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Structure Mapping of 5'-32P-Labeled RNA with S1 Nuclease? 

Regina M. Wurst, John N .  Vournakis,* and Allan M. Maxamt 

ABSTRACT: A rapid, general method for mapping R N A  
structure in solution using structure-specific enzymes is de- 
scribed. The technique is demonstrated using two transfer 
RNAs, yeast tRNAPhe and E. coli tRNAG1"*. The 5'-terminal 
phosphate of the R N A  is first removed with alkaline phos- 
phatase and then replaced with [32P]phosphate using T4  
polynucleotide kinase and [y-32P]ATP. Under native condi- 
tions partial digestion of end-labeled tRNAs with single- 
strand-specific S 1 nuclease generates a mixture of 5'-end- 
labeled oligonucleotide fragments. Limited alkaline hydrolysis 
provides a complete set of oligonucleotides due to cleavage a t  
every phosphodiester bond. Partial digestions with RNases T1, 
U2, A, and Phy I under denaturing conditions produce end- 
labeled fragments having lengths representing distances from 
the 5' end to guanylate, adenylate, pyrimidine, and noncyti- 
dylate residues, respectively. Electrophoresis of partial digests 

A variety of physical and chemical techniques can be used 
to study R N A  structure in solution (Bloomfield et al., 1974). 
With the exception of resonance spectroscopy (T'so et al., 1975; 
Baan et al., 1977), which is not yet fully developed and requires 
large amounts of highly purified material, most of these 
methods provide general structural information regarding the 
extent and nucleotide composition of helical and single- 
stranded regions. They are unable to pinpoint helical regions 
and their lengths within a sequence. Conformational change 
induced by alteration of the physical and chemical environment 
of R N A  in solution can be detected but not described in detail 
using these traditional approaches. In order to advance the 
understanding of the role of R N A  structure in a wide range 
of biological processes, empirically derived, detailed descrip- 
tions of the structurt: of R N A  in aqueous solution are  need- 
ed. 

This paper presents a general method for mapping the 
structure of R N A  in solution using an enzyme as probe. The 
method has the potential to determine the exact locations of 
paired and unpaired bases in the sequences and to detect 
conformational transitions induced by changes in the physical 
state of the solution. 

Figure 1 is a flow diagram which summarizes the structure 
mapping technique. The approach is designed after the DNA 
sequencing method of Maxam & Gilbert (1977). Data are 
presented in this paper that demonstrate its feasibility using 
yeast tRNAPhe and E .  coli tRNAGlu2, the sequences of which 
are  known (Ohashi et al., 1972; RajBhandary & Chang, 
1968). 

From the Department of Biology, Syracuse University, Syracuse, New 
York 13210. Receiced March 6,  1978. Supported by National Institutes 
of Health Grant (GM 22280) to J.N.V. and a grant from the Alton-Jones 
Foundation to the Department of Biology, Syracuse University. A pre- 
liminary account of this work has been given (Wurst & Vournakis, 
1977). * Department of Biochemistry and Molecular Biology, Harvard Uni- 
versity, Cambridge, Massachusetts 021 38. 

0006-2960/78/0417-4493$01 .OO/O 

in parallel on 20% polyacrylamide-7 M urea gels resolves 
oligonucleotides that differ in length by one nucleotide. The 
exact positions a t  which S1  nuclease cleaves these molecules 
are mapped by comparing the locations of S1 -generated bands 
with bands of known lengths produced by the alkali and 
base-specific RNases. The anticodon loop is the region most 
susceptible to S1 nuclease in both tRNAs. The lesser suscep- 
tibilities to S1 digestion of the D and T9C loops in both tRNAs 
suggest that in solution these molecules have tertiary inter- 
actions consistent with the known crystal structure of yeast 
tRNAPhe. S 1  mapping of an end-labeled 40 nucleotide frag- 
ment of E. coli tRNAGIU2 generates a pattern of oligonucleo- 
tides consistent with the cloverleaf structure of the intact 
tRNA.  This result demonstrates that the method is capable 
of mapping local secondary structure in detail when tertiary 
interactions are eliminated. 

S1 nuclease, isolated from Aspergillus oryzae, can be used 
to locate single-stranded regions in R N A  (Rushizky et al., 
1975; Khan & Maden, 1976; Vournakis et al., 1976; Flashner 
& Vournakis, 1977) and has been shown by Harada & 
Dahlberg (1975) and others (Rushizky & Mozejko, 1977) to 
hydrolyze tRNAs primarily in their anticodon loops. This 
enzyme is used here to probe the structure of 5'-32P-labeled 
full-length tRNAs and a fragment of E. coli tRNAGIU2. Fol- 
lowing end labeling and purification by electrophoresis, tRNAs 
are digested with S1 nuclease so as to cleave fewer than 3% of 
the labeled molecules in solution. Partial hydrolyses with alkali 
and base-specific ribonucleases T1, U2, A, and Phy I in urea 
(Donis-Keller et al., 1977; Simoncsits et al., 1977) are per- 
formed in parallel with S1 nuclease reactions without dena- 
turant, and all products are  electrophoresed in a 20% polyac- 
rylamide-7 M urea gel. Following autoradiography nucleotides 
a t  which t R N A  is susceptible to SI cleavage are located by 
comparing mobilities of S1 -generated bands with those pro- 
duced by the base-specific nucleases and alkaline hydrolyses. 
The band patterns obtained contain detailed information 
consistent with the known three-dimensional structure of 
tRNAPhe (Jack et a]., 1976; Quigley & Rich, 1976) and with 
the predicted cloverleaf secondary structure of tRNAGIU2 
(Ohashi et al., 1974), suggesting that the S1 structure mapping 
technique can provide reliable structural information for any 
RNA.  

