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NMR for Drug Design

Protein - Ligand binding
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Binding detection
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Proteins and ligands constantly associate and dissociate with rate constants k_, and k
respectively, and establish equilibrium populations of free and bound states
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Ligand properties

Binding detection

bound free
protein chemical environment solvent
Obound chemical shift Dfree
slow rotational tumbling fast
fast transverse relaxation slow

strong positive

NOE cross-peaks

weak negative

slow

translational diffusion

fast

Protein properties

bound free
ligand chemical environment  solvent/protein
®pound chemical shift Ofree

ko is diffusion limited to ~108 M-1s1

k., on the order of 103 M-1s'! means that
large conformational rearrangement occur

Dahl, Akerud, Drug Discov. Today(2013)
Gossert, Jahnke. Prog Nucl Mag Res Sp (2016)
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Ligand properties

Binding detection

bound free
protein chemical environment solvent
Obound chemical shift Dfree
slow rotational tumbling fast
fast transverse relaxation slow

strong positive

NOE cross-peaks

weak negative

slow

translational diffusion

fast

bound

Protein properties

free

ligand
®pound

chemical environment
chemical shift

solvent/protein
Ofree

Chemical shift (CS) -> CS Perturbation (CSP)
Correlation time -> relaxation properties

Translation Diffusion-> DOSY type of experiments
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NorM MATE transporter (3.65A)

12 transmembrane helices

* MATE family
o multiple-drug resistance (MDR)
modulate the efficacy of many pharmaceutical drugs

* MATE transporters: electrochemical gradients

c
Extracelular
PR

Chang, Nature 2010




Acri. And EtBr. bind to the proteins micelles complexes
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1a2j X-ray diffraction
2A resolution

21.16 kDa
189 amino acids
9400 A2

DsBA

protein disulfide isomerase activity

catalyzes intra-chain disulfide
bond formation as peptides emerge
into the cell's periplasm

Oxidized
PDI Reducerd

> @ SH PDI
_ b -

I SH -

Oxidized (native) protein

Guddat, Structure 6 757-67 (1998)

www3.nd.edu


http://www.ebi.ac.uk/pdbe/entry/search/index?biological_function:%22protein%20disulfide%20isomerase%20activity%22
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7.40
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HSQC NMR screening

Ligand properties
bound free
protein chemical environment solvent
®bound chemical shift Dfree
slow rotational tumbling fast
fast transverse relaxation slow

strong positive

NOE cross-peaks

weak negative

slow

translational diffusion

fast

Protein properties
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DsBA

NOESY N

Phenylthiazole n A

4 mM MFP5067
50 mM NaPi, 25 mM NaCl, pH 7.4
100% D20

‘...
F1 [ppm]

col : 3.751 ppm / 2249.40 Hz Index = 1218
row : 3.509 ppm / 2104.205 Hz Index = 318
Value = 2068

N
iy
s
<
L]
20

\ N . ¢
o e
HO S &° -
@) O -2
.
MFP0005067 H T T T T T s T T T wom

Martin Scanlon
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NOESY

!

noesygpphwgx?2

EcDsbA-0.23mM in 325 ul + 2% d6-DMSQ +3.5 mM MFP5067
ATMILV-2H labeled

Shigemi NMR tube

pH=6.78

50mM HNaPi Tl

25mM NaCl '

Tset=298K

~100% D20 e om

Manual pulse calibration (11.02 :.:Is‘.e_c) after pulsecal (10.72usec)
RGA value was 1820 e

col: 10.94 ppm [ 8755.27 Hz Index =3 - 4
row : 10.94 ppm / 8754.10 Hz Index = 2
Value = -1.492e+04
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Overlay of 2D [13C,'H] - HSQCs

Ligand properties ol “lw1("C)
bound free i - [ppm]
co 142
protein chemical environment solvent [
®pound chemical shift Dfree @ . ?
s BeT [
slow rotational tumbling fast Q < . . 1 8
i . °
fast transverse relaxation slow
strong positive NOE cross-peaks weak negative e
slow translational diffusion fast

