Dependence of work on the pulling speed in mechanical ligand unbinding
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Figure S1. (A) Typical force-displacement profiles obtained by using all-atom SMD simulations
for different protein-ligand complexes at the pulling speed V = 5 nm/ns. The rupture force Fmax
occurs at x*; for 0 <x <x¥ and x¥ <x <L, the force dependence on x can be approximated by a
linear function. L, refers to the position above which the receptor-ligand interaction disappears.
(B) The binding free energy AG as a function of x. The bound and unbound states are separated
by the transition state (TS), which occurs at x*. (C) Dependence of the interaction energy, which
includes the van der Waals and electrostatic interactions, on the ligand displacement. The result

was obtained in one SMD trajectrory.
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Work calculation
Region 1: x < x*

According to Hummer and Szabo 2003 [1], prior to rupture, the ligand is at the binding site, and we can neglect the
friction term because the velocity is low and the receptor-ligand interaction is dominant. Then we have the

following motion equation:
mi = —kpx —ks(x —Vt) + &(t) (S1)
By using Fourier transformation we have:

v(w) = —iwx(w)
{  (82)

—iwv(w) = -0 x(w) + if((u) - %iksV(S’(w)

where 'y = W , X(w), v(w) and & (w) are related with  x(t), v(t) and é(t) by the following relations
x(t) = \/%f:: e x(w)dw ,(S3)
v(t) = \/% [72 e ty(w)da | (S4)
§0) == e E(w)dw . (S5)

From Equation S2 we obtain

1 E(w)—\2miksV &' (w)

x(@) = 2 LORBPO) (s
V(W) = —iwx(w) = 2 LTI ©) (“”‘ﬁ_"’z:‘s @ (s7)

Then we calculate the work in region 1:

W, = [ Fdx = [Fdt = [ Fvdt . (S8)
Using
F=kVt—kyx (S9)
and Equations S3, S4, S6, S7, and S9 we have

k © _; 1 © _;
W, = f(kSVt = _+oo e “"tx(w)dw) *Efjoo e @ty (w)dw * dt (S10)

Substituting x(w) and v(w) from Equations S6 and S7 into the last equation we obtain:

W, = f(ksw_ ks f+we_iwt;*wdw>*<; +we—iwtﬂ*wdw> dt (S11)

V27 /= m w’i—wz V21 Y- m w’i—wz

Using f(x)68"(x) = —f'(x)8(x),
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t kskgV t 14 +o00  _; 1 é(w) 1 +00 o4 —iw f((u) 1 kgV
Wl = f max (k vVt + — =SS ( a)_’f) - \/Zif—oo e twt ; * m’i_mz d(l)) * (‘/? f—oo e twt 7 * PP dw +— m wslz) dt
(S12)

Then taking average over the random force we have:

W, = ffma"{l s Ve — X5 aksVe+ 3> b L [* 0w x emilore)t *dedw’} dt (S13)

2 2 2
(o) Ta)

From the equation (¢ (t)é(t")) = 2ykgTS(t — t"), we have

(§(@)¢(@") = 27kTé(w + ") (S14)

Using this equation and rupture time t,,,, = Fmax \ve obtain
S

_ 1 km
1= Z(k k)2 max (815)
Region 2: x* <x < L,

After rupture, the viscosity term should be taken into account, because the ligand speed becomes greater than in the

first region. Then we have:
mi =k, (x — Lg) — ks(x —vt) —yx + &(t) (S16)

By using Fourier transformation obtain:

v(w) = —iwx(w)
7 S17
—iwv(@) = ~03x(@) — Lv(w) + 2£@) — Z ki Led (@) — 2 ik, V6 (@) (517)
where w, = /ks_% Then from the last equation we have
x(w) = %* ;(w)—mkmios(;);@iksvs (w) 7 (S18)
Wp—w— W
v(@) = —iwx(w) = % . f(w)—JEkaLOS(?);@iksva (w) (S19)
Wy~ W~ W
Similar to the region 1 case, the work was calculated by using Equations S8-S10:
L L d t t +oo  _; 1 +o0o  _;
= [ Fdx = [ Fdt = [ Fvdt = ft;’( s 7 et (w)dw ) + = [ et v(w)dw « dt
(S20)

Substituting x(®) and v(®) from Equations S18 and S19 into this equation we arrive at

WZ =
tLo ks o i 1 f(w) —\2mkyLoS () —\2miksV ' (w)
ftm <k vt ‘/z_f_ ¢ m w3 wz—ltw daw
1 o g =i f(a)) —\V21kiy Lo 8 (w)—\2miksV &' (w)
( L[ griar s do |dt (S21)
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V2m Y=o m  wi- e
m

ks 4+ _ior 1 $(w) 1 (t® _jwt —lw
— e —x———"——dw | x| — e — %
) f Z_p2-Ligy \/ﬁf—m m

