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Techniques to monitor protein dynamics

X-ray cristallography

B factors

time scales
static disorder, crystal contacts, ...

X-Ray, neutron scattering

Doniach, Chem. Rev. 2001, 101 ; Zacai,
science 2000, 288.

size/shape modifications
timescales (ps-ns) for H positions

Fluorescence

Weiss, Nat. Struct. Biol. 2000, 7 ; Yang,
Science 2003, 302 ; Haustein, Curr. Opin.
Struct. Biol. 2004, 14.

ensemble / single molecule
cellular context

probes

Mass Spectroscopy (HX MS)

radical footprinting

Wales, Mass. Spectrom. Rev. 2006, 25 ;
Busenlehner, Arch. Biochem. Biophys. 2005,
433. Guan, Trends. Biochem. Sci. 2005, 30.

large moldecular assemblies

Méossbauer, Raman, 2D infrared
spectroscopy

Molecular dynamics

Forcefields ...
Short timescales ...

NMR

Boehr, Chem. Rev. 2006, 106,3055.
Palmer, Chem. Rev. 2004, 104, 3623.

= 102 10%s

<~ Site-specific information

=~ multiple atomic probes H, 2H,
15N, 13C, 31P,

<~ Simultaneous monitoring of
probes

< kinetic & termodynamic profile of
dynamic processes

= isotope labeling

< quantities

= size limitation

< complexity of the method ?
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How motions are visible in NMR ? l

Molecular motions influence NMR parameters
Time scale of motions compared to NMR characteristic timescales

= Three characteristic NMR timescales

Return of the spin system to equilibrium : T: / NMR signal lifetime : T
NMR experiment <-> spins system perturbation
Liquid state: T1 ~ 100ms < s ; T2 ~ 10ms < s

=< Minimal frequencies of motions that can be characterized during a single NMR
experiment.

Spectral timescale : T=1/Av
spectral features : chemical shifts range, couplings, .. Hz < kHz

= Averaging of interactions by motions faster than the spectral dispersion due to
these interactions.

= Perturbation of spectral features by motions in the same range than the
spectral timescale.

Larmor timescale : Wo

precession frequency of spins in a magnetic field (Bo=wo/Y)
=~ transitions efficiency between spin states is determined by molecular
fluctuations (spectral densities fo motions) at these frequencies.
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| How motions are visible in NMR ? '

Molecular motions influence NMR parameters
Time scale of motions compared to NMR characteristic timescales

= Three characteristic NMR timescales
Return of the spin system to equilibrium : T1 / NMR signal lifetime : T2
Spectral timescale : T=1/Av

Larmor timescale : Wo

T1, T2 1/2pAe 1/e0
Signal frequencies nutation
lifetime differences frequencies
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NMR timescales -1- Longitudinal relaxation time Ti

Dynamical processes slower than T;
Real time folding
Transient / out of equilibrium experiments
Protein - ligand interactions
N . . H-N <-> D-N exchange rate constants
¥ T1 characterizes the time for a spin

system to reach equilibrium.

5.7 STUDIES OF LABILE PROTONS WITH 2D NMR 87
1 i A P -'3;*-_ 1 18 4
v Defines interscan delay G e ey
54 ~ ® 0 Q» F‘so;ﬁu 50 pio L] 5
Wy e wum
v Motions slower than T1 cannot be (e _°_._~4 w@_‘;._*ﬂfl
20 * 0
characterize by a single spectra. ) oo g? N R T
osomg @ ia&, 0 .
v'NB. T; depends on magnetic field “lo 5;«::: - \ ‘
o . | @ Pt @ ® 0
Bo, nature of spins, molecule size, ot o %" ®
20 min . 15,000 min
local flexibility, temperature, etc. TR o o ¢
51 e (] :?; g e 0% - Qs
L |
10 min ¢ | |!.“U""" s :
I 8 Wy(ppm) 0 8 8 w;(ppm)

Wiithrich, « NMR of proteins and nucleic acids »,
Wiley Interscience, 1986
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NMR timescales -1- Longitudinal relaxation time Ti l

¥ T1 characterizes the time for a spin
system to reach equilibrium.

v Defines interscan delay

v Motions slower than T; cannot be
characterize by a single spectra.

v'NB. T: depends on magnetic field
Bo, nature of spins, molecule size,
local flexibility, temperature, etc.

