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 Introduction

— How to study large-scale conformational changes



Large-Scale Conformational Changes
in Membrane Transport Proteins

* Membrane transportersrely on
large-scale conformational
changes between
inward-facing(IF) and
outward-facing (OF) states
(alternating access mechanism)

* Channels may require large-scale
conformational changes
between their open/active and
closed/inactive states.
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A Case Study:

Proton-coupled Oligopeptide Transporters (POTSs)
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GkPOT (4IKV, 1.9 A)

~100,000 atoms
Conventional unbiased
simulations performed:
8 conditions X 400 ns
X 2 repeats = 6.4 us

K Immadisetty, ] Hettige, and M Moradi, What Can and Cannot Be Learned from
Molecular Dynamics Simulations of Bacterial Proton-Coupled Oligopeptide
Transporter GKPOT? J. Phys. Chem. B, 121:3644-3656, 2017.




Monitoring Global and Local Interholical Angle
Conformational Changes
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There is a clear distinction between different conditions.



Global
Conformatlonal Changes
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There is no clear reproducible distinction between different conditions.



H4-5-H10-11 Distance (A)
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Global
Conformational Changes
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Fig. 4. Structural transitions revealed by MD simulations. Time series of the
distances between the cytosolic-side helices of the N- and C-terminal bundles
(residues 141-156 and 420—440, respectively) in the S-E310 and S-E310p-FF

simulations.

“..”,PNAS 2013, ...

There is no clear reproducible distinction
between different conditionseven ifitis
claimed to be so in the literature!



Global
Conformational Changes
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Thereis no statistically significant distinction between different conditions.



* Introduction
— How to study large-scale conformational changes

It is not reasonable to speculate about the
conformational transition between two states based
on fluctuations around one of the end points.




How to study large-scale conformational changes?
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(PDB: 4IKV)
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How to study large-scale conformational changes?
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* Introduction
— How to study large-scale conformational changes?
* Methodology

— Empirical search for good pulling protocols

— Iterative combination of free energy calculation
methods and path-finding algorithms



Sampling Ideas

— Free energy calculations require dimensionality
reduction.

— Traditionally, this is done by designing intuitive, ad-
hoc, knowledge-based collective variables.

— Another approach is to use data-driven collective
variables using standard dimensionality reduction
techniques (PCA, diffusion maps, etc).

— Alternatively (or in combination with the above
approaches), one can calculate free energy along a
transition path (a 1D curve).

— The path can be obtained from path-finding
algorithmes.

— Since sampling is never perfect the procedure could
be iterative to reach higher accuracies.



Sampling Ideas

e Reaction coordinates

— System-specificcollective variables

e Searching for efficient pulling protocols
— An empirical approach to sampling

* Along-the-curve free energy calculations

— Free energy calculations combined with path-findingalgorithms

* lterative sampling
— A posteriori tests of self-consistency

Moradi et al., Proc Natl Acad Sci 106 20746 (2009) Moradi et al., Proc Natl Acad Sci 11018916 (2013)
Moradi et al., Chem Phys Lett 518 109 (2011) Moradi et al., J Phys Chem Lett 4 1882 (2013)

Moradi et al., J Chem Phys 133 125104 (2010) Moradi et al., Methods Mol Biol 924313 (2013)
Moradi et al., IntJ Quantum Chem 110 2865 (2010) Moradi et al., J Chem Phys 140034114 (2014)
Moradi et al., Biophys J 100 1083 (2011) Moradi et al., ) Chem Phys 140034115(2014)
Moradi et al., J Phys Chem B 115 8645 (2011) Moradi et al., ) Chem Theory Comput 10 2866 (2014)
Moradi et al., PLoS Comput Biol 8 €1002501 (2012) Moradi et al., J Phys Conf Ser 640012014 (2015)
Moradi et al., NucleicAcid Res 41 33 (2013) Moradi et al., J Phys Conf Ser 640012020(2015)

Moradi et al., Nat Commun 6 8393 (2015)
Fakharzadeh & Moradi, J Phys Chem Lett 7 4980 (2016)



Sampling Ideas

e Reaction coordinates

— System-specificcollective variables

e Searching for efficient pulling protocols
— An empirical approach tosampling

* Along-the-curve free energy calculations

— Free energy calculations combined with path-findingalgorithms

* lterative sampling
— A posteriori tests of self-consistency

I.1 Defining Practical
Collective Variables

Empirical search for practical collective
variables for inducing the conformational
changes involved in the transition.
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1.2 Optimizing the
Biasing Protocols

Systematic search for a practical biasing
protocol by using different combinations of
collective variables.