’ 24

o @ ’
2.0 1.0 w2('H) [ppm]
T168Y% .
‘ 0 \' } -
‘;.\, ° 0 P = P
L2 =
e 6 = e ©
0 o® 2=
Protein properties M171¢ 0 o
bound free O 0 & :
ligand chemical environment  solvent/protein
®pound chemical shift Ofree e 0 Q @b L 4051

Martin Scanlon



iversitat HDMX-ligand

|
| N "r| || 1 r| IlIr
J“ | |

I fl | f
At A ll | .r-'_'l I‘~'I |||n|1',,||r|'|“'.'m wd WA ILI | | 1 Irll l‘|| l- |I l'rl'lr' |||
s . At N VTV L ! AT W e Y N
With/without |
. . . . A
peptide inhibitor q ¢ L3
( -] -
< 0
S - oD
o0 o
'.\ . ' (=]
) ¢ rs
- o. .'-I P ! z
= _ v g 0
C::__{ ’ o
> Le g
2 o " g
Ll &
? z
- % n
‘—_—_'_‘ ¥ —
— 0 y '8 0 Lg
— / f P
§
< L
c'____\ -
“MDM4 binds |igands {-J ] Fig. 5. The electric field effect caused by a charged atom (shown as a sphere) is
. . " proportional to gcosd/r?, where g is the charge on the atom [107]. The angle 0 is the
via a meChar"Sm l . . . . . o angle made to the bond along which electron density is pushed or pulled: where
H H H H 10 g a8 7 6 there is a choice, this will be the most polarisable bond. For 'Hy, this is the H-N
in WhICh d ISOI‘del’ed regl ons 1 bond. For N, this is the N-C’ bond. Because the relevant angles for H and N can be
H (ppm) completely different, the effect on the chemical shifts of H and N can also be very
different.

become structured”

Sanchez, FEBS Letters 584, 3035—-3041 (2010)
(*H>N, 290 K, 700 MHz), [P]=0.5 mM
pH 7.5, 25 mM Phos., 25 mM Nadl,
2 mM TCEP, 0.1 mM EDTA
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Molecular structure
and environment

Chemical shift

Oiso = adia+apara+arc"' (4)

o Byip 2
ACS(® = CS(psr, = CS@p ~ (7|1 ~ 3 c0s’6)

w = _}’Bo(l - aiso)

Fig. 5. The electric field effect caused by a charged atom (shown as a sphere) is
proportional to gcos/r?, where q is the charge on the atom [107]. The angle 0 is the
angle made to the bond along which electron density is pushed or pulled: where
there is a choice, this will be the most polarisable bond. For 'Hy, this is the H-N
bond. For N, this is the N-C’' bond. Because the relevant angles for H and N can be
completely different, the effect on the chemical shifts of H and N can also be very
different.

(12)

M. P. Williamson, Prog Nucl Mag Res Sp 2013, 73, 1-16
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k
on
P+L «<— PL
k >
slow exchange regime: if |Ab0und - Af,,ee| < k., (Eq.7a) ki = kon[Pliree + koee (EQ. 6a)
intermediate exchange regime: if |Ayoung — Afree| = kex (EQ. 7D) kP = k. [Llsee + koge (EG. 6b)

fast exchange regime: if |Apouna — Afree| » Kex (EQ. 7¢) ki = ko ([Ploe + Ky)

Aavg = Afree "Prree + Apound " Pbound (Eq. 8)

A = Chemical Shift, Relaxation, etc.

Orts, Methods (2018)
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7 wien Population averaged NMR parameters
kOi’l
P+L <—— PL
koﬁ

Aavg — Afree "Prree + Apouna * Poouna (EQ. 8)

[PL]
pl%ound = A =1- pi%"ee (EQ- 33)

[PL]
pll;ound = [Plioc =1- pg'ee (Eq- 3b)

[P]free [L]free — koff
[PL] Kon

L)ior+[Plior+Kp—v ([L]ior+[Plior+Kp)Z =4 [L]ior [Plior KD —
2

[PL] = -

Orts, Methods (2018)



