
the heme in the myoglobin or metmyoglobin structur8uch motifs are called His-
coordinated hemes. However, this does not meanalthdtemes in all structures are
His-coordinated, or that all His-coordinated hemessuperimposable with the amylase
template. This might be the reason why Jess diddewoitify any matching hemoglobin
structure, although hemoglobin is known to coortinhemes with His residues.
However, myoglobin and related structures were dotmbear such a superimposable
Ser-His-F&" triad.

In relation to our hypothesis, several very inténgsobservations have been
reported for myoglobin structures:

(i) the energy of the B&H93 bond equals that of a covalent bond,

(i) S92 is known to establish stabilizing hydrodgends with H93,

(iii) the FE*-H93 bond length (2-2.6 A, depending on the considistructure)
as well as the protonation state of H93 are cftifmaefficient heme binding (His needs
to be deprotonatedip estimated to be 5.8),

(iv) the 'H-NMR spectrum shows a highly downshifted peak,eabsn the
H93Y mutant spectrum and which has been attribttete side chain amine proton of
H93 (Lloydet al., 1996).

(v) Finally, mutational studies have demonstratieat the H93Y mutation
leads to a significant increase in the rate of héwas. However, although the tyrosyl
side chain is larger than that of the histidyl desi, the heme binding site can adjust to
accommodate the new residue without concomitantedse in overall stability, thus
possibly explaining why the mutant remains stabidildebrand et al., 1995).
Furthermore, the S92D mutation results in almosthrenge in stability and this can be
explained either by the introduction of new hydrmodg@nds by the substituting residue,
or by the hydrogen bonding of the L89 carbonyl grda the H93 imidazole ring,
sufficient to preserve the wild-type configuratiomhese results differ from our
observations as none of the AHA mutants prepanedireed stable.
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Although the coordination of the heme by a Hisdesiis well described, none
of the authors noticed the similarity between thiadt motif and the structure of the
coordinated heme. His and Ser residues are oftasid®red as being catalytic, but
from our point of view, they are only statically plitated in binding, in contrast to a
dynamic catalytic action such as a charge-relayesysor any movement of the
residues. These are the reasons why we kept thglahyyo structures among the valid
hits.

+ 107G (Karlssonet al., 2003)Naphtalene 1,2-dioxygenase

This as yet unknown and non-catalytic Ser-His-8adtis in the amylase-like
configuration with S347 being the conserved Seiduesproviding the OG atom for
putative hydrogen bonding. The identified oxygeonatof S310 is the main chain
(amide) oxygen atom.

+ 1VK9 Hypothetical protein

There is no literature available for this hypotbati protein with unknown
function from Thermotoga maritima. Concerning the triad and in contrast to the
preceding structure, the identified Ser oxygen atane both OG atoms.

+ 1E5Q (Johanssost al., 2000)Saccharopine oxydoreductase

Of the 3 identified residues, only S99 is knowrestablish a hydrogen bond
with saccharopine; S74 and H81 are not mentiomatbdd, S99 is located between the
triad and the saccharopine molecule and thus i@ ¢ould serve in the positioning of
S99.

+ 1TS3(Earhartet al., 1998)Toxin of the toxin shock syndrome

Here, the Q136 OE1 atom forms hydrogen bonds wighH141 NE2 and the
L1213 N atoms and substitution of Q136 results organization of a loo3{-39). This
residue is therefore known to be structurally intpot. Although the importance of
many neighboring residues of the triad is discussdde literature €.g. residues 140,
135, 139, 113, 114), the function of the S111 r&sid not revealed.

+ 1KOW (Luo et al., 2001)Ribulose-P-epimerase

Five residues in these epimerases, among whict28 &re highly conserved
and known to establish hydrogen bonding with thesphate group of the substrate.
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The N28A mutation leads to a much highey value, underlining the structural
importance of this residue. Still, neither a triead S30 and H80 are mentioned.

+ 1JYW (Juerset al., 2001)Lac Z

This PDB file of thef3-galactosidase lacZ is comparable to 1BGL (Tab. 2);
thus, both structures bear the as yet unknown $®72-D591 triad as identified for
1BGL, with identical rmsd and delta values. In diddi to this motif, a second triad
formed by residues S998, H540 and the substratebbas identified, but only for
1JYW as no substrate is bound in the case of 1BGL.

The implicated ligand is the heteroatom O6 of thges residue of the synthetic
substrate 1-O-(p-nitrophenyB-D-galactopyranose. The role of H540 together with
other residues in substrate binding is describeéddsidue S998 has not been analyzed.
As for IMGN (myoglobin) and in contrast to the aarghopinion, we consider H540 in
this study to be non-catalytic, as it only helpshmlding the substrate in a suitable
position without actually participating in catalysi

4.3.3 Non-catalytic protease-like triads

In contrast to the non-catalytic amylase-like tsiadtructures of this second
category have to bear a triad composed of a Hiduedn its protease-like catalytic
position, the Ser OG atom now facing the His NEffraind any non-carbon side chain
or ligand atom facing the His ND1 atom.
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Tab. 4: Non-catalytic protease-like triads. The doule line separates triads with Glu/Asp from triads
with other residues.

PDB rmsd (A) A(A) | ENZYME NAME TOT. | SER HIS 39 RES
1IHU 0.07 0.13 arsenite-translocating ATPase 3 S420 | H148 E416
2BSP 0.11 0.1 pectate lyase 2 S18 H193 D150
1QNQ 0.12 0.16 | B-mannanase 3 S158 | H198 D195
1U43 0.19 0.33 2-C-methyl-D-erythritol 2,4-cyclodiphosphaymthase 1 S35 H42 D8
1R8W 0.26 0.18 glycerol dehydratase 2 S7 H368 D312
10ZF 0.07 0.14 acetolactate synthase (lyase) 3 S445 | H469 S443
1MLA 0.1 0.08 acyltransferase 1 S295 | H271 T293
1QWK 0.14 0.19 aldo-keto reductase (hypothetical prot) 1 S174 | H187 N157
110W 0.17 0.18 D-Ala ligase 1 S274 H63 S22
1CL2 0.19 0.28 cystathioning3-lyase 1 S130 H103 T148
1A4M 0.2 0.18 adenosine deaminase 3 S291 | H258 N289
1PMM 0.2 0.18 glutamate decarboxylase 1 S271 | H241 S269
5RLA 0.22 0.16 arginase 9 S271 | H111 H228
1G1Y 0.26 0.18 | a-amylase Il (neopullulanase) a S548 | H527 T522

