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implicated in the catalytic mechanism (Hsu et al., 1977) since 
it lies so close to the active site carboxyl groups. Other 
spin-label studies are planned to probe possible conformational 
changes of Tyr-75 upon substrate and inhibitor binding. 
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Direct Assignment of the Dihydrouridine-Helix Imino Proton Resonances in 
Transfer Ribonucleic Acid Nuclear Magnetic Resonance Spectra by 
Means of the Nuclear Overhauser Effect? 
Dennis R. Hare* and Brian R. Reid* 

ABSTRACT: The NMR resonances from the hydrogen-bonded 
ring N H  protons in the dihydrouridine stem of Escherichia 
coli tRNA?' have been assigned by experiments involving the 
nuclear Overhauser effect (NOE) between adjacent base pairs. 
Irradiation of the 8-14 tertiary resonance produced a NOE 
to base pair 13. Irradiation of the CG13 ring N H  produced 
NOES to base pairs 12 and 14. Similarly, base pair 12 was 
shown to be dipolar coupled to 1 1  and 13, and base pair 1 1  

High-resolution NMR' is potentially the most informative 
spectroscopic tool for studying the molecular structure and 
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was found to be coupled to 10 and 12. These sequential 
connectivities led to the assignment of CG13 at -13.05 ppm, 
UA12 at -13.84 ppm, CG11 at -12.23 ppm, and GClO at 
-12.60 ppm. The results are compared with previous, less 
direct assignments for these four base pairs and with the 
expected proton positions from the crystal structure coordinates 
for this helix. 

dynamics of transfer RNA in solution (Crothers & Cole, 1978; 
Schimmel & Redfield, 1980). Although several regions of the 
'H NMR spectrum containing different types of protons have 
been studied in several laboratories (Kastrup & Schmidt, 1975, 
1978; Kan et al., 1977; Robillard et al., 1977a,b; Schmidt & 
Edelheit, 1981), the most useful region of the NMR spectrum 
of tRNA is probably the extreme low-field spectrum between 

Abbreviations: tRNA, transfer ribonucleic acid; NMR, nuclear 
magnetic resonance; NOE, nuclear Overhauser effect; DSS, 4,4-di- 
methylsilapentane- l-sulfonate; D, dihydrouridine; s4U, 4-thiouridine; 4, 
pseudouridine. 
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-10 and -15 ppm. This region contains imino or ring N H  
protons hydrogen bonded between complementary base pairs 
and there is only one such proton per base pair [for a recent 
review, see Reid (198 l)]  . These low-field resonances were 
detected several years ago by Kearns & Shulman (1974), and 
because they are exchangeable, the very fact of their obser- 
vation adds kinetic or dynamic information to the structural 
information encoded in their chemical shifts. 

Most normal tRNAs contain 26-28 ring N H  resonances 
in their low-field spectra (Reid et al., 1975, 1977; Daniel & 
Cohn, 1975), but progress in studying tRNA base-pair hy- 
drogen bonding by low-field NMR spectroscopy has been held 
up by the lack of rigorous, unequivocal assignments for these 
resonances. Several strategies have been used in attempting 
to solve the assignment problem, but the results are often 
contradictory. Empirical ring-current shift calculations have 
been employed based on experimental spectra (Shulman et 
al., 1973; Reid et al., 1979) as well as theoretical ring-current 
shift calculations based on the X-ray crystallographic coor- 
dinates (Robillard et al., 1976; Geerdes & Hilbers, 1977; Kan 
& Ts’o, 1977). Individually dissected hairpin helices have been 
examined in the hope that the intact molecule spectrum is the 
sum of the component parts (Lightfoot et al., 1973; Kearns 
& Shulman, 1974; Reid et al., 1979). All of the above 
methods suffer from having to make assumptions about helix 
geometry in solution as well as inherent ring N H  chemical 
shifts in water. 

Among the observed 26-28 imino protons there are ap- 
proximately 6 that are derived from tertiary base pairs involved 
in the three-dimensional folding of tRNA (Reid et al., 1975, 
1977, 1979), and some of these tertiary base pairs present a 
uniquely manipulatable chemical handle by which 1 or 2 
confident assignments can be made. One particular example 
is the thiolated uridine at residue 8 in most bacterial tRNAs; 
the ring N H  of the s4U8-A14 tertiary base pair resonates at 
the extremely deshielded position of -14.9 ppm as demon- 
strated by chemical dethiolation or NMR analysis of biolog- 
ically underthiolated tRNA species (Reid et al., 1975, 1979; 
Daniel & Cohn, 1975; Wong et al., 1975). This particular 
tertiary assignment is now virtually certain, and it enjoys a 
much higher confidence level than the large majority of the 
secondary Watson-Crick assignments. 

Perhaps the most reliably assigned secondary resonances 
are those of the nonstandard GU base pair often found in 
tRNA. “Wobble” GU pairs contain two hydrogen-bonded 
ring N H  protons that are strongly dipolar coupled due to their 
close proximity (<3&. Johnston & Redfield (1978) were able 
to identify the two ring NHs of GU4 in yeast tRNAPhc from 
this dipolar coupling by means of their large (2040%) mutual 
nuclear Overhauser effects (NOE); application of this tech- 
nique to other tRNAs led to the assignment of both imino 
protons of GUS0 in Escherichia coli tRNA?’ and of UG50 
in E.  coli tRNAmet (Hurd & Reid, 1979b; Johnston & 
Redfield, 1979). Independent corroboration that the two ring 
NHs exhibiting large reciprocal NOES are derived from the 
GU pair comes from studies of different tRNAs containing 
a single GU pair in identical environments (K. A. Jones and 
B. R. Reid, unpublished data). 

