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Changes in Tertiary Structure Accompanying a Single Base Change 
in Transfer RNA. Proton Magnetic Resonance and Aminoacylation 
Studies of Escherichia coli tRNAMetfl and tRNAMetf3 
and Their Spin-Labeled ( s4U8) Derivatives? 

Walter E. Daniel, Jr.,$ and Mildred Cohn*,s 

ABSTRACT: The properties of Escherichia coli tRNAMe$, 
and tRNAMetf3 that differ by only one base change, m7G to 
A a t  position 47, have been compared structurally by proton 
magnetic resonance and functionally by the aminoacylation 
reaction. The N M R  spectra of the two t R N A  species in the 
region between 0 and 4 ppm below 4,4-dimethyl-4-silapen- 
tane- 1 -sulfonic acid (DSS) (methyl and methylene region) 
were the same except for the absence of the lowest field peak 
a t  3.8 ppm in tRNAMe+,, thus unequivocally identifying this 
resonance as the methyl group of m7G47 of tRNAMetf, .  The 
same resonance disappears in tRNAMetf ,  spin-labeled a t  s4U8 
and reappears in the diamagnetic reduced spin-labeled 
tRNAMet f ,  from which the average distance between the 
spin-label and the methyl protons of m7G is estimated to be less 
than 15 A. The proximity of m7G47 but not T55 to s4U8 in the 
structure of E. coli tRNAMet f ,  in solution is consistent with 
the crystallographic model for yeast tRNAPhe. A spectral 
comparison of the hydrogen-bond regions (1 1 - 14 ppm below 
DSS) of tRNAMe$, and tRNAMetf3 reveals major shifts of four 
resonances previously assigned to tertiary hydrogen bonds. Of 
the four, the one at lowest field (14.8 ppm) had been assigned 
by chemical modification to the tertiary (s4U8-A14) hydrogen 
bond and the one a t  13.3 ppm had been tentatively assigned 
to the tertiary hydrogen bond G23-m'G47 of the 13-23-47 
triple. A more positive assignment of the G23-m7G47 a t  13.3 

S i n c e  it is clear that the tertiary structure of tRNA is crucial 
for its recognition by the appropriate aminoacyl t R N A  syn- 
thetase, we are attempting to establish quantitative indicators 
of tRNA tertiary structure in solution. Because the effect of 
a paramagnetic species on the relaxation time of a nuclear spin 
is a function of distance between the two, initially, the effects 
of a nitroxide spin-label covalently bound to s4U a t  position 8 
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ppm could be made from the additional evidence that this 
resonance, which was first observed in the difference spectrum 
between spin-labeled tRNAMetf,  and its reduced form, is the 
only one missing in the analogous difference spectrum of 
tRNAMetf3. At low ionic strength and in the absence of mag- 
nesium ions, the differences in the hydrogen-bonded region of 
the NMR spectra of tRNAMetf,  and tRNAMetf3 are much 
greater than, in the presence of magnesium ions. The optimal 
magnesium concentration required for maximal initial veloc- 
ities is also higher for tRNAMetf3 than for tRNAMetf , .  The 
perturbation caused by the spin-label in destabilizing hydrogen 
bonds in the region between 13 and 14 ppm is greater for 
tRNAMetf ,  than tRNAMe$, but the distance relations for the 
hydrogen bonds in the region between 12 and 13 ppm (the 
major paramagnetic perturbations) are conserved in the two 
species. The disruption of one hydrogen bond relative to native 
tRNAMet f ,  either by spin-labeling (s4U8-A14) or by substi- 
tution of m7G by A in tRNAMetf ,  has little effect on the ami- 
noacyl acceptor activity or the velocity of the aminoacylation 
reaction at optimal magnesium concentration, but the absence 
of both tertiary hydrogen bonds in the augmented D-helix 
region in the spin-labeled tRNAMetf3 results in approximately 
60% reduction both in acceptance activity and in initial velocity 
of the aminoacylation reaction. 

of E. coli tRNAMetf ,  on the ' H  N M R  spectrum of the methyl 
region and of the ring N H  hydrogen bond region were inves- 
tigated (Daniel and Cohn, 1975). Without assigning the res- 
onances to particular hydrogens, one can, of course, follow 
changes in conformation as reflected in changes in the spectra 
of the spin-labeled derivatives, but interpretation in terms of 
detailed structural change is possible only if each proton res- 
onance is assigned. 

In the earlier report, the lowest field methyl peak in the re- 
gion of 0-4 ppm from DSS] was tentatively assigned to m7G 
a t  position 472 based on the assignments in yeast tRNAPhe 
(Kan et al., 1974). A comparison of the proton resonances of 

