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Abbreviation list

NMR: Nuclear magnetic resonance

HOESY: Heteronuclear Overhauser enhancement spectroscopy HSQC Heteronuclear single
quantum correlation

TOCSY: Total correlation spectroscopy

NOESY: Nuclear Overhauser enhancement spectroscopy
HSQC: Heteronuclear single quantum correlation

PPI: Polyproline-I

PPII: Polyproline-II

FPRO: fluoroproline

CSA: chemical shift anisotropy

DD: dipole-dipole

ppm: parts per million

DFT: Density functional theory

IDP: Intrinsically disordered protein

MG: molten globule

NCBD: Nuclear coactivator binding domain

CBP: CREB-binding protein

ACTR: Activator for thyroid hormone and retinoid receptors
p53: tumor suppressor protein 53

TAD p53: N-terminal transactivation domain of p53
ThT: Thioflavin t

CD: Circular dichroism

TEM: transmission electron microscopy

FT-IR: Fourrier transform Infrared

SPPS: solid peptide phase synthesis

Fmoc: 9-fluorenylmethyloxycarbonyl

D20: deuterium oxide

°C: Degree Celsius

K: kelvin

s: second

A: Angstrom
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General introduction

My PhD was performed under the supervision of professor Bruno Kieffer head of the
NMR team at the IGBMC and professor Vladimir Torbeev head of the protein chemistry lab at
the ESBS.

When I started this journey, I had very basic knowledge about NMR techniques. Every day and
to this day my fascination about it grows bigger. I can only be proud to be part of the large
NMR community that is open on too many interesting fields of research. My admiration to
NMR is only rivaled by protein chemistry. Unfortunately, I didn’t have the time to acquire deep
knowledge of protein synthesis techniques, in fact, the four years went by so fast that I couldn’t
discover everything that I wanted to.

During my PhD I used fluorine NMR as a tool to study chemically synthesized peptides. The
precious fluorine spin is very attractive because it is 83% as sensitive as the proton, has a very
large chemical shift range (400 ppm) and is absent in biological molecules. In fact, Nature
rarely involves fluorine in its products*. In 1943, fluoroacetate was discovered in a toxic south
African plant Dichapetalum cymosumthat that accumulates fluoroacetate in its leaves. Later, it
was identified in different plants organs in Africa, Australia, Brazil and south America. The
toxicity of the plants is a result of the modification of fluoracetate into (2R, 3R)-fluorocitrate.
Other less common natural fluorine products were discovered and are the 4-Fluoro-L-threonine,
the w fluorooleic acid, the nucleocidin, the fluoroacetone and the 5-Fluorouracils, even though
the last two products are most probably misidentified. !

The analysis of structure and motion of biomolecules are usually assessed through 'H,
5N, or 3C NMR spectroscopy. This is because these spins are the most abundant atoms in
proteins. The main inconvenient of these studies is their need to use labelled proteins. Even
though protein labelling became a routine task, it may still be challenging for engineered
molecules. Additionally, the acquisition of NMR spectra of a labelled protein is very demanding
in terms of product amount and time. Moreover, it is not always easy to detect the information
of interest in a crowded spectrum. On the other side, working with fluorinated systems is
advantageous because it requires the analysis of simple NMR spectra rapidly acquired even at
low concentrations. Even though the insertion of a fluorine atom opens the window on
numerous NMR experiments, a 'D F NMR spectrum is often very informative and no
additional 2D experiments are needed. For this purpose, fluorinated amino acids and moieties

became very popular and are commercially available. Some amino acids were excessively used
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such as fluorinated tryptophan, phenylalanine and tyrosine. In this work, we are interested in

prolines amino acid.

Proline amino acid

Proline is a particular amino acid with a cyclic structure. Its side chain bonds to the
nitrogen backbone atom to create a five membered cycle. Inside this cycle, the possible
combinations of the dihedral angles ¢ and v is limited compared to all the other amino acids
(except for glycine) therefore the pyrrolidine ring is considered to be rigid. *The absence of the
hydrogen atom on its nitrogen results in the formation of a secondary amine that later creates
tertiary amides. This particularity is incompatible with frequent secondary structures alpha
helices and beta sheets where proline residue settles in the N-terminus or in the edge
respectively.*

The pyrrolidine ring is not planar and is said to be puckered. Despite its rigidity, the five
membered cycle is animated by a very rapid movement at the picoseconds time scale resulting
from its interconversion between two preferable conformations ¢, endo and c, exo.® The
energies of ¢, endo and c, exo are very close and only differ by 0.5 kcal/mol.” The
differentiation between the two puckers is based on the direction of the ¢, by respect to the
carbon of the carbonyl. When they point in the same direction, we identify the ¢, endo pucker,
when they point in different directions, we recognize the ¢, exo pucker. Both dihedral angles
¢ and Y have particular values inside each conformer. ¢ angle is typically around -60° and -
75° within ¢, exo and ¢, endo respectively, whereas the 1 angle is about 140° and 170° when
in c, exo and c, endo respectively.®

Inside proteins, the double bond character of the peptide bond leads to the formation of two
isomers cis and trans. It is the third dihedral angle wthat directs this equilibrium. A 180° is a
typical value for trans peptide bond, while 0° is typical for a cis peptide bond’. The cis isomer
is less favored due to the steric repulsion between the C,of the proline and the C, of the
previous amino acid.!®*The energy barrier separating the two conformers is 20 kcal/mol.!?14
and the population of the cis isomer is estimated to be 0.1% or 1.5%.!:!> When proline amino

11617 consequently, the

acid is involved, the activation energy barrier is lowered to 13 kcal/mo
cis population is enhanced.!! The early experimental studies on different model peptides
containing prolines recorded the presence of 10 to 40% cis isomer, either by 3C NMR

15,18-20

spectroscopy or by X-ray cristallography.
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The cis/trans isomerization is a slow event that occurs at 1073 to 1072 s! at room temperature,
and that can be accelerated by peptidyl-prolyl cis/trans isomerases.?!?* The slow cis/trans
isomerization of proline usually imposes the kinetics of the rate limiting steps within protein
folding.?>*¢ Additionally, proline isomerization is a key phenomenon of several biological
processes such the self-assembly of polypeptides into amyloid fibers*’?® the modulation of
protein ligand affinities?® and the control of the autoinhibition of protein signaling.*

The cis/trans isomerization and the endo/exo ring puckering are two correlated events.® The
carbonyl groups in two consecutive peptide bonds witness an n — * interaction between the
lone pair of the oxygen of the first carbonyl and the non-bonding r* orbital of the second. This
interaction is very sensitive towards the angle separating the carbonyl groups and the distance
0; -Ci+1 and is accompanied by a release of a stabilizing energy.*! The proximity of the carbonyl
in the frans conformer allows this week interaction to occur. When proline is involved in a
peptide bond, the orbitals overlap highly depends on the ring pucker, it is the ¢, exo that
strengthen the interaction by favorable carbonyl closeness. On the other hand, when in a cis
conformer, it is the endo pucker that is favored.?>-3

Proline can form different secondary structures from « helices and 8 sheets, named polyproline
helices.** Consecutive proline residues connected by cis peptide bonds form a tightly packed
right-handed helix known as PPI. They are formed by 3.3 residues/turn and have a 5.6 A/turn
helical pitch.>> When interconnected by #rans peptide bonds, polyprolines form an expanded
left-handed helix denoted PPII with 3 residues/turn and a pitch of 9.3 A/turn. PPII helices are
stabilized by the week nonbonding interaction n — m* between the successive carbonyls. Since
no intra-hydrogen bonds are established within polyproline helices, PPI and PPII are usually
described in terms of their dihedral angles. PPl has ¢ = —75°,1¢ = —160° and w = 0°, while
PPII has ¢ = —75° °, = 145° and w = 180° . Interestingly, PPII helices are solvable in
aqueous solutions due to their exposed carbonyl groups capable of forming hydrogen bonds
with the solvent. Within PPI helices, the carbonyl groups are not exposed to the solvent and are
favored in organic solvents. Consequently, only PPII helices were detected in biological
contexts.?>3> PPII was first identified as one of the collagen’s triple-helix structures, but was
recognized later as a naturally occurring structure within polypeptides and proteins that is not
necessarily dominated by prolines. PPII is less abundant than ahelices and fsheets but is
comparable to a 3(10)-helix. Due to its extended nature that is ideal for structural stability, PPII
helices are frequently encountered in interaction interfaces and domain linker regions.*¢ It is

also a very known SH3 domain binder ,therefore it is crucial for signaling pathways and was
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associated to amyloids formation in Parkinson’s disease.’’Although the discovery of PPII
helices goes back to 1950, its crystallographic structure was only recently published in 2014.8
Proline is subject to posttranslational modifications (PTM). One common PTM is the
hydroxylation of proline by prolyl-4 hydroxyalses to form hydroxyproline that stabilizes the
collagen.’**! Proline hydroxylation is mandatory for the folding of the collagen’s polypeptide
chain and is crucial for its triple-helix thermal stability. The lack of prolyl hydroxylase activity
in collagen directly affects its interaction with its receptor integrin.*>* The substitution at the

position 4 of Proline led to a new variety of synthetic prolines with various properties

Research objectives

Fluorination of prolines shifts the conformational equilibria of proline residues. 4-
fluorinated prolines are prolines with a substituted H, by a fluorine spin. 4R fluoroproline
favors the ¢, exo ring pucker and primarily populates the frans conformer. 45 fluoroproline
mainly adopts the ¢, endo pucker and enhances the cis conformer population. During my PhD,
we intended to study the effect of conformationally biased fluoroprolines on proteins properties.
To begin with, we intend to demonstrate that fluoroprolines are reliable fluorinated probes to
reveal molecular motion, structural properties and binding events at the atomic level. For this
purpose, 4-fluorinated prolines were incorporated in the context of polyproline rich sequences
where fluorine signal properties namely its chemical shift and linewidth as well as its relaxation
parameters were observed using fluorine NMR. Furthermore, we aim to investigate the
functional relationship between proline's properties and protein function. In this regard, two
proline residues were substituted by both 4R and 4S Fluoroprolines in the molten globule

NCBD of CBP to create new variants of NCBD.

Thesis organization

Peptide dynamics were evaluated through NMR relaxation. The effect of the motion on
the relaxation parameters is widely described in the literature. In the first chapter, I illustrated
my understanding of the phenomenon with a focus on longitudinal relaxation. A detailed study
of the transverse relaxation is beyond the scope of this thesis due to the participation of the
structural and chemical exchange, although preliminary results are given.

The effect of the motion on fluorine relaxation parameters in fluoroprolines is presented

in chapter two. Various simulations are given to illustrate the evolution of these parameters
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with the molecular correlation time, under the effect of '°F CSA. This chapter also illustrates
the evolution of my python programming skills. With no prerequisite skills or experience with
Python, I took it upon myself to learn this programming language. Eventually, I have
accumulated enough knowledge to qualify for a full-time ATER position teaching Python at
Strasbourg university.

A quantitative interpretation of the experimentally measured fluorine relaxation
parameters in free 4-fluorinated prolines and in model peptides in terms of molecular motion is
illustrated in chapter three and shows the potential of fluoroprolines to report overall motion of
biological molecules.

In Chapter four we explore the possibility to get reliable relaxation data to orient
molecular diffusion tensors. Preliminary results using 'H-’F HOESY experiments on model
peptides of proline homopolymers proving the potential of the approach are given.

Chapter five is an experimental study of the dynamics and the interactions of polyproline
model peptides designed to recognize the SH3.3 domain of the vinexine 8. Two fluorinated
prolines were incorporated at two different positions in the peptide to report the behavior of
each polyproline segment. This work was published in magnetic resonance journal of the
Ampere group.

In chapter six we performed a study of the molten globule NCBD of the CBP protein.
two proline residues were substituted by 4R and 4S fluoroprolines to reveal their effect on the
dynamics and the structure of NCBD. This work will be very soon submitted to be published
this summer.

Finally, chapter seven is a preliminary NMR study of NCBD’s interactions with two of
its important binding partners TADp53 and AD-ACTRp160.
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L. General concepts of the relaxation

The process that drives a system of spins from a high energy state to the thermal equilibrium,
after a perturbation is named relaxation and constitutes a rich source of information on the
molecular dynamics. While this has been largely exploited to unveil dynamical properties of
proteins using mostly the relaxation properties of the '’N nucleus, studies of '°F relaxation of
fluorinated compounds remains confidential. This spin is characterized by peculiar relaxation
properties due to large chemical shift anisotropy and specific interactions with neighboring

spins.

1. Introduction

When a group of spins undergoes a short radiofrequency pulse at its resonance frequency, they
absorb the energy and transitions between the energy levels are observed. These transitions
modify the populations of the energy levels that are defined by the Boltzmann distribution at
thermal equilibrium. The absorbed energy is exchanged between the different spins and from
the spins to the surrounding (named "lattice") through different relaxation mechanisms. Thus,
we define the relaxation process as the phenomenon by which the thermal equilibrium is
regained after a perturbation. This process is directly related to molecular motions and to the
spin’s local environments. The capacity of NMR spectroscopy to provide insights on the
structural and dynamical properties of molecules originates from the interpretation of the
relaxation rates of different spin states. The relaxation rates are sensitive to a wide range of time
scales from pico-seconds to seconds. ! Whenever the time scale of a relaxation parameter
matches the kinetics of the molecular movements, we say that the relaxation parameter is
sensitive to this motion and can thus be used to interpret the molecular dynamics. Figure 1.

In this chapter, we introduce the general aspects of the relaxation pathways as described in

literature.
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Figure 1: Motion time scales of biomolecules and their corresponding sensitive NMR

parameters or methods. Inspired from 2.

2. Mechanisms of the relaxation

The application of an external static magnetic field Bo, leads to the formation of two energy
levels named alpha and beta for a spin 2. The energy difference is: AE = %. The sum of the

magnetic moments is-non null and leads to a macroscopic magnetization that is represented by
a vector M parallel to Bo.

After a perturbation, the components that are aligned with Bo (M) or perpendicular to Bo (M)
may evolve at different rates and their evolutions define the longitudinal and the transverse

relaxations, respectively. During the transverse relaxation, the My, components return to zero

(their thermal equilibrium value) by exchanging the magnetization between the neighboring
spins, a process named spin-spin relaxation. The thermal equilibrium value of M, (the
polarization) is reached by a transfer of the energy from the spin to its surrounding lattice,
consequently it is termed spin lattice relaxation.?

An effective relaxation mechanism must involve magnetic interactions with the relaxing spin
that fluctuate with the time*. Within the NMR sample, each spin undergoes many local
magnetic fields originating from different internal and external sources. These latter are
modulated by molecular movements and therefore fluctuate with time. When the frequencies
of the random fluctuations match the Larmor frequency of the spin, they contribute to an
efficient relaxation mechanism.? In high field solution NMR, five main relaxation mechanisms

are considered:
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- Dipolar relaxation:

This is the most important relaxation mechanism for nuclei with spin %-. It originates from the
interaction between the two magnetic moments of two spins. This interaction depends on the
orientation of the vector linking the two spins relative to the direction defined by the external
magnetic field as well as the distance between the spins (the module of the inter-spin vector).
Both parameters are modulated by molecular movements and are consequently fluctuating with

time.

- Chemical shift anisotropy (CSA):

Nuclear spins undergo slightly different magnetic field By upon the orientation of molecules
relative to the direction of Bo due to the anisotropic arrangement of the molecular electronic
orbitales. The molecular movements result in a reorientation the shielding factor that modulates
the local magnetic field. The chemical shift anisotropy is weak for protons but could be more

effective for spins with more electrons such as '*C or 'F.

- Spin rotation mechanism:

This mechanism results from the modulation of the molecular magnetic field produced by
charged particles within the molecule. It is very effective for small molecules where the

molecular rotation is fast.

- Quadrupolar relaxation mechanism:

This relaxation mechanism arises in presence of spins with spin quantum number higher than
Y (such as '*N) located in the vicinity of the observed nucleus. It is the result of the interaction

between the local electric field gradient and the quadrupolar moment of the nucleus.

- Scalar relaxation mechanism:

A scalar coupling constant between two spins is independent of the molecular orientation,
however, this interaction may be modulated by two distinct mechanisms:
- One of the spins is involved in a chemical exchange that can occasionally interrupt the

coupling between the two spins, leading to a rapid fluctuation of the coupling constant.
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- One of the spins relaxes very rapidly (with life-time shorter than 1/J) introducing a

random fluctuation of the interaction experienced by the first spin.

For a molecule in solution, the relaxation can result from several of these mechanisms with
either common or distinct motion time scales. Usually, their effects add up for increased
relaxation rates. In some cases, two interactions modulated by the same motion may cancel or
reduce the amplitude of the fluctuating magnetic field, reducing the efficiency of the relaxation.
This partial cancelation of the relaxation is known as the cross-correlated relaxation

phenomenon.

3. Phenomenological Bloch equations

In 1946, Felix Bloch proposed a differential equation describing the time evolution of the
magnetization vector M upon its interaction with external magnetic field B. The equation
describes both the precession of the magnetization around the magnetic field and its relaxation

after a perturbation by the application of the oscillating By field. **°

aM
=% = YM AB —R(M — M) (Eq. 1)

Where the magnetic field is described by the vector B = Bg + By that is composed of the static

0
magnetic field Bo= ( 0 ) and the time dependent electromagnetic component
B

B, ()
Bi= ( 0 ) The direction of By defines the orientation of the z axis in the laboratory frame

0

and the coordinates of the magnetization:

M = My, My, M, (Eq. 2)

R is the relaxation matrix expressed as:

R2 0 O
0 R2 O (Eq. 3)
0 0 R1
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1 1 o g .
Where R1 = = and R2 = 75 are the transverse and the longitudinal relaxation rate constants,

respectively.

At thermal equilibrium, the transverse components of the magnetization M are M, = M,, = 0,
and the longitudinal component M, represents the polarization whose value is given by the

Curie law:

_ Nu2Bg
3kT

MO (Eq. 4)

where p is the magnetic moment, N is the number of spins, By is the static magnetic field, K is

the Boltzmann constant and T is the temperature.

When the ensemble of the spins is perturbated by the application of an electromagnetic pulse
whose magnetic component is described by Bi(t), the magnetization starts to precess around

the effective field Bo+Bi(t). If the frequency of B1 matches the resonance condition, that is:

B;.cos(wyt)
B,(t) = ( 0 ) (Eq. 5)
0

Where w, = yB, is the Larmor pulsation, the solution of the Bloch equation describes a
precession of M around the x axis. The By radiofrequency pulse is usually applied during a time
such as the magnetization undergoes a total rotation of 90° and gets aligned to the y axis. As
soon as M has non-zero transverse components, the Bloch equation describes a precession

around the By axis (z) and, after the B; pulse, the Bloch equation may be written as:

dM,
dt = y(MyBO) - RZ(Mx) (Eq. 6.1)
dM

—2 = —y(MB,) — Ry(M,) (Eq. 6.2)

dZZ = —Ri(M, — M) (Eq.6.3)
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The solutions of the differential equations (6), given the initial state of a magnetization

aligned with the y axis are:

M, (t) = M°sin (wt)e Ret (Eq. 7.1)
M, (t) = —M° cos (wt)eRet (Eq.7.2)
M,(t) = M°(1 — e Rat) (Eq.7.3)

While the first two equations describe the free precession of the transverse magnetization
around the z axis with a pulsation w (defined as the Larmor frequency yBo modulated by
chemical shifts), the longitudinal component M, returns to its equilibrium value with a first
order kinetic.

The measure of R; and Rz provides information about the dynamics of the spin system thanks
to the semi-classical theory of relaxation proposed by Bloombergen and Redfield®. In the
following section, we will introduce the underlying concepts allowing to relate relaxation

parameters to molecular motion frequencies.

4. Longitudinal relaxation rate explained by transitions between the energy
levels of a single spin

Describing how random motions affect the relaxation rates involves the calculation of transition

probabilities between Zeeman states as shown below for a ' single spin.

4.1- The case of a single spin 2

The component of the net magnetization along the magnetic field M, is proportional to the
population difference between the eigenstates a and f. During relaxation, the recovery of M,
requires random transitions between these energy levels to occur Figure 2. The rate at which
equilibrium populations are established after a perturbation depends on the number of
transitions per time unit experienced by the system that is both proportional to the transition
rate denoted W and the deviation of the populations from the Boltzmann distribution. Thus, the
transition rate from a to f is W,_z(n, — ng?). Similarly, the transition rate from f to « is

Wi qa(ng — n5*). Where né%and n* are the populations of the energy state a and 8 at thermal
B B B B pop gy

equilibrium, respectively.’-1011
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a
Figure 2: Transitions between the energy levels a and f responsible of the longitudinal

relaxation at rate constants W,_, g and Wjs_,, in a single spin system.

The population changes are described by first order kinetic equations as follows
d
e = ~Waop (ng — ng*) + Wpoo(ng — ng*) (Eq. 8)
d
PPl Waaﬁ(na —ngt) — WB—)d(nﬁ - n[e?a) (Eq. 9)

Finally, we can deduce the evolution of the magnetization along z from equations (8) and (9)

and assuming that W,,_, g = Wpa

d d d
— Mz =—(ng) —— () (Eq. 10)
%MZ = Wa—>ﬁ (na - nga) + Wﬂ_,a(nl; - Tl;a) - Wa—>B (Tla - Tlga) + Wﬁ_,a(nl; - Tlg:a)
d
EMZ = —2Wqop [(ng —ng*) — (nﬁ - Ea)]
d
Mz = —2W,pl(ng —ng) — (ng® — ng?)] (Eq. 11)
By analogy to the equation (6.3) we identify the longitudinal relaxation rate as:
(Eq. 12)

Rl = _Zwa_,ﬁ
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4.2- Longitudinal relaxation in a two spins case: the Solomon equations

While the relaxation rate due to the chemical shift anisotropy can be established from a single
random transition rate defined above, the longitudinal relaxation due to dipole-dipole
interaction requires at least two spins (denoted here after I and S) to be described. Two
heteronuclear weakly coupled 72 spins have 4 energy levels aa, 3, aff and fa and 12 possible
transitions classified into eight single quantum transitions W, involving a single spin transition
between its eigenstates, two double quantum transitions W, and two zero quantum transitions

W, (Figure 3). 1!

1&
Wy W
W, B
pa 4/7'
0
wi® wi®
‘k
aa

Figure 3: Transition probabilities in a weakly coupled AX spin system between the eigenstates.
W is the transition rate constant, the under script is the order of the transition (zero, single or
double quantum transitions noted 0,1 and 2 respectively). The upper script I and S indicate the

active spin.

As shown above, the population changes between the four energy states will be described by

first order kinetic differential equations as in (8) and (9).

Thus, for the energy level aa the rate of the population change is:

a
—Naa = _W{a(naa —ngg) — Wiga(naa —nga) — Wo(nge —ngg) + W{a(nﬁa - nﬁﬁ) +

dat
Wf“(na[g - nz%) + Wz(nﬁﬁ - nf;%) (Eq. 13)
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The positive and negative terms represent the transitions by which the population of the energy
level increases or decreases, respectively. Similar expressions can be derived for the three other
energy levels.
The net z magnetizations of the two spins [ and S can be written as:
Mi = p((aga = npa) + (Nap — npp)) (Eq. 14)
Mg = p((ga — Nap) + (Nga — Npp)) (Eq. 15)
Where for a spin 'z p, is the angular momentum along z, u, = %yh. y being the gyromagnetic

ratio of the spin.

By definition, the longitudinal relaxation rate is the rate of change of the z magnetization thus,
it is described by the evolution in time of M{ and MZ. To simplify the expressions, the angular
momentum g, will no longer be included in the expressions of the net z magnetizations.

Consequently, one should keep in mind that all the expressions we give need to be multiplied

by ps.

a d d
ZMP =~ (Naa —Nga) + - (Nap — 1pp) (Eq. 16)

%MIZ = —(wp + 2w; + Wz)( M{ — MIZeq) — (W —wo)(M§ — Mszeq) (Eq. 17)

Where MZ°? and MZ°? are the magnetization along the z axis at equilibrium of the spins I and

S respectively.

By analogy to Bloch’s equation (6.3) we identify the longitudinal relaxation rate R; also noted

auto-relaxation rate p:
Ri=p=wy+2w; +w, (Eq. 18)
As well as an additional term, the cross-relaxation rate constant o:
o=w, —Ww, (Eq. 19)

The Solomon equation shown in equation (17) states that the longitudinal relaxation of a given
spin, in dipolar interaction with neighboring spins depends on two relaxation rates (the auto-
and cross relaxation rates) that differ by their transition rates and therefore by their

dependencies from random molecular motions. One important conclusion of the Solomon
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equations is that the resulting longitudinal relaxation rate R1 depends on the magnetization of
neighboring spins: a phenomenon that leads to the Nuclear Overhauser Enhancement (NOE).
Another conclusion of these equations is that the effective longitudinal relaxation rate depends
on the initial magnetization states of the interacting spins. After an inversion of both the
populations of spins [ and S, and assuming that the equilibrium values of I and S magnetizations

are equal to MZ°? and MZ°7, with M?°? = MZ°? | at t=0 equation (17) could be rewritten as:

M7 = —p(—2MF*?) — o (=2 MF°?) at 1=0 (Eq. 20)

To which corresponds the solution:
M7 = M7°1(1 — 2exp=(P+o)t) (Eq. 21)

Equation (21) describes a return to the equilibrium population governed by a single exponential

with an effective longitudinal relaxation rate: Ry = p + o
This can be generalized for N interacting spins as: R; = p + XY gy

A different behavior is obtained if the interacting spin S is left at equilibrium, after a selective
perturbation of the observed I spin. In this case, MZ = —M?°? and MZ = MZ°®? at the origin of
the evolution of populations and the return to equilibrium is governed by two exponential

functions with two effective rates (p + ¢) and (p — o) :

MIZ — _MIZEQ(l _ (exp—(p+0)f — exp_(p_a)t)) (Eq 22)

MZ = MZ°U(1 — (exp=(P*9t 4 exp=(P—0)tY) (Eq. 23)

The ability to set the magnetization of spins that are neighboring the observed spin allows
modulating its effective longitudinal relaxation rate, a principle that has been exploited to
speedup NMR acquisition time by shortening longitudinal recovery delays in SOFAST
experiments of Band-selective Excitation Short Transient BEST variants of 3D triple resonance

spectroscopies.!?
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4.3- Expression of transition rates as a function of random molecular
motions

4.3-1- Correlation and Spectral density functions

The random nature of the magnetic fluctuation leading to relaxation requires the use of a
statistical approach to describe its time dependence. This is accomplished using the ensemble
average of the correlation function G(7) of the random fluctuating magnetic field b(t). The
auto-correlation function provides a statistical measure of the variations of the random magnetic

field b between two times separated by a delay 71314

G(T) = b(ObE +T) (Eq. 24)

b(t) expresses the average of the randomly fluctuating magnetic field. The magnitude of the

fluctuating field is expressed through its non-null mean square b2 along the axis x,y and z.

b% = b2(t) = b3(t) = bZ(1) (Eq. 25)

If we assume an isotropic rotational diffusive motion of the molecule, the correlation function
is a single exponential function that decays as a function of time with a rate defined by the

rotational diffusion constant D,.:!°

T

G(T) = b2exp T (Eq. 26)

with T, = —
6Dy

7. 1s the correlation time that corresponds to the time needed for the molecule to rotate by \E
rad in average.'® Brownian diffusion of a vector in a sphere may be simulated by simple Monte-
Carlo calculations allowing to visualize the exponential decay of the correlation function Figure

4. A short correlation time corresponds to a rapid exploration of all orientations in a sphere

while a long correlation time corresponds to a slower motion.
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George Gabriel Stokes derived an expression of the rotational correlation time for a sphere

with a radius Ry tumbling within a medium of viscosity 1 and a temperature T:'6

\%
V is the volume of the sphere with a hydrodynamic radius Ry that depends on the molecular
size as well as on its hydration shell. More complex molecular motions lead to multiple
exponentials decay of the correlation function described by additional correlation times. Several
models have been designed to describe molecular motions, the most popular being the
Woessner model that enables the description of anisotropic diffusive motion and the Lipari-

Szabo "model-free" approach that allows a description of fast internal motions.!”-!#

Tauc=1ns
Tauc=4ns

0 1 2 3 4 5 6
Times (ns)

Figure 4: Simulation of the exponential decay of the average of the correlation time of two
vectors under the effect of different correlation times 1ns (dots) and 4 ns (triangles). The
trajectory of each unit vector was determined through a random walk on a unit sphere during 6
ns. The random steps were separated by a delay of 0.02 ns thus the total number of steps was

300. The correlation function is the ensemble average over 100-unit vector. The red and blue

t
curves represent the decay of an exponential function exp % where J, = 1 ns and 4 ns

respectively.
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Since transitions between the spin states will have higher probabilities for random motions
matching characteristic frequencies of the spin system (such as the Larmor frequency),
descriptions of random motions are performed in the frequency domain. Consequently, a
Fourier transform is applied on the autocorrelation function to obtain the spectral density
function J(w). The spectral density function quantifies the efficacy of the random fluctuations

of the magnetic interactions b(t) to the relaxation at a frequency w.
J() = [ G@exp (—i wT)dT (Eq. 27)

Since the autocorrelation function for a time T and -J is equal, we can write:

— I
J(w) =2 fooo G(T)exp (—i wTdT = 2 fooo b2exp 7c exp (—i wT)dT

Which leads to:

Tc
1+w?2Tc?

J(w) = 2b? (Eq. 28)
b2 depends on the magnitude of magnetic interactions that are modulated by random motions
while the Lorentzian function % describes the spectral components of these motions.!°

This latter is denoted as the normalized spectral density j(w) often directly introduced as the
spectral density in the literature. For an isotropic tumbling with one representative correlation

time, the normalized spectral density denoted is given by:

2Tc
1+w2Tc2

j(@) = (Eq. 29)
In the following, we will use the term spectral density to denote the normalized spectral density.
The spectral density is maximum when w = 0 and decays at higher frequencies with a rate that
depends on the correlation time (figure 5). The aera under j(w) corresponds to the first point
of the correlation function and is independent of the correlation time T'c. Thus, the spectral
density function describes how a given amount of energy available for relaxation is distributed

over the frequency space.
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Figure 5: Simulation of the evolution of the spectral density as a function of the frequency at
different correlation times.

4.3-2- Relaxation through dipolar interaction

The rates of transitions will depend on both the effective relaxation mechanisms (that will
define the value of b?) and how the corresponding magnetic fields are modulated by random
molecular motions as described by j(w). This will be introduced below by describing how a

dipolar interaction between two spins is modulated by the relative orientation of the two
corresponding dipoles. The dipolar interaction energy depends on the distance separating the

pair of spins as well as on the direction of the vector connecting them (Figure 6).
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Figure 6: Dipolar interaction between two spins I and S separated by the vector r;5 under the

effect of the magnetic field Bo. 8 is the angle formed between 175 and By.

2
The energy is proportional to the dipole-dipole coupling constant b? = Z—; (hryl_ygs) and
IS

depends on the angle 0 defined in figure 6:

2
Epp ~ ﬂ(hy—“) (3c0s26 — 1) (Eq. 30)

41 \ 1153

Where y; and ys are the gyromagnetic ratios of the spins I and S respectively, ¢, the magnetic
permeability of the vacuum and 7;¢ is the distance between the interacting spins.

The dipolar energy changes its sign depending on the relative orientation of the two spins, with
an unfavorable contribution when both spins are assuming a colinear orientation relative to the
applied magnetic field and a favorable contribution when the inter-spin vector is perpendicular

to the magnetic field. Noteworthy, the dipolar energy is null at the magic angle ® = 54.74°.

When the dipolar interaction is the only contributing mechanism to the longitudinal relaxation

the transition probabilities between the energy levels can be written as follows:

wo = —=b? j(w; — ws) (Eq. 31)
wy = =b2j(w;) (Eq. 32)
wy =150 () + wg) (Eq. 33)
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Where w; and wg are the Larmor frequencies of the observed spins I and S respectively.

The auto-relaxation rate constant p and the cross-relaxation rate constant o are therefore:

p = %bZ [j(w; — ws) + 3j(w;) + 6j(w; + ws)] (Eq. 34)
0 = 35 b°[6](w; + wg) = j(w; — ws)] (Eq. 35)

With j(w) being the normalized spectral density function introduced in equation (29). The
coefficients used in equations (31) to (33) arise from the averaging of the dipolar interaction
over all possible orientations of the r;gvector to compute a mean value of the dipolar interaction.
The behaviors of the relaxation rate constants R, p and the absolute magnitude of ¢ as well as
the transverse relaxation rate constant R» (introduced in paragraph 5) as a function of the
correlation time are displayed on figure7. These constants were calculated for two protons
separated by 1.79 A at 600 MHz. For short correlation times (w,7, < 1), all relaxation
constants are increasing with J'c. When wyt. ® 1 , 0 becomes negative explaining the
singularity in the logarithmic representation. It is the contribution of j(0) that dictates the
evolution of Ry, p and o for w7, > 1. Ry displays a maximum value when the correlation

time matches the inverse of the Larmor frequency.
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Figure 7: Evolution over correlation time of the longitudinal and transverse relaxation rate

constants for a two-proton system at 600 MHz.

4.3-3- Relaxation through chemical shift anisotropy

The electronic cloud around a given NMR active nucleus is responsible of small variations from
the external magnetic field Bo due to the presence of an induced field (Binduced) leading to the
chemical shifts. Depending on the chemical environment, the electronic molecular orbitals are
not spherical and the effective field (Befr) experienced by a given nucleus depends on the
orientation of the molecule relatively to Bo. The chemical shift anisotropy determines how
much the nucleus's effective field strength depends on the molecule's orientation.” !

