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Intro duc tion

a-Sar cin is the most rep re sen ta tive mem ber of ri bo tox ins, a fam-

ily of fun gal nat u ral kill ers char ac ter ized by their exqui site ribo-

nuc le o ly tic spec i fic ity against ribo somes and their abil ity to cross 

cel lu lar mem branes in the absence of any known pro tein recep tor 

[1,2]. These toxic pro teins cleave just a sin gle phos pho di es ter bond 

of the large rRNA frag ment, located at an evo lu tion arily con served 

loop with impor tant roles in ribo some func tion [3–5]. This cleav age 

inhib its pro tein bio syn the sis, lead ing to cell death by apop to sis [6]. 

This impor tant region has become to be known as the sar cin/ricin 

loop (SRL)1 because it is not only the tar get of a-sar cin and the rest of 

ri bo tox ins but also of the much larger group of plant ribo some-inac-

ti vat ing pro teins (RIP), best rep re sented by ricin [7,8].

Most ri bo tox ins show a high degree of sequence iden tity 

[9–12] that is also man i fested in the three-dimen sional struc-

ture of the two only ri bo tox ins stud ied at this level, re stricto cin 

[13,14] and a-sar cin [15–18]. Both pro teins fold into an a + b struc-

ture with a cen tral five-stranded anti par al lel b-sheet and an a-helix 

of almost three turns and dis play long and unstruc tured loops  

(Fig. 1) [15,19,20]. Res i dues 1–26 form a long NH2-ter mi nal b-hair-

pin that can be con sid ered as two con sec u tive minor b-hair pins con-

nected by a hinge region with its most dis tal part jut ting out as a 

sol vent exposed pro tu ber ance (Fig. 1). This b-hair pin is one of the 

regions show ing the high est sequence var i abil ity among ri bo tox ins 

[9–12,21]. An a-sar cin mutant involv ing the dele tion of this pro tu ber-

ance, a-sar cin D(7–22), retained the same con for ma tion as the wild-

type pro tein, as ascer tained from its three-dimen sional struc ture in 

solu tion [22]. How ever, func tional and enzy matic stud ies revealed 

that this mutant exhib ited ribo nu cle ase activ ity against naked rRNA 

and syn thetic sub strates but lacked the abil ity to spe cifi  cally cleave 

the SRL in intact ribo somes [23]. These results were explained by in 

sil ico stud ies that pre dicted how this NH2-ter mi nal b-hair pin could 
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Ri bo tox ins are a fam ily of toxic extra cel lu lar fun gal RNas es that first enter into the cells and then exert a 

highly spe cific ribo nuc le o ly tic activ ity on the larger rRNA mol e cule, lead ing to pro tein syn the sis inhi bi tion 

and cell death by apop to sis. a-Sar cin is the best char ac ter ized ri bo tox in. Pre vi ous char ac ter iza tion of a 

dele tion var i ant of this pro tein showed that its long NH2-ter mi nal b-hair pin is essen tial for its cyto tox ic ity. 

Dock ing, enzy matic, and lipid–pro tein inter ac tion stud ies sug gested that this b-hair pin estab lishes spe-

cific inter ac tions with ribo somal pro teins and that it is a region involved in the inter ac tion with cell mem-

branes. Con se quently, in order to assess the influ ence of the basic char ac ter of this NH2-ter mi nal b-hair pin 

(there are 1 argi nine and 4 lysines along its 16 res i dues) on the ri bo tox ins cyto toxic abil ity, five indi vid ual 

mutants substi tut ing these five basic res i dues by glu tamic acid were pro duced, puri fied to homo ge ne ity, 

and char ac ter ized. Regard ing ribo somal rec og ni tion, all mutants showed a dimin ished activ ity in a cell-

free retic u lo cyte lysate, whereas the activ ity against an oli go ri bo nu cleo tide mim ick ing the sar cin/ricin 

loop rRNA (SRL) or the homo pol y mer poly(A) remained unaf fected, con firm ing that the mutated basic 

res i dues par tic i pate in elec tro static inter ac tions with other ribo somal ele ments apart from this SRL. The 

study of the inter ac tion with phospho lipid ves i cles showed that Lys 17, Arg 22, and, most impor tantly, Lys 

14 and Lys 21, are cru cial res i dues in the first stages of the aggre ga tion phe nom e non, where pro tein–ves i-

cle and pro tein–pro tein inter ac tions are required. The data obtained reveal that elec tro static inter ac tions 

involv ing basic res i dues of the b-hair pin are required not only for estab lish ing spe cific inter ac tions with 

ribo somal regions other than the SRL but also to explain the abil ity of the pro tein to inter act with acid 

phospho lipid bilay ers.
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estab lish essen tial inter ac tions, mostly of elec tro static nature, with 

spe cific ribo somal pro teins in order to direct the ri bo tox in to the SRL 

region of the ribo some [18].

In addi tion to their spe cific and lethal ribo nuc le o ly tic activ ity, 

ri bo tox ins can also cross phospho lipid mem branes due to their 

abil ity to inter act with acid phospho lipid-con tain ing bilay ers 

[6,24–28]. This is the basis to explain why they are espe cially 

active on trans formed or virus-infected cells [6,29,30], although 

any ribo some could be poten tially inac ti vated by them, given the 

universal con ser va tive ness of the SRL. Accord ing to the cur rent 

model accepted to explain the abil ity of a-sar cin to inter act with 

phospho lipid bilay ers, the pro tein would be ini tially adsorbed 

to the charged polar head groups of the phos pho lip ids, and then 

would par tially pen e trate the inter face of the bilayer to inter-

act with a portion of the lipid hydro car bon chains [1,6,26,31,32]. 

