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Introduction-Significance of PPI Network Prediction on Genome Scale

EPH receptor

[. Most proteins conduct functions through SO T 25
interactions, either permanently or transiently, with

other proteins

[I. These interactions result 1n various protein-protein
interaction (PPI) networks, or interactomes, that are

essential to accommodate many important cellular
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processes, ranging from transcriptional regulation

to signal transduction and metabolic pathways

Ref: Huttlin E L., et al., Cell 2019, 162:425-440.



Introduction-High Throughput Experimental Methods for PPI Detection

L.

I1.

Experimental methods to elucidate these networks are,
however, limited and many of them, including yeast-two

hybrid (Y2H) and tandem-affinity purification (TAP), have

high error rates up to 50%

These high-throughput experimental (HTE) methods only
address the i1ssue of what proteins interact, but cannot
provide information as to where and how the proteins
interact; this information is critical for understanding the
biophysical mechanisms of the interaction networks and/or

developing new therapies to regulate the networks

Ref: Montafiez G., ef al., Current Bioinformatics 2015, 8:339-346.
Archakov Al., et al., Proteomics 2003, 3:380-391.

Yeast two-hybrid (Y2H)
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Introduction-Experimental Techniques

[. While structure biology through X-ray and NMR techniques could in principle
provide the most accurate structural information of PPIs, these experiments are
however often too expensive and labor intensive to be applied on a genomic scale

Cryo-electron microscopy

Qﬂgb crystal Diffraction pattern Electron density map Protein model

Nuclear magnetic resonance
i fe=t

I Single crystal X-ray diffraction (SC-XRD)

Nuclear magnetic resonance (NMR)

Sample preparation Data acquisition Spectral processing Structural analysis

Cryo-electron microscopy (Cryo-EM)

II. There are also many complexes that are currently difficult to solve due to technical
difficulties 1n protein expression and crystallization



Introduction-Escherichia coli (E. coli)

I. In Escherichia coli, the most studied bacterial
organism of our time, for example, there are
only 1,559 out of the 4,280 protein-coding
genes (<36%) that have the structures
experimentally solved

II. The number of PPI complex structures 1s even
less: as of PDB database in June 2021, E. coli
only have 717 PPI entries, which counts only
for <7% of the ~10,000 putative PPIs in E. coli

Ref: Keseler I M., et al., Nucleic acids research 2017, 45:D543-D550.
UniProt Consortium., Nucleic acids research 2019, 47:D506-D515.
Burley S K., et al., Nucleic acids research 2021, 49:D437-D451.



Introduction-Threpp

Step I — Search template/partner frameworks

Sequence A Sequence B
* Threading Threading v
5 -

Monomer Library Monomer Library

v v

—® T, “ Homologue ' Tex

Tle)mplate/ < of partner
) artners ¢ ) EEEEEEEEEES
y . 4 T
T G-p G Y

T @
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Zyg = Min(Z,,, Zg)

Step 11 — PPI recognition E

v
Dimeric threading score HTE data

Zypmax = max{Z,p} (TAP, MALDI, etc.)

v v
Naive Bayesian classifier combination

Step III — Structure modeling =

v ,
- > “ Structure superposition
Structure superposition - by TM-align
by TM-align ;

“ Final structure model




Results-Benchmark Test of Threpp on PPI Assignments

. To train and test the pipeline, we collected a ‘Gold Standard’ (GS) set of interactions:
positive samples 763 obtained from DIP, BIND and INTACT databases

II. The negative samples 134,632 compiled from protein pairs belonging to different
cellular compartments

rﬂ_‘ Database of |nteracting Proteins L7 IntAD

~Jobs| Search bypraten] sequence) (mot] (arick] (MEx] (patnBLAST] (HelolLOGIN

Home _ Advanced Search | About | Resources | Download

THE DIP DATABASE

The DIP™™ database catalogs experimentally determined interactions between proteins. It combines information from a variety of sources to create a single, consistent set of protein-protein interactions. The data homim T
stored within the DIP database were curated, both, manually by expert curators and also automatically using computational approaches that utiize the the knowledge about the protein-protein interaction networks e Caree i aaeaearin
extracted from the most reliable, core subset of the DIP data. Please, check the reference page to find articles describing the DIP database in greater detail.

