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1.1

1.2

2.1

2.2

Li1sT OF FIGURES

Left. Schematic of a molecular rheostat based on the coupling
of a signal to the folding ensemble of a downhill folding protein.
Right. Signal vs. analyte concentration for rheostat and switch

mechanism. Figure reproduced with permission. . . . . . . .. ..

Experimentally determined A. NCBD free form structure (PDB
ID: 2KKJ). B. NCBD bound to ligand partners: p53, ACTR, and
IRF3 shown in cartoon representation. Dark to light blue repre-
sents N- to C-terminal. C. Structural superimposition of NCBD
free form with bound conformers color-coded according to its re-
spective ligand partner. D. Mean net charge versus mean hy-
drophobicity plot for three proteins; NCBD (blue), ACTR (yel-
low), and P53-TAD (green), showcasing distinction between IDPs

and folded proteins based on their amino acid compositions.

Structural features of gpW. (A) The protein is composed of 62
residues forming an all-antiparallel a+f topology consisting of one
B-hairpin and two a-helices. (B) Molecular surface representation
of the gpW native structure with color coding signifying the de-
gree of hydrophobicity from polar (purple), intermediate (white) to
hydrophobic (green). The two projections highlight the cores be-
tween helix-2 and the S-hairpin (left) and between the two helices

Solvent accessible surface area per residue of the gpW native struc-
ture calculated using UCSF Chimera tool with 0.14 nm solvent

probe. Red circles indicate each of the four selected mutations. . .

X
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2.6

2.7

2.8

Time evolution of the root-mean-square deviation (RMSD) rela-
tive to the lowest energy conformer of the gpW NMR ensemble
from MD simulations of gpW (black) and the six designed sin-
gle (deprotonated) histidine substitutions. (A) Trajectories of the
four mutants that show structural fluctuations below the threshold
(0.65 nm). (B) Trajectories of the mutants that exceeded the 0.65
nm RMSD threshold. . . . . . ... ... o000

Time evolution of RMSD for the MD trajectories of the wild-type

and four selected mutants. . . . . . . . ... ...

Variability in structural environment of selected histidine grafts.
The left panels show the structural environment surrounding the
four sites in gpW selected for histidine mutation, and the right
panels the modeled environment after introducing the mutation
in silico. The environment is depicted using a molecular surface
representation colored according to the electrostatic potential and
the sidechain of the specific residue (wildtype or histidine) is shown

in stick representation color coded according to atom type. . . . .

MD analysis of the structural fluctuations of gpW histidine grafts.
The plots provide the difference in root-mean square fluctuations
(RMSF) per residue for each histidine graft. Blue represents the
deprotonated simulations and red the protonated simulations rel-

ative to the wildtype trajectory. . . . . . . . . ... ... ... ..

Evolution of residue-residue interacting pairs between [-hairpin

and a-helix-2 along the F35H+ trajectory. . . . . . .. ... ...

Solvent accessible surface area distribution. Deprotonated and
protonated ensembles are in orange and blue respectively. For
each respective mutant, only the local environment, defined as the
neighboring secondary structure elements is used for the calcula-
tion: L7H and M18H consider the two a-helices; F35H and V40H,

consider the S-hairpin and a-helix-2. . . . . .. ... ... ....
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29

2.10

2.11

2.12

2.13

2.14

Conformational landscapes projected onto QQ and Rg of the de-
protonated and protonated trajectories at 310 K for each gpW
histidine graft. The crossed dashed lines signal the wildtype gpW

minimum for reference. The color bar is in kJ/mol. . . . . . . ..

Free energy contour map of wildtype gpW as a function of Q and
Rg. The color bar denotes the Gibbs free energy in kJ/mol.

CD signal at 222 nm as a function of pH of all the single mutants
at 298 K (circles) and their corresponding colored lines to guide
the eye. The dashed line (—) represents the CD signal of wildtype
gpW in its folded state (pH 7) as reference. . . . . . . .. ... ..

Computational analysis of double histidine grafts. (Top) delta
RMSF per residue for M18H-F35H and F35HV40H in deproto-
nated (blue) and protonated (red) form. (Bottom) conformational
landscapes as a function of Q and Rg for each double mutant at
310 K. The color bar is in kJ/mol. The crossing lines signal the

minimum if the wildtype gpW simulation as reference. . . . . ..

CD signal at 222 nm as a function of pH for the double grafts
(circles). The corresponding colored lines are to guide the eye.
The dashed line (-) represents the CD signal at 222 nm of wildtype
epWat pH 7. . . . . . .

GpW rheostatic conformational transducer schematic. . . . . . . .
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3.1

3.2

3.3

Molecular LEGO design. (From top to bottom) The complete
NCBD sequence (ID: 2KKJ) and a diagram showing the 3 a-
helices found in the NMR ensemble are shown in navy blue. The
sequences of the 8 fragments, designed according to the sequence
and structural patterns of NCBD, are shown color-coded: building
blocks in primary colors (H1 green, H2 blue, H3 red, T yellow), and
the combined elements in corresponding secondary colors (H1-H2
cyan, H2-H3 magenta, H3-T orange, and H2-H3-T brown). Dia-
gram showing the structure of each fragment and full protein in the
NCBD NMR structure in cartoon representation. The color coding
is maintained. The building blocks report on secondary structure
propensities. Building block combinations report on pairwise (el-
ement to element) tertiary interactions: e.g., HI-H2 reports on
the tertiary interactions between helices 1 and 2. Comparison of
the fragments with the behavior of the full protein reports on the

degree of folding cooperativity. . . . . . . .. ... ... ...

Predicted NCBD helical content from AGADIR shows 3 a-helices

at the precise locations determined by NMR experiments. . . . . .

Experimental conformational analysis of NCBD and LEGO ele-
ments. To probe the energetic biases in the conformational en-
semble of each molecule, we use TFE as a structure promoting
agent and monitor the changes in conformation by far-UV CD.
The left panel shows the CD spectra of H1 as a function of TFE
concentration as an example. The right panel summarizes the tri-
partite helix-coil analysis of the TFE titration for each molecule:
preformed helical residues (PH) in blue, TFE-inducible helical
residues (IH) in green, and TFE-insensitive random coil residues
(RC) in red. The average number of helical residues (dark blue) is

obtained from the CD spectra. . . . . . . .. ... ... ... ...
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3.4

3.5

3.6

Time evolution of fraction of native contacts (Q) sampled in rep-

resentative MD trajectories of all 8 fragments and the protein.

LEGO building blocks: secondary structure propensities and local
interactions. The experimental conformational analysis of the 4
NCBD building blocks. Color coding as in Figure The panels
show the average number of helical residues (circles) and experi-
mental error, obtained from two independent measurements, as a
function of the TFE volume fraction for H1, H2, H3, and T. The
colored curves represent the fit to tripartite helix-coil model, and
the parameters from the fit are given in the inset. Dash lines in-
dicate the number of helical residues determined from the NMR

structure. . . . . .. L

The helical propensity per residue for the 4 building blocks de-
termined from two 2 pus MD simulations. The helical propensity
profile for the full-length protein (discussed later) is shown with
a thin navy line for reference. The horizontal lines signal the he-
lix length (consecutive residues with at least 10% fraction helix)
emerging from these simulations. The grey dashed line indicates
a 60% helicity threshold. Error bars indicate the standard error
of two trajectories. The bottom panels show the time evolution of
the number of helical residues for each molecule in two separate 2
us MD trajectories. The horizontal grey lines indicate the average
number of helical residues determined from experiments at ¢TFE

= 0 (ordinate intercept in Figure |3.5)), shown for comparison. . . .

xiil



3.7 Combinations of building blocks: mapping pairwise tertiary inter-

3.8

3.9

actions. The experimental conformational analysis of the 4 com-
binations of building blocks. Color coding as in Figure [3.1] The
panels show the average number of helical residues (circles) and
experimental error, obtained from two independent measurements,
as a function of the TFE volume fraction for H12, H23, H3T, and
H23T. The grey curves show the compounded curves of the rel-
evant building blocks for each combination (e.g., H1 and H2 for
H12) and represent the reference behavior expected for the com-

bined fragment if the effect is additive (no tertiary interactions).

Dashed lines as in Figure[3.5] . . .. ... .. ... ... .. ..

The helical propensity per residue for the 4 combined LEGO el-
ements obtained from two 2 us MD trajectories. The propensity
of the full-length protein is shown as a thin navy-blue line for ref-
erence. The grey dashed line indicates a 60% helicity threshold.
Error bars indicate the standard error of two trajectories for H23
and H3T and 3 trajectories for H12 and H23T. The bottom panels
show the time evolution of the number of helical residues for each
molecule in two separate 2 pus MD trajectories. The horizontal
grey lines indicate the average number of helical residues for each
fragment determined from experiments at ¢TFE = 0 (ordinate

intercept in Figure , shown for comparison. . . . . . . . . ...

Cooperativity in the NCBD conformational landscape. Average
number of helical residues (circles) and experimental error, ob-
tained from two independent measurements, as a function of the
TFE volume fraction for full-length NCBD. The grey curve shows
the compounded curves of the 4 building blocks (H1, H2, H3, T).
The pink and light green curves show the compounded curves of

H12 with H3T and of H1 with H23T, respectively. . . . . . . . ..
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3.10 Helix fraction per residue for the full-length NCBD (navy-blue)

3.11

obtained as the average of two 12 us MD simulations, compared
to the compounded helical propensity patterns of H12+H3T (light
green) and H14+-H23T (pink). Bottom) Time evolution of the num-
ber of helical residues in NCBD for two separate 12 us MD trajec-
tories. The horizontal grey lines indicate the average number of

helical residues for each fragment determined from experiments at
PTFE =0 (Figure[3.9). . . . . .. ... ... . L.

NCBD residue-residue interaction maps. Maps of the time aver-
aged residue-residue contacts formed during the simulations. Top
left triangle shows the native residue-residue contacts on all of the
combined LEGO elements (local contacts shown in the color of the
building blocks), and bottom right on the full-length NCBD. The
color intensity reflects the time-averaged probability of observing
the contact in the logarithmic scale, with the lightest color corre-
sponding to a probability between 10~* and 1072 and the strongest
intensity for probabilities between 10~! and 1. bottom. total con-
tacts (native and non-native) observed in the simulations of full
NCBD. Contacts have been parsed in two groups: dark navy blue
for contacts present at least 10% (>= 0.1 probability) and light
navy blue for contacts present for at least 1% but less than 10%.
The diagonal red dashed lines signal the maximum threshold for
native interactions (<=1,i+34) defined as per the long-range NOEs

reported in the NMR structure. . . . . . . .. .. ... ... ...
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4.1

4.2

4.3

4.4

4.5

4.6

4.7

Structural alignment and topological variations in NCBD struc-
tures. Local (left) and non-local (right) interactions among known
NCBD structures. Venn diagram with each enclosed curve repre-
senting NCBD structure (free form and bound). There are 53 core
local contacts and one non-local contact common among these four
known structures. Local contacts are defined as contacts between
Ca atoms within 0.65 nm and are less than five residues apart,

and non-local contacts are five residues above in sequence.

Contact map of the lowest energy NMR structure and associated

NMR distance restraints (NOEs) in blue and red respectively.

Time-averaged (bottom left triangle) and ensemble-averaged (up-
per right triangle) native contact map of NCBD. Darker indicates
closer to 1 and lighter closer to 0. (C) Mean and standard devia-
tion of ¢y angles for NCBD from Glutton (circles) and MD (tri-
angles). Figure reproduced with permission, copyright () 2018,

Oxford University Press. . . . . . . . . .. ... ... ... ...

Examples of ¢ angle distributions of NCBD residues from MD
simulations (left) and Glutton (right). Figure reprinted with per-

mission, copyright (C) 2018, Oxford University Press. . . ... ..
Autocorrelation function of the fraction of native contacts (Q free)

Autocorrelation function of the Qe for the NCBD bound struc-
ture of ACTR (yellow), p53-TAD (green) and IRF3 (pink). Black
profile represents the average behavior of NCBD free ensemble for

reference. . . . . L

Structural properties of NCBD free ensemble. Probability distri-
butions from one-dimensional projections as a function of (A) root-
mean-square deviation, (B) radius of gyration, (C) local native
fraction and (D) non-local native fraction, (E) non-native contacts

and (F) total contacts. . . . .. ... ... ...
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4.8

4.9

4.10

4.11

Contact map of NCBD. NMR free form structure (above triangle)

and the time-averaged total interaction matrix of the MD ensemble

comprising of all native and non-native interactions (below triangle). O3

A. Venn diagram of native contacts found in NMR free form struc-
ture and all three bound structures. B. Time evolution of bound
specific contacts across three NCBDy,.. trajectories with respect
to the unique list of 1027 contacts that are not found in the NMR
free form structure within 0.5 nm. The black dashed line indicates
the average number of the contacts sampled. C. Probability distri-
bution of the three trajectories as a function of the bound specific

contactsS. . . . ... s

Dynamics of intramolecular contacts. Time evolution of the dis-

tances between center-of-mass (COM) of Cp contacts extracted

from the NMR free form structure across a representative NCBD ¢y,

trajectory (top). The 40 C contact indices are then evaluated on
the basis of sequence separation between the interacting residue
pairs into short (below 5 residues apart in the sequence), mid (5-
10), and long (greater than 10) range. (Right) Timescale (ns)
vs. sequence separation of the Cz contacts. Note that we do not

include contacts with a fast relaxation decay of less than 1 ns.

90

Structural rearrangement in NC B Dy, ensemble. The two-dimensional

distributions of distances between the center-of-mass (COM) of all
possible helical pairs; (A) H2-H3 vs. H1-H2, (B) H1-H3 vs. H1-H1
and (C) H2-H3 vs. H1-H3. Black marker indicates the respective
distances between the COM of all helical pairs in the NCBD con-
former bound IRF3 to highlight the relevant structural alterations
in NCBDy ensemble. . . . .. ... ... ... ... ...
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4.12

4.13

4.14

4.15

Projection of the NCB Dy, trajectories on the order parameters
Q free (fraction of native contacts wrt. NMR structure) and PC1
(principal component 1) of the distances between the COM (center
of mass) of all helical pairs, H1-H2, H2-H3 and H1-H3. Color bar

isin kcal/mol. . . . ..o oo

Elucidation of relevant NCBDy,.. states. 100 microstates (white)
plotted onto the free energy profile of the data transformed by
time-lagged independent component analysis (TICA) with a lag
time = 15 ns and further computed over the first two independent

components (IC). Color bar is in kcal/mol. . . . . . ... ... ..

Kinetic network of NCBDy,... Kinetically metastable conforma-
tions (macrostates) obtained from kinetically coupled microstates
via Hidden Markov Model (HMM) analysis. The relative popula-
tion of each macrostate is proportional to the volume of each repre-
sentative sphere and interconversion kinetics are shown with thick-
ness of the connections proportional to average transition time be-
tween two macrostates. The minimum average RMSD of each ex-
perimentally determined NCBD structure versus 10,000 randomly
selected macrostate conformations is stated (after superposition of
all backbone atoms of residues 6 to 47). RMSD values and related
uncertainties are color-coded in the following order: NCBD free
form (blue) and bound to ACTR (yellow), p53-TAD (green), and
IRF3 (pink). . . . . . ...

Time evolution of fraction of native contacts wrt. free form NMR
structure across three distinct NCBD MD ensembles in the absence

of ligand partners; ACTR (yellow), p53-TAD (green) and IRF3
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5.2

5.3

Dynamics of intramolecular contacts. Timescale (ns) vs. sequence
separation of Cz contacts following the same definition in Fig-
ure .10 across three distinct NCBD MD ensembles in the absence
of ligand partners; ACTR (yellow), p53-TAD (green) and IRF3

NCBD helical propensities. Fraction helix per residue across three
distinct NCBD MD ensembles in the absence of ligand partners;
ACTR (yellow), p53-TAD (green) and IRF3 (pink). NCBDyy.
profile is in blue for reference. The helical component in each
of the respective starting structures shown below in filled circles.
The error bars indicate the standard error of three NCBDjyye,

trajectories. . . . . . ..o Lo

Experimentally determined A. NCBD free form structure (PDB
ID: 2KKJ). B. NCBD bound to ligand partners: p53-TAD, ACTR,
and IRF3 shown in cartoon representation. Dark to light blue rep-
resents N- to C-terminal. C. Structural superimposition of NCBD
free form with bound conformers color-coded according to its re-

spective ligand partner to illustrate its structural plasticity. . . . .

Structural properties of ACTR. Probability distributions from one-
dimensional projections as a function of the (left to right) radius
of gyration, local and non-local native fraction in the absence of
NCBD, and the fraction of native contacts in the absence (cyan)

and presence (magenta) of NCBD.. . . ... ... ... ... ...

Projection of the NCBD:ACTR complex trajectories on the order
parameters Q- (fraction of native contacts wrt. NMR structure)

of NCBD (left) and ACTR (right), and Qjnser (fraction of native
intermolecular contacts between NCBD and ACTR). Color bar is

in keal/mol. . . . ...
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5.4 Total interaction map of NCBD and ACTR. Residue-residue to-
tal contacts (native and non-native) observed in the simulations
of NCBD (left) and ACTR (right) bound (lower triangle) and
free/unbound forms (upper triangle) for comparison. The color
intensity reflects the time-averaged probability of observing the
contact, with the light to dark color intensity corresponding to

weakly to strongly interacting residues respectively. . . . . . . .. 18]

5.5 Inter-protein interactions in NCBD:ACTR complex. Residue-residue
total contacts (native and non-native) observed in the simulations
of NCBD bound to ACTR. Black circles indicate native contacts
derived from the NMR structure. The color intensity reflects
the time-averaged probability of observing the contact, with the
blue to red color corresponding to weakly to strongly interacting
residues respectively. A contact is considered formed based on the

definition in Figure[5.4] . . . . . . . . ... 119

5.6 Structural properties of pb3-TAD. Probability distributions from
one-dimensional projections as a function of the (left to right) ra-
dius of gyration, local and non-local native fraction in the absence
of NCBD, and the fraction of native contacts (Q) in the absence
(cyan) and presence (magenta) of NCBD. . . . . . ... ... ... 121

5.7 Projection of the NCBD:p53-TAD complex trajectories on the or-
der parameters Qo (fraction of native contacts wrt. NMR struc-
ture) of NCBD (left) and p53-TAD (right), and Qiner (fraction
of native intermolecular contacts between NCBD and p53-TAD).
Color bar is in keal/mol. . . . . . ... ... o Lo



5.8 Total interaction map of NCBD and p53-TAD. Residue-residue
total contacts (native and non-native) observed in the simulations
of NCBD (left) and p53-TAD (right) bound (lower triangle) and
free/unbound forms (upper triangle) for comparison. The color
intensity reflects the time-averaged probability of observing the
contact, with the light to dark color intensity corresponding to
weakly to strongly interacting residues respectively. A contact is

considered formed based on the definition in Figure[5.4] . . . . . . 123]

5.9 Inter-protein interactions in NCBD:p53-TAD complex. Residue-
residue total contacts (native and non-native) observed in the sim-
ulations of NCBD bound to p53-TAD. Black circles indicate na-
tive contacts in the NMR structure. The color intensity reflects
the time-averaged probability of observing the contact, with the
blue to red color corresponding to weakly to strongly interacting
residues respectively. A contact is considered formed based on the

definition in Figure[5.4] . . . . . . . . ... 124

5.10 Structural features of NCBD associated to structured protein. Left.
Projection of the NCBD:IRF3 complex trajectories on the order
parameters Qi (fraction of native contacts wrt. NMR struc-
ture) of NCBD and Qe (fraction of native intermolecular con-
tacts between NCBD and p53-TAD). Color bar is in kcal/mol.
Right. Total interaction map of NCBD. Residue-residue total con-
tacts (native and non-native) observed in the simulations of NCBD
bound (lower triangle) and free forms (upper triangle) for compar-
ison. The color intensity reflects the time-averaged probability of
observing the contact, with the light to dark color intensity cor-
responding to weakly to strongly interacting residues respectively.

A contact is considered formed based on the definition in Figure [5.4]120]
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5.11

5.12

5.13

5.14

Al

Inter-protein interactions in NCBD:IRF3 complex. Residue-residue
total contacts (native and non-native) observed in the simulations
of NCBD bound to IRF3. Black circles indicate native contacts in
the NMR structure. The color intensity reflects the time-averaged
probability of observing the contact, with the blue to red color cor-

responding to weakly to strongly interacting residues respectively.

A contact is considered formed based on the definition in Figure [5.4/128

Left. Time trajectories as a function of fraction of native contacts
wrt. to free form NMR structure (Qfr.) across three distinct
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In order to execute their biological activities, most proteins fold into their unique,
three-dimensional structure. The discovery of intrinsically disordered proteins
(IDPs) about two decades ago, which are now widely found in eukaryotes, has
since challenged the structure-function paradigm. IDPs, which in isolation exist
as broad, non-random, conformational ensembles of interconverting states, are
centrally involved in many biological processes. The key to their functioning is
the ability to fold when bound to ligand partner(s), thus operating as morphing
proteins. Despite booming interest in morphing behavior, investigating their
structural transitions and mechanism remains extremely difficult because of their

distinct characteristics.

Previously, we observed a close connection between intrinsically partially dis-
ordered proteins (IPDPS) and gradual (un)folding transitions of downhill folders,
leading to the hypothesis that many IPDPs work as a conformational rheostat.
The scope of this dissertation is to investigate the biological and technological
implications of gradual conformational transitions. We first demonstrate the de-
sign principles of protein-based scaffolds by utilizing gradual (un)folding coupled
to binding for developing rheostatic conformational transducers using compu-
tational modeling and experiments. Our engineered transducers showcase >6
orders of magnitude change in analyte concentration (broadband sensitivity) and

have practical advantages over extant ones, which conventionally operate as con-
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formational switches.

Next, inspired by the LEGO toy, we devised a novel modular approach to
dissect the folding cooperativity and the energetic contributions of native inter-
actions in defining the conformational ensemble and binding properties of IPDPs.
Using an integrated strategy of computation and experiments, we perform an
ensemble-based conformational analysis and find that the approach provides an
exciting new tool for analyzing morphing transitions that should generally apply

to any IPDP, thereby addressing a fundamental gap in the field.

One particularly interesting IPDP is NCBD that binds to multiple struc-
turally diverse ligand partners and recruits the basal transcription machinery.
We then explore the concept of NCBD functioning as a conformational rheostat,
which allows its promiscuous binding. Finally, using extensive all-atom Molecu-
lar Dynamics simulations of NCBD and its biological partners in their free and
bound forms, we decipher the hidden conformational biases in the dynamics of
the heterogeneous ensemble of NCBD, undergoing gradual morphing transitions

hinting at a working conformational rheostat in transcription.
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CHAPTER 1

Introduction

I contain multitudes

Bob Dylan

Every protein has its own story, how it folds, its interactions, its biological
function, and how it sometimes misfolds and causes disease. These tasks are
mostly based on the protein’s shape. Among proteins are a challenging set of
shape-shifters under physiological conditions known as Intrinsically Disordered
Proteins (IDPs). IDPs have a ton of character. Since their physicochemical char-
acteristics are more undeveloped, they exist as ensembles of components that
constantly change configurations behaving as morphing proteins. Nonetheless,
as opposed to rigid proteins, IDPs are well advanced in their functional roles
as they can form interactions with multiple binding partners in cells. Biology
seems to find ways to leverage various aspects of physically feasible scenarios to
attain desired outcomes. The higher prevalence of these IDPs in eukaryotes than
in prokaryotes has led to an emerging hypothesis that as biological complexity
grows, so does the content of intrinsic disorder, allowing for multitudes of crucial
biological functions. Also, numerous IDPs are implicated in human diseases, in-
cluding cancer, cardiovascular disease, and neurodegenerative diseases, and are
largely considered undruggable. Despite booming interest in IDP behavior, in-
vestigating their conformational properties and mechanisms remain challenging

because of their unique properties.

This dissertation research aims to (1) provide a new approach to dissect the
folding landscapes of IDPS, (2) gain high-resolution mechanistic insights into

their morphing coupled to binding behavior, and (3) develop molecular scaffolds



for protein engineering applications (biosensing). Overall, the research emphasis
is on understanding the fundamentals of protein metamorphosis in the context
of disordered proteins and their multiple binding modes. One particular area
of interest within this topic is the functional consequence of the conformational

rheostat (CR) mechanism in controlling eukaryotic transcription.

1.1 Background

One of the open fundamental questions in Molecular and Structural Biology is
how molecular processes control protein folding. Also, a thorough understanding
of this issue would have enormous practical implications for protein engineering
and design. Different areas of protein science studies have uncovered protein
behaviors that defy the classical structure-function paradigm over the last two
decades [1]. In this regard, multiple comprehensive computational studies have
shown that a significant fraction of the eukaryotic proteome is now believed to
contain naturally unstructured domains in their functional states [2],[3]. Instead,
they tend to fluctuate between an ensemble of short-lived conformations rather
than adopting a unique structure, enabling them to perform essential functions in
cells [4],[5],[6]. The key to their functioning is their promiscuous coupled folding
and binding to structurally diverse ligand partners [6],[7],[8], [9] thus operating as
morphing proteins. Also, mutations of disordered proteins are often implicated in
a range of human diseases [10]. Due to their intrinsic disorder and conformational
flexibility, it’s a challenge to study morphing proteins, and currently, no effective
drugs exist that target these proteins. Mechanistic understanding of morphing
protein dynamics can aid in understanding the molecular bases of human diseases
and in designing rational strategies to modulate IDP functions for therapeutic

purposes.



1.1.1 Intrinsically Disordered Proteins

IDPs are a class of proteins that, in the native state, possess no well-defined struc-
ture, existing as broad, non-random, dynamic ensembles of conformations [11].
Extensive bioinformatics studies have concluded that naturally flexible proteins,
instead of just being rare exceptions, are abundant in eukaryotes, estimating that
over 40% of any eukaryotic proteome contains such disordered regions [2],[10].
IDPs fail to fold autonomously, primarily attributed to their amino acid com-
positions [12]. High contents in polar and charged amino acids, together with
proline, are the typical sequence signatures of IDPs [I3]. These segments are
natively unfolded (>50 residues) and unable to fold cooperatively due to a lack
of hydrophobic amino acids [14]. Intrinsic disorder has been implicated in vari-
ous regulatory functions that require IDPs to interact with other ligand partners
[7,[8]. Many of these interactions promote disorder to order transitions within
IDPs or preserve their disordered state by forming ”fuzzy” complexes [15], which
have a high degree of structural heterogeneity. A recent study of two highly
charged IDPs (H1 and Pro-Ta) using single-molecule Foster resonance energy
transfer (sm-FRET) showed that very high, opposing net charges between the
two result in increased binding affinity. Still, the complex remains devoid of
specific interactions and intrinsically disordered with minimal structural changes
[16]. This type of complex where the two IDPs remain unstructured even though
tightly bound together widens the known spectrum of protein-protein interac-
tions. Many IDPs are promiscuous binders, interacting with multiple ligand
partners [17],[I8] and studies have shown that such a complex network of inter-
actions necessitates allosteric activity [19], in which disordered regions exhibit
allosteric coupling between binding sites [20]. Many disordered proteins adopt
different conformations upon binding to different target proteins, which allows the
protein to fulfill more than one unrelated function, a property known as moon-
lighting [21]. For example, the nuclear coactivator-binding domain (NCBD) of the
CREB-binding protein (CBP) adopts two distinct conformations when it binds

to the activation domain of p160 nuclear receptor coactivators (ACTR) [I7] or



to interferon regulatory factor 3 (IRF3) [22]. Although the NCBD is stabilized
as a three-helix bundle in all of its complexes, the length of the helices and the

packing topology vary significantly [23].

