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ABSTRACT. Restrictocin, a member of the fungal ribotoxin family, specifically cleaves a single
phosphodiester bond in the 28S rRNA and potently inhibits eukaryotic protein synthesis. Residues Tyr47,
His49, Glu95, Phe96, Pro97, Arg120, and His136 have been predicted to form the active site of restrictocin.
In this study, we have individually mutated these amino acids to alanine to probe their role in restrictocin
structure and function. The role of Tyr47, His49, Arg120, and His136 was further investigated by making
additional mutants. Mutating Arg120 or His136 to alanine or the other amino acids rendered the toxin
completely inactive, whereas mutating Glu95 to alanine only partially inactivated the toxin. Mutation of
Phe96 and Pro97 to Ala had no effect on the activity of restrictocin. The Tyr47 to alanine mutant was
inactive in inhibiting protein synthesis, and had a nonspecific ribonuclease activity on 28S rRNA similar
to that shown previously for the His49 to Ala mutant. Unlike the His136 to Ala mutant, the double mutants
containing Tyr47 or His49 mutated to alanine along with His136 did not compete with restrictocin to
cause a significant reduction in the extent of cleavage of 28S rRNA. In a model of restrictocin and a
29-mer RNA substrate complex, residues Tyrd7, His49, Glu95, Arg120, and His136 were found to be
near the cleavage site on RNA. It is proposed that in restrictocin Glu95 and His136 are directly involved
in catalysis, Arg120 is involved in the stabilization of the enzyraebstrate complex, Tyr47 provides
structural stability to the active site, and His49 determines the substrate specificity.

Restrictocin, produced by the fung@spergillus restrictus Using several variants of a 35-mer and a 29-mer synthetic
is a nonglycosylated, single-chain, basic protein containing oligoribonucleotide that mimic the conserved nucleotides and
149 amino acids 1). Restrictocin and two other known the secondary structure of the sarcin domain of ribosomal
members,a-sarcin and mitogillin produced by different RNA, it is shown that to retain substrate specificity, a stem
Aspergillus species, constitute a group of toxins called containing a minimum of three base pairs and a guanine base
ribotoxins @). Ribotoxins are extremely potent inhibitors of six bases 5to the cleavage site were essentiat-9). The
eukaryotic protein synthesi8) They act as highly specific  crystal structure of the 29-mer nucleotide RNA containing
ribonucleases by cleaving a single phosphodiester bondthe sarcin loop has been reported recenti).(
between G4325 and A4326 in a 12-nucleotide purine-rich  The X-ray crystal structure of restrictocin reveals that the
universally conserved stem and loop domain in the 28S structural core consists of a five-stranded antiparghigheet
rRNA termed the sarcin domain which is critical for the stabilized by a three-tura-helix in a perpendicular position.
ribosome function 4, 5). Cleavage of 28S rRNA by  Another long, two-stranded antiparalfédsheet is located at
ribotoxins produces a fragmemt400 nucleotides in length,  the N-terminus 11). There are large connecting loops
which has been termed the-fragment §). The specific ~ between thes-strands. The curveg-strands are highly
cleavage of rRNA by ribotoxins impairs the EF-1-dependent twisted in a right-handed manner and form a shallow cleft
binding of aminoacyl tRNA and GTP-dependent binding of which presumably forms the active site of the toxirl)(
EF-2 to ribosomes, which in turn leads to a total collapse of The sequence of restrictocin is 22 and 24% identical to the
the translational machinery, resulting in cell dea® §). sequences of RNase T1 from the fundispergillus oryzae

and RNase U2 fromJstilago sphaerogenarespectively
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Table 1: Sequence of Primers Used for Mutagenesis of the Putative Active Site R&sidues

mutant primer sequence

Y47A SY47A 5 AACCAGTGCGGGQcGCTGgatCCGGTCTTGCCGTC 3
E95A SK10 5 TCGGGAAtgCtAGCAGGT 3

F96A SF96A 5GGAAAAGTCGGGQcCTCgAGCAGGTAGTGGTCATC'3
P97A SP97A 5GGAAAAGTCGCGAACTCgAGCAGGTAGTGGTCATC 3
R120A SR120A 5ATAAGTATAGATGACtgcaGCTGGGCCCGGGTCTT'3
R120Q JKB 69 5ATAAGTATAGATGACctgCGCTGGGCCCGGGTCTT'3
R120K JKB 70 5ATAAGTATAGATGACCcttCGCTGGGCCCGGGTCTT'3
R120H JKB 71 5ATAAGTATAGATGACgtgCGCTGGGCCCGGGTCTT'3
H136A SH136A 5TGATTCCCCCGCTGCgcaGCCACAATGCCGCAAAA'3
H136R JKB 66 5CTGATTCCCCCGCTGCcctGGCCACAATGCCGCAAA 3
H136N JKB 67 5CTGATTCCCCCGCTGgttGGCCACAATGCCGCAAA'3
H136D JKB 68 5CTGATTCCCCCGCTGgtcGGCCACAATGCCGCAAA 3

aThe lowercase letters represent the mutated nucleotides, and the underlined sequence denotes the restriction sites created in the primer. The
restriction sites were created to facilitate screening of the mutants.

