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Abbreviations

Abbreviations

°C Celsius

0 (crystal |l Sigmalevel of an electron density map (refers to probability
finding an electron within the volume enclosed by the maf
provides a way of accessing the "noise" level of the respe
electron density map.)

A Angstrém (1A = 13° m)

Asoo Absorption at 600 nm

Ala Alanine

Arg Arginine

Amp Ampicillin

Asn Asparagine

Asp Aspartic acid

B-factor DebyeWaller-factor

CA Carbonicanhydrase

Cam Chloramphenicole

CsD Cambridge Structural Database

Cys Cysteine

DMSO Dimethylsulfoxide

dNTP Desoxynucleosidtriphosphat

DTNB 5,5 dithiobis-(2-nitrobenzoic acid)

DTT Dithiothreitol

E. coli Escherichia coli

Fe calculated structure amplitudes

F observed structure amplitudes

GIn Glutamine

Glu Glutamic acid

Gly Glycine

GST GlutathioneS-Transfease



Abbreviations

h Hour

H-bond Hydrogen bond

His Histidine

HPLC-MS High pressure liquid chromatographass spectrometry
lle Isoleucine

IPTG Isopropylthieb-galactosid

I.U. International unit

K Kelvin

k Kilo

Da Dalton

Ki Competitive inhibition constant
Km Michaelis Menten constant
Leu Leucine

Lys Lysine

M Molarity (molf)

Met Methionine

Min Minute

NMR Nuclear magnetic resonance
NTP Nucleosidtriphosphat

PAGE Polyacrylamid gel electrophoresis
PBS Phosphate buffered saline
PCR Polymerase chain reaction
PDB Protein data bank

pH Potentialis hydrogenii

Phe Phenylalanine

Pro Proline

R-factor Reliability factor

RMSD Root mean square deviation
rpm Revolutions per minute



Abbreviations

SDS
Ser
Thr
Tris
Trp
Tyr
Val
wiv
WT

X-ray

Sodiumdodecylsulfate

Serine

Threonine
Tris(hydroxymethyllaminomehane
Tryptophane

Tyrosine

Valine

Weight per volume

wild type

Electromagnetic radiation, also

called Rontgen radia

(wavelength: 10" 0.01 nanometers, typical wavelengths used

X-ray crystallography are around 1 A (= 0.1 nanomgetehich is

in the range of covalent chemical bonds.)
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Motivation

1 Motivation

1.1 Background

Protein crystallographyis a powerfultool in drug discovery andlevelopmentand is
applied for e.g. the determination ofde novo protein structure as wellas the
investigation of protektigand complexes The crystallographic analysisf unknown
protein structurescan help to understandn case of enzymes the involvement of the
essential amino acids the catalytic mechanisand reveal crucial sshrate binding
pocketsthat should be addressed by inhibitof$e investigationof proteinligand
complexescan provideexact spatial positioning of the compound within the acsite

helping to understand the key interactions of inhibition

However,the application of protein crystallography was limited by several parameters
in the pastApart fromthe challengingidentification of crystallization conditionshe
application of protein crystallograpmgquiredtime consuming data collecti@ndhuge
computational resources for structure refinem&itminimizethis experimental effort,
further analysesare performed in drug discoveryPrior to structure determination
another faster screening methadpreceded in order to achieve a -gedection of
promising compoundshat are subsequently analyzeyl crystallographic experiments
Besides these expensekse number of experiments that are necessary for siates
determination of a proteiligand complex can vary from case to cd3arameterssuch

as lgand size, ligand solubility and crystal stability take inherent impact on the success

of the crystallographic experiment.

Especially protein complexes witathersmall moleculegmolecular weight < 250 Da)
so called fragments, are usually difficultdetermine Along the refinement proceske
localization of the compound within the active site determinedby the difference
electron density.Apart from the resolution,he quality of the density is mainly
dependent on the compound affinity, the agpligand concentrations and thus on the
occupatim of the ligand at its positionCompounds of increased molecular weight
substituted with several functional groups can perform more interactichg protein

compared to asmall fragment and thus resulh ibetter defined difference electron
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Motivation

density. Acordingly, it is well compreheitde that fragmentswhich can occupy
diverse binding modes within the same active arte noteasily placednto a protein
structure The success rate afeterminingprotein fagment complexes suffers from
these multiple binding modes and therefore, increased crystallographic effort is required
to screen for optimalcrystallization conditionsas often several soaking and

cocrystalliation experimentbave to be performed

Systematical fragment screenings via protein crystallography were rather unusual in the
past. Nevertheless, the entire field has been stimulated by a series of successful
screening using NMR. Stephen Fesilet al. first reported successful detection and
utilization of fragments in drug design which becapwpularas the SARy-NMR
approach $tructureActivity -Relationships by Nuclear Magnetic Resonan&juker,
Hajduk et al. 1996)In their study, twedimensional, isotopedited NMR spectroscopy

was used to detect two fragment leads thadl lat two proximal siteson theprotein
surface. Using thredimensional structural informatioaboutthe bound ligands, the

fragments were successfully joined together to produce a high affinity ligand.

Nevertheless, in theast 10 to 15 years protein ¢ystallography hasadvanced and
emerged ta kind of routineanalyticaltool also applicable for screening purpasEise
availability of synchrotron beam timend improved irhouse radiatiorsourceshas
increasedremarkably and in combination withimproved computing power the
collectionof 50 datasets withi@4 hours ispossible In addition,low temperature data
collection,roboic-systems foprotein crystallization, fast proteitrystal mounting and
diffraction screening as well as automated struetfinement tools support the speed
of thismethod.The advancement in these technologiesatanbe demonstrated by the
numberof protein structures that adeposited each year in the protein data bank (PDB)
(Figure 1.1). The number of structures that are uploaded to the PDB has increased
annually reaching nearly 7500 structures in 2009. Actuallyctiiected and publicly
available data onlyrepresent a fraction of the determinptbtein structures since
pharmacetical companiesisuallydo not publish their data’he increasing impacof
protein crystallographyeing ananalytical tool allows application of this methéat

library screening withoutumbersome, tedious pselecting experiments. Formerly,
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only in very legitimate case of promising compounesghibiting high affinity in a

functional bioassay the crystallographic analysis was attempted

70000

60000

50000

40000

30000

20000

10000

. __n_i-i_i-ll

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Figure 1.1: Number of depositedprotein structures in the Protein Data Bank (PDB; red: total;

blue: year) (www.pdb.org1 03/2010).

1.2 Aims of this Thesis

The aim of thisthesis was to take advantage of these enhancements in protein
crystallographyand predominantly applthis methodto a varety of ratherdiverse
fragmentbasedexperimentsHow can interactions of proteins with small molecules be
exploited? Are we able fe.g. monitor in situ reactions ia protein crystallography?

