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ABSTRACT. The J4/5 loop of the group | intron in the mouse-derived fungal pathBgeamocystis carinii

is the docking site for the first step of the RNA-catalyzed self-splicing reaction and thus is a model of a
potential drug target. This purine-rich asymmetric internal l06@GAA G/3UAGU, is also thermody-
namically more stable than other internal loops with two GU closing pairs and three nucleotides opposite
two nucleotides. The results from optical melting, nuclear magnetic resonance spectroscopy, and functional
group substitution experiments suggest that the GU closing pairs form and that sheared GA pairs form in
the internal loop. The NMR spectra show evidence of conformational dynamics, and several GA pairings
are possible. Thus, this dynamic loop presents several possible structures for potential binding of drugs
that target group | self-splicing introns. The results also contribute to understanding the structural and
dynamic basis for the function and thermodynamic stability of this loop.

The J4/3loop in group | introns (Figure 1) is the docking A B sGAA G

. . 2 - . beg 5GAGGG  GCCYA
site for the first step of the self-splicing reaction required ronsnone 3CUCCU , UGG ,A
for processing of ribosomal RNAL{6). The structure and RO _* : » s
function of the J4/5 loop in th@etrahymena thermophila N N P cL Y v—
group | intron has been extensively studidd 8, 7—14); jut 3CUGU , ; UGAGS'
this asymmetric internal loop (Figure 1, C2) contains tandem
sheared adenine pairs. The J4/5 loop in the mouse-derived;:::: O

—_

fungal pathogerPneumocystis carini{Figure 1, C1) has 3CGCCU , . UGGGUS'
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#MRC Laboratory of Molecular Biology. P. carinii group | intron in the large subunit rRNA precursasy.
4 Stanford University School of Medicine. The 5 and 3 exons are in lower case letters. The bold solid arrows

! Abbreviations: COSY, correlation spectroscopy; DQFCOSY,  ghow the direction of the sequencdd3. The dotted arrows show
double-quantum-filtered correlation spectroscopy; DTT, dithiothreitol; - the splice sites. The dashed arrow connects the P1 helix to the J4/5
EDIT_f‘: eﬁg%!grgga?nsetetraa}cenc audl, ,?u’ ,eut;?_pc'c ‘r’].”'tﬁ (ca@ K |oop; the P1 helix docks into the J4/5 loop in the first step of the
mol ); , neteronuciear correlation, AFLL, NIGN-Pressure - qq ¢ gpjicing reaction. The nucleotides of the J4/5 loop are in large,
liquid chromatography; HSQC, heteronuclear single-quantum coher- bold letters. The helices are numbered according to standard

ence;mXn loop, an internal loop containing nucleotides opposite ti B) Hairoi d -self. | 7 duol
nucleotides, where andn are integers; J4/5, junction between helices con(;/eln 'ofnt%)' 5435 lalrplr_llﬁ)an non-se dcpmtr;]ementaay upgx
P4 and P5 in a group | intron; MWCO, molecular weight cutoff; NAIM, ~ MOdels of the oop . carinii used in these studies. (C)

nucleotide analogue interference mapping; NAIS, nucleotide analogue Comparison of the J4/5 loops in (1. carinii (18), (2) T.
interference suppression; NMR, nuclear magnetic resonance spectrosthermophila(l, 11), and (3)C. albicans(16).

copy; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser

spectroscopy; NTP, nucleotide triphosphates; PEG, poly(ethylene

glycol); ROESY, rotating frame nuclear Overhauser spectroscopy; potential GA pairs and GU closing pairs and is thermody-

RMSD, root mean square deviation; SNOESY, nuclear Overhauser namically more stable than tfe thermophilaandCandida
spectroscopy with an S-shaped pulse for water suppression; TLC, thin-

layer chromatographyfy, melting temperature in kelviffy,, melting albicans J4/5 IQOpS 15 (Figure 1, C2.and C3). The free
temperature in degrees Celcius; TOCSY, total correlation spectroscopy.energy of a tertiary contact to a GU pair at the group | intron
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splice site 2, 16, 17) correlates with the J4/5 loop stabilities o

(15). Thus, structural studies of the J4/5 loopRaf carinii /

can provide insight for understanding sequenstucture- U N—teomeoeeees °\ N

energetics-function relationships in internal loops. /A L
Internal loops have many biological functions, including A ® o AN E g

binding proteins and forming tertiary interactions that
determine global folding of RNA. Thus, understanding the
structure and dynamics of internal loops can contribute to

the rational choice of internal loops for drug target sites and

the design of drugs to bind internal loops and inhibit the
biological function of the loopP. carinii is an opportunistic
pathogen that infects immunocompromised patients. The B
precursor rRNA inP. carinii contains a group | intron, and
inhibition of the group | intron self-splicing reaction is a
strategy for drug desigrié—26).

The J4/5 loop contains several phylogenetically conserved
nucleotides 1, 11, 27). In an analysis of 71 group | introns,

100% contain purine-rich internal loops at this site. More-

over, 97% of J4/5 loops conserve adenines at positions 114
and 207 L0) (T. thermophilanumbering; see Figure 1, C2). C
A model of the J4/5 loop iff. thermophilabased on NAIM
(nucleotide analogue interference mapping) and NAIS (nu-
cleotide analogue interference suppression) results proposes

a role for A114 and A207 as hydrogen bond acceptors in
docking of the splice site GU pair and for A207 in stabilizing

the transition state3( 9, 28). When guanine is present, it
occurs most frequently at positions 113 and 206, as found

in the P. carinii J4/5 loop. Of 71 J4/5 loops, 80% contain at D
least one GU closing pair, and 80% contain three or more
consecutive G bases adjacent to the loop on either'tbe 5

3 side. NAIM results also suggest an important role for the
amino groups in the guanines adjacent to the internal loop o M
in T. thermophila(29, 30). i} |

To investigate the structure and thermodynamics of an S \ N N SN
isolated J4/5 loop, a hairpin and a duplex model were E I\: | ,.> @ k:l)\/l["\>
designed that contain the J4/5 loop from mouse-derRed \ " N\R " \
carini (Flgqre .1' B). The .NMR Sp.eCtrOSC.Opy’ functional FIGURE 2: (A) Wobble GU pair, (B) sheared GA pair (N7-amino,
group substitution, and optical melting studies reported here amino-N3, trans Hoogsteen/sugar edga) 89, 90), (C) imino GA
address the following questions: (1) What is the basis for pair (N1-N1, carbonyl-amino, cis WatseiCrick/Watson-Crick)
the thermodynamic stability of the internal loop? (2) What (77, 89, 90), (D) sheared AA pair as seen in the crystal structure
are the conformations of the base pairs within the internal of the J4/5 loop inT. thermophila(8), and (E) inosine (I),
loop? (3) Are important functional groups presented in an /-déazaadenine (D), and purine (P).
arrangement for docking similar to that in thethermophila
J4/5 loop?

