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Abstrakt:

Lidské karbonické anhydrasy jsou zinkové metaloenzymy hrajici klicovou roli v fadé
fyziologickych a patofyziologickych procesti. CA IX je transmembranovy isoenzym
asociovan s fadou lidskych nadort. Vysledky exprese, purifikace a krystalizace CA IX
spolu se studiem struktury isoenzymu CAIl vkomplexu snovou tiidou
nizkomolekulérnich inhibitort jsou prezentovany. Déle strukturni studie Fab fragmentu
monoklonalni protilatky M75 a jeho komplexu s epitopovym peptidem nachéazejicim se

v unikatni "proteoglycan-like" doméné CA IX jsou predmétem této prace.

Kli¢ova slova: nadory, karbonickd anhydrasa, inhibitory karbonickych anhydras,

krystalova struktura Fab, rozpoznavani antigenu protilatkou

Abstract:

Human carbonic anhydrases are zinc metalloenzymes playing a key role in several
physiological and pathophysiological processes. CAIX is a tumor associated
transmembrane isozyme representing a valuable therapeutic target. Results concerning
expression, purification, and crystallization of CA IX as well as structural studies of
CA Il in complex with novel class of small molecular inhibitors are presented.
Furthermore, structural studies of Fab fragment of monoclonal antibody M75 and its
complex with epitope peptide derived from unique proteoglycan-like domain of CA IX

are part of this work.

Keywords: cancer, carbonic anhydrase, carbonic anhydrase inhibitors, Fab crystal

structure, antigen-antibody recognition
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1 Introduction

1 INTRODUCTION

Carbonic anhydrases (CA, EC 4.2.1.1) are ubiquitous metalloenzymes
catalyzing reversible hydration of carbon dioxide. Human CAs belong to the a-class of
carbonic anhydrases, containing zinc ion in their active site. To date, fifteen human CA
isozymes, displaying differences in activity, subcellular localization, and tissue
expression profiles have been identified. They play key role in intracellular and
extracellular pH homeostasis, in transport of CO, and bicarbonate in respiration, and in
several biochemical pathways where either CO, or bicarbonate is required
(Krishnamurthy et al., 2008): bone resorption, production of gastric acid, renal

acidification, and lipogenesis representing just a few examples.

Some of the human isozymes are established diagnostic and therapeutic targets.
Several carbonic anhydrase inhibitors (CAls) are clinically used as anti-glaucoma drugs,

anti-convulsants, and anti-obesity agents (Mincione et al., 2007, Supuran, 2007).

Human CA IX isozyme, discovered by team led by Dr. Jan Zavada (Pastorekova
et al., 1992), is a special member of the family. Under normal conditions, its
physiological expression is limited to a very narrow range of tissues. However, this
membrane-bound isozyme is highly overexpressed on the cell surface of a variety of
solid malignant tumors derived from kidney, cervix, uteri, colon, lung, oesophagus and
breast (Zavada et al., 1993). Interesting feature of this isozyme is the presence of N-
terminal proteoglycan-like (PG) domain preceding the catalytic CA domain (Opavsky et
al., 1996). The overexpression of CA IX is induced by hypoxia, thus CA IX is used as a
marker of tumor hypoxia and also as a prognostic factor for several human cancers
(Tunuguntla & Jorda, 2008). For these reasons, CA IX serves as a valuable target for

diagnostics and became a target for antitumor therapy (Winum et al., 2008).

Due to the presence of the unique PG domain, human CA IX lends itself to a
two-pronged “attack”, one arm targeting the PG moiety and the other the active site at
the catalytic domain CA. First, the inhibition of the enzymatic activity, crucial for
hypoxic tumor growth and progression (Poulsen, 2010) was studied. Structure based
drug design requires detailed structural analysis of the active site, so that small
molecular inhibitors, that would specifically inhibit the CA IX isozyme, can be

designed, with minimal effect on other members of the CA family. The prerequisite for



1 Introduction

these studies was a sufficient supply of recombinant CA IX protein of crystallization
grade. Results concerning expression, purification and crystallization trials of various
CA IX constructs are presented. Complementary to these efforts were structural studies
of CA II, abundant, physiologically important and easily available isozyme, which was
chosen as a representative model of other family members. The obtained structures of
hCA 11, free and complexed with a novel class of inhibitors based on isoquinoline
scaffold, allowed discerning the fine details of the inhibitor binding mode to the active

site, thus providing clues for design of inhibitors selective for CA IX.

As for the PG domain, an excellent tool for diagnostics and possibly targeted
therapy is a specific mouse monoclonal antibody M75 (Zavada et al., 2000). This
antibody recognizes a linear epitope GDEELP localized in the PG domain of CA IX.
Crystal structure of M75 Fab fragment complexed with this epitope peptide was
determined in the present work with the aim to better understand the antibody-antigen
interactions and to obtain structural information that would help in future attempts to

humanize the antibody and/or its recombinant fragments.

Overall, the results of this work significantly improve our understanding of
antigen-antibody recognition as well as structure of human CA isozymes, and should
lead to improved design of both macromolecular (single chain Fv antibody fragments)
as well as small molecular compounds selective for clinically important CAs, namely

the tumor associated isozyme CA IX.
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2 CURRENT STATE OF THE RESEARCH FIELD

The first carbonic anhydrase (CA, EC 4.2.1.1) was described nearly 80 years ago
(Meldrum & Roughton, 1933a) as an enzyme present in erythrocytes, which catalyzes

the reversible hydration of carbon dioxide:
CO,;+H,0 2 HCO; +H*

Later, it was shown that carbonic anhydrases are nearly ubiquitous enzymes, with

different classes identified in nearly all types of organisms from prokaryotes to humans.

2.1 Carbonic anhydrases in nature

Since the discovery of carbonic anhydrase in erythrocytes in 1933, several
mammalian isozymes have been characterized and, for a long time, they have
dominated carbonic anhydrase research. As concerns plants, since about 1940s it is
known that carbonic anhydrase plays a crucial role in CO, fixation (Bradfield, 1947).
As demonstrated by comparison of amino acid sequences and crystal structures, the
mammalian and plant enzymes have evolved independently and have been designated
the a- and B-class, respectively. In 1994, an independently evolved y-class was reported
(Alber & Ferry, 1994). This is an archean class of ancient origin; having evolved
between 3.0 to 4.5 billion years ago (preceding evolution of a-class by more than 200 —
300 million years) (Smith ef al., 1999, Hewett-Emmett & Tashian, 1996, Jiang &
Gupta, 1999). Finally, two other CAs belonging to new 6 and ( classes were isolated

from marine diatoms and characterized recently (Park et al., 2007).

Despite significant sequence and structural differences, all known CAs are
metalloenzymes performing the same function, and vast majority contain a catalytic
zinc ion in their active site. Thus carbonic anhydrase was repeatedly invented in nature,
and the various CAs serve as an excellent example of convergent evolution (Smith &

Ferry, 2000).

10



2 Current State of the Research Field

2.1.1 The a-class

The a-class is the best characterized group with 15 isozymes identified in
mammals. In comparison to the other two major classes (B and v), relatively few
members of this class have been identified in prokaryotes. Several of the human
isozymes from the a-class family are implicated in various disease states, as will be
discussed further; and the treatment frequently involves application of sulfonamide

based carbonic anhydrase inhibitors.

Figure 1 Three-dimensional structure of a-class of carbonic anhydrase.

Ribbon representation of human isozyme CAII. The active site Zn’" ion (shown as a red sphere) is
coordinated by three histidine residues. The figure was prepared using the structure deposited in PDB
under the accession code 4CA2 (Alexander et al., 1991) and program PyMOL (DeLano, 2002).

11
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The active site of o-class of CAs contains a catalytic Zn>" ion coordinated by
three histidines. Three-dimensional structure of human isozyme CA 1I, a representative
member of the a-class of CAs, is depicted in Figure 1. Water molecule in form of
hydroxide ion serves as the fourth ligand in a distorted tetrahedral geometry. The active
site is located at the base of a cone-shaped depression with one wall dominated by

hydrophobic and the other by hydrophilic residues (Krishnamurthy ez al., 2008).

Biochemical and biophysical properties of the most studied human members
CAT1 and CA I were summarized recently in a review by Prof. Whitesides group
(Krishnamurthy ef al., 2008). The reversible hydration of CO, to bicarbonate is
catalyzed in a two-step “ping-pong” mechanism (Lindskog & Silverman, 2000).

Schematic representation of this mechanism is shown in Figure 2.

Hydrophobic pocket

Val 121
Val 143
Leu 198 0

- H\+ // +

OH -HCO;, OH,

| +CO, | 0 +H,0 |

Zn“\ —_— Zn* —_— Zn%* — Zn*

i 94/\ His 119 -~ hi 94/ \\His1‘|9 ~ 7 \\His119 ~ / \\His119
7% Hisoe 7% Hisos HiS9%  is o6 His9% i 06

| ? Base | T

Base:H*

Figure 2 Schematic representation of CO, hydration by a-CAs.

The active site Zn’" is coordinated to three histidine residues and H,O molecule. This water molecule is
deprotonated to generate strongly basic hydroxide anion, which is the reactive species in the hydration of
CO, converting it to HCO5. The hypothesized hydrophobic pocket in human isozyme CA Il for the
binding of substrates is shown schematically with CO, molecule. Figure adapted partly from Supuran et

al., 2004 and Poulsen, 2010.

In the first step, the Zn*" bound OH™ group performs nucleophilic attack on CO,
resulting in formation of bicarbonate. Its release from the metal is mediated by
displacement with a water molecule. In the second step, a proton is transferred from the
Zn*" bound water to the buffers in the solvent and the Zn®" bound hydroxide is

regenerated. The shuttling of proton via a series of intramolecular and intermolecular

12
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proton transfer steps appears to be the rate limiting step in the catalysis (Silverman &
Lindskog, 1988). Residue His64 seems to play a key role in this process, mutations of
this residue to Ala cause the catalytic activity drop to 6 — 12 % of the native enzyme

values (Tu et al., 1989).

The catalytic efficiency of carbonic anhydrases is generally very high, in fact,
their catalytic turnovers are among the highest known (ke in the range of 10° s™) and
the second order rate constants are reaching diffusion controlled limit (ke,/Ky in the
range of 10® M's™). Kinetic constants for various CA isozymes as well as some other
highly efficient enzymes are listed in Table 1. Data were adapted from Krishnamurthy
et al., 2008.

Table 1 Steady-state kinetic constants for selected a-class CAs and other highly-efficient enzymes

Data adapted from Krishnamurthy et al., 2008.

Enzyme Source Keat [s'I] Keat/ Km [M'ls'l]
CA1 human 2 %10 5 x10
CA Il human 14 x10° 15 x10’
CA 111 human 0.1 x10° 0.03x 10’
CA 111 bovine 0.064 x 10° 0.04 x 10’
CAIV human 11 x 10° 5 x10
CA IV murine 11 x 10° 3.2 %10’
CA VA murine 3 x10° 3 %10’
CA VB human 95 x10° 9.8 x 10’
CA VI human 34 x10° 49 x 10’
CA VI rat 0.7 x10° 1.6 x 10’
CA VII murine 94 x10° 7.6 %10
CA IX human 3.8 x10° 55 x 10’
CA XII human 4 %10 7.4 %10’
CA XIII murine 0.83 x10° 43 x 10’
CA XIV human 3.12 x10° 3.9 x 10’
acetylcholinesterase eel electric-organ 0.14 x 10’ 16 %10’
catalase human 55 x10° 0.7 x 10’
catalase horse liver 380 x 10 3.5 x 107
B-lactamase human 0.02 x10° 10 x10’
superoxide dismutase human 0.04 x 10’ 800 x 10’
triosephosphate isomerase  human 0.043 x 10° 24 %10’

13



2 Current State of the Research Field

In 2008, Hilvo et al. have shown that under appropriate conditions (namely
ZnCl, concentration) the catalytic activity of some constructs of the human CA IX can
increase to the highest level (kea/Km = 3.4 % 10° M'ls'l) ever measured for a CA
isozyme (Hilvo et al., 2008).

2.1.2 The B-class

As mentioned above, -carbonic anhydrases (B-CAs) were originally discovered
in plants (Neish, 1939) as constituents of plant leaf chloroplasts. It was nearly five
decades later, when they were recognized as evolutionary and structurally distinct form
of CAs, thus assigned the B-designation (Rowlett, 2010). Since 1990s, B-class CAs were
isolated from a variety of photosynthetic organisms, but also from eubacteria, yeast and
Archea species (Smith et al,, 1999). For many organisms, -CAs are essential for
growth at atmospheric concentration of CO,. Distribution of this enzyme among
phylogenetically and physiologically diverse prokaryotes indicates an important role of

this enzyme in nature (Tripp et al., 2001).

The first structure of P-CA enzyme has been published rather recently
(Mitsuhashi et al., 2000) in comparison to the a-class, e.g. structure of hCA II from
1972 (Liljas et al., 1972). From the structural point of view, all B-CAs share a unique
a/P fold which is not found in any other proteins (Rowlett, 2010). In contrast to other
two classes, members of B-CAs form dimers which can further associate into tetramers,
hexamers, and octamers. The members of the a-class enzymes are almost strictly
monomers (with some exceptions) and y-class enzymes form trimers. Figure 3 shows
ribbon diagram of the fundamental dimer of B-CA from red algea Porfiridium
purpureum (PDB ID 1DDZ). In addition to the differences in secondary structures, j3-
class crystal structures show that zinc is coordinated by two conserved cysteines and
one conserved histidine (Mitsuhashi ef al., 2000, Kimber & Pai, 2000, Strop et al.,
2001).

14
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Figure 3 Three-dimensional structure of a -class carbonic anhydrase.

Ribbon representation of carbonic anhydrase from algea Porfiridium purpureum with active site Zn’"
ions colored in red and individual monomeric subunits of the dimer colored in blue and yellow. The
figure was prepared using the structure deposited in PDB under accession code 1DDZ (Mitsuhashi et al.,
2000), and program PyMOL (DeLano, 2002).

2.1.3 The ancient y-class

Another independently evolved CA class is the y-class, first reported in 1994
(Alber & Ferry, 1994). According to phylogenetic analysis, this class has probably
evolved 3.0 to 4.5 billion years ago (Smith et al., 1999), preceding the evolution of a-
class at 200-300 million years ago (Hewett-Emmett & Tashian, 1996, Jiang & Gupta,
1999).

The first y-class enzyme to be characterized was “Cam” from the archaeon
Methanosarcina thermophila (Alber & Ferry, 1994). Later, homologues of y-class of
CAs were found in various species from all three domains of life as reviewed in (Ferry,
2010). The structure of Cam from the archea domain is a homotrimer, the monomers of

which adopt a left-handed parallel B-helical fold (Kisker et al., 1996), see Figure 4. The

15
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three active site metals are coordinated by histidines from adjacent monomers. In case
of Cam, the enzyme is the most effective with a physiologically relevant Fe*", however
it can function with zinc as well as some other transition metals, like cobalt (Alber et
al., 1999). The protein used for structure determination by (Kisker et al., 1996) was a

product of heterologous expression in E. coli and contained zinc in its active site.

Figure 4 Three-dimensional structure of y-class CA.

Ribbon representation of CA from Methanosarcina thermophila with active site zinc ions shown as red
spheres and individual monomeric subunits colored in yellow, green and blue (on the left: top view, right:
tilted/side view). The figure was prepared using the structure deposited in PDB under accession code

1THJ (Kisker et al., 1996) and program PyMOL (DeLano, 2002).

2.1.4 Other classes (6 and )

Recently, two new significantly different classes of CAs were discovered. Only
one member from each of these 6 and { classes was characterized so far, both were
isolated from marine diatoms (Park et al, 2007). Carbonic anhydrase from
Thalassiosira weissflogii, the sequence and preliminary characterization of which was
published in (Lane et al., 2005), is a member of the { class, and contains cadmium in its

active site, hence it was named CDCA1 (cadmium containing carbonic anhydrase 1).

16



2 Current State of the Research Field

The concentration of zinc in ocean is so low that it limits the growth of phytoplankton
like diatoms, which is the likely reason for CDCA1 utilizing cadmium in absence of

zinc. Before this discovery, cadmium was considered only contaminating heavy metal

in environment.

To summarize, carbonic anhydrases are expressed in nearly all types of
organisms, and they form a group of repeatedly invented enzymes, which further

demonstrates their physiological importance in nature.

17



2 Current State of the Research Field

2.2 Human carbonic anhydrases

Recent carbonic anhydrase research is undergoing rapid progress mainly in the
biomedical area. The majority of over two thousand papers published in the CA field in
the last five years discuss CA role as diagnostic and prognostic markers or CAs as
therapy targets (reviewed in Pastorekova, 2009). Up to date, fifteen isozymes of human
CA have been described. These isozymes can be divided according to various criteria,
such as tissue distribution, expression level, catalytic activity and subcellular

localization. List of catalytically active isozymes is given in Table 2.

Table 2 List of human catalytically active CA isozymes

Values of kinetic and inhibitory constants are from (Hilvo et al., 2008).

Isozyme Molecular Subcellular Typical tissue Keat [s_1] Keat/Km K (acetazolamide)
mass [kDa] localization localization M!s™) [nM]

CAl 29 cytosol Erythrocytes, 2.0 x 10° 5.0 x 10 250
GI tract

CAIl 29 cytosol widely distributed 1.4 x 10° 1.5%10° 12

CAIII 29 cytosol Type I muscle 1.3 x 10* 2.5x% 10° 240 000

CAIV 35 extracellular Gl tract, kidney, 1.1 % 10° 5.1 %10 74

GPI-anchored  endothelium

CAVA 347 mitochondria  liver 2.9 x10° 2.9 x 107 63

CA VB 36.4 mitochondria  widely distributed 9.5 x 10° 9.8 x 10’ 54

CA VI 39-42 secreted saliva and milk 3.4 x10° 4.9 % 10’ 11

CA VII 29 cytosol widely distributed 9.5 x 10° 8.3 x 107 25

CA IX 54,58 transmembrane normal GI tract, 3.8x10° 5510 16
several cancers

CA XII 44 transmembrane kidney, certain 42 %10° 3.5% 107 5.7
cancers

CA XIII 29 cytosol widely distributed 1.5x10° 1.1x 10 16

CA XIV 54 transmembrane kidney, heart, 3.1x10° 3.9 x 10’ 41

skeletal muscle,

brain

As documented in Table 2 and Figure 5, the twelve catalytically active human

isozymes can be divided according to their subcellular localization to: cytoplasmic
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(CA L, II, III, VII, XIII), mitochondrial (CA VA and CA VB), secreted (CA VI), and
finally membrane associated isozymes with their catalytically active domain localized
in the extracellular region (CA IV, CA IX, CA XII, and CA XIV). The remaining three
(CAVII, CAX, and CA XI) are catalytically inactive cytoplasmic isoforms with
unknown physiological function (Chegwidden et al., 2000, Supuran et al., 2003), they

are sometimes referred to CARPs (carbonic anhydrase related proteins).

Some of these isozymes are wide-spread among many different types of cells
(CA II serving as a good example), while others are restricted to few tissues (CA I, 111,

VA, VI, VII, IX) (Pastorekova & Zavada, 2004).

Combination of these different properties creates a diversity allowing each
isoform to fulfill a unique role in a specific physiological context (Pastorekova &

Zavada, 2004).

CA activity

CAXIV

. . cytoplasm

Figure S Enzymatic activity, subcellular localization and domain composition of human CAs.

CA IX is the only carbonic anhydrase with an N-terminal proteoglycan-like sequence, engaged in cell-to-

cell adhesion. Figure was adapted from Pastorekova & Zavada, 2004.
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2.3 Physiological role of human carbonic anhydrases

In addition to their role in CO; and bicarbonate transport in respiration, reported
by Meldrum and Roughton in 1933 (Meldrum & Roughton, 1933b), human CA
isozymes are involved in a broad range of physiological processes including pH
homeostasis, ion transport, bone resorption, production of gastric acid, renal
acidification, and lipogenesis (Sly & Hu, 1995). They are involved in various
biochemical pathways where CO; or bicarbonate is required, such as gluconeogenesis,
synthesis of certain amino acids (via pyruvate carboxylase), lipogenesis (via acetyl-CoA
carboxylase), ureagenesis (via carbamoyl phosphate synthetase I), and others

(Chegwidden et al., 2000, Sly & Hu, 1995).

Several diseases are implicated to result from loss or deregulation of activity of
certain isozymes, including glaucoma, osteopetrosis, oedema from heart and renal
failure, neurological and neuromuscular disorders (Pastorekova et al., 2004). However,
despite many efforts, no consistent link to cancer had been found before the discovery

of CA IX (Pastorekova et al., 1992).

2.4 CAs as therapeutic targets

The clinical modulation of CA activity with small molecule inhibitors has been
utilized in antiglaucoma, anticonvulsant and antiepileptic, antihypertensive, antithyroid,
and hypoglycemic treatment regimes for several decades (Thiry et al., 2007, Supuran,
2008, Poulsen, 2010). At least 25 clinically used drugs possess significant CA inhibitory
properties (Supuran, 2008). Most of these drugs (e.g. acetazolamide, dorzolamide,
brinzolamide) are small organic molecules with sulfonamide moiety, serving as

carbonic anhydrase inhibitors (CAls).

Of the fifteen isozymes, at least two-thirds (e.g. CA II, IV, V, VA, VB, VII, IX,
XII, XIII, and XIV) constitute valid targets of development of novel anticancer
(Pastorekova et al., 2007, Thiry et al., 2008, Poulsen, 2010), anti-obesity (Supuran et
al., 2008), antiglaucoma, and anticonvulsant drugs (Supuran et al., 2003, Thiry et al.,

2007). However, due to the diffuse localization of CAs in many tissues and organs,
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there is a need for development of highly selective and potent inhibitory compounds
against specific isoforms (Gitto et al., 2010). This strategy should lead to compounds

without side-effects and improved therapeutic safety.

2.5 Carbonic anhydrase IX as a novel cancer therapy target

Human CA IX isozyme (initially named MN) was discovered in 1992
(Pastorekova et al., 1992) using monoclonal antibody M75. This protein is a peculiar
member of the human CA family. Under normal conditions, this membrane associated
CA isoform is expressed on the surface of very limited number of tissues, namely in the
gastric mucosa (Liao et al., 1994) and in rapidly proliferating cells of small intestine
(Saarnio et al., 1998). On the other hand, this enzyme is ectopically overexpressed on
the cell surface of a large number of solid tumors arising from originally CA IX

negative tissues.

Solid tumors generally suffer from poor vasculature and hypoxia, which in turn
leads to the activation of hypoxia-inducible factor (HIF) (Brahimi-Horn & Pouyssegur,
2009). Human CA IX tumor-related expression is determined by strong activation of
CA9 gene transcription induced by HIF-1, which binds to hypoxia responsive element
(HRE) localized in the CA9 promoter (Wykoff et al., 2000). The in vivo expression
pattern of CA IX clearly mirrors the distribution of hypoxic areas (Pastorekova &
Zavada, 2004). Furthermore, CA IX overexpression is often associated with poor

responsiveness to classical chemotherapy and radiotherapy.

Recent evidence strongly implicates that extracellular membrane bound CAs,
namely CA IX and to some extent also CA XII are key regulatory molecules for
countering acidosis during hypoxia (Chiche et al., 2009, Swietach et al., 2009, Poulsen,
2010). Elevated metabolism in tumor cells leads to increased acid production in
comparison to healthy cells (Brahimi-Horn & Pouyssegur, 2009, Chiche et al., 2009,
Swietach et al., 2007). It is known from a number of studies that tumor cells maintain
normal intracellular pH; and that they have evolved several mechanisms for expelling
acids into the extracellular environment, thus contributing to lowering extracellular pH,

(Swietach et al., 2007), which in turn favors tumor invasive behavior and development
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(Martinez-Zaguilan et al., 1996). Acidic extracellular milieu induces production of
growth factors, induces genomic instability, perturbs cell-cell adhesion and facilitates
tumor spread and metastasis (Stubbs et al., 2000, Pastorekova & Zavada, 2004). In
addition to lactic acid, the cell-generated CO,; is also responsible for rapid removal of
acid equivalents from tumor cells (Swietach et al., 2008, Swietach et al., 2009, Chiche
et al., 2009). Provided that there is a sufficient outward gradient, the cell derived CO,
can freely diffuse across the cellular membrane to the extracellular space, where in
poorly vascularized hypoxic tumor tissue it is hydrated to HCO;™ and H" by CA IX
(and/or CA XII) (Swietach et al., 2009, Poulsen, 2010). A schematic representation
demonstrating the prosurvival role of carbonic anhydrases in hypoxic tumors through
maintaining normal intracellular pH (pHi) is shown in Figure 6. As a net effect, the
CA IX/XII trap the acid extracellularly, thus lower the pH. and maintain normal pH;
with HCOj5™ recycled back to the cell.

Normoxia Hypoxia
-20% O, -0.1-5% O,
- nil CA IX and XIl - HIF activated over expression of CA IX and XII
- healthy cell - cancerous cell
CO, + H,0 == HCO, + H*
pH, ~ 7.4 pH,~ 6.9

pH;~7.2 pH;~ 7.2

"
™~

Metabolism

Figure 6 Prosurvival role of carbonic anhydrases IX and XII in hypoxic tumors.
Membrane bound extracellular carbonic anhydrases CA IX and CA XII help tumor cells in maintaining

normal intracellular pH. Figure was adapted from Poulsen, 2010.
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2.5.1 Molecular properties of CA IX

The analysis of genomic structure of CA IX (Opavsky et al., 1996) revealed
another interesting feature of this tumor-associated CA isoform, which is the presence
of an extra proteoglycan-like sequence linked to the catalytic domain. The CA9 gene
codes for 459 amino acid (aa) multidomain protein with 37 aa long signal peptide (SP;
cleaved off during posttranslational processing) 75 aa long extracellular N-terminal
proteoglycan-like (PG) sequence (with similarity to keratan sulfate-binding domain of a
large proteoglycan aggrecan) followed by 302 aa long catalytic domain (CA) linked to
21 aa long helical transmembrane segment (TM) and 24 aa C-terminal intracellular tail
(IC). The schematic representation of CA IX domain arrangement is depicted in Figure

7.

1 37 112 414 435 459

Figure 7 Schematic representation of CA IX domain composition.
The N-terminal proteoglycan-like (PG) sequence is unique for CA IX isozyme, it is followed by carbonic
anhydrase catalytic domain (CA), short transmembrane segment (TM) and intracellular tail (IC).

The catalytic domain of CA IX displays significant sequence similarity with
other human extracellular CAs, namely with recently discovered membrane associated
isozyme CA XIV (Hilvo et al., 2007) (sequence identity 42 %), secreted isozyme
CA VI (sequence identity 39 %), and another membrane associated isozyme CA XII

(also 39 % sequence identity).

To summarize, human CAs are studied in relationship to several human
disorders including glaucoma, epilepsy, obesity, and finally most attention is paid to the
relationship of CAs to cancer (Pastorekova & Zavada, 2004). A significant shift from
early descriptive studies on distribution of CAs in various tissues towards correlation
and functional studies (Pastorekova & Zavada, 2004) elucidating the roles and
regulation of CAs in different physiological and pathophysiological situations is
apparent (Pastorekova, 2009).
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3 AIMS OF THE THESIS

The presented work is a part of an ongoing project focusing on study of human carbonic
anhydrase isozymes and their role in human physiology and pathophysiology. The study
of CA IX as a cancer related isozyme of the CA family started shortly after its discovery
by Dr. Jan Zavada and his co-workers and is still in progress. Development of novel
compounds with high inhibitory potency and selectivity to human CA isozymes, namely
to CA IX represents an attractive strategy to obtain pharmacological tools, while

avoiding possible side effects and improving therapeutic safety.

The aims of this thesis follow two lines of studies focused on (1) obtaining
structural information on CA isozymes which would be utilizable in structure-based

drug design and (2) understanding the recognition of CA IX by specific antibodies.