Experimental Procedure 
Materials. Brewer's yeast tRNAPhe and E. coli tRNAGIU2 

were purchased from Boehringer-Mannheim. Baker's yeast 
unfractionated tRNA (Schwarz/Mann) was deproteinized 
by phenol extraction. Calf intestinal alkaline phosphatase 
(Boehringer-Mannheim) was.rendered nuclease-free as de- 
scribed (Efstratiadis et al., 1977b) and assayed on p-nitro- 
phenyl phosphate (Garen & Levinthal, 1960). T4  polynucle- 
otide kinase was prepared by the method of Panet et al. (1973) 
or was obtained from New England BioLabs (lot 9). Ribonu- 
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cleases T1 (Sankyo), U 2  (R-Plus, Inc.), P1 (P-L Biochemicals, 
Inc.) and A (pancreatic) (Worthington) were used without 
further purification. Phy I nuclease was prepared by the 
method of Pilly et al. (1978). Polyethyleniminecellulose 
thin-layer chromatography sheets (Macherey-Nagel) were 
obtained from Brinkmann Instruments. Acrylamide was from 
Bio-Rad, and Ultrapure urea was from R-Plus, Inc. Reactions 
were executed in 1 .5-mL polypropylene tubes which were sil- 
iconized with a 5% (v/v) solution of dichlorodimethylsilane 
in chloroform. Kodak X-Omat R(XR-Sj films and Du Pont 
Lightning-Plus Intensifying Screens were used for autoradi- 
ography. All solutions were prepared using distilled, deionized, 
autoclaved HzO. Reaction vessels, capillary pipets, and buffer 
solutions were autoclaved. 

Purgication of SI Nuclease. S 1 nuclease wJas purified from 
crude a-amylase powder (Sigma Chemicals) by the method 
of Rushizky et al. (1975), with minor modifications including 
that the DEAE-cellulose chromatography step n a s  repeated 
after the CM-cellulose chromatographq. The enz) me u Lib 

found to be free of contaminating RNase TI and T2 activities. 
Single-strand specificity of the SI nuclease preparation at  
several salt concentrations was confirmed using [3H]poly(rC) 
and [3H]poly(rA) (Vournakis et al.. 1976; Flashner & \'our- 
nakis. 1977). Activity of the SI enzyme was determined by the 
assay of Vogt ( 1973). 

Dephosphorylation of tRNAPhe and tRNA(;'"2. Four 
nanomoles of tRNA was incubated in 45 K L  of 50 mM Tris- 
HCl (pH 8.3) with 0.045 unit of calf intestinal alkaline phos- 
phatase at  70 O C  for 30 min. The reaction mixture was ex- 
tracted twice with phenol:m-cresol 7: l  (v/v) and three times 
with diethyl ether. The aqueous phase was placed under vac- 
uum, adjusted to 0.2 M in NaAc (pH 5.0), and precipitated 
with 4 volumes of 95% ethanol by immersion in an ethanol -drjf 
ice bath (-70 "C) for 10 min. The pellet was collected by 

