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Proteome-wide prediction of protease substrates: from specificity profiling to pathways and diseases

Discovery of novel protease substrates is important for our understanding of 
the role of proteolytic pathways and networks in norm and disease. High 
throughput phage display analysis allows us to accurately assess substrate 
preferences of various proteases at the level of amino acid sequence. This 
analysis performed for seven human matrix metallopeptidases (MMPs) 
produced a large set of cleaved peptides characterized by a range of  
hydrolysis scores for every protease analyzed. A significant fraction (~%30) of 
~1300 compared peptides was equally cleaved by all studied MMPs  
(common set). Differentially cleaved peptides, analyzed by unsupervised  
NMF clustering approach, form three major clusters: (i) MMP25-specific, (ii) 
common for MMP2 and MMP9, and (iii) common for the largest group of  
MMP14, 15, 16 and 24. Four peptide groups were used to construct primary 
specificity models and to perform proteome-wide prediction of common and 
differential targets for the respective groups of MMPs using ProfileDB  
database and tools implemented within the framework of PMAP web-site  
(pmap.burnahm.org). A comparison of predicted substrates with  
physiologically relevant proteolytic events described in the literature and 
captured in our specialized database, CutDB (cutdb.burnham.org) revealed a 
substantial overlap providing a validation of the approach. A further analysis 
of functional associations of predicted protein substrates (captured in  
available pathway resources, such as IPA and GeneGo) led to interesting 
predictions of previously unrecognized involvement of MMPs in a variety of 
biological pathways and diseases. 

Conclusions:

•Family-based substrate phage provides substrates recognition models

•Substrates recognition models can be used to predict protein substrates 
in human proteome 

• Sets of predicted protein substrates can be associated with pathways; 
they can reveal the role which protease have in diseases 

Discovery of novel protease substrates is important for our understanding of 
the role of proteolytic pathways and networks in norm and disease. High 
throughput phage display analysis allows us to accurately assess substrate 
preferences of various proteases at the level of amino acid sequence. This 
analysis performed for seven human matrix metallopeptidases (MMPs) 
produced a large set of cleaved peptides characterized by a range of 
hydrolysis scores for every protease analyzed. A significant fraction (~%30) of 
~1300 compared peptides was equally cleaved by all studied MMPs 
(common set). Differentially cleaved peptides, analyzed by unsupervised 
NMF clustering approach, form three major clusters: (i) MMP25-specific, (ii) 
common for MMP2 and MMP9, and (iii) common for the largest group of 
MMP14, 15, 16 and 24. Four peptide groups were used to construct primary 
specificity models and to perform proteome-wide prediction of common and 
differential targets for the respective groups of MMPs using ProfileDB 
database and tools implemented within the framework of PMAP web-site 
(pmap.burnahm.org). A comparison of predicted substrates with  
physiologically relevant proteolytic events described in the literature and 
captured in our specialized database, CutDB (cutdb.burnham.org) revealed a 
substantial overlap providing a validation of the approach. A further analysis 
of functional associations of predicted protein substrates (captured in 
available pathway resources, such as IPA and GeneGo) led to interesting 
predictions of previously unrecognized involvement of MMPs in a variety of 
biological pathways and diseases.

Conclusions:

•Family-based substrate phage provides substrates recognition models

•Substrates recognition models can be used to predict protein substrates 
in human proteome

• Sets of predicted protein substrates can be associated with pathways; 
they can reveal the role which protease have in diseases

