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ABSTRACT: Resonances in the low-field (1 1 - 15 ppm) nuclear 
magnetic resonance spectrum (NMR) of tRNA molecules 
arise from secondary and tertiary structure base pairs (1 res- 
onance for each base pair) as well as tertiary structure hy- 
drogen bonds. An accurate method for integrating the low-field 
spectra has been developed and applied to seven different 
tRNA. In the presence of high levels of magnesium (10 mM 
free magnesium) the number of resonances (base pairs) per 
molecule is typically 3-4 more than the number predicted by 
the cloverleaf model. These results confirm our recent proposal 
that, under proper conditions, most tRNA exhibit 3-4 tertiary 

T h e  first tRNA was sequenced about IO years ago and at  
that time Holley proposed the now familiar cloverleaf structure 
(Holley et al., 1965). Since then, there has been interest in 
determining the secondary structure (Le., the cloverleaf model) 
and the folding of the arms of the tRNA molecules (tertiary 
structure) in crystals and in solution (Gauss et al., 1971; Sigler, 
1975). Of the various techniques that have been used, NMR'  
is especially well suited for investigating the base pairing 
structure of tRNA molecules in solution, since resonances in 
the low-field spectral region (1 1 - 15 ppm) can be used to di- 
rectly monitor individual base pairs of the molecules (Kearns 
and Shulman, 1973). Each Watson-Crick base pair, and some 
tertiary structure base pairs, contribute one resonance (due 
to hydrogen-bonded ring nitrogen protons of G and U) to this 
spectral region, so, in principle, the total number of base pairs 
per molecule can be directly determined from integration of 
the low-field spectrum. 

While seemingly simple, integration of the low-field spectra 
of tRNA has been difficult due to lack of an accurate intensity 
standard. Initially, we integrated spectra by comparison with 
an external standard (Kearns et al., 1971a,b) or with a resolved 
resonance(s) in the low-field region that was assumed to have 
a known intensity (Shulman et al., 1973b; Lightfoot et al., 
1973). Neither method was completely satisfactory and the 
results indicated that several class I tRNA contained -1 9 base 
pairs (not counting GU pairs), or about the number predicted 
by the cloverleaf model. We also found we were able to analyze 
the spectra of some seven different tRNA, assuming only the 
cloverleaf structure base pairs were present, and on this basis 
concluded that we had no (positive) evidence for the presence 
of additional tertiary structure base pairs, under the conditions 
used in those experiments (Kearns and Shulman, 1973; 
Shulman et al., 1973a,b; Lightfoot et al., 1973; Kearns et al., 
1974). 
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16, 1975. This work was supported by a grant from the United States 
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I Abbreviations used are: NMR, nuclear magnetic resonance; EDTA, 
(ethylenedinitri1o)tetraacetic acid. 

structure interactions in solution, which are also observed in 
x-ray diffraction studies of yeast tRNAPhe. In addition to 
common resonances in the 1 1 - 15 ppm region, there are com- 
mon resonances at 10.5 and 9.5 ppm. A critique of methods 
used to integrate the low-field spectra is given and possible 
sources of error are indicated. The discrepancy between our 
present results and previous studies, which indicated that the 
number of base pairs per molecule was close to the number 
predicted by the cloverleaf model, can be attributed partly to 
differences in magnesium concentration and partly to inac- 
curacies inherent in the integration methods used. 

However, other considerations indicated that resonances 
from tertiary structure base pairs might also be present under 
the appropriate experimental conditions. Levitt (1969) noted 
that tRNA contain a number of homologous bases in single- 
stranded regions of the tRNA cloverleaf model and, on the 
basis of these homologies and photochemical cross-linking data 
(Favre et al., 1971), proposed a number of tertiary structure 
base pairs that would be common to most class I tRNA. More 
importantly, the x-ray diffraction results on yeast tRNAPhe 
clearly indicate that many of the homologous bases are close 
enough to be hydrogen bonded (Kim et al., 1974b; Robertus 
et al., 1974). (At the present resolution, the x-ray data are not 
accurate enough to prove that they are actually hydrogen 
bonded.) Quite independent of the x-ray results, we discovered 
evidence in the NMR spectra of Escherichia coli tRNA for 
a resonance from a common tertiary structure base pair in- 
volving s4U8 and A14 (Wong and Kearns, 1974b). Reid et al. 
( 1975) subsequently confirmed this assignment and presented 
evidence for additional resonances from tertiary interactions 
in E. coli tRNAVa1. Using mixed tRNA, we were able to 
identify common resonances in the lowfield spectra of mixed 
yeast and E. coli tRNA at 13.8, 13.0, and 11.5 ppm, which 
exhibit a sensitivity to magnesium and temperature expected 
for tertiary structure base pairs (Bolton and Kearns, 1975). 
The resonances located at 13.8 and 13.0 ppm are assigned to 
the T54.Asg and G1&56 tertiary structure base pairs, respec- 
tively, and the one at 11.5 ppm is now assigned to a protected 
U in the anticodon loop (Kearns, 1976). Hilbers and Shulman 
(1974) in their study of E. coli tRNAG1" found evidence for 
an early melting resonance that they attributed to a G-C ter- 
tiary structure base pair, and, very recently, Robillard et al. 
(1976) discussed N M R  evidence for tertiary interactions in 
yeast tRNAASp. 

