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Abstract

Sumoylation is the covalent attachment of small ubiquitin-like modifier (SUMO) to a target 

protein. Similar to other ubiquitin-like pathways, three enzyme types are involved that act in 

succession: an activating enzyme (E1), a conjugating enzyme (E2), and a ligase (E3). To date, 

unlike other ubiquitin-like mechanisms, sumoylation of the target RanGAP1 (TargetRanGAP1) does 

not absolutely require the E3 of the system, RanBP2 (E3RanBP2), since the presence of E2 

(E2Ubc9) is enough to sumoylate TargetRanGAP1. However, in the presence of E3, sumoylation is 

more efficient. To understand the role of the target specificity of E3RanBP2 and E2RanBP2, we 

carried out molecular dynamics simulations for the structure of E2Ubc9–SUMO–TargetRanGAP1 

with and without the E3RanBP2 ligase. Analysis of the dynamics of E2Ubc9–SUMO–TargetRanGAP1 

in the absence and presence of E3RanBP2 revealed that two different allosteric sites regulate the 

ligase activity: (i) in the presence of E3RanBP2, the E2Ubc9’s loop 2; (ii) in the absence of 

E3RanBP2, the Leu65–Arg70 region of SUMO. These results provide a first insight into the 

question of how E3RanBP2 can act as an intrinsic E3 for E2Ubc9 and why, in its absence, the 

activity of E2Ubc9–SUMO–TargetRanGAP1 could still be maintained, albeit at lower efficiency.
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Introduction

Ubiquitin (Ub) and ubiquitin-like (Ubl) modifiers are proteins that mediate the post-

transcriptional modification of specific targets. The small ubiquitin-like modifier (SUMO) 

family is a member of the Ub/Ubl superfamily. Four SUMO types were identified in 

*Corresponding authors. R. Nussinov is to be contacted at NCI-Frederick, P.O. Box B, Building 469, Room 149, Frederick, MD 
21702-1201, USA. T. Haliloğlu, Polymer Research Center, Bogazici University, Bebek 34342, Istanbul, Turkey. 
ruthnu@helix.nih.gov; turkan@prc.boun.edu.tr. 

Supplementary materials related to this article can be found online at doi:10.1016/j.jmb.2010.12.044

HHS Public Access
Author manuscript
J Mol Biol. Author manuscript; available in PMC 2020 August 03.

Published in final edited form as:
J Mol Biol. 2011 March 04; 406(4): 620–630. doi:10.1016/j.jmb.2010.12.044.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://10.1016/j.jmb.2010.12.044


mammals: SUMO-1, −2, −3, and −4.1–3 There are more than 100 SUMO targets for 

sumoylation, which are involved in, for example, subcellular localization, signal 

transduction, metabolic and transcriptional regulation, and modified enzyme activity.4,5 

Disturbing the sumoylation cascade can lead to neurological disorders such as Parkinson and 

Alzheimer diseases, loss of the genome integrity, developmental faults, and cancer.2,6,7 

SUMO conjugation involves a sequential cascade of three enzymes: SUMO activating 

enzyme (E1), SUMO-conjugating enzyme (E2), and SUMO ligase (E3). Initially, a protease 

cleaves the C-terminus of SUMO, exposing its Gly-Gly motif, which is next adenylated by 

an E1. The catalytic cysteine of the E1 attacks the adenylated C-terminus and forms a 

thioester bond, which is subsequently transferred to the E2 cysteine. In the last conjugation 

step, SUMO is transferred to an ɛ-amino group of a target lysine by the E3 enzyme.8–14 It is 

currently believed that E3 is needed for two reasons: it can act as an adapter for SUMO and 

E2, thus imposing target specificity, and it enhances conjugation.8,13,14 However, SUMO 

conjugation can also work well without an E3 for some targets that E2 recognizes and leads 

in in vivo sumoylation as, for example, in RanGAP1, p53, and IκBα targets.3

Although the general mechanism of sumoylation is known, the dynamic process on the 

atomic level and how signals are communicated in the structure are still open questions. For 

the last step of the conjugation (E2–E3–SUMO-1–Target), only one structure is available 

(PDB ID: 1Z5S)15 (Fig. 1a). In this structure, Ubc9 is the E2 enzyme (E2Ubc9), RanGAP1 is 

the target (TargetRanGAP1), RanBP2 (E3RanBP2) is the E3 enzyme, and SUMO-1 (SUMO) is 

conjugated to the catalytic lysine of the target.

