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Importance of disordered protein regions is increasingly recognized in biology, but their characterization
remains challenging due to the lack of suitable experimental and theoretical methods. NMR experiments
can detect multiple timescale dynamics and structural details of disordered protein regions, but their
detailed interpretation is often difficult. Here we combine protein backbone *°N spin relaxation data with
molecular dynamics (MD) simulations to detect not only heterogeneous dynamics of large partially
disordered proteins but also their conformational ensembles. We observed that the rotational dynamics
of folded regions in partially disordered proteins is dominated by similar rigid body rotation as in
globular proteins, thereby being largely independent of flexible disordered linkers. Disordered regions,
on the other hand, exhibit complex rotational motions with multiple timescales below ~30 ns which are
difficult to detect from experimental data alone, but can be captured by MD simulations. Combining MD
simulations and backbone °N spin relaxation data, measured applying segmental isotopic labeling with
salt-inducible split intein, we resolved the conformational ensemble and dynamics of partially disordered
periplasmic domain of TonB protein from Helicobacter pylori containing 250 residues. To demonstrate
the universality of our approach, it was applied also to the partially disordered region of chicken
Engrailed 2. Our results pave the way in understanding how TonB transfers energy from inner
membrane to the outer membrane receptors in Gram-negative bacteria, as well as the function of other
proteins with disordered domains.

Introduction

Long (>30 residue) disordered segments that lack the well
defined 3D structure are found in 33% of eukaryotic proteins.”
These intrinsically disordered protein regions are associated
with various diseases, including cancer, cardiovascular diseases,
neurodegenerative diseases, and diabetes,” yet their importance
in biology is probably underestimated because they are difficult
to characterize with the available experimental and theoretical
methods. Intrinsically disordered proteins and regions participate
in important functions also in bacteria, archaea and viruses.®
Furthermore, the importance of disordered linkers attached to
folded protein domains is increasingly recognized in allosteric
regulation, complex formation, biocatalysis and protein design.*®
To fully understand the role of disordered protein regions in
biology and exploit them in protein design, robust tools to
determine their conformational ensembles and dynamics are
needed. Average properties and distances between individual
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residues of disordered proteins can be accessed using small
angle X-ray scattering (SAXS), electron paramagnetic resonance
(EPR) or fluorescence experiments.”' On the other hand,
nuclear magnetic resonance (NMR) experiments can detect
multiple timescale dynamics and structural details at atomic
resolution in disordered and partially disordered proteins.
However, NMR experiments are limited by the spectral overlap
and complications in the interpretation of the data, especially
for large and partially disordered proteins.*****

We have recently resolved the problem of spectral overlap
for partially disordered TonB protein with 101 folded and
149 disordered residues using segmental isotopic labeling with
salt-inducible split intein.'® Moreover, we have used molecular
dynamics (MD) simulations to interpret the rotational dynamics
of asymmetrically shaped folded proteins from NMR spin relaxa-
tion times."> However, the accuracy of force field parameters
limits the applications of MD simulations to interpret the NMR
data. For folded proteins, the main issue has been the under-
estimated water viscosity in the commonly used TIP3P water
model, which leads to too fast rotational diffusion of rigid
proteins.”>"” Nevertheless, this can be taken into account when
calculating NMR parameters even for proteins with anisotropic
shape.' For disordered proteins, canonical force fields predict too
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condensed conformational ensembles and calculated NMR
parameters often disagree with experiments.'®> Attempts to
overcome these issues have been made by reweighting the
conformational ensembles® or rescaling the timescales to
reproduce the experimentally measured NMR spin relaxation
times.>>?*
pretation of individual experiments, they cannot be generally
applied for proteins with heterogeneous dynamics in complex
environments, such as membrane bound disordered linkers.
Furthermore, rescaling of timescales is ambiguous for disordered
proteins without clearly distinguishable dynamical processes,
and ensemble reweighting can be used only when the original
ensemble is not too far from the correct solution.

Here, we show that NMR spin relaxation times and MD
simulations can be combined to resolve conformational ensem-
bles of proteins with heterogeneous dynamics such as partially
disordered proteins. We resolve conformational ensembles
of two large (>100 residues) partially disordered proteins:
periplasmic domain (residues 36-285) of TonB protein from
Helicobacter pylori (HpTonB) and residues 143-259 of chicken
Engrailed 2 (EN2). Periplasmic domain of TonB propagates
energy created by proton motive force in the inner membranes

While these approaches can be useful in the inter-

of Gram-negative bacteria to the TonB dependent receptors
(TBDT) in the outer membranes via unknown mechanism.>
Engrailed 2 is a transcription factor in which partially disordered
residues 143-259 are highly conserved and crucial, in particular, in
the binding of transcriptional regulators.>*® The resolved confor-
mational ensembles give novel insight in the rotational timescales
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of disordered protein regions and in the biological function of
TonB proteins. Furthermore, our results pave the way in under-
standing of relevant properties and functions of disordered protein
regions in biology and protein engineering.

Results and discussion

Resolving conformational ensembles of partially disordered
proteins using spin relaxation data and MD simulations

The periplasmic domain of TonB protein in Gram-negative bacteria
consists of the folded C-terminal region (residues 185-285 in
HpTonB) and disordered proline rich region (residues 31-184 in
HpTonB, shown in Fig. 1A)."® We have recently determined the
NMR structure of the folded C-terminal domain in HpTonB from a
construct containing the last 107 residues (HpTonB;,9 5g5) and
measured the backbone N-H spin relaxation times of almost
all residues in the periplasmic region of TonB protein from
Helicobacter pylori (HpTonBse ,g5) using the segmental isotopic
labeling with salt-inducible split intein.'®*® The main conclusion
from these experiments is that the structure and dynamics of the
folded C-terminal domain is largely independent of the proline
rich disordered region. However, more detailed interpretation of
the conformational ensemble and dynamics of HpTonBse 5g5
containing disordered region cannot be made from the experi-
mental data alone.

