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INTRODUCTION

Human African Trypanosomiasis (HAT), or sleepingkaess, is caused by infection
with parasitic protozoa of th&ypanosoma brucel (T. brucei) subspecies, which are
introduced to the human bloodstream by the bitmfaicted tsetse flies in the inter-
tropical regions of Africa. Trypanosoma brucel gambiense, found in West and
Central Africa, leads to a chronic form of the dise T. b. rhodesiense, found in
East Africa, leads to a more virulent and acutedd@n. Once parasites establish
within the cerebrospinal fluid death is an inevieabonsequence of infection unless
the disease is treated. Sleeping sickness is meegang infectious disease with the
number of infected individuals presently estimagdmore than 300.000 [1], and
about 55 million people are at risk of infectiono Maccines exist against sleeping
sickness, and the prospects of prophylactic imnatiois are poor since the parasites
change their surface coat periodically in a pro¢ggsvn as antigenic variation [2].
Drugs remain the principal means of interventioourFdrugs are currently registered
[3]. The drug of choice depends on whether theadises diagnosed before parasites
have established within the cerebrospinal fluichkdRrms associated with the current
therapies of sleeping sickness include toxicitgistance and lack of a guaranteed

supply [4].
Drug target

New drugs are urgently needed for human Africapanposomiasis. Moreover, as the
emergence of resistance is likely to be an ong@raplem, a system should be
established to ensure new products become avaiebéerelative frequent basis. In
order to act, drugs must specifically inhibit a getr within the parasite.
Trypanosomes diverged early in the eukaryotic yeefb], and their biochemical

constitution differs in many respects from thab@mmalian cells. Pathways present



in trypanosomes, but absent from mammalian hoshy, pnovide selective targets.
Systematic sequencing of pathogen genomes is negilpp@. A natural progression
from comparative biochemistry has been to proceedrypanosomatid genome
sequencing projects to identify new drug targeypa@nothione and its metabolism,
glucose metabolism and its unusual compartmentiairsavithin peroxisome-like
organelles called glycosomes, purine metabolispnd biochemistry and polyamine
metabolism have all been proposed as good targets [

The gene knockout approach [7] is now widely usedrovide evidence on whether
a gene is essential, and thus a credible targendsitory drugs. The discovery that
RNA interference, a phenomenon whereby double d¢&@rRNA molecules lead to
suppression of expression of the genes from wihiels are derived, [8] has led to the
development of simple techniques enabling inducsligpression of gene expression
in these parasites. This has offered an accelerated to loss of gene function and is
now enhancing the rate at which gene products earalidated as drug targets.
Proteins like trypanothione reductase, that arguaito trypanosomes, have been
proposed as ideal targets [9]. However other engymbich are present in both host
and parasite, can also be effective drug targetedd ornithine decarboxylase,
present in both host and parasite, is the only kntavget for any registered drug
used against trypanosomatids, being inhibited yr@thine (DFMO).

Other enzymes found in both mammalian cells anghimpsomatids can also be good
drug targets because they have structural pedidmrthat can be targeted by
selective inhibitors. This has been clearly demmatstl in the case of the key
glycolytic enzyme glyceraldehydes-3-phosphate dedgehase (GAPDH).
Differences in the coenzyme (NAPbinding site were identified using comparative
X-ray crystallographic analysis [10]. Structuresdxh on adenosine, as analogues of
co-factor, were shown to selectively inhibit thgpeinosomatid enzymes and also to
kill both T. brucel andT. cruz.

The pentose phosphate pathway (PPP) (Fig.1) ishandiey pathway of glucose

metabolism present in most species [11]. . Thevpaghs developmentally regulated



in T. brucel, with all enzymes of the PPP present in the prhicyform and the
oxidative branch enzymes in the bloodstream for].[WWe have been engaged in
studies on 6-phosphogluconate dehydrogenase, itdestizyme of this pathway. The
trypanosomal version differs significantly in seqoe when compared to its
mammalian counterpart and is a validated targetfenapy [46].

The dehydrogenases of the pentose phosphate patf?d), glucose-6-phosphate
dehydrogenase (G6PD) and 6-phosphogluconate dedgmmee (6PGDH), are
NADP" dependent in most organisms. The pathway has t&ip parts: an oxidative
branch and a non-oxidative, rearrangement brantie major functions of the
pathway are the generation of the reduced coenNAi2PH and the production of
ribose 5-phosphate for nucleotide and nucleic agidhesis. NADPH is essential in
protecting the organism against oxidative stress i@nrequired for a variety of
reductive biosynthetic reactions, particularly digoroduction. The whole of the PPP
operates in mammals. The first enzyme of the path@&PDH has been shown to
be essential for defence against oxidative stresBumans [68]. Serious G6PDH

deficiency is well known and results in haemolgmaemia.
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dehydrogenase

6PGDH is the third enzyme of the Pentose PhospRateway (Fig. 1), which
provides both NADPH, required for many biosynthetra detoxification reactions,
and also active in protection against oxidativeessty and ribose, essential for
nucleotide biosynthesis.

It catalyses the NADPdependent oxidative decarboxylation of 6-phospho-D
gluconate (6PG) to D-ribulose 5-phosphate (Ru®i@)3-keto 6PG and a probable 1,
2-enediol as intermediates (Fig.[2],14.



Two residues, one acting as an acid and the otharbase are postulated to assist all
the three catalytic steps of the reaction: dehyeinatjon, decarboxylation and keto-
enol tautomerization. These residues, which inltH&ucei enzyme are Glu-192 and
Lys-185, have been identified on the basis of atiesgraphic evidence and site-
directed mutagenesis [15-17]. The lysine residunhasight to be protonated in the
free enzyme and unprotonated in the enzyme-subst@nplex, where it has to
receive a proton from the 3-OH of 6PG as a hydsdeansferred from C-3 of 6PG to
NADP (Fig.2). The resulting 3-keto-6PG intermedistéhen decarboxylated to form
the enediol of 5-phospho-ribulose. At this stageaan, which is thought to be the
same Lys-185, is required to donate a proton taCi#8carbonyl group of the keto-
intermediate to facilitate decarboxylation. Bothase and an acid are needed in the
tautomerisation of the enediol intermediate tod/ikle ketone ribulose 5-phosphate
product, with the acid (Glu-192) required to dorataroton to the C-1 of the enediol
intermediate and the base (the same Lys-185) angegptproton from its 2-hydroxyl
(Fig.2, Fig.3). At the end of the reaction the pration state of the two catalytic
groups is the opposite to that at the beginninthefreaction; thus an intramolecular

proton transfer is required for another cycle afyene activity.
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Fig. 2. 6PGDH-catalysed reaction and the two main amamb r2sidues involved.

Fig.3.T. brucei 6PGDH active site with the position of the twoidegs, discussed in the

introduction.



Structure of 6PGDH

The 6PGDH is a homodimer with subunit size 50kDae BPGDH ofT. bruce
shows only a 33% amino acid identity with the manmma6PGDH [18]. Identity is
higher (37.3%) with both the chloroplast and théosglic 6PGDH from spinach
[19]. This may reflect the evolutionary historytbe Kinetoplastida, the phylogenetic
order to which trypanosomes belong, which have Ipeeposed to have derived from
an ancestor common with the primitive plants Eugiéralgae [20]. A number of
genes in trypanosomes appear to relate more clésdlyose of cyanobacteria and
plastids as well as algal and other plant genes tbathose of other eukaryotic
lineages [20]. The sequence of 6PGDH from 9 dffiérspeciesSaccharomyces
cerevisiae, Drosophila melanogaster, Homo sapiens, sheep,Escherichia cali,
Lactococcus lactis, Plasmodium vivax, Trypanosoma brucel e Leishmania major,
have been aligned using the programs MultAlin [21ESPript [22] to show the
conserved amino-acids among species. Of the 48Acaauids that belong to one

subunit, 88 are conserved in all species (Fig.3})[2
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Fig. 4Multiple alignment of 6PGDH from several species.

The 3-dimensional structure of tihiebrucel 6-phosphogluconate dehydrogenase has
been solved at 2.8 A resolution (Fig. 5)[24]. Theep liver enzyme, which has 97%
sequence identity to the human enzyme, has beerilzd at 2 A [25] resolution and
enzyme-coenzyme and enzyme-substrate complexesbeawvereported at 2.3 A -2.5
A resolution [26].

The structure of.actococcus lactis 6PGDH in ternary complex with NADP and the
product Ru5P or the inhibitor 4-phospho-D-erythioyadroxamic acid (PEX) were
also reported [27].
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TheT. brucai monomer

The 6PGDH monomer has three domains (Fig.5).

The N- terminal “coenzyme” domain (residues 1-1@@&)tains a typical dinucleotide
binding Rossmann fold (1-13BA ....pF with intervening helices) and a further
a—fB—a unit (132-1610f-G-ag) with the stran@G antiparallel to the first 6 strands.
The coenzyme binding site is at the carboxyl eddhestrands of the parallel sheet,
with the two ribose moieties and the bis-phosphsttaddling the sheet. The
dinucleotide binding fingerprint, at the tight tuimlowing BA, is GXGxxG in theT.
brucei enzyme while in the ovine enzyme it is GXAxxG asalmost all known
6PGDHSs. As the two subunits of tiie brucel dimer were not crystallographically
equivalent, slightly different conformations of tioops in the coenzyme domain
could be seen [15]. Crystallographic symmetry peet such observations in the
sheep liver enzyme [24]. The second all “helix” dom(179-441ah...ar) forms
one part of the dimer interface and the “tail” (44128, as...C terminus) penetrates
the second subunit (Fig. 6).

The substrate site lies at the interface betweerhélical domain and the coenzyme
binding domain of one subunit and the tail of tkeand; residues which bind 6PG

come from all three domains.
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Fig. 6.Dimer of theT. brucei 6PGDH The two subunits are drawn in blue and in green.



The dimer interface

The mode of dimerisation, with the tail of one sobipenetrating the other, is
conserved between species. Although the dimer fatteris structurally well
conserved, with 106 of the 134 residues contrilgutonthe interface of the parasite
enzyme structurally equivalent to those in the pheazyme, only nine fully
conserved residues have a major role in dimer foomaThree of these residues are
part of the tail domain. The most significant diéfece in the nature of the interface is
where the tail of one monomer threads through theroand contributes to the
substrate binding site. The tail of thiebrucei enzyme is highly charged: 13 residues
of 37 are aspartate, glutamate, histidine, lysinarginine; the sheep enzyme has
only seven charged residues in the longer (48 uesidtail. The significance of this is
not yet certain but the profound distinctions & ithterface may be amenable to drug

targeting as techniques for disturbing proteinraxtgons are developed.

Substrate binding site

Of the 19 residues within 4 A of 6PG (Fig. 7): AB¥ -102s (the sheep numbering is
denoted by a lower case s), lle 129 - Val 127s,136r- 128s, Gly 131 - 129s, Gly
132- 130s, Lys185 - 183s, His 188-186s, Asn 1887s1Glu 192 - 190s, Tyr 193-
191s, Ser 261- GIn 259s, Lys 262 -260s, Gly 2632Ghr 264- 262s, Arg 289-
287s, lle 373- 366s, Arg 453-446s, Phe 456- 449s,499- 452s, as bound in the
sheep enzyme or modelled into thérucei enzyme, 14 are conserved for all species
studied to date. Five of the substrate neighboamsecfrom the coenzyme domain,
eleven from the helical domain and three from #hé df the second subunit. The
conserved lysine (Lys 183s, Lys 185) predicteddahl® base in the reaction is on
ah; the five residues in this helix, which interagth substrate, have moved less than

0.5 A'in theT. bruce 6PGDH compared to the sheep structure.
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There are, however, several residues that are denearest neighbours to the
substrate and differ in thE brucei enzyme from sheep. They include Thr 102 (Gly
100s), Ala 141 (Ser 139s), Phe 143 (Met 141s),196r(Gly 188s), Leu 196 (Met
194s), Leu 374 (lle 367s), Ser 450 (GIn 443s arrdo8ky in T. brucel) and Arg 458
(Ala 451s and Arg only iff. brucei). The N 1 of Arg 446s (Arg 453) is a ligand to
the 6-phosphate of 6-phosphogluconate. In the skeeyme Arg 446s is oriented by
a hydrogen bond from itse\to the @1 of GIn 443s (equivalent to Ser 4507Tn

brucei), while Gln 443s 2 interacts with the carbonyl of Gly 258s (equivdleo
Gly 260 in T. brucei). Residue 443s is therefore important in consimgirthe
movement of Arg446s and defining the orientatiortted phosphate of 6PG. Th
brucei 6PGDH, the hydroxyl of Ser 450 hydrogen bondsh®main-chain carboxyl
oxygen of Arg 258, but there is no interaction whitly 453.

Arg 458 interacts with the highly conserved Glu 1&3u 131s), which should have
further implications for interaction with substrai@ce the carboxyl oxygens of 6PG
interact with residues of tHgF-af turn (130- 132, 128s- 130s). These residues have
moved almost 1 A from their position in the sheemyene; the movement is
correlated with the differing inter-domain hingegbes. Despite the conservation of
first neighbours to 6PG, these changes provide smégnwhich the affinity for
substrate and substrate analogues may vary betsgaEmes, and suggest possible

targets for substrate analogue and potential drggaction.