The E2Ubc9 is highly conserved across species, and it is the only E2 enzyme known for 

SUMO family members.3 It has the conserved superfold (UBC), which exists in all E2s of 

the Ub/Ubl superfamily. Among the E2s, there are some insertions into the UBC domain. In 

E2Ubc9, there are only two amino acid insertions, Asp100 and Lys101.16 These sites were 

suggested to have a role in target recognition.16 The target interacting regions of E2Ubc9 can 

be divided into two: (i) Lys74, Tyr87, Ser89, Thr91, Asp127, Pro128, and Ala 129, which 

form a catalytic pocket around the catalytic Cys93 of Ubc9 and the catalytic loop (Lys523–

Glu526) of TargetRanGAP1,5,15,17–21 and (ii) the Ala131–Gln139 interface (third α-helix) of 

E2Ubc9, which helps in forming a stable complex with TargetRanGAP1 (Fig. 1a). This binding 

site is unique among E2–Target pairs and is called “built-in E3,”8 since E2Ubc9 can function 

as an E2 enzyme even in the absence of an E3 by utilizing this additional binding site.5,17,22

The consensus SUMO interaction motif (SIM) on TargetRanGAP1 is ΨKX[D/E], where Ψ is 

an aliphatic or branched residue such as Ile, Val, or Leu; K is the lysine residue to which 

SUMO is conjugated; × is any residue; and D/E is aspartate or glutamate. The SUMO 

consensus motif is located between residues 523 and 526 (LKSE)5,18–21 (Fig. 1a). The 

lysine residue, which attacks the thioester bond between SUMO and E2, is at position 524.17 

The two TargetRanGAP1 helices facing the “built-in E3” of Ubc9 lie between Thr511 and 

Leu522 and between Leu555 and Pro56617 (Fig. 1a). TargetRanGAP1 without sumoylation is 

a cytosolic protein. It moves to the nuclear envelope during cell division and interacts with 

E3RanBP2 after sumoylation.17,23,24
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SUMO ligase E3RanBP2 is a large protein with 300 residues, but only a fragment was 

crystallized (Ser2629–Ser2693).15 It has binding sites for E2Ubc9, SUMO, and 

TargetRanGAP1 (Fig. 1a). The interaction surface between E2Ubc9 and E3RanBP2 is not a 

conserved E2–E3 interface, and the distance between this interface and the catalytic Cys of 

Ubc9 is more than 30 Å.25 Several propositions have been made for the role of E3RanBP2 in 

the sumoylation cascade: (i) Since E3RanBP2 affects TargetRanGAP1 sumoylation in vivo but 

not in vitro, and E2Ubc9 has an additional E2–Target interface, it was proposed that 

TargetRanGAP1 is sumoylated in order to form a stable complex with E3RanBP2 at the nuclear 

pore3,15,20,21,25,26,27; (ii) E3RanBP2 helps target sumoylation through an allosteric 

mechanism. Fixing the two reactants, E2Ubc9 and SUMO, reduces the entropic cost of the 

system lowering the transition state barrier.15,22 Related to this proposition, (iii) E3RanBP2 

optimally orients the structures, thus lowering the chance of nonproductive E2–SUMO 

conformations.15,17,22,28 E3RanBP2 was also proposed (iv) to promote the dissociation of the 

sumoylated target from the complex29 and (v) to protect the sumoylated TargetRanGAP1 from 

isopeptidases.27

To clarify the catalytic role of E3RanBP2 in the E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 

system, we carried out molecular dynamics (MD) simulations. We modeled the step prior to 

catalysis, where the isopeptide bond between SUMO and TargetRanGAP1 is broken and a new 

thioester bond between SUMO and E2Ubc9 is formed. The modeling is performed on the 

crystal structure of E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 (1Z5S) with and without 

E3RanBP2 (Fig. 1b). In this work, we focused on the E2–Target dynamics in the absence and 

presence of E3RanBP2, as the E2Ubc9–SUMO complex dynamics were investigated earlier.30 

Comparative analyses between the MD simulations of the E2Ubc9–E3RanBP2–SUMO–

TargetRanGAP1 and E2Ubc9–SUMO–TargetRanGAP1 complexes revealed that E3RanBP2 

provides slower exchange between the conformational ensembles for E2Ubc9–SUMO–

TargetRanGAP1, which may result in a decrease of the system’s entropic cost as proposed by 

Reverter and Lima.15 Furthermore, both in the absence and presence of the E3RanBP2, the 

E2Ubc9–TargetRanGAP1 interface residues are dynamically coupled, although to a lower 

extent in the absence of E3RanBP2. As an explanation to the question of the role of E3RanBP2 

and how catalysis can be performed in its absence, we show that the system of E2Ubc9–

SUMO–TargetRanGAP1 could work through two distinct allosteric mechanisms: in the 

presence of E3RanBP2, allostery is induced by E2Ubc9, and in the absence of E3RanBP2, by 

SUMO.

