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Abstract: Rhomboid proteases constitute a family of intramembrane serine proteases ubiquitous in
all forms of life. They differ in many aspects from their soluble counterparts. We applied molecular

dynamics (MD) computational approach to address several challenging issues regarding their cata-

lytic mechanism: How does the exosite of GlpG rhomboid protease control the kinetics efficiency
of substrate hydrolysis? What is the mechanism of inhibition by the non-competitive peptidyl alde-

hyde inhibitors bound to the GlpG rhomboid active site (AS)? What is the underlying mechanism

that explains the hypothesis that GlpG rhomboid protease is not adopted for the hydrolysis of short
peptides that do not contain a transmembrane domain (TMD)? Two fundamental features of rhom-

boid catalysis, the enzyme recognition and discrimination of substrates by TMD interactions in the

exosite, and the concerted mechanism of non-covalent pre-catalytic complex to covalent tetrahe-
dral complex (TC) conversion, provide answers to these mechanistic questions.
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Introduction

Rhomboid proteases, identified in 2001 as a novel

family of intramembrane serine proteses,1,2 are

ubiquitous in all kingdoms of life from bacteria to

mammals. They play a regulatory role in various

cell pathways by cleaving amide bonds of transmem-

brane proteins.3–7 The best studied rhomboid prote-

ase, E. coli GlpG,8–11 utilizes a His-Ser catalytic

dyad, rather than the classical Asp-His-Ser catalytic

triad of water-soluble serine proteases. Kinetic anal-

ysis of hydrolysis of a series of intramembrane pro-

tein substrates by GlpG demonstrated that the low

catalytic efficiency, kcat/KM, is the consequence of

low kcat, whereas Km is similar to the corresponding

values of peptide hydrolysis by the soluble serine

proteases.12 Molecular dynamics combined with

quantum mechanical simulations of the transforma-

tion of the Michaelis complex (MC) to tetrahedral

complex (TC) revealed that the general-base cataly-

sis in GlpG rhomboid protease is a concerted process

of proton transfer and nucleophilic attack.13 Con-

versely, the mechanism of general base catalysis in

chymotrypsin, with Asp-His-Ser catalytic triad,

could be described as a stepwise process, with an

initial proton transfer from Ser to His in the MC,

and subsequent nucleophilic attack of the Ser alkox-

ide on the substrate.

Recent studies showed that peptidyl aldehydes

are non-competitive inhibitors of intramembrane

substrate hydrolysis by GlpG rhomboid,14 in con-

trast to soluble serine proteases, in which peptidyl

aldehydes are competitive reversible covalent inhibi-

tors.15,16 It was therefore suggested that peptidyl

aldehydes do not compete with intramembrane pro-

tein substrates for the same binding site when the
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latter form Michaelis complex with GlpG.14 This

result supports the previous suggestion that the first

binding contact of an intramembrane protein sub-

strate with GlpG is in the exosite.12,17,18 The

unwinding of the substrate helical transmembrane

domain (TMD) in the rhomboid exosite is essential

for rhomboid intramembrane proteolysis.12,14,17,18

All currently known substrates of rhomboid pro-

teases are intramembrane proteins.19–21

Several challenging open questions regarding

the catalytic mechanism of rhomboid proteases

include: How does the exosite of GlpG rhomboid pro-

tease control the kinetics efficiency of substrate

hydrolysis? What is the mechanism of GlpG inhibi-

tion by the non-competitive peptidyl aldehyde inhibi-

tors bound in the active site? If indeed rhomboid

proteases are not adopted for the hydrolysis of short

peptides without TMD, what could be the origin of

the phenomenon? We applied molecular modeling to

address these issues.

Results and Discussion

Construction and MD simulation of GlpG

non-covalent complexes with peptide

substrates

The crystal structure of E. Coli GlpG complexed with

the peptidyl aldehyde inhibitor Ac-VRMA-CHO

(5f5b.pdb)14 was used as a structural template for the

construction by molecular modeling of the GlpG non-

covalent complexes with peptide substrates. Applying

the visual interface and energy minimization algo-

rithms of YASARA software,22 we constructed such

complexes of GlpG with two fragments of Gurken

protein substrate (UniProt P42287): 11-pep, a peptide

substrate of 11 amino acids - RKVRMA�HIVFS (cor-

responding to residues 241–251), and 33-pep, a pep-

tide substrate of 33 amino acids corresponding to

residues 241–273 - RKVRMA�HIVFSFPVLLMLSS

LYVLFAAVFMLRN (“�” indicates the location of the

scissile bond). The N-termini of both substrates are

located in the enzyme active site, starting from

Arg241 at P6 to Ala246 at the P1 position. The initial

3D structure of the 33-pep substrate was generated

by homology modelling.23–25 Sequential steps of

molecular modeling, including molecular dynamics

simulation by AMBER14 software suite,26,27 were

used for the generation of membrane immersed struc-

tures of GlpG non-covalent complexes with the two

substrates (Fig. 1). The Ca RMSD graphs calculated

on the MD production simulation phase of

non-covalent complexes formed by 11-pep (750 ns,

75,000 frames) and 33-pep (450 ns, 45,000 frames)

