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Abstract

Motivation: Protein residue interaction network has emerged as a useful strategy to understand
the complex relationship between protein structures and functions and how functions are regu-
lated. In a residue interaction network, every residue is used to define a network node, adding
noises in network post-analysis and increasing computational burden. In addition, dynamical infor-
mation is often necessary in deciphering biological functions.

Results: We developed a robust and efficient protein residue interaction network method, termed
dynamical important residue network, by combining both structural and dynamical information.
A major departure from previous approaches is our attempt to identify important residues most
important for functional regulation before a network is constructed, leading to a much simpler net-
work with the important residues as its nodes. The important residues are identified by monitoring
structural data from ensemble molecular dynamics simulations of proteins in different functional
states. Our tests show that the new method performs well with overall higher sensitivity than exist-
ing approaches in identifying important residues and interactions in tested proteins, so it can be
used in studies of protein functions to provide useful hypotheses in identifying key residues and
interactions.

Contact: ray.luo@uci.edu or haifengchen@sjtu.edu.cn

Supplementary information: Supplementary data are available at Bioinformatics online.
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2 Materials and methods

2.1 Overview of the method

D.’Il"“c& i y: | te_zg € & 4 (DIRN): ca re_g(g e fe-
agy MI‘_A w4a ¢ ac ba_ed IIMD«(dated Ay pmacn
_<a[i wfacd, i&eq erdeqgfcay o f A" ttal?[exg ex

ut

t % ae camed mgcead | abalw dffaep agmu
Ipacrexd e pacagy eace ena;dg(ed A cagex
d ecanlacexd e pacaqy M cacambec g qede i i.’
A cagrend ecacmdecanl er aMe: geraq cacedse
S equc;ii.’,t aeace . wge i eAs o A

1. CAalg Awged M dd BNd @, Emsd RE atgy
(AMBER) MD #fa, adAbdN-Rd a,2014) Ta ade t -
e odffaeqg ¢ mly e Hae dffaeeg ¢ aly e Nd
»"'eant ap €t (€ leaa«O.athv-ﬂt dffe[eqig gaml ¢ mac-
velmgve gaecaml WMNaed, mdffecep o™ ecayrec «
A ¢ mespeay acMD _g"l}iaﬁ Adceac ¢ My maec
d qed: adN ~e 3G T g d ffacepcanl A ged
¢ e ecanml Aeffeq) i e, ( eMDa ¢ ac .

2. C"nu € cn(d da;a aml NMR b_av aMe f ¢ eac (e_zﬂ e
fra®-b fraf® | 8 MDTra (McGbb aet al,, 2015). T e
& G X daa, M des ac'a ad eded ame (D ), A% n
c amsaame (Ofksa), ame fi ceec meg gveda n
c anmCab A a (CA)a 4 (T-am), kdec a ad edd ¢
(C;1 C:4). NMR bavabe M de cdac ¢, x.®c
facbe eenH de sema Manml Ny sema 4 (HN) an
CA (Jaac), HN aal CB (Jab),am HN a HA (Joma). AR ee
data ecace cleqve cefareda g o oA daabpl

3. Ciﬂct A ed s feeac ey eamleac g g o
daa, e Hae ap.:.easabgmamc M aca g g X
data efey eia""ete_gq ernd ffacepc My S nelni

ietraectre_‘a(eu edfceac c My M e ap . ed3sn
:f'eq‘;c A qed fceac ar fgaeq vech Mg
dffecegc mly macd g ced; adead, mSeq; m3.1by . .
T, «ge ddxanvtﬂa cacebe eesmeac  ar fraeq vex
f ¢ eac -f‘El c“td daa f eac (e_‘ﬂ e beu ed: fiatq €€ £
Hee; e veda cae (1), ¢ ed c aaqegfe e dexee f
vada be. eem; ¢ _a—'“iel(ﬁa»’fk-b.’-ﬁa!f'c 6 c“t‘d
da;a) fi peceg.

