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1 Introduction

Starting with the rst molecular dynamics simulation by Alder and Wainwright in 1957,
[1]

then continuing with the rst realistic simulations in the 1970s, these calculations are now

routinely used to study the dynamical behavior of molecular systems. They are especially

utilized when experimental methods like nuclear magnetic resonance spectroscopy (NMR),

X-ray diraction, or cryo-electron microscopy reach their preparation expense or through-

put limitations. While molecular dynamics simulations are well-known for investigating

biomolecular systems, they are also heavily used in material science or to study chemical

reactions.

1.1 Molecular Dynamics Simulations

The simulation types can be dierentiated based on the level of detail used to describe a

molecular system, where the most computationally expensive are quantum mechanical

representations of atoms. These can be further divided, depending on the method used to

approximate the Schrödinger equation and typically scale from at least linearly (𝑂 (𝑛) with
a large pre-factor) to the seventh power (𝑂 (𝑛7)) regarding the electronic degrees of freedom.

The most common method for ab initio molecular dynamics (AIMD) are density functional

theory simulations (DFT). Although these are highly accurate, the computational costs limit

their application to a few thousand atoms. In classical molecular dynamics simulations,

atoms are treated as hard spheres only, following Newton’s equations of motion. For a

microcanonical ensemble (𝑁𝑉𝐸) with a constant number of particles (𝑁 ), volume (𝑉 ), and

energy (𝐸), it can be expressed as the gradient of the potential energy (equation 1.1).

𝐹 ( ®𝑥 (𝑡)) = 𝑀 ¥®𝑥 (𝑡) = −®∇𝑉 ( ®𝑥 (𝑡)) (1.1)

As this function of time is a dierential equation, it is solved numerically by integration.

One popular method is the three-step velocity Verlet algorithm:

1. calculation of the new positions

®𝑥 (𝑡 + Δ𝑡) = ®𝑥 (𝑡) + ®𝑣 (𝑡) Δ𝑡 + 1

2
®𝑎 (𝑡) Δ𝑡 (1.2)

1



Chapter 1 Introduction

2. calculation of the acceleration

®𝑎 (𝑡 + Δ𝑡) = 𝐹 ( ®𝑥 (𝑡 + Δ𝑡))
𝑀

(1.3)

3. velocity calculation

®𝑣 (𝑡 + Δ𝑡) = ®𝑣 (𝑡) + 1

2
( ®𝑎 (𝑡) + ®𝑎 (𝑡 + Δ𝑡)) Δ𝑡 (1.4)

The potential energy 𝑉 in equation 1.1, necessary to calculate the force 𝐹 in equation 1.3

is obtained from force elds that are parameterized with experimental data and quantum

chemical calculations. Depending on their desired use case, various force elds have been

developed. For example, MM4 or MMFF for small molecules, the reactive ReaxFF, the

polarizable AMOEBA, or more general ones like OPLS, CHARMM and AMBER. At least

for the latter three, their functional form is similar and can be divided into a bonded and

nonbonded part, as shown for the AMBER force eld in equation 1.5, which was applied in

all simulations throughout this thesis.

𝑉 (r) =
∑︁

𝑘𝑏 (𝑙 − 𝑙0)2︸      ︷︷      ︸
bond

+
∑︁

𝑘𝑎 (\ − \0)2︸        ︷︷        ︸
angle

+
∑︁
𝑖

∑︁
𝑛

0.5 ·𝑉𝑛 [1 + cos(𝑛𝜔𝑖 − 𝛾𝑖)]︸                             ︷︷                             ︸
dihedral

(1.5)

+
𝑁−1∑︁
𝑗=1

𝑁∑︁
𝑖=𝑗+1

𝑓𝑖 𝑗

{
𝜖𝑖 𝑗

[(
𝑟0𝑖 𝑗

𝑟𝑖 𝑗

)12
− 2

(
𝑟0𝑖 𝑗

𝑟𝑖 𝑗

)6]
︸                        ︷︷                        ︸

LJ

+
𝑞𝑖𝑞 𝑗

4𝜋𝜖0𝑟𝑖 𝑗︸   ︷︷   ︸
Coulomb

}

Formolecular dynamics simulations in the canonical ensemble (𝑁𝑉𝑇 ) or isothermal–isobaric

ensemble (𝑁𝑃𝑇 ), temperature and pressure are controlled by a thermostat and barostat,

respectively. In addition, periodic boundary conditions (PBC) are applied to prevent un-

physical boundary surface eects, resulting in a pseudo-innite simulation cell.

Besides these atomistic simulation types, it is also possible to combine multiple atoms as

so-called beads in the case of coarse-grained simulations, which are an intermediate method

between all-atom simulations and nite element methods (FEM). Since the transitions are

relatively smooth, mixing the mentioned methods in terms of multiscale modeling
[2]

is

popular for large structures with a detailed description of a subsystem, e.g., a chemical

reaction in a catalytic reactor.
[3]

1.2 Enhanced Sampling Simulations

The timescales typically achieved with classical molecular dynamics simulations range from

nanoseconds to a few milliseconds, depending on the molecular system size, the available

2
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unfavorable high
energy states

global/local
energy minima

transitional
states

Figure 1.1: Random walk on the potential energy surface (PES) performed during mole-
cular dynamics simulations. Cyan regions depict the local or global energy
minimum states whereas dark blue regions are high energy states or transi-
tional barriers.

computing hardware, and software optimizations. Compared to laboratory experiments,

this eventually impedes the application for the investigation of slow processes or rare

events, which then might not be perceived. Furthermore, for molecular systems with

signicant energetic barriers between distinct states, e.g., in protein folding or host-guest

interactions, the simulation gets easily trapped in local minima during the random walk on

the potential energy surface (gure 1.1). These can then be hardly escaped within feasible

timeframes.

The possible opportunities to overcome this issue and to speed up the simulations can be

divided into three major categories, where the most obvious is to increase the computer

performance. In recent years, signicant improvements were made on intra- and inter-

socket parallelization, usability of general-purpose computation on graphics processing

units (GPGPU), or utilization of specialized hardware like application-specic integrated

circuits (ASICs), e.g., the Anton supercomputer by D. E. Shaw Research. It is impossible

to increase the speedup innitely due to technical and physical limitations, and it also

goes hand in hand with implementation-specic details to utilize the hardware eciently,

which can be classied as the second category. The most time-consuming step for atomistic

molecular dynamics simulations is to calculate the nonbonded forces, namely Coulomb

and van der Waals (vdW) interactions. Without optimizations, these calculations scale

quadratically with the number of particles (𝑂 (𝑛2)), as all possible pairs must be considered.

By applying a domain decomposition scheme, only the interactions between particles in

the domain itself and adjacent domains are calculated, resulting in a drastic reduction of

interacting particles and improved parallelization. Unfortunately, long-range electrostatics

3
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Enhanced Sampling
Methods

Replica-based SimulationsCV-based Simulations

Accelerated MD

Integrated Tempering
Sampling (ITS)

Adaptive Tempering

Deep Learning

TALOSDESP

Metadynamics Umbrella Sampling

Replica Exchange
Umbrella Sampling

aMD GaMD

H-REMD T-REMD

RESTREST2

TIGER

TIGER2 TIGER2A

REMDh REMDhs

TIGER2h TIGER2hsTargeted MD ABF

Steered MD

Figure 1.2: Family tree of the most common enhanced sampling methods for molecular
dynamics simulations. The dashed region contains the extensively used, de-
veloped, or further improved algorithms within this thesis.

are largely truncated, leading to erroneous simulation dynamics over time. The most

common solution is the particle mesh Ewald method (PME) to accurately approximate these

long-range interactions (𝑂 (𝑛 log (𝑛))), or the multilevel summation method (MSM)
[4]

as

implemented in NAMD.
[5]

The latter does not depend on the fast Fourier transform (FFT),

which improves parallel scalability.

While the rst two categories only reduce the real-time per simulation step, the potential

energy surface remains unchanged. To eectively sample the whole conformational space

of the molecular system, various enhanced sampling algorithms have been developed. An

overview of the most commonly applied methods is shown in gure 1.2. They can be

roughly grouped into four major classes but often share fundamental ideas. Though there

is a considerable overlap of application domains, not all of them can be generally applied,

which is especially true for collective variable-based simulations, where one or multiple

reaction coordinates have to be dened. This might be challenging for ab initio protein
folding, but in return, these simulations highly excel in transitions path sampling. If it

is unfeasible to dene meaningful reaction coordinates, e.g., when the desired states are

unknown, they can also be combined with other enhanced sampling methods. For example,

as shown in article IV (page 79), the initial and end states were obtained by replica exchange

simulations rst to study the transition path with umbrella sampling (section 2.2.3). Recent

studies have also successfully proven the use of deep neural networks (DNN) to identify

relevant collective variables.
[6,7]

Accelerated molecular dynamics algorithms have been developed as a more generally

applicable method since they do not depend on a predened reaction coordinate. A boost

4



1.2 Enhanced Sampling Simulations

potential Δ𝑉 (r) is applied if the potential energy falls below a specied threshold value 𝐸

to overcome high energy barriers during simulations (equation 1.6).

𝑉 ∗(r) = 𝑉 (r) + Δ𝑉 (r) Δ𝑉 (r) =

0 if 𝑉 (r) ≥ 𝐸

(𝐸−𝑉 (r))2
𝛼+𝐸−𝑉 (r) if 𝑉 (r) < 𝐸

(1.6)

The energy dierence between separate states is eectively lowered by raising minimum

regions on the potential energy surface. Current implementations of accelerated molecular

dynamics methods enable the user to apply the boosting potential to individual terms, e.g.,

dihedrals only, instead of the total potential.
[8]

Both, the threshold value 𝐸 and the acceleration parameter 𝛼 depend on the molecular

system and have to be systematically estimated by initial molecular dynamics simulations

as the energy barrier heights are unknown.
[8,9]

The most challenging part of this simulation

type is the reweighting procedure of each snapshot to obtain an unbiased ensemble.

〈𝐴〉 = 〈𝐴(r) exp (𝛽Δ𝑉 (r))〉∗

〈exp (𝛽Δ𝑉 (r))〉∗ (1.7)

Due to the exponential Boltzmann factors and broad distribution of the boosting potential

in a range of up to hundreds of kcal/mol, signicant statistical uncertainties are introduced

by reweighting.
[8,9,10]

Optimizing this procedure is part of ongoing research.
[9,11,12,13]

1.2.1 Replica Exchange Molecular Dynamics (REMD)

One of the most commonly used solutions to enhance the sampling of molecular systems

are replica exchange algorithms. They were developed by Swendsen and Wang for Markov

Chain Monte Carlo simulations (MCMC) and later modied for molecular dynamics by

Sugita and Okamoto.
[14]

As the name suggests, the molecular system is replicated 𝑁 times

along a desired parameter scale, and exchange attempts between individual states (replica)

are performed periodically after a predened number of timesteps. In theory, replicas on

each end of the scale should sample congurations that are rarely available on the other.

Temperature was used as a parameter in the original implementation, also known as parallel

tempering or temperature replica exchange molecular dynamics (T-REMD), which will

be used synonymously with REMD in this thesis from now on. Raising the temperature

leads to a simultaneous increase in kinetic energy, which ultimately reduces the energy

barriers on the free energy landscape. Therefore, unlike the aforementioned methods,

these simulations do not necessarily require reaction coordinates to be known a priori, nor

require advanced post processing methods. A more general, alternative formalism of this

algorithm is the Hamiltonian replica exchange method, covering any perturbations to the

Hamiltonian,
[15,16,17,18]

e.g., scaling the potential energy by a replica-dependent factor, like

in REST2.
[19]

5



Chapter 1 Introduction

As it originated from MCMC, the construction of a Markov process requires two conditions

to be fullled. The exchange between two replicas should satisfy the detailed balance condi-

tion (equation 1.8). The transition probability𝑤 (𝑋 → 𝑋 ′) between two microstates has to

be equal to ensure a macroscopic thermodynamic equilibrium (microscopic reversibility).

𝑊 (𝑋 )𝑤 (𝑋 → 𝑋 ′) =𝑊 (𝑋 ′)𝑤 (𝑋 ′ → 𝑋 ) (1.8)

For a molecular system in the canonical ensemble, the Hamiltonian𝐻 (𝑞, 𝑝) can be expressed
as the sum of kinetic energy 𝐾 (𝑝) and potential energy 𝑉 (𝑞) with the momentum and

coordinate vectors, 𝑝 and 𝑞, respectively.[14]

𝐻 (𝑞, 𝑝) = 𝐾 (𝑝) +𝑉 (𝑞) (1.9)

For REMD simulations in an isothermal-isobaric ensemble (𝑁𝑃𝑇 ), volume uctuations have

to be considered by adding the product of pressure 𝑃 and volume 𝑉 in equation 1.9. But

since this term has a minor contribution to the total energy only, it can be neglected.
[20,21]

The weighting factor for each state 𝑋 in equation 1.8 is calculated by the product of the

Boltzmann factors exp (−𝛽𝐻 (𝑞, 𝑝))[14, eq. 3] at each temperature:
[14, eq. 7]

𝑊 (𝑋 ) = exp

{
−

𝑀∑︁
𝑚=1

𝛽𝑚𝐻

(
𝑞 [𝑖 (𝑚) ], 𝑝 [𝑖 (𝑚) ]

)}
(1.10)

To accurately take the kinetic energy term for molecular dynamics simulations into account,

the momenta 𝑝 have to be uniformly rescaled for all atoms. From the kinetic theory of

gases, the relation of kinetic energy, momentum and temperature can be expressed as:

𝐾 =
𝑚𝑣2

2
=
𝑝2

2𝑚
=
3𝑘B𝑇

2
𝑝 =

√︁
3𝑚𝑘B𝑇 (1.11)

The resulting scaling factor for the momenta 𝑝 and 𝑝 ′ on the temperatures 𝑇 and 𝑇 ′
,

respectively, is given by:

𝑝 ′

𝑝
=

√
3𝑚𝑘B𝑇 ′

√
3𝑚𝑘B𝑇

𝑝 ′ =

√︂
𝑇 ′

𝑇
𝑝 (1.12)

Finally, equation 1.8 can now be solved as
[14, eq. 14]

𝑤 (𝑋 → 𝑋 ′)
𝑤 (𝑋 ′ → 𝑋 ) = exp

{
−𝛽𝑚

[
𝐾

(
𝑝 𝑗 ′

)
+𝑉

(
𝑞 𝑗

) ]
− 𝛽𝑛

[
𝐾

(
𝑝𝑖

′
)
+𝑉

(
𝑞𝑖

) ]
+ 𝛽𝑚

[
𝐾

(
𝑝𝑖

)
+𝑉

(
𝑞𝑖

) ]
+ 𝛽𝑛

[
𝐾

(
𝑝 𝑗

)
+𝑉

(
𝑞 𝑗

) ]}
(1.13)
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1.2 Enhanced Sampling Simulations

When the scaling factor from equation 1.12 is included in equation 1.13, all kinetic energy

terms are canceled out, and the exchange probability solely depends on the system’s

potential energy.

𝑤 (𝑋 → 𝑋 ′)
𝑤 (𝑋 ′ → 𝑋 ) = exp

{
−𝛽𝑚

𝑇𝑚

𝑇𝑛
𝐾

(
𝑝 𝑗

)
− 𝛽𝑛

𝑇𝑛

𝑇𝑚
𝐾

(
𝑝𝑖

)
+ 𝛽𝑚𝐾

(
𝑝𝑖

)
+ 𝛽𝑛𝐾

(
𝑝 𝑗

)
− 𝛽𝑚

[
𝑉

(
𝑞 𝑗

)
−𝑉

(
𝑞𝑖

) ]
− 𝛽𝑛

[
𝑉

(
𝑞𝑖

)
−𝑉

(
𝑞 𝑗

) ]}
= exp

{
− [𝛽𝑛 − 𝛽𝑚]

(
𝑉

(
𝑞𝑖

)
−𝑉

(
𝑞 𝑗

) )}
= exp (−Δ) (1.14)

A commonly used acceptance ratio to satisfy equation 1.14 is the Metropolis criterion,

which is applied in both MC and MD methods:
[14, eq. 17]

𝑤 (𝑋 → 𝑋 ′) =
{
1 if Δ ≤ 0

exp (−Δ) if Δ > 0
(1.15)

The second condition for the Markov process is that the transition probability must be

nonzero, which is theoretically proven in equation 1.14 but very challenging in practice. As

apparent from equation 1.15, an increasing dierence between both thermodynamic betas

𝛽𝑚,𝑛 exponentially reduces the acceptance ratio. Therefore it is only possible to exchange

neighboring replicas.
[14]

Due to the high accuracy, independence of reaction coordinates, and extensive implemen-

tation in a wide range of simulation packages, REMD simulations are the gold standard for

enhanced sampling of molecular systems. Since each replica performs a random walk by

slow diusion through temperature and phase space, a Boltzmann weighted ensemble is

obtained on each temperature level, allowing the determination of various thermodynamic

properties.

One signicant drawback of REMD simulations are the high computational costs, which

scale linearly with the number of replicas 𝑁 , compared to conventional molecular dynamics

simulations (cMD). For typical biomolecular simulations with explicit solvation, a large

proportion of the molecular system are solvent atoms. Since the required number of replicas

for a selected temperature range correlates roughly with the square root of the degrees

of freedom (DoF), the main contribution to this value comes from the solvent and not the

solute atoms (gure 1.3). This can be made visible by simply enlarging the system size

without modication of the solute. The exchange attempts are then increasingly driven by

noise of bulk water states and more replicas are needed. As the solvent conformational

states are altering much quicker than the solute states, performing the exchange attempts

often, leads to an averaging eect in a small temperature range, resulting in a potential

energy value primarily dened by the solute state. This self-regulating eect is termed as

“intrinsic averaging” and further discussed in article II and article VI.

7
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𝑇min 𝑇max

𝑇

Figure 1.3: Schematic representation of the potential energy distribution of individual
replicas. To connect the replicas on both 𝑇min and 𝑇max, a suiciently large
overlap can only be achieved with intermediary replicas closely distributed on
this temperature scale. As highlighted, only a tiny proportion of the overlap-
ping region is related to the solute’s potential energy contribution, which is
buried under the solvent potential energy fluctuations.

In practice, an acceptance rate of around 20 % has proven successful, as it provides the best

trade-o between computational costs and convergence. Increasing the number of replicas

also increases the acceptance rate but at the same time also decreases the temperature

dierences, which then slows down the diusion through temperature space. If the number

is too low, exchange attempts are less successful.

While running multiple copies of a simulation is much more scalable than to parallelize

a single cMD – particularly since the communication overhead is negligible for REMD

– the simulation time per cycle is set by the slowest replica. With a large number of

replicas, which is typically already the case even for moderate system sizes, there is a risk

of signicant idle times.
[22,23]

1.2.2 Temperature Intervals with Global Energy Reassignment (TIGER)

As the size of the molecular system increases, the application of REMD simulations becomes

more and more impractical since a vast number of replicas are necessary to span the

desired temperature range. Furthermore, the resulting slow diusion through temperature

space discussed above, negatively aects the convergence since the minimum number of

exchanges needed to travel from high to lower temperatures increases simultaneously.

Li et al. therefore proposed a new algorithm called “temperature intervals with global energy

reassignment” (TIGER) to solve these issues by introducing a heating-sampling-quenching

simulation cycle
[23]

(gure 1.4).

In the same procedure as the REMD simulations, the replicas are distributed on a temper-

ature scale and simulated for a specied number of steps (stage 1, heating; and stage 2,

sampling). However, instead of exchanging neighboring replicas, these are now quenched

to the baseline temperature by minimization and re-heating (stage 3). Then a sequential

8



1.2 Enhanced Sampling Simulations
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Figure 1.4: Schematic representation of the TIGER algorithm. The heating and sampling
stages are typically combined since new temperatures are assigned aer the
exchange aempts. Blue nodes depict the baseline replicas which are saved to
disk before each sampling stage.

exchange is performed, where replicas compared to each other in ascending temperature

order based on the Metropolis criterion (stage 4).
[23]

This exchange scheme not only re-

moves the thermal shift between replicas but also allows arbitrary temperature jumps to

be performed and accelerates diusion through the temperature space.
[23,24,25,26]

1.2.3 Temperature Intervals with Global Exchange of Replicas (TIGER2)

In 2009, Li et al. published an updated version of TIGER, now called “temperature intervals

with global exchange of replicas” (TIGER2), that resolved some of the original TIGER’s

intrinsic limitations, namely the required assumption that the heat capacity of the system

is constant and state independent.
[24]

The simulations of more complex systems, however,

showed that the assumption could not be satised.
[24,25]

Instead of minimizing and re-

heating the replicas, they are quickly cooled down to the baseline temperature to remove

excess thermal energy without altering the conformational state.

Another adjustment was the modication of the exchange scheme.
[24]

While in TIGER all

replicas were compared sequentially, a random one is chosen and compared to the baseline

in TIGER2. All remaining replicas are sorted according to their potential energy value (see

article VI, gure 1, middle).

1.2.4 TIGER2 with Solvent Energy Averaging (TIGER2A)

The quenching phase of TIGER2 eectively removes the kinetic energy by scaling the

momenta of all non-baseline replicas (see equation 1.12) followed by a short molecular

dynamics run for thermal equilibration at the baseline temperature 𝑇0. While this solves

9



Chapter 1 Introduction

the issue of strictly overlapping potential energy distributions in REMD, there is still a

signicant noise by the predominant proportion of solvent atoms.

Due to the additional simulation phases for quenching and heating in TIGER2, the total

number of steps per cycle are several times higher than for a REMD simulation. Compared

to the high-frequency exchange attempts there, the intrinsic averaging no longer occurs.

Therefore, Li et al. have introduced an explicit averaging phase with xed solute to remove

any solvent uctuation in the potential energy value used in the Metropolis exchange

criterion.
[26]

The number of averaging steps needed to obtain accurate, solute-driven potential en-

ergies are up to ten times higher than the actual sampling steps without quenching or

heating.
[26,27,28]

Since this nullies the speed advantages over the REMD simulations, a new

exchange scheme was also proposed to save more than one snapshot per run.

As shown in article VI (gure 1, left), the replicas are compared in ascending order and if

the exchange is successful, the selected state becomes the new reference and is saved to

disk. As was the case in TIGER2, all non-baseline replicas are sorted in the end.

We later adopted this exchange scheme in article II and recapitulated it in article VI in

connection with the parameter sensitivity (section 2.1.4).

1.3 Motivation and Objectives

Based on the ideas of Li et al., Kulke et al. proposed further modications to the potential

energy calculations at the exchange attempt of TIGER2without compromising themolecular

dynamics with explicit solvation. Similar to MM/GBSA and MM/PBSA, which are popular

methods for binding free energy calculations of protein-ligand complexes,
[29]

a hybrid

solvent approach was used. As previously developed for REMD simulations, this approach

has now been applied to TIGER methods.
[30]

Instead of averaging the solvent molecules

prior to the Metropolis exchange criterion like in TIGER2A, the potential energy of the

solute is now calculated by replacing the explicit solvation with a continuum model. While

this exceptionally reduced the computing resources and was successfully applied on real

world problems, more compact and structured protein motifs are privileged by current

implicit solvent models,
[31,32,33,34]

even if the actual simulation is performed with explicit

solvation.

This thesis aims to pick up on the groundwork of hybrid solvent replica exchange simu-

lations with the goal of improving accuracy, resource eciency, and usability for a wide

range of enhanced sampling applications. Furthermore, by systematically investigating this

method on benchmark and real-world molecular systems, opportunities and limitations

should be discovered and addressed, especially where the gold standard REMD is not

applicable due to limitations imposed by high computational costs.

10



2 Results and Discussion

This chapter is divided into the fundamental development (section 2.1) and the practical

application (section 2.2) of the newly developed enhanced sampling methods TIGER2h,

TIGER2hs, and their optimized versions.

2.1 Development of Hybrid Solvent Replica Exchange
Algorithms

The development of the hybrid solvent TIGER2 methods was carried out in three studies.

Because the rst part consists of the preceding work by Kulke et al., it is not part of this

thesis.
[27]

The second article introduced the solvation shell extension, which provided a

signicant advance in accuracy for protein folding simulations (article II). Finally, we iden-

tied the best practice for resource ecient and reproducible application, as the remaining

issues were resolved (article VI).

All current implementations were developed for NAMD v2.11–v2.14
[5]

using the Tcl pro-

gramming language and are freely available under MIT license within the supporting infor-

mation of each publication. Additionally, a highly customizable and platform-independent

Python version based on OpenMM 7
[35]

is part of ongoing work and will be published soon.

2.1.1 Studied Example Proteins

An accurate comparison of enhanced sampling algorithms requires exhaustive exploration

of the potential energy landscape at the desired temperature level. Therefore, we selected

known, fast folding proteins to study the algorithms, as their tertiary structures and overall

ensembles on certain temperatures are already determined by wet lab experiments or

previous molecular dynamics simulations.

In total, three proteins of dierent sizes, properties, and structures were used (gure 2.1). As

the most common secondary structure motifs are α-helices and β-sheets, both (AAQAA)3

and HP7, respectively, were an ideal choice and also previously investigated within various

in silico and experimental studies.
[36,37,38,39]

Therefore, we extensively studied all modica-

tions and optimizations on these two proteins. While HP7 had terminal capping groups in

the rst and second study, they were removed for all calculations in the third to align the

11



Chapter 2 Results and Discussion

(AAQAA)3 HP7 Trp-cage BBA Villin

Figure 2.1: Fast folding example proteins used to study the developed algorithms. Only a
few simulations were performed for BBA and Villin due to the immense com-
puting costs for fully converged ensembles. The colors depict the secondary
structure motifs: α-helix (purple), β-sheet (cyan), 310-helix (gold), turn (gray)
and coil (silver). [RCSB: HP7 (2EVQ), Trp-cage (1L2Y), BBA (1FME), Villin
(2F4K)]

in silico results with the NMR data. To further extend the scope of the empirical studies,

calculations were also performed with Trp-cage, a 20 residue peptide consisting of an

ordered coil, 310- and α-helical motifs, enclosing a tryptophan.
[40]

Additionally, two other proteins
[41]

(the Villin headpiece and a BBA domain) were also in-

vestigated at the beginning. However, it was inecient to generate a suciently converged

ensemble for all algorithm optimizations and parameter combinations due to their system

size.

The molecular systems were prepared by adding sodium or chloride counterions and

explicit TIP3P water molecules. To prevent solute interactions of unfolded states with the

neighboring image by periodic boundary condition (PBC), we used cubic boxes with an

edge length of roughly 3Å per amino acid.
[27]

2.1.2 Implicit Solvent Potential Energies for Replica Exchange

Similar to the REMDh by Chaudhury et al.,
[30]

Kulke et al. implemented a hybrid solvent

potential energy calculation for the TIGER2A algorithm, called TIGER2h. While TIGER2A

requires an immensely long averaging phase to accurately estimate the solvent contributions

for a single solute state, all solvent molecules are replaced with an continuum model during

the exchange attempt.

As was the case in the rst study by Kulke et al., we again compared TIGER2h with REMDh

in article II and were able to conrm that not only are folded structures overestimated but

that only a tiny fraction of the ensemble could be obtained in REMDh. Moreover, such

12
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Figure 2.2: Secondary structure probabilities for (AAQAA)3 and HP7 obtained by REMDh,
TIGER2h and TIGER2A simulations. Both hybrid solvent methods overesti-
mated folded structures compared to TIGER2A.

overestimation is also observed for molecular dynamics simulations in implicit solvent due

to the lack of explicit hydrogen bonds and missing entropic eects.
[42,30,43]

Since REMDh

does not perform any quenching steps, replicas are compared at their current temperatures.

Consequently, all temperature-dependent eects at the solute-solvent interface are no longer

taken into account after removing explicit solvent molecules. Due to the overestimation of

more compact structures in implicit solvent, it was not surprising that TIGER2h would also

suer from these problems, as shown in gure 2.2.

Although the ensemble ratios are shifted toward folded states in TIGER2h, it was shown

that the entire ensemble was eectively sampled with ten times fewer replicas. Another

performance advantage resulted from the TIGER2A exchange scheme, where multiple

structures are written per cycle. Later, we observed serious issues of this exchange scheme

due to an unexpected high parameter sensitivity, which is further discussed in section 2.1.4

(article VI).

Comparing the Poisson-Boltzmann (PB) and generalized Born (GB) implicit solventmethods
[44]

revealed only minor dierences. However, since GB is an approximation of PB and much

faster,
[28,45]

it is the preferred choice and thus was used in all subsequent simulations.

2.1.3 Improved Energy Evaluation by Explicit Solvation Shells

The solute-solvent interactions in close proximity to the solute constitute a crucial potential

energy contribution by explicit hydrogen bonds and orientation polarization, which are

not correctly represented by the continuum model. Similar to the hybrid solvent exchange

scheme for REMD proposed by Okur et al.,
[46]

the TIGER2h algorithm was extended to

include explicit solvation shells (article II), now called TIGER2hs. Only the bulk solvent pro-

portion is replaced with the continuum model at the exchange step to eectively eliminate

the potential energy noise from the solvent molecules’ conformational uctuations.

13



Chapter 2 Results and Discussion

Careful selection of the number of solvent molecules is crucial to obtain reliable ensemble

compositions. When this number is too low, not enough solute-solvent interactions are cov-

ered. When the number of solvent molecules is too high, on the other hand, exchanges are

driven almost exclusively by thermal noise. To analyze these state-dependent interactions

with respect to the total number of solvation shell molecules, the shell reaction eld (SRF)

protocol was implemented. By calculating nonbonded pair-interactions (Coulomb, vdW)

between solute and solvent for an increasing shell size, the number of required solvent

molecules can be roughly estimated. As shown in article II, gure 3, both vdW and Coulomb

interactions decrease very rapidly with increasing shell size and asymptotically approach a

constant value.

It was empirically shown for (AAQAA)3 and HP7 that fully accounting for these interactions

would require too many water molecules and blur delineations in the ensemble. A good

rule of thumb is to ll the rst two solvation shells completely. These can be estimated by

the radial distribution function (RDF, 𝑔(𝑟 )) of water oxygen atoms around the solute with

respect to the distance 𝑟 .[47] By transforming this function into a function of the cumulative

number of water molecules 𝑔(𝑛), the required amount to ll up the water layers can be

read directly (see article II, gure 3, bottom).

Evaluating the solvation shells of dierent ensemble states revealed that the optimal amount

of water molecules diers for various solute conformations. These are typically lower for

folded than for extended structures. The RDF can be calculated from a short molecular

dynamics trajectory before the actual TIGER2hs simulation. Since it only captures a minor

conformational space, the average shell size could be potentially erroneous. Compared to

REMD simulations, where any molecular system can be modeled, as shown, e.g., in article I,

this issue limits possible application areas and is subject of ongoing work.

2.1.4 Simulation Parameter Sensitivity and Reproducibility

After the initial success of using a combined explicit and implicit solvation model for

potential energy calculations, the next steps were to investigate the selection of optimal

simulation parameters. For REMD simulations, only the temperature scale has to be chosen

appropriately so that the maximum temperature 𝑇max is sucient to overcome all energy

barriers. Then, the number of replicas is estimated accordingly for an exchange probability

of about 20 %.
[48]

Due to the neighboring exchange scheme, a selection of unnecessarily high 𝑇max-values

does not aect the baseline ensemble. Moreover, as shown in gure 2.3, the ensembles

do not change signicantly with a further increase of the maximum temperature. Thus,

it is only a question of computing resources and could be optimized beforehand by short

molecular dynamics simulations.

14
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Figure 2.3: Potential energy surfaces of (AAQAA)3 at dierent temperatures. The light blue
regions depict energy minima, while darker purple ones are energy barriers.
These were calculated by dihedral principal component analysis (dPCA) of a
REMD simulation (𝑇min=280 K, 𝑇max=600 K, 100 replicas). It can be observed
that the energy barriers slowly disappear as the temperature increases, while
no noteworthy changes are apparent above about 400 K.

In contrast to REMD, the global exchange scheme of TIGER2hs is potentially aected

by the choice of temperature scale and number of replicas. A signicant excess of high

temperature conformations has an increasing chance of acceptance due to the ascending

exchange scheme combined with subsequent sorting (article VI).

Since temperatures range up to 𝑇max=600 K are commonly used for protein folding simu-

lations, the inuence of replica number was rst investigated, with the intent of nding

an optimal balance between convergence and resource utilization. However, the initial

15



Chapter 2 Results and Discussion

0 10 20 30 40 50
15

20

25

30

# Replica

Te
m
pe
ra
tu
re

ch
an

ge
[K
/e
x] (AAQAA)3

HP7
Trp-cage

Figure 2.4: Correlation between the replica number and the average temperature change
per exchange (K/ex) for all three protein systems (𝑇𝑚𝑎𝑥=400 K).

calculations have shown that there is a strong correlation between the secondary structure

probability and the number of replicas. With an increasing number of up to 64 replicas,

no saturation could be observed (article VI, gure 3, left). As we found, this is related to

the TIGER2A exchange scheme, as the number of folded structures with similar potential

energies increases at low temperatures, leading to their disproportionate accumulation (see

article VI for further discussion).

A fallback to the exchange scheme of TIGER2, called TIGER2hs
SR
, was implemented to

circumvent the issue. There, only a single random replica is queried for the exchange

attempt (article VI, gure 1, middle), so a ner partition of the temperature space does not

change the probability of querying a specic temperature spanwith a similar conformational

space. For the three proteins – (AAQAA)3, HP7, and Trp-cage – it could be shown that the

secondary structure probability now rapidly approached a limit.

Additional simulations at several 𝑇max revealed that there is also a dependence on this

value, which varies for dierent molecular systems. The more detailed investigations on

the ascending sorting of all non-baseline replicas, following the exchange attempt with

the Metropolis criterion, provided a deeper understanding of this process. Because the

potential energy histograms overlap more than in REMD simulations, large and unselective

temperature jumps are inevitably caused. The balance between folding and unfolding is

shifted more toward the unfolded structures with higher maximum temperatures (article VI,

gure 4).

As shown in gure 2.3, a change in ensemble probabilities can still be expected up to about

𝑇max=400 K. At a baseline temperature of 𝑇min=280 K, this results in a dierence of 120 K,

so relatively high temperature jumps are still likely. To prevent these forceful temperature

changes, we introduced another modication of the exchange scheme in article VI. The

ascending sorting was replaced by applying the Metropolis criterion to random replica

pairs to increase the selectivity of exchange attempts (TIGER2hs
PE
).
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Ultimately, it does not remove the dependence on the temperature scale and number of

replicas but does allow control of the temperature change by a surrogate parameter – the

global average temperature change per exchange (K/ex). This parameter takes both values

into account and can be estimated after a few hundred cycles. In addition, the temperature

changes are already substantially reduced by the updated exchange scheme in TIGER2hs
PE

compared to TIGER2hs
SR
. The eect of the replica number decreases exponentially, and at

about 16 replicas, it is mainly dictated by 𝑇max (gure 2.4).

Through extensive empirical investigation, a value of about 30 K/ex was determined as the

threshold for accurate results (article VI, gure 5, right). The optimum value is around

20K/ex, as this is where the largest kinetic boost could be realized with maximum accuracy

compared to REMD.

Finally, a TIGER2A version was implemented to validate the pair exchange scheme since

it does not suer from possible inaccuracies due to the hybrid solvent (TIGER2A
PE
). The

results of both algorithms matched those of REMD exceptionally well (article VI, gure 6).

The cost of the TIGER2A
PE

simulation greatly exceeded the REMD simulation because more

than 80 % of the time is spent on the averaging phase. Therefore it is no longer suitable as

a replacement for REMD.

2.2 Applications of Hybrid Solvent Replica Exchange
Simulations

All applications of TIGER2h or TIGER2hs were performed with the original NAMD imple-

mentation, published in article II, since optimizations and further improvements discussed

above were developed in parallel. Fromwhat we know so far, any issues in these versions do

slightly aect the proportion of structures in the ensemble only and not the nal minimum

structure or complex, since these are usually overrepresented due to the exchange scheme.

2.2.1 N-Terminal Homodimerization of BCL11B

The B-cell leukemia/lymphoma 11B (BCL11B) transcription factor, originally described as

chicken ovalbumin upstream promoter transcription factor (COUP-TF) interacting protein 2

(CTIP2)
[49]

mainly acts as a transcriptional repressor through interaction with chromatin

remodeling proteins.
[50,51]

The biological relevance of BCL11B for various tissues and organs

has been investigated in multiple studies, as severe developmental abnormalities resulted

in mice knockout models.
[52,53,54,55,56,57]

In addition, while for most tissues, suppression of

BCL11B had no adverse eect, a reprogramming of T cells to natural killer (NK) cells was

observed for the lymphatic system.
[58]

Except for the DNA-binding zinc ngers
[62]

and the NuRD binding domain,
[59]

the 3D struc-

tures of BCL11A and BCL11B are largely unresolved due to their rather unique primary
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NuRD binding domain
10. 20. 30. 40. 50.

BCL11B MSRRKQGNPQHLSQRELITPEADHVEAAILEEDEGLEIEEPSGLGLMVGG
CCHC ZF

60. 70. 80. 90. 100.
BCL11B PDPDLLTCGQCQMNFPLGDILVFIEHKRKQCGGSLGACYDKALDKDSPPP

110. 120. 130. 140. 150.
BCL11B SSRSELRKVSEPVEIGIQVTPDEDDHLLSPTKGICPKQENIAGKDEPSSY

CCHH ZF
160. 170. 180. 190. 200.

BCL11B ICTTCKQPFNSAWFLLQHAQNTHGFRIYLEPGPASSSLTPRLTIPPPLGP
putative SIRT binding domain

210. 220. 230. 240. 250.
BCL11B EAVAQSPLMNFLGDSNPFNLLRMTGPILRDHPGFGEGRLPGTPPLFSPPP

260. 270. 280. 290. 300.
BCL11B RHHLDPHRLSAEEMGLVAQHPSAFDRVMRLNPMAIDSPAMDFSRRLRELA

310. 320. 330. 340. 350.
BCL11B GNSSTPPPVSPGRGNPMHRLLNPFQPSPKSPFLSTPPLPPMPPGGTPPPQ

CCHH ZF CCHH ZF
360. 370. 380. 390. 400.

BCL11B PPAKSKSCEFCGKTFKFQSNLIVHRRSHTGEKPYKCQLCDHACSQASKLK

410. 420. 430. 440. 450.
BCL11B RHMKTHMHKAGSLAGRSDDGLSAASSPEPGTSELAGEGLKAADGDFRHHE

460. 470. 480. 490. 500.
BCL11B SDPSLGHEPEEEDEEEEEEEEELLLENESRPESSFSMDSELSRNRENGGG

510. 520. 530. 540. 550.
BCL11B GVPGVPGAGGGAAKALADEKALVLGKVMENVGLGALPQYGELLADKQKRG

560. 570. 580. 590. 600.
BCL11B AFLKRAAGGGDAGDDDDAGGCGDAGAGGAVNGRGGGFAPGTEPFPGLFPR

NLS
610. 620. 630. 640. 650.

BCL11B KPAPLPSPGLNSAAKRIKVEKDLELPPAALIPSENVYSQWLVGYAASRHF

660. 670. 680. 690. 700.
BCL11B MKDPFLGFTDARQSPFATSSEHSSENGSLRFSTPPGDLLDGGLSGRSGTA

CCHH ZF
710. 720. 730. 740. 750.