ZINC00241135ZINC00241135

Peptide sequence MMP-24 MMP-16 MMP-14 MMP-15 MMP-9 MMP-2 MMP-25
AA-LTMP 0.38 0.5 0.19 0.58 0.03 0.26 1
AAWAS-I 0.52 0.68 0.38 0.87 0.01 0.9 0.76
AAWG-LN 0.27 0.71 0.56 0.83 0.26 0.07 0.87
AFH-ILG 0.46 0.88 0.26 0.93 0.87 0.31 0.54
AFLSH-W 0.23 0.63 0.01 0.86 0.01 1 0.68
AFN-LYS 0.54 0.94 0.35 0.98 1 0.98 1
AFS-LMR 0.15 0.65 0.1 0.45 0.15 0.11 1
AHG-LLL 0.93 1 1 1 0.32 0.17 1
AH-LQLS 0.22 0.29 0.17 0.62 0.1 0.06 0.92
AHYAS-L 0.94 0.96 0.9 0.98 0.1 1 0.99
ALA-LLD 0.72 0.96 0.62 0.99 0.44 0.25 1
ALD-LKR 0.02 0.51 0.12 0.25 0.21 0.17 1
ALG-LLE 0.71 0.69 0.86 1 0.06 0.06 1
ALH-LRE 0.84 0.99 0.71 0.98 0.01 0.03 0.99
A-LHRPG 0.01 0.04 0.01 0.17 0.01 0.32 0.53
ALN-FYS 0.01 0.29 0.01 0.38 0.96 0.63 0.78
A-LREKV 0.37 0.32 0.18 0.44 0.01 0.01 0.89
A-LRVRG 0.93 0.92 0.51 0.94 0.01 0.34 1
AMG-LFR 0.65 0.79 0.77 0.69 0.2 0.05 0.8
ANYSN-I 0.28 0.29 0.01 0.83 0.01 0.8 0.45
APAK-LR 0.01 0.02 0.01 0.55 1 1 1
APDQ-LS 0.01 0.01 0.01 0.01 0.11 0.05 0.65
APMN-VV 0.01 0.25 0.01 0.54 1 0.88 1
APRF-LS 0.59 0.93 0.53 0.99 0.99 1 0.91
APYNH-L 0.11 0.53 0.48 0.96 0.3 0.38 0.28
ARA-MKW 0.03 0.3 0.03 0.28 0.64 0.39 0.37
ARG-IKL 0.55 0.87 0.8 0.7 0.01 0.01 0.26

…………………………………………………………
1305 peptides in MMPs experiment
*Hydrolysis scores, varying from 0 to 1

Consensus matrix for 3 factors

MMP-25

MMP-24

MMP-16

MMP-14

MMP-16

MMP-9

MMP-2

Result – three  classes of peptides
Peptide f0_mmp-25 f1_mmp14,15,16,24 f2_mmp-2,9 Group
AA-LTMP 0.911 0.51 0.033 0
AAWAS-I 0.738 0.834 0.342 1
AAWG-LN 0.775 0.771 0.065 0
AFH-ILG 0.461 0.84 0.564 1
AFLSH-W 0.714 0.594 0.431 0
AFN-LYS 0.887 0.876 0.931 2
AFS-LMR 0.901 0.404 0.038 0
AHG-LLL 0.832 1.316 0.079 1
AH-LQLS 0.842 0.377 0 0

………………………
874 peptides

Similarity and differences in disease association found

MMP25 MMP2 and 9
MMP2_9 substrates 
(part) involved in 
Wounds and Injuries 
(known relation)

Common peptides: 407
Well hydrolyzed by all proteases 
from the family (Mean > 0.5):
404 peptides
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Developing and validating substrate 
recognition models (PWM)

Developing and validating substrate 
recognition models (PWM)

From four sets of peptides to 
four position weight matrices 
(PWM)*

Substrate recognition performance evaluated by comparison of 
known peptide substrates and background peptides*
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Filters applied
•Protein disordered regions: Only sites in regions predicted to be disordered
•Secondary structure: Exclude sites predicted to be in alpha helix or beta sheet
•Remove “PREDICTED: HYPOTHETICAL”: Exclude sequences without annotation
•Cell localization: Only proteins that are predicted to be:

–Extracellular or in plasma membrane (MultiLoc predictor)
–Minimum confidence of protein localization prediction: 0.2
–Contain signal peptide or/and transmembrane sequence (SignalP + TMHMM)

