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ABSTRACT

The herein presented Ph.D. dissertation describedik and
structural characterization of human glutamate
carboxypeptidases Il and Il (GCPIl and GCPIII) ngia
complete panel of their natural substrates. Thaseymees
hydrolyze C-terminal glutamate from their subssaté&hey
share 67 % sequence identity and also similar ea#gm
activities.

This thesis quantitatively compares human GCPIl @aPlIIl

in terms of their ability to hydrolyze the subsé=iN-acetyl-L-
aspartyl-L-glutamate (NAAG), folyl-poly-L-glutamic acids
(FolGlu,) and B-citryl-L-glutamate (BCG). We demonstrated
that GCPIIl hydrolyzes its substrates in a metgeteent
manner, that BCG is a specific substrate of GCRiigl that
NAAG and FolGly are specific substrates of GCPIl. We also
provide indirect biochemical evidence that GCPIllight
feature a heterometallic active-site cluster. Addally, we
characterized the relevance of a surface exosi@GRIl, the
arene-binding site (ABS), for the hydrolysis of &al,
substrates using mutagenesis and enzyme kinetitsreowed
that polymorphic His475Tyr variant of GCPIl hydrogs
FolGlu, substrates with the same kinetic parameters as the
wild-type enzyme.

Furthermore, this thesis focuses on structural a@spef the
substrate specificities of GCPII and GCPIIl: wegenat the X-
ray structures of inactive mutant of GCPII, Glu424Ain
complex with its substrates FolGlkiand BCG. The FolGlus
complexes show how ABS residues of GCPIl - Arg463,
Arg511 and Trp 541 - participate in binding the raatic
pteridine ring of these substrates. These findirey®
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complemented by high-level quantum mechanics/médecu
mechanics (QM/MM) calculations which reveal how BCG
probably binds to the active site of GCPIIl and hewalcium-
zinc heterometallic active-site cluster of GCPIllight look
like.

Finally, we also quantified the kinetics of the be#yl-L-
aspartyl-L-glutamyl-L-glutamate (NAAG2)-hydrolyzing
activity of GCPII and GCPIII. Further, we quantdi¢he tissue
distribution of GCPII and GCPIII (in human tissues}h at the
MRNA and the protein level, showing highest expoes®f
GCPIIl in testes and discussing its possible raeaa iron
chelator. The thesis is rounded off with structural
characterizatin of lipophilic inhibitors of GCPIlind the
discovery of a moderately specific inhibitor of GGP



1. INTRODUCTION

Human glutamate carboxypeptidases Il and Il (GCaid
GCPIIl) share 67 % sequence identity and they hjgsbvolyze
similar substrates.

1.1.Glutamate Carboxypeptidase Il
(GCPII)

Glutamate carboxypeptidase Il (GCPII) hydrolyzeadtyl-L-
aspartyl-L-glutamate (NAAG) folyl-poly-y-L-glutamic acids
(FolGlu)?, and N-acetyl-L-aspartyl-L-glutamyl-L-glutamate
(NAAG2)3,

It is expressed mainly in prostate, but also ierdj\kidney and
brair’. Its function is to hydrolyze NAAG in brain and|Bduj,
in jejunum (to liberate free folic acid, vitaming)B which
means that its function in other tissues remains bt
elucidated. Interestingly, GCPII is also expressedumor
neovasculature.

NAAG is a weak agonist of metabotropic glutamateptor 3
(MGIuR3Y (and may be also for mGIluR2) and it exerts a
neuroprotective effect via this receptor, becausgluR3/2
serve to presynaptically inhibit the release oftayate, the
major excitatory neurotransmitter. In agreementhwihis
function, inhibition of GCPIl holds promise for #&tng
traumatic brain injury and various neurological conditions,
e.g. pain, schizophrenia, anxiety, epilepsy, drddiaion and
peripheral neuropathy.



1.2.Glutamate Carboxypeptidase Il
(GCPIII)

Glutamate carboxypeptidase Il (GCPIII) hydroly2éscetyl-
L-aspartyl-L-glutamate (NAAG) and B-citryl-L-glutamate
(BCGY in a metal-dependent manner. BCG has been shown to
be a specific substrate of mouse GCPIII

Since there is no specific antibody against thigyere, its
expression has been explored only in mouse at fRRAnand
protein level. Its expression is the highest inlathstes® and
developing brain$*:

The function of BCG, and thus that of GCPIII, ig koown. It
is only speculated that BCG likely functions as @on
chelatot?.

2. AIMS OF THE STUDY

« Design and analyse novel inhibitors of GCPII
potentially crossing blood-brain barrier.

« Structurally and biochemically characterize theylfol
poly-y-L-glutamate carboxypeptidase activity of GCPII.

e Compare folyl-polyy-L-glutamate carboxypeptidase
activity of GCPIl and GCPIII.

* Find and characterize a specific substrate of GGRU
analyze its distribution in human tissues.

* Find structural explanation for the distinct spedi¢s
of GCPIl and GCPIll and for the metal-dependent
hydrolytic activity of GCPIII (but not GCPII).