Beff = By + Binducea (Eq. 36)

4.3-3-1- Chemical shift tensor

The induced magnetic field is proportional to the applied magnetic field:

Binaucea = 0 By (Eq. 37)
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Where o is the shielding tensor. To account for the dependency of the induced magnetic field
to the molecular orientation, o is expressed as a 3x3 matrix whose coefficients form the

chemical shift tensor:

Oxx Oxy Oxz
o= [ny Oyy UyZI (Eq. 38)
Ozx Ozy Ozz
The axes of the effective magnetic field are not necessarily parallel to those of the applied
magnetic field BO, rather depend on the molecular orientation with respect to this latter and on
the position of the nuclei within the molecule. The fluctuations of g;; coefficients due to the
random molecular motions contribute to random fluctuations of Binduced and subsequently to
relaxation. We define the principal components as oyy, oyy and g, values for a molecular
orientation in which the tensor o is diagonal. The defined axes are always orthogonal to each

other. The average of the three principal values of the chemical shift tensor represents the

isotropic chemical shift:

_ Ozz+0xxt0yy

Oiso = 2T (Eq. 39)

The chemical shift tensor is considered as isotropic when the three principal components are
equal, whereas it is said to be anisotropic when two of them or all of them are different. In
literature, different notations are used to describe the chemical shift tensor leading to some
confusion. In what follows, we present the two frequently used conventions and how to switch

between them.’”-2°

4.3-3-2- Haeberlen notation

To describe the tensor, this notation defines new combinations of the principal components

relating them to the isotropic average such as?!:
|GZZ - aisol = |0XX - Uisol = Oyy — Gisol

To describe the shielding tensor, three main parameters are defined:
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- The isotropic average defined in equation (39)

- The shielding anisotropy that can take two different definitions:

Ao = 077 = P20 (44) or ¢ = 077~ 0iso (Eq. 40)

Thus Ao =3¢ (Eq. 41)

¢ is sometimes called the reduced anisotropy
- The shielding asymmetry 1 also referred to as bioaxiality term such as:

. 3 oyy — Oxx _ Oyy — Oxx

T=27""a 7 ¢

(Eq. 42)
0<sn<=<1

4.3-3-3- Maryland notation

The principal components are written using numerical subscripts and are given in the order of
increasing shielding values:

011 < 0y < 033

The anisotropy is replaced by the span (1 that is positive and used to describe the full extent of
the spectrum:

=033 — 013 (Eq. 43)
The asymmetry is replaced by the skew k. The orientation of 0,, with respect to the isotropic

chemical shift tensor determines the sign of k.

k = w (Eq. 44)

The skew can be:
- Negative: (05, > 0,;) thus the shielding tensor is axially symmetric and is
represented by an oblate ellipsoid
- Positive: (0i5, < 03) thus the shielding tensor is axially symmetric and is represented
by a prolate ellipsoid

- Zero: when g,, falls between 07, and g33 . It corresponds ton = 1
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4.3-3-4-  Switching between Haeberlen and Maryland notation

The ability to switch between these notations is crucial to compare CSA values. For this sake
we have to consider these two situations:

When Ac > 0 then:

011 = (0i50 + A0) (Eq. 45)
022 = Ojso — AG(;_n) (Eq. 46)
O35 = 05 — 0 (Eq. 47)
When Ao < 0 then:
033 = (0450 + A0) (Eq. 48)
022 = Ojso — AG(;_n) (Eq. 49)
011 = Oy — 2D (Eq. 50)

2

4.3-3-5- Contribution of the CSA to the longitudinal relaxation rate

The CSA contribute to the relaxation when the shielding tensor is anisotropic (oyy # Oyy #
0z7) or axially symmetric (oxx = gyy). >

The contribution of CSA to the longitudinal relaxation rate constants is expressed as follows:

Ricsa = () ¥?B3A0? (1+1) j(w0) (Eq. 51)

From equations 36 and 37 we notice that the contribution of the CSA to the relaxation is
especially effective for spins with large chemical shift range such as: '*C, 'F and "N and

increases with the square of the magnetic field.?

5. Transverse relaxation rate

Similar to the longitudinal relaxation rate, the transverse relaxation rate R is modulated through
the random molecular motions and can be expressed in terms of transition probabilities. In
contrast with the longitudinal relaxation rates, the transverse relaxation includes additional
contributions from chemical exchange. Below, we give the expression of the transverse
relaxation rate considering the dipolar and chemical shift anisotropy relaxation mechanisms as

well as when it is hampered by an exchange contribution.

38



5.1.  Relaxation through dipolar interaction

Using similar approach as in paragraph 4 to express the transverse relaxation for two spins in

dipolar interaction:
Ry = b2 [3j(w; + ws) +2j(w) + 3j(ws) +3j(w; — ws) + 2j(0)] (Eq. 52)

Equation 52 states that the transverse relaxation involves an additional component j(0) known
as adiabatic term. This latter is independent of the transitions between the energy levels and is

a result to the relaxing local field at each spin.

5.2.  Relaxation through chemical shift anisotropy

The transverse relaxation rate constant originating from the CSA is expressed as follows: 1322

Rycsa = (=) v?B30o? (1+ 1) j(0) +1j(wo)]  (Eq. 53)

5.3.  Chemical exchange

Chemical reactions and conformational changes occur on a large time scale ranging from us to
ms and lead to chemical shifts variations. These fluctuations with time scales greater than the
rotational correlation time may contribute to the line widths and are represented by an additional
contribution to the transverse relaxation rate constant Ra: Rex. This term can be significantly
greater than Rz and depends essentially on the chemical shift differences between the different
states explored by the spin and the transition rate between these states kex. The impact of these
parameters on the line width is usually introduced using a single resonance that interconverts
between two states A and B. The resulting NMR spectrum depends on the rate constant kex of
the interconversion between the two states (k., = kg + kg,). Each state is characterized by

the probability of its population p and its frequency w.
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I(AB

A — B
(pA’wA) A (pB’wB)
kBA

We can distinguish three exchange regimes depending on the magnitude of the exchange
constant rate k., by respect to Aw = w, — wg:**

- A fast exchange regime when k,, > Aw . The corresponding spectrum is composed of
a unique resonance observed at an average frequency p,w, + ppwp.

- A slow exchange regime occurs when k,, < Aw, two resonances are observed at wy
and wg. The intensity of the resonance is proportional to its population probability,
consequently, the detection of a very low populated state is sometimes challenging.

- An intermediate regime when k,,~Aw characterized by very broad single resonance

(coalescence).

The interchanging states A and B might be equally populated, the exchange regimes and their
corresponding NMR signals are displayed on figure 8. However, this is not always the case in
biological molecules where excited states of the molecules are populated by few percent. In this
case, the signal of the minor population gets too large and only the highly populated state’s
signal is observed. However, this signal is still broadened by the exchange with the excited state
and the determination of Rex can be used to derive useful information about the population, the
chemical shifts and the transition rate of the excited state. In the situation of a slow exchange
between skewed populations, the observation of a single broad peak may be misleading and

recording NMR spectra at different fields may be used to resolve the ambiguity.
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keox~1.0 1065

Jex~2.7 10%s1

_

Fast exchange regime Kex~7.7 10*s

koy~2.110%s1

Koy~5.9 10351

Coalescence kox~1.610% s

Kex~4.6102s"

Kop~1.2 10%s
Slow exchange regime Jk’ LA ko~36 100 s
kor~10 10° s

Frequency

Figure 8: Simulated NMR spectra of chemical exchange between two equally populated states

A and B as a function of the rate constant k,,. Aw = 1000 Hz.

5.3-1 Bloch-McConnell equation

The consequence of slow interconverting states on the NMR line shapes has to be addressed by
resolving the coupled Bloch equations (known as Bloch-McConnell equations). Considering
two interconverting states A and B with two kinetic rate constants k5 and kg4, the evolution

of transverse magnetization can be described by:*-2>-2

%z(iw+R+K)M (Eq. 54)

Where:
- w is the evolution matrix composed of the chemical shifts of the two states A and B
_Jwg O
®= [ 0 003]

- R is the relaxation matrix describing the relaxation of the transverse component

originating from both states A and B
_[R2 O
R=[¢ &)

- K is the rate matrix
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Kk = <_kAB kga )
kag  —kpa

MA
- Mis the vector l ng l where M. ,‘C“y and M fy are the transverse magnetization component
xy

for the A and B states, respectively. The transverse magnetization of one spin can be

written as My, = M, + iM,,

While an algebric solution of equation 54 has been derived for two states, its expression is
cumbersome and it is generally rather solved numerically. Simplified expressions of the
solutions have been proposed. For instance, in the presence of a fast-exchanging regime, the

contribution to the transverse relaxation rate is:?’

ex _ Aw’PaPpTex
2 1+(weffTex)?

(Eq. 55)

weysy being the frequency of the applied RF in the transverse plan.

When a molecule is binding in a non-covalent manner to a receptor, it undergoes a continuous
shuttling between the free and bound states that can result into an alteration of line shapes

depending on the exchange kinetic parameters. If we consider the following binding exchange:

kon

_)
E+L__EL

kors

The equilibrium involves an association rate [E][L]kon and a dissociation rate [EL]kosr. At
equilibrium, these two flows are identical and the equilibrium concentrations are given by the

equilibrium constant:

If we observe a line of the receptor, E that is characterized by two distinct frequencies wg and
wg, the exchange regime will be defined by the association and dissociation rates kon and Kosr

and the exchange matrix of the Bloch-McConnell equation will be written as:
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_ _kon[L] koff
K‘(kon[L] —koff>

Solving the time evolution of the transverse magnetization M= l l allows to investigate the

effect of the binding kinetics on the line shapes as shown by the example below (Figure 9):

[L]: OuM
[L]: 25uM
[L]: 50uM
[L]: 75puM
[L]: 100pM
[L]: 200puM
. . [L]: 400pM
© © [L]: 80O0OuM

A
I\
/X
\\» - 2 —

1 1 1 1 1 1 1 1 1 1
-175.0 -175.2 -175.4 -175.6 -175.8 -175.0 -175.2 -175.4 -175.6 -175.8
ppm ppm

[ 1]

Figure 9: Simulated NMR spectra of chemical exchange during a titration experiment with Kon
= 10% Mol'l.s! (left) and kon = 2.107 Mol!.s! (right). The titrated molecule contains a fluorine
atom that resonates at -175.5 ppm in the free state and -175 ppm in the bound state. The
dissociation equilibrium constant is set to 150 pM and the different concentrations of ligand

(L) are indicated in the legend. The concentration of the observed molecule (E) is 50 uM.

5.3-2 Dependance of the exchange rate constant on the strength of the
magnetic field

Millet et al suggested that in a fast exchange regime, Rex varies with the quadratic magnetic
field, whereas it is insensitive upon the variation of the magnetic field when the exchange
regime is slow. To assess the time scale of the exchange regime one need to follow the variation
of the line broadening under two different magnetic fields. A parameter a relating the strength

of the magnetic field to Rex is defined as following:

(Bz BJ(’*” Kol (Eq. 56)

RZ2,+R},
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Where BZ and B} are the static magnetic fields to which corresponds the exchange rate
constants R2, and R, respectively.

The exchange regime is fast when a > 1 and is slow when a < 1.

6. Spectral densities and diffusion models

Molecular rotational diffusion is characterized by a rotational diffusion tensor that describes
the rotations about the three orthogonal axes characterized by three principal values (Dx, Dy
and Dz). The rotational diffusion tensor is represented by a diagonal 3x3 matrix when the

principal axes of the diffusion tensor are colinear to those of the reference frame.

Dy 0 O

Dr=|0 Dy O (Eq. 57)
0 0 D,

Where,

1
1
1

D, = = (Eq. 60)

Three particular cases may be defined, 1) an isotropic molecular diffusion when Dy=Dy=D,,
i1) an Axially symmetric diffusion when Dy=Dy and a fully anisotropic diffusion when Dy #
Dy # D,.

Here after, we give the spectral density expression for the three diffusion models.!”-28-3!

6.1- Rigid molecule with isotropic diffusion

The simplest model consists in a rigid sphere whose isotropic tumbling is characterized by a
single correlation time leading to a mono-exponential decay of the autocorrelation function. In
this case, the different relaxation rates involve a single spectral density function and was above

defined in equation (29).
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6.2- Prolate Ellipsoid molecule:

When the molecular shape differs from a sphere, different correlation times are defined
according the orientation of the geometric parameters of the relevant magnetic interaction
within the molecular frame. For a prolate ellipsoid defined by an axially symmetric shape with
a single long axis and two identical small axis two correlation times are defined to describe the
diffusion around the long (7;) and the short axis (7).

According to Woessner, the spectral density function is expressed as following:

Jj) = aj(w,71) + azj(w,T3) + azj(w, T3) (Eq. 61)
Where,
a, = 0.25(3cos?p — 1)? (Eq. 62)
a, = 3cos?p sin?p (Eq. 63)
a; = 0.75 sin*p (Eq. 64)

B describes the angle formed between the principal axis of the diffusion tensor and the vector
that is relevant for relaxation (such as the inter-nuclei vector for the dipolar relaxation). The a;
coefficients are weighting factors with: ¥>_; a; = 1

and 77, J;and T3 are composite correlation times given by:

T, =7, (Eq. 65)
_ 671.7s

T2 = Ty +5Ts (Eq. 66)
_ 37175

3= em (Eq. 67)

6.3- Model free approach

When the internal motions are considered, the same approach as above is applied with a spectral
density function resulting from a weighted sum of terms describing different contribution of
motions at different frequencies. Of most importance is that motions described by the different

density functions have to be uncorrelated. Realizing that the number of NMR relaxation rates
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is too reduced to provide a complete description of both internal and overall motions, Lipari
and Szabo suggested a model where internal motions are described by a single effective
correlation time, 7, that has to be small in front of the correlation time describing the overall
molecular diffusion. The spectral density function is expressed as a sum of two components
describing the overall rotational motion and internal motions weighted by an order parameter
S2. This parameter provides a measure of the spatial restriction of fast internal motions.!®

When the overall motion can be described by a single correlation time "M, the spectral density

is expressed as follow:

, 527; a-s37T
](a)) - (1+w2:TMM2 + 1+a)2T2) (Eq. 68)

WithT ' =7, +7,7!

This formalism allows a description of local disordered regions by the analysis of the order
parameter in different regions of a protein, provided that the global rotational diffusion of this
protein can be determined from the relaxation parameters measured for rigid parts of the

molecule.
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Chapter 2:
Relaxation of fluorine nucleus
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I1. Relaxation of fluorine nucleus

Fluorinated molecules in biology can be advantageously used to alter hydrophobicity,
lipophilicity, acidity, basicity and conformational stability. They are also useful to recognize
binding sites, to modify the response to metabolic transformations, and to modify chemical
reactivity.!? In 1957, the 5-fluorouracil showed anticancer efficacy. Since then, fluorine
chemistry emerged as an important tool in drug design with fluorinated small molecules
comprising up to 33% of available drugs in 2020.3 Early studies of biological systems using '°F
NMR spectroscopy started around 1960s. Among them, we recall the work of Spotswood et al
in 1967 to characterize the interaction of the digestive enzyme chymotrypsin with its substrates
N-acetyl-DL-p-fluoro-phenylalanine and N-acetyl-DL-m-fluorophenylalanine.*

And the work of Griffiths et al in 1984 using fluorine NMR to characterize the in vivo
metabolism of 5-fluorouracil in implanted tumors and livers in mice.’

In the early 2000, the technique became popular to assess protein and ligand binding for drug
discovery, leading to various reviews covering its applications.!° These applications were
favored by the unique properties of this nucleus: its sensitivity close to that of the proton, sparse
spectra due to the large chemical shift dispersion, its absence in biological molecules and its
extreme sensitivity to the chemical environment. Despite, the relaxation properties of fluorine
were only marginally exploited in these studies. One possible reason, as explained in chapter
1, is the contribution of "F CSA to the transverse relaxation rates causing broad signals
especially at high magnetic fields. Further, the interpretation of the fluorine relaxation
parameters to get insights on molecular motions is hampered by the large contribution of the
CSA to the relaxation mechanisms that contrasts with the weak body of reference data and
studies on this subject.

In the following, we first enumerate few interesting studies where fluorine relaxation was put
to use to characterize biological events. Later we will address some of these properties in the

specific case of fluorinated prolines.

1. Fluorine relaxation properties to study biological molecules

A very popular and simple method to identify and characterize ligand protein binding is the

Saturation Transfer Difference technique (STD). This method has been adapted for the
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observation of fluorinated ligands. The fluorination might be site specific or global depending
on the objectives of the study. Since we observe the ligand, no size restriction is applied on the
studied protein. In a '°F STD experiment, a weak RF field is selectively applied alternatively
on the protein frequencies (usually using methyl resonances) and far from any resonances while
the two resulting fluorine signals are compared. The protein on-resonance irradiation leads to a
saturation of protein resonances that is transferred on the fluorinated ligand by magnetization
exchange (NOE) when the ligand is bound resulting in intensity variations of the fluorine signal.
Numerous applications could be found in the literature over the years. A recent interesting
application of this approach was the characterization of the volatile anesthetic isoflurane
binding to the bacterial voltage-gated sodium channel. Particular serine, leucine and threonine
residues on the channel were predicted to interact with the isoflurane from MD simulations and
were fluorinated using -CF2 and -CF3 moieties. The '°F STD accurately identified those that

actually binds to the anesthetic and their binding affinities.!!

In 2001, Peng et al developed a method for ranking the affinities of ligands to a particular
protein. This method used the transverse cross-correlation rate between fluorine CSA and 'H-
YF dipolar relaxation mechanisms denoted 7yy. This rate depends on the overall molecular
tumbling (J(0)) but not to the chemical exchange contribution. Thus, the quantification of the
Nxy /R ratio provides a measure of the exchange contribution to the transverse relaxation rate
and subsequently a measure of the dissociation rate. The sensitivity of nyy to the molecular

tumbling is exploited to detect binding events.!?

Large transverse relaxation of fluorine may be exploited in T> filter experiments based on the
CPMG pulse sequence with common applications for protein-ligand binding screening studies.
In presence of the protein, both fluorine CSA and chemical exchange contribute to the
transverse relaxation and induce a remarkable intensity loss of the ligand’s witnessing its
binding. This relaxation effect is exploited by the FAXs methods (fluorine chemical shift
anisotropy and exchange for screening) used to follow a binding competition between a weak
fluorinated binder designed as a spy molecule and putative ligands of interest against the target.
The transverse relaxation rate is well adapted for this kind of applications due to its extreme
sensitivity to the molecule's motions. The FAXs experiment was developed by Claudio Dalvit
in 2002 for the analysis of ligand binding to the p21-activated kinase. Simple 1D '°F spectra
containing the fluorinated ligand PHA-739917 and TFA serving as a control molecule were

recorded while increasing amounts of kinase was added. A loss in the signal of ligand PHA-
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739917 was observed indicating the complex formation while TFA signal remained invariant.
The incorporation of a competing molecule capable of displacing the ligand induced a recovery

of the original signal intensity.*!**

Fragment based drug discovery FBDD is a widely used approach to determine new therapeutics
molecules. It is faster than the traditional binding screening methods since it uses small high
binding fragments. In 2011, Jordan et al suggested to implement fluorine NMR to FBDD. The
idea was to use fluorinated fragment library for the screening. The detection of F-!°F NOE
originating from two fragments that bind simultaneously to the target was suggested as a way
to reveal the spatial proximity between the binders and the possibility to combine them. As a
proof of concept, the group applied this methodology together with the original inter-ligand
NOE (INOE) used for 'H NMR, to screen fluorinated fragments against a drug target implicated

in Alzheimer’s disease, BACE-1 and were able to identify an efficient ligand.'>

YF paramagnetic relaxation enhancements is used to specifically shorten the longitudinal
relaxation rate by the mean of a paramagnetic metal with minimal line broadening consequently
enhancing the sensitivity by decreasing the experiment time. Structural information could be
derived from '°F PRE by determining long range distances in large proteins when NOEs are
limited.!¢ A recent example used the dependence of the of longitudinal relaxation of fluorine in
human glutamate transporter, on the distance to its neighboring Ni?* ions to identify different
interconverting states of the transporter and their interconversion rates. The transporter was
labelled with trifluoroethanethiol and its corresponding 1D F spectrum revealed the
coexistence of three distinct conformations that were assigned based on the '?F-Ni?* distances

estimated from R; PRE measurements.!’

Even though the ligands affinities to the target molecule can be estimated from FAXs, it is
sometimes challenging for weakly binding ligands. A new methodology called chemical shift
anisotropy ranking (CSAR) is used to quantify the binding affinity. For this method, the CSA
mechanism should be the major contributor to the transverse relaxation rate, hence both the
dipolar and the chemical exchange are suppressed. For a given molecule, the contribution of
CSA to the transverse relaxation is quantified through R> measurement at two different
magnetic fields while the dipolar and exchange contributions are quantified through a spin lock
at high magnetic fields. In this way, the measured relaxation rate is only dependent on the bound

fraction of the ligand and estimation of this latter leads to the determination of the dissociation
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constant. This method relies however on the challenges accompanying the calculation of the

chemical shielding tensors to quantify the CSA contribution.!'®

Fluorine NMR is gaining attention as a tool to study bindings of biological molecules of
interest. However, in literature, the description of fluorine relaxation is limited to few studies.!?
In my work, we are interested to the use of of 4-fluorinated prolines to report the motion of
biological systems at the atomic level. Despite their great potential, fluoroprolines remained
largely unstudied compared to other fluorinated amino acids. It is then crucial to characterize
the relaxation of fluorine in free 4R and 4S fluoroprolines before interrogating more complex
systems. In the following paragraph, we intend to follow the relaxation of the fluorine in the
free 4R and 4S fluoroprolines through the simulation of its relaxation parameters Ri, oz and

R» introduced in the first chapter.

2. Fluorine in 4-fluorinated prolines

4-fluoroprolines first appeared in 1965. At the early stages they gain their popularities because
they could be incorporated into collagen protein and were then largely used to study collagen

1920 and collagen structural stability.?!-?? Incorporation of a fluorine atom on the

hydroxylation,
Cy results in the formation of a o;_p electron acceptor orbital. When the Fluorine atom and the
carbon of the carbonyl group are on the opposite sides (in 4R fluoroproline), the
hyperconjugation interaction oc_y-0i_p takes place when the ring is in its exo pucker,
alternatively, when the a fluorine atom is on the same side of the carbon of the carbonyl group
(in 4S fluoroproline) the interaction favors the endo pucker (Figurel).?* The ratio Cy endo/ Cy
exo in the 4S fluoroproline is 19:1 while it is 1:6 in 4R fluoroproline.?* Consequently, 4R and
4S fluoroprolines are said to bias the endo/exo equilibrium. As explained in the introduction,
the ring pucker of the proline modulates the cis/trans isomerization. n — " interaction takes
place due to the proximity of the successive carbonyls within 4R exo, which stabilizes the trans

conformer. In 4S endo ring pucker, the longer distance between the successive carbonyls

weakens the n — 7™ interaction and stabilizes the cis conformer(figure 2).252¢

[tm,ns] where
[cis]

[trans] and [cis] are the equilibrium concentrations of the trans and cis conformers

The equilibrium constant of the cis to trans transition kct defined as kct =

respectively is altered when a proton of the five membered prolyl cycle is substituted by a

fluorine atom. Compared to a non-modified proline residue, 4R fluoroprolines favoring exo ring
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pucker has higher kct whereas 4S fluoroprolines favoring endo ring pucker has lower ket
(Tablel). Additionally, the incorporation of an electron withdrawing atom further influences
the cis trans isomerization kinetics within proline amino acid. The double bond character of the
amide bond is reduced and the rotation around the amide bond is enhanced. Compared to a non-
modified proline, the cis to trans rotation velocity Kex is higher within 4R fluoroproline,
followed by that in 4S fluoroproline then the non-modified proline (Tablel). Both
thermodynamics equilibrium and kinetics of cis trans isomerization in fluoroprolines correlate
with conformational stability of proteins such as the collagen triple helix, the ubiquitin and the

B2-microglobulin as deduced from their melting temperatures and folding rates.>’3°

Table 1: Thermodynamic and kinetic data of N- acetylfluoroproline methyl ester derivatives

from literature.

ket Kex (S_l)
Ac-(4R)-FPro-OMe 6.7 £5% 0.074
Ac-(45)-FPro-OMe 2.5 £5%3° 0.052
Ac-Pro-OMe 4.6 £5%° 0.038
a) E (R) fo)
(0] . H
4 OCH—0 CF..- Cr exo pucker,
N P ' "o Strong n—n* interaction,
/g — \ \]% trans isomer more favored
%0 L .\ compared to proline
(4R)-FPro 1
b) F, s F 0
0 ) _%
/ OCH—C CFf \ C' endo pucker,
N N \ . weak n—x" interaction,
/g S - .O trans isomer less favored
%z 0 H 122 compared to proline
(4S)-FPro 2

Figure 1: Illustration of the conformational bias in 4-fluorinated proline originating from
different electronic interactions in the endo and the exo conformers in (4R) FPRO (a) and (45)

FPRO (b). o/ is the electron acceptor orbital and o.y is the electron donor orbital. The
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interaction between these orbitals is favored in the exo pucker. n- m* interaction is stronger in

the 4R exo pucker and stabilizes the trans conformer. Reproduced from 3/

4S FPRO

4R FPRO

Figure 2: 4R and 4§ fluoroprolines arranged into ¢, endo and c,exo puckers. H,,and H,; are
substituted by a fluorine atom in 4R and 4S FPRO respectively. The fluorine atom is shown in
cyan; it points towards the same direction of the carbonyl group in 4S5 FPRO and towards the

opposite direction in 4R FPRO. The numbers represent the ratio ¢, endo/c, exo the long arrows

point towards the stabilized conformer of each fluoroproline. The models are from DFT

calculations performed by Emile Ottoy.>*

3. Relaxation of fluorine in 4-fluorine substituted prolines

The fluoroproline models that we use are issued of DFT calculations.?* For each fluoroprolines

we considered the two-ring pucker endo and exo. In the text we will refer to 4R FPRO ¢, endo
and 45 FPRO c¢yexo as the minor conformers since they are less preferred. Compared to the

models Ac-Pro-NHMe calculated by Kang and Choi, the @ dihedral angle of the fluorinated
prolines are smaller than the average values of @ for local minima (~ 20° difference for 4R
FPRO and ~ 10° difference for 4S FPRO).*

The internuclear distances between the fluorine and its neighboring protons in 4R and 4S5 FPRO

conformers are reported on (Table 2). We notice that the F — H,, distance in almost invariant in

all conformers.Hg and Hg protons are closer to the fluorine atom within the minor conformers
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(except for F — Hs, in 4S ¢ exo), whereas H is further away from the fluorine atom in the

minor conformers.

Table 2: "F-'H internuclear distances within 4R (c, endo and c, exo) and 45 fluoroprolines

(¢y endo and ¢, exo) from Gaussian calculations in Ac-(4R/4S)-FPRO-NMe>.

4R FPRO 4S8 FPRO
Distance (A) Cyexo ¢, endo Cyexo ¢, endo
F—H, 2.02 2.02 2.02 2.01
F — Hg, 3.31 2.96 2.52 2.45
F — Hgs 2.53 2.44 2.88 3.27
F — Hg, 3.3 2.89 2.49 2.54
F — Hgs 2.59 2.5 2.88 3.3
F — H, 2.86 4.39 4.28 3.98

3.1. Fluorine longitudinal relaxation rate

When the dipolar relaxation and the relaxation through the chemical shift anisotropies are the
only relaxation mechanisms considered, the fluorine longitudinal relaxation rate in a two spins

system composed of a fluorine and a proton is written as follows:

RE = 202 (j(wp — wp) + 3j(wp) + 6/(wp + 0i)) + (%) ¥2B380? (1+1) j(wp)  (Eq. 1)

h . ) . . .
Where b? = Z—z%, Try1s the internal distance between the fluorine and the proton, Agis the
FH

fluorine shielding anisotropy, 7 is the asymmetry parameter, yr and yy are the fluorine and

proton gyromagnetic ratios respectively and wy and wy represent their Larmor frequencies.

The evolution of the fluorine longitudinal relaxation rate with the correlation time, in a 4R exo
fluoroproline as given by equation (1) is shown on figure 3a. It is characterized by the presence
of two maxima at 0.28 and 4 ns. The plot of each relaxing mechanism separately shows that the
maximum at 4 ns corresponds to the sole contribution of the dipolar mechanism while the

maximum at 0.28 ns corresponds to both the CSA and the dipolar interaction's mechanisms.
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As stated by equation (1), the relaxation through chemical shift anisotropy is proportional to
the square of the operating magnetic field. To visualize the effect of the CSA contribution to
the longitudinal relaxation rate, we calculated the fluorine R; at 600 MHz and 400 MHz (Figure
3b). The large chemical shift anisotropy of the fluorine nucleus leads to a first maximum of the
relaxation rate at the fluorine frequency that is mostly dominated by the CSA contribution at
600 MHz. At lower field (400 MHz), the dipolar relaxation becomes predominant for
correlation times in the range of tens of nano-seconds due to the contribution of the spectral

density at the frequency (wr — wy).

a 30 3.5 182
—= RLDD == iwF)
« RL_CSA o j(wF-wH)
—— R1_DD+R1_CSA | — iwF+wH)
2.5 3.0 !
N 2.5 1
T
o = 2.0
o .
©15- S
I—l| —_ 1.5 T
= 1.0 2
= 1.0
0.5 7 0.5
0.0 — 0.0 = v----u.'gt-v_-‘-‘-:ﬁ"‘- e T
b 1 10711 10710 10~° 10-8 1077
3.0 3.5 129
—— RLDD == J(wF)
+ R1_CSA *  j(wF-wH)
—— R1_DD+R1_CSA 3.04— J(WF+wH)
F 2.5 1
= T
o ]
S § 2.0
el T 151
@ 2
= 1.0
0.5+
2 ET TS
0.0 bLL | ' LB LL) | T LR L) | T LA LL) | T LERLELELLLL) | 0.0 Ll | 'A'—#:T' LERLELRLLLL) | '-‘-'-""'l LA LL |
10711 10710 107° 10-8 1077 10711 10710 107° 10-8 1077
Tauc (s) Tauc (s)

Figure 3: Left: Simulation of the fluorine longitudinal relaxation rate as expressed in Eq.1 in a
fluoroproline 4R exo at 600 MHz (a) and 400 MHz (b). rru distance is 2.02 A. Right: Calculated
spectral densities at each magnetic field as a function of the correlation time. Ag and 1 were set

to -74.2 ppm and 0.12 respectively.
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As stated by Table 2, the H,, is the closest spin to the fluorine in a fluoroproline and provides a
major contribution to the dipolar relaxation. However, one should not neglect the other
neighboring spins when interpreting the relaxation parameters as shown by figure 4. Thus, the
interpretation of the R; to extract information about the proline's ring dynamics should take into
account both the global tumbling as well as internal ring motions that are susceptible to

modulate proton-fluorine distances.

—= R1_DD(F-Hg)+R1_CSA 4R EXO
3.0 { — Rl4Rexo
2.5 1
@]
3
0}
fadd 20 7
<
£
= 1.5 1
)
~1.0-
0.5
10-11 1010 10-9 1078 10~7
Tauc (s)

Figure 4: Fluorine longitudinal relaxation rate in a fluoroproline 4R exo when the H, is the
only relaxing spin (dashed line) and when the contribution of all neighboring protons is
considered. Calculated from Eq.1 at 600 MHz. Acg and n were set to -74.2 ppm and 0.12

respectively.

In collaboration with Ilya Kuprov, the fluorine longitudinal relaxation rates in 4R and 4S
fluoroprolines were calculated using spinach 2.6 software containing the relaxation theory

derived from Bloch-Redfield-Wangsness theory.*® Fluorine longitudinal relaxation rates were
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calculated for correlation times varying from 10ps to 100 ns at 14.1 T. The chemical shift
tensors of the major and the minor conformations where derived from DFT calculations
performed by Emile Ottoy (Davy Sinnaeve group) and are displayed on table 3. We compared
the calculated fluorine longitudinal relaxation rate using equation (1) (with all relaxing spins
considered) to that derived from Spinach calculation (Figure 5). The perfectly identical curves
within 4R exo and endo conformers reveal that the fluorine relaxation in 4R fluoroproline fully
originates from the synergy of the dipolar and CSA relaxation mechanisms. Within 4S exo, the
simple model successfully predicts the fluorine longitudinal relaxation, on the other side, within

4S8 endo conformer, this latter is ~5% underestimated.

59



—— R1 4R exo Spinach
R1 4R endo Spinach
R1 4R exo
R1 4R endo

0.0

10-' 107  10° 108 1077
Tauc (s)
== R1 4S exo Spinach
3.0{ 2 e
2 5 —— R14S endo
3 2.0
G
— 1.5
o
1.0
0.5 1
0.0 "'I’ T T T T T T o T T T Ty T T T
10711 10-10 1079 108 1077
Tauc (s)

Figure 5: Fluorine longitudinal relaxation rate within 4R and 4S fluoroprolines calculated using
Spinach software (red) and simplified equation Eq.1 (black). The fluorine relaxation in major
and minor conformers is shown with solid and dashed lines respectively. Calculated at 600

MHz. The "°F chemical shift tensor parameters are given in table 3.
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Table 3: 'F CSA tensor parameters for the major and minor conformers of 4R and 4S

fluoroprolines.
4R FPRO 4S FPRO
c, exo ¢, endo c, exo ¢, endo
Ao (ppm) -74.2 -25.6 -33.3 -84.9
n 0.12 0.396 0.483 0.392

NB: In literature several chemical shift tensors of fluorinated amino acids were published
(Appendix 1) except for those of fluoroprolines. To our knowledge, our paper published in
Magnetic resonance in collaboration with Davy Sinnaeve, is the first reference to bring up the

topic. *2

3.2. Fluorine transverse relaxation rate:

The fluorine transverse relaxation rate originating from the dipolar and the CSA relaxation

mechanisms is given by equation (2):

RE = —b? (3j(wp + wy) +j(wp) + 3j(wy) +75j(wp — wy) +2j(0)) +

(35) v?B3802 (1+2) Cj@ +2j(wr) (Fg. 2

The calculated fluorine transverse relaxations rates within 4R exo and 4S endo fluoroprolines
using Spinach software are shown on figure 6. Between 0.01ns and 100ns, the transverse
relaxation displays the expected increase with the correlation time with a very small difference
between the two fluoroprolines. The contribution of the CSA to the fluorine transverse
relaxation in 4R exo is exactly 2.25 more effective at 600 MHz than at 400 MHz, as stated by
equation (2). The dipolar contribution to the transversal relaxation is invariant upon the strength

of the magnetic field, yet a slight variation is observed from 0.12 ns to 1.2 ns where the dipolar

relaxation at 400 MHz is higher than that at 600 MHz (Figure 7).
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Figure 6: Variation of the Fluorine transverse relaxation rates with the correlation time within
4R exo and 4S endo fluoroprolines calculated from Eq.2 at 600 MHz. Chemical shift tensor

parameters are given in table 3.
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Figure 7: Visualization of the contribution of the CSA to the transverse relaxation rate at 600

MHz and 400 MHz within 4R exo fluoroproline.

The interpretation of the transverse relaxation rate in terms of proteins motion is challenging.
This is because the chemical shift anisotropy of the fluorine is not determined experimentally,
consequently its contribution to the transverse relaxation rate cannot be accurately determined.
The interpretation is even more challenging, when R> is hampered by chemical exchange.
Additionally, when fluorine R; is chosen for a dynamical study, one should be very careful due
to its particular behavior with 7.. Therefore, an interesting relaxation parameter where nor the
CSA nor the chemical exchange are problematic is the nuclear Overhauser effect originating
from pure dipolar interactions. In the next paragraph we introduce the steady state and the

transient NOE.

3.2.1. '"H-'9F cross-relaxation rate constant

The cross-relaxation rate is purely dipolar, invariant with the molecular orientation and only
depends on the distance separating the interacting spins (Equation 3). In 4-fluoroproline, it is

positive for small correlation times (up to 0.3 ns) and negative within slowly tumbling
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molecules. Within 4S and 4R fluoroprolines, the OFn, is the most important cross-relaxation
process (~3 times more effective than opy p and opyg ). Within both fluoroprolines, the

magnetization is first transferred to the Hg and the Hs pointing in the same direction as the

fluorine atom and is later transferred to the remaining protons (Figure 8).

1

Org = %b2[6j(wp + a)H) _j(a)F - wH)] (Eq. 3)
4R EXxo0 4S Endo
0.0 1 0.0 === gmc-u ==
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2 _05- —0.51
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— i —1.0 1
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—1.5q — F-HD3 —1.51 —i:gi
—— F-HA —— FHA
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Figure 8: Calculated F-H cross relaxation rates in 4R exo and 45 endo fluoroprolines from Eq.3
at 600 MHz.