BCL11B SGGSTPHLGGPGPGRPSSKEGRRSDTCEYCGKVFKNCSNLTVHRRSHTGE
CCHH ZF CCHH ZF

760. 770. 780. 790. 800.
BCL11B RPYKCELCNYACAQSSKLTRHMKTHGQIGKEVYRCDICQMPFSVYSTLEK

810. 820.
BCL11B HMKKWHGEHLLTNDVKIEQAERS

Figure 2.5: Primary sequence of BCL11B (isoform 2 without exon 3). The first 15 residues
(light orange) are identical to BCL11A and known to bind RBBP4/7 in the
NuRD complex.[59] The highlighted regions in red denote the DNA-binding
CCHH zinc finger motifs, while the blue one is the protein-binding CCHC zinc
finger which is required for homodimerization (section 2.2.1). Bioinformatic
analysis revealed the nuclear localization signal (NLS, cyan), which guides
transport into the nucleus by binding to importin α (section 2.2.2). A putative
Sirtuin binding domain (light gray) was described by Senawong et al. for
BCL11A[60] and BCL11B.[61] Protein folding simulations with TIGER2hs are
part of ongoingwork to predict the three-dimensional structure and investigate
it as a potential target for new generations of sirtuin or BCL11B inhibitors
(article I).
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sequence (gure 2.5). In 2018, Grabarczyk et al. were the rst to identify the homodimeriza-

tion of BCL11B mediated by a previously unknown N-terminal CCHC zinc nger.
[51]

Due

to the atypical length of 14 residues within the CXXCX{14}HX{4}C motif, no homologous

structures are available to this date.

Therefore, a multistage prediction protocol was developed to determine the tertiary and

quaternary structure because REMD and TIGER2hs simulations failed to correctly handle

the zinc ion and its role during the folding process. The problems with force eld based

simulations of metal ions are discussed in detail in article III, section 1.3.

For the rst stage, sequence and structural alignments were performed on other CCHC zinc

nger proteins with known NMR or crystal structures. Since all of them possess the typical

ββα fold similar to that of DNA-binding zinc ngers, two individual homology models were

created for both secondary structure motifs. Subsequently, both parts were reconnected

by de novo loop modeling to restore the exact length between the zinc-binding residues

(article III, section 2.1). Another small hydrophobic motif is evident on the N-terminal

side, and we assumed that this could complete the structure and stabilize corresponding

dimers. The initial homology model was extended in stage two and submitted to an explicit

solvent TIGER2hs simulation (article III, section 2.1) as the nal stage. A dened minimum

structure could be obtained, where the hydrophobic residues further enclosed the core

region and formed a distinct binding region on the bottom side (article III, gure 2).

Dimerization was rst studied by state-of-the-art FFT protein-protein docking, as this

method is highly ecient and widely implemented.
[63]

Although used successfully on

various targets, solvation eects and protein exibility are not suciently addressed. To

solve this issue, the complex was simulated with TIGER2h. By applying restraints on

backbone dihedral angles, a rigid body-like representation with exible sidechains enabled

an exhaustive sampling of the dimerization with local structural adaptations. As indicated

in section 2.1.3, the size of the solvation shell in TIGER2hs is highly dependent on particular

states, so it is not suitable for simulations of multiple solutes in its current form. On the other

hand, TIGER2h has provided excellent results for protein-protein docking applications, and

it was able to reproduce the experimental ndings (article III, section 2.5).

2.2.2 Nuclear Import of BCL11B by KPNA2

The classical nuclear localization signals can be divided intomono- and bipartite. While both

contain major site residues with the consensus sequence K[KR]X[KR][KR], two additional

basic residues are located at the minor site for a bipartite NLS, separated by a short spacer

sequence.
[64]

Although experimental data in article V have shown that the major site of

BCL11B is sucient for nuclear transport, sequence analysis results indicate a bipartite

NLS.
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minor site

major site

Figure 2.6: Binding pose of BCL11B’s NLS sequence to importin α (KNPA2) with minor
(le, {RK}) and major (right, {KRIK}) sites denoted by spheres (blue: positively
charged; green: hydrophobic). The small helical part (purple) was predicted
by loop modeling and confirmed by TIGER2hs simulations.

To clarify the question of correct classication and to prove binding on an atomistic level,

the binding mode was predicted by combined loop modeling and enhanced sampling

molecular dynamics simulations. Since the binding modes at the minor and major sites

are known for a variety of proteins, the structures of homologous sequences were used as

anchor points and subsequently linked by loop modeling.

As shown in gure 2.6, a small α-helix was obtained from loop modeling, which was

expected since the length of the sequence implies at least a short, structured motif to

connect both binding sites. TIGER2hs simulations provided additional conrmation for this

part, enclosed by disordered coil regions of the already known major site and a proline-rich

domain on the N-terminal side. An average α-helix probability of about 30 % per residue

(article V, gure 6) was calculated which is roughly in the same order of magnitude as for

(AAQAA)3.

2.2.3 Structural Dynamics of SPINK1 N34S Mutants

The biological role of the serine protease inhibitor Kazal-type 1 (SPINK1) protein is to bind

and inhibit unintentionally activated trypsin, which is generally stored as the inactive form

trypsinogen.
[65]

Through auto-activation trypsin is capable of cleaving more trypsinogen

on its own. Activation of this process in the pancreas could then lead to severe tissue

damage by protein digestion.
[66]

Amutation of asparagine N34 to serine (p.N34S) due to a point mutation in the SPINK1 gene
is associated with chronic pancreatitis and one of the most clinically relevant risk factors,

but not a sole causative factor.
[67,68]

This indicates that the function is not entirely lost, but

changes in the secondary structure may decrease inhibition by variations of kinetic features.
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To get a clearer picture of the structural properties, both the wild type and the mutant in

complex with human cationic trypsin (TRY1) were investigated using MD, TIGER2hs and

umbrella sampling simulations (article IV).

During molecular dynamics simulations of SPINK1 and the SPINK1-TRY1 complex in

solution (wild type and mutant), four distinct conformational states of a exible loop,

on which N34 is located, could be identied by coordinate principal component analysis

(article IV, gure 2). While this transition between the states appeared unimpeded for

the single proteins, the loop was sterically hindered within the complexes, except for the

N34S mutant. To rule out coincidence, the complexes were simulated with TIGER2hs as an

enhanced sampling method, which conrmed a higher transition rate between these states

in the mutant over the wild type.

Finally, an umbrella sampling simulation was performed to estimate the transition path’s

potential mean force (PMF). First, the reaction coordinate was selected along with the four

distinct states from the simulations above. Then, a harmonic biasing force was applied

in the reaction coordinate space to generate the structures on each umbrella (article IV,

gure 3).

It could be demonstrated that the energy barrier for the transition between states is higher

for the wild type than for the mutant, suggesting a more stable protein-protein complex

and supporting the hypothesis of amended kinetics.
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3 Conclusion and Outlook

Enhanced sampling methods are vast in number, each possessing unique advantages and

disadvantages that in turn depend on the problem at hand. In terms of generic applicability

and accuracy, however, T-REMD simulations remain the undisputed favorites. They can

be applied to any molecular system, such as those in article I, to the same degree as for

MD simulations. Furthermore, the intrinsically self-regulating and theoretically proven

algorithm, which depends only on temperature, a parameter naturally present in the

MD simulations anyway, ensures accurate results. Nevertheless, the resource-ecient

utilization of REMD requires a careful adjustment of the simulation and exchange process.

In general, fast exponentially growing computational costs with increasing system size or

degrees of freedom impede a feasible, practical application (article I, II, VI).

The fundamental work of Li et al. with the development of global exchange schemes and

the introduction of quenching cycles, resolved the slow diusion through the temperature

space of REMD. However, approximating the intrinsic averaging with an explicit one in

TIGER2A, again led to a tremendous increase in computational costs (article II).

By combining the global exchange with the hybrid solvent idea of Chaudhury et al. in

TIGER2h, the potential energy noise from the bulk solvent was eectively removed (sec-

tion 2.1.2). The drastic reduction in the number of replicas with signicantly shorter times

per run compared to TIGER2A has created new possibilities for various sampling problems,

previously inaccessible or too expensive. For example, article III details the outstanding

results obtained by exible protein-protein docking simulations of BCL11B mutants using

TIGER2h (section 2.2.1). The accurate simulation under explicit solvent conditions with a

freely adjustable degree of exibility and number of individual proteins is vastly superior

to the current state-of-the-art FFT docking methods, except for high-throughput virtual

screenings. Further combination, for example with umbrella sampling, could be used to

determine accurate free energy surfaces (article IV).

The shortcomings of completely substituting all solvent molecules and ions by a continuum

model could be demonstrated for ab initio protein folding (article II). Due to the truncation

of nonbonded interactions and lack of explicit solvent molecules, folded and more compact

structures were highly overestimated. The results could be signicantly improved by re-

taining small amounts of explicit solvation for the potential energy calculation during the

exchange attempt. Then, after extensive analysis of various shell sizes, the optimal number
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of solvent molecules is obtained by including the rst two solvation shells. Unfortunately,

the optimum strongly depends on the respective conformational state and large structural

changes would require an adjustment. Moreover, the xed selection leads to an overestima-

tion of unfolded states in such systems since a larger number of solvent molecules are still

in close proximity to the solute.

This issue aects all molecular systems that consist of more than one solute molecule

or have more complex solvent compositions. The utilization of TIGER2h is at least a

partial substitute for this, as described previously, but only if the solvent used can be

entirely replaced by a continuum model. Thus, future investigations should focus on the

development of more accurate implicit solvent models.

The degrees of freedom of the systems in articles III and V were about the same as the

example proteins (section 2.1.1), so drastic changes in shell size were not expected. Similar

to the simulations performed in article IV, where only the local conformational space was

sampled. TIGER2hs could be successfully applied in all simulations with a minimal resource

investment.

When investigating the optimal use of resources, unexpectedly strong dependencies on

replica number and temperature scale were observed and traced back to fundamental

problems of the TIGER2A exchange scheme. By adapting the TIGER2 exchange scheme,

where only one random replica is compared to the baseline per cycle, a reproducible limit

could be obtained with increasing number of replicas. But sorting all other replicas by their

potential energy still caused uncontrollably large temperature jumps. Hence, sorting was

replaced with selecting random replica pairs and exchange attempts using the Metropolis

criterion. Finally, the new version termed TIGER2hs
PE

introduced the surrogate parameter

for the global average temperature change per exchange (K/ex), which depends on both

temperature scale and replica number.

The resulting method is now widely applicable, easily adjustable by a single parameter, and

is able to approximate REMD simulations while incurring only a fraction of the resource

usage.
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Introduction

Comparing the contents of present diversity-oriented screen-

ing collections with the properties of orally available drugs and
natural products,[1] the latter two classes of compounds have

more stereocenters and sp3-hybridized carbon atoms, even

when size, in terms of the number of heavy atoms, is account-
ed for. Thus, biologically relevant compound space might not

be ideally populated from a synthetic point of view so far.[2]

Oral bioavailability seems linked with the selection of nonpla-

nar scaffolds, whereas “fat and flat” compounds might bind
very well to proteins, but are suboptimal starting points for
hit-to-lead profiling.[3] In addition, many privileged structures,

such as the benzodiazepines, are characterized by only six p e-
lectrons in the central ring system and a three-dimensional,
nonplanar form brought about by a partly hydrogenated anne-
lated ring. This architecture allows the attachment of further

aromatic rings as substituents out of plane of the diversity

platform.
Connections between histone modifications (e.g. , acylation/

deacylation) and genetic regulation are complex and promis-

ing options for therapeutic intervention and remain a central
topic in biomedical research. Enzymes that cleave acetyl

groups from lysine residues on histones and thereby alter the
transcription of histone-associated DNA are key to understand-

ing epigenetic modifications at the molecular level. In humans
four classes of HDACs have been recognized, in which classes
I, II, and IV, termed classical HDACs, catalyze the hydrolysis of

acetyl-lysine in a zinc-dependent manner. In clinical practice,
some pan-inhibitors of these zinc-dependent HDACs (especially
hydroxamic acid derivatives such as panobinostat) are already
applied for therapy of oncological diseases like multiple myelo-

ma. Class III enzymes, also termed sirtuins (due to their homol-
ogy with yeast gene-silencing protein Sir2p) cleave acetyl

groups from lysine residues in a NAD+-dependent manner.

Humans possess seven subtypes of sirtuins (SIRT1–7), which
differ in cellular localization and substrate selectivity. As men-

tioned, sirtuins catalyze deacetylation by the use of the cofac-
tor NAD+ . The products of this catalytic mechanism are O-

acetyl-ADP ribose and nicotinamide. Therefore, in contrast to
classical HDACs, these enzymes are not hydrolases but belong

to the enzyme class of transferases.

Splitomicin (1 a) was described as screening hit for sirtuin in-
hibition, but did not turn out to be an ideal starting point for

hit-to-lead profiling toward epigenetic modifiers. In analogy to
known SIRT2 inhibitors with a b-phenylsplitomicin scaffold

(e.g. , 1 b) we initially synthesized compounds with carbamate
(e.g. , 1 c) and thiocarbamate (1 d) substructures (Figure 1).[4] Al-

Indoles are privileged structures in medicinal and bioorganic
chemistry that are particularly well suited to serve as platforms

for diversity. Among many other therapeutic areas, the indole
scaffold has been used to design aromatic compounds useful
to interfere with enzymes engaged in the regulation of sub-
strate acylation status, such as sirtuins. However, the planarity
of the indole ring is not necessarily optimal for all target en-
zymes, especially when functionalization with aromatic side

chains is required. Replacement of flat scaffolds by nonplanar
molecular cores dominated by sp3 hybridization is a common
strategy to avoid the disadvantages associated with poor solu-

bility and high promiscuity, while covering less-well-explored
areas of chemical space. Thus, we synthesized fragment-like

tetrahydroindoles suitable for fragment-based drug discovery
as well as a well-characterized small library intended as multi-
purpose screening compounds. For proof of principle, these
compounds were screened against sirtuins 1–3, enzymes
known to be addressable by indoles. We found that 2,6,6-tri-
methyl-4-oxo-4,5,6,7-tetrahydro-1H-indole-3-carboxamides are

potent and selective SIRT2 inhibitors. Compound 16 t displayed
an IC50 value of 0.98 mm and could serve as exquisite starting
point for hit-to-lead profiling.
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though carbamates like 1 c are easily accessible by multicom-

ponent reaction (MCR) applying 2-naphthol, benzaldehyde,
urea, and catalytic amounts of an acidic component,[5] the

preparation of analogous thiocarbamates by the replacement
of urea by thiourea is unexpectedly far more demanding. Fol-

lowing the MCR synthesis procedure with thiourea afforded

the isourea derivative 1 e, exclusively. We made many attempts
toward realizing an MCR for the synthesis of compound 1 d,

and finally we accomplished the synthesis with potassium thio-
cyanate in methanolic hydrochloric acid. To the best of our

knowledge, this reaction is the first MCR for thiocarbamate de-
rivatives like 1 d. But due to the fat and flat structure and pre-

sumably poor cell penetration,[6] we did not pursue this scaf-

fold any further; instead we searched the literature for a new
starting point with more favorable physicochemical properties.

Through deacetylation of histones and other cellular pro-
teins, sirtuins play an important role in a wide range of biologi-

cal processes such as apoptosis, cell cycle, and life span regula-
tion. The past few years have highlighted the crucial role of

SIRT2, especially in cancer progression and tumor resistance.

These findings have led to the discovery and development of
potent and subtype-specific inhibitors. Among the published

sirtuin inhibitors, numerous compounds with an indole scaf-
fold[7] have been synthesized (Figure 2).

The indole derivative selisistat (2 a) exhibits the most potent
SIRT1 inhibition (IC50 = 98 nm)[8] by far, both in vitro and

in vivo.[9–11] Structure–activity relationship studies revealed that
expansion of the partially hydrogenated six-membered ring

system of 2 a to the homologous derivative 2 b is feasible.[8] In

fact, selisistat has already passed phase II clinical trials for the
treatment of Huntington’s disease.[12, 13]

Indole substructures are also implied in potent sirtuin inhibi-
tors found in a rational screening approach of known adeno-

sine mimetics.[14] This screening afforded oxindoles[15] (e.g. , 3)
and bisindolylmaleimides (e.g. , 4), both scaffolds revealing low

to sub-micromolar inhibitory and SIRT2-selective activity. From
these findings we derived the hypothesis that less flat indole
derivatives could be the searched-for surrogate for compound
class 1. A database search for the former in ChEMBL 24 re-
vealed fewer than 1000 compounds. Consequently, we started
a scaffold-hopping approach from lipophilic splitomicin ana-

logues that were difficult to optimize, to a new tetrahydroin-
dole scaffold.

Results and Discussion

Chemistry

Synthesis of tetrahydroindole scaffold 10

Starting with in-house ligand screening, we investigated po-
tential SIRT2 inhibitors with the 2,6,6-trimethyl-4-oxo-4,5,6,7-

tetrahydro-1H-indole-3-carboxamide scaffold. This partially hy-
drogenated indole substructure with linked carboxylic acid

amides at position 3 is underrepresented in the literature, de-

spite it being an attractive chemical entity in the context of
sp3-rich fragments[1] and hydrophilic substituents. Several

amides with the 2,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-
indole substructure were thus synthesized, characterized and

tested for sirtuin inhibitory activity in bioassays.
First, we tried to synthesize the tetrahydroindole scaffold by

reaction of dimedone with aliphatic amino-oxoacid derivatives

such as 9 (Scheme 1).

For this purpose, we primarily brominated the commercially
available methyl 2-oxobutanoate with copper(II) bromide in
chloroform/ethyl acetate. Using a mixture of chloroform/ethyl
acetate was thought to be more advantageous in terms of

yield and purity.[4] In contrast to bromine, copper(II) bromide
was preferable concerning selectivity and the almost quantita-

tive formation of monosubstituted derivatives. The reaction
progress was easily monitored by reduction of the inorganic

copper salt, provoking a color change from black to a white-
green slurry. Product 5 was obtained in high yield by fractional

distillation. After successful halogenation, we protected the

ketone carbonyl group in 5, preventing intermolecular reaction
with amines, to form pyrazole derivatives[7] which represents a

well-known side reaction. Therefore, reaction of the synthe-
sized ester 5 was conducted with neat triethyl orthoformate

and sulfuric acid in a microwave reactor to afford intermediate
8.

Figure 1. Experimental sirtuin inhibitor splitomicin (1 a) and analogues 1 b–e
derived from its structure.

Figure 2. Known sirtuin inhibitors with an indole substructure.

Scheme 1. Retrosynthetic analysis of tetrahydro-4-oxindole 3-carboxylic acid
10 as the key starting point for diversity-oriented amide couplings.
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In the next step, the bromine atom had to be replaced by
an amino group in a substitution reaction. Due to steric effects,

it was not possible to substitute the bromine atom with nitro-
gen, neither with azide (Staudinger reaction[9]), phthalimide

(Gabriel synthesis[10]) nor methenamine (Del8pine reaction[11]).
With respect to the published palladium-catalyzed indole syn-

thesis[12] of b-amino alcohols reacting with 1,3-diketones, we
planned the alternative route as reduction and subsequent pri-
mary amine synthesis of the ester 5 to compound 7. Again, we

did not succeed in forming the desired reduction product 6, as
neither sodium borohydride[13] nor palladium/hydrogen gas for
catalytic reduction were effective in reducing the ketone sub-
structure of 5. Therefore, we envisioned the formation of inter-

mediate 11 and subsequently furan derivative 12 via a Feist–
Benary reaction.[14] Furan 12 was transformed into annelated

pyrrole derivative 13 by heteroatom exchange reaction and

subsequently, to key building block 10 (Scheme 2).

The Feist–Benary reaction was conducted with the brominat-
ed oxo ester 5 reacting with dimedone and ammonium ace-

tate[15] as a mild chemical base in aqueous methanol. In the
first step, the CH-acidic compound dimedone was deprotonat-

ed, yielding a dynamic keto–enol equilibrium of the carbanion
and the enolate ion. The two nucleophilic centers reacted with

the partial positive charged halide and carbonyl carbon atom
likewise in order to form the bicyclic ring system 11. In the

next step, this intermediate was dehydrated under acidic con-

ditions to yield 12 characterized by an aromatic furan struc-
ture. Water elimination using toluene in a Dean–Stark appara-

tus[15] was not applicable due to the small amount of the inter-
mediate 11. Attempts to eliminate water in toluene without a

distilling trap failed; only the carboxylic acid derivative 14
could be isolated. To overcome this problem, we replaced tolu-

ene with methanol, making use of the alcohol’s ability to

retain water by exothermic solvation.[16] This slightly modified
reaction procedure afforded ester 12 in a good yield of 84 %.

This furan derivative 12 afforded final compound 10 by replac-
ing the heterocyclic oxygen atom with nitrogen. For this ex-

change, we used ammonium acetate[17] as a neutral ammonia
releasing reagent. When synthesis was conducted under acidic

conditions, it promoted decarboxylation to compound 15. Sim-

ilarly, in presence of base, the ammonolysis reaction was po-
tentially favored, converting the ester group into an unreac-

tive[18] primary amide. Starting the O–N substitution reaction
from compound 14, which contains a carboxylic acid, with am-

monium acetate in DMF, we obtained decarboxylated indole
compound 15 exclusively. Thereupon we used the methyl

ester 13 as starting product to synthesize 10. Relative to reac-

tion with 14, substitution reaction with ester derivative 13 was
apparently hindered. After 17 h at 100 8C,[17] there was only a

small degree of conversion detectable. Because of its vinylo-
gous carbamate substructure, required building block 10
showed no reaction with Ehrlich’s reagent (as a typical staining
reagent for indoles[19]), which made it demanding to detect the

final product on a TLC plate.

Beyond this issue, synthesis afforded compound 10 in only
modest yield of about 20 %, which is in accordance with the

published theoretical yield of 21 % in similar transformations.[17]

Accelerated conditions in terms of both temperature or reac-
tion time led to increased conversion into the isolated by-
product 15.

To prepare an adequate amount of the key compound 10,
we attempted to improve the yield of the prior described O–N
substitution reaction. We obtained the best results by perform-
ing the reaction with anhydrous solvents in a microwave reac-
tor for 20 min and 110 8C under counter-cooling conditions.
These adjustments ensured continuous irradiation with micro-
waves avoiding overheating of the reaction mixture. Afterward

the obtained methyl ester 13 was subsequently hydrolyzed by
adding alkaline solution to afford carboxylic acid 10. Finally, we
were able to obtain 10 via the furan derivative 12.

Having appropriate amounts of 10 in hand, we were able to
synthesize a small library of amide compounds 16 a–q. Where-

as most of the necessary amines were commercially available
at reasonable cost, the secondary methylamine derivatives

Scheme 2. Synthesis of compounds 16 a–t from building block 10 generated
via O–N exchange reaction of the Feist–Benary products 12 and 14. a) CuBr2,
EtOAc/CHCl3, 19 h, reflux; b) dimedone, NH4Ac, MeOH/H2O, 3 h, 90 8C;
c) TsOH, MeOH, mw: 1 h at 100 8C; d) NH4Ac, DMF, mw: 15 min at 120 8C;
e) TsOH, toluene, mw: 1.5 h at 110 8C; f) NaOH, 20 min, reflux, HCl; g) NH4Ac,
DMF, mw: 1 h at 100 8C; h) for example, HATU, DIPEA, DMF, methylamine de-
rivative, 1.5 h to 3 d at 20–60 8C or as stated in the Experimental Section.
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17 r–t had to be synthesized by reductive amination by using
suitable aromatic aldehyde derivatives and methylamine in

methanolic solution (Figure 3). Intermediate imines were re-
duced by addition of aqueous sodium borohydride solution.[20]

Synthesis of multipurpose screening compounds 16 a–t

For amide coupling, a multitude of reagents optimized for

peptide synthesis are available. The method of choice in our

case proved to be the highly efficient[21] peptide-coupling re-
agent 1-bis(dimethylamino)methylene-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxide hexafluorophosphate (HATU), affording
amides 16 a–t in good yields. Synthesis was performed with

HATU and 10 in the presence of an amine component and a
non-nucleophilic base like ethyldiisopropylamine in DMF. Stir-

ring the reaction mixture at room temperature or in an oil

bath at 60 8C was effective as well. Furthermore, microwave-as-
sisted synthesis could decrease the reaction time from hours

and days to a few minutes. The obtained product mixtures
were subsequently purified by column chromatography.

NMR analysis of the purified amides (like 16 b) in [D6]DMSO
showed double signals. In order to investigate this finding, we

conducted an alternative synthesis via Mitsunobu reaction

with diisopropyl azodicarboxylate (DIAD) and triphenylphos-
phine (TPP). While the Mitsunobu reaction is widely known to

be applicable in ester and ether synthesis, the conditions are
appropriate for amide coupling as well. The successful alterna-

tive synthesis route afforded 16 b in good yields and identical
NMR signals with the integration intensity observed before.

Furthermore, upon analysis by HPLC–MS, only one pure com-

pound with predicted mass-to-charge ratio was detectable.
Additionally we obtained the secondary amide derivative

16 a from the amine N-methyl-1-(4-methyl-4H-thieno[3,2-
b]pyrrol-2-yl)methenamine and 10. During purification, the
product decomposed by cleaving the N@C bond of the amine

substructure. Repetitive synthesis reaffirmed this observed
degradation. The sterically less crowded amide 16 a showed

no duplicated signals in the NMR spectra. From this observa-
tion, the assumption arose that in solution two types of molec-

ular conformations (rotational isomers) are present. To confirm
our hypothesis, we used a temperature replica exchange mo-

lecular dynamics simulation (tREMD) to sample the conforma-
tional space of the amide 16 b as a representative for verifica-
tion. The ligand molecule was solvated in DMSO to achieve

conditions similar to NMR experiments. To find global energy
minimum structures and to ensure convergence of the Boltz-

mann-weighted ensemble, the simulation was analyzed by co-
ordinate principle component analysis with Boltzmann inver-
sion (cPCA, Figure 4).

We found that the bond rotation at position 3 is blocked by

both substituents of the tertiary amide which interact with the
carbonyl group at position 4. A significant energy barrier (>RT)
indicates two individual conformers that explain the presence
of two sets of NMR data, convincingly (Figure 4 A). Running the
same calculations with the analogous secondary amide deriva-

tive 18 b (demethylated in silico), the energy barrier is drastical-
ly decreased, and bond rotation at position 3 is no longer re-

stricted (Figure 4 B). Thus, the duplication of NMR signals ob-

served in 16 b–t does not indicate insufficient purity, which
would be detrimental for biological evaluation.

Bioassays

The inhibitory effect of compounds 16 a–t on SIRT1-3 was de-
tected by a previously reported fluorescence based assay.[22]

The synthetic substrate Z-Lys(acetyl)-AMC (ZMAL) releases 7-

aminomethylcumarin (AMC) upon deacetylation through the
sirtuins, leading to a fluorescent readout. All compounds were

tested at 100 and 10 mm. For compounds that showed more
than 50 % inhibition at 10 mm, an IC50 value was determined.

Inhibition measurements were performed in biological dupli-
cates for all compounds. At 100 mm, for all compounds except

16 d, at least a weak inhibitory activity was found. Compounds

16 a–c, o, and s displayed inhibition only at the highest con-
centration tested, ranging from 7.4 to 74 % inhibition of SIRT2.

At 10 mm, compounds 16 e–n, p, and r showed moderate in-
hibition, ranging from 10 to 31 %. In comparing the amine resi-

Figure 3. Methylamines 17 r–t as reagents for amide couplings with 10 were
synthesized by reductive amination.

Figure 4. Conformational free-energy landscape from the first two coordinate PCA eigenvectors of A) 16 b and B) its secondary amide derivative 18 b.
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dues, no difference is distinguishable between the activity of
heterocyclic and aromatic substituents. However, for 16 q and

t, IC50 values in the single-digit micromolar range were ob-
tained (Table 1).

Computational chemistry

For a better understanding of the experimentally determined

IC50 values and their structural foundation, we used a com-

bined docking and molecular dynamics approach for predict-
ing possible binding modes. All compounds were docked to

the substrate pocket of SIRT2 with a thienopyrimidinone-based
inhibitor 19[23] as template and visually inspected. The docking

poses of 16 q were passed to molecular dynamics simulations
for post-processing and refinement. The ligand movements

were monitored by its RMSD value to ensure a stable final
binding pose (see the Supporting Information).

Binding to the protein mainly consists of lipophilic interac-

tions and two p–p stacking interactions with Phe96 and
Phe190, whereas hydrogen bonds are mediated by water mol-

ecules (Figure 5).
As previously described, bulky aromatic substituents are nec-

essary to fill the so-called “selectivity pocket” in SIRT2.[23] It is
highly probable that the biphenyl derivatives have a similar

binding pose as that of the co-crystalized thienopyrimidinone-

based inhibitors. This assumption is supported by the structur-
al similarity of 16 t with 19 (Figure 6) and our experimental re-

Table 1. Inhibition of SIRT1–3 by synthesized tetrahydroindole derivatives
16 a–t.

Entry Inhibition [%][a]

SIRT1 SIRT2 SIRT3

16 a no inhibition 7 @ 100 mm 9 @ 100 mm
16 b 31 @ 100 mm 74 @ 100 mm 53 @ 100 mm
16 c 21 @ 100 mm 41 @ 100 mm 27 @ 100 mm
16 d 11 @ 100 mm no inhibition 34 @ 100 mm
16 e 16 @ 10 mm 13 @ 10 mm 37 @ 100 mm
16 f 25 @ 100 mm 14 @ 10 mm 5 @ 10 mm
16 g 26 @ 100 mm 17 @ 10 mm 4 @ 10 mm
16 h 28 @ 100 mm 23 @ 10 mm 11 @ 10 mm
16 i no inhibition 22 @ 10 mm 35 @ 100 mm
16 j 17 @ 10 mm 24 @ 10 mm 36 @ 10 mm
16 k no inhibition 22 @ 10 mm no inhibition
16 l 24 @ 100 mm 11 @ 10 mm 11 @ 10 mm

16 m 83 @ 100 mm 14 @ 10 mm 12 @ 100 mm
16 n no inhibition 10 @ 10 mm 18 @ 100 mm
16 o 42 @ 100 mm 59 @ 100 mm 42 @ 100 mm
16 p 36 @ 100 mm 31 @ 10 mm 10 @ 10 mm
16 q 46 @ 100 mm 5.83:0.91[b] 22 @ 10 mm
16 r 30 @ 100 mm 25 @ 100 mm 6 @ 10 mm
16 s 19 @ 100 mm 29 @ 100 mm 46 @ 100 mm
16 t 10 @ 10 mm 0.98:0.10[b] 32 @ 10 mm

[a] Percent inhibition relative to controls at the indicated concentration.
[b] IC50 values (mm) with statistical limits ; values are the mean:SD of du-
plicate experiments.

Figure 5. Predicted binding pose of inhibitor 16 t in the substrate binding pocket refined by molecular dynamics simulation (PDB ID: 5MAT).

Figure 6. Structural similarity of 16 t with a known thienopyrimidinone-
based inhibitor 19. Both compounds have similar ligand efficiency (LE)
values of 0.206 and 0.209, respectively.
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sults. In particular, compounds 16 q and 16 t have significantly
higher selectivity for SIRT2 over SIRT1 and SIRT3.

Conclusions

An in-house screening was the starting point for the synthesis

of SIRT2 inhibitors with a rarely promulgated 2,6,6-trimethyl-4-
oxo-4,5,6,7-tetrahydro-1H-indole-3-carboxamide scaffold. We

accomplished the synthesis of parent scaffold 10 in satisfying
yields of 49 % by reaction of the Feist–Benary precursor 12
with ammonium acetate under microwave irradiation. Cou-

pling conditions for the carboxylic acid scaffold 10 and a series
of secondary methyl amines could be found by applying the

reagent HATU. The achieved yields of the final products vary
from 14.7 to 96 %. The resulting test compounds were subject-

ed to homogeneous deacetylase inhibition assays toward
SIRT1, 2, and 3.

Almost all synthesized inhibitors show moderate to low in-

hibition in vivo. Beyond these findings, amide 16 q was found
to be active in the low micromolar range. Structure–activity

optimization led to the synthesis of compound 16 t. Post-syn-
thesis docking analysis outlines the binding region of the most

potent inhibitors, the hydrophobic nicotinamide SIRT2 sub-
pocket. Thus, biphenyl substituents seem to be crucial for effi-

cient inhibition by providing a p–p stacking interaction with

Phe190 of the enzyme. Direct binding to the protein mainly
consists of lipophilic interactions, whereas hydrogen bonds are

mediated by water molecules, indirectly.
NMR analysis of the tertiary amides 16 b–t indicates the

presence of two inseparable isomers in DMSO solution. We car-
ried out replica exchange molecular dynamic simulations for

one of the synthesized inhibitors (16 b) and its demethylated

secondary amide counterpart (18 b) to confirm our hypothesis
for the presence of rotational isomers. For the current scaffold,

two low-energy conformations were found.
Compounds 16 r–t were synthesized as a consequence of

the good inhibition and selectivity of biphenyl derivative 16 q.
Replacement of the distal aromatic ring either with an aliphatic

tert-butyl (16 r) or cyclopropyl (16 s) group with partial sp2 hy-

bridization character[24] led to decreased inhibition. The best in-
hibition was demonstrated for the compound containing a p-

trifluoromethyl-substituted biphenyl system. This derivative
16 t inhibited SIRT2 highly selectively at sub-micromolar con-

centrations (IC50 = 0.98 mm).

Experimental Section

Computational methods

Docking : All calculations were performed using the Molecular Op-
erating Environment (MOE) software suite (version 2018.01). The
co-crystalized ligand (PDB ID: 5MAT) was used for template-guided
docking based on maximum common substructure (MCS). Protein
residues around 4.5 a of these ligand atoms were defined as the
binding site. For each molecule, 30 poses were placed on the tem-
plate structure and refined with an Induced Fit and MM/GBVI scor-
ing. A total of 10 final poses per ligand were generated and visual-
ly inspected. Any other parameters were left as default. The closest

pose of 16 q to the reference was used as initial structure for mo-
lecular dynamics simulation.

Molecular dynamics : The complex from molecular docking was
analyzed using a two-stage molecular dynamics protocol. The
system was minimized for 50 ps followed by 250 ps NVT and
250 ps NPT at 300 K for equilibration using NAMD 2.12 with GPU
acceleration.[25] Another 30 ns NPT were simulated as production
run. The timestep was set at 4 fs with hydrogen mass repartition
applied by ParmED.[26] Counterions and AMBER 16 force field pa-
rameters were assigned by tLeap (AmberTools 17). RESP charges
were determined according to GAFF[27] from QM calculations with
Gaussian 09. Electrostatic and van der Waals interactions were
treated with PME. Explicit water was described by the TIP3P model
with periodic boundary conditions. Pressure and temperature were
controlled by a Langevin piston barostat and Langevin thermostat,
respectively. The frequency of collected snapshots was set at 1 ps,
and the simulation trajectory was analyzed using VMD 1.9.3.[28]

tREMD : For the temperature replica exchange method, the same
parameters as described above were applied. Inhibitor 16 b was
solvated in DMSO[29] and 32 independent replicas were used at
temperatures between 300 K and 600 K with exchange rates
around 20 %. The number of exchange attempts was set at 50 000
with 1000 simulation steps each, resulting in the same number of
baseline structures at 300 K within 200 ns (6.4 ms total). The same
procedure was applied to the secondary amide derivative of 16 b.

Chemistry

All reagents and solvents were purchased from commercial suppli-
ers and used without further purification. Melting points were de-
termined with a Bechi “Schmelzpunkt M-565” apparatus and are
uncorrected. Microwave-assisted synthesis was performed using a
microwave synthesis reactor Monowave 300 (“closed vessel” mode,
G10 vials: 6 mL total capacity vessel, G30 vials: 20 mL temperature
control via IR sensor) from Anton Paar, while stirring at 600 rpm.
Unless otherwise indicated, the syntheses were carried out without
permanent compressed air counter-cooling. NMR spectroscopic
measurements were recorded with a Bruker Biospin Avance III Ul-
trashield 400 instrument (1H: 400.2 MHz, 13C: 100.6 MHz). Samples
were dissolved in deuterated solvents, and chemical shifts (d) in 1H
and 13C NMR spectra are given in parts per million (ppm) with tet-
ramethylsilane (TMS) signals as reference. Abbreviations are de-
fined as follows: s = singlet, d = doublet, t = triplet, q = quartet. As-
signment of 13C signals to isomers 1 and 2 of 16 a–t, respectively,
was based on heteronuclear 2D correlation experiments (HSQC,
HMBC). Mid-infrared spectra were recorded on an ALPHA FT-IR in-
strument from Bruker Optics with diamond ATR accessory. High-
resolution mass spectrometry (HRMS) data were obtained after
high-performance liquid chromatography (HPLC) with a mass spec-
trometer (LC-IT-TOF) from Shimadzu based on a deviance tolerance
limit of ,5 ppm. HPLC was performed using Shimadzu devices
CBM-20A, LC-20AP, SIL-20A, and FRC-10A with a SPD 20A UV/Vis
detector and LiChrospher100 RP-18 end-capped (250 V 25 mm)
HPLC columns. Preparative column chromatography was done on
silica gel from Macherey–Nagel (particle size: 50–100 mm, 140–270
mesh ASTM). Thin-layer chromatography (TLC) was performed
using pre-coated aluminum foil sheets: silica gel 60 F254 provided
by Macherey–Nagel. Preparative TLC was performed on silica gel
60 F254 plates 20 V 20 cm and 1 mm thickness after chamber satura-
tion was ensured.

Synthesis of the amides, Method A : In a dried G10 vial (max.
loading volume 10 mL) compound 10 (1.0 equiv), HATU (2.0 equiv)
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and the amine component (1.0 equiv) were dissolved in dried DMF
(2–3 mL). To the stirred solution DIPEA (5.0 equiv) was added. The
reaction mixture was covered with inert nitrogen gas, sealed and
stirred under further specified conditions. The solvent was re-
moved under reduced pressure. Separation by column chromatog-
raphy (n-hexane/ethyl acetate/ethanol, 10:7:2) afforded the isolat-
ed amides.

Synthesis of the N-methylamines, Method B : In a two-necked
flask the aromatic aldehyde (1.0 equiv) and methanolic methyla-
mine solution (1.1 equiv) were dissolved in methanol (20 mL). The
reaction mixture was stirred under protective atmosphere at 50 8C.
Right after complete consumption of starting product was detect-
ed, mixture was allowed to cool to room temperature. NaBH4

(3.0 equiv) was subsequently added as aqueous solution and the
reaction mixture was stirred for 30 min. Hereafter solvent was re-
moved under reduced pressure. The residue was dissolved in di-
ethyl ether and the solution was extracted with 1 m HCl solution
(2 V 50 mL). Combined aqueous phases were alkalized with KOH at
pH>10. The basic solution was extracted with dichloromethane
(3 V 40 mL), and the combined phases were acidified with HCl and
the solvent was evaporated under reduced pressure. Crystallization
(2-propanol/diethyl ether) of the residue afforded the amine.

1-Phenyl-1,2-dihydro-3H-naphtho[1,2-e][1,3]oxazine-3-thione
(1 d): A mixture of 2-naphthol (0.43 g, 3.0 mmol, 1.0 equiv), benzal-
dehyde (0.35 mL, 0.36 g, 3.0 mmol, 1.0 equiv), and potassium thio-
cyanate (0.29 g, 3.0 mmol, 1,0 equiv) were suspended in methanol
(4 mL). Under continuous stirring, HCl (36 %, 0.4 mL, 5.0 mmol,
17 equiv) was added. The reaction mixture was stirred for 22 h at
60 8C in an oil bath. After this the solvent was evaporated under re-
duced pressure. The residue was dissolved in 50 mL CH2Cl2 and ex-
tracted with water (3 V 30 mL). The organic phase was concentrat-
ed under reduced pressure and subsequently purified by column
chromatography (ethyl acetate/n-hexane). Crystallization in 2-prop-
anol afforded the desired product. Yield = 0.43 g (49 %) colorless
crystals, mp: 218 8C (dec.) ; IR: ñ= 3142 (m), 3021 (w), 1164 cm@1 (s) ;
1H NMR ([D6]DMSO): d= 6.24 (d, 1 H, 3J = 3.6 Hz), 7.27–7.38 (m, 5 H),
7.46–7.52 (m, 3 H), 7.82 (d, 1 H, 3J = 8.8 Hz), 7.98 (d, 1 H, 3J = 9.2 Hz),
8.04 (d, 1 H, 3J = 9.2 Hz), 11.13 ppm (d, 1 H, 3J = 2.8 Hz); 13C NMR
([D6]DMSO): d= 53.9, 113.3, 116.8, 123.1, 125.6, 127.3, 127.6, 128.3,
128.6, 128.7, 129.0, 130.6, 130.9, 141.4, 146.1, 180.3 ppm; HRMS
(ESI, m/z) [M + H]+ : calcd for C18H14NOS+ : 292.0791, found:
292.0788.