Dynamical processes slower than T;
Real time folding
kinetic / out of equilibrium experiments
Protein - ligand interactions
H-N <-> D-N exchange rate constants

holoP1 4 apoP2 < apoP1 + holoP2

£

T P —
§ o ] e e
= ~"':'-'32|‘=f{"’; :-1'1-_."-_"‘?:- e e Ay
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£

Dewiéme dcole FMN du GERM, Cargése 2005




NMR timescales -1- Longitudinal relaxation time Ti

v T1 characterizes the time for a spin
system to reach equilibrium.

v Defines interscan delay

v Motions slower than T; cannot be
characterize by a single spectra.

v'NB. T: depends on magnetic field
Bo, nature of spins, molecule size,
local flexibility, temperature, etc.

magnetic field, molecular size and
correlation time dependance of T1and Tz

Relaxation des azotes 15 amides a 500MHz (-) et 800MHz (——

107"
T (ns)
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NMR timescales -2- Spectral or "chemical shift" timescale

v Defined by the observed spectral width

v'More precisely by the difference of resonance
frequency between two spins from two different
nuclei or from the same nuclei in two different
states.

Av(Hz) . Am(zppm) £1076 4B,
T

1
Tspect = m

v Motions slower than Av have no effect on
spectral feature

v Av depends on magnetic field and on spins nature

Bo=14.1T w» Av=7800Hz

Am=13 ppm Tspect~100us

/\

Bo=18.8T ® Av=10400Hz

Bo=14.1T w» Av=120Hz

Tspecf~5‘10ms

Aw=0.2ppm

f\

Bo=18.8T " Av=160Hz
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NMR timescales -2- Spectral or "chemical shift" timescale '

v Defined by the observed spectral width * . -
- - . - == :"
v'More precisely by the difference of resonance P . ::_ — S
frequency between two spins from two different - L ’ T S e
nuclei or from the same nuclei in two different A p—
states. [ .
Aw|ppm o
av(Hz) - (2 )*10-6 1B €< roeeT —
TT
1 -
Tspect = Av(Hz) Bo=14.1T Av=1500Hz

An(*N)=25ppm <+—>

Tspect~0.7ms
v Motions slower than Av have no effect on

spectral feature

- Av=2000Hz
v Av depends on magnetic field and on spins nature Bo=14.1T

Aw(*H)=3.5ppm *«—>»
Tspect~0.5Ms
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v Defined by the observed spectral width

v'More precisely by the difference of resonance
frequency between two spins from two different
nuclei or from the same nuclei in two different
states.

AV(HZ) = )
n

£107% % B

1
Tspect = m

v Motions slower than Av have no effect on
spectral feature

v Av depends on magnetic field and on spins nature

NMR timescales -2- Spectral or "chemical shift" timescale

Same nucleus ; two different conformations

10356
WHG& o :.-=.=¢. t L
IR0

T : L]

=130

T T T T T T T T T T —
D5 B3 91 8% K7 85 &3 H] T8 T3 75 2= I 69 67

*H chemical shift, ppm

Bo=14.1T Av=100Hz

Aw(*N)=15ppm +——>»
Tspecf’"loms

By=14.1T Av=300Hz

Aw(*H)=0.5ppm <*—>»
TspecT"‘3m5

ppm
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v Defined by the observed spectral width

v More precisely by the difference of resonance
frequency between two spins from two different
nuclei or from the same nuclei in two different
states.

%1070 vB
2n O

Av(Hz) -

1
Tspect = WHZ)

v Motions slower than Av have no effect on
spectral feature

v Av depends on magnetic field and on spins nature

v Av depends on the nature of the interactions
between spins

NMR timescales -2- Spectral or "chemical shift" timescale

Averaging of secular interactions by motions

v Dipolar interaction between spins magnetic
moments.

2

A DD woYiysh|3cos“ O =1, a <&

Hig~ =-70M0 ( 152" (31,8, -18)
4 7rig 2

E/n<10* -10°H

v Chemical shift anisotropy

ﬁICSA =y a-c ;CJ- BO(3c052 0- 1)fZ

E/h<10% ~10°Hz

v Interaction spin quadrupole/electric field
AQ _  Q(272 _i%). Q__ 3¢90 1
AR = f (312 - 1) ; of 41(21_1)sz(9)

I> % E/h z2.105Hz(2H) and 3.106(14N)

v Unpaired electron
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NMR timescales -2- Spectral or "chemical shift" timescale

v Defined by the observed spectral width

v More precisely by the difference of resonance
frequency between two spins from two different
nuclei or from the same nuclei in two different
states.

