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Introduction and Aims of this Work

1 Introduction and Aims of this Work

1.1 Drug Design

At the beginning of the last century serendipityswadten the base for the discovery of new
drugs. The most famous example for such a findsngrésumably the detection of the antibiotic
penicillin by Alexander Flemming in 1928. Thanks s attentive mind he noticed that
Penicillum notatumleads to bacteria-free areas in a plate @taphylococcusulture. Such
empiric observations helped to identify active adjents. The mode of action and the target in
the organism was often elucidated long after tleealiery of a drug. Today the rational drug
design takes the opposite approach. It starts thighidentification of possibly disease-related
targets in the human or animal body, a molecularcgire which can interact specifically with
drugs. The pharmacological modulation of the targetlidated for its intended therapeutic use.
X-ray crystallography is used to solve the thrematisional structure of the target. Possible drug
molecules are designed with the help of computaticmpproaches. The most promising
compounds are synthesized and tested in biologiwdlbiophysical assays. This step is further
supported by protein crystallography to obtain clexgtructures of the ligand and its target with
the aim to generate ideas for the next design cyelethermore, at early stages the ADME
(absorption, distribution, metabolism and excretiparameters and possible side effects like
affinity for the hERG channel are taken into acdouXfter the in vitro testing identifies a
promising drug candidate this molecule is testeanimal models. In the end, phase I-1ll trials in
humans have to prove the safety and efficacy whaVves the way to the approval as a drug.
Altogether, the development of one new API (acpbarmaceutical ingredient) costs up to 1.6
billion US Dollars. Thus, there is a strong need tfte most promising lead substances to be
chosen very carefully in the early stages of theettgment process. A profound understanding

of the process of molecular recognition betweegetaprotein and ligand is therefore esseritfal.
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Introduction and Aims of this Work

1.2 The Significance of "Thermodynamic and Kinetic Parameters
for Drug Design

The affinity of aligand to a protein is often expressed the half-maximal inhibitory
concentration (Ig) or the dssociation constant ip). However the sol consideration othese
values has a limitedalidity since screeninhits often possesaffinities inthe same order of
magnitude, which makes more detailed analysis of theophysica paramete desirable.
Therefore, the thermodynac profile and the kinetic constants of a Ind binding to its targe

proteinare included in the dision making process.
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Figure 1-1 Theoretical kackground of an ITC experimenta) Schematic view of arTC instrument. The protei
soluion is filled in the measurir cell anc the ligand in the pipette. The referce :ell is filled with watel b)

Example thermogramm arfitted regression curve. The enthalpy® corresponds 1 the difference of the tw
plateaus, the association const, to the slope of the curve and the stoichiomto the -axis value of the
inflection point of the curve.

Isothermal ricrocalorimetry allows the dissection of the Gibbs Frénergy G°) into the
enthalpy (H° and the enopy (T S°). The instrument consists of measuring cell and
reference cell which are co:d by an adiabatic shield. the experimente set-up which was used

in this work the protein ws introduced in the measuring cell anc ligand in he pipette
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Introduction and Aims of this Work

(Figure 1-1a). Several injections of a certain woduof the ligand are performed with a time lag
in between. A feedback power holds both cells ensdime temperature. An exothermic reaction
decreases temporarily the feedback power, as shrowigure 1-1b. During data evaluation each
of the peaks of the thermogram is integrated. Tdsulting value is divided by the injected
amount of ligand (in mole) and plotted againstiin@ar ratio of ligand to protein. The enthalpy
H® is represented by the difference of the upper amwder plateau of the resulting fitted
regression curve, the association constanbyKits slope and the stoichiometry by the x-axis
value of its inflection point (Figure 1-1b).G°, H° and -T S° can be calculated using

equation 1-1:
G’=-RTInKz= H-T & (1-1)
with R= 8.314 J K mol™* and absolute temperature T.

The characterization of the full thermodynamic peoftan provide valuable information. A
favorable H° indicates a net increase in the number and strefghon-covalent bonds during
the formation of the protein-ligand complex. Thts,choose the most promising compounds
between several ligands with simila@’ the enthalpic term can be used as an indicatorhwbfic
the compounds forms the strongest H-bonds. Invatig design cycles the entropic portion can
be improved by simply increasing the size of tlyatid. Water molecules will be displaced and
released to the bulk which increases the degredseeflom of this system. However, these
principles have to be used reluctantly since tiss io degrees of freedom of rotatable bonds of
the ligand might influence the entropic portion awvdrably. A similar unfavorable influence on
G’ can be assumed if polar groups of the protein vesiére shielded by hydrophobic parts of a
ligand which is accompanied by a loss in the epihgiortion? ® Additionally, the capturing of
water molecules is followed by a changed thermodyoarofile. The formed H-bonds between
water molecule and ligand usually lead to a gainemthalpy while the entropy develops

unfavorably since the water molecules are fixed @ertain positiort.®

The association and dissociation constants candasumed by surface plasmon resonance (SPR).

The structure of the biosensor of this instrumerdhiown in Figure 1-2.
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Figure 1-2 Theory of surface plamon resonanceThe figure was adapted from wi.sprpages..’ a) Under the
SPR angle a dip in the reflected im of light is detected due to the generatiorudfse plamons in the gold layer.
b) Green circles represent protenolecules The refractive index changesalto chanes in the buffer next to ti
gold layer, e. g. due tthe attaciment of protein molecules. Conuently, the SPFangle changes (green ).
c¢) Ligand molecules are depicteis blue circles. The binding of ligand moleculeshe protein leads tanother
change in the SPR angle. d) Incsing concentrations of a ligand are meas The black curves are fitted by tt
evaluation software to the experintal date
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A thin layer of gold is in tight contact to a glgassm on the one side and to a flow cell which is
flushed by buffer on the other side. A beam oftlighdirected on the glass prism under the angle
of total internal reflection. In the gold layer tlight interacts with free oscillating electrons
(plasmons). Due to this phenomenon a dip in thensity of the reflected beam of light is
detected under the SPR angle (right side of Figu®. The SPR angle is dependent on the
refractive index in the buffer close to the surfaxdethe gold layer. Different procedures are
available to attach protein molecules to the galet. In the amine coupling procedure a mixture
of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimideE) and N-hydroxysuccinimide (NHS) are
used to activate the carboxymethyl dextran surfelcieh generates reactive succinimide esters.
Afterwards a solution of the protein is injecteceothe surface of the protein. The amine groups
of the lysine residues of the protein moleculextr@adth the succinimide esters which attaches
them covalently to the sensor chip. This changesSRR angle (green dip in Figure 1-2b).
Remaining succinimide esters are deactivated viftArmlamine. For the measurement of kinetic
constants increasing concentrations of the inhibitwe injected over the sensor chip surface for
a certain time. Afterwards buffer flows over th@ser chip so that the ligand can dissociate from
the protein. The binding of the ligand is visiblg the change of the SPR angle (blue dip in
Figure 1-1c). This change is plotted (ResponsedJom the y-axis) against the time (on the x-
axis), resulting in a SPR sensorgram. With an etaln software a suitable binding model can
be fitted onto the measured sensorgrams (Figur@) vBich gives the kinetic constants, land

kofr. The Ko value is obtained by the ratio ofikkon. % **

The half-life of a receptor-ligand complex is defihas 0.693/4¢. This half-life is directly related
to the residence time of the ligand complexed ® giotein. Since inhibitors which exhibit a
similar Kp value can show different values fogirkand k, the kinetic constant can be used to
classify the screening hits. Dependent on the dednpharmacological use a short or a long
residence time is desired. For example, for drudschvlower the blood pressure a slow
dissociation (long residence time) is advantage@urs.the contrary, drugs which could have

toxic side effects should have a short residemseff

25



Introduction and Aims of this Work

1.3 Human Aldose Reductase: a Target for Drug DesigrotTreat Diabetic
Complications and a Model System for Structural, Tlermodynamic and
Kinetic studies

1.3.1 Introductory remarks about diabetes mellitus
The World Health Organization defines diabetes itngllas a hyperglycemic condition with

consequent microvascular complicatidhsSymptoms for hyperglycemia are e. g. polyphagia,
polydipsia, polyuria, fatigue and weight Ig8Diagnostic criteria for diabetes mellitus from the
American Diabetes Association (ADA) are A1C ( HbAglycated hemoglobin) 6.5%, fasting
plasma glucose (FPG) 126 mg/dl, 2-h plasma glucose (2-h PG00 mg/dl or classical
syndroms of hyperglycemia or hyperglycemic crisigether with a random plasma glucose level
200 mg/di*® Four different types of diabetes mellitus can Htedkntiated. Type | relies on a
complete malfunction of the-cells of the pancreas. In type Il a progressivailin secretory
deficiency develops due to an insulin resistancthefcells. Type Ill is the gestational diabetes
which can break out in the second or third trimestea pregnancy. In type IV several forms of
diabetes due to other underlying causes are summedari he former paradigm which classified
the onset of type | diabetes in young age and tleead type Il in older age seems not to be

justified anymore since recent studies indicaté Iiash types are present in both age graap$.

1.3.2 Prevalence of diabetes
It is estimated that in 2013 382 million people ldande suffered from diabetes. This means that

8.3% of all adults suffered from this disease. Btab is no longer the disease of only the
industrial countries since 80% of the cases aredon the low- to middle-income countries,
making this disease a big threat for the healtlhefworld population. Estimations predict an
increase up to 592 million people living with diaged diabetes in 2035.Additionally, it
implies a big significance for the health care sy which have to attend to such a huge amount

of patients with a chronic disease.
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1.3.3 Treatment of diabetes
Type | diabetes has to be treated with insulin. Uiee of multiple dose injections which consists

of basal and prandial insulins is recommended whsbbuld mimic physiological insulin
secretion. The time of injection should be well hoated with the carbohydrate intake, the
blood level of glucose and the intended physicéiviag. *® For the treatment of type Il diabetes
metformin is the preferred pharmacological ingratidf the single therapy with metformin is
not effective enough a second and also a thirdtanbs could be added to the therapy. Therefore
numerous further oral antidiabetic agents are abkdl Sulfonylureas, thiazolidinediones, DPP-4
inhibitors, SGLT2 inhibitors and GLP-1 receptor amts. In some cases the additional
application of insulin is indicated for type Il diates as weff® *°

1.3.4 Diabetic complications

Patients who suffer from diabetes have a highafstteveloping complications which are related
to the underlying sickness. Cardiovascular disedéikesangina, myocardial infarction, stroke,
peripheral artery diseases and congestive hesutdanight occur. Diabetes is one of the major
causes of chronic kidney diseases and of blindi@seall blood vessels are damaged and thus the
supply of the organs is disturbed. Peripheral neatfues develop in the extremities, especially

the feet®?

As a consequence pain, tingling and loss of fgetlavelop. Especially the latter
constitutes a major problem in diabetic patientgirles are not noticed which can lead to serious
infections and ulcerations. This can result in deselopment of the diabetic foot disease and
lower limb amputations. Peripheral nerve damagesld@s in 25% of patients 10 years after
diabetes is diagnosed and in 50% of patients afieyears. This diabetic peripheral neuropathy
influences walking speed, stability, balance arattien time, negativel§? ?* Since 30- 50% of
type Il diabetes remains undiagnosed the diabetigpiications must be considered as even more
meaningful because these patients have no possilitipreventive actions: 2°A recent review
classified diabetes as the epidemic of the cerdandyhighlighted the need for extensive research

especially to prevent the development of chronimlications?® 2’
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1.3.5 Pathobiology of diabetic complications

1.35.1.1 Role of the human aldose reductase in the developmenf diabetic
complications

Only certain kinds of cell:are pathologically modified inpatients vith diabetes: Capillar
endohelial cells in the retini mesangial cells in the renal glomerulus,-ons and Schwann ce
in the peripheral nervesThese cells, in contrast to other cellsanna contro the intake of

glucose which leads to highternal glucose leve?!

Already in 1966 Gabbay eal. could show the significance of therbitol pathway for the
development of diabetic niropathy”® It was found thathe levels c glucose, sorbitol and
fructose are elevated in fipheral nervs and spinal cord in mildlydiabetic animes. Cell
membrane are relatively imermeable for sorbitol and fructose. The ars concluded thihese

substances are produced fr glucose using the sorbitol pathv (Figurel-3).

S

NADPH NADP+ NAD+ NADH

\J

GSSG GSH

Figure 1-3 The sorbitol pathway. The human aldose reductase catalyzes the firs of the reaction. NADPH i
needed as a cofactdxdapted fronBrownlee®
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In the first step, human aldose reductase (ALR2,1EKC1.21) reduces glucose to sorbitol using
the cofactor NADPH. In the second step of the pathworbitol dehydrogenase oxidizes sorbitol
to fructose using NAD as a cofactor. ALR2 reduces toxic aldehydes tativa alcohols.
However, in a diabetic patient the concentratiorglofcose in the cell becomes too high and
ALR2 uses it as a substrate. Previously it wasmasduthat the elevated sorbitol levels would
lead to a high osmotic pressure. But sorbitol does reach such high concentrations. The
depletion of NADPH is now regarded as the imporfaathological consequence of the sorbitol
pathway. NADPH is additionally the cofactor for tregeneration of reduced glutathione. The
latter is an important intracellular antioxidantug, the activity of the ALR2 leads to a higher
vulnerability for intracellular oxidative stre§5Engerman et al. measured the effect of the aldose
reductase inhibitor sorbinil on diabetic dogs owertreatment period of five ye&rs.The
administration of sorbinil prevented the declinetbé nerve conduction velocity which was
observed in not treated diabetic dogs. This shdvas ALR2 plays an important role in the

development of diabetic complicatioffs.

Today we know that development of diabetic compilices is a complex process. At least three
additional mechanisms accompany the polyol pathwagreased formation of advanced
glycation end products (AGESs), hyperglycemia-indueetivation of protein kinase C (PKC)
isoforms and increased hexosamine pathway fusthis might explain why the sole
administration of an ALR2 inhibitor only shows meae effects in clinical studi€$. **
Consequently, the combination of an ALR2 inhibiath an inhibitor of one of the other three

pathways is a promising therapeutic option.

1.3.6 Human aldose reductase as a target for drug design
The ALR2 consists of 315 residues and containg@esipeptide chain. It has & -barrel motif

which is built up by a central core of eight paehll-sheets (yellow in Figure 1-4) which are
connected by eight-helices (red in Figure 1-4) running anti-paraliel the -sheets® The
resulting TIM-barrel is an unique structural mdofr an oxidoreductase since most reductases
have a Rossman fold. The substrate binding sitediethe C-terminal end of the TIM-barrel
which is bordered by several of the loops whichnemn the -helices to the -sheets. NADPis

stabilized across the barrel. Its nicotinamideosated at the bottom of the binding site. The
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binding and release of thcofactor is regulated by the safety belop (shown in blue i

34,35
6.

Figure 1-4 which is formed 1y the residues 2-22

Figure 1-4 Schematic Represerntion of ALR2 complexed with an inhibitor and NADP* (PDB: 1US0). -
strands are shown in red, sheetsn yellow and loops irgreen. The safety belt loop (iidues 21-Ser226) is shown
in blue and the terminal loop (reues 29-315) which implies the residues which areportant for the flexibility o
the specificity pocketin orange. Zarbon atoms ofhe inhibitor are shown in pinknc of NADP* in cyan. The
oxygen atoms of the inhibitor andADP* are shown in red, the nitrogen atoms in blttgs figure and the followin
representations of protein structu in this work were generated using PyM*®

This loop can translocate b.7 A (in relatiol to the position of the-cabon of Trp 219) to allov
for the entry of NADPH orhe exit of NADF.** The Cterminal loop ¢ the ALR2 (orange |
Figure 1-4 borders the bodm side of the binding pock The bindiny site of ALR2 can b
separated into rigid and fle:le aeas (Figure 1-5)’ The part which is vey conserved amo the
structures of various ALR23and complexes consists mainly of Tyr44is110, Trp111 and tF
nicotinamide moiety of NAP'. It is referred to as thanion binding pocket because it ci
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stabilize the negativeharge>f an inhibitor or a substrate with the hel| the positivel-charged

cofactor and different Hboncs to the aforementioned residc®®

_ His110
Trp111 \E\> Q/TyMB
// | N\ o ;
N H
/

Hy
| N

Phe122

\©\ i TN
OH |
Tyr309 i

N

| Leu3ot

Figure 1-5Schematic view on thebinding pocket of ALRZ. The anion binding pockes highlighted in red and tf
specificity pocket in bluePhel22ind Leu300 (showm red) serve as gatekeepers an open the entrance to-
specificity pocket.

On the contrary the residuevhich are bordering the specificipocket echibit a high flexibility.
This is best visible foteuZ00 and the connected residues. The shain of Leu300 serve
together with Phel22 as gkeepers to open and close the entranche specificity pocke®’
For the design of ALR2 inbitors the addressing of this pocket appepromising. In aldehyd
reductase, which is closelyleted to ALR2, the opening of a respectpacket is hindered sinc
it would involve the ruptur of a salt bridge. Consequentligands wth moieties which ar

binding in the specificitpocket are selective for ALR*®

1.3.7 Human aldose redudase as a modelystem
The search for a potent iibitor madeALR2 a well characterized)roteir. The published

complex structure with thenhibitor IDD594 (0.66 A, PDB: 1US® is still ane of the PDB
entries with the highest resition. A protocol foroverexpression if. coli is available. Several
thermodynamic studies we performe® *' Details about the prototion changes could t
elucidated? Inhibitor moleciles bearin different chemical structures,specially different hea

groups which address the ecificity pocket, are described in literat**** Consequently, this
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protein is an excellent system to study the baakgoof the process of bimolecular recognition

between the protein and ligands.

1.4 Human Carbonic Anhydrase Il as a Model System foBiophysical Studies
Carbonic anhydrases (CA) are present, as far aknaw, in all organism&® Four families of
carbonic anhydrases (CA) exist-( -, - and -CAs). In mammals, 16 isoforms ofCAs or
carbonic anhydrase related proteins (CARP) haven tiscovered’ The human carbonic
anhydrase Il (hCAll, EC 4.2.1.1.) belongs to th€As and is a cytosolic enzyme. It functions as
a zinc hydrolase which is catalyzing the simplectiea of CQ and water to bicarbonate and a

proton#®

H0 + CO2 H* + HCOsz

This reaction is reversible and depends on therenwiental pH value. hCAll is with a turn-over
rate of 16 s'one of the fastest working proteiffs*° Due to this simple reaction the protein is
involved in several basic physiological processeg, pH and C® homeostasis, respiration,
transport of bicarbonate between different tissareb secretion of electrolytShCAIl consists

of one domain with 259 amino acids. The tertiaryctre is dominated by a ten-stranded
sheet which spans through the protein, dividingnio two halves. The beta sheets have an
antiparallel orientatation with the exception obtgheets which are parallel. They are surrounded
by several -helices (Figure 1-6)° The binding pocket is conically shaped. At thetimta Zrf*

ion is coordinated by three histidine residues 94jsHis96 and His119) and a water molecule
which is most likely present as a hydroxide 16iThis Zrf* ion catalyzes the reaction by ordering
a hydroxide ion in a suitable position to undergaualeophilic attack on the G@olecule. The
formed bicarbonate is subsequent displaced by arwatlecule. To start a new reaction cycle
this water molecule has to be deprotonated (Fiftifa)?’ The fast transport of Hs assumed to
be conducted by a proton shuttle formed by His644HHis3; His10; His15 and Hisf?.>" >2
The binding pocket is amphipihilic. Tyr7, Asn62,s8#, Asn67, GIn92, Glul06, Thr199 and
Thr200 are forming the hydrophilic area while Val2vall43, Leul98 and Trp209 are
hydrophobic residues (Figure 1-76)*®
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Figure 1-6 Structure of hCAIll (PIDB: 3KS3>): -helixes are shown in red;sheets i yellow and loops in gree
The residues His94, His96 ahlis119 are shown as a stick model with carbon atatored in grey, nitrogen aton
in blue and oxygen atoms in re¢n*" is shown as a grey sphefihis figure and theollowing representations
protein structures in this work we generated using PyM(*®

Initially inhibitors of hCAIl were used as cretic agents. Today, for thindication more potel
drugs like higheeiling diuretics and thiazides are availabfeMoreover, hCAIl inhibitors are
established drugs to treat ucome due to their ability to lower the imocular pressur®’ >+
Furthermore they are used prevent and treat high altitude dise®’ Sirce studiesndicate that
CA, particularly some of tk isoforms beyond hCA might be involvd in tumor growth th
treatment of cancer withCAll inhibitors might evolve as a future fielof therapy’* Similar as
ALR2 also hCAIl can bt used as a model system for strud and thermodynami
characterizations of proteligand interactions. Hicly resolved crystalstrictures are accessible
and ITC data aravailable br several ligand seri¢*® *® **SPR meas'ements for the bovir
60, 61

form of this protein were escribe
hCAIL.

which facilitated the establisnent ofa protocol for
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Figure 1-7 Reaction mechanisnand view on the amphiphilic binding pocket of hCill. a) Reaction cycle of the
reaction of C@with water which i catalyzed by hCAIl. This figure was adaptedifrBupuran and Scozzafa*’ b)
Binding pocket of hCAIl (PDB3KS3*). The surface of the proteis colored in grey.)xygen atoms are colored
red and nitrogen atoms in blue. e carbon atoms of hydrophobic residues are cc in blue and of hydrophili
residues in orange.

1.5 Aims of this Work

For the development of dru it would be preferable design compouncin a tailor fashion with
particular and well-tunethermodynamic and kinetic behavior. Howe, the knowledge abo
these properties and the iwrameters determining th is still limited. Molecular docking
programs still have probles to fredict the affinityand even more enalpy and entrof of a
bound ligand to its target ptein correctly®* ® A profound understanag about all underlyin
processes would be neces to improve the scoring functions of sucomputer programsTo
gain deeper insightthe bindng of congeneric ligand series to their re:tive target proteins c:
be investigated. The cheml structures of the inhibitor molecules uld differ only slightly
which allows the assignme¢ of detected changes in kinetics thermodynamics to a certa
structural variationBased o1 such data further insights into the proce’ molecular recognitio
between proteins and ligandan be obtained which might be employor similar drug desigl

projects.

34



Introduction and Aims of this Work

For this reason, several projects have been cavteth this work:

The structural and thermodynamic characterization d an ALR2 inhibitor with a new
scaffold: ALR2 is a promising target to prevent the develepmof diabetic complications.
Epalrestat is the only ALR2 inhibitor which is caintly marketed (Kinedak®, Eparel®) in Japan
and India® A new type of inhibitor based on a carboxymettedatmercaptotriazinoindole
(CMTI) scaffold showing high selectivity compareal aldehyde reductase and AKR1B10 was
investigated in this work by protein crystallogrgphTC measurements were used to determine

the stoichiometry of the binding reaction.

Determination of the thermodynamic profiles of twonew compounds with affinity to ALR2
and AKR1B10: ITC measurements of two inhibitors for ALR2 ancetated protein, AKR1B10,
which is presently discussed as a putative anteratacget, have been performed. The findings
were correlated with the binding modes which weretednined previously by X-ray

crystallography.

Carboxylic acids containing two or three aromatic gstems as ALR2 inhibitors: A further
design cycle to optimize an ALR2 inhibitor seriesgimating from a virtual screenifiywas
performed by the group of Prof. Martin Schlitzehi{pps University of Marburg). The crystal
structures and thermodynamic profiles of these nliga were characterized using protein
crystallography, 16 value determination and ITC measurements. Thauenfies of subtle

differences in the binding modes on affinity andrthodynamic profiles have been elucidated.

Investigating the specificity pocket of ALR2: A congeneric series of ligands based on the
chemical structure of the previously published ltior IDD393 was used to induce different
conformations of the specificity pocket of ALR2. & mfluence of different substituents on the
aromatic ring system which addresses the spegifipbcket was investigated. The
thermodynamic parameters were determined and setlationship to the conformation of the

specificity pocket.

SPR measurements to elucidate the mechanism of bind of sulfonamides to hCAII: The

kinetic constants and the complex crystal strustuk a series of five benzenesulfonamides
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binding to hCAIl were determined with the aim toopose a possible mechanism of the
association process of this ligand series with HCPRte results were compared with the findings
from molecular dynamics (MD) simulations and witreyiously published data from stopped-

flow fluorescence (SFF) experimefits®’
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2 ldentification of Novel AldoseReductase Inhibitors Based ol
Carboxymethylated Mercaptotriazinoindole Scafld

2.1 Introductory Remarlks

The following chapter was (blished in theJournal of Medicinal Chemisy.* The study has been
done in cooperation with Man Stefek, Marta Soltesova lova and Majdalena Majekova frol
the Slovak Academy of Sences in Bratislava, Slovakia. Tlcomplex crystal structure of
compound13 with ALR2 anc the characterizationf its thermodynmic profile hav been
contributedby the author ofhis thesi along with a significantontributien to the drafting of th

manuscript.

o

<0

A Reprinted (adapted) with permion fromStefek, M., Soltesova Prnova, M., Majekc M., Rechlin, C., Heine, ¢
and Kleke, G. (2015) Identifiction of Novel Aldose Reductase Inhibs Bastd on Carboxymethylate
Mercaptotriazinoindole Scaffold, Med. Chen 58, 2649-2657 Copyright (2015) Ametan Chemical Societ
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2.2 Abstract

Fifteen compounds, sharing an indole-1-acetic agdety as a common fragment, were selected
from commercial databases for testing aldose redactinhibition. 3-Mercapto-5H-1,2,4-
triazino[5,6-blindole-5-acetic acidl8) was the most promising inhibitor, with an siCin
submicromolar range and high selectivity, relatisealdehyde reductase. Crystal structure of
aldose reductase complexed witB revealed an interaction pattern explaining its hadfimity.
Physicochemical parameters underline the excellezad-likeness* of13 as a promising

candidate for further structure optimizations.

2.3 Introduction

In diabetic patients, under conditions of hypergiyta, glucose becomes a substrate of aldose
reductase (ALR2), the first enzyme of the polyahpay. Increased flux of glucose through the
polyol pathway results in overproduction of thearig osmolyte sorbitol. Depletion of NADPH
cell stores by aldose reductase may eventuallyeasa the susceptibility of cells to damage by
reactive oxygen species. In addition, the polydhpay contributes to the glycation process
supplying fructose, a reactive glycation agent.oligh these mechanisms glucose exerts its

toxicity with diabetic complications as a consequesi *°

Aldose reductase, due to its physiological role,taielizes lipid peroxidation products,
contributing in some settings to the inflammatoegponse. Inhibition of aldose reductase was
found to prevent significantly the inflammatory sa&ds induced by cytokines, growth factors,
endotoxins, high glucose, allergens and auto-imnuaaetions in cellular as well as animal

models’® "t

The binding pocket of aldose reductase consisi fid anion binding pocket and a flexible
specificity pocket (Figure 2-1a). The anion bindmacket is formed mostly by His110, Tyr48,
Trpl1l and the positively charged NADPDifferent classes of inhibitors are described in
literature which exhibit varying head groups sushcarboxylic acids, succinimides, hydantoins
and phenolic OH groups which bind with their negattharge to this pock&t.This specificity

pocket may only be opened by inhibitors th#erahe right interactions. Phel22 and Leu300
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serve as gatekeepers andh seal the pocket. The meéflexibility is shown by the Al299-
Leu300 backbone and is b visible in diferent conformations of the :.300 side chain which
determines whether the pcet is open or n.®" In Figure 2-1hthe protén is shown complexe
with citrate (PDB: 1X96% with the specificity pocket in closed confnation. Ir Figure 2-1c,
structure of ALR2 complexd with the highly potent aldose reduc inhibitor 2-[(4-Bromo-2-

fluorobenzyl)carbamothioylb-fluorophenoxy acetic acid2(,*° Figure 21d), is shown with the

specificity pocket in open cformation(PDB: 1USO0).

Figure 2-1(a) Schematic view orhe binding site of ALR2. The anion bind pocket s mainly formed by Tyr4¢
His110, Trp111 and NADP The specificity pocket is opened and closed becaugke conformational cinges in
the backbone of the Ala299-L200 stretch. (b) ALR2 complexkwith citrate (PDB coe: 1X96). The surface of the
protein is shown in gray. Phe122d Lel300 are colored in red. The carbon atoms oate are colored in green a
the oxygen atoms in red. Two cormations of citrate are visible. T specificity pocke is observed in closed ste
(c) ALR2 complexed with20 (PCB code. 1US0). The carbon atoms of the inhibitare shown in blue and tl
oxygen atoms in red. The proteiarface is colored in gray. Phel122 and300 are colced in red. The de chain of
Leu300 is in a conformation thapens the specifity pocket. The ligand binds premably with a deprotonat:
carboxylic acid function to the am binding pocket. (d) Chemical structure20.
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Aldose reductase inhibitorsARIS), such as acetic acid derivatives (estat, zenarestat), spi
hydantoins (srbinil), or the succinimide class of compounds (ranirt) have been primaril
investigated for their role iainst diabetic complicatior’*’* None of hem has demonstrat

sufficient efficacy in humarclinical trials without undesirable sideffects. The involvement «

Figure 2-2 (a) Compounds 18. (k) Compounds 9- 12. (¢c) Compounds 13 - 19.
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ALR? in inflammatory pathologies apparently reneviied interest in the field of ARIS.In the
search for better ARIs, the focus has been shtibedirds novel chemotypes. Emphasis was
given not only to the inhibitory activities but alo the physicochemical properties determining
biological availability in target tissué8.”” Recently presented examples of a new generation of
aldose reductase "differential” inhibitors were riduto preferentially inhibit the reduction of
either hydrophilic or hydrophobic substrafés’® Substituted indole-1-acetic acids represent a
group of ARIs of high activity and selectivi#{/®* with lidorestat as a promising candidate for
clinical studies. Yet lidorestat was withdrawn fraimese studies owing to its side effects.
Nonetheless, we still consider the indole-1-acatid moiety as a promising starting fragment
for the design of efficient, selective and pharntagically applicable ARIs.

In line with the above findings, we used a ligara$dd drug design strategy to search for novel
ARIs in databases of commercially available compisurrifteen compounds with an indole-1-
acetic acid moiety as a common fragment in theircstire were selected for experimental testing
of their inhibitory potency against aldose redueta&mong the compounds studied, 3-mercapto-
5H-1,2,4-triazino[5,6-b]indole-5-acetic acid (conupal 13) exhibited the highest biological
activities both at the level of isolated enzyme ahargan level, in a model of isolated rat eye
lenses. The stoichiometry of the binding reactices wdetermined by ITC. To identify crucial
interactions within the aldose reductase binding, she crystal structure of ALR2 in complex
with 13 was determined. Selectivity in relation to thesely related rat kidney aldehyde
reductase (ALR1) was evaluated. Structure—actingtgtionships along with a computer-based

physicochemical profiling of the compounds are gésed.

2.4 Results and Discussion

2.4.1 Compounds
ChemSpider database was screened for compoundbitediithe structural requirements to

embed an indole-1-acetic and indoline-1-acetic atidiety. An initial database of 5813
compounds was thus obtained. Coincidence of fouditiadal requirements, namely
experimental/ACD calculated logP = 0-3.5, free Mscaxymethyl group, up to 6 hydrogen bond
donors and 2-6 hydrogen bond acceptors reducedehé 1147 compounds. Then applying
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LASSO similarity value of 0.99 for ALR2 inhibitiom combination with commercial availability

requirement gave 335 compounds.

In our further search we focused on indole-1-aaatids bearing a neutral substituent (compound
3) or a basic substituent (compoun®i8) in position 3 (structural analogues of lidorestéh
addition, we were interested in the effect of endbegl the substituent into a fused ring
(compounds9-17). Vendor accessibility was taken into consideratio selection of the
compounds for experimental evaluation. Their stmest are shown in Figure 2-2. For
comparison, two indole-1-propionic acid congen&s5 were included into the experimental
sample set. In addition, two structural variantskiag the indole-1-acetic acid moiety were

selected (compounds, 19.

2.4.2 ALR2 inhibition
The compound4- 19 were evaluated for their potential to inhibit thevitro reduction of D,L-

glyceraldehyde by partially purified ALR2 extractéfdm rat eye lenses, using zopolrestat and
epalrestat as reference inhibitors (Table 2-1hak been shown that human ALR2 exhibits 85%
sequence homology to rat lens ALE2while the catalytic active sites of both enzymes a
considered identic&P. Unsubstituted indole-1-acetic acit) {nhibited ALR2 in low micromolar
range as suggested by the measuregh M@alues. Insertion of a substituent at position 3
(compounds3,4, 6-8) resulted in reduced inhibitory power towards ALR@mpared to the
unsubstituted indole-1-acetic acitl).(Variation of the basic substituents in compousAd$-8
had only mild effect on the inhibitory potentialorFthe propionic acid congene?sand5, a
profound decrease of inhibition was observed, Witkp ~50 M for 2 and 1Gy>100 M for 5.
The polycyclic derivatives9 and 10, with one or two additional fused aromatic rings,
respectively, revealed moderately increased inbripipower compared tb. Yet, the addition of

a third ring in11 resulted in a substantial drop of inhibitory patain Increased polarity of the
fused ring in12 resulted in a similar reduction of the inhibitoppwer. On the other hand,
profoundly increased inhibition was recorded foe thmercapto triazine derivativds8 and 17,

with ICsgvalues in submicromolar range.
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Table 2-1 Inhibitory Effect of Compounds 1-19 on raALR2 and ALR1.

ICso (P—M)A
compound MW ALR2 ALR1
1 175.19 7.30 £ 0.03 80.16 + 2.30
2 189.22 53.54 + 3.70 11.75 + 0.96
3 259.31 13.76 +0.73 68.44 + 3.48
4 260.34 30.14 + 0.67 38.05 +293
5 274.37 19.85 + 0.4 6.65°
6 246.31 42.16 + 2.06 22.31+193
7 258.32 46.48 + 11.88 19.20 + 027
8 274.32 34.52+1.29 32.49 + 1926
9 215.25 2.87 +0.86 4.82 +0.40
10 277.28 2.75+0.78 24.79 + 0.61
11 317.3 9.95 + 0.35 15.13+ 284
12 243.22 11.46 + 2.38 48.99 + 904
13 260.28 0.097 + 0.019 40.55 + 2.05
14 302.35 2.05 + 0.05 14.13 + 0.36
15 368.39 2.24+0.14 1.18 + 4B4
16 4355 4.06 + 0.10 23.48 + 281
17 373.43 0.32 +0.05 19.56 + 5.38
18 260.27 3.46 + 0.53 n.d.
19 202.24 4.41 +2.94 n.d.
Zopolrestat 419.38 0.005 + 0.001 0.049 + 0.016
Epalrestat 319.4 0.25 n.d.
Sodium - Valproate 166.11 n.d. 56.1+2.7

AResults are mean values + SD from at least thresunements.
806l at 10 pM concentration.
€%l at 100 uM concentration.

Values of I1Gp in low micromolar range were recorded for the renm@ mercapto triazine
derivatives {4-16. The strongest inhibition of ALR2 was found ftB with 1C5p ~ 0.1 M. In
addition, we obtained a closely related values{l€ 0.057 + 0.002 M) for the inhibition of
human recombinant AKR1B1 W83, measured under identical reaction conditionspgdied for
rat ALR2 assay, with the protein concentration @80 M. The structure-activity relationship in
the series ofl2, 13, 18and 19 points to the necessity of a concurrent presenckotti, the
carboxymethyl group in position 5 and the termsafur to achieve best affinity. Shifting of the
carboxymethyl group from indole nitrogen to sulimrl8 or its absence ih9 resulted in a loss of

activity.
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2.4.3 Selectivity
An important feature of pharmacologically applie#RIs is their high selectivity over other

members of the aldo-keto reductase family. The nbdbition of structurally related
physiologically relevant oxido-reductases may &eandesired side effects. To test for
selectivity, the closely related aldehyde reduct@seR1) is routinely studied® The ALR1
inhibitory potencies, expressed asd@alues for the inhibition of the reduction of thebstrate
D-glucuronate by partially purified ALR1 from ratidkey, are shown in Table 2-1. For
comparison, the reference valproic acid is includdttested compounds were found to be less
active on ALR1 compared to ALR2. In the series lué most efficient ARIs, the selectivity
indices were found to be the highest for the maccégazines. It should be noted that the most
selective compound3, with a selectivity factor above 40 also the most potent ARI in this

series.

For compound. 3, AKR1B10 inhibition was assayed yielding an,d€alue of 21.4 £ 2.0M and
the corresponding selectivity factor with respecAtR2 was above 200.

2.4.4 Enzyme kinetics
In the next step, the enzyme kinetics for the neffstient ARI 13 was analyzed. Uncompetitive

inhibition was observed in relation to D,L-glycetahyde as a substrate (Figure 2-3) with a
corresponding inhibition constant(k3) = 0.089 + 0.018 mol/L.

2.4.5 Conformation analysis
For the most efficient ALR2 inhibitot3, tautomeric forms were first estimated by the Marvin

calculatof® in the range of pH = 6.2 — 8.0. As a result, tHeeromers were selected (Figure 2-4)
and investigated by means of quantum-chemical talons. The most preferred tautomer in
solution was found to bé3-1 followed by the formsl3-2 and 13-3 with relative energy
stabilities of 16.4 kJ/mol and 72.9 kJ/mol, respety (see Section 2.6.4).
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Figure 2-3 Inhibitory effect of compound 13 on rat lens aldose reductas Typical double reciprocal plots of tt
initial enzyme velocity versus theoncentration of substratD,L-glyceraldehyde)n the presence or absencel3;
() noinhibitor; () 0.05 M; ( ) 0.1 M of 13 (uncompetitive type of inhibition).

Figure 2-4 Tautomeric forms of compound 13

2.4.6 Crystal structure and isothermal titration calorimetry (ITC) measurement
The crystal structure of ALP in complex with13was determined at pB.0 with a resolution of

1.26 A. Two molecules of t inhibitor are visible in the determined crence electron densit

one as expected in the bing pocket and a second in the vicinity oe entrance of the pock
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(Figure 2-5a). The latter is in contact with thading site inhibitor molecule (first molecule) and

refines to an occupancy of 70% whereas the actieenwlecule shows 100% occupancy. The
oxygen atom of the carboxylate group of the sedahiitor molecule and N2 of the first one

form an H-bond (2.8 A, Figure 2-5¢). The protomnisst likely contributed by the nitrogen of the
triazine ring of the first molecule df3, as we assume that the carboxylate is deprotonaieer

the applied conditions.

In our structure (Figure 2-5b), the first inhibitorolecule which occupies the anion binding
pocket forms similar interactions as describedrébated inhibitors exhibiting a carboxylate head
group, for example the inhibito20 (IDD594), with which the so far best resolved cayst
structure of an ALR2-inhibitor complex could be etetined’® One carboxylate oxygen atom of
the inhibitor forms an H-bond to NE2 of His110 (&Y and to the Tyr480H group (2.7 A),
while the second oxygen is in contact with NE1 gpT1 (3.0 A). The most likely negatively
charged carboxylate group @B makes an electrostatic interaction with the oxadiand then
positively charged NADP(3.1 A). A water molecule is connected to ND1 a§HO (3.0 A).
One further water molecule is interacting with N‘ttee triazine ring of the inhibitor (3.0 A). The
remaining contacts to the protein are of hydrophamature, e.g. to Trp219 (3.5 A), Trp20
(3.5 A), Trp111 (4.0 A), Trp79 (5.0 A), Vala7 (38, Phel22 (4.2 A). Presumably the inhibitor

binds favorably to this aromatic environment dués@wn aromatic character.

We analyzed the crystal structure to rationalizzdbod selectivity 013 for ALR2 compared to
ALR1. The conformation adopted in the binding pdcisesurprising. Previously it has been
proposed that addressing the protein with the fpggipocket in open state is a prerequisite for
a high selectivity indeX’ however we found in the present complex this pboebe closed
(Figure 2-5a). The distance of the sulfur atoni®to the backbone nitrogen of Leu300 (3.2 A)
indicates a putative H-bond to this residue (FigRfBb) even though the geometry of this
interaction is not ideal for an H-bond. This regsithe sulfur atom to be in the tautomeric state
to act as an H-bond acceptor. To obtain accurdigesdor the bond lengths and angles with
corresponding standard deviations in order to suppar assumption about the tautomeric state
actually adopted for binding to ALR2, we performadrefinement with SHELXL without

imposing any geometry restraints . However, no conclusive results could be obtained.
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Figure 2-5(a) Two molecules 013 are located in the binding site of ALR2. For NFP*, the first and the second
molecule of13, the nitrogen ators are shwn in blue, oxygen atoms in red and thdfur atoms in yellow. Fc
NADP", carbon atoms are shown blue, for the first molecule (13 in cyanand for tte second molecule 13 in
green. All atoms of the prdteare shown in gray except L300 which is colored i red. Lei300 is found in a
conformation that closes the spicity pocket. (b) Binding mode of the first molde of 13. Nitrogen atoms are
shown indark blue, oxygen atomin rec and the sulfur atoms in yellow. Waters ahewn as red spheres-bonds
are indicatd as red dashed lineAtom color codes are maintained throughout tHlowing representation. Tt
oxygen atoms of the carboxylateoup of tte inhibitor form H-bonds to Tyr48, His1Ehd Trfl11. The sulfur atom
of 13forms an H-bond to thbacklone nitogen atom of LeB00. The N2 of the triazining makes an -bond to the
second molecule df3 while the NL is in contact with a water. (¢) Binding mode loé second molecule (13. The
main interactions of the second lecule of13 are an H-bond betweeme of the carbxylate oxygen atoms to tl
N2 of the first molecule of3, while the other oxygen atom forms-bondsto the backone nitrogen of S302 and
to a water molecule. (d) Superpon of 13 with lidorestat. The carbon atoms of lidotat are shon in purple. The
carbon atoms belonging to the pin residues of the ALF lidorestat complex are stvn in blue. Lidorestat opel
in contrast tdl3the specificity pocet

This is most likely due to te insufficient resolution of the dataset tccurately dtermine the
bond length with reasonabkstimated standard deviations. T, based n the bond lengths, v

cannot unambigously assigvhich tautomer 013 binds to the protein.lonetheles, we assume
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that tautomel3-2 is present as it would allow to establish the ol=# H-bond to the second
molecule of13. In tautomerl3-1, N2 cannot serve as an H-bond donor to interattt thie most
likely deprotonated carboxylate group of the secamalecule of13 (pH 8.0). The quantum-
chemical calculations however suggested the tautd3 to be the most likely one in water.
The energies o13-1 and 13-2 in vacuum were very similar, slightly shifted iavbr of 13-2
(Table 2-6 in Section 2.6.4). We even assume théilegum between different tautomers might
be changed upon ligand binding to the protein asithibitor molecule in the anion binding
pocket is largely desolvated. The second inhibitotecule binds (Figure 2-5c¢) via the described
H-bond to the first one and the other carboxylatggen atom is in H-bond distance to the
backbone nitrogen of Ser302 (2.8 A). Furthermdne, aromatic core skeleton makes a face to
face -stacking to Trp219 (3.4 A).

