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Diabetes type 2 is a complex disease charactebyedltered glucose metabolism and
insulin resistance. Almost half of all people witlabetes type 2 are not aware they have
this life threatening condition, as they can shgmgtoms years after the onset of the
disease. Glycogen phosphorylase, an allostericre@zplays a pivotal role in controlling
the metabolism of glycogen. It catalyzes the fat&lp in the degradation of glycogen by
releasing glucose-1-phosphate from a long chaimlotose residues. As an allosteric
enzyme, the inactive T state is switched to thevad® state by a change in conformation
controlled by phosphorylation of a single residuigerl4) by phosphorylase kinase.
Phosphorylation leads to transition between the fwons of the enzyme, called
phosphorylasex and b. Glycogen phosphorylase is a dimer composed of itleatical
subunits. Each subunit has a molecular weight o48% Da, consists of 842 amino acids
and an essential co-factor, pyridoxal-5"-phosphi{&ieP). Various binding sites on the
enzyme are known, notably the catalytic, allostem®w allosteric and inhibitor sites. By
means of kineticin vitro experiments and X-ray crystallography experimentgse
binding sites were targeted by studying a large memof glycogen phosphorylase
inhibitors as potential hyperglycaemic drugs. Theseatial inhibitory and binding
properties of specific compounds were analyzechieféort to provide rationalizations for
the affinities of these compounds and to explatriolecular interactions with the goal to
design new better inhibitors. Most of the inhib&@tudied were glucose analogues and
were found to bind at the catalytic site of theyene but interesting results were also
found for more binding sites. A novel binding sitas also discovered and mapped out.
These studies have given new insights into fundéahetructural aspects of the enzyme
enhancing our understanding of how the enzyme rezeg and specifically binds ligands,

which could be of potential therapeutic value ie treatment of diabetes type 2.



Typ-2-Diabetes ist eine komplexe Stoffwechselkragiigidie sich durch einen veranderten
Glucosestoffwechsel sowie Insulinresistenz auspeichFast die Halfte aller Menschen
mit Typ-2-Diabetes sind sich nicht bewul3t, daRasi@lieser lebensgefahrlichen Krankheit
leiden, da sie oft schleichend beginnnt und sich efisten Symptome erst nach Jahren
zeigen. Die Glycogenphosphorylase (PYG), ein adlisthes aktiviertes Enzym, ist das
Schlusselenzym der Glycogenolyse, die den GlycoBesichsel steuert. Es katalysiert
den ersten Schritt des Glycosestoffwechsels, bei fieies Phosphat ai@-Atom 1 der
Glycose angebunden wird, wobei die glykosidischedBng zwischen den Glycose-
Molektlen aufgespalten und Glucose-1-phosphat ehitstPYG ist die Ursache der
Konformationsanderung von der inaktiven T-Form zaktiven R-Form in der
Phosphorylierung eines Serin-Restes (Serl4) duneh Rhosphorylase-Kinase. Die
Phosphorylierung fiihrt zum Ubergang zwischen deneizviEnzymformen, die
Phosphorylase und b genannt werden. Glykogenphosphorylase ist ein Dirdas aus
zwei identischen Monomeren besteht. Jedes Monoewtzb eine molekulare Masse von
97.444 Da und besteht aus 842 Aminosauren, sowmekigactor Pyridoxal-5"-Phosphat
(PLP). Mehrere Bindungstellen fir Inhibitoren anes#im Enzym sind bekannt,
insbesondere die sogenannte katalytische, dietalisshe, die neue allosterische und die
Inhibitor Bindungsstelle. In dieser Arbeit wurdenitimife von kinetischenin vitro
Experimenten und kristallographischen Roentgengirdéntersuchungen die Bindungs-
and Inhibitor-Eigenschaften der verschiedenen Bigdatellen des Enzyms gegenuber
einer groRen Anzahl ausgewahlter Inhibitoren autfifh untersucht. Die Analyse der
Ergebnisse dieser Untersuchungen erméglichen eisebes Verstandnis der molekularen
Wechselwirkungen, mit Hinblick auf die gezielte witklung neuer hyperglyk&mischer
Wirkstoffe mit besserem Wirkungsgrad. Die meisten dntersuchten Inhibitoren waren
Glykose-Derivate, und die Bindung fand in der Resgelder katalytischen Bindungsstelle
des Enzyms statt. Aber auch fiur die anderen Binstelen wurden interessante
Ergebnisse gefunden. Es wurde auch eine neue Bistklle im Enzym entdeckt und
charakterisiert. Die Ergebnisse dieser Arbeit véein neue Erkenntnisse Uber die
Struktur des Enzyms, sowie Uber die MechanismentEdannung spezifischer Liganden
und ihrer selektiven Bindung, und sind daher votepitellen therapeuthischem Wert fir

die Behandlung der Typ 2 Diabetes-Krankheit.
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1.1 Early history of crystals and X-ray crystallogaphy

Crystals have been admired for their symmetry searéy on in history, but it wasn’t until
the 17" century that they were investigated scientificalty 1611 Johannes Kepler, in his
work “Strena seu de Nive Sexangulaproposed that the hexagonal symmetry of

snowflake crystals was due to a regular packirngpberical water particles [1].

Figure 1. Johannes Kepler's first concept of cri/stanmetry [1].

Crystal symmetry was first investigated experimiytay Nicolas Steno in 1669, who
demonstrated that the angles between the faceaeeasame in every type of crystal [2]. In
1784, René Just Hally discovered that every fa@ arf/stal can be described by simple
stacking patterns of blocks of the same shape a&d[3]. In 1839 William Hallowes
Miller, in his work “A treatise on crystallography’gave an interesting description of
crystals: Many natural substances and many of the resultshemical operations occur
in the form of solids which are bounded by plandases, and which commonly exhibit a
tendency to separate when broken in the direct@ingslanes, passing through any point
between them, either parallel to some of their llng planes, or else making given
angles with them”He was able to characterize every face of a drygth three small

integers, the Miller indices, which are still usedlay for identifying crystal faces [4]. In
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the 19" century, a complete list of the possible symmstdé crystals was presented by
Johann Hessel, Auguste Bravais, Yevgraf Fyodoroithuk Schonflies and William
Barlow [5-8]. Based on these data, Barlow propasacbral crystal structures in the 1880s
[9]. On November 8 1895, Wilhem Conrad Rontgen, a German physicistiyced and
detected electromagnetic radiation in a wavelemgtige known today as X-rays. This
achievement earned him the Nobel Prize in Physid®01. However, it wasn't until 1912
that the first X-ray diffraction confirmed that X&ys are in fact a form of electromagnetic
radiation [10]. X-ray crystallography is the methtitat uses X-rays and crystals to
determine the three dimensional structure of mdéscand it has led to many advances in
science and medicine over the years. The firstcitre of an organic compound,
hexamethylenetetramine, was determined in 1923. [dibjvever, the recognition of the
power of the method came with the discoveries ef ttiree dimensional structures of
cholesterol (1937), vitamin B12 (1945) and penitil(1954) by Dorothy Crowfoot
Hodgkin, for which she was awarded the Nobel Pnz8ghemistry in 1964.

Figure 2. The three dimensional structure of
penicillin for which Dorothy Crowfoot Hodgkin was

awarded the Nobel Prize in Chemistry in 1964 [12].
The green, red, white, yellow and blue spheres
represent carbon, oxygen, hydrogen, sulphur, and

nitrogen atoms respectively.

1.2 Structure based drug design

Structure based drug design is a powerful and kagidwing method for discovering new
drug leads against important targets. The firstmgpta was reported by the group of
Beddell and Goodford in 1973 at Wellcome Labora®nn the United Kingdom [13].
Structure based drug design has contributted oweryears to very important drug
discoveries, notably the HIV protease inhibitord,[15]. The process of structure based
drug design comprises many cycles. The first cyatéudes the cloning, purification and
structure determination of the target protein oclew acid by one of the three main



methods for structure determination of macromolesui-ray crystallography, NMR or
homology modelling. Using computer algorithms, caoonpds or fragments from a
database are positioned into a selected regidmed$tructure. These compounds are scored
and ranked based on steric and electrostatic otters with the target site, and the best
compounds are tested with biochemical assays. & $lkecond cycle, structure
determination of the target in complex with a preimg lead from the first cycle, reveals
sites on the compound that can be altered to iserga affinitity for the target. Additional
cycles include the generation of & 2nd possibly a '8 generation of compounds with
optimum affinity profile for the target [16]. Enzys are often excellent drug targets
because compounds can be designed to fit withiir tetive site pocket. During the
process of drug design, protein flexibility is anportant parameter. The constant cycling
between a resting and an activated conformatiocrusial for protein function. Protein
flexibility allows for the binding of structurallgiverse inhibitors at the same binding site.
Therefore mobility in a protein is crucial in unganding the ways in which potential
drugs exert biological effects, as these can bdtddnby absorption, distribution,
metabolism and toxicology considerations [17]. Glyen phosphorylase, an enzyme
implicated in glycogen metabolism, has been a tagjestructure based design of
hypoglycaemic drugs for many years [61].

1.3 Glucose

Glucose is an important and common fuel. In mampglisose is the only fuel that the
brain uses under non-starvation conditions anaiite fuel that red blood cells can use at
all. Glucose (GH120¢) contains six carbon atoms, one of which is param aldehyde
group, and is therefore referred to as an aldoleXassolution, the glucose molecule can
exist in an open-chain (acyclic) form and a ringc{c) form (in equilibrium). The cyclic
form is the result of a covalent bond between tldeteyde C atom and the C5 hydroxyl
group to form a six-membered cyclic hemiacetal pAt7 the cyclic form is predominant.
In the solid phase glucose assumes the cyclic fBewause the ring contains five carbon
atoms and one oxygen atom, which resembles thetsteuof pyran, the cyclic form of
glucose is also referred to as glucopyranose. i ting, each carbon is linked to a
hydroxyl side group with the exception of the fiitom, which is linked to a sixth carbon

atom outside the ring, forming a —gbH group. Glucose is commonly available in the



form of a white substance or as a solid crystal.[1i8exists in two stereoisomers, D-
glucose and L-glucose, but only D-glucose is activglucose cannot be metabolized by
cells during glycolysis. D-glucose cyclizes revielgiin agueous solution to a 36:64
mixture of two anomers, a process called mutaaratiiutarotation occurs by a reversible
ring opening of each anomer to the open chair gidiehfollowed by reclosure. Although
equilibration is slow at neutral pH, it is catalgzby both acid and base. The minor
anomer has the OH group at C1, trans to the ;@BHsubstituent at C5. The major
anomer has the OH group at C1, cis to the s@HHsubstituent at C5. Both anomers of D-
glucose can be crystallized and purified. Pw@-glucose has a melting point of 146°C
and a specific rotation, Jp, of +112.2°. Pure -D-glucose has a melting point of
148-155°C and a specific rotation of +18.7° [132].

Trans s Cis »
S PR

Figure 3. -D-glucopyranose 36% (left) andD-glucopyranose 64% (right).

Glycolysis and gluconeogenesis: two processes reoigally regulated

Gluconeogenesis and glycolysis are coordinatedhab within a cell one pathway is
relatively inactive while the other is highly aaivThe amounts and activitied the
distinctive enzymes of each pathway are contradledhat both pathways are not highly
active at the same time. The rate of glycolysial$® determined by the concentration of
glucose, while the rate of gluconeogenesis is detexd by the concentrations of lactate
and other precursors of glucose. A high level of AMdicates that the energy charge is
low and signals the need for ATP generation. Caelgr high levels of ATP indicate that
the energy charge is high and that biosynthetieriédiates are abundant. Under these

conditions, glycolysis is nearly switched off arldagpneogenesis is promoted [18].



Glucose

GLYCOLYSIS r GLUCOMEDGEMNESIS

f
Fructose &-phosphate ) —
\

.,

F-2,6-BP (1) N\,
AMP (D) N \ C)F-2,6-BP
ATe (S sasiar B : © amp
Citrate () | & Citrate

H O

Py
.. [jFI'l..I.d‘DSE 1 ,E—bisphmphatej"'f

Several steps

Phusphuemeyruvate)-‘
“\, (2 ADP
F-1,6-BP () . e ]
ruvate i g |
ATP O | kinase Oxaloacetate
Alanine (5 7
o 3
rxcsaey] as rd
ey -
te F—r
e (@ Acetyl Coa
() ADP

Figure 4. Regulation of glycolysis and gluconeogena the liver [18].

1.4 Glycogen

Glycogen is a readily mobilized storage form ofagise. It is a very large, branched
polymer of glucose residues that can be broken dimwyield glucose molecules when
energy is needed.

CH:DH CH-OH ll_H?‘{}H
—‘L‘
/
e DH 1 l:'_IH | ||:-'| l:-:lu'uk.age
Nurm:duurm .—CJ—' _/
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iu@w e

Figure 5. Glycogen structurd.8].




Most of the glucose residues in glycogen are linkgd-1,4-glycosidic bonds. Branches at
about every tenth residue are created 4iy6-glycosidic bonds. Glycogen is an important
fuel reserve for several reasons. The controlleshlmown of glycogen increases the
amount of glucose that is available between mé#dsice, glycogen serves as a buffer to
maintain blood glucose levels. Glycogen's role iaintaining blood glucose levels is

especially important because glucose is virtudily only fuel used by the brain, except
during prolonged starvation. Moreover, the gludose glycogen is readily mobilized and

is therefore a good source of energy for suddeensous activity. Unlike fatty acids, the

released glucose can provide energy in the abs#hweygen and can thus supply energy
for anaerobic activity. The two major sites of gigen storage are the liver and skeletal
muscle. The concentration of glycogen is highethim liver than in muscle (10% versus
2% by weight), but more glycogen is stored in skedlmuscle overall because of its much
greater mass. Glycogen is present in the cytosibldriorm of granules ranging in diameter
from 10 to 40 nm. In the liver, glycogen syntheaisd degradation are regulated to
maintain blood glucose levels as required to meeieeds of the organism as a whole. In
contrast, in the muscle these processes are redutat meet the energy needs of the

muscle itself [18].

1.5 Glycogen metabolism

Glycogen synthesis

The first step in the synthesis of glycogen isdh&ocatalytic attachment of C1 of glucose
to a single tyrosine residue of the enzyme glycogeamsing UDP-glucose as a glucosyl
donor. Subsequently, glycogenin autocatalyticakiereds the glucan chain by six to seven

-1,4-linked glucose residues. This ‘primed’ glycomeis further and similarly elongated
by glycogen synthase, which is initially complextedglycogenin, but dissociates during
the elongation process. Finally, a branching enzjnaesfers a terminal oligo-glucan (at
least six glucose units) from an elongated extechain and attaches its C1 to a C6 in a
neighbouring chain [18].
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Glycogen degradation

Glycogen degradation consists of three steps:h@)dlease of glucose-1-phosphate from
glycogen, (b) the remodelling of the glycogen stdistto permit further degradation and
(c) the conversion of glucose-1-phosphate into agees-phosphate for further
metabolism. Glucose-6-phosphate derived from tkakatown of glycogen has three fates:
(a) It is the initial substrate for glycolysis, (bcan be processed by the pentose phosphate
pathway to yield NADPH and ribose derivatives agll i can be converted into free
glucose for release into the bloodstream. This emion takes place mainly in the liver
and to a lesser extent in the intestines and k&ln€lge degradation of glycogen requires
the concerted action of the enzyme glycogen phastdse and the bifunctional
debranching enzyme. In the presence of phosphas ghycogen phosphorylase releases
the terminal glucose residue of an external chaiglacose-1-phosphate and continues to
do so until the external chains have been shorteth@dn to four glucose units.
Subsequently, a debranching enzyme transfers atmadte unit from the -1,6-linked stub
and attaches it through anl,4-glucosidic bond to the free C4 of the mainichdhe
single remaining -1,6-linked glucose unit is then liberated as gh&cby the -glucosidase
activity of the debranching enzyme, while additiond.,4-linked glucose residues become

available for phosphorylase [19]. Glycogen synthesaquires an activated form of



glucose, uridine diphosphate glucose (UDP-glucosk)ch is formed by the reaction of
UTP and glucose-1-phosphate. UDP-glucose is add#dtetnon-reducing end of glycogen
molecules. As is the case for glycogen degradatibe, glycogen molecule must be
remodelled for continued synthesis. The regulabtbrthese processes is quite complex.
Several enzymes taking part in glycogen metabolahasterically respond to metabolites
that signal the energy needs of the cell. Thesestaltic responses allow the adjustment of
enzyme activity to meet the needs of the cell. Gdgn metabolism is also regulated
hormonally by cascades that lead to the activatiomeactivation of enzymes through
mechanisms of phosphorylation. Regulation by homsoallows glycogen metabolism to
adjust to the needs of the entire organism. By bibhse mechanisms, glycogen
degradation is integrated with glycogen syntheS8sveral hormones greatly affect

glycogen metabolism. Glucagon and epinephrine tsaber the breakdown of glycogen.

HO

OH

Epinephrine Glucagon

Figure 7. The structures of epinephrine and glucafid].

Muscular activity or its anticipation leads to tledease of epinephrine, also referred to as
adrenalinea catecholamine derived from tyrosine from the aakrenedulla. Epinephrine
markedly stimulates glycogen breakdown in muschb tana lesser extent in the liver. The
liver is more responsive to glucag@polypeptide hormone that is secreted by tlvells

of the pancreas when the blood sugar level is Physiologically, glucagon signifies the
starved state. The effect of insulin is the exgmpasite of the effect of glucagon and
epinephrine. Insulin binds to a cell surface resepind triggers a pathway that leads to

activation of protein phosphatase-1 [18].

1.6 Diabetes type 1

Diabetes type 1 is caused by a cellular-mediatédirmmune destruction of the insulin
producing -cells of the islets of Langerhans of the pancréasre are two phases of the
disease: insulitis, when a mixed population of teies invades the islets; and diabetes,

when most -cells have been killed off and there is no longigficient insulin production

8



to regulate blood glucose levels, resulting theenglycaemia. Diabetes type 1 is primarily
a T lymphocyte mediated disease. Immunohistologitadies show that most leukocytes
in the islet infiltrate are T cells [20]. This forof disease is lethal unless treated. Patients
need to inject insulin in order to compensate foe deficiency. The rate of-cell
destruction is quite variable, being rapid in santviduals (mainly infants and children)
and slow in others (mainly adults). Some patigoasticularly children and adolescents, as
the first manifestation of the disease may devetefacidosis, a type of metabolic
acidosis caused by high concentrations of ketomkebpformed by the breakdown of fatty
acids and the deamination of amino acids. Othere hadest fasting hyperglycaemia that
can rapidly change to severe hyperglycaemia ankiéoacidosis in the presence of
infection or stress. Other patients particularlyles] may retain residual-cell function
sufficient to prevent ketoacidosis for many yedreese individuals eventually become
dependent on insulin for survival and are at risketoacidosis. At this latter stage of the
disease, there is little or no insulin secretiaranifested by low or undetectable levels of
plasma C-peptide, a peptide which is produced vgmesnsulin is split into insulin and C-
peptide [21]. Although diabetes type 1 remains pneidantly a childhood disease, it is
likely that diabetes type 2 will be the predomin&m within 10 years in many ethnic
groups. It has already been reported in childrea mumber of countries including Japan,
India, Australia, the UK and the USA [22, 23, 28, 26].

1.7 Diabetes type 2

This is the most common form of diabetes and adsotor approximately 90-95% of
diabetes cases. Diabetes type 2, also known astdmmellitus, is characterized by insulin
resistance and/or abnormal insulin secretion, wHedds to hyperglycaemia. Insulin
resistance occurs when there is target tissugtaasi® insulin mediated glucose disposal.
It is the condition in which normal amounts of ihsware inadequate to produce a normal
insulin response from fat, muscle and liver cells.maintain normal glucose levels there
IS compensatory pancreatiecell over-secretion resulting in hyperinsulinemias. a result

of this constant overburdening, the pancreaticells become exhausted and cease to
function normally. The combination of-cell dysfunction and insulin resistance on the
major target tissues of insulin action, namely sta@Imuscle, the liver and fat tissue, gives

rise to the increased blood glucose levels. Hygalinemia also causes increased



reabsorption of Naions in the kidneys, leading to increased blootume and blood
pressure. Insulin resistance is strongly associati¢d obesity and physical inactivity.
Most patients who are diagnosed with diabetes ypee obese at the time of diagnosis. A
number of circulating hormones, cytokines and mataliuels originate in the adipocytes
and modulate insulin action [27]. Although lifegtyland overeating seem to be the
triggering pathogenic factors, genetic elementsadse involved in the pathogenesis of
diabetes type 2. Positive family history confer.4 fold increased risk. 15-25% of first
degree relatives of patients with the disease deviehpaired glucose tolerance or diabetes
[28]. Unlike diabetes type 1, there is little tendg towards ketoacidosis in diabetes type
2. Unfortunately, this form of diabetes is oftendiagnosed for many years, because
usually there are no symptoms or they develop yafdes the onset of the disease. Insulin
resistance may improve with weight reduction andirptacological treatment but is
seldom restored to normal levels [29, 30]. Theral$® sufficient evidence to support the
notion that increased-cell apoptosis is an important factor contributtog -cell loss and
the onset of diabetes type 2. A recent study fotlrad a key signalling molecule that
promotes -cell growth and survival, the insulin receptor sinhte 2, is a member of a
family of proteins whose inhibition contributesttee development of insulin resistance in
the liver and other insulin responsive tissues. r@loee it was concluded, that this
molecule appears to be a vital participant in time fbalance between healthycell
function and insulin resistance [31]. The chronypédrglycaemia of diabetes is associated
with long-term damage, dysfunction and failure afigus organs, especially the eyes,
kidneys, nerves, heart and blood vessels. Symptanhyperglycaemia include polyuria
(frequent urination), polydipsia (increased thirghplyphagia (increased appetite) and
sometimes blurry vision. If left untreated, thisselse can have life-threatening
consequences to the patient [32]. Long-term corafiios of diabetes type 2 include the
development of diabetes specific microvascular gdatjy in the retina, renal glomerulus
and peripheral nerve. As a consequence of its wmas@ular pathology, diabetes is a
leading cause of blindness, end-stage renal diseadeof a variety of debilitating
neuropathies. Diabetes is also associated withlexated atherosclerotic macrovascular
disease affecting arteries that supply the heaainband lower extremities. As a result,
patients with diabetes have a much higher risk pbcardial infarction, stroke and limb
amputation [33]. Until recently, diabetes was relgdras a disease of the middle-aged and

the elderly. While it is true that this age group mostly affected, it is becoming
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increasingly evident that younger adults and eveldien are becoming caught up in the

diabetes “epidemic”.

Mormal

Non-Diabetic Obesi

Type-2 Diabetes

Figure 8. Adult pancreatic morphology in normal,
non-diabetic obesity and in diabetes type 2. The
whole pancreas which is composed primarily of
exocrine cells retains the same shape and size in
all three of the above cases. Under normal
circumstances the islets are scattered throughout
the pancreas and comprise about 1% of the total
pancreatic population of cells. In non-diabetic
obesity, the number of islets in the pancreas
increases and the islets tend to be larger. In
diabetes type 2, the number of islets decreases
and they tend to be disorganized and misshapen.
There is a marked reduction in the number of
cell per islet and amyloid plaques (purple) can

dominate the area [31].

1.8 The key molecule behind diabetes: insulin

Insulin captured the interest of Nobel Prize winBarothy Crowfoot Hodgkin in 1934,

when British chemist Robert Robinson gave her alssample of crystalline insulin [34].

She solved the three dimensional structure in 1969.

In 1960, Yalow and Berson studied insulin
secretion during the oral glucose tolerance
test and showed that patients with diabetes

type 2 produced insulin [35].

Figure 9. First X-ray photographs of crystalline
insulin [34].
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Several years later, Bagdade and co-workers denapedtthat the -cell does not respond
normally to a glucose challenge during the oralcgée tolerance test in patients with
diabetes type 2 [36].
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Figure 10. The structure of human insulin [18].

This peptide hormone consists of a 30-amino acich&in and a 21-amino acid B chain.
Two disulfide bridges hold the two chains togethig7]. Insulin concentrations are
normally determined by a feedback control systean ihresponsive to the prevailing level
of plasma glucose [38]. The overall sensitivity the pancreatic -cell to glucose is
determined by the sensitivity of peripheral tisst@ghe action of insulin with insulin
resistant subjects having higher insulin levels amgllin secretion rates than insulin
sensitive subjects. Insulin is also secreted ipoese to amino acids and fatty acids and
the magnitude of this response is modulated byrietyaof neural and hormonal factors
[39]. Normally, plasma glucose remains in a narrawge between 4 and 7 mM in most
individuals. This control is governed by the tiglalance between glucose absorption from
the intestine, production by the liver, uptake ametabolism by peripheral tissues. Insulin
increases glucose uptake in muscle and fat anditathepatic glucose production, in this
way acting as the primary regulator of blood glecosncentration. It also stimulates cell
growth and differentiation, and promotes the sterafjsubstrates in fat, liver and muscle,
by stimulating lipogenesis, glycogen and proteimtsgsis and by inhibiting lipolysis,
glycogenolysis and protein breakdown [40]. Insdé@ctretion from the pancreas normally
reduces glucose output by the liver, enhances gkiagptake by skeletal muscle and
suppresses fatty acid release from fat tissue. vEm®us factors that contribute to the

pathogenesis of diabetes type 2 affect both inssdiaretion and insulin action. Under
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normal conditions, glucose is rapidly taken up bg pancreatic -cells via the glucose
transporter 2 (GLUTZ2), upon which it is phosphotgthvia glucokinase, which is the rate-

limiting step of -cell glucose metabolism.

[ X Rad Bluod
¢ Brain

‘x\. #.f : Figure 11. Consumption of food

h I,-’rl y: triggers the secretion of insulin by

Bolen® Glucose  Lactate pancreatic -cells, which directs the

hé g Pf body to store fuel. Insulin regulates

: ' the metabolism of multiple fuels

an ""‘_'E.’?_._;,.. UL (blue). It activates transport of
A ? glucose into muscle and adipose
\ | I:ﬁtr[t;uy@ tissue, and promotes synthesis of
<«—3PD— Glumt & glycogen and triglycerides. Insulin
?::;-N inhibits lipolysis in adipose tissue,
E’\ T ?q ketogenesis in liver, and proteolysis

bl in muscle. It also affects hepatic

glucose production by inhibiting both
Gt glucogenolysis and gluconeogenesis

r [29].
Pancreas

Further degradation leads to the formation of pgtaywhich is taken up by mitochondria
in which further metabolism leads to ATP formati@i.P is necessary for the delivery of
energy needed for the release of insulin and © ialsolved in membrane depolarization.
ADP/ATP ratio leads to the activation of the sulpylorea receptor (SUR1) protein,
which leads to the closure of the adjacent potassinannel. The closure of these channels
alters the membrane potentials and opens calcilanngts, which triggers the release of
preformed insulin-containing granules [27]. Howevier diabetes type 2 the signal from
the binding of insulin to its receptor is lost ahe signalling pathway is down-regulated.
The body attempts to compensate by producing langeunts of insulin, which eventually
leads to the dysfunction of thecells of the islets of Langerhans. Decreased imsul

secretion will reduce insulin signalling in its gaet tissues. Insulin resistance pathways
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affect the action of insulin in each of the majarget tissues, leading to increased
circulating fatty acids and the hyperglycaemia abbdtes. In turn, the raised

concentrations of glucose and fatty acids in tledstream will feed back to worsen both
insulin secretion and insulin resistance. It wilaagive rise to undesirable effects such as

stimulation of the synthesis of triglyceride ricéry low density lipoproteins.

Diabetes genes
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Figure 12. Pathophysiology of hyperglycaemia aratéased circulation of fatty acids in diabetes
type 2 [27].

Cholesterol is likewise esterified by these fred@yfaacids and bound to high-density
lipoprotein (HDL) or to low-density lipoprotein (LD. LDL-cholesterol particles play an
important role in the formation of atherosclergilaques on the internal lining of the blood
vessels. This can lead to myocardial infarction atvdkes. A recent study showed that
insulin resistance in skeletal muscle, due to demd muscle glycogen synthesis, can
promote atherogenic dyslipidemia by changing thgepa of ingested carbohydrate away
from skeletal muscle glycogen synthesis into hepadgi novolipogenesis, resulting in an
increase in plasma triglyceride concentrations amdreduction in plasma HDL

concentrations [41].
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1.9 Mitochondrial function and diabetic -cells

Mitochondria are the main source of energy whicheuired for vital cellular functions,
such as the maintenance of transmembrane ion gtadigrotein synthesis and vesicular
transport. As already mentioned, in individuals tohesl to develop diabetes type 2,
pancreatic -cells do not secrete enough insulin to compenfeatéhe increased demand.
This -cell failure is likely caused by inadequate expamsof the -cell mass and/or
failure of the existing -cell mass to respond to glucose [31]. It is eviddat -cells do
not “sense” glucose properly and therefore do mdease the appropriate amounts of
insulin. Glucose sensing requires oxidative mitoatr@l metabolism, leading to the
generation of ATP. This increases the ratio of AABPADP in the -cell, which then
initiates a cascade of events: inhibition of thd'ceATP/ADP-regulated potassium
channel, plasma membrane depolarization, opening wbltage-gated calcium channel,
calcium influx and secretion of insulin. It is tleévre clear that oxidative mitochondrial
metabolism plays a key role in glucose stimulatesulin secretion [42]. This is also
supported by evidence of rare hereditary disorderswhich diabetes with -cell
dysfunction has been traced to specific mutationthe mitochondrial genome [42, 43]. It
is also established that blockage of the respiatbain inhibits glucose stimulated insulin
secretion. It is therefore possible that decreas@&dchondrial function in -cells might

predispose individuals to develogcell dysfunction and diabetes type 2 [44, 45, 46].

1.10 The statistics for diabetes type 2

The number of diabetes cases has been increaguogenxtially during the past years, and
it is slowly turning into a global “epidemic”. Iisisuggested that by the year 2025 the
number of prevalent patients in the world will re&85.5 million [47, 48]. However, it is
suggested that this may be an underestimate dugrently available methods to estimate
the future global burden of diabetes type 2. Funthedifications and validity tests may be
necessary in order to develop a more reliable noetb@lobally monitor the effects of this
fast growing problem. From world demography studiesl division by socio-economic
status, as suggested by Murray and Lopez [49F #uggested that most patients with
diabetes type 2 are found in the Established Mdgkeihomies regions, with the smallest

number found in Sub-Saharan Africa. In the devedopegions (Established Market
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Economies and Formerly Socialist Economies of Eeyomost diabetes patients are over
65 years of age, while China and India have beémagside in separate categories due to
their huge populations. By the year 2025 India al@nestimated to experience an annual
increase of almost 2 million patients. By 2030jtiexpected that the number of people
with diabetes over 64 years of age will be morentBa million in developing countries
and more than 48 million in developed countries].[Sthe top three countries with the
highest numbers of estimated cases for 2000 an@ 268 India, China and the USA.
Although highly unlikely, even if the prevalenceafesity remains stable until 2030, it is
anticipated that the number of people with diabetdks double, as a consequence of
population ageing and urbanization. Currently, ¥erld Health Organization suggests
that approximately 2.9 million deaths per year banattributed to diabetes and estimates
that the prevalence of diabetes worldwide will @ase by more than 50% in the next 10

years without urgent action.

1.11 An interesting case of diabetes: Nauru

Nauru is a remote island in the Pacific that wakrmiaed by the Micronesians in the
prehistoric times. It was annexed and declared@gdy Germany in 1888, occupied by
Australia in 1914 and eventually achieved indepanden 1968. It is the world’s smallest
independent republic without an official capitalowkver, these facts are not merely as
interesting as the fact that this small island &asticking case of non-insulin dependent
diabetes mellitus and impaired glucose toleranbe. ffaditional lifestyle of the Nauruans
was based on agriculture and fishing and involveduent episodes of starvation because
of droughts and the island’s poor soil. Early Ewamp visitors nevertheless noted that the
Nauruans were obese people. In 1906 it was disedwbiat most of Nauru consists of high
quality phosphate rock that could be used as diZert and in 1922 a mining company
extracting the rock began to offer generous amoointsoney to the islanders. As a result
of this new wealth, average sugar consumption yNAuruans increased exponentially by
1927 and labourers were imported because the safigéked working as miners. During
the Second World War the island was occupied bgidege military forces, which reduced
daily food intake dramatically. When the survivoeturned, they regained their phosphate
royalties and resumed eating sugar. They abandagadulture almost completely and
came to rely on motor vehicles to travel aroundrtbmall island. Today they are the most
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obese of all the people in the Pacific. During plast decade, prevalence of the disease has
begun to fall. As there were no changes in theuieqyof recognized risk factors, the
decline in the number of incidences of glucimgelerance is probably due to the intensity
of the epidemian Nauru. This has already removed a high proportib thegenetically
susceptible individuals from the pool with norrgalcose tolerance. If this interpretation is
correct, then Nauru provides a case of very rapidimal selection in a human population.
Coupled with the observations that mortality higher and fertility lower in diabetic
Nauruans across tlege range, the observed decline in incidences lamgrevalencef
non-insulin dependent diabetes mellitus and impaglacoseolerance, may presage a fail
in the population frequency tiie diabetic genotype, at least in its more sef@m, as
might be predicted on the basis of Neel's thrifgngsypothesis [51, 52, 53].

1.12 James Neel’'s Thrifty Genes Hypothesis

The leading evolutionary theory for the possibledfgs of genes predisposing to diabetes
type 2 is James Neel’s thrifty genes hypothesisie3aNeel put forward a novel hypothesis
to explain the growing incidence of diabetes madliin the mid-28 century human
population. He claimed the existence of metabdyictdrifty genes. These permit more
efficient food utilization, fat deposition and rdpiveight gain at occasional times of food
abundance. According to the hypothesis, the thrifggnotype would have been
advantageous for hunter-gatherer populations, edpechild-bearing women, because it
would allow them to gain weight more quickly durirtgmes of abundance. Fatter
individuals carrying the thrifty genes would thustter survive times of food scarcity.
However, in modern societies with a constant abnoel@f food, this genotype efficiently
prepares individuals for a famine that never comidse result is widespread chronic
obesity and related health problems like diabdte®l supported his hypothesis using two
lines of human evidence and two animal models. Niabetic Nauruans and Arizona Pima
Indians have postprandial levels of plasma insutimesponse to an oral glucose load, that
are triple from that of Europeans. In addition, Neaticed that diabetes prone populations
of Pacific Islanders, Native Americans and Aborajiustralians were more prone to
obesity than Europeans [54]. First they developegigit gain and then diabetes.
Concerning the animal models, Neel postulated thhbratory rats that carry genes,
predisposing them to diabetes type 2 and obesityj\&d starvation better than normal
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rats, illustrating the advantage of these gene®madcasional conditions of famine [55].
Finally, he noticed that Israeli rats developedhhligvels of leptin and insulin as well as
insulin resistance, obesity and diabetes, when &e@ westernized rat diet with abundant
food. However, these symptoms were reversed wheifothd was restricted [56]. In 1962
James Neel quoted the followintfhe problem of understanding the genetic nature of
man is both a philosophical and these days, ofdigpthanging environment, a practical
challenge. Progress demands both a broad approachhe theoretical level and a very
specific approach geared to particular traits prasag favourable analytic opportunities.

Diabetes mellitus may be one such trd&7].

1.13 Glycogen phosphorylase: phosphorylation andlakteric effectors

Glycogen phosphorylase (GP) is a regulatory altasenzyme that catalyzes the first step
in the intracellular degradation of glycogen tolgiglucose-1-phosphate (G1P).

Glycogenn + P <P  Glycogeni) + Glucose-1-P

The principle of regulation by molecules unrelatedhe substrate is the basis of allostery
with studies on haemoglobin pioneering the develamnof this area [131]. Allosteric
enzymes change their conformation upon binding ftdceors. They have at least two
subunits with multiple binding sites. Allosteric thdators bind non-covalently to the
enzyme and precipitate changes in either thekthe substrate or then; of the enzyme.
Whereas enzymes with single active sites displagmab Michaelis-Menten kinetics,
allosteric enzymes have multiple active sites amalvscooperative binding. As a result,
allosteric enzymes display a sigmoidal dependencih® concentration of their substrates
[128]. The above reaction is readily reversible vitro and the ratio [G1P]/[P
concentrations at equilibrium is 0.28 at pH 6.8wdwer, the enzyma vivo acts only in
the direction of glycogen phosphorolysis becausehm cell the inorganic phosphate
concentration significantly exceeds that of G1PF.[&ycogen phosphorylase is found in
every species from unicellular organisms and becter the complex tissues of higher
plants and mammals, where it plays a key role imalaydrate metabolism. The best
studied example of glycogen phosphorylase is thbiranuscle enzyme, which was first
isolated and characterized by G.T. Cori and C.Fri Go 1943 [59]. Glycogen
phosphorylase is a dimer composed of two idensighlnits. Each subunit has a molecular
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weight of 97.444 Da, consists of 842 amino acid$ @m essential co-factor, pyridoxal-5-
phosphate (PLP). In the muscle, G1P is utilized gligcolysis to generate metabolic
energy. In the liver, it is mostly converted by phboglucomutase to glucose-6-phosphate
and glucose, which is released for the benefit tbkiotissues [60]. In the resting state
glycogen phosphorylase exists in the inactive nf¢GPb-low activity, low substrate

affinity, predominantly T state).
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Figure 13. Schematic representation of the allostand covalent activation of glycogen

phosphorylase [61].

In response to nervous or hormonal stimulation, @Ptonverted to the phosphorylated
form GPa (high activity, high substrate affinityredominantly R state) through the
phosphorylase kinase catalyzed addition of a phargplgroup to a hydroxyl group of a
specific serine (Serl4), as part of the cascademymitiated by cyclic AMP. The reverse
process of dephosphorylation, stimulated by insudircatalyzed by protein phosphatase 1
(PP1). Allosteric activators, such as AMP or akost inhibitors such as ATP, glucose-6-
phosphate, glucose and caffeine can alter theibquih between the two states according
to the Monod-Wyman-Changeux model for allosteriot@ins [62]. The T state is
stabilized by the binding of ATP, glucose-6-phospha@lucose, caffeine and the Bayer
compound W1807 [61]. The R state is induced by AMPIMP, substrates or certain
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substrate analogues. The T state is a better atdsthan the R state for protein
phosphatase 1. GPa is a potent inhibitor of thespharylase action on glycogen synthase
and it is only when GP has been dephosphorylatadtiie phosphatase is free to activate
glycogen synthase [63], the rate limiting enzymeolwed in glycogen synthesis. The
phosphorylated form, GPa, is no longer dependenAllP for activity, although the
activity of GPa can be enhanced by AMP by about .10B& conversion of GPa to GPb
relieves the allosteric inhibition that GPa exests the glycogen-associated PP1, which
converts glycogen synthase D to the | form, thisaahg the phosphatase to stimulate the
synthesis of glycogen [18, 61, 64, 65, 66]. On Théo R transition, the quaternary
structural change is represented by a 5° rotati@ach subunit, around an axis close to the
interface between theap” region (residues 36" to 477, from the symmetryusit) and
helix a2. In the native T state enzyme, there is no acfress the surface to the buried
catalytic site. Access to this site is partly bledkby the 280s loop (residues 282 to 286).
On the transition from the T state to the R stHie, 280s loop becomes disordered and
displaced, thus opening a channel that allows aia@ramino acid, Arg569, to enter the
catalytic site in place of Asp283 and create thesphate recognition site. This also
provides access to glycogen substrate to reachatadytic site. The shift and disordering
of the 280s loop is associated with changes atntteesubunit contacts of the dimer that

give rise to the allosteric effects [64, 67, 68].