Only one PDB entry bearing a protease-like triadhwa Glu residue and

representing 3 similar structures with very low dwslues, has been retained in the list
of hits: 1IHU (Zhouet al., 2001).This type of ATPase is composed of 2 homologous
domains, A1 and A2. The triad is located at therfiace of these domains but at the
opposite end of the molecule with respect to thedeatide binding site. In this region,
3 arsenite (Aslll) or antimony (Sblll) ions are Imouin the coordination of which H148
and S420 are implicated. Binding of these metadldightens the interaction between
Al and A2 and is important for ATP hydrolysis; H148d S420 are thus structurally
important residues, in agreement with our hypothesi

Four triads withAsp have been retained; for structuSP (Pickersgillet al.,
1994) andlR8W (O'Brienet al., 2004), representing 2 similar enzymes each, eeith
the triad nor any of its composing residues havenbaentioned. This is also the case
for the two remaining structures, but some add#i@nformation is given below.

In the 3 hits represented BYNQ (Sabiniet al., 2000), the matching atom of
S158 is the main chain oxygen. Th@€smannanases, @-mannosidases (EC 3.2.1.78),
belong to glycoside hydrolase family 5 in Henrissatassification and display &/61)s
architecture, this being different to the typicatamylase [@/a)s fold. Thus,
B-mannanases belong to clan GH-A, in contrast to GH-H fora-amylases.

For 1U43 (Steinbacheet al., 2002), all three residues of the triad are knoovn

be conserved: H42 and D8 coordinate a zinc ioniredjdior catalysis and S35 binds to
a phosphate group of the substrate.
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Finally, 9 structures representing a total of 2durelant PDB entries bear a
Ser-His-X triad. The primary publications mention neithertread nor any of the
identified residues folOZF (Panget al., 2004), 1LIOW (Fanet al., 1997),1CL2
(Clauseret al., 1997),1A4M (Wang and Quiocho, 1998RLA (Scolnicket al., 1997)
and1GL1lY (Kondoet al., 2001). ForlQWK, no literature is available.

The structureIMLA (Serreet al.,, 1995), with a typical d/B)s hydrolase
architecture but with a unique fold, bears a cétatyiad composed of the residues S92,
H201 and N250. This triad is distinct from that elhive identified.

Surprisingly, the complete triad of the glutamatecatboxylaselPMM
(Capitaniet al., 2003a) is almost perfectly superimposable with tfiad of structure
10ZF, although these have nothing else in common.

4.3.4 Additional remarks

As mentioned earlier in this document, a numberaothors have already
identified structures other than proteases anddipahat bear triads somehow similar to
the catalytic motif. We thus wanted to compare search results with those of other
studies.

Wallaceet al. (1996) have described such a motif in immunodiol2igG and
in cyclosporine. The first structure has not besgentified by our method and these
authors remain the only team that has discusseddtbarrence of a triad in this
immunoglobulin. In contrast, the cyclosporine stowe was identified in our study, but
deleted from the list as we now know this triadot catalytic. This fact had already
been indicated by Wallaat al.

David Blow (1990) mentioned the finding of an unkmotriad in the chloride-
independent TAKA-amylase. This is intriguing and asds our amylase-based study is
concerned, it is even an uncomfortable observasioce we have not identified a
convincing triad in this enzyme with Jess. We tf@eeanalyzed this case in detail.
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Indeed, using SwissPdb-Viewer and the respectivie fiBs, we could identify
a strongly distorted non-catalytic triad; too ditéd (distances and coplanarity) to be
identified by Jess and superimposed with our tetapldMoreover, the position of the
triad in the structures of chloride-dependentimylases is highly conserved but
completely differs from the position in the triadf ¢he chloride-independent
TAKA-amylase (Fig. 28), what is however not impaittéor Jess analysis.

Fig. 28: Position of the triad in AHA (left structure) and in TAKA-amylase (Aspergillus oryzag
(right structure). Both molecules are oriented idetically with domain C on the right side.

We also investigated other chloride-independeramylases such as from
Bacillus sp. Again, a (too) highly distorted triad was fduand the position of the motif
is found to be different from both positions shawrig. 28.

This explains why Jess could not identify any triadchloride-independent

a-amylases and why we still may consider these ergyto be devoid of a triad as
described in this work.
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4.4 CONCLUSION

After removal of enzymes bearing a catalytic trialll the a-amylases, as well
as the redundant structures from the list of 45htified structures, 142 PDB entries
were retained, showing that the occurrence of acadalytic triad in either orientation
IS not restricted to Ghependenti-amylases.

The primary literature shows that these triads hastebeen reported so far.
With no exception, these roles are described tof lzestructural nature: coordination of
ions and hemes, cofactor binding, binding and jwrsitg of substrates either directly
or indirectly, stabilization through hydrogen bamgli intra- and intersubunit
stabilization are the keywords found in the coroesling publications.

It is perhaps noteworthy that out of the 25 norurethnt triads in both
orientations and implicating Glu or Asp, 11 (44 %jJe enzymes acting on
carbohydrates. However, none of these structuresigpeo glycoside hydrolase family
13 or to the GH-H clan, as do theamylases.

The 142 PDB codes were split into two categoriessé with an amylase-like
and those with a protease-like non-catalytic tritithin these categories, the entries
were further ordered as a function of the third menof the triad, besides His and Ser
which are the conserved residues in amylase andgs®-like triads.

The identified triads that are in the amylase-lidt&entation and composed of
Ser-His and Glu/Asp are the most important for ass,they are found in exact this
configuration ina-amylases, our starting point. Glu and Asp weraté® equivalently,
since the chemical function of their side chaindentical. Out of the retained 142
entries, these structures alone account for 6%esntiith some very interesting matches
such as the SH2 domains, GAPDH from a hypertheritiopfrchaeon and the actin
capping protein. For the 69 structures, the meatanices between the respective
heteroatoms are 2.82+0.14 A for Ser-His and 2.7\ for His-Glu/Asp. The 11 hits
in the protease-like orientation and implicatingiflsp display a greater mean distance
between the Ser and His heteroatoms of intere89£R.14 A), but an even shorter
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mean distance between His and Glu/Asp (2.71+0.1tA3. interesting to note that the
distance between His and the acid is in accordaittethe establishment of a strong
hydrogen bond.