The NOE is a dipole-dipole phenomenon in which 
magnetization is transferred through space from one proton 
to an adjacent proton (Noggle & Schirmer, 1971). In poly- 
mers NOES are negative; they are dominated by cross relax- 
ation and reflect the saturation of adjacent protons when a 
given proton is saturated by preirradiation. The efficiency of 
this cross saturation falls off as the sixth power of distance, 

and the size of the NOE for a particular proton depends on 
how many other protons are also close enough to be dipolar 
coupled to the irradiated proton (Bothner-By, 1979). In 
proteins the NOE is experimentally detectable out to distances 
of 3.5-4 A (Poulsen et al., 1980; Dubs et al., 1979). Johnston 
& Redfield (198 1) have calculated that their observed NOES 
of ca. 30% correspond to a distance separation of ca. 2.8 A 
between G Nl -H  and U N3-H in the yeast tRNAPhe GU4 
base pair. Thus, at present the most definitive assignments 
are those of the s4U8-A14 tertiary base pair and the wobble 
GU secondary base pair assigned by NOE. 

In general, the NOE falls off to undetectable levels at a 
distance around 4 Angstroms between protons. In RNA, the 
vertical separation between base planes in the helical stacks 
results in relatively large distances between protons of adjacent 
base pairs, reducing their mutual NOES below detectability 
in all but a few exceptional cases. Tropp & Redfield (1 98 1) 
selectively saturated the methyl protons of the common thy- 
mine found at residue 54 in tRNA and observed a NOE to 
a ring N H  resonating near -10.7 ppm in yeast tRNAPhe and 
E.  coli tRNA?’. They assigned this ring N H  to N1-H (not 
hydrogen bonded) of the adjacent \k55 residue based on 
measurements from the crystal structure indicating that this 
was the only ring NH within 4 8, of the thymine methyl group; 
this assignment was confirmed by the intraresidue NOE from 
this proton to 9 5 5  C6-H. Using this same approach, Johnston 
& Redfield (1 98 1) assigned the ring N H  of m2GC 10 in yeast 
tRNAPhe at -12.63 ppm based on the observed NOE from the 
m2G10 methyl protons; however, this is an intra base pair 
rather than an inter-base-pair NOE. Usually imino-imino 
NOES from nearest neighbors are beyond the limits of de- 
tection due to the distance (at least 3.8 A) between ring NHs 
of adjacent base pairs in a normal helix. However, the first 
suggestion of a NOE between imino protons of nearest- 
neighbor base pairs came from Johnston & Redfield’s (198 1) 
study of the GU4 imino protons in yeast tRNAPhe; they noticed 
that saturation of either the G or U imino proton produced 
a weak NOE at -13.88 ppm which they tentatively concluded 
might be the imino proton of the adjacent base pair AU5. We 
have confirmed this result and observed that, in general, the 
NOE to a nearest-neighbor Watson-Crick imino proton is 
stronger when the saturated donor ring NH is from a GU 
wobble pair; the reason for this is that helix distortion from 
wobbling places the GU imino protons closer to the nearest 
neighbor ring NH and, in addition, saturation of either of the 
GU imino protons heavily cross saturates the other, resulting 
in two donor sources of saturation for cross relaxation. Thus, 
in a series of different tRNAs we find that GU imino protons, 
regardless of their position in the tRNA, give quite strong 
(5-10%) NOES to the imino protons of the nearest base pair. 

In a very recent elegant application of the NOE method Roy 
& Redfield (1 98 1) made use of the somewhat atypical base- 
pair sequence in the D helix of yeast tRNA&P which has GUlO 
at one end, qG13 at  the other end, and two intervening AU 
pairs in positions 11 and 12. From a combination of C8 
deuteration, to distinguish Hoogsteen pairs, and NOE con- 
nectivities, they were able to assign the imino protons of GU10, 
UA11, and UA12; the NOE from, and to, U8-Al4 inde- 
pendently led to the assignment of \kG13. Thus, although 
UA12 and \kG13 were not experimentally connected by NOE, 
Roy and Redfield were able to establish the identity of all the 
imino proton markers in the entire tRNAASp D stem. En- 
couraged by this demonstration of ring NH NOES between 
adjacent base pairs we reasoned that with the increased sen- 
sitivity of 500 MHz, we might be able to detect the NOE 
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between imino protons of adjacent base pairs in a normal helix 
of Watson-Crick pairs devoid of wobble pairs and thus se- 
quentially assign the resonances by direct NOE connectivity 
from some reference point. In the present paper we have 
examined the CG13-UA12-CGll-GClO D helix of E.  coli 
tRNA?'. We report the direct assignment of the CG13 ring 
N H  via the NOE from the independently assigned s4U8-A14 
tertiary base pair. We also extended the assignments by NOE 
from 13 to 12, from 12 to 11, and from 11 to 10, resulting in 
complete assignment of all the D-helix low-field protons of E. 
coli tRNA?'. These direct assignments from dipolar coupling 
are now virtually unambiguous in that they involve no prior 
assumptions about unshifted resonance positions or helix ge- 
ometry. The resonance position of CG13 was found to differ 
markedly from its previous assignment based on assumptions 
which now prove to be unjustified. 