4, Ideqf.’_’“ agred e yva a meable a® gpay
am [ m; Cd_g [ftatexd_lfzy ?di ar <ftta]ect e
If dfe a[.l"n nt ced 4 q oA daa facey] omsceedca
dvem cexNd, erewd el cad; va b.’antaﬂea‘ q
aml; _gec cded acans rtaQred(g I A coag AP
e qo e ey oMD AN ma e by m»“*

¢ Ve gaeq vec meac c aly nTu_4®0( ar f
€3G v e.dep. e dffe(eQC Ay o am fedanl e
ceugd e« * deq‘:ﬂ ed a_ca rtaqte_gﬂre,_ em ed .«
| qta,‘eﬂ.ceed_<t e recNd a8 ﬁe?l e . Te
deaded ¢ ced ce; .Mab raced; MSeqy M3.1. T ge ¢ geals
t f g M eced e rec adefr e ¢ g a

felly i amey o ame fo mly

5. Paf A8, gacacy mam _4,@"“ M e M cageen] eq
deqf.’_fa’de Aecagy [k(GQ(LaGariaetal 2003).

6. BNdrexd e paracy Mo ey A ag e ecax
nde_an _faHe Aeag maxedbe_‘(C,a:"nd ,2008).

Ted c a(t fDIRN: <t mEg el A a(eql Sie <
(1), (2), (5) ant (6) fW ~ gamlacd | erd C C*.hﬁ-ﬂ?"“
do e Seqy ;l31 d g <4 ed@d Aep fedd g Ma
Se _<(3)ani(4)‘[tntedetai.

2.2 MD simulations

G ¢ (e mc, ~Nedrece ; ¢ (GPCR), | A aM2AY gac mc aceN-

c N mcece ;¢ aml O tdeece ; ¢ j, ar W aca a4 aGPCR
€ e gvaes me M2 (PKM2) b al @ ceaf N saple ae
etfp'neé’EMD &MNay Ae ;. AMBERI6 (AbdN-Rd a, 2014).

6T0Z Jaquiaoa@ g0 U0 Jasn Alsianiun Buol oeir reybueys Aq 096T8YS/F991/22/SENIRNSHR-]0IR/SOIRWIOUI0Ig/Wod dno-olwapede//:sdny wolj papeojumod



4666 Q.Lietal.
= WV e 8 e an75% (Gaca-Gaca et al., 2003). F ¢
d& senb al g, ¢ e gabefy ec  Nag mace 8 a; an
30% (C e2008).
Compute . . .
Skt g 2.4 Residue interaction network and shortest-path
analysis
Reyd aNew, garacy Mo i aec g qed .o ®  b-
N ced A e idegfed M cagrew e saml ca -
.- ndel(C_@e'”d.’, 2008; L, aal H, 2011) ¢Mce dea
Conduct Pair Alignmes
;gr Er:chalil)alag:;:pem A [}naf DAC o AV flﬁ ie’neq&bMatﬁtv d)
Record Dat Over Threshold R |
& 5 Wi i vy eidhese 3 Results
Lo, efHf . . efcyg ceeq, e detaied dod A%ga eff ¢«

Build Interaction
Network

Fig. 1. Flow chart of the DIRN approach
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2.3 MD simulation post-analysis
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g ecMa o f M2 aal M2IXO2CU . AMNay i e ac
A Ay geNead ¢ a; A f131camldaecend ey aeag
oy cead ¢ an%ed_fﬁ curd dasa, rlatiea_f M oac ftta]ec—
e A dgaled d gy o fy ee camldaec cu an
N i@"’eqat.’F_ﬁ‘re S7A. L deac ¢ ay g ceeame fcanldae
te_zﬁ e i 100% o eac Gt al w e a‘[xaxi ed. H- o e,
;e ard.’_“_“,;,_A < M g (85%) fy e camldaerexd ex

v ae bavedimva 90% f e atxaxdg(eda ie’neqa(

FgeeS7Baml Cut e (ed gy Afeg e axp c»’nar—
ccamec Moy oe 2T aefre g dare
d er.xec cded acam s cagrewd e f adeag 90% t e25
acrx fuaeq vecae baved.; aveay s e Ch[d daa
c amed mgceal fc ere_‘ﬂ e.