The assignment of resonances from tertiary structure base 
pairs implies that most tRNA should contain on the order of 
3-4 more resonances in the low-field region than the number 
predicted by the cloverleaf model. This contradicts earlier 
results that indicated that the number of base pairs is ap- 
proximately equal to that required by the cloverleaf model 
(Kearns et al., 1971a,b; Shulman et al., 1973a,b; Lightfoot et 
al., 1973). Because of limitations in our earlier integration 
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FIGURE 1: 300 MHz spectrum of tRNAVa' under various experimental 
conditions. The spectrum at the bottom of the figure is that of tRNAVa' 
under normal N M R  conditions, that is, dialyzed against 0.1 M NaCI, 10 
mM MgC12, and 10 mM K2H2P04, pH 7.0. The spectrum of the methyl 
region (upper left) was also obtained under these conditions. The sample 
was then dried to 0.33-0.25 of its original volume and brought to its 
original volume with DzO. This procedure was repeated several times until 
the sample was 95-98% D2O. The spectrum of the aromatic region was 
obtained with the D20 sample under identical experimental conditions 
as the HzO sample. The methyl region of the spectrum was also investi- 
gated for the DzO sample and the intensity was compared to that of the 
HzO sample. The intensities agreed to within 5%, indicating there was no 
loss of the sample during the solvent change. The aromatic region contains 
89 protons. Using the dashed baseline the low-field region contains 23 
protons, whereas use of the solid baseline gives an intensity of 26 protons 
for the low-field region. The dashed baseline is the more reasonable (see 
text). 

methods, part of the discrepancy could be due to errors in- 
herent in the integration methods themselves. Alternatively, 
it was possible that the low numbers of base pairs we originally 
obtained were due to the fact the measurements were carried 
out under conditions ( T  N 35-45 "C, 3-5 mM Mg) where 
some resonances from tertiary interactions begin to melt out 
(Bolton and Kearns, 1975). In view of these problems and the 
important role that integration plays in any detailed inter- 
pretation of the low-field N M R  spectra of tRNA, we have 
developed a new, more accurate, method for integrating the 
low-field spectra. A more accurate integration method was also 
desirable in order to correlate the NMR results with the results 
of the x-ray diffraction studies on yeast tRNAPhe and to de- 
termine the extent to which all, or most, tRNA have the same 
tertiary structure in solution. A preliminary account of our 
observations obtained using a new integration method on E .  
coli tRNAVa', was presented earlier (Kearns et al., 1975). In 
the present paper, we present the results on seven different 
tRNA. These new results confirm that, in the presence of 
sufficient levels of magnesium, most tRNA contain about 3-4 
additional resonances between 1 1.5- 15 ppm from tertiary 
structure interactions. In addition to the common resonances 
previously reported, we find two more resonances in the 
11.5-9.5 ppm region which are common to most tRNA. A 
critique of the integration methods is also given and the effect 
of magnesium on the integration is reported. 

Experimental Section 
(a) tRNA Samples. E .  coli tRNAMe$ and tRNAVa1, were 

purified to a specific activity of at least 1.4 nM/A260 unit by 
chromatography on BD-cellulose (Gilliam et al., 1967) and 
RPC-7 (Isham and Stulberg, 1974). E .  coli tRNATyr],2 and 
tRNAASp and yeast tRNAPhe were purified on BD-cellulose 
(Gilliam et al., 1967) and RPC-5 (Pearson et al., 1970) to 
specific activities of at least 1.4 and 1.5 nM/A26o unit, re- 
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FIGURE 2: 300 MHz NMR spectrum of E.  coli tRNAMetr under various 
experimental conditions as described in Figure 1. 

spectively. E .  coli tRNAGlU2 was the gift of A. D. Kelmers, 
Oak Ridge National Laboratories, and E .  coli tRNATrp,,+ 
was supplied by R. H. Buckingham and the analysis of its 
spectrum will be discussed elsewhere. Amino acid acceptance 
assays were performed under standard conditions. The E .  coli 
tRNA used in this investigation were less than 5% photo- 
cross-linked as determined by the absorption of the NaBH4 
reduced RNA at 377 nm (Ofengand and Bierbaum, 1973). 

After purification, tRNA samples were precipitated with 
ethanol and stored at -20 "C. NMR samples were prepared 
by dissolving the precipitate in 0.1 M NaCl and 10 mM EDTA 
and heating the sample to 75 "C followed by a slow cooling 
(2-3 h) to room temperature. The samples were then vacuum 
dialyzed against 0.1 M NaC1, 10 mM MgC12, and 10 mM 
K2H2P04 or 10 mM cacodylate at pH 7.0. Samples prepared 
in the absence of magnesium were dialyzed against the above 
buffer with the magnesium left out, but with the addition of 
2 mM EDTA. The final concentration of the tRNA samples 
was 1-2 mM. 