3. MATERIALS AND METHODS

If possible, chemicals of highest available pumigre used.
For buffers for enzymatic reactions, only ultrapwater was
used.

3.1.DNA Manipulation

For the purposes of this study, standard clonirgprigues
were used.

3.2.Protein Purification

Proteins being the subject of this study were esq@é using
the commercial AviTag affinity tag, which enablesito purify
human GCPIl and GCPIIl in just two steps - affinity
purification using the Streptavidin Mutein Matrixnéh gel
permeation chromatography.

3.3. Analytical Techniques for Non-
radioactively Assaying Activities of
GCPIl and GCPIII

The hydrolysis products of non-radioactive NAAG, NB2,
BCG and FolGly substrates were quantified using an ultra
performance liquid chromatography method employiag
cutting-edge water-stable C18 column with n8 particles.



3.4.X-ray Crystallography and Structure
Refinement

For structural studies on GCPIl, we used high-rgsmh
crystallization condition co-developed in our ladtory',
Phase problem was solved by molecular replacemethad
and the models were refined manually using progf@henix*
or Refmaé>*®and Codt’.

4. RESULTS

4.1.Biochemical Characterization of
GCPIl and GCPIII

Using our novel chromatographic methods for quigmid
glutamate and FolGlywe were able to quantify the NAAG-,
NAAG2-, FolGlu.¢- and BCG-hydrolyzing activities of GCPII
and GCPIIl. Additionally, we characterized the nheta
dependent activity of GCPIII using BCG, NAAG andGlu,,
and compared it to GCPfiwe found that BCG is a specific
substrate for GCPIIl and its cleavage rate is ficamtly
increased by the presence ofCand Mrf* ions . On the other
hand, NAAG and FolGluare specific substrates for GCPII and
their hydrolysis is by GCPIIl is modulated by Krand zr*
ions (Figure 1).
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Additionally, we performed site-directed mutageresi
experiments to analyze the recently described seiréxosite
of GCPII, the arene-binding site (ABS). As a resuite
confirmed one of its three amino acids (Trp541) ke
responsible for its preference for aromatic mosetie

Finally, we provide indirect evidence, that the &w
occupancy zinc atom (Zn2) of GCPIII might be replhdy
cations like C& or M, providing thus a speculative model
how these metals could function as co-factors.

4.2.Structural Characterization of GCPII
and GCPIII

We successfully obtained X-ray structures of GCHil
complex with FolGlu3° (1.65/2.00/1.65 A resolution) and
also BCG® (1.85 A resolution, Figure 2A). This brought
insights about how exactly these substrates arencbduwy
GCPIl and revealed how the ABS participates in imgd
aromatic moieties of FolGJy substrates.

Using homology modeling and QM/MM calculations, also
described the most probable binding mode of BCG&RPIII
and a plausible model of GCPIIl featuring a homatiet
zinc-zinc (Figure 2B) or a heterometallic zinc-dahs active-
site cluster.
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Figure 2: Comparison of the interactome of BCG with active-site
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colored light blue. The citrate moiety interactsthwiArg524, Arg526,
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4.3.Novel Lipophilic Inhibitors of GCPII

Based on the results with lipophilic analogues &AG like
N-acetyl-L-aspartyl-L-methionine, we designed aieserof
lipophilic GCPII inhibitors and characterized thdm X-ray
crystallograph$f.

We found out that the S1' site binding the glutamaobiety can
accomodate diverse lipophilic functionalities likeethionine
and aminooctanoic or aminononanoic acid. In oura)X-r
structures, these moieties spatially overlap withtagnate
moiety of the GCPIl NAAG complex. These results are
relevant for further design of inhibitors capabte dross the
blood-brain barrier and thus function in the centrarvous
system.

4.4.Tissue Distribution of GCPIII

Using quantitative real-time polymerase chain rieactwe
were able to assess the expression of human GG@Plie
MRNA level (Figure 3A). To obtain similar informati at the
protein level (Figure 3B), we complemented theseilte also
with quantifying the BCG-hydrolyzing activity in leeted
human tissues. As a result, we discovered that huG@PIII is
most abundant in testes. Other tissues with higiession of
GCPIIl are ovary and placenta. On the other har@dPIGis
most abundant in prostate, kidney and brain on boRNA
and protein level.
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5. DISCUSSION

Our results laid foundations for elucidation of fiteysiological
function of GCPIl and GCPIIl by providing thoroudimetic
and structural data. One of the future questiorisb&ifinding
out whether BCG really serves as an iron chelatal what
would be the exact role of GCPIII in such a funetio

Using site-directed mutagenesis approach, we ctesiized the
contribution of the surface exosite of GCPII, tmere-binding
site (ABS), for the hydrolysis and binding of Folksubstrates
and although its contribution is rather marginakan still be
exploited for increasing the GCPII to GCPIIIl seiaty ratio
of inhibitors, as shown by a recent work Bykvart and
Schimer et al.*

Because we were unable to obtain high-resolutida fta the
GCPIIl BCG complex, we tried to do so (successjuilythe
case of the GCPII BCG complex. Together with our /@M
models of GCPIIl BCG complexes and biochemical diaien
thermal shift assays and inhibition studies, weuandated a
solid body of evidence which enables us to conclinde the
wobble active-site Zn2 atom may likely be replabgdlivalent
cations and that at least BCG probably participateso-
chelating this metal in the position of Zn2.