DIGESTION WITH 
PI  NUCLEASE 

PEI CELLULOSE 
CHROMATOGRAPHY I 

IDENTIFICATION OF 5 ' -TERMINAL 
NUCLEOTIDE 

centrifugation at  12 000g for 5 min (Eppendorf microcentri- 
fuge) and was rinsed with 1 rnL of 95% ethanol. Following 
removal of residual ethanol under vacuum, the pellet was 
redissolved i n  25 +L. of FIlO. An equal volume of loadirig 
hrdfer (0.05% bromophenol blue, 0.05% xylene cyanol, I O  M 
urea, 40 mM Na2EDTA) was added, and the mixture was 
heated at  50 OC for 3 min. The solution was loaded immedi- 
ately onto a 12% polyacrylamide--7 M urea slab gel (20 em X 
20 cm X 0.3 cm) polymerized from 12% (w/v) acrylamide, 
0.4% ( w / v )  bisacrylamide, 7 M urea, 50 mM Tris--borate (pH 
8.3), 1 mM Na2EDTA. Reservoir buffer was 60 mM Tris- 
borate (pH 8.3), I tnM NalEDTA. Electrophoresis was con- 
ducted at  400 V until the xylene cyanol had migrated 12 cm. 
The RNA bands here visualized with ultraviolet light (Hassur 
& Whitlock. 1974). Full-length t R N A  was eluted from 
crushed gel sliccs into I m L  of ~ ~ l u t i o t z  huger  (0.5 M NH4Ac. 
0.01 M Mg(Ac):). 0.1 mM Na2EDTA.  0.1% NaDodSO4)' 
by shaking a t  37 "<' for 1 2 h .  The eluate uas  passed through 
J plastic sjringe with ~i 3-inin siliconized glass uool plug and 
21 26 G ncedle. RNA was precipitated in ethanol and recovered 
by czntrifuging a [  18 000g for 90 niin at  5 OC. I t  was resus- 
pended i n  200 fiL of 0.2 M h a A c  (pH 5.0), reprecipitated i n  
ethanol and sedimented at  12 0OOg for 5 min. The pellet was 
rinsed Lsith 1 niL of ethanol, centrifuged. and dried as de- 
&bed. Dephosphor>latcd RNA was dissolved in H2O and 
quantitated by determination of  absorbance at  260 nm, using 
an  extinction coefficient of 86.6 1- em-' mol-' ( tRNA).  It was 
stored i n  H l O  at -20 "C prior to end labeling. 

17 -32P]A'TP Synthesis. [T-~*P]ATP was synthesized 
(Maxam & Gilbert, 1977) with a specific activity of 1300 
Ci/mmol and dried under vacuum immediately before use. 

.S'-Etzd I,ahelitzg. Phosphorylation of 20 pmol of dephos- 
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phorylated tRNA was accomplished in 5 pL of I O  mM MgCIz, 
15 mM 8-mercaptcethanol, 50 mM Tris-HCI (pH 8.3) con- 
taining 300 pmol of [T-’~P]ATP and 0.45 unit of polynucle- 
otide kinase. The reaction mixture was incubated at 37 “ C  for 
30 min, combined with 20 pL of loading buffer heated at 50 
OC for 3 min, and electrophoresed as previously noted. Labeled 
tRNA was located by autoradiography and recovered as de- 
scribed above, except that carrier RNA was added to a con- 
centration of 40 pg/mL before the addition of ethanol. End- 
labeled tRNA was precipitated with the appropriate isoac- 
cepting tRNA as carrier, while unfractionated tRNA was used 
to coprecipitate the tRNAG% fragment molecule. 

5’-End Analysis. End-labeled RNA was digested exhaus- 
tively with PI nuclease (Lockard & RajBhandary, 1976). 
Digests were spotted on polyethyleniminecellulose thin-layer 
sheets and chromatographed in parallel with unlabeled nu- 
cleoside 5’-monophosphate markers in l .O M LiCI. Standards 
were visualized with ultraviolet light and marked with 32P- 
labeled ink. The chromatogram was autoradiographed, and 
counts were quantitated. 

Partial Digestions with Base-Specific Enzymes. The 
method by which partial digests were achieved in urea has been 
described elsewhere (Donis-Keller et al., 1977). Ribonuclease 
TI a t 2 X  lO-’unit/pgofRNAandribonucleaseU2at 
unit/pg of RNA produced suitable partial digests for all sub- 
strates. Pancreatic ribonuclease generated partial digests at 
9 X unit/pg. The activity of the Phy I preparation had 
not been determined. Appropriate enzyme-to-substrate ratios 
were obtainable by serial dilutions of the enzyme. Samples for 
successive loadings were digested simultaneously and stored 
a t  -20 “C.  

Limited Alkaline Hydrolysis. [32P]RNA was partially 
hydrolyzed in 1OpL of SO mM NaHC03/Na2C03  (pH 9.2), 
1 mM Na2EDTA containing 2.5 p g  of unfractionated tRNA 
carrier by heating at 90 ‘C for 7 min. An equal volume of dyes 
and urea solution (0.05% bromophenol blue, 0.05% xylene 
cyanol, I O  M urea) was then added, and samples were loaded 
onto the gel immediately or stored a t  -20 “C.  

Limited Digestion with SI Nuclease. In  a IO-pL volume 
[32P]RNAand IOpgoftRNAwereincubatedfor 1 or IOmin 
at 37 “C in SI reaction buffer, 40 mM NaAc (pH 4.5). 0.2 M 
NaCI, I O  mM ZnSO.,. containing SI nuclease between 6 X 

unit/pg of RNA as specified in the figure legends. Re- 
actions were terminated by adding I pL of 0.1 M NazEDTA, 
1 pL of I O  pg/pL unfractionated tRNA. and 12 pL of dyes and 
urea solution. Samples were kept at -20 OC until electro- 
phoresis. 

Gel Electrophoresis. Partial digests were electrophoresed 
on 20% polyacrylamide-7 M urea slab gels and autoradio- 
graphed as described (Donis-Keller et al., 1977: Maxam & 
Gilbert, 1977). Identical portions of digests were electropho- 
resed, in some cases, for different times in adjacent lanes. Se- 
quential loadings were made when the xylene cyanol marker 
of the sample initially loaded had migrated 35 cm from the 
origin, and electrophoresis was terminated when the bromo- 
phenol blue in the final sample had migrated 21 cm. 