U acANe mfSe «3)am (4), - beale, 'deqpf a
N ¢ A cagrend eq 3 dec amed myceal  macWeqed MD
ttgalect vedceac ¢ 0T er gale .’dr bedeqr gagcan

& deab Al ® . peag mcae  emdegfed acdea bed o
Secy 2. Reuq] e garacy M. ceedde ace;degfedf M abe
CQeaq ol B W A capeeq e Temp e ey g
a[ﬂ."‘“ a af edtd, gdeqf.’ Y L OCY, I REW a <

3.2 Algorithm validation
3.2.1 PKM2
Important residues responsible for Serine (SER) activation in
PKM2. We ef efed am o f ¢ Naed PKM2 ¢ e,
" deqf A cageexd ex(§ i@'ﬂcqa( Tabe S3). X’“N
¢ e,et crea(e36re4ﬁ ¢ e bl @ geanl d A pA f A
ediaca ce (§ Nedtga, Tabe S4), T cap - AV cagre
ﬁexntaﬂ.’c amed ba,eg' a; e MD j"‘iat ¥ " SRV W
e tpag t!ﬂ febtm,e te_‘g ex{a‘[btiegnactvatnaPKMZ
=g f  efMcambe degfedb | ¢~ dia g .’ (Cam n
et al., 2012). )8 ie’f’eqa( ?aﬂe $S4 s 4 3 e A A
rexﬂ,e_‘ ae baved mea ia[bec aske . My ec ﬂ<dec anm -
_‘;k(Cla;dCZ)a<;tlcatedb (e 8 vf‘?‘ate-‘
(>70%>70%). L £ ¢p & &+ a‘-u[a cac aa@ 85 e
Vi1, (80-00%) | & o _‘eofc . (30.77%), deqg B v
aqtezg ek e PKM2

Dghy af e rtaqrexﬁ e meac _egste g A cedr
N ~efh gac, Tale SS. N ieﬂ“eqa( FgeeS8A aal B oo
¢ aab ¢ Af fy e caagresd e_@rei caced; eca,“‘i.’t
dA% p(AdA g T oalcaec a ¢ catdbt_c d AN ¢
c ameds®  pbal g  eM gercagqya .

Residue interaction networks. F dre2 u 4 ete_xﬁ e, Apec-
acy M e g gedf e, et ftal?te-éﬂ egdegfedb
DIRN. T e (taq(e_gﬁ e_cace W ead #] gaed: g ~ef (Aan
CdA panles & A(Bd»'f'ad_c aged b eda e
N - cs4c e, 4 a_<f Al bece ee;ln(b_frate OXLa[daf.l’
Ade m eNef &, | APKM2/OXL al PKM2/OXLEBP, | , &
c ey o, 8 Me 360 acf, al; aPKM2/OXL/SER aal
PKM2/OXL/FBP/SER. T | .« al cace e, ag  4f ey mcamn, be
ganfaced ; OXL; APKM2/OXLo ¢ e ¢ FBP reed

c awey ade A ef
&, ¢ OXL;rc, 8  geag maf® m e cageey] e
Teeaec M’y = afpee ¢ 3, e PKM2cambe
rmbied b OXL:m e ceesme FBP (D ""o(ﬁ caa et al., 2005)

dbee, a e «c .&fect canbereg ced b”SER (C asm setal.,2012).
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Fig. 2. Residue interaction networks formed by important residues in PKM2
systems simulated. OXL is the substrate for PKM2, SER and FBP act as activa-
tors. All three are shown as yellow spheres. Red-colored spheres are placed
at the CA atoms of important residues. Sphere size represents the disjoint
rate of the represented residue. (A) PKM2/0OXL. (B) PKM2/OXL/SER. (C) PKM2/
OXL/FBP. (D) PKM2/OXL/FBP/SER