MMP25 - Reatead Diseases
Schizophrenia
Schizophrenia and Disorders with Psychotic 
Depression
Behavioral Symptoms
Behavior
Vascular Diseases
Thrombosis
Embolism and Thrombosis
Cardiovascular Diseases
Pituitary ACTH Hypersecretion
Psychophysiology
Behavioral Disciplines and Activities
Behavioral Sciences
Psychological Phenomena and Processes
Epilepsy
Musculoskeletal Diseases
Pathologic Processes
Wounds and Injuries
Bone Diseases
Hyperpituitarism

MMP2 and 9 - Related Diseases 
Epilepsy
Vascular Diseases
Pathological Conditions, Signs and Symptoms
Cardiovascular Diseases
Eclampsia
Pathologic Processes
Schizophrenia
Schizophrenia and Disorders with Psychotic Features
Pre-Eclampsia
Wounds and Injuries
Vitiligo
Musculoskeletal Diseases
Myocardial Infarction
Hypertension, Pregnancy-Induced
Inflammation
Abortion, Spontaneous
Hypertension
Thrombosis
Bone Diseases
Brain Diseases

mmp14_15_16_24 mmp25

commonmmp2_9

Metapeptides

MMPs:  14 15 16 24  25 2  9

1. Go to pmap.burnham.org
Select tools

2. Input protease specificity 
Model, filtering conditions

3. Have predicted set of 
substrates

Optional: Analyze results in details

15_2_25_high_other_low all_high_9_2_low all_high_9_lowall_low_25_high

A. Hierarchical clustering of phage substrates

RefSeq ID GI PMAP Name Score
NP_443177 16445027 hs.23265 BAFF receptor [Homo sapiens] 9.588
NP_000085 4502961 hs.18808 alpha 1 type VII collagen precursor [Homo sapiens] 9.433
NP_055108 17402888 hs.09304 neuronal pentraxin receptor [Homo sapiens] 9.227
NP_542376 93141049 hs.16435 collagen, type XII, alpha 1 short isoform precursor [Ho 9.227
NP_004361 93141047 hs.16306 collagen, type XII, alpha 1 long isoform precursor [Ho 9.227
NP_056534 110735435 hs.29964 collagen, type V, alpha 3 preproprotein [Homo sapiens 9.201
NP_001840 17402875 hs.01388 alpha 2 type VI collagen isoform 2C2 precursor [Homo 9.149
NP_597714 19263347 hs.04549 putative emu2 [Homo sapiens] 9.124
NP_937995 38146118 hs.34014 hypothetical protein LOC10712 isoform b [Homo sapie 9.098
NP_006580 38146116 hs.22382 hypothetical protein LOC10712 isoform a [Homo sapie 9.098
XP_371638 88969063 hs.16494 PREDICTED: similar to FAT tumor suppressor homol 9.046
NP_055469 57222247 hs.05645 syndecan 3 [Homo sapiens] 8.995
XP_945760 113412088 hs.10242 PREDICTED: similar to syndecan 3 isoform 2 [Homo 8.995
NP_004189 4757982 hs.27123 cholinergic receptor, nicotinic, alpha polypeptide 6 [Ho 8.917
XP_001127310 113415940 hs.07121 PREDICTED: similar to B0416.5a [Homo sapiens] 8.917
NP_005067 4827022 hs.18433 contactin 2 precursor [Homo sapiens] 8.892
NP_066933 55743096 hs.07763 collagen, type XIV, alpha 1 [Homo sapiens] 8.814
NP_116166 17511205 hs.17883 G protein-coupled receptor 124 [Homo sapiens] 8.789
NP_009163 6005782 hs.12888 histamine receptor H3 [Homo sapiens] 8.737
NP_055622 42716277 hs.04174 transmembrane protein 24 [Homo sapiens] 8.711
NP_002079 29029597 hs.30478 glutamate receptor KA2 precursor [Homo sapiens] 8.711
NP_071376 62988324 hs.05344 tenascin N [Homo sapiens] 8.66

mmp2_9

Pink color – known substrates; substrates for mmp15, 16, 24 and 25 are less studied than substrates for mmp2, 9 and 14

