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Supporting Information

S1.1 Choi
e of exploratory temperature and WE parameters

High temperature exploratory simulations were performed at 400 K. This temperature was


hosen intuitively to in
rease the rate of transitions over barriers and lead to a more even

sampling of pathways with di�erent probabilities for ligand es
ape. It is expe
ted that the

ideal temperature to explore unbinding pathways is system-dependent, and a systemati
 test

of the dependen
e of the pathways found on di�erent temperatures was not performed here.

A low resampling interval (τ) may in
rease the 
han
es of dete
ting traje
tories o

upying

unvisited bins, but it will also in
rease the total 
omputational 
ost due to the more resour
es

spent in traje
tory analysis and bin attribution. Initial WE simulations with τ = 2, 5 and

10 ps showed that bin o

upan
y is rea
hed in shorter simulation time for lower τ values.

Rea
hing full bin o

upan
y in short simulation times leads to faster sampling of unbinding

events. WE simulations with di�erent τ values had similar 
omputational 
ost (de�ned as the

time to propagate the traje
tories plus the time for traje
tory analysis and bin attribution) to

perform 10 ps of MD simulation time. Thus, τ = 2 ps was adopted for the produ
tion WE

simulations here.

A high number of traje
tories per bin (traj/bin, in Table S2) may result in a better o

u-

pan
y of bins and also in
rease the 
han
es of rea
hing unvisited bins, but it also in
reases the

total number of traje
tories and the 
omputational 
ost of a WE simulation. Given that our

simulations ran on 
omputer nodes with 48 threads and we tried to keep one traje
tory run-
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ning per thread, a total of 144 traje
tories (Ntot =3×48) was used for ea
h resampling interval.

Thus, the number of traje
tories per bin was 
hosen as 4 (= 144/36 ≈ Ntot/bins) whi
h limited

the amount of 
orrelated traje
tories and the 
omputational 
ost, and also allowed a reasonable

bin o

upan
y.

The binning s
heme to partition the progress 
oordinate was designed with the help of a

rough potential of mean for
e (PMF) obtained from umbrella sampling simulations for benzene

unbinding along the blue pathway. The binning s
heme was 
hosen so that ea
h bin had to

transpose ∼ 0.6 k
al/mol steps of the PMF. Umbrella sampling was done with the GROMACS

pull 
ode (1), using the distan
e between ligand and binding site COM as a progress 
oordinate.

Eleven (11) windows spa
ed at 0.2 nm bins were used, with referen
e distan
es ranging from

0.4 to 2.4 nm and a for
e 
onstant of 1000 kJ/(mol nm

2
). Ea
h window run for 30 ns and the

last 28.4 ns were used to generate the PMF with the weighted histogram analysis method (2).

S1.2 Des
ription of Voronoi 
enters

Voronoi 
enters that des
ribe ea
h unbinding pathway were manually 
hosen from stru
tures

of ligand-protein 
omplexes obtained from unbinding traje
tories in the exploratory set of

simulations. Ea
h stru
ture was aligned to the T4L L99A mutant 
rystal stru
ture (PDB

1L83) using the Cα atoms of the binding site as a referen
e (se
tion 2.3) and later employed

in the WE simulations as Voronoi 
enters, to 
ompute distan
es and de�ne bins along the

progress 
oordinate. One �le for ea
h pathway (blue, pink, 
yan and orange) 
ontaining the


oordinates of protein-ligand (T4L-benzene) 
omplexes used for the de�nition of the Voronoi


enters is in
luded as Supporting Information.

S1.3 Reassignment of the unbinding traje
tories to the 
orre
t path-

ways

Visual inspe
tion of the traje
tories showed that WE simulations with a progress 
oordinate

de�ned from Voronoi bins for the blue pathway also sampled unbinding events for the orange

pathway, and vi
e-versa. A post-produ
tion step was performed to properly separate unbinding

events and reassign to the 
orre
t exit pathway. The unbinding event was reassigned to the

pathway whi
h 
ontained the Voronoi 
enter 
losest to the unbound state 
on�guration. This
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was possible by using 27 Voronoi 
enters (instead of 25 used in the WE produ
tion runs) to

the blue pathway and 24 (instead of 23) 
enters to the orange pathway. Reassignment allowed

proper separation of pathways and 
orre
t estimation of rate 
onstants and 
onformational


hanges for ea
h pathway.

S1.4 Identi�
ation of protein 
onformational transitions involved in

ligand unbinding

Conformational 
hanges allowing ligand exit from T4L were analyzed. Metastable mi
rostates

were asso
iated to Voronoi bins with high lifetimes and the protein transitions involved in ligand

progression along the unbinding pathway were found by:

• identi�
ation of the metastable mi
rostate with the Voronoi bin with highest lifetime for

ea
h su

essful unbinding traje
tory;

• 
olle
tion of the stru
ture in the frame immediately after the metastable state was uno
-


upied (transition stru
ture);

• 
onstru
tion of a list of the side 
hains 
onta
ting benzene in the transition stru
ture,

using a distan
e 
uto� of 0.5 nm;

• 
omputation of the (heavy atom) RMSD between transition stru
ture and referen
e stru
-

ture for ea
h side 
hain, after stru
ture alignment using the binding site Calpha de�ned in

se
tion 2.2;

• sele
tion of 3 side 
hains with highest RMSD.

Referen
e stru
tures were 
olle
ted either 100 ps or 10 ps before the transition stru
ture in the

same traje
tory.