Rotational diffusion Relaxation

Ln ive rSitét Transverse relaxation through dipole-dipole interactions

Wlen 1 h?pdy* 97, 67,
Rypp =0=—— + +

20090 rs T wit2 1+ 4wit? (13)

Transverse relaxation through chemical shift anisotropy

1 3t
Rocsa =57 (- LB3v?) <4Tc + ?Q%TCJ (14)
Lipnp3 Nuclear Overhauser effect (NOE)
Ty
Te = (5)

¢ Bka . 1 h2ﬂ§y4 6TC &
€710 1o \"° 1+ 4wir? (15)

Transverse nuclear Overhauser effect (ROE)

1 A?udy* 3t
RT = —— 27, f—t
¢ 10; #6 5y 4 WsTZ (16)

Longitudinal relaxation

1 A?udy* 3t 121
Ripp =75 6 Cz ;T Cz 2 (17)
10 r 1+wsté 1+ 4wyTs
Paramagnetic relaxation
1 hZ 25,2 272 3T
2para — _M 4'Tc 3 —cz (18)
' 20 re 1 4+ wsts

Gossert, Jahnke. Prog Nucl Mag Res Sp (2016)
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Transverse relaxation through dipole-dipole interactions

1 h?uly* 97, 67,
200 =556 | 2Tt 2T 2.2
20 r 1+ wsté 1+ 4wt

Transverse relaxation through chemical shift anisotropy

1 37
Ry csa = 24 (JIIZ—LBSYZ) (4‘Tc + 1+ wczl.z)
oTc

Nuclear Overhauser effect (NOE)

gio LPwy'( o 6t
710 e 1+ 4wit?

Transverse nuclear Overhauser effect (ROE)

Longitudinal relaxation

R 1 A?udy* 31, N 127,
YPPT10 e \1+ wit? 1+ 4wit?

Paramagnetic relaxation

AW,
Zpara = 9 ré 1+ wit?

(13)

(14)

(15)

(16)

(17)

(18)

Preparation Read-out

Gossert, Jahnke. Prog Nucl Mag Res Sp (2016)
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Relaxation
Transverse relaxation through dipole-dipole interactions
1 ”?udy* ( 97, 6T, )

R =— 5t. + +
2PP 200 e C 1+ it 1+ 4wfT?

Transverse relaxation through chemical shift anisotropy

1 31
Rycsa = 24 (allz—_LB(;:!VZ) (4TC + Twcztz)
0%c

Nuclear Overhauser effect (NOE)

pi— LRyt 6t
€710 e 1+ 4wlt?

Transverse nuclear Overhauser effect (ROE)

1 h2piy* 37
RT = ———Fo¥ (pp 4 T
10 r¢ 1+ wjt?

Longitudinal relaxation

P 1 h?uiy* 31, N 127,
YPPT10 0 v \1+4 wit? 1+ 4wit?

Paramagnetic relaxation

1 hZ 2,,2.,2 37
R, para = _M 41, + 752
' 20 ré 1+ wyt?

(13)

(14)

(15)

(16)

(17)

(18)

—R, (Eq. 17)
= Renoe (19)

~ R roe (16)
“*Rpg (19)

R, - R2,DD (13)
e - Rycsa (14)

0.1 1 10 100
T.[10°s]

R R R R

NOE ROE 2,0D RQ,CSA Diff

R(t.=0.2 ns)

R(t_=20 ns) 0.3 -21 41 26 58 0.2

Translational diffusion
kT
~emnry,

Diffusion in gradient echoes

(6) Rﬁi,rf = —Dy?g*8*

(19)

Gossert, Jahnke. Prog Nucl Mag Res Sp (2016)



Kinetics of binding
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wien kon = Zp eNake (2a)

A$G

= ¢ NaksT (2b)
koff - = KDkon (3)
Exchange phenomena TR
Exchange rate
kéx = koff + kon[P]r kgx = koff + kon[L]

Fast exchange approximation (|wy — wg| < k.y, |IRF — Rp| < k,y)

(Wp — Wg)°PrDp
Rz,fast = pprRyr + PpRyp + ke 5 Wrgst = PpWp + PpWp
ex

Slow exchange approximation (|wp — wg| > k., |[Rr — Rg| > ko)

R%,F,slow = RZ,F + kon [P] = RZ,F + kaex ) wF,slow = Wp
RZ,B,slow = RZ,B + koff = RZ,B + kaex ) wB,slow = Wpg

Approximation for ligand excess for all time scales (pf > pj)

B k Ry (Ryp + prkey) + (wp — wp)?
Rape»ps = PrRor + PrPaKex (Ryp + Prko)? + (wp — wp)?