We perfomed ITC measurements to determine thetstonetry of the binding reaction, which
reveals a value in agreement with a 1:1 bindingilarly observed for other inhibitors.
Accordingly, the second inhibitor molecule is omgakly bound and possibly results from the
applied concentrated crystal soaking conditiong Well accommodated in the protein structure
and likely suggests an additional binding positioett could intermediately be adopted during the
penetration of the inhibitor into the catalytic tem Also the occupancy of 70% indicates that the
second molecule is only weakly bound. In agreemaiht the first molecule 013, we decided to
build it as tautomed3-2 Our ITC experiments were performed from threefdyu€onditions

(Table 2-2) suggesting a proton entrappment upotejpr binding (Figure 2-6).

Table 2-2 H,sfor 13 in the corresponding buffer system.

buffer G° H%:"  H%ps

[kJd/mol] [kd/mol] [kJ/mol]
HEPES 35.9 +/- 0.3 21.07 -51.2+4/-1.4

Tricine 34.9 +/- 0.431.97 -38.7 +/- 0.6
TRIS 35.9 +/- 0.248.07 -33.1 +/-0.8

A Values for H,,, were taken from literatuf®: %
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This method has been deged previousl** 8" #Therefore the enthay of binding had to b
corrected for buffer depeencies. The thermodynamic parameters G%= -35.6 kJ/mol,

H%= -62.8 kJ/mol and -TS’= +27.2 kJ/mal The binding process is sngly dominated by th
enthalpy and comprises :unfavorable entropic contribution. Solt considering the rigi
molecule an enthalpic siature appears surprising. However, tkntire bindilg process
including changes of the pein and theesidual solvation structure h&s be regarded. On ti

other hand, the strong exotmic signal suggests the forme-bonds to le quite attractiv

Figure 2-6 HCs (Y, in kd/mol) plotted against H®., of the applied buffer solution x, in k/mol). An uptake of
0.65 protons per mole of formed mplex during the binding process is indicatedh®ypositive slope

The contribution resulting fim the displacement of water molecules ificult to estimate in the
present case since there is holo-structure of ALR2 avéable. The upike of 0.6Eprotons per
mole of formed complexalls into the same range as already desd by Steuber et al. fi

carboxylate-type ALR2nhibitors*? In their study Ty48 was identified athe proton accept:

2.4.7 Comparison with the binding mode of lidoresta
The complex crystal structt of lidoreste®> 3'was aligned with the onef 13 (Figure 2-5d). The

carboxylate groups o013 ard lidorestat align perfectly well. Lidoret opens the specifici
pocket with its 4,5, %rifluoro-1,3-benzothiazole side chain and thus ices the conformation

changes in the loop next te:u300. The aromatic core structureld coincides with th plane as
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present in lidorestat. Lidorestat makes severatraations in the specificity pocket which

explains the higher 1§ value (5 nM) compared tb3.21%2

2.4.8 Physicochemical properties
Values of logP and log L calculated by the ACD/Labs softwitdor 13 were found to be 1.68

and -2.03, respectively. The distribution ratio I was also determined experimentally by a

standard shake-flask technique which gave a clasedyar value of log P4=-1.90 + 0.03.

Table 2-3 Molecular obesity indices calculated fomercapto-triazino-indoles 13-17.

Compound pICso logP* logD* LE® LLE© LELPP BEIE
number ACD/Labs ACD/Labs
13 7.01 1.68 -2.03 0.55 5.33 3.08 26.94
14 5.69 2.68 -1.05 0.38 3.01 7.07 18.81
15 5.66 3.63 -0.11 0.31 2.03 11.93 15.36
16 5.39 2.06 -1.68 0.24 3.34 8.44 12.38
17 6.49 2.2 -1.54 0.35 4.29 6.3 17.38

A Log P and log D were calculated with ACD/Labs seiité’,
BLE = -1.4l0g(IGo)/N, N:number of heavy atoms,

€LLE = pIC50 — logP,

P LELP = logP/LE,

EBEI = pIC50/MW (kDa)

Considering the high inhibition efficacy/selectivialong with the structural parameters fitting
.the rule of three®, (MW<300 Da, clogP<3), compoudd appears as a promising lead.
Therefore, molecular obesity indices, considerimgepcy, size and lipophilicity in the same
index?? were calculated foll3 and for related mercapto-triazino-indol#4-17 (Table 2-3).
Indeed the calculated values of the correspondiatampeters (LE = 0.55, LLE = 5.33,
LELP =3.08 and BEI = 26.94) point to an excellgl#ad-likeness" of13, rendering this
compound suitable for further optimization. Anotlaspect that enhances ,lead-likeness1®fs

its good water solubility (10 mM water solution 13 could easily be prepared under neutral pH

conditions).
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2.4.9 Eye lens sorbitol
The inhibitory effect of compoundl3 with respect to sorbitol accumulation in isolated eye

lenses was determined. As shown in Table 2-4, asa®@ sorbitol levels were recorded in the
isolated rat eye lenses incubated with glucoseomparison with control incubations without
glucose, reflecting increased flux of glucose tigltodhe cytosolic lens ALR2. Similarly other
authors® observed a more than 10-fold increase of sorbiéeéls in the isolated eye lenses
incubated with glucose under comparable conditi®¥smM glucose, 4 h incubation). Sorbitol
accumulation was significantly and in a concenbratiependent way inhibited by compouti]
starting at a concentration as low as M. This finding indicates the ready uptake of connpd
13 by the eye lens tissue followed by inhibition bd&tcytosolic ALR2. Obviously, the final
response observed at the organ level of isolateskkeis the result of an interplay of well-suited
physicochemical properties df3 (namely lipophilicity and ionization) with good iidition
efficacy.

Table 2-4 Effect of compound 13 on sorbitol accumation in isolated rat eye lenses cultivated with lgh
glucosé

Incubation Sorbitol (nmol/g) n
- Glucose 233.99+7.86 15
+ Glucose 772.90 + 19.70 17

+ Glucose+ 13(1.0 M) 668.66 + 54.15 4
+ Glucose+ 13(10 M) 536.01+25.96 7
+ Glucose+ 13(50 M) 478.71+30.9§ 4
+ Glucose+ 13(100 M) 395.06 +23.88 10

A Glucose, 50 mM; time of incubation, 3 hours; 37 Results are mean values + SEM from n independent
incubations.

Bp <0.001 vs. (+)Glucose (Student’s t-test)

©p <0.001 vs. (+)Glucose (Student’s t-test)

2.5 Conclusions
By applying a ligand-based search for novel ARIsdetabases of commercially available

compounds, fifteen compounds exhibiting an indel:étic acid moiety as common parent

scaffold in their structure were selected to expernitally assess their inhibitory potency against
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aldose reductase. 3-Mercapto-5H-1,2,4-triazinofgiBdole-5-acetic acid1@) with an 1Gy in
submicromolar range and a selectivity discriminatieelative to ALR1 about 400 and to
AKR1B10 above 200, was identified as promising ftdffor development of efficient, selective
and pharmacologically applicable ARIs. The crysalcture determination performed &8
revealed an interaction pattern explaining its hadfimity. The ALRZ2 inhibitory potential o3
was demonstrated at the organ level in isolatedeyat lenses incubated with high glucose.
Molecular obesity indices, in addition to the stural features matching ,the rule of three”,
along with good water solubility, point to an exeat ,lead-likeness” of compoundl3, as a

promising candidate for further structure optimiaas.

2.6 Description of Experimental Procedures

2.6.1 Expression and purification, ITC measurements, cry&llization and structure
determination

The expression and purification of ALR2 are destilin Section 9.2.1, the ITC measurements
in Section 9.2.5, the crystallization in Sectior2.9, the soaking in Section 9.2.3.7 and the
structure determination in Section 9.2.4.

2.6.2 Chemicals
To control the purity of the tested compounds wedulsC-MS technique, Agilent 1100 HPLC-

MSD SL lon Trap mass spectrometer with a multi-maeaoie source (ESI, APCI) (Agilent
Technologies, USA), mostly under following condit®o Column Zorbax SB-C18 1.8 um
4.6x15mm, Rapid Resolution cartridge (PN 821975)982obile phase - acetonitrile, —
water (0.1% formic acid); flow rate 3 mL/min; gradi: 0 min — 0% ; 0.01 min — 0% ; 0.5
min — 100% ; 1.00 min —=100% ; 1.01 min — 0% ; injection volume 1pl; ionization mode -
atmospheric pressure chemical ionization (APCI;nSange m/z 80-1000). For the sample
preparation ~0.7 mg of the compound was commordyaived in DMSO. A purity of 95% has
been established for all compounds studied (comg®uirl9. Sorbitol dehydrogenase,
diaphorase, -NAD", resazurin, M-199 medium (M 3769), D,L-glyceralged, sodium D-
glucuronate, sodium valproate, NADPH, D-glucosenercaptoethanol, epalrestat and HELIO
were obtained from Sigma-Aldrich (St. Louis, MO, A)S AKR1B10 was from Acris
Antibodies, Herford Germany. Zopolrestat (lot # @86.2-7F) was supplied as a gift sample by

52



Identification of Novel Aldose Reductase Inhibit®ased on

Carboxymethylated Mercaptotriazinoindole Scaffold

Pfizer (Groton, CT, USA). Diethylaminoethyl cellsl® DEAE DE 52 was from Whatman
International Ltd. (Maidstone, England). Other cleais were purchased from local commercial

sources and were of analytical grade quality.

2.6.3 Animals
Male Wistar rats 8- 9 weeks old, weighing 200- 2@3@vere used as organ donors. The animals

came from the Breeding Facility of the Institute Experimental Pharmacology Dobra Voda
(Slovak Republic). The study was approved by thkidst Committee of the Institute and
performed in accordance with the Principles of lrabary Animal Care (NIH publication 83-25,
revised 1985) and the Slovak law regulating aniexgeriments (Decree 289, Part 139, July 9th
2003).

2.6.4 Computational methods
Calculator Plugins were used for the prediction tio¢ distribution of the compound3

tautomer$? For the most probable tautomers for the rangetsf p.2 — 8.0, the low energy
conformations were obtained by equilibrium confornsystematic search (MMFF94) and
subsequent optimization in DFT B3LYP 6-31G* methal| performed in the program
SPARTAN’08 (Wavefunction, Inc., Irvine, CA, 2009)o search for the most probable tautomer
of 13, the effect of solvation was also taken into act@nd the values of total energieg’ of

the solvated tautomers were calculated, along thighrenergies E in vacuum.

Table 2-5 Energies of tautomers of compound 13 callated in vacuum (E) and in water (&)

E (kJ/mol)  E.q (kJ/mol)

13-1 -3127206.7 -3127489.4
13-2 -3127207.1 -3127473.0
13-3 -3127173.3 -3127416.5

2.6.5 Preparation of rat ALR2
ALR2 from rat lens was partially purified using aopedure adapted from Hayman and

Kinoshita® as follows: lenses were quickly removed from réaowing euthanasia and
homogenized in a glass homogenizer with a teflostipen 5 volumes of cold distilled water.

The homogenate was centrifuged at 10 000 g atQ@-#br 20 min. The supernatant was
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precipitated with saturated ammonium sulfate at 48086 and then at 75% salt saturation. The
supernatant was retained after the first two pretipns. The pellet from the last step,
possessing ALR2 activity, was dispersed in 75% amum sulfate and stored in smaller

aliguots in liquid nitrogen container.

2.6.6 Preparation of rat ALR1
ALR1 from rat kidney was partially purified accondito the reported procedure of Costantino et

al.*® as follows: kidneys were quickly removed from riatfowing euthanasia and homogenized
in a knife homogenizer followed by processing iglass homogenizer with a teflon pestle in 3
volumes of 10 mM sodium phosphate buffer, pH 7adtaining 0.25 M sucrose, 2.0 mM EDTA
dipotassium salt and 2.5 mMmercaptoethanol. The homogenate was centrifugé,800 g at
0-4°C for 30 min and the supernatant was subjectedhto@ium sulfate fractional precipitation
at 40%, 50% and 75% salt saturation. The pelletiobtl from the last step, possessing ALR1
activity, was redissolved in 10 mM sodium phosphatéer, pH 7.2, containing 2.0 mM EDTA
dipotassium salt and 2.0 mM-mercaptoethanol to achieve total protein concéntraof
approximately 20 mg/mL. DEAE DE 52 resin was adttethe solution (33 mg/mL) and after
gentle mixing for 15 min removed by centrifugatidiime supernatant containing ALR1 was then
stored in smaller aliquots in liquid nitrogen. Nppaeciable contamination by ALR2 in ALR1
preparations was detected since no activity in $asfiNADPH consumption was observed in the

presence of glucose substrate up to 150 mM.

2.6.7 ALR1 and ALR2 enzyme assays
ALR1 and ALR2 activities were assayed spectrophotometrically described befote by

determining NADPH consumption at 340 nm and werpressed as decrease of the optical
density (O.D.)/s/Img protein. To determine ALR2 watyi the reaction mixture contained 4.67
mM D,L-glyceraldehyde as a substrate, 0.11 mM NADPH, DMhosphate buffer, pH 6.2 and
0.05 mL of the enzyme preparation in a total voluwhd.5 mL. The reference blank contained
all the above reagents except the substratglyceraldehyde to correct for oxidation of NADPH
not associated with reduction of the substrate. @fieyme reaction was initiated by addition of
D,L-glyceraldehyde and was monitored for 4 min afteiratial period of 1 min at 30C. ALR1

activity was assayed analogically using 20 mM Deghonate as a substrate in the presence of
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0.12 mM NADPH in 0.1 M phosphate buffer pH 7.2 @t°€. Enzyme activities were adjusted
by diluting the enzyme preparations with distilledter so that 0.05 mL of the preparation gave
an average reaction rate for the control sampl2@?0+ 0.005 absorbance units/min. The effect
of compounds on the enzyme activity was determimethcluding in the reaction mixture each
inhibitor at required concentrations dissolved iratev or DMSO at 1% final mixture
concentration. The inhibitor at the same conceintmawas included in the reference blanksdC
values (the concentration of the inhibitor requitedproduce 50% inhibition of the enzyme
reaction) were determined both from the least-sgaaalysis of the linear portion of the semi-
logarithmic inhibition curves and non-linear regries analysis. Each curve was generated using
at least four concentrations of inhibitor causingrahibition in the range from at least 25 to 75%.

2.6.8 AKR1B1 and AKR1B10 enzyme assays
The aforementioned procedure for rat ALR2 assay wwaployed, with the final protein

concentrations of 0.28 uM. In AKR1B10 assay, 0.phbsphate buffer pH 7.0 was used instead
of 0.067 M phosphate buffer, pH 6.2.

2.6.9 Eye lens sorbitol assay
The animals in light ether anesthesia were killgégxsanguinations of the carotid artery and the

eye globes were excised. The lenses were quicldgedied and rinsed with saline. The
compoundl3 dissolved in water was added into the tubes coimigifreshly dissected eye lenses
(1 lens per tube) in M-199 medium at pH 7.4, bublde 37 °C with pneumoxid (5% GCB5%
0,), to the final concentrations as reported, 30 before adding glucose. The incubation was
initiated by adding glucose to the final concembraiof 50 mM and then continued at 37 °C with
occasional (in about 30-min intervals) bubbling thixture for approximately 30 s periods with
pneumoxid. The incubations were terminated aftgéhaperiod by cooling the mixtures in an ice
bath, followed by washing the lenses three timeh we-cold phosphate buffered saline (1 mL).
The short term cultivations were preferred to avsidbstantial permeability changes of the eye
lenses. The washed lenses were kept deep-frozaofioitol determination which was performed
as described befor&n brief, the frozen lenses were let to melt &t émbient temperature. Then
distilled water (0.2 mL/1 lens) was added. The ésnwere disrupted by a glass rod. The rod was

washed twice with distilled water (0.1 mL) and thespension was ultra-sounded for 5 min.
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Thereafter, ice cold HCIO(9%, 0.4 mL) was added and mixed thoroughly. Theture was
ultra-sounded for another 5 min and then kept enfac 30 min to let proteins precipitate. The
precipitated protein was spun off (15 min at 3 @®) at 4° C. The supernatant was neutralized
with concentrated ¥CO; (4 M). The neutralized supernatant was used foerdehation of
concentration of sorbitol by modified enzymatic lges>° In brief, sorbitol was oxidized to
fructose by sorbitol dehydrogenase (SDH) with conitant reduction of resazurin by diaphorase
to the highly fluorescent resorufin. The final centrations of the assay solutions were:
diaphorase (11.5 U/25 mL triethanolamine buffe\IN (25 mg/25 mL triethanolamine buffer),
resazurin (0.025 mL 2 mM resazurin solution in 25 of triethanolamine buffer), SDH (15.025
U/l mL triethanolamine buffer). Reaction mixturesre/ incubated for 60 min at room
temperature with an opaque cover. The sample fhoerece was determined at excitation 544
nm, emission 590 nm. After the appropriate blanlerewsubtracted from each sample, the
amount of sorbitol in nmol per gram of lens wet gieiin each sample was determined by
comparison with a linear regression of sorbitohd&ads.

2.6.10 Partitioning
The distribution ratios D in 1-octanol/buffer syste defined by total concentration of a solute in

organic phase divided by that in aqueous phaseg weeasured using the shake-flask
techniqué® at room temperature. The organic and aqueous phasee mutually saturated.
Compoundl3 was dissolved in aqueous buffer solution (0.1 Mgghate buffer pH 7.4) in final
concentration of 100M; the solutions were shaken with 1-octanol for.3Bloth aqueous and
organic phase volumes were 3 mL. The phases weearated by centrifugation for 1 h. The
organic layer was removed with a Pasteur pipette. doncentration of the solute was determined
in both phases by UV spectrophotometry.
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3 Structural Determinants of the Selectivity of
3-Benzyluracil-1-Acetic Acids towards Human Enzymed#ldose
Reductase and AKR1B10

3.1 Introductory Remarks

The following chapter is an excerpt of a manuscwpich was prepared for submission to a
scientific journal. This project was a collaboratiwith Dr. Francesc Xavier Ruiz, Alexandra
Cousido-Siah, Dr. André Mitschler and Prof. Dr. &ito Podjarny (CNRS, lllkirch, France),

Dres. Marta Dominguez and Angel R. de Lera (Unidade de Vigo), Dres. Maria Jests Martin
and Jesus Angel de la Fuente (Biomar Microbial fietdgies S. A., Leon), Dres. Sergio Porté,
Isidro Crespo, Jaume Farrés and Xavier Parés (dhiige Autonoma de Barcelona). The author
of this thesis contributed the ITC measurementagalwith the discussion of the corresponding

results to this work.

3.2 Abstract

Human enzymes aldose reductase (ALR2) and AKR1B4A¥e heen thoroughly related to
diabetes, inflammation disorders and cancer. Hexrdave identified two new lead compounds,
JF0048 23) and JF004924), that selectively target these enzymes. Altho28hand24 share the
3-benzyluracil-1-acetic acid scaffold, they havéfedent substituents in their aryl moieties.
Inhibition, thermodynamic and structural charaation of both enzymes reveals that the
chloronitrobenzene moiety &3 can open the ALR2 specificity pocket but not the RRK810
cognate. In contrast, the larger atomsdho and/ormeta positions of24 prevent the ALR2
specificity pocket from opening due to steric hemtlre and provide a tighter fit to the AKR1B10
inhibitor binding pocket.

3.3 Introduction

Human aldose reductase (ALR2 or AKR1B1) and AKR1Bi® enzymes of biomedical interest
because of their involvement in diabetes (ALR2) amatancer (ALR2 and AKR1B10). They
belong to the aldo-ketoreductase superfamily (AKd&d are NADPH-dependent enzymes
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folding into ahighly conseved (/ )s barrel. They have different dbstrate specificity an

inhibitor selectivity due to derences irthe residues of thethree externl and variable loop***

Figure 3-1 Chemical structuresof the investigated inhibitors

AKR1B10 shares/1% amiro acid sequence identity withLR2, but ts tissue expression
restricted mainly to colon nd small intestin It is overexpresed in ung and liver cance
making it a potential canceliagnostic and/or prognostic marl*°**°> AKR1B10 catalyzes the
reduction of chemo#trapetic drugs, lipid peroxidation of free ehydes and etrans
retinaldehyde, but it does rcatalyze te reduction of glucos®® **’ AKR1B10 may impact th
carcinogenesis process tugh its involvement in several pathys, e.g. retinoic aci

signalling®® 1%jinid aldenyde detoxification and lipid synthel®* 112

Previously, Biomar Microbiil Technologies screened a library abott 2000 marin natural

products and found polybreminatec« diphenyl ether compoun@1, Figure 3-1) from a marine
sponge Disydeaherbacegahat showe an 1Gyvalue of 6.4 uM againstI&R2. This hit led to the
synthesis of different series synthetic polyhalogenated compounds (1 as22), some of which
targeted both ALR2nd AKRF1B10%0% 113115
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In the search of novel ligands selective for AKROB#ve focused our attention on compound
JF0048 23), which was previously shown to be selective farr lens ALR2versusrat kidney
aldehyde reductadé® We surmised that the modification of the 3-benmgil-1-acetic acid
scaffold through the incorporation of additionabstituents at the (poly)halogenated aryl moiety,
reminiscent of the sponge natural products, migkit he selectivity of the designed compound
to target AKR1B10 instead. In the present works thssumption was indeed confirmed, since
compound JF004928) (Figure 3-1) was found to be selective for AKRDBIn addition,
structural insights were gained from several X-satyictures of the corresponding complexes.
The selectivity of23 for ALR2 was justified by its ability to open theexificity pocket of the
enzyme. On the other hand, the selectivitg4for AKR1B10 is probably due to the inability of
its bulkier aryl moiety to occupy the specificitpgket of ALR2 and its better fitting into the
larger active site of AKR1B10, including a subpdclefined by loop A. This study paves the
way for future efforts in structure-guided drug adigery, directed to both ALR2 and the
relatively unexplored AKR1B10.

3.4 Results and Discussion

3.4.1 Inhibition assays of ALR2/AKR1B10 complexes with 2&nd 24
Kotani and coworker$® had previously assaye®3 against rat lens ALR2 and rat kidney

aldehyde reductase, which were purified from theesponding tissues. They found tB&twas
one of the best hits for rat ALR2, with more thaP0@-fold selectivityversusrat aldehyde
reductase. We confirmed tha8 exhibits strong inhibition against human ALR2 {G 170
nM),"*"* 18 and is 127-fold and>4000-fold more potent than for AKR1B10 and ALRI,
respectively. On the other han24 inhibits AKR1B10 with an Ig, value of 450 nM, being
8-fold and >200-fold more potent than for ALR2 ahdR1, respectively (Table 3-1). We have
also performed ITC measurements to study the bgnadfi23 and24 to both enzymes. As shown
in Table 3-3, the Gibbs free binding energys() and the dissociation constants)Kbtained
by ITC are in agreement with the inhibition asstysthe binding 0f23 and24 to ALR2. Only
for the binding of24 to AKR1B10, the K value is slightly higher in comparison to the

corresponding I6 value.
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Table 3-1 IGyvalues and selectivity ratios.

AZIAE R ALR1 AKR1B10/ ALR2/

Inhibitor IC 5o IC5g
100 uM ALR2 AKR1B10
M) (uw)  (Lo0uMY
23 0.17+0.02216+1.7 5.6% 127 0.008
24 3.6+04 0.45+0.04 27.3% 0.1 8

A Percentage of inhibition of a 100 pM solution o tiespective inhibitor.

3.4.2 Crystal Structures of 23 and 24 complexed with ALRZnd
24 complexed with AKR1B10

With the aim to understand the rationale behinditinbitory properties o23 and 24 towards
ALR2 and AKR1B10, we sought to determine the X-s&yctures of the ternary complexes. We
were able to obtain all of them, except that of AlkdR1B10-23 complex. The structures fold into

the expected ( )s-TIM barrel, with the cofactor position being conssd.

The X-ray structure of ALR2-NADP23 complex was obtained at the atomic resolution.0fA],
with the B F . omit map showing clearly the inhibitor electron diéy (Figure 3-2a). The
carboxylic acid of23 is assumed to be deprotonated, as observed befo0f* *°and the
oxygen atoms act as hydrogen bond (H-bond) accepaofyr480OH (2.7A), His110NE2 (2.7 A)
and Trp111NEX3.0 A) and display electrostatic contact with tfearged nicotinamide N of
NADP' (4.1 A).

The uracil-1-acetic acid moiety is performing hygiobic contacts with Trp20, Trp111, Trp219
and Cys298. Its aryl moiety is sandwiched betwéeniridole moiety of Trp111, through a face-
to-face oriented— stacking interaction (with a distance of approxieha3.4 A between the two

planes) and the side chains of Phel22, Leu300 &sd803 lining the specificity pocket. One of

the oxygen atoms of the nitro group forms an H-baittl the Leu300 main chain nitrogen atom
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(2.9 A) while the Cl atom undergoes a halogen buiitth Thri130H (2.9 A, Figure 3-2a).
Furthermore, two “non-classical H-bonds” are forntetween the oxygen atoms of the nitro
group and the Tyr309 ¢and C; (3.5 A for both, Figure 3-2a), as observed foreothitro-
containing ARIS Apparently, the sum of the halogen bond and theraitions provided by the
nitro substituent at theetaposition are not triggering a stronger bindingisTis not surprising,

taking into account that molecular interactionsaxehin a highly non-additive fashidf?.

The X-ray structure of ALR24 complex was obtained at 2.45 A resolution. It lagé noted
that crystals were obtained by co-crystallizatioithws mM 24 in a rarely applied reservoir
condition for ALR2 crystallization, replacing thalbitual buffer ammonium citrate (pH 5.0) with
TRIS-HCI (pH 8.0). This is the second ALR2 struetwbtained by co-crystallization at this pH
value, after the ternary complex of ALR2 with timhibitor IDD552 (Protein Data Bank (PDB)
code 1T41)?! In addition, the crystal grew in a very unusuaa®group, 1222, only observed
before in one ALR2 X-ray crystal structureh@lo-enzyme complex (PDB: 1ABNY? The K F .
omit map shows unequivocally the inhibitor electdensity in two different conformations (A
and B), where the neighbouring residue Phel22 addpb different conformations in
concordance with the inhibitor positioning (Figl8-€b and Figure 3-2c). Both conformations of
24 are stabilized by crystallographic contacts wite tomplex in the neighbouring asymmetric
unit. Conformation A o4 (60% occupancy) is stabilized by the neighbouriogfermation A
molecule, with a Br —Br contact between the twaBms inpara, while conformation B oR4is
stabilized through halogen bonds with the mainrcledithe residues of loop A of the complex in
the neighbouring asymmetric unit (Figure 3-2d). rElfiere, the observed interaction 24 with
the ALR2holo-enzyme confirms that the conformation adopte@®®yn the cognate complex is

not possible for the former compound.

In this regard, we have superimposztlin the position of23 in its ALR2 complex, with the
methoxy group oriented towards Ala299 or Phel2guié 3-3). In each case, one of the Br
atoms at thanetaposition ortho to the methoxy group) would clash against the, Gidup of
Trp79 (2.4 A distance). For tlmetho substituents, in case the methoxy would bentaBhe122
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Figure 3-2 Detailed figure captionn next pag:
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Figure 3-2 X-ray structures of ALR2-23 and ALR2-24complexes.a) Atomic representation of the inhibitor
binding site for the ALR23 complex, with the electron density of the inhibitthown as &,-F. omit map
contoured at 6 level in a grey mesh and the protein residuesctifactor and23 in stick representation (white,
orange and cyan, respectively); b) Atomic represt@n of the inhibitor binding site for the ALR24 complex
conformation ensemble, with the inhibitor electaensity shown as B,-F. omit map contoured at 3level in a
grey mesh (with both conformations showing the bitbr bound (top) and separated (down)) and thdepro
residues in white sticks (except for Phel22, whatlows the coloring oR4), the cofactor in orange sticks a2dlin
cyan for conformation A and green for conformatiginc) Atomic representation of the inhibitor bindisite for the
ALR2-24 complex with each conformation shown in a sepadadeving (for color coding see legend to panel b);
d) Atomic representation of the inhibitor bindirigesfor the ALR224 complex conformation ensemble including the
intermolecular crystallographic contacts with tlyenmetry-related molecules, in pink lines or stiésthe protein

and in blue sticks for the symmetry-relat®g following the same color code as for the remananels. H-bond
distances are shown as green-dotted lines.

(Figure 3-3a), a clash would occur with the latesidue (2.1 and 2.2 A distance with Phe122 C
and G, respectively). If the methoxy group was in théestorientation (Figure 3-3b), there
would be clashes with the nitrogen and carbon atitise backbone of Ala299 (2.5 A distance).
In the case of AKR1B10, albeit new structures of RIB10-inhibitor have been solved in the
last two yeard? *?*we only succeeded to obtain the ternary complek 24 of the methylated
AKR1B10 K125R/V301L mutant (from now on, named akME2MU). The same procedure
was applied for the determination of the complexditire of inhibitor22 with AKR1B10°% 1%
The AKME2MU holo-enzyme complexed witB4 was obtained at 1.70 A resolution, with the
Fo F c omit map showing the inhibitor and the anomaloiffernce map confirming the position
of the four Br atoms of compouri# (Figure 3-4a). The carboxylic acid oxygen atomgpldig
H-bonds with Tyr490H (2.9 A), His111NE2 (2.8 A) afith112NEof the conformer A (3.0 A)
(Figure 3-4a). The electron-deficient uracil rirsgalso involved in further interactions: (i) with
Trp21 aromatic moiety through a parallel-displacstdcking (3.5 A distance) and (i) the
carbonyl oxygen atoms are H-bonded to Phel23a@d to Trp220 CH the two being “non-
classical H-bond§’ '?° (Figure 3-4a, atomic distances not shown, beirg) &. for both
interactions). The methylene bridge and the tetraimomethoxy aryl moiety are surrounded by a
hydrophobic subpocket formed by Trp80, Trpll2, RePhel23, Alal3l, Leu301 (Val301 in
the wild-type enzyme) and the aliphatic part of 22§ (Lys125 in the wild-type form) and
GIn303 (Figure 3-4b). The most significant inteiaas are the edge-to-face stacking that the aryl
moiety performs with the side chain of Phel23 (3.8i&tance, data not shown) and the

interactions of two of the Br atoms 24 with the aromatic ring systems of Trp80 and Phel16
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Figure 3-3 Steric hindrance of 24 within the ALR2-23 active-site conformation.Atomic representation of the
inhibitor binding site of the ALR23 complex with a4 superimposed with the metty group pointing to loop A
or b) 24 superimposed with the nthoxy group pointing to loop C. The protein resgisl the cofactor23 and24 are
shown as stick representatiofughite, orange, cyan and greenspectively). The shorifistances, demonstrating 1
steric hindrance d24in this ALR2 active site conformation, are displayed as red-ddlitess and red labe

respectively (3.5 A in botlcases, data not sho). Interestingly, Trp:12 is observe in two
different conformations Higure 3-4c): conformation A (flipped)with 61% occupancy and
positioned as in the compliwith the PDB code 1ZUA and conforman B (native), with 39%
occupancy and positioned; in the AKR1B1Cholo-enzyme structurePDB: 4GQG). Trpl12
conformation B is stabilizeby aspecific Hbond network centred orsin114 conformation B
(58% occupancy) and incling Ser304 Figure 3-4). The latter confrmation had iso been
observed for several specitAKR1B10 inhibitors'?® *?*In fact, the occpancy of24 was found
to be 64%, which might sigest that two conformations of the protwere coexisting in th
crystal: the conformation A'hich might be that of the AKME2MU conlexed with the inhibito
(with Trpl112 flipped), whit the conformation B will correspd to 'hat of the unligande

AKME2MU holo-enzyme (with Trp112 in a native position In addition there is an interstitial
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Figure 3-4 X-ray structure of the AKME2MU -24 complex.a) Atomic representatiocf the inhibitor binding site
of the AKME2MU-24 camplex, wih the inhibitor electron density, shown aF,-F. omt map contured at 2 level
in a cyan mesland as an anomais difference map, measured on the bromine and contoured at 2 level in a
purple meshand the protein resues, the cofactor an24 in white, orange and go yellow sticks, respectivel
(mutated residues are labeled inlics); b) Atomicrepresentation of the inhibitdxinding site for the AKME2ML-
24 complex, including the surfacepreentation colored according to the local electatic potential (blue, positi
charge; white, neutral; red, nega: charge), calculated with PyMOL, the inhib-binding site residues and NAL"
in white and orange lines, respively and 24 in yellow stcks; ¢) Detail of the inibitor binding site for th
AKME2MU-24 complex, followiny the same color de as in panel and including tke interstitial water molecule
W116 as a red sphere, conforma B of Trp112 and GIn114 in green sticks andF,-F. omit map, contoured at 2
level in a cyan mesh of the afmentioned water molecule, Trp112, GIn114 ant304. t-bond distances are
shown as green-dotted lines.
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water molecule (W116) interacting with two of the &oms 0f24 (3.3 and 3.2 A, respectively)
and with NE1 (2.9 A) of the conformation A of TrL@Figure 3-4c). This water molecule is also
present in the conformation B, as it displays 100€6upancy and does not experience any
clashes with the residues of the protein or withliand.

3.4.3 ITC experiments

ITC experiments were perfomed to gain insights thi thermodynamic profiles of the binding
events of the inhibitors to ALR2 and AKR1B10. Thading of the carboxylate-type inhibitors
to ALR2 is accompanied by an uptake of 0.7-0.9 quet per mole formed complex by
Tyr484% 12" To correct for buffer dependencies, we performed measurements in three
different buffer systems (HEPES, Tricine and TR&8Y plotted the measured enthalpy 4k°
against the heat of ionization (kj of the corresponding buffer system. This procedwas
previously described in literatuf®.The binding of23 to ALR2 could be measured in all three
buffer systems (Table 3-2). The corrected thermadyn profile shows a strong favourable
enthalpic contribution (-59.7 kJ/mol) while the mpic term is unfavourable (+19.3 kJ/mol,
Table 3-3). An entrapment of 0.6 protons per meleletected (Figure 3-5) which is in good
agreement with previous results for similar ARIs @ready mentioned, the formed contacts of
the nitro group in the specificity pocket are lidkeo a strong exothermic enthalpic sighal.
Presumably, these interactions are responsiblthéstrong enthalpic binding contribution28

to ALR2.

The binding of24 to ALR2 could only be measured in HEPES sinceetithalpic signal was too
low to be evaluated in the other two buffer syst€Rigure 10-3 in the Appendix). However, a
buffer dependency for the binding24to ALR2 could be detected. In HEPES, the binding4f

to ALR2 is much less driven by the enthalpy thae binding of23 (-10.7 kJ/mol compared
to -46.7 kJ/mol). The measurements of the bindingtloer carboxylate-type inhibitors to ALR2
which were performed in our laboratory (unpublismesults) showed that the enthalpic portion
which is corrected for the protonation effect ispaximately -11.5 to -14.0 kJ/mol more
exothermic than in HEPES buffer. Both types of tigs, those which address and open the

specificity pocket and those which do not addrésshow this amount of overlaid buffer
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dependence in HEPES. It can only be assumed thdditlding of24 is accompanied by a similar
proton uptake by the protein. Even if a similatuehce on the enthalpic signal due to the proton
uptake is assumed as 28 the enthalpic term a24 would be much smaller as that28. Thus,

the different binding modes @B (addresses the specificity pocket) @4dleaves the specificity

pocket unoccupied) with ALR2 have a significantuehce on the thermodynamic profile.

Table 3-2 Hgpsfor 23 and 24 in the corresponding buffer system.

23 with ALR2 24 with AKR1B10

BUffel’ HionA Hobs Hobs

[kJ/mol] [kJ/mol] [kJ/mol]
HEPES 21.07 -46.7 -38.7
Tricine 31.97 -38.6 -38.2
TRIS  48.07 -29.3 -35.5

AValues for Hi,,were taken from literatur®: %

As 24 binds to ALR2 in two alternative orientations timerpretation of its thermodynamic
profile is even more complicated. The following @sfs can be seen: in conformation A2df a
water molecule is fixed due to H-bonds to the oxygéom of the benzyluracil-scaffold @#
(3.2 A), to the nitrogen atom of the Leu300 backb@.6 A) and to the nitrogen of the Ala299
backbone (2.9 A). In conformation B, an H-bond bmdw the methoxy substituent 24 and
Trp20 (3.1 A) can be found. The Br atoms 2% form contacts to polar groups of ALR2
(Figure 3-2c¢). In conformation A, such an interawtis visible to the oxygen of Ser302 and, in
conformation B, to the nitrogen of GIn49. Howeval, these interactions do not sum up to a

similar contribution to the enthalpy as the (4-cbi8-nitro-phenyl)-moiety 023 can account for.

For AKR1B10, only the binding d4 could be measured sin28 has a too low affinity towards
AKR1B10 to be characterized by a direct ITC expenmm Surprisingly, the measurement2df
with AKR1B10 in the three different buffers revadlthat the enthalpic signal of this binding
event is much less buffer dependent than it wasctled for the binding o024 to ALR2. A
negligible pickup of only 0.1 protons per mole f@mncomplex is detected (Figure 3-5). As

described above, Trp112 changes from conformatitm A during the binding 024 compared
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Figure 3-5Plot of heat ionization( H°;,,) against the measured enthalpy (H°,,¢ in the corresponding buffer
system.While the binding of23 to ALR2 shows, as already reported for other A inhibitors which exhibit
carboxylic acid function, aentrapnent of 0. protons per mole of formed compléed line), the binding 24 to
AKR1B10 (blue line) sbws an upake of only 0.Jprotons per mole of formed complex.

Table 3-3Thermodynamic data o the binding event of23 and 24 with ALR2 and of24 with AKR1B10.

Complex KD GO HOobsA HobindB sl SOobsA -T SobindB
(nM) (kJ/mol) (kdJ/mol)  (kJ/mol) (kJ/mol)  (kJ/mol)
ALR2-23 91.1 +39.¢ -404+1.3 -46.7+05 -59.7 6.1+£0.6 19.3
ALR2-24 8894.2+ 14511 -28.8+0.4 -10.7+1.9 n.d. -18.1+1.5 n.d.
AKR1B10-23F° n.d. n.d. n.d. n.d. n.d. n.d.
AKR1B10-24 2313.3+516." -322+05 -387+£0.7 -416 6.0+£0.6 9.3

n.d.: not determined.

A Given is the thermodynamiath ‘or the measurement in HEP ( H,,sand T So).
BIf possible the values were corrted for the protonation effec H%;qand -T

SObind)-

®The binding of23to AKR1B10 could not be measured due to the low affinit23 towards AKR1B1C
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to theholo-enzyme. This is accompanied by the rupture ofrite¥nal H-bond network including
GIn114 and Ser304 (Figure 3-4¢5.A more profound study of the electrostatic projesrof the
binding pocket of AKR1B10, especially with regaral the structural changes upon ligand
binding, is required to quantify the pKalues of the local residues and their putativengea
upon ligand binding to better understand this d#ifé behaviour of AKR1B10 compared to
ALR2. However, this example underlines the impoctanof the investigation of buffer
dependencies in ITC experiments. The thermodynanaifile of the binding o24 to AKR1B10,
which is corrected for the protonation effect, seawstrong dominance by the enthalpic binding
portion (-41.6 kJ/mol) while it is accompanied by @anfavourable entropic term (+9.3 kJ/mol).
The enthalpic gain of the newly formed interactidvetween24 and the protein residues is
obviously overcompensating the enthalpic penaltg ttu the rupture of the internal H-bond
network. As discussed above, we estimate the thaynamic profile of the binding 024 to
ALR2 to be much less dominated by the enthalpysashé case for the binding @4 to
AKR1B10 even if the binding profile 024 to ALR2 would be corrected for the protonation
effect. Accordingly, the above described bindingdmevhich24 adopts with AKR1B10 leads to
a more favourable enthalpic contribution. Summagzboth cases, first the comparison of the
binding of 23 and 24 to ALR2 and second the comparison of the bindih@4éto ALR2 and
AKR1B10, indicate that the opening and occupyinghefrespective specificity pocket lead to an

increase in the enthalpic portion.