I1. Optimizing the
Transition Pathway

Use all of the conformations available to
generate the most reliable transition pathway:
1. Bayesian approach for combining the data
2. Post-hoc string method (analysis tool)

3. String method with swarms of trajectories

III.1 Free Energy
Calculations

Using the most relevant collective variables
(from I.1), biasing protocol (from I.2), and
initial conformations (from 1.2).
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II1.2 Assessing the
Sampling Efficiency

Detecting the poorly sampled, but potentially
important regions, e.g., by using PCA.




Nonequilibrium Work

Free Energy

Conformational Transition
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Stagei: NEP

Nonequilibrium Pulling

v ' Empirical

Protocol
Optimization

Transition Pathway

Optimum Nonequilibrium

Stage 2: SMwST

String Method with Swarms of Trajectories
Identify the Minimum Free Energy Path (MFEP)

Stage 3: BEUS
Bias Exchange Umbrella Sampling

Free Energy Calculation Along the MFEP

Reaction Coordinate




Work

Sampling Ideas

Empirical search for
reaction coordinates
and biasing protocols
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* Introduction
— How to study large-scale conformational changes?
* Methodology

— Empirical search for good pulling protocols

— Iterative combination of free energy calculation
methods and path-finding algorithms



Example:

Glycerol-3-Phophate

Transporter (GlpT)

* Major facilitator
superfamily (MFS)

« Secondary active
transporter

« Crystalized only in the IF

state. Q‘ﬁ{)
~A ; e

periplasm

cytoplasm
® O
o o/ o o

o ¥, c3P

« GIpT transports G3P using
P, gradient.

« P;:P; exchanger (in the
absence of organic phosphate)

Moradi, Enkavi, and Tajkhorshid, Nature Communications 6 8393 (2015)




Transport Thermodynamics
H'7 H1 ¢ P. Periplasm

Cytoplasm



Transport Thermodynamics

a: apo
b: bound Free Energy barrier

ransition State

Free Energy

OF,

1K

Reaction Coordinate

Lemieux, et al., Curr. Opin. Struct. Biol. 14, 405 (2004).
Law, et al., Biochemistry 46, 12190 (2007).



Full Thermodynamic Cycle
H'7 H1 ¢ P. Periplasm

Cytoplasm



the only available crystal structure

H'7 H1 ¢ P. Periplasm
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Step 1: OF, e&1F,
H1

Cytoplasm
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work(kcal/mol)

Empirical search for reaction
coordinates and biasing protocols:
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IFeOF transition induced by imposing rotational change on
0, 4I?elices TM1 and TM7

0 5 10 15 20 25 30

10 ns IF equilibrium - N
20 ns nonequilibrium (IF»0F) Number of water molecules per A

10 ns OF equilibrium (averaged over a 1 ns window)



Example: MsbA Transporter

 ATP-binding cassette (ABC) exporter with three crystal

Structures. \warda, ReyescC. L., Yul., Roth C. B., Chang G.. PNAS 104 19005 (2007)
 Reaction coordinates:

a, B, v (relative orientation of different domains)

different views

Nucleotide-binding

Two |IF conformations:
domains (NBD)

|F-closed (IF-c) and IF-open (IF-0)
Moradi and Tajkhorshid, PNAS 110 18916 (2013)



Conventional Equilibrium Molecular Dynamics
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Steering along orientation quaternion

To find the best rigid body rotation for {x;}>{y.},
find a unit quaternion g to minimize:

(lGzrd* — yell*)

0 . 0.
ltturns out ( = (COS—,SIH—U)

2 2

B and U are the angle and axis of rotation ,
target quaternion

attime t

Biasing Potential: /

U e (0611). 1) = KO (e (11). Q1)

cos(2(p,q)) =p-q



Interpolation of orientation quaternion in colvars

At each time t+At:
(1) Linear interpolation:

(Q'(t + At) = Q(t) + LTCU Ay

(2) Normalization:

QA
(Q(t + At) = o)




Interpolation of orientation quaternion in NAMD

It turns out:
%UB(qu,t) =k Q(grer, Q1)) ; (Gres, Q(1)).
SNL (¢ — Q(t) cos(£2)) - ) — )

sin(€2)
that can be used for work measurements using:

T —1

t
a / /
0t = [ S Us(es (xe)). 1) dt
0



* Introduction
— How to study large-scale conformational changes?
* Methodology

— Empirical search for good pulling protocols

— Iterative combination of free energy calculation
methods and path-finding algorithms



Path-Refining Algorithms

e String method (finding approximate minimum free
energy pathways on high-dimensional spaces)

— A pathway s represented by a
“string”, i.e., an ordered series of
images{&} connectingreactant and
productregions.

— The string is iteratively updated
according to some "rule” until
converges to a stationary solution.




Path-Refining Algorithms

e String method with swarms of trajectories (SMwST):

— Start froman initial string of N images ((;)
— Restrain M copies of each image for time At

Ui (§) =S k(€ — {;)?

— Releasethe restraintsand run fortime At’

— New string({;) is determined from (§),’s
— Iterate until converged

Drift term: —gD. (VG) + V.D

£(s) ||— BD. (VG) + V.D

SMwST gives the zero-drift path not the MFEP.
Johnson & Hummer JPCB 2012, 116, 8573.




Free Energy Calculations
(Bias-Exchange Umbrella Sampling)

— Umbrella sampling

AN | t 2
l]i (Ei)_jk(gi _gi) g>5
=
Ll
_BU.(E! )
_pF e BpU;(§") o
e —] - L.
_/J)(Uj(g )—Fj)
nje Reaction coordinate
J all samples

— Replica exchange (Monte carlo) Replica2 Replical

1, (X,) 1, (x1)>

"1y (X)), (x,)

e~ BU1(§2) p—BU2($1)
min 1’e—ﬁU1(f1)e—3Uz(f1) e

%
p(x1x2 4 xle) = min <1 906 ~Qb
%, S




Non-Parametric Reweighting
Vi(x) =V(x)+ U(x)

e \

Biased potential Unbiased potential Biasing potential

Unknown Unknown Known

/gz (x) i] (x) qi (,{
Biased density Unbiased density Biasing factor
Known Unknown Known

Partition function — — Ul (.X')
Zl_l — efl Unknown ql (x) €

2= | dx gwa @)



Conventional WHAM

If the X space is discrete
or “binable” such that

U,(x) = U(x*)

e.g., Usis a smooth function of

a 1D coordinate

U;(x) ? Ulc((),
_ — 50
qr = Cll(xk)

S. Kumar, J. M. Rosenberg, D. Bouzida, R. H. Swendsen, P. A. Kollman, “The weighted
histogram analysis method for free-energy calculations on biomolecules.”

J. Comput. Chem. 13, 1011 (1992)



Generalizations

K Ny
)| )|
E k — 2 Every conformation
F* = F (x l (t)) sampled 1s a state.
k=1 [ t=1
k Kk
Zy = E g q
I Solved iteratively.
1
k _
g = / -1 _k
21 NiZy "q
S

C. Bartels, “Analyzing biased Monte Carlo and molecular dynamics simulations.”
Chem. Phys. Letters 331, 446 (2000)



Generalizations

_ k k
Z) = Zk:g q; q{‘
gk = 1/ 4 l Zm NmZm_lCI,l%
2N Z CIzk f
— k
qi
— e J1 = —lo 2
fi=e Ji J - Zm Nmefmqfn

Multi-state BAR (MBAR) equation

M. R. Shirts, J. D. Chodera, “Statistically optimal analysis of samples from multiple
equilibrium states.”
J. Chem. Phys., 129, 124105 (2008)



Combining path-finding and free energy methods

e Potential of Mean Force:

6(9) = —B~og(8(E(x) — D))
(5(Ex) - D) = f 5(E(x) — Dp(x, ) d*Vxd*p

* Perturbed Free Energy:
F; =F({;) = =B~ "logZ;

7, = f e ~BUE 5 (x,p) A3V xd3Np = J e ~BEO+UE) gng

* Non-parametric MLE estimates: Bartels, CPL, 331, 446 (2000)

