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Abstract

RNA~—protein recognition is critical to post-transcriptional regulation of gene expression, yet poorly understood
at the molecular level. The relatively slow progress in understanding this important area of molecular biology
is due to difficulties in obtaining good-quality crystals and derivatives, and in preparing samples suitable for
NMR investigation. The determination of the structure of the complex between the human U1A protein and its
polyadenylation inhibition element is described here. In this paper, we describe the sample preparation, spectral
assignments, construction of the NOE-based distance constraints and methodology for calculating the structure of
the complex. The structure was determined to an overall precision of 2.03 A (for all ordered regions), and 1.08 A
for the protein—RNA interface. The patterns of hydrogen bonding and hydrophobic interactions at the interface
were analysed statistically using the final ensemble of 31 structures.

AbbreviationshnRNP, heterologous nuclear ribonucleoprotein; mMRNA, messenger RNA; RNP, ribonucleoprotein;
U1A-102, amino acids 2—-102 of human U1A protein containing the mutationsHigr and GIrf®Arg; U1A-

117, amino acids 2—-117 of human U1A protein; PIE-RNA, polyadenylation inhibition element RNA. To aid the
distinction between protein and RNA in the text, amino acid residues are referred to using their three-letter codes
throughout, except in the figures and Tables 1 and 4a (where the single-letter code is used to save space).

Introduction This relatively slow progress in studying RNA—
protein recognition is due to several underlying techni-
cal factors. Crystallization of RNA—protein complexes
involves synthesizing large quantities of a range of
RNA sequence variants to screen for highly diffracting
crystals (Oubridge et al., 1995; Price et al., 1995). In
addition, the structural flexibility of RNA leads to al-
ternative conformers and generally less rigid structures
that may not pack in highly ordered crystals (Price et
al., 1997). Despite these difficulties, most atomic res-
olution information on RNA—protein complexes has
been obtained by crystallography. NMR spectroscopic
studies of RNA—protein complexes have generally
been limited to a qualitative description of sites of in-
*Present address: Kemisk Institut V, Copenhagen Univer- teractions through mapping of chemical shift changes
sity, Universitetsparken 5, DK-2100 Copgnhagen (a,_ Denm'ark. upon complex formation (G(‘jrlach et al., 1992; Hall,
**Present address: Department of Chemistry and Biochemistry, 1994: Howe et al., 1994: Kanaar et al., 1995); US-

University of California, P.O. Box 951569, Los Angeles, CA 90095- . K -
1569, U.S.A***To whom correspondence should be addressed. ~ INg NMR to determine high-resolution structures of

RNA—protein recognition is a crucial aspect of many
biological processes that still remains relatively poorly
understood at the structural and thermodynamic level.
This is largely because there are still fewer than 10
atomic resolution structures of RNA—protein com-
plexes solved (Nagai, 1996). The majority of these
existing structures are of complexes between tRNAs
and aminoacyl-tRNA synthetases or elongation factors
(Cusack, 1995), and all but two structures are less than
3 years old.
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Table 1. List of all 123 intermolecular NOE-derived constraints

RNA Protein

A24 H8 S48HN (3D-s), Hx (3D-s), HB (w)

A24 H2 L44 H3 (3D-w)

A24 HY L48 HN (3D-w), Ha (3D-w), HB (3D-s)

A24 H2" S48HB (m)

A24 H3 S48HB (m)

G25H8 L49 HN (w), Ha (m), HB (m), Hy (3D-s), B (w)

G25HY S48Ha (3D-w), L49 HN (3D-s), Hx (3D-w), HB (w), Hy (3D-s), Hb (m)

G25H2” L49 HN (3D-s), Hx (3D-w), H8 (3D-s), H (3D-w)

A39 H2 L49 HN (3D-w), Ha (3D-s), H3 (3D-w), Hy (3D-s), Kb (w), R52H3 (3D-w), He (3D-s)

U40H3 L49 H3 (3D-w), R52 Hy (3D-s), b (3D-s), H (3D-w)

U40HY L49 HN (3D-w), Hy (3D-w), H3 (m), R52 H3 (3D-s)

U40H2” L49 Hy (3D-w), H5 (3D-w)

U41H3 N16 HN (3D-s), Hx (w), HB (3D-s),K80 He (3D-s), H; (3D-s)

U41HY N15H3822 (w)

G42H8 Y13 OH (w), N15H§22 (3D-s),K50 Ha (3D-w)

G42H1 G53HN (3D-s), Hx (3D-s)

G42HY K50 HN (3D-w), Ha (w), HB (3D-s)

G42H2" Y13 OH (w), K50 Ha (3D-w), HB (3D-w)

C43H6 Y13 He (3D-s), OH (3D-w),M51 He (3D-w), K88 Hy (3D-w), H3 (3D-s), H (3D-s)

C43H5 Y13 HB (3D-w), H3 (3D-s), H (3D-s),K88 Hy (3D-s), kb (3D-s), H (3D-s),Q85He22 (3D-s)

C43HY M51 He (3D-s),F56 He (m), He (m), A87 HB (3D-s),K88 Hy (3D-s), b (3D-s), H (3D-s)

C43H2" Y13 He (3D-w), M51 He (3D-w), K88 He (3D-s)

C43H4 M51 He (3D-s),F56 He (3D-w), He (3D-w), K88 H5 (3D-w) He (3D-w)

C43H5'/HS” Y13 He (3D-w)

A44 H8 L44 H3 (3D-w), M51 He (3D-s),F56 He (3D-s), H; (m)

A44 H2 T11 Hy (3D-s),L44 Ha (3D-w), HB (3D-s), Hy (3D-s), B (w), F56 HB (3D-s),S91Ha (3D-s), HB
(3D-w), D92 HN (3D-w)

A44HY L44 H3 (ED-s),M51 He (m), F56 H3 (3D-s), H (m), Hg (m)

Ad44H2" M51 He (3D-s)

A44HI L44 H3 (3D-w), M51 He (3D-w)

A44 HY M51 He (3D-s)

C45H6 L44 H3 (3D-w)

C45H5 L44 H3 (3D-w), D92 HN (3D-s)

C45amino T89 Hy (w), S91Ha (3D-s),D92HN (ED-s)

C45HY T11 Hy (3D-w), L44 Hy (3D-w), H5 (w), D92 HB (3D-s)

C45H2" L44 H$ (3D-s),D92 HB (3D-s)

C45H3 L44 H3 (3D-s)

C46H5 L44 H3 (3D-s)

The category of the distance constraint is indicated in parentheses: m (medium; 0-2.9 A), w (weak; 0-3.5 A), 3D-s
(0-5 A) and 3D-w (0-7 A). All methylene and isopropyl groups in the complex were treated as equivalent groups when
defining constraints, since no stereoassignments were available.



protein—RNA complexes is especially challenging be-
cause of their limited solubility and high molecular
weight (>20 kDa).

The development of effective techniques for the
preparation of isotopically labelled RNA has made it
possible to use NMR to study RNAs of much larger

size than was previously possible (Varani et al., 1996),
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Materials and methods

Sample preparation

Two protein constructs were used in this study. The
first corresponds to residues 2—-102 from human U1A
protein (U1A-102), and the second contains two point
mutations, Tyf* — His and GIrf®— Arg (see below).

and to obtain structures of significantly improved ac- Both constructs include the RNA-binding domain of
curacy and precision (Allain and Varani, 1997). This U1A (residues 5-98) and both bind RNA as tightly as
recent progress has led to the determination of the the full-length, wild-type U1A protein (Nagai et al.,
structure of several complexes involving peptide mod- 1990; Gubser and Varani, 1996). Both were overex-
els derived from regulatory proteins of immunodefi- pressed in BL21(DE3§. coli, the wild-type using the
ciency viruses (Puglisi et al., 1995; Ye et al., 1995, plasmid pMW172 and the double-mutant using a plas-
1996; Battiste et al., 1996) and to the structure of the mid based on pET13a (Gerchman et al., 1994). The
complex between the complete RNA-binding domain pET13a vector carries a kanamycin-resistance gene
of the human U1A protein and an internal loop RNA and a strictly regulated promoter, to provide repro-

target (Allain et al., 1996).

ducibly high levels of protein expression. Bacteria

The human U1A protein represents a paradigm were grown on M9 minimal medium supplemented

for understanding RNA recognition by proteins of the
RNA-processing machinery. The determination of the

by thiamine and trace elements, and stable isotopes
were incorporated into the protein by using [s-

crystal structure of the complex between U1A and a glucose andPN]-ammonium chloride as required.

hairpin RNA substrate (Oubridge et al., 1994) and
the NMR structure of the UlA—internal loop com-
plex (Allain et al., 1996) have provided an unprece-

Protein was purified essentially as described pre-
viously (Nagai et al., 1990), except for some minor
modifications. After purification, protein was stored

dented insight into structural and dynamic aspects of frozen at—70°C in 10 mM KH,POy, 25 mM KCI at

RNA—protein recognition. Direct comparison of the
complex with the solution structures of the uncom-
plexed RNA (Gubser and Varani, 1996) and protein
components (Avis et al., 1996) have led to the pro-
posal of a mechanism for binding (Allain et al., 1996).
In this report, we describe in detail the determina-
tion of the NMR structure of the complex between
the human U1A protein RNA-binding domain of 102
amino acids and part of the polyadenylation inhibi-
tion element RNA from the ‘3untranslated region of

the U1A pre-mRNA (also called PIE-RNA (Gunder-
son et al., 1997)). Completion of this task involved

pH 7.4. NMR samples of the free proteins contained
1-2 mM protein at pH 4.9 in 10 mM K§POy, 10 mM
[2H4]-sodium acetate and 0.02% azide. Samples were
prepared either in 90% 40 / 10% DO or in 100%
D,0, and NMR data were collected at 300, 308 and
315 K.