3.5Conclusions

A large number of ARIs have been developed fortita@tment of diabetic complications. Indeed,
huge amounts of preclinical and clinical data hiagen collected through academic and industrial
programs, including a deep structural charactedmaabvf the ALR2 binding pocket, which is
highly flexible and susceptible to induced fit atddgns. In the last ten years, AKR1B10 has
been characterized as a protein related to celifgnation and shown to be overexpressed in a
plethora of different cancers, such as liver, drgzencreas and lung cancer. ALR2 has also been
shown to be involved in processes other than d@abmimplications. In fact, it has been
established as an important mediator in oxidatitress and inflammation-related processes,
including cancer (e.g. colon canc&j.Both ALR2 and AKR1B10 siRNA knockdown or drug
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inhibition decreased tumor growth of several cdéfle| xenografts (from different tissues)
transplanted into immunodeficient mit&:**3 Therefore, ALR2 and AKR1B10 inhibitors may
represent a novel class of antitumor agents andlitieal data assembled in diabetes clinics may

help the transition of these inhibitors to candezrootherapy.

The AKR1B10 structure has been kept fairly unchiarézed until a couple of years ago and only
several new AKR1B10 structures have been depositdte PDB. Starting from the structure of
the uracilacetic aci@3, we have developed compoud which differs from the former one in
the aryl moiety substitution pattern, inspired limstcase by the halogenated biaryls and diaryl
ethers present in natural products. The inhibiiesays, ITC experiments, X-ray crystallographic
determinations anth silico structural analysis ofiolo-enzyme2324 complexes have allowed
dissecting ALR2 and AKR1B10 selectivity and potency

Several conclusions can be extracted from this w8thkrting from the structure of the ARI
compound23 and keeping its uracil-acetic acid unmodified, asheen possible to design and
synthesize compoun@4, with an increased volume of the aryl moiety ot tN3-benzyl
substituent, shifting the selectivity to AKR1B1Ghéraryl group oR3is able to open the ALR2
buried specificity pocket located between Trplldl 8ru300, but the bulky substituents at the
ortho and metapositions o0f24 prevent its binding into the specificity pocket MER2. On the
other hand, the large aryl moiety 8# binds into a more remote hydrophobic subpocket in
AKR1B10, located between loops A and C. The nitraug of 23 prevents a proper binding to
AKR1B10, as shown by its high igvalue (~20 puM).

The ITC data show that the binding 8% to AKR1B10 is accompanied by an uptake of
0.1 protons per mole of formed complex, while Ot6tpns per mole are incorporated during the
binding of23 and most likely oR4, to ALR2, unveiling the difference in electrostairoperties
between the two enzyme active sites. The bindingpath 23 to ALR2 and24 to AKR1B10
display a large enthalpic signature while the bagdof 24 to ALR2 is more driven by the
entropic portion.
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3.6 Description of Experimental Procedures

3.6.1 Site-directed mutagenesis, enzyme expression andrification
The cDNAs of ALR2 and ALR1 were subcloned into thET15b plasmid, while that of

AKR1B10 was subcloned into the pET16b plasmid (pEX3/LIC was used for the
K125R/V301Lmutant). ALR2, wild-type and mutant AKB10 and ALR1 were recombinantly
expressed in th&. coli BL21(DE3) strain (Novagen) and were purified usthg procedures
described previously for ALR?* AKR1B10'*® and ALR1'* Purity was confirmed by SDS-
PAGE and protein concentration was determined usndNanoDrop ND-1000 (Thermo

Scientific).

3.6.2 Inhibition screening
The 1G activity assays were carried out according togihentification of NADPH consumption

which takes place when the enzyme catalyses theecsion ofb,L-glyceraldehyde into glycerol.
The assays were performed at 298 K in 100 mM sogibosphate buffer, pH 7.0, with protein
amount to reach Max and 0.2 mM NADPH. The final reaction volume wasO50. All
compounds assayed were dissolved in dimethyl sdéoXDMSO), with the corresponding
solution added to 2% (v/v) DMSO final concentratidimey were incubated for 5 min at 25°C
prior to addition of the substrate. The reactiors watiated by addition of 1, 60 and 5 miL-
glyceraldehyde (for ALR2, AKR1B10 and ALR1, respeely) and the decrease in optical
density at 340 nm was monitored for 3 min at 25i@&iUV-Vis spectrophotometer (UV-1700
PharmaSpec, Shimadzu). Thesd@alue was determined as the compound concentrétian
inhibits enzymatic activity by 50% and was calcethusing the Grafit program (version 5.0;

Erithacus Software). Values were given as the mestandard error of three experiments.

3.6.3 Crystallization and structure determination
Regarding the ALR23 complex, crystals were obtained by co-crystaliomatunder the

published conditior®* **® hanging drop method at 298 K, reservoir with 50 raMmonium
citrate, pH 5.0, 20% polyethylene glycol (PEG) 60QGth 5 mM of 23. Neither co-
crystallization nor soaking was successful for #eR2-24 complex using the previous

condition. Later on, co-crystals were obtained gghre following condition: 10 mM TRIS-HCI,
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pH 8.0, 20% PEG 6000, with 5mM 2a#. Regarding the AKR1B10 complexes, all crystalsever
obtained with the AKME2MU system (reductive lysimaethylation plus K125R/V301L
mutations), except for the methylated AKR1BiAdlo-enzyme. Co-crystals of the AKME2MU-
24 (30 mM inhibitor) complex and of both mutamblo-enzymes were obtained by the hanging-
drop vapour diffusion method at 298K. The protestuson was mixed with an equal volume of
precipitating solution consisting of 100 mM sodiwacodylate, pH 9.0, 30% PEG 6000. A
detailed protocol is explained elsewh&teX-ray data were collected on the home source for
AKME2MU-24 complex, at the Swiss Light Source on the X06SAntee for ALR223
complex and on X06DA for the methylated AKR1BfA6lo-enzyme and for ALR24. All data
sets were processed with the program HKL280OChe structures were solved by molecular
replacement with Phagét and finalized sets of atomic coordinates were inbthafter iterative
rounds of model modification with the program Cdband refinement with REFMACS and
PHENIX.**! Generation of ligand coordinates and restrainteeveeeated as previously reported
191 or using eLBOW:*? The coordinate data for the structures were dégmbai the PDB: ALR2-
23 4XZH, ALR2-24: 4XZI, AKME2MU-24: 4XZL, methylated AKR1B10holo-enzyme:
AXZM, AKME2MU holo-enzyme: 4XZN. Related figures were prepared wyiviOL (v.1.3;
Schrddinger).

3.6.4 ITC experiments
The ITC experiments are described in Section 9Rdpresentative example curves and fitted

regression curves are shown in Figure 10-3 in thpefdix.
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4 Crystallographic and Thermodynamic Characterization of
Carboxylic Acids Containing Two or Three Aromatic Systems as
Inhibitors of Human Aldose Reductase

4.1 Introductory Remarks

The following chapter was prepared for submissmm tscientific journal. The synthesis of the

compounds was done by Dr. Regina Ortmann and Dchaél Eisenmann from the group of

Prof. Dr. Martin Schlitzer (Philipps University Maurg). The author of this thesis performed the
complex crystal structure determinations, ITC a@g) Imeasurements. Furthermore, he drafted

the following manuscript.

4.2 Abstract

The human aldose reductase is involved in the dpwetnt of diabetic complications. Here we
present newly synthesized inhibitors bearing a @aylic acid head group. High-resolved
complex crystal structures along with the thermaigit characterization are presented.
Furthermore, we present the first complex crystalicture of an inhibitor of this series
possessing an acrylic acid head group and of ahitahcontaining a third aromatic moiety. The

findings provide valuable input for a further opithation cycle of this group of inhibitors.

4.3 Introduction

382 million people worldwide were afflicted withadietes in 2013. Up to the year 2035 the
estimated number of cases could rise to 592 mififoks long-term complications neuropathy,
nephropathy and retinopathy can octuRue to its role in the polyol pathway the humatioak
reductase (ALR2, EC 1.1.1.21) is an interestingatfor drug design. It catalyzes the reduction
of glucose to sorbitol, using NADPH as cofactore Tallowing depletion of NADPH results in a
too low level of reduced glutathione, for which eegration this cofactor is needed as well.
Consequently, the cell experiences a higher rigufter from intracellular oxidative stress which
leads to the development of diabetic complicatfdriEhe binding pocket of ALR2 is depicted in
Figure 4-1a. The anion binding pocket is formedlgy8, His110, Trpl11l and the nicotinamide
moiety of NADF.
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Figure 4-1 a) Schematic represation of the binding pocket of ALR2. b) Bindingyde of26 (ALR2-26, PDB:
2IKG, 1.43 A)® Nitrogen atoms & shown in blue, oxygen atoms in red and sulfams in yellow. Carbon aton
are shown in grey for the proteresidues, magenta for NAI" and in green fo26. Water molecules which a
involved in an Hbond network win the ligand arehown as red spheres. btnds are dpicted as green dotted lini
This color code is maintained thughout the following representations if not steotherwise. ¢) Binding mode «
ligand 28 in space group P1 (AL2-28-P1, PDB:3DN5, 1.45 A)*® The carbon atomof the ligand are colored
salmon The figures 1b) and 1c) we prepared using PyM(**

It stabilizes the negativelgharged group of ALR2 inhibitors, e.g. hytoir-, succinimide- or
carboxylate groups, by Hends and a chard interation to the positizly charged cofactof

The specificity pocket shov significant more flexibility. It is bordere© one side by residu
which are part of the @&rminal loop. These residues, especially arl Leu300, show a hic
flexibility, which allows the pening of the latter pock®’ In closed confrmation, the side chal
of Leu300 is directed towas Phel22 and blocks the entrance. Dueonformational change
Leu300 turns away which eans the specificity pocket. A closely relateotein, huran aldehyde
reductase (EC 1.1.J),2doesot open a similar subpocket as easily aRk2 since it is stabilize

by a salt bridge in the closeonformation and therefore should not beibited*® Consequently,
ALR2 inhibitors are often dcorated with moiies which are able to acess this pocket to ga

some specificity for ALR2.

A group of carboxylic acid erivative: with two or three aromatic syste was found by a virtual
screening campaign in our .oratory which was based on the ultrahigholution tructure of the
ALR2-25 (IDD594) complex structure (PDB: 1USC® All ligands of this group possess

carboxylate acid head gro, a centralaromatic moiety (“X” inFigure 4-2) and a terminal

aromatic moiety (“Y” inFigure4-2).
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Figure 4-2 Chemicalstructures ad 1G5, values of the inhibitors which are investied in this study. The s
values for26,%° 27,°° 2814329143 34 143 35 143 36 143 and43"** were taken from literature.

The carboxylate head groiis linked by two (in case of the propic acid and acrylic aci
derivatives) or three carboatoms (in case of butyric acid derivativeo the central aromat
moiety. Different substituer are attached to the terminal aroic moiety. The ligands26 and

27 werepreviously charactezec crystallographically. Both ligands sho ICso values in the low
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micromolar range2d6. 2.4 +/- 0.5 uM,27: 4.1 +/- 1.0 uM). In a subsequent optimizing cycle
further derivatives were synthesized with the afmeplacing the oxadiazole moiety 26 and27

by a thiophene or furan moiety since the heteroatofithe oxadiazole ring were not involved in
polar interactions. This resulted in a series othier compounds between whi@8 (0.17 +/-
0.03 uM) and29 (0.26 +/- 0.05 pM) showed an improved affinity #8LR2. Furthermore the
crystal structure 028 complexed to ALR2 could be determined by cocriigition in the space
group P1:* 36 is the side chain analogue 29 with an acrylic acid head group instead of a
propionic acid head group. It showed a significardecreased affinity (19.0 +/- 0.9 uM)
compared to the latter one. Here we present thdtsesf a subsequent optimization cycle. The
aromatic moieties and the substituents of the temaromatic moiety have been varied to
understand their contribution to the affinity afegbrimodynamic profile. Derivatives containing
an acrylic acid function are investigated to furtpeobe the ability of the latter to address the
anion binding pocket. Finally, it is evaluated waththe binding pocket of ALR2 can
accommodate members of this inhibitor series whahprise a third aromatic moiety. The;$C
values are determined. The complex crystal strastof30, 31, 37 and43 could be determined.
Furthermore the complex crystal structure of ALRReould be determined at high resolution in
space group R2and is compared with the formerly published stitestin space group P1.
Additionally the thermodynamic profiles &6, 28, 29, 30 and 31 could be measured and

compared relatively to each other.

4.4 Results and Discussion

4.4.1 ICsp-value determination
The IG; values of ligand26-43 are shown in Figure 4-30 (ICso: 2.2 +/- 0.6 uUM) possesses as

28 and29 a terminalmetanitro phenyl side chain but as a central aromaticety it exhibits a
phenyl ring instead of a thiophene or a furan nyidthis replacement corresponds to an
approximately tenfold decreased affinity comparedthie aforementioned which are nearly
equipotent. In turn the exchange of the terminaérph residue by a furan ring is not
accompanied by a significant drop in affinity a®wh by the comparison witBl (ICso= 2.1 +/-
0.5 pM). With the exception &9 (ICs= 76.6 +/- 19.9 uM) all ligands possessingatanitro

substituent attached to the terminal aromatic mgoethibit submicromolar to single digit
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micromolar affinity. The favorable contribution tioe affinity of the attacheohetanitro group is

in good agreement with previous resuffsOwing to the obvious importance of this group we
decided to probe the influence of an exchange ef riltro group by the isostructural but
permanently charged carboxylic acid group. Theetaggroup should be able to form similar
interactions in the specificity pocket as the ngroup. Interestingly the Kgvalue is about fifty
times higher for32 (96.3 +/- 3.7 uM) compared ®0 (2.2 +/- 0.6 uM). Either the carboxylate
group forms far less efficient interactions in pecificity pocket or the adopted binding mode of
the ligand is entirely different. Since the comp#sucture of32 could not be determined due to
the low affinity of the ligand a structural validat of the latter hypotheses cannot be provided.
The exchange of the propionic acid head group taauwlic acid function leads to inconsistent
results. The propionic acid derivatidd (ICso= 38.6 +/- 1.8 uM) has a slightly higher affinity
than its acrylic acid derivativdl (ICs¢= 52.2 +/- 4.6 pM) which is in agreement with forme
studies*** On the other han87 (ICs¢= 3.1 +/- 0.8 pM) which possesses an acrylic aciddh
group shows nearly the same affinity35(1Cse= 2.2 +/- 0.6 uM) which comprises a propionic
acid head group instead. The explanation for tliesgating results appears quite controversal.
As will be explained later a change of the confadion of the double bond froi to Z- for 37 is
found while analyzing the corresponding complexstalstructure with ALR2. It could not be
resolved whether this configurational transitiorcurs for all the ligands containing an acrylic
acid head group prior to binding to ALR2. In cake tonfigurational transition takes place to
deviating extent for the different ligands inveatigd here, this might explain why in some cases
the replacement of the propylene side chain bydthéle bond comes with a decreased affinity
and in other cases not. A similar drop of affirdtye to the exchange of theetanitro group by a
metacarboxylate group as described above for the éigdrearing a propionic acid head group is
observed for a member with an acrylic acid headigrd7 with a terminal nitro group (I§&= 3.1

+/- 0.8 pM) exhibits much higher affinity compardd the carboxylate derivative38
(IC50>100 uM).43 contains a third aromatic ring system. The addé&ighenyl portion and the
fixed headgroup arrangement are well tolerated bR since the 16 value rates the compound
as high affinity binder (0.34 +/- 0.05 puM). Thisdling suggests that the ligand adopts a binding
mode with ALR2 similar to the other highly potenembers of this ligand series despite its

spatially more demanding shape. This hypothesisogifurther investigated by crystallography.
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4.4.2 Crystallographic determination of the binding modesof 30 31, 37 and 43

4.4.2.1 Similarities in the binding modes of 26, 28, 30,13 37 and 43

The overall binding modes &6, 28, 30, 31, 37 and 43 are similar. Figure 4-3a shows the
superposition of the inhibitor molecules obtaingdrbutual alignment of the complex crystal
structures. Two anchoring points can be definedcwhtorrespond to the two important
interactions accomplished by the potent ligandthe binding site. On the one hand it can be
observed that the carboxylic acid function aligimsast perfectly for30, 31, 37 and43 while it is
orientated slightly different fo26 and28. This part of the ligands binds to the anion bigdsite.
On the other hand the position of the terminalongroup matches exactly for all studied ligands.
The remaining ligand scaffolds arrange in a wayat@eomplish these key interactions. The
alignment of all complex structures shows thatigdnds adopt a very similar spatial occupancy
(Figure 4-3a, Figure 4-4a). All inhibitors open theecificity pocket with their terminal nitro
phenyl moiety. The 1§ values show that the introduction of the nitro ugroleads to a
significantly higher binding affinity. As shown iRigure 4-3b and Figure 4-4c in ALR3D the
nitro group forms via one of its oxygen atoms amdtd to the backbone nitrogen of Leu300
(3.0 A). Similar H-bonds are established 2% (3.3 A, Figure 4-1b)28 (3.0 A in space group
P2, Figure 4-4b)31 (3.1 A, Figure 4-4d)37 (3.1 A, Figure 4-4e) and3 (3.1 A, Figure 4-4f).
Interestingly in syn direction the distance betw#entwo oxygen atoms of the nitro group of the
ligands and the carbon atoms of the phenyl ringyo809 are surprisingly short in all mentioned
ALR2-ligand complexes. As shown exemplarily in Fgu4-3b for ALR230 the distances
between the oxygen atoms of the nitro group®fo the carbon atoms of Tyr309 are only 3.3 A
and 3.4 A, respectively. It was discussed previptisht these short distances indicate so-called
non-classical hydrogen bonds between the oxygemsatf the nitro group and the hydrogen
atoms attached to the phenyl rfhblo water molecules are directly bound3® 31, 37 and43,
The complex structures @0 and37 were obtained at pH 5.5, the complex structurea8pB1
and43 at pH 8.0. At both pH values the carboxylic aaiddtion is presumably deprotonated and
should carry a negative charge. As known from anéarstudy with the carboxylate-type ligand
25 (IDD594, PDB: 1USWY the cofactor is bound in its oxidized form andhigs present with a

positive charge. When a similar situation is asslimehe here described ligand series a charge-
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assisted interaction betweehe presumably negative charged carbcte group of the ligand

and the positively charged \DP* will be established.

Figure 4-3a) Alignment of the lignds only. Carbon atoms 126 are shown in grey, t 28 (in space group RRin
purple, for30in blue, for31in orange, for37 in light green and fo43 in cyan.The nitr groups of all ligands ali
very well. The carboxylate groufof 26 and28 adopt a kinked position compared te carboxylate groups 30,
31, 37 and43. b) Interactions of tk nitro group 030 with Tyr309 and Leu300. Noalassical H-bonds are shown as
blue-dotted lines. Nogtassical hylrogen bonds are formed between the oxygen abf the nitro group 030 and
the carbormatoms of the phenyl rg of Tyr309. Furthermore, an Hend between onof the oxygen toms of the
nitro group to the amide bond 0.euZ00 is established. The other inhibitors are fag similar interaction sinc
their nitro group is positioned likdése. ¢c) Comparison of the binding mode30 and37. The carbon atoms 30 are
colored in blue and a37 in green.The central phenyl ring (37 is spatially shifted capared to the correspondi
ring in 30. Presumably, the redud flexibility of 37 compared tB0 forces37 into this orientation Figures were
prepared using PyMOt®

4.4.2.2Binding modes of 26and 28
The crystal structures &6 (PDB: 2IKG, 1.43 A) and28 (PDB: 3DNS5, 1.45 A) complexed t

ALR2 were described prewsly® **3
ligands are bound to the an binding pocket.n ALR2-26 it forms Hbords to Ty480H (2.4 A)

with oneof its oxygen atomand to Hil1ONE2 (2.5 A) with the other ygen atom. Among th

(Figure 4-1be). The carboxylicacid functions of bot

investigated compoundguded in the present serie26 establshes the cortest F-bond to Tyr48
(2.4 A). Furthermorethe latter oxygen of the carboxylic group is navolved in any furthe

interactions suggesting theontactas a very strong H-bon@6 possese a butyric acid head

group.

79



Crystallographic and Therodynamic Characterization of Carboxylic .ds Containing Two ¢

Three Aromac Systems as Inhibitors of Human Aldoseductas

Figure 4-4 Detailed figure captionn next pag:
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Figure 4-4 Stick representation of the binding pockt of ALR2 complexed with 28, 30, 31, 37 and 43&)
Superposition of the binding pockets of the compteALR226, ALR2-28-P2, ALR2-30, ALR2-31, ALR2-37 and
ALR2-43. The carbon atoms of the protein residues of Al2Bzre colored in grey, the carbon atoms of the tesid
of the remaining protein-ligand complexes are aocorresponding to the colors of the carbon atoitise ligands
in b)-f). All residues of the binding site alignryewell. In consequence, all the ligands inducegy\similar binding
site conformation. b) Binding mode @B in space group RAALR2-28-P2, PDB: 4YU1, 1.02 A). The carbon
atoms of the protein residues are shown in grey @dADP’ in purple. This will be maintained during the
following representations. The carbon atom&®ére shown in purple. ¢) Binding modeaff(PDB: 4PR4, 1.06 A).
Carbon atoms 080 are colored in blue. d) Binding mode 8f (PDB: 4PRR, 1.01 A). Carbon atoms 2f are

colored in orange. e) Binding mode 87 (PDB: 4NKC, 1.12 A). Carbon atoms 8f7 are colored in green.
f) Binding mode o3 (PDB: 4PRT, 0.96 A). Carbon atoms48 are colored in cyan.

This long linker between the carboxylic acid funatiand the central aromatic moiety prevents a
direct H-bond between the carboxylic acid group dnpll11 which is found for many of the
other ALR2 inhibitors (Figure 4-4f: *2" Instead a water molecule (W1 in Figure 4-1b) is
captured which mediates the contact to Trp111NEA A2 and to one of the oxygen atoms of the
carboxylate group a26 (2.3 A). The water molecule is further stabilizedan H-bond to one of
the nitrogen atoms of the central oxadiazol ringhef ligand (3.0 Af. The crystal structure was
obtained at pH 5.0 at which the carboxylic acidugras assumed to be mainly deprotonated. A
charge-assisted interaction between the negatiebBrged carboxylic acid group and the
positively charged NADPis detected (2.8 A). The ALR26 structure was obtained by soaking
preformed ALR2 crystals, crystallized in space gr®2, in a solution containing6. In contrast
the structure of28 complexed to ALR2 (in the following referred to A4 R2-28-P1) was
obtained by co-crystallization. In the latter cdise ternary complex of ALR2, NADPand 28
crystallized in space group P*2.One of the oxygen atoms of the carboxylate grdup8dorms
H-bonds to Tyr480H (2.6 A) and His110NE2 (2.7 AurtRermore, the carboxylic acid group
forms with the latter oxygen atom the charge-asdigteraction to NADP Similarly as in the
ALR2-26 structure the carboxylate group28 does not form a direct H-bond to Trp111. Instead
one of the oxygen atoms of the carboxylate group®festablishes an H-bond to a water
molecule (W2 in Figure 4-1c). To better understdind role of this water molecule and to
estimate whether its position is influenced by Hpace group change observed for the latter
crystal structure an additional structure detertmmawas attempted. This time an uncomplexed
ALR2 crystal, obtained in space group;P®as soaked in a saturated solution28fin TRIS
buffer at pH 8.0 (in the following referred to AER2-28-P2,).
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Figure 4-5Detailed figure captionnnext page.
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Figure 4-5 Comparison of the complex crystal structure2®in space groups P1 (ALR28-P1) and P2(ALR2-
28-P2). a) Alignment of ALR228-P1*® and ALR228-P2,. The carbon atoms of the residues 116-134 arersfow
grey for ALR228-P2, and in orange for ALR28-P1. The carbon atoms 28 are colored in purple in ALR28-P2
and in salmon in ALR28-P1. In ALR228-P2 the loop consisting of residues 116-134 is shittedhpared to
ALR2-28-P1, which is followed by a different orientatioftbe side chain of Phel22. The spatial orientatib@8
aligns perfectly well in both structures and thbe tdopted binding pose is not influenced by thecepgroup.
b) Representation of the . difference density map at 3.0after five cycles of simulated annealing for ress
298-302 in ALR228-P2. The carbon atoms of the ligand are shown in gyrfiie carbon atoms of the protein
residues corresponding to the specificity pocketopen conformation, are depicted in yellow and tmes
corresponding to the closed conformation are dysulan grey. The occupancy of the ligand was refite 70%.
The specificity pocket is presumably only openedwithe ligand has bound. Accordingly 30% of the ghatein
residues 298-302 are found in the conformation witorresponds to the closed conformation of thecifipity
pocket. c) Water structure in ALR28-P1*® The water molecules W2 and W6 which are in H-bpgdiistances to
28 and Val 47 are shown as green spheres, furthesrwadlecules are shown as red spheres. W2 doe®mot
further interactions apart from the H-bond28. d) Water structures in ALR28-P2. The carbon atoms of the
protein residues are colored in grey, those whilbrg to the protein residues of the next synmmeiaye are shown
in blue. The water molecules W2, W3 and W6 whiah iarH-bond distances @8 and Val47 are shown as green
spheres. The water molecules W4 and W5 which atgliged by the amino acid residues of the nextragtny
mate are shown as blue spheres. Further water meteare shown as red spheres. e) and f): AligneieAtR2-30
and ALR228-P2,. A superimposition of the two ligands is shown.eDa the different central aromatic ring systems
the positions of the carboxylate groups of bothrigs vary. The- oxygen atoms align well but the positions of the
- oxygen atoms differ.

The binding modes o028 in both structures align perfectly well (Figure5d). Koch et al.
described previously the influence of crystal pagkon the positioning of the loop consisting of
the amino acids 116-134. They found that Lys119 Rhd121 form H-bonds to GIn283 of the
next symmetry mate in the P2rystal packing. In P1 these residues are notlwedoin any
crystal contact$® This leads to a shift of the loop consisting ddideies 116-134 in crystals
which were obtained in space group; R&th respect to those obtained in space groupTRiE.
affects mainly the position of the side chain oEP22. In the present comparison of ALR2-
P1 and ALR228-P2; we observe the same finding (Figure 4-5a). Surgig, in ALR2-28-P2;
the ligand showed only an occupancy of 70%. Aftetidl placement of the ligand into the
electron density the structure was refined. Aftedsastill some k-F; difference electron density
at the 3.0 level in agreement with the closed conformatiorihef specificity pocket is visible.
The coordinates of the protein residues 298-30Zhvhre mainly involved in the flexibility and
opening of the specificity pocket were built in twamnformations into the density. The
occupancy of conformation of the latter residuesesponding to the open conformation of the
specificity pocket was fixed to 70% in agreemerthwine occupany d8 which induces through
binding the opening of the pocket. The closed conétion of the specificity pocket was fitted

into the difference electron density at the 3.@vel. The refinement resulted in a,A% density
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electron map at 1.0 which was in good agreement with the coordinateshe closed
conformation. To exclude a major model bias, bathfarmations of the residues 298-303 were
deleted from the model and five cycles of simulaiadealing were performed. The resulting F
F. difference electron density map at 3.3 shown in Figure 4-5b. It shows density bothtfe
specificity pocket in closed and in open state. Seguently, ALR228-P2, was deposited with
the specificity pocket modeled in both conformasioithe position of water W2 which was
already visible in ALR228-P1 (Figure 4-5c) could be confirmed in the;P@mplex.
Interestingly here it is connected to a further evamolecule (W3 in Figure 4-5d, 3.1 A).
Furthermore both W2 and W3 are stabilized by H-Isoladthe water molecules W4 (2.4 A) and
W5 (3.0 A), respectively. Both W4 and W5 are siabil themselves by H-bonds to Ser282 of
the next symmetry mate. W4 forms an H-bond to tkegBoup of Ser 282 (3.2 A) and W5 to the
backbone oxygen (3.2 A) of the same residue. Whetigeoccupancy of W3 in ALR28-P2; is
mainly stabilized by the remote contacts to thet sgrimetry mate remains difficult to answer.
In both structures another water molecule (W6hiblibond contact to the carbonyl oxygen atom
of Val47 (2.8 A and 2.7 A, respectively). In ALRB-P1 the location of W3 remains unoccupied
but no sterical repulsion with adjacent proteinidess or other water molecules would argue
against the presence of a water molecule. The higisolution of the ALR28-P2 (1.02 A
compared to 1.45 A) structure might be a reason W3ywas actually not detected in the P1
structure. As W3 is in additionally connected te thackbone oxygen atom of Val47 (3.1 A ) in
ALR2-28-P2 the latter structure shows tH2f uses W2 and W3 to establish a water network to
form a bridge to Val47.

4.4.2.3Binding mode of the carboxylic acid head group in
the anion binding pocket of ligands 30, 31,73and 43.
The carboxylic acid head groups &®, 31, 37 and43 bind as assumed in the anion binding

pocket. They all form H-bonds between one of thggex atoms of the carboxylate group and
Tyr480H (2.6-2.7 A) and His110NE2 (2.6-2.7 A) whiles other oxygen atom of the carboxylate
group forms H-bonds to His110NE2 (2.6-3.0 A) angIlrANE1 (2.9-3.1 A). Thus, in contrast to
ALR2-26 and ALR228-P2;, a direct contact to Trp111 is formed. All ligarate involved in the
already discussed charge-assisted interaction batwene of the oxygen atoms of the
deprotonated carboxylic acid group and the positiecearged NADP (2.9-3.0 A).
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Figure 4-6 Detaled figure captiomn next pag:

85



Crystallographic and Thermodynamic Characterizatib@arboxylic Acids Containing Two or
Three Aromatic Systems as Inhibitors of Human A&dB&ductase

Figure 4-6 Surface representation of the binding pcket of ALR2 complexed with ligands 26, 28, 30, 387 and
43. The solvent-accessible surface of the protein mwvshin grey. Only water molecules are shown whioh a
involved in an H-bond network with the ligand. Aijands address with themeta nitro phenyl moiety the
specificity pocket. All structures are shown frohe tsame viewing direction. a) Binding mode 2&f (ALR2-26,
PDB: 2IKG, 1.43 A The carbon atoms of ligarb are colored in green. The water molecule W1 mesian H-
bond between one of the oxygen atom&@®énd the Trpl11NEL. b) Binding mode2#in space group RZALR2-
28-P2, PDB: 4YU1, 1.02 A). The carbon atoms 28 are shown in purple. Two water molecules (W2 ang) W
mediate an H-bond network between one of the oxygems 0f28 and the OH group of Ser282. ¢) Binding mode
of 30 (PDB: 4PR4, 1.06 A). Carbon atoms3tf are colored in blue. d) Binding mode 2f (PDB: 4PRR, 1.01 A).

Carbon atoms 081 are colored in orange. e) Binding mode3@f(PDB: 4NKC, 1.12 A). Carbon atoms 87 are
colored in green. ) Binding mode 48 (PDB: 4PRT, 0.96 A). Carbon atoms4 are colored in cyan.

4.4.2.4Binding mode of 30
The structure o030 complexed to ALR2 was refined to a resolution d#6LA. 30 possesses

similar to 37 and43 a terminalmetaphenyl moiety which addresses the specificity pbckhe
central aromatic moiety consists here of a phemg which is connected via a linker of two
carbon atoms to the carboxylic acid function. Téreninal phenyl ring forms a face-to-face -
stacking to Trp111 (3.6 A) in the specificity potk&he central phenyl ring and the C2-linker
establish hydrophobic interactions to Trp20 (3.5 Rp219 (3.6 A), Cys298 (3.8 A), Leu300
(3.5 A) and Trp111 (3.7 A, Figure 4-4 c).

4.4.2.5Binding mode of 31
The complex crystal structure ALR®E was refined to a resolution of 1.01 A1 possesses in

comparison t80 a terminal 5-nitro-2-furan ring. Similar ®0 it contains a central phenyl ring
and a C2-linker to the carboxylic acid function €Thinding modes 30 and31 are very similar.
The same hydrophobic contacts of the central ga3fi@onsisting of the phenyl ring and the C2
linker are established as f80. In detail, these are hydrophobic interactiongtp20 (3.6 A),
Trp219 (3.7 A), Cys298 (3.8 A), Leu300 (3.5 A) angh111 (3.7 A). The oxygen of the furan
ring of 31 does not form any H-bonds. The backbone of Leu8d@s an H-bond to the nitro
group of31 (3.1 A) and is too far away (3.9 A) to form anatkEbond with the furan ring &1.
The furan ring makes a face-to-face -stacking to Trp111 (3.8 A) in the specificity petk
Regarding the required prize to spend for desawuaifect it appears not favorable to use a furyl
moiety to address the specificity pocket. The oxygem of the furan ring has to be desolvated
when bound to the protein but as the structure shibw not compensated by forming any polar

interactions with the protein (Figure 4-4d).

86



Crystallographic and Thermodynamic Characterizatib@arboxylic Acids Containing Two or

Three Aromatic Systems as Inhibitors of Human A&dB&ductase

4.4.2.6Binding mode of 37
The complex crystal structure ALR®Z was refined to a resolution of 1.12 87 is the only

compound of this series with an acrylic acid heeaupg for which a complex crystal structure
could be determined. As a terminal group it poss@s80 and43 a metanitro phenol moiety37
was initially synthesized as tlieisomer. Suprisingly, in ALR37 only theZ-isomer is visible. It
was shown by'H-NMR analysis that the geometry of the double baid37 is liable to
iIsomerization (see Section 4.6.2). This surprisoizgservation clearly indicates that ALR2
strongly favors the ligand with the double bond Z4rconfiguration at this position. The
rigidification of a ligand with a double bond inetliequired binding site geometry will enhance
the free energy of binding. The entropic portiorbtnding will be favorably influenced since a
more rigidified ligand loses less degrees of freedmmpared to a more flexible ligand. This
experience can be used as a strategy for the geweltt of further ALR2-inhibitors. We
considered the possibility to synthesiZé with the double bond iZ-configuration. However,
since the configuration of this bond seems note®table in solution we discarded this attempt.
The terminal phenyl ring makes in the specificincket a face-to-face- -stacking to Trp111
(3.7 A). The central part &7 which consists of the phenyl ring and @eonfigurated double
bond C2 linker makes hydrophobic contacts to Trg®6 A), Trp219 (3.4 A), Leu300 (3.5 A),
Cys298 (3.6 A) and Trp111 (3.5 A). Since the mdleqossesses a limited flexibility due to its
double bond, the central phenyl ring deviates frtim plane which is defined by the
corresponding phenyl rings 80 and31. The superposition &0 and37 is shown in Figure 4-3c.
It is obvious thaB7 binds to ALR2 in a way that the interactions af tdarboxylic acid group and
of themetanitro group are possible adopting a geometry kighhilar to that of30. In contrast
the central part 087 shifts compared t80 (Figure 4-4e).

4.4.2.7Binding mode of 43
The crystal structure of3 complexed to ALR2 was refined to a resolution &f60A. 43 is the

only member of this group of aldose reductase itdm® which exhibits a third aromatic moiety
and for which crystal structure determination wascgssful. An additional phenyl ring serves as
a linker between the central furan ring and theti@ackcid function which binds in the anion
binding site 43 possesses &0 and37 a terminalmetanitro phenyl moiety. The oxygen atom of

the central furan ring ofi3 is not involved in any H-bonds and it is directenvards the
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hydrophobic residues Trp79 and Phel22. This oxygem cannot compensate for shedding its
solvation shell by any newly formed polar contacghe protein. The phenyl ring next to the
acetic acid group forms hydrophobic contacts to78r(4.1 A), Tyr48 (3.7 A) and Trp20 (4.2 A).
A - - stacking is here not observed, nevertheless theny moiety should be well
accommodated in this predominantly aromatic envitent. The furan ring forms hydrophobic
interactions to Leu300 (3.4 A) and Trp111 (3.3 W)the specificity pocket the terminal phenyl
ring undergoes a face-to-face -stacking to Trp111 (3.5 A, Figure 4-4f).

4.4.3 Further crystallographic experiments
The initial aim of this study was to elucidate themplex crystal structures of numerous

members of this ligand series and measure the spomeling thermodynamic signature. At the
beginning of this project ALR2 complex structuresrer either obtained by cocrystallization or
by ligand soaking in citrate buffer. The compleystal structures of ALR26, ALR2-27 and
ALR2-28-P1 were obtained under these conditibri§® One example was known for which it
was possible to cocrystallize the protein with mhibitor in TRIS buffer at pH 8’8" but these
conditions were difficult to reproduce. Unforturigten none of the various collected datasets of
cocrystallized or soaked ALR2 crystals in citratdfér sufficient difference electron density for
the accomodation of the bound ligand molecule cdadfound. The description of a new
crystallization condition in MES-buffer, pH 5.5, I§ousido-Siah et d&* was a very valuable
asset for our crystallographic study. Cousido- Qtlal. discussed the absence of citrate in the
MES condition as crucial since citrate is knowrbtsan aldose reductase inhibitor it¥ednd
thus it always competes with a ligand to be boundhe crystallographic analysis. Plenty of
datasets of ALR2 crystals either cocrystallized soaked under the citrate condition were
collected. In fact often not enough difference ®tet density for a bound ligand was visible
whereas still some difference electron densitydatid the presence of a carboxylic acid group
in the anion binding pocket. This could result frtme occupancy with disordered molecules of
citrate as described in literatdteind supports the hypothesis that citrate is biackie binding

of the inhibitors. Since it required some time &iablish the crystallization in MES in our
laboratory an alternative approach was tested. grb&ein was crystallized under the known

condition in citrate buffer at pH 5.0. Afterwardeetcrystals were transferred into several droplets
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in a step-wise fashion which contained the initiédate condition with 25% (w/v) PEG 6000 at
pH 5.0 in decreasing concentration and the MES itondwith 25% (w/v) PEG 6000 at pH 5.5
in increasing concentrations. The latter solutioasvsaturated with the inhibitor in order to
increase its concentration. For several ligands photocol was applied. In fact, this procedure
gave access to the complex structure8®and 37. Still in several crystals soaked with other
ligands of this series, for exampdd, not sufficient difference electron density foethound
ligand was detected. In the mean time the crystdibn of ALR2 under the MES conditions was
established in our laboratory. To our surprise sk of thenolo-enzyme of this condition still
showed density for a carboxylic acid function i thnion binding site. Since the protein had
never been in contact with citrate there must sother molecule be present showing a similar
functional group topology. Presumably the diffeerelectron density is created by another
unknown carboxylic acid, obviously picked-up by tlpeotein during the expression or
purification. However, since the exchange of oitrimt MES as buffer compound seems not to be
the essential discriminating factor, the modifidd yalue of the applied conditions attracted our
attention. While at pH 5.0 or 5.5 the carboxyligdafunction of the studied ligand molecules
could still be partly protonated, it should be yulleprotonated at more basic pH values. Thus the
soaking experiments described above were repedie. time the droplets consisted of
decreasing concentrations of citrate buffer witlho2fw/v) PEG 6000 at pH 5.0 and increasing
concentrations of TRIS buffer with 25% (w/v) PEQ60at pH 8.0, saturated with the inhibitor.
In fact 31 did successfully bind under this condition to ALR2Znfortunately it was the only
ligand for which these new soaking conditions birdube expected achievement. Indeed also the
complex structure 043 could be successfully determined in TRIS buffeowidver it is possible
that this ligand would also bind under differennditions since it possesses a high potency.
Interestingly, using the latter described soakingepdure?9, 34 and35 lead to datasets where in
addition to the missing.H. difference electron density for the ligand molecalso the protein
residues next to Leu300 were disordered and thuwisible in the density. Apparently these
ligands are not binding in an ordered fashion urtdese conditions and are so far only able to
disturb the crystal packing in this area of thetg@ro Two factors should be mentioned that may
explain the pH dependency of the binding36f 31 and37 to ALR2 crystals. At higher pH a

larger portion of ligand molecules will exhibit a&mtotonated carboxylic acid function. This
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should increase the binding since the negativegehanhances the binding to the anion binding
pocket which contains the positively charged NADPn the other hand the deprotonated
carboxylate group should lead to higher solubibttyhe compounds. Since saturated solutions of
the inhibitors are used under the soaking bufferddmns the basic pH value will lead to higher
concentrations of the ligands which facilitate theding to ALR2. To further increase the
solubility of the compounds up to 10% (v/v) DMSOsaadded to the soaking solution, but this
did not further increase the hit rate. Howeverséhexperiments indicate that the success of

protein soaking experiments can be improved byfebchoice of the soaking conditions.

4.4.4 Thermodynamic characterization of 26 and 28-31.
All ITC measurements were performed in HEPES buffét 8.0 (Figure 10-2 in the Appendix).

Steuber et al. could show that the binding of caylade-type ALR2 inhibitors, among theg®,
is accompanied by an entrapment of 0.8-0.9 prothres to the protonation of Tyr48.The
thermodynamic profile o26 was measured with a MCS-ITC instrument of MicroChhe
reported data for the titration in HEPES buffer eve6°= -35.4 kJ/mol, H°= -25.6 kJ/mol and
-T $°=-9.8 kJ/moP The values corrected for the protonation step weBé= -35.4 kJ/mol,
H%= -45.1 kd/mol and -TS’= +9.7 kdJ/mo¥? (-T L was calculated from the reported data using
the equation -TS’= G° - HY. Due to the small structural variations we assw@rsmilar
protonation behavior for all ligands of which thireetmodynamic profile will be discussed in the
following. Since the aim of this study was to comgahe different ligands relative to one
another, we relinquished to perform the measurenmedifferent buffer systems to correct the
enthalpy for the constantly superimposed protonattep. The thermodynamic data are shown in
Figure 4-7 and in Table 4-1. Representative theramag and the fitted regression curves are
shown in Figure 10-2 in the Appendix. Since all r@mpounds were measured with an 4J.C
we repeated the measurements f& with the latter instrument. The enthalpy could be
reproduced whereas the,Xalue and thus the free energy of binding andetiteopic term data
deviate slightly more (G°= -31.5 kJ/mol, H= -27.2 kJ/mol and -TS= -4.3 kJ/md). For 37
only ITC curves of poor quality were obtained. Asplained above the ligand changed its
configuration fromE- to Z-conformer prior to binding to ALR2. This processcors apparently

too slowly to be measured by an ITC experimentc&ithe change of configuration could be
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induced by UV light we exposed a solution3afovernight by UV light. However, the following
ITC measurement resulted again in a curve of ingafft quality. Presumably still a significant

portion of37 was present ii-configuration which disturbed the measurement.