1-Phenyl-1,2-dihydro-3H-naphtho[1,2-e][1,3]oxazin-3-imine (1 e):
A mixture of 2-naphthol (1.45 g, 10.0 mmol, 1.0 equiv), thiourea
(0.77 g, 10.1 mmol, 1.0 equiv), trichlorotriazine (0.19 g, 1.0 mmol,
0.1 equiv), and benzaldehyde (1.05 mL, 1.11 g, 10.4 mmol,
1.0 equiv) was moistened with three droplets of water. The reac-
tion mixture was stirred for 15 min at 135 8C. After this, 30 mL
water were added and the slurry was held at reflux for 20 min. The
mixture was extracted with 3 V 50 mL ethyl acetate. The organic
phase was extracted successively with Na2CO3 solution (10 %) and
HCl (1 m). The precipitate was filtered and crystallized in methanol/
water (3:1). Yield = 0.79 g (29 %) colorless solid, mp: 135 8C; IR: ñ=
3443 (m), 3020 (w), 1703 cm@1 (s) ; 1H NMR ([D6]DMSO): d= 6.07 (s,
1 H), 6.17 (s, 1 H), 7.14–7.18 (m, 1 H), 7.23–7.29 (m, 5 H), 7.38–7.46
(m, 2 H), 7.78 (d, 1 H, 3J = 8.4 Hz), 7.89–7.92 ppm (m, 2 H); 13C NMR
([D6]DMSO): d= 54.8, 115.8, 116.3, 123.0, 124.5, 126.8, 126.9, 127.1,
128.5, 129.1, 129.5, 130.5, 145.6, 146.8, 148.8 ppm; HRMS (ESI, m/z)
[M + H]+ : calcd for C18H15N2O+ : 275.1179, found: 276.1183.

Methyl-3-bromo-2-oxobutanoate (5): To a slurry of CuBr2 (50.01 g,
223.8 mmol, 3.0 equiv) in 130 mL ethyl acetate a solution of

methyl 2-oxobutanoate (13.00 g, 112.0 mmol, 1.0 equiv) in freshly
distilled chloroform (70 mL) were added. The reaction mixture was
held at reflux for 19 h. Subsequently the solid residues were fil-
tered off and the filtrate was used for further purification. Solvent
evaporation and distillation of the oily residue afforded the desired
product. Yield = 21.14 g (97 %) pale-yellow oil, bp: 85–95 8C
(30 mbar) ; IR: ñ= 3263 (m), 1747 (s), 1614 cm@1 (s) ; 1H NMR (CDCl3):
d= 1.12 (s, 6 H), 1.43 (d, 3 H, 3J = 6.8 Hz), 2.23 (s, 2 H), 2.37 (s, 2 H),
3.70 (s, 1 H), 3.83 (s, 3 H), 4.91 ppm (q, 1 H, 3J = 6.8 Hz); 13C NMR
(CDCl3): d= 13.6, 28.8, 34.5, 38.1, 51.0, 53.9, 80.0, 89.0, 116.1, 173.9,
179.1, 193.6 ppm; HRMS (ESI, m/z) [M + H]+ : calcd for C13H19O5

+ :
255.1227, found: 255.1222.

Methyl-3-bromo-2,2-diethoxybutanoate (8): A mixture of 5
(3.90 g, 20.0 mmol, 1.0 equiv), triethyl orthoformate (9.00 g,
60.7 mmol, 3.0 equiv) and concentrated sulfuric acid (0.6 mL,
1.10 g, 11.2 mmol, 0.5 equiv) were weighed in a G10 vial. The vial
was sealed and placed in a microwave field (110 8C) for 30 min.
After that, the reaction mixture was poured in 50 mL saturated so-
lution of NaHCO3 in water. Aqueous emulsion was extracted with
3 V 50 mL dichloromethane. Subsequent evaporation and distilla-
tion in vacuum afforded the desired product. Yield = 2.13 g (38 %)
colorless oil, bp: 95–100 8C (at 5 mbar) ; IR: ñ= 2979 (w), 1739 (s),
1260 cm@1 (s) ; 1H NMR (CDCl3): d= 1.23 (t, 3 H, 3J = 7.2 Hz), 1.26 (t,
3 H, 3J = 7.2 Hz), 1.34 (t, 3 H, 3J = 7.2 Hz), 1.77 (d, 3 H, 3J = 6.8 Hz),
3.52–3.71 (m, 4 H), 4.28–4.35 ppm (m, 3 H); 13C NMR (CDCl3): d=
14.5, 15.4, 21.1, 48.1, 58.3, 60.1, 62.0, 101.8, 167.2 ppm.

2,6,6-Trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indole-3-carboxylic
acid (10): In a G10 vial were suspended compound 12 (0.98 g,
4.1 mmol, 1.0 equiv) and ammonium acetate (0.64 g, 8.2 mmol,
2.0 equiv) in 2 mL dry DMF. The vial was sealed and placed in a mi-
crowave field (110 8C, with counter-cooling) for 20 min. Afterward
the mixture was diluted with 50 mL water and was subsequently
extracted with 2 V 25 mL n-hexane. The aqueous phase was alkal-
ized by adding NaOH (4 g) and was afterward held at reflux for
20 min. The precipitate was filtered off and filtrate was acidified
with HCl to pH<3. The mixture was stored for 30 min at 5 8C and
accrued precipitation subsequently filtered and washed with water.
Yield = 0.45 g (49 %) amorphous solid, mp: 250–255 8C (dec.) ; IR:
ñ= 3078 (w), 2954 (m), 1669 cm@1 (s) ; 1H NMR ([D6]DMSO): d= 1.09
(s, 6 H), 2.46 (s, 3 H), 2.47 (s, 2 H), 2.69 (s, 2 H), 12.21 (s, 1 H),
14.17 ppm (s, 1 H); 13C NMR ([D6]DMSO): d= 12.3, 27.7, 35.3, 35.4,
50.0, 108.7, 114.5, 140.2, 145.6, 163.6, 197.23 ppm; HRMS (ESI, m/z)
[M + H]+ : calcd for C12H16NO3

+ : 222.1125, found: 222.1116.

Methyl-3-hydroxy-2,6,6-trimethyl-4-oxo-2,3,4,5,6,7-hexahydro-
benzofuran-3-carboxylate (11): A mixture of ammonium acetate
(6.11 g, 43,6 mmol, 1.0 equiv) dimedone and 3.36 g (43.6 mmol,
1.0 equiv) were dissolved in 30 mL MeOH/H2O (7:3). The reaction
mixture was stirred in an oil bath at 80 8C for 1 h. Then a solution
of compound 5 (8.50 g, 43.6 mmol, 1.0 equiv) in 20 mL MeOH/H2O
(7:3) was added slowly to the reaction mixture and continued to
stir for 3 h at 80 8C. The solvent was removed under reduced pres-
sure and the residue was purified by column chromatography (n-
hexane/ethyl acetate, 1:1). The product was subsequently crystal-
lized in diethyl ether/petroleum ether. Yield = 7.50 g (74 %) color-
less crystals, mp: 101 8C; IR: ñ= 2957 (w), 1730 (s), 1275 cm@1 (s) ;
1H NMR (CDCl3): d= 1.29 (d, 3 H, 3J = 6.8 Hz), 3.93 (s, 3 H), 5.17 ppm
(q, 1 H, 3J = 6.8 Hz); 13C NMR (CDCl3): d= 18.6, 42.5, 53.6, 161.2,
185.9 ppm.

Methyl-2,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydrobenzofuran-3-
carboxylate (12): A mixture of compound 11 (0.13 g, 0.5 mmol,
1.0 equiv) and p-toluenesulfonic acid (0.05 g, 0.25 mmol, 0.5 equiv)
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were dissolved in 5 mL methanol. The vial was sealed and placed
in a microwave field (100 8C) for 1 h. The solvent was subsequently
removed under reduced pressure. The residue was dissolved in
30 mL ethyl acetate and extracted with 2 V 10 mL aqueous K2CO3

solution and hereinafter with 2 V 20 mL water. Ethyl acetate was
evaporated and residue was purified by column chromatography
(n-hexane/ethyl acetate, 10:5). Yield = 0.10 g (84 %) pale-yellow,
waxy oil, bp: 318 8C (dec.) ; IR: ñ= 2955 (m), 1683 (s), 1080 cm@1 (s) ;
1H NMR (CDCl3): d= 1.13 (s, 6 H), 2.40 (s, 2 H), 2.52 (s, 3 H), 2.71 (s,
2 H), 3.88 ppm (s, 3 H); 13C NMR (CDCl3): d= 13.7, 28.6, 35.0, 37.5,
52.0, 53.3, 111.4, 118.5, 159.5, 164.1, 164.9, 191.9 ppm.

Methyl-2,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indole-3-car-
boxylate (13): A mixture of compound 12 (0.50 g, 2.1 mmol,
1.0 equiv) and ammonium acetate (0.33 g, 4.2 mmol, 2.0 equiv)
were suspended in a G10 vial in dry DMF (2 mL). The vial was
sealed and placed in microwave field (120 8C, with counter-cooling)
for 15 min. Afterward the mixture was diluted with 50 mL water
and was subsequently extracted with dichloromethane (3 V 30 mL).
The solvent was evaporated under reduced pressure and the resi-
due was purified by preparative TLC. Yield = 0.11 g (22 %) pale-
brown, waxy solid, mp: 207–211 8C; IR: ñ= 3255 (m), 2953 (m),
1686 cm@1 (s) ; 1H NMR (CDCl3): d= 1.09 (s, 6 H), 2.37 (s, 2 H), 2.43 (s,
3 H), 2.64 (s, 2 H), 3.81 (s, 3 H), 9.24 ppm (s, 1 H); 13C NMR (CDCl3):
d= 13.3, 28.6, 35.6, 37.0, 51.5, 53.6, 109.8, 117.7, 137.3, 143.0, 166.0,
192.6 ppm; HRMS (APCI, m/z) [M@H]@ : calcd for C13H16NO3

@ :
234.1136, found: 234.1135.

2,6,6-Trimethyl-4-oxo-4,5,6,7-tetrahydrobenzofuran-3-carboxylic
acid (14): A mixture of compound 11 (0.13 g, 0.5 mmol, 1.0 equiv)
and p-toluenesulfonic acid (0.05 g, 0.25 mmol, 0.5 equiv) were dis-
solved in 5 mL methanol. The vial was sealed and placed in a mi-
crowave field (100 8C) for 1 h. The solvent was subsequently re-
moved under reduced pressure. The residue was dissolved in ethyl
acetate (30 mL) and extracted with 2 V 10 mL aqueous K2CO3 solu-
tion and hereinafter with 2 V 20 mL water. Ethyl acetate was evapo-
rated and the residue was purified by column chromatography (n-
hexane/ethyl acetate, 10:5). Yield = 0.10 g (84 %) pale-yellow, waxy
oil, bp: 318 8C (dec.) ; IR: ñ= 2955 (m), 1683 (s), 1080 cm@1 (s) ;
1H NMR (CDCl3): d= 1.13 (s, 6 H), 2.40 (s, 2 H), 2.52 (s, 3 H), 2.71 (s,
2 H), 3.88 ppm (s, 3 H); 13C NMR (CDCl3): d= 13.7, 28.6, 35.0, 37.5,
52.0, 53.3, 111.4, 118.5, 159.5, 164.1, 164.9, 191.9 ppm.

2,6,6-Trimethyl-1,5,6,7-tetrahydro-4H-indol-4-one (15): A mixture
of compound 14 (0.50 g, 2.2 mmol, 1.0 equiv) and ammonium ace-
tate (0.29 g, 3.8 mmol, 1.7 equiv) were suspended in dry DMF
(3 mL). The reaction mixture was flushed with nitrogen, sealed and
placed in a microwave field (100 8C) for 1 h. The solvent was subse-
quently evaporated under reduced pressure, and the residue was
purified by column chromatography. The product was crystallized
in acetone. Yield = 0.09 g (15 %) colorless crystals, mp: 194 8C; IR:
ñ= 3236 (s), 2956 (m), 1625 cm@1 (s) ; 1H NMR (CDCl3): d= 1.10 (s,
6 H), 2.23 (s, 3 H), 2.33 (s, 2 H), 2.63 (s, 2 H), 6.16 (q, 1 H, 4J = 1.6 Hz),
8.62 ppm (s, 1 H); 13C NMR (CDCl3): d= 13.1, 28.8, 36.0, 37.0, 52.2,
102.8, 119.6, 129.2, 142.4, 194.1 ppm; HRMS (ESI, m/z) [M + H]+ :
calcd for C11H16NO+ : 178.1226, found: 178.1234.

N,2,6,6-Tetramethyl-4-oxo-4,5,6,7-tetrahydro-1H-indole-3-carbox-
amide (16 a): By method A, amine: N-methyl-1-(4-methyl-4H-
thieno[3,2-b]pyrrol-2-yl)methenamine, 3 h at 50 8C, yield = 0.07 g
(74 %) blue crystals, mp: 163 8C; IR: ñ= 3229 (m), 2957 (m),
1625 cm@1 (s) ; 1H NMR ([D6]DMSO): d= 1.03 (s, 6 H), 2.35 (s, 2 H),
2.47 (s, 3 H), 2.64 (s, 2 H), 2.72 (d, 3 H, 3J = 4.4 Hz), 10.18 (q, 1 H, 3J =
4.1 Hz), 11.71 ppm (s, 1 H); 13C NMR ([D6]DMSO): d= 13.0, 25.1, 27.7,
34.7, 35.9, 52.1, 111.8, 114.1, 136.3, 143.9, 164.5, 194.7 ppm; HRMS

(ESI, m/z) [M@H]@ : calcd for C13H17N2O2
@ : 233.1296, found:

233.1301.

N-[4-(tert-Butyl)benzyl]-N,2,6,6-tetramethyl-4-oxo-4,5,6,7-tetra-
hydro-1H-indole-3-carboxamide (16 b): By method A, 3 h at 50 8C,
yield = 0.15 g (96 %) colorless solid, mp: 125–129 8C; IR: ñ= 3085
(w), 2951 (w), 1657 cm@1 (s) ; isomer 1: 1H NMR ([D6]DMSO): d= 1.04
(s, 6 H), 1.28 (s, 9 H), 2.10 (s, 3 H), 2.21 (s, 2 H), 2.62 (s, 2 H), 2.67 (s,
3 H), 4.54 (AB, 1 H, 2JAB = 15.2 Hz), 4.65 (AB, 1 H, 2JAB = 14.8 Hz), 7.33
(d, 2 H, 3J = 8.4 Hz), 7.36 (d, 2 H, 3J = 8.8 Hz), 11.34 (s, 1 H); 13C NMR
([D6]DMSO): d= 10.9, 28.2, 31.2, 35.1, 34.1, 35.2, 35.8, 49.0, 51.9,
112.8, 115.9, 125.0, 127.0, 127.7, 137.7, 141.0, 149.0, 167.1,
191.3 ppm; isomer 2: 1H NMR ([D6]DMSO): d= 1.04 (s, 6 H), 1.24 (s,
9 H), 2.07 (s, 3 H), 2.21 (s, 2 H), 2.59 (s, 2 H), 2.79 (s, 3 H), 4.09 (AX,
1 H, 2JAX = 15.6 Hz), 4.50 (AX, 1 H, 2JAX = 15.6 Hz), 6.99 (d, 2 H, 3J =
8.0 Hz), 7.30 (d, 2 H, 3J = 8.4 Hz), 11.30 ppm (s, 1 H); 13C NMR
([D6]DMSO): d= 10.9, 27.9, 31.1, 32.1, 34.1, 35.2, 35.8, 51.9, 53.0,
112.7, 115.8, 125.2, 126.7, 127.5, 134.6, 141.0, 149.5, 167.1,
191.2 ppm; HRMS (ESI, m/z) [M + H]+ : calcd for C24H33N2O2

+ :
381.2537, found: 381.3522.

N-(3-Methoxybenzyl)-N,2,6,6-tetramethyl-4-oxo-4,5,6,7-tetrahy-
dro-1H-indole-3-carboxamide (16 c): By method A, 1.5 h at 50 8C
and 14 h at 30 8C, yield = 0.13 g (91 %) pale-yellow solid, mp: 142–
144 8C; IR: ñ= 3085 (w), 1657 (s), 1266 cm@1 (s) ; isomer 1: 1H NMR
([D6]DMSO): d= 1.04 (s, 6 H), 2.11 (s, 3 H), 2.21 (s, 2 H); 2.62 (s, 2 H),
2.67 (s, 3 H), 3.78 (s, 3 H), 4.53 (AB, 1 H, 2JAB = 15.2 Hz), 4.71 (AB, 1 H,
2JAB = 15.2 Hz), 6.80 (m, 1 H), 6.97 (d, 1 H, 3J = 7.6 Hz), 7.01 (s, 1 H),
7.25 (t, 1 H, 3J = 8.0 Hz), 11.36 (s, 1 H); 13C NMR ([D6]DMSO): d= 11.0,
27.9, 35.1, 35.2, 35.8, 49.3, 51.9, 55.0, 112.5, 112.6, 112.8, 115.8,
119.6, 127.5, 129.3, 139.5, 141.0, 159.5, 167.2, 191.3 ppm; isomer 2:
1H NMR ([D6]DMSO): d= 1.04 (s, 6 H), 2.07 (s, 3 H), 2.21 (s, 2 H), 2.60
(s, 2 H), 2.81 (s, 3 H), 3.70 (s, 3 H), 4.15 (AB, 1 H, 2JAB = 16.0 Hz), 4.48
(AB, 1 H, 2JAB = 15.6 Hz), 6.62 (s, 1 H), 6.66 (d, 1 H, 3J = 7.6 Hz), 6.80
(m, 1 H), 7.20 (t, 1 H, 3J = 8.0 Hz), 11.32 ppm (s, 1 H); 13C NMR
([D6]DMSO): d= 11.0, 28.2, 32.1, 35.2, 35.8, 53.4, 51.9, 55.0, 112.3,
112.8, 112.8, 115.8, 119.2, 127.6, 129.5, 139.4, 141.1, 159.4, 167.1,
191.3 ppm; HRMS (ESI, m/z) [M + H]+ : calcd for C21H27N2O3

+ :
355.2016, found: 355.2006.

N-(Benzo[d][1,3]dioxol-5-ylmethyl)-N,2,6,6-tetramethyl-4-oxo-
4,5,6,7-tetrahydro-1H-indole-3-carboxamide (16 d): By method A,
3 h at 50 8C, yield = 0.13 g (87 %) colorless solid, mp: 173–175 8C;
IR: ñ= 3218 (m), 1647 (s), 1490 cm@1 (s) ; isomer 1: 1H NMR
([D6]DMSO): d= 1.03 (s, 6 H), 2.09 (s, 3 H), 2.20 (s, 2 H), 2.61 (s, 2 H),
2.65 (s, 3 H), 4.41 (AB, 1 H, 2JAB = 15.2 Hz), 4.68 (AB, 1 H, 2JAB =
14.8 Hz), 5.99 (s, 2 H), 6.81 (d, 1 H, 3J = 8.0 Hz), 6.86 (s, 1 H), 7.04 (s,
1 H), 11.34 ppm (s, 1 H); 13C NMR ([D6]DMSO): d= 11.0, 27.3, 28.2,
34.9, 35.2, 35.8, 49.0, 51.4, 100.9, 108.0, 112.8, 115.9, 120.7, 127.4,
131.7, 141.1, 146.1, 147.4, 167.1, 191.3 ppm; isomer 2: 1H NMR
([D6]DMSO): d= 1.03 (s, 6 H), 2.08 (s, 3 H), 2.20 (s, 2 H), 2.60 (s, 2 H),
2.78 (s, 3 H), 4.09 (AB, 1 H, 2JAB = 15.6 Hz), 4.40 (AB, 1 H, 2JAB =
15.2 Hz), 5.97 (s, 2 H), 6.55 (d, 1 H, 3J = 8.0 Hz), 6.62 (s, 1 H), 6.86 (s,
1 H), 11.33 ppm (s, 1 H); 13C NMR ([D6]DMSO): d= 11.0, 27.3, 28.2,
31.8, 35.2, 35.8, 53.1, 51.9, 100.9, 107.5, 108.1, 112.7, 115.8, 120.4,
127.6, 131.4, 141.1, 146.3, 147.4, 166.9, 191.2 ppm; HRMS (ESI, m/z)
[M + H]+ : calcd for C21H27N2O3

+ : 355.2016, found: 355.2006.

N,2,6,6-Tetramethyl-N-[(3-methylthiophen-2-yl)methyl]-4-oxo-
4,5,6,7-tetrahydro-1H-indole-3-carboxamide (16 e): By method A,
17 h at 45 8C, yield = 0.07 g (53 %) colorless, waxy solid, mp: 188 8C;
IR: ñ= 3093 (m), 1652 (s), 1533 cm@1 (m); isomer 1: 1H NMR
([D6]DMSO): d= 1.03 (s, 6 H), 2.08 (s, 3 H), 2.18 (s, 2 H), 2.22 (s, 3 H),
2.60 (s, 2 H), 2.66 (s, 3 H), 4.36 (AB, 1 H, 2JAB = 15.2 Hz), 5.03 (AB, 1 H,
2JAB = 15.2 Hz), 6.84 (d, 1 H, 3J = 4.8 Hz), 7.31 (d, 1 H, 3J = 4.8 Hz),

ChemMedChem 2019, 14, 853 – 864 www.chemmedchem.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim860

Full Papers

43



11.32 ppm (s, 1 H); 13C NMR ([D6]DMSO): d= 10.9, 13.4, 27.9, 28.2,
31.9, 35.2, 35.8, 42.2, 51.9, 112.6, 115.8, 123.7, 127.8, 129.7, 133.5,
134.3, 141.1, 166.6, 191.1 ppm; isomer 2: 1H NMR ([D6]DMSO): d=
1.03 (s, 6 H), 1.99 (s, 3 H), 2.07 (s, 3 H), 2.18 (s, 2 H), 2.62 (s, 2 H), 2.84
(s, 3 H), 4.21 (AB, 1 H, 2JAB = 16.0 Hz), 4.65 (AB, 1 H, 2JAB = 15.6 Hz),
6.78 (d, 1 H, 3J = 4.8 Hz), 7.29 (d, 1 H, 3J = 4.8 Hz), 11.37 ppm (s, 1 H);
13C NMR ([D6]DMSO): d= 11.1, 12.9, 27.9, 28.2, 34.6, 35.2, 35.8, 46.3,
51.9, 112.4, 115.7, 123.7, 127.6, 130.0, 133.8, 134.8, 140.9, 166.6,
191.3 ppm; HRMS (ESI, m/z) [M + H]+ : calcd for C19H25N2O2S+ :
345.1631, found: 345.1626.

N-(4-Bromobenzyl)-N,2,6,6-tetramethyl-4-oxo-4,5,6,7-tetrahydro-
1H-indole-3-carboxamide (16 f): By method A, 3 h at 50 8C, yield =
0.12 g (79 %) colorless solid, mp: 188 8C; IR: ñ= 3102 (w), 1654 (s),
1462 cm@1 (s) ; isomer 1: 1H NMR ([D6]DMSO): d= 1.03 (s, 6 H), 2.10
(s, 3 H), 2.21 (s, 2 H), 2.62 (s, 2 H), 2.68 (s, 3 H), 4.46 (AB, 1 H, 2JAB =
15.2 Hz), 4.76 (AB, 1 H, 2JAB = 15.2 Hz), 7.41 (d, 2 H, 3J = 8.4 Hz), 7.54
(d, 2 H, 3J = 8.4 Hz), 11.36 ppm (s, 1 H); 13C NMR ([D6]DMSO): d=
10.9, 27.9, 28.2, 35.2, 35.3, 35.7, 48.9, 51.9, 112.6, 115.9, 119.9, 127.7,
129.8, 131.3, 137.4, 141.1, 167.2, 191.4 ppm; isomer 2: 1H NMR
([D6]DMSO): d= 1.03 (s, 6 H), 2.05 (s, 3 H), 2.21 (s, 2 H), 2.59 (s, 2 H),
2.82 (s, 3 H), 4.17 (AB, 1 H, 2JAB = 16.0 Hz), 4.48 (AB, 1 H, 2JAB =
16.0 Hz), 7.03 (d, 2 H, 3J = 8.4 Hz), 7.48 (d, 2 H, 3J = 8.0 Hz),
11.32 ppm (s, 1 H); 13C NMR ([D6]DMSO): d= 10.9, 27.9, 28.2, 32.2,
35.2, 35.8, 51.8, 52.8, 112.5, 115.7, 120.2, 127.7, 129.2, 131.2, 137.2,
141.1, 167.2, 191.3 ppm; HRMS (ESI, m/z) [M + H]+ : calcd for
C20H24N2O2Br+ : 403.1016, found: 403.1012.

N-(3-Chlorobenzyl)-N,2,6,6-tetramethyl-4-oxo-4,5,6,7-tetrahydro-
1H-indole-3-carboxamide (16 g): By method A, 18 h at 40 8C,
yield = 0.03 g (15 %) colorless, waxy solid, mp: 165–166 8C; IR: ñ=
3085 (w), 1658 (s), 1466 cm@1 (s) ; isomer 1: 1H NMR ([D6]DMSO): d=
1.04 (s, 6 H), 2.11 (s, 3 H), 2.22 (s, 2 H), 2.62 (s, 2 H), 2.71 (s, 3 H), 4.48
(AB, 1 H, 2JAB = 15.2 Hz), 4.83 (AB, 1 H, 2JAB = 15.6 Hz), 7.28–7.42 (m,
3 H), 7.52 (s, 1 H), 11.38 ppm (s, 1 H); 13C NMR ([D6]DMSO): d= 10.9,
27.9, 28.2, 32.3, 35.3, 35.8, 49.0, 51.9, 112.5, 116.0, 126.0, 126.7,
127.1, 127.7, 130.1, 133.1, 140.5, 141.1, 167.3, 191.3 ppm; isomer 2:
1H NMR ([D6]DMSO): d= 1.04 (s, 6 H), 2.06 (s, 3 H), 2.21 (s, 2 H), 2.59
(s, 2 H), 2.84 (s, 3 H), 4.22 (AB, 1 H, 2JAB = 15.6 Hz), 4.50 (AB, 1 H,
2JAB = 16.0 Hz), 7.05 (d, 1 H, 3J = 7.2 Hz), 7.10 (s, 1 H), 7.28–7.42 (m,
2 H), 11.33 ppm (s, 1 H); 13C NMR ([D6]DMSO): d= 10.9, 27.9, 28.2,
35.2, 35.3, 35.8, 51.9, 52.8, 112.5, 115.7, 125.7, 126.8, 127.1, 127.7,
130.3, 133.2, 140.4, 141.2, 167.2, 191.4 ppm; HRMS (ESI, m/z) [M +
H]+ : calcd for C20H24N2O2

+ : 359.1521, found: 359.1511.

N-(3,4-Dimethylbenzyl)-N,2,6,6-tetramethyl-4-oxo-4,5,6,7-tetra-
hydro-1H-indole-3-carboxamide (16 h): By method A, 22 h at
40 8C, yield= 0.08 g (72 %) colorless, waxy solid, mp: 157–159 8C;
IR: ñ= 3101 (w), 1652 (s), 1464 cm@1 (s) ; isomer 1: 1H NMR
([D6]DMSO): d= 1.03 (s, 6 H), 2.10 (s, 3 H), 2.15 (s, 3 H), 2.20 (s, 3 H),
2.20 (s, 2 H), 2.61 (s, 2 H), 2.64 (s, 3 H), 4.56 (s, 2 H), 7.08–7.12 (m,
2 H), 7.19 (s, 1 H), 11.34 (s, 1 H); 13C NMR ([D6]DMSO): d= 10.9, 19.0,
19.4, 27.9, 28.2, 35.0, 35.2, 35.8, 49.0, 51.9, 112.9, 115.9, 124.9, 127.3,
128.7, 129.4, 134.5, 135.0, 136.0, 141.0, 167.1, 191.2 ppm; isomer 2:
1H NMR ([D6]DMSO): d= 1.03 (s, 6 H), 2.10 (s, 3 H), 2.15 (s, 3 H), 2.20
(s, 3 H), 2.20 (s, 2 H), 2.61 (s, 2 H), 2.64 (s, 3 H), 4.07 (AB, 1 H, 2JAB =
15.2 Hz), 4.44 (AB, 1 H, 2JAB = 15.2 Hz), 6.79 (d, 1 H, 3J = 7.6 Hz), 6.81
(s, 1 H), 7.03 (d, 1 H, 3J = 7.6 Hz), 7.08–7.12 (m, 1 H), 11.31 ppm (s,
1 H); 13C NMR ([D6]DMSO): d= 11.0, 18.9, 19.3, 27.8, 28.2, 32.0, 35.2,
35.8, 52.0, 53.1, 112.8, 115.8, 124.5, 127.6, 128.2, 129.5, 134.9, 136.2,
141.0, 167.0, 191.2 ppm; HRMS (ESI, m/z) [M + H]+ : calcd for
C22H29N2O2

+ : 353.2224, found: 353.2214.

N,2,6,6-Tetramethyl-N-[(1-methyl-1H-benzo[d]imidazol-2-yl)-
methyl]-4-oxo-4,5,6,7-tetrahydro-1H-indole-3-carboxamide (16 i):

By method A, 21 h at 40 8C, yield= 0.09 g (73 %) colorless, waxy
solid, mp: 250–254 8C; IR: ñ= 3231 (w), 1623 (s), 1061 cm@1 (m);
isomer 1: 1H NMR ([D6]DMSO): d= 1.00 (s, 3 H), 1.01 (s, 3 H), 2.12 (s,
3 H), 2.15 (s, 2 H), 2.60 (s, 2 H), 2.69 (s, 3 H), 3.87 (s, 3 H), 4.76 (AB,
1 H, 2JAB = 15.2 Hz), 5.20 (AB, 1 H, 2JAB = 14.8 Hz), 7.19 (t, 1 H, 3J =

7.6 Hz), 7.26 (t, 1 H, 3J = 7.6 Hz), 7.56 (d, 1 H, 3J = 8.0 Hz), 7.60 (d, 1 H,
3J = 8.0 Hz), 11.38 ppm (s, 1 H); 13C NMR ([D6]DMSO): d= 11.0, 27.8,
28.2, 29.9, 34.8, 35.2, 35.7, 42.3, 51.8, 110.1, 112.2, 115.9, 118.8,
121.4, 122.1, 128.1, 136.2, 141.2, 142.0, 150.7, 166.8, 191.3 ppm;
isomer 2: 1H NMR ([D6]DMSO): d= 1.04 (s, 3 H), 1.05 (s, 3 H), 2.01 (s,
3 H), 2.23 (s, 2 H), 2.60 (s, 2 H), 2.93 (s, 3 H), 4.48 (AB, 1 H, 2JAB =
16.4 Hz), 4.81 (AB, 1 H), 7.17–7.28 (m, 2 H), 7.46 (d, 1 H, 3J = 7.6 Hz),
7.55–7.61 (m, 1 H), 11.32 ppm (s, 1 H); 13C NMR ([D6]DMSO): d= 11.0,
27.8, 28.2, 29.2, 32.6, 35.2, 35.7, 46.6, 52.0, 109.9, 112.2, 115.8, 118.8,
121.4, 122.0, 128.7, 135.9, 141.2, 141.9, 150.8, 167.2, 191.4 ppm;
HRMS (ESI, m/z) [M + H]+ : calcd for C22H27N4O2

+ : 379.2129, found:
379.2126.

N-[(1H-Indol-5-yl)methyl]-N,2,6,6-tetramethyl-4-oxo-4,5,6,7-tetra-
hydro-1H-indole-3-carboxamide (16 j): By method A, 6 d at 35 8C,
yield = 0.09 g (76 %) colorless, waxy solid, mp: 179–181 8C; IR: ñ=
3219 (w), 1636 (s), 1062 cm@1 (m); isomer 1: 1H NMR ([D6]DMSO):
d= 1.04 (s, 6 H), 2.08 (s, 3 H), 2.21 (s, 2 H), 2.61 (s, 2 H), 2.65 (s, 3 H),
4.52 (AB, 1 H, 2JAB = 14.8 Hz), 5.24 (AB, 1 H, 2JAB = 14.8 Hz), 6.62 (s,
1 H), 6.99–7.08 (m, 2 H), 7.26–7.32 (m, 2 H), 11.11 (s, 1 H), 11.31 ppm
(s, 1 H); 13C NMR ([D6]DMSO): d= 11.0, 27.8, 28.2, 34.9, 35.2, 35.8,
47.6, 51.9, 99.7, 110.4, 113.1, 116.0, 117.9, 120.8, 124.8, 126.5, 128.2,
128.5, 135.8, 141.0, 166.8, 191.2 ppm; isomer 2: 1H NMR
([D6]DMSO): d= 1.04 (s, 6 H), 2.12 (s, 3 H), 2.23 (s, 2 H), 2.59 (s, 2 H),
2.81 (s, 3 H), 4.34 (AB, 1 H, 2JAB = 15.6 Hz), 4.86 (AB,1 H, 2JAB =

15.6 Hz), 6.22 (s, 1 H), 6.72 (d, 1 H, 3J = 6.8 Hz), 6.99–7.08 (m, 1 H),
7.26–7.32 (m, 2 H), 11.11 (s, 1 H), 11.31 ppm (s, 1 H); 13C NMR
([D6]DMSO): d= 11.0, 27.8, 28.2, 32.1, 35.2, 35.8, 51.7, 52.0, 98.7,
110.5, 112.9, 115.9, 117.3, 120.8, 125.2, 126.0, 127.2, 128.5, 135.8,
140.9, 167.0, 191.3 ppm; HRMS (ESI, m/z) [M + H]+ : calcd for
C22H26N3O2

+ : 364.2020, found: 364.2006.

N,2,6,6-Tetramethyl-N-[(2-methylisoindolin-5-yl)methyl]-4-oxo-
4,5,6,7-tetrahydro-1H-indole-3-carboxamide (16 k): By method A,
16 h at 40 8C, product was additionally purified via preparative
HPLC (ACN/H2O, 50:50). Yield = 0.03 g (22 %) colorless solid, mp:
158–159 8C; IR: ñ= 2952 (w), 1652 (s), 1600 cm@1 (s) ; isomer 1:
1H NMR ([D6]DMSO): d= 1.03 (s, 6 H), 2.09 (s, 3 H), 2.20 (s, 2 H), 2.47
(s, 3 H), 2.61 (s, 2 H), 2.65 (s, 3 H), 3.73 (s, 2 H), 3.78 (s, 2 H), 4.56 (AB,
1 H, 2JAB = 14.8 Hz), 4.65 (AB, 1 H, 2JAB = 14.8 Hz), 7.17 (d, 1 H, 3J =
7.6 Hz), 7.22 (d, 1 H, 3J = 8.0 Hz), 7.28 (s, 1 H), 11.36 ppm (s, 1 H);
13C NMR ([D6]DMSO): d= 10.9, 27.9, 28.2, 35.0, 35.2, 35.8, 41.9, 49.3,
51.9, 60.1, 60.3, 112.8, 115.9, 121.3, 121.8, 125.9, 127.4, 136.2, 139.3,
140.9, 141.0, 167.1, 191.2 ppm; isomer 2: 1H NMR ([D6]DMSO): d=
1.03 (s, 6 H), 2.06 (s, 3 H), 2.20 (s, 2 H), 2.44 (s, 3 H), 2.59 (s, 2 H), 2.80
(s, 3 H), 3.73 (s, 2 H), 3.79 (s, 2 H), 4.13 (AB, 1 H, 2JAB = 15.2 Hz), 4.49
(AB, 1 H, 2JAB = 15.6 Hz), 6.88 (d, 1 H, 3J = 7.6 Hz), 6.91 (s, 1 H), 7.12
(d, 1 H, 3J = 7.6 Hz), 11.33 ppm (s, 1 H); 13C NMR ([D6]DMSO): d=
11.0, 27.8, 28.2, 32.0, 35.2, 35.7, 41.9, 51.9, 53.3, 60.0, 60.1, 112.7,
115.8, 120.7, 122.0, 125.4, 127.6, 136.1, 139.7, 141.0, 141.1, 167.0,
191.2 ppm; HRMS (ESI, m/z) [M + H]+ : calcd for C23H30N3O2

+ :
380.2333, found: 380.2329.

N-(2-Chloro-4,5-dimethoxybenzyl)-N,2,6,6-tetramethyl-4-oxo-
4,5,6,7-tetrahydro-1H-indole-3-carboxamide (16 l): By method A,
17 h at 40 8C, yield = 0.11 g (85 %) colorless, waxy solid, mp: 224 8C;
IR: ñ= 2847 (w), 1652 (s), 1509 cm@1 (s) ; isomer 1: 1H NMR
([D6]DMSO): d= 1.04 (s, 6 H), 2.12 (s, 3 H), 2.22 (s, 2 H), 2.62 (s, 2 H),
2.73 (s, 3 H), 3.77 (s, 3 H), 3.84 (s, 3 H), 4.41 (AB, 1 H, 2JAB = 15.2 Hz),
4.88 (AB, 1 H, 2JAB = 15.6 Hz), 7.02 (s, 1 H), 7.21 (s, 1 H), 11.39 ppm (s,
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1 H); 13C NMR ([D6]DMSO): d= 10.9, 27.8, 28.2, 35.2, 35.5, 35.8, 47.0,
51.9, 55.9, 111.6, 112.5, 112.6, 115.9, 123.0, 126.5, 127.9, 141.2,
148.2, 148.3, 167.3, 191.4 ppm; isomer 2: 1H NMR ([D6]DMSO): d=
1.04 (s, 6 H), 2.07 (s, 3 H), 2.22 (s, 2 H), 2.60 (s, 2 H), 2.82 (s, 3 H), 3.74
(s, 6 H), 4.22 (AB, 1 H, 2JAB = 15.6 Hz), 4.54 (AB, 1 H, 2JAB = 15.6 Hz),
6.70 (s, 1 H), 6.95 (s, 1 H), 11.32 ppm (s, 1 H); 13C NMR ([D6]DMSO):
d= 11.0, 27.6, 28.3, 32.0, 35.2, 35.8, 50.6, 51.9, 55.7, 55.9, 111.9,
112.5, 112.7, 116.0, 122.8, 126.2, 127.8, 141.2, 147.9, 148.6, 167.2,
191.3 ppm; HRMS (ESI, m/z) [M + H]+ : calcd for C22H28N2O4Cl+ :
419.1732, found: 419.1722.

N,2,6,6-Tetramethyl-N-[(6-methylimidazo[2,1-b]thiazol-5-yl)meth-
yl]-4-oxo-4,5,6,7-tetrahydro-1H-indole-3-carboxamide (16 m): By
method A, 16 h at 40 8C, yield = 0.09 g (77 %) pale-orange, waxy
solid, mp: 229–230 8C; IR: ñ= 2957 (w), 1659 (s), 1600 cm@1 (s) ;
isomer 1: 1H NMR ([D6]DMSO): d= 1.00 (s, 3 H), 1.02 (s, 3 H), 2.04 (s,
3 H), 2.15 (s, 2 H), 2.28 (s, 3 H), 2.59 (s, 2 H), 2.61 (s, 3 H), 4.76 (AB,
1 H, 2JAB = 15.2 Hz), 4.88 (AB, 1 H, 2JAB = 15.2 Hz), 7.18 (d, 1 H, 3J =
4.4 Hz), 7.86 (d, 1 H, 3J = 4.4 Hz), 11.34 ppm (s, 1 H); 13C NMR
([D6]DMSO): d= 10.9, 13.1, 27.8, 28.2, 34.1, 35.2, 35.7, 38.3, 51.8,
111.5, 112.3, 115.9, 118.0, 119.6, 127.6, 141.0, 142.2, 147.3, 167.2,
191.1 ppm; isomer 2: 1H NMR ([D6]DMSO): d= 1.00 (s, 3 H), 1.02 (s,
3 H), 2.11 (s, 3 H), 2.15 (s, 2 H), 2.28 (s, 3 H), 2.64 (s, 2 H), 2.75 (s, 3 H),
4.45 (AB, 1 H, 2JAB = 15.6 Hz), 4.71 (AB, 1 H), 7.20 (d, 1 H, 3J = 4.4 Hz),
7.37 (d, 1 H, 3J = 4.4 Hz), 11.46 ppm (s, 1 H); 13C NMR ([D6]DMSO):
d= interpretation was not feasible due to low signal intensity;
HRMS (ESI, m/z) [M + H]+ : calcd for C20H25N4O2S+ : 385.1693, found:
385.1683.