To resolve the conformational ensemble of partially disordered
periplasmic domain of HpTonB, we initiated MD simulations of
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(A) Sequence of the disordered proline rich region (residues 31-184) in HpTonB. The trans membrane (TM) domain is anchored in the inner

membrane of Gram-negative bacteria and the folded C-terminal domain interacts with TonB dependent receptors in the outer membrane. Aminoacids
bearing positive or negative charge in neutral pH are colored with red and blue, respectively. (B) Overlayed snapshots from MD simulations of HpTonBzg_2gs
with different force fields without additional salt. The orientation of folded domain is fitted in each snapshot. Residues within a-helices and B-strands are red
and blue, respectively. (C) Spin relaxation times calculated from simulations with different force fields compared with the experimental values without additional
salt. Rotational diffusion of the folded regions in Amber ff99SB-ILDN and CHARMM36m simulations is divided by a factor 2.9 in the spin relaxation time
calculation to correct underestimated viscosity of TIP3P water model.®
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TonBjg,gs starting from the fully extended linker conformation
using three different force fields. In simulations with the Amber
ff99SB-ILDN** and CHARMM36m>" force fields, the linker rapidly
collapsed (40 ns and 120 ns, respectively) and the protein formed
compact structures with the radius of gyration of 2.29 + 0.02 nm
and 2.32 £ 0.05 nm, respectively (Fig. 1B). The Amber ff03ws force
field** resulted in significantly more extended structure with the
radius of gyration of 3.5 &+ 0.2 nm. To evaluate the results from
different force fields against experimental data, we calculated the
backbone N spin relaxation times, Ty, T, and NOE relaxation,
from simulations taking into account the effect of incorrect water
viscosity in TIP3P water model for the folded region (Fig. 1C).">
Amber ff99SB-ILDN and CHARMM36m force fields with the
collapsed structures overestimate the T4/7, ratios for the
C-terminal domain, suggesting that the rotation of the folded
region is too slow in these simulations. In Amber ff03ws simula-
tions with more extended conformational ensemble, the rotation
of C-terminal domain is faster and the spin relaxation times are in
better agreement with experiments. Therefore, we conclude that
the simulations with Amber ff99SB-ILDN and CHARMM36m force
fields predict overcondensated conformations for the disordered
proline rich region, and that the whole protein rotates as a single
relatively rigid body in these simulations with significantly slower
timescales than the C-terminal domain without the disordered
region attached. In more realistic Amber ff03ws simulations, the
disordered region with more extended conformations has only a
marginal effect on the rotational dynamics of C-terminal domain, in
line with the interpretation from experimental spin relaxation data.'®
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Overcondensation of disordered proteins in Amber ff99SB-ILDN and
CHARMM36m simulations is reported also previously.'*?

Even though the spin relaxation times from the Amber
ffo3ws simulation are close to the experimental values in
Fig. 1C, they slightly overestimate the T}/T, ratios for residues in
the C-terminal domain suggesting that the rotational dynamics
of the folded region is still too slow when compared with
experiments. To simulate the protein in conditions closer to
experiments, we added 40 mM NaCl to the system, which
approximately corresponds to the ionic strength of 20 mM
sodium phosphate buffer solution at pH 6 that was used in
the experiments. Indeed, the addition of salt led to the further
extension of the disordered linker and faster rotational diffu-
sion of the structured C-terminal domain (Table 1). Spin
relaxation times from the simulation with 40 mM of NacCl are
in good agreement with the experimental values (Fig. 2).
Further increase of NaCl concentration to 150 mM did not
affect the results neither in experiments nor in simulations
(Fig. 2). The radius of gyration from simulations with 150 mM
NaCl (5.3 £ 0.7 nm) was close to the experimental value
(5.5 £ 0.7 nm) measured with the same salt concentration.
In conclusion, both spin relaxation times and radius of gyration
from the Amber ffO3ws simulation agree with experiments
when electrostatic conditions of solvent match with experiments,
suggesting that this simulation can be used to interpret the spin
relaxation times of partially disordered HpTonB;s g5 protein.

Extension of the disordered linker region upon the increase
of NaCl concentration from 0 to 40 mM can be explained by the

Table 1 Rotational diffusion coefficients (rad®-10” s of folded C-terminal domain (residues 196-280) of HpTonBso_»g5 and radiuses of gyrations of
HpTonBsg-2gs5 with different concentrations of additional NaCl from simulations with Amber ffO3ws force field

D, D, D, D,, Te R, (nm)
0 mM 1.3 £ 0.1 1.3 + 0.1 1.4 + 0.2 1.3 + 0.2 13+ 2 3.5+ 0.2
40 mM 1.80 £+ 0.01 2.1 £0.2 2.4 +0.3 2.1 +0.2 7.9 + 0.8 6.1 £ 0.2
150 mM 1.65 £+ 0.03 1.7 £ 0.1 41 +0.3 2.5+ 0.2 6.6 + 0.6 5.3+ 0.7

Fig. 2
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(A) Overlayed snapshots from Amber ffO3ws MD simulations of HpTonBzg_2g5 with 40 mM NaCl. The orientation of folded domain is fitted in each

snapshot and color codes for secondary structure are similar to Fig. 1B. (B) Spin relaxation times calculated from Amber ffO3ws simulations with 40 mM
and 150 mM NaCl compared with experiments without additional salt (this work) and with 150 mM NaCl (from ref. 16).
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Fig. 3 Directional correlations of vectors between C* carbons in consecutive backbone residues (31-200) in the proline rich disordered linker region of
HpTonBzp-2gs at different concentrations of salt in solution from Amber ff03ws simulations.

