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(57) ABSTRACT 

The present invention provides nonionic cleavable surfac
tants (NCS), specifically n-Decyl-disulfide-~-D-maltoside 
(DSSM), suitable for MS-based proteomics and analysis. 
These surfactants are designed to mimic the properties of a 
commonly used surfactant in structural biology, n-dodecyl
~-d-maltoside (DDM), but contain a disulfide bond that 
allows for facile cleavage and surfactant removal before 
analysis. DSSM and other NCS are compatible with native 
mass spectrometry, top-down and bottom-up proteomics, 
ESI-MS and other analytical techniques, and reduce signal 
suppression typically observed with other surfactants. 
DSSM and other NCS provide versatile surfactants that can 
facilitate protein sample preparation under non-denaturing 
conditions for a myriad of proteomic and structural biology 
applications and act as a general replacement for DDM. 

Specification includes a Sequence Listing. 

OHO 

HO~ OH o 
Ho bH ~~s's~ 

HO-',......-bH 

n~Decyl..clisulfide-p-0..maltoside (DSSM) 
CMC (0.01%, 0.2 mM) 

MS 

ll 
Da 

DSSM Redox Cleavage 

\. +TCEP OH o 
HO;~ QH O 

\+CID 

HO . o~'\,sH 
,H HO~ 

MS Dissociation 



A OH 0 
Ho~A OH 0 

B 

HO~ bH "CJ 
HO OH 

n .. Oodecyl-p-D-maltoside {ODM) 
CMC (0.009%, 0.17 mM) 

Maltose • ·,t 
Protein 

OH o 
Ho~A OH o 

HO~ bH ~~~s's~ 
HO~·H 

n .. oecyl-disulfide .. ~-0.maltoside (DSS M) 
CMC (0.01%, 0.2 mM) 

~ 
··• rP1 ,~; •· MS t<:l.. .,> ... 

n-Oecyl , + ~ ~ 

~~· 11 rJ" Labile 
Linker (S-S) ,. , ' 

~:WJ~~ 
Da 

' '@,'' , 
,; ) 

"' Redox Cleavage 
' .... 

' DSSM ' 
OH o 

HO~~ OH o 
HO~O~_,,.---\ ,S, ~ 

H.·o~~ S 8 
OH 

+TCEP OH 0 
HO~ OH 0 

\ 

HO \ o~""'\ ,SH ?---.., ✓ 
+CID OH H~ HS" 1'18 
. OH 

MS Dissociation 

Fig. 1 

""O 
~ ..... 
('D 

= ..... 

t 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 

~ 
~ 
:-: 

~-....J 
N 
0 
N 
.i;... 

rJ'1 =('D 
('D ..... .... 
0 .... 
N 
.i;... 

c 
rJ'1 
N 
0 
N 
.i;... 

---0 
0 
-....J 
O'I 
Ul 
Ul 
~ 

> .... 



Patent Application Publication Mar. 7, 2024 Sheet 2 of 24 US 2024/0076553 Al 

© ~ 
0) E - ~- a, 0 0 © > 0 

~ ¢: Oj ~ 
() < © ~ 

X 0 0 N ~.,.. 0 

:! 
0 
~ 

tJ) 
VJ 0 C ·.···O co 

. .::i.::: Al!SU8+UI 0 
0 
~ 

~ 
+ 0 --- I 0 

(.) ···v 
z + ~ 

(.) ~ 0 N 
X 0 0 ■ 

N Cl ···o 0) .,,_., 
N ~ 

:=! "'--"' LL 
Q 0 
Q 0 

(0 

2 J\l!SU0lUI 0 

~ ~ 
~ E 

0 
.. 0 ...., '"~ 

C ~ 

s 0 (.) 

~ 
0 

···o 
~ :, 

VJ 
0 0 ... o z (.D 

.;:;;:: A}!SU0JUI 0 
0 
~-



Patent Application Publication 

(/) 
I 

:c~(/J :r; 
0 0 

'3:,0~ 
:c 0 
0 

0~ 
:I: 

... :. 

Mar. 7, 2024 Sheet 3 of 24 US 2024/0076553 Al 

0 g g g 
R o ~ 1 9 

C 
d 

:.0 
-i:- 90'l ~ 

-;,- LO'i: 
""' ~{n 

. 
0) 

LL 



Patent Application Publication Mar. 7, 2024 Sheet 4 of 24 US 2024/0076553 Al 

intensity c---------------------------....., 
x1QHl 1+ 

548-2.59 

1,0 

0.8· 

0.6 

0.2 

O,O 400 600 800 1000 

Fig. 4 

1+ 
1078-482 

·1200 1400 miz 



Patent Application Publication Mar. 7, 2024 Sheet 5 of 24 US 2024/0076553 Al 

40k , 

0 

1.5M 

l ..• I 
I 

I 
600 

! 

I 
800 

J I< ... ' 

! 

[2DDM + Hr 

I 
1000 

Fig. 5 

CarbonicAnhydrase 

I I 
I 

I 
1200 

l I t l . 
I 

+DOM {2x CMC) 

I 
1400 mlz 



Patent Application Publication Mar. 7, 2024 Sheet 6 of 24 US 2024/0076553 Al 

J ! .. 0 
···© 

.c ..... 
("') 0 

0 
··N ..... 

0 
··O co 

~ -- E 
0 

, .. ~ 0 
··(O 

.c ..... 
0 N 0 

··N ..... 
0 

··O co 

~ .. E co 
-0 ■ 

0 C') --m 
.c ~ LL ..... 0 

0 
··N 
~ 

0 ... 
··O .. co 

~ ·E 
0 
0 
(0 
~ 

0 0 
0 

-···N 
~ 

0 
--0 .. (X) 

0... a.. 
w w 

tty~ ~ 
(.) ~ I-.. ; Jli. C g- 0-'~ ~ (D "¾~-
N 1.D 



Patent Application Publication Mar. 7, 2024 Sheet 7 of 24 US 2024/0076553 Al 

BeforeTCEP AfterTCEP 

lOx CMC in water 

Fig. 7 



Patent Application Publication Mar. 7, 2024 Sheet 8 of 24 US 2024/0076553 Al 

40k 

[2DDM + H]"' 

Carbonic Anhydrase 
TCEF' 

+DOM (2x CMC) 

◊-------~-----------------
40k 

200k {2M + Naf 

600 800 1000 

Fig. 8 

+DSSM (2x CMC) 
TCEP 

+DSSM (20x CMC) 
TCEP 

1200 1400 mlz 



A 

"' ¼1:~;J:,,41 

B Control 

+10 

&:=39~L •• 
+10 a:i 
+10 

s~ 24.~L.. • 

1500 4500 
rnlz 

10V 

t~ 
DSSM 

2xCMC 
+10 

+10 

20V .iLSJN= 292 
. 

+10 

30 V . ,JI .:"a: 373 

1500 4500 
mlz 

C 

CID r· 

., 

Control 

r" r 
• -,J r" 
/V. • • 

o,sstv1 
5xCMC 

+27 +27 
SJN: 117 ! 10V 

f J,♦ , · l · · 1111111 ; .. ., ' 
+26 +27 

20V 

~:~1C4't~:" 
L 

.•,?_~;,. ~~;:;· 

S/N: 25 

SIN: 42 
S,N: 11~ ,J1, * 

1 

• 

+r 
+27 

SIN: 117 LJ 

.i ; ' •· j I f I 

30V 

3000 7000 
mlz 

S/N: 78 

3000 mlz 7000 

Fig. 9 

""O 
~ .... 
('D 

= .... 
~ 
"e -.... (') 

~ .... .... 
0 = 
""O = O" -.... (') 

~ .... .... 
0 = 

~ 
~ 
:-: 

~-....J 
N 
0 
N 
.i;... 

rJJ =('D 
('D .... 
1,0 

0 .... 
N 
.i;... 

c 
rJJ 
N 
0 
N 
.i;... 

---0 
0 
-....J 
O'I 
Ul 
Ul 
~ 

> .... 



Patent Application Publication Mar. 7, 2024 Sheet 10 of 24 US 2024/0076553 Al 

Control +10 20V 

+9 

+11 
l ~ " . ~ 

DDM +10 20V 

+11 +9 

i i. 

DSSM +10 
20V 

+9 

+11 
l 

''''''''''''''' ,,.!. •• , ' ' """""" '"" """" 

2000 2500 3000 3500 4000 mlz 

Fig. 10 



Patent Application Publication 

Control 

NCS2x CMC 

Mar. 7, 2024 Sheet 11 of 24 US 2024/0076553 Al 

+27 10 V 

+26 

+28 

+27 

+26 

+28 

10V 

. ' . . ' . ' . . . 

1000 2000 3000 4000 5000 6000 7000 mlz 

Fig. 11 



B 

>, .... 
'(i) 
C 
(1} .... 
C 

(J) 

> :;::: 
(\l 

"fil 
0:: 

A 

5 

tlt~* ,~, TECP 

i::B •r,..·#t ~I:: Protein Mixture 
t::";(\ ·-.; .:"-fi-- t:· ~:• 

RiA 

! 

' 

: 

: 

10 

•. ,.,. -.-:,. in OSSM 

Myo 

CA 
\ 

! 
.. ' 

< < 

I I 

i 
< ! 

15 20 
Time[min] 

Ct! 

. I 

DOM 
2xCMC 

' 

DSSM 
2xCMC 
I 

DSSM 
20xCM C 

! 

25 30 

J••},.;-fV Ae-1 
r.1✓ .;ii•.. r .j'l 

'· ~,15~/ 
i.}.)f_Jj!/. tY • ~-,./""· • :.;• 

~'~ ··~ 

C DSSM 

' 600 1000 1400 
mlz 

Fig. 12 

@ ::::.:;.•.•-❖ ·•:M{;;;: ··············ll' ;.;x 

RiA 

Myo 

CA 

1800 

LCMS 

D DOM 

~-.-. .. -.yM~ 

' 

i 

600 

uJ RiA 

: ~ Myo 

,filw_-r'-t __,;_.......,_____ 

[2DDM + H]+ 

L..... 
I 

1000 1400 
m/z 

CA 

l 

1800 

""O 
~ ..... 
('D 

= ..... 

~ 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 

~ 
~ 
:-: 

~-....J 
N 
0 
N 
.i;... 

rJJ =('D 
('D ..... .... 
N 
0 .... 
N 
.i;... 

c 
rJJ 
N 
0 
N 
.i;... 

---0 
0 
-....J 
O'I 
Ul 
Ul 
(,H 

> .... 



Patent Application Publication Mar. 7, 2024 Sheet 13 of 24 US 2024/0076553 Al 

RiA 

Myo 

t- -i 
l l 
l l CA 
l l 
l ! 

! ! 