' Abbreviations used are: DSS, 4,4-dimethyl-4-silapentane-l -sulfonic 
acid; DEAE, diethylaminoethyl: Hepes, N-2-hydroxyethylpiperazine- 
N'-3-propanesulfonic acid; EDTA, (ethy1enedinitrilo)tetraacetic acid; 
ATP, adenosine 5'-triphosphate; SL, spin labeled; ESR, electron spin 
resonance: NMR, nuclear magnetic resonance. 
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tRNA"e1f3 that differs from tRNAMe$, only by substitution 
of A for m7G leads to the unequivocal assignment of the methyl 
proton resonance of m7G. Furthermore, in the earlier work a 
proper control was not available to separate the possible dia- 
magnetic perturbation effects of the covalently bound spin- 
hbel  from the paramagnetic effects on the protons in the 
methyl rcgion of the spectrum. The difficulty arose because 
thc proton rcsonanccs of the reductant, ascorbic acid 
(Kornberg and McConnell, 197 I ) ,  usually used to produce the 
control. i c .  the diamagnetic reduced spin-labeled derivative, 
ovcrlap the resonance peaks in the methyl region of t R N A .  
Anothcr reductant for the nitroxide spin-label, phenylhydra- 
r.inc (Rozantsev and Golubev, 1966). which does not suffer 
from this disadvantagc has now been used to produce a suitable 
control for the methyl region of the spectrum of spin-labeled 
rRNAL1"~,  . Consequently, interpretation is straightforward, 
since the paramagnetic contribution which is a direct function 
of the electron spin-nuclear spin distance can be separated 
from possiblc diamagnetic perturbations due to the spin-label 
modification. 

In the hydrogen-bonded region of the spectrum of E.  coli 
1KlrA""~, ( 1  1 - 15 ppm below DSS), four bonds of the 27 f 
I total observed (Daniel and Cohn, 1975) are sufficiently close 
to the spin-label for the corresponding resonances to be severely 
broadened by the paramagnetic species. The resonances could 
be identified only tentatively based on earlier assignments of 
resonancc positions from ring current theory (Shulman et al.. 
1073) and by analogy to the structure of yeast tRNAPhe de- 
rived from x-ray crystallographic data  (Kim et  al., 1974; Ro- 
bertus et al., 1974b). Similarity of chemical reactivity, Le.. base 
acccssibility of yeast tRNAPhe and E .  coli t R N A M c t f l ,  both 
clas\ I tRNA's, has been cited as support for similarity of 
tcrtiary structures (Clark, 1975). A plausible assignment for 
the paramagnetically broadened peak at lowest field, 13.3 ppm, 
designated f (Daniel and Cohn, 1975) was the G23-m7G47 
hydrogcn bond of the 13-23-47 triple based on proximity 
arguments using the crystallographic model of the tRNAPhe 
structure w i t h  its corresponding 13-22-46 triple (Kim et al.. 
1974) (scc Figure IC) .  It was suggested that a definitive an- 
swcr could come from the spectrum of E. coli tRNAMettf that 
lacks :i 23-47 bond of the type shown in Figure IC, since po- 
sition 17  is now occupied by A rather than m7G. In this report. 
thc low field spectra of tRNAMet(., and tRNAMetf i  are  com- 
pared for purposes of peak assignment and of determining the 
cffcct o n  the tertiary structure of the loss of a single tertiary 
hydrogen bond between the dihydro-l: stem and the extra loop. 
Differences i n  structural stability of the two fMet-tRNA's in 
thc region of the dihydro-l: helix and "tertiary interactions" 
had been noted by Crothers et al. ( l974) ,  since they observed 
:i melting transition for f j  Met a t  46 " C  ( A H  = 52 kcal/mol) 
and ;I different one for f3Met a t  30 " C  ( A H  = 30 kcal/mol). 
In addition. structural differences in the s4U8 region of the 
molccuic had been inferred from differences in the respective 
;ibilities of the two tRNA's to form the photochemically in- 
dticcd cross-linked product between s4U8 and C13 (Delaney 
et ai.. 1974). I t  had been noted from the x-ray crystallographic 
data on yeast tRNAPhc (Kim et al., 1974) that the positively 
charged ni7G is involved in an ionic interaction with nearby 
phosphate g r o u p :  this type of interaction is precluded upon 

_ _  .. .~ 

' I : .  ~ i / i  tRNlt". ' l I  ha5 nine bases (14-22) in the dihydro-U loop 
compared to eight bases in least tRNAph' (14-21); consequently. any base 
numbered n beyond residue 22 of E.  coli tRNA'"fwill correspond to base 
numbered ti - I in yeast  IRK.^'^'. e.g., m'G47 of E.  coli tRNA"':( 
corrcipond\ to rn7GJ6 in  least  tRN;\Ph' 

substitution of m7G by A.  

Experimental Procedure 

Materials 
Benzoylated DEAE-cellulose and DEAE-Sephadex A-50 

were products of Schwarz/Mann and Pharmacia Fine 
Chemicals, Inc., respectively. The  resin, RPC-5 was the gift 
of D. Novelli of Oak Ridge National Laboratory. Transfer 
RNAMe$, from E. coli K-12 (Oak Ridge lot no. 18-123) in 
partially purified form was a gift from J. Ofengand of the 
Roche Institute of Molecular Biology and A. D. Kelmers of 
Oak Ridge National Laboratory. The E. coli methionyl-tRNA 
synthetase was a generous gift from J.  P. Waller of the Ecole 
Polytechnique. 

Radioactive methionine 3H or I4C was purchased from 
Schwar7/Mann, and deuterium oxide (99.9%) from Thompson 
Packard. All other chemicals used were reagent grade. The 
membrane filters (RAWP) were purchased from the Millipore 
Corp. 