Analysis revealed that movement of heli
es C, D, F, H and J 
ould also be involved in ligand

unbinding. This was quanti�ed by:

• identi�
ation of the metastable mi
rostate and 
olle
tion of transition stru
ture for ea
h

su

essful unbinding traje
tory;
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• 
he
k if one of the side 
hains of heli
es C (residues 69-81), D (residues 83-90) F (residues

107-114), H (residues 126-135) or J (residues 143-155) was 
onta
ting benzene in the

transition stru
ture, using a 
uto� of 0.5 nm;

• 
he
k the helix displa
ement.

The 
riteria for helix displa
ement was based on average atom-pair distan
e distributions shown

in �gure S2. Helix C was 
onsidered displa
ed when the average distan
e was higher than 1.01

nm, helix D when higher than 1.02 nm, helix F when higher than 1.25 nm and heli
es H and J

when higher than 0.67 nm.
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Figure S1: Average and individual rate 
onstant estimated for ea
h pathway of benzene unbind-

ing from T4L. (a) Blue pathway, (b) orange pathway, (
) pink pathway and (d) 
yan pathway.

Bla
k 
ir
les indi
ate averages, remaining symbols indi
ate individual estimates from one WE

simulation. Bars indi
ate a 90% 
on�den
e interval from bootstrapping for the averages, whi
h

are dominated by larger values. Dotted lines indi
ate the experimental rate 
onstant.

S4



0.6 0.8 1 1.2 1.4
distance ALA99-ILE78 (nm)

0

3

6

9

12

15

pr
ob

ab
ili

ty
 d

en
si

ty blue path
orange path
pink path
cyan path

helix C

(a)

0.8 1
distance ALA99-LEU84 (nm)

0

3

6

9

12

15

pr
ob

ab
ili

ty
 d

en
si

ty

helix D

(b)

0.8 1 1.2 1.4 1.6
distance ALA99-GLU108 (nm)

0

3

6

9

12

15

pr
ob

ab
ili

ty
 d

en
si

ty

helix F

(
)

0.4 0.6 0.8
distance TRP126-ARG154 (nm)

0

3

6

9

12

15

pr
ob

ab
ili

ty
 d

en
si

ty

helices H and J

(d)

Figure S2: Average distan
e distributions from 4 to 8 ns of six WE simulations for ea
h pathway

(
olor 
oded as shown in the insert). Bars represent the standard error in the averages. Bla
k

and red lines represent the distan
e in the 
rystal stru
ture and the distan
e 
riteria for helix

displa
ement, respe
tively.
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Figure S3: Benzene positions in the stru
tures used as Voronoi 
enters to sample the blue (a),

orange (b), pink (
) and 
yan (d) pathways. Benzene position in the 
rystal stru
ture is shown

in red sti
ks and was also used as a Voronoi 
enter in ea
h path. Only the T4L C-terminal

domain is shown.
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Table S1: De�nition of additional progress 
oordinates for benzene unbinding. Two atom-pair

distan
es were sele
ted for ea
h pathway. The bin boundaries (in nm) and the Voronoi bins

where the progress 
oordinate was added are also shown. Voronoi bins are numbered in order

of in
reasing distan
e from the binding site.

pathway distan
e bin boundaries Voronoi bins

blue CZ:Y88 - CA:A99 0.70, 0.83, 0.95 1, 2

CA:L84 - CA:A99 0.90, 0.97, 1.05 5, 6

orange CZ:Y88 - CA:A99 0.70, 0.83, 0.95 1, 2

CB:Y88 - CB:I78 0.50, 0.58, 0.65 7, 8

pink CB:V111 - CA:A99 0.80, 0.85, 0.90 2, 3

CE:M102 - CA:A146 0.70, 0.77, 0.85 7, 11


yan CG:L133 - CA:S117 0.62, 0.72, 0.80 8, 9

CD:R154 - CA:W126 0.60, 0.70, 0.80 19, 20

Table S2: Parameters used to run WE simulations for di�erent progress 
oordinates (PC). WE

sim.: number of WE simulations run, traj/bin: number of traje
tories per bin, τ : resampling

frequen
y (in ps), iter: number of resampling steps of one WE simulation, max length: max-

imum length of one WE simulation (in ns, 
al
ulated as τ*iter), bins: amount of bins of the

progress 
oordinate 
al
ulated as (N-M)+M*J when Voronoi bins are used as progress 
oor-

dinate, where N is the total number of Voronoi bins and M=4 is the number of Voronoi bins

whi
h were partitioned by an additional progress 
oordinate 
omposed of J=4 bins, as shown in

table S1, aggreg. time: aggregate simulation time of the progress 
oordinate in ns, 
al
ulated

as (WE sim.)*(traj/bin)*(max length)*bins.

PC WE sim. traj/bin τ iter max length bins aggreg. time

dist 4 5 10 150 1.5 12 360

RMSD 5 5 10 150 1.5 17 637.5

Vblue 6 4 2 4000 8 37 7104

Vorange 6 4 2 4000 8 35 6720

Vpink 6 4 2 4000 8 36 6912

Vcyan 6 4 2 4000 8 38 7296

Bin boundaries for distan
e PC (in nm): 0.30, 0.35, 0.38, 0.41, 0.50, 0.55, 0.60, 0.65, 0.80,

1.60, 1.68. Boundaries for RMSD PC (nm): 0.15, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.55, 0.60,

0.70, 0.80, 0.90, 1.00, 1.10, 1.50, 1.90.
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