SR

_ rtio ks  kmlo | ksksV [ t
W, = ftmax<kSVt+m * w3 + m < w? +
HO) 1k
vi-0?Tim dw +— w%) dt . (S22)
m
Averaging over the random force, we obtain
ke kiV

1% f% LEV v s KV ey K Kloy ) ks V7
= - — — — —
2 )| mwd m? wf * m?  wp T omd w§ 4
. +oo l;
k_%f o * e-ilwro))t ((@)(@)) _dwde' b dt (523)
2mm* J_o (wg - w? - %iw) (wé —w'? - %iw')

F, Fr,tksL, =
v mEX ¢ 2 and |[F,, = V], then we have

T kv Lo T gy

Using ()¢ (w)) = 27kpTé(w + "), tmax
Yoro — 1) Yoo ., ] Yo(ro — D7? Yo® _ ]

0t Fmax2 - kl(km(LO - xi) + VOVV)Fmax - %VZ + kLVZVZ - ]/03]/X*V

s s s

w, =
g { 2k
2
S (e , : Yoro—1) .2
= Yo(ro = DLo7V + == TLo(ksyo + kn)V = vo kinLox* + = —kyx*
S

-1
SNz Dy nZk;nLoz} (s24)

wherey, = <k.:—skm)

Coefficients a; — ag in EQ. 8 in the main text

_ 1 (Yo (yo—1) km )
282x%° ks (keg+km)?

ay = Lk (Lo — x¥)
2 ksﬁx* m\~0

a;

4 = Y0¥
;= ——
akgfxt
s 2 (S25)
a, = 252 _ Yoo-D¥
47 g2k, 2a%kg

_ vo? VLo(ksvo+km) _ vo®7x*  yolro—DLo¥
a a

5 ks a

2 —
Yo (Yo 1)—y02k;nL0x*+

— 2 7 2 Yo(ro—1) +2 _ Yo(ro-1) 2
ag = Yo kmlLo” + 12k poxE —,—kx = —ksLo
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a

7= 107" kg.s71

ks=1N.m™?!
k,, ~ 10 N.m™!

k,, ~05N.m™?

Ly ~2.10°m
x¥=107%m
ko~ 107 s71

B~ 2.42%10%° kg~tm™2s?

y = 0577
ks

Y0 = Ty < 2
_ﬁksx#

~1.4%103s.m™?
koey

(S26)

Substituting these parameters into Eq. (S25) we obtained the coefficients a; — a, in Table S1.

Coefficients

Estimated value

1.8 % 10721

4.2 %1072

2%107%7

3.6 10734

1.1%1072°

3.6 10718

Table S1: Typical values of coefficients a;—a, measured in J.

Molecular simulations

Choice of protein-ligand complexes

To support our theory we performed molecular simulations for two receptor-ligand complexes.
The first complex, which has the PDB ID 1FKH [2] (Figure S2), contains a small SBX
compound located at the binding site of the FKBP12 protein. Another complex (PDB ID:
4KZ6[3]) consists the AmpC beta-lactamase protein and the ZB6 carboxylic acid, a small
compound (Figure S2). The FKBP12 protein [4] has 107 amino acids; it is a 12 kDa cytosolic
protein that is abundantly expressed in all tissues. It binds to FK506 and rapamycin, which

mediates the immunosuppressive effect of drugs [5]. Binding to FKBP12 allows drugs to

subsequently interact with mechanistic targets of their action in immunosuppression [6].

Beta-lactamase[7], an enzyme produced by bacteria [8], is responsible for the resistance of
bacteria to many beta-lactam antibiotics like penicillins, cephalosporins and carbapenems. A
typical AmpC protein consists of 716 amino acids with approximately 6310 atoms and a mass of
79.88 kDa. Suppression of AmpC activity can prevent bacterial resistance [9, 10].
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Preparation of initial conformations for molecular dynamics simulations

From the PDB protein data bank, the ligand — protein conformation was downloaded and then
the pdb format file was loaded by Pymol [11] software version 2.0 and separately saved into two
files for a protein and a ligand. For the ligand conformation, an auto geometry optimization and
an atomH adding were performed by Avogadro [12] package, and the resulting file must be
saved in MOL2 format. Missing hydrogen atoms were added to the protein conformation by
using the GROMACS [13] package version 2016.5 with the CHARMMZ27 [14] force field 33
and the TIP3P [15] water model.