Will a tethering approach increase the succesofdtagmen-basedcrystallograph

Carbonic anhydrase Il has been selecteal m®delprotein for theeexperiments as this
enzyme has been studiexhaustively in our group. Several protéigand complexes,
in most cases with high resolutiomave been determinexb far Diverse experiments
with small molecules should be performed and followed by protein crystallogrephy.
principle, crystallographic investigatigrerformed ineach experiment should provide
the structurabasisto understand the processesecutd in the active site o€CA Il and

help to develomewapproaches
The following issues have been investigated:

1. Cloning, expression and mutagenesis d&ZA Il : In order to performthe broad

range ofcrystallographicstudies, considering a scope of differenitamt variants,
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the gene codindor CA 1l has tobe recombinantly available and modified by
mutagenesis. The protein has to decessiblein high amounts to perfornthe

plannedcrystallographic and ksolution experiments.

Artificial copper center. Oneinitial ideaof this workwas te introduction of an
artificial copper center at the surface GfA Il. Coppercoordinating protein
residues should be introduced into the target protein vials#eted mutagenesis.
The investigation of each mutation and Glinity experiments should billowed
by protein crystallography revealing structural informatiabout theformed

complexes.

In situ click chemistry: Addressing this metal center azide and alkyne building
blocks should be brought t@actionto form a tiazole product via Geatalyzed

2+3 cycloaddition. The cycloaddition reaction should be illustrated in the same way
allowing comprehension afhe reaction byeterminingproteinreactants, protein

intermediate and proteijproduct complexes.

Tethering: The tethering method allowsnvestigation offragmens with weak
binding affinity by covéently attaching the compound via thiole containing
moietyto a surface exposed cysteine resi(ladanson, Braisted et al. 2000)he
screening of fragment libraries can be investigated by HMISCanalysis and
protein crystallography. Via a computational docking approach a large fragment
library should bepre-selecte to a number of fragment$easible to synthesize
which should beestedsubsequentlyy differentHPLC-MS experimentsThe most
promising compoundshould beinvestigatedcrystallographicallyfor thar key
interactionswith the protein. This allows ideffitation of scaffolds for different
binding regions ofCA Il. Subsequently, the fragments should be enlatged

improve theitbinding affinity tofinally release the compound from tte¢her

Investigation of a sulfamide inhibitor series: A seriesof sulfamides should be
investigatedwith respect to their binding tohe targetCA Il. Starting with
compounds of fragment size the series is completed by inhibitors with a molecular

weight of 350 DaAll compounds wereynthesized by Haake et ahd Winum et
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a. andkinetically characterizit by Supuran et aProteinligand key interactions

should be revealed by protein crystallography.

6. Investigation of new zinc binding groups coordinating to the active site ofCA
II: The sulfonamide is the most prominéW Il zinc coordinating moiety and is
present in themajority of all known CA Il inhibitors. In this study different
fragmentlike zinc coordinating groups should be invgated for the affinity taCA

Il andstructurally characterized by protein crystallodmap
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Introduction Carbonic Anhydrase Il

2 Introduction Carbonic Anhydrase I

2.1 Carbonic Anhydrases

Carbonic ahydrases (CA) (EC 4.2.1.1) belong to the class of hydrolyases containing a
catalytic active Zfi" ion at the bottom of the binding pock€tAs are ubiquitous present

in all animals anglants as well as bacteria adivided irt o-, Y b an dfamilies:

UCAs are mainly present in vertebrates, also in plants, algae and some bacteria
(Chegwidden and Carter 2000; Kerry and James 20BQAs mainly in leaves of

pl ants in eubacter i a;CAsamamnly & eam@haea mdl ssne me
eubact eCAsain diatords(Supuran and Scozzafava 200With a molecular
weight between 280 kDa CAs catalyze the reversible hydration of Q@ hydrogen

cabonate:

+

H,O + CO, H + HCO, "

The 16 dGAfisbfermsedescribed so far in mammals, includiagno sapias,

are involved in pH and C{homeostasis, respiration and transport ob/BiGarbonate
between metabolizing tissues and lungs, electrolyte secretion in a variety of
tissues/ogans, biosynthetic reactions (e.g. gluconeogenesis, lipogenesis and
ureagenesis), bone resorption, calcification, tumorigenicity, and many ihesses
(Maestrelli, Mura et al. 2002; Supuran, Scozzafava et0832Stiti, Cecchi et al. 2008;
Supuran 2008; Winum, Rami et al. 2008)

The most prominent CAsoenzyme, thearbonic anhydrasé (CA Il) is located in
many organs showing a very hightalytic efficacy With a transformation rate of 48
CA Il belongs to the fastest enzymes known so(knalifah 1971) The direction of the
reaction ispH dependent. At a pH above €O, is hydrated to hydrogen carbonate;
below 7 the baciardsreaction occur¢Silverman, Tu et al. 1976At a pH between 7

and 9 the enzyme shows the highest activity.
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Introduction Carbonic Anhydrase Il

2.2 Structure of CA Il

2.2.1 Folding of CA Il
The ellipsoidl enzymeCA Il exhibitsthe size ofapproximately55 x 44 x 39 A. 260

amino acids participate in the primary structureG& II. Determiningthe tertiary
structure Liljas et al. showed that the protein exists of only one dorftdifas, Kannan
et al. 1972) The protein is divided by a 1@ld betasheet, which is the predominant
secondary elemenfFigure 2.1). Besdes two parallel strands the besheet is

antiparallel.

Figure 2.1: Tertiary structure of human carbonic anhydrasell (U-helices ; loopg). The

active site ZA" ion (greysphere) izoordinated by three histidine residues

It has been shown via structuteterminatiorthat here are no disulfide bridges present.
Furthermore, allysine residues are located at the surface of the enzyme which are in
close contact to the side chains of the neighboring molecules. Within the folding pattern

of CA 1l, there are two clusters formbgl aromatic residues. The first cluster consists of

four aromatic amino acidgrp5, Trp7, Trpl6 and Phe20. The other one is forimed

eight residues Phe66, Phe70, Phe93, Phe95, Phel76, Phel79, Phe226 and Trp97. The
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Introduction Carbonic Anhydradl|

latter cluster is also presentdarboric anhydrase and partially incarbonic anhydrase
Il (Eriksson, Jones et al. 1988)

2.2.2 Active Site of CA Il

The active siteof CA Il is amphiphilic Without a boundligand the binding pockets

filled by a network of water moleculeshich providesdirect contactto the solvent
surroundingpf CA Il. At the bottom of the 15 A deep binding pocket the catalytic active

