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1 Introduction 

1.1 Type V Bacterial Protein Secretion – the Autotransporter 

mechanism 

1.1.1 Autotransporter Structure and Subdivision 

 Out of the six major protein secretion pathways recorded in Gram-negative 

bacteria, the type V mechanism, also known as the autotransporter pathway, is the 

simplest and most widespread (Scott-Tucker and Henderson 2009, Pukatzki et al. 2006, 

Pallen et al. 2003, Henderson et al. 2000). It was named that way because at the time it 

seemed that these proteins needed no additional factors or energy to be translocated to 

the extracellular milieu (Jose et al. 1995). Autotransporter proteins (ATs) are functionally 

esterases, proteases or adhesins often acting as virulence factors in pathogenic 

bacteria (Yen et al. 2008, Wells et al. 2007, Henderson and Nataro 2001, Wilhelm et al. 

1999, Loveless and Saier 1997).  

 Before undergoing posttranslational modifications, all ATs share a few common 

structural features: an N-terminal signal sequence that targets them for transport 

through the bacterial inner membrane, a functional passenger domain that is secreted 

to the outside of the cell, and a C-terminal β barrel, known as the autotransporter 

domain, which is inserted into the bacterial outer membrane (OM). The passenger 

domain in most cases adopts a β helical structure, which is characterised by two or 

three series of parallel β sheets connected to each other by loops, which can be short, 

but can also include entire protein domains (Kajava and Steven 2006, Henderson et al. 

1998, Pohlner et al. 1987). According to some authors, the type V secretion system can 

be subdivided into three categories termed Va, Vb and Vc (Cotter et al. 2005, 

Henderson et al. 2004, Jacob-Dubuisson et al. 2001, Henderson et al. 2000). Classical 

ATs, often referred to simply as autotransporters, are part of the Va group. The Vb 

group is also named the two-partner system where the passenger and AT domains are 

translated as two separate polypeptide chains. The Vc group consists of ATs that are 

inserted into the OM as trimers in order to form a functional β barrel. Other authors tend 
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to count in two more categories, i. e. the Vd and the Ve mechanism (Grijpstra et al. 

2013, Celik et al. 2012, Salacha et al. 2010). The Vd secretion mechanism has been so 

far reported only for the patatin-like protein PlpD, and it is unusual for the AT domain 

resembles the barrel domain of the two-partner system, but in this case it is on the 

same polypeptide chain as the passenger. The Ve group, on the other hand, includes 

ATs with an inverted primary structure, with the passenger domain following the AT 

domain. 

1.1.2 Secretion Mechanism of Va Autotransporters 

 In 1987 Pohlner et al. proposed the first model for OM translocation of an AT 

protein. They were working on the IgA protease from Neisseria gonorrhoeae and 

proposed a model where the autotransporter, or as they named it - helper domain, 

incorporates in the OM to form a pore which is then used by the protease domain for 

transport to the extracellular milieu. The protease domain would fold to an active 

conformation during this transport, and would then be autoproteolitically cleaved and 

released to the extracellular space. 

 It is generally accepted that ATs cross the inner membrane via the Sec apparatus 

followed by cleavage of the signal sequence by a periplasmic signal peptidase (Izard 

and Kendall 1994, Brundage et al. 1990, Driessen and Wickner 1990, Pohlner et al. 

1987). In the periplasm some ATs have been shown to interact with chaperones such 

as SurA, Skp and DegP, presumably to prevent aggregation and misfolding, or even to 

aid in the folding of the AT β barrel (Volokhina et al 2011, Ruiz-Perez et al. 2009, Purdy 

et al. 2007). However, the folding and mode of insertion of the barrel into the OM is still 

unclear. Actually, the entire OM translocation step has been much disputed. It would 

seem ATs are not as autonomous in their transport to the cell exterior as they first 

appeared to be. Except for the aforementioned chaperones, ATs almost certainly 

require a factor homologous to the E.coli Bam complex (such as the newly discovered 

Tam complex in E.coli), which has been found to be crucial for transport of proteins 

across the bacterial OM (Selkrig et al. 2012, Jain and Goldberg 2007, Volhoux et al. 

2003). ATs have been experimentally shown to interact with the Bam complex (Ieva and 

Bernstein 2009, Sauri et al. 2009). Primary structure comparison proved the existence 
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of a ubiquitous signal most often found at the C-terminus of OM barrel proteins which is 

probably related to Bam interaction (Celik et al. 2012). However, the mechanism 

adopted by the Bam complex itself to transport proteins across the OM is also unclear. 

The role of the Bam complex during autotransporter translocation could be at least 

threefold: it could have a role in inserting the AT domain into the OM, but it could also 

aid in maintaining an open conformation of the AT domain until the passenger is 

translocated, or even become the pore through which the passenger domain would 

cross the membrane (Sauri et al. 2011, Bernstein 2007). At the moment the model 

which implies a concerted action of the AT β barrel and the Bam complex seems like 

the most plausible one (Figure 1). 

 However, there is still the open question as to how exactly the protein passes 

through the pore. Junker and colleagues showed that the carboxyl terminus of the 

passenger domain crosses the OM before the N-terminus (2009). Furthermore, the 

β barrel creates a transmembrane pore of about 10 Å in diameter, which is just wide 

enough to fit two extended polypeptide chains (Oomen et al. 2004, Loveless and Saier 

1997). This goes in favour of the hairpin transport model which was proposed back in 

1987 by Pohlner and colleagues and is still widely accepted. According to this model, 

the C-terminus of the passenger domain would enter the pore first, form a hairpin on the 

other side of the membrane and allow the sliding of the rest of the polypeptide chain of 

the passenger domain towards the extracellular matrix. The passenger domain would 

fold while exiting the pore and this vectorial folding would provide the driving force for 

transport (Junker et al. 2006). However, many experimental data is ambiguous. There 

has been evidence of transport of fully folded and even glycosylated proteins by the 

autotransporter mechanism, which most certainly wouldn't fit in the β barrel pore 

(Sherlock et al. 2006, Brandon and Golberg 2001, Veiga et al. 1999). 

 After transport, the passenger domain of an autotransporter protein will have one 

of three faiths – it may stay attached to the AT domain, get cleaved and released into 

the extracellular environment, or be cleaved, but remain bound to its AT domain. 

Cleavage may be inter- or intramolecular, the latter being proteolytic or mediated by 

specific residues in the passenger domain or in the α-helical domain linker (Barnard et 
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al. 2012, Charbonneau et al. 2009, Fink et al. 2001, Egile et al. 1997, Shere et al. 

1997).  

 

Figure 1. Type Va (autotransporter) secretion mechanism. The protein is transferred through the bacterial 

inner membrane by the Sec apparatus, after which the signal sequence is cleaved. Transfer through the 

OM is most likely carried out by a Bam homologue and the AT β barrel in a concerted fashion. In case of 

EstA the passenger domain remains covalently bound to the barrel domain after transfer (reproduced 

from Wilhelm et al. 2011). 

1.2 The SGNH Hydrolase Protein Family 

1.2.1 Tertiary Structure and Function 

 Hydrolases with an α/β fold were first identified by Ollis and colleagues in 1992. 

They found that a catalytic triad composed in most cases of Ser, His and Asp was 

present in all members of this structural superfamily. In 1995 Upton and Buckley 

reported a new family of lipolytic enzymes, the GDSL hydrolases. They were so named 

because of the characteristic GDSL motif, where S denotes the serine residue of the 

catalytic triad. In the same paper the researchers reported five conserved blocks in the 

primary structure of members of this family. In 1999 Arpigny and Jaeger classified the 

GDSL hydrolases as the second out of eight classes of bacterial lipolytic enzymes they 

described in their review article. A subgroup of this class was later recognized as SGNH 
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hydrolases based on the conserved residues in the common blocks found by primary 

structure alignments, with S standing for the catalytic serine in block I, G for the 

oxyanion hole glycine of block II, N for the asparagine of the oxyanion hole belonging to 

block III and H for the catalytic histidine of block V (Akoh et al. 2004, Yu-Chih et al. 

2003, Mølgaard et al. 2000). 

 SGNH hydrolases are peculiar in their tertiary structure, with a fold that differs from 

the common α/β fold. Normally α/β hydrolases consist of 8 β strands connected by 

α helices (henceforth referred to simply as helices), and the catalytic triad is located on 

loops, with the one carrying the nucleophile, i. e. the nuclephilic elbow, being the most 

conserved feature of the fold (Ollis et al. 1992). SGNH hydrolases, on the other hand, 

display a so-called α/β/α fold, meaning they have a core composed of 4-5 β strands 

sandwiched by helices on both sides, and no nucleophilic elbow in the active site (Akoh 

et al. 2004, Mølgaard et al. 2000). In contrast to the GXSXG motif typical of α/β 

hydrolases, SGNH hydrolases have the aforementioned GDSL motif found much closer 

to the N-terminus (Akoh et al. 2004, Cho and Cronan 1993). 

 SGNH hydrolases are found mostly in bacteria and plants, with functions ranging 

from proteases and lipases to arylesterases, carbohydrate esterases, thioesterases and 

acyltransferases (Akoh et al. 2004). They can play a role in bacterial virulence or have 

effects on plant morphogenesis and defence mechanisms (Leščić Ašler et al. 2010).  

 Some GDSL esterases belong to the type V bacterial secretion system, and they 

constitute the passenger domain of ATs serving as bacterial virulence factors (e.g. EstA 

from Pseudomonas aeruginosa, EstP from Pseudomonas putida, ApeE from 

Salmonella enterica, Lip-1 from Xenorhabdus luminescens, etc.) (Wilhelm et al. 2011, 

Loveless and Saier 1997). They have some common distinct characteristics: they are 

not generally secreted into the extracellular medium, Lip-1 being an exception to this 

rule, they possess lipolytic activity, hence could in theory hydrolyse membrane lipids, 

and their tertiary structure is typical for SGNH hydrolases, but very unusual for 

autotransporter passenger domains which are usually β-helical (Wilhelm et al. 2011, 

Kajava and Steven 2006, Wang and Dowds 1993) (Figure 2). 
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Figure 2. Passenger domains of some autotransporter proteins. The passenger domains shown are 

those of haemoglobin protease - Hbp from Escherichia coli (PDB ID: 1WXR; Otto et al. 2005), 

immunoglobulin A1 protease - IgAP from Haemophilus influenzae (PDB ID: 3H09; Johnson et al. 2009), 

adhesion and penetration protein - Hap from H. influenzae (PDB ID: 3SYJ; Meng et al. 2011), esterase A 

- EstA from Pseudomonas aeruginosa (PDB ID: 3KVN; van den Berg 2010). The passenger domain of 

EstA isn’t β helical like the majority of ATs; it’s smaller and displays the α/β/α fold typical of GDSL 

hydrolases. 

1.2.2 Active Site Characteristics 

 Generally, esterases and lipases display broad substrate specificity, and SGNH 

hydrolases are no exception (Akoh et al. 2004, Fojan et al. 2000). TAP, the 

thioesterase I/protease I/lysophospholipase I from Escherichia coli and most studied 

SGNH hydrolase to date, is maybe the best example of a hydrolase displaying high 

substrate promiscuity (Yu-Chih et al. 2003). EstA and EstP from Pseudomonas species 

also display this property, although to a lower extent (Leščić Ašler et al. 2010). In 

addition, TAP was found to have a rigid core composed of β strands and α helices, and 

flexible loops which account for a flexible substrate binding pocket and active site (Yu-

Chih et al. 2003, Yao-Te et al. 2001). Conformational changes due to loop movement 

Hbp IgA

P 

Hap EstA 
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were also previously reported for SGHN hydrolases, especially for the so-called switch 

loop (Kovačić et al. 2013, Akoh 2004). 

 The catalytic triad composed of Ser/His/Asp and the oxyanion hole made up of 

Gly/Asn or Ser/Gly/Asn have a central place in the active site. Another characteristic 

feature of the SGNH family is the placement of the catalytic His and Asp only two 

residues apart, while they are found on different loops in other hydrolases (Mølgaard et 

al. 2000). The catalytic triad and the oxyanion hole residues are connected to each 

other by hydrogen bonding with two bridging conserved water molecules, as reported by 

Yu-Chih and colleagues (2003). Except for these bonds which would have the role of 

positioning the catalytic residues, they also found hydrogen bonding between different 

structural blocks of the SGNH hydrolases, as well as intra-block hydrogen bonds which 

would partake in stabilising secondary structures. Besides this specific hydrogen bond 

network, another peculiar activity-related feature of SGNH hydrolases was reported – a 

non-active site tryptophan residue was found to hydrogen bond with an active site 

leucine which is broadly conserved in bacteria and adjacent to the catalytic serine. This 

tryptophan was also found to exert hydrophobic interactions with other active site 

residues and somehow influence catalytic activity (Li-Chiun et al. 2009). 

1.3 EstA - a GDSL Autotransporter 

1.3.1 Structure and Function 

 EstA is an SGNH esterase found in the OM of Pseudomonas aeruginosa, a Gram-

negative bacterium that commonly inhabits the soil, but can be an opportunistic plant 

and animal pathogen (Wilhelm et al. 1999). The natural substrate(s) and precise 

physiological function of this enzyme are not known, although it has been found that it 

preferentially hydrolyses substrates with short-chain fatty acids in vitro, and can also 

exhibit phospholipase B activity (Wilhelm et al. 2011, Leščić Ašler et al. 2010). In 2007 a 

study was conducted by Wilhelm and colleagues trying to elucidate the role of EstA. 

They found that, while it is not essential for growth under laboratory conditions, EstA 

inhibits all three types of cell motility observed in P. aeruginosa, namely swimming, 
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twitching and swarming, at the same time hindering rhamnolipid synthesis or transport 

and preventing the formation of normal bacterial biofilms. 