1.14 Pyridoxal-5"-phosphate

In 1957, in Cori’s laboratory, Baranowski and h@lleagues discovered pyridoxal-5"-
phosphate and proposed its role in glycogen phaogfase catalysis: the phosphate of the
cofactor and the substrate phosphate ions appeeah other within a hydrogen bonding
distance allowing the transfer of a proton, assigrthe phosphate group of the pyridoxal-
5"-phosphate molecule the role of a proton shuwiligh recharges the substrate phosphate
actions [69]. In more detail, the aldehyde grouphag co-enzyme forms a Schiff base with
the imino group of Lysine 680 in each subunit. Higohosphate group of PLP acts in
tandem with the orthophosphate ion by serving @soton donor and then as a proton

acceptor (as a general acid-base catalyst).
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Figure 14. PLP-Schiff base linkage and its locatioglycogen phosphorylase [18].

Orthophosphate ion donates a proton to the oxygem attached to C4 of the departing
glycogen chain and simultaneously acquires a prdtom PLP. The intermediate
carbonium ion formed in this step is then attackgdhe orthophosphate ion to form
glucose-1-phosphate, with the concomitant retura pfoton to pyridoxal phosphate. The
direct participation of PLP in catalysis is accomipd by its role as a conformational
cofactor of phosphorylase, stabilizing the activenatic structure of the enzyme and
regulating the affinity of the enzyme for substsased effectors [18, 58].
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Figure 15. Phosphorylase mechanism. A bound HPG#up (red) favours the cleavage of the
glycosidic bond by donating a proton to the depaytglucose (black). This reaction results in the
formation of a carbocation and is favoured by thansfer of a proton from the protonated
phosphate group of the bound pyridoxal phosphat® Btoup (blue). The combination of the

carbocation and the orthophosphate results in tmenation of glucose 1-phosphate [18].
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1.15 Glycogen phosphorylase: the binding sites

Several binding sites have been identified on G®:Serl4-phosphate recognition site; the
allosteric site that binds the activator AMP and thhibitor glucose-6-P; the catalytic site
that binds substrates G1P and glycogen, the ploggaal inhibitor glucose as well as
glucose analogues; the inhibitor site, which bicdffeine and related compounds; the
glycogen storage site, and a new allosteric sigeaBse of its central role in the regulation
of glycogen metabolism, GP has been a moleculgetdor the discovery of compounds,

inhibitors that might prevent unwanted glycogenalysider high glucose conditions.

Figure 16. A schematic diagram of the muscle
GPb dimeric molecule viewed down the 2-fold
axis. The positions are shown for the catalytic,
allosteric, inhibitor, storage, and the new
allosteric sites. The catalytic site, which
includes the essential cofactor pyridoxak5
phosphate (PLP, not shown), is buried at the
centre of the subunit accessible to the bulk
solvent through a 15 A long channel. Glucose
T ; (shown in red), a competitive inhibitor of the
,-..-,-‘.“31""' ..;J H”M"’“" enzyme that promotes the less active T state
Storage site -‘{,} e = B4 W through stabilization of the closed position of
Y el hhs T the 280s loop (shown in white), binds at this

site. The allosteric site, which binds the

activator AMP, glucose-6-P and the Bayer

compound W1807 (shown in magenta), is situateHeastibunit-subunit interface some 30 A from
the catalytic site. The inhibitor site, which binglgrine compounds, such as caffeine, nucleosides
or nucleotides at high concentrations, and flavimat (shown in green) is located on the surface
of the enzyme some 12 A from the catalytic siteimritle T state, obstructs the entrance to the
catalytic site tunnel. The glycogen storage siteh(lwound maltopentaose shown in orange) is on
the surface of the molecule ~ 30 A from the cdtaste, 40 A from the original allosteric site,dn

50 A from the new allosteric site. The new alldstathibitor site, located inside the central cawit
formed on association of the two subunits, bind8ZlB26 molecule (shown in yellow) and is
some 15 A from the allosteric effector site, 33ofnfthe catalytic site and 37 A from the inhibitor

site.
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The catalytic site

The catalytic site, a deep cavity at the centrinefmolecule, 15 A from the protein surface
and close to the essential co-factor pyridoxal#sogphate, has been probed with glucose
and glucose analogue inhibitors. The three dimeasistructure of T state GPb in
complex with -D-glucose, has been used as the starting poirthéodesign and synthesis
of a series of glucose analogues, inhibitors tived bt the catalytic site of the enzyme [70,
71]. During this design, the inhibitors must stefgilthe T state of the enzyme and mimic
the contacts of glucose that stabilize the closmsitipn of the 280s loop. On binding at the
catalytic site glucose promotes the less activeaie461].

The allosteric site

The allosteric site is formed by two helices (2 and 8), the short strand (7), it is
closed by thecap” region and it is situated at the subunit/subunierface. The two
subunits of the functional dimer associate at twsitppns located on opposite sides of the
enzyme molecule. One contact, e /a2interface, is formed by the association of the
cap’ region with the 7 strand and tha2 helix. An identical interface is produced by the
molecular 2-fold symmetry operation. A second sutssubunit contact involves the tower
interface and consists of the anti-parallel assimtiaof two symmetry related helice§
(residues 262-276). The Bayer compound W1807 isnibst potent inhibitor of GP known
to date (K 1.6 nM for GPb and K 10.8 nM for GPa) and was found to bind at the
allosteric site [72]. It acts in synergy with gliseoand caffeine. The allosteric site shows a
great degree of versatility of ligand binding, whignderlines great protein conformational
flexibility [61].

The inhibitor site

The inhibitor site is a hydrophobic binding pockatated on the surface of the enzyme,
near the domain interface at the entrance to ttedytia site (~ 12 A from it). It comprises
residues from both domains 1 (residues 13-484)Z2atr@sidues 485-842). In the T state,
this site obstructs the entrance to the catalytectannel. Binding to this site also shows
great diversity: purines (e.g. adenine and caffeinecleotides (e.g. AMP, IMP and ATP),

nucleosides (e.g. adenosine and inosine), NADH, Fidoflavin and flavopiridol [73]. In
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the T state, the phenyl ring of Phe285 from thes280p, is stacked against the hydroxyl-
phenyl group of Tyr613, from the start of th&9 helix (residues 613-631) and together
these two hydrophobic aromatic residues form thebitor site. Occupation of this site

stabilizes the T state conformation of the enzym& lblocks access to the catalytic site,
thereby inhibiting the enzyme. Glucose can bindutiameously at the catalytic site, and
inhibit the enzyme’s activity synergistically witiaffeine [72]. Part of the effectiveness of
both glucose and caffeine as inhibitors arises ftbm interactions that both make in
different ways to residues of the 280s loop thabitize the T state conformation of the

loop. The physiological significance of the inhdsisite has yet to be established [61].

The new allosteric site

In 2000, the late Dr. G. Nikos Oikonomakos and dpeup at the National Hellenic
Research Foundation, determined the crystal steicaf a novel potent inhibitor,
CP320626 (IG: 334 nM), in complex with GPb and glucose [74]eTWiructures revealed
a novel binding site located in the region of tkatcal cavity at the subunit interface. This
cavity is about 30 A long and the radius variesnfrd maximum of ~ 8 A to a minimum of
~ 4 A and occupies a volume of about 1300ithe T state GPb. The cavity is closed at
one end by residues from thap” region and 2 helices (Arg33, His34, Arg60, Asp61 and
their symmetry related residues) and at the otmel ley the tower helices (residues
Asn270, Glu273, Ser276 and their symmetry relagsiiues). In the 2.0 A resolution 100
K native T state GPb structure, the cavity cont&@docated water molecules (30 water
molecules from each subunit). These water molecukdse a few contacts with the protein
and only 4 out of the 30 make more than one hydrdgand to protein atoms. Nine water
molecules present in the native T state GPb streidb@ecome displaced on binding of
CP320626, five from one subunit and four from thensetry-related subunit. The
CP320626 binding site in the central cavity is satBeA from the allosteric site, 33 A
from the catalytic site and 37 A from the inhibigite [61, 73, 75]. The inhibitor becomes
almost entirely buried on forming the complex w@Pb. Both polar and nonpolar groups
are buried, but the greatest contribution comes filee nonpolar groups, which contribute

457 K (85%) of the surface that becomes inaccessible.
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The glycogen storage site

This binding site is located on the surface oféheyme that is more than 30 A from the
catalytic and allosteric sites and is formed byubd®main consisting of residues 397 to
437. In the T state the 280s loop packs againebp formed by residues 377-384 (380s
loop). On transition to the R state, the disordgrf the 280s loop is correlated with a
displacement of the 380s loop. Glu382 shifts by4.&nd a salt bridge between Glu382
and Arg770 is broken. The 380s loop is connectatigalycogen storage domain through
a hydrogen bond network, so that events at thdytiataite have an indirect effect on the

glycogen storage site [64].

1.16 Is there a cure for diabetes?

For diabetes type 1 there is no effective curepaigents are totally dependent on insulin
for their survival. Over the years however, severally administrated antihyperglycaemic

agents have been proposed for the treatment oéidiglype 2:

-glucosidase inhibitors: delay intestinal carbolaydrabsorption
Biguanide: increases liver and muscle insulin $afityi
Sulfonylureas (gliclazide, glimepiride, glyburid@)crease insulin secretion
Non-sulfonylureas (repaglinide, nateglinide): adatease of insulin secretion
Insulin sensitizers or thiazolidinediones (rosagibne, pioglitazone): increase
adipose and muscle insulin sensitivity
Intenstinal lipase inhibitor (orlistat): decreasesestinal fat absorption (weight
loss)
However, many side effects have been noted fronteacnes such as hypoglycaemia,
weight gain, anaemia and gastrointestinal problémsjore severe ones such as irritable

bowel syndrome and severe kidney and liver dysfand6].

There are other more radical methods for treatevgi®e cases of diabetes type 2. Pancreas
transplant is most commonly performed as a combpsettreas-kidney transplant, and is
therefore done mainly in patients with advanceataie with renal complications. This

combined transplant generally offers reduced rafesnmune rejection as compared to
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pancreas-only transplants. The patient survivaloi excellent. There has been dramatic
improvement in graft survival over the past sevgears [77].

There is currently a great deal of work being domenake the transplant of the islets of
Langerhans a viable cure for the large number tiepts with diabetesThe goal is to
allow the emission of insulin and access of glucasehe primary insulin secretagogue,
but prevent infiltration and destruction by the iomme system of the recipient. Although
work on this approach continues, there are coreldiertechnical problems, not the least of
which is identifying a material that allows the page of glucose and insulin freely but
blocks the access of immune effectors [78].

Another approach which has been tried is that df @egineering. This involves the
development of cells targeted for implantation wathunique gene complement that will
produce insulin in response to glucose. An intergsttudy combining genetic engineering
and gene therapy was reported in Korea, descrimitgntial means of replacing insulin in
diabetes. The investigators developed a bioactirgle peptide chain form of insulin,
generated a gene that would make the isoform iporese to glucose, and inserted that
gene into hepatocytes of diabetic mice and rate. illaestigators report that there was a

long-term remission of diabetes in these anima&$. [7

A recent study investigated new targets within liker as potential antihyperglycaemic
drugs. They include glucokinase, which catalyzesfitst step in glucose metabolism, the
glucagon receptor and enzymes of gluconeogenediglgoogenolysis such as glucose-6-
phosphate, fructose-1,6-bisphosphatase and glycpbgesphorylase. Preclinical studies
with candidate drugs on animal models were verynsimg. Data from clinical studies are
awaited [80].
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1.17 The aim

The worldwide “epidemic” of diabetes and the reatign that lifestyle and obesity are
major epidemiologic determinants of the diseasdl fma immediate action in the
prevention and treatment of the disease. The gdalfind new drugs that will lower blood
glucose levels without the risk of hypoglycaemia ather severe complications. The aim
of this project was to extend our knowledge on i@ recognition of small molecules at
the catalytic, allosteric, new allosteric and intab sites of glycogen phosphorylase.
Research conducted is part of an ongoing projecligoover new GP drugs as potential
hyperglycaemic agents. Inhibitors of GP have baepgsed as a therapeutic strategy for
improving glycaemic control in diabetes type 2 aratious studies have shown the
efficacy of such compounds at lowering blood glécosinhibiting liver glycogenolysis
vivo. Inhibitor design for GP targets mainly the caiialgite. In this project we wished to
develop new potent inhibitors by using as scaffoltte® inhibitor N-acetyl- -D-
glucopyranosylamine and oxadiazole derivatives lica@pyranose. Several groups of
compounds were studied including glucosyltriazaglamide, pentacyclic triterpenes,
hydroquinone derivatives, glucopyranosylidene-spmmothiazolones and
aldehyde/ketone glucopyranosyl thiosemicarbazo8é&sictural comparisons were made
with  N-acetyl- -D-glucopyranosylamine, N'-benzoyl- -D-glucopyranosylamine and
flavopiridol depending on the location of bindindll compounds were tested kinetically
in order to determine their g value and for those compounds with a strong inbipi
effect against GPb, with Kgless than approximately 100 uM, detailed dkperiments
were performed. To elucidate the mechanism of itibibfor these compounds, the crystal
structures of GPb in complex with each one of thieéebitors were determined and

refined at high resolution.
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2.1 Extraction and purification of glycogen phosphoylase b from rabbit

skeletal muscle

Glycogen phosphorylase b was isolated
from rabbit skeletal muscle according to a
slight modification (L-cysteine was
replaced with 2-mercaptoethanol) of the
original developed by Dr.
Edmond H. Fischer and Dr. Edwin G.

Krebs [81, 82]. They were awarded the

protocol

Nobel Prize in Physiology or Medicine in
1992 for discovering reversible protein

phosphorylation.

Materials

4 rabbits

Cheese cloth

Glass wool

Buchner funnel

Round filter papers 15 cm
Dialysis tubing

Cellulose: SIGMA, 25x16 mm
Large centrifugation tubes
(CHsCOO)XMg-4H0:

SIGMA, MW 214.45 g/mol
Adenosine-5-monophosphate
(AMP): SIGMA, MW 365.24

g/mol

Figure 17. The first pictures of crystalline

glycogen phosphorylase b isolated and

crystallized by E. H. Fischer and E. G. Krebs in

1958 [81].

Centrifuge: Sorvall Instruments, RC5C
UV-Visible Spectrophotometer: CARY 100
Conc

Saturated KHC@ SIGMA, MW 100.12 g/mol
Acetic acid (1 N)

90% (NH),SO: SIGMA, MW 132.14 g/mol
Tris(hydroxymethyl)aminomethane (Tris):
SERVA, MW 121.10 g/mol

Glycerol (plant): SERVA, MW 92.10 g/mol
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Buffer solution: -GP (50 mM), 2-mercaptoethanol (50 mM), EDTA (1 mM)
-glycerol phosphate disodium salt pentahydrate: RIA) MW 306.12
g/mol
2-mercaptoethanol: MW 78.30 g/mol
Ethylenediaminetetraacetic acid (EDTA): SERVA, MA&Z.30 g/mol

Experimental procedure

Rabbit skeletal muscle extraction

The muscle from the hind legs and back of the tablas excised and placed on ice. It
was then ground in a meat grinder at room temperatueighed out and kept on ice until
all the muscle had been ground. The enzyme waaat&tt from the ground muscle by
treating the muscle with distilled water three timm less than 30 minutes. More
specifically, the ground muscle was stirred witkadume of distilled water equal to the

weight of the ground muscle for 8 minutes, filtetbdough two cheese clothes and the
solution was collected in a beaker cooled on iagirig the final round the ground muscle
was stirred with a volume of distilled water equalhalf of the weight of the ground

muscle for 8 minutes, filtered through two cheds¢hes, and collected in a beaker cooled
on ice. The extract was then combined and filteti@@ugh glass wool to remove

remaining particles of fat.

Precipitation of unwanted proteins and enzymes inraacidic environment

The pH of the cold extract was adjusted to 5.1Hy.2ddition of acetic acid (1 N) solution
while stirring gently. An increase in turbidity wabserved as a result of the precipitation
of various unwanted proteins. The extract was plage ice for 5 minutes and then
centrifuged at 5500 rpm (5117 g) for 30 minute®-& C. The supernatant was filtered
through a Buchner funnel (on ice) to remove anyaiemg unwanted material. The pH

was adjusted to 6.8 with the addition of saturdtelCO3; solution.
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Precipitation of glycogen phosphorylase with ammomnim sulphate

The pH of a saturated ammonium sulphate (90% veitiosn was adjusted to 6.8 with the
addition of a few drops of ammonium hydroxide witle use of pH paper. An appropriate
amount of the ammonium sulphate solution was addedtie protein solution to reach a
concentration of 41% w/v. The mixture was thenwadd to stand in the cold room (@)

overnight. The next day the supernatant was disdawdth the use of a pump, and the
precipitate was collected by centrifugation at 550® (5117 g), for 30 minutes at 0L

After centrifugation, the supernatant was discardad the pellet was dissolved in the
minimum amount of distilled water (<100 ml for teatire pellet) at room temperature.

The solution was then dialyzed overnight aE 4gainst 0.001 M Tris at pH 7.5.

Heat treatment at high pH

After dialysis the protein solution was centrifugadl 5000 rpm (27000 g), for 30 minutes

at 0-4 C and the following reagents were added to thersapent solution:

2-mercaptoethanol 0.3 M, pH 7.0, final concentratic03 M

EDTA 0.1 M, pH 7.0 (EDTA volume=(supernatant voluadéer the
addition of 2-mercaptoethanol x 5)/1000)

Tris 2 M, in order to adjust the pH to 8.8

The mixture was then incubated at @7for 1 hour with continuous stirring, cooled ireth
cold chamber for 10 minutes and adjusted to pHwitB acetic acid (1 N). The solution
was centrifuged at 15000 rpm (27000 g) for 10 neswnd the pellet discarded. The heat
treatment at high pH in the presence of EDTA ande2eaptoethanol serves to inactivate

enzyme contaminants.

Crystallization and re-crystallization of glycogenphosphorylase b

AMP (0.1 M, pH 7.0) and (C#€OO)LMg-4H,O (1.0 M, pH 7.0) were added to the
supernatant in a ratio of 1:100 with respect to éngyme solution. The crystallization
involves the formation of an MGAMP/enzyme complex. The solution was cooled tG 0

(on ice), and left overnight in the cold room sgstallization of phosphorylase b could
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take place (crystallization usually starts withi® Ininutes to 2 hours and lasts
approximately 6 hours in total). The next day thestals were collected by centrifugation
at 15000 rpm (27000 g) for 10 minutes (@3 Enzyme crystals were dissolved in the
minimum amount of freshly prepared buffer solutain -GP/ 2-mercaptoethanol/ EDTA
buffer solution at 30C. Centrifugation of this solution was performed 12500 rpm
(37000 g) for 10 minutes (25-30). AMP (0.1 M, pH 7.0) and (CG$€00)Mg-4H,0 (1.0

M, pH 7.0) were added to the supernatant at a aiti/100 with respect to the enzyme
solution. The final mixture was placed into cenigé tubes at @ for several hours. Re-
crystallization of the enzyme in this way was parfed 4 more times in 3-4 hour intervals.
In the final two re-crystallization procedures, aigeh of AMP and (CHCOO)Mg-4H,0
was omitted. At the end, enzyme concentration waterthined by measuring the
absorption at 260 and 280 nm and usirg8un=13.2 for a cell with a path length of 1
cm. The ratio of the optical densities at wavelaag260 nm and 280 nm is a measure of
the nucleotide concentration in the enzyme solut#oralue of 0.62 for the 260 280 ratio

is usually suitable for the long-term preservatidrihe enzyme solution. At this value the
mol ratio of enzyme:AMP is usually 1:1. Glycerolcegyoprotectant, was added (50% of

the total volume) and the enzyme was kept atCA0r experimental use.

2.2 Kinetics of glycogen phosphorylase

The aim of a kinetic experiment is to measure #te of formation of a product or the rate
of cleavage of a substrate under specific conditidime data collected can then be used to
determine the kinetic constant{)Kof the enzyme and characterize its behaviouryies

are very sensitive to the conditions of an expenimend therefore parameters such as
temperature (30°C) and pH (6.8) must be closely itoted and kept stable. There are
various types of inhibition systems. Glycogen plmsplase inhibitors usually follow
competitive inhibition kinetics.

Competitive inhibition

A competitive inhibitor is a substance that combingth free enzyme in a manner that

prevents substrate binding. It diminishes the ohteatalysis by reducing the proportion of
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enzyme molecules bound to a substrate. Under ttaasditions, the substrate outcompetes
the inhibitor for the active site. The inhibitor catthe substrate are mutually exclusive,

because they compete for the same site. The stébsiecule cannot enter the active site
while the inhibitor is there, and the inhibitor can enter the active site when the substrate
is there. At any given moment, competitive inhibitmncentration can be overcome by

increasing the substrate concentration, in whicke dde substrate will outcompete the

inhibitor in binding to the enzym@d8, 86].

Non-competitive inhibition

A non-competitive inhibitor has no effect on Substrate
substrate binding andce versalt acts by \
decreasing the turnover number rather than
by diminishing the proportion of enzyme

molecules that are bound to the substrate.

Non-competitive inhibition, in contrast with

competitive inhibition, cannot be overcome

Competitive
by increasing the substrate concentration. inhibitor
The inhibitor and the substrate bind \
reversibly, randomly and independently at .
different sites. The inhibitor binds to the
enzyme and to the enzyme-substrate (ES)
complex. The substrate binds to the enzyme
and the enzyme-inhibitor (El) complex. The Substrate
binding of one ligand has no effect on the MNoncompetitive \

dissociation constant of the other. However, inhibitor \
the substrate and the inhibitor are not
mutually exclusive but the resulting ESI
complex is inactive [18, 86].

Figure 18. Distinction between competitive and iwompetitive inhibition. In competitive

inhibition the inhibitor binds to the active sitaus preventing the substrate from binding.

However, in non-competitive inhibition the inhibitioes not prevent the substrate from
binding [18].
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Uncompetitive inhibition

An uncompetitive inhibitor binds reversibly only tbe enzyme-substrate (ES) complex
yielding an inactive ESI complex. The inhibitor doeot bind to the free enzyme.
Uncompetitive inhibition works best when substratencentration is high. An

uncompetitive inhibitor need not resemble the gabsiof the reaction it is inhibiting [86].

2.3 Kinetics: The K, experiment
Materials

UV-Visible Spectrophotometer,
CARY 100 Conc
Water bath (30°C)

Sodium dodecyl sulphate (SDS):
SIGMA, MW 288.38 g/mol

L-ascorbic acid (vitamin C):

-D-glucose-1-phosphate: SIGMA,
MW 336.00 g/mol
Adenosine-5-monophosphate
(AMP): SIGMA, MW 365.24 g/mol
Glycogen (oyster): SIGMA

FLUKA, MW 176.13 g/mol
Ammonium molybdate: SDS, MW
1235.68 g/mol

Zinc acetate: SIGMA, MW 219.49
g/mol

KH,PO;: MERC, MW 136.09 g/mol

Buffer solution: -GP (50 mM), 2-mercaptoethanol (50 mM), EDTA (1 mM)
-glycerol phosphate disodium salt pentahydrate: RAJMW 306.12 g/mol

2-mercaptoethanol: MW 78.30 g/mol
EDTA: SERVA, MW 372.30 g/mol
Buffer solution:iImidazole (30 mM), KCI (60 mM), EDTA (0.6 mM), DT{0D.6 mM)
Imidazole: SERVA, MW 68.10 g/mol

KCI: SIGMA, MW 74.56 g/mol

EDTA: SERVA, MW 372.30 g/mol
DL-Dithiothreitol (DTT): SIGMA, MW 154.25 g/mol
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Preparation of glycogen

45 grams of glycogen were dissolved in 900 ml atilied water. 2 grams of charcoal
were added to the homogenous solution and mixed aviglass rod for approximately 10
minutes. The solution was then centrifuged at 500 (3640 g), for 10 minutes at 8°C.
The centrifugation was repeated twice in order akensure that glycogen was free from
any nucleotides e.g. AMP. The final solution wdiefed several times in order to remove
any remaining charcoal using a Buchner funnel aittdr fpaper. The solution was
centrifuged at 5000 rpm (3640 g), for 10 minute8°&. When the charcoal was removed
completely, absolute ethanol was added to theisaluat a final concentration of 60%.
Volume of ethanol = 1.5 x volume of glycogen

The final solution was kept at 0°C, for 15 minutesl the precipitate was collected by
centrifugation at 5000 rpm (3640 g), for 10 minut#s8°C. The precipitate was then
filtered and washed with ethanol. Finally, the [pegate was lyophilized and the solid

glycogen was dissolved in pure water, so thatitied €oncentration of glycogen was 10%.

Experimental procedure

Km is the concentration of substrate at which halth#f active sites are filled. Thus, it
provides a measure of the substrate concentraggaired for significant catalysis to
occur. The maximal rate, My reveals the turnover number of an enzyme, whscthe
number of substrate molecules converted into priotdycan enzyme molecule in a unit
time, when the enzyme is fully saturated with stdtet [18]. Glycogen phosphorylase
catalyzes the first step in the degradation of ggysn:

Glycogenpn + P <= Glycogegp.;) + G1P

This reaction can be catalyzed by GPb in eitheectiion in vitro. However, for purely
experimental purposes as it is easier to measusdedse, the reaction measuredsitro
was that of glycogen synthesis. The reaction wagdrtowards glycogen synthesis by
adding an excess of GiPthe reaction. During the kinetic experiment,atean rates were
measured at pH 6.8 and 30°C by the release of mitigphate ions from G1P. The
substrate G1P is hydrolyzed by 78% during thistreac
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Preparation of G1P solutions at various concentratins

A stock solution of G1P (400 mM) was diluted wittetbuffer solution of imidazole (200
mM), KCI (200 mM), EDTA (4 mM), DTT (4 mM) in ordeo obtain a G1P solution of 90
mM in imidazole (135 mM), KCI (270 mM), EDTA (2.7M), DTT (2.7 mM) at pH 6.8.
This concentration of G1P was then used in ordebtain the following G1P solutions, all
in imidazole (135 mM), KCI (270 mM), EDTA (2.7 mMPTT (2.7 mM) at pH 6.8:
9 mM, 18 mM, 22.5 mM, 45 mM and 67.5 mM.

Preparation of the various substrate solutions

Six solutions were prepared each containing G1lRaabus concentrations, AMP (50

mM), which acts as an activator of the reactiom distilled water. In more detail, the final

solutions contained AMP (1mM), 2@ and the following G1P concentrations: 2 mM, 4
mM, 5 mM, 10 mM, 15 mM and 20 mM. The low concetitias of G1P are needed in

order to determine the Kof the enzyme, while the higher concentrationsrageded in

order to determine the\y of the reaction.

Preparation of the enzyme solution

The original stock solution of GPb was diluted gsihe buffer solution of-GP (50 mM),
2-mercaptoethanol (50 mM), EDTA (1 mM). The concatdn of this solution was
determined by measuring the absorbance at 280 omt(dthe presence of tyrosine and
tryptophan) and by converting this into concentratiusing the Beer-Lambert law:
A= xcx|, whereA is the concentration of the proteinis the extinction coefficient for the
protein (1.32 ml x cm/mgy}; is the concentration of the protein and the patigth is 1 cm
[83]. Once the concentration of the solution waewin, an enzyme mixture solution was

prepared which contained the following:

GPb 25 g/ml
Glycogen 0.2 % wi/v
Buffer solution -GP (2.5 mM), 2-mercaptoethanol (2.5 mM), EDTA§0tM
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Preparation of “blanks”

The determination of the Kvalue is based on the release of orthophosphate from
G1P. Therefore any other presence of phosphatenmuss be accounted for. Two sets of
blanks were prepared from which the average isutatted for greater accuracy. Two series

of “blank” solutions were prepared:

G1P blank at the maximum concentration presentrdutie reaction

Glycogen blank

Phosphate blank from which the absorbance of eawoblof phosphate ions is
calculated

Inorganic phosphate assay

The determination of inorganic phosphate ions sddaby the hydrolysis of G1P was
carried out according to the protocol by Sahetkal [84]. This method is based on the
reduction of the phosphomolybdate complex with gsiccacid. A solution was prepared
containing 15 mM ammonium molybdate and 100 mM #oetate. The pH was adjusted
to 5.0 with concentrated HCI. Another solution vpaspared containing 10% w/v ascorbic
acid. The pH of this solution was also adjustedst® with NaOH (1 N). These two
solutions were mixed in a ratio of 1:4 with respextthe ascorbic acid solution. The
mixture is light sensitive and was therefore kepan aluminium foil wrapped flask and a
minimum incubation time of 15 minutes was requipgidr to its use. Inorganic phosphate
ions form a complex with ammonium molybdate in pinesence of Zii at pH 5.0, which
strongly absorbs ultraviolet light. After the retion with ascorbic acid, the complex
produces a chromophore that shows maximum absorpio wavelength 850 nm.

However, the exact role of Zhis not exactly known.

Experimental procedure

The enzyme solution was placed in a water battD&€ 3or 10 minutes. After this time
period the substrates were also added and the maixtas incubated for an additional
period of 5 minutes. The reaction proceeded byrapd@BO ul of enzyme solution to each

substrate containing tube every 20 seconds. Alfterréaction was complete, aliquots of
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200 pl from each of the assay tubes were removedye20 seconds and were placed in
tubes containing 50 ul of 1% w/v SDS. This way tlaction was stopped. 2.5 ml of the
ammonium molybdate/zinc acetate/ascorbic acid meéxtuere added to each assay tube
and placed in the water bath for 20 minutes at 3&iGally, the absorbance values were

measured at 850 nm.

Processing the data

After deducting the “blank” values from the recatdessay absorbance values, data were
processed with the program Grafit [85] using noredir regression and explicit weighting.
Absorbance values were converted to specific agfiwhich is the amount of product
formed by the enzyme in a given amount of time urgieen conditions per milligram of
enzyme. It is also a measure of the purity of theyme. The equation used in order to
calculate the specific activities is the following:

M
V: reaction rate limit: concentration of G1P used in the assay xatot
t: reaction time volume of the reaction x percentage of hydrolyzdd G

(78%)

The K, and \jnaxvalues were calculated based on the Michaelis-Meatgiation:

v: initial rate of reaction
[S]: substrate concentration

Vimax Maximum rate of reaction
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Figure 19. A curve obtained from a GPb assay: X0 £0.2 mM
& Vimae50.2 £2.8 mol.mint.mg*

2.4 Kinetics: The 1Gso experiment

The 1Gso value is the concentration of the inhibitor whiellluces the enzyme’s activity by
50 %. The procedure followed during an experimenttifie determination of the igis
exactly the same with that used for the deternonabf the kK, but the experiment is
carried out in the presence of only one concewimatfi G1P (2 mM) and in the presence of
an inhibitor. Inhibitors were usually dissolved dimethyl sulfoxide (DMSO) at a final
concentration of 1 % or 2 % w/v in the assay. Imeaases inhibitors were fully soluble in
water, if hydrophilic groups were present. As ire threvious experiments for the
determination of the } substrate mixtures also contained AMP (final emiation 1
mM) which activates the reaction. Using the progm@nafit, after the specific activities
(s.a) were calculated, the % inhibition values weatculated for each concentration of

inhibitor using the following formula:

The 1G5, value was derived by plotting % inhibition vs. ilbitor concentration as seen
below:
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Figure 20. The Iy curve. 1Gy=3.4+£0.1 puM

2.5 Kinetics: The K; experiment

The basic procedure to determine thev&lue for an inhibitor is the same as for agyIC
experiment, however more parameters are involvediskhe dissociation, inhibition

constant for the enzyme-inhibitor combination.

"Log [l

kapp, ik

Ay Us A= el L

Log[G1F]

14v, pmol™.min.mg

1/[G1P]. mit*

Figure 21. The Kgraph (K: 1.8 £0.2 uM).
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It is carried out with respect to either G1P or ANtased on the location of binding) at 6
different G1P or AMP concentrations vs. 3 differamtibitor concentrations. Using the
program Grafit, a Lineweaver-Burk plot of 1/v v4[@1P] is created. The Lineweaver-
Burk plot is one way of visualizing the effect ahibitors and determining the.)constant
and the Vhax from a set of measurements of velocity at diffeirbstrate concentrations.
A straight line is obtained where the slope is é¢u&/Vmax and the y-intercept is equal
to -1/Vmax Kinetic data are then transferred into Hill plotgich yield the values for the
apparent kg values and the Hill coefficients. A Hill coeffigieprovides a way to quantify
the binding of a ligand to a macromolecule. From piot of the K, apparent values vs.

inhibitor concentrations the;Kalue is calculated (figure 21).

The K can also be estimated based on thg VW@lue using the formula:

2.6 X-ray crystallography

The most common experimental means of obtainingetildd structure of a large
molecule is to interpret the diffraction of X-rajom many identical molecules in an
ordered array like in a crystal. This is definedXasay crystallography. Currently, the
Protein Data Bank, the world’s largest repositdrynacromolecular models obtained from
experimental data, contains more than 64000 stegtof proteins and nucleic acids

determined by X-ray crystallography.

Obtaining an image from an object

When we see an object, light rays are diffractedhieyobject and enter the eye through the
lens, which reconstructs an image of the object fagdses it on the retina. Something
analogous to this happens in X-ray crystallograptiyays diffracted from the object are
received and measured by a detector. The measureraen fed to a computer, which

simulates the action of a lens to produce a graghage of the object.
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Figure 22. Crystallographic analogy of lens acti&7].

Properties of protein crystals

Under certain circumstances proteins solidify torfarystals. In entering the crystalline
state from solution, individual molecules of thetein adopt a specific orientation. The
resulting crystal is an orderly three dimensionahy of molecules. Protein crystals are
held together by primarily hydrogen bonds betwegdrdited protein surfaces. They are
extremely fragile and therefore growing, handlimgl anounting for analysis require very

gentle techniques.

Early protein crystallographers examined dry protgiystals and obtained no diffraction
pattern. However, in 1934 John Desmond Bernal amdfotdy Crowfoot Hodgkin
measured diffraction from pepsin crystals stiltheir mother liquor. To their surprise they
recorded sharp diffraction patterns, with refleatidhat corresponded in real space to the
distances between atoms. The announcement of shetgess was the birth of protein
crystallography. Careful analysis of electron dgnsiaps usually reveals many ordered
water molecules on the surface of crystalline pnste Additional disordered water
molecules are presumed to occupy regions of lovsitdebetween ordered particles. The
quantity of water varies among proteins and eveorendifferent crystal forms of the

same protein.
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Figure 23. Crystals are not perfectly ordered. Thegsist of many small arrays in rough

alignment with each other [87].

Unit cells and lattices

The image of a crystal is that of a perfect array

unit cells stretching throughout. A crystal is died ,\
into identical unit cells. The dimensions of a un

cell are designated by six numbers: the lengths

three unique edges, b and c; and three unique ﬁ‘g

angles, and.Ifa=b ¢, and = = =90° the cell ” Qv
is tetragonal as in the case of glycoge

phosphorylase crystals.
Figure 24. A unit cell with edges a, b, c

and angles, and [87].

#.. The unit cell is the smallest and simplest

Molecule Unit cell volume element that is completely
l — representative of the whole crystal. The unit
cells make up the lattice of the crystal. The
L most readily apparent sets of planes in a
; crystalline lattice are those determined by
Collection of unit cells within a crystal the faces of the unit cells.

Figure 25. A unit cell for a molecule [128].
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These can be thought of as sources of diffractimh @an be designated by a set of three
numbers called lattice indices or Miller indicesir@e indiceshkl identify a particular set
of equivalent, parallel planes. When it comes ttadmllection the internal symmetry of
the unit cell is fundamental. The symmetry of a @eil and its contents is described by its
space group, which describes the cell’s internatragtry elements. The space group of
glycogen phosphorylase B432:2. The capital letter indicates the lattice type dhd
numbers represent the symmetry operators that earatvied out on the unit cell without
changing its appearance. Mathematicians in thell@8@)s showed that there are exactly

230 possible space groups and 13 allowable latticesvn as th®ravais lattices

X-ray sources

X-rays are electromagnetic radiation of wavelen§ttis100 A. X-rays can be produced by
bombarding a metal target (most commonly copperlylbd@num or chromium) with

electrons produced by a heated filament and aatekkby an electric field.

Figure 26. The circular ring is the synchrotrore.ia particle accelerator that brings electrons to
very high speeds. The synchrotron emits radiatiténalys) which is sent into the various

beamlines.

A high energy electron collides with and displaaa<lectron from a low-lying orbital in a
target metal atom. Then an electron from a highleitad drops into the resulting vacancy,
emitting its excess energy as an X-ray photon. dlbetrons circulate at velocities near the

speed of light, driven by energy from radio frequetransmitters and are maintained in
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circular motion by powerful magnets. Accessory desicalledvigglers cause additional
bending of the beam, thus increasing the intensityadiation. The beam is directed
through acollimator, a narrow metal tube that selects and reflects<thays into parallel
paths, producing a narrow beam. During data cadlecthe direct beam is blocked just
after the crystal by a piece of lead calledltkam stopwhich is used to prevent excessive
radiation from reaching the detector (almost 95f%he incident beam passes through the
crystal and only 5 % is diffracted), thus obscurimg-angle reflections [87].

X-ray data collection, processing and model buildig

A crystal is mounted on g@oniometer head

a device that allows the crystal orientatio
to be set and rotated precisely. The
goniometer head with the crystal are

mounted onto a system of movable circleg
called agoniostat which allows automated,
highly precise movements of the crystal intg
almost any orientation with respect to the X-

, Figure 27. X-ray instrumentation used at the
ray beam. The crystal is mounted between

EMBL Synchrotron Outstation in Hamburg,
an X-ray source and an X-ray detector.

Germany
The crystal lies in the path of a narrow beam we v
of X-rays coming from the source. The e e
simplest source is an X-ray tube, and the o
simplest detector is an X-ray film, which & J‘*
when developed exhibits dark spots where = .= & {‘ g
X-ray beams have impinged. These spots % Srae
are calledreflectionsbecause they emerge - : o

from the crystal as if reflected from planes
of atoms.

Figure 28. Diffraction pattern from a protein
crystal [87].
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However, simple detectors have now been replactuimiage plates and charge-coupled
devices (CCD). The latter are photon countersdsstfate devices that accumulate charge
(electrons) in direct proportion to the amountight that strikes them. An optical scanner
precisely measures the position and the intenditgazh reflection and transmits the
information in digital form to a computer for anglly. The crystal diffracts the source
beam into many discrete beams, each of which pesiacdistinct reflection on the film.
When an X-ray beam is directed toward a crysta,abttual diffractors of the X-rays are
the clouds of electrons in the molecules of thestaly The greater the intensity of the X-
ray beam that reaches a particular position, thkeddhe reflection. Area detectors collect

many reflections at once.

Film
Diffracted
Direct X-rays
X-ray :
beam 2
Crystal s B ?’L
'.. 4 I o " ] -
I il oo /
X-ray tube il 2k .
: 4 Reflections
ettt faas™ foal™

Figure 29. Crystallographic data collection. Thesftns and intensities of these reflections
contain the information needed to determine mobecstructures (left) and the way X-rays interact

with atoms in a crystal (right) [87].

