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ABSTRACT: Three R N A  undecamers, 5’AUAC\k\kACCUG (\k = pseudouridine), ”AUACUUACCUG, 
and their complementary 1 1-mer 5’CAGGUAAGUAU, have been chemically synthesized by phosphite triester 
chemistry on a controlled-pore glass (CPG) support. The two duplexes formed with these molecules, 
5’AUAC\k\kACCUG/5’CAGGUAAGUAU and 5‘AUACUUACCUG/5’CAGGUAAGUAU, represent the 
5’ end of human UI snRNA paired to the mRNA consensus 5’ splice site. In one undecamer, pseudouridines 
are incorporated at  those positions corresponding to the native in vivo U1 snRNA, while the other (control) 
undecamer contains only uridine. Surprisingly, the N M R  data show that the extra imino proton of the 
pseudouridines, which is found in the major groove and is presumably not hydrogen bonded, is clearly visible 
in the imino proton N M R  spectrum a t  p H  6 .  This result suggests that the structure of the R N A  restricts 
access of solvent to the major groove, slowing the exchange of the pseudouridine N H 1  imino proton. A 
comparison of the thermodynamic properties of the two duplexes show that the free energy of duplex formation 
is unchanged by the substitution of pseudouridine for uridine. 

M o s t  RNA molecules contain modified nucleotide residues 
at specific locations within a given sequence. The functional 

and/or structural importance of these modifications is not well 
understood. 

Pseudouridine (\k) is a regioisomer of uridine in which the 
heterocyclic base uracil is bound to the ribose sugar through 

normal N1 nitrogen (Figure 1). With the formation of a 
C-nucleotide in place of the more common N-nucleotide, two 
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pressure set a t  4.2 bar. After deprotection (tetrabutyl- 
ammonium fluoride, 16 h, ambient temperature) of the as- 
sembled oligonucleotides (Usman et al., 1987), the products 
were purified by FPLC on a 1 .O X 10 cm MonoQ column at  
a flow rate of 4 mL/min in 5 mM sodium cacodylate, pH 6.0, 
and with a gradient of sodium chloride (0-0.33 M in 25 mL 
followed by 0.33-0.48 M in 90 mL). The undecamers typically 
eluted in the range of 67-74 mL. After isolation and desalting 
(Sephadex G-lo), the products were analyzed by HPLC on 
a 0.46 X 25 cm column of ODS-Hypersil at a flow rate of 1.5 
mL/min in 20 mM sodium phosphate, pH 5.5, with a linear 
gradient of methanol (0-70% in 60 min). If necessary, a 
second purification was undertaken by HPLC on a 0.94 X 25 
cm column of ODS-Hypersil and with the gradient described 
above. 

Nucleotide (or nucleoside) composition was determined after 
S1 nuclease (or S1 nuclease and bacterial alkaline phospha- 
tase) hydrolysis. A 10-pL reaction mixture containing 1 A260 
unit of undecamer in 200 mM NaC1/5 mM MgCI2/0.1 mM 
ZnS04/25 mM sodium acetate, pH 5.5, was incubated for 5 
min at room temperature with 267 units of S1 nuclease. A 
3-pL aliquot was analyzed by HPLC, with a 60-min 0-35% 
methanol gradient. For nucleoside analysis, 5 pL of 0.1 M 
Tris-HC1, pH 8.0, and 1 unit of bacterial alkaline phosphatase 
were added to the remaining 7 pL of digested undecamer. 
Following incubation for 60 min at ambient temperature, a 
5-pL aliquot was analyzed by HPLC on a 60-min 0-7096 
methanol gradient. 

Melting Curves. Extinction coefficients for each strand were 
calculated with the nearest-neighbor approximation (Richards, 
1975). Values at 260 nm (X10-4 cm-’ M-I) are 112 for 
AUACUUACCUG and AUACWPACCUG and 116 for 
CAGGUAAGUAU. In the absence of data for pseudouridine, 
the corresponding values for uridine were used in these cal- 
culations. The extinction coefficient of free uridine at 260 nm, 
pH 7, is 10.1 (X10-4 cm-’ M-I), and that of pseudouridine is 
8.1 (Shapiro & Chambers, 1961; Chambers, 1966), so there 
will be some error introduced by this method. Strand con- 
centrations were determined from the absorbance measured 
at 90 “C. 