Results 
Preparation of [5’-32P]tRNA. Dehosphorylation of tRNA 

was optimized with respect to ionic strength, enzyme-to-sub- 
strate ratio, and incubation time and temperature. Under the 
best conditions dephosphorylation is quantitative as determined 
by the amount of radioactivity released from 5’-’2P-end-labeled 
tRNA tracer. Electropherograms of dephosphorylated tRNAs 
reveal by UV shadowing a full-length species with minor 
degradation products. Recovery of full-length dephosphor- 

E. 5’ END ANALYSIS 

FIGURE 2 Purification and end-group analysis of 5’-32P-end-labeled 
tRNAs. (A) Autoradiograph of [5’-’2P]tRNAphe and [5‘.32P]1RNAC1U~ 
and fragmentsofthelatter after electrophoresis ona slabgel. Each tRNA 
was dephosphorylated with alakaline phosphatase, rephosphorylated with 
polynucleotide kinase and [y”P]ATP (I 300 Ci/mmol), electrophoresed 
at 400 V in a 12% polyacrylamide, 7 M urea, 50 mM Tris-barate (pH 8.3). 
I m M  Na2EDTA slab gel until the xylene cyan01 (XC) marker had mi- 
grated 12 cm and the gel was exposed to Kodak XR-5 film for l min. all 
as detailed under Experimental Procedures. Regions labeled “full-length” 
and “fragment” were excised from the gel and the labeled RNA eluted 
and analyzed far end group (Figure 28) and nucleotide sequence and 
structures (Figures 3-5). A second tRNAG’“2 fragment migrating slightly 
faster than “fragment” was not extracted from the gel. (B) Autaradio- 
graphs of labeled terminal nucleotides of [5’-32P]tRNAPhe. [5’-32P]- 
tRNAG’?, and a [5’-J2P]1RNAG’Y2 fragment after thin-layer chroma- 
tography; 0.2% of each end-labeled RNA extracted from the gel of A was 
digested to mononucleotides with PI nuclease, and 2 gL of the digests 
spotted next to unlabeled nucleoside 5’-monophosphates on PEI-cellulose 
sheets. After chromatography in I M LiCI, the marker nucleotides were 
visualiied under UV light, marked with ’Wabeled ink:and autoradia- 
graphs ofthe plates prepared with Kodak XR-5 film. 

ylated tRNA after electrophoresis, elution, and precipitation 
is better than 90% based on absorbance measurements. Con- 
ditions for the kinase reaction were chosen on the basis of 
control experiments in which temperature, enzyme-to-sub- 
strate ratio, and the concentrations of MgCIz, p-mercapto- 
ethanol, and [T-’~P]ATP were varied. These conditions, which 
are similar to those recommended by Lillenhaug & Kleppe 
(1977), result in the labeling of full-length tRNA to a specific 
activity of at least 15 Ci/mrnol routinely. Figure 2A shows that 
most of the incorporated radioactivity resides in full-length 
tRNAPhe, and that two labeled species, full-length material 
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II(;L,KI 1: lilectrophorclic patterns o f  partial alkaline, RNase TI ,  U2, 
A. and Phy I, and s I nuclease digests of end-labclcd tRNAP”. Each re- 
action. containing 20 000 Cerenkov cpm of [5’-”P]tRNAPh‘ (Figure 2A), 
was incubated for I5  min as rollows and as detailed in Experimental 
Procedures. Noenzyme(- Enz). RNaseTI (2 X 10-’unit/wgofRNA). 
U 2 ( 2 X  10-2uni l /pgofRNA).A(9X 10-5unit/pgofRNA),andPhy 
I reactions were incubated in 20 mM sadium citrate (pH 5.0). I mM 
NazEDTA. 1 M urea, 0.025% XC and BPB, 2.5 pg of tRNA at 50 ‘C. Far 
alkaline digests (OH-), 2.5 pg of tRNA was incubated in 50 mM 
NaHC03/Na2C03 (pH 9.2). 1 mM Na2EDTA a1 90 ‘C and then com- 
bined with dyes and urea. Reaction with SI nuclease (6 X IO-’unit/wg 
ofRNA)proceededin 1 0 ~ L o f 4 0 r n M  NaAc(pH4.5) ,0 .2MNaCI.  10 
mM ZnS0,at 37°Candwass10pped byadding IO+goftRNA. 100nmol 
of NalEDTA. and dyes and urea. Portions of each digest were loaded on 
20% polyacrylamide-7 M urea slab gels at intervals and electrophoresed 
at 1000 V (regulated voltage) to resolve oligomers of different lengths. 
Electrophoresis was terminated when xylene cyano1 (XC) of initial samples 
moved the equivalent of 50 cm, and BPB of the final loading moved 21 cm. 
Numbcrs on diagrams note positions of nucleotides relative to the 5’ end 
aftRNAPhe”ddctermined with partialsequencedata inOH-(each res- 
idue).TI ( G ) ,  U2(A) .A(C+U),andPhy(A,G.U) lanes .Thesedata  
identify sites cleaved by SI nuclease in reactions electrophoresed in parallel 
as depicted in Figure 7A. 

and a specific fragment molecule, predominate among the 
products of the kinase reaction involving tRNACIU2. Recovery 
of labeled tRNA through elution and precipitation is quanti- 
tative as determined by Cerenkov counting. Degradation of 
the end-labeled product is minimized by storage in 80% ethanol 
at -20 ‘C. 