N,2,6,6-Tetramethyl-4-oxo-N-(quinolin-3-ylmethyl)-4,5,6,7-tetra-
hydro-1H-indole-3-carboxamide (16 n): By method A, 21 h at
40 8C, product was additionally purified via preparative HPLC 1.
(ACN/H2O, 75:25) and 2. (ACN/H2O, 50:50), yield = 0.03 g (15 %) col-
orless solid, mp: 119–121 8C; IR: ñ= 2956 (w), 1651 (s), 1602 cm@1

(s) ; isomer 1: 1H NMR ([D6]DMSO): d= 1.04 (s, 6 H), 2.13 (s, 3 H), 2.24
(s, 2 H), 2.63 (s, 2 H), 2.78 (s, 3 H), 4.61 (AB, 1 H, 2JAB = 15.2 Hz), 5.12
(AB, 1 H, 2JAB = 15.2 Hz), 7.60–7.64 (m, 1 H), 7.72–7.76 (m, 1 H), 7.90–
8.05 (m, 2 H), 8.48 (s, 1 H), 8.95 (s, 1 H), 11.39 ppm (s, 1 H); 13C NMR
([D6]DMSO): d= 10.9, 27.9, 28.2, 35.2, 35.4, 35.8, 47.5, 51.9, 112.5,
116.0, 126.7, 127.6, 127.8, 128.6, 128.7, 129.0, 130.8, 133.8, 141.2,
146.8, 150.9, 167.4, 191.5 ppm; isomer 2: 1H NMR ([D6]DMSO): d=
1.21 (s, 6 H), 2.03 (s, 3 H), 2.24 (s, 2 H), 2.60 (s, 2 H), 2.93 (s, 3 H), 4.47
(AB, 1 H, 2JAB = 16.0 Hz), 4.69 (AB, 1 H, 2JAB = 16.0 Hz), 7.60–7.64 (m,
1 H), 7.72–7.76 (m, 1 H), 7.90–8.05 (m, 2 H), 8.44 (s, 1 H), 8.56 (s, 1 H),
11.32 ppm (s, 1 H); 13C NMR ([D6]DMSO): d= 11.2, 27.9, 28.2, 32.5,
35.3, 35.8, 51.3, 51.9, 112.5, 116.0, 126.8, 127.7, 127.8, 128.6, 128.7,
129.0, 130.9, 133.6, 141.2, 146.9, 150.9, 167.4, 191.5 ppm; HRMS
(ESI, m/z) [M + H]+ : calcd for C23H26N3O2

+ : 376.2020, found:
376.2023.

N-[(2,5-Dimethylthiophen-3-yl)methyl]-N,2,6,6-tetramethyl-4-
oxo-4,5,6,7-tetrahydro-1H-indole-3-carboxamide (16 o): By
method A, 3 d at 20 8C, product was additionally purified via prepa-
rative HPLC (ACN/H2O, 60:40), yield = 0.10 g (62 %) colorless solid,
mp: 91–93 8C; IR: ñ= 2957 (w), 1659 (s), 1600 cm@1 (s) ; isomer 1:
1H NMR ([D6]DMSO): d= 1.03 (s, 6 H), 2.07 (s, 3 H), 2.19 (s, 2 H), 2.33
(s, 3 H), 2.34 (s, 3 H), 2.60 (s, 2 H), 2.61 (s, 3 H), 4.37 (AB, 1 H, 2JAB =
14.4 Hz), 4.51 (AB, 1 H, 2JAB = 14.4 Hz), 6.74 (s, 1 H), 11.31 ppm (s,
1 H); 13C NMR ([D6]DMSO): d= 10.9,12.0, 14.9, 27.9, 28.2, 34.6, 35.2,
35.8, 42.6, 51.9, 112.9, 115.9, 126.1, 127.3, 132.3, 133.5, 134.4, 140.9,
166.6, 191.1 ppm; isomer 2: 1H NMR ([D6]DMSO): d= 1.03 (s, 6 H),
2.05 (s, 3 H), 2.10 (s, 3 H), 2.21 (s, 2 H), 2.29 (s, 3 H), 2.60 (s, 2 H), 2.78
(s, 3 H), 3.97 (AB, 1 H, 2JAB = 15.2 Hz), 4.31 (AB, 1 H, 2JAB = 15.2 Hz),
6.35 (s, 1 H), 11.31 ppm (s, 1 H); 13C NMR ([D6]DMSO): d= 10.9,12.5,
14.7, 27.8, 28.2, 31.8, 35.2, 35.8, 46.6, 52.0, 112.8, 115.9, 127.2, 127.9,

132.1, 133.2, 135.0, 141.0, 166.6, 191.2 ppm; HRMS (ESI, m/z) [M +
H]+ : calcd for C20H27N2O2S+ : 359.1788, found: 359.1785.

N-[(1,1’-Biphenyl)-4-ylmethyl]-N,2,6,6-tetramethyl-4-oxo-4,5,6,7-
tetrahydro-1H-indole-3-carboxamide (16 p): By method A, 3 d at
20 8C, product was additionally purified via preparative HPLC (ACN/
H2O, 75:25), yield = 0.16 g (65 %) colorless solid, mp: 133–135 8C;
IR: ñ= 3026 (w), 1652 (s), 1593 cm@1 (s) ; isomer 1: 1H NMR
([D6]DMSO): d= 1.04 (s, 6 H), 2.13 (s, 3 H), 2.22 (s, 2 H), 2.63 (s, 2 H),
2.72 (s, 3 H), 4.61 (AB, 1 H, 2JAB = 14.8 Hz), 4.77 (AB, 1 H, 2JAB =
15.2 Hz), 7.33–7.38 (m, 1 H), 7.43–7.53 (m, 2 H), 7.59 (d, 2 H, 3J =
8.0 Hz), 7.62–7.69 (m, 4 H), 11.35 ppm (s, 1 H); 13C NMR ([D6]DMSO):
d= 11.0, 27.8, 28.2, 35.2, 35.2, 35.8, 49.1, 51.9, 112.8, 115.9, 126.6,
127.3, 127.8, 128.0, 128.9, 137.1, 138.7, 140.0, 141.0, 167.2,
191.3 ppm; isomer 2: 1H NMR ([D6]DMSO): d= 1.04 (s, 6 H), 2.10 (s,
3 H), 2.22 (s, 2 H), 2.60 (s, 2 H), 2.85 (s, 3 H), 4.21 (AB, 1 H, 2JAB =
16.0 Hz), 4.54 (AB, 1 H), 7.17 (d, 2 H, 3J = 8.0 Hz), 7.33–7.38 (m, 1 H),
7.43–7.53 (m, 2 H), 7.62–7.69 (m, 4 H), 11.35 ppm (s, 1 H); 13C NMR
([D6]DMSO): d= 11.0, 27.9, 28.2, 32.2, 35.2, 35.8, 51.9, 53.1, 112.7,
115.8, 126.6, 126.8, 127.4, 127.6, 127.8, 128.9, 136.9, 139.0, 139.7,
141.1, 167.2, 191.3 ppm; HRMS (ESI, m/z) [M + H]+ : calcd for
C26H29N2O2

+ : 401.2224, found: 401.2208.

N-[(1,1’-Biphenyl)-3-ylmethyl]-N,2,6,6-tetramethyl-4-oxo-4,5,6,7-
tetrahydro-1H-indole-3-carboxamide (16 q): By method A, 3 d at
20 8C, product was additionally purified via preparative HPLC (ACN/
H2O, 75:25), yield = 0.14 g (55 %) colorless solid, mp: 120–121 8C;
IR: ñ= 3035 (w), 1653 (s), 1595 cm@1 (s) ; isomer 1: 1H NMR
([D6]DMSO): d= 1.04 (s, 6 H), 2.12 (s, 3 H), 2.22 (s, 2 H, C(4)H2), 2.63
(s, 2 H), 2.73 (s, 3 H), 4.64 (AB, 1 H, 2JAB = 15.2 Hz), 4.81 (AB,1 H, 2JAB =
15.2 Hz), 7.33–7.39 (m, 1 H), 7.44–7.48 (m, 4 H), 7.61–7.62 (m, 1 H),
7.69–7.73 (m, 3 H), 11.37 ppm (s,1 H); 13C NMR ([D6]DMSO): d= 11.0,
27.9, 28.2, 35.2, 35.2, 35.8, 49.5, 51.9, 112.8, 115.9, 125.2, 125.7,
126.5, 126.8, 127.4, 127.6, 128.8, 129.0, 138.5, 140.1, 140.3, 141.0,
167.2, 191.3 ppm; isomer 2: 1H NMR ([D6]DMSO): d= 1.04 (s, 6 H),
2.06 (s, 3 H), 2.22 (s, 2 H), 2.60 (s, 2 H), 2.87 (s, 3 H), 4.28 (AB, 1 H,
2JAB = 15.6 Hz), 4.57 (AB, 1 H, 2JAB = 15.6 Hz), 7.09 (d, 1 H, 3J = 7.6 Hz),
7.33–7.39 (m, 3 H), 7.44–7.48 (m, 3 H), 7.51–7.62 (m, 2 H), 11.33 ppm
(s,1 H); 13C NMR ([D6]DMSO): d= 10.9, 27.9, 28.2, 32.2, 35.2, 35.8,
51.9, 53.4, 112.7, 115.8, 125.4, 125.5, 126.2, 126.7, 127.5, 127.6,
128.9, 129.1, 138.4, 139.9, 140.4, 141.1, 167.2, 191.3 ppm; HRMS
(ESI, m/z) [M + H]+ : calcd for C26H29N2O2

+ : 401.2224, found:
401.2213.

N-[3-(tert-Butyl)benzyl]-N,2,6,6-tetramethyl-4-oxo-4,5,6,7-tetra-
hydro-1H-indole-3-carboxamide (16 r): A mixture of 0.16 g
(0.7 mmol, 1.0 equiv) compound 10, 0.53 g (1.4 mmol, 2.0 equiv)
HATU and 0.15 g (0.7 mmol, 1.0 equiv) 17 r were weighed in a
dried G10 vial and dissolved in 6 mL dry DMF. To the stirred solu-
tion 590 mL (0.45 g, 3.5 mmol, 5.0 equiv) DIPEA were added. The re-
action mixture was covered with inert nitrogen gas, sealed and
placed in a microwave field (140 8C, with counter-cooling) for
5 min. Afterward solvent was evaporated (under reduced pressure)
and residue was purified by column chromatography. The product
was additionally purified via preparative HPLC 1. (MeOH/H2O,
80:20) and 2. (ACN/H2O, 90:10). Yield = 0.08 g (27 %) colorless solid,
mp: 79 8C; IR: ñ= 2955 (m), 1654 (s), 1463 cm@1 (s) ; isomer 1:
1H NMR ([D6]DMSO): d= 1.03 (s, 6 H), 1.29 (s, 9 H), 2.11 (s, 3 H), 2.21
(s, 2 H), 2.62 (s, 2 H), 2.67 (s, 3 H), 4.54 (AB, 1 H, 2JAB = 15.6 Hz), 4.71
(AB, 1 H, 2JAB = 14.8 Hz), 7.19–7.28 (m, 3 H), 7.39 (s, 1 H), 11.35 ppm
(s, 1 H); 13C NMR ([D6]DMSO): d= 10.9, 27.9, 28.2, 31.1, 34.3, 35.1,
35.2, 35.8, 49.6, 51.9, 112.8, 115.9,123.7, 124.1, 124.6, 127.5, 128.0,
137.4, 141.0, 150.7, 167.1, 191.2 ppm; isomer 2: 1H NMR
([D6]DMSO): d= 1.03 (s, 6 H), 1.23 (s, 9 H), 2.04 (s, 3 H), 2.21 (s, 2 H),
2.60 (s, 2 H), 2.82 (s, 3 H), 4.15 (AB, 1 H, 2JAB = 15.6 Hz), 4.50 (AB, 1 H,
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2JAB = 16.4 Hz), 6.90 (d, 1 H, 3J = 7.2 Hz), 7.03 (s, 1 H), 7.19–7.28 (m,
2 H), 11.31 ppm (s, 1 H); 13C NMR ([D6]DMSO): d= 11.0, 27.9, 28.2,
31.1, 32.2, 34.3, 35.2, 35.8, 51.9, 53.7, 112.8, 115.8, 123.6, 123.9,
124.2, 127.6, 128.1, 137.3, 141.0, 150.9, 167.1, 191.2 ppm; HRMS
(ESI, m/z) [M + H]+ : calcd for C24H33N2O2

+ : 381.2537, found:
381.2553.

N-(3-Cyclopropylbenzyl)-N,2,6,6-tetramethyl-4-oxo-4,5,6,7-tetra-
hydro-1H-indole-3-carboxamide (16 s): By method A, 20 h at
60 8C, product was additionally purified via preparative HPLC (ACN/
H2O, 75:25), yield = 0.13 g (49 %) colorless solid, mp: 74 8C; IR: ñ=

3008 (w), 1652 (s), 1461 cm@1 (s) ; isomer 1: 1H NMR ([D6]DMSO): d=
0.59–1.00 (m, 4 H), 1.04 (s, 6 H), 1.81–1.95 (m, 1 H), 2.11 (s, 3 H), 2.21
(s, 2 H), 2.62 (s, 2 H), 2.66 (s, 3 H), 4.55 (AB, 1 H, 2JAB = 14.8 Hz), 4.64
(AB, 1 H, 2JAB = 15.2 Hz), 6.91–7.23 (m, 4 H), 11.35 ppm (s, 1 H);
13C NMR ([D6]DMSO): d= 9.4, 10.9, 15.0, 27.9, 28.2, 35.1, 35.2, 35.8,
49.3, 51.9, 112.8, 115.9, 123.8, 124.2, 124.4, 127.4, 128.2, 137.7,
141.0, 143.8, 167.1, 191.2 ppm; isomer 2: 1H NMR ([D6]DMSO): d=
0.59–1.00 (m, 4 H), 1.04 (s, 6 H), 1.81–1.95 (m, 1 H), 2.07 (s, 3 H), 2.21
(s, 2 H), 2.60 (s, 2 H), 2.80(s, 3 H), 4.12 (AB, 1 H, 2JAB = 15.6 Hz), 4.60
(AB, 1 H, 2JAB = 15.6 Hz), 6.74 (s, 1 H), 6.84 (d, 1 H, 3J = 7.6 Hz), 6.91–
7.23 (m, 2 H), 11.31 ppm (s, 1 H); 13C NMR ([D6]DMSO): d= 9.3, 10.9,
14.9, 27.9, 28.2, 32.1, 35.2, 35.8, 51.9, 53.4, 112.7, 115.8, 123.9, 124.0,
124.2, 127.5, 128.3, 137.6, 141.0, 143.9, 167.0, 191.2 ppm; HRMS
(ESI, m/z) [M + H]+ : calcd for C23H29N2O2

+ : 365.2224, found:
365.2235.

N,2,6,6-Tetramethyl-4-oxo-N-{[4’-(trifluoromethyl)-(1,1’-biphenyl)-
3-yl]methyl}-4,5,6,7-tetrahydro-1H-indole-3-carboxamide (16 t):
By method A, 20 h at 60 8C, product was additionally purified via
preparative HPLC (MeOH/H2O, 90:10), yield = 0.08 g (26 %) colorless
solid, mp: 121–122 8C; IR: ñ= 3048 (w), 1652 (s), 1463 cm@1 (m);
isomer 1: 1H NMR ([D6]DMSO): d= 1.05 (s, 6 H), 2.12 (s, 3 H), 2.24 (s,
2 H), 2.63 (s, 2 H), 2.74(s, 3 H), 4.56 (AB, 1 H, 2JAB = 15.2 Hz), 4.92 (AB,
1 H, 2JAB = 15.2 Hz), 7.41–7.85(m, 8 H), 11.38 ppm (s, 1 H); 13C NMR
([D6]DMSO): d= 10.9, 27.8, 28.2, 35.2, 35.3, 35.8, 49.4, 51.9, 112.7,
116.0, 124.4 (q, 1JC,F = 271 Hz), 125.5, 125.7 (q, 3JC,F = 4 Hz), 126.0,
127.5, 127.6, 129.9 (q, 2JC,F = 28 Hz), 129.9, 129.2, 138.7, 138.8, 141.1,
144.2, 167.2, 191.4 ppm; isomer 2: 1H NMR ([D6]DMSO): d= 1.05 (s,
6 H), 2.05 (s, 3 H), 2.22 (s, 2 H), 2.60 (s, 2 H), 2.88(s, 3 H), 4.32 (AB, 1 H,
2JAB = 15.6 Hz), 4.56 (AB, 1 H, 2JAB = 15.2 Hz), 7.17 (d, 1 H, 3J = 7.6 Hz),
7.41–7.85(m, 5 H), 7.98 (d, 2 H, 3J = 8.0 Hz), 11.32 ppm (s, 1 H);
13C NMR ([D6]DMSO): d= 10.9, 27.8, 28.2, 32.3, 35.2, 35.8, 51.9, 53.4,
112.7, 115.9, 124.4 (q, 1JC,F = 271 Hz), 125.5, 125.7 (q, 3JC,F = 4 Hz),
125.9, 127.1, 127.6, 129.9 (q, 2JC,F = 28 Hz), 129.9, 129.3, 138.7, 138.8,
141.1, 143.9, 167.2, 191.3 ppm; HRMS (ESI, m/z) [M + H]+ : calcd for
C27H28N2O2F3

+ : 469.2097, found: 469.2093.

1-[3-(tert-Butyl)phenyl]-N-methylmethanaminium chloride (17 r):
By method B, yield = 0.99 g (84 %) colorless crystals, mp: 133–
136 8C; IR: ñ= 2952 (m), 2759 (s), 1440 (m); 1H NMR ([D6]DMSO):
d= 1.29 (s, 9 H), 2.50 (s, 3 H), 4.07 (s, 2 H), 7.31–7.36 (m, 2 H), 7.42 (t,
1 H, 3J = 8.4 Hz), 7.66 (s, 1 H), 9.51 ppm (s, 2 H); 13C NMR ([D6]DMSO):
d= 31.1, 31.9, 34.5, 54.4, 125.5, 127.0, 128.2, 131.8, 151.1 ppm;
HRMS (ESI, m/z) [M + H]+ : calcd for C12H20N+ : 178.1590, found:
178.1594.

1-(3-Cyclopropylphenyl)-N-methylmethanaminium chloride
(17 s). : By method B, yield = 1.05 g (82 %) colorless crystals, mp:
118–122 8C; IR: ñ= 2922 (m), 2754 (s), 1473 (m); 1H NMR
([D6]DMSO): d= 0.95–0.98 (m, 2 H), 1.19 (t, 2 H, 3J = 7.6 Hz), 1.87–
1.94 (m, 1 H), 2.47 (s, 3 H), 4.02 (s, 2 H), 7.12–7.14 (m, 1 H), 7.25–7.31
(m, 3 H), 9.53 ppm (s, 2 H); 13C NMR ([D6]DMSO): d= 9.5, 15.0, 31.8,
51.1, 126.1, 126.5, 126.7, 128.4, 132.0, 144.3 ppm; HRMS (ESI, m/z)
[M + H]+ : calcd for C11H16N+ : 162.1277, found: 162.1284.

N-Methyl-1-[4’-(trifluoromethyl)-(1,1’-biphenyl)-3-yl]methanami-
nium chloride (17 t): By method B, yield = 1.37 g (54 %) colorless
crystals, mp: 208–209 8C; IR: ñ= 3009 (w), 2762 (s), 1322 (m);
1H NMR ([D6]DMSO): d= 2,55 (s, 2 H), 4,19 (s, 2 H), 7,57 (t, 1 H, 3J =
7.6 Hz), 7.60 (d, 1 H, 3J = 7.6 Hz), 7.79 (d, 1 H, 3J = 7.2 Hz), 7.85 (d,
2 H, 3J = 8.4 Hz), 7.96 (d, 2 H, 3J = 8.4 Hz), 8.04 (s, 1 H), 9.55 ppm (s,
2 H); 13C NMR ([D6]DMSO): d= 31.9, 51.0, 124.3 (q, 1JC,F = 270 Hz),
125.8 (q, 3JC,F = 4 Hz), 127.4, 127.5, 128.1 (q, 2JC,F = 32 Hz), 128.9,
129.4, 130.0, 133.0, 138.8, 143.6 ppm; HRMS (ESI, m/z) [M + H]+ :
calcd for C15H15NF3

+ : 266.1151, found: 266.1145.
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ABSTRACT: In many cases, native states of proteins may be
predicted with sufficient accuracy by molecular dynamics
simulations (MDSs) with modern force fields. Enhanced
sampling methods based on MDS are applied for exploring the
phase space of a protein sequence and to overcome barriers on
rough conformational energy landscapes. The minimum free
energy state is obtained with sampling algorithms providing
sufficient convergence and accuracy. A reliable but computa-
tionally very expensive method is replica exchange molecular
dynamics, with many modifications to this approach presented
in the past. Recently, we demonstrated how our temperature intervals with global exchange of replicas hybrid (TIGER2h)
solvent sampling algorithm made a good compromise between efficiency and accuracy. There, all states are sampled under full
explicit solvent conditions with a freely chosen number of replicas, whereas an implicit solvent is used during the swap decisions.
This hybrid method yielded a much better approximation to the agreement with calculations in an explicit solvent than fully
implicit solvent simulations. Here, we present an extension of TIGER2h and add a few layers of explicit water molecules around
the peptide for the energy calculations, whereas the dynamics in fully explicit water is maintained. We claim that these water
layers better reproduce steric effects, the polarization of the solvent, and the resulting reaction field energy than typical implicit
solvent models. By investigating the protein−solvent interactions across comprehensive thermodynamic state ensembles, we
found a strong conformational dependence of this reaction field energy. All simulations were performed with nanoscale
molecular dynamics on two peptides, the α-helical peptide (AAQAA)3 and the β-hairpin peptide HP7. A production-ready
TIGER2hs implementation is supplied, approaching the accuracy of full explicit solvent sampling at a fraction of computational
resources.

1. INTRODUCTION

Modern force field-based molecular dynamics (MD) simu-
lations are a valuable tool of growing popularity, especially for
systems of biological interest like proteins. Dedicated protein
force fields like Amber14SB1 have been developed and
extensively refined over the past few decades and are now
ready for large-scale folding simulations, especially in cases
where the three-dimensional (3D) structure of a protein is
completely or partly inaccessible by experimental methods.
Such folding simulations are only conclusive after scanning a
sufficiently large part of the conformational space. This ideally
includes all protein states in their respective probability for a
given temperature and environment (for example, solvent, pH,
salt concentration) and is known as the thermodynamic or
Boltzmann weighted ensemble. It can be visualized by a
folding-free-energy landscape, and the related 3D structures,
the heights of surrounding energy barriers, and state transition
pathways can be derived. The native state manifests itself as a
global minimum in this landscape with sufficient depth and
extension. In principle, straightforward MD simulations
generate such a Boltzmann weighted ensemble of states within
sufficient simulation time but tend to get stuck in local minima

only rarely crossing energy barriers higher than a few RT (R
gas constant, T absolute temperature). This is why many
methods have been and are still being developed for more
efficient sampling of protein conformational spaces.2−9

1.1. Model Peptides. We demonstrated earlier that the
two peptides (AAQAA)3 and HP7 are well suited for analyzing
different sampling methods.7 Their native states are completely
different. The configuration of the sequence (AAQAA)3 is
dominated by an α-helix. The peptide is commonly used to
characterize the secondary structure prediction behavior of
force fields and conformational sampling methods. NMR
experiments at 274 K on the secondary structure of this
peptide resulted in a maximum helical structure probability of
55%.10 HP7 is also a small peptide consisting of 12 amino acids
(KTWNPATGKWTE) but forms a β-hairpin at 270 K (PDB
access code: 2EVQ).11

1.2. Replica Exchange Molecular Dynamics: REMD.
The established approach in the field of configuration sampling
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is replica exchange molecular dynamics (REMD),9 which is
accurate and has been successfully applied to many sampling
problems.12−16 Multiple MD simulations run in parallel at
different temperatures to enhance sampling. The temperatures
usually range from a baseline value, at which the protein is
stably folded, to a high temperature at which any ordered
conformation, including the native state, has a much shorter
lifetime than the simulation time scale. Recurrently after a
specific simulation time, termed a cycle, pairs of replicas (A, B)
target to exchange their temperature based on a probability
given by the Metropolis sampling criterion (MSC),17 which is
based on the current potential energies EA and EB, temper-
atures of replicas TA and TB, and the Boltzmann constant kB
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This criterion accepts the exchange of the two states, if the
overall energy is lower after the exchange or otherwise if p is
greater than a random number in the range of 0−1. During a
large number of cycles, each replica performs a random walk in
phase space to overcome energy barriers, escape minima, and
refine its structures. After a sufficient number of cycles, this
procedure converges to the specific Boltzmann weighted
ensemble at each temperature, and the native state is obtained
as the dominant structure at the temperature of interest.
The rate at which the MSC will trigger exchanges depends

on the overlap of the potential energy distributions between
two replicas (see Figure 1B), and its adjustment is fundamental
in REMD. Relative offsets and consequently the overlap of
replicas’ potential energy distributions result from the
temperature difference and degrees of freedom (DoF) in the
system. If there is no or only sparse overlap, few exchanges will
take place, and the sampling enhancement over conventional
MD is small (see Figure 1A). In practice, the acceptance rate is
controlled by selecting suitable temperature steps, that is, a
sufficient number of replicas. These temperature steps are
equidistant on a logarithmic scale, which ensures consistent
exchange rates between all pairs of neighboring replicas. In
larger peptides with an increasing number of internal degrees
of freedom, the relative width of the energy distributions
decreases, and more replicas must be added for maintaining a
sufficient overlap and exchange rate. This higher number of
replicas lets the computational cost of the sampling increase for
two reasons. First, the number of computations for a given
baseline sampling time is proportional to the number of
replicas, running in parallel. In addition, states have to “diffuse”
across temperatures. Successful exchanges usually take place
between neighboring replicas on the temperature ladder only,
as the overlap between energy distributions of replicas with
larger temperature differences is too small. Conformations can
thus travel from one temperature to another only step by step,
and the diffusion of a favorable structure from high to low
temperature takes an increasing number of exchanges with
increasing number of replicas in larger systems. As a result, the
convergence time for obtaining a Boltzmann distribution
increases too. Hence, to balance the convergence gain by the
replica exchange scheme with a high enough acceptance rate
and the convergence penalty by the mentioned diffusion
process, the exchange probability is tuned to a value of about
20%,9 which is considered an optimum for rapid sampling of
Boltzmann distributions. Consequently, the computational
effort of genuine REMD scales very poorly with increasing

system size, and accurate REMD simulations on larger proteins
in explicit solvent require a prohibitively large number of
replicas. This is an important shortcoming and limits the
application of REMD to small peptides and to high-
performance computers, even though the number of replicas
is usually kept as low as possible.
In some systems, especially in those with explicit

representation of solvation, the swap decision guided by the
MSC may be scrambled by noise, which is generated by parts
of the system, whose energies fluctuate rapidly and
independent of the system’s part of interest (see Figure 1C).
The textbook example is a protein in explicit water, where the
solvent around one protein structure can cover a wide range of
bulk states. Consequently, even if, for example, TA < TB and for
the protein energies EpA < EpB, there is a significant probability
that the total energies including the water are in inverse order,
EA > EB, and exchange of both takes place only due to the noise
of the solvent energies. This results in a high acceptance rate of
swaps, and replicas may obtain similar and noisy solute
ensembles, regardless of their actual temperature. However, in
REMD, the replicas’ potential energy distributions hover
centered around their solutes’ potential energies, with a width
modulated by noise of the solvent. Thereby, during the
ongoing sampling, the overlap between the replicas’ energy
distributions is modulated by the solute state, by shifting the
whole distributions toward each other and vice versa. Thus,
REMD is intrinsically immune to such noise sources as long as
the movement of states across the temperatures is limited. We
refer to this concept as intrinsic averaging.

Figure 1. Schematic illustration of overlaps between the potential
energy distributions of two replicas. Black areas denote the solvents’
potential energy distribution, burying that of the protein (white). The
overlap of water distributions is shown in dark gray, whereas solvent−
protein overlap is in light gray: (A) no overlap, (B) overlap providing
sufficient exchange by the MSC as in REMD, (C) excessive overlap as
in temperature intervals with global exchange of replicas (TIGER2)
with the explicit solvent, and (D) same as (C) but with averaging over
the solvent potential energy as in TIGER2A (abscissa: Epot; ordinate:
P(Epot)).
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1.3. Temperature Intervals with Global Exchange of
Replicas: TIGER2. Many adaptions to REMD have been
reported for reducing the computational effort, often at the
expense of accuracy.3,5,6,18−20 Temperature intervals with
global exchange of replicas (TIGER2)6 is an empirical
enhanced sampling method aiming at reducing the computa-
tional demand with respect to the genuine REMD calculations.
TIGER2 allows one to choose the number of replicas
independent of system size, as it performs the MSC swap
decisions with all replicas cooled down to the same baseline
temperature Tbase.
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The sampling cycle is decomposed into (I) heating, (II)
sampling, and (III) quenching phases, where the heating phase
(I) includes the scaling of velocities to the replica target
temperature, followed by a short temperature-controlled
equilibration. This is continued by the actual sampling phase
(II) under the same conditions. The quenching phase (III)
performs velocity rescaling to the baseline temperature and
shortly equilibrates the system. This quenching is supposed to
remove excess kinetic energy, leaving the solute state
untouched. Exchanges are attempted between the current
baseline and one randomly selected replica. The remaining
replicas, including the one possibly rejected by the MSC, are
reassigned to the sampling temperatures in the same order as
their respective potential energies, for the next cycle.
Exchanges happen directly with the baseline replica, and
state diffusion across the temperature ladder no longer slows
down convergence.
However, the original TIGER2 algorithm faced problems

when being applied to systems with explicit solvation.5,19,21

The removal of temperature differences led to a high overlap of
the potential energy histograms of the replicas (see Figure 1C),
and the energy differences between replicas are dominated by
the thermal noise of the solvent potential energy. Hence, the
MSC decisions did not depend on the solute state but rather
on thermal noise of the solvent, which changes configurations

much more quickly. In fact, the intrinsic averaging concept
hidden in the REMD approach was only revealed by
accidentally suppressing it in TIGER2.

1.4. TIGER2 with Solvent Energy Averaging: TIGER2A.
Li et al. had to reduce the explicit solvent noise by an
additional averaging phase (TIGER2 with solvent energy
averagingTIGER2A).5 By explicitly reintroducing averaging
over many solvent states with a fixed solute, the protein
energies rather than the solvent fluctuations became decisive
for the exchange decisions, and proper Boltzmann weighted
ensembles are approximated (see Figure 1D). We demon-
strated previously7 that the averaging must proceed until the
remaining uncertainty of the total energy of the system, at the
given temperature, is in the range of the energy of the solute
alone in an analogous Generalized-Born (GB)22 implicit
solvent. The observed noise was consistent with thermody-
namic relations of energy fluctuations and specific heat.
TIGER2A also came with a modified application of the

MSC. Multiple states are accepted, for the baseline Boltzmann
ensemble at each cycle, by performing swap decisions between
a reference state and all sampling replicas in increasing order of
their sampling temperatures. The first reference state is the
current baseline replica, and each accepted state becomes the
new reference. The last reference state will be the new baseline
replica for the next cycle. Each meanwhile accepted state is
saved to the resulting conformational ensemble. This
modification is meant to generate more states and to accelerate
the convergence even further with respect to the classical
REMD and TIGER2. It shall also partially compensate the
effort for the newly introduced averaging phase.
Recently, we have applied several methods to simulate the

folding of the two small peptides (AAQAA)3 and HP7, which,
as mentioned above, adopt α-helical and β-hairpin motifs,
respectively.7,10,11 Explicit solvent TIGER2A with a long
averaging phase closely approximated the free energy land-
scape from explicit solvent REMD. The free energy landscape
was also occupied more evenly and better converged, which we
attributed to the global- and multiexchange scheme used in
TIGER2A. Unfortunately, a long averaging phase was needed,

Figure 2. (A) Family tree of some REMD derivatives referenced in this study originating from the genuine algorithm. The positioning along the
axes illustrates schematically the gains and penalties of different methods in terms of efficiency and accuracy. (B) Concept of the end-state hybrid
solvent approach with explicit solvation shells as used in REMDhs and TIGER2hs.
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and only a small acceleration factor of 2 over genuine REMD
was obtained from TIGER2A7 (see Figure 2A).
1.5. REMD with Hybrid Solvent Exchange: REMDh.

Other strategies for reducing the number of replicas and thus
the computational cost were based on a hybrid solvent
approach and have originally been presented by Okur et al.2

Simulations with a reduced number of replicas are realized by
performing the sampling under explicit solvent conditions but
driving exchanges by implicit solvent energies (REMDh) (see
Figure 2A). In the following, this concept is referred to as the
hybrid-solvent replica exchange scheme (see Figure 2B). It
greatly reduces the degrees of freedom in the system, and,
therefore, less replicas are required to fill the gaps between the
potential energy distributions. While Okur et al. used the GB
implicit solvent model and included two major layers of
explicit water molecules around the protein, later works
applied refined Poisson−Boltzmann (PB)20 or high-density
GBMV223 implicit models and majorly dismissed the explicit
water shells. It was argued that choosing a suitable number of
water molecules to keep for this approach is challenging.
Unfortunately, there was no separate demonstration of the
influence of switching between GB- and PB-based implicit
models or of adding explicit water shells. These earlier works
used different molecular systems and analysis methods, and
these solvation effects have not been addressed. In a previous
study,7 we applied REMDh to (AAQAA)3 and HP7 with the
GB implicit solvent model and without explicit water shells.
Structures close to the native state were highly dominant, and
the extended conformations were underestimated. This result
was only a limited improvement with respect to pure implicit
solvent sampling (see Figure 2A).
1.6. TIGER2 with Hybrid Solvent Exchange: TIGER2h.

Inspired by earlier works that utilized the hybrid-solvent
replica exchange scheme, we created TIGER2h in a previous
study, which samples all states in the explicit solvent as
TIGER2A, and only determines the potential energies for
exchanges in an implicit solvent7 (see Figure 2A,B). Removing
the water degrees of freedom for the exchange step suppresses
the noise and makes the expensive averaging obsolete.
TIGER2h was about 25 times more efficient for sampling
the baseline Boltzmann ensemble than genuine REMD and
yielded better approximations to results from explicit solvent
REMD and TIGER2A than REMDh or purely implicit
sampling. Surprisingly, REMDh and TIGER2h showed
significant accuracy differences (see Figure 2A). We attributed
them to the fact that in REMDh the implicit solvent model is
used to compare protein states at different temperatures,
whereas in TIGER2h all replicas are cooled down to the
baseline temperature, before the energy evaluation. These
implicit solvent models are not fully adapted to the
temperature variation in a large range, as not even the
permittivity of water is scaled down properly. Our hybrid
method combined the advantages of TIGER2A with the
solvent concept of REMDh and represented a favorable
compromise between computational cost and accuracy (see
Figure 2A). Still, driving the MSC by implicit solvent energies
introduced an undesired bias on the state exchange between
temperatures and consequently also on accounting conforma-
tions for the resulting thermodynamic ensemble at the baseline
temperature.
1.7. TIGER2h and REMDh with Explicit Solvent Shells.

The major issue of this work is to improve the accuracy of
TIGER2h by retaining the closest shell of explicit water

molecules around the solute during the hybrid-solvent replica
exchange scheme, similar to the original concept of Okur et al.2

(see Figure 2A,B). These shells shall account for effects that
are not fully represented by simple implicit solvent models, for
example, polarization, as even the simple TIP3P model24 with
rigid molecules considers orientation polarization. Inclusion of
explicit water molecules in the hybrid approach has already
been shown to correct for overstabilization of salt bridges.23

However, the solvent molecules around a polar solute, for
example, water around a peptide, orient according to the
electrical field of the solute.25 This results in a negative energy
contribution, which may depend on the conformation of the
solute, and is usually addressed as a reaction field. We address
the interaction between peptides and the closest water shells as
the “shell reaction field” (SRF). In the current paper, we
present an improved hybrid solvent scheme and details on the
use of explicit water shells with TIGER2h(+s) and REMDh-
(+s) applying either the Generalized-Born or Poisson−
Boltzmann implicit solvent models (see Figure 2A). In both
cases, the goal is to reduce the influence of implicit solvent-
driven exchanges to the resulting conformational ensembles
but to maintain the high computational efficiency. Importantly
for REMDhs, only a relatively small fraction of the water is
kept for the swap decision, and the approach still requires
significantly less replicas than conventional REMD. For
TIGER2hs in turn, the thermal fluctuations of the solvent
become noticeable with a high amount of water and scramble
the conformational ensemble as in the original TIGER2
approach. For avoiding the costly averaging as in TIGER2A,
the number of explicit water molecules must be small, but
should contain enough solvent effects to enhance accuracy. It
is therefore crucial to investigate the protein−water interface
and to provide applicable rules to select the solvation shell size.

2. METHODS
2.1. General Simulation Setup. Sampling methods are

compared here, as in our previous work,7 using the example of
the two model peptides, (AAQAA)3 and HP7. Both peptides
were capped with acetyl groups at the N-termini and protected
as N-methyl-amide at the C-terminal ends. The initial
structures of both peptides were straight strands. The α-helical
and the β-sheet peptide were contained in periodic simulation
cells with side lengths of 6 and 5 nm, respectively. These box
dimensions were large enough to suppress significant periodic
solute−solute interactions. Systems were built with Amber-
tools 16,26 and the Amber14SB force field1 was used. Water
was represented by the TIP3P water model,24 and total system
charges were neutralized by adding appropriate amounts of
sodium or chloride ions. All simulations were performed with
the NAMD 2.11 nanoscale molecular dynamics (NAMD)
simulation package27 and graphics processing unit (GPU)
acceleration, where possible. We created production-ready
implementations of all sampling methods, which are fully based
on NAMD’s TCL/MPI API and were derived from the
original REMD implementation shipped with NAMD 2.10
without modification of the NAMD source code (Appendix
C). The short-range cutoffs were set to 1 nm for van der Waals
(VDW) and Coulomb interactions, including a switching
function with a 0.1 nm region. Long-range electrostatics were
described by particle mesh Ewald (PME)28,29 with a 0.1 nm
grid spacing. The hydrogen mass repartitioning scheme30 was
applied by the ParmEd 2.4.0 utility26 to only the solute, and all
bonds lengths to hydrogen atoms were frozen applying the

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.9b03134
J. Phys. Chem. B 2019, 123, 5995−6006

5998

53



RATTLE constraint algorithm.31 By suppression of fast
hydrogen dynamics, the time step for MD could be extended
to 4 fs. During the sampling runs, the replica temperatures and
pressures were controlled by Langevin thermostats32 with a
damping time constant of 1 ps and Langevin piston barostats,33

where period and decay time constants were 100 and 200 fs,
respectively. The baseline temperatures, which are in fact the
physical temperatures of the folding peptides, were set to 280
and 270 K for the helix and sheet peptides, respectively. The
highest temperature was set to 600 K, which safely allowed the
escape of any state for both peptides studied. The respective
target pressure was set to 3 times the temperature-dependent
vapor pressure as obtained from the Antoine equation34 (A =
8.14019, B = 1810.94 °C, C = 244.485 °C: results in Torr). By
moderately enhancing the pressure with respect to the vapor
pressure, we suppress vapor bubbles but avoid a significant
increase of the liquid density. All sampling simulations
included a preceding energy minimization with a number of
time steps equivalent to a respective sampling cycle.
2.2. Continuum Solvent Setup. NAMD does not

support PB, and for the PB representation of implicit solvation
during the hybrid-solvent replica exchange step, the Sander
1626 program was applied on snapshots of sampling states,
taken out of NAMD at each cycle. Implementations of the
sampling methods in NAMD running without GPU could thus
be combined with PB by passing coordinate files of the peptide
and the respective discrete water molecules to the Sander
engine. It used an MDIN configuration file with the respective
settings providing single state energy calculations with infinite
cutoffs. Default settings for the PB solver35,36 included a water
permittivity of 80 and a zero fictive ion concentration. The
program does not support periodic boundary conditions
(PBCs) for implicit solvation. This is not relevant for the
energy evaluation as long as the implicit system is contained in
a single simulation cell.
The GB method is a fast approximation of PB. Here, its

implementation in NAMD was used for energy evaluations,
which was compatible with GPU acceleration.37,38 Changed
NAMD settings for the implicit solvent, with respect to the
explicit solvent calculations, included increased cutoffs of 1.6
nm for VDW and Coulomb to compensate the incompatibility
of PME with the implicit solvent. The default fictive ion
concentration and the water permittivity were set to 0.2 mol/L
and 78.5, respectively. A correction term proportional to the
solvent accessible surface area corresponding to an interface
tension of 0.005 kcal/(mol Å2) (3.47 mN/m) accounted for
nonpolar solvation effects.39 No periodic boundary conditions
were applied.
2.3. Shell Reaction Field (SRF). We implemented a

postprocessing protocol shell reaction field (SRF) for analyzing
interaction energies between the protein and its solvent shells
as a function of the shell size, utilizing NAMD’s pair-
interaction feature. Given a fully solvated ensemble trajectory,
the interaction energy is calculated for each nonbonded energy
component (Coulomb, VDW) separately with various sizes of
explicit solvation shells around the protein. Later, the influence
of the amount of water around the solute on the interaction
energies can be derived from time-averaged energies over shell
size or by connecting these energies to collective variables that
describe the solute states as, for example, dihedral principal
component (PC) analysis (dPCA).40 Hence, SRF allows one
to appreciate how different conformations would actually
respond to the presence of the explicit solvation during the

hybrid-solvent replica exchange approach (Appendices B and
C). We performed SRF calculations from the complete explicit
solvent TIGER2A ensembles of both peptides for VDW and
Coulomb interactions. Solvation shells ranged from 5 to 400 in
steps of five water molecules.