Results

E3RanBP2 is an allosteric effector of the E2Ubc9–SUMO–TargetRanGAP1 complex

The behavior of the E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 complex structure and its 

individual chains in the 48.5-ns MD simulation is first characterized by the root mean square 

deviation (RMSD) from the minimized X-ray structure. The overall structure is stable with 

low amplitude fluctuations. Since E3RanBP2 is a fragment,15 it presents high-amplitude 

RMSD fluctuations (Table 1). The RMSD of E2Ubc9 suggests a relatively significant 

conformational change early in the simulations (at 16 ns) (Fig. 2a and b). Different from 
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E3RanBP2 and E2Ubc9, the RMSD of TargetRanGAP1 and SUMO has a relatively stable profile 

(Table 1; Fig. 2a).

The observed RMSD jump of E2Ubc9 is mainly due to the conformational change of the loop 

between residues Lys30 and Thr35 (loop 2), where Asp33 has the highest mobility. Loop 2 

is the most mobile part of E2Ubc9, as also revealed by the mean-square fluctuations (MSF) of 

the residues (Table 2). Loop 2’s mobility is coordinated via a hinge-like behavior of residues 

Phe24 and Glu42. Interestingly, the comparison of the E2Ubc9 fluctuations in the isolated 

state and in the E2Ubc9–SUMO–TargetRanGAP1 complex structure, with and without 

E3RanBP2, indicates that loop 2 becomes more mobile when E2Ubc9 is bound to SUMO and 

TargetRanGAP1 and strikingly gains further mobility upon E3RanBP2 binding (Table 2). On the 

other hand, E2Ubc9’s two functional regions, mainly the catalytic cysteine (Cys93) and the 

built-in E3 (third α-helix), assume already rather restricted fluctuations upon SUMO and 

TargetRanGAP1 binding (Table 2).

To identify the major sampled conformational states, the MD trajectory of E2Ubc9–

E3RanBP2–SUMO–TargetRanGAP1 is clustered by the RMSD between the conformations. 

When clustering at 2.5-Å RMSD, six clusters are generated (Fig. 3a). The RMSD jump of 

E2Ubc9 with loop 2’s motion is reflected in the transition from the first to the second cluster. 

Analysis of the conformational ensemble of the first and second clusters reveals that there is 

a transition between the two dominant conformations of E2Ubc9’s loop 2, a twisted and bent 

conformation and a relatively stable state also observed in the starting X-ray structure (PDB: 

1Z5S; Fig. 2b). When plotting the clusters’ evolution with respect to time, the simulation 

divides into six windows (Fig. 3a). For each time window and the entire simulation, the 

network of correlated fluctuations is calculated and illustrated as a correlation map. The 

most important coupled fluctuations that could be ascribed function are those observed 

between the E2Ubc9 binding sites of TargetRanGAP1 and the E2 binding sites of 

TargetRanGAP1 (Fig. 1a; Supplementary Fig. S2a). The fluctuations of E2Ubc9’s loop 2 

demonstrate strong correlations with the fluctuations of one of the explicit E2Ubc9 binding 

sites (Leu555–Pro566) of TargetRanGAP1 for the whole simulation time. Further, during 

77.5% (2–38 ns) of the simulation time, there is a correlation between the fluctuations of 

E2Ubc9’s loop 2 and the SIM of TargetRanGAP1 (Fig. 4). The latter correlation is persistently 

high in the first (2–15 ns) and third (19–24 ns) clusters and resides in 38.7% of the 

simulation time. Coupled to this, Asp33 of loop 2 is at its most mobile and flexible state 

during this time (Table 2). Along this time, Asp2665–Asp2673 on E3RanBP2, which is a 

flexible linker connecting the two major helices of E3RanBP2, displayed a unique mobile and 

slightly flexible behavior (Table 2). Taken together, these lead us to suggest that E3RanBP2 

helps organize the network of coupled fluctuations of E2Ubc9 and thus of E2Ubc9–

TargetRanGAP1 binding via E2Ubc9’s loop 2.