are presented in Figure 2. The 11-pep substrate is

located in the enzyme active site [Fig. 1(C)]. The

N-terminal fragment of the 33-pep substrate also

occupies the GlpG active site. The backbones of the

N-terminal fragments of both substrates are well

superposed [Fig. 1(D)]. In contrast, their C-ends are

turned in opposite directions: 11-pep is bent up to the

periplasm whereas 33-pep turns down, occupying the

GlpG exosite with its C-end in the cytoplasm [Fig.

1(D)]. For the following analysis of the results, we

used frames from the end portion of the production

MD trajectories: 350 – 750 ns for 11-pep, and 200 –

450 ns for 33-pep. Calculated per residue RMSD val-

ues on the backbone atoms (Ca, N, C) of 11-pep

revealed that the observed large RMSD Ca fluctua-

tions (Fig. 2) originate from the labile N- and

C-terminal residues of 11-pep, P6 and P50, respec-

tively (Fig. 3). The 11-pep does not include a frag-

ment extended and aligned in the GlpG exosite like

33-pep does (Fig. 1). This extension considerably

restricts the conformational lability of 33-pep S251

(P50), in contrast to the very motile S251 (P50) at the

C-end of 11-pep [Fig. 3(A)].

The observed large conformational flexibility

of the P6 and P50 in the non-covalent complex of

11-pep correlates with the structural features of

the active site substrate specificity of proteases,

which is usually limited to the substrate P4-P40

subsites interval.28–30 Moreover, our computational

result about P6 conformational flexibility is in

agreement with the experimental observation of

the crystal structure of GlpG complexes with pep-

tide aldehydes.14 The irregular character of RMSD

Ca of 33-pep [Fig. 2(D)], while not as pronounced

as of 11-pep, mostly originates in the contribution

from large fluctuations of its very end residue in

the C terminus [Fig. 3(B)], which is exposed in

the cytoplasm [Fig. 1(A)]. The latter is not sur-

prising, since 33-pep is a truncated inner frag-

ment of Gurken, a large intramembrane protein

substrate, extended from the cell periplasm to the

cytoplasm.

Analysis of probability density distribution of

non-covalent complex conformers

As mentioned above, the general base catalyzed MC

to TC conversion in GlpG rhomboid protease

involves a synchronous process of proton transfer

from S201 to H254 and nucleophilic attack of S201

on the A246 carbonyl group of the substrate.13 A

geometrical condition for the synchronous process

realization is that the distance values of both atomic

pairs must be�3 Å simultaneously in the non-

covalent pre-catalytic complexes formed by both 11-

pep and 33-pep substrates with GlpG. We analyzed

the probability density distribution of conformers of

GlpG non-covalent complexes with 11-pep and 33-

pep as a function of Ser201 Og – His254 NE and

Ser201 Og – Ala246 C interatomic distance fluctua-

tions on the MD production trajectories. For this

analysis, we collected frames every 100 ps from

the end fragments on the production MD trajecto-

ries: 350 – 750 ns for 11-pep (40,000 frames), and
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200 – 450 ns for 33-pep (25,000 frames). The results

revealed striking difference between the two sub-

strates. The total number of frames satisfying the

condition of catalytically competent conformers is

5574 for 33-pep and 169 for 11-pep. Thus, the por-

tion of catalytically competent conformers with the

33-pep substrate amounts to 22.3% of all its confor-

mations, whereas it is only a tiny 0.42% with 11-pep

(Fig. 4). In other words, the Ser201 Og – His254 NE
and Ser201 Og – Ala246 CO interatomic distances

are spread much more evenly in the conformational

space of GlpG/11-pep than in the GlpG/33-pep com-

plex. The phenomenon originates in the binding

alignment of the 33-pep fragment in the GlpG exo-

site, which significantly limits the conformational

lability of its fragment aligned in the enzyme AS.

Thus, the selective binding of the substrate TMD

fragment in the GlpG exosite, like in 33-pep, is a

critical factor favoring the catalytic processing by

rhomboid protease.