The current level of knowledge indicates that thggmlogical
function of GCPIIl may indeed be linked to the hylgisis of
its cognate substrate, BCG, in testes, and thatliG@Rght
modulate iron metabolism in this tissue. This hiesis is
further supported by the co-localization of the Heigt
expression of GCPIII with the highest abundance6iG in
testes.
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. CONCLUSIONS

GCPIIlI hydrolyzes BCG, NAAG and FolGlun a metal-
dependent manner.

BCG is a specific substrate of GCPIII, while NAA@da
FolGlu, are specific for GCPII.

A surface exosite of GCPII, the arene-bindig skB$), is
a structural feature most probably responsible tfoe
differences in the hydrolysis of FolGls by GCPII and
GCPIIL.

The mode of binding of FolGlusubstrates angkcitryl-L-
glutamate to GCPII is similar to that described foe
GCPII-NAAG complex. Moreover, folic acid moiety
engages the ABS.

GCPIll cleaves FolGlu substrates with similar kinetic
parameters as GCPII does.

Homology modelling and QM/MM calculations
demonstrate that BCG binds to GCPIII probably wvesy
similar manner as it does in the case of GCPII, itait
binding is favoured by more interactions with thmetpin.

15



/. REFERENCES

. Robinson, M. B., Blakely, R. D., Couto, R. & GeyJ. T. Hydrolysis
of the brain dipeptide N-acetyl-L-aspartyl-L-glutat®. Identification
and characterization of a novel N-acetylated alpiieed acidic
dipeptidase activity from rat braid. Biol Chem 262, 14498-506
(1987).

. Pinto, J. T., Suffoletto, B. P., Berzin, T. MQjao, C. H., Lin, S,,
Tong, W. P., May, F., Mukherjee, B. & Heston, W. Brostate-
specific membrane antigen: a novel folate hydrolasehuman
prostatic carcinoma cell€lin Cancer Res 2, 1445-51 (1996).

. Lodder-Gadaczek, J., Becker, I., GieselmannyWang-Eckhardt, L.
& Eckhardt, M. N-Acetylaspartylglutamate Synthetds®ynthesizes
N-Acetylaspartylglutamylglutamatd.Biol Chem 286,16693-16706
(2011).

. Cunha, A. C., Weigle, B., Kiessling, A., BachmaM. & Rieber, E.
P. Tissue-specificity of prostate specific antige@omparative
analysis of transcript levels in prostate and nmsfatic tissues.
Cancer Lett. 236,229-238 (2006).

. Nicoletti, E., Bockaert, J., Collingridge, G, IConn, P. J., Ferraguti,
F., Schoepp, D. D., Wroblewski, J. T. & Pin, J. Nketabotropic
glutamate receptors: From the workbench to the ibeds
Neuropharmacology 60,1017-1041 (2011).

. Slusher, B. S., Vornov, J. J., Thomas, A. G.rH®. D., Harukuni,
l., Bhardwaj, A., Traystman, R. J., Robinson, M, Britton, P., Lu,
X. C. M., Tortella, F. C., Wozniak, K. M., Yudkofil., Potter, B.
M. & Jackson, P. F. Selective inhibition of NAALAB&, which
converts NAAG to glutamate, reduces ischemic biajary. Nat.
Med. 5, 1396-1402 (1999).

. Hlouchova, K., Barinka, C., Klusak, V., Sacha, Ricochova, P.,
Majer, P., Rulisek, L. & Konvalinka, J. Biochemiadlaracterization
of human glutamate carboxypeptidase JlINeurochem. 101, 682—
696 (2007).

. Collard, F., Vertommen, D., Constantinescu, Bts, L. & Van
Schaftingen, E. Molecular Identification of betar@iglutamate

16



Hydrolase as Glutamate Carboxypeptidasel Biol Chem 286,
38220-38230 (2011).

9. Miyake, M., Innami, T. & Kakimoto, Y. A beta-cfi-L-glutamate-
hydrolysing enzyme in rat testdochim Biophys Acta 760, 20614
(1983).

10. Miyake, M., Kume, S. & Kakimoto, Y. Correlatiaf the level of
beta-citryl-L-glutamic acid with spermatogenesis iat testes.
Biochim Biophys Acta 719,495-500 (1982).

11. Miyake, M. & Kakimoto, Y. Developmental-Change$ N-
Acetyl-L-Aspartic Acid, N-Acetyl-Alpha-Aspartylglaimic Acid and
Beta-Citryl-L-Glutamic Acid in Different Brain-Regns and Spinal
Cords of Rat and Guinea Pily.Neurochem. 37, 1064—-1067 (1981).

