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ABSTRACT:PlaF is a cytoplasmic membrane-bound phospholipasm Rseudomonas
aeruginoghat alters the membrane glycerophospholipid (GPL) composition and fosters thg&&.

virulence of this human pathogen. PlaF activity is regulated by a dimer-to-monomer transitiofg e~ <
followed by tilting of the monomer in the membrane. However, how substrates reach f‘/%
active site and how the characteristics of the active site tunnels determine th ’g
specicity, and regioselectivity of PlaF for natural GPL substrates have remained elusive Fere, &
we combined unbiased and biased all-atom molecular dynamics (MD) simulatig
con gurational free-energy computations to identify access pathways of GPL substratesto the
catalytic center of PlaF. Our results map out a distinct tunnel through which substrate S®ecess
the catalytic center. PlaF variants with bulky tryptophan residues in this tunnel gev
decreased catalysis rates due to tunnel blockage. The MD simulations suggest th
preferably enter the active site with shd acyl chain rst, which agrees with th&
experimentally demonstrated Phétivity of PlaF. We propose that the acyl chain-length
specicity of PlaF is determined by the structural features of the access tunnel, which results in

favorable free energy of binding of medium-chain GPLs. The suggested egress route conveys fatty acid (FA) products to t
dimerization interface and, thus, contributes to understanding the product feedback regulation of PlaF by FA-triggered dimerizatic
These ndings open up opportunities for developing potential PlaF inhibitors, which may act as antibid®icaeagginstsa
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1. INTRODUCTION We recently idened PlaF, an integral, inner membrane

Pseudomonas aerugii®san opportunistic and versatile PLAlthat.hasaprofound roIeformem_braneGPLremodelmg|n
P. aeruginaskurthermore, ®. aeruginosaPlaF knockout

pathogen, which causes infections in plantshumansit i <h d | d virulencatter
is a multi-drug resistant Gram-negative bacterium and a frequefin showed strongly attenuated virulenc&ateria
cause of nosocomial infectibriEhe pathogenicity oP. mellonelland human macrophages models compared to the

aeruginoseelies on both cell-associated and extracelluldyld-type, which suggests that PlaF-mediated GPL remodeling

virulence factorsAmong those virulence factors are phospho-c.ontrlb u_tes _to the wrulg nceR)faerugmo%%Cross—.llnklngl(\_

lipase&? including phospholipase(RLA,), which hydrolyze vivoandin vitrg and mu_:ro-s_cale thermophoresp experiments

cellular glycerophospholipids (GPLs) astite position into showed t_hat PlaF exists In bo_th monomeric and dlme_rlc

lysoglycerophospholipids (LGPLs) and fatty acids {FAS). con ggratlons, although it is active only in the monomeric
GPLs primarily form bilayers, which maintain a permeabiliﬁ}atel' The cry_stal strgcture of PlaF revealed that a homodimer

barrier for cells and organélesjle membrane-bound LGPLs 'S formed by interactions between the transmembrane (TM)

can destabilize membrane integrity in Gram-negative ba&d juxtamembrane (JM) reg_dﬁﬁ%he homodimer contains

teria®° GPLS! and LGPL¥ can regulate the function and co—crystall_lzed _endogenous Ilgands,_ myristic acid (MYR), and

stability of membrane proteins. Interestinglyinbformation ~ Undecanoic acid (UND) frof. aeruginogaigure ), which

and growth phase transition®iraeruginosse accompanied a'€ non-covalently bound in the active site cAMbreover, a

by the alteration of the membrane GPL compo$itiofAs

belong to the dusible signal factor family (DSF) and are Received: August 11, 2021

possible signal molecules because they aaa thirough cell ~ Published: November 8, 2021

membranes and contribute to the regulation of diverse biological

functions in various Gram-negative pathdgehs.P.

aeruginos@SFs promote bibn formation and antibiotic

resistance*®
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2. RESULTS

2.1. Access Pathways to the Catalytic Site in PlaF. The
crystal structure of PlaF revealed three pronounced tunnels,
forming a large, T-shaped active site cleft. This cleft is
compatible with binding bulky GPL substfatétowever,
the structural dynamics of biomolecules may lead to variations in
the tunnel shagé Therefore, we reanalyzed trajectories from
10 replicas of unbiased MD simulations sféngth for each of
the systems di-PlaF (dimeric PlaF), PlaeRain A from the
crystal structure), Plaehain B from the crystal structure), and
Figure 1.Schematic representation of the orientation of PlaF in thé-Plafz (chain A from the crystal structure in a tilted
membrane. (A) Chain A of dimeric PlaF in the tilted state; this staterientation) from our previous wotkusing CAVER®
allows direct contact of the active site tunnel (red box) with the&CAVER analyzes and visualizes tunnels and channels in protein
membrane. Yellow spheres represent the C atoms of the co-crystallggdctures.
PlaF prOdUCt, MYR. (B) In dimeric PlaF, the active site tunnel is located We primar”y focus on t_Pmcause the tilted structure is
>5 A above the membrane. Yellow spheres represent the C atoms ofifagly in the catalytically active fdfriive identied the three
co-crystallized PlaF products, MYR (left) and UND (right), within they o5 that connect the active site of t; e surface like in
active site tunnel. the crystal structur&igure %' tunnel 1 (T1) and tunnel 2

complex T-shaped active site pocket formed by the TM, JM, a
catalytic domain revealed three openings, one at the dir
interface, one close to the catalytic serine (S137), and one m
likely pointing toward the membran®lolecular simulations

of PlaF activation revealed a mechanism that involves a dirr
to-monomer transition followed by tilting of the monomer in the
membrané’ The tilting orients PlaF in a cquration relative

to the membrane such that substrates can directly access the cleft o
(Figure L. In contrast, in the coguration observed in the Figure 2.Clusters of tunnels idergd in t-Plag ensembles. Three

. . . . jor tunnel clusters connect the catalytic site (black dashed circle) of
crystal structure, the residues lining the opening of the active smg,: to the protein surface. Tunnels ¥|.1 and(TZ point toward th)e

cleft are more than 5 A above the membrane SURCe().  membrane; tunnel T3 is located >15 A above the membrane, with its
However, it is unknown how substrates reach the active site ajiéning pointing into the periplasmic space.

how the characteristics of the active site determine the activity;

specicity, and regioselectivity of PlaF for medium-chain GPL$T2) point toward the membrane, and tunnel 3 (T3) opens to
The molecular mechanism underlying the access and bindihg periplasmic space >15 A above the membigne(}. T1

of GPLs to PLA is poorly understood in general because onlyaad T2 converge close to the active site and connect to T3. In

few PLA structures from microorganisms have been resolviftf crystal structure, T1 contains MYR (chain A) and UND

which either revealed closed conformations of their phosph@hain B), which are hydrolysis products of GPL substrates with

lipase domaifi&® or an accessible pocket that is predominantlyc14 and C11 acyl chain(s), respectively.

hydrophobit* or amphipathié’ For the latter, regioselectivity =~ T1is the longest tunnel¢ble ) and was open more often

was suggested to be achieved through binding of the Gtian the other two tunnelsgble ). The tunnel radiiuctuate

phosphate group to the polar pocket, which constrasmlthe

acyl chain in a neighboring hydrophobic pé¢kenally, Table 1. Characteristics of Tunnel Clusters Ideatl from

structural analysis of the outer membrane PLA (OMPLA) fror/nbiased MD Simulations of t-PigBising CAVER

Escherichia cafi the complex with an inhibitor provided average
information about GPL recognition by this PEAHowever, tunnel maximum bottleneck  average
OMPLA is an integratbarrel protein with a hydrophobic GPL ~ cluster occurreri¢é  botdeneck radils  radiu$ 2
binding cleft and the active site located at-tharel exterior. Tl 30.45 3.18 2.28 27.08
Hence, the mechanism by which PlaF recognizes GPL substrate¥ 21.80 2.95 2.21 23.75
must be conceptually dient from that of OMPLA. T3 27.75 3.13 2.29 15.16

