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ABSTRACT

THE DYNAMICS UNDERLYING ENHANCEMENT OF E2
LIGASE ACTIVITY BY E3 LIGASES IN SUMOYLATION

Covalent attachment of SUMO (Small Ubiquitin Like Modifier) to proteins,
sumoylation, is a posttranslational modification that can alter intracellular localization,
interactions with other proteins or lead to modifications by other post-translational
modifiers. Defects in sumoylation pathway are related to many neurological diseases,
such as Huntington’s disease, Parkinson’s disease and more. Additionally, sumoylation
is a part of cancer related pathways. Similar to other ubiquitin like modifier (Ubl)
conjugation mechanisms, the conjunction of SUMO to targtes involves three groups of
enzymes: E1 ligase, Aos1/Ub2 hetero-dimer; E2 ligase, Ubc9; E3 ligases, one of which
is RanBP2. Differing from the other Ubl conjunction paths, the E2 ligase, Ubc9, can
function without the E3 enzymes but with lower reaction efficiency. One of the target
proteins that can be efficiently sumoylated by Ubc9 only, is RanGAP1. Although there
are suggested models, it is not clear to date how the E3 enzyme, RanBP2, enhances
sumoylation. This thesis mainly aims to identify the conformational/configurational
restrictions and allosteric effects that RanBP2 may have on Ubc9-SUMO complex to
increase sumoylation rate. Along, the structural motion that drives Ubc9-SUMO com-
plex into association with RanBP2 is also addressed. For this, Ubc9-SUMO and Ubc9-
SUMO-RanBP2 complexes from Ubc9-SUMO-RanGAP1-RanBP2 crystal structure are
studied by Molecular Dynamics (MD) simulations. The conformational dynamics are
elaborated by various means to reflect the equilibrium and dynamic behavior of these
complex structures. The results in general suggest that RanBP2 restricts the confor-
mational space of Ubc9-SUMO complex and as well as the orientational space of its
monomers with respect to each other. The differences in the network of interactions
between Ubc9 and SUMO residues in RanBP2 bound and unbound states suggest the

determinants of the restriction in the motion observed. The correlations between the



fluctuations of the residues associated with the catalytic activity and the residues that
are responsible for the specific target recognition in Ubc9 are shown to be stabilized
with RanBP2 binding. The comparative analysis of the dynamics with and without
RanBP2 identifies a possible allosteric effect of RanBP2 binding on the mobility and
flexibility of specific Ubc9 residues, Asp100 and Lys101, which are functional in target
recognition. Additionally, it is seen that the dynamics of Ubc9-SUMO complex displays
a pre-existing behavior for the binding to RanBP2. This may in general imply that
the dynamics of structures set the sequence of events in the association with others to

form complex structures.
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OZET

SUMOLANMADA E2 LIGAZ AKTIVITESININ E3
LIGAZLAR ILE ARTTIRILMASININ BELIRLEYICI
DINAMKLERI

SUMO (Kiiciik Ubikuitin Benzeri Degistirici - Small Ubiquitin Like Modifier)
proteininin kovalent baglanma ile proteinleri igaretlemesi, sumolanma, okunma sonrasi
bir degistirmedir. Sumolanma proteinlerin hiicre i¢i konumlarinda degisikliklere, bagka
proteinlerle olan etkilesimlerde degisimlere, veya bagka okunma sonrasi degistiriciler
tarafindan isaretlenmelere sebep olabilir. Sumolanma yollarinda olan bozukluklar,
Huntington hastaligi, Parkinson hastaligli ve benzerleri gibi bir¢cok norolojik hastalik
ile ilintilendirilmigtir. Bunun yani sira sumolanma, kanser ile ilgili etkilesim yollar
iizerinde de bulunmaktadir. Diger ubikuitin benzeri degistiricilerde oldugu iizere,
hedef proteinlere SUMO baglanmasi li¢ grup enzim araciligi ile gergeklesir: E1 ligaz,
Aos1/Ub2 hetero-dimeri; E2 ligaz, Ubc9; E3 ligazlar, bir 6rnek RanBP2. Diger ubikuitin
benzeri degistiricilerden farkli olarak, E2 enzimi, Ubc9, daha diigiik bir verim ile,
E3 enzimlerininden bagimsiz olarak da sumolama iglevi gosterebilir. Sadece Ubc9
araciligy ile isaretlenebilen hedef proteinlerden biri RanGAP1’dir. Onerilen modeller
olsa dahi, giiniimiizde, E3 enzimi RanBP2’nin sumolanma hizini arttirma mekanizmasi
tam olarak agiklanabilmig degildir. Bu tezin ana hedefi, RanBP2 proteininin, Ubc9-
SUMO kompleksi tizerinde olugturdugu konformasyon/konfigiirasyon kisitlamalarim
ve sumolanma hizini arttirici allosterik etkilerini belirlemektir. Aymni siirecte, Ubc9-
SUMO kompleksini RanBP2 ile etkilesime girmeye itebilecek yapisal hareketler de
gosterilmigtir. Bu caligma icin, Ubc9-SUMO ve Ubc9-SUMO-RanBP2 kompleksleri
Ubc9-SUMO-RanGAP1-RanBP2 kristal yapisindan alinmig, ve Molekiiler Dinamik
(MD) Benzetimleri ile incelenmigtir. Konformasyon dinamikleri, bu komplekslerin
denge ve dinamik durumlarinda davraniglarin yansitabilmek adina cesitli yontemler ile

caligilmig ve detaylandirilmigtir. Sonuclar genel olarak RanBP2 baglanmasinin Ubc9-
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SUMO komplexinin konformasyon uzayini ve ayni zamanda iki zincirin birbirlerine
gore bulunabilecekleri konumlarini kisitladigini gostermektedir. Ubc9 ve SUMO’nun,
RanBP?2 ile bagh ve bagsiz durumlarindaki etkilesim aglarinda goriilen degisiklikler,
goriilen hareket kisitlamalarinin kaynagi olarak onerilmektedir. Ubc9 tizerinde katal-
itik iglev ile ilgili bolgelerin ve belirli hedef proteinleri tanimadan sorumlu amino
asitlerin, konumsal dalgalanmalari arasinda gozlemlenen kargilikli baginti, RanBP2
varliginda dengelenmis ve sabitlenmistir. RanBP2 ile bagh ve bagsiz konumlardaki
dinamiklerin kargilikli incelenmesi, RanBP2 baglanmasinin hedef protein tanimada
islevli Ubc9 bolgeleri, Aspl00 ve Lys101 amino asitleri, iizerinde hareket ve esneklik
kisitlayict allosterik etkisini ortaya koymustur. Bunun yani sira, Ubc9-SUMO kom-
pleksi, RanBP2 baglanmasi i¢in kendinden sahip oldugu dinamikler gostermektedir.
Bu durum, genel anlamda kompleks olugsumu sirasinda olay siralamasinin, yapilarin

dinamiklerini araciligi ile belirlendiginin bir gostergesidir.
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1. INTRODUCTION

1.1. Biological Background

1.1.1. Ubiquitin Like Proteins Superfamily and SUMO-1

Protein function is regulated by numerous mechanisms, one of which is post-
translational modifications. The post-translational modifications can alter the activity,
interactions with other proteins, degradation level or spatial distribution of the modified
protein in vivo. Covalent binding of chemical groups, such as acetate, phosphate, lipids,
sugars, or other proteins to the target protein is mostly carried out via enzymatic
reactions (Melchior, 2000; Miiller et al., 2001). Ubiquitin (Ub) and Ubiquitin-like
(Ubl) modifiers, which are proteins of approximately 100 amino-acids, are covalently
bound to lysine residues on target proteins with analogous mechanisms (Capili and
Lima, 2007a; Miiller et al., 2001). Ub and Ubl modification takes part in cellular
processes including differentiation, apoptosis, cell cycle, and stress response (Bernier-
Villamor et al., 2002; Melchior, 2000; Miiller et al., 2001). SUMO-1 (Small ubiquitin-
related modifier), also known as PIC1, UBL1, GMP1 , and Sentrin, is a member of
Ubl superfamily (Boddy et al., 1996; Mahajan et al., 1997; Matunis et al., 1996; Okura
et al., 1996; Shen et al., 1996). SUMO-1 is a 101 amino acid protein with 18 per
cent sequence identity to ubiquitin (Mahajan et al., 1997). Despite the relatively low
sequence similarity, SUMO-1 has the G6afBB8a3 fold of the ubiquitin protein family.
There is a high similarity in the 3-Dimensional structures of Ubiquitin and SUMO-1
(Bayer et al., 1998).

Additional to SUMO1, there are 3 more SUMO proteins in mammals, SUMO-2
to -4. The sequence identities of SUMO-2 and SUMO-3 to SUMO-1 are 43 per cent
and 42 per cent, respectively (Capili and Lima, 2007b). There is also high structural

similarity between the family members, available structures of SUMO-1, -2 and -3

reveal the same SBafBaf fold (Figurel.l).



Figure 1.1. Structures of SUMO-1 (yellow) (PDB ID: 1A5R), SUMO-2 (blue) (PDB
ID: 2I00) and SUMO-3 (green) (PDB ID: 2I01) proteins. Structures are visualized
and superimposed using program PyMol (DeLano, 2002).

There are at least 100 different proteins reported to be targets for SUMO conjunc-
tion (Panse et al., 2004; Wohlschlegel et al., 2004; Zhau et al., 2004; Zhou et al., 2004),
where SUMO is attached to consensus motifs on targets with the aid of E1, E2 and E3
enzymes (Section 1.1.2). Similar to ubiquitination, in addition to mono-sumoylation,
poly-SUMO chains can be formed on targets. SUMO-2 and SUMO-3 chain formation
on targets have been demonstrated in vivo and in vitro, whereas poly-SUMO-1 chains

are shown to be formed in vitro (Tatham et al., 2001; Yang et al., 2006).

Modification by SUMO can have a variety of biological consequences. Modified
proteins can change intracellular localization, their interactions with other proteins
or modifications by other post-translational modification can be altered. In addition,
there is an evidence indicating disorder in neuronal SUMO conjunction is related to
many neurological diseases, such as Huntington’s disease, Parkinson’s disease and more
(Martin et al., 2007; Zhao, 2007). Additionally, regulation of protein activity by sumoy-

lation has roles in tumorigenesis (Mo et al., 2005).



1.1.2. Sumoylation Mechanism

The mechanism for SUMO conjunction is analogous to conjunction mechanisms
of Ub and other Ubls, involving consequent activity of E1, E2 and in most cases, E3
enzymes. The dedicated E1 is a heterodimer of Aosl and Uba2 proteins for SUMO
(Melchior, 2000). Ubc9 is the E2 enzyme of the sumoylation pathway (Bernier-Villamor

et al., 2002) and there are several E3 enzymes, one of which is RanBP2.

SUMO, which is produced as an inactive precursor, needs to be cleaved at the
C-terminus for maturation. The cleavage of SUMO produces the C-terminal Gly-Gly
motif, which is conserved in Ub/Ubl family (Bernier-Villamor et al., 2002).Next, E1
enzyme Aosl/Uba2 adenylates SUMO C-terminus and this forms a thioester bond
between E1 active cysteine and SUMO, in an ATM dependent reaction. At the second
step of sumoylation, the SUMO thioester is transferred to the active cysteine of the
E2 enzyme (Melchior, 2000). In contrast to several E2 enzymes used in ubiquitin
conjugation, Ubc9 is the single known E2 enzyme for sumoylation (Bernier-Villamor
et al., 2002). The final step of conjugation is transfer of SUMO from active cysteine in
Ubc9 to a lysine residue on the target protein. E3 enzymes that ensure target specificity
and increase reaction efficiency usually mediate the transfer of SUMO from Ubc9 to
target. In contrast to the classical E1/E2/E3 conjugation mechanism, sumoylation
can also proceed without an E3 enzyme in some specific cases. It is shown that among
the sumoylation target proteins, RanGAP1, , p53 and IkBa are modified without an
E3 ligase in vitro, although the rates of reactions are considerably lower compared to
E3 mediated conjunction (Melchior, 2000). SUMO conjunction is a reversible process,
isopeptidases known as SENPs (SUMO /sentrin specific protease) de-conjugate SUMO
from modified targets (Martin et al., 2007; Zhao, 2007). Figure 1.1.2 gives a schematic

representation of the SUMO conjunction mechanism.

1.1.2.1. E2 ligase Ubc9. E2 ligase Ubc9 is conserved from yeast to human (Melchior,

2000). It is essential protein for cell viability (Melchior, 2000; van Waardenburg et

al., 2006). Ubc9 can recognize a consensus Sumoylation motif existent in most of the
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Figure 1.2. Sumoylation Mechanism. (a) SUMO is cleaved at C-terminus. (b) Mature
SUMO is activated and transferred on the active cysteine of E1 enzyme, Aosl/Uba2
heterodimer. The SUMO thioester is then transferred to the active cysteine of E2
enzyme, Ubc9. (c¢) SUMO is transferred to the target. The conjunction can be
mediated by a dedicated E3 enzyme. Alternatively Ubc9 can directly transfer SUMO

to the target.



known SUMO targets. Thus, Ubc9 partly plays a role in target recognition. SUMO
modification motif is a "W¥-K-x-D/E” tetrapeptide motif, where ¥ represents a hy-
drophobic residue, K is the SUMO acceptor lysine, x is any amino acid and D/E is an
acidic residue (Bernier-Villamor et al., 2002). In addition to covalently bound SUMO,
a non-covalent complex between Ubc9 and SUMO can also be formed. The bind-
ing region for this complex partly coincides with E1 and E3 interaction sites (Capili
and Lima, 2007b). Ubc9 also interacts with E3 enzymes during transfer of SUMO to

targets, (Reverter and Lima, 2005) details of which are given in Section 1.1.3.

1.1.2.2. Sumoylation target RanGAP1. RanGAP1 is a Ran-GTPase activating pro-

tein. It is highly concentrated in complex with RanBP2 at the cytoplasmic periphery
of the Nuclear Pore Complexes (NPC). Sumoylation of RanGAP1 is essential for its
localization to the NPC. Additionally, RanGAP1 mediated GTP hydrolysis by Ran
is required for nuclear import, and inhibition of RanGAP1 localization to NPC also
inhibits nuclear protein import. (Bischoff et al., 1994; Mahajan et al., 1997) There-
fore, sumoylation of RanGAP1 is a key factor in the integrity of nuclear protein im-
port mechanism. The SUMO consensus motif ”LKSE” of RanGAP1 resides between
residues 525-528. Apart from the consensus motif, RanGAP1 has a second contact
surface with Ubc9. This additional contact surface, which is thought to be responsi-
ble for the higher efficiency of modification compared to other substrates, includes the

residues of the two helices between 511-522 and 555-566 (Bernier-Villamor et al., 2002).