screened attractive interactions between oppositely charged
residues in the proline rich linker of HpTonB. This is demon-
strated in Fig. 3 by showing the directional correlations of
vectors between C* carbons in consecutive backbone residues
in the disordered linker region (residues 31-200). Negative
correlations between residues 95-120 and 120-140 in simula-
tion without additional salt can be explained by the hairpin-like
turning of the linker due to electrostatic attraction between
residues 97-113, bearing a total charge of +9 from lysines, and
residues 131-137, bearing a total charge of —2 from glutamic
acids. The addition of 40 mM NacCl screens this attraction,
thereby straightening the chain and eliminating the negative
directional correlations. Our results suggest that the presence
of ionic strength corresponding to the typical buffer concentra-
tions used in experiments significantly screens the electrostatic
interactions between charged residues in disordered proteins,
thereby affecting their conformational ensembles. This should be
taken into account when performing MD simulations that mimic
the experimental conditions. However, further increase of ion
concentration had much smaller effect on directional correlation,
spin relaxation times, and conformational ensemble.

To test our approach also using other protein than HpTonB,
we ran simulations of partially disordered region (residues
143-259) of chicken EN2 for which the experimental spin
relaxation times measured with multiple magnetic fields are
available in the literature.”® In Amber ff03ws simulation of
EN2 without additional salt, the oppositely charged residues
between N-terminal and C-terminal ends interact and the
protein forms a loop-like conformational ensemble (Fig. 4A).
Similarly to the TonB simulation without additional salt, T;
times measured with 800 MHz magnet are slightly overesti-
mated in this simulation (Fig. 4C), indicating that the loop-like
structure rotates too slowly. Furthermore, residues 151-166 in
the N-terminal end form an artificial o-helix, which leads to
a poor agreement with experimental spin relaxation times in
this region. Because serine and aspartatic acids have over-
estimated tendencies to form o-helices in this force field,*?
we mutated serine (148, 150, 153, 154, 155, 156) and aspartic

21188 | Phys. Chem. Chem. Phys., 2020, 22, 21185-21196

acid (152 and 154) residues in the N-terminal end to threo-
nine and glutamine, respectively. This mutated protein was
then simulated with 40 mM NaCl to mimic the electrostatic
conditions in experiments where 40 mM sodium succinate
buffer was used.”® As observed for HpTonB, the attraction
between charged residues is screened by the addition of salt
and more extended conformational ensemble is observed
(Fig. 4B). Together with the unfolding of artificial a-helix in
residues 151-166, this leads to the improved agreement with
experimental spin relaxation data (Fig. 4C). Also the results
from different magnetic field strengths support this conclusion
(Fig. S1 in the ESIY).

Our results for HpTonB and EN2 demonstrate that the
>N backbone spin relaxation times are sensitive to the confor-
mational ensembles of partially disordered proteins, and can
be therefore used to evaluate MD simulations of such proteins
against NMR experiments. Notably, the differences in chemical
shifts (calculated using SPARTA+** or Shiftx*®) between
simulations with different force fields that predict distinct
conformational ensembles for HpTonB (Fig. 1B) were not large
enough to evaluate the simulations against experiments
(Fig. S2, ESIT). The Amber ff03ws force field captured the essen-
tial features of conformational ensembles for both partially
disordered proteins studied here when the ionic strength of
solvent corresponded to the experimental conditions. However,
the known caveats of this force field, such as overestimated
tendency of serine and aspartic acid to form o-helices and
underestimated stability of folded structures,*®** may limit its
wider usage. In conclusion, our results not only emphasize
the necessity of developing better force fields for disordered
protein regions, but also demonstrate that the backbone
>N spin relaxation times are good measures to evaluate con-
formational ensembles predicted by the force fields.

Rotational motions in partially disordered proteins

Rotational dynamics of folded proteins is typically analyzed from
spin relaxation data assuming a rigid body motion for overall
rotation and independent internal motions for each residue.**>°

This journal is © the Owner Societies 2020
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Fig. 4 Overlayed snapshots from (A) EN2 simulation without additional salt and (B) from mutated EN2 simulation with 40 mM NaCl. (C) Spin relaxation
times from simulations compared with experiments measured in 800 MHz.2® Spin relaxation times with different magnetic field strengths are shown
in Fig. S1 (ESIt). Error bars of the experimental data are smaller than the point size.

Folded proteins exhibit rigid body overall rotational dynamics
also in MD simulations and inaccuracies arising from incorrect
viscosity of water models can be corrected during spin relaxation
time calculations by scaling the overall rotational diffusion
coefficients.’>'”*® Because the rigid body approximation is
obviously invalid for disordered protein regions, different
approaches to analyze rotational motions of disordered proteins
have been proposed.'* However, the number and nature of rota-
tional processes occurring in disordered protein regions remains
unclear.22'28’41'42

Because our HpTonB;, ,g5; simulations with Amber ff03ws
force field parameters give spin relaxation times in good agree-
ment with experiments when the ionic strength of solvents match
(Fig. 2), we analyzed the underlying rotational timescales of both
folded and disordered regions from these simulations using the
regularized inverse Laplace transformation (ILT),** which we used
also to perform the Fourier transform of the rotational correlation
functions during the spin relaxation time calculations.'® In this
approach, each backbone N-H bond rotational correlation function
is written as a sum of large number of exponentials (here N = 371)

N
Cx(t) = e, 1)
i=1

where the fixed relaxation times, 7;, cover the expected timescales
in the system (here 10 ps < 7; < 50 ns with logarithmic spacing).

