Conformational constraints
from NMR experiments



Basic features

Because of a quantum-mechanical property
named spin, the nucleus and the electrons of
an atom can be regarded as charged
particles 1n motion.

Therefore nucleus and electrons exhibit a
magnetic dipole moment.



Basic features
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Magnetic dipoles align to external magnetic fields,
like the compass needle points towards the Earth
magnetic North



Basic features

Nucleons, i.e. protons and neutrons, possess a spin that, like a rotation, entails a
spin angular momentum, a quantum mechanical property that assumes only
discrete values. The sum of the spin angular momenta of the individual nucleons
builds up the overall nuclear spin angular momentum, that is still quantized.

The overall spin angular momentum of a nucleus, the currents of the protons
and the intrinsic magnetism of the nucleus constituents are the basis of the
nuclear magnetism that means a quantized nuclear magnetic moment.

A nuclear magnetic dipole in a magnetic field behaves like a gyroscope
with an angular momentum that rotates around its axis and around the
gravitational field axis (precession motion).



Basic features

A gyroscope would fall down if left with its axis perpendicular to the ground.

By imparting a rotation, 1.e. an angular momentum, under steady conditions (neglecting
energy loss) the gyroscope precesses around the gravitational field direction, at a
precession frequency (o) that depends on the angular momentum (J):
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Basic features

A nuclear magnetic dipole moment precesses around an external
magnetic field axis according to:

o =—y-B Larmor Equation

O=21tV = v:LB

2T

at an angular frequency, o, referred to as Larmor frequency.



Basic features

o =—y-B Larmor Equation

O=21tV = v:LB
2T

Movie: Brian Hargreaves



Basic features

o =—y-B Larmor Equation

O=21tV = v:LB

2T

The proportionality constant y 1s named gyromagnetic ratio and represents
the ratio between the magnetic moment and the angular momentum:

Analogy: y = %

(D'Y.B (Dp

The moment of a force has the same units as an energy,
but 1s a vector.




Basic features

The nuclear spin angular momentum can adopt only discrete values, 1.e. it 1s
quantized. Hence, also the nuclear magnetic dipole moment will be quantized.

1

J=hI(I+1)|* J =hm, m,=11-11-2,.-1 (totally (2/+1) values)
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Nuclei with an odd mass number, have half-integer nuclear spin ('H, "Li, 2’Al I=

1/2,3/2 5/2).

Nuclei with even mass number and even atomic number, have zero nuclear spin

(IZC, 160) 328).

Nuclei with even mass number and odd atomic number, have integer nuclear spin

CH, “N, I=1).



Basic features
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Larmor equation dictates the condition to observe
nuclear magnetic resonance, 1.e. applying the energy that
1s required to change the precession mode of the nuclear
magnetization vector around the direction of a static

magnetic field. For / = 1/2 there is a single possible
transition oo — [3 or vice versa.

Larmor equation highlights the dependence of the resonance frequency on the
magnetic field and the gyromagnetic ratio, a constant that is specific for every
nucleus. For instance, at B = 2.3 T, the NMR signal from 'H is observed at 100
MHz (y = 26.75-107 rad T-! s71), from 13C at 25.145 MHz (y = 6.73-107 rad T-! s~

D), from N at 10.14 MHz (y = -2.71-107 rad T-! s71), from 3'P at 40.48MHz (y =
10.84-107 rad T-! s71).



Basic features
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NMR deals with ensembles of nuclear magnetic moments, the
nuclear spins, that sum up into a macroscopic magnetization.



Basic features
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To observe a NMR signal, we must introduce some preferential distribution
of the individual magnetization vectors, 1.e. a spin coherence, that gives rise
to a non-zero transverse magnetization.

Only the transverse magnetization
components are observed by NMR.



Basic features

The magnetic field B, associated to a radiofrequency oscillating at the Larmor
frequency polarizes the macroscopic magnetization onto the x-y plane.