Here, we combined unbiased and biased all-atom molecuf@hapshots in which the tunnel is ideditiwith respect to the total
dynamics (MD) simulations and cgurational free-energy number of snapshots, infata calculated with a probe radius of 2.0
computations to identify access pathways to the catalytic cerflerin angstrom.
of PlaF. The results were validated by mutational and enzymatic

studies on PlaF variants with blocked substrate access. @dfween 2 and 5 A depending on the location in the tunnel and
results map out a distinct tunnel for substrate access within Plghg  simulation lengthF{gure S)L The average bottleneck
provide explanations for the substrate sjigcand PLA  (narrowest part of the tunnel) radius of all tunnels is D 2@
activity of PlaF, and suggest egress routes for hydrolygigmeant+ standard error of the mean), which is close to the
products. Thesendings enhance our understanding of theradius of glycerol (2.74 &)an essential component of all
mechanism by which membrane protein function is regulat&PLs, but smaller than the radius of 1,2-dilaarrgigleero-3-
through proteinGPL interactions. phosphoglycerol (DLPG) ¢.4 A) deduced from the lifsd
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area-per-lipic. For comparison, tunnels in monomericPlaF ~ As T1 and T2 are immersed in the hydrophilic membrane
Plak, and the two chains of di-PlaF show open occurrences sifirfaceKigure S3jhaccess of GPL and LGPL substrates to the

20 to 5% (Table S}, indicating no marked d@rences  tunnelsviathe head groups is plausible. However, the tunnels
between monomeric and di-PlaF. diameters are much smaller than that of a GPL-like DLPG while

To conclude, the active site of PlaF is connected to its surfageing in the membrane (see above). To explore the possibility
with three tunnels. In the t-Plafen guration, only TLand T2  that lipids accessatheir acyl chain instead, we probed how
allow direct access of GPL or LGPL substrates from thieequently the terminus of a Gfhcyl chain can reach the
membrane. membrane interface. The probability distribution osGEY

2.2. PlaF Preferentially Hydrolyses Medium-Acyl chains with respect to the coordinate perpendicular to the
Chain LGPLs. Previously, we showed that PlaF can producenembranezcoordinate) was determined during the last 40 ns
LGPLs by releasing FAs bound toshé position of GPLs.  of 300 or 100 ns long MD simulations for membrane bilayers
Here, we experimentally tested whetherggulaFin vitro with or without t-Plaf; respectively={gure S3A Tails from
hydrolyses LGPLs by quantifying FAs released from a rangeboth the upper and lower leawere considered. Positive
LGPLs varying in the head group and acyl chain length (Cl4coordinate values indicate that a tail moves toward the water
C18). The assays were performed by incubatinggpBiaF (8 membrane interfaceitslea et; negative values indicate that it
nmol) in n-dodecyl -p-maltoside (DDM) micelles with the moves toward the interface of dppositiea et. The peak of
substrate, followed by quaedition of the released FA by a non- the probability distributions iszat 2 A, indicating the mobility
esteried fatty acid (NEFA) assay. Lyso-phosphatidylethanobf lipid termini within the leat (Figure S3/see alsdlovies S1
amine (LPE), lyso-phosphatidylglycerol (LPG), and lysoandS). The interface of the simulated membrane is 40 A
phosphatidylcholine (LPC) contain FAs with I8tcarbon  (Figure S3B Notably, the cumulative probability mding an
atoms. The results revealed that PlaF can hydrolyze all testggl chain terminusat 10 A is 1.5 and 1.0% for systems with
LGPLs, with a preference for medium-acyl chain LEBLs{  or without PlaF, respectively. Hence, therenigealikelinood
3). Interestingly, the lysoPLA activity of PlaF was 10- to 100-fotflat acyl chain termini can reach the entrances of T1 and T2.
This result is also supported by the electron densitggod

300 - the membrane componeritsglre S3B
To conclude, for t-PlaF, the access route of substratesto T3 is
250 - + energetically unfavorable. In contrast, acyl chain termini of GPL
lipids can reach the entrances of T1 and T2 during the time
200 4 M scales of our MD simulations.
2.4. Access Modes of GPL and LGPL Substrates into
150 4 PlaF. As a prerequisite to computing the energetics of substrate

access to the active site of PlaF, we aimed to identify favorable
access modes. We applied steered MD (sMD) simdfations

LysoPLA activity [nmol,/(h*mgp,e)]

100 A T .
pull substrates inside T1 and F&yrre ¥ viahead accessst
50 | or tail accesgst.
The closest substrate to the tunnel entrance was chosen for
0 ' el 1 |_1—| e sMD simulations. The terminal oxygen and nitrogen atom of

phosphatidylglycerol (PG) or phosphatidylethanolamine (PE)
head groups, respectively, were considered for head access
Figure 3.Lysophospholipase A activity of PlaF. PlaF has a highgulling. For tail access, the terminal carbons of respective acyl
enzymatic activity on lysophospholipids with 14 carbons, whiathains were considered. Substrates from the membrane were
decreases for substrates with longer aliphatic tails of 16 or 18 carbgngially pulled through consecutive virtual points in T1 or T2
Additionally, the enzyme shows a higher activity on LPE and LPG,wming four or ve steps, respectiveljigure S4A, Table 52
headgroups that compose the bacterial membrane bilayer, over L(yever, pulling with terminal atoms leaves the cleavage site of
ZQSerr?r?qlg:\Stsare the meanstandard deviation of three independent the substrate distant to the catalytic SE3gule S4B

) Therefore, the substrates were further pulled into T3, using

three additional stepBiure S4A Depending on the access
higher for all LGPLs than its PLA actiVitindicating that ~ mode, then1 orsn2 sites of respective substrates were further
hydrolysis of the'st acyl chain in GPLs is much slower than thatpulled toward the nucleophilic OH group of the catalytic S137
of the second one. (Table Sp Finally, this resulted in pulling pathways subdivided
2.3. GPL and LGPL Substrate Extraction into Solvent into eight and nine steps for T1 and T2, respectivaie(Sp

and Acyl Chain Mobility. For probing the energetics of GPL ~ As a reaction coordinate, the distance between the pulled
and LGPL substrate extraction from the membrane into tha&tom of a substrate and the consecutive virtual point was used.
solvent, we computed the free-energyepfor DLPG and 1-  For each step, we repeated the pulling 50 times and computed
myristoyl-2-hydroxgrglycero-3-phosphoglycerol (2LMG) ex- the work done as a function of the reaction coordinate. By
traction Supporting Resuitswhich resulted in free-energy applying Jarzynskielationéq 1),°°the work was related to the
di erences between the two statesl8f+ 0.1 and 8 + 0.3 free-energy dérence between the two states of the pulling
kcal mol* (Figure S2)Ain very good agreement with the excesssimulation. The sMD trajectory whose werkuseaction
chemical potential related to these lipadgical micelle  coordinate prde is closest to the Jarzynski averapd (vas
concentration. For access to T3, substrates would need ¢onsidered most favorable. Its endpoint provided the starting
leave the membrane and pass through the water phase, whgomt for the sMD simulations in the next part of the pulling
makes this route energetically unfavorable. Hence, T3 was pathway. As a result, the access pathway is close to the lowest
considered for further analyses. free-energy pathway of substrate access to the catalytic site.