The RNA was prepared bin vitro transcription
from synthetic DNA templates using T7 polymerase
as previously described (Gubser and Varani, 1996).
RNA was purified by denaturing polyacrylamide gel
electrophoresis, followed by ethanol precipitation, ex-
tensive dialysis and size exclusion chromatography

solving several technical problems in sample prepa- (Varani et al., 1996). The sequence of the RNA con-
ration, spectral assignments and construction of the struct used for this study is shown in Figure 1. Sub-
list of NOE-based distance constraints. It was also stitution of an exceptionally stable UUCG tetraloop
necessary to develop methodology for calculating the in place of the wild-type loop sequence improved
structure of the complex; a molecular dynamics proto- thermodynamic stability and simplified assignments
col was used starting directly from random RNA and without altering the affinity of the RNA for the protein
protein initial coordinates without using amy hoc (Gubser and Varani, 1996).
assumptions or docking steps.
Preparation of the protein—-RNA complexes
NMR samples were prepared by dialysing separately
protein and RNA into 10 mM KpPO, with 0.02%
sodium azide (pH~ 5.0). For samples in 100%
D,0, the components were freeze-dried after dialy-
sis and separately resuspended gODFor each of
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Figure 1. Secondary structures of the ULAWBTR PIE (a) box 2 from the present study and (b) the complete PIE-RNA. In (c) is shown the
secondary structure of stem-loop Il of U1 snRNA; the boxed sequences are common to all three structures, exceptfbmautation in box
1 of the complete PIE-RNA.

the components, concentrations were measured by UVC28, C38, C46, C49 and C50) gave imino signals
absorbance, the pH was adjusted to 4.9 by adding characteristic of nhormal Watson—Crick base pairing,
[2H4]-sodium acetate to 10 mM and 10%O was inconsistent with cytosine protonation; (iii) analysis of
added to samples in water. The complex was then the structures strongly suggests that the N3 atoms of
formed by gradually adding protein to the RNA at both C43 and C45 act as hydrogen-bond acceptors in
room temperature. Samples became very cloudy on hydrogen bonds that are also found in the U1A/stem-
initial addition of protein, but rapidly cleared upon loop Il crystal structure (cf. Table 4b); and (iv) no
gentle mixing; they were then spun through a @2 exchangeable signals were observed near 15 ppm, as
spin-filter (Amicon Inc., Beverly, MA) to remove any  would have been expected for protons attached to cy-
particles and to sterilize the samples. RNA was al- tosine N3. All NMR spectra used to make assignments
ways kept in slight (5-10%) excess; if excess protein for the complex were recorded at 300 K.

was inadvertently added, some precipitation was ob-

served. Samples contained complex at about 1 MM |mproving the stability of the protein—-RNA complex

conc_entration, and susceptibility—_matched, variable- Preliminary work on the complex between wild-type
restricted volume NMR Ful?es (Shigemi Inc., Tokyo) U1A-102 and RNA showed that the complex slowly
were used so as to minimize the amount of material precipitated over several days at the concentrations

Eeeded.f Aﬁlthough |t.|shcgnce|vable th dat the cytosT]e and temperatures necessary to obtain acceptably nar-
ases of the RNA might be protonated at pH 4.9 (the row NMR resonances<(20 °C). Screening of a broad

PK for N3 of cytosine Is apprommate_ly 4.5), we b?' range of conditions of pH, solvent composition and
lieve no SUCh. complication pccurred in these studies, j,ic strength did not prevent this, although low ionic
for the following reasons: (i) the NMR spectra were strength did improve sample behaviour considerably.
""?rge'y upchan_ged over the.range PH 5-7; (il) gua- 1pq yse of a doubly mutated U1A protein originally
hines paired with cytosines in the stems (C21, C27, developed for crystallization of the complex with the
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hairpin loop RNA substrate (Oubridge et al., 1994, tra. HNCACB, HN(CO)CA, HBHA(CBCACO)NH,
1995) improved the long-term stability of the NMR  3D-NOESY-[1°N]-HSQC and 3D-}3C]-HSQC-NOE-
sample. The two mutations, Bfr— His and GIt® SY spectra were recorded from samples gOHton-

— Arg, change exposed hydrophobic residues from taining double-labelled protein and unlabelled RNA,
helix A into charged residues. The dissociation con- and similar samples of complex inpD were used to
stant of the complex is not affected by these mutations record [3C]-HSQC, 3D-HCCH-TOCSY, 3D-HCCH-
(Oubridge et al., 1994, 1995; Gubser and Varani, COSY, 2D-HCCH-COSY (optimized for aromatic
1996) and the chemical shifts of resonances from resonances), 3D-NOESYJC]-HMQC spectra and
Tyr3! and GIr?® are not perturbed upon RNA binding  half-filtered 2D fH,*H] NOESY experiments (Otting
(Howe et al., 1994). Protein purity, and hence probably and Withrich, 1990; Clore and Gronenborn, 1994).
also stability of the complex, was improved by limit- The HCCH-TOCSY experiment employed a 17 ms
ing the portion retained during chromatographic sep- DIPSI-2 isotropic mixing sequence, while NOESY
arations. Complexes prepared with the double-mutant experiments employed mixing times of 50 or 100 ms.
protein were stable for several weeks at temperatures  The spectral width fo'H was typically set to
of 27 °C; however, even with the double-mutant pro- 8 kHz, except for the indirect dimension in DQ corre-
tein, some samples of complex deteriorated quickly lation spectra (16 kHz) and the indiré¢t dimensions
due to RNA hydrolysis, presumably caused by RNAse of 3D experiments recorded in,D (4 kHz). 1°N

contaminants in the protein preparation. spectral widths were 32.89 ppm and € spectral
width was 66.26 ppm. Two-dimensional experiments
NMR spectroscopy for the free protein typically used 1024 complex points

All data were acquired using either Bruker DMX600 in F2 and 512 real points in F1. All the other ex-
or Bruker AMX500 NMR spectrometers. The 600 Periments used 512 complex points in the acquisition
MHz Spectrometer was equipped with a 5 mm trip|e_ dimension and 256 real points in |nd|ré'¢ﬂ dimen-
resonance’H{13C, broadband} probe with z-axis Ssions. Heteronuclear dimensions used either 64 (3D
pulsed field gradient coil, and the 500 MHz spec- €xperiments) or 256 (2D experiments) real points.
trometer was equipped with a5 mm doub|e_resonanceTPP| was used for sign discrimination in indirect di-
IH{broadband} probe or a 5 mm triple-resonance Mensions (Marion and Withrich, 1983), except for

1H{13C 15N} probe. gradient-selected and sensitivity-enhanced gradient-
Free protein resonances were assigned using aselected experiments, which used ‘echo anti-echo’
variety of spectra, including 2D'H,'H] experi- sign discrimination (Davis et al., 1992). Initial de-
ments (TOCSY, NOESY, DQ correlation and RELAY) lays for indirect dimensions were set to multiples of
and 2D and 3D H,'5N] experiments with5N- the incrementation time to improve baselines and give
labelled protein (2D4°N]-HSQC, 2D-f°N]J-HSQC- defined phases for folded signals (Bax et al., 1991).
TOCSY and 3D-NOESY#N]-HSQC). An HN- In most homonuclear experiments, the residual sol-

CACB experiment (Wittekind and Mueller, 1993) Vvent signal was suppressed by coherent on-resonance
was recorded using double-labelled protein in wa- Presaturation, while in most heteronuclear experi-
ter, and various other experiments were recorded us-ments it was suppressed using spin-lock rf purge
ing double-labelled protein in D ([*3C]-HMQC, pulses supplemented by z-gradients. In some NOESY
2D-[*3C]-HSQC-TOCSY, constant time 2B3C]- spectra, jump-return excitation was used to help pre-
HSQC-TOCSY, 2D43C 'H]-HCCH-COSY and 3D- serve the intensity of NOE cross peaks by avoiding
NOESY-[13C]-HMQC). [*H,H] isotropic mixing in solvent saturation. In most 2D-HSQC and HMQC ex-
TOCSY experiments was achieved using the DIPSI- periments, z-gradients used for coherence selection
2 sequence for 40 or 80 ms (Shaka et al., 1988), andalso suppressed the solvent signal.
NOESY experiments employed a mixing time of 200 Many 2D experiments were processed using
ms. GARP-1 decoupling of°N and 13C was used UXNMR (Bruker, Karlsruhe) running on either an As-
during the acquisition time as necessary (Shaka et al., PectStationl or an X32 computer. Other experiments
1985). were processed using the program Felix (Biosym
For the complex, samples ino® containingt>N- Inc., San Diego, CA) running on Silicon Graphics
labelled protein and unlabelled RNA were used to Indigo or Indy workstations. Before transformation,
obtain homonuclear NOESY and DQ spectra, as well time-domain data were multiplied by sine or sine-
as [I°N]-HSQC and 3D-NOESY#N]-HMQC spec- squared functions shifted by 30-6@nd zero-filled
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twice (2D spectra) or once (3D spectra) in each di- The strategy for assigning the spectra of the
mension. Three-dimensional spectra recorded in water ULA102—-RNA complex was essentially to build upon

were baseline corrected using time-domain convolu- the results already obtained for the free components.
tion (Marion et al., 1989; Waltho and Cavanagh, As expected, spectra from the free components were