15



I~

o 129

af 131 2
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Coenzyme binding site

The equivalent folds of theT. brucei and sheep enzymes suggest that coenzyme
binding will be similar although differences do &xiand the recent targeting of
selective inhibitors to the NAD binding domain of trypanosomatid GAPDH
demonstrates how subtle differences in coenzymelirgnmay be exploited in
selective drug design [10]. The coenzyme bindingraio of 6PGDH has 70 residues
identical in the sheep andl. brucei enzymes (Fig. 8). The oxidised coenzyme
analogue 8-bromoadenine dinucleotide phosphat@AWB, can be diffused into
crystals of sheep 6PGDH apo-enzyme. It binds inaamar similar to that seen in
many enzymes with the dinucleotide binding fold,thwithe adenine ribose
approaching theA-aa tight turn, the “coenzyme fingerprint’. On bindirthe
analogue, there is litle main-chain movement: 0&25or all main-chain atoms
within 10 A of the analogue [26]. Of the 17 residus sheep 6PGDH, which are
within 4 A of the active oxidised coenzyme analqgli2 are identical for thé.
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brucei and sheep structures. Thg #or NADP' for T. brucei 6PGDH is 1uM while
that for sheep enzyme is several times higher ngnfyjom 5.7-8.QuM depending on
pH and ionic strength [28]. Sequence differenceth@atcoenzyme binding site may
affect the affinity for NADP between species.

The mean main-chain movement for the 17 residud¢seofheep enzyme on binding
the analogue is 0.31 A; only Lys 75s moves sigaifity (0.77 A). Hydrogen bond
interaction of the sheep enzyme with oxidised cgerezis predominantly that of the
2’-phosphate and adenine ribose to triplet Asn 3®g 33s, Thr 34s directly
following BB (Asn 31, Arg 32, Thr 33 irT. brucei).

The additional hydrogen bonds are to the nicotid@mamide function from a
conserved methionine of the fingerprint (Met 13s)l &rom a glutamate akf (Glu
131s) conserved in 68 of 70 species. All residuds side-chain hydrogen bonds are
conserved between sheep andrucei, though it should be noted that, in two other
species, a tyrosine replaces the arginine 32, (38bkjch interacts with the 2’-
phosphate. The most important changes in sequetaeén the sheep aiidbrucei
enzymes, which may affect binding are Ala 11s tp G, Lys75s to GIn 77 and Phe
83s to Thr 85.

The @ of Ala 11s in sheep 6PGDH protrudes into the lhisgphate binding site.
This residue corresponds to the central glycing¢hefgeneric fingerprint; the very
small number of direct interactions of the bis-pitee to the protein is almost
certainly a consequence of this alanine. The subisth of glycine for alanine in the
T. brucei enzyme should allow direct interactions betweea émzyme and the
NADP" bis-phosphate and has a further consequence frthtaahighly conserved
valine 11 (Val 12s) faces towards the putative tmeonide site inT. brucet 6PGDH
and away from it in the sheep enzyme. Val 11 wqutaside further Van der Waals
contacts for the nicotinamide ring. The substitutod Gly 10 in theT. brucei enzyme

would suggest a tighter binding of coenzyme agctdd in the higher affinity.
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Fig.@oenzyme binding site.

Functional asymmetry

6PGDH is a homodimer, but, in many species, it shawnctional asymmetry [29-
35]. For instance, both the yeast and sheep liveayrae bind covalently two
molecules of periodate-oxidized NADP, but, in theegence of 6PG, a half-site
reactivity is acquired with only one subunit binglithe NADP analogue, with the
other subunit unable to bind even the adenylic tpyaéthe coenzyme [29,30]. These
experiments suggest that when one subunit is iedblin the ternary complex
enzyme-6PG-NADP, the other subunit is unable ta INADP and is thus inactive
(Fig. 9). Also 6PGDH from human erythrocytes shansalf-of-the-sites reactivity,
indeed it is able to bind two molecules of NADP,t mnly one of NADPH,
suggesting that the binding of NADPH to one subaffects the conformation of the
other NADPH binding site; the free enzyme is undbleind NADP and NADPH at
the same time [32].

Moreover, negative cooperativity for NADP has bdéeand in human erythrocyte
[32] and rat liver [33] 6PGDHs, and stopped-flowpesments with the sheep

18



enzyme have indicated in the first turnover themfation of only one NADPH

molecule per enzyme dimer [31]. The substrate hodite is made up of residues
from both subunits, allowing the communication lestw the two active sites, which
has also been shown by the decarboxylation aativatf 6-phospho-3-keto-2-

deoxygluconate by 6PG [34].

6PG
ay 6PG — _6PG
| S |
-
¢¢N§P 9 NADP
6PG NADP
g 6PG — _6PG
NADP — —NADP g NADP I

Fig. 9. Half of the site mechanism

Half-of-the-sites reactivity and conformational

changes

All data presented so far point to half-of-thesiteactivity and to conformational
changes induced by 6PG. The half-of-the-sites ina@ctequires that a change of one
parameter of one subunit is communicated to theratbbunit. The crystallographic
studies have indicated that each active site of @heyme contains amino acid

residues from the coenzyme and the helix domainsnef subunit and the carboxy
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terminal tail of the other. Thus 6PG, binding te@ctive site, comes in contact with
residues of all three domains of the two subunitis binding may cause a shift of
one subunit with respect to the other, possiblysraua conformational change not
only in this active site but also in the other amthe dimeric interface [37]. However
crystallographic data do not show any significaohformational change upon
binding of substrate or coenzyme.

Instead, in solution, the binding of 6PG, phospluatsulphate causes conformational
changes in the enzyme molecule. Indeed, in thesgirce, the activity of yeast
6PGDH is much more stable against inactivationdwen proteolytic enzymes, acid,
heat, cystamine, DTNB, urea, SDS [38], and differeactivating chemical reagents
[39,40-44]. In presence of phosphate buffer theeload binding of 6PG and NADP
to the enzyme is different than in triethanolamimgfer [31] and the reactivity of
several thiol groups with DTNB reduced [45]. 6P&reases the reactivity with
periodate-oxidized NADP [45,29]. All these dataigade that the binding of these
compounds modifies in part the conformation of émzyme in solution, making it,
perhaps, more rigid.

All the crystallographic data were obtained witlystals prepared in ammonium
sulphate. In the crystals each enzyme subunit radyf bound three sulphate
ions[15]; each of these ions bridges different segp of the protein chain in the
same or in a different subunit stabilizing the @onfation of the enzyme. Two of
these sulphates bind to the active site and odespdaced by 6PG. The finding that
the enzyme in the crystals does not show confoamatichange in presence of 6PG
could be due to the fact that these changes wezal induced by bound sulphate

ions.

20



A hypothesis of alternating-site mechanism

It has been advanced [34] the hypothesis that wee dnzyme subunits have an
alternating role in the oxidative decarboxylatiariile one of the two equal subunits
catalyses the redox reaction, the other subunith va different conformation,
catalyses the decarboxylation and tautomerizatg@ttions. Then the two subunits
alternate their conformation and role. On the badisnow available data, the
molecule of the dimeric anzyme has the followingparties:
1. presents a half-of-the-sites reactivity,
2. in one turnover produces only one NADPH molecule,
3. is able to bind simultaneously, but in differenbguits, the substrate and its
oxidation product,
4. when one subunit binds 6PG, the other is able toartbexylate the
intermediate,
5. when one active site binds 6PG and NADP, the othemable to bind the
coenzyme,
6. NADPH activates the reactions of decarboxylatiod &automerization, but the
activation does not depend on its redox role.
In Fig. 10 a detailed hypothesis on the mechanisaction of 6PGDH is presented.
For the sake of simplicity “INT” is the intermedgabf the oxidative decarboxylation
and “Ru5P” indicates both the ketonic and enolionf® of Ru5P. Likely, in this
Figure "decarboxylation” collectively indicates tkmutomerization reaction and the
release of carbon dioxide.
According this hypothesis, 6PG binds to one (B)tlné two structurally equal
subunits, inducing in both a different conformatibchange (step 1). Also NADP
binds to the same subunit. Subunit B catalyzep (8je¢he redox reaction producing
the intermediate and NADPH. Now 6PG binds to subfir(step 3) inducing in both
subunits a conformational change which promotesursitibB to catalyze the
decarboxylation of the intermediate. The bindingN&DP to subunit A induces the
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release of the oxidative decarboxylation produotsnfsubunit B (step 4). Now in
subunit A the redox reaction occurs (step 5) whi production of NADPH and the
intermediate. Step 6 and 7 are a repetition of 3tapd 4, but the subunits exchange

their role.

A 6PG
6PG+NADP \
° \A

1 A A 6PG
2

NADP
_
6PG+NADP 3
RUSP+CO, 5 5 INT+NADPH
+NADPH 7
DEHYDROGENATES

DECARBOXYLATES
6PG A

Ru5P+CO; B
A Ru5P+CO; I +NADPH l
+NADPH

B 6PG \
DECARBOXYLATES DEHYDROGENATES 4

/ k INT+NADPH 5 A |6PG+NADP

A
NADP -
6PG B B

6PG

Ru5P+CO;
+NADPH

Fig. 10 Hypothesis of half-site mechanism

Inhibitors of T. brucal 6PGDH

Two reviews have dealt with. brucei 6PGDH inhibitors as lead compounds for new
drugs against African trypanosomes [46,47]. Sif@nt new better inhibitors have
been found, which mimic the transition-state anghkenergy intermediates of the
enzymatic reaction of 6PGDH [48]. Hydrophobic agales of these also revealed
some anti-parasite activity [54]. A number of phHuosfylated carboxylic acids
derived from aldose sugars were tested against 6PGmo particularly notable
inhibitors were identified. Both 4-phospho-D-erythate (4PE) and 5-phospho-D-
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ribonate (5PR) (Fig. 11, compoundsand 2) were competitive with respect to
substrate, withK; values for theT. brucei 6PGDH equal to 130 and 950 nM
respectively. Their selectivities for thie brucei 6PGDH over the sheep liver one
(ratio K; sheepK; T. brucel) were measured at 83-fold and 70-fold respectively
values for both are under tkg, for 6PG (= 3.5uM), indicating that they mimic high-
energy reaction intermediates (Fig. 2) rather tharsubstratper se [46,49].

Significant T. brucei 6PGDH inhibitors

coo-
coo- H——0H CONHOH CONH, CONHOH ><
H——oH H——0H H——0OH H——OH H——OAc Ty
H——o0H H——0H H——0H H—|—OH H——OAc b
CH,0PO;* CH,0PO;* CH,0PO:2 CH,0PO,> CH,0P05 0 CH,0PO, 2

1 2 3 4 5 [3

Fig. 11.Structures of some substrate analogues (Ac=Acetyim).

Another potent and selectivd. brucet 6PGDH inhibitor is 4-phospho-D-
erythronohydroxamate (Fig. 11, compous)d synthesized specifically to mimic the
high-energy intermediates produced following theosel (decarboxylation) step of
the catalyzed reaction, shown in Figure 2. Thisrbydmate, with &; = 10 nM and
selectivity of 254-fold for the parasite enzyme otfee sheep liver enzyme, is the
compound with the highest affinity for tie brucei 6PGDH reported to date and it
also shows the highest selectivity for the parasier the sheep liver enzyme [48].

In Table 1 inhibition constants versus 6P®;)  at pH 7.5 (which is the enzyme
optimum pH) for allT. brucei 6PGDH inhibitors, which are shown in the figures
included in this text, are reported, together sittectivity values over the sheep liver
enzyme (ratio sheep liver 6PGD&/ T. bruce 6PGDHK;).
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Compound Ki versus substrate Selectivity
(M) (Ki sheep/ K
T.brucei)

1 0.13 83

2 0.95 70

3 0.01 254

4 1.52 25.7

5 0.08 4.5

6 0.035 314

Table BPGDH inhibition constants of compounds in fig. 11.

To better understand why these analogues havedfigiity and to help in rational
drug design, we undertook a thermodynamic charnaeten of substrate and
analogue binding td. brucet 6PGDH, in both binary and ternary complexes, with
NADP, the coenzyme analogue 3-amino-pyridine ademimucleotide phosphate
(aPyADP) (Fig.18) or NADPH. We show that the teyn@omplexes with the
oxidized coenzyme and with aPyADP display half-séactivity, and that 4PE, but
not 5PR, is a transition state analogue (Fig. 12).
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Fig.12.Protonation states of the two main active site anaicid residues in different reaction steps

and in the complexes with 4PE or 4PEX.

The reverse reaction

Despite the catalytic mechanism of 6PGDH has badelyinvestigated, very little
is known on the last steps of the reaction, angairticular on the conversion of the
dienol to Ru5P. In the oxidative decarboxylatiors thtep follows the irreversible
release of Cg) so its weight on the overall kinetics is shield€de enzyme follows a
rapid equilibrium bi-ter sequential mechanism, widndom order of substrate
addition both in the direct reaction, the oxidatdexarboxylation, and in the reverse
reaction, the reductive carboxylation [75]. Theyane dependent stereospecific keto-

enol conversion of RuSP occurs even in the abseh€0, [14], and it has been
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shown that this reaction has the absolute requmemeNADPH, that does not have
a redox role and can be substituted by non-redueimglogues [73]. The only

information about the carboxylation reaction isatt@Q is the true substrate, but the
presence of a C{binding site has not been clearly demonstrated.