This page serves also as an access point to other projects related to DIP, such as The Database of Ligand-Receptor Partners (DLRP) and JDIP. New IntAct Website is heret
Plasse take 3 ook and leave us fesdback on our new IntAct Bata

DIP PAGES IntAct Molecular Interaction Database Featured Dataset
A map of binary SARS-Cov-2 protain
\ Nws | R It rords el sl s detaase st and s o ol st Al et fom st custon vt e SRR
Links NEWS e submisions and ae recy avalabl. The Intack Team als produce the Comple ortl interactions implic
Files|  REGISTRATION/ Registration and account maintanance. Registration is required to gain access to most of the DIP features. Registration is free to the members of the academic community. Trial accounts for the N
e ACCOUNT  commercial users are also available. Please, consult Terms of Usa for further detail. e —
STATISTICS  Detailed information about the current state of the database as well as some statistics on server usage. g Examples toavhive
- = Gene, Protein, RNA or Chemical name: BRCAZ,
SATELLITES  DIP-related projects, such as DLRP and JDIP. o e BRCAZ Sign up for our newsletter
SERVICES  DIP-derived services. | Gbrotks or ChER1 AC: Qoesos, CHERL159%6 Sign s bere
ARTICLES  DIP in press. Both, papers published on DIP as well as a list of publications referring to DIP. B seorenes o B News =
Seamcy  Database search. This is the starting point of the database exploration. Once the initia protein i found through keyword or sequence searches the interaction network can be explored by interactively e
following the interaction finks Intactst g8
LINKS Links to other protein interaction databases and related sites. /. intact_project
FILES Download the complete DIP dataset as well as specialized DIP subsets and additional data (registration required).
Data Content Submission Contributors
HELP A short description of the DIP database.

Submit your data to Intact Manually curatad content is added to IntAct by curators at the EMBL-EBT
toincrease It visibilty and and the following organisations:
« interactors: 122238 usabilty

Ref: Hu, P., et al., Plos biology 2009, 7: €¢1000096.
Xenarios, Ioannis., et al., Nucleic acids research 2000, 28: 289-291.
Bader, Gary D., et al., Nucleic acids research 2003, 31: 248-250.
Kerrien, Samuel., et al., Nucleic acids research 2012, 40: D841-Dg46. ¢



Results-PPI Recognition by Individual Threading and HTE Methods

Table 1 Summary of PPI recognition by different methods.

Num of Preys Num of Baits Num of Detected interactions MCC TPR FPR

Individual datasets from high-throughput experiments and threading

Tandem affinity purification (Butland set) 1000 530 6067% 0.54 36.2% 0.05%
MALDI-TOF (Arifuzzaman set) 4339 4339 11,478 0.41 32.4% 0.16%
Tandem affinity purification (Hu set) 4225 4225 5993 0.35 24.4% 0.13%
Yeast-two hybrid (Rajagopala set) 3606 3305 2191% 0.27 9.6% 0.02%
Threpp_threading 4280 4280 28,263 0.41 26.2% 0.08%
Bayes combinations

Classifier without Threpp_threading 3459° 3459° 7872 0.58 42.4% 0.07%
Threpp 4280 4280 35,125 0.64 59.1% 0.14%

@ With the repeated PPlIs (e.g., A-B and B-A) removed from the 4 HTE datasets respectively, the numbers of PPls become 6067,
11478, 5993 and 2191 from the original ones 6234, 11511, 5993 and 2234.

® The number of preys/ baits for the classifier without Threpp_threading is calculated by the union set of preys/baits from the HTE
datasets used to train the classifier.



Results-Bayesian Classifier Models Increase PPI Recognition Accuracy of
Individual Methods
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Results-PPI Networks Reveal Dominant Roles of Essential Proteins in E. coli
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Results-Node Degree Distribution is Scale Free
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Results-Essential Proteins Interact with More Partners than Non-essential ones
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Table-2. The ten-proteins-with-the highest-betweenness-centrality (BC) values.<

Results-Betweenness Centrality

ID< BC<  Name of proteins<

DnaKz« 0.049<" Chaperone protein-DnaK <

TufA<  0.037< Elongation-factor Tu-1¢

RpsB<  0.029<" 30S-ribosomal-protein-S2¢

MetN<  0.029<" Methionine import-ATP-binding protein-MetN<
LpdA<  0.027<" Dihydrolipoyl-dehydrogenase<

RplL<¢ 0.027<"  50S-ribosomal-protein-L7/L12¢

TufB<s  0.027< Elongation-factor Tu2¢

RlmN<«  0.020<" Dual-specificity' RNA ‘methyltransferase' RImN«
RplV<  0.018<" 50S-Tibosomal protein-L22<