This journal is © the Owner Societies 2020

The weights of the timescales, «;, are then solved by fitting the
eqn (1) to the rotational correlation functions calculated from
simulations. While interpretation of 7; as the relaxation times of
dynamical processes present in the system is clear, the dimen-
sionless o; coefficients present relative weights of these processes
and their physical interpretation is more complicated.** This
approach is free from a priori assumptions about the amount of
underlying timescales or their relaxation times, but those are
suggested by the result of the fitting procedure. However,
because the solution of ILT is not unique, the resulting values
must be considered as a plausible qualitative interpretation of
the experimental spin relaxation data.

For folded proteins, the timescales related to the overall
rigid body rotation dominate the rotation processes with the
weight factors between 0.5-0.9 in almost all residues of
HpTonBjo,»g5 (Fig. 5 and Fig. S6, ESIT) and PaTonB-96 from
Pseudomonas aeruginosa® (Fig. S7, ESIT). Intermediate (1-4 ns)
and very fast (10 ps or faster) timescales have small contribu-
tions with the weight factors between 0.1-0.3 in the Amber
ffo3ws simulation of folded HpTonB,g4 585 (Fig. 5). In Amber
ff99SB-ILDN simulations of folded HpTonB,g4 585 and PaTonB-96
proteins, the very fast timescales have similar contribution, but
intermediate timescales are observed only for few residues
(Fig. S6 and S7, ESIt). Therefore, our MD simulations suggest
that the two-state (also known as Lipari-Szabo) model***” with
independent overall and internal rotation timescales is a

Phys. Chem. Chem. Phys., 2020, 22, 21185-21196 | 21189
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Fig. 5 Rotational timescales (top) and related weight coefficients (bottom), defined in egn (1), from Amber ffO3ws simulation of (A) a folded HpTonB1g4-28s5
and (B) a partially disordered HpTonBzg_2g5 protein. Only timescales with the weight coefficients larger than ; > 0.05 are shown. Black horizontal lines and
the shaded region between the extreme values display timescales from rigid body rotational diffusion coefficients. To guide the eye, the timescales above
7, & 4 ns (the fastest rigid body timescale observed for folded HpTonBig4-_2g5 protein) are labeled as rigid body motions (black), the timescales
corresponding to the saving frequency of coordinates in simulations (z; = 10 ps) are labeled as fast (red), and the timescales in between (10 ps < 1; < 4 ns)

are labeled as intermediate (turquoise).

reasonable approximation for rotational dynamics of folded
proteins, even though a third timescale with small weight is
observed in simulations with Amber ff03ws force field. Moreover,
the o; coefficients for rigid body motions approximately corre-
sponds the Lipari-Szabo order parameters®” in folded regions.
Most residues in the folded region (residues 185-285) of
partially disordered HpTonBj( ,g5 exhibit similar distribution
of rotational timescales as observed in globular proteins: time-
scales corresponding to rigid body motions dominate, while
very fast and intermediate timescales have minor contributions
(Fig. 5). Encouraged by this observation, we calculated the
rotational diffusion coefficients of folded domains having
linkers with different lengths attached. Even though the mean
square angle deviations around inertia axes exhibited some
non-linear features with increasing linker length (see ESIt), we
think that the estimated rotational diffusion coefficients and
related timescales can be used to analyze the influence of a
disordered linker on rotational dynamics of the folded region.
As expected, the rotation of a folded region slows down upon
the increasing length of attached linker (Table 2). However, the
overall dynamics of folded domain in HpTonB;;9 g5 is only
slightly faster than in HpTonBj;, ,gs, even though the latter
protein has 2.34 times more residues. This is in line with the small
changes in experimental spin relaxation times upon increasing the
length of linker observed in our previous work.'® These results
suggest that the linker is very flexible and that the rotational

dynamics of the folded C-terminal domain is almost indepen-
dent of the attached flexible disordered linker. This conclusion
is supported by the similar results for overall timescales esti-
mated from experimental T;/T, ratios and from MD simulation
analysis in Table 2. The analysis using T/T, ratio assumes an
isotropic rigid body rotational diffusion for protein,** while MD
simulation analysis takes anisotropic effects fully into account.*®
Similarity of the results from these two approaches suggests that
the assumption of rigid body rotational diffusion is relatively
reasonable for folded domains even with long disordered linkers
attached.

Disordered region in HpTonBj g5 (residues 30-184) exhibits
clearly different distribution of rotational motions than the folded
region, having dispersed timescales between approximately 60 ps
and 30 ns without any dominating timescales (Fig. 5). Similar
differences in distribution of timescales between folded and
disordered regions are seen also in HpTonBj( ,g5 with 150 mM
NaCl (Fig. S8, ESIt) and EN2 (Fig. S9, ESIt), although intermediate
timescales are more pronounced in the folded region of EN2,
most likely due to the less rigid structure than in HpTonB
simulations. The large number of detected timescales in dis-
ordered regions in both proteins suggests that the models
assuming two or three timescales for rotational motions are
too simple to capture all relevant rotational processes in dis-
ordered proteins. This is in line with the recent study where
dihedral rotation and rotational tumbling motions of peptide

Table 2 Rotational diffusion coefficients (rad®10” s™%) of the folded C-terminal domain (residues 196-280) of HpTonB with different lengths of
disordered linker attached from spin relaxation experiments interpreted using MD simulations. The estimates of overall rotational timescales from
experimental T,/T, ratio, rch/Tz, are taken from our previous work?®