’H and™*C isotope effects have shown the both dehydrogematid decarboxylation

steps are partially rate limiting, while solventtispe effect evidenced a kinetically
significant isomerization step preceding the debgdnation. A study of the kinetic

iIsotope effects in the reverse reaction, the redeiatarboxylation, could give the

additional information required for a better confpesion of the “hided” steps, and a

complete description of the energy profile of thaation.
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AIM OF THE THESIS

6-Phosphogluconate dehydrogenase is a validatedy derget in African
trypanosomes [46]. A number of compounds have lbstovered which show
selective and potent inhibition of the parasiteyemz [53]. The structure of the
enzyme from both the trypanosome and mammalianceasrknown; there do not
appear to be significant structural differencesMeen the enzymes, although it has
been possible to discover very selective inhibitarshe trypanosome enzyme [24].
Unfortunately the inhibitors discovered do not haativity against trypanosomes,
which is probably due to their highly charged amdap nature [53]. Nevertheless
some recently developed parent compounds with gtadepmasking groups, which
are able to deliver active compounds into parasigeow a good level of
trypanotoxicity [54]. One objective of this worktis better understand the inhibition
mechanism of some substrate analogues in the 6PG@GDH. bruce through
thermodynamic characterization.

Another objective is to investigate the action na@usbm of 6PGDH and this has been
done by two different approaches. Firstly we haxepared the mutants of Glu192
and Lys 185, the residues that are postulatedsistake catalytic steps, and we have
investigated the thermodynamics of substrate bmqdio the enzyme through
isothermal titration calorimetry (ITC). The commn of ITC data of thevild type
with the mutant enzymes is helping us to understhadole of these residues in the
change induced in the enzyme by the substrate dgndloreover since the lysine
residue is thought to be protonated in the freeymezand non protonated in the
enzyme-substrate complex, this raises the questibather the binding of the
substrate causes a proton release in the mediian mtramolecular proton transfer
occurs. To better understand the protonation sththe enzyme-substrate complex,
we have studied by ITC the release-uptake of hyalragns during the formation of
the enzyme-6PG complex in the 6PGDH fronbilucei by comparing thevt enzyme

with several mutants of the enzyme.
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A second approach was the study of the reverseioraaf the 6PGDH by kinetic
iIsotope effects. This approach, together with thtadhlready present in literature,

allows the construction of the energy profile of ththole reaction.
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MATERIALS AND METHODS

Preparation of wild type 6-Phosphogluconate

Dehydrogenase of. brucel.
Overexpression of thé brucei enzyme irk. coli.

Plasmid pT7gnd was transformed ifd@oli strain BL21 (DE3). pT7gnd is derived
from cloning of the gene gnd into the vector pET8#h the ATG initiation codon
oriented adjacent to the bacteriophage T7 RNA pehase promoter. BL21 (DES3)
areE. coli cells with the phage DE3 encoding T7 RNA polymerasder the control
of the lacUV5 promoter. A single transformed colomgs grown overnight at 37°C
in LB/amp (Luria Bertani broth plus ampicillin). €next morning the overnight
culture (30 ml) was added to 0.8 liters of LB/anmul agrown with agitation in a 2-
liter conical flask at 28°C until the culture readnan optical density of 0.6 at 600nm.
At this point the lac operon inducer isopropyltratactopyranoside (IPTG) was
added to a final concentration of 0.4 mM. The aeltwas left incubating at 28 °C for
4 h, after which the cells were harvested by ckmgation at 4000 rpm for 10

minutes.
Purification of plasmid DNA

Plasmid DNA purification was performed by usindlaiprep Kit (Quiagen). This

method consists of three basic steps: alkalines Iggi bacterial cells, selective
absorption of plasmid DNA on a silica membrane wadhing and elution of plasmid
in low ionic strength buffer. It is an easy and fagthod that allows to get pure DNA

for cloning and for sequencing.
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Determination of DNA concentration

The Determination of DNA concentration is done bbthultraviolet spectrometry

(UV) and valuation after agarose gel electrophsresi

Spectrophotometric determination

The DNA concentration was assayed both at 260 r28Anm:
DNA Concentrationi{g/ml) = AogonmX 50pg/ml

The ratio ODRgy/OD,go must be> 1.7 for pure preparation of DNA, if the ratio isL<

it means that in the sample there is protein comtainon.

Electrophoresis in agarose gel

The agarose gel was prepared in buffer TAE (0,044, 1mM EDTA 5 mM
sodium acetate, taken to pH 7.5 with glacial;CB0OH) adding ethidium bromide
0,4 pg/ml. Before loading, 0.2 volumes of the followidmiffer: 0.25 % (p/v)
bromine phenol dye, 100 mM EDTA, 50% (v/v) glycersladded to the sample.
After the electrophoretic run, DNA is seen by UWVsdlumination, for the
fluorescence effect of the ethidium bromide thatb to double stranded DNA.

30



Site- Directed Mutagenesis

The QuickChange Il site-directed mutanegesis Kitat&gene) was used to introduce
nucleotide changes according to manufacturers’ iSpatons directly into therT.
brucei 6PGDH gene, cloned into the expression vector pET3

The plasmids extraction was from bacterial stockLO# (Genotype: F’tfaD36,
proAB”, lacl?, lacZA(M15)], recAl ednAl gyrA96 thi hsdR17 supE44relAl A(lac-
proAB). The stock JM109 has been used for cloninghef gene of the wild type
enzyme. The QuikChange Il site-directed mutagenesthod is performed using
PfuUltra™ high-fidelity (HF) DNA polymerase for magenic primer-directed
replication of both plasmid strands with the highidelity. The basic procedure
utilizes a supercoiled double-stranded DNA (dsDN@&gtor with an insert of interest
and two synthetic oligonucleotide primers, bothtaomng the desired mutation (see
Figure 13). The oligonucleotide primers, each camantary to opposite strands of
the vector, are extended during temperature cycloyg PfuUltra HF DNA
polymerase, without primer displacement. Extengibthe oligonucleotide primers
generates a mutated plasmid containing staggereks.nFollowing temperature
cycling, the product is treated with Dpn |. The Dpendonuclease (target sequence:
5-GmM6ATC-3") is specific for methylated and hemihnyéated DNA and is used to
digest the parental DNA template and to selectnfatation-containing synthesized
DNA. (DNA isolated from almost ak. coli strains is dam methylated and therefore
susceptible to Dpn | digestion.) The nicked vedMA containing the desired

mutations is then transformed into XL1-Blue supetpetent cells.
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———— Mutant Strand Synthesis
Perform thermal cycling fo:
1) Denature DNA template
2) Anneal mutagenic primers

containing desired mutation
3) Extend primers with
Pfulltra DNA polymerase

d

e "g Dpn | Digestion of Template
I | Digest parental methylated and
“ s hemimethylated DMNA with Dpn |

Transformation
Transform mutated molecule
into competent cells for nick repair

O-0-0-©

Fig. 13.Overview of the QuickChange Il site-directed metagsis method.

In table 2 the sequence of one of the two oligosntales for every mutation is
reported.

K185H 5'-GGATCATGCGTEATATGTACCACAATTCG-3

K185R 5-GGATCATGCGTE&GTATGTACCACAATTCG-3’

E192Q 5-GATGTACCACAATTCGGGTCAATACGCCATTTTGCAAATCTG-3'
H188L 5'-GGCGTATTCACCCGAATRAGGTACATCTTCACGCATGATCCC-3
C372S 5'-GCCCTGCAAAATGCTACCGGCGCGGA-3

Table 2Primer oligonucleotides synthetized by of MWG-kbidt AG.
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The reaction protocol is:
reaction buffer (10X) 5ul

dsDNA template (5 -50 ng) 2

Forword Oligonucleotide (125 ng) 12ub
Reverse Oligonucleotide (125 ng) 1215

dNTP mix 1ul
ddH,O to a final volume of a 50l

Then add

1 ul di PfuTurbo DNA polymerase (2.5 W) and let things go the reaction in the

following way:

Segment Cycles Temperature Time
1 1 95Ce 30 seconds
2 12-18 95 C° 30 seconds
55C° 1 minute
68C° 1 minute/kb of plasmid lengt

=)

Following temperature cycling, place the reactionice for 2 minutes to cool the

reaction to< 37°C.

Add 1 pl of Dpn | restriction enzyme (10U/ pl), and gently mixacgon by

pipetting the solution. Spin down the reaction miigs in a microcentrifuge for 1

minute and immediately incubate reaction at 37°C2ftours to digest the parental

supercoiled dsDNA.
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Transformation into XL1- Blue Supercompetent Cells

Gently thaw the XL1- Blue supercompetent cells @ For each sample reaction to
be transformed, aliquot 50 ul of the supercompetelts in a tube.

Transfer 1 ul of th®pn I- treated DNA from each sample. Swirl the transfation
reactions gently to mix and incubate the reactmmgce for 30 minutes.

Heat pulse the transformation reactions for 45 sg@sat 42°C and then place the
reactions on ice for 2 minutes.

Add 0.5 ml of NZY+ broth (10g of NZ amine, 5g ofast extract, 5g of NaCl 12.5
ml of 1 MgCh, 12.5 ml of 1 M MgS®@ and 20ml of 20% (w/v) glucose per liter
adjust pH 7.5) preheated to 42°C and incubatertresformation reactions at 37°C
for 1 hour with shaking at 225-250 rpm.

Plate 250 pl of each transformation reaction o pgies containing the appropriate
antibiotic for plasmid vector.

Incubate the transformation plate at 37 °C for >ha@rs.

Transformation intdc. coli strain BL21 (DE3)

The following steps are the extraction of plasmidiA from a single colony and
sequencing of the entire coding region of mutdntbrucei 6PGDH to check that
only the single mutation is present, using the akgeaucleotide chain-termination
method. Once mutated sequence is obtained, itrisdunced intcE. coli strain DL21

(DES3) for inducible expression.
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Enzyme purification

The recombinanT. brucei 6PGDH, overexpressed kscherichia coli, was purified
according to a technique that was slightly modife@mpared to the original of
Barrett [49,50].

Cells were harvested by centrifugation (4,000 rfaBmin), resuspended in 15ml of
cell lysis buffer (50 mM TEA, 0.1 mM EDTA and 1mPBmercaptoethanol pH 7.5)
and sonicated.

Cell debris and insoluble material were then spawrd (40,000rpm, 30min). The
supernatant was applied to a 15 ml DEAE-Sepharokann equilibrated with TEA
buffer, which was then washed with the same budfed the flow through material
absorbing at 280 nm was loaded directy onto a 2'ral-ADP-Sepharose column,
equilibrated with TEA buffer diluted 50 x.

After washing, the enzyme was eluted with,M8®; 150 mM containing 1mM
EDTA pH 7.2 and the specific activity assayed ifférucontaining 0,6mM 6PG and
0.26 mM NADP.

The whole purification lasted less than one day wad monitored both by SDS-
PAGE and activity assays. Enzyme was stored iptégence of 50% glycerol at
-20°C.

Enzyme activity

One unit of enzyme activity is the amount of enzythat produce on@mol of
NADPH in one minute. The absorptivity molar to 34® of NADPH is 6,220. The
specific activity of the enzyme has been calculatedhe number of Ul divided by

the number of mg of protein.
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Determination of protein concentration

Protein content was determined with the spectrapheter at 280 nm, assuming that
a solution containing 1mg/ml of protein have anaabance of 1 O.D. A solution
containing 1 mg/ml of pure 6PGDH has at 280 nm laspebance of 1.023. Since a
single subunit of 6PGDH has a molecular weight2kba, in 1mg of protein there

are 19.2 nmol of subunit.

Assay of activity for 6PGDH dehydrogenase

The assay is based on kinetic measurement of NADMR has a maximum
absorption at 340 nm. The reaction mixture contéirfis mM 6PG and 0.26 mM
NADP in 50mM TEA buffer pH 7.5 with EDTA 0,1mM. Thmitial velocity is
measured adding 15g of 6PGDH enzyme to 1 ml of reaction mixture, vhis

followed spectrophotometrically, at 340 nm, for teduction of NADP.

Electrophoresis in polyacrylamide gel (SDS PAGE)

4 pg/ ul of enzyme are denatured at 100°C for Sutes in the presence of the
reducing agent 2-Mercaptoethanol and loaded ongelaof polyacrylamide. The

migration has been made into electrophoresis buliging 45 minute with an

amperage of 25 mA. The proteins were coloured witplution of Comassie blue
(3% p/v Comassie Brillant Blue, 40% v/v acetic acl®% v/v methyl alcohol, in

water) at room temperature.

Destaining is done in 7% v/v acetic acid, 7% v/gpi®pyl alcohol, 1% methyl

alcohol.
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Preparation of inhibitors

Ribose-5-phosphate and erythrose-4- phosphate pugchased. 5SPR and 4PE were
prepared by bromide oxidation [51] of ribose-5-piittte and erythose-4-phosphate,
respectively. The concentration of 5PR and 4PE wletermined by measuring the

concentration of organic phosphate [52].