Asp33 of E2Ubc9’s loop 2 is 38.5 Å away from the catalytic lysine of TargetRanGAP1, yet its 

fluctuations are coupled to the catalytic SIM and E2Ubc9 binding site of TargetRanGAP1. 

Interestingly, Asp33, the most mobile and flexible residue of E2Ubc9’s loop 2, has been 

strongly conserved in evolution.31 Asp33’s dynamics with respect to the E2Ubc9–

TargetRanGAP1interface, its conservation, and its position with respect to E3RanBP2 suggest 
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that E3RanBP2 is an allosteric effector of the E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 

complex.

An alternative sumoylation mechanism in the absence of E3RanBP2

The dynamics of the E2Ubc9–SUMO–TargetRanGAP1 complex structure is analyzed with 

respect to the same complex in the presence of E3RanBP2. The RMSD values of the E2Ubc9–

SUMO–TargetRanGAP complex structure and its individual chains with and without 

E3RanBP2 revealed that the absence of E3RanBP2 does not affect the average RMSD values, 

yet the range of the RMSD fluctuations differs. Further, removal of E3RanBP2 results in 

higher RMSD values for TargetRanGAP1 and SUMO (Table 1; Fig. 2c). E2Ubc9, however, 

does not reflect any RMSD jumps as observed in the presence of E3RanBP2 (Fig. 2c). Thus, 

E3RanBP2 affects the conformational space spanned both by the E2Ubc9–SUMO–

TargetRanGAP1 complex structure and its individual chains, which implies both 

conformational and configurational structural changes.

To compare the ensembles of conformations visited in E2Ubc9–SUMO–TargetRanGAP1 with 

and without E3RanBP2, we followed a step-by-step approach. First, we clustered the 

conformations from the simulations with and without E3RanBP2, with an RMSD radius of 3 

Å. The absence of a joint cluster of conformations suggests that E2Ubc9–SUMO–

TargetRanGAP1 with and without E3RanBP2 do not display similar conformational states 

(Table 3). As discussed below, this is likely to be due to the orientation change of SUMO 

observed in the absence of E3RanBP2 (Fig. 5a). The joined conformational ensembles are 

next searched for E2Ubc9 conformations only (with 2.5-Å RMSD radius). This analysis 

showed that almost for the whole simulation time of the E2Ubc9–SUMO–TargetRanGAP1 

complex, the twisted/bent conformation of the E2Ubc9 loop 2 is not visited (Table 3). For a 

finer search of the conformational states, individual clustering and clustering of the 

conformations from the trajectory without E3RanBP2 are performed similarly as with 

E3RanBP2, except using different RMSD radii (2.2 Å and 2.5 Å). The distribution of clusters 

(16 and 5 for 2.2 Å and 2.5 Å radius, respectively) along time showed that the transitions 

between different conformational states are more frequent without E3RanBP2 (Fig. 3b). The 

2.2-Å RMSD yielded a better distribution of the clusters’ evolution as compared to 2.5 Å, 

more conveniently dividing the trajectory into time windows (Fig. 3b; Supplementary Fig. 

S1).

Unlike in the E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 simulation, only in 3 out of 16 

clusters (26% of the simulation time; for the intervals of 4.5–5.5 ns, 15.5–17 ns, and 17–25 

ns) coupled fluctuations are observed across the E2Ubc9–TargetRanGAP1 interface 

(Supplementary Fig. S1). For the rest of the simulation, either no correlation or a 

nonuniformly distributed low correlation (74% of the simulation time) is observed 

(Supplementary Fig. S2b). Further, only in one of the three ensembles does the E2Ubc9 loop 

2 strongly correlate with the E2Ubc9 binding and catalytic sites of TargetRanGAP1 (Fig. 5b). 

The residence time of this ensemble is over 21% of the simulation (17–25 ns). The mobility 

and flexibility of E2Ubc9’s loop 2 is less restricted in this ensemble compared to the other 

clusters (Table 2). Thus, the correlation between the dynamical behavior of E2Ubc9’s loop 2 

and the strength of the cooperative fluctuations across the E2Ubc9–TargetRanGAP1 interface 
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observed for the E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 complex appears to also take 

place without E3RanBP2 (Table 2). This network of correlated fluctuations is coupled to the 

emergence of a new E2Ubc9–SUMO interface when E3RanBP2 is not present. On the SUMO 

side, this interface is formed at the Leu65–Arg70 region and is mediated by the anchoring of 

SUMO’s Gly68. This residue, which is fully conserved,31 is 10.5 Å away from the closest 

E2Ubc9 residue in the crystal structure. The anchoring is indicated as SUMO’s Gly68 

approaches E2Ubc9’s Lys49 and Gly50. Further, this new interface presents a correlated 

motion with part of the E2Ubc9 catalytic pocket (Asp127–Ala129). To this end, it is plausible 

to suggest that formation of this new interface shifts the E2Ubc9 conformational ensemble, 

similar to the E3RanBP2-bound network of fluctuations in E2Ubc9. The formation of the new 

interface thus provides a rationale for the orientational change in the quaternary structure of 

the E2Ubc9–SUMO–TargetRanGAP1 complex in the absence of E3RanBP2 (Fig. 5a).

