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= About 30% of the human genes encode for membrane proteins.

= Membrane proteins play important roles as receptors and channels, in signal
transduction and cell communication and many others.

= About 60% of all targets for newly developed drugs are membrane proteins.



Structure Determination of Membrane Proteins

= By 2007 only ~100 structures of a few membrane proteins were known in strong
contrast to ~35000 structures of soluble proteins

» Standard methods for structure determination fail for membrane proteins
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Concluding remarks

Membrane proteing remain a big challenge for the
structural biologist. Because of experimental difficulties
associated with their hydrophobic span, classical tech-
nigues such as X-ray crystallography and solution NMR,
have been producing structures at a very slow pace.
Therefore, alternative techniques are being sought. But Twent' veals nr

because membrane proteins belong to a heterogeneous

class of proteins, ranging from membrane-associated
systems so big that can be studied with single-particle
techniques, to single TM helices, this search has resulted
in a plethora of new experimental approaches with various
degrees of resolution. EM crystallography is clearly Tl ek

competing in resolution with X-ray diffraction, whereas i
single-particle and AFM technigues can detect confor-
mational changes in large complexes. Progress using
uniaxially oriented bilayers has been especially intense
in the analysis of TM helix structure, particularly with the

lement the areas in which SDSL-EPR is weaker. Specifi-
cally, SSNMR has perhaps the brightest future because of

the diversity of nuclei and nuclear spin interactions that
can be observed, although use of complementary tech-
niques will be crueial, especially taking into account the
improvement in computational and prediction tools. We

| vision | With decades of discovery on seven transmembrane receptors,

why haven't we saved the day? | By Thomas P. Sakmar
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development of experiments in the near future. However,
we can expect that membrane proteins will still be beyond
the reach of proteomics for the foreseeable future; some

years left until the ‘Wild West’ is fully explored, then.



Structure Determination
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NMR-Methoden zur Untersuchung von Membranproteinen

Lésungs-NMR Festkérper-NMR




Magic Angle Spinning Techniques
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Magic Angle Spinning (MAS) => Verbesserung der spektralen Auflésung



Isotopic Labeling

= NMR active isotopes of spin ¥z that can be detected by solid state NMR
methods are rare (13C, 1°N), which calls for specific enrichment

1. Chemical synthesis if peptides at the solid phase

© Almost any given labeling scheme can be done, provided specifically
labeled amino acids are available

No scrambling of the label

Expensive!!l

Peptides should be smaller than ~50 residues
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Isotopic Labeling

2. Biosynthesis with uniformly 13C Glucose/*>N Ammoniumcloride

© Relatively cheap
© Works in principle for all recombinant proteins o -
. Histidine
® Many membrane proteins do not express Glucose
well, are toxic for bacteria, or aggregate B ehainsylpyrothaephiata Tryptophane
@® Poor resolution in solid-state NMR spectra Tyrosine
@ 13C Spln dlfoSIOn . T_ Phenylalanine
® Dipolar truncation .
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T Homoserine i ethionine
5} Threonine Isoleucine
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Isotopic Labeling

3. Biosynthesis with specifically labeled 13C Glucose or 13C Glycerol

OO0

Moderate cost

Works in principle for all recombinant proteins
Better resolution in solid-state NMR spectra

No 13C spin diffusion

No dipolar truncation

Many membrane proteins do not express
well, are toxic for bacteria, or aggregate
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Specific and Extensive 13C/1°N Labeling

Ten-amino acid selective & extensive labeling (TEASE)