3.2.2. Heteronuclear 'H-'°F NOE

The nuclear Overhauser enhancement (NOE) describes the perturbation of the magnetization
of the fluorine spin F when that of the proton H deviates from its thermal equilibrium. This
perturbation depends on the magnitude of this deviation and on the cross-relaxation rate
constant ogy, as stated by equation (3). The NOE is directly observable on NMR spectrum by
a variation of the signal intensities upon perturbation of the magnetization of a neighboring
nucleus. The NOE enhancement of the observed spin of interest, fluorine in our case, denoted

N is then given by equation (4).
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( Mﬁ—M%eq)

zeq
Mg

Nr = (Eq. 4)

Where MZ°? is the magnetization of the fluorine at equilibrium.

The modification of the intensity can be both positive or negative depending on the sign of the
cross-relaxation rate. In the case of a negative cross-relaxation, the magnetization of spin F
drops upon saturation of spin H leading to a negative NOE. This is typically observed for large
molecules in viscous solvents. When the cross-relaxation rate is positive the signal of spin F is
enhanced and the NOE is said to be positive. This situation is witnessed for small molecules in

non-viscous solvents. 33 3442

3.2.2.1. Steady state NOE

A modification of the magnetization of spin F could be observed if the magnetization of spin H
to which it is dipolarly coupled, is saturated for instance by the of a selective radiofrequency
pulse during a time t. NOE build-up curve is established when the saturation time t is varied
until it reaches a maximum value denoted NOE nax.

The expression of the steady-state heteronuclear 'H-'F NOE can be established from the

Solomon equation:

d
EMI% = _PF( Mg — Mfeq) — opy(Mf — Migeq) (Eq. 5)

Given that Mf; = 0 because it is saturated, and %M £=0

We can write:

0= _PF(ME - Mﬁeq) + opy ME?
zeq zeq YH

Where MZ®? is the magnetization of the proton at equilibrium, and MZ°? = M? »
F

With y, and y being the gyromagnetic ratios of the proton and the fluorine respectively.

Thus:

(MI%_MI{‘eq) _ y_HO'F_H (Eq 6)

— =
ME 1 YF PF

NOEpqx =N =
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The dependance of the NOE,, ,,, of the H-F spin pairs inside 4R and 4§ fluoroproline conformers
on the correlation time given in figure 9. 'H,-"°F heteronuclear NOE is the most effective
pathway of the magnetization transfer due to the smaller distance between H, and °F. Except
for 'Hg,-'"F NOE, all the 'Hg-""F and 'Hs-'F NOE are higher within the minor conformers
(4R endo and 4S exo) due to the proximity of the interacting spins. Within the minor
conformers, H, is located further away from the fluorine spin, consequently, its corresponding
NOEs are enhanced within the major conformers. 'H,-!°F NOE is only important within 4R
exo conformer, and is close to zero in the other conformers. The comparison between the 'H, -
F heteronuclear NOE within 4R exo and 4S endo (Figure 10) reveals that the two conformers
are only distinguishable starting from 7. =0.25 ns, at higher correlation times, they display

nearly identical NOE:s.
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Figure 9: Calculated steady-state '"H-'°F heteronuclear NOEs at 600 MHz within major and

minor conformers of 4R and 4S fluoroprolines using (Eq.5).
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Figure 10: Maximum heteronuclear steady-state 'H,-'°F NOE within 45 endo and 4R exo at

600 MHz.

3.2.2.2. Transient NOE

In a transient NOE experiment, the perturbation of the thermal equilibrium of spin H is achieved
by the mean of a short perturbation pulse such as a selective m pulse or the pair of g pulses in a
2D HOESY experiment. During the mixing time 7,,, both H and F spins are exchanging
magnetization through the cross-relaxation rate while relaxing to thermal equilibrium with their
auto-relaxation rates. For instance, after a selective inversion of spin F, we have at time t,,, =
0:

ME(0) = ME*? and MF(0) = —Mf*

And equation 5 leads to

= ME(t) = 2054 ME*? (Eq. 7)

At short mixing times, equation 7 can be approximated to the first order:

Mf(Tm) = 20py Mﬁequ + Mfeq (Eq. 8)
And:
ME@m)-MEY)  26py MEST,
T]F(Tm) = ( Mzeq ) = JFHMngq £ (Eq 9)
F F
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Equation 8 implies that at short mixing time, the NOE enhancement varies linearly
consequently, the cross-relaxation rate oy can be extracted by plotting the NOE as a function
of the mixing time.

However, the evolution at longer mixing time should take into account the deviations of M§
and Mf; from equilibrium and their subsequent first order relaxation and the set of coupled

differential equations should be solved:

d
o ME = —pr( ME — ME™?) — oy (Mf; — M®?)

© M, = —pu( Mg~ ME*") — oy (M7 — M)

The system can be rewritten using a matrix formalism as:

% M= —RAM (Eq. 10)

M is the vector of magnetizations while AM is the vector of deviations from equilibrium values

Pr  OfH
Ory  PH

of a proton and a fluorine. The solution of equation 10 involves the exponential of the relaxation

and R is the relaxation matrix that corresponds to ( ) for a two spins system composed

matrix multiplied by the mixing time:

A(t,,) = e R M, (Eq. 11)

Where A is a (NxN) matrix of magnetizations (in the diagonal) and magnetization exchange
out of the diagonal reflecting diagonal and cross-peak intensities measured in a NOESY or a
HOESY experiment. Equation 11 is usually computed using the standard linear algebra toolbox
provided in Matlab or Scipy toolboxes.

An experimental build-up NOE curve as a function of the mixing time extracted from 2D
HOESY experiment recorded in 4R fluoroproline in a polyproline rich sequence context is

displayed on figure 11.
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Figure 11: 'H-""F heteronuclear NOE within 4R fluoroproline in polyproline model peptide
Recorded at 288 K at 600 MHz in a phosphate buffer 20 mM pH 7.2.

4. Conclusion

In view of the agreement between the calculated relaxation parameters in Spinach software and
using the derived simplified equations we conclude that, adding up the dipolar mechanism and
YF CSA is sufficient to explain the behavior of the relaxation parameters in 4R and 4S
fluoroprolines. There are a number of challenges involved in interpreting longitudinal and
transverse relaxation rates in terms of motion due to the '°F CSA contribution, especially when
magnetic fields are high, and in the presence of exchange mechanisms that broaden the signals.
In contrast, NOE solely depends on the distance separating the interacting spins and is exempt
from the exchange and '°F CSA contributions, therefore, it provides the most unambiguous
interpretation of the motion in terms of correlation time. Nevertheless, this latter is deduced
from j(0), in our case, we can only provide a good estimation of 7. since we dispose of
j(wr — wy) that is close to zero. In this chapter, we gave a close look to the relaxation of 4-
fluorinated prolines through simulations of Ri, Rz, steady state and transient heteronuclear H-
F NOE behavior with the correlation time. In the following chapters, we intend to determine
the 7. of free fluoroprolines and peptides by the interpretation of experimentally measured

relaxation parameters
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Appendix 1

Published '°F CSA tensor parameters

system PYFCSA
CH;3F? Ao =—66ppm+8 Ao=0l—0 L
CeFe3° Ao = —154 ppm
CHFC12% Ao = —210 ppm + 30
1.2.4-trifluorobenzene, CFCLCFCl; and Aoc = =250 ppm £+ 0.5
CF2BrCF,Br ¥’
Trifluoroacetic acid (CF3COOH)?® Ao =235 ppm + 3

C6F 6 in 4,4' -di-n-hexyloxyazoxybenzene®  Ag = 158 ppm + 4 Ac = g, — U‘XXZLYY)

1,2-C 6 H4F2 in 4-hexanoyloxy-4'-ethoxy- Ao = 117 ppm +5

azobenzene.>?

4F-Phe ¢ = 031 — gy = 2058
{ =589 ppmn =0.74

3F-Phe % { =541ppmn =0.76

3F-Tyr* { =-74.6 ppmn = 0.48

5F-L-Trp* { =51.2ppmn = 0.04

6F-L-Trp* { =521ppmn =0.67

3F-Ala*! { =33ppmn =0.84

5F-Leu (2S,45)* {=—-19ppmn = 0.68

5F-Leu (2S,4R)*! {=10ppmn = 0.72

3F-Val*! { =-34.6ppmn =04
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Chapter 3:
Dynamics of 4-fluoroprolines and
their usage to evaluate overall
peptide’s motion
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[II. Dynamics of 4-fluoroprolines and their usage to evaluate overall
peptide’s motion.

Introduction:

The controlled stereo electronic effects together with the ability to modulate the peptide bond
conformation led to various studies where fluoroprolines were substituted to natural prolines to
investigate the resulting effect on the protein. For example, the substitution of proline 63 in
mRFP1 (the monomer of the red fluorescent protein from Discosoma (DsRed)) by 4R
fluoroproline enhances both its thermal and chemical stability and accelerates its maturation.!
Similarly, the incorporation of 4S fluoroprolines was shown to accelerate the refolding rate
upon thermal denaturation of the green fluorescent protein EGFP mainly due to the favorable
cyendo ring pucker 2, The effect of fluorination on protein can be complex and depends on both
the studied protein and the used fluoroproline. For instance, while the incorporation of 4R
fluoroproline enhances the thermal and chemical stability of the human ubiquitin as well as it
refolding kinetics, the incorporation of 4S fluoroproline was not possible®. Additionally, some
proteins may only tolerate the incorporation of one 4 fluoroproline conformer while the
insertion of the other leads to unfolded proteins.* One example is the Tag DNA polymerase that
can be stabilized from a thermophilic organism, and maintains its enzymatic activity using a 4R
fluoroproline, while its expression is not successful when a 4S fluoroproline is incorporated.*
On the contrary, The incorporation of 4S fluoroproline was shown to stabilize Pinl WW domain
and to strengthen its interactions with its ligands,> and also to increase the affinity of the most
immunogenic domain of anti-MUC 1 antibodies for the MUC1 antigen.6 Finally, the modulation
of Pro 32 cis and trans isomerization by both 4R and 4S fluoroprolines was shown to influence
the amyloid assembly of the B2-microglobulin.” Remarkably, the presence of the fluorine spin
was not often exploited to provide a description of the dynamical features of these systems
using NMR relaxation.

In this chapter, we measured the fluorine relaxation parameters of 4R and 4S5 fluoroprolines
either in isolation or within peptides. The dynamics are assessed through the interpretation of

the three relaxation parameters Ri, R, and 'H-'F NOE.
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1. Relaxation properties of 4-fluorinated prolines

Proton and fluorine spectra of isolated 4R and 4 fluoroprolines at 298 K are displayed on figure
1. Single fluorine populations are observed at -177.28 ppm and -175.22 ppm for 4R and 4S FPro

respectively. The H,, appears at a particular chemical shift 5.35 ppm within both fluoroprolines.
4R Fpro is characterized by similar Hs chemical shifts and distinguished Hg spins, while the

opposite is true for 4S5 FPro.

4R FPRO 4S FPRO
A
-176.6 1770 1774  -177.8 -1746  -175.0 -1754  -175.8
9F chemical shift (ppm)
B H Hg
B
m
Hs
H
U el
6 5 4 3 2 1 6 5 4 3 2 1

'H chemical shift (ppm)

Figure 1: A )1D "F NMR spectra of free 4R fluoroproline (left) and 4S fluoroproline (right).
B) 1D 'H NMR spectra of 4R and 4S fluoroprolines shown on the left and right respectively.
Both fluoroprolines were dissolved in phosphate buffer pH 7.2 20 mM in D>O. Recorded at 600
MHz at 298 K.
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1.1. Longitudinal relaxation rates of 4R and 4§ fluoroprolines

The rotational diffusion of a molecule is determined by the temperature and the viscosity of the
solvent, with the later that also depends on the temperature. Aiming at exploring the diffusion
of fluoroprolines in a wide range of correlation times, we used both temperature and viscosity
variations to probe their impact on longitudinal relaxation and compare the resulting values
with theoretical ones. To modulate the viscosity of the solvent, various ratios of water/glycerol
were used at different temperatures. These variations of temperatures and viscosity are used to

modulate the value of the correlation time as follow:

. n(M)T°

o n°(TO)T
where 70 is a reference correlation time at viscosity n° and temperature T°. The temperature
dependence of the viscosity was approximated by those of the water published in the Handbook

of Chemistry 8.

Temperature dependence of 4S fluoroproline longitudinal relaxation in D>O

Fluorine R; relaxation rate constants were measured for a single 45 fluoroproline in phosphate
buffer in D2O solvent for temperatures ranging from 278 K to 320 K. The measured fluorine
R are shown on Appendix 1. Figure 2 displays the variation of the longitudinal relaxation rates
using the value at 278 K as a reference point. For this point, the R; value was set to the
theoretical value corresponding to a correlation time of 27 ps. The slope of the fluorine
longitudinal rate is very close to the theoretical model and vary by 0.35 s! from 278K to 320
K. The range of correlation time is found to be similar to those reported in previous studies and
could be due to both the ring interconversion between the endo and the exo conformers and/or
the rotational diffusion of the molecule. Indeed, Mikhailov et al. reported in 1995 that the
correlation time of proline Cy-H in GPGG peptide measured by '*C longitudinal relaxation rate

at 303 K is 27+£1.5 ps, later in 2014 Aliev et al further confirmed this result.’
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Figure 2: Zoomed section of the fit of the calculated fluorine longitudinal relaxation rate within

4S fluoroproline (solid black line) and the experimentally measured fluorine R; rates (blue) at

varying temperature at 600 MHz using inversion recovery experiments.
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Longitudinal relaxation of free 4R and 4S fluoroprolines in solvents of various viscosities

Aiming at experimentally probing the peculiar “camel hump” longitudinal relaxation rate
profile of the fluorine as a function of the correlation time, a mixture of 4R and 4S fluoroprolines
was dissolved in different H>O/D2O-Glycerol mixtures designed to provide solvents with
varying viscosities over two degrees of magnitude. (See experimental section for details).
Figure 3 shows an example of one inversion recovery experiment recorded for the mixture and

the fit to extract the longitudinal relaxation rates while R; values are given in Appendix 2.

48 FPro 4R FPro 48 FPro 4R FPro

6000 | 2000/
3 2000 1000,
> ’
= 0 - = . ‘ O gl
& -2000. : \
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E | - 1000/
S -6000.
o , . , - 2000

-175.0 -176.0 -177.0 -178.0 -175.0 -176.0 -177.0 -178.0
19

B F(ppm)
’g\ 100000 4R FPro 4R FPro
> 50000 |
2
9 0
£
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Figure 3: A: stack plot of extracted 1D '°F spectra during 2D inversion recovery experiment
recorded for a mixture of free 4R and 4S fluoroprolines in solution at relative viscosity 13.63
(left) and 383.7 (right) at 278 K. The first spectrum is shown in blue and the last is in red. B:
Example of the fit performed to extract fluorine R1. The dots are the experimental peak
intensities of 4R fluoroproline and the solid line is the corresponding fit to a monoexponential

function.
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The variation of the solution viscosity successfully sampled a large window of correlation times
estimated to range from 0.02 ns to 11 ns. In contrast with theoretical relaxation rates constants
computed from interaction parameters derived from Gaussian calculations, no obvious
difference was observed between experimental fluorine longitudinal rates measured for 4R and
4S fluoroprolines (Figure 4). Both fluoroprolines display very similar R1 values with a
maximum value at 4ns of 3.4 s°1, slightly higher than the theoretical value of 3.1 s’!. In addition,
experimental R; values do not exhibit a second maximum at 0.28 ns, that is due to CSA
relaxation. The discrepancy between theoretical and experimental longitudinal relaxation may
originate from several reasons: (i) the theoretical calculations were performed using static
models originating from Gaussian calculations. They do not take into account exo-endo
puckering fluctuations that can average the CSA contribution to the relaxation. This reason may
also explain the global differences observed between the experimental and computed values
since conformational fluctuations may bring protons closer to the fluorine atom leading to
enhanced dipolar interactions. (ii) Another possible reason lies in the estimation of the CSA
tensor parameters by Gaussian that may be overestimated. Further modeling studies in which
the whole conformational space of the proline is taken into account are probably required to
account for the experimental longitudinal relaxation profiles.

Nevertheless, the reasonable agreement between the experimental '°F R; relaxation
values and the theoretical values derived from a rigid model suggests that the relaxation is
dominated by the slow rotational diffusion of the proline. This indicates that fluoroproline's
ring may be considered as a rigid structure that is mostly sensing the global tumbling of the
molecule. However, the use of R; relaxation to probe fluoroproline's dynamics faces two
difficulties: (i) the profile of '°F R; relaxation values as a function of the correlation time
displays a flat profile around 3.1s! for a wide range of correlation time values (from 0.5 to 10
ns) due to the similar Larmor frequencies of proton and fluorine nuclei, (ii) the proton-fluorine
dipole-dipole interactions that contribute to R; relaxation are distributed in various directions
which may complicate the interpretation of the relaxation in term of molecular motions if they
are anisotropic.

In the following, we will take advantage of the peculiar frequency of the Hy to measure NOE

buildup curves using 1D saturation experiments.
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Figure 4: Dependence of the fluorine relaxation rates upon the correlation time within 4R exo
(upper) and 4S endo (lower) fluoroprolines. The solid black line represents the calculated
longitudinal relaxation rates as expressed from the equations derived in the first chapter. The
dots represent the experimentally measured longitudinal relaxation rates in a mixture of free
fluoroprolines dissolved in water-glycerol solvent with varying viscosity at 278 K and 600 MHz

using an inversion recovery experiment.
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1.2 Measuring Heteronuclear '"H-'°F NOE within 4S fluoroproline

The 1D 'H NMR spectrum of 4-fluoroproline is characterized by a distinguishable chemical
shift of the geminal H,. The observed signal is a doublet at 5.4 ppm separated by 55 Hz.
Consequently, one can apply selective radio-frequency pulses to saturate the H, without
disturbing the equilibrium of the remaining protons of the proline. This experiment has been
designed using a single 4S fluoroproline dissolved in phosphate buffer (Figure 5). The build-
up of the heteronuclear 'H,-'"’F NOE, is established through a continuous saturation of the H,,
frequency at increasing delays while the fluorine signal's intensity is monitored on the '°F
channel. The heteronuclear NOE recorded is positive, as expected for small molecules and is
estimated to be 12.6%=3. Considering the variation of the NOE with the correlation time
(presented in chapter 2 figure 10) such a value would correspond to a correlation time of 83120
ps, consistent albeit twice higher than the value deduced from R; relaxation rates (zc= 30 ps).
Several reasons may explain the observed discrepancy between these values: (i) the presence
of spin diffusion that is neglected in the present analysis, (ii) an erroneous estimate of the
distance between the fluorine and 'H,, (we used a distance of 2.01 A from the Gaussian model).
A variation of this distance as low as 5% may account for the observed discrepancy due to the

1% dependence of the cross-relaxation rate to the inter-nuclei distance r.
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Figure 5: A: NOE enhancement observed on fluorine signal of free 45 fluoroproline upon

selective saturation of H, proton at 300 K. The first spectrum (saturation time: 0.008 s) is
shown in violet and the last (saturation time: 5.5 s) In red. The last recorded spectrum is shown

inred. B: Corresponding experimental NOE (%) build-up at F,. The dots are the experimental
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peak intensities and the solid line is the corresponding fit to a monoexponential function

according to: MZ(t) = MZ*? + ;—”% ME®I(1 — ePrt)
F F

1.3. Measurement of transverse relaxation rate in 45 fluoroproline

In order to provide additional experimental data to validate the theoretical model we used to
model fluorine relaxation; transverse relaxation rate was measured using a CPMG pulse
sequence to remove the contribution of the chemical exchange (Figure 6). With the assumption
of a single exponential decay, the measured R, was 1.27+0.5 s™' at 300 K, corresponding to a
molecular correlation time of 48 ps. Noteworthy, this value lies between those measured by R
and R relaxation which further suggests that the correlation time value derived from

heteronuclear NOE may be overestimated.
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Figure 6: A: stack plot of fluorine R2 CPMG. Delay (100us). The last spectrum is shown in
red. B: Corresponding fit of the experimental peak intensity (dots) to a monoexponential

function (solid line). Recorded at 300 K at 600 MHz.

The peculiar shape of the peak might be due to an effect of the CPMG pulse sequence. Even
though its important width might suggest the presence of a minor peak, we strongly reject this

hypothesis based on the good quality of both the °F and the 'H spectra of this sample.

The interpretation of the relaxation data measured within 4S fluoroproline reveals a fast
dynamic behavior on the ps time scale. The longitudinal relaxation rate is not a trustworthy
parameter due to its peculiar “camel hump” like profile. Similarly, the transverse relaxation is

not reliable to study fluoroproline dynamics due to the contribution of the chemical exchange.
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The purely dipolar heteronuclear 'H-'F NOE is the most faithful parameter provided that spin
diffusion can be taken into account and that proper molecular geometry of the two
fluoroprolines are firmly established.

To study relaxation parameters of 4R and 4S fluoroprolines in a peptide context, we measured
fluorine relaxation rates of 4R and 4S fluoroprolines incorporated in a polyproline sequence.
The results shown below provide complementary results to the study that was published in

Magnetic resonance in 2021 (see chapter 5).

2. F relaxation measurement of fluoroprolines within proline-rich model
peptide

Fluoroprolines 4R and 45 were inserted in a model peptide composed by two segments of 5
successive prolines separated by a serine residue and followed by four amino acids Arg-Val-
Tyr-Lys (RVYK) required for its interaction with the SH3.3 domain of the vinexinef3. The two
fluoroprolines are in positions 4 (4S fluoroproline) and 8 (4R fluoroproline). The model peptide

is denoted MpSR. Figure 7.

PX XPX+
MpSR PPPPFPSPPFPPPRVYK
(45) (4R)

Figure 7: Sequence of MpSR model peptide. The substituted prolines by fluoroprolines are

shown in green. The binding motif to the SH3 domain is shown in blue.

2.1. Heteronuclear 'H-""F NOE in MpSR model peptide

The measured F-H,, NOE of 4R and 4S fluoroproline within MpSR in water and deuterium
oxide are displayed on table 1 and figure 8 together with the corresponding theoretical
correlation time. We observe that all NOE values are negative, as expected for rotational
correlation times above 0.3 ns. The NOE values are systematically larger in D>O as expected
for higher viscosity leading to correlation times that are between 20% and 25% larger in D>O

as compared to normal water. This result is in agreement with the D>O viscosity of D20 being
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1.25 larger than normal water. Further, the measured NOEs are systematically larger for the
FPRO at position 8 as compared to those measured for the FPRO at position 4.

This difference may reflect a distinct local dynamic in both polyproline segments. Indeed, the
four C-terminal residues of the peptide (RVYK) may fold back on the second polyproline
segment to form a globular structure with slower tumbling time while the FPRO at position 4

is sensing faster motion of the first polyproline segment.

Table 1: Correlation times extracted from experimental H,-F NOE in MpSR, at 298 K.

4S5 FPRO 4R FPRO
DO H>O D,O H,O
H,-F (%) 9.3 6.2 19 -14
7¢ (ns) 0.53 0.44 0.8 0.64
100 4R FPro 100/ 4S FPro
=
8 95
>
G %6
g 90
£
X
S g5
o
" 92
0 05 10 15 20 25 0 05 10 15 20 25
Time (s)

Figure 8: Experimental NOE (%) build-up at F,. In MpSR in D>O at 298 K. The dots are the
experimental peak intensities and the solid line is the corresponding fit to a monoexponential

function

2.2. Fluorine transverse relaxation rate in MpSR model peptide

Fluorine transverse relaxation rate was measured at 600 MHz using both a spin echo and a
CPMG pulse sequences to evaluate the possible contribution of exchange contribution. A

qualitative analysis may be performed by approximating Rz, as Rex = Ry spin echo — Rz cpmc-
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R;, denotes an apparent exchange rate constant because a residual exchange may still
contribute to the relaxation even after the application of a CPMG pulse sequence.

To determine the time scale of the exchange regime, we measured the transverse relaxation
rates at a second magnetic field 400 MHz (Table 2). We notice that the apparent chemical
exchange contribution is different within the two fluoroprolines and is more important for the
4R fluoroproline at position 8. This observation confirms our previous conclusion on the
presence of ps-ms dynamics within the second polyproline segment of the peptide. The
parameter a relating the strength of the magnetic field to Rex as defined by equation 56 of
chapter 1 is smaller than the unit within both fluoroprolines (0.26 and 0.48 for 4R and 45 FPRO

respectively) indicating a motion in the slow exchange regimes.

Table 2: Transverse relaxation rates of 4R and 4S fluoroprolines within the model peptide

MpSR at two magnetic fields 400 MHz and 600 MHz at 298 K.

4R FPRO 48 FPRO
Spin echo CPMG R;, Spin echo CPMG R},
delay(200 ps) delay(200 ps)
Ra(s')400 1594+1.4 582+04 10.12 10.57 £1.0 4.79 £0.3 5.78
MHz
Ro(s1) 600 18.52 +0.4 7.26 £0.4 11.26 12.36 £0.46  5.34 £0.2 7.02
MHz

3. Dynamics of a peptide encompassing a phosphorylated serine

We used the model peptide MpSR to investigate the effect of the serine phosphorylation on the
peptide dynamics. Indeed, the phosphorylation of the serine linking the two polyproline
segments might alter their relative dynamics, an effect that may be revealed by fluorine
relaxation. To evaluate the validity of this hypothesis, we substituted the serine amino acid by
a phosphorylated serine. The measured relaxation parameters within MpSRSerphospho and MpSR

are shown in table 3. The build-up of the heteronuclear H,-F NOE are displayed in figure 9.

87



100 4R FPro

g 951

2

2 90/

(0]

k=

x 85,

()

o

L 80

0 0.5 1.0 1.5 20 25

100

96

94

92

4S FPro

05 1.0

15 20

Figure 9: Experimental NOE (%) build-up at F,. In MpSRSerphospho in D20 at 298 K. The dots

are the experimental peak intensities and the solid line is the corresponding fit to a

monoexponential function

Table 3: Comparison of the relaxation of 45 and 4R fluoroprolines in MpSR and MpSRSerphospho

model peptides at 298 K. The r, were directly determined from the simulated profiles of opy

and R; as a function of the correlation time in chapter2.

MpSRSerphospho MpSR

45 FPRO 4R FPRO 4S FPRO 4R FPRO
NOEmaxH,-F (%) -13.7 -22.8 -9.3 -19
pr (s 1.84 1.7 2.25 1.59
orp(sh) -0.24 -0.36 -0.19 -0.28
Tc(ns) 0.53 0.68 0.46 0.56
Ri 2.08 £ 0.08 1.89 +0.09 2.31£0.01  2.13%0.01
R> spin echo 13.16+ 0.4 20.64 £ 0.33 12.36+0.46 18.52 +0.39
R, CPMG 6.53£0.16 10.3£0.046 544034  9.67 £0.46
T¢ (ns) 0.4 1 0.33 0.94
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Both MpSR and MpSRSerphospho peptides display similar longitudinal and transverse relaxation
features. Both R> and heteronuclear NOE indicate faster tumbling for the first polyproline
segment as compared to the second moiety of the sequence with a consistent ratio of 1.2 for the
correlation times values derived from cross-relaxation rate oz and 2.5-2.8 for the correlation
times values derived from transverse relaxation.

Further, the apparent exchange contribution derived from the comparison of the R> measured
from spin echo and CMPG experiments are very similar for the phosphorylated and non-
phosphorylated peptides, indicating that phosphorylation does not affect us to ms motions.
Noteworthy, the agreement between the correlation times measured from opyand Ro
experiments for the 45 fluoroproline at position 4 provides some indications that exchange
contributions are effectively quenched by the CMPG experiment. It is interesting to compare
the experimental values derived from fluorine relaxation with expected values derived from the
Stockes-Einstein expression. The expected correlation time for a globular peptide of 15 amino-
acids tumbling in water at 298 K is 0.4 ns that perfectly agrees with the correlation times
extracted from the cross-relaxation rate indicating the reliability of this parameter to report local
motion. Several factors may explain the differences found between the correlation times of the
two polyproline segments:

1) a faster internal dynamic of the 4S fluoroproline in position 4

2) a faster segmental motion of the first polyproline segment

3) the anisotropy of the rotational diffusion of the polyproline peptide

Distinguishing the genuine cause of the dynamical differences between the two peptide
segments will require further experiments but the first hypothesis may be ruled out by
exchanging the positions of the 4R and 4S fluoroprolines in the peptide and measure their
relaxation. This experiment was performed and published in the MR paper and revealed similar
differences between relaxation values measured at position 4 and 8, irrespective of the fluorine

stereo-isomer.

4. Conclusions

In this chapter we conducted a quantitative study of the dynamic behavior of 4- fluoroprolines
in both their free state and when incorporated into model peptides of polyproline rich sequences
through an interpretation of the relaxation parameters Ri, R and 'H-'F heteronuclear NOE.

The fluorine longitudinal relaxation rate is not reliable for dynamical studies due to its small
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contrast between 0.4ns and 4ns. Similarly, the transverse relaxation rate of fluoroprolines is
hampered by an exchange contribution arising from conformational fluctuations occurring in
the us to ms time scale. Ultimately, the purely dipolar 'H-'°F heteronuclear cross-relaxation
rate is the most reliable parameter to evaluate local motion. Further studies of this parameter

will be introduced in the next chapter.

5. Material and methods

Sample preparation:

The mixture of fluoroproline is prepared by dissolving commercially available 4R and 4S
fluoroprolines in phosphate buffer 20 mM pH 7.2 for a final concentration of SmM.

Glycerol solutions were prepared by adding glycerol 87%(wt) and 98%(wt) to the fluoroproline
solution. The exact volumes of glycerol, water and fluoroprolines solution, was calculated
depending on the target viscosity. The final volume contained 10% of D20. The prepared
solutions are shown on appendix 2.

Commercially available 4S fluoroproline was dissolved in phosphate buffer pH 7.2 20 mM.

Peptide synthesis

The model peptides were provided by Mraiam Sai using Fmoc solid peptide phase synthesis on
an 431A peptide synthesizer from Applied Biosystems (Foster City, CA, USA) and Fmoc
protected 4R and 4 fluoroprolines from Bachem SA. Purification of the peptide was performed
on a reversed-phase HPLC and checked using mass spectrometry (ESI-TOF) and electrospray

1onization.

NMR measurements

The ""F R; data was measured at 600 MHz on a Bruker Avance I spectrometer using the
standard inversion recovery pulse sequence. For free 45 FPRO in D20 27 data points were
acquired with varying inversion-recovery build-up delays ranging from 1ms to 5 s. 1 Data point
was repeated to estimate the experimental error. The spectral width and the carrier were set to
8 ppm and -176ppm respectively. The interscan relaxation delay was 12 s. 3 mm tube was
inserted in Smm tube containing H>O/D;O for lock signal.

For the mixture of 4R and 4S FPRO in glycerol, 27 data points were acquired with varying
inversion-recovery build-up delays ranging from 1 ms to 3 s. 1 Data point was repeated to

estimate the experimental error. The spectral width and the carrier were set to 8 ppm and -176

90



ppm, respectively. The interscan relaxation delay was 4 s. 3 mm tube was inserted in Smm tube

containing H>O/D>O for better lock signal.

For the '"H-'"F NOE measurement, the Hy (5.42 ppm) was irradiated by a selective soft
sinc1.1000 shaped train of 180° pulses at 700 Hz. Each pulse has a duration of 2.8 ms and was
applied each 4 ms preceding the acquisition on the fluorine channel. 15 data points were
acquired at 15 different saturation times ranging from 10 ms to 2.6 s. 1 Data point was repeated

to estimate the experimental error.

The R2 relaxation rates were measured using standard spin echo and CPMG experiments. The
carrier frequency was set to —174 ppm for the model peptides and -175.3 ppm for free 4S FPro.
The spectral width was 12 ppm. DI was 4s and 12s for the model peptides and free FPro
respectively. for the CPMG sequence, the half spin echo was 200 us for the model peptides
and 100 us for the free 45 fluoroproline. 180° proton pulse was applied every 2.8 ms at the
fluorine echo time to average cross-correlation effects and ensure a single exponential decay.
22 data points were recorded ranging from 1ms to 4.5 s with one repeated data point for error

estimation.

The processing of 1D spectra was performed using “Spectrometry Processing Innovative
Kernel” (SPIKE) that is an open-source Python package. An exponential line broadening of 8
Hz was applied prior to Fourier transform for signal apodization. 2D '°F spectra were also

processed on SPIKE.
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Appendix 1

Longitudinal relaxation rates measured within 4S fluoroproline sample at varying temperatures.

Temp(K)
278
281
284
287
290
293
296
299
302
305
308
311
314
317

320

Ri(s?
0.67£0.008
0.62+0.003
0.58+0.009
0.53+0.005
0.49+0.01
0.45+0.01
0.41+0.03
0.39+0.02
0.36+0.02
0.34+0.01
0.33+£0.005
0.31+£0.004
0.32+0.005
0.3£0.005

0.28+0.001
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Appendix 2

Longitudinal relaxation rates measured in mixture of free fluoroprolines 4R and 4S at different

viscosities at 278 K. The relative viscosity is determined from the chemistry handbook.®

Solution

SO

S1

S2

S3

S4

Ss

Se

S7

S8

S9

S10

S11

S12

R: FPRO 45(s™)

0.77+0.02

1.58+0.02

2.15+0.02

2.44+0.04

2.83+0.03

2.84+0.03

3.00£0.03

2.87+0.05

3.11+£0.03

3.33£0.04

3.41+0.06

3.10£0.08

2.73+£0.12

Volumes
viscosit
Ri FPRO 4R(s™) 505 glycerol
viscosity, qtert

180ul FP
0.70+0.02 1.000 pe F2T0

vG :180 ul,VH20 :266.2 ul
1.5340.02 3.276

vFPRO :49.57 ul

vG :180 ul,VH20 :177 ul
2.17+0.02 4.434

vFPRO :39.6 pl

vG :180 ul,VH20 :72 ul
2.49+0.03 10.660

vFPRO :28 ul

vG :180 ul,VH20 :54 ul
2.89+0.03 13.630

vFPRO :26 ul

vG :180 ul,VH20 :37 ul
2.90+ 0.1 18.420

vFPRO :24.2 pl

vG :180 ul,VH20 :24.6 ul
2.96+ 0.04 25.570

vFPRO :22.7 pl

vG :180 pl, VH20 :11 pl
3.15+0.06 40.490

vFPRO :21.2 ul

:180 ul,vFPRO :20 ul
3.25+0.14 59.780 VG 180 ul.VEPRO 20
:180 ul,vFPRO :7.83 ul

3.49+0.12 84.170 VG 180 ulvFPRO :7.83

from sol 98%: vG :180
3.41+0.12 147.200 ul,VH20 :5.13 ul
vFPRO :20.57 ul

from sol 98%: vG :180
ul,vFPRO :20 ul

2.99+0.1 265.450

from sol 98%:
vG :180 ul ,vFPRO :19.5 ul

2.74+0.18 383.700
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With:

VG: volume of the glycerol

VH;O: volume of the water

VFPRO: volume of the fluoroproline mixture

When not indicated the glycerol solution is 87%(wt), otherwise it is a 98% (wt)
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Chapter 4:

Using 'H-""F cross-relaxation rates
within fluoroprolines to characterize
the rotational diffusion tensor in PPII

helices
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IV. Using 'H-'F cross relaxation rates within fluoroprolines to
characterize the rotational diffusion tensor in PPII helices

Relaxation involves the modulation by random molecular motions of interactions that are
intrinsically anisotropic. Thus, the careful interpretation on relaxation parameters may reveal
some information about the molecular shape if the magnetic interaction that is effective for the
relaxation is oriented in the molecular frame. This is the case for the relaxation of !N in proteins
that is dominated by the dipolar interaction with the bound amide proton. Analysis of relaxation
rates of 1’N for many sites within a folded protein allows the fully asymmetric diffusion tensor
to be determined' 2. The anisotropy of the chemical shift may also be used if the corresponding
tensor is well characterized as for the 1*C relaxation of the carbonyl carbon of proteins® # .The
cross-relaxation rate provides an interesting tool to probe the anisotropic nature of molecular
motions: it involves a pair of spins and the relaxation depends on the orientation of the vector
linking their positions and it is an observable that is devoid of exchange contribution. These
properties have been exploited in the past, for instance to study the anisotropic motion of DNA
double strands®. The use of fluorine-proton heteronuclear cross relaxation rates as a probe for
the molecular diffusion tensor is appealing for several reasons: (i) the 4R fluoroproline is
strongly biased to a single conformation of the cycle (¢, exo), thus the distances between the
fluorine and the protons of the cycle as well as the relative orientations of the corresponding
inter-nuclei vectors may be considered as constant, (i1) the geometry of the proline cycle is such
that the fluorine-proton vectors do sample very different orientations (the F, — H,, vector is
orthogonal to the F, — Hgfor instance), (iii) the fluorine induces a chemical shift dispersion of
the protons that facilitates the measurement of the individual magnetization, (iv) a proline
homopolymer is a highly anisotropic molecule, hence this method may be used to get relative
orientations of polyproline stretches.