Materials and Methods 
Transfer RNA. E .  coli tRNA?' was purified to homoge- 

neity from crude tRNA by a three-column chromatographic 
procedure involving BD-cellulose, DEAE-Sephadex A-50, and 
Sepharose 4B as described previously (Reid et al., 1977, 1979). 
The final material accepted 1800 pmol of valine/A260 and was 
stored as a lyophilized powder after dialysis against distilled 
water. 

NMR Spectra. Between 7 and 8 mg of pure, lyophilized 
E.  coli tRNA?' was dissolved in 0.35 mL of 10 mM sodium 
cacodylate-1 mM Na4EDTA-1 5 mM magnesium chloride- 
100 mM NaCl at pH 7.0 to give an 0.85 mM tRNA solution 
which was transferred to a Wilmad CP 528 NMR tube. 
Between NMR experiments the sample was slowly frozen by 
laying the NMR tube on its side in a -20 OC freezer. NMR 
spectra (500 MHz) were obtained on a Bruker WM500 pulsed 
FT NMR spectrometer at 23 OC, except where stated oth- 
erwise. Spectra were collected in 8K channels by using a 
phase-shifted Redfield 214 pulse with a total pulse length of 
205 ps  and a carrier frequency offset of 4750 Hz from the 
water resonance (acquisition time, 0.28 s; relaxation delay, 0.1 
s). Usually 1000 pulses were signal averaged for 6-7 min in 
an Aspect 2000 computer, Fourier transformed, phase cor- 
rected, and directly plotted on 8 X 11 in. plain white paper 
after baseline correction. Chemical shifts are reported as ppm 
from DSS (4,4-dimethylsilapentane- 1-sulfonate). 

For the NOE experiments, a given peak of interest was 
selectively saturated by gated irradiation at that frequency, 
by using just enough decoupler power to almost saturate the 
resonance in 0.1 s. If one of a pair of closely spaced peaks 
was to be saturated, it was irradiated slightly off the exact top 
of the peak on the side away from the adjacent peak; this gave 
greater selectivity by reducing irradiation spillover to the 
neighboring peak. A 0.3-ms delay was inserted between 
switching off the preirradiation and triggering the observe- 
acquisition pulse sequence. For monitoring the time depen- 
dence of the NOE buildup, we used preirradiation times of 
0.1,0.2,0.4,0.6, and 1 .O s. Single time NO& were performed 
with either 0.2 or 0.4 s of preirradiation. The NOE data were 
collected directly, by interleaving, as NOE difference spectra 
by using difference Fourier techniques (Redfield & Kunz, 
1979). Usually eight pulses irradiated on the resonance and 
eight pulses irradiated off resonance were interleaved in an 
alternating cycle with memory negation to generate the dif- 
ference FID which was Fourier transformed to directly gen- 
erate the difference spectrum in the frequency domain. For 
small NOES around the 2% range, 4000-8000 pulses were 
sufficient to unambiguously reveal the NOE above background 
noise in the transformed difference spectrum. 
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FIGURE 1 : 500-MHz FT NMR spectrum of 0.85 mM E. coli tRNA?' 
at 27 OC under partially limiting magnesium ion conditions (see the 
text and Materials and Methods). The spectrum was obtained in 6 
min of signal averaging with a Redfield 214 observe pulse and was 
slightly resolution enhanced by mixed exponentialGaussian (20% 
Gaussian) apodization of the FID. Upper left: The spectrum between 
-14 and -15 ppm of an identically prepared sample containing 50% 
s4U and 50% U at residue 8. Half of peak A is now 0.55 ppm upfield 
(peak A'). 

Results 
The low-field ring N H  spectrum of 0.85 mM E.  coli 

tRNA?' at 500 MHz is shown in Figure 1. Each base pair 
in the molecule generates only one hydrogen-bonded ring NH, 
and the 28 protons in peaks A to W (including the partially 
melted base pair I) indicate the presence of 27 base pairs 
(including GU50) with long lifetimes on the millisecond time 
scale; peak I reappears as a discrete resonance upon further 
lowering the temperature. Peaks X and Y and the two peaks 
at -10.4 and -9.5 ppm probably represent ring NHs that are 
not base paired but are slowed down in their water exchange 
rate because of partial accessibility to solvent. Peak Z is a 
carbon proton resonance from C8-H of m'G46 (Hurd & Reid, 
1979a,b). This spectrum was obtained on a sample after 5-6 
days of storage at -20 OC and several freeze-thaw cycles. 
Although the sample was originally made up in the presence 
of excess magnesium, the spectrum is remarkably similar to 
the intermediate magnesium spectrum reported earlier at 360 
MHz (Reid et al., 1979). It may well be that freezing and 
storage at -20 OC causes limited, visually imperceptible pre- 
cipitation of magnesium ion at pH 7. Also shown in the upper 
left inset of Figure 1 is the -14- to -15-ppm region of a sample 
of the same tRNA species which was found by chemical and 
UV spectroscopic analysis to contain 50% s4U and 50% U at 
residue 8. The fact that half of peak A has now moved upfield 
to -14.35 ppm corroborates the previously established as- 
signment of peak A to the s4U8-A14 tertiary base pair (Reid 
et al., 1975; Daniel & Cohn, 1975, 1976; Wong et al., 1975; 
Hurd & Reid, 1979a). The deshielding of the ring NH of s4U 
compared to uridine is the reason why this hydrogen bond 
resonates at lower field than normal base pairs (Hurd & Reid, 
1979a). 