Discussion

Here, we study the mechanism of the sumoylation cascade prior to the covalent attachment 

of SUMO to the substrate and the role of E3RanBP2. Earlier, it was argued that E3RanBP2 

helps to reduce the entropic cost of the system, lowering the conformational flexibility of 

SUMO and E2Ubc9.22 This can facilitate the passage through the transition state of the 

reaction, which implies that E3RanBP2 acts as a catalyst in the transfer of SUMO from E2 to 

the substrate. Based on the crystal structure of E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1, we 

design two complexes, which serve as the basis for the dynamic simulations. The analysis of 

the time course of the conformations indeed suggests that the presence of E3RanBP2 restricts 

the transitions between the ensembles of accessible conformations and increases the 

cooperativity of E2Ubc9 with the E2Ubc9–TargetRanGAP1 interface. In the presence of 

E3RanBP2, E2Ubc9’s loop 2 demonstrates a highly mobile and flexible behavior. The 

fluctuations of loop 2 are allosterically coupled with the fluctuations of the SIM and E2Ubc9 

binding sites on TargetRanGAP1, where Asp33 of this loop 2 of E2Ubc9 is 38.5 Å away from 

the catalytic lysine of TargetRanGAP. Interestingly, the E3RanBP2 free loop between Asp2665 

and Asp2673, which is confined in the presence of E2Ubc9, gains mobility, as loop 2 is 

coupled with the functional sites on TargetRanGAP1. These data suggest that E3RanBP2 is 

involved in the network of correlated fluctuations that couples the E2Ubc9 loop 2 with the 

catalytic sites of TargetRanGAP1 and strengthens the binding between E2Ubc9 and 

TargetRanGAP1. This agrees with the proposition that E3RanBP2 could increase the affinity 

between Ubc9 and the target.17

E3RanBP2 may have a role in regulating catalytic efficiency.15,22,28 Without E3RanBP2, the 

exchange between conformational states is faster for the complex structure of E2Ubc9–

SUMO–TargetRanGAP, which might be an indication of a decrease in catalytic efficiency. 

The absence of a common conformational ensemble of E2Ubc9–SUMO–TargetRanGAP with 

and without E3RanBP2 suggests that E3RanBP2 binding biases the conformational space 

sampled by the E2Ubc9–SUMO–TargetRanGAP structure as well as the E2Ubc9-only structure. 

The removal of E3RanBP2 significantly reduces the coupled fluctuations at the E2Ubc9–

TargetRanGAP1 interface with a parallel decrease in the flexibility and mobility of E2Ubc9’s 

loop 2 and in the correlation between E2Ubc9’s loop 2 and the SIM and E2Ubc9 binding sites 

on TargetRanGAP1. Nevertheless, the emergence of the new interface between SUMO and 
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E2Ubc9 with a quaternary change in the structure of the E2Ubc9–SUMO–TargetRanGAP1 

complex regains the E3RanBP2-bound network of fluctuations in E2Ubc9. The new interface 

of SUMO (Leu65–Arg70) exhibits a correlated motion with one of the E2Ubc9 catalytic 

pocket loops concomitant with correlated fluctuations between E2Ubc9’s loop 2 and the 

E2Ubc9–TargetRanGAP1 interface. Although E2Ubc9–SUMO–TargetRanGAP1 with and without 

E3RanBP2 do not have a joint conformational space, the structural readjustment with the new 

interface reassumes the network of correlated fluctuations that are expected to assist in the 

catalytic efficiency. This structural readjustment may explain why in vitro sumoylation of 

TargetRanGAP1 is successful in the absence of E3RanBP2.3 To validate this proposed allosteric 

mechanisms, we carried out a second set of simulation for both complexes and observed that 

these corresponding mechanisms are persistently present in the absence and presence of 

E3RanBP2 for a significant period of the simulation time (for details, see Supplementary text, 

Supplementary Figs. S4–S6, and Supplementary Table S1).