Zn** ion is coordinated by three histidine residues. His94 and His96 coordinate with the
NUAtom, whereasHis119 uses itsNU-Atom to interact withthe metal ion. Via these

primary histidine residuesZhi s connected to four addition
forms a hydrogeondtoth e oxygen at om oafdist&tenop27 A( 00 1)
ike wi s e Hi2pswititBe cqrboxyl side chain oflGu 117 (0U2) at a
27A. Furthermore, Hs 96 ( NU1l) i s i the badkomseeoxygeo oft a ¢t
Asn244 via an kbond (28 A) (Figure 2.2) (Christianson and Fierke 1996) water

molecule, most probablypresentas OH ion, completes as fourth ligand the
coordination geometry at the Znion forming a distorted tetrahedrdilverman and

Lindskog 1988; Merz and Banci 199A further water molecule, the so called "deep

water", is located in the conically shapeidding pocket. This wateis displaced by

CO, during the catalytic reactiofFigure2.2) (Eriksson, Jones et al. 1988)

Thr199 adopts a fundamental role in the catalytic mechanism stabilizing thbatmd
hydroxide ion via Hoonding. Additionally, it forms @ H-bond to the substrate GO
(Figure2.2 andFigure2.33). The substrate binding pocket is shaped by Val121, Val143
and Val207 as well as Trp209, Thr200, Glu106, Thra@@ His119 Considering the
entire amphiphilicbinding pocket the amino acids can be divided into two groups
according to their hydrophilic and hydrophobic properties. The hydrophpuyicon
consists of lle91, Valdl, Phel3l, Vall35, Leul4l, V43, LeuB8, Pro202 and
Leu204. The hydrophilic amino acids in the binding pocket are: Tyr7, Asn62, His64,
Asn67, GIn92, His94, His96, Glul06, Glull7, His119, Thrl199 and Th(E@fure
2.3b). The active site Zf ion can beeplaced by a variety of metal ions. Only the' Co
containing protein shows a comparable activity as tH& &myme (approx50%). Cu,
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Introduction Carbonic Anhydrase Il

Fe, Ni and Mn developnly minor or no activity while showing similar properties in

size, charge and pK/alue comparetb Zrf*,

- Asn244 Thr200
[N
2.8
N Glu10
N
A Y
\
His96

Glull7.%20

Hi5947 J

Figure 2.2  Substrate and acti\e sitewater in the binding pocket of CA Il (PDB-code: 2VVA). The
catalytic relevant residues are shown in stigkesentationgrotein:C, N, O; ligand: C, O); Zn?" ion as
grey sphee; active site watenoleculeasred sphere

Figure 2.3 Active site of CA Il. (a) Substrate and activsitewater in the binding pocket aEA Il
(PDB-code: 2VVA) The solvent accessiblaigace is shown in whiteZn?* is shown agyrey sphere;
water molecule aed sphereRelevant residues ar@lO, are showrin stick representatiorfprotein:C, N,
O; ligand: C, O). The binding pocket o€A Il can be divided into a hydrophobic (indicatedrbg line)
and a hydrophilic binding region (bldae). (b) Amphiphilic binding pocketof CA II; hydrophobic
amino acids red sticks; hydrophilic residues blue sticks
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Introduction Carbonic Anhydrase Il

2.3 Catalytic Mechanismof CA Il

During the catalytic mechanism the?Zipn plays the cenat role. Thempressiveturn-

over rate of CA Il is achieved bythe local vicinity of all participating reactants.
However, the actual mechanism is controversially discussed in lite(&ilverman and
Lindskog 1988 Hakansson, Carlsson et al. 1992; Kiefer and Fierke 1994; Jackman,
Merz et al. 1996) The transient catalytic process cannot be investigateX-bgy
diffraction techniquesThe mechanism proposed by Lindskog was proven by extensive
mutagenesis and QM/MMcalculations(Figure 2.4) (Behravan, Jonsson et al. 1990;
Alexander, Nair et al. 1991; Nair and Christianson 1991b; Nair and Christianson 1991a;
Kiefer, Krebs et al. 1993rebs and Fierke 1993; Nair and Christianson 1993; Lindskog
1997; Merz and Banci 1997; Toba, Colombo et al. 1999)

Glu106
a b o
Ho _H W P His119 \j/\
o 4 I HN——: o
|2+ = 7 2+ k \ '
His~Z"\""His 1 His~ <"\ "IHis SN

i H Thr199
\ \ , \
His His His96 — : 0

HCO_ CO HNVNNNZI’]2+ H H,N\
/ el /
3 2 B RPN '
H o) ¢ 2”/ N." © ! Leu198
2 0
0 /4 \
[l His94 ) Icl;
ﬁ C H i Val143
3 H [l (0]
H _ .~ ~ -
~o" "% ) o /OD N val121
YR [, </ \ HN—)\
HIS,Zn "'”HiS HIS,ZI’](UIHiS out N ™ N ]
His His H n hydrophobic
pocket
His64

Figure 2.4  (a) Catalytic mechanismand (b) orientation within the binding pocket of CA Il. The

Zn*" ion facilitates the deprotonation of thetige site water (1). The emergitydroxide ion performs a
nucleophilic attack towards the G@nolecule that is fixed by an-Hond to Thr199 and lipophilic
interactions to Leul98Vall43 and Vall21 (2)HCO; is formed next to the zZrf* ion (3). The
hydrogencarbonate ion is replaced by another water molecule and released into the solvent (4). The
regeneration of the hydroxide ion at thé*Zon is mediated by a proton transfer wieo additional water
molecules and the histidine 64 residue (1). The function of this "proton shuttle" is dependent on two
conformations tlat His64 can adopt (imand outpositions)

The residues that are important for the catalytic mechanism are ogpditmghilic side
(Thr199, Glu106 and His§4nd on the hydrophobic sigeall21, Vall43, Leul98 and
Trp209. The hydrophobic residues form a pocket which allows, GOthe "deep

! QM/MM: Quantum Mechanical and Moleculaekhanical
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Introduction Carbonic Anhydrase Il

water", respectively, to bind. The high catalytic rate is among others explaynthe
fact that after desolvation, G@s only loosely bound whil¢he interaction to the NH
group of Thr199 is formed by the GBICO; intermediate. Weak polar interactions to
the Zrf* ion help orienting the COmolecule within the binding pocket. Tledy, the
Zn** bound OH™ ion is not replaced by €®ICO;  is formed upn nucleophilic attack
of OH towards the immobilized CQ@ Furthermore, it is proposed that Thr199
functions as a kind of "doorkeeper" allowing only those anions to bind to the attive si
Zn** ion, which are able to form an-bbnd to the side chain oxygen of Thr199
(Christianson and Fierke 199@)he distinct Hbond acceptor functionality of Thr199 is
induced by a strong #ond of its hydroxyl proton to GlulO@erz 1991) Different
mutations of Th199 have shown a stabilizing effect on the HC@r**-complex
thereby inhibiting the fast dissociation of HEQto leavethe binding pocket. This
dissociation process is assumed to be thedstermining step. An additional water
molecule binding to th&n?* ion pushes the hydrogesrbonate out of the active site

