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NMR Analysis of Helix I from the 5s RNA of  Escherichia coli? 
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ABSTRACT: The structure of helix I of the 5 s  rRNA from Escherichia coli has been determined using a 
nucleolytic digest fragment of the intact molecule. The fragment analyzed, which corresponds to bases (-1)-1 1 
and 108-120 of intact 5 s  rRNA, contains a G-U pair and has unpaired bases at its termini. Its proton 
resonances were assigned by two-dimensional NMR methods, and both NOE distance and coupling constant 
information have been used to calculate structural models for it using the full relaxation matrix algorithm 
of the molecular dynamics program XPLOR. Helix I has A-type helical geometry, as expected. Its most 
striking departure from regular helical geometry occurs at its G U ,  which stacks on the base pair to the 
5’ side of its G but not on the base pair to its 3’ side. This stacking pattern maximizes interstrand gua- 
nine-guanine interactions and explains why the G-U in question fails to give imino proton NOE’s to the 
base pair to 5’side of its G. These results are consistent with the crystal structures that have been obtained 
for wobble base pairs in tRNAPhe [Mizuno, H., & Sundaralingam, M. (1978) Nucleic Acids Res. 5, 
4451-44611 and A-form DNA [Rabbinovich, D., Haran, T., Eisenstein, M., & Shakked, Z. (1988) J. Mol. 
Biol. 200, 151-1611. The conformations of the terminal residues of helix I, which corresponds to bases 
(-1)-1 1 and 108-120 of native 5 s  RNA, are less well-determined, and their sugar puckers are intermediate 
between C2’ and C3’-endo, on average. 

x e  structure of 5s RNA has been investigated for decades 
using every physical and chemical technique imaginable, in- 
cluding nuclear magnetic resonance spectroscopy, which is one 
of the most powerful. Nonetheless the conformation of 5s 
RNA’ is still not fully understood [see Marshall and Wu 
(1 989)]. The reason 5s RNA has not been solved by NMR 
is its size; it is far larger (M, = 40 000) than the largest protein 
whose structure has been determined that way. Indeed, the 
study of 5s RNA by NMR would be quixotic if were it not 
possible to divide the molecule into smaller fragments that 
retain the conformations they have in intact 5 s  RNA. 

Below we show that an RNA fragment that consists of helix 
I and a few adjoining bases [residues (-1)-11 and 108-1201 
can be prepared from the 5s RNA of Escherichia coli by 
nucleolytic digestion (Figure 1). The imino proton spectrum 
of this fragment, which we shall call “helix I”, closely resembles 
that of the helix I region of intact 5s RNA, indicating that 
their conformations are similar. In addition to its relevance 
to 5s RNA, helix I is of interest because it includes an example 
of the most commonly encountered mismatched pair in RNA, 
a G-U (G9-Ulll). It also has unpaired bases at both ends, 
which again is commonplace. Assignments are reported for 
all of helix 1’s imino, aromatic, anomeric, 2’, and 3’ proton 
resonances, as well as for a number of its other proton reso- 
nances and several of its phosphorus resonances. A model for 
helix I is presented that has been derived from nuclear Ov- 
erhauser effect (NOE) buildup data and coupling constant 
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information, using XPLOR version 2.2 (Briinger, 1990, 1991; 
Nilges et al., 1991) that minimizes discrepancies between 
observed and model NMR data. 

Helix I, as a whole, is an A-type helix, as we had ample 
reason to anticipate. G9-Ul l l's placement with respect to 
its neighbors is strongly influenced by stacking interactions 
involving G9 and the purines of the base pairs that flank it, 
G10 and G112. Thus G9 forms an intrastrand stack with 
G112 and an interstrand stack with G10. The resulting 
asymmetry of G9-Ul l l's position with respect to its neighbors 
accounts for the absence of N O E S  between G112’s imino 
proton and either of the imino protons belonging to G9-Ul11, 
which had been noted earlier (Gewirth et al., 1987). The 
terminal unpaired bases stack on their neighbors well enough 
to give the NOE connectivities characteristic of A-type helices, 
suggesting that the molecule’s helical geometry might extend 
to its termini. However, their NOE’s are consistent with a 
variety of conformations, some of which differ substantially 
from standard A-type geometry. 

MATERIALS AND METHODS 
Deuterated Nucleosides. 5,6-Dideuterocytidine was pre- 

pared by dissolving 1 g of cytidine, which had previously been 
lyophilized from DzO, in 10 g of dimethyl sulfoxide-d6 (MSD 
Isotopes), adding 0.395 g of sodium methoxide in 3 mL of 
methanol-d,, and incubating for 24 h at 60 OC (Rabi k Fox, 
1973). Guanosine-d8 was prepared by base-catalyzed ex- 
change. Five grams of guanosine was dissolved in 200 mL of 
D 2 0  and 5 mM boric acid, pH 9.5, and incubated at 95 OC 

Abbreviations: COSY, correlation spectroscopy; DQF, double- 
quantum filtered spectroscopy; EDTA, ethylenediaminetetraacetic acid; 
FID, free induction decay; HPLC, high-performance liquid chromatog- 
raphy; ISPA, isolated spin pair approximation; MES, 2-(N- 
morpho1ino)ethanesulfonic acid; NMR, nuclear magnetic resonance; 
NOESY, nuclear Overhauser spectroscopy; NOE, nuclear Overhauser 
effect; ppm, parts per million. 
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tyrosine, tryptophan, histidine, thiamine, and 0.2 g/L aden- 
osine, guanosine, and cytidine or uridine, deuterated as re- 
quired (Moore et al., 1988). To “ize the loas of label from 
guanine-d8 due to exchange and to circumvent its low solu- 
bility, 0.1 g/L was included in the starting medium and the 
remaining 0.1 g/L portion added with the chloramphenicol. 
The following partially deuterated 5 s  RNA’s were produced: 
(1) 5,6-dideuteropyrimidine, 2,8-dideuteroadenine, 8- 
deuteroguanine 5 s  RNA (“perdeutero-SS RNA”), (2) pyri- 
midine-d, 5 s  RNA, and (3) 8-deuteroguanine, 5,6-di- 
deuteropyrimidine 5 s  RNA (“proteo-A 5 s  RNA”). 

The level of deuteration achieved in the pyrimidine-d, 
sample, which was particularly important for these studies (see 
below), was estimated by comparing the H5/H6 cross peak 
volumes of COSY spectra of protonated helix I with those in 
COSY spectra of pyrimidine-d5 helix I, using the H 1’/H2’ 
cross peaks for normahtion. By this criterion, the deuteration 
achieved in these samples was 95% or better at the pyrimidine 
5-position. 

Helix I .  5 s  RNA samples were converted into fragment 
1 by partial digestion with RNase A as described previously 
(Moore et al., 1988). Digestion conditions were chosen so that 
most of the fragment 1 was cleaved at position 87, yielding 
a complex consisting of three oligonucleotides: strand IV 
(bases 1-1 l) ,  strand I11 (bases 69-87), and strand I1 (bases 
90-120) (Kime et al., 1984). Strand I11 was removed from 
the fragment 1 by Sephadex chromatography in EDTA 
(Moore et al., 1988), leaving a complex of strands I1 and IV 
behind. 