and His136 form the active site of restrictocihl( 12). presence of uridine and chloramphenicol. Mutagenesis was
Mutation of His136 in restrictocin and the corresponding performed using DNA primers SY47A, SK10, SF96A,
residue His137 im-sarcin has been shown to inactivate the SP97A, SR120A, JKB69, JKB70, JKB71, SH136A, JKB66,
toxins (L3, 14). Glu95 seems to play a less critical role as JKB67, and JKB69 containing the Tyr47Ala, Glu95Ala,
mutation of this residue to glycine is shown to partially Phe96Ala, Pro97Ala, Arg120Ala, Arg120GIn, Arg120Lys,
inactivate restrictocin13). We have previously shown that Arg120His, His136Ala, His136Arg, His136Asn, and
with the mutation of His49 to alanine, the specific substrate His136Asp mutations, respectively. The list of the various
recognition activity of restrictocin is abolishetlq). Kao et primers used along with their sequence is given in Table 1.
al. (16) have shown, by chemical mutagenesis, that His49, Primer extension products were transformed igtocoli
Glu95, Argl20, and His136 are important for catalysis in strain DHS by standard methods. The H49A mutant was
mitogillin. Restrictocin contains four cysteine residues constructed by sequential polymerase chain reaction (PCR)
involved in two disulfide bonds. We have shown recently as described previouslyl®). For the construction of the
that none of the four cysteines is directly involved in H49A/H136A double mutant, the H49A single mutant was
restrictocin catalysis, and either one of the two disulfides is used as the template for creating the second mutation by
enough to provide the functional conformation to the protein oligonucleotide-mediated mutagenesis using the SH136A
(17). The ribotoxins have great potential to be utilized for primer 23). To construct the Y47A/H136A mutant, mutants
the construction of immunotoxins. Immunotoxins and chi- Y47A and H136A were digested withlindlll (a Hindlll
meric toxins with potent activity on various tumor cell lines restriction site was created at position 178 in the restrictocin
have been made with restrictocit8(-21). Detailed informa- gene) andecaRl (present at the'Znd of restrictocin), and
tion about the essential residues would help in further the fragment containing the H136A mutation was ligated with
engineering the toxin molecule. the fragment containing the Y47A mutation. The mutations
In this study, to investigate the precise role of the residues were confirmed by DNA sequencing using the dideoxy chain
predicted in the active site of restrictocin, Tyr47, His49, termination method24).
GIu9s, Phe96, Pro97, Arg120, and His136 have been mutated Expression and Purification of Recombinant Proteins.
to alanine and Arg120 and His136 to several other amino Restrictocin and its mutants were expressed in the BL21-
acids. The mutants were expressedstherichia coliand  (3DEB) strain of E. coli. Bacterial cells, transformed with
purified to homogeneity. The study shows that GIU9S, the appropriate plasmids, were grown in super broth at 37
Arg120, and His136 are absolutely essential for the RNA °c with vigorous shaking. At an Qfg of 2.0, cultures were
cleavage by restrictocin whereas Tyr47 and His49 are ingyced with 1 mM IPTG and grown for a further 2 h. Like
involved in the specific recognition of the target RNA by  restrictocin, all its mutants accumulated in inclusion bodies
the protein, and Phe96 and Pro97 are not involved in the (22) from which the proteins were purified following the
functional activity of restrictocin. procedure described by Buchner et &5) The purified
inclusion bodies were subjected to denaturation in guanidine
EXPERIMENTAL PROCEDURES hydrochloride, reduction by dithioerythritol, and renaturation
Construction of Restrictocin MutantRestrictocin has been  in a buffer containing arginine and oxidized glutathione. The
overexpressed . coli and purified from the inclusion  renatured proteins were dialyzed and purified by successive
bodies to obtain the functionally active toxi2). The cation-exchange (S-Sepharose) and gel-filtration (TSK 3000)
plasmid pRest, containing the restrictocin gene cloned chromatography as described previously for recombinant
downstream of the T7 promoter, was used as the templaterestrictocin £2).
to mutate amino acid residues Tyr47, Glu95, Phe96, Pro97, Characterization of Proteins by Circular Dichroisr&D
Arg120, and His136 to alanine by oligonucleotide-mediated spectral analysis of restrictocin and its mutants was carried
mutagenesis 2Q). In addition, Argl20 was mutated to
glut_amine, lySine’- and histidine, -and -Hi3136 Was-mmate-d-to 1 Abbreviations: CD, circular dichroism; IPTG, isopropgtp
arginine, asparagine, and aspartic acid. The urac'I_ContalnI.ngthiogalactopyranoéide; MRE, mean residue e:IIipticity,; PCIg, ppolymerase