1993). of significantly higher quality than those from the
complex, showing more complete connectivity pat-
Spectral assignments terns, particularly in experiments based on scalar cou-

The assignment of the RNA component, both free and Plings. Although it might have been possible to obtain
in the complex, has been described previously (Gubserassignments using only NMR spectra from the com-
and Varani, 1996); only the assignments of the protein Plex, the combined analysis of data from the complex
component are discussed here. and from both free components led to a much more
Proton and'>N assignments for free, wild-type secure and rapid interpretation.
U1A-102 protein, and also for the double-mutant ~ Many protein resonances in the complex gave
Tyr3lHis GIn®%Arg protein, were obtained using stan- chemical shifts and patterns of NOE cross peaks sim-
dard techniques applied to both unlabelled &PN- ilar to those observed for the free protein. Previous
labelled protein samples (Wiithrich, 1986). Amino NMR and crystallographic studies of RNP-RNA com-
acid spin systems were identified and classified ac- plexes have shown that nadespreacthange in pro-
Cording to residue type using homonuclear TOCSY, tein conformation occurs upon RNA blndlng (Gt’)rlach
COSY and RELAY spectra, together with a 2D- €tal., 1992; Howe et al., 1994; Oubridge et al., 1994),
HSQC-TOCSY spectrum. Spin systems were arranged SO We reasoned that most resonances of residues not
within the known primary sequence using sequen- directlyinvolved in RNA blndlng would be Iargely un-
tial NOE cross peaks in 2D-HSQC-NOESY and 3D- Pperturbed upon complexation. Initially, comparisons
NOESY-HSQC spectra. This process was facilitated Were made in the 3D-NOESY4N]-HMQC and 3D-
by the availability of previously published partial NOESY-[°N]-HSQC spectra of free and complexed
backbone proton assignments for a fragment of U1A protein; if an NH correlation was found at similar
containing residues 11-94 (however, the shifts pre- locations in corresponding HMQC planes from the
viously reported for PH& and Ly$° we believe to ~ two spectra, and if the pattern of NOE cross peaks
be due to Ly&° and Asg® respectively) (Hoffman et ~ observed in the (orthogonal) NOE dimension start-
al., 1991) Assignments were genera”y Straightfor- |ng from this NH correlation was also similar in the
ward to obtain, except for two regions ($&+eu® two spectra, then it was tentatively concluded that the
and Asp~Asp?®) where amide NH resonances were assignment for this NH group was the same in the
not detectable; in the case of ASpnone of the res-  complex as for the free protein. Such tentative as-
onances were observed. However, these regions aresignments were then checked and extended by search-
relatively short and contain characteristic spin sys- ing specifically for NOE cross peaks to sequentially
tems, so it was possible to assign the other resonancedeighbouring spin systems in spectra of the complex.
from these residues by a process of elimination. By this process, groups of sequentially neighbouring
In the case of the TytHis, GIm*®Arg double- spin systems were constructed, including whole sets
mutant protein, a series of triple-resonance experi- for each of which the pattern of NOE cross peaks
ments was recorded usind’N, 13C] double-labelled ~ matched between the spectra of free and bound pro-
samples to generate the carbon assignments. An HN-tein. Initially, only resonances with very closely sim-
CACB spectrum was used to |dent|fy andB car- ilar chemical shifts and patterns of NOE cross peaks
bon shifts and to verify the sequential assignment, Were accepted (as shown in Figure 2 for A9nbut as
while the remaining carbon shifts were identified the number of unassigned NH signals diminished, it
using [¥C]-HMQC, 2D-HCCH-COSY, 3D-NOESY-  became possible to assign securely resonances which
[13C]-HMQC and 2D-}3C]-HSQC-TOCSY spectra.  had undergone larger changes in chemical shift upon
A constant-time 2D#C]-HSQC-TOCSY showed RNA binding. The distinction between protein and
few correlations, but the higher resolution resolved RNA signals in the pattern of NOE cross peaks ob-
ambiguities in the crowded methyl region, and a served from each protein NH group was made partly
constant-time3C]-HSQC acquired without carbonyl ~ on grounds of chemical shift (RNA generally gives
decoupling allowed unambiguous identification of the No signals below 3.5 ppm), and also by checking
10 serine @H2 groups.
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Figure 2. F2-planes from 3D—1[5N]—NOESY—HSQC spectra JPN-labelled protein free (left) and bound to PIE-RNA (right). In each case the
plane corresponds to tHEN shift of residue AsP’, and intraresidual correlations from thil shift of Asrf? NH are indicated by a vertical
dotted line.

data from fH,13C] spectra acquired from complex residues, it was necessary to use data from com-
containing double-labelled protein. plexes containing }fC,°N]-double-labelled protein
This comparative method of assignment was par- to obtain heteronuclear through-bond correlations and
ticularly effective for the helical regions of the protein, 13C-chemical shifts. A range of through-bond ex-
because relatively strong sequential NH-NH NOE periments were recorded (Figure 3); HCCH-COSY
cross peaks could be used to link together spin sys-and HCCH-TOCSY experiments allowed identifica-
tems of adjacent residues. Since the first two helices tion of some spin systems, particularly from residues
of the protein (residues 24-35 and 63—71) are distant containing methyl groups. A homonuclear double-
from the RNA binding site, they undergo very small quantum experiment helped in the assignment of aro-
changes in chemical shift upon RNA binding and were matic spin systems and also provided about 30 use-
quickly assigned. Residues in helix C were somewhat ful intraresidual NH-Hk correlations. However, most
more difficult to assign because they undergo large spin systems remained incomplete and some residues
chemical shift changes upon complexation. By includ- gave no correlations at all in through-bond experi-
ing long-range NOE cross peaks in the analysis (NOE ments (Figure 3). Thus, the assignment was completed
cross peaks betwedhstrands), it was also possible using 3D-NOESY-°N]-HSQC and 3D-}3C]-HSQC-
to assign some parts of titesheets despite the larger NOESY spectra (all recorded using the same double-
chemical shift changes in this region of the protein. labelled sample, to eliminate small chemical shift
The remainder of the RNA-bound protein (about differences between different preparations). The 3D-
30 residues) could not be assigned by compari- NOESY spectra allowed assignment of most of the
son with the free state, because large changes in13C chemical shifts of the protein in the complex, so
chemical shift occurred on complexation. For these that the approach of assignment by comparison to the
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free protein could be extended through the remain- Withrich, 1990). These spectra contain some very
ing regions of the proteint3C chemical shifts were intense peaks corresponding to intermolecular NOE
more similar between free protein and complex than connectivities, which were relatively simple to assign.
were either'H or 1°N shifts, and, as expectedC However, owing to spectral overlap and artefacts, the
chemical shifts also provided a more reliable guide to half-filter spectra were not of sufficient quality to as-
residue type identification (Grzesiek and Bax, 1993). sign all the intermolecular NOE interactions. Most
For many residues, results from backbone experimentsintermolecular NOE cross peaks were identified from
allowed inter- and intraresidue NOE cross peaks to be 3D 13C-edited spectra acquired both in® and in
differentiated. This combination of NOE pattern com- D20 with labelled protein complexed to unlabelled
parison, through-bond experiments di@ chemical RNA (Figure 4). Intermolecular NOE cross peaks in-
shift analysis allowed a nearly complete assignment of volving 1°N-bound protein NH signals were observed
the protein in the complex. in the 3D 15N-edited spectrum, and were assigned
as intermolecular by establishing whether the corre-
sponding cross peaks were present or absent in the
3D 13C-edited NOESY spectrum recorded for the
same sample in $¥D. Since intermolecular interac-
tions would link NH protons on the protein #C-

Intramolecular distance constraints

The NOE-derived intramolecular distance constraints
for the RNA-bound U1A-102 protein were obtained
using the constraints for the free U1A-117 protein as

a starting point. Of the 1710 NOE-derived intramole-
cular distance constraints identified for the complex,
1287 (75%) are found in both free and bound protein

bound protons on the RNA, they should be missing
in the latter spectrum. Some intermolecular contacts
could only be identified in 2D-NOESY spectra D

spectra. Most differences between the two constraint and HO), but these cases required particular care
lists arise from differences in the dispersion of res- since inter- and intramolecular connectivities can only
onances in the two sets of spectra, from the two be distinguished in such spectra when the chemical
mutations, and from the fact that stereoassignmentsshifts involved are unique. Nonetheless, 2D-NOESY
obtained for the free protein could not be obtained for spectra were essential to assign intermolecular NOE
the complex. Other differences have genuine struc- interactions involving the RNA imino and amino pro-
tural implications (see below). In addition to the tons and the Ty and Phe&® aromatic protons.

distance constraints, 42 hydrogen-bonding constraints ~As described above, approximately 30 strong
(two constraints per hydrogen bond) were obtained and unambiguous intermolecular NOE connectivities
upon the observation of 21 slowly exchanging amide could be obtained straightforwardly; this set included

signals in spectra of the complex (data not shown).

As with the protein, the constraint list for the RNA
in the complex was constructed using the list for the
free RNA as a template (Gubser and Varani, 1996).
Of the 591 intramolecular NOE-derived constraints
for the RNA in the complex, 526 (89%) were also
present in the free RNA constraint list, as were the
25 hydrogen-bonding constraints. In addition, 110 di-
hedral constraints were introduced for the complex,
using the same constraints derived experimentally for
the free RNA in all regions of the double-helical stems
where no chemical shift differences were observed
between free and bound RNA. Of the 65 constraints
present only for the bound RNA, 32 reflect genuine
structural differences (see below).