1.1.2.3. E3 ligases and RanBP2. The known E3 ligases for Ub/Ubl conjunction can
be classified into two main categories, RING type and HECT type E3 ligases. RING
type E3 ligases mediate transfer of Ub/Ubl to the target by binding both to E2-Ubl, via
a zinc domain, and to target proteins. HECT type E3 ligases are ”true enzymes” in the
sense that they first transfer the Ub/Ubl on themselves from the E2 enzyme, forming
a thioester bond, and then transfer the modifier on the target (Pichler et al., 2002; Re-
verter and Lima, 2005). RanBP2 is a protein of the Nuclear Pore Complex (NPC), and
forms a stable complex with sumoylated RanGAP1 (Mahajan et al., 1997). RanBP2 is
one of the E3 ligases identified for sumoylation, but does not fall into either of the RING



or HECT type E3 ligase categories. RanBP2 works for a subgroup of sumoylation tar-
gets, indicating substrate specificity determination. A fragment of RanBP2 between
residues 2633-2761, consisting of IR1-M-IR2 domains, is sufficient for E3 activity in vivo
and in wvitro. More specifically, IR1-M and M-IR2 constructs are also functional and
IR1-M is the catalytic core domain (Pichler et al., 2002; Pichler et al., 2004; Reverter
and Lima, 2005). Although it is possible that full length RanBP2 binds to targets
and functions as an adaptor, the activity of the RanBP2 fragment indicates RanBP2
exerts its catalytic effect by altering Ubc9’s properties, rather than by mediating target
interactions (Pichler et al., 2002). The available structure of SUMO-RanGAP1-Ubc9-
RanBP2 complex supports this idea and suggests that E3 enzyme RanBP2 increases
reaction efficiency by reducing the conformational flexibility of the Ubc9-SUMO com-
plex. The existence of an E3 enzyme in the complex may align the thioester in position,

and prevent non-productive conformations of Ubc9-SUMO (Reverter and Lima, 2005)

The available 3-Dimensional structures of complexes SUMO-RanGAP1-Ubc9-
RanBP2, and Ubc9-RanGAP1 hetero-tetramer reveal strong interactions between Ran-
GAP1 and Ubc9. Ubc9 can also facilitate sumoylation of RanGAP1 without an E3
enzyme. It is a matter of debate weather RanBP2 exerts E3 activity for RanGAP1
sumoylation in the complex of Ubc9-SUMO-RanGAP1-RanBP2 or it only maintains
the complex at the NPC (Bernier-Villamor et al., 2002; Reverter and Lima, 2005).

1.1.3. Interactions and Functional Sites of Ubc9

1.1.3.1. SUMO binding. E2 enzyme Ubc9 can form both covalently and non-covalently
bound complexes with SUMO (Capili and Lima, 2007b; Reverter and Lima, 2005).

In the non-covalent complex formed between Ubc9 and SUMO, the 3-Dimensional
structure reveals direct interactions between seven Ubc9 residues and eleven SUMO
residues, with a cut off of 3.8 A between the closest atoms in the respective residues:
Argl3, Argl7, Lys18, Phe22, Gly23, Val27, and Lys49 and Lys25, Gly28, GIln29, Arg63,
Glu67, Gly81, Glu83, Asp86, Val87, Glu89, and Tyr91, respectively. In contrast, a
NMR study with chemical shift perturbations identified 20 SUMO-1 residues (Ile27-
Ser32, Val38, Arg63-Ile71, and Met82-Val90) and 25 Ubc9 residues (Ser7, Alal0, Lys14,



His20, Phe22, Val27, Thr35, Asn37, Ala44, Lys49, Leu60, Met62, Leu63, Glu99, Ile109,
Lys110, Ile112, Leull3, and Ser158) (Capili and Lima, 2007b; Liu et al., 1999; Tatham
et al., 2003). The binding sites of Ubc9 with non-covalently bound SUMO overlap
with those sites of Ubc9 that interacts with E3 enzyme RanBP2. On the other hand,
covalent and non-covalent bound SUMO utilize different surfaces on Ubc9, thus, a single
Ubc9 can interact with two SUMO molecules at a time, one being covalently attached
to active cysteine, the other being non-covalently attached. It is also suggested the
non-covalent binding between SUMO and Ubc9 may have significance in SUMO chain
formation (Capili and Lima, 2007b).

The covalent binding occurs by transfer of SUMO form E1 enzyme (Aosl/Uba2)
to Ubc9. In this complex, the C-terminal glycine residue of SUMO is attached to
the active cysteine (Cys93) of Ubc9. In the covalently bound complex, several Ubc9
residues make contacts with SUMO. Glul22 of Ubc9 makes a hydrogen bond with
Arg63 of SUMO. Ubc9 Argl04 in Ubc9 contacts GIn92 in SUMO and glutamine Gln111
of Ubc9 contacts with the main chain atoms of GIn29 in SUMO. Thr95 and Gly96 of
SUMO contact with Ser95 of Ubc9. Additionally, Arg85 of Ubc9 in the structurally
significant HPN motif (discussed below) makes contacts with C- terminal di-Gly motif
of SUMO (Reverter and Lima, 2005). These contacts can be visualized in Figure 1.3.

1.1.3.2. Target Recognition. Target recognition is partially accomplished by E2 en-

zyme Ubc9 in sumoylation pathway. Ubc9 can recognize the " W-K-x-D/E” consensus
SUMO conjugation motif existing in most of the sumoylation target proteins. A com-
plex between sumoylation target RanGAP1 and Ubc9 reveals the interactions directing
target recognition by Ubc9 (Bernier-Villamor et al., 2002). The first residue of the
consensus motif ¥ (hydrophobic residue) ) is Leu523 on RanGAP1 in this complex.
Leu523 has van der Waals (vdw) contacts with Ubc9 residues Pro128, Alal29, Gln130
and Alal31. The second residue of the motif is the acceptor lysine of SUMO conjunc-
tion, and corresponds to Lys524 in RanGAP1 structure. Aspl127, Pro128, Alal29 and
Tyr87 in Ubc9 form a groove to fit the acceptor lysine. Asp127 and Lys524 are within a
hydrogen bonding distance. Lys526 is also located at hydrogen bonding distance to the
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Figure 1.3. Ubc9 contacts with SUMO. SUMO-1 is represented in yellow, Ubc9 blue.
The residues of sumoylation target RanGAP1 are also represented in the figure, in

purple.

active cysteine Cys93 of Ubc9, where it can attack the thioester between C-terminus
of SUMO and Cys93 of Ubc9 during conjunction. The non-conserved third residue of
the motif is Ser525 in the complex. This residue serves as to create a distance between
second and forth residues of the motif , Lys524 and Glu526 in RanGAP1. The last
residue of the motif is an aspartic acid or a glutamic acid residue; that is Glu526 in
RanGAP1. This residue is in hydrogen bonding distance with Ser89, Thr91 and Lys74
of Ubc9. There are also vdw interactions between Glub26 of target and Tyr87 of Ubc9
(Bernier-Villamor et al., 2002). The interactions are displayed in Figure 1.4. The in-
teraction surface for RanGAP1 and Ubc9 complex is not exclusive to the sumoylation
motif; there are additional contacts between these two proteins in the crystal struc-
ture. The two helices of RanGAP1, Ser509-Met520 and Lysb53-Thr564, interact with
the helix, Alal31-Asn140, of Ubc9.

Biochemical and mutational analysis indicates rather catalytic then structural
roles for residues Asn85, Tyr87 and Aspl27. Additionally, Asp100 and Lys101 are
oriented such that they can interact with an approaching target. Mutation of Asp100
and Lys101 also reduces SUMO conjunction to targets by 2.5 fold (Tatham et al., 2003;



Figure 1.4. Ubc9 contacts with sumoylation target RanGAP1. Ubc9 is represented in
blue and RanGAP1 in purple a) Ubc9-RanGAP1 contacts in the consensus
sumoylation motif. b) Ubc9-RanGAP1 additional binding surface.

Yunus and Lima, 2006).

Two other conserved motifs of Ubc9 are also thought to have structural signifi-
cance; the His-Pro-Asn (HPN) motif between residues 83-85, and Glu-Pro-Asn (EPN)
motif at residues 122-124. Especially the HPN motif maintains hydrogen-bonding
networks, taking part in orienting the SUMO C-terminal Gly-Gly motif. EPN motif
is located closer to the SUMO contact regions (Bernier-Villamor et al., 2002; Wu et
al., 2003).

Mutational analysis revealed severe functional defects for mutation of Ubc9 at
residues Asn85, Tyr87, Aspl00, Prol128, Alal29, Alal3l and Tyrl34. To a lesser
extent, mutations of residues Lys74, Asp127, Glul32 and Thr135 also reduced activity
(Bernier-Villamor et al., 2002; Yunus and Lima, 2006). Mutations of Glul32 and
Tyr134, on the other hand, do not affect SUMO conjunction to other targets such as p53
or IkBa significantly. These residues take part in the contacts between the additional
binding surface of RanGAP1 and Ubc9, which is not conserved in other targets. These
mutations may correlate with functionality of the SUMO conjunction mechanism for

this specific target (Bernier-Villamor et al., 2002; Yunus and Lima, 2006).
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1.1.3.3. RanBP2 binding. The contact regions of Ubc9 and IR1-M domain fragment

of RanBP2 are revealed by the available 3-Dimensional structure of the Ubc9-SUMO-
RanGAP1 (carboxy-terminal domain of RanGAP1)-RanBP2 (IR1 - M fragment) com-
plex. Starting from the C-termini of IR1, RanBP2 contacts the Ubc9 residues Arg8,
Pro69, Pro105, Alal06 and the N-terminal Ubc9 helix. The following loop of RanBP2
makes contacts with the SUMO-Ubc9 interface, including the residues of N-terminal
Ubc9 helix and loop between N-terminal §-sheets of SUMO (Ile27-Glu33). The acidic
residues of RanBP2 between residues Glu2671 and Asp2676 contact Argl3, Argl7 and
Lys30 of Ubc9. Hydrophobic residues of RanBP2 between Phe2677-Leu2684 pack on
the [(-sheet residues of Ubc9 between Lys30-Asn4(. Finally, Leu2688, Tyr2689 and
Leu2690 of RanBP2 contacts Phe22 and [-sheets around residues Asn40-Leu60 of
Ubc9. Gly47 and Gly55 are in hydrogen bonding distance with Tyr2689 (Reverter and
Lima, 2005). The interactions are displayed in Figure 1.5.

Figure 1.5. Ubc9 contacts with E3 anzyme RanBP2. Ubc9 is represented in blue,
RanBP2 in pink and SUMO in yellow. a) Ubc9-RanBP2 contact region b)
Ubc9-RanBP2 contacts at the interface between Ubc9-SUMO and RanBP2.

Biochemical analysis also revealed a set of residues in Ubc9, Argl7, Phe22-Asn31,
Met36, Asn37, Asn40-Cys75, Glu78-Phe82, Glyl115, Ile116, Phel55-Alal56, as inter-
acting with RanBP2 (Tatham et al., 2005). Mutations of residues Phe22, Val25, Val27,
Leub7 and Lys59 resulted in severe impairment of RanBP2 binding, whereas mutations
of residues Glu42, Lys48, Glub4 and Arg61 had moderate effect (Tatham et al., 2005).
With respect to the catalytic effects of RanBP2, Ile4 was identified together with Val25
and Leu57 of Ubc9 as RanBP2 interacting residues (Pichler et al., 2004). The muta-

tions of RanBP2 residues that significantly impaired function in sumoylation included
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Leu2651, Leu2653 and Phe 2657. Mutations with moderate effects were also identified,
Pro2654, Cys2659, Asp2676 and Phe2677 (Pichler et al., 2004).

1.2. Objective and Methodology of the Study

The mechanism of SUMO conjunction has many aspects, which can stand as
separate research areas alone. This study mainly focuses on the dynamics of the co-
valently bound Ubc9-SUMO complex and Ubc9-SUMO in complex with E3 enzyme,
RanBP2. The E2 enzyme, Ubc9, can function without the guidance of a E3 enzyme.
To this end, the objective is to clarify the structural and dynamic determinants of
the increased reaction efficiency in the RanBP2 bound complex, and the motion that

derive Ubc9-SUMO complex into forming a complex with E3.

The E3 enzyme, RanBP2, is thought to have an allosteric effect on Ubc9-SUMO
complex that enhances the efficiency of SUMO transfer from Ubc9 to targets. The lim-
itation in the available conformational space of Ubc9-SUMO complex with the bound
RanBP2 may prevent some non-productive conformations (Pichler et al., 2002; Reverter
and Lima, 2005) and affect the sumoylation activity. To account for these propositions,
we aim to carry our molecular dynamic simulations for Ubc9-SUMO complex with and
without bound RanBP2 and analyze the MD trajectories exhaustively to identify the
interactions responsible for the high effectiveness of RanBP2 bound complexes. This is

also to address the potential allosteric effect of RanBP2 on these functional residues.

1.2.1. The model structure

The 3-Dimensional X-ray structure is available for Ubc9-SUMO-RanGAP1 (target)-
RanBP2 (E3 enzyme) complex (Reverter and Lima, 2005). The PDB code for the struc-
ture is 175S. Functional fragments of sumoylation target RanGAP1 and E3 enzyme
RanBP2 are crystallized in this complex and SUMO is transferred from Ubc9-SUMO
thioester to RanGAP1-SUMO isopeptide bond. Two of the structures to be analyzed
are extracted from this complex: Ubc9-SUMO and Ubc9-SUMO-RanBP2. It is sug-
gested that Ubc9 and SUMO do not alter their conformation to a high extent upon
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conjunction of SUMO to target (Reverter and Lima, 2005). Since the focus of the
study is on the steps prior to transfer of SUMO to target, the target structure is elim-
inated from the complexes. With the similar purposes, the bond between RanGAP1
and SUMO is transferred to the Ubc9 active cysteine. The molecular dynamic simula-
tions are run for 50 and 58 ns for Ubc9-SUMO-RanBP2 and Ubc9-SUMO complexes

respectively.

1.2.2. Reference Structures

The dynamics of E3 bound and non-bound complexes are analyzed comparatively.
To be able to observe the extent of dynamic changes more clearly, simulations for
isolated Ubc9 and isolated SUMO proteins are also run for 32.5 and 35 ns, respectively.
The PDB code is 1A3S for isolated Ubc9 and is 1A5R for isolated SUMO. These

trajectories are also analyzed along the complex structures described above.

1.2.3. Brief Summary of methods

Molecular dynamics (MD) simulations are run on all structures using MD package
Amber 8. The conformations in time from MD trajectories are analyzed to study the
dynamics of the structures with respect to mean-square fluctuations and correlation
between the fluctuations. The pseudo-dihedral angle fluctuations and time-delayed
auto-correlations of virtual bond vectors reflect information about the flexibilities of
the structures. The interactions between the residues throughout the simulations are

followed and tried to be characterized with respect to the function.

In the course of the analysis of the trajectories, the conformations throughout
are clustered to identify unique conformers of the structure. In the clustering, the
root mean square deviation is used as a similarity measure. The conformations and
the distributions of the members of defined clusters in time are examined for the
characterization of distinct conformations spanned during simulations. All the analysis
conducted is carried out on the basis of the whole simulations as well as for the time

intervals suggested by the clustering analysis.
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Additional to the dynamic analysis, both crystal structures and selected snap-
shots from the MD trajectories are analyzed by Gaussian Network Models (GNM).
Eliminating the noise originating from the atomistic simulations, this step of analysis
further emphasis some interactions, which are not apparent from the direct analysis of

the conformational ensemble of the simulations.