Strands I1 and IV can be separated by chromatography on 
Sephadex in urea-containing buffers (Moore et al., 1988), and 
the two separate strands can be reannealed once denaturant 
has been removed (J. Kim and P. Moore, unpublished ob- 
servations). Following dialysis against 0.1 M KCl, 2 mM 
EDTA, and 10 mM MES, pH 6, strands I1 and IV are in- 
cubated together at 50 OC at a total RNA concentration of 
20 ODm/mL and allowed to cool slowly. Two hybrid strand 
II/IV complexes were prepared this way, one whose strand 
I1 side was made from perdeutero-5S RNA and whose strand 
IV was protonated, and a second in which the labeling pattern 
was reversed. 

Once strand II/IV complexes of the appropriate isotopic 
composition were obtained, they were digested with TI RNase 
(0.2 units/pL) in 10 mM Tris and 1 mM EDTA at 25 or 37 
OC at an RNA concentration of 0.1 0D2,,,/pL for 45 min. 
TI  RNase was removed from the preparation by two rounds 
of phenol extraction. Helix I was separated from the other 
TI  fragments by HPLC on a Nucleogen DEAE 500-7 anion 
exchange column at room temperature, under nondenaturing 
conditions. It was eluted from the column using a linear 
gradient running from 0 to 1 M LiCl in 20 mM NaOAc, pH 
5.5, 20% CH,CN. Peak fractions were pooled and their 
volumes reduced about 10-fold by rotary evaporation. The 
RNA was then recovered by ethanol precipitation. 

Sequencing. Sequences were verified enzymatically using 
T,, U2, Phy M, and CL, RNases (BRL) on a 20% denaturing 
gel 0.4 mm thick. Helix I was end-labeled with [32P]cytidine 
3‘,5‘-bisphosphate (NEN) using T4 RNA ligase (BRL). The 
strands of the labeled helix were purified on a 20-cm dena- 
turing gel, and the RNA was extracted using the “freeze and 
squeeze” method (Kean & Draper, 1985). Unfortunately, 
helix I is not fully denatured under these gel conditions , and 
only the longer A108-Ul20 strand could be isolated and se- 
quenced. 
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FIGURE 1: 5s rRNA sequence. The 5s ribosomal R N A  sequence 
from the rrnB cistron of E. coli is shown with helix I boxed. 

for 16 h. Uridine-d, was prepared following the procedure 
of Heller (1968). A D20 solution was prepared that contained 
10 mM uridine and 10 mM mercaptoethylamine, pH 9.5, and 
was incubated at 65 OC for 4 days. 2,8-Dideuteroadenosine 
was prepared for us by Mr. Gregory Kellogg using a modi- 
fication of the method of Maeda and Kawazoe (1975). 
Platinum catalyst was prepared by reducing 1 g of PtC12 in 
5 mL of D20 with NaBD, (Calf & Garnett, 1964). The D 2 0  
was then decanted and the solid washed several times with 
additional D20. The catalyst was suspended in 40 mL of 
argon-purged D20, and 5 g of adenosine that had been lyo- 
philized twice from D 2 0  was added. The mixture was stirred 
under argon for 48 h at 90-95 “C. The catalyst was removed 
by filtration and 2,8-dideuteroadenosine was recovered on 
cooling and partial evaporation. 

Synthetic RNA. A blunt-ended derivative of helix I, which 
we call “blunt helix I”, was made from RNA oligomers syn- 
thesized at the Yale University School of Medicine Protein 
and Nucleic Acid Chemistry Facility on an Applied Biosystems 
380B synthesizer. Two oligomers were deprotected and pu- 
rified according to Webster and Spicer (1991). The two 
strands, whose sequences are 5’-UGCCUGGCGGC-3’ and 
5’-GCUGCCAGGCA-3’, were annealed at 50 “C and allowed 
to cool slowly. Blunt helix I starts at Ul-A119 and helix 1’s 
A109 has been changed to a G (in bold) to form a second base 
pair after the G-U pair. 

5s RNA. 5s RNA was obtained from E. coli HBlOl 
transformed with pKK5-1 by overproduction in the presence 
of chloramphenicol (Brosius et al., 1981; Moore et al., 1988). 
Selectively deuterated 5s molecules were made by supplying 
appropriately labeled bases to E. coli KL375/pKK5-1, which 
is auxotrophic for adenine, guanine, and either cytidine or 
uridine. KL375 was created by Dr. Brooks Low at Yale 
University from H724 (Nijkamp & De Haan, 1967) by 
transposition with TnlO into pyrD34. KL375/pKK5-1 was 
grown on minimal medium supplemented wth casamino acids, 
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NMR Samples. Ethanolic precipitates containing roughly 
micromolar amounts of helix I were resuspended in 1-2 mL 
of 1.05X NMR buffer (1 X NMR buffer is 0.1 M KC1,4 mM 
MgC12, 4 mM cacodylic acid, and 0.2 mM EDTA, pH 7). 
Samples were then dialyzed exhaustively against 1.05X NMR 
buffer and concentrated down to volumes of about 0.4 mL 
using Centricon-3 ultrafilters (Amicon). The fully protonated 
helix I and the pyrimidine d5 samples were 3 mM and 2 mM, 
respectively, while the other samples examined were about 1 
mM. 

Samples were made about 1 mM in dioxane, to provide a 
chemical shift marker, and 7% D20 (v/v) was added for the 
NMR lock signal. The chemical shift of dioxane is taken to 
be 3.741 ppm at all temperatures. Samples intended for 
spectroscopy in D20 were lyophilized and redissolved in D20 
at least three times. 99.996% D20 (Cambridge Isotopes) was 
used as the final solvent. 

NMR Spectroscopy. NMR data were collected on either 
a Bruker AME-500 or the Yale Chemical Instrumentation 
Center 490-MHz spectrometer. Data were processed using 
FTNMR (Hare Research, Inc.). 

Spectroscopy in H,O. Onedimensional spectra in H 2 0  were 
collected routinely at 30 and 23 ‘C using the twin pulse 
method (Kime & Moore, 1983a) for water suppression. The 
offset was either at the downfield or the upfield edge of the 
imino region, and the sweep width was 10000-15 OOO Hz. The 
decoupler power used for one-dimensional NOE’s was set so 
that the intensity of the irradiated peak was reduced about 
75%. The relaxation delay was 0.5-2 s. NOE data were 
collected in an interleaved mode with 16K data points and 
200-1000 scans averaged per FID. Difference FID’s were 
obtained by subtracting the off-resonance and on-resonance 
F I D s  and then were transformed with modest line broadening. 

Imino proton distances were determined using NOE’s 
collected at three mixing times. Initial slopes of the resulting 
NOE buildup curves were converted into distances using the 
relationship 
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filtered COSY spectra (Shaka & Freeman, 1983) were col- 
lected according to States (1982). Coupling constants were 
measured by processing for high resolution and then comparing 
the maxima and minima of the antiphase peaks with the line 
width (Bax & Lerner, 1988). A relay COSY experiment was 
done (Wagner, 1983) in which the offset was placed in an 
empty spectral region just downfield of HDO, no presaturation 
was used, and the sweep width was narrowed to 3600 Hz. The 
delay time was 0.06 8, which is optimal for coupling constants 
of about 4 Hz, and 450 t l  points were collected. 