RefSeq ID GI PMAP Name Score
NP_443177 16445027 hs.23265 BAFF receptor [Homo sapiens] 12.61
NP_055469 57222247 hs.05645 syndecan 3 [Homo sapiens] 12.26
XP_945760 113412088 hs.10242 PREDICTED: similar to syndecan 3 isoform 2 [Homo sapiens] 12.26
NP_066933 55743096 hs.07763 collagen, type XIV, alpha 1 [Homo sapiens] 12.25
NP_060233 56711322 hs.31722 ring finger protein 43 [Homo sapiens] 12.16
NP_000085 4502961 hs.18808 alpha 1 type VII collagen precursor [Homo sapiens] 11.78
NP_071376 62988324 hs.05344 tenascin N [Homo sapiens] 11.76
NP_542376 93141049 hs.16435 collagen, type XII, alpha 1 short isoform precursor [Homo sapiens] 11.75
NP_004361 93141047 hs.16306 collagen, type XII, alpha 1 long isoform precursor [Homo sapiens] 11.75
XP_001132982 113418804 hs.03082 PREDICTED: similar to Solute carrier family 23 member 1 (Sodium-d 11.75
XP_001129387 113419820 hs.00225 PREDICTED: similar to Solute carrier family 23 member 1 (Sodium-d 11.75
XP_001129448 113419271 hs.17315 PREDICTED: similar to Solute carrier family 23 member 1 (Sodium-d 11.75
NP_055108 17402888 hs.09304 neuronal pentraxin receptor [Homo sapiens] 11.65
NP_002438 4505265 hs.09548 macrophage stimulating 1 receptor [Homo sapiens] 11.65
NP_116166 17511205 hs.17883 G protein-coupled receptor 124 [Homo sapiens] 11.63
NP_056534 110735435 hs.29964 collagen, type V, alpha 3 preproprotein [Homo sapiens] 11.62
NP_009163 6005782 hs.12888 histamine receptor H3 [Homo sapiens] 11.62
NP_001011718 58743323 hs.14271 X Kell blood group precursor-related family, member 7 [Homo sapien 11.57
NP_008838 24797097 hs.11315 pyrroline-5-carboxylate reductase 1 isoform 1 [Homo sapiens] 11.53
NP_055264 7656843 hs.05383 G protein-coupled receptor 162 isoform 1 [Homo sapiens] 11.52
NP_062832 9951913 hs.31445 G protein-coupled receptor 162 isoform 2 [Homo sapiens] 11.52
NP_937995 38146118 hs.34014 hypothetical protein LOC10712 isoform b [Homo sapiens] 11.5