1.2.4. Contributions to Current Literature

In this study, how the RanBP2 binding may reduce the conformational space of
Ubc9-SUMO complex in favour to increase the sumoylation activity is searched. The
analysis of the molecular dynamics simulation trajectories by various means reveal that
the orientation of SUMO with respect to the Ubc9 is different between E3 bound and
unbound states. The implication of this on the conformational dynamics of both Ubc9
and SUMO are elaborated and the differences in residue interaction networks of the

two complexes are characterized with respect to the RANBP2 binding.

Specifically, the residues Asp100 and Lys101, which are functional in target recog-
nition, are observed to have more restricted mobility /flexibility in the RanBP2 bound
complex. Also, more stabilized correlated fluctuations between the residues associated
with RanBP2, including the latter residues, and of the catalytic residues are observed.
The effect of E3 binding on the the additional binding site of Ubc9 provide evidence
for the E3 ligase activity of RanBP2 on the sumoylation target RanGAP1; this is a
matter of debate in the current literature (Bernier-Villamor et al., 2002; Reverter and

Lima, 2005).

Furthermore, the analysis of the dynamics Ubc9-SUMO complex reveals some
structural motion of the complex structure, which may mark the Ubc9-SUMO complex

for interaction with RanBP2.
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2. MATERIALS AND METHODS

2.1. Studied Structures of the Sumoylation Mechanism

The structures studied in this work are the structures of un-complexed Ubc9 pro-
tein, un-complexed SUMO protein, Ubc9-SUMO complex and Ubc9-SUMO - RanBP2

complex.

The structure of human Ubc9 is available with the PDB code 1A3S and human
SUMO-1 is available with PDB code 1A5R. The molecular dynamics simulations of

these proteins provided the data to be taken as the basis in deducing the effects of
RanBP2 binding to Ubc9-SUMO complex.

The crystal structure of Ubc9 (E2 enzyme)-SUMO-RanGAP1 (sumoylation target)-
RanBP2 (E3 enzyme) complex is available with the PDB code 1Z5S (Figure 2.1). The
modeled structures for the intermediate complexes Ubc9-SUMO (Figure 2.2 (a)) and
Ubc9-SUMO-RanBP2 (Figure 2.3) are extracted from this complex structure. In the
available crystal, SUMO is bound to the acceptor lysine of target protein RanGAP1.
The major interests of this study are on the steps prior to conjunction of SUMO to
the target proteins. Therefore, RanGAP1 is eliminated from the structures, and the
thioester bond between Ubc9 active cysteine and SUMO C - terminal glycine is mod-
eled (Figure 2.2 (b)). The dynamics of the structures are studied via the trajectories

obtained from Molecular Dynamics Simulations.

The structures and the simulations are summarized in Table 2.1. The details of
bond modeling are explained in Section 2.2 and the parameters of molecular dynamics

simulations are given in Section 2.3.
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Figure 2.1. Crystal structure of the Ubc9-SUMO-RanGAP1-RanBP2 complex. Ubc9
(blue) is the SUMO E2 enzyme, SUMO-1 (yellow) is the studied SUMO family
member, RanGAP1 (purple) is the target and RanBP2 (pink) is an E3 enzyme.

Figure 2.2. a) Structure of the Ubc9(blue)-SUMO(yellow) complex. The structure is
extracted from the crystal structure Ubc9-SUMO-RanGAP1-RanBP2. b) The
thioester bond between Ubc9 Cys93 and SUMO Gly97. The structure is a snapshot
from MD simulations of Ubc9-SUMO complex at 1 ns.
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Figure 2.3. Structure of the Ubc9(blue)-SUMO(yellow)-RanBP2(pink) complex. The
structure is extracted from the crystal structure of Ubc9-SUMO-RanGAP1-RanBP2

complex.

Table 2.1. Structure Details and Simulation Lengths for Analyzed Complexes

Structure Elements Source PDB  Modification Simulation Length

Ubc9 1A3S No 32.5 ns
SUMO 1A5R No 50 ns
Ubc9-SUMO 175S Yes 58 ns

Ubc9-SUMO-RanBP2 17Z5S Yes 50 ns
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2.2. Modeling of the Thioester Bond

The bond to be modeled in the Molecular dynamics simulations is a thioester
bond between Cys93 of Ubc9 and C-terminal Gly97 of SUMO. For defining the bond
between these residues, first residue types with desired atoms are defined for both
residues. The parameters are either taken from the classical residue types in Amber,
or generated using General Amber Force Field (gaff) in conjunction with antechamber
program (Case et al., 2004; Case et al., 2005; Wang et al., 2004). Along the way, the

program Gaussian is used for geometry minimization.

For the Cys residue in thioester bond, the atom types and parameters, the point
charges, van der Waals parameters, are taken from the residue type ”Cyx”, defined for
Cysteines taking part in disulfide bond formation. The residue Gly97 is an C-terminal
residue and Amber package automatically includes the -COOH group to this residue.
For definition of the thioester bond, this addition inappropriate. For the Gly residue
taking part in the thioester bond, a new residue type ”GIb”, standing for Glycine-
bonded, is defined, which does not include the -COOH group. The atom types and
parameters, the point charges, van der Waals parameters, are taken from the residue

type ”Gly” for this new residue type.

In the crystal structure, the residues are not in a distance close enough for a
covalent bond. For gaff and antechamber to be able to recognize the bond between
these defined residues, it is necessary to reduce the distance. For this purpose, Gaussian
program is used. Using the Gaussian method (Becke, 1988; Becke, 1993a; Becke, 1993b;
Lee et al., 1988) B3LYP/6-31+G**, on the di-peptide constructed from the generated
residues, the residues are brought into close distance. The necessary parameters are

generated by gaff and antechamber using the minimized peptide.

The residues Cyx93 and Glb97 are bonded by tleap in Amber. Stretch, bend and
torsion parameters generated by the method described above are used for the defined

bond.
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2.3. Molecular Dynamics Simulations

2.3.1. Theoretical Background

The methodology of Molecular Dynamics Simulations is based on Newton’s sec-
ond law,

F, =m;a; or % = % (2.1)
where F; is the force exerted on the particle i, m; is its mass and a; is its acceleration.
Starting with the knowledge of the force on each atom, determination of the acceler-
ation of each atom in the system is possible. Integration of the second form of the
equation yields a trajectory that describes the positions, velocities and accelerations of
the particles as they vary with time. The method is deterministic; meaning that know-
ing the positions and velocities of each atom, prediction of the state of the system at
any time, future or past, is possible. Using this methodology, successive configurations
of the system can be generated. In intermolecular interactions, the force applied on
each particle changes whenever the particle itself of any other particle in interaction
with it changes its position. This feature is implemented to the simulation with the
use of continuous potential, in which the motions of all particles are coupled together
(Leach, 2001). At this stage, since molecular systems generally consist of a vast number
of particles, it becomes impossible to find the properties of such a complex systems
analytically. Therefore, MD simulation integrates the equations by using numerical

methods.

The force exerted on each particle at any time during simulation, F; is calculated
from a forcefield in MD simulations. The forcefield defines the potential energy of a

system as a function of the atomic positions/coordinates, and the F; are obtained from
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derivatives of the potential function.
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The potential energy of particle ¢ as a function of all R;, is defined in terms of inter-
actions between bonded atoms, bond angle and torsional angle potentials, and electro-
static and van der Waals interactions between non-bonded atoms. The first term in
the equation describes the interaction of pairs of bonded atoms, where [; is the bond
length. The second term is similarly the summation over all the angles in the molecule
modeled using a harmonic potential, where 6; is the angle between the three succes-
sive atoms. Torsional potential describes the change in energy when a bond rotates,
and is depicted with the third term in the equation. The fourth contribution in the
equation is for the non-bonded atoms, which are separated by at least three atoms.
The non-bonded interactions are defined by two different potentials. The former one
is the Lennard-Jones 12-6 potential function that accounts for van der Waals inter-
actions, whereas the latter one is the Coulomb potential for electrostatic interactions
(Leach, 2001). From the potential function, the F; are generated as:
OV (Ry,...,Ry)

Knowing the state of the structure at time ¢, the positions, velocities and accel-

erations are approximated by Taylor series (Equation 2.4), where a is the acceleration
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(2nd derivative), b is the 3rd derivative etc (Leach, 2001).

r(t+0t) = r(t) + v(t)dt + a(t)ot* + ...
v(t + 6t) = v(t) + a(t)t + 3b(t)ot* + ... (2.4)
a(t + dt) = a(t) + b(t)dt + ...

The most common algorithm used in integration is Verlet algorithm. Positions
and accelerations at a time ¢ and positions from time (¢ — dt) are used to calculate new
positions at time (¢ 4 dt). Then the velocities can be obtained from the difference in
positions. From generated values, new positions can be obtained successively (Leach,

2001). Giving the appropriate equations:

r(t+6t) = r(t) + v(t)6t + %a(t)dtz s r(t—6t) = r(t) —v(t)ot + %a(t)étz

N J/
-

r(t 4 6t) = 2r(t) — r(t — 6t) + La(t)o¢? (2.5)

r(t+0t)+r(t—5t
u(t) = ( )%t( )

As can be seen from the structure of the algorithm, to be able to start a MD
simulation and generate configurations of the system, the initial state should be defined.
Either experimental or theoretical inputs can be used at this stage. In addition to the

positions of the elements of the network, the initial velocities should also be defined.
Experimental inputs are generally used for the atomistic coordinates of a struc-
ture, in the form of X-ray or NMR structure. The structure is subjected to energy

minimization before the starting the simulation.

The initial velocities are generated by theoretical methods. A commonly used
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method is randomly selecting the initial velocities from a Maxwell-Boltzman distribu-

tion, for the specified temperature (Leach, 2001).

m; 3 1m,v;,
p(Vig) = < ) exp — ——= (2.6)

2.3.2. The Molecular Dynamics Simulation Parameters

Molecular dynamics (MD) simulations are run on all structures using MD pack-
age Amber 8 (Case et al., 2004; Case et al., 2005). During simulation, the forcefield
ff03 was used, with explicit solvent, using truncated octahedron box and TIP3P wa-
ter model (Jorgensen et al., 1983). Periodic boundary conditions at constant pressure
are preferred, with isotropic position scaling. Electrostatic energy of a periodic box is
calculated using The Particle Mesh Ewald (PME) method (Essman et al., 1995). The
nonbonded cutoff is selected as 9 A. The SHAKE algorithm is used and bond interac-
tions involving H-atoms are omitted (Ryckaert et al., 1977).After the minimization, the
velocities are generated first at 10 K from a Maxwellian distribution, the temperature
was gradually raised to, and maintained at 300 K by the Berendsen weak-coupling
algorithm (Berendsen et al., 1984). The simulations are run at 0.5 ns steps, the ener-
gies and temperatures are recorded every 0.01 picosecond and the coordinates of the

simulation are recorded at every 0.1 picosecond.
2.4. Clustering Analysis

MD is used to generate a high lumber of different conformations of the structures,
many of which are close conformations. The large number of conformations should be
sampled to select distinct representative conformations. In this work k-means clustering

is used for the sampling.

In k-means clustering, a subset of the members of the data set to be clustered re
selected randomly, and are assigned as centroid of distinct clusters. Using a similarity

measure, the distance of each member the data set to each constructed cluster is
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calculated. The member of the data set is attributed to the cluster, to which it is the
closest. When the members of a cluster are updates, a new member is added to that
cluster, the centroid is recalculated as the mean of its members. With this iterative
procedure, the data set is grouped into clusters according to the selected similarity

measure (Alpaydin, 2004).

In this study, the data set to be clustered are the generated conformations, and
the similarity measure is the similarity matrix constructed with the root mean square
deviation from the cluster centroid (Equation 2.7). The number of generated clusters
is determined by setting a threshold for the rmsd. Clusters are generated using 2 A,
1.7 A and 1.5 A. The clustering is performed using MMTSB Toolset’s kclust utility
(Feig et al., 2004).

> (d)

rmsd =

(2.7)

2.5. Mean Square Fluctuations of Positions

The mean square fluctuations of positions are calculated as the deviation from
the initial structure, averaged through the selected regions of simulation (Equation
2.8). The conformations are aligned before calculation of fluctuations, the alignment
can be done over the whole structure, as well as a pre-defined subgroups of atoms in
the structure, such as SUMO chain in Ubc9-SUMO structure. While defining the time
period of simulations to be included in calculations, the equilibration period, defined

from the root mean square deviations of residues from initial structure, are eliminated.

AR; = (Ri(t) - R}) (2.8)
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where AR; is the mean square fluctuation of residue i, and R is the initial position
of residue 7. The brackets represent time averages over recorded snapshots. The re-
sults are represented in the form of B-factors, which is (8/3)7? times the mean square

fluctuation.

The normalized orientational cross-correlations between residue pairs are defined

as

(AR;AR))

O By AR

(2.9)

where AR, is the fluctuation in the position vector R; of site ¢ and AR; is the fluctu-
ation in the position vector R; of site j. The cross-correlations vary in the range [-1,
1] with the lower and upper limit indicating fully anti-correlated and correlated fluc-
tuations, respectively. The mean square fluctuation correlations are calculated for the
total length of the simulations, excluding the equilibration periods. Additionally, the

correlations in the time intervals defined by clustering analysis are calculated explicitly.

2.6. Pseudo-Dihedral Angle Fluctuations

The pseudo-dihedral angles are defined on the basis of virtual bonds between

a carbons. Schematic presentation of the virtual bond model for a protein segment

o

(i+1) 1s given in Figure 2.4. ¢; is the rotational

between backbone units: 08—2) and C
angle of the i** virtual bond, defined by the respective locations of the four backbone

«

units 0(0;72),0(0{-,1), (Oé)a (i+1)"

Figure 2.4. Pseudo-dihedral Angle Model
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The means of fluctuations of pseudo-dihedral angles from the mean value during

simulation are utilized for determining the flexibilities of the bonds (Equation 2.10).

Ag; = ((t) — &1) (2.10)

2.7. Virtual Bond Vector Correlations

The virtual bond vectors are defined as the normalized vector M; from the «
carbon Cf;_,) of residue -1 to the o carbon Cf, of residue i (Figure 2.5).

M;
Cai-1) —— Cu)

Figure 2.5. Virtual Bond Vector

The normalized time-delayed auto-correlations of virtual bond vectors are defined

OM;(1) = (M;(t) My (t + 7)) (2.11)

where M;(t) is the virtual bond vector 4 at time ¢ and M; (¢ + 7) is virtual bond vector
1 at time t + 7. The brackets represent time averages over recorded snapshots. The
virtual bond vectors are unit vectors by definition, therefore there is no need additional
normalization in calculation of correlations in Equation 2.11. The auto-correlations
are in the range [-1, 1] with the lower and upper limit indicating fully anti-correlated
and correlated virtual bond positions, respectively. 7 = 0 gives the equal-time auto-
correlations, which is 1 for all virtual bond vectors. The correlations are calculated for
several time delays (7), starting from 0 and ending at 30 ns. The highest value of the
time delay (30 ns) is selected to be higher than half simulation times, which are 50 and

58 ns for Ubc9-SUMO-RanBP2 and Ubc9-SUMO complexes, respectively.
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2.8. Gaussian Network Model

Elastic network models are models constructed with the aim of studying the
dynamic behaviors of proteins. In elastic network models the C“ of amino acids con-
structing the protein are taken as nodes, and each node is connected to the neighboring
nodes, within a defined cutoff distance, with a spring. The cutoff is usually defined
as 7.0 A, which corresponds to the first coordination shell radius in protein structures
(Rader et al., 2006). This model does not include detailed chemical information, dy-
namics are defined only using the topology of a structure, but it makes it possible
to observe collective motions in large structures (Chennubhotla et al., 2005; Rader
et al., 2006). Another advantage of Elastic Network Models is that they require less
computational time compared to methods like molecular dynamics, while providing

information on the large scale motions.