D, D, D, Day 7. (ns) 11/ (ng)
HpTOnB o4 555 1.9 + 0.3 2.3+ 0.2 41401 2.8+ 0.2 5.9 + 0.5 5.8 4+ 0.1
HpTOonB o »ss 1.86 + 0.05 2.4 402 3.5+ 0.3 2.6 + 0.2 6.4 + 0.5 6.9 + 0.1
HpTonBas 5s5 1.80 + 0.01 2.1+ 0.2 2.4+ 03 21402 7.9 + 0.8 8.2 + 0.1
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planes were found to have multiple timescales.*” Because large
number of parameters are needed to describe such dynamics, the
multiple timescale dynamics is very difficult to detect even with
the excessive amount of experimental data measured at different
conditions.”®*! Khan et al. have analyzed rotational timescales of
EN2 by fitting a sum of exponential correlation functions with six
fixed timescales to the experimental data detected at different
magnetic fields.>® In line with our results (Fig. S9, ESIt), time-
scales between ~10 ps and ~1 ns were not present in the folded
region in their analysis. However, their dominant timescale,
5.27 ns, is shorter than ~10 ns in our results, and they observed
significant weight for a very long 21 ns timescale, which is not
present in our results. For disordered region of EN2, Khan et al.
observed dispersed timescales between 21 ps and 21 ns which is
in line with our results. However, the timescale of 1.33 ns
dominated the rotation of disordered region in their analysis,
while we did not detect any dominant timescale in the disordered
region. We believe that these differences may arise because the
dynamical model with six fixed timescales that are equal for all
residues may be too simple for partially disordered proteins.
Our MD simulations suggest that disordered protein regions
have more complex distributions of rotational timescales with
multiple components that vary between the residues. While this
distribution of timescales is very difficult to detect by fitting to
even a vast amount of experimental data, MD simulations with
realistic force field parameters can capture the relevant rotational
processes detected by spin relaxation times for disordered protein
regions, thereby giving an interpretation of experimental data
with unprecedented details.

Implications to TonB function

TonB proteins are part of TonB complexes, which propagate
energy generated by the proton-motive force in the inner
membrane of Gram-negative bacteria to the TonB dependent
receptors (TBDTs) in the outer membrane with unknown
mechanism.> Because TBDTS use this energy to transport vital
nutrients inside bacteria, TonB is a potential target for anti-
biotics. N-terminal domain of TonB protein is anchored in the
inner membrane and the proline rich linker region is expected
to span across the approximately 20 nm wide periplasmic space
to enable the C-terminal domain to interact with TBDTs in the
outer membrane®>*®™*® (Fig. 6). The folded domains of proteins
in TonB complex have been characterized using cryo-EM, X-ray
crystallography, NMR, single molecule experiments and MD
simulations.'®***°"37 However, the role of disordered proline
rich linker in TonB function (residues 36-184 in HpTonB,
Fig. 1) is poorly understood due to the lack of robust methods
to characterize such protein domains. Electron paramagnetic
resonance (EPR) and early NMR experiments suggest that the
TonB linker in E. coli is disordered but still relatively rigid due
to abundant polyproline helices,””**° while some studies
assume a completely rigid structure that would enable the
mechanical energy transfer across periplasm via rigid rotation.>

In the conformational ensemble of HpTonB;e g5 in solution
with physiological ion concentration (Fig. 2), resolved here
using Amber ff03ws simulations and NMR spin relaxation

This journal is © the Owner Societies 2020

View Article Online

Paper

PG A &

12-15 nm

Fig. 6 Schematic figure of conformational ensemble sampled by
periplasmic TonB in sub-microsecond timescales in cell envelope of
Gram-negative bacteria. Distances from the inner membrane (IM) to the
outer membrane (OM) and proteoglycan (PG) layer are from ref. 46.

experiments, the proline rich linker is very flexible with the
rotational timescales faster than 30 ns (Fig. 5) and the folded
C-terminal domain rotates almost independently of the linker
region (Table 2). On the other hand, significant fractions of
polyproline helices (PPII) with the probability up to approxi-
mately 70% were observed in the linker region in our simula-
tions (Fig. S17, ESIt). This is in line with the previous NMR
and CD measurements of TonB sequence from E. coli.*”>%°
Further data supporting the relatively rigid polyproline helix
conformations of the TonB linker in E. coli comes from DEER
EPR experiments, where distances between spin labels at
different locations in the linker were measured.”” The EPR
experiments give average length of 4.6 £ 0.1 nm for the
residues 88-106 in E. coli TonB consisting mainly of PK repeats.
The corresponding sequence in HpTonB between residues
94-112 (Fig. S16B, ESI{) has the same average length of 4.6 +
0.2 nm in the Amber ff03ws simulation with 40 mM NacCl.
In conclusion, the conformational ensemble from Amber
ffo3ws simulations (Fig. 2) is in line with the experimental spin
relaxation data, as well as with the interpretation of previous
NMR and EPR experiments from E. coli sequence,’””*° sug-
gesting that the linker is disordered but has relatively extended
conformation with high propensity of polyproline helices.
Because crystal structures suggest that TonB interacts with
TBDTs via the B3 strand in the folded C-terminal domain of
TonB (residues 272-281 in HpTonB),>*** the linker domain
should reach across the approximately 20 nm wide periplasmic
space’® to bring the C-terminal domain into contact with
TBDTs in outer membrane (Fig. 6). In our conformational
ensemble, resolved from Amber ff03ws simulations in 40 mM
NaCl solution (Fig. 2), the maximum distance between the
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B3 strand atoms and the end of transmembrane domain
(residue 30) is 15.2 nm with the average value of 11.9 +
0.3 nm, which is close to the typical distance between inner
membrane and proteoglycan layer in Gram-negative bacteria,
but shorter than the width of periplasmic space (Fig. 6).

