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A Proline- and Alanine-speci�c protease is complementary to trypsin in proteomics applications 
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• Trypsin is the protease of choice in bottom-up proteomics1; 
• Too few or too many tryptic cleavage sites (R and K) in some of the proteins 
(e.g. collagen)2;
• Trypsin is mainly active at pH 7-9, while in some cases lower digestion pH is 
required (e.g. disul�de bond mapping)3;
• Ambiguos phosphosite localization in tryptic phosphopeptides containing
basophylic phosphorylation sites4;
• Orthogonal peptides are required for de novo protein sequencing5;
• Proteases alternative to trypsin are desired for speci�c proteomics 
applications. 
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Loxodonta africana MKS L - - AL L L CL AQL WDCHL AS PSPL L G- - - - - YRE PNCDDPE TE QVAKAAVDYI NAHVLHGYKHVL NQI DE VKVWSPDP    73
Mammuthus_Trypsin - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - AAVDYI NAHVLHGYKHVL NQI DE VKVWSPDP    31
Mammuthus_Trypsin_vs_ProAla - - - - - - - - - - - - - - - - - - - - - - - SPL L G- - - - - YRE P- - - - - E TE QVAKAAVDYI NAHVLHGYKHVL NQI DE VKVWSPDP    47
Sus scrofa - - - L - - I L F F CL AQL WGCRAVPHGPI L G- - - - - YRE PACDDVE TE QAAL AAVDYI NKHL PRGYKHTL NQVDS VKVWPRRP    70
Bos taurus MKS F - - VL L F CL AQL WGCHS I PL DPVAG- - - - - YKE PACDDPDTE QAAL AAVDYI NKHL PRGYKHTL NQI DS VKVWPRRP    73
 MKS F - - L L L F CL AQL CS CRS I PL DPI AG- - - - - YKE PACDDPDTE QAAL AAVDYI NKHL PRGYKHTL NQI DS VKVWPRRP    73
Homo sapiens MKS L - - VL L L CL AQL WGCHS APHGPGL I - - - - - YRQPNCDDPE TE E AAL VAI DYI NQNL PWGYKHTL NQI DE VKVWPQQP    73
Oryctolagus cuniculus - - - L - - VL L L S L AQL WS CHL VTAVPL L G- - - - - YRE HNCDDPE AE QVAL L AVDHI NNHL QQGYKHI L NRI DKVKVWPRRP    70

                                                      
Loxodonta africana T- - RE VF E L E L DTL E T ICHVL DPTPVANCTPRQL TE HAVE GDCDF QVL KQ-GGQFVVL F A- KCDS S PDS AE DVRKVCPHC   149
Mammuthus_Trypsin T- - RE VF E L E L DTL E T ICHVL DPTPVANCTPRQL TE HAVE GDCDF QVL KQ-GGQFVVL F A- K- - - - - - - - - - - - - VCPHC    94
Mammuthus_Trypsin_vs_ProAla T- - RE VF E L E L DTL E T ICHVL DPTPVANCTPRQL TE HAVE GDCDF QVL KQ-GGQFVVL F A- K- - - - - - - - - - - - - VCPHC   110
Sus scrofa A- - GE VF DI E I DTL E TTCHVL DPTPL ANCS VRQL TE HAVE GDCDF HVL KQ- DGQF S VL F A- KCDS S PDS AE DVHKVCPNC   146
Bos taurus T- - GE VYDI E I DTL E TTCHVL DPTPL ANCS VRQQTQHAVE GDCDI HVL KQ- DGQF S VL F T- KCDS S PDS AE DVRKL CPDC   149
Ovis aries T- - GE VYDI E I DTL E TTCHVL DPTPL VNCS VRQQTE HAVE GDCDI HVL KQ- DGQF S VL F T- KCDS S PDS AE DVRKL CPDC   149
Homo sapiens S - - GE L F E I E I DTL E TTCHVL DPTPVARCS VRQL KE HAVE GDCDF QL L KL - DGKF S VVYA- KCDS S PDS AE DVRKVCQDC   149
Oryctolagus cuniculus T- - GE VYE L E I DTL E TTCHAL DPTPL ANCS VRQVTQHAVE GDCDF HVL KQ- DGQF TVL S A- KCDS TPDS AE DI L KL CPDC   146

