
  
ǦǦǦ ͵Ǧ
  


by

Ǧ

Center for Molecular Medicine Norway
University of Oslo
April 2014

© Kaare Bjerregaard-Andersen, 2014
Series of dissertations submitted to the
Faculty of Mathematics and Natural Sciences, University of Oslo
No. 1515
ISSN 1501-7710
All rights reserved. No part of this publication may be
reproduced or transmitted, in any form or by any means, without permission.

Cover: Inger Sandved Anfinsen.
Printed in Norway: AIT Oslo AS.
Produced in co-operation with Akademika Publishing.
The thesis is produced by Akademika Publishing merely in connection with the
thesis defence. Kindly direct all inquiries regarding the thesis to the copyright
holder or the unit which grants the doctorate.


1. PREFACE ____________________________________________________________________________ 1
2. ACKNOWLEDGEMENTS __________________________________________________________________ 2
3. LIST OF PUBLICATIONS _________________________________________________________________ 4
4. ABBREVIATIONS ______________________________________________________________________ 5
5. RÉSUMÉ IN ENGLISH ___________________________________________________________________ 6
6. RÉSUMÉ PÅ DANSK ____________________________________________________________________ 7
STRUCTURAL AND BIOPHYSICAL STUDIES OF THE NA+-COUPLED CL--HCO3EXCHANGER NCBE___________________________________________________________________ 9
7. INTRODUCTION ______________________________________________________________________ 10
7.1 The concept of pH and buffering ___________________________________________________ 10
7.2 Bicarbonate and the SLC4 family of transporters ______________________________________ 11
7.3 The SLC4 family of bicarbonate transporters _________________________________________ 12
7.4 The Na+-coupled Cl--HCO3- Exchanger ______________________________________________ 15
7.5 Interaction and regulation of activity in NCBTs _______________________________________ 17
7.6 Structural and biophysical studies of SLC4 proteins ____________________________________ 20
7.7 The bicarbonate transport metabolon _______________________________________________ 22
7.8 Zinc homeostasis in the choroid plexus ______________________________________________ 23
7.9 Intrinsically disordered proteins ___________________________________________________ 24
8. PRESENT INVESTIGATIONS ______________________________________________________________ 26
8.1 Aims of the study _______________________________________________________________ 26
8.2 Synopsis of the paper ____________________________________________________________ 27
9. MATERIALS AND METHODS _____________________________________________________________ 28
9.1 Cloning, expression and purification of NCBE ________________________________________ 28
9.2 Crystallization of NCBE and related proteins _________________________________________ 30
9.3 Circular dichroism ______________________________________________________________ 31
9.4 Isothermal titration calorimetry (ITC) _______________________________________________ 32
9.5 Differential scanning fluorimetry (Thermofluor) _______________________________________ 33
9.6 In silico prediction of disorder _____________________________________________________ 33
10. RESULTS __________________________________________________________________________ 34
10.1 Cloning, expression and purification of NCBTs _______________________________________ 34
10.2 X-ray crystallography___________________________________________________________ 39
10.3 Determination of metal ion affinities _______________________________________________ 44
10.4 Circular dichroism measurements _________________________________________________ 48
10.5 Size exclusion chromatography ___________________________________________________ 52
10.6 Prediction of protein disorder in the SLC4 family _____________________________________ 55
10.7 Identification of small molecule ligands for Nt-NCBE __________________________________ 56
11. DISCUSSION ________________________________________________________________________ 57
12. SUMMARY _________________________________________________________________________ 63
13. FUTURE PERSPECTIVES ________________________________________________________________ 65
PAPER I_____________________________________________________________________________ 67
STRUCTURAL INVESTIGATION AND BIOTECHNOLOGICAL APPLICATION OF ISATIN
HYDROLASE (IH) ____________________________________________________________________ 83
14. INTRODUCTION _____________________________________________________________________ 84
14.1 Isatin hydrolase _______________________________________________________________ 84
14.2 Isatin in physiology and pharmacology _____________________________________________ 85
14.3 Bacterial IAA degradation and isatin _______________________________________________ 86
14.4 Tryptophan metabolism and bacterial kynurenine formamidase __________________________ 88
14.5 Water channels and proton wires in proteins _________________________________________ 88

15. PRESENT INVESTIGATIONS _____________________________________________________________ 91
15.1 Isatin hydrolase - Aims of the study ________________________________________________ 91
15.2 Synopsis of the papers __________________________________________________________ 92
16. MATERIALS AND METHODS ____________________________________________________________ 94
16.1 Experimental procedures ________________________________________________________ 94
17. RESULTS ___________________________________________________________________________ 98
17.1 Crystal structures of IH-b in apo and product analogue bound state ______________________ 98
17.2 Biophysical and kinetic characterization of IH-b _____________________________________ 102
17.3 The isatin detection and quantification assay ________________________________________ 103
18. DISCUSSION _______________________________________________________________________ 107
18.1 Structural and biophysical properties of IH-b _______________________________________ 107
18.2 Isatin in physiology: Application of isatin hydrolase __________________________________ 111
19. SUMMARY ________________________________________________________________________ 113
20. FUTURE PERSPECTIVES _______________________________________________________________ 115
20.1 The fold of IH-b: A novel structural class of hydrolases _______________________________ 115
20.2 Chasing protons: Visualizing hydrogens in the water wire _____________________________ 115
20.3 Isatin in pathophysiology: Application of the isatin quantification assay __________________ 116
20.4 Development of novel IH-b substrate specificities ____________________________________ 117
PAPER II ___________________________________________________________________________ 119
PAPER III __________________________________________________________________________ 143
21. REFERENCES_______________________________________________________________________ 159

1. Preface
The work presented in this thesis was carried out from 2010 to 2014. During this period,
the experimental work was carried out at the Center of Molecular Medicine Norway
(NCMM), University of Oslo, and at the Department of Molecular Biology and Genetics
(IMBG), University of Aarhus, as part of a double degree agreement.
The thesis is divided into two parts. Part I describes my work on the crystallization and
biophysical characterization of the N-terminal cytoplasmic domains of the membrane
proteins NCBE. Part II describes my work on structure determination, biophysical
characterization and biotechnological application of the enzyme isatin hydrolase.
The cloning and purification of isatin hydrolase described in section 16.1.1, “Cloning,
expression and purification of IH-b-wt and IH-b-S225C” and paper II was carried out by
Anette Kjems and Michael Etzerodt at Aarhus University, Denmark.
The measurement of thermostability of IH-b-wt and IH-b-S225C described in the section
16.1.5 “Thermostability determination by circular dichroism” and paper II was carried out
by Jan Kristian Jensen at Aarhus University, Denmark.
The optimization of the isatin assay protocol described in section 17.3, “The isatin
detection and quantification assay”, and paper III, was carried out by Theis Sommer at
University of Oslo.
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4. Abbreviations
A280
ASU
AU
BLAST
CAxx
CD
CNS
CPE
CSF
Cryo-EM
CV
DSC
DSF
gA
GFP
GI
HPLC
HX-MS
IAA
IEC
IHA
IHB
IHs
IMAC
IP3
IRBIT
ITC
MD
MR
MRE
MS
NBCn1
NCBE
NCBT
NMR
NTD
OD600
PMSF
PPI
QM/MM
pRTA
RBC
SEC
IH-b
SLC4
TEV

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

Absorbance at 280 nm
Asymmetric unit
Absorbance unit
Basic local alignment search tool
Carbonic anhydrase xx
Circular dichroism
Central nervous system
Choroid plexus epithelium
Cerebro spinal fluid
Cryo electron microscopy
Column volume
Differential scanning calorimetry
Differential scanning fluorimetry
Gramicidin A
Green fluorescent protein
Gastro intestinal
High performance liquid chromatography
Hydrogen exchange mass spectrometry
Indole-3-acetic acid
Ion exchange chromatography
Isatin hydrolase A
Isatin hydrolase B
Isatin hydrolases
Immobilized metal affinity chromatography
1,4,5 inositol phosphate
IP3 receptor binding protein released with IP3
Isothermal titration calorimetry
Molecular dynamics
Molecular replacement
Mean residue ellipticity
Mass spectrometry
Na+-coupled Bicarbonate Cotransporter electroneutral 1
Na+-coupled Chloride Bicarbonate Exchanger
Sodium coupled bicarbonate transporter
Nuclear magnetic resonance
N-terminal domain
Optical density at 600 nm
Phenylmethanesulfonylfluoride
Protein-protein interaction
Quantum mechanical/molecular mechanics
Proximal renal tubular acidosis
Red blood cell
Size-exclusion chromatography
Isatin hydrolase paralogue b from Stappia aggregata
Solute carrier 4
Tobacco etch virus

5

5. Résumé in English
Part I. Acid-base homeostasis is fundamental to our understanding of human physiology
and is essential to cellular function. The main buffering system found in the human body is
based on bicarbonate. The SLC4 proteins are the main facilitators of bicarbonate transport
across the plasma membrane, however, not much is known about the structural basis of
function and regulation of these. In the work described in this thesis, the N-terminal
cytoplasmic domain (NTD) of the sodium-coupled chloride bicarbonate exchanger
(NCBE), found predominantly in the choroid plexus of the brain, has been cloned,
expressed and purified. The core domain found centrally in the NTD has been crystallized
and the structure determined to 4.0 Å resolution. The NTD of NCBE is found to contain
regions of intrinsic protein disorder and these disordered regions are conserved among all
bicarbonate transporters of the SLC4 family. The disordered regions coincide with regions
of sequence variation, indicating that although sequence is not conserved, the disorder is. A
protocol for identification of small molecule ligands for disordered regions is described.
The NTD is found to contain several zinc binding sites and one magnesium binding site.
The effect of zinc binding along with the NTDs response to pH variation is assessed by
circular dichroism and chromatographic techniques.
Part II. Isatin hydrolase is a part of a indole-3-acetic acid degradation pathway in bacteria.
The structural basis of the enzyme is unknown and the fold has not previously been
described although structural homologues are known. In this thesis, the crystal structures of
apo isatin hydrolase and a complex with product analogue thioisatinate are described. The
structural analysis enables stronger identification of structural homologues such as
bacterial kynurenine formamidase. Structural homologues of low sequence identity are
also identified in eukaryotes and in multi-domain proteins. The crystals structures of isatin
hydrolase also reveal a transient water wire that may facilitate proton transfer during
hydrolysis of isatin. The function of a key serine coordinating the water wire is tested
through mutagenesis. Isatin hydrolase is characterized biophysically in order to understand
the temperature, pH and co-factor requirements for the successful application in a
biotechnological role. A protocol for application of isatin hydrolase in a simple and highly
selective tool for quantification of isatin in blood samples is described.
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6. Résumé på Dansk
Del I. Syre-base homeostase er grundlæggende for vores forståelse af menneskelig
fysiologi og er essensielt for normal celle funktion. Det primære buffer system i mennesket
er baseret på bikarbonat. SLC4 protein familien er de primære proteiner involverede i
transport af bikarbonat over plasma membranen. Imidlertid er meget lidt kendt af den
strukturelle baggrund for disse proteiners funktion og regulering. I arbejdet beskrevet i
denne afhandling er det N-terminale cytoplasmiske domæne (NTD) fra den natrium
koblede klorid-bikarbonat antiporter (NCBE), der primært findes i plexus chorideus, blevet
klonet, udtrykt og oprenset. Kerne domænet midt i NTD er blevet krystalliseret og
strukturen bestemt med en opløsning på 4.0 Å. NTD fra NCBE har områder af uordnet
proteinstruktur og disse uordnede områder er bevarede imellem de bikarbonat
transporterende proteiner fra SLC4 familien. Disse protein områder overlapper præcis med
regioner af høj sekvens variation. Derfor er den uordnede struktur det bevarede element og
ikke sekvensen. En protokol for identificering a små molekyler, der binder til de uordnede
protein region er beskrevet. Det bliver beskrevet at der findes flere zink bindingssteder, og
ét magnesium bindingsted, i NTD. Effekten af zink binding undersøges, sammen med
NTDs reaktion på ændringer i pH, bliver undersøgt ved hjælp af cirkulær dikroisme og
kromatografiske teknikker.
Del II. Isatin hydrolase er en del af indole-eddikesyre nedbrydningsvejen i bakterier. Den
strukturelle basis for den enzymatiske aktivitet er ukendt. I denne afhandling er krystal
strukturen af isatin hydrolase i dets apo form og i kompleks med produkt analogen
thioisatinate beskrevet. Den strukturelle analyse tillader en mere sikker identificering af
strukturelle homologer, f.eks. den bakterielle kynurenin formamidase. Strukturelle
homologer med lav sekvens identitet med isatin hydrolase beskrives blandt eukaryoter og i
multi domæne proteiner. Krystal strukturen af isatin hydrolase afslører en midlertidig kæde
af vand molekyler, der tillader protoner at blive transporteret under hydrolysen af isatin.
Funktionen af en serin rest der koordinerer et vandmolekyle i kæden undersøges gennem
mutationer. Isatin hydrolase karakteriseres biofysisk i forhold til temperatur stabilitet, pH
optimum og afhængighed af ko-faktorer for at kunne anvende enzymet bioteknologisk. En
protokol for anvendelse af isatin hydrolase i et simpelt og selektivt værktøj til
bestemmelsen af isatin koncentration i blod bliver beskrevet.
7
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7. Introduction
7.1 The concept of pH and buffering
The pH value describes a fundamental chemical property and is the measure of the
concentration of hydrogen ions. The concept of pH, meaning ‘power of Hydrogen’, was
first presented in 1909 by the Danish chemist S.P.L. Sørensen at the Carlsberg
Laboratories (Sørensen 1909). The classical Brønsted-Lowry definition of an acid is a
molecule capable of donating a proton (H+), whereas a base is capable of accepting a
proton. This classical definition was expanded by G.N. Lewis to cover a wider range of
ions and compounds and defines an acid as being capable of accepting a lone pair of
electrons and a base as able to donate a lone pair. The pH value affects almost all chemical
reactions and so it is essential to all living organisms to control the pH surrounding vital
processes in order to maintain life. This requirement for constant control of the pH, pH
homeostasis, is fulfilled by pH buffering. The principle of pH buffering is, in short, to
counter sudden acidification or alkalization by the generation of a weak acid, e.g.
Hydrogencarbonate (H2CO3), by reaction with its conjugate base, e.g. Bicarbonate (HCO3). By doing this the concentration of free H+ is effectively lowered, minimizing the effect
of the sudden pH challenge in accordance with the principle of Le Châtelier. The buffering
capacity is dependent on concentration, pKa value and the fraction of the weak acid and
conjugated base must be within one order of magnitude of each other in order to have a
significant buffering capacity. This comes from the Henderson-Hasselbach equation (Eq.
3) for determining the pH of weak acid and bases. The equation is derived from the
expression of the reaction constant (Ka) (Eq. 2) based on the dissociation reaction (Eq. 1).
Eq. 1
ܭ ൌ

ሾష ሿሾு శ ሿ

Eq. 2

ሾுሿ
ሾష ሿ

 ൌ ܭ   ቀሾுሿቁ

Eq. 3

Where ሾܣܪሿ and ሾ ିܣሿ are the actual concentrations of weak acid and its conjugated base.
The effective buffering range is, as a rule of thumb, the value ofܭ േ ͳ.
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7.2 Bicarbonate and the SLC4 family of
transporters
Bicarbonate belongs to the main buffering system in humans. In blood, a relatively
constant level of HCO3- is present, approximately, 25 mM, accounting for two-thirds of the
buffering capacity to keep the pH value at 7.4. The superior success of the buffering
system may be found in the highly dynamic nature of the involved species (Eq. 4).
Carbondioxide (CO2), a product of the Krebs cycle and oxidative phosphorylation during
metabolism, is capable of diffusing as a gas from the mitochondria, across the plasma
membrane, into the blood stream and into the erythrocyte cytoplasm. Here carbonic
anhydrase II (CAII), one of the fastest enzymes known, converts it to hydrogencarbonate
that readily dissolves to bicarbonate and a proton (Boron, Boulpaep 2011). This reaction
has a pKa value of 6.4.

Bicarbonate is transported back into the plasma by anion exchanger 1 (AE1), one of the
most intensely studied members of the SLC4 (SoLute Carrier 4) family. The eAE1
facilitates uptake of chloride along with export of bicarbonate across the plasma membrane
of erythrocytes. CO2 produced in by tissue metabolism readily crosses the plasma
membrane and into erythrocytes in the blood stream. Here carbonic anhydrase produces
hydrogencarbonate that dissociates into bicarbonate and a proton. The conversion of CO2
from a dissolved gas to water soluble bicarbonate enhances the transport capacity of the
blood. The bicarbonate is transported out of the erythrocyte by eAE1 in exchange for
chloride. This leads to lower extracellular chloride levels in systemic venous blood and is
known as the chloride shift. The formed proton displaces intercellularly bound potassium
which is also then transported out of the cell. Accordingly venous blood contains high
levels of bicarbonate and potassium. When the blood reaches the lungs the reaction reverts
and CO2 is formed, this diffuses from the blood to be exhaled. Excess protons can be
secreted through the kidneys into urine. Here the electrogenic sodium-coupled bicarbonate
cotransporter 1 (NBCe1), another member of the SLC4 family, is involved in reabsorption
of HCO3- to prevent a massive loss through the urine that could lead to acidosis. The
multitude of roles that the bicarbonate ion is involved in range broadly from: waste
11

removal in metabolism, pH homeostasis and cell osmolarity, to a complex and tightly
regulated pH system for the transport of the small solute species across the plasma
membrane. To add even more complexity, the systems remains constantly under influence
from being intricately connected to the semi-autonomous respiratory system and from the
dietary pH challenges. In blood the pH is kept at 7.4, this is no coincidence as bicarbonate
still retains buffering power at this value while the pH can still be effectively controlled by
the transport of bicarbonate. At lower pH values, closer to the pKa value for bicarbonate,
this would be increasingly difficult. At higher pH values, no buffering power capacity of
bicarbonate would remain. The importance of bicarbonate in pH homeostasis has long
been appreciated, although, not much is known about the molecular function and
regulation of the membrane transport proteins facilitating the flux of bicarbonate in the
organism. One important family of proteins involved in this is, as already indicated, the
SLC4 family.
Regulation of pH is essential to cellular function and vital to maintaining normal
physiology of the human body. Accordingly, disruption of pH homeostasis is involved in
numerous pathologies that also include disrupted SLC4 function. Among the pathologies
that have been linked to SLC4 proteins are hypertension (Boedtkjer, Aalkjaer 2013),
epilepsy (Jacobs, Ruusuvuori et al. 2008) and cancer (Boedtkjer, Moreira et al. 2013). In
the role as secondary Na+ transporters, the Na+-coupled SLC4 proteins are expected to play
a role in reperfusion injury as a consequence of cellular acidosis during ischemia.

7.3

The

SLC4

family

of

bicarbonate

transporters
The solute carrier (SLC) 4 family include 10 members (Figure 1) termed SLC4A1-A5 and
SLC4A7-A11. The family can be divided into three subfamilies: AE1-3 are sodium
independent chloride-bicarbonate exchangers. NBCe1 and NBCe2 are electrogenic (net
charge movement) sodium-coupled chloride bicarbonate transporters, and NCBE, NDCBE
and NBCn1 are electroneutral sodium-coupled bicarbonate transporters (Figure 1). In
addition NCBE and NDCBE have chloride-bicarbonate exchange activity hence the names.
NBCe1, NBCe2, NCBE, NDCBE and NBCn1 are termed Na+-coupled HCO3- transporters
(NCBTs). The remaining members, AE4 and BTR1 (SLC4A11), are both relatively
uncharacterized and therefore not included in any of the groups. BTR1 has been shown to
12

transport borate and has a low sequence similarity, especially in cytoplasmic regions, to the
rest of the family (Park, Li et al. 2004).

Figure 1 – Phylogenetic tree of the SLC4 family. Figure made using Drawtree (Dereeper,
Guignon et al. 2008).

The NCBTs are integral membrane proteins consisting of 12-14 transmembrane helices
(TMH). Several loop extracellular loop regions are found within the transmembrane
domain, notably one large loop between TMH5 and TMH6. Two cytoplasmic domains are
found in general – a small (usually around 15 kDa) C-terminal domain (CTD) and a larger
(40-60 kDa) N-terminal domain (NTD). The general structure of a NCBT is shown in
Figure 2.
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Figure 2 – Domain structure of a generic NCBT of the SLC4 family. The transporter is
represented as a dimer in the plasma membrane.