In summary, our results suggest that the periplasmic part of
TonB exhibits rapid conformational fluctuations with the time-
scales faster than 30 ns and that the C-terminal domain locates
on average close to the proteoglycan layer (Fig. 6). These results
are in line with the previously proposed models where the
C-terminal domain of TonB reaches only to the proteoglycan
layer, while the binding site in TBDTs extends into periplasm to
interact with the B3 helix in CTD of TonB at the proteoglycan
layer.>>®° Alternatively, the proton-motive force could be used
to increase the linker length to push the C-terminal domain of
TonB to interact with the TBDTs in the outer membrane, and
the relaxation back to the equilibrium length would then
mechanically open the TBDT. On the other hand, the high
flexibility of the linker and uncorrelated rotational motions
of linker and the folded C-terminal domain do not support
models where rotational torque is mediated across periplasmic
space via rigid linker.>® Also scanning of TBDTs directly from
the outer membrane®*® seems less likely due to the short average
length of the linker. However, we cannot exclude the possibility
that changing pH conditions, TonB dimerization or its inter-
actions with membrane, proteoglycan layer or other proteins in
TonB complex would increase the length or rigidity of the
linker. We believe that MD simulations with realistic conforma-
tional ensembles of disordered linkers, evaluated using experi-
mental spin relaxation times, paves the way for further studies
to understand the function of TonB complex, as well as other
biological machineries where disordered protein regions play
crucial roles.

Conclusions

Our results show that the backbone "N spin relaxation times
are sensitive not only to the protein dynamics at multiple
timescales, but also to the conformational ensemble of partially
disordered proteins. Using this feature, we evaluated the
conformational ensembles of partially disordered HpTonB pro-
tein from MD simulations with different force fields against
experimental spin relaxation time data. Simulations with Amber
ffo3ws force field®* predicted the conformational ensemble of
periplasmic domain in HpTonB when the ionic strength of solvent
corresponded the experimental conditions. The presence of suffi-
cient amount of ions was necessary because they screen electro-
static interactions between charged residues, thereby having a
substantial influence on conformational ensemble. These conclu-
sions were further supported by the simulations of EN2 protein
compared with previously published spin relaxation data.>®

MD simulations that reproduced the experimental spin
relaxation times revealed that the timescales from overall rigid
body rotation dominate in fully folded proteins and folded
regions in partially disordered proteins, while very fast (10 ps or
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faster relaxation times) and intermediate (1-4 ns relaxation
times) timescales give small contributions. Furthermore, the
rotational dynamics of folded region was almost independent
of the attached disordered linker. Therefore, the estimation of
overall rotational timescales from experimental T,/T, ratio
using simple model assuming isotropic rotation*® gave reason-
able results even for folded region with long disordered linker
attached. In contrast, disordered regions exhibit rotational
dynamics with multiple dispersed timescales between 60 ps
and 30 ns without any dominating contribution, suggesting
that the dynamical modes of disordered proteins are very difficult
to capture by fitting to even a large amount of experimental data.
We suggest that the dynamical modes of disordered protein
regions can be captured using MD simulations with accurate
force field and solvent ionic strength matching the experimental
conditions.

The resolved conformational ensemble of HpTonB;4_,g5 is in
line with the previous NMR and EPR studies*”*®*° of TonB
linker from E. coli, but gives unprecedented details of peri-
plasmic domain of TonB that helps to understand its function.
In our results, the equilibrium length of the TonB linker is not
sufficient to reach across the periplasmic space, suggesting that
either TBDTs has to extend the periplasmic space,’”®® or the
length of linker has to increase, for example, due to changing
pH conditions or interactions with other molecules. One
possible scenario is that the proton-motive force would be used
to induce such increase in the linker length. The energy
released by the relaxation of linker to its equilibrium length
could be then used to transport nutrients through the TBDT.
Our results pave the way for MD simulations that could be
combined with experimental approaches to test this, and other
hypotheses on the functional mechanism of TonB complex
function.

Using MD simulations to interpret the conformational
ensembles and dynamics of disordered protein regions from
NMR data has two main advantages over the other available
methods."'"***1%! First, MD simulations that correctly predict
the spin relaxation times can be used to interpret the experi-
ments without a priori assumptions about the amount of
rotational timescales. Second, MD simulation force fields that
give correct conformational ensembles for disordered protein
regions can be straightforwardly used to model these regions
within complex biomolecules assemblies under various conditions.
For example, our results suggest that TonB complex could be
simulated by combining the Amber ff03ws force field with Amber
compatible lipid force fields®*® in order to fully understand its
function. However, applications of Amber ff03ws force field are
limited by its problems to predict the stability of a-helices in some
situations."®** Therefore, our results also emphasize the necessity
of force field development to correctly capture the conformational
ensembles of partially disordered proteins in various conditions.
Our results suggest that the backbone '*N spin relaxation times are
suitable experimental references for these efforts because they are
more sensitive to the conformational ensemble than, for example,
chemical shifts which are often used in force field optimization or
to resolve conformational ensembles of disordered proteins.****
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Materials and methods
MD simulations

HpTonB;,_,g5. Initial structure of the proline rich disordered
linker (residues 30-178) was generated using ProBuilder (http://
159.149.85.2/probuilder.htm) with parameters that generated
almost a straight protein chain without any secondary structure.
This chain was attached to the N-terminal end of the lowest
energy NMR structure of HpTonB;,¢ 55 (PDB code: 6SLY)." The
energy was first minimized in vacuum using Amber ff99SB-
ILDN>® force field parameters. Simulations with three different
force fields, Amber ff99SB-ILDN,** CHARMM36m>' and Amber
ff03ws®> were initiated from this structure. The protein was
solvated with 360464 TIP3P®® water molecules for the Amber
ff99SB-ILDN>° simulation, with 365523 charmm version of
TIP3P water molecules for the CHARMM36m simulation, and
with 364657 TIP4P/2005 water molecules®® for the Amber
ffo3ws simulation. In addition, all the systems contained six
chloride ions to retain the electroneutrality. Parallelepiped
shaped box was used in all simulations to minimize the
required amount of water.