. . BF: n.
Shirts, Chodera, JCP, 129, 124105 (2008) e = / ' =B, (&)
e—/J’Ui(Et)

o PF
En.e_ﬁ(Uj(Et)_Fj) /2 B (E)=F)
J
J all samples




H'7 H1 ¢ P. Periplasm

Cytoplasm
Moradi, Enkavi, and Tajkhorshid, Nature Communications 6 8393 (2015)



Free Energy (kcal/mol)
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Distinct conformational transition pathways

Quaternion-based principal components (QPCs) represent different
modes of concerted motions of transmembrane helices.
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Free Energy Profile
(along one of the four stages of IF-OF transition)
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Asymmetric behavior of a homodimer?
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Moradiand Tajkhorshid, JCTC 102866 (2014)



Iterative path-finding algorithms and free energy calculations

Free Energy Calculation

Path-Finding Algorithm




Iterative path-refining algorithms and free energy calculations

Bias-Exchange Umbrella Sampling
(Free Energy Calculation)

String Method with Swarms of Trajectories
(Path-Refining Algorithm)




Iterative path-refining algorithms and free energy calculations

Bias-Exchange Umbrella Sampling
(Free Energy Calculation)

Post-Hoc String Method
(Analysis)

String Method with Swarms of Trajectories
(Path-Refining Algorithm)

Moradi, Enkavi, and Tajkhorshid, Nature Communications 6 8393 (2015)



Post-hoc string method (PHSM)

 Suppose we have already sampled a particular “continuous”
region of configuration space (or some multi-dimensional

collective variable space {&.}) and estimated the weight of
each sample {w'}.

* PHSM finds the principal curve in the &£ space using available
samples as an approximate minimum free energy pathway.

Moradi, Enkavi, and Tajkhorshid, Nature Communications 6 8393 (2015)



Post-hoc string method (PHSM)

 Suppose we have already sampled a particular “continuous”
region of configuration space (or some multi-dimensional
collective variable space {&.}) and estimated the weight of
each sample {w'}.

* PHSM finds the principal curve in the &£ space using available
samples as an approximate minimum free energy pathway.

* Foreach image i with center &, find all samples that are closer
to {& }than any other image center (Voronoitessellation):

B.={ E'N 18'-51 < 1§-§ 1 Vj=i & 1§ -§| < 8}

* Findthe new image center by weighted averaging over all the
samples in the Voronoicell: <Wr§r%r> indicator

_~7 function
t

) (W)

 Smooth and reparametrize. 3



Post-hoc string method (PHSM)

* Free energy landscape in a given 2D collective variable space

* Note: Thealgorithm is non-parametric, i.e., the pathway is not
optimized in a particular low-dimensional space.

12,

Moradi, Enkavi, and Tajkhorshid, Nature Communications 6 8393 (2015)



Post-hoc string method (PHSM)

* Free energy landscape in a given 2D collective variable space

* Note: Thealgorithm is non-parametric, i.e., the pathway is not
optimized in a particular low-dimensional space.

12,

Moradi, Enkavi, and Tajkhorshid, Nature Communications 6 8393 (2015)



Post-hoc string method (PHSM)

* Free energy landscape in a given 2D collective variable space

* Note: Thealgorithm is non-parametric, i.e., the pathway is not
optimized in a particular low-dimensional space.

12,

Moradi, Enkavi, and Tajkhorshid, Nature Communications 6 8393 (2015)



Post-hoc string method (PHSM)

* Free energy landscape in a given 2D collective variable space

* Note: Thealgorithm is non-parametric, i.e., the pathway is not
optimized in a particular low-dimensional space.
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Moradi, Enkavi, and Tajkhorshid, Nature Communications 6 8393 (2015)



Example: Transport Cycle of GlpT
H'7 H1 O P. Periplasm

Cytoplasm
Moradi M., Enkavi G., and Tajkhorshid E., Nature Communications 6 8393 (2015)



Step 1: OF, e&1F,
H1

Cytoplasm
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Periplasm

Periplasm
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Step 2: IF, &1F,
H7 H1 ¢ P. Periplasm