12. Hamada-Kanazawa, M., Kouda, M., Odani, A., Myasna, K.,
Kanazawa, K., Hasegawa, T., Narahara, M. & Miyale, beta-
Citryl-L-glutamate Is an Endogenous Iron Chelatdrafl Occurs
Naturally in the Developing BrairBiol. Pharm. Bull. 33, 729-737
(2010).

13. Barinka, C., Starkova, J., Konvalinka, J. & katyski, J. A high-
resolution  structure  of ligand-free  human  glutamate
carboxypeptidase llActa Crystallogr. Sect. F-Sruct. Biol. Cryst.
Commun. 63, 150-153 (2007).

14. Adams, P. D., Afonine, P. V., Bunkoczi, G., 6h¥. B., Davis,
I. W., Echols, N., Headd, J. J., Hung, L. W., Kép@& J., Grosse-
Kunstleve, R. W., McCoy, A. J., Moriarty, N. W., fdeer, R., Read,
R. J., Richardson, D. C., Richardson, J. S., Tégsi, T. C. &
Zwart, P. H. PHENIX: a comprehensive Python-basgstesn for
macromolecular structure solutiofcta Crystallogr Biol Crystallogr
66,213-21 (2010).

15. Murshudov, G. N., Vagin, A. A. & Dodson, E.Refinement of
macromolecular structures by the maximum-likelihooethod Acta
Crystallogr Biol Crystallogr 53, 240-55 (1997).

16. Murshudov, G. N., Skubak, P., Lebedev, A. Aaniu, N. S,
Steiner, R. A., Nicholls, R. A., Winn, M. D., Lon§, & Vagin, A.
A. REFMAC5 for the refinement of macromolecular stal
structuresActa Crystallogr Biol Crystallogr 67, 355-67 (2011).

17



17. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtln,Features
and development of CooActa Crystallogr. D Biol. Crystallogr. 66,
486-501 (2010).

18. M. Navratil, Tykvart, J., Schimer, J., Pachl, Ravratil, V.,
Rokob, T. A., Hlouchova, K., RuliSek, L. & Konvdka, J.
Comparison of the substrate specificity of humarntaghate
carboxypeptidases Il and lll: A kinetic, X-ray a@M/MM study.
FEBSJ, under revision (2016).

19. Navratil, M., Ptacek, J., Sacha, P., Starkdvalubkowski, J.,
Barinka, C. & Konvalinka, J. Structural and biocheah
characterization of the folyl-poly-gamma-L-glutamatydrolyzing
activity of human glutamate carboxypeptidasd-tbs J 281, 3228
3242 (2014).

20. Plechanovova, A., Byun, Y., Alquicer, G., Sktypva, L.,
Mlcochova, P., Nemcova, A., Kim, H. J., Navratil,,MMease, R.,
Lubkowski, J., Pomper, M., Konvalinka, J., Rulisék,& Barinka,
C. Novel Substrate-Based Inhibitors of Human Glattn
Carboxypeptidase Il with Enhanced Lipophilicily Med. Chem. 54,
7535-7546 (2011).

21. Tykvart, J., Schimer, J., aik, A., Bainkova, J., Navratil, V.,
Starkova, J., Sramkové, K., Konvalinka, J., Majer,& Sacha, P.
Design of Highly Potent Urea-Based, Exosite-Bindilmiibitors
Selective for Glutamate Carboxypeptidase JI.Med. Chem. 58,
4357-4363 (2015).

18



CURRICULUM VITAE

Born: Bratislava, Czechoslovakia, Novembert,hl(l982.

Employment History:

2007 - present: Research assistant at the Instfu@rganic
Chemistry and Biochemistry, Academy of Science<néch
Republic. Topic of the Ph.D. dissertation: Humanut&tnate
Carboxypeptidases Il and IIl.

Education:
2007 - present: Ph.D. studies (biochemistry), Diepant of
Biochemistry, Faculty of Natural Sciences, Chaklesversity
in Prague.

2002 - 2007: Master studies (biochemistry), Ingtitwof
Microbiology, Academy of Sciences of Czech Republic
Thesis: High-affinity Saccharide Ligands for LeuitscLectin
Receptor CD69. Department of Biochemistry, Facubty
Natural Sciences, Charles University in Prague.

1995 - 2002: Billingual Czech German secondary skl
Liberec (FrantiSek Xaver Salda Gymnasium). Schealdng
examination: Mathematics, Physics, Czech and German
(examination languages both German and Czech).

Language skills:
Czech (native), German, English

19



L IST OF PUBLICATIONS

Publications in Peer-reviewed International Journas:

Plechanovova, A., Byun, Y., Alquicer, G., Skultetgo L.,
Mlcochova, P., Nemcova, A., Kim, H. Navratil, M., Mease,
R., Lubkowski, J., Pomper, M., Konvalinka, J., Rak, L. &
Barinka, C. Novel Substrate-Based Inhibitors of Hmm
Glutamate Carboxypeptidase Il with Enhanced Liplgty. J.
Med. Chem. 54, 7535—-7546 (2011).

Navratil, M., Ptacek, J., Sacha, P., Starkova, J., Lubkowski, J
Barinka, C. & Konvalinka, J. Structural and biocheah
characterization of the folyl-poly-gamma-L-glutamat
hydrolyzing activity of human glutamate carboxypegase I1.
FebsJ 281, 3228-3242 (2014).

