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Pro tein–pro tein inter ac tions are prevalent in bio log i cal sys-

tems. Proper func tion ing of organ isms relies on the for ma tion of 

com plexes, such as those between anti bod ies and anti gens, growth 

fac tors and recep tors, and enzymes and reg u la tors. These inter ac-

tions have evolved the nec es sary affin ity for their func tion, as well 

as the abil ity to dis so ci ate within a practical time frame. The the-

o ret i cal upper limit for the encoun ter of two pro teins in aque ous 

solu tion has been esti mated to be »106 M¡1 s¡1 [1,2]. This rate can 

be increased via elec tro static steer ing [3–7], as has been observed 

with barn ase and bar star [8], cyto chrome c and cyto chrome c per-

ox i dase [9], and throm bin and hiru din [10].

The asso ci a tion rate for the com plex formed between secreted 

mem bers of the bovine pan cre atic ribo nu cle ase (RNase A) super-

fam ily and the cyto solic ribo nu cle ase inhib i tor pro tein (RI) is high 

(ka = »108 M¡1 s¡1 for RNase A and human RI) [11]. The related dis-

so ci a tion rate is low, giv ing equi lib rium dis so ci a tion con stants in 

the fem tom o lar range (Kd = 0.29 fM for the com plex between RI 

and human pan cre atic ribo nu cle ase (RNase 1); Figs. 1A and B) [7]. 

This high sta bil ity has appar ently evolved to pro tect cells against 

the adven ti tious inva sion of ribo nu cle ases [12]. Indeed, RNase A 

and RNase 1 vari ants that evade RI are cyto toxic [7,13–16].

The inter face between RI and ribo nu cle ases con tains a higher 

per cent age of charged res i dues than that typ i cally pres ent in pro-

tein–pro tein com plexes [15,17], sug gest ing a role for elec tro stat ics 

in com plex sta bil ity. RI is highly anionic, with an iso elec tric point of 

pI = 4.7 [18], and pan cre atic-type ribo nu cle ases are highly cat ionic. 

Decreas ing the net charge of RNase 1 leads to a decrease in affin ity 

for RI [19]. RI is typ i cally puri fied by RNase A-affin ity chro ma tog ra-

phy, and eluted from the resin with 3 M NaCl [20]. In addi tion, the 

inhi bi tion con stant (Ki) for the com plex between pla cen tal RI and 

RNase A increases by more than four orders of mag ni tude from 

0.1–1.0 M NaCl [21].

On con ase (ONC) [22,23] is a homo logue of RNase A from the 

North ern leop ard frog Rana pi pi ens [24]. Unlike RNase A and RNase 1, 

ONC is nat u rally toxic to can cer cells [24] and is cur rently in Phase 

IIIb clin i cal tri als for the treat ment of malig nant meso the li oma 

[25]. Its cyto toxic activ ity is ascribed pri mar ily to its low affin ity for 

RI [16,26,27], which is not detect able in assays at phys i o log i cal salt 

con cen tra tion [28,29] and has been esti mated to be Ki 7 1 lM [27]. 

ONC (104 res i dues) is mark edly smaller than either RNase A (124) 

or RNase 1 (128). The likely absence of del e te ri ous ste ric inter ac-

tions in an RI·ONC com plex sug gests that ONC should have some 

intrin sic affin ity for RI.

The inter ac tion between RI and ribo nu cle ases is typ i cally mea-

sured in solu tions of phys i o log i cal salt con cen tra tion, such as PBS 

[28,29]. In aque ous solu tions con tain ing salts, ions inter act with 

charged pro teins such as RI and ribo nu cle ases pref er en tially, with 

cat ions pri mar ily inter act ing with anionic sur faces and anions 

with cat ionic sur faces. This phe nom e non leads to an unequal 

dis tri bu tion of ions in the solu tion; a higher local con cen tra tion 

of ions is pres ent in the vicin ity of the pro teins than in the bulk 
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 solu tion [30]. When RI binds to ribo nu cle ases, there is a decrease 

of 2583–3438 Å2 in the sur face area that is exposed to the sur-

round ing solu tion [16]. This burial results in the release of the 

ions that were inter act ing with the sur face of the pro teins in the 

inter fa cial region, and an accom pa ny ing increase in the entropy of 

the sys tem. In solu tions of lower salt con cen tra tion, the con cen-

tra tion gra di ent of ions between the bulk water and local water is 

increased fur ther, increas ing the entropy of bind ing and thus mak-

ing bind ing more favor able [30].