The position of a reflection can be used to obthm direction in which that particular
beam was diffracted by the crystal. The intensity oeflection is obtained by measuring
the optical absorbance of the spot on the filmjngjva measure of the strength of the
diffracted beam that produced the spot. The compartggram that reconstructs an image
of the molecules in the unit cell requires these parameters: a) the positibkl for each
diffracted beam that produces a reflection at theator and b) the intensityy. The
intensityis a number that indicates how dark the reflecisoim comparison to others. The
beam direction is specified by the Miller indicasset of three-dimensional coordinates,

k and| for each reflection. The result of X-ray data eotlon is a list of intensities, each

assigned an indebkl corresponding to its position in the reciprocatita The intensity
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assigned to reflectiohkl is a measure of the relative strength of the reladrom the set
of lattice planes having indicésl. The frames collected are then merged into one skt
by multiplying all intensities in each frame bygeale factor A merging R factogives the
level of agreement among the different frames a¢& @dter scaling. In the last stages of
structure determination, cycles of map calculaaod model building, which are forms of
real-space refinement of the model, are interspemsgh computerized attempts to
improve agreement of the model with the originaémsity data. Early in refinement the
whole model is held rigid to refine its positiontime unit cell. Then, blocks of the model
are held rigid while their positions refine withspect to each other. In the end individual
atoms are freed to refine with only stereochemiesiraints. Théemperature factor Bs a
measure of how much an atom oscillates aroundggipn, whileoccupancyis a measure
of the fraction of molecules that an atom actualtgupies in a given position. THe
factoris a measure of the agreement between the cadudaid the observed data. Finally,
the demanding and revealing criterion of model iy & thefreeR factor This is a small
set of randomly chosen intensities, the “test setiich are set aside from the beginning
and are not used during refinement. They are osBdun cross validation, a quality

control that entails assessing the agreement batesdeulated and observed data.

Bragg’s law

In 1912 William Lawrence Bragg, working with histtiaer Sir William Henry Bragg,
realized that focusing effects arise if X-rays egflected by series of atomic planes. He
formulated a direct relationship between the clystaucture and its diffraction pattern

with the following equation:
$ %&

This formula shows that a set of parallel planehidexhkl and interplanar spacing,d

produces a diffracted beam when X-rays of wavelengmpinge upon the planes, at an
angel and are reflected at the same angle, whaeean integer. Bragg's law confirmed
the existence of real particles at the atomic s@aevell as providing a powerful new tool
for studying crystals in the form of X-ray and reut diffraction. Father and son were
awarded the Nobel Prize in Physics in 1915 forrthweirk in determining crystal structures

beginning with NaCl, ZnS and diamond.
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The Fourier transform and structure factors

The French mathematician Jean Baptiste Josephefdlii68-1830) showed that even the
most intricate periodic functions can be descriasdhe sum of simple sine and cosine
functions, whose wavelengths are integral fractiohthe wavelength of the complicated
function. Such a sum is calledFaurier series Following data collection, computers are
used to produce images of molecules in the cryskilyy the Fourier transform. This lens-
simulating operation describes precisely the matiea relationship between an object
and its diffraction pattern. The transform allovgsta convert a Fourier sum description of
the reflections to a Fourier sum description of ¢hectron density. Each diffracted X-ray
that arrives at the film to produce a recordedetibn can also be described as the sum of
the contributions of all scatterers in the unit.cEhe sum that describes a diffracted ray is
called astructure factor equatianThe computed sum of the reflectitwkl is called a
structure factor Fn. A reflection can therefore be described by theicstire-factor
equation, containing one term for each atom orefich volume element in the unit cell.
Every atom in the unit cell contributes to everffetion in the diffraction patterryy is
therefore a wave created by the superposition afynredividual waved;, each resulting
from diffraction by an individual atom. In other vas, the electron density is described by
a Fourier sum in which each term is a structuréofad he Fourier series is used to convert
the structure factorskl of the two dimensional diffraction pattern t¢x, y, z) the desired

electron density within the crystal [87].

The phase problem

The phase problem is the most demanding elementtystallographers face and involves
the determination of the phase anglg for each reflection. There are three common
methods for overcoming this obstacle. These inclusemorphous replacement

anomalous scatteringnd molecular replacementzach of these techniques yields only
estimates of phases, which must be improved beforaterpretable electron density map

can be obtained.

Isomorphous replacement

Each atom in the unit cell contributes to everyecébn in the diffraction pattern. A
specific atom contributes to some reflections glpnto some weakly or not at all.
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Therefore the principle of isomorphous replacemend add one or a very small number
of atoms to identical sites in all unit cells oétbrystal, in order to track down changes in
the diffraction pattern, as the result of the adddl contributions of the added atoms. The
slight perturbation in the diffraction pattern cadsby the added atom(s) can be used to
obtain initial estimates of phases. In order fastn perturbations to be large enough to
measure, the added atom must be a strong diffractrtherefore it should have a much
larger atomic number than those usually preseatprotein (C, N, O, H, S, P). Such atoms
are called “heavy atoms” such as mercury, leadinpian, gold, osmium, xenon, holmium,
etc. [96].

Anomalous scattering

A second means of obtaining phases from heavy deenwatives takes advantage of the
heavy atom’s capacity to absorb X-rays of specifieavelength. As a result of this
absorption, the reflectionskl are not equal in intensity. This inequality of syetry
related reflections is called anomalous scattemnganomalous dispersion. Elements
absorb X-rays and emit them, and this absorptiopsisharply at wavelengths just below
their characteristic emission wavelength. This sumdahange in absorption is called
absorption edgeAn element exhibits anomalous scattering whenXinay wavelength is
near the element’s absorption edge. Absorptionedight atoms in the unit cell are not
near the wavelength of X-rays used in crystallogyago carbon, nitrogen and oxygen do
not contribute to anomalous scattering. Howevespgition edges of heavy atoms are in
this range [96].

Molecular replacement

This is the technique where phases from structaceofs of a known proteiare used as
initial estimates of phases for a new protein. Thises the crystallographer the
opportunity to determine the structure of a newtgarofrom a single native data set. The
known protein is superimposed onto the new proieiorder to create the best phasing
model and the new unit cell dimensions and symmeay be calculated. Measured
amplitudes|Fcq obtained from diffraction intensities of the nevofein are compared to
the structure factojfFopd Of the model, in order to calculate tRefactor which indicates
the agreement between calculated and observedddthelps find the best location of the

model protein.
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0 *

Difference Patterson mapsire created in order to find the best orientatibthe model
protein. If the observed and calculated intensiigeee with each other tHe factoris
small. For perfect agreement, all the differenapsakzero and thR factorequals zero.

Experimental procedure

Diffraction data were collected from single crystat the EMBL-Hamburg outstation and
the Daresbury Radiation Source-UK. Data reductiod iategration followed by scalling
and merging of the intensities obtained was peréarnwith Denzo and Scalepack
respectively as implemented in the HKL suite [8C}ystallographic refinement of the
complexes was performed by maximum-likelihood mdthasing REFMAC [88]. The
starting model employed for the refinement of tbenplexes was the 100 K structure of
the native T state GPb determined at 2.0 A [89h-BE and Fo-Fc electron density maps
calculated were visualized using the program folemwdar graphics “O” [90]. Ligand
models of the compounds were fitted to the electtemsity maps after adjustment of their
torsion angles. Alternate cycles of manual rebogdiith COOT [91] and refinement with
REFMAC improved the quality of the models. The atehemistry of the protein residues
was validated by PROCHECK [92, 93]. Hydrogen boadd van der Waals interactions
were calculated with the program CONTACT as impletaed in CCP4 [93] applying a
distance cut off of 3.3 A and 4.0 A, respectivélyotein structures were superimposed
using LSQKAB as implemented in CCP4 [93]. The mayoof figures were prepared with
the program MolScripand rendered with Raster3D [95] while some wergamed with
the program PyMol [94, 130].

2.7 Growing protein crystals with various methods

Growing protein crystals requires very gentle teghes. A protein is usually grown by
slow, controlled precipitation from an aqueous 8olu under conditions that do not
denature the protein. In most common methods ofvigigp protein crystals, purified

protein is dissolved in an aqueous buffer contgngnprecipitant, such as ammonium
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sulphate or polyethylene glycol, at a concentrajicst below that necessary to precipitate
the protein. Then water is removed by controlledp®ration to raise both protein and
precipitant concentrations resulting in precipgati Crystallographic structure
determination begins with the growth of a suitadgstal. Crystal formation occurs in two
stagesnucleationandgrowth Nucleation, the initial formation of moleculausters from
which crystals grow, requires protein and/or pri#amd concentrations higher than those
optimal for slow precipitation.

a b
= =[]
) -
e
@ ~@ __
[precipitant] [precipitant]

Figure 30. Phase diagram for crystallization medihby a precipitant. The pink region represents
concentrations of protein and precipitant at whible solution is not saturated with protein, so
neither nucleation nor growth occurs. The green bha regions represent unstable solutions that
are supersaturated with protein. Conditions in kihee region support both nucleation and growth,

while conditions in the green support growth or8g].

The batch method

In batch crystallization methods all componentscmbined into a single solution, which
is then left undisturbed. Given the static natufehe batch crystallization experiment,
success requires that super-saturation levelscgarifi for nucleation be achieved on
mixing. Optimization then involves altering expeental conditions to control the number
of crystals and the time required for crystals @ach the desired size. Crystal number

reflects nucleation rate which in general is stipmigpendent on super-saturation [134].
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The vapour diffusion method

Vapour diffusion is the standard method

used for protein crystallization. Conditions Protein solution
within a protein-containing solution are \ Coverslip
manipulated remotely by diffusion through -
. . . . Sealant
air. It is suitable for use with small volumes, j l \
easy to set-up and to monitor reaction HO
2
progress. A common format involves the Reservoir
buffer

“hanging drops” containing protein solution
. _ Figure 31. The “hanging drop” method of
and precipitant at a concentration . T
protein crystallization [128].

insufficient to precipitate the protein.
The drop is equilibrated against a larger reseraebisolution containing precipitant and
after sealing the chamber equilibration leads f@esisaturating concentrations that induce

protein crystallization in the drop [128].

The dialysis method

Like batch methods, in the dialysis method the wmalecular concentration remains
constant during crystallization by dialysis. Howeua this method solution composition
is altered by diffusion of low molecular weight cpaments through a semi-permeable
membrane. The ability to change the protein satudomposition accurately any number
of times and with small incremental changes, matkes one of the most versatile
crystallization methods. It is also a convenienthrod for crystallization in the presence of

volatile reagents such as alcohols [141].

The seeding method

Given that ideal conditions for nucleation and gitowdiffer, a logical crystallization
strategy involves the separate optimization of éhgocesses. This can be accomplished
by seeding, a technique where crystals are tramsférom nucleation conditions to those

that will support only growth.
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There are two basic seeding methods. In
macroscopic seeding, one crystal is
transferred from the mother liquor where
nucleation and initial growth occur to a less
supersaturated solution for continued

growth. On the other hand, microscopic

seeding involves transferring nuclei to the Figure 32. Glycogen phosphorylase native

growth medium. crystals.

Although success in both seeding methods involueding optimal growth conditions,

crystal growth by microseeding can also involveppreng stock seed solutions, which
when added to the growth solution will produce ocalfew large crystals. Seed solutions
can be prepared by crushing crystals, then testiagt of serially diluted solutions to see
which gives the desired number of crystals [141isTwas the method used for growing

glycogen phosphorylase crystals.

Materials
Dialysis tubing cellulose: SIGMA, Millipore Millex-GV syringe driven
25x16 mm filter unit (0.22 uM)
Spermine-tetrahydrochloride: Small centrifugation tubes
SIGMA, MW 348.19 g/mol Centrifuge: Sorvall Instruments, RC5C
Inosine monophosphate (IMP): UV-Visible Spectrophotometer:
SIGMA, MW 348.21 g/mol CARY 100 Conc

Active charcoal: SIGMA

Buffer solution BES (10 mM), EDTA (0.1 mM), DTT @mM), NaN; (0.01 %)
(N,N-bis[2-Hydroxymethyl]-2-aminoethanesulfonic dci(BES): SIGMA,
MW 213.20 g/mol
EDTA: SERVA, MW 372.30 g/mol
DL-Dithiothreitol (DTT): SIGMA, MW 154.25 g/mol
Sodium azide (Naj{ GPR, MW 65.01 g/mol
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Dialysis of the enzyme for AMP/glycerol removal

The enzyme is dialyzed in 500 ml of buffer solutid® mM BES, 0.1 mM EDTA, 0.5
mM DTT, 0.01% NaN pH 6.7). The solution is placed at 4°C for at teasours. The
buffer solution is then replaced with 500 ml ofshebuffer solution, and left at 4°C
overnight. After dialysis, the ratio 8/A»s0 is calculated by measuring the enzyme
absorbance at 260 and 280 nm, after diluting I26f enzyme in 980 | of buffer. The ratio

at this time should be 0.62-0.64, which means that nucleotides (AMP)pmesent. Active
charcoal is added to the enzyme at a 2:1 w/w &atib stirred gently and continuously for
40 minutes using a glass rod. This is done soth®tharcoal can absorb the AMP in the
enzyme. Removal of active charcoal is achieveddnyridugation at 17500 rpm (37000 g)
for 10 minutes, at 25-3C. The supernatant is collected and filtered, usirsyringe so as
to remove any traces of active charcoal. Since AMBoval is crucial for crystal
formation, the ratio Aso/Azg0 NM is measured again, where 260 nm is the wavileatg
which nucleotides (AMP) absorb. The ratio must b@.53-0.54 so crystal formation can
occur. If this is not so, the above procedure nigstrepeated, active charcoal must be
added to the enzyme for another 40 minutes to eemmacleotide removal.

Glycogen phosphorylase crystal growth

In this seeding method, fractures of crystals wesed as seeds to grow large crystals. An
enzyme solution was prepared, and then GPb seeds adeled to this solution. The
solution was then allowed to rest for several daty$4 C. The solution required for GPb
crystal formation contains 3 mM DTT, 1 mM spermara 1 mM IMP. Once the mother
liquor was prepared, it was separated into 50@liquots. Crushed crystals were then
added to the first aliquot with a cut pipette #md then serially diluted. The diluted seed
solutions were then transferred to glass capilausing a syringe, closed with parafilm

and placed at 14C so the crystals could grow.
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Soaking of GPb native crystals with inhibitors

During this method a native GPb crystal is placetb ia capillary tube containing
approximately 300-500 uM of an inhibitor. This ieftl to “soak” for several hours
depending on the concentration of the inhibitousoh and the binding strength predicted
by kinetic experiments. During this time, the intob solution is given the chance to bind
to the enzyme. Soaking is performed at room tentpexaFollowing the soaking time, the
inhibitor solution is removed and the crystal is unted for X-ray diffraction data

collection.

GPb-inhibitor co-crystallization

Another technique used is that of growing GPb algsn the presence of an inhibitor. The
technique used is that of growing native GPb ctgdiat with the addition of the inhibitor
solution in the reagents. This technique is goadiribitors with high affinity for the
enzyme, i.e. low K as low concentrations of the inhibitor are udddre time is given to
the inhibitor to bind and most importantly no calgtacking disorder is observed as in the
case of soaking, where the inhibitor must penettaecrystal canals in order to bind to the

enzyme.

Cryocrystallography

For many years crystallographers have been awatieechdvantages of collecting X-ray
data at very low temperatures. In theory, lowerihg temperature should increase
molecular order in the crystal and improve difffait In practice however, early attempts
to freeze crystals resulted in damage due to thedton of ice rings, as protein crystals
contain internal water. In addition to better difftion, other advantages of
cryocrystallography include reduction of radiatidamage to the crystal and hence the
possibility of collecting more data from a singlgstal; reduction of X-ray scattering from
water, resulting in cleaner backgrounds in diffi@ttpatterns; and the possibility of safe
storage, transport and re-use of crystals. Howendhe case of glycogen phosphorylase,
X-ray experiments were conducted at room tempegafline reason for this is that the

cryoprotectants such as glycerol bind to diffeigtds of the enzyme [133].
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3.1 Crystallographic and computational studies on 4$henyl-N-[ -D-
glucopyranosyl]-1H-1,2,3-triazole-1-acetamide, an inhibitor of glycogn
phosphorylase: = Comparison  with -D-glucose, N-acetyl- -D-
glucopyranosylamine and N-benzoyldN’- -D-glucopyranosyl urea
binding

Organic synthesisby Professor Duraikkannu Loganathan, Departmer@loémistry, Indian

Institute of Technology Madras, Chennai, India

Kinetic studies of 4-phenyIN-[ -D-glucopyranosyl]-1H-1,2,3-triazole-1-acetamide

(glucosyltriazolylacetamide)

The inhibitory efficiency of glucosyltriazolylacetade was tested with Kkinetic
experiments on GPb [135]. The design of glucos#ulylacetamidel) was based on the
replacement of the -Cl group of the chloroacetanadalogue 2) (Ki: 45.0 ) by a
substituted triazole. The latter group is regar@esdan isosteric replacement for the
benzamide moiety dfl-benzoyIN'- -D-glucopyranosyl urea3], which is one of the most
potent inhibitors developed to date [97]. This agpiment resulted in a decrease of the
inhibitory effect on GPb (K179.0 uM).

OH
c6 05
o4 A X5 -0 H
HO N.c7
HO
03 C3 Cc2 OH c1 N1
02 O

(1) N-(4-phenyl-1,2,3-triazoleacetyl)-D-glucopyranosylamine (glucosyltriazolylacetamide)
(Ki: 179.0 M)
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OH
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(2) N-chloroacetyl- -D-glucopyranosylamine (K 45.0 uM)

ca ca 5
H H
O N.c7_N CS
03 C3 H C1 "” N2 Cl4
0]
o7 08

(4) N-acetyl- -D-glucopyranosylamine (NAG) (K32.0 M) and (5) -D-glucose (K 1.7 mM)

Figure 33. The chemical structures of glucosylwiglacetamide, N-chloroacetytD-
glucopyranosylamineé\-benzoyl-N"--D-glucopyranosyl uredy\-acetyl- -D-glucopyranosylamine

(NAG) and -D-glucose with atom numbering used.
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The compound displayed competitive inhibition witspect to the substrate G1P, at
constant concentrations of glycogen (0.2% wi/v) AMP (1 mM). The inhibition constant
of glucosyltriazolylacetamide for rabbit muscle GRés found to be K179.0 £ 11.0 uM,

~ 10 or ~ 41 times decreased than the parent camgisotD-glucose (K 1.7 mM) or -D-
glucose (K 7.4 mM) respectively, but ~ 6 times increasedttie lead compound NAG
(Ki: 32.0 pM), indicating a difference in the bindinfee energy between
glucosyltriazolylacetamide and NAG of about 1.0lkual.
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Figure 34. Kinetics of glucosyltriazolylacetamidwibition of GPb with respect to G1P (2, 4, 5,
10, 15 and 20 mM) in the direction of the glycoggnthesis (30C, pH 6.8). Double reciprocal
plots of initial reaction velocity versus [G1P] abnstant concentrations of AMP (1 mM) and
glycogen (0.2% wl/v) and various concentrations dficgsyltriazolylacetamide. Inhibitor
concentrations (UM) were as follows: 0)(50 (), 150 () and 250 (). Inset: Hill plots for G1P,
which yielded the apparent}alues for G1P and the Hill coefficient. The appark, values and
the Hill coefficients (top left) were 2.4 £ 0.1 mE=1.0), 2.8 £ 0.14 mM (n=1.1), 4.3 £ 0.3 mM
(n=1.2) and 5.6 £ 0.2 mM (n=1.2). From the secondafot (top right) of the apparent,Kvalues

versus inhibitor concentration, g Kalue of 179.0 +11.0 uM was calculated.
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ORTEP depiction with atom numbering is shown iufey35 below.

Figure 35. ORTEP (50% probability level) with atowmmbering ofjlucosyltriazolylacetamide.

Selected geometrical parameters are listed in digB8. The dimensions of the N-
glycosidic bond, namely, C1-N1 bond length and esgD5-C1-N1, C2-C1-N1 and C1-
N1-C7, are comparable with the values of 1.431 A8.08°, 111.48° and 122.68°,
respectively reported for NAG [98].

Torsion angle

Bond length Free form of § GPb-5 complex
C1—M1 1.435 (4) 05—C5—C6— 06 —67.8 (3} —62.3
Ca—N2 1467 (5) C4—-C5—CE6—06 54.013) 511
C1-—-05 1.435 (4) 05—C1—N1-C7 -99.2 (3) =102.7
C5-05 1.441 (4) C1—=N1—-C7-C8 =171.2 (3} 178.7
N2—N3 1.330 (5) N1—C7—C8—N2 175.1 (3) 1745
N3—N4 1.297 (5 C7—C8—N2—N3 110.2 (4] 474
C10—N4 1.363 (5) M —C10-C11=C12 -4.9 (6) 18
Bond angle

N2—N3-—N4 107.9 (3)

N4—C10—CN 121.0 (4)

05=C1=N1 103.3 (3)

Figure 36. Selected geometrical parameters for gdyttriazolylacetamide.

The lesser extent of delocalization of the lone p&kelectrons of N2 relative to that of N1
is evident from the values, 1.467 A and 1.435 AC8tN2 and bond C1-N1 bond lengths
respectively, the former being longer than theelafThe length of the N3-N4 bond of the
triazole moiety is found to be shorter than thatN&N3, indicating the greater double
character of the former. The torsion angles,@BC6-06 and C4c5-C6-0O6, are close to
260° and 60° respectively, indicating that the priyn hydroxyl group adopts gg
conformation. The primary hydroxyl group of NAG haso been reported to take up the
same conformation [99]. Similarly, as observedieafbr NAG, the acetamido moiety of
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the glucosyltriazolylacetamide exists in &nti conformation as revealed by the values,
-99.2° and -171.2° for torsion angles G%-N1-C7 and CIN1-C7-C8 respectively, which
compare well with the values of -93.8° and -179ritfted earlier for NAG. The
conformation about the C7-C8 bond turns out tab& as shown by the value 175.1° of
the torsion angle, NG7-C8-N2. The value of this torsion angle differs consideydbbm
those (115° and 131° respectively) of the corredpuwntorsion angle reported for the two
known GPb inhibitors, namely, GICboNHCO@EHj; (Ki: 39.0 uM) and GIcboNHCOCKI
(Ki: 45 uM) [100]. The other two torsion angles, C7HE3-N3 and N4-C10 -C11-C12,
which are also critical for defining the aglycoméarmation, were found to be 110.2° and
29.9° respectively. The latter value makes it ctbat the triazole ring and the phenyl ring
are not coplanar and that the phenyl ring is dyghwisted. Presumably, this twisting
arises from steric interactions between the fiveninered ring and the six-membered ring,
analogous to the more severe twist (~ 30°—40°) reksein biphenyl derivatives arising
from interactions between the two 6-membered rifigs]. Meticulous analysis of the
crystal packing of the glucosyltriazolylacetamidaswperformed to understand the key
features governing its molecular assembly and #&bsanderstand their effect on the
molecular conformation. Parameters of both thelegdwdrogen bonds and the weaker C-
H---X (O/N) interactions are listed in figure 37d&.

Hydrogen bonds d (D-H) d (H-A) d (D-A) <DHA Symmetry code
03=0H3--N3 082 2.1 2.797 (5) 1434 =“14+x14+y1z

03— 0H3--N4 082 268 3.369 (4) 1424 -1+%1+vy12
N1—NH1---06 0.88 (7 21117 2.940 (4) 156 (6) -1 =%=-12+y2-2
06=0HG--N1 082 i | 2.940 (4) 1382 -Xx =1Ly + 122 -1z
04—0H4---06 082 254 3.097 (3) 126.5 -x-1Ly+ 12 -2
Cl4—H14.-.02 093 25 3417 (6) 168.0 X ¥y—12 —z+1
C5—H5--03 098 237 3.270 (4) 152.0 ¥+ 1Ly

CG=HBA..-04 o08r 247 3.436 (4) 176.0 =X y=1/2, -z

Figure 37. The molecular packing gificosyltriazolylacetamide.

The molecular packing of glucosyltriazolylacetamuisplaying regular hydrogen bonds
and C-H---O interactions is shown in figure 38 keldmong the three infinite networks
of hydrogen bonds observed, the first one invol@% as a bifurcated donor to the
relatively electron-rich N3 and N4 atoms of thazole ring and also an acceptor to the H5
of the sugar ring. The second one is built up thhowhe C14-H14---O2 interaction
between the aromatic phenyl ring and the sugar exygom. In the third network, O4 is
seen to interact as an acceptor for C6-H6 unddy fidieal conditions, particularly in terms

of bond angle, while acting as a donor to O6 astrae time.
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Figure 38. The molecular packing of glucosyltriggatetamide displaying regular hydrogen

bonds and C-H -O interactions.

X-ray crystallographic studies of glucosyltriazolyhcetamide

To elucidate the structural basis of the mechare$énmhibition, the crystal structure of

glucosyltriazolylacetamide in complex with GPb waetermined at 100 K to 2.03 A
resolution, as well as in the free form using X-raystallography. Also for comparison,
the structure of the GPb in complex with glucoses watermined to 1.93 A resolution at
100 K.

Binding of -D-glucose at the catalytic site

On binding to the catalytic site,-D-glucose promotes the less active T state through
stabilization of the closed position of the 280spdo(residues 282-287) which blocks
access for the substrate (glycogen) to the cataBite. The binding of glucose to the
catalytic site is dominated by multiple neutral logken bonds from each of the peripheral
hydroxyl groups to protein atoms. The inhibitiomstant of -D-glucose for GPb is only
1.7 mM, despite its extensive hydrogen bondingrauigons with the protein [102]. This
could be explained by the fact that the mean notrt@d glucose level in humans is 5
mM. It should be noted thatD-glucose is very unstable and it converts iD-glucose

very quickly. Therefore during the X-ray experimetite native GPb crystal was soaked
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with -D-glucose for 30-60 seconds only, and it was tadjevith X-rays immediately
before it had a chance to convert t®-glucose.

Figure 39. 2Fo-Fc electron density map eb-glucose bound at the catalytic site of GPb. The

map is contoured at .0 level and the refined model ofD-glucose is displayed.

Two pockets have been identified in the vicinitytloé catalytic site: a small water-filled
side pocket, accessible teC1 substituents, and a large channel adjaceimet@80s loop,
accessible to-C1 substituents, the so callegoocket. The -pocket is lined by both polar
and non-polar groups, directed towards residue 4is®ut with no access to the bulk
solvent. At the catalytic site water molecules @itlparticipate in the binding of the
glucopyranose ring by direct or water mediatedradgons or fill the two channels in
contact with protein residues or other water mdes102, 103]. The mode of binding
and the interactions thatD-glucose makes with residues of the catalytie sitthe 100 K
GPb- -D-glucose complex structure are almost identidagh whose previously described at
room temperature from a 2.3 A resolution crystatdiic experiment [102]. There are 12
water molecules, namely Wat257, Wat346, Wat604,68/hBt Wat726, Wat748, Wat752,
Wat777, Wat803, Wat805, Wat808 and Wat812, thatuarque in the 100 K GPb-D-
glucose complex structure, while 7 water molecul§st43, Wat217, Wat744, Wat747,
Wat754, Wat796 and Wat798 (Wat421, Wat279, Watd88i422, Wat25, Wat458 and
Wat473 respectively in the room temperature comptexcture) are shifted by 0.4-0.9 A.
There are in total 16 hydrogen bonds and 56 van\dls interactions (4 non-polar-non-

polar, 11 polar-polar, and 41 non-polar/polar).
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Figure 40. Stereo diagram showing interactions leetw -D-glucose and protein in the vicinity of

the catalytic site.

Binding of glucosyltriazolylacetamide

The mode of binding and the interactions that ghytitdazolylacetamide makes with GPb,
are similar to those described previously for ttracture of the GPb-NAG complex [99].
The hydrogen bond of the amide nitrogen (N1) wiie347 O is retained, an interaction
that is conserved in all -D-glucopyranosylamine analogues [100,104-107],rospi
hydantoin analogues, and spiro-diketopiperazineBfglucopyranose [89, 103, 107-112],
and also the compound 2-D-glucopyranosyl)-benzimidazole [113]. O7 is hygkea
bonded to Glu88 OE2 and residues of the glycin liedsidues 134-150), Gly134 N, and
Gly137 through four water molecules (Wat268, Wat¥&at415, Wat670). The 1,2,3-
triazole moiety is located between the side-chahsLeul36, Asp339, His341, and
Ala383. There are two additional hydrogen bondscamparison to the GPDb-NAG
complex; N3 and N4 atoms of the 1,2,3-triazole grouake water-mediated interactions

that involve residues Glu88 and Asn133.
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Figure 41.2Fo-Fc electron density map of glucosyltriazolykaeeide bound at the catalytic site

of GPb. The map is contoured at |.@evel and the refined model of the inhibitor isplayed.

The importance of this stabilization motif, invalg N3 and N4 atoms of the 1,2,3-triazole
group for binding, could be discerned from the g®am the conformation about the C8-
N2 bond as shown by the difference in the valuesheftorsion angle, C7-C8-N2-N3,
observed for the complex of glucosyltriazolylacetdarwith GPb and its free form (47.4°
and 110.2° respectively). The triazole ring hasédr more than 62° to facilitate the
formation of the two additional hydrogen bonds.sTtasult is consistent with the acceptor
capability of N3 and N4 seen in the free form aigglsyltriazolylacetamide. But for the
change in the conformation about the C8-N2 bondligible differences are seen in the
molecular conformation, as defined by the torsingle about C5-C6, C1-N1, N1-C7, C7-
C8, and C10-C11 bonds, between the free form ofagtriazolylacetamide and its
complex with GPb. The phenyl group of glucosyltolgfacetamide occupies a pocket
lined by residues of the 280s loop, which underga@gormational changes, Ala383 of
the 380s loop (residues 377-384), and several wateftecules. In the GPb-
glucosyltriazolylacetamide complex, the aromatiegriof Phe285 is inclined by ~ 85°
toward Phe286, so that Phe285 CE1 is ~ 3.8 andi4rom CE1 and CE2 of Phe286,
respectively resulting in the closure of the acsite. Similar but not identical shifts of the
280s loop were observed previously on bindingNdfenzoylN"-b-D-glucopyranosyl urea
to GPb [97]. There are in total 17 hydrogen bonu$ HL5 van der Waals interactions (11
non-polar—non-polar, 14 polar-polar, and 90 noragpblar) in the GPb-

glucosyltriazolylacetamide complex.
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Figure 42. Stereo diagrams showing interactionsveein glucosyltriazolylacetamide and the

protein in the vicinity of the catalytic site.

On glucosyltriazolylacetamide binding to GPb, 5 evamolecules (Wat744, Wat752,
Wat754, Wat803, and Wat808 in the GRB-glucose complex structure) were displaced,
while waters Wat631, Wat677, and Wat726 were shiftg1.2—1.7 A, in addition to those
displaced by the glucopyranose. Furthermore, threw water molecules, Wat653,
Wat670, and Wat720, not detected in the GHb-glucose complex structure, are
recruited into the GPb-glucosyltriazolylacetamidenplex structure. Wat653 is hydrogen-
bonded to Asp283 OD2 through Wat720, and Wat670esak direct hydrogen bond to
Asp283 OD2. These waters occupy the position ptshooccupied by Asp283 OD1
(Wat670) or are positioned close to the positiohsO®1 and CG atoms of Asp284
(Wat653 and Wat720) in the GPED-glucose complex structure and appear to stabiliz
the new position of Asp283.

Structural comparisons

Structural comparisons between GPb-glucosyltridaotamide complex structure and (a)
GPb- -D-glucose, (b) GPIN-acetyl- -D-glucopyranosylamingNAG) and (c) GPIN-
benzoylN'- -D-glucopyranosyl urea complex structures in th@niy of the catalytic site

are shown in figures 43-45.
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Figure 43. Comparison between GPb-glucosyltriazmlgtamide complex (purple) and T state

GPb- -D-glucose (yellow).
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Figure 44. Comparison between GPb-glucosyltriazalgtamide complex (purple) and T state

GPb-N-acetyl--D-glucopyranosylaminblAG (yellow).
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Figure 45. Comparison between GPb-glucosyltriazalgtamide complex (purple) and T state
GPb-GPb-N-benzoyl-N"-D-glucopyranosyl urea (yellow).

In the GPb-glucosyltriazolylacetamide structure, #tomic positions of C1, C2 and O5 of

D-glucopyranose moiety are shifted ~ 0.3—-0.5 A carag to that of GPb-D-glucose and

~ 0.5-0.8 A compared to the GRbbenzoylN - -D-glucopyranosyl urea complex. The

largest shifts between the positions of glucosytlylacetamide, NAG, and-benzoyl-

N’- -D-glucopyranosyl urea are in the atomic positiohthe amide group (~ 1.3-1.9 A),

and reflect the presence (glucosyltriazolylacetansidd NAG) or absenc&l{benzoylN’-
-D-glucopyranosyl urea) of a hydrogen bond betwd&rand main chain O of His37i

their complexes with the protein.
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GPb-
GPb/ -D-glucose glucosyltriazolylacetamide
Inhibitor atom Protein atom Distance (A) Protein atbom Distance (A)
N1 - - His377 O 2.8
N3 - - Wat268 3.3
- - Wat415 3.3
N4 - - Wat415 2.7
01 Leul36 N 3.3 - -
Wat726 2.8 - -
Wat812 3.2 - -
02 Asp284 OD1 3.0 Tyr573 OH 3.1
Tyr573 OH 3.1 Glu672 OE1 3.2
Glu672 OE1 3.2 Wat168 3.0
Wat796 2.8 Wat653 3.3
Wat812 2.9 Wat687 2.7
03 Glu672 OE1 2.7 Glu672 OE1 2.7
Ser674 N 3.1 Ser674 N 3.0
Gly675 N 3.1 Gly675 N 3.1
04 Asn284 OD1 2.8 Gly675 N 2.8
Gly675 N 2.9 Wat44 2.7
Wat44 2.7 - -
06 His377 ND1 2.7 His377 ND1 2.6
Asn284 OD1 2.8 Asn284 OD1 2.9
o7 - - Wat268 2.9

Figure 46. Hydrogen bond interactions betwee-glucose (left) and glucosyltriazolylacetamide
(right) with residues of the catalytic site of GPb.

N3 ...\Wat268 ...Wat43 ...Glu88 OE2
...Gly134 N
...Gly137 N
...Wat415 ...Glu88 OE2
...Asn133 N
...Wat670 ...Asp283 OD2
...Wat233 ...Glyl135 N
...Wat29 ...Arg569 N
...PLP O2P

N4 ...Wat415
02 | ..Watl168 | ...Thr378 OG1
...Thr671 O
...Ala673 N
...\Wat653 ...Wat720 ...Asp283 OD2
..\Wat687

..Wat687 | ...Tyr573 OH
_.Lys574 NZ
..Wat233
04 | ..Wat44 | ..Thr676 OG1
_.PLP O3P

o7 | ..Wat268

Figure 47. Water hydrogen bonding network of glyttoiazolylacetamide at the catalytic site of
GPb.
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o1

...Wat726

...Asp283 OD2

...Wat43

...Glu88 OE2

_.Glyl34N

_GlyI37 N

..Wat217

_.Gly135 N

...Asp283 OD1

...Wat29

...Arg569 N

...PLP O2P

...Wat812

...Wat752

...Asn284 N

...\Wat748

...Glug88 OE1

...Asn282 O

...\Wat754

...Asp339 OD1

...Wat803

...Ala383 O

..Wat777

...Asp339 OD2

...His342 NE2

...Ala383 O

...Wat631

...\Wat744

...Wat798

...Glu385 OE2

...Wat744

...Phe285 O

..Wat747

...Asn282 O

...Wat257

...Glu88 OE1

...Arg292 NH1

...Arg292 NH2

...Wat805

...Asn282 ND2

...Wat346

...Glu287 O

...Glu287 N

...Wat798

...Wat808

...His377 O

..Wat81z

...PLP O2P

_.Tyr573 OH

.Lys574 NZ

...Glu672 OE1

02

...Wat796

...His377 O

...Ala673 N

...Wat604

...Thr378 OG1

...Thr671 O

..Wat812

04

...Wat44

...Thr676 OG1

...Thr676 N

...PLP O3P

Figure 48. Water hydrogen bonding network db-glucose binding at the catalytic site of GPb.
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GPb/ -D-glucose

GPb-glucosyltriazolylacetamide

Inhibitor atom Protein atom No. of Protein atom No. of
contacts contacts
N1 ; ; His377 C, CB; Wat653 3
N2 ; ; Asp339 OD1; Wat613, Wat653 3
N3 ; ; Leul36 CD1; His341 CE1 2
N4 ; ; His341 CEL, NE1; Wat268 3
c1 "emfﬁa'\t'éggaﬂz& 3 His377 O: Wat687 2
o1 Gly135 C, N, CA 3 - ;
- H'éegf; \(l)\/a(t37|32,72 : His377: GIu67é 80E1; Wat168, .
Wat808, Wat812 Wat687
02 322%874(;\]; 35555(3{3 4 His377 O: Wat720 2
Glu672 OEL; Gly675 _ ,
3 N: Waidd, Wat;’%, c GIu672 OE\%\,/ ?&6775 N; Wat44, A
Wat812 a
Ala%';‘g? ﬁGéXDéB_ GIU672 C, CG, CD: Ala673 C, CA,
03 N BB 0 CB, N; Ser674 CA, C; Gly675 CA;| 11
Ser674 C, CA; Watles
Gly675 CA: Wat796
C4 AS”“% (V)vztl[ifly675 3 Gly675 N; Watd4 2
04 Ser674 CB, C; 5 Asn484 OD1; Ser674 C, CB; Gly67pb 6
Gly675 C, O, CA C,CA O
c5 féﬁll?é% (r)\f; (\3&2& 5 Gly135 C; Leul36 N; Wat44 3
Leul35 C; Leul36 N,
05 CA, CB; His377 CB, 7 Leul136 N: His377 O, CB, CG, ND1 5
CG, ND1
Gly135 O, C; Leul36
C6 _N; Leul39 CD2; 6 Glyl135 O, C; Leul36 N, CA; His377 6
His377 ND1; Asn484 ND1; Asn484 OD1
oD1
Leul39 CD2; His377
06 CG, CE1; Val455 CB, 8 Leu139 CD2; His377 CE1, CG; .
CG2, CG1; Asn484 Asn484 CG: Val455 CB, CG1, CG2
CG, ND2
c7 ; ; Leu136 CD1; His377 CB, O; Wat65 4
Leul36 CD1; Asp339 OD1; His377
cs - - CB, O; Thr378 CG2: Wat613; 7
Wat653
Co ; ; Asp283 O; Wat613 2
C10 - } Asp283 C, O; Wat415; Wat423 4
C11 - } Asp283 C, CA, O; Wat423 4
C12 i ) Asn282 O; Asp283 CA; Wat415, 5
Wat420, Wat423
C13 ; ; Asn282 O, ND2, Wat336, Wat420 4
C14 i ) Asn282 O, ND2; Asn284 O; Phe28 5
CA, N
c15 ] ] Asn284 N, C, CA, O; Phe285 N, C| ¢
Phe286 CA, N: Ala383 O
ci6 i ) Asp283 C, O; Asn284 N, CA; Ala38 18

O, CA, CB; Wat423

Figure 49. Van der Waals interactions betwee-glucose or glucosyltriazolylacetamide and

residues of the catalytic site of GPb.
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GPb- -D-glucose

GPb-glucosyltriazolylacetamidg

Experiment

50 mM -D-glucose in 10 mM
BES, pH 6.7, 25% DMSO, 30-

9 mM inhibitor in 10 mM BES, pH
6.7, 30% DMSO, 2,5 hrs

60seconds
Oscillation range ()? 0.8 0.8
No. of images () 74 100
Space Group P4;2,2 P42,2
Unit cell dimensions a=b=125.7 A,c=114.9 A, a=b=125.9 A,c=115.3 A,
= = =09(Q° = = =09(Q°
Resolution (A) 30.0-1.93 30.0-1.88
No. of observations 982397 1099089
No. of unique reflections 69442 75693
(outermost)
Reymn (Outermost shell)’ 0.051 (0.432) 0.051 (0.338)
Completeness
(outermostshell) (%) 99.6 (100.0) 99.9 (100.0)
Outermost shell (A) 1.96-1.93 1.91-1.88
<1/ (1) > (outermost shellf 18.2 (4.2) 24.5 (6.1)
Redundancy (outermost shell) 4.9 (4.9) 6.6 (6.7)
Refinement resolution rangeA) 88.7-1.93 89.1-1.88

No of reflections used (free)

65895 (3511)

71717 (3802)

Residues included

(10-251) (261-315) (325-835)

(10-251) (261-3155(EB5)

molecules

No. of protein atoms 6594 6583
No. of water molecules 960 878
26 (inhibitor), 15 (PLP),

No. of heteroatoms 12 (Glc), 15 (PLP), 72 (DMSO) 40 (DMSO)
Final R (Ryee) (%)° 19.0 (23.5) 20.0 (23.8)
R (Ryee) (outermost shell) 24.9 (28.3) 23.7 (28.2)
r.m.s.d. in bond lengths (A) 0.007 0.007
r.m.s.d. in bond angles () 1.104 0.995
Average B (&) for residues (10-251) (261-315) (325-835) (10-251) (261-315p(885)

Overall 18.5 21.1

CA,C,N, O 17.9 20.5

Side chain 18.9 21.7
Average B (&) for 13.3 (GLC), 13.1 (PLP), 23.2 (inhibitor), 15.3 (PLP),
heteroatoms , 43.9 (DMSO) 38.8 (DMSO)
Average B (KX) for water 308 33.6

a Native T state RMGPb crystals, grown in the tatra lattice, space group4s;2,2 were soaked with

various concentrations of inhibitors in bufferedusions at pH 6.7 in the presence of DMSO. X-ray
diffraction data were collected using synchrotradiation source at Daresbury Laboratory, UK and EMB
Hamburg outstation at DESY, Germany, and processeéd the HKL package. Complex structure
determination and analysis were performed accortiingtandard protocols as implemented in the CCP4

package.

b Rymm= 1 ill(h) =1i(h)/ 1 ili(h) wherel;(h) andl(h) are thdth and the mean measurements of the intensity

of reflection h.