Table 4-1 |G- values and thermodynamic data for compounds 2682 29, 30 and 31

IC 5 Ko G° H° T+ &

[uM] [uM] [kJ/mol] [kd/mol] [kJ/mol]
26 24 +05 31 +0.3-315+ 0.3-27.2 + 0.7 -43 + 0.9
28 0.17 + 0.03 0.82 + 0.1 -34.8 + 0.1 -33.5 + 0.1 -1.3 + 0.0
29 026 + 0.05 22 +0.1-323 + 0.1 -23.4 + 0.1 -89 + 0.1
30 22 +0.6 1.7 +0.1-32.9 + 0.0 -27.4 + 0.1 -55 + 0.1
31 21 05 19 +0.1-326 + 0.1 -244 + 0.4 -82 + 0.4

The thermodynamic signature of the binding of arid to a protein is composed of different
factors. Each polar interaction e. g. H-bond orgblaassisted contact contributes favorably to the
enthalpic portion. It can be assumed that espgdiaé charge-assisted interaction between the
negatively charged carboxylate group of this ligardes and the positively charged NADTRs

a strong favorable influence on the enthalpic partiThe binding pocket of ALR2 contains
several hydrophobic residues (e.g. Trp20, Trplhg1R2, Pro218, Ala299, Leu300) even with
the specificity pocket in its closed state. Priothe accommodation of a ligand, water molecules
will likely fill the binding pocket. These water nexules can be assumed to be entropically
unfavored compared to the situation in the bulkewgthase and their release should lead to a
favorable signal in the entropic portion of therthedynamic profile. This would be in line with
the classical hydrophobic effééf™*® This general consideration should be valid fortate
investigated ligands since they all undergo vanwlaals interactions with the non-polar residues
of the binding pocket and consequently are disptaevater molecules from this hydrophobic
environment. Since no highly resolved structurghefholo-enzyme of ALR2 is available it is
impossible to estimate how many water moleculedaglaced by the ligand. In terms of their
molecular volume the studied ligands fall into 8&me range (221.0-239.4 A V= 18.4 A,
calculated with Molinspiration property engiff€)making the hypothesis of the replacement of

similar amount of water molecules at least reasienab

91



Crystallographic and Therodynamic Characterization of Carboxylic .ds Containing Two ¢

Three Aromac Systems as Inhibitors of Human Aldoseductas

Figure 4-7 Thermodynamic profiles of 26, 28, 3031 and 29 measured in HEPESThe free energy of binding
( G°)is shown as blue bars, thehalpy ( H°) as green bars and the entropic contriin (-T* S) as red bars.

In the following, the differeces in the thermodynamic profiles of theands will be discued
with respect to their corspcnding binding modes. In HEP buffer the ttermodynamic profile
of 30 is dominated by the ¢halpic part -27.4 kJ/mol) and has only anall favorable entropi
contribution (-5.5 kJ/mol)The five F-bonds formed by the carkglate group and the niti
function of 30 with several rsidues of ALR2 contribute favorably to tenthalpy. A<30 and31
show a very similar bindinmode also their thermodynamic profiles : comparable31 has a
slightly less favorable enthiic portion compared t30 (-24.4 kJ/mol cowpared tc-27.4 kJ/mol)
which is compensated for ka small more favorable entropic contribut(-8.2 kJ/mol compared
to -5.5 kJ/mol).The only diftrence between both ligar is the exchang of the terminal phen:
ring of 30 by a furan ring in 1e case c31. As discussed above the oxyr atom of the furan rin
is not involved in any funer F-bonds. Thus the loss of its solvax shell will contribute
unfavorably to the entlygic binding portion since the-bond inventory2xperienced in solutic
with surrounding water moculet is unbalanced. On the contrary theeased water molecul
from the solvation shell 081 will increase the degrees of freedom :he overall systemnd
explains, at least in part, w 31 possesses a more favorable entroprtion compared t30.

Furthermore the- -stackingshould be less efficient f31 compared t&C. The furan ring o081
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has due to its oxygen atom an enhanced electraitdeompared to the phenyl ring 8d. Since
Trplll possesses an electron-rich indole ring aaotrein-deficient system will be preferred as
interaction partner, also indicated by the fact #lactron-withdrawing substituents of this ring
such as nitro-groups, fluorine and chlorine areefieial for binding?® Electron deficiency is
better fulfilled for30 as for31 which could additionally explain the slight enthialadvantage of
30 compared t81. 26 shows a very similar thermodynamic profile3fs The enthalpic portion
(-27.2 kd/mol compared to -27.4 kJ/mol) and theagi¢ portion (-4.3 kJ/mol compared -5.5
kJ/mol) are nearly identical despite remarkablengea in the binding modes. Steuber €t al.
discussed several factors which influence the tbdgymamic profile of26. For the relative
discussion 026 and30 these assumptions were taken into account. Sefestaks influence the
enthalpic contribution of the binding @6 to ALR2. The formed H-bonds betweg6 and the
captured water W1 and between W1 and Trplll aré¢riboting favorably to the enthalpic
portion. In ALR230 no similar interaction to a water molecule candee&ected. Accordingl26
should have an enthalpic advantage compar&@.té small enthalpic advantage arises from the
H-bond between one of the oxygen atoms of the sgtioacid group of26 and the Tyr480H. It

is in ALR2-26 shorter in comparison to the other complexes, iplysdue to the fact that this
oxygen atom is in contrast to the other complexes involved in any further H-bonds.
Therefore, it can be assumed that it is accompdwyealstronger favorable enthalpic contribution
compared to the comparable contact in ALRR-On the other hand, some characteristics of the
chemical structure and the binding mode26finfluence the enthalpy unfavorably. In all other
complexes except ALR28-P2, and ALR228-P1 an H-bond (2.9-3.1 A) between one of the
oxygen atoms of the carboxylate group of the irtbiband Trp111NEL1 is observed. Indeed these
distances indicate a rather weak interaction. Nbe&rss, this missing interaction in ALRB-
should be accompanied by a loss in the enthalpy leagl to be overcompensated by the
interactions involving W1. Furthermore, the centvahdiazol ring o6 will be well solvated in
solution. The situation can be compared to thaheffuran ring in31. An unfavorable effect on
the enthalpy can be assumed since the heteroatbrttse coxadiazol moiety oR6 are not
compensated for the lost interactions to the solvester molecules by polar contacts to the
protein residues. Regarding the entropy the folmgwassumptions should be regarded. The

degrees of freedom of water W1 are decreased wtoalkributes unfavorable to the entropic
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profile. On the other hand the water molecules Wwlace part of the solvation shell 26 are
released wher26 binds to the protein. This in consequence leads tfavorable entropic
contribution and compensates, at least in partstif® unfavorable entropy loss accompanied
with the capturing of the water molecule W1. Alttdgr the comparison d¥6 and 30 is an
example where significant differences in the bigdimode finally display a very similar
thermodynamic signature28 shows a more favorable enthalpic (-33.5 kJ/molyl @n less
favorable entropic portion (-1.3 kJ/mol) tha@ This is in line with the deviating binding modes.
In ALR2-28-P2; two water molecules (W2 and W3) are captured. Agas discussed f@6, the
formed H-bonds betwee?8, W2, W3 and the protein residue will result ina@ngin enthalpy
compared t@0 whereas the entropic part is reduced owing tdigation of the water molecules.
The established H-bond network 88 involving W2 and W3 leads to such a large gain in
enthalpy most likely overcompensating the missimgraction between the carboxylate group of
28 and Trpl11. Both effects, the gain in the entliatmntribution and the loss in the entropic
contribution are more distinct f&8 than for26 since28 captures two waters instead of one.
Surprisingly,28 and29 deviate strongly in their thermodynamic profil&se enthalpic portion is
-33.5 kJ/mol for28 while it is -23.4 kJ/mol foR9. The entropic portion is -1.3 kJ/mol fa8, but

it amounts to -8.9 kd/mol fd29. Despite several trials we were not able to obthécomplex
structure of29. In consequence we can only hypothesize aboutsailge explanation of its
deviating thermodynamic signature. It was previpuscussed that the carboxylic acid group of
29 might adopt a different orientation compared ® time 0f28.'*°
ALR2-28-P2; and ALR230 indicates moreover that the different central atoring systems

lead to deviating interactions of the carboxyligdatunctions of both ligands. As shown in

However, the comparison of

Figure 4-5e-f, the relative positions of the CZé#n between the respective aromatic ring system
and carboxylic acid function differ strongly sinaghenyl and thiophenyl ring do not allow for
the attachment of the C2 linker with the same geégm€onsequently, only the-oxygen atoms

of both ligands align while the-oxygen atoms differ in their positions. Sirg@contains similar

to 28 a five-membered central aromatic moiety the bigdgeometries of the carboxylic acid
group should be similar for both ligands. Althougio explanation for the deviating

thermodynamic profiles oR29 and 28 can be provided this example demonstrates how
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significantly the exchange of a thiophene ring tlui@n ring can influence the thermodynamic
profile.

4.5 Conclusions

Due to its role in the polyol pathway ALR?2 is a piging target to prevent the development of
diabetic complications. Here, a series of closelgted carboxylic acid type ligands bearing two
or three aromatic ring moieties were evaluatechhitors of ALR2. It could be confirmed that
the introduction of thenetanitro group to the terminal aromatic ring systena¢companied by a
potency enhancement which is in concordance wighipus studies. Surprisingly, the exchange
of this nitro group by a carboxylic acid group lsad a significantly decreased affinity7 is
with an 1Gg-value of 3.1 +/- 0.8 UM an interesting derivatbesaring an acrylic acid group while
43 is with an IGyvalue of 0.34 +/- 0.05 pM* a potent member of the compound class
containing a third aromatic ring system. The sogkirotocol was improved so that the pH value
facilitates the binding of the inhibitors. Solvitfge complex crystal structure 88 complexed to
ALR2 in space group R2(ALR2-28-P2) showed that the binding mode @8 is in good
agreement with the previously described correspanditructure in P1. Furthermore, an
additionally captured water molecule (W3) is visilth the ALR228-P2 complex which might
influence the thermodynamic profile. The bindingdamf four new ALR2-inhibitor complexes
(ALR2-30, ALR2-31, ALR2-37, ALR2-43) were determined. ALR37 is the first complex
structure of an ALR2 inhibitor complex which comtsian acrylic acid head group. Since the
conformation of the double bond 87 changed fronk-to Z-configurationprior to binding it can
be deduced that ALR2 prefers inhibitors with theyle acid group inZ-configuration. ALR243

is the first complex structure of ALR2 with an ibhor of this compound class which exhibits

three aromatic moieties. The structure shows th&®2Acan accommodate such a bulky ligand.

Additionally, the thermodynamic profiles could beeasured in HEPES buffer. The enthalpic
binding portion across the studied ALR2- inhibisaries varies between the lowest and largest
value over a range of 10.1 kJ/mol. This is remdskddrge since the binding modes of the
ligands to the target protein ALR2 are closely camaple. In two cases captured water molecules
could explain the differences in the thermodynaprifiles. Different interaction patterns of the

carboxylic acid head group have been observedonmescases the burial of polar groups of the
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inhibitors in a hydrophobic environment of the jiat provide an explanation for a reduced
enthalpic signature. The relationship between tmermiodynamic binding patterns and the

adopted binding modes described here can senesalsable input for further design cycles.

4.6 Description of Experimental Procedures

4.6.1 Expression, purification, ITC measurements, crystdization and structure
determination

The expression and purification of ALR2 are destiln Section 9.2.1, the ITC measurements
in Section 9.2.5, the crystallization in Sectio2.9, the soaking in Section 9.2.3.6 and 9.2.3.7

and the structure determination in Section 9.2.4.

4.6.2 'H-NMR analysis of 37
No sign of theZ-isomer of37 was visible within the compoundsl-NMR spectrum when it was

measured immediately after the synthesis. The @owl6.69 ppm with a coupling constant of
16.0 Hz clearly shows the presence of Basomer. However, a doublet at 6.02 ppm with a
coupling constant of 12.6 Hz and an integral o20(@tegral of theE-isomer doublet = 1.00)
appeared in the spectrum after three years. Thimsabkivith its typical coupling constant belongs
to the Z-isomer*>® Therefore we concluded that an isomerization efdbuble bond had taken
place during storage. The compound was stored swigded in a box, but no additional measures
were taken to protect it from light. An attemptsteparate the isomers chromatographically (silica
gel and dichloromethane / methanol mixtures) wasuacessful. Instead th&-isomer was
enriched. The NMR spectrum showed #esomer doublet at 6.02 ppm with an integral of50.1
(integral of theE-isomer doublet = 1.00). Whether the enrichmenthefZ-isomer was only due
to isomerization under the conditions of chromaapyry or whether a more favorable elution of
the Z-isomer played a part could not be determined. NN&R sample of the mixture (dissolved
in deuterated DMSO) was exposed to ultraviolettlid@®4 nm) and subsequently spectra were
taken. After 8 h exposure the spectrum showed+isemer doublet at 6.02 ppm with an integral
of 0.39.TheE-isomer doublet at 6.69 ppm was superimposed Wwihsecond doublet of thg
isomer in a way that made separate integration gsipte. The combined signal was set to 1.00.
This means the ratio dE to Z was around 3:2 at this time and continued to emeeduring

exposure to ultraviolet light. The doublet of tdedsomer was integrated to 0.44 after 16 h
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exposure and to 0.52 after 31 h (signal at 6.69 ps always set to 1.00). Therefore it seems
clear that the geometry of the double bond is &abl isomerization and especially unstable in
solution, under exposure to ultraviolet light asllves during chromatography while even the

undissolved solid is not completely stable.
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5 Thermodynamic and Structural Investigation of
the Opening of the Specificity Pocket of Human Aldse Reductase

5.1 Introductory Remarks
The following chapter was prepared for submissma scientific journal. This study was done in

collaboration with Dr. Frithjof Scheer, Felix Tersten, Dr. Philipp Toth, Prof. Dr. Andreas
Heine and Prof. Dr. Wibke Diederich (Philipps Unsiey Marburg). The author of this thesis
determined the complex crystal structures, perfdritiee ITC measurements and drafted the

following manuscript.

5.2 Abstract

For drug design a profound understanding of thegss of molecular recognition between the
binding site of a protein and small molecules whigve the ability to inhibit this protein is
essential. Here, we present insights into the tbdgmamic background of the opening of a
subpocket of a protein when addressed by a suitablety of a ligand. As a model protein the
human aldose reductase was chosen, which is indoluethe development of diabetic
complications. The opening of its specificity pockehich is highly significant for the design of
selective inhibitors for this protein, is studiegl ligh-resolved X-ray crystallography, isothermal
microcalorimetry and surface plasmon resonance uneaents, using a ligand series based on a

2-carbamoyl-phenoxy-acetic acid scaffold.

5.3 Introduction

For drug design a detailed understanding of thentbdynamic behavior of the binding process
of a ligand to a protein is essenfial’ This appears even more important if for the
accommodation of the ligand a transient subpockstth be opened. Little is known about the
influence of the opening process of such a subpookethe thermodynamic profile. To gain
further insights into this process the choice ahhn aldose reductase (ALR2, EC 1.1.1.21) as a
model protein appears promising. Due to its invawinin the development of diabetic
complications this protein has medicinal relevance.2013, 382 million people worldwide
suffered from diabetes. This number is predictedntyease to 592 million cases up to the

year 2035." The disease is related to some long-term comjitsdike neuropathy, nephropathy
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and retinopath§> ALR2 is a NADPH-dependent oxidoreductase. It resuglucose to sorbitol
which is the first step of the polyol pathway. T¢tensumption of NADPH leads to decreased
levels of reduced glutathioffewhich makes the cells more vulnerable for intratat oxidative
stress. This is a confirmed mechanism which leadsthte development of diabetic
complications’® ?° making ALR2 an interesting target for drug desi@his made ALR2 to a
well characterized protein. Ultrahigh resolved taysstructure® and thermodynamic data of
protein ligand complexes, giving insights into kateraction8 and overlaid protonation efféét

are described in literature. This knowledge sela®d starting point for the current study.

The binding pocket of ALR2 is depicted in Figurel®- One subpocket consists of an anion
binding pocket which is formed by Tyr48, His110,pTIt1l and the nicotinamide moiety of
NADP*® Inhibitors address this subpocket with a negafiveharged group, e.g. their
carboxylate, hydantoin or succinimide functidRsAdjacent, an additional subpocket can be
formed in the active site. The C-terminal loop,exsally the region around Leu300, possesses a
high flexibility, which allows the opening of the-galled specificity pocket. Phe122 and Leu300
serve as gatekeepers which either seal or givesadoethis pocket. In Figure 5-1b the binding
mode of fidarestat4d, PDB: 1PWMJ>* is shown. It does not address the specificity pock
which remains in the closed state. In Figure 5-thd binding mode of minalrestag5,
PDB: 1PWLY* is depicted. The latter compound addresses theifisity pocket with its
halogenated phenyl substituent. The side chaineof300 (colored in red) shifts its position in
space and opens the entrance of the pocket. Ind=ac the different conformations of Phel22
and the Ala299 to Ser302 sequence stretch in thatbtgres are compared. The image shows that
not only the side chain of Leu300 but the entireacited protein backbone changes its
conformation. Accommodation of ligand portions Hmst pocket by inhibitors which exhibit
suitable moieties is a promising strategy to ggacticity compared to the human aldehyde
reductase (EC 1.1.1.2). For the latter enzyme dendtion of such a pocket is less favorable
since it would involve the rupture of a salt bridgerhe crystal structure of the ALRblo-
enzyme shows the closed conformation of the spégifpocket (PDB: 1ADS In the 138

complex crystal structures which are depositechenRDB (August 2015) the specificity pocket
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is only opened if addressed by an inhibitor. Conset]y, the closed conformation appears to be

the thermodynamically more stable one.

A previously published class of ALR2 inhibitors pess 2-arylcarbamoyl-phenoxy-acetic acid
scaffold as the core structufeln the present work, we use derivatives of thisugrwith varying
moieties (R in Figure 5-2) to induce different himgisite conformers. The chemical structures of
the studied inhibitors are presented in Figure $#& resolution of the here described complex
crystal structures ranges from 0.98- 1.20 A whittbwes for a detailed analysis of the binding
modes of the inhibitors, the induced conformatidrthe binding pocket and water structures.
Isothermal microcalorimetry (ITC) and surface plasnresonance (SPR) measurements were
used to study the thermodynamic background of tieessing and consequently opening of the

specificity pocket.

5.4 Results

5.4.1 Introductory remarks regarding the crystallization and soaking conditions
The complex structures ALRZ?, ALR2-49, ALR2-50, ALR2-52 and ALR253 were obtained

by soaking the ligands in TRIS buffer at pH 8.0Ooifitolojprotein crystals. ALRZ1 was
obtained by soaking in citrate buffer at pH 5.0.F-48 was obtained by cocrystallization in
citrate buffer at pH 5.0 since this ligand destmbyke crystals during the soaking process in
TRIS buffer. Since the differences which we foundhis study between the binding modes of
the different ligands can be explained by conforomati adaptions on the protein side or by
displacement of water molecules due to stericaaeswe consider the influence of the different

crystallization and soaking conditions as negligibl

5.4.2 Different protein conformers
Three different conformers of the residues whictdbothe specificity pocket were found in the

here described crystal structures. Figure 5-1&yre 5-4 and Figure 5-7 give an overview about
the induced protein conformers of ALRZ- ALR2-52. First, ALR247, ALR2-48 and ALR252
represent complex crystal structures where theifspgc pocket is found in its closed state.
Here, the side chain of Leu300 points towards PRedtidch blocks the access to the pocket.
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Figure 5-1 Detailed figure captionn next pag:
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Figure 5-1(a) Schematic view of the binding pocket of ALRR) Binding mode oft4 with the specificity pocket in
closed conformation. The protein surface is colanegray, the carbon atoms 44 are colored in cyan, the oxygen
atoms in red and the nitrogen atoms in blue. Pheh22l eu300 are colored in red. This color schesrmaaintained
during the following images. (c) The view directimnperpendicular compared to the remaining figufége carbon
atoms of the protein residues which correspondliB244 (specificity pocket is closed) are colored in grethose
which correspond to ALR25 (specificity pocket is opened) are colored in blliee entire backbone next to Leu300
performs conformational changes when the spegiffmiicket is opened. This is best visible when th&tpns of the
side chain of Leu300 are compared (red arrow).HRuhding mode of45 with the specificity pocket in open
conformation. Carbon atoms 46 are shown in purple. (e)-(j) Binding modes of ligands which are investigated
in this study.47, 48 and52 leave the specificity pocket closed wh#t§, 50 and51 open the specificity pocket.
(e) ALR247, carbon atoms o7 are shown in light-red. (f) ALR28, carbon atoms o#8 are shown in green.
(g) ALR2-49, carbon atoms of9 are shown in yellow. (h) ALRB0, carbon atoms db0 are colored in orange.

(i) ALR2-51, carbon atoms d61 are colored in blue. (j) ALRB2, carbon atoms db2 are colored in purple. This
figure and the following representations were pregaising PyMOL*®

As a consequence of the position of Leu300 theeprosurface forms a cleft between the
backbone of Leu300 and the side chain of Trp218ufe 5-1e, f and j). Secondly, ALRB and
ALR2-51 exhibit the specificity pocket in an open confotima The loop around Leu300
performs conformational changes to open the spédgifpocket. The side chain of Leu300 moves
away from the phenyl ring of Phel22. Leu300, Cysafa8 Trp219 form a kind of wall which
limits the binding pocket at the lower side (Figbrég, i).53 induces with thenetanitro phenyl
moiety the same conformation of the residues ofsgiexificity pocket agd9 and51 (not shown

in Figure 5-1). Thirdly, in ALRZ0 the specificity pocket is similarly opened, butréneéhe
carboxamide group of the Ala299- Leu300 backbonerisntated differently (Figure 5-3a). An
H-bond between the nitrogen of the benzothiazalg and the nitrogen of the Ala299-Leu300
amide bond leads to this rearrangement of the lmaekiof the specificity pocket (Figure 5-4d).
Figure 5-3b shows an alignment of Ala299-Ser302hef obtained complex crystal structures.
The conformational changes result in the larggsbsiioning of the side chains of Leu300 and
Leu301. The transformation from the closed to thened state of the pocket is accompanied by
the rupture of one and the formation of two nevelindl H-bonds between the residues which
border the specificity pocket. In Figure 5-3c armbay of ALR247 (carbon atoms are colored in
salmon, specificity pocket is in closed state) &idR2-51 (carbon atoms are colored in blue,
specificity pocket is in open state) is presentedthe closed state, an H-bond between the
oxygen atom of the carbonyl group of the peptidacdbbetween Ala299 and Leu300 and the
Tyr3090H group is established. The short distaric@® A indicates a strong interaction. In the
open state the peptidic carbonyl oxygen is turrvealyafrom Tyr309 (Figure 5-3d).
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Figure 5-2 Chemical formulas of he studied inhibitors

Thus, this Hbond cannot b formed any longer. In contrast, two neut longer F-bonds are
formed, involving the oxyen atom of the amide carbonyl oxygeof the Leu30-Ser302
backbone: onds establishd with the nitrogen f the amide bond>f the Cys30-Thr304
backbone (3.2) and one withe OH group of Thr304 (2.9 /Figure 53d). The latter H-bonds
are also formed in the sligl different conformation of the specificityocket in ALR:-50 (not
shown in Figure 5-@). Conequently, the analysis of the interne-bonds of all the three he
detected conformations of 2 residues of the specificity pocket indici that the newly forme
internal H-bonds in th@pen conformation compensate for the ladgsthe internal H-bond
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Figure 5-3 (a) Comparisorof Cys29¢-Cys303 of ALR251 (carbon atoms are shown blue) and AIR2-50 (carbon
atoms are shown in orang€h) Alignment of Phel22 and Ala299 to Ser302 of A-47 (carbon atoms are shown
in light red), ALR248 (carbon atons are shown in green), AL-49 (carbon atoms arshown in yellow), ALR-50
(carbon atoms are shown in ora), ALRZ-51 (carbon atoms are shown in blue) aALR2-52 (carbon atoms are
shown in purple). (cAlignment o ALR2-47 and ALR251. An internal Hbond betwen the residues Ala299 a
Tyr309 in the closed conformati of the specificity pocket is drawn as a bl-dotted line. Carbon atoms of tl
protein residues of ALR27 which represent the osed conformation of the specifir pocket are shown in ligi
red, the carbon atoms of the cornonding atoms of ALF-51 which represent the op ccnformation are shown in
blue. (d) Alignment of ALR247 and ALRZ51. Same color scheme as in (c) waslied. Two internal H-bonds
between the residues Ser302 anir304 are formed in the open conformation of thexificity pocket

observed in the closed cormation. However, the different adoptgeometries might sti
involve a change in the eng inventay of the residues in the differentites.

5.4.3 Binding mode of the z-(2-carbamoyl-5-fluoro-phenoxy)acetic €id scaffold
47-52 all possess 2-(2arbamoy-5-fluoro-phemxy)acetic acid as arent scaffold, whic

performs idetical interactiors in all cases with the enzyme except fo: diacid52 (Figure 5-4,

Figure 5-7). Thearboxylic ecid functior of the scaffolds directed into te aniorbinding site.

105



Thermodynamic and Structural Investigatior

the Opening f the Specificity Pocket of Human Aldoseductas

Figure 5-4 Detailed figure captionn next pag:
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Figure 5-4 Stick representation of the binding modg of 47-52 Carbon atoms are colored in gray, nitrogen atoms
are colored in blue, sulfur atoms in yellow and @ty atoms in red for protein residues. Carbon atoii$ADP"
are colored in magenta. Water molecules which raezacting with the ligand are shown as green gshét-bonds
are depicted as black-dotted lines. (a) AL&RRZ-carbon atoms are shown in light red. (b) AL&RR-carbon atoms are
shown in green. (c) ALR29, carbon atoms are shown in yellow. (d) ALB2-carbon atoms are shown in orange.
(e) ALR251, carbon atoms are shown in blue. The non-classldabnd between one of the oxygen atoms of the

nitro function of51 and one of the hydrogen atoms of the phenyl ringyo309 is displayed as a green-dotted line.
(f) ALR2-52, carbon atoms are shown in purple.

In a previous study the cofactor was describededsgbbound in its oxidized form NADPE°
Figure 5-4 shows stick representations of Al 420 ALR2-52 along with the polar interactions
formed between ligand, protein residues and watgecnles, Figure 5-7 the same complexes
with corresponding water networks. The complexcitmes were obtained at pH 8.0 and pH 5.0,
respectively. At pH 8.0 the carboxylate group sbdog deprotonated during the entire binding
process. At pH 5.0 it should be deprotonated inndostate, however prior to protein binding it
should be partly protonated. Therefore it will gaarnegative charge on the acetic acid group by
which it interacts with the positively charged rinamide moiety of NADP. The distance
between the carboxylate oxygen which falls neah&cofactor and the endocyclic nitrogen of
the nicotinamide of NADPis 4.2 A. Furthermore, the acetic acid carboxytatggen forms H-
bonds to Tyr480H (2.7-2.8 A) and His110NE2 (2.7Ajile the other oxygen of the carboxylate
group establishes an H-bond to Trp219N1 (3.0-3.1 Bje central peptide bonds d#7-51
position in a way that an internal H-bond betweasm amide nitrogen NH to one of the oxygen
atoms of the carboxylate group of the inhibitor0¢3.4 A) can be formed. SoleB2 does not
form this interaction. All investigated ligands ¢ept52) form an H-bond contact (2.5-2.9 A)
between the carbonyl oxygen of the central pepdimled and water W1. Additionally the central
fluoro-substituted phenyl ring makes van der Waalstacts to Trp79 (4.6 A), Trp20 (3.8 A) and
Phe122 (3.9 A). In the following Section the diffiaces between the binding modes of ligands
47-53 are explained in detail.

5.4.4 Binding mode of 47
Since47 carries no further substituent at the amide nérothe doubly protonated nitrogen can

undergo an additional H-bond contact to the adaiiily recruited water molecule W2 (3.2 A,
Figure 5-4 a) which in turn is H-bonded via an &ddal water molecule W3 with the nitrogen of
the amide bond between Ala299/Leu300 (2.9 A). Coueetly, using W2 and W3 as mediating
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water molecules47 forms additional polar contacts to the proteintHe here investigated ligand
series it is the only ligand besidg&2 which forms an H-bond via this amide nitrogen ddigion

to the intramolecular H-bond to the terminal acaticd carboxylate group.

5.4.5 Binding mode of 48
48 contains a propynyl side chain which is attachedhe amide function. The propynyl side

chain contains a-electron system and fills the cleft next to theopened specificity pocket
formed between Leu300 and Trp219 which has a rdtlgdrophobic character. This binding
mode enables the propynyl side chaird8fto form van der Waals contacts to Trp111 (3.4 A),
Phel22 (4.8 A), Trp219 (3.6 A) and Leu300 (3.5 A). accommodate the side chain 48
Ala299-Tyr309 have to shift slightly compared te tALR2-47 structure (Figure 5-5a). Using
the McLachlan algorithi? as implemented in the program Pro¥itan RMSD across the
residues 299-309 of 0.67 A was calculated whicl3.& times larger than the RMSD of the
remaining protein residues (0.19 A) in this compami For this calculation and the additional
calculations referenced further down with ProFé girotein molecules were aligned based on the
C atoms. Similar tal7 also48 forms a direct H-bond to W2 (2.7 A), however, htre ligand

uses its carbonyl oxygen of the central amide orebtablish this contact (Figure 5-4b).

5.4.6 Binding mode of 49
49 could be built into the J difference electron density map at &vel of 3.0. It was refined

to an occupancy of 80%. Still unassigned signifiadifierence electron density remained in the
specificity pocket. An overlay with ALR27, in which the specificity pocket keeps the closed
conformation, shows a univocal match between trekllzme and side chain positions of the
residues of the specificity pocket and the unexgldidifference electron density (Figure 5-5b).
This observation strongly supports the presenceafsecond conformation of the specificity
pocket in ALR249. Predominantly the open conformation is visibleickhis induced by49
binding. It was adjusted to the same occupany @digand (80%). The protein residues which
correspond to the open conformation of the speifigocket adopt a similar geometry as in
ALR2-51. Because the corresponding-fz electron density is not fully visible we restraine
from inserting the closed conformation of the sfieity pocket as a second conformation. The

question remains whethd9 binds in two conformations, in agreement witl bbserved two
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Figure 5-5 (a) Alignment of ALR2-47, ALR2-48 and ALR252. The carbon atoms protein residues Ala299 to
Cys303 and of the ligands are sin in light red for ALR:-47, in green for ALR248 and in purple for ALR-52. In
ALR2-48 and ALR252 the residws Ala299 to Cys303 are pushed aside to accomte the bulky moieties of tt
corresponding ligand. ()9 is shovn together with Ala2¢- Ser302. The residues witarbon atoms shown in gr
correspond to the open confornon of the specificity pocket which was refined an occupancy of 80%. Tt
conformation was included in thinal mocel. Some EF. difference electron densitwas found at a level of 3
sigma which corresponds to the sed conformation of the specificity pocket (cartagyms are shown in light rec
This can be attributed to 20%f the protein molecules where the cificity pocket is not opened by a
molecule of49.

conformers bthe specificity pocke. In such case, the difflence electin density for a second
ligand conformer with resct tothe terminal phenyl ring o#9 shoulc be visible next t the
entrance of the binding posat. However, we did not find any,f~ difference electron densi
suggesting the occupancy the phenyl ring in this areat a level o' 3.C. Additionally, the
averageB-factor of the termal phenyl ring 0#49 (13.1 &) is only slightly higher than that «
the attachedluorophenoxyaetic acid scaffold (10 A% which binds tigkly to the anion binding
pocket If a second orientain of theterminal phenyl moiety of thégand existed thterminal
phenyl ring should shownuch highe B-factors. Consequently, the avager B-factors suggest
that supposedly no secomdientatior of the ligand is present and 't 49 only binds if the
specificity pocket is openedhere, the terminal phenyl ring @9 acconmodateshe specificity
pocket and performs a- -stacking with Trp111l (3.5 A). Furthemore, the phenyl ring
undergoes van der Waals tactsto the aromatic systems of T4 (3.7 A) and Phe122 (3.7 £
andto the side chain of L:300 (3.6 A). Up to now this is the lgnknown complex cryste
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structure which shows the binding of an unsubstttitaromatic system in the specificity pocket
of ALR2. With a Ko= 7.5+/-1.4 uM it is one of the weakest bindersnfcmed by X-ray
crystallography, to open the specificity pockefaR2 (Figure 5-4c).

5.4.7 Binding mode of 50
An H-bond is formed between the amide nitrogenhef Ala299-Leu300 bond and the nitrogen

atom of the benzothiazolyl moiety 60 (3.1 A, Figure 5-4d). Therefore, the backbone gean
its position to enable the formation of this H-bootwmimpared to ALRZ1 (Figure 5-3a). The
benzothiazolyl moiety ob0 forms a face to face- -stacking with the side chain of Trp111
(approximately 3.5 A). Furthermore, it forms vam &éaals contacts to Trp79 (4.2 A), Phel22
(4.0 A) and Leu300 (3.4 A). The sulfur atom of tienzothiazolyl moiety is not involved in any

polar interactions.

5.4.8 Binding mode of 51
51 possesses a nitro group attachethataposition to its terminal phenyl ring. The latteoiety

of 51 opens the specificity pocket (Figure 5-4 e andiféghb-7e). Its binding mode is very similar
to that of its Cl-analogue IDD3931§).28 The phenyl ring of the side chain performs -a-
stacking with the aromatic system of Trp111 (~3) Additionally, it forms van der Waals
contacts to the side chains of Trp79 (3.8 A) an@&l1RB (3.8 A). Thus, the hydrophobic
interactions of the phenyl ring 6fl are similar as already described for the corredimgnmoiety

of 49. The nitro group forms an H-bond to the NH of tei300 backbone (3.2 A). Furthermore,
one of the oxygen atoms of the nitro group is parséd close to one of the carbon atoms of the
phenyl ring of Tyr309 (3.3 A, Figure 5-4 e). Thistdnce is surprisingly short. It was previously
discussed to be a non-classical secondary H-botwekba the C-H dipole at the phenyl ring and

the negatively polarized oxygen of the nitro gréup.

5.4.9 Binding mode of 52
The occupancy db2 was refined to 77%. Compared3i the nitro function is replaced B2 by

an isosteric carboxylic acid function. Unfortungtehe terminal carboxylic acid function at the
phenyl ring is not visible in the A~ difference electron density at alevel of 3.0 and was

consequently not included in the deposited strecturhe NMR, mass-spectrometric and
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elemental analysis &2 show unambiguously the presence of the laiunction see Appendix
10.3).We explain the missiy electron density with an increased resicnobility of the benzoic
acid moiety which is orientd toward the solve-accessible area of thending pocket. The aci
group cannot form any Hends to protein residues whiclould assisto fix the group it in a
certain position. The higmability is reflected by an increas meanB-factor of thephenyl ring
of the benzoic acid moiety(14.5 A% compared to the carbamdyliorc-phenoxyacetic acid
scaffold (7.1 R). To confirmthe resulthe experiment was repeated inendently from the firs
trial. The same soaking pro:ol was applied. In e second diffraction eieriment even le F;-F;
difference electron densityor the benzoic acid moiety (52 was \sible at a level of
3.0 (Figure 5-6).

Figure 5-6 Comparison of the k-F. difference electron densities (shown as a grn mesh) of 52 in comple
with ALR2 ata level of 3.0 (a) dataset which was depositand (b) dataset from a:cond diffraction experime
with another crystabbtained by tke same soaking condition. (a) The term metacarkoxylate group is not visibl
in the density but the remainingslecule is well defined. (b) The terminal phenylgis only partly visible in th
density indicating even higher mdity of this moiety than of the remaining part of tholecule

This result confirms the asqiption that the benzoic acid moiety52 has a higher mobility than
the remainingart of this liginc. The highenergetic synchrotron radiati couldprinciply lead to
radiation damage, resultinip bonc cleavage betweethe carboxylicacid function and th
terminal phenyl ring.Prior to the datasecollected at the synchroin (BESSY II, Berlin-
Adlershof, beamline 14.2, = 0.91841A) used for data deposition &fLR2-52 an additional
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dataset was collected with our inhouse source @eml S microfocus, = 1.5418 A). Also in
this dataset the carboxylic acid group was alreanlysing in the resulting A~ difference
electron densitiy at a level of 3.0. Consequently, radiation damage canekcluded. The
exchange of the nitro function by a carboxylic agidup leads to a surprising change in the
binding mode51 addresses the specificity pocket and forms an hittvath its nitro group to the
Leu300 backbone. On the contrary? directs the benzoic acid side chain towards the
surrounding solvent area and fills the hydrophaodieft adjacent to the unopened specificity
pocket (Figure 5-4f, Figure 5-7f). Accordingly, ttspecificity pocket remains in its closed
conformation even though the carboxylate group khba better suited to establish the H-bonds
in the specificity pocket compared to the nitrowgravhich is often classified as a weak H-bond
acceptor. To enable this changed binding mode ¢inel bbetween the central phenyl ring and the
peptide bond is flipped over comparedbtb In consequence, the intraligand H-bond between th
amide nitrogen and one of the oxygen atoms of #eti@ acid carboxylate group &?2 is
ruptured. This internal H-bond was discussed &rdiiure as crucial for high affinity bindifg.
The acetic acid head group %t adopts two different conformations in the aniondimg pocket.
Conformation A occurs with the minor occupancy (28% aligns well with the conformation
found for the carboxylate group in all the othemnbers of this series, accordingly a similar H-
bonding pattern is established. Conformation B he predominant one (49%). Here the
carboxylate head group is shifted and forms an Rdbwith one of its oxygen atoms to Tyr480OH
(2.6 A) whereas the other one contacts to His110{E2A). At this position the second oxygen
atom is too remote to make a direct H-bond to Tipldistead water W17 is captured (2.8 A) and
mediates such a contact. The existence of two cowfiions of the carboxylate group of the
inhibitor and the entrapment of a water moleculsimilar position was described previously for
the binding mode d2a (Figure 5-2) at pH 8.6%* Owing to a sterical repulsion with W17 caused
by one of the oxygen atoms of the carboxylate griouponformation A, the ligand can only
entrap the water in conformation B. Its occupan@g \therefore set to the same value as that of
conformation B of the carboxylate group. W17 forimgurn an H-bond to Trp111NE1 (2.7 A).
Furthermore, W17 is in H-bond distance to the cayboxygen atom of the central amide bond
of 52 (2.8 A). Supposedly, the generated interactiomwagk by one of the carboxylate oxygens
of 52 in conformation B, entrapment of W17 and the ineahent of the peptidic oxygen 6P
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can, at least in parts, compensate for the loseointernal H-bond between the carboxylate and
the peptidic group 0b2. W2 is visible with conformations A and B. In bathses it makes H-
bonds to the oxygen atom of the central amide {en®.3 A, B: 2.5 A). The amide nitrogen of
52 forms an H-bond to W16 (2.9 A). W16 is found in adjacent position in all the other
described complexes, however, without establistangH-bond to the ligand (not shown in
Figure 5-7a-e). Thus, compared to the other desgrigands, no additional water is trapped to
establish this network. The terminal phenyl ringtlted benzoic acid moiety &2 undergoes an
aromatic edge to face contact with the phenyl bh@hel122 (~4.6 A). Additionally, it forms a
van der Waals contact to the aromatic moiety of2If (3.8 A). Compared to ALR27 the
residues 299-309 are slightly repositioned as anyilobserved in ALR248. Here the RMSD,
calculated with ProFit2? **for the residues 299-309 is 0.56 A which is 4met larger than the
RMSD of the remaining protein residues. As showrkigure 5-5a, this loop adopts a similar
position as in ALR248.

5.4.10 The water networks around the surface of the speacdity pocket
For the analysis of the water networks around thdibg pocket of ALR2 the water molecules in

contact with the adjacent symmetry mates in th&ipgowvere included. All water molecules with
a distance not larger than 10 A56 which was used as a reference ligand were includety
those water molecules which are influenced by ihdibg of the different ligands are shown for
the sake of clarity in Figure 5-7. For the samesoeawe focus on the first solvation shell. The
oxygen atoms of the central peptide bond of thenlg47-51 and53 form an H-bond to water
W1 (2.3-2.9 A, Figure 5-4a-f). The latter is conteecto a water cluster which consists of two
connected five-membered ring systems next to thiasa of Phel22, including W4, W5, W6,
W7, W8, W9, W10 and W11. This cluster is fully Wk in ALR248 and ALR251
(Figure 5-7b and e). The water molecules are stablilby H-bonding contacts to residues of the
protein (Phel22, Ser302). All here described cormpleuctures crystallize in the spacegroup
P2. Due to the spatial packing in the crystal a clogametry mate of ALR2 comes close to the
active site of the protein. The described watewnet in the crystal structures is stabilized by the
OH and the amide group of Ser282 contributed bynthd symmetry mate. Since the changes in

the water networks which are induced by the diffedlggands are found more distal from the
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latter residue the stabilization by the next synmnetate should not take significant influence on
the discussed water structures. In AL&R2{Figure 5-7a) and ALR238 (Figure 5-7b) W2 and
W3 are mediating an H-bonding network to the ammiteogen of Ala299 and the ligand.
Remarkably in ALR247 the NH of the peptide bond is used for the intkoado W2, whereas in
ALR2-48 the carbonyl oxygen of the peptide bond is used the same interaction. In
consequence in ALR27 the water chain is deeper buried in the cleft eetw Trp219 and
Leu300, in ALR248 it is pushed upwards because the propynyl sidim dfa8 fills the cleft. In
the final refinement cycle of the complex structwfe47 we decided to not assign a water
molecule at the position corresponding to that dfivéf ALR248 and ALR251. Nevertheless,
difference electron density suggests that W11 ieast partially occupied in ALR27. The F-F
difference electron density for W14 is shown inUfgy5-7c at a sigma level of 3.0. Reasonable
difference electron density was visible but placangvater molecule led to sterical repulsions
with the side chain carbon of Ser302. Summarizeditinding modes o#7 and 48 induce a
water pattern which involves a similar number oftevamolecules next to the surface of the

specificity pocket. However, significant changes$ha water structures are observed.

