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ABSTRACT. The iron responsive element (IRE) is a conserved RNA structure that is found ih thieRs

of ferritin mMRNA and in the 3UTR of transferrin receptor mRNA. It is the binding site of the iron
responsive protein (IRP), and the interaction is part of the regulation of cellular iron metabolism. The
IRE six-nucleotide hairpin loop,'61A2G3U4GsNs, is conserved in sequence, and mutations have shown
that it is required for IRP binding. On the basis of the thermodynamic and NMR experiments utilized
here, the IRE loop structurd GA,G3sU4GsCs, is described in detail. Measurements of loop stability
show that it has 2.9 kcal/mol more free energy than predicted. NMR data suggest that there is hydrogen
bonding between C1 and G5 in a tertiary interaction across the loop. A model structure, produced by
MC-SYM/energy minimization, illustrates the conformational flexibility of U4 and C6, which appear to
exhibit considerable local motion in solution. NMR data indicate that the position of G3 is not well
defined, leading to two families of loop structures.

Translational regulation of protein synthesis mediated another flanking stem. Phylogenetic comparison and muta-
through mRNA sequence or structure is certain to be ation (Barton et al., 1990; Harrell et al., 1991, Bettany et al.,
frequent and powerful mechanism; however, only a few 1992; Jaffrey et al., 1993) of this RNA have resulted in the
examples have been described in detail. Perhaps mosidentification of a consensus sequence and secondary struc-
familiar is the posttranscriptional regulation of the proteins ture (Kuhn & Hentze, 1992) shown in Figure 1. The loop
that participate in cellular iron metabolism. In this system, sequence and the bulged nucleotide are conserved, while the
the mRNAs of ferritin and the transferrin receptor contain sequence of the stems does not appear to contribute to protein
one or several copies of a conserved stem-loop structure,recognition. Binding experiments with the IRP and RNAs

the iron response element, or IRE (Klausner et al., 1993; ¢,ntaining mutations in the six-nucleotide loofCEGUGN,
Theil, 1994). The IRE is recognized by a cellular protein, geemeq to suggest that no single mutation significantly
the iron regulatory protein, or IRP, IRF, IRE-BP, FRP, or disrupts IRP binding (Leibold et al., 1990; Barton et al.,

P90 (Mullner et al., 1989; Rouault et al., 1988; Leibold &
VT R ’ 1990). Larger effects were noted by Jaffrey et al. (1993)
Munro, 1988), resulting in either inhibition or enhancement with single substitutions in the loop showing at most a 70-

of translation. In the femitin SUTR, the single IRE is fold loss of binding affinity. Deletion of single nucleotides
insufficient to block translation, but when bound by the IRP, had larger effects (Hentze et al., 1988; Haile et al., 1989;

protein synthesis is inhibited (Aziz & Munro, 1987; Hentze ) i . )
etal., 1987; Walden et al., 1988; Gray et al., 1993), possibly Jgffrey et_ al., 1993); t.he interpretation of these results is
through steric exclusion of assembly of the ribosomal difficult, since Qlternauve.RNA structures could_form that
preinitiation complex on the mRNA (Gray & Hentze, 1994). Prevented binding. Deletion of the bulged cytosine led to a
In the 3 UTR of the transferrin receptor, five copies of the Much greater reduction in IRP binding, suggesting that the
IRE are sites for IRP binding; in the bound form, translation Structure at this position may be recognized by the protein.
of receptor mMRNA is presumab|y enhanced through protec- However, the structure around this site is variously depicted
tion of the mRNA from degradation (Casey et al., 1989). as a single base bulge for IREs in tHelB'R of transferrin
The IRP itself is apparently regulated by the presence or receptor or as an asymmetric internal loop for thé&J3R
absence of an ironsulfur cluster: in the presence of the of ferritin, and thus the structural consequences of the
cluster, the protein cannot bind the IRE, while in its absence, deletion are not always clear. The structural context of the
it binds specifically to the RNA (Philpott et al., 1994; Hirling  six-nucleotide loop and the unpaired cytosine is critical for
et al., 1994). IRP binding, as shown by Kikinis et al. (1995) in experiments
The IRE contains two regions that are both necessary for that altered the loop and stem length and integrity.

IRP binding; one element is a six-nucleotide loop at the end
of a five base pair stem, and the second is the contiguous
region containing a bulged cytosine nucleotide, followed by

Additional data in support of the consensus IRE and its
role in IRP binding were obtained by Henderson et al. (1994)
in selection experiments. The six nucleotides of the loop

were randomiz was the single nucleoti he bulge.
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and 5 in this loop that is somehow important for IRP binding heating at a rate of 2C/min in 1 M NaCl and 10 mM
(Henderson et al., 1994; Sierzputowska-Gracz et al., 1995).cacodylate buffer, pH 6. Thermodynamic values for two-
Finally, photochemical cross-linking of the IRE to the IRP state transitions were obtained from global fitting of the first
was mapped to two sites in the RNA: in the loop near the derivative curves as previously described (Laing & Draper,
fifth nucleotide and two nucleotides upstream from the 1994) and represent a minimum of four independent experi-
conserved unpaired cytosine (Basilion et al., 1994). ments.