 EstA was predicted to be a GDSL autotransporter with a catalytic triad consisting 

of Ser14, His289 and Asp286 (Wilhelm et al. 1999) (Figure 3a). This was later 

confirmed by the crystal structure, which was solved in 2010 at 2.5 Å resolution and 

became the first solved structure of a full-length AT (van den Berg). The structure 

revealed the position of the active site on the apical surface of the passenger, at the 

entrance of a large hydrophobic pocket. Moreover, EstA was found to consist of two 

distinct domains of approximately 30 kDa each (Figure 3b). The β barrel domain which 

crosses the OM is composed of 12 antiparallel β strands, with an additional three-

stranded β sheet named sheet D which is located on the upper part of the barrel 

towards the passenger domain. This additional sheet can be found in the structure of 

the recently solved AT domain of AIDA-1 from entheropathogenic Escherichia coli (PDB 

ID: 4MEE; Gawarzewski et al. 2014), however it is not present in other solved AT 

domain structures, such as NalP from Neisseria meningitidis (PDB ID: 1UYN; Oomen et 

al. 2004), EspP from enterohaemorrhagic E. coli (PDB ID: 2QOM; Barnard et al. 2007), 

Hbp from pathogenic E. coli (PDB ID: 3AEH; Tajima et al., to be published) or BrkA from 

Bordetella pertussis (PDB ID: 3QQ2; Zhai et al. 2011) (Figure 4). 

 The passenger domain of EstA is directly linked to the β barrel by a curved central 

α helix which spans the membrane through the lumen of the barrel and is attached to 

the first β strand on the periplasmic side. Being a typical SGNH hydrolase, the 

passenger domain of EstA differs significantly from other autotransporter passengers – 

it is much smaller and adopts an α/β/α fold. However, van den Berg suggested that a 

sequential folding mechanism for the EstA passenger is plausible based on the crystal 

structure, and might provide the driving force for OM translocation (2010). The fold 

consists of a four-stranded parallel β sheet surrounded by helices, which are connected 

by a big amount of loop structure. In addition, another β sheet, termed sheet B and 

composed of two antiparallel strands, can be found in the EstA passenger, but not in 

smaller SGNH hydrolases such as the thioesterase I/protease I/lysophospholipase L1 

(known as TAP) from E. coli (PDB ID: 1IVN; Yu-Chih et al. 2003), or the 

rhamnogalacturonan acetylesterase from Aspergillus aculeatus (PDB ID: 1DEO; 
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Mølgaard et al. 2000). Another region worth mentioning is block IIIa, which is found in 

all AT SGNH hydrolases, and in EstA consists of amino acids 238-258 (Leščić Ašler et 

al. 2010). It is far from the active site and includes two cysteines connected by a 

disulphide bridge (Figure 3a). 

 

 

Figure 3. EstA crystal structure (PDB ID: 3KVN). a) Residues of the catalytic triad (Ser14-His289-

Asp286) and the oxyanion hole (Gly92-Asn147) are shown in ball-and-stick representation. b) The AT 

domain is shown in blue. The central membrane-spanning helix, which comprises helices 13, 14 and 15, 

is in red. Other helices of the passenger domain are coloured lime. Sheet B and block IIIa, atypical 

regions for GDSL hydrolases, are coloured violet. Cys258 and Cys264 that are engaged in a disulphide 

bond are shown in ball-and-stick representation. 

 

 

 

 

a) b) 
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Figure 4. Autotransporter domain of EstA (red) superimposed with the AIDA-I (violet) and NalP (green) 

autotransporter domains. Sheet D is an additional secondary structure present in EstA and AIDA-I, but 

absent in NalP and other ATs. 

1.3.2 Research Goals 

 Experimental data of EstA activity measured in vitro surprisingly showed that the 

isolated passenger domain exerts higher catalytic activity than the full-length protein (F. 

Kovačić, personal comm.). The same phenomenon was observed in EstP, a homologue 

of EstA from Pseudomonas putida. In 2010 Leščić Ašler et al. found that the isolated 

passenger domain of EstP showed five to ten times higher catalytic activity than the full-

length protein for all tested substrates. That was very unusual, since it is generally 

accepted that enzymes have evolved to optimally catalyse the turnover of their 

substrates. However, an isolated passenger domain, which seemed to be much more 

efficient, was never detected in vivo. Moreover, a hybrid enzyme was constructed from 

the passenger domain of EstA and the AT domain of EstP, and vice versa. While the 

enzyme composed of the EstP passenger and EstA AT domain exhibited lower catalytic 

activity than EstP, as expected for an artificial construct, the hybrid consisting of EstA 

passenger and EstP barrel domain showed three to seven times higher activity than 

full-length EstA for all substrates (Table 1). When comparing the kinetic parameters for 

the turnover of p-nitrophenyl butyrate, the Km value of full-length EstA was higher than 

the Km of the hybrid enzyme consisting of EstA passenger and EstP barrel domain, 
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which points to more effective substrate approach or binding in the latter case (Table 2). 

These results were quite unexpected. Before these measurements, when contemplating 

the activity of full-length enzymes and isolated passenger domains, one could argue 

that interactions of the passenger with the membrane might cause the difference in 

activity. However, activity measurements of hybrid enzymes showed that the C-terminal 

domain itself affects the passenger domain activity. 

 

Table 1. Results of activity measurements for EstA, EstP and their hybrid enzymes (data taken from 

Leščić Ašler et al. 2010). 

 

Substrate EstPN
a EstPb EstAc 

EstPN-
EstAC

d 

EstAN-
EstPC

e 

p-nitrophenyl acetate (C2) 
 

498.0 55.9 3.0 5.4 4.9 

p-nitrophenyl propionate (C3) 162.0 25.5 8.3 3.9 47.5 

p-nitrophenyl butyrate (C4) 928.3 105.2 75.1 19.2 161.0 

p-nitrophenyl valerate (C5) 502.5 86.4 32.4 15.8 85.8 

p-nitrophenyl caproate (C6) 736.0 125.1 26.6 21.4 113.7 

p-nitrophenyl caprylate (C8) 281.3 24.5 6.0 6.3 28.4 

p-nitrophenyl caprate (C10) 1262.9 125.6 9.5 17.6 18.2 

p-nitrophenyl laurate (C12) 281.3 28.3 7.0 6.4 72.6 

p-nitrophenyl myristate (C14) 23.1 5.6 6.0 2,1 89.3 

p-nitrophenyl palmitate (C16) 4.1 0.8 4.2 0.5 71.8 

p-nitrophenyl stearate (C18) 1.4 0.1 4.0 0.1 50.8 

 Activities are expressed in U mg-1. 

 a EstP N-terminal (passenger) domain. 

 b EstP full-length enzyme. 

 c EstA full-length enzyme. 

 d Hybrid enzyme made up of the N-terminal (passenger) domain of EstP and C-terminal (AT) domain of EstA. 

 e Hybrid enzyme made up of the N-terminal (passenger) domain of EstA and C-terminal (AT) domain of EstP. 
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Table 2. Kinetic parameters for the turnover of p-nitrophenyl butyrate (data taken from Leščić Ašler et al. 

2010). 

 

Enzyme Vm [U mg-1] Km [mM] kcat [s-1] kcat/Km [s-1 M-1] 

EstPN 735 0.3 345 1.2 x 106 

EstP 85 0.3 91 3.3 x 105 

EstA 220 0.7 247 3.4 x 105 

EstPN-EstAc 11 0.5 12 2.5 x 104 

EstAN-EstPc 43 0.5 47 9.4 x 104 

  

 When the 3D structure of EstA was solved, van den Berg suggested there might 

be many interactions between the passenger and AT domain (2010). In the same year 

Leščić Ašler et al. speculated that these putative interactions might alter the 

arrangement of residues in the active site and in its vicinity, resulting in a difference in 

activity. The aim of the research presented in this thesis was to characterise the 

interdomain interactions and to find the differences in the structural and dynamical 

properties of the active site between the isolated passenger domain of EstA and the full-

length enzyme. Such results could point towards the cause of the unexpected activity 

increase detected experimentally in the isolated EstA passenger. 

1.4 Molecular Dynamics Simulations 

 Molecular dynamics (MD) is a computational technique that allows prediction of 

the motion of atoms in the system, i. e. its dynamics, based on Newtonian classical 

mechanics. In MD simulations forces on every particle in the system are computed by 

deriving the potential energy function of the system, and consequently accelerations 

can be calculated based on Newton's second law of motion. These calculations are 

solved for every time step, yielding new velocities for each particle every time. The 

result is a trajectory file containing information on coordinates of every particle in the 

system as a function of time. The idea is to generate an ensemble of structures that will 

be representative of a real system made up of a great number of molecules, in 

accordance with the ergodic hypothesis. 
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 While experiments give information on macroscopic properties, which are actually 

an average over all molecules in the system, MD simulations can be used to study 

atomistic features and properties of the system. Therefore, MD simulations can be used 

to complement experiments in order to gain additional insight into the system, help with 

the interpretation of experimental results, and to reduce their number. In some cases, 

simulations can replace experiments when they are either impossible to carry out or too 

expensive or dangerous. 

 MD simulations rely on force fields. Force field is a term used to denote a set of 

parameters and the function which calculates the potential energy of the system using 

these parameters. Parameters must be transferable, meaning they can be used to 

model similar systems. The potential energy depends on the geometry and 

conformation of the molecule, namely on internal coordinates such as bond length, 

angles, torsion angles and non-bonded interactions (Leach 2001). An example of a 

simple functional form of a force field that takes into account only the most basic internal 

coordinates of the molecule is given below. 

 

 
𝑉(𝑟𝑁) =  ∑

𝑘𝑠

2
𝑏𝑜𝑛𝑑𝑠

(𝑙 − 𝑙0)2 +  ∑
𝑘𝑏

2
𝑎𝑛𝑔𝑙𝑒𝑠

(𝜃 −  𝜃0)2 +  ∑
𝑉𝑛

2
𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠

[1 + cos(𝑛𝜔 −  𝛾)]

+  ∑ ∑ {4𝜀𝑖𝑗 [(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

] +  
𝑞𝑖𝑞𝑗

4𝜋𝜀𝑜𝑟𝑖𝑗
}

𝑁

𝑗=𝑖+1

𝑁

𝑖=1

 

(1) 

 

𝑉(𝑟𝑁) is the potential energy which is a function of the coordinates of all particles in the 

system. The first and second term describe the changes in bond lengths and angles, 

and are modelled as a harmonic potential which gives the increase in energy as the 

value deviates from the reference value. The third term is a torsional potential which 

models energy changes when atoms rotate around a bond. The last term describes 

non-bonded interactions. They are calculated between each pair of atoms i and j in 

different molecules, and between each pair of atoms i and j separated by at least three 

bonds when the atoms are in the same molecule. The first term is the Lennard-Jones 

potential which models van der Waals interactions, while the second one is Coulomb's 

law used to model electrostatic interactions. Some force fields can have additional 

terms (Leach 2001).  
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 Force fields differ both in the parameters that are used and in the functional form 

that is applied to calculate the potential energy of the system. General and specialized 

force fields exist, the former including parameters for a large variety of atom types, the 

latter comprising optimized parameters for a group of compounds or molecules. The 

most commonly used force fields for biological molecules are AMBER, CHARMM, 

GROMOS and OPLS. 

 When performing an MD simulation one must carefully choose many simulation 

conditions, the most important being: how to treat the system in terms of degrees of 

freedom (use an atomistic or a coarse-grained model), how to solvate the system 

(implicitly or explicitly), how to treat boundary conditions and to control the temperature 

and the pressure of the system, and how to sample the conformational space (defined 

by the choice of sampling algorithm). 

 An MD production run is often preceded by an energy minimization where 

unfavourable interactions that increase the energy of the system are relaxed, which 

allows the system to reach the nearest local minimum on the potential energy 

landscape. Afterwards, one or more equilibration simulations are performed in order to 

stabilise all relevant parameters such as temperature, pressure, solvent density, 

velocities, etc. 

 3D coordinates of protein structures are an important prerequisite for MD 

simulations. They are mostly obtained by X-ray diffraction, but a crystal structure shows 

one moment in time, one of the thousands possible conformations, or sometimes not 

even, but a constrained structure of a protein in a crystal, which can be far from its 

physiological state. Since much of a protein's function might be due to its dynamic 

properties, MD is a valuable technique, and will be even more so in the years to come, 

with the development of better force fields and stronger supercomputers. This work 

presents an effort to get a better insight into the interdomain communication and 

functioning of the EstA autotransporter taking into account its dynamic properties. 
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2 Materials and Methods  

2.1 Simulations of the Passenger Domain of EstA 

2.1.1 System preparation 

 The protein was studied in silico using 100 ns long molecular dynamics 

simulations. Four different systems were simulated: the isolated passenger domain of 

EstA and the full-length EstA enzyme, both with and without 4-hydroxyphenyl octanoate 

bound as a tetrahedral intermediate in the active site. Simulations were partially 

performed at the Ruđer Bošković Institute, courtesy of Dr. Mario Vazdar of the 

Laboratory for Physical-Organic Chemistry, and at the Forschungszentrum Jülich in 

Germany, courtesy of Prof. Dr. Karl-Erich Jäger. 

 The crystal structure of EstA obtained from the Protein Data Bank (PDB ID: 3KVN) 

was used to prepare the systems for simulation (van den Berg, 2010). The unit cell is 

composed of two identical EstA protein chains (the RMSD value between them is 

0.18 Å), so chain A was chosen to prepare the systems. The N-terminal tag 

(MHHHHHHHLE-) and the detergent molecules present in the crystal structure were 

removed. Water molecules within 3 Å from the protein heavy atoms were retained for 

simulations.  

 In order to isolate the passenger domain, residues 307-622 were deleted, leaving 

residues 1-306 which, according to van den Berg (2010), constitute the passenger 

domain. Parameters from ff99SB Amber force field (Hornak et al. 2006) and GAFF 

general force field (Wang et al. 2004) were used for parametrisation. In case of the 

passenger domain with the tetrahedral intermediate in the active site, the intermediate 

was positioned based on the placement of the detergent molecule in the active site of 

the crystal structure, on one hand, and on the principle of maximising favourable 

electrostatic interactions, on the other. A water molecule found in the active site was 

deleted because of its placement in the oxyanion hole in the crystal structure. When 

4-hydroxyphenyl octanoate is placed in the active site, the carbonyl oxygen from its 

carboxyl group positions itself in the oxyanion hole (Figure 5). The substrate in 
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tetrahedral form was covalently bound to Ser14 from the catalytic triad. His289, also 

part of the catalytic triad, was doubly protonated. 