and after deprotonatiahtakes part in the next catalytic cycle of hydrating,CO

Mediated bytwo water molecules the residue His64 functions as a "proton shuttle"
transporting the proton to eéhsurrounding buffesolution Crystal structure analysis at
pH values of 5.7, 6.5, 8.5 and 9.5 revealed a pH depetrdesttionin conformatioml
statesof His64 (Nair and Christianson 1991b; Nair and Christianson 19H&64
clearly rotates away from the binding pocket at a pH of 5.7. Furthermore, mutational
studies exchanging His64 by diversaiao acids demonstrated that histidine is the best
catalyst for the transformation of G@ HCQ; since it regenerates the active’Zn
OH form and shows thiewestpH dependencylLindskog 197). The karvalues are

pH dependenas shown bymodifying the buffer medium(Silverman and Lindskog
1988) At a pH value close to 8 the Lys@#utant shows a five times decreased
efficiency compared to the wild type while the Gludditant is inactive. In contrast at
pH 6 he Lys64mutant isinefficientandthe Glu64dmutant seems to k#2-3 times more

effective proton shuttlevith respecto the Hs64 form (Engstrand, Forsman et al. 1992)
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Introduction Carbonic Anhydrase Il

2.4 Carbonic Anhydrase I nhibitors

2.4.1 Anionic Inhibitors
Anions suchas HS , CN , NCO , N, HSGQ , I andHCOO developn general

only weak inhibition ofCA Il by coordinating to the active Zhion. There are three
possibilities for the coordinatioto the metal: Displacement dhe catalyticwater
moleculeforming a tetrahedral geoetry, or occupatiorof the fifth coordinationsite
thusforming a distorted trigonal pyramidal geometryequilibriumbetween both states

is observed

Anions that provide @roton to coordinate to th@H group of Thr199 (HS , HSD)
displace the metal coordinatingvater molecule without affectingcoordination
geometry. The Zii coordination remains tetrahedral mpH rangeof 5.7 to 8.0
(Lindskog 1997) Upon displacemenbf the "deep water", HSO forms an additional
H-bond to the NHgroup of Thr199.

Most proton free anionic inhibitorshangeonly slightly the position of the Zfibound
water molecule and do not affect thebdnd to Thr19. Anionssuchas nitrate bind in
the vicinity of the metapushng the water molecule aside. Theym an Hbond to the
NH-group of Thr199. Furthermoraitrate occupiesthe fifth coordinationsite at the

Zn** ion forming a distorted trigonal pyramidatstture(Mangani and Kansson 1992)

2.4.2 Inhibitors of the Proton Shuttle

CU?* ions and Hg" ions develop an extraordinary inhibition mechanism. These
coordinate to the imidazole nitrogen of His@#ereby prohibiting its function as a
proton shuttleWith respect taCA Il at pH7.3 anICso of 0.5 uM was determinedor
CU?* binding

2.4.3 Hydroxamate Inhibitors

For thecompoundsacetohydroxamic acid and trifluorohydroxamic acid they Malues
againstCA Il were measured (Kg(CHsCONHOH) = 47uM; IC5¢ (CRsCONHOH) =
3.8 uM) (Scolnick, Clenents et al. 1997)Crystal structure analysis & CA 1l 1
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acetohydroxamic acid complex reveals a binding mode analibge binding geometry
known from sulfonamide inhibitors. The carbonyl oxygen of the hydroxamic acid forms
an Hbond to the NHgroup of Thr199 (Figure 2.5). The hydroxyl oxygen of Thr199
operatesas an Hbond acceptor towards the hydrogen of the hydroxamic hydroxyl
group. Furthermore, the hydrogatom of the Thr1990H-group forms an Hbond to
Glul06. The deprotonated nitrogen of the hydroxamic acid is tetralyedoairdinated

to the ZA" ion. By introducing suitable substituents this classCéf Il inhibitors
achievesnhibition in the nanomolar rand8cozzafava, Banciu et al. 2000)
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Figure 2.5 Binding mode of acetohydroxamic acid within the binding pocket of CA II. (a) in
schematicrepresentation(b) Crystal structure(PDB-Code: 2AM6). The solvent accessible surface is
shown in white Relevant amino acids arttie ligand are shownstick representatior{protein: C, N, O;
ligand: , N, 0). Zn?* is shown agyrey sphereHydrophobic residues are indicated i red line and
hydrophilic residues btheblueline.

2.4.4 Sulfonamidelnhibitors

Sulfonamides show a highly conserved interaction pattern to CAs. The aitbwater
molecule and the "deep water" are displaced and the sulfonamide group coordinates
with its deprotonateditrogen to the Zfi ion (Figure2.6). Theremaininghydrogen of

the NHgroup functions as a donor forming anbbnd tothe side chain oxygen of
Thr199. The first oxygen of the sulfonamide moiety acts as an acdeptang an
H-bond to the hydrogen of the main chain nitrogen of Thr199, while the second oxygen
is in weak contact to the Zhion. The affinity of the sulfonamide &rongly modulated

by the additional substituents connected to the sulfonamide.
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Due to he binding mode of sulfonamides the substitution at the nitrogen of the primary,
terminal sulfonamide group mostly leads to the loss of inhibitory potefKiabs
1948) Hence it is astonishing that Saccharin develops inhibiticanag CAs. In
contrast to commosulfonamideCA-inhibitors,in the latter compounthe sulfonamide
moiety is endocyclic and neighbored lay carbonyl group. Thereby a sulfimide is

formed decreasing the gialue for the NHgroup to 1.5.
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Figure 2.6 Binding mode of dorzolamide within the binding pocket of CA II. (a) Schematic
representatioiib) Crystal structure (PDECode: 1CIL) The solvent accessible surface is shown in white.
Relevant amino ads andthe igand are showim stick representatiorfprotein:C, N, O; ligand: _, N, O,

). Zn** is shown aggrey sphereHydrophobic residues are indicated the red line and hydrophilic
residues byheblueline.