Determination of the kinetic parameters and pH
studies

All assays were performed, in the direction of atide decarboxylation of 6
phosphogluconate, measuring the initial rate, wherdeviation from linearity was
observed (the minimum time for linearity was 1 miith the lowest concentration of
NADP). Measurements were performed at 20°C eithegctsophotometrically
measuring at 340 nm the production of NADPH in ant{on Uvikon 930
spectrophotometer. Concentrations of NADRnd 6-phosphogluconate were
determined enzymatically.

Rates obtained were always strictly proportionah®mamount of enzyme added.
Kinetics parameters were determined from Linewe&tek plots. For determination
of K, for 6PG, NADP was at a concentration of 0.2mM,levkkbncentrations of 6PG
were varied between 6 and GM. For determination of K for NADP, the 6PG were
at a concentration of 0.5mM, while concentratioh®NADP were varied between 5
and 40uM. The buffers for the different pH ranges weredisn combination at
10mM each: TEA/HCI pH 7.5-8.4, Hepes/NaOH pH 6 3-8ES/NaOH pH 5.5-6.7.
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Reactivity of cysteines

The method (G. Ellman reaction) is based on the@apof sulphidrilic groups of
cysteines to react with 5,5- ditiobis-2-nitro bewzacid (DTNB), developing a
spectrophotometrically measurable complex.

The reactivity of cysteines in the reaction haslb@easured in TEA buffer pH 7.5 at

20 °C, using a molag at 412 nm of 13600 for residue. The enzymes wsesl @t a

concentration of M.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) is suitabior characterizing both low affinity
interactions (e.g. protein network regulation ardural ligands) and high affinity
interactions (e.g. rational drug design). Consitethe advanced technological level
reached as well as the outstanding quality of mii@rmation accessible through this
technique, ITC is expected to play a very prominmeld in the next years in the areas
of rational drug design and protein network regjora

Calorimetry measures directly the heat associatedl & given process, which, at
constant pressure, is equal to the enthalpy chamgiat processAH. Due to
sensitivity and accuracy reasons, the calorimetem®sd to characterize binding
processes belong to the category of titration caleters with dynamic power
compensation operating at constant temperaturth@soal titration calorimetry). A
detailed description of the instrument and of thehhique can be found in the
literature [56-64]. Briefly, the macromolecule dodn is located inside the sample
cell and ligand solution in the injector syringe.féedback control system supplies
thermal power continuously to maintain the sameptmature in both reference and
sample cells. Any event taking place in the sample usually accompanied by heat,
will change the temperature in that cell and thedback control system will
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modulate the power supplied in order to minimizehstemperature imbalance. A
sequence of injections is programmed and the ligahation is injected periodically
into the sample cell (Fig. 14).

Integration of the calorimetric signal and nonlindeast-squares analysis of the
resulting binding data were performed to determine equilibrium association
constant, K the binding enthalpyAH, and the stoichiometry of the interaction,
The Gibbs free energy of bindingG, and the entropic contribution to the binding

free energyAS, were calculated from the resolved parametergubia relationships:

AG=-RTInK,
AG=AH-TAS
Sansor =
+ Léad Screw
Sansor 1Y
= il I i —
| |k Injmctor
e
‘:':; Flunger
] =
£l i
Stirring
I3
L= Syringe
Outar Shiskd
Innar Shisld
Roterance Cell -+ =+ | = ! - =11 Sampla Call

Fig. 1d4cheme of microcalorimeter ITC.
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ITC measurements

Before each experiment, the enzyme was dialysedustively and the titrant was
diluted in dialysis buffer. All solutions were pry degassed before the titration
experiments. The enzyme (4p®/1 dimer) was placed in the stirred cell and titcate
with a total of 23 injections of 1QL of ligand, at 380 s intervals. An initial
preinjection of 5uL volume was made, and the result from this in@ttwas not
used for data analysis. Heats of dilution and ngxiabtained by blank titrations,
without the enzyme, were subtracted from the helatsined with enzyme titrations.
For ternary complex studies, the first ligand wddeal at the same concentration in
both enzyme and titrant to keep the concentratomstant during the experiment.
The enzymatic activity was measured before and &féeh experiment to verify
whether enzyme inactivation occurred during titnati

Experiments were performed in 50 mm buffer, with &bM EDTA and 1 mM 2-
mercaptoethanol. At pH 7.5 three buffers were ubksghies AHj, = 5.03 kcal mob),
triethanolamine &Hon = 7.932 kcal mat) and Tris AH, = 11.3 kcal mol). At
different pH other buffers were also used: Cacdey{aH,,, = 0.7 kcal mol) and
MOPS (\Hio, = 5.22 kcal mob).

The buffer-independent binding enthalpy, and the number of hydrogen ions
exchanged were calculated by the least-squaregfaf the experimental enthalpy in

different buffers:
AH obs — AH ot nH *AH ion

_ AH ' obs —AH 2obs

nH* =
AH 1obs - AH 2obs
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whereAHqns is binding enthalpy experimentally observed, elAH;,, is the buffer
lonization enthalpy.

Measurements were performed at 20 °C in a VP-ITCraualorimeter (Microcal,
Northampton, MA, USA), and the data were fittedrtmnlinear least-squares fitting

using Origil™ software provided by the instrument manufacturer.

Fluorescence measurements

Titration of the 6PGDH-aPyADP complex with 6PG vpesformed fluorimetrically,
with a Perkin-Elmer LS55 spectrofluorimeter at 20B9 this method the decrease of
fluorescence emission by the aPyADP at 410nm, aitiad of 6PG was measured
(excitation at 330nm).
1ml of solution containing 19 puM enzyme and 350 pRYADP was titrated with
additions (1-2 pl each) of 5.54 mM 6PG.
The dissociation constants were estimated by usaagchard plots in the form:

AF 1

[substrate] ) K, (OF e, ~F)

whereAF is the observed fluorescence decrease, g, the decrease at infinite

substrate concentration.

Isotope effects

6PGDH fromCandida Utilis was purified as already described [71]. The djmeci
activity of the purified enzyme was 46 pmoles fmj*. Stereospecifically labeled
(1h), (1d) and @t) 1Ru5P were prepared enzymatically from 6PG [1#{1t)Ru5P
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was prepared as previously described [14], andpleeific activity of purified RuSP
was 58 cpm/nmole. For the preparation did]Ru5SP, buffer was prepared in 99.9%
D,0O, liophylized two times to remove exchangeablerbgdn, and redissolved in
D,O. The pH (pD) was calculated from pHmeter readin®3. The enzymes used
in the preparation were previously precipitated/B96 saturated ammonium sulfate,
washed two times with 70% saturated ammonium sulfat D,O, and finally
dissolved in the buffer. The isotopic substitutwas estimated by NMR and was
found 94%. Ru5P was purified from the reaction tori@ by ion exchange
chromatography and used within two days. WhenRbBP was stored for longer
times, it was rechromatographed before the expatsneThe concentration of RuSP
was determined colorimetrically [72]. 1,6-NADPH svagrepared by NaBH
reduction of NADP and purified by DEAE Sepharose chromatographyl@sady
reported [73].

Isotope exchange measurement

Tritium release from 1t)RuS5P was measured as previously reported [73]. theor

measurements of tritium uptakelhfRuS5P and Id)RuS5P were dissolved at the
desired concentrations in Tris-acetate buffer, aaoimtg tritiated water (specific

radioactivity 9.7 cpm/nanom). Contaminating O&as removed from the buffer by
purging the solution with helium. Enzyme (0.062)ragd NADPH ( 0.1 mM) were

added, and the reaction was allowed to proceed &aC2for 30 min. The samples
were then frozen, lyophilized, redissolved in waded loaded on a small Dowex1
column. The resin was washed extensively with wai@rremove any unbound
radioactivity, and Ru5P was eluted with 4 x 0.5ahNaCl O.5 M. The eluate was
assayed for radioactivity and Ru5P.
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Reverse reaction measurements

The effect of isotope substitution on Ru5P in teeerse reaction was measured by
comparing the relative reaction rates of thk) (and (d) RuS5P. The reaction was
carried out in O.1 M NaHCgsaturated with C® pH 6.9, 0.1 mM NADPH, 1.24 ug
of 6PGDH, measuring the decrease of the absorbainBADPH. Tritium isotope
effect was measured in the same NaHCQO, buffer, pH 6.9, with 1mM NADPH,
0.062 mg of 6PGDH, 5.0 mM isocitrate and 5 unitssotitrate dehydrogenase. At
the desired times 0.1 ml samples were withdrawmftbe reaction mixture and
loaded on a small Dowex1 column. The column washed extensively and Ru5P

was eluted with 0.5 M NaCl, assayed and countatkasribed above.

Data treatment

Data were fitted with equation 1 and 2 fotH}Ru5P and 1({d)Ru5P respectively.

v= VA/(K p+A) (1)
v=VA/((Ka(1+HiEyk)+A(1+Ey)) (2)

where v and V are the initial and maximal velocKy, is the Michaelis constant for
the variable substrate, A is the concentratiorhef\tariable substraté,the fraction
of deuterium label in the substrate, &d E the isotope effects minus 1 on V and
VIK [74, 75].

T(V/K) was calculated from equation 3 at 10, 20 808 of substrate conversion:

T(V/K) =log(1-f)/log[(1-HAS/AS] (3)
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where ASt and A§are the specific radioactivity at time t and titheespectively, and
f is the fraction of the substrate reacted.

The overall kinetic equation is

kl k3 k5 I(7 k9 kll I(12

EAC + B EABC < E'ABC—P‘ EAX & EAK & E'PQ < EPQ —» E+P+Q
K, Kq Ks Ks K10 K12

where A is NADPH, B Ru5P, C is GCP and Q are 6PG and NADP respectively. X
stays for the enol form of RuS5P and K for the 3K6PA&Ecordingly to Northrop the

isotope effects are

°ky +¢; +¢, °K

°\VIK)= =
ik 1+c, +c, (4)
Dkl.44l +C. +C DK1.441
T V/K — 5 f r eq
( ) l+c, +c, (5)
°k; +c,, +C °K
D V) = 5 fv r eq
( ) l+c, +cC, (6)
where
C; = k5 / k4 (7)
G = ka /k7 (1+ ks / kg (1+ k10/k11)) (8)
Kk k
Crn = L[1+]/k7 (1+ ks/k9(1+ klo/kll))+]/k9(1+ klO/k11)+]7/k11] 9
K, +K, 9)
PKeqWas assumed to be 0,99 [77].
Intrinsic isotope effect was calculated from theiagpn:
°(//K)-1_ ks -1+, (°K,, -1) (10)

T(V/K)—l - Dkél.441_1+cr(DK;44l_1)
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PART | RESULTS AND DISCUSSION

Studies on that enzyme

Substrate and inhibitor binary complexes

The binding parameters for 6PG, 5PR and 4PHE.drucei 6PGDH wild type are
reported in Table 3. The best fit of the averagmiper of binding sites is slightly
lower than two sites per dimer, reflecting the pree of some inactive enzyme.
Although the observed fvalues for 6PG and 5PR are very close to thgiakd K
values, respectively, 4PE has a highey Walue than the Kvalue measured
previously. The enthalpy change measured experattgenn titrations with 6PG
arises primarily from the buffer protonation (Tal8& indeed, the release of 0.4
hydrogen ions was calculated from measurementsfiereht buffers. The buffer-
independent enthalpy change for the binding of 8AGw and positive, 0.174 kcal
mol?, and the binding is totally entropy driven.

The buffer-independent enthalpy change for theibgmadf 5SPR and 4PE is negative
(Table 3), with the release of only a small fractaf hydrogen ions (0.029 for 4PE
and 0.018 for 5PR); however, for the substratecaneds also, the main contribution
to binding comes from an increase in entropy.

In all cases, the binding is entropy driven, andotiation of the phosphorylated
sugars appears to give the major contribution ® ldimding entropy. It has been
shown that the binding of inorganic phosphate te tdomplex between porcine
elastase and the turkey ovomucoid third domain fsa®urable entropy and
unfavourable enthalpy as a result of the releasest@ingly immobilized water
molecules [70]. Phosphorylated sugars should shosurdlar behaviour, and the

major part of the entropy gain observed could afreen the phosphate group.
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Furthermore, we observed thakSdecreases by about 500-700 cal by shortening the
carbohydrate chain for each carbon atom (Fig.18)pably reflecting the water
molecules immobilized by hydrogen bonds with thgasunydroxyl. Thus, the high
entropy gain obtained by the desolvation of tharids can overcome the entropy loss

caused by the immobilization of the carbohydrat@rth

CoO
CcCoO
H— OH _
Ho_ | i on COO

H_| OH H— — OH H—| —OH
H——F+OH H——0OH H——OH

CH,OPO5> CH,OPOZ* CH,OPO5*

6PG 5PR 4PE

Fig.1Structures of 6PG, 5PR and 4PE.

The enthalpy changes should also be discussed. biffding enthalpy for the
inorganic phosphate to the elastase-ovomucoid thinthain complex is about +3
kcal mol*. In this complex, there is only one ionic bond,endas, in 6PGDH, the
phosphate group of 6PG forms two ionic bonds wig8%®R(R287 in the sheep liver
sequence, R289 in theactococcus lactis enzyme shown in fig. 16) and R453 (R446
in the sheep liver sequence, R447 inlthkactis enzyme, fig.16).
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Fig.18tructure ofL. lactis enzyme at the substrate binding site.