Tl Relaxation Measurements. Both selective and nonse- 
lective inversion-recovery experiments were conducted to 
estimate the Tl relaxation times of aromatic resonances. In- 
dividual resonance were inverted by applying a short pulse 
through the decoupler channel and then allowing the 
magnetization to recover for variable amounts of time from 
0 to 2 s before acquiring the spectrum. Nonselective exper- 
iments were done by applying a hard 180’ pulse and then 
proceeding as above. Although the 5-s cycle delay time used 
was not greater than five times Tl in every case, logarithmic 
plots of intensity versus time were linear, and the Tl estimates 
obtained are believed to be acceptably accurate. 

31P Spectroscopy. One-dimensional 31P spectra were col- 
lected in D 2 0  with broad-band decoupling using an inverse 
probe tuned to phosphorus. The spectrometer frequency was 
202.45 MHz. 31P chemical shifts were referenced to an ex- 
ternal standard of 85% phosphoric acid. The offset was set 
on the reference frequency and 5W2000 F I D s  were averaged 
using a sweep width of 10000 Hz and 32K data points. The 
receiver gain was set to its maximum value, and the relaxation 
delay was 2 s. Spectra were processed with a modest amount 
of resolution enhancement. A proton-detected, phosphorus- 
proton heteronuclear COSY experiment (Sklenar et al., 1986; 
Sklenar & Bax, 1987) was done in the inverse mode. The 
phosphorus offset was the reference frequency, the sweep width 
was 1600 Hz, and 4K data points were collected. The proton 
offset was at 9800 Hz and the sweep width was 2000 Hz. A 
total of 128 FID’s were averaged for each t l  point, and 128 
t l  points were collected. 

Integration of NMR Data Sets. Cross peak volumes were 
measured using the integration routine in FTNMR (Hare Re- 
search), and the results were tabulated using locally written 
software. For each spectral region, the background integrals 
for “empty” areas were subtracted from each measurement. 
To gain confidence in the volumes generated in FTNMR, some 
measurements were repeated using the interactive integration 
routine described by Holak et al. (1987). Peaks which ov- 
erlapped were integrated as a whole, and all possible contri- 
butions to their volumes were considered during the XPLOR 
analysis. Approximately 200 cross peak volumes, evaluated 
at each of four mixing times, were used in the model building 
calculations described below. Errors were assigned to cross 
peak volumes on the basis of comparisons with the symme- 
try-related peaks, the extent of isolation of the peaks, and the 
reproducibility of the measurement. Typical error estimates 
ranged from 5 to 30%. 

Model Calculations. Structural models for helix I were 
refined using a two-stage protocol in which the CHARM, all- 
hydrogen, nucleic acid force field (Nilsson & Karplus, 1986) 
was used throughout, and planarity force constants were in- 
creased to ensure planarity of the bases. In stage I, the buildup 
of intensity on each NOE peak was fit to an equation of the 
form (at + btz), where a and b are constants and t is the 
mixing time. The linear coefficient was used to estimate the 
intensity that would have been observed for each cross peak 

NOE, 

taking the A1 15H2 to U5H1 reference distance to be 2.8 A. 
NOESY Spectra. Most two-dimensional NMR experiments 

had the following setup parameters: 2-s cycle delay, 5000-Hz 
proton sweep width, offset on the residual HDO peak, and 
modest presaturation to minimize the HDO peak. The phases 
of the decoupler and the synthesizer were synchronized using 
a power splitter (Zagorski, 1990). Experiments were routinely 
run at 30 OC without spinning. NOESY spectra were mea- 
sured for mixing times of 50, 100, 200, and 300 ms, and 
96-200 FID’s were averaged for each t ,  point. Data were 
collected using States phase cycling (States et al., 1982), and 
250-400 tl  points were measured, each consisting of 4K 
complex data points. The total time for a typical experiment 
was 48-60 h. Data sets were processed using a shifted sine 
bell window function in both dimensions, and the shift was 90’ 
when volume integrals were required. The first row was 
multiplied by 0.5 to reduce noise ridges (Otting et al., 1986). 
NOESY experiments done on water-containing samples were 
set up using the same parameters as the one-dimensional NOE 
experiments just described except that a twin pulse replaced 
the final 90° read pulse and mixing times were 200 or 300 ms. 

COSY Spectra. Magnitude COSY spectra were obtained 
according to Aue et al. (1976) and Nagayama et al. (1980), 
with both the experimental setup and the processing similar 
to the NOESY experiments just described. Double-quantum 
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in the absence of spin diffusion at 100 ms. These "spin-dif- 
fusion-corrected" intensities were converted into distance re- 
straints using the isolated spin pair approximation (ISPA) and 
scaled as described below. Care was taken to exclude peaks 
whose intensities were expected to have important spin dif- 
fusion contributions, such as the sequential Hl'(n) to (H8 or 
H6)(n+l) NOE. This NOESY distance information was 
supplemented by torsion angle restraints obtained from cou- 
pling constant measurements. Intermediate models for helix 
I were then obtained by refining a regular energy-minimized 
A-type RNA model for helix I using these experimental 
constraints and conventional distance-restrained molecular 
dynamics. 

A starting model was constructed from A-form crystallo- 
graphic coordinates. Initial restrained molecular dynamics 
at 300 K was performed for 0.5 ps to relieve any bad contacts, 
and we refer to the product as the "initial model". The 
"spin-diffusion-corrected" data and the torsional angle con- 
straints were then applied. The NOE force constant was 
increased gradually to a value of 5 kcal mol-' A-2, while the 
harmonic restraints, which maintained the atoms in their 
reference positions, were gradually reduced from 8 to 0 kcal 
(Bruccoleri & Karplus, 1986). The NOE force constant was 
intentionally kept low in this first stage so that the models 
produced would sample a sufficient variety of conformations. 
Finally, 0.5 ps of restrained molecular dynamics at 300 K was 
followed by 500 steps of energy minimization. 

In the second stage of the refinement protocol, spin diffusion 
was taken into account by refining back-calculated, full matrix, 
NOESY intensities directly against the experimental data. 
The experimental part of the target function, Erelaxation, is 
expressed as a function of the difference between functions 
of observed and calculated intensities (Nilges et al., 1991). 

Ns 
Erelaxation = K R C s p e c t r a C W i  x well(zical,ks,ziObs,Ai,n) (1) 

1 = I  

where K R  is the energy constant for the relaxation term, IF1 
and are the calculated and observed intensities, respec- 
tively, Ai is an error estimate for ZiObs, wi is a weight factor, 
k, is the calibration factor for each spectrum, and Ns is the 
number of cross peaks in each spectrum. The function 
well(a,k,,b,A,n) is defined as the absolute value of the dif- 
ference between the nth powers of a and b, where b has an 
error estimate A: 

(b  - A)" - a" ifa" < (b - A)" 
if (b  - A)" e a" < (b + A)" well(a,b,A,n) = 0 I u" - (b + A)" ifa" > (b + A)" (2) 

The individual error estimates, Ai, reflect the integration error 
due to noise and spectral overlap. Several different values for 
n were tested, and it was found that a value of 'la gave the 
best results (M. Nilges, unpublished). Analytic derivatives 
with respect to atomic coordinates were obtained by using the 
results of Yip and Case (1989). 
As a measure of the fit of the refined structure to the NOE 

data, we use a generalized R factor: 
NS 

CsFtraCwi X ~ell(Z~',k,,Z:~~,A~,n) 
(3) 

i= 1 
R, = 

Ns 
C s p e c t r a C w i  x (ks,Ziobs,n) 

i= 1 

For n = 1, AI = 0, and wi = 1, this is the standard R factor 
used in crystallography (Stout & Jensen, 1989); but we also 
report values with n = as suggested by James (1990), and 
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we call this R1/Cwcighted. Note that for the R factor calculation 
the individual error estimates, Ai, were set to zero. 

