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Protein solubilization and purification often necessitates the use of
surfactants. However, surfactants cause ion suppression in mass spectrometric
detection. In particular, ionic detergents such as sodium dodecyl sulfate (SDS) which
are routinely used as denaturing reagents for proteins in SDS-polyacrylamide gel
electrophoresis (PAGE), must be removed from the sample prior to the MS analysis.
While a variety of techniques such as electroblotting, electroelution, on-line dialysis
and on-line adsorption have been developed to remove deleterious interferences,
execution of these steps on minute sample quantities inevitably results in sample loss.
The most common approach to removing SDS is to electroblot a protein onto a
membrane such as PVDF, wash away the residual surfactant, and recover the protein
from the membrane using a suitable solvent.  This technique is time-consuming and
can result in significant protein loss due to strong non-specific interactions with the
membrane, particularly for hydrophobic proteins and peptides.

In order to eliminate these problems, we have developed a novel family of
acid-labile anionic surfactants that can be used as replacements for SDS in protein
solubilization and Laemmli gels.  These surfactants are compatible with electrospray
and matrix assisted laser desorption ionization methods, and no electroblotting or
electroelution is needed prior to the MS analysis. MS data of proteins which are
purified by PAGE using both SDS and the novel acid-labile surfactants are compared,
demonstrating an enhancement in detection when using the latter surfactants.

Overview
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Introduction
SDS polyacrylamide gel electrophoresis (SDS-PAGE)1 is one of the

most widely used tool for analysis and purification of proteins. SDS denatures
proteins by forming a stable complex, and binds to them in a constant weight
ratio of about 1.4:1.  The resulting SDS-protein complexes have almost
identical charge densities, and migrate in a polyacrylamide gel according to
molecular weight.  If the gel is of the correct porosity, a plot of log Mw vs.
relative mobility, Rf, results in a linear relationship. When combined with
another electrophoretic technique, isoelectrofocusing, complex mixtures can
be separated into several hundred discrete components.

Mass spectrometry has become an important tool in the
characterization of proteins following their separation by gel electrophoresis.
However, SDS can interfere with MS sensitivity.  It  can be difficult to
adequately remove SDS due to strong surfactant-protein interactions.
Several approaches have been tried to solve these problems: (1) using non-
ionic surfactants such as octyl β-gluco-pyranoside2;  (2) electroelution or
electroblotting after PAGE onto a PVDF or nitrocellulose membrane; (3)
protein precipitation with guanidium chloride3; (4)  using  ion-pair reagents4;
(5)  liquid-liquid extraction5; (6) reversed-phase HPLC6.  However, all these
techniques are time-consuming, and often result in significant sample loss.
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Materials
Protein Standards and Myoglobin were obtained from Sigma (St. Louis,

MO).  12% Tris-glycine gels were obtained from Novex (San Diego, CA).  Sodium
dodecyl sulfate (SDS) was purchased from Pierce (Rockford, IL).  Acid-labile
surfactants (ALS) were synthesized in-house.  Zinc stain kit was purchased from
Bio-Rad (Hercules, CA).  Zinc sulfate, imidazole and Coomassie Blue were
purchased from Sigma.

PAGE
Polyacrylamide gel electrophoresis was performed on protein standards

using either 0.1% SDS or 0.1% ALS.  The upper and lower buffer chambers were
filled with buffer consisting of 0.025 M Tris, 0.192 M Glycine, and either 0.1% SDS or
0.1% ALS, pH 8.3.

Molecular weight standards were prepared as follows:  Mark VI protein
standards (containing 13.5 mg of lysozyme, β-lactogobulin, trypsinogen, pepsin, egg
albumin, bovine albumin and bromphenol blue tracking dye) and Mark VII protein
standards (containing 13.5 mg each of α-lactalbumin, trypsin inhibitor, trypsinogen,
carbonic anhydrase, glyceraldehyde-3-phosphate dehydrogenase, egg albumin and
bovine albumin) were reconstituted in 0.6 mL of buffer containing 0.125 M Tris-Cl,
20% (v/v) glycerol, 0.02% bromphenol blue pH 6.8.  Reduction was performed by
adding β-mercaptoethanol (1% v/v), and heating to 100 °C for 2 minutes.

Electrophoresis was performed at a constant current of 20 mA per gel.