Identification of intermolecular NOE interactions
Two-dimensional half-filter experiments were re-
corded to observe selectively intermolecular connec-
tivities from samples containing isotopically labelled
protein in the presence of unlabelled RNA (Otting and

mainly H1 and aromatic RNA resonances and methyl
and amide protein resonances (Figures 4a and b).
These 30 intermolecular connectivities provided the
starting point for assigning the remaining contacts (Ta-
ble 1). A second set a£30 intense NOE cross peaks
could be assigned based on these, since they were
closely related to resonances involved in the first set.
Typically, these included connectivities from a protein
side-chain methylene @Hor Hy) and were assigned
because of unambiguous intermolecular NOE cross
peaks involving well-dispersed methyl or amide res-
onances of the same protein residue. A third set of
intermolecular NOE cross peaks 80) included some
that were very weak, just above the noise level, which
were constrained in the range 0-7 A. Again, these
could only be assigned because of a close relation-
ship with intermolecular NOE cross peaks that had
already been assigned, as illustrated in Figures 4c—
f. A final set of 35 intermolecular contacts could
only be assigned after re-examining NMR spectra
using preliminary calculated structures to identify am-



- AV P ETRPNWHT 1l Y I NNULNZEIK I K KDE
HN(CO)CA na na na O O O n O O O O o O 0O O 0O 0O 0o o o o
(H,H) DQ na na na O O O na (o] o O (o]
HBHA(CO)NH na na na O O O na
HNCACB na na na O O O na
HCCH O o O O O o o o o
26 50
LK KSLHAI F SR FGOQ 1l LD I L VSRV LK
HN(CO)CA o) o o o O o o o o O 0O 0O 0O O 0O O O o o
(H,H) DQ o o
HBHA(CO)NH o o
HNCACB
HCCH o o o o o na o o o
51 75
M R GAQATFV I F K E VS SATNALWIRBR SMMAO QG F
HN(CO)CA o O 0O 0 0O 0O O 0O O O O 0O 0O O OO OO O O O O
(H,H) DQ o o o o 0o o ) o o
HBHA(CO)NH o o o o
HNCACB
HCCH na o o O O o o na
76 100
P FYDIKWPMRBR I QYAKTDSD I I AKMKGT
HN(CO)CA na O O O O na O O O O O O o o O O 0o o o o o
(H,H) DQ na [e] na (e} o o O
HBHA(CO)NH na O na O O o
HNCACB na na o o o
HCCH o o o o o o o na o
101
F V
HN(CO)CA o o
(H,H) DQ
HBHA(CO)NH o o
HNCACB O O
HCCH o o

Figure 3. A summary of the results of through-bond correlation experiments with U1A protein complexed to box 2 from the PIE-RNA.
Each correlation detected is indicatedcagH,H) DQ indicates homonucleaﬂ(l,lH) double-quantum correlation, HCCH indicates either
HCCH-COSY or HCCH-TOCSY, and ‘na’ indicates not applicable.

biguous connectivities. These connectivities involve spectra, which included many connectivities obscured
mostly RNA ribose resonances (HH3, H4, HY by overlap in the homonuclear data, a more conser-
and HY) that could not be unambiguously assigned vative approach was required since spin diffusion at
using chemical shifts alone due to the poor disper- longer mixing times distorts the linear relationship

sion of those proton resonances and overlap with H with cross-peak intensity. For these data, two addi-

protein resonances. tional upper bound categories were therefore defined:
- _ _ ‘3D strong’ (5 A) and ‘3D weak’ (7 A), based on
Calibration of the distance constraints relative intensity in the 100 ms data. These longer

Most intermolecular NOE contacts were calibrated in upper bounds served as a precaution against possi-
the same way as intramolecular NOE contacts by us- ple misinterpretation of NOE intensities arising from
ing 2D homonuclear NOESY spectra recorded at 50 spin diffusion (Avis et al., 1996). Upper bounds for
and 100 ms mixing time and 3BN- and'3C-edited  constraints involving equivalent or non-stereoassigned
NOESY spectra acquired at 100 ms mixing times. protons were increased to allow for multiplicity; for
Where possible, calibration of intensity was carried methyl groups, the upper bound was increased®¥ 3
out using the 50 ms NOESY data, taking as referencesi.e. approximately 20%), and for degenerate aromatic
the most intenseqg connectivities in the3-sheetre-  or CH, signals the upper bound was increased by
gions (2.3 A) and the 4\ (i, i+3) connectivities in  21/6 (j.e. approximately 12%) (Fletcher et al., 1996).
the a-helices (3.5 A). Based on this spectrum, up- Lower bounds for the NOE-derived distance con-
per bound categories of ‘strong’ (2.3 A), ‘medium’  straints were all set to 0 A so as not to interfere with

(2.9 A) or ‘weak’ (3.5 A) were defined. In order to  the operation of the initial search phase of the sim-
use data from the 100 ms mixing time 3D-NOESY
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Figure 4. Two-dimensional sections of the 38C-edited NOESY spectrum of the complex in@. For interactions that are sufficiently strong,
intermolecular NOE contacts can be identified by comparing a ‘NOESY plane’ (a) with the corresponding ‘HSQC planes’ (b). Intermolecular
NOE contacts have no counterpart in the HSQC type plane, since the RNA is unlabelled. For exanﬁ?lé;&l:l@uat 0.66 ppm shows three
intermolecular NOE cross peaks between 5 and 7 ppm (spectrum on the left, boxes m)aikledtifiable by the fact that they have no
counterpart in the spectrum on the right. The remaining cross peaks do have counterparts in the HSQC plane (e.g. the other two boxed cross
peaks), and are intramolecular in origin. Once a strong intermolecular interaction has been identified in this way, it is often possible to use this
as a basis for other assignments. For instance, comparison of the 2D plane at the chemical sHittids I(@anel (c); corresponds to the lower

part of panel (a)) with those at the chemical shifts of#%Hy (d), HB (e) and H (f) shows that the strong peaks from th& ptotons already

identified as being intermolecular have counterparts in the other panels that align exactly and can therefore be assigned by analogy.

ulated annealing protocol, during which the van der Wimberly, 1992; Gubser and Varani, 1996; Varani et

Waals radii of all atoms are greatly reduced to allow al., 1996), this also avoids any unwanted duplication in

the polypeptide chain to pass through itself freely, as specifying the van der Waals interactions correspond-
previously explained by Hommel et al. (1992). Given
that van der Waals interactions are handled explicitly constraints.
(and separately from the NOE-derived constraints) by
the simulated annealing protocols (Nilges et al., 1988; broader than most intramolecular NOE cross peaks,

ing to those proton pairs for which there are NOE

Intermolecular NOE cross peaks are generally
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Figure 4. Continued.

possibly due at least in part to local motions at the responding interproton distances were known from
RNA—protein interface, and are therefore more diffi- preliminary rounds of calculated structures.

cult to observe. This explains why a large number (41

out of 123) of such constraints are in the category 0— Structure calculations

7 A. However, 25 intermolecular NOE contacts were Fifty structures of the complex were calculated using
classified as either 0-2.9 A (medium) or 0-3.5 A a novel restrained molecular dynamics protocol im-
(weak) (Table 1). Half of these constraints were ob- plemented within the program X-PLOR 3.1 (Briinger,

tained from 2D spectra, where more precise volume 1990). This protocol results from an empirical combi-

integration and calibration were possible, while the nation of elements from previously developed protein
other half were only resolved in 3D spectra. These structure calculation protocols and RNA structure cal-
latter cross peaks were classified by comparing their culation protocols, neither of which were successful
intensities with peaks of known intensity in the same when used alone. This protocol is considered further
3D plane (covalently linked protons) for which cor- in the Results and Discussion section.
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Refinement of the structure a
Several rounds of calculations were performed to im- 10°5
prove the precision of the structure. First, the protein
component (only) in the complex was calculated using

1729 intra-protein distance constraints. At this stage,

few violations were detected and the precision (mean 100
rmsd to the mean structure) was 0.820.11 A for kcal. 1
the entire protein backbone. Acceptors corresponding mort

to each of the 21 slowly exchanging protein backbone

amides were identified unambiguously in this struc-

ture, and appropriate hydrogen-bonding constraints 102
were introduced. A first structure of the complex was o

next calculated, using the combined protocol referred o Mo 20 30 4o 80
to above with 2546 constraints, including 61 inter- Structures ordered by increasing E(Total)
molecular distance constraints. The resulting protein