DNA template was prepared by infecting the CJ236 strain chajn reaction; SDSPAGE, sodium dodecyl sulfatepolyacrylamide
of E. coli with the recombinant phage and growing it in the gel electrophoresis.
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out as described previousl2§). Proteins were dissolved in  in the PDB (0, 11). The PDB accession numbers for
10 mM sodium phosphate buffer (pH 7.0), and their CD restrictocin and the 29-mer substrate are 1AQZ and 430D,
spectra were recorded on a JASCO J710 spectropolarimeterespectively. All available RNase Fkubstrate complex
in the far-UV range at 25C. A cell with a 1 cmoptical structures were aligned using the HOMOLOGY module of
path was used to obtain spectra at a scan speed of 50 nmINSIGHTII. It was seen that the different ligands bind to
min with 50 mdeg sensitivity and a response time of 1 s. more or less the same region on the RNase molecule. The
The spectra were averaged over 10 accumulations, and theestrictocin structure was superimposed onto this alignment
results are presented as the mean residue ellipticity. of RNase T*substrate complexes. This superimposition was
Effect of Mutations on in Vitro Protein Synthediabbit carried out on the basis of secondary structural elements.
reticulocyte lysate was used to assay the activity of restric- The rRNA substrate was picked up and was docked onto
tocin and its mutants by investigating their effect on in vitro the restrictocin molecule in such a way that the cleavage
protein synthesis. Reticulocyte lysate was prepared from site was present in the region analogous to the region where
rabbit blood, and the assay was carried out as previouslythe various ligands are present on the RNase T1 enzyme.
described 15). The lysate was incubated with different The docking was improved manually to achieve the best
concentrations of various proteins, and incorporatiorftdf-| possible fit with respect to the intermolecular energy
leucine was quantitated in the newly synthesized proteins. measured using the DOCKING module of INSIGHTII. This
Activity was expressed as a percent of control, where no was followed by energy-based refinement of the complex
toxin was added. The amount of toxin needed to cause 50%in which the conformations of both the RNA substrate and
inhibition was termed the I§) value. the enzyme were kept flexible. The distance-dependent
Cytotoxic Actiity of Restrictocin and Its MutantsTo dielectric constant was used during these calculations.
assess the cytotoxic activity of restrictocin and its mutants, Initially, conjugate gradient energy minimization was carried
Hela cells permeabilized by adenovirus infection were used out till convergence to remove those steric clashes which
as described previousl\27, 28). HelLa cells, grown at a  manual docking did not eliminate. The complex was
density of 2x 10* cells per well in 96-well culture plates subjected to molecular dynamics simulation for 200 ps (time
for 12 h at 37°C, were incubated with virus and different step of 1 fs) at 300 K after the system was allowed to
concentrations of the toxin or mutants at®7for 5 h. Cells equilibrate at the target temperature for 40 000 steps. During
were labeled with 0..Ci of [*H]leucine per well for an  the simulation, conformations were written out every pico-
additional 2 h, followed by harvesting and counting on second. These conformations were then analyzed using the
filtermats using an LKBS-plate counter. DECIPHER module in MSI software. Among the conforma-
Assay of Specific Ribonucleolytic A6ty of Restrictocin tions that were written out, every tenth conformation was
and Its MutantsRestrictocin and its mutants were assayed subjected to conjugate gradient minimization till conver-
for their specific ribonucleolytic activity using rabbit reticu- gence. This set of minimized conformations had inter-
locyte lysate as the source of 28S rRNA as described molecular energies between those of the substrate and
previously @9). Rabbit reticulocyte lysate was treated with enzyme within a range of 15 kcal/mol. The conformation,
various proteins in 40 mM Tris-HCI (pH 7.5) containing 10 which exhibited a maximum intermolecular energy2@9
mM EDTA for 15 min at 37°C. The reaction was stopped kcal/mol) among these, was selected for comparison with
by the addition of 0.4% SDS, and total RNA was extracted the native restrictocin crystal structure. The contacts formed
using Trizol (GIBCO-BRL Life Technologies) solution. RNA  between the rRNA and restrictocin were determined for all
was dissolved in 0.5% SDS, electrophoresed on a 1.5%the conformations using the CONTACT program of the
agarose gel, and visualized by ethidium bromide staining. CCP4 suite. The changes in the structure of restrictocin on
Activity Staining AssayZymogram electrophoresis was binding to rRNA were measured by calculating the root-
carried out as described by Blank et &0). Various proteins mean-square deviation using the positions of all atoms and
(250 ng each) were subjected to SBISAGE under non- using Gx atoms only.
reducing conditions on 15% gels containing 0.3 mg/mL RNA
substrate. After removing SDS by washing in 2-propanol, RESULTS

we incubated the gel at 37 for 1 h and stained it with Construction of Restrictocin Mutant$o investigate the

0.2% toluidine blue. RNase activity was indicated by the importance of the residues predicted to be forming the active

appearance of clear zones on a blue background. site of restrictocin, they were mutated to alanine by oligo-
Competition Assay for Specific Ribonuclease #tstiof nucleotide-mediated mutagenesis. The various mutants thus

Restrictocin The ability of mutants H136A, H49A/H136A, constructed included Y47A, H49A, E95A, FO96A, P97A,
and Y47A/H136A to compete with restrictocin to bind to R120A, and H136A. Restrictocin mutants were also made
the substrate was studied by preincubating rabbit reticulocytewhere Arg120 was mutated to GIn, Lys, and His and His136
lysate with the competitor for 30 min on ice in 40 mM Tris- to Arg, Asn, and Asp. To gain further insight into the role
HCI (pH 7.5) containing 10 mM EDTA. At the end of the of Tyr47 and His49, two double mutants were constructed
preincubation, restrictocin was added and the mixture waswhere along with His136 either Tyr47 or His49 was mutated
incubated for 15 min at 37C. BSA was used as a to Ala to give rise to the Y47A/H136A and H49A/H136A
nonspecific competitor. The generation of thdragment mutants, respectively. All residues were replaced with alanine
was visualized as described above. to eliminate the side chains beyond thecarbon without
Modeling of the RestrictocinSubstrate ComplexThe altering the main conformation. All mutations were con-
docking of a 29-mer fragment of natural rRNA substrate into firmed by DNA sequencing.
the active site of restrictocin was carried out using the crystal  Expression, Purification, and Structural Characterization.
structure of restrictocin, and that of the substrate available The mutants were expressed in the BUZIE3) strain of
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CD spectra of E95A, F96A, and P97A did not show major
changes in the mean residue molar ellipticity of the mutants
as compared to that of the native toxin over this wavelength
range (Figure 2A). Differences in the amplitudes of the
profiles could be attributed to insignificant changes in the
o-helix andj-sheet content of the mutants compared to the
native toxin. Thus, point mutations E95A, F96A, and P97A
did not significantly alter the structure of restrictocin. The