The value of the calibration factor k, was evaluated simply 
as follows: 

N: N: 
k, = ( CZi"1) / ( c z p )  (4) 

where the sum runs over all cross peaks which are "well 
determined". For a peak to be included in the calculation of 
the calibration factor, its error had to be less than 30%. The 
calibration factor was determined independently for each 
mixing time after the data had been scaled roughly using the 
first serial file of each NOESY experiment. The values de- 
termined for k, for the different mixing times did not differ 
greatly. A single calibration factor could have been used for 
all spectra. The advantage of using different calibration factors 
for different mixing times is that it obviates the need to scale 
the experimental spectra accurately relative to each other in 
advance. Also, non-NOE relaxation effects [termed "Z- 
leakage" in Summers (1990)l are dealt with in a simple way, 
and one does not have to rely upon the calibration of all 
measurements to a set of reference peaks. The calibration 
factor is updated at every step in the calculation. All individual 
weights wi were set to 1. 

An isotropic correlation time of 3 ns was used, but the results 
were relatively insensitive to this value. Likewise, preliminary 
calculations suggested that no improvement would result from 
using two correlation times which reflect the fact that helix 
I is twice as long as it is wide. 

The annealing schedule used is described as follows: In 
seven steps of 0.1 ps, the NOE force constant, i.e., the weight 
given the ISPA data, was reduced from 5 to 0 kcal mol-' A-2 
while the weight given the full relaxation matrix data, i.e., its 
force constant, was increased from 35 to 350. The value of 
the force constant K R  assigned to the relaxation energy 
function is somewhat arbitrary. The value used was high 
enough to ensure that the structure is fit to the data, without 
distorting the covalent structure. Restrained molecular dy- 
namics at 300 K was performed for an additional 1 ps and 
followed by 250 steps of energy minimization. 

SPECTROSCOPIC RESULTS 
Preparation of Helix Z. Helix I was produced from 5s 

RNA in two nucleolytic steps. Following the initial digestion 
of 5s RNA with RNase A to make fragment 1, and the 
removal of strand I11 in EDTA, only helix I with a long sin- 
glestranded tail remained. This tail was removed by digestion 
with RNase TI, and the molecule was purified by HPLC under 
nondenaturing conditions. The yield for this procedure was 
about 50% of the theoretical limit starting from 5 s  RNA. 

Several preparations of helix I were made differing in iso- 
topic labeling pattern according to which deuterated bases were 
fed to the auxotrophic strain. The 5-deuteropyrimidine version 
of the molecule proved to be most useful. Because it was 
possible to separate the two strands and recombine them before 
TI  digestion, helix I samples could also be prepared in which 
one strand was isotope-labeled and the other was not. The 
purity of helix I samples was assessed on 15% nondenaturing 
gels using either a TBE buffer system without magnesium (0.1 
M Tris, 0.1 M boric acid, and 2.5 mM EDTA) or "5s buffer" 
( 5  mM MgOAc, 0.1 M KCl, 50 mM Tris, and 90 mM boric 
acid). Purified helix I ran as a single band in both gel systems, 
showing that magnesium is not required for the maintenance 
of its structure. This conclusion was confmed by UV melting 
experiments in which it was shown that helix I melts in one 

i= 1 i= 1 
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cooperative transition in the absence of magnesium (data not 
shown). 

Characterization of Samples. Since RNase TI  cleaves at 
the 3' side of single-stranded guanines, it was expected that 
incubation of strand II/IV complexes with moderate amounts 
of TI  RNase would produce resistant molecules that include 
all of strand IV and the portion of strand I1 that runs from 
A108 to U120. The sequence of the strand I1 side of the helix 
I samples was determined directly, as described under Ma- 
terials and Methods. It indeed does start at A108 and ends 
at U120. Sequencing ladders indicated that some of the 
molecules in the preparation included G107, but the fraction 
that did must have been a very small because there was no 
evidence for this "extra" base in the molecule's NMR spec- 
trum. 

It was anticipated that the strand IV side of helix I, which 
we were unable to sequence directly, might have several dif- 
ferent Stermini, U(-2), U(-1), and/or U1 because 5s RNA 
maturation does not go to completion under overproducing 
conditions (Jordan et al., 1971), but that it would have a 
unique 3' terminus, G10 (Kime et al., 1984). The NMR data 
obtained demonstrate that the majority of the molecules ex- 
amined started at U(-1) and that effectively all of them 
terminated with C1 1. On the basis of integration of one and 
two-dimensional peaks, there is no reason to believe that any 
of the terminal bases was present in substoichiometric amounts. 

The termination of strand IV at G10 is characteristic of 
fragment 1 made from rrnB 5s RNA, the product encoded 
by pKK5-1 (Kime et al., 1984). KL375, the strain from which 
most of the helix I samples analyzed were derived, is r e d + ,  
however, and pKK5- 1 has a high probability of undergoing 
homologous recombination in KL375 (B. Freeborn, unpub- 
lished observations). It is likely that the 5s RNA obtained 
from KL375/pKK5-1 was wild-type, and strand IV of wildtype 
fragment 1 terminates at C11 (Douthwaite et al., 1979; Kime 
et al., 1984). 

Finally, there were minor chemical shift differences between 
the protonated and pyrimidine-d5 samples we made, the most 
striking being that the H1' of C110. There were also small 
differences in their phosphorus spectra indicative of minor 
structural differences between the two preparations which are 
not understood. However, the NOE connectivity patterns were 
identical in both samples, and there was no evidence of se- 
quence heterogeneity at the termini. 

Magnesium Effects. In a series of one- and two-dimensional 
experiments using blunt helix I, chemical shifts were compared 
in normal NMR buffer, which contains Mg2+, and in a 
phosphate buffer (0.1 M KCl, 20 mM KHP04, pH 7,0.2 mM 
EDTA), which did not. The imino proton chemical shifts 
differed by an average of 0.04 ppm, but U1 1 1's NH3 moved 
upfield by 0.17 ppm. The average aromatic and anomeric 
proton chemical shift change was 0.05 ppm, and these changes 
occurred throughout the molecule. Although a magnesium- 
dependent conformation change from A to A'-type helix has 
been reported for 5s RNA in the past (Miiller et al., 1985), 
we are uncertain about the origin of the chemical shift changes 
seen here and have not pursued it further. 