Methods 
Preparation of tRNAMP?, . Highly purified tRNAMetf, was 

prepared from unfractionated E. coli B t R N A  (Schwarz/ 
Mann lot no. Y2106) by three chromatographic steps: (i) 
benzoylated DEAE-cellulose column chromatography a t  5 "C, 
with pH 5.0 buffers, containing magnesium (Roy et al., 1971), 
(ii) chromatography of the combined enriched tRNAMet 
fractions on DEAE-Sephadex A-50 columns a t  p H  7.5,25 OC, 
ni th  an eluting buffer containing 375 m M  sodium chloride 
(Seno et ai., 1968), and (iii) benzoylated DEAE-cellulose 
column chromatography a t  p H  6.0 and 5 O C  to resolve 
tRNAMetf ,  from tRNAMet,. During the preparative steps, 
light was excluded to prevent photochemical cross-linking of 
s4U8 to C13 (Favre et al., 1971). Chromatography on RPC-5 
(Egan et al., 1973) of the resulting tRNAMetf ,  indicated no 
detectable amount of photocross-linked derivative and less than 
5% contamination with other tRNA's. 

Preparation of E.  coli tRNAMe'/ , .  The tRNAMe$, from 
Oak Ridge National Laboratory (-1000 A260 units; lot no. 
18-123) was purified by a single chromatographic step on 
RPC-5 (1 .O X 1 15 cm column) a t  37 O C .  A linear gradient of 
3000 ml from 0.05 M Tris-HC1, p H  7.0,O.Ol M MgC12, and 
0.45 M NaCl to 0.05 M Tris-HC1, pH 7.0,O.Ol M MgC12, and 
0.65 M NaCl  were used.3 The  fractions of the large methio- 
nine-accepting peak were pooled, desalted, and utilized for the 
tRN.4Metf ,  experiments. 

Preparation of Spin-Labeled and Reduced Spin-Labeled 
Methionine tRNA's .  The preparation of the nitroxide spin- 
label, N-(2,2,5,5-tetramethyl-3-pyrrolidinyl-l-oxy)bro- 
moacetamide, has been described previously (Daniel et ai., 
1973). The extent of spin-labeling of s4U8 of either tRNAMetrl 
or tRNAMet, ,  was followed by the decrease in absorbance a t  
335 nm (Hara et al., 1970). In either case, double integration 
of the nitroxide ESR signal of the spin-labeled t R N A  yielded 
1 f 0.05 mol of unpaired electron spins per mol of t R N A .  

For the N M R  experiments in which the hydrogen-bonded 
protons were being observed in the low-field region (1 1 - 15 ppm 
from DSS), the nitroxide of either SL-s4U-tRNAMet1 could 
be reduced to the diamagnetic hydroxylamine with ascorbate 
(Kornberg and McConnell, 197 1). Five microliters of freshly 
prepared sodium ascorbate, 765 mM, p H  7, was added to 250 
~1 of 1.5 m M  SL-s4L-tRNAMet and the reduction proceeded 

' Procedure suggested bq A. D. Kelmers (personal communication). 
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F I G U R E  1: (A) The cloverleaf structure of E .  coli tRNAMelf ,  with indicated change at  position 47 for tRNAMetf,; the solid lines indicate some of the 
probable tertiary hydrogen bonds for tRNAMetr,. (B) Schematic representation of the proposed tertiary structure of E .  coli tRNAMe'F, based on the 
representation of the crystallographic model of yeast tRNAPhe (Ladner et al., 1975). All residue numbers beyond residue 21 in  E .  roli tRNAMe'rare 
greater by 1 than the corresponding residues in the yeast tRNAPhe structure, since the D loop has one more residue in  tRNAMe'r than in tRNAPhe. 
The triple G9-G12-C24 with two tertiary hydrogen bonds between G9 and G I 2  indicated has been postulated (Kim et al., 1974) as a substitute for 
A9-A23-U12 triple of yeast tRNAPhe with two tertiary bonds between A9 and A23. (C) The detailed structure of the C13-G23-m7G47 triple possible 
in tRNAMelf,; in the tRNAMetf, species with A replacing m7G at  47, effective pairing with G23 is not possible and any pairing would yield no N M R  
signal in the range of 11-15 ppm from DSS. 

for 4 h in the N M R  tube under a nitrogen atmosphere before 
N M R  spectra were recorded. Analysis of the samples by ESR 
indicated greater than 99% of the nitroxide was reduced by this 
procedure. The original E S R  signal was fully recoverable on 
exposure of the sample to  oxygen for several hours. 

In an experiment in which the odd base methyl and meth- 
ylene resonances were to be observed in D20, phenylhydrazine 
(Rozantsev and Golubev, 1966) was chosen to  reduce the ni- 
troxide moiety of SL-s4U-tRNAMetf,, since ascorbate gives 
proton resonances a t  high field (0-4 ppm from DSS). Five 
microliters of a phenylhydrazine solution, 765 m M ,  p H  7.0, 
was added to 250 pl of SL-s4U-tRNAMetf, (1.5 m M )  in a so- 
dium phosphate buffer, p H  7.0, containing 100 m M  NaCl and 
5 m M  MgC12. The reduction proceeded for 5 h a t  room tem- 
perature under nitrogen before the spectrum in Figure 2C was 
obtained. The  remaining ESR signal intensity of the sample 
indicated the reduction was -85% complete. 