(b) NMR Spectra. N M R  spectra were obtained with a 
Varian HR-300 spectrometer operated in the field sweep mode. 
Spectra were scanned at 2000 Hz/ 15 s and signal averaged 
with a Nicolet 1020A for 2-3 h. Baselines were corrected, 
where shown, by a computer program prepared by Mr. T. 
Early of our group. 

(c) Integration Procedure. Although we have used four 
other methods for integrating the low-field region of the spectra 
(Kearns and Shulman, 1973; Kearns et al., 1971a,b; Lightfoot 
et al., 1973), we believe more accurate results are obtained by 
comparing the intensity of the appropriate low-field region with 
that of the aromatic region, 6.5-8.5 ppm. The number of res- 
onances in the aromatic region is easily predicted from the 
sequence, since there are two resonances for each adenine and 
just one for each of the other common bases. While the posi- 
tions of the resonances from some of the rare bases may be 
uncertain, this will lead to an error of at most a few percent. 
The spectral region included in the integration must be care- 
fully chosen, since resonances from several aromatic protons 
almost overlap with resonances from ribose protons. On the 
basis of studies of various natural and synthetic polynucleotides 
and computations (Early, unpublished results), we compute 
that the most upfield shifted aromatic resonances will occur 
a t  -6.5 ppm. Consequdeuy, integration of the spectra from 
8.5 to 6.5 ppm will include all of the expected aromatic pro- 
tons. 

In order to observe resonances from exchangeable ring ni- 
trogen protons in the low-field region, the experiments must 
be performed in H2O. However, to determine the intensity in 
the aromatic region of the spectra the measurements must be 
performed in D2O to eliminate resonances from the ex- 
changeable amino protons which also occur in the aromatic 
region. In the actual experiments, the spectra are first mea- 
sured in H20 in both the lowfield and aromatic regions. The 
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F I G U R E :  3: 300 MHz NMR spectrum of E .  coli tRNAG'U1~2 under various 
experimental conditions as described in Figure I .  The D20 and H20 
spectra in the aromatic region are shown superimposed in the upper right 
of the figure. 
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F . I C U R E  4 300 MHz NMR spectrum of yeast tRNAPhe under various J ?Av. 
experimental conditions as described in Figure 1 d C W  -J /  

sample is then reduced to 0.33-0.25 its original volume by a 
stream of dry, filtered, nitrogen and returned to its original 
volume with D2O. This process is repeated several times until 
the sample is 95-98% D20. The spectrum in the aromatic re- 
gion is then remeasured using identical instrument settings as 
were initially used to obtain the spectrum in H2O. The two 
spectra are then compared and the intensity in the low-field 
region is computed on the basis of the number of resonances 
predicted for the aromatic region. The results of these mea- 
surements on six tRNA are shown in Figures 1-6 and in Table 
I. In order to demonstrate that the conversion from HzO to 
DzO does not affect the tRNA concentration, spectra in the 
methyl region (1-3 ppm) (Kan et al., 1974; Kastrup and 
Schmidt, 1975; Kearns et al., 1975; Daniel and Cohn, 1975; 
Reid and Robillard, 1975) were obtained before and after 
solvent conversion. Since there are no exchangeable resonances 
from tRNA in the methyl region, the intensity of the methyl 
resonances should be the same in DlO as in HzO and our ex- 
periments show that this is indeed the case to better than 
5%. 

As an internal check on the accuracy of this method, we also 
compared the intensity in the aromatic region with that located 
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F I G U R E  6 300 MHz NMR spectrum of E coli tRNATrpSu+ under var- 
ious experimental conditions as described in Figure 1 The spectrum in 

the absence of magnesium (no Mg) was obtained in the same manner as 
the magnesium-containing samples except that the magnesium was re- 
moved by the addition of excess EDTA, -10 mM EDTA/Mg 

between 6.4 and 5.0 ppm (Figure 7) .  Resonances in this latter 
region are due to the C1' ribose protons, one per residue, and 
one from each of the H5 protons of C and U (ring current 
calculations show that 3-6 of the C or U resonances may be 
shifted to still higher field). The results of such a comparison 
(Table 11) show that there is excellent agreement between the 
experimental and calculated values. This test also eliminated 
the unlikely possibility that resonances from some of the ribose 
protons have been anomalously downfield shifted into the ar- 
omatic region or vice versa. For example, if just five of the ri- 
bose or HS resonances of C or U were shifted into the aromatic 
region the calculated ratio, aromatic/ribose, would typically 
be increased from 90/90 to 95/85. This would produce an error 
of 12%, which is much larger than the error involved in com- 
paring these two regions of the spectra. 
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TABLE I: Summary of the Results of Integrations of the Low-Field N M R  Spectra of tRNA.  