The definition of an LBHB, a strong or even of gukar hydrogen bond does
not set any restrictions on the nature of the araitid or the heteroatoms establishing
the bond, therefore, nothing allowed us dopriori exclude the Ser-His-X triads
whenever they fulfilled all the other conditionsick as distances and coplanarity.
However, it is worth remembering that all LBHBselged thus far on enzymes involve
carboxyl groups (Mildvanet al., 1999). The identified Ser-His-X triads can
consequently be fortuitous hits, but the experimledata, especially on myoglobin, are
appealing and suggest that these triads could h& as yet described conformation
favoring strong interactions or binding between plaetners. Moreover, the distances
are compatible with the establishment of a H-boatiken His and the third residue
for most of the retained Ser-His-X structures.

Indeed, the question as to whether a hit is fatigtor not, can be addressed for
all the identified triads. The probability of fimdj an arrangement of 4 or 5 atoms, such
as in our templates, in a target database of +80sb@ictures that are composed of a
few residues up to hundreds or even thousands iofbaacids, is certainly not nil and is
indeed very difficult to evaluate. Some argumentglauline the validity of our
screening method and discriminating between thieréifit hits and thus indicate that
the identified triads can not all be fortuitous amthout any function. Firstly, in many
cases, Jess identified more than one protein insétme family, which reduces the
probability for each single hit to be fortuitousec®ndly, the primary literature, when
describing the role of one or some of the implidatsidues, always describes the roles
to be of a structural nature, in agreement with loypothesis. The third and most
important argument underlining the validity of duts is as follows. In our templates,
we allowed the oxygen atom of the acid to be regaldny any non-carbon side chain (or
ligand) atom without residue matching. If we onéke into account the amino acid
residues and not the ligands, the possibilitiesdptacing the Glu/Asp oxygen atoms in
the amylase orientation, with respect to the imgasstrictions, are: Met SD, Thr OG,
Tyr OH, Trp NE, Asn OD1 and ND2, GIn OE1 and NE3sCG, Lys NZ, Arg NE,
NH1 and NH2 and His ND1 and NE2 atoms. Thus, bes@ke/Asp, 15 possibilities
exist that are all statistically equal for Jesswideer, the list of matching amylase-like
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structures displays 69 hits with Glu/Asp, againdt Hits for all 15 possibilities

mentioned above. If we add the chloride-dependeamylases to our estimation, we
find a total of 69 structures + 3®-amylase structures,e. 105 hits with Ser-His-

Glu/Asp triads versus 41 hits with a Ser-His-Xdrién other words, if all the hits were
fortuitous, we should observe a more even distabutof all the replacement
possibilities, this being clearly not the case.

Even though these arguments do not provide anyagtee for selection of an
arrangement without any role and which we mistawkaf triad, they strongly support
the assumption that the presence of a non-catatidit cannot be fortuitous in all 142
cases.

These aspects indicate that the structures ideditiith our methods should be
valid hits and that the presence of a non-catalyiad is neither restricted to
Cl'-dependenti-amylases, nor is it fortuitous. Even more impartarthat in the light
of the experimental data of some of the identifiecteins, the non-catalytic triad could
indeed fulfill an important structural role, in agment with our working hypothesis
and our experimental data.
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5. GENERAL CONCLUSION AND PERSPECTIVES

The strict conservation, from bacteria to humanthef 3 residues constituting
the non-catalytic triad in chloride-dependenamylases indicates that the presence of
this motif cannot be fortuitous. The results of owtagenesis studies indicate that the
non-catalytic triad fulfills undeniably an importastructural role. This is the first time
that a triad, previously only known as a catalytiotif, is reported to be of structural
importance with only minor differences if compatedhe catalytic triad. We therefore
propose that the non-catalytic triad is a novelcitral motif in the conformational
stability of proteins.

In an attempt to explain how the two putative hgdmo bonds of the
non-catalytic triad may influence the stabilityaof entire structure, we investigated this
motif for the presence of an unusually strong hgdrobond, which are most readily
studied by NMR spectroscopy. The occurrence ofrangt hydrogen bond in the
non-catalytic triad could account for the instapilof mutants of the participating
residues: as calculated for AHA, the disruptionaof LBHB can result in a £10%
decrease of the enthalpy of unfolding of the er@imezyme.

NMR spectra of AHA indeed revealed features thatidentical with the NMR
signature of catalytic triads. Among these obséaat the most important is the
downfield resonance signal indicative of a low-marhydrogen bond. In our case, this
signal was attributed to a His imidazolium ringt bwe unambiguous attribution to the
His residue of the non-catalytic triad has failed the mentioned reasons. However,
many additional aspects suggest that the origith@fignals for AHA is very likely to
be the non-catalytic triad, bearing a strong or-l@#rier hydrogen bond between a His
imidazolium nitrogen atom and a Glu/Asp carboxygen atom.

Assuming that the His residue of the non-catalyied is indeed the origin of
our observations, we proposed a model accountingh®® sum of NMR signals with
respect to their underlying conditions. The modelld also explain why the triad in its
non-catalytic form cannot have an auxiliary hydtihyactivity as no charges can be
relayed. This leads us to the discussion of thesiblesrole of the Ser residue in the
triad. In contrast with the catalytic triad, we kxed the formation of an alkoxide ion
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in the non-catalytic triad, but proposed that tleisidue is essential for positioning and
thus, for avoiding the charges to be relayed.

Finally, we scanned the PDB with a powerful constrhased algorithm and
found that the presence of such a non-catalytedtis not restricted to chloride-
dependenti-amylases. The primary literature of the identifstidictures bearing a triad
neither mentions the word triad nor describes amsemblance with this motif.
Moreover, in the cases where the role of some®félidues is discussed, it is without
exception described to fulfill a structural rolenh€lTsum of these observations underlines
once more that the non-catalytic triad is a noeatl structural motif in the
conformational stability of proteins.