2.4.5 Therapeutically Applied Carbonic Anhydraselnhibitors

For over 40 yearscetazolamidgFigure 2.7) was applied as diuretic drug. However,
since 1997 it imo longerapproved for this indication. Inhibiting tlearbonic anhydrase

in the kidneys,acetazolamide decreasdahe resorption of HC and consequently
increasesdiuresis (Maren 1967) Classic CAinhibitors 1-4 are also applied in the
therapy of glaucoma. However, the systematic iegpbn of these unselective
CA-inhibitors does nosimply affect CAs in the eye. Also CAs in the kidney, the liver,
the gastrointestinal tract, the pancreas and the brain are inhibited. This leads to
undesired side effects such as anorexia, fatigue, depressions, renal calculi,
gastrointestinal disorder drmetabolic acidosi@Maren 1967; Supuran and Scozzafava
2000) To preventthese side effectdppically administeredsulfonamides thaéndow

only a local effect in the eyes were developed in the B0d(zolamic, Trusopt® and
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6, brinzolamide, Azopt®). These novel CAnhibitors showsufficient water solubility
and adequate lgphilic properties tcstill pass the corne@Maren 1995; Supuran and
Scozzafava 2000Y he classic CAnhibitors 1-4 are not appropriate for the topical use
since the concentrations reached at theyetartissues are not sufficient. These
compoundsshow either rather lipophilic or hydrophilic properties. Next to the therapy
of glaucoma,acetazolamidel is also applied in the therapy of different forms of
epilepsy, of cerebral oedema and of andk@rson, Roach et al. 1982; Reiss and Oles
1996; Carrion, Hertzog et al. 200M ethazolamide?, topiramaé 7 and zonisamide3

are likewise used as anticonvuls@dbdgson, Shankt al. 2000; Masereel, Rolin et al.
2001; Supuran and Scozzafava 2002)
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Figure 2.7 Therapeutically applied CA inhibitors. 1 acetazolamide,2 methazolamide, 3
ethoxzolamide4 dichlorphenamideb dorzolamide6 brinzolamide,7 topiramate8 zonisamide.
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3 Cloning, Expression,Purification and Crystallization of CA Il and
CA Il Mutants

3.1 Introductory Remarks

Cloning of theCA Il gene was performeduringa four week stay in the group ofd®r
Pastorekova,Institute of Virology - Slovak Academy of Sciences (Bratislava)
Subsequently, the expression system was optimized for high protein yields abour |
Up to 30 mg pure protein can be achievedlof expression culture. SHeirected

mutagenesis allowsreation of desired mutants.

3.2 Cloning and M utagenesis

Cloning of CA Il gene: The gene coding fo€A Il was amplified by PCR frona
construct generoust provided by the group of PastorekovE2.@.1.) applying the
primers Xhol®A2a and EcoRICA2sT@able 12.4). The PCRfragment and the plasmid
pPpGEX-4T1 (GE Healthcare) wereach incubated with the restriction enzymes Xhol and
EcoRI to create the sticky ends for ligatioh22.1.3. After ligation (12.2.1.3 the
plasmid was transformethto E.coli XL-2Blue (Table 125) competent cells and
incubated for plasmid multiplicatiorl2.2.1.5. A sequencing experiment showed that
the sequence was identical the original copy Appendix 13.3. For high gene
expression the plasmid was transformed igtgoli BL21 CodonPlus cellsT@ble
125;12.2.1.5.

Creation of CA Il mutants: All CA Il mutantswere made by t&-directed mutagenesis
using theexpression vector containing the wilgpe CA Il coding regionwith the
primer listed inTable3.1 and inTable124(12.2.1.4. The point mutations were made
using the QuikChangdl Kit for sitedirected mutagenesis. The mutations were
introduced focusing on different objectiveBable 3.1). The mutantCA [I-W5C, CA
[1-G63C,CA 11-H64C, CA [I-W5C-H64C andCA II-W5C-H64M were created in the
context ofin situ click chemistry to evaluate their affinity towards Cu ions monitored by
protein crystallography. In rder to perform tethering and tetherg-assisted

aziddalkyne cycloaddition experiments the muta®A [I-H64C was created. In
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addition several other mutations were introduced into the active site replacing amino

acids that are relevant for the bindingygital CA 1l inhibitors.

Table 3.1
CAIl mutants.?

Objective of constructs and primers used for cloning ofCA Il -WT and creation of

Mutant Applied Plasmid Primer Objective

WT pGEX-4T1 EcoRICA2s/XholCA2a  Cloning of CA Il
W5C pPGEx4T1-CAl CA2WS5C s/a 2+3C?

G63C pGEX-4T1-CAll CA2G64C s/a 2+3 C.

H64C pGEX-4T1-CAll CA2H64C flrev 2+3 C.
W5C-H64C pGEX-4T1-CA 1I-W5C CA2H64C flrev 2+3C./Tethering
W5C-H64M pGEX-4T1-CA II-W5C CA2H64M flrev 2+3 C.
WS5C-H64CGHI96E  pGEX-4T1-CA II-W5C-H64C CA2H96E f/rev 2+3 C.
W5C-H64CGHI96K  pGEX-4T1-CA II-W5C-H64C CA2H96K f/rev 2+3 C.
W5C-H64CGE106L pGEX-4T1-CA II-W5C-H64C CA2E106L f/rev 2+3 C.
W5C-H64CG-T198V pGEX-4T1-CA I1-W5C-H64C CA2T198V flrev 2+3 C.
H64G-H96K pGEX-4T1-CA II-H64C CA2H96K flrev 2+3C./Tethering
H64CGH96E pPGEX-4T1-CA 11-H64C CA2H96E f/rev 2+3C./Tethering
H64GE106L pPGEX-4T1-CA 11-H64C CA2E106L f/rev 2+3C./Tethering
H64GT198V pGEX-4T1-CA II-H64C CA2T198V flrev 2+3C./Tethering

% Plasmids haveazh been transformddto XI2-blue and BL21Codon plus Cells. The strains are nhamed: bacteriahstraar

gene; double and triple mutations were introduced in the equivalent single or double mutant.

¥ 2+3 C.= 2+3 Cycloaddition
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3.3 Expression andPurification

Gene expession CA Il andCA Il mutants were expressed and purified according to
the GlutathioneS-Transferase GST) gene fusion system handbook (Amersham
Biosciences) with the followingdjusted protocolA first 100 ml culture was incubated

in the presence of0D pg/ml amp and 34 pg/ml cam overnight at°87 10 ml of this
solution was used to inoculate a 1000 ml expression culture with 100 pg/ml amp.
Expression of theCA 1l glutathioneS-transferasefusion protein was induced at an
optical density at 600 nm (QR) of 0.60.8 with 2 mM IPTG, and incubation was
continued for 4 h at 32C.

Lysis: Cells were harvested by centrifugation at 5,88® for 15 min at 4°C. The cell

pellet was resuspended with 100 ml PBS bufféable 12.3), which contained a
proteasenhibitor cocktail tabletand approximately 100 mg bfsozyme After chilling

for 30 min on ice, the cells were lysed by ultrasonic sonication using a Branson Sonifier
250, applying 7 cycles of 2 min witluty cyck set to 70 and output control to 4. This
solution was centrifuged at 20,000m for 45 min at 4°C and filtered (0.45 uM) to

separate the soluble fractions from the insoluble material.

