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The sig nal rec og ni tion par ti cle (SRP) usu ally tar gets inte gral 

mem brane pro teins to the cel lu lar pro tein trans lo ca tion machin-

ery dur ing trans la tion [1]. This path way is highly con served in all 

three king doms of life. First, SRP rec og nizes the sig nal sequence of 

a nascent mem brane pro tein as it appears from the ribo some, and 

forms a cyto solic tar get ing com plex. This com plex is then rec og-

nized by the SRP recep tor and directed to the pro tein trans lo ca tion 

machin ery, a com plex col lec tively known as the tran slo con. The tran-

slo con is embed ded either in the endo plas mic retic u lum mem brane 

(in euk arya) or the cyto plas mic mem brane (in prok arya). Fol low ing 

the bind ing of ribo some and tran slo con, SRP and its recep tor dis so ci-

ate from the nascent chain in a GTP-depen dent man ner.

The bac te rial SRP sys tem, con sist ing of the SRP pro tein Ffh, 4.5S 

SRP RNA, SRP-recep tor FtsY, and Sec YEG tran slo con com plex, rep-

re sents the sim plest and most con served part of all SRP sys tems. 

Under stand ing how these com po nents inter act has attracted con-

stant atten tions. Sig nif  cant pro gresses have been made. In 2004, 

the struc ture of Ffh–FtsY com plex from Ther mus aquat i cus was 

solved, reveal ing a GTP-depen dent sym met ric het ero di mer con for-

ma tion [2]. Later, a cryo-elec tron micros copy (cryo-EM) struc ture 

of an opened Esch e richia coli tran slo con was reported [3]. In 2006, 

the cryo-EM struc ture of E. coli Ffh and 4.5S RNA inter act ing with 

a nascent chain at the pep tide exit of a ribo some was cap tured [4]. 

Assum ing these bind ings func tion ally rel e vant, it is tempt ing to 

assem ble these pieces together to cre ate a model show ing how SRP 

and its recep tor guide a nascent chain into the pep tide tran slo con, 

facil i tat ing fur ther mech a nis tic stud ies on this con served pro tein 

trans lo ca tion sys tem. In 2007, the E. coli FtsY struc ture was also 

solved [5], mark ing that all the mono mer struc tures required for 

such an inte grated model became avail able in E. coli. Know ing that 

FtsY inter acts phys i cally and func tion ally with the tran slo con [6], 

and with the above struc tures, the only miss ing part is the bind ing 

con for ma tion between Ffh–FtsY com plex and pep tide tran slo con.

Pro tein–pro tein dock ing pro vides a potential means to fll this 

gap. In some cases, atomic-level pre dic tion accu racy is within reach, 

as exem pli fed by the per for mances of sev eral dock ing pro grams [7]. 

The ZDOCK soft ware has a long-stand ing his tory in pro tein dock ing. It 

has pro duced high-accu racy pre dic tions for multiple pro tein–pro tein 

com plexes in many rounds of the CAPRI blind chal lenge [8]. ZDOCK 

uses fast Fou rier trans for ma tion to search all pos si ble bind ing modes 

between pro teins. Ranks are given to puta tive con for ma tions based 

on shape com ple men tar ity, desolv a tion energy, and elec tro stat ics. Its 

offi cial site claims that in 49% of the test cases, native struc tures can 

be iden ti fed in top 4 pre dic tions.

In this study, we mod eled the E. coli Ffh–FtsY com plex ref er enc-

ing the T. aquat i cus Ffh–FtsY com plex [2]. Com pu ta tional dock ing 

and struc ture opti mi za tions were then used to pre dict the bind ing 

mode between E. coli Ffh–FtsY com plex and tran slo con. Based on 

avail able com plex struc tures con tain ing other SRP com po nents, 

these com po nents were then assem bled onto the pre dicted Ffh–

FtsY-tran slo con com plex. The result ing model was assessed and 

dis cussed in the sequel.
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The sig nal rec og ni tion par ti cle (SRP) med i ated pro tein trans lo ca tion path way is universal and highly con served 

in all king doms of life. Sig nif  cant pro gresses have been made to under stand its molec u lar mech a nism, yet many 

open ques tions remain. A struc ture model, show ing how nascent pep tide inserts into pep tide tran slo con with the 

help of SRP pro tein Ffh and its recep tor FtsY, is desired to facil i tate our stud ies. In this work, we pre sented such a 

model derived by com pu ta tional dock ing of the [Green_Open Ffh-FtsY Green_Close][Red_OpenFfh–FtsY Red_Close]com plex onto the tran slo con. This model was com pat i-

ble with most avail able exper i ments. It sug gested that the [Green_Open Ffh-FtsY Green_Close][Red_OpenFfh–FtsY Red_Close]com plex approached the tran slo con with its 