This chapter aims at exploring the possibility to get reliable relaxation data that would
allow the orientation of a molecular diffusion tensor. We addressed two parts of the problem:
the simulations of the magnetization transfer between the protons and the fluorine within a 4-
fluoroproline in order to probe the effect of anisotropic diffusion and the measurement of these
magnetization transfers using ’F-H HOESY experiment. We present the first results on model
peptides composed of proline homopolymers where either a serine or a phospho-serine residue

1s inserted.
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1. Proof of concept

The coordinates of the 4R fluoroprolines' protons and fluorine atoms were obtained from the
set of models issued from DFT calculation. A relaxation matrix was then computed using the
corresponding inter-nuclei distances and a correlation time whose value was dependent from
the relative orientation of the considered proton-fluorine vector in a 3D frame where the
diffusion tensor is diagonal according the Woessner diffusion model (see chapter 1, equation
29). These computations were performed using in-house Python script and the Numpy/Scipy
library. To simulate the effect of anisotropy on "F-'H cross relaxation rates, the rotational
diffusion tensor was rotated around an arbitrary axis before the computation of the relaxation
matrix. Variations of the cross-relaxation rates constants are shown in figure 1 for a rotation
axis that led to the maximal variations of the values and an axially symmetric diffusion tensor
(ellipsoid shape with axis ratio of 0.2). The cross-relaxation rate is sensitive to the orientation
of the internuclear vector within the diffusion tensor, albeit the relative amplitude of the
variations is significantly weaker for heteronuclear interactions than for homonuclear ones. The

effect is however pronounced for the F, — H

y vector whereas it is less apparent for the other

vectors due to the scaling by the distance (r'®). The distance scaling also explains the larger
values found for homonuclear cross-relaxation rates. Indeed, the F, — H,, distance is 2 A while
it is 1.7 A for the Hp geminal protons, leading to a factor of 0.35 between expected
heteronuclear and homonuclear cross-relaxation rates.

The NOE matrix was then computed for a series of mixing times and for either an isotropic or
for an axially symmetric molecular rotational diffusion of the 4R fluoroproline using the linalg
library of the Numpy library to compute the exponential of the relaxation matrix (See chapter
2, equation 11). (Figure 2) The effects of anisotropic diffusion are clearly visible on the NOE
buildup curves albeit, the differences are subtle. The most important differences are found for

NOEs between Fy-H3? and Fy-H8® for instance.
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Figure 9 : Variation of the homonuclear and heteronuclear cross-relaxation rates o,y and opy
respectively upon evolution of the angle 8 between the internuclear vector and the principal
axis frame of an axially symmetric diffusion tensor of a 4R fluoroproline (axis ratio=0.2). The

correlation time was set to 1ns.
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Figure 10 : Generated heteronuclear F-H NOE sets for 4R exo fluoroproline in an isotopically
diffusing molecule (left) and in an axially symmetric diffusion model (axis ratio=0.2) and a
correlation time 7, = 1 ns . Heteronuclear E,-H NOE are here denoted by the proton spin name.

HD2 refers to F,-Hs,NOE.
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We then investigated the ability to derive an orientation of a diffusion tensor from K, — H

heteronuclear NOE build-up curves. Different sets of synthetic NOE were computed with
different initial parameters before applying a grid search procedure to compute the residual
between the original synthetic dataset and each probed orientation (Figure 3). Residuals
projected to a unit sphere display two polar regions corresponding to broad minima as expected
for a symmetric system. The NOE buildups seem to be effective to discard orthogonal

orientations shown as a purple belt on the figure.
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Figure 11 : Grid search to orient the diffusion tensor in a three-dimensional grid. The bar axis

represents the normalized residual between the experimental and the synthetic E, — H NOE.

2. Optimization of 2D 'H-'""F HOESY sequence

The original HOESY experiment was described by Yu and Levy in 1984.% A starting 90° pulse
applied on the proton channel transforms the longitudinal magnetization into a transverse

magnetization. The proton magnetization is allowed to precess during the two t1 delays for
2

chemical shift labeling in the indirect F1 dimension. Applying a 180° on the fluorine channel
in the middle of the t; delay refocuses the dephasing due to heteronuclear F-'H couplings.

Longitudinal proton magnetization is created by a 90° pulse and left for a mixing time 7, during
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which cross relaxation induces magnetization exchanges between protons and fluorine. At the
end of the mixing time, a reading 90° pulse is applied on the fluorine channel. Initial trials of
the standard HOESY pulse sequence showed that it was effective at relatively long mixing
times (t,, >70 ms), however for small mixing times of around 15 ms, artefactual correlation
peaks were observed. Figure4. These latter are believed to originate from the zero-quantum
interferences. To avoid them, we implemented a zero quantum suppression element described
by Thrippleton and Keeler in 2003 composed of a gradient and a swept pulse as shown in figure
5.7 The application of the gradient relates the Larmor frequency of the spins to their positions
in the NMR tube. The 180° swept-pulse will then inverse the spins that are at different positions
in the tube at different times. The acquired zero quantum phases will thus vary with the spin

positions in the sample and will then cancel out resulting in the suppression of zero quantum

contribution.
With ZQ filter Without ZQ filter
,,,,,,,,,,,,,,,,,,,,,,,,,,, |1 °_1
L2 —2
-3 —3
b : * T
—4 ! —4 =
' o
E i 3
« { 2 J
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° : 0
o —6 —6
,,,,,,,,,,,,,,,,,,,,,,,,,, |7 e S I
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Figure 4: Recorded 2D 'H-'F HOESY at 30 ms with (left) and without zero-quantum filter
(right) in MpSR model peptide at 288 K at 600 MHz. The encircled signals are artefacts

originating from zero-quantum (ZQ) interferences that disappear when the ZQ filter is applied.
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Figure 5: Pulse sequence of 2D 'H-'F HOESY experiment with implemented zero-quantum
filter shown in the box. The swept pulse is a crp20.10.20.1 applied during 10000 us (phase 0)
and the gradient is a SINE.100 applied during 600 us.

3. Measurements of 1H-19F NOE build-up in PPII helix

The modelling of heteronuclear cross-relaxation rates suggested the possibility to define the
major axis of the rotational diffusion from the ’F-'"H NOE build-up curves. In the following,
we measured these relaxation data for a set of model peptides composed of two segments of
five prolines with an insertion of a fluoroproline in both segments (Figure 6). The aim was to
establish whether some residues such as Alanine or Serine induce different relative orientations
of the two polyproline segments, or if the phosphorylation of a serine leads to the same effect.

In a first set of peptides, the first polyproline segment was incorporating a 4 fluoroproline and
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the second a 4R. In order to investigate the possible effect of internal dynamics of the 4S
fluoroproline, we synthetized a second set of peptides with 4R fluoroprolines at positions 4 and

8 (Figure 6).

PX XPX+

MpSR PPPPFPSPPFPPPRVYK
(45) (4R)

MpSRSe€rnosme PPPPFP ,SPPFPPPRV YK
(45) (4R)

MpRRSer PPPPFPSPPFPPPRVYK
(4R)  (4R)

MpRRAla PPPPFPAPPFPPPRVYK
(4R)  (4R)

Figure 6: Designed model peptides sequences containing two fluoroprolines at two positions 4
and 8 highlighted in green. The muted amino acid separating the polyproline rich segments is

underlined. The canonical SH3 domain binding motif is shown in blue.

Remarkably, despite a similar chemical (Pro) and structural environment (PPII helix), it was
possible to distinguish the signals corresponding to the two 4R fluoroproline in the fluorine
spectrum enabling to monitor NOE build-ups at residue-specific locations in the peptide.

(Figure 7)
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MpRRSer
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-176.7 -176.8 -176.8 -177.0 -177.1

Figure 7: 1D '°F spectra of model peptides MpRRAla and MpRRSer in phosphate buffer at 293
K. recorded at 600 MHz

3.1- 'H-'F heteronuclear NOE build-up curves of MpSR model peptide

'H-'F heteronuclear NOE build-up curves were established for MpSR At 288 K by recording
a series of 2D 'H-""F HOESY experiments at increasing mixing times (Figure 8). The
assignment of the build-up curves was based on the known chemical shifts of the protons. To
differentiate between geminal Hs, and Hsz as well as Hp, and Hgz we considered the F-H
distances separating them from the fluorine atom. Thus, in 4R fluoroproline Hg; being closer
to the fluorine than Hg,, will be the first to receive the transferred magnetization. Similarly, the
equilibrium of Hp3 is expected to be perturbated prior that of Hg,.

Within MpSR peptide, we notice that the magnetization follows different routes in the five
membered cycles 4R and 45 FPRO. This observation is consistent with the slightly different
motion previously reported. Noteworthy, the distance matrices of the 4R and 45 fluoroprolines
models that we used are not compatible with the observed magnetization pathways. For
instance, it was not expected that H, and both Hg in 45 FPRO have similar build-up profiles,
nor that the equilibrium of Hgs is perturbed prior both Hg. Similarly, Hgsbeing the first

perturbed spin in 4R FPRO even though our model indicated that Hss is closer to F, is
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intriguing. These observations suggest that internal motions may be effective in fluoroprolines

and can't be discarded when interpreting these NOE:s.
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Figure 8: Build-up 'H-'°F NOE curves recorded in MpSR within 4R (left) and 4S (right)
fluoroprolines in D20 at 288 K. Recorded at 600 MHz. Heteronuclear E,-H NOE are here

denoted by the proton spin name thus HD2 refers to F,-Hs,NOE.

3.2-

'H-'F heteronuclear NOE build-up curves of MpSRSerphospho model
peptide

In chapter 3, we reported subtle differences in the relaxation properties for MpSR as compared

to MpSRSerphospho. Aiming at further understanding the origin of these differences, we recorded

'H-'F heteronuclear NOE build-up curves for both peptides Figure 9. The intensities of the H-

F NOE are very similar in both peptides suggesting that serine phosphorylation does not lead

to a different orientation of the two polyproline segments.
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Figure 9: Build-up 'H-""F NOE curves recorded in MpSRSerphospho Within 4R (left) and 45
(right) fluoroprolines in D20 at 288K. Recorded at 600 MHz.

3.3-  'H-"F heteronuclear NOE build-up curves of MpRRSer and

MpRRAIa model peptides

We then investigated the effect of substituting a serine by an alanine within a PPII helix. Serine
is known as a PPII breaker while Alanine is favorable for this secondary structure. We
proceeded to also substitute the fluoroproline 4S by a 4R fluoroproline (this choice came after
demonstrating that 4S fluoroproline in the model peptide context doesn’t alter the PPII helix,
this will be discussed in chapter 5). While fluorine chemical shifts of the two 4R fluoroprolines
within MpRRSer and MpRRAla peptides are separated, this was not the case for proton
resonances making sequential assignment difficult to achieve (in the following, they will be
labeled 1 and 2). Their corresponding build-up 'H-'"F NOE curves are displayed on figure 10
and 11.

The 'H-'"F NOE build-up curves are very similar for 4R fluoroprolines at positions 4
and 8 of the MpRRSer peptide suggesting a similar overall dynamic in both polyproline
segments. This finding suggests that, in contrast to what was expected, the serine residue does
not disconnect the motion of the polyproline segments in MpRRSer.

On the other hand, the pathways of the magnetization transfer in the two 4R fluoroprolines

within MpRRAla are different. In 4R FPRO 2, Hp spins are the first relaxing spins while only
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Hps display a behavior that differs from all other protons in 4R FPRO 1. This latter behavior is
similar to that recorded in MpSR and MpRRSer. Observations such as these may indicate that
the alanine disconnects the relative motions of two polyproline segments. Another hypothesis
would be that the Ser to Ala substitution affects the folding of the four C-terminal residues of

the peptide leading to distinct diffusion behavior.
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Figure 10: Build-up 'H-""F NOE curves recorded in MpRRSer within 4R FPRO recorded at

293 K at 600 MHz.
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Figure 11: Build-up 'H-!°F NOE curves recorded in MpRRAla within 4R FPRO recorded at

293 K at 600 MHz.

4. Conclusion and future work

In this chapter we suggested an approach based on the heteronuclear H-F NOE in 4-fluorinated
prolines to characterize their diffusion tensors in peptides. For this we assume that proline is a
rigid system. So far, we qualitatively showed that this approach is promising by simulating
synthetic heteronuclear NOE considering an isotropic and an axially symmetric diffusion tensor
and measuring a set of NOE buildup data. To further this preliminary work, several directions
will have to be undertaken. The 4R and 4S fluoroproline may be inserted in simpler models
composed of pure prolines, in order to assess the presence of internal motions and evaluate
experimentally the effect of the global anisotropy (by using peptides of varying lengths). As
suggested by our preliminary studies, completing the heteronuclear data by homonuclear NOE
buildup data may significantly increase the precision of the procedure, provided that internal
motions are handled properly. Finally, procedures to fit diffusion tensors to NOE buildup data
will be elaborated and the expected precision in the orientation of the diffusion tensor will be

quantitatively estimated.
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5. Experimental section

All peptides were synthetizes provided by Mariam Sai from the protein chemistry laboratory
using solid phase peptide synthesis, and purified using HPLC and mass spectrometry to over
95%. NMR sample were prepared by dissolving the powder peptides in phosphate buffer 20
mM at pH 7.2.

2D 'H-""F HOESY experiments were recorded at 288K (for MpSR and MpSR Serphospho) and
293 K (for MpRRSer and MpRRAla) at 600 MHz using the pulse sequence described in the
text. 1024 and 128 points were recorded in F2 and F1 domains respectively. The spectral width
was set to 1.2 and 6 ppm. The resulting FID resolution was 0.66 Hz and 28.1 Hz in F2 and F1
domains respectively. The carrier O1P was fixed at -176.7 ppm. The shaped pulse was a
crp20.10.20.1 applied during 10000 us. A SINE.100 gradient was applied during 600 us. The
proton was decoupled during the acquisition using a GARP during 300 us. 16 scans were
accumulated. 19 mixing times were sampled: 15, 20, 30, 50, 75,1 00,1 50,200, 300, 500, 600
,700, 800, 900, 1000, 1500, 2000 and 25000 ms. The time experiment ranged from lh 47
minutes to 2 h 54 min for Tm=15 ms and 2.5 s respectively.

Spectra processing and peak peaking were performed using spike software on a Jupyter
notebook. The peak volume was extracted using a box method drawn around the peak

coordinates.
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Abstract. Proline homopolymer motifs are found in many proteins; their peculiar
conformational and dynamic properties are often directly involved in those proteins' functions.
However, the dynamics of proline homopolymers is hard to study by NMR due to lack of amide
protons and small chemical shift dispersion. Exploiting the spectroscopic properties of
fluorinated prolines opens interesting perspectives to address these issues. Fluorinated prolines
are already widely used in protein structure engineering — they introduce conformational and
dynamical biases — but their use as '°F NMR reporters of proline conformation has not yet been
explored. In this work, we look at model peptides where Cy-fluorinated prolines with opposite
configurations of the chiral Cy centre have been introduced at two postions in distinct
polyproline segments. By looking at the effects of swapping these (4R)- and (45)-4-
fluoroprolines within the polyproline segments, we were able to separate the intrinsic
conformational properties of the polyproline sequence from the conformational alterations
instilled by fluorination. We assess the fluoroproline '°F relaxation properties, and exploit the

latter in elucidating binding kinetics to the SH3 domain.
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1. Introduction

The use of 'F nuclei in medical and biological magnetic resonance is gaining popularity (Zhang
et al., 2017). Since the pioneering incorporation of p-fluorophenylalanine (Chaiken et al.,1973)
into ribonuclease-S' analogues, dozens of F-labelled amino acid analogues have been
evaluated (Odar et al., 2015; Mei et al., 2020; Muttenthaler et al.; 2021, Salwiczek et al., 2012).
Common ways to incorporate fluorinated amino acids in peptides or proteins are: (a) solid phase
chemical synthesis (Behrendt et al., 2016); (b) post-translational addition of fluoroalkyl groups
to reactive amino acid side chains (Liu et al., 2012); (c) addition of fluorinated precursors, such
as fluoroindole, to bacterial culture media prior to protein overexpression (Crowley et al.,
2012); (d) using recombinantly expressed orthogonal amber codon tRNA/tRNA synthetase
pairs (Sharaf et al., 2015; Gimenez et al., 2021; Gee et al., 2016; Kitevski-LeBlanc et al., 2012).
The advantages of °F nuclei in biological NMR are the absence of background signals, high
gyromagnetic ratio, 100% natural abundance, and the sensitivity of '°F chemical shift to the
chemical environment (Rastinejad et al., 1995). Fluorine chemical shift range (~50 times wider
than that of 'H) makes it possible to study faster chemical exchange processes than those
accessible to 'H- and '*C-based methods. This is useful in biomolecular interaction studies and
examples include the deciphering of the signal transduction pathways through the [2-
adrenergic trans-membrane receptor (Liu et al., 2012), the study of conformer interconversion
and allostery that drive the catalytic process in the bacterial enzyme fluoroacetate dehalogenase
( Kim et al., 2017), the monitoring of both kinetic and equilibrium thermodynamic binding
parameters of a fluorine-labeled Src homology 3 (SH3) protein domain to peptides containing
proline-rich motifs (PRM) (Stadmiller et al., 2020), and the folding study of a small protein
domain (Evanics et al., 2007). A downside of '°F is high chemical shift anisotropy (CSA) —
particularly in aromatic rings — resulting in rapid transverse relaxation and broad lines for large
biomolecules at high magnetic fields (Kitevski-LeBlanc et al., 2012), although the recently
proposed '"F-3C aromatic TROSY experiment has alleviated this to some extent

(Boeszoermenyi et al., 2019).

Fluorination is well known for its significant impact on the properties of organic molecules
(Aufiero et al., 2018; Gillis et al., 2015, Berger et al., 2017). Apart from altering the interaction
with the solvent (c¢f. hydrophobicity), replacing a hydrogen with fluorine can produce
significant structural changes. Firstly, the volume of the moiety increases. Although fluorine is
often considered isosteric to hydrogen based on its similar Van der Waals radius (rvaw(F) =

1.47 A vs. rvaw(H) = 1.20 A) (Bondi et al., 1964) its covalent radius is significantly larger
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(reou(F) = 0.57 A vs. reou(H) = 0.31 A) due to greater C—F bond length (Cordero et al., 2008;
O’Hagan et al., 2008). As a result, fluorine may perturb the protein fold when the fluorinated
side-chain is tightly packed within a protein structure. Secondly, the polar C—F bond brings in
additional charge and polarisability effects (Salwiczek et al., 2012). In aromatic side chains,
swapping a single hydrogen for fluorine does not normally (there are exceptions (Salwiczek et
al., 2012; Boeszoermenyi et al., 2020; Yoshida et al., 1960)) alter the fold or the function of the
protein (Welte et al., 2020). In contrast, fluorinating an aliphatic CH group can radically change
local rotamer populations (O’Hagan et al., 2008; O’Hagan et al., 2012). This effect has been
put to good use (Salwiczek et al., 2012; Berger et al., 2017), particularly in fluorinated prolines
(Kubyshkin et al., 2021; Verhoork et al., 2018; Newberry et al., 2016).

Proline is the only proteinogenic amino acid with a secondary amino group, thus allowing for
the cis-peptide bond isomer to be significantly populated. In addition, its pyrrolidine ring can
adopt either a Cy-endo or Cy-exo conformation, with a slight preference for the former. Single
or double fluorination at the - and/or y-positions shifts these conformational equilibria in a
stereospecific way. For instance, (4R)-fluorination favours the Cy-exo ring conformer and

enhances the trans isomer population, while (4S5)-fluorination does the opposite (Fig. 1)

(Eberhardt et al., 1996; Panasik et al., 1994).

This is caused by stabilizing “Homomo) — ©Fo*umo) hyperconjugative delocalization, which
is maximal when the C-H bond is antiperiplanar to the C—F bond, a phenomenon generally
known as gauche effect (Thiehoff et al., 2017). The increased amount of Cy-exo conformer in
(4R)-FPro in turn increases the frans isomer population since this is the most favourable
configuration for further stabilizing hyperconjugative n—>n* delocalization between carbonyl
groups in successive peptide bond (Newberry et al., 2016). Similarly, the reduced Cy-exo
population as well as the steric impact from the longer C—F bond increases the population of
the cis-isomer in (45)-FPro. The increase or decrease of n—n* hyperconjugation have been
used to explain stabilization or destabilization of the polyproline-1I (PPII) conformation in all-
(4R)-fluorinated and all-(4S)-fluorinated oligoprolines respectively (Horng et al., 2006). The
ability to control the conformational preference of individual proline residues is central to
elucidating the role of proline conformation on the stability, folding, and aggregation of various
proteins, such as collagen (Holmgren et al., 1998; Shoulders et al., 2009), B>-microglobulin
(Torbeev et al., 2015; Torbeev et al., 2013) and tau. (Jiji et al., 2016)
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Figure 1: Cy-endo and Cy-exo puckering of the pyrrolidine ring in (45)- and (4R)-
fluoroprolines shown respectively in a and b. The gauche effect stabilizes the Cy-endo
conformer of (4S5)-fluoroproline, whereas the Cy-exo conformer is favoured in (4R)-
fluoroproline. ¢: Fluoroprolines incorporated in a proline-rich sequence at two positions 4 and
8 highlighted in green. Two peptides are studied: in MpSR (4S5)-fluoroproline is inserted at the
fourth position and (4R)-fluoroproline is inserted at the eighth position. In MpRS, the positions
of the (4R)- and (4S)-fluoroprolines are reversed, placing them in the position fourth and eighth,
respectively. The canonical SH3 domain binding motif is shown in blue. d, left side: 3D model
of (4S5)-fluoroproline where Hy2 is substituted by a fluorine atom. The carbonyl group and the
fluorine atom point towards the same direction.d, right side: 3D model of (4R)-fluoroproline
where Hy3 is substituted by a fluorine atom. The carbonyl group and the fluorine atom point

towards opposite sides.
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Surprisingly, despite the well-established use of FPro residues in chemical biology, they have
so far found very limited attention as 'F NMR reporters in protein studies, in contrast to
aromatic amino acids (Verhoork et al., 2018). In the limited protein or peptide studies that have
used 'F NMR, it was mainly used to confirm the local conformational state of the fluoroproline
residue (Torbeev et al., 2013, Verhoork et al., 2018). To the best of our knowledge, only one
study went further and exploited ’F NMR of a foldon domain peptide containing (4R)-FPro
and (45)-FPro residues to monitor the folding/unfolding process as a function of temperature
(Dietz et al., 2015). Yet the potential of FPro residues for advanced biomolecular '°F NMR is
clear given the abundance of proline in intrinsically disordered protein sequences, the
prominent role of proline-rich regions as sites for protein-protein interaction and post-
translational modification, the relatively small CSA of 'F nuclei in prolines (thus, narrow
lines), and the challenge of detecting minor cis isomers (Theillet et al., 2013). Possible
explanations are the unknown '°F NMR properties of these residues, as well as their undesirably

strong conformational impact.

With the purpose of filling this gap, we have studied the impact of (4R)- and (4S)-FPro residues
on the structure and dynamics of a polyproline peptide harbouring an SH3 binding motif, and
used F NMR to investigate the impact of fluorination on the binding affinity. We designed
model peptides containing (4R)- and (4S5)- fluorinated prolines with a sequence based on the
motif located at the C-terminal part of the retinoic acid hormone nuclear receptor RARy that
specifically binds to the third SH3 domain of the Vinexin B protein (Lalevee et al., 2010). First,
we explored the impact of FPro introduction on the surrounding peptide sequence, and verified
the preferred FPro ring pucker within the polyproline context. Next, we used '°F relaxation
analysis to gain insights into the local dynamics of the peptide. Finally, we monitored the
interaction of the model peptides with the vinexin f SH3 domain using F NMR, and
demonstrated that FPro conformational bias can be used to modulate the kinetics of protein
binding to proline-rich motifs. This work paves the way to using fluoroprolines as ’F NMR
reporters in protein interaction studies, where the conformational bias caused by fluorine is

exploited to obtain information on binding kinetics.
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2. Results
2.1. Assignment and spectral analysis of model peptides

The model peptide sequences shown in Fig. 1C contain two segments of five prolines separated
by a single serine, and terminate with a four-residue sequence (RVYK) required for the SH3
class II binding specificity. FPro residues were inserted at positions 4 and 8, which are not
directly involved at the protein-peptide interface according to homology models of PPII helices-
SH3 complexes (Saksela et al., 2012). Position 4, located in the first polyproline segment, falls
outside the expected PXXPX+ binding motif while proline 8, which is located within the
canonical SH3-PPII binding motif, is expected to be solvent-exposed (Supplementary Fig.1).
Thus, the fluorine atoms are not expected to contribute significantly to the protein-peptide
binding interface. Two peptides were considered, with (4R)- and (4S5)-FPro substitutions at
positions 4 and 8 (hereafter named MpRS), or introduced at positions 8 and 4 (MpSR).

Full 'H and '3C chemical shift assignments of the non-proline and FPro residues in D20 were
achieved using standard 'H-'H NOESY, 'H-'H TOCSY and 'H-'3C HSQC experiments. The 8
non-fluorinated proline residues have very similar chemical shifts, but full assignment could
still be achieved using a 2D 'H-3C HSQC-NOESY experiment with very high 13C digital
resolution (ca. 4 Hz, see experimental section) (Fig. 2). For this, the spectral window was set
to a narrow °C chemical shift region of 3 ppm containing the proline C8 resonances. To avoid
interference from folded '3C-Ho autocorrelation peaks, a gradient-enhanced frequency-
selective 3C 180° refocusing pulse was applied in the HSQC experiment. At this spectral
resolution, the minute Co chemical shift dispersion (0.3 ppm for prolines 2 to 11 in MpSR)
allowed resolving the sequential H8(i) to Hau(i-1) NOE cross-peaks and thus completing 'H and
3C chemical shift assignment of both peptides (Table 1).
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Figure 2: 'H-'3C HSQC-NOESY (mixing time: 80 ms) with a narrow '*C window focussing
on the 1*C8/H3 correlations regions of both MpRS and MpSR peptides, recorded at 298 K and
700 MHz. The numbers indicate the position of the residue in the sequence. The red asterisks

highlight minor forms of prolines.

When comparing the two peptides, 'H and '*C chemical shifts of each type of FPro (4R or 45)
turn out nearly identical, independently of their position in the sequence, suggesting that the
local conformation of the pyrrolidine ring is not sensitive to the sequence context, but is dictated
by the fluorination stereochemistry at the Cy-center. To confirm this, we measured 'H-!F and
"Ho-'HP scalar couplings within the FPro residues (Table 2). Heteronuclear 'H-'F couplings
were measured in 2D 'H-'H TOCSY spectra using the E.COSY cross-peak pattern 'Hy-'Hf
and 'Hy-'HS$ correlation peaks, while the homonuclear 'Ha-"Hp couplings were measured using
SERF experiments (see experimental section) (Fig. 3). These latter couplings are diagnostic of
the ring pucker, and a visual inspection of the coupling patterns observed for MpRS and MpSR
peptides immediately indicates that both (4R or 45) FPro retain their exo or endo ring pucker in

the context of a polyproline segment. These scalar couplings are compared with the literature
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values determined for the free amino acid (Table 2) (Gerig et al., 1973), and turn out to be very
similar, except for the *Jg-s52 coupling in (4S)-FPro where a difference of about 5 Hz is seen. The
reason for this is unclear, but could be due to the presence of either a neighbouring amide or
amine group in the peptide or free amino acid, respectively. Thus, it can be concluded that the
strong bias of the five-membered ring conformation introduced by 4-monofluorination (Gerig
et al., 1973; DeRider et al., 2002) is fully preserved within the oligoproline context. Using
density functional theory (M06/cc-pVDZ in SMD water), we previously calculated for Ac-
FPro-OMe that the Cy-exo:Cy-endo population ratios are 93:7 for (4R)-FPro and 1:99 for (45)-
FPro (Hofman et al., 2018; Hofman et al., 2019). For the purpose of NMR conformation and
dynamic analysis, it is thus fair to assume that only one ring conformer is present. It is known
that proline normally interconverts between the Cy-exo and Cy-endo ring conformations within
oligoprolines while adopting a PPII helix (Horng et al., 2006; Wilhelm et al., 2014). Similar to
the concept of conformational frustration (Ferreiro et al., 2014), it can be stated that proline
fluorination creates a form of “dynamic frustration” within the polyproline helix.
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Figure 3: Puckering analysis of fluoroprolines. a: Homonuclear coupling constants *Jxq-rg2 and

3Jho-up3 of the (4R) (in red) and (4S) (in blue) fluoroprolines in MpSR and MpRS peptides
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measured from SERF experiments at 298 K. b: The 3Jr.up heteronuclear coupling constants
extracted from 2D 'H-'H TOCSY spectra using the E.COSY cross-peak pattern. ¢: The 3Jr.us
heteronuclear coupling constants extracted from 2D 'H-'H TOCSY spectra using the E.COSY

cross-peak pattern.

For the non-fluorinated prolines, the 3C chemical shifts are mostly similar in the MpRS and
MpSR peptides (Table 1 and Supplementary Fig.2), suggesting that the overall conformational
properties of the peptide are not greatly affected by the permutation of the two FPro residues.
It is also observed that the insertion of the PPII destabilizing (4S)-FPro within both polyproline
segments does not alter the intensities of the strong Hau(i-1) to H3(i) NOE cross-peaks observed
between all prolines of the segment including the (4S5)-FPro. In addition, the chemical shift
differences between *CB and '3Cy are found within 5 ppm for all eight natural prolines,
indicating a trans conformation of the Xaa-Pro peptide bond (Table 1) (Schubert et al., 2002).
The dynamics of the non-fluorinated prolines are also not impacted by the insertion of either
(4S5)- or (4R)-FPro, as measured from the difference between the diastereotopic Ho chemical
shifts (Ahuja et al., 2016) (Supplementary Fig.3). All of this indicates that the overall PPII
secondary structure of a polyproline segment is maintained, regardless of the conformational
bias of the individual fluoroproline residue. Nevertheless, subtle '3C chemical shift differences
between both peptides are observed in the prolines neighboring the FPro residues (3, 5, 7 and
9) (Table 1 and Supplementary Fig.2), with the most pronounced differences seen in the Co
chemical shifts (Fig. 3). Indeed, it has been shown for Ac-FPro-OMe model compounds that
the (4R)- and especially the (4S5)-FPro residues change the preferred y dihedral angle (DeRider
et al., 2002). The FPro residues thus appear to cause small local conformational equilibrium or
dynamics changes in the local PPII helix backbone, and further detailed conformational analysis
is ongoing to confirm and quantify this effect. Finally, a minor set of peaks for prolines 10 and
3 is observed in the MpRS peptide in the 2D 'H-13C HSQC-NOESY spectrum (Fig. 2); their
origin could not be established.

The 'F NMR spectra of each peptide are shown in Fig. 4. The assignment of the '°F resonances
can be made by comparing their chemical shifts with those of the Ac-FPro-OMe model
compounds (ca. —178 ppm for (4R)-FPro, —173 ppm for (4S5)-FPro) (Hofman et al., 2019). Just
as for 'H and '*C chemical shifts, I°F chemical shifts of each type of FPro change only slightly
between peptides. Several smaller peaks are found near the main peak of the (4R)-FPro at

position 4 of the MpRS peptide, with one accounting for 35% of the total signal integral. By
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analyzing this particular sample by analytical HPLC and mass-spectrometry we identified this
species as an impurity (with mass increase of 14 Da that is localized to Prol residue based on
tandem MS? experiment). Other minor peaks can correspond to minor forms of the peptide
where a single proline or fluoroproline is in the cis-form. For oligoproline sequences, the cis
form of internal prolines are known to be typically populated at a few percent, while the N- and
C-terminal prolines can have populations above 10% (Best et al., 2007; Urbanek et al., 2020).
This illustrates the remarkable sensitivity of fluorine to its chemical environment, as it is able
to resolve not just local conformation of the FPro residue itself, but also chemical modification

or conformations of nearby proline residues within the oligoproline.

MpRS MpSR
(4S)-FPro (4R)-FPro (4S)-FPro (4R)-FPro
64.5%
35.5%
~
4704 7141764 4772 -1704 A71.4 1764 4772
18F(ppm)

Figure 4: 1D 'F NMR spectra showing the fluoroprolines signals of the two model peptides
MpRS on the left and MpSR on the right. The spectra were recorded at 298 K and 600 MHz in
pure D20. The (4R)-FPro within MpRS resonance displays a second major species accounting
for 35.5% of the total peak integral corresponding to a Hydrolytic and/or oxidative modification

of the Prol.
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2.2.  F relaxation and dynamics

Spin relaxation rates are a useful source of information on molecular structure and dynamics.
However, °F relaxation theory is rather complex, with multiple dipole-dipole (DD) interactions
to neighboring protons, strong chemical shift anisotropy (CSA), and a multitude of cross-
correlations (Dalvit et al., 2017; Lu et al., 2019). This stands in contrast with protein backbone
5N relaxation where the dominant DD interaction with a single proton and >N CSA is well
understood. A quantitative analysis of °F relaxation rates for both the (4R)— and (4S5)-FPro
residues in terms of dynamics thus requires knowledge of the various 'H-!°F distances within
the fluoroproline structure, and also of the '°F CSA tensor. These were obtained (Table 3) using
density functional theory for the energy minimum structures of Cy-exo and Cy-endo ring
conformations in the frans form of N-acetyl-FPro-NMe,, where the capping groups were
chosen to emulate the oligoproline peptide context. In each case, multiple protons had
sufficiently small distances to the °F nucleus in order to significantly contribute to DD
relaxation. While the distance to the Hy proton remains constant (2.0 A), the distances to Hp
and HO protons change with conformation (Table 3) (Gerig et al., 1973). Proline ring
conformation also has a profound effect on the anisotropy parameter Ac of the chemical shift
tensor: the major conformers (Cy-exo for 4R-FPro and Cy-endo for 4S-FPro) have Ac =~ —80
ppm, while the minor conformers have Ac =—-30 ppm.