The conservation of the IRE sequence and of its secondary Melting experiments were also used to determine mono-
structure, supported by the recent biochemical data, indicategnolecularity in NMR buffer at high RNA concentrations.
that both are important features of its recognition by the IRP. The various RNA hairpin species were melted over an 87-
Because the RNA loop might have an unusual structure, andfold concentration range (up to 0.85 mM RNA) with no
because the structure around the unpaired cytosine seemegletectable variation in the melting temperature.
to be functionally significant, the IRE from the human ferritin -~ NMR Experiments RNA samples for NMR experiments
heavy chain SUTR was chosen for a detailed investigation Wwere generally 1.5 mM RNA in 10 mM sodium phosphate,
into its thermodynamic stability and structural determination PH 5.8, and 30 mM NaCl. Spectra were acquired on a
by NMR. Results indicate that théGAGUGC loop is more  Varian Unity 500 MHz NMR spectrometer equipped with a
stable than predicted from thermodynamic rules, undoubtedly Z-Spec IDTG506-5 5 mm or Z-Spec MIDTG-3 3 mm triple
due to the formation of a tertiary base pair formed within resonance gradient probe (Nalorac Cryogenic Corp., Mar-
the loop. A model is presented, on the basis of the NMR tinez, CA). One NOESY (300 ms,) and one TOCSY (150

data, to describe the loop structure. ms) experiment was acquired on a Varian Unity 600 MHz
spectrometer to provide increased resolution. All NMR data
MATERIALS AND METHODS were collected using the States hypercomplex method (States

et al., 1982) at 20C unless noted otherwise. NMR data

RNA was synthesized by one of two methods for this \ere processed with VNMR 5.1 (Varian) or NMRPipe/
work. Duplex RNA strands were synthesized by solid-phase NMRDraw (Molecular Simulations, Inc.) software. NMR-
chemistry on an Applied Biosystems Model 391 PCRMate Compass (Molecular Simulations, Inc.) was used to analyze
using 2-O-methyl cyanoethyl phosphoramidites (Glenn spectra on a Silicon Graphics Indigo workstation.
Research) as described (Scaringe et al., 1990; Usman et al., 1D NOE experiments were acquired at@ with a 10K
1992) The deblocked Oligomers were then ethanol prECipi- Spectra| width using a-13—3—1 binomial pu|se with the
tated and readied for gel electrophoresis or column chroma-offset centered near 10 ppm. 2D SS-NOESY (Smallcombe,
tography as described below. All other RNA was synthe- 1993) spectra were collected at 4 and ZDwith z,,, from
sizedin vitro using SP6 (Stump & Hall, 1993) or T7 RNA 200 to 400 ms and a 10 K Hz spectral width with a short
polymerase (Milligan et al., 1987) from DNA oligonucleotide  gradient pulse to remove the remaining solvent signal.
templates, typ|Ca”y in 10 mL tranSCfiption reactions. Fol- Spectra were zero filled to 4K by 1K real points_ 28
lowing addition of 25 mM EDTA and ethanol precipitation NOESY spectra were collected for nonexchangeable protons
from the transcription reaction, the RNAs were separated at various temperatures and 80, 100, 200, 300, and 400 ms
on an 8 M urea/20% polyacrylamide gel or applied t0 @ mixing times. 2D ROESY experiments (Bax & Davis,
Zorbax anion-exchange column (MAC-MOD Analytical, 1985a) were acquired at 30 and 50 ms mixing times at 10
Inc.). Polyacrylamide gels were UV-shadowed; RNA bands gnd 20°C. 2D!H TOCSY spectra were collected at various
were removed and then electroeluted using a Schleicher andemperatures for 60, 80, 100, 120 ms mixing times with a
Schuell Elutrap device where eluted RNA was removed from MLEV-17 spin-lock (Bax & Davis, 1985b). 3EH TOCSY-
the trap at 20 min intervals to reduce RNA loss through the NOESY spectra (Wijmenga et al., 1994) were collected using
final membrane. Apparently due to the RNA structure, the poth a 100 ms spin-lock, 400 ms and a 60 ms spin-lock,
traditional dialysis with selective molecular weight cutoff 250 ms 7, with spectral widths of 2900 Hz in both

membrane resulted in significant loss of material, even with dimensions. DQF-COSY spectra (Rance et al., 1983) with
1000 or 500 molecular Welght cutoff. Instead, the RNA was Spectra| widths of 2280 Hz ity andt, were zero filled to

ethanol precipitated in 0.3 M sodium acetate. The RNAwas 4K by 1K and weighted with a shifted sine beltH/5N

then resuspended twice in 3 mL of 0.4 M NacCl, renatured sweep widths were 4000 Hz/6000 Hz f6N/*H HMQC in
at 75°C, and then precipitated again with 3 volumes ice- p,O (Bax et al., 1990) witH®N centered at 180 ppnd, =
cold 100% ethanol. The RNA was resuspended 0 ldnd 20; and 3000 Hz/1600 Hz for the pfgHMQC in® (Bax
lyophilized 2-3 times to remove trace amounts of ethanol g Potchapsky, 1992) with th&N centered at 150 pprd,=
prior to a 1 h dialysis using a Spectrapore Spectrum 50090 @SNHCI, at 0.0 ppm) with Garp decoupling during
MWCO dispodialyzer. This procedure typically yielded 0.5 acquisition. 3!P—'H HETCOR experiments (Frey et al.,
mg of pure RNA/mL of transcription. RNAs containing 1985; Sklefrnet al., 1986; Sklenar & Bax, 1987) used a
S5—deutero-UTP or -CTP were prepared (Brush et al., 1988; Nalorac ID506-5SS 5 mm indirect detection probe, with a
Hayatsu, 1976) using @W4).S0O; in ?H,0 and incorporated 1300 Hz!H/820 Hz3!P spectral width. Data were zero filled
enzymatically byin vitro transcription. IRE-G10 RNA  tg 2K by 512. 31P—H heteroTOCSY experiments (Kellogg,
sequences were synthesized Withl-UTP or -GTP (Ni-  1992; Kellogg & Schweitzer, 1993) were collected with 1300
konowicz et al., 1992) ifn vitro transcription reactions. Hz H/560 Hz 3P spectral windows with a 110 ms spin-
Melting Experiments. Thermodynamic stability of the lock. Data were zero filled to 4K by 512. Phosphorus was
various RNA structures was determined from thermal referenced to the internal phosphate at 0.0 ppm.
denaturation of the purified RNA in a Gilford 260 spectro-  Structure Modeling and RefinemenThe program MC-
photometer equipped with a 2527 Gilford thermoprogram- SYM (Macromolecular Conformation by SYMbolic genera-
mer. Absorbance measurements were taken at 260 nm withtion) (Major et al., 1991; Gautheret et al., 1993) was used
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A Gu G A GU G Table 1: Thermodynamic Parameters for RNA Molecules
cC ¢ c c : A10 RNA  AH° (kcal/mol) Twm (°C) AS (eu) AG° (kcal/mol)
A—U A-U  Un hairpirt  34.8 64.4 103.1 2.5
A—U > G—C IRE-U1l  53.9+06  72.3+03 156 55
c-G A—U IRE-G10  53.2:0.8  71.5+0.3 154 5.3
u—G A—U IRE-A10 55.3+ 0.7 64.6+ 0.5 164 4.5
u-—A . GTC IRE-R 46.6+03  68.6£0.2 136 4.3
c 5 3 IRE34.1 42.5+ 3.5 61+ 1 127 3.1
G c IRE34.2 66.0+ 0.9 68+ 1 193 6.0
UC—G'.‘ a Calculated from nearest neighbor approximation (Serra & Turner,
c—G 1995) for the 16-nucleotide hairpin. IRE34.1/.2 is the first/second
U—A C A transition of the 34-nucleotide IRE RNA (Figure 1) in low salt. All
U—A u c values are the average of at least four independent measurements; errors
U c G G in AS’ andAG®° are 20% and 10%, respectively.
G—C A=V
s C 2___3 the IRE-R loop is a random sequence six-nucleotide loop
A—U IRER that is the control for the thermodynamic experiments.
G—C Each RNA stemloop was thermally denatured as a
s ¥ function of concentration, to look for evidence of dimer