¢ (I) is the standard deviation of I.
d Reyst = nlFo — Fel/ wFo, WhereF, andF. are the observed and calculated structure faetoyslitudes of
reflectionh, respectivelyRye. is equal toR.ys for a randomly selected 5% subset of reflectiomsused in
the refinement. Values in parentheses are for titermost shell.

Figure 50. Diffraction data and refinement stagstfor the GPb complexes at 100 K.
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In Figure 51 below, the positions of glucosyltribtacetamide, -D-glucose, NAG, and
N-benzoylN’- -D-glucopyranosyl urea within the catalytic siteG®Pb are compared.

Figure 51. Comparison of the positions of glucas@tblylacetamide (green), NAG (yellow), N-

benzoyl-N"-b-D-glucopyranosyl urea (orange) arB-glucose (white) at the catalytic site of GPb.

In the GPb-glucosyltriazolylacetamide structure, #tomic positions of C1, C2 and O5 of
the D-glucopyranose moiety are shifted by ~ 0.3-8.6ompared to that of GPbD-
glucose and by ~ 0.5-0.8 A compared to ®PbenzoyIN - -D-glucopyranosyl urea
complex. The largest shifts between the positidriucosyltriazolylacetamide, NAG and
N-benzoyl-N"- -D-glucopyranosyl urea are in the atomic positiohshe amide group (~
1.3-1.9 A), and that reflects the presence (glutdsgolylacetamide and NAG) or
absence N-benzoyIN'- -D-glucopyranosyl urea) of a hydrogen bond betwBdnand
main chain O of His377 in their complexes with piot In Figure 52 below, a structural
comparison of glucosyltriazolylacetamide, as deafinby small molecule X-ray
crystallography with glucosyltriazolylacetamide whgound to the catalytic site of GPb, is

shown.

Figure 52. Single crystal glucosyltriazolylacetamitructure (red) superimposed on

glucosyltriazolylacetamide structure from the GRbegsyltriazolylacetamide complex (green).
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Conclusions

Replacement of the acetamido group of NAG;: (B2.0 uM) by 4-phenyl-1,2,3-
triazoleacetamido group in glucosyltriazolylacetdenresulted in a less potent competitive
inhibitor (Ki: 179.0 uM) of the enzyme. The glucosyltriazolykareide analogue binds
with an approximately six-fold decreased affinigjative to the lead compound NAG. A
possible explanation for the difference inrfay lie in the rearrangement of the 280s loop
within the catalytic site on binding of glucosyéziolylacetamide. The new position of the
280s loop creates more space for the ligand todsenamodated at the catalytic site,
causing displacement of five water molecules ared ghift of two water molecules. In
addition, three new water molecules are recruiteatontribute to the stabilization of the
new position of the 280s loop. The hydrogen bondirigractions of the 1,2,3-triazole
group with existing water molecules, as well agugment of new water molecules that
become involved in hydrogen bonding networks mayvigile additional stabilization. On
the contrary, examination of the van der Waals axstof the phenyl moiety shows this
group to be largely in an unfavourable polar enwinent. Despite the entropy gain due to
the net displacement of two water molecules ingheosyltriazolylacetamide complex,
the induced structural perturbation (restructuraigthe 280s loop and shift of existing
water molecules) would presumably have an energatist, perhaps explaining the
moderate affinity of glucosyltriazolylacetamide fdhe enzyme. In general, the
rearrangement of the 280s loop within the catalytsite on binding to
glucosyltriazolylacetamide does not lead to incedasontacts between the inhibitor and
the protein as in the case of tNebenzoylN - -D-glucopyranosyl urea binding. Indeed,
the low pM affinity (K: 4.6 uM) of the latter compound for GPb could bteiipreted in
terms of its increased interactions with the pro{€9]. Fewer such interactions observed
in the GPb-glucosyltriazolylacetamide complex, émel steric bulk of the 4-phenyl-1,2,3-
triazoleacetamido group inducing unfavourable conftional changes in the 280s loop,

appear to have led to decreased affinity.
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3.2 Naturally occurring pentacyclic triterpenes asinhibitors of glycogen
phosphorylase: Structure-activity relationships, knetic and X-ray

crystallographic studies

Organic synthesisby Professor Hongbin Suind colleagues at the China Pharmaceutical

University, Nanjing, China

Pentacyclic triterpenes

Pentacyclic triterpenes are widely distributed tigtoout the plant kingdom and a variety
of biological properties have been ascribed to thass of compounds [114]. Pentacyclic
triterpenes can be classified into three majorsypesed on their structural skeleton (figure
53): (a) oleanane type of triterpenes (d-§, 18), (b) ursane type of triterpenes (el§-

17,19-22) and (c) lupane type of triterpenes (28-25).
4, LCOOH

1 R1=H2=H4=H, R3=OH
2 Ry=Ry=R3=H, R4=0OH

3 Ry=Ry=H, Ro= Ry=OH HO
4 Ry=Rs=H, Ry=R,—OH
5 Rgy=R4=H, Ry=R3=0H OH OH Rog

6 R1=H2=H, Rg,ﬂz;:O

18 Ry=Rg=H, Rg=CHj
19 Rp=Rg=H, Rg=CHj
20 R2=OH, Hs:CHa, Rg:H

15 Ry=R4=R7=H, R2=R3=Rg=0H
16 Ry=R4=H, Ry=R3=Rg=R7=OH
17 R;=R»=Rg=R;=H, R3,R4=0

Figure 53. The chemical structures of some natyradicurring pentacyclic triterpenes [136].
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Terpenes are produced primarily by a wide varidétglants particularly conifers. They are
the major component of resin. In addition to tmeles as end-products in many organisms,
terpenes are major biosynthetic building blockshimithearly every living creature. They
are derived biosynthetically from units of isoprd@gHsg). The most well-known member
of pentacyclic triterpenes is probably oleanolieda@) [115] which has been clinically
used as a hepatoprotective/antihepatitis drug in&for more than 20 years. Glycyrrhizic
acid (7) has also been marketed as an antihepatitis aru@hina and Japan. Moreover,
several other pentacyclic triterpenes have enteliattal trials as anti-HIV or antitumor
agents [116-118]. In a recent human test, Japarssarchers proved for the first time that
corosolic acid 12) exhibited a glucose-lowering effect on post dalle plasma glucose
levels in humans [119].

Enzyme assay with GPa and SAR analys{by Professor Hongbin Sun and colleagues at the

China Pharmaceutical University, Nanjing, China)

Twenty-five naturally occurring __Compound GPalGg® | Compound GPa G’
1 14 14 116
entacyclic  triterpenes  were 2 21 15 17
P Y P 3 28 16 nd
biologically evaluated for their 4 144 17 57
5 34 18 293
inhibitory activity against rabbit 6 18 19 97
7 822 20 106
muscle GPa (RMGPa). The 8 66 21 ne
9 82 22 nd
activity of RMGPa was measured 10 9 23 17
11 19 24 43
through detection of the release of 12 20 25 16
13 213 caffeine 114

phosphate from G1P in the 3values are the mean of three experiméms=no activity

direction of glycogen synthesis. Figure 54. 1G, values (uM) for RMGPa.

Most of the tested triterpenes exhibited modenaltdbitory activity against GPa. It seems
that the diversity of their structural skeleton pentacyclic triterpenes does not have a
significant impact on GP inhibition, since all ttheee types of tested triterpenes, including
oleanane triterpenes (e.d-9, 18), ursane triterpenes (e.d.0-15, 17, 19, 20) and lupine
triterpenes (e.g.23-25), exhibited inhibitory activity against GPa. Then@unt and
positioning of hydroxyl groups of triterpenes sednte have some impact on potency.
Both 2 -hydroxyoleanolic acid3) (ICse: 28.0 ) and 2 -hydroxyoleanolic acids) (I1Csg:
34.0 ) were less active than the parent compoddICso: 14.0 ), suggesting that
the introduction of hydroxyl group at C2 resultedai loss of potency. The same tendency

was also observed with ursolic aciD( (ICso: 9.0 ), since both 2-hydroxyursolic acid
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(12) (ICs0: 20.0 ) and 2-hydroxyursolic acid X4) (ICse: 116.0 ) were less potent
than (LO). On the other hand, in two cases examid&d/§.15; 24 vs. 25), incorporation of
a hydroxyl group at C23 resulted in slight increasepotency. Surprisingly, as in the case
of madecassic acidlL§), incorporation of a hydroxyl group at C6 resuliada complete

loss of potency.

The effects of configuration of hydroxyl groups G inhibition were further examined.
Conversion of 3-hydroxyl group of oleanolic acidl) or ursolic acid 10) to 3 -hydroxyl
group resulted in a slight loss of poten@ywe. 2; 10 vs. 11). Conversion of 3-hydroxyl
group of @) or (10) to 3-carbonyl group did not result in a significkogs of potencyl(vs.

6; 10vs.17).

The presence of a sugar moiety in triterpene sagorgsulted in a markedly decreased
activity (7, 18-20) or no activity R1, 22). Glycyrrhizic acid 7) (ICso: 822.0 ) was 12-
fold less potent than its aglycor® (ICso: 66.0 ). 3 -hydroxyolean-12-en-28-oic acid
-D-glucopyranosyl esterlB) (ICso: 293.0 ) was 20-fold less potent than its aglycone
(D) (ICso: 14.0 ). The potency difference betweebd( (ICso: 17.0 ) and @1), (a
saponin derived from15), was quite intriguing because of the fact thaflevkl5) was
relatively quite active, 1) was inactive at 2 m. Despite of the low potency or no activity
of the triterpene saponins, these saponins migid their value as potential natural
prodrugs which are much more water-soluble than dbeesponding aglycones. For
example, asiaticosid) was reported to undergo degradation in humandsaai release

the biologically active asiatic acid%) [120].

X-ray crystallographic studies of asiatic (15) andnaslinic acid (3)

In order to elucidate the structural basis of GRbition by pentacyclic triterpenes, the
crystal structures of GPb in complex with asiatieda(l5) and maslinic acid3) were

determined.
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Figure 55. Chemical structures showing the numlzesiystem used and 2Fo-Fc electron density
maps of asiatic acidl§) and maslinic acid3). The maps are contoured at evel. The refined

models are displayed.

Binding of asiatic acid (15)

Asiatic acid was found to bind at the interfacethed dimer forming the allosteric (AMP)
site some 30 A from the catalytic site £§C141.6 + 13.0 pM). On binding at the allosteric
site, asiatic acitnakes a total of 6 hydrogen bonds with the protenplving all potential
hydrogen bonding groups except the hydroxyl gro@pdnd 48 van der Waals interactions
(8 polar/polar, 26 polar/ non-polar, and 14 nomapolon-polar interactions). There are 13
contacts with residues Asp42sn44 and Val45 from the symmetry related subunit.
Specifically, hydroxyl O3 and hydroxyl 023 make hygen bonding interactions with
GIn72 NE2, Asp420D1 and Asp420D2. Carboxylate oxygens 028 and 029 exploit the
allosteric effector phosphate-recognition subsytédoming hydrogen bonding interactions
with Arg310 NE and NH1.
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The phosphate-recognition subsite
recognizes the phosphate of a variety of
phosphorylated compounds, such as AMP,
ATP, glucose-6-Pand the carboxylate of the
non-physiological inhibitors W1807 and
FR258900 [121-123]. The inhibitor becomes
buried on forming the complex with GPb. On
the protein surface, a total of 367 809 A

in one subunit and 58 %Ain the symmetry
related subunit) solvent accessible surface
area becomes inaccessible on binding to the
ligand. The total buried surface area (protein
plus ligand) for the GPb-ligand complex is
854 A

Figure 56. Schematic diagram of the T state GPlkedtrmolecule, showing the bound asiatic acid

(15) at the allosteric site (red), and glucose at tlagalytic site (white).

Figure 57. Stereo diagram showing interactions leetwasiatic acidl(5) and GPb in the vicinity

of the allosteric site.
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Structural comparison with native T state GPb

Superposition of the activation locus, residues784-94-111 and 118-125 from both
subunits of the structure of the native T state @Rb the activation locus of structure of
the GPb-asiatic acid complex gave a root mean sqiewviation of 0.34 A for CA atoms,
indicating that the two structures have very similgerall conformations within the limits
of the 2.4 A resolution data.

Figure 58. Stereo diagram showing a comparison betwGPb-asiatic acidl§) complex (subunit

A: green; subunit B: orange) and T state GPb (sitbinpurple; subunit B: cyan).

The major conformational changes on binding oftasacid to rabbit muscle GPb occur in
the vicinity of the allosteric site. Shifts for C&toms are observed for residues-44
(between 0.4 and 0.7 A) and residues 71-78 (betvednand 0.7 A) that affect the
subunit-subunit interface in the region betweencdge and the 2 helix. The major shifts
for the side chain atoms are observed for resi@uey7about 0.9-1.9 A and for residue 196
by about 0.6-1.7 A to optimize their hydrogen baorgdand van der Waals interactions with
the ligand.

Structural comparison with R state GPa

Comparison of the GPb-asiatomplex with the R state GPa suggests that théitohiis
likely to have lower affinity for the R state comfmation. Superposition of the activation

loci of the structure of thR state GP (subunit A) with the activation locudha structure
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of the GPb-asiati@cid complex gave a root mean square deviation.18 & for CA
atoms. If asiatic acigvere to be superimposed into the R state Gird,would result in
clashes with Asp4Zatoms OD1, OD2, C&Gnd CB, Asn44atom CG, and Asn72 atoms
CA, CB, and NE2Hence, it would be anticipated that the affinityasiatic acidor the R
state would be less than that of the T state,Hmretis no direatxperimental evidence.

wf .,.,c P V"'
\

iatic J'Md

-_./

Figure 59. Stereo diagram showing the GPa compidké R state (subunit A: purple; subunit B:

orange). The position of asiatic acitl§) (green) is superimposed.

Structural comparison with AMP

Figure 60. Stereo diagram showing a comparison betwGPb-asiatic acidl§) complex (subunit
A: green; subunit B: orange) and R state humarr iisBa-AMP complex (subunit A: purple;

subunit B: cyan).
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The adenine and ribose partially overlap with A &dngs of the steroid-like structure,

and the phosphate group partially overlaps withRhéng of the cis-fused decalin moiety,

while the carboxylate and the phosphate grouppaséioned very close to each other in
the phosphate-recognition subsite (P/C28 and Ol%Kaparations are respectively 2.2
and 1.8 A).

Binding of maslinic acid (3)

The position and conformation of maslinic acid, hoat the allosteric site, are also similar
to those observed for asiatic acid. The electrorsitie observed for maslinic acid exhibits
many common features with the corresponding derditgsiatic acid. Interestingly, a
similar lack of density for C21, C22, and the métBy4 is also observed. The main
difference between the two structures is the latldensity for O23 that is absent in
maslinic acid, although no density is observedthar existing C23 either. The pattern of
polar and non-polar interactions between the inbikand the enzyme is maintained when
comparing the complex structures of asiai maslinic acidexcept that there is no a

hydrogen bonding interaction between 023 and AsPM2L in the maslinic acidomplex.

Figure 61. Stereo diagrams showing interactionsveein maslinic acid3) and GPb in the vicinity

of the allosteric site.
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Conclusions

Further studies are needed to address the detalel@cular mechanisms and to
biologically evaluate natural and synthetic pentéicytriterpenes as promising antidiabetic
agents with preventive effects against diabetic glarations such as ischemic heart and
brain diseases. The network of interactions appegpsrtant in stabilizing the inactive T

state of the enzyme and might explain why asiatid easlinic acids are micromolar

inhibitors.

Figure 62. Comparison of the position of asiatiocda@d 5) (red) to that of maslinic acidJ
(orange) at the allosteric site after superimposing GPb-maslinic acid3] complex structure

onto the GPb-asiatic acidlb) complex structure.
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3.3 Organic synthesis, followed by kinetic and X-na crystallographic
studies of 1-(-D-glucopyranosyl)-4-hydroxymethyl-1,2,3-triazole. A
potential drug target for diabetes type 2 therapeuts

Organic synthesis (carried out at the Department of Organic Chemisttyniversity of

Debrecen, Hungary, under the supervision of PrafeS®msak Laszl6, in March 2007

Penta©O-acetyl- -D-glucopyranosel) was dissolved in absolute @El, and MgSiN3; and
SnCl, were added to the solution. The reaction mixtuas gtirred at room temperature for
3 hours. It was then diluted with water. The orgghase was decanted and extracted with
ice water (3 times), then with cold saturated NaHQ@@ice) and finally with water. The
organic phase was dried over MgSOhe solvent was removed under vacuum and the
product [2,3,4,6-tetr®-acetyl- -D-glucopyranosyl-azide] 2) was re-crystallized from
ethanol as a white solid. The purity was checketh whin layer chromatography. The

melting point of the azide was found to be 127°@ e reaction yield was 65%.

OAc OAc

o) : o)
C C C
OAc abs. CH,Cl, OAc  °
(1) (2)

The second step of the synthesis, involved the e of the azide?f into 1-(2,3,4,6-
tetraO-acetyl- -D-glucopyranosyl)-4-hydroxymethyl-1,2,3-triazo®.(The azide, CuS{)
ascorbic acid and 2-propyn-1-ol were heated togdathevater at 70°C for 8 hours. The
reaction mixture was then cooled down to room tewipee in an ice bath. The solid
product was filtered and washed with water and ameth The melting point of the triazole

was found to be 150°C and the reaction yield w&$.55

OAc OAc
c H._~_ _OH c /
AcO Ny * NN N
c OAc  ° H,0, 70°C, 8 hrs AcO OAG \/\CHZOH
(2) (3)

In the last step of the synthesis, the triaz8)ewas dissolved in absolute methanol and
methanolic sodium methoxide solution was added&gH. The reaction mixture was kept
at room temperature. It was then neutralized wittagon exchange resin, Amberlyst 15.
Filtration and removal of the solvent resulted e deacylated triazole product, Hp-
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glucopyranosyl)-4-hydroxymethyl-1,2,3-triazok®).(The final product was purified with a

silica chromatography column. The reaction yiel&\6#&%.

OAc OH
0 N=N NaOMe/MeOH (o) N=N
Acom / . HO /
AcO N HO N
¢ OAc \)\CHZOH abs. MeOH OH \)\CHZOH
3) (4)

Nuclear Magnetic Resonance Spectroscopy (NMR)

The purity of @) was checked wittH and**C NMR.

'H NMR (300 MHz, CDs0D)

(ppm): 8.11 (s, 1H), 5.60 (d=9.0 Hz, 1H), 4.70 (s, 2H), 3.88 (@11.0 Hz, 2H), 3.79-
3.40 (m, 3H).

3C NMR (75 MHz, CDs0D)

(ppm): 55.03, 60.98, 69.47, 72.60, 77.08, 79.8018, 121.90, 147.60.
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Kinetic studies of 1-( -D-glucopyranosyl)-4-hydroxymethyl-1,2,3-triazole 4)

In order to check the affinity of4] for GPb, an Ig experiment was carried out in the
direction of glycogen synthesis, at 30°C and pHa&&reviously described. TheslWvas
found to be 23.9 £ 1.9 uM.

100 -

80

60 —

% inhibition

40

20

0 I Pl el vl 11

0.1 1 10 100 1000
[inhibitor

Figure 63. The 16, inhibition curve for 4). The 1G, was calculated by plotting % inhibition vs.
[inhibitor].

X-ray crystallographic studies of 1-( -D-glucopyranosyl)-4-hydroxymethyl-1,2,3-triazole 4)

The inhibitor showed a high affinity for GPb andray crystallographic studies were
carried out, in order to elaborate the bindinghas inhibitor to the enzyme. The compound

was found to be bind specifically at the catalgiie of GPb.

/ \ c7 C8 07
M~ —CHZ0H

Figure 64. 2Fo-Fc electron density map 4f bound at the catalytic site of GPb and the

numbering used.
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Figure 65. @) (green) bound at the catalytic site of GPb.

The inhibitor occupies the so calleepocket, a subsite of the catalytic site. Thereiare
total 16 hydrogen bonds and 74 van der Waals ictierss in the GPb4) complex.

Figure 66. Stereo diagram showing interactions leetwé) and GPb in the vicinity of the catalytic
site.

N2 is hydrogen bonded to Glu88 OE2 and residu¢isenglycine helix (residues 134-150),
Asn133 N, Glyl34 N and Gly137 N, through three watelecules (Wat245, Wat54,
Wat76). O7 is hydrogen bonded to Glu88 OE1l and 82nDP through two water
molecules (Wat258, Wat273).
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Structural comparison with N-acetyl- -D-glucopyranosylamine

Since the X-ray crystallographic studies showed @ais well defined at the catalytic site
of the enzyme in accordance with results obtainexinfthe kinetic experiments, a
structural comparison between GREB-( complex and GPbtacetyl- -D-

glucopyranosylamine complex was carried out.

Y613

Figure 67. Stereo diagram showing a comparison betwthe GPb4) complex (cyan) and the

GPb-N-acetyl--D-glucopyranosylamine complex (purple).

Watl109 is displaced from the-acetyl- -D-glucopyranosylamine-GPb complex. Wat110
is shifted by 1.21 A and Wat355 is shifted by 0A8No new water molecules are
recruited into theN-acetyl- -D-glucopyranosylamine-GPb complex. The side chafin
Asn284 is shifted by 136.32°. The phenyl ring of #ide chain of Phe285 is shifted by
65.48°, while the phenyl ring of the side chairPdie286 is shifted by 105.17°. There is a
negligible shift of Glu287. The side chain of Ar@L8f the glycine helix is shifted by
153.89°. The side chain of Leul44 changes oriemtatnd is shifted by 69.66°. The rest of
the residues of the glycine helix undergo neglgildhanges. There is negligible
conformational change for the amino acids of thés28oop. Both N-acetyl- -D-

glucopyranosylamine and)(bind similarly to rabbit muscle GPb.
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Inhibitor atom | Protein atom | Distance (A) | Angle (°)
N2 Wat245 2.8 -
N3 Wat258 2.7 -
02 Tyr573 OH 2.9 146.1

Glu672 OE1 3.1 176.6
Wat247 2.8 -
Wat252 2.9 -
03 Glu672 OE1 2.7 122.8
Ser674 N 3.0 176.5
Gly675 N 3.1 147.0
04 Gly675 N 2.8 126.5
Wat118 2.7 -
06 His377 ND1 2.7 156.7
Asn484 OD1 2.8 137.0
o7 Asp339 OD2 2.9 136.4
Wat258 3.1 -
Wat260 2.9 -

Figure 68. Hydrogen bond interactions betweénand residues of the catalytic site of GPb.

N2 | ..Wat245 ...Wat54 ...Gly135 N
...Asp283 OD1
...Wath57 ...Arg569 N
...PLP O2P
...Wat76 ...Glu88 OE2
...Asn133 N
...Gly134 N
...Gly137 N
N3 | ...Wat258 ...Asn284 N
...Wat273 ...Glu88 OE1
...Asn282 O
02 | ..Wat247 | ...Asn284 ND2
...Thr671 O
...Ala673 N
...Wat93 ...Val379 N
...Thr671 O
...Wat250 ...Gly670 O
...Wat97 ...Glu672 O
...Asp693 OD2
...Gly694 N
..Wat252 | ...Asp283 OD2
...Tyr573 OH
...Lys574 Nz
...Wat54
04 | ..Watl18 | ...Thr676 OG1
...PLP O3P
O7 | ..Wat258
...Wat260 | ...Asp339 OD1
...Ala383 O

Figure 69. Water hydrogen bonding network4)fdt the catalytic site of GPb.
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Inhibitor . No. of
Protein atom
atom contacts

N1 Wat245 1
N2 Leul36 CB; Wat258 2
N3 Asn284 CA, N; Wat245 3
Cil Wat252 1
Cc2 His377 O; Glu672 OE1; Wat247, Wat252 4
02 Asn284 CG 1
C3 Glu672 OE1; Gly675 N; Wat118 3
03 Glu672 C, CD, CG; Ala673 C, CA, CB; Ser674 C, CAy&y5 CA; Wat247 10
C4 Gly675 N; Wat118 2
04 Asn484 OD1; Ser674 C, CB; Gly675 C, O, CA; Thr6 1l6XC 7
C5 Gly135 C; Leul136 N; Wat118 3
05 Leul36 CA, CB, N; His377 CB, ND1 5
C6 Gly135 O, C; Leu136 CA, N; Leul39 CD2; His377 N[&sn484 OD1; Wat118 8
06 Leul39 CD2; His377 CG, CE1; Val455 CG2, CG1; Asngg&3 6
C7 Asn284 CG, OD1; His377 C, CB, O 5
C8 Asn284 CG, OD1; Asp339 OD2; Wat258 4
C9 Asn284 OD1; Asp339 OD2; Thr378 CB, CG2; Wat258, Xgat 6
o7 Asp339 CG; His341 CE1, NE1 3

Figure 70. Network of van der Waals interactionsamen 4) and residues of the catalytic site of
GPb.
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T state GPb crystals soaked with 100 mM inhibitor

Experiment 10mM BES for 3 hrs
Wavelength (A) 1.11665

Oscillation range ()? 0.8

No. of images () 80

Space Group P4:2,2

Unit cell dimensions a=b=128.629 Ac=116.498 A, = = =90°
Resolution (A) 30.0 -2.03

No. of observations 1100864

No. of unique reflections (outermost)

62261 (3036)

Ry (outermost shell)’

0.059 (0.428)

Completeness (outermost shell) (%) 98.0 (97.0)
Outermost shell (A) 2.06-2.03
<1/ (1) > (outermost shellf 24.25 (4.32)
Redundancy (outermost shell) 5.2(5.1)
B-values (&) (Wilson plot) 32.0
Resolution range (A) 90.91-2.03

No. of reflections used (free)

59055 (3156)

Residues included

(12-254) (261-314) (324—836)

No. of protein atoms

6597

No. of water molecules

282

No. of heteroatoms

18 (inhibitor), 15 (PLP)

Final R (Rfree) (%)d

0.193 (0.215)

R (Riee) (outermost shell)

0.237 (0.276)

r.m.s.d. in bond lengths (A) 0.007

r.m.s.d. in bond angles () 1.008

Average B (&) for residues (12-254) (261-314) (324-836)
Overall 31.1

CA,C,N,O 30.3

Side chain 31.9

Average B (K) for heteroatoms 21.9 (inhibitor) 20.4 (PLP)
Average B (&) for water molecules 36.2

a Native T state RMGPb crystals, grown in the tetra lattice, space group4;2,2 were soaked with
various concentrations of inhibitors in bufferedusions at pH 6.7 in the presence of DMSO. X-ray
diffraction data were collected using synchrotradiation sources at Daresbury Laboratory, UK andBEM
Hamburg outstation at DESY, Germany and processél the HKL package. Complex structure
determination and analysis were performed accortiingtandard protocols as implemented in the CCP4
packageb Rymm= 1 ill(h) =1i(h)/  ili(h) wherel;(h) andI(h) are theth and the mean measurements of the
intensity of reflection hc (I) is the standard deviation of I.

d Reyst = nlFo — Fel/ wFo, WhereF, andF. are the observed and calculated structure faetoyslitudes of
reflectionh, respectivelyRye. is equal toR.y for a randomly selected 5% subset of reflectiomsused in

the refinement. Values in parentheses are for titermost shell.

Figure 71. Diffraction data and refinement statistior @).

Conclusions

(4) was synthesized in a three step reaction. It sdomoderate inhibition against GPb.
The structure was well defined at the catalytie sit the enzyme by the electron density
map. Structural comparisons witiN-acetyl- -D-glucopyranosylamine showed no
considerable conformational changes. Further studmuld give more insight on the

mechanism of action of this inhibitor of glycogemogphorylase.
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3.4 Amide 1,2,3-triazole comparison of glycogen pBphorylase

inhibitors: a bioisosterism case

Bioisosterism

Bioisosterism is a strategy used in medicinal clseémifor the rational design of new
drugs, applied with a lead compound, as a speotaegs of molecular modification. The
lead compound should be of a completely well knaemical structure and possess an
equally well known mechanism of action, if possiblethe level of interaction with the

receptor, including knowledge of its pharmacophgrizup [124].

During the past years, the similarities y y B

between the amide moietyAY and the A/N\H/B N///N:

1,2,3-triazole ringB) have gathered a lot of :0: AN
A B

interest [125-127].

The similarities of the two moieties can be seesize (distance between substituents 3.8—
3.9 A in amides and 5.0-5.1 A in triazoles), theothr character (amide ~ 4 Debye and
triazole ~ 5 Debye) and the H-bond acceptor capdltihe pairs of the amide oxygen as

well as of the triazole nitrogens).

Organic synthesis(by Professor Somsak Laszl6, Department of Orgahien@stry, University

of Debrecen, Hungary)

OAc OAc R OH R
C5
AcO N b HO N
Ao Na —2 3= "%c0 NoN" — HoA—= N\
OAc OAc 03 C3 OHC' M
02
1 2a-d 3a-d
Cc
06
OH
OA
1§ ; C ﬁé%&”
d O H b O N.cZR
ACA?MN’PMGS Ao SA NTR 0 & Cone v ][
C
OAG ° 3 © °
da-d 5a-d

a) R-C CH, CuSQ, ascorbic acid, water, 70°C, 8hrs; b) NaOMe (cMgOH, rt.; c) PMg
b) dry CH,Cl,, rt.; ~10 minutes, followed by d) RCOOH in gEl,, rt.

Figure 72. Synthesis and crystallographic numbeohd-( -D-glucopyranosyl)-4-substituted-
1,2,3-triazoles ) and N-acyl--D-glucopyranosylamine®) [137].
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Kinetics studies

Compounds 3a—d and ba—d) were assayed in the direction of glycogen synshés
their inhibitory effect on rabbit muscle GPb. Eacbmpound exhibited competitive
inhibition with respect to the substrate G1P, atstant concentrations of glycogen (0.2%
w/v) and AMP (1 mM). Comparison of the inhibitioorestants (K measured for triazoles
and amides having the same R groups showed redsagrieement for the two series, as

shown in figure 73.

R group Amide (5) Ki(uM) | Triazole (3) Ki (uM)

a Q/ 81 151.3+2.3

b 190.7 £ 23.7 135.9+ 9.5
c 12.8+1.6 161+ 1.3
d | CH,OH 179+ 04 137+ 1.0

Figure 73. Inhibitory effect ()Kagainst rabbit muscle GPb.

X-ray crystallographic studies of triazole (3a) vsamide (5a)

Figure 74. Comparing the network of interactionsamen 8a) (left) and 6a) (right) with residues
of the catalytic site of GPb.

91



Triazole @a) binds at the catalytic site of the enzyme formifghydrogen bonds and 83
van der Waals interactions, with a DMSO molecus® dound at the same site. The latter
is mainly involved in van der Waals interactionshw®2 of the glucopyranose ring and the
three nitrogens of the triazole moiety. A numbeicbénges are induced upon binding of
(39) to the catalytic site, especially in residues cwrirom the 280s loop, compared to the
corresponding amide analogue.

Figure 75. Stereo diagrashowing a comparison between the GBa}complex (purple) and the
GPb-6Ga) complex (yellow).

Comparing 8a) and 6a) in more detail the following could be observelighucopyranose
atoms lie almost at identical positions at the lgttasite of the enzyme except C1 that
shifts by ~ 0.6 A to best accommodate the triaziolg and maintains the orientation of the
rest of the ligand atoms along the catalytic chanftee nitrogen atoms N2 and N3 &af
form water-meditated interactions with residuesririne glycine-rich helix (residues 130—
137) Glyl34 N and Glyl37 N and Glu88 OE2 (throughtexs Wat204 and Wat87).
Focusing on3a) phenyl group, it is subjected to a rotation &5° and the corresponding
atom shifts vary from ~ 0.7 to ~ 1.0 A, resultimgthe displacement of a water molecule
(Wat200) of ba). This adjustment of the aromatic ring is due tahbthe binding of a
DMSO molecule and modifications observed in thedtess of the 280s loop. The DMSO
molecule is located in the position previously qued by the Asn284 side chain in the
(5a) complex structure. The new orientation adoptedh®yAsn284 side chain is mainly

responsible for the rearrangement of the rest ef280s loop residues to comply with
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stereochemical conditions. Even if the structuestts show that the differences outlined
above are significant this is not reflected in gogency of 8a) and 6a) as inhibitors of
GPb, indicating that the arrangement of the catalsite components is almost equally

favourable in both complex structures.

X-ray crystallographic studies of triazole (3b) vsamide (5b)

Comparison of triazole 3p) and amide 3b) complex structures shows that both
compounds are well defined at the catalytic sitehaf enzyme in accordance with the
results obtained from the kinetic studies. In gattr, @b) forms a total of 14 hydrogen
bonds and 88 van der Waals interactions, whilg {s involved in 13 hydrogen bonds and
99 van der Waals interactions. The position ofgheopyranose moiety is specific and a
shift of the C1 atom by ~ 0.6 A compared to themefice structuresb) is observed. This
shift is similar to the one detected iBa) due to the introduction of the triazole moiety.
The nitrogen atoms o8p), N2 and N3, interact with a direct hydrogen bevith Leu136

N and water-mediated hydrogen bonds with Asp283 (biough Wat64), with the
glycine-rich helix N atoms of residues Gly134 angi37 as well as OE1 and OE2 atoms
of Glu88 (through waters Wat63, Wat64 and Wat63)e Thaphthyl group adopts a
different orientation (rotation by ~ 160°) with sad to the $b) complex. The position of
the second phenyl group is now occupied by Wat6gligated in a network of water-
mediated contacts with the triazole nitrogens, moing the ligand interactions on

binding.

TE13

Figure 76. Comparing the network of interactionsamen(3b) (left) and Bb) (right) with residues
of the catalytic site of GPb.
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The differences observed in the naphthyl group atare interrelated with the changes in
the 280s loop residues. These involve changes m2&& that now points to the inhibitor
site between Phe285 and Tyr613 aromatic ringsydodeclashes with the naphthyl group
at its new position. As a result the rest of th&dwees lining the loop are also subjected to
changes in their conformation to satisfy stereodbahtonditions imposed by Asn284.
These are summarized as follows: Asn282 (CA atoiftsshy ~ 0.5 A), Asp283 (CA
moves by ~ 0.7 A), Phe285 (CA shifts by ~ 2.4 Ayd #he286 (CA shifts by ~ 0.9 A).
Minor shifts in the range of ~ 0.4 A are also obedrfor all atoms of His377. Further
adjustments in the water structure in the vicimtythe catalytic site are also observed due
to the reorganization of the 280s loop residuesintprove the overall network of
interactions formed on binding of3k): Wat280 located at the inhibitor site iBbj
complex is now displaced due to stereochemicahekasvith the Asn284 side chain atoms
and a new water (Wat86) is recruited to optimizeZ&! interactions at the inhibitor site.
Despite the differences mapped upon binding3bj {o the catalytic site of GPb compared
to those of §b), the number of hydrogen bond and van der Wadésaations formed
between the two inhibitors is equivalent. This firgdsuggests that the similar inhibition
potency exhibited by both compounds might reveat tan energetically favourable
conformation is adopted both for the 280s loopdwss and the ligands in the GRi)

and GPb%b) complex structures.

Figure 77. Stereo diagrashowing a comparison between the GBb}complex (purple) and the
GPb-Bb) complex (yellow).
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X-ray crystallographic studies of triazole (3c) vsamide (5c)

It was found that 3¢) binds along the catalytic channel of GPb formingtotal 14
hydrogen bonds and 109 van der Waals interactibims.naphthyl group occupies the so-
called -pocket, a subsite of the catalytic site, simitathie benzoyl moiety in the GPK-

benzoyIN - -D-glucopyranosylurea complex [97].

Figure 78. Comparing the network of interactionsvmen 8c) (left) and B¢) (right) with residues
of the catalytic site of GPb.

In detail, the phenyl group dd-benzoylN- -D-glucopyranosylurea lies next to the 280s
catalytic loop, as dictated by the orientationt@ tirea moiety, inducing a dramatic shift of
the residues lining the loop. This shift is not@led upon binding of3€) since the atoms
forming the urea are now replaced by the triazolk the naphthyl ring is accommodated
in the -pocket with no perturbation of the neighbouringidees. The same applies for
(50 in which the urea part is also absent and replégethe amide group. Comparison of
(3¢) with (5¢) binding mode shows no notable changes at théytiataite of GPb except
small changes in the conformation of the Asn284 sidain e.g. Wat43 (Wat109 i6q)
complex) moves by ~ 0.8 A to improve its hydrogemding interaction with N3. Overall
both Bc) and &c) bind at GPb similarly. Although the amide nitroghii of (o) is
hydrogen bonded to His377 O forming a favourabkeraction characteristic for most
glucose analogues [89, 108] with an amide grou@laposition of the pyranose ring, it
does not exhibit improved affinity for the enzymargpared to 3c). The absence of this
interaction in the 3c) could be counterbalanced by the direct hydrogemdhinteraction
between N2-Leul36 N and N3-Asp283 OD1 (through \®)at4
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Figure 79. Stereo diagrashowing a comparison between the GBY-€complex (purple) and the
GPb-(6c) complex (yellow).

X-ray crystallographic studies of triazole (3d) vsamide (5d)

It was shown that3d) binds at the catalytic site of GPb forming a tatb16 hydrogen
bonds and 91 van der Waals interactions, in a ainfidshion to its amide analogusd)
(14 hydrogen bonds, 89 van der Waals interactions).

Figure 80. Comparing the network of interactionsween 8d) (left) and 6d) (right) with residues
of the catalytic site of GPb
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Although the characteristic hydrogen bond inteacformed between the amide nitrogen
of (5d) and the backbone oxygen atom of His377 is nadgurein the GPb3d) complex
structure, it seems that the additional water-ntedianteractions formed between N2 and
N3 of the ligand with Asp283 OD1, Leul36 N (througtat245) and Asn284 N (through
Wat258), respectively compensate for this loss ltieguin similar affinities. Minor
changes are also observed in the catalytic residise284 and Phe285 to optimize the
network of interactions upon the binding &d). These changes induce shifts in Phe285
atoms by ~ 0.5 A. In general, the crystal structuréboth 8d) and 6d) do not exhibit
overall changes but only localized, favourable tifoas reflected in their inhibitory effect,
alterations in the 280s loop.