Methods
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Staining
SDS-PAGE gels were stained with either Coomassie Blue or zinc-

imidazole stain according to the product instructions.
Gels run with ALS-1 were stained using a modification of the zinc-

imidazole staining technique developed by Fernandez-Patron et al.7.  After
electrophoresis, the gel was incubated for approximately 3 minutes in 200 mM zinc
sulfate (Sigma, Z-0501), 100 mM imidazole, 0.1% ALS-1, pH 5.0.  After the bands
developed, the gel was rinsed in several changes of 50 mM Tris, pH 8.8.

Passive Elution
Gel slices containing protein bands were carefully excised from PAGE

gels using a clean razor, transferred to a clean tube and washed with  1 mL of 2.5
mM Tris, 19.2 mM glycine.  The slice was then washed twice in 1 mL deionized
water.  Subsequently, it was carefully diced to approximately 1 mm3 pieces with a
clean razor, and then transferred to a microcentrifuge tube.  40 µL of elution
solvent containing 80/20 (v/v) acetonitrile-water, 0.1% TFA was added to the tube.
After vortexing and overnight mixing on a platform rocker, the tubes were spun at
12,000 rpm to pellet the polyacrylamide gel pieces.  The eluate was collected using
a gel loading pipette tip.
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Acid-Labile Surfactant (ALS)
Degradation

OO
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+

A
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Compound x y ALS A B
ALS-I 10 3 416.22 198.34 236.22
ALS-II 10 4 430.24 198.34 227.26
ALS-III 12 4 458.63 226.40 227.26

Molecular weight
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pH 2.0

k =0.0864 min-1

t1/2 = 7.6 min

pH 3.0

k =0.0146 min-1

t1/2= 63 min

Degradation determined by 1H NMR in D2O at 22oC.  10% TFA was
used to acidify a 10% ALS-I solution.  At pH 7, the 10% ALS-I
solution is stable for months.

Kinetics of Surfactant Degradation
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Comparison of SDS-PAGE and
ALS-PAGE Gels

SDS ALS-I

Reducing Non-Reducing Reducing Non-Reducing
Mark VI Mark VIMark VIMark VI Mark VII Mark VIIMark VII Mark VII

Coomassie Blue stained gels of Mark VI and Mark VII standards. Proteins were
denatured by heating 2 minutes at 100 °C prior to gel loading.

Lysozyme

β-lac

Trypsinogen

Ovalbumen

BSA

Trypsin inhibitor

Trypsinogen

Carbonic anhydrase

α-lac

BSA

Ovalbumen
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Plot of log (MW) versus relative migration factor for reduced Mark VI and
Mark VII proteins using SDS and ALS-I.  Results show similar migration
behavior.

Molecular Weight vs. Migration Distance
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y = -0.9455x + 4.8963

R2 = 0.975

SDS
y = -0.9523x + 4.9498

R2 = 0.9921

0.0

0.2

0.4

0.6

0.8

1.0

1.2

4.1 4.2 4.3 4.4 4.5 4.6 4.7 4.8 4.9

log MW

R
f

ALS SDS



:DWHUV &RUSRUDWLRQ �����

Electrophoresis of Carbonic Anhydrase:
Native, SDS, and ALS- PAGE Gels

Native SDS ALS-1

Carbonic anhydrase behaves anomalously under native conditions and can be
used to determine effectiveness of the acid-labile surfactant to denature proteins.
It was determined that ALS-I may require heat (60o C for 10 min or 100o C for 2
min) to fully denature carbonic anhydrase.  Heat treatment is often used in SDS
applications as well, but is not required.
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ESI-MS of Myoglobin: Comparison
of Acid-Labile Surfactants

5 uM  m yog lo b in , 50 /50  20  m M  N H 4O Ac , pH  5 .0 /AC N , 1%  H O Ac

8 00 8 50 9 00 9 50 1 00 0 1 05 0 1 10 0 1 15 0 1 20 0 1 25 0 1 30 0 1 35 0 1 40 0 1 45 0 1 50 0 1 55 0 1 60 0
m /z0