The terminal phenyl ring 052 interferes with the water network next to PhelBd &eu300.
Nevertheless, the water molecules present in ALRand ALR248 can also be found in ALR2-
52, however at shifted positions to avoid steric tejoms with the terminal phenyl ring &2
(Figure 5-7f). W13, which is visible in ALR20 and ALR251, but not in ALR247 and ALR2-
48, can also be assigned in ALR2- It forms H-bonds to Ser3020H (3.1 A) and the amid
nitrogen of the same residue (3.0 A). Furtherm#/&3 establishes an H-bond with W3 (3.0 A)
and van der Waals contacts (3.5 A) to the termhanyl ring of52. W13 and W17, as already
described above, are water molecules not detecialhe water networks aroudd and48, but

in complex with52. All three ligands do not address the specifipibgket.

In ALR2-51 (Figure 5-7e) W1, W12, W2 and W3 mediate a corttativeen the oxygen atom of
the central peptide bond bi and the amide nitrogen of Ala299. W12 is additliyn@ecruited to
the network to bridge across the hydrophobic d@iined by the side chain of Leu300. W13 is
stabilized by H-bonds to the amide NH of Leu301 emtV11. It cannot be detected in ALRZ-
and48.
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Figure 5-7 Detailed figure captionn next pag:
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Figure 5-7 Representation of the binding mode of 432. The protein surface is shown in gray. Nitrogen aame
colored in blue, sulfur atoms in yellow and oxyggoms in red. Carbon atoms of the protein residmeshown in
gray. H-bonds distances between 2.3 and 3.3 A mnerdas black-dotted lines. (a) ALRZ: Carbon atoms 047
are shown in light red. The,#F. density at the position which corresponds to W1&hiswn as a green mesh at a
sigma level of 3.0 sigma. (b) ALR23: Carbon atoms 048 are shown in green. (c) ALRES: Carbon atoms o49
are shown in yellow. Water molecules which werecgthin this structure are shown as green sphetes whter
molecules from ALRZ31 are shown as blue spheres. TherFdifference electron densities from the ALRQ-
dataset which correspond to the positions of watelecules W2, W3 and W10-W13 of ALR& is shown as a
green mesh at a level of 3.0 (d) ALR250: Carbon atoms 050 are shown in orange. The water molecules from

ALR2-51 are shown as blue spheres. (e) AlR2-Carbon atoms db1 are shown in blue. (f) ALR32: Carbon
atoms of52 are shown in purple.

In summary, the structures showing the specifipibgket in closed conformation, entrap two
additional water molecules (W12, W13) which becammlved in the H-bond network next to
the specificity pocket compared to the complexespen state. The partial occupancy of the
ligand in ALR249 along with the superimposed conformer of ti@o-enzyme reduce the
accuracy of the electron density and make it diffitco fully place the water molecules which
would correspond to W2, W3, W10, W11, W12 and WLRALR2-51. Figure 5-7c shows apart
of reliably assigned water molecules in ALR2-(green spheres) the residuatfz difference
electron density in this complex together with gasitions of the water molecules as formed in
the ALR251 complex (blue spheres) at a 3.0evel. The image shows that water molecules of
ALR2-51 coincide well with the residual difference electralensity peaks in ALRZ9.
Consequently, the water network observed for AldRZ:an be assumed to be identical to that of
ALR2-51.

As discussed abovB0 induces an open conformer deviating from that tbwith 49 and51. As

a consequence also the water network changeslglighgure 5-7d). The corresponding water
molecules from ALRZ1 are shown as blue spherBsie to the different orientations of the side
chain of Leu300 in ALRZ30 the water molecules W4 and W11 are shifted contpsréALR2-
51. A direct H-bond between W4 and W11 cannot be &trany longer . As a consequence W10
moves its binding position and forms in ALRR-H-bonds to W4 (2.4 A) and W11 (2.3 A). The
pivotal water W5 in ALRZ21 is no longer stabilized. Instead W14, not obsernvethe other
complexes, is recruited in ALRZ0. It seals a five-membered water cluster consisthyVi,
W4, W10, W12 and W14 (Figure 5-7d). Furthermore, tiis complex the backbone
conformation next to Leu300 allows stabilizationVl5 via H-bonds to the carbonyl oxygen of
Ala 299 and the amide NH of Leu301 (Figure 5-7dyefall, despite significant changes in the

116



Thermodynamic and Structural Investigation of
the Opening of the Specificity Pocket of Human Add&eductase

water network, only one additional water molecwenvolved in the H-bonding network to fix
50 compared t® 1.

5.4.11 Discussion of the binding mode and the surroundingvater molecules of 53
Compared to51, 53 has an additional 4-phenyl substituent attachedh& 2-(2-carbamoyl-

phenoxy)acetic acid scaffold and the 5-F-substitiemissing (Figure 5-2). Figure 5-8a and b
show the binding mode &3. The alignment 063 and51 shows very similar binding geometry
for both ligands (Figure 5-8c). Consequently themiateractions with the protein residues are
similar to the those found fd1l. Two main differences are detected. First, the sidain of
Phe122 shifts in ALR53 compared to ALRZ1 to enable an edge-to-face stacking (3.8 A) with
the additional 4-phenyl ring &3. Secondly, this additional phenyl ring 88 interferes with the
water network which is detected in ALRA: For comparison purposes, the binding modglof
is shown in Figure 5-8d along with some selectetemaolecules which are represented as green
spheres. In ALRZ1 a contiguously connected chain of the water mdésc(wW1, W16, W18,
W19, W20, W21 and W6) could be detected. W20 and W2he ALR251 complex have been
displaced in ALR253 owing to the placement of the bulky 4-phenyl ring.

5.4.12 Differences in meanB-factors of the residues 299-309 of the C-termindbop
The temperature factoB{factor) reflects to some degree the residual nighoff an atom in a

crystal structuré®® Since the specificity pocket of ALR2 exhibits refable flexibility the
temperature factors of the residues 299-309 wesiyzed. These residues are part of the flexible
loop region which borders the specificity pocketeTresidues 310-315 were not included since
they represent the C-terminus, which is known tespss a high flexibility independent of the
conformational state of the pocket. In case of AISR2 ALR2-51 and ALR253 H-bonds
between the ligand and the latter residues areddnwhich may take influence on their mobility.
To consider the difference in the overall mobilifythe involved residues across the series of
structures thé3-factors of the residues 299-309 were normalizeith wespect to the overal-
factor of the entire proteins and tBefactor ratio was mutually compared (Table 10-3he
Appendix, numbers in brackets). This correlatiors vpaeviously applied to compare residual
mobilities**> '°° The B-factor ratios of the residues 299-309 show rentdekalifferences
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between the different prote ligand complexes (1- 2.0) whereas of ie ligands this proper

exhibits rathelow and conscved values (0- 1.0).

Figure 5-8 Detailed figure captionn next pag:
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Figure 5-8 (a) Binding mode 053. The surface of the protein is shown in gray.atins of Phel22 and Leu300 ¢
shown in red. The carbon atomf the remaining protein residues are shown in @nd of53 in cyan. Oxygen
atoms are shown in red, nitrogatoms in blue, sulfur atoms irellow and fluorineatoms in light blue. Wat:
molecules are represented as  spheres and-bonds as blacketted lines. Onlywater molecules which a
discussed in the text are shown.is color code is maintained during the followinggentations. () Binding mode
of 53 as a stick representation.ie carbon atoms of NAL" are shown in magen The no-classical H-bond
between one of the oxygen atonf the nitro function 053 and one of the hydrogeatoms of the phenyl ring
Tyr309 is drawn as a greelottedline. (¢) Mutual alignment of ALF-51 and ALR253. For ALR251 the carbon
atoms of Phel22 are shown in Lk, for ALRZ-53 in cyan.51 and53 are aligning perfely. Phel22 shifts in ALF-

53 compared to ALRZ1, presunably to allow for an ed¢to-face stacking to the ached -phenyl ring of53.

(d) Binding mode o61. Carbon aoms of51 are colored in blue. The water molecuWw20 and W21 of ALR-51

are displaced by the additional plyl substituent ¢53. (e) and (f) Chemical structures 53aand53b.

5.4.13 ITC measurements
The results of theTIC measrements are listed iTable 5-1and summazed ir Figure 5-9. The

measirements were perforrd in HEPE: buffer. An overlaid protonatic effect can be assum
as constant, as explainetn Section 5.7.2.The enthalpic data imot corrected for th
superimposed protonation 2ct but cancels out in a relative compari:of the enthalpy value
The thermodynamic profilder 47-50 result fromdirect ITC measuremds in HEPES buffer. To
obtain data forb1, 50 and 53 the performance of displacement titras was necessary. T
experimental setup and thelidation of the results of the displacemerrations are documentt
in Section 5.7.2.

Figure 5-9 Thermodynamic data The Gibbs free energy G°) is shown in blue, the:nthalpic contribution H°)
in green and the entropic contriton (-T S°) in red. The measements were perfored in HEPE: buffer and are
not corrected for the overlaid proation effec
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Table 5-1 Thermodynamic data of the measurements dermed in HEPES buffer.

Ko G° H° -+ S
[uUM] [kd/mol] [kJ/mol] [kJ/mol]
Direct Titration
47 6.6 + 0.4 -29.6 £ 0.2 354+ 0.3 5.8 + 0.4
48 28 + 0.1 -315 + 0.5 -46.2 £+ 0.7 14.7 + 11
49 75 + 1.4 -29.3 + 0.4 299+ 04 0.6 + 0.4
50 0.054 + 0.008 415 + 0.4 -54.0 £ 1.0 125 + 11
Displacement Titration with 50 as high affinity igand
47 7.2 + 0.9 -29.4 + 0.3 -39.0 £ 1.0 9.6 + 1.2
49 9.1 + 0.7 -28.8 £ 0.2 306+ 05 1.8 + 0.7
52 36.2 £ 11.4 -25.4 + 0.7 -36.4+ 2.9 11.0 + 3.6
Displacement Titration with 47 as low affinity ligand
50 0.050 + 0.005 417 + 0.2 -506 £+ 0.7 89 + 0.8
51 0.018 + 0.003 -44.3 + 0.5 -656 + 0.5 21.3 + 0.9
53 0.024 + 0.003 -43.5 + 0.3 558+ 0.2 12.3 + 0.6

5.5 Discussion

5.5.1 ITC experiments

5.5.1.1Comparison of structural and thermodynamic data of47 and 48

The crystal structure analyses reveal very sintiading modes fod7 and48. In both structures
the specificity pocket is found in the closed st&een though differences in the surface water
layer are found, the same amount of water molecigdesvolved in the interaction pattern
between the ligands and the residues adjacentetplcificity pocket. The main difference
between both ligands is the accommodation of thepymyl side chain o#8 in the rather
hydrophobic cleft formed between Leu300 and TrpZ#thermore, the latter ligand pushes the
Ala299-Tyr309 loop out of way so that its hydroplwkpropynyl substituent can be
accommodated8 shows a slightly more favorable Gibbs free endrgyG®= -1.9 kJ/mol) than
47. The G° difference is the result of a significantly higherothermic binding of48

( H°=-10.8 kJ/mol) which is not fully compensated toy an entropically less favorable
binding of48 (-T S= +8.9 kJ/mol) compared #7. TheB-factor ratio of the Ala299-Tyr309

120



Thermodynamic and Structural Investigation of

the Opening of the Specificity Pocket of Human Add&eductase

stretch is much lower fod8 than for 47 (1.3 compared to 2.0). Presumably this is the
consequence of the displacement of residues 299480&6h seem to be relocated to a less
flexible state, leading to an unfavorable incremsthe entropic binding portion. ALR27 was
obtained by soaking, ALR28 by cocrystallization. Unlikely the different crgdlization
procedures provide an explanation for the deviaBtgctor ratios of Ala299-Tyr309 stretch of
these two complex crystal structures. For exampleR2-51 was, similarly to ALR247,
obtained by soaking but in contrast to ALR2it exhibits a very lowB-factor ratio for the latter
residues. The binding of the propynyl side chaithmcleft is accompanied by a strong favorable
increase of -10.8 kJ/mol of the enthalpy. On fgistnce this is surprisingly since the molecular
portion only forms hydrophobic interactions. Insttdomparison it should not be neglected that

also significant changes in the water structuresoaserved.

5.5.1.2Comparison of structural and thermodynamic data of49 and 47
49 exhibits with its unsubstituted phenyl ring thenglest moiety of all ALR2 inhibitors that

succeeds in opening the specificity pocket. Asudised, the terminal phenyl ring 4® does not
form any other interactions in the specificity petlpart from the- -stacking. In consequence
with respect tat7, which does not open the specificity pocke should allow to investigate the
changes of the thermodynamic profile directly lidkeith the opening of the pocket. As
discussed above, the,-F. difference electron density at 3.0suggests thad9 entraps two
additional water molecules (W12, W13) in surfacemoek compared t@7. The nitrogen of the
terminal amide group of the latter ligand allows ldfbond to be formed to W2, a contact
impossible to realize witd9. Since W2 patrticipates in a water-mediated H-btmthe amide
group of the Ala299/Leu300-backboné?7 establishes an additional contact to the protein
residues, whicl9 most likely compensates via W12. The predominaigraction formed by9

in the specificity pocket is the- -stacking to Trplll. The affinity data show thatthbo
compounds bind with similar Kvalues 47: 6.6 uM, 49: 7.5 uM) and Gibbs free energies
(  G°= +0.3 kJ/mol). We therefore conclude that the apgrof the specificity pocket and
stacking interaction inside this pocket is noteefeéd by an increase in potendy. displays a
more favorable enthalpic portion (H°= -5.5 kJ/mol) nearly compensated by a less faverab
entropic portion (-T = +5.2) than49. The B-factor ratios of Ala299-Tyr309 of both
complexes (1.9/2.0) are in the same range, indigdtiat these residues possess in both crystal
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structures similar residual mobility. Thus, theesolpening of the specificity pocket does not
restrain the flexibility of the 299-309 loop. Firghe two different water networks should be
contrasted with respect to the thermodynamic @efiEven though the contact to W2 differs on
first glance ford7, in ALR2-49 the corresponding W2 is stabilized via the wateic W1-W12-
W2-W3. As a result for both complexes the contaetch out to the backbone amide group of
Leu300/Leu301. We therefore believe that W2 haslaimnfluence on the thermodynamic
profiles of both ligands and hardly discriminatée tdeviating thermodynamic profiles. The
entrapment of W12 and W13 in ALRE should lead in contrary to ALRZ7 to an increase in
the enthalpic signal and a loss in the entropidi@or however, the opposite is observed. Thus,
either the effect of the water fixation is very Wear additional effects compensate the water
contribution.

The specificity pocket of ALR2 is presumably in ttksed state before being addressed and
opened by the attached phenyl substituent of amitoh This assumption is supported by the
crystal structure ALR29. The residual §F. difference electron density in this complex shows
the ligand 80% populated but superimposed densitthie closed conformation of the specificity
pocket is indicated. We therefore suppose thatghizpocket opens upon binding of the phenyl
side chain o#9 during the soaking. If the specificity pocket Issed before a ligand binds, no
solvent molecules will be bound inside this pock&tcordingly, the classical hydrophobic
effect}*®**® which involves the displacement of ordered wateletules from a hydrophobic
environment to the bulk water phase cannot be tipdaration for the more favorable entropic
portion of 49. In contrast, the phenyl ring of the inhibitor fdng most likely unfavorable
contacts to water molecules in the bulk phase verébly buried in the rather hydrophobic
specificity pocket. Since the enthalpic signaéfis smaller than that af7 the desolvation of
the aromatic ring and the formed -stacking with Trp111 takes overall an unfavorabfiience

on the binding enthalpy.

As the unsubstituted7 and the analog phenyl derivati¢8 exhibit nearly identical affinity, the
opening of the pocket along with the accommodatiotine phenyl ring is linked to a tiny change
in Gibbs free energy. A partitioning in compensgtenthalpically unfavorable and entropically

beneficial contributions is found overall. Furtteplitting into individual contributions is diffictl
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as 49 (i) entraps two additional water molecules (usuadn enthalpically favorable but
entropically unfavorable step), (ii) has to drive fprotein into a different protein conformation
(possibly linked to a small energy barrier as tlused form is more stable), (iii) will require a
contribution to desolvate the aromatic portion g svhich might be enthalpically unfavorable
but entropically beneficial) and (iv) weak but eyeically favorable - stackings are
experienced. Clearly arguments can be found teeréiheese steps to a more enthalpic or entropic
signature, however it appears impossible to quantiéem relative to each other to reveal the

profile for the entire step of the pocket opening.

5.5.1.3Comparison of structural and thermodynamic data of50 and 49
The increased potency 56 compared t&9 ( G°= -12.2 kJ/mol) is the result of the much more

favorable enthalpic contribution (H%= -24.1 kJ/mol) which is only partly compensated sy
higher entropic price (-T S’= +11.9 kJ/mol). The favorable increase in the aipi portion
can be related to the formed H-bond between theggh of the benzothiazolyl ring 60 and the
backbone of Leu300, even though this gain appeamsrisingly large. This formed H-bond
restraints the flexibility of the residues 299-3hding to a significant small&factor ratio for
these residues (1.4 compared to 2.0) which supposgdlains the more unfavorable increase in
the entropic portion ds0.

5.5.1.4Comparison of structural and thermodynamic data of51 and 49
The comparative analysis &fL and 49 allows to dissect the influence on the thermodyinam

parameters of theetanitro group of the phenyl ring which addressesdpecificity pocket of
ALR2. ALR2 inhibitors bearing this group have bes#gscribed previously as strong enthalpic
binder$ but the portion which can be contributed to thacitedmetanitro group could not be
quantified so far. The thermodynamic profile 5 could only be measured in a displacement
titration. In a recent study we could show that displacement titrations carolve a more
complex behavior making the assumption of a fulllitity in all steps of the displacement
process questionable. In the current case we diitdte 47 and49 directly and by displacement
with a strong binding ligand, where&$® could be studied directly and by displacing a weak
ligand used to preincubate the protein. As reparigsiection 5.7.2, the Gibbs free energy is well

reproduced (0.5 kJ/mol), the partitioning in enthalpy and epyrois affected by larger
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modulations but below 4 kJ/mol. Comparedd®) 51 forms an additional H-bond via its nitro
function to the backbone of Leu300 and a non-atassi-bond to the CH of the phenyl ring of
Tyr309. The formation of these interactions areoagganied by a surprisingly large gain in
affinity ( G°= -15.0 kJ/mol), overwhelmingly due to an enthalgain ( H°= -35.7 kJ/mol).
The deviatingB-factor ratios for Ala299-Tyr309 (ALR29: 2.0, ALR251: 1.2) indicate that the
formed H-bond strongly decreases the flexibilitytlod residues 299-309. This explains the loss
in the entropy 061 compared ta9.

5.5.1.5Comparison of structural and thermodynamic data of50 and 51
50 and51 are both forming H-bonds in the specificity pocketthe backbone of Leu300 with

similar distances (3.1 A/ 3.2 A). The thermodynamiofiles of both ligands slightly differ in
affinity ( G°= -2.6 kJ/mol) and factorize quite strongly in H°= -15.0 kJ/mol and
-T  S’=+12.4 kd/mol. Obviously, the formed H-bond betwéee oxygen of the nitro group of
51 and the Ala299-Leu300 backbone NH is accompanyed stronger increase in the enthalpic
signal compared to the H-bond between the basiogah of the benzothiazolyl moiety 60.
Furthermore, the nitro group Bf forms a non-classical H-bond to a hydrogen ofpthenyl ring

of Tyr309 which may further increase the exothermsignal. Presumably the enthalpic
desolvation costs for the nitrophenyl group, heainlolved in contacts to the protein, are less
than for the benzothiazolyl moiety. THgfactor ratio of Ala299-Tyr3095L 1.2, 50: 1.4)
indicates thabl locks the residues 299-309 more firmly in theisiion as50 does. This is also
supported by the entropic portion which is lessofable for51 than for50. Additionally, in
ALR2-50 the backbone next to Ala299 adopts a slightlyeddht conformation as in ALR2L
This conformation might be energetically less fabe which would additionally decrease the
enthalpic signal for ALRZB0. The stabilization of water molecule W15 in ALRBQ- which
should be accompanied by a favorable increaseeiretithalpic signal and a loss in the entropic
part, is obviously overcompensated by the differetdractions of both ligands in the specificity
pocket. Furthermore, the deviating arrangementthefwater networks next to the specificity

pocket which were discussed above could lead t@tieg thermodynamic signatures.
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5.5.1.6Comparison of structural and thermodynamic data of52 and 47
The less poten§2 and 47 show different thermodynamic profiles (G’= +4.0 kJ/mol with

H%= +2.6 kJ/mol and -T S’= +1.4 kJ/mol). The decrease in the enthalpic tlem52 results,
at least partially, in the loss of the internal blad between the amide nitrogen of the ligand and
one of the oxygen atoms of its acetic acid carbateygroup. Furthermore, the altered binding
mode of the polar head group &2 in the anion binding pocket should also be reéidan the
thermodynamic signature. Two additional water molles are involved in the water network
stabilizing52 compared to that of7 (W13, W17). Furthermore, the terminal phenyl rofghe
latter ligand contributes with favorable contaasPhel22. Thd-factor ratio for the 299-309
stretch (1.7/ 1.9) suggests tht decreases flexibility of this loop slightly straergthan47. As
described aboveq2 displaces the residues 299-309 similarly48& thus reducing mobility, but

less dominantly as ALR28. This could explain the unfavorable entropic citmition of 52.

Surprisingly is the fact thab2 places its terminal benzoic acid moiety in directiof the
surrounding solvent and not into the specificitycket as found for the isosteric nitrophenyl
group of51. A possible explanation could provide the much encostly desolvation of acidic
benzoic acid group. At the adopted position it remmapartly solvent exposed whereas

accommodation in the specificity pocket would reguwomplete desolvation.

5.5.1.7Comparsion of the structural and thermodynamic dataof 51 and 53
The 1Gyq values for51 and 53 were reported as similar (8 nKf.Our ITC study comes to

comparable results since the Kalues $3: 0.024 uM;51: 0.018 uM, G°= -0.8 kJ/mol) show
only a slightly decreased affinity fo83 compared to51. Interestingly, the thermodynamic
profiles of both ligands, which we obtained in apliacement titration using7 as a weak,
competing ligand, differ significantly: G°= -0.8 kJ/mol, H°= -9.8 kJ/mol and -T S’=
+9.0 kJ/mol. The data published by Van zandt €t alllow to estimate the influence of a
halogen substituent in 5-position at the 2-(2-canyd -phenoxy)acetic acid scaffold. A ligand
which carries a 5-chlorine substituebBg ICso: 30 nM, Figure 5-8e) has andgralue which is
about six times smaller as the analogue withowtlagen substituent at this positidsBp, ICsp:
176 nM, Figure 5-8f). On the other hand, the exgleaof a clorine atom at this positio4g( 1Csg:

6 nM) by a fluorine atom5l, ICss: 8 nM) does not influence the affinity significgnt®
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Obviously, in the here described case the additiphanyl ring in 4-position 063 can largely
compensate for the missing halogen atom in 5-powsitgarding the free energy of binding, even
if the enthalpic and entropic partitioning diffefsr both ligands. As already mentioned the
additional phenyl ring 053 replaces the water molecules W20 and W21. Theserwalecules
are released to the bulk solvent phase and thusdibgrees of freedom will increase resulting in
a more favorable entropic term compare&1oln contrast, the enthalpic portion is less fatbtea
presumably as a result of the disturbed water stredeading to a loss of H-bond contacts in the
system. This might lead to a more unfavorable dpithgortion for53 compared tdb1 which
cannot be compensated for by the additional eddaet® stacking of the attached 4-phenyl ring
of 53.

5.6 Conclusions

Addressing the specificity pocket of ALR2 may puaeithe opportunity to design ALR2
inhibitors with pronounced selectivity over binditg ALR1. In this study we provide for the
first time insights into the thermodynamic propestinvolved in the opening of this pocket. We
determined high-resolution crystal structures ofagrow series of inhibitors which induce three
different binding site conformers. The ITC dataaalvlarge differences in Gibbs free energy,
enthalpy and entropy. The comparison4d@fand 48 shows that ligands which possess similar
binding modes can still show strongly deviatingrthedynamic profiles. Thus, such profiles do
not provide straightforward a conclusive answer twbethe specificity pocket is opened or not.
The comparison 049 and51 allowed to quantify the enthalpic and entropictdbations of the
attachment of ametanitro group. Facing the isosteric ligan8% and 52, only differing in a
COOH by NQ exchange, the consequences of this displacemetiteothermodynamic profile
could be studied. The exchange leads surprisirglgnt alternate binding mode of the ligand
portion. 52 directs its terminal benzoic acid toward the sumding solvent while the nitro-
phenyl ring of51 is deeply buried in the specificity pocket. Thigygests that the desolvation
penalty for a nitro group is significantly loweratt for a carboxylic acid group. The comparison
of 47 and 49 shows that the enthalpic signal is significantdguced when part of the ligand
addresses the specificity pocket without formindpdihds inside the pocket. This suggests that

some energy is needed to transform the proteirduesi into the open specificity pocket
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conformer. The presented case study provides sosighis into the thermodynamic properties
involving the opening of a protein pocket. Theylwifford valuable input for other drug design

projects with proteins also exhibiting pocketsrafisient nature.

5.7 Description of Experimental Procedures

5.7.1 Expression, purification, crystallization and strudure determination
The expression and purification of ALR2 are desalilin Section 9.2.1, the crystallization in

Section 9.2.3, the soaking in Section 9.2.3.7 aedstructure determination in Section 9.2.4.

5.7.2 ITC experiments
The measurements were performed with an 6§ QGE Healthcare) at 298 K. For the direct

titrations of47-50 the cell was filled with a solution containing ARR10 uM-190 uM), an
excess of NADP and 3% (v/v) DMSO in 10 mM HEPES buffer at pH 8The syringe was
filled with the same concentration of NADBnd DMSO and with the inhibitor (0.075-1.2 mM)
in 10 mM HEPES at pH 8.0. 20-25 injections with@wne from 1.6-2.0 uL were done. An

initial injection of 0.3-0.5 pL was excluded frolmetanalysis.

It was shown previously that the enthalpic sigredisarboxylate-type ALR2 inhibitors display a
buffer dependency due to an uptake of approximadeB#0.9 mol protons per mol formed
complex?? The latter data were measured with a MCS-ITC imsent of MicroCal in
pyrophosphate, HEPES, Tricine and TRIS buffer. Régewe determined with the 1T
instrument a proton uptake of 0.6-0.7 per moleooiled complex for different types of ALR2
inhibitors bearing a carboxylate head group (unighkd results and Stefek et'&) using
HEPES, Tricine and TRIS buffer each at concentnatiof 10 mM and at pH 8.0. The
thermodynamic profile of two of the here investeghttompounds48 and 50, were measured
exemplarily in the latter three buffer systems. Fhsulting enthalpies H%s9 were plotted
against the heat of ionization of the correspondinfier system (H%). The values for H%,
were taken from literatuf€: ®8 A line of best fit was drawn and its interceptioith the y-axis
indicated the enthalpy to be corrected for theqation effect (H%.q). The slope denoted the
molar quantity of protons that are entrapped aeastd according to the formation of one mole

of complex. A positive slope, as observed hereicatds proton uptake. The resulting diagram
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for the binding o8 and50is shown irFigure 5-10, the values oH%nanc H%ssare shown in
Table 5-2.

Figure 5-10 Plot of the heat of onization ( H%,,) of the corresponding buffer system HEPES, Tricine or
TRIS) against the measurecenthalpy ( H%go of 48 (blue) and 50 (red).

Table 5-2 Values for the heat @ ionization ( H%,) of the different buffer systems and the correspondin
measured enthalpies (H%;9) of 48 and 50.

48 50
Buffer  Hion [kJ/mol]  Hope [kI/mol]  Hgpe [KI/mol]
HEPES 21.07 -46.2 -54.0
Tricine 31.97 -36.7 -41.9
TRIS 48.07 -29.4 -34.3

The resulting proton uptak of approximately 0-0.7 mol per mol offormed complex is i
agreement with our previotresults. It was shown that the protorpicked up by Tyr4¢*? The
moiety of the here investiged ligands which binds in proximity to tlresidue does not var
The only substituent of the maining ligands which could be involveda proton transfer is tf
benzoic acid moiety 052 However,at pH 8.0 this group should bempletely deprotonate
We assume a similar influee on the enthalpic signal should be giver all the compounds ¢
the studied series.
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Consequently, we refrained from correcting the aipyhfor the superimposed protonation effect
since we are only interested in the relative défmes between the investigated ligands. All
measurements which led to the discussed thermodgnarofiles were performed in HEPES

buffer.

The strong affinity o651 and53 and the weak affinity 052 made the direct titration of these
ligands difficult. Consequently, displacement titas were chosen to obtain the thermodynamic
data for the latter ligands. For the displacemgrdtion of 51 and53 the protein was saturated
with 47 as a competing ligand with a weaker affinity. Hagne concentration df7 was added to
the syringe. The data fa7 (Ka, weak ligand H°weak ligang Were obtained by direct titrations of this
ligand. Using equations 5-1 and 5-2, which werepgethfrom Sigurskjold>® Ka, strong ligang@nd

H°strong ligandfOr the high-affinity binder could be calculated.

! " (5-1)

#$ % #$ &#$ * (L o0 ! 3 (5-2)
125 (y+ 0 !

The protein concentration varied between 23-42 [INe required concentration of 90 pdv¥
was determined in a preceding direct titrationhod tigand. This concentration exceeds 2-4x the
concentration of the protein and approximately i Ky. To validate the experimental set up,
50, which could also be measured in a direct titrafiweviously, was titrated under the same
condition. The ki value found for50 by the direct titration (0.054 uM) and the disglaent
titration (0.050 puM) agreed very wellH® (direct: -54.0 kJ/mol, displacement: -50.6 kJnamd
the -T S (direct: +12.5 kJ/mol, displacement: +8.9 kJ/mttiffered only slightly. Furthermore,
51 was measured in a direct titration. The high atgalof the recorded ITC titration curves made
the extraction of the Kvalue and thus the full thermodynamic profile ditfit. However, H°
can be evaluated. The obtained value of -67.0 tkd/fol agrees well with the value of
-65.6 + 0.6 kJ/mol which was obtained by the dispfaent titration.
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52is a too weak binder to be measured in a dir&rettibn. Here the inverse experimental design
was chosen witth2 as a weak competing binder which was in turn gaaby50. Again, to
evaluate the protoco$47 and 49, for which data from direct titrations were avhll® were
titrated similarly. The applied protein concenatwas 31 uM. Again, at first direct titrations of
the weak ligands were performed to detect the auraton required to saturate the protein. This
resulted in 90 uM47, 49) and 180 puM %2) which exceeds 3.9- 7.6 x the protein concentnatio
and 5-15x the K. The same concentration of the weak binder wagddd the syringe. The
thermodynamic parameters of the weak binder,wkak ligand@Nd H°weak igand Were calculated

using the equations 5-3 and 5-4 which were addpted Zhang et al*>®

8: (45671, (10 .3 1 (5-3)

" (784%69%0

#$%® <#$ % H#$ =& 3 (5-4)
()*(+ ,-.(IO

49 led to very similar results for direct and disgaent titrations (K direct/ displacement:
75uM/ 9.1 uM; H° direct/ displacement: -29.9 kJ/mol /-30.6 kJ/mel S’ direct/

displacement: +0.6 kJ/mol/ +1.8 kJ/mol). The restdtr 47 differed slightly stronger (Kdirect/

displacement: 6.6 uM/ 7.2 uM;H° direct/ displacement: -35.4 kJ/mol /-39.0 kJ/mdl S

direct/ displacement: +5.8 kJ/mol/ +9.6 kJ/mol).

The presented comparisons of the thermodynamicfdatathe displacement titrations with the
data obtained by direct titrations indicate that thsplacement titrations are providing reliable
results regarding theKvalue while the error in the enthalpic portionrasdo be slightly higher.
However, a qualitative comparison of the enthalpmrtions appears to be justified. The
phenomena of differing results foH® for direct and indirect titration has alreadyehealescribed
elsewheré>’ As a consequence in the discussion we are onlyating the results from direct or

indirect titration among each other, if possibler Ehe comparison of9 (direct titration) and1
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(displacement titration) the thermodynamic datarfrdifferent titration protocols were taken

since the strongly deviatingzdvalues did not allow for applying the same procedu

The binding isotherms were integrated using NIT#l@nd afterwards fitted with SEDPHAT*
Representative binding isotherms and fitted regvassurves are shown in Figure 10-4 in the

Appendix. All measurements were done at leasiplidate.
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6 Kinetic and Structural Insights into the Mechanismof Binding of
Sulfonamides to Human Carbonic Anhydrase

6.1 Introductory Remarks

The following chapter was prepared for submissioratscientific journal. In this chapter the
main text and the supporting information are corablinn contrast to the original draft. This
project was a collaboration with Dres. Roberto Gasgisiovanni Bottegoni and Walter Rocchia
from the group of Prof. Dr. Andrea Cavalli (Depaetm of Drug Discovery and Development,
Italian Institute of Technology, Genova, Italy),d3r Daniel Schwarand Jérg BomkéMerck
KGaA, Merck Serono Research, Small Molecule PlatfdtIB, Darmstadt, Germany), Hans-
Dieter Gerbeiand Prof. Dr. Andreas Heine (Philipps University rhlarg). The author of this
thesis performed the SPR experiments, determined@¢dmplex crystal structures 54-58 with
hCAIl and contributed to the drafting of the mamysic

6.2 Abstract

The binding of sulfonamides to human carbonic ardsel Il (hCAll) is a complex and long-
debated example of protein-ligand recognition amdraction. In this study, we investigate the
para-substituted n-alkyl and hydroxyethylene-bemsgationamides, providing a complete
reconstruction of their binding pathway to hCAIl byeans of molecular simulations, surface
plasmon resonance (SPR) measurements and X-raytaltwgsaphy experiments. The
characterization of the binding pathway allows aprecedented understanding of the structure-
kinetic relationship in hCAll/benzenesulfonamidesnplexes, depicting a paradigmatic scenario

for the multi-step binding process in protein-ligasystems.

6.3 Introduction

Human carbonic anhydrase Il (hCAll) is an enzymeg tatalyzes the transformation of carbon
dioxide into bicarbonate. It is often used as aqigpical model system for biophysical studfes
and medicinal chemistry applicatiofs®* The catalytic site of hCAIl consists of one®Zion,
which is coordinated by three histidine residued anwater molecule (or hydroxyl ion) in a
distorted tetrahedral geometry. Sulfonamide-cagyligands can inhibit hCAIl by directly
binding to the catalytic Z7i ion of the protein and displacing the water molecihile it is
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generally believed that the hCAll-sulfonamide reatign process is multi-step, little is known
about the structural features of the kineticalllevant intermediate configurations along the
binding pathway. As in most processes of protagadd binding, this can be traced back to the
transient and short-lived nature of the intermedigtates, which cannot always be detected by

experiments.

Our knowledge of hCAll-sulfonamide complexes reliegpon extensive experimental
characterization carried out over the last few desawhich has produced key results that must
be taken into account when considering models alyrae-inhibitor binding. Generally, the
binding of sulfonamides to hCAIll is a slow procesbjch considerably depends on the nature of
the substituents present on the benzenesulfonaroige This points to a multi-step mechanism,
as a single-step association would be more conipatioth a diffusion-limited process,
characterized by fast kinetics and only margindipendent on the chemical decorations of the

binding compound&

The impact of the ligand substituents on the assioci kinetics was thoroughly investigated in
the case of para-substituted n-alkyl benzenesufihes, where stopped-flow fluorescence
(SFF) experimentd ” showed that the observed on-ratg, kncreases exponentially with the
length of the alkyl chain. These results have biegrpreted in terms of a minimal two-step
process, although no direct evidence of an interabedstate was produced by SFF
measurements. The dissociation constants of tha-sullkstituted sulfonamides in complex with
the zinc-free hCAIl displayed a very high corredatwith the octanol-water partition coefficient,
a fact which was used to infer the key role of loydhobic interactions in stabilizing the putative
intermediate stat¥. From a structural standpoint, compounds contairafig/l chains can

establish favorable interactions with the hydropbgdatch at the enzymatic cavity, often referred
to as the “hydrophobic walf®® The role of these has recently been confirmed bthé&smal

titration calorimetry (ITC) experiment&;***molecular dynamic§* and site-directed mutagenesis

experimentg®1¢’

Further complexity to the binding mechanism is gil®y the charge state of the sulfonamide,

which binds to the zinc ion in its anionic form, mported by*°N-NMR*® and recent neutron
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diffraction studies®® Since benzenesulfonamides are usually weak dtidsexpected that these
inhibitors initially bind to hCAIl in their neutralorm and only subsequently deprotonate, upon
reaching the final Zfi-coordinated configuration. On the other hand,wk¢er molecule bound
to the ZA* has a pKa value of 6-8 and is thought to be a hydroxyl ion in the acfiwen of the
enzyme® Experimental data on the pH dependence of theciimm process have pointed to
two possible mechanisms: either i) a neutral saifoide coordinates the Zndisplacing the
hydroxyl ion, or ii) a charged sulfonamide dispdie ZA*-bound water moleculé! No
consensus has yet been reached on the atomistimamesm of sulfonamide binding to hCAII. In
this scenario, the aim of this work is to provideanplete reconstruction of the binding process
of para-substituted n-alkyl and hydroxyethylenezsresulfonamide$4-58, see Figure 6-1) to
hCAIl. The dynamical properties of the system amgestigated via large-scale molecular
dynamics (MD) simulations, allowing the identifizat of relevant pre-binding conformations
adopted by compoundst-58 upon their entrance into the enzyme cleft. A conspa between
the predicted stability of the pre-binding confotibas and the results of surface plasmon
resonance (SPR) measurements is also reported.iMillations clearly point to a multi-step
binding mechanism, as previously hypothesized bgoFaKing and Burgeff- ®” and disclose the
postulated pre-binding intermediate state. The aflehe hydrophobic tail mounted on the
sulfonamide scaffold clearly emerges, allowing ardlugh characterization of the structure-
kinetics relationships (SKR) of benzenesulfonamid®¢e then carry out metadynamics
simulations to provide an in-depth characterizatwdnthe protein-ligand energetic landscape,
which allows a description of the ligand-bindingtlp@ay up to its coordination to the
Zn**-bound water, which is considered in our simulati@s a hydroxyl ion. Subsequently, we
estimate the environment-induced pKa shift of thmmpounds via a Poisson-Boltzmann
equation-based model and then study the sulfonard&fgotonation by means of density
functional theory calculations (DFT). These reswdte thoroughly discussed in light of the
binding models recently reviewed by Krishnamurty af® To describe the entire binding
pathway, we obtain high-resolution co-crystal sutes for compoundS4-58 in complex with
hCAIl. They unravel atomistic details of the stadle’*-bound sulfonamide/hCAIl complexes
and disclose the sulfonamide conformations as ithed thermodynamic minima of the entire

binding process.
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Figure 6-1 Chemical structures cf the pare-substituted alkyl benzenesulfonamide (54-57), hydroxyethylene-
benzenesulfonamide (58) and threference compounds 59 and 6

Table 6-1The kinetic data obtainad by SPR experiments

KD KD I(on koﬁ

steady kinetic®

state’

[NM] [NM] [ x 10° 1/Ms] [1/s]
54 1135.3 + 196.z 1149.7 + 101.7 1.4 * 0.2 0.1630% 0.0164
55 331.7 + 937 2929 + 46.3 2.0 + 0.1 0.0582+ 0.0073
56 1254 + 25z 983 + 7.4 47 + 0.6 0.0461+ 0.0033
57 606 + 59 578 + 54 7.8 = 1.6 0.0454+ 0.0129
58 428.6 + 55.& 3920 *+ 51.8 1.6 * 0.1 0.0643+ 0.0079

AThe definition of the steady-staaec kinetic dissociation constants gKare reported i Section 9.3.1.4.
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6.4 Results

6.4.1 The role of hydrophobicity in the structure-kinetic relationship
It was previously reported, by means of SFF ingesibns®® that the association rates 457

increase exponentially with the substituent lengtre, we report SPR measurements for the
same ligand series as well as for the more hydlicpbine, compound8. We aim to test the
effect of the methyl-hydroxyl substitution on theding rates, to assess whether hydrophobicity

or chain length is the major feature responsibietie observedd trend.