2.4. Radial Distribution Function (RDF) and Shell-
RDF. Modified radial distribution functions were analyzed by
an in-house TCL script, which is executed inside VMD.41,42

The distribution of the shortest periodic distances, of each
water oxygen atom to only its nearest solute atom, was
evaluated with bins of 0.005 nm and normalized to the number
of frames. The water molecules in each of these intervals form
shells around the peptide reflecting its shape. In the following,
these distribution functions are termed RDF.
For visualizing the coherence of closed water layers and SRF

energy decay, we transformed our RDF from a function of
distance to a function of water molecules around the solute,
termed shell-RDF. These distribution functions are therefore
different from the common functions g(r), where the relative
density g is plotted over the distance r from the protein surface.
Here, we define a second function n(r) of the number of water
molecules as a function of r and combine both to a function
g(n), where the relative density at distance r is plotted as a
function of the number of water molecules inside the shell with
thickness r. The function g(n) indicates in a simple way how
many water molecules are needed to fill up the first, second,
and third water layers. The histogram was transformed to the
mass density by normalizing them by the respective shell
volumes, which were obtained by utilizing the Voro++
software library43 and multiplying with the molar mass of
water.

2.5. Ensemble Analysis and Convergence. A compre-
hensive analysis of the ensembles generated by each method is
achieved by the dihedral principal component analysis
(dPCA)40 with two collective variables spanning the free
energy landscapes. The dPCA analysis was carried out by an
in-house code. A multidimensional space is spanned up, with
the number of dimensions being equal to the proteins’
torsional degrees of freedom, ϕ and ψ. By rearranging the data
with respect to the principal axes, the dimensions are reduced
to the most significant. It turned out that the two major
principal components, which cover around 25% of the internal
motions for the peptides in this study, were sufficient to
distinguish between different conformational states for the
analysis described here. Each peptide conformation is
unambiguously labeled by its values of these two principal
components v1 and v2 only, and a distribution N of baseline
states is obtained on a grid of v1 and v2 with a resolution of 50
× 50 histogram bins (25 × 25 for difference plots). Assuming a
Boltzmann distribution, the values of N are converted into
relative Gibbs free energies ΔG, yielding the folding-free-
energy landscape.

G k T N Nln( / )b maxΔ = − · (3)

We applied the principal axes derived from the respective
explicit solvent TIGER2A method to the ensembles created by
different sampling methods, making the state distributions of
two trajectories directly comparable. By comparing such
landscapes from different methods, the agreement between
their results and the completeness of the sampling are
apparent. These landscapes are averages over trajectories and
do not reveal a time history of convergence.
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Table 1. System Setups for All Sampling Simulations, Including the Implicit Solvent Model and Number of Explicit Water
Molecules Used with the Hybrid Solvent Schemea

hybrid solvent setups

(AAQAA)3 algorithm GB PB 10 37 74 100 150 330 Nr ts (ps) tq (ps) ta (ps) tt (ps)

TIGER2A 8 50 10 256 316
TIGER2h X X 8 20 10 30
TIGER2hs X X X X X X X 8 20 10 30

X X X X 8 20 10 30
REMD 80 20 20
REMDh X X X 8 20 20
REMDhs X X X 16 20 20

hybrid solvent setups

HP7 algorithm GB PB 14 43 86 100 150 330 Nr ts (ps) tq (ps) ta (ps) tt (ps)

TIGER2A 8 50 10 128 188
TIGER2h X X 8 20 10 30
TIGER2hs X X X X X X X 8 20 10 30

X X X X 8 20 10 30
REMDh X X X 8 20 20
REMDhs X X X 16 20 20

aRight columns contain the number of replicas, sampling, quenching, and averaging times Nr, ts, tq, and ta, respectively, and the total simulation time
tt = ts + tq + ta per cycle. The TIGER2 heating phase is included in ts. (Hybrid solvent simulations utilizing GB included an additional dummy
replica; details in Appendix A.)

Figure 3. (Top) Time-averaged SRF interaction energies between model peptides and solvent molecules as a function of the total number of water
molecules in the solvation shell, taken from the respective explicit solvent TIGER2A calculations. Both energy contributions (Eele, EVDW) first
decrease strongly with an increasing number of water molecules close to the protein and are finally strongly negative. For both peptides, also density
profiles for water molecules from modified radial distribution functions (shell-RDFs) are displayed. The maxima around 10, 40, and 250
correspond to the first three water shells around the peptide. Obviously, the decrease in energy is only very significant when filling up the first two
water shells (up to 150 molecules for these peptides). The vertical lines denote the shell sizes that have been tested with TIGER2hs. (Bottom) The
average electrostatic interaction energy Eele of the peptide states with the closest 330 water molecules from the same explicit solvent TIGER2A
ensembles is displayed as a function of the respective dPCA phase spaces. Similar colors correspond to values, which are about a factor of 2 lower
for the β-sheet HP7 than for the α-helix (AAQAA)3. A strong dependence of Eele on the peptide state is obvious. For the peak labels HA−HZ and
SA−SZ, we refer to Figures 4 and 5 for (AAQAA)3 and HP7, respectively.
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Hence, also the probabilities of major secondary structure
motifs were analyzed by the CPPTRAJ program44 from
AmberTools 16 software.26 The results serve as a metric for
the influence of the sampling methods on the state
distributions. Additionally, we applied the cumulative fraction
of the natural secondary structure motifs of the peptides
studied here to appreciate the convergence of the sampling.
While the ensembles are continuously traversed during the
ongoing simulation, the evolution of this measure approaches a
constant value, with increasing number of states. Additionally,
with comparable conditions, two simulations should approach
the same end value, which also allows one to compare the
accuracy between methods.

3. RESULTS AND DISCUSSION

3.1. Size of the Water Shell. Explicit solvent TIGER2A
simulations for both peptides according to Table 1 serve as
standard for the hybrid solvent methods. The conformational
ensembles resulting from TIGER2A were subjected to the SRF
protocol to determine the number of explicit water molecules
for the following hybrid simulations (see Figure 3, top). Along
with water density profiles from radial distribution functions
(shell-RDFs), the coherence of water structure and protein−
solvent interactions is accessible. Obviously, both VDW and
electrostatic intermolecular interactions asymptotically ap-
proach constant negative values for both peptides, surrounded
by increasing amounts of water. The VDW contributions do
not depend significantly on the peptide sequence. The value is
positive for small amounts of water molecules but then

decreases to a significant value. As may be expected, the
absolute values of electrostatic contributions are about a factor
of 10 higher than those of the VDW part. Most importantly,
the values for α-helical and β-sheet peptides differ by about a
factor of 2. This indicates that the shell reaction field may have
a significant influence on the balance between different
secondary structure motifs in a simulation. Consequently, a
specific treatment of the reaction field by the orientation
polarization of discrete solvent molecules may help improve
the precision of the calculations. As this contribution is
additionally strongly divergent for different conformations (see
Figure 3, bottom), it may modify the free energy landscape of
peptide conformations, as obtained by the hybrid-solvent
replica exchange scheme.
For REMDhs and both implicit models, we selected 330

water molecules as the shell size, which corresponds to the
major three water layers in the RDF. This caused a 2-fold
increase in the required number of replicas as compared with
REMDh. For TIGER2hs, the amount of water must be
carefully balanced for treating the solvation effects without
scrambling the state distribution by thermal noise arising from
a large amount of water. Here, determining a feasible shell size
is attempted on the basis of two different criteria (see Table 1):

(I) The shell-RDF (see Figure 3, top) indicates the first
three shells by maxima, and the amount of water is
chosen to include the first, second, or third shell. Hence,
simulations with the GB-based hybrid model of
(AAQAA)3 had 10, 100, 150, and 330 water molecules
and for HP7 shell sizes 14, 100, 150, and 330 molecules.

Figure 4. (Left) (AAQAA)3 dPCA free energy landscapes for full explicit solvent TIGER2A and for the GB-based hybrid solvent TIGER2 (see
labels). The colors denote the free energy in kJ/mol as obtained from eq 3. Bins without conformations were set to the highest free energy of 18 kJ/
mol (yellow). Representative peptide states HA−HZ are marked with dashed circles in the dPCA maps. The respective side views (insets) indicate
systematic over- and underestimation of regions along the principal components, which is strongly seen for TIGER2h without explicit water shells.
(Right) Illustration of representative protein states. (Bottom right) The time-averaged α-helix probability is shown (left) as an overall fraction over
time, demonstrating convergence, and (right) over the amino acid sequence.
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(II) Another criterion is to adjust the relation of the numbers
of degrees of freedom (DoF) for water motion to that of
the peptide vibrations, which yields a simple rule of
thumb for shell size selection, scaling with the protein
size. (AAQAA)3 and HP7 have 183 and 206 atoms each.
In principle, we have 3N − 3 internal degrees of
freedom; however, one stretching vibration of each
hydrogen atom to the bonded heavy atom is fixed, and
we obtain 444 and 512 DoF. Each water molecule in
solution has six external degrees of freedom, whereas the
internal ones are fixed. We ran TIGER2hs with the GB-
based hybrid model considering 74 or 86 water
molecules for the hybrid-solvent replica exchange step.
In a further simulation, the water DoF matched half the
solute DoF37 and 43 water molecules for (AAQAA)3
and HP7, respectively.

A reduced set of TIGER2hs simulations was done for the
PB-based hybrid scheme (see Table 1).
3.2. Helical Peptide (AAQAA)3. By explicit solvent

TIGER2A, we sampled a large conformational space (see
Figure 4, left). The dPCA plot shows a kite-shaped area with
distinct peaks corresponding to free energy minimum
structures. The sampling started from an unfolded state similar
to HZ. Along the states HD to HA, the α-helical content grows
from the N-terminal end, and along HG to HA, it grows from
the C-terminal end. The states in between, such as HH,
represent mixed structures containing breaks in the helix. HZ
denotes a large area of disordered and extended states,
connected by low energy barriers as seen from the PC1 side
view. The overall α-helix fraction (see Figure 4, bottom right,
left graph) shows sufficient convergence after about 300 ns

(see Table S1), and the probability by amino acid indicates a
maximum helicity of 35%. This is not consistent with NMR
results for 274 K of 55%,10 but simulated results may strongly
depend on the force field,45−47 and we rather use explicit
solvent TIGER2A data as a reference. The native state HA
consists of a full α-helix and is surrounded by large energy
barriers of at least 6 kJ/mol.
Here, we analyze the resulting ensembles for the hybrid

methods and compare them to the explicit solvent TIGER2A
approach, which we consider to be the best converged
approximation to the Boltzmann weighted ensemble in our
study. Results of the explicit solvent REMD for (AAQAA)3 are
shown in Figure S1 (Appendix A), which are in good
agreement.
Typical for methods including implicit solvents, as seen for

TIGER2h and the PC1 side view, the probability of less
ordered states is underestimated. This is also obvious from the
secondary structure content, which shows much higher
probabilities than the explicit solvent TIGER2A. This effect
was even more pronounced when using the implicit solvent for
the sampling as well.7 By stepwise introducing the Eele and
EVDW energy contributions as seen from the SRF energy (see
Figure 3), this effect should decrease. For the case of 10 water
molecules with TIGER2hs GB (see Figure S2, Appendix A),
the dPCA plot looks very similar to that of TIGER2h, just as
the α-helix probability. However, with at least 37 water
molecules (see Figure S2, Appendix A), the picture starts to
change, and the dPCA and secondary structure results
approach the full explicit solvent TIGER2A sampling. The
state probability changes from the typical decay toward HZ for
no and 10 water molecules, to a flat plane between 37 and 150
water molecules similar to TIGER2A. With increasing shell

Figure 5. (Left) HP7 dPCA free energy landscapes for the full explicit solvent TIGER2A and for the GB-based hybrid solvent TIGER2 (see labels)
as in Figure 4. Representative peptide states SA−SZ are marked with dashed circles in the dPCA maps. (Right) Illustration of representative protein
states. (Bottom right) The time-averaged antiparallel β-sheet probability is shown (left) as overall fraction over time, demonstrating convergence,
and (right) over the amino acid sequence.
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size, the typical trend of undersampling the extended states for
(AAQAA)3 disappears, and the results for TIGER2hs GB
within a bracket of 37−150 water molecules match the
TIGER2A data with remarkable agreement (see Figure S2,
Appendix A). Therefore, a particular number of water
molecules corresponding to the full first and second water
layers (see Figure 3) eliminates most of the influence taken by
the hybrid-solvent replica exchange step for this peptide. Only
after increasing the shell size to 330 water molecules, exceeding
the first two ordered water layers, the free energy landscape got
smeared out and a broad immersion around HZ could be seen
(see Figure S2, Appendix A). The dPCA plot shows that the
state ensemble is now dominated by thermal noise of the
explicit water molecules, as seen earlier for the original
TIGER2 approach without averaging.7 The PB approach needs
more computer time than GB but does not yield significantly
better agreement with TIGER2A (see Figure S3, Appendix A).
Without explicit water shells, the contribution of native-like
states was even more overestimated in TIGER2h PB compared
with GB. Only with TIGER2hs, conformational ensembles
obtained with PB are very similar to those obtained by GB.
3.3. β-Hairpin Peptide HP7. The TIGER2A simulation of

HP7 resulted in a diamond-shaped free energy landscape, with
a clear minimum at the native β-sheet structure SA (see Figure
5, left), which is surrounded by an energy barrier of about 5
kJ/mol. The secondary structure probability (see Figure 5,
bottom) shows the formation of an antiparallel sheet with a
turn on the sequence PATG. SZ on the other side of the
“diamond” is a random coil, and the intermediates SU/SV
represent misfolded sheets with a shifted turn. With about 1 μs
of baseline sampling time (see Table S2), almost 3 times the
sampling cycles were required to achieve sufficient con-
vergence, as compared with (AAQAA)3. This is consistent with
earlier observations that sheet structures require extensively
more time for convergent sampling.3 We did not attain a
sufficiently convergent full explicit solvent REMD simulation
for HP7 with our computational resources.
As seen before for (AAQAA)3, the native state is largely

overestimated in TIGER2h simulations without explicit
solvation shells (see Figure 5, left). The secondary structure
probability for antiparallel sheets is about twice as high
compared with TIGER2A, and states around SW and SZ are
rarely found. We showed previously that under pure implicit
solvent conditions, these β-hairpin structures would not form
at all. This example indicates that the description of ensembles
with β-sheets as in HP7 depends more sensitively on a realistic
solvent representation than that of the helix.
Consistently, small water shells in TIGER2hs GB for HP7

did not immediately result in better accuracy (see Figure S6,
Appendix A). Only after fully filling up the first and second
water layers (see Figure 3) with 150 water molecules was the
resulting state ensemble close to that of TIGER2A (see Figure
5, left). We therefore assume that the range of suitable shell
sizes is narrower for HP7 than for the helical peptide.
Interestingly, no sampling setup with the PB continuum model
reproduced the results from the explicit solvent TIGER2A (see
Figure S7, Appendix A).
3.4. Overall Improved Accuracy. We compare the

accuracies of TIGER2hs and TIGER2h to that of TIGER2A
by subtracting the conformational dPCA landscapes of the full
explicit solvent from the respective hybrid solvent simulations
for both peptides (see Figure 6). Previously, regions away from
the native state were poorly scanned during the TIGER2h

simulation and appear dark blue in the plots. Now, the
agreement is much better for both peptides. Obviously, the
solvent effect is described to a sufficient extent in the hybrid
exchange scheme by adding explicit solvation shells around the
peptides. As mentioned above, we assume that several effects
are described better by an explicit solvent model than by an
optimized implicit approach. The overstabilization of salt
bridges or unnatural geometries should be cured by the first
water layer, already providing H2O molecules, which are
integrated into the solute structure. As shown above, the
solvent polarization will generally contribute high and
conformation-dependent energies. A sufficiently precise
description of this effect affords a comparatively high number
of water molecules in multiple layers. Consequently, consistent
and accurate sampling was achieved for both peptides only
when the explicit shell completely included the first and second
water layers around the protein, as obtained by RDF data
rather than by balancing solute and solvent DoF. Molecular
dynamics studies of water on interfaces have shown that these
layers are rather ordered and rigid and that their properties
differ significantly from bulk water farther away from the
solute.48−50

For a wider application of the advanced hybrid-solvent
replica exchange scheme with explicit water shells, it will not be
possible to determine the optimum number of solvent
molecules from thorough thermodynamics calculations as
done here (see Figure 3), especially if the final state is

Figure 6. Differences of dPCA free energy landscapes to the full
explicit solvent TIGER2A illustrates the accuracy gain achieved by
adding explicit water shells in TIGER2hs. The same principal
components (explicit solvent TIGER2A) are used to analyze the state
ensemble of each method, increasing ΔG with respect to the most
probable conformation and subtracting the resulting free energy
landscapes from each other. If states are overestimated with respect to
TIGER2A, a scaling from red to white appears. In cases of
underestimated states, the areas scale from blue to black. A perfect
agreement results in zero difference and is displayed in green. The
assignment of representative structure peaks corresponds to Figures 4
and 5. While a typical underestimation of unfolded states around HZ/
SZ is visible for TIGER2h, the agreement between the explicit solvent
TIGER2A is best for TIGER2hs GB and 150 water molecules.
TIGER2hs allows one to sample at an accuracy level close to that of
TIGER2A with strongly reduced computational resource usage.
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completely unknown. We suggest estimating the shell size
before the proper TIGER2hs simulation by a short MD
simulation under the same baseline conditions and taking RDF
profiles from this trajectory. This simulation will start from
either unfolded or homology modeled conformations and will
not capture a large conformational space. Selecting the shell
size from such MD simulations can thus potentially lead to a
large error in yielded shell sizes. We have performed additional
RDF analysis, where we have split the respective TIGER2A
ensembles along the first principal component, to assess if
different conformations raise significantly different shell size
suggestions for TIGER2hs, by the described procedure (see
Figures S4 and S8, Appendix A). The number of explicit water
molecules is to be selected by the center of the RDF dip
between the second and third water layers. Therefore, native
states for both peptides would yield around 150, the average
structure around 170, and an extended state around 200 water
molecules. This procedure is presented in detail in Appendix B,
and basic computational tools are contained (for example, for
the RDF analysis) in Appendix C. After some initial sampling
with TIGER2hs, the initial shell size may be tuned by analyzing
the RDF of the preliminary state ensemble. This initial phase
would simply be discarded for later analysis, which may
anyway reveal as reasonable in typical replica exchange
sampling simulations. The SRF evaluation can be applied to
the final ensemble to check if the solvation effects were
sufficiently captured by the chosen shell size (see Appendices B
and C).

4. CONCLUSIONS
The sampling method TIGER2h was presented in a previous
study as a significant acceleration with respect to TIGER2A in
an explicit solvent. TIGER2h is a hybrid method, where
sampling molecular dynamics simulations are performed under
accurate explicit solvent conditions and only the replica
exchanges are driven by continuum solvent energies. As the
number of replicas is freely chosen in TIGER2h and due to the
global and multiexchange pattern, TIGER2h sampling is very
efficient and converges fast. However, the hybrid solvation
scheme left a footprint on the resulting state distribution, and
this issue is addressed in the present study. A significant
strongly negative electrostatic energy contribution arises from
the interaction of the protein with its hydration shell, and this
is not represented by common implicit solvation models. We
assign these energy contributions mainly to orientation
polarization of the explicit water molecules around the protein,
which shields off its surface charge. As may be expected, this
SRF energy is smaller for the compact native fold than for
extended conformations. In an implicit solvent, this energy
contribution is omitted, and certain states and areas of the
conformational landscape with low polarization energies are
artificially over-represented in the state ensemble. On the other
hand, in areas with strongly negative contributions, equivalent
peptide configurations yield much higher energies in implicit
than in explicit solvents, and this means that the contributions
of these configurations to the dPCA pattern are under-
estimated in the implicit solvent energy evaluation of
TIGER2h. Not only does this blur the relative probabilities
of certain protein states, but it may also prohibit the
exploration of the actual native fold for more complex
sequences than the short peptides studied here.
In TIGER2hs, we addressed this issue by characterizing

distinct solvation shells by radial distribution functions around

the protein and included the most significant part of the
protein−water interface into the hybrid solvent approach.
Consequently, the accuracy of TIGER2hs is improved
significantly with respect to TIGER2h at an even improved
computational efficiency with a lower, that is, better,
benchmark factor (see f b in Tables S1 and S2, Appendix A).
Similar hybrid approaches were derived earlier from REMD,

but they were not analyzed so far for a consistent setup of test
systems what the actual effects of explicit water shells and
different continuum models are. We have established a
comprehensive methodology and obtained unsatisfying results
from REMDhs (see Appendix A) since we found no setup of
the hybrid solvent that gave accurate results for any of the two
peptides. In all cases, there was still a large influence of using
an implicit solvent model for driving the exchanges of replicas,
and we attribute this to a missing adaption of the applied
continuum models to temperature variations. In our previous
study,7 the hybrid solvent approach in TIGER2h without water
shells gave better results than REMDh as replicas were
compared by the MSC at the same, rather than at different,
temperatures. By adding explicit water layers in REMDhs, the
method better converges to REMD, but the temperature
problem of the implicit solvent persists and seems to prevent
the hybrid method from fully converging to REMD or
TIGER2A results. We suggest testing a temperature-aware
continuum model such as 3DRISM.5151

While REMDhs is intrinsically immune to thermal noise of
the explicit solvent shells, TIGER2hs is sensitive to the number
of water molecules, and a consistent approach for selecting a
suitable shell size is of crucial importance. By considering the
first and second major water layers around both peptides
studied, TIGER2hs reproduced accurately the thermodynamic
ensemble of full explicit solvent TIGER2A sampling and did
not suffer from solvent noise. Only after filling up the third
water layer with a mobility presumably approaching that of
bulk water was the conformational sampling dominated by
thermal noise of the energy fluctuations in the solvent. The
required RDF analysis is described in a respective tutorial, and
tools are supplied in the Supporting Information, together with
the implementation of TIGER2hs and example setups for
(AAQAA)3 (see Appendices B and C).
It is not clear why GB- and PB-based continuum models

responded very differently to explicit water molecules around
the solute. GB is the preferred choice, as PB is much slower
than GB, but thermodynamic ensembles were not better
reproduced. Our results may also indicate advantages of
polarizable continuum models, which are currently not
considered for nonpolarizable force fields.
A production-ready implementation of TIGER2hs is

presented, which yields remarkable accuracy gains over the
former TIGER2h. We think TIGER2hs is a favorable sampling
algorithm that enables accurate ab initio folding simulations
and enhanced sampling for larger systems, previously
inaccessible to REMD. Conformational sampling of proteins
and protein modules up to ∼100 residues is reasonable to us.
Beyond this limitation, it is not clear if the same assumptions
regarding the solvation shell size still hold. This is because the
hybrid solvent approach assumes a representative selection of
the shell size for all conformations of one peptide, and this may
be difficult for larger proteins that have a higher variability in
solvent-excluded surface areas between states. On the other
hand, sampling the entire phase space of such a large system
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may anyway be unreasonable as spontaneous self-folding is not
expectable within a reasonable simulation time.
To date, TIGER2hs represents a next-generation sampling

algorithm, suitable and scalable to run on large computing
facilities or even on conventional GPGPU-enabled personal
computers (general purpose computing on graphics processing
unit).

5. OUTLOOK
TIGER2hs, as a general enhanced sampling method, has many
applications in fields where REMD simulations are too
expensive, and less accurate replica exchange algorithms like
implicit solvent REMD were applied. These fields include
problems like sampling of intrinsically disordered peptides,
protein conformational transitions, protein structure refine-
ment, configurations of peptides adsorbing to surfaces, induced
fit molecular docking, and enhanced sampling in multidimen-
sional methods such as umbrella sampling or free energy
perturbation. We plan to look into the application of
TIGER2hs on more peptides and investigate the benefit of
using more replicas on convergence. An automated or adaptive
selection and tuning of the explicit solvation shell size may also
simplify and extend the application of TIGER2hs in the future.
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Abstract: Transcription factors play a crucial role in regulating biological processes such as cell
growth, differentiation, organ development and cellular signaling. Within this group, proteins
equipped with zinc finger motifs (ZFs) represent the largest family of sequence-specific DNA-binding
transcription regulators. Numerous studies have proven the fundamental role of BCL11B for a
variety of tissues and organs such as central nervous system, T cells, skin, teeth, and mammary
glands. In a previous work we identified a novel atypical zinc finger domain (CCHC-ZF) which
serves as a dimerization interface of BCL11B. This domain and formation of the dimer were shown
to be critically important for efficient regulation of the BCL11B target genes and could therefore
represent a promising target for novel drug therapies. Here, we report the structural basis for
BCL11B–BCL11B interaction mediated by the N-terminal ZF domain. By combining structure
prediction algorithms, enhanced sampling molecular dynamics and fluorescence resonance energy
transfer (FRET) approaches, we identified amino acid residues indispensable for the formation of
the single ZF domain and directly involved in forming the dimer interface. These findings not only
provide deep insight into how BCL11B acquires its active structure but also represent an important
step towards rational design or selection of potential inhibitors.

Keywords: BCL11B; CCHC zinc finger; homodimerization; protein folding; protein-protein docking;
replica-exchange molecular dynamics; TIGER2hs; TIGER2h

1. Introduction
1.1. Role of BCL11B

The BCL11B gene encodes a Krüppel-like, sequence-specific zinc finger (ZF) transcrip-
tion factor that acts predominantly as a repressor. It executes its function via interactions
with various chromatin modifying proteins and complexes leading to creation of a tran-
scriptionally inactive environment. The catalogue of the BCL11B interacting proteins grows
continuously and includes both Zn2+- as well as NAD+-dependent histone deacylases
(HDACs, sirtuins), HP1α, methyltransferases (SUV39H1) or retinoblastoma associating
proteins (RBBP4 and RBBP7), among others [1–6]. Despite the repressive nature of most
BCL11B-containing complexes, activation of certain signaling pathways such as mitogen-
activated protein kinases (MAPK) or phosphoinositide-3 kinases (PI3K) may lead to initia-
tion of a composite sequence of posttranslational modification and conversion of BCL11B
from a repressor into a transcription activator at the same regulatory elements [7–9].
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The expression of BCL11B has been detected in a variety of tissues and its importance
for their normal development and function was established by various knockout models in
mice. BCL11B loss during embryogenesis results in an incorrect structure and function of
various organs and tissues of the central nervous system, skin, mammary glands and lym-
phoid compartment [10–15]. The relevance of the gene in humans was recently confirmed
by a discovery of the first germline de novo mutations in BCL11B locus [16]. The single het-
erozygous substitution (N441K) in the second CCHH zinc finger domain led to a variety of
abnormalities, including severe immunodeficiency resulting from disrupted hematopoietic
stem cell migration and arrested T-lineage development. Further developmental defects
were observed in skin, bones and neuronal tissue accompanied by mental retardation.

In contrast to severe and frequently lethal abnormalities observed in constitutive
BCL11B knockout models, tamoxifen-inducible, CRE-lox mediated excision of the floxed
Bcl11b locus in adult animals resulted in mild but intriguing outcome [17]. The lack of
BCL11B expression appeared not to have any detrimental effect in most tissues except for
the lymphatic system. Here, BCL11B ablation caused the reprogramming of T lymphocytes
into cells functionally resembling normal cytokine activated NK cells (iTNKs). Remarkably,
iTNK cells demonstrated superior proliferative capacity and potently eliminated tumor
cells in vitro and in vivo. Provided the findings can be reproduced in human T lymphocytes,
iTNK cells might represent a potential source for cellular therapies against cancer.

The vital role of BCL11B in developmental processes makes alterations of this gene
responsible for a variety of pathologies. Interestingly, both loss of function mutations as
well as elevated expression were reported to be associated with disease development, even
within one disease entity. It has been reported that approximately 10 % to 16 % of T cell
acute lymphoblastic leukemia (T-ALL) cases carry mutations altering the DNA-binding
properties of BCL11B [18]. Along with the similar findings in mouse γ-radiation induced
T cell lymphomas [19,20], the recurrent genetic lesions de-activating BCL11B function
strongly indicate a tumor suppressor function of the gene. However, the majority of
T-ALL and other malignancies originating from BCL11B-positive tissues, such as head and
neck squamous cell carcinomas (HNSCC), Ewing sarcomas or neuroblastomas (NBs) are
characterized by elevated expression of non-altered gene ([21,22], unpublished observation).
Moreover, we and others showed that high BCL11B levels are critical for prevention of
apoptosis and accumulation of DNA damage in malignant T-cells [23–26]. This observation
could be extended to other tumor types including HNSCC and NB.

Previously, we reported the identification of a novel atypical zinc finger domain
(CCHC-ZF) functioning as a dimerization interface of BCL11B. This atypical zinc finger do-
main and its dimer formation were shown to be critically important for efficient repression
of the target genes and BCL11B function [27].

1.2. Enhanced Molecular Dynamics Simulations

Ab initio simulations of protein folding and aggregation can be realized by modern
enhanced sampling methods and have proven to be a useful tool for structure prediction.
One of the most common methods describes temperature replica-exchange simulations
(T-REMD), also known as parallel tempering. Multiple copies of the system are simulated
simultaneously at different temperatures and frequently attempt to exchange their tem-
perature based on the Metropolis sampling criterion (MSC). The simulation on higher
temperatures increases the kinetic energy, which effectively reduces energy barriers be-
tween states and enhances the transition times between conformations in local minima.
Connecting the state distributions at different temperatures by the MSC results in a guided
random walk in the potential energy space for replicas and a Boltzmann distribution of
states on all temperatures.

T-REMD simulations are considered accurate [28,29] and reliable if the system is
simulated under valid conditions, i.e., explicit representation of solvent. With largely
increased degrees of freedom due to the solvent molecules, the number of replicas required
for sufficient exchange rates in T-REMD skyrockets quickly with increasing size of the solute.
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As a result, computational cost becomes the major downside of T-REMD simulations, even
for small biomolecular systems.

In the past, different variations of replica-based algorithms were developed to tackle
this problem. One of them is Temperature Intervals with Global Exchange of Replicas
(TIGER2) combined with a hybrid solvent scheme (TIGER2hs) [30,31]. It closely resembles
the T-REMD approach, with two important exceptions: Prior to the exchange attempts,
all replicas are cooled down to the baseline temperature in TIGER2hs. Exchanges are
attempted between the current baseline replica and the other replicas in ascending order of
their position on the temperature ladder. In contrast, exchanges in REMD are attempted
only for neighboring replicas in temperature space. Secondly, in TIGER2hs the bulk water
is replaced by a continuum model (e.g., Generalized Born) and only the first two water
shells and the solute atoms are included for the potential energy calculations that drive the
exchange decisions. By removing noise in the potential energy arising from fluctuations in
the bulk water, the number of replicas is drastically reduced. Additionally, by accepting
multiple conformations to the baseline ensemble of states at each cycle, a significant
reduction in convergence time can be achieved. As the solute is only embedded into an
implicit solvation for the exchange decisions, the accuracy of the sampling with explicit
solvation is retained.

1.3. Zinc Finger Proteins in Force Field-Based Simulations

Metal ions are crucial for the structure and function of around 30% of all proteins found
in humans. Unfortunately, the nature of coordinative bonds makes it a challenging task
to correctly represent them in molecular mechanical simulations. Especially for protein
folding simulations, binding to the metal ion includes deprotonation, charge transfer
and polarization of ligand residues. Such effects require dynamic topology and charge
adjustments, which are typically not available in simulations with classical protein force
fields. Parameters for metal ions can be roughly divided into bonded and nonbonded
ones, where the simplest is a single point charge particle as often used for monovalent
ions. Sakharov and Lim proposed a method for zinc finger proteins, where the charge
transfer effect is calculated depending on a linear function of distance r between metal and
coordinating ligand atom [32]. Based on that scheme, we also extended NAMD version 2.13
to support single charge adjustments within Tcl scripts and performed multiple simulations,
using the equation variables from Li et al. but all attempts remained unsuccessful (data not
shown) [33].

Chang et al. investigated possible pathways of the folding of zinc finger proteins.
They used a method that could be described as molecular dynamics simulations of the
unfolding process. Chang et al. came to the conclusion that the CXXC motif and the
corresponding β-sheet fold first, and afterwards become stabilized by zinc ion binding [34].
This is consistent with the CXXC loop folding mechanism, which is guided by backbone
hydrogen bond interactions with the cysteine thiol groups [35]. We also attempted ab initio
protein folding simulations with different lengths of the β-sheet forming residues with
and without zinc ion (data not shown). The β-fold could only be observed without metal
ion but no defined minimum structure could be obtained, supporting the assumption of
a distinct order for each individual folding step of the overall structure that could not be
achieved with the applied charge transfer scheme.

To overcome these issues, we performed a multi-stage structure prediction with
multiple in silico methods. By first predicting the core zinc finger structure via homology
modeling, followed by an optimization step, we were able to use a bonded model for
the zinc complex during the subsequent enhanced sampling MDS (molecular dynamics
simulations). Sampling only a local conformational space around an initial homology
model, as well as the optimization of dimer models were earlier successfully demonstrated
with TIGER2hs [36].
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2. Results and Discussion
2.1. Homology and Loop Modeling

To overcome the aforementioned problems with metal ions in force field-based sim-
ulations, the initial structure was generated using a two-stage homology modeling and
refinement approach. Due to the rather unique sequence and atypical length of 14 amino
acids between C61 and H76, no high-quality templates were available. Structural alignment
of other known CCHC zinc fingers unveiled common motifs (Figure 1A,B). A β-sheet,
starting from the N-terminal side, containing the first two zinc binding cysteines, followed
by a variable length loop and a short α-helix. The stabilizing hydrophobic core is formed by
at least two hydrophobic residues after coordination of histidine to the zinc ion. The overall
ββα fold is therefore similar to classical DNA-binding zinc fingers [37].

Figure 1. (A) Multiple sequence alignment of known CCHC-ZF with important residues highlighted
in purple and light green. (B) Structural alignment shows a high degree of similarity and the classical
ββα-fold for all of them. (C) Final model after homology modeling, loop refinement (orange) and
replica-based protein folding simulations (green).

Since the tetrahedral geometry of the zinc complex is rather fixed, the orientation
between the β-sheet and α-helix is constrained. Both structural motifs were therefore
used for homology modeling separately and reconnected afterwards through de novo
linker/loop modeling (Figure 1C), resulting in a more coherent model than full size homol-
ogy modeling only.

Beside the hydrophobic core formed by F65 and F73, residue K77 is also crucial for
stability. It is known that adjacent positively charged residues facilitate thiol ionization by
decreasing the pKa value [35], which could also be confirmed by K79A mutants (Section 2.4).
Binding of histidine to the zinc ion results in a polarization of the imidazole ring and is
possibly enhanced by a hydrogen bond to the Q80 sidechain amide which requires an
α-helical fold. Although this interaction affects the metal complex [38], Q80A mutants have
proven that it plays a subordinate role.
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The CXXC motif typically forms a β-turn, even in metal-free proteins, due to hydrogen
bond interactions with backbone carbonyl oxygen atoms. A similar fold of the CGQC motif
from BCL11B can be found in cereblon isoform 4 from Magnetospirillum gryphiswaldense
(PDB: 4V2Y). Altogether the structural alignments and secondary interactions are a strong
indication for the ββα-fold.

2.2. Model Extension and Monomer Conformational Sampling

Although the ββα-fold can be predicted from other known CCHC zinc finger proteins,
we assumed that the short hydrophobic SGLGLMVGG motif on the N-terminal side could
round off the overall structure and stabilize a putative dimerization interface (Figure 1C).
Since this region is often flexible and typically not resolved in NMR or crystal structures,
no suitable templates are available at this time. The structure obtained from the homology
and loop modeling, was extended by simply adding these additional N-terminal residues
as disordered coil.

To resolve this N-terminal structure and to refine the overall homology modeled core
structure, we sampled nearly one microsecond of simulation time using the TIGER2hs
replica-exchange algorithm. Weak secondary structure restraints were applied as harmonic
potentials on hydrogen bonds for the α- and β-folded regions to preserve the previously
determined core structure of the zinc finger motif. A reduction of the conformational
degrees of freedom at the core hydrophobic region also avert insurmountable energy
barriers from large structural changes, trapped by zinc coordination in the applied bonded
model. Nevertheless, all residue sidechains were left flexible to allow optimizing the
structure of the previous step. This facilitated rearrangements in the hydrophic core and
the linking loop region in explicit solvation (Figure 2) to obtain further insights of the F65
and L67 orientation and possible contribution to dimerization.

Figure 2. (top left) Free energy landscape obtained from TIGER2hs sampling and dihedral principal component analysis with global
minimum (A) from different angles and other common structures (B–G) with different loop conformations colored in green. The initial
homology modeled structure is highlighted by a blue star on the heatmap.

The added N-terminal sequence revealed two short helical motifs, separated by a
flexible GGP coil. Both are stabilized by hydrogen bonds to D54, R78 and ionic interactions
of D52 and K77. Additional interactions with S84 could be observed during the simulation.
The hydrophobic core is enclosed by L44, M47, V48 and P53, while shaping a distinct
hydrophobic surface on the bottom side (Figure 3).
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Figure 3. (right) Free energy landscape obtained from principal component analysis of pairwise
atom-atom distances from TIGER2h ensemble. The starting structure is highlighted by a blue star on
the heatmap, while a white circle highlights the global minimum. (bottom) Global minimum dimer
configuration. (left) The magnified region depicts the binding interface of both monomers with their
corresponding residues colored in green and orange, respectively.

2.3. Dimer Protein-Protein-Docking and Refinement

The protein-protein-docking algorithm as implemented in Molecular Operating En-
vironment (MOE) uses the popular fast Fourier transform approach (FFT docking) with
coarse-grained representation of residues. It allows an exhaustive search of the docking
space with low computational efforts [39]. However, major drawbacks of the FFT docking
are that protein flexibility and solvation effects are only taken into account to a limited
extent. Especially for small, highly dynamic proteins such as this zinc finger motif, near-
native structures are hardly obtained. A combination with molecular dynamics simulations
can solve this issue but depends on the preselection of docking poses and they can be easily
trapped in local minima.