Like its homo logues, ONC is a highly cat ionic pro tein (pI > 9.5, 

Fig. 1C) [31]. Con sid er ing the high charge den sity of ONC and RI 

and the large amount of sur face area bur ied in RI·ribo nu cle ase 

com plexes, we rea soned that RI might inhibit ONC in solu tions of 

low salt con cen tra tion. Here, we report the first mea sure ment of 

such an inter ac tion.

Mate ri als and meth ods

Mate ri als: Esch e richia coli BL21(DE3) cells and pET22b(+) plas-

mid were from Nova gen (Mad i son, WI). Enzymes were obtained 

from Promega (Mad i son, WI). Bovine serum albu min (BSA) was 

obtained as a 20 mg/ml solu tion (Sigma–Aldrich, St. Louis, MO; 

prod uct #B8667). 6-Car boxy fluo res cein-dAr UdGdA-6-carb oxy te-

tram eth yl rhod amine (6-FAM-dAr UdGdA-6-TAM RA) [32,33] was 

obtained from Inte grated DNA Tech nol o gies (Cor al ville, IA). Costar 

96-well NBS micro ti ter plates were from Corn ing Life Sci ences 

(Acton, MA). MES buffer (Sigma–Aldrich) was puri fied by anion-

exchange chro ma tog ra phy to remove oligo(vi nyl sulf on ic acid) 

(OVS), a potent inhib i tor of ribo nu cle ases [34]. All other chem i cals 

used were of com mer cial grade or bet ter, and were used with out 

fur ther puri fi ca tion.

Instru men ta tion: Molec u lar mass was mea sured by matrix-

assisted laser desorp tion/ion i za tion time-of-flight (MALDI–TOF) 

mass spec tros copy using a Voy ager-DE-PRO Bio spect rom e try 

Work sta tion (Applied Bio sys tems, Fos ter City, CA) at the Uni ver-

sity of Wis con sin-Mad i son Bio phys ics Instru men ta tion Facil ity. 

The fluo res cence inten sity in micro ti ter plates was recorded with 

a Perkin-Elmer EnVi sion 2100 plate reader equipped with a FITC 

fil ter set (exci ta tion at 485 nm with 14-nm band width; emis sion at 

535 nm with a 25-nm band width; dichroic mir ror cut off at 505 nm) 

at the W.M. Keck Cen ter for Chem i cal Genom ics.

Puri fi ca tion of ribo nu cle ase inhib i tor and ribo nu cle ases: Human 

RI [7] and RNase A [13] were puri fied as described pre vi ously. 

ONC was puri fied as described pre vi ously [13], with the fol low-

ing excep tions. ONC was refolded over night at room tem per a ture 

after slow dilu tion (by 10-fold) into 0.10 M Tris–HCl buffer, pH 8.0, 

con tain ing NaCl (0.10 M), reduced glu ta thi one (3.0 mM), and oxi-

dized glu ta thi one (0.6 mM). After con cen tra tion by ultra fil tra tion, 

sam ples were dia lyzed over night against 50 mM sodium ace tate 

buffer, pH 5.0, con tain ing NaCl (0.10 M), and puri fied by FPLC using 

Mono S cat ion-exchange resin (Pharmacia, Upp sala, Swe den). ONC  

was eluted from the resin with a lin ear gra di ent of NaCl (0.15–

0.30 M). Pro tein con cen tra tions were deter mined by UV spec tros-

copy using extinc tion coeffi  cients of e280 = 0.88 (mg/ml)¡1 cm¡1 

for RI [20], e278 = 0.72 (mg/ml)¡1 cm¡1 for RNase A, and e280 = 0.87  

(mg/ml)¡1 cm¡1 for ONC [13]. The molec u lar masses of RNase A 

and ONC were con firmed by MALDI–TOF mass spec trom e try.