To conclude, analysis of the dynamics of E2–Target in the absence and presence of E3RanBP2 

and comparison with that of E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 exhibits why 

TargetRanGAP1 can be sumoylated in vitro without E3RanBP2 and also why E3RanBP2 affects 

sumoylation in vivo. In the latter case, E3RanBP2 allosterically preorganizes the structural 

environment for catalysis by restricting the conformational space. To this end, we propose 

two different allosteric sites that contribute to the ligase activity: (i) E2Ubc9’s loop 2, in the 

presence of E3RanBP2, and (ii) the Leu65–Arg70 region of SUMO, in the absence of 

E3RanBP2.

Materials and Methods

Molecular dynamics simulations

To observe catalysis-related conformational changes, we simulated the step prior to the 

SUMO conjugation. The isopeptide bond between SUMO and TargetRanGAP1 was broken 

and a new thioester bond between SUMO and E2Ubc9 was modeled. To observe the 

contribution of E3RanBP2, two PDB files were generated. In the first, the structure was 

composed of the same monomers as in 1Z5S (with a modeled thioester bond between 

E2Ubc9 and SUMO); in the second file, E3RanBP2 was excluded from the complex (with a 

modeled thioester bond between E2Ubc9 and SUMO). We also carried out MD simulations 

for two monomers, E2Ubc9 (PDB ID: 1A5R)32 and SUMO (PDB ID: 1A3S).33 AMBER 

8.034,35 was used for the simulations. The simulation time scales for each protein were 32.5 

ns for E2Ubc9, 50 ns for SUMO, 48.5 ns for E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1, and 

43 ns for E2Ubc9–SUMO–TargetRanGAP1. The equilibration times were 2 ns for E2Ubc9, 2.5 

ns for SUMO, 2 ns for E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1, and 5 ns for E2Ubc9–

SUMO–TargetRanGAP1. For the E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 and E2Ubc9–

SUMO–TargetRanGAP1 complexes, a second set of simulation was performed in order to 

validate the proposed allosteric mechanisms. The control set was 28 ns long for each 

complex, with equilibration times of 2.5 ns and 5 ns for E3RanBP2–SUMO–TargetRanGAP1 

and E2Ubc9–SUMO–TargetRanGAP1, respectively. In all trajectory analyses, equilibration 

times were excluded.
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Simulation parameters

The AMBER package34,35 was used for the MD simulations. ff03 was the force field for all 

of simulations. Using the TIP3P water model,36 the protein was solvated explicitly in a 

truncated octahedron box. Isobaric periodic boundary conditions were used with isotropic 

position scaling. The initial velocities of atoms were generated at 10 K with a Maxwellian 

distribution. The temperature was next gradually raised to 300 K; the system temperature 

was maintained at this temperature. The pressure was kept at 1 bar by the Berendsen weak-

coupling approach.37 In order to calculate the full electrostatic energy of a periodic box, the 

particle mesh Ewald method38 with a cutoff distance of 9 Å was used. The constraints for 

the hydrogen bonds were set by the use of the SHAKE algorithm.39 A time step of 2 fs was 

employed in the Leapfrog algorithm. Coordinates and energies were written every 1 ps.

Modeling of the thioester bond

We modeled a thioester bond between Cys93 of E2Ubc9 and Gly97 of SUMO. For bond 

formation, the parameters were either taken from the classical parameters of AMBER or 

produced by using General Amber Force Field with the utilization of Antechamber program.
34,35 In forming the thioester bond, two distinct residue types, Glb and Cyx, were used 

instead of Gly and Cys. A new residue type, Glb, was defined by excluding the –COOH end 

of the Gly97. For Glb, the atom types, the point charges, and the parameters for van der 

Waals interactions of Gly were used. For the case of Cys, the atom types, the point charges, 

and the parameters for van der Waals interactions of an existing residue Cyx were used. 

Generally, Cyx was employed for the case of disulphide bond formation. In the crystal 

structure, the Glb and Cyx residues were not in an optimal orientation for the formation of 

the thioester bond. Thus, the Gaussian program was used for geometry optimization.40–42 

By utilizing the Gaussian method B3LYP/6–31+G⁎⁎, the residues were oriented into a close 

geometry. In the generation of the stretching, bending, and torsional parameters of the new 

geometrical orientation, GAFF and Antechamber were used. By making use of these 

parameters, the thioester bond between Cyx93 and Glb97 was formed with the tleap 

program of the AMBER.