Exchangeable Protons. The downfield spectrum of helix 
I is shown in Figure 2, and its resonances are identified ac- 
cording to the scheme worked out for fragment 1 (Kime & 
Moore, 1983b). The assignments made for helix I imino 
proton resonances on the basis of one-dimensional NOE ex- 
periments are summarized in Table I. Some of the molecule's 
hydrogen-bonded exocyclic amino protons of cytidines were 
also assigned using one-dimensional NOE experiments and 
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FIGURE 2: Imino proton spectrum of helix I. Data were collected 
at 30 OC. The buffer was 0.1 M KCl, 5 mM MgC12, pH 7, and 3 
mM cacodylic acid, and water suppression was achieved by the twin 
pulse method (see Materials and Methods). The sweep width was 
1 1 900 Hz, the offset was at 15 OOO Hz, and 2 Hz of line broadening 
was applied. The RNA concentration was 3 mM. 

Table I: Chemical Shifts for Exchangeable Protons at 30 OC" 
base N4Hb N4Hc imino peak fragment A 

U(-1) u1 
G2 
c 3  
c 4  
u 5  
G6 
G7 
C8 
G9 
G10 
c11 
A108 
A109 
CllO 
U l l l  
G112 
C113 
C114 
A115 
G116 
G117 
C118 
A1 19 
u120 

8.57 
8.45 

8.40 

8.39 

8.57 

8.37 

12.55 J 
6.80 
6.82 

13.43 B 
12.15 M 
13.13 E 

10.56 R2 
13.2 T 

6.61 

7.16 
11.71 P2 
12.80 H 

6.77 

12.92 F 
13.27 C 

6.76 

12.55 

13.38 
12.10 
13.13 

10.50 
13.40 

11.64 
12.73 

12.88 
13.24 

0 

0.05 
0.05 
0 

0.06 
0.2 

0.07 
0.07 

0.04 
0.03 

Italicized values were determined at 21 OC. The columns labeled 
"N4H" and "imino" refer to helix I, and the column labeled 
"fragment" refers to fragment I of 5 s  RNA, which contains helices I, 
IV, and V. bRefers to the hydrogen-bonded proton. CRefers to the 
Droton which is not hvdroaen bonded. 

NOESY experiments (Table I). 
Imino proton chemical shifts are not identical in fragment 

1 and helix 1, but the differences are small, 0.04 ppm, on 
average, and the largest involve the G1 0-C1 10 end of helix 
I, where the sequence differences between helix I and 5s RNA 
are most important (Table I). Thus, on chemical shift grounds, 
there is reason to believe that helix I has a structure similar 
to that of the helix I portion of fragment 1 and intact 5s RNA. 

Helix I resembles fragment 1 and intact 5s RNA in a 
number of its other spectroscopic properties. First, its U5H3 
(B) to G6H1 (M) NOE is much weaker than its U5H3 (B) 
to G116 (F) NOE (Kime & Moore, 1983b). Second, its 
G9-Ul l l imino protons can only be observed below 25 "C 
(Kime & Moore, 1983~). Third, its G9-Ul l l imino protons 
give NOES to the N1 proton of G10 but not to the N1 proton 
of G112 (Gewirth et al., 1987). 

Blunt helix I differs from helix I in only one important 
respect. Its G9-Ulll imino protons can be observed at 30 



NMR of Helix I 

A115HZ) _ _ _ _ _  
I7 I 

IO I 
--JU_5@~ 

, ( D  

) A I 0 8  

Biochemistry, Vol. 31, No. 6, 1992 1615 

P 

Lo 

E 

-? a a 
Lo 

In 

0 

E l 0  7 : 2  6 : 4  5 : 6  4 : 8  4 . 0  
PPm 

FIGURE 3: Nonexchangeable proton spectrum of helix I. The sweep 
width was 5000 Hz, the offset was placed on the residual HDO peak, 
and a small amount of presaturation was applied during the cycle 
delay. No line broadening was used, and the buffer conditions are 
as in Figure 2. The solvent was 100% D20, and the temperature was 
30 “C. 

OC. Apparently the additional G-C base pair it has beyond 
GlO-CllO is enough to stabilize that base pair. We conclude 
that interactions that occur in loop A at the inner end of helix 
I in 5s RNA must contribute little or nothing to helix I’s 
stability. It is unlikely that helix I stacks on either helix I1 
or V. 

Nonexchangeable Protons. Figure 3 shows a one-dimen- 
sional spectrum of helix I in DzO. Its aromatic region is 
reasonably well dispersed, but its ribose region is extremely 
crowded. Ultimately only about half of helix I’s ribose reso- 
nances could be assigned. On the basis of the extensive 
chemical and enzymatic studies that have been done on the 
5s RNA from E .  coli, as well as phylogenetic comparisons, 
we had every reason to believe at the outset that helix I would 
be an A-form double helix over most of its length. The NOES 
expected between nonexchangeable protons in an RNA double 
helix are well known [see Wiithrich (1986)l and indeed were 
identified in this molecule. Nevertheless, the assignment of 
this molecule’s nonexchangeable proton spectrum proved to 
be a challenge. 

Two factors complicated the assignment process. First, 
initial NOESY spectra taken on fully protonated helix I 
demonstrated that the strong pyrimidine 5,6 NOE’s were 
obscuring many of the weaker aromatic/anomeric NOE’s that 
were critical for assigning the spectrum. This problem was 
solved by turning to a helix I sample all of whose pyrimidines 
were deuterated at the 5-position. 

Second, AU base pairs are useful reference points for be- 
ginning nonexchangeable proton assignments in a helical nu- 
cleic acid. The imino proton of an AU gives a strong NOE 
to its own AH2, allowing it to be identified unambiguously. 
In regular A-type helices, AH2 will give an NOE to the H1’ 
of the residue on the 3’ side of the A and to the H1’ of the 
residue on the 3’ side of the U [see Wiithrich (1986)l. Thus 
the H2 of residue A1 15 (6.94 ppm), which was assigned by 
imino proton experiments, was the obvious place to begin 
assigning helix I. Unfortunately, helix I is palindromic around 
U5-Al15; the sequence from G2 to C8 is the same as the 
sequence from G112 to C118 except for the AU in the middle 
(see Figure 1). This fact was a major barrier to establishing 
the imino proton assignments of helix I in the first place (Kime 
et al., 1984). In this case it made it difficult to be sure which 
strand was which in the initial stages of the backbone as- 
signment. This problem was resolved, in the end, by examining 

the COSY spectra given by samples whose bases were pro- 
tonated on one strand and deuterated on the other. The py- 
rimidines belonging to each strand could be identified in this 
manner, ensuring that NOE connectivities had been properly 
traced. 

Also helpful in the initial stages of the assignment process 
were TI measurements done on a helix I sample in which only 
adenines carried protons. AH2’s generally relax much more 
slowly than AH8’s. Three of the eight adenine resonances in 
helix I were tentatively identified as AH2’s in this way, the 
resonances appearing at 6.94, 7.54, and 8.16 ppm. Three 
emerged as clear AH8’s, the ones at 8.28, 8.06, and 7.92 ppm, 
while two remained ambiguous. 

Figure 4 shows the aromatic/anomeric region of a NOESY 
spectrum obtained using a helix I sample deuterated at the 
5-position of all its pyrimidines. Its sequential connectivities 
are traced out. The N O B Y  spectrum of helix I at 37 OC and 
300-ms mixing time had numerous aromatic/aromatic cross 
peaks that support the assignment scheme shown graphically 
in Figure 4 and summarized in Table 11. Some H3’ reso- 
nances were assigned on the basis of H3’/H6 or H3’/H8 cross 
peaks. In several cases, notably A108, all ribose protons could 
be assigned due to spin diffusion from the H8 or H6/H3’ to 
the H4’, H5’, and H5”. [H5’ and H5” were not distinguished 
in these cases.] Similarly, at longer mixing times, spin dif- 
fusion cross peaks in the Hl’/H2’ region could be assigned 
to Hl’lH3’ correlations. 

