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Membrane Proteins

* One third of the expressed proteins

» Essential for the life of the cell

» Target of more than 50% of the drugs.

- Still difficult to obtain high resolution structures

Solubilisation & purification of membrane proteins require detergent

» Associated inactivation &
Instability

=> New surfactants /
detergents

» Heterogeneous and
multicomponent systems

=> Specific methods for
studying composition,
interactions
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Membrane proteins

1) AUC, Summary
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Analytical Ultracentrifugation Sedimentation Velocity

homogeneity
shape

e
'
S

%
o
®

density:
composition

Different optics:
composition

q.) ’

E—
rbanc

m ’
o ’
< 0,

bs

0,5
6,0 6,5 7,0

_Ma-pv) | _Dwm,
N ,67nR, RT

Molar mass &

Association states

0-§

4 6 8 10 Association constants



particle distribution

buoyant osexat equilibri

mass + relative

V: velocity
of the particles
density
\69: @ Mb:M(l'P_‘_’)
N, 6%@ = 2 M(1-pv)

Ry, or D, or f, or flIf

min

=SS

. lysis => s. Then, if R is k => M
c(s) analysis => s. Then, if Ry is known b Then.
* Non interacting species analysis: =>s and R,=M, — mformahgp
on composition
- Sedimentation equilibrium analysis => M, is required for

- M,=>M

prot



Principle of sedimentation velocity data analysis

Lamm equation, for each type of particles

(oclot) = - 1/r olor [r(c sa?r - D oclor)]

« Data analysis are based on numerical solutions of the transport equation. i.e. simulations

« They compare simulated profiles (with given s- and D- values) to experimental ones.

Experiment Simulation py
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c(s) (AU/S)

Absorbance

54

) SR
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sedimentation coefficient (S)

Absorbance

radius

* In the c¢(s) analysis, we consider a distribution of particles, for which a plausible relationship
between s and D is established (input : v, f/f;,, p and n): only concentrations and noises are

determined.
=>» high resolution distribution of sedimentation coefficients, s.

* In the non-interacting species analysis, s, D, concentrations and noises are adjusted.
=» s and D (thus Ry), thus s and M,



In a slow equilibrium the different species sediment as
non-interacting species in proportion related to the
dissociation constant for the loading concentration.

In a fast or intermediate equilibrium between different
species, the slow boundary reflects the sedimentation of
one of the species. The fast boundary is a “reaction
boundary” and its value does not reflect the
sedimentation of the complex.

Smean €an be used for the calculation of the K

Smean=zci'si / Zci

¢;: concentration of component i in g/,
s; the corresponding sedimentation coefficient.

The regime depends on k= off-rate constant (s-')
logo(Kor) =

-1: can be considered infinitely fast in the context of SV.
-3 : still fast, but on the limit where kinetics should
significantly influence the boundary pattern.

-3.4 : intermediate.

-4 : in the slow regime, but still influenced by kinetics.

-6 : essentially infinitely slow on the SV time-scale.
Zhao et al Methods 54, 16-30 2011

Interacting system: several or one boundaries

Epstein, Virus Protease Monomer- dimer equilibrium Buisson 2001

Relative amount (arbitrary units

(b)

Relative amount (arbitrary units)
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diluted salt buffer

R SN 5 6 7 8
sedimentation coefficient (s)

monomer dimer
G 8. MW % Sy, MW

Clemgal 97 225 23 3 398

——
030 mg/ml 92 225 23 8 3.50
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Critical micelle concentration

1: Complex = protein-detergent-lipid.: composition generally unknown

2: Detergent-lipid micelles: concentration often unknown; often they do not absorb at
280nm; lipids content unknown.