It has been shown that the proline ring pucker exchange occurs on a picosecond time scale
(London et al., 1978; Sarkar et al.; 1986; Kang et al., 2007), and thus faster than the overall
tumbling of a peptide. Fluorine relaxation rates will be sensitive to this internal motion.
However, because DD and CSA interactions vary in a correlated way with this motion, standard
rotational diffusion autocorrelation functions cannot be used. Fortunately, as shown in the
previous section, within the polyproline context both FPro residues adopt one dominant
conformation. Although the work reported here can proceed, it would be beneficial in the long
run to design case-specific relaxation models that involve a picosecond scale correlated switch
in the spin Hamiltonian parameters.

Theoretical calculations of all relaxation rates were performed using the brute-force numerical
implementation of Bloch-Redfield-Wangsness relaxation theory available in Spinach 2.6,
which automatically accounts for all dipole-dipole interactions, all chemical shift anisotropies,
and all of their cross-correlations (Hogben et al., 2011). Molecular geometries and the relevant

magnetic parameters (chemical shielding tensors and J-couplings) were imported from DFT
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calculations. The molecules in question are small enough that no spin system truncation is
necessary. Longitudinal '°F relaxation rates were calculated for rotational correlation times
between 10 ps and 100 ns at 14.1 Tesla (Fig. 5SA), for both exo and endo conformers to evaluate
the impact of proline ring pucker. The correlation time dependence of longitudinal relaxation
rates for the major conformers of all FPro residues shows a peculiar ‘camel hump’ shaped
profile, with two maxima at 0.3 ns and at 4.4 ns. The same picture was reported earlier for
fluorinated aromatic amino acids based on a simplified relaxation model (Dalvit et al., 2017).
It is caused by CSA and dipolar 'H-"’F relaxation contributions being maximal at different
frequencies, namely the fluorine Larmor frequency (or) and the difference between proton and
fluorine Larmor frequencies (ou — ®r), respectively. For the minor conformers, the maximum
at 0.3 ns is much lower than the one at 4.4 ns due to the lower CSA (Table 3). This demonstrates
that, for longitudinal '°F relaxation, the contribution of motions operating at time scales up to
about 3 ns are strongly influenced by the ring pucker distribution. When assuming only the
major ring pucker to be present — as in the polyproline context — R1 shows very little contrast
in the 0.1 ns to 10 ns range, implying it is not an appropriate parameter to unambiguously probe
dynamics. The experimental relaxation rates measured for MpRS and MpSR peptides at 298K
are reported in Table 4; they fall into a narrow range between 2.1 and 2.3 s7, in agreement with
the calculated values within the aforementioned correlation time range.

Transverse '°F relaxation rates (measured using the CPMG sequence with a half-echo delay of
200 ps) show the usual monotonic increase with the rotational correlation time (Fig. 5B). The
difference in CSA between exo and endo puckers has a clear impact throughout, thereby
complicating its interpretation in situations where puckers would be exchanging. To assess the
contribution of slow motions, transverse relaxation rates were also measured using a spin echo
(Table 4). This revealed about double values throughout, revealing exchange contributions on
the ms time scale at both sites for both MpRS and MpSR peptides. As residual exchange
contributions cannot be excluded in the CPMG experiment, an interpretation of transverse
relaxation rates would also be unreliable. The origin of the exchange contribution is unclear,
but possibly may arise from transient interactions between the polyproline segment and the
flanking sequence (RVYK). Further studies will be required to investigate this unexpected
finding.

In contrast to R and R,, 'H-'F cross-relaxation rates within the same carbon centre are purely
dipolar and therefore likely to be easier to analyse. The 'Hy-!°F NOE is ideal because Hy has a
distinct chemical shift at 5.6 ppm, allowing selective RF irradiation without perturbing the

remaining protons of the proline ring; 'Hy-'°F distance is independent on ring pucker. Fig. 5C
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shows the calculated steady-state '°F NOE upon 'Hy saturation as a function of rotational
correlation time. Just as for the R curves, at long correlation times nearly identical curves for
both the (4R)- and (45)-FPro residues in each pucker are found, while at short correlation times
a small difference is found between the puckers due to the dissimilar CSA. Importantly, the
sigmoidal transition parts between fast-motion and slow-motion limits are similar in all four
cases, making 'Hy-'F NOE a reliable parameter sensitive to motions with correlation times
between 0.1 and 4 ns.

Experimentally, °Fy signal intensities were measured for several Hy selective irradiation times,
leading to the observation of NOE build-up curves that were fitted with a single exponential
function to extract the cross-relaxation rates (Fig. SD-E). For both peptides, the steady-state
NOE ranges from —6.8 % at position 4 to —19.9 % at position 8 (Table 4), indicating faster
dynamics experienced by the first polyproline segment compared to the second. These values
correspond to rotational correlation time estimates of 0.5 ns for the proline at position 4, and
0.8 ns for the proline at position 8. These correlation times suggest that local motions are
different for the two polyproline segments, irrespective of the identity of the FPro residue. The
reason for this difference between both polyproline segments is not obvious, and further
relaxation or conformational studies will be required. We speculate that the distinct flanking
sequences of each polyproline segment may determine their overall conformational and
dynamical behavior, in a similar way as has recently been shown for other homopolymer

sequences such as polyglutamine (Eftekharzadeh et al., 2016, Urbanek et al., 2020).
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Figure 5: a: Calculated '°F longitudinal relaxation rates as functions of rotational correlation
time. The lines indicate the range of experimental values and their corresponding correlation
times. The dotted line indicates a second, unrealistic correlation time for the observed R;. b:
Calculated 'F transverse relaxation rates as functions of rotational correlation time. The lines
indicate the range of experimental values and their corresponding correlation times. c¢:
Calculated steady state fluorine-proton heteronuclear NOEs. Relaxation data were calculated
for (4R)-FPro in the major Cy-exo (black plain line) and minor Cy-endo (grey plain line) and
for (4S)-FPro for the major Cy-endo (black dashed line) and the minor Cy-exo (grey dashed
line) conformations. The lines indicate the range of experimental NOEs and their corresponding
correlation times. d: Experimental NOE build-up at Fy upon selective saturation of Hy proton
measured for the MpSR peptide at 298 K. The dots are the experimental peak intensities and

the solid line is the corresponding fit to a monoexponential function.
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2.3. Impact of proline modifications on the binding of SH3

SH3 domains are small modular protein domains of 50-70 amino acids that typically interact
with proline rich motifs (PRM) and that are highly represented in the human genome (Saksela
et al., 2012). Many experimental and theoretical studies have been conducted to decipher the
molecular mechanisms underlying both binding affinity (in the 0.1-100 uM range of
dissociation equilibrium constant Kq) and specificity of SH3 domains that primarily recognize
PXXP sequence motifs. This mechanism involves the aromatic indole ring of the tryptophan
37 residue exposed at the surface of the SH3 domain that mediates CHee*n interaction with
proline residues. Additional binding energy is provided by electrostatic interactions between
the SH3 surface residues and those flanking the PXXP motif of the binding partner.

In order to measure the binding affinities between the Vinexin 3 SH3.3 domain and the model
peptides, a titration experiment was performed where increasing amounts of peptide were added
to a solution of 1°N labeled SH3 domain. Apart from MpRS and MpSR peptides, a titration was
also performed with a non-fluorinated reference peptide. Just as for most SH3-PRM interaction
studies, a gradual frequency shift of a subset of '"H-!>N correlation peaks in the 'H-'>’N HSQC
spectra was observed, indicative of fast exchange between bound and free states of the protein
(Fig. 6A). Under this exchange regime, the chemical shifts provide an accurate measure of the
bound protein fraction, enabling the determination of an equilibrium dissociation constant Kgq
(vide infra). Interestingly, a striking difference between the peptides is observed in the 'H-1SN
HSQC during the titration, where the trajectory of the tryptophan 37 ®N; -'H correlation
appears different for the MpRS peptide compared to the MpSR peptide (insert Fig.6). Whether
this reflects a direct interaction between the Trp37 aromatic ring with (4S5)-FPro8 in the PXXP
binding motif, or an alteration of the binding complex indirectly caused by the (4S)-FPro8

residue in MpRS will require further investigation.
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Figure 6: a and b: A series of 'H->N HSQC spectra of Vinexin p SH3.3 domain recorded upon
successive addition of MpRS (A) and MpSR (B) peptides. The black spectrum corresponds to
the first titration point where no peptide is added while the red spectrum corresponds to the last
titration point. The arrows indicate the tryptophan 37 Ng-He cross-peak trajectories during the
titration. The insert in the middle displays a zoom on these cross-peak trajectories shown as the
position of the peak center for both MpRS (stars) and MpSR (disks) peptides. ¢ and d: Series
of 1D F spectra recorded during the same titration experiment of Vinexin p SH3.3 domain
by MpRS (C) and MpSR (D) peptides. Peak intensities were normalized to account for the
difference in peptide concentrations and number of scans used to record the spectrum. For the
(4R)-FPro4 in MpRS and (45)-FPro4 in MpSR, a minor peak that overlaps with the main peak
at high peptide concentrations is indicated by an asterisk. At low peptide concentrations (blue)
the spectra are indicative of a mostly bound form while at high peptide concentrations (red),

the spectra converge to those observed for the free peptides.

For the MpRS and MpSR peptides, the peptide-protein titration can also be observed using '°F

NMR, allowing to simultaneously monitor the binding event from the perspective of the protein

126

-176.9



(receptor) and the peptide (the ligand) (Fig. 6C-D). Thanks to the availability of a cryogenic
fluorine probehead, the '°F signals could be detected even at the first titration point where the
peptide concentration was just 50 uM and significant broadening was present. Just like for the
'H-N chemical shifts, increasing the peptide concentration resulted in a gradual shift of the
F resonances, indicative of a fast exchange regime. Interestingly, for both the signals from
(4R)-FPro4 in MpRS and (4S5)-FPro4 in MpSR, a minor peak is observed that does not shift
during the titration (highlighted by a star in Fig. 6C and 6D). This minor peak thus appears to
belong to a state that is not competent for SH3 binding. This proline is located in the first
polyproline segment and this observation implies that at least two states of the complex are
evidenced by the fluorine resonance at this position. At higher peptide concentrations, the peaks
sharpen up with addition of peptide, which can be explained by the increasing fraction of the
unbound peptide and thus lower amount of exchange broadening and faster tumbling
correlation time. Visual inspection of the °F spectra reveals that the extent of chemical shift
perturbation for both '°F signals in each peptide appears similar, even though P8 falls within
the binding motif and P4 outside (Supplementary Fig 1). These comparable CSP may be either
due to a specific geometry of the two polyproline segments induced by the serine residue that
may bend the PPII helix positioning P4 close to the SH3 surface and/or a dynamic averaging
of CSP values due to one-dimensional diffusion of the SH3 domain on the peptide. When
comparing the MpRS and MpSR peptides, it can be seen that the extent of chemical shift
perturbations is the highest for the MpSR peptide, qualitatively already indicating the higher
affinity of MpSR relative to MpRS.

Both the 'H/'N chemical shift perturbations of the SH3 domain as well as the '°F chemical
shift perturbations of the peptides can be used to assess the binding affinity. For this, the
stoichiometry of the binding was first evaluated. Indeed, even though a single canonical
PXXPX+ motif is present in the peptide sequence imposing binding specificity, a closer
inspection shows that multiple non-specific PXXP motifs can be identified (Fig. 1), potentially
leading to additional ways for the SH3 domain binding. For this, two binding models were used
where the peptide and SH3 domain can bind either up to a 1:2 ratio or only in a 1:1 ratio. Both
the '°F and '"H/!>N chemical shift data were fitted simultaneously using these models. Based on
the goodness of fit reported as the reduced 2, the ternary complex turned out to be unnecessary
to explain the data, thus implying that only one SH3 binds to the peptide. The dissociation
constants (Kq) found in this way were 96 = 30 uM for MpSR and 273 + 30 uM for MpRS.
These values are slightly above the values found when only the '"H-'>N chemical shifts are

considered (75 uM and 220 uM, suplementary table 1) but are within the reported uncertainties
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that account for the uncertainty on protein and peptides concentration measurements that was
estimated to be 15%. However, a strikingly good agreement was observed between the
experimental and back-calculated '°F chemical shifts, with a standard deviation of only 1.6 Hz
despite the large peak widths of 10-20Hz (Fig. 7A). This excellent precision thanks to the
sparsity of the 1D spectrum highlights one important feature of '°F NMR spectroscopy to study
molecular interactions. The fitted differences in bound and unbound '°F frequencies is about
twice as high for MpSR (265 + 8 Hz for (4S)-FPro4 and 218 + 8 Hz for (4R)-FPro8) than for
MpRS (88 + 17 Hz for (4S)-FPro4 and 100 = 17 Hz for (4R)-FPro8).

In addition, the K4 value was also determined for the non-fluorinated peptide using the 'H/"’N
chemical shift perturbations alone using a binding model with 1:1 stoichiometry, which was
found to be 74 + 25 uM, which is similar to the MpSR peptide. It thus appears that the presence
of (4R)-FPro within the binding motif has a negligeable effect on the interaction with SH3,
while (4S5)-FPro significantly lowers the binding affinity despite our observations that suggest
a preserved PPII conformation.

The exchange line broadening during the titration experiment also reports on the binding
kinetic. Thus, the major '°F peaks were fitted using a Lorentzian line shape and the line widths
obtained in this way provide an estimate of the apparent transverse relaxation constant Ri asa
function of peptide concentration (Fig. 7B and C), that can be used to derive the binding
kinetics. A simplified expression of the exchange contribution to R; as a function of peptide
and SH3 concentration was used that is valid for the fast exchange approximation (k.,. > Aw)

(Kovrigin et al., 2012):

A 2
RS =psR] +PoRE + 00y (D)
with:
kexc = kon([SH?’]free + Kd) (2)

where p;, and py are the bound and free fractions of the peptide, R? and R; are the transverse
relaxation rates of the bound and the free forms, and Aw the frequency difference between the

bound and free states multiplied by 2m. Taking the values of Aw, pp, pr, [SH3]free and Ky
from the chemical shift perturbation fitting, the R, R; and k,, values were subsequently fitted

to the experimental R; values. For the MpSR peptide, the optimization was performed

independently for the (45)- and (4R)-FPro '°F signals, leading to a fairly good agreement
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between experimental and modeled values (Fig. 7B). This provided fitted association kinetic
constants k,, of 0.9 108 + 0.2 108 M'!s! and 1.2 10® + 0.2 103 M"!s! for the (4S5)-FPro4 and
(4R)-FPro8 signals, respectively. These values are consistent with a simple one-to-one

association mechanism driven by a free diffusion process of the two binding partners.
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Figure 7: a: '°F chemical shift variation of (4S)-FPro (left) and (4R)-FPro (middle) in MpSR
(in black) and MpRS (in gray) peptides extracted from 1D F spectra as a function of the total
peptide concentrations. The peptide/protein ratios are indicated on the top of the axis. Left panel
displays the 'H, >N composite chemical shift from 'H-'>N HSQC. The experimental data (dots)
were fitted simultaneously to derive the equilibrium dissociation constants for the two peptides
(solid lines). b: Variation of the apparent '°F transverse relaxation rates (erl:) as a function of
MDpRS peptide concentrations. ¢: Variation of the apparent '°F transverse relaxation rates (R;F )
derived from the '°F line widths as a function of MpSR peptide concentrations. The black solid

lines indicate the expected variation resulting from the fit of the experimental rates with
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equation 1 and 2 using the transverse relaxation rates of the bound and free peptides (R, R; )

and the on-rate kinetic k,,, as adjustable parameters.

For the MpRS peptide, the profile of R; as a function of peptide concentration showed a
markedly different behavior. After an initial sharpening of about 10 Hz for both F signals
upon addition of the second peptide aliquot to the SH3 sample, a line broadening was observed
for (4R)-FPro at position 4 while a continuous sharpening is experienced by the fluorine
resonance of (4S5)-FPro at position 8. This observation is peculiar, as in a simple one-binding
site model one would expect a similar profile for both signals. This suggests a more complex
binding mechanism involving at least one supplementary minor state. This is consistent with
the observed significant reduction of the chemical shift differences between the bound and free
forms of the MpRS peptide compared to MpSR as noted previously. For the MpRS peptide, the
combined analysis of fluorine and proton spectral properties is insufficient to specify a specific
binding model. However, together with the slight difference observed for the trajectory of the
tryptophan >N -'H;, correlations in the 'H-'"N HSQC (Fig. 6A), this indicates that the structure
or dynamics of the complex are altered by the insertion of (45)-FPro within the canonical SH3

binding motif.

3. Discussion

(4R)- and (45)-fluorinated prolines have, so far, been used in structural biology studies. This
work demonstrates their hitherto neglected potential in biomolecular '°F NMR investigations.
In contrast to fluorination of most amino acids used in such studies, proline fluorination changes
its conformational and dynamic properties, leading to modified protein-protein interactions.
Although this may seem undesirable at first, this can be put to good use — as shown above — to
modulate the interaction between a PRM and an SH3 domain. Using a model peptide containing
two oligoproline sequences, permutations of two types FPro residues in conjunction with °F
NMR analysis allowed studying the consequences of the conformational biases on the binding
equilibrium with the SH3 domain. While the binding affinity appears unaltered by the
introduction of (4R)-FPro at position 8 that lies within the SH3 binding motif, the insertion of
(4S5)-FPro at the same position leads to a substantial decrease of the binding affinity. Similar

conclusions were drawn in studies involving SH3 domains of cortactin and human
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hematopoietic-lineage cell-specific protein 1, where insertions of (4R)- or (4S)-FPro residues
in the cognate PRM weakened the binding affinity (Ruzza et al., 2006; Borgogno et al., 2013).
Interestingly, these and other (Horng et al., 2006) studies used circular dichroism spectroscopy
to confirm that PPII conformational preference is stabilized by (4R)-FPro, meaning that the
expected associated increase in SH3 binding affinity is negated by other effects introduced by
the presence of the fluorine. Ruzza et al (Ruzza et al., 2006; Borgogno et al., 2013) suggested
this could be due to a destabilization of the hydrogen bond formed by the proline’s carbonyl
group due to the inductive effect of fluorine, or by destabilization of proline’s interaction with
aromatic side-chains of the SH3. Further studies are required to disentangle these effects.
Apart from binding affinities, '°F line shape analysis allowed kinetic information to be
extracted. Thanks to the exquisite susceptibility of the 'F signal line width to chemical
exchange phenomena, it was found that the binding on-rate of the SH3 domain is fast and
diffusion-limited. This result is consistent with a recent study reporting diffusion limited
binding kinetics of an SH3 domain to a PRM peptide, where a fluorinated tryptophan inserted
in the SH3 domain allowed simultaneous monitoring of 'F and 'H/'N chemical shift
perturbations measured from the SH3 domain (Stadmiller et al., 2020). The difference with our
study is that the '°F chemical shift perturbations report on the binding event from the point of
view of the binding peptide, providing complementary information with the 'H/!°N chemical
shift perturbation from the SH3 domain. Here, observation of fluorine resonances perturbations
on the ligand evidenced a different dynamic of the SH3 domain on the polyproline peptide upon
introduction of the conformationally biaised (4S)-FPro in the cognate PRM.

Although the available numerical tools allow in principle to model spin relaxation processes in
multi-spin systems very accurately, a major complication is the picosecond scale dynamics of
the five-membered ring, mainly due to the strong dependence of ’F CSA on ring pucker. This
effect can be mitigated by a strong ring pucker bias, as is typically the case for (4R)- and (4S)-
FPro residues. However, in general, and especially for other FPro variants without pucker bias
(Hofman et al., 2018), a more advanced theoretical analysis will be required. Still, the
measurement of the NOE between the geminal Hy and Fy provided an interesting way to probe
local dynamics with correlation times between 0.3 and 4-5 ns.

The comparison of transverse relaxation at two different effective B; fields revealed the
presence of motions occurring at the ps to ms time-scale. It should be noted that the presence
of many 'H-"F couplings within the FPro spin system implies that recently developed '°F
relaxation dispersion experiments cannot be applied (Overbeck et al., 2020). The dispersion of

proton frequencies in the fluorinated prolines enable their selective excitation, a feature that
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was exploited for the selective Hy-Fy NOE and can be further used to develop sequences
adapted to FPro spin systems. The molecular origin of the difference in dynamics between the
oligoproline segments remains unclear, and suggests that the flanking amino acid sequences
can play a role in the conformational and dynamical preferences of polyproline segments.
Importantly, given the absence of amide protons and the low 'Ha and *Co chemical shift
dispersion, this information would be very difficult to obtain from 'H, '3C or >N measurements.
In conclusion, fluorinated prolines provide an attractive tool for biomolecular NMR studies, in
addition to their well-established application of controlling proline conformation. Given the
increasing capabilities of chemical biology techniques that allow introduction of unnatural
amino acids in proteins, such as chemical ligation or genetic code expansion (Debelouchina et
al., 2017), we foresee that 'F NMR studies through FPro residues will find their way to larger
protein constructs. Apart from (4R)- and (45)-fluorinated prolines, many more mono- and
difluorinated prolines have been described (Verhoork et al., 2018), providing a rich set of
fluorine labelling options for PRMs that can be tuned to the specific needs in terms of
conformational control and/or ’F NMR properties. Further investigations in this respect are
ongoing. Furthermore, this work demonstrates how the conformational changes caused by
fluorination within a proline-rich SH3 binding motif subtly modulates the binding properties of
an SH3 domain for its cognate binding site, despite it occuring at a position that is not directly
involved in the binding — as defined by the cannonical sequence binding motif — and the global
PP-II conformation being preserved. We note that the change in binding affinity for the vinexin
B SH3 upon (4S5)-FPro insertion is comparable to what was observed upon serine
phosphorylation in the proline-rich region of the RARY, upon which the MpRS and MpSR
peptides were modelled upon (Lalevée et al. 2010). The introduction of fluoroprolines in larger
protein constructs thus provides an attractive tool to explore how small local conformational
biases result into large biological effects within interaction networks, which is the basis for
signalling mechanisms. Indeed, binding sites for SH3 — or other — domains are frequently
clustered within larger proline rich regions where post-translational modifications lead to subtle
changes in the weak binding affinities and thus a redistribution of the protein-protein interaction
network. We are confident that fluorinated prolines and F NMR provide an elegant way to

shed light on these complex systems.
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4. Material and methods

Sample preparation

The MpRS and MpSR peptides were produced by solid phase synthesis using Fmoc-amino-
acids using a model 431A peptide synthesizer from Applied Biosystems (Foster City, CA,
USA). Fmoc-protected (4R)- and (45)-FPro amino acids were purchased from Bachem SA.
Peptides were purified by reversed-phase HPLC, and checked by electrospray ionization-time
of flight mass spectrometry (ESI-TOF). The Vinexin  SH3.3 was obtained using recombinant
expression of a GST fusion protein in E. coli using pGEX plasmids as described (Lalevee et
al., 2010). After thrombin cleavage, the protein was purified using size exclusion
chromatography and eluted with phosphate buffer (40 mM Phosphate, NaCl 100 mM, DTT 2
mM, pH 7). Before titration experiments, a dialysis was performed using 1 kDa and 3 kDa
cutoff membrane for the peptide and the protein, respectively, and a common dialysis bath
containing the buffer used in interactions experiments. Protein concentrations were determined
by measuring the OD at 280 nm (molar absorption coefficient 11460 M'.cm™). Peptide
concentrations were measured by 'H NMR by comparing the integrals of peptide resonances
with those of tryptophan of known concentration in a sample containing small amounts (10-30
uM) of both compounds in D20 as described (Kohler et al., 2015). For assignments, lyophilized
powder of MpRS and MpSR peptides were dissolved in 170 pL. of D>O for a final concentration

of 1 mM in 3 mm tubes.

NMR experiments

F NMR spectra were recorded on a Bruker Avance I spectrometer operating at a 'H frequency
of 600 MHz and equipped with a cryogenic QCI-F probe. 'H and '3C spectra were recorded
using a Bruker Avance III spectrometer operating at a 'H frequency of 700 MHz and equipped
with a cryogenic TCI probe. Standard full-range 'H-*C HSQC (10 ppm 'H x 80 ppm 3C) were
recorded on MpRS and MpSR peptides for the carbon assignment. The number of points in the
time domain was 4096 in F» and 4096 in Fi. In addition, a high resolution 2D 'H-'3C HSQC-
NOESY (600 ms mixing time) was recorded with the same 'H spectral width, but with a narrow
carbon bandwidth of 3 ppm, centered on the proline's Cé resonances (47.3 ppm). The number
of points in the time domain was 1024 in F> and 256 in F. The resulting resolution in the 3C
dimension was 4 Hz/pt. The usual '*C 180° pulse used to compensate for chemical shift

evolution during the echo-antiecho encoding pulsed field gradient was replaced by a frequency-
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selective 13C 180° refocusing pulse (4 ms RSNOB) was applied on the 3C3 region in order to
avoid interference from folded peaks from outside the spectral region. The NOESY mixing
time was 80 ms. The relaxation time was set to 1 s and 300 transients were recorded for each t;
point resulting into a total experiment time of 1 day and 4 hours.

The 'H-'°F heteronuclear coupling constants were measured from the 'H-'H TOCSY spectra
(MLEYV spinlock 80 ms) recorded at 700 MHz. The spectral width was 10 ppm in both F; and
F>, with the number of time domain points 4096 in F> and 512 in F, resulting in resolutions in
F1and F» of 23.4 and 2.9 Hz/pt, respectively. The 'H-'H couplings were measured using SERF
experiments (Fécke et al., 1995) modified to use the Pell-Keeler method (Pell et al., 2007) to
obtain 2D absorption mode line shapes, as recently proposed (Sinnaeve, 2021). The active spin
refocussing selective 180° pulse was a RE-BURP pulse of 14.5 ms set to invert just the FPro
Ha signals, while the selective inversion 180° pulses were I-BURP pulses of 12.85 ms set to
invert just one HP3 proton per FPro residue at a time. The spectral width was set to 1.07 ppm in
F> and 23.5 Hz in F, with the number of time domain points 1024 in F> and 64 in F, resulting

in resolutions in F1 and F> of 0.7 and 1.5 Hz/pt, respectively.

YF R and R; relaxation parameters were measured at 600 MHz ('H frequency) and 298 K
using standard inversion recovery and CPMG experiments respectively. The carrier frequency
was set to -174 ppm with a spectral width of 12 ppm and an interscan relaxation delay of 4 s.
The inversion recovery relaxation build-up delays ranged from 1 ms to 3 s with an exponential
sampling with one point repeated for uncertainty estimation, resuling in 20 data points in total.
The CPMG sequence was measured using a half-echo delay of 200 ps, or as a single spin echo
with variable delays. A 180° proton pulse was applied every 2.8 ms at the fluorine echo time to
average cross-correlation effects and ensure a single exponential decay (Farrow et al., 1995).

Sampled relaxation delays ranged from 1 ms to 460 ms, with 16 data points in total.

'H-1F nOe buildup experiments were measured by selectively saturating the Hy proton, using
a train of sinc shaped soft 180° pulses centered at 5.42 ppm. The pulse duration was 2.8 ms and
was applied every 4 ms prior to fluorine acquisition. The saturation times ranged from 10 ms
to 2.6 s, including one repeat for error estimation, resulting in 16 data points in total.

Processing of 1D '°F spectra and quantification were performed using an open-source Python
package dedicated to Fourier spectroscopies called “Spectrometry Processing Innovative

Kernel” (SPIKE) (Chiron et al., 2016). An exponential line broadening of 8 Hz was applied
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prior to Fourier Transform for signal apodization. Line fitting was done using the least-square
minimizer of the Scipy optimize toolbox to find the optimal set of the signal parameters
minimizing the squared differences between the experimental and calculated spectra. 2D
spectra used for peptide assignments were processed using Topspin 2.6 (Bruker) and visualized
in CcpNmr Analysis V2 (Vranken et al., 2005). Relaxation parameters were obtained by fitting
relaxation data to a three parameters single exponential model using the least-square algorithm

implemented in the Scipy optimize toolbox (Levenberg-Marquart).

The selective longitudinal relaxation rate constants p and the proton-fluorine cross-relaxation
rate 0 were obtained by identification of the three optimized parameters to the following

equation:

IO =l +22(1—e)  (3)
PYF
where I, is the equilibrium signal intensity and yy, yr are the proton and fluorine magnetogyric

ratios, respectively.

Electronic structure theory and spin relaxation theory

All electronic structure theory calculations were performed using Gaussian09 (Frisch et al.,
2009). Molecular geometries of proline isomers and conformers were optimised for
fluoroproline moieties (capped with an acetyl group on the NH side and a dimethylamino group
on the COOH side) using density functional theory with the M06 exchange-correlation
functional (Zhao et al., 2008) and cc-pVDZ basis set (Peterson et al., 2002) in SMD chloroform
(Marenich et al., 2009). Hessians were checked for positive definiteness at convergence point,
and magnetic property calculations (shielding tensors and J-couplings) then proceeded using
gauge-independent atomic orbital method (London et al., 1937) with the basis set decontracted
and augmented with tight Gaussian functions (Deng et al., 2006) for the calculation of isotropic

J-couplings.

Spin relaxation theory calculations were performed using Spinach 2.6 (Hogben et al., 2011).
Cartesian coordinates, chemical shielding tensors, and J-couplings of all fluorine and hydrogen
atoms were imported from Gaussian09 logs, and a numerical evaluation (Goodwin et al., 2015)

of Redfield’s relaxation superoperator (Redfield et al., 1957) for the resulting 16-spin system
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was carried out using the restricted state space approximation (Kuprov et al., 2007; Edwards et
al., 2014), (IK-1(4,4) basis set) with a 5 Angstrom distance cut-off for dipolar interactions.
Rigid-molecule isotropic rotational diffusion approximation was used. Longitudinal and
transverse relaxation rates for the spins of interest were extracted as the matrix elements of the
relaxation superoperator corresponding to Lz and L+ states of those spins. The implementation
of Bloch-Redfield-Wangsness theory in Spinach automatically accounts for all applicable

cross-relaxation and cross-correlation effects (Kuprov et al., 2011).

Titration experiments

Titrations were performed by successive addition of stock peptide solutions to a sample of SH3
protein at 314 uM in a 3 mm NMR tube. In order to reduce the dilution of the initial protein
solution and keep the aliquot volumes within values compatible with low pipetting errors (1 to
3 uL), initial aliquots were added using stock solutions diluted by a factor 2. The concentrations
of the stock solutions were 5.1 mM and 5.7 mM for MpSR and MpRS, respectively. For every
titration point, a 1D °F spectrum and a 'H-'>N-HSQC were recorded at 298K on the same
spectrometer, taking advantage of the QCI-F probe. The 'H-'>N-HSQC was recorded using the
standard pulse sequence and a 3-9-19 WATERGATE water suppression element. 200 points
were recorded in the indirect dimension to achieve a final resolution of 7.0 and 18.8 Hz/pt in
the acquisition and indirect dimensions, respectively. The relaxation delay was set to 1 s
resulting in a total acquisition time of 16 min. The 1D '°F spectra were recorded with a spectral
width of 22522 kHz. The number of scans was adapted to achieve a sufficient signal/noise ratio
for each concentration of peptide. For the first titration point, at a peptide concentration of 50
uM, 1600 scans were recorded for a total acquisition time of 1 hour and 6 min while 250 scans
(10 min acquisition time) were used for the large peptide concentrations. The protein chemical
shift perturbation was averaged over 9 'H->N correlations that displayed a similar apparent
titration profile (from the amino-acids Q14, N15 (side chain Ns2), D17, L21, W37 (side chain
Ne), V39, G49, T50, V56).

The composite chemical shift was calculated using:

A8 = \J(B8y)? + (58642 (4)
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where A8y and ASy, are the SN and proton chemical shift difference measured between the free

protein and the protein in presence of a given amount of peptide.

The modeling of the interaction was performed using an in-house Python script that solves the
equilibrium concentrations of a set of interacting molecules by integrating the set of coupled
differential equations until steady state is reached (https://github.com/delsuc/SpinEq). To fit the
experimental data, we used the fluorine frequencies of free and bound states, and the frequency
of the bounded SH3 as parameters. Depending on the model, one or more equilibrium constants

were given. The goodness of fit was assessed using the reduced chi2:

1 2
K = (677 = 87) (5)

~ N-NP
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Tables

Table 1: Chemical shift assignments of MpRS and MpSR peptides. Ad is the chemical shift
difference between '3CP and *Cy resonances used as indicator for cis and trans conformations

of the Xaa-Pro peptide bond. ACa is the chemical shift difference between the measured *Ca

and the corresponding random coil values. Chemical shifts were measured in D,O at pH 7, 298

K and referenced to DSS-ds.