To obtain structural information for structure-based drug design, following specific

aims were proposed:

e Production of recombinant CA IX in E. coli or eukaryotic expression system.
Development of purification protocol to obtain active CA IX in amount and

quality suitable for crystallization trials and enzymatic activity assay.

e Preparation and crystallization of complexes of selected small molecule
inhibitors with human carbonic anhydrase isozymes CA II and CA IX.
Diffraction measurements with crystals from successful crystallization trials.

Structure determination and analysis.

To understand the recognition of CA IX by a specific antibodies the following

specific aim was proposed:

e Determination of crystal structure of fragment of specific antibody recognizing

proteoglycan —like domain of CA IX by X-ray crystallography.
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4 MATERIAL AND METHODS

4.1 Molecular cloning — construction of CA IX expression

plasmids

Standard procedures of molecular cloning (plasmid DNA isolation, vector and
insert preparation, ligation of DNA fragments and bacterial transformation) as given in
Sambrook manual (Sambrook & Russell, 2001) were used. Reaction conditions for
digests with restriction endonucleases, ligation reaction, site-directed mutagenesis, PCR

etc. were according to instructions of enzyme and/or kit suppliers.

DNA coding for CA IX extracellular domains, PG+CA or CA, was obtained by
PCR using full-length ¢cDNA of CA IX as a template (kindly provided by Dr. Jan
Zavada) and suitable pairs of primers that introduced restriction sites into DNA

fragments, allowing insertion into expression vectors.

Typically, the PCR reaction mixture contained in total volume of 50 pl about
20 ng template DNA, suitable pair of primers (final concentration 0.4 uM each), dNTPs
(final concentration 0.2 mM), 5 ul 10 x concentrated PCR buffer (supplied by the
polymerase manufacturer), and 0.5 pl Pfu DNA polymerase (Fermentas, 2.5 U/ul). The
reaction began with initial denaturation step (94 °C for 3 min), followed by 30 — 35
amplification cycles (40 s at 94 °C, 1 min at 58 °C, 2 min at 72 °C), and ended with a
final extension step (7 min at 72 °C). The resulting PCR fragment was purified by
agarose gel electrophoresis (1 % w/v) and, after cloning into pUCI18 vector previously
opened with Smal, sequence verified (at the core facility of the Institute of
Microbiology, v.v.i., AS CR, Dr. J. Felsberg). The exact primer annealing temperature
was adjusted in each case according to the primer sequences and the length of extension

time according to the length of the amplified sequence.

In the course of this work, several constructs were prepared, first for bacterial
expression, cytoplasmic as well as periplasmic, then for expression in S2 insect cells.

The outline of their construction will be given below.
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4.1.1 Plasmids for bacterial expression

In the PCR reactions set up for obtaining the coding sequences PG+CA and CA,
the full-length CA IX cDNA in pBluescript as a template, and the following primers

were used:

Table 3 Oligonucleotide primers used in PCR amplification of PG+CA and CA sequences.

Incorporated restriction sites are underlined.

N-primer PG+CA 5’-AGGCCATATGGGGGAAGATGACCC
Ndel
N-primer CA 5’-GGATCATATGAGTCATTGGCGCTATGGA
Ndel
C-primer 5’-CTCGAATTCAGAAGGAGGCCTCAATCAC
(same for both fragments) EcoRI

N-primers introduced Ndel restriction site (CATATG, underlined), whereas C- primer
brought in the stop codon and EcoRI site (GAATTC, underlined).

The PCR products were cloned between the Ndel and EcoRI sites of the pET-
like vector pT7Q10, which contains inducible T7 promoter for heterologous expression,

and genes for lacl? repressor and ampicillin resistance.

For periplasmic expression, both CA IX coding sequences, PG+CA and CA,
were mutagenized to change their N-terminal Ndel sites to Ncol, and inserted as Ncol-
EcoRI fragments into pET-22b vector (Novagen). The QuickChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) was used for PG+CA insert with mutagenic

primers:

(5’-GATATAACCATGGGGGAAGAT) and
(5’- ATCTTCCCCCATGGTTATATC).
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For CA domain alone, PCR was performed using primers:

(5’-ATACCCATGGGTCATTGGCGCTATGGAG) and
(5’-CTCGAATTCAGAAGGAGGCCTCAATCAC).

Restriction sites for Ncol (CCATGG) and EcoRI (GAATTC) are underlined in

primer sequences.

PG-CA insert was also cloned as Ndel-EcoRI fragment into the vector pT7Q10

coding for N-terminal (His)e tag (this vector was available in the laboratory).
4.1.2 Plasmids for expression in Drosophila S2 cells

The expression vector pMT/BiP/V5-HisA (Invitrogen, kindly provided by Dr.
Sacha from Institute of Organic Chemistry and Biochemistry, v.v.i., AS CR) was first
modified (cut with Bglll, treated with Klenow polymerase to fill-in the ends, and
religated) to achieve a “+1” shift of the reading frame at the adjacent Ncol site required
for in-frame cloning of CA IX inserts. The Ncol-EcoRI fragments corresponding to
PG+CA and CA domains (see above, periplasmic expression) were then inserted into
this modified expression vector pMT/BiP/V5-HisA. The final constructs, designated
pPG-CA and pCA were used in the first series of expression experiments. These, as
well as the subfragments PG+CA and CA, also served as starting material for additional
constructs comprising various N- and C-terminal tags, mutagenesis of a glycosylation

signal within the CA domain (NQT to DQT), and others as detailed below.

4.1.2.1 Mutagenesis to remove glycosylation signal

The Asn residue in a triplet NQT was mutagenized to Asp using QuickChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA) with mutagenic primers:

NDU (5’- GGACTGTGTTTGACCAGACAGTGATG)

and NDL (5’- CATCACTGTCTGGTCAAACACAGTCC).

The Asp codon GAC in the sense oligonucleotide is underlined.
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4.1.2.2 N-terminal His-tag with TEV cleavage site and C-terminal

extension

The His+TEV fragment was assembled by PCR from four partly overlapping primers,
designated [1], [2], [3], [4] (see below) and the product (77bp, containing Hiss -
(GlySer); - TEV site - BspEI-EcoRV) was, following gel-purification and cutting with
BgllI and Xhol, cloned into the appropriately cut vector pMT/BiP/V5-HisA.

BglII 1 -> 2 -> BspEI XhoI
5’ ttaAGATCTCACCACCATCATCACCATGGCAGCGGCAGCGGCAGCGAGAACCTGTACTTCCAGTCCGGAgCcgGATATCaaCTCGAGgge 3
37 CCGTCGCCGTCGCCGTCGCTCTTGGACATGAAGGTC CcCTATAGttGAGCTCccg 5’
<- 3 <-4

The sequence was verified using the vector specific primer (MT forward). Into this
modified vector the PG+CA and CA inserts were cloned using BspEl and Xhol
restriction sites. The inserts were obtained by PCR using full-length CA IX ¢cDNA in
pBluescript as template and the following primers, which introduced the needed

restriction sites (underlined) BspEI and Xhol, and a stop codon upstream of Xhol site:

5’- GGCTCTTICCGGAGAAGATGACCCACTG for PG+CA N-terminus
5’- GAAGGGGATTICCGGAAGTCATTGGCGC for CA N-terminus

5’- AACCAGGGCCTCGAGTCAACCAGCAGCCAG for both inserts extended C-

termini

The final constructs, designated pHisTEV-PG-CA-ext and pHisTEV-CA-ext thus coded
for PG+CA and CA domains with His-tag and TEV cleavage site at the N-terminus, and
additional amino residues PAGVDSSPRAAEPVQLNSCLAAG at the C-terminus.
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4.1.2.3 N-terminal His-tag with TEV cleavage site without C-terminal

extension

To obtain expression plasmids for “original” CA domain (i.e. without C-extensions) but
with His-tag and TEV site, the above plasmid pHisTEV-CA-ext was used as a vector
for two EcoRV-Xbal inserts from plasmids coding for CA domain either with
glycosylation signal NQT or CA domain in which NQT was mutated to DQT. The
resultant plasmids coded for (non)glycosylated versions of “short” CA domain with

His-tag + TEV site at the N-terminus (pHisTEV-CA/D and pHisTEV-CA/N).

4.1.2.4 N-terminal Avi-tag with TEV cleavage site

Constructs in which the N-terminal His-tag was replaced by Avi-tag were prepared in
two steps. First, the sequence of Avi-tag + TEV was obtained by PCR using plasmid
pPMTBIPAViTEV (kindly provided by Dr. Sacha from Institute of Organic Chemistry
and Biochemistry, v.v.i., AS CR) as a template, and primers amplifying the region
upstream of Avi-tag (from Eagl site in the vector backbone), the tag+TEV and intro-
ducing BspEI site downstream of TEV site to facilitate insertion of the PCR product as
Eagl-BspEI fragment into the appropriately cut vector pHisTEV-CA/D in the second
step, yielding the plasmid pAviTEV-CA/D. The primers were as follows:

5’- CACTCGAATTTGGAGCCGGCCGGCGTGTGC (Eagl underlined)

5’- GGTCCGGAAGCTGCATTGGACTGGAAGTACAGGTTCTC (BspEI

underlined).

4.1.2.5 C-terminal Avi-tag

The C-terminal Avi-tag was introduced at the C-terminus of the CA domain using a

PCR technique SOE (Splicing by Overlap Extension):
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where PCR products [ac] and [bd], obtained in separate reactions, (and where primers b
and ¢ are complementary) were isolated and mixed for final PCR reaction with primers

a and d, yielding a fragment [ad].

The primers were as follows:

a (5°- CCGGTGGATATCCGCCCCCAGCTO);
b (5°- GAGGCCTCCTTCICCGGACTGAACGACATCTTCGAQG);
¢ (5°- GAAGATGTCGTTCAGTCCGGAGAAGGAGGCCTCAAT);

d (5°- CCCCGAATTCACTCGTGCCACTCGAT)

In this scheme, PCR [ac] amplified from pAviTEV-CA/D template the CA domain

starting at the EcoRV site (aa residue 166) to carboxy terminus AlaSerPhe and added
BspEI site (SerGly) and several amino acid residues of the avi-tag amino terminus. In
the PCR [bd] from the same template, pAviTEV-CA/D, primer d introduced a stop
codon and EcoRI site at the 3° end of Avi-tag, whereas the b primer, complementary to
¢, placed the last four C-terminal amino acid residues of the CA domain upstream of the
Avi-tag. The final PCR reaction [ad] then yielded a fragment where CA domain
(starting at the EcoRV site) is spliced with Avi-Tag at its C-terminus, allowing a
replacement of EcoRV-Xbal fragment in pPG-CA or pCA, resulting in pPG-CA/D-Avi
and p-CA/D-Avi.

By replacing Ncol-Blpl part in p-CA/D-Avi with inserts Ncol-Blpl from p-PG-CA or p-
CA, constructs coding for glycosylated versions, p-PG-CA/N-Avi (p947) and p-CA/N-

Avi were obtained.
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4.1.2.6 Mutagenesis Cys(41)Ser

Mutagenesis was performed on a pUC18-based plasmid carrying isolated CA/N domain
using a QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) with

mutagenic primers:
CSU (5’-GCCGCCTTCTCGCCGGCCCTG)
and CSL (5’-CAGGGCCGGCGAGAAGGCGGC).

The Ser codon TCG in the sense oligonucleotide CSU is underlined. The fragment
EcoRV-EcoRI containing the Cys(41)Ser mutation was then used to replace the wt
region of the construct pAviTEV-CA/D, yielding pAviTEV-CA(S41)/N.

4.1.2.7 CA domain (Ser41) extensions

The CA domain, Cys>Ser mutation notwithstanding, still differs from the one leading to
successful crystallization as described (Alterio et al., 2009). Therefore, N-terminal DQ
and C-terminal P residues were be added. First, a 406 bp Eagl-EcoRV fragment from
pAVITEV-CA(S41)/N was subcloned into pBluescript for site-directed mutagenesis, in
which SerGly preceding N-terminus of the CA domain was replaced by AspGln (in the
process, BspEI site was lost); after mutation, the fragment was returned to pAviTEV-

CA(S41)/N, yielding an intermediate pAviTEV-CA(DQ/S41)/N.

The mutagenic primers were:

DQU (5’-TCCAATGCAGCTGACCAAAGTCATTGGCGC) and

DQL (5’-GCGCCAATGACTTTGGTCAGCTGCATTGGA).

The AspGln codons GACCAA in the sense oligonucleotide DQU are underlined.

To add C-terminal Pro residue, the pUC18-based plasmid carrying CA(S41)/N domain
was used as a template for PCR, in which the region (~ 700bp) between EcoRV site and

C-terminus was amplified using primers:

NPRO (5’-CCGGTGGATATCCGCCCCCAGCTC) and
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CPRO (5’-GGTCTAGACTTAAGGGAAGGAGGCCTCAATC);

the CPRO primer introduced into the fragment C-terminal Pro residue, stop codon and
an Xbal site. Finally, the PCR product EcoRV-Xbal was used to replace EcoRV-Xbal
part of pAviTEV-CA(DQ/S41)/N, yielding a complete construct pAviTEV-
CA(DQ/S41/EASFP)/N.

4.2 Expression of CA IX constructs in E. coli

4.2.1 Bacterial media

Luria-Bertani (LB) medium (10 g/l Bacto Trypton (Difco, USA), 5 g/l yeast
extract (Difco, USA), 5 g/l sodium chloride, pH 7.4 (adjusted with Tris HCI))
(Sambrook & Russell, 2001) supplemented with appropriate antibiotics was used for

small-scale bacterial cultures.

Large-scale cultivations were grown in the same LB medium supplemented with

3 % glycerol.

2YT medium (16 g/l Bacto Trypton, 10 g/l yeast extract, 5 g/l sodium chloride)

was used in some pilot expression experiments.

LB agar plates contained LB medium, agar (Difco, USA) (15 g/l), appropriate

antibiotics and 1 % glucose.

Depending on the combination of bacterial host strain and used plasmid,
following concentrations of antibiotics were used: ampicillin (100 mg/l), kanamycin

(25 mg/1), tetracycline (15 mg/l), and chloramphenicol (50 mg/1)

4.2.2 Host strains

Escherichia coli DHS alpha: [F-, ®80dlacZAM15, endAl, recAl, hsdR17 (rk-
,mk+), supE44, thi-1, gyrA96, reldl, A (lacZYA-argF)UI169, \-] was used as the host

during the cloning procedure.
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Escherichia coli BL21 (DE3): ¥ ompT [lon] hsdSp (r3" mp’) an E. coli B strain
with DE3, a A prophage carrying the T7 RNA polymerase gene under inducible lacUV
promoter (Studier & Moffatt, 1986), was tested as the first host for expression of the

extracellular domains of CA IX.

Escherichia coli Origami B (DE3): F* ompT hsdSg (rg" mg’) gal dem lacYl
ahpC (DE3) gor522:: Tnl0 trxB (Kan®, Tet®) host strain is derived from a lacZY mutant
of BL21, that has mutations in both the thioredoxin reductase (#7xB) and glutathione
reductase (gor) genes. These mutations enhance disulfide bond formation in the
cytoplasm. The #xB and gor mutations are selectable on kanamycin and tetracycline,
respectively. This strain is suitable for use with plasmids carrying ampicillin resistance

marker bla.

Escherichia coli Rosetta-gami B (DE3): F~ ompT hsdSg (rg” mg") gal dem lacY]
ahpC (DE3) gor522::Tnl0 trxB pRARE (Cam®, Kan®, Tet"). This host strain is an
Origami B derivative that combines enhanced disulfide bond formation resulting from
trxB/gor mutations with enhanced expression of eukaryotic proteins that contain codons
rarely used in E. coli. The tRNA genes for AGG, AGA, AUA, CUA, CCC, GGA are
driven by their native promoters and are located on a chloramphenicol resistant plasmid.
The trxB and gor mutations are selectable on kanamycin and tetracycline, respectively.
Therefore, this strain is also suitable for use with plasmids carrying ampicillin resistance

marker bla.

4.2.3 Cultivation conditions

To achieve expression of CA IX in E. coli various cultivation conditions in combination
with above listed host strains were tested. Cultivation temperature, time, and

concentration of inducer were the main variables.

A culture of E. coli cells was transformed with expression plasmid and plated on
LB agar plates with appropriate antibiotics. Next day, the bacterial colonies were
washed from the plates using fresh LB medium containing appropriate antibiotics and
3 % glycerol (typically 2 x 5ml of medium were used for one plate). The optical

density of thus prepared inoculum was measured at 550 nm and the inoculum was used
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for setting up bacterial cultivation cultures in 500 ml media (for composition see section
4.2.1) at ODsson, starting approximately at 0.1 value. The cultivations were performed
in 2 1 Erlenmayer flasks on a rotary shaker Gallenkamp (250 rpm) at 37 °C. Growth of
the bacterial culture was monitored every hour by measuring optical density (OD) at
550 nm. When the ODssonm reached value between 1.0 and 1.3, the expression was
induced by adding ETG (ethylthiogalactoside) to a final concentration of 1 mM to the

culture.

After the induction, the bacterial culture was grown under the same conditions for
additional 3 hours. In some experiments the temperature of cultivation was lowered to
18 or 20 °C about 30 min before induction and kept at this level for the rest of
cultivation. Finally, the cells were harvested by centrifugation (5000 rpm, 15 min, 4°C,
Sorvall Instruments RC-3B, rotor H 400) and the cell paste was stored frozen at -25 °C.

4.3 Expression of CA IX constructs in S2 cells

Schneider S2 cells were used for eukaryotic heterologous expression of rCA IX
constructs. This cell line, derived from a primary culture of late stage (20-24 hours old)
Drosophila melanogaster embryos (Schneider, 1972), was supplied as a part of the

Drosophila Expression System (Invitrogen).
4.3.1 Insect cell cultivation

S2 cells were cultured in SF900II medium (Gibco, Rockville, MD, USA)
supplemented with 10% fetal bovine serum (FBS; Sigma) at 22-24°C without CO,. The
cells grew as a loose, semi-adherent monolayer in tissue culture flasks and in

suspension in spinner flasks.

4.3.2 Transfection of insect cells and stable cell line

generation

Schneider S2 cells were seeded in a 35-mm dish and grown until they reached a

density of 2-4 x 10° cells/ml. The cells were co-transfected with 19 pg of expression
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vector and 1 pg of a pCoBlast selection vector (Invitrogen) using a kit for calcium
phosphate transfection (Invitrogen). The calcium phosphate solution was removed 16
hours after the transfection and fresh SF900II medium supplemented with 10% FBS
was added (a complete medium). The cells were grown for additional 2 days and then
the medium was replaced with the complete medium containing 300 pg/ml Blasticidine
(Invitrogen). This selection medium was changed every 4 days. Extensive cell death of
non-transfected cells was evident after about 1 week and cells resistant to Hygromycin

B started grow out 3 - 4 weeks posttransfection.
4.3.3 Recombinant CA IX large scale expression

The hygromycin-resistant cells were seeded in 100 ml of serum-free expression
medium [SF900II medium supplemented with 1ml chemically defined Lipid
Concentrate (Gibco) and 2 ml Yeastolate Ultrafiltrate (Gibco)] in a spinner flask (250
cm’; Bellco Glass Inc., Vineland, NJ, USA) at density 2 x 10° cells/ml. The spinner was
incubated at 24 °C with a constant stirring rate 100 rpm until the cells reached a density
of 10 x 10° cells/ml. At this point, the cell suspension was transferred into a larger
spinner flask (3000 cm’; Bellco), 400 ml expression medium were added, and the cells
were grown to a density of 8 x 10° cells/ml under the same conditions. Induction of
protein expression was achieved by adding 500 uM CuSO, (Sigma). The stirring rate
was increased to 130 rpm and incubation continued for additional 5-7 days. Every two
days 5 ml of 20% D-(+)-glucose (Sigma) and 2 ml of 200 mM L-glutamine (Sigma)
were added to the cell suspension. The cells were harvested by centrifugation at
1,600 x g for 10 min followed by the second centrifugation step at 3400 x g for 15 min.

The conditioned medium was frozen and stored at — 70 °C until further use.

4.4 Purification of recombinant CA IX

The purification protocol was adapted according to the nature of the expressed

recombinant construct and to the presence of affinity tags.
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4.4.1 Sulfonamide agarose affinity chromatography

Affinity chromatography purification of CA IX constructs was performed using
chromatographic resin p-aminomethyl-benzenesulfonamide agarose (Sigma) and the
purification protocol was based on previously published procedure (Falkbring et al.,
1972). Unless otherwise stated, all procedures were done 4 °C. The sample was
dialyzed against wash buffer (50 mM Tris-SO4 pH 7.4; 150 mM Na,SOj). The affinity
resin was pre-equilibrated in the same buffer, added to the dialyzed sample (typically
2 ml of resin per 100 ml dialyzed media were used), the mixture was gently stirred for
16 h, and finally the mixture was passed through a sintered glass filter. Retained affinity
gel was subsequently extensively washed with about 30 — 40 column volumes of the
wash buffer, to remove any nonspecifically bound protein. The elution of target protein
was performed with the same wash buffer containing 0.1 mM acetazolamide (Sigma) or
with a gradient of 0 — 1 M NaCl. Binding and elution profiles were monitored by

absorbance at 280 nm.

4.4.2 lon exchange chromatography

Purification of recombinant CA IX constructs, which did not contain any affinity
purification tags, was in several cases performed using ion exchange chromatography
on DEAE sepharose (DEAE Sephacel, Pharmacia, weak anionic exchanger) as the first
purification step. The column (diameter 55 mm, height 50 mm) was equilibrated in
15 mM Tris-Cl pH 7.4 and the samples were dialyzed and applied on column using the
same buffer. Unbound proteins were washed away with the 10 — 15 column volumes of
the above buffer. Elution was performed in the same pH by 30 min gradient of

increasing NaCl concentration from 0 to 1 M at flow rate 1 ml/min.

Ion exchange chromatography on MonoQ GL 5/50 column (GE Healthcare) was
used as the second purification step of CA IX constructs previously purified by affinity
chromatography. All recombinant CA IX constructs had pl < 6, so 15 mM Tris-Cl
pH 7.4 or 15 mM HEPES pH 7.0 buffers were used for binding and equilibration. The

elution of bound proteins was performed using gradient of increasing NaCl
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concentration, according to the following scheme: linear gradient 0 —400 mM NaCl
(0—20 ml); 400 — 1000 mM NaCl (20 — 25 ml). The flow rate (I ml/min) and max

pressure (5 MPa) were adjusted according to the manufacturer’s recommendation.

4.4.3 Purification of His-tagged proteins on Ni-affinity resin

The affinity chromatography on Ni-CAM resin (Sigma) was used as the first
purification step of CA IX constructs containing N-terminal (His)e-tag. This method as
well as other affinity and ion exchange chromatography techniques also had the benefit
of concentrating the protein at least by a factor of 10 in comparison to original

concentration in the harvested medium or cell supernatant.

Unless otherwise stated, all procedures were done 4 °C. The same buffer
(50m M NaH,PO4 pH 8,0; 300 mM NaCl) was used for initial dialysis of samples,
column equilibration, and washing of unbound proteins. The dialyzed samples were
applied on pre-equilibrated column at flow rate 0.5 ml/min. Unbound proteins were
washed away with the 10 — 15 column volumes of the above buffer. Elution was
performed with gradient of 0 — 250 mM imidazole. Due to imidazole absorbance at
280 nm, eluted fractions were analyzed on SDS-PAGE. The volume of eluted fractions

was equivalent to the bed volume of the affinity resin.

4.4.4 Expression and purification of Avi-tagged proteins on

Streptavidin mutein matrix

Avi-tag is a 15 aa long sequence (GLNDIFEAQKIEWHE), containing one
lysine residue (marked in bold) which is specifically biotinylated on its e-amino group
by BirA ligase (E. coli biotin-(acetyl-CoA-carboxytransferase), EC 6.3.4.15) (Beckett et
al., 1999). In vivo biotinylated protein fusions with the above avi-tag sequence were
previously expressed in insect cells (Duffy et al, 1998, Yang et al, 2004) and
mammalian cells (de Boer ef al., 2003). Procedures used in this work were mainly based
on protocols developed and optimized by Jan Tykvart in his diploma thesis (Tykvart,
2009).
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A strain of S2 cells previously transfected with a vector coding for BirA ligase
fused to Drosophila N-terminal signal peptide BiP, ensuring transport to endoplasmic
reticulum (ER) and C-terminal retention signal to ER (highly conserved KDEL
sequence) was kindly provided by Dr. Pavel Sacha and MSc. Jan Tykvart from Institute
of Organic Chemistry and Biochemistry, v.v.i. AS CR.

Additional transfection with recombinant CA IX vector was performed as
described above, and specifically in vivo biotinylated protein was expressed and

secreted to serum free medium.

The purification of avi-tagged biotinylated proteins was performed on
Streptavidin Mutein Matrix (Roche) according to manufacturer’s protocol. Briefly, the
harvested medium from S2 cells was mixed with equilibration buffer (450 mM NacCl,
300 mM Tris-HCI (pH 7.2)) in ratio 2:1, and applied on pre-equilibrated Streptavidin
Mutein Matrix (Roche) resin in wash buffer (150 mM NaCl, 100 mM Tris-HCI
(pH 7.2)). Typically, the binding was performed by adding 2 ml of resin to 500-600 ml
of media in equilibration buffer and leaving overnight on a rocker (20 rpm). All
procedures were done 4 °C. Next day, the resin was transferred to a plastic disposable
column (Pierce) and washed extensively with wash buffer (typically 10 column
volumes) and the elution was performed with elution buffer (wash buffer containing

2 mM biotin, Sigma)

Biotinylated proteins were detected on Western blots via NeutAvidin-HRP
conjugate (Thermo scientific, USA).

4.5 Carbonic anhydrase activity assay

Several methods for measuring carbonic anhydrase activity are available,
unfortunately the most sensitive and accurate ones require specialized equipment
(stopped-flow instrument or dedicated mass spectrometer) and/or use of compounds

prepared from non-common and sometimes radioactive isotopes e.g. (Stemler, 1993).

In this work, one of the oldest, simple and still commonly used method was

chosen. The procedure is based on Maren’s endpoint colorimetric technique (Maren &
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Ellison, 1967) with some modifications detailed in (Brion et al., 1988). The principle of
this method is based on rate of acidification of solution monitored by change in acid-

base indicator (phenol red) color.

The reaction was carried out in a glass tube kept in ice-water bath (0 °C). An 18G
needle connected to a tubing with CO; flowing at 50 ml/min was inserted into the glass
tube. Reaction buffer was prepared fresh by adding 30 ml of stock 1 M 1 M Na,COs,
20.6 ml 1 M NaHCO3, and water to 100 ml (final pH 9 — 10).

As a first step, 800 pl of phenol red solution (12.5 mg/l phenolphtalein in 2.6 mM
1 M NaHCOs,) and 100 pl of sample and/or water were mixed in the reaction vessel and
continuously bubbled with CO, until the color turned yellow. Then, 100 ul of the
reaction buffer were rapidly added to this solution and timing was started. After
addition of this basic buffer the solution immediately turned purple, and timing was
stopped when the indicator color turned back to yellow. Another tube, previously

acidified, was used for visual determination of the endpoint.

The endpoint in blank samples was achieved in 58-63 s. When active enzyme was
present the times were proportionally shorter. One enzyme unit (EU) of CA activity was
defined as the amount of enzyme needed to halve the time measured for the control
sample (Brion et al., 1988). To obtain reasonable time readings (measurement times
above 10 s) the original samples were appropriately diluted, and the dilution factor was

used in calculating the activity in the original sample.