The equilibrium position vector and the instantaneous position vector of the 3"

node of the network can be used to define its fluctuations as:

AR; = R; — R} (2.12)

Then the fluctuations in the distance vector between two residues i and j can be ob-

tained using their individual fluctuations (Bahar et al., 1997):

Assuming isotropic and Gaussian fluctuations, and decomposing the position vec-
tor into its components, the following potential can be defined for the network composed

of N nodes:
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N
Vanm = 5 S THl(AX; — AX))? + (AY; — AY))? + (AZ; — AZj)?] (2.14)

Where T' in Equation 2.14 defines the connectivity (Kirchhoff) matrix, and ij®

element is defines as in Equation 2.15:

4

-1 if i# jand Ry < 71,
Iyy=10 if i#jand Ry > e (2.15)

|~ g =1

In Equation 2.14, v represents the force constant of the springs of the network.
It is taken to be uniform for all springs, indicating no distinction between bonded and

non-bonded residues inside the cutoff distance.

The main interest in constructing the model is on mean square fluctuations of
a single residue, and correlated fluctuations of residues. The formulations are given

respectively in Equations 2.16 and 2.17.

(AR;.AR;) = (AX}) + (AY?) + (AZ?) (2.16)

(AR;.AR;) = (AX;AX;) + (AY;AY;) + (AZAZ) (2.17)
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Including the isotropic and Gaussian probability distributions, after necessary
calculations and substitutions, the fluctuations can be defined by Equations 2.18 and

2.19

(AR?) = 3ij(F_1)n‘ (2.18)
(AR, AR;) = Bij(F_l)ij (2.19)

At this level, the connectivity matrix is decomposed into three matrices: U for

eigenvectors u;, A for eigenvalues \; and the transpose of U (Equation 2.20)

I'=UAU" (2.20)

In this representation, the eigenvalues give the frequencies of individual modes
(defining fast or slow modes), and eigenvectors gives the shapes of the modes. Fast
modes will point out residues that may be functionally important, while slow (low

frequency) modes will give clues about the global motion (Rader et al., 2006).
2.9. Contact Map Construction
The contact maps are plots of contact matrices, generated from the pairwise

distances of C'* of residues. The maps demonstrate the residues that are in contact

distance, according to a pre-defined cut-off distance. The distances between residue
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pairs for a snapshot are calculated as:

where R; is the position of Cf* of residue ¢, R; is the position of Cf' of residue j and

d; ; is the distance between these atoms.

Selecting a cut-off distance, the contact matrix is constructed. The definition of

elements of the contact matrix is given in Equation 2.22.

1 ifd;; < cut—off
Cont i, j) = ’ (2.22)

0 ifdi; > cut—off
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3. RESULTS AND DISCUSSION

3.1. Mobility and Flexibility of Structures from MD Simulation

Trajectories

3.1.1. Root Mean Square Deviations from Initial Structures

Root-mean-square deviation (rmsd) of a conformation is calculated by aligning its
alpha-carbon backbone to the initial structure of MD simulation and then calculating
the deviation of each atom from its initial position as averaged over all atoms. 500

snapshots per nanosecond are used in calculations.

Rmsd values are used not only to reflect an overall view of the extent of motion
of the protein in the course of simulations, but also to determine the equilibration
period. In this section, isolated Ubc9 is shown to be a rigid protein as compared
to isolated SUMO. The equilibration periods for all structures, isolated Ubc9, isolated
SUMO, Ubc9-SUMO complex, and Ubc9-SUMO-RanBP2 complex, are determined.For
isolated SUMO only, a subgroup of residues is determined for the alignment of the
generated conformations, for the following calculations. The change in the orientation
of the chains with respect to each other is detected in Ubc9-SUMO complex. RanBP2,
nevertheless, is shown to eliminate this orientation change in Ubc9-SUMO-RanBP2

complex.

3.1.1.1. Isolated Ubc9 and SUMO proteins. The isolated Ubc9 has an rmsd of around

2 A throughout the 32.5 ns simulation. There are no significant fluctuations in rmsd
except for the slight increase around 9 and 20 ns of the simulations (rmsd below 2.5
A) (Figure 3.1). Rmsd of Ubc9 does not show significant changes in the rmsd values

in a time correlated manner.

The simulations of isolated Ubc9 are to provide a basis for the comparison of
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Ubc9-SUMO and Ubc9-SUMO-E3 complexes. The changes in the behavior of Ubc9
by the complex formation with SUMO and SUMO-E3 are followed throughout the
simulations. The equilibration period is takes as 2.5 ns in the analysis of Ubc9 MD

trajectories.

Ube® 32.5ns

-
w

rmsd (angstrom)

-
T
I

0 I 1 I 1 I I
5 10 15 20 25 30

time (nanosec)
Figure 3.1. Isolated Ubc9 Root Mean Square Deviations from the initial structure

throughout the trajectory. The stabilization of the protein corresponds to 2.5 ns

SUMO in its complex structures does not have its mobile N-terminus tail. On
the other hand, this region together with the C-terminus HSTV residues cleaved at
maturation exists in its isolated structure (PDB code: 1A5R). The high mobility of
this N-terminus tail is reflected in the rmsd values of the isolated SUMO simulations
(Figure 3.2, red). As the high mobility of this loop region overweight the fluctuations,
the rmsd values are also calculated without this very highly mobile region. The N-
terminal loop region, first 21 residues (from -1 to 19), and also four C-terminal residues
are excluded in the analysis. This is also to have a correspondence between SUMO in

isolated and in complex states.

The rmsd of truncated SUMO is significantly smaller, yet still being around 3 A.
Nevertheless, the core region of the protein is significantly less mobile when compared

to the full length SUMO. The course of the rmsd values suggests that first 4-5 ns is the
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equilibration period. The trajectory of 5-35 ns, which reflects a dynamic equilibrium

in the fluctuations, is utilized in the present analysis.

SUMO 35 ne

10 —

ngstrom)

——full lzngth SUMO
—truncated SUMO

s (a

Figure 3.2. Isolated SUMO Root Mean Square Deviations from the initial structure
throughout the trajectory. The rmsd for full length SUMO (red) and the rmsd with

elimination of the N-terminal unstructured tail (blue).

3.1.1.2. Ubc9-SUMO complex. The Ubc9-SUMO complex structure displays a large

amplitude change in its rmsd values between 5 and 12 ns. (Figure 3.3). This is
due to the fact that the Ubc9-SUMO complex structure is extracted from a complex
structure with additional members, namely the sumoylation target, RanGAP1, and
the E3 enzyme, RanBP2, (PDB code: 17Z5S). It is thus expected to observe longer
equilibration periods and high rmsd values from the initial structure. The high rmsd
values could be due to the internal relaxation of individual proteins and as well as
the relative motion of the two proteins with respect to each other in the absence of
other components of the complex structure. To elaborate the source of the deviation,
the Ubc9 and SUMO chains are aligned individually and then the rmsd values are
recalculated (Figure 3.4).

It is seen that both chains of Ubc9-SUMO complex are quite stable with relatively

small jumps between 25-40 ns. This indicates that the deviation is mainly caused by
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Ubc9-SUMO 56 ns
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Figure 3.3. Ubc9-SUMO rmsd from the initial structure throughout the trajectory.
The increase between 5 and 12 ns indicates a significant change in structures of the

proteins. The origin of this jump is shown to be the change in quaternary structure.
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Figure 3.4. Individually Aligned Ubc9 and SUMO from Ubc9-SUMO complex, rmsd
from the initial structures throughout the trajectory. The sudden increase in the

rmsd is not observed in rmsd values generated from individually alignment of chains.
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an alteration in quaternary structure of the complex between 5 and 12 ns, rather than

the changes in the secondary or tertiary structures.

The snapshots of the trajectory points out the change in SUMO orientation in
the complex (Figure 3.5). In the figure The structures of the complex at 5 ns (green)
and 12 ns (blue) are displayed. The structures are aligned via the Ubc9 structure
and color coding is applied to SUMO only, to demonstrate the SUMO motion clearly.
While there are fluctuations in its position; SUMO, once moved, does not go back to
its orientation in its crystal state during the 58 ns simulation. The jumps in the rmsd
values of individually aligned chains originate from the motion of specific loops, the

details of which will be discussed in following sections.

Figure 3.5. Snapshots form Ubc9-SUMO simulation at 5 ns and 12 ns. The structure
at 5 ns and at 12 ns are represented in green and blue, respectively. The structures

are aligned via Ubc9 chains, and color coding is applied to SUMO chains only.

The Ubc9-SUMO complex is expected to have a long equilibration interval. From
the profile of rmds values in time, initial 12 ns is taken as the equilibration period.
Nevertheless, as the change in the quaternary structure with the absence of E3 is also
of interest, the initial period after 0.5 ns is also incorporated for some analysis, as will

be discussed below.
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3.1.1.3. Ubc9-SUMO-RanBP2 complex. The dynamics of Ubc9-SUMO-RanBP2 com-

plex, as compared to Ubc9-SUMO complex, does not display jumps in positions of some
residues with respect to the initial structure (Figure 3.6). Similarly, the individually
aligned chains in the complex structure does not reveal significant jumps (Figure 3.7)

during the 50 ns trajectory. The equilibration period is considered here as 0.4 ns.

Ubc9-SUMO-E3 50 ns
T T T

a
&
I

rmsd (angstrom)

Ube9-SUMO-E3(complex1 )‘
T T T

0 1 1 1 1 1 1 ‘
5 10 15 20 25 30 35 40 45 50

time (nanosec)

Figure 3.6. Ubc9-SUMO-RanBP2 Root Mean Square Deviations from the initial

structure throughout the trajectory.

Snapshots from the MD trajectory also show that in the Ubc9-SUMO-RanBP2
complex, SUMO does not go through the orientational change observed in Ubc9-SUMO
complex. The loop regions are mobile, but the orientation of the secondary structural
elements are more stable (Figure 3.8). In fact, although not significant, the change
in the orientation seen for SUMO in Ubc9-SUMO RanBP2 complex is in the opposite
direction of the motion of SUMO in Ubc9-SUMO complex (Figure 3.9).

The spanned conformations of the covalently bound Ubc9-SUMO are limited in
the existence of RanBP2. This is reflected in the profile of the rmds values. The
conservation of the orientation of SUMO with respect to Ubc9 with the simulations of
Ubc9-SUMO and Ubc9-SUMO-RanBP2 complexes is consistent with the proposed role

of RanBP2; the restriction in the conformational/configurational space of the Ubc9-
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—— UbcS(eomplext)

——— SUMO{complext)

5 10 18 20 % a0 E3 a0 15

Figure 3.7. Individually Aligned Ubc9 (Upper lane), SUMO (Middle Lane) and
RanBP2 (Lower Lane) rmsds from Ubc9-SUMO-RanBP2 complex.

Figure 3.8. Snapshots from Ubc9-SUMO-RanBP2 simulation at 6.7 and 44.7 ns.
Ubc9 is represented in light blue, RanBP2 is represented in pink in both snapshots.
The structure of SUMO at 6.7 ns and at 44.7 ns are represented in green and blue,

respectively. The structures are aligned via Ubc9 chains.
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Figure 3.9. Orientation of SUMO snapshots of
Ubc9(blue)-SUMO (magenta)-RanBP2(pink) (10 ns) and Ubc9(blue)-SUMO(green)

(15 ns) complexes. The structures are aligned via Ubc9 chains.

SUMO complex and thus prevention of the non-productive conformations of Ubc9-
SUMO (Reverter and Lima, 2005). This is further investigated with respect to the

interactions of residues and correlations between the fluctuations of residues.

3.1.2. Mean-square fluctuations of Ubc9 and SUMO in Ubc9-SUMO and
Ubc9-SUMO-RanBP2 complexes

The mean-square fluctuation of each residue in Ubc9-SUMO complex structure
is calculated within a time window of 57.5 ns and 49.6 ns, excluding the initial 0.5
and 0.4 ns with and without RanBP2, respectively. The peaks in the distribution of
fluctuations suggest mobile regions of the structure, whereas the minimum fluctuating
regions may point to the hinge sites of the structure. Further, the differences in the
fluctuations with and without RanBP2 reveals the residues that are affected from
binding and may provide clues for the underlying mechanism of Ubc9 and RanBP2
functioning. For simplicity, Ubc9-SUMO-RanBP2 complex is referred as ”complex1”
and Ubc9-SUMO complex is referred as ”complex2” in figure legends.



37

In this section of the study, Ubc9 residues between Val27 and Met39 are shown to
have increased mobility upon SUMO binding, in Ubc9-SUMO complex. This mobility
is again reduced with the RanBP2 binding in Ubc9-SUMO-RanBP2 complex. This
may be related to the motivation of RanBP2 binding to Ubc9-SUMO complex; this
will be discussed below. The binding of RanBP2 to Ubc9-SUMO complex is also shown
to reduce the mobility of the region between Glu98 and Asp102 of Ubc9. This region
contains residues Aspl100 and Lys101, which are functional in target recognition. This
region is far from RanBP2 binding sites and thus the reduced mobility suggests an
allosteric effect of RanBP2 on Ubc9 that enhances the sumoylation efficiency. The
mean square fluctuations point out an overall stabilization of SUMO protein in both

Ubc9-SUMO and Ubc9-SUMO-RanBP2 complexes.

3.1.2.1. Individual Ubc9 and SUMQ. The fluctuations of residues of SUMO are cal-

culated for both full-length protein and for a subgroup of residues, eliminating 21
N-terminal residues (from -1 to 19) and 4 C-terminal residues form calculation. The
alignment of the conformations of the MD trajectory is affected by the mobility of
N-terminus, and results for full length SUMO are misleading (Figure 3.10). The fluc-
tuations calculated by excluding these mobile residues are used in the discussion of the
following sections. As seen, SUMO is highly mobile; with the peaks around residues
His3b, Lys45-GInb5, and Glu85. The experimental temperature factors are not avail-
able for the comparison with the calculated mean-square fluctuations. The available

experimental structure of SUMO is determined by NMR (Bayer et al., 1998).