Laboratory frame Rotating frame

Movie: Brian Hargreaves



Basic features
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By the end of the radiofrequency pulse, in the absence of B, the
tranverse magnetization starts to precess again around B,



Basic features
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FIGURE 1. Spins precessing of different velocities

During precession, the transverse magnetization will split into
components, if any, due to different Larmor frequencies.



Basic features

Movie: Brian Hargreaves




Basic features

The simplest 2D experiment is:
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Basic features
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Basic features

The tranverse magnetization precesses but
also goes back to the initial equilibrium
position, along z, through relaxation

— relaxation + relaxation
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FIGURE 1%, Right: Signal in absence of transverse relaxation, right: real F1D (free induction decay)
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FID = Free Induction Decay



Basic features

Laboratory frame

Movie: Brian Hargreaves



Basic features

Relaxation = equilibrium recovery

Loss of x-y coherence = tranverse, T,

Recovery of z magnetization = longitudinal, T, ‘B

Movie: Brian Hargreaves



Basic features

The FID damping constant, 7', (transverse relaxation time), can be directly
interpreted as the time nesessary for a signal to lose 63% of the original
intensity, and determines the signal linewidth at half-height::
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FIGURE 21. Slowly decaying FIDs lead to narrow lines (left). rapidly decayving ones to broad lines (right).



Chemical shift

NMR signals are observed over restricted spectral windows (SW) - from
hundreds of Hz up to tens of kHz - around the fundamental frequency of a
nucleus.

At B=1T, SW = 500 Hz, the low resolution 'H NMR spectrum of
ethanol shows three signals, from the three different types of hydrogens
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Chemical shift

Each signal exhibits an amplitude that is proportional to the concentration
of the parent nuclei. Hence, for the ethanol molecule, the integral ratios of
the signals will be the stoichiometric coeffiecients of the basic formula.
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Chemical shift
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The ethanol hydrogen nucle1 resonate at different frequencies in
different chemical environment - their resonance frequencies
show a chemical shift.

In general, chemical shifts are observed in any molecule and for
any type of nucleus.



Chemical shift

EIEFTP‘?HS Shielding is
/[Sh'EH'ﬂQ) proportional

to external field:

nucleus

Bi-_'.” = E.e ¥ I':E.'lnzlr: = B:: (1 - ﬁj

The chemical shift depends on the actual external magnetic
field shielding that a nucleus experiences due to the local
enviroment.



Chemical shift

The fundamental resonance condition 1s recast to
include the screening term that changes the resonance
frequency or chemical shift

where o; 1s the shield constant of nucleus i.



Chemical shift

The shield constant collects the effect of several
contributions such as  the diamagnetic (dia), the
paramagnetic (para), the chemical shift anisotropy (csa),
the ring currents (rc), the electric field (ef), the solvent
(solv):

0= Ga’ia + Gpam + Gcsa + cyrc + Gef + Gsolv



Chemical shift

Chemical shifts (0) are measured 1n parts per million, ppm,
with respect to a reference compound frequency that sets the
scale origin (0= 0 ppm), according to:

= absolute signal frequency S = J=J x10° ppm
Jo = absolute reference frequency 0
H
HH -*::-H
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Chemical shift

Chemical shifts are very important to interpret the NMR
spectra of biopolymers such as proteins and oligonucleotides.
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'H NMR spectrum of a folded protein



Chemical shift
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For any aminoacid (R = side chain), it is possible to establish limiting 6 values.




Chemical shift

TABLE 2.3, Handom Coll "H Chemical Shifts ler the 20 Commess Assar Akl TABLE 2.4. Groups of Hvdrng-en Atoms in the Common Aming Acid
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ECHy 1.70, 1.70 Ceadis & {ppm) Comments
#CHy 3.02, 3,09
Wy 7,52 CH 0.9=1.4
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The limiting o values are expected for
disordered structures, random coil.