Av(Hz) - Am(zppm) £1076 4B
7T

1
Tspect = WHZ)

v Motions slower than Av have no effect on
spectral feature

v Av depends on magnetic field and on spins nature

v Av depends on the nature of the interactions
between spins

Averaging of secular interactions by motions

soluble protein

membrane protein

25 kHz
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NMR timescales -2- Spectral or "chemical shift" timescale l

v Defined by the observed spectral width

v More precisely by the difference of resonance
frequency between two spins from two different
nuclei or from the same nuclei in two different
states.

s

x1070 vB
271 0

AV(HZ) -

1
17spec'r = AV(HZ)

v Motions slower than Av have no effect on
spectral feature

v Av depends on magnetic field and on spins nature

v Av depends on the nature of the interactions
between spins

Averaging of secular interactions by motions

Oy __— \:R
Sl howy AN /
— [ SOLIDE
\

FLUIDE

HEXAGONAL II

VESICULES

0 -100
fréquence (PPM)
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NMR timescales -2- Spectral or "chemical shift" timescale l

Averaging of secular interactions by motions

v Defined by the observed spectral width

]‘ Te

v More precisely by the difference of resonance a | —
frequency between two spins from two different o )'".,\ R0
nuclei or from the same nuclei in two different ﬂ i
states. % s
/ 30x%10 .
e Averaging of
A(D(PP"‘) 6 / Hil chemical shift
AV(HZ)= > SO e c /| anisotropy
T / 8.2 x 107
S e (31P)
1 |
T =
gRec AV(HZ) o l' 14 x 107
R
v Motions slower than Av have no effect on = |
spectral feature o \____ 1z 5207
v Av depends on magnetic field and on spins nature J_F/f
1.8 x 1077
v Av depends on the nature of the interactions —

between spins

Burnell et al., Biochim. Biophys. Acta 603, 63 (1980)
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NMR timescales -2- Spectral or "chemical shift" timescale

motions generated to average interactions

v Defined by the observed spectral width
Poudre de Glycine Lipides + eau

v More precisely by the difference of resonance

frequency between two spins from two different g_
nuclei or from the same nuclei in two different '-n'é
states. H
1 —
Am(ppm) 8 4 0 2 1 0
Av(Hz) - 41070 «yB,
2n XY g
(=]
1 53
T =—— o
spect AV(HZ) ; =
, °9 5 4 0
v Motions slower than Av have no effect on e S 1 5
spectral feature 'H (kHz) H (kHz)

v Av depends on magnetic field and on spins nature

v Av depends on the nature of the interactions
between spins

Davis, Auger & Hodges Biophysical Journal 69:1917-1932 (1995)
Gross et al., J. Magn. Res. 106, 187-190 (1995)
Carlotti, Aussenac & Dufourc Biochim. Biophys. Acta. 1564:156-164 (2002)

Dewiéme dcole FMN du GERM, Cargése 2005




NMR timescales -3- The "Larmor” timescale

v Defined by the resonance frequencies of spins

Yi.e. the energy difference between spins states

levels
wo = —7Bo
1 1
TL — —_—
armor |w0 | 27TVO

v Motions in these timescale have no direct effect
on spectra.

v Motions in these timescales are responsible for the
efficiency of spins relaxation processes

v The relationship between motions and
relaxation rate/time constants is not simple

lwg|=2m.600MHz ; 7 (T)=265ps
wg|=2m.60MHz ; 7,(S)=2,65ns

B=141T <+—b
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NMR timescales -3- The "Larmor” timescale

v Defined by the resonance frequencies of spins

Yi.e. the energy difference between spins states

levels
wo = —7Bo
1 1
TL — —_—
armor |w0 | 27'('”0

v Motions in these timescale have no direct effect
on spectra.

v Motions in these timescales are responsible for the
efficiency of spins relaxation processes

v The relationship between motions and
relaxation rate/time constants is not simple

1H relaxation times (s)

15N relaxation times (s)

100
10
Tl
1 F 400,600,800MHz
T2
01k 400,600,800MHz
OIO L all L L
1012 10-1 10-10 109 10-8
t(3)
- B,=14.1Teslas
10
1
01
0,01 ‘ ‘
1012 101 1010 109 10-8
T(s)
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Analysis of us-ms motions by NMR '

Conformational exchange

¥ Motions in the us-ms range induce spectral
modifications. A B
v These motions wusually correspond to WA k )

conformational exchange conformationnel, or
chemical exchange.