Hence, we rely on a different approach here and the FFT docking only aimed to
provide a good starting structure for the subsequent replica-exchange MDS with TIGER2h,
as this may reduce the sampling time of the protein complex formation in solution. Only
a low number of replicas were necessary to efficiently explore the dimer interactions.
The maximum temperature of 450 K was sufficient and could be probably further reduced
for fine controlled diffusion on the temperature space, similar to an increased number of
replicas in T-REMD. Backbone dihedral restraints allowed rigid body-like sampling with
flexible sidechains, to allow dimer pose explorations with simultaneous local structure
optimizations and adaptations.

The initial pose from FFT docking was selected by visual inspection with focus on
symmetry. Both monomers had some kind of linear orientation to each other and main
interactions at the hydrophobic side of L44, L67 and I70. Since this was only performed
to improve the starting conditions for the replica-exchange simulation, only a single pose
was selected.
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After around 90 ns of TIGER2h simulation, a distinct minimum could be obtained
with an energy barrier of >2.5 kcal mol−1 on the free energy landscape. The orientation
had changed nearly to a right angle between both α-helical structures, while increasing the
total interface surface and remaining highly symmetrical. Further hydrophobic interactions
were now formed also by M47, L71 and I74.

We also performed TIGER2h simulations on larger oligomeric complexes such as
tetramers (data not shown) but no apparent conformation was found so far. It is still not
clear if these also exist and should be investigated in future studies.

2.4. Residue Importance by FACS-FRET Measurements

To get further insights on how individual residues affect the zinc finger dimerization,
a wide range of mutants were constructed and experimentally screened via FACS-FRET
assay. Figure 4A shows a summary and the corresponding in silico alanine scanning results
obtained from our model. Of the zinc binding residues only H76 and C81 were mutated.
Although C81H probably just resembles a CCHH type ZF, C81A shows dimerization only
with WT. A partial disruption of the metal complex may result in a ZF-like motif with
intact α-helix, where most of the interacting residues are located. This could be sufficient
to form a stable protein-protein complex, especially if the lack of ligands is compensated
by adjacent residues. Similar effects appear when mutating K77 to alanine. It has been
reported by Kluska and others that thiol ionization (deprotonation), can be promoted by
neighboring positively charged groups. Thus, the positively charged lysine sidechain is
critical for thiolate formation due to inductive effects, resulting in decreased pKa value of
the thiol group. For CCCC constructs such as H76C, the number of protonated cysteine
residues is increased at physiological pH [35], which disfavors metal coordination.

Of the hydrophobic core residues F65 and F73, dimerization was only observed for
F65A constructs, presumably due to the atypical loop length and compensating effects
with other residues such as L67. The residues D54, L55 and L56 are stabilizing the β-fold,
the hydrophobic core and the interaction interface in our predicted model. Mutation of
these residues to alanine therefore negatively affects folding and binding. L67A, I70A and
I70A mutants all abolish dimerization with itself or wild-type and hence they seem to
be more exposed, we expect them to be directly involved in binding. This hypothesis is
also supported by mutations of M63, L71 and V72 to alanine, as well as positively and
negatively charged residues. For L71A, the in silico alanine scanning predicted the largest
change in affinity (∆A) and a medium change in complex stability (∆SC), which seems
rather overestimated from a structural point of view, since it is at the outer edge of the
binding interface.

The charged residues E75, R78 and K79 might enhance the α-helix folding or stability
but they are not important for the dimerization as observed by several mutants. Therefore, it
seems reasonable to suppose that the binding is directed by hydrophobic interactions only.

Our predicted model revealed residues such as L44 or M47 that might be directly in-
volved in the binding interface. We therefore truncated the protein at the N-terminal
side to the shortest possible length and observed that the ββα-fold is still sufficient
for dimerization.
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Figure 4. (A) (bottom) Summary of all experimental residue mutations colored by their effect on dimerization (red/orange:
mutations prevent dimerization, green: mutation to alanine does not affect dimerization, purple: metal-binding residues).
The bar charts (top) are the normalized changes in energy from in silico alanine scanning for monomer (∆SM) and complex
(∆SC) stability, as well as affinity (∆A). Higher values mean a negative effect on both parameters. (B) Excerpt of key
mutations and their dimerization potential to itself and wild-type. Purple crosses denote selected mutations for further
protein-protein docking simulation with TIGER2h. (n.d.: not determined). More information can be found in Supplementary
Materials.

2.5. Dimer Protein-Protein-Interactions of Mutants

The results from experimental mutations pointed out the crucial residues for dimer-
ization. However, besides the metal-binding residues, the positively charged K77 and
the hydrophobic core forming F65 and F73, it is not clear whether the dimerization itself
or just the monomer folding is affected. Therefore, we selected a few variants for addi-
tional replica-exchange simulations. Among them, especially those where residues found
to be directly involved in interaction and no FRET signal was observed. To avoid new
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expensive folding simulations, the shortest possible construct that still shows dimerization
in the FACS-FRET assay was used (starting from D54). From our predictions, this only
includes the ββα-fold without any adjacent residues. Leaving the backbone of the first two
N-terminal residues unrestrained still allowed a slight flexibility.

Since the TIGER2h simulations have proven to exhaustively explore the dimer config-
uration space, no inital FFT docking was performed for the mutants. Instead, we simply
truncated the final model obtained from the prior sampling at the N-terminal region and
mutated the amino acids. A total of five mutants (highlighted in Figure 4B) and the short
wild-type construct were selected. The latter was used as reference for comparison since
some of the predicted interacting residues of the full-length zinc finger were missing now.

As shown in Figure 5 a clear minimum complex structure is preserved for the truncated
wild-type construct, even though it is less stable than the full-length zinc finger protein.
The orientation and binding interface of both monomers is similar, while residues such
as I70 and I74, which were important for stabilizing the interface in our predicted model,
are now directly involved in binding. Main interactions are driven by the hydrophobic
residues L67, I70, L71, I74 and at least to some extent L55 and F73. The experimental
mutations also have substantiated their importance for dimerization (Figure 4).

Figure 5. Free energy landscapes obtained from TIGER2h protein-protein docking simulations for
selected mutants, marked in Figure 4. The circle highlights the minimum wild-type structure based
on pairwise backbone atom distance PCA, and is shown above. Similar structures appear at similar
spots on the conformational landscape, due to injection of the WT principal axes for also the mutant
constructs. Interface residues and orientation of the truncated wild-type conformation is similar to
the full-length zinc finger protein (Figure 3) and was used as reference.

Although for L71A|V72A only a medium FRET signal was observed, L71D|V72D
mutations apparently does not affect the dimerization and a wild-type-like binding mode2
could be obtained to a significant extent. The V72D residue does not participate in any
direct interactions and is simply solvent exposed but L71D is bridged to itself via water
molecules or sodium ions, which stabilizes the protein-protein interface. For the remaining
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mutants, the WT-like conformation was sometimes found in the ensemble with variable
proportions, but they were not stable enough to result in a meaningful minimum structure
with distinct energy barriers. Hence, the calculations are in a good agreement with the
experimental FRET results.

3. Conclusions and Perspectives

In this study, we identified the molecular basis for homodimerization of the N-terminal
CCHC zinc finger domain of BCL11B, which is mainly driven by the hydrophobic residues
L67, I70 and I74. The combination of homology modeling and replica-based protein folding
simulations, unveiled a classical ββα-fold for the core region and small adjacent helical
structures that build up and stabilize a distinct binding interface, which can be targeted by
small molecule inhibitors or different approaches such as stapled peptides. The unique
sequence and association of BCL11B with a wide range of diseases, makes it a promising
target for novel drug therapies.

The identification of individual residue contributions via FACS-FRET assay was
a useful tool to verify the computational models and to obtain further insights on the
tertiary and quaternary structure of the CCHC zinc finger motif. Subsequent simulations
of various mutants could be specifically selected and are in a good agreement with the
experimental data.

To our knowledge, this is the first attempt to apply the hybrid solvent replica-exchange
algorithm TIGER2h for protein-protein docking. Our results show significant advantages
compared to the classical FFT docking approach, with manageable computational costs.
Using this method, we were able to extensively sample a vast number of possible states
in explicit solvation, without dependence on coarse-grained representations or scoring
functions. Fine-grained and adaptive control of restraints allow flexibility to any de-
sired extent. Future studies should investigate the application and scalability on other
protein complexes.

4. Methods
4.1. Homology and Loop Modeling

All calculations were performed using the Molecular Operating Environment (MOE)
version 2019.01. The NMR structure of the ninth FOG-type CCHC zinc finger from Ush
(zinc finger protein U-shaped) was taken from the RCSB database (1FU9) [40] and prepared
using QuickPrep. The target sequence of BCL11B, ranging from L55 to S84, was aligned
on the template sequence, with all metal-coordinating residues constrained. A total of
three main chain models were calculated at a temperature of 300 K, with each having ten
sidechain models. The final homology model was minimized after applying AMBER ff14SB
parameters [41].

To optimize the loop region between the α-helix and β-sheet (F76-I70), all residues
were removed and reconnected again by linker modeling. The resulting structure was then
optimized through loop modeling using a de novo search and knowledge-based approach.
Overall, 10,000 loop conformations were generated and sorted according to their score
value. The top 15 conformations were visually inspected and submitted to sidechain
prediction and minimization. Since the resulting structures were largely equal, only the
top scoring conformation was kept for further simulations.

4.2. Simulation System Preparation

The structure obtained from loop modeling was further extended by adding 13 residues
at the N-terminus (SGLGLMVGGPDPD) and capping groups (acetyl, N-methyl-amide)
on both ends, respectively. Protonation was refined by Protonated3D (MOE 2019.01), fol-
lowed by a constrained minimization to remove any steric clashes. AMBER ff14SB and
Zinc AMBER Force Field (ZAFF) parameters [42] were set by tLeap (AmberTools 16) [43].
The total system charge was neutralized by adding appropriate amounts of sodium ions.
Water molecules, represented as TIP3P model, were added to a cubic simulation cell with
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side lengths of 6 nm. Hydrogen mass repartitioning was applied by ParmEd 3.1.0 to enable
a 4 fs timestep [44].

4.3. General Molecular Dynamics Setup

The molecular dynamics simulations were performed using NAMD 2.13 [45] with
the same settings throughout all simulations. Short-range interaction cutoffs for van der
Waals (vdW) and Coulomb interactions were set to 1.0 nm with 0.1 nm switching functions,
while long-range electrostatic interactions were described by the particle mesh Ewald
method (PME). Bond lengths to hydrogen atoms were constraint by the RATTLE algorithm.
Temperature and pressure were controlled by Langevin thermostat with 1 ps−1 damping
and Langevin piston barostat at 100 fs period and 200 fs decay time.

4.4. Monomer Conformational Sampling

Folding simulations were based on the TIGER2hs enhanced sampling method and
implemented using the genuine code from reference [31].

Prior to the replica-exchange simulation, the hydration shell size for the hybrid solvent
energy evaluation was determined. After an initial minimization of 50,000 steps, the system
was equilibrated for 400 ps NVT and NPT, each. During the production phase of 10 ns,
snapshots were collected every 2 ps. The respective radial distribution function for water
oxygen atom to their nearest solute atom was evaluated in bins of 0.005 nm, according to
the procedure presented in the original article. The number of water molecules can then
be defined as function over the distance r to the solute. With r = 0.41 nm, N = 350 water
molecules were obtained.

For the TIGER2hs simulation, 64 replicas were used on an exponential temperature
scale ranging from 280 K to 600 K, including one replica for the hybrid solvent energy
calculation. Each sampling cycle consisted of 20 ps sampling time, followed by 10 ps rapid
quenching, cooling down all replica to the baseline temperature prior to each exchange
attempt. Residues forming the initial ββα-fold were restrained by additional harmonic
potentials on their backbone hydrogen bonds. Thus, only a local conformational space
is sampled during the TIGER2hs simulation and no significant change in the shell size is
expected. Otherwise, for solutes of this size, potential biases towards folded or unfolded
states can occur, when the shell size significantly varies between states, during the sampling.
Exchanges are driven by energies from hybrid explicit/implicit solvation and used the
Generalized Born model with solvent accessible surface area term (GBSA) as implemented
in NAMD, using default parameters [46]. No periodic boundary conditions were applied
at this step.

A total of 150,000 conformations were collected during a sampling time of 900 ns and
analyzed using dihedral principal component analysis (dPCA). By computing the two-
dimensional histogram of the first two principal components, at a resolution of 30× 30 bins,
probabilities were calculated as Gibbs free energies ∆G using the Boltzmann inversion to
obtain the folding free energy landscape.

4.5. Dimer Protein-Protein-Docking

An initial complex was obtained using the rigid body protein-protein-docking al-
gorithm in MOE 2019.01 by simply using one monomer as target and ligand protein,
respectively. System preparation for NAMD was then performed as described above,
except for a cubic simulation cell with side lengths of 8 nm. Since binding and unbinding
events result in large deviation of the hydration shell size, the TIGER2hs algorithm is cur-
rently not applicable on such multi-molecule systems. Therefore, only the TIGER2h scheme
without explicit water shells was applied [30]. Temperatures were again distributed expo-
nentially from 280 K to 450 K on 11 replicas, with one additional replica doing the hybrid
energy calculations. To implement a rigid body fashion during the sampling, harmonic
restraints to all backbone dihedral angles, excepted for the first and last two residues, were
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put in place, at a force constant of 25 kcal mol−1 deg−2. Around 11,000 baseline snapshots
were collected during a total simulation time of 90 ns.

To obtain the free energy landscape for the dimer configurations, we calculated the
normalized pairwise distances of all heavy atoms between monomer A and monomer B,
followed by dimension reduction with principal component analysis. Calculation of the
free energy surface from the two major principal components was carried out as previously
for the dPCA.

4.6. Mutants Protein-Protein-Docking

The same procedure as for the full-length zinc finger protein was applied to all mutants,
except that the initial pose was taken from the dimer configuration obtained by TIGER2h
simulation instead of FFT docking. The shortest possible construct (D54 to S84) was used,
and residues were mutated accordingly. All simulations were performed for at least 90 ns,
resulting in more than 10,000 baseline snapshots each. The dimer configurations were
analyzed as previously for the full-length system. By inducing the principal axes of the
shortened wild-type simulation, the mutant states are drawn on the same conformational
landscape and it can be easily appreciated if similar minimum structures are obtained.

4.7. Alanine Scanning

All calculations were performed with Maestro 2020.4 and OPLS3e force field parame-
ter [47]. A single snapshot was taken from the free energy minimum region of the TIGER2h
protein-protein-docking simulation. The complex was submitted to a restrained minimiza-
tion to remove remaining kinetic energy after deleting all water molecules and counter
ions. Residue scanning was performed twice. In the first run, only residue contributions
(∆Stability) in a monomer structure were obtained by mutating the residues to alanine.
For the second run, the full complex was mutated symmetrically on both monomers, to pre-
serve a homodimeric complex and ∆Stability and ∆Affinity were estimated simultaneously.
Glycine residues were not mutated to avoid false positive results due to steric clashes and
metal-binding residues were omitted.

4.8. FACS-FRET Assay

To enable detection of the CCHC zinc finger interactions inside the cells, we adopted
the FACS-based fluorescence resonance energy transfer approach described elsewhere [27].
In brief, the BCL11B fragments to be checked for their direct reciprocal interaction were
cloned into the plasmids encoding the classical FRET pair ECFP and EYFP. The fragments
corresponding to the wild-type BCL11B CCHC zinc finger and its various mutants were
synthesized as double stranded DNA oligonucleotides and contained at least 15 base
pair overlap with the vector sequences surrounding BglII restriction site (Integrated DNA
Technologies, Leuven, Belgium). The synthetic cDNA were cloned into BglII-digested
plasmids downstream of ECFP and EYFP using the ligase-free cloning system (Takara Bio
Europe, France). The sequence fidelity and the presence of the in-frame ECFP- and EYFP-
CCHC fusions were verified by Sanger sequencing (LGC Genomics GmbH, Germany).
The positively verified vectors were produced using endotoxin-free plasmid isolation
procedures (HiPure Plasmid Maxiprep Kit, Thermo Fisher Scientific, Lithuania).

To validate the occurrence of a putative interaction, the candidate BCL11B fragments-
encoding ECFP and EYFP plasmids were transfected into HEK293 cells growing in standard
conditions with calcium-phosphate gene transfer procedure (CalPhos mammalian transfec-
tion kit; TaKaRa Bio Europe, France).

After 24 h of incubation, transfected cells were detached from the culture vessels with
Accutase cell dissociation reagent (Thermo Fisher Scientific) and the fluorescent signals
were measured by means of a Navios flow cytometer (Beckman Coulter GmbH, Germany).
To detect the expression of the putative interaction partners, the analyzed cells were excited
with two different wavelengths. The FRET donor (ECFP) was excited with violet laser
(405 nm) and detected in fluorescence channel defined by 450/50 nm bandpass optical
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filter. The FRET acceptor signal (EYFP) was collected employing the 575/30 nm filter
upon excitation by the blue laser (488 nm). The FRET signal indicating the close proximity
of ECFP and EYFP fusions (less than 10 nm) was detected as an elevated fluorescence
collected at 540/40 nm channel. The enhanced fluorescence at this wavelength results
from added excitation (475 nm) originating from violet laser-excited ECFP. The background
FRET fluorescence levels were established by transfecting non-fused and non-interacting
ECFP- and EYFP-encoding vectors. Vector encoding ECFP-EYFP fusion protein served as
a FRET positive control. Each BCL11B fragment tested for the dimerization capabilities
was transfected at different ECFP-to-EYFP plasmid ratios and at least 5 replicates were
performed for each condition.

Supplementary Materials: The following are available at https://www.mdpi.com/1422-0067/22
/7/3650/s1, Figure S1: Full overview of all experimental residue mutations and their dimerization
potential to itself and wild type.; Figure S2: Relative probability of residue contacts during the
TIGER2h protein-protein docking simulations for each mutant protein.; Video S1: Dimer docking.
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Purpose: Although strongly related, the pathophysiological effect of the N34S mutation in 
the serine protease inhibitor Kazal type 1 (SPINK1) in chronic pancreatitis is still unknown. 
In this study, we investigate the conformational space of the human cationic trypsin-serine 
protease inhibitor complex.
Methods: Simulations with molecular dynamics, replica exchange, and transition pathway 
methods are used.
Results: Two main binding states of the inhibitor to the complex were found, which 
explicitly relate the influence of the mutation site to conformational changes in the active 
site of trypsin.
Conclusion: Based on our result, a hypothesis is formulated that explains the development 
of chronic pancreatitis through accelerated digestion of the mutant by trypsin.
Keywords: trypsin, molecular dynamics simulations, replica exchange, transition path 
sampling, umbrella sampling

Introduction
Pancreatitis is an inflammatory disorder of the pancreas. While acute and chronic 
pancreatitis were previously viewed as separated diseases, today they are regarded 
as a continuum, with nearly 30% of the patients exhibiting overlapping phenotypes 
that manifest as recurrent pancreatitis.1 Chronic pancreatitis (CP) develops from 
recurrent episodes of acute pancreatitis that lead to fibrosis, exocrine pancreatic 
insufficiency and diabetes. While initial triggers for pancreatitis are diverse, almost 
all of them result in premature activation of trypsin and subsequently other pro-
teases in pancreatic acinar cells. Therefore, pancreatitis is considered to be an 
autodigestive disorder caused by trypsin auto-activation, which is also supported 
by numerous mutations in the PRSS1 gene coding for human cationic trypsin 
(TRY1).2,3 The serine protease inhibitor Kazal-type 1 (SPINK1, also known as 
PSTI or TATI) represents the first line of defense against the trypsin auto-activation 
cascade by potently binding and inhibiting active trypsin. The inhibitor has a size of 
6.2 kDa and is co-located with trypsinogen and other zymogens in storage orga-
nelles called zymogen granules of pancreatic acinar cells. The c.101A>G point 
mutation is the most common variant of the SPINK1 gene, which results in a p. 
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N34S amino acid substitution and represents one of the 
most clinically relevant risk factors for chronic pancreatitis 
with almost 10% of the patients carrying the mutation, 
compared to 1% of the healthy population.4–6 Although 
the p.N34S mutation was identified over two decades ago 
and was subjected to many additional studies, the mechan-
ism of action of this variant remains enigmatic to 
this day.4,5,7,8 Hypotheses regarding the disease relevant 
function of this variant ranged from reduced inhibitory 
activity, misfolding, reduced expression or secretion to 
reduced proteolytic stability, structural alterations and sec-
ondary trigger mechanisms. While most of the aforemen-
tioned hypotheses have now been refuted, very little is 
known about the SPINK1 structure.9–16

Patient studies revealed that the p.N34S mutation 
alone is not sufficient to develop chronic pancreatitis, 
but must be combined with additional risk factors.17–19 

It can therefore be assumed that the p.N34S mutation does 
not lead to a complete destruction of functional SPINK1, 
but rather reduces either the kinetic properties or the 
number of correctly folded SPINK1 molecules. In an 
earlier study, we showed differing secondary structures 
of SPINK1 wild type (WT) and the N34S mutant by 
circular dichroism (CD) spectroscopy as well as different 
secondary structures at lower pH values.20 However, 
these minor changes could not be linked to different 
inhibitory activities of the two variants. The location of 
differing regions within the proteins could also not be 
precisely determined, which makes it difficult to assess 
the relevance of the relatively small changes in the sec-
ondary structure and their possible influence on the ter-
tiary structure of the inhibitor. It also remains unclear how 

the structures of SPINK1 and its N34S mutant behave in 
complex with its natural target trypsin (TRY1). In a recent 
study by Sun et al, the SPINK1-TRY1 complex structure 
was examined by docking and molecular dynamics simu-
lations and no significant difference in secondary struc-
ture content was reported, but the loop region around the 
mutation site was more flexible compared to the wild 
type.21

In addition, the complex association and dissociation 
rates of mutant and WT were examined and found to be the 
same within the margin of error.11,20 They argued that 
although these constants are experimentally indistinguish-
able, their theoretical results support a slight deviation of 
these rates, which leads to a lower inhibition potential of 
the p.N34S-mutated SPINK1.21

In the present study, we used molecular dynamic simu-
lations (MDS) to elucidate structural and kinetic features 
of the SPINK1-TRY1 complex and differences due to the 
p.N34S amino acid substitution in SPINK1. In particular, 
the secondary structure content in the complex and solu-
tion structure of SPINK1 for WT and the p.N34S mutant is 
examined. For the first time, the inactivation mechanism of 
SPINK1 through hydrolysis of K41-I42 is investigated and 
possible differences between WT and mutant are clarified 
(Figure 1). Based on these results, a hypothesis is formu-
lated that explains a reduction in active p.N34S-mutated 
SPINK1 compared to WT.

Materials and Methods
Model for the SPINK1-TRY1 Complex
To obtain the SPINK1-TRY1 complex, the crystal struc-
ture of human cationic trypsin (PDB code: 1TRN)22 was 

Figure 1 Complex formation for SPINK1 (orange) to TRY1 (blue) including the deactivation pathway of SPINK1 by cutting the K41-I42 peptide bond. The rate constants for 
the complexation/decomplexation of cut and uncut SPINK1 are indicated with k1,u/k−1,u and k1,c/k−1,c, respectively. The zooms on the right partially show the cutting 
mechanism of SPINK1, which is catalysed by the catalytic triad S200-H63-D107 of TRY1. Starting from state I, the hydroxy hydrogen atom is translated to the far ring 
nitrogen position of H63 to state II (rate constant k2). Afterwards, the deprotonated hydroxy oxygen atom of S200 coordinates to the carboxamide carbon atom of K41, 
while the carboxamide nitrogen atom (I42) attacks the previously translated hydrogen of H63 and the peptide bond is cleaved (rate constant k3). The system is finally 
recovered by the addition of water to state III (not shown here).
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superposed onto the structure of bovine chymotrypsinogen 
A in complex with SPINK1 (PDB code: 1CGI).23 The 
mutation sites K41Y, I42E and D44R in SPINK1, which 
were introduced to stabilize the complex structure during 
crystallization, were mutated back to the WT amino acids. 
In addition, Y154 was phosphorylated by TRY1 according 
to 1TRN22 and a structural calcium ion was added to the 
coordination site E75-N77-V80-E85. The resulting struc-
ture was solvated in explicit water, briefly minimized and 
equilibrated. The protonation states of the amino acids 
were then calculated using the H++ server assuming 
a pH of 7.24 In addition, a physiological sodium chloride 
concentration of 0.15 M was added while the total charge 
in the simulation cell was neutralized. Finally, after adjust-
ing the temperature and pressure in an NVT followed by 
an NPT ensemble, the complex was equilibrated for 21 ns 
in an NPT ensemble.

Molecular Dynamics Simulations
The SPINK1-TRY1 system was theoretically investigated 
with molecular dynamic simulations using the 
AMBER99SB-ildn force field,25 which was specially 
developed for the representation of proteins. The equation 
of motion was integrated with a Verlet integrator every 2 fs 
using the GROMACS-5.1 software package.26 The non- 
standard amino acid phosphotyrosine was represented with 
the FFPTM force field,27 while water is defined by the 
TIP3P model.28 The system is simulated with periodic 
boundary conditions in all spatial directions and the center 
of mass movement is removed every 200 fs. The tempera-
ture is set to 310 K for protein and non-protein separately 
by a modified V-rescale thermostat29 with a coupling con-
stant of 100 fs in order to prevent overcooling of the 
protein. The pressure is controlled by a Berendsen 
barostat30 to 1 bar with a coupling constant of 1 ps and 
isotropically pushing against the system by assuming 
a compressibility of 4.5e−5 bar−1. During the simulation, 
all bonds are constrained to their optimal length using the 
LINCS algorithm.31 Non-bonded interactions are consid-
ered with 12-6-Lennard-Jones and Coulomb functions up 
to a distance of 1 nm and the fast smooth Particle-Mesh- 
Ewald method with a 1 nm cutoff in direct space and 0.12 
nm grid spacing in reciprocal space.

Starting from the equilibrated TRY1-SPINK1 system, 
three independent simulations were carried out for differ-
ent simulation setups: 1) TRY1 in complex with WT 
SPINK1, 2) TRY1 in complex with p.N34S mutated 
SPINK1, 3) WT SPINK1 in solution, 4) p.N34S mutant 

SPINK1 in solution, 5) TRY1 in complex with WT 
SPINK1, but the S200 of TRY1 was deprotonated and 
the hydrogen was moved to the nitrogen of H63 to simu-
late an activated catalytic triad (Figure 1, state II) and 6) as 
5) but with p.N34S mutated SPINK1. All systems were 
again equilibrated before collecting data for at least 50 ns. 
The partial charges for deprotonated serine were deter-
mined with the standard Amber protocol using Gaussian 
2003.32

All simulated protein trajectories are visualized, atom- 
to-atom distances are analyzed and porcupine diagrams are 
carried out with VMD 1.9.2.33 The reaction coordinate 
was determined by aligning the protein backbone of 14 
frames along the trajectory of the TRY1-N34S SPINK1 
simulation, which included the flip of N37. After perform-
ing a coordinate principal component analysis of these 
frames using only the backbone of amino acids K102, 
K178, W216 of TRY1 and N34S, E35, N37, R65 of 
SPINK1, the first principal component is the reaction 
coordinate. The secondary structure content was estimated 
using the CPPTraj program.34

Replica Exchange Simulations
Replica exchange simulations based on the TIGER2hs35 

method were carried out for the equilibrated simulation 
setups 5) and 6). The extended sampling algorithm is imple-
mented in the NAMD 2.1336 engine and CUDA accelera-
tion. GROMACS topologies and coordinate files were 
transformed into the Amber format using ParmED,37 

while additionally applying the hydrogen mass partitioning 
scheme (HMR)38 to the solute. The time step was increased 
to 4 fs, whereby the RATTLE39 algorithm fixed the lengths 
of all bonds to hydrogen atoms. Short-range interactions 
based on Lennard-Jones and Coulomb potentials used a 0.9 
nm limit and 0.1 nm switching function. Long-distance 
electrostatics were described by particle mesh Ewald 
(PME) with a lattice spacing of 0.1 nm. The temperature 
was adjusted by a Langevin thermostat40 with a damping 
coefficient of 1 ps−1, while a Langevin piston barostat41 

applied pressure control to 1 bar at 100 ps intervals with 
a 200 ps decay time constant. A temperature range of 
300–370 K was spanned over 32 replicas in a pseudo- 
NVT ensemble.42 A TIGER2hs sampling cycle consisted 
of 16 ps rapid heating and sampling followed by 4 ps rapid 
quenching and cooling. Afterwards, the hybrid solvent 
energy was calculated. The amount of water molecules in 
the first two water layers was determined by analyzing the 
radial distribution function along the surface of the protein 
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after a short MD simulation at 310 K. 1080 explicit water 
molecules were considered for the hybrid solvent exchange 
phase.

Implicit solvent energies are evaluated by the GbobcII
43 

model using OpenMM 7.444 and periodic boundary condi-
tions. Non-bonded cutoffs were set to half the cell size. 
Exchange attempts were carried out between the current 
baseline and another randomly selected replica after the 
cooling phase according to the TIGER2 scheme.45 In each 
cycle, 32 exchange attempts were performed, while immedi-
ately swapping the temperatures of replicas after a successful 
attempt. The conformations from each successful exchange 
to the baseline were written to the trajectory. Before the next 
simulation cycle, all non-baseline replicas were assigned new 
temperatures based on their respective potential energy order.

Transition Path Sampling
Starting from the equilibrated system setups of 5) and 6), 
umbrella sampling simulations46 along the reaction coordi-
nate were performed using OpenMM 7.4.44 Thereby, the 
reaction coordinate was separated in evenly distributed 
values ranging from 1 to −1 in 0.05 steps with positive and 
negative values relating to state A/B and C/D, respectively. 
To obtain structures on the respective reaction coordinate 
bins, referred to as umbrellas, a harmonic force was applied 
in the reaction coordinate space with a force constant of 400 
kJ mol−1 nm−1, while constraining the structure in place 
through position restraints on Cα atoms in β-sheets and the 
geometric center defined by the amino acids K102, K178, 
W216 of TRY1 and N34S, E35, N37, R65 of SPINK1. Each 
umbrella was subjected to a 600 ps equilibration in a NPT 
ensemble with the temperature and pressure set to 310 K by 
a Langevin thermostat and 1 bar by a Monte Carlo barostat, 
respectively. Afterwards, each umbrella was sampled for 1 
ns, while reducing the force constant for the reaction coor-
dinate restrain in two separate runs to 5 and 10 kJ mol−1 

nm−1. The result was analyzed with the weighted histogram 
analysis method (WHAM).47

Results
Conformations in the Proximity of the 
Mutation Site
The secondary structure content of SPINK1 in complex with 
TRY1 and free in solution was analyzed. In contrast to the 
circular dichroism data presented in Buchholz et al,20 the 
secondary structure content of SPINK1 does not differ sig-
nificantly between the N34S mutant and WT (Table 1). In the 

complexed state, there are also no differences in the second-
ary structure content, but we found that the loop region 
spanned by amino acids 34–38 of SPINK1 has distinct con-
formations due to the steric hindrance caused by the binding. 
From these different states, a reaction coordinate is defined 
that covers the structures A–D (Figure 2A). Typically, the 
major binding states are A and B, which can also be found in 
the crystal structure.22 However, in 1 of 12 simulations of the 
complex, a change to the states C and D was observed. The 
structure was stable and did not fold back to A/B (Figure 2C, 
black N34S curve). As this observation is either a rare event 
or an artifact of the simulation, replica exchange molecular 
dynamics simulations (REMD) were performed to better 
understand the state distribution of the TRY1-SPINK1 com-
plex. Several states were found in C and D in the resulting 
structural ensemble, supporting the argument that this obser-
vation is rare (Figure 2D). Unfortunately, the REMD simula-
tion did not fully converge and the computational resources 
required to perform a converged simulation were beyond 
reasonable considerations. Therefore, these data can only 
be discussed qualitatively and the correct state populations 
are not accessible via REMD.

Conformational Changes of the Complex 
Based on the Reaction Coordinate State
To identify the conformational changes associated with the 
change in the reaction coordinate (Figure 2A), the last 
50,000 conformations from REMD simulations of the 
TRY1-SPINK1 complex were aligned with the backbone 
of TRY1 and averaged. Simulations were carried out for 
systems of the N34S mutant and the wild type in state A/B 
and C/D, respectively. The visualization of the porcupine 
plots shows that in the transition from state A/B to state C/ 
D, the overall structure of SPINK1 in the binding pocket 
for both SPINK1 forms rotates counterclockwise with 
respect to the SPINK1-TRY1 viewing axis (Figure 3A). 
This leads to interesting aspects of the relevant atom-atom 

Table 1 Secondary Structure Content Averaged for All SPINK1 
Amino Acids for the TRY1-SPINK1 Complex and Unbound 
SPINK1 (System Setups 1)–4))

TRY1-SPINK1 SPINK1 in Solution

Wild Type N34S Wild Type N34S

Helix 19% 19% 19% 20%

Sheet 18% 19% 18% 17%

Turn/bend 24% 23% 23% 23%
Coil 39% 39% 40% 40%
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distances for the degradation. The distance between the 
hydroxy hydrogen atom of S200 and the far ring nitrogen 
of H63 for state I and II in A/B and C/D is always about 
0.2–0.25 nm, which indicates that the reaction from state 
I to state II is fast and reversible. In state II, however, the 
distances between the hydrogen of the distant ring of H63 
and the carboxamide nitrogen atom of I42 and between the 
hydroxy oxygen atom of S200 and the carbon atom of the 
peptide bond of K41 show great differences. They are both 
significantly reduced by going from state II A/B to C/D for 
WT and mutant (Figure 3B). In addition, these distances 
are generally smaller in the WT form.

Discussion
The Reaction Coordinate Includes 
a Major Energy Barrier
State A is stabilized by the polar interaction between N34S 
and R65 and is characterized by N37 and E35 being in 
a downward position with respect to amino acids W216 and 
K178 of TRY1 (Figure 2A). In state B, the N34S-R65 inter-
action breaks, causing E35 to move upwards. This allows N37 
to reach a binding pocket that is spanned by K178 and W216 
in state C. This conformation is stabilized by an interaction 
formed between E35 and K102. Finally, in state D, E35 moves 

back down to lock N37 in the binding pocket. In our opinion, 
the highest energy barrier for the transition between A/B and 
C/D is given by the rigidity of the system, and amino acids 
K102 and K65 act as gatekeepers preventing E35 from mov-
ing straight up. However, E35 has to move away for N37 to 
reach the upper binding pocket as the bulky amino acids K178 
and W216 prevent the movement through them.

Sun et al also examined the loop region around the 
N34S mutation site in molecular dynamic simulations 
involving the chymotrypsinogen A-SPINK1 complex.21 

They observed greater flexibility in the WT compared to 
the N34S mutant of this loop and argued that the mutation 
rigidifies the loop. We believe that their data is explained 
by the rare event described by the reaction coordinate. 
Although they performed more extensive molecular 
dynamics simulations on the complex with a total simula-
tion time of 5 μs, the event may only be observed a few 
times, resulting in non-converged ensembles for their WT 
and N34S mutant simulations. If the event occurs more 
frequently in the WT, the flexibility of the loop is higher 
because the transitions along the reaction coordinate result 
in a significant change in the loop dihedral angles (Figure 
2A). This suggests that the loop in the mutant is more 
rigid.

Figure 2 (A) The reaction coordinate as observed in one TRY1-N34S SPINK1 molecular dynamics simulation (cf. (C) black curve). Blue and orange labels indicate amino 
acids from TRY1 and SPINK1, respectively. The amino acids in stick representation are colored by their supposed functions, red binding pocket, orange key, pink steric 
barrier and green amino acids that have to pass the barrier. (B) Conformational state in relation to the reaction coordinate for SPINK1 in solution for WT and N34S mutant. 
The colors black, blue and red relate to three independent simulations. (C) Same as (B), but for SPINK1 in complex with TRY1 in state II (cf. Figure 1). (D) Conformational 
state in relation to the reaction coordinate of structures for the TRY1-SPINK1 complex in state II (cf. Figure 1) observed during a replica exchange simulation.
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Hypothesis for Differences in the 
Inhibition Behavior of the N34S Mutant
In formulating a hypothesis as to why the N34S mutant 
is a risk factor for chronic pancreatitis, the following 
assumptions are made. First, it is assumed that the 
binding of mutant and WT SPINK1 to TRY1 occurs 
mainly in state A or B (Figure 2A), as found in the 
crystal structure of bovine chymotrypsinogen A in 
complex with SPINK1 (PDB code: 1CGI). In this con-
text, it should be noted that in solution the mutant loop 
region of SPINK1 frequently crosses all states A–D 
(Figure 2B). This does not mean that the binding 

occurs in a random state as there is most likely 
a preference, but our data does not support any state-
ments about the exact probabilities. Secondly, phos-
phorylated TYR-154 as found in the crystal structure 
(PDB code: 1TRN)22 is used in the model instead of 
sulfated48 and it is assumed that both post-translational 
modifications exhibit the same effects in regard to the 
analyses performed in this study. While the effect of 
the sulfation is not clear in human cationic trypsin and 
phosphorylated and sulfated TYR are chemically simi-
lar, sulfation instead of phosphorylation can lead to 
slight differences in the binding conformations.49 The 
third assumption is that the difference between mutant 
and WT in terms of developing chronic pancreatitis is 
mainly kinetic in nature. This is supported by the fact 
that no conclusive conformational differences were 
found in the present or previous studies. The mutation 
also does not result in a misfolding or a complete 
absence of SPINK1, as this mutation alone is not 
enough to develop chronic pancreatitis and the muta-
tion is also present in the healthy population. Contrary, 
there is experimental evidence that the N34S mutant 
may be expressed significantly less than the wild type, 
which would also explain the development of chronic 
pancreatitis.50

In previous studies, kinetic inhibition and surface plas-
mon resonance spectroscopy experiments revealed that the 
association and dissociation constants of the SPINK1- 
TRY1 complex were not significantly different between 
WT and N34S.11,20 A recent study to the digestion of 
SPINK1 mutant and wild type by mesotrypsin showed 
also no difference.51 To the best of our knowledge, there 
is no current study that has investigated the kinetics of 
peptide hydrolysis for this system. Hence, the rate con-
stants k2, k3, k1,c and k−1,c could show differences between 
mutant and WT (Figure 1). A second consideration is that 
the rate constant in question should be the slowest of these 
constants to have the necessary effect. Since digestion 
appears to be the slowest process and the transition from 
state I to state II is fast and reversible, we focus on the rate 
constant k3. At this point, it can be assumed that digested 
SPINK1 has a significantly lower inhibitory potential than 
active SPINK1, since the inhibition strength of SPINK1 in 
enzyme tests diminishes measurably over time.52

Figure 3B shows that the average distances that are 
important for the digestion of SPINK1 in the active center 
are significantly smaller in state II C/D compared to state 
II-A/B. This means that SPINK1 is digested faster in state 

Figure 3 (A) Porcupine plots that show the structural difference when state II A/B is 
transitioned to state II C/D for the mutant right and WT left (cf. Figures 1 and 2A). The 
colors indicate the secondary structure elements for helix purple, sheet yellow, turns 
cyan and coil white. The marked arrows indicate the transposition of the Cα atoms with 
the color gradient blue-green-red for small-medium-large deviations, respectively. (B) 
Distance distributions in the active center between the hydroxy oxygen atom of S200 
and the carboxamide carbon atom of K41 (top), and between the far ring hydrogen of 
H63 and carboxamide nitrogen atom of I42 (bottom). The distributions are measured 
from respective REMD simulations in state II A/B and state II C/D of the mutant (N34S) 
and wild type (WT). (C) Free energy in kJ/mol along the reaction coordinate deter-
mined by transition path sampling of the wild-type solid and mutant dashed. (D) 
Histogram of the minimal distance between the amino acids N34S and R65 for wild- 
type black and mutant red.
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II C/D and that the transition from state A/B to C/D is 
a necessary activation step for digestion. While the popu-
lations of state A–D are similar for WT and mutant, the 
energy barrier between the transition from A/B to C/D is 
significantly higher for the WT (Figure 3C). We believe 
that this is related to the N34S-R65 interaction in SPINK1 
(Figure 2A). Since the side chain of serine at the mutation 
site is shorter than that of asparagine, the average mini-
mum distance increases and thus, the strength of the inter-
action is weakened (Figure 3D). This makes it easier for 
amino acid E35 to move upwards (Figure 2A–C) and 
lowers the barriers from A to B and especially from B to 
C. We propose that this step is the rate-limiting step in the 
digestive process and therefore the mutant is digested 
faster, because of the reduced energy barrier between 
states A/B and C/D.