Specific CA activity was calculated using the formula:

log (tp/ts)
CA (EU/mg protein) =

Mprot l0g 2

where tg and ts are times measured for blank and active samples, respectively, mpro 1S
the amount of protein in milligrams present in the volume of sample used for the

particular measurement and log 2 =~ 0.301.
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4.6 Preparation of Fab M75 for crystallization

IgG 2b M75 was expressed in tissue cultures of hybridoma cell line VU-M75 (deposited
in ATCC under code HB 11128). Tissue culture media was applied to Protein A
Sepharose (BioRad) column, and IgG fraction was eluted with 0.1 M sodium citrate,
pH 3.0. The eluted fractions were pooled, dialyzed against 10 mM sodium phosphate,
pH 8.0, loaded onto a DEAE Sephadex column equilibrated with the same buffer, and
eluted with a 10200 mM sodium phosphate, pH 8.0, gradient. Eluted IgG was
concentrated to 5 mg/ml and dialyzed against 100 mM potassium phosphate, pH 7.2.
The samples were then supplemented with 0.13 % 2-mercaptoethanol, and 0.9 mM
EDTA, and papain (Worthington) was added to a final concentration of 2 pg/ml. The
course of reaction was monitored by gel filtration on Superdex 200 HR (GE
Healthcare), and the reaction was stopped after 3 h by addition of iodoacetamide (final
concentration 5.4 mM). Undigested IgG as well as Fc fragments were removed using

Protein A Sepharose (BioRad).

4.7 Protein crystallography

4.7.1 Protein crystallization

Crystallization trials were performed with the sparse matrix method (Jancarik &
Kim, 1991) as well as with other crystallization screens designed on the basis of results
of structural genomics consortia (e.g. JCSG+ screen, Qiagen). Vapor diffusion method
of protein crystallization was used for screening and optimization of crystallization

conditions at temperature of 18 °C.

The vapor diffusion method was typically performed in 24-well Linbro plates
(Hampton Reserach) or EasyXtal tools (Quiagen). For the sitting drop technique the
4 ul droplet containing mixture of protein solution with precipitant (mixed typically in
1:1 ratio) was placed onto the holder Micro-Bridge (Hampton Research) inserted into
the well filled with 1 ml of precipitant. Wells were then sealed with clear sealing tape.
When the hanging drop technique of vapor diffusion method (Ducruix & Giegé, 2000)

was used, the droplet of the protein sample mixed with precipitant solution (typically in
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the ratio of 2:1) was placed on a siliconized glass cover slide inverted over a reservoir

of 1 ml of the precipitating solution.

For improving crystal quality, streak seeding technique using cat whisker as the
probe (Ducruix & Giegé, 2000) was applied, as well as other macro- and micro-seeding

techniques (Thaller et al., 1981).
4.7.2 X-ray data collection

The testing of crystals for diffraction and data collection on sufficiently large
crystals were performed using an in-house diffractometer (Nonius FR 591) connected to
345 mm MarResearch image plate detector at 120 K. Diffraction data collection using
synchrotron radiation was performed at 100 K using the X12 EMBL beamline at DESY,
Hamburg, Germany. For cryoprotection, the crystals were transferred into reservoir
solution supplemented with 10 - 30 % of various tested cryoprotecting compounds (e.g.

glycerol and PEG400), and flash-cooled by plunging into liquid nitrogen.

Diffraction data were integrated and reduced using MOSFLM (Leslie, 1999) and
scaled using SCALA (Evans, 1993) from the CCP4 suite of programs (The CCP4 suite:
programs for protein crystallography, 1994).

4.7.3 Structure determination, refinement, and analysis

Crystal structures were determined by the difference-Fourier method or, in cases
where crystals were not isomorphous, by molecular replacement using the program
Molrep (Vagin & Teplyakov, 2000). Model refinement was carried out using the
program REFMAC 5.2 (Murshudov ef al., 1997) from the CCP4 package (The CCP4
suite: programs for protein crystallography, 1994), interspersed with manual
adjustments using Coot (Emsley & Cowtan, 2004). The final steps included TLS
refinement (Winn et al., 2001). The quality of the final models was validated with
Molprobity (Lovell et al., 2003). All figures showing structural representations were
prepared with the program PyMOL (DeLano, 2002).

Atomic coordinates and experimental structure factors have been deposited with
the Protein Data Bank with the codes 2HKH and 2HKF for anti-CA IX antibody
fragments and 3IGP for CA II + inhibitor complex.
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5 RESULTS AND DISCUSSION

5.1 Targeting active site of human carbonic anhydrases

As already mentioned, we have decided to target the tumor-associated CA IX
isozyme using a two-pronged approach: (1) by inhibition of the active site with small
molecular inhibitors and (2) by targeting with specific monoclonal antibody recognizing

specific epitope in the unique proteoglycan-like (PG) domain.

We initiated structural studies of CA IX, therapeutically very interesting
isozyme for which the crystal structure was not available at the time of commencement
of this thesis and was subject of research of many academic as well as pharmaceutical
laboratories. As far as the active site is concerned, all human isozymes share a high
degree of similarity due to significant sequence conservation of mammalian a-CAs.
Some variation in amino acid composition in residues which are not directly involved in
catalysis results in subtle changes in the shape of substrate binding cavity. To gain
structural information needed in development of specific inhibitor of CA IX we also

initiated structural studies on other CA isozymes, namely CA II.

5.1.1 Structural studies of CA Il in complex with inhibitors

based on 3,4-dihydroisoquinoline-2(1H)-sulfonamide

For initial structural studies with a series of inhibitors we have selected isozyme
CAII. This isoform has been extensively studied on structural level (for review see
Krishnamurthy et al, 2008) and is typically used as a comparison partner for CA IX.
The CA II is abundant and physiologically important and large quantities of protein for

crystallization is readily available.

A series of novel 6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-sulfonamides
was prepared in collaboration with Prof. Chimirri group of medicinal chemists from
University of Messina (Italy) (Gitto ef al., 2010). The enzymatic inhibitory activity of
the series of compounds was tested on four important carbonic anhydrase isozymes

involved in several physiological and pathophysiological processes: cytosolic CA I and
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CA II isozymes, the tumor-associated transmembrane isoform CA IX, and the neuronal
CA XIV isoform. The parent structural formula for this compounds series, inhibition

constants and selectivity ratios for tested isozymes are summarized in Table 4.

Table 4 Inhibition of hCA 1, hCA II, hCA IX, and hCA XIV.

Inhibitory constants of 6,7-Dimethoxy-3,4-dihydroisoquinoline-2(1H)-sulfonamides  (1-10), 6,7-
Dimethoxy-1-phenyl-3,4-dihydroisoquinoline-2(1H)-sulfonamide (1), zonisamide, acetazolamide, and
topiramate and selectivity ratios K;(hCA I1)/K;(hCA IX) and K;(hCA I1)/K;(hCA XIV).

R 1
R N 2 o)
R AN,
K (nM) Selectivity ratios®
R4 R hCA T hCAIl |hCAIX | hCA | xpoamy Fy (AT
X1V EihGADD Kb AXTV)

H |51 1 1510 | 328 3.7 6.0 8.86 5.47
MeO H 2 6410 | 945 9.5 9.8 9.95 9.64
MeO methyl |3 2800 | 873 9.4 9.6 9.29 9.09
MeO ethyl 4 1820 | 1975 76.3 2754 259 0.72
MeO n-propvl | 5 3150 | 235000 | 330 302 712.12 778.15
MeO i-propyl | 6 3780 | 1050 6.1 47 172.13 22340
MeO c-propvl | 7 3950 | 820 8.5 6.4 96.47 128.13
MeO n-butyl | 8 4100 | 350000 | 400 1650 875.00 212.12
MeO c-pentyl | 9 100 650 55 178 11.82 3.65
MeO c-hexyl | 10 | 1180 | 13890 706 7950 26.76 2.38
MeO phenyl | I¢ | 8980 | 15700 8440 3860 1.86 4.07

acetazolamide? 250 12 25 41 0.48 0.29
zonisamided 56 35 51 5250 6.86 <0.01
topiramate? 250 10 58 1460 0.17 <0.01

We have performed successful crystallization experiments with compounds 2
and 3 from the table, which were named by our collaborators DT1 and DT2,
respectively. Figure 8 shows structures of DT1 and DT2 with atom names as used in the

crystal structured described further.
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Figure 8 Structure of inhibitors used in structural studies with atom names indicated. (4) Structure
of DT1, 6,7-dimethoxy-3,4-dihydroisoquinoline- 2(1H)-sulfonamide and (B) DT2, (1R)-6,7-dimethoxy-1-
methyl-3,4-dihydroisoquinoline- 2(1H)-sulfonamide.

5.1.2 Crystallization of CA Il complexes

The complexes of hCA II with sulfonamide inhibitors were prepared by adding
5-fold molar excess of inhibitor (in dimethyl sulfoxide) to 10 mg/ml protein solution of
hCA II in 100mM Tris-Cl pH 8.5. The initial crystallization conditions were selected
based on successful conditions used by others (Weber et al., 2004). The hanging drop
vapor diffusion method was used for screening and optimization as described in
Methods (sub 4.7.1): drops containing 1 pl of protein solution were mixed with 1 pl of

crystallization cocktail and placed over a 1 ml reservoir.

The best crystals of the complex were obtained by the hanging-drop vapor
diffusion method, under the following conditions: an amount of 2 pl of complex
solution was mixed with 2 pl of precipitant solution [2.5 M (NH4),SO4, 0.3 M NaCl,

100 mM Tris-Cl, pH 8.2] and equilibrated over a reservoir containing 1 ml of
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precipitant solution at 18 °C. Crystals with dimensions 0.4 mm % 0.2 mm x 0.1 mm

grew within 10 days (Figure 9).

kDa
i A
97
66 —
45—
31 e cm——CAl
(29.1 kDa)
21.5 .
144 —

Figure 9 Crystallization of CA II in complex with inhibitors.

(4) SDS-PAGE analysis of CA 1l used for crystallization experiments. Silver stained 14 % SDS-PAGE gel
with 1 ug of protein applied to the gel. (B) Crystals of CA Il in complex with compound 2 (DTI1), is ~ 0.4
x 0.2 x 0.1 mm. (C) Crystals of CA Il in complex with compound 3 (DT2), is ~ 0.4 x 0.2 x 0.1 mm.

5.1.3 Data collection and structure determination

For data collection, the crystals were soaked in the reservoir solution

supplemented with 20 % glycerol and transferred to liquid nitrogen.

Diffraction data for CA Il + DT1 complex were collected at 120 K using an in-
house diffractometer (Nonius FR 591) connected to 345 mm MarResearch image plate
detector. The best crystal diffracted up to 1.65 A resolution, and diffraction data were
integrated and reduced using MOSFLM (Leslie, 1999) and scaled using SCALA
(Evans, 1993) from the CCP4 suite of programs (The CCP4 suite: programs for protein
crystallography, 1994).

Diffraction data for CA II + DT2 complex were collected at 100 K at Hamburg
DESY, beamline X12, wavelength 0.9537 A, using MAR Mosaic 225 CCD detector.
The best crystal diffracted up to 1.47 A resolution, and diffraction data were integrated

and reduced using the same procedure described above for CA II + DT1 complex.

Both CA Il complexes crystallized in monoclinic spacegroup P2;, crystal

parameters and data collection statistics are summarized in Table 5.
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The structures of both CA II complexes were solved using the difference Fourier
method, using CA II structure (Protein Data Bank entry 1H9N (Lesburg et al., 1997)) as
the initial model. Initial rigid-body refinement and subsequent restrained refinement

were performed using the program REFMAC 5.48.

Both structures were refined with two inhibitor molecules, one in the enzyme
active site and the other located in the surface pocket in the vicinity of the enzyme N-
terminus. Atomic coordinates and geometry library for the inhibitor were generated
using the PRODRG server (Schuttelkopf & van Aalten, 2004). The Coot program
(Emsley & Cowtan, 2004) was used for inhibitor fitting, model rebuilding, and addition
of water molecules. In final refinement stages, TLS refinement cycles in the program
REFMAC 5 were introduced (Winn ef al., 2001). Atomic coordinates and experimental
structure factors for CA Il + DT1 complex have been deposited with the Protein Data

Bank with the codes 3IGP. The final refinement statistics are summarized in Table 5.
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Table 5 Crystal parameters, data collection and refinement statistics for complex of CA II with

DT1 and DT2 compounds.

Crystal parameters, data collection and refinement statistics for CA II in complex with DT1 and DT2

Data collection statistics

Complex of CA II with DT1

Complex of CA II with DT2

Space group
Unit cell parameters (A)

Number of molecules in AU
Wavelength (A)

Resolution range (A)
Number of unique reflections
Redundancy

Completeness (%)

Rinerge”

Average I/o(I)

Wilson B (A%

P2,

a=4231Ab=4127Ac=72.04 A
0=90° B =104.22° y = 90°

1
1.5418

19.95 - 1.65 (1.69 - 1.65)
26,928

22(22)

92.5 (88.6)

0.079 (0.362)

5.9(2.0)

13.3

P2,

a=42.18Ab=4121A¢c=72.00A
0=90° B =104.31°y=90°

1
0.95370

26.62 - 1.47 (1.51 — 1.47)
40,809

3.6 (3.4)

99.8 (99.8)

0.053 (0.238)

7.8 (3.0)

13.7

Refinement statistics

Resolution range (A)

No. of reflections in working set

19.95 — 1.65 (1.69 - 1.65)
25,556 (1,811)

23.8 - 1.47 (1.51 — 1.47)
38,748 (2,849)

No. of reflections in test set 1,353 (84) 2,045 (132)
R" (%) 16.08 (22.40) 14.3 (18.2)
Riree” (%) 19.55 (28.90) 17.2 (21.2)
RMSD bond length (A) 0.011 0.012
RMSD angle (°) 1.43 1.57
Number of atoms in AU 4,949 5,314
Number of protein atoms in AU 4,138 4,301
Number of solvent molecules in AU 237 1,013
Mean B value (A% 14.0 13.8

PDB code 3IGP

The data in parentheses refer to the highest-resolution shell.

*Rumerge = ZhaZili(hkl) - (I(hkl))|/ZnaZi Ii(hkl), where the Ij(hkl) is an individual intensity of the ith observation of reflection hkl and

(I(hkl)) is the average intensity of reflection 4k/ with summation over all data.

®R-value = |[F,| - [Fe||/|F,|, where F, and F, are the observed and calculated structure factors, respectively.

“Riree is equivalent to R value but is calculated for 5 % of the reflections chosen at random and omitted from the refinement

process (Brunger, 1992).
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5.1.4 Refined models and overall structures

The crystal structures of hCA II in complex with 6,7-dimethoxy- 3.4-
dihydroisoquinoline-2(1H)-sulfonamide (DT1) and 6,7-dimethoxy-1-methyl-3,4-
dihydroisoquinoline-2(1H)-sulfonamide (DT2) were determined by difference Fourier
techniques and refined using diffraction data to 1.65 A and 1.47 A resolution,
respectively. Both complexes crystallized in the monoclinic P2: space group with one
hCA II molecule in the asymmetric unit and solvent content of 41.3% and 42.2% for

CA II+DT1 and CA TI+DT2 complex, respectively.

In case of CA II+DT1 complex, all protein residues could be traced into a well
defined electron density map with the exception of side chains of several terminal
amino acid residues (Ser2, His3, His4, and Lys261) and side chains of two surface

residues Lys9 and Lys133.

All residues of complex CA Il + DT2 were well traceable into the electron

density map, with the exception of N-terminal AA Ser2.

In both structures, two continuous non-protein electron densities were noticeable
during the course of the crystallographic refinement: first in the active site and second
on the surface of the protein molecule. Both could be unambiguously modeled as the
inhibitor molecules. Binding of inhibitor into the active site will be discussed in the

following chapter.

The inhibitor second binding site on the protein surface probably has no
biological relevance and represents a crystallization artifact caused by high
concentrations of inhibitor employed in the co-crystallization experiments. This
inhibitor second binding site is also occupied by sulfonamide inhibitors in other hCA II-
inhibitor complexes (e.g., PDB codes 2FOS, 2FOV, 2FOQ, 2FOU (Jude et al., 2006);
2NNO, 2NNS, 2NNV (Srivastava et al., 2007); and 1ZFQ).

The crystal structure of CA Il + DT2 complex revealed an interesting result
regarding the binding activity of two possible enantiomers of DT2 compound. The
crystals were grown from solution of CA Il with a racemic mixture of R and S

enantiomers of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline- 2(1H)-sulfonamide.
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The R enatiomer was found in active site of enzyme, whereas the S enantiomer was

found bound to the surface of the protein molecule.

The inhibitor binding does not cause any major structural changes to the protein;
the root-mean-square deviation (rmsd) for superposition of 256 Ca atoms (residues 4-
259) of our complex structures with free hCA II (PDB code 1CA2 (Eriksson et al.,
1988)) is 0.3-0.4 A, which is below the value observed for identical structures (Betts &
Sternberg, 1999).

Also the structures of CA II in complex with DT1 and DT2, respectively, are
almost identical with the exception of N-terminal part. When first 6 residues are
omitted, the rmsd for superimposition Ca atoms is 0.153 A and for all atoms 0.132 A,

respectively.

Overall structure of CA II+DT1 with the two inhibitor molecules bound is

shown in Figure 10.

All figures showing structural representations were prepared using PyMOL
(DeLano, 2002) and the APBS tools (Baker et al., 2001) plugin was used for generating

solvent accessible surface colored by electrostatic potential.
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Figure 10 Overall structure of CA Il + DT1 inhibitor. CA II protein is represented by ribbon with
transparent solvent accessible surface. Zinc ion is shown as a red sphere with three coordinating
histidine residues in sticks. Two molecules of inhibitor DT1 bound to CA Il are shown in stick model with
carbon atoms colored yellow and oxygen and nitrogen atoms colored red and blue, respectively.

5.1.5 Details of inhibitor DT1 and DT2 binding

As shown in Figure 11, the compounds DT1 and DT2 bind into the cavity of the
CA 1I active site with the deeply buried sulfonamide group. The ionized nitrogen atom
of the sulfonamide moiety is coordinated to the zinc ion at a distance ~ 2.0 A. The
sulfonamide nitrogen also accepts a hydrogen bond from hydroxyl group of Thr199
sidechain, and one oxygen from the sulfonamide moiety forms a hydrogen bond with
backbone amine group of Thr199. These key hydrogen bonds between the sulfonamide

moiety of the inhibitor and enzyme active site are also found in other structurally
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characterized CA II-sulfonamide complexes (Eriksson ef al., 1988, Supuran et al., 2003,

Winum et al., 2005, Srivastava et al., 2007).

e \ Thr 199 i -

Figure 11 Binding of DT1 and DT2 inhibitor on CA I1. Detail of the CA II active site with the inhibitor

DTI (A) and DT2 (B) Protein is represented in green (panel A) and cyan (panel B) with residues forming
polar contacts (gray dashed lines) with inhibitor highlighted in sticks. Also three histidine residues
coordinating zinc ion are shown. In panel (A) DTI inhibitor is represented as a stick model (with carbon
and oxygen atoms colored yellow and red, respectively). The 2Fo - Fc electron density maps are
contoured at 1.50. In panel (B) the DT2 inhibitor represented as a stick model (with carbon and oxygen

atoms colored gray and red, respectively). The 2Fo - Fc electron density maps are contoured at 0.8o.

The sulfonamide moiety seems to serve as an anchor for specific binding of DT1
and DT2 compounds into the enzyme active site. In addition to the polar interactions
mediated by the sulfonamide group, hydrophobic interactions of the substituted
isoquinoline moiety strongly stabilize the inhibitor within the active site cavity (Table

6).
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Table 6 List of contacts between CA II and inhibitors. A/l contacts with a distance below 4.2 A
between inhibitor atoms on one side, and protein residues and coordinated Zn ion on the other, are listed.

The inhibitor atom names are depicted in Figure 8.

CAll DT1 CAll DT2
Atom | Atom | distance Atom | Atom | distance
Residue # | Residue | name | name [A] Residue # | Residue | name | name [A]
92 GLN NE2 CAl 3.82 62 ASN ND2 | CAA 3.82
94 HIS CE1 NAD 3.93 67 ASN ND2 | CAO 4.15
94 HIS NE2 | NAD 3.42 67 ASN ND2 | CAN 3.40
94 HIS CE1 OAF 3.40 67 ASN CG OAK 3.97
94 HIS NE2 | OAF 3.54 67 ASN ND2 | OAK 2.75
94 HIS CE1 CAl 3.96 67 ASN ND2 | CAA 3.67
94 HIS CE1 | CAJ 3.80 67 ASN ND2 | CAG 3.98
94 HIS CE1 NAR 4.07 91 ILE CG2 | CAB 4.04
94 HIS CE1 SAS 3.99 91 ILE CD1 CAB 4.11
94 HIS NE2 | SAS 3.96 92 GLN NE2 | CAP 3.52
96 HIS CE1 | NAD 3.84 92 GLN CD | CAH 3.63
96 HIS NE2 | NAD 3.44 92 GLN NE2 | CAH 2.94
106 GLU OE1 | NAD 4.18 92 GLN CG | CAH 4.10
119 HIS ND1 NAD 3.51 92 GLN CD CAQO 3.50
119 HIS CE1 NAD 4.06 92 GLN NE2 | CAO 2.52
119 HIS CB OAF 3.72 92 GLN CG | CAO 3.88
119 HIS CG OAF 3.80 92 GLN CD OAL 3.62
119 HIS ND1 | OAF 3.44 92 GLN NE2 | OAL 2.89
119 HIS ND1 | SAS 4.07 92 GLN CG | OAL 3.48
121 VAL CG2 | OAF 4.02 92 GLN CD CAB 4.08
121 VAL CG2 CAl 3.82 92 GLN NE2 | CAB 3.75
121 VAL CG1 | CAl 4.02 92 GLN CG | CAB 3.52
121 VAL CG2 | CAJ 3.67 92 GLN CD CAN 4.02
121 VAL CG1 | CAJ 4.11 92 GLN NE2 | CAN 2.76
131 PHE CZ | CAG 3.83 92 GLN NE2 | OAK 3.32
131 PHE CE2 | OAK 3.96 92 GLN NE2 | CAG 3.36
143 VAL CG1 OAF 3.77 92 GLN NE2 | CAM 3.71
143 VAL CG2 | OAF 4.06 94 HIS CE1 | CAQ 3.69
197 SER 0o OAE 4.06 94 HIS CE1 | CAP 3.90
198 LEU CA | OAE 3.27 94 HIS CE1 | CAM 3.97
198 LEU C OAE 3.54 94 HIS CEA1 CAl 3.93
198 LEU CB | OAE 3.99 94 HIS NE2 | CAl 4.10
198 LEU CD2 | OAE 4.17 94 HIS CE1 CAJ 4.16
198 LEU CD2 | NAR 4.02 94 HIS CE1 NAR 3.22
199 THR CB NAD 3.92 94 HIS NE2 | NAR 3.60
199 THR 0OG1 | NAD 2.70 94 HIS CE1 | SAS 3.76
199 THR N NAD 3.98 94 HIS NE2 | SAS 3.81
199 THR CA OAE 4.02 94 HIS CE1 OAF 3.52
199 THR CB OAE 4.08 94 HIS NE2 | OAF 3.83
199 THR 0OG1 | OAE 3.64 94 HIS CE1 NAD 3.87
199 THR CG2 | OAE 4.03 94 HIS NE2 | NAD 3.32
199 THR N OAE 2.91 96 HIS NE2 | NAD 3.31
199 THR 0OG1 | SAS 3.80 96 HIS CE1 | NAD 3.70
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Table 6 (continued) List of contacts between CA II and inhibitors. A/l contacts with a distance below
4.2 A between inhibitor atoms on one side, and protein residues and coordinated Zn ion on the other, are

listed. The inhibitor atom names are depicted in Figure 8.

CAll DT1 CAll DT2
Residue # | Residue ﬁ;‘::‘e ':2::; dls[tg? ce Res;due Residue ':;?n': ﬁ::nn; dls[tz?ce
200 THR 0G1 CAB 3.46 119 HIS ND1 SAS 4.03
200 THR 0OG1 CAH 3.09 119 HIS CB OAF 3.91
200 THR 0OG1 CAO 412 119 HIS CG OAF 4.00
200 THR 0G1 CAP 3.77 119 HIS ND1 OAF 3.67
200 THR 0OG1 CAQ 3.57 119 HIS ND1 NAD 3.33
201 PRO C CAB 4.12 119 HIS CE1 NAD 3.86
201 PRO (0] CAB 2.98 121 VAL CG2 CAQ 3.77
201 PRC C CAL 3.79 121 VAL CG2 OAF 3.80
202 PRO CD CAB 4.07 130 PHE CD1 CAB 4.17
202 PRO CD OAL 3.92 130 PHE CE1 CAB 3.61
209 TRP Cz2 OAE 3.72 130 PHE Ccz CAB 3.45
209 TRP CH2 OAF 3.96 130 PHE CE2 CAB 3.89
142 VAL CG1 OAF 3.73
142 VAL CG2 OAF 3.81
197 LEU CD2 CAC 3.34
197 LEU CA OAE 3.19
197 LEU CB OAE 3.81
197 LEU C OAE 3.53
198 THR 0OG1 SAS 3.94
198 THR N SAS 4.05
198 THR OG1 OAE 3.86
198 THR N OAE 2.96
198 THR CA OAE 4.12
198 THR CB NAD 3.84
198 THR 0OG1 NAD 2.63
198 THR N NAD 3.94
199 THR 0OG1 CAI 3.31
199 THR CG2 CAI 3.99
199 THR CB CAJ 4.16
199 THR 0OG1 CAJ 3.19
199 THR CG2 CAJ 4.00
208 TRP Cz2 OAE 4.07
208 TRP CH2 OAF 3.99
CAll coordinated Znion | DT1 inhibitor CAll coordinated Zn ion ihrE)iZiztor
Atom Atom distance Atom Atom distance
name name [A] name name [A]
ZN ZN NAD 2.06 ZN ZN NAR 3.64
ZN ZN OAF 3.00 ZN ZN SAS 3.05
ZN ZN SAS 3.09 ZN ZN OAF 3.33
ZN ZN CAJ 417
ZN ZN NAD 1.94

In the vicinity of the inhibitor, a glycerol molecule could be modeled into the
CA II active site, making hydrogen bonds with Asn62, Asn67, and GIn92 (Figure 12).
The binding of glycerol to an identical site was also observed in several other hCA II-

inhibitor complexes (e.g., 2NNG, 2NNS, 2NNO, 2NNV (Srivastava et al., 2007)).
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Glycerol was used at high concentration (20% v/v) for crystal cryoprotection, and its
binding probably represents a crystallization artifact. In the complex of CA 11 with DT2
inhibitor, the glycerol molecule in the active site is not present as its position is

occupied by the isoquinoline moiety of DT2.

Thr 199

His 96

Figure 12 Binding of glycerol molecule into the active cavity of CA II +DT1 complex. Detail of the
CA II active site with the DT1 compound and glycerol represented as a stick models (with carbon and
oxygen atoms colored yellow and red, respectively). The 2Fo-Fc electron density maps are contoured at

1.5 0. Protein is represented in green sticks. Also three histidines coordinating zinc ion are shown.

5.1.6 Comparison of inhibitor DT1 and DT2 binding mode

Comparison of the two CA II complex structures revealed interesting differences in
binding of inhibitors DT1 and DT2 into the CA Il active site. Although these two
inhibitors differ only by the presence of an extra methyl group in DT2 compared to DT1
(see Figure 8), their binding mode is quite different (Figure 13).
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Figure 13 Comparison of DT1 and DT2 binding mode in CA II active site. Superposition of the
complex structures is based on the best fit for Ca atoms of CA I residues from Gly6 until C-terminus.
DT1 inhibitor is represented with yellow carbon atoms, while DT2 carbon atoms are colored gray. In
panel (4) protein is represented by ribbon and histidine residues coordinating Zn ion (red sphere) are
shown as sticks. Panel (B)shows a top view into the active site where protein is represented by its van der

Waals radii colored by the electrostatic potential from negative (red) to positive (blue).