CD spectra of H49A, R120A, H136A, and H49A/H136A in

143

the far-UV region were indistinguishable from the CD
spectrum of restrictocin, indicating that these mutants had a

Ficure 1: SDS-PAGE and Western blot analysis of restrictocin  structure that closely resembled that of the native toxin

mutants. The mutants were expressed in BEDE3) cells ofE. (Figure 2B). An alteration compared to that of restrictocin

coli and purified from inclusion bodies by cation-exchange and gel- - o
filtration chromatography. The recombinant proteins were analyzed was observed in the molar ellipticity curve of the Y47A

by 12.5% SDS-PAGE under reducing conditions followed by ~mutant. The amplitude of the negative peak signal at 218
Coomassie blue staining (A). Western blot analysis of the mutants nm was found to be substantially reduced, implying a loss

was carried out using a polyclonal antibody raised against restric- of B-sheet content of the Y47A mutant compared to the
tocml(i). The lanes in panel B correspond to same proteins as in native toxin (Figure 2C). It is relevant to note that Tyr47 is
panet A. close to strang3 of the3-sheet that provides a scaffold for
E. coli, and were localized in the inclusion bodies such as the substrate-binding pocket. A s_imilar and more significant
restrictocin from which they were isolated and purified to Structural change was observed in the Y47A/H136A double
homogeneity using conventional chromatography. When Mutant (Figure 2C). The CD spectra of R120Q, R120K, and
analyzed by SDSPAGE, the mutants gave single bands at R1'20H were very similar to those of R120A and restrictocin
the same position as restrictocin, indicating that the prepara-(Figure 2D). The CD spectra of H136N and H136D were
tions were homogeneous (Figure 1A). On Western blots, all 8ls0 very similar to those of H136A and restrictocin;
the mutants and the native toxin reacted equally well with a however, there was a modest alteration in the CD spectrum
polyclonal antibody raised against restrictocin (Figure 1B). ©f H136R (Figure 2E).

The effect of respective mutations on the overall structure  Effect of Restrictocin and Its Mutants on in Vitro Protein
of restrictocin was studied by CD spectral analysis of the SynthesisThe ability of restrictocin mutants to inhibit protein
purified mutants in the far-UV region. The native restrictocin synthesis was tested in a rabbit reticulocyte lysate-based cell-
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Ficure 2: CD spectral analysis of restrictocin mutants. CD spectra were recorded in far-UV regiori2@D@m) at 25°C. The spectra
are presented as mean residue ellipticity, expressed in degrees per square centimeter per debtmRpe(A) restrictocin ), E95A
(+=+), F96A (—+-—), and P97A {-—); (B) H49A (— — —), H136A (--*), H49A/H136A (—-—), R120A (—-+—), and restrictocin<); (C)
Y47A (— — —), YATA/H136A (—-—), and restrictocin); (D) restrictocin ), R120A (—-—), R120H ¢:-) R120K (- - -), and R120Q
(——-);and (E) H136A ¢ — —), H136R ¢--), H136N (- - -), H136D {--—), and restrictocin-).
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Ficure 3: Ribonucleolytic activity of restrictocin mutants on 28S rRNA. Rabbit reticulocyte lysate was treated with various concentrations
of restrictocin and its mutants as indicated in the figure. Total RNA was extracted and resolved on an agarose gel.

Table 2: Activity of Restrictocin Mutants on in Vitro Protein Table 3: Cytotoxicity of Restrictocin Mutants in
Synthesi3 Adenovirus-Infected HeLa Cefls
protein IDs5o (Ng/mL) activity protein ID50 (ug/mL) activity
restrictocin 4.4 active restrictocin 0.17 active
Y47A 250 inactive Y47A >100 inactive
H49A >1000 inactive H49A >100 inactive
E95A 58 partially active E95A 54 partially active
F96A 4.7 active FI96A 3.4 partially active
P97A 5.6 active PO7A 3.7 partially active
R120A >1000 inactive R120A >100 inactive
R120Q >1000 inactive H136A >100 inactive
R120K >1000 inactive H49A/H136A >100 inactive
R120H >1000 inactive Y47A/H136A >100 inactive
Eiggg 21888 :Eggi:\ég aHela c'ells were infectged with adenovirus and treat_ed with dif_ferent
H136N ~1000 inactive concentrations of the toxin and mutants. Levels of incorporation of
H136D ~1000 inactive [®H]leucine into the newly s_ynthes_lzed proteins Were_measuregé_. ID
HA49A/H136A ~1000 inactive refers to the amount of toxin required to inhibit protein synthesis by
Y47A/H136A >1000 inactive 50%.