MpSR
Ha Hp Hy H8 Ca CB Cy C3 A3 ACa

Prol 4.61 2.54 2.05 3.42 61.75 30.91 26.52 49.3 4.39 -1.59
2.39 3.37

Pro2 4.76 2.39 2.01 3.70 61.65 30.64 27.27 50.36 3.37 -1.69
1.88 3.54

Pro3 4.63 2.38 2.06 3.823.59 61.31 30.63 27.30 50.28 3.33 -2.03
1.96

(4S)-FPro 4.87 2.59 5.42 4.07 60.32 36.97 95.09 56.55 -58.12 -3.02
2.43 3.99

Pro5 4.43 2.27 2.02 3.85 63.06 31.89 27.27 50.44 4.62 -0.28
1.88 3.62

Ser6 4.71 3.84 56.24 63.04 -2.47
3.72

Pro7 4.68 2.31 2.02 3.79 61.51 30.66 27.26 50.50 3.40 -1.83
1.89 3.64

(4R)-FPro 4.88 2.72 5.45 4.22 59.77 37.20 95.10 56.58 -57.90 -3.57
2.06 3.84

Pro9 4.71 2.32 2.03 3.75 61.37 30.68 27.29 50.21 3.39 -1.97
1.89 3.61

Prol0 4.68 2.28 1.99 3.81 61.26 30.62 27.27 50.32 3.35 -2.08
1.87 3.63

Proll 4.37 2.26 2.00 3.79 62.79 32.01 27.27 50.36 4.74 -0.55
1.84 3.61

Argl2 4.23 1.70 1.56 3.13 55.82 30.82 26.94 43.17 -0.96

1.48
Vall3 4.06 1.93 0.86 61.82 33.04 20.41 -0.72
0.83 20.98

Tyrl4 4.57 3.01 7.10 He6.78 57.52 39.09 53.21 -0.66
2.88 Ce37.98

Lys15 4.27 1.84 1.34 1.63 55.23 32.74 24.61 28.87 -1.73

He2.93 Ce41.82
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MpRS

Prol

Pro2

Pro3

(4R)-FPro

Pro5

Ser6

Pro7

(4S)-FPro

Pro9

Prol0

Proll

Argl2

Vall3

Tyr14

Lys15

4.61

4.76

4.71

4.89

4.45

4.70

4.62

4.86

4.69

4.68

4.37

424

4.06

4.57

4.28

HB

2.54
2.04
2.39
1.88
2.29
1.84
2.73
2.03
2.28
1.88
3.85
3.72
2.37
1.96
2.62
2.38
23

1.87
2.31
1.87
2.26
1.83
1.68
1.67
1.94

3.01
2.87
1.84
1.72

Hy
2.04

2.01

2.05

5.44

2.01

2.05

541

2.02

2.02

2.00
1.98
1.54
1.47
0.85
0.83

1.34
1.33

H6

3.42
3.37
3.69
3.54
3.80
3.60
4.20
3.81
3.85
3.64

3.82
3.68
4.07
3.96
3.74
3.56
3.82
3.59
3.8

3.59
3.13
3.13

7.10
He6.78
1.65
1.62
He2.92

Ca
61.76

61.62

61.24

59.72

62.86

56.46

61.53

60.35

61.22

61.19

62.82

55.80

61.83

57.51

55.16

Cp
30.86

30.57

30.49

37.22

32.06

62.97

30.78

36.90

30.52

30.73

32.01

30.80

33.03

39.09

32.72

Cy
26.51

27.26

27.32

95.66

27.26

27.32

95.63

27.25

27.25

27.26

26.96

20.97

20.44

24.63

Co
49.28

50.37

50.20

56.52

50.51

50.69

56.50

50.13

50.25

50.33

43.17

53.21

Ce37.98

28.84

Ce41.82

Ad
4.35

3.31

3.17

-58.44

4.80

3.46

-58.73

3.27

3.48

4.75

A Ca
-1.58

-1.72

-2.10

-3.62

-0.48

-2.25

-1.81

-2.99

-2.12

-2.15

-0.52

-0.98

-0.71

-0.67

-1.80
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Table 2: Comparison of the scalar coupling constants (in Hz) of (4R)-FPro and (4S)-FPro
measured in MpRS and MpSR peptides with those reported for the free fluoroproline residues
(Gerig et al., 1973).

MpRS MpSR Free amino acid

P4 (4R) P8 (45) P4 (45) P8 (4R) (4R)-FPro (4S5)-FPro
3Jp-p2 42.3 21.0 20.9 42.1 40.5 20.5
3Jp-p3 18.8 42.5 43.1 18.9 19.6 41.9
k52 38.2 24.6 24.7 383 37.4 19.4
3JE-53 21.7 35.2 354 21.9 20.1 37.6
Jo-p2 10.1 3.0 3.1 10.2 10.4 2.8
3Jop3 8.1 10.5 10.2 8.1 8.1 10.5

Table 3: Internuclear distances between "F atom and the neighboring protons for
representative conformers of major and minor conformations of the (4R)- and (4S)- FPro and

corresponding 'F CSA tensor parameters derived from Gaussian calculations. A8 is the

chemical shift tensor anisotropy, is the asymmetr arameter, and
Py n Y Yy P
S, 5t SAM are the antisymmetric components to the full CSA tensor in the principal

axes coordinate system of the symmetric part of the tensor.

Distances (A) 19F CSA tensor
F-Hy F-HB, F-HPs F-HS, F-H& Ad n St sgntt - sant
(ppm) (ppm) (ppm) (ppm)
(4R)-exo 2.03 3.29 2.56 33 2.5 -74.2 0.120 4.71 2.21 -3.45
major
(4R)-endo  2.02 2.89 2.50 2.97 244  -256 039 729 234 442
minor
(45)-endo  2.01 2.49 3.29 24 325  -84.9 0392 -326 -427 -6.01
major
(45)-exo 2.02 2.49 2.89 2.52 2.88  -333 0483 578 220  -2.32
minor
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Table 4: Experimental longitudinal and transverse relaxation rates together with the nuclear

Overhauser effect measured for both peptides at 298 K on a 600 MHz spectrometer.

MpRS MpSR
P4(4R) P8(4S5) P4(4S) P8(4R)
-1
Ri(s7) 2.23+0.04 2.2+ 0.01 2.30+0.01 2.13+0.01
NOE max (%) -6.8 -19.9 -9.3 -19.0
p (st 1.85 1.76 2.25 1.59
o (sh) -0.12 -0.33 -0.2 -0.28
Ra(s™) Spin 20.3+0.5 24.96 + 0.6 12.4+£0.5 18.5+0.4
Echo
Ra(s!') CPMG 8.6+ 0.5 82+0.3 54+0.3 9.7+0.5
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5. Supplementary Material

(4R)-FPro 8

Supplementary Figure 1: 3D homology model of a complex between the MpSR model peptide
and the SH3.3 domain of 25 Vinexin f. The structure of the SH3.3 domain was built using the
structure of the homologous SH3.1 domain from the same protein (PDBID 2CT3) using
MODELLER. The position of the ligand peptide was infered from the structure 1PRL with
sequence AFAPPLPRR. The polyproline segments were built assuming a PPII conformation
with dihedral angles of -75° and 145° for phi and psi, respectively. The figure was made using
Pymol. The residues displaying the largest chemical shift perturbations are colored from light

orange to red according the importance of the perturbation
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Supplementary Figure 2: Comparison of chemical shifts measured for MpRS and MpSR
peptides in water at 298K at 600 MHz. A: 13C Chemical shift difference between MpRS and
MpSR at positions alpha (left) and delta (right). B: 'H Chemical shift difference between MpRS

and MpSR at two positions alpha (left) and delta (right).
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Supplementary Figure 3: Comparison of delta geminal protons chemical shifts differences
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Supplementary Figure 4: Left: 1H, 15N composite chemical shift measured in the 'H-1°N
HSQC spectra during the titration of the Vinexin B SH3.3 domain with a non-fluorinated model
peptide. The fit of the values with a Langmuir model is shown by a solid line and resulted into
a dissociation equilibrium constant of 75 + 5 uM. Right: Position of the Trp 37 Hn-Neg cross 45
peak during the titration. The MpSR and MpRS fluorinated peptides are indicated by discs and
stars, respectively while the cross peaks corresponding to the non-fluorinated peptide are show

by triangles.

154



MpRS
(4S)-FPro (4R)-FPro

150 0 4150 150 ° 150
19F chemical shift (Hz)

MpSR

150 5 150 150 0  -150
19F chemical shift (Hz)

Supplementary Figure 5: Fit of the signals corresponding to (4S)-FPro (left) and (4R)-FPro
(right) residues in the MpRS (top) and MpSR (bottom) peptides at the first titration point.
Concentrations are 55.6 uM and 50 uM of of MpRS and MpSR 50 respectively. The spectra
were recorded at 298 K, on a 600 MHz in a 3 mm tube with 2048 scans. Measured signal to
noise ratios are 71 for MpRS and 20 for MpSR, after applied apodization of 16 Hz. The fitted
linewidhts of (4S)-FPro are 12.95 Hz and 12.66 Hz in MpRS and MpSR respectively leading
to R2 values of 40.7 s-1 and 39.8 s-1. For (4R)-FPro, the linewdiths are 15.6 Hz and 20.24 Hz
and the corresponding R2 are 49.3 s-1 and 63.6 s-1 in MpRS and MpSR respectively
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Ka (UM)

MpRS MpSR Non-fluorinated

peptide
Gin 14 223+5 76 £ 2 119+ 30
Asn 15 219 +2 80+2 61+2
Asp 17 219+5 73+2 71+2
Leu 21 209 +7 73+2 70+4
Trp 37 216+ 2 73+2 70+ 3
Val 39 219+ 4 75+2 69 +2
Gly 49 223+8 70+ 4 53+3
Thr 50 227 + 4 73+2 72+3
Val 56 218+ 2 80+5 56 +3

Supplementary Table 1: Dissociation equilibrium constants measured for the MpRS, MpSR

and non-fluorinated peptide at 298 K in 40 mM phosphate buffer at pH 7. These constants have

been obtained by fitting the variations of individual '"H-'>N cross-peaks positions upon addition

of peptide with a 1:1 equilibrium model. The uncertainties are obtained from the covariance

matrix of the fit and do not take in consideration uncertainties on peptide and protein

concentrations.
MpRS MpSR Non-fluorinated
peptide
GIn 14 1.863 1.927 1.949
Asn 15 1.079 1.126 1.093
Asp 17 2.220 2.286 2.276
Leu 21 1.002 0.983 0.988
Trp 37 1.870 2.012 2.011
Val 39 3.094 3.198 3.214
Gly 49 0.800 0.788 0.812
Thr 50 1.841 1.807 1.881
Val 56 1.319 1.310 1.319

Supplementary Table 2: 1H-15N Composite chemical shift perturbation measured for Vinexin

B residues that the most affected by the addition of polyproline model peptides.
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selective incorporation of
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1. Introduction

The discovery of the ‘molten-globule state’ marked a turning point in the understanding
of protein folding and function.! 2 3 Molten-globule, as the name suggests, is a fluctuating but
compact protein structure effectively composed of multiple interconverting polypeptide
conformations. # In folding of many proteins, molten-globule links unfolded polypeptide and
fully folded protein, serving as a key intermediate helping to acquire native intramolecular
interactions and to converge to the correct tertiary structure.’ ¢ 7 Furthermore, molten-globule
is believed to act as a transitory state to misfolded and aggregated protein species, in particular
observed in refolding experiments with isolated proteins in laboratory® ? 1% but also invoked in
chaperon-assisted protein folding in vivo!! !2, Initially, to populate and characterize molten-
globule state, conditions that favour partial unfolding were applied such as low pH, presence
of moderate concentrations of denaturant or removal of disulfide bonds.! 2 I* Then, it has been
invoked in various kinetic models of protein folding at physiological conditions.!# 15 16 17 18
Later on, molten-globule was postulated to be a distinct species on the structure-function
continuum in the transition from fully folded proteins to intrinsically disordered proteins, a
class of natively unstructured proteins playing distinct and diverse biological functions.!”

Molten-globules possess a high degree of native contacts and elements of secondary
structure but little or no tertiary packing. In the so-called ‘wet’ molten globules the protein core
is accessible to solvent® 4, whereas ‘dry’ molten globules first observed in protein unfolding
experiments constitute expanded forms of native proteins containing defects of close-packing
while having their core protected from solvent.?’ Counterintuitively, despite the absence of
tertiary structure and conformational fluctuations, the secondary structures are stabilized

presumably due to transient intramolecular interactions. Such conformational plasticity of
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molten-globules has some functional advantages by enabling an efficient allosteric regulation
when binding to other biomolecules and, moreover, specific binding interactions with
biomolecules that are structurally distinct.® 4

Due to multiple conformations existing in dynamic equilibrium, the detailed structural
characterization of molten-globules can be challenging. NMR spectroscopy has many
advantages to probe the properties of such dynamic species being able to provide both structural
information and to characterize the conformational dynamics. The protein of interest in this
study is nuclear co-activator binding domain (NCBD) from transcriptional co-activator CREB-
binding protein (CBP) which was previously shown to be molten-globule with a small
cooperatively folded core and presence of the specific side chain packing.?! 22 2*Remarkably, it
can bind structurally unrelated proteins such as interferon regulatory factor 3 (IRF-3), activation
domain of transcriptional co-activator ACTR (AD-ACTR) or transactivation domain of p53
protein (TAD-p53) adopting distinct conformations.?* The two prolines at sites 2077 and 2094
in the sequence can regulate conformational sampling between these conformations in unbound
form of NCBD and mediate binding interactions. Indeed, previously cis-trans amide
isomerization of Pro2077 was invoked to play a role in the binding mechanism with AD-
ACTR.?

In this study we combine 'F NMR with the site-specific incorporation of stereoisomeric
4-(R)- and 4-(S)-fluoroprolines which can serve as local NMR probes but also perturb the
conformational properties at substitution sites in a controlled way. For instance, 4-(R)-
fluoroproline is known to enhance the propensity for trans-amide conformer, whereas 4-(S)-
fluoroproline has tendency to overpopulate the cis-prolyl isomer.?® In addition, the two proline
analogues have distinct preferences to adopt either exo- or endo-conformations of five-
membered pyrrolidine ring with 4-(R)-fluoroproline favouring the former and 4-(S)-
fluoroproline preferring the latter.? Both 4-(R)- and 4-(S)-fluoroprolines have faster cis-trans
amide isomerization kinetics.?” Nevertheless, all these changes are rather subtle from structural
and energetic point of view — single fluorine substituent is only slightly bigger than hydrogen
and stereo electronic effects with resulting conformational alterations correspond to free energy
changes below 0.5 kcal/mol. Here we present the detailed studies dissecting how the NCBD
molten-globule responds to such changes and derive new insights into conformational

transitions and their functional significance.
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2. Results
2.1. Insertion of conformationally biased fluoroprolines into NCBD protein
domain

The NCBD is a small domain composed of three a-helices and two loops. Both loops
contain conserved proline residues albeit with different sequence contexts. The loop between
helices al and a2 (loop L1) is five residues long and contains three serines and two prolines,
whereas the loop between helices a2 and a3 (loop L2) contains a single proline preceded by an
asparagine and followed up by glutamine (Figure 1A). Four modified NCBD 47-residue
variants (corresponding to [2066—2112]-sequence fragment of CBP) were synthetized using
solid-phase peptide synthesis by inserting either a 4-(R)-FPro or a 4-(S)-FPro at positions 2077
and 2094 hereafter named P13 and P30. The resulting proteins were purified and dissolved in
a solution of 20 mM phosphate buffer at pH 7.2. The folding of the proteins was first
investigated by circular dichroism (CD) spectroscopy. The four modified NCBD fragments
display similar far-UV spectra with strong negative ellipticity peaks at 208 nm and 220 nm
characteristic of alpha-helical secondary structure. These spectra are superimposable to the non-
modified NCBD fragment suggesting that insertion of either 4-(R)-FPro or a 4-(S)-FPro within
the two NCBD loops does not significantly affect the global helical secondary structure of the
protein (Figure S1).

A
2074 2084 2094 2104
NCBD SALQDLLRTL KSPSSPQQQQ QVLNILKSNP QLN/eAAFIKQR TAKYVAN
— ————— I
(4R)-FPro (4S)-FPro (4R)-FPro  (4S)-FPro
P13R P30R P30S
B

34.4%

14.6%

-172 -174 -176 -178 -180
19F chemical shift (ppm)

Figure 1: A) Sequence of NCBD protein and insertion positions of the fluoroprolines. B) 1D
F NMR spectra of the four modified NCBD domains. Red and orange spectra correspond to
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the insertion at position 2077 of 4-(R)-FPro or 4-(S)-FPro, respectively. Green and blue spectra
denote the incorporation of 4-(R)-FPro or 4-(S)-FPro respectively at position 2094. Nle refers
to norleucine amino acid replacing the methionine to avoid thioether oxidation. The peptides
were dissolved in H2O/D20O buffered by 20 mM sodium phosphate. P13R, P13S, P30R and
P30S refer to the four fluorinated NCBD variants. The spectra were recorded on a 600 MHz

spectrometer at 298 K.

The comparison of the 'F NMR spectra recorded for the four modified NCBD variants
reveals distinct features for prolines inserted within loops L1 (P13) and L2 (P30). The insertion
of fluoroprolines in L2 leads mostly to a single resonance at -174.2 and -176.86 ppm for the 4-
(S)-FPro and 4-(R)-FPro residues, respectively (referenced as P30S and P30R in Figure 1B)
displaying similar linewidths of 70 Hz. The presence of the second peak for the P30S variant
(population 10.9 %) suggests the presence of cis-amide prolyl isomer enhanced in this protein
analogue by a known propensity of 4-(S)-FPro to populate cis-conformer and suppressed by 4-
(R)-FPro in the P30R NCBD variant due to its preference to populate trans-amide. A different
behaviour was observed upon the insertion of fluoroprolines in L1. In the F NMR spectra
recorded for the (45)-FProl3 and (4R)-FProl13 variants (labelled as P13S and P13R in Figure
1B) exhibited well-defined minor peaks accounting for 14.6% and 34.4% of the signal for P13S
and P13R, respectively. Such percentages were not expected as typically minor cis-component
is better enhanced by 4-(S)-FPro incorporation, whereas in this case the higher percentage of
the second form was observed for 4-(R)-FPro-containing variant. As the major amide
conformations of both Pro2077 and Pro2094 are trans based on the previous studies, the residue
Pro2094 is likely to attain two conformations upon incorporation of 4-(S)-FPro for another
reason than cis-trans amide isomerism. The linewidths measured for the two major peaks are
significantly different with 90 Hz for P13S and 31 Hz for P13R. The chemical shift difference
between minor and major peaks of P13S is 1.6 ppm, strikingly larger than the 0.15 ppm
observed for P13R. For P13S, the selective irradiation of the major peak leads to a gradual
decrease of the minor peak's intensity, indicating that the corresponding populations are
exchanging in the ms time scale (Figure S2). Overall, these initial observations suggest that the
insertion of fluorinated proline analogues with different conformational bias in loops L1 and
L2 alters differentially the conformational properties and dynamics of the NCBD molten

globule while preserving its global secondary structure.
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2.2. NCBD secondary structure is not altered by fluoroproline insertion

The structure of the four modified NCBD was investigated by the analysis of 'H-'H
NOESY spectra recorded at 304 K and in each case at two different fields corresponding to
proton frequencies of 600, 700 and 900 MHz. While the use of larger magnetic fields is
generally expected to improve the quality of protein NMR spectra, we obtained contrasting
results with modified NCBD samples. The highest quality spectra were obtained for the P30S
protein while P13S led to lower quality spectra at 900 MHz. This was interpreted as an effect
of the conformational fluctuations characterizing NCBD dynamics that is sensitive to the
insertion site of the fluoroproline. Nevertheless, almost complete 'H and '3C chemical shift
assignments of all NCBD variants in H>O were obtained using standard 'H-'H NOESY, 'H-'H
TOCSY and 'H-13C HSQC experiments recorded at 304 K and 700 MHz proton frequency
(Table S1). Noteworthy, the 'H and '*C frequency shifts introduced by the substitutions of
proline P30 and P13 by fluoroprolines was helpful to get an unambiguous assignment of their
spin systems.

The comparison of experimental Ho and Co chemical shifts with tabulated random coil
values provide a convenient probe of the local protein backbone structure. The profiles obtained
for the four fluorinated NCBD variants display very little differences from the unmodified
protein. Consistent with the CD spectra, this observation indicates that the three helices of
NCBD spanning residues S2065-L2074, Q2081-K2091 and Q2095-Ka102, respectively are insensitive
to the modification of either P13 or P30 by a fluorine (Figure S3). Subtle but consistent
differences between Ca chemical shifts measured for 4-(S)-FPro and 4-(R)-FPro substituted
NCBD are however observed (Figure 2A). These differences extend far beyond the position of
the proline modification suggesting that the local conformational bias produced by the

fluorination has a global impact on the NCBD domain.

2.3. Fluoroproline insertion alters NCBD hydrophobic packing

We then investigated the potential effects of the fluoroprolines on the global folding of
NCBD molten globule by monitoring the hydrodynamic radii of the modified proteins as a
function of temperature variation using DOSY experiments (Figure S4). The four modified
proteins as well as the unmodified NCBD display very similar translational diffusion coefficient
variations for temperatures ranging from 283 K to 309 K with a linear dependency of the
diffusion coefficient as a function of the temperature over viscosity ratio. The hydrodynamic

radii of the five proteins derived from the slopes of the least squares lines range from 14.8 A to
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15.5 A for WT NCBD and P13R, respectively (Table 1). P13S and P30S show very similar
hydrophobic radii as the WT NCBD while P13R and P30R display slightly larger radii.

Table 1: Hydrodynamic radii of fluorinated and non-fluorinated NCBD measured from 2D 'H-
'"H DOSY. Uncertainties on the values were estimated to be 0.2 A from the dispersion of

measured diffusion coefficients from the linear model (see Figure S4).

NCBD WT  PI3S PI3R P30S P30R
Ru(A) 14.8 14.7 15.5 14.8 15.3

The hydrodynamic radii measured for the NCBD variants correspond to a radius of
gyration around 19 A2 in agreement with the value determined by SAXS measurements under
native like conditions (Rg 18.8 A). 2 These data indicate that insertions of fluoroprolines in L1
and L2 loops have only marginal effects on the globular shape of NCBD that is preserved in
this range of temperatures. This was further confirmed by the analysis of the temperature
dependence of CD ellipticities at 222 nm measured for the four variants. (Figure S5). The lack
of cooperative unfolding, considered as one of the hallmarks of molten globules is preserved in

NCBD harbouring fluoroprolines within their loops.
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Figure 2: A) Differences between Ca chemical shifts measured for NCBD incorporating either
a 4-(S)-FPro or a 4-(R)-FPro at positions P13 (left panel) and P30 (right panel). The positions

of the helices deduced from the comparison of Ca chemical shifts with random coil values are
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indicated by black rectangles. B) Contact maps displaying non-ambiguous NOEs in full NCBD
identified by iterative interpretation of NOESY spectra using ARIA 2.0 structure calculation
program. Upper triangles display residue-residue contacts from side chain atoms while lower
triangles display the contacts between Ho and HN backbone atoms. Intra residue NOEs are not
represented and replaced by the diagonal dashed black line. The blue and magenta dashed lines
correspond to NOE observed between a residue at position i and a residue at position i+2 and
i+3, respectively. The colour of the squares reflects the intensity of the NOE compared to the
total NOE of the corresponding category (backbone or side chain atoms). Red is the strongest
NOE and blue is the lightest. Residues involved in long-range NOEs as well as prolines 13 and
30 are highlighted.

The fold of the five NCBD domains was further investigated by analysing the NOESY
maps recorded at 700 and 900 MHz using an iterative structure calculation procedure
implemented in ARIA 2.0. This procedure provides an unbiased interpretation of the five
NOESY datasets based on prior manual assignments of the proton and carbon resonances,
assuming a single conformation. The comparison of the NOE contact maps obtained for the
four fluoroproline containing proteins (Figure 2B) shows a consistent set of hydrophobic
residues whose side chain interactions contribute to the folding of NCBD. Similar to the
unmodified NCBD, all fluorinated proteins display a number of NOE contacts between Phe36
(2101 in CBP) protons and side-chains protons of Leu26 and Val22 in helix 02 and LeulO in
helix al. NOE contacts are also consistently observed between Val22 and LeulO side-chains
characterizing the proximity between the first and the second helices. However, significant
differences are observed in the number of NOE contacts and their intensities, reflecting the
differences in the quality of the NOESY maps obtained for the five proteins. Noteworthy,
insertion of a fluoroproline at position 30 resulted in sharper line-widths enabling the
interpretation of medium range NOEs characterizing the helical secondary structures while the
corresponding NOEs are depleted in datasets obtained for NCBD harbouring a fluoroproline at
position 13. Several differences are observed in the NOE pattern of residues Leu26 and Phe36
when comparing the NOE contact maps of proteins incorporating 4-(S)-FPro or a 4-(R)-FPro at
position 30, suggesting that the conformational bias of the fluorinated proline has a global

impact on the packing of helices a2 and a3.
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The resulting sets of structures display different orientations of the three helices
depending on the fluorination site and fluoroproline chirality (Figure 3). The largest angular
fluctuations are observed between helices al and a2. Noteworthy, these fluctuations which are
significant both within the same set of models and between the different proteins, are not
directly related to the modification site. Thus, changing the chirality of the proline at position
30 leads to a significant change in the orientation of helix al relative to a2 while the orientation
of helix a2 relative to a3 remains similar. Further, the substitution of Prol3 by a 4-(S)-FPro
produced an ensemble of conformers with orientations of helices al and a2 that are similar to
those observed for proteins harbouring a 4-(R)-FPro at position 30. It should be stressed that
the use of a single conformer during the modelling is biasing the set of representative
conformations. This is evidenced by the analysis of resulting dihedral angles that are often
clustered to the edges the experimental values boundaries, an effect due to the different
averaging properties of NOE and dihedral angle restraints (Figure S6). Nevertheless, the
differences observed between the five structural sets suggest that insertions of fluoroprolines in
the loops of NCBD modulate the ensemble of conformations sampled by the protein. Due to
NOE averaging during the structure calculation procedure, this redistribution of conformers
leads to slightly different hydrophobic packing and subsequently distinct orientations of the

helices.
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Figure 3: A) Orientation of the helices by respect to each other in the fluorinated NCBDs. The
angles were measured for the 10 representative conformations of each NCBD obtained from
ARIA structure calculations after refinement. The horizontal lines represent the orientation of
the helices in published structures of ligand-free and ligand-bound NCBD. B) 3D model of
fluorinated NCBDs showing the rearrangement of the hydrophobic core. (Statistics of the

structure calculations are displayed on table S2)
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2.4. Fluoroproline insertion impacts global and local dynamics

We previously noticed the sharp increase of NOESY spectral quality upon insertion of
a 4-(S)-FPro or 4-(R)-FPro at position 30 contrasting with the non-modified protein or to the
protein harbouring a fluoroproline at position 13. These spectral changes can be due to either a
modulation of the transition rates between the accessible conformers or a reduction of the
accessible conformational space. Taking advantage of the presence of a fluorine resonance on
the four modified NCBD, we investigated the local dynamics at positions 13 and 30 by
recording 1D '°F spectra at temperatures ranging from 286 to 318 K. Fitting the resonances to
Lorentzian shapes provided a good estimate of the transverse relaxation rate variations upon
temperature changes (Figure 4). While fluorine signals display a general sharpening upon
temperature increase, striking differences can be observed between the different samples. The
signal of the 4-(R)-FPro at position 13 displays the sharpest profile, decreasing from 30 to 18
Hz. The temperature dependence of the linewidth follows the expected trend assuming that the
transverse relaxation rate is dominated by the rotational diffusion and depends on the
temperature and water viscosity changes. Incorporation of a 4-(S)-FPro at the same position
leads to a marked difference. The major peak displays a broadening up to 288 K before
sharpening at higher temperatures indicating the presence of chemical exchange. The
interpretation of this behaviour is complex due to the presence of several exchanges at multiple
time-scales. Indeed, the line shape could not be reproduced by a single exchange between the

minor and major conformers whose exchange rate (0.4 s~1

at 300 K) was measured using a
saturation transfer experiment (Figure S2). Instead, the fluorine signal is sensitive to a
conformational exchange in the fast exchange regime leading to a line sharpening above 290
K. This multiple exchange is further suggested by the analysis of the temperature dependence
of the chemical shift that displays a non-linear behaviour (Figure 4). The lack of information
on the frequency of the minor conformation responsible for this fast exchange contribution
prevents the extraction of the quantitative parameters of the exchange such as the exchange rate
of the populations. Nevertheless, it is tempting to postulate that the position of the fluorine atom
in the 4-(S)-FPro renders its resonance sensitive to the conformational exchange experience by
the whole protein while the 4-(R) isomer is insensitive. In contrast, both 4-(S) and 4-(R) isomers
of the FPro inserted at position 30 display line broadening at low temperature suggesting that
fluorine atom experiences the conformational fluctuations of the NCBD. Again, the lack of

information on the minor conformation’s chemical shifts as well as the number of conformers

prevents further quantitative interpretation. Contrasting with other three fluoroprolines, the
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temperature dependence of fluorine chemical shift displays a singular non-linear behaviour

with a ceiling value at -176.78 ppm.
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Figure 4: Temperature dependence of 'D F spectra of fluorinated NCBD recorded at 600 MHz

(A), and their corresponding variation of linewidth (B). The linewidths were measured by fitting

a Lorentzian model to the peaks using Spike.
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2.5. Insertion of 4-(R)-FPro in the NCBD a2-a3 loop induces self-assembly
into amyloid fibers

In the conditions used to study the fluorinated NCBD (1 mM of protein in 20 mM
phosphate buffer, pH 7.2 at 304 K), we systematically observed a time evolution of the fluorine
signal with a linear intensity decay during 90 min after a lag phase of few days suggesting a
self-assembly process (Figure 5A). This phenomenon is very slow (few weeks depending on
the concentration and the temperature of the storage) when the sample is not manipulated. The
aggregated P30R-NCBD sample was further characterized using Thioflavin-T (ThT), a
fluorescent dye sensitive to amyloids. The addition of aggregated P30R-NCBD to ThT induced
a rapid fluorescence enhancement accompanied by a shift of both the maximal excitation and
emission wavelengths from 340 nm to 448 nm and from 450 nm to 480 nm, respectively,
revealing the presence of amyloid structures (Figure 5B). Indeed, transmission electron
microscopy (TEM) allowed to visualize filamentous amyloid structures while the FT-IR spectra
of the protein precipitate clearly indicated the presence of pure beta sheets while a mixture of
alpha helices and beta sheets was observed in the soluble supernatant (Figure 5 C and D).
Altogether, these results indicated that altering the conformational and dynamical properties of
the short loop linking helices a2 to a3 of NCBD changes the conformational landscape of the

domain favouring its self-assembly into amyloids.
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Figure 5: A) Self-assembly of P30R-NCBD during time followed by '°F NMR at 304 K. The

sample was dissolved in a phosphate buffer. After water evaporated at 327K the sample was

dissolved in D0 and incubated at 304 K. '°F NMR resonance completely disappears after 90

min. B) Fluorescence emission spectrum of free ThT (18 uM, 4., 340 nm, 4,,, 350-550nm)

and fluorescence emission spectra of ThT upon addition of 10, 20 and 40 ul of aggregated
P30R-NCBD. C) TEM micrographs of P30R-NCBD samples dissolved in phosphate buffer at

pH 7.2 after an evaporation step at 327 K and an incubation step at 304 K during the night. D)

FT-IR spectra of non-aggregated and aggregated P30R-NCBD. The protein precipitate is

composed of pure beta sheets while a mixture of alpha helices and beta sheets is observed in

the supernatant.
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3. Discussion

The term ‘molten-globule’ was applied to various types of protein forms lacking well-
defined tertiary structure. Obtaining high-resolution structural information for any kind of
molten globule is essential to understanding their non-cooperative folding and conformational
dynamics related to biological function. Previously, NCBD was reported as a molten globule
with a partially folded core and known to interact with diverse binding partners resulting in
induced folding and distinct structures. Conformational selection mechanism was proposed to
play role in such interactions.

Incorporation of stereoisomeric 4-fluoroprolines enabled to shed light on distinct
conformations that can be populated in NCBD molten-globule. Effectively, 4-(R)- and 4-(S)-
fluoroprolines possessing distinct conformational preferences could bias the conformational
landscape and overpopulate different subsets of conformations in the conformational ensemble.

The hydrodynamic radius of NCBD WT [2065-2111] of CBP, deduced from 2D DOSY
is 14.6 A that correspond to a gyration radius of 18.9 A. This agrees well with the gyration
radius of NCBD extracted from SAXS experiments (18.8 A) performed by Poulsen’s group
under native like conditions.?? Substituting proline 13 or proline 30 with 4-(S)-FPro does not
alter the compactness of the molten globule. On the other side, the incorporation of 4-(R)-FPro
induces a 5% expansion of the structure. Despite these differences, all fluorinated NCBD
variants have large percentage of helical secondary structure similar to unmodified NCBD and
are characterized by a non-cooperative unfolding transition, as previously reported.?

The fluorination of the proline of the first loop reveals the coexistence of two unequally
populated NCBD conformations exchanging in the ms time scale. Whereas, the perturbation of
the proline of the second loop reveals a single conformation of NCBD. The published structure
of free NCBD (2KKJ) is characterized by the proximity of helix al to a2 and a2 to o3. This
conformer is considered as the major conformer of NCBD, the most stable and the one that
resembles its adopted structure when in complex with AD-ACTR. NMR relaxation dispersion
revealed an exchange between this conformer and a minor structure (8%, k., = 3600 s™1)
characterized by a rearrangement of the three helices. The contact between 02 and a3 would be
lost and o1 will get in the proximity of 03.%° In the NOESY spectra of fluorinated NCBDs
recorded at 304 K, we observed long range NOEs indicating contacts between helices al- a2
(L10-V22, To- V22) characteristic of the major conformer, as well as interactions between helices
al-a3 (Lio- F36, To-F36) characteristic of the minor conformer, and contacts between helices a2-

a3 (V22-Fs6, L26-F36). These observations suggest that fluorinated NCBD are in exchange with
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one common minor conformation. The characteristic NOEs of the minor conformers are more
intense and more numerous within P30R and P30S variants indicating that either their lifetime
is longer or that it is more populated when proline 30 is modified.

The minor populations observed on 1D '°F spectra of P13R and P13S NCBD variants
are different from the minor conformers where the helices are rearranged. The two populations
of P13S are separated by Av=900 Hz. Thus, the chemical exchange constant rate previously
extracted from the relaxation dispersion studies (k., = 3600 s™1) would result in a one
resonance on the 1D F spectrum of P13S and P13R. The exchange constant rate between the
two P13S populations was determined by saturating the minor population resonance and
reporting intensity variation of the major population at different temperatures. We report k., =
0.05s71) at 288 K and 0.4 s~ ! at 300 K. This conformer might refer to a new helical
rearrangement of P13S or to a cis-trans isomerization of the proline.

The obtained structure of NCBD WT is different from what Poulsen et al (2KKJ) found
and resembles more the structure suggested by Fraenkel et al. (1JJS) characterized by parallel
al and a3 helices. The sequence of NCBD (residues 2058-2116) in 2KKJ structure contains
two disordered regions delimiting the three helices, while 1JJS structure has 4 different amino
acids preceding alanine (2066) and stops at 2111 thus cutting short the disordered region
succeeding a3. The NCBD that we synthetized correspond to (2065-2111) thus only containing
the fully formed helices and a short-disordered region. This observation indicates that it is the
5 amino acids truncated from the disordered region that leads to one conformer or the other.
This finding is important and highlights the effect of the tail of NCBD on the interactions
between the helices. Similar result comes from the recent simulations discussing the pivotal
role of NCBD’s tail on the helices length and stability.° However, fluorinated NCBDs sample
different conformations characterized by specific arrangement of the three helices that is very
different from the U shape of the synthetized NCBD WT and rather resembles 2KKJ and the
NCBD bounded structures to different extends. This means that ligand free NCBD samples
ligand bound conformations. This result is in agreement with MD simulations.?*

NCBD P13R variant is the closest to the published structure of free NCBD 2KKJ and
the structure of NCBD in complex with AD-ACTR (1KBH). On the other hand, NCBD P30S
adopts a different structure. ITC titration data (see Chapter 7) reveal high affinity of NCBD-
P13R to AD-ACTR and a lower affinity of NCBD P30S to AD-ACTR. This is in favor of a
conformational selection mechanism explaining the different structures sampled by NCBD.

Previous study reported that NCBD’s affinity to AD-ACTR is modulated by cis-trans

isomerization of Pro13.%° Here we expand this understanding and state that dynamics of both
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prolines induce NCBD to rearrange itself to a particular structure, consequently affecting its
binding affinities. This finding suggest that one can predict the affinity of NCBD towards the
binder by comparing its structure to that of the complex. This can be valuable for screening
approaches. Considering all the conformations that NCBD can sample implies the importance
of the plasticity in NCBD’s function.