1 00

%

0

1 00

%

0

1 00

%

0

1 00

%

E B 0 11 2-1 1 0  (0 .6 25 ) C m  (2 :16 ) S c an  E S +  
1 .07 e 7

A : 16944.64±0 .9 3
A 16

1059.9
A 17

997.9
A 18

942.6A 19
892.9

892 .4A 20
848.1

A 21
808.2 848 .9

849 .6

942 .0

893 .6

894 .2

943 .1
996 .9

944 .9

1059.6

999 .4

1060.2 A 15
1130.5

1129.9

1061.2

1070.6

A 14
1211.5

1133.3

1211.8
A 13

1304.61212.0

1213.2 1255.3

A 12
1413.0

1307.2

A 11
1541.3

E B 0 11 2-2 5  (0 .3 2 7)  C m  (2 :1 5) S c an  E S +  
3 .86 e 6

A : 16945.44±0 .7 2
B : 17173.14±0 .6 9
C : 17394.86±12.39

997.5A 18
942.4A 19

892.9
A 20

848.2
847 .8

807 .8

892 .4

848 .9

893 .6

894 .2

905 .2

997 .4

943 .0

943 .9
955 .4
955 .9

998 .0
A 16

1059.8
998 .4

1059.5

1025.6

A 15
1130.5

1060.5 1130.3

1075.1
1089.1

B 15
1146.0 B 14

1227.7
1146.5 1228.0

1321.6

A 13
1304.3

E B 0 11 2-3 6  (0 .3 8 9)  C m  (2 :1 5) S c an  E S +  
2 .79 e 6

A : 16946.07±1 .3 8
B : 17160.44±1 .5 3

A 17
997.8

A 18
942.2

A 19
892.9

892 .3
A 20

848.5
818 .6 849 .9

893 .3
893 .5
893 .6
894 .3
895 .0

942 .8

943 .8

945 .2

946 .2

A 16
1060.2997 .9

998 .6
999 .1

999 .9

1011.0

A 15
1130.7

1060.7
1130.1

1062.5

B 16
1073.5

1131.0 A 14
1211.6

1132.2
1145.2

1210.7

1212.0 A 13
1304.31228.6 1341.7 1414.1

E B 0 11 2-4 7  (0 .4 4 7)  C m  (1 :1 4) S c an  E S +  
3 .03 e 6

A : 16946.57±1 .7 5
B : 17174.47±1 .6 1
C : 17375.22±0 .0 0

A 16
1060.3A 17

997.9
942 .2

942 .0A 19
892.9

892 .4848 .4

848 .0
808 .3

848 .6

849 .2

893 .5

893 .7
895 .7

943 .1

943 .3
996 .9

968 .7

1059.8
B 17

1011.5
1024.3

1060.5 A 15
1130.9

B 16
1074.3

1088.5

B 15
1145.9

A 14
1211.3

1146.4
1148.0

1211.5
1228.3

1321.5
1304.4

1273.3
1339.6

1431.8

No surfactant

0.1% ALS-II
(after 16 hr in 1% HOAc)

0.1% ALS-I
(after 16 hr in 1% HOAc)

0.1% ALS-III
(after 16 hr in 1% HOAc)

Direct ESI infusion of 5 µM myoglobin into a Waters Platform LC 50/50 (v/v) 20 mM
ammonium acetate - acetonitrile with 1% acetic acid using: a) no surfactant, b) 0.1% ALS-II,
c) 0.1% ALS-I, and d) 0.1% ALS-III.  All surfactants degraded for 16 h prior to ESI-MS.
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ESI-MS of Myoglobin: Comparison of
SDS and ALS-I
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0 . 1 %  A L S -I
( a f te r d e c o m p o s i t io n )

0 . 1  %  S D S

N o  s u r fa c t a n t

Direct ESI infusion of 5 µM myoglobin into a Waters Platform LC 50/50 (v/v) 20 mM
ammonium acetate, pH 5.1 - acetonitrile with 1% acetic acid using: a) no
surfactant, b) 0.1% SDS, and c) 0.1% ALS-I after 16 hours.

No surfactant

0.1% SDS

0.1% ALS-I
(after 16 hr in 1% HOAc)
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5 uM myoglobin, 50/50 20 mM NH4OAc, pH 5.0/ACN, 1% HOAc