Unlike SUMO, Ubc9 is a rather rigid protein with only peaks around residues
His20, Lys30, Pro80- Gly90, Asp100, and Leul20-Asn140. All these regions correspond
to the binding sites of Ubc9 either with RanBP2 or target proteins, as will be elaborated
below. The effect of E3 ligase, RanBP2, binding on these sites are of interest here.
The experimental temperature factors of Ubc9 do not exactly overlap the results of

simulations, but the envelope is similar with same regions indicated as mobile (Figure

3.11).
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Figure 3.10. Isolated Positional Mean Square Fluctuations of SUMO protein. a) Red
line is the MSF calculated from full length SUMO, blue line is the result of
calculations using the truncated region only. b) Close view of Positional MSF for

truncated SUMO.
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Figure 3.11. Isolated SUMO Positional Mean Square Fluctuations. The experimental
positional MSF (magenta) and positional MSF calculated from trajectory.
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3.1.2.2. Ubc9-SUMO and Ubc9-SUMO-E3 complexes. While calculating the mean-

square fluctuations for the complexes, the change in the quaternary structure, i.e.,
the orientations of the two structures of the complex with respect to each other, affect
the calculated fluctuations due to improper alignment of the structures. Especially in
Ubc9-SUMO complex, the small size and high overall mobility of SUMO causes im-
proper alignment of SUMO residues resulting in misleading values for the fluctuations.
This is coped by aligning each chain individually (Figure 3.12). The figures presenting
the fluctuations of residues with the alignment of each individual chain and the full
complex structure for the systems of Ubc9-SUMO and Ubc9-SUMO-E3 can be found
in Appendix A. In the comparison between different systems, the fluctuations based

on the alignment of individual chains are utilized.

temperature factors complex2
300F T T T T

I I I 3
— SUMO in UbcD - SUMO complex
——— SUMO individually aligned

280 -

Figure 3.12. Alignment effects on SUMO Positional Mean Square Fluctuations. The
positional msf calculated by alignment of the whole complex (black) and calculated

by alignment of individual the chain upon itself (red).

Upon binding to SUMO, residues Val27 to Met39 in Ubc9 gain high mobility.
These residues mark the first and second (-sheets of Ubc9, and the loop in between.
The (-sheets serve as binding sites for E3 enzyme, RanBP2 (Reverter and Lima, 2005).

This region of Ubc9 possesses already high fluctuations in the isolated state, but the
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mobility is further enhanced in SUMO bound state. Following E3 binding, the fluc-
tuations are reduced back to the values in the unbound state of Ubc9 (Figure 3.13).
High mobility of this region is also responsible for the jumps observed in the rmsd
profile of Ubc9 in complex with SUMO (Figure 3.13). The change in the mobility of
this site, which serves as a binding site for E3 enzyme, RanBP2, should obviously have
a functional significance: The enhanced mobility may mark the SUMO bound Ubc9
for E3 interaction. This notion is further supported by the correlations between the

fluctuations of residues in Section 3.4.

Ubc9 temperature factors
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Figure 3.13. Ubc9 positional Mean Square Fluctuations upon Complex Formation are
displayed. MSF in Ubc9 - SUMO -E3 complex (green), in Ubc9-SUMO complex
(black) and in unbound form (blue) demonstrate the differential effects of each bound

chain on Ubc9. Values in complexes are calculated by individual alignment of Ubc9.

In addition to residues from Val27 to Met39, residues between Glu98 and Asp102
of Ubc9 have increased mobility with SUMO complexation, compared to its unbound
state. Similar to the (3-sheet regions, the fluctuations of this loop are lowered upon
binding of the E3 enzyme, RanBP2. This loop has a functional role in the sumoylation
mechanism; residues Aspl00 and Lys101 take part in target recognition (Tatham et
al., 2003; Yunus and Lima, 2006). The E3 enzyme, RanBP2 does not have direct
contacts with this loop. On the whole, this result is consistent with the suspected

allosteric effect of RanBP2 on Ubc9 target recognition (Pichler et al., 2002; Reverter
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and Lima, 2005).

The fluctuations of active cysteine Cys93 of Ubc9 is restricted in both complexes,
with and without E3 as compared to unbound state of Ubc9. This is expected as this
region is covalently bound to SUMO. Additionally, the residues from Asn124 to Pro128
also have reduced fluctuations compared to unbound Ubc9 in both complexes. The loop
harbors residues Asp127 and Pro 128, which are in contact with the consensus sumoy-
lation tetra-peptide motif (Bernier02). This loop is close to the active cysteine and
covalently bound SUMO C-terminus in both Ubc9-SUMO and Ubc9-SUMO-RanBP2
complexes. Therefore, the restriction in the fluctuations of this loop may be a result
of SUMO binding alone, independent of RanBP2 binding. The active site and the
loop harboring functional residues in target recognition are less mobile in Ubc9-SUMO
complex relative to the unbound Ubc9. The E3 enzyme, RanBP2 binding does not
supply further stability to these regions. The ability of SUMO binding to alter the
fluctuations of these active sites may be correlated with the ability of Ubc9 to function

without the aid of an E3 enzyme.

SUMO temperature factors
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Figure 3.14. SUMO Positional Mean Square Fluctuations upon Complex Formation.
MSF in Ubc9-SUMO-E3 complex (green), in Ubc9-SUMO complex (black) and in

unbound form (blue). Values in are calculated by individual alignment of SUMO.

The mean-square fluctuations of SUMO are significantly reduced compared to
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the unbound states in both complexes. (Figure 3.14) The two peaks, where the fluctu-
ations are higher in Ubc9-SUMO and Ubc9-SUMO-RanBP2 complexes relative to the
unbound state of SUMO are GIn69 and Glu84. To the present knowledge, these regions
do not seem to have a functional role related to the steps of sumoylation mechanism
within the scope of this study. Nevertheless, these residues could be taken as plausible

functional sites proposed by the present work.

3.1.3. Pseudo - Dihedral Angle Fluctuations

The mean values of pseudo-dihedral angle fluctuations reflect the flexible regions
of a protein involved in its dynamics. Here, the pseudo-dihedral fluctuations of Ubc9-
SUMO complex, with E3, RanBP2, and without E3 highlight the changes in the flexi-
bility between the two.

The comparison of the pseudo-dihedral fluctuations between Ubc9-SUMO and
Ubc9-SUMO-RanBP2 complexes do not reveal significant changes in the flexibility of
Ubc9. On the other hand, SUMO experiences the decrease in its flexibility (Figure
3.15) at the two main regions with the binding of Ubc9-SUMO to RanBP2. The
region starting from residues Glu33-Ile34 and ending at residues Tyr41-Tyr42 of SUMO
have reduced flexibility in Ubc9-SUMO-RanBP2 complex, as compared to Ubc9-SUMO
complex. These residues construct the 3 - sheets of SUMO that pack with RanBP2
N -terminal (3-sheet. The fluctuations of pseudo-dihedral angles point out limited
changes in the flexibility of Ubc9 with RanBP2 binding to Ubc9-SUMO complex. The
main changes are observed in SUMO flexibility when RanBP2 binds to Ubc9-SUMO
complex. Together with the orientation change in Ubc9-SUMO structure, implied by
the rmsd values in the simulations, suggest that RanBP2 mainly affects the dynamics
of SUMO. In sumoylation mechanism, RanBP2 protein limits the mobility and reduces
the flexibility of SUMO.. The present dynamic analyses of virtual rotational angles
of the structures define these conformational restrictions as positioning SUMO to an

efficient orientation for conjunction.
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Figure 3.15. Mean Pseudo-Dihedral Angle Fluctuations of Ubc9-SUMO (black) and
Ubc9-SUMO-RanBP2 (green) complexes.

3.1.4. Time Delayed Auto-Correlations

The auto-correlations of virtual bond vectors in time are monitored at various
time delays. The equilibrium values that these correlations decay and the correlation
times reflecting how fast those equilibrium values are reached differ in Ubc9-SUMO

and Ubc9-SUMO-RanBP2 complexes.

In Ubc9-SUMO-RanBP2 complex, the correlations of virtual bonds are not lost
although the time delay is increased up to 30 ns. (Figures 3.16 and 3.17) For almost all
virtual bond vectors, the time delayed auto-correlations are above 0.9. When the auto-
correlations with time delays up to 30 ns are normalized, it is seen the correlation times
are low (Figure 3.18). The virtual bond vectors do not have oreintational mobility and
the memory with respect to their orientations for these bond vectors are preserved

throughout the trajectory.
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Figure 3.17. Time delayed auto-correlations of Virtual Bond Vectors at selected
delays for Ubc9-SUMO-RanBP2. Auto-correlations of virtual bond vectors at 6 ns

(blue), 12 ns (cyan), 18 ns (pink), 24 ns (green) and 30 ns (yellow) are represented.
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plotted for each virtual bond vector in the boxes.

Ubc9-SUMO-RanBP2 complex. The correlations with increasing time delay are
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In Ubc9-SUMO complex, the bond vectors lose their the orientational correlations
as compared to Ubc9-SUMO-RanBP2 complex (Figure 3.19 and 3.20).The virtual bond
vectors have higher orientational freedom as compared to Ubc9-SUMO-RanBP2 com-
plex. The changes between the allowed conformations of the virtual bonds take place
in longer times, which leads to higher correlation times, i.e., lower relaxation rates

(Figure 3.21).

Additional to the general behavior of the virtual bonds in complexes, specific
residues proposed to be affected by RanBP2 binding in the previous sections are further
investigated here. Aspl00 and Lys101 of Ubc9 are functional in recognition of the
targets (Tatham et al., 2003; Yunus and Lima, 2006). The mobilities and orientational
freedoms of these two residues and near neighboring residues are shown to be reduced
upon RanBP2 binding in Sections 3.1.2.2 and 3.2.2.1. The auto-correlations of the
virtual bond vectors between Glu99-Asp100 and Asp100-Lys101 in Ubc9-SUMO and
in Ubc9-SUMO-RanBP2 complexes openly demonstrates that the orientational space of
these bond vectors is quite reduced for the latter (Figure 3.22). This also suggests that
RanBP2 binding to Ubc9-SUMO complex aligns these residues to a position favoring
the transfer of SUMO from Ubc9 to target proteins. Together with the fact that
these residues are far from RanBP2 binding sites on Ubc9, the limitations exerted on
Asp100 and Lys101 of Ubc9 can be suggested as an allosteric effect of RanBP2 binding,

increasing the efficiency of sumoylation reaction, on Ubc9-SUMO complex.

Other than the residues around Aspl00, Figures 3.17 and 3.20 point out the
region around Lys30 of Ubc9 with altered flexibility upon RanBP2 binding. This region
corresponds to the highly mobile region of Ubc9-SUMO complex, which has reduced
mobility upon RanBP2 binding. The virtual bonds around Gly68 of SUMO have
low auto-correlation values in both Ubc9-SUMO and Ubc9-SUMO-RanBP2 complexes.
This residue is at a flexible loop region of SUMO.
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Figure 3.19. Time delayed auto-correlations of Virtual Bond Vectors for Ubc9-SUMO
complex. The correlations with increasing time delay are plotted for each virtual

bond vector in the boxes. Red lines represent the zero lines.
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Figure 3.20. Time delayed auto-correlations of Virtual Bond Vectors at selected
delays for Ubc9-SUMO. Auto-correlations of virtual bond vectors at 6 ns (blue), 12

ns (cyan), 18 ns (pink), 24 ns (green) and 30 ns (yellow) are represented.
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Figure 3.22. Virtual Bond Vector between Aspl100 and Lys101. The orientations of
the vector in a) Ubc9-SUMO-RanBP2 complex and b) Ubc9-SUMO complex
demonstrate the restricted flexibility of the bond in the RanBP2 bound complex.

3.2. Differing Interactions of Functional Residues in RanBP2 bound and
unbound Ubc9-SUMO complexes

In the proposed models, E3 enzyme, RanBP2, binding enhances the sumoylation
rates by allosteric effects, preventing unproductive orientations of proteins (Pichler
et al., 2002; Reverter and Lima, 2005). The observed conformational restriction in-
duced upon Ubc9 and SUMO by RanBP2 binding in the present simulations is in
accord with this model. To determine the interactions underlying the effectiveness of
favored conformations is the next step of analysis. The contact maps of the conforma-
tions throughout the simulations are plotted to monitor the changes in the interacting
residues. The interactions revealed with the contact maps, together with known Ubc9-
SUMO interaction sites, are followed throughout the trajectories of Ubc9-SUMO and
Ubc9-SUMO-RanBP2 complexes. The changes in the interaction distances are tried

to be functionally characterized.

The discussed functional Ubc9 residues Aspl00 and Lys101 are shown to move
away from the catalytic site of the complex, which is Cys93 of Ubc9. Among the residue
pairs suggested to form hydrogen bonds, three interactions are shown to have differing
dynamics in Ubc9-SUMO and Ubc9-SUMO-RanBP2 complexes. Additionally, new
potential hydrogen bonds are identified; this interactions may help SUMO retain its

new orientation with Ubc9.
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3.2.1. Contact Maps

The contact maps are calculated for the conformations of Ubc9-SUMO and Ubc9-
SUMO-RanBP2 structures, sampled at every 5 ns and for the representative structures
selected by the clustering analysis (Representative structure selection is discussed in
detail in Section 3.3). Among the regions that show fluctuations in the contact dis-

tances, two regions are selected for further analysis. The maps are given in Appendix

B.
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Figure 3.23. Ubc9-SUMO Contact Map at 5 ns, with cut-off distance 74

The first group includes the residues preceding the catalytic sites of Ubc9, and C-
terminal tail region of SUMO. The distances among these residues fluctuate throughout
the simulation. These sites on Ubc9 and SUMO are close to the catalytic sites on both

proteins, thus any interactions arising among these residues might be of importance.

The second group of residues includes the regions between Ser70 - Lys74 of Ubc9
and I1e96-Lys101 of Ubc9. The residues of interest harbor Lys74, functional in binding
to consensus sumoylation motif, and Aspl00 and Lys101, functional in target recog-

nition (Bernier-Villamor et al., 2002; Tatham et al., 2003; Yunus and Lima, 2006)).
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Figure 3.24. Ubc9-SUMO Contact Map at 10 ns, with cut-off distance 7 A
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Figure 3.25. Ubc9-SUMO Contact Map at 58 ns, with cut-off distance 7 A
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Figure 3.26. Ubc9-SUMO-RanBP2 Contact Map at 5 ns, with cut-off distance 7 A
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Figure 3.27. Ubc9-SUMO-RanBP2 Contact Map

at 10 ns, with cut-off distance 7 A
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Figure 3.28. Ubc9-SUMO-RanBP2 Contact Map at 50 ns, with cut-off distance 7 A

Further investigation of these regions does not reveal potential strong interactions such
as hydrogen bonds between these regions, but the change in distance implies aletrations
in orientations of related residues. Since residues Asp100 and Lys101 are thought to be
responsible in interactions with the target (Tatham et al., 2003; Yunus and Lima, 2006),
their orientation with respect to the reaction site should be of importance. Taking to-
gether the observations of the increase in mean square fluctuations of residues Asp100
and Lys101 with SUMO binding and the decrease of the mean-square fluctuations with
RanBP2 binding, it is decided to monitor the distances between Asp100 and Lys101

and active cysteine.

Additional to these two groups of residues, during the simulation of Ubc9-SUMO
complex, residues Lys18-Phe22 of Ubc9 and residues Gly28-Ser32 of SUMO come into
contact distance. This decrease in the distance between the two regions is initially
observed at the time interval corresponding to the orientation change of SUMO, and
is not lost throughout the 58 ns simulation. The loop on Ubc9 includes E3 enzyme,
RanBP2, binding site and the loop on SUMO corresponds to the loop between the
(-sheets, which pack with RanBP2 [(-sheet. In the existence of RanBP2, instead of
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interacting with each other, these sites interact with the binding sites on E3. . The
interactions arising in Ubc9-SUMO complex, between Ubc9 and SUMO residues that
are significant in RanBP2 binding for both proteins, imply functional importance. On
the other hand, no potential interactions strong enough to have a structural role are

identified in this region.