GlpG exosite influence on the active-site (as)

substrate selectivity

We have identified catalytically productive confor-

mational cluster centroids of GlpG non-covalent

complexes with both 33-pep and 11-pep substrates

(Figs. 1 and 4). There is close matching between the

backbone atoms of P4 – P20 residues of both sub-

strates [Figs. 1(d) and 5]. Nevertheless, the side

chains that were aligned in the AS acquired signifi-

cantly different conformations (Fig. 5), also reflected

in the calculated per-residue interaction energies

with GlpG residues for 11-pep and 33-pep cluster

centroids (Supporting Information Table SI) and the

per-residue RMSD differences (Supporting Informa-

tion Table SII). The conformational difference origi-

nates from the TMD of 33-pep aligned in the GlpG

rhomboid exosite, which restricts the conformational

lability of the substrate fragment aligned in the

GlpG active site and also affects the enzyme confor-

mation. It is well known that a bound ligand may

Figure 1. Structures of conformational cluster centroids of the pre-catalytic non-covalent complex with 33-pep and 11-pep

substrates. They were identified by the condition of concerted non-covalent complex to TC transformation, that is, the Ser201

Og – His254 NE and Ser201 Og – Ala246 C interatomic distances are�3 Å, simultaneously. (A): The non-covalent complex of

GlpG with 33-pep. The molecular surface of GlpG is cyan. The backbone of 33-pep in ribbon style is yellow. The polar heads

of the lipid bilayer are colored in magenta. (B): The non-covalent complex with 33-pep. (C): The non-covalent complex of GlpG

(grey) with 11-pep (red). (D): Superposition of the non-covalent complexes formed with 33-pep and 11-pep on the Ca, N, C

backbone atoms of S201 and H254 catalytic residues of GlpG (RMSD 5 0.18 Å). Enzyme backbone is colored cyan and grey in

the pre-catalytic complex with 33-pep (yellow) and with 11-pep (red), respectively.
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cause conformational changes in the host protein,

most prominently affecting the side chains of the

binding site residues and their water exposure

level.31 We analyzed the conformational lability of

11-pep and 33-pep side residues and per-residue Van

der Waals and Coulomb interaction energies with

GlpG in their non-covalent complexes (Supporting

Information Table SI, Figs. 3 and 6). The most effec-

tive contribution to the substrate recognition of 33-

pep by GlpG active site is limited to the P4 – P20

fragment, where the strongest interactions are with

Arg (P3) and Ala (P1) (Supporting Information Table

SI). This result is in agreement with a recent muta-

genesis study of the efficiency and selectivity in the

processing of transmembrane peptide substrates by

E. coli GlpG, demonstrating the strongest influence

of the same two substrate subsites.21 Our result also

correlates well with the experimental observations

that GlpG AS does not contain specific substrate-

interacting subsites beyond P4.11,14 The 33-pep TMD

bound in the GlpG exosite leads to significant shift of

its P30 – P50 backbone relative to 11-pep [Figs. 1(D)

and 5]. V249 (P30) and F250 (P40) of 33-pep form

strong binding interactions with F153 and W236

GlpG residues (Fig. 6 and Supporting Information

Table SI), the exosite gatekeepers, where the former

is located on TMD2 and the latter on TMD5. Two 33-

pep residues, Y262 and F265, provide the strongest

binding interactions in the GlpG exosite (Fig. 6, Sup-

porting Information Table SI). The partially unwound

backbone of 33-pep TMD, with a bent conformation,

manifests negligible binding interactions (< |0.1|

kcal/mol) with some residues of the GlpG exosite in

the non-covalent pre-catalytic complex (Fig. 6, Sup-

porting Information Table SI). Our molecular model-

ing results fit the literature suggestions of the

unwinding of the substrate helical transmembrane

domain (TMD) in the rhomboid exosite.12,14,17,18

Figure 2. The RMSD of Ca atoms separately calculated for enzyme and substrate of the pre-catalytic non-covalent complex

on production MD trajectories. The frames of MD trajectories to the right from the red line were used for the conformational

cluster analysis and calculations of STDEV (RMSD). (A-B): 11-pep, 750 ns total and the last 400 ns for cluster analysis. (C-D):

33-pep, 450 ns total and the last 250 ns for cluster analysis.