5‘-End Analysis. The 5’-end analysis, shown in Figure 2B 
and quantitated by liquid scintillation counting, reveals that 
more than 98% of the radioactive molecules are labeled at a 
single nucleotide and that nucleotide is pG as expected for both 
full-length tRNAs, and pC for the tRNAGIY2 fragment mol- 
ecule. 

Partial Digestions of [5’-’2P]tRNAPhe with Alkali and 
Base-Specific Ribonucleases. Partial alkaline hydrolysis of 
tRNAPhe generates a sequential array of oligomers as seen in 
Figure 3. Oligonucleotide lengths are assigned relative to the 
5‘ end of the molecule. Double bands generated for each 
dihydrouridine at positions 16 and 17 are believed lo terminate 
in the cyclic intermediate and @-alanine which can be gener- 
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ated under similar reaction conditions (Magrath & Shaw, 
1967). Nucleotides 32 and 34,2‘-O-methylcytidylic acid and 
2’-O-methylguanylic acid, respectively, are not cleaved as al- 
kylation a t  the 2’ position prevents the formation of the 2’:3’- 
cyclic phosphate intermediate (Brown & Todd, 1955). The 
pattern of the alkaline hydrolysate is sufficient to allow the 
unequivocal assignment of oligonucleotide lengths to bands 
present in the enzyme digests that were electrophoresed in 
parallel. 

Partial digestion of tRNAPhe in urea with ribonuclease TI  
generates oligonucleotides terminating in guanosine 3‘-mo- 
nophosphates. The positions of all guanylic acids can be dis- 
cerned from Figure 3 with the exception of the modified gua- 
nylic acid residues resistant to TI  RNase (McCully & Cantoni, 
1961; RajBhandary et al., 1968). Figure 3 shows that ribo- 
nuclease U2 cleaves tRNAPhe at all adenylic acid residues but 
m’A-58. Base methylation of this nucleotide at the N 1 position 
would beexpected to inhibit itscleavage (Uchida et al., 1970). 
The Phy I enzyme is cleaving most purines, all uridylic acids 
including D16, D17, q 3 9 ,  and J.55, but no cytidylic acids. 
Ribonuclease A has hydrolyzed a t  some pyrimidines 
throughout tRNAPhe. Coordination of these data (Figure 3) 
allows definition of uridylic and cytidylic acid positions within 
the tRNAPhe sequence. 

Partial Cleavage of [5 ’ -32P] tRNAPhe  with SI Nuclease. 
Partial cleavage patterns produced by alkali and base-specific 
ribonucleases allow the assignment of specific oligonucleotide 
lengths to fragments present in the SI nuclease digests of 
end-labeled tRNAPhe electrophoresed simultaneously. Figure 
3 demonstrates the ability to resolve S I cleavage products from 
the tRNAPhc molecule which differ in length by a single nu- 
cleotide. The most striking feature of the SI digestion patterns 
is the dramatic intensity with which the enzyme cleaves the 
anticodon loop. The susceptible residues are nucleotides 33. 
35, and 36 (Figure 5 ) .  There are sites in the D and TVC loops 
that are consistently cleaved by SI nuclease. These exact po- 
sitions have yet to be identified unequivocably as they are 
cleaved with low probabilities and, therefore, generate bands 
of light intensities on autoradiograms. The most intense clea- 
vages introduced into tRNAPhe by SI nuclease are positioned 
on the cloverleaf model in Figure 7A. 

Partial Digestions of [5’-32P]tRNA G‘U2. Partial digestion 
patterns of end-labeled tRNAGIU2 with alkali and base-specific 
nucleases are displayed in Figure 4 (see paragraph concerning 
supplementary at the end of this paper). Ribonucleases TI and 
U2 generate all expected fragments terminating in guanylate 
or adenylate residues, respectively. Positions and identities of 
the pyrimidines are  ascertained by patterns in the Phy I and 
RNase A lanes. Sites cleaved by S I  under native conditions 
could be mapped within the tRNAG1”2 sequence when corre- 
lated with the alkali and base-specific ribonuclease bands. 
Residues consistently susceptible to cleavage by SI nuclease 
are a t  positions 20, 34, 35, 36, and 37 (Figure 4). The most 
intense bands obtained by SI digestion of tRNA”% arise from 
cleavages in the anticodon loop a t  nucleotides 34, 35, 36, and 
37: therefore, the anticodon loop is again the most accessible 
region in the tRNA for S I  nuclease (Figure 5 ) .  The SI nuc- 
lease susceptibility map for is presented on a clo- 
verleaf framework in Figure 7B. 