FIGURIIE 1: Seqbuen((:je an(?]s%condarfy strucLure of tEeI34-nu$‘leotideformation, In 1 M NaCl buffer used for thermodynamic
IRE element, based on the human ferritin heavy chalRE. The analysis, as well as in low salt concentrations similar to NMR
sequences of the hairpins are IRE-G10, IRE-U11, and IRE-Al e -
aﬁqderiveed f?om the oripginsal hzirpin Ioog’sequence', and IRE-R, 21’ conditions (50 mM NaCl, 10 mM sodium cacodylate, pH
random sequence RNA loop. 7), the melting temperature of the RNAs was not a function

of the RNA concentration, indicating that the RNAs formed
to generate a family of model RNA structures. MC-SYM hairpins. All unfolding transitions were analyzed assuming
uses a constraint satisfaction algorithm to search conforma-a two-state model; thermodynamic parameters describing
tional space defined by a structural database. The nucleotidehese RNAs are summarized in Table 1.
conformational database is constructed from all nucleic acid A hairpin loop with this particular five base pair stem is
structures determined by X-ray and NMR. Structures from predicted to have a folding free energyG°s;) of —2.5 kcal/
MC-SYM are refined using energy minimization in the mol, with an enthalpy of-34.8 kcal and an entropy ef103
INSIGHT 2.3.5 Discover 2.9 package (Biosym/Molecular eu, based on thermodynamic parameters for RNA structures
Simulations, Inc.). Parameters for refinement used the ysing the nearest neighbor approximation (Turner et al., 1988;
Amber all-atom force field and included van der Waals Serra et al.,, 1994; Serra & Turner, 1995). The IRE-R
repulsive/attractive forces and bond angle, dihedral angle,sequence most closely approximates these theoretical values,
and bond length optimization, with hydrogen bonding terms as shown in Table 1, although it is more stable than predicted.
on but Coulombic terms off. Conjugate gradient minimiza- The IRE-G10 and IRE-U11 RNAs have nearly identical
tion was used only to eliminate high energy atom overlap/ thermodynamic parameters, suggesting their interactions are
approach; after 15 iterations minimization was halted. These similar, and both are significantly more stable than the IRE-R
structures were examined for violations of NMR constraints RNA. The IRE-A10 RNA, however, has a melting temper-
and bad contacts and used for more extended analysis. Allagture 10°C lower than either IRE-G10 or IRE-U11 and is
computations were run on Silicon Graphics Indy or Indigo |ess stable by about 1 kcal/mol in free energy. This behavior
I is consistent with a change in loop interactions.

The IRE The melting of the entire 34-nucleotide RNA

RESULTS in low salt (50 mM NaCl) has two transitions, which are

The IRE used for these experiments, shown in Figure 1, likely to correspond to the melting of the lower duplex and
is based on the sequence of the human ferritin heavy chainthe melting of the upper stem and loop. Thermodynamic
5 UTR. The 16-nucleotide RNA sterioop, with the parameters describing these transitions are given in Table
mutations indicated, was used in both NMR and thermal 1. However, in higher salt concentrations, as in 1 M NaCl,
denaturation experiments. there is only a single discernable transition, suggesting that

the IRE melts as a single species.
RNA Thermodynamics

- . Hairpin Str r
The Hairpins In addition to the normal IRE sequence, airpin Structure

IRE-G10, several mutations were introduced into the loop Resonance Assignment§he 1D imino proton spectra of
for comparative purposes (Figure 1). The IRE-A10 mutant the IRE-G10 and IRE-A10 RNAs are shown in Figure 2.
replaces the G10 with A10; results from the selection The assignments are indicated on the basis of 1D NOE walks
experiments (Henderson et al., 1994) suggested that a basbetween adjacent base pairs. For the IRE-G10 molecule,
pair formed between nucleotides 1 (C6) and 5 (G10) of the the G and U imino proton assignments were confirmed from
loop, and the A substitution would disrupt this interaction. [**N]-uridine or [**N]-guanosine RNA using®N/*H pfgH-
This mutation reduced binding to the IRP about-f@ld MQC experiments. Of particular interest is the broad
(Jaffrey et al., 1993). The IRE-U11l loop is a naturally resonance at 10.6 ppm in the spectra of IRE-G10, which is
occurring one, found for example in the human transferrin a G imino proton as identified from spectra 8fJJguanosine

3 UTR (Casey et al., 1988); a loop with this sequence bound IRE-G10. The chemical shift of this resonance suggests it
10-fold weaker to the protein (Jaffrey et al., 1993). Finally, could be involved in a hydrogen bond to a carbonyl oxygen.
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a Ficure 3: 2D SS-NOESY spectrum of IRE-G10 at 2@, 250
ms. Neither the imino proton of the A5U12 base pair nor the G10
at 10.6 ppm is observed in this experiment. The three imino protons
from 11.8 to 12.5 ppm are assigned to G1 and result from
heterogeneity of its position.