t R N A  Species 
(No. of Cloverleaf 

Watson-Crick Base 
Pairs) 

No. of 
Magnesium f Integration Low-Field 

Concn. ("C) Method Resonances 

Yeast tRNAPhe 

9.6 
(20) 

E .  coli tRNAMe'f 
(19) 

E. coli tRNAG"'1,2 

E. coli tRNAVa' ,  
(20,191 

(19) 

Yeast tRN AAsp 

E.  coli tRNAAsP 

E .  coli tRNATrpsu+ 

E .  coli tRNATYT1.2 

(17) 

(18) 

(20) 

-2 m M  
10 m M  dialyzed 

10 m M  total 
10 m M  dialyzed 
3 m M  
5 m M  
5 m M  dialyzed 
10 mM dialyzed 
10 m M  
10 m M  dialyzed 
15 mM 
10 m M  dialyzed 
15 m M  

15 m M  

10 m M  dialyzed 

40 m M  
3 mM 
10 m M  dialyzed 

24 
36 

37 
40 
40 
24 
37 
37 
40 
40 
37 
35 
37 

37 

40 

40 
40 
37 

Externale 
InternaIf 

Internalg 
Aromatic" 
External' 
Internalh 
InternaId 
Aromatic" 
Internalh 
Aromatic" 
Internalb 
Aromatic" 
Internal 
methyl 
Internalj 

Aromaticu 

Aromatic 
Aromatic" 
Aromatic" 

21 f 3  
1 

18.5 
22.2 f 1 
23 f 2 
19 
27 
23 f 1 
20 
21.5 f I 
26 & 3 
23 f 1 
26 f 1 

20 

20.2 f 1 

22 f 1 
1 9 f  1 
26 f 2 

(23) 
a This paper. Reid et al., 1975. Reid and Robillard, 1975. Daniel and Cohn, 1975. e Kearns et al., 1971a. f Jones, C .  R., unpublished 

results. g Liehtfoot et al.. 1973. Shulman et al.. 1973b. i Kearns et al., 1971b. J Robillard et al., 1976. 

TABLE 11: Comparison of the Calculated and Observed Ratio of 
the Intensities in the Aromatic (9-6.5 ppm) and Ribose (6.5-5.0 
ppm) Regions of the Spectra of tRNA. 

Relative Intensity 
(ribose/aromatic) 

tRNA Species Calcd Obsd 

E .  coli tRNAGIU 1.25 1.20 
E .  coli tRNAMetf  1.27 1.27 
E. coli tRNAmiXed 1.27 1.32 

Results and Discussion 
Before examining the integration results and discussing their 

implications with regard to the tertiary structure of tRNA 
molecules in solution, we present a critique of integration 
methods used previously and consider some potential errors 
in the new method. 

Critique of Integration Methods. (a) External Standards. 
In our initial tRNA studies, metcyanomyoglobin was used as 
a reference for integration of the low-field region of tRNA 
spectra (Kearns et al., 1971a,b). One problem with this method 
is that two different samples of known concentration must be 
prepared and their spectra accurately compared. There are 
additional problems in using a standard with a single resolved 
resonance (see discussion below). 

(b) Internal (Added) Standards. We have attempted to use 
various compounds (e.g., phenanthroline complexes of Co2+) 
that are added to tRNA samples and that exhibit a resonance 
well resolved from those of the tRNA. While this method 
eliminates problems arising from drift in spectrometer inten- 
sity, the difficulty of accurately determining the concentration 
of both the standard and the tRNA remains. Furthermore, 
most of the compounds we have examined were inorganic salts 
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FIGURE 7: 300 MHz NMR spectra of E.  coli tRNAG'"l,~,tRNAMetf, and 
unfractionated E. coli tRNA in the 9-5 ppm region. 

and there were invariably problems due to interaction with the 
tRNA. 