Aminoacylation of t R N A .  The assay mixtures (50 or 100 
pl) contained 20 m M  Hepes, p H  7.5, 2 m M  ATP,  10 p M  
EDTA, 30 m M  2-mercaptoethanol. For methionine accep- 
tance determinations, the solutions contained 150 m M  NH4CI 
and 10 m M  MgC12. For initial rate experiments, the reaction 
was initiated by addition of synthetase after equilibration a t  
25 "C. The reaction was stopped a t  appropriate time intervals 
by addition of 2 ml ice-cold 5% trichloroacetic acid. After 10 
min a t  0 "C, the precipitate was collected on a Millipore filter. 
The reaction tube was rinsed three times with 5% trichloro- 
acetic acid, and the washings were poured through the filter. 
The  filter was washed once more and, after removal of the 
upper part of the filter holder, the filter was washed several 

times with cold 5% C13CCOOH and then sucked dry. The 
extensive washing procedure lowered the background radio- 
activity to approximately 0.01% of the total counts in the re- 
action mixture. The Millipore filter was dissolved in 5 ml of 
Bray's solution and the radioactivity (I4C or 3H) was measured 
in a Beckmann Scintillation counter LS- 1 OOC. 

N M R  and ESR Measurements. Solutions of t R N A  or of 
spin-labeled derivatives -50 mg/ml were prepared for N M R  
measurements by extensive dialysis in a microcell a t  5 O C  
against the appropriate H20 or D 2 0  buffer. Prior to being 
transferred to the N M R  tube, the dialyzed solutions were 
centrifuged to remove any insoluble material. The sample 
volumes for N M R  were between 200 and 250 pl and -50 pl 
for ESR. 

Spectra of the odd base methyl region (0-4 ppm from DSS) 
were obtained in D l O  solution by Fourier transform spec- 
troscopy with a Varian HR220 M H z  N M R  spectrometer. 
Spectra of the slowly exchanging hydrogen-bonded protons 
a t  low field ( 1 1 - 15 ppm from DSS) were recorded in H 2 0  
solution either with a 250 M H z  spectrometer with correlation 
spectroscopy or with a 220 M H z  spectrometer with signal 
averaging. ESR spectra of the spin-labeled t R N A  were re- 
corded on a Varian E-4 ESR spectrometer. A Nicolet Model 
1074 computer interfaced with the ESR spectrometer per- 
mitted spin quantitation. 

Results 
Proton N M R  of Methyl and Methylene Groups. From the 

base composition shown in Figure 1 A, there are  four groups 
of protons in E .  coli tRNAMetf ,  with resonance peaks in the 
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klC;l,Kt 2: 220 MHz FT ' H  N M R  spectra of odd base methyl and 
methylene groups in the high-field region, 0-4 ppm from the internal 
standard DSS. ( A )  Native tRNAMetf , ,  ( B )  native tRNAMCtf , ,  (C)  phen- 
ylhydrazine-reduced SL-s4U-tRNAvetr , ,  ( D )  SL-s4U-tRNAMetf , .  
Samples A. B, and D had been dialyzed against 20 mM sodium phosphate, 
pH 7.0. 100 mM NaCI. and 5 mM MgClz in D20. Sample C was prepared 
by adding phenylhydrazine in  the same phosphate buffer, pH 7.0, directly 
to sample D under a nitrogen atmosphere. Spectra were accumulated for 
2-3 h at 37 "C; 3600 transients (with block averaging: 150 transients/ 
block). 

high-field region between DSS and 4 ppm below it, the methyl 
resonances of (1) 2'-O-methylcytidine-33 (CM), (2) 7-meth- 
ylguanosine-47 (m7G), (3) ribothymidine-55 (T), and the 
methylene resonances of (4) dihydrouridine-21 (C5-hU and 
C6-hU); in tRNAMetf,, one methyl group arising from m7G 
is lacking. The earlier assignments for tRNAMetf ,  (Daniel and 
Cohn, 1975) based on the yeast tRNAPhe assignments (Kan 
et a]., 1974) are  indicated in Figure 2A. A comparison of the 
high-field resonances of E.  coli tRNAkfe t f ,  and tRNAMetf ,  
(curves A and B, respectively, and inserts of Figure 2) clearly 
shows that they differ only in the absence of the resonance a t  
lowest field, 3.80 ppm, in tRNAMetf,, thus unequivocally 
confirming the earlier assignment of this peak to m7G a t  po- 
sition 47. 

The disappearance of the m7G resonance peak in the spin- 
labeled derivative of tRNAMetr , ,  curve D of Figure 2, might 
be ascribed to a paramagnetic broadening due to the spin-label, 
Le., proximity of m7G47 to s4U8 (cf. Figure 1B). Alternatively, 
a structural perturbation introduced by the spin-label modi- 
fication could result in a downfield diamagnetic shift of the 
resonance a t  3.80 ppm completely obscuring the methyl res- 
onance of m7G under the large peak below 4 ppm. The partial 
reappearance of the peak a t  3.80 ppm upon partial reduction 
( -85%) of the nitroxide free radical with phenylhydrazine 
(curve C of Figure 2) eliminates the possibility of ascribing the 
spin-label effect on this resonance peak to a structural per- 
turbation, and establishes the proximity of m7G a t  position 47 
to s3U8 for the t R N A M e t f ,  structure in solution. It should be 
noted in curve C that the reduction of the spin-label may be 
monitored not only by the disappearance of the ESR signal but 
also by the appearance of the methyl groups of the spin-label 
itself as seen a t  1.3 ppm in curve C of Figure 2. 