While the position of the sulfonamide group coordinating the Zn ion in the CA II
active site is in DT1 and DT2 inhibitors is similar, the isoquinoline moiety positioning
is different. In DT2 the ring system is rotated around the covalent bond between sulfur
of sulfonamide group and nitrogen of six member ring by almost 180° when compared

to DT1 conformation (Figure 13B).

In DT1 complex, the ring system forms numerous van der Waals interactions
(distance of < 4.2 A) with the bottom of the active site (residues GIn92, Vall21,
Vall43, Trp209) and the loop formed by residues Ser197-Pro202. Also, the side chain
of Phel31 from helix 4 contributes to interaction with the substituting methoxy-groups.
In DT2 complex, the isoquinoline moiety is in contact with residues of seven stranded
B-sheet located on the opposite side of the active site, mainly with Gln 92 and Val 121
(see Table 6).

When the conformations of isoquinoline moieties of DT1 and DT2 inhibitor are
overlaid, it is obvious that that not only a torsion angle between sulfur of sulfonamide

group and nitrogen of six member ring is different (Figure 14). The substituted
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heterocyclic ring is deformed differentially from a non-substituted ring of DTI1
molecule. This is probably caused by adaptation of the molecular shape necessary for

proper interaction of sulfonamide group in the bottom of active site.

Figure 14 Comparison of DT1 and DT2 inhibitor conformation when bound to CA II active site.
The superposition was based on the conjugated rings of heterocycle atoms of isoquinoline moiety. DT1
inhibitor is represented with yellow carbon atoms, while DT2 carbon atoms are colored pink. Oxygen

and nitrogen atoms are colored red and blue, respectively.

5.1.7 Conclusions from structural analysis of CA Il + inhibitor

complexes

The results of the structural analyses presented in this thesis have become part of
a publication Gitto at al., 2009. Solved and analyzed crystal structures of CA II + DT1
and CA II + DT2 complexes revealed valuable structural information about interactions
of 3,4-dihydroisoquinoline-2(1H)-sulfonamides with components of active site of CA II
protein. Although it might appear that these two structures are just two more additions
into a long list of structures of CA II + inhibitor complexes already deposited in PDB,
they uncovered some unique features which can be used in future structure-based drug

design effort.

The position of the sulfonamide group in the active site is highly similar to all
other structures deposited in PDB and proves the importance of tetrahedral coordination
of Zn*" cation by four nitrogen atoms with their lone pair. Positions of the nitrogen

atoms, Ne His 94, Ne His 96 and No His 119 form a ligand field which dictates the
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position of coordinated Zn>* cation and consecutively determine the placing of acidic

group of sulfonamide, to complete the tetrahedral coordination of central zinc ion.

Isoquinoline moiety of inhibitor molecule in the crystal structure of CA 11 + DT]1
complex is stabilized by numerous van der Waals interactions in the active site cavity
formed mainly by N-terminal part of CA II, whereas the substituted isoquinoline
moiety of CA II + DT2 complex is rotated around the sulfur — nitrogen covalent bond,
and ring system is stabilized by van der Waals interactions interaction with the amino
acid residues coming from the central part seven stranded B-sheet on the opposite side
of the active site cavity. Large distance difference, more than 4 A, between methoxy
oxygen atoms of the conjugated ring for the two placement of isoquinoline moiety in
the solved structures (see Figure 13) indicated, that more voluminous substituent might
give a better fit for the active site cavity. These findings allowed us to design a novel
compound with optimized shape of the substituent as part of a project, which is out of
scope of this thesis. The binding of such a lead compound has already been

experimentally proved and the structural studies are in progress.

An important result from the structural studies which will have consequences for
design of future experiments is the finding, that absolute configuration of an enantiomer
bound in the active site is R. This suggests that only one enantiomer represents an active
compound and this discovery will have large impact to selectivity studies of this series
of molecules. All activity measurements until now were carried out with mixtures of
both enantiomers and the values of activity and selectivity were thus affected by the
ratio of the active and non-active enantiomers. This subject should thus be addressed in

future research.

In conclusion, the structural study of series of isoquinoline sulfonamides
complexes with CA Il brought new insight to design of sulfonamides derivatives,
especially usage of more voluminous substituent. From the structural point of view,
molecules DT1 a DT2 (better expressed as the mixture of R and S enantiomers of DT2)
served as excellent molecular tools for detailed mapping of active site cavity. These
results will be extensively exploited for rational design of molecules which could be

highly selective inhibitors for various CA isozymes.
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5.2 Structural studies of CA IX

CA IX in contrast to CA Il is a transmembrane isozyme composed of several
domains. While CA II can be either prepared in recombinant form or isolated from
natural tissue (erythrocytes), CA IX needs to be prepared in recombinant form in order
to get sufficient supply of protein for structural studies. Furthermore, due to known
problems regarding work and crystallization of transmembrane proteins, which is still
an extremely challenging task, we had cloned and expressed truncated constructs
composed of extracellular domains. As will be detailed below, some of these constructs
contained both the proteoglycan-like (PG) domain and the catalytic carbonic anhydrase
(CA) domain, while other constructs contained only the CA domain. Also, N-terminal
and C-terminal tags facilitating purification of the recombinant product were included.
First, constructs for heterologous expression in E. coli, and later also constructs for

eukaryotic expression system (Drosophila S2 cells) were prepared.

In case of the CA IX constructs for E. coli expression, the yield of expressed
protein was far too low for structural studies; moreover no enzymatic activity of CA
was observed. Switch to eukaryotic expression system proved beneficial both for
expressed protein yield as well as activity. Similar results (good yield and higher
activity in eukaryotic expression system) were recently reported by another group

expressing rCA IX constructs (Hilvo et al., 2008).

5.2.1 Recombinant CA IX constructs for E. coli expression

Several constructs for prokaryotic heterologous expression of recombinant
CA IX (rCA IX) were prepared and their expression tested. Originally, we were inspired
by a published work on E. coli expression and structure determination of CA XII
(Whittington et al., 2001), a homologous transmembrane CA isozyme. Accordingly,
first constructs of PG+CA and CA domains were designed for cytoplasmic expression
with the aim to obtain a soluble product. Since the CA domain contains an
intramolecular disulfide bridge, mainly Origami B (DE3) or Rosetta-gami B (DE3)

strains were used, which have mutations in thioredoxin reductase (t7xB) and glutathione
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reductase (gor) genes, enhancing thus disulfide bond formation in the cytoplasm.
Additionally, Rosetta-gami B (DE3) strain supplies tRNAs for rare codons. Some
experiments were performed with standard BL21 (DE3) strain. Some of the constructs
prepared for expression in E. coli are listed in Table 7, describing the domain

arrangement, type of the expression vector, and expected size of the product.

Table 7 List of plasmids prepared for rCA IX expression in E. coli

No. CAIX Construct description, additional N/C-terminal MW
construct’ tags, target protein localization [kDa]

ps597 residues 43-390 PG+CA in E coli expression vector T7Q10 38.0
(cytoplasmic)

ps598 residues 55-390 PG+CA in E coli expression vector T7Q10 36.9
(cytoplasmic)

p599 residues 139-390 CA domam only in E. coli expression vector T7Q10 26.0
(cytoplasmic)
PG+CA in E. coli expression vector pET22b+

p631 residues 55-390 | (periplasmic expression; N-terminal pelB signal 36.9
sequence)

. PG+CA in E. coli expression vector T7Q10
p640 residues 43-390 (cytoplasmic, N-terminal (His)s-tag) 390

? Residue numbers are derived from Swiss-prot entry Q16790

Various attempts with most of these constructs to increase the yield of
expression by modifying cultivation parameters, such as temperature prior and after
induction, concentration of the inductor, strains used, media composition, etc. are
detailed in Table 8. However, in all cases the expression level was too low for structural

studies. Moreover, no enzymatic activity of CA was observed in these preparations.
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Table 8 Summary of prokaryotic expression experiments.

Construct Expression Temperature Medium used ETG Scale of R bi protein expression Inclusi
strain [°Cl concentration | experiment | SDS-PAGE Detected on WB Yield bodies
(before / after [mM] (difference (estimated from presence
induction) before/after (mAb M75-HRP) SDS-PAGE, (+-)
induction) WB, or Azg)
p597 (PG+CA) Origami B 37/37 LB 1 pilot no + <0.1 mg.l” n/a
(DE3) medium no + ~0.1 mg.l'I +
37/20 LB 1 pilot no + ~0.1 mg.lT n/a
LB, transformation medium no ++ ~0.2 mg.l'I
plate with 1 % Gle
BL21 (DE3) 37131 LB 1 pilot no + <0.1mg.l” n/a
BL21 (DE3) 37/37 LB 1 pilot no - none detected n/a
pLysS 3 pilot no + <0.1 mg.l” n/a
Rosetta-gami B | 37/37 LB 3 pilot no + ~0.1 mgl” n/a
2YT 3 pilot no ++ ~02mg.l” n/a
p598 (PG+CA) BL21 (DE3) 371371 LB 1 pilot no + <0.1mgl” n/a
p599 (CA) Origami B 37/37 LB 1 pilot no n/a none detected n/a
(DE3) 37/30 LB 1 no
BL21 (DE3) 37137 LB 1 pilot no
p631 (periplasmic | BL21 (DE3) 37/25 LB 0.5 pilot no +++ (degradation | ~ 0.4 mg.I"
pelB/PG+CA) products visible)
p640 BL21 (DE3) 37/37 LB 1 medium band observed ++ ~1mgl? +; but all
(Hise+PG+CA) after purification product in
soluble
fraction

An example of a typical (i.e. disappointing) result of E. coli expression of
PG+CA construct is shown below in Figure 15. The comparison of protein content in
cellular fraction before and after induction separated on SDS-PAGE does not show any
increase in production of protein with expected molecular weight ~ 38 kDa (Figure 15,
left). Only by using a highly sensitive and specific detection by Western blot analysis
allowed identification of a minute amount of product in the soluble cellular fraction

(Figure 15, right, lanes 2a and 2b).

1 2
kDa KDa 1a  2a b 2
before after s 200
116
116 97
m— — Q7 66 -
— 50
45

_— 31

Figure 15 Expression of recombinant PG+CA construct in E. coli Origami B cells.

The 10 % SDS-PAGE gel analyzing protein content of bacterial cells before (lane 1) and 4 hours after
induction with 1 mM ETG (lane 2,). The 12.5 % SDS-PAGE gel (lanes 1a and 2a) and Western blot
analysis of the same gel (lanes 1b and 2b) stained with mAb M75-HRP conjugate on the right shows
insoluble fraction (possibly containing inclusion bodies, lanes la and 1b) and soluble fraction (cell

supernatant; lanes 2a and 2b).
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To increase the amount of recombinant product, the effect of growth conditions
were investigated including the effect of media composition. An example of an effect of
using regular or rich media, i.e. LB or 2YT (for composition see Materials, chapter
4.2.1) on culture growth is shown in Figure 16. Although the yield of bacterial cell paste
was only marginally higher for the rich 2YT media, the yield of recombinant product
(as detected by Western blot) was approximately twice as high (Table 8). However, the
rich media did not lead to sufficiently high protein yield.

2,5

+LB
= 2YT

00550nm

0,5

Figure 16 Example of the effect of media composition on the growth curves of E. coli Origami B
cells. Growth curves of E. coli Origami B cells grown on LB and 2YT media are shown as optical density

of bacterial culture measured as a function of time.

The estimated yield of expressed recombinant protein was in the optimized
experiments less than or equal to 0.2 mg per 1 liter of bacterial culture. Attempts to
purify the recombinant product using the affinity chromatography on sulfonamide
agarose were not successful. An example of such unsuccessful purification is

documented in Figure 17.
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Figure 17 Purification of CA (p599) on sulfonamide agarose. Above: chromatogram showing the
course of the purification; fractions 1-12 correspond to application and washing of the column; fractions
13-42 to elution with 0.1 mM acetazolamide (nanomolar sulfonamide inhibitor of CAs; this compound
shows strong absorbance at 280 nm) Below: the samples from chromatography fractions were analyzed
on 12.5 % SDS-PAGE. Gel I, lane 1: Origami B cell lysate, lane 2: soluble fraction (cell supernatant
after French press disintegration and centrifugation) applied on sulfonamide agarose column.; lane 3:
flow through fraction; lanes 4-8: fractions from elution with 0.1 mM acetazolamide; lane 9: regeneration
of the column with 0.1 M Na-acetate pH 5.0; 1 M NaCl; Gel II lanes 1-5 show elution fractions after TCA

precipitation; lanes 6-9: fractions from column regeneration.
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As the heterologous expression of recombinant product targeted to cytosol,
despite of enormous optimization effort, yielded only minute amounts of protein
product, targeting recombinant product to periplasmic compartment was thus selected as
an alternative strategy. The pilot experiment with periplasmic expression of PG+CA
gave encouragingly higher yield; however, significant (probably proteolytic)
degradation of the periplasmic product was observed (Figure 18), and the yield was not

sufficient for structural studies.

M 1

116
97

66  —

45 weme

31

21,5
—

Figure 18 Periplasmic PG+CA pilot expression experiment (p631). /2.5 % SDS-PAGE was used for
the analysis of expression; lane 1: LB medium after periplasmic expression (control sample); lane 2:
cells before induction; lane 3: cells after induction; lane 4: WB of cells after induction. Again, the target
protein could be detected only on WB, expression level was above average, though degradation could be

observed.

Including a His tag on the N-terminus of PG+CA was the final attempt to
optimize recombinant production in prokaryotic system. The His tag apparently
increased protein expression probably by affecting product solubility and provided an

extra advantage in simple protein purification and detection by antibodies.

Experiments with His-tagged PG+CA expression in E. coli BL21 (DE3) cells
produced soluble protein product which could be purified on Ni affinity resin (Figure

19). Nevertheless, no enzymatic activity was detected in the purified fractions
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(Table 8). At this point, the prokaryotic expression experiments were not pursued
further and we concentrated our effort on eukaryotic expression (as described in section

5.2.2.)

116 :
97 —

66 - -
31 - =
21,50 o
- i I
L

| B £ —
Figure 19 Ni column purification of His-tagged PG+CA (p640). /2.5 % SDS-PAGE and WB (stained

with M75-HRP conjugate) lane 1: sample applied on column; lane 2: wash with 5 mM imidazole; lanes

3-7: elution fractions of target protein in 250 mM imidazole.

5.2.2 Recombinant CA IX constructs for eukaryotic

expression

Unsuccessful attempts to obtain sufficient supply of crystallizable recombinant
CA IX by prokaryotic expression led us to consider a eukaryotic expression system,
which proved beneficial both for the expression yield as well as the enzymatic activity
of recombinant product. Thus, with the benefit of hindsight, it is clear that too much
effort and trust have been spent on prokaryotic system, based solely on positive results

published for CA XII expression (Whittington et al., 2001).

Several recombinant CA IX constructs containing PG+CA domains as well as
constructs containing solely the catalytic CA domain were prepared. Due to difficulties
with purification of CA IX on commercially available sulfonamide agarose resin, some
constructs were engineered with N-terminal or C-terminal affinity tags for purification

on Ni-CAM (in case of His-tag) or Streptavidin Mutein Matrix (in case of biotinylated
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Avi-tag). The affinity tags were in some constructs separated from the coding sequence
by specific cleavage site for tobacco etch virus (TEV) protease to allow tag removal.
Constructs with C-terminal extension of CA domain to the transmembrane segment
(TM) were also prepared with the aim to investigate potential dimerization via a cystein

residue located in sequence directly preceding the TM segment.

The Drosophila Expression System (Invitrogen) utilizing Schneider 2 (S2) cells
with transfection reagents, expression and selection plasmids, media and additives were
used according to the manufacturer’s recommendations as described in Methods
(chapter 4.3.1.). The expression of CA IX was targeted to growth media and this system
produced the recombinant product in several orders of magnitude higher yield than the
prokaryotic system. An additional benefit was the expression of correctly folded and

enzymatically active protein.

Figure 20 shows sequence of PG+CA in the context of pMT/BiP expression
vector (p661 in Table 9) with the relevant restriction sites that were used throughout the

cloning of all other constructs. For details of plasmid construction see Methods.

List of prepared constructs for expression in Drosophila S2 cells is summarized

in Table 9.
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671 TCG AAT TTG GAG CCG GCC GGC GTG TGC AAA AGA GGT GAA TCG AAC GAA AGA
Ser Asn Leu Glu Pro Ala Gly Val Cys Lys Arg Gly Glu Ser Asn Glu Arg

722 CCC GTG TGT ARA GCC GCG TTT CCA ARA TGT ATA AAA CCG AGA GCA TCT GGC
Pro Val Cys Lys Ala Ala Phe Pro Lys Cys Ile Lys Pro Arg Ala Ser Gly

773 CAA TGT GCA TCA GTT GTG GTC AGC AGC AAA ATC AAG TGA ATC ATC TCA GTG
Gln Cys Ala Ser Val Val Val Ser Ser Lys Ile Lys —--- Ile Ile Ser Val

824 CAA CTA AAG GGG GGA TCC GAT CTC AAT ATG AAG TTA TGC ATA TTA CTG GCC
Gln Leu Lys Gly Gly Ser Asp Leu Asn Met Lys Leu Cys Ile Leu Leu Ala

875 GTC GTG GCC TTT GTT GGC CTC TCG CTC GGG AGA TCG ATC TCC ATG GGG GAA
Val Val Ala Phe Val Gly Leu Ser Leu Gly Arg Ser Ile Ser Met Gly Glu

926 GAT GAC CCA CTG GGC GAG GAG GAT CTG CCC AGT GAA GAG GAT TCA CCC AGA
Asp Asp Pro Leu Gly Glu Glu Asp Leu Pro Ser Glu Glu Asp Ser Pro Arg

977 GAG GAG GAT CCA CCC GGA GAG GAG GAT CTA CCT GGA GAG GAG GAT CTA CCT
Glu Glu Asp Pro Pro Gly Glu Glu Asp Leu Pro Gly Glu Glu Asp Leu Pro

1028 GGA GAG GAG GAT CTA CCT GAA GTT AAG CCT AAA TCA GAA GAA GAG GGC TCC
Gly Glu Glu Asp Leu Pro Glu Val Lys Pro Lys Ser Glu Glu Glu Gly Ser

1079 CTIG AAG TTA GAG GAT CTA CCT ACT GTT GAG GCT CCT GGA GAT CCT CAA GAA
Leu Lys Leu Glu Asp Leu Pro Thr Val Glu Ala Pro Gly Asp Pro Gln Glu

1130 [CCC CAG AAT AAT GCC CAC AGG GAC AAA GAA GGG GAT GAC CAG AGT CAT TGG
Pro Gln Asn Asn Ala His Arg Asp Lys Glu Gly Asp Asp Gln Ser His Trp

1181 CGC TAT GGA GGC GAC CCG CCC TGG CCC CGG GTG TCC CCA GCC TGC GCG GGC
Arg Tyr Gly Gly Asp Pro Pro Trp Pro Arg Val Ser Pro Ala Cys Ala Gly

1232 CGC TTC CAG TCC CCG GTG GAT ATC CGC CCC CAG CTC GCC GCC TTC TGC CCG
Arg Phe Gln Ser Pro Val Asp Ile Arg Pro Gln Leu Ala Ala Phe Cys Pro

1283 GCC CTG CGC CCC CTG GAA CTC CTG GGC TTC CAG CTC CCG CCG CTC CCA GAA
Ala Leu Arg Pro Leu Glu Leu Leu Gly Phe Gln Leu Pro Pro Leu Pro Glu

1334 CTG CGC CTG CGC AAC AAT GGC CAC AGT GTG CAA CTG ACC CTG CCT CCT GGG
Leu Arg Leu Arg Asn Asn Gly His Ser Val Gln Leu Thr Leu Pro Pro Gly

1385 CTA GAG ATG GCT CTG GGT CCC GGG CGG GAG TAC CGG GCT CTG CAG CTG CAT
Leu Glu Met Ala Leu Gly Pro Gly Arg Glu Tyr Arg Ala Leu Gln Leu His

1436 CTG CAC TGG GGG GCT GCA GGT CGT CCG GGC TCG GAG CAC ACT GTG GAA GGC
Leu His Trp Gly Ala Ala Gly Arg Pro Gly Ser Glu His Thr Val Glu Gly

1487 CAC CGT TTC CCT GCC GAG ATC CAC GTG GTT CAC CTC AGC ACC GCC TTT GCC
His Arg Phe Pro Ala Glu Ile His Val Val His Leu Ser Thr Ala Phe Ala

1538 AGA GTT GAC GAG GCC TTG GGG CGC CCG GGA GGC CTG GCC GTG TTG GCC GCC
Arg Val Asp Glu Ala Leu Gly Arg Pro Gly Gly Leu Ala Val Leu Ala Ala

1589 TTT CTG GAG GAG GGC CCG GAA GAA AAC AGT GCC TAT GAG CAG TTG CTG TCT
Phe Leu Glu Glu Gly Pro Glu Glu Asn Ser Ala Tyr Glu Gln Leu Leu Ser

1640 CGC TTG GAA GAA ATC GCT GAG GAA GGC TCA GAG ACT CAG GTC CCA GGA CTG
Arg Leu Glu Glu Ile Ala Glu Glu Gly Ser Glu Thr Gln Val Pro Gly Leu

1691 GAC ATA TCT GCA CTC CTG CCC TCT GAC TTC AGC CGC TAC TTC CAA TAT GAG
Asp Ile Ser Ala Leu Leu Pro Ser Asp Phe Ser Arg Tyr Phe Gln Tyr Glu

1742 GGG TCT CTG ACT ACA CCG CCC TGT GCC CAG GGT GTC ATC TGG ACT GTG TTT
Gly Ser Leu Thr Thr Pro Pro Cys Ala Gln Gly Val Ile Trp Thr Val Phe

1793 AAC CAG ACA GTG ATG CTG AGT GCT AAG CAG CTC CAC ACC CTC TCT GAC ACC
Asn Gln Thr Val Met Leu Ser Ala Lys Gln Leu His Thr Leu Ser Asp Thr

1844 CTG TGG GGA CCT GGT GAC TCT CGG CTA CAG CTG AAC TTC CGA GCG ACG CAG
Leu Trp Gly Pro Gly Asp Ser Arg Leu Gln Leu Asn Phe Arg Ala Thr Gln

1895 CCT TTG AAT GGG CGA GIG ATT GAG GCC TCC TTC TGA ATT CTG CAG ATA TCC
Pro Leu Asn Gly Arg Val Ile Glu Ala Ser Phe --- Ile Leu Gln Ile Ser

1946 AGC ACA GTG GCG GCC GCT CGA GTC TAG AGG GCC CTT CGA AGG TAA GCC TAT
Ser Thr Val Ala Ala Ala Arg Val --- Arg Ala Leu Arg Arg --- Ala Tyr

1997 CCC TAA CCC TCT CCT CGG TCT
Pro --- Pro Ser Pro Arg Ser

Figure 20 Sequence of PG+CA (p661) construct in pMT/BiP expression vector for S2 cell
transfection. Coding sequence for the PG and CA domains are highlighted in red and green colors,

respectively. Restriction sites used throughout the cloning are indicated above the nucleotide sequence.
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5 Results and discussion

In a typical expression experiment, the pMT/BiP vector containing the cloned
sequence of CA IX construct and selection vector (pCoBlast) were co-transfected using
the calcium phosphate procedure as described in section 4.3.2. The cell culture was first
cultivated on a selection medium containing 300 ng/ml blasticidine and 10 % fetal calf
serum. After approximately 3 weeks of selection of stably transfected clones, the cells
were transferred to serum free medium and large scale cultivations were performed in

glass spinner flasks (1000 ml, Corning) at 24 °C, 120 rpm.

The cells were usually seeded at density 2 — 4 x 10° cell/ml, heterologous
expression of genes under metallothionein promoter was induced by adding 1 mM
CuSOy at cell density around 8 x 10° cell/ml, and the cells were further cultivated for
about 6 days. Typical growth curves of cultivation carried in two spinner flasks in

parallel are shown below (Figure 21).

Culturing S2-661 Cells

2,5E+07

2,0E+07 A

1,5E+07 |

- Spinner 1
-= Spinner 2

1,0E+07

Cell Density

-~—— induction of expression with 1 mM Cu?

5,0E+06 |

0,0E+00 | ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7

Day

Figure 21 Growth curves of S2 cells expressing recombinant PG+CA (p661) construct. 7he induction

of recombinant expression with 1 mM CuSO4 is indicated at cell density approx. 8 x 10° cell.ml”.
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The secreted recombinant product accumulated in the serum-free medium and
was harvested by centrifugation at the end of cultivation. An example of expressed
recombinant CA IX protein in serum-free medium is shown in Figure 22. The
conditioned medium was either immediately used for purification of target protein or

frozen and stored at -70 °C until further use.

Figure 22 Expression of PG+CA construct (p661) in Drosophila S2 cells. SDS-PAGE (12.5 % gel)
analysis of serum-free medium containing protein of expected size (37.4 kDa indicated by arrow). N-
glycosylation of NOT motif present in the CA domain of CA IX is the cause of slight increase in molecular

weight resulting in decreased electrophoretic mobility.

Purification on sulfonamide agarose was done according to the protocol
described in Methods section 4.4.1, one such typical chromatography is depicted in
Figure 23. In general, this method gave rather unsatisfactory results as far as the
selectivity and specificity is concerned. Several contaminants from the medium bound
non-specifically to this resin, and as shown on the SDS-PAGE below, the eluted protein

was not much purified even after elution with relatively high salt concentration.

As concerns specific elution of CAs with the use of free sulfonamide
(acetazolamide), this gave generally even worse results. In the end we have found that
standard purification with ion exchange chromatography gave much better and

reproducible results, and also the yield of eluted protein was higher.
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Figure 23 Purification of PG+CA (p661) on sulfonamide agarose. (4) Chromatogram of purification
on sulfonamide-agarose (elution with gradient of 0-1 M NaCl) (B) CA activity in individual elution
fractions (C) On the left 12.5 % SDS-PAGE Lane 1: sample applied on the column; 2: flow-through
fraction; 3 — 8: elution fractions 1-6 from above purification. On the right: the same samples on WB

stained with mAb M75-HRP conjugate.

Further purification was carried out using either ion exchange chromatography
on MonoQ GL 5/50 column (GE Healthcare) and/or by gel filtration on Superdex 200
GL (GE Healthcare). Before crystallization trials, the samples were concentrated by
ultrafiltration to 10 mg/ml in a buffer composed of 10 mM TrisCl pH 7.5 and 100 mM
NaCl. Crystallization trials were performed using vapor diffusion hanging drop method

with several commercially available crystal screening kits as described in the methods.

Some examples of partly successful hits are shown in Figure 24. Unfortunately,
extensive optimization of initial crystallization conditions did not lead to any crystals

usable for diffraction analysis and structure determination. Either the size of the crystal
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5 Results and discussion

or the crystalline order was never sufficient to obtain X-ray diffraction (neither using

the home X-ray source nor the highly intense synchrotron source).

Figure 24 Some crystallization hits obtained with various rCA IX constructs. Panels (4), (B),
(C),and (D) 10 mg/ml PG+CA (p661) in 0.2 M Magnesium acetate; 0.1 M Sodium Cacodylate pH 6.5, 20
% PEG 8000 (micro-variation in pH and seeding experiments); (E) same construct in 0.2 M Calcium
Chloride dihydrate, 0.1 M HEPES pH 7.5, 28 % PEG 400; (F) 8 mg/ml CA (p759) (I M ammonium
sulfate; 100 mM HEPES pH 7.5).
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In the course of optimizing our crystallization conditions a paper reporting
crystal structure of CA IX was published (Alterio et al., 2009). This led us to conclude
our crystallization attempts at this stage and admit that we did not succeed in this highly
competitive field and it was not for us to announce the "long-sought-for" CA IX

structure.

