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SUMMARY

Understanding enzymes and their catalytic mechanisms is very important in order to
develop more effective drugs having little to no side effects. The active site residues
of an enzyme may only be responsible for the facilitation of the enzymatic reaction or
may be responsible for holding the substrates in place or both. In order to decipher
the catalytic behaviour of enzymes, different approaches such as QM, MM-MD, and
QM/MM can be used and their results can be correlated.

The quantum chemical approach is often the only reliable way to model chemical
transformations. Unfortunately, the numerical solution of the Schridinger equation
becomes increasingly expensive in terms of computational power when size increases.
Numerical procedures in quantum chemistry require the calculation of numerous
integrals and the resolution of (non)-linear equations, thus limiting the size of the
systems that can be modelled. As of today, only linear scaling approximate quantum
chemical methods are capable of combining both the necessary speed and accuracy to
model large biomolecular systems with reasonable CPU cost.

SEBOMD (SemiEmpirical Born-Oppenheimer Molecular Dynamics) is a method
which is based on the Born-Oppenheimer approximation and uses a QM semiempirical
NDDO Hamiltonian to perform molecular dynamics. It uses the linear scaling Divide
& Conquer (D&C) algorithm to perform MD simulations of molecular systems.
Today, the current D&C implementation is not the most efficient to run on very large
supercomputers due to the diagonalization process of the Fock matrix. Thus. the
diagonalization procedure should be optimized to be able to ran MD simulations of
molecular systems containing several hundreds of atoms.

The main aim of this thesis is to get a deeper understanding of the mechanistic insights
of the reactivity and of the dynamics of the pyridoxal S-phosphate (PLP) dependent
enzyme ~y-aminobutyric acid aminotransferase (GABA-AT). GABA-AT catalyzes the
reaction in which GABA is degraded to succinic semialdehyde. Reduction of GABA
concentration in the brain is at the origin of many neurological discases, and since
GABA cannot cross the blood brain barrier, it cannot be directly administered. As
a consequence, the inactivation of GABA-AT is considered as a valid target for the
development of antiepileptic drugs. Because GABA-AT resembles many other PLP-
dependent enzymes, understanding it could be of importance for the broad community
of biochemists and computational chemists who study such class of proteins. Our
work has consisted of five stages to pursuit the comprehension of GABA-AT, and by
extension that of PLP dependent enzymes.
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First, the reaction and the preferred binding mode of the natural substrate GABA
has been elucidated with different isomers by means of model systems with Density
Functional Theory (DFT). The stercoelectronic differences between the studied struc-
tures enabled us to discuss the possible particularities of the transimination and HF
elimination reactions in GABA-AT.

Second, the dynamics and the behavior of the enzyme has been studied with MM-
MD through the use of apocenzyme, holoenzyme and holoenzyme with an inactivator
Our results demonstrate that serveral active site residues play a key role. and their
protonation states as well as that of PLP require special attention.

Third, the effect of the active site residues in the inactivation mechanism has been
investigated with the modeling of clusters at the QM level involving key residues.
The biggest cluster has been modelled with 165 atoms and the effect of the solvent
has been taken into account using implicit solvent. The inclusion of the active site
residues within the models enabled us to emphasize the effects of these residues on
the reactivity of GABA-AT. The presence of similar residues in many PLP dependent
¢nzymes enabled us to provide some general aspects for modelling these enzymes.

Fourth, new diagonalization routines for the SEBOMD approach implemented in the
Amber suite of programs, have been incorporated using LAPACK and SCALAPACK
libraries, tested and evaluated. Our results showed that the main restriction on the
improvement of the D&C algorithm is the diagonalization of the Fock matrix which is
not efficient on parallel computers. However, when large number of cores were used
in SEBOMD simulations of large systems, using LAPACK solvers with threads that
are provided by Intel MKL did improve the efficiency of the SEBOMD calculations,