Figure 3. Average per residue RMSD values of substrate

backbone atoms (Ca, N, and C). They were calculated by

AMBER14 CPPTRAJ algorithm on production trajectory of

MD simulated pre-catalytic non-covalent complexes formed

by GlpG with the substrates. Reference to cluster centroids

of conformations relevant for the non-covalent complex to

TC transformation. (A): AS residues of 11-pep at 350–750 ns,

40,000 frames, and of 33-pep at 200–450 ns, 25,000 frames.

(B): Exosite residues of 33-pep at 200–450 ns, 25,000

frames.
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The combined influence of concerted TC
formation and exosite interactions on the

kinetic efficiency of substrate processing

The 33-pep provides insight at the molecular level

into the experimentally observed phenomenon of low

kcat of rhomboid proteases in hydrolysis of intra-

membrane proteins.12 The experimental kcat is a

macroscopic parameter of the reaction system, inter-

preted in statistical physics as an average value on

all conformational ensemble. According to our analy-

sis, in about 80% of the conformers of 33-pep non-

covalent complex with GlpG one or both Ser201 Og

– His254 NE and Ser201 Og – Ala246 C interatomic

distances are too long. Therefore, activation barriers

should be high in most conformers, making the

catalytic processing of 33-pep substrate difficult, if

not impossible at all. The observed conformational

factor is yet another explanation, in addition to the

previously identified low general base catalytic effi-

ciency of H254 in rhomboid protease.12,13 The calcu-

lated fraction of catalytically productive non-

covalent complex conformers of 11-pep substrate is

53 times smaller than for 33-pep, supporting the

hypothesis that GlpG is not adopted for the hydroly-

sis of peptide substrates without TMD effectively

aligned in the exosite. The identified crucial role of

the TMD bound to the rhomboid protease exosite in

substrate processing is confirmed by the experimen-

tal observation that the cleavage rate of a substrate

decreases significantly upon truncating the TMD

Figure 4. Probability density distribution of the pre-catalytic non-covalent complex conformers as a function of simultaneously

varied interatomic distances of Ser201 Og – His254 NE and Ser201 Og – Ala246 C, generated on MD production trajectories.

The catalytically competent conformations of the non-covalent complexes are localized in the red square. (A): non-covalent

complex of 11-pep. (B): non-covalent complex of 33-pep.
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domain by more than five amino acids from the sub-

strate C terminus.21

The substrate gating mechanism and non-

competitive character of peptidyl aldehyde

inhibitors
The kinetics of rhomboid protease inhibition by

covalent reversible peptide aldehydes, bound in the

enzyme active site, is non-competitive.14 The derived

conclusion was that in the kinetically observed

Michaelis complex the substrate is bound in the

enzyme exosite with its TMD, but it does not occupy

the enzyme active site. It provided a direct experi-

mental evidence for the hypothesis of two successive,

functionally separated, enzyme-substrate non-cova-

lent states: a Michaelis complex and a pre-catalytic

complex with the substrate’s TMD bound to the

intramembrane-located exosite while its cleavage

site is aligned in the enzyme active site.12,14,17,18

Our MD simulations enable atomic level compara-

tive analysis of the geometries of the pre-catalytic

complex of GlpG with the transmembrane 33-pep

substrate and crystal structures of complexes formed

by GlpG with peptidyl aldehyde inhibitors. The

widely discussed role of the F153 (TMD2) and W236

(TMD5) residues in gating of intramembrane protein

substrates is still controversial. The “lateral gate

model” suggests that rhomboid TMD5 and L5 are

simultaneously moving, with TMD5 acting as a lat-

eral substrate gate opening for the substrate

entrance.9 An alternative “L5 cap model” proposes

that the flexible L5 loop is the only mobile element in

the structure providing the substrate access to the

active site.32 The distance between F153 and W236

Ca atoms, 9.6 Å in TC from WT GlpG (5f5b.pdb) and

11.7 Å from Y205F mutant (5f5j.pdb)14 is shorter

Figure 5. Two projections on the overlapping of P6 – P5’

residues of 11-pep (red) and 33-pep (yellow) substrates.

Superposition on S201 and H254 backbone atoms of GlpG in

the pre-catalytic non-covalent complex.

Figure 6. Analysis of 33-pep substrate residues selectivity to the AS and exosite of GlpG (cyan) in the MD generated pre-

catalytic non-covalent complex conformational cluster centroid competent for the concerted non-covalent complex to TC con-

version. (A): Interaction energies of 33-pep residues with the AS (blue), gating residues (red) and exosite (orange) of GlpG. (B,

C): The non-covalent complex of 33-pep (in ribbon style) in top and frontal view. The 33-pep substrate is color-coded as in A.