1.1.2 Gradual Protein (un)Folding

Downhill folding proteins are fast-folding proteins that lose or gain structure with-
out crossing any significant free energy barrier, unlike two-state folding proteins
that require a cooperative transition between the unfolded and native states [24].
This gradual structural disorder is a characteristic feature of downhill folding
proteins as it dramatically decreases the magnitude of their folding time [25],]26].
These proteins also make attractive scaffolds for developing protein engineering
applications due to their gradual (un)folding behavior, including the implemen-
tation of conformational transducers, which can be an essential component of an
advanced biosensor [27]. The features of a conformational rheostat have been
effectively demonstrated in a downhill folding module, BBL protein which is nat-
urally sensitive to change in pH (at least three sites with titratable sidechains),
working as a pH transducer, undergoing a gradual one-state unfolding accompa-
nied by proportionate changes in proton binding affinity in microsecond folding
times (folding rate of BBL) [28] as illustrated in Figure [L.1|[f] In essence, con-
formational rheostats are protein domains that naturally populate a large, non-
random conformational ensemble that gradually morphs into different structures
in response to cues, such as ligand binding, which also remarkably applies to in-
trinsically partially disordered proteins (IPDPs). It has been widely known that
IPDPs are unable to fold cooperatively unlike two-state folding proteins, which
puts them at the extreme end of the cooperativity scale [29]. Therefore, a direct
connection between gradual (un)folding and intrinsic disorder has been proposed

and requires in-depth exploration [29],[30],[31].

! Adapted with permission from (Michele Cerminara, Tanay M. Desai, Mourad Sadqi, and
Victor Mutioz Journal of the American Chemical Society 2012 134 (19), 8010-8013 DOI:
10.1021/ja301092z). Copyright (©) 2012, American Chemical Society
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Figure 1.1: Left. Schematic of a molecular rheostat based on the coupling of a
signal to the folding ensemble of a downhill folding protein. Right. Signal vs.
analyte concentration for rheostat and switch mechanism. Figure reproduced

with permission.

1.1.3 Coupled Folding and Binding

The interaction between folding and binding is one of the fascinating aspects of
IDP: Is binding followed by folding or vice versa? Induced fit and conforma-
tional selection are two extreme mechanisms that have been proposed [32]. The
protein binds to its binding partner in a largely disordered state, then folds to
form the well-structured complex in the first mechanism. In the conformational
selection mechanism, the ligand partner molecule protein ’selects’ a preformed
binding competent state that contains the structural features of the protein in
the complex from the ensemble of conformations sampled by the IDP (when free
in solution). Although it is expected that IDPs undergo some degree of con-
formational change even with a preformed structural element upon binding to
the ligand partner [7]. The binding free energy of these complexes is used in
part to promote folding of the IDPs. One of the most studied IDPs, pKID, has
been shown to undergo induced folding coupled to binding in which the KIX do-
main forms a weak encounter complex that is stabilized by hydrophobic contacts
between the two [§]. Given IDPs’ dynamic nature and wide range of confor-
mational properties, ranging from the lack of any structure to the formation of
compact molten globules, it’s likely that they use a variety of mechanisms or a

combination of mechanisms [33],[34]. An extreme form of coupled folding and



binding occurs when both partners are more or less disordered in their free form
but become well-ordered upon association. Such a type of mutual synergistic
folding is well documented for NCBD:ACTR complex and NCBD binding to the
transactivation domain of p53 (NCBD:p53-TAD) [9]. Furthermore, it has been
shown that NCBD undergoes a gradual (un)folding behavior in its free form, i.e.,
the domain unfolds in a continuous manner without crossing a free-energy bar-
rier, displaying characteristic unimodal probability distributions as a function of
various structural properties [30]. As a result, in recent times a conformational
rheostat mechanism has been proposed as a mechanism underlying the dynamics
of partially ordered IDPs, as it describes the allosteric effects of coupled folding
and binding [29].

1.1.4 Functional Advantages to IDPs

Intrinsic flexibility is advantageous. IDPs showcase the importance of conforma-
tional plasticity and heterogeneity in protein function [35]. It is mainly attributed
to high specificity for multiple targets and low-affinity binding [36]. As a result,
they frequently function as molecular hubs in protein interaction networks via
modulation of allosteric interactions [37],[19]. Weak binding (and a fast dissoci-
ation rate) appeared to be especially important for signaling transduction, as it
enables signals to switch quickly in response to ligand binding, post-translational
modification, or changes in the cellular environment [38]. Due to their weak
and multiple binding interactions, they can undergo phase transitions to form
membrane-less organelles [39]. Furthermore, they help in the ordered assembly
of macromolecules machines such as ribosomes and play key regulatory roles dur-
ing the transcription process [0],[37],[40]. In fact, IPDPs are also suggested to
function as molecular rheostats to support a continuum of conformational states
and transitions tuned by diverse binding modes and post translational modifi-
cations that regulate dynamics between subpopulations and subsequent ligand

binding [29],[41].



1.1.5 A Challenge to Study IDPs

Given their high degree of disorder, studying IDPs requires a combination of
experimental, computational, and bioinformatics analyses to classify and charac-
terize disordered regions and their mechanisms, resulting in a better understand-
ing of their vital functional role in biological processes. Still, we do not have
a complete understanding of IDP conformational propensities and their various
binding modes, as it’s a challenge to study experimentally. While small-angle X-
ray scattering [42] and single-molecule FRET [43] can provide useful information
on intra/inter molecular distance distributions, and NMR can provide both local
and long-range structural information on free and bound states [44], IDPs exist as
complex ensembles, making characterizing their structural properties extremely
difficult. Moreover, current methods rely on conventional structural biology, be-
cause any observable will be averaged over a heterogeneous ensemble of structures.
Many of these seminal experimental studies are discussed in detail in the following
Chapters. Multiple methods and structural probes are needed due to the various
time and length scales applicable to the roles performed by IDPs. Biomolecular
simulations play an important complementary role in this scenario: sufficiently
accurate molecular simulations can help predict experimental outcomes, allowing

for better structural interpretation and mechanistic insights.

1.1.6 Computer Simulations

Molecular dynamics simulations (MD) have become a ubiquitous tool in modern
life science. It leverages the laws of physics to understand the motions and behav-
ior of biomolecules. Understanding biomolecular dynamics requires probing the
system at biologically relevant timescales such as protein folding, ligand binding,
etc. MD simulations use a classical Newtonian representation of atoms, molecules,
and the forces between them are encoded in a classical force field that contains all
the chemical specificity. Therefore, the quality of MD simulation results depends
on the accuracy of the force field employed. All-atom simulations are increasingly

used to obtain IDP conformational ensembles. Recent advancements in the force



field development allow MD to describe atomic-level properties of IDPs more
accurately [45],]46]. These simulations can capture all the high-resolution micro-
scopic details, such as local structure formation and protein motions, considering
adequate sampling of the IDP heterogeneous ensembles [47],[48]. Furthermore,
with the advent of GPU accelerated computing and the implementation of Parti-
cle Mesh Ewald (PME) to compute long-range electrostatic interactions on GPU
nodes[49], one can employ multiple sets of MD trajectories of such morphing pro-
teins to achieve better sampling statistics. Overall, MD simulations complement
experiments in studying the structure, dynamics, and functions of IDPs [46], [50].

But simulating these systems also presents significant technical challenges.

1.1.7 Challenges of Molecular Dynamics Simulations

e IDPs display high sensitivity to force field inaccuracies

The recent development of force fields with a primary focus on modifying
the backbone and side-chain dihedral-angle potentials and critical evalua-
tions of their performance when applied to IDPs show an improved descrip-
tion of IDP conformational propensities. In a simulation study of the dis-
ordered 24-residue arginine/serine peptide using seven different force fields,
the conformational ensemble obtained using CHARMM22* (¢22*) agreed
best with all available experimental data [51]. The ¢22* ensemble performs
best in this force field comparison: it has the lowest error in chemical shifts
and J-couplings and agrees well with the SAXS data [52],[53]. Other stud-
ies have shown that the sampled disordered states are more compact than
estimated from experiments for proteins >60 residues [54]. Furthermore,
the effect of the solvent model has also been found to be important in the
sampling of IDPs, and the water models are, in general, concurrently im-
proved with progress in force field development. The four-site water models
such as the TIP4P-D [55] with modified dispersion interactions have been
shown to reproduce well the hydrophobic effect and water density in a wide

temperature range that allows for more extended conformations. Further



improved force fields such as ¢36m have been shown to improve the struc-
tural properties of short disordered peptides [54], however it does not solve
the problem of disordered proteins being too compact. The latest a99SB-
disp has been reported to provide accurate descriptions of both ordered and

disordered proteins [56].

Studying coupled folding and binding of IDPs

Simulating coupled folding and binding is challenging, but significant progress
has been made, particularly through the use of native-centric models. Structure-
based models (SBM) successfully conjugate the essence of the energy land-
scape theory of protein folding with computationally very efficient imple-
mentations [57]. These models have a coarse-grained representation, typi-
cally with a single interaction site per residue, located at the Ca position.
A short-range attractive pair potential is used to describe interactions be-
tween residues in contact in the starting/native structure. All interactions
between residues that are not in contact in the native state are then de-
scribed using an excluded-volume repulsion term. The use of topology-
based models allows us to circumvent the problems associated with sam-
pling capability to reach the biological timescale of such processes (i.e.,
microseconds to milliseconds) and obtain statistically meaningful observa-
tions by sampling multiple reversible binding/folding events. These models
have been successfully used to investigate many aspects of protein folding
(complex conformational transitions) [41],[58],[59]. Many of these studies
are discussed in the introduction of Chapter 5. However, coarse-grained
methods lose the atomistic details of IDP structures. The SBM models,
in particular, are unsuitable for describing the heterogeneous structures of
unbound IDPs, making it difficult to investigate the role of non-native inter-
actions in IDP dynamics. Deciphering the binding process using all-atom
MD simulations is challenging due to the large number of degrees of free-
dom and the extensive conformational transitions involved. In this regard,

the recent unbiased MD simulations produced by the Anton specialized



hardware, Robustelli et al. observed over 70 binding and unbinding transi-
tions between the a-helical molecular recognition element (a-MoRE) of the
intrinsically disordered C-terminal domain of the measles virus nucleopro-
tein (NTAIL) and the X domain (XD) of the measles virus phosphoprotein
complex governed by induced folding pathways [60]. This promising study

broadens the range of biological systems amenable to MD simulations.

1.2 NCBD

IDPs are known for their structural adaptability, which is the basis for their
promiscuous binding. One particularly interesting IDP is the Nuclear Coacti-
vator Binding Domain (NCBD) from the CREB Binding Protein (CBP), which
has been the subject of many folding studies [22],[23], [30],[61],[62],[63],[64], [65].
NCBD is responsible for the interaction of the CBP with many other proteins to
recruit the transcription machinery. It has more than ten known ligand partners,
including the transactivation domain of p53 (p53-TAD) [23], ACTR [17], and
IRF3 [22]. Their rapid dissociation facilitates a fast response of the co-activator

machinery to this wide variety of regulators.

The NMR-determined structure of the free NCBD forms a compact, three-
helix bundle structure but does not exhibit cooperative thermal unfolding shown
in (Figure[L.2]A) [62],[66]. Recent multivariate analysis of experiments and com-
puter simulations indicated that NCBD is a one-state downhill folder (i.e., a
protein that unfolds gradually rather than cooperatively) [30]. In the IRF3 and
ACTR or p53-TAD bound states (Figure[1.2|B), structures of NCBD show major
topological differences, with significantly different configurations of the helices
(Figure [1.2/C). ACTR and p53-TAD are also IDPs as demonstrated in (Fig-
ure [1.2]D). Several studies have characterized NCBD structure and its binding
interactions. However, the in-depth mechanistic details of how it’s proposed

gradual (un)folding enables various binding modes remain mostly unexplored.
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2KKJ). B. NCBD bound to ligand partners: p53, ACTR, and IRF3 shown in car-

toon representation. Dark to light blue represents N- to C-terminal. C. Structural

superimposition of NCBD free form with bound conformers color-coded according

to its respective ligand partner. D. Mean net charge versus mean hydrophobicity

plot for three proteins; NCBD (blue), ACTR (yellow), and P53-TAD (green),

showcasing distinction between IDPs and folded proteins based on their amino

acid compositions.
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1.3 Proposed Contributions
The primary contribution of my dissertation research are as follows:

e Downhill (Un)Folding Coupled to Binding as Mechanism for Engineering
Broadband Protein Conformational Transducers. Here, we engineer pH
transducers into the gradual (un)folding protein gpW, which is naturally
pH insensitive. Particularly, we engineer histidine grafts into the gpW
hydrophobic core to induce unfolding via histidine ionization. We design
and test the effects of ionization via computational modeling and all-atom
MD simulations, followed by experiments of the four promising scaffolds in
collaboration. Our results demonstrate that the pH-dependent unfolding
occurs in a rheostatic fashion and sense up to 6 orders of magnitude in [H+].
Notably, these properties make downhill (un)folding coupled to binding a
powerful mechanism to engineer protein-based transducers that can be an

important component of an advanced biosensor.

e Molecular LEGO: An Approach to Map Out the Conformational Land-
scapes of Unbound Intrinsically Disordered Proteins. Here, we devised
a novel approach to measure the energetics driving the conformational-
(un)folding landscape and the patterns of native interactions of partially
disordered proteins. First, we dissect the morphing protein, NCBD, into
all of its elementary components. Then, using an integrated strategy of
computation and experiments, we perform an ensemble-based conforma-
tional analysis of all the components and establish the interactions between
them by direct comparison of relevant components. This approach provides
an exciting tool for analyzing morphing transitions that should generally

apply to any disordered proteins, thus filling a fundamental gap in the field.

e Decoding Conformational Rheostats in Transcription: Morphing Coupled
to NCBD Binding. Here, we explore dynamical properties of a morphing
protein conformational ensemble, the nuclear coactivator binding domain

(NCBD) that plays a vital role in organizing the eukaryotic transcription
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complex by interacting with other morphing partners such as the trans-
activation domain of p53 (p53-TAD) and ACTR, or well-folded proteins
like IRF3. Our analysis of ~ 60 microseconds long, all-atom MD data
on NCBD in the absence of partners shows a highly dynamic ensemble
that populates sub-ensembles that resemble the various bound complexes in
terms of topology and secondary structure hinting at a relatively unexplored
conformational rheostatic behavior. We then decipher the interconversion
timescales between its various sub-ensembles and find that the protein con-
text modulates the interconversion between sub-ensembles and that NCBD
samples pre-formed binding competent structures that bind to other mor-
phing proteins (p53-TAD and ACTR) and folded protein (IRF3), providing
high-resolution mechanistic insights into a working conformational rheostat

in transcription.

Dissecting the Interplay between NCBD Folding and its Ligand Partners.
Finally, we assess the conformational properties of NCBD when bound to its
various, structurally diverse ligand partners. We first study NCBD’s morph-
ing partners, p53-TAD and ACTR, and decipher their structural properties
in their unbound forms. Next, we elucidate the interplay of NCBD bound
to these morphing proteins and the well-folded protein, IRF3, by employ-
ing all-atom MD simulations of NCBD in the presence of its partners. This
study shows that the NCBD ensemble retains a great deal of flexibility
when bound (even to the stable, folded IRF3) and undergoes interesting
transitions that reveal a subtle interplay between the conformational land-
scape of NCBD and partner binding. The most intriguing behavior emerges
from the simulations in complex with other morphing proteins where the
conformational modes of both partners appear intimately intertwined in
nontrivial ways. This study provides the missing clues to interpret mech-
anistically the functioning of a conformational rheostat in recruiting the

eukaryotic transcription complex.
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CHAPTER 2

Downhill (Un)Folding Coupled to Binding as a
Mechanism for Engineering Broadband Protein

Conformational Transducers

2.1 Abstract

Canonical proteins fold and function as conformational switches that toggle be-
tween their folded (on) and unfolded (off) states, a mechanism that also provides
the basis for engineering transducers for biosensor applications. One of the limi-
tations of such transducers, however, is their relatively narrow operational range,
limited to ligand concentrations 20-fold below or above their C50. Previously,
our lab discovered that certain fast-folding proteins lose/gain structure gradually
(downhill folding), which led us to postulate their operation as conformational
rheostats capable of processing inputs/outputs in analog fashion. Conformational

rheostats could make transducers with extended sensitivity.

In this chapteIE], we examine the extensibility of downhill (un)folding coupled
to binding mechanism for engineering transducers with sensitivity over many or-
ders of magnitude in ligand concentration (broadband). We investigate this hy-
pothesis by engineering pH transducing into the naturally pH insensitive, down-
hill folding protein gpW. Particularly, we engineered histidine grafts into its hy-
drophobic core to induce unfolding via histidine ionization. We designed and

tested the effects of ionization via computational modeling and studied experi-

'Reproduced with permission from Nagpal S, Luong TDN, Sadqi M, Mufioz V. Downbhill
(Un)Folding Coupled to Binding as a Mechanism for Engineering Broadband Protein Conforma-
tional Transducers. ACS Synth Biol. 2020 Sep;9(9) 2427-2439. doi:10.1021/acssynbio.0c00190.
PMID: 32822536. Copyright (C) 2020, American Chemical Society
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mentally the four most promising single grafts and two double grafts. All tested
mutants become reversible pH transducers in the 4-9 range and their response
increases proportionally to how buried the histidine graft is. Importantly, the pH-
dependent reversible (un)folding occurs in rheostatic fashion, so the engineered
transducers can detect up to 6 orders of magnitude in [H+| for single grafts, and
even more for double grafts. Our results demonstrate that downhill (un)folding
coupled to binding produces the gradual, analog responses to the ligand (here
H+) that are expected of conformational rheostats, and which make them a

powerful mechanism for engineering transducers with a broadband response.

2.2 Introduction

The engineering of protein folding/unfolding equilibria coupled to binding to a
suitable ligand offers a generalizable strategy for developing biosensors that ex-
ploits the unparalleled specificity and selectivity of protein-mediated biomolecular
recognition [67]. The strategy entails engineering the protein to be intrinsically
unstable in the absence of ligand, and use the free energy provided by binding
to the analyte in question (which only binds to the native structure) to trig-
ger refolding, thus transducing the binding event into a monitorable output [68].
These transducers toggle between the unfolded-free and the folded-bound states
given that their folding mechanism is usually two-state and the native structure
is only formed upon binding the ligand, thus exemplifying the operation of con-
formational switches [69]. The result are binary signals and typically sigmoidal
saturation curves that provide sensitivity to ligand concentrations within 20-fold
below and above the apparent K, or ICsq [70]. Another characteristic of such
transducers is that their time response is ultimately determined by the rate of
folding into their native state, which can take up to minutes for two-state folding
proteins [71]. These characteristics make it challenging to produce protein trans-
ducers capable of broadband and/or real-time sensing, features that are often

desired in biosensing applications.

In that regard, one exciting possibility is to use downhill folding proteins
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as scaffolds for building transducers based on (un)folding coupled to binding.
Downhill proteins fold and unfold in very short times (microseconds) [72], and
change their structural properties gradually upon (de)stabilization [73], which
results in broad, structurally heterogenecous (un)folding transitions [74],[75]. In
fact, it has been proposed that the thermodynamic coupling between a biological
signal and the gradual (un)folding of a downhill protein can result in conforma-
tional rheostats, a mechanism by which the protein produces analog responses to
the input strength, e.g. ligand concentration [76]. The non-canonical features of
downhill protein folding present a unique opportunity for building conformational

transducers with broadband sensitivity and real time response.

Initially, our lab explored the merit of this idea on the BBL domain, a show-
case of the most extreme, one-state downhill (un)folding behavior [73] and mi-
crosecond folding kinetics [77]. BBL folding is naturally pH sensitive due to two
histidine residues that are partially buried within the protein core. A detailed
study of the pH response of BBL has shown that this protein changes its structure
gradually over four orders of magnitude in proton concentration and can record

changes in pH with response times of a few microseconds [2§].

2.2.1 Potential Protein Candidate for Engineering a de novo Confor-

mational Transducer

The BBL study did not address the issue of whether such remarkable broadband
response is extensible to other downhill (un)folding coupled to binding processes,
or rather a unique result of natural selection on BBL. To determine the exten-
sibility of the broadband response of transducers based on downhill (un)folding
coupled to binding, and rationalize its structural/energetic determinants, we de-
cided to de novo engineer pH transducing into gpW(W protein of bacteriophage
lambda). GpW is a protein that folds into an a+p topology [78] and is stable
and unaffected by pH in the 4-9 range [79]. Moreover, gpW folds and unfolds in
microseconds, and exhibits the thermodynamic features of a downhill folding do-

main, including a minimally cooperative unfolding transition and multiprobe de-
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Figure 2.1: Structural features of gpW. (A) The protein is composed of 62 residues
forming an all-antiparallel a+( topology consisting of one [-hairpin and two
a-helices. (B) Molecular surface representation of the gpW native structure with
color coding signifying the degree of hydrophobicity from polar (purple), inter-
mediate (white) to hydrophobic (green). The two projections highlight the cores
between helix-2 and the S-hairpin (left) and between the two helices (right).

pendence [80], as well as an atomically heterogeneous thermal unfolding process as
probed both by NMR and long-time-scale molecular dynamics (MD) simulations
[79]. Relative to BBL, gpW is considerably larger (62 vs. 45 residues), is a full
gene product rather than an excised domain [80], and features an all-antiparallel
fold with two distinct hydrophobic cores (Figure that offers various structural

loci for engineering pH transducing.

2.2.2 Strategy to Design Potential Scaffolds

To de novo engineer pH transducing into gpW we resorted to a histidine graft-
ing strategy by which we introduce histidine residues into structurally targeted
protein locations. Several groups have reported that the dual aromatic/ionic
character of histidine and its pK, value close to physiological pH (i.e. 6-6.5) can
induce pH-dependent conformational changes in the native ensemble of a variety
of proteins [81]-[82]. The role of histidine ionization as trigger of conformational
transitions on proteins is also exploited functionally by Nature, like in the trans-

membrane protein OmpG, which opens and closes its central pore in response to
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the (de)ionization of two histidine residues [83]. The molecular mechanism be-
hind these conformational changes hinges on the ability of the histidine residue
to interact favorably with a surrounding hydrophobic environment in nonionic
form, and strongly destabilize the same environment when ionized (i.e. due to
charge desolvation). Namely, a histidine that is buried into the core of a protein
destabilizes the folded state upon ionization by an amount proportional to its

drop in pK,(AAGYY = 2.3026RT ApK,,).

Mutational analyses have shown that the p K, shifts of buried histidine residues
vary widely, being ultimately determined by the local environment in the native
structure, including the degree of burial and the interactions with surrounding
residues[84]. Practically, we implemented a computational/ experimental histi-
dine grafting strategy in four steps: i) identification of structural loci in gpW
suitable for accommodating a partially buried histidine graft; ii) mutation design
in silico, followed by computational assessment of mutant stability through all-
atom MD simulations in explicit solvent; iii) selection of mutations that do not
drastically perturb the stability of the native fold in non-ionic form, and produc-
tion in the lab; iv) computational and experimental analysis of the pH response

of each select mutation.

2.2.3 The Protein gpW and pH Sensing as Model to Engineer Broad-

band Transducing

There are several reasons for using pH sensing for this study: 1) Proton binding-
release is a relatively straightforward process to engineer into proteins using his-
tidine grafts; 2) Histidine grafting allows for the introduction of multiple proton
binding sites onto the protein scaffold as strategy for amplification or modulation
of the transducer response; 3) Ionization-deionization processes are the fastest re-
actions in aqueous solution because proton transfer is orders of magnitude faster
than conventional diffusion controlled processes [85]. Such an ultrafast binding
process makes the transducer response time to be solely determined by the confor-

mational transition of the protein, which takes place in microseconds for downhill
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folders [86]. GpW does indeed fold and unfold in microseconds [80], but to be
a suitable scaffold for this study it also needs to be naturally insensitive to pH
in the neutral to mildly acidic range that is most biologically relevant (between
4 and 9). From an aminoacid composition viewpoint, gpW has a sole histidine
(H15) that is located on the exterior of helix-1 and fully solvent exposed, and

therefore unlikely to experience significant p K, shifts.

2.3 Computational Methods

2.3.1 Design Strategy

To design mutations to histidine in core positions with varying degree of solvent
exposure of the protein gpW (PDB ID: 2L6Q), we used the Chimera tool and
DUET algorithm [87]. A combination of structural analysis to identify target
locations and stereochemical criteria were used to identify conservative replace-
ments to histidine (e.g. with enough room to accommodate the imidazole ring).
Target mutation sites were ranked according to the predicted change in stability

upon mutation calculated with DUET:
AAG(U]\]/[V_WT) = AGYY — AGYY, (2.1)

The six single point mutations to histidine were designed with the Chimera
tool and refined via energy minimization. The fully solvent accessible histidine
15 in gpW was also replaced to Ala to investigate the effects of ionization of
the natural histidine. As further computational test of the intrinsic native sta-
bility, all-atom MD trajectories in explicit solvent were run for each mutant in

deprotonated form as well as for wildtype gpW (see below).

Electrostatic Potential Calculations The electrostatic potential maps of
gpW and its mutants were calculated at physiological conditions (pH-7) using
the adaptive Poisson—Boltzmann solver (APBS) [88]. The input PQR files were
generated by the PDB2PQR server using the PARSE force-field and the protona-

tion states were assigned by PROPKA. The grid dimensions were automatically
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set by APBS based on the input structure. Electrostatic potentials were calcu-
lated by solving the linear Poisson— Boltzmann equation with a single DH sphere
boundary condition. The solvent accessible surface area was calculated using a

solvent radius of 1.4 A.