@ Rabbit reticulocyte lysate was treated with various concentrations . . . . .
of restrictocin mutants at 36C for 1 h. Levels of incorporation of eVa'_Uath' their cytotoxic activity. Th? incorporation &f[-
[*H]leucine into the newly synthesized polypeptides were measured. leucine in newly synthesized proteins was assayed, and the

IDso refers to the amount of toxin required to inhibit protein synthesis gmaount of toxin causing 50% inhibition was termed theylD
by 50%. While restrictocin caused a dose-dependent inhibition of
protein synthesis in the permeabilized HelLa cells with an
free in vitro translation assay. The decrease in the level of IDsp value of 0.17ug/mL, mutants Y47A, H49A, R120A,
incorporation of fH]leucine in the nascent peptides was taken H136A, Y47A/H136A, and H49A/H136A were completely
as the measure of protein synthesis inhibition by the toxin. inactive and did not produce any inhibition of protein
The native toxin and mutants FO96A and P97A potently synthesis up to 10@g/mL (Table 3). There was a dose-
inhibited protein synthesis in a dose-dependent manner withdependent protein synthesis inhibition by the E95A mutant;
IDses of 4.4, 4.7, and 5.6 ng/mL, respectively (Table 2). however, while restrictocin had an 4pvalue of 0.17ug/
Though the E95A and Y47A mutants also caused a dose-mL, E95A inhibited the protein synthesis with a much higher
dependent inhibition of protein synthesis, they were only IDsq of 54 ug/mL (Table 3). Both F96A and P97A mutants
partially active compared to restrictocin in the assay with were also cytotoxic to HelLa cells in a dose-dependent
IDso values of 58 and 250 ng/mL, respectively, compared manner; however, they were found to hav20-fold lower
to that of 4.4 ng/mL for restrictocin (Table 2). Mutants H49A, activity than restrictocin (Table 3).
R120A, and H136A and double mutants Y47A/H136A and  Ribonucleolytic Actiity of Restrictocin and Its Mutants.
H49A/H136A did not produce any protein synthesis inhibi- Rabbit reticulocyte lysate was treated at pH 7.5 with the
tion even up to 1000 ng/mL in this assay (Table 2). Like native toxin and various mutants, and the total RNA was
the R120A and H136A mutants, R120Q, R120K, R120H, analyzed on a gel to detect the production of the 400-
H136R, H136N, and H136D also did not produce any protein nucleotidea-fragment from the 28S rRNA (Figure 3A). In
synthesis inhibition up to 1000 ng/mL in the rabbit reticu- the ribonucleolytic activity assay, while restrictocin produced
locyte-based in vitro translation assay (Table 2). the characteristio-fragment starting at xg/mL, mutants
Effect of Mutations on the Cytotoxic Adty of Restric- R120A and H136A had no ribonucleolytic activity on the
tocin. HeLa cells were permeabilized by infection with 28S rRNA (Figure 3A). There was no production of the
adenovirus and treated with restrictocin and its mutants to a-fragment or the Sfragment from 28S rRNA with R120A
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Ficure 5: Effect of Y47A/H136A and H49A/H136A on the
ribonucleolytic activity of restrictocin. Rabbit reticulocyte lysate
was preincubated with various concentrations of the H136A, H49A/
H136A, or Y47A/H136A mutant or BSA for 30 min on ice,
followed by the addition of 1Qug/mL restrictocin. The mixture
C. was incubated at 37C for 15 min, and the generation of the

1 2 3 4 5 6 a-fragment was visualized on an agarose gel.

end of the 28S rRNA, whose intensity increased with
increasing concentrations of the mutant, as for restrictocin
(Figure 3C). Thus, mutation of Phe96 and Pro97 did not have
any effect on the ribonucleolytic activity of the toxin.

Similar results were obtained with restrictocin and its
mutants when the specific ribonucleolytic activity was
determined at pH 5.5 (data not shown).

Ficure 4: Zymogram electrophoresis of restrictocin and its mutants A zymogram electrophoresis assay was used to detect any
Various broteins were subjected to SBIBAGE under nonreducing contaminating ribonucleases in the protein preparations. As

conditions on 15% gels containing (A) poly(U), (B) poly(l), and Shown in Figure 4A, with the poly(U) substrate, a clear band
(C) none. For gels in panels A and B, 250 ng of protein/lane was was visible only with the H49A mutant in the region

loaded, whereas for the gel shown in panel Bgf protein/lane corresponding to its molecular weight, whereas with the poly-
was loaded. After removal of SDS, gels shown in panels A and B ) g pstrate, RNase activity was observed only with restric-

were stained with toluidine blue as described in Experimental - . . - .
Procedures. The gel shown in panel C was stained with Coomassiel°cin (Figure 4B). Figure 4C shows various proteins run

blue: lane 1, Y47A: lane 2, H49A: lane 3, H136A: lane 4, YA7A/ under nonreducing conditions on an SDS gel stained with
H136A; lane 5, H49A/H136A; and lane 6, restrictocin. Coomassie blue.