Manuscript under Revision:

Navrétil, M., Tykvart, J., Schimer, J., Pachl, P., Navratil, V.
Rokob, T. A., Hlouchov4, K., RuliSek, L., Konvalek J.
Comparison of the substrate specificity of humantaghate
carboxypeptidases Il and Ill: A kinetic, X-ray aQQM/MM
study.FEBSJ

20



Karlova universita v Praze, Rirodovédecka fakulta
Katedra biochemie

Doktorsky studijni program: Biochemie

Autoreferat diserténi prace

Lidské glutamatkarboxypeptidasy Il a lll
Mgr. Michal Navratil

Skolitel: Doc. Jan Konvalinka, CSc.

Praha, 2016

21



OBSAH

ABSTRAKT ...ttt 23
1. UVOD ..ot mmn e 25
1.1. Glutamatkarboxypeptidasa Il (GCPIl)............ccce. 25
1.2. Glutamatkarboxypeptidasa Il (GCPIII) ...cc............ 26
2. CILE PRACE ..ottt 26
3. MATERIAL A METODIKA .....coiiiiiee it 27
3.1. Techniky manipulace DNA .........ccccoiicoeeeeeeeeeeiiinnnenns 27
3.2. Purifikace protei...........ccceeeeeeeieieeiiiiieeceiiiiiiiees 27
3.3. Analytické techniky pro stanoveni aktivity GIC®

GCPIIl pomoci neradioaktivnich subsfrat.......................... 27
3.4. Rentgenstrukturni analysa a vyeréi modei................ 28
4. VYSLEDKY ..ooviiiiiiiiiieisiee et 28
4.1. Biochemicka charakterisace GCPIl a GCPIIl........... 28
4.2. Strukturni charakterisace GCPII and GCPIll............ 30
4.3. Nove lipofilni inhibitory GCPII........cccceeeeeevivieieeiiiiinns 32
4.4. Tk&ove rozaleni GCPII.......ccccceeeeeeiiiiiiiiieeeee, 32
5. DISKUSE ...ttt 34
B. ZAVERY ...ooviviviiictiieeee et 35
7. POUZITA LITERATURA .....coiiieiieeiete e 36
CURRICULUM VITAE ... 39
SEZNAM PUBLIKACT ......cuiiiiieeeeceeeeee e 40

22



ABSTRAKT

Zde presentovanad doktorska disémfa prace popisuje
kinetickou a strukturni characterisaci lidskych
glutaméatkarboxypeptidas Il a Ill (GCPIlI a GCPII pouziti
jejich piirozenych substrat Tyto enzymy od&puji C-
koncovy glutamat z jejich substéat Proteiny sdileji 67 %
sekverni identitu a také podobné enzymové aktivity.

Tato disertani prace kvantitativé porovnava lidskou GCPIl a
GCPIIl co se tye jejich schopnosti hydrolysovat endogenni
substratyN-acetyl-L-aspartyl-L-glutaméat (NAAG), folyl-poly-
y-L-glutamové kyseliny (FolGk) a p-citryl-L-glutamat
(BCG). Prokazali jsme, Ze hydrolysé&hto substrdt pomoci
GCPIIl je zavisla na ffitomnosti kationi kowvi, Zze BCG je
specificky substrat GCPIIl, a Zze NAAG a Folglgsou
specifické substraty GCPIl. Rod¥h pinasSime nepmé
biochemické dkazy o tom, Ze GCPIIl by mohla mit v
aktivnim  mis¢ heterometalicky klastr. Také jsme
charakterisovali relevanci povrchového vazebnéhgtaniv
GCPIl, takzvaného aromatické skupiny vazajiciho tanis
(ASVM), pro hydrolysu FolGly substrai za pouziti metody
cilené mutagenese basi DNA a enzymové kinetiky azalk
jsme, ze polymorfni varianta GCPIlI His475Tyr hygsulje
substraty FolGly se stejnymi kinetickymi parametry jako
divoky typ.

Dale se tato disertai prace se zakiuje na strukturni aspekty

substratovych specifit GCPIl a GCPIll:tqokladame zde

krystalové struktury neaktivnihno mutantu GCPII, &dAla,

v komplexu se svymi substraty FolGia BCG. FolGly.;

komplexy ukazuji jak se ASVM zbytky v GCPIl - Arg36

Arg511 a Trp 541 - dastni vazby aromatického pteridinovéeho
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kruhu €chto substrdit Tyto nalezy jsou dopémy vysglymi
kvantow mechanickymi a molekul@v mechanickymi
(QM/MM) vypocty, které ukazuji, jak se BCG praymbdobré
vaze do aktivniho mista GCPIll a jak by Ca-Zn
heterometalicky klastr v aktivnim mésECPIII mohl vypadat.