 Polar hydrogen atoms were added to both the bound and unbound passenger 

simulation systems by the WHAT IF web server (Vriend 1990) which protonates 

residues in a way to obtain an optimal hydrogen-bonding network, while non-polar 

hydrogens were added by the tleap program of the Amber 12 program package (Case 

et al. 2012). The protein was placed in the centre of a cubic box, the size of which was 

between 70 and 80 Å in all directions for both prepared systems. The box was filled with 

TIP3P water molecules (Jorgensen et al. 1983) (Figure 6). Periodic boundary conditions 

(PBC) were applied. The system was electrostatically neutralised by addition of 9 

sodium ions. Both prepared systems consisting of the isolated EstA passenger domain 

comprised about 39000 atoms. 

 

 

Figure 5. Active site of EstA passenger domain with bound tetrahedral intermediate. 4-hydroxyphenyl 

octanoate is depicted in pink and covalently bound to Ser14 of the catalytic triad. Its carbonyl oxygen is 

stabilised by hydrogen bonding with the backbone nitrogen of Gly92 and the amide nitrogen of Asn147, 

which together shape the oxyanion hole. 
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Figure 6. EstA passenger domain in a cubic simulation box solvated with TIP3P water molecules. 

2.1.2 Minimisation, Equilibration and MD Simulations 

 Minimisations and equilibration simulations of the passenger domain of EstA were 

performed by the Sander program of the Amber 12 program package. For the 

passenger domain with tetrahedral intermediate the Pmemd implementation of the 

Sander program was used. Four steps of minimisations consisting of 1000 cycles each 

were carried out in both cases, each step aimed at optimising the geometry of a 

different part of the system. This was achieved by restraining motion of a particular part 

of the system using positional restraints with a force constant of 100 kcal mol-1 Å-2. In 

the first minimisation step all protein atoms and substrate atoms were restrained, 

leaving the water molecules and ions to relax. In the second step protein hydrogen 

atoms were allowed to move freely as well, and in the system where the tetrahedral 

intermediate was present, it was no longer restrained. Restraint was put only on the 
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protein backbone in the third minimisation step. The last minimisation step was carried 

out without restraints. 

 After obtaining a structure close to a local energy minimum for both systems, two 

short equilibration simulations were carried out. During 300 ps of simulation each 

system was heated up to 310 K at constant volume. This temperature was chosen 

because the bacterium P. aeruginosa, which the protein is isolated from, is among 

others a human pathogen, and it reproduces at this temperature in the human body. 

Afterwards, 200 ps of equilibration simulation at constant pressure was carried out for 

both systems. 

 MD simulations of EstA passenger domain and passenger domain with bound 

tetrahedral intermediate were carried out in the Gromacs program package (Berendsen 

et al. 1995). The first 20 ns in both cases were conducted with Gromacs 4.6.3, and 

simulations were extended to 100 ns with Gromacs 4.6.5. Simulations were conducted 

with a time step of 1 fs. The used cut-off scheme was Verlet in combination with 

Particle-Mesh Ewald (PME) electrostatics; the real space Coulomb cut-off was set to 

1 nm, while the Lennard-Jones cut-off was 1.4 nm. For temperature coupling a 

Nose-Hoover thermostat with time constant 0.5 ps was used (Hoover 1985, Nosé 

1984), while isotropic pressure coupling was performed with a Parrinello-Rahman 

barostat, a time constant for coupling of 10 ps and 1.013 bar as reference pressure 

(Nosé and Klein 1983, Parrinello and Rahman 1981). 

2.2 Simulations of EstA in a Lipid Bilayer 

2.2.1 System preparation 

 The EstA structure file from the Protein Data Bank was adapted similarly as 

described for the passenger domain in the previous chapter. In this case the full-length 

chain A composed of 622 amino acids without the N-terminal tag, detergent and water 

molecules was used.  

 1-palmitoyl-2-oleoyl-phosphatidylethanolamine (POPE) was chosen to build the 

lipid bilayer because it is by far the most common lipid molecule in the outer membrane 

of Pseudomonas (Nikaido and Hancock 1986). POPE parameters were downloaded 



 

 

19 
 

from people.su.se/~jjm/Stockholm_Lipids (Jämbeck and Lyubartsev 2012b). Water 

molecules were removed from the POPE coordinate file and the bilayer was extended 

by doubling its length in the x-axis direction. The general lipid force field forcefield.ff 

(Jämbeck and Lyubartsev, 2012a) was used, together with the Amber99SB protein 

force field (same as ff99SB used for the passenger domain). The simulation systems of 

full-length EstA in lipid bilayer were set up in Gromacs. 

 To prepare the system consisting of full-length EstA with bound intermediate, the 

position of 4-hydroxyphenyl octanoate in the active site was taken from the previously 

prepared passenger domain structure. Hydrogen atoms were added to the protein 

structure by the Gromacs sofware, which protonates amino acid side chains based on 

their ionization state at pH 7, except His for which protonation is based on an optimal 

hydrogen bonding conformation. Both the bound and unbound enzyme were inserted 

into the lipid bilayer in VMD (Visual Molecular Dynamics; Humphrey et al. 1996) based 

on information from the OPM (Orientations of Proteins in Membranes) database 

(Lomize et al. 2006). Phospholipid molecules within 0.8 Å of the protein were removed. 

In both systems a box of about 120 x 60 x 170 Å was generated, with the lipid bilayer 

spanning the whole length and width of it. An explicit solvent model was used and the 

box was filled with TIP3P water molecules (Figure 7). Water molecules overlapping with 

the bilayer were removed. In order to neutralize the systems, 24 water molecules were 

replaced with sodium ions. This added up to a total of about 120000 atoms in the full-

length EstA systems.  
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Figure 7. Full-length EstA embedded in a POPE bilayer in a simulation box solvated with TIP3P water 

molecules. 

2.2.2 Minimisation, Equilibration and MD Simulations 

 Energy minimisation and equilibration simulations were carried out with Gromacs 

4.6.2. Both prepared full-length systems were subjected to a steepest descent 

minimization with the maximum number of steps set to 50000. However, energy 

minimisation was completed sooner, when the force criterion was met, i.e. the force on 

every atom was below 1000 kJ mol-1 nm-1. The maximum step size was 0.01 nm. 



 

 

21 
 

Electrostatics were treated with PME and short-range interactions cut-offs were 1.2 nm. 

Periodic boundary conditions were applied in all three directions. 

 The first 500 ps of equilibration simulations were carried out under a canonical 

(NVT) ensemble with all protein heavy atoms position restrained. The time step was 

2 fs. Constraint was put on all bonds with the LINCS algorithm (Hess et al. 1997). PME 

treatment of electrostatic interactions was used with same cut-offs as in the energy 

minimisation. Temperature coupling was done with the V-rescale algorithm, treating the 

protein, or protein and intermediate, the phospholipid bilayer and the solvent as three 

independent coupling groups (Bussi et al. 2007). The time constant for temperature 

coupling was 0.1 ps and the reference temperature was set to 310 K in all coupling 

groups.  

 An equilibration simulation under the isothermal-isobaric (NPT) ensemble was 

carried out following the NVT equilibration. Parameters for electrostatic interactions 

treatment, as well as constraints and restraints were identical to the previous 

equilibration. The Verlet cut-off scheme was used, and the equilibration simulation was 

conducted for 1 ns with a time step of 1 fs. The Nose-Hoover thermostat was used for 

temperature coupling, with the same coupling groups as described above. The time 

constant for temperature coupling was set to 0.5 ps and the reference temperature was 

310 K. Semiisotropic pressure coupling was done using the Parrinello-Rahman 

ensemble, a 5 ps time constant and a reference pressure of 1 bar.  

 MD simulations of full-length EstA and full-length EstA with tetrahedral 

intermediate bound in the active site were conducted with Gromacs 4.6.2 for 30 ns and 

were afterwards extended to 100 ns with Gromacs 4.6.5. The time step was set to 1 fs. 

Simulations were performed without constraints. Electrostatics were treated as in the 

equilibration simulations, along with the Verlet cut-off scheme. Temperature coupling 

conditions were as in the previous equilibration simulation, while for pressure coupling a 

2 ps time constant was used in order to maintain the pressure of 1 bar.  

2.3 Analysis 

 Trajectories were visualized and analyzed using VMD and the tools available in 

the Gromacs program package. 
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3 Results 

3.1 Structure and Dynamics Overview 

 All systems reached equilibrium in the simulations, as confirmed by the RMSD 

plots of the production runs of all four systems (Figure 8). However, the systems 

simulated without tetrahedral intermediate bound in the active site seemed to take more 

time to converge towards an equilibrium conformation, possibly because the starting 

crystal structure had a detergent bound in the active site. The average RMSD value is 

largest for the simulation of the isolated passenger domain (1.65 Å) and smallest for the 

passenger domain with tetrahedral intermediate (1.47 Å); the average RMSD for the 

full-length enzyme with intermediate is very close to this value as well (1.49 Å), and the 

full-length enzyme without intermediate bound in the active site lies somewhere in 

between (1.6 Å). The largest difference between minimum and maximum RMSD values 

was found in the simulation of the passenger domain with tetrahedral intermediate (1.18 

Å), whilst the smallest fluctuation between minimum and maximum was in the 

simulation of full-length EstA without intermediate in the active site (0.94 Å). Equilibrated 

simulations were considered for these calculations, i.e. trajectories from 20 ns onwards.  
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Figure 8. Root mean square deviation plots of EstA MD simulations. a) EstA passenger domain with and 

without tetrahedral intermediate. b) Full-length EstA with and without tetrahedral intermediate. 

 

 

 

a) 

b) 
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 Cluster analysis was carried out on whole trajectories using the gromos clustering 

algorithm. As opposed to the RMSD calculations in the previous paragraph which were 

based on Cα atoms in relation to the equilibrated protein structure, in the case of 

clustering all structure pairs were compared and grouped based on the calculated 

RMSD values for the catalytic domain. Using the same cut-off value of 2 Å for all 

simulations, the conformations were grouped into 5 clusters for the passenger domain 

simulation, 4 clusters for the passenger domain with bound intermediate, 3 clusters for 

the full-length enzyme simulation, and only one cluster in the case of full-length EstA 

with bound intermediate. Hence full-length EstA with tetrahedral intermediate shows the 

smallest catalytic domain structural variability throughout the simulation, whilst the 

isolated passenger domain simulation exhibits the biggest variability. Overall, in both 

simulations of membrane bound full-length protein there was more similarity among the 

sampled structures. 

 When the cluster centroids (representative structures of each cluster) were 

superimposed for all systems, the largest RMSD differences were found in several 

protein regions: part of helices 10 and 11, the bottom and in some cases top part of 

helix 9 with the loop following the helix, part of helix 5 and its adjacent loop, and helix 3 

and the adjoining unstructured region (Figure 9). These differences were mostly 

consistent in all simulated systems, with the exception of helices 10 and 11, which 

fluctuate considerably only in the simulations of isolated passenger domain. When the 

centroids of the most populated cluster of each system are superimposed, a difference 

in the active site helix 6 is conspicuous, in addition to the previously mentioned flexible 

regions - in the simulation of the full-length enzyme with tetrahedral intermediate the 

bottom part of helix 6 and the adjacent turn adopt a different conformation (Figure 10). 
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Figure 9. Superimposed centroids of each cluster for all four systems. Structures are coloured by RMSD 

(blue – lower, red – higher). a) Simulation of isolated passenger domain (5 clusters). b) Simulation of 

isolated passenger domain with intermediate (4 clusters). c) Simulation of full-length protein (3 clusters). 

d) Simulation of full-length protein with intermediate (1 cluster). The cut-off for cluster analysis was set to 

2 Å. 

a) b) 

c) d) 
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Figure 10. Superposition of the dominant cluster centroids of all four simulation systems (only passenger 

domains). Colouring is based on RMSD as in the previous figure. The turn beneath helix 6 is structured 

differently in the system of full-length enzyme with tetrahedral intermediate (red arrow). 

 

 The root mean square fluctuation (RMSF) per residue averaged for the regions 

pointed out by the cluster analysis was higher than the average RMSF for the whole 

protein in the great majority of cases. The highest peaks were associated with the 

isolated passenger domain without intermediate, with the most prominent flexible 

regions being helix 9 and the following loop, as well as helix 5 with the adjoining loop 

(average RMSF of 2.28 and 2.09 Å respectively, in contrast with a protein average of 

1.12 Å). This is consistent with the cluster analysis unveiling the biggest number of 

clusters for this simulation system. The average RMSF values of helix 9 with its 

adjoining loop and helix 10 are higher in the isolated passenger domain systems. On 

the other hand, helix 3 and its adjacent loop tend to be more flexible in the full-length 

enzyme simulations (Figure 11). 
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Figure 11. Average RMSF values of flexible regions found by superposition of cluster centroids.  

3.2 Interdomain Interactions 

3.2.1 Hydrogen Bonds 

 Hydrogen bonds between the passenger and autotransporter domain of EstA can 

be divided into three major groups or interaction clusters, i.e. domain-domain interface 

regions into which interactions can be grouped (Figure 12).  
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Figure 12. Interdomain hydrogen bonding regions in EstA. a) The passenger domain is coloured dark 

blue, the AT domain is icy blue. The first interaction region (sheet D cluster) is shown in yellow, the 

second one (helix 10&13 cluster) in green, and the third one (a single interaction between the loop 

connecting strands 5 and 6 and helix 13) is coloured in red. b) A slightly rotated representation, with 

colouring as in a). Domain-domain interface regions with a diminished RMSF in the simulations of full-

length EstA are shown in pink. 

 

The first interaction cluster includes interactions between residues of the AT 

domain located on sheet D and residues of the passenger located on the bottom part of 

helix 9 and the last strand of the parallel β sheet (Figure 13a). The RMSF per residue 

for the bottom part of helix 9 and the loop connecting it to the aforementioned β strand 

(i.e. amino acids 220-226) is larger in the simulations of the passenger domain, when 

b) a) 
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there are no interdomain interactions. When comparing the two simulations of the 

passenger domain, the flexibility of this region is larger when there is no tetrahedral 

intermediate bound. The interactions that form this cluster are conserved in both 

simulations of full-length EstA (with and without bound tetrahedral intermediate). 