! l 

~ \: - .. \.._ I \..,, l --'. ---
0 5 10 15 20 25 30 Time [minj 
< •··• ............................... ·• •· •.•••••••••••••••••• -• •· •··• •.••••••• •· •··• •·· ••••••••••••••••• ·••· •··• ••••••••••• •··• •·· ••••••••••••• ·••· •·•• •·· •••••••••••• •·• •· ........... { 
; ( 

. ' 
: [fvl + NHl ' ' 

' 
> 
> 

~~~~~~~-~--~~-~-~,-,~,----~~~~,· 

500 1000 1500 2000 2500 m/z 

Fig. 13 



Patent Application Publication Mar. 7, 2024 Sheet 14 of 24 US 2024/0076553 Al 

A pH~ated potassium 

400 

B 

800 1200 

channelKcsA 

1600 mlz 

1 GSGRHGSALHWRAAG~~~~~ 
21 t1v111v1L1L1A1G1s1y L A1v1L1A ER G1A1P 
41 GA Q1L I T Y P RA l WWLS VA 1T1ALT T 
61 1.VtGtY1.G D LtYLP VT L W GR L VA vlv1v 
s1 M1VlA Gtl tTtSLFLGtLtVtTLAtA L AtT W F V 
101 G R E Q E R R G H F V R H S E K A A El E 
121 t.A Y T R T T R A L H E R F tD Rtl E R M L 
141 D l D L N R R f---1 !---·I l'i L!"'"-i !·-,f f--{ 

Mass: 16744.800 Black: Topological 
Error: +0.005 Da Purple: Transmembrane 
Total# b:27 y:29 Red: lntramembrane 
% Cleavage: 36 °/4 ("'1 /~-v· -ria· ._ g-"'"'; l;> t • Jj 

·'.~ 

: E➔A Mutation 

Fig. 14 



Patent Application Publication Mar. 7, 2024 Sheet 15 of 24 US 2024/0076553 Al 

C Bacteriorhodopsin 

1000 1400 1800 2200 2600 mlz 

D 
1 QA Q I T1G R P1E VV1! 1vv1L 1A1L1G1T1A1L1tv11G1L1G T L 1 

26 Y FL \t1K1G.MGV s1o P1DA1K K F YA! TT L1V1P 
51 A (1 NF T1iv11Y1L1 s1rvt L! L1G1Y G1L1 T1M V1P F G GE Q 
re NPIYWARYADWLF~TPLLLLDLALL 
101 V D A D Q G T I L A L \/ G A D G ~ M I G T G L V G 
12a A L T K VY S Y R F V \/VVVA, ! S ·r A A f\11t ... Y ! L Y 
151 VLF F GF TS KAEtSMRP EVAS T F KV LR 
176 NV 'f V V L VVS A Y P \IV VVLt~ tGr3tEtG~lGtl lVLP 
2:0-1 tL N I tE T L L F fv1 V L D \llS AlK VG FtGLL ! l L R 
m SRAIFGEAEAPEPSAGDGAAATS L • · l I·· f · · • • • 

Mass: 26765 Da Black: Topological 
Error: ~0.98 Da Purple: Transmembrane 
Total# b: 37 y: 21 : PyrroHdone carboxyHc acid 
% Cleavage: 23 % 

Fig. 14 cont. 



Mono: 2493.41 
Fit 99°/o 
Charge: 4 

D 
b25 

624 mlz 626 

Mono: 7362.66 
F l·t·• 9·-'7°1 

.. · · 10 

Charge: 9 
.oi'o_ y60 

0 

0 

t 

819 m/z 820 

Mono: 2380.33 
Fit: 99°/o i I: b24 
Charge: 4 

595 m/z 598 

Mono: 8208.13 

6~:a~g
7!; 1 O . ·t•. •_ ... ]Nf f O yeg 

.. · ..... · . . 1-i .• 

822 mlz 824 

Fig. 15 

""O 
~ ..... 
('D 

= ..... 

t 
"e -... . (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 

~ 
~ 
:-: 

~-....J 
N 
0 
N 
.i;... 

rJJ =('D 
('D ..... .... 
O'I 
0 .... 
N 
.i;... 

c 
rJJ 
N 
0 
N 
.i;... 

---0 
0 
-....J 
O'I 
Ul 
Ul 
~ 

> .... 



Mono: 7477* 76 
Fit: 97% 0 lt-

Charge: 5 

1495 mlz 

Mono: 5683~86 
$ Fit: 98°/4 

Charge: 3 't 

·t 

1894 m/z 

Mono: 2088*07 
b69 Fit: 99°/o 

Charge: 2 
b19 

1499 1043 m/z 1047 

y57 
Mono: 5112.60 
Fit: 98°/4 
Charge: 3 

y50 

1900 1705 m/z 1708 

Fig. 16 

""O 
~ ..... 
('D 

= ..... 

t 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 

~ 
~ 
:-: 

~-....J 
N 
0 
N 
.i;... 

rJJ =('D 
('D ..... .... 
-....J 
0 .... 
N 
.i;... 

c 
rJJ 
N 
0 
N 
.i;... 

---0 
0 
-....J 
O'I 
Ul 
Ul 
~ 

> .... 



Patent Application Publication Mar. 7, 2024 Sheet 18 of 24 US 2024/0076553 Al 

> 
0 
N 

(.0 
+ 

::c 
0 ".t' 

T 
' 0 

'-0 
+ 

'f 
0 
/ 

<;) 

0 

;,~} 
1-\ bx 

> 
0 
lO 

(./) 
(.) 
tt:: 

:::i:: 

-s:! 
E 

> > 
0 0 0 
<Cl r- 0 

0 
r,,... r-,... 

~ . 
0) 

LL 

0 
0 
0 
I.!') 

0 ____ ...._g 
(/) ~ 
() 
rt: 



A 

500 

C 

~. i \ 
1100 

700 

I 

HUMAN 40S ribosomal 
protein S26 
Mass: 13 kDa 
P-value: 2.67e-024 

900 1100 mlz 

HUMAN ATP synthase 
F(O) complex subunit C1 
Mass: 7.6 kDa 
P-value: 2.04e-030 
2TMD 

11 I 

B 

600 

D 

! 

HUMAN Peptidyl-prolyl cis
trans isomerase FKBP1 A 
Mass: 12 kDa 
P-value: 9.29e-023 

1000 1400 1800 rnlz 

l 
H. ·U.MA.. N. • Jupiter micr•. otubule 
associated homolog 1 
Mass: 16 kDa p 

, PNvalue: 2,96E-13 - +80Da 
• V •, •- V V V VVVVVVVV V V V V V VVV. 

M ·•· ; 11 I ; '* l, ..ll , . , l 1 
l ! 

1300 1500 1700 mlz 15900 15940 15980 16020 Oa 

Fig. 18 

""O 
~ ..... 
('D 

= ..... 

t 
"e -.... (') 
~ ..... .... 
0 = 
""O = O" -.... (') 
~ ..... .... 
0 = 

~ 
~ 
:-: 

~-....J 
N 
0 
N 
.i;... 

rJJ =('D 
('D ..... .... 
1,0 

0 .... 
N 
.i;... 

c 
rJJ 
N 
0 
N 
.i;... 

---0 
0 
-....J 
O'I 
Ul 
Ul 
~ 

> .... 



Patent Application Publication Mar. 7, 2024 Sheet 20 of 24 US 2024/0076553 Al 

A 
RCS Extraction 

1 h, 50 °C 

l 
Reduce, a!ky!ate, digest, & 

degrade surfactant 
3 h, 50 "C 

l 

B 
8000 

6847 
~ 6275 6323 6329 
~ 6000 
C 
© 

:32 

2-e 4000 
0 
C 

'ID e 2000 
0.. 

0 
1 2 3 Tota! 

2xCMC 

Fig. 19 

6712 
6169 6257 6244 

1 2 3 Total 

20x CMC 



A so 

25 
,->! 

~w 
<.> 

;z: 
a. 
£ 15 
V 
:E u 10 
:,,; 
N r::0.995 

5 

0 
14 19 

2>: CMC Rer,iijtate- 2 

B 
3(l ,-w 

.,.; 2S (. 
<li i:: 1·····~··.~·~··· 

~ 10 i r~(t99S 

2 
5 

0 
14 19 

Wx. CMC R~lcate 2 

24 

24 

so ,······················································································································ 

25 , 
M 
~ 
~ 20 , 

!~i~ 
V 10 ( 
X 
N 

5 

(} ................................................................................ . 

14 19 24 

2X CMC Rep!kW: 3 

wr 
25 i 

! :: i i· ;,r::s?: ·-
~ 10 ! r~o.sn 
0 : 
N : 

s I 
0 I 

14 19 24 

Wx CMC Replicate 3 

Fig. 20 

30 

25 
N 

$" !::;=~ 
V 1Q 
X 
N 

5 
r~0.992 

Q 14;··········································:·.-.-.·.-.-.-.-.-.-................................... ..l ..... •.•.•.• 

19 24 

2x CMC Repik:.ite 3 

30 ,································································,····························································· 

2$ i•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••w••••••••••••••••••••••••••••••••••••••••••••••••••••••·•••· 

N20 ) ........................ * ........ : .. ;Mt.\fl..,.. 
<li 

8 
i1s 

~ 1 ..............................................................••..... i 10 

N~$ L .................................................. , ......................................................................... w ...... . 

ri::0,994 

0 
14 19 24 

Wx. CMC Rtp!kate 3 

""O 
~ ..... 
('D 

= ..... 

t 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 

~ 
~ :-: 

~-....J 
N 
0 
N 
.i;... 

rJJ =('D 
('D ..... 
N .... 
0 .... 
N 
.i;... 

c 
rJJ 
N 
0 
N 
.i;... 

---0 
0 
-....J 
O'I 
Ul 
Ul 
~ 

> .... 



C 30 :···· 

iS :'-•••••••••••••••w.w.•.••••••••••••w...-.•.••••••••••••w•••••'•••••w•w•w•••••••••••••••w...-.•.••w 

rl 

$ 20 m 
,Y 
0, 
~ 15 
V 

610 
)( 
N 

·::~e1SS>Jr························· 
~,~-.. • ...... : .. ,. 

t•••••••••••••••••••••••••••••••W••W•• : •••••••••••••••W•••••••••••••••••W•••••. •••••••••••••• 

r~,984 
5 :,. ... •.w.•.w.•.•.•••·•••·•••·•••·••.•••·•••·•••·•••·•••·••w.•.•.;.•.w•.•.•••·•••·•••·•••·•••·•••·•••·•••·•••·••••••·•••·•••·•••·•••·•••·•;•.•••·••w.-.•.•••·•••·••• 

0 ::;.;.;.:.;.:.;.:.;.:.;.:.;.:.;.:.;.;.; .. ;.;.;.:.;.:.;.:.;.:.;.:.;.:.;.:.;.;.;.;.;.:.;.:.;.:.;.:.;.:.;.:.;.:.;.:.;.;.; .. ;.;.;.:.;.:.;.:.;.:.;.:.;.:.;.:.;.;.;:.;.:.;.:.;.:.;.:.;.:.;.:.;.;. 

14 19 24 

20x CMC Replicate 1 

30 

25 .. 
N 
JU t 20 .ti 

;~ 

l1s 
~ 
u 
610 1-....... , .. , .. , .. , .. , .. , .. , .. , .. , .. , ............... ; ... , .. , .. , .. , .. ,., .. , .. , .. , .. , .. , .. , .. , .. , .. , ...... , .... , .. , .. , .. , .. , .. 

X 
N ~o.984 

s :,. ... ·.•.·.•.·.•.·.•.·.•.·.•.·.•.·.•.·.•.·•.·.•.·.•.·.•.·.•.·.• .. •.·.•.· .. ;.• .. •.·.•.·.•.·.•.·.•.·.•.·.•.·.•.·.•.·.•.·.•.·.•.·.•.·.•.·.•.·.•.·.•.· .. ; ... •.·.•.·.•.· ... • .. • .. •. 

0 '········································································· <·············· 

14 19 24 

20x CMC Replitate 2 

Fig. 20 cont. 

30 , ..... 

t,.,.;.;.;.;.;.;.; •• ; •• ; •• ; •• ; •• ; •• ; •• ; •• ; ••••••••••••••. -25 
m 
2 20 : $$:w 
~ 
V 

i 
~ 15 ti:: 
u 

a 10 r-0.9so 
x- l .•. •.················ .... ·•·•·•·•·•·•·•·•·•·•·•·•·•·•·•·•·•· .... ····l····································r 

N 

5 

0 ':._ .w,••••.•,.wm. ; • wm 

14 .. 19 24 
20x CMC Replicate 3 

""O 
~ ..... 
('D = ..... 

t 
"e -.... (') 

~ ..... .... 
0 = 
""O = O" -.... (') 

~ ..... .... 
0 = 
~ 
~ :-: 

~-....J 
N 
0 
N 
.i;... 

rJJ =('D 
('D ..... 
N 
N 
0 .... 
N 
.i;... 

c 
rJJ 
N 
0 
N 
.i;... 

---0 
0 
-....J 
O'I 
Ul 
Ul 
~ 

> .... 



Patent Application Publication Mar. 7, 2024 Sheet 23 of 24 US 2024/0076553 Al 

i) Caibohvdratc \Vith die g,eneral formual 
.,: !,;,.,' 

Exam:ples: 

--·; ·'H"O' Cx{ .. Jn 

Chemical Formula; Coll1206 
Ghtcosc (x====6. n:=·=-=6) 

Che1nical F onnula: C 12H2lO 11 

i\i-faltose ( x=:,:,:, i 2, n:=:,:,:J l) 

iii) 
OH OH 

L, ,.DH HO" J 
'" _.,. ·,.)._.,., 

f 
... ; ...... A ./' ·-o o.,.-· 

I I 
F; .... ~ .... ; ...... ,.,....•//✓ 

< 
< , , 

H~~1:~H 
--~OH 

OH 
Chemical Formual: C12Hn011 

Sucrose (x~ 12, rF 11) 

iv) 

ii) 

Y2 

Y 1 and Y mono or polysacca.ride 
(up to 4) 

H .-1--0.,.,_,./.,.-t----

n::=,=:J---2 0 

Fig. 21 
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NONIONIC, REDOX-CLEAVABLE 
SURFACTANT FOR MASS 

SPECTROMETRY-BASED PROTEOMICS 
AND STRUCTURAL BIOLOGICAL 

APPLICATIONS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims priority from U.S. Provi
sional Application No. 63/399,004, filed Aug. 18, 2022, 
which is incorporated by reference herein to the extent that 
there is no inconsistency with the present disclosure. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] This invention was made with govermnent support 
under GMll 7058 awarded by the National Institutes of 
Health. The govermnent has certain rights in the invention. 
[0003] REFERENCE TO AN ELECTRONIC 
SEQUENCE LISTING 
[0004] The content of the electronic sequence listing 
(339639 _29-22US.xml; Size: 4,096 bytes; and Date of Cre
ation: Aug. 15, 2023) is herein incorporated by reference in 
its entirety. 

BACKGROUND OF THE INVENTION 

[0005] The comprehensive sequencing of proteins for the 
determination of their abundance and sequence variations is 
critical for understanding biological systems at a functional 
level in health and disease. 1 Mass spectrometry (MS)-based 
proteomics has emerged as the most powerful technique for 
sequencing proteins.2 The 'bottom-up' approach, which ana
lyzes proteins digested into peptides, enables deep proteome 
coverage for the identification and quantification of proteins 
and post-translational modifications (PTMs). 3 The lop
down' approach studies intact proteoforms for comprehen
sive characterization of PTMs together with sequence varia
tions.4

-
6 

[0006] These complementary approaches require that pro
teins first be extracted and solubilized from cells. Surfac
tants (also known as detergents) are commonly used for cell 
lysis and solubilization of proteins, especially when hydro
phobic species such as membrane proteins are concemed.7 
Unfortunately, surfactants generally have a deleterious effect 
on MS signals and results, as well as common protein/ 
peptide separation techniques such as reversed-phase liquid 
chromatography (RPLC). 8 •

9 

[0007] For bottom-up proteomics, surfactants are com
monly removed using filters; however, this approach can be 