LPE14 LPE16 LPE18 LPG14 LPG16 LPG18 LPC14 LPC16 LPC18
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Figure 4 lllustration of the substrate access in zRlAFInvestigated GPL substrates, DLPG, DLPE, DSPG, and LGPL substrate, 1-myristoyl-2-
hydroxysrglycero-3-phosphoglycerol (2LMG). (B) Possible modes by which a GPL can access a tunnel (indicated with black arrow): with its heac
(green spheres represent the C atorasji), tail 1 (yellow spheres represent the C atamsig(i), or tail 2 (orange spheres represent the C atoms)

rst (iii). (C) PlaF is embedded in a membrane consisting of DLPE (head group C atoms as blue spheres) and DLPG (head group C atoms as gre
spheres) at a ratio of 3:1. The DLPG closest to the entrance of T1 (acyl chains colored) is shown while being loaded by its head, in the directic
indicated with a blue arrow. A segmented path was considered for substrate access. For details, please see the mairstese gD Foottid
(i.e, Al), the work done (black dotted lines) during 50 independent replicas of SMD simulations to pull the DLPG from the membrane is plotted
against the reaction coordinate. The coordinates of the replica with tleesueslaction coordinate pie closest to the Jarzyiséaiverage (red
line) are considered for pulling in the next segment. This example highlights the characteristics of the exponential distribistieauedgr zynski
The identied work prole is distinct from the other work ples and suggests lack of sampling that resulted from a non-equilibrium trajectory. For
this reason, the energetics obtained at this step was not considereddbP¥E but to determine the path of substrate access only. See the
Supporting Informatidor plots of all other sMD simulations.

Overall, this approach is the reversed version of sampliBgMG, head and tail access were considered for sMD
unbinding trajectories of ligands from proteins before applyigmulations.
Jarzynsis relation* 3 but uses piecewise sMD simulations To conclude, seven access modes of GPL and two access
along the pathway to account for the curvilinear tunnels. A totdlodes of LGPL substrates into PlaF were generated for T1 and
of 27 s of SMD simulation time was used for either tunneil 2, resulting in 18 access modes in total.
(Table SB 2.5. PMFs of DLPG Access Modes. PMFs were computed

The activity of PlaF for GPL decreases with the increasifPm umbrslﬁlgggamplmg (US) simulatibaad post-processed
lengths of the acyl chain between C12 and C18, irrespective/§fh WHA to evaluate the energetics of substrate access

the type of head group, PG or'®E addition, the number of  ©F the access modes described in the previous chapte (
acyl chains in a substrate alsaénces the PlaF activity, with 4). As a reaction coordinate, the distance between the center of
LGPLs yielding a higher activity than GPHence, we chose mass (COM) of the three oxygen atoms of the glygerol moiety in
DLPG with which PlaF is most activel 2-dilauroysn the substrate to the COM of @t_oms of the catalyth reS|due_s

| “3-phosphorviethanolami DLPE). 1 2-distgmarovl- SlS?_and H28§was u;ed._Readug D258 was notmclude_d |nt.he
glycero-3-phosphorylethanolamine ( ), 1,2-distaroy reaction coordinate as its side chain is distant from the active site
glycero-3-phosphoglycerol (DSPG), and 2LMG, a LGPL, fqicjg e Sap As the tunnels are almost straight, the reaction
generating access modegjre A). Figure 4exemplarily  cq5rdinate monotonically decreases as the substrate approaches
shows illustrations of the three access types for DLPG (see al$9 active site from the membraRg(re S4B Initially, we
Movies S35§. Workversuseaction coordinate ptesforall - focused on the US simulations for the best PlaF substrate,
pulling simulations related to DLPG access are shé\or®@  DLPG. PMFs were calculated for the three access modes of
SSfor T1 and=igure S€or T2. Based on computed potentials of DLPG across either tunnel, T1 or T2. The PMFs were evaluated
mean force (PMFs) to evaluate the energetics of the accéss convergence, excluding trs 200 ns of 300 ns sampling
modes (see the next chapter), only tail access was consideredifoe. The last 100 ns resulted in converged PMRegro
sMD simulations of the other GPL substratesi{e S). For yielding a maximal dirence of 1 kcal mol*in consecutive 20
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Figure 5PMF proles for DLPG access. (A) PMFs of three access modes (head, tail 1, Fajl2esBeof DLPG in T1 (blue curve) and T2

(yellow curve). For both tunnels, access with tati flields the lowest free-energy barriers to reach the active site. Furthermore, DLPG accessinto T2
with tail 1 rstis overall the most favorable. The catalytic site is marked with a gray box. Insets within the plots illestat®ttie@iaccess

modes into the respective tunnels. (B) States during DLPGvita@dsthrough T2, as shown on the right, are marked in the PN&~(jat).

The gray box corresponds to the integration limits used to cElgflate) to determine Gf,p(see the inset). State i: The starting position of

DLPG (in the membrane). State ii: Tail 1 reaches the surface of the membrane close to the entrance of T2. Stateiii: Tail 1 enters inside T2, while tai
remains within the membrane. Stateni¥:site of tail 1 reaches the catalytic site.

ns increments of sampling time per windegu(e SB The DLPG are identical, these results suggest that their connection
median overlap between the reaction coordinate distributionswith the glycerol moiety causesdinces in how the lipid
neighboring windows was sient ( 4.8 and 3.5% for T1 and interacts with the tunnel, which may explain how PlaF achieves
T2, respectivelyHgure Sp regioselectivity to exert its Rifénction.

The PMFs of DLPG access modes show marlerdriies With enzyme kinetics results available only for DLPG, we
(Figure B). Access with the headt is the least favorable for used this substrate to validate our results. We computed the
both T1 and T2, resulting in steep PMFs with free-energgbsolute binding free energy of DLPG to PlaF from the PMF for
barriers of 11 and 9 kcal ndJFigure ), in contrast to tail  tail 1 access in T2Gomp= 2.89% 1.46 kcal mot (eq 4.
access. Most of the residues within a radius of 3 Ain T1 and P&suming that product formation is slower than substrate
have either a neutral non-polar side chain, which likely facilitatissociation from an enzyme, the Michaelis cogtiarequal
tail access to the active site of PlaF. Furthermore, access withthe dissociation constalt of the enzymesubstrate
either one of the two tailsst is more favorable in T2 than T1 compleX’*® Under this assumption, froky, = 7.612+
(Figure B). Finally, access with tail st in T2 is most  1.907 mM for DLPG in Plafthe experimental binding free
favorable and results in no free-energy barrier until the substratergy Gg,,= 3.07+ 0.30 kcal mot at T = 303 K is
reaches the active sifégure B). As the two acyl chains of calculated, which is within chemical acéfim‘cngomp Note
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Figure 6 PMF pro les for other substrates across T2. Four systems were investigated to reveal the energetics ofi@1SIPG(A)cBESP Evia
tail 1 (B), 2LMGviahead (C), and 2LM@iatail 1 (D). Among these substrates, access of 2la%@ 1 has the lowest free-energy barrier. The
catalytic site is marked with a gray box.

that the computed binding free energy should not be confusedTo conclude, we idenéid T2 as the preferred access tunnel
with the free-energy barriers for substrate access from thoe DLPG in PlaF. Access with taifst is most favorable there.
membrane to the active site of PlaF mentioned later. This is in line with PlaF being a RLA&vhich cleaves its