6.4.2 Results of SPR measurements
The ligands54-58 were measured one after another at four indepémuaetein surfaces of 3700

RU, 3600 RU, 4900 RU and 4700 RU. The ligah8¢4-CBS),60 (sulfanilamide)58 (94%) and
58 (98%) were measured consecutively at four indepengbrotein surfaces of 4900 RU,
4800 RU, 4500 RU and 4500 RU. Mean values andtdredard deviations fd#4-58 are shown

in Table 6-1 The corresponding results of the single measuresremet listed in Table 6-Zhe
measured curves for each ligand are presented gard=il0-5 - 10-8 in the Appendix. In
preliminary tests, an impurity was discovered fompound58. It was purified to at least 94% in
the first sample; a second purification step predi@8% purity. Two dilution series, one with the
substance with 94% purity and a second based onp@8By, were measured in four independent
SPR experiments and the kinetic parameters fobitiging to hCAIll were determined. As shown
in Table 6-3, the results are very similar for bptlrity levels. Thus, the reduced purity 58
(94%) compared to the ligandgl-57 does not explain the deviating kinetic parametgve.
validated our assay by measuri@and60 as reference ligands and comparing our results wit
previously determined values by My$§kéor the binding of these compounds to the boviél C
(bCAIIl). Both compounds possess a very similar doahstructure compared t4-58. Two
independent series of measurements with hCAII imlzeld on both spots were performed so
that four single measurements on four independ&alihsurfaces could be taken on two
consecutive days. Table 6-4 lists the results efsihgle measurements, the mean values and the

corresponding standard deviations.
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Table 6-2 Results of the single measurements on fandependent protein surfaces for ligands 54-58.

Ligand  Spot 1 (=3700 RU) Spot 2 (=3600 RU)

Kp (st-st) Kp (kin)  Kon Koit Kp (st-st) Ko (kin)  Kon Kot

[nM] [nM] [x 10° 1/Ms] [1/s] [nM] [nM] [x 1C° 1/Ms] [1/s]
54 1002.0 10734 1.6 0.1696 1037.0 11839 15 0.1828
55 382.2 3188 1.9 0.0617 429.8 3335 20 0.0664
56 133.7 91.4 5.1 0.0464 157.3 93.8 5.4 0.0504
57 63.4 57.4 8.7 0.0498 66.8 64.5 9.6 0.0617
58" 452.8 4183 1.6 0.0673 488.6 448.0 1.7 0.0741
Ligand Spot 1 (=4900 RU) Spot 2 (=4700 RU)

Kp (st-st) Kp kin)  kep Kot Kp (st-st) Kp(kin)  Kkop Kof

[nM] [nM] [x 10° 1/Ms] [1/s] [nM] [nM] [x 1C° 1/Ms] [1/s]
54 1076.0 1063.1 14 0.1465 1426.0 1278.4 1.2 0.1p29
55 218.0 228.8 2.2 0.0498 296.8 290.3 1.9 0.0%50
56 104.3 100.3 4.3 0.0426 106.1 107.8 4.2 0.0451
57 53.1 51.4 6.7 0.0345 59.0 57.9 6.2 0.0357
58" 358.2 330.3 1.7 0.0567 414.8 3716 1.6 0.0%91

AFor ligand58 a sample with a purity of 94% was used. As exgldiin the experimental part the results do not

significantly differ from the sample with 98% purit

Table 6-3 Results for the measurements of 58 witlwb different degrees of purity.

Ligand 58 (94%) 58 (98%)

Kb Kb Kon Kot Kb Kp Kon Kot

(st-st)  (kin) (st-st)  (kin)

[nM]  [nM] [ x 1C° 1/Ms] [1/s] [nM]  [nM] [ x 1C° 1/Ms] [1/s]
Spot 1(= 4900 RU)442.5 381.91.6 0.0599 | 404.2 359.2.7 0.0609
Spot 2(= 4800 RU)476.7 416.11.6 0.0649 | 444.3 387.4.7 0.0657
Spot 1 (=4500 RU)584.6 508.21.3 0.0665 | nd. nd. n.d. n.d.
Spot 2 (=4500 RU)509.6 437.91.4 0.0602 | 414.1 394.2.5 0.0603
Mean 503.4 436.00L.5 0.0629 | 420.9 380.3.6 0.0623
Standard Deviation60.7 53.3 0.1 0.0034| 209 186 0.1 0.0030
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Table 6-4 Validation against reference results.

Ligand 59 (4-CBS) 60 (sulfanilamide)

Ko (st-st)® Kp (kin)® kon Koft Kp (st-st)® Kp (kin)® Kon Koft

[uM] [uM] [x 10* 1/Ms]  [1/s] [uM] [uM] x10* 1/Ms]  [1/s]
Spot 1(= 4900 RU)| 0.9¢ 0.8¢ 6.t 0.057¢|6.17 5.2t 3.C 0.202:
Spot 2(= 4800 RU)| 0.9z 0.9t 6.4 0.060¢ | 7.17 5.82 3.7 0.214"
Spot 1 (=4500 RU)| 1.01 0.€0 6.2 0.0557 |6.21 5.3¢ 3.€ 0.196:
Spot 2 (=4500 RU)| 0.9¢ 0.82 6.€ 0.055¢ | 6.2¢ 5.7i 3.6 0.20¢0
Mean 0.97 0.8¢ 6.t 0.057¢ | 6.4t 5.5t 3.7 0.205:
Standard Deviation| 0,04 0.0t 0.3 0.002: | 0.4¢ 0.2¢ 0.1 0.007¢
Literature (bCAI* | n.d. 0.8¢ 4.1 0.036¢ | n.d. 5.8¢ 2.5 0.13:

A Results for the measurements of the reference contjso4-CBS and sulfanilamide with hCAIl and compani
with data for bCAIl from literaturé®
B The definition of the steady-state and kinetic aiisation constants @) are reported in Section 9.3.1.4.

Although we worked with human CAIl, we were ablen@asure similar affinity data f&9
(hCAIl: 0.89 uM, bCAII: 0.89 uM) an@®0 (hCAII: 5.55 uM, bCAIl: 5.88 uM) as described in
the literature for the bovine type. Furthermoreg tinetic constants show a similar trend,
identifying 59 (kon hCAIl: 6.5x10" M's™; ko, bCAII: 4.1x10" M™'s™; ke hCAIl: 0.0575 &
kot DCAII: 0.0369 &) as the compound with the faster association &wles dissociation with
respect t060 (kon hCAIl: 3.7x10 Ms?: kon bCAIl: 2.3x10" M*s®: ko hCAIl: 0.2053 &
kot DCAIl: 0.1330 &). Additionally, this series of measurement shovkdt the assay was
reproducible when similar amounts of protein wenenobilized on the sensor chip.

The running buffer in an SPR experiment often dosté®.005-0.05% Tween 20 to prevent
unspecific binding to the tubings and other hydadpb parts of the instruments. To exclude the
possibility that Tween 20 interferes with the bimgliof ligands54-58 to hCAIl, the same series

of measurements were performed twice with the sprotein surface, once with 0.05% Tween

20 in the running buffer and once without the ceggtat. The results are listed in Table 6-5.
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Table 6-5 Effects of Tween 20 addition.

With 0.05% Tween 20

Spot 1 (=3700 RU) Spot 2 (=3600 RU)

Kp(st-st)  Kp(kin)  Kon Koit Kp(st-st)  Kp(kin)  Kon Koit

[uM] MY [ x 10° 1/Ms] [1/s] [uM] MY [ x 10° 1/Ms] [1/s]
54 1002,0 1073.4 1.6 0.1696| 1037,0 1183.9 1.5 0.18p8
55 382.2 318.8 1.9 0.0617| 429.8 333.5 2.0 0.0664
56 133.7 91.4 5.1 0.0464| 157.3 93.8 5.4 0.0504
57 63.4 57.4 8.7 0.0498| 66.8 64.5 9.6 0.0617
58 452.8 418.3 1.6 0.0673| 488.6 448.0 1.7 0.0741

Without Tween 20"

Spot 1 (=3700 RU) Spot 2 (=3600RU)

Kp(st-st)  Kp(kin)  Kon Koft Kp (st-st)  Kp(kin)  Kon Koft

[uM] MY [ x 10° 1/Ms] [1/s] [uM] MY [ x 10° 1/Ms] [1/s]
54 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
55 292.3 265.9 2.1 0.0554| 312.2 277,0 2.0 0.0547
56 122,0 107.1 45 0.0483| 126.4 113.2 4.6 0.0523
57 66.1 60.5 7.8 0.0472| 66.1 62.8 8.4 0.0528
58 412.8 386.1 1.5 0.0596| 425.2 402.2 1.7 0.0667

AThe same series of measurements was perfomedrhes tin the same protein surface. One time 0.05%M\26
was added to the running buffer and one time othitsémilar values were obtained in both cases.

Similar values were obtained for ligan85-58 in both cases. Ligan84 showed sensorgrams
which did not reach saturation when Tween 20 wasadded. Thus, we did not evaluate the data
for 54 in this case. Sincb4 showed a satisfying saturation when adding 0.0%9é€h 20, the

measurements were done in the presence of theléensi

For the final measurements of the investigatechhigseries§4-58), single measurements on four
independent protein surfaces were performed. Toaflgraverage out the small variation of the
kinetic constants depending on the immobilizatierel, we decided to determine the mean of
these four surfaces exhibiting different proteinnglees. We performed experiments with
immobilization levels at a lower rate correspondinglO00 RU. However, the quality of the

obtained sensorgrams was not sufficient. Our resark not significantly influenced by a mass
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transfer limitation even at a high immobilizaticevél. Thus, the applied immobilization levels

were chosen since they led to a good signal-toenaiso.

The k), values determined for compoun&€-58 (Figure 6-1 andFigure 6-3b-c) by SPR
measurements are consistent with previously repdseF results. Although ligands and58
are of similar length, the less hydrophobic compbu®8) displays a much smalleryk
Conversely, a significant change ip: ks experienced betwedi and55 only, while 55-58 all
possess very similar dissociation rate constants. f\Wd that the trend for the equilibrium
dissociation constantsg{s driven by variation in the association kineticsline with the results
obtained by King and Burgéf.

6.4.3 Results of MD simulations
Molecular dynamics (MD) simulations highlighted acmen hCAll-ligand interactions for the

alkyl sulfonamide series (compoura%57). In particular, we observed that the ligands epph
the pocket entrance by mainly exposing the polHosamide to the bulk solvent, while trying to
segregate the alkyl tail in a partly exposed poct@imed by hydrophobic residues. A
conformational analysis revealed the exact identfythe amino acids involved in the
hydrophobic interaction, which we took as the reeglhaving minimum distance from the ligand
below 3 A in the most populated conformational tus This group of residues defined a
partially solvent-exposed patch (hereafter refet@ds the “hydrophobic patch”, HP), which
grew as the size of the substituent increased (Eig2 and Figure 6-3a). HP was largest for
compoundb7,where it included amino acids Ile91, Vall21, PHeNAl135, Leul98, Pro201 and
Pro202 (according to the numbering of the PDB cb@A2).'"? and partly corresponded to the
portion of hCAIl known in the literature as the hiCAsecondary hydrophobic binding sife®
(Figure 6-3a). After binding to the HP domain, figand remained transiently bound to the
protein and, in most of the cases, was subsequeeldased back into the water bulk. A
quantitative description of the release process edained by computing, for all ligands, the
lifetime of the intermediate state at the HP dom@ip). The lifetimes were computed by
observing the time evolution of the minimum distahetween the ligand and the HP patch, this
distance being typically characterized by abruptreases, which corresponded to ligand

detachments from the protein surface (see Sectf.6). The lifetimes db4-57 increased with
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the length of the alkyl chains shown irFigure 6-3be. In some instanc, thiligands turned the

sulfonamide’s polar headwards the catalytic site, reaching the hCAHtalytic pocket

Figure 6-2 Conformational clustering. (a,b)Most populated S conformations foundslain MD for ligands<55 and
57. (c,d) Most populated F confoations found in plain MD fdligands55 and56.

We named these conformans “straight” (S), as opposed to the purHF-bound geometries,
which we labeled as “fliped” (F). Both S and F conformations ild be partitioned int
representative clusters (Figu6-2, Figure 6-3a and Figure 6-4&). one case (compoun54,
Figure 6-4), the amide grg of the sulfonamide was found to direcinteract with the z%*-
bound water molecule, whi is taken to be a hydroxyl ion in the pressimulations. Hydroge
bond interactions between : ligand<54-57, in the S conformationasnd he backbone oxygen
Thr199 and Thr200 playl a key stabilizing role. In dition, ir the most populated
Sconformations, the alkyl ils of benzenesulfonamides formed favoz hydrophobic packin
with the apolar side of the ZAll cavity. The largest hydrophobic cagias observed for ligar
57 and it was composed ofsidue Vall21, Phel31, Vall35, Leul@®d Pro202 Figure 6-2Db).
A completely different scerio was observed with compou58. In the latter case, the lifetirr
of the ligand on the HP pat'was the shortest within the entire ser54-58, Figure 6-3b-c), due

to unfavorable iteractions btween the hydrophilic tail and HP. No bul S conformations we
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observed for ligan®8 during MD simulations. We could hypothesizeat the transition from
to S is energetically too ctly to beextensively sampled by plain D simulation. For thit

reason, we resorted to saled enhanced sampling methods (see be

-
~
I+ H

o
o
W
<

Figure 6-3 Structure-kinetic relationships. (a) Structural overview. Thelipped sen-transparent surface
represents the secondary hydrcbic region at the entrance. The F conformatioithe unsubstituted ligand
exemplified together with the Zhbound geometry, for comparisom the inset, /e represent the explicit
conformations of ligand$4, 57 and report the hydrophobic residues with whic contact is established. |
Comparison between the pre bing lifetime, r (see text), obtained in MD and thg, kneasured by SFF and SPR
experiments. Data are reported igerithmic scale and arbitrary units on theis. Thegreen dotted line represe

a linear fit on the SFF data (seet). (c) Table containing the actuip and k, values,reported with their standa
deviations.
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6.4.3.1Structural characterization of the pre-binding stage
The conformational sampling was enhanced by me&msetadynamics simulations within the

hCAIl binding cavity. We focused on the compoundspldying the most sizable structural
differences, i.e. the smallest and largest ligainthe alkyl-substituted serie§4 and57), as well

as the hydroxyl-terminated compou®d®. The free energy profile was projected over two
collective variables, namely CV1 (distance betwZefi" and the sulfonamide sulfur) and CV2
(angle formed by the Zf atom, the sulfonamide sulfur and the carbon ataunt to the
sulfonamide sulfur), devised to accelerate thesteion (CV1) and rotation (CV2) of the
sulfonamides within the cavity (see also Figurea$-Mainly two free energy minima were
found, corresponding to the S and F conformatiohserved in MD simulations. For all
compounds, the lowest free energy minimum corredpdiio S conformations characterized by a
CV1 value of about 6 A and CV2 ranging from 90°80°. In the energetic minimum, we found
a largely visited conformation, in which the sulionide interacted with the Zhbound hydroxy!
ion, showing an average distance between the suffite nitrogen (i) and the ZA" of
3.8 + 0.3 A. This geometry was the one with thelksaZrf*-Ng s distance obtained during our
simulations and was characterized by two hydrogendb between the amide group of
sulfonamides and both the Thr200 side chain oxygehthe ZA"-bound hydroxyl. An additional
hydrogen bond was observed between the sulfonaoxgigen and the Thr199 side chain. A
pictorial representation of the S conformationeigarted in Figure 6-4. For ligan8d, 57 and58

we observed a secondary free energy minimum, qwresng to F conformations and well
represented by the conformational clusters reponteéfigure 6-3 and in Figure 6-5. These
geometries were stabilized by a favorable hydroghoiteraction between the ligand chain and
the HP patch. As for compoura®, the free energy of the F conformation, relatwehe global
minimum S state, was much higher than in the cddg/.0We estimated an energy separation
between the F and the S basins3dy 57 and58 of roughly 9, 12 and 22 kJ/mol, respectively
(5 kd/mol being the error estimated on convergesee,Section 6.6.1.3). In the same order, the
energy of saddle points which divide the F from $heegion was about 10, 11 and 8 kJ/mol
higher than the energy of the F conformation, otifte) the energetic barrier associated with the
rotation of the compound during the F to S traositiThe overall free energy landscape is

reported in Figure 6-4. CompourB showed an additional low free energy region, which
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extended approximately ovthe range of CV1 values between 15 and\. In the correspondit
conformations, both favoree hydrophobic packing and hydrogen Hing contributed to e
interaction between the ligd and the residues at the protein surface.n explanatory exampl
the structure corresponding the minimum energy of this external ren is provided i Figure
6-5. Both the stability of the" conformation and tl presaece of the addbnal low energy regiol

are expected to impact on toverall association kinetics 58.

Figure 6-4 Free energy landscpe of the proteir-ligand complexes.(a) Descripon of CV1 and CV2 an
structural overview of the protei (b,c,d) Free energy profiles and conformatiorsociated with the free ener
minima for compound&4 (b), 57 (c) and58 (d). In the structural description reportin inset, the ligads and the
residues within 3 A of the S conmations are shown in stick representation. Hydebic and hydrophilic residut
have a dark yellow and cyaskeleton, respectively. H, N, and S atoms arrespetively white, blue, re and

yellow. In the freeenergy profiles,;ontours with the associated energy value in &lare reported. (e) Projection

the free energy profile on the d for ligands57 and 58 showing the different barrs assoated with the two
compounds.

In Figure 6-£&, we report thprojection of the free energy profiles 7 and58 on CV1. In this
projection, the barrier assoted with the entrance of the sulfonamidehe cavity was average

over the rotational degreed freedom. The hydrox-substituted ligancshowed a substdally
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larger barrier than the mhyl-substituted compound, pointing toe penalty due to tt
desolvation 0b8.

Figure 6-5 Conformations in the secondary free energy minima of ligand 5&Figure explanation follows tk
caption of Figure 6-4.

6.4.3.2 Analysis of sulfonamide acidity
The sulfonamide moiety chiges its protonation state upon binding, he configuration wher

the protontransfer mechasm occurs has not yet been identifielTherefore, we used
continuum electrostatidsased computational appich to evaluate he propensity of th
sulfonamide to deprotonatn the F structures encountered duringiamics The approach,
based on the Poissd@wnltzmann equation, yielded for the liga57 a pKa shift of 0.3 betwee
the F conformation and thelly salvated structure. However, DHJasecgeometry optimizatio
performed on the S confoation led to a geometry in which a nell sulfonamide forms
hydrogen bond with the Zfrbound hydroxyl molecule. The propenswas not reversed evi
when the initial onformatior of the system corresponded to a deproted sulfonamide facing
Zn**-bound water moleculi The ZP*-Ngys distance at which the sonamide transfers or
proton to the hydroxyl moleile was estimated by performing a serieOFT-based constrained
geometry optimizations, in hich the Z**-Ng; distance was restrainett a set of target value
The sulfonamid deprotonéed spontaneously at a distance betwe.50 and 2.75A (see
Figure 6-6for further details
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Figure 6-6 Sulfonamidehydroxyl proton transfer: (a,b,c)Subset of the system usexr the constrained geomel
optimizations. The benzenesulfanide, the hydroxyl ion (or water molecule) and zinc ion are reported. Tl
images depict the optimized gectry at a Z-N distance of 3.50 (a), 2.75 (b) and 24(c).(d) The length of the
N-H bond in the sulfonamide, as:ll as the (-H distance betweethe hydroxyl oxygerand the incoming proton a
reported as a function of the Zhdistance

6.4.4 End of the associatia process: crystallographic structure
The full characterization ohe association process requires the krdge of the final stat

which cannot be achieved ing classical MD simulations. The stable?*-bound conformation
of the sulfonamides was inad obtained experimentally by-ray crystalbgraphy. The geometr
of the ligands in their crystagraphic structure offers precious insi¢ into the structui-kinetics
relationship and the role ovater networks within the protein cav The crystal structures
ligands54-58in complex wih hCAIl (Figure 6-7-Figure 6-Pwere detenined at high resolutio
(hCAII-54; 1.01 A, hCAII55: 0.96A, hCAII-56: 1.06 A, hCAII57: 1.08 A, hCAII-58: 1.07 A).
The sulfonamide group fois with one of its oxygen atoms the typl interactions with th
amide nitrogen (2.9 A) and e side chain oxygen atom (2.8 A) chr1991* ** Furthermore, the
nitrogen atom of the sulfomide coordinates to the catalytic zinc ion | A). In Figure 6-7a, we
report the alignment of thcommon scaffold 054-58. The structureof hCAIF54 (1.45 A,
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PDB: 2WEJ) was previous published, but at a lowr resolution:’* Our structure is in goo
agreement with the formeone, to which it adds more details, sucs two additional wate
molecules (W7 and W&igure 6-8).

Figure 6-7 a) Alignment of crystasructures hCAII54 — hCAII-58. Oxygen atoms arcolored in red, sulfur ator
in yellow and nitrogen atoms in le. The zinc ion is shown as a grey spher-bond distances arshown as red-
dotted lines. The distance betwethe zinc ion and the nitrogen of the liga is shownas a ceen-dotted line. This
color code is maintained througtt the following figures unless stated elsewiseb@Ga atoms of the ligand and
the corresponding protein idges are colored in green f54, in orange fob5, in purplz for 56, in light blue for57
and in yellow for58. The binding nodes 054-58 align nearly perfectlyb) The bindingpositions 058 in the active
site and at the surface next to thrdrophobic patch are shown. The surface of hC#\colored in grey, the residu
which form the drophobic patchare colored in red. The surface of the hCAIl mole of the next symmetry ma
is colored in blue. One molecule 88 binds as expected deeply buried in the active(carbon atoms are colored
yellow). A second molecule d88 binds alditionally at the entrance of the bindimocket with contacts to tt
hydrophobic patch (carbon atomre colored in turquoise). Only the first carbéona ol the hydroxyethylene tail
58 was modeled into the densityice the remaining atoms were ncell defined in thedifference electron densi
¢) Interactions of the second maule of58. Carbon atoms of the protein residues e hCAIl are shown in gre'
Water molecules are shown as g1 spheresVan der Waals contacts to 9% which is @rt ofthe hydrophobic patch
are detectable. These figuaasd the following representatiorwere prepared using PyJL.%

We colleced the structure data using 2% (v/v) glycerol which & routinely used as
cryoprotectant for hCAll crstals. Aggarwaet al. showed that glycerok able to displace thre
water molecule$’® An overly of our hCAI-54 complex structure wit a high resolutiorapo-
structure of hCAIl (PDB3KS3>* 0.90 A ) shows a similar finding=igure 6-9a). The waters
shown as blue- and as redlored spheres were found in fapo-structure, those waters shown
green colored spheres beli to the hCAI-54 structure. In the hCAIS4 structure the glycerol
displaces the three waterslecules shown in blue which are detel in theapo-structure.

Interestingly, waters W2V5 of the hCAI-54 complex are found in eal position in theapo-
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structure. So we estimateat the glycerol molecule does not inflice the water structu

significantly.

Figure 6-8 a) Previouslypublishel crystal structure <54 complexed to hCAIll (1.45,, PDB: 2WEJ}"%). Oxygen
atoms are colored in red, sulfuroms in yellow and nitrogeatoms in blue. Carboatoms of54 are colored in
salmon. This color code is maimed throughout the following figures unless statésewise. b) Alignment of the
hCAII-54 structure which is repoed in this work (1.01 £ with the structure with the DB code 2WEJ. The carbon
atoms of54 of the here reported ZAll-54 structure are shown in cyan. The positioff 54, glycerol and the water
molecules WIW6 align very well Two additional waters (W7, W8) can be placedhe difference derty in our
structure. Presumabtiiey were nc detected in the previous structure due to thefaesolution.

The waters W2A/6 are fouid in ven similar positions for ligand§4-58 (Figure 6-9b-f). For
ligands54-57 the LeeRichard surfaces are showThe LeeRichard sumace is an estimation «

A7 All detected waters coilide or fall close to th

the solvent accessible surf: area (SAS
surface of this SASA. W1 isresent in the complexes hC-55-58at virtually the same positic.

In the hCAII54 structure itcan penetrate deeper into the pocket s54 does not possess a
hydrophobic td pushing W1to the position which it occupies in hC-55-58. In hCAll-54 W1
constructs an Hbhond netwok with waters W7 and W8. Water W7 is ¢ present in the hCA-
54 structure because onlyzre it can be stabilized by ar-bond with W1. Furthermore, in
hCAII-55-57 it will be displeced owing to the steric requirements of hydrophobic tail of the
ligand. Only for54 the posion of W7 falls outside the L+Richard su‘ace around the ligan
W8 is also visible in the hCll-56 and hCAII58 structures. In hCAIB5 some &-F; difference

electron density (3.13, 0.50eA®) could be detected at the position fw8 (Figure 6-9c) but its
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shape and magnitude did not fully justify the plaeat of a full water molecule in the
refinement. However, W8 seems to be stabilizecheniCAII55 complex, but not to the same
extent as in hCAIB4, hCAII-56 and hCAII58. A density peak suggests occupancy of W8 in
hCAII-56, however, without being connected to the remainggive site water molecules
(Figure 6-9d). An additional water (W11) is visibtethe hCAII56 structure. It lies above W1
and W3 and is stabilized by H-bonds to the lattatew molecules. Both W8 (3.4 A) and W11
(4.0 A) are stabilized by a van der Waals contacthe terminal methyl group &6. Similar
contacts are visible between the ethyl groupstfo W1 (3.6 A) and the terminal methyl group of
57 to W1 (3.5 A). In hCAII57 no evidence for the presence of W8 could be datedthis is in
good agreement with the Lee-Richard surface (Fige®b-e) which extends as a consequence of
the additional carbon atom B¥ into the region being occupied by W8 in hCAHl; -56 and 58.
The terminal hydroxyethylene group 58 is visible in two orientations. The higher popatt
orientation A (58%) forms an H-bond with the glyalemolecule while the orientation B (42%)
is similarly orientated as the tail 6. In orientation B the terminal OH group 8 forms H-
bonds to the neighboring water molecules W1 and W8. assume that orientation B is the
predominant one in the glycerol-free condition sitite described H-bond between the terminal
OH group of the tail of58 in the orientation A to the glycerol could not bstablished.
Orientation A will exclude presence of W3 as the @idup of58 (1.7 A) would come very
close. Accordingly, W3 is only present whBa is in orientation B. Ligand4 is the only one
which is bordered by a contiguously connected wsttercture on the side towards the solvent.
This ligand shows a significantly faster dissodatthan55-58. Based on the crystallographic
analysis the deviating water structure is the nstisking difference o4 compared tdb5-58,
thus possibly the better established water netiavkrs the faster dissociation 64 since the
ligand might be easier displaced by water molecules
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Figure 6-9.Detailed figure captioion next pag
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Figure 6-9 Crystallographic Structures.a) Comparison of the water structures in completabe hCAII54 and
of theapo-protein (PDB: 3KS%). The water molecules in hCAB4 are shown as green spheres. The carbon atoms
of the glycerol molecule which is present in allAICcomplexes are shown in grey, the carbon atomS4oare
shown in cyan. The water molecules of #p®-structure which are displaced by the glycerol roole are shown as
blue spheres, the water molecules ofdpe-structure which are also present in the hC#3dIstructure are shown in
red. b)-f) Binding mode o054 (b), 55 (c), 56 (d), 57 (e) and58 (f) in complex with hCAIl.The protein surface is
shown in gray, the carbon atoms9f, 55, 56, 57 and58 are colored in cyan, orange, magenta, blue arndwel
respectively. The carbon atoms of glycerol are rmmlan gray. Water molecules are shown as greearephThe
2F,-F. electron density is contoured in blue at 0.50 etexs/A’ (0.9 for 54, 55, 57and58 and 1.0 for 56) for
water molecules W1-W8. H-bond distances (2.3- 32wk depicted as red-dotted lines. The Lee-Rickarthces
for 54-57 are shown in the same color as the carbon atontiseofespective ligands. They were generated f@r th
hydrophobic tails of the ligands, starting with thearbon atom of the phenyl ring. A contiguoushycected water

network, which borders the ligand at the solveriessed side, is detectable in the hCBdIstructure only. The tail
of 58is visible in two orientations.

However, as these changes occur at the alreadgrgedxposed face of the ligands it remains
unclear how strongly the water structure influenttes dissociation velocity. For the complex
structures of ligand55-58 additional molecules of the respective ligand doo#¢ found in the
Fo-F; difference electron densities. Fel#-57 one additional ligand, for ligansB three additional
ligands could be placed. Crystal packing effectgetoer with the high concentrations of the
ligands applied in the soaking buffer might be ocemible for this observation. The additional
binding position observed fd88 adjacent to the active site (Figure 6-7b-c) mighggest a
putative position intermediately occupied by thgahds before they slip into the final binding
position in the active site. This additional binglimode was only observed f&8. Further
investigation is needed to fully unravel the sigiaihce of this mode at lower ligand
concentrations, since no conformation of this twas observed during MD simulations of one
single fully solvated ligand-protein complex. Daethe additional polar grougB shows a higher
solubility than all other compounds. This might kp why we find only for this ligand three
additional molecules in the f~; difference electron density since saturated swigtiof the
ligands were applied. The terminal hydroxyethyléaieof this extra molecule d&8 could only

be modeled up to the first carbon atom since theanging atoms are not unambiguously defined
in the difference electron density. Figure 6-7bvehithe surface of the next symmetry mate in the
crystal packing (colored in blue). It contributesthe stabilization of the binding mode of this
additional ligand since it forms a cavity with theighboring protein molecule (coloured in gray).
Apart from the contact to the crystal mate alseradtions to residues of the same protein

molecule are formed thus suggesting that also thdirig in solution could be established
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(Figure 6-7b-c). The nitrogen of the additional ewlle 0of58 forms an H-bond to one of the
oxygens of the carboxylic acid group of Glu69 (A)7while one of its oxygen atoms forms an
H-bond with the carboxamide nitrogen of Asn67 (&)1Van der Waals interactions between the
aromatic ring (4.1 A) and the first carbon atonttaf tail of58 (4.5 A) to the side chain of 1le91
are detected. Since this residue is part of thedpjtbbic patch, it could be envisaged that this
pose, similarly to the ones located at the secongatch, is also stabilized by favorable
hydrophobic interactions. Additional binding confrgtions, stabilized by a subtle interplay of

protein-ligand interactions and crystallographickpag are presented in Figure 6-10
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Figure 6-10Binding modes at the N-terminal cleft. (a) Structural overview of the cstallographic protn-ligand
system. The ligan8i7is shown togther with the two proteins (colored yellow andlet, respectively) with which
forms contacts. In the inset we sv the residues whose distance from the ligandssthan 4 A. The ligand forn
interactions with the Nerminus clift of the first protein (yellow) and the of Asp180 axd Ar¢182 (minimum C-C)
of the second protein (violeffhe minimum distance between  C and thesulfonamic carbons is 4.1 A (Arg18;
and 4.0 A (Asp80). (b,c,d) tenter of onformational clusters obtained bymulations. (b) ligand54
(population = 0.6%) (c) ligand6 (population = 5%) (d) ligandb7 (populaton = 6%) (e) Alignment at th
N-terminus between the crystall@phy structure and the configuration reporte¢bin The structures of ligans57
and58in the Nterminal cleft wer found predominantly with the polar sulfonamidsnting outwards, at variant
with the experimental resulhe :rystallographic structure could not be recapitd:presumably because of 1
unfavorable interaction between: larger alkyl tail and the surrounding water.sTiniteraction is on the other ha
lifted in the crystal structure by thprotein pacing, thereby providing an explanation the observed behavi
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6.5 Discussion and Conclusions
In agreement with previous SFF data, our SPR measnts show that the association rate for
ligands54-57 is dependent on their chemical composition. Asaaly discussed by Taylor, King

and Burger?® °” the structural dependence ognldoes suggest the presence of at least one

intermediate state. A single-step binding processilav instead be compatible with a purely
diffusion-limited binding phenomenon (about 810?'s* in the case of ligand-enzyme
association}/® which has not been observed for the hCAll-sulfoits complexes considered
here. The comparison of SPR data for compo&idcand the newly analyzed compoub8
provides additional information on the nature o€ thinding intermediates. Compourky
displays a considerably faster association t&and, since these two molecules differ only by
the replacement of a methyl with a hydroxyl gronphe chain, this indicates that hydrophobicity
Is key for the binding kinetics to this enzyme. Mnulations support this view and show how
the favorable hydrophobic packing helps to pregisthbilize the geometries along a multi-step
binding pathway. Starting from the solvated statéhie bulk solution, the compounds approach
the protein by ligating to an outer secondary hptiabic site, adopting a particular
conformation, named here “F conformation”. As showfRigure 6-3, hydrophobic packing is the
only interaction that makes F conformations largabpulated. Similarly, at a later stage of the
binding process, the ligands adopt what we named‘$hconformation”, in which the apolar
moieties of the compound’s substituents still l&rgateract with the hydrophobic patch of
hCAII (Figure 6-2 and Figure 6-4), while the sulémnide group is already engaged in hydrogen
bonding with the protein and the Zsbound hydroxyl ion. The S geometry may be regaated
the final conformation adopted by the ligand, befooordination with the Zf ion occurs. DFT-
based calculations show that the sulfonamide depation can occur when the distance between
the sulfonamide nitrogen and Znfalls between 2.50 and 2.75 A, leading finally thee
displacement of the hydroxyl ion and the formatioihthe coordinative bond between the
deprotonated sulfonamide and the enzyme’s zincTibe. structures of these final states between
the sulfonamide$4-58 and hCAIl were obtained by means of X-ray crys@aphy and are
reported in Figure 6-9.
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A comment is here required on the deprotonation haeism of sulfonamides, which has
remained an open issue in the literaflirét. might be argued that sulfonamides change their
protonation state before reaching the S conformatithere are, however, good reasons to
consider this an unlikely hypothesis. First, in gre-binding F conformation, the pKa value of
the sulfonamide changes negligibly (0.3, accordm@ur pKa-shift estimate), which makes a
deprotonation event in the F conformation very keili. Secondly, the approach to the catalytic
Zn** as observed in the S conformation, does not ma&estilfonamide acidic enough for a
proton transfer. Indeed, DFT geometry optimizatadrS predicts that the proton transfer from
the sulfonamide to the hydroxyl ion cannot occuorgpneously, requiring a shorter distance
between the sulfonamide group and thé*Zitherefore, the present computational study points
to a mechanism in which the sulfonamides approdcAlhin their neutral state, bind to the
hydrophobic patch and interact with the’ZriThen, only if the distance between their terminal
NH. group and the Z# is about 2.50-2.75 A, will they get deprotonated aoordinate the Zf

ion, resulting in the final thermodynamic minimum.

Overall, our analysis, at least for the alkyl-sithstd derivatives (compoundgl-57), suggests a
three-step process, regulated by partial kinetitstamts as described in Figure 6-11 and in the
scheme below:

1 C E
>I?21@ Bl@ DF >?! G: =
Al AC

where [P][L] represents the unbound protein-ligay$tem, [F] and [S] correspond to the
previously discussed conformations and [PL] staietdsthe Zrf*-bound sulfonamide complex.

We can get an insight into the dependence betweepartial kinetic constants and the observed
kon by first considering the conversion between [PJdd [F] as a rapid pre-equilibration step.

This is justified by the analysis of our MD simudets, showing that.kH k.
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In the pre-equilibration hypothesis the unboundeysis taken to be in equilibrium with the F

basin and yields:
1 > 21 Al B! <G:l=

We now work under the hypothesis that the variatb{S] during the reaction is small enough

for steady state kinetics to be applied:

CB!: Acu: ED —L <G:M=

The rate of formation of the bound state at thedasociation step is:

J>?!

d <G :N=
eD ¢ G:N

Combining equation (6-2) and (6-3) it is possileekpress [S] in terms of the unbound state

concentration [P][L]. Plugging the expression i(ie4) we get:

J >?!
1 CE >1 21

> ?1 <G:0=
Al AC E JK

If we assume the change in concentration of [S]] mélsmall, i.e. we apply steady-state kinetics
for the second and third step, we reveal the faligvoverall association constant (see (6-2)-(6-5)

for a simple derivation) as:
< 1Pa=Q< eP<ac F= <G:G=

In the derivation we set.k= 0, similarly to what done by King and Burd&n®’ for the

dissociation step in the simpler two-state mechmanis

The rate associated with the ligand diffusioq, & well as the deprotonation rate, ay be
considered weakly dependent on the chemical decor#troughout the ligand seriégh-57.
Actually, k is determined by the Brownian diffusion of the hgain solution and only weakly
depends on the hydrodynamic radius of the moleaultéch remains nearly constant across the

series54-57. Similarly, changes in the substituents within lgands investigated occur rather
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remote from the sulfonami group and are not expected to largelyience the amide grot
acidity. Actually, in bulk vater, the pKa difference betwe&4 and 57 is about 0.2% ©°
Moreover, the barriers for )nversion between the F and S confornns are predicted to t
similar (see Figure 6)4 at least for the alk-substituted ligans. Inspired by thes
considerations, we conject that the o, trend along54-57 should miinly correlate with thi
inverse of the partiainbinding rate k;, which can be estimated by theitimes of the ligands
the hydrophobic patch (H. The explicit calculation ofyp (see Figure 6-3) supports our

hypothesis. The release kirzs, described by k, of the intermediate conlex F also provides i

Figure 6-11 Overview of the bihding process The unbound ligand approaché¢he protein and reaches 1
F conformation, located in the exnal hydrophobic patch, with raty. At this stage, tle ligand might return to tt
unbound state with rate;lor reacr the S conformation with rate,. From the S statecharacterized by geometri
displaying tydrogen bonding wittf199, T20( and the Zf"-hydroxyl ion contact, the ympound can posdy leave
the site with rate k or reach the nal crystallographic structure (see inset) witlte ls. Final isomerization to th
Zn**-bound pose requires deprotition of the sulfonamide moiety and conversiothe Zr**-bound hydroxyl ion to
a water matcule. The proton trarer mechanism is sketched in the sequence ofrhaight insets

explanation for the exponeal dependence ko, on the alkyl chain lerth, for the ligand serie
54-57. Adding one methyler group to the alkyl chain energeticestabilzes the F structures &

an amount, Gcpp, Which redresents the free energy penalty associith the transfer of on
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methylene group from the protein’s apolar environtmi® the water solution. By adopting a
simple Arrhenius relationship, the rate decreases by a factor exp (Gen2) when a methylene
group is added to the substituent chain. The fthefArrhenius expression to the SFF data leads
to a value of Gcyp of 1.56 + 0.25 kJ/mol (see Figure 6-3b). The feergy penalty, per CH
group, associated with the transfer of an alkylichieom a lipophilic to aqueous solvent was
experimentally determined to be 3.35 kJ/M{61}"°This value can be considered consistent with
our estimation of Gepp, as the benzenesulfonamides desorb from a hydbopkarface (rather
than from a bulk hydrophobic solution), which wascontact with approximately one half of the

total volume occupied by the alkyl chain.

The experimental Ol% values, obtained by SPR experiments, are neadgpendent of the

compound structures, in agreement with previous &=Rilts®® ¢’ The notable exception is

ligand 54, the I%ﬁ of which is nearly three times bigger than thatasweed for the other

compounds. The crystal structure5fin complex with hCAIl shows a unique arrangemeit o
crystallographic waters compared to the other d#kie, which fully surround the ligand and
connect it to the solvent exposed side. This couditate the crucial role of a water network in

the observedol% value. On the other hand, hydrophobicity doesptent a role in determining the

off rates: the presence of the hydroxyl grougpb&does not lead to a dramatic reduction in the

kOff with respect to the similarly sized ligan®7. In summary, the affinity of

benzenesulfonamides for the hCAIl target appearBetanostly modulated by changes in the
association rate. This study explains the trendsewfed, on the basis of a structure-kinetics
relationship retrieved by the analysis of largels@omistic simulations. hCAIl is an excellent
system for investigating the basic mechanisms deténg the affinity of an enzyme for a
specific inhibitor. In this case, we have showrt throphobicity determines the rate at which a
class of benzenesulfonamides binds to hCAIl. Moeepvthis study demonstrates that
computational modeling can be used to reconstheccomplete binding pathway of a ligand to
its biological target, even in the highly non-telicase where an early slow recognition process
must be described together with a proton trangfaction. We believe that our work offers a

paradigmatic approach, showing how the combinatibseveral experimental and simulative
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methods can be generally used to produce a detaiéé@rstanding of the enzyme-inhibitor

complexation mechanisms.

6.6 Description of Experimental Procedures

6.6.1 Computational section

6.6.1.1 Protein preparation

hCAIl coordinates were retrieved from the ProteiatddBank (PDB: 1CA2)"?> Amber99sh®
force field was used for modeling the standarddiess. The catalytic site was described by the
Zinc Amber Force Field (ZAFF) force field The crystallographic water bound to the zinc ion

was assumed to be a hydroxyl ion.

6.6.1.2 Ligand preparation
Ligands 54-58 (Figure 6-1) were parameterized using the GenemwhliAmber Force Field

(GAFF)!®2 Charges were refitted by means of restrained relgtettic potential (RESPY? The
three lowest energy structures, obtainedrbyacuoconformational search using Macromdéél
and employing the Optimized Potential for Liquids&ms (OPLS)*®*'® were used for charge
fitting.

6.6.1.3 Molecular dynamics and metadynamics simulations
MD simulations were run for 1s 64) 1.2 s 65 1.1 s G6) 1.1 s 67) 1 s (B8) using the

Gromacs 4.5.5 packad¥. Simulations were run in the NPT ensemble, usirey Rarrinello-
Rahman barost&t with time constant = 2 ps and the V-rescale thermoStawith time constant

= 0.1 ps. A time step dt = 2 fs was used. Geomabtymization was performed on the initial
conformation up to a force threshold of 10 kJ ™AI* and the resulting structure was brought
from 0 to 300 K using a constant annealing of 4GB0 Well-tempered metadynanitd
simulations were performed &4, 57 and58 using the PLUMED plugin® The duration of each
run was at least 150 ns per ligand. We used tweatole variables, CV1 and CV2 defined as the
Zn-S1 distance and the Zn-S1-C1 angle, S1 and @&genting, respectively, the sulfur of the
sulfonamide and the carbon bound to it (see algor€i6-4a). The initial Gaussian height was set
to 2.5 kJ mof, while Gaussian widths were set to 2.5 A and @& for CV1 and CV2,

respectively. The Gaussian deposition time intewas set to 2 ps. Simulations were stopped
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after at least 5 recrossings from the lowest fre=r@y conformation. This allowed the difference
between the minima of the free energy profilesetmain constant within 5 kJ mbbver the final
25 ns of the simulation.