5.2.3 Conclusion from structural studies of CA IX

Efforts to produce recombinant human CA IX of crystallization quality in
prokaryotic or eukaryotic expression systems, which comprised in total 19 different
gene constructs, resulted either in too low yields or in proteins unable to grow as

crystals needed for X-ray analysis.

From discussions with colleagues working in the CA field we have learned that
our experience was not unique and that others encountered similar pitfalls, e.g.
difficulties with affinity chromatography on sulfonamide agarose. Other groups have
developed protocols for carbonic anhydrase purification by using metal affinity resins of

their own, giving better results after one step purification (Banerjee et al., 2004).

After more than a decade of unsuccessful efforts by many teams, including big
pharmaceutical companies, by the end of year 2009 a paper announcing the first 3D
structure of CA IX was published (Alterio et al., 2009). Based on the exact sequence of
the CA domain (N- and C- termini) in their construct, including the Cys(41)Ser
mutation, which finally led to well crystallizable CA IX in the Alterio et al paper, we
have also designed such a CA construct (designated with internal number p955, Table

8) and we plan to use it in structure determination experiments.

We also are still interested in the role and structure of the PG domain, so we

have not given up yet on crystallization of PG+CA construct either.
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5.3 Structure of mouse mAb M75 in complex with epitope

peptide

Monoclonal antibody M75 recognizes its specific linear epitope PGEEDLP in
the proteoglycan-like segment (residues 38-112 in Swiss-prot entry Q16790) of CA IX
(Zavada et al., 2000). In addition to its enzymatic function, CA IX also acts as a cell
adhesion molecule (CAM) that can mediate the attachment of cells to a nonadhesive
solid support (Zavada et al., 2000). The adhesion site of CA IX appears to overlap with
the PGEEDLP epitope of the monoclonal antibody M75 since the antibody blocks
attachment of cells to immobilized CA IX protein (Zavada et al., 2000). The counterpart
receptor component of the adhesion cell remains unknown. Nevertheless, it might be
assumed that similar structural elements are involved in CA IX binding with both M75
antibody and with the CAM receptor, since formation of both complexes is inhibited in

an acidic environment in the same manner (Zavadova & Zavada, 2005).

As this PG-like segment represents a unique feature of CA IX compared to other
CA isozymes, this segment could be important in oncogenesis. Therefore the nature of
its interactions with M75 antibody was investigated as one of the aims of this thesis.
Other motivation for this study was to obtain structural information necessary for

further protein engineering of M75 antibody with diagnostic and therapeutic potential.

We set to determine and analyze crystal structure of M75 Fab fragment alone

and in complex with an epitope peptide representing part of the PG-segment.

5.3.1 Crystallization, data collection and structure

determination

Fab fragment of antibody M75 for crystallization was prepared by the cleavage
of isolated immunoglobulin M75 by papain as described in Methods (sub 4.6). The Fab
fragment was concentrated by ultrafiltration to concentration 10 mg/ml in buffer
composed of 100 mM potassium phosphate, pH 7.2, 0.13% 2-mercaptoethanol, and
0.9 mM EDTA and subjected to crystallization screening. Crystallization cocktails
containing polyethylene glycol (PEG) of various molecular weight (MW 1000 — 6000)
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were screened to find initial crystallization condition for free Fab M75 as well as the
Fab M75 in complex with the epitope peptide PGEEDLPGEEDL. The hanging drop
vapor diffusion method was used for screening and optimization as described in
Methods (sub 4.7.1): drops containing 1 pl of protein solution were mixed with 1 pl of

crystallization cocktail and placed over a 1 ml reservoir.

Optimal crystals for free Fab M75 were obtained under the following
crystallization conditions: Fab M75 at 10 mg/ml; 100 mM Tris-HCI, pH 7.5; 15% PEG
4000; 18 °C. Crystals reached their final size within 1 week (Figure 25A).

Crystallization conditions for the Fab M75 + epitope peptide complex were: Fab
M75 at 7.8 mg/ml; peptide at 10 mg/ml; 100 mM Tris-HCI, pH 7.4; 20% PEG 2000;
18 °C (Figure 25B). Streak seeding technique was utilized for obtaining the highest
quality crystals of the complex, (Figure 25 C, D).
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Figure 25 Crystals of Fab M75.
(A) Optimized crystals of free Fab M75; the crystal size is ~ 0.3 % 0.1 x 0.05 mm. (B) Initial crystals of
M75 + epitope peptide complex whose quality was improved using strike seeding (C). (D) Optimized
crystals of M75 + epitope peptide complex; the crystal size is ~ 0.25 % 0.1 x 0.05 mm. Crystallization
conditions are detailed in the text.

For cryoprotection, the crystals were soaked in corresponding reservoir solution
supplemented with 25% glycerol. Diffraction data for both crystals were collected at
150 K using an in-house diffractometer (Nonius FR 591 generator, 345-mm
MarResearch Image Plate detector). Crystals belonged to triclinic spacegroup P1.
Diffraction data were processed using procedures described in the Methods (sub 4.7.2).

Crystal parameters and data collection statistics are summarized in Table 10.

The structure of free Fab M75 was solved by molecular replacement by EPMR
program (Kissinger ef al., 1999) using the structure of Fab Bv04-01 (PDB code: INBV
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(Herron et al., 1991) as a search model. Structure factors in resolution range 154 A
were used for both, rotational and translational searches. In the rigid body refinement
(Brunger et al., 1998) individual subdomains light chain variable domain (Vi), heavy
chain variable domain (Vu), and heavy and light chain constant domains Cu and Cv
were allowed to move independently. In the next step of refinement, all the
hypervariable complementarity determining regions (CDRs) were omitted from the
initial model, which was then subjected to alternate cycles of molecular dynamics
refinement with manual model building using the program Coot (Emsley & Cowtan,
2004). For final refinement cycles, TLS (translation-libration-screw) refinement cycles
were used with subdomains Vi, Ci, Vi, and Cu as independent TLS groups. Final
refinement statistics is summarized in Table 10, coordinates and structure factors were

deposited to PDB under the accession code 2HKH.

The crystal of the Fab M75 + epitope peptide complex was isomorphous with
the structure of free Fab M75 (see above), therefore, the structure of free Fab M75 could
be used as a starting model for rigid body refinement with free movements of Vi, Ci,
Vu, and Cu subdomains. Peptide tracing was carried out using electron density maps
calculated with weighted Fourier coefficients. (Read, 1986). For final stage refinement
of Vi, Ci, Vi, and Cu subdomains, program REFMAC 5.2.0019 with TLS cycles was
used. Final refinement statistics is summarized in Table 10, coordinates and structure

factors were deposited to PDB under the accession code 2HKF.

76



5 Results and discussion

Table 10 Crystal parameters, data collection and refinement statistics for free Fab M75 and for its

complex with epitope peptide.

Data collection statistics

Free Fab M75

Complex Fab + epitope peptide

Space group
Unit cell parameters (A)

Number of molecules in AU
Wavelength (A)

Resolution range (A)
Number of unique reflections
Redundancy

Completeness (%)

Rinerge”

Average 1/o(1)

Wilson B (A%)

P1

a=4098 Ab=43.15A¢c=5737A
a=285.30° Pp=88.45° y=84.29°

1
1.5418

30.00 — 2.08 (2.18 — 2.08)
22,667

2.52

90.7 (68.6)

0.069 (0.304)

6.5 (2.0)

39.4

P1

a=4039Ab=43.15A¢c=58.02A
a=285.03° p=288.47° y=285.67°

1
1.5418

28.87 —2.00 (2.11 — 2.00)
24,418

2.40 (2.30)

93.5(93.5)

0.049 (0.191)

12.0 3.2)

19.4

Refinement statistics

Resolution range (A)

30.00 —2.10 (2.18 — 2.10)

28.87 —2.00 (2.11 — 2.00)

No. of reflections in working set 15,795 23,175
No. of reflections in test set 1,417 1,243
R® (%) 21.9 17.5
Reree’ (%) 27.2 24.2
RMSD bond length (A) 0.011 0.012
RMSD angle (°) 1,547 1.38
Number of atoms in AU 3,381 3,663
Number of protein atoms in AU 3,279 3,360
Number of solvent molecules in AU 102 303
Mean B value (A%) 31.07 17.78
Ramachandran plot statistics

Residues in favored regions (%) 95.48 97.43
Residues in allowed regions (%) 3.81 2.34
PDB code 2HKH 2HKF

The data in parentheses refer to the highest-resolution shell.

2 Runerge = ZnwaZili(hkl) - (I(hkl))|/ZnaZi 1i(hkl), where the Ii(hkl) is an individual intensity of the ith observation of reflection hkl and

(I(hkl)) is the average intensity of reflection /4l with summation over all data.

®R-value = ||Fo| - |F¢||/|Fo|, where F, and F, are the observed and calculated structure factors, respectively.

“Riree is equivalent to R value but is calculated for 5 % of the reflections chosen at random and omitted from the refinement

process (Brunger, 1992).
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5.3.2 Refined models and overall structures

The final Fab M75 model, refined at 2.1 A resolution comprised a single protein
molecule in the asymmetric unit with 219 residues for the light chain and 208 residues
for the heavy chain, 98 water molecules and one molecule of glycerol. Residues
belonging to the hypervariable CDR loops were well-defined in the electron density
map, except for five residues of CDR-H3, namely H100-H104. Other missing residues
in the model included N-terminal GluH1, and residues belonging to the constant region
Cyl (HI34-H137 and HI162-H166). Residues falling out of Ramachandran
(Ramachandran & Sasisekharan, 1968) energy space are ValLL56 (which is characteristic
for the canonical conformation of CDR-L2, (Milner-White et al., 1988), SerH27, and
ThrH28 from CDR-HI solvent exposed loop; generously allowed are SerH155 and

SerH178 surface residues of Cy1 loops.

The final model of Fab M75 + epitope peptide, refined at 2.0 A resolution,
comprises one complex molecule in the asymmetric unit: 219 residues for the light
chain, 209 residues for the heavy chain, 9 peptide residues, and 303 water molecules.

Overall view of the Fab M75 + epitope peptide is depicted in Figure 26.
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Figure 26 Structure of Fab M75 antibody fragment in complex with epitope peptide.
Heavy chain is colored blue, light chain red, peptide yellow, the respective CDR loops are colored pale
blue for H1, green H2, gray H3, light magenta L1, mauve L2, dark magenta L3
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Similarly to the free Fab M75 structure, ValL56 falls into the disallowed region
of the Ramachandran energy space, and SerH155 into the generously allowed region.
All residues belonging to the hypervariable loops were well-defined in the electron
density map. The residues missing from the protein model belong to the Cyl region.
Eight out of 12 peptide residues (PGEEDLPG) could be conclusively traced into well

defined electron density map in the antigen binding site Figure 27.

Figure 27 Structure of the complex Fab + epitope peptide: detail view of binding site.

Omit map of the bound peptide (vellow) contoured at 3o level. The respective CDR loops are colored pale
blue for H1, green H2, gray H3, light magenta L1, mauve L2, dark magenta L3. Peptide is represented by
stick model with carbon atoms colored yellow and oxygen and nitrogen atoms shown in red or blue,
respectively.
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During the map interpretation, an extra electron density was observed preceding
the amino end of the traced peptide that could be indisputably traced as a main chain of
additional amino acid residue and identified as a leucine. We believe that the final
crystallographic model represents an average of alternate epitope peptide binding by its
amino-terminal segment (PGEEDLPGEEDL) and by the carboxy-terminal segment
(PGEEDLPGEEDL), respectively (relevant parts of the epitope peptide are shown in
bold). In the deposited complex structure (PDB entry 2HKF), the bound ‘‘averaged’’
peptide has nine residues and its first residue is approximated with glycine. The values
of atomic displacement parameters (ADP) for the peptide bound to Fab indicate higher
stability of the central peptide part (ProP2 to LeuP7) compared to the peptide terminal
residues (Figure 28). The ambiguity of binding mode of the peptide PGEEDLPGEEDL
clearly shows ability of binding site to bind repetitive sequence GEEDLP, which is
repeated 4 times in the PG domain of CA IX.

18,00
16,00
14,00
12,00

10,00

ADP [A?]

8,00

6,00

4,00

2,00

0,00 ||
LeuP1 ProP2 GlyP3 GluP4 GluP5 AspP6 LeuP7 ProP8 GlyP9

Figure 28 Average values of residual atomic displacement parameters (ADP) of the peptide
residues in complex.

Black bars correspond to average ADP values of main chain atoms of the peptide residue and grey bars
to all atoms of the residue. Note the difference in the ADP of GIluP4 main chain in respect to whole
residue ADP. The side-chain of GluP4 is not involved in any contacts with the antibody molecule.
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5.3.3 Comparison of Fab M75 free and complexed structure

Comparison of free and complexed structures revealed that major transitions of
the antibody main chains upon epitope peptide binding occur in the regions of CDR-H1,
CDR-H3, and CDR-L1 (Figure 29).

H2

H1

N-term

Figure 29 Superimposed Ca traces of the free and complexed Fab M75.
A “‘top view’’ into the binding cleft. The peptide and CDRs of the complex are color coded as in Figure
27; the “‘free’’ structure is colored black.

While the hypervariable loops of CDR-HI and CDR-H3 acquire altered
conformations, the entire CDR-L1 is shifted to a new position as almost rigid structure

without changing the overall loop conformation. Upon the binding of the epitope
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peptide, the conformation of the CDR-HI loop is altered between residues GlyH26 and
LeuH29. The loop is moving in the direction toward the bound epitope peptide with the
maximum shift observed for the SerH27 Ca atom (3.06 A). The conformational change
in the CDR-H3 loop involves rearrangement of TyrH101-AsnH103 residues. The H3
loop moves toward the C-terminal part of CDR-L2, and provides the contacts to the
epitope peptide from the L2 direction. The most dramatic movement is observed for
GlyH102 Ca atom (3.68 A). The new conformation of the CDR-H3 loop opens the
groove in the antigen binding cleft for the binding of the N-terminal part of the epitope.
The displacement of the hypervariable loop of CDR-L1 is smaller, with amplitude of
1.98 A observed for the residue SerL.32 Ca atom.

From comparison of the two crystal structures (free and complexed), it can be
also noted that the structure of Fab M75 + epitope peptide complex has smaller number
of disordered residues, slightly better resolution (2.0 A vs. 2.1 A), and a lower average
atomic displacement parameter (ADP). The decrease in average ADP value from
31.1 A? for free Fab to 17.8 A? for the complex indicates a global stabilization of the
complexed structure. Comparison of local (per residue) ADP values along the protein
chains indicates one short segment with pronounced differences between the free and
the complexed structure. The plot of ADP values for Ca atoms along the heavy chain
(Figure 30) shows a distinctive peak for the CDR-H3 segment of the free antibody. This
peak is absent in the corresponding plot of the complex structure ADPs, while the two
plots are essentially identical for other heavy chain segments. In summary, two
transitions in the heavy chain of two CDRs are observed, both generating shape
complementarity, whereas only the readjustment of CDR-H3 contributes to local

stability.
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Figure 30 Residual atomic displacement parameters plotted for Ca atoms of the heavy chain
residues. (Free Fab, full squares;, complex, open circles) Horizontal bars indicate CDRs HI, H2, and
H3. Two dashed abscissa lines show the value of the average atomic displacement parameter for the free
and complexed Fab, respectively.

From the structure comparison it is also evident that some tightly bound water
molecules are displaced upon peptide binding, such as the water molecule originally

positioned between the CDR-H2 and CDR-L1 loops, see Figure 31.
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Figure 31 Protein surface at van der Waals radii colored by the protein surface areas buried upon

epitope peptide binding. Rainbow coloring from yellow (< 0 A2) to blue (40 A2); white (0 A2);

transparent blue sphere indicates a water molecule displaced upon the peptide binding. Peptide is
represented by stick model with carbon atoms colored yellow and oxygen and nitrogen atoms shown in

red or blue, respectively.

5.3.4 Peptide-antibody interactions
5.3.4.1 Polar interactions

In general terms, antigen-antibody interactions reflect shape and charge
complementarities. Charge (electrostatic) complementarity is assumed to be a

prominent factor in specific antigen recognition (Rini ef al., 1992). In the structure of
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the complex described here, the antigen binding cleft displays a continuous positively
charged surface Figure 32 and the charge complementarities between antibody and
peptide include the side chains of ArgH50 and ArgH52 of Fab M75 as counterparts of
the GluP5 residue of the epitope peptide and the side chain of LysL55 of Fab M75 as
the counterpart to the AspP6 residue of the epitope peptide.

Figure 32 Electrostatic potential of the FabM75 the antigen binding site. Protein surface at van der

Waals radii are colored by the electrostatic potential from negative (red) to positive (blue); the scale bar
is from -5 to +5 kT/e. Peptide is represented by stick model with carbon atoms colored yellow and oxygen

and nitrogen atoms shown in red or blue, respectively.
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The two successive carboxylic amino acid residues of the epitope (GluPS,
AspP6) form salt bridges with the positively charged residues of CDR-H2 and CDR-L2
(see Figure 33).

The side chain of the remaining carboxylic amino acid residue of the epitope

(GluP4) is oriented toward the solvent.

Figure 33 Polar interactions of the FabM?75 antigen binding site with epitope peptide. The

interacting polar interactions are shown as green dotted lines. CDR loops are colored pale blue for HI,
green H2, gray H3, light magenta L1, mauve L2, dark magenta L3. Peptide is represented by stick model

with carbon atoms colored yellow and oxygen and nitrogen atoms shown in red or blue, respectively.
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5 Results and discussion

Comparison of mutual positions of positively charged antibody residues revealed
that distances [ArgHS50:NH2 - LysL55:NZ] and [ArgH52:NH2 - LysL55:NZ] are very
similar in free Fab and the complexed structure (differing by 0.81 and 0.07 A,
respectively). This indicates that the epitope-binding amino acid residues of Fab CDR-
H2 and CDR-L2 are not involved in an antibody structural rearrangement associated
with the antigen binding. From the point of view of charge complementarities, the
antibody thus forms a properly established binding template without any prerequisite of

adaptation.

Contacts of the Fab ArgH50, ArgH52, and LysL55 residues and the carboxylic
amino acid residues of the epitope peptide can be also analyzed with respect to

hydrogen bonding parameters. All polar contacts are listed in Table 11.

Table 11 List of polar contacts between FabM75 and epitope peptide.

Atom of peptide Atom of Fab M75 (CDR loop) Distance (A)
GlyP1 0O ThrH28 N (H1) 3.03
ProP2 O AsnH103 N (H3) 2.85
GluP4 O AsnH103 N (H3) 3.07

GluP4 O¢g1 ArgH52 Ne (H2) 2.79
GluP4 O¢g1 ArgH52 Nn2 (H2) 3.11
GluP4 Og2 ArgH50 Ne (H2) 3.09
GluP4 O¢g2 ArgH50 Nn2 (H2) 2.89
AspP6 N GlyH102 O (H3) 2.91
AspP6 0061 LysL55 Nn (L2) 2.65
ProP8 O ArgH52 Nn1 (H2) 3.14
ProP8 O ArgH52 Nn1 (H2) 3.00

Figure 33 and Table 11 show that there are five contacts of the Fab ArgH50,
ArgH52, and LysL55 residues with the carboxylic amino acid residues of the epitope,
matching the criteria of hydrogen bonding distances and angles. Other hydrogen bonds
involve ThrH28 of CDR-HI1 and the amino terminal residue of the peptide (denoted as
GlyP1, see above), three hydrogen bonds between ArgH52 of CDR-H2 and
ProP8/GlyP9, and four hydrogen bonds between residues GlyH102 and AsnH103 of
CDR-H3 and ProP2, GluP4, AspP6 (three of them are of ‘‘main chain-to-main chain’’
type). In total, heavy chain residues form 10 (out of 11) hydrogen bonds to the epitope
peptide.
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5 Results and discussion

5.3.4.2 Van der Waals interactions

The complexed Fab M75 structure displays areas of extensive van der Waals
contacts between Fab and the epitope peptide. The heavy chain residues are responsible
for majority of these contacts (80%). As shown in Figure 31, the protein surface areas
buried upon binding of the epitope peptide are approximately four times larger for the
heavy chain than for the light chain. The contributions of individual heavy chain CDRs
are not substantially different and decrease in the order CDR-H2 > CDR-H3 > CDR-
H1. Interestingly, a van der Waals contact is also found between the amino terminal
residue of the constant domain of the heavy chain, ValH2, and ProP2 of the epitope
peptide.

5.3.5 Conclusion from Fab M75 structural analyses

Crystal structure analyses presented here were one part of a wider study which
combined various techniques to characterize recognition binding of antibody M75 to its
epitope in CA IX. The results of structural studies presented in this thesis have become
part of a publication Kral, Mader et al, 2008. The combination of X-ray
crystallography, ITC experiments, and MD simulations allowed us to assess the key
structural parameters responsible for Fab M75 antibody epitope recognition and

binding.

We observed good correlation between structural elements and thermodynamic
parameters of the association of antibody fragment to the epitope. Comparisons of the
crystal structures of free Fab M75 and its complex with the epitope peptide reveal major
readjustments of CDR-H1 and CDR-H3. In contrast, the overall conformations and
positions of CDR-H2 and CDR-L2 remain unaltered, and their positively charged
residues may thus present a fixed frame for epitope recognition. Adoption of the altered
CDR-H3 conformation in the structure of the complex is accompanied by an obvious

local stabilization.
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5 Results and discussion

Isothermal titration microcalorimetry experiments revealed a highly unfavorable
entropy term, which can be attributed mainly to the decrease in the degrees of freedom
of the system, the loss of conformational freedom of peptide and partially to a local
stabilization of CDR-H3. Moreover, it was observed that one proton is transferred from
the environment to the protein-ligand complex upon binding. Molecular dynamics
simulations and calculations of the ligand (epitope peptide) binding energy yielded
energy values that were in agreement with the ITC measurements and indicated that the
charged residues play crucial role in the epitope binding. Theoretical arguments indicate
that two adjacent arginine residues (ArgH50 and ArgH52) are responsible for the

observed proton transfer.

By analysis of the two crystal structures, we also gained critical information
necessary for further protein engineering of this important antibody. The analysis of
interaction of epitope peptide with individual CDRs of M75 suggest that the antigen
binding, especially its interaction with the light chain of the antibody, is not optimal and

can be substantially improved.

In conclusion, the structural study performed as part of this PhD thesis helped
understanding the details of antigen-antibody recognition and the design of improved

antibody fragments of potential therapeutic and diagnostic interest.
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6 SUMMARY

This work presents a part of an ongoing project focused on isozymes of human
carbonic anhydrase (CA) and their roles in human physiology and pathophysiology.
Carbonic anhydrase IX (CA IX), a cancer related isozyme of CA, has for long time been
a center of attempts of many laboratories, both in academia and in pharmaceutical
industry, to develop potent, yet selective CA inhibitors: these would provide promising
pharmaceutical tools of improved therapeutic safety and reduced incidence of side

effects.

One of major aims of this work was to get detailed structural information on
isozymes of human CA as the essential precondition for structure-based drug design.
Crystal structures of CA II in complexes with two inhibitors of a novel isoquinoline
class have shown their binding modes in the isozyme active site to considerable details:
such structural information permits fine-tuning of structures of the CA II inhibitors, and
gives at the same time clues for the design of this class inhibitors selective toward CA
IX. Inhibitory potency of such designed compounds will be corroborated with crystal
structures of their complexes with recombinant CA IX isozyme expressed from a
recently developed construct, which apparently, and so far uniquely, provides
recombinant CA IX protein amenable to structural studies. All our previous efforts to
produce a recombinant human CA IX of protein-crystallization quality (using in total 19
different constructs in both prokaryotic and eukaryotic expression systems) failed

because of insufficient yields or because of inadequate crystal growths.

The other proposed main aim was to determine crystal structure of Fab fragment
of monoclonal antibody M75 which recognizes the proteoglycan-like (PG) domain of
CA IX. Two structures were solved, of free Fab fragment and of its complex with the
epitope peptide. The fact that PG domain is a unique feature of CA IX, absent in other
members of the CA family, makes this domain an attractive diagnostic and therapeutic
target. The information obtained from the two crystal structures is valuable not only for
its contribution to understanding of the antibody-antigen recognition in its own right,
but also for the detailed knowledge on the M75 antibody variable domain structure:
such insight will be useful in the planned engineering of the antibody to higher affinity,

stability and humanization.
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7 ABBREVIATIONS

aa

Ab

ADP

AS CR

CA

CAI

CARP

CCD

CDR

DMSO

dNTP

ECL

Fab

Fc

FCS

GI

hCA

HIF

HRP

mAb

NC

PBS

PCR

PDB

amino acid

antibody

atomic displacement parameter
Academy of Sciences of the Czech Republic
carbonic anhydrase

carbonic anhydrase inhibitor
carbonic anhydrase related protein
charge-coupled device
complementarity determining region
dimethyl sulfoxide

deoxynucleotide triphosphate
enhanced chemiluminescence
antibody fragment - antigen binding
antibody fragment — crystallizable
fetal calf serum

gastro-intestinal

human carbonic anhydrase
hypoxia-inducible factor

horse radish peroxidase

monoclonal antibody

nitrocellulose (membrane)
phosphate buffered saline
polymerase chain reaction

protein data bank
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PG

rmsd

scFv

SDS
SDS-PAGE
TEV

TLS

WB

proteoglycan-like domain of CA 1X

root mean square deviation

single-chain variable antibody fragment

sodium dodecyl sulfate

sodium dodecyl sulfate poly-acrylamide gel electrophoresis
tobacco etch virus

translation, libration, screw

western blot
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ABSTRACT (ITC) experiments revealed a highly unfavorable entropy
term, which can be attributed mainly to the decrease in the

Specific antibodies interfere with the function of human tu- degrees of freedom of the sy , the loss of conformational

mor-associated carbonic anhydrase IX (CA IX), and show
potential as tools for anticancer interventions. In this work,
a correlation between structural elements and thermody-
namic parameters of the association of antibody fragment
Fab M75 to a peptide corresponding to its epitope in the
proteoglycan-like domain of CA IX, is presented. Compari-
sons of the crystal structures of free Fab M75 and its com-
plex with the epitope peptide reveal major readjustments of
CDR-H1 and CDR-H3. In contrast, the overall conforma-
tions and positions of CDR-H2 and CDR-L2 remain unal-
tered, and their positively charged residues may thus present
a fixed frame for epitope recognition. Adoption of the
altered CDR-H3 conformation in the structure of the com-
plex is accompanied by an apparent local stabilization.
Analysis of domain mobility with translation-libration-screw
(TLS) method shows that librations of the entire heavy chain
variable domain (Vy) decrease and reorient in the complex,
which correlates well with participation of the heavy chain
in ligand binding. Isothermal titration microcalorimetry

freedom of peptide and partially to a local stabilization of
CDR-H3. Moreover, it was observed that one proton is trans-
ferred from the environment to the protein-ligand complex
upon binding. Molecular dynamics simulations followed by
molecular mechanics/generalized Born surface area (MM-
GBSA) calculations of the ligand (epitope peptide) binding
energy yielded energy values that were in agreement with
the ITC measurements and indicated that the charged resi-
dues play crucial role in the epitope binding. Theoretical
arguments presented in this work indicate that two adjacent
arginine residues (ArgH50 and ArgH52) are responsible for
the observed proton transfer.
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INTRODUCTION

Abnormal expression of human carbonic anhydrase IX
(CA IX) in various commonly occurring carcinomas sug-
gests that this molecule is involved in oncogenic path-
ways.1'3 The CA IX is a promising diagnostic and thera-
peutic target for a variety of cancers due to its almost
exclusive ectopic expression in tumors, very limited
expression in normal tissues, and the availability of spe-
cific monoclonal antibodies including mAb M71"-,4 mAb
G250,5 and several others.0 In the search for selective
anticancer agents that differentiate between malignant
and nonmalignant cells, several strategies for targeting
CA IX were designed and tested.” Detailed description of
the interactions involved in anti-CA IX antibody recogni-
tion can help in development of further advanced strat-
egies, such as generation of recombinant forms of the
antibodies.