2.3.2 All-Atom MD Simulations

MD simulations were performed in the GROMACS suite [89] using the OPLS
all-atom force field [90]. Water molecules were modeled with the TIP4P represen-
tation [01]. Periodic boundary conditions were used, and long-range electrostatic
interactions were treated with the Particle Mesh Ewald (PME) summation using
a grid spacing of 0.16 nm combined with a fourth-order cubic interpolation to
derive the potential and forces in-between grid points [92]. The real space cutoff
distance was set to 1.0 nm and the van der Waals cutoff to 1.0 nm. The bond
lengths were fixed [93] and a time step of 2 fs was used for numerical integra-
tion of the equations of motion. Coordinates were recorded every 10 ps. The
simulations were performed at 310 K starting from the coordinates of the lowest
energy conformer in the gpW NMR structural ensemble modified to carry the
mutations to histidine and the H15A pseudowildtype. The protein was placed in
a dodecahedral water box large enough to contain protein and at least 1.0 nm
of solvent on all sides (volume = 233 nm?). The structure was solvated with
7,300 water molecules, and 4-5 Cl- ions were added to neutralize the system.
The starting structure was subjected to energy minimization using the steepest
descent method. All systems were equilibrated at a constant temperature of 310
K utilizing the two-step ensemble process (NVT and NPT). First, the system
was subjected to NVT (constant number of particles, volume and temperature)
equilibration for 100 ps with the position of the protein restrained, followed by
NPT (constant number of particles, pressure and temperature) equilibration for
another 100 ps. The simulations were subjected to the modified Berendsen ther-
mostat with 0.1 ps relaxation time to maintain the exact temperature [94], fol-

lowed by Parrinello-Rahman [95] with 0.2 ps relaxation time for pressure coupling
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at 1 bar before the production run was started. All the simulations were run on
the Triton Shared Computing Cluster (TSCC) at the San Diego Supercomputing
center (SDSC). The total simulation time per variant was 1 us for the wildtype,
0.75 s for the mutants L7H, M18H, F35H and V40H, and 0.4 us for A10H and
A13H. MD Simulations of Mildly Acidic Conditions. All the protonated mutant
MD trajectories (L7TH+, M18H+, F35H+ and V40H+) were run for 2.2 us. In
absence of well-established methodology to define and control pH during MD
simulations (simulations do not contain free hydronium ions and protons cannot
be exchanged in classical MD) we altered the protonation state of all titratable
residues before the MD run based on their estimated pK, values and relative to
a nominal pH of 5. The ionization states were kept constant for the entire MD
run. Histidine protonation was carried out using the pdb2gmx tool (HISE type)
by first performing a standard pK, calculation of the starting structure using

DelphipK,.

MD Simulations of Double His-Grafts MD simulations were carried out
in deprotonated and protonated form for two double histidine grafts: M18H-
F35H and F35H-V40H. Each double mutant was simulated for 1 and 2.2 s in

the deprotonated and protonated forms, respectively.

2.3.3 Analysis of MD Trajectories

The root-mean-square fluctuations (RMSF) per residue were calculated for each
MD trajectory (protonated, deprotonated and wildtype) using the gmx rmsf tool.
The RMSF of each mutant trajectory was expressed in reference to the wildtype
as ARMSF (RMSF,,..; — RMSFE,;).

Conformational Landscapes of gpW Mutants Maps were obtained from
the normalized probability distribution as a function of the relevant set of order
parameters. The probability distribution was converted into an energy scale using

the following expression:
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P;
Adsegosi = —RTIn(5 f) (2.2)

where the probability of going from a reference state (ref) of the system to
any state i (e.g., from folded to unfolded) at constant temperature and constant
volume is evaluated. R is the ideal gas constant, T is the temperature and
pi; and p,.s are the probabilities of finding the system in state i and state ref,
respectively. We project the conformational space onto two order parameters:
the radius of gyration (Rg) and the fraction of native backbone contacts (Q).
In this calculation a contact is considered formed when the minimum pairwise
distance between atoms of the interacting residues is <=0.55 nm and the residue
pair is >3 residues apart in the protein sequence. Conformations collected at 100
ps intervals were projected onto the Q-Rg plane using a 40x40 grid (1600 cells)
and sampling statistics were compiled to evaluate Equation . The grid cell

with the largest population was used as reference state.

2.4 Computational Results

2.4.1 Design Principles of Conformational pH Transducers Based on

Histidine Grafting

The imidazole ring of histidine is ionizable with a standard pK, around 6.5.
When the imidazole is deprotonated its aromatic character predominates, and
thus it can form stabilizing interactions with neighboring hydrophobic residues
within the protein core. On the other hand, a protonated histidine located in a
buried position destabilizes the native structure due to the large energetic penalty
involved in desolvating the charge. This net destabilization shifts the effective
pK, to lower values (i.e. needing higher proton concentrations to become ionized).
The larger the pK, drop, the stronger the destabilization of the native state that
is induced by histidine ionization, which can eventually drive protein unfolding
once the destabilization is comparable to the intrinsic stability of the native

state [96]. In this regard, as most downhill folding domains [76], gpW’s native
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Figure 2.2: Solvent accessible surface area per residue of the gpW native structure
calculated using UCSF Chimera tool with 0.14 nm solvent probe. Red circles

indicate each of the four selected mutations.

state has relatively low intrinsic stability, i.e. about 14 kJ/mol [80]. There are
two important implications that emerge from these considerations: 1) Histidine
grafts should be structurally conservative to avoid excessive destabilization of
the gpW scaffold that could result on a protein that is unfolded over the entire
pH range; 2) The grafts should still be sufficiently buried (and experience pK,
downshifts) to be able to trigger unfolding upon protonation at mildly acidic pH.
With these principles in mind, we used structural analysis to select the locations
on gpW for histidine grafting. The recipient sites are residues that participate
in one of the two gpW hydrophobic cores (Figure and have enough space to
accommodate the imidazole ring into the cavity without introducing significant
steric clashes. We identified six such positions: A10, A13, L7, M18, F35 and V40
(see Methods for more details). The six locations have varying degrees of solvent
exposure (Figure , hence, providing us with flexibility to engineer different

pH responses and explore how to maximize the transducer dynamic range.

We then designed the histidine mutations in silico and evaluated the effect
on the stability of gpW using the DUET algorithm (Table [2.1]). The calculations
with DUET indicated that histidine substitutions into the L7, A10, and A13

positions could reduce the native stability of gpW at room temperature by more
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Mutant | AAG
L7H -6.02
MI18H | 2.26

F35H | -0.17
V40H -2.01
A10H -6.65
A13H -6.40

Table 2.1: Change in stability (Equation in kJ/mol of gpW single histidine
mutants as predicted by the DUET algorithm.

than half, potentially placing these grafts at the brink of stability even at neutral
pH.

2.4.2 Molecular Dynamics Analysis of Histidine Graft Stability

We then used atomistic MD simulations to investigate the intrinsic destabilization
induced by the histidine grafts in deprotonated form. Particularly we simulated
each of the six mutants and the wildtype for 400 ns. Figure shows the time

trajectories of the root mean square deviation (RMSD).

Given the marginal stability and ultrafast folding of gpW, we expected these
relatively short trajectories to display significant structural fluctuations and pos-
sibly even global unfolding. The control trajectory on wildtype gpW does show
distinct structural transitions that take place within the first 100 ns, followed
by stabilization onto a relatively low RMSD ensemble. These fluctuations corre-
spond mostly to the b-hairpin flapping in and out from its interaction with the two
helices, which remain closely in contact throughout the simulation. The lower sta-
bility and enhanced structural dynamics of the gpW hairpin have been reported
before from NMR analysis and long timescale MD simulations [79]. Simulations
of M18H, F35H and V40H showed minimal structural fluctuations throughout
the entire trajectory with RMSD below 0.4 nm throughout (Figure . L7H

displays larger structural fluctuations than the other three grafts, and signifi-
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Figure 2.3: Time evolution of the root-mean-square deviation (RMSD) relative to
the lowest energy conformer of the gpW NMR ensemble from MD simulations of
gpW (black) and the six designed single (deprotonated) histidine substitutions.
(A) Trajectories of the four mutants that show structural fluctuations below the
threshold (0.65 nm). (B) Trajectories of the mutants that exceeded the 0.65 nm
RMSD threshold.
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Figure 2.4: Time evolution of RMSD for the MD trajectories of the wild-type

and four selected mutants.

cantly higher mean RMSD (about 0.55 nm), which is consistent with the large
destabilization predicted by DUET (Table and its fully buried location in

gpW (Figure [2.2).

The structural fluctuations of L7H are more frequent, but they still are com-
parable in magnitude (< 0.65 nm) to those experienced by the wildtype. More-
over, as in the wildtype, the structural fluctuations of L7H concentrate on the
[-hairpin. These results suggest that L7H is probably a viable graft. In con-
trast, A10H and A13H show even larger structural fluctuations that get close
to 0.8 nm and which may not be fully equilibrated after 400 ns (Figure )
Moreover, the conformational fluctuations of A10H and A13H involve the entire
structure, which is again consistent with the large destabilization predicted by
DUET (Table and the more aggressive design of these mutations (introduc-
ing a bulky imidazole at a core location where there was only a methyl group).
Therefore, we ruled out the A10H and A13H grafts for further study. For the
other four grafts we extended the simulation time up to 750 ns (Figure to as-
certain whether the structural fluctuations (especially on L7H) would stabilize or
continue evolving towards more unfolding. The longer trajectories showed small-
scale reversible transitions with signs of stabilization around their characteristic
mean values. From these combined results we decided to focus on L7H, M18H,

F35H and V40H as select grafts.
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2.4.3 The Structural Environment of Select Grafts

Figure [2.5) shows the structural environment of the four gpW sites selected for
histidine grafting. This figure highlights that L7 is buried and surrounded by
non-polar residues, but because leucine is bulky, mutation to histidine results
on minor structural changes. M18 is solvent accessible, but it is surrounded by
non-polar residues, and the grafted histidine sits at the exposed/buried interface.
F35 is embedded into the protein core formed between helix-2 and the S-hairpin.
However, the designed histidine has plenty of room to fit the imidazole into the
cavity left by the removed phenol. The mutation does affect the local electrostatic
potential reflecting the slightly more polar nature of the imidazole ring. V40
is partially buried, and accordingly, its replacement by histidine results on a
conservative mutation on a semi-exposed core position with a slight increase in

neighboring interactions of the bulkier sidechain.

2.4.4 Enhanced Structural Fluctuations upon Histidine Ionization

We then examined the structural effects induced by histidine protonation via MD
simulations in which the grafted histidine was kept protonated throughout the
entire trajectory (see Methods). Particularly, we produced 2 us of MD simulation
for each of the protonated mutants. Relative to trajectories where the histidine is
deprotonated, the protonated trajectories reveal generalized conformational rear-
rangements that take place in the sub-microsecond timescale. As tool to examine
the structural flexibility of the protonated and deprotonated trajectories, we cal-
culated the time averaged root mean square fluctuations (RMSF) of each protein
residue along the trajectory. As reference, we performed the same analysis on
the wildtype trajectory and calculate the RMSF difference relative to the wild-
type (hence positive values imply that the residue is more flexible/unstructured
than in the wildtype). The results of these calculations are shown in Figure .
The deprotonated simulations indicate that M18H, F35H and V40H are as con-
formationally stable in the sub-us timescale as the wildtype. In contrast, MD

simulations in protonated form show marked increases in structural fluctuations
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Figure 2.5: Variability in structural environment of selected histidine grafts. The
left panels show the structural environment surrounding the four sites in gpW
selected for histidine mutation, and the right panels the modeled environment
after introducing the mutation in silico. The environment is depicted using a
molecular surface representation colored according to the electrostatic potential
and the sidechain of the specific residue (wildtype or histidine) is shown in stick

representation color coded according to atom type.
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Figure 2.6: MD analysis of the structural fluctuations of gpW histidine grafts.
The plots provide the difference in root-mean square fluctuations (RMSF) per

residue for each histidine graft. Blue represents the deprotonated simulations
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and red the protonated simulations relative to the wildtype trajectory.
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Figure 2.7: Evolution of residue-residue interacting pairs between [-hairpin and

a-helix-2 along the F35H+ trajectory.

on the four grafts. For instance, M18H+ loses tertiary interactions between the
two a-helices, which triggers global unfolding. F35H+ show similarly enhanced
overall dynamics with increased flexibility of the residues in close contact close
contact with H35 (helix-2 residues 40-50). The F35H+ trajectory shows the rup-
ture of all tertiary interactions between the [-hairpin and helix-2 (the second

gpW mini-core, Figure via a sharp transition at ~ 600 ns (Figure .

The VA40H+ trajectory reveals a localized pattern of enhanced structural fluc-
tuations around the mutated site that propagates into the hairpin, but the in-
teractions between the protein termini appear stabilized. Finally, the L7TH+
ensemble shows enhanced fluctuations and partial unfolding, mostly of the end
of helix-2 (residues 50-60), which forms tertiary interactions with helix-1 (where
L7H is) that are weakened by histidine protonation. The most notable feature in
L7H+ is the opening of the hydrophobic core formed between the two helices in
the native structure (see Figure [2.8).

Overall these results provide computational evidence that there is effective
thermodynamic coupling between histidine ionization and gpW unfolding in the
four cases, which suggests that the grafts should be able to conformationally

transduce changes in pH.
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Figure 2.8: Solvent accessible surface area distribution. Deprotonated and proto-
nated ensembles are in orange and blue respectively. For each respective mutant,
only the local environment, defined as the neighboring secondary structure el-

ements is used for the calculation: L7H and M18H consider the two a-helices;

F35H and V40H, consider the S-hairpin and a-helix-2.

31



1.35¢
1.301
1.25 B
1.20
1.15¢

| L7H+

o
1.35}
1.30f
1-1-] EE——
1.20}
1157 Eash . T F35H+ [ vaoH T VaoH+
1155506 0708 09 05 06 07 08 09 05 0.6 0.7 0.8 0.9 05 06 07 0.8 09
Q Q Q Q

Figure 2.9: Conformational landscapes projected onto Q and Rg of the deproto-
nated and protonated trajectories at 310 K for each gpW histidine graft. The
crossed dashed lines signal the wildtype gpW minimum for reference. The color

bar is in kJ/mol.

2.4.5 Conformational Landscapes of Neutral and lonized Histidine

Grafts

One characteristic of downhill folding is a gradual, minimally cooperative, un-
folding behavior, which by face value seems consistent with the patterns that we
see in MD simulations. To further investigate the nuanced effects of histidine
grafting /ionization on gpW we analyzed the trajectories in terms of projections
onto two widely used order parameters: the fraction of native backbone contacts
(Q) and the radius of gyration (Rg). Q informs on the overall degree of native
structure that is made, and Rg informs on the degree of overall compaction of the

polypeptide. The resulting conformational landscapes are shown in Figure [2.9]

Even though conformational sampling might be somewhat limited, the pro-
jected landscapes are consistent with our previous conclusions from the RMSF
analysis and provide further mechanistic insights. For instance, L7H significantly

destabilizes the native ensemble, resulting on a decrease in Q relative to the
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Figure 2.10: Free energy contour map of wildtype gpW as a function of Q and
Rg. The color bar denotes the Gibbs free energy in kJ/mol.

wildtype’s behavior (Figure 2.10). Interestingly, protonation (L7H+) shifts the
ensemble to slightly more native Q, but at the same time it makes it much more
compact (lower Rg). This is so because breaking the helix-helix core exposes
hydrophobic surface, disorganizes the local helical conformation, and favors the
collapse of the hairpin onto the newly exposed surface. M18H behaves quite dif-
ferently. In neutral form the ensemble is very similar to that of the wildtype.
However, protonation produces a substantial loss in native contacts that points

to extensive unfolding.

The conformational ensemble of F35H is native-like in neutral form, but it
experiences the most dramatic unfolding induced by protonation with Q = 0.55.
We also noticed an increase in solvent-accessible surface area in the surrounding
structural elements, which highlights the breakage of the two protein cores (Fig-
ure . The V40H graft has enhanced dynamics in neutral form, and extensive
unfolding upon protonation, manifested by the loss of about 40% of the native
contacts and a slightly more expanded ensemble (larger Rg). These observations
further confirm the coupling between histidine ionization and native unfolding in
these grafts. They also reveal that gpW unfolding starts locally and propagates
from the graft to neighboring areas. Therefore, our computational results suggest

that the engineered pH induced unfolding of gpW is gradual, as expected for the
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downhill (un)folding scenario.

2.5 Experimental Result

Here we use the CD signal at 222 nm at room temperature as indicator of the
transducer response. The data for the four grafts is given in Figure [2.11} This
figure demonstrates that all single grafts are conformational pH transducers with
sensitivity at pH > 4, whereas the wildtype is insensitive in that range. Therefore,
the histidine grafting approach works as general strategy to engineer conforma-
tional pH transducers into proteins. Figure [2.11] also highlights the broadband

behavior of these transducers Pl

2Performed by Thinh D.N. Luong in Muiioz Group
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Figure 2.11: CD signal at 222 nm as a function of pH of all the single mutants
at 298 K (circles) and their corresponding colored lines to guide the eye. The
dashed line (—) represents the CD signal of wildtype gpW in its folded state (pH

7) as reference.

2.6 Modulating the Transducer Mechanism via Multiple

Grafts

Our results indicate that the response of the pH transducer depends on the struc-
tural environment of the histidine graft: more buried positions lead to broader
dynamic range. The question remaining is whether the effects of more than one
graft are additive or exhibit positive or negative cooperativity. We decided to
explore this issue by producing double grafts.However, we had to be careful as
the single gpW grafts are already marginally stable. We ruled out L7H since it
is already at the brink of native stability, and targeted M18H-F35H as a con-
servative double graft and F35H-V40H as a more aggressive one (Figure .
As we did for the single grafts, we analyzed the conformational behavior of the
double grafts. The increased perturbation without ionization of the double mu-
tants is evident in the RMSF analysis (Figure top). lonization of the double
grafts produces enhanced RMSF, particularly for F35HV40H, in line with what

we expected from our experimental data on the pH response of the single mu-
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Figure 2.12: Computational analysis of double histidine grafts. (Top) delta
RMSF per residue for M18H-F35H and F35HV40H in deprotonated (blue) and
protonated (red) form. (Bottom) conformational landscapes as a function of Q
and Rg for each double mutant at 310 K. The color bar is in kJ/mol. The crossing

lines signal the minimum if the wildtype gpW simulation as reference.

tants (Figure [2.11)). The conformational landscapes of the double grafts confirm
that both are marginally stable in their deprotonated forms and undergo large
unfolding upon double histidine ionization (Figure bottom). The degree of
disordering is particularly evident for F35H+ - V40H+, amounting to ~ 50% loss

in native contacts.

The experimental analysis of the double grafts highlights a slightly different
pH response, which provides further insight into the coupling between downhill
(un)folding and proton binding (Figure [2.13). The CD signal at 222 nm has a

convex dependence with pH, rather than the sigmoidal-concave dependence of the
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Figure 2.13: CD signal at 222 nm as a function of pH for the double grafts
(circles). The corresponding colored lines are to guide the eye. The dashed line

(—) represents the CD signal at 222 nm of wildtype gpW at pH 7.

single grafts. The reason behind these differences is that the double mutants are
already partially unfolded at room temperature, even when the histidine residues
are deionized. Therefore, histidine ionization can only tilt the already partially
unfolded ensemble toward more disorder, hence resulting on the convex pH depen-
dence. The response is fairly linear over the full pH range (2-9), which indicates
that the double grafts in conjunction with a marginally stable nonionized down-
hill folding scaffold result in lower sensitivity, but also on ultrabroadband pH

transducers.

2.7 Discussion

Lessons for Engineering Protein-Based Conformational Transducers We
have explored a strategy for engineering conformational transducers for biosensor
applications based on thermodynamically coupling the (un)folding process of a
downhill folding protein domain to the binding of an analyte of interest. The un-
derlying hypothesis was that such coupling might give rise to rheostatic (analog)

rather than switching (binary) conformational transducers [76]. As protein scaf-
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Figure 2.14: GpW rheostatic conformational transducer schematic.

fold we chose the fast, downhill folder gpW, pH as analyte and histidine grafting
as approach to engineer the conformational transducer. A first observation is
that the histidine grafting strategy we used introduces sensitivity to pH in the
mildly acidic to neutral range in a systematic way. pH sensitivity results from
the thermodynamic coupling between imidazole ionization and protein unfold-
ing. We find that the strategy is customizable by selecting the degree of histidine
burial and the number of grafts. The key for a successful pH transducer is to
balance out the repository of folding free energy existing in the scaffold with the
perturbation induced by histidine(s) ionization (pK, shifts) so that the protein
undergoes reversible unfolding at the desired pH range. This delicate tradeoff
is a key parameter to define the transducer’s performance. When the folding
free energy repository is larger the transducer’s response becomes sharper (e.g.
M18H). On the other hand, when the repository is very small the response is
broadest, but the amplitude of the signal inevitably drops (e.g. F35H-V40H).
For the gpW scaffold the optimal pH transducing response appears to be for
grafts with a folding free energy repository of about 5 kJ/mol (e.g. V40H). The
right balance can be attained by combining the (des)stabilization of the scaffold’s
native structure via site-directed mutagenesis and the structure-based design of

the histidine grafts.

These lessons from the histidine grafting approach should be extrapolatable to
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the engineering of conformational transducers for analytes that require a struc-
turally defined binding site. In such case, the most straightforward approach
could be to engineer the folding properties of a protein domain that already con-
tains the binding site for the target ligand. Using protein engineering, one could
then tune its sequence to make it both inherently unstable and downbhill-like (i.e.
by enhancing secondary structure propensity and weakening the hydrophobic core
[71],]76]), and balancing the overall perturbation so that it folds gradually upon
binding to the ligand (folding upon binding transducer). In that regard, the com-
bination of computational and experimental methods that we use here can prove
quite useful. The structural stereochemical rules that we have used for the design
of histidine grafts ar straightforward and extensible. MD simulations in the few
microseconds timescale seem to recapitulate the conformational effects induced
by local perturbations (mutation and ionization), at least for microsecond folding
domains such as gpW. We also find good agreement between the results from the
simulations and the experimental characterization of the histidine grafts, which
opens the possibility of using computational methods to screen larger collections
of mutants before producing and characterizing them in the lab. A general ap-
proach to engineer rheostatic conformational transducers for other analytes could
then involve: 1) identification of a protein scaffold that naturally binds to the
analyte; 2) structure-based design of mutations to decrease folding cooperativity
and reduce native stability; 3) mutational screening via molecular simulations; 4)

production and experimental characterization of most promising candidates.

Downhill (Un)Folding Coupled to Binding: Implications for Broad-
band Transducing

Our results shed light into the interplay between downhill (un)folding and
binding and how it can give rise to conformational transducers with special prop-
erties. We can extract several practical lessons. First, the coupling between
histidine ionization and downhill (un)folding converts the destabilization directly
into structural changes. This feature is inherent to downhill (un)folding do-

mains, which have flexible native ensembles, and gradual (continuous) unfolding
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transitions. Therefore, even relatively minor free energy perturbations result in
structural changes that can be detected. In other words, the structural changes
are not limited to the interconversion between a native and an unfolded state,

but also involve the gradual (dis)ordering of these ensembles.

we can conclude that rheostatic conformational transducers add a new, excit-
ing tool to the biosensor engineering toolbox. The sharp response of switching
transducers will be preferable for applications where the range in ligand con-
centration is narrow and minor changes in ligand levels must be detected. An
example of ultrasharp response are physiological temperature sensors, which need
to detect changes of even a fraction of a degree. On the other hand, rheostatic
transducers could provide improved performance to monitor signals that vary
widely. For instance, pH changes between 8 and 4 inside living cells statically and
dynamically, depending on the cellular compartment and/or the cell’s metabolic
status. Currently, there are intracellular pH sensors (fluorophore-based and fluo-
rescent protein-based) for either the neutral or the acidic (lysosomal) ranges [97].
However, there are no pH sensors available that can simultaneously operate in all
intracellular locations and/or all metabolic stages, even though this capability is
widely recognized as essential to understand the role of pH homeostasis in cell
biology and physiology [98].
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CHAPTER 3

Molecular LEGO: An Approach to Map Out the
Conformational Landscapes of Unbound

Intrinsically Disordered Proteins

Nature uses only the longest
threads to weave her patterns, so
that each small piece of her fabric
reveals the organization of the

entire tapestry.

Richard Feynman

In the previous chapter, we demonstrated that downhill (un)folding coupled
to binding is a powerful approach for engineering broadband conformational rheo-
static response. Notably, we find that our strategy to engineer a pH transducer
is customizable by selecting the degree of histidine burial and the number of
mutation grafts providing insights into their morphing behavior. This chapter
is devoted to our effort in building a novel approach to investigate morphing
transitions of naturally occurring intrinsically partially disordered proteins in the

context of the energetic contributions of their native interactions.

3.1 Abstract

Intrinsically disordered proteins (IDPs) fold upon binding to select/recruit vari-
ous partners, morph around the partner’s structure, and exhibit allostery. How-

ever, we do not know whether these properties emerge passively from disorder,
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or rather are encoded into the IDP’s folding mechanisms. A major reason for
this gap is the lack of suitable methods to dissect the energetics of IDP confor-
mational landscapes without partners. Here we introduce such an approach that
we term molecular LEGO and apply it to the helical, molten-globule-like protein
NCBD as proof of concept. The approach entails the experimental and computa-
tional characterization of the protein, its separate secondary structure elements
(LEGO building blocks), and their super-secondary combinations. Comparative
analysis reveals distinct energetic biases in the conformational/folding landscape
of NCBD, including: 1) strong local signals that define the three native helices
and their limits; 2) stabilization of helix-helix interfaces via mild pairwise ter-
tiary interactions; 3) cooperative stabilization of an overall 3-helix bundle fold;
4) the formation of sets of tertiary interactions that are not present in the NMR
ensemble (non-native), but recapitulate the different structures NCBD adopts in
complex with various partners. Crucially, the competition between conflicting ter-
tiary interactions makes NCBD gradually shift between structural sub-ensembles.
Such conformational behavior provides a built-in mechanism to modulate bind-
ing and switch/recruit partners that is likely at the core of NCBD’s function as
a transcriptional coactivator. Hence, the molecular LEGO approach emerges as
a powerful new tool to dissect the conformational landscapes of unbound IDPs

and rationalize their functional mechanisms.

3.2 Introduction

The traditional biochemical paradigm states that protein sequences are encoded
to fold into unique 3D structures that are thermodynamically stable and define
their biologically functional states [09]. However, recent estimates indicate that
about 40% of the human proteome is composed of protein domains and/or regions
that are intrinsically disordered (IDPs or IDRs) [10]. IDPs are paradigm chal-
lengers because they are disordered in their resting state [1],[10], fold, completely
or partially, upon binding to their biological effectors []], can bind structurally

diverse partners [17],[79], and exhibit allostery [I8],[19],[I00] without having qua-
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ternary or even a defined tertiary structure. IDPs are more abundant in higher-
order organisms, and participate in many fundamental biological processes by
playing specialized regulatory roles [101],[6]. From a physical/mechanistic view-
point, we know that IDPs have distinct sequence patterns [I4], including high net
charge, low hydrophobicity, and enriched proline content [12],[102]. Some IDPs
are devoid of any structure, even after binding to partners [16], but many are
partially disordered (IPDP) and morph to accommodate the structural patterns
of partners [7]. Hence, research efforts over the last two decades have focused on
their folding upon binding. These studies have shown that IPDPs bind partners
following either a conformational selection (fold first and then bind) or induced-
fit (bind first and fold while bound) process [7],[I03]. However, what remains
a mystery is the role (if any) that the folding mechanism of the IPDP plays in
defining its binding/functional properties. For instance, structural disorder is
generally considered necessary and sufficient to enable IPDPs to morph into any
required shape on cue. But the question is then: how does an IPDP manage to
bind specifically, select among partners, and exhibit allostery? In addition, fold-
ing upon binding is often interpreted as a two-state transition (conformational
switch). However, such transitions require simultaneous folding and binding [41],
which contradicts findings of IPDP binding via induced-fit [104],[105], or the fact
that IPDPs can also alternate between conformational selection and induced-fit
depending on the partner [106],[I07]. Moreover, to fold upon binding as a confor-
mational switch, IPDPs would need sequences that fully encode for the multiple

structures that they form in complex with various partners.