However, while the hydrogen bond between Thr570 and Asn226 is the same in both 

cases, Asn567 interacts much more frequently with Val227 when no tetrahedral 

intermediate is bound to the enzyme (64.3% of the simulation time when a 3.5 Å cut off 

distance between donor and acceptor and a 30o acceptor – donor - hydrogen angle are 

set as hydrogen bonding criteria), and more often with Thr217 when the intermediate is 

bound (71.5% of the simulation time); in the latter case hydrogen bonding between 

Asn567 and Val227 never occurs. As opposed to full-length EstA without bound 

intermediate, where interactions of Asn567 with Leu220 and Ala225 occur during the 

rest of the simulation, in the system of full-length protein with bound intermediate 

hydrogen bonding with Leu220 is negligible, leaving the Asn567-Ala225 bond to 

compensate for the broken Asn567-Thr217 interaction when necessary (Figure 14). 
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Figure 13. Close-up of interdomain hydrogen bonding in EstA. The structure of full-length EstA without 

bound intermediate at 75 ns is shown (ribbons and cyan coloured residues). Residue numbers ≥307 

belong to the AT domain. a) Interdomain hydrogen bonds between residues on sheet D of the 

transmembrane barrel and the bottom of helix 9 and a β strand of the passenger domain. Pink residues 

are from the superimposed structure of full-length EstA with bound intermediate at 75 ns, showing the 

interaction that differs among the two systems. b) Hydrogen bonds belonging to the other two interaction 

regions, in which residues of helix 10 and the upper part of the membrane spanning helix of the 

passenger domain interact with residues from two loops and strands of the AT domain. 

a) b) 
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Figure 14. Interdomain hydrogen bonding between Asn567 and residues of the passenger domain during 

100 ns of simulation. a) Plot of said interactions in full-length EstA without intermediate in active site. 

Asn567 hydrogen bonds mostly with Val227, as well as Thr217, Leu220 and Ala225. b) Plot of 

interactions in full-length EstA with bound tetrahedral intermediate. Asn567 hydrogen bonds mostly with 

Thr217, and to a smaller amount with Ala225. 

 

a) 

b) 
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 Interdomain hydrogen bonding also occurs between residues of helices 10 and 13 

(i.e. the upper part of the membrane-spanning helix) of the passenger and residues of 

the AT domain located on loops adjacent to sheet D and a prolonged strand of the β 

barrel (strand 6) (Figure 13b). In this case the interactions affect the flexibility of a 

participating region as well - the RMSF of the majority of helix 10 (amino acids 233-242) 

is higher in both simulations of the passenger domain (the average RMSF is 1.63 Å in 

the passenger, 1.77 in the passenger with intermediate, 1.20 in the full-length enzyme 

and 1.06 in the full-length enzyme with intermediate). All interactions included in this 

cluster are either less occurring or more fluctuant in the simulation of the full-length 

protein with tetrahedral intermediate. The most stable interaction is the hydrogen bond 

between Tyr301 of the membrane-spanning helix (helix 13) and Ala509, which breaks 

only shortly around 50 ns in the system with tetrahedral intermediate. On the other 

hand, the interaction between Glu238 and Arg455 breaks several times in this 

simulation system, mainly due to Arg455 fluctuations. The higher RMSF per residue of 

the 506-509 region in the simulation of full-length EstA with tetrahedral intermediate can 

at least partially account for the lower stability of interactions in this system.  

 The last group of hydrogen-bonded residues between domains consists of an 

isolated interaction between amino acid Gly451 (and Gly452 to a much smaller amount) 

on the turn connecting the two prolonged strands of the β barrel (namely strands 5 and 

6) and residue Asp300 of the membrane-spanning central helix (helix 13). The flexibility 

of the membrane-spanning α helix doesn’t differ between systems. As opposed to the 

interactions in the prior hydrogen bonding cluster, in this case the interaction is more 

perseverant in the system with bound intermediate (Figure 13b).  

 As for the interactions subdivision, the first described interaction cluster can be 

much more easily discerned than the other two. The above subdivision of these two 

clusters is based on the relatedness of the hydrogen bonds they engage into. Another 

possible subdivision would be based on the structural moieties in which the interacting 

amino acids are found; in this case one group would contain all the interactions of 

helix 10 with the AT domain, namely Asn231-Ser563 and Glu238-Arg455, while the last 

cluster would comprise all the interactions of helix 13, i.e. the upper part of the 

membrane spanning helix, namely Tyr301-Ala509 and Asp300-Gly451. However, for 
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the purpose of this work the first and functionally more logical subdivision has been 

chosen. An overview of the interactions grouped into three clusters is presented in 

Table 3. 

 Occasional interdomain hydrogen bonds are also formed between N-terminal 

residues during the simulations, namely between the amino group of Ala1 and the 

hydroxyl group of Ser362, and the backbones of Ser3 and Asp364. These contacts are 

interchanged with hydrogen bonds between these N-terminal amino acids and residues 

of the passenger domain. As a consequence of these interactions the N terminus is far 

less flexible when the protein is simulated with its transmembrane domain.  

 

Table 3. Overview of hydrogen bonding interactions between the passenger and autotransporter domain 

of EstA.  

 

Hydrogen bonding 
interaction region 

Donor residue : Acceptor 
residuea,b 

Donor atom/group – 
Acceptor atom/groupc 

Comparison of 
occurrence during 
simulation (protein 

vs. protein with 
intermediate)d 

Sheet D 

Asn226 : Thr570*/** -NH2 — Obb- 
= 

Asn226 : Thr570 -NH2 — OH 

Thr570  : Asn226 -NHbb — O=C- = 

Asn567  : Thr217** -NH2 — Obb- 

= 
XAsn567  : Leu220 -NH2 — Obb- 
Asn567   : Ala225 -NH2 — Obb- 

XAsn567   : Val227* -NH2 — Obb- 

Helices 10 & 13 
Asn231  : Ser563 -NH2 — OH > 

Arg455  : Glu238 -NH2 — -OOC- > 

Tyr301  : Ala509 -OH — Obb- > 

Turn between 
β strands 5 & 6 

Gly451 : Asp300 -NHbb — -OOC- < 

a Interactions which alternate in the simulation and joined represent a single continuous interacting entity are grouped 

and considered together. In such a group, an interaction which stands out for being dominant during most of the 

simulation time is marked with an * for full-length EstA, ** for full-length EstA with bound tetrahedral intermediate, and 

*/** for an interaction dominant in both systems. 

b Hydrogen bonds which don’t occur in EstA with bound intermediate are marked with an X preceding the name of the 

donor amino acid (interactions which would be found only in EstA with intermediate haven’t been encountered). 

c The index bb specifies a backbone atom, other atoms/groups belong to residue side chains. 

d Only hydrogen bonds which are conserved throughout one or both simulations of full-length EstA are relevant and 

considered; differences between the two systems are reported, where > means greater occurrence in protein without 

intermediate, < means greater occurrence in protein with intermediate, and = means equal hydrogen bond 

occurrence in both simulations. 
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3.2.2 Hydrophobic Interactions 

 Hydrophobic interactions are not strictly defined between two atoms or even 

residues, as opposed to hydrogen bonds. A 5 Å cut-off was used to determine the 

existence of hydrophobic interactions. Interdomain hydrophobic interactions in EstA 

form one large hydrophobic cluster, with participating residues from almost all of the 

above encountered domain interface regions – sheet D and its attached loops, the last 

two strands of the passenger domain β sheet and the bottom part of helix 9, the 

prolonged strand 5 of the β barrel, helix 10 and the membrane spanning helix 13 

(Figure 15a).  

 The amino acids engaging into interdomain hydrophobic interactions as part of the 

interaction region referred to previously as sheet D cluster are Leu186, Ile228 and 

Pro229 on the passenger domain β sheet, Thr217 on helix 9 and, on the 

transmembrane domain, Leu564 and Phe569, located on the first strand and connected 

loop of sheet D, respectively. The remaining two interaction regions described in the 

previous chapter cannot be discerned when considering hydrophobic interactions. 

Residue Leu234 from helix 10 interacts with Ala509 located on a loop adjacent to sheet 

D on the AT domain. Leu235, also located on helix 10, seems to have an important role, 

connecting helix 10 to the membrane spanning central helix through its interaction with 

Leu297, to the loop on sheet D through interactions with Ala509 and Thr510, and to the 

prolonged strand 5 of the transmembrane domain by interacting with Leu450. Other 

residues involved in hydrophobic interdomain interactions as part of this cluster are 

Leu512, Leu561 and Leu305, as well as Phe246 on the opposite side, which is the only 

residue from helix 11 (a small 310 helix following helix 10) participating in interdomain 

interactions (Figure 15b).  

 Tyr301 has probably a central role in keeping the cluster compact, and achieves 

this by interacting with residues from all interface regions. Moreover, it interacts with 

Leu230 which, along with Ile232 from helix 10 and Ile298 of the central helix, engage in 

hydrophobic interactions with Trp185, a residue associated with the active site 

(Figure 15b). Interestingly, although the flexibility of most of helix 10 depends on the 

presence of the AT domain, the RMSF of residues 230 and 232 seems to be influenced 

by other factors. These two residues show highest RMSF in full-length EstA without 
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intermediate, and lowest RMSF in full-length EstA with bound intermediate in the active 

site. As Trp185 shows the same RMSF pattern, the flexibility or rigidity of these residues 

is probably interdependent and mediated by hydrophobic interactions.  

 Differences in hydrophobic interactions between the two full-length EstA 

simulations are generally consistent with the differences already reported for hydrogen 

bonding. Most interactions that include residues 509 and 510, which are located on a 

loop with higher flexibility in the system with tetrahedral intermediate, are consequently 

less stable in this system. On the other hand, interactions of residues on the turn 

between strand 5 and 6 of the barrel and helix 13 residues are more stable in the 

system with tetrahedral intermediate. 
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Figure 15. Interdomain hydrophobic cluster in EstA. a) The passenger domain is represented in dark 

blue, the AT domain in icy blue. The regions involved in hydrophobic interactions and the associated 

residues are shown in green. b) Residue Trp185 associated with the active site and residues 230, 232 

and 298 which interact with it are shown in pink. Tyr301 has a central role interacting with Leu230, 

Leu235, Leu305 (not visible), Leu450 and Thr510. 

3.3 Active Site Geometry and Hydrogen Bond Network 

3.3.1 Active Site Architecture and Substrate Binding 

 The catalytic triad of EstA is composed of Ser14 on one loop, and Asp286 and 

His289 on another (Figures 3b and 5). The hydrogen bonding of the catalytic triad 

residues was conserved in both simulations with tetrahedral intermediate in the active 

site. It was, however, not conserved in the systems without the intermediate in the 

a) b) 
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active site, where there is no hydrogen bond between Ser14 and His289. This reflects 

on the distance between these two loops, which is stable and constant in the systems 

with a formed catalytic triad, but smaller and fluctuant in the systems without the 

intermediate in the active site. Fluctuations are the largest in the full-length enzyme 

without intermediate in the active site. In the systems with no tetrahedral intermediate 

bound in the active site, Ser14 engages into hydrogen bonding with Gly92 and 

occasionally with Asn147. When the intermediate is bound in the active site, these 

residues form the oxyanion hole which stabilises the transition state oxyanion. Ser14 

also contributes to oxyanion stabilisation with its backbone nitrogen. In addition to the 

two loops with the catalytic triad residues, Gly92 of the oxyanion hole and Phe34 which 

stabilises the intermediate by stacking are found each on a different loop. Another 

important structural element in the active site is helix 6, which carries Asn147 of the 

oxyanion hole. The RMSF values of the catalytic triad and oxyanion hole are lower in 

the passenger with intermediate than in the full-length enzyme with intermediate. This is 

especially prominent in the oxyanion hole residues (Figure 16). While this seems to 

have little or no effect on the oxyanion stabilisation by Gly92, hydrogen bonding 

between Asn147 and the tetrahedral intermediate oxyanion is more stable, i.e. with 

smaller length fluctuation, in the active site of the isolated passenger domain 

(Figure 17).  
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Figure 16. RMSF of chosen relevant active site residues. Residues 14, 286 and 289 form the catalytic 

triad, while residues 92 and 147 shape the oxyanion hole. 

 

Figure 17. Hydrogen bond between Asn147 of the oxyanion hole and the tetrahedral intermediate. In the 

full-length enzyme both hydrogens of the amide group engage in hydrogen bonding at different times in 

the simulation. 
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 The remainder of tetrahedral intermediate – enzyme interactions is hydrophobic in 

nature. Relevant residues for hydrophobic substrate stabilisation are Leu15, Leu150, 

Val288, Leu187, Pro188, Leu190, and Phe34 (Figure 18). The average RMSF of the 

tetrahedral intermediate is slightly larger in the passenger domain in comparison with 

the full-length enzyme (1.25 vs. 0.80 Å). The cause of this lies in the flexibility of part of 

the tetrahedral intermediate that includes the phenol moiety, and of its final 2-3 carbon 

chain atoms. Only one position is allowed in the full-length enzyme active site, while in 

the isolated passenger two orientations are possible for both groups, and they are not 

interdependent (Figure 18). Flexibility of the part of the tetrahedral intermediate that 

includes the phenol moiety is probably inhibited by Leu150 in the full-length enzyme, 

while the inhibition of motion of the last few carbons might be related to residues 

Leu187 and Leu190 which are also part of a non-active site hydrophobic cluster 

including residues from helix 6 (Phe149), helix 9 and helix 7 (described in the following 

chapters). The interactions of Phe34 and Ser14 as oxyanion stabiliser with the 

tetrahedral intermediate are influenced by the flexibility of the phenyl part of the 

intermediate. Therefore in the isolated passenger the distance plots show two leaps 

during 100 ns of simulation, the first when the part of the intermediate that includes the 

phenol moiety adopts a flexed position around 15 ns, and the second one at about 90 

ns when it returns to the starting position. Interactions of the intermediate with Leu187, 

Pro188 and Leu190, on the other hand, depend on the position of the chain end of the 

intermediate. They are conserved in the full-length enzyme, but are broken in the 

isolated passenger whenever the chain end changes orientation (in the beginning, end 

and transiently in the middle of the simulation). 
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Figure 18. Tetrahedral intermediate stabilisation by hydrophobic interactions in the active site. All 

residues and the intermediate in light green are from the full-length enzyme. The intermediate coloured in 

ochre is from the simulation of passenger with intermediate, showing the alternative positioning of the part 

of the intermediate that includes the phenol moiety and of the chain end, which sometimes occur during 

the simulation of this system. 