Low-Field N-H Bonds. In Figure 3, the spectra of E.  coli 
tRNAMctf ,  (top curve) and tRNAMetf ,  (middle curve) in HzO 
solutions containing 100 m M  NaCI, 5 m M  MgC12, and 20 mM 
sodium phosphate buffer, pH 7.0, a re  compared in the region 
between 1 1 and 15  ppm below DSS. Although only one base 
m7G47 and consequently one tertiary bond must disappear, 
in fact, four resonance peaks are  clearly affected, as  shown in 
the difference spectrum a t  the bottom of Figure 3. Since the 
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FIGURE 4: Hydrogen bond CW-NMR spectra at 220 MHz in the region, 
1 1 - 15 ppm downfield from DSS. Top spectrum, tRNAMetf l ;  middle 
spectrum, tRNAUe$,; bottom spectrum, the difference spectrum 
tRNAMetf ,  minus tRNAMetf3,  The samples were prepared by dialysis first 
against 10 mM sodium phosphate, pH 7.0, 300 mM NaC1, and 0.1 mM 
EDTA in H20,  and then extensively against 10 mM sodium phosphate, 
pH 7.0, 30 mM NaCI, and 0.1 mM EDTA in H20. Approximately 3000 
scans were averaged at 30 OC. 

only are  the regions of the molecule represented by the N-H 
bonds corresponding to a ,  b, and f structurally different in 
tRNAMetf ,  and tRNAMetf ,  but a t  low salt in the absence of 
Mg2+, many other hydrogen bonds a re  shifted as  well. 

Spin-Labeled tRNA.  Since both peaks f and g appear in the 
difference spectrum of Figure 3A, it is difficult to decide 
whether the two shifted or which, if any, disappeared. Conse- 
quently, an unambiguous choice could not be made between 
peak f o r  g in assigning the resonance peak of the G23-m7G47 
tertiary bond. This difficulty was obviated by comparing the 
spin-labeled derivatives of tRNAMe$, and tRNAMetf ,  with 
their reduced forms. The rationale is that in tRNAMetf3 there 
should be no difference spectrum in the peak position corre- 
sponding to the nonexistent G23-m7G47 tertiary hydrogen 
bond, but such a hydrogen if close to s4U8 would show up in 
the difference spectrum between the spin-labeled and reduced 
spin-labeled tRNAMe$, . 

Both t R N A  species were spin-labeled and the ESR spectra 
shown in Figure 5 were identical for both species. Whatever 
structural differences exist are  obviously not reflected in the 
E S R  spectra and, consequently, d o  not affect the mobility of 
the spin-label. A comparison of the low-field IH N M R  spectra 
of the spin-labeled and of the reduced spin-labeled forms and 
of the differences between them is presented for tRNAMetf ,  
and tRNAMetf, in Figure 6. Peaks g, h, and i are essentially the 
same in the difference spectrum of tRNAMetf ,  (curve Cl of 
Figure 6) and of tRNAMetf, (curve C3 of Figure 6). Therefore, 
peak f rather than peak g may be assigned to the tertiary bond 
G23-m7G47. 

The small residual peak a t  position f in the difference 
spectrum of spin-labeled and reduced spin-labeled tRNAMetf3 
(curve Cj, Figure 6), if not within experimental error, may well 
be due to the fact that peak f a t  13.3 ppm is a composite 
paramagnetically broadened peak with contributions not only 
from the tertiary G23-m'G47 bond but also the secondary 
G50-C66 bond that also falls in this region of the spectrum 
(Shulman et al., 1973). An examination of the three-dimen- 
sional model of yeast tRNAPhe in the laboratory of A. Rich 

3lb 3190 3200 3210 3220 3230 3240 
Gaurs 

FIGURE 5: EPR spectrum observed for either SL-s4U-tRNAMe'r, or 
SL-s4U-tRNAMetr,, approximately 1.5 mg/ml in 20 mM sodium phos- 
phate, pH 7.0, 100 mM NaCI, and 5 mM MgC12 in H20.  The spectrum 
was recorded at 26 O C  and a modulation amplitude of 1 G. 

showed that a spin-label a t  position 8 could come close to the 
hydrogen bond m5C49-G65 (G50-C66 in tRNAMetf) as well 
as  to the tertiary hydrogen bond G22-m7G46 (G23-m7G47 
in tRNAMe$,). Alternatively, the residual peak a t  13.3 ppm 
may be ascribed to the G12-C24 Watson-Crick pair in 
tRNAMetf3 (see assignments, Figure 6). The latter assignment, 
which implies that the G9-G12-C24 triple is closer to s4U8 
in tRNAMetf, than in tRNAMetf , ,  would also account for a 
small peak b' (14.1 ppm) assigned to G9-Gl2  tertiary bond 
of the G9-G12-C24 triple (cf. curves CI and (23). Our as- 
signment of peak g at  12.9 ppm to G15-C49 remains tentative, 
based on proximity arguments in the spin-labeled tRNAMe$; 
this band appears to be perturbed in tRNAMe$, as are the other 
tertiary bonds in this part of the molecule. Although an 
N-H-0 bond might be expected to fall a t  higher field as  
pointed out by Reid and Robillard (1975) and as observed for 
a model compound at  11.9 ppm by Kallenbach et al., (1976), 
the assignment of a hydrogen bond to a reverse Watson-Crick 
base pair a t  12.9 ppm is not unreasonable if it were not subject 
to upfield shifts from strong ring current effects. 