3.2.2. Functional and Structural Interactions between Ubc9 and SUMO

residues

3.2.2.1. Orientation of Aspl00 and Lys101 of Ubc9 with respect to the catalytic site.

Aspl100 and Lys101 of Ubc9 display increased mobility when Ubc9 forms a complex
structure with SUMO. Nevertheless, the binding of RanBP2 reduces this mobility, as
can be seen from Figure 3.13. The distances of Aspl00 and Lys101 to the active
cysteine Cys93 are given in Figures 3.29 and 3.30, respectively.

UbcS-SUMO-E3

distance

10 I 1 I I I
5 10 15 20 25 30 35 40 45 50

time (ns)

Ubc9-SUMC

distance

1 1 1
5 10 15 20 25 30 35 40 45 50 55
time (ns)

Figure 3.29. Distance between center of masses of residues Cys93 and Asp100 of
Ubc9 throughout the trajectories. Upper lane is the distance for Ubc9-SUMO-E3

complex, and lower lane is the distance for Ubc9-SUMO complex

The fluctuations of the distances clearly show that both residues change their

positions with respect to the thioester bond in Ubc9-SUMO complex and RanBP2
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Figure 3.30. Distance between center of masses of residues Cys93 and Lys101 of Ubc9
throughout the trajectories. Upper lane is the distance for Ubc9-SUMO-E3 complex,
and lower lane is the distance for Ubc9-SUMO complex

fixes the distance between these residues. While Asp100 moves away from the SUMO
bound active cysteine in short time intervals, the increase in the distance is more evident
between Lys101 and C93. In short, the residues Aspl00 and Lys101, functional in
recognizing the approaching targets, are fixed upon RanBP2 binding. This restriction
in the fluctuations with respect to the catalytic sites should be one of the factors
increasing the reaction efficiency. This is an indication of an allosteric effect of RanBP2
on Ubc9, as these residues are at the opposite surface of Ubc9 with respect to RanBP2

binding sites.

3.2.2.2. Lost interactions of structural significance in Ubc9-SUMO simulation. Among

the interactions between Ubc9 and SUMO, the interactions between Arg63 of SUMO
- Glul22 of Ubc9, GIn29 of SUMO - GInl11l of Ubc9 and GIn92 of SUMO - Argl04
of Ubc9 (Figure 1.3) have differences in their stabilities in Ubc9-SUMO and Ubc9-
SUMO-RanBP2 complexes.
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Residues Arg63 of SUMO and Glul22 of Ubc9 are in hydrogen bonding distance
in the crystal structure. The hydrogen bonding distance is preserved in the simula-
tions of Ubc9-SUMO-RanBP2, but this interaction is unstable and lost in Ubc9-SUMO
complex after approximately 42 ns (Figure 3.31). One of the interactions of structural
significance between SUMO and Ubc9 is lost when Ubc9-SUMO complex functions
alone without E3 enzyme, RanBP2.

Ubc9-SUMO-E3

distance
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time (ns)

Ubc9-SUMO

distance
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Figure 3.31. Distance between carbon atoms of residues Arg 63 of SUMO and Glul22
of Ubc9 throughout the trajectories. Upper lane is the distance for Ubc9-SUMO-E3

complex, and lower lane is the distance for Ubc9-SUMO complex

Residues GIn29 of SUMO and GInl1l of Ubc9 are also in hydrogen bonding
distance in the crystal structure. The interaction can be seen in the Ubc9-SUMO-
RanBP2 simulations (Figure 3.32).Although the distance is slightly longer and the
angle is slightly distorted for a classical hydrogen bond, there is an interaction between
these residues. On the other hand, the distance between these two residues increases to
approximately 9 A at the initial steps of the simulation of Ubc9-SUMO and does not
decrease below 8 A thereafter. This interaction with a potential structural role is lost

and never regained in during the 58 ns simulations of Ubc9-SUMO complex structure.

Residues GIn92 of SUMO - Arg104 of Ubc9 are proposed to take part in formation
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Figure 3.32. Distance between o carbon atoms of residues GIln29 of SUMO and
GIn111 of Ubc9 throughout the trajectories. Upper lane is the distance for
Ubc9-SUMO-RanBP2 complex, and lower lane is the distance for Ubc9-SUMO

complex

of a hydrogen bond in the crystal structure of Ubc9-SUMO-RanGAP1 (target)-RanBP2
(E3 enzyme). While the crystal structure suggests such an interaction, the dynamics
reveals that these residues spend a small fraction of simulation time in an appropriate
orientation and distance for interaction (Figure 3.33). The probability of obtaining a
conformation favoring the interaction between these two sites is higher in Ubc9-SUMO-
RanBP2 complex as compared to Ubc9-SUMO complex, but the distance is too high
to suggest any preserved interaction. To this end, these contact is not indicative of a

contact that could be encountered in the average structure.

3.2.2.3. Gained interactions in Ubc9-SUMO simulation. Investigation of the residues

around the catalytic regions on both Ubc9 and SUMO proteins as proposed by the
contact maps reveals two new-formed interactions in Ubc9-SUMO complex, in the

region preceding the catalytic sites.

Residues Glul22 of Ubc9 and Gln94 of SUMO have a distance of approximately
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Figure 3.33. Distance between atoms C and N, holding the potential partners of a
hydrogen bond, of residues GIn92 of SUMO and Argl04 of Ubc9. Upper lane is for
Ubc9-SUMO-RanBP2 complex, and lower lane is for Ubc9-SUMO complex

7 A between potentially interacting atoms in Ubc9-SUMO-RanBP2 complex structure
(Figure 3.34). The same distance for Ubc9-SUMO complex structure is below 4 A
for the majority of the simulation time. The residue Glul22 is supposed to have a
hydrogen bond with Arg63 of SUMO. This bond does not exist for Ubc9-SUMO, but
instead Glul22 makes another contact with residue Gln94 within 4 A.

Glul18 of Ubc9 and GIn92 of SUMO are at 5.5 A distance in Ubc9-SUMO-
RanBP2 complex structure throughout the simulations. Ubc9-SUMO keeps this dis-
tance at 4.5 A (Figure 3.35). This strong interaction is formed after SUMO changes its
position in the Ubc9-SUMO complex. The change in position of SUMO is persistent
after 10 ns. The simulations suggest that the E3 enzyme, RanBP2, binding eliminates
this conformational change of SUMO. The timing, orientation and strength of the in-
teraction between Glull8 of Ubc9 and GIn92 of SUMO suggest that this interaction
may help SUMO stay in this altered position reached around 10 ns. The fact that the
interaction is not seen in the RanBP2 bound complex also supports this model, where
the interaction Glul118-GIn92 stabilizes the SUMO conformation that is eliminated by
RanBP2 binding.
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Figure 3.34. Distance between atoms C and N, holding the potential partners of a
hydrogen bond, of residues GIn94 of SUMO and Glul22 of Ubc9. Upper lane is for
Ubc9-SUMO-RanBP2 complex, and lower lane is for Ubc9-SUMO complex
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Figure 3.35. Distance between alpha C of residues GIn92 of SUMO and Glull8 of
Ubc9. Upper lane is for Ubc9-SUMO-RanBP2 complex, and lower lane is for
Ubc9-SUMO complex
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Ubc9-SUMO does not have exactly the same interaction network as its crystal
structure. New formed interactions may stabilize the complex in a different conforma-
tion than the conformation seen in the crystal structure (Glull8 - Gln92). Neverthe-
less, some of the lost interactions are replaced with interactions of neighboring sites
(Glul22-GIn94). New interactions may also stabilize the orientation of C terminal

SUMO tail, affecting the efficiency of the reaction without an E3 enzyme.

3.3. Representative Structures and Time Distribution of Conformations

by Cluster Analysis

Cluster analysis groups the conformations of structures according to the similar-
ity between the conformations, measured by rmds. The number of clusters and the
distribution of cluster best members at different rmsd values provide information about
the extent of mobility, as well as the unique conformers, of the complex structures stud-
ied. This reduces the conformational space sampled throughout the trajectory. The
distribution of cluster members in time provides information on sequential conforma-
tion changes.. The simulation time each cluster spans obviously correlates with the

probability of the ensemble of conformations it represents.

The cluster analysis revealed the rigidity of isolated Ubc9, relative to the com-
plexes. The conformations generated from the simulation of Ubc9-SUMO complex
formed clusters distributed to a well defined time intervals throughout, The mobil-
ity of the region around residue Lys30 of Ubc9 and the orientation change of SUMO
are highlighted outcomes. Conformations of Ubc9-SUMO-RanBP2 complex leads to a

smaller number of clusters with similar percentages of occupied simulation time.

3.3.1. Clusters of Isolated Ubc9 structure

The trajectory of the unbound Ubc9 cannot be divided into more than one cluster
until the rmsd is reduced to 1.5 A. The rmsd of each snapshot from the centroid of
related cluster is plotted against time in Figure 3.36 (a), members of Cluster 1, Cluster

2 and Cluster 3 are color coded, respectively, in black, red and blue. The rmsd values
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between the respective centroids are around 1 A. Ubc9 is a rather rigid and stable

protein throughout the simulation, excluding the loop regions (Figure 3.37).
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18

*x  clstl
* o clst2
clst3

RMSD

04 1 1 1 1 1 J
0 5 10 15 20 25 30
time (ns)
b) 3 e b ERa. S S 2 3 e
- - o— e - + + @ w4+ e+ eenmeee
(] 10 1 i)
time (ns)

Figure 3.36. Clusters of Ubc9 at 1.5 A cut-off. a) Members of Cluster 1, Cluster 2
and Cluster 3 are given in black, red and blue respectively. b) Time distribution of

members of each cluster.

3.3.2. Clusters of Ubc9 - SUMO complex

Clustering the trajectory of Ubc9-SUMO complex with 2 A rmsd results in for-
mation of four clusters (Figure 3.38). The time distribution of cluster members clearly
suggests the orientation change of SUMO during the simulation, starting at 6 ns. After
the orientational change, lesser number of clusters are formed. Additionally, the time
period between 25 to 30 ns has high rmsd. Thus, for more detailed sampling, the

analysis is continued with more representative structures obtained by clustering with
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Figure 3.37. Best member for Clusters of Ubc9 at 1.5 A cut-off. Best member of
Cluster 1, Cluster 2 and Cluster 3 are given in black, cyan, blue and magenta,

respectively.

lower rmds values.

When the rmsd value is lowered to 1.7 A, the number of clusters increases to six
(Figure 3.39). As expected, the interval from 24 to 31 ns is defined as an additional
cluster at this rmsd value. Decreasing the rmds value further leads to several additional
clusters, which is also not desired. Thus, the analysis is preferred to be carried out at

rmsd value of 1.7 A.

The interesting feature of the Ubc9-SUMO clusters is that the defined clusters
also separate the trajectory into distinct time intervals. After SUMO motion starting
at 6 ns, the clusters have members belonging to almost non-overlapping time intervals.
The cluster occupying approximately final 10 ns has members in the transition region
of SUMO orientation, and Cluster 4 also has members at the end of the simulation.

This indicates that the structure is under the dynamic equilibrium.

The simulations suggest that the Ubc9-SUMO complex structure has conforma-

tional changes occupying long time intervals. The structure goes through ordered
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Figure 3.38. Clusters of Ubc9-SUMO complex at 2 A cut-off. a) Members of clusters
are represented as black, cyan, blue, magenta, in numerical order b) Time

distribution of members of each cluster.
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Figure 3.39. Clusters of Ubc9-SUMO complex at 1.7 A cut-off. a) Members of
clusters are represented as black, cyan, blue, magenta, green and yellow, in numerical

order b) Time distribution of members of each cluster.
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motions, instead of spanning all possible conformations at all times. Clusters 4 and 6
display that, SUMO does not go back to its position in the crystal structure once it
changes its orientation. Cluster 5 signifies the mobility of the region around residue
Lys30 of Ubc9 (Figure 3.40). This region has binding sites with RanBP2 and its mo-
bility can also be observed from positional MSF, as discussed in Section 3.1.2. Cluster
analysis displays that the mobility of this region specifically increases after SUMO
changes its initial orientation, which would be prevented by RanBP2 binding. This
also suggests that the mobility may mark SUMO bound Ubc9 for RanBP2 binding.

Figure 3.40. Best member for Clusters of Ubc9-SUMO at 1.7 A cut-off. The

structures are aligned via Ubc9 chains, Ubc9 is in light blue and SUMO is in yellow
in the crystal structure. a) Best member of Cluster 4 is in blue and best member of
Cluster 6 is in green. The orientation change of SUMO is evident in both structures.
b) Best member of Cluster 5 is represented in magenta. The mobility of the region

from Val27 to Met39 of Ubc9 is represented.

The clusters with higher percentages of the simulation time represent more prob-
able conformations (Table 3.1). In the majority of the simulation time, (86.68 per cent)
Ubc9-SUMO complex attains a conformation belonging to Cluster 4, 5 or 6. All the
three clusters represent SUMO protein in its altered conformation with respect to the
crystal structure. This may indicate SUMO would most probably have this orientation

in the Ubc9-SUMO complex, in vivo.
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Table 3.1. Time Spent at each Cluster for Ubc9-SUMO Simulations

Cluster Percentage of Time Spent

1 1.42
2 7.06
3 4.82
4 48.34
) 13.24
6 25.12

3.3.3. Clusters of Ubc9-SUMO-RanBP2 complex

Clustering of the conformations of Ubc9-SUMO-RanBP2 with rmsd of A yields
four clusters. The members of the clusters are scattered into two time spans (Figure

3.41).

Members of Cluster 1 and 2 are distributed in the first 28 ns of the trajectory,
whereas the members of Cluster 3 and 4 are distributed from 28 to 50 ns. When the
best members of each cluster are superimposed, the difference in the packing between
the O-sheet of RanBP2 and (-sheet of SUMO can be seen (Figure 3.42). This change
in the conformation is the reason for the separation of the trajectory mainly into the
two time windows. Reducing the rmsd values for the clustering yields high number of
clusters. The clusters define the conformations spanned during the transition between
two conformations, where N-terminus of RanBP2 fragment is fully packed with SUMO
(-sheets, and the terminal residues of RanBP2 fragment are unpack, forming a mobile

loop (Figures C.1 and C.2).

The time the complex spends as a member of each cluster is given in Table
3.2. The percentages of time covered by each cluster are close during the simulation.
Especially if the values are considered in the context of two time windows identified by
the (-sheets, the distribution is almost the same. From 0 to 28 ns, Clusters 1 and 2

are equally distributed and from 28 to 50 ns, Clusters 3 and 4 are equally distributed.
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Figure 3.41. Clusters of Ubc9-SUMO-RanBP2 at 2 A cut-off. a) Members of Cluster
1, Cluster 2, Cluster 3 and Cluster 4 are given in black, cyan, blue and magenta

respectively. b) Time distribution of members of each cluster.