3.3.2 Active Site Interactions and Hydrogen Bond Network 

 Hydrogen bonds in the active site of EstA keep the site’s integrity and stabilise 

catalytic residues and groups in the positions necessary for catalysis. Hydrogen bonds 

which are conserved through all the systems shape the active site loops and position 

them in relation to one another. The bond between the backbone of Val90 and Tyr93 

shapes the loop with the oxyanion hole residue Gly92. The bonds between the 

backbone of Asp13 and the backbones of Ser16 and Asp17 shape the loop with the 

catalytic Ser14 (with the exception of the full-length enzyme without intermediate in the 

active site where the bond Asp13 – Asp17 is intermittent). The loop itself is spatially 

positioned with two hydrogen bonds, each extending from one side of it towards the 

adjacent loop with Gly92; these hydrogen bonds are Gly12 – Val90 and Asp17 – Gly91 

(Figure 19).  

 The remaining hydrogen bonds span the active site and their presence and 

stability depend on the presence of the tetrahedral intermediate and of the AT domain. 

Conserved water molecules throughout the whole simulation are important to stabilise 

the active site when the tetrahedral intermediate is bound. In the simulation of the 
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passenger without intermediate, water molecules are present periodically in the active 

site, while there are no active site water molecules in the full-length enzyme without 

intermediate. An overview of all interactions shaping the active site and structuring it for 

catalysis is given in Table 4. 

3.3.3 Hydrogen Bonding in Active Site without Tetrahedral Intermediate 

 The full-length enzyme without intermediate has the most fluctuant active site with 

few conserved hydrogen bonds compared to the other three simulated systems. Even 

the aforementioned structurally important bonds are fluctuant and in some cases 

intermittent in this system, but their combination is such that at every time the general 

secondary and tertiary structures are conserved. In this system Ser14 is stabilised by 

Gly92 of the oxyanion hole. Asp13 fluctuates considerably (Figure 15) and it is 

stabilised by hydrogen bonding with the backbone of Leu15, whilst when it switches 

position it hydrogen bonds with the backbone with Gly92 and Tyr93 of the adjacent 

loop. In addition, Asp13 is occasionally stabilised by hydrogen bonding with Asn147, 

although both residues are very flexible and the bond is therefore very unstable. The 

described main part of the active site, which includes residues around the nucleophile 

and oxyanion hole, is connected with Trp185 in the remote part of the active site by 

hydrophobic interactions between said tryptophan and mainly Leu15. Trp185 engages 

into close hydrogen bonding with Tyr141, which is conserved except for a few short 

interruptions during the simulation. 

 In the passenger domain simulation without bound intermediate Ser14 and His289 

are too far away to engage in hydrogen bonding, although their distance is mostly 

constant. That is because Ser14 is fixed in position thanks to very close hydrogen 

bonding with Gly92, and it also forms a more fluctuant hydrogen bond with Asn147. 

Asp13 forms hydrogen bonds with Asn147 and Leu15 which are more stable than in the 

full-length enzyme without bound intermediate described above. At the same time, there 

is no bond between Asp13 and the loop which carries the oxyanion hole residue Gly92 

because of smaller fluctuation of Asp13 and Asn147 and their different positioning (the 

side chain of Asp13 is oriented towards the active site centre, and never towards the 

Gly92 loop). In addition, in this system water molecules occasionally enter and form 
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hydrogen bonds in the main part of the active site. These bonds however are not 

conserved throughout the simulation. There can be one, two or three water molecules 

hydrogen bonding in the main part of the active site, and when they are present they 

have a bridging role, connecting the side chain of Asp13 with the backbone of residues 

145-148 from helix 6 and the backbone of Tyr93 of the Gly92 loop. When present, these 

water molecules allow for a compact cluster to form in the upper main part of the active 

site, connecting helix 6, the Ser14 loop and the adjacent Gly92 loop. As for the region 

connecting the main and remote part of the active site, Asp13 hydrogen bonds closely 

with Thr143 in the first 37 ns of simulation, after which Thr143 switches from facing 

upwards (towards Asp13 and the main part of the active site) to facing downwards 

(towards Trp185 and the remote region). However, in this new position it does not 

engage into close interactions. Trp185 is connected to the main active site region by 

hydrophobic interactions mainly with Leu15, as in the previously described full-length 

enzyme system. However, in this case Trp185 hydrogen bonds with Tyr141 only during 

the first 20ns of simulation. A water molecule is present occasionally in this part of the 

active site as well, connecting Trp185 with Gly144 from helix 6. 

3.3.4 Hydrogen Bonding in Active Site with Tetrahedral Intermediate 

 When the tetrahedral intermediate is bound in the active site, the catalytic triad 

residues are engaged into tight hydrogen bonding to one another. Ser14 is covalently 

bound to 4-hydroxyphenyl octanoate, and Gly92 and Asn147 stabilise the oxyanion 

through electrostatic interactions. The active site is more rigid and interactions are more 

stable in comparison with the enzyme without tetrahedral intermediate in the active site. 

However, there are significant differences between the passenger domain and the full-

length enzyme during the simulations that include the tetrahedral intermediate. 

 In the passenger domain with bound intermediate Asp13 has the lowest RMSF of 

all simulated systems and only in this system it doesn’t rotate, but interacts with 

Asn147, which is also very rigid in this system (Figure 16). Consequently, this 

interaction is realised with the same oxygen atom from the carboxylic group of Asp13 

throughout the simulation. The hydrogen bond is not very tight and breaks two times 

during the simulation, similarly as in the passenger without bound intermediate. The 



 

 

43 
 

side chain of Asp13 is also stabilised by Leu15, as in the systems without intermediate. 

However, two or three conserved water molecules are crucial to keep the main part of 

the active site compact and functional. They are constantly present during the 

simulation, serving the same role as previously described for the passenger without 

intermediate, although in that case they were present only occasionally. There are only 

four water molecules which interchange and occupy three or sometimes two positions in 

the upper main part of the active site, and they connect residues 144-147 from helix 6 

with Asp13 and Tyr93, forming a hydrogen bonding cluster. The connections to the 

remote part of the active site with Trp185 are similar as in the passenger without 

intermediate in the active site. The hydrogen bond of Asp13 and Thr143 is again 

intermittent, and the main connection path is through hydrophobic interactions of Leu15 

and Trp185, which are more stable than in the previously described systems. In 

addition, as seen for the passenger without intermediate, a water molecule occasionally 

connects Gly144 from helix 6 to Trp185 by hydrogen bonding. This water molecule is 

always one of the four molecules which are associated with the upper main part of the 

active site. The hydrogen bond of Trp185 with Tyr141 is fluctuant and exhibits a few 

larger interruptions; therefore it cannot be considered relevant for enzyme activity or 

active site stability in this system. The described hydrogen bond network is shown in 

Figure 19a.  

 In the passenger with bound intermediate the active site hydrogen bonds were 

similar as in the passenger without bound intermediate, only in some cases more 

stable, tighter, certain residues were more rigid, and the water molecules were 

conserved. The full-length enzyme with intermediate, on the other hand, differs 

considerably in terms of hydrogen bonds (Figure 19b). Helix 6 has in part lost its 

ordered α helicity in this system, and in the bottom part of the helix a kink was 

introduced, bringing residues Gly145 and Gly146 closer to Asp13. They engage into 

stable hydrogen bonding, while there is no hydrogen bonding of Asp13 with Asn147. 

Asn147 has a different position than in the isolated passenger with intermediate, 

stabilising the oxyanion from above, rather than from below. Asp13, on the other hand, 

has retained a similar position as in the other systems, therefore it hydrogen bonds with 

Leu15. In addition, Asp13 engages into tight hydrogen bonding with Thr143, which is 
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not the case in any other simulated system. Thr143 is the first residue of the remote 

active site region and has the lowest RMSF in this system, as is the case for all other 

residues of this region (Figure 16). Moreover, Thr143 forms a conserved, although 

fluctuant hydrogen bond with Ser16. It also engages into tight and stable hydrophobic 

interactions with Trp185. In the other systems the distance between these two residues 

was very fluctuant with sharp changes throughout the simulation. Another connection 

with the main part of the active site goes through hydrophobic contacts of Leu15 and 

Trp185, with this interaction being more stable and tight than in the other systems. As 

for Trp185, it engages in a stable and close hydrogen bond with Tyr141 during the 

whole simulation. Although there are no water molecules in the main part of the active 

site like in the previous system, there are three conserved water molecules in the 

remote part of the active site. These water molecules, always the same three, form a 

water molecule chain during the whole simulation and connect residue Asp13 with 

Gly144 from helix 6 and Trp185. In the last few nanoseconds the bond with Asp13 

breaks and two water molecules maintain the structure and compactness of the remote 

part of the active site, connecting Gly144 and Trp185, while the third water molecule 

leaves the active site. Interestingly, in the isolated passenger with bound intermediate 

the compactness of the upper main part of the active site seemed to be relevant, while 

in the full-length enzyme with intermediate interactions are organized in order to keep 

the remote part around Trp185 rigid and well connected to the main part. 
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Figure 19. Active site hydrogen bonding in systems with tetrahedral intermediate (intermediate not 

shown). Frames are taken at 50 ns. a) Isolated passenger with tetrahedral intermediate. Three conserved 

water molecules in the main upper part of the active site are important in stabilising it for catalysis. 

Hydrogen bonds conserved throughout the simulation are depicted in blue, intermittent bonds that 

happened to be present in this frame are shown in red. The same bonding pattern, with some difference 

in bond conservation and occurrence, is present in the simulations without intermediate in the active site. 

b) Full-length EstA with tetrahedral intermediate. Three conserved water molecules connect the main and 

the remote part of the active site. All shown bonds are conserved throughout the simulation. Interactions 

90-93, 13-16, 13-17, 12-90, 17-91 keep the loop with Ser14 and the loop with Gly92 structured and in 

position relative to one another in all systems. 

 

a) b) 
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Table 4. Overview of active site interactions in four different simulated systems.  

 

 
Interactiona Passengerb 

Full-
lengthb 

Passenger with 
intermediateb 

Full-length with 
intermediateb 

Catalytic triad Ser14 – His289 – Asp286 - -   

Hydrogen 
Bonds 

positioning 
the loops 

Val90   – Tyr93     

Asp13  – Ser16     

Asp13  – Ser17  i.   

Gly12  – Val90     

Asp17  – Gly91     

Hydrogen 
bonds in 

active site 
interior 

Ser14  – Gly92   - - 

Asp13  – Asn147 i. i. i. - 

Asp13  – Gly145 - - -  

Asp13  – Gly146 - - -  

Asp13  – Leu15  i.   

Asp13  – Gly92 - i. - - 

Asp13  – Tyr93 - i. - - 

Asp13  – Thr143 i. i. i.  

Thr143  – Ser16 - - -  

Trp185  – Tyr141 i. i. i.  

Hydrophobic 
interactions 

Leu15  – Trp185 
    

(hydrophobic) 

Thr143 – Trp185 
- - -  

(hydrophobic) 

Hydrogen 
bonds with 
conserved 

water 
molecules 

Asp13/Tyr92/Gly144, 
Gly145, Gly146, 

Asn147 – H2O cluster 
i. -  - 

Asp13/Gly144/Trp185 – 
H2O cluster 

i. 
(only 144-H2O-185) 

- 
i. 

(only 144-H2O-185) 
 

a Hydrogen bond if not stated otherwise. 

b 
...present; -...absent; i...intermittent. 

3.3.5 Active Site Opening in the Isolated Passenger 

 As opposed to the radius of gyration of the entire passenger domain which is quite 

similar between systems, with some additional fluctuation in the simulation of the 

passenger without bound intermediate, the radius of gyration of the active site exhibits 

some differences between systems (Figure 20, Supplementary Figure 1). The active 

site was defined with six amino acids which were chosen based on their location. 

Residues from each of the key structural motifs within the active site were picked – 

Leu15 from the loop containing the catalytic Ser14, Gly92 from the adjacent loop, 

Asn147 and Leu150 from helix 6, Val288 from the loop with the other two residues of 

the catalytic triad, and Phe34, chosen because of its position at the entrance of the 
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active site. The radius of gyration showed that fluctuations of the active site are quite 

conspicuous in the full-length enzyme without bound intermediate. When the 

intermediate is bound to the full-length EstA enzyme, the rigidness of the active site 

increases. However, the isolated passenger domain exhibits a peculiarity - the radius of 

gyration of the active site of the passenger without intermediate is smallest when 

comparing all systems, while it is biggest in the passenger with intermediate. This points 

to an active site opening mechanism for substrate fitting in the isolated passenger which 

doesn’t seem to happen in the full-length enzyme. 

 

Figure 20. Radius of gyration of EstA active site in four different simulation systems. The active site was 

defined by amino acids 15, 34, 92, 147, 150 and 288. 