Nakonec jsme zgiili kinetiku hydrolysy N-acetyl-L-aspartyl-
L-glutamyl-L-glutamatu (NAAG2) enzymy GCPIl a GCPRII
Dale jsme kvantifikovali tkéové zastoupeni GCPII a GCPIIl v
lidskych tkéanich, a to jak na trovni mRNA, tak @iou,¢imz
jsme ukazali nejvyssi expresi GCPIII ve varlateégpolu s tim
je diskutovdna mozna uloha BCG jako chelatoru zeldato
disert&ni prace je row¢ doplrena strukturni charakterisaci
lipofilnich inhibitorn GCPIl a objevem mikn specifického
inhibitoru GCPIII.
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1. UvoD

Lidska glutamat karboxypeptidasa Il a 11l (GCPIGLCPIII)
sdili 67 % sekvemi identitu a hydrolysuji podobné substraty.

1.1. Glutamatkarboxypeptidasa Il
(GCPII)

Glutaméatkarboxypeptidasa Il (GCPIIl) hydrolysijeacetyl-L-
aspartyl-L-glutamat  (NAAG)  folyl-poly-y-L-glutamové
kyseliny (FolGly? a N-acetyl-L-aspartyl-L-glutamyl-L-
glutamat (NAAG2S.

Je exprimovana hla¥rnv prosta¢, ale také v jatrech, ledvinach
a mozkd. Jeji funkci je hydrolysovat neurotransmiter NAAG
mozku a FolGly v laniku (aby uvolnila volnou kyselinu
listovou, vitamin B), coZ znamena, Ze jeji funkce v ostatnich
tkanich zistdva neznama. GCPIl je rasih exprimovana v
nadoroveé neovaskulatl

NAAG je slaby agonista metabotropnich glutaméatovych
receptod 3 (MGIUR3) (a mozna také mGIUR2) a vykonava
neuroprotektivni &inek skrze tento receptor tim, Ze mGIuR3/2
presynapticky inhibuji uvdbvani glutaméatu, hlavniho
excitatniho neurotransmiteru. V souladu s touto funkciadép
inhibice GCPII jako slibny kandidat prockéu traumatického
poraréni mozk$® a tiznych neurologickych obtizi jako
nagiklad bolest, schizofrenie, Gzkostlivost, epilepgi@vislost
na drogach a periferni neuropatie.
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1.2. Glutamatkarboxypeptidasa IlI
(GCPIII)

Glutamatkarboxypeptidasa Il (GCPIII) hydrolysujeacetyl-
L-aspartyl-L-glutaméat (NAAG) a B-citryl-L-glutamat (BCG}
a tato aktivita je zavisla na dvojmocnych katiohtéowi. U
BCG je prokazano, Ze je specifickym substratem &Pl

ProtoZze neexistuje specificka protilatka proti téonenzymu,
jeho exprese byla zkouméana jen u mySi na arovni ARN
proteinu. Jeho exprese je nejvy3si v dbamh varlatech'® a
vyvijejicim se mozktf:

Funkce BCG, a tedy i GCPIIl, neni znama. Spekusge Ze
BCG pravépodobr funguje jako chelator ZeleZa
2. CILE PRACE

* Navrhnout a zanalysovat nové inhibitory GCPII, &ter
by mohly prochazet hematoencefalickou bariérou.

o Strukturreé a biochemicky charakterisovat folyl-poyy-
L-glutamatkarboxypeptidasovou aktivitu GCPII.

» Porovnat folyl-polyy-L-glutaméatkarboxypeptidasovou
aktivitu GCPIl a GCPIII.

* Nalézt a charakterisovat specificky substrat GCRlII
zjistit zastoupeni tohoto enzymu v lidskych tkanich

» Nalézt strukturni vysstleni pro odlisné specifity GCPII
a GCPIIl a pro zavislost hydrolytické aktivity GOPI
na dvojmocnych kationtech kov(v pripact GCPII
naopak pro jeji nezavislost).
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3. MATERIAL A METODIKA

Pokud to bylo mozné, byly pouzity chemikalie nepiys
dostupné cistoty. Pro pufry pro enzymové reakce byla
pouZzivana pouze ul¥sta voda.

3.1. Techniky manipulace DNA

Pro (ely této studie byly pouzity standardni klonovaci
techniky.

3.2.Purifikace proteini

Proteiny zkoumané v této studii byly produkovanypmauZziti
komegni afinitni kotvy AviTag, coZz ndm umoznilo purifikat
lidskou GCPIl a GCPIIl v pouhych dvou krocich - ratini
purifikaci za pouziti noge Streptavidin Mutein Matrix a
gelové permemi chromatografie.

3.3. Analytické techniky pro stanoveni
aktivity GCPII a GCPIII pomoci
neradioaktivnich substrati

Produkty hydrolysy neradioaktivnich subsiratNAAG,

NAAG2, BCG a FolGly byly kvantifikovany za pouziti
metody ultra vykonné kapalinové chromatografie \yagci

pokratilou C18 kolonu o velikostiastic 1.8um, které jsou
stabilni i ve vod.
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3.4.Rentgenstrukturni analysa a
vytvaireni modeti

Pro strukturni studie GCPII jsme pouzili naSi kayiaini
podminku produkujici krystaly difraktujici do vys#io
rozliSeni, spoluvyvinutou v nasi labortd. Fazovy problém
byl vyreSen metodou molekulového nahrazeni a &wde
modely byly manuékh vytvaeny pomoci progratn Phenix*
nebo Refmat*®a Coot’.