All the connectivities seen were ones typical of a right- 
handed A-form helix, and this connectivity pattern continued 
to the last bases on both strands, suggesting that the unpaired 
terminal bases in this molecule form a continuation of the 
helical stack. Even the connectivities from A109H1’ to 
A108H2 and A119H2 to G2H1’ are strong. The A-form 
connectivity pattern is maintained across the G9-Ul l l pair, 
as expected. 

Backbone Torsion Angles. In an RNA double helix, all 
sugars are in the 3’-endo conformation, and the Hl’/H2’ 
coupling constant is consequently too small to be observed 
under most circumstances. Nevertheless, both magnitude and 
DQF COSY spectra of helix I and five cross peaks in the 
Hl’lH2’ region, indicating that five residues have sugars whose 
pucker has an appreciable 2‘-endo character. In the course 
of the assignment process, it became clear that the sugars in 
question are those of residues U(-l), U1, C11, A108, and 
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Table 11: Chemical Shifts for Nonexchangeable Protons at 30 OC‘ 
base H6/H8 H2/H5 H1‘ H2’ H3’ H4‘ phosphorus JH 1 I IHY 

u- 1 
u 1  
G2 
c3 
c4 
u 5  
G6 
G I  
C8 
G9 
G10 

1.99 
8.09 
1.98 
1.80 
7.83 
1.92 
1.12 
1.34 
1.63 
1.44 
1.18 

5.84 5.14 
5.88 5.82 

5.91 
5.29 5.54 
5.49 5.50 
5.43 5.50 

5.11 
5.65 

5.18 5.58 
5.13 
5.73 

4.52 4.34 
4.64 4.74 
4.51 4.61 
4.39 4.46 
4.36 4.6014.37 
4.59 4.60 
4.50 4.66 
4.32 4.56 
4.51 4.46 
4.12 4.28 
4.41 4.45 

4.61 2.5-3.5 
2.5-3.5 

-0.17 0-2 
0-2 
0-2 
0-2 
0-2 
0-2 
0-2 

0.12 0-2 
-0.59 0-2 

c11 1.70 5.53 5.80 4.11 4.33 4.41 3.13 4-6 
C11 T 3.2113.27 
A108 8.28 1.91 5.95 4.96 4.66 4.44 3.5-5 
A109 1.96 8.16 5.15 4.11 4.56 0-2 
c110 1.51 5.53 5.18 4.41 4.3 1 0-2 
U l l l  1.81 5.16 5.16 4.31 4.65 -0.52 0-2 
G112 8.04 5.13 4.56 4.67 0-2 
C113 1.16 5.21 5.51 4.31 4.45 0-2 
C114 1.83 5.51 5.43 4.46 4.59 0-2 
A115 8.06 6.94 5.88 4.51 4.16 0-2 
G116 1.25 5.61 4.45 4.5 1 -0.4 0-2 
G111 1.20 5.61 4.42 4.42 0-2 
C118 1.51 5.23 5.41 4.52 4.39 0-2 
A1 19 1.92 1.54 6.00 4.45 4.31 0-2 
u120 1.41 5.29 5.53 4.01 4.34 4.24 2-3 
U 120T 3.21 13.21 

“Chemical shifts were measured as described under Materials and Methods. Two values for observed shifts are given when the assignment is 
uncertain. Coupling constants are given in Hz. On the basis of the nucleolytic cleavage used to produce helix I, there are terminal phosphates on 
C11 and U120. called “T”. and a 5’-OH Drecedes A108. 

U120. It is interesting that A109, which is opposite C11, has 
a 3’-endo ribose, as does A1 19, even though it is opposite U1, 
which is partially 2’-endo. Table I1 summarizes the ribose 
coupling constants derived from a DQF COSY experiment 
done on a pyrimidine-d5 helix I sample. 

Because there are an appreciable number of Hl’lH2’ cross 
peaks in helix I’s COSY spectra, it made sense to do a RELAY 
COSY experiment to identify the 3’ protons of those sugars. 
The RELAY COSY spectrum obtained was much simpler 
than an ordinary COSY spectrum in the sugar region upfield 
of water, and some additional of H3’ and H4’ assignments 
resulted. 

P Spectroscopy. A phosphorus-proton heteronuclear 
COSY experiment was done on helix I, with the results shown 
in Figure 5 .  31P/H3’ couplings are expected to dominate such 
a spectrum. All the H3’ protons in the molecule have chemical 
shifts between 4.27 and 4.76 ppm, and all but three of its 
phosphorus atoms have chemical shifts between -1 and 0.2 
ppm with respect to 85% phosphoric acid. The three outlying 
phosphorus chemical shifts are quite sensitive to buffer con- 
ditions and have been assigned to C11 and to the phosphates 
3’ to U120 and C11. It is interesting to note that the phos- 
phorus between C8 and G9 also has a slight downfield 
phosphorus chemical shift. By analogy with the work of 
Gorenstein on the NMR of G-T base pairs in a DNA helix, 
it is not implausible that the next most downfield cross peak 
at (4.67,-0.1), which we are unable to assign unambiguously, 
belongs to G112 (Gorenstein et al., 1988, Roongta et al., 1990). 

STRUCTURE DETERMINATION 
Model Building. The conformation of a nucleic acid is 

determined if eight parameters are known for each residue: 
(1) its sugar pucker, (2) its glycosydic bond angle, and (3-8) 
its six phosphodiester backbone angles, a-l. We were able 
to measure eight interproton distances and three dihedral 
angles per residue for most residues in helix 1. Thus the 
number of observations available for model construction was 
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FIGURE 5: Heteronuclear phosphorus-proton COSY spectrum of helix 
I. The phosphorus sweep width was 1600 Hz, the frequency was 202 
MHz, the offset was 8900 Hz, and the 85% phosphoric acid reference 
was set to 0 ppm. For protons, the sweep width was 2000 Hz  and 
the offset was 9800 Hz. Before zero filling, the resolution in t2 was 
1 Hz/point and in t l  was 8 Hz/point. ”C11T” and “U120T” refer 
to the phosphates 3’ to the base indicated. 

approximately equal to the number of structural parameters 
to be determined. 

It would be incorrect to conclude that the data fully de- 
termine the structure, however. The distances measured were 
those between successive imino protons, between aromatic 
protons and Hl’, H2’, and H3’ protons within the same res- 
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idue, and between Hl’, H2’, and H3’ protons in one residue 
and the aromatic protons of neighboring residues on the 3’ side. 
Hl’-H2’ dihedral angle estimates were obtained from the 
corresponding coupling constants, and a and r could be con- 
strained to angles between -100’ and +looo for all residues 
whose phosphorus resonances were clustered in the spectral 
region where gauche-/gauche- phosphodiester phosphorus 
resonances normally appear (Gorenstein, 1984). Thus the data 
overrepresent base-base and ribose-base distances and un- 
derrepresent backbone torsion angles. For that reason, the 
models discussed below should depict the base-stacking ge- 
ometries more accurately than they do backbone structure. 