Asu12

loop closing the A5U12 base pair shows a broad imino
proton resonance at 14.1 ppm at 10 (pH 5.8) in 1D
spectra, suggesting that it may be fraying or not forming a
typical Watson-Crick pair; it is not visible in the SS-NOESY
spectrum (Figure 3), although there is an NOE to water
FicUre 2: 1D imino proton spectra of IRE-G10 (in 30 mM NaCl observed at lower contour levels. The G imino resonance

and 60 mM NaCl) and IRE-A10 with the assignments indicated. at 10.6 ppm also does not appear in the SS-NOESY

In the higher salt, the stem is stabilized, reducing the number of SPectrum, although again there is a weak cross peak to water
G1 resonances. IRE-A10 is missing not only the G10 imino proton that can be observed af@ and low contour levels. Finally,

but also the resonance from A5U12, suggesting that this loop- a peculiar property of the terminal @116 base pair is that
closing base pair is destabilized. RNAs are approximately 1 mM here gre several imino protons that are associated with it,
in 30 mM NaCl and 10 mM sodium phosphate, pH 5.8, &C4 . . . .
which are in the region from 12.2 to 11.6 ppm. These imino
proton resonances are identical in spectra of the IRE-G10,
The A5U12 imino proton resonance is broad and much IRE-A10, IRE-U11, and IRE-R RNAs. In the SS-NOESY
weaker than the other two AU resonances in the IRE-G10 experiments, there are few NOEs from this proton other than
spectrum; its intensity is weaker in the spectrum of IRE- to cytosine amino protons. It is possible that this heteroge-
Ul1l (data not shown) and absent in that of the IRE-A10 neity (which is also seen in spectra of the nonexchangeable
molecule. It shows a weak NOE to an AH2 proton and also protons) arises through populations of the RNAs in which
to water. There are unfortunately several peaks assigned toG1 is paired to C17 (th@ + 1 nucleotide added by the
the G1 imino proton. In 1D NOE experiments, interresidue polymerase). At higher salt concentratiors0 mM NaCl),
NOEs from G1 to and from U15 and from G4 to and from these resonances coalesce into one at 11.6 ppm (Figure 2),
Ul4 were clearly observed. However, no NOEs were leaving other NOE patterns unchanged.
observed from the resonance at 10.6 ppm, even in conditions The nonexchangeable aromatic proton assignments were
where M@+ was added to hopefully stabilize the structure. determined by several methods. The cytosine and uridine
This resonance, which in the IRE-G10 RNA is present from H5/H6 assignments were confirmed using RNAs containing
4 to 30°C, is also present in the IRE-U11 imino proton 5-deuterouracil or -cytosine in 2D TOCSY experiments.
spectrum at £C, but notably absent in the IRE-A10 and [**N]Guanosine RNA was used fN—H HMQC experi-
IRE-R spectra. Also shown in Figure 2 is the imino proton ments optimized for two-bond couplings to confirm the
spectrum of IRE-G10 at higher sodium chloride concentra- identity of the four GH8 protons (Michnicka et al., 1993);
tion, where the stem is more stable, leading to one dominantthe line width of the G1H8 proton is significantly greater
peak for the G1C16 imino proton; no other changes in the than the others. All four guanosifé&N7 resonances had
spectrum or in the NOEs were observed. similar chemical shifts, suggesting that their environments
SS-NOESY experiments were also used to confirm as- are similar; in particular, there is no evidence of the upfield
signment and for structural information; for example, NOEs shift expected from hydrogen bonding. The adenosine H2
from the guanosine imino proton to cytosine amino protons protons could be identified on the basis of their lohg
are typical of a GC base pair. Several features of the SS- relaxation time (Wuthrich, 1986). All were confirmed by
NOESY spectrum are important and are shown in Figure 3. their NOESs to the 3ntra- and interstrand ribose Hprotons
The peak at 12.58 ppm on the diagonal is assigned to thecharacteristic of A-form helices (Wuthrich, 1986). Sequen-
G4 imino proton. There are many NOEs corresponding to tial H8/H6 assignments were determined by the NOE walk
this peak, which have been assigned to exocyclic amino from aromatic proton to ribose sugars observed in 2D
protons of C13 (interior proton at 8.3 ppm and exterior at NOESY spectra. The aromatic/ribose walk on thesifie
6.9 ppm); there are weak NOEs to amino protons of G4 (at of the hairpin from G1 at the base of the stem to G8 in the
6.36 ppm) at low temperature and long mixing times. The loop is shown in Figure 4. A similar walk can be done from

IRE-A10 (30 mM NaCl)

T T T T T T T T T T
145 14.0 13.5 13.0 12.5 12.0 u.s .0 10.5 10.0 ppa
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FIGURE 4. H1' to aromatic region of a 2D NOESY experiment at  Figure 5: 31P—!H heteroTOCSY experiment at 2, 110 ms,

20 °C, 300 ms, and 600 MHz. The sequential assignments from with assignments of ribose systems indicated.

G1 to G8 are indicated. There are several resonances assigned to

A2H2 and A3H2. RNA is 1.5 mM in 30 mM NaCl and 10 mM

sodium phosphate, pH 5.8. To assign the ribose protons, 2D TOCSY and 2D ROESY
experiments were used to identify the individual spin

the 3 terminus, beginning at C16 and proceeding to the U12 SYStems, as well #8P—1H heteroTOCSY experiments which
used the phosphorus as a filter for the ribose spin systems

H1' at the top of the strand (data not shown). From there, *> i , b

the walk jumps to G10H1in the loop. To further confirm ((jl_:|gure 3): Tr\]/\éilvelofhw f Toosgss\ﬁ)m systemsbcanh €

these assignments, an NOE walk using the aromatic/ribose Iscerned in the"P—"H e.te'r.o spectrum, but the
omplete 1to 5/5" connectivities are not observed for most