time-consuming, labor-intensive, and result in protein loss. 
10

• 
11 More mild detergents, such as n-dodecyl-~-d-maltoside 

(DDM), have been used directly with LC-MS to increase 
throughput for hydrogen-deuterium exchange12 and single
cell proteomics, 13 as the detergent elutes away from pep
tides. However, this approach can cause issues with LC 
colunm fouling and method robustness.9 In top-down pro
teomics, surfactants are commonly removed by precipita
tion, 14 which can result in sample loss and irreproducibility 
or fail to fully remove the surfactant. 15 

[0008] A promising alternative approach to filters or pre
cipitation is MS-friendly cleavable surfactants that can 
extract proteins and then be degraded into innocuous 
byproducts before MS analysis. 16 Anionic, acid-cleavable 
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surfactants17
-
19 have been commonly employed for bottom

up proteomics and the present inventor group previously 
developed an anionic photocleavable surfactant amenable to 
both bottom-up and top-down proteomics.20 

• 
21 However, 

these previously developed surfactants are highly denatur
ing, a characteristic that is beneficial for global protein 
extraction and enhanced proteolytic digestion, but precludes 
their use for applications where non-denaturing conditions 
are desirable (e.g., affinity purification). Moreover, while 
anionic cleavable surfactants are MS-friendly after degra
dation and have been successfully employed for proteomics 
experiments, they can still suppress MS signals making 
them suboptimal for high-sensitivity applications compared 
to non-ionic detergents.22 This is especially true for the 
acid-cleavable surfactants, which were found to greatly 
suppress the signal of proteins and peptides when analyzed 
direly by MS.20

•
21

•
23 

[0009] Accordingly, there is a need to develop improved 
MS-compatible surfactants, particularly surfactants having 
desirable characteristics, including but not limited to 
enhanced compatibility with analytes of interest ( e.g., high 
solubility of membrane proteins) and increased flexibility 
with regard to cleaving methods ( e.g., easily performed 
chemical cleavage instead of photo-cleavage requiring 
exposure to specific wavelengths of light). 

SUMMARY OF THE INVENTION 

[0010] The present invention provides chemically-cleav
able surfactants, specifically nonionic cleavable surfactants 
(NCS), suitable for MS-based proteomics and analysis. As 
used herein, the term "redox" refers to a chemical reaction 
that takes place between an oxidizing substance and a 
reducing substance, where the oxidizing substance loses 
electrons in the reaction while the reducing substance gains 
electrons. 
[0011] Conventional surfactants interfere with MS-based 
proteomics and peptidomics, so they must be removed 
before analysis, resulting in sample loss and reduced 
throughput. One aspect of the present invention provides 
nonionic cleavable surfactants (NCS) that have been 
designed and synthesized by inserting a cleavable disulfide 
bond between a hydrophilic head and hydrophobic tail, 
where the cleavable disulfide bond is able to release the 
hydrophilic head and release the hydrophobic tail when 
cleaved. In an embodiment, the surfactants of the present 
invention are able to be cleaved and degraded upon treat
ment with a suitable reducing agent and/or collisional and 
electron based fragmentation techniques. The resulting 
cleavage products are more easily removed prior to MS 
analysis and/or provide reduced MS interference. Prefer
ably, the NCS are also nonionic and are non-denaturing in 
that they will not significantly denature proteins or polypep
tides. Accordingly, in one application, the chemically-cleav
able surfactants of the present invention are suitable for 
native mass spectrometry (MS) and MS analysis of proteins, 
protein complexes and large polypeptides. Additionally, the 
surfactants of the present invention are suitable for structural 
applications and analytical techniques other than MS, 
including but not limited to the preparation of samples. 
[0012] General types of surfactants able to be cleaved 
using oxidation-reduction reactions were first published in a 
2019 Langmuir paper (Xue et al., Langmuir, 2019, 35: 
4319-4327) as part of a class of chemically cleavable 
detergents (CCDs) for use in the study of membrane pro-
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teins. In that paper, CCDs were used for selective exchange 
to remove membrane proteins of interest for subsequent 
reconstitution and analysis using electron microscopy. 
[0013] However, the present disclosure is believed to be 
the first demonstration of NCS optimized for MS-based 
proteomics. The NCS described herein are able to extract 
and solubilize proteins, including membrane proteins, for 
streamlined characterization using native, top-down and 
bottom-up proteomics. 
[0014] In an embodiment, the surfactants of the present 
invention are additionally designed to mimic the properties 
of one of the most used surfactants in structural biology, 
n-dodecyl-beta-d-maltoside (DDM). However, unlike 
DDM, the surfactants disclosed herein include a disulfide 
bond to enable facile cleavage and surfactant removal prior 
to MS analysis. Additionally, the surfactants disclosed 
herein are able to be used in structural applications and 
analytical techniques other than MS. For example, in one 
embodiment surfactants disclosed herein are used to prepare 
samples for crystallography, electron microscopy, and cryo
electron microscopy. 
[0015] In one embodiment, the present invention provides 
a chemically-cleavable surfactant comprising: a) hydro
philic head, b) a hydrophobic tail, and c) a cleavable 
disulfide bond covalently linking the hydrophilic head and 
hydrophobic tail, where the cleavable disulfide bond is able 
to release the hydrophilic head, release the hydrophobic tail, 
and/or break apart upon exposure to a reducing agent. In an 
embodiment, any reducing agent may be used that is able to 
reduce and break disulfide bonds. Preferably, the reducing 
agent is selected from the group consisting of tris(2-car
boxyethyl)phosphine (TCEP), dithiothreitol (DTT), beta 
mercaptoethanol (BME), dithiobutylamine (DTBA), [N,N'
dimethyl-N,N'-bis(mercaptoacetyl) hydrazine (DMH), glu
tathione (GSH), borane dimethylsulfide (BMS), cysteine
HCl, 2-mercaptoethylamine-HCl, and combinations thereof. 
In an embodiment, the surfactant is n-decyl-disulfide-~-D
maltoside (DSSM). 
[0016] Preferably, the chemically-cleavable surfactant is 
stable at a pH range that is not operable for other existing 
surfactants, such as acid labile surfactants. In an embodi
ment, the chemically -cleavable surfactant is able to remain 
stable at a pH of 4 or lower, at a pH of 3 or lower, at a pH 
of or lower 2, or at a pH of 1 or lower. Conventional acid 
labile surfactants typically hydrolyze at a pH of approxi
mately 2-3. In an embodiment, the chemically-cleavable 
surfactants of the present invention are stable at low pH 
(-4 ). This makes surfactants of the present invention well 
suited for both ofl:line and online LC/MS analysis of pro
teins, which commonly utilize acid in the electrospray 
solution and mobile phases. Moreover, many proteins need 
to be extracted under acidic conditions, which renders 
conventional rapidly acid-labile surfactants ineffective. 
Similarly, in an embodiment, the chemically-cleavable sur
factant is stable at a pH of 7 or greater, a pH of 6 or greater, 
a pH of 5 or greater, a pH of 4 or greater, or a pH of 3 or 
greater. 
[0017] In an embodiment, the chemically-cleavable sur
factant has the formula: 
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wherein, Rl is a hydrophilic moiety and R2 is a hydrophobic 
moiety. In an embodiment, Rl comprises one or more 
monosaccharides, disaccharides, polysaccharides, or com
binations thereof, where at least one of the one or more 
saccharides are branched. In an embodiment, Rl comprises 
an ether group having between 1 and 30 carbon atoms, 
between 1 and 20 carbon atoms, between 1 and 16 carbon 
atoms, between 1 and 10 carbon atoms, or between 1 and 6 
carbon atoms. 
[0018] In an embodiment, Rl comprises an oligoglycerol, 
including but not limited to a triglycerol, tetraglycerol, 
pentaglycerol, hexaglycerol and/or decaglycerol, or Rl 
comprises a polyethylene glycol. In an further embodiment, 
Rl comprises a polyethylene glycol having the formula 
(=(O-CH2-CH2)n-OH), where n is an integer selected 
from 3-20, preferably selected from 3-15, or preferably 
selected from 4-10. As used herein, dashed lines represent 
the bond where a group or moiety attaches to the rest of the 
surfactant molecule. 
[0019] In an embodiment, Rl comprises a carbohydrate 
having the general formula Cx(H2O)n, or derivatives 
thereof, including monosaccharides and disaccharides. Suit
able carbohydrates able to form Rl include, but are not 
limited to, derivatives of glucose (where x=6 and n=6), 
sucrose (where x=12 and n=ll), and maltose (where x=12 
and n=ll) (see FIG. 21, panel i). Exemplary monosaccha
rides able to form Rl are illustrated in FIG. 22. 
[0020] In an embodiment, Rl comprises a group having 
the formula: 

where Yl and Y2, independently form one another, are each 
a monosaccharide, disaccharide, or polysaccharide (see FIG. 
21, panel ii). The dashed line represents the bond where the 
group attaches to the rest of the surfactant molecule. Option
ally, Yl and Y2 each have a maximum of four saccharide 
groups. Preferably, Yl and Y2 combined have a maximum 
of four saccharide groups. 
[0021] In an embodiment, Rl comprises an oligoglycerol 
having the formula: 

(see FIG. 21, panel iii). The dashed line represents the bond 
where the oligoglycerol attaches to the rest of the surfactant 
molecule. 
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[0022] In an embodiment, Rl comprises a polyethylene 
glycol having the formula: 

(see FIG. 21, panel iv). Preferably, n is an integer selected 
from 3-20, selected from 3-15, or selected from 4-10. The 
dashed line represents the bond where the polyethylene 
glycol attaches to the adjacent group or the rest of the 
surfactant molecule. 

[0023] In an embodiment, R2 is a substituted or unsub
stituted alkyl, alkenyl, alkynyl, or aryl group having 
between 1 and 40 carbon atoms, between 1 and 30 carbon 
atoms, between 1 and 20 carbon atoms, between 1 and 16 
carbon atoms, between 1 and 10 carbon atoms, or between 
1 and 6 carbon atoms. In an embodiment, R2 is a substituted 
or unsubstituted alkyl, alkenyl, alkynyl, or aryl group 
between 2 and 40 carbon atoms, between 2 and 30 carbon 
atoms, between 2 and 20 carbon atoms, between 2 and 16 
carbon atoms, between 2 and 10 carbon atoms, between 2 
and 6, between 6 and 20 carbon atoms, between 6 and 15 
carbon atoms, or between 6 and 10 carbon atoms. Option
ally, the alkyl, alkenyl, alkynyl, or aryl groups are branched 
or unbranched. 