N ~eth gac, TaMe S64, ¢ e 33, gacaqy Mcaxe ced)
¢ ey re‘<(C.’amt aet al., 2012; D A%cq cuacet al., 2005;
M csamet al., 2013). AM* 8 ee ee ae 19,14,e.’: ecacy A
S ﬂeu(a ¢ ac rdegfed17 fi ey bed ap. M gace
1deqﬁed a .’Ck ge b A’ﬂ_.(T1_<,;,.A,_4t A de genb [El[‘;
Cpacacy cace e oA fececces ade fe ;e PKM2
aqvay ma ebalw qeanl AdAy pCA o ¥ e
1de;}ﬁcatg n fj}n tta[?[e_xgl e-‘u“’net d:_{“[e_zf%veun
1deqf.’1n4,u.e Cpecacy st B oe M cafrend cup 2
€ gverae f~89%. T et
begec ag ~57%. T w4 3 addy i cef ey | A8 -
o A ndes f.; mA apeen] ex arce qax,
b tp M NN rew e adH 464,
Te 482, e 515 am Ac8516,+ ¢ ia.’,u,e.’tieani ace;deqpfed
11’lbt - e(:A’"eA? anl c"nutaﬁ m (e ll'ft»’natz an
~ ).
N e’neqa(.’Mate(‘d)

d'cceafay A ab;

3.2.2 GPCR M2
Important residues responsible for GPCR M2 activation. We ec-
fefd A s be cey e meveameac f, eaguve gaex
i b.’ o megdae, e cageend eae adefeii
aqvag Ay Nefbga, Tabe S8 (4 e vala  meey ec f
¢ cee g« fab ;1004 cagrewd exbd eed; be, e
A gagfog e M2agva AT B eerew] exMp f
¢ @ e alT 80, A 103, Te104, A 120, T £206, T, ¢ 400,
T”r403 aml A_a#04, acece cped feed) e;f.’: ne o, %
acever, q on fe M2 agvay My e ceeme fas my(Hasa
etal.,2012; Ky et al.,2013; M a etal.,2013,2014). T ee ace
X 20 te-‘&ﬁ ecam fed 1, comm adpia™ ed
N ie’f’eqa(.’TaHe S9. A B . eeceund exl7rewd e ace
rdeqgfed; beecegd b m ediay recanl b.,u A% d
MD . #Nay e ¢ A ¢ fer camecae aC.1 ¢
C 12 wdec a mame o 't d'f cpracecve 90%. § {@’nel?&
TaMe SO w4 3¢ € eadgviy, . ed% dcameac 100%,
Btft-‘d‘eqfqn’f L3 67%.T e vam d_f(;B ¢ f‘g"' gaqg

Fig. 3. Residue interaction networks formed by identified residues in GPCR
M2 systems simulated. IXO and 2CU are activators for M2 which are shown
as yellow spheres. Red-colored spheres represent the CA atoms of important
residues. Sphere size represents the disjoint rate of the represented residue.
(A) M2. (B) M2/IXO. (C) M2/2CU. (D) M2/IX0/2CU

celq e meac e g N ged: Y Qe"'eqa(.’ Tale S10 anml
F.ﬁte So.

Residue interaction networks. T ece ace u aked ¢ f pacagy
i wa degfed M cagrex] ex Hae *.,t e 22 pacac-
& madded; n ei;tefau ceae & MBI ie’"eqat.’TaHe
S11 (Kg, e et al., 2013; M a et al., 2014). Q¢ fi e 22 pecac-
¢ 20 aceae 1 acacy k¢ agqgvay M M2cece (¢ aml A

foefae d semb Al peac ache. eem sam anl (-
o, A Weewd exT e ey anml cecfe, f cra cac o
¢ e M2rece | ¢ a;d”x.(are 10(.)’.00 anl 50.00 A;,rexectgvd.’. T«
v cae g a A 46, Aacagy A e capeend e
casbe: desp fed b.’DIRN_A ¢ 18 acgrac . T v a ,<ecﬁqt.’
ae, . Mgepaid ma _f@’“_‘a[ﬂ"‘(ed.