 

 This is in accordance with the measured average helical tilt of the active site 

helix 6 which was largest in the passenger domain simulation without intermediate 

bound in the active site (these results will be presented in detail in the next chapter). In 

order to investigate what caused such difference in the radius of gyration further 

distance measuring was carried out. The fluctuations of all measured active site 
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distances were largest in the full-length protein without bound intermediate, showing 

that the active site is definitely most flexible in this case. The measured distance 

between the centre of mass of the upper part of the central helix (helix 13) and helix 6 

was the smallest in the passenger domain system without tetrahedral intermediate. This 

distance was the same in both passenger with intermediate and full-length with 

intermediate (Supplementary Figure 2). The same pattern seen in the active site radius 

of gyration was noticed when comparing distances between helix 6 and the loop with 

residues Asp286 and His289 of the catalytic triad (Figure 21). These groups are found 

at opposite sides of the active site, and they are closest in the passenger without bound 

intermediate, furthest away in the passenger with bound intermediate, while the 

distance is in between for the full-length systems, again supporting active site opening 

upon substrate binding for the isolated passenger. That is, the active site of the isolated 

passenger without bound intermediate is in a closed conformation, and it switches to an 

open conformation upon substrate binding. The distance between the loop carrying the 

nucleophile Ser14 and the active site helix 6 shows the same pattern of distance for the 

two passenger domain systems as the active site radius of gyration. However, in the 

full-length enzyme with intermediate this distance is short as in the passenger without 

bound intermediate (Figure 22). To sum up, the difference in the active site radius of 

gyration among the systems is due to different helix 6 positioning. 
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Figure 21. Distance between helix 6 and the loop containing Asp286 and His289 of the catalytic triad. 

 

Figure 22. Distance between helix 6 and the loop containing Ser14 of the catalytic triad. 

  

 Superimposed structures of different systems show that the position of residue 

Asn147 of the oxyanion hole is the most likely cause of active site opening in the 

isolated passenger when a substrate/intermediate is bound. This residue would clash 
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with the substrate/intermediate if it stayed in the same position as in the passenger 

without bound intermediate upon substrate binding (Figure 23). In addition to Asn147, 

helix 6 motion influences Leu150 positioning. This residue is involved in hydrophobic 

substrate/intermediate stabilisation, and in this system adopts a position which allows 

flexibility of part of the tetrahedral intermediate that includes the phenol moiety, a motion 

that is inhibited in the full-length enzyme with intermediate where no active site opening 

occurs.  

 

 

Figure 23. Active site comparison of the passenger domain systems: closed conformation of the 

passenger domain without bound intermediate (blue) and open conformation of the passenger with 

intermediate (red). The loops carrying residues that were used for radius of gyration calculation are 

shown. The catalytic triad (14, 286, 289) and oxyanion hole residues (92, 147) are depicted as they are in 

the passenger without intermediate. Asn147 in both systems is represented, showing how helix 6 motion 

relieves the steric effect upon substrate/intermediate binding. A red glassy structure of the tetrahedral 

intermediate is shown. 
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3.3.6 Helix 6 Structural Change in Full-length EstA 

 The active site of full-length EstA is much more flexible when no intermediate is 

bound, and it perceivably becomes more rigid when the substrate/intermediate binds. 

The full-length enzyme appears to be unable to adapt its active site the same way it is 

achieved in the isolated passenger, so the structure of helix 6 itself is forced to change 

when the intermediate is bound (Figure 24). The majority of the hydrogen bonds which 

normally define this α helix tend to break, and occasionally new hydrogen bonds are 

formed between amino acids that are 3 residues apart. In addition, a changed hydrogen 

bonding profile accounts for the kink introduced in the short unstructured region 

preceding helix 6, which changes the position of Gly145 and Gly146 in relation to the 

other active site residues. These changes in the helix are correlated with a change in 

position of Asn147, which is turned upwards in comparison to the other simulated 

systems. Its RMSF value is larger than in both passenger domain simulations (0.85 Å 

as opposed to 0.74 Å in the passenger without intermediate and 0.50 Å in the 

passenger with intermediate). All of the aforementioned might influence the role of 

Asn147 in oxyanion stabilisation. 
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Figure 24. Helix 6 structural change in full-length EstA with bound tetrahedral intermediate. The 

passenger with bound intermediate is in red and the full-length enzyme with intermediate in violet. The 

tetrahedral intermediate is shown in light green. In the passenger system Asn147 of the oxyanion hole 

faces downwards, while in the full-length enzyme it is oriented upwards. 

3.4 Domain Interface – Active Site Communication 

3.4.1 Helical Tilt 

 A path which could potentially transfer the information of AT domain presence from 

the interdomain interface to the active site goes through helix 9, whose bottom part 

interacts with the transmembrane domain by hydrogen bonding, and helix 7, which is 

connected by a loop to the active site helix 6. A difference in the helical tilt, especially in 

helices 6 and 9, was noticed among different simulated systems (Figure 25). The tilt per 

residue in relation to the average helix axis was calculated for helices 9, 7 and 6, and 

averaged for the whole simulation. It is important to stress that the average axes are 

calculated in each simulated system, hence they differ in different simulations. 

Therefore, although the helical tilt value doesn’t give an absolute measure of helix 

displacement, it does serve as an indicator of the amount of local tilting.  
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 Figure 26 clearly shows that helix 9 in the passenger domain simulation 

experiences the biggest amount of axis tilting. Helix 9 tilting is most prominent in its 

bottom part in the simulations of the passenger without transmembrane domain, i.e. 

when this part of the helix doesn’t engage into interdomain interactions. Helix 9 tilting is 

the smallest in the full-length enzyme simulation. On the other hand, it is nearly equal in 

both simulations with tetrahedral intermediate, although the bottom part of the helix tilts 

more strongly in the passenger with intermediate (residues 218-223), and the upper part 

in the full-length enzyme with bound intermediate (residues 202 to 208). As for helix 7, 

the overall tilt is the largest in the case of full-length enzyme with tetrahedral 

intermediate, with the upper part of the helix, i.e. residues 157-163, especially standing 

out (Figure 27). The helix 7 tilt of the other simulated systems is nearly equal when 

averaged, with the isolated passenger showing the largest tilting in the bottom part of 

the helix, and the remaining systems in the central part. Helix 6 tilting was largest in the 

passenger domain simulation, followed by the full-length enzyme with tetrahedral 

intermediate. The tilt for the latter, however, may be due to a less stabilised helical 

structure in this system. Tilting was lowest in the simulation of the isolated passenger 

with bound intermediate (Figure 28). 
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Figure 25. Superposition of structures showing axis tilt of helices 7 and 9. The passenger domain 

structure was taken at 92 ns and the remaining systems at 100 ns. The passenger domain system is 

shown in blue, the passenger with intermediate in red, the full-length enzyme in green and the full-length 

enzyme with intermediate in violet. 

 

 

Figure 26. Average tilt per residue of helix 9 (the first and the last residue are not included because of 

internal properties of the g_helixorient algorithm used). 
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Figure 27. Average tilt per residue of helix 7. 

 

 

Figure 28. Average tilt per residue of helix 6. 

3.4.2 Interhelical Interactions 

 Distances between helices 9, 7 and 6 were monitored during the simulations. 

Although there wasn’t a big difference in the distance of the centres of mass of helices 9 

and 7, the distance measured in the full-length enzyme with no intermediate was 

smaller than in the other systems, which can be correlated with the small axis tilt of helix 

9 (Supplementary Figure 3). The passenger with intermediate bound, on the other hand, 

showed the most stable distance, i.e. with least abrupt changes. On the amino acid 

level, this is reflected in the hydrogen bonding of Gln161 from helix 7 with Glu215 and 
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Gln219 from helix 9. Other hydrogen bonding interactions between helices 7 and 9 are 

formed periodically, are not conserved throughout the simulation and show no obvious 

simulation system dependence. On the other hand, the hydrogen bonds of Gln161 with 

Glu215 and Gln219 are strong and conserved in the passenger domain with 

intermediate (Figure 29, Supplementary Figure 4). This reflects on the RMSF, which is 

lowest in this system for all three involved residues. In the other systems these bonds 

show large fluctuations, at times above 8 Å, and are formed only occasionally, 

especially in the full-length enzyme with intermediate. 

 

 

Figure 29. Hydrogen bonding of Gln161 from helix 7 with Gln215 and Gln219 from helix 9. The 

interaction is conserved throughout the simulation of passenger domain with intermediate. 

 

 The distance between the centres of mass of helix 6 and the upper half of helix 7 

was biggest in the passenger domain and smallest in the passenger domain with 

intermediate, which is consistent with the results reported in the previous chapters 

regarding helix 6. When helix 6 is bent towards the active site in the passenger without 

bound intermediate, which results in a closed active site conformation, it is also furthest 

away from the adjacent helix 7. A crucial interaction between these two helices which 

may be involved in the regulation of the active site openness is the hydrogen bond 

formed between Asp148 and Arg166 or Arg153 (Figure 30). Asp148 from helix 6 forms 
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a conserved hydrogen bond with Arg166 from helix 7 in the passenger with 

intermediate. In this case Arg 166 is always facing upwards, towards Asp148. In the 

other simulations this arginine is not involved in a conserved bond and has higher side 

chain fluctuation (RMSF is 0.6 Å in passenger with intermediate, 1.4 Å in passenger 

without intermediate simulation, 1.8 Å in full-length EstA without intermediate and 2.2 Å 

in full-length with intermediate). In the simulation of full-length enzyme with intermediate 

Asp148 is involved in a conserved hydrogen bond with another arginine, Arg153 located 

on the loop connecting helices 6 and 7. The position of this residue is such that this 

hydrogen bond cannot hold helix 6 in a position allowing an open active site 

conformation and adjustment to the bound substrate, as is the case for Asp148-Arg166. 

Moreover, the RMSF of Arg153 is highest in the full-length enzyme with intermediate 

(2.25 Å). In addition to the described hydrogen bonds with arginines, Asp148 hydrogen 

bonds with Thr95 located at the beginning of helix 4. This interaction is conserved in all 

systems, except for the last part of the simulation of full-length enzyme with 

intermediate, where the hydrogen bond breaks. This agrees with the RMSF of Thr95, 

which is smallest in the passenger with intermediate, and largest in the full-length 

enzyme with intermediate. 
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Figure 30. Hydrogen bonding between helices 6 and 7. Residues and structures from the simulation of 

passenger domain with intermediate are shown in red. In this case Arg166 forms a conserved hydrogen 

bond with Asp148, which also bonds with Thr95. Residues and structures from the simulation of full-

length enzyme with intermediate are shown in green. Asp148 hydrogen bonds with Arg153 during the 

entire simulation. Arg166 is facing downwards and doesn’t participate in said interaction. Asp148 bonds 

with Thr95 through most of the simulation, except for the end. The superimposed structures were 

obtained after 100 ns of simulation. 

 

 The distance between the centres of mass of helix 6 and helix 9 is similar in all 

systems and revolving around 13 Å. Communication between these helices is achieved 

strictly through hydrophobic interactions, where Phe149 is the only participating residue 

from helix 6 and, consequently, the key residue of the cluster. Amino acids associated 

with this hydrophobic cluster are found on the loop connecting helix 6 to helix 7, as well 

as on helix 7, helix 9 and the adjacent unstructured region which comes before it in 

terms of residue number, but spatially runs parallel with it and engages in hydrogen 

bonding with said helix. Interestingly, residue 149 is positioned facing downwards 

through the entire simulation of the full-length enzyme with intermediate, while it’s facing 

upwards during almost the whole simulation of the full-length enzyme without 



 

 

59 
 

intermediate in the active site (about 96% of the simulation time). In the passenger 

domain systems residue 149 switches between the upwards and downwards position 

(Figures 31 and 32). The position of Phe149 in the full-length enzyme with intermediate 

is probably correlated with the structural change of helix 6 in this system. The RMSF of 

Phe149 is in accordance with the above mentioned results – it’s higher in the passenger 

domain systems (with the highest being 1.7 Å in the passenger with intermediate), while 

it is lowest in the full-length enzyme with intermediate, namely 0.94 Å. Interestingly, in 

terms of RMSF Phe149 is the exception in a region where fluctuations of other residues 

are higher in the full-length enzyme simulations than in the passenger domain 

simulations (namely, region 147 – 169, comprising the upper part of helix 6, the upper 

half of helix 7 and the loop between them). The Phe149 hydrophobic cluster includes 

residues which take part in tetrahedral intermediate stabilisation, such as Leu187 and 

Leu190, and therefore provide a direct path of communication with the active site. 

 

Figure 31. Distance between Phe149 and Leu187, reflecting the position of residue 149 in the various 

systems. In the full-length with intermediate it’s always turned downwards and close to Leu187, in the full-

length enzyme it is mostly facing upwards, while in the passenger domain simulations it switches 

periodically between positions.  
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Figure 32. Residues involved in the hydrophobic cluster connecting helices 6 and 9. Residues and 

structures of the full-length protein without intermediate are shown in green. Violet is used to depict 

residues and structures of the full-length protein with intermediate. The upwards facing orientation of 

Phe149 in one case, and downwards facing in the other, is evident, as is the structural change of helix 6 

in the full-length enzyme with intermediate. The positions of the other residues of the cluster are from the 

structure of full-length protein with intermediate. 

3.4.3 The Trp185 – Helix 10 Path 

 Except for the above described path including helices 9, 7 and 6, another possible 

connection between the interdomain interface and active site was found. It involves 

helix 10 which, except for interacting with the AT domain, also engages into 

hydrophobic contacts with Trp185 of the active site through residues Leu230 and Ile232 

(Figure 33). Interestingly, the whole region extending from the end of helix 9 to the end 

of helix 10, namely from residue 220 to 243, is characterized by a higher RMSF in the 

passenger domain simulations compared to the full-length systems. However, Leu230 

and Ile 232 are exceptions, having lowest RMSF in the full-length enzyme with 

intermediate (0.64 and 0.7 Å, respectively), but much higher, or even highest RMSF in 

the full-length EstA without intermediate in the active site (0.99 and 1.1 Å). The RMSF 
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pattern is the same for Trp185 (0.54 and 1.05 Å for full-length EstA with and without 

bound intermediate, respectively), showing that probably the rigidity or flexibility of 

Trp185 is transmitted to residues 230 and 232 through hydrophobic interactions, or vice 

versa. Other residues which are part of this hydrophobic patch are Pro188, which 

participates in substrate/intermediate stabilisation in the active site, and Leu298 from 

the central membrane spanning helix. 