[0024] In an embodiment, R2 comprises an alkyl group 
having the formula: 

where n and x, independently from one another, are integers 
selected from 1-30, preferably selected from 1-20, or pref
erably selected from 1-15. The dashed line represents the 
bond where the alkyl group attaches to the rest of the 
surfactant molecule. 

[0025] In an embodiment, R2 comprises an aryl group 
having the formula: 

---~ 

~or 

where n is an integer selected from 1-30, preferably selected 
from 1-20, preferably selected from 1-15. The dashed line 
represents the bond where the aryl group attaches to the rest 
of the surfactant molecule. 

[0026] Optionally, the chemically-cleavable surfactant 
comprises a linker group between Rl and the disulfide bond, 
where the linker is an ether, alkyl, alkenyl, or alkynyl group 
having between 1 and 12 carbon atoms. Preferably, the 
linker is an alkyl group having between 1 and 6 carbon 
atoms. 
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[0027] In an embodiment, the chemically-cleavable sur
factant has the formula: 

[0028] wherein, Rl is a hydrophilic group as defined 
above, R2 is a hydrophobic group as defined above, and n is 
an integer selected from 1 to 6. Preferably, Rl comprises one 
or more branched or unbranched monosaccharides, disac
charides, or polysaccharides, an oligoglycerol, a polyethyl
ene glycol, or combinations thereof. Preferably, R2 is a 
substituted or unsubstituted alkyl, alkenyl, alkynyl, or aryl 
group having between 2 and 30 carbon atoms. 

[0029] In an embodiment, the chemically-cleavable sur
factant has the formula: 

,..,...o, ✓ s--.... ,....-R2 
R1 Mn S 

n ~ 1-6 

wherein, Rl is a hydrophilic group as defined above, R2 is 
a hydrophobic group as defined above, and n is an integer 
selected from 1 to 6. Preferably, Rl comprises one or more 
branched or unbranched monosaccharides, disaccharides, or 
polysaccharides, an oligoglycerol, a polyethylene glycol, or 
combinations thereof. Preferably, R2 is a substituted or 
unsubstituted alkyl, alkenyl, alkynyl, or aryl group having 
between 2 and 30 carbon atoms. 

[0030] In an embodiment, the chemically-cleavable sur
factant has the formula: 

_t n OH 

H~~O - ~ 0 s--._ ~-
OH ~ S s 

HO OH 

[0031] In an embodiment, the present invention provides 
a method of solubilizing a compound comprising the steps 
of: a) mixing the compound with a chemically-cleavable 
surfactant in a solution until the compound is dissolved in 
the solution; and b) exposing the solution containing the 
chemically-cleavable surfactant and dissolved compound to 
a reducing agent, thereby cleaving the chemically-cleavable 
surfactant, wherein the chemically-cleavable surfactant 
comprises: i) hydrophilic head, ii) a hydrophobic tail, and 
iii) a cleavable disulfide bond covalently linking the hydro
philic head and hydrophobic tail, where the cleavable dis
ulfide bond is able to release the hydrophilic head, release 
the hydrophobic tail, and/or break apart upon exposure to a 
reducing agent. In an embodiment, any reducing agent may 
be used that is able to reduce and break the disulfide bonds. 
Preferably, the reducing agent is selected from the group 
consisting oftris(2-carboxyethyl)phosphine (TCEP), dithio
threitol (DTT), beta mercaptoethanol (BME), dithio-
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buty !amine (DTBA ), [N,N'-dimethyl-N,N'-bis( mercap
toacety l) hydrazine (DMH), and combinations thereof. 
[0032] The solution comprises an organic solvent, aque
ous solvent, or combinations thereof. Optionally, the solu
tion also comprises 10% or less of an acid. The solution also 
comprises 5% or less of the chemically-cleavable surfactant, 
preferably 1 % or less of the photo-cleavable surfactant, 
preferably 0.5% or less of the chemically-cleavable surfac
tant. In an embodiment, the solution comprises 70% or more 
of an organic solution, 5% or less of an acid, and 0.1 % or 
less of the chemically-cleavable surfactant. Preferred 
organic solvents include, but are not limited to, acetonitrile, 
methanol, and isopropanol (IPA). 
[0033] Preferably, the compound is a protein, protein 
complex, or polypeptide. In an embodiment, the compound 
is a membrane protein, including but not limited to receptor 
proteins (e.g., beta-adrenergic receptors) or ion channel 
proteins. In an embodiment, the compound is an extra
cellular matrix protein (ECM). 
[0034] Optionally, the method further comprises perform
ing mass spectrometry (MS) analysis on a portion of the 
solution containing the compound and cleaved chemically
cleavable surfactant, such as part of an online liquid chro
matography-mass spectrometry (LC/MS) experiment. In an 
embodiment, after dissolving the compound in a solution 
containing the chemically-cleavable surfactant, a chroma
tography step is performed on the solution in order to purify 
or separate the components in the solution. The portion or 
fraction of the solution which contains the dissolved com
pound is exposed to the reducing agent before injecting or 
spraying the dissolved compound into the mass spectrom
eter. Optionally, the cleaving step occurs after chromatog
raphy separation of proteins before spraying into the mass 
spectrometer, as the experiments happen in a real time. 
[0035] The chemically-cleavable surfactants of the present 
invention are also amendable for use in automated MS 
systems, where the cleavage of the surfactant is able to be 
performed within the MS device itself and optionally with
out the use of a reducing agent. For example, in an embodi
ment, collision and electron based fragmentation techniques 
including but not limited to collision-induced dissociation 
(CAD), electron transfer dissociation (ETD), electron cap
ture dissociation (ECD) used in common MS analysis are 
used to cleave the surfactant and dissociate the surfactant 
and/or its cleavage products from the compound. 
[0036] Accordingly, in an embodiment, the chemically
cleavable surfactants of the present invention are provided in 
a method for analyzing a compound comprising the steps of: 
[0037] a) mixing the compound with a chemically-cleav
able surfactant in a solution until the compound is dissolved 
in the solution, wherein the chemically-cleavable surfactant 
comprises: i) a hydrophilic head, ii) a hydrophobic tail, and 
iii) a cleavable disulfide bond covalently linking the hydro
philic head and hydrophobic tail, where the cleavable dis
ulfide bond is able to release the hydrophilic head, release 
the hydrophobic tail, and/or break apart upon exposure to 
collisional energy during mass spectrometry; 
[0038] b) exposing the solution containing the chemically
cleavable surfactant and dissolved compound to collisional 
energy or electron based fragmentation within a mass spec
trometer device, thereby decomposing the chemically-cleav
able surfactant; and 
[0039] c) performing mass spectrometry (MS) analysis on 
a portion of the exposed solution containing the compound. 
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In an embodiment, exposing the solution contammg the 
chemically-cleavable surfactant and dissolved compound to 
collisional energy comprises performing collision-induced 
dissociation (CID). Preferably, the solution containing the 
chemically-cleavable surfactant and dissolved compound is 
exposed to collisional energy between 2-200 eV, between 
20-200 eV, between 60-200 eV, between 100-200 eV, 
between 150-200 eV, between 60-150 eV, between 20-60 eV, 
between 20-50 eV, between 20-30 eV, or between 2-10 eV. 
[0040] Preferably, the compound comprises one or more 
polypeptides and/or intact soluble protein complexes. Pref
erably, the compound as a molecular weight of 100 daltons 
or more, 200 daltons or more, 500 daltons or more, or 1,000 
daltons or more. 
[0041] In an embodiment, the chemically-cleavable sur
factant of the above methods has the formula: 

wherein, Rl is a hydrophilic moiety and R2 is a hydrophobic 
moiety. In an embodiment, Rl comprises between 1 and 30 
carbon atoms, between 1 and 20 carbon atoms, between 1 
and 16 carbon atoms, between 1 and 10 carbon atoms, or 
between 1 and 6 carbon atoms. Preferably, Rl comprises at 
least two carbon atoms. 
[0042] Optionally, Rl comprises one or more branched or 
unbranched monosaccharides, disaccharides, polysaccha
rides, or combinations thereof. Optionally, Rl comprises a 
group having the formula: 

Y1 

\,)----- ?H QH ru 

l ~cH HOY 

l) 
H1°'--v/l-,,, 

where n is an integer selected from 3-20, selected from 3-15, 
or selected from 4-10, and where Yl and Y2, independently 
form one another, are each a monosaccharide, disaccharide, 
or polysaccharide. The dashed line represents the bond 
where the group attaches to the adjacent group or the rest of 
the surfactant molecule. Preferably, Rl comprises one or 
more monosaccharides, disaccharides, polysaccharides, or 
combinations thereof. 
[0043] In an embodiment, R2 is a substituted or unsub
stituted alkyl, alkenyl, alkynyl, or aryl group having 
between 1 and 40 carbon atoms, between 1 and 30 carbon 
atoms, between 1 and 20 carbon atoms, between 1 and 16 
carbon atoms, between 1 and 10 carbon atoms, between 1 
and 6 carbon atoms, between 6 and 20 carbon atoms, 
between 6 and 15 carbon atoms, or between 6 and 10 carbon 
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atoms. Preferably, Rl comprises at least two carbon atoms. 
Preferably, R2 has the formula: 

where n is an integer selected from 1-30, preferably selected 
from 1-20, preferably selected from 1-15. The dashed line 
represents the bond where the alkyl group or aryl group 
attaches to the rest of the surfactant molecule. 

[0044] In an embodiment, wherein the chemically-cleav
able surfactant of the above 

[0045] methods has the formula: 

_t n OH 

H~~O -~ 0 s, ~-
OH ~ S s 

HO OH 

[0046] Accordingly, the NCS reagents and methods of the 
present invention provide valuable tools for MS-based pro
teomics, with applications ranging from in-depth proteoform 
characterization to proteome-wide studies. The NCS 
reagents disclosed herein are useful as surfactants for 
improved single cell analysis and for use in LC-MS of 
standard intact proteins, top-down proteomics of membrane 
proteins and cell lysates, and single-pot bottom-up pro
teomics. 

[0047] Additionally, the surfactants and methods 
described herein can be utilized to improve solubility of 
compounds in a wide range of structural biological and 
chemical applications, including applications that typically 
involve denaturing surfactants. For example, to study inte
gral membrane proteins, the proteins must be extracted from 
the membrane, a step that is typically achieved by the 
application of detergents (see Stetsenko et al., Crystals, 
2017, 7(7):197). Once removed, the extracted proteins may 
be used to prepare samples for analytical methods, including 
but not limited to x-ray crystallography, electron micros
copy, and cryo-electron microscopy. In an embodiment, the 