A thorough bioinformatics study has earlier been performed on the protein sequences from
the NCBTs. The individual sequences were, based on this study, divided into variable and
constant regions depending on level of conservation. In total three constant regions (CR)
and four variable regions (VR) were defined (Boron, Chen et al. 2009). The NTD is
composed of two variable and two constant regions in the following order; VR1, CR1,
VR2 and CR2. The boundary between the NTD and TMD includes VR3. The large TMD
of the NCBTs is highly conserved and defined as CR3. CR3 also covers a conserved part
of the CTD. The remaining part of the CTD and the C-terminus extend into VR4 (Boron,
Chen et al. 2009). Several functional motifs have been identified within the NTD of the
NCBTs. An auto inhibitory domain (AID) was identified and sequenced (app. 40 aa) from
studies of truncated NBCe1 variants in Xenopus laevis oocytes (McAlear, Liu et al. 2006).
This study showed that the AID domain plays a key role in the regulation and transport
activity of bicarbonate. The AID motif was later identified in the primary structure of
NCBE and experiments of truncated variants, similar to those of NBCe1, showed an upregulation when the motif was missing (Parker, Skelton et al. 2007). The mechanism of
inhibition by AID is currently unknown, although an obvious possibility is the direct
14

interaction with parts of the TMD that forms the substrate channel. Based on structural
homology predictions, the conserved motif found in the CR1 with consensus sequence
ETARWIKFEE is likely to form salt bridges internally and connect with residues of CR2
(Chang, DiPiero et al. 2008). It has been speculated that these residues form the entry point
for a substrate tunnel found in the NTD. However, recent structural evidence suggests that
this is not the case (Shnitsar, Li et al. 2013). In NBCe1, one ionic interaction by the
conserved glutamate (underlined above) to a conserved arginine of CR2 is necessary for
normal activity. Mutagenesis studies of either residue show abnormal transporter function.
A double mutation to complementary residues caused near-normal function, and finally a
single mutation disturbing this interaction, R298S, in NBCe1 is linked to the phenotype of
proximal renal tubular acidosis (pRTA) often part of Fanconi’s syndrome (Igarashi,
Inatomi et al. 1999).

7.4 The Na+-coupled Cl--HCO3- Exchanger
The Na+-coupled chloride bicarbonate exchanger, NCBE, encoded by the SLC4A10 gene
is an electroneutral NBCT (sodium-coupled bicarbonate transporter), found predominantly
in the choroid plexus epithelium (CPE) forming the blood-CSF barrier.

Figure 3 – Modes of transport by each NCBE/NBCn2 monomer. The exact stoichiometry
remains inconclusive.
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NCBE has been shown to localize to the basolateral membrane of this epithelia facing the
blood stream (Praetorius, Nejsum et al. 2004). The choroid plexus is involved in the
secretion of cerebrospinal fluid (CSF) which has a normal pH of 7.3. Lower levels of
NCBE can be found widely distributed in tissue throughout the body, most notably in the
brain and central nervous system (CNS) (Parker, Musa-Aziz et al. 2008). Apart from the
choroid plexus, studies using antibodies have shown that NCBE is abundant in the cerebral
cortex, cerebellum and hippocampus (Chen, Kelly et al. 2008). In addition, it was found
that it was highly glycosylated by SDS-PAGE analysis of PNGase F (glycosidase) treated
NCBE. It is believed that NCBE’s role in CA3 neurons is to enhance excitability through
faster recovery of intracellular pH (Jacobs, Ruusuvuori et al. 2008). Most of the
pathophysiological knowledge comes from the studies of gene knock-outs (KO). A KO of
the gene in mice produced mentally retarded mice with smaller brain ventricular size
(Jacobs, Ruusuvuori et al. 2008). Disruption of the SLC4A10 gene has been linked to
epilepsy in humans (Krepischi, Knijnenburg et al. 2010). Also copy number variation of
the SLC4A10 gene is linked to autism (Sebat, Lakshmi et al. 2007). These results
emphasize the importance of NCBE function in conjunction with the neurological
processes.
The stoichiometry of transport is still under debate for this particular SLC4 member. The
term ‘exchanger’ refers to the exchange of HCO3- and Cl- (Wang, Yano et al. 2000). Other
reports suggest that no net movement of Cl- is going on and that the transporter possesses
Cl--Cl- exchange activity (Parker, Musa-Aziz et al. 2008). This debate gives rise to NCBE
also being termed NBCn2 in the literature. Whether one model is an artifact of
measurement or the protein actually is able to switch between modes remains unknown. In
the NCBE mode the transporter co-transports Na+ and HCO3- while another HCO3- is
exchanged with Cl- (Figure 3).
In recent years, some public reports suggest that NBCe1 and NDCBE are capable of
transporting CO32- and that this may be of physiological relevance. However, most work
related to the hypothesis has only been presented at conferences and remains unpublished.

7.4.1 The SLC4A10 gene and the formation of isoforms
by alternative splicing
The SLC4A10 gene encoding NCBE is composed of 27 exons that cover 360 kbp. The
gene is capable of producing a number of isoforms. In human, two isoforms, A and B, are
16

verified at mRNA level by northern blot (Parker, Musa-Aziz et al. 2008). Most studies on
NCBE and their distribution in tissue have been performed in mice or rats. In mice, four
alternatively splicings generate four unique isoforms verified at transcript level and termed
isoform A, B, C and D (Liu, Xu et al. 2011). The alternative splicing of exon 9 generates
variation in the NTD by either the presence or the absence of a 30 amino acid stretch found
in VR2. This stretch is present in isoforms B and D. Also an alternative N-terminal start
sequence can be generated by alternative splicing of exon 1 and exon 2 (Liu, Wang et al.
2013). The N-terminal start sequence MEIK seems specific for NCBE found in brain
whereas the MDCL sequence dominates in other tissue. A second variation, although only
identified in rats, is the absence or presence of a single alanine in the NTD. This alanine is
always present in human isoforms. In the CTD, alternative splicing will cause the presence
or absence of a PDZ motif. This motif is present in isoforms C and D. Sequence analysis
predicts that transcripts could occur that express solely the NTD with an alternative 18
amino acid ending and no TMD (Parker, Boron 2013). The fact that similar transcripts
have been found for the other electroneutral SLC4 family members, NBCn1 and NDCBE,
gives rise to speculation on the protein evolution of the mammalian SLC4 family and on
the functional roles of the NTD.

7.5 Interaction and regulation of activity in
NCBTs
7.5.1 Inhibition of NCBT activity by drugs
Several compounds for the inhibition of bicarbonate transport activity by SLC4 proteins
have been identified. The best known compound for the inhibition of NCBT activity is the
disulfonate stilbene derivative 4,4-diisothiocyano-2,2-stilbenedisulfonic acid (DIDS).
DIDS block activity of NBCe1, NBCe2, NDCBE and NCBE at concentrations down to
200 μM, while NBCn1 is not sensitive even at concentrations up to 500 μM (Lu, Boron
2007). Other potent inhibitors of NCBT activity are tenidap with Ki = 13-25 μM against
NBCe1 (Ducoudret, Diakov et al. 2001), S0859 with Ki = 1.7 μM against NBCe1 and
NBCn1 (Ch'en, Villafuerte et al. 2008), niflumic acid with Ki = 100 μM against NBCe1
and diBAC oxonol with Ki = 10 μM against NBCe1 (Liu, Williams et al. 2007). Most
compounds have not been tested on all NCBTs. These compounds were tested by applying
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them to the extracellular side of the membrane and are therefore expected to block the
transmembrane channel. The transmembrane domain is highly conserved among SLC4
family members and this has thus complicated the positive identification of effective
compounds that could target the individual members. The compound, benzamil, has been
tested through injection into cytoplasm and was found to knock down NBCe1 activity
completely at a concentration of 500 μM (Ducoudret, Diakov et al. 2001).
Drugs for inhibition of specific SLC4 members are of interest both for research purposes
and for therapeutic applications. One major challenge, however, is that no single NCBT
can be inhibited specifically by one compound. Only NBCn1 can be targeted specifically
indirectly as it is insensitive to DIDS. This is only of benefit as a research tool. Specific
inhibitors for NCBE may have therapeutic uses in anticonvulsive therapy as it has been
shown that disruption of the SLC4A10 gene, encoding NCBE, could prevent fatal epileptic
seizures (Jacobs, Ruusuvuori et al. 2008).

7.5.2 Inhibition of NCBT activity by intracellular
magnesium
In oocytes, bicarbonate transport activity of NBCe1-B, carrying the AID domain in its
NTD, is inhibited by the addition of magnesium when applied extracellularly (Yamaguchi,
Ishikawa 2008). However, no direct interaction has been established between the NBCe1B and magnesium. A mutant not carrying the AID domain showed reduced sensitivity to
magnesium concentration.

7.5.3 Regulation of NCBT activity by IRBIT
Inositol 1,4,5-triphosphate (IP3) is a signal molecule involved in regulation of intracellular
calcium levels. IP3 binds to the IP3 receptor (IP3R) and triggers release of calcium from the
endoplasmic reticulum (ER) (Patterson, Boehning et al. 2004). The soluble protein inositol
1,4,5-triphosphate (IP3) receptor binding protein released with IP3 (IRBIT) was found to
bind to VR1 (strongest binding seen for residues 1-62) of NBCe1-B (Shirakabe, Priori et
al. 2006). This was studied by immunoprecipitation with NBCe1-B and IRBIT constructs
fused with GFP and hemagglutinin respectively. The tags could be targeted by antibodies.
It is believed to be an increase in transport flux rather than an increased level of surface
expression. The binding site of IRBIT is believed to overlap with the AID domain and
thereby preventing its inhibitory function. Interestingly, studies using patch clamp
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measurements on HEK293 cells co-expressed with NBCe1-B and IRBIT resulted in
reduced sensitivity of NBCe1-B to intracellular Mg2+ levels (Yamaguchi, Ishikawa 2012).
IRBIT itself is believed to be regulated through post translational phosphorylation, which
might be linked to the calcium and IP3 levels in the cell. IRBIT is associated with other
non-SLC4 membrane proteins involved in pH homeostasis, among those are the cystic
fibrosis transmembrane conductance regulator (CFTR) (Yang, Shcheynikov et al. 2009)
and the sodium-proton exchanger 3 (NHE3) (He, Zhang et al. 2008).

7.5.4 Interaction of AE1 with glycolytic enzymes
The SLC4 proteins have been found to engage in PPIs with a wide range of soluble
proteins. It is believed that these interactions tightly integrate the bicarbonate transport into
a larger system of ion transport involved in pH homeostasis and cell volume regulation.
One interesting group of proteins found to bind the NTD of AE1 is the glycolytic enzymes
(GE), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Ercolani, Brown et al. 1992,
Rogalski, Steck et al. 1989), phosphofructokinase (PFK) (Jenkins, Madden et al. 1984)
and aldolase (Murthy, Liu et al. 1981). Evidence from studies performed both in vivo and
in vitro for a direct interaction between AE1 and GEs has over the years accumulated. The
GAPDH binding to the NTD of AE1 has been mapped to two separate binding region
located within residues 1-23 (Chu, Low 2006). The GEs have been recognized to form
complexes along with lactate dehydrogenase and pyruvate kinase associated with the inner
plasma membrane of red blood cells in an oxygenation dependent manner (Campanella,
Chu et al. 2005). The question why AE1 requires the close interaction with GEs, is still
open for debate. AE1, or any other member of the SLC4 protein family, does not require
ATP for transport or transport pyruvate. One suggestion is the co-localization with other
membrane proteins requiring ATP for active transport e.g. Na+/K+-ATPase (Chu, Low
2006). However, the interaction with AE1 in general inhibits the function of the enzymes,
which poses a problem for this hypothesis.
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7.6 Structural and biophysical studies of
SLC4 proteins
7.6.1 Crystal structures of the NTD from eAE1 and
NBCe1-A
Limited structural data is available on members of the SLC4 family. The partial crystal
structure of the N-terminal cytoplasmic domain of erythrocyte AE1 (eAE1) at 2.6 Å
resolution was reported in 2000 (Zhang, Kiyatkin et al. 2000). They crystallized a 40 kDa
construct recombinantly expressed in E. coli. Out of the 379 amino acid construct, the
authors were not able to trace the residues 1-54, 202-211 and 357-379 in the electron
density (PDB ID: 1HYN). Consequently, the structure only represents the core domain of
eAE1 – that is the protein regions corresponding to CR1, VR2 and CR2. The structure, in
general, did not provide additional information about the functional regulation of eAE1.
The structure is composed of a central β-sheets sandwiched by α-helices. One β-strand is
exchanged with the opposite monomer to form a small β-sheet. This structure, flanked by
α-helices of the two monomers, respectively, is termed the dimerization arm. The authors
speculate on the mobility of the core domain relatively to the dimerization arm and suggest
a hinge region to be in between. Recently, the resolution of the AE1 NTD structure was
pushed to 2.2 Å by using a construct encoding residues 55-356 (Shnitsar, Li et al. 2013).
The structure of eAE1, determined at 2.2 Å (PDB ID: 4KY9), was crystallized in
conditions at pH 6.5, which is higher than the previous conditions at pH of 4.8. Although
the fold was overall similar the authors noted minor differences. They found that the
residues 202-220, found in VR2, showed higher degree of disorder at pH 6.5 and helix 10
found in the structure at pH 4.8, was unwound at pH 6.5. The two crystal forms, however,
do not belong to the same space group (P212121 vs C2) and consequently have a different
packing.
The sequence of the kidney kAE1 isoform lacks amino acids 1-79 compared to eAE1. The
residues 55-79 form a β-strand that is part of the central β-sheet of the fold, but cannot be
indispensable to the structure of the fold (Zhang, Kiyatkin et al. 2000). This may suggest
that the kAE1 is lacking this strand and thus has a more compact domain, which would
offer another binding surface.
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Crystals of mutant forms of the NTD of eAE1 have been sought in order to further
understand the intrinsic structural features e.g. the E85-R298 arginine salt-bridge linked to
pRTA for NBCe1. However, no crystals could be produced.
Two constructs of the NTD of NBCe1-A have been expressed in E. coli, purified and
crystallized. The two constructs are composed of residues 1-362 and a N-terminal
truncated version of residues 63-362, the latter corresponding to the core domain of
NBCe1-A. Both constructs produces diffracting crystals, but the diffraction data suffers
from merohedral twinning (Gill, Boron 2006, Gill, Dutcher et al. 2013).

7.6.2 Studies on oligomeric state
Recombinant NTD of NBCe1, NBCe2 and NBCn1 migrate as homodimers when analyzed
by size exclusion chromatography (SEC) (Gill, Boron 2006). This dimerization is thought
to be mediated by ‘dimerization arm’ residues 304-357 that form a domain swap in the
crystal structure of NTD AE1 (Zhang, Kiyatkin et al. 2000). The only structural
information so far of the transmembrane region of AE1 is a cryo-EM structure that shows
the TMD of AE1 also engages in dimer formation (Wang, Sarabia et al. 1994). The early
study was estimated to 20 Å resolution and later improved to 7.5 Å (Yamaguchi, Ikeda et
al. 2010). A pH dependent distribution between monomer, dimer and tetramer forms of
AE1 isolated from red blood cells (RBC) have been reported (Taylor, Boulter et al. 1999).
Also tetramers of purely NTD constructs of NBCe1-A have been observed (Gill 2012).
The exact conditions that would favor a specific oligomeric state are still open for debate,
however, but it may very well be a combination of various biological complexes and
possibly the chemical environment as discussed in the following section.

7.6.3 Studies on conformational dynamics
A number of studies on the biophysical characterization have been performed, mainly on
the NTD of AE1 and NBCe1. It has been reported that both NTD of AE1 and NBCe1
undergo pH dependent conformational changes in Stokes radii (Gill 2012, Zhou, Low
2001). In both cases an increase of Stokes radius was seen when going from acidic
environment to alkaline measured by SEC against a standard of known proteins. In the
case of NBCe1, however, there was a somewhat complex pH dependency in oligomeric
state. This was interpreted as involving monomers, dimers and tetramers in relaxed and
tense conformations (Gill 2012). In the case of NTD AE1 an increase in tryptophan
fluorescence was observed with increasing pH interpreted as a tighter dimer conformation.
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For NBCe1 an increase in Stokes shift (i.e. a red shift in fluorescence peak maximum) was
reported. The measurements were normalized for intensity.
The changes observed generally falls within the physiological range of pH, though, it
remains disputed whether the changes are a main factor involved in regulation of response
to pH challenges in the cytoplasm. The lack of high-resolution structural data remains a
problem when interpreting the biophysical data.

7.7 The bicarbonate transport metabolon
The concept of a metabolon describes a movement or channeling of a substrate from one
active site to the next without equilibrium with the surrounding environment. In the case of
a bicarbonate metabolon it is the formation and channeling of bicarbonate across the
plasma membrane involving the active sites of intracellular and extra cellular carbonic
anhydrases (CA). The existence of a bicarbonate metabolon is a highly debated subject
among groups doing research on the SLC4 family. Intracellularly, CAII is believed to
interact with the CTD of SLC4 proteins. Functional interaction between NBCe1 and CAII
has been established both by co-expression and injection of CAII into Xenopus oocytes
expressing NBCe1. By doing that, transport activity of NBCe1 increased by up to fourfold
as measured by the accompanying sodium flux (Becker, Deitmer 2007). Using the
catalytically inactive mutant V143Y of CAII did not enhance activity. Physical interaction
has been established between CAII and the CTD of NBCn1 through pull down experiment
between CAII and GST fusions of the CTD (Loiselle, Morgan et al. 2004). Also colocalization at the membrane has been visualized by immune staining. Transport activity
was reduced when co-expressed with the V143Y mutant. Arguing against an interaction
are studies investigating CAII and bicarbonate transporters by reproducing GST-fusion
CTD pull downs and by surface plasmon resonance (SPR). The authors did not find a
direct physical interaction between CAII and NBCe1, AE1 or NDCBE (Piermarini, Kim et
al. 2007). Extracellularly, interaction between NBCe1 and CAIX has been shown by coimmunoprecipitation in cardiac myocyte lysate (Orlowski, De Giusti et al. 2012). The
interaction was also confirmed by pull down using GST-fusion with the loop region found
between TMH7 and TMH8. These interactions, although far from completely understood,
suggest a bicarbonate transport metabolon. In has been suggested that such metabolons
could control and regulate pH microdomains in subcellular compartments (Ro, Carson
2004).
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7.7.1 The SLC26 protein family
The membrane protein family SLC26 is a large group of anion transporters, of which the
members have been shown to transport both divalent anions, sulphate (SO42−), oxalate
(C2O42−) and monovalent anions like iodide (I−), chloride (Cl−) and hydroxide (OH-) and
carbonate/bicarbonate (CO32-/ HCO3−) (Alper, Sharma 2013). The family is divided into 11
subfamilies SLC26A (1-11) where most members share a common topological profile with
10-12 predicted transmembrane helices and a C-terminal sulphate transporter domain
(STAS).
In some bacteria, a subset of the open reading frames (ORF’s) annotated as sulphate
permeases (SulP) do not have a STAS domain, but a C-terminally fused carbonic
anhydrase domain (Pro_CA). This carbonic anhydrase belongs to the class of β-CAs
(Moraes, Reithmeier 2012). The combination is specifically found in the pathogenic
bacteria, e.g. Mycobacterium tuberculosis and Legionella pneumophila. In the mammalian
SLC26 no such direct fusion has been identified (Becker, Klier et al. 2014).