The NMR spectra suggest the internal loop is conforma-  Oligoribonucleotide Synthesi®ligoribonucleotides were
tionally dynamic but with some well-defined structural synthesized on an ABI 392 DNA/RNA synthesizer using
features. One possible conformation of the loop contains phosphoramidite chemistrgq, 32). Incubation in 3:1 (v/v)
sheared GA pairs similar to the tandem sheared AA pairs in ammonia-ethanol at 55°C overnight removed the base-
theT. thermophilal4/5 loop. This hypothesis was tested with protecting groups and the CPG support; incubation in
7-deazaadenine and inosine substitutions for the adenine andriethylamine-hydrogen fluoride at 58C for 48 h removed
guanine nucleotides, respectively, within the loop. Removal the silyl-protecting group on the'-Aydroxyls. Oligomers
of the N7 hydrogen bond acceptor by 7-deazaadeninewere desalted on a Sep-Pak C-18 cartridge and purified on
substitution or of the amino group hydrogen bond donor by a Baker 500Si TLC plate using 55:35:10 1-propanol
inosine substitution should disrupt formation of sheared GA ammonia-water solvents. The purity of 10- and 11-mers was
pairs (Figure 2). These substitutions in the J4/5 looin  analyzed by HPLC; the purity of 25-mers was checked by
carinii destabilize the loop thermodynamically and change *?P labeling and gel electrophoresis. All oligomers were
the structure and dynamics of the loop. The formation of greater than 90% pure. The inosine and 7-deazaadenine
sheared GA pairs adjacent to GU closing pairs and the phosphoramidites were purchased from Glen Research Corp.
stacking of the loop nucleotides on the adjacent helices and ChemGenes Corp., respectively, and deblocked with the
contribute to the thermodynamic stability of the loop. Thus, standard protocol. Fourdmol syntheses were sufficient for
models of a dynamic J4/5 loop containing possible shearedan approximately 0.8 mM NMR sample (25Q.) of 25-

GA pairs are presented. mer oligomers with inosine or 7-deazaadenine substitutions.

MATERIALS AND METHODS
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For NMR samples of 25-mer oligonucleotides with
unmodified bases, 2625 mL T7 transcription reactions
yielded approximately 0:91.8 mM NMR samples in 250
uL. Typical T7 transcription reaction conditions were the
following (33, 34): 16 mM nucleotide triphosphates, pH 8.1
(4 mM each NTP), 16 or 32 mM Mgegl1:1 or 2:1 Mg*—
NTP), 500 nM double-stranded DNA template with a
penultimate 20-methyl 35), approximately 80000 units/
mL T7 enzyme, 20 mM DTT (dithiothreitol), 40 mM Tris,
pH 8.1, 1 mM spermidine, 0.1% Triton X, 80 mg/mL PEG
[poly(ethylene glycol)], and incubation at 3T for 1 h. The
optimal amount of T7, DTT, and incubation time varies with
each batch of T7 enzyme. A ful§fC—°N-labeled NMR
sample was prepared using NTPs extracted fhMethylo-
philus methylotrophug36—38); an adenind3C—*°N-labeled
NMR sample was prepared with 45 mg'8€—*°N-labeled
adenine triphosphates from Martec Biosciences Inc.

After the T7 transcription reaction, the RNA product was

Schroeder et al.

Nuclear Magnetic Resonance (NMR) ExperimeStsort
oligonucleotide duplex models of the J4/5 loop and loops
containing 7-deazaadenine or inosine substitutions were
studied by one-dimensional NMR spectroscopy with either
an S-shaped pulsel4) or a binomial pulse sequencé5]
for water suppression. A hairpin model of the J4/5 loop from
P. carinii was studied with standard homonuclear and
heteronuclear NMR spectroscopy method$-<49). The
detailed methods for the NMR spectroscopy experiments are
available in Supporting Information. Hairpins containing
7-deazaadenine or inosine substitutions were studied with
one- and two-dimensional homonuclear NMR spectroscopy
experiments and natural abundaf#& NMR spectroscopy
experiments.

Modeling.Distance restraints for modeling were generated
from peak lists for DO NOESY experiments at 50, 100,
150, 200, and 400 ms mixing times, SNOESY experiments
at 100 and 150 ms mixing times, adtC-edited NOESY

phenol extracted and desalted on a Sephadex column. Thexperiments at 100 and 400 ms mixing times. NOE intensi-

RNA was purified by gel electrophoresis for 125 h at
50-65 W on a denaturing 20% polyacrylamide gel (42.7
cm x 34.5 cmx 2 mm). The RNA was eluted from the gel

ties were estimated as representative of-B®, 2.5-4.0,
or 3.5-5.5 A distances if the peak appears first at 50, 100,
or 150 ms mixing times, respectively, i, O NOESY and

in a Schleicher and Schuel Elutrap device. The RNA was **C-edited NOESY experimentd?). For SNOESY experi-
desalted on a Sephadex PD10 column and dialyzed againstments, NOE intensities were approximated as-#.5 or

2 L of H,O for 24 h and then 2 L of 40 mNNaCl, 5 mM
phosphate, and 0.05 mM BPEDTA for 24 h with a
microdialysis continuous-flow system and a 1000 MWCO

3.0-5.5 A if the peak appears first at 100 or 150 ms mixing
times, respectively. These distance approximations matched
distances in A-form RNA for most NOEs of the Watson

dialysis membrane. The purity was confirmed to be greater Crick stem nucleotides. Some approximated distances were

than 95% by removal of the '#&riphosphate with calf
intestinal phosphatase; 3P labeling with T4 polynucleotide
kinase, and gel electrophoresis.

Optical Melting ExperimentsConcentrations of single

expanded to include the distance in A-form RNA, thus
allowing for the possibility that relaxation effects or internal
dynamics attenuated the peak intensity. Initial modeling used
a total of 315 NOE distance restraints including restraints

strand oligonucleotides were determined from the absorbancdm weak NOEs observed at 200 or 400 ms mixing times.

at 280 nm at 80°C (39). The extinction coefficients for

7-deazaadenosine and inosine were assumed to be those éf

Only 14 weak restraints from NOEs observed at 200 or 400
s mixing times were included in the final modeling, giving

adenosine and guanosine, respectively. Standard melt buffe@ total of 228 NOE distance restraints for the 25-mer RNA.

was 1 M NaCl, 20 mM sodium cacodylate, and 0.5 mM-Na
EDTA, pH 7. Melting curves were measured at 280 nm on
a Gilford 250 spectrophotometer with a heating rate of 1
°C/min controlled by a Gilford 2527 thermoprogrammer.

Melting curves were fit to the two-state model with sloping
baselines 40). Thermodynamic parameters were also ob-
tained by fitting plots of inverse melting temperatufg, 2,
versus natural log/n) to the equation4l):

Ty - = (RIAH®) In(C;/n) + AS/AH® 1)
whereR s the gas constanty is total strand concentration,
andn is 4 for non-self-complementary duplexes and 1 for
self-complementary duplexes. Data from the melting experi-
ments were analyzed with the program Meltwin 31@,43).

Gel Filtration. The 25-nuclecotide RNA oligomer at
approximately 1.8x 10* M in 80 mM NaCl, 10 mM
phosphate, and 0.5 mM MeDTA, pH 6 (NMR buffer), was
run on a Bio-Sil-125 gel filtration column from Bio-Rad
Corp. using a Dynamax HPLC system. The running buffer
was 50 mM sodium phosphate, 150 mM NaCl, and 1 mM
EDTA, the flow rate was 1 mL/min. The RNA was prepared
(1) at room temperature or (2) heated to 9D and shap
cooled on ice or (3) heated to €T and slow cooled for
approximatet 1 h after the additionfol M NacCl.

Four of these are weak internucleotide restraints for nucleo-
tides in the internal loop (refer to Supporting Information).