As a solution to these puzzles, it has been proposed that IPDPs fold upon
binding as conformational rheostats (CR) [29],[108], a functional mechanism as-
sociated with the marginally cooperative transitions of downhill folding [101].
Downhill domains have IDP-like sequences and are largely stabilized by local
inter-actions, which makes them fold fast but also marginally unstable, and
hence partially disordered [29]. The key to CR function is a flexible conforma-
tional ensemble that contains built-in energetic biases towards specific (poten-

tially multiple) sub-ensembles. Such biases provide the driving force for selecting
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partners and allostery. The gradual transitions of CRs, can also explain how
IPDPs morph in response to diverse partners and integrate conformational selec-
tion and induced-fit binding [29],[108]. However, investigating the role that the
folding mechanism plays in how IPDPs bind and function requires approaches
that resolve their conformational landscapes and energetics in the absence of
partners. For conventional folded structural domains, this is simply achieved via
equilibrium denaturation experiments that are interpreted with a two-state model
(unfolded and native) to determine the free energy of folding (AGYY) . When
performed on many point mutations (designed based on the native structure),
this analysis informs on the energetic contributions associated with the struc-
tural perturbation caused by each mutation [I09],[110]. This analysis interprets
the unfolding transition as a binary interconversion between two conformation-
ally invariant states throughout the transition. It also requires that the pre- and
post-transition baselines are well defined to infer and extrapolate the properties
of the end states [ITI]. However, none of these requirements holds for IPDP
denaturation, which shows extremely broad transitions without baselines, and
hence without suitable references to estimate the degree of native structure (or
disorder) present at any given condition. It also seems unrealistic to interpret
their noticeably uncooperative transitions as a two-state process. In response to
this challenge, we introduce here a modular approach that we term molecular
LEGO. The approach starts by decomposing an IPDP into its basic secondary
structural elements, or LEGO building blocks, and their combinations. The com-
bined elements recapitulate subsets of tertiary interactions, in analogy to the
complementary indentations between bricks in the LEGO toy. The conforma-
tional analysis of building blocks probes the contributions from local interactions
and provides reference ensembles for interpreting the results on the higher-order
elements. Such reference ensembles are essential to detect any subtle biases that
might occur in the protein and to convert them into energetic contributions using
simple statistical thermodynamic analysis. The approach is inspired by work in
the early 90s that searched for local folding nuclei in series of peptides spanning

the protein’s sequence [I12]. Those studies, which were performed on two-state
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folding domains, revealed weak native-like biases in the fragments [I12] and the
need for almost the entire protein to elicit any detectable folding [I13]. However,
we reason that the high contributions from local interactions and minimal folding
cooperativity expected for IPDPs [29] make them more suited for these types of
studies. A similar modular approach has been, in fact, recently used to investi-
gate the folding landscape of IDPs via molecular simulations, in which the much
faster dynamics of the small protein fragments greatly enhance conformational
sampling [I14]. Another key advantage of a modular approach is that it facilitates

the direct quantitative comparison between experiments and simulations.

To demonstrate the molecular LEGO approach, we focused on the protein
NCBD. NCBD is categorized as IPDP, and there is a wealth of biophysical data
available on its folding and binding, including NMR [17],[62],[23], molecular sim-
ulations [63],[115],[30] and SM-FRET [18],[65],[116]. NCBD binds to multiple,
structurally diverse partners, including IDPs (e.g., p53-TAD [23] and ACTR [17]
and globular proteins such as IRF [22], by adapting its ensemble to the partner.
In its free form, NCBD exhibits high a-helical content without defined tertiary
structure, but it adopts a three-helix bundle fold driven by a few mid-range
contacts [62]. However, the (dis)ordering transitions of NCBD are broad and
featureless, including its thermal unfolding and stabilization via the cosolvent
trifluoroethanol. All these properties make NCBD ideal for the molecular LEGO
proof of concept. We designed the LEGO elements based on the existing NMR
structural ensemble (Figure and analyzed their behavior experimentallyﬂ and
computationally. Particularly, we studied all the LEGO elements and NCBD
using circular dichroism and the structure-promoting cosolvent trifluoroethanol
as thermodynamic variable. We also performed all-atom Molecular Dynamics
(MD) simulations in explicit solvent, taking advantage of the shorter timescales
(us) involved in the conformational changes of IDPs and the recent availability
of IDP-improved force fields [45], [I17]. Experiments and simulations were inter-
preted and compared using an elementary statistical thermodynamic treatment

of the helix/coil transition. Our results on NCBD demonstrate that the LEGO

!Experiments performed by Thinh D.N. Luong in Muiioz Group
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approach is a powerful tool to map out the folding landscapes of unbound IPDPs

and rationalize their folding upon binding, and hence their function.
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Figure 3.1: Molecular LEGO design. (From top to bottom) The complete NCBD
sequence (ID: 2KKJ) and a diagram showing the 3 a-helices found in the NMR
ensemble are shown in navy blue. The sequences of the 8 fragments, designed ac-
cording to the sequence and structural patterns of NCBD, are shown color-coded:
building blocks in primary colors (H1 green, H2 blue, H3 red, T yellow), and the
combined elements in corresponding secondary colors (H1-H2 cyan, H2-H3 ma-
genta, H3-T orange, and H2-H3-T brown). Diagram showing the structure of
each fragment and full protein in the NCBD NMR structure in cartoon represen-
tation. The color coding is maintained. The building blocks report on secondary
structure propensities. Building block combinations report on pairwise (element
to element) tertiary interactions: e.g., H1-H2 reports on the tertiary interactions
between helices 1 and 2. Comparison of the fragments with the behavior of the

full protein reports on the degree of folding cooperativity.
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3.3 Methods

All-atom MD simulations. We carried MD simulations in explicit solvent
using the GROMACS package [118],[I19], and the Charmm?22* force field [52].
Water molecules were described using the TIP3P model. Periodic boundary con-
ditions were used, and long-range electrostatic interactions were treated with
the Particle Mesh Ewald (PME) [120] summation using a grid spacing of 0.16
nm combined with a fourth-order cubic interpolation to derive the potential and
forces in-between grid points. The real space cutoff distance was set to 1.2 nm,
and the van der Waals cutoff to 1.2 nm. The bond lengths were fixed[121] ,
and a time step of 2 fs was used for the numerical integration of the equations
of motion. Coordinates were recorded every 10 ps. For NCBD, we performed
two separate 12 us trajectories starting from the lowest energy structure of the
NCBD NMR ensemble (PDB ID: 2KKJ). The protein was placed in a dodecahe-
dral water box (volume = 262.38 nm?) large enough to contain the protein and
at least a 1.0 nm layer of solvent on all sides. The structure was solvated with
8,216 water molecules, and six Cl- ions were added to neutralize the system. The
starting coordinates for the 8 NCBD fragments (as defined in Figure were
extricated from the protein’s PDB file. The fragments were acetylated and/or
amidated as needed to replicate the chemically synthesized peptides (H1, H12
free and amidated; H2, H3, H23 acetylated and amidated; T, H3T, H23T acety-
lated and free). The CHARMM22* force field was then adjusted to include the
parameters for N-acetylation and C-amidation. Box dimensions were kept suffi-
ciently large to account for the high flexibility and large-scale motions expected
on these peptides. Two 2 pus trajectories were performed for each fragment (three
2 us trajectories for the larger fragments H12 and H23T. In all cases, the start-
ing structure was subjected to energy minimization using the steepest descent
method. All systems were equilibrated at a constant temperature of 310 K uti-
lizing the two-step ensemble procedure (NVT and NPT). First, the system was
subjected to NVT (constant number of particles, volume, and temperature) equi-

libration for 100 ps with the position of the protein restrained, followed by NPT
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(constant number of particles, pressure, and temperature) equilibration for 2 ns
each. The simulations were subjected to the modified Berendsen thermostat with
a 0.1 ps relaxation time [122] to maintain the temperature. The structures were
then subjected to Parrinello-Rahman with 0.2 ps relaxation time for pressure
coupling [123] at 1 bar before the production run was started. All the simula-
tions were run on the Triton Shared Computing Cluster (TSCC) at the San Diego
Supercomputing center (SDSC).

Analysis of MD simulations. The number of native contacts per residue
was calculated from each MD trajectory with a 1 ns time step and using the NMR
structure as the reference of native contacts. Contacts were defined using a 0.5
nm cutoff between any two pairs of heavy atoms that are at least 3 residues apart
in the sequence. The number of native contacts trajectory was then converted
into the fraction of native contacts (Q). We used the peptide bonds as basic
conformational unit to compare with experimental data analyzed with the Zimm-
Bragg model. Each trajectory was then analyzed to assign each peptide bond
of the simulated molecule to either helix or coil state at each time frame. The
helical state (H) was defined according to the local conformation (dihedral angles)
and backbone hydrogen bonding status. These processed trajectories were finally
used to calculate the number of helical residues per time frame, and the average

fraction helix per residue for each molecule.

Analysis of dihedral angles. We classified the conformation of a peptide
bond unit based on its flanking ) and ¢ angles. Particularly, we defined a helical
peptide bond (h) when its dihedral angles are -50° < ¢ < -17° and -80° < ¢ <

-50°, and coil peptide bond (c) as everything else.

Analysis of hydrogen bonds. A hydrogen bond between residues i and
i+4 was considered formed when the donor-acceptor distance was < 0.35 nm
and the donor-hydrogen-acceptor angle >160°. We computed every hydrogen
bond formed at each time frame using the MD Analysis python toolkit: we first
evaluated all possible hydrogen bonds per time frame, and then every time a i,i+4

hydrogen bond was formed according to our criteria, we assigned a hydrogen-
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bonded state (hyp) to peptide bonds i+1, i+2, and i+3.

Helix-Coil treatment. We describe the formation of helical structure using
the Zimm-Bragg helix-coil theory. In the Zimm-Bragg model, each peptide bond
can be in either helical conformation (h) or coil (c), and helix formation occurs
by process of nucleation (cost of forming the first helical hydrogen bond, defined
by the parameter o) and elongation (defined by the parameter s). With this
definition and using the coil as reference state, the statistical weight matrix is

defined as:

M = (3.1)
1 s
for which the partition function is
1
q=(1,0)M" where 1 is the number of peptide bonds in the molecule.
1

Computing helix nucleation and elongation. We define the elongation
parameter (s) as the equilibrium constant between the helix and coil states of
the central peptide bond in a triplet. For a given time frame, the helix state of
the central peptide bond is any of the following: [c h h], [h h h], [h h ¢] or [c¢ h
c|; and the coil state is either [h ¢ ¢|, [h ¢ h], [c ¢ h] or [c ¢ ¢]. For a predefined
helical segment, s is simply the average of the elongation for all the peptide bonds
within it. The nucleation parameter (o) is defined as the equilibrium constant for
the formation of the first helical (i, i+4) hydrogen bond (flanked by coil peptide
bonds). To calculate o, we used a rolling window of 7 peptide bonds and defined

nucleation on the third peptide bond (k) as:

o= % Z(ccizhhcc) (3.2)

where t is the number of time frames in the trajectory. The final parameters for
one molecule were determined as the average over all the available MD trajecto-

ries.

Time-averaged contact map. To calculate the time-averaged contact maps
we considered that a contact is formed at any given 10 ns interval when at least

one atom of residue i is within a cutoff distance of 0.5 nm of at least one atom
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of residue j (where j >= i+3) with a probability > 0.7 during such time interval.
Native contacts were defined on the basis of the atomic coordinates of the NMR

structure.

Estimating pairwise tertiary interactions and cooperativity. In the
Zimm-Bragg model, the statistical weight (w) of a given helical conformation
is given by w=os’, where i is the number of helical peptide bonds. We can
calculate the statistical weight expected for a fully folded molecule containing
two helical elements (molecular LEGO’s building blocks) that are not interacting
with one another, as the product of the statistical weights of the fully formed
helical elements. Hence, the contributions from tertiary interactions between the
two elements can be obtained from the ratio between the statistical weights of the
entire molecule divided by the product of the weights of its separated elements

as:

AGp, = —RT In (W, / (wpwy,)) (3.3)

where w,, = amsﬁlm and w,, = ansfl" are the statistical weights of the fully-
induced helical conformation of building blocks m and n, and w,,, = o2, skm»
is the statistical weight of a molecule containing building blocks m and n in a
full helical conformation. In these expressions, k is the number of residues that
need to become helical to form the helix(es) defined from the H1, H2, H3, and T
lengths from the full protein MD ensemble. For instance, k for HIH2 is H1+H2
lengths determined from the two NCBD protein trajectories. We used this pro-
cedure to calculate pairwise interactions between helices 1 and 2 and helices 2
and 3. For the tail (T), we considered that its effect on a combined molecule is to
extend helix 3 rather than nucleating a new one (wsr only includes 1 nucleation
and wysr includes 2). After the pairwise tertiary interactions have been esti-
mated, the same calculation can be carried out for the entire protein to estimate
the overall folding cooperativity. In this case, the fully formed conformation in-

NCBD

cludes three helices, and hence wyepp = 0%cppSaEh, relative to the product

of the statistical weights of the four elements. The overall folding cooperativity
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is finally obtained as: AGeoop = AGneBD — (AG 12 + AGH237).
We performed these calculations for the experimental data using the helix-coil
parameters, and for the MD simulations using nucleation and elongation param-

eters obtained from the analysis of the trajectories.

3.4 Results

3.4.1 Molecular LEGO design.

The design of the LEGO elements (locations and extension along the sequence)
of highly disordered proteins is far from trivial, unless there are structures in
complex with partners available. IPDPs, however, do have residual structure,
which for NCBD was sufficient to enable the determination on an NMR ensemble
based on chemical shifts and a few mid-range NOEs [62]. We used this NMR
ensemble to divide the 59-residue sequence of NCBD into four building blocks
that represent its local (secondary) structural segments: helices 1, 2, and 3 (H1,
H2, H3) and the C-terminal tail (T). We further refined the limits of the a-
helices based on the predictions of helical propensity from AGADIR [124], which
delineates a clear helix profile (Figure [3.2).We then designed four combinations
of consecutive building blocks (H1H2, H2H3, H3T, H2H3T) to recapitulate the
various sets of native pairwise tertiary interactions. Finally, the comparison of
LEGO elements with the entire protein informs on the overall contribution from
global cooperativity to the NCBD ensemble. The complete molecular LEGO

design is shown in Figure [3.1]

3.4.2 Strategy to Dissect Conformational Ensembles

We analyzed NCBD and its LEGO elements by experiment and simulation.
Experimentally, we employed far-UV circular dichroism spectroscopy, which re-
ports on the average peptide bond conformation of the protein/peptide and is

particularly sensitive to a-helical structures (NCBD and most IPDPs are, or be-
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Figure 3.2: Predicted NCBD helical content from AGADIR shows 3 a-helices at

the precise locations determined by NMR experiments.

come upon binding, a-helical). We use the cosolvent 2,2,2-trifluoroethanol (TFE)
as thermodynamic variable to enhance the inherent conformational propensities
of the LEGO elements and full/complete/entire protein. TFE is a polar/organic
cosolvent that induces structure in peptides and proteins by strengthening the
backbone intramolecular hydrogen bonds relative to the hydrogen bonds they
make with water [I125]. The TFE titration of the building block H1 monitored by
far-UV CD is given in Figure (left) as an example. In the absence of TFE, the
CD spectrum of H1 indicates a population of ~ 25% a-helix with the remainder
being random coil. The addition of TFE steadily increases the a-helical content

of H1 until it plateaus (from 0.3 to 0.5 ¢TFE).

These results indicate that the interplay between TFE and the folding/structural
propensities of the molecules in this study can be analyzed in terms of the sta-
tistical thermodynamics of the helix-coil transition [126],[127]. The helix-coil
transition describes the formation of a-helices at the residue level as a nucleation
(0) and elongation (s) process [128]. The effect of TFE can be simply described
as an increase in the elongation parameter (stronger hydrogen bonds), which pro-

motes a cooperative (sigmoidal) transition to a-helix structure (Figure [3.3|right).
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Figure 3.3: Experimental conformational analysis of NCBD and LEGO elements.
To probe the energetic biases in the conformational ensemble of each molecule, we
use TFE as a structure promoting agent and monitor the changes in conformation
by far-UV CD. The left panel shows the CD spectra of H1 as a function of TFE
concentration as an example. The right panel summarizes the tripartite helix-coil
analysis of the TFE titration for each molecule: preformed helical residues (PH)
in blue, TFE-inducible helical residues (IH) in green, and TFE-insensitive random
coil residues (RC) in red. The average number of helical residues (dark blue) is

obtained from the CD spectra.
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For this purpose, we implemented a tripartite helix-coil model based on the origi-
nal Zimm-Bragg homopolymer treatment [127]. The tripartite model divides any
polypeptide chain into three different types of units (peptide bonds): PH, which
are already a-helical without TFE; RC, which are random coil regardless of TFE;
and [H, which have residual a-helix population that can be significantly enhanced
by TFE. The model can be used to calculate the average number of helical pep-
tide bonds on any peptide/protein with only four parameters: the number of PH
units, and o, s, and the number of IH units. We then analyzed the CD spectra
as a function of TFE for each peptide/protein to determine the number of helical
peptide bonds using singular value decomposition (SVD) analysis. Each dataset
was expressed in molar ellipticity units; and a value of -39,500 deg.cm2.dmol-1
for the molar ellipticity at 222 nm of one helical peptide bond [129],[130] was
used to convert the data into the number of helical peptide bonds as a function

of TFE.

Computationally, we performed atomistic MD simulations in explicit solvent.
For full NCBD, we performed two independent 12 us simulations (total simulation
time of 24 us). For the LEGO elements, we performed 2-3 sets of 2 us simulations,
taking advantage of the expectation of much faster conformational dynamics.
We used the CHARMMZ22* force field with the TIP3P water model, which have
been shown before to produce a good agreement with experiments on partially

disordered proteins [51],[131].

We first examined the MD conformational ensembles as a function of the
fraction of native contacts (Q): all trajectories given in Figure 3.4 The sim-
ulations of the LEGO building blocks showed abrupt fluctuations in Q (their
number of native contacts is small) taking place in ns timescales. The combined
LEGO elements exhibited fluctuations in ) of smaller relative magnitude that
are also somewhat slower, but several transitions are still observable in each 2 us
trajectory (Figure . The behavior of NCBD is similar, but the protein trajec-
tories show an additional slowdown in the dynamics: six times longer trajectories

produce similar numbers of transitions (Figure [3.4). The number of transitions
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Figure 3.4: Time evolution of fraction of native contacts (Q) sampled in repre-

sentative MD trajectories of all 8 fragments and the protein.

per trajectory and the consistency between the average behavior of separate tra-
jectories suggests that the conformational sampling within these timescales is
reasonable. The NCBD trajectories as a function of ) are also in good agree-
ment with previous simulations in which the C-terminal tail was removed [30].
We then analyzed the trajectories to compute the fraction helix, as well as nu-
cleation and elongation ZB parameters, for each peptide bond in each molecule
(see methods). The agreement between the residue-specific helix populations ob-

tained from individual simulations further supports that the simulated timescales

afford reasonable sampling.

3.4.3 Conformational Propensities of LEGO Building Blocks.

The results of the conformational analysis for the four building blocks (H1, H2, H3
and T) are provided in Figure Figure In general, these results indicate
that the three regions containing a-helices in the NCBD NMR structure have
residual helical structure on their own and are very sensitive to TFE. Of all

the elements, H1 has the highest residual helical structure, both in experiments

o6



H1
16
(2]
[0
3
'512
[0)
D(_C“ o (109 | 3.5
S8 s 0.81
£ H 12
PH 3.3

14
3
._510- 0.8} IH 1 O
é PH o | ©

o

<6} 04
2 o
T P

2 op ©

0O 01 02 03 04 05 0 01 02 03 04 05
TrE TrE
Figure 3.5: LEGO building blocks: secondary structure propensities and local
interactions. The experimental conformational analysis of the 4 NCBD building
blocks. Color coding as in Figure 3.1} The panels show the average number of
helical residues (circles) and experimental error, obtained from two independent
measurements, as a function of the TFE volume fraction for H1, H2, H3, and
T. The colored curves represent the fit to tripartite helix-coil model, and the
parameters from the fit are given in the inset. Dash lines indicate the number of

helical residues determined from the NMR structure.

and simulations. The maximal helix length of H1, H2, and H3 (i.e., at the
highest TFE) is only slightly longer (about one residue) than the helices in the
NMR ensemble, which suggests that local signals tightly control the location and
extent of the NCBD helices. It is also apparent that the tail (T) does not have
a detectable helical structure, but a minimal helix of about 1 residue (i.e., 1

hydrogen-bonded peptide bond, or 1 helix turn) forms at the highest TFE.

The helix-coil parameters for each building block are given as an inset in each
panel of Figure (3.5 This experimental analysis shows that the cost of nucleation

(o) for H1, H2, and H3 is within the range of the values found in idealized model
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Figure 3.6: The helical propensity per residue for the 4 building blocks deter-
mined from two 2 pus MD simulations. The helical propensity profile for the
full-length protein (discussed later) is shown with a thin navy line for reference.
The horizontal lines signal the helix length (consecutive residues with at least 10%
fraction helix) emerging from these simulations. The grey dashed line indicates a
60% helicity threshold. Error bars indicate the standard error of two trajectories.
The bottom panels show the time evolution of the number of helical residues for
each molecule in two separate 2 us MD trajectories. The horizontal grey lines
indicate the average number of helical residues determined from experiments at

¢TFE = 0 (ordinate intercept in Figure , shown for comparison.
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H1 H2 H3 T | HIH2 | H2H3 | H3T | H2H3T | NCBD
s| 063 | 039 | 039 | 0.14 | 0.87 0.5 0.8 0.8 1.2
o | 0.018 | 0.019 | 0.021 | 0.004 | 0.025 | 0.023 | 0.018 | 0.018 0.024

Table 3.1: Helix—coil model parameters calculated from MD simulations of all

components and NCBD.

peptides used to investigate helix stability [132]. H1 and H3 are slightly easier
to nucleate and hence less cooperative than H2. Elongation is somewhat lower
than 1 for all the sequences, which explains both their residual helix content
(on an infinitely long helix s=1 results in 50% helix content) but also their high
sensitivity to TFE (easy to raise s above 1). T is interesting because even though
it has minuscule helical propensity overall, it contains a one turn region that seems

primed to become helical by stabilizing factors.

The MD simulations are in good agreement with the experimental findings,
including the presence of residual helical structure, the average helix population
per molecule (particularly H1 and H3), and the detection of some marginal helical
propensity in T. The simulations also indicate that the helical population is not
uniform throughout each building block. The asymmetric helical distribution
along each building block, most notably in H2, further supports the use of the
tripartite helix-coil model to analyze experiments. In addition, the extension of
the helical regions in the simulations is in excellent agreement with those of the
NCBD NMR ensemble. This result further confirms that the helical regions in the
NCBD ensemble are defined by strong local signals. On the other hand, the and s
parameters obtained from the simulations (Table[3.1]) differ from the experimental
values in that they produce systematically lower nucleation costs (about 5-10-
fold larger o) and elongation (smaller s). The differences in both parameters
compensate each other to produce similar helical contents (Figure . The
implication is that the force field underestimates the cooperativity of the helix-
coil transition, and generally of folding, in agreement with previous benchmark

studies [133],[134].
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The combined experiments and simulations on the LEGO building blocks
demonstrate that the sequence of NCBD contains very specific local signals. Such
signals prime certain regions on NCBD to form a-helices upon mild stabilization
by other factors (i.e., TFE, tertiary interactions, partner binding) and also seem
to define their limits. The consistency between the local conformational biases
in the isolated building blocks and the structural ensemble of the full protein
suggests that local interactions play a major role in determining the folding land-

scape of NCBD.

3.4.4 Conformational Biases Through Pairwise Tertiary Interactions.

The results for the combined LEGO elements are given in Figure 3.7} Figure [3.8]
The behaviors of these molecules should highlight any contributions from pair-
wise tertiary interactions to the NCBD conformational ensemble. Qualitatively,
the experimental and computational results are similar to those of the building
blocks: i) residual helical structure in native conditions, ii) strong response to
TFE, iii) sigmoidal TFE transitions, and iv) helix populations within the helix
lengths of the NCBD NMR ensemble. However, the comparison between the
combined LEGO elements and the compounded effects of their separate building
blocks reveal significant differences that demonstrate the presence of transient

interactions between elements.

Particularly, all of the combined elements exhibit enhanced sensitivity to TFE,
as manifested by the curves with higher slopes and plateauing at lower ¢TFE, as
well as their slightly higher ¢ and s helix-coil parameters. Notably, the experi-
ments do not detect major increases in residual helical structure in the absence
of TFE. Hence, the energetic biases introduced by pairwise tertiary interactions
are insufficient on their own to increase the helical content by experimentally
detectable levels. However, increases in helical content are observed in the sim-
ulations, possibly owing to their much higher sensitivity and resolution at the
residue level. Another observation is that the thermodynamic coupling between

consecutive LEGO building blocks seems to have a significant impact on redefin-
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Figure 3.7: Combinations of building blocks: mapping pairwise tertiary interac-
tions. The experimental conformational analysis of the 4 combinations of building
blocks. Color coding as in Figure 3.1} The panels show the average number of
helical residues (circles) and experimental error, obtained from two independent
measurements, as a function of the TFE volume fraction for H12, H23, H3T,
and H23T. The grey curves show the compounded curves of the relevant building
blocks for each combination (e.g., H1 and H2 for H12) and represent the reference
behavior expected for the combined fragment if the effect is additive (no tertiary

interactions). Dashed lines as in Figure [3.5]
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ing the maximal helix lengths, most notably for H3.