The representative conformations of NCBD P30R variant obtained from ARIA
software, indicate a particular orientation of the first helix that is rotated by 180° compared to
its direction in the other fluorinated NCBDs to fit between a2 and a3. This predisposition is not
simply adopted because of the available space between the helices, otherwise it would also be
possible for al of P30S to acquire the same orientation. The particular conformation of NCBD
P30R variant can explain its unique dynamics and especially its tendency to form amyloids.
Interestingly, the orientation of the first helix is affected when the proline in the third helix is
perturbed. This means that the effect of a local modification propagates in NCBD. Garcia et al,
reported the aggregation of NCBD into amyloids but this required lowering the pH.3! They
suggested that the early step of aggregation is due to the particular predisposition of the first
helix that exposes the hydrophobic side chain to the solvent favoring its interaction with al of
other NCBD molecules and leading to the formation of alpha helical oligomers — the initial step
of aggregation followed by conversion to beta-sheet containing amyloid fibers. Our data
experimentally supports this hypothesis. Furthermore, biasing the conformation of the Pro30
by incorporating 4-(R)-FPro induces the aggregation of NCBD at neutral pH where kinetics is

faster at higher concentrations.

4. Conclusions

To conclude, fluorination of Proline 13 and 30 can dictate global NCBD structure, dynamics
and binding affinities. Subtle stereo electronic effects of stereoisomeric 4-fluoroprolines
propagate depending on the site of substitution and sequence context. Using fluorinated
prolines, we were able to expand the knowledge of NCBD’s conformational landscape by
reporting newly identified structures. All NCBD conformations undergoe an exchange with a
minor conformer previously reported and characterized by new helical contacts. When Pro13
is modified we identified two minor conformers that are accessible. We also showed that 5
amino acids in the disordered C-terminal of NCBD can influence its structure.

The aggregation of NCBD into amyloids can be enhanced by a particular predisposition of
helix a1 when P30 is substituted by 4-(R)-FPro. The overall data also indicate that the multiple
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structures in NCBD are encoded in NCBD’s sequence and not a random process. This property
is eventually enabling the conformational selection mechanism of NCBD in binding to its

targets.

Experimental section

Protein synthesis

All synthetized NCBD variants correspond to the fragment [2065-2111] of the CREB
binding protein. The Methionine of the native NCBD sequence was replaced by a nearly
isosteric Norleucine to avoid oxidation of thioether moiety.

4-(R)- and 4-(S)-FPro amino acids were purchased from Bachem SA and Fmoc-
protected in house using standard protocol.

The Synthesis was performed on a Liberty blue microwave assisted automatic
synthesizer (CEM Corporation, USA). A preloaded Rink Amide resin (mesh 100-200, 0.14
mmol/g loading) was used. Cleavage and deprotection were performed using TFA/TIPS/H,O
(v/v/v) (19/0.5/0.5) mixture for 2.5 hours. Cold diethyl ether (-20 °C) was then added to induce
precipitation. Afterwards, the mixture was centrifuged and the precipitate was dissolved in
water/acetonitrile solution (1:1, v/v) containing 0.1% TFA to be lyophilized. The mass of the
peptides was confirmed by LC-MS prior to purification by preparative HPLC on a C18 column
using a gradient from 20-60 H2O/MeCN, 0.1% TFA in 40 minutes. Purity of the samples was
determined by analytical HPLC.

Evaporation: The samples were dissolved in a phosphate buffer, then frozen in liquid nitrogen.
The water was evaporated at 327 K using a Savant SC110A Plus Speedvac . Once the solvent
evaporated the peptides were dissolved in D>O and incubated at 304 K.

NMR
All molten globules were dissolved in a freshly prepared phosphate buffer (20 mM) at

a pH 7.2 in water. For NMR measurement 1 mM samples were used in 3 mm tubes.

F NMR spectra were acquired at 565 MHz on a Bruker I spectrometer equipped with
a cryogenic QCI-F probe. Proton and carbon spectra were recorded at 700 MHz on a Bruker
Avance III spectrometer equipped with a cryogenic TCI probe. Unless mentioned otherwise,

2D spectra for the peptide assignment were recorded at 304 K.
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Full 'H,13C, and >N assignment of wild type and fluorinated variants of NCBD was
performed by standard HSQC, TOCSY, NOESY and HSQC-TOCSY experiments. '*C carbon
assignment was obtained from standard full-range 'H-'3C HSQC (11 ppm 'H x 70 ppm !3C).
The samples were in phosphate buffer (20 mM) at a pH 7.2 dissolved in D20O. 4096 points were
accumulated in the time domain F2 and 800 in F1. 32 scans and 4 demi scans were accumulated.
The resulting resolutions are 1.6 Hz/pt and 13.2 Hz/pt in F2 and F1 respectively. The total
experiment time was 12h14min. O1P was at 4.712 ppm and O2P at 40 ppm. At 900 MHz (10
ppm 'H x 100 ppm 3C). 2048 and 1024 points. 8 scans and 32 demi-scans. FID resolution
8.87Hz and 44.2Hz. on H2O+1% D0 samples. O2P at 50 ppm and O1P at 4.7 ppm.

'"H-'H NOESY spectra (11ppm 'H x 11 ppm 'H) were recorded at either 600 or 700
MHz at two mixing times 100 ms and 400 ms. The samples were dissolved in phosphate buffer
(20 mM) at pH 7.2 in H>O. The relaxation time was 2.5 s. 2048 points and 512 points were
recorded in F2 and F1 domains respectively. The FID resolution is 3.25 Hz and 12.8 Hz. 16
scans and 8 demi-scans. The total experiment time is 7h and 6h20 for the long and the short
NOESY respectively. Spectra recorded at 900 MHz (10 ppm 'H x 10 ppm 'H) were recorded
on Bruker Avance NEO spectrometer. 4096 and 800 points. 16 scans and 16 demi-scans. FID
resolution 4.4 Hz and 22.7 Hz. D1 was 1.5 s.

'H-TH TOCSY spectra (11ppm 'H x 11 ppm 'H) were acquired for samples dissolved
in phosphate buffer (20 mM) at pH 7.2 in H2O at 600 or 700 MHz. Two mixing times were
recorded 80 ms and 25 ms. The relaxation time was 2.5s. 4096 points and 800 points were
recorded in F2 and F1 domains respectively. The FID resolution is 1.6Hz and 8.25 Hz. 16 scans
and 8 demi-scans. The total experiment time is 10 h 26 min and 7 h 39 min for the long and the
short TOCSY respectively. At 900 MHz (11ppm 'H x 11 ppm 'H) only TOCSY at 80 ms was
recorded.: 4096 and 1024 points. 8 scans and 16 demi-scans. FID resolution 4.4 Hz and 17.75
Hz. D1 was set to 1s. HSQC-TOCSY (11 ppm 'H x 70 ppm !*C) at short mixing time (25 ms)
were recorded on samples dissolved in phosphate buffer (20 mM) at pH 7.2 in D,0O. 4096 and
400 points were acquired in F2 and F1 domains respectively. A total of 256 scans and 8 demi-
scans were accumulated. The FID resolution was 3.5Hz and 52.8 Hz in both domains
respectively. the relaxation delay D1 was set to 1.35 s.

5N resonances were assigned using 2D 'H-'"N HETSOFAST experiments recorded at
700 and 900 MHz. Spectrum for NCBD P30R was not recorded since it aggregated. NCBD
P13R and P13S assignment was performed on spectra recorded at 700 MHz. Their spectra at
900 MHz showed less peaks. NCBD WT and NCBD 30S were both recorded at 700 MHz and
900 MHz. At 900 MHz the spectral width was (10 ppm x 35 ppm). 1024 and 128 points were
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acquired in F2 and F1 domains respectively. 128 scans and 16 demi-scans were accumulated.
The FID resolution was 17.7 Hz and 49.89 Hz in both domains respectively. O;P and O,P were
setto 4.7 ppm and 117 ppm. The relaxation delay D1 was 0.1 s. At 700 MHz the spectral width
was (14 ppm x 37 ppm). 1024 and 128 points recorded on F2 and F1 domains respectively.
2048 scans and 512 demi-scans were accumulated. The FID resolution was 19.14 Hz and 41
Hz. O1P and O2P were set to at 4.68 ppm and 117.5 ppm respectively. The relaxation delay D1

was 0.1s. The resulting experiment time is 17 h 33 min.

200 uL samples at ImM concentration in 20 mM phosphate buffer at pH 7.2 dissolved
in water were subject to a temperature rise from 276 K to 318 K with a 2-degree ramp. 1D °F
NMR spectra were recorded with 1024 scans, 8 DS and 2048 TD. D1 was set to 1.5 s. The
spectral width is 30 ppm and the resolution is 8.2 Hz. The total experiment time was 26 min
per spectrum.

All 1D spectra were processed using spike software. An exponential line broadening of
8 Hz was applied prior to Fourier transform for signal apodization. The peaks were fitted to a
Lorentzian to extract their linewidth, chemical shift and intensity. 2D spectra were processed

using Topspin 2.6 software. The assignment was performed using CcpNmr Analysis V2.

DOSY experiments were performed at 700 MHz at 14 different temperatures starting
from 283 K up to 309 K with a 2-degree temperature ramp. For each experiment the FID size
was 4096 points and 40 points in F2 and F1 dimensions, respectively. 32 scans were recorded
with 16 demi-scans. The spectral width was 14 ppm and 10 ppm in F2 and F1 respectively with
corresponding resolutions of 4.78 Hz and 361.3 Hz. D1 was set to 2.5 s. The DOSY spectra
were processed using PALMA 3?2 To extract the diffusion constant, we considered a linear
variation of the water viscosity and computed the viscosity at each measure temperature (T).
The chemical shift and the diffusion constant (D) variation of one particularly isolated methyl

peak were followed at each temperature. We then proceeded to plot D=f(T/viscosity) and

extracted the hydrodynamic radius based on the Stock-Einstein formula: R;, = 6:%, where k is

the Boltzmann constant, T is the temperature and 7 is the viscosity of the sample.

Structure calculations
Chemical shifts of random coil non-modified NCBD sequence were generated from
POTENCI random coil chemical-shift predictor from NCBD sequence. Secondary chemical

shifts represent the measured chemical shifts of each NCBD - the random coil chemical shift.
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Non-canonical amino acids are not recognized in POTENCI, thus norleucine was substituted
by a methionine in the simulation.

Input data is composed of peak lists and measured chemical shifts tables issued from
CCPNMR3.2. We applied constraints on hydrogen bonds and dihedral angles generated on
CCPNMR 3.2. No constraints were applied on the loops.

The data is from ARIA file containing non ambiguous NOE between the residues and
their corresponding volume. The NOE are classified in two groups depending on the interacting
atoms being in the backbone or on the side chains. The backbone NOEs are represented in the
lower part of the contact map while the sidechain NOE occupy the upper part. The color
represents the intensity of the NOE compared to the total NOE of the corresponding category
with the blue being the lowest and red being the strongest. This analysis was performed on a
Jupiter notebook using Pandas library. Structure analysis was performed using the 10
representative conformations of each NCBD obtained from ARIA structure calculations after
refinement. The orientation of the helices is measured from the pdb files on Pymol software
using angle between_helices widget. This latter can be added using an online available python
module: anglebetweenhelices.py. Data of ligand-free and ligand-bound NCBD was generated
using the same approach from published pdb files. The data analysis was performed on a Jupiter

notebook using Pandas library.

Circular Dichroism
Far-UV CD experiments were acquired using a JASCO J-815 spectropolarimeter. All

peptides were dissolved in 20 mM sodium phosphate buffer at pH 7.2 containing 10% of D-O.
The concentration of the samples was 250 mM. The working temperature was set to 283 K and
the observed wavelengths ranged from 185 nm to 270 nm. A spectrum was recorded every 1
nm after 6 scans. Response time was 1 s with a bandwidth of 1 nm. The continuous scan rate
was 100 nm/min. Each spectrum was systematically corrected by subtracting the solvent
spectrum recorded with the same experimental conditions.

Same samples were used for the thermal denaturation experiments using 1 mm cuvette.
The concentration of the peptides was 80 mM dissolved in 20 mM sodium phosphate buffer at
pH 7.2 and containing 10% of D;0O. The temperature ranged from 10 to 90 °C with a
temperature ramp fixed to 2 °C/min. Each data point resulted from a 4 s averaging integration.

The working wavelength was 222 nm.
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TEM analysis

Aliquots (15 pL) of the aggregated NCBD P30R were placed on carbon-coated 300
mesh copper EM grids previously exposed to the UV-ozone cleaner for 5 minutes. TEM
micrographs were acquired on a Morgagni 268D transmission electron microscope: equipped

with Mega view III digital camera at room temperature.

ThT fluorescence

ThT solution was freshly prepared and filtered (200 mL at 18 mM in 20 mM sodium
phosphate buffer at pH 7.2). The ThT concentration was determined by optical density using a
36 mM! cm! extinction coefficient at 412 nm. The fluorescence intensity was recorded on a
spectro-fluorometer PTI equiped with a lamp power supply, motor driver (MD-5020) and
operating at room temperature. Analysis of the spectra was performed on Felix 32 software.
The excitation and emission wavelengths of ThT alone are 340 nm/ 450nm. Different volumes
of NCBD P30R were added to the ThT solution inducing shift of the emission and excitation

wavelengths to 448 nm / 480 nm, respectively.

FT-IR spectroscopy

Experiments were recorded on Vertex 70 FTIR spectrometer (Bruker Optics, Karlsruhe,
Germany). Residual TFA was removed from the samples by three cycles of lyophilization from
10 mM HCL. A drop of 2.5 pL on the diamond surface was left to dry in order to record the
spectra. The number of scans per spectrum was fixed to 64 ranging from 4000 cm™ to 700
cm! with a 4 cm™! resolution. 10 spectra were averaged and processed by OPUS 7.2 to correct

the baseline.
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Figure S1: Far-UV CD spectra of fluorinated and wild type NCBD recorded at 283 K. The CD

spectra were recorded using 10 mm quartz cuvettes. Protein samples were dissolved in

Phosphate buffer 20 mM at concentrations of 250 uM.
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Figure S2: variation of the exchange constant rate between the two populated state in P13S with
the temperature. The minor population of P13S was continuously saturated and the intensity

changes of the major state was followed to extract the exchange rate constant. The intensity

change of the major state follows the exponential model

MA(t) = MAO[1 + % (exp(—R1t) — 1)]. Where Kk’ is the apparent exchange rate k' = % <

kAB. And MBO0 and MAQO are the intensities of the major and the minor states respectively at
t=0.
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Table S1A: Assignments 'H 3C and "N resonances of a NCBD peptide harbouring a 4R
fluoroproline at position P13 at 304K, 20 mM phosphate buffer pH 7.2.

H N Ha HF Hy Hé6 He Ca Cs Cy cé Ce
1 Ser 3.75 3.62 74.78  65.22
3.54
2 Ala 8.13 4.26 1.38 54.77  18.67
3 Leu 4.00 0.89 58.15 25.44
0.85 23.18
4 Gln 7.65 117.01 3.91 210 239 59.09 28.31 33.85
5 Asp 8.13 12049 436 2.82 57.31  39.99
2.62
6 Leu 845 12344 395 186 1.59 0.82 5841 4144 2713 2631
1.86 0.72 24.91
7 Leu 843 11871 3.93 152 1.86 0.80 5825 41.09 26.87 23.78
8 Arg 8.05 11816 3.98 193 174 3.22 59.37 30.13 27.79 43.27
1.58
9 Thr 7.89 11643 3.98 423 122 66.45 68.56 22.84
10 Leu 8.27 12167 3.98 163 1.84 0.82 56.96 4144 26.73 26.13
1.53 0.82 23.60
11 Lys 7.41 116.95 4.27 195 158 164 292 56.58 3278 2522 29.43 41.83
1.81 1.47
12 Ser 7.48 4.67 3.98 62.84
13 (4R)FPro 453 2.65 551 4.20 61.78
2.07 3.93
14 Ser 434 3.87 58.94  63.38
3.81
15 Ser 7.83 119.52 4.87 4.21 56.92  63.32
4.05
16 Pro 435 243 2.02 3.89 65.59 31.84 50.59
2,18 1.92
17 GIn 7.95 4.08 2.09 248 59.26  27.90 34.19
1.99 2.38
18 Gln 7.98 123.27 4.01 210 2.44 59.20 27.97
19  GIn 7.95 4.10 59.06
20 GIn 7.95 3.93 58.46
22 val 8.04 11945 3.34 217 095 67.28 31.44 23.47
0.65 21.43
23 Leu 7.95 11937 3.78 180 1.51 0.83 58.33 41.07 27.01 25.26
1.73 0.78 24.50
24 Asn 8.28 117.44 439 2091 55.97 37.92
2.83
25  lle 8.03 12222 3.71 186 1.86 0.73 65.36  38.24 29.01 13.92
1.03 17.98
0.82
26 Leu 8.11 119.22 3.88 1.82 1.21 0.54 57.70 41.04 25.70
1.45 0.48 22.16
27 Lys 8.33 391 186 146 163 293 58.87 32.68 25.10 2943 41.82
28 Ser 7.47 4.41 3.95 59.54 64.18
29 Asn 7.49 116.66 5.25 2.71 51.51 40.38
2.60
30 Pro 442 241 206 3.79 65.34  32.05 27.42 5044
1.99 3.50
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41.85

48.18
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Table S1B: Assignments 'H and '>C resonances of a NCBD peptide harbouring a 4S
fluoroproline at position P13 at 304 K, 20 mM phosphate buffer pH 7.2

H N Hoe HF Hy H6 He C Ca cs Cy cé Ce
1 Ser 3.75 361 74.80 65.24
3.55
2 Ala 4.27 1.40 54.61 18.65
3 Leu 8.16 4.02 1.54 0.90 57.98 27.15 23.38
4 Gln 7.73 117.21 3.94 211 239 58.97 28.34 33.89
5 Asp 8.13 120.27 4.39 2.80 57.18 40.06
2.66
6 Leu 829 122.88 4.01 1.64 0.84 58.05 41.92 25.96
0.76 24.92
7 Leu 8.38 118.64 3.95 58.01
Arg 7.99 11813 4.03 1.94 175 3.23 59.21 30.15 27.76 43.26
1.61
9 Thr 7.86 115.27 4.07 4.28 1.24 65.65 68.82 2251
10 Leu 8.01 12131 4.08 1.82 0.82 56.39 41.49 25.97
1.55 0.81 23.37
11 Lys 7.43 425 194 1.60 1.67 2.96 56.86 32.76 25.17 29.42 41.85
12 Ser 7.69 115.87 4.70 3.98 63.20
13 (4S)FPro 462 261 548 4.09 61.88
2.39 4.03
14 Ser 8.05 437 3.88 58.79 63.50
3.81
15 Ser 7.82 118.64 4.84 4.16 56.80 63.18
4.04
16 Pro 436 242 217 3.94 65.43 31.81 27.92 50.71
1.94 2.04 3.88
17 GIn 7.94 4.07 217 2.44 59.02 28.32 34.14
2.14 2.04
18  Gin 7.94 12198 4.12 225 2.50 58.94 28.36 33.88
213 2.39
19  GIn 8.21 118.38 3.80
20 GIn 3.94 58.45
20  GIn 8.02 117.98 2.40 34.13
21 GIn 7.82 117.40 4.12 58.97
22 val 8.01 119.26 3.42 2.14 0.97 67.06 31.47 23.35
0.69 21.46
23 Leu 8.00 3.82 1.80 1.53 0.80 58.28 41.87 27.15 2431
1.72
24 Asn 824 117.26 4.40 2.92 55.93 37.91
2.83
25  lle 7.98 122.05 3.75 1.89 1.82 0.75 65.08 38.19 2898 13.79
1.07 17.86
0.83
26 Leu 8.13 11949 391 1.85 0.58 57.64 41.06 25.67
1.81 0.52 22.28
27 lys 825 116.81 3.94 1.88 1.50 1.65 2.94 58.82 32.59 25.11 29.42 41.82
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Table S1C: Assignments 'H and '*C resonances of a NCBD peptide harbouring a 4R

fluoroproline at position P30 at 304 K, 20 mM phosphate buffer pH 7.2

H Ha Hp Hy H& He Ca cs Cy Cé Ce
1 Ser 3.76 3.62 74.77 65.25
3.54
2 Ala 8.12 4.27 1.40 54.80 18.63
3 Leu 8.36 401 187 1.52 0.90 58.09 41.47 27.14 23.19
1.64
4 GIn 7.65 3.93 214 240 59.10 28.33 33.78
5 Asp 8.12 4.38 2.83 57.25 39.99
2.64
6 Leu 8.44 3.97 185 1.62 58.21 41.43 27.09
7 Leu 8.44 3.95 1.85 0.84 58.47 41.10 25.29
1.52 22.43
8 Arg 8.02 4.01 194 175 3.23 59.44 30.15 27.76 43.23
1.59
9 Thr 7.89 401 4.25 1.32 66.37 68.57 22.81
1.23
9 Thr
10 Leu 8.24 4.03 1.87 1.84 0.85 56.85 41.81 26.64 26.10
1.57 0.85 23.49
11 Lys 7.44 428 196 159 1.66 295 56.66 32.78 25.12 29.37 41.84
1.83 1.48
12 Ser 7.52 4.71 3.99 57.56 62.87
13 Pro 435 231 2.08 3.86 63.30 32.00 27.84 50.44
1.84 2.00 3.63
14 Ser 8.36 435 3.88 58.90 63.43
3.82
15 Ser 7.84 4.88 4.23 56.87 63.32
4.06
16 Pro 438 244 219 3.90 65.55 31.79 27.98 50.36
1.95 2.03 3.86
17 GIn 7.96 4.11 2.26 2.48 59.02 28.26 34.23
209 241
18 GIn 7.99 4.03 2.11 2.43 59.17 28.30
19 GIn 8.20 3.75 224 243
2.17
20 GIn 7.99 3.95 215 242 58.30 28.42
21 GIn 7.96 412 228 241 58.91 28.33 33.78
2.15
22 Val 8.06 3.37 216 0.97 31.42 23.41
0.66 21.42
23 Leu 7.94 3.79 1.82 1.74 0.80 58.43 41.17 27.01 24.43
1.53 0.85 23.79
24 Asn 8.23 439 291 7.52 55.90 37.93
2.82 6.93
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Table S1D: Assignments 'H and ’C resonances of a NCBD peptide harbouring a 4S
fluoroproline at position P30 at 304 K, 20 mM phosphate buffer pH 7.2.

H N Hoe HF Hy H6 He C Ca cs Cy cé Ce
1 Ser 3.60
3.52
2 Ala 8.14 4.27 1.39 54.70 18.65
3 Leu 835 118.22 4.01 1.74 153 0.90 58.07 27.16 23.23
1.64
Gin 7.68 117.06 3.94 2.13 240 59.01 28.32 33.80
5 Asp 8.14 12049 4.39 2.83 57.26 40.01
2.64
6 Leu 8.42 123.43 3.99 1.61 0.84 58.32 26.95 26.23
0.76 25.12
7 Leu 8.41 11856 3.94 179 186 0.82 58.18 41.09 26.87 22.48
1.47
8 Arg 8.06 118.17 4.00 194 175 3.23 59.38 30.12 27.71 43.23
1.60
9 Thr 7.90 116.19 4.01 4.26 1.24 66.29 68.68 22.73
10 Leu 820 121.40 4.02 1.86 1.83 0.82 56.81 41.87 26.77 26.08
1.54
11 Lys 7.45 117.19 427 196 159 165 295 56.68 32.78 25.20 29.41 41.83
1.83 1.47
12 Ser 7.52 116.94 4.72 4.00 57.52 6291
13 Pro 434 231 208 384 63.35 27.84 50.42
1.99 3.63
14 Ser 8.34 116.38 4.34 3.88 58.89 63.43
3.82
15 Ser 7.84 119.17 4.88 4.23 56.88 63.30
4.06
16  Pro 434 231 220 391 65.56 31.97 27.96 50.61
1.84 2.04 3.82
17 GIn 7.97 11939 4.03 212 243 59.15 27.99
18  GIn 7.96 11947 412 228 241 59.05 28.31 33.74
2.11
19  GIn 7.98 4.10 2.09 59.14 27.86 33.86
2.02
20 Gln 7.96 3.95 58.40
21 GIn 7.85 4.12
22 Val 8.03 119.41 3.37 2.18 0.97 67.23 31.48 2341
0.70 21.42
23 Leu 793 119.39 3.82 181 173 0.84 58.25 41.09 26.98 25.25
1.55 0.80 23.79
24 Asn 832 117.63 4.41 293 7.41 55.97 37.88
2.84 6.76
25  lle 8.05 122.32 3.73 187 1.06 0.75 65.38 17.92 13.88
1.05
0.85
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Table S1E: Assignments

"H and '3C resonances of an unmodified NCBD peptide, 20 mM

phosphate buffer pH 7.2.
H N Ho HF Hy H6 He Ca Cs Cy (@) Ce
1 Ser 3.74 3.61 74.79 65.22
3.52
2 Ala  8.12 426 1.38 54.80 18.63
3 leu 833 11821 4.00 1.64 1.50 0.89 58.13 41.45 27.15 25.39
0.86 23.21
4 Gln  7.67 117.00 3.92 2.11 238 59.09 28.32 33.81
5 Asp 812 12046 4.37 281 57.27 39.97
2.62
6 leu 841 12331 3.97 0.73 58.36 26.17
24.84
7 leu 843 118.68 3.92 1.83 1.86 0.82 58.22 41.03 26.84 25.21
0.80 22.43
8 Arg 8.03 118.16 4.00 193 1.73 3.22 59.34 30.10 27.80 43.24
1.58
9 Thr 7.89 116.22 4.00 4.25 1.22 66.36 68.58 22.82
10 leu 819 12142 4.01 1.53 1.83 0.82 56.90 41.44 26.77 26.05
0.81 23.50
11 lys 7.43 117.24 4.26 182 158 1.66 2.93 56.66 32.72 25.19 29.53 42.21
1.94 1.45 1.65
12 Ser 7.52 3.97 62.89
13 Pro 434 230 1.98 3.84 63.33 32.02 27.84 50.47
1.82 198 3.62
14  Ser 832 116.32 432 3.87 58.90 63.41
3.80
15 Ser 7.81 119.16 4.86 4.20 56.89 63.31
4.05
16 Pro 435 193 218 3.90 65.57 31.83 27.98 50.61
242 2.02
17  GIn 797 11919 410 2.08 241 59.25 27.87 34.18
18 GlIn 797 3.94
19 GIn 8.01 4.11 59.07
20 GlIn 797 4.02 210 242 59.19 28.31
21 GIn 795 411 210 27.92
22 Val  8.03 119.37 3.36 2.15 0.96 67.22 31.43 23.47
0.66 21.46
23 leu 796 11939 3.79 180 173 0.79 58.32 41.05 26.98 23.76
1.51
24 Asn 827 117.44 439 292 55.94 37.93
2.82
25 lle 802 122.16 3.71 1.85 1.87 0.73 65.34 38.14 29.00 13.87
1.04 17.93
0.83
26 leu 812 119.27 3.89 144 180 0.54 57.68 41.00 25.96 25.62
0.48 22.09
27 lys 831 3.92 1.87 146 1.63 293 58.85 32.63 25.12 29.36 42.45
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Figure S3A: Plots of the secondary chemical shift of unmodified NCBD. The random coil
chemical shifts of native NCBD sequence are generated from POTENCI. Non canonical amino
acids such as Norleucine are not recognized in POTENCI, thus we used the methionine amino

acid.
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Figure S3B: Plots of the secondary chemical shift of fluorinated NCBDs. The random coil
chemical shifts of native NCBD sequence are generated from POTENCI. Non canonical amino
acids such as Norleucine are not recognized in POTENCI, thus we used the methionine amino

acid.
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Figure S4: Linear variation of the rotational diffusion constant D of fluorinated NCBDs as a
function of T/n (n being the viscosity of the sample). The diffusion constants are extracted
from 2D 'H DOSY experiments. The dots represent the measured diffusion coefficients of an
isolated methyl signal at 0.6 ppm (at 283 K). the solid line represents a fit of the data to a
polynomial of first degree. The temperature ranged from T=283 K to T=309 K. The viscosity
of the water was considered to vary linearly in this temperature range and was computed using
a home-made Python script. The hydrodynamic radius was then deduced from Stock-Einstein

relation of the rotational diffusion.
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Figure S5: Thermal denaturation of NCBD variants harbouring a 4R or a 4S fluoroproline in
the L1 loop (labelled P13R and P13S, respectively) or a 4R or a 4S5 fluoroproline in the L2 loop
(labelled P30R and P30S, respectively). The denaturation profile of an unmodified NCBD is
shown as WT. The protein concentrations were 80 uM in phosphate buffer at pH 7.2. The

heating's rate was set to 2 °/min.
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Figure S6: Analysis of dihedral angle restraints obtained from the NCBD chemical shifts

measured for the four NCBD peptides modifies by the insertion of a fluoroproline residue. The

restraints were obtained from the DANGLE program installed in the CCPNmr pacckage

(version 2.1). The target values are indicated by a black line while the range of experimental

values are indicated by a blue and red shading for phi and psi angles, respectively.
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Table S2: statistics of structure calculations of non-fluorinated and fluorinated NCBD variants

from ARIA
Distance Constraints
NCBD30R NCBD30S NCBD13R NCBD13S NCBDWT
Total 701 746 544 502 690
Intra _residual 368 328 329 252 330
Inter _residual 0 0 0 0 0
Short range (i-j=1) 147 186 110 125 182
Middle range (i-j=2,3,4) 147 192 79 111 129
Longrange (i-j>4) 34 37 24 13 40
Dihedral Angle Constraints
Phi restraints 45 45 45 45 45
Psi restraints 45 45 45 45 45
NMR distance restraints
RMS of violation(A®) 0.108 + 0.011 0.071 +0.013 0.071 + 0005 0.051 +0.013 0.057 +0.010
Number of violation > 0.3 A® 159+2.7 3.7+22 0.9+0.8 0.6 +0.7 1.0+0.8
Number of violation > 0.1 A® 99.1+3.1 60.9+4.0 709+2.6 33.0+25 55.7+4.7
Hydrogen bond restraints
RMS of violation(A®) 0.045 + 0.007 0.479 +0.332 0.034 +0.003 0.057 +0.012 0.110 + 0.035
Number of violation > 0.3 A° 0.0£0.0 1.6+0.5 0.0 0.0 1.0+£0.5
Number of violation > 0.1 A® 22+0.7 47+10 1305 2.1+0.6 46+0.9
Dihedral angle restraints
RMS of violation (°) 0.783 £0.242 0.638 £ 0.203 0.185 + 0.066 0.497 + 0.069 1.301£0.182
Number of violation > 5° 0.3+0.5 0.1+0.3 0.0 0.0 2.1+1.0
RMSD
All residues _Backbone atoms (A°) 1.07 £ 0.22 1.06+0.11 0.82+0.20 1.22+0.46 1.01+0.28
All residues _Heavy atoms (A°) 1.57+0.17 1.51+0.15 1.29+0.22 1.60+0.48 1.39+0.29
Ordered residues _Backbone atoms 0.74 £0.16 0.74£0.16 0.39+0.14 0.90 £0.38 0.52+0.24
Ordered residues _Heavy atoms 1.28+0.10 1.28+0.21 0.89+£0.19 1.31+0.37 1.00+£0.25
Ramachandran Plot
residues in the most favoured region (%) 87.20+3.77 78.60%3.58 84.30 +3.02 85.40+2.16 79.60 +3.01
residues in the additionally allowed 11.20+4.05 18.40 £4.27 13.30+3.02 11.60£3.23 17.00 £ 2.87
region (%)
residues in the disallowed region (%) 0.72+1.16 0.69+1.17 0.00 0.69+1.17 0.69+1.17
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Chapter 7:

NMR study of binding of fluorinated
NCBD variants to transactivation
domain (TAD) of p53 tumor suppressor
protein and activation domain of ACTR
transcriptional co-activator
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VII. NMR study of binding of fluorinated NCBD variants to
transactivation domain (TAD) of p53 tumor suppressor protein and
activation domain of ACTR transcriptional co-activator

1. Introduction

In its free form, NCBD is a molten globule that fluctuates between unfolded and folded
conformations with a high helical content.!?> Previously, two structures were resolved using
NMR spectroscopy (PDB IDs: 1JJS and 2KKJ) in which the three helices were found to be
arranged differently (Figure 1, A and B).

NCBD has several binding partners that are fully folded such as the interferon regulatory
factor IRF-3 as well as intrinsically disordered binders such as the transactivation domain of
tumor suppressor p53 protein (TAD-p53) and the activation domain of nuclear receptor
coactivator ACTR (alternative name SRC-3) from p160 family (AD-ACTR). The structure of
NCBD in complex with TAD-p53 and AD-ACTR resembles the free structure 2KKJ. However,
the induced structure of NCBD upon binding to IRF-3 is characterized by a different

arrangement of helices (Figure 1 D).

\ \

' NJ
1Z0Q: IRF-3 2c52: SRC1 1KBH: ACTR

Figure 12: Free and bound NCBD structures. (A, B) NMR structures of free NCBD. (C) NCBD
in complex with TAD-p53. (D) NCBD in complex with IRF-3. (E) NCBD in complex with
SRC-1. (F) NCBD in complex with the activation domain (AD) of ACTR transcriptional co-
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activator (SRC-3 from p160 family). The first, second and third helices of NCBD are shown in

orange, yellow and gray respectively. Figure reproduced from ref.3.

Transcription factor p53 is known to be a tumor suppressor whose malfunction is related
to cancers. It interacts with a large number of binding partners to accomplish various functions
such as fertility and metabolism regulation.*> The transcriptional activity of p53 is mediated by
a disordered domain at its N-terminus called the transactivation domain TAD-p53. This domain
is composed of 61 amino acids and contains the two subdomains AD1 (1-42) and AD2 (43-61).
® TAD-p53 is responsible for the interactions of p53 with the transcriptional machinery
components as well as to numerous components involved in DNA recombination and repair.
Interestingly, the two subdomains can either bind to the same partner or to two different partners
simultaneously®. The interaction with CREB-binding protein (CBP) mostly involves AD2 that
can bind to nuclear coactivator binding domain (NCBD) of CBP. ¢ The structure of the
NCBD/TAD-p53 complex (2L14) was first determined by NMR in 2010°. The NCBD molten
globule and the intrinsically disordered TAD-p53 undergo binding induced folding to form five
helices, three from NCBD and two from TAD-p53.” This interaction is mainly mediated
through hydrophobic interactions. The full TAD-p53 domain has a high affinity towards NCBD
(Ka=3 uM). The kinetic kosr and kon constants were determined using stopped-flow experiments
and are estimated to be around 200-500 s!, and 2-5 x 105 M! 7!, respectively, at ionic strength
0.2 M® and 277 K.