Chemical shift

Carbon-13 chemical shift

Proton chemical shift

The limiting o values for disordered structures can be determined also
for nuclei other than 'H.



Carbon-13 chemical shift

Chemical shift
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Proton chemical shift

The limiting o values for disordered structures can be determined
also for nuclei other than 'H.



Chemical shift

The secondary and tertiary structure in a
polypeptide chain change sensibly the
local chemical environment, and the
chemical shifts deviate from the limiting
values of disordered structures.



Chemical shift
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Chemical shift
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Chemical shift
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Chemical shift

Also the secondary structure of a polypeptide chain
introduces deviations of the chemical shifts from the
limiting values of disordered structures.

Contrary to the deviations due to tertiary structure, the
chemical shift deviations from secondary structure are quite
diagnostic and affect essentially only the peptide backbone
nuclei.
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Chemical shift

The deviation from the limiting

values of the ooH chemical shift i1s e o )

employed to define the chemical
shift index, CSI, of a protein. The He, HN
deviation 1s meaningful when >
+0.1 ppm with respect to the T e e e
random coil value.
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Chemical shift
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Chemical shift

Ad BC* (ppm)

Ad BC’ (ppm)

AS PCP (ppm)




Chemical shift

TALOS predictions of v and ¢ bb torsion angle

*aa sequence
«chemical shifts (H*, C*, CB, C’, I’NH)

Protein database v
bl | b2 | b3 al [a2 | a3

Average of v, values and st.dev. of the ten
triplets with highest degree of similarity

}

Inspection of predictions and
selection of the useful ones
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Scalar coupling

Signal intensity

The 'H NMR spectrum of ethanol
reveals an interesting fine
structure when run at high
resolution.
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Scalar coupling

OH

)

CH,

Signal intensity

CH,4

Frequency

Why the methyl signal has a triplet structure?

Why the methylene is a quartet?

Why the hydroxyl 1s a singlet?



Scalar coupling

The magnetic dipole of a nuclear spin (I ) 1s able to feel the spin state of another
nucleus belonging to the same molecule. The information is passed through the
spin state of the electrons that form the chemical bonds (¢ ).

Following Hund’s rule, the electrons with orbital density at the nucleus other
than zero (s type) have an antiparallel spin with respect to the nuclear spin, in
the lower energy configuration. The same electrons, involved in a ¢ chemical
bond, obey the Pauli principle and therefore arrange with antiparallel spin in
the bonding orbital. Therefore the nuclear spin state of the second nucleus
determines the larger or smaller energy of the system. The transition energy
of a nuclear spin (H), i.e. its transition frequency, will be therefore affected by
the spin state of the bound nucleus (C).



Scalar coupling
This coupling mechanism leads to the splitting of the NMR transition

frequency, by an extent equal to the scalar coupling constant or spin-spin
coupling constant, J.

v, =V, +J/2

v =Vv,—J/2

v, = vBy/2n J
1=1/2)

The value of any scalar coupling constant is independent of the external
magnetic field B. Therefore J is expressed in Hz and not in ppm.

The scalar coupling information travels along the chemical bonds, but
attenuates substantially beyond three chemical bonds.



Scalar coupling
Multiplicity

Each single scalar coupling with a spin 1/2 nucleus introduces a doubling of the number
of lines. This comes from the basic multiplicity rule=2 x I+ 1)=(2 x1/2 +1).

However it is necessary to distinguish between coupling with equivalent nuclei and non-
equivalent nuclei.

If N nuclei with I =1/2 are
coupled to nucleus x, the

-' d- '_ :\JEC ac
multiplicity of the x signal g S
will be: L 2 T ek |

2N if the N nuclei are not
equivalent; ‘
(N+1) if the N nuclei are JL-“—

equivalent - 8

FIGURE 17. Coupling of a proton a with two other protons b and ¢ for the case of different (left) or
similar (right) couplings.