surfactants disclosed herein are used as a replacement for 
conventional surfactants (such as DDM) in the preparation 
of samples for x-ray crystallography and electron micros
copy, particularly cryo-electron microscopy. Similarly, 
hydrogen deuterium exchange mass spectrometry (MS) has 
become a key technique for monitoring structural and 
dynamic aspects of proteins dissolved in solution (see Kon
ermann et al., Chem. Soc. Rev., 2011, 40(3): 1224). In 
another embodiment, the surfactants disclosed herein are 
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used as a replacement for conventional surfactants (such as 
DDM) currently used in hydrogen deuterium exchange-MS. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0048] FIG. 1. (Panel A) Comparison of the chemical 
structures of n-Dodecyl-~-D-maltoside (DDM) and 
n-Decyl-disulfide-~-D-maltoside (DSSM). (Panel B) Over
view of using a DSSM for proteomics. 
[0049] FIG. 2. Compatibility of DSSM with ESI-MS of 
intact proteins. MS spectra of carbonic anhydrase (left), 
carbonic anhydrase with DDM (2x CMC) (middle), and 
carbonic anhydrase in DSSM after degradation with TCEP 
(right). 
[0050] FIG. 3. NMR of the final product. 1 H NMR ( 400 
MHz, DMSO-d6) Ii 5.63 (d, J=3.2 Hz, lH), 5.46 (d, J=6.1 
Hz, lH), 5.33 (d, J=6.1 Hz, lH), 5.02 (d, J=3.8 Hz, lH), 4.90 
(t, 1=5.2 Hz, 2H), 4.52 (t, J=5.4 Hz, lH), 4.45 (t, J=5.6 Hz, 
lH), 4.32 (d, J=9.5 Hz, lH), 3.70 (dd, J=ll.4, 5.3 Hz, lH), 
3.62 (dd, J=9.7, 5.3 Hz, lH), 3.54 (dt, J=ll.4, 5.4 Hz, lH), 
3.50-3.42 (m, 3H), 3.41-3.35 (m, lH), 3.31-3.26 (m, 3H), 
3.23 (ddt, J=9.7, 6.1, 2.8 Hz, lH), 3.06 (td, J=9.1, 5.6 Hz, 
lH), 2.80 (td, J=7.0, 1.9 Hz, 2H), 1.61 (p, J=7.1 Hz, 2H), 
1.36-1.19 (m, 14H), 0.89-0.82 (m, 3H). 
[0051] FIG. 4. ESI-MS for DSSM (M=C22H420 10S2). 

Experimental =[M + NH4 t =548 .25 9 Da, Calculated=548. 
256 Da, Error=0.003 Da. Minor peaks [2M+Ht. 1061.457, 
[2M+NH4 t=1078.457. 
[0052] FIG. 5. ESI-MS of carbonic anhydrase with and 
without DDM. 
[0053] FIG. 6. Time-course of DSSM (2x CMC) degra
dation using MS signal of carbonic anhydrase as a bench
mark. DSSM was degraded with 5 eq of TCEP. The signal 
of carbonic anhydrase was monitored to determine the time 
necessary to achieve a quality MS signal. 
[0054] FIG. 7. Picture of DSSM (!Ox CMC in water) 
before and after degradation with TCEP. The sample was 
centrifuged, and no precipitate was observed. 
[0055] FIG. 8. ESI-MS analysis of carbonic anhydrase in 
DSSM at 2x and 20x CMC. 
[0056] FIG. 9. (Panel A) Schematic representation of 
surfactant dissociation using collisional activation. (Panels 
B-C) Native MS of carbonic anhydrase monomers and the 
tetramer forming alcohol dehydrogenase complex with and 
without DSSM (2x CMC or 5x CMC) under different 
collisional activation conditions. 
[0057] FIG. 10. ESI-MS analysis of carbonic anhydrase 
with and without DDM or DSSM (2x CMC). 
[0058] FIG. 11. ESI-MS analysis of alcohol dehydroge
nase with and without DSSM (2x CMC). 
[0059] FIG. 12. Comparison ofDSSM and DDM compat
ibility with LC-MS analysis of intact protein mixture. (Panel 
A) Schematic representation of LC-MS analysis of intact 
protein in DSSM, (Panel B) Chromatogram of ribonuclease 
A (RiA), myoglobin (Myo ), and carbonic anhydrase (CA). 
Three replicates are overlapped for each condition. (Panels 
C-D) Mass spectrum of intact proteins in DSSM (after 
degradation) and DDM. 
[0060] FIG. 13. Base peak chromatogram of a mixture of 
standard proteins in DSSM after degradation demonstrating 
the elution of the head group in the void volume before 
protein elution. 
[0061] FIG. 14. Top-down proteomics of DSSM solubi
lized membrane proteins. Intact mass spectra and fragmen
tation map for analysis of KcsA (Panels A-B) and bacteria-
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rhodopsin (Panels C-D). Proteins were solubilized in DSSM 
and analyzed by LC-MS/MS after surfactant degradation. 
The polypeptide illustrated in panel B has the amino acid 
sequence of SEQ ID NO: 1, and the polypeptide illustrated in 
panel D has the amino acid sequence of SEQ ID NO:2. 
[0062] FIG. 15. Representative fragment spectra for LC
MS/MS analysis of KcsA with a theoretical fit. 
[0063] FIG. 16. Representative fragment spectra for LC
MS/MS analysis of bacteriorhodopsin with a theoretical fit. 
[0064] FIG. 17. Native MS ofbacteriorhodopsin in C8E4 
or DSSM (labelled as "RCS" in the figure) detergent using 
different voltage conditions. Surfactant structures are shown 
on the right. 
[0065] FIG. 18. Top-down proteomics of endogenous pro
teins extracted from cell lysate using DSSM. (Panels A-D) 
Representative proteins were confidently identified from 
HEK whole cell or crude membrane lysate (Panels A, B, and 
D from whole cell lysate and Panel C from crude membrane 
lysate). 
[0066] FIG.19. (Panel A) Workflow for single-pot DSSM
aided (labelled as "RCS" in the figure) bottom-up pro
teomics. (Panel B) Protein groups were identified across 
three extraction replicates using 2x and 20x CMC DSSM. 
[0067] FIG. 20. Evaluation of the quantitative reproduc
ibility ofDSSM-aided bottom-up proteomics. Protein inten
sity correlation plots for 2x CMC extraction replicates 
(Panel A), 20x CMC extraction replicates (Panel B), and 2x 
compared to 20x (Panel C). 
[0068] FIG. 21. Exemplary saccharide, oligoglycerol and 
polyethylene glycol structures for hydrophilic head groups. 
[0069] FIG. 22. Exemplary monosaccharides able to form 
hydrophilic head groups of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0070] Overview 
[0071] Surfactants are valuable tools for enabling the 
characterization of proteins by facilitating their extraction 
and purification. However, the presence of surfactants, even 
mild surfactants like n-dodecyl-~-D-maltoside (DDM), 
often has a deleterious effect on top-down proteomics for 
protein sequencing to identify post-translational modifica
tions (PTMs) and sequence variations.4

•
8

•
9 Surfactant-re

lated signal suppression is generally caused by the higher 
ionization efficiency and signal-to-noise ratio of the low 
molecular weight species. Moreover, the presence of sur
factant can negatively impact common front-end protein 
separation techniques such as reversed-phase liquid chro
matography (RPLC), which could cause potential problems 
in reproducibility and robustness.4

•
9 Accordingly, there is a 

need to develop improved MS-compatible surfactants. 
[0072] Nonionic cleavable surfactants (NCS) are versatile 
tools for MS-based proteomics, with applications ranging 
from in-depth proteoform characterization to proteome-wide 
studies severing as a general replacement for DDM. Given 
the role of surfactants for protein purification and pro
teomics, the NCS disclosed herein are a valuable tool for 
basic and translation research. 
[0073] The examples below present the first application of 
NCS for MS-based proteomics, and demonstrates the ability 
of NCS to extract and solubilize proteins, including mem
brane proteins, for streamlined characterization using native, 
top-down, and bottom-up proteomics. Similar surfactants 
used for biochemistry and biophysical procedures interfere 
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with MS analysis of proteins and peptides and therefore 
must be removed before analysis, which can result in sample 
loss and lower throughput. 

Example 1 

[0074] One approach to overcome the incompatibility of 
the surfactants for downstream proteomic analysis is to 
insert a cleavable bond (e.g., an acid-labile17

-
19 or light

labile20
•
21 bond) that allows for controlled degradation of the 

molecule into innocuous byproducts before MS analysis. 
Unfortunately, cleavable surfactants commonly used for 
proteomics contain denaturing, anionic head groups, such as 
sulfate, that preclude their use for applications where non
denaturing conditions are desirable. 12

•
31 Thus, there is an 

urgent need for cleavable surfactants that can aid in tradi
tional biochemical preparation methods under non-denatur
ing conditions yet are still amenable for downstream pro
teomic applications. This example demonstrates for the first 
time the use of n-decyl-disulfide-~-D-maltoside (DSSM), a 
nonionic, cleavable surfactant, for use with top-down pro
teomics and MS analysis (FIG. 1). 
[0075] DSSM was originally developed to mimic the 
properties of DDM while providing a platform for high
throughput detergent exchange for biophysical assays.24 The 
nonionic maltose head group resembles DDM, but the 
addition of the disulfide bond between the sugar and the 
hydrophobic decyl tail imparts cleavable properties. After 
synthesis and characterization of DSSM (FIGS. 2 and 6), it 
was evaluated for compatibility with electrospray-ionization 
(ESI)-MS analysis of intact proteins. 
[0076] Methods 
[0077] Chemicals and Materials. All chemicals and 
reagents were purchased from Millipore Sigma Inc. (St. 
Louis, MO, USA) unless noted otherwise. Bicinchoninic 
acid (BCA) reagent, Dulbecco's modified Eagle's medium 
(DMEM), fetal bovine serum (FBS), halt protease/phos
phatase inhibitor cocktail, penicillin-streptomycin, phos
phate-buffered saline (PBS), tris(2-carboxyethyl)phosphine 
(TCEP), were obtained from Thermo Fisher Scientific 
(Waltham, MA, USA). HPLC-grade water, isopropanol, 
formic acid, and acetonitrile (ACN) were obtained from 
Fisher Scientific (Fair Lawn, NJ, USA). Human embryonic 
kidney (HEK) 293T cells were purchased from American 
Type Culture Collection (ATTC, Manassas, VA, USA). 
n-Dodecyl-~-D-maltoside (DDM) and n-Decyl-disulfide-~
D-maltoside (DSSM). solutions were to 1% (w/v) in 150 
mM LC-MS grade ammonium acetate pH 7. 
[0078] DSSM synthesis and characterization. The DSSM 
synthetic method was adapted from Xue et al. 24 and the 
final product was characterized using NMR (FIG. 3) and 
electrospray ionization (ESI)-MS (FIG. 4). The detailed 
synthesis procedure is given in the supporting information in 
Example 2 below. 
[0079] ESI-MS of standard intact protein. Carbonic Anhy
drase from bovine erythrocytes was dissolved in 50:49:1 
water:methanol:formic acid supplemented with DSSM (0.4 
mM) or DDM (0.5 mM) at a final concentration of 0.05 
mg/mL. 2 mM TCEP was added to the samples and incu
bated at 4 ° C. for 2 h. Samples were infused with a nano-ES I 
sprayer (TriVersa NanoMate; Advion Bioscience) using a 
voltage of 1.4-1.6 kV versus the inlet and 0.3-0.5 psi drying 
gas into a Bruker solariX 12T FTICR-MS (Bruker Dalton
ics). Mass spectra were acquired from 200-3,000 m/z for 
100 scans. 
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[0080] Carbonic anhydrase from bovine erythrocytes and 
alcohol dehydrogenase from yeast were dissolved in 150 
mM ammonium acetate. Samples were desalted using an 
Amicon molecular weight cut-off filter with 150 mM ammo
nium acetate. DSSM was then added to 0.4 mM-1 mM with 
a protein concentration of 10 µM. Samples were infused 
with a nano-ESI sprayer (TriVersa NanoMate; Advion Bio