(c) Resolved Low-Field Resonances of tRNA as Internal 
Standards. A third method we (Shulman et al., 1973b; 
Lightfoot et al., 1973) and others (Daniel and Cohn, 1975; 
Reid and Robillard, 1975) have used to integrate tRNA 
spectra is to assume that one or more resonance in the low-field 
region of the spectrum corresponds to an integral number of 
protons. When carefully used, this method may give reasonable 
values, though there are a number of potential problems. First, 
resonances from tertiary structure base pairs are located 
throughout the low-field region of the spectrum and these are 
very sensitive to temperature, as well as to the magnesium 
concentration. Thus, depending upon experimental conditions, 
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tertiary structure base pairs could be partially melted out and 
this would lead to nonintegral intensity in some peaks. Second, 
many E. coli tRNA are easily photo-cross-linked and/or 
photooxidized and this can lead to errors in integration, par- 
ticularly if  the resonance from the s4U8.A14 tertiary structure 
base pair is used as an internal standard (Wong and Kearns, 
1974b; Wong et al., 1975). There is the additional problem 
that, when the resonances have a Lorentzian line shape, it is 
extremely difficult to draw a proper baseline for a single, 
partially resolved, resonance that is located near a large col- 
lection of resonances. (To the extent permitted by the signal 
to noise the line shapes of a number of tRNA species are well 
accounted for by Lorentzian lines (Jones et al., 1976, Rordorf 
et al., 1976).) According to theory, it is necessary to integrate 
over 6Avlp to include 90% of the true intensity of a Lorentzian 
resonance with a half-width of Avll2.  In order to include 95% 
of the intensity, the integration must be over 12Av1/2, Unless 
the resonances are well separated from each other, and the 
signal to noise ratio is extremely good, this is not possible. In  
the tRNA spectra, it is not feasible to include more than about 
I50 Hz in the integration of even the most well resolved reso- 
nances because of overlap from neighboring resonances, as well 
as the signal to noise ratio limitations. Hence, the area assigned 
to any individual resonance could be a t  least 10% smaller than 
its true intensity. Conversely, when the area in the entire 
low-field spectrum is measured, the integration is over 900 Hz 
and all peaks (except resonances a t  the extremes of the spectra) 
are given full weight. In this way, use of partially resolved 
resonances (necessarily integrated over a limited range). as a 
standard to integrate the entire low-field spectrum covering 
over 900 Hz, can give an incorrect value. The same consider- 
ations also apply to the use of resonances from methyl protons 
to integrate spectra. 

(d) Methyl Proton Resonances as Internal Standards. 
Resonances from methyl protons have recently been used as 
an internal intensity standard by another group (Reid and 
Robillard. 1975) who obtained values for the intensity in the 
low-field region of tRNAVd'! which are somewhat higher than 
the values which we obtained (Kearns et al., 1975). One 
problem with using methyl resonances to integrate spectra can 
be understood in terms of the high-field spectrum of tRNAVa1,,  
which is shown in Figure I along with the spectra obtained in 
the low-field, aromatic, and ribose regions. The resonances at 
1.07, 2.55, and 2.85 ppm have full width a t  half-height of 35 
Hz, which is comparable to the width observed in the low-field 
region. To integrate the resonances, a choice must be made 
regarding the spectral width to be included and the probable 
baseline. As shown in Figure 1, the sharp peak at 1.07 ppm, 
assigned to the methyl group of rT54, appears to be superim- 
posed on a broader peak. If the area contained just within the 
sharp peak (approximately an 80-Hz region) is assumed to 
correspond to three protons, the integration indicates there are 
29 protons in the low-field region between 1 1.5 and 15 ppm. 
On the other hand, if the entire intensity located between 0.9 
and 1.5 ppm is used, we find only 20 low-field protons. Clearly, 
the exact and somewhat arbitrary choice of the baseline and 
spectral range used in the integration of the methyl peak has 
a pronounced effect on the intensity determined for the low- 
field region of the spectrum. The peaks a t  2.85 and 2.55 ppm 
have intensities in the approximate ratio of 3 : 2  and the spec- 
trum in Figure 1 shows that a broad background underlies 
these peaks. 

Another problem in using the methyl resonances is that this 
region of the spectrum is particularly susceptible to non-tRNA 
impurities (Kastrup and Schmidt, 1975). The tRNA con- 

centration is typically on the order of 1-2 mM so that a small 
amount of contamination can have a pronounced effect on this 
region of the spectrum. In their investigation of the methyl 
resonances of E. coli tRNAV"',, Kastrup and Schmidt (1975) 
found several impurities that had been introduced during the 
isolation of the tRNA that gave rise to resonances in this re- 
gion. Impurities that are apparently responsible for some of 
the extra peaks in the high-field spectrum of E.  coli tRNAV"'I 
reported by Reid and Robillard (1975) and by Kastrup and 
Schmidt (1975) are absent in our spectrum shown in Figure 
1. 

Incomplete methylation and modification of bases is yet 
another source of error, since it is known that the degree of 
methylation of the rare bases in tRNA ranges from 65-1 15% 
and varies from residue to residue in the same tRNA (Singhal 
and Best, 1973). Extra hU residues are present in some tRNA 
and these give rise to resonances in the methyl region 
(Chambers, unpublished results). 

Finally, there is the technical problem of signal to noise ratio. 
While this may be partially overcome by extensive signal av- 
eraging, the use of a region with more intensity naturally leads 
to a better signal to noise ratio and hence a more accurate de- 
termination of the intensity of the region. 

The "tailing" of the Lorentzian lines and incomplete 
methylation combine to diminish the integrated intensity of 
the methyl protons, whereas contributions from impurities have 
the reverse effect. Thus, when methyl resonances are used as 
an intensity standard to integrate the low-field region, an error 
of f 10-20% is possible unless precautions are taken to remove 
impurities and the extent of methylation of the sample is 
carefully determined. Even then the problem of the integration 
of a Lorentzian line remains. 