                                             
Loxodonta africana PL - - L APF NDTKVVHAVE AAL AAF NAQS NGSYYKI VEVSRAQL V- LL PPSAYVE F AVAATDCVAKE VTDP- - - AKCNL L A   223
Mammuthus_Trypsin PL - - L APF NDTKVVHAVE AAL AAF NAQS NGSYYKI VEVSRAQL V- LL PPSAYVE F AVAATDCVAKE VTDP- - - AKCNL L A   168
Mammuthus_Trypsin_vs_ProAla PL - - L APF NDTKVVHAVE AAL AAF NAQS NGSYYKI VEVSRAQL V- LL PPSAYVE F AVAATDCVAKE VTDP- - - AKCNL L A   184
Sus scrofa PL - - L APL NDS RVVHAAE S AL AAF NAQS NGS YL QL VE I S RAQL V- PL S AS VS VE F AVAVTDCVAKE AYS P- - - TKCNL L V   220
Bos taurus PL - - L APL NDS RVVHAVE VAL ATF NAE S NGS YL QL VE I S RAQF V- PL PVS VS VE F AVAATDCI AKE VVDP- - - TKCNL L A   223
Ovis aries PL - - L APL NNS QVVHAAE VAL ATF NAQNNGS YF QL VE I S RAQF V- PL PGS VS VE F AVAATDCI AKE VVDP- - - TKCNL L A   223
Homo sapiens PL - - L APL NDTRVVHAAKAAL AAF NAQNNGS NF QL E E I S RAQL V- PL PPS TYVE F TVS GTDCVAKE ATE A- - - AKCNL L A   223
Oryctolagus cuniculus PL - - L TPL NDTRVAQAAE AAL TAF NE KNNGAYL QL VE I ARAQL V- PL PAS TYVE F TVAATDCVAKE VTDP- - - AKCNL L A   220

                                                                                                 
Loxodonta africana E KQYGF CKATL TEK- - - - VG- - - - - GE DVAVTCMVF QTQPVVPQPQPD- - GTNA- AAPTPAVDPATAE- - - - - PSPAG- -   284
Mammuthus_Trypsin E KQYGF CKATL TEK- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -   182
Mammuthus_Trypsin_vs_ProAla E KQYGF CKATL TEK- - - - VG- - - - - GE DVAVTCMVF QTQP- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -   215
Sus scrofa E KQYGF CKGTVTAK- - - - VN- - - - - E E DVAVTCTVF QTQPVVL QPQPA- - GADA- GATPVV- DAAAT- - - - - AS PL ADVP   282
Bos taurus E KQYGF CKGS VI QKA- - - L G- - - - - GE DVRVTCTL F QTQPVI PQPQPD- - GAE A- E APS AVPDAAGP- - - - - TPS AAGPP   287
Ovis aries E KQYGF CKGS VI QKA- - - L G- - - - - GE DVTVTCTL F QTQPVI PQPQPE - - GAE A- GAPS AVPDAAVPDAAVPAPS AAGL P   292
Homo sapiens E KQYGF CKATL S E K- - - - L G- - - - - GAE VAVTCMVF QTQPVS S QPQPE - - GANE - AVPTPVVDPDAPP- - - - - S PPL GAP   286
Oryctolagus cuniculus DKQYGF CKATVAE K- - - - VA- - - - - RE E VE VTCTI F PAQPVVPQPQPGVAGAAA- VE PAPAVDPAS PV- - - - - S PPDGQS   285

                                                                                                             
Loxodonta africana - - - - PPVAAVVVGPL VL AAP- - - - - - - -QG- PPL HRAHYDL RHAFTGVVS VE S AS GE AF HPVKPPVVVGP- - - - - - G- - P   343
Mammuthus_Trypsin - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -   182
Mammuthus_Trypsin_vs_ProAla - - - - - - - - - - - - - - - - - - AP- - - - - - - -QG- PPL HRAHYDL RHAFTGVVS VE S AS GE AF HPVKPP- - - - - - - - - - - G- - P   255
Sus scrofa - - AAS L VVGP- - - - MVVAVP- - - - - - - - PGI PPVHRS HYDL RHS F S GVAS VE S AS GE AF HVGKTPKGAQPS I PAADGS VP   348
Bos taurus - - VAS VVVGP- - - - S VVAVP- - - - - - - - L - - - PL HRAHYDL RHTF S GVAS VE S S S GE AF HVGKTPI VGQPS I PGGP- - - -   346
Ovis aries - - VGS VVAGP- - - - S VVAVP- - - - - - - - L - - - PL HRAHYDL RHTF S GVAS VE S AS GE AF HVGKTPI VGQPS VPGGP- - - -   351
Homo sapiens - - GL PPAGS PPDS HVL L AAP- - - - - - - - PG- HQL HRAHYDL RHTF MGVVS L GS PS GE VS HPRKTRTVVQPS VGAAAG- - P   353
Oryctolagus cuniculus - - PS S L VVGPV- - - L VAQAP- - - - - - - - AP- - - - PRAHYDL RQTF AGVPS ME S GS GE AF HPGKVPVVVQPS VGAAPG- - P   346