7.8 Zinc homeostasis in the choroid plexus
Zinc is an important transition metal in human physiology. It is the second most abundant
trace element and is essential to life with important roles in cell division and differentiation
(Takeda 2001). In biology, Zn(II) is the dominating oxidation state of interest. Zinc is
commonly found to be a protein ligand as a structural element in e.g. zinc fingers (Laity,
Lee et al. 2001) found in 3% of the genes encoded by the genome and is necessary for
catalytic activity of app. 2700 enzymes e.g. carbonic anhydrase (Andreini, Bertini 2012).
Transport of zinc ions across the plasma membrane is facilitated by two major protein
families - the ZnT (SLC30) family and the ZIP (SLC39) family. Most members of the two
families are found widespread in the body with some variation in the internal cellular
distribution e.g. plasma membrane, ER and vesicles. Three members of the ZIP family,
Zip2, Zip8 and Zip14, have been shown to carry zinc-bicarbonate symport activity
(Gaither, Eide 2000, Liu, Li et al. 2008, Girijashanker, He et al. 2008). In recent years, zinc
has been appreciated, not only as a structural and catalytic element, but also for being
involved in cell signaling (Maret 2013). This role of zinc has a particular interest in
neurophysiology. Zinc is particular concentrated to subgroup of zinc-enriched neurons
(ZENs) from where it is released into the synaptic cleft during activity (Assaf, Chung
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1984). Zinc is believed to be sequestered from the CSF where zinc homeostasis is kept by
the choroid plexus. At least four members of the ZnT family, ZnT1, ZnT3, ZnT4, and
ZnT6, localizes to the apical and/or the basolateral membrane of the choroid plexus and
ZnT3 were found in vesicles close to the apical membrane facing the CSF (Wang,
Stoltenberg et al. 2004).

7.9 Intrinsically disordered proteins
Traditionally, the paradigm of structural biology has been based on the relationship
between a stable three-dimensional fold of a protein and its function. In the recent decade
the concept of intrinsically disordered proteins (IDPs) has been steadily developing.
Protein disorder describes the lack of ordered secondary structure elements – α-helices and
β-sheets – that often give rise to a stable tertiary structure (Dyson, Wright 2005).
Intrinsically disordered proteins are largely unstructured at native conditions or contain
significant regions of disorder (IDPRs). Structural biology has been biased towards ordered
proteins due to the requirements of crystallography for getting high-resolution structural
data. However, it has been appreciated that the fraction of IDP and IDPR increases with
higher complexity of host organism and that this disorder is often found in molecular hubs
of regulatory function. Prediction studies of prokaryotic and eukaryotic genomes estimate
that 25%-41% of eukaryotic genes contain long disordered stretches (>50 aa), a number
significantly higher than for genomes of bacteria (Dunker, Obradovic et al. 2000).
Significant levels of disorder have been identified in disease-associated protein and these
are underrepresented in the protein databank (PDB) (Uversky, Oldfield et al. 2008).
No exact requirement to the extent of the disorder seems to be defined in literature.
Intrinsic protein disorder may occur for multiple reasons. Loop regions extending from
otherwise normally quite rigid folds e.g. loops between transmembrane helices, naturally
has to be intrinsically disordered. The same goes for many metal binding sites. Clearly, the
term IDP, and not least IDPR, covers a broad range proteins. In this thesis I will consider a
IDPR as covering at least 20 amino acids with predicted disorder above 0.5 probablity.
Intrinsic disorder may carry a biomechanical function and act as e.g. a flexible arm, linker
or spring. Intrinsic disorder can also be transient and often exhibits disorder-to-order
transitions upon binding of other proteins e.g. myc-max heterodimerization (Metallo
2010). Interaction can be modulated through post-translational modifications (PTMs)
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(Gao, Xu 2012) as in the case of the R-region of CFTR interacting with protein 14-3-3β
(Bozoky, Krzeminski et al. 2013). Disorder has been divided into flexible disorder and
constrained disorder depending upon whether the conserved disorder is also non-conserved
or conserved by sequence identity (Bellay, Han et al. 2011). Flexible disorder is strongly
associated with signaling and regulation.
It has been found that while complete protein domains are often found in constitutively
expressed exons, intrinsically disordered regions, segments encoding a binding motif or a
PTM target, are more commonly found in tissue specific exons (Buljan, Chalancon et al.
2012). This is interesting in the context of SLC4 as the majority this family are found in a
number of isoforms and that these are often found distributed unequally in different tissue
(Parker, Boron 2013).
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8. Present investigations
8.1 Aims of the study
The structural basis of NBCT substrate recognition, substrate translocation and regulation
is unknown. Indeed no structural data of NBCTs can be found. The present study focuses
on the structural and biophysical characterization of the NTD of NCBE. The study was
designed to gather additional information and understanding of the molecular basis of pH
sensing and recognition of the transported ions. The study was designed to follow two
paths with the following aims.


Structural biology: A high resolution crystal structure of the NTD of NCBE could
provide important information on ion binding sites and identify structural hot spots
that could be involved in the sensing of the environmental pH of the transporter.



Biophysics: Characterization of ions binding affinities, conformational changes and
oligomeric state using biophysical techniques such as ITC, CD and DSF.

The establishment of a purification protocol and the production of diffracting crystals
would provide a basis for testing a range of hypotheses such as structural effects of
mutations as well as co-crystallization with substrate analogues. Structural data could then
be validated using biophysical techniques such as ITC measurements for measurement of
ion affinities.
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8.2 Synopsis of the paper
Paper I: The N-terminal cytoplasmic region of NCBE displays features of an intrinsic
disordered structure and represents a novel target for specific drug screening.
The paper brings forward two main points. First, the NTD of the bicarbonate transporters
of the SLC4 family, represented in the paper by NCBE, contains strong IDPRs and that
these map to the VR1 and VR2. Second, these IDPRs can be targeted by small molecules
with the potential of screening for specific interaction partner for proteins of the SLC4
family. The SLC4 members can be targeted by a range of drugs, mostly targeting the
TMD. Specific drugs to individual members would be of huge benefit, both in medical care
and in research purposes.
The study described involves the first analysis of disorder in the SLC4 family. It was found
that in the NTD the disordered regions were largely identical with the VR1 and VR2. It is
therefore the disorder and not the sequence that is conserved in these regions. The crystal
structure of a NTD NCBE construct lacking VR1 was presented at 4.0 Å resolution. The
structure was found to be structurally similar to that of the NTD of AE1, only significant
differences would be detected at such low resolution. However, the VR2 could not be
traced in electron density due to less scattering power interpreted as a larger degree of
freedom due to disordered structure.
A fluorometric screening assay was performed to investigate the interaction with
combination of small molecules ligands. In a subset of the conditions tested a secondary
low-temperature melting point developed. This was interpreted as an interaction with the
disordered regions, when referenced against spectra of a control condition. By the use of a
chemical combinatorial library a large number of ligands could be screened simultaneously
and the possible molecule of interest identified by comparing number of hit successes for
each molecule in the various combination .
It was concluded that the NTD of NCBE, as well as other bicarbonate transporters of the
SLC4 family, all contains IDPRs specific to VR1 and VR2 and that the intrinsic disordered
feature was conserved despite the variation at the sequence level. The VR2 were suggested
to be the likely target for interaction with small molecules. This could provide an approach
for initial screening for drug leads against the individual SLC4 proteins.
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9. Materials and methods
9.1 Cloning, expression and purification of
NCBE
9.1.1 Cloning and expression of NCBE constructs
The SLC4A10 isoform 3, corresponding to the human isoform D, gene from rat (Rattus
Norvegicus) was purchased from GenScript. A construct translating into amino acids 1-421
(Nt-NCBE) of SLC4A10 was made from cloning the corresponding DNA sequence into
the pET-46 Ek/LIC vector from Novagen. A similar construct of amino acids 116-396
(NCBE-ΔVR1) was cloned. The construct boundaries was based on a prediction of the
globular fold made using GlobPlot (Linding, Russell et al. 2003). Expression was done in
E. coli (DE3) Rosetta II using Luria broth (LB) media supplemented with 1% glycerol. The
transformed cells were grown in a LEX fermentor to optical density (OD600) = 0.8 at 37
°C, cooled to 18 °C and induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside
(IPTG). The cells were harvested after app. 16 hours. The harvested cells were washed in 1
mM PMSF to inhibit extra cellular serine/cysteine proteases. A final OD600 of 3.0-3.5
would be reached after 16-18 hours of expression.

9.1.2 Expression and solubility testing of cloned
constructs
An initial test of expression and solubility was performed for cloned constructs. Cells from
1 mL aliquots were pelleted and lysed using sonication in 200 μL of a given solubilization
buffer. Buffers of different salt strength and pH were tested along with stabilizers e.g.
glycerol. The lysis solution was centrifuged for 5 minutes at 13K rpm and protein was
precipitated by adding 1 mL of cold acetone, mixing well and placing solution at -20 °C
for 15 minutes. Centrifugation was then done for 10 min at 13.4k rpm, supernatant
disposed of and the pellet left to dry. The pellet was then dissolved in 20 μL x OD600 of
1xSDS to allow for comparison of band intensities after SDS-PAGE.
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9.1.3 Purification of NCBE constructs
The cells were opened in the presence 10 mL/g of 500 mM NaCl, 50 mM HEPES pH 7.0,
1 mM PMSF, 1x EDTA-free inhibitor cocktail pill (Roche), 1 ug/mL DNAseI, 5 mM βmercaptoethanol and 20 mM imidazole. Crude extract was prepared using a high-pressure
homogenizer (HPH) followed by an optional ultracentrifugation at 160000 g for 1 h. The
ultracentrifugation step functions as a purification step, removing cell membrane parts as
well as larger cell debris. The ultracentrifugation spin can be replaced by spinning at 40000
g for 30 min in order to reduce time between cell opening and IMAC chromatography. The
crude extract was run over a Crude Ni-NTA FF column (GE healthcare). Two wash buffers
with high and low salt content were used: 50 mM HEPES pH 7.0, 20 mM imidazole and 5
mM BME supplemented with either 500 mM NaCl (High salt) or 20 mM NaCl (Low salt).
The column was washed with 10 column volumes (CV) of low salt buffer followed by 10
CV of high salt buffer, before switching back to low salt content.
It was found that the protein would tolerate even very high levels of both NaCl and KCl,
remaining soluble at even 2 M concentrations of these salts. Elution was done with 20 mM
NaCl, 50 mM HEPES pH 7.0, 5 mM BME and 200 mM imidazole pH 7.0. The eluted
protein was dialyzed over night against 20 mM NaCl, 50 mM HEPES pH 7.0 and 5 mM
BME in the presence of TEV protease in a 1:50 molar ratio to remove the hexa-histidine
tag.
Tobacco etch virus (TEV) protease treated protein was applied to a Ni-NTA HP column
(GE healthcare) using dialysis buffer as running buffer. As the TEV protease was tagged
with hexa-histidine the protease would be caught on column. Likewise could the Nt-NCBE
because of its metal binding affinity. It was this binding that gave the first indication that
metal affinity was present. The NCBE-nt2 construct did have this affinity for the column.
Nt-NCBE and TEV protease could be separated with an imidiazole gradient running from
0 mM to 200 mM with the Nt-NCBE construct eluting at approximately 75 mM
concentration.
Eluted Nt-NCBE was concentrated using a spin filter with molecular weight cut-off
(MWCO) at 50 kDa. Although the MWCO is slightly higher than the actual molecular
weight of Nt-NCBE no leakage was observed due to the oligomeric state of the protein.
NCBE-nt2 would be run using a 10 kDa MWCO spin filter. This was applied to a Hi-load
Superdex 200 10/600 prep-grade column (GE healthcare) equilibrated in 150 mM NaCl, 20
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mM HEPES pH 7.0 and 1 mM DTT using an Äkta Purifier system. A molecular weight
marker standard (MWGF200, Sigma) was run under the same conditions to determine the
oligomeric state in solution. The purity of Nt-NCBE by SDS-PAGE analysis can be seen in
appendix figure 2.

9.2 Crystallization of NCBE and related
proteins
9.2.1 Crystal structure of NCBE-ΔVR1
Crystal conditions were screened using commercially available kits. Suitable crystals were
only identified for the construct NCBE-ΔVR1 in the condition 100 mM potassium
thiocyanate (KSCN) and 20 % PEG3350. This condition produced many crystals and only
grew to the limited size of (50x50x50) Pm. Crystals were flash frozen in reservoir solution
supplemented with 10% ethylene glycol. Diffraction data was collected at the European
Synchrotron Radiation Facility (ESRF) ID29 beam line. Data collection strategy was
determined using iMOSFLM (Battye, Kontogiannis et al. 2011) and the data were
processed at the beam line using XDS (Kabsch 2010) and PHENIX (Adams, Afonine et al.
2007). The number of molecules in the ASU was estimated using the Matthews coefficient
(Collaborative Computational Project, Number 4 1994).A molecular replacement (MR)
solution was found with the search model for Nt-AE1 (PDB ID 1HYN, (Zhang, Kiyatkin et
al. 2000)). A homology model of the NCBE-ΔVR1 based on 1HYN was used created with
Modeller (Eswar, Webb et al. 2006) and used to perform rigid body refinement against the
experimental data. Data and refinement statistics are collected in supplementary table S2 of
paper I.

9.2.2 Crystal screening for Nt-NCBE
Extensive efforts have been put in the crystallization of the Nt-NCBE construct, but not a
single crystal hit has been observed. The screening has been performed mostly by
commercial sparse matrix chemical libraries. Both vapor diffusion and batch crystallization
have been attempted. Experiences gained during purification and characterization have
been employed in crystallization e.g. the zinc binding capability. Likewise has experiences
gained from crystallization trial been taken into account during purification e.g. the
observation that Nt-NCBE tolerates high levels of NaCl. The screening has been
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performed at both 19 °C and 4 °C. Given the initial challenge of gaining a protein of high
purity, new protein with a higher purity than previous batches would to some extent be
regarded as a different protein and tested using already screened conditions.
Due to the absence of crystals during crystallization trials, interesting conditions with light,
granular and shiny precipitate was chosen for further testing based on the assumption that
they would be close to the nucleation point. A grid screen was set up around the chosen
conditions using a Gilson 215 liquid handler. Alternatively, the condition was set up again
using an additive screen. None of the approaches succeeded. Crystal screening in-house
were complemented with the use of external crystallization facilities at High-Throughput
Crystallization (HT-X) facility at the EMBL Hamburg outstation in Germany and the highthroughput screening (HTS) laboratory at the Hauptmann-Woodward Medical Research
Institute (HWI) in Buffalo, US. The screens performed at HT-X and HWI alone include
more than 2500 conditions tested.

9.3 Circular dichroism
9.3.1 Determination of melting temperatures
CD melting curves were done using a J-810 spectropolarimeter from JASCO. 2.3 μM
solution of NCBE was heated at 3 °C / min in a 2 mm quartz crystal cuvette. The signal
was measured at 220 nm. The buffer used was 30 mM KCl, 4 mM HEPES pH 7.2, 20 uM
TCEP.

9.3.2 Determination of secondary structure dependence
upon pH changes
CD spectra for measuring the composition of secondary structure elements, α-helices and
β-sheets, were done at a protein concentration of 0.15 mg/mL in a 2 mm quartz crystal
cuvette. A spectrum was acquired using light in the far-UV range from 190 nm to 250 nm.
Five accumulations per sample and a scan speed of 50 nm / min were used. The
measurements were performed at 20 °C. Four pH values were tested – 6.2, 6.9, 7.4 and 8.2.
CD measurements in the far-UV range are sensitive to absorption by buffer components.
Especially common halogens, like chloride, can cause problems. Likewise, many common
biological buffers absorb light in the desired range. The protein was therefore dialyzed into
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a buffer containing 10 mM phosphate buffer and Na2SO4 to a final ionic strength of 0.05
M. Only 0.1 mM TCEP were kept with the protein.

9.3.3 Measurement on tertiary structure dependence on
pH
CD spectra for measuring the signal from tertiary structure elements were done at high
protein concentration, 2 mg/mL, in a 2 mm quartz crystal cuvette. For the acquisition of
these spectra, light in the near-UV range from 240 nm to 350 nm was used. The number of
accumulations was increased to 20 while keeping the scan speed at 50 nm/min. In general
CD signals in the near UV range can be attributed to the aromatic amino acids and
disulfide bonds. Disulfide bonds will give rise to a broad peak between 250 nm and 300
nm, however, is it not expected for the NTD of NCBE to contain these. Phenylalanine will
usually give a signal maximum between 250 nm and 270 nm, tyrosine between 270 nm and
290 nm and tryptophan between 280 nm and 300 nm.

9.4 Isothermal titration calorimetry (ITC)
A VP-ITC from MicroCal was used for the measurement of free energy release or uptake
in during a binding reaction. A concentration of 14 μM of NCBE was titrated with a total
of 296 μL of metal chloride solution of 1.2 mM concentration giving a final metal
concentration of 206 μM and protein concentration of 12 μM. The titration was done at 25
ºC. The injection volume was varied between 5 and 7 μL with a delay of 400 seconds
between injections. Cell temperature was 25 °C. All samples were degassed prior to
analysis. The buffer used for ITC measurements was 150 mM NaCl, 20 mM HEPES pH
7.2, 0.1 mM TCEP. Data integration and binding analysis were done using software
provided by the manufacturer. During analysis a function corresponding to a certain
binding model is fitted to the integrated data of each injection vs. the molar ratio. For an
unknown number of sites, models are evaluated by choosing the simplest model with best
goodness of fit (low χ2). From the fit of this function, binding parameters such as molar
binding enthalpy (ΔH) are calculated from the integrated injection peak volumes and
stoichiometry of interaction (N), and association constant (KA) calculated by fitting a
binding isotherms to the plot of injections volume vs. molar ratio. From the ο ܩൌ ο ܪെ
ܶοܵ ൌ െܴ݈ܶ݊ܭ (R is the gas constant and T the absolute temperature), the entropic
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contribution (ΔS) to binding can be estimated. One problem encountered during titration
with zinc was precipitation of protein when reaching saturation of zinc binding sites.
Stabilization using glycerol was found to be a poor solution as it contributed considerably
in the form of dilution heat. It was therefore critical for a good result to titrate just to the
edge of metal saturation.

9.5 Differential
(Thermofluor)

scanning

fluorimetry

Thermofluor measurement were carried out using a 7900 HT Fast Real-Time PCR system
(Applied Biosystems) using λex = 462 nm and λem = 569 nm (Hawe, Sutter et al. 2008). The
protein stock was 1 mg/mL and contained 100 mM NaCl, 20 mM HEPES pH 7.2 and 0.5
mM TCEP. A prescreening of dye (Sypro Orange, Novagen) and protein was done in order
to find the best dye and protein concentration. This was found to be 0.4 mg/mL protein and
1x Sypro Orange. Measurements were carried out in 96 well plate format sealed to prevent
evaporation during experiment. Temperature increments of 1 °C/min and a temperature
range of 20 °C – 90 °C were used (Niesen, Berglund et al. 2007). Small molecules were
supplied by the Silver Bullets screen (Hampton Research) and diluted fivefold in the final
concentration. Data treatment was done using MS Excel and GraphPad Prism 6.

9.6 In silico prediction of disorder
Prediction of SLC4 protein disorder was done using the PONDR-FIT meta-predictor (Xue,
Dunbrack et al. 2010). The predictor is the newest development of the PONDR (Predictors
Of Natural Disordered Regions) series and shows good accuracy. In short, the program
runs a number of prediction algorithms in parallel (hence meta) which are then evaluated to
give the final prediction result. Accuracy improves with length of continuous disorder. The
probability threshold for assigning disorder depends on how the predictor is “trained”. If a
residue value exceeds a threshold of 0.5 (the threshold used for training of PONDR) the
residue is considered disordered. Query sequences from human SLC4 family proteins were
obtained from the UNIPROT sequence database. All isoforms with confirmed presence at
protein level was chosen for analysis. Probability of disorder was scored for each amino
acid and the data aligned to the conserved glutamine of the first transmembrane helix.
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10. Results
10.1 Cloning, expression and purification of
NCBTs
A protocol for obtaining pure protein of the NCBE constructs was developed to the one
described in materials and methods. The final protocol was mainly based on obtaining a
well performing construct through re-cloning and evaluating a range of purification
measures. This had led to number of observations on NCBE NTD performance in solution.