backbone was well defined (rmsd 0.740.2 A) for b

16 out of 20 structures, but the RNA was poorly de-
fined in the interfacial region; the seven-nucleotide 1.4.] —— proteinbb 6-96
loop (A39-C45) had an rmsd of 22 0.4 A, while 1 o ANAprotain itertace
the 12 nucleotides of the full RNA binding site (C38— 1.2 ] —@— RNAsingle strand
4 ——&8— RNA interface
C46 and G23-G25) had an rmsd of 321.0 A. ]
Only five intermolecular distance constraints t0 eX- ymsqd '
changeable protons were included in this first list of (&) 1
61 intermolecular distance constraints. 0'8':
Addition of an extra set of 35 intermolecular 0.6.]
NOE-derived constraints (20 of them involving ex- ]
changeable resonances) based on further analysis o 0.4 ,
the spectra in conjunction with the preliminary struc- -o” e 50 rrrr T
tures improved the rmsd of the RNA interface to 1.02 .
+ 0.2 A for the seven-nucleotide loop and 1.29 Ensemble size
0.3 A for the full RNA binding site. Most of this im-  Figure 5. (a) Botal and Eyoe for the 50 calculated structures, or-
provement flowed from the assignment of the imino dered by increasing toFaI energyéfa). The dotted line indicates
. . the 31st structure, which represents the cut-off for the ensemble
protons of U40, U4l and G42, which are in rela- of converged structures. (b) Rmsd profiles calculated with the pro-
tively slow exchange with solvent and from which gram CLUSTERPOSE (Diamond, 1995) for different ensembles of
14 NOE connectivities (including 11 intermolecular atoms. ‘Protein bb’ indicates backbone atoms (N, C) and ‘pro-
constraints) were found. This intermediate set of cal- tein ha‘_indicates all protein heavy atoms; RNA and RNA—protein
. . . calculations are for all heavy atoms.
culated structures was used to identify a final set of
28 intermolecular NOE cross peaks, mostly involving
poorly dispersed ribose protons. Contacts td &2 Analysis of the structure
H3' of A24 and H2 of G25, obtained at this stage, The same procedure for selection of the ‘converged’
were essential to define precisely the positions of A24 stryctures as described previously for RNA (Varani et
and the two base pairs closing the double-helical stemsa|., 1996) and protein structures (Avis et al., 1996;
(G25C38 and G28C46). Using this constraint set, Fletcher et al., 1996) was used for the complex at each
the final round of calculated structures yielded an rmsd step of the refinement process. Ensembles were built
of 0.87+ 0.11 A for the seven-nucleotide loop and yp by stepwise addition of individual structures in or-
1.014+0.16 A for the full RNA blndlng site. The final der of increasing total energy; for each successive en-
list contains 2602 constraints as detailed in Table 2; in semble size, the average rmsd to the average structure
all, 123 of these are intermolecular constraints, 31 of was calculated independenﬂy based on g|oba| best-
which involve exchangeable protons. fit superposition using the program CLUSTERPOSE
(Diamond, 1995). Energy profiles and energy-ordered
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Table 2. Distance and angle statistics for the final constraint list

1. ULA-102 protein in complex
A. NOE-derived distance constraints

Intraresidue 565  Strong (0.0-2.3A) 14

Sequential 444 Medium (0.0-29A) 122

Medium range 252  Weak (0.0-35A) 108

Long range 449 3Dstrong (0.0-5.0A) 982
3Dweak (0.0-7.0A) 484

Total NOE constraints 1710

B. Other constraints

Dihedral angle x1) 0

Hydrogen bonds 21 (42 distances for 21 hydrogen bonds)

II. PIE-RNA (single site, 30 nt) in complex
A. NOE-derived distance constraints

Intraresidue 347  Strong (0.0-2.3A) 1

Sequential 175 Medium (0.0-3.0A) 57

Medium range 15 Weak (0.0-4.0A) 131

Long range 54 3Dstrong (0.0-5.0A) 248
3Dweak (0.0-7.0A) 154

Total NOE constraints 591

B. Other constraints

Dihedral angle £ 1) 110

Hydrogen bond 25 (25 distances for 25 hydrogen bonds)

111. Intermolecular NOE constraints

Single-stranded RNA 39-45 98  Strong (0.0-2.3A) 0
A24 bulge 9  Medium (0.0-29A) 12
RNA stems 16  Weak (0.0-35A) 13

3Dstrong (0.0-5.0A) 57
3Dweak (0.0-7.0A) 41
Total NOE constraints 123

rmsd profiles for the 50 final structures are shown in ered to be present when at least 50% of the converged
Figure 5. Inspection of these plots allows straight- structures met these criteria. Hydrophobic interactions
forward identification of an ensemble of converged were identified by searching for all intermolecular
structures (in this case structures 1-31), correspond-carbon-carbon distances of less than 4 A. This cut-
ing to clear plateaux in the profiles; structures beyond off is just above the longest carbon—carbon distance
structure 31 provide a significantly poorer fit to the ex- for two CH groups in van der Waals contact (the C—
perimental data. All of the superpositions, analysis and C distance is 3.8 A when all four atoms are arranged
statistics that follow refer to the ensemble of structures linearly, otherwise it is shorter). Hydrophobic interac-
1-31. tions were considered to be present when at least 65%
Intermolecular hydrogen bonds were identified by of the converged structures met this criterion. Electro-
analysing the converged structures using the programstatic interactions are more difficult to define by NMR;
‘hbplus’ (McDonald and Thornton, 1994), accepting those discussed in the text were proposed based on
geometries where the donor—acceptor (D—A) distance short (<5 A) distances betweendNof Lys (or Ny of
was less than 4 A provided also that the proton— Arg) and a non-bridging phosphate oxygen in at least
acceptor (H-A) distance was shorter than the D—A 13% of the converged structures. Note that electrosta-
distance. Hydrogen-bonding interactions were consid- tic components of the X-PLOR (Briinger, 1990) force
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field were inactive throughout the structure calcula- chain chemical shift differences are observed for the
tion protocol, to avoid any bias in the identification hydrophilic residues Ash Asn'®, Sef6, Sef8, GIn®>
of intermolecular electrostatic interactions and salt and Ly$® and the hydrophobic residues MisThrl?,
bridges. Tyrl3, Leu™, Leu*®, Phé®, 11e8, val®?, Ala®’, 11e%3
and 11€* (Figure 7b). The free U1A-117 assignments
were used in this comparison because several amide

Results and Discussion group resonances are missing in the region of loop 3
for the free U1A-102 spectra.
Assignments of the ULA—RNA complex The assignments of the RNA in the complex were

Assignments of the protein resonances in the complex reported previously (Gubser and Varani, 1996). They
are essentially complete and are available as supple-are essentially complete, except the/Hs"/C5'’ sig-
mentary material. All backbone amide groups were nals of A22, G25, A39 and U41-C45, and the amino
assigned, but some side-chain signals remain unas-resonances of part of the single-stranded region (A39—
signed (Ly$° and Ly$8 He and G; Lys®® H$, C3, He A44). U40, U41 and G42 imino signals were observed
and G; GIn>* HS; Phé® Ce and @; Phe® Ht, Ce and assigned in the complex but not in the free RNA,
and @; Met’?2 Hy and Gy; Phe75 H, Ce, Hg and C;; suggesting that they are probably hydrogen-bonded in
Prd®! Hy and Gy; Phé® Ce; no stereoassignments the complex. Most chemical shifts remain unchanged
were made, and in a number of methylene groups only for the two helical stems of the RNA upon com-
one proton was assigned). All the arginine &hd H plex formation, excepting the G2&38 and G28C46
signals (except from ARF) were assigned usinga 2D- base pairs and some resonances in stem 2 (C21 and
HNCACB experiment; the chemical shift of AtgHe A22). Very large chemical shift changes were ob-
(5.94 ppm) is unusual, and probably reflects proximity served throughoutthe single-stranded loop (A39-C45)
to the aromatic ring of an RNA base. The signal of and in A24.
Lys8® was also assigned. The chemical shift changes are entirely consistent
Some resonances were difficult to assign becausewith those reported for studies of RNP-protein com-
they had unusual shifts and/or broad line widths. plexes with RNA (Gdrlach et al., 1992; Howe et al.,
These include Pro8ddat 1.66 ppm, lle40 i at 0.01 1994; Kanaar et al., 1995). In each case, chemical
ppm and Sé Hp at 2.30 ppm. The entire S¥rspin shift changes occur in the four-strandggheet and
system was broadened and difficult to assign, as werethe C-terminus of the protein, while-helices A and
the aromatic rings of PRé and Tyf3, probably be- B are not affected. Chemical shift changes for loop
cause intermolecular stacking causes them to flip at 3 could not be assessed in previous studies because
an intermediate rate on the chemical shift time scale assignments were unavailable for that region (Gdrlach
(Figure 6). Three hydroxyl protons were also assigned et al., 1992; Howe et al., 1994; Kanaar et al., 1995).
(Tyr'3 OH at 10.38, SéP OH at 6.80 and S&f OH at Only the large chemical shift changes observed for
6.84 ppm); the slow rate of solvent exchange of these the N-terminal region of the RNP domain of hnRNPC
protons suggests that they are hydrogen-bonded. (Gorlach et al., 1992) differ from the present study,
Comparison of protein chemical shift values in the suggesting perhaps a different mode of interaction of
free (U1A-117) (Avis et al., 1996) and the bound hnRNPC with its RNA target.
state (U1A-102) provides a qualitative indication of
the regions of the protein that interact with RNA. Composition of the final constraint list
Most chemical shift changes in the protein backbone The structure determination of the complex depended
(Figure 7a) occur in the four strands of tfesheet to a large extent on identification of the 123 intermole-
and in loop 3 (residues 45-53, between strap@ds  cular interproton distance constraints listed in Table 1.
and f3), in the loop between strarfi#t and helix C These constraints are not evenly distributed either
(residues 86—92). Changes observed in the C-terminusamongst the nucleotides or the amino acids that com-
of helix A (residues 29-33) are probably due to the prise the intermolecular interface. Nucleotides G25,
Tyr31His mutation. The absence of any clear backbone U40, G42, C43, A44 and C45 are each constrained by
chemical shift differences in either loop 1 (connect- 10-30 intermolecular NOE contacts; A24, A39 and
ing strandB1 and helix A) or in the C-terminal helix =~ U40 each by 5-10 constraints, and C46 by a single
contrasts to the large chemical shift changes observedconstraint; no intermolecular constraints were unam-
in loop 3 and thed4—helix C loop. The largest side- biguously identified for either G23 or C38 (Figure 8).
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Figure 6. Section of a 2D4¥H-1H]-NOESY spectrum of the complex ind®, showing resonances from the aromatic rings of¥ys ande)
and Phe® (3, e andt). Several of these resonances are broadened, most probably due to a slow ring flip rate.