(D): Top view of the 33-pep alignment in the AS and exosite of GlpG. The gating residues F153 and W236 are colored grey. (E):

Residues Y262 and F265 of 33-pep are aligned in separate binding cavities on the molecular surface of the exosite of GlpG.

Y262 and F265 have the strongest binding interactions with GlpG exosite (panel A and Supporting Information Table SI).
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than the 12.2 Å distance in the MD simulated pre-

catalytic complex formed with 33-pep in this work.

Our observation that the gate opening between

TMD2 and TMD5 causes conformational change of

the F153 and W236 side chains is in agreement with

the 13 Å distance reported in the molecular modeling

of the Michaelis complex of rhomboid protease with a

substrate spanning the P4 – P30 subsites.11 We super-

imposed the Ca, N, C backbone atoms of the S201

and H254 catalytic residues in the MD generated cat-

alytically productive conformational cluster centroid

of the pre-catalytic complex formed by the 33-pep

substrate with TC crystal structures (WT GlpG,

5f5b.pdb and TMD2-TMD5 gate-open Y205F mutant,

5f5j.pdb) formed by the non-competitive reversible

covalent peptidyl aldehyde inhibitor Ac-VRMA-CHO

(Figs. 7 and 8). The 33-pep substrate residues H247

(P10), V249 (P30), and F250 (P40) have the strongest

binding interaction energies with F153 of GlpG, and

V249 (P30), F250 (P40) interact also with W236 in the

pre-catalytic complex (Supporting Information Table

SI). In contrast, alignment of 33-pep in the GlpG exo-

site in both examined TC’s formed by the peptidyl

aldehyde is blocked by bumping into the side chains

of F153 and W236 (Figs. 7 and 8). It is worth noting

that in the apo form of GlpG the positions of the side

chains of F153 and W236 are also too close for the

penetration of the cleavable fragment of the trans-

membrane peptide substrate into the enzyme active

site (see for instance the crystal structures 2xov.pdb

and 2o7l.pdb). Our computational results favor the

“lateral gate model”, where in the first step rhomboid

protease discriminates substrates from non-

substrates by recognition in the exosite located

between TMD2 and TMD5. The exosite in GlpG is

spatially separated from the enzyme active site. The

protein substrate bound to the exosite forms a non-

covalent Michaelis complex, which is thermodynami-

cally stabile with a lifetime sufficient for conforma-

tional reorganization in the next step. The latter

includes gate opening between GlpG F153 and W236

and unwinding of the substrate transmembrane helix

for proper alignment of the substrate scissile fragment

in the enzyme active site. Consequently, the protein

substrate is non-covalently bound to rhomboid in two

distinct areas – the active site and the exosite, forming

a conformationally pre-organized enzyme-substrate

non-covalent pre-catalytic complex, the starting point

for the following catalytic processing.

The calculated significant per-residue interaction

energies between R244 (P3) and M245 (P2) residues

of Ac-VRMA-CHO inhibitor and GlpG active site resi-

dues in both TC’s (Supporting Information Table

SIII) confirmed the suggestion of the important role

Figure 7. Comparison of 3D structures of GlpG complexes: TC (5f5b.pdb) formed with Ac-VRMA-CHO peptidyl aldehyde cova-

lent inhibitor versus MD generated pre-catalytic non-covalent complex conformational cluster centroid relevant to the peptide

catalytic hydrolysis formed with 33-pep substrate. (A): Superposition on the Ca, N, C backbone atoms of S201 and H254 cata-

lytic residues of GlpG in TC (grey) with GlpG in the pre-catalytic non-covalent complex (cyan), inhibitor colored in red. (B): Fron-

tal and top view of the alignment of 33-pep (yellow) in the non-covalent complex molecular surface of GlpG (green). (C): Frontal

and top view of the alignment of 33-pep (yellow) in the TC crystal structure molecular surface of GlpG (red).
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of these recognition subsites in the inhibitor binding

to the enzyme AS.14 Moreover, P2 and P3 residues of

the peptidyl aldehyde have stronger binding interac-

tions with the enzyme AS in both TC’s than analo-

gous residues of the 11-pep and 33-pep substrates in

the pre-catalytic complexes (see for comparison Sup-

porting Information Tables SI and SIII). It is worth

noting, in addition to the oxyanion hole interactions

with S201 NH backbone, H150 and N154 side

chains14 (see also Supporting Information Table SIII),

the strong electrostatic stabilizing interaction

between the oxyanion of TC and the positively

charged protonated catalytic H254. The strongest

covalent binding interaction of GlpG catalytic S201 to

the aldehyde group (Supporting Information Table

SIII) is the dominant factor of the thermodynamic

stability of TC formed by the reversible covalent

inhibitor, in contrast to the short-living species of TC

formed by the amide group of a peptide substrate.