RMSD calculations

RMSD gives a measure for the MSF of the snapshots from the equilibrium state of the 

protein. We considered the first snapshot after the equilibration as the reference structure. 

After that, the distances between the Cα of the superimposed proteins were calculated. We 

used the ptraj module of AMBER 8.034,35 for calculating the MSF. For the RMSD 

calculation of SUMO, residues 1 to 19 were eliminated, since they are quite flexible and lie 

at the N-terminus of SUMO.

Clustering analysis

The clustering of the generated conformations was based on RMSD. This similarity measure 

represents the conformational difference between each pair of superimposed structures.43 In 

the case of individual clustering, the conformations were superimposed on the average 

structure, calculated over the time course of the simulation of each case, assuming 

equilibrium fluctuations. For the case where the simulations were clustered together, the 
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conformations were superimposed on the E2Ubc9 taken at 15 ns of the E2Ubc9–E3RanBP2–

SUMO–TargetRanGAP1 complex trajectory. The clustering was done via the MMTSB 

Toolset’s44 kclust utility, which utilizes k-means clustering. Within the RMSD threshold, the 

frames were divided into clusters and time windows based on their similarity measure. The 

RMSD threshold was set at 3 Å for joint clustering, 2.5 Å for the E2Ubc9–E3RanBP2–

SUMO–TargetRanGAP1 complex, and 2.5 Å and 2.2 Å for E2Ubc9–SUMO–TargetRanGAP1.

Calculation of the correlations between fluctuations

The normalized correlations between the mean-square fluctuations of atomic positions are 

defined as:

COi,j = ΔRiΔRj

ΔRi
2 1/2 ΔRj

2 1/2 (1)

In Eq. (1), ΔRi is the fluctuation of the position vector Ri; ΔRj is the fluctuation of the 

position vector Rj. i and j stand for the residues of interest. The brackets represent ensemble 

averages over calculated snapshots. The cross-correlations range in the interval of [−1, 1]. −1 

designates fully anti-correlated and 1 designates fully correlated atomic fluctuations. The 

normalized correlations between the mean square fluctuations were calculated within the 

time windows defined by the clustering analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(a) Stereo view of the E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 complex (PDB ID: 1Z5S). 

E2Ubc9 is colored yellow, E3RanBP2 is in blue, SUMO is in green, and TargetRanGAP1 in red. 

Left: Each protein is labeled and shown in cartoon and transparent surface representation. 

Right: The functional and structural important regions are colored in green-cyan and are 

represented in cartoon and transparent surface. The depicted regions of E2Ubc9 are loop 2 

(L2), Target binding site (bsTarget), catalytic residue (E2catalytic), and inherent E3 region of 

E2Ubc9 (E3built-in). For TargetRanGAP1, E2Ubc9 binding sites (bsE2) and its catalytic residue 

(Targetcatalytic) are highlighted. The catalytic residues of both E2Ubc9 (Cys93) and 

TargetRanGAP1 (Lys524) are shown as stick representations (red). (b) Modeling of the 

thioester bond. In the crystal structure of the E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 

complex, the C-terminal tail of SUMO (Gly97) is attached to the catalytic lysine (Lys524) of 
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TargetRanGAP1 via an isopeptide bond. In order to observe the sequence of events that lead 

the system to catalysis, this isopeptide bond is broken and a new thioester bond is modeled 

between E2Ubc9 (Cys93) and SUMO (Gly97).
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Fig. 2. 
(a) RMSD evaluation of the E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 complex over the 

time course of the simulation of 48.5 ns. The color code of each line is indicated in the 

legend. (b) Extent of the conformational change observed in loop 2 of E2Ubc9. Loop 2 is 

represented in transparent surface and cartoon and the rest of E2Ubc9 is shown in cartoon. 

The white snapshot is extracted from 10 ns and the yellow one from 24 ns. (c) RMSD 

evaluation of the E2Ubc9–SUMO–TargetRanGAP1 complex over the time course of the 

simulation of 43 ns. The color code of each line is indicated in the legend.