Scalar coupling

CH,4
OH

)

We should understand why the CH; signal 1s a triplet
and the CH, 1s a quartet.

CH,

Signal intensity

Frequency

Why the hydroxyl 1s a singlet?



Scalar coupling

The coupling constant of vicinal nuclei (/) show a characteristic dependence
on the dihedral angle between the involved nuclei.
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FIGURE 12. Left: Karplus curve, right: Definition of dibedral angles

*J =7-1.0coshp+5cos2¢p for 'H-"H couplings
°J =3.81-0.9cosp+3.83cos2¢ for 'H-"C couplings
Karplus equations



Scalar coupling

The dependence of 3J on the dihedral angle is due to the extent of overlap of
the binding orbitals that propagate the spin-spin coupling information.

FIGURE 14. Owverlap of adjacent orbiatals for d=07 {left) and =90 {right}.



Scalar coupling

The analysis of the fine structure of protein 2D scalar correlations enables one

to measure the 3/ couplings of oH with NH and the two H.
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Scalar coupling

From the value of Jy,, by means of a Karplus-type relationship,
it 1s possible to estimate the peptide backbone dihedral angle ¢.
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Scalar coupling

A similar analysis extended to J,4 coupling constants, enables
one to extract information on the dihedral angle .
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Scalar coupling

The measurement of the J coupling from peak spacing 1s
hindered by limited experimental resolution and large linewidths

In-phase doublet Antiphase doublet
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Dipolar interaction

The interaction between two nuclear magnetic
dipoles, 7 and S (dipole-dipole interaction), generates
a local field whose component in the direction of B,
(z) affects the effective field at each nucleus by a
factor:
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Dipolar interaction

B
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In practice, nucleus S changes its resonance frequency according to (21+1)
possible values of x from nucleus I, whereas nucleus I changes its resonance
frequency according to (2S+1) possible values of x4 from nucleus S.

Dipolar coupling means resonance splitting; the dipolar coupling
D depends on the external field.

Dipolar splittings are observed only in solids, either crystals or
amorphous, or in liquid crystals.



Dipolar interaction

Solid state 13C NMR spectrum of cholesterol

(polycrystalline powder) Bzdip _ ( Hy j M, ( 3cos? @ — 1)

3
HzC 472- 7'

H £: f a) basic solid state spectrum (severe

@ broadening = a baseline)
: b) solid state spectrum with 'H saturation to
) quench 'H dipolar couplings (13C dipolar
p
couplings still present)
(c)

c) solid state spectrum in magic angle spinning
mode: isotropic chemical shift are observed;

(d) ‘ ‘ ” ,IH.II'
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d) liquid state spectrum (in chloroform).
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Dipolar interaction

Alignment by Liquid Crystal

=

Magnetic field

500 A

It 1s possible to restrict the motion of macromolecules in solution along
preferential directions using proper orienting media.



Dipolar interaction

Dimyristoylphosphatidylcholine DMPC
Dihexanoylphosphatidylcholine DHPC
(a) (b)
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Structure

Filamentous Pfl bacteriophage

#41.
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Under these conditions it 1s possible to measure residual
dipolar couplings, RDC.



Dipolar interaction

RDC measurement in partially aligned media
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Dipolar interaction

RDC measurement in partially aligned media
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Dipolar interaction

RDC measurement in partially aligned media

(a)

Doy = A {(30052 «9—1)+%R sin” Qcos2go}



Dipolar interaction

The RDC value of a nuclear pair depends on the
orientation of the internuclear vector with respect
to the overall molecular alignment tensor.