RcsB«<?  0.018<" Transcriptional regulatory -protein-RcsB<

A A A A A A A A A g s
1 1 1 1 1 1 1 1 1 1 1
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Results-Betweenness Centrality
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Ref: Zhu X., et al., Science 1996, 272:1606-1614.
Carballes, Fabrice., et al., Molecular microbiology 1999, 34:442-450.
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Results-Structural Modeling of Protein Interactome in E. coli -DmsAB
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Results-Structural Modeling of Protein Interactome in E. coli -YagRST

;msw;\ -..f‘
LY -'f% -sxgggmn J., Yag

-score=0.90 / I-RMSD=2.01A (96.7%)
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Results-Structural Modeling of Protein Interactome in E. coli-

Comparison of Threpp Models on 39 Solved PPI Complexes

I. There are in total 39 out of the 35,125 protein-protein complexes whose structures have

been experimentally solved in PDB since 2016

II. The average TM-score of the Threpp models 1s 0.73 for these experimental structures

III. Threpp achieves average TM-scores of 0.71 and 0.81 for homo- and hetero-dimers



Conclusion

[. The Threpp recognizes and models structure of protein-protein interactions in organisms

II. Threpp was applied to the Escherichia coli genome and created 35,125 confident PPIs
which 1s 4.5-fold higher than HTE alone

III. Graphic analyses of the PPI networks show a scale-free cluster size distribution, which
was found critical to the robustness of genome evolution and the centrality of

functionally important proteins that are essential to E. coli survival

19



Conclusion

L.

I1.

[I.

Complex structure models were constructed for all predicted £. coli PPIs based on Threpp,
where 6,771 of them were found to have a high confidence score that corresponds to the

correct fold of the complexes with a TM-score > 0.5

Two examples from DmsAB and YagRST complexes are examined in detail, where the
predicted models are found highly consistent with the experimental data from previous

functional studies

Overall, 39 complex structures were solved after the structure library was created, where 72%

of them have a TM-score > 0.5, resulting 1in an average TM-score 0.73 compared to the native



Server-https://zhanglab.ccmb.med.umich.edu/Threpp/-Homepage
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Threpp (Multimeric Threading based Protein-protein Interaction Predictor) is a computational algorithm for protein-protein interaction (PPI) prediction. Starting from a pair of query sequences, Threpp first threads them against a non-redundant complex structure library to examine the probabily for them to
interact through a naive Bayes classifier model which combines the Threpp threading score and available high-throughput experimental (HTE) data. The quaternary stuctural models of the PFls are then construcied by reassembling the moenomeric threading templates with the identifisd PPI frameworks.
Large-scale benchmark tests showed that Threpp can significantly improve the precision and recall of both HTE and multimeric threading, and therefore reduce the false positive rate for the current PPl modeling approaches. The performance of the current Threpp server is optimal for predicting PPIs in E.

coli, for which the integrated HTE datasets are constructed. We are still working on extending Threpp to other species by including HTE datasets from non-£. coll species.

Threpp On-Line Server (An example of the Threpp output):

» Input your first sequence in EASTA format here: Example input

2
COr upload the sequence from your local computer:
N | SRR
« Input your second seguence in FASTA format here: Example input
2

COr upload the sequence from your local computer:

FEEMH | AR

21



Server-https://zhanglab.ccmb.med.umich.edu/Threpp/-Homepage

« Email: {mandatory, where results will be sent fo)

» |D: (optional, your given name of the protein)

Run Threpp || Clear form

Threpp Download

» Click package.zip to download the standalone package of Threpp progam and the template library.

s Click Ecoli3D zip to download structural models of all PPIs predicted by Threpp in E coli genome, where Ecoli3D txt contains a summary table of the structural modeling results.

s Click solved structures.zip to dwonload the model and native structures of 39 protein complexes whose complex structures are experimentally determined after the Threpp structural modeling.
» Click HTE zip to download the high throughput experiment (HTE) datasets used by Threpp and the script to search the guery protein pairs through the HTE dataset.