In the protein, only 18 residues display intermolecu- RNA amino protons. This proportion is small, and
lar NOE contacts: THE, Tyr!3, Asn'® and Asr®in would undoubtedly have been higher if exchangeable
strandpl, Leu™ in p2, Phé&S in p3 and Ly$° and signals from the ribonucleotide exocyclic aminos and
GIn® in p4, Sef®-Gly®3in loop 3 and Ly88, Thr®°, 2'-hydroxyls, and from lysine and arginine side chains
SePland AsP? in the loop betweefi4 and helix C. could have been assigned. Such NOE contacts with
Only 25% (31 out of 123) of the intermolecu- exchangeable protons are amongst the most important
lar NOE constraints involve exchangeable protons. but also the most difficult to obtain. For example, the
These include six protein main-chain amides (8sn  side-chain amide signals of Gthcould not be as-
Sef® Leu*?, Lys®Y, Gly®3 and Asp?), two side-chain  signed so this residue was not precisely positioned in
amides (Ash° and GIr$°), Tyr'3 OH, Arg®? He and the structure; in contrast, U40 and U41 were precisely
Lys®9 N¢H3, and the U40, U41, G42 imino and C45 defined only after their imino protons had been de-
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Figure 7. Chemical shift changes between the free (A-117) and
the bound (A-102) states of the protein. Qa) of backbone amide
groups, (b)L°N of backbone amide groups and (c) hydrophobic side
chains of residues involved in positioning helix C.

tected and assigned (for which purpose a new labelled
RNA sample was specifically prepared).

For the protein, the 1710 intramolecular NOE-
derived distance constraints 17 per amino acid) and
42 constraints for 21 hydrogen bonds represent 67%
of the total of distance constraints in the complex. For
the RNA, the 591 intramolecular NOE-derived dis-
tance constraintsx{20 per nucleotide), 110 dihedral
angles and 25 hydrogen-bonding constraints (in the
double-helical stems only) represent 28% of all con-
straints in the complex. The 123 intermolecular NOE
contacts represent only a small fractioebo) of the
2602 NMR-derived constraints that were used for the
calculation of the whole complex (Table 2), but of
course they play a disproportionately important role
in defining the structure.

Most intramolecular NOE correlations found in
the bound protein and RNA components were already
present and assigned in the free protein. However,
some genuine structural differences are revealed by the
presence of several long-range connectivities that are
unique to either the complex40 NOE contacts) or
the free protein££80 NOE contacts). In the complex,
several NOE cross peaks are observed betwee? His
Leu?L, 11e58, Valf2 and 11€%3, 11e94 and Meb”; these are
not observed in the free protein, instead there are NOE
cross peaks between residues 93-97 an&*Tyeu**
and Phé®. These NOE cross peaks position helix C in
very different orientations in the free and bound states
of the protein (Allain et al., 1996; Avis et al., 1996).
Additional NOE contacts between A¥hand Pré§?,
Leut” and Led®, GIu'® and Set®, and between S&t
and MeP! are observed in the free protein (A-117)
but not in the complex. Finally, ASn Thrl! and ll€"?
have slightly different intramolecular NOE connectiv-
ities in the free and bound proteins. For the RNA,
32 of 65 constraints that differ between the free and
the bound forms reflect genuine structural differences.
Of these, 16 constraints involve the C43 nucleotide.
C43 had very broad resonances in the free RNA, dis-
played only two NOE contacts (Gubser and Varani,
1996) and was the least well defined nucleotide in
the free RNA structure. In contrast, C43 is involved
in 29 intermolecular NOE contacts in the complex,
in addition to 16 intramolecular NOE contacts, mak-
ing C43 the most highly constrained nucleotide at the
RNA—protein interface. Other intramolecular distance
constraints observed only in the complex involve the
imino protons of G23, U40 and G42 (10 constraints);
these resonances are in slower exchange with solvent
in the complex than in the free RNA. The NOE con-
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Figure 8. Plot showing the distribution of different types of NOE constraints for the RNA in the complex. Intra-nucleotide NOE constraints are
shown in ‘speckle’, inter-nucleotide NOE constraints are shown in grey and intermolecular NOE constraints to the protein are shown in black.

Table 3. Structural statistics for the final ensemble of 31 structures

(a) Structural statistics

NOE violations

Number> 0.2 A 4+1
Maximum violation <05A

Angle violations

Number>5° 16+1
Mean deviation from ideal covalent geometry
Bond length 0.05 A
Bond angles 0.80
Impropers 0.4%

(b) Mean rms deviations from average structure (A)

Protein

All ordered residues (7-98)

Backbone ®4+ 0.07
Heavy atoms ®8+0.11
RNA (all heavy atoms)

All ordered regions 21+0.72
Upper stem (G25-C38) .3+ 0.37
Lower stem (G20-G23, C46—C49) .80+ 0.11
Protein binding site (G23-G25, C38-C46) .01+ 0.16
Single-stranded loop (A39-C45) 8r+0.11

Protein—RNA (all heavy atoms)
All ordered regions (7-98, G20—C49) .03+ 0.61
Complex interface 08+ 0.19




76

straint between G42 H1 and U40 H3 positions G42 these 31 structures define the ensemble of converged
and U40 in close proximity. The remaining six con- structures used for reporting the structural statistics,
straints observed only in the complex are important as judged by inspection of the energy-ordered profiles

for positioning A24, A44, C45 and C46. and rmsd profiles (Figure 5). This convergence rate
(62%) is lower than that for the free protein (86%)

Determination of the structure of the protein—-RNA (Avis et al., 1996), but is comparable to those for other

complex RNA structures determined in this laboratory (Allain

The restrained molecular dynamics protocol used pre- and Varani, 1995; Gubser and Varani, 1996, Varani et
viously for the free protein (Nilges et al., 1988; Avis al., 1996).
et al., 1996) and that used for the free RNA (Wim- The quality of the structure can be judged by the
berly, 1992; Gubser and Varani, 1996; Varani et al., low number of constraint violations, the low devi-
1996) were both unsuccessful when applied directly ations from ideal covalent geometry and the good
to the complex. When the ‘protein’ protocol was used, precision (Figure 9). Rmsd values for the ensemble
the initial ‘search phase’ of the protocol (i.e. the first of 31 converged structures are reported in Table 3.
10000 dynamics steps at 1000 K) successfully located The precision of the protein backbone (0.54 A) and
the global fold of the complex, but during the second heavy atoms (0.98 A), of the RNA seven-nucleotide
step of the protocol (progressive switching from ‘soft’ loop (0.87 A) and of the entire RNA—protein interface
to ‘square’ potential for NOE interactions, progressive (1.08 A) allows a detailed analysis of intermolecular
increase of the van der Waals radii and a decrease ofinteractions.
the step size for the molecular dynamics from 7 to 5
fs) the various energy terms and the temperature rose
in an uncontrolled fashion. Clearly, one or more of Structure of the ULA—RNA complex
the changes occurring during this phase of the protein As described in the initial report of the structure of this
protocol is too extreme or too rapid for the calcula- complex (Allain et al., 1996), the polyadenylation in-
tion of the RNA component. When the ‘RNA protocol hibitory element (PIE) RNA interacts with the surface
was used alone, the calculation failed almost immedi- of the four-strande@-sheet and with three protrud-
ately, perhaps because it was swamped by relatively ing loops g1-helix A, 3283 andf4—helix C) of the
large energy terms originating from the randomized U1A protein. The RNA is severely kinked at the inter-
protein component. However, when the search phasenal loop site, and the single-stranded nucleotides are
from the protein protocol was followed by the entire splayed out across the surface of fligheet. Loop 3
RNA protocol, the calculation succeeded. This com- of the protein, which connects strang2 andp3 of
bined protocol was used to derive the structures of the the p-sheet, protrudes through the hole in the RNA
complex presented here. It accepts a starting structuredefined by the single-stranded nucleotides (A39—C45
comprising both components with randomized back- and A24) and the two base pairs at the start of the
bone angles as input, and acts simultaneously on bothtwo stems (G2eC38 and G2sC46). All of the un-
components to produce the complete structure of the paired nucleotides (A39 to C45 and A24) are involved
complex in one operation; this has the advantage thatin intra- and/or intermolecular stacking interactions.
it uses no docking step which could introduce bias or Nucleotides G42, C43, A44 and C45 stack with
reduce sampling of conformational space. No attempt GIn®*, Tyrl3, Phé® and Asp?, respectively (Fig-
was made to optimize details of this ‘combined’ pro- ure 9c), while the negatively charged phosphates of
tocol, so it may be unnecessarily long as presently the RNA backbone are directed away from the protein
implemented (it requires 4 h per structure on a DEC into solution. These intermolecular stacking interac-
2100 4/275 Alpha-server). tions have counterparts in tRNA-synthetases and other
Each of 50 starting structures (each comprising RNA—protein complexes, and appear to be a com-
both protein and RNA components) entering the pro- mon feature of RNA recognition (Rould et al., 1989,
tocol led to a final structure of the complex. The 1991; Caverelli et al., 1993; Belrhali et al., 1994;
total energy (kta)) Of the final structures varied from  Valegérd et al., 1994). The structure of the complex is
600 to 10000 kcal/mol and the NOE energw(g) strikingly different from an early model of the related
from 50 to 4000 kcal/mol (Figure 5a). Of the 50 hairpin complex based on biochemical data (Jessen
final structures, 31 have comparableyk values et al., 1991), which predicted that the protein—RNA
(=600 kcal/mol) and kog values &50-90 kcal/mol); interaction would be predominantly mediated by the
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a

Figure 9. Superpositions of the 31 converged structures of the complex of U1A protein and the PIE-RNA, determined by NMR. Panel (a)
shows a protein backbone superposition (in grey; superposed on average coordinates for the whole protein backbone), together with a single
RNA structure (cyan; the RNA shown is part of the lowest energy complex structure); panel (b) shows an RNA backbone superposition (in
cyan; superposed on the average RNA structure for all heavy atoms in the interfacial region), together with a single protein structure (white; the
protein backbone shown is again part of the lowest energy complex structure); and panel (c) shows the interfacial region, superposed as in (b)
(the RNA is coloured cyan with phosphate groups in dark blue, while the protein is coloured yellow for interfacial backbone atoms, white for
interfacial hydrophobic residues, green for interfacial hydrophilic residues and red for the backbone ribbon).
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Figure 9. Continued.