Figure 3.42. Best member for Clusters of Ubc9-SUMO-RanBP2 at 2 A cut-off. Best
member of Cluster 1, Cluster 2, Cluster 3 and Cluster 4 are given in yellow, cyan,

blue and magenta, respectively.
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Table 3.2. Time Spent at each Cluster for Ubc9 - SUMO - E3 Simulations

Cluster Percentage of Time Spent

29.6
28.1
22.5
19.8

[ O N

The best members of Cluster 3 and Cluster 4 also show some differences in packing
of the 3-sheets, the best member of Cluster 4 loosing more of the 3-sheet conformation
at the N-termini of RanBP2 (Figure 3.42). On the other hand, the equal distribution
of the members of Cluster 3 and Cluster 4 in the time interval after 28 ns suggests that
the behavior with respect to the packing of (3-sheets is under dynamic equilibrium. The
representative structures of the clusters do not define a time dependent directed motion
of the Ubc9-SUMO-E3 complex structure, such as the orientation change observed
in SUMO in Ubc9-SUMO complex. Rather, the structure of Ubc9-SUMO-RanBP2
complex is at equilibrium after unpacking of the initial residues of N-terminal (3-sheet
of the RanBP2 fragment. The change in the packing of the [-sheets do not lead
to significant changes in the interactions or correlations of residues for Ubc9-SUMO-
RanBP2 complex (Sections 3.2, 3.4). The change does not seem to be functionally
significant in the context of the steps of sumoylation mechanism that are investigated

in this study.

3.3.4. Quaternary Structure Change and Ubc9 Mobile Fragments from Clus-

ters of Conformations

The orientation change of SUMO is investigated further by analyzing the repre-
sentative structures from the clusters of conformations obtained from the simulations
of each complex. As implied by the time distribution of clusters, the representative
structures for Clusters 4, 5 and 6 of Ubc9-SUMO complex clearly demonstrates the
motion of SUMO. Lines represent the deviation of the positions of the best members
of Cluster 4 (orange), Cluster 5 (blue) and Cluster 6 (green) from the crystal structure

(Figure 3.43 (a)). The deviations are based on a-Carbons. The crystal structure is
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given in Figure 3.43 (b).

Figure 3.43. SUMO motion in Ubc9-SUMO complex. a) Deviations of best members
of Cluster 4 (orange), 5 (blue) and 6 (green) from the crystal structure. b) The
crystal structure of Ubc9 (blue)-SUMO (yellow), in the same orientation.

The regions of Ubc9, which gain mobility with SUMO binding and which have
reduced mobility with RanBP2 binding as discussed in Section 3.1.2 is represented
in Figure 3.44. Deviations of positions in the representative structures of Clusters
1 to 4 of Ubc9-SUMO-RanBP2 complex are given in Figure 3.44 (a). Similarly, the
positional deviations for Clusters 4 to 6 of Ubc9-SUMO are given in Figure 3.44 (b).
The amplitudes of the motion for the region from Val27 to Met39 of Ubc9 are reduced
upon RanBP2 binding, and the direction of motion of the N-terminal helix of Ubc9 is
changed.

The restriction of conformational flexibility in terms of the change in the qua-
ternary structure implied to the Ubc9-SUMO complex by RanBP2 binding can also
be visualized via the deviations of representative structures from the crystal structure
(Figure 3.45). The amplitude and direction changes imply SUMO possesses different
dynamics in Ubc9-SUMO and Ubc9-SUMO-RanBP2 complexes. The direction of mo-
tion is altered towards the target binding sites and mobility of SUMO is restricted in
the RanBP2 bound complex.
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Figure 3.44. Alterations in Ubc9 mobility. The fragment of the crystal structure of
Ubc9 (blue)-SUMO-RanBP2 (pink) is given in ribbon representation. a) Deviations
in Ubc9-SUMO-RanBP2 simulation. b) The deviations from Ubc9-SUMO simulation.

Figure 3.45. Alterations in SUMO mobility. The fragment of the crystal structure of
Ubc9(blue)-SUMO(yellow)-RanBP2(pink) is given in ribbon representation. a)
Deviations in Ubc9-SUMO-RanBP2 simulation. b) Deviations in Ubc9-SUMO

simulation.
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3.4. Correlations between the Fluctuations

The cross-correlations between the positional fluctuations are calculated for Ubc9-
SUMO and Ubc9-SUMO-RanBP2 complexes. The correlations are calculated using
the whole trajectory as well as the time intervals defined by the clustering analysis
(Section 3.3). For Ubc9-SUMO complex, the time period in which SUMO changes its
orientation, from 6 ns to 12 ns, is also investigated separately. The time intervals for

which the correlations are calculated for each trajectory is tabulated in Table 3.3.

Table 3.3. Time Intervals for calculated Fluctuation Correlations

Ubc9-SUMO Ubc9-SUMO-RanBP2

Limits Length Limits Length
(ns) (ns) (ns) (ns)

0.5-6 5.5 0.4 -28 27.6

6-12 6 28 - 50 22

12-24 12 0.4 -50 49.6

24 - 31 7

31 - 42 11

42 - 58 16

0.5 - 58 57.5

The correlation between the positional fluctuations define the regions that display
cooperated motions. The changes in correlations in different complexes may have
functional implications, especially when combined with the interactions of the regions
that is already known of functional importance. The comparatively analysis of the
correlations observed for Ubc9-SUMO and Ubc9-SUMO-RanBP2 complexes are linked
with the motions that may act as markers for RanBP2 binding in Ubc9-SUMO complex,
as defined in Sections 3.1.2 and 3.3. The differences are also discussed in the context
of the proposed allosteric function of RanBP2 binding (Pichler et al., 2002; Reverter
and Lima, 2005).
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3.4.1. Correlations involving RanBP2 binding sites

3.4.1.1. Anchor-like behavior of Ubc9, residues Val27 to Glu42. The region between

residues Val27 to Glu42 of Ubc9 constitutes two (-sheets and the loop in between.
This region is discussed in previous sections with respect to its high mobility, and the
association of this mobility with the change in the quaternary structure of Ubc9-SUMO
complex (Sections 3.1.2 and 3.3). The correlations of the region Val27 to Glu42 with
the remaining residues of the Ubc9-SUMO complex for the whole trajectory of 58 ns,
point out this region to have low correlations with remaining Ubc9 residues (Figure

3.46).

When the correlations are calculated for different time windows throughout the
trajectory, this region is observed to become negatively correlated with the remaining
residues of Ubc9 as simulation time increases (Figures 3.47 to 3.52). This gained
anchor-like behavior becomes more evident as SUMO changes its orientation. The
negative correlation is maximized in the interval where this region has highest mobility.
The increase in the mobility of the region Val27-Glu42, accompanies the orientation
change of SUMO to a less favorable conformation for conjunction to targets and the
negative direction of the motion to the remaining Ubc9 residues further distinguishes
the residues Val27 to Glu42. This motion of Ubc9 may function as a signal for RanBP2
binding to Ubc9-SUMO complex.

3.4.1.2. Existing correlations among RanBP2 binding sites of Ubc9 and SUMO. The

residues between Val27 and Glu42 of Ubc9 also form a contact surface for RanBP2.
Two regions of SUMO, residues Phe36-Leud7 and residues Asp73-11e88, are either on
the (-sheets packed with RanBP2 or are in the close vicinity of these (-sheets, in Ubc9-
SUMO-RanBP2 complex. For Ubc9-SUMO-RanBP2 complex, there are correlated
fluctuations between the region Val27-Glu42 of Ubc9, and these two SUMO regions
(Figure 3.53). The correlations are stable in both time intervals of 0.4-28 and 28-50 ns

along the trajectory, defined by the cluster analysis (Figures 3.54 and 3.55).
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Figure 3.46. Fluctuation Correlations for Ubc9-SUMO complex, from 0.5 to 58 ns
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Figure 3.47. Fluctuation Correlations for Ubc9-SUMO complex, from 0.5 to 6 ns
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Figure 3.48. Fluctuation Correlations for Ubc9-SUMO complex, from 6 to 12 ns
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Figure 3.49. Fluctuation Correlations for Ubc9-SUMO complex, from 12 to 24 ns
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Figure 3.50. Fluctuation Correlations for Ubc9-SUMO complex, from 24 to 31 ns
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Figure 3.51. Fluctuation Correlations for Ubc9-SUMO complex, from 31 to 42 ns
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Figure 3.52. Fluctuation Correlations for Ubc9-SUMO complex, from 42 to 58 ns
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Figure 3.53. Fluctuation Correlations for Ubc9-SUMO-RanBP2 complex, from 0.4 to
50 ns



79

Ubc9-SUMO-E3 rmsd correlations 0.4-28ns

residue no

residue no

Figure 3.54. Fluctuation Correlations for Ubc9-SUMO-RanBP2 complex, from 0.4 to
28 ns
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Figure 3.55. Fluctuation Correlations for Ubc9-SUMO-RanBP2 complex, from 28 to
50 ns
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The correlations of the same regions are investigated in Ubc9-SUMO complex
without the E3 enzyme, RanBP2, in the time windows defined by clustering analysis
(Section 3.3). It is seen the correlations between Val27 to Glu42 of Ubc9 and two
SUMO regions Phe36-Leud7 and Asp73-11e88 are fluctuating. The strength of the cor-
relations change in different time intervals, but the correlations are never lost altogether
during the 58 ns simulations (Figures 3.47 to 3.52). Although these regions, are not in
contact distance in Ubc9-SUMO complex, the RanBP2 binding regions on both Ubc9
and SUMO are correlated in the absence of RanBP2. Nevertheless, RanBP2 binding
stabilizes this correlation. This fact suggests a possible functional role for the corre-
lation between Ubc9 residues Val27 to Glu42 and SUMO residues Phe36-Leud7 and
Asp73-11e88

3.4.1.3. New correlations among SUMO and RanBP2 binding sites of Ubc9. Following

the change in the orientation of SUMO with respect to Ubc9 in the absence of E3 en-
zyme, RanBP2, new correlations arise between the fluctuations of Ubc9 residues Alal5-
Phe22 and SUMO residues Gly28-Glu33, in Ubc9-SUMO complex (Figure 3.50). The
region of residues Alal5-Phe22 on Ubc9 include those that bind to RanBP2, Argl7,
Phe22. The residues Gly28-Glu33 of SUMO corresponds to the loop between (-sheets
of SUMO that pack with RanBP2 N-terminal (-sheet. In Ubc9-SUMO-RanBP2 com-
plex, both regions correlate with RanBP2 residues. In the absence of RanBP2, the
binding sites correlate with each other. It is of importance to note that the change
in the orientation of SUMO adjusts these regions, Alal5-Phe22 of Ubc9 and Gly28-
Glu33 of SUMO to a closer distance and the correlation may be a result of this close

positioning.

3.4.2. Correlations involving functional residues in target recognition

Through the simulation of Ubc9-SUMO-RanBP2 complex, Ubc9 has intra-monomer
correlations between residues His83-Ser89 and Asnl121-Argl4l. Residues His83-Ser89
include the HPN (His83-Pro84-Asn85) motif that has a structural role and Tyr87 that

is in contact distance with the consensus sumoylation motif existent in most sumoy-
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lation targets. Regarding the residues Asn121-Argl4l of Ubc9: Asnl2l to Alal3l
includes interactions with consensus sumoylation motif; Glul32 to Argl4l incorpo-
rate the residues that are significant in RanGAP1 recognition (Bernier-Villamor et
al., 2002; Wu et al., 2003; Yunus and Lima, 2006). The mutations of the residues Glu132
and Tyr134 In the region Glul32-Argl41 are shown to reduce efficient sumoylation of
the target RanGAP1, whereas mutations of residues Asn85, Tyr87 in His83-Ser89 re-
duce sumoylation efficiency for all targets (Bernier-Villamor et al., 2002; Tatham et
al., 2003; Yunus and Lima, 2006). For the Ubc9-SUMO complex, the correlations be-
tween the region His83-Ser89 and the residues Asnl121 to Alal31 are stable throughout
the simulation, but the correlations between His83-Ser89 and the additional binding
surface, Glul32-Argl41 are fluctuating (Figures 3.47 to 3.52). The correlation of His83-
Ser89 and additional binding surface is lost after 12 ns and not observed until 24 ns,
where the correlations are significantly weaker than Ubc9-SUMO-RanBP2 complex.
The correlation is regained after 31 ns. In the light of the time windows generated
by clustering analysis (Section 3.3), the structure occupies conformations in which the
correlations are lost, during 13.24 per cent (Cluster 5) of the simulation time. More-
over, correlations between His83-Ser89 and additional binding surface are reduced in
the conformations occupying an additional 12 per cent of simulation time (from 24 to

31 ns).

To sum up, the correlations among residues responsible for the structural integrity
of the complex’s catalytic region (His83-Ser89) and the residues that are functional in
selective target recognition (Glul31-Argl4l) are not stable in Ubc9-SUMO complex.
Same correlations are stabilized in RanBP2 bound complex. Both regions are far from
RanBP2 binding surfaces on Ubc9. Thus this stabilized correlation of the proposed
allosteric role of RanBP2 in sumoylation mechanism, in addition to the restricted

mobility and flexibilities of Asp100 and Lys101 of Ubc9 (Section 3.2.2.1).

3.4.3. Correlations from Gaussian Network Model Analysis

The correlations of motion of the residues are also calculated using Gaussian

Network Model (GNM). The best members from each cluster are selected as the rep-
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resentative simulation snapshots.

In Ubc9-SUMO-RanBP2 complex, the correlations of motion from GNM anal-
ysis do not show significant changes between representative structures from different
clusters (Figures 3.56 to 3.59). The extents of correlated residues change in the Ubc9-
RanBP2 binding regions at Ubc9 N-terminus and RanBP2 C-terminus. Since the cor-
relations between the binding regions are not lost completely, the correlation changes

do not imply further functional roles.

In the Ubc9-SUMO complex, three regions have changes in correlation of motions
at different snapshots. Positive correlations arise between residues from Lys18 to Phe22
of Ubc9 and from Gly28 to Ser32 of SUMO, residues from Ile109 to Gly115 of Ubc9
and residue Ser30 of SUMO, residue Alal06 of Ubc9 and residue Gly56 of SUMO. The
correlations are seen after the orientation change of SUMO, in the results for Cluster
4, 5 and 6 best members. The motion of SUMO brings the related groups of residues

in close distance for mentioned three sets (Figures 3.56 to 3.59).