Loose dihedral angle restraintg, (—150 to 150°), S
(—150 to 150°), v (30 to 90°), ¢ (70 to 110°), ¢ (—170 to
—100°), ¢ (—150 to 150°), andy (—150 to 150°), were
applied to the WatsonCrick stems. The presence of strong
H3'—P,+1 cross-peaks in thBP HETCOR spectrum between
—0.5 and—2.0 ppm (Supporting Information), as typically
observed for A-form RNA, the lack of observable ' HH2'
couplings in TOCSY and DQFCOSY spectra (Supporting
Information), and weak or absent HIH8 cross-peaks when
the H1 resonance has strong intensity and strong NOEs to
other resonances support the inclusion of the listed dihedral
restraints $0). For internal loop nucleotides, including the
GU closing pairs, loose dihedral angle restraints were applied
only when supported by positive experimental evidence.
Overlap in the ribose region precludes accurate measuring
of coupling constants. No dihedral angle restraints were
applied to the nucleotides in the hairpin loop. A total of 95
loose dihedral angle restraints were used to model the 25-
mer RNA.

Hydrogen bond restraints of .0 A were used for
Watson-Crick pairs, GU pairs, and noncanonical pairs in
the loop. The results of an HNNCOSY experiment (Sup-
porting Information) and the patterns of NOEs in the helix
stem regions support the inclusion of hydrogen bond
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Table 1: Thermodynamic Parameters of Duplex Formation

Tu~t vs In(Cr/4) parameters T (°C) curve fit parameters T (°C)
—AG°37 —AH?° —AS (1.0x —AG°%x —AH?° —AS (1.0x
duplex name (kcal/mol) (kcal/mol) (eu) 104 M) (kcal/mol) (kcal/mol) (eu) 104 M)

J4/5 P.c. loop
5GAGU GA UGACP J4/5duplex  7.6:0.1 75.6+2.8 221.2+9.2 388 7.0:0.1 75.3+7.5 220.0:242 39.1
3CUCGAAGGCUG

inosine substitutions

5'GAGU IA UGAC G5l duplex 6.0£0.1 76.5£3.9 227.3+127 350 6.2:0.2 66.8£5.7 195.3+19.2 35.6
3'CUCGAAGGCUG

5'GAGU GA UGAC G15lduplex 5.8:0.2 63.2+6.1 185.2+-19.8 333 59402 60.4+6.7 175.8+:22.1 33.8
3'CUCGAAI GCUG

5'GAGU IA UGAC 5.1+ 0.2 55.0+£35 160.8+11.6 29.2 5.3t 0.3 53.3£9.3 154.7+£30.7 30.0

3'CUCGAAI GCUG

7-deazaadenine substitutions
5'GAGU GA UGAC A17D duplex 6.4£0.3 86.5+3.0 258.3+9.8 36.6 6.5£0.2 79.1+£6.2 234.0£20.3 37.0
3'CUCGDAGGCUG

5'GAGU GA UGAC A16D duplex 6.1:£0.1 85.7£5.7 256.6+18.7 355 6.3t 0.2 75.9+7.2 2245240 36.0
3'CUCGADGGCUG

5'GAGU GD UGAC A6D duplex 5.3 0.1 66.7£4.4 197.9+145 314 5.6:-04 60.6+£94 177.6+31.6 321
3 CUCGAAGGCUG

2 x 3 loop with GC closure
5'CGACGA GCAG 9.7+ 0.1 93.6+1.6 270.3t4.9 479 9401 79.9+28 227.6+9.2 48.2
3GCUGAAGCGUC

2 x 2 loop
5'GCCGDGGC 7.0+£0.1 64.9+3.0 186.7+9.6 436 6.9-0.1 55.3+6.1 155.9+19.5 44.0
3'CGGDGCCG

aMelting experiments were dona iL M NaCl, 20 mM sodium cacodylate, and 0.5 mM,NBTA, pH 7, buffer solution. Sequences are listed
in order of type of loop and substitution and then by duplex free energy. “I” indicates an inosine substitution, and “D” indicates a 7-deazaadenine
substitution. Listed errors are standard deviations from measurements assuming no correlation of errors in the slope and intercept ane are therefor
overestimates of this source of error. Estimated errors from all sourcesl@fé,+10%,+2%, andt1 °C for AH®, AS’, AG®, and T, respectively.
Significant figures beyond error estimates are given to allow accurate calculatibparfd other parameters. THg, listed is for a total strand
concentration of 1.0< 10-* M. P Referencel5. The buffer solution was 10 mM sodium cacodylateM NaCl, and 0.5 mM N£&DTA, pH 7.

restraints for the WatsenCrick and GU pairs, which helps  of 25 kcal/(mold?) and 25 kcal/(motad?) for distance and

to keep the base pairs planar. Several possible sets ofdihedral angle restraints with a maximum force of 1000 kcal/
hydrogen bond restraints were tested for the internal loop mol. The final minimization step used electrostatic terms and
nucleotides because the results of nucleotide substitutionsa Lennard-Jones nonbonding potential. A total of 50 struc-
support the hypothesis that sheared GA pairs form within tures with G6-A20 and A8-G19 hydrogen bond restraints,
the internal loop. Hydrogen bond restraints were applied for 50 structures with G6A20 and A7~G19 hydrogen bond
N7-amino, amino-N3 (sheared) GA pairs to nucleotides restraints, and 25 structures with no hydrogen bond restraints
G6—A20, and G19-A7 or G19-A8. Hydrogen bond  for GA pairs were generated for the final modeling.
restraints were also tested for either N7-amino, symmetric

or N1-amino, amino-N7 AA pairs to nucleotides AA20. RESULTS

A total of 25 hydrogen bond restraints were used to model ) ) .
the 25-mer RNA in the final models. ThermodynamicslTables 1 and 2 list the thermodynamic

The Insight2000 package containing NMRchitect, Dis- Parameters for duplex and loop formation, rgs__pectively, for
cover, X-PLOR, Biosym, and AMBER95 on a Silicon & duplex model of the J4/5 loop fro_rtﬁ. carinii and for
Graphics Octane workstation was used for simulated an-"elated sequences. The thermodynamic parametersTiiotn
nealing and analysis of the resulting structures. An initial VS IN(C+/4) plots and from curve fits of the data agree within
structure was built and energy minimized with Biosym's 15%, which is consistent with the two-state model assump-
Biopolymer module. To randomize the structure before tion (53—59). The error inAG®s, for the nearest neighbor
running the simulated annealing protocol, a total of 0.25 ps Pair SGG/3UU is £1 kcal/mol 66), which accounts for
of unrestrained dynamics was performed as the temperaturéhe large error in the free energy increments of the internal
increased from 200 to 1000 K in 20 equal increments with loops. The error for.the free energy for duplex formapon is
1 fs steps while the Rattle algorithr6¥) was applied. The less; thus, the relative free energies of loop formation are
simulated annealing protocol followed the procedure de- MOreé accurate When the stem sequences are the same. This
scribed by McDowell et al.42); a detailed description of ~ relative error is given in parentheses in Table 2.
the simulated annealing protocol is included in Supporting  Figure 2 shows wobble GU, sheared GA, imino GA, and
Information. The nonbonded cutoff term was 12 A, and the sheared AA pairs and inosine, 7-deazaadenine, and purine
phosphate charges were those in AMBERS3)( A flat- bases. Substitution of guanine by inosine in a sheared GA
bottom square-well potential was used with force constants pair removes a hydrogen bond donor, while substitution of
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Table 2: Thermodynamic Parameters for Internal Loop Form&tion