The latter phenomenon originates in the intrinsic

nature of serine proteases. Its theoretical explana-

tion, as well as the nature of binding of the warheads

of reversible covalent inhibitors in the enzyme active

site and their application to rational inhibitor design,

has been recently reviewed.33

Conclusions

In this work, we analyzed how the binding of a

TMD fragment of a transmembrane peptide sub-

strate in the exosite of GlpG rhomboid protease

affects the efficiency of catalysis. We applied various

methods of molecular modeling, including all atom

molecular dynamics simulation in membrane of non-

covalent complexes formed by GlpG with 11-pep and

33-pep substrates. Statistical analysis of the MD

generated conformations of the 33-pep substrate pre-

catalytic complex demonstrated that concerted

mechanism of substrate processing by GlpG rhom-

boid protease can be realized only for 22% of all con-

formers. This is yet another explanation to the poor

efficiency of rhomboid protease, in addition to the

experimentally identified low kcat
12 and theoretically

derived weak general base catalytic efficiency of

H254.13 The much lower percentage of only 0.4% for

Figure 8. Comparison of 3D structures of the gating of 33-pep substrate with its TMD fragment between GlpG F153 and W236

residues located on TMD2 and TMD5. MD generated catalytically productive conformational cluster centroid of the pre-catalytic

non-covalent complex formed with 33-pep substrate (yellow) versus TC’s formed by the non-competitive covalent peptidyl alde-

hyde inhibitor Ac-VRMA-CHO. (A): Different projections on the MD generated non-covalent complex of GlpG (cyan) with 33-pep

substrate. F153 and W236 residues and their molecular surfaces are colored in green. (B): Different projections on the crystal

structure of TC (5f5j.pdb) formed by Y205F mutant GlpG (grey) with superposed (on the backbone atoms of S201 and H254

catalytic residues of GlpG) 33-pep substrate. F153 and W236 residues and their molecular surfaces are colored in red. (C): Dif-

ferent projections on the crystal structure of TC (5f5b.pdb) formed by wt GlpG (grey) with superposed 33-pep substrate. F153

and W236 residues and their molecular surfaces are colored in red.
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catalytically competent conformations of the non-

covalent complex with the 11-pep substrate, which

does not have a TMD fragment, correlates well with

experimental observations,21 and thus supports the

hypothesis of rhomboid protease inability to process

substrates without TMD fragments. Our computa-

tional results favor the two-step “lateral gate model”

of the pre-catalytic complex formation between

rhomboid protease and transmembrane protein sub-

strate. In this model, the first step is Michaelis com-

plex formation, where substrate is bound to the

enzyme exosite located between TMD2 and TMD5,

spatially separated from the enzyme active site.

This special role of the enzyme exosite in primary

substrate recognition is the origin of the non-

competitive inhibition of rhomboid protease by pep-

tide aldehydes. The next step is formation of the

conformationally pre-organized enzyme-substrate

non-covalent pre-catalytic complex, where the pro-

tein substrate is non-covalently bound to rhomboid

in both the active site and exosite. Our results on

the model 33-pep transmembrane substrate con-

firmed the hypothesis that gate opening between

GlpG F153 and W236 is a prerequisite for the pene-

tration and alignment of the substrate unwound

scissile fragment in the enzyme active site. We

conclude that the concerted mechanism of a trans-

membrane substrate pre-catalytic complex to TC

conversion and the exosite recognition and discrimi-

nation of substrates by their TMD fragment are two

intrinsically connected key features of the rhomboid

protease catalytic nature.

Methods

Construction and MD simulation of

non-covalent complex of GlpG rhomboid

protease with 11-pep substrate

The initial 3D structure of GlpG non-covalent com-

plex with the 11-pep peptide substrate was con-

structed applying graphical interface and sequential

geometry optimization protocols by YASARA Struc-

ture molecular modeling software.22 We used the

5f5b.pdb file, containing E. coli GlpG rhomboid pro-

tease covalent complex with Ac-VRMA-CHO peptidyl

aldehyde inhibitor, as a structural template. The 11-

pep consists of 11 amino acid residues spanning P6-

P50 binding subsites (the 241–251 amino acid

sequence fragment of Gurken protein, P42287 regis-

tration code in UniProt databank). The step-by-step

protocol includes:

1. Standard protonation states were used for all ion-

izable residues: Asp, Glu, Arg, Lys. All His resi-

dues where neutral, containing one proton on Nd

except for His141 and His150 with one proton on

NE. The covalent bond between the catalytic

Ser201 and the carbonyl carbon of the inhibitor

warhead was broken. The aldehyde warhead of

the inhibitor was deleted and substituted for

His247 (P10) amino acid residue by addition to

Ala246 (P1) at the peptide C-terminal.