Kq = ki/k-1=pB/pa

v Their effect on spectra depends of relative values kewy = 1/Tew=Fki+k_1 =k /pp==Fk_1/pa
of Kex (tex) and Aw (1/Aw). They are called either
slow, intermediate or fast exchange processes
at the chemical shift timescale.

/Ao
< ms ] us >
0
“slow" exchange z "fast" exchange
S
c
e
n
c
e A >
(0
: A
- - - y,
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Analysis of us-ms motions by NMR
Conformational exchange

v Conformational exchange is characterized by a
probability kex to switch from one state to the
other, associated with an instantaneous change of
precession frequency.

v These sudden frequency changes induce a dephasing
of the transverse magnetization, which is added to
the natural loss of coherence of spins.

wa k_1 wpg

Ki; = ki/k_1=pB/pa
[y = 1/7-656 =k + ko1 = kl/pB = k—l/pA
A® -
: A
WA wB

(" )

VU

IV

_—
t

Av=1000Hz
20 molecules kex=500Hz
in state A pA=pe
Av=1000Hz
kex=500Hz
pA=ps

t

Resulting transverse magnetization for a
great number of spins initially in the same

state (effect of exchange only)

- J
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Analysis of us-ms motions by NMR '

Conformational exchange

= Modification of spectral features

< depends of the relative values of kex and A®

20 molecules  A®/2rn = 1000Hz
in state A kex:5OOHZ
pA=ps

< Additional dephasing of the magnetization
=~ Apparent enhanced transverse relaxation

< R2%P = Rz + Rex

~
T (@@
VUMMV or ko wp
t Ka = ki/k-1 =pB/pa
Kexw = 1/; = k1 +/k_1 = k1 /pg =k_1/pa

< Larger linewidths
G

g
©
\_
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Analysis of us-ms motions by NMR
Conformational exchange

= Modification of spectral features I A
1 Kq = ki/k_1=pB/pa
A = Bk, = Un=ki+k=k/ps=k1/pa
w wa k-1 wp
‘ 1l
VYA
vy / A®
— : JAN
. \_ WA we y
= depends of the relative values of kex and A®
Ao/2n = 1000Hz ‘ kex(kHz)  kex/A®
kex/A> = 1/10n pa=ps 63 63/21-10
AR I kex(kHZ)  kex/A® VAN
i (AR — S~ 10 5/z=l6
| | iy II .‘n".I i Illll
: M U2 yemEolt I ! I:I I lll .'I R B II"'\ _ 20 10/m =3.2
| |'r"| Vo ”
fe— M 10  1/22=0.16 TAVAVAY, / Il
[yvy o /N30 15/n-48
__/N__ 25 5/41:040 J
—— 7 —_ 35 7/42:=056 l|
o~ 63 63/20-100 |||
|'|.|II‘|I|II I‘,'I |iI
3kHz 0 3kHz YV S— S\ 50 25/7=8,0

Motional broadening
Dettxiéme cole KMN du GEXM, Cargése 200%
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Analysis of us-ms motions by NMR

Conformational exchange

General equation for a system undergoing
conformational exchange

<A (1) = (R + KA (1)
d%m(f) _(iQ-R+K)M, (1)

-

The case of a two state exchange

k1

—_
~—

B
WB

A
WA k_l

pa -k
_kl

&, ]
R-K=

pg -k

PAkex
-i2g ~RYg - pakex

AMG(1)] {24 -RY, ~ pgkex

AM (1)

d
dt

kaex

M3 (0)

oy
(0

_ [GAA(T) aag(t)
iy

apa(t) app(t)

In a general case, the expression of the
matrix coefficients is complicated

oy

\_
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General equation

for a two state exchange

Analysis of us-ms motions by NMR

Conformational exchange

r

k1
A = B
wa k_1 wpg
A® :
‘, A
WA R

\_

~N
M;‘(T) _ [GAA(T) aag(f) M:\(O)
M5 (t)| laga() aga(t)]Mg(o)
apa()=1]|1-T0a* 108 (; E’A_ - Pj% th o opl 1] |14 08 (; i’A_ - p)B kol oxpl 1)
aga(t) = i 1+ -y + in(;?i;f)B + ki —k 4 exp(—k_f) Ll —iwy + in(;i)A_;f; +ki —k_q exp(—MT)
aup(t) = " k:l}\ [exp(—k_‘r) —exp(—)»;r)]
aga(t) = " k_l [exp(—k_’r)—exp(—kj)]
A, = % (—iwA —ig +py +pg + Ky + k_l) :{(—iw,‘ +iwg +ps —pg + K - k_1)2 + 4k1k_1} ? J
J
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Analysis of us-ms motions by NMR
Conformational exchange