PET-15b vector
, MGSSHHHHHH SSGLVPRGSH MLEDP
gyeerol LT ,;—,,>4 451  INFTTEFL KSVSEKYGAK AEQLAREMAG
_ [ 481 QAKGKKIRNV EEALKTYEKY RADINKKINA
gg_;e;gg;g{ge@zﬁwﬁ 511 KDRAAIAAAL ESVKLSDISS NLNRFSRGLG
| . 541 YAGKFTSLAD WITEFGKAVR TENWRPLFVK
Q| aphospho gemtuce, . —» [Serin s SV | 571 TETIIAGNAA TALVALVFSI LTGSALGIIG
g | eveme s o 601 YGLLMAVTGA LIDESLVEKA NKFWGI
= » | Tryptophan | 0,5,7,9
o phosphoenol-  crycH-c¢ i {;P . Phenylalanine| @, 1, 5
yruvate c')-mfo B Tyrosine |aq,1,5 . .
' _ Labeled amino acids:
pyruvate —> | Valine | o, B
Leucine] 5.1, CO Ala: 25 o Phe: 8 o,1, 5
Aspartte _/>\a_kem — Leu: 19 B, v, CO His: 74
ﬁiﬁfﬁﬁiﬁi <" acetate glutarate™™” | Glutamine | == Glv: 17 Tvr 5 15
Threonine citric acid :rr?lifle unlabeled y a yr a, 1,
Lysine / ginine
e i Ser: 16 a Trp: 3a,5,7,9
unlabeled Val 10 (X,, B

Total: 110 out of 198 for Colicin la
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13C Labeling on ubiquitin
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15t Isotropic Chemical Shifts



Structural Information from Isotropic Chemical Shifts

= 13C Ca chemical Shifts show a strong correlation with the backbone
conformation of a protein

M ©

a-helix

= a-helix: Ca N CB Vv achoingll  p-sheo

|

fm

;-

B-sheet: Ca v CB "

....II|.I|||1%WIfum

R 2 |
6 4 2 0 -2 -4 6 4 2 o -2
o Ca Ch Sca PPM dcﬁ PPM
Ala{ Amvy ARy v a
el S Spera & Bax, 1991
Glu- Amy Amy v
Phe 1 4Amv Amy fray \
Gly - Amy p CoO Cua Cp Cy
His - Amy AW v H Lol 1"
lle { Amy Awy o - -+ i
Lys Aw Amy v I foi i | .
Leu 1 Amy Amy wA f || 1 i f I| Oc-he|IX
Met | Am Amy Ty A ] [ | |
Asn {  imy Amy voA N\ A\ i\ )\
Pro| A m Aw ' |
Gin Awy Amy vo ' !
Arg | Amvy Amy v fl |"|'| |?'| i .
Ser{ Am A ov B | I o random coill
Thr Aw OvaA vy I il i\ |
Val{ amv A my v Ji\ N "uifl: S
Tpq 4 = A va > o -
Tyr{ mAy Aw voA ' ﬂ ¥ :
I it |
T T T T T T T T | | | | | | |
180 170 70 60 50 40 30 20 C) |"| i I.' '|I / B-sheet
|\ I\ /| /1
13C Chemische Verschiebung (ppm) J A J A )\ J A
180 170 70 60 50 40 30 20 10

B randomcoil A a-helix V¥ p-sheet 15C Chemical Shift (ppm)



TALOS — Torsion Angle Prediction

Torsion Angle Likelihood Obtained from Shift and sequence similarity

[ [ TALOS 1999.019.15.47 Residue V4 valpha.tah
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Conclusions/Remarks

© Isotropic chemical shifts are useful tools to determine secondary
structure elements and even full structural models of membrane
proteins

© Secondary chemical shifts are solely determined by the proteins
secondary structure, there are no differences between chemical shifts
in solution and in the solid state (Luca et al., 2001)

© With the lack of internal standards in solid-state NMR, chemical shift
differences between Ca and C[3 are independent of referencing!

© Experiments can be carried out at any temperature

® For the determination of highly resolved NMR structures, additional
constraints are necessary! Isotropic chemical shifts are not unique



Magic Angle Spinning Techniques

2"d Dipolar Coupling Measurements
by Proton Driven Spin Diffusion
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Crosspeaks are due to diploar coupling D ~ r-3

= Strong cross peak: 2.5 -4.5 A

= Medium cross peak: 2.5 -5.5 A
= Weak cross peak: 2.5 - 6.5 A

= Very weak cross peak: 2.5 -7.5 A
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© High precision, redundandcy

© Simple experiment, low rf heating
© good sensitivity

© Peptide structure is provided

@ number of 13C labelled residues is

resolution dependend

(Hartmut Oschkinat)