common

mmp14, 15, 16, 24
RefSeq ID GI PMAP Name Score
NP_003728 16933557 hs.13776 dachsous 1 precursor [Homo sapiens] 8.158
NP_002548 58386720 hs.08732 oviductal glycoprotein 1 precursor [Homo sapiens] 7.819
NP_114095 13994234 hs.11043 enamelin [Homo sapiens] 7.763
NP_006064 104526627 hs.30476 triadin [Homo sapiens] 7.613
NP_004778 4759146 hs.13059 slit homolog 2 [Homo sapiens] 7.594
NP_078966 83367077 hs.28566 mucin 16 [Homo sapiens] 7.519
NP_742054 26051273 hs.09702 voltage-gated potassium channel, subfamily H, member 2 isoform c 7.5
NP_112220 13569932 hs.12604 organic anion transporter polypeptide-related protein 4 [Homo sapie 7.5
NP_006172 5453810 hs.16072 netrin 2-like [Homo sapiens] 7.462
NP_066921 53832009 hs.25532 calcium channel, voltage-dependent, alpha 1H subunit isoform a [H 7.462
NP_001005407 53832011 hs.21807 calcium channel, voltage-dependent, alpha 1H subunit isoform b [H 7.462
NP_001398 13325066 hs.32354 cadherin EGF LAG seven-pass G-type receptor 3 [Homo sapiens] 7.406
NP_057438 39777594 hs.03134 solute carrier organic anion transporter family member 4A1 [Homo s 7.406
NP_631901 22538488 hs.05209 Smith-Magenis syndrome chromosome region, candidate 7 [Homo 7.406
NP_683684 22538490 hs.09931 Smith-Magenis syndrome chromosome region, candidate 7 [Homo 7.406
XP_375806 113412373 hs.20323 PREDICTED: similar to DENN/MADD domain containing 4B isoform 7.368
NP_001001479 47827222 hs.29304 solute carrier family 35, member E4 [Homo sapiens] 7.368
NP_997362 46409584 hs.00098 hypothetical protein LOC400940 [Homo sapiens] 7.331
NP_066984 10863961 hs.01878 potassium channel, subfamily K, member 10 isoform 1 [Homo sapie 7.312
NP_079284 56788359 hs.21394 thrombospondin repeat containing 1 isoform 2 [Homo sapiens] 7.312
NP_002231 4504843 hs.31946 potassium inwardly-rectifying channel J6 [Homo sapiens] 7.312
NP_001003682 51242137 hs.32951 hypothetical protein LOC399474 [Homo sapiens] 7.274

mmp25
RefSeq ID GI PMAP Name Score
NP_001003682 51242137 hs.32951 hypothetical protein LOC399474 [Homo sapiens] 7.481
NP_067081 31317239 hs.02342 interleukin 22 receptor, alpha 1 [Homo sapiens] 7.416
NP_009163 6005782 hs.12888 histamine receptor H3 [Homo sapiens] 7.377
NP_000884 4504893 hs.14888 kininogen 1 [Homo sapiens] 7.338
NP_443177 16445027 hs.23265 BAFF receptor [Homo sapiens] 7.338
NP_997244 79749430 hs.33060 FRAS1 related extracellular matrix protein 2 [Homo sapiens] 7.326
NP_071436 62339432 hs.22203 hypothetical protein LOC64115 [Homo sapiens] 7.325
NP_066921 53832009 hs.25532 calcium channel, voltage-dependent, alpha 1H subunit isoform 7.325
NP_001005407 53832011 hs.21807 calcium channel, voltage-dependent, alpha 1H subunit isoform 7.325
NP_004778 4759146 hs.13059 slit homolog 2 [Homo sapiens] 7.3
NP_000856 4504537 hs.14042 5-hydroxytryptamine (serotonin) receptor 1E [Homo sapiens] 7.3
NP_066933 55743096 hs.07763 collagen, type XIV, alpha 1 [Homo sapiens] 7.274
NP_114095 13994234 hs.11043 enamelin [Homo sapiens] 7.222
NP_667341 24475832 hs.15273 natural cytotoxicity triggering receptor 3 [Homo sapiens] 7.209
NP_079284 56788359 hs.21394 thrombospondin repeat containing 1 isoform 2 [Homo sapiens] 7.17
NP_056534 110735435 hs.29964 collagen, type V, alpha 3 preproprotein [Homo sapiens] 7.132
NP_775785 27735149 hs.11157 hypothetical protein LOC153129 [Homo sapiens] 7.132
NP_694547 23308585 hs.17729 G protein-coupled receptor 156 [Homo sapiens] 7.132
NP_066984 10863961 hs.01878 potassium channel, subfamily K, member 10 isoform 1 [Homo 7.106
NP_001036189 112789532 hs.04018 poliovirus receptor related 2 isoform delta precursor [Homo sap 7.041
NP_002847 5360210 hs.04161 poliovirus receptor related 2 isoform alpha precursor [Homo sa 7.041
NP_803883 29294617 hs.05726 sweet taste receptor T1r isoform a [Homo sapiens] 7.041

mmp2_9
•5 of the top 10 scores are known substrates. 
•~40 reported substrates predicted.
•Except for collagens, there are 210 substrates 
with scores higher than the first documented 
MMP2 and 3 substrate, serum amyloid A1