Figure 81. Stereo diagrashowing a comparison between the GBG}complex (purple) and the
GPb-6Gd) complex (yellow).

Reactivity of the naphthyl group

Between the four pairs of compounds studied, thstpotent inhibitor wass€) with a K;:
12.8 £ 1.6 uM. The change of the naphthyl groupnfriie alpha position to the beta
position, between3p-5b) and Bc-5¢) resulted in an almost 9 fold drop of the alue.
This can be explained by the fact that the naphtdrglup can undergo electrophilic

aromatic substitution reactions. Usually electrégghattack the alpha position.
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Alpha position Beta position
Figure 82.2Fo-Fc electron density map eN-naphthoyl- -D-glucopyranosyl urea (left) andN-
naphthoyl- -D-glucopyranosyl urea (right) bound at the catalyite of GPb. The map is

contoured at 1 level. The refines models are displaced.

This selectivity for alpha over beta substituti@m de explained in terms of the resonance
structure of the intermediates: for the alpha suligin intermediate, seven resonance
structures can be drawn, of which four preservaramatic ring. For beta substitution, the
intermediate has only six resonance structures, amg two of these are aromatic.
Therefore in the case 08¢ and 6c¢), the alpha position is free to react, and thask
lowered, making these compounds more potent irdribihan the correspondingh) and
(5b) pair.

Conclusions

All ligands bound at the catalytic site of the emeyat well-defined positions as clearly
indicated by the structural data (2.0-2.3 A resofufor all complexes). In the case of the
-naphthyl derivatives, the triazole compound indusmnificant conformational changes
to the architecture of the 280s loop at the cdtalgite, mainly caused by flipping of
Asn284 side chain that was intercalated betwee2&hand Tyr613 side chains forming
the inhibitor site of the enzyme. However, thesanges were not observed in the
corresponding amide compound and the flexibilityhef 280s loop residues might explain
this difference. In contrast, for thenaphthyl and hydroxymethyl derivatives the binding
mode of both triazole and amide compounds provdxkteery similar. This study provides
a new example of the amide-1,2,3-triazole bioigtste and supports the use of this.
Comparing the amide derivativesbj and &¢), as well as the triazole derivativedb) and
(30), a significant decrease of the ¥alues is observed. As already mentioned aboi®, th
can be attributed to the reactivity of thenaphthyl functional groups. The architecture of
the binding site of interest of the molecular tangeder investigation should also be taken

into consideration in the design of potential bisigres.
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3.5 A new class ofC-glucosyl derivatives of hydroquinone and the

discovery of a new binding site of glycogen phosphdase

Organic synthesisby Professor Jean-Pierre Praly and colleagues, lratmre de Chimie
Organique, Université Claude Bernard, Villeurbankeance

Kinetic studies

2,5-dihydroxy-3-(-D-glucopyranosyl)-chlorobenzene/ 2,5-
dihydroxy-4-(-D-glucopyranosyl)-chlorobenzene

ICs: 140.0 £ 10.0
(1a,b)

3-( -D-glucopyranosyl)-2-hydroxy-5-methoxy-chloroberezen
ICs: 39.8 £ 0.3 pM
(2)

2,5-dihydroxy-4-(-D-glucopyranosyl)-bromobenzene
(©)

2,5-dihydroxy-4-(-D-glucopyranosyl)-chlorobenzene
ICs0: 169.9 = 10.0 pM
(4)

Figure 83. The chemical structures, the numberisgpuand the kinetic results of the C-glucosyl

derivatives of hydroquinone studied.
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Four derivatives of hydroquinone were studied dmalin vitro kinetic studies revealed
ICso values ranging from 38.9 pM to 169.9 pM, reflectitige effect of the various

substituents on inhibition.

X-ray crystallographic studies of isomers 2,5-dihytbxy-3-( -D-glucopyranosyl)-
chlorobenzene (1a) and 2,5-dihydroxy-4-¢D-glucopyranosyl)-chlorobenzene (1b)

The two structural isomerdd) and (b) were found to bind at the catalytic site of GPb.

These compounds were synthesized as a mixture.

Figure 84. 2Fo-Fc electron density maps td)((left) and (Lb) (right) bound at the catalytic site of
GPb. The map is contoured at level and the refined models of the inhibitors displayed.

Figure 85. The network of hydrogen bond interactioh(La) (left) and (b) (right) with residues
of the catalytic site of GPb.
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Upon binding, {a) forms a total of 13 hydrogen bonds and 89 vanvdeals interactions,
stabilizing the T state of the enzyme. In compar;jgbb) forms an extensive number of 17

hydrogen bonds and 96 van der Waals interactions.

Structural comparison with N-acetyl- -D-glucopyranosylamine

As expected the mode of binding between the twmeéss is almost identical. A structural
comparison withN-acetyl- -D-glucopyranosylamine revealed that upon binding €1
atom of (La) is shifted by 0.66 A. In order for the inhibitar fit into the binding site, it is
observed that a number of water molecules are atisdl (Wat335, Wat106, Wat105,
Watl110, Wat341 and Wat109). Negligible changes vadrgerved in the 280s loop. As
expected, a similar binding mode was observedarctse of{b). The inhibitor shifted by
110.43°, while water molecules Wat105, Wat106, Waf1wat110 and Wat355 were

displaced. Conformational changes in the 280s e also negligible.

Figure 86. A structural comparison betwed@)((purple) and N-acetyl-D-glucopyranosylamine
(yellow) at the catalytic site of GPb (left) aritb) (purple) and N-acetyl-D-glucopyranosylamine
(yellow) at the catalytic site of GPb (right).
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Binding of 2,5-dihydroxy-4-( -D-glucopyranosyl)-chlorobenzene (1b) to a novel

binding site of GPb

The X-ray crystallographic studies of the abovetom of structural isomers revealed, that
apart from binding to the catalytic site of GPbp)(binds to another novel binding site on

the enzyme.

Figure 87. 2Fo-Fc electron density map db)
bound at a novel site on GPb. The map is
contoured at 1 level and the refined model is

displayed.

An interesting process of visualizing this new lmgdsite begun. It was found that upon
binding the inhibitor forms 6 hydrogen bonds anty@ne water-mediated interaction, as

well as 61 van der Waals interactions.

Figure 88. The network of hydrogen bond interactibetweerflb) and residues of the novel
binding site of GPb.
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This novel binding site was found to be locateds=92A from the catalytic site, ~ 28.1 A
from the new allosteric site, ~ 38.4 A from theoatkric site and ~ 44.9 A from the new
benzimidazole site. The binding pocket is formedrésidues 122-124 (of theb-helix
residues 118-124), residues 124-129 (of tBBstrand-residues 129-131), residues 494-508
(of the 16 helix-residues 496-508), residues 527-553 (of théhelix-residues 527-553)
and residues 649-657 (of th20 helix-residues 649-657). The inhibitor is surroeddy a
hydrophobic pocket formed by the aromatic hydroph@mino acids Tyr548 and Phe545.
It is also surrounded by Lys545 and Lys544. Lysgaomtains four methylene groups
capped by an ammonium ion at neutral pH. Althouginetimes lysine is considered as a
hydrophobic amino acid, the apolar methylene gronfpthe residue often participate in
favourable hydrophobic interactions within foldegpgides and proteins. In addition, when
found in a hydrophobic environment, lysine stalelizhis environment by forming salt
bridges [128]. Therefore, it is likely to assumattithese two lysines surrounding the
binding pocket possibly play a role in stabilizindpe hydrophobic environment
surrounding the inhibitor. It is noteworthy that (23 and O4 of glucose are exposed to
the solvent. O2 forms a hydrogen bond with Lys54Hile O4 forms a hydrogen bond
with Leu494 and GIn96. O7 forms a hydrogen bondhWwits655 via Wat229.

Figure 89. The monomer of GPb and the locatiornefdatalytic site (yellow) and the novel site
(pink).
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X-ray crystallographic studies of 3-(-D-glucopyranosyl)-2-hydroxy-5-methoxy-
chlorobenzene (2)

(2) was found to bind at the catalytic site of GPmakg this group of compounds studied,
this inhibitor displayed the best inhibitory effext GPb.

Figure 90. 2Fo-Fc electron density map 8f (
bound at the catalytic site of GPb. The map is
contoured at 1 level and the refined model is

displayed.

Upon binding, the inhibitor forms 14 hydrogen boadgs 95 van der Waals interactions, as

well as an extensive network of water-mediatedrauiions, stabilizing the T state of the
enzyme.

Figure 91. Stereo diagram showing the network wractions formed betweeB) (@nd residues of
the catalytic site of GPb.
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Structural comparison with N-acetyl- -D-glucopyranosylamine

A structural comparison withl-acetyl- -D-glucopyranosylamine revealed conformational
changes upon binding o2)( In more detail, the C1 atom is shifted by 0.98Wat105,
Wat109 and are displaced upon binding. Wat110ifteshby 1.81 A, Wat355 is shifted by
2.27 A, Wat106 is shifted by 2.42 A and Wat258 fsfted by 0.63 A. 06 makes a
characteristic hydrogen bond with a nitrogen atdnidie377.

Figure 92. A stereo diagram showing a structuraingarison betweer®) (purple) and N-acetyl-

D-glucopyranosylamine (yellow) at the catalytiesif GPb.

The side chain of Asn284 is shifted by 85.16°; A&h2s shifted by a torsion angle of
72.03° [ND2CG-CB-CA]; the phenyl ring of Phe285 is shifted by aston angle of 8.42°
[CA-CB-CG-CD2]; Phe286 is shifted by a torsion angle of 5.fRA-CB-CG-CD1]. O8
of the inhibitor is hydrogen bonded to Glu88 OEZ2 aesidues of the glycine helix (134-
150) Gly136 N and Glyl34 N, and Glyl137 N via WatT® is hydrogen bonded to
residues of the 280s loop (282-287) via Wat93 arad28/7.
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X-ray crystallographic studies of 2,5-dihydroxy-4-( -D-glucopyranosyl)-bromo-
benzene (3)

(3) was found to bind at the catalytic site of GPb.

Figure 93. 2Fo-Fc electron density map 8f (
at the catalytic site of GPb. The map is
contoured at 1 level and the refined model is

displayed.

Upon binding it forms an extensive network of 1@&liogen bonds and 88 van der Waals

interactions.

Figure 94. Stereo diagram showing the network wractions formed betweeB)(@nd residues of
the catalytic site of GPb.

08 of the inhibitor is hydrogen bonded to residakthe glycine helix (134-150) Leul36
N and Glyl135 N, Gly134 N and Gly137 N via Wat55 amat75. It is also hydrogen
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bonded to residues of the 280s loop via Wat55, W/a¥Wat244 and Wat290. O6 is
hydrogen bonded to a nitrogen atom of His377, aa@wing bond at the catalytic site.

Structural comparison with N-acetyl- -D-glucopyranosylamine

A structural comparison withN-acetyl- -D-glucopyranosylamine revealed minor

conformational changes upon binding of the inhibito

Figure 95. A stereo diagram showing a structurainparison betweer8) (purple) and N-acetyl-
D-glucopyranosylamine (yellow) at the catalytiesif GPb.

Upon binding to the enzyme the C1 atom of the iinbikis shifted by 0.8 A. Wat105,
Watl110 and Wat314 are displaced from the site dermofor the inhibitor to fit, while
Wat244 is recruited into the structure. Wat355hsted by 1.86 A. Apart from the side
chain of Asp283 which is shifted by 154.35°, theirmmacids of the 280s loop undergo

negligible conformational changes.
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X-ray crystallographic studies of 2,5-dihydroxy-4-( -D-glucopyranosyl)-
chlorobenzene (4)

(4) is the pure product of the previously mentionagtane of structural isomers. It binds
at the catalytic site of GPb. As expected the adigons made are almost identical to the

ones made by the equivalent isomer of the mixture.

Figure 96. 2Fo-Fc electron density map 4f (
at the catalytic site of GPb. The map is
contoured at 1 level and the refined model is

displayed.

Upon binding the inhibitor forms 18 hydrogen bomadsl 93 van der Waals interactions.

Figure 97. Stereo diagram showing the network wractions formed betweed)(@nd residues of
the catalytic site of GPb.
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08 atom of the inhibitor is hydrogen bonded to GIUBE2 and residues of the glycine
helix (134-150) Leul36 N, Gly134 N, Gly135 N and/@&37 N via Wat54 and Wat73. It is
also hydrogen bonded to residues of the 280s 1@82-287) directly and via Wat54,
Wat73 and Wat259. O2 atom also makes direct hydrbgads with Asn284 of the loop.
The nitrogen atom of His377 is hydrogen bonded @a@m of the inhibitor.

Structural comparison with N-acetyl- -D-glucopyranosylamine

Structural comparisons witR-acetyl- -D-glucopyranosylamine revealed that the C1 atom
of the inhibitor is shifted by 0.81A. Wat105, Wa6l0Nat355, Wat109 and Wat110 are
displaced from the GPRY complex, while Wat222 and Wat260 are recruite ithe
GPb-@) complex. A closer look at the amino acids of #88s loop revealed that the side
chain of Asp283 is shifted by 143.14°, the sideircha Asn284 is shifted by 148.59°,
while the phenyl ring of Phe285 undergoes a mihdt ef 67.83°. In general no profound

conformational changes are noted.

Figure 98. A stereo diagram showing a structuraingarison betweerd) (purple) and N-acetyl-

D-glucopyranosylamine (yellow) at the catalytiesif GPb.
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Inhibitor Protein atom Distance | Angle Inhibitor Protein Distance | Angle
atom (A @) atom atom (A @)
02 Lys544 NZ 2.1 - 08 Leul36 N 3.0 163.7
04 GIn96 NE2 2.6 151.2 Asp283 OD1 2.6 132.2
Leu494 O 2.3 152.4 Wat76 3.1 -
06 Glu654 O 3.2 97.9 02 Tyr573 OH 3.0 149.0
o7 Wat229 2.6 - Glu672 OE1 3.1 172)2
08 Glul24 OE1 3.3 124.3 Wat93 2.8 -
03 Glu672 OE1 2.8 119.1
Ser674 N 3.1 175.0
Gly675 N 3.2 147.4
04 Gly675 N 2.8 126.5
Wat121 2.6 -
06 His377 ND1 2.7 158.2
Asn484 OD1 2.8 140.5

Figure 99. The network of hydrogen bond interactioh(Lb) at the novel binding site (left) and of
(2) at the catalytic site of GPb (right).

02 | ..Wat93 | ...Asn284 ND2

_His377 O
. Thr671 0
_Ala673 N
..Wat98 _.Val379 N
_.Thr671 0
..Wat95 | ..Gly670 O
..Watl02 | ..Glu672 0
..Asp693 OD2
_.Gly694 N
..Wat297 | ...Asp283 OD2
.. Tyr573 OH
_.Lys574 NZ
...Wat56 _.Gly135 N
__.PLP O2P
Wat58 | ..Arg569 N
_.PLP O2P
04 | ..Watl121 | ..Thr676 OG1
_.PLP O3P
08 | ..Wat76 | ..Glus8 OE2
_Gly134 N
_.Gly137 N

Figure 100. The water hydrogen bonding networkpi( the catalytic site of GPb.
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Inhibitor . No. of Inhibitor . No. of
Protein atom Protein atom
atom contacts atom contacts
Lys544 C, O; Phe545 Glugs OEL; Asp283
cL N, CA; Tyr548 CB 7 cL CA, ODL; Asn284 N 5
A ycoz * Wat76 O; Wat243;
! Wat302
Leul36 N, CB;
C12 Lys544 CE, NZ 2 C12 Asp283 OD1; Wat76 4
C1 Lys544 NZ 1 C1 Leul36 N; Wat297 2
Glyl35 N, CA, C;
Glul120 OE1; Glul24 Leul36 CA, CB;
o8 OE1; Lys544 NZ 3 o8 Asp283 CG, OD2; | °
Wat56; Wat297
C7 Lys544 CE, NZ 2 C7 Leul36 CB 1
His377 O; Glu672
Cc2 Lys544 Nz 1 Cc2 OE1: Wat93: Wat297 4
Glul120 CD, OE1,
02 OE2; Lys544 CD, CE 5 02 Asn284 CG 1
Lys544 CD; Lys655 .
C8 CG: Wat229 3 C8 His377 CB, C, O 3
Argl6 NH2; Pro497 Glu672 OE1; Gly675
03 CG, CD 3 €3 N: Wat121 3
Glu6e72 CG, CD, C;
Lys544 CD; Lys655 "mA o
C9 CG, CB: Wat229 4 O3 Ala673 CB, CA, C; 7
Wat93
GIn96 NE2; Leud494 Asn284 OD1; His377
c4 0: Cys495 O. CA 4 C9 CB 2
Phe545 CB, CD1; .
o7 Lys655 CA, CB, O 5 C4 Gly675 N; Wat121 2
Asn284 OD1;
. Asp339 OD1; His377
04 GIn96 CD; Leud94 C 2 o7 O, C, CB: Thr378 7
CG2,CB
. Asn484 OD1; Ser674
c10 tyz‘ré‘;‘; gg %ED 4 04 CB,C;Gly675C,0, 8
y ' CA: Thr676 N, CG2
Leul36 CD1; Asn284
C5 GIn96 OE1 1 C10 N, CA: Wat302 4
Lys544 CE; Lys655 Gly135 CA, C, O;
Cil CE 2 €5 Leul36 N: Wat121 | 2
GIn96 OE1; Leu494 Leul35 C; Leul36
C6 CD2; Glu654 CB, 5 05 CB, N, CA; His377 5
OE2; Wat244 ND1
Leud94 CD2; Cys495 Leul36 CB; Asp283
06 CA, CB; Glu654 CB, 7 Cl1 OD1; Asn284 N; 4
OE2, CA, C Wat302
Glyl35 C, O; Leul3§
C6 CA, N; His377 ND1; 6
Asn484 OD1
Leul39 CD2; His377|
06 CE1, CG; Val455 8
CG2, CG1; Asn484
CG
Asp339 OD1, CG,
C13 OD2; Thr378 CG2; 6
Wat302, Wat303

Figure 101. The van der Waals network of interatiof (Lb) at the novel binding site (left) and of

(2) at the catalytic site of GPb (right).
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Inhibitor Protein atom Distance | Angle Inhibitor Protein atom Distance | Angle
atom (A @) atom (A (®)
08 Leul36 N 3.1 156.8 08 Leul36 N 3.1 159.9
Asp283 OD1 2.7 116.1 Asp283 OD1 2.6 111.7
Wat55 3.2 - Wat54 3.2 -
Wat75 3.3 - Wat73 3.3 -
02 Asn284 ND2 3.0 155.0 02 Asn284 OD1 3.3 91.6
Tyr573 OH 3.0 149.6 Asn284 NDZ 3.0 154.
Glu672 OE1 3.2 175.2 Tyr573 OH 3.1 149.
Wat92 2.9 - Glu672 OE1 3.1 177
03 Glu672 OE1 2.8 121.9 Wat89 2.8 -
Ser674 N 3.1 176.4 Wat259 2.7 -
Gly675 N 3.2 143.3 03 Glu672 OE1 2.8 120.(¢
04 Gly675 N 2.8 128.1 Ser674 N 3.0 178.1
Wat119 2.6 - Gly675 N 3.2 145.5
o7 Asp339 OD1 2.8 160.7 04 Gly675 N 2.8 129.1
06 His377 ND1 2.7 159.0 Watl116 2.7 -
Asn484 OD1 2.8 138.1 o7 Asp339 OD1 2.6 165.6
Asp339 OD2 3.0 109.7
06 His377 ND1 2.8 160.0
Asn484 OD1 2.8 140.1

Figure 102. The hydrogen bonding network3)f((eft) and of §) (right) at the catalytic site of

GPb.
02 ...Wat92 ...Thr671 O
...Ala673 N
...Wat96 ...Val379 N
...Thr671 O
...Wat94 ...Glu670 O
...Wat100 ...Glu672 O
...Asp693 OD2
...Gly694 N
04 | ..Watl19 | ...Thr676 OG1
...PLP O3P
08 ...Wat55 ...Gly135 N
...Asp283 OD2
...Watb57 ...Arg569 N
...PLP O2P
...Wat75 ...Glu88 OE2
...Gly134 N
...Gly137 N
...Wat290 ...Glu88 OE1
...Asn282 O
...Asp283 OD1
...Wat244 ...Asn282 O
...Wat195 ...Glu88 OE1
...Arg292 NH2

Figure 103. The water hydrogen bonding network3pi( the catalytic site of GPb.
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Inhibitor . No. of Inhibitor . No. of
Protein atom Protein atom
atom contacts atom contacts
Asn284 N; Asp339
BR His341 CE1, NE2: Asn284 N 3 cL OD1, OD2; His341 6
CE1, NE2: Wat222
. . Leu136 CB, N:
C12 Leul36 ACS?]'Z'Q'X?\IS%% OD1; 4 c12 Asp283 CG, OD1; 5
Asn284 ND2
. Leul36 N; Asn284
c1 Leu136 N; Asn284 ND2 2 c1 ND2. Wat259 3
Gly135 N, CA, C; Leu136 CA, L'-eiullg)%sé\k CCAE;,
08 CB; Asp283 ’\%;2, OD2; Asn284 8 08 ASp283 CO: ASnI84 7
ND2: Wat259
c7 Leu136 CB; Asn284 ND2 2 c7 "e“136NCDE; Asn284| 5
o . i Asn284 ND2; His377
c2 Asnzg4 NoDéi,HV'jgth' Glue7a 4 c2 O: Glu672 OE1: 5
! Wat89, Wat259
02 Asn284 CG, OD1 2 02 Asn284 CG 1
cs Asn284 ND2: His377 CB, C, O 4 cs AS“Z%‘BNEZ;OH'5377 4
Glu672 OEL; Gly675
. . c H
c3 GIu672 OEL; Gly675 N: Wat11d 3 c3 N: Watl1e 3
_ GIu672 CG, CD:
03 Sg’agzg'si?é%GéAA'ag7\,3VaC£: 10 03 Ala673 C, CA, CB: 8
et - ] Ser674 CA, C; Wat89
Asn284 ND2; Asp339 OD1; Asp339 OD1, OD2;
co His377 CB 3 co His377 CB 3
c4 Gly675 N: Wat119 2 c4 Gly675 N; Wat116 2
Asp339 OD1, OD2; His377 CB Asp339 CG, OD1;
07 o Thi378 OB, Coo 6 07 His377 CB, C; 6
' ' Thr378 CB, CG2
Asn484 OD1; Ser674 CB, C; Asn484 OD1; Ser674
04 Gly675 C, O, CA: Thr676 N, 8 04 CB, C: Gly675 C, O, 7
CG2 CA: Thr676 N
C10 Leu136 CD1; Asn284 ND2, N 3 C10 Le“”ilgg 1IQAS”284 3
. . Leu135 CA, C:
c5 Gly135 C, O; Leul36 N: Wat119 4 c5 Leut36 N: Watl16 4
. Gly135 C; Leul36
o5 Leu136 N, CA, CB: His377 CB, : o5 A B, N: His3T? 5
ND1
ND1
c11 Leul36 CB; Asp283 ODL; 5 c11 Lguelggocll-S;A/:ﬁ%T 5
Asn284 ND2, N: Wat290 » DD
ND2, N
Gly135 C, O; Leul36
C6 Glyl135 C, O; Leul36 N, CA; 6 c6 CA, N; Leul39 CD2; 7
His377 ND1; Asn484 OD1 His377 ND1; Asn484
oD1
Leu139 CD2: His377 CG, L%Jéfgccepz\};fgg?
06 CE1:Val455 CG1, CG2; Asn484 6 06 C62. COL: Asnasd 6
cG oG

Figure 104. The van der Waals network of interawiof @) (left) and @) (right) at the catalytic

site of GPb.
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02| ..Wat89 | ..Thr6710
_.Ala673 N
..Wat93 _.Val379 N
. Thr671 0
..Wat91 _.GIy670 O
..Wat97 ..Glu672 O
..Asp693 OD2
_.Gly694 N
..Wat259 | ...Asp283 OD2
.. Tyr573 OH
_.Lys574 NZ
..Wat54 _.Gly135 N
...Asp283 OD2
..Wat56 _Arg569 N
_.PLP O2P
..Watb54
04 | ..Watl16 | ..Thr676 OG1
_.PLP O3P
08 | ..Wat54
..Wat73 | ..Glu88 OE2
_.Glyl34 N
_.Gly137 N
..Asp283 OD1

Figure 105. The water hydrogen bonding networldph( the catalytic site of GPb.

X-ray crystallographic analysis

(1a,b)

)

@)

(4)

T state GPb crystal
soaked with 100

g T state GPb soake
with 10 mM @) in

)

T state GPb

crystals soaked

T state GPb

crystals soaked

3)

Experiment mM (1a,b) in with 20 mM @) in | with 70.1 mM @)
P 10mM BES for 21 | 10 BES for25| Jomm BES for 6| in 10 mM BES
ours
hours hrs for 7 hrs

Wavelength (A) 1.0 0.8638 1.488 0.8156
g)scillation range () 0.8 08 08 08
No. of images () 71 70 60 80
Space Group P4;2,2 P42.2 P42,2 P42,2
Unit cell a=b=128.7 A a=b=127.9A a=b=128.7 A a=b=128.4 A

: : c=116.2 A c=115.6 A, c=116.4 A c=116.4 A
dimensions = = =9(Q° = = =90° = = =90° = = =9(Q°
Resolution (A) 30.0-2.05 30.0-2.00 30.0-1.97 30.0-2.00
No.of 380693 460082 368477 634277
observations
No. of unique
reflections 2641 (60600) 63987 (3140) 64845 (3109 65452 (321
(outermost)
Rm (outermost shell)’ 0.339 (0.061) 0.050 (0.295) 0.065 (0.298 0.04898)
Completeness (%)
(outermost shell) 86.8 (97.8) 98.0 (97.3) 93.9 (90.9) 98.7 (99.0)
Outermost shell(A) 2.09-2.05 2.03-2.00 2.00-1.97 2.03-2.00
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</ ()>

(outermost shell)® 3.9 (14.8) 16.1 (4.65) 11.3 (4.2) 21.2 (5.2)
(Ff)i?gfnfﬁgf ghell) 3931) 4.0 (3.7) 3.7 (3.8) 5.4 (5.4)
mla;lgﬁspl(ftg)) 29.8 223 26.5 31.1
(R,SSO'”“O” range 90.91-2.05 90.54-2.00 90.9-1.97 90.9-2.00

No. of reflections
used (free)

57482 (3070)

60665 (3238)

61530 (3267

62101 (3308)

Residues included

(12-254) (258-314)

(12-254) (261-314)

(12-254) (261-314

(12-254) (261-314)

(324-836) (324-836) (324-836) (324-836)
No. of protein atoms 6619 6594 6600 6600
No. of water molecules 250 326 335 265
No. of
. 20 (1a,b) 15 (PLP) 212) 15 (PLP) 203) 15 (PLP) | 204) 15 (PLP)
Final R (Riee) (%) d 0.19 (0.22) 0.19 (0.21) 0.19 (0.21) 0.19 (0.21)
R (Rfree)
(outermost shell 0.25 (0.29) 0.22 (0.249) 0.23 (0.26) 0.24 (0.27)
r.m.s.d. in bond
lengths (A) 0.007 0.007 0.007 0.007
r.m.s.d. in bond 1.039 0.014 1.022 1.028
angles ()
Average B (&) for | (12- 254) (258-314) | (12-254) (261-314) | (12-254) (261-314) (12-254) (261-314)
residues (324-836) (324-836) (324-836) (324-836)
Overall 32.3 24.9 27.5 35.0
CA,C, N, O 315 24.1 26.7 34.2
Side chain 33.1 25.8 28.3 35.8

19.7 (La,catalytic)

Average B (&) for | 20.3 (Lb, catalytic) 20.1 Q) 25.04)
heteroatoms 51.7 fovel sitg 14.3 @) 14.8 (PLP) 17.5 (PLP) 23.9 (PLP)

22.2 (PLP)

2

Average B (K) for 35.8 31.9 35.2 39.8

water molecules

a Native T state RMGPb crystals, grown in the tetrea) lattice, space group 242 were soaked with
various concentrations of inhibitors in bufferedusions at pH 6.7 in the presence of DMSO. X-ray
diffraction data were collected using synchrotradiation sources at Daresbury Laboratory, UK andBEM
Hamburg outstation at DESY, Germany and processél the HKL package. Complex structure
determination and analysis were performed accortiingtandard protocols as implemented in the CCP4
package.

b Rymm= 1 ill(h) =li(h)/  ili(h) whereli(h) andl(h) are thdth and the mean measurements of the intensity
of reflection h.

¢ (I) is the standard deviation of I.

d Reyst = nlFo — Fel/ wFo, WhereF, andF. are the observed and calculated structure faetoyslitudes of
reflectionh, respectivelyRye. is equal toR.y for a randomly selected 5% subset of reflectiomsused in

the refinement. Values in parentheses are for titermost shell.

Figure 106.Diffraction data and refinement statistics.
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36 A new group of glucopyranosylidene-spiro-imindtiazolone

compounds as inhibitors of glycogen phosphorylase

Organic synthesisby Professor Somséak Laszlé, Department of Orgahent@stry, University of

Debrecen, Hungary

Kinetic studies

Four glucopyranosylidene-spiro-iminothiazolone datives were studied kinetically and
revealed high binding affinities for GPb.

06

Glucopyranosylidene-spiro-
iminothiazolone

Ki: 14.1 + 0.8 uM
(1)

Glucopyranosylidene-spiro-
benzoyliminothiazolone

Ki: 8.9 + 0.2 pM
(2)

Glucopyranosylidene-spiro-
2-naphthoyliminothiazolone

Ki: 3.7 2 0.4 uM
3)

Glucopyranosylidene-spiro-1-
naphthoyliminothiazolone

Ki: 7.7 2 0.3 M
(4)

Figure 107. The chemical structures, numbering wsealkinetic results of the compounds studied.

116



Hydantoin K: 3.1 uM Thiohydantoin K: 5.1 uM

Figure 108. The chemical structures, numberingesysand inhibitory effects of hydantoin (left)
and thiohydantoin (right).

X-ray crystallographic studies of glucopyranosylidee-spiro-iminothiazolone (1)

(1) was found to bind at the catalytic site of GPb.

Figure 109. 2Fo-Fc electron density map of
(1) bound at the catalytic site of GPb. The
map is contoured at level and the refined

model of the inhibitor is displayed.

Upon binding 1) forms 17 hydrogen bonds and 75 van der Waalsactiens as well as an
extensive network of water mediated interactiomabifzing the inhibitor in the binding

site and the T state of the enzyme. The N1 atothefinhibitor forms a hydrogen bond
with Glu88 OE2 and residues of the glycine helig44150) Gly134 N and Gly137 N and
residues of the 280s loop (282-287) Asp283 ODIW&50, Wat53 and Wat54. O6 atom
of the inhibitor forms the characteristic bond wahnitrogen atom of His377 of the

surrounding protein environment.
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Figure 110. Stereo diagram showing the networktd#ractions formed betweel) @nd residues

of the catalytic site of GPb.

Structural comparison with -D-glucose

Figure 111. A stereo diagram showing a structu@hparison betweerl) (yellow) and -D-

glucose (purple) at the catalytic site of GPb.
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In order to get a better insight on the conformalochanges that occur upon binding of
the inhibitor at the catalytic site, a structurahtgparison was made withD-glucose. The
glucopyranose moiety is shifted by 103.76° andteotdy a torsion angle of 6.84° [C3-
C2-C1-05]. A number of water molecules are displaced nufpinding, in order to
accommodate the bulkier inhibitor into the bindsigg, notably Wat752, Wat808, Wat604,
Wat803, Wat777, Wat747, Wat744, Wat631 and WatBBater molecules Wat56,
Wat188 and Watl119 are recruited into the new sirectMany water molecules are also
shifted, notably Wat812 by 1.52A. A minor shift walsserved at the amino acids of the
280s loop (282-287).

Structural comparison with hydantoin

Figure 112. A stereo diagram showing a structu@hparison betweer) (yellow) and hydantoin

(purple) at the catalytic site of GPb.

A structural comparison with hydantoin revealedcoasiderable conformational changes.
Watl76 is shifted by 0.92 A, while Wat52 and Watk# recruited into the GPQ)(
structure. No conformational change is observedHerglucopyranose moiety and there is
a negligible shift of the amino acids of the 280s (282-287).
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Structural comparison with thiohydantoin

Almost identical changes were observed as in tlse o hydantoin. Wat165 was shifted
by 1.06 A, and Wat10 was shifted by 1.01 A. Wat®ldisplaced, while Wat52, Wat56
Wat57 and Wat214 are displaced from the thiohydaf(th structure. No conformational

change is observed for the glucopyranose moietyaandgligible shift is observed at the
amino acids of the 280s loop.

Figure 113. A stereo diagram showing a structu@hparison betweer) (yellow) and hydantoin
(blue) at the catalytic site of GPb.

X-ray crystallographic studies of glucopyranosylidaee-spiro-benzoyliminothiazolone (2)

Figure 114. 2Fo-Fc electron density map(8f
bound at the catalytic site of GPb. The map is
contoured at 1 level and the refined model is

displayed.
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(2) was found to bind at the catalytic site of GPIpob binding to the enzyme?)(forms
17 hydrogen bonds and 114 van der Waals interectol a very extensive network of

water-mediated interactions.

Figure 115. Stereo diagram showing the networkt&ractions formed betwe€B) and residues

of the catalytic site of GPb.

N1 of the inhibitor is hydrogen bonded to residaésthe glycine helix (134-150) via
Watl143, Watl57 and Wat158. O2 atom of the inhibisohydrogen bonded directly to
residues of the 280s loop (282-287), and indireayWat158, Wat142, Wat143, Wat159
and Wat158. O6 atom is hydrogen bonded to a nitregem of His377 of the surrounding

protein environment.

Structural comparison with -D-glucose

Due to the bigger size o), compared to that of-D-glucose, upon binding many water
molecules are displaced, notably Wat752, Wat744684a Wat803, Wat754, Wat808 and
Wat604. In addition, water molecules are also sHifiotably Wat726 by 1.39 A, Wat747
by 1.51 A, Wat748 by 0.88 A, Wat805 by 0.90 A, Watdy 1.45 A, Wat800 by 2.17 A
and Wat777 by 0.66 A. There are negligible confdiomal changes at the amino acids of
the 280s loop (282-287) and residues of the glybelx (134-150).
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Figure 116. A stereo diagram showing a structu@hparison betweer2) (yellow) and -D-

glucose (purple) at the catalytic site of GPb.

Structural comparison with hydantoin

Figure 117. A stereo diagram showing a structu@hparison betweef2) (yellow) and
hydantoin (purple) at the catalytic site of GPb.

Wat200 is shifted by 1.08 and Wat176 by 1.04 A. Wat10 is displaced in orfterthe
bulkier inhibitor to fit, while Wat142, Wat157, W0, Wat161, Wat164, Wat165 and
Watl72 are recruited into the GPY-6tructure. The side chain of Asn284 is rotatedaby
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torsion angle of 20.36° [NDZG-CB-CA]. The phenyl ring of Phe285 is rotated by a
torsion angle of 5.35° [CAB-CG-CD2]. The side chain of Glu287 undergoes a major
shift and is rotated by a torsion angle of 109.82E1-CD-CG-CB]. The NH1 atom of
Arg138 of the glycine helix is shifted by 2.26 Ahile the NE atom by 0.96 A and the CD
atom by 0.89 A.

Structural comparison with thiohydantoin

There is a negligible shift of the glucopyranosggrand many water molecules shifted,
notably Wat165 by 1.17 A, Wat10 by 2.46 A and W4tk 3.21 A. wat157, Watl172,

Wat160, Watl161 and Wat142 were recruited into tRd-@) structure. The side chain of
Asn284 is shifted by 148.66°, while the side chafirGlu287 is shifted by 118.71°. The
NE atom of Arg138 of the glycine helix is shifteg b.03 A and the CD atom by 0.88 A.
The side chain of Leul44 changes orientation amdtéged by a torsion angle of 102.21°
[CD2-CG-CB-CA].

Figure 118. A stereo diagram showing a structu@hparison betweer2) (yellow) and

thiohydantoin (blue) at the catalytic site of GPb.
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X-ray crystallographic studies of glucopyranosylid@e-spiro-2-naphthoyl-

iminothiazolone (3)

(3) was found to bind at the catalytic site of GPb.

Figure 119. 2Fo-Fc electron density map 8 (
at the catalytic site of GPb. The map is
contoured at 1 level and the refined model is

displayed.

Upon binding B) forms 15 hydrogen bonds and 126 van der Waadsdations.

Figure 120. Stereo diagram showing the networktgfractions formed betwe€8) and residues

of the catalytic site of GPb.

N1 and O7 atoms of the inhibitor are hydrogen bdntteresidues of the glycine helix
(134-150) Gly134 N, Leul35 N, Gly135 N and Gly137 Wa Wat27, Wat197 and

Wat198. N2 atom of the inhibitor is directly hydesgbonded to Asp283 OD1 of the 280s
loop (282-287) and O2 atom of the inhibitor is lpgkEn bonded to Asn284 ND2. The
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inhibitor also makes indirect hydrogen bonds wékidues of the 280s loop via Wat27 and
Watl197. O6 atom of the inhibitor forms the charaste bond with a nitrogen atom of
His377.

Structural comparison with -D-glucose

A structural comparison betweeB) (and -D-glucose revealed a number of significant
changes. The glucopyranose moiety is shifted by9401In order for the bulkier inhibitor
to fit, many water molecules are displaced, notabigt812, Wat726, Wat753, Wat748,
Wat747, Wat805, Wat744, Wat631, Wat803, Wat800\Aad808. In addition, Wat726 is
shifted by 1.27 A, Wat43 by 0.94 A, Wat257 by 083and Wat346 by 1.10 A.

Figure 121. A stereo diagram showing a structu@hparison betwee(8) (yellow) and -D-

glucose (purple) at the catalytic site of GPb.

Profound conformational changes occur in the anaoms of the 280s loop. In more
detail, the CA atom of Asn282 is shifted by 1.06ttde CB atom by 1.33 A, the C atom by
1.22 A and the main chain oxygen is shifted by 2A14The side chain is rotated by
130.21°. The CA and CB atoms of Asp283 are shifie®.91 A, the C atom is shifted by
0.84 A and the O atom by 0.68 A. The side chairoiated by 133.43°. The CA atom of
Asn284 is shifted by 0.85 A, the CA atom by 0.90tfe C atom by 0.74 A and the O by
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0.69 A. The side chain is rotated by 80.43°. Thea@@m of Phe285 is shifted by 0.71 A,
the N atom by 0.80 A, the C atom by 0.79 A and@hatom by 1.02 A. The side chain is
rotated by 139.95°. The changes in Phe286 arepledsund and the phenyl ring of the
side chain is rotated by 75.21°. Finally, the sith@ain of Glu287 is rotated by a torsion
angle of 22.85° [OEZD-CG-CB].

Structural comparison with hydantoin

It can be noted that Wat10 and Wat200 are displéced the GPb-§) complex, while
Watl155 and Watl157 are recruited into the strucfline. CA atom of Asn282 is shifted by
0.97 A and the side chain is shifted by 122.64% $hde chain of Asp283 is shifted by
150.04° and that of Asn284 is shifted by 113.56fe phenyl ring of Phe285 is shifted by
176.74° and that of Phe286 by 136.73°. The sidenablaGlu287 undergoes a profound
rotation by 40.17°.