4.\/YSLEDKY

4.1.Biochemicka charakterisace GCPIl a
GCPIlI

Diky nové chromatorafické metédgro stanoveni glutamatu a
FolGlu, jsme byli schopni kvantifikovat NAAG-, NAAG2-,
FolGlu.e- a BCG-hydrolysujici aktivitu GCPIl a GCPIII.
Navic jsme charakterisovali BCG-, NAAG- a Folglu
hydrolysujici aktivitu GCPIIl zavislou na dvojmoaty
kationtech kow a porovnali ji s GCPIf. Tim jsme ukazali, ze
BCG je specificky substrat pro GCPIIl a Ze jeho oygka je
vyrazré urychlena pitomnosti C& a Mrf* kationti. Naproti
tomu NAAG a FolGly jsou specifické substraty pro GCPII a
jejich hydrolysa enzymem GCPIIl je modulovandtgmnosti
Mn?* a Zrf* kationt: (Obrazek 4Figure 1).
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Obrazek 4: BCG je vysoce specificky substrat GCPILl Toto srovnani
ukazuje schopnost GCPIII hydrolysovat BCG v zasislma C4" a Mrf*
kationtech a NAAG a FolGluv zavislosti na Mfi” a Zrf* kationtech.
Chybové Usé&ky vyjadiuji smerodatnou odchylku. * vyzriaje, Ze Ky

Katalytické &innosti. (B)Ky hodnoty. (Ck., hodnoty.
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Také jsme provedli pomoci cilené mutagenese shatiavno
popsaného povrchového mista GCPII, tzv. aromatgkpiny
vazajiciho mista (ASVM). Vysledkem bylo potvrzerg, jedna
ze ¥ aminokyselin ASVM (Trp541) je zodpd&na za
preferenci ASVM pro aromatické skupiny.

Nakonec pinasSime nefimé dikazy o tom, Ze zinkovy atom s
niz8i obsazenosti u GCPIIl (Zn2) by mohl byt nabraz
kationty jako nap C&* nebo Mri*, a fina$ime tak model, jak
by tyto kovy mohly fungovat jako kofaktory.

4.2.Strukturni charakterisace GCPII and
GCPIII

Poddilo se nam ziskat krystalové struktury GCPII v kdexp
s FolGluss® (rozliseni 1.65/2.00/1.65 A) a také BEG
(rozliseni 1.85 A, Figure 2A), coZ objasnilo, jalegrt se tyto
substraty vazi do aktivniho mista GCPIl a odhajd& se
ASVM (¢astni vazby aromatickyatésti FolGly-3 substrat.

S pouzitim homologniho modelovani a technik QM/MKEI s
nam podélo popsat také nejpra¥godobrjSi zpisob vazby
BCG do GCPIIl a prawpodobny model enzymu GCPIIl s
homometalickym klastrem zinek-zinek (Figure 2B) meb
heterometalickym klastrem zinek-vapnik v aktivnirsgn
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Obrazek 5: Porovnani interakci BCG saminokyselinovgni zbytky
aktivniho mista GCPIl a GCPIIl, ukazané ve stereo phledu. Atomy
zinku jsou zobrazeny jako sféry. BCG je ukazandinkovém zobrazeni a
ma stejnou barvu jako protein (viz. nize). Vazelmérakce jsou nazdany
Sedymi ¢akovanymi usgkami a délkou v A. (A) Rentgenova struktura
GCPIlI Glu424Ala BCG komplexu (PDB polozka 5F09, mmskript v
revizi), zobrazena v Sedé banCitratovacast interaguje pouze s Arg534 a
Asn519. (B) QM/MM model GCPIlII BCG komplexu ve &be modré
bar. Citratovacast interaguje s Arg524, Arg526, Ser444 a Ser5eg65(®
nahrazuje Asn519 v GCPII).
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4.3.Nové lipofilni inhibitory GCPII

Na zaklad vysledku s lipofilnimi analogy substratu NAAG
jako N-acetyl-L-aspartyl-L-methionin jsme navrhli celdadu
lipofilnich  inhibitora GCPIl a charakterisovali je
rentgenstrukturni analystu

Timto jsme zjistili, Ze S1' misto ¢ené pro glutamat tze
vazat fizné lipofilni aminokyseliny jako methionin a
aminooktanovou nebo aminononaovou kyselinu. Tytogeky
zaujimaji v naSich strukturach prakticky stejny gtoo jako
glutamatovacast ve struktie komplexu GCPII se substratem
NAAG. Tyto vysledky jsou dlezité pro dalSi vyvoj inhibitar
schopnych prochazet hematoencefalickou bariéraungofvat
tak v centralnim nervovém systému.