This statement is of course debatable, as our data does 
not support conclusive explanations for the rate constant 
differences between the transition from A/B to C/D and the 
digestion in state II C/D. In addition, it is unclear whether 
the digestion rate for the WT in state II A/B is slower than 
for the mutant in state II C/D (Figure 3B). In this regard, we 
assume that the energy barriers in Figure 3C are signifi-
cantly higher for both WT and mutant, supporting the argu-
ment that this step determines the rate. This is due to the 
transition path sampling method used for this data. It 
depends on the force constant applied and the step size, as 
well as the atomic position constraint. Based on the restraint 
methods used, the atomic positions could still perform 
minor movements, which can lead to smaller measured 
forces, especially in high-energy states. This leads to 
a general reduction of the measured energy barriers between 
states. However, we expect this error to affect WT and 
mutant in the same way.

Conclusion
In the present study, the conformations of the TRY1-SPINK1 
complex were examined in detail using molecular dynamic 
simulations. Two binding populations A/B and C/D were 
identified, separated by a major energy barrier, which is sig-
nificantly lower in the case of the N34S SPINK1 mutant. It has 
been argued that this leads to a weaker TRY1 inhibition 
strength of the mutant, as it enables a faster digestion of 
SPINK1 by TRY1 compared to the WT. The authors want to 
clarify that the proposed mechanism is hypothetical and needs 
to be further validated in future experimental and theoretical 
studies. Nevertheless, it might be an explanation for incom-
plete penetrance of the disease phenotype in patients with 

chronic pancreatitis and a N34S mutation. Since the hypoth-
esis predicts that the mutant will be digested more quickly, 
a similar enzyme assay as in51 for N34S and WT SPINK1 with 
TRY1 can refute or support the proposed mechanism. 
The second prediction is that amino acids K102 of TRY1 
and E35, N37 and R65 of SPINK1 play an important role in 
the digestion of SPINK1. The N37S and R65Q mutants 
showed normal binding behavior to TRY1,51 but it will be 
interesting to investigate these mutants in the context of diges-
tion. Lastly, in this study, it is assumed that the state of binding 
of N34S mutant SPINK1 to TRY1 is similar to the state of 
binding of WT SPINK1 to bovine chymotrypsinogen 
A. A crystal structure of the N34S SPINK1-TRY1 complex 
will clarify this assumption.

Finally, a better understanding of the digestive mechan-
ism of SPINK1 caused by TRY1 can help to develop a more 
robust SPINK1 mutant that is hardly digested and can act as 
a drug for chronic pancreatitis caused by SPINK1.
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Nuclear import of BCL11B is mediated by a classical nuclear localization signal and not the 1 

Krüppel-like zinc fingers 2 
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Summary statement: The BCL11B transcription factor migrates to the nucleus using the classical import 18 

pathway and a unique, previously unidentified and conserved nuclear localization signal located at a 19 

distance from its DNA-binding Krüppel-like zinc finger motifs.   20 
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Abstract 21 

The Krüppel-like transcription factor BCL11B is characterized by wide tissue distribution and crucial 22 

functions in key developmental and cellular processes and various pathologies including cancer or HIV 23 

infections. Although basics of BCL11B activity and relevant interactions with other proteins were 24 

uncovered how this exclusively nuclear protein localizes to its compartment remained unclear. Here, we 25 

demonstrate that unlike other KLFs, BCL11B does not require the C-terminal DNA-binding domain to pass 26 

through the nuclear envelope but encodes an independent, previously unidentified nuclear localization 27 

signal (NLS) which is located distantly from the zinc finger domains and fulfills the essential criteria of an 28 

autonomous NLS. First, it can redirect a heterologous cytoplasmic protein to the nucleus. Second, its 29 

mutations cause aberrant localization of the protein of origin. Finally, we provide experimental and in 30 

silico evidences of the direct interaction with importin alpha. The relative conservation of this motif 31 

allows formulating a consensus sequence (K/R)K-X13-14-KR+K++ which can be found in all BCL11B 32 

orthologues among vertebrates and in the closely related protein BCL11A.   33 
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Introduction 34 

Since its discovery the BCL11B gene has demonstrated its relevance for embryonic development 35 

of a variety of organs and tissues. Multiple mouse knock-out models in which the gene was depleted 36 

systemically or in a tissue- or developmental stage-dependent manner revealed an improper structure 37 

and function of central nervous system, skin, mammary glands, and numerous populations of the 38 

lymphoid compartment (Cai et al. 2017; Golonzhka et al. 2009b; Golonzhka et al. 2009a; Arlotta et al. 39 

2005; Abboud et al. 2016; Hirose et al. 2015; Kyrylkova et al. 2012; Holmes et al. 2021). The relevance of 40 

the gene in humans was confirmed by identification of de novo germline mutations in the BCL11B locus 41 

(Lessel et al. 2018; Punwani et al. 2016; Qiao et al. 2019). These alterations, although only heterozygous, 42 

led to multi-organ abnormalities including severe immunodeficiency arising from arrested T-cell 43 

development and accompanying mental retardation, craniofacial dysmorphism and defects in 44 

development of skin, bones, teeth, and neuronal tissue. 45 

 The vital role of BCL11B in normal function of various organs and tissues has been extended 46 

beyond the embryonic stage. Surprisingly, both acquired loss of function mutations and abnormally high 47 

expression of BCL11B were identified even within one disease entity. Approximately 10-16 % of T cell 48 

acute lymphoblastic leukemia (T-ALL) cases carry mutations altering the DNA binding properties of 49 

BCL11B (Gutierrez et al. 2011). Along with similar findings in mouse γ-radiation-induced T cell 50 

lymphomas (19), recurrent genetic lesions de-activating BCL11B function strongly indicate a tumor 51 

suppressor activity of the gene. However, the majority of T-ALL and other malignancies originating from 52 

BCL11B-positive tissues, like head and neck squamous cell carcinomas (HNSCC), Ewing sarcomas or 53 

neuroblastomas (NBs) are characterized by elevated expression of the non-altered gene (Wiles et al. 54 

2013; Orth et al. 2020; Ganguli-Indra et al. 2009, unpublished observation). Moreover, we and others 55 

showed that high BCL11B levels are critical for prevention of apoptosis and accumulation of DNA damage 56 

in malignant T-cells (Grabarczyk et al. 2007; Grabarczyk et al. 2010; Kamimura et al. 2007; Karanam et al. 57 

2010). Analogous observations were made in HNSCC and NB (unpublished data). 58 

In terms of structure and mechanism of action, the BCL11B gene encodes a zinc finger transcription 59 

factor that may, depending on the context, positively or negatively regulate the expression of genes 60 

remaining under its direct transcriptional control. In addition to the inherent repressor activity (Avram et 61 

al. 2002), BCL11B mediates its function by interacting with various proteins and complexes known to 62 

form a transcriptionally inactive environment. The catalogue of the BCL11B interacting chromatin 63 

inactivating factors grows continuously and includes both ZN2+- as well as NAD+-dependent histone 64 

deacylases (HDACs, sirtuins), Heterochromatin Protein 1 alpha (HP1α), methyltransferases (SUV49H1) or 65 
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retinoblastoma associating proteins (RBBP4 and RBBP7), among others (Cherrier et al. 2013; Cherrier et 66 

al. 2009; Cismasiu et al. 2005; Marban et al. 2007; Senawong et al. 2003; Topark-Ngarm et al. 2006). 67 

However, it was shown that in T lineage-derived cells with activated signaling pathways, like mitogen-68 

activated protein kinases (MAPK) or phosphoinositide-3 kinases (PI3K), BCL11B temporarily converted to 69 

a transcription activator. The underlying mechanism involved a complex series of posttranslational 70 

modifications resulting in acquired affinity to p300 histone acetyltransferase and the downstream 71 

transcription machinery (Cismasiu et al. 2006; Dubuissez et al. 2016; Zhang et al. 2012). In our previous 72 

report we described a novel atypical zinc finger domain (CCHC ZF) which served as a dimerization 73 

interface of BCL11B. This domain and formation of the dimer were shown to be critically important for 74 

efficient repression of target genes and BCL11B-dependent cellular processes (Grabarczyk et al. 2018). 75 

Along with the published data mapping the interactions of BCL11B with chromatin modifiers, it extended 76 

the understanding of the mechanisms by which BCL11B executes its tasks on the molecular level. 77 

However, how the BCL11B protein is guided to its physiological cellular compartment, remained 78 

unexplained. 79 

The most comprehensively characterized system for the transport of macromolecules into the nucleus is 80 

the classical nuclear import pathway (Lange et al. 2007). It facilitates transport of proteins exceeding the 81 

size of 60 kDa through the nuclear pore complexes, provided they encode a nuclear localization signal 82 

(Paine et al. 1975). The transfer is mediated by soluble carrier receptors called importin alpha (KPNA2) 83 

and importin beta (KPNB1) while the energy for that process is provided by Ran GTPase (Quimby 2003). 84 

In its typical variant, the cargo is recognized and bound in the cytoplasm by importin alpha serving as an 85 

adaptor which assembles with importin beta to form a trimeric complex (Görlich et al. 1995; Lee et al. 86 

2005). The direct interaction of importin beta with the nuclear pore initiates the nuclear translocation 87 

followed by dissociation of the cargo-receptor complex and recycling of the receptors to the cytoplasm 88 

(Kobe 1999; Harreman et al. 2003; Matsuura and Stewart 2004). 89 

The consensus sequences of the common types of classical nuclear localization signals (NLSs) have been 90 

defined and grouped into two categories: (i) monopartite NLS typically consisting of a single cluster of 91 

basic residues; (ii) bipartite NLS built from two basic clusters separated by a 10-12 amino acid linker 92 

(Dingwall and Laskey 1991; Robbins et al. 1991). The first category can be further divided into two 93 

classes: class I characterized by at least four consecutive basic amino acids (Kalderon et al. 1984) and 94 

class II which requires just three positively charged residues and can be generally described as  95 

K(K/R)X(K/R) where X indicates any amino acid (Dang and Lee 1988). Despite identification of thousands 96 

of NLSs that match the consensus rule, there are many functional signals which do not match the 97 

canonical pattern and a mass of sequences that fulfill the consensus requirements but remain non-98 
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functional in terms of nuclear transport. Adding to the complexity, some “classical” NLSs can be formed 99 

only in certain contexts from distant basic amino acids as a result of protein folding (conformational 100 

NLSs) (Hatayama et al. 2008), upon dimerization or in a post-translational modification-dependent 101 

manner (Reich 2013). Finally, when one realizes the putative existence of multiple NLSs within one 102 

protein (Masaki et al. 2020) or alternative nuclear import pathways (Wagstaff and Jans 2009) it becomes 103 

obvious that any predicted or hypothesized new or even previously described NLS must be verified 104 

experimentally to prove its functional importance for a given protein.  105 

In this report, we established that contrary to other Krüppel-like factors, the C-terminal zinc finger 106 

cluster of BCL11B possessed only weak NLS activity that was dispensable and insufficient for nuclear 107 

localization of the whole length protein. Instead, we identified a short region matching the cNLS 108 

consensus NLS and demonstrated that: (i) it was capable of transferring an otherwise cytoplasmic 109 

heterologous reporter (3xEGFP); (ii) its mutation resulted in aberrant localization of BCL11B in the 110 

cytoplasm; (iii) it was recognized by and interacted physically with the classical nuclear import pathway 111 

adaptor importin alpha (KPNA2). As our in silico protein interaction modelling suggested, the upstream 112 

basic cluster (RK) within this region could be tethered by the minor binding site of importin alpha, 113 

suggesting the bipartite nature of this newly identified NLS. However, its replacement with hydrophobic 114 

amino acids did not cause any noticeable redistribution of BCL11B within the cells indicating its limited 115 

significance. Collectively, one can conclude that BCL11B’s localization is determined by the existence of a 116 

class II monopartite NLS that is positioned in the context of the classical bipartite NLS consensus motif.   117 
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Results 118 

The C-terminal Krüppel-like CCHH zinc fingers are not required for nuclear localization of BCL11B 119 

 Our previous study demonstrated the functional importance of the N-terminal part of the 120 

BCL11B protein and identified two relevant motifs: (i) a Friend of Gata-like (FOG) repressor domain (aa 1-121 

45) and (ii) an atypical CCHC zinc finger (aa 46-95) facilitating formation of BCL11B dimers. The cellular 122 

localization analysis with EGFP-tagged N-terminal fragments of the protein (amino acids 1-141) revealed 123 

that upon dimer formation this EGFP-labeled fragment localized exclusively in the cytoplasm of 124 

transfected HEK293. This observation excluded the existence of a nuclear localization signal (NLS) within 125 

the N-terminus (Grabarczyk et al. 2018) but left the question on the nuclear import of BCL11B without 126 

reply.  127 

To investigate which of the remaining regions of the protein serves as an NLS, we generated a series of 128 

fusion genes consisting of an enhanced green fluorescence protein (EGFP) and fragments of BCL11B 129 

coding sequences covering the regions located downstream of CCHC domain. Since nuclear import of 130 

multiple transcription factors, including Krüppel-like ones, is facilitated by or requires engagement of 131 

their CCHH zinc fingers (Ito et al. 2009; Pandya and Townes 2002; Quadrini and Bieker 2002; Rodríguez et 132 

al. 2010; Shields and Yang 1997; Shin et al. 2015), we initially focused on these structural motifs. As 133 

shown in figure 1A, the CCHC ZF-including and therefore dimerization-proficient fusions EGFP-1-141 and 134 

EGFP-1-434 localized as expected in the cytoplasm of the transfected HEK293 cells. Conversely, BCL11B 135 

fragments lacking the CCHC domain but encoding the CCHH zinc fingers 1-3 (EGFP-146-434) and 4-6 136 

(EGFP-718-823) transferred the fluorescent signal into the nucleus as efficiently as the whole length wild 137 

type BCL11B (EGFP-1-823). The experimentally proven maximum size of a protein that allows passive 138 

diffusion through nuclear pores may surpass the theoretical barrier of 60 kDa (Wang and Brattain 2007). 139 

Beside the CCHC-ZF-bearing fusions which upon dimerization exceed the size limit (EGFP-1-141 and 140 

EGFP-1-434), the classical CCHH zinc fingers encoding fragments (EGFP-146-434 and EGFP-718-823) 141 

connected to the EGFP (approximately 27 kDa) remain monomeric and smaller than 60 kDa. Therefore, 142 

they might get either actively transported to their location thanks to the presence of a putative NLS 143 

activity or passively cross the nuclear envelope and accumulate in the nucleus due to their DNA-binding 144 

properties. To enable distinguishing these two possibilities, we created another set of vectors in which 145 

BCL11B fragments were cloned downstream of three tandemly repeated EGFP coding sequences 146 

(3xEGFP, approximately 81 kDa). The whole length BCL11B (transcription variant 2, NM_022898.3) fused 147 

to 3xEGFP translocated to the nucleus as efficiently as the 1xEGFP-tagged counterpart (Fig. 1A, 1B). 148 

However, the cellular localization of the CCHH ZFs encoding region BCL11B-146-434 was evidently 149 
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altered when connected to the tag deprived of passive diffusion capability. In contrast to the single EGFP 150 

protein construct (1xEGFP BCL11B 146-434) evenly distributed throughout the transfected cells (Fig. 1A), 151 

the triple-EGFP variant localized exclusively in the cytoplasm (Fig. 1B).             152 

The restriction of the 3xEGFP-BCL11B-146-434 to the cytosolic compartment ruled out the presence of 153 

any NLS-activity within ZFs 1-3 and strengthened the passive diffusion/DNA-binding and nuclear 154 

retention hypothesis. The C-terminal Krüppel-like (CCHH) ZFs (3xEGFP-BCL11B-718-823) delivered less 155 

definite results (Fig. 1B). Depending on the transfection efficiency and fusion protein levels, three 156 

different phenotypes could be observed: (i) Cells weakly positive for EGFP accumulated the chimeric 157 

reporter inside the nucleus; (ii) where expression of the fusion was high, the signal filled up the cytosolic 158 

compartments while the nuclei remained weakly positive for EGFP; (iii) the average level of transgene 159 

resulted in uniform distribution of the fluorescent tag. Collectively, we concluded that the C-terminal 160 

Krüppel-like ZFs 4-6 demonstrate weak NLS activity which was rather insufficient and likely unessential 161 

for the transfer of BCL11B into the nucleus. The latter assumption was confirmed by the observation that 162 

BCL11B variant in which ZFs 4-6 were deleted remained localized inside the nuclei like the wt-163 

counterpart (Fig. 1B). Taken together, the presented data allowed limiting the actual NLS search area to 164 

the region located between aa434 and aa715. 165 

 166 

A hybrid classical bipartite/myc-like NLS is located between zinc fingers 3 and 4 167 

Having restricted the putative NLS-encoding BCL11B fragment to aa 435-715, we analyzed the 168 

sequence with an NLS mapping software that predicts nuclear localization signals specific to the classical 169 

importin alpha/beta pathway (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi), (Kosugi 170 

et al. 2008; Kosugi et al. 2009). Surprisingly, the putative NLS sequences could be identified only at cut-171 

off scores set to 3 (where 1 reflects cytoplasmic, 10 purely nuclear and 5 even distribution of the 172 

protein). The analysis derived three candidates (Fig. 2A) which represented different classes of NLS: (i) 173 

biNLS-1, located between positions 524-562 that seemed to belong to the non-canonical structure-174 

dependent NLS class; (ii) a more classical bipartite NLS (biNLS-2) defined as (K/R)(K/R)X10-max20(K/R)3/5 175 

positioned C-terminally of the first and (iii) a monopartite class 2 NLS overlapping with biNLS-2. 176 

Transfections of HEK293 cells with plasmid vectors encoding 3xEGFP fused with the identified sequences 177 

excluded the nuclear import activity of the biNLS-1 peptide (Fig. 2B). The biNLS-2 in turn appeared 178 

functional and guided the fluorescent tag to the nucleus (Fig. 2B). However, the monopartite NLS 179 

overlapping with biNLS-2 showed equally high efficiency in transferring the 80 kDa reporter through the 180 

nuclear pores (Fig. 2B). Since mutation of the N-terminal basic motif (biNLS-2-RKtoAA) did not diminish 181 
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the nuclear localizing properties of the mutated biNLS-2 (Fig. 2B), we concluded that nuclear import of 182 

BCL11B is facilitated by a monopartite class 2 that is positioned in the context of a bipartite NLS 183 

structure. Further shortening of the monoNLS demonstrated that the 5 amino acid peptide KRIKV 184 

remained active as an NLS, and deletion of the C-terminal hydrophobic residue significantly, yet 185 

incompletely, abolished this activity (Fig. 2B). 186 

Having identified the minimal NLS sequence we examined the significance of each residue by performing 187 

two different mutational scans (Fig. 3). Conversion of single residues to alanine clearly demonstrated 188 

that each of the three basic amino acids was crucial for nuclear localization. In contrast, the two 189 

hydrophobic residues, isoleucine and valine could be mutated without any noticeable consequence on 190 

reporter localization (Fig. 3A). Similar results were obtained when all residues of the KRIKVE motif were 191 

sequentially substituted with the polar amino acid threonine. Also here, alteration of any of the 192 

positively charged amino acids caused that only minute amounts of 3xEGFP could be detected in the 193 

nucleus. Conversely, the fusion proteins in which the hydrophobic residues were converted to the polar 194 

amino acid threonine (Thr) passed the nuclear envelope barrier and accumulated inside the nucleus (Fig. 195 

3B).  196 

 197 

A single KRIKVE sequence is sufficient to transport BCL11B dimer to the nucleus 198 

To verify whether the identified peptide represents an actual NLS of BCL11B we next mutated 199 

the basic residues within the KRIKVE motif in the context of whole length protein (Fig. 4A). The 200 

simultaneous conversion of the two lysine and one arginine residues to either alanine or threonine 201 

completely disabled nuclear import of the 3xEGFP fusion proteins. Conversely, substituting the upstream 202 

RK motif with two alanine residues did not negatively influence nuclear import of this variant suggesting 203 

that the C-terminal basic region represents an autonomous NLS sequence. 204 

We showed previously that in addition to the interactions with multiple nuclear proteins BCL11B 205 

underwent homodimerization which was a prerequisite of normal protein function (Grabarczyk et al. 206 

2018). In that study, we observed co-localization of wild-type BCL11B co-transfected with various N-207 

terminal fragments containing the CCHC zinc finger domain that remained in the cytoplasm when 208 

expressed alone. On the other hand, our data presented here demonstrated that the dimerization 209 

incompetent but NLS-encoding deletion mutant (aa146-823) of BCL11B localized in the nucleus. 210 

These results indicated that homodimerization of BCL11B CCHC ZF motifs preceded nuclear migration 211 

and that dimer formation is not required for nuclear import of BCL11B. To verify these conclusions, we 212 

investigated the location of a heterodimer consisting of the whole length wt and mutated NLS BCL11B 213 

variants. As shown in figure 4B, 3xEGFP-labeled BCL11B NLS mutant incapable to pass the nuclear 214 
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envelope alone (Fig. 4A) and co-localized with mRFP-tagged wt-BCL11B in the nucleus. To confirm the 215 

engagement of the CCHC motif and exclude a putative “piggy-backing” effect mediated by nuclear 216 

proteins encoding their own NLS sequences and interacting with, e.g., FOG repressor domain (FRD) of 217 

BCL11B, we next performed the co-transfection using an FRD- and CCHC-deleted mRFP BCL11B fusion. 218 

This experimental setting resulted in detection of mRFP-tagged truncated BCL11B in the nucleus while 219 

the NLS-mutated EGFP-labeled BCL11B remained in the cytoplasm. 220 

Collectively, our observations indicated the following: (i) the upstream RK motif has limited impact for 221 

nuclear trafficking of BCL11B; (ii) the KRIKVE motif is sufficient for nuclear localization of monomeric and 222 

dimerized BCL11B; (iii) unlike it has been shown in case of transcription factor STAT1 (Fagerlund et al. 223 

2002), no additional KRIKVE-independent and non-classical conformational NLS is being formed upon 224 

dimer formation of BCL11B.  225 

 226 

KRIKVE motif interacts with importin alpha 1 (KPNA2) adaptor protein 227 

One of the fundamental requirements that must be accomplished by a newly identified NLS 228 

sequence is a direct interaction with the nuclear import receptor machinery. Demonstrating this in vivo is 229 

however technically challenging in non-yeast systems, in part because specific inhibitors of different 230 

nuclear import receptors have not yet been developed (Lange et al. 2007). To overcome these obstacles 231 

we designed a cellular assay that allowed verifying the interaction between BCL11B NLS (KRIKVE) and the 232 

classical nuclear import receptor importin alpha 1 (KPNA2) (Fig. 5A). In brief, we linked the auto-233 

inhibition defective variant of KPNA2 (49-KRR-51 to 49-AAA-51, Harreman et al. 2003) with the enhanced 234 

cyan fluorescent protein (ECFP) which enabled measuring the fusion protein levels upon transfection 235 

using FACS. Functionally, the KRRtoAAA variant of KPNA2 differs from its wild type counterpart by not 236 

being able to release its cargo upon entering the nucleus. Next, we co-transfected the ECFP-mut-KPNA2 237 

plasmid with the KRIKVE peptide N-terminally tagged with mRFP followed by E3-ubiquitin protein ligase 238 

attracting and NLS-depleted fragment of SPOP protein (aa168-366) (Shin et al. 2015). Provided KRIKVE 239 

peptide directly and permanently bound KPNA2, the accompanying SPOP domain would eventually lead 240 

to proteasomal degradation of labeled mutKPNA2 and loss of ECFP signal. The system was previously 241 

successfully tested in verifying CCHC-CCHC zinc finger interaction (data not shown).   242 

To avoid saturation of the defective KPNA2 with non-tagged endogenous nuclear proteins, the SPOP-243 

labeled NLS-encoding vectors were provided in large excess, and mRFP-SPOP-NLS expression was driven 244 

by a strong viral promoter (CMV). The mRFP fluorescent tag enabled verifying comparable transfection 245 

efficiency and transgene expression levels. The presumed nuclear co-localization of ECFP and mRFP-NLS-246 

encoding constructs was confirmed using fluorescence microscopy (not shown). As presented in figure 247 
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5B, KRIKVE peptide reduced the mean fluorescence of ECFP-mutKPNA2 by almost 50% compared to the 248 

NLS-deficient control (mRFP-SPOP, CTRL, gray solid histogram). The activity of the mutated NLS-motif 249 

counterpart (AAIAVE, BCL11B-mutNLS) appeared rather minor while the well-established KPNA2-250 

interacting MYC-NLS provided a similar degree of ECFP-mutKPNA2 degradation as the KRIKVE motif.  251 

 252 

In silico modeling of BCL11B-NLS-KPNA2 direct interaction 253 

In order to gain a deeper understanding of the molecular interaction to KNPA2, we performed 254 

various computational methods to predict the binding mode. Since molecular docking is a quite 255 

challenging task for larger peptides due to the large conformational flexibility, a multi-step procedure 256 

was chosen to reassemble the BCL11B-NLS at the KPNA2 binding site based on known structures. A 257 

crystal structure of KNPA2 with a substrate bound to both minor and major binding site was used as an 258 

initial starting point. The binding motifs of substrates at both sites of KPNA2 are highly conserved, 259 

making them an optimal choice as anchoring points for loop modeling. The residues of these motifs were 260 

simply mutated to their BCL11B counterpart (minor: RR → RK; major: KRRK → KRIK). This drastically 261 

decreased the conformational space for the residues in between by constraining a fixed distance. The 262 

whole sequence (RKPAPLPSPGLNSAAKRIK) could then be rebuilt using the loop modeler application 263 

implemented in Molecular Operating Environment (MOE)within a few hours. Two additional residues 264 

were added at both ends to obtain the full length NLS sequence bound to KPNA2. The system was 265 

prepared and submitted to a molecular dynamics simulation as final refinement and sidechain 266 

optimization, resulting in a stable complex in solution. All basic residues maintained their positions 267 

during the whole simulation time. 268 

Due to the length of the sequence, a short but stable alpha-helical structure was predicted from loop 269 

modeling enclosed to the major binding site (Fig. 6). To verify the helix probability in this region, a 270 

protein folding simulation was performed using the replica exchange TIGER2hs algorithm. Compared to 271 

classical T-REMD simulations less replica are needed for explicit solvation without losing sampling 272 

efficiency (Geist et al. 2019). All helix residues had a probability of about 25% to 40% (ensemble average) 273 

which is similar to other helical proteins like Ac-(AAQAA)3-NH2 (Pang 2016). 274 

Besides the strong ionic bonds formed by the basic residues, various hydrogen bonds with NLS backbone 275 

atoms were observed (Fig. 6). Previous studies depicted their importance for recognition and binding 276 

affinity to importin alpha (Conti and Kuriyan 2000; Pang and Zhou 2014). Additionally, hydrophobic 277 

interactions were formed by L605 und L610. At the N-terminal region another ionic bond could be 278 

observed by E620 and an arginine sidechain which could further stabilize the interaction with KPNA2. 279 
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Taken together, the in silico structure prediction approach provided a reliable model of the BCL11B-NLS-280 

importin complex which strongly supports the direct interaction of BCL11B and importin alpha already 281 

assumed from the E3-ubiquitin protein ligase-based assay described above.  282 

100



Discussion 283 

 The classical nuclear import of proteins mediated by importin alpha/beta complex is one of the 284 

most conserved cellular processes unique to eukaryotic cells. Due to an abundance of closely located 285 

basic amino acids, the classical nuclear localization signals (cNLS) recognized by importin alpha (KPNA2) 286 

are relatively easy to predict and were identified for over 50% of nuclear proteins. The remaining 287 

fraction does not encode any identifiable cNLS, although some of these cargos were proven to directly 288 

bind importin alpha. Besides the alternative importin-alpha-independent transport systems or importin-289 

alpha-dependent piggybacking mechanisms, this unexpected lack of cNLS could be explained by 290 

identification of alternative basic amino acid rich motifs that did not resemble the classical one and yet 291 

bound importin alpha at its conventional NLS-binding regions (Tessier et al. 2020). 292 

The family of Krüppel-like factors to which BCL11B was classified due to its conserved C-terminal DNA-293 

binding domain represents the last group of nuclear proteins adopting the importin pathway without 294 

bearing the canonical NLS sequence. But even inside this family the members revealed different 295 

demands concerning the presence and location of the contributing positively charged amino acids. The 296 

erythroid Krüppel-like factor (EKLF, KLF1) requires the entire C-terminal domain consisting of three CCHH 297 

zinc fingers to migrate into the nucleus. Surprisingly, neither the zinc finger structure itself nor the DNA 298 

binding properties facilitate the process, and the critical determinants for the nuclear localization are 299 

exclusively the conserved basic residues dispersed throughout the entire domain (Pandya and Townes 300 

2002). The gut-enriched Krüppel-like factor (GKLF, KLF4) in turn was shown to encode an additional basic 301 

region (5´BR) located in front of the Krüppel-like zinc fingers which was essential for creating the fully 302 

functional NLS (Shields and Yang 1997). Although the 5´BR is a common feature of many Krüppel-like 303 

factors, its relevance for nuclear localization of KLFs varies. Despite the presence of the 5´BR, the KLF6 304 

transcription factor localizes in the nucleus solely via its C-terminal zinc fingers and basic residues spread 305 

throughout this domain (Rodríguez et al. 2010).  306 

The overlap of the DNA-binding motifs and NLS properties observed in the KLF family prompted us to 307 

begin our search for BCL11B NLS within its zinc finger domains. Although both fragments encoding ZF1-3 308 

and ZF4-6 were capable of localizing the smaller single EGFP reporter to the nucleus, the underlying 309 

mechanism was likely based on DNA-binding and nuclear retention. The possible NLS activity of these 310 

BCL11B regions was completely lost (ZF1-3) or significantly diminished (ZF4-6) when attached to a triple 311 

reporter (3xEGFP) that exceeded the limits of passive diffusion through a nuclear pore. Given that the 312 

whole length BCL11B has similar size to the bigger triple reporter it excluded a crucial role of ZF domains 313 

in nuclear localization of the native protein. However, our results indicated also that the NLS activity of 314 

the C-terminal Krüppel-like zinc fingers 4-6 was partially maintained and allowed nuclear accumulation of 315 
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a small portion of 3xEGFP protein. Although this weak but unneglectable NLS activity might represent 316 

another proof for a close relation between BCL11B and KLFs or their common origin, the fact that the 317 

ZF4-6-deleted variant showed an exclusive nuclear pattern rather ruled out the major importance of this 318 

region for nuclear transport of BCL11B. This conclusion forced us to continue our search for the 319 

alternative NLS and led to identification of a cNLS-like sequence located between the two sets of zinc 320 

fingers. The identified motif earned rather low predicted importin-alpha-interaction scores via multiple 321 

bioinformatics tools and possessed a number of unique features. Structure-wise it could be categorized 322 

as a bipartite NLS consisting of arginine and lysine residues followed by a bit longer stretch of positively 323 

charged amino acids (3 out of 5), both separated by an up to 13 amino acid spacer region that typically 324 

did not exceed 10 residues. Interestingly, further shortening or mutations of the predicted motif 325 

demonstrated that the upstream basic region (RK) was not essential for nuclear import of the reporter-326 

labeled deletion mutants or the whole length protein. The remaining KRIKV motif that fulfills the 327 

consensus criteria of the type 2 monopartite NLS (K(K/R)X(K/R) was not only sufficient to guide the 328 

otherwise cytoplasmic reporter to the nucleus but, in contrast to the upstream RK, also indispensable for 329 

nuclear localization of the whole length BCL11B.  330 

The transient nature of the importin-alpha-NLS interaction and lack of precise tools to inhibit or deplete 331 

this crucial component of the nuclear transport make an in vivo validation of a putative interaction a 332 

challenging task. To overcome this obstacle and prove the postulated interaction of KPNA2 and KRIKVE in 333 

a cellular context we designed an assay that took advantage of the cell innate ubiquitin-proteasome 334 

degradation pathway. First, to eliminate the transient character of importin binding, we employed its 335 

mutant which carried alterations within the auto-inhibition domain and was unable to release the 336 

previously bound NLS/cargo in the nucleus (Harreman et al. 2003). To enable detection of the 337 

interaction, the mutated KPNA2 was labeled with a traceable fluorescent reporter ECFP. The NLS to be 338 

validated and the corresponding controls (MYC NLS and mutated KRIKVE) were fused to a fragment of 339 

the E3-ubiquitin protein ligase complex component SPOP. The expected consequence of a KPNA2-340 

restricted nuclear transport of a putative NLS would be manifested by a decreased signal of the ECFP 341 

reporter fused to KPNA2. Similar fusions of SPOP with nanobodies showed their high effectivity in an 342 

antibody-directed protein-knockout study (Shin et al. 2015), and we could confirm the usefulness of this 343 

strategy for gathering convincing experimental evidences of KRIKVE NLS activity and KPNA2 interaction 344 

in cellular context. Having successfully applied the same strategy to confirm the CCHC ZF domain 345 

mediated homodimerization of BCL11B (Grabarczyk et al. 2018), we can recommend the described 346 

SPOP-fusion design as a versatile and reliable tool to study putative protein-protein interactions in living 347 

cells. 348 
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Not surprisingly, the in silico model of the BCL11B bipartite NLS binding to importin alpha (KPNA2) is in 349 

good agreement with other known importin-alpha-substrate complexes. It shows that the RK motif 350 

occupies the minor binding site of KPNA2, and the KRIKVE engages the major binding site of the adaptor 351 

while the spacer region acquires a helical structure putatively stabilizing the complex. The formation of 352 

hydrogen bounds and hydrophobic interactions between the NLS spacer and KPNA2 might compensate 353 

for the reduced affinity of the RK-mutated variants leading to the possibly not completely justified 354 

conclusion of the monopartite nature of the newly identified NLS.  355 

Although not proven experimentally, the described nuclear localization mechanism very likely applies to 356 

the homologous transcription factor BCL11A. The corresponding region consists of KPNA2 minor grove 357 

binding KK motif and a 13 amino acid spacer followed by KRIKLE sequence that engages the importin’s 358 

major binding interface. The entire region preserves the number and distribution of the basic and 359 

hydrophobic residues critical for NLS function. From an evolutionary perspective, the identified NLS 360 

seems to be conserved among vertebrates and can be described as RK-X13(X14 in fish)-KR+K++, where 361 

(+) indicates substitutions with amino acids of similar properties and X represents residues forming the 362 

spacer. 363 

Interestingly, the second lysine within the KRIKVE motif was previously proven to possess the regulatory 364 

function crucial for BCL11B transcriptional activity. As shown by two independent studies this residue 365 

(K689 in BCL11B variant 1, K618 in BCL11B variant 2 described in this study) underwent reversible 366 

sumoylation which was induced by MAPK pathway activation and preceded by phosphorylation of 367 

BCL11B. The modified SUMO-BCL11B recruited p300 histone acetyltransferase and led to de-repression 368 

followed by transcriptional activation of BCL11B-regulated genes in response (Vogel et al. 2014; Zhang et 369 

al. 2012). However, the described post-translational modification of BCL11B seems not to be required for 370 

its nuclear transport. Conversion of K689 (K618) to arginine not susceptible to sumoylation did not 371 

prevent the normal nuclear localization of the EGFP-labeled protein (data not shown). The most 372 

tempting explanation is the spatial separation of the two processes in which the KRIKVE motif is 373 

involved. While the non-modified lysine is likely crucial or sufficient for importin binding in the 374 

cytoplasm, upon release of BCL11B from the importin-alpha/beta complex inside the nucleus the same 375 

lysine becomes available for modifications and interactions with different nuclear proteins.  376 

The wide tissue distribution and the involvement in crucial developmental and physiological processes 377 

predispose BCL11B to be a carrier of causative or contributing mutations in tumors derived from various 378 

organs. According the Catalogue of Somatic Mutations in Cancer (https://cancer.sanger.ac.uk/cosmic), 379 

over 1200 genetic aberrations leading to altered amino acid composition were identified within the 380 

BCL11B coding sequence. However, their distribution is not accidental and the regions within or adjacent 381 
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to the DNA binding zinc finger motifs are affected with relatively higher frequencies. Although improper 382 

cellular localization can be easily imagined and was documented as a cause of protein malfunction (Cinti 383 

et al. 2000) the KRIKVE motif and the neighboring regions seem not to represent a mutation hotspot in 384 

BCL11B. Only two mutations within KRIKVE sequence were reported: R616G and K618N in lung and skin 385 

carcinomas, respectively, and according to the results presented here these variants likely localized 386 

aberrantly in the cytoplasm. The second one, besides its aberrant localization likely could not participate 387 

in the regulatory sumoylation and repressor-to-activator switch. Five further aberrations affected the 388 

two alanine residues directly preceding KRIKVE and interestingly, none of the seven was found in 389 

lymphoid malignancies which appear overrepresented among all tumors carrying BCL11B mutations. 390 

These reports lead to the conclusion that despite its crucial importance for normal BCL11B function the 391 

newly identified NLS and its surrounding sequence are not frequently affected by loss of function 392 

mutations which represent only 0.15 % of all identified cases. Possibly the underrepresentation of the 393 

BCL11B-NLS mutations reflects the major importance of this motif for BCL11B function and supports the 394 

previously reported dependence of the transformed cells on BCL11B activity (Grabarczyk et al. 2007; 395 

Kamimura et al. 2007).  396 

In conclusion, we showed evidence for a previously unknown NLS sequence located in distance from the 397 

DNA-binding and dimerization-supporting zinc fingers of the BCL11B protein. Although possessing 398 

structural similarity to a bipartite motif we furthermore demonstrated that with regard to function the 399 

NLS of BLC11B represents a monopartite signal consisting of the six amino acid sequence KRIKVE. 400 
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Materials and Methods 420 

Plasmids 421 

All BCL11B sequences and fragments used in this study correspond to the isoform 2 consisting of 422 

exons 1, 2 and 4 (accession number NM_022898.2). 423 

For immunofluorescence microscopy experiments, DNA fragments encoding whole length BCL11B and its 424 

deletion mutants (aa1-823, aa1-141, aa1-434, aa146-434, aa718-823, aa146-823 and aa1-716) were PCR-425 

amplified from human T cells cDNA and cloned in frame into pEGFP-C1 (Takara Bio Europe, Saint-426 

Germain-en-Laye, France) or newly created p3xEGFP plasmid vectors. The PCR products were cloned into 427 

the vectors using InFusion ligase-free cloning system (Takara Bio Europe, Saint-Germain-en-Laye, 428 

France). The shorter BCL11B fragments corresponding to the predicted putative nuclear localization 429 

sequences (aa524-562, aa598-640, aa615-620 and their alanine or threonine mutants) were synthesized 430 

as double stranded DNA (dsDNA) oligonucleotides (Integrated DNA Technologies, Leuven, Belgium). The 431 

vectors encoding whole length BCL11B carrying point mutations in the putative NLS were prepared using 432 

Q5™Site-Directed Mutagenesis Kit (New England Biolabs, Ipswich, MA, USA), according to the 433 

manufacturer’s instructions. For BCL11B dimer localization assay, PCR-generated DNA fragments 434 

matching the whole isoform 2 of BCL11B or its N-terminally-truncated version (aa146-823) were fused to 435 

monomeric red fluorescence protein (mRFP). Plasmid vectors used in the BCL11B-KPNA2 interaction 436 

assays were produced by cloning of synthetic dsDNA fragments consisting of mRFP-SPOP (aa168-366) 437 

followed by stop codon (NLS-deficient control), KRIKVE, MYC-NLS or AAIAVE (mutated NLS control) 438 

coding sequences. The cDNA of the cargo-release defective mutant of KPNA2 nuclear import adaptor 439 