Bacteriorhodopsin Ca*'-ATPase
Detergent . :

7 Gram/g Mol/mol Gram/g Mol/mol
Triton X-100 2.9 124 0.44 77
Ci2Es 2.4 119 0.50 103
DM 4.1 207 0.73 152
DDAO 0.5 240

MO|/er, j.ﬂl/. & le Maire, M. (1993)



Integration of the c¢(s) => Signals : A,g, and AJ for each species

AJ =((nl &)l d) | ¢

AJ: fringe shift, 1: lazer wavelength

Aogo= &gl C

A,go: Absorbance, ¢ ,5,: extinction coefficient at 280 nm
I: pathlength ; ¢: concentration (weigh unit)

Membrane proteins
bound (det.+ lip.) :85,=(dp + ©,)

Detergent
(chlae) and CMC

28 -

N
-
|

rc?wnl_/agci reference cmﬁ 260
e Hayashi 1989
C12E8 0.134
C12ES8 0.121 =0
Salvay 2006
DDM 0.143 =
DDM 0.133 =
FOS14 0.133 Strop 2005 =0
LDAO 0.148 ~
Triton X100 0.154 2.31
Csu’cs 1998
Lipid 0.083 =0
DMPG 0.127 Karin 1997 =0
F6-MonoGlu 0.068 Breyton 2009 =0

€550 Very often ill-defined
for membrane proteins
=> Erroneous 0y from A,g, and AJ

A\

»
]
2
£ 14 .
Y
: g 0,2 DDM
()]
£ o \é E
7- - cme=0,11 A 7
0,0 U . i
0,0 0,1 0,2 0,3
cmc=0,12 ;
concentration (mg.ml)
O x 1 = 1 B I . 1
0 3 6 9 12 15
. -1
concentration (mg.ml ')
Salvay 2006



Protein
SDS

DDM
F6-Monoglu*

DDAO

LAPAO*
CsEs:

Octyl POE:
C4,Es:

Lipid

Buoyant properties of the detergent

Partial specific Buoyant factor @ -
volume v* (1-p°V)

(ml.g™) in water

0.74 0.26

0.86 0.13

0.83 0.17

0.57 0.43

1.13 -0.13

1.002 0

0.997 0.003

0.99 0.01

0.97 0.03

~1:0.981* ~ (0 as amean; 0.02*

*le Maire et al.(2000), except F6-Monoglu: Breyton 2006; LAPAO: Nury 2008; lipid: Huan 1971.



M,= Mpp.(1 'VPD:OO)

==> compare with calculated Mpp, Vpp L
==> measurement at two solvent densities => Mpp, Vpp

M= Mp.(1-p°p) + pMp(1-pVp) + Mp.(1-p°V)

Protein Detergent

Can be masked if (1-p°vp)=0

Lipid

Negligeable in water

==>> Compare with calculated Mb for the components
==>> (Contrast density variation in H,0/D,0

==>> Estimates of 55 from SV or other techniques (SEC with radiolabelled detergents...)

.
*,
e
*a
CION

Can be measured by precise density
(After chromotography /dialysis)
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STRATEGY
First, always: Sedimentation velocity: c¢(s)

&

From sedimentation
velocity experiments
at 3 concentrations

homogeneity?

interactions?
Distribution of - possibility of SE experiments?
: : .. * bound (detergent+ lipid)
sedimentation COeﬁIClentS » free detergent concentration

« association state from s +R,,
or/and from s + f/f_,,=1.25
Experiments in H,O + D,O=> v,




Proposed experimental protocol For the analysis

- SV at different concentrations: dilution in solvent with and without detergent. Use all knowledge
(bound detergents, lipids, Ry)

- measurement absorbance + interference.

- Recommended : NO detergent in the reference compartment:
detergent micelles sediment as particles

- If required (if e.g. glycerol... ): exp after dialysis or solvent exchange columns and using double sector capilary type centerpieces
to fix the same free detergent concentration in the two channels
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4) Examples

- FhuA : SV at 280nm + SEC with radiolabeled DDM

- Change of ¢(s) with protein & detergent concentration
- Using different optics

- SV in H,0 and D,0O



FhuA / DDM
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Size exclusion chromatography + AUC SE and SV at 280nm

14C labelled detergent

-o0p=1.2 g/g
- R;=4.2 nm

- M, =185 kDa
= S20’W:7.88

Boulanger et al. (1996)
Biochemistry 35, 14216-14224

Ferguson et al.,
Science, 1998, 282, 2215

Mpp=185 kDa
M=84 kDa

S20.w> Ops Ry = Mpp=172 kDa
M=T78 kDa

Ry=4.5 nm
Jfenin=1.18

S20,ws My =
Rg; compo.=>

M.