Magic Angle Spinning Techniques

3t Nuclear Overhauser Enhancement

e Protein-Lipid-Interaction
e Protein Structure



C-Terminus of the Human N-ras Protein

=>» 13C-13C dipolar coupling measurement is not feasible for sensitivity reasons

=» Additional structural constraints may come from protein-membrane interactions

© Intermolecular cross-relaxation rates provide this information
® 1H MAS NOESY only works for small peptides

Cross-Relaxation Rate

endof middle upper glycerol headgroup
chain




TH Chemical Shift [ppm]
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Recoupling
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Separation isotroper und anisotroper NMR-Signale

=>» Int, wird die anisotrope Wechselwirkung evolviert und seitenspezifisch
in t, das MAS-Spektrum detektiert.
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Ruckkopplung anisotroper Wechselwirkungen
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4t Torsion Angle Measurement
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Torsion Angle Measurement
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Torsion Angle Measurement
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Torsion Angle Measurement
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Torsion Angle Measurement
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Torsion Angle Measurement
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Torsion Angle Measurement

B-sheet a-helix
H Hgr
CI
R ’
C' C
7 2n on \
[ml_e -m_e)
+X =X
\ /n >
FSLG @
T g
H |cp| TPPM TPPM ' TPPM —
; B
j % ]
E —1008/-1408
]
| =

g s 4 I

b i
N ARD T
1
rotor e e 0 3 I 3T T,
peiod 0 1 2 3 4 5 6 4 2 4
time domain

90° N, : C N,cos(Wcy(ty))cos (Wyu(ty)) =
C,N,cos((Wep(t)+¥yu(t))/2)cos ((Yeu(ty)-Yan(t)/2)



Torsion Angle Measurement
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Torsion Angle Measurement

z Crystalline | POPC/Zn** (5 mM)
% B18 L4 -80° -120°
% B18 L-8 -80° -110°
E B18 L-15 -90° -120°
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© High precision (+ 5°)
® Complicated experiment, high rf heating
@ Low sensitivity

@ unique labelling pattern, 1D resolution




5t Explicit Distance Measurements



Magic Angle Spinning Techniques

REDOR and rotational resonance

© High precision (0.1 A)
© Unique distance constraint

@ Low sensitivity, high rf heating

@® Needs isolated spin pair

® Experiments at low temperature
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6" Oriented Membrane Stacks
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a) Multilamellare Lipidvesikel

(hEide — L
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b) Orientierte Membranen parallel zum
Magnetfeld

Bo

Glasplattchen

e 80 60 40 20 0 20 40 60
3P Chemische Verschiebung (ppm)

c) Orientierte Membranen orthogonal zum
Magnetfeld
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(a) Membranprotein in multilamellaren Chemische Verschiebung Dipolare Kopplung
Lipidvesikeln

30 250 200 150 100 50 o 2 -5 -0 -5 0 5 10 15 20
5N Chemische Verschiebung (ppm) H-"°N Dipolkopplung (kHz)

Transmembrane a-Helix

W IS
Uiy WU =

200 150 100 50 Q 20 -5 10 -5 0 5 0 15 20

5N Chemische Verschiebung (ppm) TH-'SN Dipolkopplung (kHz)

(c) Oberflachenassoziierte a-Helix
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PISEMA: Correlation of 1°N anisotropic chemical
shift and >N-1H dipolar coupling Al o ﬁ“”- F
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Oriented Membrane Stacks

Y180° =Y 180°
-X +X -X
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Y180° =¥180°

-X I +X -X

ti = N X tppsema

© High precision

t2 © Peptide topology

@ Complicated experiment,

-
>

high rf heating
@ Low sensitivity
® Very complicated sample

preparation (large membrane

oy
=]

proteins are very difficult to

orient)

H-"*N Dipolar
Coupling (kHz)
o

=]

® No peptide structure

200 100 0
*N Chemical Shift (ppm)

@ Flat coil probe



Outlook

» The limitations of solid-state NMR for structure determination are defined by
sensitivity and resolution.

Amincterminus

Sample preparation:
5.5 mg protein

29 mg lipid _
35 wt% H,O
4 amino acids 13C-labeled (~30 pg each)

~ 0.25% of the rotor volume

Linie width ~ 0.4 ppm

18 17 16 15 ppm
13C chem. shift

Barré et al., Eur. Biophys. J. 32 (2003) 578-584