The fact that the resonance at -14.9 ppm can be so readily 
assigned to the 8-14 tertiary base pair, and that this assign- 
ment has been corroborated in several laboratories, made peak 
A the logical starting point for our attempts to assign the ring 
NHs of adjacent base pairs via ring NH-ring N H  NOES 
between peaks in the low-field spectrum. Since the 8-14 
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FIGURE 2: Difference NOE spectrum from saturation of the ring NH 
of s4U8-A14. Peak A was selectively irradiated to saturation for 0.4 
s. The 4OOO pulse difference FID was collected by alternating 8 pulses 
on peak A and 8 pulses of off resonance base-line irradiation and then 
directly Fourier transformed into the frequency domain. The intensity 
of peak A in the difference spectrum corresponds to a single proton 
with a signal-to-noise ratio of 55 (0.85 mM tRNA). The narrow 
aromatic CH NOE at -8.65 ppm is the nearby C8-H of A14 which 
is a resolved single proton in the aromatic spectrum (see Figure 3). 

tertiary base pair is stacked upon the four base pair D stem 
in the crystal structure of yeast tRNAPhc (Rich & RajBhan- 
dary, 1976; Kim, 1976; Jack et al., 1976), our hope was to 
sequentially assign these four secondary base pairs step by step 
using direct NOEs to the adjacent nearest neighbor. 

Figure 2 shows the effect of irradiating the 8-14 base pair 
resonance to saturation for 0.4 s. The difference spectrum 
readily reveals a NOE to a MITOW aromatic CH at -8.65 ppm 
and a smaller NOE to a broader amino proton at -8.4 ppm. 
Because of the steep distance dependence of the dipolar NOE 
phenomenon (l/#), these resonances are almost certainly A14 
C8-H and the A14 amino group within the 8-14 base pair 
since these are the only protons closer than 3 A from the ring 
N H  of residue 8 in the crystal structure (see Table I). Ro- 
tation about the c-N bond and the faster relaxation of amino 
protons both would contribute to attenuating the NOE effect 
on amino protons compared to fixed aromatic CH protons. A 
more important result is that saturation of s4U8 N3-H also 
cross relaxes another ring N H  at -13.05 ppm; careful align- 
ment, as well as NOE experiments in the reverse direction, 
indicates that it is peak K that is dipolar coupled to the ring 
N H  of s4U8. Qualitatively this could be either CG13 or the 
tertiary base pair G15448,  both of which are adjacent to the 
s4U8-A14 base pair. According to the refined crystal coor- 
dinates (Sussman et al., 1978), the ring N H  of CG13 (G22 
N1-H) is within 3.1 A of U8 N3-H whereas G15 N1-H is 4.6 
A away. The NOE at 3.1 A should be more than 10 times 
greater than that at 4.6 A, strongly indicating that peak K 
is in fact the ring N H  of CG13. This reasoning is based on 
analogy with the crystal structure of yeast tRNAPhe. E. coli 
tRNA?' has the same folding potential as yeast tRNAPhe 
(Klug et al., 1974; Kim et al., 1974), and its D stem differs 
only in the thiolation of uridine-8 and the absence of a methyl 
group on G10. Although barely perceptible in Figure 2 (0.4-s 
saturation), further experiments in which the NOE was driven 
by saturating peak A for periods approaching 1 s produced 
additional very weak NOEs to imino protons D, H, and R 
(data not shown). These very weak, higher order effects result 
from the spin-diffusion phenomenon discussed later. 

An additional diagnostic feature in these experiments is the 
chemical nature of the NOE-related protons in the -7- to 
-9-ppm region of the spectrum which contains a mixture of 
amino protons (from A, G, and C bases) and aromatic CH 
protons. Because of their close proximity, the largest NOES 
upon irradiating a given resonance are to other protons within 
the same base pair. In a Watson-Crick GC pair, the nearest 

14-8 

13-22 

12-23 

11-24 

Table I: Distance to Surrounding Protons from the Ring NH 
of Each Base Pair in the D Helix of tRNA a 

distance (in A) 
base pair ring NH to surrounding protons 

U8 N3-H 2.6.4.3 IA14 NH.1 

G22 N1-H 

U12 N3-H 

G24 N1-H 

2.9' AliC8-HI " 

3.7, 4.5 [C13 NH, (bp 13)] 
4.0, 4 .8  [G22 NH, (bp 13)] 

3.1 d [G22 N1-H (bp 13)] 

4.6 d [G15 N1-H (bp 15)] 
4.3 U8 C5-HI 

2.3, 3.4 [G22 NH,] 
2 .6 ,4 .0  [C13 NH,] 

3.4, 3.7 [A23 NH, (bp 12)] 
4.1, >5 [A14 NH, (bp 14)] 

3.1 [U8 N3-H (bp 14)] 