6.6.1.4 Definition of the simulation region
We defined a simulation region as an ensemble bérgs with a 5A radius, centered on each

atom of the following residue group: Trp5, TrpléheR0, Pro21, 122, lle91, Vall21, Trpl23,
Phel31, Vall35, Leul4dl, Alal42, Vall43, Leul98,2Pig Pro202, Leu203, Leu204 and
Trp209. We considered the following minimum distacollective variable:

S (6-7)
T UyW>» SZY[,Y"

WhereY|[\Y represents the distance betweeniitieatom of the ligand and thjgh atom of the

residue group. was set to 500.

The constraining potential was introduced as:
\<F= LT[R~ F_ (6-8)
\<F=  <F: F=]T[RaF 6-9

where 5 = 5 A and k= 4-19kJ moi*A™. Using these conditions, the ligand, when lying
completely outside of the confining region, expecies a restraining force, preventing the escape
of the ligand itself from the confinement voluméhig allows sampling of a larger number of
detachment events with respect to unconfined sitounls, without biasing the dynamics during
the event of ligand desorption. The shape of thestzaining region as it appears in the hCAII
crystal structure is displayed in Figure 6-12. Beseaof the relatively large Gaussian width
employed, metadynamics simulations were allowedammple a larger volume, i.e. the spheres
used to define the simulation region were set té.10
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Figure 6-12Confining region of ligands in simulations Confining region, representeas a unio of spheres (white
balloons), overlaid on a cartoon resentation of hCAl

6.6.1.5Pre-binding lifetime
The individual lifetimes, dp, of ligands on a predefined hydrophobicatch were computed t

monitoring the time evolutin of the minimum distancs betweernthe liyand atoms and all tt
atoms of the patch. The codered patch need not be the whole restrg region defined abov
but could be a portion of ias specified in the main text (see defim of HP patch). In oL
calculations, the actual reg Lsed for lifetime calculations was the un of the HP patches fi
the ligand$4-57, corresponing to a pocket comprisinle91, Val121, Piel31, Vall35, Leul4l,
Leul98, Pro201 and P202. This choice allowed us to focus on the Ime of the relevant p-
binding conformations, whit are stabilized by hydrophobic interactioind are precisely host
in the abovenentioned pate. Two threshold values,y and sign, were introduced and used

tag the state as “adsorbed”) or “desorbed” (D) following for classificaion rules
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>Y#Dtime t=0, State(0)2 if S(0)> gow Or State(0)=A if S(0)<is. >l
>p#Dany time § such thit: State(g-dt)=A and s@)>Sngn, then: Stategy=D.>I
>RD any time § such thit: State(g-dt)=D and s@)< Sow, then: Statej=A.>I
>a34fall other cases Ste(lp)=State(§-dt) >

In our calculations, we useg,s2 A and sg=5 A. The first value can bconsidered the distan
at which a hydrophobic corct between the ligand and the HP patch:tually established. Tt
second value corresponttsa rather minimal distance at which the lid and the patch can
separated by a water molde. The total length of an adsorption e\ defines the individue
lifetime, tp. At least 20 csorption processes per ligand have as been observed. Tl
procedure to compute is exemplified inFigure 6-13 The distributins of the lifetimes ar
reported for all ligands ifrigure 6-14. Conformational cluster analysisas performed using tt
Gromos method? The RNVSD cutoff radius employed was A and atoms included in th

RMSD calculation were th€ of the residues in the restraigipatch anithe ligands’ atom

18 T T T T T

16 residence periods E
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™

400 450 500 550 600 650 700
(ns)

uoibas
uone|nwis
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Figure 6-13 Example of p determination. The minimum distance s(t) between thyand and the HP patch (see
Section 6.6.1.5) iplotted duringoart of the trajectory of hCA-56 system. The br<en blue line identifies tF
different residence periods, whiiare delimited by abrupt spikes of s(t). For valof s(t) larger than the lim
depicted by the horizontal greene, a consgaining potential favors the regtisning of the ligand on the H patch,
thus enhancing the number of bing/unbinding events in the simulatic
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Figure 6-14 Distribution of the t4p in the HP pocket. 54(a),55 (b), 56 (c), 57 (d), 58 (e).

6.6.1.6PoissonBoltzmann calculations
A thermodynamic cycle vas considered, connecting the proted and deprotonat:

sulfonamide molecules in aeous solvent, wheithe pKa is known expimentally and the same
compounds once in the pience of the hCAIl prote at a desired Ication. Considering tr
overall low charge of the syem, the linearized Poiss-Boltzmann equaon was solved for eac
of the four systems by meaof the finite differences method providedthe DelPhi v.4 coc.'®
The grid spacing wases to 0.5 A and particular care was devotec maintaining the san
relative position of the swnamides with the finite differences grin all the simulations
Coulombictype boundary cnditions and a percentage filling of 70%re used. The pKa sh
was obtained by consideriithe difference between the electrostatiergy of protonated ar

deprotonated forms in the sence and absence of the pro

6.6.1.7 DFT calculations
Calculations wre performd on two systems (1 an2) corstructed as follows. (1):the

Sconformation was taken fm dynamics for ligan54 and optimized upo a force threshold of

10 kJ mof A™. We then slected the residues coordinating the li¢ resulting in a syste
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comprising His94, His96, His119, His64, Glul106, T%® and Thr200. In the reduced model
used, the residues have been cuCatand one extra hydrogen was added to complete the
coordination of the . All waters found within 4 A of the ligand werecloded in the calculation.
(2): system (1) was modified by translating the tdna involved in the H-bond between the
sulfonamide and the Zfibound hydroxyl ion along the H-O bonding distanthe resulting
conformation corresponded to a?Zbound water molecule facing the deprotonated ralitide.
Both systems were structurally optimized up to mécathreshold of 4.5 10atomic units. In (1)
and (2), all theC and the oxygen atoms of the water molecules withcated coordination were
kept fixed during DFT geometry optimization. In (B)e geometry was optimized by first fixing
the sulfonamide nitrogen and the transferred hyelnognd by then relaxing the whole system.
All electron DFT calculations were performed usihg CRYSTAL14 codes. Basis sets were

taken from the crystal website library (http://wwewystal.unito.it/basis-sets.php).

Constrained geometry optimization was performedapplying an external harmonic force
between the sulfonamide nitrogen and thé*Zan. The spring stiffness was set to 0.5 atomic
units. Starting from the DFT-optimized S pose, aqeilibrium length of the spring was gradually
brought to 2.0 A in ten steps. Each step correspomol a new geometry optimization, with input
coordinates taken from the system optimized at ghevious iteration. At each step, the
equilibrium length was reduced by 0.25 A. The CP&itlé®* was used for the constrained
geometry optimizations. The force threshold fonstral optimization was set to 4.5-1&tomic
units. Goedecker-Teter-Hutter pseudopoteritfalsere used for all elements. All the electrons in
the highest energy electronic shell were considesegalence electrons. In the case of Zn, the
semicore 3d electrons were also included. Doubla valence basis sets with one polarization

function'*® were used.
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6.6.2 Experimental section

6.6.2.1 Expression, purification, crystallization, crystal structure determination and SPR
measurements of hCAII
These methods are described in Section 9.3.

6.6.2.2 Ligand verification and purification

6.6.2.2.1 Ligand verification
The ligands54, 55, 59 and 60 were purchased from Sigma Aldrich6é was purchased from

Apollo Scientific Ltd., 57 and 58 from Ukrorgsyntez Ltd. (UORSY). Melting points weer
determined on a Leitz HM-Lux melting point micropeoand are uncorrected. Proton NMR
spectra were recorded on a JEOL ECA-500 MHz speetrer (H NMR: 500.2 MHz) or a JEOL
ECX-400 MHz spectrometer ' NMR: 399.8 MHz). Quantitative NMR (qNMR)
measurement?” **® regarding compoun&8 were exclusively performed at 500.2 MHz. As
Certified Reference Material (CRM), maleic acidg.26 ppm), purchased from Sigma Aldrich,
was used as internal reference standard. Chenfiiged are stated in parts per million (ppm) and
were referenced to tetramethylsilane (TMS) a@.00 ppm, except for gNMR measurements,
where the solvent residual peak for DM8@at 2.50 ppm served as reference. qNMR purities
for the different purity levels of compoud® were obtained from the calculation of the observed
integral values of the CRM and the aromatic 2" /®tqns in relation to their molar proportion to
each other using the formula described befWMR instrument parameters were in accordance
with those required for standard gNMR measuremént¥he NMR data were processed
employing Delta NMR Processing and Control Softwawersion 5.0.0. Abbreviations
concerning signal multiplicity are as follows: bsbroad singlet, d = doublet, dm = doublet of
multiplets, m = multiplet, psq = pseudoquartet, quartet, s = singlet, sext = sextet, t = triplet.
ESI+ mass spectra were obtained from a Q-trap 26PC quadrupol mass spectrometer
(Applied Biosystems). Elemental combustion analysese determined on a vario Micro cube
CHNS analyzer (Elementar Analysensysteme GmbH)o@atography was performed using
prepacked silica gel columns (Interchim PuriFlas#iiB, 30 m). TLC was carried out using 0.2

mm aluminium plates coated with silica gel 6@s;FMacherey-Nagel) and the respective
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substance spots were visualized by UV detectiolvesits for chromatography of compou&#

were used in analytical quality without further fiiaation.

The analytical data is listed in Appendix 10.4

6.6.2.2.2 Ligand purification
Calculation of the purityR) of the ligand58 according to gNMR measurements was performed
by the following formuld™”:

Cdedfghi Nkl O dedfghi P jki
b m m m m 6-10
G N dedfghi O jki P qdrsfi QIO ( )

The calculations of the purity &8 of the commercial substance, after the first after ahe

second purification step are shown in Appendix 10.5
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7 Conclusions and Outlook

The aim of drug discovery is the tailored designlighnds with desired properties for the
respective target protein. Since the developmeiat méw drug costs up to 1.6 billion dollars the
decision, which of the screening hits should besped, is a critical step. To choose the right
compound, knowledge about the complex recognitioocgss between ligand and protein is
important. The thermodynamic parameters, espediadlyenthalpic portion, might suggest which
of the screening hits forms the strongest intepastiwithout having access to the complex crystal
structure. This concept is based on the hypottibaisenthalpic binders are better optimization
candidates as on late stage optimization drug ratdecare improved in the binding mainly for
entropic reasons. The kinetic data give informataiyout the association and dissociation
behavior of a protein-ligand complex under consitlen. Depending on the intended
application, a ligand with a well-tailored residertane in the binding pocket appears promising
for the desired therapeutic success. In this wibri,binding of congeneric ligand series to their
respective target proteins, ALR2 and hCAIl, weralgred by X-ray crystallography, ITC and
SPR measurements in order to gain knowledge fohdurdrug design cycles on these proteins

but also to understand principles which can be ésectlated drug discovery projects.

For ALR2 several projects could be accomplisheadasssfully. ALR2 is an interesting target for
the prevention of diabetic complications. Howeusgsides epalrestat, which is marketed as a
drug in Japan and India, the strong efforts to fimdeffective and safe inhibitor of this protein
were so far not successful. This work contributéh e investigation of compouri8 as a new
type of ALR2 inhibitor. It originates from a dataea search and subsequent affinity and
selectivity determination were performed by Drs.lavii Stefek, Marta Soltesova Prnova and
Magdalena Majekova from the Slovak Academy of Smésnin Bratislava, Slovakia. The
compound was found to be selective for ALR2 comgaie two related proteins, aldehyde
reductase and AKR1B10, which is necessary to ptewedesired side effects. In this work the
highly-resolved complex crystal structure k8 could be determined (1.26 A) which led to two
surprising findings. First, the specificity pocké#tALR2 was found in its closed state. This result

is astonishing since the addressing of this potketssumed to be a prerequisite to design a
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selective ALR2 inhibitor. Secondly, an additionablecule of this inhibitor was found more at
the entrance of the pocket, within a distance whitbws to form an H-bond to the first molecule
of 13. The question arose if this second molecule calbidiys bind together with the first one.
To answer this question ITC experiments were peréol. They indicated thdf3 binds with the
same stoichiometry as other ALR2 inhibitors. Initledrresponding complex crystal structures
only one molecule could be found. Additionally, thecreased occupancy of 70% for the second
molecule in the complex crystal structure suggésss its binding results from a rather high
concentration ofl3 which was applied in the soaking experiment. Sunmadyr 13 can be
regarded due to its high affinity and selectiviby ALR2 as the first member of a new group of
ALRZ2 inhibitors. The affinity of this ligand groumight be further improved since the specificity
pocket of ALR2 was not addressed. Other derivatstesuld be synthesized and the crystal
structure complexed with ALR2 of the compounds witie highest affinities should be

elucidated.

In a cooperation with the groups of Prof. Albertmdfirny (CNRS, lllkirch, France), Dr. Angel
R. de Lera (Universidade de Vigo), Drs. Maria JeMatin and Jestus Angel de la Fuente
(Biomar Microbial Technologies S. A., Ledn), Dre&vier Parés and Jaume Farrés (Universitat
Autonoma de Barcelona) two compounds were invastigavhich inhibit both ALR2 and the
related protein AKR1B10. This work contributed tost project with the determination of ITC
data. In due course of binding to ALR2, a prototragment of 0.6 protons per mole of formed
complex was found, which is in good agreement vptévious results. Surprisingly, for the
binding to AKR1B10, only an entrapment of 0.1 prigg@er mole of formed complex was found.
This indicated that the protonation state in AKROBdrior to the binding of an inhibitor is
different for AKR1B10 than for ALR2. In a followingroject, a study should be performed
which clarifies this different behavior.

Furthermore, an ALR2 inhibitor series bearing aoaylic acid group along with two or three
aromatic systems was investigated using X-ray alggjraphy, 1Go value determination and
ITC. This group of ALRZ2 inhibitors derives initiglifrom a virtual screening campaign. In this
work the compounds resulting from an optimizatigule should be analyzed. The ligands were
synthesized by the group of Prof. Martin Schlit@hilipps-University Marburg). Unfortunately,

170



Conclusions and Outlook

using the cocrystallization or soaking conditioncitrate buffer, which were prevalent at the
beginning of this project, the ligands did not biodALR2. A new soaking condition in TRIS
buffer was established to enhance the solubilityhef inhibitors resulting in complex crystal
structures for at least some of the ligands. Iic¢dde shown that all members of this group, for
which a complex crystal structure could be deteeujnadopt a very similar binding mode.
Differences could be found in the position of tterboxylic acid group in the anion binding
pocket. Most members form a direct H-bond to thel METrp111 while two ligands establish a
different interaction pattern. The latter two ligsncapture a water molecule which compensates
for the lost H-bond to Trplll. The first complexstal structure of a ligand of this series
possessing a third aromatic moiety could be obthire shows that the third ring is not
hampering the binding in a similar geometry asiierother members of this series. Additionally,
the complex crystal structure of the first ligandtlois group possessing an acrylic acid head
group was determined. It resulted in the surprisfimgling that the configuration of the
incorporated double bond changed fr&o Z during the soaking procedure. This leads to the
conclusion that th&-configuration is better able to form the interans in the anion binding

pocket than th&-configuration.

In another project the specificity pocket of ALR2asvinvestigated using derivatives of the
already described inhibitor IDD393 which were swsdized by the group of Prof. Wibke
Diederich (Philipps University of Marburg). Its pimn which addresses the latter pocket was
varied which led to derivatives which induced diéfiet conformations of the residues forming the
specificity pocket. The comparison of two ligandse which opens the pocket with a non-
substituted phenyl ring and one ligand which hasnmaety which could open the latter pocket,
indicated that the opening of the pocket is acconguaby a small but measurable loss in the
enthalpic portion. Since the complex crystal stitetdetermination provided no explanation for
this finding it can be assumed that the residugbetpecificity pocket in the open conformation
possess a higher energetic state compared todeedctonformation. Accordingly, to open the
pocket, some energy has to be invested, leadiagstoall loss in the enthalpic portion. Different
moieties were used to address the specificity pgoekaitro group attached imetaposition to

the phenyl ring which binds in the specificity petkeads to a surprisingly strong enthalpic gain
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of -35.7 kJ/mol. It was shown previously that araigroup at this position leads to a strong
enthalpic signal, but in this work its contributido the enthalpic binding signal could be
quantified for the first time. The exchange of tmigro group by a carboxylic acid group
surprisingly leads to a changed binding mode of lig@nd. The terminal phenyl ring of the
benzoic acid moiety is not buried in the specifigbcket as found for the nitro phenyl derivative
but is directed to the solvent-accessible entrarfiche binding pocket. To establish this binding
mode, an internal H-bond between the amide nitrogieth one of the oxygen atoms of the
carboxylic acid group of the inhibitor, which alther members of this ligand series establish,
cannot be formed anylonger. This altered bindinglented to a 2000-fold decreased affinity.
Presumably, the desolvation penalty for a carboxatiid group is higher than for a nitro group,
which could explain this surprising finding. In @lbwing project different terminal moieties for
this ligand group should be investigated to elugidavhich is the discriminating factor
determining whether the specificity pocket is opemot. This knowledge might be transferred to
similar drug design projects which involve the adding of a transient subpocket by a moiety of

a ligand.

The binding of a series of benzenesulfonamide tigato hCAIl was characterized by SPR
experiments and complex crystal structure detertioing. The obtained results were compared to
findings of MD simulations and previously publish8&F measurements. Similar to the SFF
experiments it could be shown that the associatates increase with the length of the
hydrophobic tail which is attached ipara position to the benzenesulfonamide. This is a
surprising finding since the association rate ofaooles with a long alkyl rest, at least in case
binding would be only diffusion-controlled, shout@ hampered due to steric hinderence and
consequently slowed down. Consequently, in thigstigated situation, the association process
seems to be a multi-step mechanism in which oneist&avorably influenced by a hydrophobic
interaction. The complex crystal structure deteation showed that all investigated ligands
exhibit a very similar binding mode. However, cafsstructures show only the final binding
position. With MD experiments, performed by theup®f Prof. Andrea Cavalli (Italian Institute
of Technology, Genova, ltaly), the whole assocratwocess could be simulated. The obtained

results indicated that the prebinding of the mdleguo the hydrophobic patch on the surface of
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hCAIl, next to the active site, is stabilized bydngphobic interactions of the alkyl tails of the
ligand molecules. In a subsequent step the lig#fukds in the final binding position. As a proof
of concept the binding of a similar ligand molecute hCAIl which contained a
para hydroxyethyl chain was simulated by MD experimeagswvell as measured by SPR. Indeed
for this compound the association process wasfggnily slowed down. Thus, our results are in
line with the assumed multi-step process with atermediate hydrophobic stabilization.
Knowledge about the association processes of Igyand proteins is still limited which makes
our results a valuable contribution to this fidigspecially hCAll is an excellent model system to
investigate in the future further inhibitor seriey SPR, MD and ITC experiments. ITC
experiments should be performed for the here inya&tstd inhibitors to correlate the
thermodynamic data with the kinetic properties.sThibuld make this ligand series to one of the

first which is characterized by all the above-meméid techniques.
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8 Zusammenfassung und Ausblick

Das Ziel der Wirkstoffentwicklung ist das Designnvpassenden Liganden fir das jeweilige
Zielprotein. Da die Entwicklung eines neuen Medikstes bis zu mehr als einer Milliarde
Dollar kosten kann, ist die Entscheidung, welche dandidaten, die aus einem Screening
hervorgegangen sind, weiter verfolgt werden solksn, kritischer Schritt. Damit das richtige
Molekul ausgewahlt werden kann, wird Wissen Uben d@mplexen Erkennungsprozess
zwischen Ligand und Protein benétigt. Die thermadyischen Parameter, besonders der
enthalpische Beitrag, zeigen bereits, ohne das&almeplexkristallstruktur verfligbar sein muss,
welche der Inhibitoren die starksten Interaktiomait der Proteinbindetasche eingehen. Die
kinetischen Daten geben Auskunft Uber das Assormsti und Dissoziationsverhalten von
Protein-Ligand-Komplexen. Abh&angig von der bealsgjtén Indikation kann z.B. ein Ligand
mit einer Verweildauer in der Bindetasche, die eitiaft fir den therapeutischen Erfolg
erscheint, ausgewahlt werden. In dieser Arbeit wulié Bindung von Liganden-Serien zu ihrem
jeweiligen Zielprotein, ALR2 oder hCAIl, mit ROntgkristallographie, ITC- und SPR-
Messungen untersucht, mit dem Ziel die grundlegen@enzipen zu verstehen, die auch fir

ahnliche Wirkstoffdesign-Projekte genutzt werdenrién.

Fir ALR2 konnten mehrere Projekte erfolgreich abgkssen werden. ALR2 ist eine
interessante Zielstruktur fiir die Pravention vaasbetischen Spatschaden. Jedoch, mit Ausnahme
von Epalrestat, welches in Japan und Indien auf Brkt ist, waren die grol3en Anstrengung,
um einen effizienten und sicheren Hemmstoff flrsdge Protein zu finden, bisher nicht
erfolgreich. Diese Arbeit tragt mit der Untersuchuttes Inhibitorsl3, einem neuen Typ von
ALR2-Hemmstoff, zu dieser Suche bei. Das Molekill asis einer Datenbank-Suche und
nachfolgender Affinitdts- und Selektivitatsbestinmgan, die von Drs. Milan Stefek, Marta
Soltesova Prnova und Magdalena Majekova (Bratisleésmwakei) durchgefuhrt wurden,
hervorgegangen. Dieser Hemmstoff ist selektiv fluR& im Vergleich zu zwei verwandten
Proteinen, Aldehyd Reduktase und AKR1B10, was notldg ist um unerwinschte
Nebenwirkungen zu meiden. In dieser Arbeit konnte ildomplexkristallstruktur vorii3 mit

ALR2 erhalten werden (1,26 A), welche zu zwei Uhschenden Resultaten fiihrte. Zunéchst
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wurde die Spezifitdtstasche der ALR2 in der gessdoen Form vorgefunden. Dies ist
erstaunlich, da gemeinhin die Adressierung diesschie als Voraussetzung fur das Design eines
selektiven ALR2-Inhibitors gilt. AuRerdem wurde eweiteres Molekul des Liganden am
Eingang der Bindetasche, in Wasserstoffbriickenlmgslabstand zum ersten Molekul, gefunden.
Die Frage, ob dieses zweite Molekul immer zusammgrdem ersten bindet, sollte beantwortet
werden. Deshalb wurden ITC-Experimente durchgefiibigse zeigten, dads8 mit der gleichen
Stochiometrie bindet, die auch Liganden besitzeleren Komplexkristallstrukturen nur jeweils
ein Molekil des Liganden aufgefunden wurde. Desareit weist die verringerte Besetzung von
70% des zweiten Molekll des Liganden darauf hissddas zweite Molekul nur aufgrund der
hohen Konzentrationen, die beim Soaking-Prozessitgenverden, bindet. Zusammengefasst
kann 13 aufgrund seiner hohen Affinitat und Selektivitds alas erste Mitglied einer neuen
Gruppe von ALR2-Inhibitoren angesehen werden. Dinidt dieser Inhibitor-Klasse kénnte
vermutlich noch weiter erhdoht werden, wenn die 8paistasche adressiert werden wirde.
Weitere Liganden sollten synthetisiert werden uredKbmplexkristallstrukturen der Inhibitoren

mit den hochsten Affinitdten bestimmt werden.

In einer Kooperation mit den Gruppen von Prof. Albd?odjarny (CNRS, lllkirch, France), Dr.
Angel R. de Lera (Universidade de Vigo), Drs. Malésus Martin und Jests Angel de la Fuente
(Biomar Microbial Technologies S. A., Leodn), Drsaver Parés und Jaume Farrés (Universitat
Autonoma de Barcelona) wurden zwei Verbindundgghund 24) untersucht, die ALR2 und das
verwandte Protein AKR1B10 inhibieren. Zu diesem jékb wurde die Messung der
thermodynamischen Profile beigesteuert. Im Zuge &émdung an ALR2 wurde eine
Protonenaufnahme von 0.6 Mol Protonen je Mol gevdd Komplexes ermittelt. Dies stimmt
mit bisherigen Ergebnissen an anderen Komplexeglaiehbaren Typs (berein. Uberraschend
wurde fur die Bindung an AKR1B10 nur eine Protongnahme von 0.1 Mol Protonen je Mol
gebildeten Komplexes gefunden. Dies zeigt, dask sie Protonierungszustande in der
Bindetasche von AKR1B10 vor der Bindung eines Lagnvon ALR2 unterscheiden. In einem
folgenden Projekt sollte dies naher untersucht emerd. B. mittels pKa-Wertberechnungen fir

die Aminosauren in der Bindetasche von AKR1B10.
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Desweiteren wurde eine ALR2-Inhibitor-Serie mitegirCarboxylat-Gruppe und zwei oder drei
aromatischen Systemen unter Zuhilfenahme von Rdktigtallographie, 16-Bestimmungen
und ITC-Messungen untersucht. Diese Gruppe stamrspriinglich von einer virtuellen
Leitstruktursuche. In dieser Arbeit wurden die Medungen, die aus einem weiteren
Optimierungszyklus hervorgingen, untersucht. Digyanden wurden von der Gruppe von
Prof. Martin Schlitzer (Philipps Universitat Marlgyrsynthetisiert. Zu Beginn dieses Projektes
wurde die Co-Kristallisation bzw. das Soaking irir&tiPuffer durchgefuhrt. Allerdings konnte
keiner der untersuchten Liganden unter dieser Beaig in der Differenzelektronendichte
gefunden werden. So musste zundchst ein neuesngeRiatokoll in TRIS-Puffer entwickelt
werden, um die Léslichkeit der Verbindungen zu Begtd Dadurch waren Kristallstrukturen im
Komplex mit zumindest einigen der Liganden zugafgliEs konnte gezeigt werden, dass alle
Inhibitoren, deren Protein-Ligand-Komplex erhaltenrde, einen sehr ahnlichen Bindemodus
aufweisen. Unterschiede konnten in der Position @arboxylat-Gruppe in der Anionen-
Bindetasche gefunden werden. Die meisten Ligandiglerb eine H-Briicke mit Trp111NE1
wahrend zwei Inhibitoren ein anderes Interaktionstgiueingehen. Die letztgenannten Liganden
interagieren mit einem Wassermolekiil, wodurch @eorene H-Briicke zu Trpl111 ausgeglichen
wird. Der erste Protein-Ligand-Komplex mit einenganden aus dieser Serie, der ein drittes
aromatisches Ringsystem enthélt, konnte kristadlplgisch aufgeklart werden. Dieser zeigt dass
der dritte aromatische Ring nicht die Bindung inegidhnlichen Orientierung wie fur die anderen
Mitglieder dieser Gruppe verhindert. Aul3erdem kent¢r erste Protein-Ligand-Komplex eines
Inhibitors aus dieser Gruppe mit einer Acrylsauaptgruppe aufgeklart werden. Diese fihrte zu
der Uberraschenden Erkenntnis, dass sich die Kuatfign der in den Liganden vorliegenden
Doppelbindung wahrend des Soaking-ProzessBran Z &ndert. Offensichtlich kann der Ligand
mit der Acrylsduregruppe id-Konfiguration vorteilhaftere Wechselwirkungen ierdAnionen-

Bindetasche eingehen alskrKonfiguration.

In einem weiteren Projekt wurde die Spezifitatdt@sder ALR2 mit Hilfe von Derivaten des
zuvor beschriebenen Inhibitor IDD393, die in deu@e von Prof. Wibke Diederich (Philipps-
Universitat Marburg) synthetisiert wurden, untergucDer Teil dieser Liganden, der die

Spezifitdtstasche adressiert, wurde variiert. Sadem Inhibitoren erhalten, durch welche
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unterschiedliche Konformationen der Spezifitatdtasaduziert wurden. Der Vergleich von zwei
dieser Liganden, wovon einer die Spezifitatstasetie einem nicht-substituierten Phenylring
adressiert49) und der andere keine Seitenkette enthalt, disedieasche offnen konntd7),
zeigte, dass die Offnung der Tasche von einem éteimber doch messbaren Verlust in der
Enthalpie einhergeht. Da die vergleichende Analyder jeweiligen hochaufgelosten
Proteinkristallstrukturen keine Erklarung fur diedResultat liefert, kann vermutet werden, dass
die Reste der Spezifitdtstasche in der offenen &womdtion eine héhere Energie besitzen als in
der geschlossenen Konformation. Folglich musstedi@envestiert werden, um die Tasche zu
offnen, was den Verlust in der Enthalpie erklarerirde. Die Liganden wurden mit
verschiedenen Resten versehen, um die Tasche assaden. Eine Nitro-Gruppe, die in
metaPosition an einen Phenylring gebunden ist, fuhrt\fergleich zum nicht-substituierten
Phenylring zu einem starken enthalpischen Gewirm-88.7 kJ/mol. Zwar wurde bereits zuvor
gezeigt, dass ein solcher Substituent in diesetidhozu einem starken enthalpischen Signal
fuhrt, jedoch konnte dieses bisher nicht quangéfiziwerden. Der Austausch dieser Nitro-Gruppe
durch eine Carboxylat-Funktion fuhrt Uberraschewdese zu einem geénderten Bindemodus des
Liganden. Der terminale Phenylring der Benzoes&@ngpe des Liganden ist nicht in der
Spezifitdtstasche vergraben, wie es fur das NiwophDerivat der Fall ist, sondern dieser
orientiert sich in Richtung des Losungsmittel zugéxmen Eingangs der Bindetasche. Um diesen
Bindemodus einzunehmen, muss eine interne H-Brimkschen dem Amid-Stickstoff und
einem der Sauerstoffatome der Carboxylat-Funkties kdganden, die sonst bei allen anderen
Inhibitoren der hier untersuchten Serie vorliegyfgageben werden. Dieser geanderte
Bindemodus fuhrt zu einer 2000-fach reduziertenindit im Vergleich zum Nitro-Derivat.
Vermutlich ist die Desolvation einer Carboxylat-@pe deutlich unvorteilhafter als fur eine
Nitrogruppe, was dieses Uberraschende Resultaéirerklwirde. In einem folgenden Projekt
sollten weitere Derivate aus dieser Serie untetswenden, um besser zu verstehen, was den
diskriminierenden Faktor fir die Offnung der Tascl@stellt. Dieses hier erhaltende Ergebnis
kann auf ahnliche Wirkstoffdesign-Projekte, bei elemlie Offnung einer transienten Subtasche

eine Rolle spielt, Ubertragen werden.
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Die Bindung einer Serie von Benzensulfonamiden an hCAIl wurde mithilfe von SPR-
Experimenten und Proteinkristallographie untersubl¢ erhaltenen Resultate wurden mit den
Erkenntnissen von MD-Simulationen und zuvor publitan SFF-Messungen verglichen.
Vergleichbar zu den Resultaten der SFF-Messungennt&o gezeigt werden, dass die
Assoziationsrate mit der Lange der hydrophoben lk#tye, die sich inpara-Stellung zur
Sulfonamid-Gruppe befindet, ansteigt. Dies ist ninsé ein Uberraschendes Resultat, denn
zumindest in dem Fall eines rein diffusions-konieolen Assoziationsprozesses sollte die
Bindung verlangsamt werden, wenn das Molekil eiegseh anspruchsvolle Seitenkette besitzt.
Folglich scheint der Assoziations-Prozess in der betrachteten Situation mehrere Schritte zu
durchlaufen, von denen einer von einer hydrophdbemaktion vorteilhaft beeinflusst wird. Die
Bestimmung der Kristallstrukturen im Komplex mitndgeweiligen Inhibitor zeigte, dass alle
Liganden einen sehr &hnlichen Bindemodus aufweisAherdings reprasentieren die
Kristallstrukturen nur den finalen Bindemodus. N#D-Simulationen, die in der Gruppe von
Prof. Andrea Cavalli (ltalian Institute of Technglg Genua, Italien) durchgefuhrt wurden,
konnte der gesamte Bindeprozess untersucht wemies. flihrte zu der Erkenntnis, dass die
zwischenzeitliche Bindung der Molekiile an der hytmben Region, die sich in der Nahe der
Bindetasche befindet, durch hydrophobe Interakhoder Alkylkette der Liganden stabilisiert
wird. Im nachfolgenden Schritt wandert das Molettéhn in die finale Bindeposition. Um diese
Theorie zu Uberprifen, wurde die Bindung eines \¢es, das eine Hydroxyethyl-Seitenkette
besitzt, mit MD-Simulationen und SPR-Experimentatetsucht. Tatséchlich konnte mit beiden
Verfahren gezeigt werden, dass die Bindung diesgenden mit der polaren OH-Gruppe an die
hCAII stark verlangsamt erfolgt. Folglich deutersare Resultate darauf hin, dass die Bindung
von Benzensulfonamiden an die hCAIl aus mehrerenzétschritten besteht und eine
zwischenzeitliche hydrophobe Stabilisierung inveiviist. Da das Hintergrundwissen tber die
Assoziation von Proteinen und Liganden noch sebrduet ist, stellt das hier erhaltene Wissen
einen wertvollen Beitrag zu diesem Gebiet dar. HG&nn dabei in zukinftigen Studien als
Modellsystem genutzt werden, um weitere Inhibiteri&h mit SPR-, ITC- und MD-
Experimenten zu untersuchen. Vor allem sollten M€&ssungen an der hier beschriebenen
Benzensulfonamid-Serie durchgefiihrt werden. Diegdevidiese Protein-Liganden-Serie zu einer

der ersten machen, die mit all den zuvor genanfgehniken untersucht wurde.
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9 Materials and Methods

9.1 Chemicals, Devices, Buffers and Solutions

9.1.1 Chemicals

Table 9-1 Chemicals in alphabetical order.

Name Company Abbrevation
1,4-Dithiothreitol Roth DTT
2-(N-morpholino)ethanesulfonic acid Roth MES
4-(2-Hydroxyethyl)-1-piperazine ethan sulfonic acid Roth HEPES
Acetic acid 100% Roth

Activated carbon Roth

Agar-Agar Roth

Ammoniumpersulfate Roth APS
Ammoniumsulfate Grissing

Ampicilline Roth

Bromphenol blue Merck

Calcium chloride Roth

Chloramphenicole Roth

Coomasie Brilliant Blue R250 Roth

D-(+)- Xylose Sigma Aldrich
di-Ammonium hydrogen citrate Sigma Aldrich
Dimethylsulfoxid Roth DMSO
di-Potassium hydrogen phosphate Merck

Ethanol 99.8% Roth

Ethylene diamine tetra acetate Merck EDTA
Glycerol 99% Acros Organics
Guanidine-HCL Merck

Hydrochloric acid 32% Fisher Chemical

Imidazole Roth

Isopropanol 99.5% Acros Organics

Isopropyl- -D-thiogalactopyranosid Roth IPTG
Lysozyme Roth

Methanol Fisher Chemical
N-(2-Hydroxy-1,1-bis(hydroxymethyl)ethyl)glycine Iviek Tricine

Nickel(ll) sulfate

Sigma Aldrich
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Continuation of Table 9-1.

Name Company Abbrevation
Nicotinamide adenine dinucleotide phosphate Sigiaaigh NADP*
Nicotinamide adenine dinucleotide phosphate, redluce Roth NADPH
p-Chloromercurybenzoic acid Sigma Aldrich

Peptone from Casein Roth

Polyethylene glycole 6000 Sigma Aldrich PEG 6000
Polyoxyethylene (20) sorbitan monolaurate (Tween 20 GE Healthcare

Potassium di-hydrogen phosphate Roth

Rotiphorese 10x SDS Roth

Rotiphorese Gel 30 ( 30% Acrylamide/0.8% Bisacrylamide )Roth

Sodium chloride Roth

Sodium dodecyl sulfate Sigma Aldrich SDS
Sodium hydroxide Grissing
Tris(hydroxamethyl)aminomethane Roth TRIS
Yeast extract Roth

9.1.2 Laboratory devices
Table 9-2 The devices which were used in this wokke listed in alphabetical order.

Device Company

96 well microplates Greiner Bio-One

AKTA FPLC Amersham Biosciences
AKTA Prime Plus FPLC GE Healthcare
Autoclave T-Line Fedegari Autoclave Spa
Benzamidine FF column GE Healthcare
Biacore S51 SPR instrument GE Healthcare
Biofuge fresco centrifuge Hereus

Centrifuge Avanti® J-25 Beckmann

Centrifuge Biofuge Pico™ Hereus

Centrifuge Multifuge™ 3 Hereus

Glutathione sepharose high performance material Hed&lthcare
HERAsafe™ biological safety cabinet Thermo Sciémntif
HiLoad 26/600 Superdex 200 pg size exclusion column Amersham Biosciences
HiTrap Chelating HP column GE Healthcare
HiTrap DEAE FastFlow sepharose column GE Healthcare
IEMS Reader MF Labsystems Oy
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Continuation of Table 9-2.

Device Company

IKA® mini G centrifuge IKA

ITC200 microcalorimeter GE Healthcare
Microscope SZ-PT Olympus

Nanodrop™ 2000c Thermo Scientific

PD-10 Desalting Column GE Healthcare
Peristaltic pump P-1 GE Healthcare

pH-meter Five Easy™ FE20 Mettler Toledo
Pipettes Eppendorf

SDS-Page Mini-PROTEAN® Tetra Electrophoresis SysteBioRad

Shaking incubator Innova 4200 New Brunswick Scfanti
Shaking incubator Innova 4300 New Brunswick Scfanti
Thermomixer Comfort Eppendorf

Ultrasonic bath Elmasonic S 10 Elma

Ultrasonic Sonifier® 250 Branson

Vivaspin® 10,000 concentrator Sartorius

9.1.3 Solutions and Buffer
Table 9-3 Solutions and buffers which were used ithis work are listed in alphabetical order.

Name Substances

Citrate buffer 50 mM d-ammonium hydrogen citrate, pH !

Citrate cryo buffe 120 mM d-arrmonium hyrogen citrate, 4% (w/v) PEG 6000, pt
5.0

Citrate stabilization buffi 120 mM d-arrmonium hydrogen citrate, % (w/v) PEG 6000, pt
5.0

Coomasie bludestainini 10% (v/v) acetic acid, 40% (\) methanc

solution

Coomasie blue staini 10% (v/v) acetic acid, 40% (\) methanol

solution 1 g/L Coomasie Brilliant Blue R250

Elution buffer (ALR2 200 mM imidazce, 16 mM TRIS and 400 mM NacCl, pH 8.

hCAII well solutior 2.E- 3.0 M (NH,),SC,, 100 mM TRIS,
saturated withp-chloromercurybenzoic acid, pH 7.8

ITC buffer (ALR2 10 mM HEPE:!, Tricine or TRIS, pH 8.(

LB medic 1% (w/v) NacCl, % (w/v) pepton, 0.5% (/v) yeast, autocla

MES cryo buffe 50 mMMES, 40% (v/v) PEG 6000, pH 5.

MES stabilization buffe 50 mM MES, 2% (w/v) PEG 6000, pH 5.

PBS buffer 13¢mM NacCl, 2.7 mM KCI, 10.0 mM N,HPC,, 1.8 mM KH,PC,,
pH 7.4
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Continuation of Table 9-3.

Name Substances
SDS loading ge 1.0MTRIS, pH 6.¢
buffer

SDS sample buffe 250 mM TRIS, 200 mM DTT, 0.0% (w/v) bromphenol blue, 8% (w) SDS, 4%
4x (v/v) glycerol, pH 6.8
SDS separation g 1.0 M TRIS, pH 8.¢

buffer

Sodium phosphal  18.4 mM d-potassium hydrogen phosphate, 25.3 mM potasdihydrogen
buffer phosphate, pH 6.2

Super LB medi 0.5%(w/v) NaCl, 2.19% (w/v) pepton, 1.5% (/v) yeast, autocla)

TRIS1 20 mM TRIS and 500 mM NacCl, pH 8

TRIS 2 10 mM TRIS, pH 8.(

TRIS cryo buffel 100 mM TRIS, 4% (w/v) PEG 6000, pH 8.

TRIS stabilization 100 mM TRIS, 25% (w/v) PEG 6000, pH 8

buffer

Washing buffel 20 mM TRIS, 10 mM imidazole, 500 mM NaCl, pH ¢
(ALR2)
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9.2 Experimental Procedures Regarding ALR2

9.2.1 Expression and purification

The expression and purification followed previouslyscribed protocof$® 44 A plasmid
(PET15b, Novagen) which contained the open reaftenmge for the ALR2 gene together with a
hexahistidine tag was kindly provided by AlbertadRony (IGBMC, lllkirch, France). The used
ALR2 gene was sequenced. The result is shown inr&id0-9 in the Appendix. The fusion
protein was expressed b coli strain BL21 gold (DE3). An overnight culture of LBBedium
(200 mL) with 0.1 mg/mL ampicillin was inoculateddaincubated for 16 hours at 310 K and 200
rpm. 25 mL of the suspension was added to 1 L gfeBUuB-medium with 0.1 mg/mL of
ampicillin. A total volume of 4 L media has beeredsThe cells were grown to an gpof
around 3.0 at 310 K and 200 rpm. Afterwards 1 mL1d¥l IPTG was added to 1 L of cell
culture. The protein was expressed for 3 hours1l& B and 200 rpm. The cells were then
harvested by centrifugation with 6,000 rpm at 277/d 10 minutes. The supernatant was
discarded. The pellet of 1 L of Super LB medium wesispended in a total volume of 25 mL of
TRIS 1 (20 mM TRIS, 500 mM NaCl, pH 8.0). The oshlls were disrupted using ultrasound
(six times for 1 min, duty cycle: 70%, micro tipnii: 3). During this procedure the suspension
was kept on ice. Afterwards the suspension wagiteyed for 45 minutes at 20,000 rpm. The
supernatants of all tubes were combined. A HiTrael&ing HP column (GE Healthcare) was
connected to an Akta FPLC system (Amersham PhaarBicisciences). The protein solution
was loaded on the column with a flow rate of 2.5/mibh. TRIS 1 was injected until low
absorption values were reached. Afterwards a shashing step (30 s, 2 mL/min) with washing
buffer (20 mM TRIS, 10 mM imidazole, 500 mM NaCH 8.0) was performed. The fusion
protein was eluted using a linear gradient of elutbuffer (200 mM imidazole, 16 mM TRIS,
400 mM NacCl, pH 8.0). Using a Vivaspin 10,000 wtatrifugation device (Sartorius) the buffer
was exchanged to TRIS 2 (10 mM TRIS, pH 8.0) antteatrated to 15 mL. Caflvas added to

a final concentration of 5 mM. For the cleavagetlé hexahistidine tag thrombin (kindly
provided by CSL Behring, Marburg) was added andstblation was stored for at least 20 h at
277 K. The solution was diluted by adding TRIS 2atwolume of 150 mL. A 5 mL HiTrap
DEAE FastFlow sepharose column (GE Healthcare) eawmected to an Akta FPLC. The
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column was loadeavith the protein solution (2 n/min) and afterwarc washed with TRI 2.
When low absorption valuevere eached the protein was eluted wathinear gradienof TRIS 1

(2 mL/min).