science) using a voltage of 1.4-1.6 kV versus the inlet and 
0.3-1.5 psi drying gas into a Bruker solariX 12T FTICR-MS 
(Bruker Daltonics). Data were collected with 5xl05 data 
points at 200-8000 m/z. 
[0081] LC-MS of standard intact proteins. Ribonuclease A 
(RiA), Myoglobin (Myo ), Carbonic Anhydrase (CA) from 
bovine erythrocytes made to 0.05 mg/mL in 25 mM ammo
nium bicarbonate (ABC) with or without surfactant (2x and 
20x CMC). 10 mM TCEP was used to degrade the DSSM 
at 4 ° C. for 2 h. 1 µL was injected onto a home-packed PLRP 
capillary column (250x0.250 mm, 5 µm, 1000 A) heated to 
5° C. The separation was performed with a mobile phase of 
water+0.2% formic acid (A) and acetonitrile:isopropanol 
(1:1 )+0.2% formic acid (B) using a flow rate of 5 µUmin on 
a Waters nanoAcquity HPLC (M-Class). Separation was 
performed using a 30 min gradient of 5-75% B. Proteins 
eluting were infused into a maXis II ETD Q-TOF or Impact 
II Q-TOF (Bruker Daltonics) via ESI with a capillary 
voltage of 4500 V and an endplate offset of 500 V. MS! 
scans were collected at 1 Hz. 
[0082] Top-down proteomics of membrane proteins. The 
detailed procedure for purification of KcsA can be found in 
Example 2 below. The protein was precipitated using the 
chloroform:methanol:water approach 25 and solubilized in 
DSSM (2x CMC). An aliquot of KcsA was diluted with 1 
volume of water or IPA and the surfactant degraded with 
TCEP. 5 µL of the sample was separated using a home
packed PLRP capillary colunm heated to 50° C. with a 40 
min gradient of 15-95% B. The eluted proteins were infused 
into a maXis II ETD Q-TOF or Impact II Q-TOF (Bruker 
Daltonics) via ESI with a capillary voltage of 4500 V and an 
endplate offset of 500 V. MS! scans were collected at 0.5 Hz. 
The top two most intense ions were selected for collision
induced dissociation (CID) at 1-2 Hz using collisional 
energies ranging from (20-50 eV) depending on m/z and 
charge. Ions were excluded after four scans. 
[0083] Bacteriorhodopsin was buffer exchanged ten times 
in DSSM (2x CMC) using a 100 kDa molecular weight 
cutoff filter (Amicon). An aliquot was diluted with 1 volume 
of water or isopropanol (IPA) and the surfactant degraded 
with TCEP. LC-MS/MS was performed using the same 
conditions at KcsA. Fragment ions were assigned using a 
tolerance of 25 ppm and manually validated using MASH 
Explorer (V 1.0.0.30286).26 

[0084] Top-down proteomics of cell lysate. 293T cells 
were grown on 10-cm plates with 10% FBS and lx Peni
cillin-Streptomycin at 37° C. with 5% CO2 . Plates (-95% 
confluent) were washed and harvested with PBS and pel
leted at 500 g. The cells were lysed with DSSM (50x CMC) 
supplemented with Ix protease/phosphatase inhibitor cock
tail and 10 mM methionine. The cells were sonicated in a 
water bath at 4 ° C. for 1 h and insoluble material was 
removed by centrifugation (20,000 g, 10 min, 4° C.). The 
protein concentration was determined using a BCA assay 
with albumin as a standard. 
[0085] Proteins were also extracted from crude mem
branes using a protocol adapted from Abeam (https://www. 
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abcam.com/protocols/subcellular-fractionation-protocol). 
Briefly, cells from two 10-cm plates were harvested and 
lysed in 25 mM ABC supplemented with 1 x protease/ 
phosphatase inhibitor cocktail and 10 mM methionine pas
saging through a 27 G syringe ten times. The sample was 
centrifuged (20,000 g, 10 min, 4° C.) and the supernatant 
was discarded. The pellet was treated with 0.5% DSSM 
supplemented with lx protease/phosphatase inhibitor cock
tail and 10 mM methionine and sonicated in a water bath at 
4 ° C. for 1 h. The insoluble material was removed by 
centrifugation (20,000 g, 10 min, 4° C.) and the protein 
concentration was determined using a BCA assay with 
albumin as a standard. 
[0086] An aliquot of the protein extract was diluted to 1 
µg/µL in water and the surfactant degraded with 5 eq of 
TCEP overnight at 4 ° C. The sample was centrifuged 
(20,000 g, 10 min, 4° C.) to remove insoluble material. 
Alternatively, the solution was concentrated to dryness using 
a vacuum concentrator and stored at -80° C. Just before 
analysis, the dried pellet was dissolved in 80% formic acid 
supplemented with 10 mM methionine and analyzed by 
LC-MS/MS. 
[0087] 10 µL of the sample was injected onto a home
packed PLRP capillary (250x0.250 mm, 5 µm, 1000 A) 
heated to 50° C. and separated using a gradient of 15-65% 
over 50 min. The MS conditions were the same as stated 
above. For MS/MS, the top three most intense ions were 
selected for collision-induced dissociation (CID) at 2-4 Hz 
using collisional energies ranging from (20-50 eV) depend
ing on the selected m/z and charge. Ions were excluded after 
four scans. 
[0088] Data were analyzed as described previously in 
DataAnalysis 4.3 (Bruker Daltonics). Briefly, an MSalign 
file was created using the Sophisticated Numerical Annota
tion Procedure (SNAP) peak-picking algorithm with the 
following parameters: quality factor (0.4); signal-to-noise 
ratio (S/N) (3); intensity threshold (500); retention window 
(1.5 min). The generated file contained the following infor
mation: precursor mass, precursor charge, precursor mass 
followed by the fragment masses, intensities, and charges. 
Searches were performed in TopPIC (Vl .1.2) 27 against the 
reviewed Homo Sapiens UniProt 28 sequences (www.uni
prot.org, 2021-10-21, 20371 entries) using the default 
parameters. 
[0089] Single-pot bottom-up. A 10 cm plate of cells was 
washed and harvested in PBS. The cells were suspended into 
1 mL of PBS and aliquoted into 10 tubes. The cells were 
pelleted by centrifugation (500 g, 10 min) and the proteins 
were extracted with NCS (2x and 20x CMC in 25 mM ABC) 
at 50° C. for 1 h. Three extraction replicates were performed 
for each condition. The proteins were reduced with 20 mM 
TCEP, alkylated with 40 mM 2-chloroacetamide, and 
digested with 250 ng trypsin. After 1 h an additional 250 ng 
of trypsin was added and the samples were digested for 2 h. 
The digest was quenched with formic acid and samples were 
centrifuged to remove cell debris. 
[0090] Approximately 200 ng of peptide were separated 
using an Ion Optics column (25 cm x75 µm, C18, 1.6 µm) 
heated to 55° C. with the following gradient: 0-60 min 
2-17% B, 60-90min 17-25% B, 90-l00min 37% B, 100-110 
min 37-85% B, and 110-120 min 85% Busing a flow rate of 
400 nL/min and mobile phase B consisting of 99.8% ACN 
and 0.2% formic acid. Eluting peptides were directly ionized 
via electrospray ionization (CaptiveSpray) using a capillary 
voltage of 1500V, dry gas of 3 .0 I/min, and dry temp of 180° 
C. Ions measured from 100-1700 m/z using a timsTOF Pro 
Q-TOF (Bruker Daltonics) operating in PASEF mode.29 The 
ion mobility range (1/k0) was set to 0.60-1.60 Vs/cm2

. For 
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tandem MS, the following parameters were used: total cycle 
time (1.16 s); number of PASEF MS/MS scans (10); target 
intensity (20000); intensity threshold (2500); charge range 
(0-8); isolation width (2 m/z for rn/z<700 and 3 rn/z for 
rn/z>700); collisional energy (20-59 eV). Precursor ions 
were excluded within a 0.4 min retention window unless the 
intensity reached 4-fold of the previous ion selection. 
[0091] Data were processed using MSFragger Vl 7.1 soft
ware.3° For database searches, the reviewed Homo Sapiens 
UniProt sequences (www.uniprot.org, 2021-10-21, 20371 
entries) were used using a 1 % false discovery rate. All 
searches were performed with carbamidomethyl (C) set as a 
fixed modification and oxidation (M) and protein N-terminal 
acetylation set as variable modifications. Match between 
runs was enabled. Otherwise, the MSFragger parameters 
were not changed from their default values. 
[0092] Results & Discussion 
[0093] Evaluating the Compatibility of NCS for ESI-MS 
of Intact Protein Analysis. Nonionic surfactants are often 
used as general reagents for cell lysis as well as useful tools 
for solubilizing, stabilizing, and purifying proteins for 
downstream characterization.7 However, the presence of 
surfactants, even more, mild nonionic surfactants, in the 
sample matrix has a deleterious effect on ESI-MS of pro
teins. 8 Surfactant-related signal suppression is generally 
caused by the higher ionization efficiency and signal-to
noise ratio of the low molecular weight species. Even at the 
relatively low concentration of 2x the CMC (-0.02%), 
DDM is the dominant species suppressing intact carbonic 
anhydrase MS signal (FIG. 5). Thus, there is a significant 
need for cleavable surfactants that can aid in traditional 
biochemical preparation methods yet still be amenable for 
downstream applications involving mass spectrometry. 
[0094] The compatibility of DSSM with direct ESI-MS 
analysis was evaluated using carbonic anhydrase (29.1 kDa) 
in denaturing conditions. The surfactant was degraded with 
5 equivalence of TCEP (tris(2-carboxyethyl)phosphine) at 
4° C. for 2 h (FIG. 6). In-soluble degradation products, 
which commonly pose an issue for acid-cleavable surfac
tants like RapiGest, 17 were not observed after DSSM deg
radation and centrifugation (FIG. 7). No difference was 
observed in signal between the control sample and that with 
DSSM after degradation (FIG. 2). 
[0095] In contrast, even at the relatively low concentration 
of 2x CMC (0.02%), DDM is the dominant species sup
pressing intact-mass analysis of carbonic anhydrase (FIG. 2, 
middle panel). When a large excess ofDSSM was used (20x 
CMC), a species corresponding to the maltose head group 
was observed as the dominant peak (FIG. 8). No deleterious 
effects were observed from the inclusion of TCEP. 
[0096] Next, it was tested if ion activation (i.e. collision
induced dissociation [CID]) could be used to dissociate the 
surfactant from the proteins and protein complexes for 
ESI-MS analysis under non-denaturing conditions 31 (FIG. 
9). MS analysis of carbonic anhydrase (29.1 kDa) ammo
nium acetate with and without DSSM at a concentration of 
2x CMC (critical micelle concentration) yielded spectra 
with significant signal suppression from DSSM monomers 
at lower collisional activation (2-10 V) (FIG. 9). When 
higher collisional activation (20-30 V) was applied, quality 
MS spectra were observed with a similar charge state 
distribution to the sample in ammonium acetate alone (FIG. 
9). Similar results were observed for carbonic anhydrase in 
DDM at 2x CMC (FIG. 10). 
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[0097] For the tetramer forming complex, alcohol dehy
drogenase (147.5 kDa), quality spectra could be obtained at 
a low collisional voltage (10 V) with and without DSSM at 
2x CMC (FIG. 11). DSSM was further tested at a higher 
concentration (5x CMC) using collisional activation ener
gies of 20-30 V to achieve direct ESI-MS analysis (FIG. 9). 
Alternative activation methods, such as surface-induced 
dissociation (SID),44 ultraviolet photodissociation (UVPD), 