(8a,b)

(9a; b)

(10a; b)
(10c; d)

(11)

10

[s]

— ligand excess
(Eqg. 11)
ligand excess
(Eq. 11, A@ = 0)
fast exchange
(Eq. 9a)
— slow exchange
(Eq. 10a)

[P]=5uM
[L] =200 uM
kon = 108 M-1s1

Aw(H) =300 Hz

Aw(F) = 2000 Hz

R,=1.2 s free and 30 s'bound for H
R, =1.3 s free and 80 s bound for H

Gossert, Jahnke. Prog Nucl Mag Res Sp (2016)
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K,=1TuM

[P],,,=100uM
[P],,=300uM

[P],,,=700uM
[P],,,=900uM

200 400 600 800 1000

K,= 10 uM

200 400 600 800 1000 1200
(L], (uM)

tot

off
K,=100 uM
[PL] = [Llcot+[Pleot+Kp—v (Lot +[Plior +Kp)2 =4 [Lltor [Plior
2
0 50.0 1 0.00 1 5I00 20.00
Bound population of protein with respect to the total
K,=1000 pM ligand concentration at different complex affinities, K.

_ Ipu) _

P L
Pbound = [Plot =1- Ptree

0 i i i i i i i
0 1000 2000 3000 4000 5000 6000 7000

(L], (HM)

tot

Orts Methods (2018)
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kon Kee=18"
P+L «— PL J L AL
k y
T S~—
Line broadening effect on ligand resonance induced by
protein binding with different exchange kinetics.
[L]iot = 1500 pM,
[Plior = 500 uM
Ky =10 uM ‘JL K.,= 1000 s
kéx = kon([Plree + Ka) k,,= 10000 s
o 100 200
ligand o free w bound

Orts Methods (2018)
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Fast exchange regime

Lyn > A$

Intermediate exchange regime
Lo = AS

Slow exchange regime
v & AS

N
b
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C
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Frequency/Hz
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Orts Methods (2018)
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S5 Lniversitat Exchange regimes in ligand binding
oy wien Populations affect intensity or position of the signals in titrations

Slwo-state exchange is also observed in ligand binding, between bound

and free states.

kon
P+L =2 PL

Kofs

SDepending on the association (k,, [L]) and dissociation (k.¢) rates, this
exchange can be in fast or slow exchange

=
o
L 0
(o))
e nfree nbound nfree r]bound nfree r]bound nfree nbound nfree nbound
)
x
()

fast

)| ) ) _

nfree nbound nfree r]bound nfree r]bound nfree nbound nfree nbound

v

Increasing ligand concentration

Orts Methods (2018)



o0 puiversitat Exchange regimes in ligand binding

7 WIEN
Examples of fast or slow exchange and 1D or 2D spectra
Fast exchange Slow exchange
example: Lo > A$ I & A$
Protein signal at ’\ JU\ A @
increasing | A .
concentrations of S¢  ag 3 %)
. D Ligand [LM]
ligand 0 C 0
) 0 0 g 80
P+L2PL 0 o160
Kot
320
Y 640
L =logD ]+ _
3 %) 3 %)

Orts Methods (2018)



Exchange regimes in ligand binding
Examples for titrations

EDepending on the exchange kinetics, protein signals have
different signal positions and line-width at different
concentrations of the binding partner.

Srhis is well-observable in titrations.