AGOIoop,37 AHoloop AS’Ioop
duplex name (kcal/mol) (kcal/mol) (eu)
J4/5 P.c. loop
5'GAGU GA UGACP J4/5 duplex 1.9 1.0 &0.1) —14.2+11.6 @&2.8) —51.94+27.9 @&9.2)
3CUCGAAGGCUG
inosine substitutions
5'GAGU IA UGAC G5l duplex 2.8:-1.0(0.1) —15.2+11.9 @&3.9) —58.0+ 29.2 @&12.7)
3 CUCGAAGGCUG
5'GAGU GA UGAC G15I duplex 3.1+ 1.0&0.2) —1.9+12.8 @6.1) —15.94+ 33.0 @19.8)
3'CUCGAAI GCUG
5'GAGU IA UGAC 3.8+ 1.0(*0.2) 6.3+ 11.8 £3.5) 8.5+ 28.8 (£11.6)
3'CUCGAAI GCUG
7-deazaadenine substitutions
5'GAGU GA UGAC A17D duplex 2.5 1.0 (£0.3) —25.2+11.6 &3.0) —89.0+ 28.1 9.8)
3CUCGDAGGCUG
5GAGU GA UGAC A16D duplex 2.8+ 1.0 (£0.1) —24.4+ 12.6 £5.7) —87.34+ 32.3 ¢18.7)
3'CUCGADGGCUG
5'GAGU GD UGAC A6D duplex 3.6+ 1.0 (*0.1) —5.4+12.1 ¢4.4) 28.6+ 30.1 @=14.5)
3 CUCGAAGGCUG
2 x 3 loops with GC closure
5'CGAC GA GCAG 0.2+0.2 —33.7+ 2.8 —109.5+ 8.4
3IGCUGAAGCGUC
5'GAGC GA CGAC® 0.2+0.2 —19.78+ 3.12 —64.38+ 9.52
3 CUCGAAGGCUG
2 x 2 loops
5'GCIAGCE —-2.2+03 —24.8+ 3.3 —73.1+10.0
IGCGAICG
5GCGAGCE —-1.44+0.2 —18.8+ 4.9 —56.2+ 8.2
3IGCCGAGCG
5GGCGAGCC -0.7+0.3 —-8.9+3.0 —26.54+8.9
3 CCGAGCGG
5GCCGDGGC 1.8+ 0.5 —12.8+8.3 —47.44+24.9
3CGGEDGCCG
5GGOGPGCC 2.3+0.1 0.4+ 2.1 —6.04+6.2
3CCGPGCGG

aMelting experiments were dona iL M NaCl, 20 mM sodium cacodylate, and 0.5 mM EDTA, pH 7, buffer solutions. Sequences are listed in
order of internal loop free energy for each type of loop and substitution. “I” indicates an inosine substitution, “D” indicates a 7-deazaadenine
substitution, and “P” indicates a purine substitution. The experimental loop free energy is calculated according to the 8@uatdd’ o, =
AG® guplex with loop— (AG  duplex without loop— AGCinterrupted base pgv Thermodynamic values used in this equation are figimt vs In(C+/n) plots. Estimated
errors for the thermodynamic parameters of the interrupted nearest neighbdQ@&i8&C are+1.7 kcal/mol, 45 eu, andt0.1 kcal/mol forAH®,
AS’, andAG°3;, respectively. The errors in the nearest neighbor p&B3UU are+8.4 kcal/mol,+25.7 eu, and:1 kcal/mol forAH®, AS’, and
AG°37, respectively. The error in the measurement of thermodynamic parameters for duplex formation (Table 1) is listed in parentheses; this value
provides a better estimate of relative error due to the substitution in the loop and is independent of the error contributed to the loop parameters from
the BGG/3UU nearest neighbor pair, which is constant for all GU closed 2 loops in this table® Referencel5. Buffer solution was 10 mM
sodium cacodylatel M NaCl, and 0.5 mM N#&ZDTA, pH 7.° Referencer9. ¢ These values are from ré&f7 and are recalculated with updated
nearest neighbor paramete8s).

adenine by 7-deazaadenine removes a hydrogen bond acand/or conformation. The average change in free energy per
ceptor. For both cases, the loss of a hydrogen bond isinosine substitution in the 2 3 loop, BUGAU/3'GAAGG,
predicted to be thermodynamically destabilizing. In contrast, is 1.0 kcal/mol at 37C, which is consistent with measure-
substitution of guanine by inosine in an imino GA pair is ments of the free energy contribution from a hydrogen bond
thermodynamically stabilizing, possibly because tKg of (57, 59, 60). The free energy change for an inosine
inosine (8.8) is more favorable for a hydrogen-bonding donor substitution in a sheared GA pair in a GCAA hairpin is 0.5
than the [, of guanine (9.2)%7). Similarly, substitution of kcal/mol at 37°C (59). Inosine substitutions in the tandem
adenine by 7-deazaadenine is predicted to be slightly sheared GA pairs of (ECGAGCG), enhance stability but
stabilizing for an imino GA pair because theKp of are associated with a conformational chang®,(probably
7-deazaadenine (5.3) is more favorable for a hydrogen-to an imino IA conformation as observed in the crystal
bonding acceptor than thé&p of adenosine (3.5)58). The structure of 5CAIG/3GIAC (62).
inosine and 7-deazaadenine substitutions in tike2loops The average change in free energy for each 7-deazaadenine
are thermodynamically destabilizing (Table 2), which is more substitution is 1.1 kcal/mol at 3C, which is consistent with
consistent with the formation of sheared GA pairs than imino the loss of a hydrogen bond. In th&CsAG/3 GAGC loop,
GA pairs. the average change in free energy for each 7-deazaadenine
The change in free energy with the substitution of an or purine substitution is 1.2 and 1.5 kcal/mol at 3C,
inosine for a guanine or 7-deazaadenine for an adenine inrespectively (Table 2), which is consistent with the predicted
sheared GA pairs results from a change in hydrogen bondingcontribution from a hydrogen bon&7, 59, 60). In the 2x
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FiGURE 3: One-dimensional imindH NMR spectra (9-16 ppm) of duplex and hairpin models of the J4/5 loop fi®ntarinii and loops
containing nucleotide substitutions in 80 mM NaCl, 10 mM phosphate, and 0.5 mEIN&, pH 6.0 buffer, unless otherwise noted. The
single spectrum shown from a variable temperature study was selected for the best dispersion: (i) 2 mM J4/5 tD@led, [BH 6.7; (ii)
0.5 mM G5l duplex, 10C; (i) 0.4 mM G15I duplex, 1C°C; (iv) 0.5 mM A17D duplex, 10C; (v) 0.5 mM A16D duplex, 10C; (vi) 0.5
mM A6D duplex, 10°C; (vii) 1.5 mM J4/5 hairpin, 15C; (viii) 0.8 mM G6l hairpin, 10°C; (ix) 0.8 mM G6l hairpin, 15°C, in the
presence of 4 mM Co(Np"; (x) 0.8 mM A7D hairpin, 10°C and pH 7; (xi) 1.4 mM A8D hairpin, 18C and pH #7.5.

3 loop, BUGAU/3' GAAGG, the free energy change is larger 14 12 10 8 3
for the 7-deazaadenine substitution on the shorter side of 9
the loop, 1.7 kcal/mol, than for the substitutions on the longer v ‘
side of the loop, 0.6 and 0.9 kcal/mol at 3C. When an 19 ° 1
adenine on the longer side of the loop is changed to a . & o
7-deazaadenine, there exists an alternate adenine with whichg ™ Goht-U18h3 oz Lo
to form a sheared GA pair. The change in free energy when 2 SO ogn-uzihs _
adenines on the longer side of the loop are modified could ‘& e - et e
be partially explained by a change in conformational flex- & &= ® o= o

ibility because two possible GA pairs are reduced to one ™ P ; oot -
possible GA pair. If the two possible pairings are energeti-
cally equivalent, then the entropic effect of this change would - - - -

make theAG°q0p 37 l€SS favorable by 0.4 kcal/mol at 3T . . - . X

(i.e.,RTIn 2). A larger conformational change within the 2 @1-H (ppm)

x 3 loop is also possible (see below). . FIGURE 4: 2D SNOESY of the J4/5 hairpin in 80 mM NaCl, 10
H NMR Spectroscopy on RNA with Inosine or 7-Deé- yy phosphate, and 0.5 mM BEDTA, pH 5 at 5°C. The NOESY
azaadenine SubstitutionBigure 3 shows one-dimensional  mixing time is 150 ms.