Figure 9. Continued.
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Table 4a. Statistics for intermolecular distances be-

phosphate backbone with the RNA bases exposed to tween hydrophobic groups of the protein and CH groups

solvent. In contrast, the architecture of the actual struc- of the RNA in the final ensemble of 31 structures
ture of the complex resembles somewhat an enlarged
protein structure, with a ‘core’ made up of protein hy- RNA Protein %  C-Cdistance (A)
dro_phobic_ _side chains and RNA pases in_ the interior, A24CE  SIBG 94 3654023
whlle positively charged protein side chains and neg- A24C6  S46 @ 90 367039
atively charged RNA backbone phosphates are on the A2AC5  S46 G 90 4214016
surface (Figure 9c). A24C5  S46 @ 71 3854025
Intermolecular RNA—protein interactions can be A24C2 S48 @ 100 386+ 0.12
divided into four general classes: stacking, hydropho- A24C3 S48 @ 100 372+0.16
bic, hydrogen-bond and electrostatic interactions. By G25C3 S48 @ 94 391+0.23
hydrophobic interactions here we mean close con- G25C8 L49G 100 383+0.11
tacts between hydrophobic amino acid side chains G25C8 L49@ 100 346+ 0.09
of the protein and CH groups of the RNA bases G25C4 L1498 100 411+0.117
and sugars (although we do not mean to imply such G25CI L4938 100 357+0.15
interactions are truly hydrophobic in a strict thermo- G25CI L49G1 100 3754009
dynamic sense). In each case, a statistical analysis of A39C2  L49G1 100 379+021
all 31 converged structures was performed to iden- U40CI  L49Cs2 90 380+021
tify intermolecular interactions. Since NMR detects G42C2 R52@ 94 3604022
short interproton distances<g—6 A), stacking, hy- C43C6 K88 G 100 375:£033
drophobic and (to a lesser extent) hydrogen-bonding C43C5  Kes@ 74 364£018
P , . C43C4 K88 @ 65 385+0.26
contacts can be defined more precisely than electro-
o : : ) C43C2 K88 G 87 355+0.28
static interactions or salt bridges. Tables 4a—c list CA3C3  Kas Ce 100 3824 025
all opserved intermolecular hydrophobu? (mcludmg AdACT  M51Ge 87 374+ 030
stacking), hydrogen-bond and electrostatic contacts in AACT  F56 G 100 3854 025
the NMR structures. A44CY  F56Q 100 3734015
Most intermolecular contacts reported in Table 4 A44CA  MB51 Ce 81 393+ 0.30
have been described previously (Oubridge et al., 1994; AAAC2  L44G1/2 100 418+0112
Allain et al., 1996). However, a number of novel in- C45C4 S90G 100 385+0.16
teractions are only identified in this refined structure. C45C1 L44CH2 100 387+027
Most of the newly identified contacts involve loop 3 of G42 Q54 87  Stacking
U1A and A24 base and the sugar ring of G25. These C43 Y13 100  Stacking
contacts include three hydrogen bonds t®akrbonyl Ad4 F56 100  Stacking
and Ard"” and Led® amides), seven hydrophobic con- C45 D92 80  Stacking
tacts (from Sef® and Set® side chains) and one elec- The cut-off C-C distance for acceptance of a given hy-
trostatic interaction (from the Afig side chain). Other drophobic contact was 4 A, except for the interactions
interactions between loop 3 and the RNA include con- marked @ where it was set to 4.5 A. The interac-
tacts involving S hydroxyl, Led®, LySSO, Metl tions marked ‘stacking’ were assessed visually in the

. . structures, and are included here for completeness.
and Arg? side chains, and have already been de-

scribed (Allain et al., 1996). Overall, residues within
loop 3 form 17 hydrophobic contacts, nine hydrogen The unusual chemical shifts of resonances such as
bonds and two salt bridges (Table 4), reinforcing the Arg®2 He, Sef® HB and AsP? NH are due to inter-
importance of this region of the RNP domain in RNA actions with the RNA. For example, Atginteracts
recognition. with the G25C38 base pair and with A39, so the
Another set of interactions not previously reported upfield shift of this resonance probably results from
connect side chains of basic residues on the protein toring current effects from these RNA bases. Intermole-
phosphates in stem 2 of the RNA (Figure 1); s cular stacking on C43 and A44 could be responsible
Lys®® and Ard'” contact respectively the phosphates for the slow flip rate of the Ty and Phé&® aromatic
of A22, C46 and G23 (Table 4c). This helical region rings. The large chemical shift differences observed
of the RNA has no counterpart in stem-loop Il of UL between the bound and free protein in loop 3 and in
SnRNA (Oubridge et al., 1994; Nagai et al., 1995). the p4—helix C loop (Figure 7) are consistent with the
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Table 4b. Statistics for intermolecular hydrogen bonds in the final ensemble of 31 structures

RNA Protein H-A D-A D-H-C % H-bond in stem-loop H/U1A
distance (A) distance (&) anglé) complex (X-ray)

A24N6-H  VaPrso 26+04 32+05 121416 90 na

A24 N7 Arcf? N-H 27+01 36+0.2 158+ 12 84 na

G25 OP Set8 Oy-H * 31+04 * 87 na

G25 04 Leu*® N-H 26+0.2 34402 141+4 100 na

G25 N7 ArP2Nn-H  2.9+04 37+03 135+24 55 Same
A39 N1 ArgP2Nn-H  27+04 33403 124+23 77 Same
U40N3-H GIt90e1/2 27404 32403 113+21 87 Same

U40 02 22405 29402 122416 100 Same

G42 N2-H

U41N3-H  Asr® 03 2.8+0.3 36+0.3 134+20 61 Same

G42N1-H  Arg?0 28404 30403 88+24 97 G42N1-Hto GI® Oc1/2
G42N2-H Le#90 25401 31404 118+ 14 97 G42N2-Hto GI® Ocl1/2
G42 N7 Asd®N§2-H 26+0.2 34+02 139+ 9 58 Same

G42 02-H Lys°%0 * 34405 * 87 Same

C43N3 Ly$8 N-H 3.0+04 35402 140+ 10 90 Same

C43N4-H TyPéO 23403 33403 155+ 12 87 Same

Cc4302 Ly$8 N-H 25401 34+02 154+ 14 87 ThP?N-H to C43 02 via BO
A44N6-H ThP%0 34403 39402 113+11 94 Same

C45N4-H  AspPo0 21+03 26402 109+ 13 100 Same

C45 02 Setloy-H  « 35+04 * 51 C45 02 to Asp? O via HyO
C45N3 Asp2 N-H 25401 33401 142+ 14 100 Same

One intramolecular hydrogen bond in the RNA (U40 O2 — G42 N2-H) is also included, as this interaction was only
detected for the complex and was found during the same analysis. The ‘%’ column indicates the percentage of structures
for which the indicated hydrogen bond was accepted as being present (see text for cut-off criteria). na in the ‘X-ray’
column indicates not applicable; these are cases where the stem-loop Il RNA has no counterpart of the interfacial
nucleotide that forms a particular intermolecular hydrogen bond in the PIE-RNA complex. No statistics are given for
distances or angles directly involving hydrogens that are linked to the rest of the structure via an adjacent rotatable bond
and where no correspondirlgd resonance was observed (e.g. Ser OH an®i of RNA sugars; marked in the

table); positions of these atoms in the calculated NMR structures are effectively randomized by rotations of the adjacent
rotatable bond (§-Oy for Ser, C2-O2 for RNA sugars). In addition, there are nine hydrogen bonds in the stem-loop I
X-ray structure that are rare<35% occurrence; data not shown) in the NMR structure; these comprié@ NigH1/2

to G25 06, Ly89 NnH3 to U41 04, Asit® NH to G42 06, G42 N1-H to GIP Oe1/2, G42 amino to GIP Oe1/2, C43

amino to GIF> Ocl, Lys38 NgH3 to C43 02, Lys®0 NgHs3 to A44 OP and S&t Oy-H to Ad4 N1.

involvement of these regions of the protein in many on their positions in the calculated structures could be
intermolecular hydrogen bonds. The RNA chemical observed in the spectra.