Concerning the perspectives, the idea of a nowulctstral motif should
immediately lead in the protein engineer's mindtie question if it is possible to
introduce this motif in structures initially devoid it. Although many enzymes display
a (B/a)s barrel fold, this fold still varies enough to remdt very difficult to find
suitable sites for the introduction of the triadideies. Extreme care should be taken to
respect the bond distances and coplanarity ofrtigaizole ring and the oxygen atoms,
essential for the correct establishment of hydrogends of any type. However, a
similar project has successfully been realized withcatalytic triad, demonstrating that
the transfer of this motif with establishment ofstaong hydrogen bond is possible
(Tanaka and Yada, 2004). In this study, the catalgsidues of an aspartic protease
were substituted with the catalytic triad charasterof a serine protease using trypsin
as model. As a result, some mutants showed copegtide hydrolysis and were
significantly inhibited by serine protease inhilpgo
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Addenduml.: Purification of AmyD

ADDENDUM 1: Purification of AmyD

The a-amylase fromDrosophila melanogaster has been produced and purified
for crystallization in order to elucidate its 3Dtgiture by X-ray diffraction. This
supplementary chapter describes the purificatiatogol used for AmyD and carried
out subsequent to the production of this enzyndeasribed in chapter 2, § 2.2.10.

If not stated otherwise, all the purification stepsre realized at a temperature
of 4 °C.

Following centrifugation to separate the culturpesanatant from the cells, the
proteins of the supernatant were concentrateantiyonium sulfate precipitation at a
concentration of 80 % saturation. After 1 hour oégpitation, the suspension was
centrifuged at 13,000 g for 50 minutes and theepedisuspended in 70 mL of buffer A
(50 mM Tris, pH 7.5 containing 1 mM Cafland thendialyzed against 2x2 L of
buffer B (20 mM HEPES, pH 7.5 containing 20 mM Ngfolr 24 hours.

At this point, the volume of the sample and the lakgtic activity (using the
EPS assay as described in chapter 2, § 2.2.4) wmasured so as to enable
precipitation of thea-amylase by glycogen in ethanolic conditions (Sehmaand
Loyter, 1966). The calculation of the required antoaf glycogen (glycogen to enzyme
ratio w/w 4:1) was based on the measured amylotitvity, with 50,000 EPS units
corresponding to approximately 0.4 mg/mL of enzyme.

Cooled, pureethanol was firstly added dropwise to this solution toiaaf
concentration of 40 % and stored on ice with conisiirring for 40 minutes. The
suspension was then centrifuged at 28,000 g fonihtes to eliminate the precipitate
which mainly consisted of nucleic acids.

The calculated amount gflycogendissolved in 10 mL of high quality water
was added dropwise to the supernatant and theimolutas stored on ice for 40
minutes with constant stirring. This suspension thas centrifuged at 20,000 g for 10
minutes. The residual amylolytic activity in thepsunatant was determined and the
addition ofglycogen(glycogen to enzyme ratio w/w 4:1) was repeated.
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Addenduml.: Purification of AmyD

Finally, the pooled pellets were resuspended in riDOof buffer A and
dialyzed against 2x2 L of the same buffer for 24 hours.

The chromatography steps used were:
(i) Q-Sepharose

The solution was loaded onto this anion exchanger eluted with a linear
NaCl gradient (0-0.4 M; 500/500 mL) in the sameféuf
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Fig. 29: Q-Sepharose chromatogram (o). The column (1.25x35 cm) was eluted with a linea¥aCl
gradient (0-0.4 M; 250/250 mL) in Tris buffer (as desribed above). Elution rate was 50 mL/h and the
fraction volume was 7 mL.

The fractions displaying amylolytic activity wer@ncentrated to 10 mL by
ultrafiltration on a Millipore polyethersulfone ménane with a cutoff of 10,000 Da in
an Amicon Ultrafiltration cell under a nitrogen pseire of 3 bars.

(i) Sephadex G100
The concentrated sample was loaded onto this lgedtibn matrix and eluted

with 500 mL of buffer A. The pseudo-affinity of tieeamylase for this matrix was used
to remove protein contaminants of a similar size.
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Fig. 30: Sephadex G100 chromatogram (Ag). The column (2.5x95 cm) was eluted with buffer A.
Elution rate was 30 mL/h and the fraction volume was$.8 mL.

Again, the fractions of interest were concentrated0 mL by ultrafiltration as

described above.
(iii) Ultrogel AcA54

This final chromatographic step eliminates non-@racious contaminants
such as salts and nucleic acids. This polishing atso allows the changing from Tris
buffer to MOPS buffer (10 mM MOPS, 10 mM NacCl, @% CaCl, pH 7.5), suitable

for crystallization.
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Fig. 31: Ultrogel AcA54 chromatogram (Agg). The column (2.5x95 cm) was eluted with MOPS bugf
(as described above). Elution rate was 35 mL/h and ¢hfraction volume was 4 mL.

The fractions of interest were pooled and concédrao 20 mg/mL for
crystallization.

This purification protocol yields approximately 60-mg of enzyme per liter of
culture.
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ADDENDUM 2: Abbreviation list ( ad Fig.6)

This list of chloride-dependentamylases is taken from (D'Ami@bal., 2000)
and provides the details about the abbreviatiorsd us Fig. 6, as well as the
corresponding accession codes in databanks.

Species Abbreviation Accession No.
Mammals Pig pancreatic PPA AF064742
Mouse pancreatic muspa P00688
Rat pancreatic ratpa P0068Y
Mouse salivary mussa PO068T
Human carcinoma(2B) hum2b P19961
Human pancreatic HPA P04746
Human salivary HSA P04745
Bird Gallus gallus galga Q98942
Acari Euroglvphus maynei eurma AF 144061
Dermatophagoides pteronyssinus derpt AF144060
Insects Drasophila ananassae droan G2253593
Drosophila melanogaster drome G2252770
Drasophila subobscura drosu G2252794
Aedes aegypri aedae 002652
Aedes atropalpus aedat Q16924
Culex tarsalis culta Q23767
Drasophila mauritiana droma P54215
Drasophila simulans drosi Q24643
Drasophila secheliia drose Q24642
Drasophila teissieri drote Q24676
Drasophila yakuba droya P51548
Drosophila erecta droer Q23932
Drasophila orena droor Q24610
Drosophila pseudoobscura drops Q24609
Drosophila virilis drovi Q24737
Tenebrio molitor TMA 875702
Tribolium castaneum trica P09107
Anopheles merus anome uo1z1o
Anopheles gambiae anoga L04753
Ostrinia mibilalis ostnn 04223
Phaedon cochleariae phaco Y17902
Lutzomyia longipalpis lutle AF132512
Molluscs Crassostea gigas cragi 002622
Pecten maximus pecma P91778
Crustacean Penaeus vannamei penva Q26193
Nematode Caenorhabditis elegans caeel P91982
Bacteria Pseudomonas sp. KFCC10818 pseudo 40056
Alteromonas haloplanctis AHA P29957
Thermomonospora curvata thecu P29750
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ADDENDUM 3: Jess results

The following table provides the complete list dimtified triads with the
algorithm Jess. The columns (from 1 to 6) corredpmnthe identified PDB code, the
calculated rmsd anfl values given in A and the triad residues.