Melting curves of absorbance vs temperature were recorded 
on the Gilford 250 system in the laboratory of Prof. D. Turner 
(Department of Chemistry, University of Rochester) as de- 
scribed previously (Freier et al., 1983). Each single strand 
was measured separately at  two concentrations; the melting 
temperatures were obtained for nine concentrations of pseu- 
douridine duplexes and for six concentrations of uridine du- 
plexes, spanning a 100-fold concentration range (1 X to 
1 X M strands). The buffer used was 1.0 M NaC1, IO 
mM sodium cacodylate, and 0.5 mM EDTA, pH 7. Heating 
rate for the melting experiments was 1 OC/min. 

Data were analyzed as described previously (Petersheim & 
Turner, 1983; Freier et al., 1983). Two methods were used 
to calculate thermodynamic parameters of helix formation: 
data were plotted as log C, vs l / T M  to give enthalpy ( A H )  
and entropy (AS); each melting curve was fit to a two-state 
model to give enthalpy and entropy values which were then 
averaged. 

N M R .  Each single strand was dissolved in 0.1 M NaC1. 
The oligonucleotide concentrations were determined from the 
absorbance at  260 nm of 1/2000 dilutions at 30 OC, and the 
strands were then mixed proportionately to make the duplexes. 
The addition of 1 M sodium cacodylate, pH 6, 0.1 M NaCI, 
and D 2 0  gave final concentrations of 10 mM sodium caco- 
dylate, 0.1 M NaCI, 10% D20,  and 2 mM duplex in a total 
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FIGURE 1: Structure of uridine and pseudouridine. 

imino hydrogens rather than one are present in pseudouridine. 
I n  double-stranded RNA, the N3-imino hydrogen can be 
expected to form a Watson-Crick hydrogen bond with adenine. 
The extra N-H functionality, located in the major groove of 
the duplex, may influence RNA structure by providing an 
additional or alternate hydrogen-bonding site, or possibly by 
providing a contact to stabilize protein-RNA complexes. 
Pseudouridine is commonly found in the sequence of tRNAs 
(Sprinzl et al., 1989) as well as that of the small nuclear RNAs 
(snRNAs). It is present in both single- and double-stranded 
regions. 

I n  human UI snRNA, two pseudouridine residues are 
present in the 5’ end of human U1 snRNA (Reddy, 1989). 
I n  the proposed structure of U1 snRNA, the 5’-terminal 12 
nucleotide residues including the cap structure and the two 
pseudouridines are apparently single stranded (Krol et al., 
1990) and thus available to pair with the mRNA 5’ splice site 
(Zhuang & Weiner, 1986; Seraphin et al., 1988; Siliciano & 
Guthrie, 1988), contributing to splice site recognition. Many 
species, from human to Drosophila, include these two pseu- 
douridines at this position in their U1 snRNA (Reddy, 1989), 
which suggests that pseudouridine may have an important 
structural/functionaI role. In addition to pseudouridines, the 
5’ end of native human U1 snRNA contains a trimethyl- 
guanosine cap, as well as 2’-O-methyluridine and 2’-0- 
methyladenosine residues. 

I n  this work, two undecamers corresponding to the 5’-ter- 
minal single-stranded human UI snRNA sequence (excluding 
the cap structure) were chemically synthesized: the “native” 
sequence contains two pseudouridines at positions 5 and 6 
(s’AI UACWPACCUG, I )  while the “control” sequence 
(s’AUACUUACCUG) contains uridines. The complementary 
undecamer (s‘C,2AGGUAAGUAU22) was designed to contain 
the consensus mRNA 5’ splice site (Mount, 1982). The two 
duplexes formed from these undecamers allow a comparative 
study of the structural and thermodynamic properties of 
pseudouridine in double-stranded RNA and possibly some 
insight into metazoan splice site recognition. 

MATERIALS A N D  METHODS 
Materials. The individual nucleoside phosphoramidites were 

purchased from Milligen-Biosearch (Burlington, MA), and 
the controlled-pore glass support was from Peninsula Labo- 
ratories, Inc. (Belmont, CA). Pseudouridine in the protected 
phosphoramidite form was synthesized according to the pro- 
cedures of Ogilvie (Hakimelahi et al., 1982) and Narang 
(Sung & Narang, 1982) and will be described elsewhere. 