Figure 9-1 Purification of ALR2. Plateal 1: Loading of HiTrap Chelating HP columwith the supernata; Peak 2:
Short washing step; PeakBlution from the column usir an imidazole gradient.

Figure 9-2 ALR2 eluted fromHiTrap DEAE FastFlow sepharose column using BlaCl-gradient (Peak 1).

The identity and purity ofhe protein was verifieby SDS gel ectrophoesi:. Finally, the buffer
was exchanged usiragVivasgin 10,000 ultracentrifugation devig¢&artotus), a PD10 column or

dialysis to the needduliffer and concentrated to the required concentn.
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Figure 9-3 SDS gel of a typical purification of ALR2. Lmarker;2:after lysis and centrifugatior;flowthrough of
the HiTrap Chelating HP colummtpeak after injection of washing buffes;protein after HiTrap Chelating HP
column; 6:ALR2 after cleavage7: ALR2 after DEAE column;8 and 9: different batches of purfied ALR2;
10: inhouse reference of ALR2.

9.2.2 1C5p value determination
The determination of 1§ values followed previously described protocdfs:®2® After the

purification, the protein buffer was exchanged tdism phosphate buffer (di-potassium
hydrogen phosphate, potassium dihydrogen phosppé&ief.2) using a PD10 column. The
measurement of the dgvalue is based on the decrease of the NADPH coratim during the
conversion of D-Xylose to Xylitol performed by ALRRADPH is converted to the oxidized
form NADP'". The level of NADPH was monitored through its absmce at 340 nm which was
measured by a plate reader at 310 K (iIEMS ReadEr,Udbsystems Oy, Finnland). NADBoes
not absorb at this wavelength. 96 well microplatéseiner Bio-One) were used. Each well
contained 250 pL of the reaction mixture consistd@.28 uM ALR2, 0.14 mM NADPH and
26.5 mM D-Xylose in sodium phosphate buffer at pB. @he concentration of the ALR2 stock
was adjusted to 0.125 mg/mL. 20 different conceéioima of the inhibitor were measured in
parallel. The reaction mixture contained 5% (V/M1I®O. Only a few investigated inhibitors

made the addition of 10% (v/v) DMSO necessary.dohecolumn of the plate two wells were
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used to monitor the uninhibited reaction. NADPH &hnel protein were added in the last step to
start the reaction. A multipipette was used to thix solution in each well because a comparable
surface shape of the drops was found to be a prsiegfor stable measurements. The rate of the
reaction in each well with an inhibitor was dividédough the rate of the uninhibited reaction.
This ratio was plotted on the y-axis, while on thaxis the concentration of the inhibitor was
plotted in logarithmic scale. The range of investsgl concentrations of the inhibitor was
adjusted in a way that the resulting curve hadgansidal shape. The program GraFit (Version
4.09, Erithacus Software Limited) was used to dateuthe 1@, value. Each measurement was

performed at least in triplicate. The mean valuebtae standard deviations were calculated.

9.2.3 Crystallization of ALR2

9.2.3.1 Crystallization of holo-crystals in citrate buffer
After purification the protein was transferred ifi® mM diammonium hydrogen citrate pH 5.0

using Vivaspin 10,000 ultracentrifugation deviced@lysis. The concentration of the protein was
adjusted to 30 mg/mL. The crystallization solutwas prepared as shown in Table 9-4.

Table 9-4 Preparation of the ALR2 crystallization lution in citrate buffer.

Mixture 1

50% (w/v) PEG 6000 340 pL
1MDTT 34 uL

50 mM diammonium hydrogen citrate pH 5.0 1335 uL
Mixture 2

30 mg/mL ALR2 in 50 mM diammonium hydrogen citratd 5.0 100 pL
200 mg/mL NADP in 50 mM diammonium hydrogen citrate pH 5.0 0.66 p
Crystallization Solution

Mixture 1 100 pL
Mixture 2 100 pL

Aliquots of 200 pL of the crystallization solutiomere flash-frozen using liquid nitrogen. The
final concentrations in the crystallization solativere 15 mg/mL ALR2, 5% (w/v) PEG 6000,
5.2 mg/mL DTT and 0.7 mg/mL NADPThe hanging drop method was used. The well soiuti
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contained 120 mM diammonium hydrogen citrate (p8) Svith 20% (w/v) PEG 6000. 9 pL of
the crystallization solution were equilibrated fair least 3 days at 277 K. Afterwards streak
seeding with a horse hair was performed. The diigstaon plate was transferred to 291 K
directly after seeding. Crystals appeared afterdiyg and reached their maximum size after two

weeks.

9.2.3.2 Co-crystallization in citrate buffer
For co-crystallization experiments 9 uL of the ¢ajlization solution were mixed with 3 pL of a

solution containing 5 mM of the respective inhibito 120 mM diammonium hydrogen citrate,
25% (w/v) PEG 6000, 5% DMSO, pH 5.0. The crystalictire ALR248 was obtained using
this procedure.

9.2.3.3 Crystallization in MES buffer
Mixture 1 contained 100 pL of 30 mg/mL ALR2 in 50MmMES at pH 5.5 with 0.75 pL of

200 mg/mL NADPH and 0.1 pL 1 M DTT. Mixture 2 comed 20 mM ammonium sulfate,
1 mM DTT, 50 mM MES and varying concentrations &36000 (10-20%) at pH 5.5. 10 pL of
mixture 1 and 2 were mixed. As well solution 120 iW&ES with 20% (w/v) PEG 6000 at pH 5.5
was used. The droplets were equilibrated for 7 ddy295 K. Afterwards streak seeding with
holo-crystals from the citrate condition was done. Thestals appeared after several days and

reached their full size after three weeks.

9.2.3.4 Soaking experiments
New soaking procedures using MES or TRIS bufferend@veloped in the course of this work. In

each case thieolo-crystals were grown in citrate buffer.

9.2.3.5So0aking in citrate buffer
A saturated solution of the inhibitor in citratealstization buffer (120 mM diammonium

hydrogen citrate pH 5.0 with 25% (w/v) PEG 6000svpaepared. The crystals were transferred
into the soaking drop and fished after one to tld@gs. The complex crystal structure ALB2-
was obtained using this procedure.
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9.2.3.6Soaking in MES buffer
To prevent the crystals from damage the transfey the MES buffer was performed in a

stepwise fashion. A saturated solution of the iitbiin MES stabilization buffer (50 mM MES,

pH 5.5 with 25% (w/v) PEG 6000) was prepared angenhiwith citrate stabilization buffer as
shown in Figure 9-4. The crystals were equilibrate@ach drop for several hours. Afterwards
the crystals were transferred for one to three dais the final drop which consisted of the
saturated solution of the inhibitor in MES stalation buffer. The complex crystal structures
ALR2-30 and ALR237 were obtained using this procedure.

Figure 9-4 Soaking experiments in MES buffer.Citrate: citrate stabilization buffer; MES: MES lsitezation
buffer; Inh.: Inhibitor.

9.2.3.7Soaking in TRIS buffer
The same protocol as described for the soakingrempets in MES buffer was applied. Here,

TRIS stabilization buffer (100 mM TRIS, 25% (w/vEEB 6000, pH 8.0) was used. The complex
crystal structures of ALR2 witli3, 31, 43, 47, 49, 50, 52 and 53 were obtained using this

procedure.
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9.2.3.8Cryoprotection of the crystals
120 mM di-ammonium hydrogen citrate (pH 5.0), 50 WS buffer (pH 5.5) or 100 mM TRIS

buffer (pH 8.0), respectively, mixed with 40% (WWREG 6000, were used to cryoprotect the
crystals. 1 mM of the corresponding inhibitor witko (v/v) DMSO were added. The crystals

were briefly dipped into the cryo buffer and wefieavards flash-frozen in liquid nitrogen.

9.2.4 Structure determination and refinement
All datasets were collected at the synchrotron BE8S3n Berlin, Germany®* at beamline 14.1

or 14.2 (Table 10-3 in the Appendix). The datasetse processed and scaled with HKL2500
or XDS*? Molecular Replacement was done with Ph#8ers implemented in the CCB2suite
using the PDB entry 2DUR* as a model. Using the program Phenix.refine (ver4i8.4_1496)
of the Phenix suifé' three cycles of rigid body refinement, five cyclefssimulated annealing
and five cycles of refinement were performed. Aft@rds alternating cycles of model building in
Coot* and five cycles of refinement in Phenix were doFfee temperature factors of all atoms
except hydrogens were anisotropically refined. BBecoordinates of the inhibitor molecules
were built with MOE® and afterwards energy minimized using the Trifosd field in Sybyl®®
(Tripos International, version 2.0). The restraifits was generated using eLBOW from the
Phenix suit¢*? The final model was validated using MolProBifyas implemented Phenix. The
final models were deposited in the PEB.Statistics for data collection and refinement are
shown in Table 10-3 in the Appendix.

9.2.5 ITC measurements
The measurements were performed with amdd (GE Healthcare) at 298 K in HEPES buffer. In

selected cases the overlaid protonation effectimasstigated. In these cases the measurements
were done in HEPES, Tricine and TRIS buffer. ThHewas filled with a solution of ALR2 in the
corresponding buffer with an excess of NAD#hd 3% DMSO. The syringe was filled with a
solution containing the same concentration of NARRd DMSO in the corresponding buffer
and a concentration of the inhibitor which exceeti@e?0 times the concentration of the protein
in the cell. The concentrations of the protein #reinhibitor were adjusted to obtain curves with

a sigmoidal shape. An initial injection of 0.3-Quk which was omitted during data evaluation

was followed by injections of 1.0-2.0 puL with spags of 180-300 s in between.
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For ligands with a too weak or too strong bindirffindy the establishment of displacement

titrations was necessary (see Section 5.7.2).

For the investigation of the overlaid protonatidfeet the measurements were done in three
different buffer systems (HEPES, Tricine and TRIB)is procedure was previously described in
literature?® ® The measured enthalpy H%g9 was plotted on the y-axis and the ionization
enthalpy of the corresponding buffer systemti{o) on the x-axis. The values foH%,, were
taken from literatur&” % The slope of the regression line indicates howyn@otons per mole

of formed complex are picked up (positive slopeyaleased (negative slope). The interception
point with the y-axis gives the enthalpy correcfed the protonation effect H%ing). The
resulting plots are shown in Figure 2-6 (Chapter, Ejgure 3-5 (Chapter 3) and
Figure 5-10 (Chapter 5).

The peaks of the thermograms were integrated UsIiigIC,**° the isotherms were fitted with
SEDPHAT® and the curves were plotted using GU®8IRepresentative thermograms and

regression curves of all investigated inhibitors sinown in Figures 10-1 - 10-4 in the Appendix.
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9.3 Experimental Procedures Regarding hCAll

9.3.1 Introductory remarks
The following description of the methods used ia titCAIl project was taken from the same

manuscript which was prepared for submission toi@nsfic journal as chapter 6. Additionally,
Figure 9-5 and Figure 9-6 were added. The methadspfotein expression, purification,
crystallization and soaking followed protocols poasly described by Schulze Wischeler and
coworkers?™®

9.3.1.1Expression and purification of hCAll
100 mL LB media containing 100g/mL ampicillin (Roth) and 34 g/mL chloramphenicol

(Roth) were inoculated with BL21 Codon Plus celtstaining a pGEX-4T1 (GE Healthcare)
plasmid with the sequence of the hCAll-glutathi@wransferase fusion protein. The used hCAII
gene was sequenced. The result is shown in FigiwBE)lin the Appendix. After shaking with
200 rpm for 16 h at 310 K, 25 mL of this overnighidture were transferred into 1L LB media
(with 100 g/mL ampicillin). At an Oy of 0.6-0.8, 1 mL of a 2 M IPTG solution was added.
After 4 h at 305 K, the cell suspension was camngefl at 5,000 rpm. The cells were resuspended
in PBS buffer (139 mM NaCl, 2.7 mM KCI, 10.0 mM MOy, 1.8 mM KHPO, pH 7.4) and
the cell walls disrupted using ultrasound. The saspn was centrifuged at 20,000 rpm. A
column which was filled with 20 mL glutathione sepbse high performance material
(GSH column, GE Healthcare) was equilibrated widduced glutathione (Sigma Aldrich)
followed by PBS buffer and afterwards loaded whlke supernatant. The column was washed
with 500 mL PBS buffer. Afterwards a solution ofrdmbin (CSL Behring, Marburg) was
injected onto the column. Overnight, the fusiontgio was cleaved on the column. The released
hCAIl was washed from the column with PBS buffero Temove the thrombin, a
HiTrap 1 mL Benzamidine FF column (GE Healthcareaswused (Figure 9-5). A final
purification step with a HiLoad 26/600 Superdex 28§ size exclusion column (Amersham
Biosciences) which was pre-equilibrated with 50 RIS buffer (pH 7.8) was performed
(Figure 9-6). The purity of the protein was anaty/by SDS gel electrophoresis.
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Figure 9-5 First purification stepis of hCAll . Peak 1 Elution of cleaved hCAIl froi the GSH columnPeak 2:
Washing of GSHolumn with 10 nM reduced glutathiol. Peak 3Washing of GSH olumn with 6 M guanidir-
HCL. Peak 4Purification using@enzamidine FF colun

Figure 9-6 Purification of hCAIl uising aHiLoad 26/600 Superdex 200 pg size exclion columr (Peak 1).
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9.3.1.2Crystallization and soaking
The concentration of hCAll in 50 mM TRIS pH 7.8 wadjusted to 10 mg/mL. 2.9 of this

solution was mixed with 2.5L of the well solution (2.7 M (NB>SQ,, 100 mM TRIS, saturated
with p-chloromercurybenzoic acid) and placed on a coVide sas a hanging drop. Crystals
appeared overnight and reached their full sizer &teveeks. The crystals were soaked with a
saturated solution of the inhibitor in a stabiliaatbuffer (3.0 M (NH),SO,, 100 mM TRIS) for
one day. Afterwards they were briefly dipped in ttrgo buffer (2.7 M (NH),SO,, 100 mM
TRIS, 25% (v/v) glycerol, 1 mM of the respectivéniioitor, 1% (v/v) DMSO) for a short time

and subsequently frozen in liquid nitrogen.

9.3.1.3Data collection, processing and refinement
All data sets were collected at beamline 14.1 o2 & able 10-4 in the Appendix) at the

synchrotron BESSY Il (Berlin-Adlershof, HZB, Germari®* The data sets were processed and
scaled using XD%** Molecular replacement was done using Ph&8¢rom the CCP4 suité®
using PDB entry 1CNI as a starting modfel.5% of the reflections were marked for the
calculation of the Re value. In the Phenix suit¢ the program PHENIX.refine (version
1.8.4-1492) was used to perform three cycles aofl rigpdy refinement and five cycles of
Cartesian simulated annealing followed by five egobf refinement. Then, alternating cycles of
model building in Codt® and refinement in Phenix were performed. Singbenatof side chains
of amino acids were deleted if they were not cleaidible in the 25-F; electron density at 1.0
Water molecules were only placed when indicatethleyR-F. difference electron density at 3.0

. The tails of ligand$6-58 were not immediately visible. After assigning ttere structure of
the respective ligand to the density, they becarsible atom by atom in following refinement
cycles in the FF. electron density maps at 3.0 An anisotropic refinement of the temperature
factors for all atoms except hydrogens was perfdinidne coordinates and restraints for the
ligands and for p-chloromercurybenzoic acid wereegated using Grade? Finally, riding
hydrogen atoms were added to the model using tiegrimodel. However, since the. Rvalue
did not improve significantly we refrained from aodlgl hydrogen atoms to the final model.
Validation was performed using MolProbity as implemented in the Phenix suite and
PROCHECK?'® The coordinates were deposited in the PDB. Sedtisor data collection,
processing and refinement are shown in Table 10tdd Appendix.
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9.3.1.4SPR measurements
The measurements were performed on a Biacore Stited€GE Healthcare, Uppsala). For

immobilization, PBS buffer (139 mM NaCl, 2.7 mM KQO0.0 mM NaHPQO,, 1.8 mM KHPOy)
with 0.05% Tween 20, pH 7.4, was used as a backgrbuffer. The standard amine coupling
procedure was applied. A series S Sensor Chip Clbagtivated with a mixture of 0.1 M NHS
(N-hydroxysuccinimide) and 0.4 M EDC (1-ethyl-3¢Bnethylaminopropyl) carbodiimide-
hydrochloride) at a flow rate of 10 pL/min for 1drmates. Then, a 50 pg/mL solution of hCAII
in 10 mM sodium acetate (pH 5.2) with 30 pM ethdamdde was injected for 2 minutes
followed by an injection of 1 M ethanolamine hydntmride (pH 8.5) for 7 minutes. This
procedure led to immobilization levels between 358fd 4900 RU. For measuring the
compounds, PBS buffer with 0.05% Tween 20 and 2%S0OMpH 7.4, was used as the running
buffer. The compounds were injected at a flow cdt®0 pL/min for 120 s. Then, the dissociation
was monitored for 300 s. No regeneration was neeaileck all the investigated compounds
completely dissociated from the sensor chip surfeceéhe applied time window. In total,
10 concentrations were investigated for each comgadn a twofold dilution series. For the
different compounds, the following concentrationgrev measured54 (19.5 nM-10.0 puM),
55(9.8 NM-5.0 pM),56 (3.9 nM-2.0 puM),57 (1.2 nM-600 nM),58 (9.8 nM-5.0 uM),
59(31.3 nM-16 pM) and0 (273.4 nM-140.0 uM). A solvent correction cycleings DMSO
concentrations between 1.4-2.8% was run in betweery two sample concentration series. The
data were evaluated with the Biacore S51 evaluaaftware (version: 1.2.1). The signals of the
reference spot were subtracted from the signalseomeasurement spots. Then, the sensorgrams
were corrected for mismatches in the DMSO conceatrs. Two blank injections, carried out
contemporary to the injections of the respectigand, were subtracted from the sensorgrams.
For each single measurement, the most robust mdtoditting was chosen with a global
maximum response (R, and a constant value of O for the shift of tHeaaive index (RI) at the
beginning and end of each injection. The kineticapeeters ¥, and ki were obtained using a
simple 1:1 interaction model including a term fanass transfer limitation as implemented in the
evaluation software. The test for a mass trangfeitdtion as implemented in the evaluation
software showed that the curve that was fitted ithi® sensorgrams was not mass-transfer-

limited. Thus, the obtained kinetic constants of fial results were reliable. K(kinetic) was
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obtained by ki/kon. Kp (Steady state) was obtained by plotting the bipdevel at the end of
each injection against the concentration of the mmmd and fitting it to a single-site binding

isotherm.

197



198



Appendix

10 Appendix

10.1 ITC Example Curves and Fitted Regression urves

Figure 10-1 Representative thernograms and fitted regression curves for 1. The plots were generated usi
GUSSI?”

Figure 10-2 Representative themograms and fitted regression crves for 26, 28, 29, 30 and 31.All
measirements were performed irEPES. The plots were generated using GUSSI.
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Figure 10-3 Representative thernograms and fitted regression curves for 23 and 4. The plots were generated
using GUSSF®
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Figure 10-4 Representative themograms anc fitted regression curves for 4753. All measurements were
performed in HEPESThe plots wee generated using GUS*®
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10.2 SPR Sensorgrams

Figure 10-5 Example sensorgrars for 54-60. The curves fol54-58 were measuredith a 3700 RU surface, the
curves for59 and60 with a 4500RU surface
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Figure 10-6 Example sensorgrars for 54-60. The curves fol54-58 were measuredith a 3600 RU surface, the
curves for59 and60 with a 4500RU surface
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Figure 10-7 Example sensorgrans for 54-60The curves foi54-58 were measured ith a 4900RU surface, the
curves for59 and60 with a 4900 RJ surface
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Figure 10-8 Example sensorgrars for 54-60. The curves fol54-58 were measuredith a 4700 RU surface, the
curves for59 and60 with a 4800RU surface
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10.3 Analytical Data for Ligand 52

10.3.1 Ligand 52:

Mp: 232°C H-NMR (dg-DMSO, 30 °C, 500 MHz): n(ppm) =4.56 (d,*J = 6.3 Hz,2H,
H10),4.91 (s, 2H, H7),6.92 ()4 r, I n= 8.6 Hz,"J = 2.6 Hz, 1H, H2),7.07(dd)y = 11.0 Hz,
4= 2.6 Hz, 1H, H6),7.44 (pst) = 7.6 Hz, 1H, H13),7.58 (dJ = 8.0 Hz, 1H, H12),7.81 (d) =
7.7 Hz, 1H, H14),7.91 (s, 1H, H16),7.93 (ddl= 8.7 Hz,J4 = 7.3 Hz, 1H, H3),9.12 ()= 6.2
Hz, 1H, NH),13.10 (bs, 1H, COB)."*C-NMR (ds-DMSO, 30 °C, 100 MHz): c(ppm) =42.5
(C10),65.9 (7),101.7 (dJ)c = 26.0 Hz, C6),108.2 (dJc = 22.1 Hz, C2),119.0 (dJc = 2.9 Hz,
C4), 127.7, 128.1, 128.5 (C13, C14, C16),130.8 J(1B3.8 (C12),133.0 (dJ)c = 10.6 Hz, C3),
140.0 (C11),157.2 (d®Jc= 11.6 Hz, C5),163.7 (C9),164.3 (Ulc= 248.5 Hz, C1),167.3
(C17),170.0 (C8).MS (ESI/z (%) = 172 (100, M-2H]*), 346 (27, M-H]).HRMS(ESI+)
calcd for G/H1sFNOs[M+H]"348.088341; found:348.088200. Anal. calcd forzHG4FNGOs:C,
58.79; H, 4.06; N, 4.03; found:C,58.79; H, 4.23:4\29.
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10.4 Analytical Data for Ligands 54-60

10.4.1 Ligands 54-58:
Benzenesulfonamide(54) lit.>****mp: 151-153 °C(lit'® 155-158 °C)H NMR (500 MHz,

DMSO-ds) 7.85-7.82 (m, 2H), 7.61-7.54 (m, 3H), 7.32 (bs,);2MMS (ES+) m/z 175
[M + NH4]"; analysis (calcd., found forg8/,NO,S): C (45.85, 45.30), H (4.49, 4.43), N (8.91,
9.02).

4-Methylbenzene-1-sulfonamide(55) lit.2**%#'% mp: 137-139 °C(lit*®136 °C);'H NMR (400
MHz, DMSOdg)  7.71 (dm, 2H,J = 8.2 Hz), 7.36 (d, 2HJ = 8.5 Hz), 7.25 (bs, 2H), 2.37 (s,
3H); MS (ES+)m/z189 [M + NH,]"; analysis (calcd., found for8sNO,S): C (49.11, 48.97), H,
(5.30, 5.27), N, (8.18, 8.13).

4-Ethylbenzene-1-sulfonamide (56) lit.**"mp: 110-111 °C(li£}’ 109-111 °C);'H NMR
(500 MHz, DMSOdg)  7.73 (dm, 2H,J = 8.3 Hz), 7.39 (dm, 2HJ = 8.3 Hz), 7.23 (bs, 2H),
2.67 (9, 2HJ = 7.7 Hz ); 1.19 (t, 3HJ) = 7.7 Hz) MS (ES+M/z203 [M + NHy"; analysis
(calcd., found for gH;13NO,S): C (51.87, 51.86), H (5.99, 5.94), N (7.56, 7.72

4-Propylbenzene-1-sulfonamide(57) lit.?**mp: 101-105 °C(lit*® 98-101 °C)*H NMR (400
MHz, DMSOds) 7.73 (dm, 2H,) = 8.2 Hz), 7.37 (dm, 2H] = 8.0 Hz), 7.25 (bs, 2H), 2.62 (t,
2H,J = 7.6 Hz ); 1.61 (sext, 2H}, = 7.6 Hz), 0.89 (t, 2HJ = 7.3 Hz) MS (ES+m/z217 (100,
[M + NHg4]"); analysis (calcd., found forg81aNO,S): C (54.25, 53.81), H (6.58, 6.55), N (7.03,
7.21).

4-(2-Hydroxyethyl)-benzene-1-sulfonamide  (58) lit.**>The commercial compound was
chromatographed twice on a prepacked silica gelneplutilizing chloroform:ethyl acetate, 10:1
(vIv) as eluent. mp: 85-88 °C(fit’54-55 °C)TLC (CHCk:EtOAc, 10:1 v/v):R = 0.13;'H NMR
(500 MHz, DMSOds) 7.72 (dm, 2HJ = 8.3 Hz), 7.40 (dm, 2H] = 8.3 Hz), 7.24 (bs, 2H),
4.68 (bt, 1H) 3.63 (m, 2H) 2.79 (t, 2H,= 6.7 Hz); MS (ES+)M/z219 [M + NH;]"; analysis
(calcd., found for gH13NO,S): C (47.75, 47.69), H, (5.51,5.67), N, (6.9635.8
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10.4.2 Ligands 59 and 60:
4-Carbonyloxybenzene-1-sulfonamide (4-sulfamoylbepi acid) (59)

276-277 °C (lit?282-283 °C)*H NMR (500 MHz, DMSOds)  13.33 (bs, 1H), 8.11 (dm, 2H,
J=8.6 Hz), 7.94 (dm, 2H] = 8.6 Hz), 7.51 (bs, 2H); MS (ES%)/z200 (100, [M - H]); analysis
(calcd., found for @H;NO,S): C (41.79, 42.14), H (3.51, 3.66), N (6.96, J.13

lit. % 221 mp:

4-Aminobenzene-1-sulfonamide (sulfanilamide) (60it.%%: mp: 165-167°C(lit*? 163-165 °C);
'H NMR (500 MHz, DMSOds)  7.45 (dm, 2H,) = 8.9 Hz), 6.58 (dm, 2H] = 8.9 Hz), 5.76 (bs,
2H),MS (ES+)m/z190 (100, [M + NH]"); analysis (calcd., found for¢8sN,0,S): C (41.85,
41.86), H (4.68, 4.69), N (16.26, 16.29).
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10.5 Calculation of the Purity of Ligand 58 According togNMR
Measurements

P = purity of sample (%)

lanayte = integral of analyte signal
Ncrm = number of CRM protons

M anayte = molecular mass of analyte
Mcrm = Mass of CRM

Icrm = integral of CRM signal
Nanayte = NUMber of analyte protons
M crm = molecular mass of CRM
Msample = Mass of sample/analyte
Pcrm = purity of CRM (%)

gNMR data of commercidd8:

(I anaiyte) Of 58: 1.61

(NCRM) of CRM 2

(M anayte) Of 58: 201.24 g/mol
(mcrm) of CRM: 4.22 mg
(ICRM) of CRM. 2.00

(Nanaiyte) Of 58: 2

(Mcrm) of CRM: 116.07 g/mol
(Msampie) Of 58: 6.93 mg

(Pcrw) Of CRM:  100%

purity (P) of commerciab8in %:

P =lanaiyte * NcrRm * M anaiyte * Mcrm * Pcrm / Icrm * Nanalyte * M crv * Msample
P=1.61*2*201.24 g/mol * 4.22 mg * 100%2.00 * 2 * 116.07 g/mol * 6.93 mg

=84.99%
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gqNMR data of chromatograph®® (1. purification step):

(I anaiyte) Of 58: 1.84

(Ncrm) of CRM 2

(M analyte) Of 58: 201.24 g/mol
(mcrm) of CRM: 4.16 mg
(ICRM) of CRM: 2.00

(Nanaiyte) Of 58: 2

(M CRM) CRM: 116.07 g/mol
(Msampie) Of 58: 7.04 mg

(Pcrm) of CRM: 100%

purity (P) of chromatographe88in % (1. purification step):

P=1.84*2%*201.24 g/mol * 4.16 mg * 10082.00 * 2 * 116.07 g/mol * 7.04 mg

=94.25%

gNMR data of chromatograph&®8 (2. purification step):

(I anaiyte) Of 58: 2.07

(NCRM) of CRM 2

(M analyte) Of 58: 201.24 g/mol
(Mcrm) of CRM: 4.07 mg
(ICRM) of CRM. 2.00

(Nanalyte) 58 2

(Mcgrm) of CRM: 116.07 g/mol
(Msampie) Of 58: 7.48 mg

(Pcrm) of CRM: 100%
purity (P) of chromatographe88in % (2. purification step):

P=2.07*2*201.24 g/mol * 4.07 mg * 10082.00 * 2 * 116.07 g/mol * 7.48 mg

=97.64%
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10.6 Crystallographic Table of ALR2 Complex Crystal Structures

Table 10-3 Crystallographic table of ALR2 complex rystal structures.

ALR2-13 ALR2-28-P2 ALR2-30 ALR2-31 ALR2-37
PDB entry 4QX4 4YU1 4PR4 4PRR 4ANKC
BESSY beamline 14.2 141 14.2 14.2 14.2
Data collection and processing
Wavelength [A] 0.91841 0.91841 0.91841 0.91841 ;91
Space group P2 P2 P2 P2 P2
Unit cell parameters
ab.c[A] 49.4,66.9, 495, 66.4, 49.4, 66.5, 49.3, 66.9, 49.2,66.4,
47.4 47.4 47.3 47.2 47.2
[°] 91.9 92.3 92.3 925 925
Matthews coefficient [ADa]/ Solvent content [%] 2.3/ 45.6 2.2/142.9 22/8 2.2/42.8 2.1/42.3
Diffraction data *
Resolution range [A] 17.84-1.26 47.39-1.02 49.33-1.06 18.78-1.01 18.4@-
(1.28-1.26) (1.08-1.02) (1.08-1.06) (1.03-1.01)  1411.12)
Unique reflections 79172(3759)  150587(23315) 1298PP6) 148147(7006) 116660(5682)
R(1)sym [%] 5.1 (30.0) 4.9 (46.3) 4.1(42.7) 5.6 (42.1) 5.2.430
Completeness [%] 95.0 (90.4) 96.7 (92.9) 93.7 (88.5 92.6 (87.2) 99.2 (99.2)
Redundancy 27(2.7) 34(3.2) 2.6 (2.5) 2.1(1.8) 29(2.7)
O 21.6 (3.9) 14.0 (2.5) 24.5 (2.5) 16.9 (2.0) 18.9Y2
Refinement
Resolution range [A] 17.84-1.26 47.39-1.02 49.381. 18.78-1.01 18.46-1.12
Reflections used in refinement 79143 150569 129790 148117 116632
(work/free) (75204/3939)  (143039/7530)  (123246/6544) (14070884 (110758/5874)
Final R values for all reflections (work/free) [%] 13.3/15.3 13.3/15.0 13.7/15.3 14.4/15.5 12.2/14.2
Protein residues 316 316 315 315 314
Atoms inhibitor (£/2"%), cofactor 18/18/48 19/-/148 20/-148 19/-/148 2@3-/4
Water molecules 334 413 359 334 360
RMSDs from ideality ©
Bond lengths[A}/ bond angles [°] 0.006/1.2 0.008/1. 0.006/1.3 0.006/1.3 0.007/1.4
Ramachandran plot®
Residues in most favored regions [%] 91.0 89.9 91.7 91.7 91.7
Residues in additional allowed regions [%)] 9.0 10.1 8.3 8.3 8.3
Residues in generously allowed regions [%] 0 0 0 0 0
Mean B-factor [A?] P
Protein 11.2 9.8 10.6 104 12.3
Inhibitor (1st/2nd), Cofactor 9.3/18.0/6.9 8.6/2/6. 12.2/-16.4 10.1/-16.7 13.3/-16.9
Water molecules 24.2 23.2 24.1 233 25.6
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Continuation of Table 10-3.

ALR2-43 ALR2-47 ALR2-48 ALR2-49 ALR2-50
PDB entry 4PRT 4PUU 4PUW 4Q7B 4QR6
BESSY beamline 141 14.2 14.2 14.2 14.2
Data collection and processing
Wavelength [A] 0.91841 0.91841 0.91841 0.91841 91
Space group P2 P2 P2 P2 P2
Unit cell parameters
ab.c[A] 49.3,67.0, 49.3, 66.4, 49.4,66.7, 49.3,66.7, 49.5, 66.7,
47.3 47.2 47.4 47.3 47.4
[°] 925 91.8 92.0 92.1 92.6
Matthews coefficient [ADa]/ Solvent content [%] 2.2/ 43.1 2.1/42.4 231 2.2/42.8 2.2/43.1
Diffraction data *
Resolution range [A] 38.6-0.96 17.32-1.14 49.38-1.12 18.73-1.19 49.0%-1.
(1.02-0.96) (1.16-1.14) (1.14-1.12) (1.21-1.19)  .O7:1.05)
Unique reflections 185561(29443) 109695(5447)  18[3481)  97712(4840) 142734(7043)
R(I)sym [%)] 3.4 (40.9) 5.5(36.9) 5.9 (42.6) 5.5 (44.6) 4.3.646
Completeness [%] 99.3 (97.6) 99.1 (99.0) 99.7 @PO0. 99.8 (98.9) 100.0 (100.0)
Redundancy 35(3.1) 2.9 (2.6) 25(2.3) 3.2(3.0) 3.9(3.6)
0 19.4 (2.8) 19.1 (2.7) 16.0 (2.4) 20.0 (2.5) 30.8)2
Refinement
Resolution range [A] 38.6-0.96 17.32-1.14 49.381.1 18.73-1.19 49.47-1.05
Reflections used in refinement 185561 109668 117119 97684 142704
(work/free) (176283/9278)  (104171/5497)  (111252/5867) (9280BMS  (135543/7161)
Final R values for all reflections (work/free) [%] 12.6/13.7 13.7/15.6 13.7/15.7 13.8/16.0 14.1/15.7
Protein residues 316 316 316 315 316
Atoms Inhibitor 24 15 18 22 25
Water molecules 412 380 402 370 355
RMSDs from ideality ©
Bond lengths[A]/ bond angles [°] 0.006/1.3 0.005/1.2 0.006/1.3 0.006/1.2 0.005/1.3
Ramachandran plot®
Residues in most favored regions [%0] 91.7 914 91.0 91.3 91.7
Residues in additional allowed regions [%)] 8.3 8.6 9.0 8.7 8.3
Residues in generously allowed regions [%] 0 0 0 0 0
Mean B-factor [A?] P
Protein 9.3 11.0 9.8 111 10.7
Inhibitor , Cofactor 7.0(-),5.9 10.7 (1.0),6.1 .491.0),6.2 11.3(1.0),6.4 8.5(0.8),6.4
Ala 299- Tyr309 - 21.4 (1.9) 12.7 (1.3) 225(2.0) 145(1.4)
Water molecules 243 24.2 22.3 24.9 22.3

212



Continuation of Table 10-3.

Appendix

ALR2-51 ALR2-52 ALR2-53
PDB entry 4QBX 4YS1 4RPQ
BESSY beamline 14.2 14.2 14.2
Data collection and processing
Wavelength [A] 0.91841 0.91841 0.91841
Space group P2 P2 P2
Unit cell parameters
ab.c[A] 49.4,66.9, 49.3, 66.6, 49.6, 66.8,
47.4 47.3 47.2
[°] 92.3 92.1 93.1
Matthews coefficient [ADa]/ Solvent content [%] 2.2/ 43.2 2.2142.7 23/1
Diffraction data”®
Resolution range [A] 17.43-0.98 49.28-1.07 35.08-1.20
(1.00-0.98) (1.13-1.07) (1.22-1.20)
Unique reflections 175882(8807) 131957(20414)  9p4&5D6)
R(I)sym [%)] 6.0 (41.4) 6.5 (46.6) 3.9 (41.8)
Completeness [%] 100.0 (99.9) 97.6 (93.6) 96.8294.
Redundancy 3.7 (3.5) 3.8(3.6) 2.4 (2.3)
0 22.1(2.6) 14.0 (2.7) 24.1 (2.5)
Refinement
Resolution range [A] 17.43-0.98 49.28-1.07 35.081.
Reflections used in refinement 175851 131957 92626
(work/free) (167049/8802)  (125359/6598)  (87981/4645)
Final R values for all reflections (work/free) [%] 13.5/15.1 13.2/14.8 14.2/16.5
Protein residues 316 316 314
Atoms Inhibitor 25 27 30
Water molecules 396 411 293
RMSDs from ideality ©
Bond lengths[A]/ bond angles [°] 0.006/1.3 0.005/1.3 0.005/1.2
Ramachandran plot®
Residues in most favored regions [%] 914 90.6 92.0
Residues in additional allowed regions [%)] 8.6 9.4 8.0
Residues in generously allowed regions [%] 0 0 0
Mean B-factor [A?] P
Protein 8.8 9.0 12.2
Inhibitor , Cofactor 10.5(1.2) 15.3(1.7) 15.0201.
Ala 299- Tyr309 7.3(0.8),5.1 8.8 (1.0), 5.2 1@P), 7.9
Water molecules 225 23.1 24.3
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10.7 Crystallographic Table of hCAll Complex Crystal Structures
Table 10-4 Crystallographic table of hCAIl complexcrystal structures

hCAII-54 hCAII-55 hCAII-56 hCAII-57 hCAII-58
PDB entry 4YX4 4YXI 4YXO 4YXU 4YYT
BESSY beamline 141 141 14.2 141 141
Data collection and processing
Wavelength [A] 0.91841 0.91841 0.91841 0.91841 8491
Space group R2 P2 P2 P2 P2
Unit cell parameters
ab.c[A] 42.4,415, 425,415, 42.4,41.6, 42.3,41.7, 42.5,41.7,
72.3 725 72.3 72.2 72.3
[°] 104.4 104.5 104.3 104.3 104.3
Matthews coefficient [ADa]/ Solvent content [%] 2.1/ 40.6 2.1/ 40.9 20/8 2.1/40.8 2.1/41.0
Diffraction data *
Resolution range [A] 35.70-1.01 41.11-0.96 35.05-1.06 41.44-1.08 41.07
(1.07-1.01) (1.02-0.96) (1.12-1.06) (1.15-1.08)  .181.07)
Unique reflections 126327(19756) 148298(23592) 90857145) 103099(16077) 107591(17203)
R(l)sym [%] 4.9 (41.9) 4.4 (38.4) 7.7 (49.0) 586 5.8 (49.1)
Completeness [%] 98.7 (96.0) 99.2 (98.1) 98.0 (96.3 98.0 (95.0) 99.3 (98.9)
Redundancy 3.2(2.8) 35(3.2) 3.6 (3.6) 3332 3.2(3.0)
0 11.0 (2.0) 13.3 (2.4) 9.1 (2.1) 12.1 (2.6) 11.6)2.
Refinement
Resolution range [A] 35.70-1.01 41.11-0.96 35.0361. 41.44-1.08 41.44-1.08
Reflections used in refinement 126327 148294 108590 103099 107591
(work/free) (120010/6317)  (140879/7415)  (103160/5430) (9791883  (102211/5380)
Final R values for all reflections (work/free) [%] 15.1/17.0 14.0/15.3 14.9/16.4 14.4/16.3 14.4/16.6
Protein residues 257 257 257 258 257
Atoms Inhibitor 10/-/-/- 11/11/+/- 12/12/-/- 13/18/ 13/13/13/11
Water molecules 249 258 235 244 245
RMSDs from ideality ©
Bond lengths[A}/ bond angles [°] 0.005/1.1 0.005/1.1 0.005/1.1 0.005/1.1 0.005/1.1
Ramachandran plot®
Residues in most favored regions [%] 88.4 88.9 89.4 88.9 88.9
Residues in additional allowed regions [%)] 11.1 10.6 10.2 10.6 10.6
Residues in generously allowed regions [%] 0.5 0.5 0.5 0.5 0.5
Mean B-factor [A?] P
Protein 12.6 10.7 12.5 10.4 10.4
Inhibitor (2 29, 39, 4™ 10.7/-/-I- 8.4/16.1/-/- 11.1/19.1/-/- 9.5/14.6//  8.3/13.6/19.0/17.4
Water molecules 27.0 25.0 26.6 24.0 24.5
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Appendix

Table 10-3 and Table 10-4:

ANumbers in brackets represent highest resolutiefissh

BRMSD were calculated with MolProbff}f as implemented in the Phenix suite.

“PROCHECK"was used to generate the Ramachandran plots.

PMOLEMAN?* was used to calculate the md&factors. Numbers in brackets represent the rafitise mearB-
factor of the residues 299-309 or the ligand, retipely, compared to the me&afactor of all protein residues.
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10.8 Sequencing Results of ALR2 and hCAlI

Figure 10-9 Sequencing result of ALR2 and comparisowith the UniProt entry P15121.The sequence conflict
in position 4 (L 1) is already documented in the UniProt entry.

Figure 10-10 Sequencing result of hCAIll and compasion with the UniProt entry P00918.
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