Protein purification: The flowrate along all purification steps wasljusted to a
maximum pressure of 0.25 MPa. The sample was appliedHd’i@p GSTPrep FF
16/10column (GE Healthcare) at a flesate of 1 ml/min to ensure that all the fusion
protein which shows very low binding kineticbjnds to thesepharoseHigure 3.1).
Afterwards the column was washed with 10 colewoiumes of PBS buffer at a flow
rate of 3ml/min. For cleaving the GSTag 500 I.U. ofthrombin (from Beriplast, CSL
Behring) were added with 1 ml/min and thelaon was slightly shaken for 20 hours at
room temperaturéfter incubation, thearget proteirwas eluted from the colummith
appoximately three colunmwolumes of PBS at a flowate of 1 ml/min. The elution
volume was mixed with the same volume of 10M riris-HCI pH 7.4, 1 M NacCl
buffer. This mixture was purified over liTrap Benzamidine column (Amersham
Bioscience)o separate the thrombin froBA II. As a final purification step, the probe

was applied on a HiLoad 26/60 Superdex2@ exclusion colum(GE Healthcare) to
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purify the target enzyme from any last impurity and change the buffer to 50 mM Tris
pH 7.8. To monitor the different purification steps, the probes were controll&DBy
PAGE (Figure3.2) (Laemmli 1970)

The final purification of 1 | expression culture yielded approxima8&lyng CA Il.
Finally the GSTPrep column was washed with reduced gluthathigffier to elute the
GST-tag from the column and check for falirombin cleavage. The pfied enzyme

was concentrated using Vivaspin2@W: 10 kDg columns to a final concentration of

10 mg/ml, which was used for crystallization experiments. For further measurements
the enzyme was diluted to tihequiredconcentration using a 58M Tris-HCI pH 7.8

buffer.
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Figure 3.1  Elution profile of CA Il and CA Il mutant purification. The samples were applied on
the column (first peak). After purification with 10 column volumes of buffer 500 |.Wthadmbin were
added and the columndubated for 2Bours. Thrombin cleaveSA Il from the GSTtag which is eluted
after incubation (second peak). Finally adding a reduced gluthathidfer, the GSTag can be eluted
from the column (third peak).

Figure 3.2 SDSgel Fractions of CA Il expressionM: Marker (68kDa, 45kDa, 36kDa, 29kDa,
24kDa, 20kDa 14kDa, 6.5kDa); 1: before induction; 2: after induction; 3: after lysis; 4: flidwough
upon sample application; & fractions 33 upon elution of the targetotein 8: cleavage of the GSTag
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3.4 Crystallization

The CA 1I-WT crystals were grown using the sitting drop vapor diffusion method at
18°C by mixing 5pl of the protein solution (~1éng/ml) with 5pl of a well solution
(2.75M (NH,4)2S0O,, 0.3 M NacCl, 0.15 mMp-chloromercurybenzoicacid 0.1 M Tris

HCI pH 7.8). After a few days the crystallization drops were seeded with a seeding
solution from oldCA 1l crystals. Crystals appeared withiri ¥ weeks in space group

P2, and took up to 6 months to reach their maximuee.sComplex structures were
obtained by cocrystallization of trenzyme with thecompoundsat concentrations of

1 mM or soakingin 3 M (NH4)2SOy, 50 mM TrispH 7.8 + 0.5- 1 mM inhibitor. For
cryoprotectioncrystals were briefly soaked in mother liquontaining 5% glycerol

(Acros organics).

Since we have introduced certain cysteine residuése surface afA II, which could
possiblybe coordinated by the mercury, we applied for these mutants the following
crystallizationconditions 2.75M (NH4),SO4, 0.1 mM TrispH 7.8. As the mercury
provides an exceeded crystal growth, the merfay crystallization of these mutants
did not result irthe typical crystal sizeshowing the shape of flat plates. However, the
diffraction pattern showed still suffiai quality to collect irFhouse and synchrotron
data sets.
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4 Introduction of an Artificial Cu Binding Site at the Surface ofCA
Il : Pitfalls of Rational DesignFinally Scooped bySerendipity

4.1 Introductory Remarks

The following chapter has been prepareddubmission to a scientific journdlhe aim

of this study was the introduction of an artificial copper center at the surf4ea& tf

This metal ion shouldghow catalytic effect on enzyme bound azides and alkynes to
perform 2+3 cycloadditions. Protei@rystallography was mainly applied to evaluate
different mutants. Altogether approx. 100 datasets were collected in the context of this
project. Extensive protein mutagenesis, gene expression and crystallizgp@ments

have been performed.

4.2 Introducti on

Carbonic ahydrase lis a zinc metalloenzyme that catalyzes the reversible hydration of
carbon dioxide to bicarbonate. It is involved in a variety of physiological processes
(Alberty and Hammes 1958}t the bottom of the 15 A deep active siteGA I the
catalytically relevant #* ion is coordinated by H&, His96 and His19. During the
catalytic reaction also Hil plays an important role by shuffling protons from the
binding pocket to the surface and vice ve(Sdeiner, Jonsson et al. 1979he
preference of this residue to recognize and interatht positively charged species
could be demonstrated by a recent crystallographic study in our groupCéf &
inhibitor complex that revealed the density for a metal ion coordinating to ti6g &lis

the rim of the binding pocke(s. also Chapter6). According to the applied
crystallization conditions it was identified as & Zion.

Already previously, it has been demonstrated that this residue is capable to experience
the coordination of metal ionSilverman et alobservedhat Ci#* ions inhibit human

CA 1l through binding to a site remote from the active site zinc ion. Even though
lacking crystallographic information they concluded thatabgper ions bind tightly to

His64 since the ion inhibits the catalytic mechanisnthaut affecting the equilibrium

rate of CQ hydration (Tu, Wynns et al. 1981)Evidence for this hypothesis was
provided later by a crystal structure 6fA Il in complex with C&" (Figure 4.1)
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(Hakansson, Wehnert et al. 1994part from replacing the active site zinc ion, a
second Cti ion is coordinating to H& and Higl at a distance of approximately 285

each. The refinement revealed only partial occupation of the metal ion at this site.
Obviously, occupancy is influenced by the applied pH conditions since the histidine
residue need® be deprotonated for copper coordination. Apart frorfi Gaiso HG" is

able to occupy this sitehile being coordinated by Hig, Asp62 and a water molecule
(Eriksson, Kylsten et al. 1988)

(]
RN 1
. 26 AN
His64
o i &;
£
/ "\w ‘h ®
], J
£ \
{ \
- -

Figure 41 Crystal structure of carbonic anhydrase Il in complex with C.#* (PDB-Code: 1RZC).

The solvent accessible surface of the proteigjigesentedh white. Relevant amino acids are shown in
stick representation @, N, O). The coper ions are shown as brown sphefBse active Zf" ion is
replaced by Ctf while a second copper ion is coordinated by Himtd His4.

Stimulated by these observations we were interested to transform this apparently weak
secondary metal ion regnition ste into a solid copgr binding site. Introduction of a

Cu center at the surface GA 11 could establish new catalytic opportunities sincé iSu

able to catalyze a variety of chemical reactions, among these the 2+3 cyatwadfliti

an azide with an alkyn The reaction results in the formation of a triazole. In previous
studies based on cocrystallization and soaking experiments witbrGIuf* solutions

we were not able to reliably achieve full metal ion population at this binding site. The
accommodateanetal ion showed only weak coordination and partial occupation. In
order to generate a firm catalytic site we decided to design by appropriate introduction

of novel residues an artificial Cu center in the proximity ofodiand Trb.