Oligonucleotide Synthesis. 5’AUACUUACCUG, 
5’AUAC\k\kACCUG, and ’CAGGUAAGUAU were chem- 
ically synthesized on controlled-pore glass supports by phos- 
phite triester chemistry (Usman et ai., 1987). The synthesis 
employed IO pmol of bound nucleoside in a glass column. 
Solvents and reagents were delivered to the column by use of 
an Applied Biosystems 380A DNA synthesizer with the argon 
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of 350 pL. Before spectra were recorded, the samples were 
heated to 65 “C  and cooled slowly. 

Imino proton NMR spectra were recorded by use of a 214 
pulse for water suppression (Redfield et al., 1975) with the 
carrier centered in the imino proton region. The spectral width 
was 8 kHz, and the recovery time was 600 ms. NOE dif- 
ference spectra were recorded in the interleaved mode with 
the off-resonance spectrum. Spectra were recorded on the 
500-MHz spectrometer in Prof. A. G. Redfield’s laboratory 
a t  Brandeis University. 

RESULTS 
Oligonucleotide Synthesis. The three R N A  undecamers 

were prepared by solid-phase phosphite triester synthesis on 
a controlled-pore glass support. Phosphoramidite building 
blocks which contained a 2’-0(tert-butyldimethylsilyl) residue, 
P-cyanoethoxy phosphorus, and isobutyryl (G) or benzoyl (A, 
C)  base protecting groups were used essentially as described 
by Usman et al. (1987). Incorporation of the pseudouridine 
phosphoramidite into the growing oligonucleotide chain oc- 
curred with yields comparable to those obtained with the 
“normal” monomers. From an initial I O  pmol of 3’-bound 
nucleoside, we were able to purify approximately 10-1 2 mg 
(200-240 units) of each strand. Purification proceeded 
primarily by anion-exchange chromatography, but a second 
isolation using reversed-phase chromatography was required 
in some cases. 

Nuclease digestion using SI nuclease confirmed the fidelity 
of the 3’-5’ phosphodiester linkages (Figure 2a). The re- 
giochemistry a t  the phosphodiester linkage is a necessary 
concern since the preparation of the nucleoside building blocks 
requires the separation of the 2’-silyl and 3’-silyl derivatives 
(Ogilvie et al., 1979). If some contamination by the 3’-silyl 
derivatives remains after this step, 2’-5’ phosphodiester link- 
ages will be formed in place of the normal 3’-5’ linkages. The 
2’-5’ phosphodiesters are not substrates for S1 nuclease; thus, 
the presence of such linkages would result in incomplete di- 
gestion of the fragments with residual nucleoside 2’-5’ dimers 
present. The digestion products were resolved by HPLC, and 
even with extreme overloading of the HPLC column, no ev- 
idence of such dimers was found. Digestion by S1 nuclease 
produced 5’-nucleotide monophosphates with the exception of 
the 5’-terminal residue which eluted as a nucleoside (Figure 
2a). 

Nucleotide/nucleoside composition for the unmodified se- 
quences was determined by analysis of the products of the SI 
nuclease experiments (Figure 2a). However, pseudouridine 
5’-monophosphate could not be effectively resolved from cy- 
tidine 5’-monophosphate under the described conditions. In 
this case, SI nuclease and bacterial alkaline phosphatase were 
used to digest the @-containing fragment to nucleosides. 
HPLC analysis was then used to confirm the presence of two 
\k residues (Figure 2b). 

It has been reported (Cohn, 1960; Chambers et al., 1963) 
that upon trcatment of pseudouridine with 1 N HCI a t  100 
“C for several hours or under strong alkaline conditions some 
isomerization of the carbohydrate residue occurred to produce 
\kB, qAF, and qAs isomers, which are distinguished chroma- 
tographically. Prior to the synthesis of the pseudouridine- 
containing undecamer, we treated the free nucleoside with 
concentrated ammonia at 50 “C for 18 h. HPLC analysis of 
this mixture indicated that only the @-anomer was present and 
no isomerization had occurred (data not shown). In the present 
oligonucleotide synthesis, each elongation cycle during as- 
sembly of the RNA molecule begins with treatment by acid, 
but under milder conditions (trichloroacetic acid for 2 min a t  
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FIGURE 2: (a) Reversed-phase HPLC analysis of the products resulting 
from S1 nuclease digestion of the undecamer s’AUACUUACCUG 
under the following chromatographic conditions: 0.46 X 25 cm 
ODS-Hypersil column; flow rate 1.5 mL/min; 20 mM KH2P04, pH 
5.5;  60-min 0-35% methanol gradient. Inset: analysis of the intact 
undecamer by reversed-phase chromatography under the above 
conditions with a gradient of 0-70% methanol in 60 min. (b) Re- 
versed-phase HPLC analysis of the products resulting from S1 nuclease 
and bacterial alkaline phosphatase digestion of the undecamer 
5’AUAC\kqACCUG. Conditions as above with a 30-min 0-35% 
methanol gradient. 