We began our model building by approximating helix I as 
a regular A-type helix in which unpaired residues were pos- 
itioned as though they continued the helix. This model was 
refined by molecular dynamics using experimental NOE 
distances obtained by ISPA (see Materials and Methods), as 
well as experimental torsion angles. Five separate runs were 
done, and five intermediate molecular models were generated. 
During this phase of the model building, 2’-OH groups were 
prohibited from forming hydrogen bonds, as were some of the 
functional groups of terminal residues. 

There was a tendency of the major groove to collapse during 
the energy minimization phase of the first stage of model 
building, probably due to the failure to take solvent into ac- 
count explicitly. (Calculations were performed in vacuo setting 
the dielectric constant either to 80 or to rij, the interatomic 
distance, and scaling the phosphate charges by 1/3). Major 
groove collapse was prevented by including an ad hoc repulsive 
distance restraint that kept the phosphates of opposite strands 
apart. These constraints were set so that phosphates on dif- 
ferent strands would not come closer together than 5 %L less 
than the corresponding distance in regular A-type RNA, ex- 
cept at the ends of the molecule where phosphates were more 
tightly constrained. None of the final models obtained violated 
these constraints, the contribution of this component of the 
target function to the total model energy was zero. Thus, these 
phosphate restraints appears to have guided the models to the 
region of the potential energy surface that corresponds to 
structures with open major grooves. 

In the first stage of refinement, it was important to eliminate 
data from consideration which were either erroneously eval- 
uated or assigned or strongly affected by spin diffusion. 
Otherwise, severely distorted models resulted. As the calcu- 
lations progressed, back-calculated spectra were compared to 
the experimental data to further eliminate cross peaks whose 
intensities were greatly affected by spin diffusion. In several 
instances, the calculated spectrum indicated that a cross peak 
should exist which the experimental spectra did not support. 
In such cases an “un-NOE” restraint was added to keep the 
protons in question apart. 

In the second stage of the model building, each first stage 
models was subjected to full relaxation matrix refinement using 
the totality of the experimental data available (see Materials 
and Methods). In the first calculations of this kind we did, 
a standard residual factor ( R  factor) was used as the target 
function (see eq 1 with n = 1 and wi = 1 in Materials and 
Methods). The models that resulted fit the strong cross peaks 
quite well but represented the weak ones poorly, an unsur- 
prising result given that cross peaks varied 1000-fold in in- 
tensity. For that reason, we switched to a target function that 
involves differences between the sixth root of intensities, which 
effectively reduced the dynamic range to be considered to less 
than an order of magnitude and led to a more uniform fitting 
of the data (see eq 1 with n = I / , ) .  The five final models, on 
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FIGURE 6: Plot of ‘/,-weighted R factor against sequence position. 
The contribution to the total R factor made by each residue in the 
sequence is plotted by position. Open circles represent bases (-1)-1 1 
and closed circles bases 108-120. 

Table 111: R Factors and Energies” 
Ri /Cwueisht.d Rstandard ENOE (kcall 

A-form helix 0.13 0.57 132 
distance refined from A 0.12 0.56 48 
relaxation refined from A 0.086 0.35 
B-form helix 0.26 1.17 1620 
distance refined from B 0.12 0.58 15 
relaxation refined from B 0.088 0.38 

‘ R  factors, as defined in eq 3 of Materials and Methods, obtained at 
different stages in the model building are summarized. R factors from 
several runs are averaged. A- or B-form helix refers to the energy- 
minimized starting structure, and “distance refined” refers to the 
ISPA-refined intermediate models while “relaxation refined” refers to 
final models produced by the full matrix relaxation refinement. 

which the rest of our analysis depends, were all calculated using 
this “‘/,-weighted” target function, but both standard and 
‘/,-weighted R factors are reported for these models in Table 
111. Figure 6 shows the ‘/,-weighted R factors calculated by 
base. The largest values are at the ends, where the confor- 
mation may be poorly determined and where the molecule may 
be flexible, and at bases where cross peak overlap made peak 
integration difficult namely C3, C4, C113, and C114. The 
scale factor KR given to the NMR data in the second stage 
of refinement was adjusted empirically so that the final model 
fit the data without distortion of the covalent bonds. The 
average of the RMS deviations from ideal values for bond 
lengths was 0.01 1 A, for bond angles 3.4’, and 0.31’ for base 
planarity. 

In Figure 7 we present a series of scatterplots that compare 
the back-calculated intensities with observed intensities. All 
of the intensities have been normalized by 1/Z-(’l6) to make 
them roughly equal to the interproton distances to which they 
correspond. The deviation is the difference between calculated 
and observed -distances” and is plotted against the observed 
“distance” derived from the NOE peak intensities. If the 
model fit the data perfectly, all points would lie on the line 
x = 0. The experimental data were compared to two possible 
starting structures, the ideal A- and B-form helices. It is clear 
from Figure 7 that helix I is much closer to an A-form helix 
and that refinement decreased the deviations between exper- 
imental and back-calculated data significantly. The final 
‘/,-weighted R factor is 8.6%. It will be noted that a dis- 
proportionate fraction of the large distance points have negative 
deviations. This may reflect difficulties in integrating small 
NOE cross peaks, or it could be due to non-NOE losses of 
magnetization. 
As a further test of this model building method, a calculation 

was started from the ideal B-form geometry. The model that 
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FIGURE 7: Observed interproton 'distance" versus "distance deviation" for four different models of helix I. Distance have been calculated 
from cross peak intensities using 6.32/(1'16) and correspond roughly to actual interproton distances in angstroms where Z is an NOE cross 
peak intensity. 'Deviations" are calculated as model distances minus observed distance, and all four mixing times are included. (A) B-form 
helix; (B) A-form helix; (C) intermediate model after ISPA refinement; and (D) final model after full matrix relaxation. 
resulted resembles those obtained by starting from ideal A- 
form helix, but its energy is slightly higher. For reasons we 
don't understand, even prolonged ISPA calculations produced 
a helix I-like intermediate model that is still slightly higher 
in energy than expected. When this intermediate model was 
subjected to full matrix refinement, again the energy was 
slightly higher although the model that resulted was very 
similar to those obtained starting from the A-form helix. At 
each stage, the R factors for the B-helix calculations are larger 
than those for models which originated from A-form helix. 
They are summarized in Table 111. 

Structural Conclusions. By all measures, helix I is un- 
questionably an A-form helix. In Figure 4 the conventional 
"NOE walk" for each strand is traced from one end to the 
other including the unpaired terminal bases and the G U  pair. 
The connectivity pattern is exactly what is expected for an 
A-form helix where the sequential aromatic to HI' cross peaks 
are much smaller than the corresponding interbase cross peaks. 
Similar connectivity pathways can be traced for both the H2' 
and H3' protons (data not shown). None of the chemical shifts 
of the nonexchangeable protons in Table I1 falls outside of the 
range typical for each proton type (Table 11). There is very 
little chemical shift dispersion in the phosphorus spectrum with 
the exception of the terminal residues, as shown in Figure 5 .  
Thus, all of the nonterminal phosphorus atoms are in similar 
environments. Furthermore, the scatterplots confirm that helix 
I is more like A- than B-type helix. 