650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550
m/z0

100

%

0

100

%

0

100

%

0

100

%

MYOGLOBIN25 1 (0.111) Cm (1:15) Scan ES+ 
1.55e7

A: 16944.59±2.77
A16

1059.9
A17

997.8
A18

942.2A19
892.9

A20
848.1

807.8616.0 656.9
770.9

852.3
894.1 943.6 999.4

1060.3 A15
1130.6

1130.1

1061.5

A14
1211.5

1132.1
1172.1

1304.2

1212.6

1240.5

A12
1413.1

1307.5
1335.7

A11
1541.3

1414.5

MYOGLOBIN31 11 (0.695) Cm (1:16) Scan ES+ 
1.52e6616.0 892.9

848.2

807.8617.0 657.0

807.5
657.6

848.7

1093.71076.6942.0

941.8

1029.2
998.2

1268.51183.91165.8
1201.9

1325.6
1386.21406.6

1479.0 1545.4

MYOGLOBIN29 1 (0.087) Cm (1:16) Scan ES+ 
1.44e6616.0

850.7
617.0 849.8

726.2656.9
709.2

657.5
848.4

730.8

867.7

1143.1872.5 1126.51060.3907.0
1029.2987.3

1159.5 1344.51237.1
1325.1

1363.2 1439.5 1468.3 1509.8

MYOGLOBIN26 6 (0.396) Cm (1:15) Scan ES+ 
2.82e6855.3

854.9

617.8
681.0

619.1

850.7

843.5682.0 763.4

877.6

1160.7
887.4

1155.8888.5
1142.9

1010.6 1126.6

1165.7
1443.6

1166.6 1442.9 1449.7

ESI-MS of Myoglobin:
Effect of % SDS

No surfactant

0.02 % SDS

0.01 % SDS

0.005 % SDS

Direct infusion of a solution of 5 µM myoglobin in 50/50 (v/v) 20 mM ammonium
acetate, pH 5.1 - acetonitrile was performed into a Waters Platform LC.
Solutions contained different concentrations of SDS, as noted.
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ESI-MS of Myoglobin:
Effect of %ALS

5 uM m yoglobin, 50/50 20 m M NH4OAc, pH 5.0/ACN, 1% HOAc

600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600
m /z0
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%
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%

0

100

%
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100

%

0
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%

MYO G LO BIN25 1 (0.111) Cm  (1:15) Scan E S+ 
1.55e7

A: 16944.59±2.77
A16

1059.9
A17

997.8A18
942.2A19

892.9
A20

848.1

807.8616.0 656.9 770.9
852.3

894.1 943.6 999.4

1060.3 A15
1130.6

1130.1

1061.5

A14
1211.5

1132.1
1157.6

1304.2

1212.6

1240.5

A12
1413.1

1307.5
1335.7

A11
1541.3

1414.5

MYO G LO BIN30 14 (0.867) Cm  (1:16) Scan E S+ 
1.06e7997.6

997.4942.5
892.8

848.2

808.0615.8 656.7 771.6

849.2

893.4

894.2

942.9

943.7

945.0

1059.9
998.2
998.3

999.2

1011.2

1130.7
1060.5

1129.91060.9

1061.3

1077.4

1211.31131.4

1132.1

1157.8

1304.7
1212.6

1232.3
1412.71305.6 1541.21435.6

1557.7

MYO G LO BIN33 14 (0.876) Cm  (2:15) Scan E S+ 
8.94e6997.6

942.2

892.8
892.3848.2

807.7
616.2 727.2657.2

681.2
772.3 808.9

848.7
849.2
852.0

941.8

893.5
893.9
895.7

997.4
997.3

943.5

944.2

1060.0
998.4

998.6

999.5

1012.9

1130.6
1130.2

1061.2

1075.2

1130.8

1211.0
1131.7

1146.5
1304.41212.6

1413.01305.3 1541.3

MYO G LO BIN34 12 (0.748) Cm  (1:15) Scan E S+ 
7.78e6942.2

942.0892.8

848.0

808.3
726.9616.1 681.1 772.7 847.4

849.4

893.1

941.7
894.3
895.9

997.9942.7

997.2

943.9
944.9

1059.9
998.5

999.0
1011.6

1130.6
1130.2

1061.1
1075.2

1131.0
1211.3

1131.7 1212.0

MYO G LO BIN27 12 (0.772) Cm  (1:14) Scan E S+ 
3.52e6

A: 16946.00±2.02
B: 17174.03±3.52
C: 17392.26±10.26

A18
942.3A19

892.6726.9

680.9615.9
616.8 704.7

A20
848.7

772.9
847.8
847.7

807.9
849.2

892.1

893.4

894.3

A17
997.8

943.3
944.1

997.9
A16

1059.9998.7

1011.6
1013.2

B16
1074.5

A15
1130.7

B14
1227.5

No surfactant

0.005 % ALS-II

0.01 % ALS-II

0.02 % ALS-II

0.1 % ALS-II

Direct infusion of a solution of 5 µM myoglobin in 50/50 (v/v) 20 mM ammonium
acetate, pH 5.1 - acetonitrile was performed into a Waters Platform LC.
Solutions contained different concentrations of degraded ALS-II (16h), as noted.
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ESI-MS of Myoglobin after PAGE and
Passive Elution