We also computedG,,,for the other ve access modes of substrates at tis&1 position. As of T3, itis likely essential for
DLPG (eq 4. The lowest G, among all six modes was substrate access by allowing to accommodate the substrate tail to
obtained for tail 2 access in Thiple S However, the PMF  be hydrolyzed by PlaF.
pro le (Figure B) reveals that the cogurational free-energy 2.6. PMFs for Accesses of Other Substrates. Considering
minimum is not situated close to the active site but in the middiae results for DLPG, we performed US simulations for DSPG
of T1. Here, one of the tails is still in the membrane, while thand DLPE only for tail 1 access. For the LGPL substrate, it has
other is being loaded into the tunnel. If the PMFIgris remained undetermined if the head or tail access is energetically
integrated with two separate parts, a negative free energy for favorable; hence, we performed US simulations for both access
tail access into the tunnel results, followed by a positive fre@des of 2LMG. As for DLPG, T2 is preferred over T1,
energy to reach the active site. This suggests that this acaegmrdless of the access mddgsie &), we only considered
mode cannot yield a catalytically activegewation. For the T2 for computing PMFs for the other substrates. Similar to
other four access mode&Z,m,> 0.96 kcal mot (Table S} DLPG, the last 100 ns resulted in converged PMkegro
These ndings corroborate tail 1 access of DLPG in T2 as thgielding a maximal @irence of 0.5 kcal mol in consecutive
most likely access mode. 20 ns increments of the sampling time per wirfdiguré S1)1

Along the PMF of tail 1 access of DLPG in T2, four distincNeighboring umbrella windows have @&nt median overlap
states can be iderdgd (Figure B). The two tails of DLPG are 3.2% Figure S1R
immersed in the membrane at a reaction coordinate value ofFor DSPG and DLPE, access with taistlin T2 results in

38 A fromthe active siteifjure B, state i). The PMF remains pronounced free-energy barriers of 11 and 14 kca(fplre
essentially unchanged if tail 1 approaches the surface of é#gB), in contrast to DLPG (0.5 kcal nipl This nding
membrane and the entrance of T2 (state ii). This is concordaimdicates that a longer acyl chain or a neutral head group makes
with the tail distributions along tlzecoordinate during substrate access to PlaF disfavorable, which coincides with lower
unbiased MD simulationgigure SB indicating that tail  PlaF activities for such substratesr 2LMG, access with the
termini can reach one of the access tunnels of, taitladut a tail rstis more favorable than that with the head, as for DLPG
considerable energetic cost. Once tail 1 enters T2, the PMFigure €,D). Furthermore, tail access by 2LMG leads to a
becomes negative (state iii), indicating that DLPG access tHfe¢e-energy barrie6.5 kcal mol lower than those for tail
way is favorable. Finally, 8tA of the reaction coordinate, the access by DSPG and DLPEg(re &,B,D), which is
PMF has a global minimum (state iv). There, tail 1 is located iconcordant with the activity pte of Plak?’
T3, and the acyl moiety at #r&l position of DLPG is close to To conclude, tail 1 access in T2 of GPL substrates with longer
the catalytic S137 of Plafgure S10Buch that a nucleophilic  acyl chains or neutral head groups is disfavorable compared to
attack can commence. DLPG access, in line with Psagubstrate specity. For the
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Figure 7.In uence of tryptophan substitutions on the radius of PlaF tunnels. The tunnels T1 (blue), T2 (yellow), and T3 (reddaby identi
CAVER with a reduced probe radius of 1.2 A, instead of 2 A used othzywis@,(showing that the tryptophan substitutions (orange arrows)
narrow the tunnels. White spheres, wherever visible, represent the origin of theneddrglitteCOM of the catalytic residues S137 and H286.

LGPL substrate 2LMG, tail 1 access is also favored over hehtbugh T2 Figure &). As expected, the activities with the
access and more favorable than DSPG and DLPE access. larger DLPG decreased more (2%) than with the smalfer
2.7. Tryptophan Substitutions in T2 Hamper DLPG NPB (15 30%).
Access. To validate the prediction that T2 is the preferred We also determined kinetic parameters forpiN@B
access pathway, we idesttiresidue positions in all idead hydrolysis of Plak,wand Plaf; .y with substitutions in T2
tunnels that, when substituted with tryptophan (Trp), shouldFigure SI5Despite aless prominenget of the substitutions
constrict the tunnel and, thus, block substrate access. Earlier, tinspecic activities measured withiPB than DLPGQy-NPB
strategy has been used to block tunnels of a dehalogenase ataivs for reliable determination of PlaF activities over the range
in uence its activity by limiting the rate of product réfese.  of substrate concentrations and, thus, is applicable for the
the case of PlaF, the products are less bulky than the substradesermination of kinetic parameters of PlaF. In contrast, enzyme
such that product release should be less impacted than substkatetic experiments using hydrophobic DLPG are not feasible
access due to constricted tunnels. because of micelle formation and the slow rate of the reaction.
PlaF variants were predicted subject to minimizing the Although the anities of Plafgy, Plak,q1w and Plagy .y, for
structural destabilization due to the Trp substitution ang-NPB are similaf<{gure S15lso see the table in the inset),
preferring sites within the tunnels thati@mce its geometric the catalytic turnover of both variants (Blaf k...= 314.6=
characteristic§ @ble Sk We predicted four Trp substitutions 7.0 s?; Plaf 4 kea= 403.4+ 15.1 st) was signicantly p <
for T1 and ve for T2 and T3 eacfiéible Sk With any one of 10 °) lower than that of PlgR (k.= 487.8+ 15.4 sY) (Figure
these substitutions in place, the impacted tunnel could not I8D). These results com that the point mutations Pjaky
identi ed anymore by CAVER applying the previously usednd Plafy,,interfere withpp-NPB access through T2.
probe radius of 2 A but with a smaller probe radius of 1.2 A To conclude, biochemical studies of 14 PlaF variants with Trp
(Figure J. This indicates their constriction, also displayed byubstitutions introduced in all three tunnels showed that only
the time evolution of the tunnel ples of the PlaF variants substitutions in T2 reduced lipolytic activity of PlaF. These
compared to PlaF wild-tygeédure S13 results corrm that T2 is the main route for substrate access
The mutations of 14 suggested residtigsiie Y to Trp from the membrane to the catalytic site.
were generated by the sequence- and ligation-independeng.8. Potential Egress Pathways of PlaF Products. Next,
cloning (SLIC) method, in which the whplBlaF expression we aimed atidentifying potential egress pathways for products of
vector was ampéd. Mutations were verd by sequencing, PlaF-catalyzed hydrolysis. We performed a set of unbiased MD
and the wild-type PlaF (Plaff and respective variants were simulations starting from a hydrolyzed 2LMG in {:PTdle
produced in the homologous hBsterugingdallowing their  starting coordinates were taken from the last snapshot of the US
immobilized metal aiity chromatographic pucation from simulations of 2LMG with tail 1 access through T2, considering
membranes solubilized with DDMgure SI¢ All variants  the umbrella window where thiel position of 2LMG was
showed purity comparable to that of R}dFigure S14 The closest to the catalytic site. Then, 2LMG was cleaved into the
specic activity of PlaF variants and Rlawas analyzed by respective products without changing their orientation in the
measuring the hydrolysis of sm@ahifrophenyl butyrate: tunnels Figure @). This led to MYR being in T3 at the
NPB) and large (DLPG) substrategy(re &). The activities  beginning of the simulations and the PGR (PG from LGPL,
of all nine variants in T1 and T3 measured witt?B and 2LMG) moiety pointing toward TZigure 8).