Figure 122. A stereo diagram showing a structu@hparison betweer8) (yellow) and hydantoin

(purple) at the catalytic site of GPb.
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Structural comparison with thiohydantoin

Figure 123. A stereo diagram showing a structu@hparison betweer8) (yellow) and

thiohydantoin (blue) at the catalytic site of GPDb.

A comparison with the thiohydantoin-GPb structugeealed that in order for the bulkier
inhibitor to fit into the catalytic site, Wat10, 244 and Wat183 are displaced; Wat155
and Wat198 are recruited into the new structureijesVat175 is shifted by 0.86 A.
Regarding the residues of the 280s loop (282-28¢€)side chain of Asn282 is shifted by
123.70°, the side chain of Asp283 is shifted by6Bi.and that of Asn284 104.12°. The
phenyl ring of Phe285 is shifted by 179.04° and tffaPhe286 by 125.98°. Finally, the
side chain of Glu287 is rotated by a torsion amjl@4.82° [OE2€D-CG-CB]. The side
chain of Arg138 of the glycine helix is rotated by a torsiangle of 179.38° [NHICZ-
NE-CD].

X-ray crystallographic studies of glucopyranosylidaee-spiro-1-naphthoyliminothiazolone (4)

(4) was found to bind at the catalytic site of GPlpob binding to the enzyme4)(forms
13 hydrogen bonds and 116 van der Waals interactwith water molecules and the
surrounding protein environment. The N1 and O2 atah the inhibitor are directly
hydrogen bonded to residues of the 280s loop (BZ32;2Asn284 ND2 and Asp283 OD1
respectively. O6 atom is hydrogen bonded to NDatd His377, a reoccurring bond at
the catalytic site.
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Figure 124. 2Fo-Fc electron density map 4f (
bound at the catalytic site of GPb. The map is
contoured at 1 level and the refined model is

displayed.

Figure 125. Stereo diagram showing the networktdractions formed betweed) @nd residues

of the catalytic site of GPb.

Structural comparison with -D-glucose

(4) is a much bulkier ligand than glucose and disgdaa number of water molecules upon
binding (Wat726, Wat748, Wat752, Wat257, Wat747 %44, Wat631, Wat777, Wat803,
Wat754, Wat808, Wat805 and Wat812). The glucopyarmoiety is shifted by 113.11°.
Wat43 is shifted by 0.53 A, and Wat796 is shiftgddt68 A. The side chain of Asn282 is
shifted by 31.28°. The side chain of Asp283 istslitby 59.63°. The side chain of Asn284
is shifted by 169.36°. The phenyl ring of Phe288ergoes a slight shift of 110.24°, and
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that of Phe286 is shifted by 76.34°. The side cb&i@lu287 undergoes a major rotation of
36.67° [OE1ED-CG-CB].

Figure 126. A stereo diagram showing a structu@hnparison betwee() (yellow) and -D-

glucose (purple) at the catalytic site of GPb.

Structural comparison with hydantoin

Watl0 and Wat200 are displaced from the GBbebmplex, and Watl76 is shifted by
1.35 A. The side chain of Asn282 is shifted by 93.3he side chain of Asp283 is shifted
by 155.47°. The side chain of Asn284 is shiftedLiB$.80°. The phenyl ring of the Phe285
side chain is shifted by 42.25°, the phenyl ringPbie286 is shifted by 57.85°, while the
side chain of Glu287 is rotated by 55.65° [OED-CG-CB].
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Figure 127. A stereo diagram showing a structu@hparison betweer) (yellow) and hydantoin

(purple) at the catalytic site of GPb.

Structural comparison with thiohydantoin

Watl0, Watl183 and Wat214 are displaced from the-@Plomplex while Watl65 is

shifted by 1.22 A. There is almost no shift of thecopyranose moiety.

Figure 128. A stereo diagram showing a structu@hparison betweer) (yellow) and
thiohydantoin (blue) at the catalytic site of GPb.
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The side chain of Asn282 is shifted by 82.05°. Bide chain of Asp283 is shifted by
81.43°. The side chain of Asn284 is shifted by 24.4'he phenyl rings of the side chains
Phe285 and Phe286 are shifted by 115.34° and 69e&pectively. The side chain of
Glu287 is rotated by 11.09° [OE1ID-CG-CB].

Inhibitor Target atoms Distance | Angle | Inhibitor Target atoms Distance | Angle
atom 9 (A) ©) atoms 9 (A) ©
02 Asn284 ND2 3.1 157.1 02 Asn284 ND2 3.2 143.4
Tyr573 OH 3.1 145.8 Asn284 OD1 3.1 100.9
Glu672 OE1 3.3 176.7 Tyr573 OH 3.0 143.1
Wat52 3.0 - Glu672 OE1 3.3 177.7
Wat189 3.0 - Wat141 3.0 -
03 Glu672 OE1 2.7 121.2 Wat142 3.0 -
Ser674 N 3.1 177.3 03 Glu672 OE1 2.7 123.3
Gly675 N 3.1 143.3 Ser674 N 3.1 177.4
04 Gly675 N 2.9 128.9 Gly675 N 3.2 140.4
Wat49 2.5 - 04 Gly675 N 2.8 132.5
06 His377 ND1 2.7 162.8 Watl54 2.6 -
Asn484 OD1 2.8 137.5 06 His377 ND1 2.7 168.2
o7 Wat50 3.1 - Asn484 OD1 2.8 138.2
Wat52 3.2 - o7 Wat142 3.0 -
N1 Wat53 2.8 - Wat143 3.0 -
N2 Wat60 2.8 - 08 Wat165 2.7 -
S1 His377 O 3.3 105.8 N1 Wat158 2.8 -

Figure 129. The network of hydrogen bond interatiof(1) (left) and @) (right) at the
catalytic site of GPb.

02 | ..Wats2 | ...Asp283 OD2

...Tyr573 OH
...Lys574 Nz
...Watl189 | ...Thr378 OG1
...Thr671 O
...Ala673 N
...Wat188 ...Val379 N
...Thr671 O
...Wat187 ...Gly670 O
...Wat186 ...Glu672 O
...Asp693 OD2
...Gly694 N
04 | ..Wat49 | ...Thr676 OG1
...PLP O3P
O7 | ...Wat50 ...Gly135 N
..Asp283 OD1
...Watb1 ...Arg569 N
...PLP O2P

...Wat52 | ...Asp283 OD2
...Tyr573 OH
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_.Lys574 NZ
N1 | ..Wat53 | ...Asp283 OD1
_..Wat54 _..Glus8 OE2
_.Glyl34 N
_.Glyl37 N
_..Wat55 _..Glus8 OE1
N2 | ...Wat60 | ...Asp339 OD1

Figure 130. The water hydrogen bonding networkKipi( the catalytic site of GPb.

02 ..Watl41[ ...Thr378 OG1
_.Thr671 0
_.Ala673 N
_..Wat140 _.Thr378 OG1
_.Val379 N
_.Thr671 0
_..Watl138 _.GIy670 O
_..Wat139 _.Glu672 O
_..Asp693 OD2
_.Gly694 N
_.Watl42| ..Glyl135N
_..Asp283 OD1
_..Watl44 _.Arg569 N
_.PLP O2P
04 | ..Watl54 | ..Thr676 OG1
_.PLP O3P
07 | ..Watl42
_.Wat143| ..GIy135N
_..Asp283 OD1
_..Watl44
08 | ..Watl65| ..Watl64 | ...Asp339 OD2
_..His341 NE2
_.Ala383 0
_.Watl67 | ...Thr340 OG1
_..Glu3s5 N
_..Watl166 _..Asp339
_.Tyr374 OH
_.Asn376 ND2
N1 | ..Watl58] ...Asp283 OD1
_..Watl57 _..Glus8 OE2
_.Glyl34 N
_.Gly137 N

Figure 131. Water hydrogen bonding network?)fat the catalytic site of GPb.
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Inhibitor . No. of Inhibitor . No. of
Protein atom Protein atom
atom contacts atom contacts
C1 His377 O 1 C1l His377 O 1
His377 O; Glu672 OE1; His377 O; Glu672 OE1;
c2 Wat189 3 c2 Wat141; Wat142 4
Glu672 OEL,; Gly675 N; Glu672 OEL; Gly675 N;
c3 Wat49 3 c3 Watl154 3
C4 Gly675 N; Wat49 C4 Gly675 N; Wat154
Gly135 C; Leul36 N; Gly135 C; Leul36 N;
C5 Wat49 C5 Wat154 8
Gly135 O; Leul39 CD2; Gly135 C, O; Leu139
C6 His377 ND1; Asn484 4 C6 CD2; His377 ND1; 5
OoD1 Asn484 OD1
Wat50, Wat52, Wat53 ; '
Wat158
cs Leul36 CB; Asn284 5 cs Leul36 CB; Asn284 5
ND2, CG; Wat53, Wat60 ND2, CG, OD1; Wat158
Leul36 CD1; Asn284
02 Asn284 CG, OD1 2 Cc9 CA. N: Wat165 4
Glu672 CG, CD, C;
Ala673 CA, N, C, CB; Asn284 CA, N; His341
03 Ser674 CA, C; Gly675 11 C10 CE1; Watl165 4
CA;Wat189
Phe285 N; His341 CE1
Asn 484 OD1; Ser674 ! !
04 . ’ 6 Cl1 NE2; Ala383 O; Wat164; 6
CB, C; Gly675 CA, C, O Wat165
T Phe285 C, N, O; His341
05 G'ylieBcl\Ble’ 8'5377 5 c12 CE1, NE2: Ala383 O; 7
’ ' Watl164
Leul39 CD2; His377 CG Phe285 C, O; His341
06 CE1,; Val455 CG1, CG2; 6 C13 CE1, NEI Wat161; 6
Asn484 CG Wat163
. Asn282 O; His341 CE1;
o7 Gly135 N, CA, C; Wat49 4 Cl14 Wat159: Wat160 4
N1 Leul36 CB, N; Asn284 5 ci5 Asn282 O; Asn284 N; 4
ND2; Wat50, Wat52 His341 CE1; Wat159
Asn284 ND2, CG, N;
N2 Wat53,Wats5 5 02 Asn284 CG 1
L Glu672 CG,CD, C;
s1 Asgé&é Ng, Zw';'tSG%W 5 03 Ala673 CA,C,CB: Ser674 9
T CA,C; Watl141
04 Asn 484 OD1; Ser674 6
CB,C; Gly675 CA,C,0
Gly136 N; His377
05 CB,ND1,0 4
Leul39 CD2; His377
06 CG, CE1; Val455 CB, 7
CG1, CG2; Asn484 CG
Glyl35 N, CA, C;
o7 Leul36 N; Wat154, 6
Wat158
Leul36 CD1; Thr378
(]3] cG2 2
N1 Leul36 CB, N; Asp283 5
OD1; Wat142; Wat143
Leul36 CD1; Asn284
N2 ND2, CG, N, CA; 6
Wat158
s1 Asn284 OD1,ND2; 5
His377 CB, C,0

Figure 132. The network of van der Waals interawdiof () (left) and @) (right ) at the catalytic
site of GPb.
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Inhibitor Target atoms Distance | Angle | Inhibitor Target atoms Distance | Angle
atoms 9 (A ) atoms 9 (A) ©)
02 Asn284 ND2 3.2 156.2 02 Asn284 ND2 2.8 126.3
Tyr573 OH 3.2 145.4 Tyr573 OH 3.1 14516
Glu672 OE1 3.3 175.( Glu672 OEL 3.2 179.4
Wat72 2.8 - Wat74 2.9 -
03 Glu672 OE1 2.7 123.1 03 Glu672 OE1 2.8 121.3
Ser674 N 3.1 176.2 Ser674 N 3.1 175.6
Gly675 N 3.1 144.6 Gly675 N 3.1 141.4
04 Gly675 N 2.8 128.5 04 Gly675 N 2.9 131.9
Wat28 2.6 - Wat87 2.6 -
06 His377 ND1 2.7 173.3 06 His377 ND1 2.8 163.9
Asn484 OD1 2.8 138.4 Asn484 OD1 2.8 138.9
o7 Wat27 3.0 - o7 Wat37 3.0 -
N1 Wat197 3.0 - N1 Asp283 OD1 3.3 -
N2 Asp283 OD1 3.1 132.4
S1 His377 O 3.2 110.5

Figure 133. The network of hydrogen bond interaxgiof @) (left) and @) (right) at the catalytic

site of GPb.
02 ...Wat72 ...Thr378 OG1
...Thr671 O
...Ala673 N
...Wat71 ...Val379 N
...Thr671 O
...Wat70 ...Gly670 O
...Wat69 ...Glu672 O
...Asp693 OD2
...Gly694 N
04 ...Wat28 ...Thr676 OG1
...PLP O3P
o7 ...Wat27 ...Gly135 N
...Asp283 OD2
...Wat26 ...Arg569 N
...PLP O2P
N1 ...Watl197 ...Leul36
...Asp283 OD1
...Wat198 ...Glu88 OE2
...Asn133 N
...Gly134 N
...Gly137 N

Figure 134. The water hydrogen bonding network3pf( the catalytic site of GPb.

134



Inhibitor . No. of Inhibitor . No. of
Protein atom Protein atom
atom contacts atom contacts
C1 His377 O 1 C1l His377 O 1
c2 His377 O; Glu672 OE1; 3 c2 Asn284 ND2; His377 O; 4
Wat72 Glu672 OE1; Wat74
Glu672 OE1; Gly675 N; Glu672 OE1; Gly675 N;
c3 Wat28 3 c3 Wat87 3
C4 Gly675 N; Wat28 2 C4 Gly675 N; Wat87 2
Gly135 C; Leul36 N; Gly135 C; Leul36 N;
C5 Wat28 3 C5 Watg7 s
c6 Gly135 O; Leul39 CD2; 4 c6 Gly135 O; Leul39 CD2; 4
His377 ND1; Asn484 OD1 His377 ND1; Asn484 OD1|
Leul36 N, CB; Wat27; .
Cc7 Wat197 4 Cc7 Leul36 N; Wat37 2
cs Leul36 CB; Asn283 OD1; 4 cs Leul36 CB; Asn283 OD1; 3
Asn284 ND2; Watl197 Asn284 ND2
Leul36 CD1; Asn284 N, Asp283 OD1,; Asn284 CG
C9 oD1 3 €9 ND2, N, CA 5
c10 Asn284 %AE’lN; His341 3 c10 Asn284 CA, N 2
Asp283 OD1; Asn284 N;
Cl1 His341 CE1 3 Cl1 Asn284 CA, N 2
Asn282 O; Asn284 N; Asn284 N; His341 CE1,
cl2 His341 CE1; Wat155 4 cl2 NE2 3
Glu88 OE1; Asn133 ND2; Asp283 OD1,; Asn284 N,
c13 Asn282 O; Wat155 4 c13 His341 CE1 s
Tyr280 O; Asn282 C, O; Glu88 CD, OE1; Asnl133
C14 Arg292 CZ, NH1, NH2; 7 Cl4 ND2; Asn282 O; Asp283 5
Watl155 0OD1
Asn282 O, ND2; Arg292 Glu88 OE1; Asn133 ND2;
C15 CZ, NH2; Wat194 5 C15 Asn282 O; Arg292 NH2 4
Asn282 O; Phe285 O; Asn282 O, ND2; Arg292
Cc16 Arg292 NH2; Wat194 4 C16 NH2 3
. Asn341 CE1, NEZ2;
C17 Asn341 NE2; Asn282 O 2 C17 Asn282 O: Phe285 O 4
Phe285 N; His341 NE2; Phe285 N, C, O; His341
c18 Wat157 3 ci8 NE2; Wat44 5
Asn284 CA, N; His341 Phe285 N, C, O; His341
€19 CE1, NE2; Wat157 5 c19 NE2; Ala383 CB, C, O !
. . Asn284 CA; Phe285 N;
02 His377 O; Glu672 OE1 2 C20 Ala383 CB, O 4
Glu672 CG, CD, C; Glu672 CG, CD, C;
Ala673 CA, C, CB, N; Ala673 CA, C, CB, N;
03 Ser674 CA, C; Gly675 1 03 Ser674 CA, C; Gly675 1
CA; Wat72 CA; Wat74
04 Ser674 CA, CB, C, OG, N 7 04 Asn484 OD1; Ser674 CB, 6
Gly675 C,0 C; Gly675 C, O, CA
Gly136 CA, CB, N; Gly136 CB, N; His377
05 His377 CB,ND1,0 6 05 CB,ND1,0 5
Leul39 CD2; His377 CG, Leul39 CD2; His377 CG,
06 CEL1, CB; Val455 CB, 8 06 CEZ1,; Val4s5 CB, CG1, 7
CG1, CG2; Asn484 CG CG2; Asn484 CG
o7 Gly135 N, CA, C; Leul36 6 o7 Gly135 N, CA, C; Leul36 5
N; Wat28, Wat197 N; Wat87;
Leul36 CD1; Asn284
08 OD1; Asp339 OD1; 5 08 Asn284 OD1; Thr378 CGZ2 2
Thr378 CB, CG2
Leul36 CB, N; Asp283 Leul36 CB, N; Asp283
N1 OD1, OD2; Asn284 ND2; 6 N1 CG, OD1, OD2; Asn284 7
Wat27 ND2; Wat37
Asn284 ND2, CG, N; Asn284 ND2; His377 CB,
N2 Wat197 4 S1 c,0 4
s1 His377 CBc,:él, O; Thr378 4

Figure 135. The network of van der Waals interaetiof @) (left) and @) (right) at the catalytic
site of GPb.
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02 | ..Wat74 | ...Thr378 OG1
_.Thr671 0
_.Ala673 N
_..Wat73 _.Val379 N
_.Thr671 0
_.Wat72 | ...Gly670 O
_..Wat75 _.Glu672 O
_..Asp693 OD2
_..Gly694 N
O4 | ..Wat87 | ...Thr676 OG1
_.PLP O3P
O7 | ..Wat37 | ..Glyl35N
_..Asp283 OD2
_..Wat36 _.Arg569 N
_.PLP O2P

Figure 136. The water hydrogen bonding networ{dpht the catalytic site of GPb.

1) 2) 3) 4)
T state GPb crystals T state GPb crystals T state GPb T state GPb
. . crystals soaked | crystals soaked
) soaked with 10 mM| soaked with 10 mM| . ; ) -
Experiment (1) in 10% DMSO | (2) in 10% DMSO with 10 mM @) in | with 10 mM @) in
10% DMSO for 10% DMSO for
for 4.5 hrs for 4.5 hrs
4.5 hrs 4.5 hrs
Wavelength (A) 0.97976 0.97976 0.97976 0.97976
(O)S‘f'”a“o” range 08 08 08 08
No. of images () 80 80 80 80
Space Group P4;2,2 P42,2 P42,2 P42,2
Unit cell a=b=128.2 A, a=b=128.0 A, a=b=127.8 A, a=b=128.7 A,
dimensions c=115.9 A, c=115.8 A, c=116.0 A, c=116.5 A,
= = =9(Q° = = =90° = = =90° = = =9(Q°
Resolution (A) 35.7-1.95 35.7-1.90 35.6-2.10 30.0-1.94
No of observations 619937 672299 660330 840625
No. of unique
reflections 69137 (9822) 74351 (10763) 55833 (8085 71490 (BA74
(outermost)
Eﬁﬂeﬁg‘;term"s‘ 0.061 (0.376) 0.073 (0.412) 0.086 (0.428 0.05466)
Completeness
(outermost shell) 98.0 (96.8) 98.2 (98.5) 99.2 (99.7) 98.2 (97.1)
(%)
(OA‘;‘ermOSt shell 2.06-1.95 2.00-1.90 2.21-2.10 1.97-1.94
<t/ (1)>
Couterrost shell) 20.4 (5.1) 16.6 (3.2) 15.9 (4.6) 26.3 (4.6)
Redundancy
(outermost shell) 5.3 (5.2) 5.1 (4.8) 5.0 (4.9) 5.3 (5.0)
B-values (&)
(Wilson plot) 25.4 25.9 32.8 31.1
Resolution range (A) 90.54-1.95 90.54-1.90 90.17-2.10 90.91-1.94
l':‘s"ezf(;fé'g)c“ons 65604 (3502) 70557 (3734) 52967 (2836 67835 (3616)
. . (12-254) (261-314) | (12-254) (261-314) | (12-254) (261-314)| (12-254) (261-314)
Residues included (324-836) (324-836) (324-836) (324-836)
No. of protein atoms 6589 6589 6589 6595
No. of water 301 301 203 225
molecules
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No. of heteroatoms| 17 (1), 15 (PLP) 25%), 15 (PLP) 29%) 15 (PLP) | 294), 15 (PLP)
Final R (Riee) (%) 0.19 (0.21) 0.19 (0.22) 0.20 (0.24) 0.19 (0.22)
R (Rfree)

U ost shell 0.23 (0.25) 0.25 (0.22) 0.24 (0.28) 0.25 (0.28)
r.m.s.d. in bond

tonaths (A) 0.006 0.006 0.007 0.007
r.m.s.d. in bond 1.008 0.999 1.058 1.030
angles ()

Average B (B) for | (12-254) (261-314) | (12-254) (261-314) | (12-254) (261-314)| (12-254) (261-314)
residues (324-836) (324-836) (324-836) (324-836)
Overall 28.6 30.7 38.1 35.9

CA C,N, O 27.8 29.9 37.3 35.1

Side chain 29.4 315 38.8 36.9
Average B (&) for 28.1Q),28.6 29.9 @), 25.2
Heteroatoms 19.3 (1), 18.2 (PLP)| 20.92), 20.6 (PLP) (PLP) (PLP)
Average B (R) for 35.8 37.5 38.1 39.8
water molecules ) ) ' )

a Native T state RMGPb crystals, grown in the tetrea lattice, space group 242 were soaked with
various concentrations of inhibitors in bufferedusions at pH 6.7 in the presence of DMSO. X-ray
diffraction data were collected using synchrotradiation sources at Daresbury Laboratory, UK andBEM
Hamburg outstation at DESY, Germany and processéll the HKL package. Complex structure
determination and analysis were performed accortiingtandard protocols as implemented in the CCP4
package.

b Rymm= 1 ill(h) =1i(h)/ 1 ili(h) wherel;(h) andl(h) are thdth and the mean measurements of the intensity
of reflection h.

¢ (I) is the standard deviation of I.

d Ruyst = nlFo — Fel/ nFo, whereF, andF; are the observed and calculated structure faetongitudes of
reflectionh, respectivelyRye. is equal toR.ys for a randomly selected 5% subset of reflectiomsused in

the refinement. Values in parentheses are for titermost shell.

Figure 137 Diffraction data and refinement statistics.

Conclusions

Comparing the inhibitory effects of the four compds studied and of hydantoin and
thiohydantoin, it is clear that hydantoin is thesto@hibitor of GPb (K 3.1 uM). This can
be explained by the presence of the two nitrogeth e two oxygen atoms in the
cyclopentane ring, which have hydrogen bonding ciéypaReplacing one of the nitrogens
with sulphur as in the case of thiohydantoin insesathe Kto 5.1 uM. As already
mentioned in section 3.4, the reactivity of the lmthgl group depends on the alpha or the
beta position. Comparing the inhibitory effect 8j @nd @), (3) has a lower K(K;: 3.7
KHM). This can be explained by the fact that in tase of 8), the alpha position (more
reactive than the beta position) of the naphthyugris free to react and undergo

electrophilic aromatic substitution.
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3.7 Virtual screening followed by kinetic and X-ray crystallographic

studies of a new class of glycogen phosphorylasdiioitors

Virtual screening (by Professor Alex MacKerell and colleagues at 8ehool of Pharmacy,
Computer-Aided Design Centre, University of MargdadSA)

Virtual screening is a powerful tool in structuraskd drug design. It involves rapm
silico assessments of large libraries of chemical strasiuin order to identify those
structures most likely to bind to a drug target.iAmilico virtual screening was performed
on a database of one million compounds, targetimg ihibitor site of glycogen
phosphorylase. This process resulted in 175 h#asedb on binding affinities (Gibb’s free
energy G).

Kinetic studies

Out of the 175 selected compounds derived from wuinial screening process, 12
compounds were further selected far vitro kinetic studies, based on their partition
coefficientlog P value. This is the ratio of the concentration gfaaticular compound in
the two phases of a mixture of two immiscible lagji usually water and octanol. It is a
measure of the hydrophilicity/hydrophobicity for @mpound. Kinetic studies were
performed in the direction of glycogen synthesispbt 6.8 and 30C. The chemical

structures of the compounds as well as the kirmetsults are presented in figure 138

below.
O1 100 [T T T T T T
O - 4
N7 80 |- .
C9\N1 c1 N N3 H2N L N
N c3 N5 § 60 | .
)&2 | ) NH =003 s | ]
o) N~ ¢4 N N==<cs § 40 |
o2 N2 | N4 N6 —N N8 " i ]
c10 L N
0 tood vl el e
1 10 100 1000 10000
[inhibitor M]
Chembridge 084363/5786642) ICs0: 52.2 £ 2.4 uM
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Chemdivision 0262/030(b)
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OH i Ll 1T R E NI N R R
03 0
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N\ 4 \ w /4 »\
O-N N-O  N-N HoN~ SNy s
HaC \—y \«NH
0]
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IC50: NO inhibition up to 1 mM ICs0: NO inhibition at 1 mM
9 @] O]
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I
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IC50: 26% inhibition up to 1 mM IC 50: 21% inhibition up to 1 mM

Figure 138. The chemical structures and kinetiatssirom the in vitro studies of the 12 selected

compounds and the numbering system used on theocoapfurther studied.
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Out of the 12 compounds studied, 8 exhibited intlwbi towards GPb. The most potent
inhibitor was 8) with an 1G, of 6.5 £ 0.3 uM. 10) and @) showed no inhibition towards
GPb, while 11) and (2) showed partial inhibition up to 1mM of inhibitooncentration.

X-ray crystallographic studies

To interpret the results obtained from the kinetxperiments and provide rationalizations
for the binding affinities observed, X-ray studiesre performed on these compounds. Out

of the 12 compounds only 4 showed binding to GPb.

2) 1)
(N-(7-ox0-5-phenyl-6,7-dihydro[1,2,4]triazolo[1,5- ((2E)-2-cyano-2-[(1,3-dimethyl-2,6-dioxo0-2,3,6,9-
a]pyrimidin-2-yl)acetamide) tetrahydro-1H-purin-8-yl)hydrazono]acetamide)
(8) )
(4-[(4,5-diamino-6-0x0-1,6-dihydropyrimidin-2- (di-4,6-disulfoisophthalsaeure-diimid or m-
ylthio]butanoic acid) bisaccharin)

Figure 139. 2FoFc electron density maps of the mmpounds bound at the inhibitor site of GPb.

The maps are contoured at [evel and the refined models of the inhibitors displayed.
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(2)

1)

(8)

(5)

T state GPb crystals
soaked with 1 mM

T state GPb crystals
soaked with 2 mM1)

T state GPb crystalg
soaked with 17.7

T state GPb crystals

soaked with 2 mM5) in
20% DMSO for 7.5 hrs

Experiment

(2)in 10% DMSO | in20% DMSOfor7.5 | mM (8) in 30%

for 7.5 hrs hrs DMSO for 5 hrs

Wavelength (A) 0.8081 0.8081 0.8088 0.8081
Oscillation range () ® 0.8 0.8 0.8 0.8
No. of images () 80 81 80 80
Space Group P4;2,2 P42,2 P42.2 P42.2

a=b=128.2 A a=b=128.9 A a=b=128.3 A a=b=128.6 A
Unit cell dimensions c=116.0 A c=116.8 A c=116.5 A c=116.5 A

= = =90° = = =90° = = =90° = = =90°

Resolution (A) 99.0-1.87 30.0-1.98 30.0-2.16 30.0-2.15
No. of observations 606139 553524 686822 583949
No. of unique
reflections (outermost) 85708 (2236) 66893 (3280) 52393 (2567) 52074 (2626
Rn (outermost shell® 0.041 (0.405) 0.050 (0.444) 0.060 (0.479) 0.06886)
Completeness
(outermost shell) (%) 96.1 (51.1) 98.7 (98.2) 99.3 (99.0) 99.2 (96.9)
Outermost shell (A) 1.83-1.80 2.01-1.98 2.20-2.16 2.19-2.15
:h'e’")c(') > (outermost 37.0 (3.1) 29.05 (3.8) 25.96 (3.7) 22.60 (3.6)
Redundancy
(outermost shell 5.3(2.8) 5.4 (5.4) 5.3 (5.4) 5.4 (5.5)
B-values (&) (Wilson
plof) 25.3 25.9 32.2 31.1
Resolution range (A) 90.54-1.81 90.54-1.98 90.91-2.16 90.91-2.15

No. of reflections used

(froe) 81363 (4298)

(12-254) (261-314)

63486 (3383)
(12-254) (261-314)

49690 (2672)
(12-254) (261-314)

49385 (2652
(12-254) (261-314)

Residues included

(324-836) (324-836) (324-836) (324-836)
No of protein atoms 6621 6594 6610 6594
No of water molecules 354 305 233 259
No. of heteroatoms 20 (), 15 (PLP) 2170, 15 (PLP) 168§), 15 (PLP) 18%), 15 (PLP)
Final R (Ryea) (%) ° 0.19 (0.22) 0.19 (0.21) 0.19 (0.23) 0.18 (0.22)
Sh(eFflf)fee) (outermost 0.27 (0.27) 0.24 (0.27) 0.23 (0.23) 0.22 (0.26)
r.m.s.d. in bond
lengths (A) 0.006 0.007 0.008 0.007
E")"'S'd' in bond angles 1.001 1.020 1.056 1.073
Average B () for (12-254) (261-314)|  (12-254) (261-314) | (12-254) (261-314)| (12-254) (261-314)
residues (324-836) (324-836) (324-836) (324-836)
Overall 28.0 27.8 35.2 335
CA,C,N, O 27.2 26.9 34.4 32.7
Side chain 28.8 28.6 35.9 34.3
Average B (&) for 28.2Q),217.1 55.7 @), 16.4 54.6 @), 23.9
heteroatoms (PLP) (PLP) (PLP) 57.96),233 (PLP)
Average B (K) for 37.1 34.5 375 37.3

water molecules
a Native T state RMGPb crystals, grown in the tetrea) lattice, space group 242 were soaked with
various concentrations of inhibitors in bufferedusions at pH 6.7 in the presence of DMSO. X-ray
diffraction data were collected using synchrotradiation sources at Daresbury Laboratory, UK andBEM
Hamburg outstation at DESY, Germany and processéll the HKL package. Complex structure
determination and analysis were performed accortiingtandard protocols as implemented in the CCP4
packageb Rymm= 1 i|l(h) —li(h)/  ili(h) wherel;(h) andl(h) are theth and the mean measurements of the
intensity of reflection hc (1) is the standard deviation ofd.Reyst = nlFo — Fcl/ nFo, whereF, andF. are
the observed and calculated structure factors &mlets of reflectiom, respectivelyRyee is equal toRgys; for
a randomly selected 5% subset of reflections netlus the refinement. Values in parentheses arghfor
outermost shell.

Figure 140 Diffraction data and refinement statistics.
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!

2 )
Inhibitor Protein atom Distance | Angle | Inhibitor Protein atom Distance | Angle
atom (A) ) atom (R) ©)
01 Gly612 O 3.2 122.2 01 - - -
N1 Wat234 2.8 - N1 - - -
Gly612 O 3.2 113.§ - - -
N2 Wat138 3.1 - N2 - - -
N4 Wat234 3.0 - N4 - - -
Wat237 3.0 - - - -
N5 Wat236 2.8 - N5 - - -
N7 - - - N7 Wat49 3.0 -
02 Wat136 2.8 - 02 Wat248 2.9 -
Wat138 3.1 - - - -
8 )
Inhibitor Protein atom Distance | Angle | Inhibitor Protein atom Distance | Angle
atom (A) ©) atom (A) )
o1 - - - 01 Wat203 2.7 -
02 Tyr573 N 2.8 157.1 Gly612 N 3.1 131.4
05 - - - 05 Wat205 3.1 -
03 His571 ND1 2.5 151.9 03 - - -
N1 - - - N1 Asn282 OD1 3.2 126.4
N3 Wat84 2.7 - N2 - - -

Figure 141. Hydrogen bond network of interactioesAeen the 4 bound compounds and residues
of the inhibitor site of GPb.
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N1 | ...Wat234 ...Wat235 ...Met615
N2 | ...Wat138 | ...Asn282 OD1
...Wat139 ...Asn282 OD1
...Gly612 N
N4 | ...Wat234
...Wat237 ...Wat236
N5 | ...Wat236
02 | ...Wat136 ...Asp283 O
...Asp283 N
...Wat137 ...Arg569 NH1
...1le570 O
...Ala610 N
...Wat138
02 | ..wat248 | ...Asp283 O
...Asp283 N
...Wat249 ..Arg569 NH1
...11e570 O
...Ala610 N

Figure 142. The water hydrogen bonding networkp{top) and ) (bottom) at the inhibitor site

of GPb.
N3 | ..Wat84 | ...Asp283 N
...Asp283 O
...Wat85 ...Arg569 NH1
...11e570 O
...Ala610 N
01 | ..wat203 ...Asp283 O
...Wat204 ...Arg569 NH1
...11e570 O
...Ala610 N

Figure 143. The water hydrogen bonding networ@p{top) and ) (bottom) at the inhibitor site

of GPb.
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Inhibitor . No. of Inhibitor . No. of
Protein atom Protein atom
atom contacts atom contacts
Gly612 C; Gly612 O;
c1 Wai234 3 c1 Phe285 CE1, CE2, CZ 3
. J Phe285 CB, CG, CDL,
c2 PhEZSSO,CVZV’aflES% Gly613 4 c2 CD2; Tyr613 CB, CG, 8
; CD1; Wat248
Phe285 CZ, CE2; Gly613 Phe285 CD1, CEL;
c3 O: Tyr613 CA; Wat234; 6 c3 Tyr613 CG, CD2, CE2, 6
Wat237 cz
Phe285 CD1, CEL, CZ; _
ca Tyr613 CD2, CE2; 7 ca Phez$5rng31(':g§1’ €z, 4
Wat236; Wat237 y
Phe285 CB, CG, CD1, Asn282 OD1; Phe285
s CD2; Tyr613 CB, CD1, 10 o CD2, CE2; Ala610 CB: °
CE1, CG; Wat136; Gly612 C; Tyr613 CA,
Wat138 CB, N; Wat239
Phe285 CB, CG, CD1.
Phe285 CB, CG, CD1, His571 CE1, ND1;
cé CD1, CE1: Wat136 6 c10 Tyr613 CD1, CE1, CZ; 9
Wat248
o7 Phe285 CD1; Tyr613 5 o1 Phe285 CE2, CZ; Gly61 5
CE1, CZ, OH; Wat236 C,0; Tyr613 CA
Phe285 CB, CG, CD2
Glu382 CG; Tyr613 OH; e '
cs Wat135: Wat236 4 02 Ala610 CB; Tyr613 CD1: 6
Wat248
. . Phe285 CG, CD1, CD2,
c9 Asn284 O; Glu3s2 CG; 3 N1 CE2,CZ; Tyr613 CA, CB, 8
Wat135 L
. Phe285 CB, CG, CDL,
c10 Asnzgaép\,/vc;lggz b, 4 N2 CE1; Tyr613 CG, CD1, 8
' CE1, CZ
Glu382 CD, CG, OEL,
c11 Phe 771 CZ: Wall35 5 N3 Phe285 CE1 1
ciz | S orarnemien s Ng Phe285 CD1, CEL, 5
Watl s Tyr613 CE2, CZ; Wat47
Tyr613 CZ, OH :
C13 Wat135 : Wat236 4
Phe285 CB, CG, CD2;
o2 Ala610 CB; Tyr613 CB, °
CG, CD1; Wat136;
Wat138
N1 Gly612 C, O; Wat234 3
Phe285 CD2, CE2, CZ;
N2 Tyr613 CA, CB, CG, N: 8
Wat138
Phe285 CD1, CD2, CE1
CE2, CG, CZ; Tyr613
N3 CB, CD1, CD2, CG: 11
Wat138
Phe285 CEL, CZ.
N4 Wat236; Wat237 4
NG Phe285 CD1, CEL; 4
Tyr613 CZ: Wat236

Figure 144. The network of van der Waals interawdiof @) (left) and () (right) at the inhibitor
site of GPb.
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Inhibitor . No. of Inhibitor . No. of
Protein atom Protein atom
atom contacts atom contacts
o1 Phe285 CD1, CE1: 5 o1 Phe285 CB, CG, CD1 7
Tyr613 CG, CD2, CE2 CE1; Tyr613 CDL, (
Phe285 CD2, CEL, Phe285 CB, CG, CD2
c2 CE2. CZ; Tyr613 CB 5 c2 CE2 4
Phe285 CG, CD1
o, LD, Phe285 CB, CG, CD2
c3 cD2, CEZC, C';I'yr613 CB 6 c3 AlG10 OB Wai203 5
Phe285 CB, CG, CD1
c4 CD2; Tyr613 CB, CG, 8 ca Phe285 CD2, CE2 2
CD1, CE1:
Glu382 CG, OEL; Phe285 CD2, CZ;
C5 Tyr613 OH 3 C5 Gly612 C, O 4
Glu382 OE1; Glu572 Phe285 CG, CD1,
Ccé OE2; Tyr613 CZ, OH: 5 Cco CEL1, CZ; Tyr613 CG, 7
Arg770 NH1 CD1, CD2
Phe285 CD1, CE1:
Glu382 OE1; Tyr613 LB
c7 _ ' 4 c7 Tyr613 CG, CD1, CE1 7
OH: Phe771 CE2, CZ 7 cE2
His571 ND1; GIu572
cs N; Tyr573 CD2, N: 5 cs Phe285 CE1, CZ 2
Tyr613 OH
. Asn282 CA; Asp283N,
o1 Phglzzié:gzbcz, 4 o1 O: Phe285 CB. CG: 6
y ’ Ala610 CB
His571 CA, CB, CG,
ND1, C; Glu572 CA, Ala610 CB; Gly612
02 | cB c N;Tyr573CA,| 14 02 CA, C: Tyr613 N 4
CB, CD2. N, OH
His571 CB, CG, CEL, Asn282 OD1; Phe285
03 ND1; Tyr613 CE1, CZ, 7 03 CE2, CD2: Glu287 5
OH CD, OE2
_ Phe285 CD1; Tyr613
N1 Phe285 CD1, CE1,C4 04 CD1, CE1, CZ, OH, 6
Tyr613 CD2
CE2
Asn282 OD1; Phe285) _
N2 CG, CD2, CE2: Ala61d 6 05 Gly612 %Dszr613 CA, 3
CB; Tyr613 CB
Phe285 CB, CG;
N3 Tyr613 CG, CD1, CE1 6 06 Phe285 CE1, CZ 2
Wat84
Phe285 CG, CD1, ,
N4 | CE1; Tyr613CG, CD1| 8 N1 Ag‘sz_zAfa’glghgésf_’ 3
CD2, CE1, CZ '
S1 Tyr613 CE2 1 N2 Tyr613 CD2, CE2 2
S1 Asn282 OD1 1

Figure 145. The network of van der Waal interacsioh @) (left) and b) (right) at the inhibitor
site of GPb.
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Flavopiridol

Figure 146. The structure of flavopiridol.