PDB# rmsd (A) AR X Ser His
1A07 0,26 0,18 E162 S190 H204
1A08 0,41 0,15 E162 S190 H204
1A0L 0,09 0,13 D102 S195 H57
1A1B 0,39 0,18 E162 S190 H204
1A1C 0,39 0,16 E162 S190 H204
1A1E 0,21 0,15 E162 S190 H204
1A2K 0,17 0,43 Q71 S83 H73
1A4G 0,16 0,17 Q137 S439 H100
1A4L 0,26 0,17 N789 S791 H758
1A4M 0,2 0,18 N1789 S1791 H1758
1A4Q 0,15 0,13 Q137 S439 H100
1A5G 0,18 0,35 D102 S195 H57
1A7U 0,17 0,2 D228 S98 H257
1A81 0,3 0,18 E26 S54 H63
1A88 0,14 0,07 D226 S96 H255
1A8Q 0,19 0,22 D223 S94 H252
1A8R 0,18 0,18 GTP412 S112 H113
1AD8 0,2 0,3 D102 S195 H57
1AH2 0,24 0,17 H62 S215 H62
1AIX 0,19 0,36 D102 S195 H57
1AK4 0,11 0,13 D123 S99 H92
1AK9 0,08 0,09 D32 S221 H64
1AMR 0,24 0,17 D222 S139 H143
1A0T 0,42 0,188 E18 S46 H60
1A0U 0,17 0,17 E18 S46 H60
1AQH 0 0 E19 S303 H337
1AQM 0,05 0,08 E19 S303 H337
1AQN 0,14 0,19 D32 S221 H64
1ARB 0,21 0,19 D113 S194 H57
1ARG 0,26 0,15 D222 S139 H143
1ASG 0,18 0,14 D222 S139 H143
1ASL 0,29 0,19 D222 S139 H143
1ASM 0,26 0,13 D222 S139 H143
1AU9 0,19 0,28 D32 S221 H64
1B0I 0,09 0,19 E19 S303 H337
1B2Y 0,09 0,1 E27 S340 H386
1B8Y 0,34 0,16 T131 S133 H96
1B9S 0,25 0,16 E275 S295 H273
1BE8 0,13 0,18 D32 S221 H64
1BFN 0,2 0,19 D275 S464 H335
1BGL 0,15 0,28 D591 S971 H972
1BH6 0,19 0,41 D32 S221 H64
1BJE 0,24 0,13 Fe HEM 154 S92 H93
1BMA 0,19 0,14 D108 S203 H60
1BMM 0,18 0,37 D102 S195 H57
1BN8 0,12 0,16 D150 S18 H193
1BQ3 0,15 0,3 H8 S55 H181
1BRO 0,2 0,17 D228 S98 H257
1BRY 0,21 0,19 D1 S61 H51
1BSI 0,06 0,07 E27 S340 H386
1BU8 0,21 0,2 D176 S152 H263
1BSI 0,06 0,07 E27 S340 H386
1BVN 0,19 0,33 E27 S340 H386
1BYB 0,22 0,17 D275 S464 H335
1C10 0,2 0,32 E102 S195 H57
1C3L 0,16 0,22 D32 S221 H64
1C4U 0,2 0,4 D102 S195 H57
1C5P 0,18 0,2 D102 S195 H57
1C5R 0,29 0,15 D102 S195 H57
1C5U 0,16 0,09 D102 S195 H57
1C7J 0,31 0,18 E310 S189 H399
1C8Q 0,1 0,23 E27 S340 H386
1C9T 0,24 0,16 D102 S195 H57
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1CD3 0,37 0,13 S11 S74 H9
1CEX 0,14 0,17 H188 S120 H188
1CF2 0,22 0,18 E301 S302 H299
1Cal 0,31 0,2 D102 S195 H57
1CGJ 0,29 0,14 D102 S195 H57
i1Cly 0,36 0,19 R265 S428 H429
1CL2 0,19 0,28 T148 S130 H103
1CLV 0,05 0,09 E27 S324 H362
1CM5 0,1 0,19 D74 S83 H84
1CNM 0,19 0,15 D39 S224 H69
1CPU 0,09 0,16 E27 S340 H386
1CQ7 0,18 0,15 D222 S139 H143
1Cso 0,58 0,17 D1041 S937 H1039
icuz 0,2 0,46 D84 S177 H40
1CuU9 0,18 0,18 D84 S177 H40
1CcuB 0,2 0,32 D175 S120 H188
1CucC 0,18 0,24 D175 S120 H188
1CUs 0,19 0,13 D175 S120 H188
1CUU 0,18 0,23 D175 S120 H188
1Ccuv 0,19 0,23 D175 S120 H188
icuw 0,17 0,24 D175 S120 H188
1CUX 0,18 0,27 D175 S120 H188
1Cuy 0,14 0,15 D175 S120 H188
1CWD 0,2 0,26 E16 S44 H58
1D30 0,27 0,12 H71 S26 H71
1D3P 0,18 0,32 D135 S241 H79
1D3Q 0,2 0,47 D135 S241 H79
1D3T 0,2 0,4 D135 S241 H79
1D4B 0,25 0,18 H43 S109 H43
1D8wW 0,27 0,19 D231 S177 H229
1D9I 0,18 0,25 D135 S241 H79
1DBI 0,22 0,17 D39 S226 H72
1DE6 0,2 0,2 D231 S177 H229
1DEL 0,28 0,17 D218 s7 H194
1DHK 0,08 0,16 E27 S340 H386
1DMzZ 0,22 0,16 Q666 S657 H651
1DT3 0,16 0,31 D201 S146 H258
1DT5 0,19 0,21 D201 S146 H258
1DTQ 0,4 0,15 T107 S191 H198
1DU4 0,14 0,2 D201 S146 H258
1DWP 0,24 0,11 D208 S80 H236
1DYL 0,19 0,3 D167 S219 H145
1E2S 0,2 0,26 E253 S$250 H227
1E3D 0,2 0,16 H122 S532 H122
1E4C 0,23 0,19 N29 S31 H77
1E5Q 0,17 0,15 S99 S74 H81
1E5T 0,14 0,11 D641 S554 H680
1E6Q 0,2 0,39 Y295 S309 H228
1EA7 0,13 0,16 D34 S$250 H71