 

 

Figure 33. Hydrophobic interactions between Trp185 in the active site and Leu230 and Ile232 at the 

bottom of helix 10. Interactions are shown for the full-length enzyme with tetrahedral intermediate after 

100 ns of simulation. Active site residues and residues involved in interdomain hydrogen bonding on 

helix 10 and the AT domain are completely coloured purple. 
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4 Discussion 

 In 2010 both the solved crystal structure of EstA and kinetic experiments pointed 

towards the existence and possible importance of interactions between the passenger 

and the AT domain (Leščić Ašler 2010, van den Berg 2010). These interactions were 

characterised in this thesis. Hydrogen bonds were divided into three interaction clusters. 

Hydrophobic interactions couldn’t be strictly grouped, but the regions involved were the 

same as for hydrogen bonds. Interestingly, most of the interacting regions were not the 

usual structural parts of a GDSL hydrolase or an AT β barrel, rather it seems like 

specific protein structures were developed or conserved for interdomain interactions. 

Sheet D, for once, is an interacting region of the β barrel, but it’s not found in most ATs 

(with the exception of AIDA-I, which also remains tightly bound to its AT domain, 

although after proteolytic processing) (Gawarzewski et al. 2014). Another interaction 

region of the β barrel consists of its strands 5 and 6 which are atypically elongated in 

EstA, so they can extend up to the passenger domain and participate in interdomain 

contacts. The third peculiar region is block IIIa, a sequence of residues with similar 

physicochemical characteristics that is found only in GDSL hydrolases that are ATs 

(Leščić Ašler et al. 2010). In EstA this region comprises the second half of helix 10 and 

the loop which follows, including the small helix 11.  

 The first interaction cluster found in EstA includes residues of sheet D and the 

bottom part of helix 9 and the adjacent loop and β strand. This cluster exhibited some 

differences between the bound and unbound full-length enzyme in terms of hydrogen 

bonds (namely, Asn567 hydrogen bonds mostly with Val227, but also with Thr217, 

Leu220 and Ala225 in the enzyme without bound intermediate, while in the complex 

with the tetrahedral intermediate Asn567 – Thr217 is the dominant interaction, which is 

shortly replaced by Asn567 – Ala225). The observed difference may be somehow 

related to helix 9 tilting, which was lowest for the unbound full-length enzyme. However, 

the measured tilt was highest for the isolated passenger and similar for both systems 

with intermediate in the active site, showing that substrate/intermediate presence also 

influences helix 9 tilt. As expected, the interacting region which consists of helix 9 and 

the adjacent unstructured loop had considerably lower RMSF in the full-length systems. 
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The other two clusters didn’t show such differences in individual interactions. In the 

second cluster connecting helices 10 and 13 to loops of sheet D and a prolonged β 

strand, the stability of hydrogen bonds and hydrophobic interactions was diminished in 

the full-length enzyme with intermediate. This may be due to hydrophobic interactions of 

helices 10 and 13 with the active site residue Trp185. Although this hydrophobic cluster 

doesn’t considerably affect the rigidity of helix 10 (only a small RMSF difference), it may 

make it less prone to position itself as to optimise contacts with the transmembrane 

domain. The RMSF of the entire region extending from the end of helix 9 to the end of 

helix 10 is larger in the isolated passenger domain systems, where there are no 

interdomain interactions to stabilise these regions. However, residues 230 and 232 

involved in hydrophobic interactions with Trp185 exhibit highest RMSF in the unbound 

full-length enzyme, showing that the high active site flexibility and fluctuation in this 

system is clearly transferred to these residues located on helix 10. In the full-length 

enzyme with bound intermediate the region around Trp185 is kept rigid and well 

connected to the catalytic core region. In order to achieve this, it looks like two 

conditions need to be met: a substrate or intermediate must bind in the active site 

making the part with the catalytic core (the nucleophile and the oxyanion hole) more 

ordered and rigid, and interdomain interactions must keep helix 10 structured. This 

allows helix 10 to hydrophobically interact with the lower part of the active site, namely 

with Trp185, inducing rigidness from this side. Since helix 10 is very fluctuant and 

occasionally tends to partly lose its secondary structure in the passenger domain 

systems, its residues cannot participate in a compact hydrophobic cluster, so there is no 

active site stabilisation through helix 10 and Trp185 in these two systems. As expected, 

the isolated passenger domains were found to adopt more varied conformations than 

the same domains in the full-length systems. The conformations sampled by the 

passenger domain simulation without bound intermediate were grouped into five 

clusters. With the same cut-off, the conformations of the passenger with intermediate 

were grouped into four, showing that the intermediate induces rigidity in the structure. 

The structures adopted by the passenger domain in the unbound full-length enzyme 

were grouped into three clusters, while all the conformations adopted in the full-length 

with intermediate were grouped into one cluster, showing that in this case as well the 
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presence of the intermediate rigidifies the structure. The results of the cluster analysis 

prove that the isolated passenger domain is more structurally flexible than the 

passenger domain in the full-length enzyme, where it is anchored to the AT domain 

through the central membrane-spanning α helix and connected to it by means of the 

described interdomain interactions. Although the active site of the unbound full-length 

enzyme is very fluctuant, the connection with the AT domain makes up for this flexibility, 

resulting in the conformations adopted by this system’s passenger domain being 

grouped in less clusters than the isolated passengers. 

 The active site of EstA hadn’t been characterised in detail before, except for the 

identification of the catalytic residues. The catalytic triad was correctly predicted and 

later confirmed (van den Berg 2010, Wilhelm et al. 1999). MD simulations performed as 

part of this work showed that the bond Ser14 - His289 is not conserved in the active site 

without bound tetrahedral intermediate. In this case Ser14 tends to hydrogen bond with 

residues of the oxyanion hole, i.e. Gly92 and Asn147. These residues were also 

previously predicted based on alignment with other members of the SGNH superfamily 

(Leščić Ašler et al. 2010, Mølgaard et al. 2000). In a study based on the SGNH 

hydrolase TAP from E. coli Yu-Chih and colleagues confirmed a notion postulated by 

Mølgaard and co-workers in 2000, that is that the enzyme TAP, and probably the whole 

protein family, stabilises the oxyanion with three amino acids instead of the two residues 

typical for serine hydrolases (2003). They speculated this feature may compensate for 

the lack of a hydrogen bond of the catalytic histidine with a backbone carbonyl group. 

Both of these finding were confirmed for EstA in this work – a three residue oxyanion 

hole (in addition to the above mentioned residues, the backbone nitrogen of the catalytic 

Ser14 participates in oxyanion stabilisation), and no hydrogen bond of the imidazole 

ring of His289 with the protein backbone. In addition, in the same paper Yu-Chih and 

co-workers described an active site hydrogen bond network in TAP, which they 

supposed was conserved in the SGNH hydrolase superfamily. The authors grouped the 

active site hydrogen bonds into three categories: inter-block, intra-block and water-

mediated hydrogen bonds. This was also confirmed for EstA. The bonds of the inter-

block group are Gly12 – Val90 and Asp17 – Gly91, and they keep the two loops 

carrying the nucleophile and the oxyanion hole Gly92 positioned in the active site. Intra-
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block hydrogen bonds keeping these loops structured are Asp13 – Ser16, Asp13 – 

Ser17 and Val90 – Tyr93. These bonds are found at the boundary of the active site. 

Water-mediated hydrogen bonds were conserved only when the tetrahedral 

intermediate was bound in the active site, which then had to be additionally stabilised 

and catalytically important residues had to be precisely positioned. Since the hydrogen 

bond network in TAP was characterised in the crystal structure, which cannot show the 

conservation and occurrence of the bonds, it is possible that in this enzyme as well 

water-mediated bonds in the active site are transient, and become relevant only when a 

substrate/intermediate is bound. In addition to the three hydrogen bond groups defined 

earlier, in this thesis another group of hydrogen bonds is proposed for EstA, which 

would comprise internal active site hydrogen bonding. Hydrogen bonds in this group 

could be included in the inter-block and intra-block groups, but they were found to 

exhibit some differences depending on AT domain presence and tetrahedral 

intermediate binding. Therefore, they are not crucial in shaping the general active site 

geometry, but are important for protein function. An overview of active site hydrogen 

bonds is given in Table 4. 

 In the active site of full-length EstA without tetrahedral intermediate bound, all 

internal active site noncovalent bonds occur only periodically. Even the hydrogen bond 

between the side chain of Asp13 and the backbone of Leu15 is intermittent, while it’s 

conserved in the other systems. In addition, this hydrogen bond was previously reported 

as important in stabilising the nucleophile loop in SGNH hydrolases, with the aspartate 

being conserved in the SGNH family (Mølgaard et al. 2000). In the unbound isolated 

passenger the active site was found to be less prone to fluctuate, as proven by the 

active site radius of gyration, the distances between measured interacting regions and 

the RMSF of active site residues. In this case most internal active site bonds were 

intermittent, but still more stable and conserved than in the full-length enzyme without 

bound intermediate (these hydrogen bonds include Asp13 – Asn147, Asp13 – Asn143 

and Trp185 – Tyr141 in the remote region of the active site). On the other hand, 

relevant differences in the internal active site hydrogen bond network were detected 

between the two systems with bound intermediate, i.e. the isolated passenger and the 

full-length enzyme. In case of the passenger, in addition to the bonds found in the 
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systems without tetrahedral intermediate, two or three conserved water molecules were 

found to mediate hydrogen bonding between the nucleophile loop, the loop with the 

oxyanion hole residue Gly92, and active site helix 6 (which carries the oxyanion hole 

residue Asn147). These interactions had the important role of forming a compact 

catalytic core around the substrate/intermediate. Interestingly, in the full-length enzyme 

with bound intermediate there were no water-mediated hydrogen bonds in this region. 

That is mainly because two new hydrogen bonds (Asp13 – Gly145 and Asp13 – 

Gly146) were formed directly between the nucleophile loop and helix 6. These bonds 

were conserved in this system due to an introduced kink in the bottom part of helix 6 

which brought the interacting regions closer together, bypassing the need for 

water-mediated hydrogen bonding. Asn147 was also switched in position in the full-

length system with bound intermediate, stabilising the oxyanion from above rather than 

below, which was the case in the isolated passenger (Figure 24). Oxyanion stabilisation 

was weaker because Asn147 was more fluctuant per se, and consequently so were the 

interactions it engaged in (Figure 17). Gly92, the other oxyanion hole residue, was also 

more fluctuant. Moreover, in this system it seemed to be much more important than in 

the other systems to stabilise the remote region of the active site and its connection to 

the main part which includes the catalytic core. The hydrogen bond Trp185 – Tyr141 in 

the remote part of the active site is conserved only in this system, and so are the 

hydrogen bonds between the nucleophile loop and Thr143, a residue located centrally, 

between the catalytic and remote part of the active site. This threonin is, in turn, 

connected by hydrophobic interactions to Trp185, together with residues of the 

nucleophile loop. Moreover, conserved water-mediated hydrogen bonds are also 

employed in connecting these active site regions, i.e. the nucleophile loop (Asp13) and 

helix 6 (Gly144) to Trp185. This shows that in the full-length enzyme with intermediate 

active site stabilisation by internal hydrogen bonding was moved further from the 

catalytic core, and the compactness of the region leading to and around Trp185 was 

important. Although the details and reasons for this are not clear, this is most probably 

related to the stabilisation of this remote active site region by hydrophobic interactions 

with residues from helix 10, which in turn engages into interdomain interactions. It 

should be noted that Trp185 might be equivalent to Trp23 in TAP, which was found to 
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play an important role in substrate binding, accommodation of varied substrates and 

substrate turnover (Li-Chiun et al. 2009). An important role for this tryptophane was 

afterwards also confirmed in another GDSL hydrolase from P. aeruginosa, TesA 

(Petrović 2013). In these enzymes, however, this residue is directly connected to the 

nucleophile loop by hydrogen bonding, which is not the case in EstA. Moreover, in the 

isolated passenger domain of EstA, which is a GDSL hydrolase like TAP and TesA 

(which are not ATs), the connection between the catalytic core and the Trp185 region is 

poor. Its measured catalytic activity, on the other hand, was higher than the full-length 

enzyme (F. Kovačić, personal comm.). Therefore experiments and/or simulations with 

site directed mutagenesis should be done to study the role of this residue in EstA.  

 In addition to hydrogen bonds, hydrophobic interactions have a crucial role in 

substrate/intermediate stabilisation. It was previously known from the crystal structure 

that the catalytic residues of EstA lie at the entrance of a hydrophobic cleft (van den 

Berg 2010). Indeed, residues Leu15, Leu150, Val288, Leu187, Pro188, Leu190 and 

Phe34 were found to form a hydrophobic substrate/intermediate binding crevice. 

Interestingly, the intermediate was less fluctuant in the full-length enzyme, while the 

phenol moiety and the end of the hydrocarbon chain were allowed some motion in the 

isolated passenger. Flexion of part of the intermediate including the phenol moiety was 

inhibited in the full-length enzyme due to different positioning of helix 6 residues (such 

as Asn147 and Leu150) because of a structural change in the helix, while chain end 

fluctuations were restrained by certain residues of the hydrophobic cleft such as Leu187 

and Leu190. These residues are found on an unstructured region parallel to helix 9, and 

are part of a bigger hydrophobic cluster including helix 9, helix 7, helix 6 and the 

so-called switch loop between them. Interestingly, a structurally analogous region to the 

unstructured region adjacent to helix 9 of EstA was found to be important for substrate 

accommodation in TAP, along with the switch loop (Yu-Chih et al. 2005). In addition, the 

hydrophobic cluster this region participates in was shown to influence substrate 

preference in TAP (Ya-Lin et al. 2012). The simulations carried out on EstA cannot 

unveil these effects, but it was found that these same regions (i.e. the region adjacent to 

helix 9 and the switch loop) were important in EstA as well. The hydrophobic cluster 

including the unstructured region adjacent to helix 9 is most stable and compact in the 
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full-length enzyme with intermediate. The central residue of this cluster, Phe149 from 

helix 6, is differently positioned depending on tetrahedral intermediate presence in the 

full-length enzyme, but not in the isolated passenger. Phe149 may be fixed in the 

upwards orientation in the full-length enzyme without intermediate due to too little tilting 

of helix 9 in this system, which doesn’t leave enough space for big phenylalanine side 

chain fluctuations. In the full-length enzyme with intermediate bound this residue is 

always facing downwards, forming a compact cluster that could inhibit helix 6 motion 

and the consequent active site opening which was noticed in the isolated passenger. In 

addition, because of the position and steric effect of Phe149, this residue might be the 

one inducing the structural change seen in helix 6. However, the other way around is 

also a possibility, i.e. that the structural change of helix 6 allows Phe149 to adopt this 

position. This may be more plausible, and would mean that the required direct hydrogen 

bonding of helix 6 residues (Gly145 and Gly146) and Asp13 in the active site introduced 

a kink in the bottom part of helix 6, which allowed a change in position of Phe149 when 

the substrate/intermediate bound. Direct hydrogen bonding between helix 6 and the 

nucleophile loop may be required because a limited number of water molecules may be 

allowed in the active site due to its hydrophobicity. Since in this system water-mediated 

connection to the remote part of the active site seems to be important, as mentioned 

previously, catalytic core stabilisation may have been obtained by helix 6 structure 

disruption.  