T erexd e garacy M cuaM i 4 €4 ag
reug eccambe dvided; p~ef anle s ced m(Es 3). T ae;«
mc oaeey opee cemef amle s ced Mo eume e e
vmgvaced M2, Ne ¢ oamg acetde e e vac fyoe
acv aed e A d ¢ M2/IXO, M2.2CU aal M2/IXO/2CU.
LAM2/IXO,  ae;.c % s by dee (P 396 T, x 2061 a4 1,

v te8 Mg cpvea, o o fo kS T L Mg

t ere g & ¢ e Y206F A agrece ¢ ¢ cammg be agv aed b.’

ace[;c N aml ay @ eanf my meec g Mmeeatqp
v tp IXO (Ky e ef al, 2013). LAM2/2CU, , ae ae o by ddew

fu Al (P e396 T 440 aml P e396 C _439). Lo M2/IXO/2CU
¢ e ae . 192 ¢ ber dde (P €396 T ¢440 aal P €396 T ¢206).

Qr a[ﬂ.’_zﬁ‘(u Lk A MZ/IXOECU aml M2/2CU aeva

Nac ¢ ey nde een ef . ¢ 8 ces mlnue'ﬂ’n‘x.’ft

™ agv ated_é_fe'n_gt‘ Meac; a P e3961_yq.’q& caA f o

¢ evefamled ced i ereud e paag e oo (L and

C en2018).

3.2.3 GPCR xOR
Important residues responsible for GPCR JOR signal transduction.
Teveda Mreyd e firee g fab 1004 cagrew
d ewared ged: a§ i@'ﬂsQa(.’TaHe $13. Ro! |, ma alp
g ded 1lrexd e 8¢ bed cag m eagqvag o f
JOR(§ et pa, TaMeS14) (C eseral,2016). Q ¢ f ell
ceu exad.;(ed, ~ eace £l be A camp, anl 7eexd e
v aerdegfed; be ecegad b ~iay cecanl (g d"
(C es® et al, 2016). § ~efkega, TaMe S14 . ¢ 4 ¢
A% dacieed 18 _e[kt:v;t.’(77.78%) aml 8 _ec ﬁqt.’
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Fig. 4. Residue interaction networks formed by important residues in GPCR
JOR systems simulated. (A) JOR/5’-GNTI. (B) jOR/6'-GNTI. (C) JOR. 5'-GNTI
acts as the inhibitor and 6'-GNTI acts as the activator, both shown as yellow
spheres. Red-colored spheres represent CA atoms of important residues.
Sphere size represents the disjoint rate of the represented residue

(100.00%) fre ;' «rece ( c. W g g m o oae Ac138,
T 139, Te 287,¥e294 anl ql 297t a ia ‘,»n ag e m
b’y 6-GNTIaaml jOR/S'- GNTI_; (A s ¢ ef e ac-
gves Nep eNage; o mgve, ‘Jmcate-‘t e-"fe-‘ﬂ €« “f“
wsofcagf my g ndffecpg a ¢ canf e ecece ( r ga-
o <(C emet al., 2016). T e d g lﬁ ¢ o f deqfedre_qi e M
eac _edfka. X _fedu‘lﬁ {e-’ﬂ:qzx TaMe S15 anl o 2 12
§1 {@"eqa( Fb[eSIO
Residue mtemctzon networks. AR . tpecacy mam fed g -

adceae & Ay elkpa TaHeSl6(C emetal.,2016).
Q¢ fi el18 paacy IS~ acef, Al be A cagfreag-
vag M JOR rece ¢ aml | ac acc Al f (i seab al, A -
be dge aml .’d( be, gecacy T e_k:[l,gtm aml ceqfay
fara cac e_]OR[ecetra[d e by ."b,at
93. 33 asnml 66. 67%,[6_4€thd T ere_‘ﬁ e eracy MM cax
ace & Mok g ced