Fifth, reaction free energies of PLP containing systems have been investigated
with SEBOMD simulations. Each molecular system contains 747 atoms and their
reactivity has been simulated using umbrella samplings and the newly implemented
diagonalization routines. This work is the first example of the SEBOMD simulations
on chemical transformations, and provides some general insights on the capabilities
of the SEBOMD methodology in modelling reactions and in computing reaction free
energies.
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GABA-AT REAKTIVITESININ MOLEKULER MODELLEMESI:
KUCUK TEMSILI MODELLERDEN TUM PROTEIN E,
MOLEKULER MEKANIKTEN KUANTUM KIMYASINA.
STATIKTEN DINAMIGE
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OZET

Enzimlerin yapisal 6zelliklerinin ve katalitik mekanizmalarimin anlasilmasi daha etkili
ve yan etkisi azaltilmug ilaglarin gelistirilmesi agisindan onem tagimaktadir. Enzimin
aktif bolgesinde yer alan amino asitler enzimatik reaksiyonlarin gergeklesmesinde
etkin rol alabilir ya da sadece substraun aktif bélgede tutulmasina yardimer olabilir.
Enzimlere ait katalitik dzellikler kuantum mekanik. molekiiler dinamik, ve kuantum
mekanik/molekiiler mekanik yéntemler ile aragtinlabilir ve sonuglar birbirleri ile
iligkilendirilebilir.

Kimyasal doniigsimlerin modellenmesinde elektronik ozelliklerinde incelenmesi nede-
niyle kuantum kimyasal yontemler giivenilir yontem olarak kullanilmaktadir. Ancak.
Schrédinger denkleminin sayisal olarak ¢Ozilmesi, sistem boyutunun artmasi ile
hesaplama zamanmini arttirmakta ve sonug olarak hesaplamalan zorlagtirmaktadir, Ku-
antum Kimyasinda sayisal prosediirler birgok integralin ve dogrusal/dogrusal olmayan
denklemlerin goziilmesini gerektirmektedir. Bu nedenden Otiirli, modellenebilecek
sistem boyutu kisitlanmaktadir. Giiniimiizde dogrusal lgeklenmeyi saglayan kuantum
kimyasi yontemlerin kullanilmasi, gerek hiz ve gerekse giivenilirligi saglayarak kabul
edilebilir islemci zaman ile biiyiik biyomolekiillerin modellenmesine izin vermektedir.

SEBOMD (SemiEmpirik Born-Oppenheimer Molekiiler Dinamik), Born-Oppenheimer
yaklagimma dayanmakta olan bir yéntem olup molekiiler dinamik hesaplamalari
yapmak i¢cin semiempirik NDDO Hamiltonunu kullanmaktadir. Bu yontem lineer
olgekleme i¢in Bol ve Yénet (Divide & Conquer, D&C) algoritmasi kullanmaktadir.
Ancak, bu algoritma islemci sayisinin ¢ok fazla olmasi durumunda, Fock matrisinin
kogegenlestirilmesi nedeni ile verimliligi azaltmaktadir. Bu nedenden otard kosegen-
lestirme prosediirii bityiik molekiiler sistemlere ait simiilasyonlarin gergeklestirilebil-
mesi igin optimize edilmelidir.

Bu tezin ana amaci farkl l¢eklerde yontemler kullanarak piridoksal 5-fosfat (PLP)
bagimli olan v-aminobiitirik asit aminotransferaz (GABA-AT) enziminin reaktivite ve
dinamik o6zelliklerinin daha iyi anlagilmasim saglamakur. GABA-AT enzimi GABA
molekiilintn sitksinik semialdehide parcalanmasinda gorev almaktadir. GABA kon-
santrasyonunun beyinde azalmasi gesitli nérolojik rahatsizliklarin ortaya ¢ikmasinda
ana etkenlerden biridir. GABA molekiiliiniin kan-beyin bariyerini gegememesi ne-
deniyle GABA'nin enjeksiyon yolu ile verilmesi bir tedavi yontemi olarak uygula-
namamaktadir. Bu nedenden 6tiirii GABA-AT enziminin naktivasyonu antiepileptik
laglarn gelistirilmesinde dogrulugu tespit edilmis bir hedef haline gelmistir. GABA-
AT enziminin bir ¢ok PLP bagimh enzim ile benzer 6zellikler sergilemesi, benzer
enzimlerin de anlagilmasini saglamasi agisindan dnemlidir,. GABA-AT cnzimine ait



reaktivite ve dinamik 6zelliklerin daha iyi anlagilmasin saglamak icin gerceklestirilen
calisma, bes farkh boliimden olusmaktadir.