1EB9 0,19 0,13 D208 S80 H236
1EG9 0,18 0,3 S310 S347 H261
1EGQ 0,17 0,29 D39 S224 H69
1EHO 0,12 0,1 E324 S197 H437
1EIN 0,07 0,15 D201 S146 H258
1ELE 0,2 0,17 D108 S203 H60
1EVE 0,11 0,16 E327 S200 H440
1EWU 0,24 0,14 H71 S26 H71
1F48 0,14 0,34 E416 S420 H148
1F6V 0,13 0,09 H51 S86 H51
1FFD 0,19 0,22 D175 S120 H188
1FFE 0,18 0,29 D175 S120 H188
1FIZ 0,2 0,34 D102 S195 H57
1FKX 0,22 0,16 N289 S291 H258
1FL1 0,18 0,17 H134 S114 H46
1FNI 0,2 0,24 D102 S195 H57
1FPC 0,25 0,18 D102 S195 H57
1FEXT 0,2 0,19 H129 S136 H129
1FYR 0,2 0,11 E71 S98 H107
1G1Y 0,26 0,18 T522 S548 H527
1G94 0,05 0,07 E19 S303 H337
1G9H 0,05 0,13 E19 S303 H337
1GCI 0,16 0,21 D32 S221 H64
1GHV 0,18 0,37 D102 S195 H57
1GHZ 0,18 0,2 D102 S195 H57
1Gl0 0,18 0,17 D102 S195 H57
1GI3 0,26 0,14 D102 S195 H57
1GI5 0,27 0,15 D102 S195 H57
1GI9 0,32 0,18 D102 S195 H57
1GlU 0,22 0,18 D1 S61 H51
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1GJ5 0,17 0,19 D102 S195 H57
1GJB 0,29 0,18 D102 S195 H57
1Gs5 0,19 0,26 N248 S33 H34
1GsJ 0,15 0,27 N248 S33 H34
1GU6 0,12 0,14 Q378 S$255 H351
1Gvz 0,19 0,39 D102 S195 H57
1GXH 0,24 0,17 W73 S47 H45
1H16 0,1 0,15 D74 S83 H84
1H17 0,09 0,18 D74 S83 H84
1H18 0,11 0,12 D74 S83 H84
1H2wW 0,16 0,17 P74 K82 K82
1H2X 0,18 0,2 P74 K82 K82
1H46 0,18 0,28 D74 S43 H42
1H90 0,21 0,09 E23 S48 H57
1HCG 0,17 0,29 D102 S195 H57
1HCT 0,16 0,17 H201 S158 H201
1HJ9 0,54 0,19 Y234 S93 H91
1HNY 0,12 0,18 E27 S340 H386
1HPL 0,14 0,16 D176 S$152 H263
1HQ5 0,32 0,18 H228 S271 H111
1HQG 0,24 0,14 H228 S271 H111
1HQH 0,33 0,2 H228 S271 H111
1HX0 0,05 0,12 E27 S340 H386
1HXH 0,05 0,07 S180 S141 H182
1HYL 0,1 0,18 D102 S195 H57
llew 0,19 0,13 D133 S77 H156
11BX 0,29 0,19 H32 S28 H32
11C6 0,14 0,19 D39 S224 H69
1IHU 0,07 0,13 E416 S420 H148
1119 0,15 0,14 E416 S420 H148
1ML 0,25 0,16 H42 S18 H42
1INF 0,2 0,09 Q138 S440 H101
1101 0,16 0,17 E79 S142 H166
1low 0,17 0,18 S22 S274 H63
1IQF 0,3 0,12 D102 S195 H57
1IZN 0,31 0,2 E221 S171 H1562
N 0,2 0,18 H114 S111 H114
1JAE 0,08 0,12 E27 S324 H362
1JB4 0,28 0,16 Q71 S83 H73
1JBS 0,18 0,16 Q71 S83 H73
1JD7 0,09 0,16 E19 S303 H337
1JD9 0,11 0,26 E19 S303 H337
1JDI 0,19 0,26 N28 S30 H80
1JFH 0,08 0,13 E27 S340 H386
1JFR 0,15 0,19 D177 S131 H209
1JGA 0,19 0,14 H437 S197 H437
1JGB 0,14 0,16 F327 S197 H437
1JKM 0,15 0,25 D308 S$202 H338
1JQ7 0,15 0,25 E1251 S1432 H1457
1Jus 0,18 0,28 Y391 S117 H287
1J3XJ 0,09 0,19 E27 S340 H386
1IXK 0,1 0,2 E27 S340 H386
1yl 0,24 0,2 E415 S419 H372
1IYR 0,27 0,15 E71 S98 H107
Iyw 0,18 0,2 HET 1472001 S998 H540
1JyX 0,19 0,17 HET 0147 S998 H540
1KOW 0,18 0,14 N28 S30 H80
1K10 0,3 0,2 D102 S195 H57
1K8Q 0,12 0,16 D324 S153 H353
1KB3 0,11 0,17 E27 S340 H386
1KBB 0,05 0,07 E27 S340 H386
1KBK 0,03 0,07 E27 S340 H386
1KCJ 0,15 0,1 E324 S197 H437
1KGU 0,08 0,16 E27 S340 H386
1KGW 0,09 0,15 E27 S340 H386
1KGX 0,15 0,21 E27 S340 H386
1KU6 0,25 0,18 E334 S203 H447
1KWO 0,17 0,31 D151 S273 H271
1KXH 0,04 0,06 E19 S303 H337
1KXQ 0,05 0,11 E27 S340 H386
1KXT 0,07 0,16 E27 S340 H386
1KXV 0,04 0,09 E27 S340 H386
1L0P 0,04 0,04 E19 S303 H337
1L3G 0,47 0,2 125 S21 H38
1L5v 0,19 0,31 T134 S132 H60
1LBS 0,17 0,24 D187 S105 H224
1Ll 0,13 0,17 S142 S163 H121
1L1Z 0,26 0,17 E116 S94 H120
1LKK 0,26 0,13 E138 S166 H180
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1LKL 0,24 0,1 E138 S166 H180
1LLF 0,11 0,17 H1449 S1209 H1449