Different approachesere successfully employed in literature for the design of artificial

metal ion centers in the binding pocket of proteins. Schwarz et al. have shown that the
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introduction of histidyl residues at the antagomisiding site of the human NK
receptor graduly converts it into a higtaffinity metal ion binding sit€Elling, Nielsen

et al. 1995) This procedure could be used as a general tool in structural and functional
characterization dhelix-helix interactions in Groteincoupled receptors. Furthermore,

by sitedirected mutagenesis single amino acids or even entire turns were exchanged or
introduced into the target protgjRegan and Clarke 199Rjemba, Gardner et al. 1995;
Pinto, Hellinga et al. 1997; Shields and Franklin 2004; Toyama, Sasaki et al. 2006)
However, considering the small size ©A |l it appears rather intractable to correctly
predict the impact of such dramatic changes on prétéding simultaneously keeping

the characteristics of this enzyme by replacing entire loops or inserting larger peptide
chains. Therefore, we decided to apply a strategy based on rational design concepts. It
appeared most promising to us to virtualljpgahe coordination geometry found in

other copper coordinating proteins across to our case.

We selected the copper centers found in two -wmdiwn biological systems. As our

first model reference servedthesam | | ed fitype | 0 copmgpeer site
proteins. These enzymes are involved in electron transfer, as they are capable to host the
Cu ion in both oxidation states. In azurin, a prominent example, the copper is
coordinated by two histidines and one cysteine residue twifbnal planargeometry
exhibiting two additional weakly interacting groups in axial posit{&gure 4.2)
(Karlsson, Nordling et al. 1991)The additionally coordinating lamds can take
important impact on the formation of the Cu center. They can stabilize certain oxidation
states of the metal ion. In consequence, the redox potential of enzymes with such
centers is dependent on the actual composition of the coordinatingdiga Webb et

al. 2004) Hellinga, Caradonna and Richards tried to introduce such a copper center into
the binding site of thioredoxin frorkscherichia coliby exchanging particular amino

acids according to a computated prediction (Hellinga, Caradonna etl.a1991,
Hellinga and Richards 1991Following the computationally suggested slteected
mutagenesis into the fold of the target enzyme they were actually able to constitute a
copper binding site at the anticipated place. However, the introducedialrtif*

center showed a coordination pattern deviating from the original design as they found

two histidines and two additional carbonyl groups form the binding site to chelate the
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metal ion. The especially introduced cysteine residues do not particightemetal ion
coordination. These results demonstrate that computational approaches are a good
starting point and provide valuable suggestions; however, they hardly reflect all the
impact amino acid mutations will develop on a highly functional bickigsystem. The

study suggests that a stepwise approach asgdaim our case is perhaps a bit more
conservative but provides higher conceptional flexibility since information gained upon

a single mutation can be considered in subsequent steps of tietign.

Figure 4.2  Crystal structure of Azurin (PDB-Code: 2CCW). His48, His117 and Cys11Z, N, O,

) form a trigonalplanar conformation coordinating the copper ion (brown sphere). Gly45 and a Met121
arelocated in axial positions influencing the oxidation state of the ion.
As the second reference system for our modeling considerations we selected the human
metallochaperone HAH1, a small soluble protein, which deliversi@hs to a target
enzyme. HAH1 arries a Cirion at its surfacéKlomp, Lin et al. 1997; Pufahl, Singer

et al. 1997; Jordan, Natale et al. 2000; O'Halloran and Culotta 2000; Puig and Thiele
2002) This ion is coordinated by two cysteine residaiea distance of 2.2 A each and a
chelating angle of 152.5Figure4.3). Both cysteines are located at the transition of a
loop to anUhelix and they are separated by two amino acids ¥&@&y13-Gly14-
Cyslh). In solution the copper ion appears to be coordinated by these two cysteine
residues as the stoichiometry of the formed complex could be examined by EXAFS and

isothermal titration calorimetry (ITC) while in the crystalline state two protein
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monomers coordinate the ion via four cysteine resiqRedle, Lutsenko et al. 2003;
Wernimont, Yatsunyk et al. 2004According to the latter structurdlata it appears
reasonable that the introduction of two cysteine residues in similar fashio@Antb

could allow creation of a coppeenter in the target protein. Considering the mobility of
amino acids at protein surfaces we can assume a certaiiilityg>of the introduced
residues that might assist adaptation to form the correct conformation required for metal
coordination. In contrast, too pronounced residual flexibility could instead be
detrimental for efficient coordination and possibly thedess will escape the planned

metal chelation.

152.5

Figure 4.3 Crystal structure of Human metallochaperone HAH1 (PDBCode: 1TL4). The copper

ion (brown sphere) is coordinated by Cys12 and Cy§19, O, -). Bothcysteines are located at the
transition ofa | o o p-helixand aresep&fated by two amino acids.

Here, we present the introduction of an iteratively designed artificial Cu ion binding site
at the surface ofA II. We created different mutants desidreecording to the above
mentioned reference systems that actually show such centers. Following a stepwise
approach, different mutants were subsequently created according to literature and the
crystal structures obtained with our mutants. Our initial nriat were not yet
competent to bind copper ions. Upon further mutations we finally obtained a copper
center on the enzyme’s surface. Crystal structure analysis shows also in our case that the
actually obtained coordination pattern deviates from the aatemjpone: a square planar
geometry is formed by three nitrogen and one oxygen atom, whereas participation of the
especially introduced cysteine residues is not observed. An azide group, which has been
covalently tethered to C@4 via a disulfide linker, obiously assists the copper center to

form.

41



Introduction of an Artificial Cu Binding Site at the Surface of CA Il: Pitfalls of Rational Design Finally
Scooped by Serendipity

4.3 Results

In order to create an artificial metal ion binding site certain amino acids at the surface of
CA 1l were exchanged. We started with single amino acid mutations, crystallized the
mutatedprotein and usethe obtained structural insights to plan our subsequent design.
The enzyme was recombinantly produced, purified and either cocrystallized or after
crystallization soaked with a Cor CUf* metal ion solution, the applied concentrations
ranged from 100 uMa 5 mM. The obtained geometry was characterized by protein
crystallography, which enables a detailed analysis of the coordination properties of a
potentially created metal binding site.