The protein significantly collapsed in both Amber ff99SB-
ILDN and CHARMM36m simulations during 40 ns and 120 ns,
respectively. Due to the reduced size of the protein, the amount
of water molecules were reduced to 45950 and 35892 in these
simulations, respectively. The simulation were then continued
to have total lengths of 384 ns and 520 ns, respectively. The last
280 ns and 400 ns were used in the analysis, respectively. The
size of protein in the Amber ff03ws simulation was much less
reduced and the amount of water molecules was reduced to
123497 after 5.3 ns simulation. This system was then simulated
1171 ns and the last 1000 ns was used in the analyzes. The
temperature was 310 K in Amber ff99SB-ILDN and CHARMM36m
simulations and 298 K in the Amber ff03ws simulation. Simula-
tions were ran using Gromacs versions between 5.0 and 2020
series.®” Rest of the simulation details are described in the ESL+
Simulation files and trajectories are available from ref. 68-70.

Sodium and chloride ions described with parameters
containing the electronic continuum correction (ECC),”*”? avail-
able from https://bitbucket.org/hseara/ions/, were added into the
Amber ff03ws simulation to study the influence of solvent ionic
strength on conformational ensemble. The 6 chloride counter-
ions were described by the default Amber ff03ws parameters.
Because the protein immediately expanded upon addition of
150 mM NacCl and started to interact with its own periodic image
after 200 ns simulation, the number of water molecules was
increased for simulations containing ions. Simulation containing
150 mM NaCl had 261780 water molecules with 711 Na* and CI~
ions, and simulation containing 40 mM NaCl had 262822 water
molecules with 190 Na" and Cl~ ions. Simulation files and
trajectories with NaCl are available from ref. 73 and 74.

HpTonB,,9_5g5. HpTonB, 79555 Wwas simulated 600 ns using
Amber ff99SB-ILDN? force field with 8894 TIP4P® water molecules
and 390 ns using Amber ffo3ws force field*> with 9586 TIP4P/2005
water molecules at 303 K. Two potassium or sodium ions,
respectively, were added to keep the system electroneutral.
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Lowest energy NMR structure of HpTonB;;9 555 (PDB code:
6SLY)"® was used as the initial structure. Equilibration of the
trajectories were followed by monitoring the protein RMSD,
inertia tensor eigenvalues and rotation angles. The first 150 ns
and 10 ns, respectively, were omitted from the trajectory
to remove the significant fluctuations in these parameters.
Simulations were ran using Gromacs versions between 5.0
and 2020 series.®” The trajectories and the related simulation
files are available from ref. 75 and 76.

HpTonB,g4_5g5. HpTonB 94 555 Was simulated 1120 ns using
Amber ffo3ws force field** with 9101 TIP4P/2005 water mole-
cules at 298 K. Lowest energy NMR structure of HpTonB;94 235
(PDB code: 5LW8)* was used as the initial structure. First 10 ns
was omitted from the trajectory in the analysis. Simulation was
ran using Gromacs 2019.%” The trajectories and the related
simulation files are available from ref. 77.

Chicken EN2. The sequence of EN2 was obtained from
BMRDB (http://www.bmrb.wisc.edu/) with the accession
number 17325. The initial structure of the disordered part
(residues 143-194) was generated using ProBuilder (http://159.
149.85.2/probuilder.htm) with the parameters that produced
almost a straight amino acid chain with no secondary structure.
The rest of the molecule (residues 195-259) including the
structured homeodomain region was prepared using the
NMR structure of chicken Engrailed 2 (PDB code: 3ZOB)”® by
mutating the first five residues remaining from the cleavage
into asparagine, proline, asparagine, lysine and glutamic acid
with a MODELLER script (https://salilab.org/modeller/wiki/
Mutate%20model). The last two residues of the chain were
removed. The disordered chain was then attached to the
N-terminal end of the folded part. The protein was solvated
with 57289 TIP4P/2005 water molecules and 12 chloride ions
and simulated 1300 ns at 310 K using Gromacs 2019 and Amber
ffo3ws force field. The first 300 ns were discarded from the
analysis. The trajectories and the related simulation files are
available from ref. 79.

Mutated chicken EN2 with 40 mM NacCl. Because serine and
aspartic acid residues overestimate the tendency to form
a-helices in Amber ffo3ws force field,*® we run a simulation
of chicken EN2 where serine (148, 150, 153, 154, 155, 156) and
aspartic acid (152, 154) residues in the N terminal end were
mutated to threonine and glutamine, respectively. This was
done using a MODELLER script (https://salilab.org/modeller/
wiki/Mutate%20model). The initial structure was taken from
the original EN2 simulation after 300 ns. This was solvated with
57215 TIP4P/2005 water molecules, 12 chloride counterions
and 41 sodium and chloride ions to make the solution concen-
tration correspond 40 mM NaCl. The simulation was run for
1080 ns using Gromacs 2019 and Amber ff03ws force field. The
last 1000 ns was used in the analysis. The trajectories and the
related simulation files are available from ref. 80.