The activation domain (AD) from the pl60 transcriptional coactivator for thyroid
hormone and retinoid receptors (ACTR, also called SRC-3 — steroid receptor coactivator 3
from p160 family) is unstructured in its free form with a partial alpha helical structure in its N-
terminus.” NCBD/AD-ACTR complex was first determined by NMR in 2002 and displayed a
high helical content in the form of six helices, three from each protein. NCBD/AD-ACTR
interaction was among the first examples describing a mutual synergetic folding of two IDPs.!°
Binding was shown to be driven by electrostatic interactions between positively charged NCBD
and negatively charged AD-ACTR resulting in a protein complex characterized by a high
hydrophobic interface.!! NCBD binds to AD-ACTR with a high affinity 0.034 uM!'°. Kinetic
constants kon and kor were estimated to be 3 x 107 M ! s7! and 2.7 s°!, respectively, based on
stopped-flow methods at 0.2 M ionic strength.® Later, both the affinity of NCBD towards AD-
ACTR and the interaction kinetics were shown to be modulated by the cis/trans isomerization

of the proline lying in the vicinity of the first loop between helix 1 and 2 of NCBD.!2!3
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Additionally, the binding between NCBD and AD-ACTR could be modulated through an
enhancement of the helical content of AD-ACTR when alpha methylated amino acids were
incorporated in the AD-ACTR sequence.'*

Although NCBD is known to be a molten globule and characterized by structural
plasticity, its mechanisms of binding to protein partners are not well understood. Its interaction
with AD-ACTR was stated to follow a conformational selection mechanism where AD-ACTR
recognizes a pre-foldled NCBD structure among the conformations in the NCBD
conformational ensemble.!!> An “extended conformational mechanism” where the selection
step is followed by an adjustment step of the structure seems to be taking place.'® However, an
induced fit mechanism was mentioned to be possible as well.!” Finally, an induced fit
mechanism based on the introduction of alpha methylated amino acids and constraining @and
Y dihedral angles in the unbound AD-ACTR was reported.”!®

When in interaction with p53, the binding mechanism of NCBD is also controversial,
and so far the interaction is believed to adopt a local induced fit and global conformational
selection binding mechanisms.’

Hereafter, we decided to study both complexes NCBD/TAD-p53 and NCBD/AD-
ACTR by NMR spectroscopy to uncover the recognition principles at the atomic level through
the use of fluorinated proline probes. Two proline residues lying in the two loops of NCBD
were substituted by either 4-(R)- or 4-(S)-fluoroprolines favoring trans- and cis-amide isomers
of proline, respectively. The complex formation was followed by titration experiments where

the binding partner was gradually added to the fluorinated NCBD analogue.

2. NCBD/TAD-p53 interaction

Full length wild type TAD-p53 was gradually added to each of the four fluorinated
NCBD variants. For each titration point, we recorded 1D '°F spectrum (Figure 2).

The addition of TAD-p53 to fluorinated NCBDs induces a small shift of fluorine
resonances. A shift towards higher ppm values is recorded for P13R, P30R variants and the
major peak of P13S analogue. However, a shift towards smaller ppm values is recorded for
P30S variant and the minor state of P13S analogue. The largest shift was observed for the major
peak of P13S variant (A = 0.15 ppm) and the smallest one for P13R variant (A = 0.015 ppm).
The observed unique fluorine peak of NCBD during binding with TAD-p53 results from an

averaging between the bound and the free fractions of NCBD. The results suggest an exchange
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rate constant faster than 85 s™! (Appm (0.15) *565 MHz). This result agrees with previously
reported kofr 200-500 s°! obtained by using stopped flow method.®

The complex formation induces a variation of the linewidth of fluorine resonance. A
quantitative evaluation of linewidth perturbation upon TAD-p53 addition was performed by
fitting the peaks with a Lorentzian function (Figure3). For P13S, P30R and P30S NCBD
variants fluorine resonances undergo a line sharpening. The P13R NCBD analogue, on the other
hand, displays a line broadening. Interestingly, the complex P13R NCBD/TAD-p53 displays a
linewidth around 23.5 Hz, thus almost 3 times smaller than P13S NCBD/TAD-p53 and 2 times
smaller than P30R NCBDTAD-p53 and P30S NCBD/TAD-p53.

These observations emphasize the sensitivity of chiral configuration of fluorine
substituent at the Pro13 site compared to Pro30. The broadening of P13R major peak from 16
Hz to 23.5 Hz can be associated to slower rotational diffusion upon complex formation. The
sharpening of fluorine signal observed for all other variants may indicate a suppression of the
conformational averaging. Both minor states of P13R and P13S experience less pronounced
chemical shift and line width perturbations. This difference might indicate that the dominant
populations have more affinities towards TAD-p53.

Furthermore, with the exception of NCBD P138S, all titrations led to a plateau value of
the perturbation for a TAD-p53/NCBD ratio between 0.6 and 0.8. Attempting to fit the data to
a one-to-one equilibrium is successful for P13R and indicates a dissociation constant K¢ =3 +
5 uM (Figure4). Similar dissociation constant value was reported for wild type NCBD/TAD-
p53 complex.%® Consequently, the substitution of P13 by 4-(R)-fluoroproline does not affect
the affinity of NCBD towards TAD-p53. On the other hand, tempting to fit the NCBD P13S
linewidth variation to a one-to-one model was not satisfactory indicating differently sampled

dynamics.
Together with the linewidth analysis, this might indicate the presence of bigger

complexes such as 1 NCBD /n TAD-p53 where n is the number of TAD-p53 attached to NCBD

molecule. Further analysis of the formed complexes is crucial to derive accurate conclusions.
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19F chemical shift (ppm)
Figure 2: 565 MHz 'F NMR spectra upon addition of TAD-p53 observed for the four modified
NCBD proteins with fluoroprolines at position 13 (upper panels) and position 30 (lower panels)
with carbon-4 in 4-(R)- (left panels) or 4-(S5)- (right panels) absolute configurations. The star

denotes an impurity.
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Figure 3: 'F NMR linewidth variation upon addition of TAD-p53 observed for the four

modified NCBD protein variants with a fluoroproline at position 13 (upper panels) or position

30 (lower panels) with a fluorine atom in 4-(R)- (left panels) or 4-(S)- (right panels) absolute

configurations. For P13R NCBD variant, the same dataset is shown at two scales for the sake

of comparison with the three other proteins. Magnified scale (16 to 24 Hz) is shown on the right

side.
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Figure 4: Fitting of the linewidth variation of 'F NMR signal for P13R NCBD variant upon
addition of TAD-p53 at 304 K. The circles are the experimental linewidths extracted by fitting
the ’F NMR peaks to a Lorentzian function. The solid line is the calculated linewidth during
the interaction of P13R NCBD analogue to TAD-p53 obeying to a one-to-one stoichiometry

with a dissociation constant Kq =3 pM.

NCBD/TAD-p53 complex formation followed from TAD-p53 side

TAD-p53 has two tryptophans (W23 and W53) situated in both subdomains AD1 and
AD?2 respectively. The NCBD’s sequence does not contain any tryptophan. Consequently,
NCBD/TAD-p53 interaction can be followed through the analysis of the N-H indole ring signal
of the tryptophan in the 1D 'H spectra (Figure 5). NCBD/TAD-p53 binding can be further
investigated using another probe that is Leu26 residue of NCBD. This latter has distinctive
methyl chemical shifts that do not overlap with other signals from either NCBD or TAD-p53
and might bring more understanding on the rearrangement of the hydrophobic core of NCBD
upon binding and is yet to be applied.

Hereafter, we followed the binding from TAD-p53’s perception. The resonance

assignment of the two tryptophans is adapted from the previously solved structure of p53."
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Upon addition of TAD-p53, the tryptophan signals slightly shift and broaden for P13R and
P13S NCBD variants. On the other hand, a more pronounced variation of both the frequency
and the linewidths is observed when complexation is carried out with P30R and P30S NCBD
variants (Figure 6).

The difference in linewidths between W23 and W53 in the free form is consistent in all
experiments with the exception of P30R NCBD variant. The signal sharpening observed for all
experiments upon increasing TAD-p53 concentrations is consistent with the disordered nature
of TAD that folds upon binding. The different behaviour of fluorinated NCBDs in contact with
TAD-p53 is consistent with their different dynamics (presented in Chapter 6).

13R 13S

30R 30S

1015 1010 1005 1000 995 990 1015 1010  10.05  10.00 9.95 9.90

"H chemical shift(ppm)

Figure 5: 'H NMR spectra of TAD-p53/NCBD complexes (tryptophan indole region) for
different TAD-p53/NCBD concentration ratios during titration experiments.
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Figure 6: Variation of tryptophan indole HNg linewidths upon TAD-p53 titration. Tryptophans

were identified based on their chemical shift previously published in solved structure of p53."°
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3. NCBD/AD-ACTR interaction

NMR titration experiments were performed to get insights into NCBD/AD-ACTR
complex formation at the atomic level. Except for P30R NCBD variant, the addition of AD-
ACTR to the fluorinated NCBDs induces broadening of the fluorine resonance in comparison
to the free NCBD and the appearance of a new peak (Figure7). The largest shift is A = 0.64
ppm in the P13S NCBD analogue. The smallest shift is A = 0.06 ppm in the P13R NCBD
variant. The two unequally populated peaks on the fluorine spectra are characteristic of a slow
exchange regime with an exchange rate constant slower than 34 s™! (Appm (0.06)*565 MHz).
The rise of the new titrating population for P13R, P13S and P30S analogues, together with the
disappearance of the minor states of P13R and P13S upon addition of AD-ACTR are in favour
of a conformational selection mechanism as such behaviour corresponds to a shift in chemical
equilibrium.

The small chemical shift drift in P13R NCBD analogue might be explained by the minor
rearrangement of NCBD in the complex. Thus, the helical packing topology in PI3R NCBD
variant is the closest to that in the NCBD/AD-ACTR complex. This is consistent with the fact
that P13R NCBD analogue resembles the previously resolved structure of free NCBD in
solution (PDB ID: 2KKJ). (Chapter 6)

Upon addition of AD-ACTR, the fluorine resonance in P13R NCBD variant broadens,
whereases the other fluorinated NCBDs witness a peak sharpening. This behavior is very
similar to what we observed for NCBD binding to TAD-p53. Again, the broadening of P13R
can be associated to slower rotational diffusion upon complex formation. The sharpening of
fluorine signal observed for all other proteins may indicate a suppression of the conformational
averaging (Figure 8). Interestingly, the linewidths of the complexes P13R NCBD/AD-ACTR,
P13S NCBD/AD-ACTR and P30R NCBD/AD-ACTR are very close (25 Hz), however, for the
P30S NCBD/AD-ACTR complex it is slightly broader.

To get further insights into the NCBD/AD-ACTR interaction, we performed ITC
experiments to measure the thermodynamic parameters of the complexes (Table 1). The high
affinity of PI3R NCBD to AD-ACTR is in favour of its predisposition to a complex-like
structure. On the other hand, P30S NCBD analogue is the only NCBD variant reporting a
significant affinity loss towards AD-ACTR. Together with its slightly higher complex
linewidth, it might indicate that the complex undergoes a conformational averaging. The P13S

and P30R report similar affinities to ACTR as the NCBD WT.
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Previous single-molecule FRET studies of NCBD reported K4 = 80 nM of NCBD/AD-
ACTR complex when proline 13 is in its zrans isomer,'? which agrees with K4 = 89 nM for the
P13R-NCBD/AD-ACTR complex. The same study reported K¢ = 650 nM, when proline 13 is
in the cis-amide configuration. This is more than two times higher than Kq¢ = 297 nM of P13S-
NCBD/AD--ACTR favouring the cis isomer.

13R 13S

-177.2 -177.3 -177.4 -177.5 -177.6 -177.7 —-172.6 -172.8 -173.0 -173.2 -173.4 -173.6 -173.8

30R 30S

-176.8 -176.9 —177.0 —-177.1 -177.2 —177.3 -173.5 -174.0 -174.5 -175.0 -175.5

19F chemical shift (ppm)

Figure 7: 565 MHz 'F NMR spectra observed for the four fluorinated NCBDs P13R, P13S
(upper panels) and P30R, P30S (lower panels) upon addition of AD-ACTR at 304 K.

211



P13R P13S

40 T
24
38
22
. 36
N 20
Iz 34
= 18
] 32
= 16
o 30
£ 14
-
28 L
12
2
10
24
0 025 05 075 1.0 125 1.5 175 20 225 25 0 025 05 075 10 125 15
P30R P30S
66 66 —
60 60
N 54 54
T
£ 48 48
S
3
5 42 2
£
- 36 36 4
30 0
24 o4
0 025 05 075 10 125 15 175 20 0 025 05 075 10 1.25 15
ACTR/NCBD ACTR/NCBD

Figure 8: Variation of the ’F NMR peak linewidths in the titration experiments of fluorinated
NCBDs upon interaction with AD-ACTR. Recorded at 565 MHz '°F NMR frequency at 304
K.
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Table 1: Thermodynamic parameters of NCBD/AD-ACTR complex formation from isothermal

titration calorimetry experiments.?

Kd [uM] AG [kcal mol!] AH [keal mol!] -T AS [kcal mol!]
NCBD WT-ACTR 0.207 9.3 -12.65 3.35
P13R-ACTR 0.089 -9.81 -9.37 -0.45
P13S-ACTR 0.297 -9.08 -9.86 0.77
P30R-ACTR 0.243 -9.23 -8.65 0.57
P30S-ACTR 0.433 -8.91 -13.55 4.63
4. Conclusions

In this work we studied the interaction between fluorinated NCBDs and two of its
important binding partners TAD-p53 and AD-ACTR by NMR titration experiments.
Fluoroprolines incorporated in NCBD served as local probes reporting on changes at the residue
level upon binding by modifications of chemical shifts, linewidths and intensities of fluorine
signals. We demonstrated that the NCBD interactions are affected by structural heterogeneity
originating from proline modifications. Modifying Pro13 has a significant impact on NCBD's
dynamics and affinities towards both TAD-p53 and AD-ACTR. When NCBD contains 4-(R)-
fluoroproline at residue 13 (P13R-NCBD) structure it forms the most stable complex with
TAD-p53 (K4 =3 uM) determined through fitting the linewidth of the fluorine signal to a one-
to-one interaction model. This result is in agreement with the previously determined affinities
of NCBD towards TAD-p53.% The data extracted from other fluorinated NCBDs (i.e., P13S,
P30R and P30S) could not be fitted to this model. The preliminary data suggest the formation
of bigger complexes resulting from the interaction of 1 NCBD and 2 or more TAD-p53
molecules. Further experiments are needed to investigate this hypothesis. Finally, we estimated
that the exchange rate constant of NCBD/TAD-p53 is faster than 85 s'!. The presence of
tryptophan residues on TAD-p53 and particularly isolated methyl groups on NCBD is very
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advantageous as the interaction can be followed using '"H NMR from both NCBD and TAD-
pS3 perspectives.

When AD-ACTR is the binding partner, the P13R NCBD variant has the highest affinity
among the fluorinated NCBDs (K4 = 89 mM). The binding kinetics of fluorinated NCBD and
AD-ACTR occurs on a timescale slower than 34 s''. Upon addition of AD-ACTR, fluorine
signal of free NCBD gradually disappears and a new fluorine population appears in the 1D °F
spectrum. This observation is in favour of a a conformational selection binding mechanism
between NCBD and AD-ACTR from the NCBD point of view.

Upon addition of both TAD-p53 and AD-ACTR, the fluorine signal of P13R NCBD
analogue undergoes a broadening that could refer to the formation of the complexes. In contrast,
the binding of P13S, P30R and P30S NCBD analogues is accompanied by a peak sharpening.
This peculiar behaviour could be explained by different dynamics sensed by these complexes
that are yet to be understood.

In conclusion, this work was performed to reveal the effect of proline residues of NCBD
on its binding affinities and kinetics. Future work will include modelling of the data to
understand the stoichiometry of NCBD/TAD-p53 complexes. Other techniques such as native
mass spectrometry could be useful for this matter. Further understanding of the complex
formation could be derived from titration experiments performed between fluorinated NCBDs

and both subdomains AD1 and AD2 of TAD-p53 separately.

5. Experimental section

Peptides with purity above 95% were synthetized in the Laboratory of Biosystems
Chemistry (UMR 7242 Biotechnology and Cellular Signalling) using SPPS. Their purity was
determined by reverse-phase HPLC analysis and by electrospray ionization mass-spectrometry.
TAD-p53 was provided by Aromal Asokan, AD-ACTR by Alexis Jouin and wild type and

fluoroproline-containing variants of NCBD by Mariam Sai.

NMR titrations
NMR measurements were performed at 600 MHz ('H frequency) and 565 MHz (°F
frequency) using NMR spectrometers from Bruker equipped with a cryogenic QCIF probe. All

experiments were performed at 304 K.
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NMR samples were prepared by dissolving dry powders of NCBD and its variants in
160 uL 20 mM phosphate buffer at pH 7.2. 3 mm tubes were inserted into 5 mm tube of D>O
to provide an external lock signal. The titration experiments were performed by adding
increasing amounts of TAD-p53 protein (1 mM) to a 100 uM sample of NCBD. TAD/NCBD
ratio ranged from 0 to 2. The number of recorded titration points was adapted for each sample.
For NCBD-ACTR titration experiments, NMR samples were prepared by dissolving NCBD
dry powder in 200 pL 20 mM phosphate buffer at pH 7.2 containing 10% of D>O. The final
NCBD concentration was 50 uM. The titration experiments were performed by adding
increasing amounts of AD-ACTR (330 mM) protein to NCBD solution in a 3 mm NMR tube.
ACTR/NCBD ratio ranged from 0 to 2.5 and the number of recorded titration points was
adapted for each sample.
A total of eight titrations were performed:
e PI3R-TAD-p53
e PI3S-TAD-p53
e P30R - TAD-p53
e P30S -TAD-p53
e PI3R-AD-ACTR
e PI3S-AD-ACTR
e P30R-AD-ACTR
e P30S - AD-ACTR

For each titration point, a '’F NMR spectrum was recorded in addition to a 1D 'H NMR

spectrum. The number of scans was adapted to achieve a reasonable signal over noise ratio.

Preliminary Isothermal titration calorimetry (ITC) experiments were performed by

Valentin Bauer (PhD thesis defended in September 2020).2°
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General conclusions

Fluorination is advantageous in biological studies due to the absence of fluorine in the
naturally occurring molecules. The use of fluoroprolines in advanced biological studies is
justified by many reasons: first prolines are largely present in disordered proteins and
polyproline regions are involved in many protein-protein interactions. Second, compared to all
other amino acids, proline enhances the population of the cis conformer of the peptide bond.
Finally, the challenging '°F CSA responsible of NMR signal broadening is relatively small in
fluoroprolines. However, the use of fluorinated prolines in advanced biological studies is very
limited compared to other aromatic amino acids namely tryptophan. Therefore, in this work,
we highlight the potential of 4-fluoroprolines as a fluorine probe to report molecular motion
and binding events at the atomic level in polyproline rich peptides, and as structural and
dynamical modulator of proline residues properties to uncover their role in a molten globule’s
function.

On fluoroproline models 4R exo, 4R endo, 4S endo and 4S exo issued from DFT
calculations, a qualitative study of the relaxation was performed through simulations of Ri, Ro,
heteronuclear H-F NOE and cross relaxation rate ozy. The effect of the molecular motion of
each relaxation parameter was predicted based on derived simple equations from relaxation
theory. The agreement of the predictions with those from SPINACH software is very satisfying
and reveals that the synergy of the dipolar relaxation and the fluorine chemical shift anisotropy
mechanisms is enough to explain the relaxation of 4-fluorinated prolines. A quantitative
relaxation study of 4-fluorinated prolines in polyproline sequence context was performed
through experimental measurements of the relaxation parameters. The purely dipolar 'H-'F

heteronuclear cross-relaxation rate is the most reliable parameter to evaluate molecular motion.

4R and 4S5 FPro were incorporated in polyproline peptide harboring an SH3 binding
motif to determine their effect on the structure and binding affinity. Two model peptides were
studied MpSR and MpRS. Fluoroprolines inserted in the fourth and eighth positions are not
believed to affect the protein—peptide binding interface. The dynamics of polyproline segments
were determined from steady state heteronuclear NOE. Within both peptides the first
polyproline segment tumbles faster 0.5ns compared to 0.8ns for the second regardless of the
nature of the fluoroproline. The comparison of the heteronuclear coupling constants the two in

fluoroprolines in the polyproline sequence and the free amino acids revealed that the
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conformational bias is fully preserved. Even though 4S fluoroproline destabilizes the PPII helix,
strong Ha(i-1) to H3(i) NOE cross-peaks were reported between all prolines and the chemical
shift differences between 3Cp and 3Cy all lied within 5 ppm witnessing the formation of trans
conformation of the Xaa—Pro peptide bond and the maintain of the overall PPII helix. Binding
affinities were determined through NMR titrations. 'H-'>N HSQC spectra and 1D '°F spectra
were recorded at each titration point allowing the binding event to be observed from both SH3
and peptides perspectives. Within both peptides, fluorine and 'H-'°N signals went through a
gradual shift at each titration point indicating fast exchange regime. The chemical shifts were
simultaneously fitted and revealed a 1-to-1 complex stoichiometry with MpSR being the
strongest binder to SH3. Compared to the non-fluorinated peptide, the incorporation of 45 FPro
in the binding motif induces a drastic loss of affinity, whereas 4RFPro maintains it. Finally, the
binding kinetics were estimated for MpSR peptide from the line broadening of the fluorine
signal during the titration. Kon was 0.9x108 + 0.2x108 M ! s and 1.2 x 108 £ 0.2 x 108 M"!
s! for 4Sand 4R respectively. Particular line broadening was recorded for MpRS indicating

more complex binding mechanism probably due to the 45 FPro in the binding motif.

4R and 4S fluoroprolines were used to elucidate the role of the conformational and
dynamical properties of two prolines (P13 and P30) to modulate the structural landscape and
the motion of the molten globule NCBD of CBP. In this work, we biophysically characterized
the dynamics and the structure of non-modified NCBD and four synthetized fluorinated NCBD
variants: NCBD 13R, NCBD 13S, NCBD 30R and NCBD 30S. The fluorination did not alter
the global helical secondary structure of the molten globule as observed from CD spectra and
the secondary chemical shifts. The determination of the hydrodynamic radii of NCBD from
DOSY experiments showed that the globular structure of NCBD is not affected by the insertion
of fluoroprolines in its loops. On the residue level, several common side-chain interactions of
hydrophobic residues were visible on the NOESY spectra, however the number of these NOE
and their intensities varies between the fluorinated NCBDs. The difference of the NOE pattern
in NCBD indicates that a site-specific modification of proline’s conformation has a global effect
on the helix arrangement of NCBD. For each fluorinated NCBD, structure calculations revealed
different orientation of the three helices, thus, introducing a conformational bias in NCBD’s
loop directly affects its conformational landscape. When NCBDs are subject to a heating, their
transverse relaxation rate variation displayed unique complex profiles indicator of multiple
exchanges at several timescales, making it challenging to extract quantitative exchange

parameters. The perturbation of the second loop of NCBD through 4R FPro incorporation,
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systematically leads to its self-assembly into amyloids at neutral pH. The kinetics of this process

highly depended on the concentration and the working temperature.

Addressing biological challenges requires a detailed understanding of the structural and
dynamical properties of the system. We hope that the present work will encourage more fluorine
NMR studies with fluorinated prolines, especially that beside the 4-fluoroprolines here
presented, a rich library of synthetized, ¢z and ¢, mono or double fluorinated proline analogs
are described in literature. The study of polyproline rich sequences interaction to the SH3
domain is very interesting and can be used as a reference to further designed model peptides
with tuned properties and within more complex systems. Characterizing the conformational
landscape of a NCBD is very important to understand their significant function. Our work will
be further completed by deeper understanding of NCBD’s interactions with its binding partners.
Additional designed variants of fluorinated NCBD can be envisaged either to bring more
understanding of its properties or to create molten globules with predictable behavior for
specific applications. In continuity of this study, it would be interesting to understand the effect

of fluorinated NCBDs on full length CBP properties.

220



Résumé de these

La proline est un acide aminé particulier de nature cyclique. Son cycle peut adopter deux
conformeres non planaires ¢, endo et ¢, exo qui s’échangent a une échelle de temps de
picoseconde. ! Lorsque la proline est impliquée dans une liaison peptidique, I’isomére cis est
significativement peuplé.’ La vitesse d'interconversion cis-trans est intrinséquement lente et se
produit & D’échelle de secondes et peut étre accélérée par les peptidyl-prolyl cis-trans
isomérases.*’ La conformation du cycle, les populations cis et frans ainsi que la cinétique de
ces éveénements peuvent étre biaisées en remplagant un atome d'hydrogeéne par un atome de

fluor dans la proline. 4R et 4S5 fluoroprolines favorisent la formation des conformeres ¢, exo et

¢, endo et enrichissent les isoméres trans et cis respectivement.®” Ce travail a deux objectifs

Y

principales, le premier est de montrer le potentiel de ces sondes fluorées a reporter d’une fagon
fiable les propriétés structurelles, les mouvements moléculaires ainsi que les éveénements
d’interactions des peptides modeles a 1’échelle atomique. Le deuxiéme est d’exploiter le
potentiel de modification des propriétés conformationnelles et/ou dynamiques de la proline
pour explorer le lien fonctionnel entre les propriétés de la proline et la fonction protéique. Le
noyau '°F est actif en RMN et a une sensibilité intrinséque proche de celle du 'H !!, son absence
dans les systemes biologiques rend les spectres facilement interprétables sans interférence de
bruit de fond. Au cours de ma thése, deux systémes ont ét¢ étudiés : le domaine de liaison du
coactivateur nucléaire (NCBD) du coactivateur transcriptionnel CBP. Le NCBD est un globule
fondu, qui s'agrége en fibres amyloides. Le second systéme est tout un répertoire de peptides

modelés de poly proline qui se lient au domaine SH3. Figure 1.
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Figure 1 : A : Mod¢le 3D de NCBD mettant en évidence deux résidus de proline étudiés ou Hy
est remplacé par un atome de fluor (spheres vertes). B : Fluoroprolines incorporées dans deux
séquences riches en proline a deux positions 4 et 8 surlignées en vert. Le motif canonique de

liaison au domaine SH3 est représenté en bleu.
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Résultats

1- Etude RMN de séquences riches en prolines 2 I'aide de fluoroprolines (publication)
Dans ce travail, les biais de structure et de dynamique controlés au sein des fluoroprolines 4R
et 45, ont été appliqués pour étudier l'interaction entre le domaine SH3 et les peptides riches en
polyprolines congus. Les fluoroprolines ont été insérées a deux positions différentes dans le
peptide figure 1.B. La dynamique des peptides modeles a été décrite en termes de parametres
de relaxation Ri, R> et de NOE hétéronucléaire. Nous montrons que les vitesses de relaxation
longitudinale et transversale ne sont pas appropriés pour sonder sans ambiguité la dynamique
en raison du tres faible contraste et de 1'échange chimique résiduel. Cependant, l'interprétation
du NOE 'H-'"F hétéronucléaire purement dipolaire a révélé que les deux prolines du peptide
subissent une dynamique légerement différente et que cette dynamique est dictée par le contexte
de la séquence plutét que par la nature de la fluoroproline. Nous rapportons les temps de
corrélation de 0.5 ns pour la proline en position 4 et de 0.8 ns pour la proline en position 8. Les
affinités de liaison entre le domaine SH3 et les peptides modeles ont été déterminées par des
expériences de titrage. Le kd a été¢ déterminé a partir de la variation du déplacement chimique
a la fois du fluor et des 'H/!>N. Cette méthodologie permet de suivre l'interaction du point de
vue peptidique et protéique en méme temps. Nos données suggerent que l'incorporation de
fluoroproline 4R dans le site de liaison du domaine SH3 ne modifie pas les affinités, mais une
fluoroproline 4S réduit considérablement l'affinit¢ de liaison. Enfin, la constante cinétique
d'association a été déterminée par une analyse de la forme des raies fluor et a suggéré un
mécanisme d'association un a un. Au cours de ce travail, Nous avons optimisé plusieurs
méthodes standards pour élucider les spécificités dynamiques et conformationnelles des
peptides modeles de polyproline. Pour l'attribution sans ambiguité des différents résidus de
proline, les techniques standard telles que 'H-13C HSQC et NOESY ne sont pas fiables. Pour
surmonter ce défi, nous avons congu une 2D "H-13C HSQC -NOESY résolue avec une fenétre
carbone étroite de 3 ppm, centrée sur les résonances Co de la proline. Cela a permis de résoudre
les pics croisés séquentiels Ho (i) a H a (i-1) NOE, d'ou une attribution compléte et réussie du
déplacement chimique 'H et *C du peptide. L'enquéte conformationnelle locale pour distinguer
les fluoroprolines 4S et 4R a été réalisée en mesurant les constantes de couplage homo et
hétéronucléaire *JF-Hp, 3JF-H§ et *JHa-HP dans chaque cycle pyrrolidine par des expériences
2D 'H-'H TOCSY et SERF a haute résolution.
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2- Moduler les propriétés d'un « molten globule » avec les fluoroprolines 4R et 4S.

Dans ce projet, nous étudions le role des résidus de proline pour régler les propriétés du NCBD.
Deux prolines se trouvant dans deux environnements chimiques différents sont les sujets
d'intérét de ce travail. Figure 1A. L'isomérisation de la proline 13 est connue pour moduler la
cinétique de liaison du NCBD ainsi que son affinité avec son partenaire ACTR de la famille
p160.1° La proline 30 est un résidu initiateur d'hélice et a notre connaissance, n'a pas été étudiée
auparavant. Les prolines 13 et 30 ont été remplacées par des fluoroprolines 4R et 4S. Par
conséquent, une bibliothéque de 5 variants de NCBD est considérée : NCBDwt, NCBDI13R,
NCBD13S, NCBD30R et NCBD30S. La compacité de la protéine n'est pas altérée par
l'incorporation de I'atome de fluor comme revelé par le rayon hydrodynamique inchangé (15
A) estimé par les expériences 2D 'H DOSY. De méme, la structure globale des NCBD fluorés
et leur comportement de dépliement ne sont pas modifiés. Les trois hélices sont conservées au
sein des NCBD fluorés comme le révele d'abord I'examen des déplacements chimiques
secondaires et plus tard en effectuant un calcul de structure. Figure 2. La perturbation de la
proline 13 induit la formation d’au moins deux variants de NCBD inéquitablement peuplés et
qui coexistent et s’échangent a 1’échelle de la milliseconde, cependant la perturbation de la
proline 30 révele une seule population de NCBD. Tous les NCBD fluorés sont en échange avec
une forme minoritaire commune caractérisée par des contacts inter hélices modifiés. Cette
conclusion est tirée a partir des NOE spécifiques repérés sur les spectres NOESY de chaque
NCBD. Parmi les structures calculées de NCBD fluoré, NCBD P13R est la structure la plus
proche de la forme majoritaire de NCBD publi¢e (2KKJ). Malgré les similitudes structurelles
globales, les différentes cartes de NOE des NCBD fluorés suggérent que le noyau hydrophobe
se réorganise différemment au sein de chaque variant. Cette observation contredit la description
commune de "liquide like" des noyaux hydrophobes de globules fondus. Tous les NCBD
fluorés subissent des événements dynamiques uniques, en effet la variation des largeurs de raies
des résonances du fluor lorsqu'ils sont soumis a la chaleur est différente et demande encore de
travail pour étre modélisée. La substitution de la proline 30 par une fluoroproline 4R induit son
réarrangement en fibres amyloides. Figure 3. Ce phénomeéne est dii a la disposition particuli¢re
de la premiére hélice alqui expose sa chaine latérale hydrophobe au solvant favorisant ainsi
son interaction avec d'autres al d’autres molécules NCBD et conduisant a la formation

d'oligoméres.
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L’interaction de NCBD avec deux de ses principales partenaires d’interaction le domaine TAD
du suppresseur du tumeur p53 ainsi que le coactivateur de transcription AD-ACTR de la famille
p160, a été suivie en RMN par des expériences de titration et en ITC. Nous montrons que la
modification de la proline 13 principalement modifie les affinités de NCBD a ses partenaires et

que sa substitution par une fluoroproline 4R est accompagnée par une amélioration de 1’affinité.

Figure 2 : Mode¢les 3D de structures de NCBD fluorés calculées a 1'aide du logiciel ARIA

montrant le réarrangement de leurs noyaux hydrophobes.

Figure 3 : Micrographies TEM d'échantillons de NCBD 30R dissous dans du tampon phosphate
a pH 7.2 aprés une étape d'évaporation a 327 K et une étape d'incubation a 304 K pendant la

nuit.
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Conclusions

4R et 4§ fluoroprolines ont un grand potentiel de rapporter les propriétés structurelles, et
dynamiques des peptides ainsi que leurs événements d’interaction. Du fait qu’elles introduisent
un biais dynamique et structurel sur les prolines, elles servent aussi a dévoiler leur rdle joué au
sein des systémes biologiques. Dans ce travail, les fluoroprolines ont été utilisés a la fois comme
sonde fluorée pour I’étude d’un répertoire de peptides modeles congus qui se lient au domaine
SH3 et comme un fort modulateur des proprietés des prolines au sein d’un globule fondu
atypique NCBD de la protéine CBP. Les parametres de relaxation de fluor ont été interprétés
en termes de mouvement moléculaires. Les déplacements chimiques et largeurs de raies des
signaux fluor sont interprétés pour déterminer les constantes de dissociation ainsi que la
cinétique des éveénements d’interaction. Au cours de ces travaux, nous décrivons en détails la
relaxation de fluor dans les fluoroprolines 4R et 45, les paramétres de son tenseur d’anisotropie
de déplacement chimique ainsi que les matrices de distance hétéronucléaire F-H dans les
conformeres exo et endo de ces prolines fluorés. Nous espérons que ces données encourageront

I’implication des fluoroprolines dans de nombreuses études avancées.
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Résumé

La proline est un acide aminé particulier qui peut adopter deux conformeres non planaires cyendo et
cy exo et qui peuple de maniére significative I'isomeére cis comparé a tous les autres acides aminés
naturels. La conformation du cycle, les populations cis et frans ainsi que la cinétique de ces
événements peuvent étre biaisées en remplagant un atome d'hydrogéne par un atome de fluor dans
la proline. 4R et 4S fluoroprolines sont utilisées d’abord comme sondes atomiques de la structure, la
dynamique et les interactions des peptides suivies par la RMN de fluor et ensuite pour explorer le lien
fonctionnel entre les propriétés de la proline et la fonction protéique. Deux systémes biologiques ont
etée étudié, le premier est un peptide modéle riche en poly proline qui se lit au domaine SH3 et le
deuxiéme est un globule fondu NCBD de la protéine CBP. Les variants fluorés de chaque systéeme
ont été étudiés en détail dans leurs formes isolées ainsi qu'en complexe avec leurs partenaires de

liaison.

Mots clés : Proline, RMN, Fluor, Fluoroproline, NCBD, Globule fondu, Poly proline

Résumé en anglais

Proline is a particular amino acid that can adopt two non-planar conformers cy endo and cy exo, and
that significantly populates the cis isomer compared to all other natural amino acids. The ring
puckering, cis and frans populations as well as the kinetics of these events can be biased by replacing
a hydrogen atom with a fluorine atom in proline. 4R and 4S fluoroprolines are used first as atomic
probes of peptide structure, dynamics and interactions followed by fluorine NMR and then to explore
the functional link between proline properties and protein function. Two biological systems were
studied, the first is a poly proline-rich model peptide that binds to the SH3 domain, the second is the
molten globule NCBD of the CBP protein. The fluorinated variants of each system have been studied

in detail in their isolated forms as well as in complex with their binding partners.

Keywords : Proline, NMR, Fluorine, Fluoroproline, NCBD, Molten globule, Polyproline