Comparison of Kinetic Properties of tRNAMe?,  and 
t R N A  in the Aminoacylation Reaction 

Methionine Acceptance Activity, KM and V,,,. The me- 
thionine acceptance activities (pmollA260 unit) were found 
to be: t R N A M e t f l ,  1400; SL-tRNAMetf , ,  1400; tRNAMetf,, 
1100; SL-tRNAMetf,, 430. The dependence of kinetic pa- 
rameters of the reaction for tRNAMe$, has been thoroughly 
investigated by Lawrence et al. (1973). Although a different 
buffer has been used in the experiments listed in Table I ,  the 
values of K v  and V M ~ ~  for tRNAMetf, in the presence of Mg2+ 
agree well with those previously reported. The observation that 
NH4+ alone stimulated the reaction under conditions where 
KC1 does not, confirms the findings of Lawrence et al., (1973). 
As shown in Table I, the K M  values for tRNAMetf ,  under all 
conditions are somewhat larger than for tRNAMetf,. The values 
of V M ~ ~ ,  on the other hand, are about the same for tRNAwetf ,  
and tRNAMetf, in the presence of Mg2+ but much lower for 
tRNAMe$, in the presence of NH4+ alone. The concentrations 
of Mg2+ used in these experiments, 4 m M  for tRNAMetf ,  and 
5 m M  for tRNAMetf,, are  those that yielded maximal initial 
velocities in the aminoacylation reaction (cf. Figure 7). 

Effect of Mg2+ Concentration on Initial Rates. Since 
structural differences between tRNAMe$, and tRNAve$, as 
monitored by the chemical shifts of the hydrogen bond reso- 
nances shown above and by the rates of the photochemical 
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t l C i L R t  6:  Proton N.MR spectra of the hydrogen-bonded ring nitrogen protons of tRNA derivatives in the region, 11-15 ppm from DSS. Series A. 250 
MH7 spectra: ( A I )  ascorbate-reduced SL-s4U-tRNAMe'r,; ( B I )  SL-s4U-tRNAMetf,; (C , )  difference spectrum, AI minus B1. Series B, 220 MHz spectra: 
( A d  ascorbate-reduced SL-s4U-tRNA'IC'f,; (B3) SL-s4U-tRNAVe1f,; (C,) difference spectrum. A3 minus Bj .  All samples had been dialyzed against 
30 mM ~ o d i u i i i  phosphate, pH 7.0, 100 mM NaCI, and 5 mM MgC12. I n  series A, 600-2000 scans were accumulated at 30 "C with correlation spectroscopy 
using ii sseep width of 1500 Hz  and w e e p  time 5 s. In series B, approximately 2500 scans were averaged for each spectrum at 30 O C .  The calculated 
po\ition\ (Shulman et al.. 1973) of the secondary structure hydrogen bonds are shown. The s4U8 tertiary hydrogen bond assignment is based on chemical 
modification (Daniel and Cohn. 1975). 

T \ H i  E I Cornpdrison of Kbl and V L ~ . ~ ~  of E coli tRNAMelr l  dnd  
t R N  for E coli Methionine t R N A  Synthetase a t  25 " C  (' 

t R \ A "'fI 
\I 

h l t c  Added (pM) Vbf i ,  

100 trill hHjC1 I 0  0 106 
100 mV \HJCI 1 55 0 79 
4 m M  MgC12 0 7 5  8 3  
3niM MgC12+ I 3  33 3 

I V m M  \H,CI 

t R N A  ""i , 
\I 

Salts Added ( p M )  V M ~ ~  

l 0 0 m M h H ~ C I  1 9  0026  
2 0 0 m M  NHJCI  3 3 0 18 
5 m M  MgClz 1 0  1 1  1 
5 m M M g C l z +  S O  3 3 3  

150 mM hi HJCI 

(' The solutions contained 20 mu sodium Hepes, pH 7.5, 2 m M  
ATP. 32 WM methionine ( 3 H ,  1.2 X IO' cpm/ml) ,  and salt concen- 
tration a s  indicated. V\lar in all experiments is expressed as  pmol of 
Met- tRNA formed min-I mi-) with 80 pmol of pure methionine 
\gnthetase. the en7yme concentration actually used in  experiments 
~ i t h  MgCI:: in the absence of MgC12, the concentration of active 
c n q m c  u'as increased I 5-fold and crude synthetase was used. 

cross-linking reaction (Delaney et al., 1974) were dependent 
on the Mg2+ concentration, an attempt was made to correlate 
these differences with the rates of aminoacylation catalyzed 
by E. coli methionine-tRNA synthetase as a function of Mg2+ 
concentration. The kinetic experiments were carried out under 
conditions similar to those used by Lawrence et al., (1973) and 
the results are plotted in Figure 7 in the form of initial rate vs. 
MgCI, concentration with and without 150 m M  NHdC1. The 
results for tRNA"'"',-, are very similar to those found by the 