ambient temperature). Under these conditions, and after 6-h 
incubation in ammonia, we were unable to detect any pseu- 
douridine isomer in the nucleoside analysis of the product 
(Figure 2b) other than the natural 5’-P-~-ribofuranosyluracil. 

Thermodynamic Parameters. Plots of log (concentration) 
vs the reciprocal melting temperatures (1 / T M )  of the two 
duplexes are shown in Figure 3. The calculated entropy (AS) 
and enthalpy (AH) from the plots of Figure 3 are given in 
Table I .  Also given in Table I are those values derived from 
fitting the melting curves to the two-state approximation. The 
values from the two methods agree within experimental error, 
as would be expected if the duplexes underwent a two-state 
helix-coil transition. Table I includes the calculated values 
of enthalpy and entropy from the nearest-neighbor model 
(Borer et al., 1974) and the values from Freier et al. (1986) 
and Turner et al. (1988). 
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Table I:  Temperature-Independent Thermodynamic Parameters' 
av from fitsb 1 / TM vs log CTb calcdc , ... - .  

duplex -AHo -ASo TMd -AHo -Aso TMd -AHo -Aso T M d  

96.5 264 64.1 95.3 26 1 64.7 AUACUUACCUG 
UAUGAAUGGAC 

AUACWPACCUG 
UAUGAAUGGAC 

86.8 238 61 
92.5 250 61.3 94.3 256 61.2 

Buffer conditions: I M NaCI, 10 mM sodium cacodylate, 0.5 mM EDTA, and pH 7. AHo is in units of kcal/mol, Aso in eu, and TM in OC. 
Errors in Aso and AHo are 35%. bMethods as described in Petersheim and Turner (1983) and Freier et a]. (1983). For noncomplementary strands, 
the calculations are for C1/4. 'Calculated as per Turner et al. (1988). dCalculated for 1 X IO4 M strands. 

3.04 - 
3.02 - 
3.00 - 

2.98 - 

2.96 - 

2 . 9 4 1  2.92 

2.90 -I I 
- 6 . 5  - 5 . 5  - 4 . 5  - 3 . 5  

Log(concentration) 
FIGURE 3: Reciprocal melting temperature vs log (concentration) for 
the two duplexes. Open squares, U duplex; solid squares, Q duplex. 

3 
7 

I I I f  I 

14 13 I 2  I1 PPm 

F I G U R E  4: Imino proton spectra of Q duplex (top) and U duplex 
(bottom) at  25 OC. Assignments are indicated, following the num- 
bering of the U strand: AIUIA,C,U(\k),U(Q),A,C~C~Ul~Gll. The 
signal at 1 1.6 ppm is a machine artifact a t  the carrier. Chemical shifts 
are relative to water a t  4.8 ppm. 

Imino Proton Spectra. Imino proton NMR spectra of the 
two duplexes at  25 OC are shown in Figure 4. While there 
are potentially 1 1  base pairs formed in the duplex, only 10 
imino protons are found in the region between 14.5 and 12.0 
ppm. I n  the spectrum of the pseudouridine duplex, there are 
two additional imino protons, a t  10.92 and 10.65 ppm. 

The imino proton spectra of the uridine duplex are shown 
as a function of temperature in Figure 5. Six resonances 
remain at 55 OC, which disappear together at 65 O C  (data not 
shown). Figure 6 shows analogous data for the pseudouridine 
duplex. Again, all resonances disappear a t  65 "C. 

Imino Proton Assignments. The AU base pairs were as- 
signed by use of the strong intrabase NOE from the imino 
proton to the adenosine H2 resonance. Counting the number 
of AU base pairs identified shows that the missing resonance 
is from an A U  base pair, assigned to AlU22. 

A 

I I I 
14 13 ppm 12 

FIGURE 5: Temperature dependence of the imino proton spectrum 
of the U-containing duplex. 