600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600
m/z0

100

%

0

100

%

5UMMYO 08 26 (1.386) Cm  (19:77) Scan ES+ 
3.14e5

A: 16950.76±3.81
A21;808.2A22

771.4

771.2

A23
738.0

737.7

689.5

645.4

601.3

808.1

807.9

A20
848.4

865.5

909.5

925.6 A17
997.8953.7

954.5
1013.6
A16;1060.9

1093.6
1131.2

5UMMYO 04 76 (3.954) Cm  (19:77) Scan ES+ 
2.16e6

A: 16951.60±3.23
B: 17465.83±4.02

A19
893.2

A20
848.6

A21
808.1

A22
771.4638.2

A23
738.2700.3639.2

848.9

B20
874.4

A18
942.7

B19
920.3

A17
998.1

997.8

B18
971.5

A16
1060.5

B17
1028.5

A15
1131.0

1130.7
1061.0

A14
1211.8B15

1165.2 A13
1305.0

B14
1248.7

SDS

ALS-I

Direct infusion electrospray mass spectra of myoglobin following PAGE.  Myoglobin
band excised and protein eluted following protocol described in Methods Section.
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S D S  m y o g l o b i n
S a m p l i n g  R a t e  5 0 0  M H z
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8 8 0 8 . 07 4 8 0 . 6
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%

0 6 0 8 0 1 4   1  ( 0 . 0 9 0 )  S b  ( 1 1 , 2 5 . 0 0  ) ;  S b  ( 1 1 , 2 5 . 0 0  ) ;  S m  ( S G ,  2 x 4 . 0 0 ) ;  C m  ( ( 1 : 2 + 8 : 9 ) ) T O F  L D +  
6 0 51 6 9 5 2 . 4

1 6 9 6 7 . 8

1 6 9 8 5 . 8

m y o g l o b i n  s t a n d a r d
S a m p l i n g  R a t e  5 0 0  M H z

S p o t  N u m b e r :  8 6
L i n e a r

M i c r o m a s s ,  I n c .

8 0 0 0 1 0 0 0 0 1 2 0 0 0 1 4 0 0 0 1 6 0 0 0 1 8 0 0 0 2 0 0 0 0 2 2 0 0 0 2 4 0 0 0
m / z0

1 0 0

%

0 6 0 8 0 1 3   5  ( 0 . 4 4 0 )  S b  ( 1 1 , 2 5 . 0 0  ) ;  S m  ( S G ,  2 x 4 . 0 0 ) ;  C m  ( 5 : 6 ) T O F  L D +  
7 7 31 6 9 5 2 . 1

MALDI of M yoglobin followin g PAGE
and Passive Elution

SDS

ALS-1

Control

Data courtesy of Andy Whitehill, Micromass, Inc.  MALDI performed on a Micromass
TofSpec-2E. Myoglobin band excised followed by passive elution. Sample mixed with
sinapinic acid and air-dried on MALDI  target.
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Conclusions
• SDS-PAGE vs. ALS-PAGE

– Similar log MW vs. Rf

– Denaturation capability slightly weaker with ALS, e.g.,
carbonic anhydrase, trypsinogen

• Rapid ALS degradation at acidic pH; very stable at
neutral and basic pH

• Significantly enhanced ESI and MALDI MS sensitivity
of proteins in presence of ALS vs. SDS

• ALS-I gives one myoglobin - ALS degradant adduct;
ALS-II and ALS-III give two adducts

• Potential for other application areas:
– HPLC

– Bioprocessing
– Protein preparation/solubilization

– etc.



:DWHUV &RUSRUDWLRQ �����

References

1.  U. K. Laemmli, Nature 227, 680-685, 1970.

2.   P. Dainese Hatt, M. Quadroni, W. Staudenmann, and P. James, Eur.
J. Biochem. 246, 336-343, 1997.

3.  J. E.Schively, in Methods of protein microcharacterization; J. E.
Schively, Ed., Humana Press, Clifton, NJ, 1986, p. 41.

4.  W. H. Koningsberg and L. Henderson, Methods Enzymol. 91, 254,
1983.

5.  P. Davidsson, A. Westman, M. Puchades, C. L. Nilsson, and K.
Blennow, Anal. Chem. 71, 642-647, 1999.

6.  H. Kawasaki and K. Suzuki, Anal. Biochem. 186, 264, 1990.

7.  C. Fernandez-Patron, L. Castellanos-Serra, E. Hardy, M. Guerra, E.
Estevez, E. Mehl, and R.W. Frank, Electrophoresis 19, 2398-2406, 1998.