2 protons was mapped, since these protons are closest in & . : : .
canonical A-form helix. From the intensities of the aromatic/ hucleotides, due to the small coupling constants in the ribose

H1' cross peaks, it is clear that all nucleotides haveatin ring t_ha_t limit the relay (gnd thus confir.m sugar pucker
conformation ' descriptions). As shown in Table 2, assignments for loop

o . riboses are nearly complete, although th&'5protons are

_ Spectra of IRE-G10 were also acquired in buffer contain- not distinguished. The overlap in the proton spectra in the
ing 5 mM MgCl,. The presence of the Mgstabilized the yipose region, despite 3D TOCSY-NOESY experiments and
stem structure somewhat, although it did not completely seyeral NOESY experiments at 600 Mz, was too great to
eliminate the heterogeneity at the terminus. The most completely assign the sugars withdd€-labeling.
S|gn|f|_cant fe_atures of the spectra were large changes in the Sugar Puckers.The DQF-COSY spectrum (Figure 6)
chemical shifts of the ribose protons of G8 and U9. These jicates that the riboses in the stem, as well as the first C6
two bases occupy p|v+0tal positions in the loop structure, and , cjeotide on theSside of the loop, are predominantly €3
_the|r sensitivity to M@*" may indicate that there is a divalent endq typical of A-form duplex RNA. The next loop
ion binding site in the loop. nucleotide, A7, has a ribose pucker that appears to be in

A notable and confusing feature of these spectra is the equilibrium between C3endoand C2-endq based on the
presence of several cross peaks corresponding to resonanceis/2' coupling. The G8 ribose showed similar2l and 3/
from the first three base pairs of the stem. At the low salt 4’ couplings in DQF-COSY experiments, indicating that it
concentration in these NMR experiments, as well as experi- was in equilibrium between G&ndoand C2-endopuckers.
ments with added 5 mM Mgglthe BGAA/3'CUU region No 3/4' cross peak was observed for the sugars of U9 and
of the stem is not stable, with the result that the bases andG10, indicating they are best described by-€2da C11
sugars sample several different environments. In the NMR also has an intensé/2' cross peak and is described by' €2
spectra, this heterogeneity is observed in the number of iminoendoalthough overlap in the data precludes identification
protons associated with the €116 pair, in the number of  of its 3/4' cross peak.
G1H8 to ribose Hlcross peaks, and in the number of AH2 Backbone Torsion AnglesAs the 3'P—'H HETCOR
resonances observed for the-&A5 and A3U14 pairs. The spectrum shown in Figure 7 indicates, 12 of the 16
identification of these AH2 resonances through their anoma- phosphorus resonances can be correlated to their own and
lously long T; relaxation times was crucial to deciphering 3 ribose. The multiplet structure of the cross peaks to the
these spectra. This heterogeneity could be due to theH3', H4, and H%/5" protons could be analyzed for the
presence of an extra nucleotide at theld (usually a C17)  coupling constants, but the 10 Hz line width limits the
which was not entirely removed in the purification; G1 could resolution, and the measured splitting is quite similar. The
therefore pair with either C16 or C17. In addition, this chemical shifts of thé’P appear to be loosely clustered
sequence may be particularly susceptible to fraying, espe-around those from loop nucleotides (G8, U9, G10, and C11)
cially in low salt conditions. In any case, the extra cross and those from the stem. This clustering is also apparent in
peaks add complexity to the spectra. the *H—31P heteroTOCSY spectrum (Figure 5), where four
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Table 2: Chemical Shift Assignments for IRE-G10 (at Z0)?

nucleotide H6/H8 H2/H5 H1 H2' H3' H4' H5'/H5" 31p imino/amino
G1 8.20* 5.84* 4.90* 4.76* 4.56* 4.49/4.28 —-1.92 11.5/*
A2 7.92% 7.10* 5.99* 4.38* 4.75*% 4.48* -1.57
A3 7.68* 7.42* 5.87* 4.62* 4.61* 4.314
G4 7.00 5.48 4.44 4.37 —1.83 12.58/6.4
A5 7.59 7.76 5.88 4.51 4.45
C6 7.36 5.12 5.38 4.42 4.35 —1.54
A7 7.89 7.35 5.78 4.51 4.38 4.3 4.13/4.04 —1.55
G8 7.66 5.54 4.64 4.59 4.36 4.05 —-1.27 no
U9 7.71 5.79 5.90 4.31 4.62 4.07 —-1.27 no
G10 8.06 5.87 4.87 4.83 451 4.26/4.11 —1.15 10.6
Cl1 7.93 6.09 6.04 4.50 4.77 4.50 4.35/4.27 —1.33 no
ui2 7.86 5.38 5.53 4.61 4.50 4.38 4.2/4.44 —2.01 14.16
C13 7.98 5.73 5.60 4.49 4.62 4.15 —-1.50 6.89/8.3
ui4 7.89 5.39 5.49 451 13.90
uis 8.03 5.58 5.62 4.49 451 —2.12 13.76
C16 7.71 5.56 5.55 4.62 6.84/8.15*

ano, not observed. *, more than one peak seen due to circumstances elaborated in the text.
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F3llGURE 6: H1/H2 region of a DQF-COSY experiment at 2C FiIGURE 7: 3'P—!H HETCOR experiment at 20C, with assignments
(®'P decoupled). indicated.