[MF] +mM 
FlGL!RL 7: A comparison of the rate of aminoacylation of tRXA"S'~,  
and tRNAMe',, as a function of MgCI: concentration. The solution5 
contained in a total volume of 50 pl: 20 mM potassium Hepes. pH 7.5. 2 
m M  ATP, 30 pM EDTA. 10 p g  bovine serum albumin/ml. 25 m M  $- 
mercaptoethanol: in the two upper curves 150 rnM N H l C l  U B \  iilw 
present: 7 = 25 "C.  The rates were linear over the I0-min period before 
tcrmination. (0--0. O - - - O )  tRNAMe'l , ,  ( A - - A .  A - A )  ~ R N A " " I ,  

earlier investigators (Lawrence et al., 1973). For tRNAh'", 
more Mg'+ is required to yield the same optimal rates as found 
for tRNAMe1,-, in the presence or absence of 150 mM NHJCI. 
However, a t  concentrations of Mg2+ beyond the optimal one, 
the rate falls off more rapidly for tRNA"",-l and, consequently. 
is slightly higher for tRNAvelr ,  than for tRNAL1"',, i n  this 
range. Since SL-tRNAL1'-lf, had a methionine acceptance valuc 
only 39% of the native form, its rate of aminoacylation wab 



C H A N G E S  I N  T R N A  T E R T I A R Y  S T R U C T U R E  

T A B L E  1 1 :  Calculations of r for Various Values of T ~ / ( A u ) ~ .  

IO-- '*  
lo-" 
10-'0 

10-8 
10-9 

10-7 

5.3 
7.7 

11.3 
16.6 
24.4 
35.8 

The  distance, r ,  between the electron spin of the nitroxide radical 
and a proton as a function of rc / (A~)p,  where T~ is the correlation time 
modulating the interaction between the electron spin and the proton 
spin and ( A u ) ~  is the paramagnetic contribution to the line width of 
the proton. The  values of r were calculated from the Solomon- 
Bloembergen equation with three assumptions: (1) no hyperfine in- 
teraction, ( 2 )  T? = T>?. (3 )  W ~ * T , ~  >> 1. 

compared to those of native tRNAMe$, and tRNAMetf3. The 
relative initial velocities in the presence of 5.5 m M  MgC12 were 
found to be tRNAMetf3 100, SL-tRNAMetf, 42.5, tRNAMetf ,  
75.5; the concentrations of t R N A  in this experiment were 3, 
4, and 2.7 p M ,  respectively. 

Discussion 
In a comparison of tRNAMe+, and tRNAMetf, the predict- 

able differences in the N M R  spectra, namely, the absence in 
tRNAMetf3 of the methyl resonance due to m7G47 and of the 
tertiary hydrogen bond resonance due to G23-m7G47, can be 
used to make assignments. On the other hand, the unpredict- 
able differences, if any, may be used to delineate changes in 
structure that result from the loss of the tertiary bond G23- 
m7G47. Thus, the tentative assignment of the methyl resonance 
a t  -3.80 Fpm to m7G47 (Daniel and Cohn, 1975) has now 
been established unequivocally. Furthermore, it has also been 
established by a comparison of the methyl group spectra of 
partially reduced SL-tRNAMe'f, with SL-tRNAMetf3 that the 
methyl group of m7G47 is close enough to the spin-label a t  
s4U8 in tRNAMetf ,  to be broadened sufficiently to become 
unobservable. The distance, r ,  required to effect such a 
broadening depends on 7c and is given by the equation: 

r (in A) = 525 [ T ~ / ( A V ) ~ ] ' / ~  

where the symbols are: T ~ ,  the correlation time ( 1 / ~ ~  = 1 / ~ ~  + 1 / T ~ )  in seconds; ( A U ) ~ ,  paramagnetic contribution to the 
line width in Hz; T ~ ,  rotational correlation time, and T ~ ,  electron 
spin relaxation time. Calculations based on the equation above 
are listed in Table 11. If we assume that in this particular case 
where only the top of the peak is visible (see Figure 2A), a 
broadening of -20 H z  might well make it disappear and that 
from the ESR line shape, Figure 5, the correlation time is of 
the order of 1-5 X s, then the average distance between 
the methyl protons of m'G47 and the spin-label is less than 
-1 5 A. This value is not inconsistent with the distance between 
U8 and m'G46 in the crystallographic model for yeast 
tRNAPhe (see Figure 1C). Thus, insofar as  the proximity of 
residue 8 and the extra loop residue 47 (46 in Phe) is used as 
a criterion, the structure of E. coli tRNAMetf ,  in solution is 
similar to crystalline yeast tRNAPhe.  

An assignment of the tertiary bond between G23 and m7G47 
(Figure 1 C) to the resonance f a t  -1 3.3 ppm was made from 
the combined data of (1)  the difference spectrum between 
native tRNAMetf ,  and tRNAMetf3  (Figure 3) and (2) the dif- 
ference spectra of S L - t R N A  and reduced S L - t R N A  of 
tRNAMetf ,  and tRNAMetf3 ,  respectively (Figure 6). The first 
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difference spectrum is consistent with such an assignment and 
the second set of difference spectra strongly supports it. 