2. Vacuum minimization of the new non-covalent

complex was applied with the FF14SB force field,

PME electrostatics, and 10.5 Å cutoff. The back-

bones of GlpG rhomboid and the peptide sub-

strate were frozen, except for His247 residue of

the substrate. The side chains of GlpG were free

for optimization, except for those crucial for catal-

ysis: Ser201, His254, His150, and Asn154, in

order to maintain the required geometry of H-

bonds between His254 and Ser201 and between

the substrate carbonyl group and the oxyanion

hole.

3. In the following several steps, the substrate was

extended in its C-end by the sequential addition

of Ile248 (P20), Val249 (P30), Phe250 (P40), and

Ser251 (P50), and the optimization algorithm pre-

sented above. The N-terminal of the substrate

was then also extended by Lys242 (P5) and

Arg241 (P6). Thus, this protocol provided the 11-

pep peptide substrate extended from P6 to P50

residues. At every following step of the growing

substrate, the previously added residue was fro-

zen for the optimization. It is worth mentioning

that every sequential addition at the C-end of the

substrate was controlled and corrected by the con-

dition that the new carboxylate should be directed

toward the gate between TM2 and TM5.

4. When construction of the non-covalent complex

was completed, full unrestricted geometry optimi-

zation was applied, and the resulting 3D struc-

ture was saved.

The generated non-covalent complex was used

as input structure for the Charmm-Gui software34,35

that immersed the complex into a membrane bilayer

solubilized in water, with physiological concentration

of Na1 and Cl- ions (0.15 M, including 3 Cl- counter

ions to neutralize the protein charge). The simulated

membrane contains 200 molecules of 1-palmytoyl-2-

oleoyl-sn-glycero-3-phosphatidylethanolamine

(POPE), which constitutes �80% of the E. coli mem-

brane.36 The Charmm-Gui output structure of the

non-covalent complex in the membrane system, con-

taining 59,581 atoms, was used as an input for mul-

tistep processing by AMBER 14 software,26,27 which

included minimization, heating up to 310 K, equili-

bration, and 750 ns production molecular dynamics

(MD) simulation consisting of fifteen 50 ns succes-

sive steps. We use SHAKE constraints to fix hydro-

gen atom bond lengths, allowing to run the MD with

2 fs time steps. Every sequential MD step was

restarted from the previous one, applying a random

seeds generator. The FF14SB37 (for protein and sub-

strates), and Lipid14 (for lipids)38 force-fields were
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used. The production dynamics was conducted with

Langevin thermostat and NPT ensemble under pres-

sure of 1 atm and temperature of 310 K. The details

of the AMBER14 simulation protocol are analogous

to that used for 33-pep and are presented below in

the METHODS corresponding chapter.

Generation of non-covalent complex formed by

E. Coli GlpG rhomboid protease with 33-pep

substrate

Homology modeling. In order to simulate a non-

covalent complex with a peptide substrate contain-

ing a TMD and aligned in both the GlpG exosite and

active site, we used 33-pep substrate, a peptide frag-

ment of 33 residues of Gurken amino acid sequence,

a transmembrane substrate of rhomboid proteases.

Gurken does not have a 3D structure in the PDB.

Therefore, we used the online homology modeling by

I-TASSER software23–25 to construct a Gurken frag-

ment – a peptide containing 65 residues (231- 295).

The 3D structure of the best Model 1 (C-score-

5 21.94) is presented in Supporting Information

Figure S1(a). C-score is a confidence score for esti-

mating the quality of predicted models by I-

TASSER, calculated based on the significance of

threading template alignments and the convergence

parameters of the structure ensemble simulations.

C-score is typically in the range of [-5, 2], where a

C-score of higher value signifies a model with a high

confidence. The best structural alignment of the

Model 1, identified by I-TASSER on the 2rp4.pdb

molecule D template, has TM-score 5 0.766 and

RMSD 5 1.78 Å. TM-score is a scale for measuring

the structural similarity between two structures. A

TM-score> 0.5 indicates a model of correct topology.