DLPG were similar to the activity of Rkafn contrast, allve In 12 replicas of 3s length each, the products relocated
T2 variants had a sigoantly < 0.001) lower activity wifh within the tunnels, sometimes evemsing into the solvent
NPB and DLPG than Plgk (PGR moiety in 2/12 replicag&aT1 and 3/12 replicagaT2;

To exclude that a substitution leads to an unstable protein, wégure SI6MYR relocated from its original position in T3 and
measured the thermal stability of each variant by detectimagproached the other tunnels of PlaF during the course of the
intrinsic protein uorescence upon unfolding. None of the MD simulationsKigure €). To deduce the displacement of
variants showed a drastically reduced stabitity¢ 8). On MYR, we measured the distance of the carboxyl carbon to the
the other hand, two T2 variants were slightly more stable (1.8entrance of each tunnel. A cubd5 A, according to previous
2.4°C) than the Plafg;, and three variants were slightly lessstudie$? ** was used to identify those replicas where MYR

stable (2.74.3°C). Hence, Trp mutations do note&t Plaks reaches close to the tunnel entrance. MYR moved in 7/12

stability at the temperature of enzymatic assalG)(30 replicas to the entrance of T1 and in 1/12 replicas to the
The observation that PlaF activities with DLPGoaxielB entrance of T3; the entrance of T2 was not reaEhlpd¢ ).

predominantly decreased with substitutions ifrig2re &) Interestingly, the instance of MYR reaching the entrance of T3

indicates that substitutions with the bulky Trp impact passag@s within T3 such that the carboxyl group points to the
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Figure 8Lipolytic activity of PlaF and variants with Trp substitutions iR3T{A) Enzyme activities of pwad Plaky; and tryptophan variants of

tunnel residues measured with DLPGoadEB. Only residues that were idetias part of tunnel 2 show a sicamt decrease in their activities,

either with DLPG go-NPB. Activities are normalized to the activity of P lafich was set as 100%. Results are instamslard deviation of three
independent measurements. Statistical analysis was performed-tessn¢the0.001) of normally distributed values for DLPS&) andp-

NPB (n=9) measurements. (B) Thermal stabilities ofgriRlal; and variants, measured by nanoDSF. Results are showerasaedn the

melting temperatures T,,) of the respective PlaF variant and\flakhich was 578 0.2°C. Results are meanstandard deviation of three
independent measurements, each performed with three samples. (C) Results shown in panel A mapped onto the PlaF structureéT 3he tunnels, T1
(mesh view in the center), are represented as white surfaces. The investigated amino acids are shown in ball-and-stick representation. The (
coloring scheme was used to color all atoms except the carbon atoms, which varies from pink to white (see the color scale) according to the impac
PlaF activity for DLPG of the tryptophan substitution in that position, showing a larger decrease for residuds, gbfTR2lag)) and the
substrate-binding-T2 variants plafand Plak,,;wwere measured uspdlPB and determined by non-linear regression analysis of e 8ata (

for Plaky and Plafk,1w n = 6 for Plab,4y) tted to the MichaelidMenten equation. The lower turnover rate of the variants indicates a slower
access to the catalytic site when T2 is blocked. The box plots represent the interquartile range bettaerdrting quartiles of the kinetic
parameters determined for RialPlals7.w and Plak,.w The line inside the box is the median, and the whiskers represent the lowest and highest
values. Statistical analysis was performed ugiesthe*p < 10 5).

entrance, rather than to the active site as after hydfalysis (  MYR reaches the entrance of T1 sigmtly more frequently
9B). While both MYR and PGR are able to get close to théhan T2 = 0.0008) and T3p= 0.0047) Figure S17, Table
entrance of T1, as seen for replica Elgimres @andS16 their S9.

movementis independent of each other, as evidenced by the lacko conclude, hydrolysis products of 2LMGus# within

of correlation between their distanéég e S1)8 Altogether, PlaF during time scales oE3sometimes also between tunnels.
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Figure 9.Unbiased MD simulations of t-Rlafth bound hydrolysis products. (A) Starting goration of the 2LMG products in t-RlaAYR is

represented with yellow spheres and PGR with green spheres. The catalytic S137 and H286 are shown as orange sticks. (B) Products are mappet
the respective tunnels. (C) Distance of MYR to the entrancedi@& during 12 replicas of unbiased MD simulationssoffhie dashed black line

depicts the chosen cutaf 5 A, with replicas that reach this cutarked with an asterisk. MYR reaches a dis@Ade the entrance of T1in seven

replicas, in one replica for T3, and in none for T2. Note that in chain A of the PlaF crystal structure, MYR is found in T1.

T1and, to alower extent, T3 are the most likely egress pathwalydlaF, T2 is closest to the membrane with a distancetof 7.4
of FAs from PlaF, although more sampling is required to observ& A, but T1 and T3 are at a distance >1Bidute S19A

actual egress. Hence, we also investigated substrate access to T2 in di-PlaF.
For assessing the energetics of substrate arstesse
3. DISCUSSION generated 18 pathways, considering GPL and LGPL as

Dimer monomer transitions regulate the activity of severaubstrates in T1 and T2 using sMD simulations. By relating
membrane-bound phospholipases, including d&idAphos-  the work along the reaction coordinate to the free-energy
pholipase A(PLA,).*> °? Previously, we showed that PlaF di erence between two states of the pulling simulations
becomes active due to a dimer-to-monomer transition followgarzynsid relation and considering the endpoint of the sMD
by tilting of the monomer in the membrane, resulting ind-PlaFrajectory closest to the Jarzynski average as the starting point for
being the active coguration of PlaF Here, we addressed the - the next SMD simulation, we obtained low-free-energy pathways
questions of how membrane-bound substrates reach the aciiy&upstrate access to the catalytic site. SMD simulations have
site of Plafrand how the characteristics of the active site tunnelseen widely used to explore similar biological processes such as
determine the activity, spedty, and regioselectivity of PlaF for 6 |gading of GPL substrates into humanPhArecognition
medium-chain substrates. We performed unbiased and biaged 4 chidonic acid by cytochrome P450 2E1 across the access
MD simulations dand sh_oweld bg aurational frg_e-e?ergyl EhanneT.SThe pathways served foruieg reference points for
fr?;:?xt)aggggsasnOfrqﬁéai'vc\’/gamzqn %T;%”;‘Z%Z;ge'se%I?I{,gpaansqusequent US simulations, su_ch Fhat distrjbutions of sampled
ates suciently overlapped, which is essential to yield accurate

2LMG occurs most likely through tunnel T2 in atsilmode, : i )
(B) access of substrates with longer acyl chains or neutral hé 8““5 in PMF computaticiisApplying US along pathways

groups is less favorable, (C) tail 1 access of DLPG and 2LMG'fENt eﬁ by sMDslmulatlo%r tar%etsd smulaﬂdﬁé has
T2 is more favorable than tail 2 access, (D) T3 accommodatBEEN Shown to be aneetive method of computing PMF.
the substrate tail to be hydrolyzed, and (E) T1 and T3 anQ/IoreO\_/er, the_ch0|ce of an appropriate reaction coordinate is
potential product egress pathways. essential for this approd¢i>We probed for the convergence
Previous studies indicated that the characteristics of substr@te?ur PMFs by comparing PMFs generated from increasing
access tunnels can have a decisivence on enzyme Iengths of US simulations and found that US time306fns
substrate specity and activity? °° In t-PlaF, we focused on are needed to yield PMF eiiences below chemical aCCl?Pacy-
T1 and T2 because only these two allow direct access of GPLFdnally, we validated our PMF computations by comparing the
LGPL substrates from the membrane in the j-Rlakg- computed absolute binding free energy of DLPG to PlaF for the
uration. In contrast, to enter into T3, substrates would need tmost preferred access mode to an estimate of the experimental
pass through the solvent, which is energetically unfavorablebinding free energy.
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The PMFs revealed that tait access through T2 is the with a length of 15 A, provides adequate space for substrates

most preferred method for DLPG and 2LMG. Tindling is in with medium lengths of acyl chains and, thus, reelthe

line with the geometric analysis of T2, which revealed a tunregecicity of PlaF. Substrate tunnels that accommodate acyl

bottleneck radius about half as large as the radius of DLRBains hydrolyzed from their respective éxecursors have also

deduced from the lipgarea-per-lipid, which can explain why abeen described for cholesterol acyltransferhgesvise, lipid

headgroupfst access is disfavorable for steric reasonphosphate phosphatases harbor such a cavity, accommodating

Furthermore, we showed that acyl chains of lipids embeddtte substrate acyl chain for optimal catal{/siSite-directed

in a membrane can reach the interface region in unbiased Mutagenesis (Pandida rugoBpase 1 revealed the role of such

simulations and, thus, can interact with the tunnel entranceinnels in determining the acyl chain length sjtgc?