Flavopiridol is a very potent inhibitor of rabbituscle GPb with an 1§ value in the range
of 2.3 . It binds to the inhibitor site of GPb and is #fere used as a reference
molecule in structural comparisons at the inhibgite. It is also a cyclin dependent kinase
inhibitor under clinical development for the treaimh of chronic lymphocytic leukaemia.
Upon binding to the inhibitor site of GPb, flavagwl forms 2 direct hydrogen bonds and
95 van der Waals interactions. It also forms a petvof 6 water mediated interactions. It
interacts with Phe285 and increases the localizatib the 280s loop in its inactive
conformation. The key transition between the inactl state and the active R state
involves a movement of and disordering that alléwg569 to enter the catalytic site in

place of Asp283, an action which opens accessyabgen to the catalytic site [73].

Binding of Chembridge 0146922/5846914 (2) at thehibitor site of GPb

Figure 147. 2Fo-Fc electron density map of
(2) bound at the inhibitor site of GPb. The
map is contoured at level and the refined

model is displayed.

Inhibitor (2) was found to be at the inhibitor site of GPb. bWgmnding, the compound
forms 9 hydrogen bonds and 99 van der Waals irtierec with the surrounding

environment.
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Figure 148. Stereo diagram showing the networkt#ractions betweer2) and the inhibitor site
of GPb.

Atoms O1 and N1 of the inhibitor are directly hygem bonded to the oxygen of Gly612
while N1 interacts with Met615 (helial9 via water molecules Wat234 and Wat235. N2
forms hydrogen bonds with the nitrogen atom of GR&ia Wat139 and with OD1 atom
of Asn282 (280s loop) via Watl38 and Watl139. Bigdof the inhibitor at the site is
optimized further with interactions via water maléxs between the O2 atom and residues
of the 280s loop, Asn282 OD1 via Wat138 and WatdB8 Asp283 O and Asp283 N via
Wat136. Hydrogen bonds are also formed via a broaelevork of water molecules by the
02 atom of the compound with residues Arg569 NHH710 O and Ala610 N via Wat136
and Wat137 as well as with Gly612 N via Wat138 ¥Wwat139.

- stacking

A - stackingis a non-covalent interaction between organic camps containing
aromatic moieties.- interactions are caused by intermolecular overtappf -orbitals
in -conjugated systems, so they become stronger asutihéer of -electrons increases
[129].
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A very interesting feature of the binding of
(2) is the fact that the inhibitor is stacked
between the phenyl rings of Phe285 and
Tyr613, similar to the interactions observed

in previous studies [73].

Figure 149. The orientation of the inhibitor in
between the aromatic rings of Phe285 and
Tyr613.

These phenyl rings and the aromatic rings of thebitor form an extensive system of
delocalised electrons, which stabilize the binding the T state of the enzyme.

Structural comparison with flavopiridol

Figure 150. A stereo diagram comparing Chembridgeb{nding to GPb (cyan) and flavopiridol
binding to GPb (purple).

In order to further elucidate the structural bagishibition, the mode of binding o&J to

GPb was compared to that of flavopiridol binding@Bb. The phenyl ring of the inhibitor
adopts the same conformation as the chloropheng of flavopiridol in the adjacent
pocket of the inhibitor site, while comparison slsoenly minor shifts within the range of

0.4-0.7 A regarding the atoms of these two ringsoAthere are small shifts (0.4-0.5 A) in
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the side chain conformations of Phe285 and LeuB8@rder to optimize the network of
interactions with the phenyl ring. Wat138, Wat2®84at236 and Wat237 are recruited into
the Chembridge GPI& complex, while Wat71 and Wat224 are displacednfrthis
structure. Wat223 is shifted by 1.54 A. The disptaent and shifting of water molecules
stabilize the binding of the inhibitor at the initds site, by promoting interactions with
Phe285, Tyr613, Met615 and Asn282.

Binding of Chembridge 084363/5786622 (1) at the iiifitor site of GPb

(1) binds at the inhibitor site of GPb.

Figure 151. 2Fo-Fc electron density map Bf (
bound at the inhibitor site of GPb. The map is
contoured at 1 level and the refined model is

displayed.

The part of the molecule comprising the two hetgebe rings is well defined by the
electron density map but the rest of the moleculentated towards the solvent, could not
be clearly defined due to possibly multiple confatimns. Upon binding the inhibitor
forms 2 hydrogen bonds and 75 van der Waals irtterac As in the case o), (1) is also
stacked between the phenyl rings of Phe285 and1Byrthe inhibitor forms only two
direct hydrogen bonds with Wat49 (via N7) and W&t{dia O2). It is clear that the
number of interactions formed at the inhibitor ©teGPb, are far less than the extensive
network observed at the catalytic site.

151



Figure 152. Stereo diagram showing the networkt#ractions betweeri) and residues of the
inhibitor site of GPb.

Structural comparison with flavopiridol

Figure 153. Stereo diagram showing a comparisomwbeh the GPb1) complex (cyan) and the

flavopiridol-GPb complex (purple).

Compared to the much bulkier ligand, flavopiridgbon binding {) displaces Wat223 and
Wat224. Wat47 and Wat49 are recruited into the @Pbstructure. In both cases the

positioning of the side chain aromatic ring of T}86is the same, however, in the case of
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Phe285 the two phenyl rings shift by 56.82°. Nofoonational changes are observed in
residues Asn282 and Glu612. The side chain of Adgg7/shifted by 107.16°, while the
side chain of Glu382 changes orientation and shift$43.48°.

Binding of Specs AB-323/25048429 (8) at the inhibit site of GPb

Figure 154. 2Fo-Fc electron density map & (
bound at the inhibitor site of GPb. The map is
contoured at 1 level and the refined model is

displayed.

The inhibitor is well defined at the inhibitor sitg the electron density map. Upon binding

it forms 3 hydrogen bonds and 87 van der Waalsant®ns.

Figure 155. Stereo diagram showing the networkydfrtigen bonds betweed) @nd residues of
the inhibitor site of GPb.

Atoms O2 and O3 of the inhibitor form direct hydeogbonds with Tyr573 N and His571
ND1 respectively. Atom N3 of the ligand interactshaAsp283 N and O of the 280s loop
via Wat84. It is also hydrogen bonded with residdegb69 NH1, 11e570 O and Ala610 N
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via Wat85. The inhibitor is again stacked betwdendromatic side chains of Phe285 and
Tyr613.

Structural comparison with flavopiridol

Figure 156. A stereo diagram showing a comparisetwieen the GPIBf complex (cyan) and the
flavopiridol-GPb complex (purple).

A comparison between the flavopiridol-GPb structanel the GPbS) structure revealed a
number of conformational changes. In more detaiat®®, Wat75 and Wat224 are
displaced from the GPI8) structure. Watl198 is recruited while Wat73, WatWiat220
and Wat225 undergo minor shifts in the range 00@20 A. The side chain of Asn284 is
shifted by 101.54°. The side chain of Phe285 i&esthby 43.40°, while Tyr613 undergoes
negligible changes. The side chain of Glu382 unaesg major rotation of 83.84° [OE2-
CD-CG-CB]. (8) has only one aromatic heterocyclic ring while tlest of its atoms
comprise a S atom and a carboxyl group, with tiierl@adding more hydrophilic character
to the molecule. This part of the compound occugiesneighbouring cavity formed by
the more hydrophilic residues His571, Glu572 antbT$.

Binding of Chemdivision 0262/0300 (5) at the inhilbor site of GPb

Upon binding, §) forms 3 hydrogen bonds and 71 van der Waalsaotemns.
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Figure 157. 2Fo-Fc electron density map 9 (
bound at the inhibitor site of GPb and the

refined model is displayed.

Atoms N1 and O2 of the inhibitor form direct hydemgbonds with Asn282 OD1 and
Gly612 N respectively. Atom OL1 is hydrogen bonded\at203, via which the inhibitor is
hydrogen bonded to Asp283 O of the 280s loop. A@ninteracts with Arg569 NH1,
lle570 O and Ala610 N, via Wat203 and Wat204.

Figure 158. Stereo diagram showing the networkyolrbgen bond interactions betwed) &nd
residues of the inhibitor site of GPb.

Structural comparison with flavopiridol

Comparing the GPB] structure and the flavopiridol-GPb structure, fpumd
conformational changes were observed.
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Figure 159. Stereo diagram showing a comparisowbeh the5Pb-{6) complex (cyan) and the
flavopiridol-GPb complex (purple).

A different orientation of the two inhibitors atetthydrophobic area intercalating between
the two aromatic rings of Phe285 and Tyr613 wa®desl. Upon binding of5), Wat71,
Wat72 and Wat224 are displaced while Wat206 isuresst into the new structure. Wat73,
Wat74 and Wat225 undergo minor shifts in the ranf®.30-0.50 A. The side chain
phenyl ring of Phe285 is shifted by 125.21°, while side chain aromatic ring of Tyr613
is shifted by 87.32°. The side chain of Asn282tifted by 1.61 A. The side chain of
Asn284 undergoes a major rearrangement and isedotay 61.91° [ND2=G-CB-CA].
The side chain of Glu382 also changes directioniandtated by 73.21° [OEED-CG-
CB].

Conclusions

The detailed analysis of the four compounds thaindato GPb, as well as the structural
comparison with flavopiridol, revealed interestioigservations. All four compounds were
comprised of aromatic rings that were stacked betwtbe hydrophobic environment of
Phe285 and Tyr613, forming- stacking interactions, a reoccurring feature a th
inhibitor site. A prominent aspect of all these gmunds was their interactions with the
residues lining the 280s and 380s loops. This ptecthdhe less active T state of the
enzyme through localizing the closed position afsthloops, thus blocking the access to
the catalytic site and thus explaining their intoby effect. It is interesting to note that
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none of these four inhibitors had a better inhilyiteffect against GPb than flavopiridol. In
addition, compound$3) and @) did not bind to GPb, despite their high affinityr fihe
enzyme observed during the kinetic experimentseaafy (3) that was the most potent
inhibitor (ICso: 6.5 £ 0.3 uM). This study demonstrated the cbuotion of virtual
screening and docking, as an important tool indésign of lead compounds for structure
based drug design. The combination of virtual sureg kinetic analysis and X-ray
crystallography has proved to be an interesting\aidable pathway to the treatment of

diabetes type 2.
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3.8 The study of a new group of aromatic aldehyde#tone 4-(-D-
glucopyranosyl) thiosemicarbazone compounds as iritors of GPb

Organic synthesis(by Alia Cristina Tenchiu (Deleanu), Organic & Onmgametallic Chemistry
Group, NHRF, Athens, Greece)

OAc OAc
AcO 0 H H EtOH or MeOH, cat. AcOH AcO Q H H )R\
AcO N\H/N\NH2 _ ’ AcO N\H/N\N/ Ar
OAc 1 ArC(R)=0, reflux 4-48 hrs OAc I

Figure 160. The organic synthesis scheme.

Originally, 26 compounds were synthesized with Wagious functional groups shown

below.

(@ Ar=-CeHs-F-p R=H | (n) Ar=-CgHs-OH-p R=H
(b) Ar=-Cg¢Hs-Cl-0 R=H | (0) Ar=-CeH-OMe0 R=H
(c) Ar=-CgHs-Cl-m R=H | (p) Ar=-CgHs;-OMeimn R=H
(d) Ar=-CgH4-Cl-p R=H| (@9 Ar=-CgHs-OMe-p R=H
(e) Ar=-CgHs-Br-o R=H| (N Ar=-C¢Hs-Me-p R=H
(f)  Ar=-CgHs-Br-m R=H | (s) Ar=-CgHs'Bup R=H
(@) Ar=-CgHsBr-p R=H/| () Ar=2-pyridyl R=H
(h) Ar=-CgHs-CFszp R=H | (u) Ar=3-pyridyl R=H
() Ar=-CgH4s-NO2-0 R=H | (v) Ar=4-pyridyl R=H
() Ar=-CeHs-NO;-m R=H | (w) Ar=ferrocenyl R=H
(k) Ar=-CgHy-NO2-p R=H | (X) Ar= -naphthyl R=H
() Ar=-CgHs-OH-0 R=H | (yy Ar=-CeHs-OMep R =Me
(m) Ar=-CgHs-OH-m R=H | (z) Ar= -naphthyl R =Me

However due to solubility problems, 15 out of thesenpounds (highlighted) were fully
analyzed kinetically and X-ray crystallographicalljne compounds were synthesized in a
two-step reaction procedureDuring the first step, the -D-glucopyranosyl-
thiosemicarbazide was dissolved in ethanol or nmethaand was mixed with the
corresponding aldehyde. The reaction mixture wHsxed for 4-48 hours and acetic acid

was used as a catalyst. The acetyl group usedchéoiptotection of the glucopyranosyl
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moiety was removed from the resultind>-glucopyranosyl-thiosemicarbazone during the
second step, by standard methods using sodium tatthg methanol and stirred at room
temperature. The yields fluctuated in the rang8®@®0%, depending on the functional

group of the aromatic part.

The core molecule

OH
ca |C6 05
l'?é =0 C1H c7 H /C8
HO ~. N
03 C3 ©2 OH N1\H/N2 'l\:ls Ar

Figure 161. The chemical structure and numberingdu®r the core -D-glucopyranosyl-

thiosemicarbazone molecule.

All compounds were studied kinetically and crystgtaphically. They exhibited a variety
of ICsp values depending on the functional groups andaaipounds were found to bind at

the catalytic site as well as the new allostetie sf GPb.

The bromide group

c10 c10
Br
c9 C11
co C11
c12
C14 C12 C14
o3 Br
C13

3-bromobenzaldehyde-4-(2,3,4,6-tetra-O-acetyl-bromobenzaldehyde-4-(2,3,4,6-tetra-O-acetyl-
-D-glucopyranosyl) thiosemicarbazorfé ( —D-glucopyranosyl) thiosemicarbazorng (

Figure 162. The numbering and kinetic results eftthomide group at the meta and para position.
The root mean square deviation (r.m.s.d) for CArstaf ) was 0.19 A for the catalytic

site and 0.17 A for the new allosteric site. The.s.d for CA atoms ofg) was 0.23 A for
the catalytic site and 0.30 A for the new allostsite.
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Figure 163. 2Fo-Fc electron density mapsfdfoound at the catalytic site (left) and at the new
allosteric site (right) of GPb. The maps are comemliat 1 level and the refined models are

displayed.

Figure 164. Representation of the molecular intéoars of ) when bound at the catalytic site
(left) and at the new allosteric site of GPb (right

Kinetic studies revealed thd) fad the best inhibitory effect on GPb.
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Figure 165. Left: diagram showing the comparisomeen the GPbf complex (cyan) and the
GPb-N-acetyl--D-glucopyranosylamine complex (purple) in the nityi of the catalytic site.
Right: diagram showing the comparison of N"-benzei-glucopyranosyl ureaff complex in the
vicinity of the new allosteric site. Purple: N -lzeyl- -D-glucopyranosyl urea-GPb complex;

yellow: GPb-f) complex (subunit 1); cyan: GPB-complex (subunit 2).

Upon binding to the catalytic site of GPIj) forms 10 hydrogen bonds and 87 van der
Waals interactions. A structural comparison withacetyl- -D-glucopyranosylamine
revealed that the inhibitor shifts by ~ 60°. A nwenlof water molecules are displaced
(Wat108, Wat109, Wat110, Wat313, Wat356, Wat106t38% Wat104, Wat105 and
Wat314). The amino acids of the 280s loop underggpmconformational changes. The
side chain of Asp283 is rotated by 79.40° [GDG-CB-CA]. The side chain of Asn284 is
rotated by 33.55° [ODCG-CA-CB]. The phenyl rings of the side chains of Phe2g8
Phe286 undergo minor shifts.

Upon binding to the new allosteric site of GPb iigbitor forms 7 hydrogen bonds and
34 van der Waals interactions. A structural congmari with N-benzoyl- -D-
glucopyranosyl urea revealed minor conformatiorf@nges. The inhibitor is rotated by
~7° [O5C1-N1-C7]. Water molecules are displaced (Wat239, Wat1¥8#@136, Wat250
and Wat243), while Wat47 is shifted by 1.08 A.
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Inhibitor Protein atom Distance | Angle | Inhibitor Protein atom Distance | Angle
atom (A) ) atom (A) ©)
02 Tyr573 OH 3.2 148.Q 02 Alal92 N 2.8 171.4
Glu672 OE1 3.2 178.] 03 Glu190 OE1 2.9 117.Q
Watll 2.9 - 04 Wat49 2.7 -
03 Glu672 OE1 2.7 121.1 05 Wat47 2.7 -
Ser674 N 3.0 176.5 06 Asnl87 O 3.2 96.9
Gly675 N 3.1 141.9 Wat48 2.7 -
04 Gly675 N 2.7 129.2 N2 Thr38 O 2.8 154.4
Wat104 2.6 -
06 His377 ND1 2.7 152.4
Asn484 OD1 2.8 136.4

Figure 166. The network of hydrogen bond interaxgibetweenf) and residues of the catalytic
site of GPb (left) and residues of the new allastsite of GPb (right).

02| ..Watll ...Thr671 O 04 | ...Wat49 ...Asn187 N
...Ala673 N ...Glu190 OE1
...Watl0 ...Val379 N
... Thr671 0| O5 | ..Wat47 | ...Arg60 NH1
04 | ..Watl04 | ...Thr676 OG1 ...Arg60 NH2
...PLP O3P ...Wat48

Figure 167. The water hydrogen bond networlfp&{ the catalytic site of GPb (left) and at the

new allosteric site of GPb (right).
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Inhibitor . No. of Inhibitor . No. of
Protein atom Protein atom
atom contacts atom contacts
C1 His377 O 1 Cc2 Glul90 O 1
His377 O; Glu672 OE1
Cc2 Watl1 3 C4 Wat49 1
Glu672 OEL; Gly675
C3 N: Wat104 3 C5 Wat47 1
Asn484 OD1; Gly675
C4 N: Wat104 3 C6 Wat47, Wat48 2
Leul37 N; Gly135 C; . ,
C5 Wat104 3 Cs8 Arg60 CZ, NH2; Thr38" O 3
Gly135 C, O; Leul36
N; Leul39 CD2; Arg60 CZ, NE; Val40’
ce Asn484 OD1; His377 6 co cG2 3
ND1
. Arg60 NE; Wat46; Phe37
c7 Leul36 CB; Wat12 2 Cc10 O: Vald0’ CG2 4
Cc9 His341 CE1, NE2 2 C1l1 Val64 CG1; Wat46
Glu88 OE1; His341
c10 CEL, NE2: Wat52 4 C12 Wat46 1
Glu88 OE1; Asn282 O;
C11 Arg292 NH2; His341 6 C13 Wat46 1
CE1, NE2; Wat52
C12 Asn282 ND2, O 2 02 Alal192 CB 1
C13 Asn282 O 1 03 Tyr226 CE2 1
Cl4 Asp283 O 1 06 Asnl187 C; Wat47 2
. . Trp189 C, O; Glul90 N;
02 His377 O; Wat12 2 BR1 Pro229 CD 4
Glu672 C, CD, CG;
Ala673 C, CA, CB; .
03 Ser674 C, CA; GIy675 10 N1 Glul90 O; Wat47 2
CA; Watll
Asn484 OD1,; Ser674
C,CA,CB, N, OG; .
04 Gly675 C, CA, O: 10 N2 Arg60 NH2; Lys191 CD 2
Thr676 N
Leul36 CA, N; His377 . ,
05 CB. ND1 4 N3 Arg60 CZ, NH2; Thr38" O 3
Asn282 ND2, O;
BR1 Asn284 O; Phe285 C, 8
O; Phe286 CA, CB, N
N1 His377 CB, O; Wat12 3
N2 Wat12 1
N3 Wat12 1

Figure 168. The van der Waals network of interawiof €) at the catalytic site of GPb (left) and

at the new allosteric site of GPb (right).
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The chloride group

CI Cl C10 C11
C10 C11
C10 C11 c9 C12C|
C9 Cc12 Cc9 C12 C1a c13
C14 C13 C14 C13

2-chlorobenzaldehyde-4-(2,3,4,6- 3-chlorobenzaldehyde-4-(2,3,4,6- 4-chlorobenzaldehyde-4-(2,3,4,6-

tetra-O-acetyl--D- tetra-O-acetyl--D- tetra-O-acetyl--D-

glucopyranosyl) glucopyranosyl) glucopyranosyl)
thiosemicarbazoneby thiosemicarbazone) thiosemicarbazoned)
ICs0: 370 £ 9.7 M 1Go: 23.2+2 0.5 uM ICs0: 28.3 £ 1.7 uM

Figure 169. The numbering and kinetic results ef¢hloride group at the ortho, meta and para

position.

The root mean square deviation (r.m.s.d) for CArstof ) was 0.17 A for the catalytic
site and 0.23 A for the new allosteric site. The.s.d for CA atoms ofcj was 0.17 A for
the catalytic site and 0.23 A for the new allostesite. The r.m.s.d for CA atoms af)(

was 0.20 A for the catalytic site and 0.19 A foe trew allosteric site.

Figure 170. 2Fo-Fc electron density mapsaflfound at the catalytic site (left) and at the new
allosteric site (right) of GPb. The maps are com&abiat 1 level and the refined models are

displayed.

Kinetic studies revealed that)(had the best inhibitory effect on GPb, althoulgiré was

no significant difference withdj.
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Figure 171. Representation of the molecular intéoas of €) when bound at the catalytic site

(left) and at the new allosteric site of GPb (right

Figure 172. Left: diagram showing the comparisotwaen the GPbe] complex (cyan) and the
GPb-N-acetyl--D-glucopyranosylamine complex (purple) in the nityi of the catalytic site.
Right: diagram showing the comparison of N"-benzel-glucopyranosy! ureae) complex in the
vicinity of the new allosteric site. Purple: N’-lzexyl- -D-glucopyranosyl urea-GPb complex;
yellow: GPb-€) complex (subunit 1); cyan: GPb}((subunit 2).

Upon binding to the catalytic site of GPIg) forms 10 hydrogen bonds and 99 van der

Waals interactions with the surrounding protein immment and water molecules. A
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structural comparison witN-acetyl- -D-glucopyranosylamine revealed that the inhibitor
shifts by ~ 54° upon binding to the enzyme. A numbfewater molecules are displaced
(Wat355, Wat109, Wat110, Wat104 and Wat314), wiitet105 is shifted by ~ 1 A. The
main structural changes occur at the amino acideeo280s loop. In more detail, Asn282
rotates by 9.83° [@C-CA-CB], Asp283 rotates by 71.83° [OBOG-CB-CA] while
Phe285 rotates by 6.64° [GGB-CA-C]. Asn284, Phe286 and His377 undergo negligible
conformational changes. Upon binding to the newsadiric site, ) forms 8 hydrogen
bonds and 79 van der Waals interactions. A stratwomparison witiN"-benzoyl- -D-
glucopyranosyl urea revealed that the glucopyramogiety shifts to opposite directions
by ~ 93°. Water molecules were displaced (Watl3&t187, Wat239) while Wat328

shifted by ~ 1 A. No other considerable conformagiochanges were noted.

In2|tz|rtﬁr Protein atom Dls(;\a)nce Argog)le |n2|tkc))|;?r Protein atom D|s("c£\1)nce A?%Ie
02 Tyr573 OH 3.1 149.6 02 Alal92 N 2.8 177.0
Glu672 OE1 3.1 173.6] O3 Glu190 OE1 2.8 123.2
Wat242 3.0 - Wat280 2.9 -
03 Glu672 OE1 2.8 116.9] 0©O4 Wat182 2.8
Ser674 N 3.0 177.6] O5 Wat328 25
Gly675 N 3.2 141.7 06 Wat262 2.4
04 Gly675 N 2.8 128.2 Wat328 2.0 -
Watl114 2.6 - N2 Thr38” O 2.8 153.5
06 His377 ND1 2.7 157.0
Asn484 OD1 2.8 136.4

Figure 173. The network of hydrogen bond interawibetweend] and residues of the catalytic
site of GPb (left) and residues of the new allostsite of GPb (right).
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Inhibitor . No. of Inhibitor . No. of
Protein atom Protein atom
atom contacts atom contacts
Cl His377 O 1 C1 Glul90 O; Wat328 2
His377 O; Glu672 OE1 .
Cc2 Wat24 3 Cc2 Glu190 O; Ala192 N 2
Glu672 OEL; Gly675 .
C3 N: Wat114 3 C3 Glul90 OE1; Wat280 2
Asn484 OD1; Gly675 .
C4 N: Watl14 3 C4 Glul90 OE1; Wat182 2
Gly135 C; Leul36 N;
C5 Wat114 3 C5 Wat328 1
Gly135 C, O; Leul36
N; Leul39 CD2;
C6 His377 ND1: Asn484 6 C6 Wat262, Wat328 2
OoD1
Leul36 CB; Asn284 Lys191 CD; Wat328;
c7 ND2, OD1 8 c7 Thr38" O 8
Arg60 CZ, NH1, NH2,
C8 Asn284 N 1 C8 NE; Phe37” O; Thr38" O; 7
Val40” CG2
Asn284 N; His341 CE1 Arg60 CD, CZ, NH2, NE;
co NE2 3 c9 Val40” CG2 >
Ala383 O; Asn284 N; Arg60 CZ, NE; Pro188 O;
C10 His341 NE2 8 C10 Glu190 O 4
c11 His341 NE2; Phe285Q 2 c11 Arg60 Cg’Z3NE; Trp67 3
Asn282 O; Phe285 O; .
C12 His341 NE2: Wat89 4 C12 Arg60 CG; Trp67 CZ3 2
Asn282 O; His341 CE1 Arg60 CD, CG, O; Val64
C13 NE2: Wat183 4 C13 CG1: Vald0' CG2 5
Asn282 O; Asp283 CA;
T | Arg60 CD, CG, NE;
Cl4 Asn284 N’\i:2|5341 CE1l 5 Cl4 Val64 CG1: Wat265 5
o2 Asn284 CG, ND2, 4 02 Glul90 O; Lys191 C, CA, 6
OD1; His377 O CD; Alal92 CA, CB
Glu672 C, CD, CG; .
03 Ala673 C, CA, CB: 9 03 G'”Clsg %'E'Z_C\(/f/é 2’526 5
Ser674 CA, C; Wat242 ' ’
Asn484 OD1,; Ser674
04 CA, CB, C; Gly675 C, 9 04 Wat280 1
CA, O; Thr676 CG2, N
Phe285 C, O; Phe286 Pro188 O; Trp189 CA, C,
CL1 C, CA, CB; Ala383 O; 7 CL1 O; Glul90 C, CA, N; 9
Wat89 Pro229 CD, CG
N1 Asn284 ND2, OD1,; 4 N1 Arg60 NH1, Glu190 O, 4
His377 CB, O Lys191 CD; Wat328 OH2,
Leul36 CD1; Asn284 Arg60 NH1; Lys191 CD;
N2 CG, ND2 3 N2 Thr3g' C 8
Arg60 CZ, NH1, NH2;
N3 Asn284 CG, ND2, OD] 3 N3 Lys191 CD; Thr38" O 5
Gly135 N; Leul36 CB, .
S1 N: Asn284 ND2; Wat72| S1 Thr3g” O 1

Figure 174. The van der Waals network of interawiof €) at the catalytic site of GPb (left) and

at the new allosteric site of GPb (right).
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02 | ...Wat242 ...Thr671 O

...Ala673 N
...Wat88 ...Val379 N
...Thr671 O
....Wat270 | ...Gly670 O
...Wat92 ...Glu672 O
...Asp693 OD2
04 | ..Watll1l4 | ...Thr676 OG1
...PLP O3P
03 | ...Wat280 | ...Tyr226 OH
04 | ..Wat182 | ...Asn187 N
...Glu190 OE1
05 | ...Wat328 | ...Arg60 NH1
...Wat262
06 | ...Wat328 | ... Arg60 NH1
.. Wat262

Figure 175. The water hydrogen bond networkchf the catalytic site of GPb (top) and at the

new allosteric site of GPb (bottom).

The hydroxyl group

o7 o7
HO OH
c10 C11 C10__(c1q c10___ 11
c9
c12 co c12
co c12 OH
C14 c13 C14 C13 o7

C14 C13

2-hydroxybenzaldehyde-4-  3-hydroxybenzaldehyde-4-  4-hydroxybenzaldehyde-4-
(2,3,4,6-tetra-O-acetyl-D- (2,3,4,6-tetra-O-acetyl-D- (2,3,4,6-tetra-O-acetyl-D-

glucopyranosyl) glucopyranosyl) glucopyranosyl)
thiosemicarbazond)( thiosemicarbazonar() thiosemicarbazonenj
ICs0: 26.6 + 3.3 uM ICs0: 180.0 £ 7.8 uM ICs0: 340.5 £ 21.7 uM

Figure 176. The numbering and kinetic results eftilgdroxyl group at the ortho, meta and para

position.

The root mean square deviation (r.m.s.d) for CArastaf () was 0.24 A for the catalytic
site while no binding occurred at the new allostaite of GPb. The r.m.s.d for CA atoms
of (m) was 0.20 A for the catalytic site and 0.35 A tloe new allosteric site. The r.m.s.d
for CA atoms of 1) was 0.17 A for the catalytic site and 0.21 Atlwe new allosteric site.
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Figure 177. 2Fo-Fc electron density mapslpbound at the catalytic site of GPb. The map is

contoured at 1 level and the refined model is displayed.

Kinetic studies revealed thd) biad the best inhibitory effect on GPb.

Figure 178. Stereo diagram showing the networkt#ractions between)(and residues of the

catalytic site of GPb.
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Figure 179.Stereo diagram showing the comparison between Bie @ complex (cyan) and the

GPb-N-acetyl--D-glucopyranosylamine complex (purple) in the nikyi of the catalytic site.

Upon binding to the catalytic site of GPb), forms 15 hydrogen bonds and 109 van der
Waals interactions. A structural comparison withacetyl- -D-glucopyranosylamine
revealed profound conformational changes. The itdribshifts by ~ 119°. Water
molecules were displaced (Wat105, Wat106, Wat35&10 and Wat356) while Wat236
and Wat250 were shifted by ~ 1 A. Asn282 was rdtdig 78.27° [ND2CG-CB-CA]
while the backbone oxygen was shifted by 3.82 Ap288 was rotated by 58.64° [OD1
CG-CB-CA] and in this case also the backbone oxygen Wiifted by 2.91 A. Asn284
undergoes a profound change of orientation andtated by 48.39° [ODTG-CA-CB].
The phenyl ring of the side chain of Phe285 chamdjezttion and the whole amino acid
was rotated by 27.40° [CGB-CA-C]. Phe286, His377, Arg292 and Glu385 undergo less
profound conformational changes. It is interestiognote that the aromatic part of the
inhibitor is positioned into the catalytic site, eanway that doesn’t destabilize the amino
acids of the adjacent 280s loop. It can therefer@as¢sumed that the orientation it acquires

is energetically favourable for the stabilizatidrttee T-state of the enzyme.
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Inhibitor atom | Protein atom | Distance (&) | AngleQ
02 Tyr573 OH 3.1 146.2
Glu672 OE1 3.1 176.9
Wat236 3.0 -
Wat239 3.1 -
03 Glu672 OE1 2.7 118.5
Ser674 N 3.1 170.2
Gly675 N 3.2 140.8
04 Gly675 N 2.7 130.9
Wat110 2.6 -
06 His377 ND1 2.7 158.5
Asn484 OD1 2.8 137.2
o7 Asp283 O 2.6 117.5
N3 Asp283 O 2.9 146.3
Sl Wat70 3.3 -
Wat240 3.3 -

site of GPb.

02

...Wat236

_.Lys574 NZ

...PLP O2P

...Wat52

_.Gly135N

...Wat55

...Arg569 N

...PLP O2P

...Wat239

...Thr671 O

...Ala673 N

...Wat86

...Val379 N

...Thr671 O

04

...Watl110

...Thr676 OG1

...PLP O3P

S1

...Wat70

...Glu88 OE2

_.Glyl34 N

_.Glyl37 N

...Wat240

...Asp283 O

...Asp283 OD2

....\Wat52

Figure 181. The water hydrogen bond networl o&{ the catalytic site of GPb.

Figure 180. The network of hydrogen bond interaxgibetweenl Y and residues of the catalytic
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Inhibitq . No. of
Protein atom
atom contacts
C1 His377 O; Wat236 2
C2 His377 O; Glu672 OE1; Wat236, Wat239 4
C3 Glu672 OE1; Gly675 N; Wat110, Wat236 4
C4 Gly675 N; Wat110 2
C5 Gly135 C; Leul36 N; Wat110 5
C6 Gly135 C, O; Leul36 N; His377 ND1; Asn484 OD1; W1 6
Cc7 Leul36 CB; Asn284 ND2 2
C8 Asn283 O; Asn284 CA, O 3
C9 Asp283 C, O; Asn284 CA, O 4
C10 Glu88 OE1; Asp283 C, CA, N, O 5
Ci11 Glu88 OE1; Asn133 ND2; Asp283 C, CA, N, O; Wat181 7
C12 Asn282 CB; Asp283 N; Wat181 3
C13 Phe285 O; Arg292 NH2; Wat250 3
Cil4 Asn284 O; His341 CE1; NE2; Wat250 4
02 Asn284 OD1; His377 O 2
03 Glu672 C, CD, CG; Ala673 C, CA, CB, N; Ser674 C,;@y675 CA; Wat239 11
04 Asn484 OD1; Ser674 C, CA, CB, N; Gly675 CA, C, Org76 N 9
05 Leul36 CA, N; His377 CB, ND1 4
06 Leul39 CD2; His377 CG, CE1; Asn484 CG; Val455 CBI1CCG2 7
o7 Glu88 OE1; Asnl133 CB, CG, ND2; Asp283 C, CA; WatWyt240 8
N1 His377 CB, O 2
N2 Asp283 O; Asn CG, ND2, OD1 4
N3 Asn284 ND2 1
S1 Gly135 N; Leul136 CB, N; Asp283 O; Wat52, Wat70, it 7

Figure 182. The van der Waals network of interagtiof () at the catalytic site of GPb.

The methoxy & methyl groups

Cc10__ C11 c10__ C11
C15
C9 C12 c9 C12
O—CHsj CH3
07 C15
C14 c13 C14 C13

4-methoxybenzaldehyde-4-(2,3,4,6-tetra-O-  4-methylbenzaldehyde-4-(2,3,4,6-tetra-O-

acetyl- -D-glucopyranosyl) acetyl- -D-glucopyranosyl)
thiosemicarbazoneg) thiosemicarbazone)
ICso: 406.5 + 40.6 uM G 192.4 £ 5.8 uM

Figure 183. The numbering and kinetic results efrttethoxy & methyl groups at the para

position.

The root mean square deviation (r.m.s.d) for CArataf () was 0.20 A for the catalytic
site and 0.23 A for the new allosteric site. The.s.d for CA atoms ofr§ was 0.31 A for
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the catalytic site and 0.27 A for the new allostaite. Kinetic studies revealed tha} kad
the best inhibitory effect on GPb.

Figure 184. 2Fo-Fc electron density mapsryfjound at the catalytic site of GPb (left) andte
new allosteric site of GPb. The maps are contoatetl level and the refined models are

displayed.

Upon binding to the catalytic site of GPIp) forms 18 hydrogen bonds and 101 van der
Waals interactions. A structural comparison withacetyl- -D-glucopyranosylamine
revealed a rotation of the inhibitor by 13.51° [O%-N1-C7]. Water molecules were
displaced (Wat105, Wat106, Wat355, Wat109 and Wtthile Wat34 was shifted by ~

1 A. The backbone oxygen of Asn282 was shifted iy & while the whole amino acid
was rotated by 80.66° [NDEG-CB-CA].

Figure 185. Representation of the molecular intéoaxs of ¢) when bound at the catalytic site
(left) and at the new allosteric site of GPb (right
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Figure 186. Left: diagram showing the comparisotmsen the GPbr] complex (cyan) and the
GPb-N-acetyl--D-glucopyranosylamine complex (purple) in the nityi of the catalytic site.
Right: diagram showing the comparison of N"-benzel-glucopyranosyl urear] complex in the
vicinity of the new allosteric site. Purple: N -lzeyl- -D-glucopyranosyl urea-GPb complex;

yellow: GPb-() complex (subunit 1); cyan: GPb}complex (subunit 2).

A significant conformational change was observaedAsn284. The amino acid changes
entirely direction. The CA atom shifted by 3.90 the C atom shifted by 2.94 A, the N
atom shifted by 3.01 A and the O atom by 2.28 AeF®#% and Phe286 undergo less
profound changes. Upon binding to the new allostsite of GPb,r() forms 7 hydrogen
bonds and 81 van der Waals interactions. A stratwomparison witiN"-benzoyl- -D-
glucopyranosyl urea revealed that upon bindingh® ¢énzyme the inhibitor rotates by
10.48° around [O%1-N1-C7]. Water molecules are displaced (Wat136, Watafé
Wat243) while Wat203 and Wat207 are shifted by ~Al No other profound

conformational changes were noted in the proteiirenment.
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Inhibitor Protein atom Distance | Angle | Inhibitor Protein atom Distance | Angle
atom (A °) atom (A ©)
02 Tyr573 OH 3.1 148.5 02 Alal92 N 2.7 175.5
Glu672 OE1 3.2 178.7 03 Glu190 OE1 2.9 117.1
Wat169 3.0 - 04 Wat201 2.7 -
Watl70 2.8 - 05 Wat203 2.8 -
03 Glu672 OE1 2.7 120.2 06 Wat204 3.3 -
Ser674 N 3.1 176.3 N1 Wat203 3.3 -
Gly675 N 3.1 143.4 N2 Thr38 O 2.7 154.8
04 Gly675 N 2.7 128.6
Wat106 2.7 -
06 His377 ND1 2.6 161.7
Asn484 OD1 2.7 138.2
N1 Wat36 3.2 -
N2 Wat36 25 -
N3 Wat36 3.2 -
S1 Leul36 N 3.2 162.5
Wat26 3.3 -
Wat27 3.0 -
Wat28 3.3 -

Figure 187. The network of hydrogen bond interatibetweenrf and residues of the catalytic
site of GPb (left) and residues of the new allostsite of GPb (right).