H NMR spectra of two oligonucleotide models of the J4/5

loop from P. carinii and several models containing inosine upfield resonances show no NOEs. The spectrum of the
or 7-deazaadenine substitutions. Note that the-G83 pair hairpin model (Figure 3, vii) shows imino proton assignments
adjacent to one GU closing pair in the duplexes is switched from 2D SNOESY (Figure 4)}°N HSQC, and HNNCOSY
relative to the equivalent GAC22 pair in the hairpin models.  experiments (Supporting Information).

The spectrum of the duplex model of the J4/5 loop fiem With the exception of the A17D substitution in the duplex
carinii (Figure 3, i) shows assignments based on one- model, changes in the upfield imino proton resonances (10
dimensional NOE difference experimeni$). The two most 12 ppm) suggest changes in the conformations and/or

@y

J o - @ =-
G17h1-U18h3
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dynamics of the internal loops with either inosine or NaCl and 80 mM NaCl show the same elution profile with
7-deazaadenine substitutions. The imino proton spectra forone peak.

internal loops with inosine substitutions show two fewer  On the basis of predicted and measured diffusion constants
upfield (10-12 ppm) imino proton resonances (Figure 3, ii, for nucleic acids§6) and of control measurements on 8-mer
iii, viii) and no additional downfield (1215 ppm) resonance  \Watson-Crick duplexes §7), the diffusion constant mea-
for an inosine imino proton. The absence of the upfield imino syred by NMR spectroscop$6), (0.875+ 0.065) x 107
proton resonances results from increased solvent protoncny/s, is consistent with formation of a 25-mer hairpin; the
exchange for imino protons in the closing GU pairs and/or difference between predicted diffusion constants for a 25-
|00p nucleotides, which is consistent with the thermodynamic mer hairpin and a 25-mer self-complementary duplex is
destabilization observed in melting experiments on duplexesithin experimental error, however. Nevertheless, the dif-
with inosine substitutions (Tables 1 and 2). The upfield fusion constant value clearly shows that the RNA is not

resonances remain unassigned because no NOEs to thesgygregating at the concentration and buffer conditions in
resonances were observed in 1D or 2D NOESY experiments.which the NMR experiments were performed.

In a 2D cwfNOESY spectrum6@) of the 25-mer hairpin
with a G6— | substitution (G6I hairpin), the G9 and U18
still show a strong cross-peak, indicating formation of the

During preparation of the'5?P-labeled oligonucleotide
for enzymatic mapping experiments, the RNA is purified on
) -~ ) a native polyacrylamide gel and shows one band. S1 nuclease
G9-U18 pair, and the G9 imino proton still shows a strong  janning shows hits in the tetraloop and the terminal
NOE to its own amino proton (data not shown). nucleotides, and V1 nuclease mapping shows hits for the
The addition of cobalt hexamine to the hairpin construct Watson-Crick stems, as predicted?). V1 but not S1
containing the G6~ | substitution results in a new resonance nuclease mapping shows hits for the internal loop nucleo-
at about 11 ppm, which could be for the €821 closing tides, suggesting that these nucleotides are stacked in the
pair (Figure 3, ix). Cobalt hexamine can mimic magnesium loop.
ions (64, 65). A one-dimensional NOE difference experiment  proton and Heteronuclear Experiments on the Hairpin
saturating the imino proton resonances showed no NOES tO\jodel of the J4/5 Loop from P. cariniThe details of the
the hexamine resonance; an NOE difference experimentnmR spectroscopy methods, spectra for several hetero-
saturating the hexamine resonance showed NOEs to all butyyclear experiments, tables of assignments, restraints for
cobalt hexamine may stabilize the RNA as-8 salt rather  jn supporting Information. The NOEs in the SNOESY and
than as a metal ion binding to a specific sit#,(65). The  13c_edited NOESY provide crucial information about the
addition of cobalt hexamine to the unmodified hairpin  conformation of the loop and are further discussed below.

construct causes aggregation. The results summarized below from several NOESY,
The 7-deazaadenine substitutions cause various changeROESY, TOCSY, and*C HSQC experiments provide
in the imino proton spectra (Figure 34vi, X, xi). The A6D evidence for a dynamic loop conformation.

substitution in the duplex model induces a broadening of The cross-peaks in the SNOESY spectrum confirm the
the upfield imino proton resonances (Figure 3, vi), which is formation of GU closing pairs and at least one sheared GA
consistent with its large decrease in thermodynamic stability pair within the internal loop. The spectrum from the
(Tables 1 and 2). The A16D substitution in the duplex causes SNOESY experiment at 5C and pH 5 shows the sharpest
changes in the chemical shift and/or intensities of the upfield imino and amino proton resonances (Figure 4). The G9 and
imino protons. The A17D substitution in the duplex model U18 imino protons show a strong cross-peak typical of GU
causes only minor changes in the imino proton spectrum pairs, although the diagonal peaks for G9 and U18 imino
(Figure 3, iv). The same change in the hairpin model of the protons are broad and have a distinct shoulder at@5
loop (A8D hairpin), however, results in too many imino probably a result of chemical exchange. Both G9 and U18
proton resonances (Figure 3, xi). The A8D hairpin model imino protons show NOEs to the G17 imino proton. The
also showed 15 rather than 8 HBI6 cross-peaks in the G5 and U21 imino protons show weaker cross-peaks and
DQFCOSY spectrum in fD, suggesting two stable confor-  diagonal peaks than the G9 and U18 imino protons, which
mations of the oligonucleotide. The A7D hairpin model suggests that the G3J21 pair is more dynamic and that
showed a shift in the upfield imino proton resonances (Figure these imino protons exchange more with water. Either the
3, X). The chemical shifts for all of the nonexchangeable U21 or U24 imino proton also shows a weak cross-peak
resonances for the loop nucleotides also change with the A7D(11.96, 14.20 ppm) due to chemical exchange atC.5The
substitution in the hairpin. The NOESY, TOCSY, and weak diagonal peak at 10.3 ppm is observed only &5
ROESY spectra for the A7D and unmodified hairpins show and pH 5 and shows no NOEs. The assignment of this peak
cross-peaks indicating chemical exchange on the millisecondto either G6 or G19 is consistent with a guanine imino proton
time scale or slower. Both hairpins show similar dynamic in a sheared GA pair6g).

characteristics. In the HZ and imino proton (H1) region of the spectrum
The 25-mer Hairpin Construct Is in One Global Confor- (5.0—-6.5 and 10.6-14.5 ppm), two NOEs, G12 H+G16
mation.The J4/5 hairpin construct was meltedli M NacCl, H1 and G19 H1-G9 H1, confirm the formation of sheared