Partial Digestion of the [5’-32P]tRNAG‘”2 Fragment 
Molecule. Figure 6 presents the results of coordinated sequence 
and structure mapping of one end-labeled tRNAGIU2 fragment 
isolated from among several after reaction of full-length tRNA 
with polynucleotide kinase and [y’2P]ATP (Figure 2A). 
When the fragment is partially digested with RNases TI ,  U2, 
and A, the following partial sequence is obtained, in which Y 
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FlOURE 5: SI cleavages in the anticodon Imp of tRNArhc and tRNA""2. 
Comparison of I '  and IO' digestion patterns in the anticodon Imp regions 
of the two tRNAs is made. Reaction conditions are identical with those 
described in Figures 3 and 4. 

represents a pyrimidine and X represents an unidentified nu- 
cleotide: 

5'-[32P]CXYGGYGGYAAYXGGGGXXYGAAYXXX- 
YXAGGGG . . . 

This sequence identifies the 5'-terminal nucleotide as the cy- 
tidylic acid a t  position 37 in the anticodon loop: this is consis- 
tent with the end analysis of Figure 2B. Figure 4 indicates that 
position 36 is the site most susceptible to SI nuclease in full- 
length tRNAGIU2, and the cleavage which generates the frag- 
ment is at this same site. This fragment affords the opportunity 
to study structure in the 3' half of tRNAG'"2 presumably in the 
absence of most tertiary interactions. SI nuclease patterns 
from this fragment molecule demonstrate, for example, 
cleavage at every nucleotide in the extra loop while nucleotides 
44 and 49 on either side of this loop are untouched. At all three 
enzyme-to-substrate ratios used SI nuclease generates an 
identical pattern of cleavages a t  positions 38, 39, 45-48 
(variable loop), and 54-58 ( T q C  loop). Even in cases of ov- 
erdigestion SI nuclease fails to generate mononucleotides 
under conditions used here (unpublished data). This obser- 
vation is consistent with the absence of a band corresponding 
to nucleotide 37 which~presumably is not hydrogen bonded. 
Less intense breaks are  introduced near the 3' end of the 
fragment, but exact nucleotide lengths cannot be assigned. 
Regions in the fragment corresponding to G:C rich acceptor 
and anticodon stems are not cleaved by SI nuclease (Figure 
7B). Thus, the 3' end of the molecule maps as a partial clo- 
verleaf with both the variable loop and the TTC loops single 
stranded. 

Discussion 
The RNA structure mapping approach described above has 

the potential for generating detailed information concerning 
the locations of hairpin single-stranded loop and helical stem 
regions in 5'-3ZP-labeled RNA molecules. End-labeling tRNA 
with polynucleotide kinase and [ y 3 2 P ] A T P  (Hanggi et al., 
1970; Lillenhaug & Kleppe, 1977: Silberklang et al., 1977), 
partial enzymatic cleavage using base-specific (Schmidt et al., 
197O.Samuelson & Keller, 1972; Streeck & Zachau, 1972; 
Vigne & Jordan, 1977), or structure-specific (Harada & 
Dahlberg, 1975; Tal, 1975; Flashner & Vournakis, 1977; 
Rushizky & Mozejko, 1977) endoribonucleases, and the 
analysis of tRNA fragment molecules (Zachau et al., 1974). 
are  combined with high resolution polyacrylamide gel elec- 
trophoresis to produce a rapid technique for mapping structure 
in molecules whose primary sequences are known. 

Digestion of end-labeled tRNA with SI nuclease generates 
oligonucleotide fragments of discrete.lengths. The data pre- 
sented in this paper demonstrate that full-length tRNAphC and 

A. I R N A ~ ~ '  E. I R N A ~  

l i r l  
c t 

m0.c 
C . C  
C.CP' 

c C..' " dl 

"Pf --- 
FIGURE 1: Cloverleaf madels of (A) yeast tRNAPhS and (B)  E. coli 
tRNAzG'" showing the susceptibilities of nucleotides to digestion by SI 
nuclease. Heavy arrows denote regions more susceptible lo hydrolysis by 
SI, and thin arrows indicate sites cleaved by SI to a lesser extent. (A) Solid 
lines mark positions dramatically cleaved upan SI treatment. (B)  Solid 
arrows mark sites of the full-length [5'.32P]tRNA2G1Y which are hydro- 
lyzed. All dotted arrows represent SI cleavages introduced into the 40 
nucleotide fragment molecule of ~ R N A z ~ ' "  in the presence of unfrac- 
tionated tRNA carrier. 