It is not surprising that the absence of hydrogen bonds be- 
tween the dihydro-U stem (G23) and the extra loop or a t  best, 
the retention of only a single hydrogen bond between A47N6 
to G23, would induce structural changes in tRNAMetf3 relative 
to tRNAMe'f,,  although the nature of the changes is not pre- 
dictable. In fact, a comparison of Figures 3 and 4 shows that 
the difference spectrum of the hydrogen-bond resonances be- 
tween tRNAMetf ,  and tRNAMetf3 depends on the ionic envi- 
ronment; a t  low salt concentration in the absence of Mg2+, a 
considerably greater number of bonds a re  perturbed both in 
chemical shift and line width. Although the additional changes 
occurring a t  low salt concentration cannot a t  present be as- 
signed to specific bonds, the finding is consistent with earlier 
work on photochemical cross-linking between s4U8 and C13 
(Delaney et al., 1974) that indicated that in 40 m M  N a +  
cross-linking was virtually abolished in tRNAMetf,, but in the 
presence of Mg2+, the rate for tRNAMe'f3 was lowered only 
twofold relative to tRNAMe$, . Major spectral differences 
between tRNAMet,-, and tRNAMe$, in the N - H  region of so- 
lutions containing high salt in the presence of Mg2+ are  re- 
stricted to four bonds, all of which have been assigned to ter- 
tiary hydrogen bonds (a, 8-14; b, 9-12; g, 15-49; f, 23-47 
(Figure 1B)) in the most congested region of the molecule in- 
volving the augmented D helix, the D stem, the extra loop, and 
the majority of the tertiary interactions. This finding is con- 
sistent with the earlier observation of Crothers et al. (1974) 
that the difference in stability between tRNAMetf ,  and 
tRNAMe'f3 is observed only for one melting transition involving 
the dihydro-U helix. 

It will be noted that of the observable chemical shift changes 
in the N H  region, between tRNAMetf ,  and tRNAMetf3.  only 
resonances assigned to  tertiary bonds have been shifted and 
all have been shifted upfield in tRNAMe'f3. At this time, it is 
premature to interpret the upfield shifts in structural terms. 
If, and when models of the three-dimensional structures of E. 
coli tRNAMe'f, and tRNAvet[, are available from crystalio- 
graphic studies, then the direction and magnitude of the ob- 
served chemical shift differences of the hydrogen bonds, as well 
as the change between tRNAMetf ,  and tRNAMetf, in distance 
of the 9-12-24 triple to s4U8, should be consistent with the 
postulated models. Since the same peaks, g,4 h, and i are 
paramagnetically broadened by the spin-label a t  s4U8, the 
geometry of those hydrogen bonds relative to s4U8 should be 
conserved for tRNAMe'f, and tRNAMe'f3 in the crystalline state 
as well. 

The question of interest is how important are the structural 
alterations between tRNA""f, and tRNAMetf ,  to their re- 
spective functions as methionyl acceptors. The loss of the 
s4U8-A14 hydrogen bond by spin-labeling has no effect on 
acceptance activity of tRNAMetf ,  as shown by Hara et al. 
(1970) and confirmed in the present study. It is difficult 
to ascertain whether the lowered acceptance activity of 
tRNAMetf, relative to tRNAUetf ,  is real because the difference 
is not greatly in excess of experimental error. However, there 
is no doubt that spin-labeling tRNAMe'f, leads to a loss of 60% 
acceptor activity. Thus, the structure of SL-tRNAMetf,, which 
lacks two tertiary base pairs found in native tRNAMet,- ,  con- 
siderably reduces acceptance activity relative to either species 

~~ 

The peak labeled g in the difference spectrum of native tRhA"CLr,  
and tRNAvetf, (Figure 3A) may not be identical with g in the spin-labeled 
difference spectra (Figure 6 ) ,  since the chemical shift of the former is about 
0.2 ppm below the latter. 
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with only one of the tertiary base pairs lacking, i.e., SL- 
t R N A M e $  and native tRNAMet[,. 

The rate of aminoacylation reaction catalyzed by the syn- 
thetase from E.  coli is an even more sensitive criterion of the 
structural differences between tRNAMetf,  and tRNAMetf,  than 
their respective acceptance activities. Differences in initial rates 
between tRNAMet[,  and tRNAMe$, are much greater a t  low 
Mg2+ concentrations consistent with greater structural dif- 
ferences between the two. Under these conditions, tRNAMet f ,  
is a better substrate than tRNAMet[,. The differences that 
remain at high Mg2+ seem to favor tRNAMe$ since at high 
Mg2+ concentrations (cf. Figure 7), tRNAMe:;; reacts more 
rapidly than tRNAMet[, .  At a Mg2+ concentration of 5.5 m M  
where native tRNAMe1[, has an initial velocity of about 75% 
of native tRNAMet[,, the spin-labeled modification of the latter 
yields only -43% of the rate. It would seem that in the inter- 
action between tRNA and the enzyme, Mg2+ can overcome 
the structural disorder introduced by lack of the G23-m'G47 
bond, but again cannot overcome the effect of the two missing 
bonds in spin-labeled tRNAVet f , .  
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