seq

=79 kDa



c(s)

SV AUC Hupon in C,,E;
HuUPON 1 auto-association is modulated by detergent

— 6 yM HUPON1 7,.29mM C12E8 140mM NaCl
— 6 yM HUPON1 1.54 mM C12E8 280 mM NaCl|
— 6 yM HUPON'1 0.81mM C12ES8, 280 mM NacCl
— 18 yM HUPON1 0.36 mM C12E8*

6 yM HUPON1 0.36 mMC12E8*




Using different optics for characterizing Apol/BR complexes

10 |

0.5
<l.t)
» 0.0
S 003"
©
? 003}
o

15
0
&)

0

radlus (cm) 7

C 1I, BRMHAPO
I —
— 550 nm
— 280 nm
3 4 5

Free APol/BR:
- 0.4 g/g from }J

BR Complexes:

- homogeneous or close to homogeneity.
- Native BR from A,gy/As:s

- (APol+lipid)/BR ~ 2.2 g/g from J/A.q,

- Bound lipids 0.4 g/g from lipid analysis

TOOL.: integrating the c(s) from A,g, and J for
determining the bound surfactant + lipid amount now
availble in Gussi  Brautigam et al., 2015

Gohon et al., BJ 2008



SV in H,0 and D,0 solvents
Hypothesis:

>

same shape; same composition

\ J

*M changes to M (exchangeable H)
v is defined for hydrogenated material
*Rg does not change

*solvent densitv and viscositvy chanae

A2s0

AAC in H,O buffer @
ki Iy “‘"”*mw'ﬁ W‘?W rﬂl

h: Lxﬁﬁ”
I

| AAC in D,0 buffer

se[oz 01]

Gt tony e o
g

|
1
s=1.06S |

- T‘\:f“*:

SH = 1\[, [( | P !’P) ¥ (Sd( 1 P Vd )-| ;\'\()JTIII iRg:

S — A'Ip [(( M D M )P pl ’P) + (Sd

The s,/sp, method

A graphical representation to investigate:

Is a given association state of the protein (monomer, dimer)
compatible with the sedimentation coefficients measured

in H,O and D,0 buffer?

Useful when lipid is bound in ill-defined amount

Vs : 0.92 ml/g
04 : 1.1 glg

S - Tealistic

TOOL now availble in Sedfit
Le Royetal., 2015

vyy realistic

(Mp/M),;— ppq) } / Na6n R,

i { Monomer Dlmer definitively excluded
: w { _ Dlmer
%°$= j71nhf_1'5 1 %
o 12 .. | q
'-é [ ] ., @ 4
= 1‘ @ 9 4
S L o
o g o
5~ 5
| = 051
© o5 é ]

04 041

3 —
0205 0925

Partial specific volume (D+L) (mL/g)

oo 0915 0

Partial specific volume (D+L) (mL/g)

Nury et al 2008, Dach et al 2012, Le Roy et al 2013, Le Roy et al. 2015



Practical: Ca™ ATPase in DDM
Ca™ ATPase: M =109.49 kDa Ry=5.5 nm v,=0.7425 ml/g Mp/M=1.015

monomer

£40=0.966 cm'mLmg! dn/ 0c=0.187 ml/g
DDM: M. ~67 kDav,,=0.82 ml/g My/M,=1.014

&50=0  0n/ 0c=0.143 ml/g
solvents: 7,=1.00cp p=1.004gmL 7ny=123cp pp=1.109g/mL

SV in H,O (reference buffer without detergent):
absorbance + interference

Su/Sp




SV of Ca™ ATPase in DDM
» reference buffer without detergent, p°=1.004, 77°=1.00

c(s) analysis of interference than absorbance data (because detergent micelles moves slower)
» Selection of the files: => 80 first scans by 2

e Analysis with v = 0.78 ml/g, intermediate between detergent and protein, s from 0 to 15S
» Fit f/f .., meniscus, and bottom, with resolution=50, F-ratio=0.5
Run with resolution=200, F-rati0=0.68
« =>report f/f_ .. values: => interference data: f/f, ., =1.37; absorbance data: f/f_. =1.24
Note: f/f... here has no meaning because v is not known, and there are different kind of particles
« =>Qussi data fit residual plot (save data only: ralscans, iplscans)
« =>Qussi c(s) plot (save data only: ral, ip1)
« =>use gussi to superpose c(s) from J and from A280, save as a gussi state (CaATPase)