15 -
Fast Sow d,(*N) ETE)] )
‘ k<< 300 pM k<< 300 UM :
,éﬁ“{:\ [F> =100 pM [F2 =100 uM 7
A
N _
WS e [ [y [F2 LS 1M
NS -
A‘A:Jg";’ 01 01 [F2 =100 uM |
ST : :
o 05:1 05:1
‘{a‘é}::" 1.0:1 1.0:1 (U [(F
) 2.0:1 20:1 0:1
40:1 40:1 05:1
8.0:1 8.0:1 1.0:1
20.0: 1 20.0:1
8.55 8.50 8.55 8.50 8.55 d.(*H) [ppm] 8.50 125.0
| IIIII | IIIII | IIIII | IIIII | IIIIIIIIII

Orts Methods (2018)
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“MDM4 binds |igands {-J ] Fig. 5. The electric field effect caused by a charged atom (shown as a sphere) is
. . " proportional to gcosd/r?, where g is the charge on the atom [107]. The angle 0 is the
via a meChar"Sm l . . . . . o angle made to the bond along which electron density is pushed or pulled: where
H H H H 10 g a8 7 6 there is a choice, this will be the most polarisable bond. For 'Hy, this is the H-N
in WhICh d ISOI‘del’ed regl ons 1 bond. For N, this is the N-C’ bond. Because the relevant angles for H and N can be
H (ppm) completely different, the effect on the chemical shifts of H and N can also be very
different.

become structured”

Sanchez, FEBS Letters 584, 3035—-3041 (2010)
(*H>N, 290 K, 700 MHz), [P]=0.5 mM
pH 7.5, 25 mM Phos., 25 mM Nadl,
2 mM TCEP, 0.1 mM EDTA




P+L «— PL

Aavg = Afree "Prree + Apound " Pbound (Eq. 8)

Parameters for characterization of a protein-ligand complex
e  Protein concentration and stability in sample
Ligand concentration and stability in sample

[ ]
e Dissociation constant (K) of complex
[ ]

Exchange kinetics of complex (k.,: slow, intermediate, fast)

Knowing the K is crucial

[PL]

— [P]free[L]free — Koff

Kp =

kOI‘l

K, =300 uM
[P]., =100 uM

tot

[L]lot: [P]tot
0:1

[L] tot : [P]tot

8,("*N) [ppm]
124.0 —

[L]tot: [P]tut
2:1

Orts Methods (2018)
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Example:

PDZ + phosphorylated peptide

Adops =Admax ([Pl + (Ll +Ka) = [([P)+ (Ll +Ka)* ~4[PL L) } /2P,
(6)

8.2 8.0 7.8 7.6

[P],=100uM

Kd=339 uM

[1:1].[2:1] Function fit A(B+x-sqrt((B+x)"2-4x))

Shift Distance

0.045

0.04

0.035

0.03

0.025

0.02

0.015

0.01

5.00e-03

0

0 2.0 4.0 6.0 8.0 10.0 12.0 140

Fitting Function: A(B+x-sqrt((B+x)"2-4x)) &
Equation: 0.027599(3.925553+x-sqr1((3.925553+x)#2-4x)) Fit Error: 0.007548

Orts Methods (2018)
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Transverse relaxation through dipole-dipole interactions

1 h?uly* 97, 67,
200 =556 | 2Tt 2T 2.2
20 r 1+ wsté 1+ 4wt

Transverse relaxation through chemical shift anisotropy

1 37
Ry csa = 24 (JIIZ—LBSYZ) (4‘Tc + 1+ wczl.z)
oTc

Nuclear Overhauser effect (NOE)

gio LPwy'( o 6t
710 e 1+ 4wit?

Transverse nuclear Overhauser effect (ROE)

Longitudinal relaxation

R 1 A?udy* 31, N 127,
YPPT10 e \1+ wit? 1+ 4wit?

Paramagnetic relaxation

AW,
Zpara = 9 ré 1+ wit?

(13)

(14)

(15)

(16)

(17)

(18)

Preparation Read-out

Gossert, Jahnke. Prog Nucl Mag Res Sp (2016)
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"H-T p / F-T,

+Mz

free

Tyl H-T,p exchanging
Med bound
0.' T T T —— T —
9T,
Mea
N e | A
i : 3

HEATCOMP

A e

G: A b
19F-T2
Orec
19F N Y :
e =
1H I'—|| - 6.
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Protein-ligand complex

H H

H

Lniversitat

Free ligand

koﬁ H 4
_—
%

K

on

Selective saturation pulse
(off- or on-resonance)

Two spectra recorded:
1. Off-resonance irradiation:
2. On-resonance irradiation:

60 ppm

Difference off- minus on-resonance:

H H H

>

Increasing saturation/ intensity

What Experimental setup?