G domains and was locked up by the cyto plas mic loop of SecG and the C5/C6 loops of SecY. Sev eral res i dues were 

expected to play impor tant roles in reg u lat ing GTP hydro ly sis. Addi tion ally, a hypoth e sis on the yet ambig u ous 

func tion of FtsY A domain was pro posed. These inter est ing results invite exper i men tal inves ti ga tions.
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Mate ri als and meth ods

The reported E. coli tran slo con com plex in open con for ma tion 

(2AKI) [3] is a back bone-only struc ture. We there fore prepared an 

all-atom model with Mod el ler 8v2. The E. coli Ffh–FtsY com plex 

struc ture was con structed with E. coli Ffh (taken from 2J28) [4] and 

E. coli FtsY (2QY9) [5] ref er enc ing the T. aquat i cus com plex between 

them (1RJ9) [2]. Only the NG domains of Ffh–FtsY com plex were 

used in subsequent dock ing. This is because that FtsY A domain did 

not have any avail able struc ture or suit able tem plate, and con flict-

ing reports existed for the arrange ment of Ffh M domain [9,10]. As 

dis cussed below, FtsY A domain was not likely to involve in pep-

tide inser tion [11,12]. Its exclu sion was there fore unlikely to affect 

dock ing accu racy. How ever, we did con struct a ref er ence struc ture 

with the Rob et ta ab-ini tio fold ing server [13], for esti ma tion of its 

size and elec tro static prop er ties. The fnal model was val i dated for 

its com pat i bil ity. Also, par al lel ZDOCK runs were per formed with 

dif fer ent M domain arrange ments. Results showed that no dis tinc-

tive bind ing mode was missed because of M domain exclu sion.

Pro tein dock ing was per formed with the ZDOCK soft ware 

 bun dled with the In sight II pack age ver sion 2005 (Ac cel rys™ Inc.). 

Fifty four thou sand potential bind ing con for ma tions were gen er-

ated to ensure exhaus tive sam pling. Improb a ble ones, in which 

con tacts were found at the extra cel lu lar sur face of the tran slo-

con, were imme di ately dis carded. Top 2000 con for ma tions were 

 clus tered on the basis of pair-wise RMSD using a  hier ar chi cal 

 clus ter ing algo rithm to iden tify rough bind ing modes.  Struc tures 

within a 10 Å thresh old were des ig nated as one mode. It is reported 

that ribo some binds Ffh in cyto sol and remains bonded until the 

end of a pro tein tar get ing cycle. Their bind ing mode was avail able 

in a cryo-EM struc ture [4], which was fur ther sup ported by inde-

pen dent cross-link ing results [14]. Ref er enc ing this con for ma tion, 

only two bind ing modes per mit ted rea son able place ment of a ribo-

some (i.e. entirely inside the mem brane and its pep tide exit faced 

the tran slo con). All indi vid ual con for ma tions clus tered into these 

two bind ing modes were opti mized as below. One bind ing con-

for ma tion was found best in energy and was taken as the  puta tive 

bind ing mode.

In this work, mod eled struc tures were opti mized with 

 molec u lar dynam ics sim u la tions as fol lows. Energy min i mi za tion 

was frst per formed with steep est descent method for 100 steps 

fol lowed by con ju gated gra di ent method for 300 steps, to release 

con flict ing con tacts. After the sys tem was grad u ally heated from 

10 to 300 K over 60 ps using the NVT ensem ble, the equil i bra tion 

dynam ics of the entire sys tem was per formed for 100 ps. Finally, 

1 ns MD sim u la tion was con ducted at 1 atm. A time step of 2 fs 

was used. Coor di nates were saved every 1 ps. The aver age struc-

ture from 800 to 1000 ps was cal cu lated and sub mit ted for energy 

min i mi za tion with a con ju gate gra di ent method for 5000 steps to 

obtain the fnal opti mized model.

Fig. 1. Struc ture model of a nascent pep tide being inserted into a pep tide tran slo con with the help of SRP and its recep tor. (A) Front view of the entire com plex. The tran slo con 

was col ored in green, Ffh NG domain in magenta, M domain in red, FtsY in cyan, sig nal pep tide in yel low, and ribo some in grey. (B) Lateral view of the entire com plex. Only 

the pro tein com po nents of ribo some were shown to cre ate a clearer view of the sig nal pep tide ori en ta tion. (C) Struc ture of an opened tran slo con. SecY was col ored in ruby, 

SecE in magenta and SecG in cyan. (D) Ffh–FtsY-tran slo con com plex show ing the puta tive mem brane-asso cia tive patch of lysine and hydro pho bic res i dues (site A) and the 

cav ity on tran slo con (site B) that may inter act with FtsY A domain. Pos i tively (blue) and neg a tively (red) charged res i dues were marked on FtsY and tran slo con sur face.
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