T T T 2 Conti Coefficient Distri cis) == 1_2 r
7 || eolaton 00 patl spac, volime [ATE0R 10t
o 6 i it buifer density 1.00400 .
% 5 fma 150 buifer visoasiy (Peise) [0.01000 5~. O 8 |
= | | W tictional ratic [136753 &
c I s arid hom
E 4 d| ¥ Baselin [oooooo r lsri!zd"i:m s O 6 L
St ¥ FitRiNoise [% Fit Time Independert Noise C_U : 3.5 1 —J
© 3 —— 1| P e fTE c 04} a5 — A280
g) 2 = W Botom [T D = Gl
E Cancel
a 1 confidencs evel Fratio)  [Tagnn o 0.2 B [\ " M A N ) 25
- A L LA it i =
- ©
00 % : ; £ 20
0 7 [ ontn Coefficient o) == E 15
200 paitial spec. vokime [0.75000 :’uo?
o0 buifer density [Tonsmn 1.01
w 006 = 150 bulfer visoosiy (Poiss) [ 001000 K% 0 12 0.8
© \ ) ik o W fiictionl ratc [1.23675 s © . 51 A
_5_001 L ”'_ e Y N | ¥ Basein [oooooo r\uzspacedsgm -g 000 0.0 ; . : \ —_— .J
7] [V FitRINoise ¥ Fit Time Independent Noise .(TJ N Y Y ' 0 2 4 6 8 10 12 14
9_0-07 F ! ! L ! T, i ersece 1055 9—0.1 1 : L 1 ! sedimentation coefficient (S)
62 64 66 68 7.0 e = 62 64 66 68 70
rad IUS (CITl) conlidence level (Fratio] [0 ,58000 rad IUS (CITI)




Estimation of free detergent micelle concentration

» Integration in e.g. GUSSI of the detergent signal in the c(s) from interference optics
« Using Excell sheet to calculate ¢ from signal, optical path and on/dc

G cofs_celll ::I of I_EETI
File Preferences Reset  Distributions Update Render Integration Axes Legend Help e
A Mormalization W Mormalize
35 a J Range (5) Type
Min  |6.246 (" Area
1 — A280 Max 9585 | G maxers
= L |Press hereto pick | I
am 25 4 G Integration Result -
2 3
m e
g) 2.0~ '-o.' The area (in signal units) between 2,821 and 3.506 i =>1.05 mg/mL of
O ' ' This is 36.803% of the tofalggnal. .
n v
— L5 The weighted s-value i f:ree DDM micelles
0 =>corresponds to published value for
O 10 - DDM micelles
o | ‘
0.9 +
i |} -

J=(on/oc)/(\1c)
0 2 4 6 8 10 12 14 A: lazer wavelength

sedimentation coefficient (S) DDM: 6n/dc= 0.143 mL/g




Estimation of bound detergent and f/f

min

for a given protein association state
« using gussi with ¢(s) from Interf first, then from abs.: integrate/memQyrane protein calculation