An easier case

The two state symmetrical exchange

k
A = B
wa k wg
A 0 A

mil

M;(o)
Ly

aga(t) aga(t) ME(O)

_ [GAA(T) GAB(T)]

-
aua(t) = ;[(1 ¥ "A‘)]exp{—(p vk A)‘r} " [1 - ii)exp{—(p ikt A)T}
ags(t) = ;{(l - i:J]exp{-(p +k- A)‘r} + [1 ¥ i‘A")exp{-(p vkt A)T}

exP{_(p +k- A)*} - exP{—(p tk+ A)T}]

aap(t) = apa(t) = L
2A

A (kz _wz)%

Fast exchange kex>> Aw

(1) = apa(t) = ;[1 . exp(—Zk‘r)] exp(-pt)

k/Av

aza(t) = aga(t) - ;[1 - exp(-2kt) | exp(-pt)

jﬁ

500

M* (1) = MA (1) + MB(1) = M* (0)exp(-p1)

y .

50

O
[$188

.

Slow exchange kex<« Aw
apa(h) = exp{—(p +k- im)‘r}

ags (1) = exp{-{p + k +iw)t] 0

0.05

L,

aqp(t) =aga(t)=0 150 -100

g

-50

0

50

100 150
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Analysis of us-ms motions by NMR '

Conformational exchange

(
pa=0.2 ; pe=0.8
Two state non symmetrical exchange Rea=Res=5571
Av=200Hz
E kex/AV
Fast exchange JL 500
The minor component is more 50
broadened than the major one 5.0
15
05
When the population difference is :
large, the minor component can
become invisible, even in a "slow"
exchange case. /- : 0.05
Slow exchange A J
g L,
PAVA+pPBRVB

g

Ishima & Torchia, J. Biomo.l NMR 15, 369 (1999)
Millet et al., J. Am. Chem. Soc. 122, 2867 (2000) Dewuxiéme école RMN du GEXM, Cargése 200




Conformational exchange

two state non symmetrical exchange
An extreme case : amide protons exchange with water

, 100, 400, 1000, st
,10,25,1, ms
,0.05,0.2,0.5,

p,=10%; R,,=1s1, R,,=10s"!
Seule I'aimantation du
proton amide est montrée

z
X
e
Q
~
X
z
X
=

1500 -1000  -500 ( 500 1000 1500 2000

v(HN) v(H,0)
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"slow" exchange

longitudinal
magnetization
exchange

Analysis of us-ms motions by NMR
NMR methods to characterize conformational exchange

1/Ao

cCOSOOnEeE—mMon

C
>

lineshape
anaysis

us —>

"fast" exchange

A

R,aPP
R1,PP

R2%P = Ry + Rex

|

@ @

Ea

A

thermodynamic parameters

Kqg=Fki/k_1=pB/pa
AG=—-RTIhhK

kinetic parameters

ke$ = 1/Tex = ]Cl —|—]€_1 = kl/pB = k—l/pA

kem (T) — kO exp (_Ea/kT)

v
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Analysis of us-ms motions by NMR
NMR methods to characterize conformational exchange

1/A®

ms d us 3 i
3 Protein
a

“slow" exchange (Ia “fast" exchange

s ~—
é
e
n
e
e

AN

longitudinal
magnetization
exchange

Detixisme daole FMN du GERM, Caradse 2005 Cerdan et al., FEBS 408, 235 (1997)




Analysis of us-ms motions by NMR

1/A®

“slow" exchange

EOSEOVWE —D OO0

longitudinal

magnetization
exchange
AMAZ(T) =[°AA(1’) apg(t) AMAZ(O)
AMBZ(T) apga(t) apg(t) AMBZ(O)

“fast" exchange

Vi (1) = Xpe~"| cosh(Dr,,) - gsinh(Drm)
Ve(ty,) = Xge ™ |cosh(Dr,,) + Esmh(mm)

K ot .
Verosspeak (Tm) = XpX¢ —€ 7" sinh(Dty,)

o= %(Rlb + le) ;0= %(Rlb —le) MVES] 6% + xpxk?