On an individual basis, we find that the interactions between H1 and H2 are
stronger than between 2 and 3. H1H2 does, in fact, exhibit some increase in
residual helical content in experiments and simulations. In fact, the fraction he-
lix calculated from simulations is in very good agreement with the experiments
(cyan in Figure . The effects on H2H3 are somewhat more subdued in simula-
tions and only detectable from the response to TFE in experiments. The impact
of the tail on H3 is interesting, as the added C-terminal sequence seems to stim-
ulate the extension of the helix beyond what is observed in the NMR ensemble.
The helix extension is clear in the experiments (3 residues longer maximal helix
length) and the simulations (see the H3T profile in orange, Figure . In other
words, whereas the tail does not nucleate much of a helix on its own, it effectively
elongates a helix formed in its preceding sequence. The simulations indicate that
this effect is entirely driven by local interactions (helix-coil cooperativity). The
extension of H3 is also predicted by AGADIR (Figure , which further sup-
ports an entirely local origin for this effect. The effects of pairwise interactions
on the three helix lengths are more individualized. For instance, simulations of
H1H2 show that pairwise tertiary interactions between helices 1 and 2 increase
the intrinsic helical population (mostly at the end of helix 2), but these interac-
tions do not seem to change the maximal length of either helix in experiments or
simulations. In contrast, experiments on H2H3 indicate a maximal helix of ~ 23
residues, whereas, in the NCBD NMR ensemble, this region extends over 25, and
the H2 and H3 building blocks sum up to 28. At least part of this difference seems
to arise from local capping effects of the region connecting helices 1 and 2, which
is absent in H2H3 and H2H3T (Figure . This is apparent in the simulations,
which show residual helical population in that region, as well as the stabilization
of the beginning of the helix 2 in H2 relative to H2H3 (Figure [3.6| vs. Figure .
Furthermore, the presence of helix 2 seems to impede the elongation of helix 3
into the tail. This is readily apparent in experiments, which show that H2H3T
has a maximum helix of 26 in perfect agreement with the NCBD NMR ensemble.
In contrast, the maximal helix lengths of H2 and H3T add up to 30. The same
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Figure 3.8: The helical propensity per residue for the 4 combined LEGO elements
obtained from two 2 us MD trajectories. The propensity of the full-length protein
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the time evolution of the number of helical residues for each molecule in two
separate 2 pus MD trajectories. The horizontal grey lines indicate the average
number of helical residues for each fragment determined from experiments at

¢TFE = 0 (ordinate intercept in Figure , shown for comparison.

63



pattern is observed in simulations, with helix 3 constrained within the limits of
the NCBD NMR ensemble in the H2H3T molecule. Strikingly, there also seem
to be non-native interactions (not found in the NCBD NMR ensemble) between
helix 2 and the tail. This is evident in simulations, which show that the tail
stabilizes helices 2 and 3 without becoming itself helical (brown versus orange in
Figure . The experiments are also consistent, showing an increase in elonga-
tion (s) for H2H3T relative to H3T, jointly with a reduced maximal helix length.
The main discrepancy between experiments and simulations is quantitative: the
interplay between helices 2 and 3 with the tail results in a strong stabilization of
the two helices in the simulations. The effect is, however, more subtle in experi-
ments. Hence, the simulations overestimate the helical population of the relevant
molecules relative to experiments, most particularly H3T and H2H3T, and to a

lesser extent, H2H3.

3.4.5 Global Stabilization Effects in the NCBD Ensemble.

The LEGO results provide useful references to interpret the uncooperative (non-
sigmoidal) TFE transition of full NCBD (Figure [3.9), which is, in fact, much
broader than that of its elements. By compounding different LEGO elements, we
then establish the behavior that would be expected from only local interactions
(grey profile), or after adding the interactions between helices 1-2 (green profile),

or those between helices 2-3 and tail (pink profile).

The comparison reveals that NCBD has much higher helical content than
expected from the sum of its parts: ~ 24 helical residues in water relative to
6-7 residues for the three combinations of LEGO elements. The helix-coil anal-
ysis indicates that about 15 residues are fully helical (PH) in water, whereas
the remaining helical content comes from the partial helical population (i.e., ~
30%) of many IH residues. Hence, in full NCBD the helix-inducible residues (IH)
already have high helical content in water, which enormously facilitates nucle-
ation: 10-fold higher o relative to the LEGO elements. Elongation (s) is, on the

other hand, comparable. In other words, the low TFE sensitivity of NCBD is
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Figure 3.9: Cooperativity in the NCBD conformational landscape. Average num-
ber of helical residues (circles) and experimental error, obtained from two inde-
pendent measurements, as a function of the TFE volume fraction for full-length
NCBD. The grey curve shows the compounded curves of the 4 building blocks
(H1, H2, H3, T). The pink and light green curves show the compounded curves

of H12 with H3T and of H1 with H23T, respectively.

not because its conformational ensemble is disordered, but because it is already
highly primed towards forming a-helical structure due to interactions that are
only present in the entire protein. The effect of TFE on folded globular proteins
is complex, switching from native-stabilizing at relatively low volume fractions
to denaturing as TFE becomes the main solvent. What we see in NCBD is that
the native-stabilizing effect extends to higher TFE volume fractions. Indeed, at
0.5 ¢ TFE NCBD reaches ~ 41 helical residues, in agreement with the NMR
ensemble (dashed line in (Figure [3.9). However, the helix-coil parameters indi-
cate that, in contrast with its LEGO elements, NCBD continues to increase its
helical content beyond 0.5 ¢ (=~ 4 more residues), thereby starting to promote
non-native conformations. The broader native-stabilizing range of TFE could
due to the fact that NCBD is natively a-helical and lacks a defined hydrophobic
core [125]. Hence this property could be common to other IPDPs. For NCBD,
the simulations closely reproduce the main experimental results: overall helical

content in water (Figure [3.10), nucleation and elongation (Table [3.1]).

The simulations also show that helix 2, which has the lowest intrinsic propen-
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Figure 3.10: Helix fraction per residue for the full-length NCBD (navy-blue) ob-
tained as the average of two 12 us MD simulations, compared to the compounded
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tom) Time evolution of the number of helical residues in NCBD for two separate
12 pus MD trajectories. The horizontal grey lines indicate the average number

of helical residues for each fragment determined from experiments at ¢TFE = 0

(Figure [3.9).
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sity (Figure [3.6), is preferentially stabilized in the full protein (Figure and
engages in frequent interactions with the other two helices. The stabilization
of helix 2 in presence of both flanking helices is evident in the comparison of
the NCBD helix profile with the HIH2+H3T (green) and H1+H2H3T (pink)
compounded profiles. This comparison also highlights that helix 1 is mostly sta-
bilized by 1-2 interactions, and helix 3 is stabilized/delimited by its interplay
with helix 2 and the tail. The NCBD simulations also show the transient for-
mation of many long-range interactions that are not seen in the NMR ensemble
(non-native); particularly between the tail and helix 1, and between helices 1 and
3. These interactions are not native but are still consistent with an antiparallel
helix bundle fold. Moreover, they contribute significantly to the stabilization of
helical structure in the NCBD ensemble. For instance, interactions with helix
1 make the tail regain some of the helix structure that is suppressed by helix 2
(Figure [3.10). Transient interactions between helices 1 and 3, which were not
found by NMR [62] also contribute to stabilize the three-helix bundled ensemble

in the simulations.

3.4.6 Interaction Network and Cooperativity.

The top panel of Figure shows the time-averaged native contacts observed
in NCBD (bottom right) versus those on the LEGO elements (top left). These
maps reveal that the HIH2 and H2H3 mostly recapitulate the patterns of native
interactions present in the full NCBD, although, in these molecules, the contacts
are somewhat less probable. However, in the NCBD ensemble, there seems to also
be a significant number of non-native interactions, and which are longer range
than the super-secondary structural patterns recapitulated in the LEGO elements
(Figure top). In the simulations, these long-range non-native interactions
as the differential factor in cooperatively biasing the conformational landscape of

NCBD.

To estimate the energetic contributions from each set of interactions, we re-

sorted to the helix-coil parameters from the LEGO analysis (Figure - Fig-

67



Ngtive Qontaqts

- °
50+ '.o E
°
&t
40+ o goo® o
@ & o°
-g o g o .-. o°®
e 30 o B o .“. .o"' ®
ol g & & °
=
o geo 88
8 20 F
« .o°.. o g & o
FOAR 4 egpoe
o o
10F o ed o o8 ®
’.’ *

10 20 30 40 50
Residue Number
Total Contacts
1 Y

H fdiv 9

(&)
o

N
o

w
o

Residue Number

N
o

-
o

Residue Number

Figure 3.11: NCBD residue-residue interaction maps. Maps of the time aver-
aged residue-residue contacts formed during the simulations. Top left triangle
shows the native residue-residue contacts on all of the combined LEGO elements
(local contacts shown in the color of the building blocks), and bottom right on
the full-length NCBD. The color intensity reflects the time-averaged probability
of observing the contact in the logarithmic scale, with the lightest color corre-
sponding to a probability between 10~* and 1072 and the strongest intensity for
probabilities between 107! and 1. bottom. total contacts (native and non-na-
tive) observed in the simulations of full NCBD. Contacts have been parsed in two
groups: dark navy blue for contacts present at least 10% (>= 0.1 probability)
and light navy blue for contacts present for at least 1% but less than 10%. The
diagonal red dashed lines signal the maximum threshold for native interactions

(<=1,i434) defined as per the long-range NOEs reported in the NMR structure.
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ure Table . Using these parameters, we calculated the statistical weight
for forming a full native a-helix conformation for each molecule. We then ob-
tained the change in free energy from the ratio between the weight of a given
combined LEGO element and the product of the weights of its building blocks
(see Methods). This calculation can be performed for the experiments and simu-
lations, thereby providing another comparative tool (Table . The experiments
indicate that each set of pairwise tertiary inter-actions (helices 1-2 and 2-3) con-
tributes &~ 5-6 kJ/mol, which is comparable to the mean perturbation induced by
single mutations on folded proteins [135]. The interplay be-tween helices 2, 3 and
tail contributes ~ 3 kJ/mol more. The overall NCBD stabilization amounts to
~ 30 kJ/mol, which is comparable to the chemical denaturation free energies of
many two-state folding proteins, even though NCBD is an IPDP. However, this
comparison is misleading because the 30 kJ/mol for NCBD is in reference to a
completely disordered ensemble (building blocks). In contrast, chemically unfold-
ed states, especially of marginally stable/fast folding proteins, have large contents
of local structure [27]. This procedure produces significantly stronger interactions
in the simulations, particularly for pairwise tertiary interactions (helices 1-2 and
2-3).

To estimate the cooperative (non-additive) contributions we subtract the pair-
wise interactions from the NCBD total stabilization. This calculation leads to
an experimental estimate of ~ 17 kJ/mol, and of only ~ 5 kJ/mol for the sim-
ulations (Table [3.2). The underestimation in the simulations could be due to
imperfections in sampling and/or force-field. The total cooperativity presumably
includes contributions from simultaneously forming interactions between helices
1-2 and 2-3, and from the non-native interactions (helices 1-3 and tail) that we
see in simulations. The simulations also reveal that these sets of tertiary interac-
tions compete with one another, resulting in alternating patterns. The conflict
between tertiary interactions jointly with strong local propensities explains why

NCBD does not form a unique structure but a broad, highly dynamic ensemble.
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AGeyp(kJ/mol) | AGgip(kJ/mol)
H1-H2 -5.1 -25.1
H2-H3 -5.7 -10.2
H3-T -1.0 -14.0
H2-H3-T -8.6 -29.7
NCBD -30.8 -59.5
Cooperativity -16.6 -4.6

Table 3.2: Non-local energetic contributions. The change in free energy (AG) for
given composite molecules (combinations or full protein) that is due to non-addi-
tive contributions (tertiary interactions) estimated from the o and s parameters
of the composite molecule relative to its building block elements from experi-
ments and simulations. The cooperativity is obtained by subtracting the tertiary

contributions for H1-H2 and H2-H3-T from the NCBD total change in free energy.

3.4.7 Discussion

Since IDPs were first identified, we have faced the challenge of explaining how
these proteins integrate intrinsic disorder with the ability to select partners, fold
upon binding, bind multiple partners, and switch among them in allosteric fash-
ion. A key barrier has been the lack of suitable methods to dissect the conforma-
tional landscapes of IDPs in the absence of partners. Here we introduce a mod-
ular approach specifically designed to tackle this challenge (molecular LEGO),
and apply it to investigate the folding landscape of NCBD, a partially disordered
protein. The approach should in principle be easily generalizable to other IPDPs
and hence it adds a powerful tool to the IDP re-search toolbox. In this regard,
we outline some basic rules for applying the molecular LEGO to other disordered
proteins: 1) A key element involves the design of the LEGO elements. The ideal
scenario is to use a structural ensemble determined without partners using one
of the existing approaches for applying the molecular LEGO to other disordered

proteins:

e A key element involves the design of the LEGO elements. The ideal scenario

70



is to use a structural ensemble determined without partners using one of
the existing approaches for generating IDP ensembles from experimental
structural restraints [136],[137],[138]. An alternative could be a structure of
the IDP folded when in complex with a partner. In the worst-case scenario,

the design could be based on secondary structure prediction profiles.

Since these proteins are disordered, it is convenient to use a structure-
promoting cosolvent as thermodynamic variable. Inducing structure is also
more significant to how these proteins fold upon binding. TFE is a good
option, particularly for IDPs that form a-helical structure (whether free
or upon binding). Other alternatives are osmolytes, such as betaine and

TMAO, and salts, given that IDPs have very high net charges

The conformational analysis should be carried out with techniques sensi-
tive to the backbone conformation. Residue-averaged information is suffi-
cient to address general mechanistic questions, as we show here using cir-
cular dichroism, or alternatively with infrared spectroscopy. NMR provides
residue-specific structural information, but it is much more labor-intensive

(especially for a complete analysis of all LEGO elements).

To interpret the conformational biases of broad ensembles, it is essential to
use a statistical thermodynamic treatment rather than assuming a two-state
transition. The analysis could still be fairly simplified, but it should con-
sider conformational entropy explicitly in terms of ensembles of microstates.
In this regard, the molecular simulations allow the researcher to test the

significance of the model used to analyze the experiments.

On a second front, the molecular LEGO study presented here sheds much

needed light into key mechanistic questions related to the conformational be-

havior of IDPs in general, and NCBD in particular. Our results demonstrate

that the amino acid sequence of NCBD contains strong local signals that prime

the formation and define the limits of the native secondary structures formed in

the ensemble. This observation supports the hypothesis that the conformational
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behavior of IPDPs is connected to the energetics of downhill folding [29].

The LEGO multi-elements demonstrate that the few contacts observed by
NMR in the full protein produce conformational biases that help maintain an
overall helix bundle fold on the NCBD ensemble. However, these energetic con-
tributions are relatively small (about 5-6 kJ/mol for each set of pairwise tertiary
interactions: helices 1-2, and 2-3). From simulations we find that these native
tertiary contacts form but are transient. These results explain the puzzling obser-
vation of specific long-range NOEs on an otherwise molten-globule-like ensemble
[62].

The behavior of full NCBD relative to the LEGO elements provides other im-
portant clues about IPDP energetics. For instance, the tertiary interactions be-
tween helices 1-2 and 2-3 cooperate in the consolidation of NCBD’s helical bundle
fold (mostly via the stabilization of helix 2). However, we find that NCBD is much
more ordered than expected from just its local and "native” tertiary interactions.
Specifically, our experimental analysis reveals an extra of &~ 17 kJ /mol stabilizing
the NCBD ensemble. That is, the structural factors used to calculate the NMR
structure (local conformation and NOEs) amount to less than 50% of the total
ensemble energetics (Table [3.2). Our results reveal several such non-native fac-
tors. The C-terminal tail, which is fully disordered in the NMR ensemble, turns
out to be a major player. The tail has intrinsic propensity to elongate helix 3
(see H3T, Figure , but the interactions of helices 2-3 impede such extension,
and keep the tail disordered (H23T, Figure . The tail can also interact with
helix 1, resulting on end-to-end contacts (Figure right) that stabilize helix 1
and the formation of one turn of helix on the tail. This helix turn is disconnected
from and bent relative to helix 3. In addition, the end of helix 1 interacts with
the start of helix 3 in parallel fashion, which involves breaking many of the native
helices 1-2 and 2-3 interactions. The pivotal role of the flexible tail is confirmed
by comparing our results with previous simulations of NCBD with a truncated
tail [30]. We note that all of these non-native factors can be inferred from, or are

consistent with, the LEGO experiments. They are, however, most evident in the
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simulations. This synergy highlights the importance of combining experiments
and simulations in IDP research. Therefore, the picture that emerges from our
dissection of the NCBD energy landscape is one of a protein with strong local
conformational biases and a tug of war between sets of tertiary interactions, each
stabilizing a distinct conformational sub-ensemble. Hence, the apparent disorder
of NCBD arises from the conflict between competing tertiary interactions, which
makes NCBD to dynamically alternate between sub-ensembles with slightly dif-
ferent folds. This behavior is in stark contrast with the usual interpretation of
disorder as indicative of the lack of strong tertiary interactions. Remarkably, the
conformational properties we find on NCBD uncover an internal mechanism that
can drive its sophisticated, multi-partner, folding upon binding behavior. The
3D structure of NCBD in complex with p53-TAD [23] is fully consistent with
the native sub-ensemble in which helices 1 and 3 interact with helix 2 but do
not with each other, and the tail is disordered. These conformational biases are
recapitulated by the LEGO elements HIH2, H2H3, and T. In contrast, ACTR
binds NCBD by forming an intertwined complex in which the helices 2 and 3 of
NCBD are set apart by ACTR, and helix 3 elongates onto the tail5, precisely as
we see in H3T and H23T. Finally, the non-native interactions of helix 1 with helix
3 and tail are entirely consistent with the structure that NCBD forms in complex
with the stably folded IRF3 [22]. Summarizing, the NCBD folding landscape has
built-in energetic biases that compete for stabilizing the various conformational
sub-ensembles that NCBD forms in complex with structurally diverse partners.
This behavior un-covers an internal folding mechanism to select partners and
modulate affinity that is likely essential for NCBD’s recruiting role as transcrip-
tion coactivator [6], indicating that molecular LEGO can be used to detect subtle

energetic biases on IPDPs that are key to their biological function.
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CHAPTER 4

Decoding Conformational Rheostats in
Transcription: Morphing Coupled to NCBD

Binding

In the previous Chapter, we focused on developing a novel tool, Molecular LEGO,
for measuring the folding cooperativity and the energetic contributions of native
interactions of IPDPs. We demonstrated that this approach solves the problem of
mapping the energetics of partially disordered proteins, can readily be extended
to other IDPs and offers the possibility to design IDPs for future engineering
applications. However, the underlying structural heterogeneity of its complex
native ensemble is not discussed in detail and further requires in-depth dynamical
characterization. In general, interactions/transitions and competitive binding
processes involving IDPs cannot always be described by classical mechanisms.
To this end, this Chapter explores the conformational dynamics of an IDP native
ensemble based on our hypothesis that many proteins classified as IDPs and
implicated in a range of regulatory and signaling biological functions operate as
conformational rheostats. Here we investigate the mechanistic underpinnings of
what we have identified as a putative conformational rheostat playing a pivotal
role in organizing the eukaryotic transcription complex: the nuclear coactivator
binding domain (NCBD) of CBP (CREB Binding Protein) and its binding to
other morphing partners such as the transactivation domain of p53 (p53-TAD)
and ACTR, or well-folded proteins like IRF3.
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4.1 Abstract

Conformational rheostats are defined as protein domains that naturally populate
a broad, non-random conformational ensemble that gradually morphs onto dif-
ferent structures in response to cues, such as binding to multiple partners. Many
intrinsically disordered proteins (IDPs) interact with numerous partners and fre-
quently function as molecular hubs in protein interaction networks. Despite their
growing repertoire of biological roles, the molecular mechanism that enables such
promiscuous binding and morphing behavior remains largely unexplored. Previ-
ously we proposed many partially disordered proteins operate as conformational
rheostats, which allow their diverse functioning. Here we performed extensive
all-atom MD simulations of NCBD, an IDP characterized in substantial detail
and known to display complex dynamical behavior. We obtain results on NCBD
in its free and bound complex forms through a detailed structural characteriza-
tion to investigate the dynamical features of a potential conformational rheostatic
behavior. Our results reveal the hidden conformational biases in the dynamics
of the native heterogeneous ensemble of NCBD in the absence of its partners.
We find structural heterogeneity arising from the timescales of both local (short-
) and non-local (long-range) interactions; the NCBD ensemble showcases less
flexibility on tens of nanoseconds timescale and samples a broader ensemble on
longer timescales. We demonstrate that NCBD populates sub-ensembles that dis-
tinctly resemble the various bound complexes in terms of topology and secondary
structure, undergoing gradual conformational transitions, hinting at a working

conformational rheostat in transcription.

4.2 Introduction

The emerging role of conformational disorder in protein folding and binding and
its physical relevance has been highlighted across multitudes of biological pro-
cesses and is implicated in many human diseases [I0]. A large fraction of the

proteome is now believed to contain naturally unstructured domains in their
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functional states [2]. These proteins, in isolation, exist as broad, non-random,
conformational ensembles of interconverting states rather than a unique struc-
ture [I],[7]. Certain disordered proteins adopt folded structures upon binding to
their multiple partners, which has aided progress in determining how the Intrin-
sic flexibility of these proteins is advantageous from a functional or evolutionary
point of view. These showcase the importance of conformational plasticity and
heterogeneity in protein function, mostly attributed to high specificity for mul-
tiple targets and low-affinity binding, which allow them to operate as morphing
proteins. Many such partially disordered states sample transient yet specific, sec-
ondary, and tertiary interactions. The question then becomes what fundamental
molecular mechanism allows these proteins to morph onto different conforma-
tions. Indeed, this dynamical behavior cannot entirely be explained using conven-
tional binary transitions rather a more gradual (un)folding behavior. Therefore,
we previously hypothesized that many intrinsically partially disordered proteins
(IPDPs) perhaps act as conformational rheostats (CRs) to support a continuum
of conformational states and transitions tuned by diverse binding modes that

regulate dynamics between subpopulations and subsequent ligand binding [29].

The preformed residual structures found on IPDPs are typically investigated
using NMR experiments. However, the IPDP’s inherent flexibility may bias the
structural determination to one or a few structures because any observable will be
averaged over a heterogeneous ensemble of structures. In this regard, MD simula-
tions can probe these morphing transitions and provide the mechanistic insights
needed to interpret the inevitably lower resolution experimental data that are
obtained with techniques suitable for well-structured proteins. MD simulations
were also not particularly well suited for the analysis of IDPs, but recent techni-
cal developments have led to simulations that capture the dynamical properties

of IDP more accurately [45],[46].

One particularly interesting IPDP is the Nuclear coactivator binding domain
(NCBD) from the CREB binding protein (CBP) that helps recruit the basal

transcription machinery and binds to multiple structurally diverse partners. The
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structural and binding properties of NCBD have been of much interest in the
past decade. The intrinsic disorder underlying NCBD has been probed via ex-
tensive biophysical experimental techniques and MD simulations, highlighting its
molten globule-like features [62],[17], heterogeneous ensemble [30], and folding
coupled to binding to its multiple partners with distinct affinities [23],[22] . Here
we propose that NCBD operates as a CR. The wealth of biophysical data pro-
vides us a unique opportunity to examine NCBD in a new light, to gain possible
insights into its morphing behavior. To this end, we performed =~ 60 us of all-
atom MD simulations of NCBD in its NMR characterized free form and various
bound forms to delineate its detailed structural characterization and dynamics.
Our results reveal the hidden conformational biases in the dynamics of the native
heterogeneous ensemble of NCBD in the absence of its partners. We find struc-
tural heterogeneity resulting from the timescales of secondary (local) and tertiary
(non-local) interactions in defining its intra-molecular interaction network. We
observe less variability on tens of nanoseconds timescales and a broader ensemble
on slower timescales. We then derive its kinetic map using Markov state mod-
eling and compare the structural features of the most populated sub-states with
the known NCBD structures. Intriguingly, NCBD populates sub-ensembles that
resemble the various bound complexes in terms of topology and secondary struc-
ture, which undergo morphing transitions, hinting at a working conformational

rheostat in transcription.
Background

NCBD, a well-characterized IPDP, has been probed via extensive experimen-
tal and computational techniques. This section covers the most relevant litera-
ture on known NCBD structural forms (free and in the complex) and its native
conformational ensemble to provide a fundamental background for our proposed

work.
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Local Non-Local

Figure 4.1: Structural alignment and topological variations in NCBD structures.
Local (left) and non-local (right) interactions among known NCBD structures.
Venn diagram with each enclosed curve representing NCBD structure (free form
and bound). There are 53 core local contacts and one non-local contact com-
mon among these four known structures. Local contacts are defined as contacts
between Ca atoms within 0.65 nm and are less than five residues apart, and

non-local contacts are five residues above in sequence.

4.2.0.1 Known NCBD structures and Complexes

NCBD, in its free state, is compact and has a high degree of helicity reminis-
cent of a molten globule but does not exhibit cooperative thermal unfolding [62].
The NMR-determined structure of NCBD comprises of a three-helix bundle (Fig-
ure , and structures of NCBD in complex with its diverse interaction partners
reveal large topological variations as illustrated in Figure [4.1] with significant dif-

ferent arrangements of the helices as in the IRF3 and ACTR bound states.

In characterizing the structure and affinity of the p53TAD and NCBD com-
plex, Lee et al. performed heteronuclear multidimensional NMR, and isother-
mal titration calorimetry (ITC) of various lengths of p53-TAD constructs with
NCBD and found the affinity of full-length p53TAD (1-61)/NCBD ~ 1.7 uM.
In the complex structure, the p53-TAD comprises two helical regions that dock
into the exposed broad hydrophobic groove formed by the three NCBD a-helices
(Figure . The binding interface of TAD and NCBD consists of hydrophobic
interactions, although both molecules are highly charged [23].
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The structure of the complex between the NCBD and ACTR was determined
by NMR (Figure [1.2). The ACTR helices almost completely encircle helix 3 of
NCBD, and this assembly of two proteins forms a rich hydrophobic core. Both
IDPs combine with high affinity to form a folded helical heterodimer with a
dissociation constant of ~ 34 nm measured by ITC [I7]. Further studies using
NMR spectroscopy of ACTR:NCBD show that the unbound ACTR is devoid
of any long-range intramolecular contacts. The free NCBD retains most of its

helical content as seen in the complex but is largely flexible [139].

The crystallographic NCBD-IRF3 bound complex (Figure comprises a
hydrophobic interface of ~ 180 nm? [22]. Helices H3 and H4 of IRF3 form the
major interaction surface for the NCBD. Using ITC, the dissociation constant for
the NCBD:IRF3 interaction was determined to be around 100 uM indicating, a
lower affinity than ACTR binding but in the same range as for p53-TAD [140)].