1LNS 0,18 0,14 D468 S348 H498
1LW6 0,2 0,25 D32 S224 H64
1M33 0,2 0,23 D207 S82 H235
1M3D 0,11 0,19 S51 S31 H10
1M4N 0,15 0,2 H226 S287 H266
1MAX 0,16 0,31 D102 S195 H57
1MEE 0,18 0,23 D32 S221 H64
1MFU 0,1 0,16 E27 S340 H386
1IMFV 0,07 0,12 E27 S340 H386
1MGN 0,16 0,31 Fe HEM 154 S92 H93
1MIR 0,19 0,3 N219 S29 H199
IMLA 0,1 0,08 T293 S295 H271
1MMK 0,17 0,38 D151 S273 H271
1IMMT 0,17 0,31 D151 S273 H271
1MNG 0,17 0,15 D176 S148 H268
1MNQ 0,19 0,09 D176 S148 H268
1MOA 0,19 0,48 Fe HEM 154 S92 H93
1MPH 0,09 0,13 K8 S20 H9
1MPX 0,22 0,11 D307 S174 H340
1MRJ 0,23 0,18 D1 S61 H51
1MT3 0,2 0,12 D244 S105 H271
1MTW 0,17 0,12 D102 S195 H57
1MUO0 0,24 0,17 D244 S105 H271
1MU6 0,2 0,32 D102 S195 H57
1MX1 0,11 0,09 E2354 S2221 H2468
1MX5 0,2 0,32 E1354 S1221 H1468
1IN2K 0,19 0,38 E253 S$250 H227
1N3J 0,13 0,14 H78 S104 H78
INSY 0,47 0,16 T107 S191 H198
INDQ 0,17 0,25 D32 S221 H64
1NDU 0,18 0,34 D32 S221 H64
INJT 0,2 0,17 H1157 S1132 H1063
1NJU 0,17 0,3 H457 S432 H363
1NKG 0,18 0,27 E136 S367 H365
INKK 0,16 0,26 H1157 S1132 H1063
1INKM 0,19 0,42 H157 S132 H63
1NM6 0,19 0,21 D102 S195 H57
1INMN 0,18 0,36 Y138 S132 H94
INMW 0,2 0,26 1159 T143 P149
1INSB 0,14 0,16 Q137 S439 H100
INTP 0,16 0,2 H91 S93 H91
1NU8 0,11 0,19 D708 S630 H740
102G 0,33 0,15 D102 S195 H57
102H 0,33 0,2 D102 S195 H57
102I 0,17 0,15 D102 S195 H57
1020 0,17 0,14 D102 S195 H57
103B 0,29 0,19 D102 S195 H57
103C 0,27 0,18 D102 S195 H57
103P 0,3 0,19 D102 S195 H57
1042 0,26 0,15 E18 S46 H60
1046 0,35 0,18 E18 S46 H60
104G 0,3 0,2 E18 S46 H60
1041 0,31 0,19 Ei8 S46 H60
104L 0,31 0,11 Ei8 S46 H60
104N 0,28 0,14 Ei8 S46 H60
105D 0,13 0,19 D102 S195 H57
105F 0,26 0,19 D102 S195 H57
107G 0,16 0,38 S310 S347 H261
107N 0,18 0,44 S310 S347 H261
107w 0,18 0,44 S310 S347 H261
10CA 0,16 0,16 D123 S99 H92
10DO 0,16 0,18 E20 S318 H291
10Ds 0,18 0,28 D269 S181 H298
10GY 0,28 0,1 Fe HEM S76 H79
10H9 0,14 0,15 N248 S33 H34
10IL 0,2 0,33 E264 S87 H286
10PK 0,27 0,18 E157 S183 H192
10PL 0,27 0,18 E157 S183 H192
10RV 0,17 0,13 D708 S630 H740
10RW 0,14 0,16 D708 S630 H740
10SE 0,1 0,23 E27 S340 H386
10XM 0,13 0,17 D175 S120 H188
10YT 0,2 0,19 D102 S195 H57
10ZF 0,07 0,14 S443 S445 H469
102G 0,1 0,16 S443 S445 H469
10zH 0,1 0,12 S443 S445 H469
1P13 0,29 0,12 E172 S200 H214
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1P3C 0,16 0,16 D97 s171 H47
1P7V 0,14 0,14 D39 S224 H69
1P7TW 0,14 0,15 D39 S224 H69
1P8M 0,27 0,11 H228 S271 H111
1P8N 0,19 0,16 H228 S271 H111
1P80 0,29 0,1 H228 S271 H111
1P8R 0,3 0,14 H228 S271 H111
1PEK 0,17 0,09 D39 S224 H69
1PFR 0,19 0,27 £238 S114 H241
1PEX 0,17 2 S100 S93 H101
1PIF 0,07 0,2 E27 S340 H386
1PIG 0,09 0,17 E27 S340 H386
1P1J 0,43 0,18 R26 S67 H24
1PIY 0,17 0,3 £238 S114 H241
1PJ6 0,19 0,27 Y259 S271 H225
1PMB 0,2 0,47 HEM154 S92 H93
1PMM 0,2 0,18 5269 S271 H241
1PN5 0,15 0,1 G149 S151 H150
1PPI 0,15 0,29 E27 S340 H386
1Q0Z 0,17 0,25 D248 5102 H276
1Q35 0,23 0,2 D205 S278 H267
103X 0,15 0,14 D532 S633 H483
1Q45 0,36 0,18 E184 S341 H279
1Q4N 0,08 0,13 E27 S340 H386
1QA0 0,2 0,35 D90 5183 H46
1QAD 0,26 0,15 E22 S47 H56
1QE3 0,22 0,09 E310 5189 H399
1QFM 0,17 0,17 D641 S554 H680
1QHM 0,13 0,17 D1074 51083 H1084
1QIE 0,22 0,19 E327 5200 H440
1QIF 0,21 0,19 E327 5200 H440
101G 0,18 0,09 E327 5200 H440
1QLW 0,17 0,28 £230 5206 H298
1QNO 0,17 0,32 D195 S158 H198