Such protrusions of lipid tails occur on a timescale of Astodi-PlaF, tail 1 access of DLPG across T2 revealed a free-

approximately 100 ns depending on the extent of solvemnergy barrier of13 kcal mof (Figure S19Bin contrast to

exposuré’ Tail- rst access of GPLs into the active site has alsno free-energy barrier in t-RI&Figure B). This high barrier

been found for cyclopropane FA synftfagail- rst access may arise because of the location of T2 in di-Plak above

through T2 is favored because of the predominant hydropholilte membrane. Thus, substrates would need to pass through the

nature of the tunnel walls. In contrast, T1 contains a highsolvent to enter T2. Thesadings indicate that di-PlaF is

number of charged Asp and Arg residues and fewer neuteakalytically inactive, as determined experimétiaguse of

residues than T2, which makes tatl-access there less energetically unfavorable substrate access.

favorable. In particular, the side chain of R80 protrudes into T1Our results from unbiased MD simulations of products

at the tunnel entrance, which i@ed in an energy barrier of suggestthat T1 and, to a lower extent, T3 are egress pathways of
3 kcal mol* found there for tailrst access. FAs. As to T1, this suggestion is in agreement with the crystal
Modi cations in tunnels that connect a buried active site tetructure of PlaF, where FAs are found iff Tithe tilted

the bulk solvent have been shown éztaigand binding and  orientation of PlaF, FAs egressiaifjl would interact with the

unbinding.* Tunnel residues situated away from the active sitsembrane interface and couldise into it. FAs inamembrane

are suitable targets for mutagenesis as their replacement sheahi aect its uidity and permeability and protelipid

not lead to a loss of the functionality of the activé®site. interactions, thereby regulating important cell processes

Considering this, we introduced Trp substitutions to each of tHgcluding signal transduction, motility, and Ifioforma-

three tunnels of PlaF and measured the activity of these Plign.*’” ViaT3, they would egress into the periplasmic space.

variants. The Trp substitutions decreasets Rpafiytic activity ~ Anchored to the cytoplasmic membrane, PlaF is not a toxin

for small and large substrates only when introduced in T2, whitdrgeting the host cell membrane, but it has a dineetize on

suggests that T2 is involved in substrate access. However, fiiflence adaptation &f. aeruginosay modulating the

such steady-state experiments, it cannot be excluded that thembrane GPL compositidnHowever, it is unknown

Trp substitutions iruence product egress, 0. whether FAs released from GPLs by PlaF are targeted to the
Among the investigated substrates, higher energy barriersésternal environment as, for examplesiéie FAs involved in

access to the active site were found for those with longer aggll-to-cell signaling.®In this case, egress of FiaJ 3 to the

chains and neutral head groups, concordant with &itifity periplasm and their further passivasion or active transport

pro leX* This nding may be explained withesences in the ~ would be possibfé.

energetics of GPL self-assembly, whichusrioed by the In summary, we idengid T2 as the preferred tunnel for

hydrocarbon chain length and the polarity of the head§roup:substrate access to t-Rlathile T1, and to a lesser extent T3,

longer hydrocarbon chains and less polar head groups foster gég-ikely egress routes for FAs. The energetically favorable tail 1

assembly, which would lead to higher energy barriers for leav@ggess of substrates is in agreement with Plag-function.

this equilibrium stattand entering into PlaF. These results The higher preference of PlaF for GPLs with medium-length

indicate that the energetics of access of a membrane GPgYl chains may be due toedences in the energetics of self-

substrate to the active site through tunnel T2 contributes to ttssembly and the length of T3, which accommodates them for

substrate specity of PlaF. hydrolysiskigure 101 Finally, while t-Plafenables substrate
Furthermore, of the two constitutopic acyl chains in DLPGaccess to the active sitebsitate access to di-PlaF is

accessiatail 1 in T2 is energetically preferred over tail 2 accesgnergetically unfavorable. Our results provide an atomistic-

If tail 1 entersrst, the carbonyl oxy group at C1 of the glycerolevel understanding of the unique structural feature of PlaF that

moiety can come closer to the nucleophilic S137 than if tail i#8 function is dependent on monomerization followed by global

enters rst (Figure S1)leading to preferential hydrolysis of the reorientation of the single-pass TM protein at the membrane.

carboxylic ester bond at C1. Likewise, the regioselectivity biey may furthermore aid in understanding the feedback

human 5-lipoxygenase is determined by the heactajpe  regulation of PlaF, which is inhibited by FAs, and open up

orientation of its main substrate arachidonic acid in the acti@Pportunities for developing potential drugs that inhibit PlaF to

site’?the arachidonic acid can be positioned in the holoenzynf@mbalP. aeruginosaulence during infections.

active site with both hearbt and tail-rst orientation, but only

the tail- rst orientation results in a cgaration that yields 5- 4. MATERIALS AND METHODS

lipoxygenating activity. These results indicate that thsttail-  4.1. Identi cation of the Access Tunnels. Tunnels

access mode of a diacyl GPL substrate determines tbmerging from the active site of PlaF were iddntising

regioselectivity of PlaF for hydrolysis of the acyl chain bour@AVER 3.6° The COM of the catalytic residues S137 and

to thesn1 position. H286 was dened as the starting point of the search, from which
As T3 is oriented to the membrane neither in the monomerithe possible connections of the tunnels to the bulk solvent were

nor in the di-PlaF coguration, it likely does not contribute to identi ed. The catalytic residue D258 was not included in this

substrate access. We suggest the role of T3 to accommodatestarch criteria since its side chain is distant from the catalytic

acyl chain of substrates before and products after hydrolysis. 3i8. Probe and shell radii of 2 and 6 A were used, respectively.
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one leaet will contact the catalytic domain of t-Plafd,

hence, have direct access. Therefore, the composition of one
lea et was slightly modid to reect the inclusion of the
selected substrate. For this, a ratio in the uppetrdéé:2:1 for

DLPE, DLPG, and the respective substrate was used. Using
PACKMOL-Memgen, the bilayer system was prepared,
solvated, and necessary counter ions were added. The minimum
water distance from the membrane surface to the solvent box
boundaries was increased to 35 A to leave enough space between
the substrate and the membrane surface and avoid interactions
with periodic images during the extraction. Box dimensions in
thexandyaxes were setto 70 A, resulting in systems comprising

Figure 10.Schematic model of the mechanism of PlaF activity 50,000_at0ms. .
regulation. (A) Higher concentration of PlaF results in the formation of 4-3. Simulated Extraction of Substrates from the
an inactive diméf.In di-PlaF, T2 is closer to the membrane than the Membrane. MD simulations were performed using the GPU

other tunnels, but, still, the distance from the membrane interface is implementation of the AMBER 16 molecular simulation

A, which requires the substrate to pass through the solvent. Hence, fhéeckag&>®° employing the14SB forceeld for the proteifi

con guration leads to inactive PlaF. (B) At low concentrationsthe Lipid17 forceeld for the lipid$; °and the TIP3P water
monomeric PlaF shows RL#ctivity and adopts a ftilted cgn modef* The SHAKE algorithfiwas used to constrain bond
uration.” In the tilted conguration, PlaF orients such that T1 and T2 lengths of hydrogen atoms to heavy atoms, enabling a time step

come close to the membrane interface. Substrate accegmtaitlirs 5 fs. L lectrostatic int i idered
into T2. The acyl chain reaches the active site (dashed black circle)q;f_ S. Long-range electrostalic nteractions were considere