Of the 15 human carbonic anhydrases characterized to
date,39 only the CA IX isoform is strongly associated
with certain types of cancer.h2 A unique structural fea-
ture of CA IX is its proteoglycan (PG)-like segment,
which is located at the amino terminus of the molecule
and comprise epitope recognized by mAb M75. Conceiv-
ably, this segment could be important in oncogenesis and
therefore, the nature of its interactions with M75 anti-
body deserves more detailed investigation. CA IX also
acts as a cell adhesion molecule (CAM) that can mediate
the attachment of cells to a nonadhesive solid support.4
The adhesion site of CA IX appears to overlap with the
PGEEDLP epitope of the monoclonal antibody M75 since
the antibody blocks attachment of cells to immobilized
CA IX protein.4 The counterpart receptor component of
the adhesion cell remains unknown. Nevertheless, it is
assumed that similar structural elements are involved in
CA IX binding with M75 antibody and with the CAM
receptor since formation of both complexes is inhibited
in an acidic environment in the same manner.”

The PG amino acid sequence!® comprises 58 residues
and includes the epitope recognized by the anti-CA IX
monoclonal antibody M75 (Ref. 4):

SSGEDDPLGEEDLPSEEDSPREEDPP
GEEDLPGEEDLPGEEDLPEVKPKSEEEGSLKE

A remarkable feature of the PG segment of CA IX is
high content of carboxylic amino acids (8 Asp and 18
Glu in a total of 58 residues) and the low content of ba-
sic residues (1 Arg and 3 Lys residues). Most of the car-
boxylic amino acids are grouped in four identical
GEEDLP repeating motifs (shown in bold) and in three
other motifs (denoted with lines on the top).

Currently, there are several antibody structures in both
the free and the antigen-bound form that have been
determined by X-ray crystallography,!1=15 which pro-
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vide invaluable information about mechanism of antigen
recognition and the structural changes that occur during
antibody-antigen association.

In the present work, the structural elements and ther-
modynamics of association of the Fab fragment of the
anti-CA IX antibody M75 to an epitope peptide derived
from its protein antigen, the proteoglycan-like (PG) seg-
ment of CA IX are reported. The epitope peptide used in
the crystallographic part of this study (M peptide,
PGEEDLPGEEDL),4 underlined in the sequence above)
seems to be an adequate representation of the protein
antigen since structural predictions (e.g., DisEMBL pro-
gram) 10 suggested a lack of secondary structure in the
PG domain. Flexible epitope peptide that possesses no
secondary structure is expected to adopt a complemen-
tary shape and undergo stabilization in complex with its
cognate antibody. This is accompanied by a loss of con-
formational freedom, resulting in an unfavorable entropy
contribution, which is measurable with microcalorimetry
methods.!7 The combination of three methods presented
in the study (crystallography, microcalorimetry, and mo-
lecular dynamics simulations) allowed us to discuss the
process of antibody-epitope recognition in terms of sim-
ple mechanisms, such as “conformational selection” or
“induced fit.” An understanding of the structural and
thermodynamic parameters associated with M75 anti-
body binding provides certain guidelines for rational
design of antibody-based agents interfering with the pre-
sumed function of the PG domain of CAIX in oncogenesis.

RESULTS
Quality of models and overall structures

Refinement statistics for the Fab M75 and the [Fab
M75 + M peptide] complex crystal structures (PDB
entry 2HKH and 2HKEF, respectively) are given in Table
1. The final Fab M75 model, refined at 2.1 A resolution
comprised of a single protein molecule in the asymmetric
unit (219 residues for the light chain and 208 residues
for the heavy chain), 98 water molecules and one mole-
cule of glycerol. Residues belonging to the hypervariable
loops were well-defined in the electron density map, with
the exception of five CDR-H3 residues (H100-H104;
Antibody residues are numbered consecutively, preceded
by L or H for light and heavy chain, respectively, whereas
peptide residue numbers are preceded by P). Other miss-
ing residues in our model included N-terminal GluHlI,
and residues belonging to the constant region Cyl
(H134-H137 and HI162-H166). Residues disallowed in
the Ramachandran energy space are ValL56 (which is
characteristic of the canonical conformation of comple-
mentarity defining region CDR-12),18 SerH27, and
ThrH28 from CDR-HI solvent exposed loop; generously
allowed are SerH155 and SerH178 surface residues of
Cyl loops.
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Table |
Data Collection and Refinement Statistics

Crystals

Free Fab M75

Complex Fab M75 + peptide

Space group P1

Unit cell parameters

Resolution® 30.00-2.10 (2.18-2.10) A
Total number of reflections 57110
MNumber of unique reflections 22667
Completeness® 90.7 (68.6)%
Risiga 6.9 (30.4)%
Wolh? 6.5 (2.0)
Wilson plot B factor 394 A?
Models

PDB ID 2ZHKH
MonH Atoms + Water molecules 3288 + 98
Ruork 0.219

Airee 0.272

a=4098A b=4315A ¢ = 57137 A
o = B5.30° B = 8845 y = 84.29

P1

a=40388 A b= 43145 A ¢ = 58.023 A
a = 8503° B = 88.47° v = 8567
28.87-2.00 (2.11-2.00) A

57489

24418

93.5 (93.5)%

4.9 (19.1)%

120 (32)

19.4 A?

2HKE
3360 + 303
0175
0.242

“Values in parentheses correspond to the last resolution shell.

The final model of [Fab M75 + M peptide], refined at
2.0 A resolution, comprises one complex molecule in the
asymmetric unit: 219 residues for the light chain, 209
residues for the heavy chain, 9 peptide residues, and 303
water molecules. Similarly to the free Fab M75 structure,
ValL56 falls into the disallowed region of the Ramachan-
dran energy space, and SerHI55 into the generously
allowed region. All residues belonging to the hypervari-
able loops were well-defined in the electron density map.
The residues missing from the protein model belong to
the Cyl region. Eight out of 12 peptide residues
(PGEEDLPG) could be conclusively traced into well
defined electron density map in the antigen binding site
[Fig. 1(A)]. During the peptide building, an extra electron
density was observed preceding the amino end of the
traced peptide that could be indisputably traced as a main
chain of additional amino acid residue and identified as a
leucine. We believe that the final crystallographic model
represents an average of alternate M peptide binding by
its amino-terminal segment (PGEEDLPGEEDL) and by
the carboxy-terminal segment (PGEEDLPGEEDL), re-
spectively (relevant parts of M peptide are shown in
bold). In the deposited complex structure (PDB entry
2HKF), the bound “averaged” peptide has nine residues
and its first residue is approximated with glycine. The val-
ues of atomic displacement parameters (ADP) for the
peptide bound to Fab (Fig. 2) demonstrated higher stabil-
ity of the central peptide part (ProP2 to LeuP7) compared
to the peptide terminal residues.

From comparison of the two crystal structures (free and
complexed), it can be noted that the structure of [Fab M75
+ M peptide] complex has smaller number of disordered
residues, slightly better resolution (2.0 Avs. 2.1 fi), and a
lower average ADP (average B value). The decrease in aver-
age ADP value from 31.1 A? for free Fab to 17.8 A? for the
complex indicates a global stabilization of the complexed
structure. Comparison of local (per residue) ADP values

along the protein chains indicates one short segment with
pronounced differences between the free and the com-
plexed structure. This is discussed below, in connection
with the rearrangement of the CDR-H1 and CDR-H3 loops
upon epitope binding. Moreover, it is evident that certain
tightly bound water molecules are displaced upon peptide
binding, such as the water molecule originally positioned
between the CDR-H2 and CDR-LI loops [Fig. 1(D}].

Peptide-antibody polar interactions

In general terms, antigen-antibody interactions reflect
shape and charge complementarities. Charge (electro-
static) complementarity is assumed to be a prominent
factor in specific antigen recogni'(i(m.14 In the structure
of the complex described here, the antigen binding cleft
displays a continuous positively charged surface [Fig.
1(B)] and the charge complementarities between anti-
body and peptide include the side chains of ArgH50 and
ArgH52 of Fab M75 as counterparts of the GluP5 residue
of the epitope (PGEEDLP) and the side chain of LysL55
of Fab M75 as the counterpart to the AspP6 residue of
the epitope (PGEEDLP). The two successive carboxylic
amino acid residues of the epitope (GluP5, AspP6) form
salt bridges with the positively charged residues of CDR-
H2 and CDR-L2 [Fig. 1(C)]. The side chain of the
remaining carboxylic amino acid residue of the epitope
(GluP4, PGEEDLP) is oriented toward the solvent. Com-
parison of mutual positions of positively charged anti-
body residues revealed that distances [ArgH50:NH2...
LysL55:NZ] and [ArgH52:NH2.. .LysL55:NZ] are very
similar in free Fab and the complexed structure (differing
by 0.81 and 0.07 A, respectively). This indicates that the
epitope-binding amino acid residues of Fab CDR-H2 and
CDR-L2 are not involved in an antibody structural rear-
rangement associated with the antigen binding. From the
point of view of charge complementarities, the antibody
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Figure 1
5 of the.antib

1g site. Panel (A): Omit map of the bound peptide (yellow) contoured at 3o level. The respective CDR loops are colored pale blue for

HI, gumﬁrﬂé WfarHJ.l‘a,ghm@mmfarLI mauve for L2, and dark magenta for L3. Panel (B): Protein surface at van der Waals radii colored by the

elec | from negative (red) to positive (blue); the scale bar is from =7 o +7 kT/e. Panel (C): Hydrogen bonds formed between the antibody and the
epmpemﬂdg The respective CDR loops are colored as in panel (A), the amino terminal segment of the heavy chain is colored green, Panel (D); Areas of protein surface
at van der Waals radii buricd upon peptide binding. The rainbow coloring scheme ranges from white mj’mmgfauuersk‘mmd(swl‘). transparent blue sphere

P a war |

thus forms an adequate binding template without any
prerequisite of induced fit. Contacts of the Fab ArgH50,
ArgH52, and LysL55 residues and the carboxylic amino
acid residues of the epitope (M peptide) can be also ana-
lyzed with respect to hydrogen bonding parameters. Fig-
ure 1{C) shows that there are five contacts of the Fab
ArgH50, ArgH52, and LysL55 residues with the carbox-
ylic amino acid residues of the epitope, matching the
criteria of hydrogen bonding distances and angles.

Other hydrogen bonds involve ThrH28 of CDR-HI1
and the amino terminal residue of the peptide (denoted
as GlyP1, see above), three hydrogen bonds between
ArgH52 of CDR-H2 and ProP8/GlyP9, and four hydro-
gen bonds between residues GlyH102 and AsnH103 of
CDR-H3 and ProP2, GluP4, AspP6 (three of them are of
“main chain-to-main chain” type). In total, heavy chain
residues form 10 (out of 11) hydrogen bonds to the epi-
tope peptide. All polar contacts are listed in Table II.
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{ upon the peptide binding. All panels were drawn using program PyMOL'? (http:/fwww.pymol.org).
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Table Il

The Polar Contacts Between the Peptide Residues and Fab M75 as Observed in
the Crystal Structure of the Complexed Form as Caleulated by ACT Program of
CCP4 Suite

Peptide atom Fab M75 atom (COR loop) Distance (A)
GyP1 0 ThrH28 N (H1) 3.03
ProP2 0 AsnH103 N (H3) 285
GluP4 0 AsnH103 N (H3) 3.07
GluP4 <1 ArgH52 Ne (H2) 279
GluP4 Ol ArgH52 N2 (H2) an
GluP4 0c2 ArgH50 Ne (H2) 3.09
GluP4 02 ArgHS0 Nn2 (H2) 289
AspP6 N GlyH102 O (H3) 291
AspP6 051 LysL55 Nm (L2) 265
ProP8 0 ArgH52 N1 (H2) 314
ProP8 0 ArgH52 Nn1 (H2) 3.00

Van der Waals peptide-antibody contacts

The complexed structure displays areas of extensive
van der Waals contacts between Fab and the epitope pep-
tide. The heavy chain residues are responsible for major-
ity of these contacts (~80%). As shown in Figure 1(D),
the protein surface areas buried upon binding of the epi-
tope peptide are approximately four times larger for the
heavy chain than for the light chain. The contributions
of individual heavy chain CDRs are not substantially dif-
ferent and decrease in the order CDR-H2 > CDR-H3 >
CDR-HI1. A van der Waals contact is also found between

Figure 3

Superimposed Coe traces of the free and complexed Fab M75. A “top view” into
the binding cleft. The peptide and CDRs of the complex are color coded as in
Figure i'l' the “free" structure is colored black. Figure was drawn using program
PyMOL!? (httpstww.pymolorg).

the amino terminal residue of the constant domain of
the heavy chain, ValH2, and ProP2 of the epitope
peptide.

Conformational changes of the antibody
main chains

Comparison of free and complexed structures revealed
that major transitions of the antibody main chains upon
epitope peptide binding occur in the regions of CDR-HI,
CDR-H3, and CDR-L1. While the hypervariable loops of
CDR-H1 and CDR-H3 acquire altered conformations, the
entire CDR-L1 is shifted to a new position as almost
rigid structure without changing the overall loop confor-

Superposition of the free and complexed structures is
depicted in Figure 3 (using Ca-traces), and differences in
the positions of Ca atoms of corresponding residues
in the two models are plotted in the graph of Figure 4.
Upon the binding of the epitope peptide, the conforma-
tion of the CDR-H1 loop is altered between residues
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Differences in positions of Cox atoms of corresponding residues in free and
complexed FabM75 plotted for the heavy chain (upper graph), and for the light
chain (lower graph). Horizontal bars indicate CDRs H1, H2, and H3 and LI,
12, and L3, respectively,
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Residual atomic displ of G atoms of the heavy chain

residues. M&hﬁ(ﬂ;qmm; complex, open circles. Horizontal bars indicate
CDRs H1, H2, and H3. Two dashed lines show the average of atomic
displacement parameters for the heavy chain of free and complexed Fab,

GlyH26 and LeuH29. The loop is moving in the direc-
tion of the bound epitope peptide with the maximum
shift observed for the SerH27 Ca atom (3.06 A). The
conformational change in the CDR-H3 loop involves
rearrangement of TyrH101-AsnH103 residues. The H3
loop moves toward the C-terminal part of CDR-L2, and
provides the contacts to the epitope peptide from the L2
direction (cf,, Fig. 3). The most dramatic movement is
observed for GlyH102 Ca atom (3.68 A). The new con-
formation of the CDR-H3 loop opens the groove in the
antigen binding cleft for the binding of the N-terminal
part of the epitope. The displacement of the hypervari-
able loop of CDR-L1 is smaller, with an amplitude of
1.98 A observed for the residue SerL32 Ca atom. The
loop moves away from the heavy chain and its rearrange-
ment is accompanied by the displacement of framework
loop F2-L (in the opposite direction and with similar
amplitude). If the displacement is viewed as a rotation of
a rigid structure, the hinge can be identified at the resi-
due TrpL40.

The adoption of the altered CDR loop conformations
in the complex is accompanied by local stabilization, that
is decreased mobility, as measured with residual ADPs.
The plot of ADP values for Ca atoms along the heavy
chain (Fig. 5) shows a distinctive peak for the CDR-H3
segment of the free antibody. This peak is absent in the
corresponding plot of the complex structure ADPs,
whereas the two plots are essentially identical for other
heavy chain segments. In summary, two transitions in
the heavy chain of two CDRs are observed, both generat-
ing shape complementarity (cf., Figs. 3 and 4), whereas
only the readjustment of CDR-H3 contributes to local
stability.
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Domain mobility

Investigation of the global stability of protein domains
can be performed using TLS analysis.!® In this method
displacements of protein domains are separated into con-
tributions of translation, libration, and screw-rotation
displacements. For larger protein domains, libration is
usually predominant and this was also observed for our
structures. In Figure 6, the principal libration axes and
magnitudes for free and complexed Fab M75 structures
are depicted. The orientation of the libration axes and
the values of libration magnitudes are similar for the free
and complexed structures in the Fab constant domain
(Cyl + Cp). While for the variable light chain domain
(V1), the orientations of the libration axes remain essen-
tially unaltered but the magnitudes are decreased in the
complex, the variable heavy chain domain (V) in the
complex librates along reoriented axes and with reduced
magnitudes. These changes indicate an altered mode of
librations for Vi and global stabilization for both the Vy
and V; domains, as a result of restrictions introduced by

Figure 6
Principal axes of the libration tensors for Fab M75 domains (Vi Vi, Gy, and
Cy) superimposed on stereo views af crystal structures. The Co traces of the free
Fab (upper block) and of the complex (lower block) are shown. The heavy chain
is colored mainly blue, the light chain mainly red, and the CDR loops and the
epitape peptide using the same color scheme as in Figure 1. The libration axes
by black lines are the output of the AXES option in TLSANL
program. ™ The length of each axis is proportional to the mm;r.??w"e libration
about that axis. Figure was drawn using programs MOLSCRIPT® and
Raster3D.""
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the peptide binding. The large effect of peptide binding
on librations of the Vi domain qualitatively agrees with
the extensive involvement of the heavy chain CDR loops
in the antibody-peptide interactions, as described above.

Thermodynamic parameters

The thermodynamic parameters of the epitope binding
were determined using isothermal titration calorimetry
(ITC) for a minimized model system consisting of scFv
M75 and the peptide DLPGEEDLPGEE. This peptide
represents the interacting part of the peptide in the com-
plexed structure extended by one amino acid residue on
the N-terminus and two amino acid residues on the C-
terminus (DLPGEEDLPGEE; underlined is a part of pep-
tide which was conclusively traced in the crystallographic
model). This particular sequence of peptide was selected
to avoid the ambiguity of binding mode which was
observed in crystal structure. The results of calorimetric
titration performed in Tricine buffer are shown in Figure
7. The enthalpy is plotted as a function of the molar ra-
tio of peptide to scFv M75 and the fit for a single bind-
ing site model yielded a binding stoichiometry of
0.95(4). The affinity strength calculated from the plot
corresponds to association constant K, = 2.4(7) X
10°M ' (or the dissociation constant Ky = 0.42 pM).
The buffer-independent binding enthalpy was determined
by performing identical titration experiments in three
different buffers with known ionization enthalpies
(results in Supplementary Material). The result reveals
that one proton is absorbed during the binding of the
DLPGEEDLPGEE peptide to scFv M75 [Any = 1.1(2),
cf. Eq. (2)]. The total free (Gibbs) energy change associ-
ated with ligand binding was determined to be AG =
—36.4(7) kJ mol . It can be decomposed into favorable
enthalpic (AH, = —133(7) kJ mol ') and unfavorable
entropic contributions (—TAS = 97(7) k] mol '). By
performing experiments at 15 and 25°C (288.15 and
298.15 K), it was possible to determine the heat capacity
change of Ag, = —795 ] mol ' K ™', which can be re-
lated to changes in solvation/desolvation associated with
ligand binding. This observation is typical for peptide-
protein interactions and indicates the burial of the pep-
tide into scFv M75 antigen binding site.20

Molecular dynamics simulations

A series of molecular dynamics (MD) simulations was
carried out with the following aims: (i) to reproduce the
experimental values obtained by ITC and estimate en-
tropy versus enthalpy contributions; (ii) to decompose
the interaction energy of ligand with protein into indi-
vidual contributions originating from van der Waals,
electrostatic, and solvation terms on a per-residue basis
to evaluate the importance of individual amino acid resi-
dues in ligand binding. Moreover, the outcome of the
molecular mechanics/dynamics calculations is the struc-
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Figure 7

Isothermal titration of scFv M75 with peptide DLPGEEDLPGEE in 20 mM
Tricing, pH 8.4, 100 mM NaCl ar 25°C Upper graph: experimental data. Lower
graph: Fit (line) to the integrated heats (full circles) from each injection,
corrected for the heat of dilution of the peptide.

ture prediction of the scFv M75 protein in free form and
in complex with peptide DLPGEEDLPGEE (used for
ITC). The two model structures, scFv M75 and [scFv
M75 + DLPGEEDLPGEE peptide] complex can be found
in the Supplementary Material. We also expected that the
MD simulations might also elucidate the origin of the
proton absorption during ITC measurements and thus
corroborate the experimental data. It should be noted
that accurate calculation of the ligand-binding energy of
an extended ligand (such as the studied epitope peptide)
with protein is a difficult task. In this work, it is further
complicated by the limited structural information con-
cerning the (Gly,Ser); linker in scFv M75 structure.
Therefore, the decomposition of the total free energy
change associated with ligand binding is of semiquantita-
tive character, allowing the prediction of trends rather
than accurate values. Also, the current methods, such as
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Table 1l
The Interaction Free (Gibbs) Energies Computed Using MM-GBSA Method on

the Collection of 100 Snapshots From MD Trajectory

AE® AHS TAScon® AG,
[Ruso™", Rusp ™1 —3041.8 —2023 2119 96
[Ruso™, Rysz '] —2439.9 —1517 1425 —92

All values are in kj mol .

“Calculated in vacuo binding energy.

"Estimated binding enthalpy (containing solvation entropy change).
“Conformational entropy change (i.e., total entropy change without solvation en-
tropy component).

MM-GB(PB)SA or polarized continuum models do not
allow for the decomposition of total binding free energy
into the total binding enthalpy and total binding entropy
terms, thus preventing a direct comparison with ITC.

Generalized Born/surface area (MM-GBSA) calculations
were performed on a collection of snapshots acquired dur-
ing the MD simulations of the complex, as described in
detail under Materials and Methods. We postulate that the
net proton transfer observed during the microcalorimetric
experiments might be attributed to the protonation of ei-
ther ArgH50 or ArgH52. In the crystal structure of the
free protein at pH = 8.4, the two charged residues are in
close proximity and their positive charge is not compen-
sated by any negatively charged residues in vicinity. Thus
it might be expected, that one of the two arginine residues
has to be in a neutral state to avoid the presence of two
charged residues in the vicinity. However, upon complex
formation, strong salt bridge is formed between two argi-
nine residues and side chain of GluP5 of the ligand. The
uptake of the proton by the neutral Arg residue would sig-
nificantly stabilize the complex formation. Therefore, we
have performed MD simulations and subsequent MM-
GBSA analysis on both [ArgH50'", ArgH52'"'] and
[ArgH50'”, ArgH52'"'] forms of the scFv M75 protein.
The results are summarized in Table I11.

In agreement with ITC experiments, we have obtained
high values of conformational entropy changes (—TAS =
142-212 k] mol ") and high values of estimated binding
enthalpies (—202 and —152 kJ mol™'). The calculated
value of AG, = 9.6 k] mol ' must be corrected for the
observed protonation event. The following process has
been used for the calculation of AGyy+, which can be
directly compared to the experimental value (i.e., AGyq4)
= AG[‘J,cxp):

[ArgH50©), ArgH52(")] + L3 [ArgH50("), ArgH52()] 4 L

js—G’h[i“«rgHSO"”,A.rgHSZtH L ()

where L is ligand—epitope peptide. It can be seen that
AGy+) = AG, + AG,. The latter has been calculated as
9.6 k] mol ', whereas the value of AG, (by definition, AG,
= RTInK, for protonation) can be estimated from the pK,
value of the arginine residue that is assumed to be respon-
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sible for the observed protonation event, that is, AGyy+
= —2.303RT pK,(est) + AG,. Assuming pK,(ArgH50,est)
5-8 (note that the experiments were carried out at pH
= 8.4), we obtain AGyi+)cte &~ —19 to —36 k] mol .
This value is in very good agreement with the experimen-
tal value (considering errors of at least 30-40 kJ mol " in-
herent in the MM-GBSA pr{}n:edure.21

A reasonable agreement between the calculated and ex-
perimental values of ligand binding energies allows the
per-residue decomposition of the total ligand binding en-
thalpy. This decomposition can be only done from the
trajectory of the [scFv M75 + DLPGEEDLPGEE peptide]
complex. The total interaction enthalpy AHj) calcu-
lated for the complex was —252 k] mol . This value is
larger (more negative) than the value calculated for the
free scFv M75 reported in Table Il and the difference
AHyg.x = AHL — AHppix) = 50 K] mol 'can be attrib-
uted to the relaxation (strain) energy of protein and
ligand. The plot of the interaction enthalpies for the pep-
tide residues is given in Figure 8. The van der Waals con-
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Figure 8

Interaction energies decomposed for the epitope peptide residues. (A) peptide
DLPGEEDLPGEE, (B) peptide GPGEEDLPG (“averaged peptide” determined by
crystallography). The error bars show dard deviations of MD h
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tacts between the protein and the peptide residues ProP2
and LeuP7 contributed significantly to the overall inter-
action (=20 to —30 k] mol™'). In contrast, the nega-
tively charged carboxylate residues (due to the very high
solvation/desolvation enthalpies) contributed only by
~10 kJ mol ', This analysis highlighted the relative im-
portance of hydrophobic residues for binding once the
peptide is recognized by long-range electrostatic interac-
tions mediated by GluP5, AspP6. In qualitative agree-
ment with the experimental data, all the residues that
are not tightly bound to the protein (AspP-1, GlyP9,
GluP10, GluP11) interact negligibly or even destabilize
the peptide binding. On the protein side, the highest
interaction enthalpies were calculated for the arginine
pair (ArgH50, ArgH52), the counterparts of GluP6, with
AHyarghs0)(GB) = AHpagns2)(GB) = —30 K] mol ™.
This supports the view that the formation of these salt
bridges is essential for antibody recognition.

For comparison, the trajectories of the Fab M75 pro-
tein represented by the Vi and Vy; domains in the free
form and in complex with the peptide GPGEEDLPG
were analyzed. The aim was to provide more supporting
evidence for the above decomposition and compare the
binding characteristics of the two different peptides used
for X-ray crystallography and ITC experiments, respec-
tively. The results, depicted in Figure 8(B), showed that
the GPGEEDLPG (“averaged peptide” binding deter-
mined by crystallography) interaction is, indeed, very
similar to the one of the DLPGEEDLPGEE peptide used
for ITC. The only difference is the interaction of the
GluP5 residue which increased by 28 k] mol ™ '; its bind-
ing is comparable to the sum of three hydrophobic resi-
dues (ProP2, LeuP7, and ProP8). In the protein, it has
been calculated that AHjams0)(GB) = —21 kJ mol !
and AHjans2)(GB) &~ —45 K] mol ' (ie., the sum of
the interaction of the arginine pair is almost conserved
in both our model systems). These findings further dem-
onstrate the crucial role of both salt bridge formation
and short-range nonpolar interactions.

DISCUSSION

The combination of X-ray crystallography, 1TC experi-
ments, and MD simulations allowed us to assess the key
structural parameters responsible for Fab M75 antibody
epitope recognition and binding. The thermodynamic
parameters obtained with ITC are consistent with the
structural elements of the antibody-antigen association
obtained from the experimentally determined crystal
structures and are further supported by the analysis of
MD trajectories.

The crystal structure of the [Fab M75 + peptide M]
complex revealed, that charge interactions involve CDR-
H2 and CDR-L2 of the antibody, whereas the hydrogen
bonding involves, except for one H-bond, only the heavy

chain CDRs. The same holds true for the van der Waals
contacts, which predominantly involve the CDRs of the
heavy chain. This interaction pattern provides us with a
qualitative explanation for the relatively high value of the
—TAS entropy term obtained from ITC measurements.
The local stabilization (loss of flexibility) of the CDR-H3
loop represents unfavorable entropy contribution that
adds on to the standard decrease in entropy associated
with the ligand-protein binding in general. These contri-
butions do not seem to be compensated for by a favor-
able entropy gain from displacement of bound water
molecules.