4.4 [A14 C8-H (bp 14)] 
4.3, >5 [G46 NH, (46-22-13)] 

3.0 [A23 C2-H] 
4.7 [U12 N3-H (bp 12)] 

2 .6 ,4 .0  [A23 NH,] 
3.8 [G24 N1-H (bp l l ) ]  
4.3 [U12 C5-HI 
4.5 [C13 C6-H (bp 13)] 
4.7 [G22 N1-H (bp 13)] 
4.4, >5 [Cl l  NH, (bp l l ) ]  
2.3, 3.4 [G24 NH,] 
2.4, 3.9 [Cl l  NH,] 
3.4 [GlO N1-H (bp lo)]  
3.8 [U12 N3-H (bp 12)] 
3 .8 ,4 .9  [GlO NH, (bp lo)] 
4.1, 4.7 [C25 NH, (bp lo)]  
4.1, >5 [A23 NH, (bp 12)] 

a The C, N, 0, and P coordinates of the reciprocal space refined 
crystal structure of yeast tRNAPhe were used (Sussman et al., 
1978); E. coli tRNA?' contains the same sequence in the D stem. 
Proton coordinates were generated by a computer program using 
the known C-H and N-H bond distances and angles (D. Hare, 
unpublished). Ring NH of adjacent base pair. Surrounding 
protons in brackets. 

protons to the ring N H  are from the G amino group and the 
C amino group. These amino protons have relatively broad 
line widths (similar to ring N H  line widths) due to the extra 
relaxation from the nitrogen. On the other hand, in a Wat- 
son-Crick AU pair one of the nearest protons to the ring NH 
is the adenine aromatic C2-H proton which has a remarkably 
narrow line width (Schmidt & Edelheit, 1981). Even for 
Hoogsteen AU pairs, one of the closest proton neighbors to 
the ring N H  is an aromatic carbon proton, in this case C8-H 
of adenine (see Table I). Redfield's group has used deuteration 
of C8-H's to distinguish Watson-Crick AU pairs from 
Hoogsteen AU pairs (Sanchez et al., 1980). Thus, regardless 
of whether the AU pair is of the Hoogsteen or Watsonxrick 
type, irradiation of an AU ring NH can easily be distinguished 
from that of a GC pair; the AU ring NH generates a narrow 
CH NOE in the -9- to -7-ppm region whereas the GC pair 
does not. This is a useful diagnostic tool when irradiating 
unknown ring NH lines in the spectral region where AU and 
GC ring NHs overlap. 

Proceeding on the basis that peak K is in fact CG13, this 
peak was next selectively saturated by irradiating on the 
slightly upfield side to avoid exciting peak J. As shown in 
Figure 3, the NOE to the upfield aromatic region involves only 
broad amino protons, indicating that peak K contains only GC 
base pairs. In the low-field spectrum the expected reverse 
NOE back to peak A (the 8-14 pair) was observed as well 
as a new NOE to peak D at -13.84 ppm. This chemical shift 
is highly indicative of an AU pair and agrees well with our 
previous assignment of UA12 on less direct evidence (Reid 
et al., 1979). Although highly suggestive, the evidence that 
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FIGURE 3: NOE difference spectrum produced by selectively saturating 
peak K for 0.4 s. Cross saturation of peaks A and D is evident. The 
absence of any appreciable CH NOE in the upfield region indicates 
that neither of the base pairs in peak K is an AU pair (Sanchez et 
al., 1980). Saturation is just beginning to appear in the resolved C8-H 
signal of A14 at -8.6 ppm (see Figure 2). The upper spectrum is 
a reference 27 "C unirradiated spectrum scaled identically in the x 
axis but scaled down 2.6-fold in the y axis. The upfield aromatic 
portion of the spectrum has a suppressed overall intensity because 
(a) the pulse repetition cycle was shorter than the CH T1 value and 
(b) it is closer to the zero-excitation null at -4.6 ppm in the tailored 
214 observation pulse. 

cross relaxation of peak D by peak K is a NOE from CG13 
to UA12 is not completely unambiguous. Peak K contains 
two base pairs, and it could be the other GC pair, rather than 
CG13, that is coupled with peak D; the only firm conclusions 
at this stage are that both base pairs in peak K are GC pairs, 
one of them is CG13, one of them is very close to base pair 
D, and D is probably an AU pair by virtue of its chemical shift. 

To shed more light on this, we next irradiated peak D on 
the upfield side to avoid saturating peak C and also monitored 
the time dependence of this NOE in an experiment exactly 
analogous to the truncated driven NOE technique used on 
proteins (Wagner & Wuthrich, 1979). The results are shown 
in Figure 4. The rapid NOE to a narrow CH resonance at 
-7.55 ppm (A23 C2-H) establishes that peak D is definitely 
an AU base pair. At early time points up to 0.2 s, two ring 
NH NOES are observed, one back to peak K and one to peak 
Q. At later times beyond 0.4 s, a third NOE to peak N begins 
to appear. Peak K has already been shown to contain two GC 
pairs, one of which is CG13, and by virtue of its resonance 
position, peak Q is almost certainly a GC pair. It was initially 
difficult to unambiguously identify which peak at -12.3 ppm 
was the NOE receptor because a t  23 OC, where the NOE 
studies were carried out, peaks P and Q are virtually coalesced. 
However, repeating the experiment at slightly higher tem- 
peratures where P and Q partially resolve (see Figure 1) es- 
tablishes that it is Q, and not P, that is spatially connected 
to D. We interpret the NOES from peak D to peaks K and 
Q to reflect coupling from UA12 to CG13 and to CG11, 
respectively, and the cross relaxation of peak N at later times 
to reflect a slower, higher order NOE from UA12 to GClO 