(e) Aromatic Protons as Internal Standards. In the present 
paper, we have used resonances in the aromatic region (8.5-6.5 
ppm) to integrate spectra. This method offers a number of 
advantages over the methods discussed above. The number of 
resonances in the aromatic region is known from the primary 
sequence. The intensity of the aromatic region typically cor- 
responds to 85-100 protons/molecule, so the signal to noise 
ratio is high and the presence of contaminating material is 
much less serious. Similarly, the presence (or absence) of rare 
bases will have only a small effect on the total intensity of the 
aromatic region. A very important advantage in using the ar- 
omatic region to calibrate the low-field region lies in the fact 
the two regions are integrated over similar spectral ranges (2 
vs. 3.5 ppm) and both regions contain numerous overlapping 
resonances. In this way, the problems encountered using re- 
solved low-field or methyl resonances are eliminated, since the 
integration is over 15 or 20 times the line width of an individual 
resonance. 

Considering again the tRNA""'i spectrum shown in Figure 
1 ,  it is clear that there is no ambiguity as to where the baseline 
should be drawn to integrate the aromatic region of the spec- 
trum. Likewise, the choice of baseline for the low-field region 
is fairly obvious. A second, obviously poorer, baseline for the 
low-field region is also shown to demonstrate the sensitivity 
of the integration to choice of baseline. 

The method is not without possible sources of error and these 
need to be considered. 

(i) Ribose or Aromatic Protons with Anomalous Shifts. 
Special folding of the tRNA molecules could induce anomalous 
downfield shifting of ome ribose protons from their expected 
position a t  6.4-5 ppm into the aromatic region. Conversely, 
some resonances from aromatic protons could be upfield 
shifted into the ribose region. To check these possibilities, we 
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measured the relative intensities in the aromatic and ribose 
regions of several tRNA and these results are shown in Table 
I1 and Figure 7. The ribose region contains one resonance from 
each C and U, as well as one from each ribose group in the 
molecule. The intensities in these two regions should therefore 
compare in an easily computed manner and the results shown 
in Table I1 demonstrate that the agreement between experi- 
mental and computed values is excellent. 

(ii) Impurity Contamination. The aromatic region could also 
be contaminated by impurities, but the results presented above 
place strict limitations on the nature of the impurity. Since the 
ratio of intensities of the aromatic and ribose region of the 
impurity must be very similar to that calculated for the tRNA, 
the only impurities that could reasonably satisfy this require- 
ment are mono- or oligonucleotides. The presence of such 
contaminants can be ruled out for the following reasons. The 
acylation of the tRNA indicates that at least 90-95% of the 
uv-absorbing material is tRNA. In addition, several of the 
tRNA samples used in the integrations were also examined on 
polyacrylamide gels under denaturing conditions and no evi- 
dence was found for contamination of the tRNA by material 
that absorbed at 260 nm. The gel experiments also rule out the 
possibility that the samples are contaminated by high-molec- 
ular-weight impurities. Thus, it appears unlikely that the 
tRNA samples used in the integrations have more than 1-2 
contaminating aromatic resonances per tRNA. Since the in- 
tensity of the aromatic region is about four times larger than 
that of the low-field region, it would take intensity corre- 
sponding to 4 resonances/tRNA to give an error of 1 base 
pair/molecule in the integration of the low-field region. The 
comparison of the intensity of the aromatic and ribose regions 
and the fact that we find no evidence for aromatic contami- 
nants in our samples indicate that impurities cause an error of 
at  most -0.5 of a resonance in our determination of the in- 
tensity of the low-field region. 

(iii) Differential Saturation of Aromatic Protons or Low- 
Field Protons. We have collected low-field spectra using a wide 
range of rf power and find that the power levels used in the 
present experiments are well below that required to saturate 
any resonances in the low-field or aromatic region. Saturation 
of the aromatic resonances would lead to an intensity in the 
low-field that is too high. 

(iv) Resonances from Amino Protons in the Aromatic Re- 
gion. Model compound studies and comparison of spectra 
obtained in H2O and D20 indicate that resonances from amino 
protons are located between 6-9 ppm. Although these ex- 
changeable protons are not observed in D20, the residual water 
content (-5%) could result in some intensity in the aromatic 
region due to the amino protons. This contribution would be 
quite small, since experiments have shown that the ratio of 
aromatic to amino protons is about 4:1, so in 95% D20 the 
contribution of the amino protons will be negligible. 