Figure 8 shows a stereoview of a superposition of five final 
structures oriented so that the G-U is near the bottom front. 
These structures superimpose well through their central regions 
and diverge near their ends. In addition, the central bases have 
conformations quite close to the ones they had in the starting 

model. The pairwise RMS differences between models is 
slightly over 1 A overall but is twice that for the terminal bases. 
It can be seen that the width of the major groove depends 
critically on the positions of the terminal bases' backbone. In 
order to determine the conformation here with more confi- 
dence, we would have to be able to measure more backbone 
torsion angles than we did and to include both water and more 
realistic electrostatic potentials in our calculations. 

The G U  base pair is accommodated in the helix I in a way 
that accentuates stacking between purines as Figure 9 illus- 
trates. In all of our models, G9 and G112 form an intrastrand 
stack and G9-Ulll stacks neatly on G10-C110, while 
stacking between C8 and G9 is nonexistent. This pattern of 
cross-chain purine stacking is seen to a much lesser extent at 
the U5-U6 step, the only other 5' pyrimidine/3' purine step 
in helix I, where the six-membered rings of A1 15 and G6 just 
barely overlap. Imino NOES were seen between neighboring 
imino protons in helix I in all cases except between G112 and 
G9 or U111. That failure is due to the translation of G9 
toward G112. That the distance between C8 and G9 is indeed 
larger than average is supported by the observation that the 
sequential C8H1'49H8 and CSH3'-G9H8 cross peaks are 
very small. U1 1 1 and C8 both protrude toward the helical 
axis into the major groove. 

Analysis of the helical parameters using CURVES (Lavery 
& Sklenar, 1988) indicates that in many respects the final 
model resembles the initial A-form model following energy 
minimization, but trends seen at the G-U base pair in the 
starting model are accentuated in the final models. Com- 
parison of the helical twist values for the initial and final 
models shows a low twist angle for the G112-U111/C849 
step. The low twist at the G9-Ul11 base pair is deceptive, 
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FIGURE 8: Stereopairs of five final structures derived from separate ISPA-refined models. The non-hydrogen atoms of the central base pairs, 
C3/G117-C8/G112, were superimposed using INSIGHT (BioSym Technologies, Inc.). 

Table IV: Helical Parameters for the Starting Model and the Final Models at G9-U1lla 
twist (deg) a (deg) f (deg) X displacement (A) 

helix I initial helix I initial helix I initial helix I initial 

C8 -2.4 -2.6 
P 26 22 -72 -70 -77 -7 1 
G9 -3.2 -4.0 
P 41 42 -60 -13 -57 -64 
G10 -1.8 -2.6 

CllO -2.1 -2.2 
P 42 50 -89 -76 -68 -61 
Ulll -1.1 -1.6 
P 22 23 -70 -74 -88 -63 
G112 -3.3 -3.2 

average 35 33 -72 -73 -12 -64 -3.4 -3.1 
“‘Helix I” refers to the final, full relaxation matrix refined model while ‘initial” refers to the energy-minimized A-form starting model. Twist, (Y, 

f, and X disp are defined in Lavery and Sklenar (1988). The helical parameters for all bases except 108 were averaged to obtain “average” values. 

however. C8 and G9 are definitely unstacked and appear to 
be overwound, but the large separation between these two bases 
is due to translation, not twist. The displacement of each base 
parallel to the base pair axis away from the helix axis is called 
X displacement and is summarized in Table IV. Again, the 
final structures follow the pattern of the initial starting 
structure. C8 is displaced slightly into the major groove as 
observed in model building, while G112 is pushed slightly 
toward the exterior and U111 is more than 2 8, closer to the 
center of the helix. Table IV also shows that our average final 
model’s backbone torsional angles follow the trend of the 
starting model but that angle {is exaggerated at bases at the 
C8-G112/G9-U111 step and is smaller than average at G9 
and GI  12. This pattern of compensating changes, such as 
small twist preceded by a large one, is often seen in nucleic 
acids. While it was not possible to assign all of the phosphorus 
resonances, larger {angles seem to correlate with the downfield 
phosphorus chemical shifts in the same fashion as in DNA 
oligomers. In summary, the stacking pattern of the bases in 
the G U  pair is governed by the wobble geometry, but in helix 

I the values of the twist, displacement from the axis, and 
torsional angle { are more extreme than the corresponding 
values in the starting model. 

Not surprisingly, the structures of the unpaired ends of helix 
I are not well determined. The fact that we see some C2’-endo 
character in terminal residues is probably indicative of a dy- 
namic equilibrium between a C2’- and C3‘-endo sugar pucker. 
The coupling constants of 2-4 Hz mean that 20-40% of the 
time the riboses of the termini are in the C2’-endo confor- 
mation (Altona & Sundaralingam, 1973). The R factor for 
bases U l  and U(-I) is also larger than average. Thus, a 
detailed structural analysis of the unpaired terminal bases 
would not be justified. It should be noted, however, that many 
of our final models suggest that bases C11, A109, and A108 
can form an interdigitated structure where C11 hydrogen- 
bonds weakly to both A109 and A108. This “staggered” 
structure leads to a more extended helix, and relatively small 
changes in the conformations of the terminal bases such as 
these.produce marked alterations in the shape of the major 
and minor grooves. 
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molecular structures, it is not an accurate method for deter- 
mining the conformation of long linear molecules such as this 
one (van de Ven & Hilbers, 1988). However, the geometries 
between neighboring bases can be determined with some 
confidence by this means, and local departures from regular 
helical geometry can be detected, as we have shown. 
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A Fully Active Variant of Dihydrofolate Reductase with a Circularly Permuted 
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ABSTRACT: The amino acid sequence of mouse dihydrofolate reductase was permuted circularly at the level 
of the gene. By transposing the 3’-terminal half of the coding sequence to its 5’ terminus, the naturally 
adjacent amino and carboxyl termini of the native protein were fused, and one of the flexible peptide loops 
at the protein surface was cleaved. The steady-state kinetic constants, the dissociation constants of folate 
analogues, and the degree of activation by both mercurials and salt as well as the resistance toward digestion 
by trypsin were almost indistinguishable from those of a recombinant wild-type protein. Judged by these 
criteria, the circularly permuted variant has the same active site and overall structure as the wild-type enzyme. 
The only significant difference was the lower stability toward guanidinium chloride and the lower solubility 
of the circularly permuted variant. This behavior may be due to moving a mononucleotide binding fold 
from the interior of the sequence to the carboxyl terminus. Thus, dihydrofolate reductase requires neither 
the natural termini nor the cleaved loop for stability, for the conformational changes that accompany catalysis 
as well as the binding of inhibitors, and for the folding process. 

x e  specific exchange of single amino acid residues by re- 
combinant DNA technology is a powerful approach to identify 
residues that are crucial for the folding mechanism and sta- 
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bility of proteins (Matthews, 1991a,b). Circular permutation 
of the protein sequence is a more radical approach (Goldenberg 
& Creighton, 1983). It consists of connecting the natural 
amino and carboxyl termini covalently with a new peptide 
linker and cleaving the circular molecule at one of the surface 
loops to generate new termini. A given sequence can be 
permuted without compromising the interaction between 
secondary structural elements in the protein core in as many 
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