45

•
46 infrared laser activation (IRMPD), 18 may be imple

mented to remove DSSM in the gas phase for direct ESI-MS 
analysis. 31

•
47 

•
48 

[0098] Evaluating DSSM LC-MS Compatible for Intact 
Protein Analysis. To evaluate the surfactant's compatibility 
with RPLC-MS, a mixture of standard proteins (ribonu
cleaseA, myoglobin, and carbonic anhydrase) was analyzed 
with and without DSSM or DDM. DSSM did not influence 
the separation or the signal intensity of the standard proteins 
even at 20x CMC (FIG. 12). The improved compatibility 
with RPLC-MS compared to direct ESI-MS analysis results 
from the fact that the maltose head group after the degra
dation of DSSM elutes in the void volume before the 
proteins during LC separation (FIG. 13). Similarly, the 
addition ofTCEP did not appear to have a deleterious effect. 
DDM, on the other hand, led to significant signal suppres
sion in the chromatogram and mass spectra (FIG. 12). This 
demonstrates the promise ofDSSM as a general replacement 
for nonionic surfactants like DDM for RPLC-MS applica
tions. 
[0099] DSSM-enabled Top-down Proteomics of Target 
Membrane Proteins. Membrane proteins represent an impor
tant class of drug targets but are generally difficult to study 
using top-down proteomics owing to their inherent insolu
bility outside the plasma membrane and low abundance.4

• 

33-36 Surfactants are the most common tool to extract, 
solubilize, and purify membrane proteins as they act as 
membrane mimics.7·38 Here, DSSM was assessed based on 
its compatibility with RPLC-MS to study membrane pro
teins, an important class of drug targets that are generally 
difficult to study using top-down proteomics owing to their 
inherent insolubility outside the plasma membrane and low 
abundance.33035036 

[0100] DSSM-aided membrane proteomic analysis was 
performed on a model ion channel protein, a pH-gated 
potassium channel (KcsA). After removing incompatible 
buffer components (salts, detergent, etc.) using a chloro
form:methanol:water precipitation, 25 KcsA was solubilized 
in the DSSM (2x CMC). The surfactant was degraded with 
TCEP (in water or 50% isopropanol) and RPLC-MS/MS 
was performed using CID for fragmentation (FIG. 14, 
Panels A-B, and FIG. 15). Using MASH Explorer6 for peak 
assignment and validation, good sequence coverage was 
observed on an LC-MS time scale with 27b ions and 29y 
ions representing 36% residue cleavage. Many of the bond 
cleavages were found in the transmembrane domains 
(TMD), in line with previous studies that characterized the 
fragmentation trends of intact integral membrane proteins. 
38

•
39 Furthermore, a mutation (E71A) that prevents channel 

inactivation40 was successfully mapped (FIG. 14). 
[0101] Furthermore, it was demonstrated that DSSM 
could enable the top-down analysis of bacteriorhodopsin, 
41,42 a commercially available GPCR. After bacteriorho
dopsin was solubilized in DSSM and degraded using TCEP 
(in water or 50% isopropanol), RPLC-MS/MS yielded 37b 
ions and 21y ions corresponding to 23% residue cleavage 
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(FIG. 14, Panels C-D, and FIG. 16). A pyrrolidone carbox
ylic acid modification was localized to the N-terminus of the 
protein (FIG. 14, Panel D). 
[0102] The use ofDSSM was also evaluated for native MS 
of bacteriorhodopsin. Traditionally, the membrane protein
micelle complex is ionized and collisional activated to 
liberate the membrane protein in the gas phase. 31 It was 
hypothesized that the labile bond would facilitate easier 
surfactant dissociation. However, despite applying high col
lisional energy (70 eV) no signal could be seen for bacte
riorhodopsin in DSSM (FIG. 17). Native MS signal could be 
obtained for bacteriorhodopsin in C8E4 micelles at rela
tively low collisional energies (20 eV). These results are 
consistent with the observation that membrane proteins in 
DDM micelles are difficult to remove in the gas phase 
without harsh activation conditions.36

•
43 

[0103] Top-down Proteomics of Endogenous Proteins 
using DSSM for Extraction. Surfactants are commonly used 
for extracting protein from cells and tissue for top-down 
proteomics. 15

• 
2° For example, DDM was used to high 

sensitivity top-down proteomics using the nanoPOTs sys
tem. 2 2 In this experiment, DSSM was used to extract endog
enous protein from mammalian cells and directly analyzed 
using RPLC-MS/MS after surfactant degradation. Follow
ing TopPIC data analysis, 27 a total of276 proteoforms6 were 
identified from 206 protein groups over four LC-MS/MS 
experiments (FIG. 18). Additionally, PTMs such as phos
phorylation, methylation, and trimethylation were success
fully localized using CID. Overall, it was demonstrated that 
DSSM is a valuable surfactant for cell lysis and enables 
proteoform identification using RPLC-MS/MS analysis 
[0104] Single-pot NCS-aided Bottom-up Proteomics. In 
addition to their use in top-down proteomics, nonionic 
surfactants like DDM have become popular for shotgun 
proteomics, particularly in the context of high-sensitivity 
single-cell analysis. 12

•
13 This is achievable for bottom-up 

proteomics because peptides elute before DDM, thereby 
avoiding the signal suppression observed with co-eluting 
intact proteins. However, there are still limits to the con
centration ofDDM that can be utilized and the potential loss 
of robustness caused by colunm fouling and clogging.13 

Here, DSSM is used for a single-pot bottom-up proteomic 
approach as a degradable alternative to DDM (FIG. 19). 
[0105] In this study, both 2x and 20x CMC ofNCS were 
tested for cell lysis. Proteins were then reduced, alkylated, 
digested with trypsin, and the surfactant degraded in a single 
step. After a brief centrifugation step to remove cell debris, 
RPLC-MS/MS analysis was performed identifying 6847 and 
6712 protein groups for 2x and 20x CMC respectively. 
Moreover, excellent reproducibility was observed for quan
tifying protein abundance across extraction replicates with a 
Pearson correlation coefficient of 0.992±0.002 
(average±standard deviation) and 0.994±0.001 for 2x and 
20x CMC respectively (FIG. 20). Additionally, a Pearson 
correlation coefficient of 0.983±0.002 was found when 
comparing 2x and 20x indicating there was little difference 
between the extraction conditions. In summary, the NCS
aided approach is a highly quantitative approach for bottom
up analysis of thousands of proteins from cell lysate. 
[0106] In summary, this example shows for the first time 
the use of NCS for proteomics. n-Decyl-disulfide-~-D
maltoside (DSSM) is a cleavable DDM mimic and is 
directly compatible with direct ESI-MS analysis of intact 
proteins and top-down proteomics. DSSM was generally 
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compatible with ESI-MS as well as RPLC-MS analysis 
circumventing the characteristic signal suppression typically 
observed for surfactants. It was demonstrated that DSSM 
enables the top-down proteomic characterization of a model 
ion channel (KcsA), GPCR (bacteriorhodopsin), and endog
enous proteins extracted from cell lysates. DSSM and other 
NCS represent important and versatile surfactants that can 
facilitate protein sample preparation under non-denaturing 
conditions for a myriad of proteomic and structural biology 
applications and acts as a general replacement for DDM. 

Example 2 

[0107] Synthesis of DSSM. 

~'~~OAcO Ac::~3h 

0 OAc 
AcO 

AcO 

AcO~OAc O OAc 

AcO ~ AcO O O 

AcO 

AcO 
Br 

[0108] ~-D-maltose octaacetate (3.39 g, 5.00 mmol, 1.00 
equiv.) was added into a dray flask with 15 mL DCM, and 
15 mL 33% wt. HBr in AcOH. Nitrogen gas was bubbled 
into the reaction mixture for 10 min, and the reaction was 
allowed to proceed at room temperature under nitrogen gas 
for 3 h. The mixture was then partitioned between 40 mL 
H2 O and 40 mL DCM, and the aqueous layer was re
extracted with DCM (3x20 mL). The organic layers were 
then combined and neutralized with saturated NaHCO3 , 

followed by a brine wash (80 mL). The organic layer was 
then concentrated to an amorphous solid in vacuo, and the 
resulting crude was used in the next step without further 
purification. 

AcO~OAc O OAc 

AcO ~ AcO O 0 

AcO 

AcO 
Br 

Molecular Weight: 699 .45 

Bli4N•Br 

MeCN, 70° C., 6 h 
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-continued 

Molecular Weight: 792.77 

[0109] A dry flask was charged with sodium benzenethio
sulfonate (561 mg, 2.86 mmol, 2 equiv.), tetrabutylammo
nium bromide (46.1 mg, 0.143 mmol, 0.1 equiv), and 
peracetylated a-maltosylbromide (1.00 g, 1.43 mmol, 1.00 
equiv). The flask was capped and flushed with nitrogen 
before adding anhydrous acetonitrile (40 mL). The reaction 
was then heated to 70° C. and allowed to proceed with 
stirring under inert conditions for 6 h. Solvent was removed 
in vacuo and the residue was partitioned between EtOAc ( 40 
mL) and water (40 mL). The aqueous layer was extracted 
twice more with EtOAc (40 mL). The organic layers were 
combined, washed once with brine (40 mL), and dried with 
MgSO4 . The solvent was removed in vacuo, and the crude 
solid was purified by silica flash chromatography (50/50 
hexanes/EtOAc, Rf=0.2, a anomer elutes first) to yield the 
~-maltosyl phenylthiosulfonate as a white solid. Yield 464 
mg, 40%. 

Molecular Weight: 792.77 

AcO~OAc O OAc 

1-decanethiol, 
TEA 

DCM, 
0° -> RT, 2 h 

AcO ~ AcO o 
0 S'--. ,,.,..-(CH2)9CH3 
AcO S 

AcO 

Molecular Weight: 824.95 

[0110] The ~-maltosyl phenylthiosulfonate (0.126 mmol, 
100 mg, 1 equiv.) from step 2 was dissolved in CH2 Cl2 (1 
mL) and TEA (35 µL, 0.252 mmol, 2 equiv.). This mixture 
was allowed to cool to 0° C. before adding a solution of cold 
1-decanethiol (52 µL, 0.252 mmol, 2 equiv.) in CH2Cl2 (1 
mL) dropwise over 15 min. The reaction mixture was 
allowed to warm to room temperature and stir for 2 h. The 
solvent was removed in vacuo and the residue was purified 
by silica flash chromatography (50/50 hexanes/EtOAc, 
Rf=0.55) to yield the desired disulfide as a white solid. Yield 
83 mg, 80%. 
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OAc -:½ OA, 

AcO AcO O - < O S....._ /(CH2)9CH3 

Ac~ S 

KOH --------MeOH 

AcO 

Molecular Weight: 824.95 

H~~~OH

0 
0 S'--. ,,.,..-(CH2)9CH3 
HO S 

OH 

Molecular Weight: 530.69 

[0111] The disulfide from step 3 (25 mg) was dissolved in 
MeOH (250 µL), to which a solution of KOH in MeOH (1 % 
wt., 500 µL) was added. The reaction was allowed to 
proceed for 30 min and completion was verified by TLC. To 
the reaction was added Dowex until pH=7 was reached. The 
mixture was then filtered, concentrated to 200 µL, diluted 
with 800 µL DCM, and purified by silica flash chromatog
raphy (80/20 CH2CliMeOH, Rf=0.5) to yield pure CCD-2 
as a white solid. Yield 87%. 
[0112] Purification of KcsA. Gene fragment of KcsA 
(E71A) with a C-terminal His-tag and codon optimization 
was purchased from Twist Bioscience and cloned into the 
C-terminus of a chimeric hybrid protein derived from E. coli 