4.2.0.2 Free from folding ensemble

A study on replica exchange MD simulations of free NCBD, initiated from an
unfolded state, revealed a large amount of residual secondary structure in its na-
tive ensemble. The simulations show that the most common pair of coexisting
helices are I and III, with the II helix being rarely structured (Figure .A).
The middle helix (II) is less critical for binding ACTR. However, it is impli-
cated in most of the intra-protein contacts in the ACTR bound conformation of
NCBD (Figure .B), overall indicating a scenario of a preformed binding inter-
face in the unbound ensemble [63]. On the other hand, a study using implicit
solvent and replica-exchange sampling shows that the free NCBD appears to sam-
ple distinct conformations that have been observed experimentally in complexes.
Overall simulations observe that free NCBD is highly compact. Although the
poly-Q segment of NCBD (residues 2082-2086, part of the II helix) is disordered
in the NCBD:ACTR complex, it is highly helical in the unbound state [I15].
Naganathan et al. studied the free form NCBD (Figure [1.2lA) with a hierarchy

of models, ranging from Ising-like models, Go-model, and explicit solvent atom-
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istic simulations (without the NCBD C-terminal tail), and showed that NCBD
displays many conformational properties of being a ‘global downhill folder’ and
samples a heterogeneous native ensemble consisting of conformations reported in

other bound-forms [30].

All the above computational studies find that none of the structures (clusters)

sampled in the unbound ensemble closely resemble the NMR unbound/free form.

4.3 Methods

Atomistic Molecular Dynamics Simulations

Based on the setup described in Chapter 3, we performed GPU-accelerated
3*12 us long trajectories at 310 K. In addition, 3 sets of simulations, 9 us long
each, were produced starting from the bound NCBD conformation of each of the
three NCBD complexes, ACTR (PDB ID: 1KBH), p53-TAD (PDB ID:2L14),
and IRF3 (PDB ID: 1Z0OQ), in the absence of these partners using the same
protocol. The NCBD conformer bound to IRF3 has 12 residues missing (N-
and C-terminal ends), which were modeled using the i-Tasser protein structural

modeling tool [141]. For all analyses, the first 200 ns of all trajectories were

discarded.

Native probability contact map. The time-averaged native probability
contact map has been obtained from the simulation using the following definition
of native contact: when the distance between any heavy atom of the two interact-
ing residues (>3 apart) is less than 5.5 A in the native NMR structure (PDB ID:
2KKJ). The contact map was calculated using a total of 100,000 frames (every

100 ps) from the trajectory to compare with the Glutton-derived contact map.

Local and non-local native fraction The number of native contacts per
residue was calculated from each MD trajectory using the NMR structure as the
reference of native contacts. Contacts were defined using a 0.5 nm cutoff between
any two pairs of heavy atoms that are at least 3 residues apart in the sequence for

local and more than 5 residues apart for non-local. The number of these contacts
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trajectories were then converted into the fraction of local and non-local native

contacts repectively.

Time-averaged probability contact maps. We determined the time-
averaged probability of finding each contact (whether native or non-native) in
three NCBD free trajectories between two residues that are at least 3 apart in
the sequence. A contact is considered formed at any given 10 ns interval when at
least one heavy atom of residue i is within a cutoff distance of 0.5 nm of at least
one heavy atom of residue j (where j >= i+3) with a probability > 0.7 during

such time interval.

Bound specific contacts in NCBD free form. We first calculated all pos-
sible native contacts in PDB structures of NCBD bound to its three partners and
free form. Then evaluated the unique list of contacts among all native contacts
in the three bound conformations (bound specific) that are not present in the
free form and computed the time trajectories of NCBD free form with reference
to bound specific contact list (every 1 ns time frame). A contact is considered
formed at any given 10 ns interval when at least one heavy atom of residue i is
within a cutoff distance of 0.5 nm of at least one heavy atom of residue j (where

j >= i+3) with a probability > 0.7 during such time interval.

Timescales of ('3 contacts. We first extracted the list of Cs contacts in the
NMR free form structure. A contact is considered formed when the minimum
pairwise distance between Cz atoms of the interacting residues across the two
proteins is <=0.6 nm and the residue pair is >3 residues apart in the protein
sequence. There are 40 C contacts in the reference structure. Next, computed
the time trajectories of the distances and the autocorrelation function of the
distances with a lag time of 6 us (Figures in Appendix). The characteristic
timescales are calculated based on ACF ~ 0.5. We then segregated these 40
contact indices based on sequence separation between each contact pair into short
(below 5 residues apart in the sequence), mid (5-10), and long (greater than 10)
range contact. The error bars indicate the standard error of the three NCBD

trajectories. Similarly, we use the 40 Cj contacts reference list to evaluate the
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timescale vs. the sequence separation for the NCBD unbound trajectories of

ACTR, p53-TAD and IRF3.

Principal Component Analysis (PCA). PCA was performed using the
PCA function in MATLAB. First, we evaluated the center of mass (COM) dis-
tances between each helix pair, H1-H2, H2-H3, H1-H3, using the gmx distance
tool in GROMACS. Then, the obtained distances were transformed into PC space
to capture the variability in terms of the helical arrangement. We used the prin-
cipal component 1, which accounts for 65% of the total variance, for further

analysis.

Conformational Landscapes of NCBD. The map was obtained from the
normalized probability distribution as a function of the relevant set of order
parameters. The probability distribution was converted into an energy scale

using the following expression:

P

Pr;c) (4.1)

AAref—n' = —RTZTL(

where the probability of going from a reference state (ref) of the system to
any state i (e.g., from folded to unfolded) at constant temperature and constant
volume is evaluated. R is the ideal gas constant, T is the temperature, and p; and
Pres are the probabilities of finding the state i and state ref system, respectively.
We project the conformational space onto two order parameters: PC1 and the
fraction of native contacts (Q). In this calculation, a contact is considered formed
when the minimum pairwise distance between atoms of the interacting residues
is <=0.5 nm and the residue pair is >3 residues apart in the protein sequence.
Conformations collected at 100 ps intervals were projected onto the Q-PC1 plane
using a 32 x 32 grid (1024 cells) and sampling statistics were compiled to evaluate
Equation [£.1] The grid cell with the largest population was used as reference

state.

Markov state modeling (MSM). MD simulations are difficult to ana-
lyze because the obtained result—a set of trajectories recording each particle’s

cartesian coordinates—can contain numerous data points in a large number of
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dimensions. To this end, a quantitative statistical model of the structure and
dynamics of the system is of interest. The model should be able to describe the
long-timescale processes in the data and should be interpretable. In this regard,
Markov modeling offers all of these desired properties to dissect the underly-
ing dynamics of biomolecular systems [142],[143],[144]. For disordered proteins,
transitions between metastable states are typically fast and not always accom-
panied by significant changes in the protein’s overall structure. In comparison
to structured proteins, dividing the space into discrete states can be challeng-
ing. In the case of NCBD, based on our thorough investigation in Chapter 3, we
found marked structural alterations in its free ensemble, so we decided to leverage
MSM [145],[146] to characterize its conformational kinetics using the PyYEMMA
suite [145]. We performed the MSM analysis on the positions of backbone atoms.
Then, used the time-independent component analysis (TICA) to identify slow
degrees of freedom, i.e., find a projection that maximizes the autocorrelation
functions in the TICA space to filter out the fast dynamics in the space of the
positions of the backbone atoms [I47]. We used a lag time of 15 ns and 95% vari-
ance to account for the number of dimensions for the TICA subspace. TICA is

based on the following equation to solve for the eigenvalues (\) and eigenvectors

(0):

CAYy = A\ (4.2)

where C®9 is the time lag correlation matrix defined by:
A
O = E[Xi(6) X, (t + At)] (4.3)
We discretized the TICA space into 100 clusters using the k-mean cluster-

ing algorithm and were found to represent the slowest modes reasonably well

(Figure [4.13)).

Further, we built a Markovian transition matrix of 100X100 microstates by

counting for all possible transitions between any two clusters using a lag time 7 =
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7 ns based on the implied timescales of the 10 slowest processes (Appendix). To
make the obtained MSM interpretable, we used the hidden Markov model (HMM)
algorithm [148] for grouping the 100 clusters into few macrostates. Further, to
visualize the kinetic relationship between these functionally relevant states, we
estimated the average transition times based on the emission probabilities of the
derived HMM transition matrix of size 7X7 using equation:

—T

where w is the average timescale for the transition.

We extracted 10,000 snapshots from each macrostate and superposed all
frames onto each of the reference structures (four experimentally determined
NCBD structures) to assess structural diversity in the macrostates. We then
calculated the mean backbone RMSD of residues ranging from 6 to 47 and the
standard deviation shown in Figure [£.14]

4.4 Results

NMR structure determination methods aim to determine the high-resolution 3D
structure (or closely related structures) that simultaneously satisfies all the exper-
imental restraints, most typically Chemical Shifts (CS) and Nuclear Overhauser
Effect (NOE). This approach is inadequate to analyze IDPs or partly disordered
proteins (e.g., folding intermediates) because in these cases, the NMR parame-
ters, most notably CS, are averages over an ensemble of conformations that is
highly heterogeneous but has strong native-like structural biases. The need for
specific analytical methods that interpret conformational preferences rather than
structures is pressing, especially given the key roles that disorder plays in protein
folding, binding, and function. The most serious difficulty resides in construct-
ing structural ensembles that are entirely consistent with the experimental data
and capture the underlying conformational heterogeneity. To this end, we have

implemented a novel relational database, termed Glutton, that links all existing
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Figure 4.2: Contact map of the lowest energy NMR structure and associated

NMR distance restraints (NOESs) in blue and red respectively.

CS data with corresponding protein 3D structures to enable the conformational
analysis of IDPs directly from their experimental CS [I38]. Glutton’s unique-
ness focuses on dihedral angle distributions consistent with a given CS set rather
than with unique structures. Such dihedral distributions define how native-like
the ensemble is and lead to the practical calculation of large ensembles of struc-
tures that efficiently sample the available conformational space. The structural

ensembles obtained from Glutton are based on geometric considerations and CS.

The NMR experimental conditions of NCBD permitted a small number of
distance restraints (NOEs) that sufficed to determine a native structure using
standard procedures to assess high-resolution NMR structures [62]. This NMR
structure is most likely over-fitted relative to the structural ensemble populated
by NCBD at physiological conditions, and the standard structure determination
protocol enforced that all restraints be satisfied simultaneously as unique dis-
tances rather than as distance distributions. To showcase this, we compare the
NOEs with the residue-residue contacts formed in the NMR structure (PDB ID:
2KKJ) within a 0.5 nm cutoff, as shown in Figure . In this regard, Glutton
provides a reliable way to compare the NCBD ensemble generated by MD sim-
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ulations starting from the NMR structure with the ensemble derived from the

statistical distribution of dihedral angles based on chemical shifts.

4.4.1 Free NCBD Conformational Ensemble

To investigate the conformational properties of the NCBD native ensemble, ini-
tially, we performed a 10 us long all-atom MD simulation of NCBD in explicit
solvent starting from the NMR structure and using the Charmm?22* (¢22*) force
field [52]. The ¢22* forcefield has been shown to describe ensembles of partially
disordered proteins in relatively accurate agreement with the NMR experiments
in terms of secondary structure propensity and topology. As a first step, we eval-
uate the conformational bias in the NCBD NMR structure and the MD sampling
statistics. We examine the MD conformational ensemble compared to the struc-
tural ensemble generated from the Glutton database that is specifically designed
to generate conformational ensembles of partially disordered proteins from NMR
chemical shifts. The Figure (left) compares the time-averaged native contact
map of the MD ensemble, and the contact map averaged over the entire Glutton

ensemble obtained from the experimental CS [[]

The MD ensemble reproduces the highly dynamical properties observed in
Glutton, including a high probability for the local, a-helical contacts and a much
lower probability for long-range contacts. The patterns of contacts are also very
similar, including transient contacts between helices 1 and 2 and no tertiary con-
tacts elsewhere, even though the NMR structure has multiple contacts between
the three helices. Figure (right) compares the mean phi and psi angles from
the MD simulations and the Glutton ensemble, showing considerable agreement
overall. The entire phi-psi distributions demonstrate the level of agreement in
more detail. Figure 4.4 shows two examples L.10, which remains helical in both

ensembles; and A49, which visits the o and  regions.

Yi He, Suhani Nagpal, Mourad Sadqi, Eva de Alba, Victor Muiioz, Glutton:
a tool for generating structural ensembles of partly disordered proteins from chem-
ical shifts, Bioinformatics, Volume 35, Issue 7, 01 April 2019, Pages 1234-1236,
https://doi.org/10.1093 /bioinformatics/bty755
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Figure 4.4: Examples of ¢ angle distributions of NCBD residues from MD sim-
ulations (left) and Glutton (right). Figure reprinted with permission, copyright
(©) 2018, Oxford University Press.

These examples highlight how each ensemble captures some residues’ re-
stricted conformation and more heterogeneous conformations of others. Over-
all, this analysis reveals that NCBD populates a highly dynamic ensemble with
native-like features and is consistent across both ensembles. This observation also
corroborates our choice of the ¢22* force field. Also, it is noteworthy to point out
that the regions populated on the Glutton structural ensemble are co-centered
with the corresponding regions populated on the MD trajectory. Still, for some
residues, the regions populated on the Glutton ensemble are also wider, indicating
that more extended and multiple MD simulations are needed to achieve better

sampling statistics.

4.4.2 NCBD as a Model to Investigate Conformational Rheostat Mech-

anism

To explore the concept of NCBD operating as a potential conformational rheostat,

we performed three sets of MD simulations totaling 36 s starting from the NMR
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Figure 4.5: Autocorrelation function of the fraction of native contacts (Qfree)

structure in explicit solvent at 310 K. We determined the autocorrelation function
of the fraction of native contacts (Q frc.) sampled across the three MD trajectories

to assess the sampling quality.

Figure |4.5] shows an apparent characteristic time of ~ 1.1 us which trans-
lates to 33 statistically independent Q.. values [I49], [I50] and demonstrates
the reliability of the trajectories for further probing NCBD morphing dynamics.
This observed relaxation decay for NCBD is consistent with the reported relevant
timescales for a catalog of fast-folding proteins that undergo microsecond folding
kinetics displaying smooth structural disorder [26],[86],[I51],[152]. In addition,
we produced a total of 27 us long all-atom MD trajectories of each of the three
bound NCBD (NCBDyguna) structures in the absence of their partners (ACTR,
p53-TAD, and IRF3, see Figure to assess how fast they re-equilibrate to the
free form strucural ensemble. Figure shows similar relaxation times for the
NCBDyoyna trajectories with reference to the native contacts in the NMR struc-
ture (free form), indicating that the overall sampling is not biased towards the
starting structure and that the obtained ensembles have characteristic features

of a downhill (un)folding behavior.

We then monitor the obtained free from MD ensemble with various structural
probes to characterize its dynamical properties as shown in Figure The prob-

ability distributions as a function of RMSD and radius of gyration (R,) display
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Figure 4.6: Autocorrelation function of the @ fye. for the NCBD bound structure
of ACTR (yellow), p53-TAD (green) and IRF3 (pink). Black profile represents

the average behavior of NCBD free ensemble for reference.

a unimodal distribution in which conformations are sampled over a wider range
along the RMSD than R,, indicating a compact ensemble with high structural
variability at physiological temperature. Given that NCBD has molten globule-
like properties, the observed compaction is not surprising. Although the compact
MD ensemble is slightly comparable to that obtained previously from REMD sim-
ulations (R, ~ 13.7 A) at 304 K [63] but is lower than the estimated experimental
value (R, &~ 15.5 A) from Small Angle X-ray scattering (SAXS) measurements
in solution [62]. This discrepancy between experiment and simulation can be
ascribed to both force field deficiencies (overly large compaction of proteins is a
common problem) and a lack of thorough understanding of the role of solvation
on the SAXS characteristics of partly disordered proteins [53]. Still, the derived

ensemble highlights the molten globule-like characteristics.

The distribution as a function of the fraction of local native contacts shows a
similar pattern undergoing fast dynamic fluctuations, and the major conforma-
tional changes are primarily due to the fraction of non-local (tertiary) contacts,
which varies from 0.1 to 0.4. This fractional contribution from local and non-local
native interactions provides an interesting parameter to estimate the intrinsic sta-

bility of partially disordered proteins relative to natively folded domains from the
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perspective of folding cooperativity.

In comparison to folded proteins, which have a non-local fraction higher than
0.55 and a local fraction lower than 0.33, we observe a higher local fraction of 0.45
and a relatively low non-local fraction of 0.2, which conforms to the gradually
(un)folding scenario expected for IDPs [29]. The unimodal distributions observed
as a function of numbers of non-native and total contacts sampled further illus-
trate the gradual conformational behavior of NCBD, where total contacts are
the amount of native and non-native contacts. Overall, the one-dimensional pro-
jections along these multiple parameters exhibit a heterogeneous yet compact
conformational ensemble undergoing morphing transitions at physiological tem-

perature.

In Figure[4.8 we plot the time-averaged probability contact map of the NCBD
MD ensemble (averaged over three trajectories). A contact is defined based on
the cutoff of 0.5 nm with a threshold that for at least 70% of 10 ns, residues i and
j remain in contact (<=3 residues apart in the sequence). The total interaction
matrix captures the magnitude of its structural disorder at physiological temper-
ature. Examining the entire map compared to the native contacts in the NMR
structure provides critical insights into the nature of its underlying structural
heterogeneity. The applied threshold removes the highly transient contacts from
the analysis. The three helices show a high probability of secondary structure
formation (in logarithm scale) and significant diversity arising from non-local in-
teractions. There are multiple weak non-specific long-range interactions sampled
between helix 1 and the C-terminal disordered tail, helix 1-2 (H1-H2), and he-
lix 1-3 (H1-H3). We observe numerous strongly interacting residues across the
structure such as L13, F43, and Y51 and find the tail communicating with all
the structural elements highlighting the dynamical conformational biases in the

NCBD ensemble.

92



10°
50 10
o
=
240
) 1072
O
Z 30
g 102
i)
é 20
-4
10 10

Residue NCBDMD

Figure 4.8: Contact map of NCBD. NMR free form structure (above triangle)
and the time-averaged total interaction matrix of the MD ensemble comprising

of all native and non-native interactions (below triangle).
4.4.3 Intramolecular Interactions Specific to Bound Conformations

To better understand the extent of the observed morphing behavior, we evalu-
ated the occurrence of any contact specific to the known bound conformations
of NCBD (Figure sampled across the entire NCBD free ensemble. To do
this, we first calculated the common contacts between the free form and all the
bound conformations. Then monitored each of the trajectories with reference to
only the unique list of 1027 contacts that are only formed in the native bound
conformations, and the results are shown in Figure 1.9 We find all three MD
trajectories sample on an average ~ 150 intramolecular interactions specific to
the bound conformations as a function of time. These multiple structural fluc-
tuations are dynamic and reversible over the simulation time and suggest that
free NCBD can morph onto conformations with structural features relevant to
the bound structures of ACTR, p53-TAD, and IRF3 complexes. Moreover, the
probability distribution hints at a gradual morphing pattern.
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4.4.4 Timescales of Secondary and Tertiary Contacts

To further quantify the level of structural heterogeneity in the underlying NCBD
conformational ensemble, we examine the dynamics of intramolecular interactions
in detail. First, we analyzed the time evolution of the distances between center-
of-mass (COM) of Cs contacts across the trajectories with reference to the Cj
contacts present in the free from structure (0.6 nm cutoff). There are 40 Cj
contacts in the reference conformation (table in Appendix). The Figure m
depicts the time evolution of distances between each contact pair COM for one
of the representative trajectories. We find many contact pairs moving further
apart to almost 2 nm in the atomic distance and multiple reversible transitions
along the simulation length. Next, evaluated the autocorrelation function of
the distances of each contact pair across all three MD trajectories to estimate
their characteristic timescales (Appendix). We then segregated these 40 contact
indices based on sequence separation between each contact pair into short (below
5 residues apart in the sequence), mid (5-10), and long (greater than 10) range
contact. Figure 4.10] shows the apparent relaxation timescale as a function of
sequence separation for each contact pair. We observed heterogeneity in the
dynamics of short- and mid-range contacts ranging from a few nanoseconds to
almost more than 1000 ns and long-range contacts ranging from 100 ns to 1000 ns.
Overall, the analysis of native Cz contacts captures relatively low conformational
variability on early nanoseconds timescales and a broader ensemble on longer
timescales, providing insights into the complex dynamical properties of NCBD.
This observation that NCBD is mostly rigid in fast timescales and shows greater
motions at slower timescales was also recorded in a recent MD analysis on NCBD
using the ¢22* force field combined with NMR parameters [53] and is consistent

with our findings as in Figure 4.10] and Figure 4.5

4.4.5 Structural Rearrangement in NCBD Free Ensemble

To characterize the topological variation in the context of the three a-helices,

we calculated the distances between the COM of each helix pair as a function of

95



|MM“'H“F"N'|H”“"' e I ™ wlmwmww.‘mmww i 2

MMMWIIMIIIIIHIHIWIMMWHWMMWMM”MMMMMﬂmmmmmw

NN 1 ROAUTORAIY | OO0 OO O O M S0 )0 Y O O |

X
) 10 0 O BT 1 ] [ i wi 1.5
.-g rllﬂw‘w% | ‘II ol “I.:::“ ‘J\I w i EE% |\|||HiI\‘I\IM.I.HIIIHIIWII\II I‘J
8 g M V01
c 1
(@]
&)
‘ | 05
[T 01T FANTTT NUTRYYT T S . I H
2 4 6 8 10 12
Time (us)
1O3§ T T T ]
: CRIK I SR L
210%F T E
o - ® L E
© - i
& [§ ¢ i
(0]
E10'E .
= F ° E
100_ I 1 I I l -
5 10 15 20 25 30

Sequence Separation

Figure 4.10: Dynamics of intramolecular contacts. Time evolution of the dis-
tances between center-of-mass (COM) of Cs contacts extracted from the NMR
free form structure across a representative NCBDy,.. trajectory (top). The 40
C's contact indices are then evaluated on the basis of sequence separation between
the interacting residue pairs into short (below 5 residues apart in the sequence),
mid (5-10), and long (greater than 10) range. (Right) Timescale (ns) vs. se-
quence separation of the Cz contacts. Note that we do not include contacts with

a fast relaxation decay of less than 1 ns.
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the simulation length. The time trajectories of the distances between the helix
pairs, H1-H2, H2-H3, and H1-H3, of all the trajectories are given in Appendix.
We observe global motions within NCBD conformations revealing dynamical fea-
tures of H1-H3 undergoing multiple reversible transitions concerted with H2-H3
fluctuations in the opposing direction. Figure 4.11] shows the two-dimensional
distributions of each of the helix pair vs. the other pair. Figure [d.1T} A highlights
the interplay between H1-H2 and H2-H3, and we find that the system behaves
like an oscillator between H1 and H3 to interact with H2. Figure [£.11]B indi-
cates H1 remains mostly engaged with H2 and H3, sampling conformations that
resemble the IRF3 bound helical arrangement. Figure [4.11]C shows a bimodal
distribution with H1 and H3 interactions ranging over a broad range compared to
the dynamics between H2 and H3, indicating decorrelated behavior among H1-H3
and H2-H3. We observe H2 couplings with either of the end helices, which is con-
sistent with our findings in Chapter 3. NCBD’s conformational propensities are
enhanced by this dynamical coupling, contributing to the overall marginal folding
cooperativity. In addition, this observation relates to the binding interfaces for
its structurally diverse partners where the structural elements in NCBD alternate
to adopt a conformation suitable for the specific partner. The structural vari-
ability in the ensemble is further extracted by the principal component analysis
(PCA) of the distances between the COM of all helical pairs and discussed in the

following section.

4.4.6 Two-dimensional Projection of NCBD Free Ensemble

We visualize the conformational landscape of free NCBD projected along @ free
and the principal component 1 (PC1) of the distances between the COM of helix
pairs in the Figure [4.12] Q informs on the overall degree of the native structure
with reference to the NMR PDB, and PC1 reports on the structural variability in
the dynamics of helical arrangement. PC1 accounts for 65% of the total variance.
The resulting conformational landscape is highly broad, with the two most pop-

ulated minima with 0.71 < Q < 0.76 and 0.54 < Q < 0.58 respectively, and less

98



Figure 4.12: Projection of the NCBDy,., trajectories on the order parameters
@ free (fraction of native contacts wrt. NMR structure) and PC1 (principal com-
ponent 1) of the distances between the COM (center of mass) of all helical pairs,

H1-H2, H2-H3 and H1-H3. Color bar is in kcal/mol.

than 1 kcal/mol energy barrier between the two sub-ensembles. Overall, the ob-
served 7 minima demonstrate NCBD’s ability to sample multiple sub-states with

distinct structural characteristics without crossing a significant energy barrier.

4.4.7 Kinetic model of NCBD

We sought to obtain more direct insight into the morphing dynamics and con-
structed the kinetic map of the NCBDy,.. conformational ensemble to extract
relevant sub-states. As feature vectors to describe the system, we transformed
the cartesian coordinate trajectories into the positions of backbone atoms. For
dimensionality reduction, we conducted a linear transformation on these feature
vectors using time-lagged independent component analysis (TICA) [147] to find
a projection containing the slowest kinetic modes by maximizing the autocorre-
lation function in the reduced space. Note when building Markovian matrices
and estimating kinetics, the TICA space is always more reliable than an original

space because it aids in separating correlated signals from noise in the original
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Figure 4.13: Elucidation of relevant NCBDy,.. states. 100 microstates (white)
plotted onto the free energy profile of the data transformed by time-lagged inde-
pendent component analysis (TICA) with a lag time = 15 ns and further com-

puted over the first two independent components (IC). Color bar is in kcal/mol.

data by optimizing correlations among all variables.

Next, we performed k-means clustering to decompose the low-dimensional
MD data into hundreds of relevant discrete microstates such that each frame
of the trajectories can be assigned to one of these microstates. The clusters are
plotted onto the free energy profile projected along the two slowest TICA reaction
coordinates, as shown in Figure Our analysis reveals that the kinetic states
are well distributed in the low-dimensional TICA subspace, and most clusters
are located around the local free-energy minima. The overall essence of the
obtained profile is consistent with our observation in Figure that captures
multiple sub-states. Note that the kinetic information is lost in this projection

(Figure [4.12)), unlike the TICA subspace.

We estimated the Markov state model (MSM) from the discretized trajecto-

ries to extract the kinetically relevant states and the interconversion timescales
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between them. Based on the relaxation timescales,, we reduce the high-resolution
MSM into a more tractable representation by the hidden Markov model (HMM)
algorithm into seven macrostates (details in Methods). The Figure illus-
trates the kinetic model of the NCBD conformational ensemble with the average
transition timescales between the states and their representative structures. To
examine how each macrostate of NCBD relates to the bound conformers, we
computed the mean RMSD and associated uncertainty of various conformations
belonging to each state with reference to the free form NMR, ACTR, p53-TAD
and IRF3 bound structures and are enlisted and color-coded according to Fig-

ure (.11

We find several relevant states with significant transitions and lifetimes re-
vealing crucial insights into NCBD morphing behavior. State 1 makes up 2.6 %
of the total ensemble used to construct HMM and is topologically closest to the
free form, ACTR, and p53-TAD known bound structures, and transitions to ei-
ther state 2 or 4 with average timescales of 1.9 us and state 6 in sub-microsecond.
The structural features of state 2 indicate a more compact topology that closely
resembles state 1 with marked variation in helix 1. State 2 rapidly transitions to
state 6 within &~ 400 ns. The lowly populated state 3 is structurally closest to
all the known conformers and captures the orientation of helix 1 in the process

of transforming to the IRF3 bound structure.