. \ .
Preferences Reset Distributions Update Render Integration Axes lLegend Help . G kembrans Peotein Calculshors I?‘ E‘EE
351 J T -
: 280 Calculation Type .
a0 «* £, fitedff. O Rs(nm):
o 2.5 Experimental Pararmeters Used
EPTY Ylcm¥g) plafem®  n(P) 100 lash(om)
"_% 15 _ jﬂ_.?E__ 1004 D.F}_lﬂﬂ 293 [655
g . ::'" Eﬁi}lﬁ};lm ) Protein Parameters Project: |
1.0 1 16 - ﬁ- (low ”m_}; ellfgecm)  wiem®g) M(Da) dn/dc l{cms.-"g_"l n-rner
0.5 A {0.966 {0.7425 (109490 0.187
0.0 l — A A Detergent Parameters
c 2 4 6 & 10 12 o 1.4 1 Alldet.  ¥(cmi/g) M{Da) dn/dcicm’/g
sedimentation coefficient (S) _g o 082 200.0 :0144 ;
..ﬂg 19 4 Lipid Pararmeters
Calculated from ¢(s) integration L - Alllip.  ¥(ecm®g)  M(Da) dn/dc{cm®g) & (a/q)
o
= r 0.98 200.0 014 0.0
Input used to calcutate bound
” 10 - [1.28 [1.24, 1.31]] Distributions
detergent (e4=0 by default) -
distribution £ (S0 d (cm) a fifs det,
. I (purple) 72|11.2 3318 | B IF
Input used to calcutate f/f,,, - e —— ool | =l | ) £—— (ol
from s, M, and bound detergent g il | e :

60 80

100 120 140 160

M, (kDa)

¥ Use f/f. from abs. only [ All dataare ABS [~ &'s from user

[™ BW Fig. | Execute | Save Figure | View Repnrt] Dismiss

Save Params

Load Params

Mouse Cursor Position

Mass (kDa) f/fa Rh (nm)

Results: if monomer: the s-value, and the calculated bound detergent give
f/f....=1.28=globular compact RH=4.4 nm. if dimer, f/f.,,.=2 = very elongated, RH=8.9 nm




Estimation of bound detergent, then M when R, is known ~

N

scell
Preferences Reset Distributions Update Render Integration Axes Legend Help

3.5 1 — J
30 A — A280

2.5 1
2.0 A

signal/S)

— 1.5 1
»

~

o

1.0
0.5 A1

00 l T T N/ Lwe: %J
0O 2 4 6 8 10 12 14
sedimentation coefficient (S)

Calculated from c(s) integration

Input used to calcutate bound
detergent (e4=0 by default)

Input used to calcutate M from
S, Ry, and bound detergent

theo. M (kDa)

G Membrane Protein Calculations

Calculation T

£, O fitted £/,

{=n )

&

* Rs(nm): 55|

Experimental Para et

300 ~

250 -

200

150 -

viemifg) plgfcm?) n (P T las. & (nm)
Tt pow m
FTULENT FaldimTIeElErs r'rU_|'.-_'LL. I.
eflfgeem)  @i{cmi/g) M(Da) dn/dc(cm®fg)  n-mer

| 10.566 I {0.7425

109490 0.187

Mp (8, 85 5. R;)

100 -

|125_ﬂ

1 2
oligomeric state

All det.

v iem/g)

Detergent Pararmeters

Mi{Da) dn/dc(cm’/gll & (g/g)

v {0.82

200.0 0143 0.609

Lipid Parameters

|~ BW Fig. | Execute

All lip. 7 {cm’/g) M{Da) dn/dc(cm®/g) & (gig)
r 098 2000 014 0.0
Distributions
distribution = (50 d (cm) a i det.
I (purple) 72|I2 3318 | [ IF
| A2E0 (blue) 73||1.2 0.766 u AES
¥ Usef/f. from abs. only | All data are ABS [ &'s from user

Save Figure | View Report | Dismms

Save Params

Load Params

Mouse Cursor Position

Stoich.
-0.0

Mass
3225

Results: the s-value, and the calculated bound detergent, combined with Rh=5.5nm,
gives M=125 kDa, close to the monomer value (109 kDa)




Estimation of bound detergent and M given the f/fmin valye calculated in sedfit

scell
Preferences Reset Distributions Update Render Integration Axes Legend Help

35 1 —
304 — A280
~ 2.5
2.0
1.5 -

c(s) (signal/S

1.0
0.5 A1

00 l T N/ Lwe: %J
0O 2 4 6 8 10 12 14
sedimentation coefficient (S)