tRNAGIU2 have limited susceptibilties to SI digestion, as ex- 
pected (Harada & Dahlberg, 1975; Rushizky & Mozejko, 
1977). The SI nuclease, under conditions designed to generate 
partial digestion and structural information, attacks these 
molecules in their loops, with particular preference for the 
anticodon loops. SI nuclease also hydrolyzes, though a limited 
extent, at particular sites in the D and TqC loops in these 
molecules. The relative susceptibilities of different cleavage 
sites can be judged qualitatively by comparing intensities of 
bands on the autoradiograms. I t  is seen in Figures 3 and 7A 
that cleavage of tRNAPhc in the anticodon loop is much more 
probable than in the D and T T C  loops. The SI digestion pat- 
terns of tRNAPhe are consistent with its known secondary and 
tertiary structure (Jack et al., 1976; Quigley & Rich, 1976). 
N o  digestion is observed a t  bases that exist within helices. In 
tRNAPhc crystals the anticodon loop is the most protruding 
region, whereas the D and T q C  loops, known to interact via 
hydrogen bonds, would be less available for cleavage. The re- 
sults with tRNAG% are similar (Figures 4 and 7B). The 
similarity of the patterns of SI nuclease digestion of the two 
tRNAs is consistent with the expectation that all tRNAs may 
assume similar tertiary structures in solution (Kim, 1976). 

The remarkable results with the forty nucleotide fragment 
of tRNAG% shown in Figures 6 (supplementary material) and 
7 8  demonstrate that secondary structure can be mapped di- 
rectly and in detail provided that tertiary interactions have 
been disrupted. In this case fortuitous specific cleavage of the 
full-length tRNAGIU2 in the anticodon and end labeling at the 
cleavage site occurred. The gel of Figure 2A seems to have 
resolved the 40 nucleotide labeled fragment from the 36 nu- 
cleotide unlabeled portion of the intact molecule. Hence, 
nucleotides in the variable and t T C  loops cannot form tertiary 
interactions, and they become accessible to SI nuclease. The 
protection of anticodon stem and acceptor stem nucleotides 
from cleavage by SI nuclease was unexpected as half of these 
stems are missing in the labeled fragment. Electropherograms 
of unfractionated t R N A  carrier used in the Figure 6 experi- 
ment reveal the presence of short oligonucleotides. I t  was hy- 
pothesized that these fragments in the carrier tRNA, present 
during SI nuclease reactions, could hybridize to the G:C rich 
ends of the tRNAG'"2 fragment and afford them protection 
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from S 1 hydrolysis. S 1 nuclease digestions of the [5’-32P]- 
tRNAG’”2 fragment were repeated either without carrier or 
with purified full-length tRNA,  E .  coli 5 s  rRNA,  or 
poly(A).poly(U) as carrier substrates. The T\kC stem re- 
mained resistant to digestion in all cases while both the anti- 
codon and acceptor stems were cleaved by SI nuclease al- 
though to a lesser extent than this hypothesis would predict 
(data not shown). 

There seem to be discrepancies between the data presented 
here for SI nuclease and the expected susceptibilities of par- 
ticular nucleotides in yeast tRNAPhe to attack by nucleases. 
The crystal model for tRNAPhe predicts that nucleotides Dl  6, 
D17, G20, U47, G57, and U59 ought to be accessible to SI 
nuclease digestion as these bases are  not hydrogen bonded. 
Weak autoradiographic bands are consistently found that may 
represent these cleavages, but digestion seems minimal. For 
example, G20 in the D loop is not substantially cleaved by SI 
nuclease, whereas it is hydrolyzed upon partial digestion with 
RNase T1 under different experimental conditions (Schmidt 
et al.. 1970; Samuelson & Keller, 1972; Rich & RajBhandary, 
1976). Although G20 has not been implicated in tertiary in- 
teractions, both G I 9  and A21 are hydrogen bonded to C56 and 
m7G46, respectively, in the crystal model (Jack et al., 1976; 
Quigley & Rich, 1976). As Dodgson & Wells (1977) have 
reported that single base mismatches within DNA are ex- 
tremely resistant to SI nuclease, the enzyme may have a sim- 
ilar substrate specificity for RNA.  Thus, the inaccessibility 
of G20 to S1 nuclease might be expected. Its mass may prevent 
the larger SI nuclease (mol wt 32 000) (Vogt, 1973) from 
cleaving tRNAphe at  G20, a position readily available to 
RNase TI (mol wt I 1  000) (Egami et al., 1964). Under the 
conditions of the SI reaction it  is possible, too, that local folding 
of the backbone may prevent nucleolytic attack of G20. Similar 
arguments may be invoked to rationalize the inavailability of 
U47 and G57 to SI nuclease. Neither residue is hydrogen 
bonded, and each is positioned between two nucleotides that 
participate in tertiary interactions (Jack et al., 1976; Quigley 
& Rich, 1976). The U47 and G57 may fail to satisfy the mi- 
nimal substrate dimensions for S l nuclease. These nucleotides 
might be protected from hydrolysis due to local backbone 
folding (U47) or stacking within the interior of tRNAPhe 
(G57). The minimal substrate dimensions requisite for SI 
nuclease activity (Dodgson & Wells, 1977) may explain the 
failure of the enzyme to hydrolyze non-hydrogen-bonded bases 
adjacent to hairpin helices. Modified bases, for example, 
Cm32. Gm34, and Y37 in the anticodon, appear to be poorer 
substrates for S1 nuclease then their unmodified analogs. 