Role of Tyr47 and His49 in the Specificity of Restrictocin.
and H136A even at 165 and 2Q@g/mL, respectively, To further investigate the roles of Tyr47 and His49, the
implying that Arg120 and His136 play a crucial role in specific ribonucleolytic activity of restrictocin was assayed
restrictocin catalysis and are indispensable for the activity separately in the presence of inactive mutants H136A, H49A/
of the toxin (Figure 3A). All other Arg120 and His136 H136A, and Y47A/H136A. Mutant H136A competed with
mutants, like R120A and H136A, failed to produce the restrictocin, and in its presence, a decrease in the amount of
typical a-fragment from the 28S rRNA up to 2Q@y/mL the a-fragment as well as the’' Sragment was observed
(data not shown). (Figure 5). However, in the presence of mutants H49A/

At low concentrations, mutants Y47A and H49A had no H136A and Y47A/H136A, there was no significant reduction
ribonucleolytic activity; however, with increasing concentra- in the level of generation of either tlefragment or the 5
tions, nonspecific degradation of the 28S rRNA was observedfragment (Figure 5). BSA, used as a nonspecific control,
(Figure 3B). Mutants Y47A and H49A failed to recognize produced no change in the activity of restrictocin in these
and cleave the target phosphodiester bond in the 28S rRNAassays (Figure 5). H49A/H136A and Y47A/H136A did not
to produce the characteristiefragment and instead digested produce thea-fragment at the concentration used for the
the RNA nonspecifically. competition experiment (Figure 5). These results clearly

With E95A, only a fainta-fragment band was visible at  demonstrate that the mutation of Tyr47 or His49 results in
higher concentrations of the protein, indicating at least a the loss of target recognition and/or binding ability of
partial but significant inactivation of the toxin as a result of restrictocin.
mutation (Figure 3C). Mutants F96A and P97A produced Restrictocin-Substrate ModeWe have analyzed a model
the o-fragment as well as the larger fragment from the 5 of the restrictocir-29-mer RNA substrate complex (Figure
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A,

Ficure 6: Model of the restrictocin29-mer substrate analogue complex. (A) Stereodrawing of the complete molecular complex, where

the ribbon represents restrictocin and the blue stick model corresponds to the RNA. The regions corresponding to the deletions made in
mitogillin are shown in orange3{), while the rest of the protein is shown in green. The terminal residues of the deletion segments in the
case of restrictocin are labeled. The RNA substrate region (A484834) is shown. (B) Stereodrawing of the active site region of the
restrictocin-substrate complex. The side chains of residues Tyr47, His49, Glu95, Phe96, Pro97, Arg120, and His136 are explicitly highlighted
as red sticks. The thin line represents the salt bridge between the cleavage site phosphate and the Arg120 side chain. The RNA substrate
segment (A4318A4330) is shown, and the nucleotides defining the cleavage site are labeled.

6) to provide further insight into the role of Tyr47, His49, conformation showing a maximum intermolecular energy
Glu95, Phe96, Pro97, Arg120, and His136, the residueswas compared to the native restrictocin and rRNA crystal
which were subjected to site-directed mutagenesis, in re-structures. Between the bound and free restrictocin, there is
strictocin catalysis. Our model of the RN#Aestrictocin a root-mean-square deviation of 1.94 and 3.31 A in the
complex differs from that proposed previoushi) for two position of the @ atoms and all atoms, respectively. The
distinct reasons. First, the preliminary model presented by lysine-rich loop of residues 166116 moves significantly
Yang and Moffat {1) used the NMR-derived RNA structure,  (root-mean-square deviation of 4.7 A for the positions of all
whereas the structure of RNA used in the study presentedatoms when compared with those of native restrictocin)
here was determined by X-ray diffraction. Second, both the outward from the substrate-binding pocket compared with
restrictocin and the substrate were held rigid in the previous the native restrictocin structure. The interaction of residues
docking studiesX1), but in the study presented here, both of this loop with the rRNA molecule contributess6.32 kcal/
RNA and the protein have been allowed conformational mol to the total intermolecular energy between rRNA and
flexibility during MD simulation. The flexibility allowed in the substrate. The loop of residues—B moves sideways
the protein and rRNA conformation led to significant (root-mean-square deviation of 3.5 A) and contributd
optimization in the proteifrnucleic acid interaction. The  kcal/mol, whereas the loop of residues 3416 (root-mean-



9122 Biochemistry, Vol. 40, No. 31, 2001 Nayak et al.
DISCUSSION

Restrictocin and the other members of the fungal ribotoxin
family, o-sarcin and mitogillin, have a unique ability to
specifically recognize and cleave a single phosphodiester
bond in a GAGA tetranucleotide located in a conserved stem
and loop structure termed the sarcin domain in the large
ribosomal RNA. On the basis of the studies of other enzymes
of this family and on the basis of the model of the
restrictocin-RNA complex, many residues with a plausible
functional role could be predicted. In this study, we have
experimentally investigated the roles of Tyr47, His49, Glu95,
Phe96, Pro97, Arg120, and His136, the amino acid residues
forming the putative active site of restrictocin in its catalysis
(11, 12). Any mutation of Arg120 or His136 caused complete
inactivation of restrictocin, while mutating Glu95 to Ala
FIGURE 7: Comparison of restrictocinsubstrate interaction during ~ rendered the toxin partially inactive. In these mutants, the
molecular dynamic simulation. The number of interactions formed enzyme structure is unaffected. In the structural model of
by the resi_dues of restrictoci_n with the TRNA sut_)strate in different the Substrateenzyme Comp|exy the C|eavage site on the
conformations recorded during the MD simulation is shown. rRNA molecule comes close to residues Tyrd7, His49,
Glu95, Arg120, and His136 of restrictocin, showing direct

square deviation of 2.3 A) moves inward to optimize the contacts with the substrate.
stability of the complex and contributes42.2 kcal/mol to Mutation of Tyr47 and His49 to Ala did not affect the
the total intermolecular energy. The loop of residues-53 hydrolysis of the RNA substrate, but the mutants failed to
67 also moves outward (root-mean-square deviation of 2.8 recognize the specific target. The restrictocin variants lacking
A) to accommodate the substrate and contribut2s kcal/ either of the two residues caused nonspecific degradation of
mol to the intermolecular energy. The root-mean-square the target RNA instead of producing the typicafragment.
deviation in the position of all atoms for the rRNA molecule In the case of the Tyr47Ala mutant, a change in the CD
between the native and bound states is 1.2 A. profile was observed, implying change in the structure of