While the ITC measurements permitted a decomposi-
tion of the binding free energy into enthalpic and
entropic terms, MD simulations enabled a further separa-
tion of the total interaction energy into two contribu-
tions: (i) electrostatic, including hydrogen bonding, and
(ii) the van der Waals contacts (hydrophobic interac-
tions). The results of this study indicate that both types
of interactions are important for antigen binding. The
long-range electrostatic interactions, which are predicted
to be strongest between ArgH50, ArgH52, and GluP5 res-
idues, are responsible for antigen recognition. This could
explain the sensitivity of the complex formation to an
acidic environment. Once the complex is formed, short
range van der Waals interactions between the antibody
and ProP2/LeuP7/(ProP8) residues of the peptide repre-
sent an important stabilizing factor. The protonation of
the carboxylic groups of the epitope (i.e., acidic environ-
ment) results in the loss of key interactions between the
positively charged binding cleft of the antibody and the
epitope; the same holds true for the antibody light chain
due to the LysL55 and AspP6 interaction.” Though the
results of MD simulations must be considered as semi-
quantitative or qualitative due to the errors of 30-40 k]
mol ' presented in the calculated values, they can give
an indication for the possible mutations in the antibody
that would change its binding.

The repetition of the GEEDLP sequence in the M pep-
tide results in the ambiguous binding mode observed in
the crystal structure. The implications of having a repeti-
tive sequence to enhance binding affinity (more precisely,
avidity) were previously reported by Zavada in more
detail,* whereas general mechanistic implications of mul-
tiple binding modes are discussed by Gestwicki et al22
and Hlavacek et al.23

Two mechanisms can be considered relevant for the
antibody-antigen interaction: (i) “induced fit,” that is,
the complementary shape of the antibody binding site is
formed upon ligand binding; (ii) “conformational selec-
tion,” that is, the conformation favorable for antigen
binding is already present in a fraction of the population
of free antibody molecules.

The argument in favor of the induced fit mechanism
in case of Fab M75 is the long-range nature of electro-
static interactions, and the presence of positive charges in
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the ligand-binding cleft of the antibody. The almost iden-
tical distances between the Arg residues of CDR-H2 and
the Lys residue of CDR-L2 in the free and complexed
forms of Fab M75 suggest that this structural element
make a preformed binding site, important for antigen
recognition by the long-range electrostatic interactions.
Subsequent rearrangements of CDR loops H1, H3, and
L1 leads to formation of the final binding site that
accommodates the antigen.

The concept of conformational selection?4 provides an
alternate view. In this mechanism, the antigen binds
selectively to the fraction of antibody molecules that
temporarily adopt the complementary conformation to
the epitope. If this mechanism is operational in the [M
peptide...Fab M75] association, the charged ArgH50,
ArgH52, and LysL55 residues are already in the prerequi-
site positions in all free Fab molecules and the peptide
can be selected on the basis of an interaction with its
central part (GluP5 and AspP6). The importance of this
interaction is clearly demonstrated by the stabilization of
bound peptide, judged by average ADP of peptide resi-
dues (Fig. 2); GluP5 and AspP6 have the lowest ADP val-
ues among peptide residues. At this point, it can be also
noticed that average ADP of peptide is lower than the av-
erage ADP of the whole complex.

However, the presented data do not allow us to make a
conclusive statement concerning the preference of one of
the mechanisms in the complex process of antibody bind-
ing. The likely scenario probably include combination of
both mechanisms: the proper peptide conformation (in
the central part: GluP5 and AspP6) is first selected by an
empty binding site of antibody, whose conformation
(ArgH50, ArgH52, and LysL55) is relatively close to the
complexed state and the induced fit is the final step in
accommodation of the flexible parts of antibody and pep-
tide to maximize the favorable interactions and shape
complementarities of the interacting surfaces.

Examination of the domain movements using TLS
analysis showed that the libration movements of the Vi
and V; domains have a closer mutual resemblance in the
complex than in the free Fab molecule (cf., Fig. 6). This
suggests that the librations of the Vy; and V domains
may become coupled upon the ligand binding or that
these two variable domains tend to librate as a single
body when connected by the ligand. This view is sup-
ported by the fact that the origins of the libration axes of
the Vy; and V| domains are closer in the complex than
in the free Fab molecule.

The main motivation for this study was to obtain
structural, energetic, and physicochemical information
necessary for further protein engineering of this impor-
tant antibody. Our findings suggest that the antigen
binding, especially its interaction with the light chain of
the antibody, is not optimal and can be substantially
improved. In fact, the construction of scFv derivatives of
the Vy-linker-V; type preserving the favorable interac-
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tion of the free amino terminus of the heavy chain
(which is inevitably lost in scFv of the reverse Vi-linker-
Vi type) can be viewed as the initial step in the rational
design of antibody-based agents potentially interfering
with the presumed function of the PG domain in onco-
genesis. The next step can be initiated by directed muta-
genesis, based on the results of the MD simulations, that
is, by the replacement of the residues of the antibody
predicted to contribute by a small per-residue binding
enthalpy to the total binding enthalpy.

MATERIALS AND VIETHODS
Preparation of Fab M75

IgG 2b M75 was expressed in tissue cultures of hybrid-
oma cell line VU-M75 (deposited in ATCC under code
HB 11128), adsorbed on a Protein A Sepharose (Sigma)
column, and eluted with 0.1M sodium citrate, pH 3.0.
The eluted fractions were pooled, dialyzed against 10
mM sodium phosphate (pH 8.0), loaded onto a DEAE
Sephadex column equilibrated with the same buffer, and
eluted with a 10-200 mM sodium phosphate, pH 8.0,
gradient. Eluted IgG was concentrated to 5 mg mL '
and dialyzed against 100 mM potassium phosphate, pH
7.2. The samples were then supplemented with 0.13% 2-
mercaptoethanol, and 0.9 mM EDTA, and papain (Wor-
thington) was added to a final concentration of 2 pg/mL.
The course of reaction was monitored by gel filtration on
Superdex 200 HR, and the reaction was stopped after 3 h
by addition of iodoacetamide (final concentration
5.4 mM). Undigested 1gG as well as Fc fragments were
removed using Protein A Sepharose (BioRad).

Construction and preparation of scFv M75

The coding sequences for V; and Vy, variable domains
of mAb M75 were obtained by RT-PCR using total RNA
from hybridoma M75 cells. The N-terminal primers
reflected the experimentally determined amino acid
sequences, and the C-terminal primers corresponded to
constant regions adjacent to the variable domains.23
PCR products were sequenced (providing thus informa-
tion for Fab M75 crystallographic model building) and
used as templates for reamplification with modified pri-
mers allowing assembly of the V| and Vy; coding DNA
fragments into scFv molecule in the format (Vy)-
(Gly,Ser)4-(Vy). The scFv molecule contains 118 N-ter-
minal residues of the heavy chain linked tol113 N-termi-
nal residues of the light chain, followed by a C-mye tag
sequence EQKLISEEDL to allow for the detection of scFv
M75 by anti-myc antibody. For expression in E. coli
BL21(DE3) cells, a modified pET-22(b) vector was used,
in which the scFv coding sequence is preceded by the
PelB signal sequence, allowing translocation of the prod-
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uct into the periplasmic space, followed by Hiss tag,
allowing product isolation and purification by IMAC
chromatography on Ni-CAM (Sigma).

Crystallization and data collection

Crystals of free Fab M75 and crystals of Fab M75 in
complex with the epitope peptide PGEEDLPGEEDL (M
peptide) were obtained by the hanging drop vapor diffu-
sion technique. Crystallization conditions for free Fab
M75 were: Fab M75 10 mg/mL; 100 mM Tris-HCl, pH
7.5; 15% PEG 4000; 18°C. Crystallization conditions for
the [Fab M75 + M peptide] complex were: Fab M75 7.8
mg/mL; M peptide 10 mg/mL; 100 mM Tris-HCI, pH
7.4; 20% PEG 2000; 18°C. The best crystals of the com-
plex were prepared by streak seeding. For cryoprotection,
the crystals were soaked in the reservoir solution supple-
mented with 25% glycerol. Diffraction data for both
crystals were collected at 150 K using an in-house diffrac-
tometer (Nonius FR 591 generator, 345-mm MarResearch
Image Plate detector). All data were integrated and
reduced using MOSFLMZ26 and scaled using SCALAZ7
from the CCP4 suite.28

Structure determination and refinement

The free Fab M75 structure was solved by molecular
replacement using EPMR program.29 The structure of
Fab Bv04-01 (PDB code: INBV) was used as a search
model. Structure factors in the 15-4 A resolution range
were used for both, rotational and translational searches.
In the rigid body refinement (part of the CNS30 pro-
gram package) Vi, C;, Vi, and Cj; subdomains were
allowed to move independently. In the next step of
refinement, all the hypervariable complementarity deter-
mining regions (CDRs) were omitted from the initial
model, which was then subjected to alternate cycles of
molecular dynamics refinement with the programs CNS,
using the parameter set of Engh and Huber,3! and man-
ual model building using the program XtalView.32 For
final refinement stage of Vi, C;, Vi, and Cj; subdo-
mains, TLS refinement cycles in program REFMAC
5.2.001933 were used.

The structure of the [Fab M75 + peptide] complex
was isomorphous with the structure of free Fab M75 (see
above), therefore, the structure of free Fab M75 could be
used as a starting model for rigid body refinement with
free movements of Vi, C;, Vyy, and Cy; subdomains. Pep-
tide tracing was carried out using electron density maps
calculated with weighted Fourier coefficients.34 For final
stage refinement of Vi, C, Vi, and C;; subdomains,
program REFMAC 5.2.0019 with TLS cycles was used.

TLS analyses, including determination of residual
atomic displacement parameters, were done by TLSANL
program35 from the CCP4 suite.?8

Isothermal calorimetry

Binding of epitope peptide DLPGEEDLPGEE to scFv
M?75 was monitored using the VP-ITC titration microca-
lorimeter (MicroCal, Northampton) at 25°C. The solu-
tions of reactants were prepared in 20 mM Tris (or tri-
ethanolamine, tricine) pH 8.4, containing 100 mM NaCl,
and their exact concentrations were determined by amino
acid analysis. Nine-microliter aliquots of 130 pM peptide
were injected stepwise into a sample cell containing 1.43
mL of 8 pM scFv M75 until complete saturation was
attained. Each experiment was accompanied by a corre-
sponding control experiment in which the peptide was
injected into buffer alone. The heat of the binding reac-
tion between the peptide and scFv M75 was obtained as
the difference between the measured heat of reaction and
the corresponding heat of dilution determined in a con-
trol experiment.30 The thermodynamic parameters, stoi-
chiometry and association constant K, were calculated by
Origin 7.0 software (MicroCal) using a single binding
site model. A proton transfer between the binding com-
plex and the buffer molecules was evaluated by perform-
ing the titration experiments in three buffers with differ-
ent ionization enthalpies (47.2 k] mol ! for Tris buffer,
33.6 k] mol " for triethanolamine, and 32.0 k] mol ' for
tricine). The calculation of parameters ny; and H, was
performed as described previously37 according to

AHyre = AHy, + 1y - AHjgn (2)

where nyy is the number of absorbed protons upon bind-
ing (or released if ny is negative), AH, is the buffer-inde-
pendent binding enthalpy, AH,,, is the ionization en-
thalpy of the buffer, and AHyy¢ is an apparent enthalpy.
The analysis of data yields AH, and AG = —RT InK,.
The entropy change was obtained by using the standard
thermodynamic equation AG = AH — TAS. By repeat-
ing a titration at different temperatures we can determine
the change in heat capacity AC, according to

AHirc = AHy + AG(T — Tp) (3)

where AH, is the binding enthalpy at a reference temper-
ature T,.17,38

Molecular dynamics simulations
General

Molecular dynamics (MD) calculations were carried
out using the AMBER 8 program.3Y Throughout the
simulations, Duan et al force field (all_amino03.in,
parm99.dat parameter sets in standard AMBER libraries)
was used.40 In total, six trajectories were obtained, viz.
Fab M75 protein represented by Vi and Vi domains in
free and complexed form with GPGEEDLPG peptide

eroTteins 1285

106



8 Publications

V. Kral et al.

(trajectories 1, 2), scFv M75 protein in its free (both
[ArgH50" " ArgH52"]  and  [ArgH50" ArgH52'"]
states) and complexed (with DLPGEEDLPGEE peptide)
form (3-5), and free DLPGEEDLPGEE peptide (in order
to faithfully reproduce the ITC measurements) (6).

The computational protocol consisted of the following
steps (i) 20 ps MD equilibration at constant volume
(NVT) and T = 298.15 K with all nonhydrogen atoms
from protein restrained to their original positions in the
crystal structure in a sphere of water molecules with
radius of 36 A from the protein center of mass, using
TIP3P water model,4! and the weak-coupling algo-
rithm42 with a time constant of 1.0 ps for the heat bath
coupling; (ii) 200 ps MD equilibration + 500 ps data
collection at constant pressure (1 atm), T =298.15 K, no
restraints, and bonds between heavy atoms and hydro-
gens restrained by SHAKE a]gorithm‘w; (iii) MM-GBSA
calculations (described below) with all the waters
stripped off, using the set of 100 snapshots (every 5 ps)
from MD trajectories, including a decomposition of the
total (free) energy on a per-residue basis for the trajec-
tory of the complex; (iv) energy minimization (MM) of
the final MD structures.

System setup and structure preparation

The scFv M75 model complex was built from the trun-
cated crystal structure of the complex (PDB 2HKF;
AspLl1 to ArgL113; GluH1 to AlaH120; peptide GlyP1 to
GlyP9). The hydrogen atoms were added as to represent
the standard protonation states at pH 7 and subject to
MM minimization. All histidines were considered in neu-
tral form with N, nitrogen protonated. The S—S bonds
between CysL23-CysL93 and CysH22-CysH98 and all
crystallographic water molecules were preserved in the
model. The scFv M75 protein was prepared by adding
(Gly,Ser), linker to the Fab M75 structure, mutating the
appropriate residues, and extending the peptide N- and
C-termini by one and two residues (respectively) using
program XtalView. The scFv M75 model was subject to
MM minimization of the added (Gly,Ser), loop with all
nonhydrogen atoms and crystal water oxygens con-
strained to their crystallographic positions. This was fol-
lowed by 300 ps simulated annealing procedure with
temperature raised to 450 K for the first 50 ps, kept on
this value for 100 ps, and cooling the system down to
0 K for the remaining 150 ps. Finally, the structure was
minimized without any constraints.

MM-GBSA procedure

The mmpbsa module of Amber was used to calculate
the free energy change upon binding. In MM-GBSA pro-
cedurc,‘“ this energy is defined as

AGiina = G(LP) — G(L) — G(P), (4)

1286 rroTEINS

where G(X) is free energy of system X (X = LP,
[ligand. . .protein] complex; L, ligand; and P, free protein)
in water solution.

It is calculated according to the following formula:

G = <Bum> + <G> + <Gpp> =T <Sum> . (5)

In Eq. 5, <X> is an average value of X taken from the
snapshots generated during the MD simulations, Eyy is
the internal molecular mechanics energy (comprises in-
ternal bonding energy terms, nonbonding electrostatic
and van der Waals interations; Eypy = Ene + Eesr +
Eaw), Gy is the solvation free energy calculated by
solving generalized Born#4 equations; Gyp is the nonpo-
lar part of the solvation free energy calculated from sol-
vent-accessible surface area (SASA), and Sy is the
entropy calculated from the normal-mode analysis in the
ideal gas approximation using the standard formulas of
statistical mechanics. As can be seen from Eq. (5), we
cannot directly compare the total entropy and enthalpy
contributions with the experimental values, since the sol-
vation entropies cannot be simply obtained from G,
and G,,. If we denote Sy as the conformational en-
tropy, this, however, represents the major entropy contri-
bution to the binding free energies.
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Following previous studies we herein report the exploration of the carbonic anhydrase (CA, EC4.2.1.1)
inhibitory effects and enzyme selectivity of a small class of 1-(cyclo)alkylisoquinolines containing a
sulfonamide function considered a key feature for inhibiting CA. The results of enzymatic assays against
human (h) CA isoforms, hCA T and hCA II (cytosolic, ubiquitous enzymes), hCA IX (transmembrane,
tumor-associated), and hCA XIV (transmembrane), suggested that the presence of C-1 small substit-
uents on isoquinoline scaffold controls both inhibitory potency and selectivity. Some derivatives showed
potent hCA X and hCA X1V inhibitory effects at nanomolar concentrations as well as low affinity for
the ubiquitous hCA II. Moreover, we report the X-ray crystal structure of one of these derivatives in
complex with dominant human isoform II. thus confirming the sulfonamide—zinc interactions. Finally.
the results of docking experiments suggested the hypothetic interactions in the catalytic binding site for
the most active and selective hCA IX and hCA XIV inhibitor.

Introduction

The carbonic anhydrases (CAs, EC 4.2.1.1) are a family of
monomeric zinc metalloenzymes that catalyze the reversible
hydration of CO,. Since this reaction regulates a broad range
of physiological functions, the pharmacological modulation
of CA activity could be useful for the treatment of several
human diseases. There are 15 human known CA (hCA®)
isoforms with different tissue distribution, expression levels,
and subcellular locations. Some of these isozymes (e.g.. hCA
I, IV, VA, VB, VII, IX, XII, XIII, and XIV) constitute valid
targets for the development of anticancer, antiglaucoma,
antiobesity, or anticonvulsant drugs.'”® However, the CA
diffuse localization in many tissues and organs limits potential
clinical applications. So the development of CA inhibitors
(CAIls) possessing high potency and selectivity against some
specific isoforms represents an attractive strategy to obtain
pharmacological tools, thus avoiding side effects and improv-
ing therapeutic safety.

In particular, there is significant interest in the development
of selective inhibitors targeting isozymes CAIX and CAXIV.
In particular, CA IX is a peculiar member of the CA family,
since it is expressed in a limited number of normal tissues
(mainly the gastrointestinal tract), whereas its overexpression

"The atomic coordinates and crystal structure have been deposited in
the Protein Data Bank as entry 31GP.
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0390906766413, Fax: 00390906766402. E-mail: rgittol@ pharma.unime.it.

“ Abbreviations: hCA, human carbonic anhydrase; HIF-1, hypoxia
inducible factor 1; MW, microwave; PDB, Protein Data Bank; rmsd,
root-mean-square deviation; TFA, trifluoroacetic acid.
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Chart 1. Chemical Structures of the Carbonic Anhydrase In-
hibitors: Acetazolamide, Zonisamide, and Topiramate
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is seen on the cell surface of a large number of solid tumors
showing inadequate supply of oxygen as key feature.® This
tumor hypoxia regulates the expression of several genes,
including CA IX, through the hypoxia inducible factor 1
(HIF-1)cascade. Furthermore, CA IX overexpression is often
associated with a poor responsiveness to the classical radio-
therapy and chemotherapy. So the development of selective
CAIX isoform inhibitors represents a new strategy to design
anticancer drugs with a novel mechanism of action.” Similar
to CA IX, CA XIV is a transmembrane isozyme with the
active site oriented extracellularly; it is highly abundant in
neurons and axons in the murine and human brain, where it
seems to play an important role in modulating excitatory
synaptic transmission.'’

Most of known CAls contain a sulfonamide/sulfamate
moiety able to coordinate the zinc ion of catalytic binding site
(e.g., acetazolamide, zonisamide, and topiramate, Chart 1),
inhibiting in this way the enzymatic activity.""™"™ These
inhibitors bear specific functional groups that interact with
important amino acid residues, thus driving the selectivity
against the different isoforms as confirmed by X-ray

Published on Web 02/19/2010 pubs.acs.org/jmc
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Chart 2. New Designed Isoquinoline Derivatives 1—10 as
Carbonic Anhydrase Inhibitors
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crystallographic data of complexes between CAls and iso-
zymes available in the literature. 19-26

In a previous paper’’ we identified some 1-aryl-6,7-di-
methoxy-3.4-dihydroisoquinoline-2(1 H)-sulfonamides (I.
Chart 2) that proved to inhibit some CA isoforms at micro-
molar concentration but show poor selectivity; our hypothesis
was that the presence of bulky C-1 aryl substituent could
produce steric hindrance for interaction between the sulfon-
amide group and the metal ion in the catalytic site.

So in this paper we extended our study to a new series of 3.
4-dihydroisoquinoline-2(1H)-sulfonamides (1—10. Chart 2)
containing some structural modifications in search of the
enhancement of both activity and selectivity. In particular,
(a) to evaluate the steric and electronic effects, we planned the
replacement of the C-1 aryl substituent with alkyl and
cycloalkyl groups; (b) to test the role of the substituents on
the isoquinoline scaffold, we synthesized compounds lacking
of the C-1 substituent as well as the two methoxy groups. The
synthesis of target compounds was accomplished in micro-
wave conditions and the screening against some relevant CA
isoforms was performed. In particular, the obtained com-
pounds were tested against the two physiologically human
cytosolic hCA T and hCA 11 isozymes, the tumor-associated
transmembrane isoform hCA IX, and the neuronal hCA XIV
isoform.

Moreover, we report the X-ray crystal structure of the
dominant hCA II isoform complexed with a new derivative,
allowing the determination of the sulfonamide—zinc interac-
tions in the catalytic binding site. Docking experiments have
been performed with the aim to identify the interactions pro-
moting the selectivity toward hCA IX and hCA XIV isoforms.

Results and Discussion

Chemistry. The synthetic pathways for the 3,4-dihydroi-
soquinoline-2(1 H)-sulfonamides (1—10) can be found in
Scheme 1. Derivatives 1 and 2 were readily synthesized in
microwave conditions starting from commercially available
isoquinolines 11 and 12 and a large excess of sulfamide as
previous reported by us.”” The precursors 1-(cyclo)alkyl-6,
7-dimethoxy-1,2,3.4-tetrahydroisoquinoline  22—29 were
prepared in accordance with an optimized microwave-
assisted approach through the Pictet—Spengler condensa-
tion.>"* Starting from the commercially available 2-(3',
4'-dimethoxyphenyl)ethylamine (13), the imine intermedi-
ates 14—21 were obtained by reaction with the appropriate
aldehyde in solvent-free conditions and successively cyclized
in acidic medium to give the desired compounds 22—29.
Finally, the intermediates 22—29 were coupled with a large
excess of sulfamide, affording the corresponding 6,7-di-
methoxy-3.4-dihydroisoquinoline-2( 1 H)-sulfonamides (3—10).
The structures of all obtained compounds were supported by
elemental analyses and spectroscopic measurements.

Gitto et al.

Scheme 1. Synthesis of 3.4-Dihydroisoquinoline-2(1f)-sulfo-
namides (1=10)"
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methyl 3,14, 22
ethyl 4,15, 23 MeO.
propyl 5,16, 24
isopropyl 6,17, 25 N, -0
cyclopropyl | 7, 18, 26 MeO ﬁ”NH
butyl 8,19,27 R, 0 *
cyclopentyl | 9, 20, 28
cyclohexyl | 10,21, 29 3.0

“Reagents and conditions. (i) CH;CH{OCH;);, NH.SO,NH., two
steps in the same conditions: 20 min, 100°C, 200 psi, 150 W. (ii) R,CHO,
MW: 5 min, 90 °C, 200 psi, 150 W. (1) TEA, MW: 5 min, 90 °C, 200 psi.
150 W,

Carbonic Anhydrase Inhibition. To determine the enzy-
matic inhibitory activity, the new series of 6,7-dimethoxy-
3.4-dihydroisoquinoline-2(1 H)-sulfonamides (1—10) was as-
sayed on four important carbonic anhydrase isoforms in-
volved in several physiological and pathological processes,
hCA L hCA IL, hCA 1X, and hCA XIV (Table 1).

The enzymatic screening showed that the 3.4-dihydroiso-
quinoline-2(1 f)-sulfonamides 1-10 have a moderate inhi-
bitory activity against human carbonic anhydrase I (hCA ),
with inhibition constants (K) in the range 0.10—6.41 uM (see
Table 1).

Our biological data reported in Table | highlighted that
the isozyme hCA 11 was inhibited by the 6,7-dimethoxy-3,
4-dihydroisoquinoline-2(1 H)-sulfonamides (1—10) with K|
values ranking from 32.8 nM to 350 uM, suggesting that
there is significant impact of the size of the C-1 substituent on
inhibitory efficacy; in fact the most active sulfonamide
derivatives of this series were unsubstituted and methyl-sub-
stituted derivatives 1, 2, and 3. For the other (cyclo)alkyl
derivatives 4—10 the inhibitory effects were much lower than
those of compounds 1—3. In particular, the 6,7-dimethoxy-1-
propyl-3.4-dihydroisoquinoline-2(1 H)-sulfonamide (5) and
the corresponding superior homologous 6,7-dimethoxy-1-
butyl-3.4-dihvdroisoquinoline-2(1 H)-sulfonamide (8) were
about 2500- to 3700-fold less active than the parent unsub-
stituted  6,7-dimethoxy-3.4-dihydroisoquinoline-2(1 H)-sulf-
onamide (2) on hCA II: it is probably due to the key role of
C-1 substituent in the recognition process into the active
catalytic site.

All synthesized compounds 1-10 demonstrated generally
very high and similar potency against hCA IX and hCA XIV
isoforms with a significant variation of the inhibitory effects
that appear related to the nature of C-1 substituent. We
found that the unsubstituted (R, = H) derivatives 1 and 2 as
well as derivatives containing small (cyclo)alkyl substituents
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Table 1. Inhibition of hCA I, hCA 11, hCA 1X, and hCA X1V Isoforms by 6,7-Dimethoxy-3.4-dihydroisoquinoline-2(1 H)-sulfonamides (1—10), 6,
7-Dimethoxy-1-phenyl-3.4-dihydroisoquinoline-2( 1 ff)-sulfonamide (I). Zonisamide, Acetazolamide, and Topiramate and Selectivity Ratios Kj-

(hCAIN)/ K, (hCATX) and Ky(hCAID)/Ky(hCAXIV)

R 1
R o
R, O *
Ky (nM)* selectivity ratios”

R, R, compd hCA 1 hCA 11 hCA IX hCA X1V K\(hCAIIL)/K,(hCAIX) K\(hCAIL)/Ki(hCAXIV)
H H 1 1510 328 3.7 6.0 8.86 547
MeO H 2 6410 94.5 9.5 9.8 9.95 9.64
MeO methyl 3 2800 873 9.4 9.6 9.29 9.09
MeO ethyl 4 1820 1975 76.3 2754 259 0.72
MeO n-propyl 5 3150 235000 330 302 712.12 778.15
MeO isopropyl 6 3780 1050 6.1 4.7 172.13 223.40
MeO cyclopropyl 7 3950 820 8.5 6.4 96.47 128.13
MeO n-butyl 8 4100 350000 400 1650 875.00 21212
MeO cyclopentyl 9 100 650 55 178 11.82 3.65
MeO cyclohexyl 10 1180 18890 706 7950 26.76 2.38
MeO phenyl I 8980 15700 8440 3860 1.86 4.07

acetazolamide” 250 12 25 41 0.48 0.29
zonisamide? 56 35 5.1 5250 6.86 <0.01
topiramate” 250 10 58 1460 0.17 =0.01

“Errors in the range of £10% of the reported value, from three different assays. Recombinant full length hCA 1, 11, and XIV and catalytic domain of
hCA IX were used. " The K, ratios indicate the inhibition selectivity. © From ref 27, “From ref 5.