Deter mi na tion of Ki value for ONC: A serial dilu tion (12.5 lM ! 96 

pM; 2£) of RI in MES–NaOH buffer (20 mM), pH 6.0, con tain ing 

DTT (5 mM), and BSA (0.1%) was prepared. A 50-lL ali quot of this 

serial dilu tion was added to the wells of a 96-well plate. A solu tion 

(50-lL) of ONC (100 nM; 2£) in MES–NaOH buffer (20 mM), pH 

6.0, con tain ing DTT (5 mM), and BSA (0.1% w/v) was prepared in 

Ep pen dorf Pro tein Lo Bind Tubes (Fisher Sci en tific) and added to 

each well. The neg a tive con trol con tained no RI and the positive 

con trol con tained excess RNase A (550 lM). A hyper sen si tive fluo-

ro genic sub strate, 6-FAM-dAr UdGdA-6-TAM RA (100 nM) [32,33], 

was added to each well and fluo res cence inten sity was mea sured 

at 25 °C every 30 s over a 5-min period. Data were fit ted using non-

lin ear regres sion to a dose-response curve using Prism 4 for Mac-

in tosh.

Results and dis cus sion

Non spe cific inter ac tions can occur between pro teins in solu tions 

of low salt con cen tra tion. These inter ac tions can bring together 

res i dues that are not at a bio log i cally rel e vant inter face between 

the pro teins. Such weak inter ac tions are screened in solu tions of 

phys i o log i cal salt con cen tra tion [5,35]. To avoid detect ing such 

non spe cific inter ac tions between RI and ONC, we used an activ ity-

based assay to detect bind ing, mea sur ing the abil ity of RI to inhibit 

the ribo nuc le o ly tic activ ity of ONC. These assays were per formed 

Fig. 1. Crys tal line struc tures of the human RI·RNase 1 com plex (Pro tein Data Bank 

entry 1z7x [7]) and ONC (entry 1onc [41]). (A) human RI·RNase 1 com plex show ing 

elec tro static pro tein con tact potential of human RI and rib bon dia gram of RNase 1 

(grey). Pos i tively charged sur face is shown in blue, neg a tively charged sur face in red, 

and neu tral sur face in white. (B) human RI·RNase 1 com plex show ing elec tro static 

pro tein con tact potential of RNase 1 and rib bon dia gram of human RI. (C) Elec tro static 

pro tein con tact potential of ONC. Images were gen er ated with the pro gram MacP y-

MOL (DeL ano Sci en tific, South San Fran cisco, CA).



514 R.F. Tur cotte, R.T. Raines / Biochemical and Biophysical Research Communications 377 (2008) 512–514

at pH 6.0, which is close to the pH-opti mum for catal y sis by ONC 

[36]. We found that RI does inhibit the enzy matic activ ity of ONC 

under these con di tions, and that the value of Ki = (0.15 ± 0.05) lM 

(Fig. 2). We con clude that there is no obsta cle that pre cludes the 

for ma tion of an RI·ONC com plex. Instead, this com plex is merely 

dis fa vored rel a tive to those of RI and RNase A or RNase 1.

The ribo nu cle ase A super fam ily is a ver te brate-spe cific fam ily 

that is evolv ing rap idly [37,38]. Ribo nu cle ases and inhib i tors from 

dif fer ent clas ses do not inter act [39], and the intra spe cies com-

plexes are more sta ble and form more rap idly than do inter spe cies 

com plexes [40]. The frame work for RI-bind ing is in place in ONC 

(i.e., the molec u lar shape and charge dis tri bu tion; Figs. 1B and C), 

but the indi vid ual res i dues that closely inter act with RI in other 

ribo nu cle ases are largely absent in ONC [16,27]. These fac tors com-

bine to allow ONC to inter act with RI in a solu tion of low salt con-

cen tra tion, but not at phys i o log i cal salt con cen tra tions. Ongo ing 

work in our lab o ra tory is aimed at iso lat ing an RI homo logue from 

Rana pi pi ens. The mea sure ment of its affin ity for amphib ian and 

mam ma lian ribo nu cle ases will inform our under stand ing of the 

evo lu tion of these inter est ing and impor tant bind ing part ners.
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Fig. 2. Inhi bi tion of the ribo nuc le o ly tic activ ity of ONC by human RI. The ribo nuc le-

o ly tic activ ity of ONC was mea sured by using a hyper sen si tive fluo ro genic sub strate, 

6-FAM-dAr UdGdA-6-TAM RA (100 nM), in 20 mM MES–NaOH buffer, pH 6.0, con tain-

ing DTT (5 mM), BSA (0.1% w/v), and ONC (50 nM). The value of Ki = (0.15 ± 0.05) lM.
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