4.4. Tkanové rozdleni GCPIII

Pouzitim kvantitativni polymerasowétzoveé reakce jsme byl
schopni stanovit expresi lidské GCPIIl na darovni NAR
(Figure 3A). Abychom obdrzeli podobnou informacina
arovni proteinu, doplnili jsme tyto vysledky rasnstanovenim
BCG-hydrolysujici aktivity ve vybranych lidskych akich
(Figure 3B). Vysledkem bylo zji&ti, Ze také lidska GCPIII je
Vv nejvySSi mie zastoupena ve varlatech. DalSimi #tans
vysokou expresi GCPIII jsou vdjeik a placenta. Naproti tomu
GCPII je nejvice zastoupena v prostdedvinach a mozku, a
to jak na arovni mRNA, tak proteinu.

32



A 2500

5 OGCPII

S 2000

> fi BGCPIII
8 1500

O

& 1000 -

5°§i.4l,__._m_ ”

IR P N N} O @ 2 @
&% 2 PP W O e \‘& S

N A I\ \@ X &

R A'D\Q)Q\(bo %\Q) Q&O \\Q [ Q;% 6 ((\a}e ?\Q} \6&0
B & N &
> 60
S o GCPII
> 50
c BGCPII
o 40 -
é 230 --
SR .
@
2 10 H " 1 --
L | IL -
(0]

L o Qfoc’ rg\@ \\Q % ®

Obrazek 6: mRNA/protein enzymi GCPIl a GCPIll v lidskych
Clontech tkanovych cDNA knihovnach a tk&iovych lysatech.Tkarg v
(A) a (B) jsou zobrazeny proti séb(A) mRNA. Tkar¢ jsou séazeny od
vySSiho k nizSimu obsahu mMRNA enzymu GCPIlil¢gmz tkag, pro které
nemame enzymova data, jsotippjena na konci (&vo az leukocyty).
Chybové Usé&ky representuji s#modatnou odchylku experiment
provedenych v triplikatech. (B) GCPII and GCPIIl daovni proteinu.
Chybové Uséky predstavuji sfrodatnou odchylku.
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5. DISKUSE

NasSe vysledky polozily zaklad pro obj&sin fysiologické
funkce GCPIl a GCPIll tim, Ze jsmefipesli dikladna
kineticka a strukturni data. Jedna z budoucich eétdaude
zjisteni jestli BCG opravdu slouZi jako chelator Zelezgké
by mohla byt pesna role GCPIII v takové funkci.

Nasi mutagenmi studii jsme charakterisovali fippivek
povrchového mista GCPII, tzv. aromatické skupingaji&iho
mista (ASVM), pro hydrolysu a vazbu FolGlsubstrai, a
piestoZze jeho ifspivek je spiSe okrajovy, stéle ie byt
vyuzito pro zvySeni selektivity inhibitdrvaci GCPIl oproti
GCPIII. To nedavno prokazaliykvart a Schimer et al.**

ProtoZe se ndm nepdda ziskat strukturu komplexu GCPIII s
BCG ve vysokém rozliSeni, pokusili jsme se ta&init
(Uspesre) v pripadt komplexu GCPIl s BCG. S pomoci naSich
QM/MM modeli komplexa GCPIIl s BCG a biochemickych
dat z diferenni skenovaci fluorimetrie a inhimiich studii
jsme shromazdili posmn¢é solidni dikazy, na zaklag kterych

se mizeme domnivat, Ze atom zinku s menSi obsazenosti v
GCPIIl (Zn2) pravdpodobré mize byt nahrazen dvojmocnymi
kationty, a Ze pnejmenSim BCG seregjm¢ podili na vaz¥
tohoto kovu v mist piavodniho Zn2 atomu.

Sowasnd urovie znalosti nazraje, Ze fysiologickd uUloha
GCPIIl by vskutku mohla souviset s hydrolysou BC@ v
varlatech, a ze GCPIIl by mohla modulovat metabulis
Zeleza v této tkani. Tato dormka je dale podporovana
kolokalisaci nejvyssi exprese GCPIIl a nejkgiho vyskytu
BCG ve varlatech.
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6. ZAVERY

GCPIII hydrolysuje BCG, NAAG and FolGjupisobem
zavislym na kationtech kdv

BCG je specificky substrat GCPIII, zatimco NAAG a
FolGlu, jsou specifické pro GCPII.

Povrchové vazebné misto GCPII, aromatické skupiny
vazajici misto (ASVM), je nejpra¢édodobrjSim
divodem, pré se lisi hydrolysa FolGlus substrai mezi
enzymy GCPIl and GCPIII.

Zpusob vazby FolGlysubstrai a p-citryl-L-glutamatu do
aktivniho mista GCPII je podobny tomu, co bylo pops
pro GCPII-NAAG komplex. Navic, kyselina listova
FolGlu, substrai se vaze do ASVM.

GCPIIl sgpi FolGluy, substraty s podobnymi kinetickymi
parametry jako GCPII.

Homologni modelovani a QM/MM vygty prokazuji, Zze
BCG se vaze do aktivniho mista GCPIII prgwadobré
velmi obdobnym zfisobem jako v fipadt GCPII, jen jeho
vazba je zlepSena&t&im pa@tem interakci s proteinem.
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