Dettxiéme école KMN du GEXM, Carqgése 2005

methods to characterize conformational exchange

[DNA]/[Prot]=2

F12.5

kex: 141‘2 HZ
= Tex=74+7ms

‘.
e
. -
m__\__x_h
. T
i e T
¥ Tt -
|
. . |
o1 015 01
MMInH1m s]

Cerdan et al., FEBS 408, 235 (1997)




Analysis of us-ms motions by NMR
NMR methods to characterize conformational exchange

Perturbation of resonances shape : modification of
1/Aw the exchange regime with temperature
< ms - us —>
0
“slow" exchange I "fast" exchange
$ reo)f  \ ks
(S: 136.7 373 193.7
e
I I n | JL
c
e 131.0 264 1536 / \1085
M — ~—
lineshape 1235 156 148.0 763
anaysis
> R,+k 99.9 E 1423 538
-
2
Aw| —4k2 49.9 139.5 457
| [22) e LM
10 0 -10
ppm
D-
{13¢C} NN' diméthylformamide gaz, By=4,7T
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Analysis of us-ms motions by NMR
NMR methods to characterize conformational exchange

< ms i CA“’ < peaks displacements
o o .
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Analysis of us-ms motions by NMR

1/ntAv

< ms

"slow" exchange

COSOOnE—MOon

I BV

longitudinal :
L lineshape
magnetization .
anaysis
exchange

"fast" exchange

A

US

R,aPP
R1, PP

R2%P = Ry + Rex

= Motions and function
=< enzymes cycle

< interactions

= Case of folding < unfolding processes

< sequence/stability/motions relationship

= analysis of minor populations

for the characterization of exchange processes in proteins

|

ke$ = 1/Tex = ]Cl —|—]€_1 = kl/pB = k—l/pA

thermodynamic parameters

Kqg=Fki/k_1=pB/pa
AG=—-RTIhhK

kinetic parameters

kem (T) — kO exp (_Ea/kT)

v
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Characterization of us-ms motions by NMR

Suppression of acquisition
1H DD-CSA cross-cor,
Relaxation _
15 decoupling
H,N/ H,N exp[-R(H,N)T]
106+ domain 1 of annexin [ =
pH=3.5
= A sample for NMR 700Miz
5"
= concentration ~ 0.5mM =
111k .“F.ln:n
= stable . i
@
= 15N labeled é . ';-,-‘-a-i' l o e
116 " “|';‘|"‘1.1F - ,-;I(I'\K'I" U,
L 3 = ° . Ttk
e " O 0 L] =
=~ An experiment specifically T, ; -
designed for the problem. e, SEW
. Sl g
= Assigned 'HN, 1°N resonances S .
[ ] R ﬂ“"'l':'\. g
126 H}r.lm
@
.('UJIII F’[l.llll
QI_T 0‘_1 z‘.I_T IIN SI.E ?I.? 7‘.2 hl.?
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The method : relaxation dispersion NMR experiments

< : >}
. Suppression of H acauisition
H DD-CSA cross-cor., P') q

Relaxation
15N Tepme decoupling
2H,N/ N, exp[-Rz2%PP(°N)T ]
P 1 I :
L e | M
21,5, ET”/Z IT';'”/2 EZI,SV L S, ET”/ZITCP/Z S,

= E + Rex(pA 7pB 7kex7A(D’1:CPMG

anti

- (R3l+RO )

Mulder, F., van Tilborg, P. J. A., Kaptein, R. and Boelens, R. (1999) J. Biomol NMR 13, 275
Dettxibme dcole FMN du ég{@/ﬁ; @Mg@/\@é%almer, A. 6. IIT (1999) J. Am. Chem. Soc. 121, 2331




The method : relaxation dispersion NMR experiments

The principle : variation of R2°P as a function of an experimental parameter : tceme

< : >
. relaxation delay
: —
Ae—=B
k. .
(g s i Tepmg? 2 I Tepmg/ 2 | Tepmg? 2 |rcpm9/2 s
1) {d) @3 4 5 :
R (;) ¢ X . S : - Refocusing R,% = R,
Ty T
W, g L Wy
YA Y A

(2)

®F|

3)

Dettxiéme école KMN du GEXM, Carqgése 2005




The method : relaxation dispersion NMR experiments '

The principle : variation of R2°°? as a function of an experimental parameter : tcrme

< >

Refocusing R,% = R,

Almost complete refocusing
in presence of exchange
v R,%P= R, + R, (Kex, TcPme)
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The method : relaxation dispersion NMR experiments

H

Relaxation
Terme

N, exp[-Rz"PP(ﬁN)Tr]