Design of mutants: As a first step, which amino acid mutations@A Il could be
competent to create the required geomefigire 4.4 shows the crystal structure of
native CA Il (PDB-code: 3D92) Our selected target residue 64ds located at the rim

of the binding pocket typically agéing two conformations important for proton
shuffling. The Nterminus ofCA Il (green loop) adopts a conformation in the spatial
vicinity of this residue. It ideally exhibits some mobility that could be favorable to assist
formation of the required metain coordination geometry. In type | copper centers two
histidine and one cysteine residue establish a trigonal planar Cu coordination site. As
cysteine residues are not only present in thii@dding site but also involved in that of

our second referenge@otein we attempted introduction of such a residue as initial step.
Spatially close to His64CA Il exhibits two additional histidine residues, His3 and His4
(Figure4.4c,d). Exchanging one of these residues by #vered cysteine should allow
copper coordination. Furthermore, His10, also in the flexible part of tteyminus,

could be ideally located for coordination. Apart from the residues desired to form a
trigonal planar coordination geometry, M40 is found n a position to potentially
interact as a coordination partner with a putative metal site. However, its accessibility
will depend on the orientation of P2&0 which occupies the space betweeng4iand
Met240. Finally, we decided to select THpas a firstcandidate for cysteine introduction.
Thereby Hi$4, His3 and Higl could experience rearrangements of théeininus to
adopt a geometry competent for metal coordination.
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Figure 4.4  Crystal structure of carbonic anhydrasell. (a) Overview ofcarbonic anhydrasi. The

solvent accessible surfacetbe protein is representéad white in(a) and(b) (C, N, O, ©). (b) The area

for Cucenter introduction in surface peesentation from a close up viege) The aea for Cucenter
introduction in stickrepresentation. The backbowé the flexible Nterminus is representduly agreen
cartoon, of the Cys64 regidry ablue cartoon(d) (c) rotated by 90°.

Similar considerations propose exchange obHlisy a cysteingesidue. Such mutation
would reduce the distance of the anticipated copper center to the binding poClket of

Il. This center was planned to host possible reagents for further chemical reactions
involving the newly created copper center. Considering timaam metallochaperone
HAH1 the described double cysteine mutant, exchanging4Has well as Trp was

alsoplanned as a designed mutant.
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Structural investigation of CA Il -W5C: The W5C mutation was performed and its

crystal structure shows Cy$o be rotaéd away from Hig4 (Figure4.5).

Figure 4.5 Crystal structure of CA Il and CA Il -W5C. (a) Crystal structure o€A II. The area for
Cu-center introduction is shown irtick representation(C, N, O, ©). The backbonef the flexible N
terminus is representdsy a green cartoon, of the His64 regiby ablue cartoa. (b) Crystal structure of

CA II-W5C (C, N, O, ©). The 2R 1 F. map for the mutated amino acid is displayedl a | e v e | of
blue mesh(c) (b) rotated by 90°. Cys5 is located at a distance of 3.2 A to Asp19. A rotamer of Cys5
experiences distance of 5.1 A to His64d) Crystal structure o€A II-W5C after Cu soaking in cartoon
representation. The fierminusexperiences high mobility whidls indicatedby weak or missing ettron
density. The residues that are missing after the copper soaking are shown in red

The sulfur atom is oriented towards Asp19 with a distance of 3.2 A. The geometry of
His3 cannot be dermined as no difference electron density is observed for this residue.
Similarly, the preceding two amino acids experience very high flexibility and can

therefore also not be defined in crystal structures. The m@ani-W5C suggests a
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spatial arrangeent of the involved amino acid which seems capable to form the desired
copper center. Aossiblerotamer of CyS§ would experiences a distance of 5.1 A to
His64. The residual mobility of the f&rminus could assist formation of the
coordination site. A trignatplanar coordination with two histidine and one cysteine
residue known fromPseudomonas aeruginosazurin seems therefore achievable
(Karlsson, Nordling et al. 1991jowever, after soakindits mutant with Ctiand C&*
solutions (10 mM) binding of Cu ions ©A II-W5C was not observed. Moreover, the
crystal structure does not show any density for theerishinal residuesHigure 4.5d).

The amino acid4 to 19 are disordered and seem to adopt multiple conformations. The
weakly defined electron density prohibits any identification of single amino acid

conformations.

Structural investigation of CA Il -W5C-H64C: Taking HAH1 as a reference, the N
terminal fleibility suggests introduction of a second cysteine mutation within this area
of the protein. Therefore, Hig was exchanged as the next stéjg(re 4.6a). The
crystal structure o€A 11-W5C-H64C reveals extensiveonformational changes at the
protein surface Kigure 4.6b, PDB-code: 3M1W. The Nterminus is shifted towards
Cys4 as a disulfide bond is formed between Egnd Cy$4. This disulfide bond is
apparently fully estaidhed as it is indicated by a very well resolved electron density.
The amino acids Hisand His3 experience high mobility as they are not visible in the
diffraction pattern. Residues Tyrdnd the following ones are not affected by this

mobility and adopt @aonformation commonly found in many structures.

From HAHL1 it is known that the two cysteine residues coordinate the copper ion
forming an angle of 152.5°. The observed terminal mobility ofGAell-W5C mutant
provides the necessary prerequisite to accodate Cu with reasonable affinity. Both
cysteines should be able to arrange in the required manner. In order to verify this
assumption the disulfide bond was reduced ptior Cu soaking. In previous
thermostability measurements we were able to determiee TGEP and DTT
concentration required for the disulfide reduction. In such an assay, the enzyme is
gradually heated until denaturation of the protein is indicated. Shifts in the "melting"
temperature correlate with enzyme stabilitiie experiment showedidt in case of CA
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[I-W5C-H64C 1.5 mM TCEP and 5 mM DTT are sufficient to reduce the disulfide bond
(data not shown). The protocol to grow protein crystals involves several steps starting
with protein expression, purification and concentration to finalgtadlization. In each

step disulfide bond reduction and copper center constitution were tested, separately.

Cys 5

His 64

Cys5

2€b-Fcat (i level 1.0 e a \é

Figure 4.6  Crystal structure of CA Il -W5C and CA Il -W5C-H64C. (a) Crystalstructure of CA II-
WH5C. The area for Ceenter introduction is shown in sticgpresentatior{C, N, O, ©). The backbone of
the flexible Nterminus is representdaly a green cartoon, of the His64 regitwy a blue cartoon(b)
Crystal structure o€A 11-W5C-H64C (, N, O, =) supeimposed withCA II-W5C (C, N, O, ). The 2k
i F. map for the mutated amino acids is displayed@ | ev e | of 1.0 as blue mesh.
bond is indicated by an arro\c) b rotated by 90°(d) Crystal structure o€A 11-W5C-H64C (C, N, O,
) after disulfide bond reduction superimposed with the closed forml(O, =) andCA 1I-W5C (C, N,
O, 5). The Nterminus readopts the original orientati¢ae) (d) rotated by 90°C, N, O, ). A rotamer of
Cys5 is located at a distance of 6.1 A to Cys64.

Each thus treated protein charge was crystallized and tested for Cu center formation by
X-ray crystadlography.None of the produced crystalline samples showed the desired

formation of the copper center. As the crystallization process of tbAsi mutants
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