It has been shown by site-directed mutagenesibedsliver 6PGDH that these two

arginine residues can contribute to the binding &rergy by -4.0 and -2.8 kcal*

mol?, respectively. Thus, the additional enthalpy ggémerated by a second ionic

bond could overcome the positive enthalpy changeigeéed by desolvation of the

phosphate group.

Ligand Kg (M) | KnKi (uM) | AHg(cal mol®) | TASy(cal mor®) | nH™ | Sites/dimer
6PG 4.96 £ 0.69 3.5 173.8 7398 -0.46 1.47 + 0,06
5RP 1.35+0.19 0.95 -1330 6626 -0.018 1.33x0.1
4EP 2.86 £0.79 0.13 -2381 5111 -0.029 1.83x0.3

Table 3 Binding parameters of substrate and substrate gmedéoto 6PGDH fronTrypanosoma

brucel, KK;values are taken from [49,55].
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Nevertheless, although the binding enthalpy ofitinbitors is negative, the binding
enthalpy of 6PG is small and positive. This cotedawith the proton release during
binding (Fig.17).

ITC titration with 6PG
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Fig. ITC titration with 6PG in two different buffer.
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The fact thatAHqpserveqiS higher in Tris buffer (red) than in Hepes (lidamdicates
that there is Hrelease from the enzyme. 6PG releases about 0.4rd this can
account for up to 2—3 kcal niblf the hydrogen ion is removed from a nitrogerdaci
Both 5PR and 4PE release a very small amount'pfiRtd so the measured binding
enthalpy is not shielded by the cost of protonaste The Hrelease is observed only
in the enzyme-6PG complex, indicating that somerasgement of the enzyme
occurs when the substrate binds, whereas inhibaigganot able to induce the same
changesThe selective action of the substrate could beetated with the change in
the protonation state of Lys185, the residue in@dlin the catalytic activity, that is
supposed to release En binding of the substrate (Fig. 2). The hydraydup at C2
of 5PR and the carboxylate group of 4PE (Fig.1%jespond to the hydroxyl group
at C3 of 6PG, which faces the amino group of catal185 (Fig.2). 5PR does not
release A probably because it does not fit the activeigitdie same conformation of
6PG; indeed, it has an inverted configuration at €o?that the hydroxyl group could
be misaligned to K185. 4PE does not releaseekher, probably because the
negatively charged carboxylate group facing K18§umes a positively charged
group (Fig.12). 4PE (and its derivative 4PEX) isvery powerful inhibitor of
6PGDH, and it has been suggested that it mightmelsethe dienol intermediate. If
4PE binds to protonated K185, the inhibitor res&wbinore closely the 3-keto
intermediate, which has been suggested to be peltl85 in the protonated state
(Fig. 12). As discussed below, 4PE strongly affeles binding of both NADP and
NADPH, again suggesting that this inhibitor can misome features of the 3-keto

intermediate.
Enzyme—coenzyme complexes

The binding parameters for NADP, NADPH and aPyARme@noxidizing analogue
of NADP, fig.18) are reported in Table 4. A bindisgptherm and the fitted data for
the binding of aPyADP to the enzyme are shown gn1fm.
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Fig.18. Structures of NADPand 3-Amino pyridine adenine dinucleotide phosghat

Ligand | Kg(uM) | AHo(cal mol™) | TASy(cal molt) nH* Sites/dimer
NADP | 7.54 +0.19 -5382 1486 -0.18 1.86 +0.13
NADPH | 1.05 + 0.05 -11819 -3093 0.08 2.07 +0.05

aPyADP| 1.56 0.1 -10581 -2838 0.45 1.65 + 0.012

Table 4.Binding parameters of coenzymes to 6PGDH filatypanosoma brucei.

The binding stoichiometry was close to two sites ghener for all the coenzymes
tested A quite surprising result is the relatively highluwa of Ky for NADP, around

an order of magnitude higher than thguéalue of the coenzyme.
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Fig. 19. Titration of T. bruces 6PGDH with aPyADP. The cell contained 5. dimer

concentration in 50 mM Hepes buffer at pH 7.5,@Nl EDTA and 1 mM 2-mercaptoethanol. The
syringe contained 0.43 mM aPyADP in the same buHewotal of 25 injections was made at 380 s
intervals. Top panel: raw ITC data. Bottom paneladster the subtraction of the control titration

and peak integration. The full line is the fit tgiagle-site model.

The enthalpy change for NADP binding is relativébyv, and a positive entropy
change contributes to binding. For NADPH and aPyADie binding appears to be
totally enthalpic, and a negative entropy changeassociated with complex
formation. It is known that NADP and NADPH bindandifferent way to sheep liver
6PGDH. The differences in the thermodynamic paramsebetween oxidized and
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reduced coenzyme suggest that, also inTtheruce enzyme, coenzyme binding

involves different interactions with the protein.

With regard to the thermodynamic parameters, aPyABdembles more closely
NADPH, even though the amino-pyridine ring shoutd rhore similar in geometry

and charge to that of NADP. Indeed, aPyADP has hsed as an analogue of the
oxidized coenzyme in 6PGDH froiGandida utilis. The anomalous behaviour of
aPyADP could result from the lack of the carboxangtoup (Fig.18), allowing a

conformation of the binary complex closer to théattlee reduced coenzyme. The
different conformation, and the lower steric himdra, could slightly perturb the pK

value of the ionizable groups surrounding the arpipadine moiety, resulting in the

uptake of 0.45 H

Half-site reactivity of ternary complexes

Titration of the enzyme-6PG complex with aPyADPg(F20) shows a small increase
in the dissociation constant of the coenzyme ansp@ more negative binding
enthalpy and, more interestingly, a decrease inbineding stoichiometry of the

coenzyme (Table 5).

Titrant  |Binary complex Ka (UM) AHo(cal mol") | TASy(cal mol) | Sites/dimer
aPyADP | 6PGDH-6PG 3.62+0.27 -12645 -5467 1.07080.
NADPH | 6PGDH-6PG 2.04 £0.58 -15670 -8000 1.55 60.0
NADP 6PGDH-5PR 12.9 +3.38 -18599 -12273 0.870.(4.3
NADP 6PGDH-4PE 0.043 £ 0.04 -15742 -6010 1.0 98.0
NADPH | 6PGDH-4PE 0.0203 £ 0.0103  -22299 -12089 1.58 +0.09
6PG 6PGDH-aPyADP, 10.2 +6.7 ND ND ND
4PE 6PGDH-NADP 0.177 +0.015 -8741 285.6 1.0+£0.1
1.62 +0.062 -2232 5601 1.0+0.1

Table 5Ternary complexes of 6PGDH from brucel.

2 From the fluorescence measurements.

ND, not determined.

52



Time (min)
0 3 60 80 120 150

I L] ] v I L] I ' ] ! ]
Q.04 .
@
~=_"1 -0,2 = -
g 4
0,4 - -
i L] | v | ' | LJ 1
0 e Tl Ll L
+- g ue
& -
LT |
@ "
£ 24 .
G .
@
o ..'
_1_E‘ -4 o . J
S f
a2 )
B —
0 2 4 6 8
Molar Ratio

Fig. 20. Titration of the Trypanosoma brucei 6PGDH-6PG complath aPyADP. The cell
contained 5.21M dimer concentration and 1.2 mM 6PG in 50 mM Helpafer at pH 7.5, 0.1 mM
EDTA and 1 mM 2-mercaptoethanol. The syringe contathédd mM aPyADP and 1.2 mM 6PG in
the same buffer. A total of 25 injections was matl880 s intervals. Top panel: raw ITC data.
Bottom panel: data after subtraction of the contitcdtion and peak integration. The full line i®th

fit to a single-site model.

Indeed, only one coenzyme molecule per enzyme dismbound. Titration of the
same enzyme-6PG complex with NADPH gives a stomokitoy of 1.55 coenzyme

molecules per dimer, a value similar to that obsénn binary complexes, which
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could be accounted for by the partially inactivatstzyme. Thus, the differences
between aPyADP and NADPH binding reflect a reahgeain the stoichiometry.
Titration with NADP of the binary complexes of teezyme with the inhibitors 5PR
or 4PE again shows a binding stoichiometry of alimé coenzyme molecule per
dimer, confirming the presence of half-site reattivLikewise, for 4PE, the binding
stoichiometry of NADPH is 1.58 coenzyme molecules gimer, indicating that the
half-site reactivity is strictly limited to the akized coenzyme.

To test whether the half-site reactivity involvasyothe coenzyme, or both NADP
and substrate, 6PGDH was titrated with 6PG and #hPBe presence of saturating
concentrations of aPyADP and NADP, respectivelye Tiration of the enzyme—
aPyADP complex with 6PG gives small signals, whesleies are so close to blank
titrations that it is impossible to handle the expental data. As binding
stoichiometry suggests that only one coenzyme mtdeger dimer is bound in the
ternary complex, titration of the enzyme-(aPyAP&)mplex with 6PG should cause
the release of a coenzyme molecule from the difagr 21, step 4). aPyADP release
has a large positivAH value and is accompanied by kelease (Table 4). 6PG
binding has a small positivdH value and is accompanied by klease (Table 3).
Thus, during the formation of the enzyme-6PG-aPyABiary complex from the
enzyme-(aPyADR)complex, there are two opposite effects: a pastid value for
aPyADP release and 6PG binding, and a negéiivesalue for buffer protonation.

These opposite effects can result in an experirnealae close to blank data.
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Fig. 21.Kinetic mechanism of the binding to 6PGDH of thbstate 6PG and the NADP analogue
aPyADP. The enzyme is a homodimer with a NADP higdf+gactivity in the presence of 6PG.

To further study the binding of 6PG to the enzyrRgA&DP complex, we measured
the changes in the fluorescence of the bound coemon addition of 6PG (Fig. 22).
The fluorescence changes cannot be fitted withmplsi binding isotherm; however,
the data are consistent with the mechanism depiotédure 15, where the substrate
does not bind to the enzyme-(aPyARBy)mplex. The resulting Kvalue, 10.2 £ 0.7
UM (Table 5), is close to 7.8iM, the value calculated on the basis of multiple

equilibrium constraints:

Kepca= KepciKapyaor?Kapyaors

where the numbers in the subscripts refer to #yessn Figure 21.

Further support for the half-site model for brucei 6PGDH comes from enzyme
kinetics. Indeed, although at high 6PG concentnatiihe enzyme displays the usual
Michaelis-Menten kinetics towards NADP, at low 6RGncentrations the enzyme
shows a marked inhibition by NADP (Fig.23).
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Fig. 22. Fluorescence titration of the 6PGDH-aPyADP complath 6PG. Changes in the
fluorescence of the bound coenzyme on addition R& Gare shown. Lines were obtained by

nonlinear least-squares fitting to a full-site mio@eoken line) or a half-site model (full line).
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Fig. 23.Inhibition of T. brucel 6PGDH by NADP. The assay mixture contained 1 mi®@MmM
triethanolamine buffepH 7.5, 1 mM EDTA, 1 mM 2-mercaptoethanol, NADP a toncentration
indicated on the abscissa and eithepRD6PG (opercircles) or 2.2 mM 6PG (filled circles).

This substrate-dependent inhibition by the coenzixae been observed previously
for the enzyme fron€. utilis, and has been correlated with the presence ofshalf

reactivity. At low substrate concentrations, theermmyme inhibits the enzyme by
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shifting the equilibrium towards the non producteezyme-(NADP) complex that
cannot bind the substrate. At high substrate cdratgons, the equilibrium is shifted
towards the enzyme-substrate complex, preventirgy dimding of the second
coenzyme molecule, and the inhibition is cancdlB&].

In conclusion, titration of the enzyme-aPyADP coexplwith 6PG [by both
isothermal titration calorimetry (ITC) and fluoresce measurements], titration of
the enzyme-6PG complex with aPyADP and kinetic ddtssupport the half-site
reactivity of T. brucel 6PGDH, where only one ternary complex can be fdrorethe
enzyme dimer.

The binding of 4PE to the enzyme-(NARR)omplex gives a large measurable
enthalpy change, and the best fit is obtained Isprasg two sequential binding
sites. The first site shows an apparegtvidlue of 0.177uM, very close to the K
value of the inhibitor determined kinetically (OpN) [49]. However, K in Figure
21 must be given by the productk, /K;, which is 0.015uM, much lower than the
measured Kvalue. To explain this discrepancy, it should besidered that only one
NADP molecule can be present in the ternary comgléble 5), so that, in the
formation of the ternary complex, the excess of NPABbuld act as a competitive
inhibitor of 4PE (Figure 21, step 5). In other warélADP could act as an inhibitor
for 4PE binding in the same way as NADP inhibitzyenatic activity. If this holds
true, the K value measured experimentally is an apparent destson constant, and
the true value should be obtained by correctingetkgerimental value by the usual
term Kyp= Kg(1 + [1] /K;), where | is NADP and Kis the dissociation constant of
NADP for the free enzyme. In our experimental ctods, the calculated trueyK
value is 17.7 nM, in good agreement with the vahgosed by multiple equilibrium
constraints.