2%P as a function of an experimental parameter : tceme

decoupling
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— 2 ex)Lr

1 I(T,,v
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"---..________; - i

I = 2nTopMG =

YepMG

i Relaxation dispersion curve

R =f(Verme)
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The method : relaxation dispersion NMR experiments

First analysis :

k IH
e
(L)A k—l ()JB

15N

[ ST ="RY + Rex(pa, PB: kex, Dw, TePMG

(T,
i ) = exp[— (R + Rea)T;]
0
1 I(T,,v
IREneasuTed(VCPMG) = _? 11'1 [%}
I = 2nTcpyme = -
VCPMG

< First estimation of R,

R Rzeff (Vmin) . Rzeff (V

ex (esﬂmated): max)

= Fitting of the dispersion curve

0
< R,. Rz
= structural parameter Aw

= thermodynamic parameter p,, p,
= kinetic parameter : k =1/,

= K, (T) = kyexp(-E,/R,T)

qualitative analysis of relaxation dispersion curves

decoupling

Relaxation
Terme

N, exp[-Rz°PP(15N)Tr]

A1D1, pH=3.5, T=298K, 700MHz
35 residue 39
~ SOEE
|
ac [ .%
w25 §
S
o 20 R E“’!«,E
ex g
15 e
o
m]l ........................................ wfug RZO
5
200 400 600 800 1000 1200
vepme(H2)
AID1, pH=3.5, T=298K, 700MHz
35 residue 29 1
~— 30
N
XI
S
vl
O
o
o 20
15|
ITIL;HI ; 1.3.% T T T 53
1offptl=1ie =1 1L hd L4 b4 ?
5
200 200 600 800 1000 1200
vepme(H2)
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estimated Rex (Hz)
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The method : relaxation dispersion NMR experiments

First analysis : qualitative analysis of relaxation dispersion curves

40

AA23, T=288K ; 600MHz |

= First estimation of Rex

R Rzeff (Vmin) = Rzeff (V

ex (estimated)” max)

5
0 200 400 600 800
vepme(Hz)
aldl, pH=4, T=288K, 600MHz
°
°
.
. ¢ ¢
A4 . * *® *
. . o
C o o o * .
° AR 00 0, %00 o ° ® oo
*

*
10 20 30 40 50 60 70 80
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The method : relaxation dispersion NMR experiments

First analysis : qualitative analysis of relaxation dispersion curves

An example : variation of exchange contribution as a function of pH

H<3

lobal conformational exchange
i Global Unfolding ?

Localized conformational exchange
== Local Unfolding ?

40

Estimated Rex (Hz)
" " N N w w
1% o 1% o 1% o vl

=)

T=298K, 700MHz

m 2 L

| | | | _
. .' - " g o =" m o'm : p::gg
~ - = = ol = | pH=2.
- - m — 0 pH=3.0
] A" 7. s "
- Dl:v . o.0O
’ﬁ—uﬁﬂ_ﬂﬂ‘ﬁﬁﬁjﬁﬂdﬁjnm o o
n & :FD S nqj n:h‘:' "o DDD

0 10 20 30

40 50 60
sequence

70

80 90
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200 400 600 l_?00 1000 1200 1400
Vepma (H2)

200 400 600 800 1000 1200 1400
Vepma (12)

= Physical parameters of these exchange processes ?

Dewxiéme école KMN du GERM, Cargése 200%




Intermediate exchange : A ~ kex
= One or two broadened peaks

= Rex x Bo

= Carver-Richards equation

= Kex, ps, A(D, Rinf

Slow exchange : A > kex

= Two peaks

= Rex independant of Bo
= Tollinger equation

= ke, A, Rinf

= Rex(B)ﬁkBA:PAkex; Rex(A)*kAB:PBkex
Rex(B) > Rex(A)

1> Detection of minor populations from the

broadenning of the major state resonance :
use of Carver-Richards equation

RPP = R;”f + pAPBAW?Top[1 — 47Topvep tanh

AT Vop
app __ pinf . .
R3"™ = Ry + 0.5ke,, — vopacosh (D4 coshny — D_ cosn_)

¢+ 2Aw?
Ve
TCP TCP
= T o VETCin = T ot R
= i - oY
¢ = [(pB — pA)keﬂc]2 — Aw® + 4pAkag:c
C = 2Aw(p3 - pA)kem

:D_=05|-1+

: sin Aw.T,
Ry = RM 1k, (1 - A TCEP )
I o
7 ’ 7 v(Hz)
pAVA+pBVB
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RIPP = Ré"f + pAPBAWTox[1 — 4Tepvop tanh
4TezVCP