Karaca et al. Page 14

J Mol Biol. Author manuscript; available in PMC 2020 August 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
(a) RMSD evaluation of the E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 complex after 

clustering with an RMSD threshold of 2.5 Å over the time course of the simulation of 48.5 

ns. The color code of each line represents a different conformational ensemble. (b) RMSD 

evaluation of the E2Ubc9–SUMO–TargetRanGAP1 complex after clustering with an RMSD 

threshold of 2.5 Å over the time course of the simulation of 43 ns. The color code of each 

line represents a different conformational ensemble.
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Fig. 4. 
(a) Regions of the E2Ubc9–TargetRanGAP1 complex that show coupled correlated 

fluctuations. The monomer positions of the illustrated E2Ubc9 (yellow)–TargetRanGAP1 (dark 

red) complex are extracted from the PDB entry 1Z5S. The cartoon and transparent surface 

represented regions correspond to the encircled correlations on the left panel. The spatial 

arrangement of the E2Ubc9–TargetRanGAP1 complex in the overall configuration of the 

E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 complex is shown in the box on the left. (b) The 

coupled correlated fluctuations observed for the E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 

complex imply an allosteric effect. The correlation plot is derived from the E2Ubc9–

E3RanBP2–SUMO–TargetRanGAP1 complex trajectory within the time interval of 2–15 ns. 

The coloring scheme is the same as in Fig. 2a.In the plot, the important correlations are 

encircled in dark grey. Where these encircled regions correspond to on E2Ubc9 and 

TargetRanGAP1 are also highlighted next to the axes. The highly correlated regions spotted in 

circles show that the loop 2 of E2Ubc9 moves in accordance with the functional and 

structural important regions of the E2Ubc9–TargetRanGAP1 complex.
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Fig. 5. 
(a) The lack of E3RanBP2 leads to the formation of a new interaction surface in the E2Ubc9–

SUMO complex. The E2Ubc9–SUMO complex taken from the crystal structure of the 

E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 is shown in light grey. The colored monomers 

(E2Ubc9 in yellow and SUMO in green) belong to the snapshot taken from the E2Ubc9–

SUMO–TargetRanGAP1 trajectory at 19.3 ns. The absence of E3 leads to an orientational 

change in SUMO, which results in the formation of a new binding interface between SUMO 

and E2Ubc9. The interaction surface on SUMO side (bsUbc9) is colored in green-cyan and 

shown in ribbon and transparent surface. Gly68 residue is shown explicitly, since among the 

newly formed interfaces, it has the tightest contact with E2Ubc9. (b) The new E2Ubc9–SUMO 

interface formed upon removal of E3RanBP2 indicates correlated fluctuations with E2Ubc9’s 

loop 2. This correlation plot is calculated from the trajectory of the E2Ubc9–SUMO–

TargetRanGAP1 complex. The time interval taken in to account is 18–25 ns. The newly 

formed E2Ubc9–SUMO interface changes the network of correlations in the rest of the 

protein (The most important regions are encircled). The correlation plot reveals that the core 

of the new interface on the SUMO side is anti-correlated with E2Ubc9’s loop 2. This 

observation indicates that a new path is added in the sequence of events upon removal of 

E3RanBP2.
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Table 1.

Various RMSD values for the E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 and E2Ubc9–SUMO–TargetRanGAP1 

complex trajectories

E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 E2Ubc9–SUMO–TargetRanGAP1

Overall RMSD (Å)
2.4±0.5 (3.6–0.6)

a 2.2±0.4 (4.2–0.6)

2.1±0.4 (3.3–0.6)
b

Individual chain-based RMSD (Å)

  SUMO 1.3±0.2 (1.9–0.5) 1.5±0.2 (2.2–0.5)

  E2Ubc9 1.9±0.5 (2.8–0.5) 1.3±0.2 (2.1–0.6)

  TargetRanGAP1 1.3±0.2 (2.0–0.6) 1.5±0.3 (2.5–0.5)

  E3RanBP2 3.2±0.9 (5.7–0.6) —

Each entry corresponds to mean±SD of the RMSD values. The maximum and minimum values of the data set are indicated in parentheses.

a
The RMSD is calculated over the trajectory of E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1.

b
Before calculating the RMSD of the E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 complex, E3RanBP2 is extracted from the system. Thus, the 

reported results are calculated over three monomers: E2Ubc9–SUMO–TargetRanGAP1.
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Table 3.

The distribution of the conformations revealed by joint clustering

E2Ubc9–E3RanBP2–SUMO–TargetRanGAP1 E2Ubc9–SUMO–TargetRanGAP1

E2Ubc9–SUMO–TargetRanGAP1

  Ensemble 1 100 0

  Ensemble 2 0 71.5

  Ensemble 3 0 28.2

  Total 100 100

E2Ubc9

  Ensemble 1 73.3 99.1

  Ensemble 2 26.7 0.9

  Total 100 100

The values indicated are in percentage.
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