                                                 
Loxodonta africana RVHS- CPGRI RYF KV- - - - -   357
Mammuthus_Trypsin - - - - - - - - - - - - - - - - - - - -   182
Mammuthus_Trypsin_vs_ProAla RVHS- CPGRI RYF KV- - - - -   269
Sus scrofa VVRP- CPGRI RHF KI - - - - -   362
Bos taurus - VRL - CPGRI RYF KI - - - - -   359
Ovis aries - VHL - CPGRI RYF KI - - - - -   364
Homo sapiens VVPP- CPGRI RHF KV- - - - -   367
Oryctolagus cuniculus VI TP- CPGKVRYF KI - - - - -   360

Ovis aries
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Fetuin-A sequence coverage 
across different species
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5 10 15 20 25 30 35 40 45

Time (min)
0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100
NL: 2.96E9
TIC F: FTMS + p ESI 
Full ms 
[350.0000-1550.0000]  
MS 
190904_22461-
001_0090_NISTmAb_A
laPro_1

H
c 

33
3

-3
46

H
c 

39
1

-3
99

H
c 

17
5

-1
80

H
c 

24
9

-2
60

H
c 

33
1

-3
34

H
c 

25
1

-2
60

H
c 

38
2

-3
90

Lc
 1

-8
H

c 
12

7
-1

30
Lc

 9
5

-1
10

H
c 

pG
lu

 1
-9

H
c 

52
-6

3
H

c 
33

-4
6

H
c 

27
5

-2
94 VL-SS

Lc 14-43
Lc 84-94

CH3-SS
Hc 370-377
Hc 424-445

H
c 

40
6

-4
23

CH1-SS
Hc 134-154
Hc 193-209

H
c 

17
5

-1
86

VL-SS
Lc 14-39
Lc 80-94

CH3-SS
Hc 350-377
Hc 424-445

H
c 

40
0

-4
23

CH2-SS
Hc 261-274
Hc 275-330*

H
c 

15
7

-1
74

CH2-SS
Hc 261-274
Hc 275-332*

H
c 

15
5

-1
74

Lc
 5

5
-7

9
H

c 
40

0
-4

14

CH3-SS
Hc 350-377
Hc 400-445

H
c 

24
2

-2
48

VH-SS
Hc 15-46
Hc 90-126

VH-SS
Hc 15-46
Hc 64-126

VH-SS
Hc 15-46
Hc 64-144

VH-SS
Hc 15-48
Hc 90-126

VH-SS
Hc 15-126

VH-SS
Hc 15-89
Hc 90-126 VH-SS

Hc 15-63
Hc 64-126

VH-SS
Hc 15-63
Hc 90-126

VH-SS
Hc 15-32
Hc 90-126

VH-SS
Hc 15-32
Hc 64-126

VH-SS
Hc 15-46
Hc 52-126

CL-SS
Lc 130-140
Lc 144-203

Lc
 9

5-
11

2

Lc
 5

7-
79

Lc
 4

4-
56

H
c 

64
-8

9

Lc 14-43
Lc 80-94

VL-SS

ProAla-digested mAb chromatogram
a)

Undigested mAb

H
c 

3
9

6
-4

0
8

H
c 

3
0

5
-3

2
0

 (
d

ea
m

id
at

io
n

 N


D
/

is
oD

)
H

c 
3

0
5

-3
1

6

Tr
yp

si
n

 a
u

to
ly

si
s 

p
ro

d
u

ct

RT: 1.16 - 49.11

5 10 15 20 25 30 35 40 45

Time (min)
0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

R
el

at
iv

e 
A

bu
nd

an
ce

NL: 1.94E9
TIC F: FTMS + p ESI 
Full ms 
[350.0000-1550.0000] 
 MS 
190905_22461-
001_0090_NISTmAb_
Trp_1