Pulses, delays, recovery, filter, etc.

Box 2: Parameters affecting STD effects
The Scheme shows the situation of a solution containing ligand and
receptor after the initial saturation time of typically 50 to 200 ms. As-
suming a large excess of ligand over protein, the rebinding of already
saturated ligands can be neglected. (r.f.: radio frequency for satura-
tion; 7., saturation time; ,.: residence time of ligand in the bind-
ing site; P*: saturated protein; L: unsaturated ligand; L*: saturated

Tsat
T'ES

P4l PL prLt Pt 4Lt

ligand.) During the saturation time 7, the binding site of the protein
is consecutively occupied by n ligand molecules with n=fog* Ty /Tres,
where fpg is the fraction of occupied binding sites (see Box 1). This
turnover is responsible for the amplification of the information re-
sulting from the saturated protein. A large excess of ligands allows
for the maximum effect to be observed.

A recent paper describes the application of full-relaxation matrix
theory to the calculation of theoretical STD effects taking into account
the binding kinetics and thermodynamics as well as all protons of the
binding site.l']

Mayer and Meyer JACS (2001)
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Sample solution - Ap/ligand 1:100

= 150 pyL AP fibrils in phosphate buffer (~25 uM)
= 3.75 uL Ligand d;-DMSO/D,0 95:5 (100 mM)*
= 17 uLD,O **

56

[

8 7 6 5 4 3 2 1
TH NMR (ppm)
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Parameters determining feasibility of a structure determination of a protein-ligand complex

Protein solubility (> 300 uM)

Ligand solubility (> K;)

Minimal population of bound protein (> 0.8 achievable) *(not for trNOE experiments)

Exchange kinetics (slow or fast for signals to be visible, e.g. k., < 1s? or k, > 1000 s!)

Quality of protein spectrum (dispersion, resonance assignments available)

Quality of ligand and its spectrum (number and distribution of hydrogens on ligand, dispersion of NMR signals,
resonance assignment)

Part of complex to be studied
Bound ligand Intermolecular Bound protein Full complex

[Pliot K [L] tot [Pliot < [Llot [Pliot < [Llot [Pliot < [Llot
1:5-50 (max [PL]) (max [PL] and (max [PL] and
o) kex fast [PL]/[L]= 0.2-0.02 min [P]free) min [P]free)
g
E [Pliot = [Llot [Pliot = [Lliot [Pliot < [Llot [Pliot < [Llot
E' (mln [L]free) (max [PL]) (mm [P]free) (mm [P]free)

kex SlOW

Orts Methods (2018)



Ligand solubility

[L]ree=[L]sol

— [P]free[L]free
Kb =151

p _ PL] _ _ [Llsot
= = Eg. 9a
P = e = i 0 93
[Plto
[L1eoe = [Llsor + [PL] = [Llsor (1 + 7725 ) (Eq. 9b)

Preparation of protein-ligand samples

° Use Table for suggested protein to ligand ratios, try to reach pg of > 0.8

° Avoid the intermediate exchange regime (change magnetic field, temperature, viscosity
and concentrations of protein and ligand)

° If possible, avoid large excess of free ligand to minimize spectral artefacts

In cases of limited solubility of the ligand

° Use Eq. 9b to calculate maximal possible ligand concentration

° Add ligand to protein solution, not vice versa, in order to exploit the full concentration
of bound ligand

[Pliot = 1ImM

K, = 100 mM K, =10 mM K, =1mM

K, = 1000 mM

Fraction of bound protein [PL}/[P],,

®m Fraction of bound protein if [L]

1.0
0.8
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0.2
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0
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0

20 50 100 200 500 1000 200C
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0
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Ligand solubility [L]_,/ mM

sol

= [l + [PL]

tot

Fraction of bound protein if [L] = [L]_,
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