3.3 Comparison with other methods
Lo+ < g dym e Ay vedt e e M tg""'et db ce-
Neq m§ Ay M cageen eom ey o exig o
Lgacacy AR ru,a ie""eqa( EgreeSll 4 4 2 acace
Inal.l’ ¢ e ex(d e« e(e_.)aldedbecnived e ar-
v cacb IN aml DCN. T er o 4, N SecaeN ged
g Ve e, Table S18. T e reesme f; eerewq ec .y e -
- <anntrv A Qedep eadegf Mo sm m g a <
o7 MD
Qr e o ce-meq M qagresd s ¢ ¢ MD-
baed a ¢ ac wWeal Myevey; e £V, foens d
N ie?neqar Tabe S19 &+ ¢ 3, DIRN a4 e |8 eg eagv-
‘."ndequmb o fta‘?[e-ﬂﬂ eam A cag gaac M
a ® e reedt  dc A aed
Wed o cAMMaed; e gac g a cfe e reeeged
e ady e ga, Tabe.S20 $22). Hae.c aed &-
~ 8 ed; e ttaqtexﬂ ecdegfed, Mo .~ SR WA
be A cap M oe g a _4],‘ MNeac atINanlDCN deqf
eoa g u,e.’rexﬂ e nt e Yo a.’_‘In;leed nm f euﬁ.’
relg ecambe;degfed ab  PKM2aal jOR.

4 Conclusion

Wedos edasp a r ac, ed®d DIRN,, deqf A cag
te_gﬁ eaces defr W ,fe(.’b."nﬂ& t‘fbt ec pr’nat‘ ye
camec iy cedb~sambal Lo ca ¢ ac, MD ANa-
¢ e aefrgc M qedfrajase ¢ e nndffqeqe g
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v enb Al dffeegd daml Ma  c M oanmlcdaed daa
v - et [& (ed fe teqal C [f[»"‘at; mcameT ;_4_4“—
N, ed b ac A A% beo cend flaepc mly g acenfc

P ttal}texg eq g aef, Al came 4bnfcaql.’acc cd ®
¢ A oced g o data Oure A craprewd ecace: deq-
fed,; e aLH Njedacmdes c mg qacew] e Pecacy oawy-
e L mq_fa[ﬂ xa,e.’_@fﬂ m Y a.’_<f ¢ W .ffr.’ T e.op
a a¢ -~ asddyedb cMa B ww ol {al
aml A g - ¢ WA d e ag erexd e gaag mim-
e wsanld n»‘“cdcrrdat ore o ds
Qr« a[ﬂ.’_‘_(_,év_ -« 3 DIRN el 4 dda 18 e eagy -
Iatﬂ,.. ac _.<<=,c£ct ¢ ad ete_‘ﬂ elqe:[act Yo V: WY, |
d [l»’ncd Crtdat [‘lﬂ‘.A ("“ﬂ:t d_( T _<DIRN _4»’“(6
C '81-6 M_gcee s f ¢ A0 [taQIC_‘gl e,éqeract Ao Mhce
e wveredisp 8 1o AuVeway fag t."ﬂf,fliﬂ’
t‘h e msave cewq ed geracy e Afper a carefN afd.’_,@;v_t e
[tl iceac nf e oeva d - & € msyvecae MPKM2, be
tefd,f: _;t‘ve(e_gﬁexcf'qfedb NMR _eda ¢, in:cn
Al ece ea e am TR e gda c N e
ey W v am ;e _u:oﬁct cambe A ved a_<..4,. nn
§ Yefga Tabe S23. S ecfcaﬂ",t e xecfct - mcea_gd
fc A 30. 77 ¢ 50.00% fe PKM2,+ 1y ‘nc c a[’be1nt e
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