Cytoplasm



Step 3: OF, e O0F,

H1

H7

Cytoplasm

$

Periplasm

Periplasm

Cytoplasm



Step 4: OF, &1F,
H7 H1 ¢ P. Periplasm

Cytoplasm



H'7 H1 ¢ P. Periplasm

Cytoplasm
Moradi, Enkavi, and Tajkhorshid, Nature Communications 6 8393 (2015)



Simulation Protocols

iti : I # of Repli
Transition = Technique Collective of Replicas

Variables x Runtime
1 BEUS (Q1,Q7) 12x40ns = 0.5us
2 | IF,«<<OF, SMwST {Q} 1000x1 ns = 1 us
3 BEUS {Q} 50x20ns = 1 us
4 BEUS Zpi 30x40ns = 1.2us
5 IF,<1Fy BEUS ({Q}fzpi) 30x40ns = 1.2 ﬁs
6 BEUS Zp; 30x40ns = 1.2us
7 OF,<>OF, BEUS ({Q}szi) 30x40ns = 1.2 ﬁs
8 BEUS (Q1,Q7) 24x20ns = 0.5us
9 BEUS Zpi 15x30ns = 0.5us
10 | [F,<=OF, 2DBEUS (ARMSD, Z) 200x5 ns = 1 us
11 SMwST ({Q}, Zp) 1000x 1 ns = 1 us
12 BEUS (1Q}, Zpi) 50x20ns = 1 us

Gl ([ ~@
Crystal Structure | A S

@ Full Cycle

—> PHSM

--> Nonequilibrium
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Free Energy (kcal/mol)
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Free Energy (kcal/mol)
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* Introduction
— How to study large-scale conformational changes?
* Methodology

— Empirical search for good pulling protocols

— Iterative combination of free energy calculation
methods and path-finding algorithms

e Theoretical Framework
— Effective Riemannian diffusion model



Dynamics of the Atomic System

* Langevin equation:
x € R3VN Yi = ym;

yar:-d

0
dp; = (=5, VGO +yimi 'pi ) de + 2y f1dB,
[

™S AN
p = mx V(x) Wiener process
 Overdamped Langevin equation: (Bi(t)) =0
(Bi(1)B;(t)) =

d
dx; = _y<16xv(x)dt + \/Zyi_lﬁ_ldBi
l
l_Y_l

IBDi Di



Effective Dynamics (Euclidean Geometry)
x —§(x) BN - n)

generally
a position-dependent
anisotropic tensor

 Overdamped Langevin equation:
d&€ = (—BD.VA(¥) + V.D)dt + /20 dB

dE; = z( ,BDUa A+ l]>dt+\/_2 6i; dB;
j 6] 5] \
\ )
| Note: zero drift path is not 2 0;iOjx = D
Drift rate the same as MFEP. [
Johnson & Hummer JPCB 2012, 116, 8573.

« A(&(x)):the potential of mean force of the atomic system

A(Q) = =B Hog(s(§(x) — D))
o A(&):the “effective” potential energy of the reduced system

A = —BHog(8(§ — D))



Effective Dynamics (Euclidean Geometry)
x — &(x) (x:3N-d, &: n-d)

* Fokker-Planck/Smoluchowski equation:

B d
aﬂ(\f‘, t) = Z]: (%g(“(‘f t) Dij=+ 0% A(@) 6€l< ij 0% —= 1§, t)))

p(‘?) tlEO' O)

d
ap(f' tlfO' O) — Lp(f) tlfO» O)
L=V.D.(BVA+V)

* In this formalism, neither the the PMF (which is the
“effective” potential energy), nor the MFEP (which is
the minimum-"effective”-potential-energy path) is
invariant under coordinate transformations.



Riemannian Reformulation
E:R3N > M (M, g): Riemannian manifold (n-d)

 Overdamped Langevin equation:

d& = (—BDVG(§) + b)dt + \/ﬁdw\
dél = \(—ﬁnguaja(a + llal)’dt +/2DdW? Nermannian
Wiener process

dnft rate m"ic (Wl(t)> — O

arit (WiOWI(©) = gUt

Christoffel symbols

D: a position-independent scalar
g: Riemannian metric tensor G(§): Riemannian PMF

Fakharzadeh & Moradi Effective Riemannian diffusion model for conformational
dynamics of biomolecular systems.J Phys Chem Lett. 2016;7(24):4980-4987.