10.1.1 Cloning of Nt-NCBE and Nt-NCBE-ΔVR1
A number of clones have been produced in the effort to produce crystals of NCBE and
evaluate the potential of NTDs from other NCBTs, these include GFP tagged fusion
proteins. Only constructs discussed in this thesis have been included in Table 1 found
below.
Name

Gene

Source

aa #

Vector

Expr. Host

Nt-NCBE

SLC4A10

Rat

1-421

pET-46 Ek/LIC

E. coli BL21

Nt-NCBE-ΔVR1

SLC4A10

Rat

96-396

pET-46 Ek/LIC

Nt-NCBE-p22

SLC4A10

Rat

1-421

pET-22b

Rosetta I/II
E. coli BL21
Rosetta I/II
E. coli BL21
Rosetta I/II

Table 1– List of construct prepared from cloning of CTD and NTD parts of NCBE.

10.1.2 Expression of Nt-NCBE and Nt-NCBE-ΔVR1
Expression in E. coli was found to be dependent on the cell lines ability to overcome the
codon bias often found between mammalian and bacterial genes. This density is relatively
low compared to densities reached by other strains of E. coli BL21 under the same
conditions. Although the Rosetta I and Rosetta II strains are under stressed conditions due
to the production of a wider range of tRNAs to overcome the codon bias between
mammalian and bacterial genes, no increased yield of bacteria was observed in enhanced
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varieties of LB. In terrific broth (TB), growth would almost cease upon induction with
IPTG. One possibility is that the Nt-NCBE construct interacts with key enzymes in
metabolism and therefore hinders cell growth and that this effect is enhanced with the
richness of the media.

10.1.3 Purification of Nt-NCBE and Nt-NCBE-ΔVR1
The purification of Nt-NCBE was done by two Ni-NTA purification steps followed by
size-exclusion chromatography. The first Ni-NTA purification step produced protein with
significant amounts of impurities. Different wash buffers were applied in order to obtain a
good first purification step as performed by Gill et al. on Nt-NBCe1-A (Gill, Boron 2006).
Variation of the salt concentration allowed hydrophobic interactions to loosen at lower (20
mM) concentration while shielding electrostatic interactions at higher salt concentrations
(500 mM). This procedure enhanced the purity gain of the initial Ni-NTA purification step.
A significant peak elutes during high salt wash and a smaller peak would usually elute
when switching from high salt to low salt concentration. A dominant band corresponding
to Nt-NCBE was found after SDS-PAGE analysis (Figure 4).

Figure 4 – Chromatogram and SDS-PAGE analysis of 1st Ni-NTA purification run.

During purification of the Nt-NCBE construct it was noted that the protein, after cleavage
from the 6xHis-tag by TEV protease, would bind to the Ni-NTA resin during 2nd pass over
the column. This step was performed in order to remove 6xHis-tagged TEV protease. At
first, an experiment eluting with 10 mM, 50 mM and 500 mM imidazole found that a
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concentration between 50 and 500 mM was needed for elution (Appendix figure 1). Later,
it was found by eluding using an imidazole gradient going from 0 mM to 200 mM
imidazole that Nt-NCBE would elute at approximately 75 mM. TEV protease would
follow at approximately 150 mM. This was converted into a step elution method and
implemented in the purification protocol. Figure 5 shows a typical chromatogram. Note the
high UV signal in the load phase, the purification greatly benefits from the 2nd pass over
the Ni-NTA resin. SDS-PAGE analysis of Nt-NCBE before and after TEV protease
treatment shows that the 6xHis-tag is cleaved of with close to 100% efficiency.

Figure 5 – Chromatogram of Nt-NCBE 2nd pass over Ni-NTA after removal of 6xHis-tag by
TEV protease. Protein elution is follow using the UV absorbance at 280 nm. Nt-NCBE elutes
at 75 mM imidazole indicating affinity for the Ni-NTA resin. SDS-PAGE analysis of analysis
of the protein before and after TEV protease treatment shows that the 6xHis-tag indeed has
been removed.

Size-exclusion chromatography along with SDS-PAGE analysis was performed in order to
assess purity and homogeneity of the protein sample. Both Nt-NCBE and Nt-NCBE-ΔVR1
elutes as a mono disperse peak of high purity (Figure 6).
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Figure 6 – Size exclusion chromatography and SDS-PAGE analysis of the main peak. Monodisperse peaks and bands of expected molecular weight are observed.

10.1.4 Cloning, expression and purification of NBCn1
and NBCe2
Two other NTDs from the other SLC4 family members NBCn1-D and NBCe2 were cloned
and expressed in E. coli. Initial expression, solubility testing and purification were
performed. It was found that while the full NTD of human NBCe2 did express, however it
went into inclusion bodies and remained insoluble. Only a smaller fraction remained in
solution if the buffers contained high levels of salt (500 mM). A smaller NBCe2 construct
based on the design of the crystal-producing NCBE core domain construct was produced.
This expressed in large amounts and was highly soluble. Likewise the NTD from rat
NBCn1-D was cloned, expressed and purified. However, the construct was found to be
extremely prone to degradation by endogenous E. coli proteases and the attempts to purify
and crystallize the protein were discontinued.

10.1.5 Purification of Nt-NCBE using IEC
Protein surfaces are usually polar and contain both negative and positive charges at neutral
pH depending on the amino acid composition. At pH 7.0 the Nt-NCBE construct is overall
negatively charged as deduced from the theoretical isoelectric point (pI) of 5.5. This ionic
charge can be exploited during purification using ion exchange chromatography (IEC). The
obvious choice for NCBE would be an anion exchange column. However, Nt-NCBE has a
37

very positive sequence stretch which could make it bind to a cation exchange column.
Indeed, a cation exchange column is a more effective purification step in this case than a
anion exchange column for Nt-NCBE. A 5 mL S-column (GE healthcare) was equilibrated
with IEC low salt buffer (20 mM NaCl, 50 mM HEPES pH 7.0, 1 mM DTT). NT-NCBE
was loaded at 1 mL/min and washed afterwards with IEC low salt buffer until a flat A280
baseline was obtained at nearly A280 = 0 (app. 10 CV). The protein would then be eluded
with IEC high salt buffer (500 mM NaCl, 50 mM HEPES pH 7.0, 1 mM DTT) and
fractions analyzed by SDS-PAGE. Using a gradient for elution of the protein did not
improve separation from remaining impurities.

10.1.6 Removal of the 6xHis-tag using thrombin
Early attempts to cleave of the C-terminal 6xHis-tag from the Nt-NCBE-p22 construct
produced from pET-22b proved difficult. A thrombin recognition site had been added
between Nt-NCBE and the 6xHis-tag. Even though thrombin is a highly specific enzyme
and no internal cleavage site is found intrinsic in the Nt-NCBE construct, proteolytic
cleavage was observed. The effect was seen at low enzyme to protein ratios at 4 °C. Nterminal sequencing revealed that the largest fragment (NTD-ΔC-term, app. 32 kDa)
contained the first residue of the original construct (Figure 7). The construct was re-cloned
into pET-46 encoding a N-terminal 6xHis-tag and a DNA sequence encoding a TEV
protease recognition site was incorporated between the tag and construct from primer
design. The switch from using a C-terminal to N-terminal also reduced amount of
impurities bound.

Figure 7 - Cleavage of the Nt-NCBE construct by thrombin. The construct cloned in pET-22b
with C-terminal 6xHis-tag. Even at 0,5 U/mg a significant degradation is seen. The largest
degradation fragment, app. 32 kDa, contained the N-terminal.
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10.2 X-ray crystallography
X-ray crystallography is one of the most important and powerful tools for determining the
atomic structure of proteins. The method can determine the three-dimensional structures of
macromolecules at atomic resolution. The major obstacle is often quality and amounts of
diffracting crystals. Crystallization of macromolecules still cannot be predicted and is
normally a “trial and error” based process to identify conditions that will trigger nucleation
and subsequent crystal growth (Figure 8). Initial screening is often carried out in a sparse
matrix setup with a reduced number of experiments to test a larger space of combinations
of chemical and physical parameters. By varying the individual chemical and physical
parameters of the initial crystal condition, the crystal quality is further optimized.

Figure 8 – Crystallization by vapor diffusion. a) Schematic setup of a sitting drop vapor
diffusion experiment. b) The phase diagram and the path involved in crystal formation.

A single crystal, suitable for a diffraction experiment, is mounted in a cryo-loop and flashcooled in liquid nitrogen. This is done to preserve the crystal from radiation damage
throughout the diffraction experiment. During flash cooling ice crystals may form. This
would contribute with severe background scattering from the ice crystals behaving as
powder diffraction. The protein crystals are protected against the formation of ice by
adding “cryo protectants” such as glycerol, sucrose or ethylene glycol. Cryo-protectants
induce the formation of vitric ice.
From the diffraction experiment the structure factors can be determined and transformed
into an electron density map that, when combined with phase information, can be
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interpreted by building a model of the protein that fits the experimental data. The
diffraction experiment is carried out by initially determining the unit cell parameters and
symmetry of the lattice. This determines the strategy for the collection of a complete
dataset. The structure factors (F) are proportional to the diffraction intensities (I) by
 ܫଶ ࡲ݇ ן, where k is a constant composed of a number of physical and geometrical factors.
Information of phases (α) must be obtained in order to transform the data into interpretable
electron density (ρ). The equation relating electron density to structure factors and phases
is shown in Eq. 5.
ଵ
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(Eq. 5)

Today, molecular replacement (MR) is the most common phasing strategy applied. This
uses calculated phase information and structure factors of a related structure if one can be
identified. The known structure is evaluated against the new data through a sequence of
translational and rotational function (TF and RF) searches. The final solution is evaluated
by a reported Z-score. A general rule is that a TF Z-score of >5 is a possible solution that
should be investigated further and a TF Z-score of >8 is most likely a genuine solution. In
the calculation of the electron density the phase information will carry more weight than
the structure factors, therefore by applying phase information from another structure,
model bias is introduced. Procedures must therefore be taken to remove model bias. This
can be done e.g. by an initial simulated annealing refinement cycle or by a prime-andswitch algorithm (Terwilliger 2004). Simulated annealing heats the model in silico and
then cools it gradually to allow new and improved refinement minima to be found. The
prime-and-switch algorithm alters the initial biased phases through density modification.

10.2.1 Crystal structure of the NCBE-ΔVR1 construct
The crystals of Nt-NCBE-ΔVR1 were very small (Figure 9) with a low solvent content of
~37 % and only a single molecule in the asymmetric unit. Optimization of the
crystallization conditions was rigorously attempted, but the crystal conditions that would
allow larger crystals were never identified. The low resolution crystal structure of NCBEΔVR1 and analysis is presented in paper I. In brief, the overall fold was found to be similar
to that of NTD AE1. The low resolution prevented tracing of side-chains in the structure.
Secondary structure elements could be traced in regions corresponding to CR1 and CR2.
Electron density of residues in VR2 could not be traced and therefore are assumed to have
lower scattering power than CR1 and CR2 (Figure 10). This can be attributed to an
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increased degree of freedom in VR2. In the structure of NTD AE1 the same pattern occurs,
however, the higher resolution allows tracing of VR2 apart from residues 202-211. The
supplementary figure S4 of paper I shows the lack of secondary structure of VR2 on the
surface of NTD AE1. VR2 is colored according to the B-factor (temperature factor) that is
elevated when compared to CR1 and CR2.

Figure 9 –Mounted Nt-NCBE-ΔVR1 crystal in the beam-line. The circle diameter is 30 μm.
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Figure 10 – Low resolution crystal structure of Nt-NCBE-ΔVR1. A C-α trace of constant
regions, with a similar fold to that of Nt-AE1, is shows. VR2 could not be seen in electron
density and is marked by a red loop.

10.2.2 Crystal structure of GAPDH
During initial crystal screening of the Nt-NCBE construct, crystals (Figure 11) was found
in 0.1 M bis-tris pH 6.5, 0.1 M LiSO4 and 25% PEG 3350. The crystals were flash cooled
in liquid nitrogen and sent to the beam line at ESRF where a dataset was collected
extending to app. 3 Å. Prior to crystallization it had been confirmed by SDS-PAGE and
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MS that E. coli glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was the most
abundant protein in the sample apart from the Nt-NCBE target. Analysis of the diffraction
data revealed that space group (P212121) and unit cell parameters (67.7 Å, 105.6 Å, 175.3
Å, 90°, 90°, 90°) closely resembled that found for the already solved structure of the
heterotetramer complex of E. coli GAPDH and rat GAPDH in a 1:3 ratio (PDB ID 2VYN).
The structure of pure E. coli GAPDH (PDB ID: 1DC3, chain A) was chosen as search
model against the collected data and found a clear MR solution with a high translational
function Z-score (TFZ), TFZ > 40.

Figure 11 – Single crystals of E. coli GAPDH. Crystals formed among granular precipitate.
The longest dimension of the crystal shown was 200 μm.

10.2.3 Crystal structure of CAII
Later, during batch crystallization screening at the high-throughput screening facility at
Hauptmann-Woodward Medical Research Institute, crystals formed in 100 mM NaCl, 100
mM HEPES 7.5 and 12% PEG20000 in a microbatch set up. The protein condition was
reproduced at home laboratory by a vapor diffusion setup and conditions optimized (Figure
12). The crystals were brought for diffraction data collection at the X06SA beam line at
Swiss Light Source (SLS). A dataset extending to 2.4 Å was obtained. Indexing and
refinement of the space group and unit cell parameters showed that these were 81.6 Å, 81.6
Å, 162.2 Å, 90°, 90° and 90° in P422. An X-ray fluorescence (XRF) scan revealed that the
crystal contained zinc. Initial data treatment using the NTD of AE1 as MR search model
was unsuccessful. Likewise were attempts to acquire phase information by exploiting the
anomalous signal contribution of zinc unsuccessful. A search of the PDB for similar space
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group and unit cell parameters suggested that it could be CAII. Using the structure of E.
coli β-CA (1I6O, chain A) as MR search model provided a solution (TZF >20).

Figure 12 – Single bullet-like crystal of E. coli β-CA in an otherwise clear drop. The longest
dimension of the crystal shown was 100 μm.

10.3 Determination of metal ion affinities
Earlier observations done during purification had indicated that the Nt-NCBE construct
showed affinity for the Ni-NTA resin after the recombinant his-tag had been removed. To
explore and differentiate between actual metal binding sites and not just strong negative
patches on the surface, Isothermal titration calorimetry (ITC) measurements of divalent
metal binding affinities were undertaken. The metals ions were chosen due to the
abundance of them in the cell, and therefore Ni2+ was not an obvious choice. Experiments
were primarily directed at investigating interactions with Ca2+, Mg2+ and Zn2+. An ITC
experiment allows us to investigate the heat of interaction between two or more molecules.
Measurement of this heat allows the accurate determination of (KB) the binding constants,
(N) reaction stoichiometry, (ΔH) enthalpy and (ΔS) entropy. This provides a complete
thermodynamic profile of the molecular interaction in a single experiment. ITC is a method
that is intrinsically non-destructive, non-invasive and requires no chemical modifications.
It is therefore excellent for testing drug/ion/protein -protein binding interactions.
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Zinc is the second most abundant transition metal found in the body with only iron being
more common. Zinc is commonly found as ligands for proteins. In recent years, as
introduced in section 5.8, studies have shown that zinc may act as an intracellular
secondary messenger.

10.3.1 The Nt-NCBE construct contains multiple Zn2+
binding sites
Titration of the Nt-NCBE construct with zinc yields a relatively strong exothermic signal
that diminishes upon saturation. Titration studies were done repeatedly on different batches
of protein. Great care was taken in the complete removal of 6xHis-tag and residual TEV
protease prior to titration studies. Two zinc titrations are presented here. Surprisingly the
number of ion binding sites is high. The first titration revealed a strong exothermic signal
(Figure 13a,b). This changes to a smaller endothermic signal as the zinc binding sites are
saturated. This could indicate a mismatch in buffer composition between the cell and the
syringe or it could be due to aggregation of the protein. Indeed, the protein was found to be
aggregated when extracted from the cell. However, this was done approximately 8 hours
after the titration had finished as the experiment was run over night. Integration and fitting
of the data with a “sequential binding sites” model reveals app. 4 sites with an affinity of
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fitted with a “one binding site” model (Figure 13c,d). By doing this, approximately 5 sites
with an equal affinity of determined toܭ ൌ
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No sign of dilution heat or aggregation were seen during the reaction.

No exact determination of the number of zinc binding sites or the affinity has been done.
Although it seems certain there are a significant number of zinc binding sites and that they
have an affinity in a physiological relevant range around 1ߤܯ, there are still small
inconsistencies between the number of sites found and the affinities measured. The data
suggest at least 4 zinc binding sites with a KD value close to 1ߤܯ.
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Figure 13 - Titration of Nt-NCBE with zinc. The results of two separate titrations are shown.
a,b) A fit of a one binding site model yields four binding sites with a KD of 0.33 μM. c,d) A fit
of a one binding site model yields five binding sites with a KD of 7.30 μM. The integrated data
is background subtracted.

10.3.2 The Nt-NCBE construct likely contains one Mg2+
binding site
Magnesium was chosen as a titrant because of its past association with NBCe1-B where it
is believed to interact with the AID domain. However, in the related study, no evidence of
direct interaction with NBCe1-B is shown due to limitations in the experimental setup.
Interestingly, when Nt-NCBE is titrated with magnesium an endothermic reaction occurs.
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The integrated data reveal a stoichiometry of one ion per monomer (N = 0.907). The KD
value is determined toܭ ൌ
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affinity of the ion binding suggests a physiological relevant interaction.

Figure 14 – Titration of Nt-NCBE with magnesium. One binding site of with a KD of 1.03 uM
is found. The integrated data is background subtracted.

10.3.3 The Nt-NCBE construct likely does not bind Ca2+
Calcium was an obvious choice for titration studies due to its intracellular abundance
during signal events and its involvement with the function of IRBIT. However, an initial
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titration showed almost no change in free energy upon injection and therefore no binding is
suspected. The low signal can be seen in Figure 15.

Figure 15 – Titration of Nt-NCBE with Ca2+. The negligible heat release seen upon titration is
likely due to dilution of the titrant and indicates that no binding event is taking place.

10.4 Circular dichroism measurements
The difficulties encountered during crystallization of the Nt-NCBE lead to other
approaches that would allow more biophysical characterization of the constructs. Circular
dichroism (CD) is based on the absorbance of circularly polarized light due to the chirality
of naturally occurring amino acids (except glycine) are found in the L-form. The
absorbance in the far-UV range (190 nm – 250 nm) of secondary structure elements and
the spectra obtained in this range for a given protein will be a linear combination of
spectral components from α-helices, β-sheets and random coil formations. The spectra can
be deconvoluted to obtain a relative measure of each component. In the near-UV range
(250 nm – 300 nm), absorbance of incoming light is done by aromatic residues and
disulfide bonds. These often form hydrophobic cores and are related to tertiary structure.

10.4.1 CD on Nt-NCBE and Nt-NCBE-ΔVR1
For each of our constructs we carried out a melting point analysis to the determine Tm and
the number of melting points for each of the two constructs. In both cases only a single
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melting point was observed. The fitted Boltzmann sigmoidal curves are shown in Figure
16. The Tm of the Nt-NCBE was estimated at 62.4 °C, this was lower than the truncated
construct Nt-NCBE-ΔVR1 that was estimated at 70.1 °C, We interpreted this to be a slight
destabilizing

effect

induced

by

the

most

N-terminal

region

(VR1). If VR1 had folded into an actual domain structure, it would be expected that this
had a different melting temperature and thus give rise to a double sigmoidal melting curve.
The measurements of thermostability were done in the presence and absence of zinc.
However, no change in melting temperature was observed between the two conditions.
This could suggest that the metal binding does not carry any significant structural role in
the stability of the protein or that the Zn binding does not induce additional secondary
structure elements.

Figure 16 – Determination of Tm values of Nt-NCBE and Nt-NCBE-ΔVR1. (A) Boltzmann
sigmoidal curve fit to CD melting curve of Nt-NCBE-ΔVR1. One melting point is found. Tm is
found to be 70.1 °C. R2 = 0.998. (B) Boltzmann sigmoidal curve fit to CD melting curve of NtNCBE. One melting point is found. Tm is found to be 62.4 °C. R2 = 0.998. No indication of any
second domain structure is found.
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The pH dependency of the far-UV CD spectra from both Nt-NCBE and Nt-NCBE-ΔVR1
was investigated. Changes in the far-UV CD spectra of a construct at different pH values,
correspond to rearrangements if the composition of secondary structure elements. No
significant changes in the spectra were observed for either construct. Therefore we cannot
expect changes in secondary structure as part of pH sensing performed by the NCBE NTD.
The spectra are shown in Figure 17. The signal is shown as the mean residue ellipticity
(MRE) as a function of wavelength to account for the mass difference of the constructs.