Calculated from c(s) integration

Input used to calcutate bound
detergent

Input used to calcutate Mfrom
s, f/fmin, and bound detergent

G Membrane Protein Calculations

300 -+

250

===

[
C #| & fitted £f] O Rs (nm): 5.5
ExpeErmrema ke arameters Used
i(cr‘n?.-‘gj p(g."cm!"l n\FI T(K) las. & (nm)
0,78 {1.004 |0.01 1293 |655
PIUI.C;II PDIHIIICLEI_ PI\J‘jCL

ellfgem) ¥ {cm’fg)

0.966 7325

I EDa\ dn/dc (crm’/g) n-mer

109490

200 ~

150 -

theo. M, (kDa)

100 -

Mg (a;, a5 5.0)
|

I
1 2

oligomeric state

'~ BW Fig.  Execute | Save Figure

0187

Uetergent Paraigieters

View Report | I}Esmms

All det. W l{cmi.-"gj m (Da) n/dc (cm!'.a'g & (g/g)
v ez | [2000 \0.143 0,609
Lipid Pararneters
All lip. 7 {ecm®/g) Mi(Da) dn/{c(cm®/g) & (g/g)

r 098 2000 0. 0.0
Distributions
distribution o)l dicm] a fifa det,
Jipurple) 7.2||1.2 3318 IF
A28 (blue) 73112 0766 | J1.24 ABS
¥ Use f/f. from as. omly 1 Al data are MBS T o 5 from user

Save Params

Load Params

Mouse Cursor Position
Mass

Stoich.
1.0

341.

3

Results: using the D-calculated in sedfit (calculated from the apparent f/fmin), M=107

close to the monomer




From sH (usual buffer) and sD (buffer with heavy water, n°=1.23 cp p°=1.109 g/mL)

In sedphat: options/interaction calculator/Ebel B-v Plot of detergent binding from Density contrast SV”

A graphical representation to investigate:

|s a given association state of the protein (monomer, dimer) compatible with the s- measured in H,O
and D,0O buffers?

Useful when lipid is bound in ill-defined amount

st =M, [(1—py7,) 1 ,;] / Nabny R,

Ry=R, 1s expressed as a function of the other above parameters, and of f/f, ;..
The program plots the mathematical solutions (94 ;v4) fOT Sy 11ins SH maxs SD mins SD max-
The area between these four curves gives the possible solutions (0,4 ;v,)

Plots have to be done for different oligomeric states, and f/f.

min*

In the deuterated buffer, the Svedberg equation is slightly modified to take into account the changes due to
protein and detergent H/D exchange, modifying slightly the effective partial specific volume

sp=M, [(( Mp/M)_ —pp p},) +84((Mp /M), ppia) | / Nabmyp R,



From sH (usual buffer) and sD (buffer with heavy water, n°=1.23 cp p°=1.109 g/mL)

In sedphat: options/interaction ca

smin (H20) = 7.0
sma (H20) = 7.2
smin (D207} = 4.0
sma (D20) = 4.2

M {prof) = 109480

voar (prof) = 0.743

|’
=
=

Iculator/Ebel B-v Plot of detergent binding from Density contrast SV”

| Parameters Concentrations  Experiment Parameters  Run  Fit  Constraints  Statistics  Generate Options  Plot Help

< [ ) S | > o ’E

smax [H20]
1 3?.:2;:[%2203] vbar = 0.796 ml/g, B = 0.968 g/g, fi0 = 1.50 -» R = 4.035e-07 cm, Mb[H20] =

49115 Da, s[H20] = 7.148 5, Mb[D20] = 34839 Da, s[D20] = 41225

oK

Results: for a monomer
With fif,;, = 1.25 v,,,=0.82 +/- 0.02 mL/g, B,,=0.45 +/- 0.15 g/g
With fif, . = 1.5: v,.,=0.80 +/- 0.02 mL/g, B4=0.95 +/- 0.25 g/g
With fif, .. =1.75: v,,=0.79 +/- 0.02 mL/g, B,.=1.5 +/- 0.3 g/g

Dimer: fif,;, > 1.8, with Bdet < 0.5 g/g, v, > 0.82 mL/g, Rs<4.6 nm




Questions?