PlaF, but then1 cleavage site is still away from the active site. Furth&Sing the particle mesh Ewald algorithiihe system was
loading of the acyl chain requires it to enter into T3, and the substrate89€rgy-minimized by three mixed steepest descent/conjugate
hydrolyzed. (C) After hydrolysis, the FA is in T3. (i) Now, either FAgradient calculations with a maximum of 20,000 steps each.
relocates into T1, with the carboxyl group toward the entrance. At thgirst, the initial positions of the protein and membrane were
T1 entrance, FA can interact with the membrane interfacews® di  restrained, followed by a calculation with restraints on the
into it. (ii) Alternatively, the FA caip around, such that the carboxyl ,rotein atoms only anahalizing with a minimization without
group faces the T3 entrance, from where it can exit into the periplas Estraints. The minimized system was then gradually thermal-
space. ized in two stages. Initially, the temperature was increased from
. L 010 100 K undexVT conditions, then from 100 to 300 K under
The probe radius of 2 A is slightly larger than the van der WagleT conditions at 1 bar, using a Langevin therniégtae

radius of a phosphorous atore, (.8 A), present in every PlaF equilibration process continued for 5 ns, before starting with

sugsztrg;e E[c.’ best[nveftlgaFt)ed. tion. Th al struct production simulations. As usual in membrane MD simulations,
<. otarting structure Freparation. the crystal Struclure o NpT ensemble was used, allowing the membrane to

%f_ Pé?g\/:/s é’;(l)Vjill_I[LaebE;:O\rln t?e E;S;im ??ﬁa B(?—?:r(n?icn?sz , accommodate along the trajectdfyor US simulations, the
missin ?n the structur?a grsm hen(():e vsere added USiI’? etﬁressure was maintained using an anisotropic Berendsen
9 ' ' 9 Srosta?,gwhilefor the rest of the simulations, a semi-isotropic

MODELLER?! The starting comuration of PlaF for MD .
simulations was prepared by embedding £-PkaFa lipid Berendsen barostawas used, coupling the membrang)(

bilayer membrane consisting of 75% DLPE and 25% DLPG. TR@ne with the constant surfac;}étension dynamips. All analyses
tilted conguration of PlaF embedded in the membrane wa¥'cre performed using CPPT Lnless ot_herW|se stated,
molecular visualization was performed with PyM@hd

predicted by the positioning of proteins in membrane n‘?éthod.%;sual molecular dynamics (VMB3.The Movie Maker

The head group composition of the membrane closel o . .
resembles that of the inner membrane of Gram-negatifgPdule within VMD was used to illustrate the acyl chain
bacterid®3®* The prepared structure was used to investigatgarm'n' of lipids reaching the membrane interface and the access
the loading mechanism of DLPG or DLPE into tPlaF Of Substrates into PlaF.

Furthermore, loading of DSPG and an LGPL, 2LMG, was also 10 extracta substrate molecule from the membrane into one
investigatedf For that, t-Pjafas embedded into a membrane Of the access tunnels, we selected the lipid that was closest to the

consisting of 10% of DSPG and 2LMG in the upperdea  entrance and pulled it from the membrane through the tunnel to
The GPL composition in the lower letof these systems is the the active site of PlaF, using constant velocity sMD simulations.
same as that used for investigating DLPG and DLPE. TH&ulling simulations at low velocities are recommended for smalll
systems were prepared and solvated using CHARMIgBUI ~ Polar moleculeS’ and large lipidS’ to calculate free-energy
with PACKMOE® using PACKMOL-MemgéhA distance of ~ Pro les. At the lowest pulling rates, lipids have time to adapt to
at least 15 A between the protein or membrane and the solvétitergetically favorable conformations during the extraction
box boundaries was used. To obtain a neutral system, courfépcess’”In a recent study investigating GPL binding tg,PLA
ions were added that replaced solvent molecules. The size ofahgonstant pulling velocity of 5 A’nwas used. For the
resulting systems wab40,000 atoms. extraction of substrates, we considered all three possibilities by

Systems excluding t-RlaBut including one of the GPL which a substrate may enter a tunnel: either the head group or
substratesi.e, DLPG) and one of the LGPL substratess ( one of the two tails. Depending on the type of head grup (
2LMG), were also prepared to compare and decipher theG or PE), each substrate was pulled by its oxygen or nitrogen
energetics of lipid extraction from the membrane into solveratoms at a constant velocity of 1 A using a force constant of
Considering the orientation and position of txPiaRhe 5 kcal mol* A 2. When pulling at the tail, the terminal carbon
membrane, one can safely assume that only substrates locatetidm of the respective acyl chain was used.
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Each tunnel was divided into several segments connecteath, a PMF prée was calculated for each block with WHAM,
through virtual points formed by the COM of amino acids liningnd the error at each PMF point was calculated as the standard
the respective tunnel. The number of virtual points depends @nror of the mean.
the length and shape of the respective tunnel. The virtual pointsSimilarly, for systems without t-Rl&fajectories obtained by
guided the extraction of substrates such that the substrafmasdling simulations were used to set up US simulations.
followed the path of the respective tunnel. In addition, to obtaibdmbrella windows were extracted at distances of 1 A from the
a low-energy pathway, an adaptive sMD protocol wastarting point of the pulling simulation until the substrate was
implemented. For this, 50 replicas for each pulling simulatiorot interacting with the membrane anymore. The selected
were carried out, and the work required was computed aspasitions of the lipid were restrained by harmonic potentials,
function of the reaction coordinate. The computed work wassing a force constant of 5 kcal fmAl? and as the reaction
further related to free-energyedénce between two states of coordinate the distance of the COM of the three oxygen atoms
the pulling simulation applying Jarziseiation ¢q 7).>° of the glycerol moiety of the substrate to the COM of

W S @ KT phosphorous atoms of the lower membranetleBach

e =& @) window was simulated for 100 ns at constant pressure (1 bar)
Here, Fisthe free-energy érence between two states, which @nd temperature (300 K) conditions until convergence was
is connected to workV/ done on the systeih.k is the achlevesgl.%Therst 20 ns of simulation data were discarded.
Boltzmann constant, ahs the temperature of the system. The WHAM™™ was used to calculate the PMF. The PMFs were
replica closest to the Jarzyaskveragé was considered to €valuated for convergence by checking the change in the free-
describe the lowest free-energy pathway and provided tBergy prde with the increase in sampling time at every 10 ns.
starting point for the next pulling stage. Trajectories furthdrurthermore, histograms of sampled gumations were

away from that pathway were removed. This procedure result¥fpually inspected for stient overlap between the neighboring

computation needéd. to converge, and the free-energyl@sdiave discontinuities.

For the systems without t-PJafie substrates were extracted _ 4-5. Absolute Binding Free Energy from Computed
with the same pulling velocity and spring constant, as mention@MF- The absolute binding free energy of substrates to PlaF was
above. However, to avoid edgeets, a substrate in the middle determined from the computed PMF using an approach
of the membrane was located. For this extraction process, thedi ed from Chen and Kuyucé@kThe PMF was integrated
reaction coordinate was the distance between the head atont§ing the reaction coordinate| @ to calculate an association
the pulled substrate and COM of phosphorous atoms of tr{€quilibrium) constant<).
lipids in the opposite leat. Furthermore, to determine the free- membrane .

energy minimum of the phospholipids in the membrane more K= > W/ g X
accurately, the substrate watspulled into the membrane3 active site @
A), before pulling it out of the membrane. Here,r is the maximum bottleneck radius of the respective

4.4. US and PMF Calculations. To understand the  tynnel, which was determined by CAVER andlgsig(), r*
substrate access mechanism in PlaF and to identify preferengahe cross-sectional area of the tuwfe), is the PMF at a
substrate access tunnels, PMFs were computed bas€d on Uspecic value of the reaction coordinatés the Boltzmann
taking structures from the sMD simulations as starting points. gnstant, aniflis the temperature at which the simulations were
a reaction coordinate, the COM distance of the three oxygejerformed.
atoms of the glycerol moiety in the substrate to the COM of Keq Was then transformed to the mole fraction skgle (

residues 3137 a'nd H286 (0”')@”’15) of the active site was taking into account the number of ||p|[g|§)(per membrane
used. This reaction coordinate was also taken for over all othgjlumeV (eq 3.