Figure 17 – Far-UV CD spectra of Nt-NCBE and Nt-NCBE-ΔVR1. The signal is expressed as
the mean residue ellipticity (MRE). No significant shift in intensity is observed for either
construct indicating that changes in secondary structure composition upon a change in
environmental pH is not part of a pH sensory function by the NTD.
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When overlaying the spectra from Nt-NCBE and Nt-NCBE-ΔVR1 (normalized at 245
nm), the difference in signal intensity in the spectra can be interpreted as the contribution
by the ΔVR1 region, i.e. VR1. The largest difference is seen at approximately 205 nm and
a smaller difference at 220 nm (Figure 18). These contributions indicate the presence of
random coil along with helical structure in VR1. As shown from disorder plot in section
8.5 and paper I, the VR1 of NCBE (and other NCBTs) features a significant dip in disorder
probability that could be the presence of a helix. The CD spectra provide experimental
evidence to the prediction.

Figure 18 – Overlay of the CD spectra from the Nt-NCBE and Nt-NCBE-ΔVR1 constructs
acquired at pH 7.6. The large signal difference at app. 205 nm at the comparatively smaller
difference at app. 220 nm suggest that VR1 is made up primarily of random coil and α-helix,
supporting the disorder probability prediction data.

Measurements of tertiary structure dependency upon pH revealed no significant change
between pH 6.2 and pH 7.6. Although at 2 mg/mL concentration, only a small peak
maximum was seen at 280 nm and in general the signal is close to zero (Figure 19). This
could indicate a less defined three-dimensional structure and together with the spectra from
the far-UV range suggests a molten globule.
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Figure 19 – Near-UV CD spectra of Nt-NCBE at pH 6.2 and 7.6. A weak signal is seen with a
maximum at app. 280 nm. No change in signal intensity or position was seen between the two
conditions. The spectra indicate that no change in tertiary structure is taking place when the
pH is shifted.

10.5 Size exclusion chromatography
Size-exclusion chromatography (SEC) was used as a final purification step as well as a
way of determining oligomeric state and homogeneity of the protein. Apparent molecular
masses

10.5.1 Variation of NCBE NTD hydrodynamic volume
with pH value
The hydrodynamic volume of the NCBE NTD varies slightly with pH. The protein was
analyzed in three buffer with 100 mM NaCl and 2 mM DTT supplemented with 25 mM of
Tris-HCl pH 8.0, HEPES pH 7.0 or Bis-Tris pH 6.0. A SEC absorbance spectra was
collected at 280 nm using a Superdex 200 10/300 GL column connected to a Äkta Purifier
(GE Healthcare) FPLC system. No significant change was observed between pH 6.0 and
pH 7.0. A small increase was observed between pH 7.0 and pH 8.0. This corresponded to
an increase in apparent molecular weight from 91.1 kDa to 98.9 kDa (Figure 20). This can
be interpreted as structural relaxation or elongation of the molecule, going from a tight to a
loose conformation. The molecular weights clearly indicate the presence of a dimer.
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Figure 20 – Variation of hydrodynamic volume of NTD NCBE in response to changes in pH
value. At pH 8.0 a slightly larger hydrodynamic volume is observed corresponding to an
increase in apparent molecular weight from 91.1 kDa to 98.9 kDa between pH 7.0 and pH 8.0.

10.5.2 Small increase of hydrodynamic volume of NCBE
NTD after zinc binding
A small increase in hydrodynamic volume was found when the SEC buffer at pH 7.0 was
supplemented with 50 μM zinc chloride. The hydrodynamic volume was estimated in 100
mM NaCl, 25 mM HEPES pH 7.0 and 2 mM DTT. A SEC absorbance spectra was
collected at 280 nm using a Superdex 200 10/300 GL column connected to a Äkta Purifier
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(GE Healthcare) FPLC system. A second chromatogram was collected in the presence of
50 μM zinc. The apparent molecular weight increases from 91.1 kDa to 100.9 kDa after
addition of zinc (Figure 21). The increase in hydrodynamic volume is comparable with the
effect seen when increasing pH of the SEC buffer from 7.0 to 8.0. The change can be
interpreted as a less tight or slightly elongated conformation is adopted.

Figure 21 – Increase in Nt-NCBE retention volume in the presence of 50 μM zinc. The
increase in hydrodynamic volume corresponds to an increase of app. 10 kDa from 91.1 kDa
to 100.9 kDa.
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10.6 Prediction of protein disorder in the
SLC4 family
The probability plots of predicted disorder are presented in paper I. The predictions show a
recurring pattern of disorder probability distribution in the bicarbonate transporters of
SLC4. VR1 and VR2, although variable on the sequence level among the nine major
members of the SLC4 family, are found to carry a high probability of disorder. This
particular feature is conserved despite the sequence variation. Note that the NCBTs all
carry a characteristic dip in the probability of the disorder of VR1. This could likely be a
local structural element of limited size and is only found in sodium coupled SLC4 family
members. The protein disorder prediction of NCBE isoform 1 exemplifies the above
observations (Figure 22). Variable and constant regions are marked according to (Boron,
Chen et al. 2009) and the TMD boundary indicated with dashed lines.

Figure 22 – Prediction of probability of disorder in human NCBE isoform 1. Variable regions
(VR) and constant regions (CR) has been marked on top according to (Boron, Chen et al.
2009). Long stretches of predicted disorder are found in the variable regions.
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10.7 Identification of small molecule ligands
for Nt-NCBE
In recent years the IDPs and IDPRs have developed as a new target region for drug design
(Uversky 2012). Their abundance and common involvement in pathogenesis make them
interesting targets for drug development. IDPRs represent a huge challenge to traditional
structure based drug design due to the lack of order and novel screening tools are required.
VR1 and VR2 would be excellent targets for the development of specific drugs because of
their uniqueness to each SLC4 protein. An initial screening strategy, based on the purified
NTD is described in paper I (figure 4 and supplementary figure S3). The basis for the
screening approach is the idea that small molecules can act as stabilizers of protein
structure and that this stabilization can be visualized as a low-temperature secondary
melting point during different scanning fluorimetry (DSF) measurements, also known as
thermofluor. Drug combinations were screened using sypro orange as the fluorescent
reporter molecule and the screened molecules were delivered from chemical combinatorial
libraries containing overlapping subsets of chemical components. A hit and non-hit profile
were determined. Using this approach, two suspected ligands were identified. These were
4-aminobenzoic acid and 3,5-dinitrosalicylic acid. Selected molecules could then be
subjected to further investigations to determine the nature of the interaction.
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11. Discussion
The molecular basis for substrate recognition and regulation of activity of the SLC4
bicarbonate transporters has been a research subject for biophysicist and crystallographers
for several decades. Relatively little is understood of the molecular mechanism of these
interactions. It has, in particular, been found difficult to obtain good quality, high
resolution structural data.

11.1.1 The establishment of a purification protocol for
Nt-NCBE
The establishment of a stable and reproducible purification protocol is the basis for all
structural and biophysical characterization. The protein that was produced has laid the
foundation for the work conducted in this thesis. Optimization of the protocol has been
made performed in parallel with the experimental work effort done on the constructs
presented. Optimization steps have been evaluated on the basis of their effectiveness
versus time efficiency. Certain observations collected during the purification procedure
that related to the specific protein properties of the Nt-NCBE construct have in some cases
directed further experimental work, e.g. the observation that the Nt-NCBE would bind the
Ni-NTA resin led to further investigation of the ion binding using ITC. During purification
of Nt-NBCe1-A it was reported that the protein would have a purity of app. 70% after
initial IMAC purification (Gill, Boron 2006). The same pattern was observed for NtNCBE. The final purification protocol and experiences presented by Gill et al., along with
the observations on Nt-NCBE, show that the NTD of these proteins are “sticky” in the
context of purification from recombinant production in E. coli. In the case of Nt-NCBE
this could be overcome by exploiting identified intrinsic protein characteristics - the
internal Ni-NTA affinity and, optionally, a positively charged patch that could be targeted
for cation IEC.
Protein degradation was a major challenge during purification of homogenous Nt-NCBE.
Degradation products were common during purification and difficult to avoid even with
common approaches to inhibit proteases. Serine proteases were targeted using
phenylmethylsulfonyl fluoride (PMSF) combined with a protease inhibitor cocktail. With
these measures in place, the best and most effective strategy was to work fast and keep the
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sample cooled on ice at all time. The most dominant degradation product from Nt-NCBE
was a fragment off app. 30 kDa containing the N-terminal of the full Nt-NCBE protein. An
earlier observation was made in case of thrombin treatment described earlier and indicates
that the approximate region prone to degradation seems to fall within VR2. The lack of
structure in this region could render it more prone to degradation.

11.1.2 Crystallization of Nt-NCBE-ΔVR1 and screening
of Nt-NCBE
The crystal structure of the Nt-NCBE-deltaVR1 construct represents the first structure of
the N-terminal cytoplasmic region from a NCBT. The low resolution does not allow for
detailed analysis and the biological information obtained by the structure is low. It is worth
noting that contrary to Nt-AE1, it is not positioned in a dimer. In agreement with the NtAE1 structures, the VR2 has a significantly lower scattering power compared to the
regions CR1 and CR2. The VR2 region in the Nt-AE1 is largely disordered and modelled
with a high B-factor as showed in supplementary figure S5 of paper I. Indeed, no electron
density could be traced for residues 201-211 in the structure from 2000 (Zhang, Kiyatkin et
al. 2000).
All attempts to crystallize the full NCBE NTD, including the VR1, have been
unsuccessful. This does not provide additional information with regards to intrinsic
disorder or whether there is a higher degree of dynamics in the protein. X-ray
crystallographic data, it seems, will remain elusive for the NTD of the SLC4 family
members judging from the experiences from this report and other X-ray crystallographic
structural studies (Gill, Boron 2006, Gill, Dutcher et al. 2013, Zhang, Kiyatkin et al. 2000,
Shnitsar, Li et al. 2013, Bjerregaard-Andersen, Perdreau-Dahl et al. 2013).

11.1.3 Interaction of the NTD of NCBE with GAPDH
and CA
During the early purification attempts NCBE did bind a significant amount of E. coli
proteins, similarly to what is described for the purification of the NTD of NBCe1-A (Gill,
Boron 2006). The subsequent crystallization of two E. coli proteins, GAPDH and β-CA,
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suggests a high affinity for these enzymes. That the interaction is purely coincidental is a
possibility. However the mammalian GAPDH interaction is described and well-established
for human AE1. Although rat and E. coli GAPDH differs by sequence it is worth noting
that MR search model came from a heterotetramer complex consisting of three E.coli
GAPDH monomers and one rat monomer (Frayne, Taylor et al. 2009). It must therefore be
assumed that GAPDH is structurally highly similar between these species and that the
affinity for NCBE could be mediated by a conserved motif found in both. GAPDH is a
strong candidate for further investigation as an interaction partner and for the production of
a protein complex for crystallization. During purification of the Nt-NCBE-ΔVR1
construct, no high affinity for GAPDH was observed during purification in the form of a
persistent impurity. In AE1, two binding regions within the residue stretch of 1-23 are
responsible for binding (Chu, Low 2006). The study is based on the production of
truncated Nt-AE1 constructs and evaluating their effictiveness in inhibition of GAPDH
catalytic activity related to the activity of pure enzyme. The inhibitory effect of residues 1379 (7% residual activity) is stronger than that of a 1-55 residue construct fused to
thioredoxin (22% residual activity). A construct lacking residues 1-23 was found have lost
most of the inhibitory effect (93% residual activity). The study also shows that although
major inhibitory determinants are found in residues 1-23, there may be other elsewhere in
the molecule. This could also be the case for NCBE. The negatively charged binding
motifs identified by Chu et al. cannot be found in NCBE in the same position and may be
located elsewhere.
Similar to GAPDH, β-CA from E. coli was identified by crystallization and the structure
was determined. From the studies performed there is no biological significance of this
interaction. β-CA is not common in mammals, however, in bacteria it is associated with,
and in some cases fused with, sulfate-bicarbonate transporters of the SLC26 family. Both
intracellular and extracellular binding of CA have been described for SLC4 proteins, e.g.
NBCe1, giving rise to the bicarbonate metabolon hypothesis. For SLC4 proteins
intracellular binding is believed to be associated with the CTD (Loiselle, Morgan et al.
2004).

11.1.4 Intrinsic disorder in the SLC4 family and NCBE
As described in paper I, an analysis of all bicarbonate transporting SLC4 members, reveals
a recurring pattern in the distribution of disordered region in the family. The disordered
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regions coincide with the regions of high sequence variability. In the NTD these are VR1,
VR2 and VR3. While VR3 constitutes a linker between the core domain and the TMD and
therefore must be expected to have some degree of random coil formation, VR1 and VR2
are predicted to have a high probability of disorder in all SLC4 bicarbonate transporters.
Since the two constant regions (CR1 and CR2) of the core domain are highly conserved
among AE and NCBTs it is likely that the structural basis for the diverse roles and
biological interactions of different NCBTs and AEs, not least different isoforms, is found
in the VR1 and VR2.
Experimental verification of IDPRs is challenging and the data presented in paper I, along
with additional data found in this thesis, only points in the direction that VR1 and VR2 are
IDPRs. The experimental data of the CD data suggest a large fraction of random coil in the
NTD. The difference between the spectra of the Nt-NCBE and Nt-NCBE-ΔVR1 suggests
that VR1 primarily consists of random coil and α-helix. No evidence for conformational
changes, in neither secondary nor tertiary structure, could be obtained from CD spectra in
the near and far UV range.
It has been reported, for both Nt-AE1 and Nt-NBCe1-A that these undergo pH dependent
changes based on calculation of their Stokes radii from SEC experiments. In their cases, an
increase in pH from 6.0 to 8.0 results in an increased Stokes radius of the NTD. The same
pattern is found in the case of Nt-NCBE suggesting that this is a common response to an
elevated environmental pH level in the of NTDs in SLC4 family. In the case of Nt-NBCe1A elevated pH levels are also associated with changes in oligomeric state from dimer to
monomer. No such indication can be found in the case of Nt-NCBE.

11.1.5 Metal binding to the NTD of NCBE
The determination of multiple zinc binding sites in the NTD of NCBE is an exciting
finding. Zinc plays an important role in cell signaling and regulation of zinc levels is
already connected to bicarbonate by members of the Zip family (SLC39) that co-transports
zinc and bicarbonate. The complete characterization of metal binding by NCBE has still
not been done, further research will be needed to determine the residues involved in the
binding. Clearly, VR1 plays a key role. In this region a histidine-stretch,
H62RRHRHRGHKHRK74, is located. Although, the overall stretch is highly positively
charged (perhaps the features exploited during IEC), it is assumed that this stretch can
donate zinc coordinating histidines to form the binding sites. VR1 from NCBE did not
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express and therefore it could not be tested whether all residues involved in binding are
located in this region. Potentially, residues of the core domain or VR2 could be involved.
This histidine rich stretch is found in all electroneutral NCBTs, i.e. NCBE, NDCBE and
NBCn1. SEC chromatograms reveal a slight increase in hydrodynamic volume upon zinc
binding. This could be interpreted as a conformational change or a slight surface charge
difference that would interact differently with the superose matrix in the column. The
nature of the change cannot be determined, it could be an elongation of the dimer, structure
induced in VR1 and/or VR2 or it may be a disruption of present order. An effect similar to
that of elevated pH was induced. The key question is, of course, what kind of role the zinc
ions play in NCBE. Are they structural and necessary for correct folding of the VR1? The
affinities of the binding sites of Nt-NCBE are in the range of 1 μM. Zinc can be found
serving different roles in structural biology. High affinity sites, such as seen for CAII (KD =
1 pM) (Hurst, Wang et al. 2010), are expected to be fully saturated at all times for
maintaining the fold and activity. Other zinc binding sites serves a regulatory role as seen
for the NTD of the NMDA receptor subunit NR2B (KD = 0.8 μM) (Rachline, Perin-Dureau
et al. 2005). This indicates that the sites in NCBE are not saturated constantly, but
saturation may respond to increase and decrease of intracellular zinc due to its role as
secondary messenger. Zinc may play a role in modulating the IDPRs. SEC using buffers
supplemented with zinc did not cause significant changes in retention volumes and
therefore no larger structural rearrangement is expected. Metal binding sites are often
found coordinated by a random coil conformation and therefore CD spectra are unlikely to
change upon addition of zinc, although a certain structure is expected to be stabilized. Are
the zinc ions involved in catalysis? Zinc is essential to the catalytic function of CA. One
idea could be that the zinc serves a catalytic role, perhaps in the formation of CO32-. One
interesting point is the finding of pure NTD transcripts for all three electroneutral NCBTs.
This suggests that the NTD of these could be expressed as soluble proteins and may play
alternative roles to those of the full transcripts. However, no isolated NTD has been
verified on the protein level yet.
It is likely that the main role of the zinc ions is in modulating the biophysical properties of
the binding surface, and there by alter its function, especially in regards to PPIs. Zinc
binding protein interfaces have been described for several protein e.g. γ-CA (Auld 2001).
One can imagine the binding surface as either inactivated or activated by the binding of
zinc. The identification of zinc as an intracellular secondary messenger (Yamasaki, Sakata61

Sogawa et al. 2007) released by calcium influx and kinase pathway signaling makes the
interaction particular interesting.
One magnesium site was found. It has not yet been fully determined yet whether this
overlap with a zinc binding site. Studies on NBCe1 by ion depletion and protein truncation
suggest that magnesium could interact with the AID. A direct interaction between
magnesium and NBCe1 has not been shown (Yamaguchi, Ikeda et al. 2010).