? ' " ~ l " ' ' l " ' ' l ' ~ ' ' l ' ' ' ' l ' " ' l ' " ' l ' " ' l ' ' ' ~  
-15 -14 -13 -12 -I1 -10 - 9  - 8  - 7  

FIGURE 4: Time dependence of the driven NOE produced by saturating 
peak D. At 0.1 and 0.2 s of saturation, peaks K and Q are the only 
ring NHs to be cross saturated. At 0.4 s and longer, saturation begins 
to appear in peak N. The rapid appearance of a narrow CH NOE 
at -7.55 ppm (A23 C2-H) indicates peak D is an AU base pair. 

via CG11. In such higher order NOES the saturation from 
UA12 is passed along "second hand" to GClO by a domino 
effect chain reaction involving mutual spin flipping of the 
amino, ring NH, or CH protons of C G l l  as intermediaries; 
this process is known as "spin diffusion" (Kalk & Berendsen, 
1976; Wagner & Wuthrich, 1979). Thus, we conclude that 
peak Q is C G l l  and peak N is probably GC10. 

Although the dipolar coupling of proton D to its two nearest 
neighbors K and Q adds weight to our assignment of D, K, 
and Q to UA12, CG13, and CG11, respectively, it has not 
completely resolved the problem caused by an additional base 
pair residing with CG13 in peak K. It is still possible that we 
took the wrong exit from peak K after entering this 
"crossroads" from peak A; i.e. peak D might possibly be the 
neighbor of the other base pair in peak K. If this were true, 
then base pair D, instead of being the next-to-nearest neighbor 
of the tertiary 8-1 4 peak A, could be far removed from CG 13 
in some other part of the molecule. Strong evidence that this 
is not the case came from driving the NOE from s4U8-A14 
to longer time periods. When peak A was saturated for periods 
approaching 1 s, a higher order NOE to peak D at -13.84 ppm 
(as well as peaks H and R) became detectable (this second- 
order or third-order NOE is just beginning to appear at 0.4 
s upon close inspection of Figure 2). In this experiment, energy 
is pumped into the system exclusively through tertiary base 
pair 14 (s4U8-A14), ensuring that only CG13 and not the 
"other proton" in peak K is cross saturated. Because peak D 
can be partially saturated when only the CG13 component in 
peak K is cross saturated by irradiating peak A, we can es- 
tablish the connectivity A-K-D. Thus peak D can be spatially 
connected to peak A through peak K and must be the next- 
to-nearest neighbor of base pair 14; this establishes that peak 
D is in fact UA12. Peaks H and R are probably m7G46 
(hydrogen bonded to CG13) and G154248, respectively; they 
are both quite close to s4U8-A14 and will be the subject of 
a separate communication. 

Continuing down the helix, the results of selectively satu- 
rating C G l l  at -12.33 ppm (peak Q) are shown in Figure 5 .  
The expected reverse NOE back to UA12 (peak D) can readily 
be seen. In addition peak N at -12.6 ppm is also cross relaxed 
and we assign N to GC10. From this experiment alone one 
might attribute the excitation of N to spillover from imper- 
fectly monochromatic irradiation of Q. On the basis of our 
experience with the selectivity of the saturating irradiation 
frequency range, we believe this is not the case. However, two 
peaks that are close in frequency from base pairs that are also 
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FIGURE 5:  Difference NOE spectrum produced by selective saturation 
of peak Q. Peak Q was saturated for 0.4 s by irradiation slightly on 
the upfield side of center. The absence of appreciable crwsaturated 
M ~ O W  CH peaks in the upfield aromatic spectnun indicates that peak 
Q is a GC base pair. The upper spectrum is an unirradiated control 
spectrum at 23 O C .  

close in space do present special problems in NOE studies. 
There are, however, four independent lines of evidence indi- 
cating that peak N is GC10. First, from the time-dependent 
spin diffusion experiment in Figure 4, N must be the next- 
to-nearest neighbor of UA12 (peak D); thus N (-12.6 ppm) 
must be base pair 14 or base pair 10, but base pair 14 is 
independently assigned to peak A. Second, Redfield's group 
could directly assign base pair 10 in yeast tRNAPhc at -12.63 
ppm via a methyl to ring N H  NOE (Johnston & Redfield, 
1981); the D stem sequences of yeast phenylalanine tRNA and 
E. coli valine tRNA are identical except for one methyl group. 
Third, irradiation either at the center of peak Q or slightly 
on the upfield side of peak Q cross saturates peak N without 
exciting peak 0; if the effect were spillover, the larger and 
closer peak 0 would have been more affected. Fourth, 
long-term irradiation of peak N, even on the downfield side 
to minimize spillover, partially saturates peak D via the me- 
diation of peak Q. Thus, the next-to-nearest neighbor rela- 
tionship of D to N can be demonstrated in the N-Q-D di- 
rection as well as in the D-Q-N direction; this corroborates 
our assignment of peak N to CG10, the next-to-nearest 
neighbor of UA12 (peak D). Irradiation of peak Q also 
produces a small effect at peak T. If this is not spillover, it 
could represent either the 26-44 tertiary pair or CG27; we 
have not investigated it further. 
Discussion 