systems for it describes the essential aspects of the structural

transformation during substrate access. Consecutive positionsof - g ﬁ

the substrates from the membrane to the active site as *  °Iv 3)
determined by pulling simulations were considered as referenc . .
points for US, with each position corresponding to one umbrelbaoﬁurﬁénI;’;éhigggijenracesggg%?ee ecr)lfe;gxqs??]b Ieetm{seuebns't[?aete
window. To achieve sadient overlap between the umbrella lecul lculated comp 9

windows, distances between reference poiritdokere used molectle was calculated.

along the reaction coordinate. The length of individual tunnels qjomp: S RTIn( K) 4)
and the size of acyl chains for respective substrates vary.
Therefore, for sampling the access ddralit substrates, 4.6. Blocking Access of the PlaF Substrates. To

di erent numbers of windows were required for each tunnedorroborate predicted access tunnels for PlaF substrates, we
Selected positions of the lipid in the tunnel were restrained liytended to block these by small-to-tryptophan substitutions of
harmonic potentials, using a force constant of 5 kchinfol tunnel-lining residues. To do so, we idedtipossible

To achieve swcient convergence of the PMF fepeach  substitution sites from our previous CAVER analyses, taking
window was sampled for 300 ns, of which the last 100 ns weénéo account the tunnékmottleneck radii and lengths. For these
used to calculate the PMF. Distance values were recorded ewarglyses, the same trajectory used to search for tunnelgin t-PlaF
2 ps and processed with WHANE To estimate the PMF  was considered. Finally,54amino acids within each tunnel
error, the data were separated into blocks according to theere selected for substitutions.

maximum calculated autocorrelation time of 20 ns. The In the rst step, all the amino acids except glycines and
correlation time was obtained for the complete trajectoryrolines within 3 A of individual tunnels and oriented toward a
excluding therst 20 ns of sampling data for equilibration. Thetunnel were considered. In turn, residues with an outward
last 100 ns of sampling data were split irddlocks of 20 ns  orientation were disregarded as a substitution there will likely
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not block the tunnel. Furthermore, as the TM and JM helicederivative of the ratio Bf5o,mandFszgnmusing PR.ThermCon-

were found to be important for both the dimerization and thérol software (NanoTemper, Munich, Germaty).

activity of PlaE} and residues of these helices were excluded. 4.8. Egress of PlaF Products. To determine the egress

Finally, the catalytic residues S137, D258, and H286 and oth@thways of PlaF products, a system with 2LMG substrate was

residues of the active site were disregarded to aaidgithe  considered. Theal snapshot at 300 ns of the US simulations of

activity of PlaF. the window with the substrate close to the active site was
The selected residues of each tunnel were substituted @onsidered as the starting structure for unbiased MD

tryptophan using FoldX}and the stability of the PlaF variants simulations. 2LMG was cleaved into the products: MYR and

was evaluated in terms of the change in free enei@ywith PGR, without altering the orientation of each product within the

respect to the wild-typ&’Single amino acid substitutions were tunnels. Atomic partial charges for the products were derived

performed 10 times for each proposed residue of each tunrgcording to the restraint electrostatic potentiedcedure, °

e 3 kcal
agd was

and the results were averaged. If the aver
mol %, the substitution is considered destabil

as implemented in Antechami3&Geometry optimizations
and subsequent single-point calculations were performed with

. 7 . .
not further pursued. To check if the proposed substitutions wifaussiari’ at the HartreeFock level with the 6-3t®asis
block the tunnel, the bottleneck radius of the variant tunnels wagt- Forceeld parameters for the products were taken from the

recalculated using CAVER. As done earlier, the probe radius @&5¢

ral amber forceld for organic molecules (GAFF, version

8 . . . .
set to 2 A. If no tunnel was ideetl with this criterium, the 2)- The prepared system was then minimized, thermalized,

probe radius for tunnel search was reduced until the tunn
started to appear again.

4.7. Biological Evaluation of PlaF Activity from
Mutations. 4.7.1. Site-Directed Mutagenesis, Protein Ex-
pression, and Puri cation. The plasmids for expression of Pla
variants with substitutions in the tunnélab(e Sy were
created by PCR, using Phusion DNA polymerase (Thermo
Fischer Scient) in whole plasmid amptiation, with
mutagenic oligonucleotiddsple Sy designed for the SLIC

é:}gd equilibrated using the protocol described above for MD
simulations. 12 replicas of production MD simulationssof 3
length each undelPT conditions were performed. The
distance of the 2LMG products to the entrance of each tunnel
g Wwas computed for each replica.

DATA AND SOFTWARE AVAILABILITY

Compressed tar archived with apmration les, MD
simulations data, and scripts to analyze such data are available

method®®and pp|a|:p|asm|a9 as atemp|ate‘ The presence of at DOI: 10.25838/d5p-22For molecular simulations, the

desired nucleotide substitutions was rooed by DNA

AMBER16 package of molecular simulation codes was used.

sequencing (MWG Biotech, Ebersberg, Germany). PlaF wAMBER16 is available fréntp://ambermd.org/

puri ed fromP. aeruginogeplaFmembranes and solubilized
with DDM, as described previod&fProteins were analyzed

ASSOCIATED CONTENT

by polyacrylamide gel electrophoresis under denaturatid® Supporting Information
conditions (sodium dodecyl! sulfate-polyacrylamide gel electrbhe Supporting Information is available free of charge at

phoresis) on 14% (w/v) gels, as described by Lagrhiie
protein concentration was determined by measuriggihe
using a NanoDrop 2000C spectrophotometer (Thermo Fisher
Scientic Inc., Waltham, Massachusetts, USA). The extinction
coe cients for PlaF and the variants were calculated with the
ProtParam tool (Navia-Paldaretial. 2012), considering the
amino acid exchange and g-tig.

4.7.2. Enzyme Activity Assays and Kinetic Studies. The
esterase activities of PlaF and variants were determimed with
NPB as substrate, as described previbtusking a 96-well
microplate and starting the reaction by adding 11@® the
PlaF sample (16 nM) to the 1000f p-NPB solution (2 mM).
Kinetic parameter&(, andk.,) for hydrolysis g-NPB were
determined using 8 nM enzyme, as described preV/idusly.
Kinetic parameters were determined by non-linear regression
analysis of datdted to the MichaeligMenten equation with
PrismLab. Enzyme activities with DLPG and LGPLs were
determined according to the established protocol it &br
enzymatic reactions, 250of PlaF or the variant (16 nM) and
25 L of DLPG solution were used. The amount of released FAs
after 24 h of reaction were calculated from the calibration curve
using oleic acid at concentrations ranging from 0.1 to 1.0 mM.

4.7.3. Thermal Stability. PlaF and variants (28.4, 10 L)
loaded into the measuring capillaries (Prometheus NT.Plex
nanoDSF Grade Standard Capillary Chips) were heated from 20
to 90°C (1 °C min ! heating rate), and the intrinsic protein

uorescence was recorded at 330 and 350 nm using the
Prometheus NT.Plex nanoDSF device (NanoTemper, Munich,
Germany}** The melting points were calculated from ttbte
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of sMD simulations to pull DLPG across T1 and T2;
convergence of PMFs for substrate access of DLPG;
distribution of reaction coordinate values obtained by US
for DLPG access; DLPG access to the catalytic site of t-
Plak; convergence of PMFs for other substrate access via
T2; distribution of reaction coordinate values obtained by
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