of the loop nucleotides are found together. The most unusualpattern typical of an A-form duplex. The first loop nucle-
31p shift is assigned to G10 in the loop1.15 ppm). As otide, C6, has NOEs from its H6 to the preceding A5H1
noted by Legault and Pardi (1994), however, the phosphorushowever, the NOE from C6H1to A7H8 can only be
chemical shift cannot be easily correlated to the structure of distinguished clearly from the overlapping U14 H5/H6 cross
the backbone; the chemical environment of the phosphoruspeak in the 5-deuterouridine RNA sample, and thus its
can influence the variations in observed chemical shifts. intensity is in doubt. However, A7H8 has a strong NOE to
Loop Nucleotides.The sequential NOEs proceeded through C6HZ. There is a strong NOE from A7H8 to its own A7H1
the stem, as expected, and continued into the loop on'the 5which is not typical of an N-type (C3ndqg sugar; DQF-
side, through the C6A7G8 nucleotides. In contrast, there COSY data show evidence of some'@ndocharacter of
are no NOEs observed to U9 or C11 aromatic resonancesthe A7 ribose. The sequential NOE walk from aromatic to
from the neighboring ribose protons; these H5/H6 cross peakssugar includes the next GBH8/A7Hstep, but this cross peak
have a broad irregular shape in many spectra, especially abverlaps with the U9 H5/H6 cross peak and is thus not
low contour levels. These data are interpreted to mean thatreliably quantifiable. An NOE from G8H8 to A7Hds
these nucleotides have dynamic motion and are not part ofreadily observable, although there are no NOEs from G8H8
a regular structure. to aromatic protons of A7. Again, there is a strong NOE
NOEs that define the loop are summarized in the repre- from G8H8 to its own ribose Hland a relatively weaker
sentation of the RNA in Figure 8. The stem A5H8 to loop NOE to G8H2;, the DQF-COSY spectrum shows that the
C6H5 NOE is weak; the C6H5 NOE to the following A7H8 G8 sugar pucker is a mixture of G&8nddC3-enda
is only seen at longer mixing times (36@00 ms) and may On the 3 side of the loop, there are NOEs observed
come from spin diffusion. These aromatic/aromatic NOEs between G10H8 and U12 Hhand H2, as well as from
suggest that C6 is stacked between A5 and A7. SupportingG10H8 to U12H6, providing strong evidence that G10 is
evidence comes from NOEs between A5H2 and C6kH4 stacked over the loop-closing base pair. The G10 ribose also
well as between A5H2 and the interstrand C13HA the has C2-endocharacter. On the basis of these NOE patterns,
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Table 3: NMR Constraints for MC-SYM

<4.5 A constraints

<6 A constraints

<7 A constraints

- C3’ endo sugar
O - C2’ endo sugar

@ - C2’/C3’ endo sugar
«+— - 'H- 'H NOE detected
Ficure 8: Schematic representation of the IRE-G10 hairpin

A5 H8-G4 H2 G4 HI-A3 H2 G1H8-G1H1
A5 H8-A5 HZ2 G4 H8-G4 H2 G4 H8-G4 H1
C6 H6-A5 H3 G4 H8-G4 H3 A5 H8-G4 H1
C6 H6-C6 H2 A5 H8-G4 H3 C6 H5-A5 H3
C6 H6-C6 H3 A5 H8-A5 H3 C6 H5-A5 H8
A7 H8-C6 H2 C6 HI-A5 H2 C6 H6-A5 H1
A7 H8-C6 H3 C6 H6-A5 H2 C6 H5-C6 H2
A7 H8-A7 H2 C6 H6-C6 H1 C6 H5-C6 H3
G8 H8-G8 H1 A7 H8-A7 HY G8 H1-A7 H2
G8 H8-G8 H2 A7 H8-A7 H3 U9 H6-U9 H1
U9 H6-U9 H2 G8 H8-A7 H2 U12 H6-G10 H1
U9 H6-U9 H3 G8 H8-G8 H3 U12 H6-G10 H2
G10 H8-G10 H2 U9 H5-U9 H4 U12 H6-G10 H8
G10 H8-G10 H3 U9 H6-U9 HI Ul12 H6-U12 H1

Cl11H6-C11H1
C11 H6-C11 H2
C13 H6-C13 H2
C13 HI-A5 H2
Ul4 H6-C13 H2
Ul14 H6-U14 H2
U15 H6-U14 H2
U15 HI-A3 H2
U15 H6-U15 H2
C16 H6-U16 H2
all H5/H6

G10 H8-G10 H1
C11 H5-C11 H2
C11 H6-C11 H3
Ul2 H6-U12 H1
U12 H6-U12 H2
C16 HI-A2 H2

C13H6-U12 H1
C13 H6-U12 H6

structure, indicating critical NOEs observed and sugar puckers. Two

hydrogen bonds are shown for the C6/G10 interaction.

Table 4: MC-SYM Script

and the comparison of 1D imino proton spectra of the three Sequence
RNA species, we assign the broad guanosine imino proton 5'-helical strand
at 10.6 ppm to G10. A rG 1 reference typeA
The NOEs from U9H6 and C11H6 to their own ribose A ™A 2 connect 1 typeA
H1' are the only strong NOEs observed for these bases; the A A 3 connect 2 type A
: . . y 9 . ' A rG 4 connect 3 typeA
wide line widths of these aromatic protons suggest that they a rA 5 connect 4 sampleA
have conformational motion. 3'-helical strand
. . A ru 12 wc 5 sample-A
Constraints and Structure Modeling A rC 13 we 4 type-A
L . . . A ru 14 wc 3 type-A
Descriptions of constraints given here are designed to be a ru 15 we 2 type-A
used with MC-SYM (Major et al., 1991; Gautheret et al., A rC 16 wc 1 type-A
1993), which is a constraintsatisfaction computational Loop from 8 end
algorithm for modeling 3D RNA structures. This method A rC 6 connect 5 fut-A’
of generating structures uses the existing experimental A  TA 7 connect 6 ful
database of nucleotide conformations in combination with G 8 connect ! full
. . . ’ . A ru 9 connect 8 ful-B'
unigue experimentally determined constraints. While MC- G 10 CG-2—Hbond 6 full-B'
SYM has been used for modeling tRNA structures (Major A rc 11 connect 10 ful-B’
et al., 1993) and RNA aptamers (Leclerc et al., 1994), it has Constraint

not been used witlle nao NMR data. The constraints
required by this algorithm obviously differ from those

enter here the7 A, < 6 A, < 4.5 ANMR NOE constraints

required by distance geometry algorithms, since the starting Adjacency
geometries are not completely random. 035
The constraints given in Table 3 were used to model the Global