1QNQ 0,12 0,16 D195 S158 H198
1QNR 0,14 0,21 D195 S158 H198
1Q07 0,2 0,31 Q86 5148 H97
1QQU 0,18 0,2 D102 5195 H57
1QWK 0,14 0,19 N157 S174 H187
1QZ3 0,19 0,25 D252 S155 H282
10ZQ 0,29 0,19 E415 S419 H372
1R1D 0,19 0,25 D192 S 93 H222
1R1P 0,2 0,1 E71 S97 H106
1R1Q 0,25 0,19 E71 S97 H106
1R1S 0,08 0,05 E71 S97 H106
1R8W 0,26 0,18 D312 S7 H368
1R9D 0,26 0,2 D312 S7 H368
1R9M 0,11 0,08 D708 S630 H740
1RKX 0,26 0,18 S61 S40 H17
1RLA 0,24 0,17 H228 S271 H111
1S01 0,16 0,21 D32 S221 H64
1S6H 0,16 0,31 D102 S195 H57
1583 0,19 0,43 D102 S195 H57
1SC9 0,2 0,19 E207 S80 H235
1SCA 0,17 0,28 D32 S221 H64
1SCD 0,18 0,2 D32 S221 H64
1SCN 0,2 0,37 D32 S221 H64
1SHC 0,29 0,18 H27 S29 H27
1SI0 0,21 0,15 D205 S278 H267
1SLV 0,17 0,18 D102 S195 H57
1SLX 0,26 0,19 D102 5195 H57
1SMD 0,07 0,1 E27 S340 H386
1SPR 0,25 0,18 E16 S4a H58
1SPS 0,22 0,2 E16 S44 H58
1SQT 0,2 0,23 D96 5197 H45
1SR3 0,26 0,17 E116 S94 H120
1SUE 0,13 0,08 D32 S221 H64
1SUN 0,19 0,24 D32 S221 H64
1SVR 0,09 0,16 H165 S167 H165
1760 0,12 0,17 S142 S163 H121
1761 0,13 0,18 S142 S163 H121
1TA2 0,2 0,24 D102 5195 H57
1TAH 0,18 0,18 D263 S87 H285
17BN 0,14 0,18 H117 S146 H117
1TBO 0,19 0,17 H140 S120 H140
1TCC 0,2 0,41 D187 5105 H224
1THM 0,11 0,16 D38 S225 H71
1TIB 0,2 0,25 D201 S146 H258
1TK3 0,16 0,15 D708 S630 H740
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1TME 0,19 0,32 S119 S240 H122
1TMQ 0,17 0,2 E27 S324 H362
1TNG 0,19 0,41 D102 S195 H57
1TNH 0,17 0,18 D102 S195 H57
1TNN 0,22 0,19 H46 S65 H46
iTOM 0,08 0,17 D102 S195 H57
1TS3 0,17 0,17 Q136 S111 H141
1u2y 0,06 0,14 E27 S340 H386
1U30 0,04 0,11 E27 S340 H386
1U33 0,08 0,19 E27 S340 H386
1U43 0,19 0,33 D8 S35 H42
1USE 0,16 0,2 D708 S630 H740
1UA3 0,08 0,16 E27 S340 H386
1UFO 0,15 0,11 D183 S113 H217
1UKP 0,18 0,1 D275 S464 H335
1UT™ 0,2 0,27 D102 S195 H57
1UTN 0,17 0,15 D102 S195 H57
1uTo 0,53 0,17 Y234 S93 H91
1UTP 0,21 0,18 D102 S195 H57
1UTQ 0,2 0,25 D102 S195 H57
1UvVT 0,07 0,09 D102 S195 H57
1uwB 0,16 0,39 T107 S191 H198
1UWK 0,19 0,35 H501 S487 H444
1v5L 0,19 0,19 H66 S22 H66
1vCQ 0,19 0,3 D167 S219 H145
1VFR 0,19 0,12 E54 S81 H82
1VH4 0,13 0,14 E187 S243 H215
1VK9 0,17 0,15 S94 S96 H74
1VLQ 0,15 0,24 D274 S188 H303
1vz2 0,13 0,09 D641 S554 H680
1vz3 0,14 0,09 D641 S554 H680
1wis 0,33 0,16 H404 S400 H420
1WMD 0,14 0,22 D30 S255 H68
1IWME 0,14 0,17 D30 S255 H68
1IWMF 0,16 0,19 D30 S$255 H68
IXNT 0,1 0,2 D59 S57 H150
1XzC 0,18 0,25 D175 S120 H188
1XZH 0,22 0,19 D175 S120 H188
1XZI 0,17 0,19 D175 S120 H188
1XZK 0,12 0,17 D175 S120 H188
1XZL 0,19 0,17 D175 S120 H188
1XzMm 0,17 0,16 D175 S120 H188
1vJB 0,15 0,33 D32 S221 H64
1ZFP 0,25 0,12 E71 S98 H107
2BSP 0,11 0,1 D150 Si8 H193
2CBP 0,32 0,18 C79 S87 H84
2CPU 0,1 0,15 E27 S340 H386
2CUT 0,15 0,18 D175 S120 H188
2HLC 0,19 0,22 D102 S195 H57
2HMY 0,16 0,35 E47 S294 H292
2PFL 0,1 0,15 D74 S83 H84
2PKC 0,15 0,24 D39 S224 H69
2PRK 0,14 0,21 D39 S224 H69
2RGF 0,13 0,16 H49 S18 H49
2RMC 0,2 0,19 H126 S133 H126
2SHP 0,28 0,16 E17 S44 H53
2SNI 0,15 0,16 D32 S221 H64
2TEC 0,18 0,17 D38 S$225 H71
2YAS 0,19 0,19 D207 S80 H235
3CPU 0,11 0,18 E27 S340 H386
3GCT 0,19 0,36 D102 S195 H57
3PFL 0,08 0,17 D74 S83 H84
3TEC 0,15 0,17 D38 S225 H71
5CHA 0,19 0,36 D102 S195 H57
SRLA 0,22 0,16 H228 S271 H111
5YAS 0,18 0,28 D207 S80 H235
8AAT 0,29 0,18 D222 S139 H143
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