R
el

at
iv

e 
A

bu
nd

an
ce

H
c 

3
0

5
-3

2
0

H
c 

3
9

6
-4

1
2

H
c 

3
7

4
-3

9
5

Trypsin-digestion mAb chromatogram

H
c 

2
7

8
-2

8
8

H
c 

3
0

5
-3

0
9

H
c 

3
1

0
-3

2
0

H
c 

4
4

3
-4

4
9

H
c 

2
5

2
-2

5
8

H
c 

3
3

0
-3

3
7

H
C

 2
7

8
-2

9
1

Hc 259-277
Hc 324-325

CH2-SS

CH3-SS
Hc 364-373
Hc 420-439

CH3-SS
Hc 364-373
Hc 420-442

b)

S
S

S S
S S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

VL

CL

VH

CH1

CH2

CH3

Antibody coverage

S
S

S S
S S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

S
S

VL

CL

VH

CH1

CH2

CH3

Antibody coverage

5665

Trypsin

ProAla-protease

46

a)
Pleistocene mammoth 

bone proteins

b)

c)

Cleavage sites of
ProAla-protease, %

13

3354

Ala
Pro
Hyp

• Constant region of the 
    an�body is covered by 
    tryp�c pep�des.

0 50 100 150 200 250 300 350 400 450 500 550 600 650

Amino acid posi�on

U
ni

qu
e 

de
 n

ov
o 

pe
p�

de
s,

 D
e 

N
ov

o
 sc

or
e 

 ≥
 9

0%

N3ICD 
89 % coverage 

N3ICD amino acid sequence 

Covered amino acid positions 

De Novo sequencing of N3ICD protein using 
ProAla-protease and trypsin

• Constant and variable regions 
   (except for the hinge region) of 
   the an�body are covered by 
   ProAla-pep�des.

• Cleavage a�er
   alanine, proline
   and hydroxy-
   proline.

• Complementary
    non-collagenous
    proteins in tryp�c
    and ProAla-digests.

• 3x more unique phosphopeptides 
   and 2x more class I localized
   phosphosites in ProAla-digests,
   compared to trypsin.

• Be�er coverage of 
species-specific amino
acid subs�tu�ons.

• 89% sequence coverage of 
   N3ICD protein by overlapping 
   high-score tryp�c and ProAla- 
   De Novo pep�des. 
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ProAla-diges�on showed an improved phosphoryla�on profiling in purified proline-rich single protein 
N3ICD, compared to trypsin, as well as allowed to increase total sequence coverage of the protein by 
combining pep�des generated by both proteases (4). A similar increase in total sequence coverage was 
observed for non-collagenous proteins in Pleistocene mammoth bone sample, allowing to cover more 
species-specific amino acid subs�tu�ons relevant for phylogene�c placement. Notably, cleavage also 
occurs at the C-terminus of hydroxyproline, facilita�ng efficient diges�on of bone collagen and improving
the iden�fica�on of non-collagenous bone proteins (3). Using ProAla-protease at pH 1.5 in 2h of protein
diges�on poten�ally allows to decrease scrumbling of the disulfide bonds. We observed a higher digest-
ion efficiency of a non-reduced  and non-denatured NIST mAb and almost complete coverage of its 
sequence and disulfide-containing fragments, compared to trypsin. This demonstrates ProAla-protease as 
a powerful tool for efficient disulfide bond mapping (6). Finally, we performed a near-complete de novo 
sequencing of N3ICD protein, using a combina�on of ProAla- and tryp�c pep�des (5). Taken together, 
this demonstrates the broad u�lity of ProAla-protease for numerous proteomics applica�ons. A poten�al
future applica�on of the protease, not covered in this study, is the reduc�on of ar�ficially-introduced 
deamida�on at low pH of proteoly�c diges�on⁶. 

The Goal: to test the application of a proline- and alanine-speci�c protease, 
which is active at pH1.5 in 2h of protein digestion, to a series of proteomics 
investigations comprising digestion of proline-rich proteins, phosphorylation pro�ling, 
disul�de bond mapping and de novo protein sequencing.
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