The assumed structure of the D helix of E. coli tRNA?' 
based on the crystal structure of the same five base pairs in 
yeast tRNAPhc is shown in Figure 6; the ring N H  protons 
irradiated in this NOE study are shown as enlarged filled 
circles. Table I lists the distances from the ring NH of each 
base pair to surrounding protons according to the crystal co- 
ordinates (Sussman et al., 1978); proton coordinates were 
generated by a computer program using the known N-H and 
C-H bond angles and bond lengths (D. Hare, unpublished). 
In the present study the NOE resulting from selective satu- 
ration of each ring N H  was monitored, starting at the inde- 
pendently assigned s4U8-A14 proton (peak A). Peak K was 
determined to be the nearest neighbor to peak A by cross 
saturation, but further analysis was complicated by the 
presence of two base pairs (both GC pairs) in peak K. Al- 

FIGURE 6: Perspective computer graphics projection of the four 
secondary base pairs in the tRNA D stem and the tertiary 8-14 
Hoogsteen base pair stacked on the end of this helix. The coordinates 
of the crystal structure refined in reciprocal space were used (Sussman 
et al., 1978), and proton coordinates were generated by a computer 
program (D. Hare, unpublished). Protons are represented by spheres; 
the large filled spheres are the low-field nitrogen protons irradiated 
in this study. 

though irradiation of peak K established that peak D was a 
nearest neighbor, it was not known which of the two base pairs 
in K was a neighbor of D. This problem was resolved by taking 
advantage of spin diffusion. Long-term saturation of A lead 
to cross saturation of D through K, thus establishing the 
connectivity A-K-D. Peak D could be connected to peak Q 
as a nearest neighbor and to peak N as a next-to-nearest 
neighbor by monitoring the effects of spin diffusion at longer 
time periods. This then established the connectivity A-K-D- 
Q-N which leads to the assignment of peak K to CG13, peak 
D to UA12, peak Q to CG11, and peak N to GC10. 

The data can also be analyzed from a different perspective 
by making use of the narrow aromatic CH NOE to discrim- 
inate AU base pairs from GC pairs. From the aromatic NOES 
of the linked set A-K-D-Q-N, only A and D are AU pairs 
and they are next-to-nearest neighbors rather than nearest 
neighbors. Thus the AU pair D must have a GC pair on either 
side with an AU pair and a GC pair as next-to-nearest 
neighbors. There are only two places in E. coli tRNA?' where 
this occurs, thus establishing that peak D is either UA4 or 
UA12. With careful application and well-resolved spectra, 
the sequential NOE technique can lead to this type of coarse 
sequence information; at present we cannot distinguish the 
polarity of adjacent base pairs; Le., GC pairs are indistin- 
guishable from CG pairs as are AU and UA pairs. Thus, even 
in the absence of any independent assignments, the NOE data 
alone reveal the presence of the sequence (AU/UA)-(GC/ 
CG)-(AU/UA)-(GC/CG)-(GC/CG) somewhere in this 
tRNA. 

Careful scrutiny of the crystal structure reveals that the ring 
NH to ring N H  distances for the adjacent base pairs 10-1 1, 
11-12, and 13-14 are all within 3.8 A and might reasonably 
be expected to generate direct first-order NOES at the level 
of a few percent. However, the ring NHs of base pairs 12 and 
13 appear to be separated by 4.7 A which theory predicts to 
be too far for even a 1% NOE. There are three possible 
interpretations for the D to K NOE between UA12 and CG13. 
One is that the NOE to G22 N1-H is a second-order NOE 
transmitted from U12 N3-H via the A23 amino protons, both 
of which are situated within 3.7 A of G22 N1-H and are 
ideally located to serve as a conduit for magnetization transfer. 
However, peak K picks up saturation from peak D quite 
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rapidly (see Figure 4) which might argue against a second- 
order effect. A second possibility is that U12 N3-H and G22 
N1-H are closer than 4.7 A and the crystal structure needs 
minor adjustment (by an amount less than the resolution at 
which the X-ray data were collected). In this connection it 
is worth noting that the ring N H  to ring N H  distances differ 
when using the Duke, MIT, MRC, or Wisconsin coordinates 
as the scaffolding for generating proton coordinates (D. Hare, 
unpublished observations). A third possibility is that the 
structure in solution under our conditions differs slightly from 
the crystal structure(s). The X-ray crystals were grown in the 
presence of magnesium and spermine, whereas our NMR data 
were obtained under mildly limiting magnesium conditions. 
Especially noteworthy in this connection is the fact that peak 
D (UA12) moves downfield onto peak C in the presence of 
excess magnesium (Reid et al., 1979). 