20 mM sodium cacodylate, and 0.5 mM EEBDTA, pH 7, GA pairs in the GAAA tetraloop and the internal loop,
buffer solution at four concentrations ranging from 1:34 respectively 46, 68). The G9 amino proton (H21) is assigned
10410 6.00x 1076 M and had a concentration-independent on the basis of its strong cross-peak to its own imino proton
Tm of 76.3+ 0.5°C, consistent with formation of a hairpin ~ (H1); G9 H21 also shows weak NOEs to C10'tdhd G19
under these conditions. Gel filtration experiments at 1 M H1' (Supporting Information). Thus, the cross-peaks to the
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FIGURE 5: 2D 13C-edited NOESY-HSQC at 500 MHz on an 6.1 6.0 5.9 5.8 ?-? 35-5 5.5 5.4 5.3 5.2 5.1
adenine-only labeled J4/5 hairpin at 2G in 80 mM NacCl, 10 ppm

mM phosphate, and 0.5 mM MEDTA, pH 6. The NOESY mixing FiGure 6: 2D NOESY H1-H6/H8 region of the J4/5 hairpin at

time is 400 ms. The region shown include€-labeled ribose to 20 °C, 400 ms mixing time, and 750 MHz in 80 mM NacCl, 10

aromatic resonances. mM phosphate, and 0.5 mM BEDTA, pH 6. The intranucleotide
H1'—H8 cross-peak is labeled. The purine walk is in blue, the walk

G9 imino and amino protons significantly restrain the through the tetraloop to G19 is in green, and the pyrimidine walk
nucleotides in the GU and GA pairs in this region of the is in reg. Asterisks mark the H5H6 cross-peaks; X's mark the
loop. H2—H1' cross-peaks.
The cross-peaks in&C-edited NOESY-HSQC spectrum
of a sample with only adenines isotopically labeled provide
important NOEs for the internal loop and confirm that A8
and A20 probably stack on the adjacent helices (Figure 5). . : . ; . .
Although U21 H6 and G9 H8 resonances are overlapped with msltésdc?n&stent with all of the available biochemical and
other aromatic resonances, strong cross-peaks from A8 H2 aa. .
to G9 H8 and A20 H2to U21 H6 clarify assignments of The crystal_ str.uctulre of the J4/5 loop froTntherm.oph[Ia
the internal loop nucleotides. No G19 Hdr H2 to A20 (8) provides insight into the NOEs that are possible if the
H8 cross-peak is observed, although a weak G19i1320 Ja/5 Ioop inP. carinii forms a similar structure (Supporti_ng
H8 cross-peak is observed at a mixing time of 400 ms. The Information). The H2 resonance at 7.75 ppm was assigned
cross-peaks in the ribose region of the HCCHTOCSY on to A7 H2 because A7 H2 is the proton most likely to give
the adenine -labeled sample (Supporting Information) con- NOES to both A20 H1and A8 H1. The H2 resonance at
firmed the assignment of sugar protons in A8 and A20.  7-61 ppm was assigned to A20 H2 because afr H2 NOE
Assignment of the internal loop adenine H2 and H8 (7.61, 7.75 ppm) observed at 1OQ ms is consistent with a
resonances is based on several weak NOEs in the 400 m&ross-strand stack that is common in adjacent sheared purine
mixing time 13C-edited NOESY-HSQC (Figure 5) and the pairs_; thus, A20 H2 is the proton most likely to give a
following assumptions based on NMR spectroscopy and Medium NOE to A7 H2 if a cross-strand stack exisdp (
biochemical results: (1) the assigned weak NOEs in the (Supporting Information). In contrast, an NOE between
H1'—H8/H2 region originate from one conformation of the Cconsecutive stacked adenines, i.e., A7 B H2, is
loop and are not the result of chemical exchange or spin €xpected to be weak, as previously observed in GAAA
diffusion; (2) all of the loop nucleotides are stacked because tetraloops §9, 70).
the loop nucleotides are recognized by V1 and not S1 The HI—H8/H6 NOESY walk is shown in Figure 6. The
nuclease §7); (3) sheared GA pairs are likely because the NOESY walk is discontinuous in the internal loop after G6
inosine and 7-deazaadenine substitutions destabilize the looand G19. In tandem sheared GA pairs, thé-H18/H6 walk
thermodynamically and structurally; (4) cross-strand NOEs is also discontinuous after the guanir@8), Some weak
to adenine H2 resonances are possible if sheared purine pairsross-peaks in the internal loop, such as U18-+319 H8,
are present. are observed at 20C, but not at higher temperatures,
The assignments for A7 and A8 H2, H8, and'lpiotons, suggesting that the loop structure becomes more dynamic at
however, lack unambiguous confirmation. The A7 and A8 higher temperatures. As the temperature is increased, more
resonances are broad. Chemical exchange for the A7 andcross-peaks due to chemical exchange and more weak H1
A8 H2 resonances complicates interpretation of weak NOEs; H2' cross-peaks are observed in the ROESY and TOCSY
a weak peak could result from two protons very near each spectra, respectively (Supporting Information), also suggest-
other in a minor conformation. Spin diffusion is another ing that the loop becomes more dynamic at higher temper-
possible source of weak NOEs in experiments with 400 ms atures. Although there is evidence for chemical exchange
mixing times. Adenine HCCHTOCSY and adenine on the millisecond time scale or slower for HH5, H6,
HNCTOCSYCH experiments can confirm assignments of and H2 resonances in the internal loop and terminal nucleo-
adenine H2 and H8 protons by through-bond correlations tides (see Supporting Information), the relative intensities
but did not provide any information on the adenines in the of these pairs of peaks suggest that one conformation
internal loop due to relaxation effects [data not sho@in]( predominates. If two or more equally populated conforma-

Thus, many of the NOEs used for assignments were not used
in the final modeling. Nonetheless, the current set of
assignments is the best possible interpretation of the spectrum
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Ficure 7: Visual aids for discussion of possible structures: (A) 12 molecules with the upper stem and hairpin nucleotides superimposed.
(B) The same 12 molecules with the lower stem nucleotides superimposed. (C) Superposition of 12 possible internal loop structures. (D)
One of 15 molecules with GE2A7 hydrogen bond restraints that satisfies 9 of 12 weak internucleotide NOEs not included as restraints.
(E) One of 15 molecules with G197A8 hydrogen bond restraints that satisfies 9 of 12 weak internucleotide NOEs not included as restraints,
including A7 H2-A20 H1' and A7 H2-A8 H1'. (F) Nucleotides 112116 and 206210 from the crystal structure of the PB6 region

of the T. thermophilagroup | intron (1GID.pdb in the Protein Data Banig).(

tions existed in solution, then the intensities of the resonances Panels D and E of Figure 7 are visual aids for the
in slow chemical exchange would be equal at both chemical discussion of possible structures of the loop. One prediction
shifts. for the loop structure is that the J4/5 loop fh carinii is

Modeling Shows That More Than One Conformation similar to the J4/5 loop i. thermophilaand has sheared
Satisfies the Experimental Restraimsset of 15 molecules ~ GA base pairs between G&20 and G19-A7. Another

with G19-A8 and G6-A20 hydrogen bond restraints, 15 possible prediction for loop structure is that base pairs form
molecules with G19A7 and G6-A20 hydrogen bond between G6-A20 and_ Gl&AS; this base pairing arrange-
restraints, and 3 molecules with no hydrogen bond restraintsMeNt would be consistent with the models used to predict

for sheared GA pairs show a reasonable global fold with 1€ thermodynamic stabilities of 2 3 internal loops and
distance violations not greater than 0.2 A and with low total the unusual Stab',l'tY of the J4/5 loop frof carini (15, )
energies. Figure 7A,B shows the overlay of 12 low free 79). These predlctlon_s were tested by_ modeling V.V'.th
energy structures with either the lower stem or the upper hydrogen bond restraints for each possible bas_e pauring.
stem and hairpin loop superimposed. Table 3 lists for each Panels D and E of Figure 7 show two possible loop

; ; ; formations, one example for each set of 15 molecules
nucleotide the RMSD in the superimposed structures and ©O" ' . i
the number of distance restraints used in the modeling. TheWlth G6—A20 and either G19A7 (Figure 7D) or G13-A8

nucleotides in the stem and hairpin loop have a sufficient (Figure 7E) hydrogen bond restraints. Both possible base-