The structure map of tRNAPhe generated by SI nuclease 
bears close resemblance to that known to exist in crystals. 
Refinement of the method presented here, though, is required 
before it can be applied confidently to molecules for which the 
rigorous criterion of a crystallographic model does not exist. 

There are limitations with the R N A  structure mapping 
technique. One problem is in rigorous identification of those 
nucleotides susceptible to the structure specific nuclease. It is 
crucial to obtain definitive sequence information in each 
structure mapping experiment and is, therefore, important to 
display in parallel as many base-specific sequence patterns as 
possible. I t  is also necessary, particularly for work with the 
tRNAs. to define both susceptibilities of modified bases to 
alkali and all nucleases used, and the electrophoretic behavior 
of such products. Correct assignment of S1 cleavage sites close 
to the labeled end requires that one be aware of the different 
mobilities of S1-generated fragments and those of the same 
lengths produced by the base-specific ribonucleases. S 1 nu- 
clease cleaves on the 5’ side of phosphodiester bonds, while the 

base-specific nucleases and alkali cleave on the 3’ side. Con- 
sequently, 5’-32P]-labeled products of S 1 digestion lack the 
3’-terminal phosphate present on labeled products from the 
other reactions. To define lengths of S 1 -generated fragments 
which are short or have been resolved by prolonged electro- 
phoresis, the disparate migrations of oligonucleotides produced 
by S1 nuclease of other treatments must be considered. 

Another limitation of the method is its inability to niap 
structure in detail more than 150 nucleotides from the labeled 
end of an RNA molecule. The gel electrophoretic system does 
not resolve single nucleotide differences in polynucleotides with 
chain lengths longer than this. Assignment of SI cleavage sites 
which are increasingly distant from the labeled terminus can 
be facilitated by loading portions of samples at  several times 
during electrophoresis so that longer oligonucleotides arc  
eventually resolved. Labeling of a unique RNA 3’ cnd and 
digestion with the structure-specific enzyme can Sield ;i de- 
tailed structure map for the 150 nucleotides proximal to the 
3’ end of a molecule. 

At its current level of development the structure mapping 
method described can identify individual nucleotides of an 
RNA molecule which are not hydrogen bonded in solution. The 
data presented for both full-length tRNAs, though consistent 
with the crystallographic model of tRNAPhe, are yet incom- 
plete. All non-hydrogen-bonded bases in tRNAPhc, for ex- 
ample, are not cleaved by S1 nuclease. Probable causes include: 
( I )  the apparent resistance of the Y-base and the 2’-O-meth- 
ylated bases in the anticodon loop to SI nuclease under con- 
ditions used here and (2) the apparent requirement for SI 
activity of several contiguous non-hydrogen-bonded bases i n  
a substrate. Furthermore, extensive hydrogen bonding among 
the D, variable, and T 9 C  loops prevents the complete expo- 
sition of structure in each independent loop. The structure 
mapping method is being extended to probe for non-hydro- 
gen-bonded bases under less restrictive solution conditions ;it 
high temperatures and pH with less salt. 

The comprehensive elucidation of tRNA structure i n  solu- 
tion must include information on the relative susceptibilitics 
of non-hydrogen-bonded nucleotides to the structural probe, 
here, S1 nuclease. These data are becoming available through 
the systematic variation of reaction time and such parameters 
as are mentioned above. The different patterns present in thc 
S1 lanes of Figure 3, for example, demonstrate the value of the 
study of tRNAPhe susceptibility to S 1 nuclease as a function 
of time. Cleavages introduced into the anticodon loop within 
1 min suggest the extreme accessibilities of nucleotides 35 and 
36, whereas position 33, though less accessible to the SI. is 
hydrolyzed within 10 min. Ultimately such relative suscepti- 
bilities can be accurately quantitated through densitometrl 
of autoradiograms. 

Once the dynamics of digestion with SI nuclease are well 
characterized on a molecule already analyzed crytallo- 
graphically, tRNAPhe, the expanded method ought to provc 
invaluable in probing the structures of other R N A  molecules 
and RNA:RNA and RNA:protein complexes of phqsiologiciil 
importance. 

The R N A  literature is replete with hypothetical hairpin 
structures for which functions have been suggested. Examplcs 
include the termination of transcription at points just beyond 
hairpins in nascent mRNAs (Korn et al.. 1977; Lee CYC Y x -  
nofsky, 1977), the recognition of specific cleavage bites b\ 
enzymes such as RNase 111 involved in processing precursor 
R N A  to mRNA (Robertson et al., 1977; Roaenberg & 
Kramer, 1977), and the binding of ribosomes to iniliate protein 
synthesis a t  the 5’-non-coding region of m R N A  (Efstratiadih 
et al., 1977a). This method provides a way to search for thesc 
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presumptive structures quickly and under conditions which can 
be varied in both structural and parallel functional experi- 
ments. 
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