IRE loop _structure using MC-SYM. 'Dlstance constraints pp 3.0 N1 N1 20

were obtained from 2D NOESY experiments at 80, 200, and c1 Ccr 3.0 N1 C1 2.0

300 ms mixing times and are set very loosely. Sugar puckers ~ PSE PSE 3.0 N1 C4 2.0

were based on data from DQF-COSY experiments. The P CI 2.5 02 o4 2.0
P PSE 25 03C5 2.0

basic script for MC-SYM is given in Table 4. The first four C1 PSE o'
nucleotides at the'®nd of the RNA are allowed to sample C4 C4 20
N-type sugar puckers but restricted to describe an A-form
geometry (“type A"). The final four nucleotides are also a, 3, y, d, ande torsion angles (sample A). Loop nucleotides
restricted to type A but have the additional constraint that were less constrained. C6, with its '‘@hdoribose, and
they form Watson-Crick base pairs. These constraints NOEs to A5 and A7, was allowed to sample the complete
produce an A-form helix that includes nucleotides4land database of available N-type sugar backbone connectivities
12—-16. The A5U12 base pair which closes the loop was (full A"). A7 and G8 were permitted to sample the entire
described by WatsonCrick base pairing with C3endo database for N- and S-type sugar backbone connectivities
sugars and antiglycosidic bonds, but with variations in the (full’). U9, G10, and C11 have sugar puckers that ap-

P C3 2.0
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38, U% conformaticnal variants

Ficure 9: Structures of the IRE-G10 hairpin, after MC-SYM/energy minimization. (a, left) Superposition of eight structures in which
C6:G10 has a WatserCrick orientation but in which G8 is not stacked over A7. RMSD (all atom) of pairs varies from 1.3 to 2.8 A. (b,
right) Superposition of three structures in which-G&0 is again in a WatsenCrick configuration but C6, A7, and G8 are stacked. The
positions of U9 and, to a lesser extent, C11 are highly variable. RMSD varies from 0.14 to 1.8 A.

proximate C2endq and therefore these loop nucleotides the bounds of several NMR distances, altering the bounds
were allowed the complete database of available S-type sugaof the adjacency (O3-P distance), and changing loop
backbone connectivities (ful'lB NMR data (Table 3) were  nucleotide conformational database constraints. The NMR
entered as a separate constraint section. Distances derivedata are absolutely required to limit the allowed conforma-
from NMR data are set much looser than used for other tional space; in the extreme case, removing the NMR
computational methods, to allow for the coarse sampling constraints produced 22 000 structures. Using the empiri-
inherent in the MC-SYM construction. The pyrimidine H5/  cally derived script given in Table 4, with the adjaceney)
H6 distance, for example, is included in the4.5 A 126 structures were produced; with a smaller adjacency of
constraint, even though it is a fixed 2.45 A. The adjacency 0—3.5, 32 structures were generated. The majority of those
section of the script contained the ©® bond distance and  excluded structures were variants of the U9 position; since
was varied in separate runs. An additional set of global this nucleotide position is not fixed by NMR constraints,
constraints for minimum approach distances between atomthe reduced data set of 32 structures was selected for further
types was used to aid in the reduction of solutions with atom analysis. The MC-SYM structures were converted to pdb
overlap and to provide structures which would be suitable files and subjected to 15 cycles of energy minimization using
for energy minimization routines (Major et al., 1991). Insight/Discover, in the absence of constraints, to remove
The NMR data could not fully describe the tertiary C6/ bad contacts. The structures were then examined for
G10 interaction. In particular, NOEs to the C6 amino Vviolations of the NMR constraints, and on this basis five
protons from the G10 imino proton were not observed in were eliminated (they had two catenated bases produced by
NOE experiments. Further experiments wittN]J-cytosine MC-SYM which were not separable in the minimization).
may identify them, but the chemical shift of the G10 imino  Structures could be loosely grouped into two subsets: in
proton suggests that it may be hydrogen bonded to a carbonylone family of 12 structures, the C6/G10 interaction was in
oxygen or perhaps only protected from exchange. Therefore,a Watson-Crick orientation; in one subset of 15 structures,
to model the loop structure, this interaction was described the C6/G10 was paired as a reversed Watg0rick. In the
by “CG—2—Hbond", which samples all G pairings with loops with a WatsorCrick C6/G10 orientation, four loop
two or more hydrogen bonds. For comparison, structures conformations showed stacking of C6, A7, and G8 (Figure
were also generated in separate MC-SYM runs with this 9b), while in seven loops, only C6 and A7 were stacked and
interaction described by the looser “C@air” constraint, G8 was solvent exposed (Figure 9a). The G8 conformational
which allows for only one hydrogen bond. heterogeneity arises through the absence of NOEs to anchor
In order to assess the influence of the constraints on theits position. The observation of a weak NOE from the G8BH8
resulting structures, several parameters were systematicallyto the A7H8 at long mixing times suggests that some stacking
varied. Script variations included tightening or loosening of these bases may occur, but either the distance is greater
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than 5 A or their positions are dynamic, and therefore no mol= 5.0 kcal/mol AG°37;(loop = 6)] + 0.4 kcal/mol [AU
constraint was included in the script. The position of U9 closing pair]— 0.7 [terminal C6C11 mismatch]. Using this
was highly variable in these loops, as expected from the lack value of the loop stability with the stem free energy gives
of constraints. The C11 position was less variable, but the the hairpin free energhG°s; = —2.5 kcal/mol. However,
base was fully solvent accessible in all loops. In the family experimentally, the stabilization free energy of IRE-G10 and
of structures with a reversed Watsoe@rick geometry, only IRE-U11 is near-5.4 kcal/mol, which is significantly more
two structures showed stacking of C6, A7, and G8. In most stable than predicted. The free energy of the IRE loop itself
of these structures, no base was stacked, and in someas thus calculated to beAG°ne.{—5.4 kcal/mol) —
structures, the loop appeared crumpled and squashed. AG°ster{—7.2 kcal/mol)= +1.8 kcal/mol. Both IRE-A10