maltose-binding protein and Saposin A in pETDuetl plas
mid, with a thrombin cleavage site placed between hybrid 
protein and KcsA. The construct was transformed into E. 
coli SHuflle cells, grown at 37° C. in 2XYT with 100 µg/L 
ampicillin. At OD600=1.0, overexpression was induced 
with 1 mM IPTG at 16° C. overnight. 
[0113] After cells were harvested, cells were lysed in 50 
mM tris-HCI, 100 mM KC!, 1 mM PMSF, and 0.5% w/v 
DDM. The fusion protein was purified over HisPrep FF 
column, and eluted with 500 mM imidazole, followed by 
dialysis against 100 volume of 50 mM tris-HCI, 100 mM 
KCI. The fusion protein was cleaved by thrombin immobi
lized on agarose beads (Sigma-Aldrich) overnight at 10° C. 
The cleavage product was purified using a Ni colunm. The 
protein was mixed with 10 mM DDM, and further purified 
over a Superdex 200 colunm in 150 mM ammonium acetate 
pH 7.4. 
[0114] Having now fully described the present invention 
in some detail by way of illustration and examples for 
purposes of clarity of understanding, it will be obvious to 
one of ordinary skill in the art that the same can be 
performed by modifying or changing the invention within a 
wide and equivalent range of conditions, formulations and 
other parameters without affecting the scope of the invention 
or any specific embodiment thereof, and that such modifi
cations or changes are intended to be encompassed within 
the scope of the appended claims. 
[0115] When a group of materials, compositions, compo
nents, or compounds is disclosed herein, it is understood that 
all individual members of those groups and all subgroups 
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thereof are disclosed separately. Every formulation or com
bination of components described or exemplified herein can 
be used to practice the invention, unless otherwise stated. 
Whenever a range is given in the specification, for example, 
a temperature range, a time range, or a composition range, 
all intermediate ranges and subranges, as well as all indi
vidual values included in the ranges given are intended to be 
included in the disclosure. Additionally, the end points in a 
given range are to be included within the range. In the 
disclosure and the claims, "and/or" means additionally or 
alternatively. Moreover, any use of a term in the singular 
also encompasses plural forms. 
[0116] As used herein, "comprising" is synonymous with 
"including," "containing," or "characterized by," and is 
inclusive or open-ended and does not exclude additional, 
unrecited elements or method steps. As used herein, "con
sisting of' excludes any element, step, or ingredient not 
specified in the claim element. As used herein, "consisting 
essentially of' does not exclude materials or steps that do not 
materially affect the basic and novel characteristics of the 
claim. Any recitation herein of the term "comprising", 
particularly in a description of components of a composition 
or in a description of elements of a device, is understood to 
encompass those compositions and methods consisting 
essentially of and consisting of the recited components or 
elements. 
[0117] One ofordinary skill in the art will appreciate that 
starting materials, device elements, analytical methods, mix
tures and combinations of components other than those 
specifically exemplified can be employed in the practice of 
the invention without resort to undue experimentation. All 
art-known functional equivalents, of any such materials and 
methods are intended to be included in this invention. The 
terms and expressions which have been employed are used 
as terms of description and not of limitation, and there is no 
intention that in the use of such terms and expressions of 
excluding any equivalents of the features shown and 
described or portions thereof, but it is recognized that 
various modifications are possible within the scope of the 
invention claimed. The invention illustratively described 
herein suitably may be practiced in the absence of any 
element or elements, limitation or limitations which is not 
specifically disclosed herein. Headings are used herein for 
convenience only. 
[0118] All publications referred to herein are incorporated 
herein to the extent not inconsistent herewith. Some refer
ences provided herein are incorporated by reference to 
provide details of additional uses of the invention. All 
patents and publications mentioned in the specification are 
indicative of the levels of skill of those skilled in the art to 
which the invention pertains. References cited herein are 
incorporated by reference herein in their entirety to indicate 
the state of the art as of their filing date and it is intended that 
this information can be employed herein, if needed, to 
exclude specific embodiments that are in the prior art. 
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1. A chemically-cleavable surfactant compnsmg: a) 
hydrophilic head, b) a hydrophobic tail, and c) a cleavable 
disulfide bond covalently linking the hydrophilic head and 
hydrophobic tail, where the cleavable disulfide bond is able 
to release the hydrophilic head, release the hydrophobic tail, 
and/or break apart upon exposure to a reducing agent. 

2. The chemically-cleavable surfactant of claim 1, 
wherein the reducing agent is selected from the group 
consisting oftris(2-carboxyethyl)phosphine (TCEP), dithio
threitol (DTT), beta mercaptoethanol (BME), dithio
butylamine (DTBA ), [N,N'-dimethy 1-N,N'-bis( mercap
toacety l) hydrazine (DMH), glutathione (GSH), borane 
dimethylsulfide (BMS), cysteine-HCI, 2-mercaptoethylam
ine-HCI, and combinations thereof. 

3. The chemically-cleavable surfactant of claim 1, 
wherein the chemically-cleavable surfactant has the for
mula: 

wherein Rl is a hydrophilic moiety and R2 is a hydrophobic 
moiety, and n is an integer selected from 1 to 6. 
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4. The chemically-cleavable surfactant of claim 3, 
wherein Rl comprises one or more branched or unbranched 
monosaccharides, disaccharides, polysaccharides, or com
binations thereof. 

5. The chemically-cleavable surfactant of claim 3, 
wherein Rl comprises a triglycerol, tetraglycerol, penta
glycerol, hexaglycerol, a decaglycerol, or combinations 
thereof. 

6. The chemically-cleavable surfactant of claim 3, 
wherein Rl comprises an oligoglycerol having the formula: 

7. The chemically-cleavable surfactant of claim 3, 
wherein Rl comprises an polyethylene glycol having the 
formula: 

wherein n is an integer selected from 3-20. 

8. The chemically-cleavable surfactant of claim 3, 
wherein Rl comprises a group having the formula: 

where Yl and Y2, independently form one another, are each 
a monosaccharide, disaccharide, or polysaccharide. 

9. The chemically-cleavable surfactant of claim 3, 
wherein R2 is a substituted or unsubstituted alkyl, alkenyl, 
alkynyl, or aryl group having between 2 and 16 carbon 
atoms. 

10. The chemically-cleavable surfactant of claim 3, 
wherein R2 is an alkyl group the formula: 
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-continued -- -- ~ 

where n is an integer selected from 1-30. 

11. The chemically-cleavable surfactant of claim 1, where 
the chemically-cleavable surfactant of the method has the 
formula: 

_t n OH 

H~~o _l O s, ~-

OH ~ S s 

HO OH 

12. A method of solubilizing a compound comprising the 
steps of: 

a) mixing the compound with a chemically-cleavable 
surfactant in a solution until the compound is dissolved 
in the solution; 

b) exposing the solution containing the chemically-cleav
able surfactant and dissolved compound to a reducing 
agent, thereby cleaving the chemically-cleavable sur
factant, wherein the chemically-cleavable surfactant 
comprises: i) hydrophilic head, ii) a hydrophobic tail, 
and iii) a cleavable disulfide bond covalently linking 
the hydrophilic head and hydrophobic tail, where the 
cleavable disulfide bond is able to release the hydro
philic head, release the hydrophobic tail, and/or break 
apart upon exposure to the reducing agent. 

13. The method of claim 12, wherein the reducing agent 
is selected from the group consisting oftris(2-carboxyethyl) 
phosphine (TCEP), dithiothreitol (DTT), beta mercaptoetha
nol (BME), dithiobutylamine (DTBA), [N,N'-dimethyl-N, 
N'-bis(mercaptoacetyl) hydrazine (DMH), and combinations 
thereof. 

14. The method of claim 12, wherein the reducing agent 
is tris(2-carboxyethyl)phosphine (TCEP). 

15. The method of claim 12 further comprising perform
ing a chromatography step on the exposed solution. 

16. A method for analyzing a compound comprising the 
steps of: 

a) mixing the compound with a chemically-cleavable 
surfactant in a solution until the compound is dissolved 
in the solution, wherein the chemically-cleavable sur
factant comprises: i) a hydrophilic head, ii) a hydro
phobic tail, and iii) a cleavable disulfide bond cova
lently linking the hydrophilic head and hydrophobic 
tail, where the cleavable disulfide bond is able to 
release the hydrophilic head, release the hydrophobic 
tail, and/or break apart upon exposure to collisional 
energy during mass spectrometry; 
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b) exposing the solution containing the chemically-cleav
able surfactant and dissolved compound to collisional 
energy or electron based fragmentation within a mass 
spectrometer device, thereby decomposing the chemi
cally-cleavable surfactant; and 

c) performing mass spectrometry (MS) analysis on a 
portion of the exposed solution containing the com
pound. 

17. The method of claim 16, wherein exposing the solu
tion containing the chemically-cleavable surfactant and dis
solved compound to collisional energy comprises perform
ing collision-induced dissociation (CID). 

18. The method of claim 16, wherein the compound 
comprises one or more polypeptides, intact soluble protein 
complexes, or combinations thereof. 

19. The method of claims 16, wherein the chemically
cleavable surfactant of the method has the formula: 

wherein, Rl is a hydrophilic moiety comprising between 
1 and 16 carbon atoms, and R2 is a hydrophobic moiety 
comprising a substituted or unsubstituted alkyl, alk
enyl, alkynyl, or aryl group having between 1 and 16 
carbon atoms. 

20. The method of claim 19, wherein Rl comprises one or 
more branched or unbranched monosaccharides, disaccha
rides, polysaccharides, or combinations thereof. 
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21. The method of claim 19, wherein Rl comprises a 
group having the formula: 

Y1 

✓,:)---- \OH H)J ru 

l) 
H,to~t-., 

where n is an integer selected from 3-20, and Yl and Y2, 
independently form one another, are each a monosaccharide, 
disaccharide, or polysaccharide. 

22. The method of claim 16, wherein the chemically
cleavable surfactant of the method has the formula: 

_t n OH 

H~~o -~ o s.___ ~-
OH ~ S s 

HO OH 

* * * * * 
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