Calculation of spin relaxation times. The "°N backbone spin
relaxation times were calculated as described previously.'®> The
rotational correlation functions were calculated using Gromacs
command gmx rotacf and the programs used to calculate the
spin relaxation times are available from ref. 81.
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In our previous study, we showed that the underestimated
viscosity of TIP3P water model can be corrected during spin
relaxation time calculation by dividing the rotational diffusion
coefficients of folded proteins with a constant factor of 2.9."
Here, we apply the same approach to the folded C-terminal
domain of HpTonBj;o ,55 When calculating the spin relaxation
times from Amber ff99SB-ILDN and CHARMM36m simulations,
where TIP3P water was used. For this, we first calculate the
rotational diffusion coefficients of the folded C-terminal end
(residues 196-280). The rotational correlation functions from
N-H bonds of residues 175-285 were then divided to the internal
and overall motions, and the contribution of overall motion was
corrected during spin relaxation time calculation by dividing the
diffusion coefficients with a factor 2.9 as described in our
previous work."® The water viscosity correction was not applied
to the disordered linker region because it does not rotate as a
rigid body and is therefore expected to be less affected by the
fluid viscosity.*” Because spin relaxation times from Amber
ffo3ws force field are in good agreement with experiments for
the folded HpTonB,o, »g5 protein without any correction for the
water viscosity (Fig. S3 in the ESIt), the spin relaxation times
from Amber ff03ws simulations of HpTonB;e 5g5 and EN2 protein
were calculated directly from simulation data without any correc-
tions for water viscosity.

Correlation functions up to one hundredth of the simulation
time should give a sufficient statistics for the analysis of
rotation from a single molecule MD simulation.®* We observed
that insufficient statistics in correlation functions induce arti-
ficial timescales with the longest possible timescale (50 ns)
when fitting the correlation function to eqn (1). Therefore,
when calculating spin relaxation times directly from Amber
ffo3ws simulations without using diffusion coefficients, we
selected the time frames to be analyzed from -correlation
functions such that the number of weights above 0.05 for
artificial 50 ns timescale is minimized. The analyzed time
frames from correlation functions were the first 15 ns for
HpTonB,g4 »gs, the first 10 ns for HpTonB;,_»g5 without NaCl,
and the first 25 ns for HpTonB;,_,g5 with NaCl and EN2.

Quantitative error analysis of calculated spin relaxation
times is complicated because each step in the analysis has
different sources of errors. However, independent simulation
replicas of folded PaTonB-96 protein in our previous work'®
gives an average deviations of AT; = 0.06 s, AT, = 0.02 s, and
ANOE = 0.04, which can be considered as the estimates of
accuracy of the calculated values.

Calculation of rotational diffusion coefficients. Rotational
diffusion coefficients around protein inertia axes were calcu-
lated as in our previous work."® For folded HpTonB,g4 555 and
HpTonB,,9 555, the average values from simulations with two
different force fields are reported (ref. 15 and Fig. S3-S5, ESI¥),
and the error bars are the differences between force fields
divided by two. For folded region in partially disordered
HpTonB;, ,g5 protein, mean square angle deviation exhibits
some non-linear behavior (Fig. S13 and S14, ESIT). Therefore,
the slopes of mean square angle deviations between 0-10 ns
and 5-10 ns were calculated, and the average values of these
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were reported. The error bars are the differences between these
values divided by two. The rotational timescales (z; in eqn (1))
related to the rigid body rotational diffusion were calculated
using eqn (9) in ref. 15.

Analysis of backbone orientational correlation. To analyze
the orientational correlation between different residues in protein
backbone, we calculated the dot products of vectors connecting
the C” carbons in neighboring residues, (v;v;), where v; is
normalized vector between C? and CY;, and the ensemble
average is taken over the trajectory. The positive or negative
values of the averaged and normalized dot product indicate
positive or negative orientational correlation between the residues,
respectively. Completely random orientations give zero.

NMR spin relaxation time experiments

Using segmental labeling with salt-inducible split intein as
described in our previous work,'® we prepared HpTonBse_sss
with residues 36-154 '°N labeled, as well as HpTonB;e 55
bearing K154R mutation with residues 155-285 °N labeled.
This segmental labeling reduces the overlap of NMR peaks and
enables the measurement of spin relaxation times of almost all
residues in large partially disordered proteins."® Spin relaxation
times were measured using 5 mm Shigemi tubes filled with
1.37 mM concentration of HpTonB3e g5 With residues 36-154
labeled, or 1.56 mM concentration of HpTonBs;e g5 With resi-
dues 155-285 labeled. Both samples were solvated with 20 mM
phosphate buffer at pH 6 and 5% of D,O. Experiments were
performed on a Bruker Avance 850 MHz spectrometer equipped
with a cryogenically cooled probe head using the same pulse
sequence®>®*%% and settings as previously’® with the delay
times of 50, 100, 200, 300, 500, 700, and 900 ms for Ty, and
34, 68, 102, 136, 170, 204, 238, and 272 ms for T,. The sample
temperature in experiments was 298 K. The spin relaxation
times of HpTonBse ,gs with 150 mM NaCl were measured
previously.’® The T; and T, relaxation data were processed
and analyzed using Bruker Dynamic Center software (version 2.5.5)
and the NOE relaxation times were processed and analyzed
using CepNmr Analysis software (version 2.4.2).%

SAXS experiments

For SAXS experiments, HpTonB;s 55 was prepared without
isotopic labeling as described previously'® and solvated to
200 pl of 20 mM phosphate buffer at pH 6 with 150 mM NacCl.
Concentration of HpTonB;s 555 in the sample was 0.36 mM.
SAXS experiments coupled with Size-Exclusion Chromatogra-
phy (SEC-SAXS) were performed at beamline B21, Diamond
Light Source, UK. Radius of gyration was calculated from
frames with integral of ratio to background larger than 0.255
using Guinier analysis. After discarding the largest and smallest
values, the average of these values was calculated and the error
bars were determined to cover all the values.

Data availability

The simulation trajectories are available from ref. 68-70, 73-77,
79, 80 and collection of derived data and computer codes
from ref. 87.
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