02 ...Wat169 ...Thr671 O
...Ala673 N
...Wat170 ...Tyr573 OH
...Lys574 NZ
...Wat26 ...Gly135 N
...Wat25 ...Arg569 N
...PLP O2P
...Wat27 ...Asp283 OD2
...Wat170 ...Tyr573 OH
...Lys574 NZ
04 ...Wat106 ...Thr676 OG1
...PLP O3P
N1/N2/N3 ...Wat36
S1 ...Wat26
...Wat27
...Wat28 ...Glu88 OE2
...Gly1l34 N
...Gly137 N
04 ...Wat201 ...Asn187 N
...Glu190 OE1
O5/N1 ...Wat203 ...Arg60 NH1
...Arg60 NH2
06 ...Wat204 No interactions

Figure 188. The water hydrogen bond networkr p&f the catalytic site (top) and at the new
allosteric site of GPb (bottom).
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Inhibitor . No. of Inhibitor . No. of
Protein atom Protein atom
atom contacts atom contacts
Cl His377 O; Wat170 2 C1 Glul90 O; Wat52 2
His377 O; Glu672 OE1 .
Cc2 Wat169, Wat170 4 Cc2 Glu190 O; Ala192 N 2
Glu672 OEL; Gly675
C3 N: Wat106, Wat170 4 C3 Glul90 OE1 1
C4 Gly675 N; Wat106 C4 Glu190 OE1; Wat201 2
Gly135 C, CA; Leul36
C5 N: Wat106 C5 Wat203 1
Gly135 C, O; Leul36
cé CA, N; Leul39 CD2; 7 c6 Asnl187 O; Wat203, 3
His377 ND1; Asn484 Wat204
OoD1
. Lys191 CD, CE; Wat203
Cc7 Leul36 CB; Wat36 2 Cc7 OH2: Thr38’ O 4
Arg60 CZ, NH1, NH2,
C8 Wat36 1 C8 NE; Lys191 CD; Phe37’ 8
O; Thr38" O; Val40" CG2
Asp283 CA; His341 Arg60 CZ, NH1, NH2,
c9 CE1 2 co NE; Vald0' CG2 5
Glu88 OE1; Asp283 Arg60 CZ, NH1,; Pro188
c10 CA, CB; Wat29 4 C10 0; GIu190 C, O 5
Glu88 OE1; Asn133 . .
c11 ND2; Asp283 CA, CB;| 5 c11 TrpG_T_rCfgé Fg"é% o 4
Wat29 P :
Asn282 C, O; Arg292 .
C12 NH2: Wat29 4 C12 Arg60 CD; Trp67 CZ3 2
Asn282 O; His341 Arg60 CD, CG, NE, O;
C13 NE2: Wat35 3 C13 Valé4 CG1 5
; . . Arg60 CD, CZ, NE; Val64
Cl4 H'534\}Vgt§é' NE2; 3 c14 CG1; Wat207; Phe37” Oj 7
Val40” CG2
Tyr280 CB, O; Asn282 Arg60 CB; Leu63 CD1;
C15 C, O, OD1; Arg292 CZ, 8 C15 Trp67 CZ3; Pro229 CD, 5
NH1, NH2 CG
. . Glul90 O; Lys191 C, CA;
02 His377 O; Wat170 2 02 Alal92 CA, CB 5
Glu672 C, CD, CG;
03 Ala673 C, CA, CB, N; 1 03 Glul190 CD, CG; Tyr226 5
Ser674 C, CA; Gly675 CD2, CE2; Wat201
CA; Wat169
Asn484 OD1; Ser674
04 C, CA, CB, N, OG; 9 04 Glul90 OE1 1
Gly675 C, CA, O
Leul35 C; Leul36 CA, . .
05 CB, N; His377 CB, 7 N1 G'”190V%t%§191 CD; 3
ND1, O
Leul39 CD2; His377 .
06 CG, CE1; Asn484 CG: 7 N2 Acr:gEs-Ov\’/\laTzzéyl,_-y-?rl]?;a?g ’ 4
Val455 CB, CG1, CG2 ' ’
Arg60 CZ, NH1, NH2;
N1 His377 CB, O 2 N3 Glu190 O; Lys191 CD; 6
Thr3g8 0
N2 Leul36 CD1 1 S1 Thr38°0 1
Gly135 N; Leul36 CB,
S1 N; Wat26, Wat27, 6
Wat28

Figure 189. The van der Waals network of interatiof () at the catalytic site of GPb (left) and

at the new allosteric site of GPb (right).
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The nitro group

07
N4 /O
08 O—N C10 C11 Qo7
/
c10 c11 co C12 N Na
co Cc12 \
c14 ci3 Oos
C14 c13
2-nitrobenzaldehyde-4-(2,3,4,6-tetra- 4-nitrobenzaldehyde-4-(2,3,4,6-tetra-
O-acetyl- -D-glucopyranosyl) O-acetyl- -D-glucopyranosyl)
thiosemicarbazone)( thiosemicarbazoneky
ICso: 484.2 £ 23.3 UM ICs0: 25.7 £ 0.9 pM

Figure 190. The numbering and kinetic results efrftro group at the ortho and para positions.

The root mean square deviation (r.m.s.d) for CArstaf {) was 0.13 A for the catalytic
site while no binding occurred at the new allostaite. The r.m.s.d for CA atoms d&)(
was 0.18 A for the catalytic site and 0.24 A foe thew allosteric site. Kinetic studies
revealed thatk)) had the best inhibitory effect on GPb. It is meing to note the big

difference in the Igvalue between the ortho and the para position.

Figure 191. 2Fo-Fc electron density mapslgfifound at the catalytic site of GPb (left) andlz
new allosteric site of GPb. The maps are contoatetl level and the refined models are

displayed.
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Figure 192. Representation of the molecular intdoas of k) when bound at the catalytic site

(left) and at the new allosteric site of GPb (right

Figure 193. Left: diagram showing the comparisotwsen the GPbk) complex (cyan) and the
GPb-N-acetyl--D-glucopyranosylamine complex (purple) in the nitgi of the catalytic site (left).
Right: diagram showing the comparison of N"-benzei-glucopyranosyl ureak) complex in the
vicinity of the new allosteric site. Purple: N -lzewyl- -D-glucopyranosyl urea-GPb complex;

yellow: GPb-k) complex (subunit 1); cyan GPk}(complex (subunit 2).
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Ingltt())':r?r Protein atom D|s('fgz\1)nce A?%Ie Ingltl(o)l:r?r Protein atom D|s('f823nce Angle )
02 Asn284 ND2 3.3 139.1 02 Alal92 N 2.8 173.2
Asn284 OD1 3.2 99.0 03 Glu190 OE1 2.9 119.0
Tyr573 OH 3.0 147.9 Wat233 3.1 -
Glu672 OE1 3.1 178.9 04 Wat232 2.8 -
Watll4 3.0 - 05 Wat234 2.9 -
03 Glu672 OE1 2.7 119.4 N1 Wat234 3.0 -
Ser674 N 3.0 175.4 N2 Thr38 O 2.8 155.8
Gly675 N 3.0 142.5
04 Gly675 N 2.8 126.2
Wat135 2.6 -
06 His377 ND1 2.7 154.0
Asn484 OD1 2.7 137.9
o7 Tyr280 O 3.0 103.7
Asn282 O 3.3 115.9
Wat26 2.7 -
08 Watl87 2.6 -
S1 Leul36 N 3.3 157.3
Asp283 OD1 3.3 109.9

Figure 194. The network of hydrogen bond interawtibetweenk] and residues of the catalytic
site of GPb (left) and residues of the new allostsite of GPb (right).

Upon binding to the catalytic site of GPR) forms 18 hydrogen bonds and 129 van der
Waals interactions. A structural comparison withacetyl- -D-glucopyranosylamine
revealed negligible conformational changes. This loa explained by the fact that the two
oxygens form H-bonds with the surrounding environtmehile the nitro group has a
delocalized system of electrons stabilizing in this way the compound.t§vanolecules
were displaced in order to fit the inhibitor intbet binding pocket (Wat105, Wat106,
Wat314, Wat355, Wat108, Wat109 and Wat110). Upowlibg to the new allosteric site
of GPb, k) forms 7 hydrogen bonds and 79 van der Waalsdotiens. A structural
comparison withN'-benzoyl- -D-glucopyranosyl urea revealed negligible changessin
the case of the catalytic site. Watl36 and Wat2&ewdisplaced, while Wat24 and
Wat234 were shifted by ~ 1.5 A. The inhibitor shiftoy ~ 58° upon binding.
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02 | ..Watl114 ...Thr671 O
...Ala673 N
...Wat113 ...Val379 N
...Thr671 O
...Watl112 ...Gly670 O
...Wat115 ...Glu672 O
...Asp693 OD2
...Gly694 N
04 | ..Wat135 | ...Thr676 OG1
...PLP O3P
o7 ...Wat26 ...Glu88 OE1
...Tyr280 O
...Arg292 NH1
...Wat25 ...Glu88 OE1
...Arg292 NH2
08 | ...Wat187 ...Glu287 N
...Glu287 O
03 ...Wat233 | ...Tyr226 OH
04 ...Wa232 ...Asn187 N
...Glu190 OE1
O5/N1 ...Wa234 | ...Arg60 NH1
...Asn187 O
...Glu190 O

Figure 195. The water hydrogen bond networkkdfaf the catalytic site (top) and at the new

allosteric site of GPb (bottom).
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Inhibitor . No. of Inhibitor . No. of
Protein atom Protein atom
atom contacts atom contacts
C1 His377 O 1 c1 Wat234 1
His377 O; GIu672 OEL , ,
c2 o o 3 c2 GIu190 O: Ala192 N; Wat234 3
GIU672 OEL; GIy675 N; )
c3 el 3 c3 GIu190 OE1; Wat233 2
Asn484 OD1; Gly675 N; .
ca e 3 ca GIu190 OE1; Wat232 2
Gly135 C; Leul36 N;
cs e 3 cs Wat234 1
Gly135 C, O; Leu136 CA,
N; Leul39 CD2; His377 . .
c6 N1 Aana04 OO 8 c7 Lys191 CD; Thr38’ O 2
Wat135
. Arg60 NHL, NH2, CZ;
c7 Le”“%gg' 83”1284 G, 4 c8 Lys191 CD; Phe37 O: 7
: Thr3g’ O; Vald0’ CG2
Arg60 CZ, NH1, NH2, NE;
cs Asn284 CA, N 2 co AR 5
Asn282 N, O; His341 CE1
co o 4
o1 GIuB8 OET; Asn282 O; . 10 Arg60 CZ, NHL; Pro188 O; .
His341 CE1: Wat25 GIU190 C, O: Wat234 OH2
GIuB8 OEL; Asn133 ND2, _ _
c11 Asn282 C, O; Wat25, 6 c11 Pro188 O; Trglsg C; Glu1sq 3
Wat26
Asn282 O; Phe285 O;
c12 Arg292 NH2: Wat25, 5 c12 Arg60 CD; Trp67 CZ3 2
Wat26
. Arg60 CD, CG, NE; Vale4
c13 Asn282 O; Phe285 C, O 3 c13 oo Wasio Oy 5
Arg60 CD, CZ, NE; Val64
c14 Phe285 N, O; His341 NE4 3 c1a CG1; Wat49 OH2: Phe37 O 7
Vald0’ CG2
. GIU190 O; Lys191 C, CA;
02 Asn284 CG; Wat114 2 02 AT Ty 5
GIu672 C, CD, CG.
Ala673 C, CA, CB, N; GIu190 CD, CG: Tyr226
03 Ser674 C, CA: Gly675 1 03 CD2. CE2 4
CA; Wat114
Asnd84 OD1; Ser674 C,
04 CB: Gly675 CA, C, O: 8 04 Wat233 1
Thr676 N
o Leu136 CA, CB, N; . o7 Pro188 O; Trp189 C, CA, O, y
His377 CB, ND1, O CE3; Pr0229 CD, CG
Leu139 CD2, His377 CG, ) )
06 CE1; Asn484 CG; Val455 7 08 Arge_?_roé;_%usg ggécm, 5
CB, CG1, CG2 p '
Tyr280 C, CA, CB;
o7 Asn282 C, CA, CB, N, 9 N1 Glu190 O 1
ND2; Arg292 NH1
Phe285 O; Arg292 CZ, Arg60 NH2; Lys191 CD, CE;
08 NH, NE2 4 N2 Thr3g' C 4
Arg60 CZ, NH1, NH2;
Asn284 CG, ND2, OD1.: G e
N1 OB 5 N3 Lys191 CD; (\gVat234, Thras 6
" Leu136 CD1, Asn284 CG .
N, ND2, OD1
N3 Asn284 N, ND2 2
Asn282 CB, O; Phe285 O
N4 Arg292 CB, NH1, NH2; 8
Wat26, Wat187
Gly135 N; Leu136 CA,
CB. N; Asp283 CG, OD1,
S1 OD2; Asn284 ND2; 10
Wat23, Wat24

Figure 196. The van der Waals network of interatiof k) at the catalytic site of GPb (left) and

at the new allosteric site of GPb (right).
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The fluoride group

c19 " c10___C11 FF1
co C12 F o1
co Fr2
cu o cia—c13 F
F3
4-fluorobenzaldehyde-4-D-glucopyranosyl)- 4-trifluoromethylbenzaldehyde-4-
thiosemicarbazonea ( -D-glucopyranosyl)-
thiosemicarbazonéeh
ICs0: 5.7 £ 0.4 uM ICs0: 524.3 £ 11.4 uM

Figure 197. The numbering anlde kinetic results of the fluoride group.

The root mean square deviation (r.m.s.d) for CArstof @) was 0.18 A for the catalytic
site and for the new allosteric site was 0.29 Ae Tim.s.d for CA atoms oh] was 0.20 A
for the catalytic site and 0.15 A for the new aktoi site. Kinetic studies revealed thal (

had the best inhibitory effect on GPb. It is ingneg to note the profound difference in the
ICsovalues betweergf and f).

Figure 198. 2Fo-Fc electron density mapsafifound at the catalytic site of GPb (left) andlz
new allosteric site of GPb. The maps are contoatetl level and the refined models are

displayed.
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Upon binding to the catalytic site of GPl) forms 13 hydrogen bonds and 102 van der
Waals interactions with the surrounding environmandl water molecules. A structural
comparison withiN-acetyl- -D-glucopyranosylamine revealed a shift of the ltioir by ~
62° upon binding. A number of water molecules gespldced in order for the bulky
inhibitor to fit into the binding site (Wat110, Wa&5, Wat106, Wat109, Wat356 and
Wat105). Phe285 rotated by 25.27° [@B-CG-N]. No other profound conformational
changes were noted. It is interesting to notett@aaromatic part of the ligand fits into the
catalytic site, in such a way that it doesn’t desitee Asp283 and Asn284 of the 280s
loop. In order to stabilize its favourable positiagnforms a hydrogen bond with the main
chain oxygen atom of Asn282.

Figure 199. Representation of the molecular intdoas of @) when bound at the catalytic site
(left) and at the new allosteric site of GPb (right
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Figure 200. Left: diagram showing the comparisotwesen the GPba) complex (cyan) and the
GPb-N-acetyl--D-glucopyranosylamine complex (purple) in the niiyi of the catalytic site (left)
Right: diagram showing the comparison of N"-benzel-glucopyranosyl ureaa) complex in the
vicinity of the new allosteric site. Purple: N -lzeyl- -D-glucopyranosyl urea-GPb complex;

yellow: GPb-&) complex (subunit 1); cyan: GPb)(complex (subunit 2).

Upon binding to the new allosteric site of GPd), forms 9 hydrogen bonds and 111 van
der Waals interactions. A structural comparisorhwt-benzoyl- -D-glucopyranosyl urea
revealed that the inhibitor shifted by ~ 133° ugdanding, shifting the glucopyranose
moiety. Water molecules were displaced (Wat136,28&tand Wat137), while Wat280
and Wat301 were shifted by 3.07 A and 1.67 A respaly. No significant changes were

noted in the protein environment surrounding thehitor.
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Inhibitor Protein atom Distance | Angle | Inhibitor Protein atom Distance | Angle
atom (R) ) atom (A )
02 Tyr573 OH 3.1 149.7 02 Alal92 N 2.9 174.7
Glu672 OE1 3.2 171.6 Wat298 2.8 -
Wat234 2.7 - 03 Glu190 OE1 2.8 1219
Wat237 2.9 - Wat252 3.0 -
03 Glu672 OE1 2.8 117.1 04 Wat180 2.8 -
Ser674 N 3.1 176.2 05 Wat301 2.8 -
Gly675 N 3.2 140.0 06 Wat301 3.1 -
04 Gly675 N 2.8 131.8 N1 Glul90 O 3.3 153.7
Wat116 2.6 - N2 Thr38 O 2.8 153.§
06 His377 ND1 2.7 153.6
Asn484 OD1 2.8 137.2
S1 Asp283 OD1 3.3 111.3
F1 Asn282 O 3.3 124.7

Figure 201. The network of hydrogen bond interaxgibetweena) and residues of the catalytic
site of GPb (left) and residues of the new allastsite of GPb (right).

02 | ...Wat234| ...Tyr573 OH
...Lys574 Nz
...Wat54 ...Gly135 N
...Asp283 OD2
....Watb7 ...Arg569 N
...PLP O2P
...Wat237 ...Thr671 O
...Ala673 N
...Wat91 ...Val379 N
...Thr671 O
...Wat254 ...Gly670 O
...Wat95 ...Glu672 O
...Asp693 OD2
...Gly694 N
04 | ...Watl116| ...Thr676 OG1
...PLP O3P
03 ...Wat252 | ...Tyr226 OH
04 ...Wat180 ...Asn187 N
...Glu190 OE1
05 ...Wat301 | ...Arg60 NH1
...Arg60 NH2

Figure 202. The water hydrogen bond networkapfaf the catalytic site (top) and at the new

allosteric site of GPb (bottom).
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Inhibitor No. of Inhibitor No. of

Protein atom Protein atom
atom contacts atom contacts
Glul90 O; Wat298,
C1 Wat234 1 C1l Wat301 3
His377 O; Glu672 OE1 .
Cc2 Wat234, Wat237 4 Cc2 Glu190 O; Wat298 2
c3 Glu672 OEL; Gly675 4 c3 Glul190 OE1; Wat252, 3
N; Watl116, Wat234 Wat298
C4 Gly675 N; Wat116 2 C4 Glul90 OE1; Wat180 2
Gly135 C, CA; Leul36
C5 N: Wat116 4 C5 Wat301 1
Gly135 C,0; Leul36 N;
C6 His377 ND1; Asn484 5 C6 Wat246, Wat301 2
OoD1
Leul36 CB; Asn284 Arg60 NH2; Lys191 CD;
c7 ND2 2 c7 Wat301: Thr3g8’ O 4
Arg60 CZ, NH1, NH2,
C8 Asn284 N 1 C8 NE; Phe37" O; Thr38" O; 7
Val40” CG2
Asn282 O; Asn284 N; Arg60 CD, CZ, NH1, NE;
c9 His341 CE1 3 co vala0’ CG2 5
. . Arg60 CD, NE; Val64
C10 Asnﬁiﬁlpl\:gss o 3 c10 CG2; Wat300: Phe37’ Of 6
Val40” CG2
. Arg60 CB, CD, CG, O;
Cl1 Asn282 O; Phe285 O 2 C1l1 Val64 CG2 5
Asn282 C, O; Arg292
C12 NH2: Wat182 4 C12 Trp67 CZ3 1
Glu88 OE1; Asn133 . .
c13 ND2; Asn282 C, O; 5 c13 Trpszrcfg’é Pcrc’é% 0 4
Wat182 P '
Glu88 OE1; Asn282 O; .
Cl4 Wat182 3 Cl4 Pro188 O; Glu190 C, O 3
Asn284 CG, OD1, Glul90 O; Lys191 C, CA;
02 ND2; His377 O 4 02 Alal92 CA, CB 5
Glu672 C, CD, CG; .
03 Ala673 C, CA, CB, N; 10 03 Glu190 CD, CG; Tyr226 5

Ser674 C, CA: Wat237 CD2, CE2; Watl80

Asn484 OD1,; Ser674
04 C, CB; Gly675 C, CA, 8 04 Wat252 1
O; Thr676 CG2, N
Leul36 CA, CB, N;
His377 CB, ND1
Leul39 CD2; His377
06 CE1, CG; Val4s5 CG1, 6 F1
CG2; Asn484 CG
Tyr280 CB, O; Asn282
F1 CB, O; Arg292 CZ, 8 N1 Glu190 O; Wat301 2
NH1, NH2; Wat182
Asn284 OD1, ND2;

05 4 06 Asnl187 C, O; Pro188 CA 3

Leu63 CD1,; Trp67 CZ3;
Pro229 CD, CG

Arg60 CZ, NH1, NH2;

N1 His377 CB, O 4 N2 Lys191 CD: Thr3g" C 5
e e | e | ARG,
: Thr3g’ O
N3 Asn284 ND2, N 2 s1 Wat298, WgBOl; Thrsg 5
Gly135 N; Leul36 CB,
o1 N; Asp283 CG, ODL, | o

OD2; Asn284 ND2;
Wat54, Wat74, Wat234

Figure 203. The van der Waals network of interawiof @) at the catalytic site of GPb (left) and

at the new allosteric site of GPb (right).
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The pyridyl group

c10__c11
\
co / N N4
Cl4 13

4-pyridinecarboxaldehyde-4-D-
glucopyranosyl) thiosemicarbazong (
ICs0: 200.0 £ 17.0 uM

Figure 204. The numbering and the kinetic resultthe pyridyl group at the para position.

The root mean square deviation (r.m.s.d) for CArstef () was 0.20 A for the catalytic

site and for the new allosteric site was 0.34 A.

Figure 205. 2Fo-Fc electron density mapswfl{ound at the catalytic site of GPb (left) andte
new allosteric site of GPb. The maps are contoatetl level and the refined models are

displayed.

Upon binding to the catalytic site of GPk) forms 18 hydrogen bonds and 113 van der
Waals interactions. The aromatic part of the lightgdinto the subsite-pocket of the site.

A structural comparison witliN-acetyl- -D-glucopyranosylamine revealed insignificant
changes in the protein environment. The inhibitates by 28° [O&1-N1-C7]. In the
water network, some water molecules were displgd®dt105, Wat110, Wat355 and

Wat314).
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Figure 206. Representation of the molecular intéoas of {) when bound at the catalytic site

(left) and at the new allosteric site of GPb (right

Figure 207. Left: diagram showing the comparisotwaen the GPbvj complex (cyan) and the
GPb-N-acetyl--D-glucopyranosylamine complex (purple) in the nityi of the catalytic site.
Right: diagram showing the comparison of N -benzel-glucopyranosyl ureav) complex in the
vicinity of the new allosteric site. Purple: N -lzewyl- -D-glucopyranosyl urea-GPb complex;

yellow: GPb-{) complex (subunit 1); cyan: GPl}(complex (subunit 2).
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Upon binding to the new allosteric site of GRY,forms 8 hydrogen bonds and 80 van der
Waals interactions. As in the case of the catalgite, insignificant conformational
changes were observed in the protein environmehilewsome water molecules were
displaced (Wat136, Wat239, Wat243 and Wat250).

Inhibitor Protein atom Distance | Angle | Inhibitor Protein atom Distance | Angle
atom (A @) atom (A @)
02 Asn284 ND2 3.3 139.6 02 Alal92 N 2.9 1715
Asn284 OD1 3.3 99.8 03 Glu190 OE1 2.7 121.6
Tyr573 OH 3.0 149.8 04 Watl124 2.7 -
Glu672 OE1 3.2 178.3 05 Wat126 2.8 -
Wat57 3.0 - 06 Wat125 2.6 -
03 Glu672 OE1 2.7 122.( Wat126 2.5 -
Ser674 N 3.1 174.8 N1 Glul90 O 3.1 153.5
Gly675 N 3.2 142.9 N2 Thr38 O 2.8 155.1
04 Gly675 N 2.8 128.7
Wat45 2.6 -
06 His377 ND1 2.7 146.0
Asn484 OD1 2.7 137.4
N4 Asp339 OD2 3.0 105.4
Ala383 3.0 121.9
Wat59 3.0 -
S1 Leul36 N 3.3 164.0
Asp283 OD1 3.0 117.3
Wat27 3.1 -

Figure 208. The network of)(hydrogen bond interactions between and residfiéiseocatalytic
site of GPb (left) and residues of the new allastsite of GPb (right).
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02 | ...Wat57 ...Thr671 O
...Ala673 N
...Thr378 OG1
...Wat56 ...Val379 N
...Thr671 O
...Wat55 ...Gly670 O
...Wat54 ...Glu672 O
...Asp693 OD2
N4 ...Wat59 | .. Thr340 OG1
...Glu385 N
...Wat58 ...Asp339 OD2
...Tyr374 OH
...Asn376 ND2
S1 ...Wat27 ...Gly135 N
...Asp283 OD1
...Asp283 OD2
...Wat28 ...Arg569 N
...PLP O3P
04 | ..Watl124 ...Asn187 N
...Glu190 OE1
05 | ...Wat126 | ...Arg60 NH1
...Arg60 NH2
06 ...Watl125 | No interactions
...Wat126

Figure 209. The water hydrogen bond network/pi( the catalytic site (top) and at the new

allosteric site of GPb (bottom).
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Inhibitor . No. of | Inhibitor . No. of
Protein atom Protein atom
atom contacts atom contacts
His377 O; GIu672 OEL; ,
c2 Wats? 3 c1 GIu190 O; Wat126 2
Glu672 OEL; GIy675 N:
c3 Watds 3 c2 GIu190 O 1
Asn484 OD1; Gly675 N
c4 Wards 3 c3 GIu190 OE1 1
Gly135 C, CA; Leul36 Asn187 O; GIu190 OE1;
C5 N: Watd5 4 C4 Wat124 3
Gly135 C, O; Leul36 N;
Ccé His377 CE1, ND1: 7 cs Wat126 1
Asn484 OD1; Wat45
Leul36 CB; Asn284 .
c7 0. ND2. ODA 4 cé Asn187 O: Wat125, Wat126 3
Lys191 CD; Watl26 OH2;
cs Leu136 CD1 1 c7 T80 3
o Asp339 CG, OD1; 3 g Arg60 CZ, NH1, NH2, NE; 5
His341 NE2 Thr38” O; Val40’ CG2
Asp339 CG, OD1, OD2 Arg60 CD, CG, CZ, NE;
C10 Thr378 CG2 4 co Vala0' CG2 5
Asp339 CG, OD1, OD2 _ ,
C11 | Thr378 CG2: Ala383 O: 7 cio | A'960CD; '20(1)88 O: Gluiop
Wat58, Wat59 '
ASE'?§’394(1:%’D2D§‘E(2)_D2 Arg60 CD; Trp67 CZ3;
c12 Je, NS, 8 c11 Pro188 O; Trp189 C, O; 6
Ala383 O; Wat59, Pro229 CD
Wat60
Asp339 OD1; His341 _ _
C13 | CD2, CE1, NE2: Ala383 6 c12 ArgeoTrcg,?%zé?Y aC'%CGl’ 5
O: Wat60 P '
o Arg60 CD, CG, NE; Val64
02 Asn284 CG:; His377 O 2 c13 COL: Wati27- Valy' CG2 6
GIu672 C, CD, CG: . .
03 Ala673 C, CA, CB, N: 10 02 G'“i?aloéz"ycsAlgéBc' CA; 5
Ser674 C, CA; Wat57 ’
e s T aume oo |
676 N CD2, CE2; Wat124
Leul35 C; Leul36 CA, .
05 Cb. N: Hisa77 CB.Npi|  © 05 Asn187 O: Glu190 O 2
Leul39 CD2; His377 _ _
06 CG, CE1; Asn484 CG: 7 N1 Arg60 NVF\'/;’tngglgl CDh; 3
Val455 CB, CG1, CG2
NI Asn284 ND2, OD1: 4 2 Arg60 CZ, NHL, NH2; 5
His377 CB, O Lys191 CD: Thr38" C
Leu136 CB, CD1. Arg60 CZ, NH1, NH2, NE:
N2 Asn284 CG, N, ND2, 7 N3 Glu190 O; Lys191 CD; 7
OD1; Wat25 Thr3g8'0
N3 Leul36 CD1; Asn284 3 N4 Arg60 CD, CG; Trp67 CZ3; 5
CG, OD1 Pro229 CD, CG
Asp339 CG, OD1; _ .
N4 Ala383 C: Wats8 4 s1 Wat126; Thr3g’ O 2
Gly135 CA, N; Leul36
N, CB; Asp283 CG,
Si OD1, OD2: Asn284 10
ND2; Wat26, Wat27

Figure 210. The van der Waals network of interatiof ) at the catalytic site of GPb (left) and

at the new allosteric site of GPb (right).
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p-bromo (g)

m-chloro (c)

o-hydroxy! (1)

p-methyl (r)

T state GPb soake
with 10mM @) in

d T state GPb soakeq
with 20mM () in

T state GPb soakeq
with 20mM () in

T state GPb soakeg
with 20mM ) in

Experiment 20% DMSO for 7 | 20% DMSO for 16 | 20% DMSO for 21 | 20% DMSO for 3.5
hrs hrs hrs hrs
Wavelength (A) 0.97976 0.977 0.815 1.04498
Oscillation range () 0.8 0.8 0.8 0.8
No. of images () 55 80 34 80
Space Group P4;2,2 P42,2 P42,2 P42,2
a=b=128.9 A a=b=128.9 A a=b=128.5 A a=b=127.6 A
Unit cell dimensions c=116.8 A c=116.3 A c=115.8 A c=115.6 A
= = =9(Q° = = =9(Q° = = =9(Q° = = =90°
Resolution (A) 30.0-2.23 30.0-1.95 30.0-2.07 35.6-2.10
No. of observations 780344 799860 177014 690901
No. of unique
reflections 47672 (2290) 70758 (3407) 48018 (2438 49630 (6658)
(outermost)
R, (outermost shellP | 0.071 (0.462) 0.053 (0.429) 0.084 (0.435 0.09226)
Completeness
outermoet anelly (o) | 98:1(96.6) 98.6 (96.6) 80.4 (83.1) 89.6 (83.7)
Outermost shell (A) 2.27-2.23 1.98-1.95 2.11-2.07 2.21-2.10
<1/ (>
(outermpat shel 9.67 (3.55) 17.0 (4.3) 9.59 (3.72) 11.7 (3.1)
Redundancy
outorment ahell 3.6 (3.7) 5.3 (4.8) 2.5(2.3) 3.3(3.1)
Bl-ve)ilues (&) (wilson 36.5 276 313 290
plot . . . .
Resolution range (A) 91.29-2.23 29.54-1.95 27.99-2.07 90.17-2.10
('\f‘roeg; reflections used| 45555 (2413) 67130 (3589) 45659 (3065 47052 (2509)
. . (12-254) (261— | (12-254) (261-314)] (12-254) (261-314)| (12-254) (261-314)
Residues included 314) (324-836) (324-836) (324-836) (324-836)
No of protein atoms 6595 6597 6600 6599
No of water 157 297 286 263
molecules

No. of heteroatoms

24 (catalytic),
24 (new allosteric),

24 (catalytic),
24 (new allosteric),

24 (catalytic),

24 (catalytic),
24 (new allosteric),

15 (PLP) 15 (PLP) 15 (PLP) 15 (PLP)
Final R (Ryeq) (%)° 0.197 (0.234) 0.194 (0.222) 0.189 (0.225 0.19220)
Sh(eFflf)fee) (outermost 0.251 (0.320) 0.249 (0.270) 0.230 (0.304 0.24070)
r.m.s.d. in bond
e (A) 0.008 0.007 0.007 0.007
r.m.s.d. in bond 1.091 1.038 1.030 1.043
angles ()
Average B (&) for (12-254) (261-314) | (12-254) (261-314) | (12-254) (261-314) | (12-254) (261-314)
residues (324-836) (324-836) (324-836) (324-836)
Overall 42.1 315 334 34.4
CA.C.N, O 413 30.7 32.7 33.6
Side chain 42.9 32.4 34.0 35.1
54.9 (catalytic), 34.0 (catalvii 31.4 (catalvti
ﬁ\verage B (&) for 50.0 h%w 324 he(\(/:vaaﬁloittfr)iit 282.% (fa(llt:)aﬂg;(:), 338 ﬁé\?vaaﬁloﬁfr)iép
eteroatoms allosterig, ’ ! . ' !
125 L) 22.3 (PLP) 26.7 (PLP)
2:
Average B (R) for 38.8 36.9 38.8 36.6

water molecules
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p-nitro (k) p-fluoro (a) p-pyridyl (v)
T state GPb soaked with T state GPb soaked with T state GPb soaked with 20mM) {n

Experiment 6.7mM () in 20% 20mM (@) in 20% DMSO
DMSO for 3 hrs for 13 hrs 20% DMSO for 7 hrs
Wavelength (A) 1.04498 0.979 0.8081
Oscillation range () 0.8 0.8 0.8
No. of images () 106 80 90
Space Group P4,2,2 P42,2 P42,2
a=b=128.3 A a=b=128.9 A e _
Unit cell dimensions c=115.8 A c=116.3 A a_b_128_'5_A;%_0315'9 A
= = =9Q° = = =9Q° -~
Resolution (A) 35.7-2.05 30.0-1.95 30.0-1.98
No. of observations 386948 791008 672692
No. of unique
reflections (outermost) 60721 (8786) 67752 (4302) 66434 (3310)
Ry, (outermost shell 0.093 (0.450) 0.060 (0.352) 0.057 (0.472)
Completeness
(outermost shell) (%) 99.7 (100.0) 94.6 (96.7) 99.0 (97.7)
Outermost shell (A) 2.16-2.05 1.98-1.95 2.11-2.07
:hlelll)°(l) > (outermost 19.5 (5.6) 16.6 (6.19) 20.15 (5.13)
Redundancy
(outermost shell) 6.4 (6.3) 5.5(5.4) 6.1 (6.0)
2 "
El'c)"t;’"”es (R) (wilson 24.1 27.4 251
Resolution range (A) 90.54-2.05 29.40-1.95 90.91-1.98
?f'r‘;'e‘)’f reflections used 57608 (3081) 64292 (3428) 62917 (3829)

. . (12-254) (261-314) (12-254) (261-314) i _ B
Residues included (324-836) (324-836) (12-254) (261-314) (324-836)
No. of protein atoms 6595 6597 6595
No. of water molecules 300 306 210

26 (catalytic), 24 (catalytic), 24rew . .
No. of heteroatoms 26 (new allosterig, allosterig, 23 (catalytl?é %gl_(giw allosteric)
15 (PLP) 15 (PLP)

Final R (Riee) (%)° 0.186 (0.213) 0.189 (0.217) 0.192 (0.224)
Sh(eFflf)fee) (outermost 0.221 (0.269) 0.231 (0.279) 0.233 (0.291)
r.m.s.d. in bond
lengths (A) 0.007 0.007 0.007
r.m.s.d. in bond angles () 1.017 1.026 1.037
Average B (&) for (12-254) (261-314) (12-254) (261-314) i
residues (324-836) (324-836) (12-254) (261-314) (324-836)
Overall 27.6 30.3 26.9
CA,C, N, O 26.7 29.5 26.0
Side chain 28.3 31.1 27.7

> 36.4 (catalytic), 28.7 (catalytic), .
ﬁ(\elteerr%%etoi(s'&) for 32.0 (new allosteric),| 29.4 (new allosteric), 417 (nef/a-gllgcs?éarliz;m)l} 3 (PLP

17.6 (PLP) 20.3 (PLP) ) T

2

Average B (&) for 329 367 306

water molecules

a Native T state RMGPb crystals, grown in the tetrea) lattice, space group 242 were soaked with
various concentrations of inhibitors in bufferedusions at pH 6.7 in the presence of DMSO. X-ray
diffraction data were collected using synchrotradiation sources at Daresbury Laboratory, UK anBEM
Hamburg outstation at DESY, Germany and processéll the HKL package. Complex structure
determination and analysis were performed accorttiingtandard protocols as implemented in the CCP4
package.

b Rymm= 1 ill(h) =li(h)/  ili(h) whereli(h) andl(h) are thdth and the mean measurements of the intensity
of reflection hc (l) is the standard deviation of I.

d Ruyst = nlFo — Fel/ nFo, whereF, andF; are the observed and calculated structure faetongitudes of
reflectionh, respectivelyRy.e iS equal toR.ys for a randomly selected 5% subset of reflectiomisused in

the refinement. Values in parentheses are for titermost shell.

Figure 211. Diffraction data and refinement statst
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Conclusions

Comparing the binding of each compound with thai-@fcetyl- -D-glucopyranosylamine
at the catalytic site, it is interesting to seet ttheere is a pattern emerging based on the
electronegativity of the directing groups. Betwede three compounds with the —ClI
substituent, the one in the ortho position causesoderate shift of the 280s loop upon
binding. The one in the meta position causes afggnt shift in the 280s loop, while the
one in the para position causes a major shift én2B0s loop. However, between the three
compounds with the —OH substituent the oppositeceit observed. The substituent in the
ortho position causes the biggest shift of the 280p and the strongest destabilization of
the protein environment. In the case of the —Brsstient the effect of a significant shift
of the 280s loop is the same in both the meta ard positions. In addition there is a
similarity between the —F and —€ubstituents as well as the —O-ClHnd —CH
substituents. All cause a significant shift of #890s loop. Interestingly, the binding of the
inhibitors with the —N@ substituents is different. There is a negligibhftsof the 280s
loop. This can be explained by the fact that theorgroup has an unstable delocalized
system of electrons and it is the most electron rich funwiogroup. The substituent in
the para position causes even less significantgggathan in the ortho position. According
to the Hammett substituent constantghe nitro group in the para position has the
strongest mesomeric and electron withdrawing indeceffect. This is reflected by the
Hammett substituent constant as well as the low\&lue in the para position compared
to the much higher value in the ortho position.dsng to the new allosteric site of GPb
does not promote extensive conformational changespe for small shifts in the atoms
surrounding the inhibitor i.e. of residues 60, 6489 and 191, which undergo

conformational changes in order to accommodatéighad.
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Diabetes is a rapidly growing disease throughoaitvtbrid and is slowly being recognized
as a global “epidemic”. It has been noticed thardfie past years an increase in obesity as
well as a change in lifestyle, especially in thetemn world, have led to an exponential
increase of diabetes cases. As the predicted neniberthe future are daunting, an
immediate call for prevention and treatment is widable. Various diabetes drugs work
in different ways to lower blood sugar levels. Augrmay work by stimulating the
pancreas to produce and release more insulin; itifgbthe production and release of
glucose from the liver, in this way requiring leéssulin to transport sugar into the cells; by
blocking the action of stomach enzymes that breakndcarbohydrates or make tissues
more sensitive to insulin. On a molecular levelwrdrugs should target the lowering of
blood plasma glucose, which leads to undesired rigjygmemia. A reasonable aim would
be the inhibition of glycogen degradation into glse molecules. In a negative feedback
mechanism, a particular pathway is deactivatednhibiting the first step of the reaction.
This study has focused on glycogen phosphorylasenayme that catalyzes the first step
of glycogen degradation.

A number of inhibitors of glycogen phosphorylaseravstudied kinetically and X-ray
crystallographically. The majority of these compdsinbound to the catalytic site of
glycogen phosphorylase, as most were glucose amedogSome also bound to the
allosteric site, the new allosteric site and theibitor site of the enzyme. An interesting
finding was the discovery of a novel binding sifelee enzyme, located near the catalytic
site. Although glycogen phosphorylase is a verylidkebwn enzyme structurally, this
finding showed that possibly more binding sites y@eto be discovered and exploited on
glycogen phosphorylase. This could open up newwsath for structure based drug design
of diabetes type 2. The combination of kinetic atiday crystallographic studies proved
valuable to obtain information about the inhibitarsd their mode of action. The diversity
of various functional groups proved to affect intab potency. The mode of binding of
each inhibitor was affected by the presence/absendeydrophilic groups as well as
electron withdrawing groups. Stereochemistry alsgegned inhibitor binding, with the
presence of -glucose or -glucose analogues having a profound effect onibgidViore
specifically, the -pocket of the catalytic site is conformationallsdered in a way that

favours -glucose analogues. The reactivity of the alphaeata naphthyl groups also had
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an inhibitory and structural effect. The deletion substitution of only one atom or
functional group of a ligand can have a substamfédct on inhibition. The structural
analysis of enzyme-ligand complexes allowed a Betanapping of the molecular forces
that govern inhibitor recognition by the enzyme drab added valuable assets to the
structure-driven design approach of new inhibitauigh better potency. It can also be
concluded that the mode of action of the ligandsceatrated on the stabilization of the
amino acids of the 280s loop, stabilizing the Testa the enzyme and making the protein
environment in this way energetically stable. Thaaduction of virtual screening and
docking was a useful tool and must not be undeneséid. It provided important
information which was used to direct the kinetia amystallographic experiments in the

correct direction.

Drug design is a long and multi-step process. mhpounds like the ones studied would get
the approval for further pre-clinical studies, massues would have to be addressed such
as the risk of hypoglycaemia, unwanted side effactscity, solubility, transport to the
target site and permeability of the blood brainriear In addition to the demand of a
treatment for diabetes type 2, the effectivenedgestyle intervention for the prevention
of the disease must not be underestimated or rtedldadividuals, and especially children
and young adults, must be vigilant about the dangérobesity and consumption of
unhealthy foods, and they must become aware ofdleessity for physical activity and a
balanced diet. Society must become more awaredrbks for example could introduce a
healthy diet in school lunch menus. These factscereial not only for the prevention of

diabetes but are key components to a healthyyitest
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