Interestingly, state 6, with 18.8 % of the total sampling, represents the IRF3
associated topology as it has the lowest mean RMSD value of 0.3 nm and varies
significantly compared to the other structures. This observation indicates the
rheostatic capability of NCBD to gradually morph onto conformations with sig-
nificant topological variations that resemble the bound conformations of NCBD.
Multiple computational studies on NCBD have also previously reported observ-
ing a cluster corresponding to the IRF3 conformation [30],[63]. In fact, state 6
serves as the connection hub that most states transition to and therefore has an
extended lifetime. The most disordered conformations are found in states 4, 5,

and 7. State 5 quickly relaxes to state 7 in 9.1 ns, while state 4 accounts for more
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Figure 4.14: Kinetic network of NCBDy,¢.. Kinetically metastable conforma-
tions (macrostates) obtained from kinetically coupled microstates via Hidden
Markov Model (HMM) analysis. The relative population of each macrostate
is proportional to the volume of each representative sphere and interconver-
sion kinetics are shown with thickness of the connections proportional to av-
erage transition time between two macrostates. The minimum average RMSD of
each experimentally determined NCBD structure versus 10,000 randomly selected
macrostate conformations is stated (after superposition of all backbone atoms of
residues 6 to 47). RMSD values and related uncertainties are color-coded in the
following order: NCBD free form (blue) and bound to ACTR (yellow), p53-TAD
(green), and IRF3 (pink).
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extended conformations with largely unstructured helix 1. Finally, macrostate 7,
which is linked to states 4 and 5, is the largest populated state and the model
estimates the average transition timescale of ~20 us from 7 to state 4 that is
not observed in the original trajectories which are 12 microseconds long. The
structural features of state 7 show an average topology of NCBD compared to all

four reference structures with RMSD =~ 0.5 nm.

This observation highlights that the gradual morphing phenomenon that we
observe here in NCBD largely samples conformations that represent an average
structural arrangement of all the three a-helices that are partially structured with
closely interacting regions. While our comprehensive analysis shows that NCBD
samples conformations that are compatible to binding with its structurally di-
verse ligand partners, it mostly remains in a partially disordered state, suggesting
that NCBD is readily available to morph into a pre-binding competent structure
when in the presence of a partner, without being structurally biased towards a
more ordered conformation. Overall, these mechanistic insights provide a funda-
mental basis of the functional importance of NCBD and demonstrate a working

conformational rheostat in transcription.

4.4.8 Conformational Propensities of NCBD bound ensembles

Investigation of the (un)folding dynamics of NCBD in the absence of their re-
spective partner (see Methods) allows us to determine how fast the ensemble
re-equilibrates between the different sub-ensembles that are typically selected
by partner binding. The fast conformational relaxation (Figure to a broad
ensemble relative to the free form shown in Figure confirms the stochastic
variability of the simulations. Monitoring the time trajectories as a function of
Q with reference to NMR free form PDB show strikingly marked conformational
differences (Figure[4.15). ACTR trajectory initiates with a high Q & 0.8 since the
bound conformer is structurally similar to the NMR free form with an extended
H3 and then undergoes large structural changes with a grey swath representing

the wide range of the free form ensemble. P53-TAD bound conformer is a bit
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Figure 4.15: Time evolution of fraction of native contacts wrt. free form NMR
structure across three distinct NCBD MD ensembles in the absence of ligand

partners; ACTR (yellow), p53-TAD (green) and IRF3 (pink).

open but almost identical to the NMR PDB (Figure [4.1)), and the trajectory con-
verges to the free form ensemble. The deviation of IRF3 bound conformer from
the free form structure results in a relatively low Q in the initial phase of the
trajectory and experiences structural alterations towards the free form ensemble.

For further analyses, we use the last 4 us of the trajectories from Figure [4.15

Inspection of the characteristic timescale as a function of sequence separation
for each ensemble (Figure shows similar dynamical behavior relative to free
form (Figure . To further dissect their structural characteristics, Figure m
shows the proportion of time spent by each residue of NCBD in a helical state; the
helices in each of the respective starting structures are also indicated. This anal-
ysis follows the same definition as in Chapter 3 for Molecular LEGO. The helical
regions are consistent with free form ensemble and display significant helicity in
H1 and H3, and greater variability in H2 and C-terminal tail. The conformations
sampled in each trajectory differ significantly from their starting bound form and
closely resembles the free form native structural ensemble in the microsecond
timescale. In general, the native NCBD ensembles are in excellent agreement
with the CD experiments discussed in Chapter 3 in the context of average he-

lical content ~ 50 %. Taken together, these results highlight the large inherent
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Figure 4.16: Dynamics of intramolecular contacts. Timescale (ns) vs. sequence
separation of C'z contacts following the same definition in Figure across three
distinct NCBD MD ensembles in the absence of ligand partners; ACTR (yellow),
p53-TAD (green) and IRF3 (pink).

105



Fraction Helix

0 10 20 30 40 50 60
Residue Number

Figure 4.17: NCBD helical propensities. Fraction helix per residue across three
distinct NCBD MD ensembles in the absence of ligand partners; ACTR (yellow),
p53-TAD (green) and IRF3 (pink). NCBDy,.. profile is in blue for reference.
The helical component in each of the respective starting structures shown below
in filled circles. The error bars indicate the standard error of three NCB Dy,

trajectories.

conformational fluctuations of NCBD. The presence of diverse functional con-
formations in its native ensemble strongly supports the conformational rheostat

behavior that potentially enables its promiscuous binding to multiple partners.

4.5 Discussion

NCBD is a well-studied IDP that binds to structurally diverse ligand partners.
We performed extensive pus-long MD simulations of multiple experimentally deter-
mined NCBD structures (free and bound forms) and found that NCBD exhibits
gradual (un)folding behavior in microseconds timescale sampling bound-specific
conformations, essentially acting as a conformational rheostat. The simulations
provide a detailed picture of the NCBD morphing phenomenon, illustrating how
a network of high local and transient non-local interactions results in a more
rigid conformational ensemble at fast timescales and a highly dynamic ensem-
ble at longer timescales and can lead to distinct functionally relevant structural

characteristics. The simulated NCBD ensembles show a high probability to pop-

106



ulate a topology that is an average form of all the known bound conformations,
whether associated with other IDPs or structured protein. This important find-
ing provides a mechanistic explanation into NCBD morphing coupled to binding
behavior in which NCBD samples structural features in a partially disordered
state to remain readily available and potentially morph onto distinct conforma-
tions compatible with its structurally diverse biological partners. The somewhat
average structure of NCBD supports the diffusion-limited mechanism of binding

to partners [153].

Although the force field description and sampling limit these MD ensembles,
we find our data is in excellent agreement with the biophysical characterization
using CD and subsequent ensemble-based analysis of NCBD as discussed in Chap-
ter 3. In addition, simulations started with different conformations in the absence
of partners re-equilibrate to the free form ensemble within microseconds confirm-
ing the reliable sampling of the simulations. We note that NCBD populates a
highly heterogeneous ensemble but retains native-like features compared to the
NMR free form. Despite the dynamic nature of the domain, it is being shown here
that the NCBD ensemble contains a significant fraction of a conformer similar to
NCBD in the NCBD:IRF3 complex, suggesting that the ligand is able to select a
pre-folded conformer from the ensemble. Although in lower proportions, it also
samples conformers consistent to ACTR and p53-TAD bound complex. These
analyses support a conformational mechanism to select the partner and agree
retrospectively with the previous reports on NCBD. Furthermore, NCBD’s dis-
tinct conformational dynamics is remarkably similar to that of a downhill folding
module. Overall, this study provides crucial insights into how a conformational
rheostat exerts a key functional role in transcription and potentially extends to
other IPDPs at the hubs of cellular networks linked to different regulatory and

signaling functions associated with various human diseases.
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CHAPTER 5

Dissecting the Interplay between NCBD and its

Binding Partners

Chapter 4 illustrated the underlying structural and dynamical features of NCBD
conformational ensembles in the absence of its ligand partners. We find that
the short-lived NCBD sub-states can morph to functionally relevant structures
with distinct topological variations, which resemble the bound conformations of
NCBD to other morphing proteins and a well-structured ligand partner. These
observations adequately provide high-resolution insights into a relatively unex-
plored conformational rheostatic mechanism governing unbound NCBD and are
also consistent with the established results on NCBD. However, to determine the
descriptive states of its complex binding modes, we should consider the influence
of its various structurally diverse ligand partners in the bound states. To embrace
this task, in this Chapter, we first study NCBD’s IDP partners, p53-TAD and
ACTR, and decipher their structural properties in the unbound forms. Next, we
elucidate the interplay of NCBD bound to the IDP partners and the structured

protein, IRF3, using all-atom MD simulations.

5.1 Background

This section provides detailed background on NCBD coupled folding and binding
to ACTR, p53-TAD and IRF3 studies using extensive experimental and compu-

tational biophysical techniques (experimentally determined structures are shown

in Figure [5.1).
Despite their small size, the folding and binding kinetics of ACTR and NCBD
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NCBD free form

Figure 5.1: Experimentally determined A. NCBD free form structure (PDB ID:
2KKJ). B. NCBD bound to ligand partners: p53-TAD, ACTR, and IRF3 shown
in cartoon representation. Dark to light blue represents N- to C-terminal. C.
Structural superimposition of NCBD free form with bound conformers color—
coded according to its respective ligand partner to illustrate its structural plas-

ticity.
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have been observed to be complex. Free NCBD has been previously described as a
molten globule ensemble with similarities to the structure found in complex with
ACTR, which led the authors to propose a conformational selection mechanism
for its binding [62]. On the other hand, studies using topology-based models,
implicit solvent simulations, and replica-exchange sampling of NCBD and ACTR
reported that there is synergistic coupled folding and binding of two IDPs leading
to mixed induced fit and conformational selection mechanisms and a prevalent
role for electrostatic interactions in their specific recognition [115],[64]. Further,
using topology-based model simulations (calibrated to balance intermolecular in-
teractions) of NCBD:ACTR complex, authors suggested that even though binding
and folding of NCBD and ACTR is cooperative on a baseline level, the tertiary
folding of NCBD is best described by the ‘extended conformational selection’
model that involves multiple staged of selection and induced folding. Further,
these simulations predicted that mainly second and third helices of NCBD and

ACTR are involved in the recognition to form a mini folded core [154].

Recent sm-FRET studies to capture the transition path times for the associa-
tion of NCBD-ACTR complex showed that both IDPs form a folded dimer upon
binding. The results revealed an electrostatically driven metastable encounter
complex with a lifetime of 80 us that transits to the final bound state [155]. This
observation is similar to a fast-kinetic phase observed during NCBD:ACTR, bind-
ing in a different study using temperature-jump experiments [156], which was at-
tributed to the conformational exchange within NCBD as observed by NMR [62].
Thus, it has been suggested that the lifetime of the transient encounter complex
might be associated with the internal dynamics of NCBD (molten-globule-like).
Further, a recent study using sm-FRET showed NCBD undergoes slow conforma-
tional switching (tens of seconds) between two subpopulations that differ by the
conformation of a proline residue where NCBD pro20 in trans binds ACTR with
higher affinity than in cis conformation (by order of magnitude). The difference
in affinity is primarily caused by a change in the dissociation rate coefficient. Fur-
ther MD simulations indicate reduced packing of the complex for the cis isomer,

overall suggesting peptidyl-prolyl cis/trans isomerization may be an important
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mechanism for regulating IDP interactions [116].

A study of different mutants of ACTR (without interfering with the inter-
molecular interactions between ACTR and NCBD) using NMR and fluorescence-
monitored stopped-flow kinetic measurements show that the secondary structure
content in helix 1 of ACTR influences the binding kinetics. These results demon-
strate that helical propensity in ACTR modulates its binding to NCBD, both in
terms of association and dissociation [I57]. Similarly, in a computational study,
topology-based modeling, and simulations have shown increasing ACTR helicity
enhances the binding rate and that residual helices mainly promote more efficient

folding upon binding [158].

Moreover, using a multi-state coarse-grained simulation model, it has been
shown that the binding of NCBD to either binding partner ACTR or IRF3 ap-

pears to occur via an induced-fit mechanism [159].

A total of 800 ns of explicit solvent MD simulations of p53TAD:NCBD (at
room and high temperatures) suggested a local induced fit and a global conforma-
tional selection in recognition mechanism between the two IDPs [160]. Unbound
TAD is mainly disordered and undergoes a large conformational change upon
binding to NCBD. Kim et al. using sm-FRET, investigated the molecular mech-
anism of binding of p53TAD and NCBD. The analysis of photon trajectories
shows that the lifetime of transient complex (TC) of TAD and NCBD binding is
much longer than that of the association of two folded proteins. The long life-
time (= 183 us) results from the stabilization of TC by non-native electrostatic

interactions, which makes diffusion-limited association possible [65].

Overall, the studies on binding promiscuity of NCBD to its structurally di-
verse ligand partners have shed light on its coupled conformational change and
ligand binding in context to both conformational selection and induced fit mecha-
nisms. Our findings in the previous Chapter corroborate such a mixed mechanism
as we demonstrated a conformational rheostat mechanism regulating free NCBD
conformational ensemble populating pre-competent binding structures that sug-

gests a conformational-selection type aspect, which should then relax to complete
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the binding, suggesting induced-fit-like features.

However, the structural properties of NCBD bound complexes in terms of their
conformational dynamics after undergoing coupled folding and binding remain
elusive, especially how NCBD-IDP bound complexes (associated with ACTR or
pH3TAD) compare to NCBD bound to a structured protein (IRF3). Furthermore,
since our current findings on NCBD revealed its rheostatic capabilities, deeper
investigation into NCBD bound complexes and its IDP partners are needed to
fill in the gaps in our understanding of how a conformational rheostat functions

during transcription.

The binding between two IDPs is more challenging to investigate compu-
tationally due to large entropic contributions, especially if each protein spends
significant time in conformations that are incompatible with binding to the part-
ner. To this end, here, we performed explicit solvent long-scale all-atom MD
simulations to obtain conformational sampling of NCBD in association with each
of its three ligand partners in the vicinity of their respective essential subspace
(Figure . Our results shed light on the interplay between NCBD and its

structurally diverse ligand partners.

5.2 Methods

All-atom MD simulations. We carried MD simulations in explicit solvent
using the GROMACS package [118],[119], and the Charmm?22* force field [52].
Water molecules were described using the TIP3P model. Periodic boundary
conditions were used, and long-range electrostatic interactions were treated with
the Particle Mesh Ewald (PME) [120] summation using a grid spacing of 0.16
nm combined with a fourth-order cubic interpolation to derive the potential and
forces in-between grid points. The real space cutoff distance was set to 1.2 nm,
and the van der Waals cutoff to 1.2 nm. The bond lengths were fixed [121], and
a time step of 2 fs was used for the numerical integration of the equations of

motion. Coordinates were recorded every 10 ps.
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System (PDB ID) Size (no. of atoms) | No. of simulations | Time (us)
ACTR (1KBH - chain A) 18,920 2 14
P53-TAD (2114 - chain B 23,719 2 14

NCBD:ACTR (1KBH) 19,327 2 14
NCBD:p53-TAD (2L14) 28,954 2 14
NCBD:IRF3 (1Z0Q) 51,673 1 10

Table 5.1: Simulation details of NCBD partners and the complexes.

Simulation details of all systems are enlisted in Table 5.2l For unbound
ACTR, NCBD:ACTR and NCBD:p53-TAD, simulations were started from the
lowest energy structure of the NCBD NMR ensemble (see Figure . For P53-
TAD system, the protein was modeled using i-Tasser protein structural modeling
tool [141] to account for the missing 1-13 residues in PDB ID: 2114 (chain B).
The homology modeled structure was first subjected to energy minimization using
UCSF Chimera and then prepared for the simulation. The X-ray crystallography
characterized NCBD:IRF3 complex structure was used as the starting structure

for the 10 ps long simulation.

All systems were placed in a dodecahedral water box large enough to contain
the protein and at least a 1.5 nm layer of solvent on all sides. The structure
was solvated with water molecules, and ions were added to neutralize the sys-
tem. The unbound ACTR and P53-TAD were acetylated and amidated. The
CHARMM22* force field was then adjusted to include the parameters for N-
acetylation and C-amidation. Box dimensions were kept sufficiently large to
account for the flexibility of partially disordered proteins. In all the simulations,
the protein became compact and never interacted with its mirror image in the
periodic boundary conditions. In all cases, the starting structure was subjected
to energy minimization using the steepest descent method. All systems were
equilibrated at a constant temperature of 310 K utilizing the two-step ensemble
procedure (NVT and NPT). First, the system was subjected to NVT (constant
number of particles, volume, and temperature) equilibration for 500 ps with the

position of the protein restrained, followed by NPT (constant number of par-
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ticles, pressure, and temperature) equilibration for 4 ns each. The simulations
were subjected to the modified Berendsen thermostat with a 0.1 ps relaxation
time [122] to maintain the temperature. The structures were then subjected to
Parrinello-Rahman with 0.2 ps relaxation time for pressure coupling [123] at 1 bar
before the production run was started at 310 K. All the simulations were run on
the Triton Shared Computing Cluster (TSCC) at the San Diego Supercomputing
center (SDSC)

Conformational landscapes of NCBD Complexes. The map was ob-
tained from the normalized probability distribution as a function of the relevant
set of order parameters. The probability distribution was converted into an en-

ergy scale using the following expression:

P
Adresosi = —RTIn(5 f) (5.1)

where the probability of going from a reference state (ref) of the system to
any state i (e.g., from folded to unfolded) at constant temperature and constant
volume is evaluated. R is the ideal gas constant, T is the temperature, and p; and
Pres are the probabilities of finding the state i and state ref system, respectively.
We project the conformational space onto two order parameters: Fraction of
native intermolecular contacts (Q;ner) and the fraction of intramolecular contacts
(Qintra)- In Qipter calculation, a contact is considered formed when the minimum
pairwise distance between heavy atoms of the interacting residues across the
two proteins is <=0.5 nm. In Q;.iq, & contact is considered formed when the
minimum pairwise distance between heavy atoms of the interacting residues is
<=0.5 nm and the residue pair is >3 residues apart in the protein sequence.
Conformations collected at 100 ps intervals were projected onto the Qinira-Qinter
plane using a 32 x 32 grid (1024 cells) and sampling statistics were compiled
to evaluate Equation The grid cell with the largest population was used as

reference state.

Time-averaged probability contact maps. We determined the time-

averaged probability of finding each contact (whether native or non-native) in
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NCBD, ACTR and p53-TAD between two residues that are at least 3 apart in
the sequence. For each time frame, a contact was considered formed when at
least one heavy atom of the first residue was within 0.5 nm distance of at least
one heavy atom of the second residue with a threshold of at least 70% of 10 ns,

the two interacting residues remained in contact.

Inter-protein interactions in NCBD and ligand partner. Based on
the above mentioned threshold, we computed the time-averaged probability of
finding each contact (whether native or non-native) between each NCBD: ligand
partner bound trajectories. A contact was considered formed when at least one
heavy atom of one protein’s residue was within 0.5 nm distance of at least one

heavy atom of the other protein’s residue.

Hydrogen bond analysis. The number of intermolecular hydrogen bonds
were computed using gmx hbond tool with donor (OH and NH)-acceptor (O) cut-
off of 0.35 nm between the two interacting residues across three NCBD complex

trajectories (bound to ligand partners; ACTR, p53-TAD, and IRF3).

5.3 Results

We performed ~ 70 us aggregate explicit solvent all-atom MD simulation of
NCBD’s IDP partner proteins, ACTR, and p53-TAD in their unbound forms
and in complex with NCBD. In addition, we also performed NCBD bound to
the structured protein, IRF3, to characterize the conformational and dynamic
differences between these bound ensembles. Our comprehensive investigation of
NCBD in Chapters 3 and 4 provides an excellent platform to compare the dy-

namical properties of its morphing ligand partners when in complex with NCBD.
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Figure 5.2: Structural properties of ACTR. Probability distributions from one-di-
mensional projections as a function of the (left to right) radius of gyration, local
and non-local native fraction in the absence of NCBD, and the fraction of native

contacts in the absence (cyan) and presence (magenta) of NCBD.
5.3.1 Coupled Folding and Binding of Morphing Proteins

5.3.1.1 Structural properties of ACTR in the absence and presence
of NCBD

Figure [5.2| shows the probability distributions of ACTR in the absence and pres-
ence of NCBD as a function of multiple structural properties. The unbound
ACTR undergoes significant structural transitions that populate relatively ex-
tended conformations. This observation differs from what we observed for the
isolated NCBD MD ensemble. The dynamical content of the local fraction results
in transient partly disordered states, even though the fraction of tertiary contacts
is almost negligible. The MD ensemble lacks adequate non-local interactions and

agrees well with unbound ACTR NMR experiments [139].

On the other hand, the ACTR conformational ensemble in the presence of
NCBD shows a higher fraction of native contacts (mean Q ~0.75) with refer-
ence to the NMR determined ACTR bound structure, compared to the unbound
ACTR ensemble (mean Q ~ 0.48). Interestingly, both ensembles display a uni-
modal distribution as a function of Q, implying that ACTR dynamics are char-

acterized by gradual morphing behavior.
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Figure 5.3: Projection of the NCBD:ACTR complex trajectories on the order
parameters Qnio (fraction of native contacts wrt. NMR structure) of NCBD
(left) and ACTR (right), and Qiner (fraction of native intermolecular contacts
between NCBD and ACTR). Color bar is in kcal/mol.

5.3.1.2 Conformational propensities of NCBD:ACTR ensemble

We examined the bound-state ensemble of the NCBD:ACTR complex to un-
derstand the extent of the coupling among intermolecular interactions and the
structural order of the two associated IDPs. Here the rationale is to determine the
conformational dynamics that ensue after the association event. Our MD trajec-
tories initiated from the bound NMR structure would provide detailed informa-
tion in the vicinity of its essential sub-space. To this end, the Figure[5.3|shows the
2D projection along the fraction of native intermolecular contacts (Qyner) and
the fraction of native intra-molecular contacts (Qiniq) for both the morphing
proteins.

We find that NCBD remains party disordered, sampling heterogeneous confor-
mations, and ACTR populates a more structured ensemble, as discussed above.
Despite the entangled binding pose of the two IDPs (Figure [5.1]B), nearly 30
% of the native bound fraction is observed, indicating that they have lost most

of their specific intermolecular contacts. Additionally, even in the bound-state
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Figure 5.4: Total interaction map of NCBD and ACTR. Residue-residue total
contacts (native and non-native) observed in the simulations of NCBD (left) and
ACTR (right) bound (lower triangle) and free/unbound forms (upper triangle)
for comparison. The color intensity reflects the time-averaged probability of
observing the contact, with the light to dark color intensity corresponding to

weakly to strongly interacting residues respectively.

ensemble;, we find a single broad free energy minimum highlighting their gradual

conformational transitions.

To visualize the structural feature, we analyzed the probability contact maps
of the two IDPs in the absence and presence of each other depicted in Figure [5.4.
H2 (residue 23-37) in NCBD remains largely disordered compared to the free form
ensemble. Its interaction with ACTR results in highly non-specific inter-protein
contacts not found in the NMR determined structure depicted in Figure [5.5]
Furthermore, NCBD’s conformational variability in combination with ACTR is
highlighted by the weak non-local interactions between H1-H2 (Figure left).
The bound trajectories capture the high probability of Helix 3 extension on to
C-terminal tail (residue 45-55). This characteristic feature is consistent with our
findings in Chapters 3 and 4, which show that in the absence of helix 2 interactions
with helix 3, Helix 3 propagation is favorable. The intricate binding pattern
between the two IDPs weakens the helix 2-3 interactions, allowing considerable

structural rearrangement in NCBD.
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Figure 5.5: Inter-protein interactions in NCBD:ACTR complex. Residue-residue
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bound to ACTR. Black circles indicate native contacts derived from the NMR
structure. The color intensity reflects the time-averaged probability of observ-
ing the contact, with the blue to red color corresponding to weakly to strongly
interacting residues respectively. A contact is considered formed based on the

definition in Figure
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Although the helix 3 of NCBD causes an apparent kink in the helix 2 of ACTR,
ACTR shows a high probability of local native contacts across both helices (Fig-
ure right). Unbound ACTR, on the other hand, stays relatively disordered in
that region, sampling non-helical contacts. There are no long-range interactions
found in the bound ACTR, implying that the overall enhanced stability of local
interactions is due to NCBD associativity, which is further evident in Figure [5.3|
The inter-protein probability contact map shows the occurrence of the native-
specific and non-specific interfacial contacts in the complex trajectories. This
analysis reveals the dynamical binding of the two IDPs as they retain significant
native interfacial contacts for most of the simulation time that restricts their
binding pose to an extent but at the same time sample numerous non-specific
contacts (non-circle) highlighting their inherent flexibility. The native salt bridge
between R47 of NCBD and D29 of ACTR is reported to contribute to the bind-
ing specificity of the NCBD:ACTR complex [17],[66] and is found to be strongly

connected in the obtained MD ensemble (> 95% of the simulation time).

5.3.1.3 Structural characteristics of p53-TAD in the absence and pres-
ence of NCBD

Next, we focused on p53-TAD (1-61 residue) to characterize its structural prop-
erties in isolation and the presence of NCBD. Despite having similar protein
lengths, unbound p53-TAD samples significantly more extended conformations
than ACTR and NCBD, as depicted in Figure [5.6, where R, ranges from 1.15
to 1.4 nm, and greatly disordered conformations, as evidenced by high variabil-
ity in local contacts and a negligible non-local fraction. Surprisingly, there were
no large-scale differences between the conformational ensembles of the unbound
and bound states, as shown along Q. Unlike ACTR in combination with NCBD,
bound p53-TAD (magenta) exhibits largely unstructured conformational fluctu-
ations. Note that the unbound protein spans 1-61 residue, whereas the bound

protein spans 13-61 based on the NMR complex.
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Figure 5.6: Structural properties of p53-TAD. Probability distributions from
one-dimensional projections as a function of the (left to right) radius of gyration,
local and non-local native fraction in the absence of NCBD, and the fraction of

native contacts (Q) in the absence (cyan) and presence (magenta) of NCBD.
5.3.1.4 Conformational propensities of NCBD: p53-TAD ensemble

To further gain insights into the origin of this structural heterogeneity of the
bound p53-TAD, in Figure 5.7, we project the NCBD:p53-TAD complex trajec-
tories as a function of Q;nire and Qjnser for both IDP proteins. This protein-ligand
complex manifests a strikingly opposite conformational behavior from what we
observed for ACTR. With reference to the NMR determined structure of the com-
plex, NCBD samples a substantially balanced ensemble, as shown by the higher

fraction of intramolecular contacts with 77 % of native-ness intact.