This inter ca la tion within the lipid matrix would pro mote fusion 

and per me abil ity changes in the bilay ers, pro cesses that would 

pre sum ably be involved in the pas sage of the pro tein across the 

mem brane of its tar get cells. Two regions of the pro tein, located 

at oppo site ends of the pro tein mol e cule, have been pro posed 

to be spe cifi  cally involved in ves i cle aggre ga tion [33]. These 

regions would be loop 2 and, again, the NH2-ter mi nal b-hair pin 

(Fig. 1), which con se quently would also par tic i pate in the inter-

ac tion with cell mem branes. In good accor dance with this pro-

posal, the a-sar cin D(7–22) mutant also dis played a dimin ished 

abil ity to inter act with phospho lipid lipid ves i cles show ing a 

behav ior com pat i ble with the absence of one ves i cle-inter act ing 

region [23]. In agree ment with all these con clu sions, the dele-

tion mutant exhib ited a very low cyto tox ic ity on human rhab do-

myo sar coma cells [23].

a-Sar cin is a highly charged pro tein, with a high iso elec tric point 

[34,35]. This high con tent of pos i tively charged res i dues, mostly 

located at the loops and the NH2-ter mi nal b-hair pin, is prob a bly 

required for rec og niz ing and bind ing not only to its highly neg a tively 

charged tar get, the SRL rRNA, but also to ribo somal pro teins and cel-

lu lar mem branes [18,36,37]. In this con text, the role of the pos i tively 

charged res i dues located at the NH2-ter mi nal b-hair pin (Table 1) in 

these dif fer ent but closely related events has been stud ied in the 

work herein pre sented.

Mate ri als and meth ods

DNA manip u la tions

All mate ri als and reagents were of molec u lar biol ogy grade. 

Clon ing pro ce dures, oli go nu cleo tide site-directed muta gen e-

sis, and bac te rial manip u la tions were car ried out as pre vi ously 

described [28,38,39]. The muta genic prim ers used to substitute 

the mutated res i dues are shown in Table 1. Pres ence of only the 

muta tion expected in each case was con firmed by sequenc ing 

the com plete cloned cDNA. The plas mid used as the tem plate for 

muta gen e sis exper i ments, con tain ing the cDNA sequence cod ing 

for wild-type a-sar cin, has already been described [38,40].

Pro tein pro duc tion and puri fi ca tion

Esch e richia coli BL21 (DE3) cells cotrans formed with a thi o re-

doxin-pro duc ing plas mid (pT-Trx) and the cor re spond ing a-sar cin 

mutant plas mids were used to pro duce the dif fer ent pro teins stud-

ied, as pre vi ously described [38,40,41]. Fun gal wild-type a-sar cin 

was obtained as pre vi ously reported [28]. Pro tein puri fi ca tion 

included ion exchange and molec u lar exclu sion chro ma tog ra phies 

[28]. PAGE of pro teins, Western blot immu no de tec tion, pro tein 

hydro ly sis, and amino acid anal y sis were per formed accord ing to 

stan dard pro ce dures [38,41].

Spec tro scopic char ac ter iza tion

Absor bance mea sure ments were per formed on an Beck man 

DU640 spec tro pho tom e ter at room tem per a ture in cells with a 1 cm 

opti cal path length at a scan ning speed of 240 nm/min. Cir cu lar 

dichro ism (CD) spec tra were obtained on a Jas co 715 spec tro po lar-

im e ter, equipped with a thermo stated cell holder and a Ne sLab-111 

cir cu lat ing water bath, at 0.2 nm/s. The instru ment was cal i brated 

with (+)-10-cam phor sul fo nic acid. CD spec tra were recorded in 

cylin dri cal cells with an opti cal path length of 0.1 and 1.0 cm. Mean 

res i due weight ellip tic ity is expressed in units of deg cm2 dmol¡1. 

Ther mal dena tur ation pro files were obtained by mea sur ing the 

tem per a ture depen dence of the ellip tic ity at 220 nm in the range 

25–80 °C; the tem per a ture was con tin u ously changed at a rate of 

0.5 °C/min. Fluo res cence emis sion spec tra were recorded on an 

SLM Am in co 8000 spec tro flu o rim e ter at 25 °C using a slit width 

of 4 nm for both exci ta tion and emis sion beams. The spec tra were 

recorded for exci ta tion at 275 and 295 nm and both were nor mal-

ized by con sid er ing that Tyr emis sion above 380 nm is neg li gi ble. 

The Tyr con tri bu tion was cal cu lated as the dif fer ence between the 

two nor mal ized spec tra. Thermo stated cells with a path length of 

0.2 and 1.0 cm for the exci ta tion and emis sion beams, respec tively, 

were used. The tem per a ture was con trolled using a cir cu lat ing 

water bath. All these exper i ments were made with the pro teins 

Fig. 1. Dia grams show ing the three dimen sional struc ture of a-sar cin (A) and a 

detail of its NH2-ter mi nal b-hair pin (B). The dif fer ent basic res i dues mutated to Glu 

are shown.

Table 1

Muta genic prim ers used to con struct indi vid ual mutant ver sions of wild-type 

a-sar cin where the NH2-ter mi nal b-hair pin basic res i dues had been substi tuted by 

Asp. The bases that change original codon to Asp are under lined.

a-Sar cin mutant Oli go nu cleo tide sequence

K11E 59 ttg aac gac cag gag aac ccc aag acc 39

K14E 59 cag aag aac ccc gag acc aac aag tat 39
K17E 59 ccc aag acc aac gag tat gag acc aaa 39
K21E 59 aag tat gag acc gaa cgc ctc ctc tac 39
R22E 59 tat gag acc aaa gag ctc ctc tac aac 39
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