Riemannian Reformulation

Riemannian PMF or “effective” potential:
G =-p1 log(5((€(x))) atomic system
G(Q) = —B*1og(6,(§)) reduced system

. Riemannian
G({) =—p" 108(&(3)) Dirac delta function

AQ) = —p~H0g(3§ = 0) F () = f d0:8;()F (&)
G(§) =A@ +5p Mogg

dQg = Jgarté
Gibbs measure: Conventional
_[g(;@)dﬂ _ e‘BA(f)dnfl Dirac delta function
\ //y Q) = [ dn 56 - OFE)

invariant



Riemannian Reformulation

E:R3N > M (M, g): Riemannian manifold (n-d)
 Overdamped Langevin equation:

d& = (—BDVG(§) + b)dt + V2DdW
dé' = (—pfDg"0;G(&) + bY)dt + V2DdW'

In a geodesic normal coordinate
_ o system, b' disappears.
Potential /FE _Dngrljk

gradient Geometric drift
(invariant)  (non-invariant)

//vv non-invariant

d§ = \(—,BD. VA(§) + V. D)Idt ++/20dB

non-invariant



Riemannian Reformulation

* Fokker-Planck/Smoluchowski equation:

S u@0) = p0 0, (u(& DYGGI9G®) + D 0, (Vag ou(&.»)
5c (&0 = BD 7201 (UG V9979, 7g i \Va99

0
S-u(§ ) = BDV. (u(E VE) + DAu(§, 1)

0
%p(fi tlEO' O) — LP(EJ tlEO' O)
L=DV.(fVG+ V)

It can be shown the conventional diffusion with potential A(§)
and diffusion tensor D and the Riemannian diffusion with
potential G(&) and metric g are equivalent if:

D=Dg land G = A+%,B_1logg




Riemannian Reformulation

The Riemannian formulation allows for developing
more robust free energy calculation methods and
path-finding algorithms (due to the “invariance”).

Methods such as (BE)US and SM(wST) can be
modified by using geodesic distance instead of
Euclidean distance (and modifying the definitions of
differential operators, etc)

For certain collective variables, the geodesic distance
can be approximated by analytic expressions, e.g.,
for orientation quaternions:

d(q.,9;) = cos™'(q1.q,)
For other collective variables, on-the-fly metric
calculations maybe necessary.



Free Energy Calculation Methods Revisited

Biasing potential: U (§) = %k d(& &)

Perturbed free energy: e Prc) = fe_B(G(f)Jruc(f)) dQe

Connecting perturbed free energy to PMF:

n

= 1
,—BGE) _ (2_”) 2 IR ,-BF®

Bk

Fakharzadeh & Moradi J Phys Chem Lett. 2016;7(24):4980-4987.

This relation was first proven for a 1D case.
Hummer, G.; Szabo, A. PNAS. 2010, 107, 21441.

Stiff-spring approximation (large k):

1 1,
G(&)=f(E)+ 2_/3k(ﬁvf (§).VF(8)-Af (&) + O((ﬁ) ) + constant



Free Energy on a Curve

+ Acurve E(s) parameterized by its arc-lengths: ds* =g, d&"d&"
* Free energy on the curve: F(s) = f(§(s))

Frenet frame

* Stiff-spring correctionterm (X2fk):

arc-length orthogonal
BVf(E).VF(&)-Af(§) /\ degrees of

_ [)’(%F(S))z _j_szzF(S) g N (S K‘{ freedom

+ﬁva(§)VJ_f(§)_AJ_f(§) y
2 F(s)
* Minimumfree energy path:
E)IVf(E)  (V:igha,)

G(s)=F(s)+ %(ﬁ(d% F(s))" =<4 F(s))+ 0((/3%)2 ) + constant Metric

estimation

(og'8€7), = 2D<5W25W7>5t + O(6t2) = 2Dg" 6t + O(6t2)

(6087 5t~22Dl xlg—g} 5t 4+ O(6t?) }Zml axl 6xl )
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Coordinate transformation changes the results of conventional
SMwST/BEUS substantially.
Riemannian SMwST/BEUS results in an invariant PMF and MFEP.

dPClz
z a;;cosb; +a;;sing; Intermediate
j B .
Intermediate
9]-’5 are the dihedral angles A
8

Conventional
Dihedral-Based

dPC-Based sssssnnns
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N
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