(49-KRR-51 mutated to 49-AAA-51) was synthesized as dsDNA (BioCat GmbH, Heidelberg, Germany) and 440 

fused in frame to ECFP coding sequence. All expression vectors generated for this study were prepared 441 

using standard bacterial culture techniques and HiPure plasmid preparation kits (Invitrogen by Thermo 442 

Fisher Scientific, Carlsbad, CA, USA). The fidelity of the amplified or synthesized cloned sequences was 443 

verified by Sanger sequencing (LGC Genomics, Berlin, Germany).  444 

 445 

Cell culture and transfection 446 

The LX™ 293T cell line (Takara Bio Europe, Saint-Germain-en-Laye, France) was maintained in 447 

Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal calf 448 

serum (PAN-Biotech GmbH, Aidenbach, Germany), Glutamax (Invitrogen, Carlsbad, CA, USA) and 449 

Mycozap (Lonza Group Ltd., Basel, Switzerland). The non-confluent LX™ 293T cells growing on 12-well 450 

CellBIND® culture dishes (Corning Incorporated, Corning, NY, USA) were transfected using CalPhos 451 

106



Mammalian Transfection Kit (Takara Bio Europe, Saint-Germain-en-Laye, France) according to the 452 

manufacturer’s instructions. For BCL11B dimer localization assay, the co-transfected plasmids were 453 

combined at 4:1 ratio of NLS-proficient (mRFP labeled) to NLS-mutated (EGFP) variant to enhance the 454 

frequency of mutNLS-consisting heterodimers. The transfections for the NLS-KPNA2 interaction assay 455 

were performed as described above. To ensure that a substantial fraction of ECFP-labeled KPNA2 bound 456 

the investigated mRFP-SPOP-NLS/control proteins, the latter were used at high excess (1:5). Cells 457 

expressing comparable levels of NLS-fusions were selected based on the mRFP signal and the mean ECFP 458 

fluorescence intensity was measured in these cells  (Navios flow cytometer, Beckman Coulter GmbH, 459 

Krefeld, Germany, 405 nm laser, 450/50 filter). 460 

 461 

Immunofluorescence  462 

For immunofluorescence analysis transfected LX™ 293T cells were seeded on 4-wells chamber 463 

Permanox® slides (Thermo Fisher Scientific, Waltham, MA, USA) and allowed to attach for 24 hours. 464 

Then, the cells were cautiously washed with warmed PBS followed by fixation in 4% PFA and subjected to 465 

colocalization staining: EGFP with LMNB1 or EGFP with mRFP. 466 

After blocking step (10% normal horse serum, 0.1% Triton X-100, PBS) the cells were incubated 467 

with first primary antibody rabbit anti-EGFP (1:200 dilution; Proteintech Group Inc., Rosemont, IL, USA) 468 

at 4°C overnight. On the next day, the first secondary antibody chicken anti-rabbit Alexa Fluor™ 488 469 

(Thermo Fisher Scientific, Waltham, MA, USA) was applied. For the second sets of antibodies, the cells 470 

were blocked (10% normal goat serum, 0.1% Triton X-100, PBS) and incubated with either mouse anti-471 

LMNB1 (1:250 dilution; Sigma-Aldrich, part of Merck KGaA, Darmstadt, Germany) or mouse anti-RFP 472 

(1:1000 dilution; Sigma Aldrich, part of Merck KGaA, Darmstadt, Germany) primary antibody, at 4°C 473 

overnight. Next, incubation with second secondary antibody F(ab')2-goat anti-mouse Alexa Fluor™ 594 474 

(Thermo Fisher Scientific, Waltham, MA, USA) was performed. Then the slides were counterstain with 475 

DAPI (Bio-Rad Laboratories, Hercules, CA, USA), mounted and subjected to confocal imaging (Carl Zeiss 476 

LSM 700, Carl Zeiss AG, Oberkochen, Germany). 477 

 478 

Computational Methods 479 

Structure preparation and loop modeling 480 

If not specified otherwise, all calculations were prepared and performed using Molecular Operating 481 

Environment 2019 (Molecular Operating Environment (MOE) 2019). The crystal structure of KPNA2 482 

(3FEY) was downloaded from RCSB database. Residues binding to the minor (RR) and major (KRRK) site 483 
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were mutated to their corresponding residues in BCL11B (minor: RK, major: KRIK). All other substrate 484 

residues were removed. Finally AMBER14 (ff14SB) force field parameters (Maier et al. 2015) were 485 

assigned to the complex prior to protonation with Protonate 3D and restraint minimization with fixed 486 

atoms farther than 0.7 nm from substrate. Both peptides at the minor and major site were used as 487 

anchor groups to perform de novo loop modeling. A total of 10,000 loop conformations were generated 488 

and the top ten poses visually inspected. For the final model, all loop and environment sidechains were 489 

rebuilt and minimized. 490 

 491 

Molecular dynamics simulations 492 

For further optimization and verification of the final binding mode from loop modeling, molecular 493 

dynamics simulations were performed using a multi-stage simulation protocol with NAMD 2.13 494 

(CUDA+MPI version) (Phillips et al. 2005). Explicit TIP3P water molecules, counterions, partial charges 495 

and AMBER16 force field parameters were assigned by tLeap from AmberTools 17 (Case et al. 2017). 496 

Hydrogen mass repartitioning (Hopkins et al. 2015) was applied by ParmED to enable a timestep of 4 fs. 497 

Langevin piston barostat and Langevin thermostat were applied for pressure and temperature control, 498 

respectively. First, the system was minimized for 50,000 steps, followed by 1 ns NVT and 1 ns NPT at 310 499 

K. Afterwards snapshots were collected every 1 ps for a total simulation time of 100 ns during the 500 

production run. VMD 1.9.3 was used to analyze the simulation trajectory (Humphrey et al. 1996). 501 

 502 

TIGER2hs replica exchange molecular dynamics 503 

All molecular dynamics and force field parameters used are described above. The initial structure 504 

was rebuilt from sequence (PSPGLNSAAKRIKV) as unordered coil and capped with acetyl groups at the N-505 

terminus and N-methyl-amide at the C-terminus. For the solvation shell estimation a short molecular 506 

dynamics simulation was performed (50,000 steps minimization, 400 ps NVT, 400 ps NPT and 10 ns NPT 507 

production run). The radial distribution function of water oxygen atoms around the solute was calculated 508 

using a Tcl script, which is provided along with the TIGER2hs simulation code for NAMD (Geist et al. 509 

2019). The average number of 166 water molecules was selected at 0.41 nm and includes the complete 510 

first two solvation shells. A truncated system for energy evaluation was generated with ParmED. An 511 

OpenMM (Eastman et al. 2017) script was used for energy evaluation using the GBSA continuum model 512 

as implicit solvent proportion of the hybrid solvent approach. For simulation, 24 replica were distributed 513 

on a temperature range from 280 K to 600 K. Sampling and quenching time of each run were set to 20 ps 514 

and 10 ps, respectively. Almost 20,000 runs were performed, resulting in nearly 400 ns of pure sampling 515 
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time and 160,000 conformations. The secondary structure content was then calculated using CPPTraj 516 

(AmberTools 17) (Case et al. 2017). 517 
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FIGURE 1 732 

 733 

 734 

Fig. 1. The nuclear localization signal sequence is located between two zinc finger clusters of BCL11B protein. A. 735 

Schematic representation of the constructs encoding single EGFP and various BCL11B fragments (upper part) and 736 

their cellullar localization after transfection of HEK293 cells. B. Different BCL11B deletion mutant constructs tagged 737 

with extranuclear reporter 3xEGFP and their cellular localization in transfected HEK293LX cells. (*) indicates that 738 

the encoded protein MW exceeds 60 kDa either as a monomer or as a result of dimer formation and therefore 739 

requires an NLS for nuclear localization. Vertical rectangles – zinc finger domains (CCHC in light gray, CCHH in dark 740 

gray); EGFP – enhanced green fluorescence protein; LMNB1 – Lamin B1, DNA – DAPI staining 741 
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FIGURE 2 743 

 744 

Fig. 2. Identification of the functional nuclear localization signal of BCL11B. A. Putative NLS-inclusive region of 745 

BCL11B and sequences of the in silico predicted NLS (upper part); Schematic representation of the NLS constructs 746 

(lower part). B. Cellular distribution of the 3xEGFP-labeled BCL11B-derived potential nuclear localization signals. 747 

Vertical rectangles – zinc finger domains (CCHC in light gray, CCHH in dark gray); EGFP – enhanced green 748 

fluorescence protein; LMNB1 – Lamin B1, DNA – DAPI staining 749 
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FIGURE 3 751 

 752 

 753 

Fig. 3. The relevance of the basic and hydrophobic amino acids constituting the identified minimum NLS motif. A. 754 

Cellular localization of the 3xEGFP fluorescent reporter fused to alanine-substituted KRIKVE mutants. B. Cellular 755 

distribution of the 3xEGFP-labeled constructs with KRIKVE motifs carrying threonine substitution. EGFP – enhanced 756 

green fluorescence protein; LMNB1 – Lamin B1, DNA – DAPI staining. 757 
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FIGURE 4 759 

 760 

 761 

Fig. 4. Validation of KRIKVE nuclear localization activity in the context of whole length BCL11B protein and its 762 

dimers. A. Shows the schematic drawing of vectors and localization of fusion proteins carrying targeted mutations 763 

within the minor and major basic clusters of the putative biNLS (RK-X13-KRIKVE). B. The EGFP-tagged and KRIKVE-764 

mutated variant of BCL11B co-transfected with NLS-proficient whole length or N-terminally truncated BCL11B. 765 

Vertical rectangles – zinc finger domains (CCHC in light gray, CCHH in dark gray); EGFP – enhanced green 766 

fluorescence protein; mRFP – monomeric red fluorescence protein; LMNB1 – Lamin B1, DNA – DAPI staining. 767 
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FIGURE 5 769 

 770 

Fig. 5. Confirmation of the direct KRIKVE-importin interaction in live cells.  A. Schematic presentation of the 771 

cellular interaction assay design. B. The upper part shows an exemplary ECFP-FACS measurements of cell co-772 

transfected with KRRtoAAA-KPNA2 and various mRFP-SPOP NLS fusions. The lower panel summarizes data obtained 773 

from 5 independent experiments ±s.e.m. ECFP –Enhanced Cyan Fluorescence Protein; mRFP – monomeric Red 774 

Fluorescence Protein; SPOP – aa168-366 E3-ligase-interacting fragment of SPOP; KPNA2 – importin alpha subunit 1. 775 
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FIGURE 6 777 

 778 

Fig. 6. Predicted binding mode of the BCL11B NLS to importin alpha 1 and specific interaction to the minor (upper 779 

left) and major (lower right) binding sites. Hydrogen bonds and salt bridges are represented as dashed yellow and 780 

purple lines, respectively. The amino acids of the NLS directly involved in importin alpha interaction are shown in 781 

cyan. A small helical region in front of the residues binding at the major site was predicted by loop modeling and 782 

could be confirmed by ab initio protein folding simulations. The helix probability is shown as bar chart where green 783 

colors indicate the residues that actually form a helical secondary structure. A full resolution plot can be found in 784 

the SI. 785 
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Abstract
Replica exchange molecular dynamics simula-
tions are one of the most popular approaches
to enhance conformational sampling of molecu-
lar systems. Applications are ranging from pro-
tein folding, protein-protein or other host-guest
interactions, as well as binding free energy cal-
culations. While these methods are computa-
tionally expensive, they yield highly accurate
results.
We recently presented TIGER2hs, an im-

proved version of the temperature intervals with
global exchange of replicas (TIGER2) algo-
rithm. This method combines the replica-based
enhanced sampling in an explicit solvent with
a hybrid solvent energy evaluation. During the
exchange attempts, bulk water is replaced by
an implicit solvent model and this allows sam-
pling with significantly less replicas than par-
allel tempering (REMD). This enables accu-
rate enhanced sampling calculations with only
a fraction of computational resources compared
to REMD.
Our current results highlight several is-

sues with reproducibility within the original
TIGER2 exchange algorithms that affected

the overall state populations. A high param-
eter sensitivity on replica number and maxi-
mum temperature is eliminated by changing
to a pairwise exchange scheme in TIGER2hs
without additional sorting. Simulations are
controlled by adjusting the average tempera-
ture change per exchange to below 30K/ex.
Thereby, this parameter provides an applicable
property for choosing combinations of replica
number and maximum temperature and simula-
tions can now be adjusted to best accuracy with
flexible resource investment. This increases the
robustness of the method and provides results
in excellent agreement with REMD.

1 Introduction
Extensive research and achievements on exper-
imental methods like X-ray diffraction, nuclear
magnetic resonance spectroscopy or cryo elec-
tron microscopy have enabled in-depth investi-
gations on the structure and dynamics of molec-
ular systems.1–3 While the system sizes of in-
terest and resolutions are increasing, they still
suffer from various experimental limitations.4
To overcome these, in silico simulations are a
useful complementary tool to study challeng-
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ing or even hypothetical molecular systems.5–7
One of the most popular methods are forcefield-
based atomistic molecular dynamics simula-
tions, which provide the best trade-off between
speed and accuracy for biomolecular systems.8
The feasible timescales depend on the over-

all system size and range from multiple hun-
dred nanoseconds to microseconds. This lim-
its the application of these methods to these
timescales, where slow processes or rare events
might not be observed. The molecular system
can be trapped in energetic minima, resulting
in a low probability to overcome high energy
barriers by chance.
Hence, a wide range of algorithms have been

proposed to speed up the exploration of the
conformational space of such systems.9 The de
facto gold standard are replica exchange meth-
ods, also known as parallel tempering. They
were initially developed for Monte Carlo and
later adopted for molecular dynamics simu-
lations.10 The simulated system is replicated
along a parameter scale, which is typically tem-
perature (T-REMD)10 or perturbations to the
Hamiltonian (H-REMD).11 During the parallel
simulation, structures are exchanged periodi-
cally along the parameter scale to collect state
ensembles for certain values of these parameter
ladders.
In this study, the focus is on temperature as

the enhancing factor for sampling, whereby T-
REMD and REMD are used as synonyms. The
standard simulation scheme in REMD simply
distributes temperatures between a minimum
and maximum value to each individual simu-
lation, also called replica, while preserving all
other properties of the system. After 100 fs to
100 ps of simulation time,12 exchange attempts
are performed and evaluated by coupling neigh-
boring replicas using the Metropolis sampling
criterion based on both potential energies (EA,
EB) and temperatures (TA, TB).13 Tempera-
tures are swapped if the exchange is accepted.
This results in a random walk of replicas in tem-
perature and phase space and yields a Boltz-
mann weighted ensemble of states at each tem-
perature level.

p = min

[
1, exp

(
EA − EB

kB

(
1

TA

− 1

TB

))]

(1)
The required replica number to cover the tem-

perature scale depends on the system’s degrees
of freedom (DoF)14 and the contributions of ex-
plicit solvation to these DoF come with a great
penalty. With more particles in the system, the
potential energy gap between replicas at dif-
ferent temperatures increases and more repli-
cas are needed to bridge these gaps. If there
are too few replicas on the given temperature
range, temperature differences between replicas
increase and the exchange likelihood is lowered.
On the other hand, a large replica number raises
the computational cost and slows down the ran-
dom walk of replicas on the temperature ladder.
A good trade-off between resource invest-

ment, efficiency and convergence is achieved
with an exchange probability of around 20%
between neighboring replicas. Also, as pro-
posed by Sindhikara et al., exchange attempts
should be performed as often as possible to se-
lectively assign new temperatures, preferably
on the solutes potential energy.12
Another problem comes with explicit repre-

sentation of solvent, namely solvent atoms out-
number solute atoms by several magnitudes
driving exchange attempts by energetic differ-
ences in bulk solvent states rather than so-
lute conformations. In REMD, the slow diffu-
sion through temperature space, by exchanging
only neighboring replicas with small tempera-
ture differences, leads to an intrinsic averag-
ing effect.15 While the bulk solvent’s potential
energy changes randomly and quickly, the so-
lute state stays unchanged over the course of
several cycles. With each exchange back and
forth within groups of neighboring replicas, the
real energy difference between replicas becomes
more certain. Thereby, replicas are weighted
against each other and this weighting is per-
manently adjusted to changes in the replica’s
state.
We think that the shift of energy histograms

between replicas at different temperatures is
somewhat arbitrarily related to the DoF in the
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Figure 1: Schematic representation of different exchange schemes used in TIGER2 based simula-
tions. The originally published schemes for (left) TIGER2A and (middle) TIGER2 are adapted
for TIGER2hs. (right) The new pair exchange scheme developed in this study. For all exchange
schemes, the currently baseline replica, highlighted in orange, is written prior to the exchange at-
tempt, except for original TIGER2h(s), where multiple new structures are additionally obtained
during the exchange attempt. Diamonds represent the exchanging replica pairs.

system that is normally not of interest dur-
ing sampling, namely the solvent atoms. This
means that ideally, the sampling of conforma-
tions of the same peptide in solvent boxes of
different sizes should not increase the num-
ber of replicas required, since the configura-
tion space of that peptide remains unchanged.
With REMD, however, the number of repli-
cas required increases with system size, which
self-regulates the intrinsic averaging mechanism
to account for the increased source of random
noise. We consider this mechanism of intrinsic
averaging as the main reason for the compu-
tational expense of the REMD algorithm and
also as the best point to reduce the resource
consumption in derivatives of the method.
One popular solution to overcome the com-

putational costs is to use implicit solvation.16
By removing all solvent atoms in the system,
the potential energy overlap is much larger,
even with higher temperature differences and
less replicas are needed to achieve a certain ex-
change rate. Due to the lack of bulk solvent in
the system as a source of random noise, there’s
also no need for intrinsic averaging. However,
with the current accuracy of continuum mod-
els, the resulting state populations are largely
affected due to the lack of explicit hydrogen

bonds, entropic effects, solvent viscosity and
temperature dependencies at the solute-water
interface.15,17–19

1.1 The TIGER2 idea and its
problems

Because replica exchange simulations are com-
putationally expensive, in the last decades sev-
eral derivations of the method were developed
aiming at reducing the replica number.20,21 The
TIGER2 method was specifically designed to
make the replica number independent from the
system’s degrees of freedom.22 By introducing a
quenching cycle, all replicas are cooled down to
the baseline temperature before exchange at-
tempts. This removes temperature influences
and focuses exchanges purely on potential en-
ergy differences arising from conformational dif-
ferences. Additionally, exchange attempts are
not restricted to neighboring replicas anymore
and maybe tested globally. The metropolis
sampling criterion is adapted to:

p = min

[
1, exp

(
EA − EB

kBTmin

)]
(2)

Although this approach significantly reduces
the replica number, effects from the bulk sol-
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vent’s potential energy noise were not ac-
counted for. Contrary to REMD, the global ex-
change scheme and subsequent sorting of non-
baseline replicas in TIGER2 interferes with the
intrinsic averaging mechanism that was only
now revealed. Temperature changes in TIGER2
are larger and more sudden and this results
in state ensembles appearing too hot as tem-
perature levels are mixed too quickly and ran-
domly.23 Additionally, the length of each simu-
lation cycle is drastically increased by heating
and quenching phases in TIGER2 and exchange
attempts occur less often. The quenching phase
must be selected large enough to allow sufficient
equilibration of the system to the baseline tem-
perature. The sampling phase is then increased
to multiples of the quenching phase, so it only
makes up a smaller fraction of the overall cy-
cle. Thus, TIGER2 cycles cannot be as short
as REMD cycles and intrinsic averaging cannot
work as before. Solute states are changed to
quickly by sudden temperature elevations and
do not persist long enough to cover a sufficient
range of bulk solvent state energies for averag-
ing.
Hence, Li et al. later proposed TIGER2A,23

an updated version of the TIGER2 algorithm.
Here, the solvent’s potential energy is averaged
explicitly during an additional simulation phase
before exchange attempts. This removes the
solvent’s potential energy noise and the result-
ing bias in the Boltzmann ensemble.
Overall, the simulation time is increased by

300–500% compared to TIGER2, as averag-
ing the solvent’s potential energy requires nu-
merous solvent states.19,24 As an attempt to
compensate for the increased cost, the method
records multiple states during the exchange by
a change to the algorithm (Figure 1).

1.2 TIGER2 with hybrid solvent

With the development of TIGER2h(s), the po-
tential energy evaluations for exchanges are per-
formed in implicit19 or hybrid explicit/implicit
solvent15 while the actual sampling simulations
still run under full explicit solvation. The noise
can be effectively reduced and no averaging
phase is needed. Accuracy was largely retained

(AAQAA)3 HP7 Trp-cage

Figure 2: Fast folding peptides: (AAQAA)3
(left), HP7 (middle), PDB 2EVQ30) and Trp-
cage (right, PDB 1L2Y31).

and a heavily reduced number of replicas re-
vealed sufficient. Recent studies have success-
fully proven the application of these methods
to enhance sampling of various molecular sys-
tems.24–29
With the removal of the correlation between

the replica number and the system’s degrees of
freedom, the efficient application of the algo-
rithm is challenging, since there is no clear di-
rective on how many replicas to use for specific
simulation setups. Effects from different num-
bers of replicas or temperature scales on effi-
ciency and convergence were not investigated
in detail.
Since low replica counts and temperature

ranges to a maximum of 600K, typically used
in protein folding simulations, resulted in sim-
ilar results with small example systems, minor
deviations were accounted to convergence.15,19
The intend of this study is to provide an in-

tensive investigation on the relation between
replica number, temperature range, systems’s
degrees of freedom, accuracy, reproducibility
and computational resource investment for the
TIGER2hs based algorithms. The results
are evaluated based on self-consistency upon
changing the various parameters and compared
to REMD simulations. Ultimately, we search
for a measure that allows estimating the pa-
rameter sensitivity and impact on the accuracy
of results. An adjustable control parameter is
defined in an updated exchange scheme that en-
ables fine tuning the system setup for accurate
and efficient TIGER2h(s) application.
Different temperature scales, replica numbers
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and exchange schemes are tested for TIGER2hs
with three small peptides (AAQAA)3, HP7 and
Trp-cage (Figure 2). Both (AAQAA)3 and HP7
were used in various protein folding and exper-
imental studies.30,32–34 Their native folds are a
single α-helix or β-sheet, respectively, making
them an optimal choice to investigate the fold-
ing of the two most common defined secondary
structure motifs. The Trp-cage is a fast-folding
protein of 20 residues consisting of a small α-
helix, a 310-helical motif and a five residue or-
dered coil region, enclosing a tryptophan.31,35

2 Methods
Implementations are provided in the supporting
information and available on Github (https:
//github.com/SLx64/TIGER2hs).

2.1 General System Preparation

The initial structures for all three proteins
(HP730 (AAQAA)3 and Trp-cage31) were re-
build from the primary sequence as extended
coil structures using the protein builder in
MOE 2019.01.36 A subsequent short constraint
minimization was performed to remove steric
clashes. The N- and C-terminal end of
(AAQAA)3 were capped with an acetyl and an
N -methyl-amide group, respectively, to prevent
ionic interactions between both termini. AM-
BER ff14SB force field parameters37 described
the proteins, while the TIP3P model was ap-
plied to water molecules. Sodium or chloride
ions neutralized the total charge of the sys-
tem and were added using tLeap of Amber-
tools 17.38 Hydrogen mass repartitioning39 was
utilized by ParmEd 3.1.0.40

2.2 Molecular Dynamics Setup

All molecular dynamics and replica exchange
simulations were performed with NAMD 2.13.41
The timestep was set to 4 fs. Pressures and tem-
peratures were maintained by a Langevin piston
barostat (100 fs period and 200 fs decay time)
and Langevin thermostat (1 ps−1 damping), re-
spectively. For all replica exchange simulations

a pseudo-NVT ensemble27 was implemented by
adjusting the target pressure at the desired
temperature. The Antoine equation42 (A =
8.140 19, B = 1810.94 °C, C = 244.485 °C) mul-
tiplied by a factor of 3 sets the target pressure,
to maintain solvent density and suppress vapor.
The SETTLE algorithm constrained covalent
bonds involving hydrogen atoms. Long-range
electrostatic interactions were described by the
smooth particle mesh Ewald method (sPME),
while short-range interactions cutoffs were set
to 1.0 nm with a switching function of 0.1 nm.

2.3 REMD Simulations

A modified version of NAMD’s REMD Tcl-code
performed temperature replica exchange sim-
ulations for all three molecular systems. For
each, 100 replicas covered a logarithmic tem-
perature scale between 280K and 600K. Ex-
change attempts were performed every 400 fs
alternating between even and odd replicas.12
Snapshots were written every 20 ps. The re-
sulting average neighboring exchange rates were
20% ((AAQAA)3), 23% (HP7) and 16% (Trp-
cage).

2.4 TIGER2A Simulations

(AAQAA)3 was simulated with the TIGER2A
Tcl code15 and modified to include the new
PE-exchange scheme and fixation of the so-
lute’s structure during the averaging phase by
RMSD colvar43 restraints. The number of av-
eraging time steps was estimated by two inde-
pendent molecular dynamics simulations with
explicit and implicit solvation as described pre-
viously.15 The value was rounded up to 128 ps
and quenching as well as sampling phases were
set to 10 ps and 20 ps, respectively. Potential
energies were collected every 60 timesteps. In
total, 16 replicas were distributed on a loga-
rithmic temperature scale between 280K and
450K.

2.5 TIGER2hs Simulations

The TIGER2hs implementation15 was changed
from interfacing Sander38 to OpenMM44 for the
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energy calculations. ParmEd40 was utilized to
create the hybrid solvent system for energy eval-
uations during the replica exchange attempts
by removing water molecules and ions. The
Generalized Born GB-OBC245 implicit solvent
model described the continuum solvent with a
periodic cutoff for nonbonded interactions at
half the box length.
The amount of water molecules in the first

two solvation shells around the protein was es-
timated by calculating the radial distribution
function of water oxygen atoms around the so-
lute after a short molecular dynamics simula-
tions.15 135, 150 and 210 water molecules were
selected for HP7, (AAQAA)3 and Trp-cage, re-
spectively (SI).
In accordance to experimental conditions

from solution NMR measurements,30,31 the
minimum temperature was set to 270K for HP7
and to 280K for the other two proteins.
The sampling and quenching phases were

10 ps and 20 ps long, respectively. To optimize
the re-heating after an exchange attempt, a
checkpoint is written for each replica after sam-
pling and reloaded if the difference between old
and new temperature is smaller then between
the new and the baseline temperature. This
approach, termed “continuous heating” (Con-
Heat), was implemented as optional parameter
in all TIGER2 versions for NAMD.
All simulation setups with the corresponding

replica number, atom count, total simulation
time and temperature ranges are described in
the supporting information.

2.6 Data Analysis

The secondary structure assignments were cal-
culated with CPPTraj46 (DSSP algorithm47).
The first 15% of snapshots were discarded for
analysis in each calculation. Results were visu-
alized with Matplotlib.48

3 Results and Discussion

3.1 Dependence on Replica Num-
ber with original TIGER2hs

For TIGER2hs, the originally published ex-
change scheme from TIGER2A was adopted,
where multiple exchanges are performed as-
cendingly on the replica ladder in each cycle
(Figure 1, left) and each accepted exchange
would contribute directly to the baseline Boltz-
mann ensemble.
We performed TIGER2hs simulations of

(AAQAA)3 with this algorithm and a Tmax

of 600K while varying the replica numbers.
Initially, the indent was to acquire the most
efficient setup in terms of resource usage and
convergence of the structural ensemble. For
example, how many replicas are required to
obtain consistent results compared with many
replicas. However, as shown in Figure 3 (left),
the cumulative α-helix probability significantly
rises with an increasing number of replicas and
so unveiled an unexpected correlation between
secondary structure content and number of
replicas. The use of the major secondary struc-
ture motif in this context gives an estimate of
the native-like fraction in the resulting ensem-
ble. While it may be expected that extremes
like two replicas perform worse than many repli-
cas, we did not expect such a strong ongoing
correlation with replica numbers as high as
64. It is to be expected that this trend may
continue until nearly 100% native states when
increasing the replica number even more. We
assign this effect to the increasing fraction of
folded structures with similar potential ener-
gies at lower temperatures. Snapshots from
these replicas are written proportionally more
often because replicas are challenged for ex-
changes in their temperature order. While this
exchange scheme was earlier suspected to cause
fast convergence and exhaustive exploration of
the folding free energy landscape, two draw-
backs are now revealed:
First, a snapshot for the resulting state en-

semble is registered only if the exchange at-
tempt is successful, instead of writing every
winning replica state. For example, a current
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Figure 3: Cumulative helix probability of (AAQAA)3 with respect to the replica number and
different exchange schemes. Replica snapshots (baseline only) are shuffled prior to analysis and
not sorted by time for more precise visualization of endstates. Line colors represent the numbers
of replicas used. The maximum temperature was 600K in all simulations. For TIGER2hsMR, the
number of exchange attempts per run was equal to the replica number. A more detailed description
of this approach can be found in the supporting information.

baseline state that rejects all but the last replica
in a cycle will be registered with only the same
weight as the last replica, which will become the
new baseline. This clearly disturbs the thermo-
dynamic balance between states since the orig-
inal baseline replica won so many exchange de-
cisions.
Second, the reference replica changes imme-

diately and only the new reference is compared
to all upcoming replicas. This results in a dis-
proportionate representation of low energy con-
formations. The effect worsens with increasing
replica number because there is a higher chance
that multiple native-like structures may exist
on the lower temperature replicas since tem-
perature differences get smaller. Due to their
similar energy levels, the exchange probability
increases, leading to a higher acceptance.
To investigate these issues, we tested a fall-

back to the original TIGER2 swap scheme (Fig-
ure 1, middle) that used a single random ex-
change (SR) with the baseline and the same
subsequent sorting of non-baseline replicas by
potential energies. For TIGER2hsSR and the
same Tmax of 600K, the secondary structure
now approaches a system specific limit value
with increasing the replica number (Figure 3,
middle). This can also be shown for the other
proteins, HP7 and Trp-cage (SI) and consistent
results are obtained only if enough replicas are
used.

3.2 Dependence on Temperature
Scale with TIGER2hsSR

Besides the number of replicas, the choice of
maximum temperature directly affects the ki-
netic energy boost during the sampling. We
expected that a sufficiently high Tmax would be
needed to apply enough kinetic boost and effec-
tively explore the full configurational space, but
once high enough, results should not depend
on it anymore. For REMD and three different
Tmax temperatures, this is demonstrated in the
SI. To test this for TIGER2hsSR, we performed
simulations while varying the replica number
for (AAQAA)3 and HP7 on three temperature
scales with Tmax of 365K, 440K and 600K.
Surprisingly, for all simulations, the probabil-

ity for folded structures decreases with increas-
ing maximum temperature Tmax (Figure 4),
hence the ensemble appearing too hot. We hy-
pothesize that this effect is caused by mixing
the temperatures of replicas too quickly and
this reveals another problem with the TIGER2
algorithm:
Exchange attempts using the Metropolis cri-

terion are performed to select the new baseline
replica, but the remaining replicas are sorted
and assigned to their new temperatures based
on their respective potential energies, resulting
in additional and highly unselective exchanges
between non-baseline replicas. Structures that
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Figure 4: Cumulative secondary structure
probability dependence on Tmax and replica
number for (AAQAA)3 (top) and HP7 (bot-
tom). All calculations were performed with
TIGER2hsSR.

are hard to find, such as the native state, are
destroyed by random exposition to high tem-
peratures and it takes longer for certain states
to appear again, than they will survive on av-
erage. Thus, the fraction of folded states will
always reduce with increasing Tmax and the ef-
fect worsens in systems where the native states
are harder to recover.
While for (AAQAA)3 this effect was mostly

mitigated by raising the replica number (Fig-
ure 4), for HP7 at Tmax = 600K, the effect
was not compensated and resulted in wrong es-
timation of the secondary structure probability.
Even a large number of replicas was unable to
counter the observed effect when Tmax was too
high. The native state for HP7 is harder to re-
cover than for (AAQAA)3 and results are not
reproducible upon changes in Tmax.
To control and monitor the temperature mix-

ing between replicas, we introduced a surro-
gate parameter based on the average temper-
ature change per exchange (K/ex), which de-
pends on both, the temperature range and the
replica number. All global exchanges, also by
sorting, are included in this measure and it is
universally applicable independently from the
molecular system. Displaying the results from
TIGER2hsSR over this measure, as shown in
Figure 5 (left), it does not reveal any useful
pattern upon the different results obtained for
every protein whether the temperature range or
number of replicas were changed. The correct
settings to resemble REMD results are hardly
predictable, not transferable between molecu-
lar systems and estimating the optimum values
remains a challenging task.
This is especially difficult for small molecular

systems with low energy barriers since the aver-
age keep rate, namely the fraction of cycles with
no exchange, is nearly constant in TIGER2hsSR
simulations, independent of maximum temper-
ature or replica number (data not shown). Af-
ter cooling down all replicas to the same tem-
perature, the acceptance rate between replicas
arises solely from the system’s entropy, that is,
the energy differences of the observed states at
this time. With only minor energy differences,
also the sorting of non-baseline replicas results
in scrambling more easily. For larger systems
with more distinct states and higher energy dif-
ferences, this issue may become less relevant.

3.3 Removal of Parameter Sensi-
tivity with TIGER2hsPE

We replaced the sorting of non-baseline repli-
cas with an updated exchange scheme, which
selects unique random pairs across all repli-
cas and performs exchange attempts between
these (TIGER2hsPE, Figure 1, right). This ap-
proach significantly reduces the number of ex-
changes and increases their selectivity. All ex-
changes are now controlled by the Metropolis
sampling criterion and this results in a more
meaningful definition of the K/ex parameter.
Controlling and slowing down the random walk
in temperature space is intrinsically present
in the REMD algorithm and self-controlled by
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Figure 5: Normalized secondary structure probability for all three example proteins as function of
the average temperature change per exchange (K/ex) using the TIGER2hsSR (left) TIGER2hsPE
(right) algorithms. Reference values for normalization are taken from the corresponding REMD
simulations. For Trp-cage the sum of α- and 310-helix probability was considered.

changes of overlaps in potential energy dis-
tributions between neighboring replicas upon
changes in the replica number or temperature
range. With introducing a similar control on
the temperature mixing in TIGER2, we ex-
pected that simulations would become resistant
to changes in replica number and Tmax, once
the K/ex is adjusted in a valid range and this
should apply universally between molecular sys-
tems. The K/ex is adjustable majorly by the
Tmax and slightly by replica number. As before
in TIGER2hsSR, the average acceptance rate of
exchanges is mostly unchanged in TIGER2hsPE
when varying the replica number because only
the present energy differences between states af-
ter the quenching phase are decisive.
To test this hypothesis and gain a deeper

understanding of best practices, TIGER2hsPE
simulations were performed with all three pep-
tides on various temperature ranges and num-
bers of replicas (Figure 5, right). For values be-
low 30K/ex, simulations for all proteins started
to converge to similar results as REMD and
were generally self-consistent. The final results
did not depend on either the temperature range
or the number of replicas and only on the K/ex.
The optimum value is around 20K/ex as a good
trade-off between kinetic energy boost and ac-
curacy.
While (AAQAA)3 and HP7 have similar num-

bers of atoms and thus DoF, the native state
for HP7 is more challenging to sample. This
is evident from more simulation time required
for reaching convergence and from a greater
penalty arising from the mentioned issues in the
former algorithms. However, as hypothesized,
no effect is seen on the optimal K/ex range, not
even with Trp-cage, being almost twice as large.
We think that lower K/ex values could nega-

tively affect the convergence of simulations be-
cause approaching temperature differences of
near zero is equal to molecular dynamics sim-
ulations running in parallel at the same tem-
perature. Although such simulations lead to a
correct Boltzmann ensemble due to the ergod-
icity, no significant sampling improvement is to
be expected.
In general, using more replicas should be ben-

eficial for convergence since a larger fraction
of the conformational space is sampled concur-
rently. However, even small amounts of repli-
cas yielded comparable results to large replica
numbers for the systems studied here.

3.4 Validation of the modified
pair exchange (PE) algorithm

We assumed that a controlled diffusion through
the temperature space based on the average
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temperature change per exchange (K/ex) re-
sults in a correct Boltzmann weighted ensem-
ble of states. However, remaining discrepancies
to REMD simulations could possibly arise from
hybrid solvent energy evaluation. While sol-
vation effects that are missing in conventional
implicit solvents should be captured by the ex-
plicit solvent shell in TIGER2hs, using a uni-
formly sized solvation shell around the solute
may not be representative for all states a given
solute might adopt. Hence, the observed agree-
ment of TIGER2hsPE to REMD results may be
due to a compensation of biases in the under-
lying algorithm and application of an implicit
solvent. To test this, we implemented a new
TIGER2A version with the same PE-scheme.
Here, the energy averaging compensates the in-
trinsic averaging of REMD and slow diffusion
through temperature space is controlled by the
new K/ex parameter. Because TIGER2A does
not have inaccuracies possibly originating from
a hybrid solvent, it does allow a precise estima-
tion of the updated PE-scheme’s accuracy.
For (AAQAA)3 and the TIGER2APE simu-

lation, 16 replica (Tmax = 450K) were selected
resulting in a target value of 26.7K/ex. Results
are compared to a 16 replica TIGER2hsPE with
18.7K/ex (Tmax = 400K) and a 100 replica
REMD at (Tmax = 600K). The cumulative
overall helix probability as well as the helix
probability per residue are in remarkable agree-
ment for all three methods (Figure 6) and in
the same range as would be expected from in-
dependent REMD simulations (SI). The use of
a hybrid solvent for driving the exchanges in
TIGER2hsPE did not result in considerable dif-
ferences compared to TIGER2APE or REMD
and this indicates that the modified PE-scheme
as well as the hybrid explicit/implicit solvent
scheme do not come with a significant sampling
bias here.
The averaging in TIGER2APE takes more

than 80% of the simulation time per cycle and
including the quenching phase, only a small
fraction of the time is spent for actual structural
search. The total computational costs even ex-
ceeds the REMD simulation with 100 replicas.
In the future, TIGER2APE can be used to rec-
oncile differences in accuracy that may result

Figure 6: (top) Cumulative α-helix and (bot-
tom) per residue α-helix probability for REMD,
TIGER2APE and TIGER2hsPE.

from using a hybrid explicit/implicit solvation
scheme in TIGER2hsPE for other and larger sys-
tems, but due to its computational expense, it
is less useful as a replacement for REMD itself.

4 Conclusion
The previously published methods TIGER2h
and TIGER2hs are useful tools for various sam-
pling problems with affordable computational
resources. Unlike with REMD, enhanced sam-
pling simulations using explicit solvation are
feasible on low-end consumer hardware, but up
to now, it was unclear what the best trade-off is
between convergence, simulation time and cost
of deployed resources. We propose various up-
dates on TIGER2hs to ensure reproducibility
and to control parameter sensitivity while fo-
cusing on the best resource efficiency.
By systematically alternating simulation pa-

rameters, we observed several issues within the
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core algorithm derived from TIGER2A, that af-
fected the overall ensemble to certain extents,
even if the native protein fold was still found in
any case. We therefore adapted the exchange
scheme and this allows to optimize and monitor
the number of replicas on an optimal temper-
ature range by the use of a single parameter,
the average temperature change per exchange
(K/ex).
From intensive empirical estimation on three

example proteins, we obtained an upper limit
of around 30K/ex and an optimal value of
20K/ex for best accuracy with an attractive
kinetic energy boost. Since this parameter de-
pends more strongly on the temperature scale
than on the replica number, accurate simula-
tions with just two replicas are theoretically
possible. We recommend starting calculations
with a Tmax not higher 450K and at least 4-8
replicas. The K/ex value can be monitored with
a supplied program, and a too high value is low-
ered by decreasing the maximum temperature.
Alternatively, increasing the number of repli-
cas also reduces K/ex, but the effect quickly
wears off with many replicas (SI). Ultimately,
the K/ex measure connects the temperature
range and replica number to the system’s con-
figurational degrees of freedom and enables fine
control of accuracy with respect to the resource
investment.
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