shift changes perfectly map the RNA binding site,

but chemical shift changes do not necessarily im- Comparison with the crystal structure of the U1A—

ply direct intermolecular interactions. A number of hairpin RNA complex

chemical shift changes can be attributed to protein The expected similarities between the present struc-
conformational changes, particularly the movement of ture and the 1.92 A crystallographic structure of

helix C (Asr?, Hisl?, Leu*s, 1le®8, val®?2 11e%3, |le%* the related U1A-hairpin complex are confirmed by
and Me?’ side chains). The unusually slow rate of the comparison of the two structures. As originally
exchange of resonances such ast¥ynd Sef® hy- suggested, the single-stranded nucleotide sequence

droxyls, Ly$% amine and U40, U41 and G42 iminoor 5’AUUGCACS is recognized in a nearly identical
C45 amino in the bound RNA can be explained by the manner in the two complexes, despite the difference
formation of hydrogen bonds in the complex; however, in secondary structural context (Oubridge et al., 1994;
not all protons identified as hydrogen-bonded based Nagai et al., 1995). The rmsd between the average
structure of the ensemble of NMR structures and the
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Table 4c. Statistics for distances corresponding to inter-
molecular electrostatic interactions in the final ensemble
of 31 structures

RNA Protein %<5 A
phosphate O1 or O2  Lysdbr Arg Ny

A22 Lys?3 54

G23 Lys?3 26

G23 Argf? 32

c43 LysS8 35

Ad4 Lys>0 23

C46 Lys® 13

crystal structure is 1.13 A for these seven nucleotides,
1.29 A for the portion of the protein—-RNA interface
involving these nucleotides and 1.02 A for the protein
backbone. These values demonstrate that NMR can
determine the RNA—protein interface not only with
high precision but also to an accuracyefl.3 A.
However, a more detailed inspection reveals that
details of the array of intermolecular hydrogen bonds
are somewhat different. Among the intermolecular
hydrogen bonds involving the seven single-stranded
nucleotides (A39-C45), 12 are common to both struc-
tures, four are only present in the NMR complex and
nine are presentin the crystal structure but rar@g%
occurrence; data not shown) in the NMR structure. In
addition, the crystal structure contains five bound wa-
ter molecules at the protein—RNA interface mediating
intermolecular contacts. Examination of the four hy-
drogen bonds found only in the NMR structure reveals

that several of the donors and acceptors are groups

that interact with interfacial water molecules in the
crystal structure. This indicates that the four appar-
ent ‘NMR only’ hydrogen bonds were probably found
in the analysis only because the acceptance criteria
used to identify hydrogen bonds in the ensemble of
NMR structures were sufficiently loose that they could
be satisfied by water-mediated interactions as well as
by direct hydrogen bonds. Future NMR experiments
for the observation of interfacial water molecules may
clarify this issue.

Comparison of the two structures in the region of
loop 3 reveals further differences. In the PIE-RNA
complex, protein residues V&Ito Leu*® form four hy-
drogen bonds and extensive hydrophobic contacts with
G25 and the unpaired A24 nucleotide on the RNA (Ta-
ble 4). The positions of these nucleotides correspond
approximately to those of nucleotides G16 and C15 in

the stem-loop 1l complex. Detailed comparison in this
region of the structures shows the following: (i) In the
PIE-RNA complex, the ring of A24 points towards the
protein backbone and is involved in both intermole-
cular hydrogen bonds and hydrophobic interactions
(Table 4), whereas in the stem-loop Il complex the
corresponding ring of C15 is directed away from the
protein and shows no intermolecular interactions. This
may reflect poor ordering and crystal packing inter-
actions in the U13—-C15 region in the X-ray structure
(Oubridge et al., 1994; Nagai et al., 1995). (ii) In the
PIE-RNA complex, G25 O4is hydrogen-bonded to
Leu*® NH and the G25 non-bridging phosphate oxy-
gen hydrogen-bonds to $&rOH (Table 4), whereas
in the stem-loop Il complex G25 O not hydrogen-
bonded, the G25 non-bridging phosphate oxygen
hydrogen-bonds to Lé8 NH and Set® OH forms an
intramolecular hydrogen bond to S8OH. (iii) In the
PIE-RNA complex, Val® and Ly£2 hydrogen-bond
with A24 and A22, respectively, while S€rcontacts
A24 (Table 4), whereas in the stem-loop Il complex
these protein residues form only intramolecular inter-
actions. These distinctions are directly supported by
observed differences between NMR spectra of the two
complexes. In particular, the backbone amide groups
of loop 3 (Sef°-Arg®?) give clear cross peaks only in
1H-15N HSQC spectra of the complex with PIE-RNA,;
the corresponding cross peaks in the spectrum of the
stem-loop Il complex are all significantly broadened.
Overall, these comparisons show that ULA-RNA
interactions in the PIE-RNA complex are not limited
to the seven conserved nucleotideSAlZBUGCAC3)
and the GC base pair closing the stem, as was
described for the case of the stem-loop Il complex
(Oubridge et al., 1994; Nagai et al., 1995). The PIE-
RNA complex shows interactions from the protein to
A24, A22 and C46, and the interactions to G25 (whose
counterpart in the stem-loop Il RNA is G16) are also
very different. Although the protein backbone of loop
3 maintains the same helical shape in the free protein
and in the two complexes, its side chains (€eBef?,
Arg*’, Lys?3) interact with the RNA differently in
the two complexes. These observations have important
implications for understanding the molecular origin of
RNP-RNA specificity, as discussed elsewhere (Allain
etal., 1997).

Comparison with recent NMR structures of peptide—
RNA complexes

In addition to the present structure, four structures
of peptide—RNA complexes from immunodeficiency
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viruses have been recently determined by NMR Conclusions
(Puglisi et al., 1995; Ye et al., 1995, 1996; Battiste
et al.,, 1996). In each case, the RNA molecule was A number of technical problems had to be overcome in
of comparable size to the/3TR RNA (30-35 nu- order to determine the high-resolution structure of the
cleotides), but much shorter, unstructured peptides of 22 kDa complex between the RNA-binding domain
14-22 amino acids were studied. The RNAs were la- of human U1A protein and part of the polyadeny-
belled with®N and13C in all cases, but the peptide lation inhibition element from U1A mRNA. Sample
was only labelled in one case (Battiste et al., 1996).  solubility and long-term stability were improved by
The quality of the spectra of the peptide com- modifying the protein purification to remove contam-
plexes allowed nearly complete spectral assignmentsinating nuclease activity, by site-directed mutagenesis
of the isotopically labelled RNAs and peptides in all and by optimization of solvent conditions and sam-
cases, but the number of NMR-derived distance con- ple handling. Spectral assignments of the RNA and
straints varied considerably. The average number of protein components were greatly facilitated by the
intramolecular RNA interproton distance constraints availability of complete assignment sets for the un-
for the different complexes varied between 11 and 25 bound counterparts (Avis et al., 1996; Gubser and
constraints per nucleotide; these numbers are com-Varani, 1996). Because of the high molecular weight
parable to the present complex (19 constraints per and relatively fast relaxation of the present complex,
nucleotide). The average number of intramolecular assignments relied heavily on NOE distance infor-
peptide interproton distance constraints for the same mation. The NOE-based distance constraint set was
four complexes was between four and 10 constraints constructed using the constraint lists for free RNA and
per amino acid, much lower than the 19 constraints per protein components as a template. Thus, only a short
amino acid obtained for the U1A protein in the present time (approximately 1-2 months) was needed to ob-
complex. In the peptide—RNA complexes the aver- tain the first, low-quality structure of the complex after
age number of intermolecular distance constraints was completion of the free RNA and protein structures and
between two and 10 per interfacial residue while an assignment of the resonances of the complex. Pre-
average of nine intermolecular distance constraints perliminary structures were used in an iterative fashion
interfacial residue was collected for the ULA-RNA to identify the critical intermolecular NOE constraints
complex (calculated as2(number of interfacial con-  that define the geometry of the interface and these ex-
straints)+ (number of interfacial amino acid residues tra constraints resulted in a significant improvementin
+ number of interfacial nucleotides)). Thus, the av- the precision for the protein—RNA interface. A com-
erage number of distance constraints obtained perputational protocol was introduced to calculate the
residue in the U1A complex is at least as large as structure of the complex directly from completely ran-
those reported for peptide—RNA complexes, despite dom RNA and protein starting coordinates without
the much higher molecular weight. any ad hoc assumptions or docking steps. Although
U1A uses the surface of tifesheet to bindan RNA  some of the technical solutions presented here may be
single-stranded region, whereas arginine-rich peptides specific to the U1A system, others may be of gen-
are inserted in the open major groove of a double- eral validity to other protein—nucleic acid complexes
helical RNA. The extensive surface complementarity as well.
is a striking feature common to both types of structure. Coordinates for this refined structure of the U1A
In the present complex, surface complementarity is protein/PIE-RNA complex have been deposited at the
achieved through the folding of the single-stranded nu- Brookhaven Protein Databank, under accession codes
cleotides against the surface of heheet and through ~ 1aud (structure) and rlaudmr (restraints).
insertion of the protein loop 3 in the hole formed
by the RNA backbone. In the RNA—peptide com-
plexes, this is achieved instead through the folding and Acknowledgements
deep penetration of the arginine-rich peptides into the
RNA major groove. The resulting co-penetration of We thank Chris Oubridge for the suggestion that
nucleotides and amino acids explains the equally high the TyPHis GIn*®Arg double mutant could have
density of intermolecular constraints found in the ULA improved stability under NMR conditions, Fareed
complex and the peptide—RNA complexes. Aboul-Ela for help with aspects of the structure cal-
culations, Kiyoshi Nagai, Jo Avis and Charles Gubser
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