 Residues from helix 7 and the switch loop between helices 6 and 7 also participate 

in the above mentioned hydrophobic cluster. However, this region is even more 

interesting because it carries the amino acids which are probably responsible for the 

active site opening, a feature observed only in the isolated passenger. Distance 

measuring between key structures in the active site, active site radius of gyration and 

structure superposition all point to the conclusion that the isolated passenger has a 

closed active site conformation when no intermediate is bound. Such conformation 

couldn’t fit the intermediate because of steric clashes. The passenger with bound 

intermediate therefore exhibits an open active site conformation, with the biggest active 

site radius of gyration amongst all systems. This points to an induced fit mechanism in 

the isolated passenger (Figure 23). Induced fit was previously suggested as a possible 
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mechanism employed by GDSL hydrolases to accommodate different substrates in their 

flexible active sites (Akoh 2004). However, this study suggests that induced fit in the 

EstA isolated passenger is a general prerequisite for substrate binding. Moreover, it 

doesn’t depend on active site flexibility, but rather on specific hydrogen bonding that 

occurs between particular structures. The crucial hydrogen bond is Asp148 (helix 6) – 

Arg166 (helix 7), which is conserved only in the simulation of passenger with bound 

tetrahedral intermediate and presumably serves to keep helix 6 in an open 

conformation. The distance between helix 7 and helix 6 is smallest in this system, 

implying that helix 7 doesn’t undergo motion towards and from the active site to regulate 

active site opening, but the motion is restricted to helix 6. This is probably achieved by 

anchoring helix 7 to helix 9 by hydrogen bonding, which is conserved throughout the 

simulation only in this system. This interaction may be impossible to form in the 

full-length system, potentially because of a difference in bending or some other property 

of the region of helix 9 involved in the hydrogen bond, which is due to the interdomain 

interactions this helix engages in. Anyhow, this option should be further explored. The 

full-length enzyme’s active site, on the other hand, doesn’t show any difference in the 

level of openness in the bound and unbound state, only considerable fluctuations when 

unbound. It is not excluded that the active site of the full-length enzyme does undergo 

some kind of induced fit to accommodate different substrates, but no active site opening 

analogous to the one found in the isolated passenger was detected. A possible inhibitor 

of such opening may be the hydrophobic cluster which includes Phe149 from helix 6 

and seems to be especially compact in the full-length enzyme with intermediate. The 

active site radius of gyration for the full-length enzyme is in between the closed and 

open conformations of the isolated passenger. While in the isolated passenger helix 6 

motion optimally positions residues such as Asn147 and Leu150 in relation to the 

substrate/intermediate, this is probably achieved by the already mentioned helix 6 

structural change in the full-length enzyme with bound intermediate. It’s possible that 

the inability of the full-length enzyme to exhibit induced fitting by active site opening is 

another reason for the observed structural change of helix 6 as an alternative way to 

position relevant active site residues. Asp148 forms a conserved hydrogen bond with 

Arg153 from the switch loop in this system. This interaction may be made possible by 
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the structure of helix 6, and its presence inhibits any kind of Asp148 – Arg166 hydrogen 

bonding, even transient. This is probably why the biggest amount of local tilting per 

residue was found in the upper part of helix 7 in this system, and also a high RMSF for 

the whole switch loop and great part of helix 7. Interestingly, Arg153 is the most 

fluctuant residue of the loop, particularly in the full-length enzyme with intermediate, i.e. 

when it engages in hydrogen bonding. Not only due to its localization on a flexible loop, 

but also due to its position in relation to helix 6, Arg153 and its hydrogen bond with 

Asp148 cannot mediate helix 6 motion. 

 To sum up, the precise path by which the information on interdomain contacts is 

transferred to the active site remains elusive. However, it seems most likely that the 

very fluctuant active site of the full-length enzyme is stabilised by binding the 

intermediate in the apposite crevice and by increasing the rigidity of the remote part 

around Trp185 (which is connected to the catalytic core) through hydrophobic 

interactions with helix 10. This is enabled by the interdomain interactions helix 10 

participates in. In addition, interdomain contacts of helix 9 could be signaled to the 

active site through the hydrophobic cluster that includes Phe149, and on the other hand 

through helix 7 and helix 6, by inhibiting their hydrogen bonding and active site opening 

in the full-length system. The question that sparked this research was what causes the 

difference in activity experimentally observed in the isolated passenger and the full-

length enzyme (F.Kovačić, personal comm.). MD simulations gave a few possible 

explanations. The full-length enzyme may be less catalytically active because of its 

inability to undergo induced fit by helix 6 motion. This, among other things, causes 

worse oxyanion stabilisation due to different Asn147 positioning (in addition, a higher 

RMSF of Gly92 was observed in this system). Another possible reason is the absence 

of conserved water molecules in the upper part of the active site, termed the catalytic 

core, which are present in the isolated passenger with bound tetrahedral intermediate. 

In addition, substrate binding in an extremely fluctuant active site, like in the unbound 

full-length enzyme, might be more difficult and slower. On the other hand, the 

tetrahedral intermediate is less fluctuant in the full-length enzyme than in the isolated 

passenger. It is not clear whether this is a pro for the catalytic activity of the isolated 

passenger or the full-length enzyme. A better stabilised intermediate might be an 
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advantage for the full-length enzyme; however, a higher energy structure in the isolated 

passenger may also be beneficial, since this structure has yet to undergo another 

enzymatic reaction. The stabilisation of the remote part of the active site including 

Trp185 by closer contacts and conserved water molecules in the full-length enzyme 

seems possibly beneficial for enzyme catalysis in this system. Consequently, no precise 

conclusions could be drawn regarding the reasons for an activity increase in the isolated 

passenger, although there were evident differences in the active sites.  

 With that said, it must be kept in mind that the measured activity differences 

between the isolated passenger and full-length enzyme have to be regarded with 

caution. The isolated passenger is a soluble protein, and was isolated as such. 

However, the EstA passenger domain is thought to fold in a vectorial fashion, directed 

by the membrane bound β barrel, as assumed for other ATs as well (van den 

Berg 2010, Junker et al. 2009, Junker et al. 2006). Therefore, there is a possibility that 

the isolated passenger domain and the passenger when bound to the β barrel are not 

equally folded, and that the observed activity difference is a consequence thereof. In 

addition, all proteins were purified from inclusion bodies. Since this purification protocol 

requires refolding, even the full-length enzyme structure may differ from the one present 

in the cell OM. The crystal structure on which all MD simulations were based was 

derived from the full-length enzyme isolated from the P.aeruginosa OM. It would be best 

if kinetics measurements were carried out on EstA purified this way, which would allow 

working with the biologically relevant conformation (fold). Since purification of the 

passenger domain after β barrel directed folding is a problem, it would be very 

interesting to carry out MD simulations of the EstA-EstP hybrid enzyme once the EstP 

structure is solved. This way the difference in activity observed in this hybrid enzyme, 

which is most probably based on interdomain interactions as well, could be understood. 

In addition, in order to better understand or prove the findings presented in this work, it 

would be necessary to carry out MD simulations and kinetics measurements of EstA 

with mutations in some putative key residues. Mutations in residues with an important 

role in interdomain interactions should be done, such as Asn226, Asn567, Asp300, 

Tyr301, Asn231 and Glu238, and their combinations, in order to block an entire 

interaction cluster. Possible targets for mutations to perturb hydrophobic interdomain 
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contacts are Leu235, Phe246, Tyr301, Leu450, Ala509 and Leu564. As for the active 

site, mutation of Asp13, Leu15, Asn147 and Trp185 might give some useful insight. In 

addition, Phe149, Arg153, Arg166, as well as Leu230 and Ile232 should be mutated to 

investigate these residues as possible routes through which information of interdomain 

contacts could be transferred in the protein. Mutations should be done in both isolated 

passenger and full-length enzyme, when possible. 

 Another fact that should be taken into account is that the physiological substrate(s) 

of EstA is unknown. Since GDSL ATs usually remain covalently bound to the cell 

surface and have hydrolytic activity, it was assumed they might hydrolyse membrane 

lipids (Wilhelm et al. 2011). From the observed effects of estA gene deletion on P. 

aeruginosa cells no conclusion on the specific function and substrate of EstA could be 

drawn (Wilhelm et al. 2007). It is therefore possible that full-length membrane 

embedded EstA is most active towards its biological substrate, and the isolated 

passenger shows higher activity for substrates used in kinetics assays. The membrane 

embedded enzyme may have an active site less adaptable to various substrates, but 

may still exhibit high activity towards its cognate substrate.  

 The evolution of GDSL ATs is also worth mentioning. While the β barrels are 

highly conserved among all AT proteins, passenger domains can be very diverse. This 

suggests that evolution of different ATs has happened by multiple independent 

recombination events between β barrels and passenger domains (Henderson et al. 

1998). According to this theory, such a recombination event between a soluble GDSL 

hydrolase and an AT β barrel would have resulted in the formation of GDSL ATs. If not 

enough evolutionary time has passed or selective pressure happened in the meantime, 

the GDSL domain might still be more active as a soluble protein. It may have not 

completely adapted to being bound to the AT domain, especially if its activity in the full-

length enzyme, even if diminished, was still enough for cell functioning. What is more, it 

may even be that the bound passenger domain exerts exactly the amount of activity that 

is needed in P. aeruginosa, and is an adaptation to the needs of the cell, while more 

effective catalysis would result in unnecessarily too fast product accumulation. 

 Another appealing theory is that EstA may undergo a conformational change 

which would include breaking of interdomain contacts and thereby enhancing catalytic 
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activity. That is, in certain conditions when EstA activity would be needed, the 

passenger domain would be able to adopt a conformation which would be more similar 

to the isolated passenger, which exhibits higher activity. EstA was found to be active in 

biofilm formation, which occurs in human lung tissue in cystic fibrosis patients, and is 

the main reason why these bacteria are able to survive and thrive in the human 

organism (Wilhelm et al. 2007). Conditions which would induce this activity may be 

varied, from higher temperature or smaller oxygen concentrations, to host derived 

signals, nutritional cues, sub-inhibitory antibiotics concentrations and others (Wei and 

Ma 2013). Except for the aforementioned mutations of residues involved in interdomain 

interactions in EstA, it would be interesting to carry out a coarse-grained MD simulation 

which may allow visualizing such conformational change of the passenger domain 

bound to the AT barrel. If EstA has to remain membrane bound due to its function, 

maybe because its substrate is membrane bound or even a membrane lipid, this might 

be a way of enzyme activation which bypasses the usual proteolytic cleaving in AT 

proteins. 
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5 Conclusions 

 The passenger and AT domain of EstA engage into interdomain non-covalent 

interactions, namely hydrogen bonds and hydrophobic interactions. They are grouped 

into three interaction clusters. Interacting residues are located on specific structures not 

usually found in GDSL hydrolases (block IIIa) or AT β barrels (sheet D and the 

prolonged strands 5 and 6). 

 Important active site residues include the catalytic triad, a three-residue oxyanion 

hole (backbone of Ser14, Gly92 and Asn147), hydrophobic residues involved in 

tetrahedral intermediate stabilisation, and residues participating in the active site 

hydrogen bond network. Three types of hydrogen bonds form in the active site as part 

of the hydrogen bond network: hydrogen bonds positioning the loops (i.e. the 

nucleophile loop and the loop carrying Gly92), hydrogen bonds in the active site interior 

and water-mediated hydrogen bonds (which increase the compactness and stability of 

the active site only when the tetrahedral intermediate is bound). Water-mediated 

hydrogen bonds stabilise the upper part of the active site which contains the catalytic 

core in the isolated passenger, while in the full-length enzyme they stabilise the remote 

part of the active site, connecting the catalytic core to the region around Trp185.  

 In the full-length enzyme with intermediate a structural change of helix 6 occurs 

which allows it to hydrogen bond to the nucleophile loop and position Asn147 and other 

active site residues. In this case the active site is also stabilised by hydrophobic 

interactions of Trp185 with residues of helix 10, which in turn engages into interdomain 

interactions. The isolated passenger domain, on the other hand, exhibits an induced fit 

mechanism mediated by helix 6 motion, with a closed active conformation when no 

intermediate is present, and an open conformation when the intermediate is bound. The 

induced fit in the isolated passenger is mediated by hydrogen bonds that form between 

helices 9, 7 and 6 when the tetrahedral intermediate is bound. 
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Supplementary Figure 1. Radius of gyration of the passenger domain in all four simulation systems. 

 

Supplementary Figure 2. Distance between the centres of mass of helix 13 (i.e. the upper part of the 

central membrane spanning helix) and helix 6 of the active site. 



 

 

II 
 

 

Supplementary Figure 3. Distance between the centres of mass of helices 7 and 9 for all four simulation 

systems. 

 

Supplementary Figure 4. Hydrogen bonding interaction between helices 7 and 9 in the passenger 

domain with intermediate, not present as continuous bond in other systems. Hydrogen bonding takes 

place between the amide –NH2 of Gln161 and the carboxyl group O of Glu215 (the bond with both 

oxygens is shown), as well as between the backbone O of Gln161 and the amide –NH2 of Gln219. 
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Supplementary Figure 5. Distance between the centres of mass of helices 6 and 7 for all four simulation 

systems. 
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