Rex, PB, AW, Kin R3PP = R 4 0.5k . — vepacosh (Dy coshny — D_ cosn_)
2 2
Dy—05 |14+ 2E28 |4 228
Vo + 2 Ve + 2
cP cp
Ny = P+ VPP = —¢+ 2+
vie) vie)
¢ =[(pp —pa)kea)” — Aw® +4pappk?,
C = 2AW(}’B - pA)kez A

= Slow exchange : Ao > Kex
< Two peaks

= Rex independanf of Bo R;pp _ R;nf Yk, <1 B sin AW-TC’P>

< Tollinger equation Aw.Top

= ka, Ao, Rin

= Rex(B)ﬁkBA:PAkex; Rex(A)—’kAszBkex j\

)

L

Rex(B) > Rex(A)

-150 -100

w Detection of minor populations from the
broadenning of the major state resonance :

use of Carver-Richards equation
Dewtxiéme école KMN du GERM, Cargése 200%
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Roeff(HZ

35
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35[
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25

201

151

101

(&)

Meiboom fit for residue 68

Tex=18+15ms

Carver fit for residue 68

ttex = 0.25 +0.02 ms

1250

120F

1150

10

-‘Cex= 4+2ms
LAw = 5.9 + 0.3 ppm

Tex = 0.31_: 0.03 ms 157 Aw=5.1+04 ppm
Ao (50%) = 1.3 + 0.4 ppm pB=3+2%

' " Meiboom fit for residue 34 . ' " Carver fit for residue 34

§
3
Tex =10+ 8 ms

Tex = 0.34 +0.03 ms 5/ Aw = 5.3 + 0.5 ppm
Ao (50%) = 1.1+ 0.5 ppm . pB=16+13 %

' Meiboom fit for residue 22 1°° ' ~ Carver fit for residue 22

i 30§

Aw (50%) = 1.4 + 0.5 ppm ‘ . pB = 64 % ‘ . ‘ .
200 400 600 800 1000 1200 200 400 600 800 1000 120C
vepme(H2) vermeH2)

= global <,,, ps
= individual A®, Rinf
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iz Nature of the unfolded state ?
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IAwl (ppm)

1> Nature of the unfolded state ?

Ao(fitted) VS Secondary Shifts . Ny e
10F STl i
m/
:i
_ sF %EE” ]
g .
= o "un
- =
-5r //=,. i
e cor. coef. = 0.92
—1of .7 * rmsd = 1.18ppm -
10 s : : 10 15

0 5
IAmISec (ppm)

Schwarzinger, S. et al., J. Am. Chem. Soc. (2001), 123, 2970
Dettxieme école KMN du GERM, Cargése 2005  vanIngen, H. etal., J. Am. Chem. Soc. (2006), 128, 3856




The method : relaxation dispersion NMR experiments '

relaxation dispersion experiments for the analysis of “invisible" states

An Isolated Helix Persists in a Sparsely Populated Form of KIX under Native Conditions

£
Q af
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C Y
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2 ok . . . g poDP B
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3
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|pH=5.5, T=300K

~0.7 %

Tollinger et al., Biochemistry 2006, 45, 8885-8893
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us-ms motions by NMR
conformational exchange processes and proteins function

< Folding/unfolding processes
< sequence/stability/flexibility relationship
= low populated states

Transition state ensemble, minor folded/unfolded states

= Motions and function
=< enzymatic cycle
< low populated (high energy) states
< regulation/signalization associated with conformational changes

< interactions
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us-ms motions and proteins function l

=~ Proteins : multiple conformers at thermal equilibrium in solution
= XRay cristallography : Selection of one conformation (low energy) in the cristallisation process
< NMR : time averaged conformational ensemble

=~ Ground state > 90%

= High energy states, low populated : roles in substrates binding, enzymatic cycles, folding
processes (transition states) ...

lock-key Induced fit

E-<-8 (+< —>(< . |

conformational selection

3%

+4q —

Boehr et al, Chem. Rev. 2006, 106, 3055-3079
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us-ms motions and proteins function : Practical course '

=~ Analysis of the relaxation dispersion pulse sequence
= The relaxation compensated CPMG scheme

= Experimental protocol

~ The understanding of molecular mechanisms underlying proteins functions
necessitates the characterization of the dynamics of the macromolecular systems, and

of the minor transient states along the functional pathways.

< Some recently published studies based on the use of relaxation dispersion

experiments to investigate these questions will be discussed.
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