Gene Symbol Protein name Score
ABCC3 Canalicular multispecific organic anion transporter 2 6.753
ACE Angiotensin-converting enzyme, testis-specific isoform precursor 5.515
ADAM12 ADAM 12 precursor 7.345
ADAMTS13 ADAMTS-13 precursor 6.521
ADM ADM precursor [Contains: Adrenomedullin 7.062
ADORA2A Adenosine receptor A2a 6.649
AGER Advanced glycosylation end product-specific receptor precursor 6.649
AGT Angiotensinogen precursor 5.129
AGTR1 Type-1 angiotensin II receptor 5.412
ANPEP Aminopeptidase N 6.134
APOA5 Apolipoprotein A-V precursor 6.186
BMP1 Bone morphogenetic protein 1 precursor 6.392
BSG Basigin precursor 5.644
C3 Complement C3 precursor [Contains: Complement C3 beta chain 6.727
CALCA Calcitonin precursor [Contains: Calcitonin 6.881
CASR Extracellular calcium-sensing receptor precursor 5.928
CCR2 C-C chemokine receptor type 2 5.516
CCR3 C-C chemokine receptor type 3 5.438
CD247 T-cell surface glycoprotein CD3 zeta chain precursor 5.928
CD34 Hematopoietic progenitor cell antigen CD34 precursor 7.423
CD4 T-cell surface glycoprotein CD4 precursor 7.603
CD44 CD44 antigen precursor 8.479
CD46 Membrane cofactor protein precursor 7.165
CD55 Complement decay-accelerating factor precursor 5.541
COL6A1 Collagen alpha-1(VI) chain precursor 8.222
COL7A1 Collagen alpha-1(VII) chain precursor 9.433
CTHRC1 Collagen triple helix repeat-containing protein 1 precursor 5.155
CX3CL1 Fractalkine precursor 6.418
CYSLTR2 Cysteinyl leukotriene receptor 2 5.18
DCHS1 Protocadherin-16 precursor 7.99
DCN Decorin precursor 6.933
DRD4 D(4) dopamine receptor 7.113
EGF Pro-epidermal growth factor precursor 5.464
EGFR Epidermal growth factor receptor precursor 6.134
ENG Endoglin precursor 5.335

MMP2_9 substrates involved 
in Epilepsy (part)

MMP2_9 substrates involved in Immune 
response (Lectin Induced complement 
pathway)

MMP2_9 substrates marked by red bar

Network reconstruction for MMP2_9 
Epilepsy – related genes (direct 
interactions between selected objects)

MMP2_9 substrates marked by red dot

Substrates for 
MMPs

Number of 
predicted 
substrates

Common 958
MMP2_and_9 2254
MMP14_15_16_2 1410
MMP25 1559

Substrates overlap Common MMP2_9 MMP14_15 
16 24 MMP25

Common 880 798 825
MMP2_and_9 880 1198 1310
MMP14_15_16_24 798 1198 1377
MMP25 825 1310 1377

Percent overap Common MMP2_9 MMP14_15_
16_24 MMP25

Common 100.00 91.86 83.30 86.12
MMP2_and_9 39.04 100.00 53.15 58.12
MMP14_15_16_24 56.60 84.96 100.00 97.66
MMP25 52.92 84.03 88.33 100.00

* Phage display prior to selection. Score cutoff selected to optimize 
separation of target peptides and background

NJ tree for 600 MMPs
catalytic domains

http://protease.burnham.org/www/tools
/cgi-bin/specdb/ProfileDB.html

common

mmp2_9

mmp25

mmp14_15_16_24

* - One click job after 
submission peptides to 
ProfileDB

Mmp

16
15
24
14
2
25
9

Mmp       16          15 24       14            2         25           9

Raw data (part)Raw data (part)Raw data (part)

A

B Std dev < 0.2

Std dev >= 0.2
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