We conclude that the use of the aromatic protons to cali- 
brate the intensity of the low-field region avoids many of the 
difficulties associated with methods previously used and should 
lead to highly accurate values for the number of resonances 
in the low-field region of the spectrum. We have applied this 
method to a number of different tRNA and the results are 
shown in Table I.  The following considerations indicate the 
error in these values is less than f 2  base pairs/molecule and 
probably closer to f 1 base pair/molecule. When repeated 
measurements are made on separate samples, several days 
apart and at different tRNA concentrations, the values for the 
integration agree to within f 0 . 5  base pair/molecule (e.g., E.  
coli tRNAVa', 22.7-23.3). Measurements carried out by dif- 
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F I G U R E  8: 300 MHz NMR spectra of yeast tRNAPhe (A) and E. coli 
tRNAVa', (B) in the presence of various amounts of magnesium at 35 OC. 
The samples were prepared by dissolving desalted tRNA in 0.1 M NaCI, 
I O  mM K2HzP04, pH 7.0. The intensity of the tRNAVa', spectrum cor- 
responds to 20 f 1 (no Mg), 21.5 f 1 (5 mM Mg), and 23 f 1 (15 mM 
Mg). The intensity of the tRNAPhe spectrum corresponds to 19.8 f 1 (no 
Mg), 21.1 f 1 (5 mM Mg), and 22.2 i 1 (1  5 mM Mg) protons per mol- 
ecule. 

ferent persons on the same tRNA using different sample 
preparations gave values that agreed to within 0.5 base pair/ 
molecule. While reasonable baselines can give values that differ 
by about 1 base pair/molecule, in order to obtain values which 
differ by f 2  base pairs, unreasonable baselines have to be 
chosen (e.g., see Figure 1). 

Integration Results: 11-1 5 ppm Region. When aromatic 
protons are used to integrate the low-field spectra of tRNA, 
which have been dialyzed against 10 mM magnesium, the 
number of resonances in the low-field region is found to vary 
from 21 ( E .  coli tRNAGIU2) to 26 ( E .  coli tRNATyr). With a 
couple of exceptions, there are 3-4 more resonances than 
predicted by the cloverleaf model and this agrees with our re- 
sults that indicate 3-4 resonances from common tertiary 
structure interactions. Our value for E.  coli tRNAVa', (23 f 
1)  is slightly less than the value of 26 f 1 recently reported by 
Reid and Robillard (1975) and we have discussed the possible 
basis for the discrepancy above. Daniel and Cohn (1975) re- 
cently obtained a value of 27 (compared with our value of 23 
f 1) for E.  coli tRNAMe$ by making assumptions about cer- 
tain resolved resonances observed in the low-field spectra, and 
we have discussed the problems with this method. Aside from 
these relatively small differences, it would appear that there 
is convincing NMR evidence that, under the proper experi- 
mental conditions, the majority of tRNA do contain extra base 
pairs in addition to those from the cloverleaf secondary 
structure. 

One final point that needs to be clarified is why earlier NMR 
integrations lead to somewhat lower values (1 9-20 compared 
with 22-23) for the total number of base pairs (Kearns and 
Shulman, 1973; Shulman et al., 1973b; Lightfoot et al., 1973). 
To determine the extent to which the errors in the previous 
integrations are due to magnesium deficiency and/or problems 
with the previous techniques, we have examined two pure 
tRNA under conditions that closely approximate the experi- 
mental conditions used previously. As the spectra in Figure 8 
show, there is a gain of intensity upon the addition of 5 mM Mg 
to a sample containing no magnesium and the further addition 
to 15 mM Mg induces the gain of about 1-2 additional reso- 
nances in the low-field region. The experiments that gave 19 

B I O C H E M I S T R Y ,  V O L .  1 5 ,  N O .  2 0 ,  1 9 7 6  4375 



I I I I I I 1 I 
15  14 13 12 I1 I O  9 0 

PPM 

F I G U R E  9: 300 MHz NMR spectrum of E. c d i  tRNAmixed at 22 and 35 
O C .  The tRNA was prepared by dialysis against 10 mM MgC12, I O  mM 
K~H2P04,and 0.1 M NaCI. Thecommon resonancesat 14.9, 13.8, 13.0, 
and 11.5 ppm have been discussed elsewhere (Bolton and Kearns, 1975). 
The spectra shown clearly demonstrate that there are additional common 
resonances in the 1 1-9 ppm region. The resonance that is originally at 10.8 
ppm at 22 "C broadens and shifts to 10.5 ppm at  35 O C .  The resonances 
at 9.4 and 9.1 ppm are not observable in the 22 O C  spectrum due to the 
tailing of the water peak. The assignments of these resonances are dis- 
cussed in  the text. 

TABLE 111: Summary of the Assignments of Resonances from 
Common Tertiary Structure Base Pairs in Class I t R N A .  

Obsd Resonance Tertiary Structure 
Position (ppm) Base Pair" 

14.Sb 
14.3< 
13.8 
13.0 
11.5 
10.5 
9.5 

Numbering system for yeast tRNAPhe. E. coli t R N A .  Yeast 
t R N A .  

resonances/molecule were performed under conditions of 
about 3-5 mM Mg. Since the spectra shown (Figure 9) dem- 
onstrate that addition of magnesium to tRNA under these 
conditions induces the gain of intensity corresponding to about 
2 protons/molecule, it appears that about one-half of the error 
in the previous results (2 resonances/molecule) is due to the 
lack of magnesium. The rest of the error must be attributed 
to the less accurate integration methods used. 