Refereance:

» Weikang Gong, Aysam Guerler, Chengxin Zhang, Elisa Wamer, Chunhua Li, Yang Zhang. Infegrafing Mulfimeric Threading With High-throughput Experiments for Structural Interactome of Escherichia cofi . Journal of Molecular Biology, 433: 166944 (2021). [PDE] [Supporting Information]

22



Server-https://zhanglab.ccmb.med.umich.edu/Threpp/-Example

Threpp results for TPP9
[Click result.zip to download all results on this page]

Input Sequence in FASTA format

schain A (99 rezidues) [Download

ML TEAEMSEYLFDELGLSKEDAKEL VELFFEE IRRAL ENGEQWEL SGFGNFDLEDENQE
PGRNPETGEDIPITARRVVTFRPGQELE SEVENASPEDE

»chain B (90 residues) [Download

MHESQLIDE TAAGADTSEAALGRALDATTASVTESLEEGDD VAL VGFG TFAVEERALRTG
FNPQTGEEITIALAKVE SFRAGEALEDAVH

Top 20 dimer threading templates

Rank PDB BioUnit Chain Chain Threpp Iden Cov Norm. Download 20 40 80
hit Num A B score Prob. alignment |

MALTEAEMSEYLFDELGLSKRDARELVELFFEE IRRALENGEQVELSGF GNF DLRDENQRPGRNPETGED IPI TARRVVI FRPGRELESRVENASPEDEamk=ql idkiasgadiskaasgraldaiiasvteslkegddval vefetia

1 dgin 1 0 1 16.721 0.446 0.889 100.0 Templatel QNSLAKGEKVQL IGFGNFEVRERAARGRNPQT—CKE IDIPASKVPAFEAGKALKDAVE——mmktd nfe
2 dgin 1 1 0 16.684 0.439 0.915 100.0 TemplateZ QNSLAKGEKVQL IGFGNFEVRERAAREGRY KALEDAVE—mnktdl inav nfe
3 ipbl 1 2 3 16.184 0.385 0.963 100.0 Template3d HASVTE! AALETIIEAVSSGDEVTLVGFGSFESREREAREGRD KLFREXVAPP———mnkgel vdaw. sletiicavss zie
4 2np2 1 2 3 16.155 0.317 0.952 100.0 Tenplated ALNTE! EXEY TRLVI DAFFEELESNLCSNNVIEPRSFCTFEVREREGRL RPGEDLEERVWG———vtk=divdg ridaffaelksnless tfa
5 1pEl 1 3 2 16.119 0.385 0.963 100.0 Templateb ARE ASVTEEQADAVLTAALETI IEAVESCDEV TLVGECSFESREREAREGR) AGELFREEVAPP——mnkgel vdaw sfe
[ Znp2 1 3 2 16.099 0.317 0.952 100.0 Template6 --VTESDIVDQIALNIK!EXKYIRLVIDAFFEELESNLCSNNVIEFRSFCTFEVREREGRL: tfa
T lmul 2 0 1 156565 0.480 0.804 999 Template? —MNETQLIDVIAEXAR! SETQAKAALESTLAATTESLEECDAVQLVGFCTFEVNHRA-E—————————A—24N +fls
& lmul 2 1 0 15.655 0.480 0.804 99.9 Templatel ——MNETGLIDVIAES DAVELVGFCTFEVNHRAE————— A4 tfle
9 dp3v 1 0 1 15619 0632 0.762 999 Tenplated —MNESRLIDKIAAG AAAGRALDATTASVTESLEEGDDVALVGFCTFAVEER—————————————— t

10 4pdv 1 1 0 15619 0632 0.762 99.9 Templatel ] —MNESQLIDEIAAGADT 2K AL AGRALDAT TASVTESLEECDD ALVGFCTFAVEER—————————————— t

1 1huu 1 0 1 15.012 0.475 0.847 99.9 Templatell — LINAVAETSGLEKKDATEAVDAVFDS ITEALREGDKVQLIGFGNFEVRERAARM————-EIP. nie
12 1huu 1 1 0 15.012 0.475 0.847 99.9 Templatel2 —MNETELINAVAETSGLSKEDATEAVDAVFDSITEALREGDEVQLIGFCNFEVRERAARM—————EIP. nfe
13 2097 1 1 0 14.877 0.447 0.746 99.9 Templateld —MNESQLIDEIAAGAD-SEAAAGRALDATTASVTES EEGDDVALVGFCTFAVEER—————————————4K t£l:
14 2087 1 0 1 14.838 0.6860 0.746 99.9 Templateld —MNETQLIDVIAER TFEVNE—————————————— N t