The second site showsykKand AH values close to those of the binary complex,
suggesting that the asymmetric form of the enzymeses only moderate effects on

the substrate binding site of the subunit devoidtleé coenzyme. Thus, the
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asymmetric ternary complex binds only one NADP roole, but still binds two
substrate molecules.

The half-site reactivity of 6PGDH has been obsemetViously in the enzyme from
C. utilis and from sheep liver. In both cases, the evidemas obtained using an
inhibitor derived from NADP, periodate-oxidized NA&J29,30]. Further support for
an asymmetric functional enzyme has been obtainedtidying the binding of
aPyADP in the presence of 6PG [36], and by obsgrtirat 6PG enhances the
decarboxylation of 3-keto-2-deoxy 6PG, an analogjuthe putative intermediate 3-
keto 6PG [65,34,35]. Recently, the crystallogra@iracture of the ternary complex
of L. lactis 6PGDH with NADP and 4PEX/APEA has been publisisédwing only
one subunit filled by both coenzyme and inhibitd¥][ The superimposition of the
subunit bearing NADP and the inhibitor on the othebunit shows a movement of
the cofactor binding domain, resulting in a 5° tiota and a 0.7 A translation,
indicating a structural change on one subunit wihenother is filled by the ternary
complex [27].

Here, we have shown by direct binding experimemas 6PGDH fronil. brucei also
makes only one ternary complex per dimer. In caiohy the half-site reactivity

appears to be common behaviour for 6PGDH.

Substrate analogues and transition state analogues

The ternary complexes formed by aPyADP and 6PG ADMN and 5PR are very
similar. Indeed, although the binding enthalpyhef toenzymes is higher in ternary
complexes than in binary complexes, the enthalpia ¢s compensated by a large
entropy loss, and Kchanges slightly (Tables 4 and 5). The large entaiecrease
could be a consequence of the tighter binding tleduces the conformational
freedom of the residues interacting with the ligaf@b].

The fact that the value of 5PR is close to the inhibition constardi{lEé 3) suggests

that 5PR is simply a substrate-competitive inhibito
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Quite different behaviour is observed for the teyr@mplexes with 4PE, where the
K4 values of NADP and NADPH show a dramatic decrebsthese complexes, the
enthalpy gain overcomes the entropy loss as atrafstlle tighter binding.

In L. lactis 6PGDH, an overlay of 4PEX with 6PG and Ru5P ingisahat the
inhibitors adopt similar conformation in the actisge [27]. However, 4PEX lacks
the three hydrogen bonds formed by the carboxgedap of 6PG; nevertheless, the
K; value is far below the Kvalue of the substrate. The very tight bindingdBEX
can be explained by suggesting that the planarreatti the hydroxamate group
should mimic the planar structure of the diencdéintediate (Fig. 21). It is reasonable
that 4PE adopts a conformation similar to that BEA, with a water molecule
bridging the carboxylate O1 to the catalytic E192,54](Fig. 24).

Glu 192

-

+2.44

Water b -
2.31

L

. 2.83

Lys 185

Fig.24. Model of the 4PE bound at the active sitelobrucei 6PGDH, with only the amino acid
residues Lys 185 and Glu 192 shown, based on tletegpstructure model of the complexlof

lactis 6PGDH with PEA [54].

The observation that 4PE strongly affects both NADIDE NADPH binding suggests

that the inhibitor should mimic an intermediatetie dehydrogenation step, where
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the coenzyme structure changes from the oxidizethe@oreduced form (Fig. 12).
Deuterium kinetic isotope effects indicate a nommsyetric transition state for the
dehydrogenation reaction, suggesting a ‘late’ fitemms state [67]. Within this
hypothesis, K185 goes from the non protonated farthe reagents to the protonated
form in the transition state, together with C3 o planar. The negative charge of
the carboxylate group of 4PE could force K185 itibe protonated form, thus
supporting the conformationalcharge changes thr@ngthen the binding of the
transition state.

We suggest that 4PE and 4PEX represent the t@mssiate analogues of two
different steps: 4PE, dehydrogenation; 4PEX, dexailtion (Fig. 12).

The results presented here show some importanirésafruitful for the design of
inhibitors specific foiT. brucei 6PGDH.

The first observation focuses attention on the mfleentropy and the phosphate
group. The major contribution to the binding eneo¥6PG and its analogues comes
from entropy and, in particular, from the entro@irgresulting from the desolvation
of the phosphate. The bonds formed by the liganth whe enzyme can only
counterbalance the positive desolvation enthalpyhef phosphate. Therefore, the
design of new inhibitors should firstly preserve #mtropy gain.

The second observation is on the proton linkageasgpect that can escape the
analysis of crystallographic structures. Both theotgn release and internal
rearrangement of the ionic charges can affect neghatthe binding enthalpy. By
comparing the binding enthalpy of 6PG and 4PEpptears that, despite 4PE forming
a smaller number of hydrogen bonds than 6PG, theirg enthalpy is greater. This
can be related to the absence &fléss on binding of the inhibitor. The presence of
the charged carboxylate anion of 4PE near K18m,glyosuggests that this residue
must be charged, whereas the catalytic mechanigoires an uncharged lysine in
the complex with 6PG. The transfer of a hydroganfrom K185 to the medium or
to another functional group of the protein couldvdr@a high energy cost, which is

absent in the binding of the inhibitor. This apgaarbe the most rational explanation
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of the high affinity of 4PE. Therefore, a betterdarstanding of the catalytic
mechanism is a prerequisite for the correct desfgrew inhibitors.

Last, but not least, the transition state involaes only the substrate analogue, but
also the coenzyme. In other words, the inhibitorstroe more efficient when the
coenzyme is present. In the case of 4PE, theakue of the inhibitor is close to the
Kg4 value of the substrate, but it decreases by twlersrof magnitude in the presence
of both oxidized and reduced coenzyme. This mdaatsat powerful inhibition occurs
under both normal cellular conditions, when the NDNADP ratio is high, and

stress conditions, when NADPH decreases and NADfeases.

Studies on site-directed mutantsTobrucai 6-PGDH

As reported in the Introduction section, K185 antOE (K183 and E190 in the
si6PGDH) appear the residues directly involved indaelysis. These residues have
been identified from the 3D structure of the sheegyme and from site-directed
mutagenesis. The sheep liver enzyme shows theatypiell-shaped activity-pH
curve, while the K182R mutant looses the high pid the E190Q looses the low pK
[16,17]. Thus it was concluded that the bell-shap@de comes from the ionization
of the two residues. However, when these data pbéshed, the same experiments
with the Tb6PGDH were in progress in our laboratory, and #sults were quite
different. For this reason we have reinvestigatetionly the kinetics of the mutants
of Tb6PGDH, but also we tried to verify the substraidiced change in the
lonization of the two residues as postulated byrdaetion mechanism.

At the beginning three mutants were studied: K188tere lysine is replaced by a
more basic residue as arginine, K185H where lyssneeplaced by a more acid
residue as histidine, and E192Q where the charlygdngate is replaced by a neutral

residue as glutamine. Kinetic parameters at pHaieSeported in table 6.
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Wild Type| E192Q| K185R| K185H
A.S.(Ul/mg) 30 0.028| 0.02] 0.032
Km 6PG (uM) 3.5 12 | 106, /I
Km NADP (uM) 1 45 | 7.1 Il

Table 6.Kinetic parameters of mutants (E192Q, K185R and Kl)&ihdwt enzyme.

For the K185H it was not possible to obtain Km eslUor the substrate and the
coenzyme since it has a bi-phasic kinetics andtikseés not linear at low substrate
and coenzyme concentration. All mutations redubedenzyme oxidative activity by

at least three orders of magnitude, indicating K85 and E192 are really two key
residues in the 6PGDH activity. Km values both 8&®G and NADP increase in the
mutants compared to the. In fig.25 their pH curves are reported togethehwtite

wt one and the pKs obtained from the pH curves arerteg in table 7.
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Fig.25. Activity-pH curves.The Y scalds multiplied by an arbitrary factor to allow coamson of

the mutant logV with the WT one.
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pKal pKa2
WT 6.6 9.8
K185R 7.8 8.15
E192Q 4.9 12

affle 7.pK of K185R, E192Q andt

The wt pH curve has the typical bell shape, consistenh whe ionization of two
residues with pK of 6.6 and 9.8, which, as suggk$te the sheep liver enzyme,
should be of the glutamate and the lysine. Thierucel mutant curves show a more
complicated picture, not similar to that observed the sheep enzyme, where the
lysine or the glutamate mutation causes the losmefof the two pKs, leaving save
the other one. In th&. brucei 6PGDH both pKs are perturbed both in the K185R
mutant and in the E192Q one. For the K185R the fiks is shifted by 1.2 units
toward high pH, while the second pK is down shiflyd1.65 pH units. These data
are clearly incompatible with the assumption thghbr pK (9.8) observed in the pH
curve is the pK of the K185. The same conclusiom loa attained for the E192Q,
where the first pK is down shifted by 1.7 pH unéad the second pK is up shifted by
2.2 pH units. In conclusion while K185 and Q192\higaaffect the pH curve, other
residues are involved.

These results clear the oversimplified model ofgHecurve, and open the way to the
search on the origin of the shape of the pH cuwiether it comes from other
residues involved in the catalytic activity, or fioa “global” rearrangement of
several unrelated residues induced by conformdtiranges.

A second question, arising from the experiment&d85R and E192Q mutants, is if
the substrate-induced change in the ionizatiorhefttvo residues postulated by the
reaction mechanism is correct.

Two ionisable residues, conserved in all 6PGDH, aaddirectly involved in the
contact with the substrate but within 10 A of tlutive site, are H188 and C372.
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Two mutants of these residues were prepared, H{&8kre histidine is replaced by
leucine, a residue with approximatively the saneeicthindrance but devoid of acid-
base property) and C372S (where cysteine is replagean analogue not ionizable
residue as serine) to assay the role of H188 af@.C3

Residual activity of the H188L mutant is the 4%tbé wt while is 50% for the
C372S (Table 8), while their pH curves (Fig. 26ggant alteration of one of the two
pKs, the acid for H188L and the basic one for C37kble 9).

Wild Type | H188L | C372S
A.S.(Ul/mg) 30 131 | 16
Km 6PG (1M) 3.5 300 | 42
Km NADP (UM) 1 n.d 21

Table 8Kinetic parameters of mutants (H188L and C372S)varehzyme.

N.d. not determined.

0.2
0
5
0,2 -
% 04 1 —e—wt
g —a— H188L
5-06 1 —e—C372S
08 -
1
1.2

pH

Fig.26. Activity-pH curves.The Y scalds multiplied by an arbitrary factor to allow conmgan of
the mutant logV with th&VT one.
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pKal pKa2

WT 6.6 9.8

H188L 6.95 9.6
C372S 6.7 9

[Ala 9.pK of H188L, C372S anult.

The relatively small decrease of specific activity, particular for C372S, is
consistent with a secondary role of these residuethe catalysis. However the
changes in the pH curves requires some comments.

The pH curve of the mutant H188L is nearly supeasgble at high pH, where the
histidine is neutral, while it shows a shift of ab®.4 units at low pH, where the
histidine bears a positive charge. This suggestsHii88 decreases the pK of some
residue(s) contributing to the first pK of the phiree. In a similar way the curve of
the mutant C372S is nearly superimposable at ag@é#ic where the cysteine is
expected to be neutral, while it shows a shiftlmfw 0.8 units at high pH, where the
cysteine bears a negative charge. This suggest€8¥® decreases the pK of some
residue(s) contributing to the second pK of theqpir/e.

These results suggest that the pK observed in theyove cannot be attributed to
H188 or C372, despite these residues have a raletgrmining the exact value of
the pKs.

It is noteworthy that also thd6PGDH mutants show a very similar behaviour
(Fig.27).
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—o—wt
0,6 1 —8—C365S
—A—H186A

Fig. 27.Activity-pH curves in the sheep liver 6PGDIhe Y scalds multiplied by an arbitrary
factor to allow comparison of the mutants (C3658 HA86A) logV with theAT one.

The pH curve of the H186A mutant is perturbed aatlyhe acidic side of the curve
[69], while the C365S mutant is perturbed only la¢ tbasic side of the curve
(Cervellati, personal communication). However theme significant differences
between thesl andTh enzymes. The residual activity of H186A is sigrafit (about
15% of the native enzyme), while the residual agtief C365S is only 4%. Also in
the pH curve it should be noted that for the H186#tant the acidic pK is
downshifted, while for the corresponding H188L nmitaf the Tb6PGDH the acidic
pK is upshifted. The different behaviour could fdeswom the different steric
hindrance in the two mutants. Nevertheless theseresgidues are involved in the

conformational/ionization changes occurring atstbstrate binding.
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Hydrogen ion movements accompanying the 6PG binding

The proposed reaction mechanism requires thatititkenlg of the substrate changes
the ionization state of the two essential resid¢d85 and E192, with K185 loosing

a H that is taken by E192. To verify this hypothesis measured by ITC the proton
release/uptake occurring on the binding of the tsates

We firstly studied thevt and three mutants: K185H, K185R, and E192Q. Table
collect data regarding 'Hexchange between the enzymes and the medium and the

AH, values.