Relation between the Structure of t R N A  in Solution and 
the Structure of Yeast tRNAPhe  in the Crystal. Two very 
important questions have been generated by the determination 
of the crystal structure of yeast tRNAPhe. To what extent is 
the structure of tRNAPhe the same in the crystal as in solution? 
What is the relation between the solution structure of tRNAPhe 
and other class I tRNA? Recent N M R  studies of various pure 
tRNA and mixtures of tRNA have found 3-4 extra resonances 
in the low-field spectrum which are common to most tRNA 
(Wong and Kearns, 1974a,b; Wong et al., 1975; Bolton and 
Kearns, 1975). The results reported here confirm that under 
the proper experimental conditions (adequate levels of mag- 
nesium) the class I tRNA do contain more base pairs than 
would be expected simply on the basis of the cloverleaf model. 
In most cases, it is possible to make plausible assignments of 
the extra resonances in terms of tertiary structure base pairs 
deduced from x-ray diffraction studies of yeast tRNAPhe. The 
common resonances of E. coli tRNA at  14.9, 13.8, 13.0, and 
1 1.5 ppm have been assigned to s4Ug-A14, Ass-Ts4, Glg-Cs6, 
and U33, respectively. The U33 is thought to have its ring ni- 
trogen proton hydrogen bonded to phosphate 36 as is found in 

B O L T O N  E T  A L .  

the crystal. In addition to these common resonances, we find 
evidence for other common resonances in the 11 -9 ppm region 
as shown in Figure 9. Some resonances in this region have 
previously been attributed to GU pairs (Reid and Robillard, 
1975), but this remains to be confirmed. Alternatively, these 
resonances could be assigned to common non- Watson-Crick 
tertiary structure base pairs that have ring nitrogen protons 
hydrogen bonded to carbonyl groups or to amino protons hy- 
drogen bonded to ring nitrogens of the bases. Further work will 
be required to establish the assignments. 

Taking all of the data together, we conclude that there is 
strong evidence that the majority of the class I tRNA have the 
same secondary and tertiary structure in solution and that this 
structure is the same as the one deduced for yeast tRNAPhe 
crystals. A summary of the assignments of resonances from 
the common tertiary structure base pairs is given in Table 
111. 
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Physical Characterization of a Ribosomal Nucleoprotein Complex? 

Thomas R. Tritton*,r and Donald M. Crothers 

ABSTRACT: The complex between ribosomal protein L24 and 
its RNA binding site (that region of the 23s RNA which the 
protein protects from ribonuclease digestion) has been studied 
by various physicochemical methods. The RNA is composed 
of two fragments of about 160 and 140 nucleotides which in- 
teract with each other to form the L24 binding site. Circular 
dichroism spectroscopy suggests that the two interacting 
fragments have a unique region of secondary structure which 
is not present in either of the two components alone; hence 
there are important structural interactions between regions 
of the RNA which are separated in the primary sequence. 
Addition of the L24 protein to the RNA site promotes a 

T h e  Escherichia coli ribosome is made up of 5.5 different 
protein and 3 different RNA species. Highly specific inter- 
actions between these macromolecules are required for as- 
sembly and subsequently for function of the ribosome in protein 
synthesis. In general three types of interactions are possible: 
protein-protein, RNA-RNA, and protein-RNA. The to- 
pography of protein-protein interactions has been probed by 
a number of techniques, the most revealing of which have been 
the use of chemical cross-linking agents, affinity analogues, 
and specific antibodies. A recent review (Traut et al., 1974) 
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structural change associated with base unstacking, but with 
little or no change in the hydrogen-bonded base pairing. Heat 
activation is not required for complex formation. Thermal 
denaturation studies reveal a broad featureless transition and 
the amount of hypochromic change indicates that the RNA 
site contains less secondary structure than other RNAs such 
as tRNA and total rRNA. Temperature-jump relaxation 
measurements on the mechanism of unfolding of the RNA 
show a concerted melting of the entire secondary and tertiary 
structure, which is altered upon addition of the protein. A 
structural basis for this RNA-protein complex is discussed. 

demonstrates that a self-consistent picture of protein-protein 
interactions is rapidly emerging. Knowledge of the specific 
interactions among the RNA species and the arrangement of 
the RNA in the ribosomal architecture is very limited, al- 
though the nucleotide sequences of the three RNAs are either 
known (5s RNA; Brownlee et al., 1968) or in an advanced 
stage of analysis (16s and 23s RNA; Fellner, 1974). Our 
understanding of the nature of the RNA-protein interactions 
is at a more intermediate stage of development. About 20 of 
the 55 proteins bind specifically and individually (i.e., in the 
absence of one or more other ribosomal proteins) to one of the 
rRNAs. The stoichiometry of interaction and the approximate 
location of the specific binding region in the intact RNA se- 
quence have been established for these proteins (reviewed by 
Zimmermann, 1974). In addition the solution conditions 
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