I I I 

14 13 12 

F I G U R E  6: Temperature dependence of the imino proton spectrum 
of the *-containing duplex. The signal a t  1 I .6 ppm is a machine 
artifact a t  the carrier. 

Using inter-base-pair NOES between imino protons, as- 
signments were made for the individual resonances, and these 
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ppm upfield shift of the C4GI9 imino proton in the pseudo- 
uridine duplex suggests that there is additional shielding from 
adjacent ring systems, due to more overlap in the stacking, 
to ring current effects, or to both effects. Only this GC and 
the two A\k pairs show significantly different imino proton 
chemical shifts in the two duplexes, indicating that any con- 
formational change is local. More detailed NMR information, 
using the nonexchangeable protons, will provide information 
about possible structural alteration of the duplex as a result 
of the pseudouridine residues. 

Extra Imino Protons. Imino protons are exchangeable and 
therefore are observed most often in NMR (H,O) spectra only 
when they are hydrogen bonded or protected from solvent. An 
upfield chemical shift of an imino proton, when the resonances 
are found between 10 and 11.5 ppm, is a signature of a non- 
hydrogen-bonded proton (Haasnoot et al., 1980, 1983). Such 
protons from both RNA and DNA are usually found in loops 
(Haasnoot et al., 1983, 1986; Ikuta et al., 1986; Puglisi et al., 
1990) or in bulges (Varani et al., 1989) where the structure 
impedes solvent accessibility. However, one of the hydro- 
gen-bonded imino protons of GU pairs is also found between 
10 and 11.5 ppm (Johnston & Redfield, 1978, 1981). Thus, 
chemical shift alone is insufficient to determine the hydro- 
gen-bonding state of an imino proton. 

Resonances from the pseudouridine N 1 imino protons are 
observed in the NMR spectrum of exchangeable protons. This 
imino proton resonance was observed previously in the NMR 
spectrum of the yeast tRNAPhe anticodon stem and loop (Clore 
et al., 1984) where the A\k base pair is contiguous to the loop. 
Both the crystal structure of yeast tRNAPhe (Holbrook et al., 
1978) and that NMR study of the anticodon stem/loop showed 
that this loop is highly structured and therefore could protect 
the adjacent pseudouridine proton from solvent. 

Our results indicate that the formation of the A-form duplex 
impedes exchange of the pseudouridine N1 imino proton. The 
N1 imino proton of pseudouridine is found in the major groove 
of the RNA duplex. Its stability could be due to hydrogen 
bonding (possibly to a phosphate oxygen) or to protection from 
exchange by the major groove structure. Alternatively, its 
stability could reflect the intrinsic exchange property of this 
proton (Fritzsche et al., 1981: McConnell & Seawall, 1972), 
although preliminary data suggest that, under the solution 
conditions of these experiments, the exchange rate of this 
proton in the pseudouridine nucleoside is too fast to measure 
(data not shown). Pochon et al. (1964) reported that the pK 
of the N1 proton of pseudouridine was identical in the mo- 
nomer and in poly('@) (pK = 9.7). The pH dependence of the 
properties of these NH1 resonances will provide additional data 
on the cause of their stability. 

The thermal stability of the N1 imino proton resonances 
is surprising and may provide a clue to the source of its ex- 
change properties. As shown in Figure 5, the temperature 
dependence of the intensity of these proton resonances follows 
that of the base-paired imino protons and is thus similar to 
the behavior of thymidine loop protons in DNA (Haasnoot 
et al., 1983). In the experiments of Haasnoot et al., the loss 
of peak intensity from those non-hydrogen-bonded thymidine 
NH3 loop protons is correlated to the disruption of the 
structure of both the loop and the duplex, such that the imino 
protons become accessible to the bulk water and thereby in- 
crease their exchange rate. In our pseudouridine experiments, 
the loss of NH1 proton resonance intensity follows that of the 
hydrogen-bonded NH3 protons. Normally, exchange of the 
N H 3  protons increases as the duplex dissociates or the base 
pairs fray and is manifested by the temperature-dependent 

Table 11: Imino Proton Assimments' 
~ ~~~~ 

base pair U duplex (ppm)b 0 duplex (ppm)b difference 
not found 

13.57 
13.45 
13.09 
14.06 
13.45 
13.45 
13.14 
12.96 
13.77 
12.47 

13.61 
13.44 
12.8 1 
13.9 
13.32 
13.45 
13.22 
12.98 
13.8 
12.45 
10.64 
10.93 

0 
0 
0.28 
0.16 
0.13 
0 

-0.08 
0 
0 
0 

Measured at 25 OC in 0.1 M NaCI-IO mM sodium cacodylate, pH 
6. *Errors in chemical shifts are h0.04 m m .  