Ik bslimde, dogal substrat olan GABA molekiiliine ait segici baglanma modu ile bu
molekiil ile enzim arasinda gergeklegen tepkime farkli izomerlerin de kullamimas:
tle kuantum mekanik seviyede incelenmistir. Calismada Yogunluk Fonksiyonel Te-
orisi (DFT) kullamlmigtir. Elde edilen sonuglar, yapilar arasindaki stereo-elektronik
farkliliklarin, transiminasyon ve HF eliminasyon tepkimeleri iizerindeki etkilerinin
aydmlatilmasin saglamistir.

Ikinci bolimde, GABA-AT enziminin dinamik ozelliklerini incelemek iizere apoen-
zim, holoenzim ve inaktivator bagh holoenzimden olugan ii¢ farkh sistem tasarlanmg
ve molekiiler dinamik hesaplamalari gerceklestirilmistir, Elde edilen sonuglar aktif
bblge amino asitlerinin gorevlerini ve aminoasitler ile PLP kofaktoriniin yiik deger-
lerinin aktif bolge agisindan 6nemini ortaya ¢ikarmistir.

Ugiincii olarak, aktif bilge amino asitlerinin inaktivasyon mekanizmasina etkisi
kuantum mekanik seviyesinde kilme modelleri kullanilarak incelenmistir. En biiyiik
kiime 165 atom igermektedir ve ¢oziicii etkisi siirekli ortam yontemi ile incelenmistir.
Aktif bblge amino asitlerinin modellere eklenmesi, bu amino asitlerin GABA-AT
reaktivitesine olan etkisinin incelenmesini saglanusur. Benzer amino asitlerin bir ¢ok
PLP bagimli enzimin aktif bolgesinde de bulunmasi, bu enzimlere ait modelleme
¢alismalarina genel bir bakis agis1 saglamaktadr.

Dérdiincii olarak, Amber program paketi igerisinde yer alan SEBOMD yaklagimi igin
yeni kdsegenlestirme rutinleri eklenmistir. Yeni rutinler LAPACK ve SCALAPACK
kitiiphanelerinden segilmis, test edilmis ve degerlendirilmistir, Elde edilen sonuglar
D&C algoritmasinda en 6nemli kisitlamanin Fock matrisinin késegenlestirilmesinden
kaynaklandigini ve paralel bilgisayarlarda verimliligin bu nedenden 6tiirii dissiik oldu-
gunu gostermistir. Ancak, biyiik molekiillere ait SEBOMD simiilasyonlarinda fazla
miklarda iglemci kullamimasi durumunda, Intel MKL kiitiiphanesi tarafindan saglanan
LAPACK ile islem pargaciklarinin kullaniimasinin verimliligi artirdi@r gorilmiistiir.

Son olarak, GABA-AT inaktivasyonunda yer alan ve PLP kompleksleri iceren mole-
kullere ait reaksiyon serbest enerjileri, SEBOMD simiilasyonlar: ile incelenmigtir. Her
molekiiler sistem PLP kompleksleri ile su molekiillerinden olusturulmustur ve toplam
747 atom igcermektedir. Reaktivite, semsiye érneklendirilmesi (umbrella sampling) ve
bir onceki boliimde gergeklestirilen ¢alismalarda elde edilen ve programa cklenen
kosegenlestirme rutinleri ile gergeklestirilmigtir. Bu blim, SEBOMD simiilasyonla-
rinin kimyasal gegislerin modellenmesinde ilk defa kullanilmasina ait bir drnek tegkil
etmesi agisindan onemlidir. Ayni zamanda bu ¢alisma, SEBOMB yonteminin kimyasal
tepkimelerin modellenmesinde ve tepkime serbest enerjilerinin hesaplanmasindaki
yeteneklerine ait genel kavramlan 6ne ¢ikarmasi agisindan dnem tagimaktadir.
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