Despite being poised in an entangled binding pattern (Figure B), only a
small fraction of native binding contacts between the two proteins are observed,
with Qineer varying from 0.4 to almost 0, and having minimal impact on NCBD’s
conformational properties. p53-TAD, on the other hand, samples largely disor-
dered conformations and no discernible pattern with the varying degree of inter-
facial interactions. This examination, in addition to the ACTR profile, reveals
an interplay between the two morphing proteins, in which weak native-specific
binding between them drives the folding of one protein while the other protein

remains substantially unstructured.

Compared to the free form ensemble, which depicts much heterogeneity, the

probability contact maps displaying the degree of intramolecular contacts, whether
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Figure 5.7: Projection of the NCBD:p53-TAD complex trajectories on the order
parameters Qnio (fraction of native contacts wrt. NMR structure) of NCBD
(left) and p53-TAD (right), and Qineer (fraction of native intermolecular contacts
between NCBD and p53-TAD). Color bar is in kcal/mol.

native or non-native, illustrate the enhanced NCBD structural characteristics as-
sociated with pb3 in Figure 5.8 The increased stability of NCBD is due to the
strengthening of native contacts between helices 1 and 2, leading to the increased
helical propensity in H2 (Figure left). Furthermore, this enhanced coupling
pattern causes H2 and H3 to interact less and H3 to expand onto the disordered
C-terminal tail. Unlike the ACTR binding pattern, the binding poses of p53-TAD
cause little interference with NCBD helices 1 and 2 (Figure [5.1]B), which allows

sampling of a more structured NCBD ensemble.

With respect to transiently populated tertiary contacts, the unbound p53-
TAD explores a broad conformational ensemble, while secondary structural ele-
ments remain flexible (Figure right). The bound ensemble has a strikingly
similar profile for the local elements with enhanced propensities in the C-terminal
end of helix 1. The probability of non-local contacts between the two ends of p53-
TAD is around 0.2-0.4 (Figure bottom-right), indicating that the protein’s
binding poses undergo considerable variability, which can be further visualized in

the highly dynamical binding interface of the two proteins shown in Figure [5.9,
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Figure 5.8: Total interaction map of NCBD and p53-TAD. Residue-residue total
contacts (native and non-native) observed in the simulations of NCBD (left) and
p53-TAD (right) bound (lower triangle) and free/unbound forms (upper trian-
gle) for comparison. The color intensity reflects the time-averaged probability
of observing the contact, with the light to dark color intensity corresponding
to weakly to strongly interacting residues respectively. A contact is considered

formed based on the definition in Figure |5.4
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Figure 5.9: Inter-protein interactions in NCBD:p53-TAD complex.
Residue-residue total contacts (native and non-native) observed in the
simulations of NCBD bound to p53-TAD. Black circles indicate native contacts
in the NMR structure. The color intensity reflects the time-averaged probability
of observing the contact, with the blue to red color corresponding to weakly to

strongly interacting residues respectively. A contact is considered formed based

on the definition in Figure [5.4]
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The evaluation shows a high degree of non-specific contacts leading to diverse
binding poses and a lack of multiple native protein-ligand interactions (empty
black circles). For instance, the native salt bridge between R47 of NCBD and D49
of pb3-TAD is known to contribute to the binding specificity of the NCBD:p53-
TAD complex [23] and is found to be weakly connected in the obtained MD

ensemble (= 10% of the simulation time).

Overall, NCBD coupled to ACTR, and p53-TAD ensembles show a unique
thermodynamic coupling between the two associated IDPs. One has a stronger
native intramolecular effect, and the other populates mostly partly disordered
conformations while sampling a large number of non-specific intermolecular in-

teractions.

5.3.2 Coupled Folding and Binding of Morphing Protein to a Struc-

tured Protein

Next, we investigate the conformational dynamics of NCBD bound to the struc-
tured protein, IRF3, to obtain a better understanding of NCBD conformational
properties when bound to different, structurally diverse ligand partners. For that,
we carried out a 10 ps-long MD simulation starting from the crystallographically
determined conformer of NCBD:IRF3 bound complex in explicit solvent. We
find that IRF3 stabilizes onto a low RMSD of 0.25 A sampling rigid, native-like
conformations. The B-factors from the X-ray crystallography data show distinct
profiles for NCBD and IRF3. High B-factors indicate greater uncertainty about
the atom position suggesting that NCBD structure has higher flexibility across its
topology compared to IRF3. We evaluated the conformational landscape of the
NCBD:IRF3 ensemble in the vicinity of its bound conformation, and the results

are shown in Figure [5.10]

When compared to IDP-IDP binding interactions, its dynamical binding mode
has a very distinct profile. We observe reversible intermolecular transitions be-
tween native-like bound (Q >0.8), medium bound with Q ranging from 0.65-0.55,
and loosely bound between 0.45 and 0.28.
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Figure 5.10: Structural features of NCBD associated to structured protein. Left.
Projection of the NCBD:IRF3 complex trajectories on the order parameters Q;,irq
(fraction of native contacts wrt. NMR structure) of NCBD and Qjner (fraction
of native intermolecular contacts between NCBD and p53-TAD). Color bar is in
kcal/mol. Right. Total interaction map of NCBD. Residue-residue total con-
tacts (native and non-native) observed in the simulations of NCBD bound (lower
triangle) and free forms (upper triangle) for comparison. The color intensity
reflects the time-averaged probability of observing the contact, with the light
to dark color intensity corresponding to weakly to strongly interacting residues

respectively. A contact is considered formed based on the definition in Figure[5.4]
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Although the binding pattern in IRF3:NCBD complex is drastically more
superficial than the above-studied interaction partners, it showcases reasonably
stronger specific binding. The highly interacting bound conformations in the
early phase of the trajectory enabled sampling of more native-like conformers.
Further, NCBD undergoes significant structural changes because of the marginal
interaction between the two proteins. When loosely paired with IRF3, it pop-
ulates a dramatically broad conformational ensemble (as observed for free form
ensemble in Chapter 4) with Q ranging from 0.6 to 0.78. The overall confor-
mational preferences observed here suggest that tighter binding induces more

structuring in NCBD.

Compared to the free form MD ensemble, the structural diversity of NCBD
(associated with TRF3) is further illustrated in the contact probability matrix
in Figure (right). Note that 12 residues are missing from the bound PDB
structure, 1 to 6 residues from the N-terminal and 54 to 59 residues missing from
the C-terminal end, and more importantly, it has a distinct topology in which
the C-terminal end of helix 1 interacts with the N-terminal end of helix 3 as
shown in Figure [5.1/C. Inspection of the contact map reveals that the secondary
structural elements have dynamical properties similar to the free form ensemble
with weakly interacting helices, manifested by the transient non-local contacts.
The derived NCBD ensemble maintains its structural variability, is indeed quite
diverse with a broad distribution of ) and exhibits surprisingly low conforma-
tional biases against its specific structural arrangement of the helices (helices 1

and 3 interactions) even when bound to the structured protein, IRF3.

The analysis of the binding interface dynamics indicates that the loss of spe-
cific contacts of NCBD helix 1 with IRF3 induces the conformational flexibility
in NCBD, as shown in the Figure [5.11] and that the H2 and H3 of NCBD mostly
retain their native binding contacts (black circles). In addition, compared to
ACTR and p53-TAD, the overall binding pattern is observed to be much less
variable as fewer non-specific contacts are sampled. This finding is interesting

since NCBD:IRF3 binding pattern is superficial compared to the entangled IDP
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Figure 5.11: Inter-protein interactions in NCBD:IRF3 complex. Residue-residue
total contacts (native and non-native) observed in the simulations of NCBD
bound to IRF3. Black circles indicate native contacts in the NMR structure.
The color intensity reflects the time-averaged probability of observing the con-
tact, with the blue to red color corresponding to weakly to strongly interacting

residues respectively. A contact is considered formed based on the definition in

Figure
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Figure 5.12: Left. Time trajectories as a function of fraction of native contacts
wrt. to free form NMR structure (Q fyec) across three distinct NCBD MD ensem-
bles in the presence of ligand partners; ACTR (yellow), p53-TAD (green) and
IRF3 (pink).The grey swath marks the limits of the Qe in the free form en-
semble. Right. Autocorrelation function of the @) .. for the NCBD bound with
ACTR (yellow), p53-TAD (green) and IRF3 (pink). Grey profile indicates the
average behavior of NCBD free ensemble for reference (from Figure [4.6).

conformers ACTR and p53-TAD binding poses, where we observed extensive

non-specific interactions.

Finally, we examined the NCBD relaxation times when bound to its differ-
ent interaction partners to gain insights into its dynamical behavior with and
without the partner context. To do so, we looked at the time evolution of the
fraction of contacts in all the bound NCBD trajectories with reference to the free
form NMR structure. The time trajectories as a function of Q). are depicted
in the Figure[5.12 The ACTR-bound trajectory undergoes significant structural
changes, while the p53-TAD bound trajectory, consistently populates enhanced
native-like conformations, sampling a reasonably stable MD ensemble. NCBD
associated with IRF3 undergoes reversible transitions exhibiting an interplay be-
tween the decrease in native intermolecular contacts, there is an apparent increase

in free form-like conformations.
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Figure 5.13: Dynamics of intramolecular contacts. Timescale (ns) vs. sequence
separation of Cz contacts extracted from the NMR free form structure and their
center-of-mass (COM) distances computed against the three distinct NCBD MD
ensembles bound to ligand partners; ACTR (yellow), p53-TAD (green) and IRF3
(pink). The analysis follows the same definition as in Figure [4.10]

The autocorrelation function of @y, as shown in the Figure [5.12, demon-
strates interesting morphing features of NCBD. The grey curve represents the
average characteristic profile of free form NCBD ensemble from Chapter 4. All
bound profiles show uncertainty at longer lag times. The NCBD bound to p53-
TAD undergoes the fastest relaxation in less than 100 ns since it re-equilibrates
onto a rather stable ensemble while ACTR and IRF3 bound exhibit sub-us char-
acteristic times. In addition, we calculated the timescales of the short-, mid-,
and long-range contacts from the Cgz COM distance evolution over time with
reference to the free form NMR structure as defined in Chapter 4 (Figure ,
which further highlights the differential timescales of intramolecular interactions

of the various bound NCBD conformers (Figure |5.13)).

Overall, these findings show that NCBD’s intrinsic versatility differs depend-

ing on the partner context; when bound to ACTR and IRF3, it remains party
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disordered, while when bound to p53-TAD, it stabilizes into a structured ensem-

ble, offering mechanistic insights onto its coupled morphing and binding behavior.

5.4 Discussion

The emerging synergy between simulations of various resolution and experiments
has established simulations as a promising tool for delineating the structural prop-
erties of disordered proteins. This Chapter provides an in-depth assessment of
one such IDP, NCBD, and its association with three structurally diverse biologi-
cal partners. NCBD aids in recruiting the transcription machinery via mediating
interactions with other morphing proteins such as ACTR, p53-TAD, and a struc-
tured protein IRF3 [6]. Together, these partners exemplify the most dissimilar
NCBD complexes.

First, we provide a detailed picture of ACTR and p53-TAD conformational
dynamics in the absence of NCBD. We observed greater extent of structural dis-
order in both IDPs as reported in various studies [9],[17],[34] compared to NCBD
free ensemble in Chapter 4. Next, we studied each of the two IDPs bound to
NCBD using multiple atomistic simulations. We found that the bound IDP-IDP
conformations exhibited heterogeneity of binding modes instead of a single, stable
complex. The MD ensembles of NCBD bound to ACTR and p53-TAD demon-
strate a distinct thermodynamic coupling between the two, with one having a
greater intramolecular effect and the other sampling partly disordered confor-
mations while loosely bound to each other with respect to the native binding
pattern. NCBD morphing in association with IRF3 shows an intriguing obser-
vation: NCBD retains much of its fundamental disorder even when bound to
a structured protein, revealing a subtle interplay between the conformational

landscape of NCBD and partner binding.

Most contacts between NCBD and the three ligand partners are mediated by
hydrophobic interactions and several hydrogen bonds. Thus, we examined the in-

termolecular hydrogen bond (I-Hbond) network in all three complex trajectories

131



= [IRF3
[ JACTR
[ Ip53-TAD

Counts
[

0 5 10 15 20 25
Intermolecular Hydrogen Bonds

Figure 5.14: Distribution of intermolecular hydrogen bonds in three NCBD MD
ensembles bound to ligand partners; ACTR, p53-TAD and IRF3.

and found a pattern that corroborates the known binding affinities of the inter-
action partners. The distribution for each of the bound ensembles is plotted as a
function of the number of I-Hbonds between NCBD and each of its three ligand
partners in Figure[5.14, NCBD:IRF3 ensemble has the fewest I-Hbond count and
a low binding affinity with K, ~ 100 pM [22], followed by P53-TAD with K, ~
1.7 uM [23] and relatively higher affinity for ACTR (K4 ~ 34 nm) [I7], which
displays the maximum I-Hbonds. The obtained network shows marked behavior,
as intermolecular hydrogen bonding discriminated NCBD:ligand partner dynam-
ics rather distinctly, with number and relation to the known binding affinity of
each NCBD complex offering high-resolution insights into its morphing coupled

to binding behavior.

The structural flexibility of IDPs has key functional consequences in biology.
The broader conformational sampling of the three NCBD complexes capture the
various non-native binding poses, which reflects the inherent structural diversity
of NCBD and its functioning as a rheostat in coordinating dynamic assemblies,

advancing our understanding of the complex binding modes of IPDPs.
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CHAPTER 6

Conclusion and Future Direction

In biology, IDPs play an important role. IDPs populate various ensembles, from
expanded states with little residual structure to more compact ensembles with
residual secondary and tertiary interactions, and they often fold as they bind to
their partners. Such IPDPs are found at the hub of various protein interaction
networks, especially cellular signaling and regulation. How they use their intrinsic
disorder to interact with multiple partners by folding upon binding mechanism

and mediate protein functions remains elusive.

Our working hypothesis is that the IPDPs central to the regulation of essential
protein interaction networks are conformational rheostats (CR), i.e., that their
dynamic ensembles have innate capabilities to morph onto structures that are
specifically compatible with their diverse partners gradually. The built-in confor-
mational biases in CRs can enable new functionalities ranging from broadband
sensitivity (in the partner(s) concentration), sub-microsecond (fast timescale)
response, and promiscuous binding with multiple partners. These remarkable
properties link IPDPs to downhill folding regime. This dissertation investigates
different morphing proteins using protein engineering, long-scale all-atom MD
simulations, and integrated computational and experimental analyses to gain im-

portant mechanistic insights into the functional role of morphing proteins.

In our quest to seek insights into the working of a conformational rheostat for
practical applications, Chapter 2 illustrated an integrated computational and ex-
perimental approach to engineer molecular scaffolds using a fast-folding protein
that loses/gains structure gradually (downhill folding) upon change in analyte
concentration. Such a protein-based design can exhibit a broadband sensitivity

in a rheostatic fashion and has exciting advantages over extant protein-based
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transducers, which conventionally operate as a conformational switch. The his-
tidine grafting strategy we employed introduces sensitivity to pH in the mildly
acidic to neutral range systematically. Selecting the degree of histidine burial
and the number of grafts highlight that the strategy is customizable. MD simu-
lations at the few microseconds time scale seem to reproduce the conformational
effects of local perturbations (mutation and ionization). The observed progressive
structural (dis)ordering can reach >6 orders of magnitude in [H+], demonstrating
that the rheostatic conformational transducer adds a new tool to the biosensor
engineering toolbox and can be extremely useful in tracking widely fluctuating

biological variables.

Despite advances in describing IDP structural features and discovering cor-
relations between sequence and conformational features [47], the underlying in-
teraction network and folding energetics of IDPs remain poorly understood. In
Chapter 3, we devised a novel modular approach to measure the folding co-
operativity and the energetic contributions of local and tertiary interactions in
defining the conformational ensemble and binding properties of IPDPs. Here,
we dissect the NCBD protein domain into all its elementary components (sec-
ondary and super-secondary structural elements) defined in a staggered fashion.
Then, using an integrated strategy of computation and experiments, we perform
an ensemble-based conformational analysis of all the components and establish
the interactions between them by directly comparing relevant components. We
found dynamical coupling of various secondary and non-local interactions and
significant conformational biases in NCBD, supporting its conformational rheo-
static capabilities. The agreement achieved in our experiments and simulations
ensures that the observations made in this study are statistically reliable, which
is of considerable relevance given an inherently flexible system such as NCBD.
This approach provides an exciting tool for analyzing morphing transitions that

should generally apply to any IPDP.

Further, in Chapters 4 and 5, we analyzed NCBD unbound ensembles and dis-

sected the interplay of NCBD with its structurally diverse partners. Investigating
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dynamical interactions in the unbound IDP can provide quantitative information
about the properties of the free state and functional consequences of any free
state interactions in regulating biological activity. Using extensive atomistic sim-
ulations with high-resolution residue-based analysis and Markov State modeling,
we decipher the underlying heterogeneity in NCBD. NCBD populates distinct
structural ensembles in its free state that it forms in complex with partners. We
gain a fundamental understanding of how the structure and interaction of NCBD
are controlled and regulated via their conformational-folding landscape. We find
there is indeed a coupling of NCBD conformational dynamics and its binding
specificity. Overall, our analysis captures the gradual conformational transitions
of NCBD, providing substantial evidence of a partially disordered protein func-

tioning as a conformational rheostat in recruiting the transcription machinery.

Taken together, our research shows that advancements in force fields and
computing hardware have now enabled the development of innovative methods
that combine computational and experimental techniques to uncover insights that
cannot be obtained using either method alone. This dissertation, we believe,
provides a unique perspective on the structure, thermodynamics, and kinetics of

morphing proteins, allowing us to better comprehend their dynamic behavior.

6.0.1 Future Directions

In understanding the physical relevance of conformational disorder, our present
research work provides key insights into the working of molecular rheostats in

biology.

First, our work on engineering protein-based scaffolds to thermodynamically
couple their gradual (un)folding to histidine ionization paves the way for fast-
folding proteins to be targeted for real-time analog outputs with broad sensitivity
(to the analyte of interest), enabling the development of conformational transduc-
ers for biosensing applications. The insights learned from the histidine grafting
methodology should apply to the development of conformational transducers for

analytes with a structurally defined binding site. In such circumstances, engi-
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neering the folding characteristics of a protein domain that already contains the
target ligand’s binding site may be the most straightforward way. By enhancing
secondary structure propensity and decreasing the hydrophobic core, one may
modify the protein sequence to make it both intrinsically unstable and downhill-
like and balancing the total perturbation such that it folds gradually upon binding
to the ligand (folding upon binding transducer). Protein engineering combined
with microseconds long all-atom MD simulations and experiments provides an in-
tegrated platform to engineer scaffolds for developing biosensors with remarkable
properties. Based on these design principles, our group is currently working on
engineering calcium, ATP, and COVID-19 conformational transducers with fluo-
rescence readouts for real-time biosensing applications and has achieved promis-

ing results.

Second, IDPs offer novel advantages as therapeutic targets as they are im-
plicated in human diseases and protein design as they make attractive scaffolds
for potential engineering applications. However, these endeavors rely heavily on
their structural and folding information, which have been an ongoing challenge
to probe and analyze. To this end, combining energetic data with structural in-
formation can yield even more insights into IDP unique properties, highlighting
the importance of the LEGO approach. MD simulations are a powerful tool to
examine such morphing proteins as they can probe the rapidly interconverting
conformations to provide a high-resolution molecular characterization of their
dynamics. Further enhanced sampling and improved force fields can further help
optimize and accurately characterize more disordered proteins using the LEGO
approach. Particularly, fragmentation of the IDP is a critical step to make sure
all relevant structural components are preserved that help resolves significant in-
teractions in a rather heterogeneous system. Because of the extensibility of this
tool, other IPDPs can be investigated in detail to gain mechanistic insights into

their morphing behavior.

Computationally, atomistic simulations of NCBD and its partners highlight

the importance of studying the conformational dynamics of morphing proteins
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after the binding event. Numerous studies have focused on characterizing the
binding event and have increased our knowledge on the formation of encounter
complexes stabilized by 'non-specific’ electrostatic interactions. Our obtained MD
ensembles in the vicinity of the essential subspace of the bound complexes (PDBs)
point to the inherent structural disorder in morphing proteins even when bound to
the interaction partners offering key details into their binding specificity. Further
NMR experiments in combination with simulations can dissect their morphing

coupled to binding behavior in unprecedented detail.

Finally, the hidden conformational biases and dynamics observed in NCBD
provide the first demonstration of a working conformational rheostat regulating
a critical biological process, the eukaryotic transcription. The concept of a con-
formational rheostat offers a novel molecular mechanism for controlling protein
function gradually rather than in a binary fashion. In addition, our group’s recent
experimental data on another morphing protein shows evidence of CRs mediating
gene regulation in eukaryotes. The relationship between morphing behavior in
IDPs and their rheostatic capabilities deserves further exploration. Since IDPs
are still considered undruggable, these research endeavors can tremendously ad-

vance our understanding of their fascinating dynamic nature.
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APPENDIX A

Appendices

Figure A.1: Designed FIAsH-EDT, dye binding motif in gpW F35H mutant for

signal readout.
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Figure A.2: Helix fraction per residue based on hydrogen bond definition for all
MD ensembles. Top: building blocks. Bottom: combinations of building blocks.
The full-length protein is shown with thin, navy blue lines as reference. Color

coding as in Figure |3.1
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Residue | Residue
P1 S4
15 N36
S6 A9
pP7 L10
A9 D12
A9 S35
A9 N36
L10 L13
L10 N36
Q11 L14
D12 R15
L13 T16
L13 132
L14 L17
T16 Q28
T16 V29
T16 132
L17 V29
P20 Q25
522 Q25
Q24 Q27
Q24 Q28
Q25 V29
Q28 N31
V29 132
L30 L33
N31 K34
132 S35
L33 L39
L33 M40
N36 L39
P37 M40
Q38 Ad1
L39 A42
M40 F43
A4l 144
A42 K45
F43 Q46
R47 K50
R47 V52

Table A.1: List of native Cp contacts in the NMR free form NCBD structure

within 0.6 nm distance.
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Figure A.3: Distance evolution of Cs contacts of NCBD trajectory 2.
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Figure A.4: Distance evolution of C'z contacts of NCBD trajectory 3.
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Figure A.5: Autocorrelation function of Cp contacts distances across three free

form NCBD trajectories.
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Figure A.6: Time evolution of Center-of-Mass distances between helix pairs in

free form NCBD across three trajectories.
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Figure A.7: Implied timescales of the NCBD Markov state model. The top 10
implied timescales of the MSMs calculated at a range of lag times are shown:
The gray area signifies the region where timescales become equal to or smaller
than the lag time and can no longer be resolved. The lag time of 7 ns is chosen

for our models, as the timescales have approximately leveled off at that point.

A.1 Nucleobindin-1 Structural Modeling and Design

Designing ‘on’ activated and ‘off’ calcium unbound state

On State The Ca®" bound state of the nucleobindin-1 spanning from 149 to
408 residues was modeled based on the NMR determined Ca?* binding domain
(calnuc) folded structure (PDB ID:1SNL). The annotated leucine zipper domain
has a = 90% probability to form a coiled coil dimer evaluated from the Multicoil2
statistical tool. Based on the known structural and functional attributes, the
DNA binding domain (DBD) is assumed to form an elongated helix resulting
from the calcium bound folded state of calnuc which also triggers the formation

of a parallel leucine zipper, forming an extended homodimer.

Structural modeling The DBD ranging from residue 180 to 236 was first

modeled using CC Fold tool as a parallel coiled coil (homodimer) and using this
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Figure A.8: Functional annotation of Nucleobindin-1
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Figure A.9: Helical propensity calculated with AGADIR of different functional

domains of Nucleobindin-1

template, comparative modeling was performed using Robetta web server. The
output model was further used for modeling the ‘on’ state. Calcium binding
domain (Calnuc) structure determined from NMR was retrieved from the pro-
tein data bank (PDB ID:1SNL). Calnuc spans from residue to 228 to 326. We
removed the residue 228 to 245 (disordered N-term loop) and the 81 residue-
structured calnuc (K246-F326) was used for subsequent modeling. The Leucine
zipper (LZ) segment ranging from 339 to 408 was first modeled using CC Fold
tool as a parallel coiled coil (homodimer) and then using the homodimer as a
template, we performed comparative modeling using Robetta. The loop (G327-
M338) connecting calnuc and LZ was built using USCF Chimera and refined with
Modeller. Using the most probable loop conformation, we first created a peptide
bond between the loop (M338) and one of the LZ monomer (H339) from the Ro-
betta model and then joined the model with calnuc domain with a second peptide
bond between calnuc (F326) and N-terminal (G327) of the connecting loop. The
calnuc-LZ model (228-408) was then energy minimized and a copy was also saved
as the second monomer, removing the free (non-bonded) LZ monomer. Next,
the two calnuc-LZ monomers were dimerized based on the structural alignment
(0.2 Angstrom RMSD cutoff) with reference to the original LZ homodimer model

(not bonded to calnuc). Following the homodimer modeling, the two monomers
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were slightly moved carefully with mouse movements (Y Z direction) to rectify for
any apparent steric hindrances. Once the dimer model was visually optimized,
the disordered segments (237-245) connecting the calnuc and DBD were built
and each connected with one calnuc monomer (K246). Next, the connected seg-
ments were refined, the DBD coiled coil homodimer was connected to each of the
segment-calnuc-LZ monomers. Finally, the N-terminal disordered segments (149-
179) was built and connected to each of DBD-calnuc-LZ monomer model. The
segments were refined and the whole dimer complex was then used as a template
for comparative modeling with Robetta. The final ‘on’ (calcium bound) model is
shown below in cartoon representation. The DNA binding domain helices have a
1.4 nm inter-helical distance as they start to open from C to N-terminal direction,

sufficient to accommodate interactions with the DNA.
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Figure A.10: Open state. Calcium bound state

Off State Modeling of Ca?* unbound structure ranging from residue 149 to
408 was carried out based on the hypothesis that without Ca?* calnuc domain
remains conformationally flexible which allows for the overall structure to reori-
ent, resulting in intra-protein coiled coil formation between the L.Z domain and

the DBD.
Structural modeling
LZ- H339 to G408, DBD- F149 to K218

First a parallel hetero coiled coil LZ — DBD was modeled using CC Fold

web tool, followed by using the output model as the template for comparative
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Figure A.11: Close state. Calcium unbound state

modeling. The Robetta model was used to construct the off state. The whole
unstructured calnuc with extended disordered loops ranging from V219 to M338
residue was built using chimera as a 120 residue long random coil and then
refined with Modeller. The conformation with minimal end to end (N- and C-
term) distance was chosen and N-term (V219) was joined with a peptide bond
to C-term of DBD (K218) and C-term of the unstructured calnuc (M338) was
connected to the LZ (H339). The complete structure was then used as a template

for comparative modeling with Robetta and the final structure is shown in Figure.

Both Ca** bound and unbound conformations have been modeled carefully to
make sure most hydrophobic residues are buried in the core/interface and polar
charged residues (mostly arginines) are in interfacial region of the DNA binding

domain to account for interaction with DNA (Ca** bound state)
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