15 dptd 1 0 1 14.486 0.366 0.968 99.9 Templatel’ —MNEELIDV VFEQRRR RTCETVEVEPTSVPAFR 364AG—mrkael 1dvltgklzsdrrgat vfa
16 dptd 1 1 0 14 479 0.366 0.968 999 Templatelf —) LIDVLTQK: VFERRRRAAR RIGETVEVEPTSVPAFR! SGA——mnkael 1dvltgklzedrrgataavenvvdtivravhlzdsviitzfzvie
17 1ihf 1 4 3 14.296 0.308 0.963 999 Templatel 7 ——MTESELIERLATQQSIPAKTVEDAVEEM EHMASTLAQCERIETRGFCEFELHYRAPRT T-CDEVELEGEYVPHFE ANTYG—--1tkasmzeylfdklglzlrdzkelvel ffasirralenzeqvl:l szfznfd
18 1ikf 1 3 4 14.089 0.667 0.952 100.0 Templateld — TE. E NFDLRL) NET-GEDIPITARRYVVIFE] —mtkzeliarlatggsipaktvedavkemlchmastlagrerieirsfesfs
19 3rhi 1 1 0 13.798 0.394 0.873 999 Templ ateld ——MNETELIENVAQN: TFEVRERAARTG—QT—GEEMOTAASKVPAFEAGKELKEAVE————tel iknvagnaeizgheatvwvatvvesi tfe
20 3rhi 1 0 1 13773 0.406 0.899 99.9 Template?) ——TELIENVAGNAET SQREATVVVQTVVES I TNTLAAGEL QL IGFCTFEVRERAARGRNP-—QTEMA A4 SEVPAFEACKEL KEAVE —mnktel iknvagnaeisghestvvvatyw tfa

(a) Templates are ranked in descending order of ThreppScore of dimer threading.
(b) BioUnit Num is the biclogical assembly (i.e. biounit) number.
(e} Chain A and Chsin B are the PDB chaing in biclogical assembly files that aligns the first and second query sequence, respectively.

(d) ThreppScore, also known as SPRING-score, is a combination of monomeric threading Z-score, interface contact statistical petential, and ThM-align match between monomer-to-dimer
templates.

() lden is the sequence identity of the templates in the threading aligned region with the query sequence.

(f) Covis the coverage of threading alignment. It iz equal fo the number of aligned residues divided by the length of two query proteins.

(@) Norm Prob is the percentage probability of correct dimer template identified.

(h) Downlozad alignment provides the 3D coordinates of template aligned regions.

(f) Template residues identical to query sequence are highlighted in coler. Upper and lower case lefters denote residues from first and second chain, respectively.
(@) The full template table is available here.

23



Server-https://zhanglab.ccmb.med.umich.edu/Threpp/-Example

t;: \I'Ir%:,.. Rank? Download®
- 1 modell.pdb.gz
model? pdb.gz
3 model3.pdb.gz
4 model4.pdb.gz
5 model5.pdb.gz
6
7
8

model§.pdb.gz

Z

model 7 pdb.gz

9  modeld pdb.oz
10 model1d.pdb.gz
11  modeli1.pdb.gz
12 model12 pdb.gz
13 model13.pdb.gz
14 model14. pdb.gz
15 model15.pdb.gz
16 model15.pdb.gz
17  model17.pdb.gz
18 model18 pdb.gz
19 model19.pdb.gz
20 model20.pdb.gz
) Threpp models are ranked in the same order as the respective dimer templates, as listed here.
(b) Download sfructure models.

| Reset | ] Spin (] High quality [ White background Save image |

# chainAfseqiD)®  chainA(seqiD)® PPIC Dataset source
02097AM_0_0(0.253) 2097A/M_1_7 (0.789) Y  Dimer theading
1 b1712(100.0%) b0440 (100.0%) Y Hu et al
2 b1712(100.0%) b0440 (100.0%) N Rajagopala et al
3 b1712(100.0%) 00440 (100.0%) N Arifuzzaman et al
4  b1712(100.0%) b0440 (100.0%) Y Butland et al
Likelihood ratio of interaction = 5.16 = 1.87, the protein pair is predicted to interact.

(&) b-number of chain A in the HTE dataset, and the percentage sequence identity between query chain and the
sequence used in HTE.

(b} b-number of chain B in the HTE dataset, and the percentage sequence identity between query chain and the
sequence used in HTE.

(c) Whether the protein pair is found to interact in the HTE: ¥ for interacting pair; M for non-interacting pair; NA
far a protein pair not included in the HTE.

[Click result.zip to download all results on this page]
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