11.1.6 The NTD of NCBE and SLC4 proteins as drug
target
The development of a drug screen against the NTD of the SLC4 proteins has the main
advantage that it targets the most variable regions of the membrane protein. In principle,
this opens a possibility to develop selective drugs. Not only against individual SLC4
members, but even the individual isoforms that vary in this region. The NTD is known to
interact with a range of intracellular protein, e.g. GEs, IRBIT and also structural proteins of
the cytoskeleton. However, the uniqueness of the VR1 and VR2 sequences relates to their
biological role. It is safe to assume that, because of their highly variable nature, they
probably do not hold core molecular features essential to NCBTs e.g. recognition of
bicarbonate. Rather, one would expect VR1 and VR2 to contain determinants for
regulation of the transporter. Regulation of activity could be mediated through PPIs, e.g.
with GAPDH, and PTMs such as phosphorylations. One may imagine a role analogous to
that of the R-region of CFTR where the phosphorylation state of this IDPR regulates the
activity of the transporter (Bozoky, Krzeminski et al. 2013). Paper I shows that VR1 and
VR2 are IDPRs that can be stabilized through an interaction with small molecule ligands.
What effects may be expected upon such an interaction? A conformational stabilization by
ligand interaction of an IDPR would induce a fixed binding surface, rather than the
ensemble of structures assumed by IDPRs. Therefore, by stabilizing a certain conformation
of VR1 or VR2 one may also expect a set of binding surfaces becoming unavailable to
engage in PPIs or to be modified by PTMs, e.g. phosphorylation. As these interactions may
then not occur, some degree of de-sensitization of the transporter to other intracellular
events must be expected. Whether such a ligand interaction would reduce or enhance
transport activity is difficult to predict, however, it may constitute one approach for
regulation of activity by small molecules.
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12. Summary
NCBE is the NCBT predominantly found in the choroid plexus and thus involved in
maintaining pH in the CSF. In this thesis the cloning, expression and purification is
described for the recombinant production of the NTD of NCBE in E. coli. The aim of
obtaining diffracting crystals of the full NTD was not reached, however, the crystal
structure of the core domain forming a major part of the NTD was determined at 4.0 Å
resolution. This is the first partial structure of an NCBT described. The structure held
relatively little biological information regarding the function of the core domain, but did
indicate that the VR2 have less scattering power than the two constant regions, CR1 and
CR2, forming the rest of the domain. One explanation for this may be the high probability
of intrinsic disorder predicted in this region. VR1 is likewise predicted to have a high
probability of intrinsic disorder. The analysis was expanded to include all bicarbonate
transporting members of the SLC4 family. A recurring pattern of VR1 and VR2 being
IDPRs was observed and this is the first description of IDPRs in the family. The IDPRs
coincide with the sequences of high variability in the NTD and this indicates that the
intrinsic disorder is the conserved feature in these regions. It is proposed that VR1 and
VR2, giving rise to a certain binding surface, may constitute a “fingerprint” region unique
to each SLC4 member. Characterization of IDPRs is tedious and challenging, but may
provide an explanation how the NTD of NCBTs can accommodate a large number of PPIs.
In the crystal structure of the NTD from eAE1, most of VR2 could be traced in the electron
density, but is also found to be disordered as predicted in paper I. IDPRs are becoming
increasingly interesting in drug development due to their high representation in disease
associated proteins. A protocol for initial identification of potential drug leads is presented
in paper I and is based on thermal denaturation of target protein stabilized by the presence
of small molecules of interest.
During purification it was observed that the full NTD of NCBE would bind to the Ni-NTA
although the 6xHis-tag had been removed. This led to the determination of metal binding
selectivity and affinity. It has been found that the NTD of NCBE contain 4 zinc binding
sites and one magnesium binding site. It is possible that one site recognizes both ions and
they therefore compete for this site. These are the first direct measurement of metal
binding affinity in the SLC4 family. Recently it has been suggested that zinc acts as
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secondary messenger in the choroid plexus and this may constitute a link between
intracellular zinc levels and pH homeostasis. Further investigations are necessary in order
to determine the structural influence of metal binding to the NTD. HPLC measurement
indicate that a change in hydrodynamic volume may occur upon binding. Also the role of
the zinc ions in the structure is intriguing and may be involved in modifiying the binding
surface of VR1 and VR2, i.e. modify the fingerprint region. A co-catalytic role is also a
possibility.
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13. Future perspectives
The molecular basis for regulation of transport activity by the NTDs of the SLC4 proteins
is still far from understood. The way we think about the proteins affects the questions we
ask and how we address these. Paper I provides the first analysis and characterization of
SLC4 proteins containing IDPRs. The identification of such regions will provide basis for
how future experiments are designed.
The evidence for NCBE NTD zinc binding presented in this thesis is an interesting result.
Future efforts will be directed at establishing the exact stoichiometry of binding and
determination of affinity. For this purpose further ITC measurements will be needed. By
titrating zinc into Nt-NCBE already saturated with magnesium it will also be possible to
determine whether these ions are actually competing for one binding site. Mapping of the
residues involved in the metal ion binding will be more difficult. Binding residues may be
scattered in several regions of the Nt-NCBE construct, which would make titration
experiments on a selection of truncated Nt-NCBE construct a complicated and tedious
task. The histidine rich stretch found in VR1 is suspected to be involved in formation of
metal binding sites and a construct carrying a deletion of this stretch could be purified and
titrated in order to investigate its role. Without a doubt, a crystal structure containing zinc
would yield the most valuable information. With the knowledge of the sites it will be
possible to knock them out by mutagenesis. This could be useful in in vivo studies to
determine the effect of no zinc binding in systems where this is expected to have an effect
e.g. phenotype of mice carrying a mutated NCBE deficient in zinc binding.
During the experimental work providing the basis for this thesis, a tremendous effort has
been put on the production of diffracting crystals of the full NTD of NCBE. Although a
large variable space have been tested, not a single crystal of the full NTD has been found.
The absence of crystals does not necessarily prove any specific hypothesis regarding the
content of IDPRs or dynamics of the NTD, however, it is worth noting that besides the
crystal structure of the NTD of AE1 almost no structural data is available after decades of
pursuit. In the light of the knowledge provided in this thesis, one must also consider
alternatives to X-ray crystallography as a means of providing structural information
leading to biological insights. The approach of developing a crystallizing construct that
only forms the core domain seems viable and has given an initial low resolution structure
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of the NCBE core domain. It is based on the assumption that basic molecular features of
the NTD of SLC4 proteins, e.g. bicarbonate recognition site, must be found in the CR1 or
CR2 forming the core domain. This approach has, in recent time, also been undertaken by
(Gill, Dutcher et al. 2013, Shnitsar, Li et al. 2013). For structure determination of such a
construct, X-ray crystallography remains the method of choice due to its strength in
determining ligand interactions. In the case of gaining biological relevant structural data of
the full length NCBE NTD two approaches seems viable:
x

Complex formation. The identification of interacting protein and small molecules
could provide an important step towards the crystallization of the full NTD of
NCBE. The identification of interacting small molecules, as presented in paper I,
could provide the necessary stabilization of IDPRs to allow crystallization.
Likewise could identified interacting protein, especially GAPDH, provide excellent
complex binding partners. However, crystallization of macromolecular complexes
remains challenging in itself.

x

Nuclear magnetic resonance (NMR). NMR could provide structural information of
relatively high resolution bypassing the need for crystal formation. Especially
interesting would be the dynamics of the VR1 and VR2 in the presence of e.g.
identified small molecules and zinc. The limits of this method with regards to the
NCBE NTD would be the relatively large size of the molecule and likely no
information on ion binding sites will be provided.

It remains clear that future results and insights into the structural biology of the SLC4
family will be the product of a combined approach encompassing both structural methods
as well as biophysical.
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14. Introduction
Enzymes are widely applied in biotechnology. The substitution of traditional chemical
synthesis with enzymatically catalyzed reactions is often favored where mild conditions
(e.g. neutral pH or low temperature) are necessary. Traditional chemical synthesis may
also be associated with less pollution making it the better choice when a sustainable
approach is sought. Limitations are found in the number of known specificities identified
for enzymes and their requirements to expensive co-factors. Because of their low
requirement to specific and costly co-factors, hydrolases are the most widely applied class
of enzymes in industry. Enzymes are already found in everyday consumer products and
many of them have been modified from their original source in order to function in a new
environment e.g. increased thermostability. Enzymatic characterization, such as structure
determination, determination of biophysical and kinetic properties, is important in order to
expand the spectrum of identified enzymes for the even wider application of biotechnology
in the future.
The role of acid-base properties are fundamental to the activity of enzymes as realized in
the already mentioned Enzymstudien II (Sørensen 1909), on the definition of pH. The
distinct property of the proton remains an intriguing subject in various fields of science,
not least in enzyme catalysis.

14.1 Isatin hydrolase
Isatin hydrolase (IH) is an enzyme that hydrolyses isatin (IUPAC: 1H-indole-2,3-dione)
into isatinate (IUPAC: 2-(2-aminophenyl)-2-oxoacetate) (Figure 23). The IH from Stappia
aggregata has a molecular weight of 28.05 kDa. It was first identified and characterized in
the soil bacterium Bradyrhizobium diazoefficiens as a part of an indole-3-acetic acid (IAA)
degradation pathway (Jensen, Egsgaard et al. 1995, Olesen, Jochimsen 1996). Isatin
hydrolases are also found in a number of other soil and marine bacteria. In the marine
bacteria Stappia aggregata, isolated from the seabed of the Baltic Sea, two paralogues
termed sIHA and IH-b are found.
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Figure 23 – The hydrolysis of isatin. The formation of isatinate is catalyzed by isatin
hydrolase.

14.1.1 Biotechnological application of isatin hydrolase
Microbial biosynthesis of indigo was achieved by metabolically engineered E. coli
expressing enzymes of the indole biosynthesis pathway along with the enzyme naphthalene
dioxygenase (NDO) (Berry, Dodge et al. 2002). However, isatin is formed which slightly
inhibits the activity of NDO (Weyler, W., Dodge, T. C., Lauff, J. L., Wendt,D.J. 1999) and
also forms trace amounts of indirubin giving a red color to the blue indigo. A gene
encoding an IH was introduced to remove isatin. This process has been patented however
is not used yet for the commercial production of indigo.

14.2 Isatin in physiology and pharmacology
Isatin is a small, highly conjugated, heterocyclic compound. It is a common molecule that
can be used for a multitude of chemical synthesis reactions. Isatin is also a natural
compound present in many realms of life. In humans, isatin is the major component of the
endogenous non-peptide drug group of compounds termed tribulin (Glover, Halket et al.
1988). It has been identified as a monoamine oxidase B (MAO-B) inhibitor with a Ki value
of 3-20 μM and the crystal structure of isatin bound MAO-B has been determined at 1.7 Å
resolution complexed with isatin in the active site (Binda, Li et al. 2003). MAO-B is
involved in the degradation of neurotransmitters (e.g. dopamine) and dietary monoamines
(Vilar, Ferino et al. 2012). Isatin is found to interact with the multifunctional enzyme
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Medvedev, Buneeva et al. 2006).
The neurologic role of isatin is still unclear, however, increasing isatin levels in blood have
been shown to correlate with the progression of Parkinson’s disease in humans (Hamaue,
Yamazaki et al. 2000). Isatin is therefore considered a potential biomarker for Parkinson’s
85

disease. When rodents or primates were administered isatin it had an anxiogenic effect at
lower dose and a sedative effect at higher dose (Glover, Bhattacharya et al. 1998). It has
also been shown that increased levels of isatin are found in mice under certain kinds of
stress (Norman, Burrows et al. 1992). A model for the induction of stress by isatin in
mammals was proposed in 2005 (Medvedev, Igosheva et al. 2005). In addition, isatin
derivatives show high potential as anti-cancer drugs (Filomeni, Piccirillo et al. 2009, Hall,
Brimacombe et al. 2011). N-alkylated isatin compounds have been evaluated and found
promising for their cytotoxicity against cancer cell lines (Vine, Locke et al. 2007).

14.2.1 Determining the isatin concentration in biological
samples
One limiting factor on the further investigation of the physiological role of isatin is the lack
of a high-throughput method for detection and quantification of isatin in multiple
biological samples. Prior assays developed have been based on high performance liquid
chromatography (HLPC) or mass-spectrometry (MS) (Hamaue, Yamazaki et al. 1998,
Unger, Jacobsen et al. 2002). The serial nature of these methods does not allow for large
scale analysis, weakening the statistical strength due to small sample sizes.

14.3 Bacterial IAA degradation and isatin
Indole and indole-derivatives carry exciting properties and have been found to be involved
in host-microbe interactions in plants and bacteria. Indole-3-acetic acid (IAA) is the most
abundant auxin occurring in plants and has been of huge research interest for decades. It
plays central roles in diverse processes involved in plant development e.g. organogenesis
(Benkova, Michniewicz et al. 2003), vascular development (Reinhardt 2003) and
embryogenesis (Friml, Vieten et al. 2003). The effect of IAA is often correlated directly to
local concentration (Benkova, Michniewicz et al. 2003, Friml, Vieten et al. 2003).
Protonated IAA is believed to be able to cross the plasma membrane passively (Poli,
Jacobs et al. 2003) whereas deprotonated IAA requires facilitation by integral membrane
transport proteins like PIN1 (Steinmann, Geldner et al. 1999) and AUX1 (Bennett,
Marchant et al. 1996).

86

These organisms can be classified as bacterial IAA producers (BIPs) or bacterial IAA
degraders (BIDs). BIPs and BIDs have the potential to affect the development of the plant
by increasing or decreasing the available amount of IAA. Three different pathways for
degradation in BIDs have been proposed (PROCTOR 1958, Olesen, Jochimsen 1996,
Tsubokura, Sakamoto et al. 1961). In Bradyrhizobium diazoefficiens it has been described
that IAA could be degraded to anthranilic acid via chemical intermediates of dioxindole-3acetic acid, dioxindole, isatin, isatinic acid (Olesen, Jochimsen 1996). The primary sources
for IAA are likely to be the host plant or BIPs located close to the BID. The BID may use
the IAA as a source of carbon, nitrogen and energy. It has been estimated that IAA
concentration in the rhizosphere can reach approximately 10 μM (Brandl, Lindow 1998)
and therefore could act as a selection pressure favoring BIDs. However, by degrading IAA,
BIDs may also act as IAA sequesters for the plant IAA levels and thereby affecting plant
development. A similar effect is seen for rhizobia expressing 1-aminocyclopropane-1carboxylate (ACC) deaminase capable of lowering host plant ethylene levels (Glick,
Penrose et al. 1998).

14.3.1 Bacterial IAA degradation intermediates in
bacterial inter-cellular signaling
Several intermediates of the the B. diazoefficiens IAA degradation pathway possess
interesting biological activities. In Vibrio fischeri, a key research organism for the study of
microbial quorum sensing, dioxindole induces acyl-homoserine lactone (AHL) receptor
mediated activity of the LuxR transcriptional regulator associated with quorum sensing
(Delaspre, Nieto Penalver et al. 2007). The highly π-conjugated heterocyclic isatin is found
in endogenous in a wide range of organisms e.g. bacteria, plants and mammals. Isatin is a
member of the indole based group of compounds recently investigated for their activity in
bacterial quorum signaling (Lee, Lee 2010). It has been shown to induce biofilm formation
in E. coli (Lee, Bansal et al. 2007) and likewise in E. coli, experiments on chemotaxis have
shown a migration towards higher isatin concentrations (Englert, Manson et al. 2009).
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14.4 Tryptophan metabolism and bacterial
kynurenine formamidase
L-trypthophan is an essential amino acid to humans as the catabolism is unable to produce
the compound. The metabolism of tryptophan in humans generates a range of neuroactive
compounds e.g. serotonin (Stone, Darlington 2002). In the kynurenine pathway, tryptophan
is converted to quinolinic acid leading to nicotinamide adenine dinucleotide (NAD)
biosynthesis via the major intermediate kynurenine. Kynurenine was recently highlighted
as an endogenous ligand of the aryl hydrocarbon receptor (AHR) generated by human
tumors where it promotes tumor-cell survival (Opitz, Litzenburger et al. 2011). The studies
were based on quantification of cellular tryptophan and kynurenine and overexpression of
human tryptophan-2,3-deoxygenase (TDO) and AHR. In the bacteria Ralstonia
metallidurans, a three step aerobic degradation of tryptophan to anthranilate via
kynurenine has been identified (Kurnasov, Jablonski et al. 2003). The complete reaction is
carried out by the bacterial enzymes tryptophan-2,3-deoxygenase (kynA), kynurenine
formamidase (KynB) and kynureninase (kynU) which are expressed by the KynBAU
operon also identified in e.g. Bacillus cereus. In some bacteria, e.g. Deinococcus
radiodurans, only the genes encoding kynA and kynU have been identified. The bacterial
enzyme KynB was characterized as a metal-dependent amidohydrolase in contrast to its
eukaryotic counterpart which is based on an Asp-His-Ser catalytic triad and inhibited by
PMSF. KynB was found to require 20 μM Mn2+ or Co3+ for activity, however, only a low
specific activity of app. 5 μmol / min / mg was measured. The authors were unable to
identify structural homologous to the enzyme.

14.5 Water channels and proton wires in
proteins
Water is the omnipresent solvent of life and the substrate for all hydrolases. Substrate
channels are present in various proteins where the substrate needs shielding from the
environment. This is the case for ammonium translocation between the coupled reaction
centers of a glutaminase and transamidase from Staphyllococcus aureus because of its
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toxicity (Nakamura, Yao et al. 2006). Likewise are membrane transport proteins capable of
shielding their substrate from the surrounding hydrophobic environment, e.g. the
aquaporin-4 (Nagelhus, Ottersen 2013). One of the first studies to identify a water channel
was done on cytochrome P450 monooxygenase where water molecules were found to
bridge the active site to the heme group (Oprea, Hummer et al. 1997). Later, a water
transient water channel during catalysis by histone lysine methyltransferase SET7/9 was
described, however, the study was based on molecular dynamics (MD) simulations and
hybrid quantum mechanics/molecular mechanics (QM/MM) calculations based on
modified crystal structures (Zhang, Bruice 2007). One study found a water channel in the
glycoside hydrolase family 1 based on structural conservation of water molecule positions
in the crystal structures and subsequent analysis by hydrogen exchange mass spectrometry
(HX-MS) and MD simulations (Teze, Hendrickx et al. 2013).
The translocation of protons is a part of almost all chemical reaction and, obviously, is at
the basis of acid-base homeostasis. Already in 1806, C.J.T. Grotthuss had suggested the
mechanism of transfer of protons through wires of water molecules (Grotthuss 1806,
Cukierman 2006). The transfer mechanism is based on permutations of covalent and
hydrogen bonds with one proton essentially replacing the next (Agmon 1995). This creates
a very fast apparent diffusion, although the proton coming out of the wire is not the same
that entered (Figure 24).

Figure 24 – The Grotthuss mechanism of proton transfer.

Proton transfer may also be mediated by side chains of amino acids. Due to the Grotthuss
mechanism, diffusion rates of protons are 5-10 times higher when compared to other
monovalent cations. The charge of the proton may be delocalized by the formation of
Eigen (H9O4+) or Zundel (H5O2+) ions. In recent years, these wires have caught the
attention of protein chemists due to the identification of these wires in a number of
proteins, e.g. gramicidin A (gA) (Chernyshev, Cukierman 2006), CAII and green
fluorescent protein (GFP) (Shinobu, Agmon 2009). A transient water chain forming a
protein wire has been studied in the Chloride-Hydrogen exchanger from E. coli (CLC-ec1)
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(Han, Cheng et al. 2014). The transient water wire formed by MD simulations of hydration
of the protein interior and residues key to the proton transfer event were identified. These
residues were subsequently targeted by mutagenesis and an uncoupling of chloride and
proton transfer was achieved.
It has been observed through DSC measurements of wild type and mutants of epoxide
hydrolase (StEH1) that disruption of the water molecule pattern forming the proton wire
decreased thermostability (Thomaeus, Naworyta et al. 2008). This indicates that these
wires may serve both as structural elements and as catalytic elements in the proteins.
To understand proton movement is an integral part of discovering the molecular basis of
enzymatic catalysis. Proton transfer mechanisms are also important to understand how
membrane transport mechanisms are controlled. Uncontrolled proton flux would
destabilize the proton gradient across the plasma membrane. The structural basis for the
prevention of proton flux in aquaporin 1 has been investigated by MD and was found to be
caused by an electrostatic field centered around two Asn-Pro-Ala (NPA) motifs in the
center of the water translocation pathway (de Groot, Frigato et al. 2003). The ar/R motif
disrupts a continuous hydrogen water pattern through the entire translocation pathway by
the placement of the Arg-137 side chain, but the simulations indicated that the effect of this
barrier was secondary to the prevention of proton transfer processes.
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15. Present investigations
15.1 Isatin hydrolase - Aims of the study
Isatin hydrolase had been identified and preliminary characterized in an earlier study as
being part of the IAA degradation pathway in B. diazoefficiens. Protein sequence analysis
revealed a shared a common motif with bacterial kynurenine formamidase (KynB). Two
low-similarity sequential homologous protein structures with unknown enzymatic activity
were present in the PDB. The aim of this project was to provide information on the
structural and biophysical basis of catalysis of isatin hydrolase in order to characterize it as
a novel fold encompassing KynB and two un-annotated metalloenzymes. The main effort
of the project was directed at obtaining high-resolution structural data of different steps of
catalysis of isatin hydrolase from S. aggregata (IH-b) by X-ray crystallography. This
would provide information of structural determinants for substrate specificity as well as
fold. The proton wire was identified from structural analysis and further targeted by
biophysical techniques, such as melting point analysis by circular dichroism, comparison
of hydrodynamic volume by size-exclusion chromatography and reaction rate analysis.
Furthermore, IH-b metal binding specificity and affinity were determined by enzymatic
activity assays and isothermal titration calorimetry. Likewise, the pH optimum for activity
was determined. This was done in order understand the requirements for co-factors and
buffers. A biotechnological application of IH-b in a detection and quantification assay for
isatin in biological samples was investigated with the aim of patenting. Based on the
characterization of IH-b, it could be applied in the an enzymatic detection assay for serum
isatin.
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15.2 Synopsis of the papers
Paper II: A dual functional proton wire and water substrate channel revealed in the
crystal structure of the isatin hydrolase
Isatin hydrolase (IH) is found as a part of the IAA degradation pathway in the endophytic
symbiont B. diazoefficiens. IH catalyzes the hydrolysis of isatin into isatinate. The
substrate isatin, however, is far from limited to environment of B. diazoefficiens. In
humans, it forms the main component of the endogenous MAO inhibitors termed tribulin.
Specifically, isatin inhibits MAO-B and thus prevents the degradation of neurotransmitters,
e.g. dopamine. We investigated the structural basis of catalysis performed by IH. The
crystal structure of the apo and product state IH was obtained using an identified product
analogue, thioisatinate. Structural analysis revealed a biphasic substrate entry/exit channel
and a distinct water filled channel leading directly to the active site. This chain may
function as a dual water substrate channel, feeding water into the active site, as well as
facilitating proton transfer away from the channel. By comparison of the apo and product
state structures it is found that a key bridging water is only present in the product state.
This suggests that the chain is formed transiently as a part of the catalytic cycle. A key
residue, Ser-225, located in the water channel is found to be important to the rate of
reaction and therefore is key in maintaining function of the proton wire / water chain. A
sequence comparison against other putative His reveal that this residue is functionally
conserved as either serine or cysteine. Putative IHs are found in many microbes – plant
symbionts, plant pathogens, marine and soil bacteria. Also putative IHs have been
identified in human pathogens including B. enterica found only in the GI tract. Analogous
to the known host-microbe interaction of B. diazoefficiens in roots, the authors speculate
on the role of IH containing bacteria in the GI tract in influencing blood isatin levels.