D, pogs = A" {(3C0$2 9—1) +%R sin” Hcos2(0}

AfB axial, R thombic components of the molecular alignment tensor, A,

AZZ

z\Ayy\z

in the main reference frame. A components follow the rule

AAB+AAB
A _1|:AAB_( XX yy ):| Ar:l(A;CB_A;;}B) R= Ar

Axx

- 2 3 A

a

4B — Hoh
‘ 167°

SyAyBr;B?Aa



number of counts

25

Dipolar interaction

Distribution of 120 'H->N RDCs in C1q domain
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Dipolar interaction

RDC measurement in partially aligned media
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PALES is a software for o '-::*
handling RDCs W}MWWJ




Dipolar relaxation

........ and 1n 1sotropic liquids?

Molecular motions are rapid and effectively average,
for all molecules, the factor (3cos?@ — 1). Globally,

Bdip: Ra('N
= "4

Hy
T

|

M,

3
r

, the contributions due to the longitidinal components
(3 cos” 0 — 1) of the local fields cancel out. For all nuclei:

(B)=0

This means that in 1sotropic liquids the dipolar
interaction does not affect the chemical shift.



Dipolar relaxation

However, in 1sotropic liquids, the longitudinal and transverse components of
B?P are modulated by the molecular motion and thus generate fluctuating local
magnetic fields.

N When the fluctuation frequency has
By ﬂ; proper values, the variable local

magnetic fields will be able to induce

transitions, that 1s to cause relaxation:

b o /
’ < v=_—258,

Dipolar relaxation mechanism



Dipolar relaxation

The event that ultimately determines NMR
relaxation 1s the transition of a nuclear
magnetic moment that occurs at a precise
frequency value

V=LBL

27T



Dipolar relaxation

Consider the dipolar interaction between 'H and >N of a protein amide.

15N

FIGURE 4. Left: defimbon of the vector connecting two spins and its onentation § with respect to the external field,
Right: Overall umbling changes d.

The reorientation rate of the internuclear vector determines a fluctuating local
magnetic field, at each nucleus. This field depends on the distance between
the nuclei and on their nature.

1 1
B, x (f—;jr% w =y A I(I+)] us=yh[S(S+1)]
JA



Dipolar relaxation

15N

FIGURE 4. Left: defimbon of the vector connecting two spins and its onentation § with respect to the external field,
Right: Overall umbling changes d.

Therefore, the overall effect of the dipolar -t
mechanism on relaxation 1is an increased W (ﬂ 2 j?/ LAY . ry

3
transition probability (/) proportional to: arn

s

We can measure the dipolar relaxation extent within pairs of nuclei.



Cross-relaxation,
Nuclear Overhauser Effect - NOE

X oL nes e
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Y By,
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w0 1
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The extent of dipolar relaxation between two nuclei in a static external field depends on
the interatomic separation and on the rate of reorientation of the internuclear vector,
the frequency of 0 change, with respect to the reciprocal of Larmor frequency, i.e with
respect to the external magnetic.



Cross-relaxation,
Nuclear Overhauser Effect - NOE

) oL nes e
x, B, |V &
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We can measure NOE (1)) that is a function of cross relaxation (o), in
turn related to internuclear distance and internuclear vector
reorientation (molecular motion):

n=r©)=f(r.15)

2.2
— ny |: 67, _ch| cross-relaxation rate



Cross-relaxation,
Nuclear Overhauser Effect - NOE

NOE can be measured from NOESY experiments

: B lret
1 \I" NOE = f (rc , r]?) | o i
@ | / \

CpNOESY - f ( z-c ’ r]S > tm ) 1 |JF g bifgfz'iﬁ:
Y o . ol

The intensity of a NOESY cross-peak depends on the
NOE and the experimental mixing time, t,, .



NOESY cp and molecular mobility
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Cross-relaxation,
Nuclear Overhauser Effect - NOE

=

From NOESY cross-peak measurements it is
possible to determine the internuclear distances
that are necessary to solve structures.



Cross-relaxation,
Nuclear Overhauser Effect - NOE

From NOESY cross-peak measurements it is possible to determine the
internuclear distances that are necessary to solve structures.
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