The side chains of residues Phe96 and Pro97 are buriedhe protein; however, in the case of the His49Ala mutant,
inside the protein and do not make any contact with the the loss in substrate specificity was not accompanied by any
substrate. The phosphodiester bond between nucleotides G16tructural change in the protein. In a competition assay,
and A17 on the rRNA molecule which is the site of cleavage double mutants H49A/H136A and Y47A/H136A failed to
comes close to mutated residues Tyrd7, His49, Glu95, compete with native restrictocin and did not produce any
Arg120, and His136 of restrictocin (Figure 6B). His49 forms change in the generation of thefragment from 28S rRNA,
a large number of contacts with nucleotides G14, G16, and While the mutant H136A was able to compete and produced
Al17. Tyr4d7 is present, adjacent to the cleavage site, and@ decrease in the activity of the toxin. Mutation of Phe96
shows interactions with A17 and G16, and its hydroxyl group and Pro97 did not affect either the activity or the structure
is present close to the phosphate of A17. Glu95 shows aof restrictocin, implying that the side chains of these amino
number of interactions, most of which are with G16. Arg120 acid residues are not involved in restrictocin function or
is also present close to the cleavage site and showsstabilization of structure. In the docking model, it is clear
interactions with G16 and A17. A salt bridge is formed that the residues Phe96 and Pro97 are not exposed to the
between the guanidinium group of Arg120 and the phos- surface and make no contacts with the substrate.
phodiester bond between G16 and A17 (which is the cleavage Restrictocin and the other members of ribotoxin family
site). His136 shows a number of interactions with nucleotide are considerably homologous to RNase U2 and RNase T1.
G16. The base G10, analogous to G4319 of 28S rRNA, The antiparalle]3-sheet and an adjacent longhelix form
considered to be an identity element for ribotoxin recognition, the structural core of restrictocin, which represents a common
and the cleavage site (the phosphodiester bond between G16tructural motif found in other ribonucleases, including
and G17) are on the same side of the RNA molecule and RNase T1, Ms, Sa, and barnase. The main differences are
almost in line with each other. Nucleotide G10 forms a large located in the length of the N-termingthairpin and the
number of contacts (both van der Waals and hydrogen loops connecting the secondary structure elements which are
bonding), most of which are with the Lys42, Ser46, Lys110, generally much longer in restrictocin and adopt conforma-
and Lys111 residues of the enzyme. tions different from those in RNase T11). It is evident

To identify residues, other than those that have beenfrom the model that these loops provide critical constraints
mutated, which might have a role in stabilizing the substrate defining the shape of the active site and are therefore major
onto the enzyme, the contacts between rRNA and the enzymestructural determinants of restrictocin specificity (Figure 6).
for all the conformations were compared. This comparison On the basis of the studies on RNase T1, the mechanism of
is shown graphically in Figure 7. It was seen that the residuescatalysis in restrictocin is believed to follow a two-step
Lys42, Trp50, Arg65, GIn83, Lys110, Lys111, and Lys113 reaction {1). The first step is the phosphoryl transfer, in
consistently show a high number of contacts (which include which His49 and Glu95 act as a general base to abstract a
van der Waals and hydrogen bonding interactions) with the proton from the 2hydroxyl of a ribose and His136 serves
rRNA molecule. as the general acid to protonate the%ygen of the leaving