Pulling direction

Pulling direction

Figure S2. Top: Crystal structure (PDB ID: 1FKH [2]) of a SBX small compound bound to the
FKBP12 protein. Bottom: Crystal structure (PDB ID: 4KZ6 [3]) of a small carboxylic acid
compound ZB6 complexed with the beta-lactamase protein AmpC. The arrow refers to the

pulling direction.
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Molecular dynamics simulations

Molecular dynamics (MD) simulation was performed using the Gromars package version
2016.5. The solvated box was set large enough to ensure that the protein does not interact with
itself. The SwissParam [16] server (http://www.swissparam.ch) was used to create the ligand
conformation topology file. After optimization, the system, including the receptor-ligand
complex, solvent and counter ions, was equilibrated through three steps: energy minimization,
500 ps simulation in NVT and 500ps simulation in NPT ensemble. The temperature and pressure
in our simulations were 300 K and Zlatm, respectively. Full systems with water contain
approximately 30000 and 20000 atoms for 4KZ6 and 1FPK, respectively.

Steered molecular dynamic simulations

In the steered molecular dynamics (SMD) simulations an external force F=ks(Ax-vt) was applied
to a dummy atom that connects to the ligand through a spring with the spring constant k, v is the

pulling speed and Ax is the displacement of the pulled atom of the ligand from its initial position.

To simulate the AFM experiment [17], we chose the cantilever stiffness k; = 600 S The

mol.nm?’

pulling direction of the ligand from the binding site was determined using the minimal steric
hindrance method [18] (Figure S2). All Ca atoms of the receptor were restrained to avoid its drift
under the influence of an external force. To obtain reliable results we carried out many SMD
trajectories and their number depends on the system and the pulling speed (Table S2). With a

slow pull, the errors are smaller and fewer runs are required.

From the force-displacement/time profile we collected the rupture force for the calculation of
<Fmax>. The pulling work for a given trajectory was calculated using Equation (1) in the main

text and the trapezoid rule:

n-1
1
W= [ FGdx =5 (ier + )i = 0,

Results obtained for the average rupture force, rupture time and pulling works are shown in
Table S3.
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Number of trajectories
Pulling speed (m/s) 4KZ6 1FKH

0.025 10 20
0.04 10 20
0.067 20 20
0.12 20 40
0.183 20 40
0.3 20 50
0.5 50 50
1 50 50

1.5 50 100

3 50 100

5 100 100

7 200 200

9 200 200

12 200 200

15 200 200

18 200 200

27 200 200

36 200 200

45 200 200

54 200 200

Table S2: Number of trajectories used for various pulling speeds.
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_ 1FKH 4KZ6
Z%gg:jg <Fmax> <Wpull> <Fmax> <Wpull>
(mls) (PN) (kcal/mol) (PN) (kcal/mol)
0.025 584.1 + 89 26 £5.7 384.1+84.2 10.8+3.7
0.04 598.2 + 123.8 276+82 387.6+ 84 11.6+54
0.067 641.1 + 64.6 29.9+53 402.1 +50.5 128+3.1
0.12 637.7 + 66.6 30£5.6 403.8 + 74 148+4.7
0.183 668.3 + 96.6 343+8.1 431.3+74.3 16.7+52
0.3 671.3+975 37.1+84 462.7 + 785 195+52
0.5 691.5 + 100.9 40.9+9.2 477.7+975 21.4+6.4
1 7385 + 110.7 483+103 | 560.4+107.6 31+88
15 736.1 + 130.7 50.6 + 12.1 563.7 + 116 36.8+9.7
3 788.9 + 110.1 63.4+11.6 642.2 +119.5 47.7+114
5 793.9 +110.9 69 +11.7 679.4 + 132.6 56.6 + 12.3
7 828.1 + 104 775+116 | 692.8+104.8 61.8+9.7
9 8429+ 121.4 945+143 | 720.3+104.2 67.6+10.8
12 857.8 + 120.2 99.1+145 | 7154+121.1 77.1+137
15 897.1+ 133.8 1265+16 | 762.7+117.9 89+12.4
18 947 +125.3 161.3+187 | 829.3+97.4 90.4 +10.4
27 939 +129.5 121.6 +155 810.6 £ 85.5 113.4+13.1
36 978 £135.5 145.2 +16.7 819.4 + 134 124.7+17.8
45 1023.4 +144.6 162.9+19.1 8445+ 34 133.8+17.9
54 1024.1 +136.7 163.4+18.1 854.7 + 157.3 135.9+ 185

Table S3: Average rupture force and pulling work obtained by using SMD simulations for two

complexes. Error bars are standard deviations.
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