Ubc9-SUMO-E3 all modes clusteribest member
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1 21 41 61 81 101 121 141 161 181 201 221 241 261 281

Figure 3.56. Ubc9-SUMO-RanBP2 Correlations of Motion for best member structure

of cluster 1. The correlations are calculated from the GNM analysis

The correlations resulting from the model are the outcomes of this close orienta-
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Ubc8-SUMO-E3 all modes cluster2best member

Figure 3.57. Ubc9-SUMO-RanBP2 Correlations of Motion for best member structure

of cluster 2. The correlations are calculated from the GNM analysis

Ubc8-SUMO-E3 all modes cluster3best member

Figure 3.58. Ubc9-SUMO-RanBP2 Correlations of Motion for best member structure

of cluster 3. The correlations are calculated from the GNM analysis
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Ubc8-SUMO-E3 all modes clusterdbest member
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Figure 3.59. Ubc9-SUMO-RanBP2 Correlations of Motion for best member structure

of cluster 1. The correlations are calculated from the GNM analysis

tion, but close investigation of the involved residues do not suggest new formed contacts.
Among the three regions of interest, the correlations between residues from Lys18 to
Phe22 of Ubc9 and from Gly28 to Ser32 of SUMO might be of functional importance.
The same region can also be identified from MSF correlations from molecular dynamics
simulations, as discussed in Section 3.4.1.3 These residues either include (as for Ubc9)
or are in close proximity of (as for SUMO) RanBP2 binding sites. The correlations
arising between RanBP2 binding sites may have roles is marking the Ubc9-SUMO com-
plex for RanBP2 binding. Although other interactions can not be identified to support
this model, it is important to note that the strength of the correlation is related to the
motions of mobile Ubc9 region. In the representative structure of the cluster where the
mobile region has highest deviation from the crystal structure (Cluster 5), the corre-
lations between Ubc9 residues Lys18-Phe22 and SUMO residues Gly28-Ser32 are the
strongest (Figures 3.60 to 3.65). The mentioned residues on both chains are correlated

with RanBP2 in Ubc9-SUMO-RanBP2 complex.
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Figure 3.60. Ubc9-SUMO Correlations of Motion for best member structure of cluster

1. The correlations are calculated from the GNM analysis

UbcS-SUMO all modes cluster2best memberiyedi A
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Figure 3.61. Ubc9-SUMO Correlations of Motion for best member structure of cluster

2. The correlations are calculated from the GNM analysis
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Ubc9-SUMO all modes cluster3best memberiyedi A

Figure 3.62. Ubc9-SUMO Correlations of Motion for best member structure of cluster

3. The correlations are calculated from the GNM analysis

UbcS-SUMO all modes cluster4best memberiyedi A
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Figure 3.63. Ubc9-SUMO Correlations of Motion for best member structure of cluster

4. The correlations are calculated from the GNM analysis
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Figure 3.64. Ubc9-SUMO Correlations of Motion for best member structure of cluster

5. The correlations are calculated from the GNM analysis

UbcS-SUMO all modes cluster6best memberiyedi A
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Figure 3.65. Ubc9-SUMO Correlations of Motion for best member structure of cluster

6. The correlations are calculated from the GNM analysis
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4. CONCLUSIONS AND FUTURE STUDIES

4.1. Conclusions

It is expected that the comparative analysis of the dynamics of Ubc9-SUMO
and Ubc9-SUMO-RanBP2 complexes would contribute to the understanding of the
functioning of E2 ligase, Ubc9, with and without the E3 ligase, RanBP2, in sumoy-
lation mechanism. Molecular dynamics (MD) simulations run on all the structures,
Ubc9, SUMO, Ubc9-SUMO, Ubc9-SUMO-RanBP2, provide the conformations that
these structures could sample in time in as much as the present simulation lengths

reflect. The detailed analysis of the conformations reveals the following findings:

(1) The RanBP2 binding induces conformational/configurational restrictions on
the quaternary structure of Ubc9-SUMO complex. The differences in the interaction
networks of residues between Ubc9-SUMO and Ubc9-SUMO-RanBP2 complexes, in
terms of hydrogen bonding residues, are at least in part responsible for this restriction.
(2) In addition to the limitations in the overall orientations of Ubc9 and SUMO chains
with respect to each other, RanBP2 binding allosterically reduces mobility and flexibil-
ity of the Ubc9 residues, Asp100 and Lys101, which are functional in target recognition.
(3) RanBP2 binding is also shown to stabilize intra-correlations of Ubc9, mainly for
the residues around the catalytic and additional target binding sites. (4) Furthermore,
the motion and the correlated fluctuations in Ubc9-SUMO complex, which may have

a role in RanBP2 binding to the complex, are also identified.

The E3 enzyme, RanBP2, is proposed to limit the available conformations/configurations
of Ubc9-SUMO complex and prevent non-productive conformations (Pichler et al.,
2002; Reverter and Lima, 2005). This is verified with the present simulations by ob-
serving the change in the quaternary structure, the relative positions of each chain
in Ubc9-SUMO complex. The clustering analysis identifies the different orientations
of SUMO in Ubc9-SUMO and Ubc9-SUMO-RanBP2 complexes, as well as the rel-

ative probabilities of these conformations throughout the simulations. The orienta-
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tion change observed in Ubc9-SUMO complex, which is not allowed in Ubc9-SUMO-
RanBP2 complex, could be the plausible conformational restriction that E3 enzyme,
RanBP2; induces on Ubc9-SUMO complex. The residues forming hydrogen bonds be-
tween Ubc9 and SUMO are different in RanBP2 bound and unbound complexes and
this difference can be responsible for RanBP2 induced restrictions. The residues iden-
tified to form hydrogen bonds between Ubc9 and SUMO in the crystal structure of
Ubc9-SUMO-RanGAP1-RanBP2 (Reverter and Lima, 2005), are shown to have less
stable interactions in Ubc9-SUMO complex as compared to Ubc9-SUMO-RanBP2 com-
plex. Additionally, potential hydrogen bonds between Glul18 of Ubc9-GIn92 of SUMO
and Glul22 of Ubc9-GIn94 of SUMO are identified in Ubc9-SUMO complex that would
stabilize SUMO in the acquired orientation.

In addition to the overall conformational restriction of Ubc9 and SUMO relative
to each other, it is observed that RanBP2 binding to Ubc9-SUMO complex restricts
the mobility and flexibility of Ubc9 residues Asp100 and Lys101, which are functional
in target recognition (Tatham et al., 2003; Yunus and Lima, 2006). The mean square
fluctuations of these residues are reduced with RanBP2 binding. Also, the timed
delayed auto-correlations of virtual bond vectors point out restricted orientational space
for Asp100 and Lys101 in the existence of RanBP2. Additionally, these residues are at
a closer distance to the active site Cys93 of Ubc9 with the presence of RanBP2. These
residues are not close to the RanBP2 binding sites of Ubc9 and SUMO, which implies
an allosteric effect of RanBP2 on Ubc9-SUMO complex; this would be of importance

in sumoylation efficiency.

The correlations between the fluctuations of residues in Ubc9-SUMO and Ubc9-
SUMO-RanBP2 complexes also show some differences. Ubc9 residues Lys74, Tyr87,
Ser89, Thr91, Cys93, Aspl127, Prol128, Alal29, GIln130 and Alal3l, can interact with
consensus sumoylation motif existent in most sumoylation targets (Bernier-Villamor et
al., 2002). In addition to these interaction sites, Ubc9 has a second contact site with the
sumoylation target RanGAP1, via the residues of the helix, Ala131-Asn140, of Ubc9.
The strong interactions between Ubc9 and this specific target, RanGAP1, via this addi-

tional binding region suggests that RanBP2 may not exert E3 activity for sumoylation
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of this target (Bernier-Villamor et al., 2002; Reverter and Lima, 2005). Neverthe-
less, the present calculations suggest that the correlations among Ubc9 catalytic sites
and this additional binding region on Ubc9 are more stabile in Ubc9-SUMO-RanBP2
complex as compared to Ubc9-SUMO complex. This stabilization of correlation sug-
gests RanBP2 indeed exerts E3 activity for the sumoylation target RanGAP1. The
correlations in the mean square fluctuations of residues in Ubc9-SUMO complex high-
light correlations between the region of Val27 to Glud42 of Ubc9, and the two regions
in SUMO: residues Phe36-Leu47 and residues Asp73-Ile88. Although the strength of
this coupling is fluctuating in time, it is not completely lost at any instant. These
regions on both Ubc9 and SUMO have significance in RanBP2 binding, as seen with
the conserved correlated fluctuations of these regions with RanBP2 throughout the 50
ns simulation of Ubc9-SUMO-RanBP2 complex. The pre-existing correlations between
RanBP2 binding sites in Ubc9-SUMO complex are suggested to have functional roles.
The analysis of the dynamics of Ubc9-SUMO complex also led to identifications of
specific motions in the complex, which may mark Ubc9-SUMO complex for RanBP2
binding The residues between Val27-Met39 of Ubc9 have a significantly increased mo-
bility in Ubc9-SUMO complex, as compared to isolated Ubc9 or Ubc9-SUMO-RanBP2
complex. RanBP2 binding reduces the mobility of this region. The change in the
mobility of this region is correlated with the orientation change of SUMO. This region
becomes more mobile and acquires an anchor like behavior as SUMO continues its
motion away from the initial structure. Similarly, new correlations among Ubc9 and
SUMO residues, which are of importance in RanBP2 binding, arise with the motion
of SUMO. This motion and the correlations are suggested here as of importance for

Ubc9-SUMO complex to bind RanBP2.

To sum up, Ubc9-SUMO complex is subjected to a limitation in its available con-
formations and the orientation of its monomers with respect to the other with RanBP2
binding. Specifically, this restriction in its dynamics helps its functional residues to find
their right orientations with respect to the catalytic sites for the function. RanBP2 also
stabilizes the correlations among Ubc9 residues that are functional in target recognition
and catalytic activity. Additionally, Ubc9-SUMO complex have pre-existing conforma-
tional dynamics that are related to its binding to E3. This may imply that the dynamics
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of a structure sets the sequence of events in association with other structures, which

appears here as:: SUMO binding to Ubc9 is followed by E3 binding.

4.2. Future Studies

The binding of RanBP2 is shown to restrict the conformational /configurational
space of Ubc9-SUMO complex. The effects of RanBP2 are limiting the available ori-
entations of Ubc9 and SUMO chains with respect to each other, and limiting the
mobility and flexibilities of Ubc9 residues Aspl00 and Lys101, that are functional in
target recognition. The Ubc9 residues in contact with RanBP2 are determined and
there are experimental studies on the RanBP2 binding affinities of the Ubc9 mutants
involving these residues (Reverter and Lima, 2005; Tatham et al., 2005). Mutations
of the residues Phe22, Val25, Val27, Leub7 and Lys59 results in severe impairment of
RanBP2 binding, whereas mutations of residues Glu42, Lys48, Glub4 and Arg61 has
moderate effect (Tatham et al., 2005). The effects of RanBP2 binding on Ubc9 can
be further investigated by studying the dynamics of mutants with reduced RanBP2
binding affinities. The observed limitations of Ubc9 functional residues, Asp100 and
Lys101, in Ubc9-SUMO-RanBP2 complex can be followed in MD simulations of arti-
ficially constructed mutants for the residues listed above. The extents of restrictions
would provide the information on the specific residues that contribute to the RanBP2
function, and help identification of the residue paths leading to the allosteric effect of

RanBP2.

This study also identifies motions and correlations of RanBP2 binding sites in
the Ubc9-SUMO complex, that may be of importance for RanBP2 binding to the
complex. The finding imply SUMO binding to Ubc9 may enhance RanBP2 binding.
The structure of Ubc9-RanBP2 complex only, without the SUMO protein, can also be
studied. Investigation of the dynamics of SUMO binding sites on Ubc9 and RanBP2
may complement the finding of this study. The dynamics of complexes involved at
different steps in the mechanism, underlying the sequence of events in sumoylation

pathway, can be presented.
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APPENDIX A: ALIGNMENT EFFECT on POSITIONAL
MEAN SQUARE FLUCTUATIONS

The effects of alignment on calculated positional MSF is demonstrated in the
MSF plots of each simulated chain. Individual alignment of each chain upon itself
corrects misleading results. These results originate from poor alignment of residues of

a specific chain, when the whole complex is aligned.

temperature factors complex2
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Figure A.1. Alignment effects on Ubc9 positional MSF in Ubc9-SUMO complex. The
positional MSF calculated by alignment of the whole complex (black), by alignment

of individual the chain upon itself (red) and from isolated Ubc9 simulations (blue).
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Figure A.2. Alignment effects on SUMO positional MSF in Ubc9-SUMO-RanBP2
complex. The positional MSF calculated by alignment of the whole complex (green),
by alignment of individual chain (red) and from the isolated SUMO simulations (blue)
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Figure A.3. Alignment effects on Ubc9 positional MSF in Ubc9-SUMO-RanBP2
complex. The positional MSF calculated by alignment of the whole complex (green),

by alignment of individual the chain (red) and from the isolated Ubc9 (blue).



94

temperature factors complex1
T T

T T T T T
E:
1100 - individually aligned

1000 - B

900 B

700

600

b factor

500

400 -

300

200 -

100

I Il Il 1 Il
250 260 270 280 290 300
residue no

I
240

Figure A.4. Alignment effects on RanBP2 positional MSF in Ubc9-SUMO-RanBP2
complex. The positional MSF calculated by alignment of the whole complex (green)

and by alignment of individual the chain upon itself (red).
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APPENDIX B: CONTACT MAPS

contact map with cut off distance7A at15 ns
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Figure B.1. Ubc9-SUMO Contact Map at 15 ns, with cut-off distance 74

contact map with cut off distance7A at20 ns
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Figure B.2. Ubc9-SUMO Contact Map at 20 ns, with cut-off distance 74



contact map with cut off distance7A at25 ns
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Figure B.3. Ubc9-SUMO Contact Map at 25 ns, with cut-off distance 74

contact map with cut off distance7A at30 ns
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Figure B.4. Ubc9-SUMO Contact Map at 30 ns, with cut-off distance 74



contact map with cut off distance7A at35 ns
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Ubc9-SUMO Contact Map at 35 ns, with cut-off distance 7A

contact map with cut off distance7A at40 ns
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contact map with cut off distance7A at45 ns
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Figure B.7. Ubc9-SUMO Contact Map at 45 ns, with cut-off distance 74

contact map with cut off distance7A at50 ns

T T T T RET - = T T T % T 7
S v,

220+

200

180

160 -

140+

120+

100+

80

20+

I I I I I I I
20 40 60 80 100 120 140 160 180 200 220

Figure B.8. Ubc9-SUMO Contact Map at 50 ns, with cut-off distance 74
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contact map with cut off distance7A at55 ns
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Figure B.9. Ubc9-SUMO Contact Map at 55 ns, with cut-off distance 74

contact map with cut off distance7A at15 ns
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Figure B.10. Ubc9-SUMO-RanBP2 Contact Map at 15 ns, with cut-off distance 74
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contact map with cut off distance7A at20 ns
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Figure B.11. Ubc9-SUMO-RanBP2 Contact Map at 20 ns, with cut-off distance 74
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T T T

250

200

150

100

50

- | I | |
50 100 150 200 250

Figure B.12. Ubc9-SUMO-RanBP2 Contact Map at 25 ns, with cut-off distance 74
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contact map with cut off distance7A at30 ns
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Figure B.13. Ubc9-SUMO-RanBP2 Contact Map at 30 ns, with cut-off distance 74
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Figure B.14. Ubc9-SUMO-RanBP2 Contact Map at 35 ns, with cut-off distance 74
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contact map with cut off distance7A at40 ns
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Figure B.15. Ubc9-SUMO-RanBP2 Contact Map at 40 ns, with cut-off distance 74

contact map with cut off distance7A at45 ns
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Figure B.16. Ubc9-SUMO-RanBP2 Contact Map at 45 ns, with cut-off distance 74



APPENDIX C: CLUSTERING ANALYSIS

Figure C.1. Clusters of Ubc9-SUMO-RanBP2 at 1.7 A rmsd cut-off. Time

cluster number

distribution of cluster members in time, Ubc9-SUMO-E3

10+ * * ok * N

9k R S S

8 —h *

7 »« e L N—
6 N S %+

5F LR s

. ey
0 5 10 15 20 25 30 35 40 45 50
time (ns)

103

distribution of members of each cluster. The cluster number is given in the y - axis

and time in nanaoseconds is given in x - axis.
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Figure C.2. Clusters of Ubc9-SUMO-RanBP2 at 2 A rmsd cut-off. Time distribution

of members of each cluster. The cluster number is given in the y - axis and time in

nanaoseconds is given in x - axis.
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