Enzyme n° H AH, Kcal/mole
WT -0.4 £0.02 0.174 £0.02
K185H 0.78 £0.015 -10.08 £ 0.015
K192Q -1.5+0.023 6.7 £0.023

K185R 0 0

Table 10.H" exchanged between the enzymes and the medium an#igvalues at pH 7.5.

Thewild type 6PGDH upon 6PG binding releases about 0.5 hydragenat all the
pH tested (6.5, 7.5 and 8.5), as reported in tegipus part of the thesis (fig. 17).
The observation that 'Helease is pH independent rules out the contributibthe
phosphate group of the substrate to the protoasele

The titration of K185R mutant is indistinguishalffem blank titrations at all pH,
meaning that the mutant does not exchangand that the binding enthalpy is zero.
The K185Hmutant at pH 6.5 releases about 0.5 like thewt enzyme, while at pH
7.5 and 8.5 the titration in different buffers shtvat at the formation of enzyme-
6PG complex there is capture of hydrogen ions l&y rtredium. Thus at pH 6.5,
where the histidine is protonated, there are ntemdihces betweemt and mutant

enzymes, while at higher pH, where the histidineurscharged, the difference
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between wt and K185H mutant is about one hydrog@en This suggests that a
hydrogen ion coming from the residue 185 is takgroy another enzyme residue. It
Is noteworthy that for K185H at pH 7.5 the buffedépendent binding enthalpy,
AHy, is negative.

If the proposed mechanism is correct, the protteased by K185 should be taken up
by E192. In fact the E192@utant releases a number of gteater than theild type
enzyme at pH 7.5. At pH 8.5 the mutant is unstabid precipitate during the
experiment, so at this pH it was not possible ttaiobresults. For this mutant the
value ofAH,, is positive.

The calorimetric experiments show that thiéd type enzyme releases 0.4 pon
6PG binding. These hydrogen ions can be the restto different phenomena: 1)
an incomplete transfer of only part of thé ¢ébming from the lysine to the glutamate
with the other released in the medium, or 2) a @onétional modification that
change the pKa of other ionization groups.

The E192Q mutant brings to exclude the first hypsth At pH 7.5 this mutant
release 1.49 HFig. 28), that is one hydrogen more thaild type. This means that
the proton transfer of the lysine to glutamateosiplete, and the binding of substrate
causes structural modification bringing to releafs@.4 protons.

The stoichiometry of the K185H mutant confirms tlvi¢erpretation. In fact the
K185H at pH 7.5, when histidine is non protonate#te 0.78 hydrogen ions. As the
histidine pKa is about 6.9, at pH 7.5 the K185HWtdde in the protonated form for
nearly 20%, thus if only a fraction of hydrogen soshould be transferred to the
glutamate, the number of 'Haken from the medium should be lower than 0.3-0.4
The fact that K185H take up 0.78 (Fig. 28) suggdsés the proton transfer from
lysine to glutamate is complete. In conclusion ¢arimetric data show that at the
formation of the enzyme-substrate complex, thenly$ransfer its proton to glutamate
(Fig. 28), at the same time a structure rearrangeme the enzyme causes a release
of 0.4- 0.5 protons. In this second process atbeidues can be involved, the same

responsible of the pH effect on the enzyme activity
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WT

<:jf00___‘4-<::ZOOH

K185H

H 0,2

s +
<:ijNH2 ONH,
—
NH,+ H,
Fig. 28.Scheme of the protonation change in residues 183 82 of the wild type enzyme and
mutants E192Q and K185H.

The solvent independent binding enthalpy of thedhenzymeswt, K185H and

E192Q are very different, however if the bindinghetipies are corrected for the
lonization costs, the true binding enthalpy appesy similar in all the enzymes. In
fact the ionization enthalpy of a lysine or a hiiste is about 7-8 kcal mid] while the

ionization enthalpy of a glutamate is about 1-2I konal™. If also the hydrogen ion
coming from the conformational transition comesira nitrogen acid, this will add
7-8 kcal motl'. Taking these values, and the stoichiometry ofquraelease/uptake,

the calculated binding enthalpy for all three enegmanges from 8.3 kcal niofor
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thewt, to 7.6 kcal mot for the E192Q. These values are very close, goesent the
true energy of the bonds between the enzyme anduibstrate. However in that
the overall binding energy is less than 0.2 kcal thahile the remaining energy is
spent in building up the catalytic machine.

The evidences for a conformational change ofwhenzyme, with the release of
about 0.5 H, let us to investigate the other two mutants; H188d C372S, to verify
whether the moderate effect of these mutation eretizymatic activity is correlated
with the catalysis or with the conformational chang

The binding of 6PG to the H188L mutant show simildly in several buffers and the
release in the medium of a very small amount &f &bout 0.08 (Table 11). This
could mean either that the 0.46 kleased by the wt come from the H188, or that the
mutation of this residue impairs the conformatiocladnge reducing the enzymatic
activity. As reported in the Introduction sectidhere are several evidences of a
partially rate limiting conformational change of ethenzyme-6PG complex,
suggesting that the enzyme is shifted from an "opera "closed" form (Fig. 29).
Kinetic isotope effects of the histidine mutant tbk SS6PGDH suggest that this
residue is involved in the conformational changguoed by 6PG. Thus it appears
more likely that the lack of proton release obsénrethe H188L mutant could be

due to an impairment of the conformational change.

NAPH

NADPH NADPH

SNADP __, [ NADP ¢ - -

+ 6PG 6PG 3K6PG ~ \  Enol + RUSP
co,

k3 Ks k7 kg ki1

EA+B EAB E'AB EAK EPQ E+P+Q
k4 k6 k8

Open form—>  Closed form

Fig. 29.Isomerisation of the 6PGDH 0t brucel enzyme.
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Enzyme n° H AH, Kcal/mole
WT -0.4£0.02 0.174 £0.02

H188L -0.08 £0.016 - 2.9+0.013

C372S -0.23+0.01 -1.5:0.012

Table 11:H" exchanged between the enzymes and the medium aendighvalues at pH 7.5.

The C372S mutant release 0.23 proton (Table 1bytaine half of thevt, and also
the activity is one half of that aft. Thus we verified whether there is a correlation
between the number of'lleleased and the specific activity.

In figure 30 it is shown a correlation between protelease and enzyme specific for
4 enzyme speciesit, K185R, H188L and C372S.

[¢8]
(431

30 - R* = 0,9767
25 -
20 -
15 -

10 ~

specific activity

(en)

-0,1 ( 0,1 0,2 0,3 0,4 0|5

proton release

Fig.30.Correlation between proton release and enzymef&pactivity, where* is K185R, Ais

H188L,m is C372S and® is wt.

Enzyme specific activity and proton release coteelsell only for these 4 species
while K185H and E192Q, which show a 0.8 Hptake and a 1.5 Hrelease
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respectively, do not correlate. This could well &eected since for these two
mutants the proton release/uptake is related tdHthransfer from K185 to E192,
while for H188L and C372S the change in thé release is due to the impaired

conformational change upon 6PG binding.

Cysteine reactivity

The conformational changes induced by 6PG bindiagse several effects on
6PGDH: increased stability to heat, denaturantggpitysis, and a dramatic reduction
of the reactivity toward chemical modifications. €af the best characterised effects,
observed in 6PGDH from several sources, is the tdsseactivity of cysteine
residues. Thus we have measured the effect of GRPG® reactivity of thelb
6PGDH mutants.

In the T. brucel wild type 6PGDH, three cysteines for subunit are fasthat#d by
DTNB a pH 7.5, but in presence of 6PG one cysteloge is titrated in more than 10
minutes (Fig.31). In absence of 6PG one cysteinalss more reactive than the
others. This behaviour seems in agreement withpem dorm of the enzyme and a

closed more rigid form in the presence of 6PG.
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Fig. 31Cysteine reactivity in th€. brucei 6PGDH in presence and absence of 6PG.

This phenomenon has been observed in differentiegeand in the sheep liver
enzyme the most reactive cysteine is cysteine 8&fvellati, not published data).
This cysteine (cys 372 in the brucel enzyme) is conserved in all 6PGDHs, and is
within 10 A of the active site. For this reasoni@sization, and its reactivity, can be
correlated to the ionization state of the residogke active site.

In thewild type, the reactivity of the most reactive cysteine dases 10-fold in the
presence of 6PG (Fig.32).

In the mutant E192Q there is a reduction of redgticomparable with that of the
wild type in the presence of 6PG (Fig.32).

The mutants of the lysine have a different behayiou the K185H mutant the
cysteine reactivity is reduced compared toviid type both in presence and absence
of 6PG, while in the K185R mutant the cysteine tigdyg is high in both cases, that
is does not change in the presence of 6PG. Thaaesdggest that the 372 cysteine
reactivity depends on the ionization state of tegidue 185: the cysteine is more
reactive if the residue 185 is protonated, while tbactivity decreases if the lysine

185 is not protonated, as it is supposed in thegmee of the substrate. The K185H
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mutant at pH 7.5 is not protonated even in abseha@PG, since the pKa of the
histidine is 6.9 and in this condition the cysteneactivity is low. In the K185R
mutant, for its higher pKa the arginine is not wipnated, in the presence of 6PG
too. However for K185H and E192Q the proton inventodicates that, like in the
wt, the 0,5 H are released in the medium, suggesting that thetrstie is able to
induce the correct conformational change.

The cysteine reactivity in the C372S and H188L migas still high also in the
presence of 6PG (Fig. 32) showing that the presefnd¢ke two residues C372 and
H188 is critical to the shift of the enzyme forne ttopen” to the "closed" form. Also
the K185R mutant, that does not exchange hydroges with the medium, shows

the high reactivity of the cysteine residues sutiggsn "open” conformation.

Titration of 6PGDH-6PG complex with DTNB
3,5
&3 -
S
S 25 7 —— K185R
E 2 —— wt 6pg
%‘ —— E1920Q 6pg
= 157 —— H188L 6pg
@ —— C372S 6pg
L
L 05 A
0+ . .
0 2 4 6
time (min)

Fig. 32. The cysteines reactivity in absence and in preseh&®GDH forwild type, H188L and
C372S.

The initial reaction rates of the cysteine in tlmesence of 6PG were plotted against
the activity of the different mutants (Fig. 33). Akeady observed for the proton
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release, also the reactivity of the cysteines tates with the activity, suggesting that
the loss of activity of the H188L and C372S is dwean impairment of the

conformational transition required to put the eneynm the correct catalytic

conformation.

Thus even if H188 and C372 are not directly invdlve the substrate binding, they
have an important role in the rate-limiting shiftttee 6PGDH conformation from the

"open" to the "closed" catalitically active formi@F33).
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Fig. 33.Initial reactivity of the cysteine residues in thiezyme-6PG complex, wheseis wt, ¢ is

C372S, is H188L andAis K185R.

The decrease of enzymatic activity i 6PGDH mutants appears to correlate both
with the reduced protection of cysteine residuesutystrate, and with the number of
hydrogen ions released upon substrate binding. $hiengly suggests that the
substrate induced conformational change plays adeyin the enzymatic activity, as
already suggested by kinetic isotope effect studMthough several residues could
be involved in this conformational change, someatlyesis can be drawn on the role

of the residues here studied.
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As noted above, H188 and to lesser extent C372regeired for a correct
conformational transition. However also the K185tamis appear to have a key
function in the transition. In fact K185R does ngleases hydrogen ions and does not
show 6PG protection of the cysteine residues, meathat it is unable to allow the
transition from the "open" to the "closed" confotima. A closer examination of the
K185H suggests that also this mutation affectsctir@ormational change. In fact in
K185H the hydrogen ion taken by E190 comes fromsiigent (about 0.8 Bl and
from the residual charge of H185 (about 0.2, Hneaning that the binding of 6PG
does not cause the release of fdlated to the conformational change. However
K185H shows a very low reactivity of the cysteiesidues, similar to that of thva
enzyme-6PG complex, both in the presence and irallsence of 6PG, suggesting
that this mutant is in a conformation similar te tltlosed" one also in the absence of

the substrate.

The binding of 6PG to thdb 6PGDH involves a large energy change, and the
enthalpy contribution to the binding is spent iansferring a hydrogen ion from
K185 to E190, and in a conformational change reguio put the enzyme in the
catalytically competent conformation. This confotima requires that the residue
185 should be uncharged, as suggested by the afifférehaviour of K185H and
K185R. Other residues, H188 and C372, are at difteextent involved in the
conformational change. The catalytically active foomation is probably retained
until the end of the reaction, in fact the compleixh the transition-state analogue
4PE shows the same reactivity of the cysteine wesicdbserved in the enzyme-6PG
complex, and the catalytic mechanism suggests@etia& 185, and proton inventory
data are consistent with the retention of the hgenoion on K185.