92

Paper III: Enzymatic detection and quantification assay of putative stress biomarker
Isatin
Isatin forms the major component of tribulin, an endogenous group of monoamine oxidase
(MAO) inhibitors found in humans. Isatin specifically inhibits MAO-B involved in
degradation of neurotransmitters, e.g. dopamine. It is therefore also a drug target for antidepressive treatment. Isatin is found in blood and tissue with tissue specific distribution. In
rat brain, levels of 1 μg / g tissue have been measured in the hippocampus and cerebellum.
A whole brain lysate showed a level of 0.4 μg / g. Biological levels of isatin have been
quantified using HPLC or MS. However, these methods limit the number of samples
because of the serial nature of the analysis and the equipment involved is relatively
expensive. Further elucidation of the biological role of isatin requires larger samples
numbers to develop resolution of statistical significance. In this study a novel analysis
assay was developed based on the enzyme isatin hydrolase (IH-b). By application IH-b for
the specific conversion of isatin to isatinate and subsequent oxidation to the fluorophore
anthranilate, isatin levels could be detected and quantified in blood. The method was
validated against spiked samples analyzed using HPLC. The assay provided can be
expanded and parallelized for the use in plate readers significantly improving sample
numbers.

93

16. Materials and methods
The protocols for structural and biophysical characterization are presented in this chapter.
A protocol describing the developed isatin quantification assay is found in the Chapter 17.3
in the results section.

16.1 Experimental procedures
16.1.1 Cloning, expression and purification of IH-b-wt
and IH-b-S225C
The open reading frame encoding IH (UniProtKB: A0NLY7) was amplified by PCR from
a

boiled

colony

of

S.

aggregata

using

the

primers

GCTGGATCCGCACAGAGCGCGCTC-3’;

5’5’-

GCTGAATTCTTATTAGGCTTTGGGGACCAG-3’. DNA fragments were isolated, cut
with BamHI and EcoRI and cloned into the T7-RNA polymerase dependent E. coli
expression plasmid pT7H6 (Christensen, Hansen et al. 1991) yielding pT7His6-IH-b. The
IH-b-S225C mutant was created using the Quickchange Lightning mutagenesis kit (Agilent
Technologies), pT7H6-IH-b plasmid DNA as template and the oligonucleotides 5’CTGGCCTGTCTTGCCAATCTCG-3’ and 5’-GGCAAGACAGGCCAGACCGAAG-3’.
The six-histidine containing IH-b was expressed in E. coli BL21 AI cells (Invitrogen) in
2xTYE-medium for 4 hrs. following the protocol provided by the manufacturer. After
expression, cells were harvested by centrifugation, re-suspended and lysed by sonication in
a buffer containing 50 mM Tris-HCl pH 8 and 0.5 M NaCl supplemented with a protease
inhibitor cocktail (Sigma-Aldrich). Insoluble material was removed by centrifugation and
the soluble protein extract was batch-adsorbed onto 25 mL Ni-NTA agarose resin (Qiagen)
per liter of original culture, and loaded onto empty liquid chromatography glass columns.
The protein loaded Ni-NTA columns were washed with more than 20 column volumes of
washing buffer (50 mM Tris-HCl pH8, 0.5 M NaCl, 50 mM imidazole). Bound IH-b was
eluted in elution buffer (50 mM Tris-HCl, 0.5 M NaCl, 10 mM Na2EDTA pH 8.0). The
purified recombinant proteins eluted after the blue Ni-EDTA fraction. Fractions containing
the recombinant proteins were pooled and the buffer changed in to 10 mM Tris-HCl, 100
mM NaCl, and 1 mM Na2EDTA pH 8.0 on a G-25 Sephadex column (GE healthcare).
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Prior to crystallization, IH-b was treated with 10 mM EDTA and dialyzed into 5 mM TrisHCl pH 8.0, 100 mM NaCl and 1 mM DTT. The protein solutions were centrifuged at
180.000 g for 10 minutes at 4 °C and the supernatant could hereafter be stored in a stable
condition at 4 °C for at least 12 months.
Protein sample homogeneity was assessed by size-exclusion chromatrography using a
Superdex 200 10/300 GL column connected to an Äkta Purifier system (GE healthcare).
The sample buffer was 100 mM NaCl, 25 mM HEPES pH 7.0 and 2 mM DTT. The purity
of IH-b by SDS-PAGE analysis can be seen in appendix figure 2.

16.1.2 Crystallization of IH-b
Apo-IH-b was crystallized using sitting drop trays were setup with protein concentration at
20 mg/mL. Sitting drops were set up with 250 μL reservoir and 1 μL+1 μL in drop.
Multiple crystal hits was obtained yielding microcrystals and very small single crystals. In
one condition (Hampton Research, PEG/ion condition #28) containing 0.2 M calcium
acetate and 20% (w/V) PEG3350, large needle crystals formed within a day. Sitting drops
were set up with 250 μL reservoir and with 2 μL drops, with 1:1 protein:reservoir ratio.
Condition of 0.2 M calcium acetate, 16% (w/v) PEG3350 and 1 mM MnCl2 was the
optimal condition for forming large crystals within 48 hours.
Crystals were cryo protected by adding glycerol to a final concentration of 12% and flashcooling in liquid nitrogen for storage. Data collection was performed at 100 K. One dataset
extending to 2.25 Å resolution was collected at 9.54 KeV (a wavelength of 1.30 Å) with
the aim of full anomalous completeness. The data collection strategy was determined using
iMOSFLM (Battye, Kontogiannis et al. 2011) and the data was processed with XDS
(Kabsch 2010). A molecular replacement solution were found using a putative metal
dependent hydrolase (PDB ID: 1R61) as search model and combined with experimental
phases extracted from the two manganese sites. Phased refinement was performed in
PHENIX (Adams, Afonine et al. 2007).
Thioisatinate-IH-b crystals were produced by co-crystallization of IH-b with 1 mM
thioisatin using crystal condition established for apo-IH-b. The crystals were cryoprotected
as for apo-IH-b. A dataset extending to 1.80 Å was collected and processed as apo-IH-b. A
molecular replacement solution were found using apo-IH-b as search model. Initial model
building was done using Phenix.Autobuild and the partially build structure was refined and
manually built using Phenix.Refine and Coot (Emsley, Cowtan 2004). Ramachandran plot
produced and inspected using RAMPAGE (Lovell, Davis et al. 2003). Pictures were
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produced using PyMOL Molecular Graphics System, Version 1.5.0.3, Schrödinger, LLC
and Caver PyMOL plugin 2.1.2 (Chovancova, Pavelka et al. 2012). All models and
structure factors deposited to Protein Data Bank (PDB). PDB accession codes: 4J0N (apoIH-b) and 4M8D (thioisatinate-IH-b).

16.1.3 Activity assay for IH-b
Reaction kinetics could be followed by a colorimetric assay based on the change in
absorbance spectrum between isatin and isatinate. Production of isatinate could be
followed as an increased absorption at 368 nm. Measurements were done in JASCO V-630
spectrophotometer with a cuvette light path of 1 cm. Reactions were done in 100 mM
NaCl, 25 mM Tris-HCl pH 8.0 and 0.2 mM MnCl2. An enzyme stock of 40 nM was made.
To estimate the Km value of the enzyme, a dilution series of isatin in reaction buffer was
made. To start the reaction, 900 μL isatin solution was mixed fast with 100 μL enzyme
stock in a cuvette and measurement started immediately. The final enzyme concentration
in the cuvette was 4.0 nM. An extinction coefficient for isatinate of 4.5.103 cm-1mol-1L was
used (Olesen, Jochimsen 1996). All measurements were carried out in triplets. Data
treatment and statistics was done with MS Excel and GraphPad Prism 6. For the
experiment on the required metal element 7.1 μM apo-IH-b was incubated with 500 μM
metal chloride for 30’. A fixed isatin concentration of 200 μM was used. Measurement and
data treatment was done as described above. For the experiment on pH optimum, 7.1 μM
IH-b was incubated 30 minutes at pH 6.0, 7.0, 8.0, 9.0 and 10.0 prior to running the
reaction assay used a fixed amount of isatin (200 μM).

16.1.4 ITC measurements of metal affinity
ITC measurements were used to determine the strength and stoichiometry of the metal
binding site. Binding affinities were measured both for Zn(II) and Mn(II). All
measurements were carried out on a MicroCal VP isothermal titrational calorimeter.
Purified IH-b was treated with 50 mM EDTA and dialysed against 100 mM NaCl, 50 mM
HEPES pH 7.5. No reductant was added as the protein did not seem prone to oxidation and
it may interfere with experiment. All buffers were degassed before use. 1.8 mL of 350 μM
IH-b was added to the cell of the ITC and 5 mM of Mn(II)Cl2 was in the syringe. The
syringe held 300 μL of solution. Volumes of 15 μL were titrated into the cell with a delay
of 600 seconds between.
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16.1.5 Thermostability
dichroism

determination

by

circular

All CD experiments were performed on a Jasco J-810 Circular Dichroism
Spectropolarimeter,

equipped

with

a

Peltier-controlled

cuvette

holder.

Protein

concentrations of 6 μM in 5 mM Tris-HCl, pH 8.0, and 50 mM NaCl, was placed in 2 mm
sample length Quartz cuvette during measurement.
Thermal denaturation was monitored by the change in CD signal at 220 nm while heating
the sample from 25 to 95 °C at a ramp speed of 1 °C/min. The melting point, Tm, was
determined from the inflection point of a nonlinear sigmoidal curve fit between the low
(native) and high (unfolded) temperature plateaus.
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17. Results
The results of this project are described in the manuscripts of paper II and III. The major
findings are summarized in this chapter.

17.1 Crystal structures of IH-b in apo and
product analogue bound state
17.1.1 The overall fold of IH-b and the substrate binding
pocket
The crystal structure of IH-b was obtained in the apo and product states. An extensive
description and discussion of the fold can be found in paper II. The diffraction data from
the first structure, apo-IH-b, was solved by molecular replacement using a related structure
(PDB ID: 1R61) as search model. 1R61 was identified from a protein BLAST search.
Despite the relatively low sequence identity (26%) the structural conservation was good
enough to provide the initial phase information. Data reduction and refinement statistics
are provided in supplementary figure S1 of paper II.
The structure of IH-b revealed an α/β fold dimeric enzyme stabilized by two domain
swapped regions – a α-helix and a β-hairpin. The swapped β-hairpin structure of the native
monomer is found to form significant parts of the substrate binding pocket of the opposite
monomer by delivering key hydrophobic residue to the environment. Both the exchanged
helix and sheets are formed by the first 72 residues of the protein including a linker region
between the exchanged features (Figure 25a). The linker region forms part of the central
beta-barrel monomer structure by delivering a β-strand.
The main substrate entry channel leads to the substrate binding pocket where a manganese
binding site is formed by His-73, His-77 and Asp-79. Orthogonal to the main substrate
entry channel, a water channel leads from active site to bulk solvent (Figure 25b). The
channel is wide enough to accommodate water, but too narrow for substrate/product.
Thioisatinate was co-crystallized with IH-b to obtain the enzyme:product complex.
Thioisatinate, a product analogue, reveals the binding position of the product post98

hydrolysis. The aromatic moiety of the molecule is coordinated primarily through π-π
interactions (dispersion forces) with aromatic residues Phe-62, Phe-63, Trp-65 and Phe209, the first three being delivered by the exchanged β-hairpin structure (Figure 25c).

Figure 25 – Overview of the IH-b crystal structure in complex with thioisatinate. Reproduced
from paper II. a) Side and top view of IH-b represented as surface. Residues 1-72 are shown
as cartoon in blue and red, respectively. b) Visualization of the water wire cavity (light blue)
and the main substrate entry channel (green) using Caver. c) Binding pocket of IH-b with
thioisatinate trapped in the pocket.

17.1.2 The water channel/proton wire of IH-b
The channel cavity leading from bulk solvent directly to the active site is lined with waters
at a distance compatible with hydrogen bonding. One gap found between waters W-58 and
W-29 is 3.6 Å and therefore larger than would be expected for a hydrogen bonding to
occur. The hydroxyl group of Ser-225 would be able to engage in mediation of proton
transfer. Tracing the path via this residue yields perfect hydrogen bond distances along the
entire route. By comparison of the protein and water structure between apo-IH-b and
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thioisatinate-IH-b it is seen that in the presence of the product analogue an additional water
molecule (W-277) is present in the structure, bridging the product analogue carboxyl group
to the proton wire chain. W-277 is not present in the apo-IH-b structure although the
corresponding electron density signal in the thioisatinate-IH-b structure is very strong. The
completed water chain, i.e. proton wire, is therefore a transient structure present in the
product state, and maybe the substrate bound state, of the catalytic cycle.

Figure 26 – The protein wire formed by water molecules and S225 in IH-b. W-277 is only
found in the thioisatinate-IH-b complex structure showing that the completed wire is a
transiently formed structure.

17.1.3 Identification of structural and sequential IH-b
homologues
Determinants for isatin recognition are identified in the binding pocket as primarily being
composed of residues delivered by the exchanged β-hairpin structure described in section
15.1.1. During preparation of paper II, a search for structural and sequential homologues
was performed. Structural homologues were identified in the PDB from Geobacillus
stearothemophilus (PDB ID: 1R61) and from Methanocaldococcus jannaschii (PDB ID:
2B0A). The kynurenine formamidase (KynB) was identified as a distant relative from
alignment of protein sequences. Sequence aligment on the basis of structural information
reveals that KynB homologues and structural homologues 1R61 and 2B0A lack key
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residues identified as important for IH-b substrate binding (Figure 27). However, the
alignment also identified conserved motif important for the overall fold and dimerization,
e.g. the Pro-Leu-Lys (PLK) motif of the C-terminal. In IH-b, Leu-244 of this motif, found
between β9 and β10, forms a hydrophobic interaction with the Leu-244 of the opposite
monomer. Pro-243 is likely conserved due to positioning of Leu-244 in order to form an
interaction. The Lys-245 side chain is found extending almost parallel to the interface
towards the edge of the protein. Here it forms an electrostatic interface with fully
conserved residues Asp-24 and Arg-245. Asp-24 also terminates β1. This motif is
considered vital to dimer formation.

Figure 27 – KynB and structural homologues 1R61 and 2B0A do not contain key isatin
binding residues. Residues identified from structure as necessary for isatin binding pocket
formation are highlighted in yellow. Metal binding residues are highlighted in red.
Conserved histidines found to be part of the active site, but not engaged in metal
coordination, are marked by a star. The functionally conserved Ser/Cys is highlighted in
cyan.
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Figure 28 – The PLK motif found in the dimer interface of IH-b. Leu-244, positioned by the
Pro-243 (not shown), forms a hydrophobic interaction with the same residue of the opposite
monomer. Lys-245 engage in electrostatic interactions with Asp-24 og Arg-255. The residues
involved (blue highlight) are highly conserved among IH-b homologues, KynB homologues,
1R61 and 2B0A.

17.2 Biophysical and kinetic characterization
of IH-b
Biophysical characterization of IH-b was essential if IH-b was to become a key component
in an assay for isatin detection and quantification in blood. The characterization of IH-b
can be found in paper II and III. Initial characterization included determination of the
kinetic model, metal ion dependency performed by reaction rate measurement and affinity
measurements by ITC to understand basic metal requirements during catalysis. IH-b
exhibits Michaelis-Menten kinetics with a Km value of 2.3 ± 0.2 μM (Figure 29).
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Figure 29 – IH-b exhibits Michaelis-Menten kinetics with a Km of 2.3 ± 0.2 μM.

Highest activity was found in the presence of Mn2+ and the binding affinity was
determined to 9.5 ± 0.5 μM. The thermostability was assayed to determine maximum
temperature at which the enzyme is still functional. The melting temperatures (Tm) were
determined by circular dichroism for IH-b-wt and IH-b-S225C. No significant difference in
Tm was observed and was determined to 52.8 ± 0.4 °C. The size exclusion chromatographic
analysis of retention volume and estimation of apparent molecular weight revealed no
difference between IH-b-wt and IH-b-S225C. They span the same hydrodynamic volume.
Difference however was found in steady-state reaction kinetics. Specific activity was
determined for both wt and mutant IH-b at pH values 7.0, 8.0 and 9.0. At all values an
increase of specific activity was determined for IH-b carrying the S225C mutation.

17.3 The isatin detection and quantification
assay
The biological role of isatin in the human body is relatively unknown. Isatin has been
established as an MAO-B inhibitor, preventing the degradation of neurotransmitters.
Levels of up to 1 μM have been reported in the bloodstream and elevated isatin levels have
been correlated with Parkinson’s disease and certain kinds of stress. However, the studies
are based on a very limited data set. Earlier detection and quantification assays have been
based on HPLC and MS methods. However, the serial nature of these methods limits the
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analysis of large sample number. Further investigations will require large scale analysis to
provide larger dataset and statistical strength of correlations.
The isatin detection and quantification assay presented in paper III was developed in order
to provide a fast tool for the analysis of isatin content of multiple samples. The assay was
optimized for analysis of isatin content in blood. Prior to the application of IH-b in the
assay, a characterization of pH optimum, thermostability and metal dependency was
performed. The quantification is based on reference to an internal standard and the
measurement with and without IH-b present. There are three phases at which the assay can
be paused. The first phase involves preparation of a blood sample. For quantification 10
mL of blood is needed and the plasma is separated by centrifugation at 4000 g for 15 min.
In the second phase a 100 μM of isatin is added to a 1 mL aliquot of plasma. A dilution
series is then prepared along with a sample containing no added isatin. The third phase
involves a double phase extraction procedure, oxidation to anthranilate and measurement
of the fluorescence. Each sample is acidified and precipitated by addition of HCl and NaCl.
The low pH force the equilibrium of the hydrolysis reaction (Figure 23) to the left ensuring
everything is found as isatin. A non-polar organic phase consisting of ethyl acetate is
applied and shaken with sample to extract isatin. The majority of the organic phase is then
transferred to a tube containing IH-b in a reaction buffer for optimum activity. The phases
are mixed by shaking. Isatin passing into the aqueous phase will hydrolyze to isatinate and
the charge will prevent its passing back into the organic phase. This step is highly specific
for isatin and ensures a high purity of the sample. he formed isatinate can then be oxidized
using hydrogen peroxide (H2O2) to form the reporter fluorophor anthranilate. The
formation of anthranilate can be followed by emission at 398 nm after excitation at 308
nm. An overview of the process can be found in Figure 30.
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Figure 30 – Overview of the experimental protocol for the quantification of isatin in blood
samples.
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The isatin concentration can be calculated on the basis of the internal standard. The
fluorescence increase is linearly correlated with increasing levels of initial sample isatin.
By linear regression of the data points of the internal standard curve, a fit of very high
accuracy is obtained. The offset of the line is adjusted by the value of the negative control
(no added isatin, no IH-b). This can be done because the fluorescence background found
for the sample without IH-b does not change, i.e. no significant non-zero slope (Figure 31).
The isatin concentration can then be calculated from the intersection with the Y-axis, or
alternatively the numerical value of the X-axis intersection. Initial data suggests that an
error of 0.1 uM can be expected.