In general, the loops with the reversed Wats@rick and IRE-R loops are actually less stable by 1 kcal/mol
interaction had higher energies (defined by the parameter[AG°sn= —4.5 — (=7.2) = 2.7 kcal/mol]. We note that
set of Insight), although what this means in terms of the real the free energy of the IRE-G10 and -U11 loops is close to
structures is not clear. Eight loops with a Watsa@rick that of the UNCG unusually stable RNA tetraloops (Antao
orientation were the lowest energy structures of all those €t al., 1991; Antao & Tinoco, 1992), which have been shown
calculated; the reversed WatseBrick orientations had to have defined structures (Varani et al., 1991). These
energies 510—fold higher. The two classes of structures thermodynamic data therefore strongly suggest that the IRE
also showed different NOE violations; in those loops with a 100p has some tertiary interactions.
reversed WatsonCrick orientation of C6/G10, the7 A Loop Structure. MC-SYM was chosen to describe this
constraint for GBHYA7H2 was violated by 2.52.7 A. Of RNA structure for several reasons. Perhaps the most
the structures with a WatserCrick-type C6/G10 interaction, ~ important consideration is the observation that two of the
three structures in which G8 was not stacked on A7 had asix loop nucleotides have few NMR constraints on their
similar violation. In the structures with a Watse@rick position in the loop and probably have dynamic motion of
geometry of C6/G10 with stacking of C6, A7, and G8, the base and possibly of the sugar. Likewise, there are no
several had 0.240.3 A violations of the A7H8/H2con- NOEs observed from the imino proton assigned to G10 in

straint. the loop to offer a more detailed picture of its interaction. A
portion of the duplex region does not adopt a stable double
DISCUSSION helix, making it difficult to resolve multiple sugar resonances

] ] o and also to get accurate distances. This latter situation would

The six nucleotides of the IRE hairpin loopCAGUGN, e |ess problematic if this part of the stem is assumed to be
are conserved in MRNA'®JTR or 3 UTR sequences. This  nical A-form, as in fact the sugar puckers suggest it is.
loop is part of the binding site for the 98 kDa IRP. Single Fina|ly, the conformations of nucleotides in this small RNA
mutations in t_he !oop sequence appear to resultin a reduct|on|OOIO seemed likely to be represented in the existing
in the IRP binding affinity (Jaffrey et al., 1993). These gyperimental database of RNA conformations available to
thermodynamic and NMR experiments show that although {he MC-SYM algorithm, which would lead to the construc-
two nucleotides participate in a tertiary interaction across tjon of an accurate structure.

the loop, the remaining nucleotides have considerable  conformation of the loop is shown schematically in Figure
conformational freedom. 8 and modeled in Figure 9. NOEs from the C6H5 proton to
Hairpin Stability. In predictions of RNA secondary both the A5SH8 and A7H8 protons indicate that C6 is stacked
structures based on thermodynamic parameters, loops ar¢etween A5 and A7; this arrangement is present in all loop
considered to be destabilizing; a penalty is incurred upon structures shown. In contrast, there are only very weak
their formation that is larger as the loop size increases (TurnerNOEs from G8H8 to A7H8 that are observed at long mixing
etal., 1988). In arecentinvestigation of the thermodynamic times, making this stacking uncertain in terms of distance
properties of six-nucleotide RNA loops, Serra et al. (1994) and dynamics. As a result of the loose constraints on its
derived an algorithm for calculation of loop stability that position, the conformation of G8 is not restricted in many
included loop size AG®37;, wherei = loop size), the  of these structures. We note that the sugar pucker of G8
sequence of the closing base pair, and a free energy incremergeems to be very sensitive to Rfgand it is possible that,
for the interaction of the loop with the top of the stem in other solution conditions, G8 may adopt a more defined
(AG°37mv). From these parameters, the free energy attribut- geometry. The phosphodiester backbone must turn at U9
able to the loop itself can be derived. in order to close the loop; the downfield-shiftedP
This thermodynamic analysis can be applied to the six- resonances and the G&ndosugar puckers of G8, U9, G10,
nucleotide IRE loops for comparison with those loops and C11 are similar to previous descriptions of extended loop
described by Serra et al. (1994). In Table 1, the measuredbackbone conformations in situations where two nucleotides
thermodynamic parameters for the three IRE hairpins and span the turn of the loop (Salemink et al., 1979; Varani &
the IRE-R sequence are compared to the predicted valuesTinoco, 1991). lItis likely that U9 is swung out into solution
It is clear that these hairpins are all more stable than the to provide this backbone flexibility and span. Since uridine
thermodynamic parameters predict, but the IRE-G10 and has the least propensity to stack of any RNA base, it can
IRE-U11 hairpins are especially stable. The stem itself is readily accommodate this exposed position.
calculated to have a free energyG°s7) of —7.2 kcal/mol, The interactions of G10 with C6 somewhat restrict the
based on sums of nearest neighbor interactions, and a sixdoop structure. As shown in Figure 8, there are NOEs
nucleotide loop is given &4.4 kcal/mol penalty (Turner et  observed between the G10 aromatic H8 proton and the U12
al., 1988); their sum gives the predicted hairpin stability of ribose H1 proton, indicating the intervening C11 is bulged
AG°3;= —2.8 kcal/mol. Using the Serra and Turner (1995) out. The G10/C6 interaction could be a Wats@rick or
calculation for the IRE loop sequenc&G°s; =+14.7 kcal/ reversed WatsonCrick geometry; we favor a WatsetCrick
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orientation, on the basis of the observation of weak NOEs SUMMARY
that indicate some degree of A-form stacking of the three 5
nucleotides. Loop structures with a reversed Watgorick
show little or no stacking of these nucleotides, and although
there are few violations of the NMR constraints, these
structures are less convincing and difficult to reconcile with
the thermodynamic data. In all structures, the intervening
C11 is bulged out into solution, where it probably has a high
degree of dynamic motion. This sixth loop nucleotide is
not conserved in IRE hairpins, but on the basis of these
structures, a G at this position would form aGCpair; if
loop structure or flexibility is important for recognition, then
the prediction is that this variant seldom occurs. ACKNOWLEDGMENT
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We have shown that the six-nucleotide IRE hairpin is far
more stable than predicted from thermodynamic parameters.
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