The conformational transition induced by 6PG is rargquisite for the further
conformational changes that affect the coenzymditbinsite. In fact in the presence
of 6PG the enzyme shows the half-site reactivityaal NADP. The relevance for

the catalytic mechanism of the change from the-$itgdf conformation to the full site
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conformation is still elusive. In fact 4PE, thatosls all the features of a reaction
intermediate, induces half-site reactivity with NRDbut full site reactivity with
NADPH.
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PART I

The reverse reaction of 6PGDH studied by kinetic

Isotope effects

Hydrogen exchange between Ru5P and water

The kinetic mechanism of the reverse reaction &BH can be described as follow:
kl k3 I(5 I(7 k9 I(11 I(12

EAC + B2 EABC > E'ABC®> EAX ® EAK & EPQ > EPQ —>» E+P+Q
k2 k4 k6 k8 I(10 I(12

were A is NADPH, B Ru5P, C is GOP and Q are 6PG and NADP respectively. X

stays for the enol form of Ru5P and K for the 3K6PG

Two enzyme isomerisation stepsg/lk and ki/k;, have been inferred on the basis of

the results reported belows(k,;) and on the published data {k1,) [74,75].

The first step of the reductive carboxylation afaR to 6PG catalysed by 6PGDH is

the conversion of Ru5P into a dienol, with the aske of thgoroR hydrogen of Ru5P.

This reaction requires the presence of NADPH bwucc even in the absence of

CO,, and the hydrogen is exchanged with the mediunvgl4 Therefore we firstly

studied the kinetic isotope effects on the exchaagetion.

We measured the rate of hydrogen exchange betwabR-Rh and Ru5Pt-d and

tritiated water. The rates of tritium uptake wer&28+0.004 pmoles mihmg* for

Ru5R1-h and 0.131+0.004 pmoles rifimg* for RuSR1-d, with avi/vp 0.98+0.06.

Furthermore the rate of tritium release from Ru5£0.129+0.06 pmoles minmg*,

Is the same of the tritium uptake from Rub. Thewv,/vp ratio is very close both to

unity and to the equilibrium isotope effect. Thigans that C-H breaking is not rate

limiting and either deuterium (or tritium) equilddes freely with the solvent or the
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hydrogen ion is shielded from the solvent and tkehange is a side reaction not
affected by the isotopic substitution.

The rate of tritium release is low and increasealiyut one order of magnitude when
measured in the reverse reaction. This suggest<itner the hydrogen exchange is
a side reaction or the presence of,GQreases the rate of hydrogen release from
Ru5P. To verify whether C{plays a direct role in the proton abstraction fieaobP,
we studied the rate of tritium exchange in the @nes and in the absence of Oy
using as coenzyme the 1,6NADPH, a non-reducingognal of NADPH. This
analogue can replace the natural coenzyme in tkianir exchange and in the
decarboxylation [73]. Our experiments show that gresence of COdoes not
modify the rate of tritium release from RuU8R, ruling out any role of CQin the
first step of the reaction.

The low rate of hydrogen exchange in the absenteediull reverse reaction, and the
lack of isotope effect observed in the exchangeti@a both suggest that this is a
side reaction that cannot modify at significanteextthe isotopic composition of

Ru5P during the measurements of the isotopic afi@ctthe reverse reaction.

Kinetic isotope effects on the reductive carboxglat

The tritium isotope effect on the Ve in the reverse reaction of 6PGDH was
calculated from the heavy isotope enrichment (egneB). However the calculated
isotope effect appears to increase by increasiageittent of the reaction (Fig. 34).
This result is surprising, in fact the presenceanfhydrogen exchange occurring
independently from the reductive carboxylation ddoeventually decrease the
measured isotope effect. Because the main changerrimg during the'(V/K)
measurements was the build up of the 6PG in thetioamixture, we measured the
deuterium isotope effects in the reverse reactioth in the presence and in the
absence of 6PG. In the absence of 6P®V//K) and °(V) were 1.68 and 2.46
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respectively. A°(V/K) lower than®(V) means that¢ is lower than c(eq. 9 eq.7),
and from the definition of the commitment factoeg.(6 eq.4) it follows that
1/k>(1/ky+1/kg+1/Ky4) (11)

This means that all the steps following the pro&trstraction from the Ru5P are
faster than the release of Ru5P or, in other wibiat, the chemical steps and the 6PG
release are not rate limiting.

In the presence of 40 uM 6P®V/K) increases and(V) decreases (2.84 and 1.38
respectively). The increase V/K) correlates with the observed increasé (M/K)
when 6PG accumulates in the reaction mixture?(WK) > °(V) means that the
relation 11 is reversed, and that the presenc®&f éhanges the rate limiting step of

the reaction.

55

45 -

T(VIK)

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7

fraction of Ru5P reacted

Fig. 34Tritium isotope effect on the Viigspin the reverse reaction of 6PGDH
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Inhibition of the reductive carboxylation by 6PG

6PG is known as competitive inhibitor toward RuBPthe reverse reaction of the
6PGDH. We have reinvestigated the inhibition by 6BGd we observed that at low
concentration the inhibitor slightly increases ttate of the reaction. At higher
concentrations 6PG behaves as a conventional cawgeathibitor (Fig. 35), with a

Ki 9.3 uM, but back extrapolation of the enzyme dgtivo zero 6PG give an

enzymatic activity about five fold higher than tetivity really measured.

0 10 20 30 40 50 60 70 80
6PG (uM)

Fig. 35.Effect of 6PG on the reductive carboxylation@yutilis 6PGDH.
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These data suggest that 6PG has a double effeattiviates the reverse reaction,
probably by removing a rate limiting step, and mtsi the reaction by competing
with the Ru5P.

The effect of 6PG on the reverse reaction of 6PGkd4$ totally unexpected. At
relatively high concentrations 6PG behaves as iciEssompetitive inhibitor.
However at low concentrations of 6PG, when the subunits of the dimer are
occupied at the same time by 6PG and Ru5P, thenetiky activity increases,
meaning that when 6PG is bound to one subunitcétalytic activity of the other
subunit increases. These results can be correlatdd the previously reported
observation that 6PG increases the rate of decgldtoon of the 3-keto-2-deoxy-
6PG (3Kdo6PG), an analogue of the putative reactnermediate 3-Keto-6PG.
6PGDH from sheep liver does not decarboxylate teéoBPG, but 6PG is able to
induce the decarboxylation even in the absenceehzymes [34]. Also for 6PGDH
from other sources, that slowly decarboxylate tReldPG, the presence of 6PG
increases the rate of decarboxylation by over aneroof magnitude [35]. Taking
together the old and the new evidences it appéaasly that the maximum efficiency
in the catalytic reaction requires a 6PG bound rie subunit, while the catalysis

occurs at the other subunit.

As reported above, in the absence of 6PG the dentesotope effects indicate that
k4 is the slowest step, meaning that in the forwasttion (from 6PG to Ru5P) the
product release should be rate limitifignis result is conflicting with the previously
reported data [74] showing that the first stepshefforward reaction, isomerisation
of the enzyme-NADP-6PG complex, dehydrogenation @echrboxylation, are rate
limiting. Apparently there is a violation of theipciple of microscopic reversibility.

When the isotope effects are measured in the pres#6PG, despite the inhibition,

the value of’(V/K) increases while the value 8fV) decreases, meaning that under
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these conditions /kis not rate limiting (Table 11). It should be rbtéhat the
measurements of the forward reaction are necegsattied out in the presence of
6PG, therefore when the experiments are carriedirmader condition more similar to
that used for the measurements of the forward icrathe principle of microscopic
reversibility is satisfied. This change in the rémsiting steps is confirmed by the
change of (V/K), that increases as the reaction proceedsé&®@ builds up in the

reaction mixture.

parameter isotope effect

- 6PG +6PG
°(V) 2.46 1.38
P(VIK) rusp 1.68 2.84
T(VIK) rusp 2.55 5.20

Table 11. Deuterium and tritium isotope effect on the reduetarboxylation of RuSP by 6PGDH.

This could be an effect on the chemical step itgglbn the release of the Ru5P. The
possibility that the product release could be rat@ting has never taken into
account, because under the usual conditions foalinate measurements the release
of CO, is fast and irreversible, and Ru5P has a relatidaV affinity for the enzyme.

A more detailed analysis of the isotope effect dallow whether the slow step is an
Isomerisation step, preceding the chemical stapalso the proton abstraction and/or
carboxylation are affected. We can take the tritisotope effect measured at low
substrate conversion as indicative of tif¢/K) in the absence of 6PG, and the
isotope effect measured at high substrate conveesiandicative of th&V/K) in the
presence of 6PG (Table 11). Despite the uncertaingyto the experimental errors in
the determination of the deuterium isotope effestd to the change of the tritium
isotope effects as the reaction proceeds, for eaaldition, without 6PG and with
6PG, we have three equatidtf\(), °(V/K) and "(V/K) ) with four unknown ks,
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¢ and /), and an estimate 8ks can be obtained by setting arbitrary values,af ¢
eq 10.

oW 1K)-1_ ks =1+c (°Kg -1
T(V/ K)—l Dk51.441_1+Cr (DK;441_1)

(10)

In the absence of 6PG, computer fitting gives allsraage of ¢ and when c> 1.6,
cv becomes negative. Thus frdttv/K) and "(V/K) we obtain a°ks ranging from
4.90 to 4.92 (Table1l2). The high values p{3:11-4.76) indicate that,ks lower
than k. The release of RuU5P is thought to be fast [84} & unlikely that k could
be the Ru5P release step. To explain the low vafug a slow step preceding the
isotope sensitive step has been inserted in théhanésm. This step is likely an
iIsomerisation of the enzyme-substrate complex, Iaintio the partially limiting

Isomerisation observed in the forward reaction [74]

C “ks C Civ

-6PG +6PG -6PG +6PG -6PG +6PG
0 4.92 4.94 4.76 1.14 1.68 9.37
1 4.91 4.93 3.73 0.13 0.67 8.34
1.1 4.91 4.93 3.63 0.028 0.57 8.23
1.6 4.90 - 3.11 - 0.071 -

Tablel2 Calculated values of intrinsic isotope effect anchmitment factors.

In the presence of 6PG, the allowable values; afe still small, and for,c 1.1, ¢

becomes negative. The calculated valueSkegfare still comprised in a very small
range, 4.93 to 4.94. The values pface small (0.028-1.14) showing that either k
increased or kdecreased. A decrease @fik unlikely, in fact we observed that 6PG

increase the reaction rate, thus the main effec6PG appears to be on the
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iIsomerisation step preceding the chemical steps.allowable values of, @re very
close both in the presence and in the absence Gf 6Bggesting that the steps
following the proton abstraction are unaffected,amly slightly affected by the
presence of 6PG.

Thus®ks is defined in a narrow range, 4.90-4.94, and goaifiected by the presence
of 6PG. This suggests that, despite the caveatealeported on the quality of the
experimental data, the overall analysis of theoigeteffects gives a reliable picture of
the kinetics of the reaction. A deuterium intrinotope effect of about 5 suggests
that the transition state symmetry of the catalysssttion is similar to that of the
reaction in solution.

The allowable values of, come from several rate constants. Nevertheless an
approximate value for the ratioghs, kg/ky, and Ky'ki; can be calculated. To do this
we can use the values of the commitment factomsraeted by Cook [74,75] in the
study by kinetic isotope effects of the oxidativecdrboxylation. It can be easily
seen that the;and ¢ in the oxidative decarboxylation are respectividlg ratio
kio/kq11 and k/kg in the reverse reaction.

In the study of the oxidative decarboxylation oalyange of allowable values aof c
and ¢ has been determined. To choose a value, we tié&k@ccount that the ratio of
the rates of reduction and decarboxylation of 3KGRIB [76] is about 1.5. Thus if
the observed rates reflect the decarboxylatiog) @nd the reduction gk an
appropriate value for the, of the oxidative decarboxylation is 0.66. Takitigp
corresponding value forg;,cwe can calculate thegk; ratio for the reductive
carboxylation:

Ke/k7=(Cr)rev /(1 +(1/G)r(1+()1w))

where the subscripts rev and fw refers to the regeicarboxylation and to oxidative
decarboxylation respectively.

In conclusion approximate estimate of the ratiosvben the rate constants can be
calculated over the whole reaction pathway, with éxception of the on/off rates of

reactants and products. This allows to draw theeupprt of the energy profile of the
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reaction (Fig. 36), while the lower part requirege tkknowledge of the steady-state
concentrations of the intermediates. It can be #e&nin the absence of 6PG the rate
limiting step is the isomerisation of the enzymesRiwcomplex, while in the presence

of 6PG the rate limiting step is the isomerisatidthe enzyme-6PG complex.

Energy (RT)
N

ERuU5 E'RubS E'Eno E'3Ket E'6PG

reaction ordinate

Fig. 3&nergy profile in function of reaction ordinate.
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CONCLUSIONS

A common feature of all the experiments here regqubris the key role of the
conformational changes in the catalytic mechaniE@P&DH. At least two different
conformational changes occur during the catalysifirst one when the 6PG, or a
6PG analogue, binds to the enzyme. This conformakichange requires a large
enthalpy increase and involves not only the resichfdhe active site, but also H188
and C372. A second conformational change occuinsgltine catalysis, as suggested
by the large change of the, &f 4PE in the presence of the coenzymes. It shoald
noted that the high inhibition constant of 4PE adnbe observed in the binary
complex, meaning that the development of new imdiibicannot be based only on
binding experiments.

The conformational changes are also important enethzyme kinetics, in fact they
are the rate limiting steps of the reaction, baththe forward and in the reverse

directions.
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