At this point it is illuminating to compare these direct as- 
signments from dipolar coupling with less direct methods in- 
volving hairpin fragments, paramagnetic ion broadening, 
ring-current shifts, etc. published earlier (Lightfoot et al., 1973; 
Kearns & Shulman, 1974; Reid et al., 1979; Hurd et al., 1979). 
The previous assignment of peak A at -14.9 ppm to s4U8-A14 
agrees with the K to A NOE and with several independent 
assignment reports and was in fact the starting point of this 
study. Previous assignment of UA12 at -13.8 ppm and CGlO 
at -12.6 ppm (Reid et al., 1979) is in good agreement with 
their direct assignment by NOE at -13.84 and -12.60 ppm, 
respectively. The latter also agrees well with the assignment 
of GClO at -12.63 ppm by methyl-ring N H  NOE in yeast 
tRNAPhc (Johnston & Redfield, 1981). There is far less 
agreement, however, in the assignment of C G l l  and CG13. 
In both yeast tRNAPhe and E.  coli tRNA?' C G l l  was esti- 
mated to be between -13.0 and -13.1 ppm (Kearns & 
Shulman, 1974; Reid et al., 1979; Johnston & Redfield, 1981). 
This estimate was based on ring-current shift theory and 
analysis of D-stem hairpin fragments which are not subject 
to the extensive tertiary interactions of the D stem in intact 
tRNA. The present NOE results indicate that C G l l  is ac- 
tually 0.7 ppm further upfield than previous estimates, Le., 
at -12.23 ppm instead of -13.05 ppm. It is possible that the 
structural distortion and helix irregularity introduced by 
forming the additional tertiary interactions to the D stem 
secondary base pairs leads to greater than expected upfield 
shifts on C G l l  by neighboring ring currents. However, even 
using the coordinates of each base from the crystal structure, 
Robillard et al. (1976, 1977b) estimated a resonance position 
of -1 3.1 ppm for CG11; the error may reside in the assumed 
unshifted starting resonance position of CG11. An even 
greater disparity was observed for CG13. The NOES from 
base pairs 12 and 14 establish that CG13 is at -13.05 ppm, 
whereas previous estimates from ring-current shifts, fragments, 
and paramagnetic ion broadening assigned it at either -1 1.5 
or -12.0 ppm (Lightfoot et al., 1973; Kearns & Shulman, 
1974; Reid et al., 1979; Hurd et al., 1979). Because of its 
stacking directly over the G22 N1-H in the early crystallo- 
graphic data, A14 was assumed to strongly upfield shift the 
CG13 ring N H  in the ring-current estimates; however, re- 
finement of the crystal structure now places A14 where its 
ring-current shift on CG13 ring N H  is quite small. In the 
isolated D stem fragment the CG13 resonance may well be 
in the upfield region between -1 1 and -12 ppm, but this merely 
points out the problems in attempting to assign intact tRNA 
resonances, especially at the helix termini, from fragment 
spectra. It is noteworthy that Robillard et al., using ring 
currents and the Duke X-ray coordinates, estimated that in 

intact tRNA CG13 should resonate at -1 3 ppm in both yeast 
tRNAPhc and E.  coli tRNA?' (Robillard et al., 1976, 1977b). 
In the paramagnetic broadening experiments, a resonance at 
-12.0 ppm was relaxed at the same time the s4U8-A14 peak 
broadened (Hurd et al., 1979). Since CG13 is next to s4U8- 
A14, it was assigned to the broadened peak at -12.0 ppm on 
the assumption that the paramagnetic ion occupied a single 
discrete site near the 8-14 base pair. The assumption of a 
single binding site at  low paramagnetic ion levels now appears 
to be unjustified. In the light of the present data we would 
interpret the paramagnetic results as indicating manganese 
and cobalt ion binding to an additional independent site in- 
volving the -12.0-ppm resonance, without knowing the identity 
of this resonance or this site. The assignment of UA12 is also 
of interest in connection with the work of others. Johnston 
et al. (Johnston et al., 1979; Johnston & Redfield, 1981) 
assigned UA12 at -13.6 ppm (peak F in Figure 1) in E.  coli 
tRNA?' on the basis of its slow solvent exchange behavior 
(a similar "slow proton" was also found at -13.65 ppm in yeast 
tRNAPhc). This assignment is in error, and the present NOE 
assignment of UA12 to peak D at -13.84 ppm, rather than 
to peak F, indicates that it is not UA12, but some other base 
pair elsewhere in the molecule, that exhibits very slow 
breathing. 

Finally, some comments are in order about the advantages 
and general applicability of the step-by-step sequential NOE 
assignment method. This technique, which simply maps the 
spatial proximity of a given base pair to its two nearest 
neighbors, is more direct and far less ambiguous than other 
assignment methods. The major requirements are a reliable, 
independently assigned starting resonance and a well-resolved 
spectrum with as few multiple proton peaks as possible. Even 
when multiple proton peaks are encountered, one can, with 
care, follow the path through them by using the time depen- 
dence of the spin-diffusion process to selectively pass the 
magnetization through the complex peak to one neighbor by 
extended irradiation of the other neighbor. In looking for such 
small NOES sensitivity is an obvious advantage in that the time 
required to attain a given signal-to-noise ratio in the Fourier 
difference spectrum is correspondingly reduced. At 500 MHz 
the difference spectra shown in this study each required about 
40 min of signal averaging. We are currently attempting to 
assign the entire 'low-field NMR spectrum of tRNA solely 
from the dipolar coupling of each resonance to its nearest 
neighbors. If successful, these unambiguous assignments 
should pave the way to a much more rigorous analysis of 
tRNA dynamics, ligand binding, and unfolding. 
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