Construction and MD relaxation of the GlpG

non-covalent pre-catalytic complex with 33-pep

by YASARA
We used the structure of the non-covalent complex

with 11-pep as a starting point for the construction of

the non-covalent complex with 33-pep substrate. The

three backbone atoms (Ca, N, C) of 11-pep S251 (P50)

residue were superposed with the corresponding S251

three backbone atoms of the 251–273 helical fragment

of the homology generated peptide. Applying visual

modeling by YASARA, the 251–273 peptide helical

fragment was manually oriented in a relevant posi-

tion toward TMD2 and TMD5 of GlpG. The structure

of the constructed 33-pep pre-catalytic complex was

corrected by sequential steps of gas-phase constrained

minimization with AMBER14 (FF14SB) force field37

implemented in YASARA [Supporting Information

Fig. S1(b)]. Finally, we applied the YASARA algo-

rithm, which combines sequential automated steps by

the script (that we adopted for the specificity of our

system), including protein immersion in membrane

(250 POPE lipids), solvation in explicit water mole-

cules, addition of Na1 and Cl- in physiological concen-

tration (including neutralizing Cl- counter ions), and

finally MD simulation of the system in a periodic cell

at 310 K and constant pressure of 1 bar (see reference

22 for the algorithm details) [Supporting Information

Fig. S1(c)]. After 250 ps of MD relaxation, the full sys-

tem from the final frame in the MD trajectory was

optimized and the non-covalent complex of GlpG with

33-pep was separated from the system and used for

the next modeling stage.

Generation of GlpG with 33-pep non-covalent

complex in membrane by Charmm-Gui
The isolated from membrane non-covalent complex

of 33-pep, generated in the previous stage by

YASARA MD, was passed to the online Charmm-Gui

package34,35 for the preparation of the full system of

the protein immersed in a membrane bilayer (300

POPE lipid molecules) and solubilized in water with

the 0.15M NaCl, including neutralizing counter ions

[Supporting Information Fig. S1(d)].

Simulation of non-covalent complex of GlpG

with 33-pep substrate by AMBER14

The above generated non-covalent complex of 33-pep

in membrane, containing 87,610 atoms in total

(including 300 POPE lipids, 15,506 TIP3P water

molecules and salt ions), was converted into the

AMBER file format (see AMBER14 manual for

details) and then subjected to a multi-stage simula-

tion procedure in a periodic cell (the AMBER14 sim-

ulation protocol is analogous to that used for 11-

pep). The FF14SB (for protein, substrates and sol-

vent molecules), and Lipid14 (for lipids) force-fields

were used.

Minimization. The first stage was a four steps

energy minimization (each with 5000 steps of steep-

est descent minimization followed by maximum

35,000 steps of conjugate gradient minimization) at

constant volume with 50 kcal/mol*Å2 force constant

for sequential restraints of different system frag-

ments: (1) enzyme 1 substrate and lipids; (2) lipids

and water solvent; (3) water solvent only; and (4)

unrestrained minimization of the full system.

Heating. After the initial minimization, in order

to avoid lipid structure explosion, the system was

slowly heated in six simulation steps from 0 K to

the production temperature of 310 K in 50 K steps

(the last one of 60 K). The MD simulation of every

heating step was of 70 ps. The Langevin thermostat

was used to control the temperature using a collision

frequency of 1.0 ps21. The SHAKE constraints were

used to fix hydrogen atom bond lengths allowing to

run with a 2 fs time step. Since in low temperature

the calculation of pressure is inaccurate, the
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response of the barostat can distort the system, so

MD simulation of every heating step was conducted

in NVT ensemble. The protein and lipid molecules

were restrained using harmonic approximation with

gradually decreasing force constants (kcal/mol*Å2):

10, 5, 5, 5, 2.5, and 1.5. Starting from 150 K, each

heating step was followed by a step of unrestrained

relaxation MD simulation of 250 ps in NPT

ensemble.

MD equilibration. After the system was heated

to 310 K, allowing the density of the system to equil-

ibrate, we ran 10 repeated MD restarts each of 500

ps with a time step of 2 fs (SHAKE constraint)

under Langevin thermostat and NPT ensemble with

pressure of 1 atm. No positional restraints were

applied. Random seeds by pseudorandom number

generator were used to restart the simulations in

repeated segments.

Production MD stage. In the previous equilibra-

tion stage, the temperature of 310 K and stable den-

sity were reached. In this last stage, we ran

production dynamics [Supporting Information Fig.

S1(e)] with Langevin thermostat and NPT ensemble

under pressure of 1 atm. The total run time of 450

ns consisted of nine 50 ns steps, each of 2 fs

(SHAKE constraint). Every MD step was restarted

from the previous one applying random seeds

generator.
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