(e.g., 3, 6, and 7) showed the strongest inhibitory activity at
nanomolar concentration against hCA IX and hCA XIV
isoforms with inhibition constants in the range 3.7—9.5 nM
forhCA IX and 4.7—9.8 nM for hCA XIV. The best inhibitor
was the 6.7-dimethoxy-l-isopropyl-3.4-dihydroisoquino-
line-2(1 H)-sulfonamide (6) showing K; values of 6.1 and
4.7nM against hCA IX and hCA X1V, respectively. Further-
more compound 4 (R, = ethyl) showed significant selectivity
for inhibiting hCA IX (K| of 76.3 nM) over hCA XIV (K,
of 2754 nM). We observed that the presence of bulky
(cyclo)alkyl groups (e.g.. 5, 8, 9, and 10) led to a decrease
of the activity, with Ky in the range 55.0—706 nM for hCA IX
and 178—=7950 nM for hCA XIV. Nevertheless, the inhibitor
6.7-dimethoxy-1-cyclopentyl-3.4-dihydroisoquinoline-2(1 H)-
sulfonamide (9) was ~3-fold more active on hCA IX than
hCA X1V (K; of 55.0 nM versus K; of 178.0 nM).

Interestingly some of these compounds showed higher
selectivity for hCA IX and hCA XIV isoforms over the
ubiquitous isoform hCA II, which can be considered an
off-target. In fact, we found that for our newly synthesized
CAls 4—10 the selectivity ratios (see Table 1) for inhibiting
hCA 11 over hCA IX were in the range 11.8—875, whereas
their selectivity ratios for inhibiting hCA 1T over hCA XIV
were in the range 128—778.

The most remarkable result is that the potent hCA IX and
hCA XIV inhibitor 6,7-dimethoxy-1-isopropyl-3.4-dihy-
droisoquinoline-2(1 H)-sulfonamide (6) is 172-fold and 223-
fold more potent on hCA IX and hCA XIV than on hCA 11.
Moreover, the analysis of the selectivity ratio results high-
lighted that the presence of bulky C-1 substituents on
isoquinoline scaffold led to the most selective inhibitors (e.
g.,5and 8, with R, = propyl or butyl group) even if they are
less potent than the compounds that bear small groups on
tetrahydroisoquinoline skeleton (e.g.. compounds 1-3).
Apparently for this class of compounds the introduction of
cyclopropyl and isopropyl groups produces the optimization

of both potency and selectivity, suggesting that in this region
there is a restrictive steric requirement for the catalytic
binding site interaction. The enhancement of potency and
selectivity was very significant when we compared the ob-
tained results for compounds 1—10 with those of other
known inhibitors such as acetazolamide, zonisamide, and
topiramate (K; values and selectivity ratios reported in
Table 1).

Finally, by considering the results of the current assays
with the biological data obtained for the earlier reported
prototype (I) (see Table 1), it may be observed that the
presence of a phenyl group at the C-1 position drives to a
flat selectivity and poor inhibitory efficacy for all tested
isoforms.?” So the most important consideration is that the
introduction of a suitable small (cyclo)alkyl group in proxi-
mity of sulfonamide function could influence its geometrical
disposition in the catalytic binding site, thus controlling both
the inhibitory potency and selectivity.

Crystallographic Studies. To determine the binding mode
and decipher the key interactions contributing to the inhibi-
tory properties for this class of 3.4-dihydroisoquinoline-
2(1 H)-sulfonamides, one of the most active compounds has
been cocrystallized with hCA 1I. The statistics for data
collection and refinement are summarized in Table 2. The
crystal structure of hCA I1 in complex with 6,7-dimethoxy-
3.4-dihydroisoquinoline-2(1 H)-sulfonamide (2) was deter-
mined by difference Fourier techniques and refined using
diffraction data to 1.65 A resolution. The complex crystal-
lized in the monoclinic P2, space group with one hCA 11
molecule in the asymmetric unit and solvent content of
41.3%. All hCA 1I residues could be traced into a well-
defined electron density map with the exception of side
chains of several terminal amino acid residues (Ser2, His3,
His4, and Lys261) and side chains of two surface residues
Lys9 and Lys133. During the course of the crystallographic
refinement two continuous non-protein electron densities
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Table 2. Crystal Data and Diffraction Data Collection and Relinement
Statistics”

parameter

data collection statistics
spuace group 5 P2y
unit cell length (A) a=4231,h= 4127,

¢ = 7204

angle (deg) w =900 = 10422,
y=9

no. of molecules in AU 1

wavelength (A) 1.5418

resolution range (A) 19.95—1.65 (1.69—1.65)

no. of unique reflections 26,928

redundancy 2.2(2.2)

completeness (%) 92.5 (88.6)

Ry 0.079 (0.362)

average !/a(l) 5.9(2.0)

Wilson B (A%) 133

refinement statistics

resolution range :,:\)

no. of reflections in working set
no. of reflections in test set

19.95-1.65 (1.69—1.65)
25556 (1811)
1353 (84)

R* (%) 16.08 (22.40)
Rivec (%) . 19.55 (28.90)
rmsd bond length (A) 0.011

rmsd angle (deg) 1.43

no. of atoms in AU 4949

no. of protein atoms in AU 4138

no. of water molecules in AU 237

mean B (A%) 14.0
Ramachandran plot statistics

residues in favored regions (%) 973

residues in allowed regions (%) 27

PDB code JIGP

“The data in parentheses refer to the highest-resolution shell.
"R,.w,_,x = 5 dd k) — (WD) d dhkl), where the T(hkl) is
an individual intensity of the ith observation of reflection ik/ and {(I(hk{)}
is the average intensity of reflection hk{ with summation over all data.
‘R =Y ||F, = |FI/Y|F,l, where F,, and F, are the observed and calcu-
lated structure factors, respectively, ” Riee 15 equivalent to R but is
calculated for 3% of the rellections chosen at random and omitted from
the refinement process.™

were noticeable in the active site and on the surface of the
molecule, respectively; both could be unambiguously mod-
eled as the 6,7-dimethoxy-3.4-dihydroisoquinoline-2(1H)-
sulfonamide (2).

As shown in Figure 1. the compound 2 binds into the
cavity of the hCA II active site with the deeply buried
sulfonamide group. The ionized nitrogen atom of the sulf-
onamide moiety is coordinated to the zinc ion at a distance of
2.07 A. The sulfonamide nitrogen also donates a hydrogen
bond to Oy of Thr199, and one oxygen from the sulfonamide
moiety forms a hydrogen bond with backbone amine group
of Thr199 (Figure 1). These key hydrogen bonds between the
sulfonamide moiety of the inhibitor and enzyme active site
are also found in other structurally characterized hCA
I1—sulfonamide complexes.*! "3

The sulfonamide moiety seems to serve as an anchor for
specific binding of compound 2 into the enzyme active site. In
addition to the polar interactions mediated by the sulfon-
amide group, hydrophobic interactions of the (substituted)
isoquinoline moiety strongly stabilize the inhibitor within
the active site cavity. The isoquinoline moiety forms numer-
ous van der Waals interactions (distance of <4.2 A) with the
bottom of the active site (residues GIn92, Vall2l, Vall43,
Trp209) and the loop formed by residues Ser197—Pro202.

Gitto et al.

His96
.

Figure 1. Binding of 6,7-dimethoxy-3,4-dihydroisoquinoline-
2(1 H)-sulfonamide (2) to the hCA I1. Detail of the hCA 11 active
site with the inhibitor represented as a stick model (with carbon and
oxygen atoms colored vellow and red, respectively). The 2F, — F,
electron density maps are contoured at 1.50. Protein is represented
in green as a cartoon model with residues forming polar contacts
with inhibitor highlighted in sticks. Also three histidine residues
coordinating zinc ion are shown.

Also, the side chain of Phel31 from helix 4 contributes to
interaction with the substituting methoxy-groups (Table S1
in Supporting Information). In the vicinity of the inhibitor, a
glycerol molecule could be modeled into the hCA 11 active
site, making hydrogen bonds with Asn62, Asn67, and GIn92
(Figure S1 in Supporting Information). The binding of
glycerol to an identical site was also observed in several
other hCA Il—inhibitor complexes (e.g., 2NNG. 2NNS,
2NNO, 2NNV, Glycerol was used at high concentration
(20% v/v) for crystal cryoprotection, and its binding prob-
ably represents a crystallization artifact.

Also, the inhibitor second binding site identified on the
protein surface probably has no biological relevance and
represents a crystallization artifact caused by high concen-
trations of inhibitor employed in the cocrystallization ex-
periments. The inhibitor 2 interacts through direct hydrogen
bonds with surface residues Hisl5 and Asp19 and through a
water mediated hydrogen bond with Ser2 (Figure S2 in
Supporting Information). This inhibitor second binding site
is also occupied by sulfonamide inhibitors in other hCA
[1—inhibitor complexes (e.g.., PDB codes 2FOS, 2FOV,
2FOQ. 2FOU:" 2NNO, 2NNS, 2NNV:*? and 1ZFQ).

The inhibitor binding does not cause any major structural
changes to the protein: the root-mean-square deviation
(rmsd) for superposition of 256 Ca atoms (residues 4—259)
of our complex structure with free hCA 11 (PDB code
1CA2) is 0.34 A, which is below the value observed for
identical structures.™

Docking Studies. With the aim to clarify the differences
observed in the affinity and selectivity of our compounds
toward hCA IX or hCA XIV over hCA 1I, preliminary
docking analysis™ has been also performed. These computa-
tional studies were carried out using crystal structures of
hCA 11, hCA IX, and hCA X1V complexed with acetazola-
mide from the RCSB Protein Data Bank (1YDB,* 31AL*
and 1RJ6%). Then we docked the most active compound 6.
7-dimethoxy-1-isopropyl-3.4-dihydroisoquinoline-2(1H)-
sulfonamide (6) in the active site (see details in Experimental
Section). The active sites of hCA 11, hCA IX, and hCA XIV
isoforms appear as a compact globular domain, located in a
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large conical cavity that spans from the surface to the center
of the protein, and present only minor differences in the
region 125—137 and in the loop incorporating residues
198—204.* In particular, the hCA Il residues Phel3l,
Vall35, and Leu204 are replaced by Vall3l, Leul35,
and Ala204 (hCA IX) and by Leul3l, Alal35, and Tyr204
(hCA X1V).

Figure 2 displays the superposition of docking pose of
compound 6 with X-ray position of acetazolamide in hCA I1.
Moreover, it also shows the X-ray position of 2 (see X-ray
section) obtained through protein backbone-based structur-
al superposition. It is possible to note that in all three
inhibitors the sulfonamide groups assume similar orienta-
tions, sharing the key hydrogen bond interactions with the
zinc ion and Thr199. The acetazolamide and compound 2

Figure 2. Superposition of inhibitors (acetazolamide, 2 and 6) into
the hCA 11 catalytic site. The residues participating in recognition of
the inhibitors and the catalytic triad (His94, His96, and Hisl19)
coordinating zinc ion are also shown. The zinc ion is shown as a gray
sphere. Acetazolamide is reported in magenta, 2 in orange, and 6 in
blue.

Journal of Medicinal Chemistry, 20010, Vol. 53, No. 6 2405

show a very similar binding mode stabilized by both inter-
actions with the loop and a hvdrophobic contact with residue
Phel31, whereas the compound 6 appears locked in a
different orientation, probably due to hydrophobic interac-
tions with Vall21. Ala142, and Alal43, through the isopro-
pyl moiety. In this disposition compound 6 lacks the
interaction with the loop, thus explaining its lower hCA 11
inhibitory activity (Table 1). Figure 3 shows the docking
results of compound 6 compared with the X-ray position of
acetazolamide in complex with hCA IX (Figure 3A) and
hCAXIV (Figure 3B). It is possible to observe (Figures 3)
that the acetazolamide presents the same sort of interactions
as well as similar K| values (Table 1), whereas compound 6
seems able to establish new additional hydrophobic interac-
tions with the residues Leul35/Ala204 (hCA IX) and
Alal35/Tyr204 (hCA XIV). located in the upper part of
the binding site, thus justifying the selectivity ratios reported
in Table 1.

Conclusions

We have identified new isoquinoline derivatives containing
sulfonamide moiety that showed very high affinity toward
tumor-associated isoform hCA 1X as well as neuronal hCA
X1V displaying inhibitory effects at nanomolar concentration.
In addition, these new compounds proved to be selective CAls
with significant selectivity ratios for inhibiting hCA IX over
hCA II in the range 8.86—875 and for inhibiting hCA XIV
over hCA Il in the range 9.09—778. This study furnished some
SAR consideration for this new class of CAls, suggesting that
the nature of the C-1 substituent on the isoquinoline scaffold
could play a key role in the inhibitory effects. Considering the
importance and the difficulty of obtaining selective CAls,
these results give relevant insights useful for designing new
inhibitors having low affinity to the physiological ubiquitous
hCA land hCA Il but maintaining inhibitory activity on other
druggable isoforms. By X-ray crystallography, we confirmed
that these inhibitors could bind the catalytic site of CAs
through the sulfonamide moiety. In particular, we studied
one of the most active 3.4-dihydroisoquinoline-2( 1 H)-sulfon-
amide derivative (2) in complex with hCA 11. Moreover, the
key interactions promoting the hCA IX and hCA X1V activity

Leut31

Figure 3. Structures of hCA IX (A) and hCA XIV(B) in complex with acetazolamide (magenta) overlaid with docked structure of compound 6
(blue). The residues participating in recognition of the inhibitors and the three histidine residues coordinating zinc ion are also shown. The zinc

ion is shown as gray sphere.
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and selectivity of compound 6 were analyzed by docking
experiments.

Experimental Section

Chemistry. All reagents were purchased from Sigma Aldrich
and were used without further purification. Microwave-assisted
reactions were carried out in a CEM focused microwave synth-
esis system. Melting points were determined on a Buchi melting
point B-545 apparatus and are uncorrected. Elemental analyses
(C, H, N) were carried out on a Carlo Erba model 1106
elemental analyzer, and the results are within +£0.4% of the
theoretical values. Merck silica gel 60 F254 plates were used for
analytical TLC; Ry values were determined employing TLC
?lmcs and using CHCl;/MeOH (95:5) as eluent. ' H NMR and

C NMR spectra were measured in CDCl; (TMS as internal
standard) or DMSO-d,; with a Varian Gemini 300 spectrometer:
chemical shifts are expressed in & (ppm) and coupling constants
(J)in Hz. All exchangeable protons were confirmed by addition
of deuterium oxide (D,0). GC—MS spectra for selected com-
pounds were recorded on a Shimadzu QP300 EI 151 mass
spectrometer (see Supporting Information).

General Procedure for the Synthesis of 1-(Cyelo)alkyl-6,
7-dimethoxy-1,2,3,4-tetrahydroisoquinolines (22—29). The new
one-pot procedure for the synthesis of free amines 22—29 was
carried out in microwave assisted conditions starting from
commercially available 2-(3'.4-dimethoxyphenyl)ethylamine
(13) and the suitable aldehydes via imine intermediates 14—21
following a previously reported synthetic approach to obtain 1-
aryl-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinolines.” "  Ana-
Iytical and spectroscopic data for the isoquinoline derivatives
22-29 are in accordance with literature results.”’

General Procedure for the Synthesis of 3,4-Dihydroisoquino-
line-2(1H)-sulfonamides (1—10). A mixture of the appropriate
1.2.3.4-tetrahydroisoquinoline (11} or 6.7-dimethoxy-1,2.3,
4-tetrahydroisoquinoline (12, 22—29) (1.0 mmol) and sulfamide
(6 mmol, 576 mg) in dimethoxyethane (2 mL) was placed in a
cylindrical quartz tube (@2 cm), then stirred and irradiated in a
microwave oven at 150 W for two steps of 20 min at 90 °C. The
reaction was quenched by adding water (5 mL) and extracted
with ethyl acetate (3 x SmL). The organic layer was washed with
an aqueous saturated solution of NaHCO; (2 x 5 mL). dried
over NasS0y, and concentrated until dryness under reduced
pressure. The residue crystallized from diethyl ether to give the
desired compounds 1—-10.

3,4-Dihydroisoquinoline-2(1H)-sulfonamide (1). Yield 43%;
mp 161163 °C. R, = 0.415. "H NMR (DMSO-d) 6 2.89 (1,
J = 5.77,2H, CHa), 3.24 (1, J = 5.77, 2H, CH,), 4.18 (s, 2H,
CHs), 6.91 (bs, 2H, NH,), 7.15 (s, 4H, ArH). Anal.
(CoH;2N-0,8) C, H, N.

6,7-Dimethoxy-3,4-dihydroisoquinoline-2( 1 H)-sulfonamide (2).
Yield 51%:; mp 164—166 °C. R, = 0.405. "H NMR (DMSO-dj)
& 2.79-2.81 (m. 2H. CH,). 3.19-3.23 (m. 2H. CH,). 3.70
(s, 6H, OCHs), 4.09 (s, 2H, CH»), 6.71 (s, IH, ArH), 6.72 (s,
1H, ArH), 6.85 (bs, 2H, NH1). Anal. (Cy;HsN-0,S) C, H, N.

6,7-Dimethoxy-1-methyl-3.4-dihydroisoquinoline-2( 1 H)-sulfon-
amide (3). Yield 35%: mp 172—174 °C. R, = 0.465. '"H NMR
(CDCl3) 6 1.54 (d, J = 6.87. 3H, CH3), 2.64—2.70 (m, IH, CH),
2.96—3.12 (m, IH, CH), 3.35.3.45 (m, 1H, CH), 3.82—3.95 (m,
1H, CH), 3.85 (s, 3H, OCH3), 3.86 (s, 3H, OCH3). 4.35 (bs, 2H,
NH.,). 4.95 (q. J = 6.87, 1H, CH), 6.56 (s, IH. ArH), 6.59 (s, 1 H,
ArH). Anal. (Cy>HsN-0,48) C, H, N.

6,7-Dimethoxy-1-ethyl-3,4-dihydroisoquinoline-2(1 H)-sulf-
onamide (4). Yield 33%; mp 201-203 °C. R, = 0.470. '"H NMR
(CDCl3) & 1.07 (t. J = 7.42, 3H, CH;), 1.75—1.85 (m, 2H, CH>),
2.60—2.66 (m, IH, CH), 3.04=3.16 (m. IH, CH), 3.36—3.47
(m, 1H, CH). 3.78—3.99 (m. 1H, CH). 3.85 (s, 3H, OCH3). 3.86
(s, 3H, OCHs), 4.27 (bs, 2H, NH»), 4.61—4.66 (m, 1H, CH),
6.57 (s. 1H, ArH), 6.59 (s. 1H. ArH). Anal. (C 3H;,N,0,S)
C.H. N.
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6,7-Dimethoxy-1-propyl-3,4-dihydroisoquinoline-2( 1 H)-sulfon-
amide (5). Yield 46%. Mp 185—187 °C. R, = 0.520. 'H NMR
(CDCly) 6 098 (1, J = 7.42, 3H. CH;), 1.48—1.81 (m, 4H,
CH,—CH,). 2.60-2.66 (m, 1H, CH), 3.04=3.16 (m, 1H. CH).
3.38—3.48 (m, 1H, CH), 3.85 (s, 3H, OCH3), 3.87 (s, 3H, OCH;),
3.93—4.00 (m, IH, CH), 4.27 (bs, 2H, NH>). 4.70—4.74 (m, 1H.
CH), 6.56 (s, 1H, ArH), 6.58 (s, TH, ArH). Anal. (C1sH22N,0.S)
C.H.N.

6,7-Dimethoxy-1-isopropyl-3,4-dihydroisoquinoline-2( 1 H)-sulf-
onamide (6). Yield 44%: mp 187—189 °C. R, = 0.505. 'H NMR
(DMSO-dg) 6 0.86—0.90 (m, 6H, CH3), 1.96—2.02 (m, 1H, CH),
2.57-2.62 (m, 1H, CH), 2.84-2.92 (m, 1H, CH), 3.33-3.39 (m,
IH, CH), 3.48—3.56 (m, 1H, CH), 3.70 (s, 6H, OCH;), 4.27 (d.
J =7.14,1H, CH), 6.57 (bs, 2H, NH,), 6.68 (s, IH, ArH), 6.70 (s,
IH, ArH] Anal. (C14H33N30_|S) C,H, N.

1-Cyclopropyl-6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-
sulfonamide (7). Yield 35%; mp 217-219 °C. R, = 0.468. 'H
NMR (DMSO-dg) ¢ 0.42—0.61 (m, 4H, CH,), 1.13—=1.17 (m,
IH, CH), 2.55=2.60 (m, 1H, CH), 2.88=2.99 (m, IH, CH).
3.34-3.65 (m, 2H, CH). 3.99 (d, J = 7.14, 1H), 6.62 (bs, 2H,
NH,). 6.68 (s. IH. ArH)., 6.76 (s, IH. ArH). Anal.
(C4H2gN-2048) C, H, N.

1-n-Butyl-6,7-dimethoxy-3,4-dihydroisoquinoline-2( 1 i)-sulfon-
amide (8). Yield 60%; mp 171-173 °C. R, = 0.533. '"H NMR
(CDCly) o 093 (t, J = 7.42, 3H, CH3), 1.25—1.81 (m, 6H,
CH,—CH,—CH>), 2.60-2.66 (m, 1H, CH), 3.07=3.16 (m, 1H,
CH), 3.38—3.48 (m, 1H. CH), 3.85 (s, 3H, OCH3), 3.86 (s, 3H.
OCH;3). 3.93—4.00 (m, 1H, CH), 4.28 (bs, 2H, NH-), 4.68—4.73
(m, 1H, CH), 6.56 (s, 1H, ArH), 6.58 (s, 1H, ArH). Anal.
(CsH24N>0,8) C. H. N.

1-Cyclopentyl-6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-
sulfonamide (9). Yield 67%; mp 193—195 °C. R, = 0.575. 'H
NMR (CDCl3) & 1.39—1.92 (m, 9H. CH), 2.13-2.16 (m, 1H.
CH), 2.71-2.76 (m, 1H, CH), 3.07-3.09 (m, 1H, CH),
3.53=-3.61 (m, 1H, CH), 3.86 (s, 6H, OCH), 3.91-3.98 (m,
IH, CH),4.17 (bs. 2ZH., NH,). 4.45(d. J = 8.89, 1H). 6.60 (s, I H.
ArH), 6.63 (s, IH, ArH). Anal. (C,;H.3N-0,8) C, H, N.

1-Cyclohexyl-6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-
sulfonamide (10). Yield 34%: mp 177—179 °C. R, = 0.560. 'H
NMR (CDCl3) 6 1.03=1.99 (m, 11H, CH), 2.73=2.80 (m, 1H,
CH), 2.98-3.11 (m, IH, CH), 3.48-3.61 (m, IH, CH),
3.83-3.90 (m, 1H, CH), 3.85 (s, 3H, OCH3), 3.86 (s, 3H,
OCHj3), 4.09 (bs, 2H, NH»), 4.37 (d. J = 8.79, IH, CH), 6.57
(s. 1H. ArH), 6.62 (s, IH. ArH). Anal. (C;,H24N>048) C. H, N.

CA Inhibition Assay. An Applied Photophysics stopped-flow
instrument has been used for assaying the CA catalyzed CO,
hydration activity.*' Phenol red (at a concentration of 0.2 mM)
has been used as indicator, working at the absorbance maximum
of 557 nm, with 10—20 mM Hepes (pH 7.5) or Tris (pH 8.3) as
buffers and 20 mM Na,SO, or 20 mM NaClOy (for maintaining
constant the ionic strength), following the initial rates of the CA-
catalyzed CO5 hydration reaction for a period of 10—100 s. The
CO5 concentrations ranged from 1.7 to 17 mM for the determi-
nation of the kinetic parameters and inhibition constants. For
each inhibitor at least six traces of the initial 5-10% of the
reaction have been used for determining the initial velocity. The
uncatalyzed rates were determined in the same manner and
subtracted from the total observed rates. Stock solutions of
inhibitor (10 mM) were prepared in distilled—deionized water,
and dilutions up to 0.01 nM were done thereafter with distil-
led—deionized water. Inhibitor and enzyme solutions were
preincubated together for 15 min at room temperature prior
to assay in order to allow for the formation of the E—I complex.
The inhibition constants were obtained by nonlinear least-
squares methods using PRISM 3, as reported earlier, and
represent the mean from at least three different determinations.
CA isoforms were recombinant ones obtained as reported ear-
lier by this group.*>~

Protein Crystallography. Protein Crystallization and X-ray
Data Collection. The complex was prepared by adding 5-fold
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molar excess of 6,7-dimethoxy-3.4-dihydroisoquinoline-2(1 H)-
sulfonamide (2) (in dimethyl sulfoxide) to 10 mg-mL ™" protein
solution of hCA 11 (Sigma) in 100 mM Tris-Cl, pH 8.5. The best
crystals of the complex were obtained by the hanging-drop
vapor diffusion method, under the following conditions: an
amount of 2 uL of complex solution was mixed with 2 uL of
precipitant solution [2.5 M (NH4).80,, 0.3 M NaCl, 100 mM
Tris-Cl, pH 8.2] and equilibrated over a reservoir containing
I mL of precipitant solution at 18 °C. Crystals with dimensions
0.4 mm x 0.2 mm x 0.1 mm grew within 10 days.

For data collection, the crystals were soaked in the reservoir
solution supplemented with 20% (v/v) glycerol and transferred
to liquid nitrogen. Diffraction data were collected at 120 K using
an in-house diffractometer (Nonius FR 591) connected to 345
mm MarResearch image plate detector. The best crystal dif-
fracted up to 1.65 A resolution, and diffraction data were
integrated and reduced using MOSFLM*® and scaled using
SCALAY from the CCP4 suite of programs.* Crystal para-
meters and data collection statistics are summarized in Table 2.

Structure Determination, Refinement, and Analysis. The struc-
ture of hCA 11 in complex with 6,7-dimethoxy-3.4-dihydroiso-
quinoline-2(1 f)-sulfonamide (2) was solved using the difference
Fourier method, using hCA II structure (Protein Data Bank
entry IHIN*") as the initial model. Initial rigid-body refinement
and subsequent restrained refinement were performed using the
program REFMAC 5. The structure was refined with two
inhibitor molecules, one in the enzyme active site and the other
located in the surface pocket in the vicinity of the enzyme
N-terminus. Atomic coordinates and geometry llbmry for the
inhibitor were generated using the PRODRG server.” The Coot
program®’ was used for inhibitor fitting. model rebuilding, and
addition of water molecules. In final refinement stages, TLS
ranC|ncnl cycles in the program REFMAC 5 were intro-
duced.” The qu‘nhl) of the crystallographic model was assessed
with Manrublly *¥Program CONTACT/ACT from the CCP4
suite®™ was used for finding contacts between inhibitor and
protein molecules. The final refinement statistics are summar-
ized in Table 2. All figures showing structural representations
were prepared using PyMOL.™ and the APBS™ tools plugin
was used for generating solvent accessible surface colored by
electrostatic potential.

Docking Studies, The crystal structures of hCA 11, hCA IX,
and hCA XIV in complex with the inhibitor acetazolamide were
retrieved from the RCSB Protein Data Bank (entry code
1YDB.* 31AL* and 1RJ6™). The complex 1YDB presents
the mutant Phel98; thus, for our docking studies, it was con-
verted in Leul98, placing its side chain in the same position
observed in our X-ray crystal structure of hCAIl. Hydrogen
atoms were added to proteins by the Biopolymer module in
SYBYL 8.0.1.% The acetazolamide structure was extracted
from an X-ray complex. and the other structures of the ligands
were constructed using standard bond lengths and angles from
the SYBYL 8.0 fragment library. All inhibitors were fully
optimized by the scmiumpirical quantum mechanical method
AMI. The ligands minimized in this way were docked in their
corresponding proteins by means of Gold 3.1.1.% The region of
interest used by Gold was defined in order to contain the
residues within 10 A from the original position of the ligand in
the X-ray structures: the zinc ion was sel as possessing a
lrigumll bipyramidal coordination. The “allow early termina-
tion” command was deactivated, while the possibility for the
ligand to flip ring corners was activated. ChemScore™ was
chosen as the fitness function, and the formation of a H bond
between the hydroxyl group of Thr199 and the ligands was also
imposed.®” As regards to all the other parameters, the Gold
default ones were used, and the ligands were submitted to 100
genetic algorithm runs.
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