14 13 12 I 1  IO 9 8 7 PPM 6 
FIGURE 7: NOE data from the extra pseudouridine imino protons. 
Irradiation time was 8 0  ms and recovery time 400 ms, at 20 O C .  The 
strong NOES to the aromatic region, at 7.55 ppm (top) and 7.45 ppm 
(bottom), idcntify the adjacent CH6 protons. 

are given in Table 11. No NOES were observed to or from 
the resonance at  12.45 ppm, leading to its assignment as the 
terminal GC pair. The broad line width of this resonance 
suggests that the base pair is fraying. 

The two additional imino protons in the spectrum of the 
pseudouridine duplex show NOES to each other as well as to 
resonances in the aromatic region. These data are shown in 
Figure 7. Those imino resonances are thus assigned to the 
N 1 H imino proton and the corresponding aromatic resonances 
to the adjacent CH6 proton on each pseudouridine base. The 
imino to imino NOE is analogous to the NOE from adjacent 
pyrimidine HS/pyrimidine H5 nonexchangeable protons seen 
in A-form structures where these protons are 3.7 8, apart 
(compared to 4.7 8, apart in B-form) (Wuthrich, 1986). 

DISCUSSION 

These experiments have provided new information on the 
nucleic acid physical chemistry of pseudouridine incorporation 
into RNA helices as well as some insight into the interaction 
between the 5' end of UI snRNA and the mRNA 5' splice 
site. 

Pseudouridine and Duplex Structure. The NMR imino 
proton spectrum of the pseudouridine duplex is much more 
disperse than that of the uridine duplex. Table I1 gives the 
chemical shift difference between analogous imino protons in 
the two duplexes. The largest difference is seen not in the A* 
vs AU pairs but in C4GI9 on the 5'side of \k5AI8. The 0.28 
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Table I l l :  Free Energv of Dudex Formation” 
av from fits* 1 / TM vs log C,b 

duplex -AGO,n -AGO w -AGO,, -AGO 50 -AGO,, -AGO,, calcd 

I I  AUACUUACCUG 
UAUGAAUGGAC 14.4 17.6 11 14.4 17.5 

12.9 

11.5 14.8 17.8 11.6 14.9 18 
AUACQQACCUG 
UAUGAAUGGAC 

“Buffer conditions: I M NaCI, 10 mM sodium cacodylate, 0.5 mM EDTA, and pH 7. bValues for AGO are in kcal/mol. Errors are * 5 % .  
CCalculated as per Turner et al. (1988). 

disappearance of the imino proton resonances. The pseudo- 
uridine N H  1 proton resonances disappear at the same tem- 
perature as hydrogen-bonded imino proton resonances from 
the core hexamer, suggesting that only by disruption of the 
duplex is solvent water accessible to the NHI  protons in the 
major groove. However, the line widths of the N H I  imino 
protons do broaden more rapidly than those of the base-paired 
protons, especially above 40 “ C  when only the six core base 
pairs are present, suggesting that the N H l  protons can be more 
readily exchanged than corresponding Watson-Crick hydro- 
gen-bonded protons. 

An exchangeable imino proton in the major groove provides 
a unique NMR probe of the environment and dynamics of the 
A-form helix. It can potentially provide details of base-pair 
opening, as well as report conformational changes that result 
from ligand binding or protein interactions. 

Thermodynamics of Pseudouridine Incorporation. The data 
of Table I are used to calculate the free energy of duplex 
formation for the two duplexes. The AG values determined 
from the different methods are given in Table 111 and are 
compared to the value from the nearest-neighbor model. 
Clearly, the presence of pseudouridine does not alter helix 
structure enough to change the free energy of the duplex. 

One hypothesis to explain the presence of pseudouridine in 
U 1 snRNA is that the modified base stabilized the U1 /mRNA 
duplex. Previous experiments (Pochon et al., 1964) had shown 
that poly(A)/poly(\k) duplexes had higher melting tempera- 
tures than poly(A)/poly(U) duplexes. Any stabilization would 
be especially important when the U1 /mRNA duplex included 
unpaired bases, as would be the case for many in vivo splice 
sites (Mount, 1982). The results observed here, where pseu- 
douridine duplexes show only a 2 OC increase in the T,, 
indicate that such stabilization cannot be expected; thus, an- 
other function for this base must be sought. It is still possible 
that, in the case where the pseudouridines are adjacent to an 
unpaired nucleotide, they could provide some stabilization 
through stacking interactions or hydrogen bonding. 