: af ; pairing arrangements are consistent with the experimental
number of restraints to be well-defined in the models. NOE restraints. In both loops, the N3 atoms of A7 and A20

_ The 62 NOEs for the 9 internal loop nucleotides aré are pointed into the minor groove and could act as hydrogen
insufficient to define a unique conformation of the internal ong acceptors. The positions of the adenine N3 functional
loop, to determine unambiguously the base pairing in the groyps in these two possible conformations of Bhearinii

loop, or to restrain the orientation of the helices during the |oop are similar to those in the J4/5 loop T thermophila
molecular dynamics simulations. The lack of NOEs, espe- (Figure 7F) 7—10).

cially cross-strand NOEs, for the loop nucleotides allows

many conformations in the internal loop (Figure 7C). G6, DISCUSSION

G19, and A20 probably stack on the helix ends, but the The J4/5 loop in the mouse-derivédl carinii group |
interface between the two helices is poorly defined. intron has an important biological role in rRNA processing
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Table 3: Averaged RMSD Values and the Number of Intra- and the '_memal loop nucleotides change. Th_us' when the
Internucleotide Restraints for Each Nucleotide in the J4/5 Hairpin ~ functional groups that form hydrogen bonds in sheared GA

total pairs are changed, the structure and thermodynamic stability
averaged RMSD  (gstraints distance restraints of the loop change.

”U,Cd'eo' 'OW%[ hUPpef’ Sltemv Fl)er ” inltra-‘d i”Ite",d NMR Spectra Proide Evidence for the Formation of at
tide  stem hairpinloop nucleotide nucleotide nucleotide ) o5t One Sheared GA Pair in the Internal Lodpe upfield
Gl 3.60 3 0 3 chemical shift of the weak imino proton resonance assigned
é% 11;%) 1% i 174 to either G6 or G19 (near 10.3 ppm, Figure 4) in the hairpin
G4 1.34 22 7 15 model is consistent with the imino proton chemical shifts in
G5 1.56 19 7 12 sheared GA pair$g, 71); in contrast, imino protons in imino
G6 4.38 10.66 6 3 3 GA pairs resonate near 1+32.5 ppm. A strong guanine
ﬁ; ig'gg g’ég g g g H1 to adenine H2 NOE is expected in an imino GA pair but
G9 ' 157 11 0 11 is not observed. The NOE from G19 Htb G9 H1 is also
C10 0.98 20 5 15 consistent with the formation of a sheared GA pair but not
Cl1 101 26 6 20 an imino GA pair 46, 68, 74).
G12 121 18 6 12 The NMR Data and Structural Modeling Are Consistent
A13 1.65 20 11 9 . : 9 :
Al4d 135 30 12 18 with a Dynamic Internal Loop.The few NOE distance
A15 1.27 25 10 15 restraints observed for the internal loop can be satisfied with
G16 0.75 25 6 19 structures generated using hydrogen bond restraints for
G17 0.90 24 6 18 several different combinations of sheared purine pairs. This
u1s 1.28 20 6 14 ; P .
G19 11.13 1.96 10 4 6 even mcludgs .the p033|b|l_|ty of a §heared AA and QA pair,
A20 4.92 4.69 6 3 3 although this is not consistent with the effects of inosine
vzl 1.87 8 2 6 substitutions. When more than one conformation exists, NOE
€22 176 17 7 10 distances do not contain sufficient information to define a
c23 1.24 18 4 14 . £ ith the added hvd bondi
U2a  1.27 20 6 14 unique structure7). Even with the added hydrogen-bonding
Cc25 2.90 13 5 8 restraints for one set of GA pairs, the entire molecule does

2 RMSD values were determined by averaging the pairwise RMSD not converge to one structure, although superposition of the
values for each nucleotide The averaged RMSD values of the lower lower and upper helices separately does show convergence.
stem nucleotides with the stem G1-G6 and A20-C25 nucleotides The loop nucleotides probably stack on the stem helix ends,
superimposed: The averaged RMSD values of the upper stem and pyt the interface between the helices is poorly defined. The
tetraloop nucleotides with the G9-A20 nucleotides superimposed. lack of cross-strand NOEs and long-range restra#its76)

is evident in the many different orientations of the upper
in a fungal pathogen and thus models a potential target forand lower helices that result from the molecular dynamics
rational drug design. This internal loop is also more simulations.
thermodynamically stable than other23 loops with two The J4/5 loop irP. carinii probably does not have a single,
GU closing pairs15). NMR spectra indicate that the internal  static structure. At 20C, the ROESY spectra show positive
loop is conformationally dynamic but predominantly in one evidence for chemical exchange for A7, A8, and A20 H2
average conformation; i.e., the loop gives rise to one resonances on the millisecond time scale or slower (Sup-
predominant set of chemical shifts that represent one structureporting Information). Many of the resonances for the
or an ensemble average of structures. The thermodynamimucleotides in the internal loop are broad and weak. The very
stabilities, NMR data, and the effects of inosine and few and very weak NOEs to loop nucleotides, especially A7,
7-deazaadenine substitutions all contribute to a model of theare consistent with a dynamic internal loop. At temperatures
possible conformations of the J4/5 loopRn carinii. higher than 20C, the NMR data show fewer NOESs to loop

The Effects of Inosine and 7-Deazaadenine Substitutionsnucleotides in NOESY spectra, more cross-peaks due to
on the Thermodynamic Stabilities and Structures of the Loop chemical exchange in ROESY and TOCSY spectra, and more
Are Consistent with Formation of Sheared GA Paiks. H1'—H2' cross-peaks in TOCSY spectra indicating confor-
shown in Tables 1 and 2, substitution of inosine for a guanine mational dynamics in the ribose sugar puckers for loop
or 7-deazaadenine for an adenine in the internal loop is nucleotides, while the evidence for the duplex stems shows
thermodynamically destabilizing. Similar effects have been less change. Thus the loop nucleotides show even more
observed for substitutions of sheared GA pairs in GCAA evidence of conformational dynamics at higher temperatures.
and GAAA tetraloopsg9, 71) and hammerhead ribozymes Nonetheless, the relative intensities of the pairs of resonances
(58, 72, 73). If the nucleotides in the loop formed imino  showing evidence for slow chemical exchange suggest that
GA pairs, then inosine or 7-deazaadenine substitutions areone average conformation predominates atQ0The lack
predicted to increase the thermodynamic stability becauseof NOE restraints for the loop nucleotides, however, prohibits
the K, change favors hydrogen bonding. For 6 | establishing a well-defined model of the predominant average
substitutions, fewer imino proton resonances are observedconformation.
for the loop nucleotides, indicating increased solvent expo- The loop is partly structured, however. A model of a
sure suggesting that the loop becomes less structured. Withcompletely unstructured loop is inconsistent with the fol-
the exception of the A17D duplex, A D substitutions lowing data: (1) NOEs in the NOESY walk suggesting that
change the imino proton spectra of the J4/5 loop. When A7 G6, G19, and A20 stack on the adjacent stem helices, (2)
in the hairpin model is a 7-deazaadenine, the chemical shiftschanging one functional group on an adenine or guanine
of the nonexchangeable protons and the pattern of NOEs tochanges the stability and structure of the loop, and (3) the
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loop nucleotides are recognized by V1 and not S1 nucleasepossible cause for the change in dynamics. The other
(67). More than one stable conformation of loop may occur; differences in stem sequences may also affect dynamics. The
the loop may be both partly structured and dynamic. When J4/5 hairpin studied here has a lower stem of sequential
no hydrogen bond restraints are used for the loop nucleotides guanines paired with sequential pyrimidines. Alternate pair-
several possible structures still show stacked bases andngs with G5 and G6 are possible in the model for the J4/5

possible pairing. loop but not the CGAG/3GAAGC loop. In addition to
One Possible Conformation of the J4/5 Loop from P. being more structurally rigid, the GGAG/3GAAG C loop

carinii Is Consistent with the Base Pairing Obsed in the is also more thermodynamically stable than theGAU/