Figure 31 – a) Linear correlation of fluorescence peak intensities at 398 nm and initial isatin.
In the absence of IH-b, the fluorescence change is negligible. b) Extraction of isatin from
ethyl acetate in the presence and absence of IH-b. c)

106

18. Discussion
The results presented in chapter 15, paper II and paper III, are diverse and provides
insights into enzyme classification and structural basis of catalysis as well as a
biotechnological application of the enzyme.

18.1 Structural and biophysical properties of
IH-b
The crystal structures of IH-b determined by X-ray diffraction enables the classification of
a novel hydrolytic fold. During structural analysis, a water chain with the potential of
forming a protein wire was discovered.

18.1.1 The IH-b structure – a common hydrolytic fold
The structural analysis found in paper II identifies key structural components characteristic
to the enzyme structure. The unpublished structural homologues, 1R61 and 2B0A, carry
unknown substrate specificities, but share an overall similar fold with IH-b shown in paper
II by superposition of the structures. From sequence alignment (Figure 27), the
determinants identified in the binding pocket for isatin specificity could not be found.
Structural alignment revealed that the water channel is conserved among the structures,
although it is not conserved on sequence level. Therefore 1R61 and 2B0A are likely to be
metal dependent amidohydrolases of undetermined specificity. This also means that the
fold of IH-b represents a more general fold of metal dependent hydrolases, however
constitutes a novel class of amidohydrolytic fold, different from those of the AHS which
are TIM-barrel based hydrolases.
The highly conserved metal binding motif found in IH-b, with consensus sequence
HXGTHXDXPXH, is commonly used for annotating unknown enzymes as metal
dependent “cyclases”. The structure of IH-b, in comparison with 1R61 and 2B0A, reveals
that the histidine corresponding to His-212 in IH-b (marked star, Figure 27) is part of the
full motif. KynB features the motif, but works on linear amides, proving that the motif is
not restricted to cyclase activity (Kurnasov, Jablonski et al. 2003). The observation that
both KynB and IH-b are most active when supplemented with Mn2+ raises the question
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whether the motif is specific for manganese. The conserved glycine and proline may
provide the exact geometry of the histidine and aspartate side chains for recognition of
manganese over other ions. The structure of 1R61 contains zinc in the metal binding site,
but the side chains are slightly distorted. Activity measurement of IH-b activity in other
metal ions (supplementary figure 1 in paper III) indicates significantly lower activity when
not supplied with manganese. Residual activity may be due to trace manganese in
commercial metal salts.
The KynB enzyme was identified as a distant relative of IH-b by sequence similarity.
Although there is a low similarity between KynB and IH-b, it was found that residues and
motifs, important for the IH-b structure were conserved in the KynB sequences. It was
therefore concluded that the structure of KynB is likely homologous to that of IH-b and
that it also carries a proton wire channel although no sequence conservation for this can be
extracted from the present structural information of IH-b. As shown in paper II,
interactions in the proton wire channel between waters and protein are mainly found to
involve backbone carbonyls and amides.

18.1.2 Proton transfer during catalysis
A central feature of the catalysis performed by the metallohydrolases is the generation of
an activated water molecule, i.e. a hydroxide. This acts as a strong nucleophile in the
reaction with the isatin amido carbonyl group. In turn, this generates a carboxylic acid.
Essential to this reaction, and to all hydrolases, is the release of a proton. During the
hydrolysis of isatin there are three catalytic proton transfer steps (Figure 32). The initial
activation of water to form a hydroxide is likely coordinated manganese. Whether this
reaction is dependent of the proximity of a substrate is undetermined. The second transfer
involve deprotonation of the carboxyl group introduced by the reaction. The pKa value of
isatinic acid is assumed to be low. The glyoxylic acid basis of the molecule has a pKa value
of 3.2. The value of isatinic acid is likely lower due to the highly conjugated nature of the
molecule that would polarize the O-H group of the carboxylate. Thioisatinate coordinate as
a ligand to the manganese in the thioisatinate-IH structure. This suggests that the proton
has already dissociated. The third transfer involves uptake of a proton by the formed amino
group. From the product conformation of the thioisatinate-IH structure it seems unlikely
that this is a rearrangement of protons internal in the molecule i.e. the same proton
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described in transfer two and three. This is due to the distance between the amino and the
carboxylate groups.

Figure 32 – Transfer of protons involved in catalysis by IH. Leaving protons are colored red,
proton uptake is colored blue. Reaction I describes the formation of the nucleophilic
hydroxide. Likely, this is coordinated directly to the manganese ion. Reaction II describes the
nucleophilic attack with subsequent dissociation of the introduced carboxylic acid. It is
estimated that the pKa of the carboxylic acid is below 3.2.

The lack of an IH crystal structure trapped in the substrate binding state with a substrate
analogue makes it difficult to discuss roles of residues involved in proton donation or
acceptance during catalysis. His-83 and His-212 are placed in proximity of the Mn2+ and
substrate in the structure. Furthermore they are completely conserved as shown by
alignment in paper II. As they are not involved in direct metal coordination, a suspected
role in proton transfer during catalysis is expected.

18.1.3 A proton wire and water substrate access channel
– possible dual functionality
Paper II describes the structural basis for a proton wire in IH. The water filled tunnel-like
cavity orthogonal to the main entry/exit pathway is connecting the active site directly to
bulk solvent in an almost straight line. As proton transfer by the Grotthuss mechanism is a
passive diffusion, the direction of the proton transfer must be controlled in order to
facilitate fast transfer to the bulk environment.
Based on a comparison of the apo and product state IH-b structures it is evident that the
complete proton wire is only present in the product and therefore is a transient structure. It
is interesting that in other systems where water chains facilitating proton transfer has been
found, e.g. CLC-ec1 and the histone lysine methyltransferase SET7/9, these structures are
also found to be transient. This could indicate that they may also act as a control
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mechanism. In the CLC-ec1 the exchange of proton and chloride must be coupled in order
to keep the stoichiometry of transport. Uncontrolled transmembrane leakage of protons
would be detrimental to the cell and cannot be allowed. Another example of restriction of
transmembrane proton movement is seen in aquaporin 1. In enzymes, such as SET7/9 and
IH-b, the transient water structure could form part of the enzyme specificity and only form
with the right substrate. In that case, the water wire is expected to be present in the
substrate-IH-b structure.
The finding that W-277 is only present in the thioisatinate-IH-b structure may also indicate
that the waters present in the proton wire channel is also part of a water translocation
chain. W-277 may either enter via the main entry channel along with the substrate or it
may be supplied from the water channel, i.e. by water molecules switching one position
towards the active site. The two functions described above are independent of each other
and it is possible that the water chain may serve a dual functionality.

18.1.4 Searching for IH-like folds in other organisms
The identification of determinants for an IH–like fold, such as the PLK motif, allows
identification of metal dependent hydrolases of this class although the overall sequence
identity may be low. This enables a more confident recognition of similar fold. A search
across both prokaryotes and eukaryotes could be carried out by using a search tool based
on hidden markov model (HMM) provided by the HMMER server (Finn, Clements et al.
2011). A naïve search using phmmer with the IH-b protein sequence as query identifies a
number of interesting targets carrying a similar structure. Among those is a DNA-directed
RNA polymerase (UNIPROT ID: C3YEB3_BRAFL) from the eukaryote Branchiostoma
floridae (lancelet) clearly containing an IH-like fold in a N-terminal domain. Also a
dimeric glutamyl-tRNA reductase (UNIPROT ID: G8QR81_SPHPG) (28% identity) from
Sphaerochaeta pleomorpha involved in tetrapyrrole biosynthesis in prokaryotes and plants
is found (Moser, Schubert et al. 2001). Here an oxidoreductase domain is fused to the IHlike hydrolase domain which also is responsible for the dimerization of the enzyme.
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18.2 Isatin in physiology: Application of
isatin hydrolase
The biological context of isatin hydrolase is largely unknown. Although initially shown to
be a part of the IAA degradation pathway of an endophytic symbiont, sequences encoding
likely isatin hydrolases have been found in bacteria from a wide range of environments
including the human GI tract.

18.2.1 Host-microbe interactions in humans may involve
isatin
Recently, the microbiome of the GI tract has received attention due to its associated with a
range of neurological disorders. Although the paths by which these interactions occur
remain elusive, evidence supporting the importance of the GI tract microbiota in relation to
neurological disorders is growing (Cryan, Dinan 2012, Montiel-Castro, GonzalezCervantes et al. 2013). This can be illustrated by studies on the role of Bacteroides fragilis.
A subset of persons suffering from autism spectrum disorders (ASD) also suffers from
abnormalities, e.g. increased barrier permeability, in the GI tract (Coury, Ashwood et al.
2012) and the degree of these correlates with symptom severity (Adams, Johansen et al.
2011). In one study, B. fragilis was administered orally to maternal immune activation
(MIA) model mice, carrying similar GI abnormalities, in order to improve the function of
the GI barrier (Hsiao, McBride et al. 2013). One metabolite produced by the gut
microbiota, 4-ethylphenylsulphate (4EPS), was found in the blood serum at levels 46-fold
higher than in mice treated with B. fragilis. When 4EPS were administered directly in the
blood stream of control mice (naïve wild-type) an anxiety like behavior was seen
corresponding to the behavior of the untreated model mice. The study exemplifies the
importance and impact of metabolites produced by microbiota of the GI tract. The
pathways of bacterial tryptophan metabolism generate a number of metabolites with
known functions in human physiology. The understanding of these pathways could become
key in understanding how these endogenous bacterial strains affect us and how we might
control them. Bacteria in the gut microbiota with ability to metabolize tryptophan through
the kynurenine pathway were found in higher levels in HIV-infected persons and these
strongly correlated with kynurenine levels in the blood of these persons (Vujkovic-Cvijin,
Dunham et al. 2013). Analogous to the correlation between kynurenine levels and based on
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the fact that IH-b homologues are found in the gut microbiota, one may speculate that
similar correlation between serum isatin and isatin in the GI tract may exist. In the light of
isatins role as inhibitor of MAO-B engaged in the degradation of neurotransmitters, it
opens the question whether the IAA degradation pathway in the gut may influence serum
isatin levels and influence MAO-B activity. Our knowledge of the host-microbe
interactions in the GI tract is still limited. However, as already indicated by the study on
B.fragilis, administration of pro-biotas may be a viable strategy for correcting and
maintaining a healthy GI tract. In time, these may be metabolically engineered to comprise
desired activities.

18.2.2 Assaying isatin concentration in biological
samples
Isatin is found in a tissue specific distribution in mammals (Watkins, Clow et al. 1990) and
as mentioned above there are links between isatin level and human disorders, e.g.
Parkinson’s disease. To properly analyze isatin levels in human blood and tissues samples
from the present biobanks, a more straight forward and parallel assay for quantification is
needed to accumulate enough data for statistical significance. The isatin detection and
quantification assay was designed with the aim of patenting the protocol for analysis of
isatin level in blood. The successful assay protocol is described in section 17.3 and paper
III. The protocol was judged to be novel and patentable by the tech-transfer office (TTO),
but found to be of limited commercial value until further investigation of isatin in
pathophysiology was carried out.
The quantification assay combines the specificity of IH-b with exploitation of the chemical
properties of isatin in order to produce a highly specific assay. The method relies on a
double phase extraction of isatin followed by hydrolysis, trapping the product isatinate in
the aqueous phase. To our knowledge this is the first application of an enzyme in
combination with a double phase extraction process. The procedure has been proven to be
highly stable and reproducible. The protocol has been developed primarily for blood, but is
likely applicable for tissue and other body fluids as well.
The assay protocol is based on single cuvette fluorometer measurements; however, there
are no principal hindrances for the assay to be developed into a plate format. This would
greatly increase the sample number analyzed. This would greatly enhance the statistics
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during analysis of the dataset for better determination of statistical significance. Earlier
quantification assays were developed on the basis of serial techniques such as MS and
HPLC (Hamaue, Yamazaki et al. 1998, Unger, Jacobsen et al. 2002).

18.2.3 The isatin quantification assay as a future
diagnostics tool
The development of the assay protocol into a diagnostics tool is a potential outcome of
investigating the role of isatin in pathophysiology. The protocol has an advantage in the
simplicity and price when compared to alternative methods of quantification. However,
certain issues will have to be addressed for it to be successful as diagnostics tool. The
blood sample volume will have to be reduced from the 10 mL used today. One way of
doing this will be to abandon the absolute quantification of isatin level requiring the
production of an internal standard. As an alternative, measurements of relative changes in
isatin level require less starting material. For this purpose the volume of blood needed is
estimated to 1 mL.

19. Summary
The crystal structure of IH-b has been determined in the apo and the product bound state
trapped by product analogue thioisatinate. The analysis of the IH-b fold leads to the first
structural description of this class of hydrolases. From the analysis of the structure and
comparison with alignment data, several conserved motifs can be found and categorized as
either important for the overall fold or substrate specificity. By searching for similar
enzymes carrying the central and highly conserved metal binding motif and important
structural motifs, a number of enzymes can be identified as likely having a similar fold.
However, the lack of sequence similarity in regions assigned to isatin specificity suggests
that hydrolases of this fold carry broader substrate specificities. Among the identified
structural homologues of IH-b is the kynurenine formamidase (KynB) found in the
bacterial tryptophan degradation pathway. Interestingly, similar hydrolytic folds could also
be found in multidomain enzymes of both prokaryotes and eukaryotes.
During structural analysis of the IH-b structures, a water channel facilitating a proton wire
was found to be present. A key water molecule, only present in the product bound state,
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bridges the product to the rest of the water channel, thus completing the wire. Transient
water wires have been predicted by MD simulations of e.g. the ClC channel. However, the
present IH-b investigation provides experimental evidence of a similarly transient
structure. Mutational studies showed kinetic activation when mutating Ser-255 to cysteine.
This mutation was based on sequence alignment against other putative isatin hydrolases,
where the residue at this position is functionally conserved as cysteine or serine. The water
channel was found to be conserved among structural homologues and not specific to IHs.
IH-b was characterized biophysically and biochemically in terms of temperature stability,
pH optimum, metal dependency and affinity. IH-b was successfully applied in a
quantification assay protocol for determining isatin concentration in biological samples
such as blood. The developed assay protocol provides a tool for further investigation of the
role of isatin in human physiology.
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20. Future perspectives
The structure determination and analysis of IH-b presented in this thesis is the first
description of this novel class of hydrolytic folds. In the analysis a proton wire and water
channel was identified in the structure and found to be conserved in related, but unannotated, folds. The biophysical and kinetic characterization provided the foundation for
the employing IH-b biotechnologically for the quantification of isatin in blood.

20.1 The fold of IH-b: A novel structural
class of hydrolases
The overall dimerized fold of IH-b is not limited to isatin hydrolase activity. KynB shares
structural determinants for similar fold, but recognizes a significantly different compound.
As exemplified in section 18.1.4, the search for enzymes including domains of similar fold
can be performed using HMMs. From this approach an ensemble of sequences carrying
determinants for an IH-like structure could be collected, these may comprise true His,
KynB and hydrolases of unknown substrate specificity. From the structural analysis of IHb, structural hot-spots for substrate recognition can be found, e.g. the FFAWN or WYWN
sequences of domain swap 2. From alignment of the ensemble sequences, a pattern of
conserved sequences may develop in the sequence of domain swap 2. Enzymes carrying
sequences of high similarity in this region could then be grouped. This process would
categorize His in one group, KynB in a second and so forth. Most likely a number of
groups containing enzymes of unknown substrate specificity would appear. A selection of
enzymes representing all group could then be targeted for characterization.

20.2 Chasing protons: Visualizing hydrogens
in the water wire
The evidence of a proton wire in IH provided in paper II leaves room for further structural
investigation of this wire. X-ray crystallography, although brilliant for protein structure
determination, is less suited for investigating the localization of hydrogens because they
hold only a single electron. For this purpose, neutron diffraction is in principle a much
better tool, but holds different challenges. Neutron diffraction experiments exploits
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scattering of incoming neutrons on the core of the atoms and this provides hydrogen with
more scattering power. The incoming radiation is weak and large crystals are crucial to the
success of the experiments. The main challenge is therefore to grow large, low mosaicity,
single crystals. From the successful experiment it would be able to trace the exact network
of hydrogens through the channel. A comparative study on the S225C could provide
insights into the exact function of the Ser/Cys side-chain.
Techniques complementary to crystallographic visualization of the wire could be applied
to investigate the dynamics of the molecule. HX-MS could be a viable approach to assess
proton exchange rate of Ser-225 and the S225C mutation. The rate would be a measure of
how well the residue side chain mediates proton transfer. NMR could be used to assess
dynamics of the protein in the region. Although no large conformational changes are
expected, minute changes may influence the water structure in the channel. In silico MD
simulations could be a tool for expanding the crystallographic data in the time domain and
simulate water movement with the aim of developing hypotheses for uncoupling the
movement of water from proton transfer.
In order to enhance our understanding of the catalytic event, the substrate bound state
should be crystallized and the structure determined. It has turned out to be challenging to
trap the substrate bound state and likely it requires the identification of a non-hydrolysable
substrate analogue.

20.3 Isatin in pathophysiology: Application
of the isatin quantification assay
The novel protocol developed provides a tool for further investigation of isatin in the
human body. A study analogous to that of kynurenine (Vujkovic-Cvijin, Dunham et al.
2013) could be performed by measuring correlation of isatin levels in the GI tract to that of
the blood or even brain tissue. The initial studies suggesting a correlation between serum
isatin levels and the severity of Parkinson’s disease are intriguing. Isatin is not believed to
be involved in the etiology of the disorder. As described in section 18.1.1, there has
recently been a focus on the changes in the microbiome of the gut flora found in the GI
tract in relation with neurological disorders. Could the increased isatin levels found in the
blood of patients suffering from Parkinson’s disease be due to changes in the composition
of the microbiome found in the GI tract? To address this question the production of a
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significantly larger dataset than presented by Hamaue et al. (Hamaue, Yamazaki et al.
2000) is needed. The novel quantification assay provides the necessary tool for this.

20.4 Development of novel IH-b substrate
specificities
One reason for structure determination of IH-b was to provide structural knowledge for the
evaluation of the enzyme for rational or semi-rational protein design. The structure reveals
a dimeric enzyme featuring exchanged regions of which one is directly interacting and
forming part of the substrate binding pocket. Additionally, a water filled channel cavity is
formed close to the dimeric interface. These factors add up to yield a substrate binding
pocket and active site of relatively high complexity. From a rational design approach based
on selected amino acid mutagenesis, this complexity can be difficult to take into account
when choosing mutations. A semi-rational approach targeting selected amino acids or
regions for directed evolution using a library of clones is likely to provide better results.
However, this requires an efficient screening and selection step to identify clones of
interest. Certainly, one requirement for both approaches is the identification of a target
substrate to be recognized by the enzyme. In the case of IH, isatin based drug compounds
(e.g. the N-alkylated isatins) could be candidates.
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Appendix figure 1 – Affinity of Nt-NCBE for Ni-NTA
resin

Appendix figure 1 – SDS-PAGE analysis of Nt-NCBE elution fractions from Ni-NTA resin after
TEV treatment. The experiment shows that although the 6xHis-tag is removed, a concentration
of between 50 mM and 500 mM imidazole is required for elution.
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Appendix figure 2 – Purity of IH-b and Nt-NCBE for
crystallization trials and biophysical studies

Supplementary figure 2 – Purity of protein supplied for the high throughput crystallization
screening at HWI, Buffalo. The purity exemplifies the degree of purity achieved for each
protein.
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Appendix figure 3 – SEC standard curves
Standard curves obtained from analysis of five known proteins in a buffer containing 100 mM
NaCl, 25 mM HEPES pH 7.0 and 1 mM DTT. The columns used were Superdex 200 with
dimensions 10/300 and 16/600. The chromatograms were collected using an Äkta Purifier
FPLC system.

Appendix figure 3 – Standard curves for determination of apparent molecular weight.
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