The temperature dependence of the NMR imino proton 
spectrum identifies a core of six base pairs that is more stable 
than the flanking sequences. This core sequence, whether 
5’CUUACC/5’GGUAAG or 5’C\k\kACC/5’GGUAAG, ap- 
pears to melt cooperatively at 65 OC. In vivo, this core duplex 
would contain the paired mRNA 5’ splice site, G14G,5U,6, 
(Zhuang and Weiner, 1986) in which the GU dimer sequence 
of the intron is absolutely conserved (Mount, 1982). 

SUMMARY 
We have shown that the additional imino proton of pseu- 

douridine, because it is exchangeable, is a new NMR probe 
of the major groove of RNA. It can be used both for distance 
measurements and for potential observation of both base-pair 
opening and the solution environment of the A-form major 
groove. On the basis of preliminary spectral data, pseudo- 
uridine does not appear to be an isomorphic replacement for 
uridine, but the extent of the difference cannot yet be deter- 

mined. Incorporation of pseudouridine into an RNA duplex 
neither destabilizes nor stabilizes formation of the double 
strand. The intron/exon junction is found in a stable hexamer 
core of the both U and \k duplexes. 
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Requirement for the P,y-Pyrophosphate Bond of ATP in a Stage between 
Transcription Initiation and Elongation by Escherichia coli RNA Polymeraset 
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ABSTRACT: A linear fragment of DNA was fixed to acrylamide or agarose beads by its ends. When a fragment 
containing the X PR promoter is immobilized and transcribed, the R N A  products are unchanged from those 
obtained on the unfixed DNA. Transcription from the immobilized fragment can be interrupted by diluting 
the reaction mixture into a large volume of the same buffer. Brief centrifugation allows isolation of the 
transcription complex with the immobilized DNA. If interruption occurs during elongation, the elongation 
can be resumed upon a second addition of substrates. If ATP is replaced by a P,y-unhydrolyzable analogue 
in the second addition, the elongated products are similar to those obtained when the substrate contain ATP. 
When ATP is replaced by the analogue a t  the initiation step, however, the yield of elongated products is 
decreased to less than one-sixth and that of short abortive products is increased. Thus the ATP analogues 
are good substrates once elongation has been established in the presence of ATP, but not good enough to 
get past a stage just after initiation in the absence of ATP. We  conclude that the P,y-pyrophosphate bond 
of ATP is important for preparation of efficient elongation. 

Tanscr ipt ion of genes is mediated by a large protein-DNA 
complex, and the DNA-dependent RNA polymerase is the 
major functional component. To investigate the relationship 
between the structure of the transcription complex and the 
RNA product, one has to freeze the structure and stop elon- 
gation simultaneously. Conventional methods using chelating 
reagents, substrate analogues, or truncated templates are not 
always satisfactory. The addition of EDTA stops not only 
RNA synthesis but also every reaction requiring magnesium 
ion. When 3’-deoxy substrates or truncated DNA templates 
are used, the rapid and simultaneous cessation of RNA chain 
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elongation is impossible, and it thus complicates the kinetic 
interpretation of the results. 

To overcome this difficulty, we have devised a novel kinetic 
method, in which transcription is directed from a linear 
template DNA fixed to resin beads by its ends, and the 
transcription complex can be isolated by rapid dilution and 
centrifugation. Elongation of the RNA chain can thus be 
interrupted without changing ionic conditions and can be re- 
sumed with different substrates. A DNA fragment is easily 
labeled with biotin (Langer et al., 1981), and thus labeled 
fragment can be strongly bound to avidin linked to a gel 
matrix. Such an immobilized DNA fragment was used to 
isolate preinitiation complex in HeLa nuclear extract where 
the requirements for ATP in preinitiation and initiation were 
studied (Arias & Dynan, 1989). 

A nascent RNA chain is elongated by the addition of a 
nucleoside monophosphate to its 3’-end, and a,&pyrophosphate 
bonds in substrates are absolutely required. On the other hand, 
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