J4/5 Loop from T. thermophilaFigure 7D shows one 3'GAAGG loop (Table 2).

possible conformation of the J4/5 loop frdP carinii with In the crystal structure of th&hermus thermophilus

sheared GA pairs, G6A20 and G19-A7. The N3 atoms 30S ribosomal subunit8Q), an internal loop with the
of A20 and A7 (A207 and A114 if. thermophila Figure same sequence is found in the 16S rRNA helix 44,
7F) are pointed into the minor groove and are available as 1466GGAG1469/1435@AG C1431. This loop forms part
hydrogen bond acceptors. The position of A20H in the of an intersubunit bridge in the 70S ribosome. The crystal
minor groove is compatible with all of the experimental NOE structure shows three adenines stacking and G1467 and
restraints. The N3 atoms of A207 and A114 and ther2 G1432 in approximately the correct orientation to form
of A207 have been identified in NAIM and NAIS analysis sheared GA pairs. G1467 and G1432, however, are not
as being important for the docking interactia®, 9, 28). coplanar with the respective adenines, and except for G1467
Thus, one possible conformation of the loop supports the N2—A1433 N7, the distances between heavy atoms are
hypothesis that internal loops with the same function longer than 3.2 A and thus characteristic of only weak,
conserve the same shap&/(78). electrostatic hydrogen bonds. The NMR and X-ray crystal
The J4/5 Loop from P. carinii Is Relatly Stable structures of this loop are very similaB8@ and provide
Thermodynamically Een Though It May Adopt More Than  further evidence for the structural stability of this loop motif.

One Base Pairing Conformatiomt 37 °C, the J4/5 loop A similar DNA internal loop, 5CGAG/3GAAGC, is
from P. carinii is 2.2 kcal/mol more favorable than the found at the 3terminus of the parvovirus genome. Its NMR
equivalent loop with all A nucleotides; BAAU/IGAAA G structure shows an unusual cross-strand stack of three purines

(15). The rules for predicting thermodynamic stabilities of (82), which has not been observed in RNA loops. This DNA
2 x 3 loops attribute this additional stability to formation of internal loop also has someangles close to trans, which
GA pairs adjacent to the helix ends, i.e.,-6820 and G19- give rise to the downfield-shifted phosphorus resonances
A8 pairs (79). Figure 7E shows one possible conformation observed&2). This loop is more thermodynamically stable
with this base pairing. G19 may instead form a sheared GA than other DNA loops with T, C, or G as the middle
pair with A7. Both possible sets of GA pairs present nucleotide.
hydrogen bond acceptors in the minor groove in a similar  Asymmetric internal loops in models of the HIV-1 package
way as observed in the. thermophilal4/5 loop (Figure 7).  signal contain imino GA pairs. The structural and thermo-
Exchange between several stable conformations of the loopdynamic effects of inosine substitutions in those cases,
may contribute to its thermodynamic stability. The cross- however, differ from the effects observed in models of the
strand NOEs to G19 define its stacked position on the-G9 J4/5 loop 83). The NMR evidence and rationale for imino
U18 closing pair. The pattern of NOEs suggests that G6, GA pairs seen in other asymmetric internal loof38-85)
G19, A8, and A20 may stack on the helix stems. Thus both are not observed in the. carinii J4/5 loop.
NMR and chemical substitution data are consistent with Interestingly, there is no evidence that an imino GA pair
sheared GA pairs enhancing the thermodynamic stability of stabilizes the J4/5 loop. The»2 2 loop, 3GGAU/3'UAGG,
the P. carinii J4/5 loops, consistent with the rules for has two imino GA pairs but is 1.7 kcal/mol less stable than
predicting thermodynamic stabilities of 2 3 loops. a2x 2loop, BUGAG/3GAGU, with two sheared GA pairs
The J4/5 Loop from P. carinii Shows Different Charac- (86). The loop 5GAGU/3'UGAG also has two imino GA
teristics Than Other Loops with Similar Sequendessults pairs and is even less stablb). The least stable symmetric
for the J4/5 loop can be compared with those for similar 2 x 2 loop with GA pairs and GU closing pairs,(FAGG/
loops that are also involved in tertiary interactions. An NMR 3'GGAU, has no observable imino proton resonance indicat-
analysis of an internal loop, 63BAG640/623AAG C619, ing the conformation of the GA paidf). Evidently, imino
at the Varkud satellite RNA active site provides unambiguous GA pairs adjacent to GU pairs are relatively unstable.
experimental evidence for the formation of hydrogen bonds  The Conformational Dynamics of an Asymmetric Internal
in two sheared GA pairs (G620A639 and G638-A621) Loop May Be an Important Factor in the Biological Function
in an NMR structure very well defined by NOE restraints of the Loop and May Facilitate Drug Diseery. The
(80). G638, A621, and A622 form a shared sheared GA pair conformational dynamics of the J4/5 loop may be an
structure. This structure suggests another possible conformaimportant aspect of its function; the loop may adopt one
tion of the J4/5 loop irP. carinii. A shared sheared GA pair conformation to bind the P1 helix during the first step of
conformation is consistent with the effects of inosine and the self-splicing reaction and then change its conformation
7-deazaadenine substitutions and with the NOEs observedo reach the transition state or facilitate the second step of
in the J4/5 internal loop. splicing. A roughly isoenergetic conformational shift to the
Interestingly, the BC.GAG/3GAAGC loop shows no  transition state would be beneficial because catalysis is
NMR evidence for dynamics on the millisecond time scale facilitated by formation of new interactions in the transition
or slower. This contrasts with thel3GAU/3'GAAG G loop. state without a net loss of interactions in the ground state.
Replacing GU with more stable GC closing pairs is one Moreover, specificity in formation of tertiary interactions
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may be enhanced because the internal loop is flexible.loop in T. thermophila 10 figures of NMR spectra; and a
Binding the P1 helix may have an unfavorable entropy description of the simulated annealing protocol. This material
change associated with forcing the J4/5 loop into one is available free of charge via the Internet at http://
conformation. Overcoming this unfavorable free energy pubs.acs.org.

change may require several favorable interactions, thus

providing specificity. Binding to a completely unstructured REFERENCES

loop, however, would be associated with a larger unfavorable
entropy change requiring more favorable interactions. Thus
a patrtially structured loop may represent a compromise that
allows specificity without requiring extensive complexity
from many interactions.

Both GU and sheared GA pairs present a unique config-
uration of functional groups with the potential to form
hydrogen bonds. A specific pattern of hydrogen bond donors
and acceptors in a loop is a good target for rationally
designing a drug with high specificity. The dynamics of an
asymmetric internal loop may also be beneficial for designing
and screening drugs. A structurally dynamic loop may present
more possible options for binding. Thus, loops similar to
the J4/5 loop from theP. carinii group | intron may be
attractive drug targets.

SUMMARY

The J4/5 internal loop from thE. carinii group | intron
is a thermodynamically stable and dynamic loop with more
than one possible combination of sheared GA pairs. The
formation of sheared GA pairs is consistent with NMR
spectra and the effects of inosine and 7-deazaadenine
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and the stacking of the loop nucleotides on the adjacent
helices contribute to the thermodynamic stability of the loop.
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