Contacts
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nucleotide. In the second step of the hydrolysis reaction, the It is shown in this study that Tyr47 and His49 are not
roles of catalytic residues are reversed. His136 acts as adirectly involved in the actual cleavage reaction, although
general base and activates a water molecule, while His49they are located in the active site and also exhibit direct
and Glu95 donate a proton to thedkygen. The activated  interactions with RNA (Figure 6). However, the mutation
water molecule then attacks the phosphorus atom in theof each of these residues to alanine makes the enzyme less
intermediate and forms the second produept®sphatel(l). specific. In the native restrictocin, Tyr47 is primarily involved
There has been a general disagreement about the precise rol@ the stabilization of thgs-sheet that scaffolds the active
of the corresponding residues, namely, His40 and Glu58 in site. Therefore, there is some loss of structural rigidity of
RNase T1, as well31). the active site, as reflected in the CD data, resulting in the
We have demonstrated, in this study as well as in an earlierbroadening of the specificity of the enzyme. The mutation
study (15), that the His49Ala mutant of restrictocin is of His49 to alanine shows no change in the structure, while
completely ribonucleolytically active on a variety of RNA a similar change in function was observed. The docking
substrates but unable to specifically recognize the targetmodel shows that His49 forms a large number of interactions
RNA. A similar observation has recently been reported for with different nucleotides of the substrate. Thus, this residue
a H50Q mutant ofa-sarcin @2). Therefore, it is now by forming many specific contacts with the substrate ensures
apparent that His49 is not involved in the mechanistic aspectthat the rRNA substrate is docked onto the enzyme in such
of the enzymatic activity of restrictocin but only in restricting a way that the cleavage site is oriented in the vicinity of the
the specificity of restrictocin for its target in the ribosomal catalytically important residues. The model of the complex
RNA (15). Glu95 is appropriately located in the active site also shows that the Tyr47 residue forms interactions with
such that it can interact with the substrate to participate in the cleavage site itself and would be important in holding
the catalytic mechanism (Figure 6). However, the Ala the phosphodiester in place so that the catalytic residues can
substitution in its place led to only partial loss of activity. carry out the appropriate chemical transformations on it. This
There is no other acidic residue in the vicinity of the active is consistent with the role of the equivalent residue, Tyr45,
site which could be considered to take the place of Glu95 in in the active site of RNase T1 in substrate bindi@d, 35).
the E95A mutant. The mutation of the equivalent residue in Mutations His49Ala and Tyr47Ala would lead to the loss
o-sarcin to glutamine, however, leads to complete loss of of these specific amino acids and hence would lead to
activity (32). Glu95 appears to be directly involved in the nonspecific activity as seen in the biochemical experiments.
catalytic activity, and the removal of the side chain may bring  The structural comparison of RNase T1 and U2 with
in a residue in the neighborhood, which retrieves the activity restrictocin has provided a possible explanation for the unique
only partially. The substitution with glutamine, which is substrate specificity of restrictocin. The active site pocket
essentially a nonacidic amino acid structurally similar to of restrictocin is constrained by the loops, which do not exist
glutamic acid, will not sterically allow space for any other in RNase T1 and U2. Kao and Davied6[ have shown that
residue to come in its place. In the current study, mutation the deletion of residues 186.13 in mitogillin results in the
of His136 to a variety of residues, differing in side chain loss of its specific substrate recognition activity. The deletion
and charge, resulted in the total inactivation of restrictocin, of amino acids 7783 or 106-113 in mitogillin has been
indicating His at 136 position is an absolute requirement for found to result in a complete loss of activity. It is seen in
acid—base catalysis. These findings with respect to His136 the docking model that the residues of the corresponding
having a direct role in restrictocin catalysis corroborate the loops in restrictocin (7991 and 106-116) show a large
earlier observations in restrictocin and other ribotoxit® ( number of interactions with the rRNA substrate. Any
14). We have found restrictocin to manifest specific ribo- mutations in these region would lead to loss of specific
nucleolytic activity on the target rRNA, at both acidic and interactions and hence loss of the substrate specific recogni-
neutral pH. For the acidbase hydrolysis mechanism of tion ability. Interestingly, deletions of regions within residues
RNA, Glu95 and His136 appear to be operating as the 1—25 show enhancement in the activity of the enzyme even
general base and general acid, respectively, in restrictocin.though in the restrictocihRNA complex model presented
Recently, on the basis of the higkpvalues of His50, GIu96,  in the current study, this part does not appear to have any
and His137, the Glu96H137 pair has been proposed to be direct contacts with the RNA3({7). However, the two strands
acting as the general base and general aci$arcin 82, of the 3-sheet constituting these residues provide stabilizing
33). In the docking model, these two residues, Glu95 and support to the loop of residues 13844, which has a critical
His136, come close to the cleavage site and form a numberrole in defining the active site cleft. In the model of the
of interactions with nucleotides G16 and A17. complex, this loop shows a very large number of interactions
The inactivation of restrictocin as a result of substitution with the rRNA substrate and contributes substantially to the
of Arg120 with a variety of residues indicates the indispen- intermolecular energy between the enzyme and substrate.
sable nature of this residue. The docking model shows thatApparently, deletions in the first 25-residue stretch make the
this residue is present close to the cleavage site and forms doop of residues 138144 flexible enough to reduce the
substantial number of interactions with nucleotides G16 and strains on the active sit@87). The deletion of Lys28 Ser31,
A17. The interactions include a salt bridge formed between which includes thex-helix, may be disturbing the entire
its guanidinium group and the phosphodiester bond betweenprotein structure, resulting in the complete inactivation of
G16 and A17 (which is the site at which restrictocin cleaves mitogillin (37). The deletion analysis of related substrate
the rRNA). It is possible that the positively charged guani- specific RNases and the model of the restrictecnbstrate
dinium group of the Arg120 residue stabilizes the negative complex provide support to the hypothesis that the substrate
charge of the cyclic RNA intermediate formed during specificity shown by these RNases against others is due to
catalysis. the loops present around the active site.
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In conclusion, the study presented here provides functional 16.

and

evident that certain residues directly contribute to the enzyme

structural delineation of the restrictocin active site. It is

catalysis, others provide structural stability to the active site,

and

enzyme. On the basis of their functions, the putative active
site residues could be classified under four categories. (i)

still others determine the substrate specificity of the

Tyrd7 and His49 are involved in the recognition of the target
RNA by the toxin. (ii) Argl20 could be anchoring the
substrate in place in the active site. (iii) His136 and Glu95
appear to be directly involved in the acibase mechanism
of RNA hydrolysis by restrictocin. (iv) Phe96 and Pro97 are

not

involved in the catalytic activity of restrictocin.
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