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Antitermination in bacteriophage A\

The structure of the N36 peptide-boxB RNA complex

Manuela Scharpf, Heinrich Sticht, Kristian Schweimer, Markus Boehm*, Silke Hoffmann and Paul Résch

Lehrstuhl fiir Biopolymere der Universitdt Bayreuth, Germany

The solution structure of a 15-mer nutRboxB RNA hairpin complexed with the 36-mer N-terminal peptide of the
N protein (N36) from bacteriophage N was determined by 2D and 3D homonuclear and heteronuclear magnetic
resonance spectroscopy. These 36 amino acids include the arginine-rich motif of the N protein involved in
transcriptional antitermination of phage A. Upon complex formation with boxB RNA, the synthetic N36 peptide
binds tightly to the major groove of the boxB hairpin through hydrophobic and electrostatic interactions forming a
bent o helix. Four nucleotides of the GAAAA pentaloop of the boxB RNA adopt a GNRA-like tetraloop fold in
the complex. The formation of a GAAA tetraloop involves a loop-closing sheared base pair (G6-A10), base
stacking of three adenines (A7, A8, and A10), and extrusion of one nucleotide (A9) from the loop, as observed
previously for the complex of N(1-22) peptide and the nutLboxB RNA [Legault, P., Li, J., Mogridge, J., Kay,
L.E. & Greenblatt, J. (1998) Cell 93, 289-299]. Stacking of the bases is extended by the indole-ring of Trp18
which also forms hydrophobic contacts to the side-chains of Leu24, Leu25, and Val26.

Based on the structure of the complex, three mutant peptides were synthesized and investigated by CD and
NMR spectroscopy in order to determine the role of particular residues for complex formation. These studies
revealed very distinct amino-acid requirements at positions 3, 4, and 8, while replacement of Trp18 with tyrosine

did not result in any gross structural changes.
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Bacteriophage A N protein plays an essential role in transcrip-
tional antitermination in the two phage early operons, which are
critical for phage development. The inhibition of termination at
intrinsic and rho-dependent terminators by N protein depends
on recognition of an RNA-element called nut (N utilization) on
the nascent phage transcript and on four Escherichia coli host
factors (NusA, NusB, NusG, and ribosomal protein S10).
Together they form a ribonucleoprotein complex that converts
the RNA polymerase into a termination-resistant form upon
binding [1,2].

The RNA enhancer elements (the nut sites nutL and nutR)
are located on the DNA template between the early promotors
and the target terminators of the pL and pR operons and consist
of a 5'-single-stranded RNA element (boxA) and a 3’ hairpin
(boxB) [3,4]. Genetic and biochemical studies suggest that the
conserved sequence of boxA is recognized by a heterodimer
composed of the host factors NusB and ribosomal protein S10
[5]. N\ boxB is a 15-mer RNA hairpin containing a purine-rich
pentaloop (Fig. 1). Specific recognition of the five base pair
stem and the five nucleotide loop of boxB by the N protein and
the high affinity of the complex (K4 = 1.3 nM) have been
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shown previously [6,7]. RNase footprinting experiments and
mutational data have revealed that the boxB hairpin forms the
N-binding surface with its 5" strand and the first, third, and fifth
nucleotide of the loop [8—10]. A second functional surface is
recognized by NusA in the assembly of the transcriptional
antitermination complex [9]. The detailed mechanism of the
antitermination system, however, is still not clear, although it is
discussed that N protein in its complex with boxB RNA might
prevent pausing of RNA polymerase [2].

The RNA-binding domain of N protein consists of an
arginine-rich motif (residues 1-22) located at the NH,-terminus
[7-11]. The arginine-rich motif of N protein binds to the boxB
RNA hairpin with similar affinity (K4 = 20 nM) and specificity
as full-length N protein (K3 = 1.3 nm). Mutations of critical
positions within the boxB RNA lead to a more than 100-fold
decrease in binding affinity for the N(1-22) peptide [10,11].
The small (107 residues) and very basic N protein of
bacteriophage N\ is disordered in solution according to CD
spectroscopy, and its RNA-binding domain adopts its specific
fold only upon binding to boxB. All structural changes occur
exclusively within the N-terminal 36 residues of the N protein,
while the other functional domains (NusA- and polymerase
binding domains; residues 34-47 and 73-107) remain
disordered [12,13].

The 3D structure of bacteriophage N N(1-22) peptide in
complex with boxB has recently been determined by NMR
spectroscopy [14]. The solution structure of the complex
exhibits a bent « helix for the peptide, which binds exclusively
to the 5’ strand of the boxB RNA and to the first three
nucleotides of the loop. Four of the five residues of the boxB
loop adopt a conformation very similar to that of a stable
GNRA tetraloop [15] in which the fifth nucleotide is looped
out. A similar structure has also been reported for the complex
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Fig. 1. Sequences of (A) the 36-mer N-terminal N peptide and (B) the
15-mer nutRboxB RNA hairpin from bacteriophage \ used in this study.
Nucleotides protected by N from RNase cleavage [8] are shown in red.

of a 20-mer basic peptide from the N protein of bacteriophage
P22 in complex with its cognate 15-mer boxB RNA [16]. Both
structures reveal a previously unknown mode of recognition of
RNA and protein as a structural basis of transcriptional
antitermination.

As peptides of 22 and 20 residues were used in both studies,
little is known about the structural role of residues following the
arginine-rich motif. Therefore, it is not clear whether these
residues represent a simple ‘linker’ between the arginine-rich
motif and the NusA binding domain of N or whether they are
involved in RNA binding, either by direct interaction with boxB
or indirectly by stabilizing residues that bind boxB.

Here we present the 3D solution structure of a 36-mer N36
peptide-boxB RNA complex from bacteriophage \ determined
by heteronuclear NMR spectroscopy. In contrast to a previous
structural study [14] that used the nutLboxB site, the nutRboxB
site was used in the present work. The sites differ in one
nucleotide of the boxB loop which is G9 in nutL and A9 in
nutR.

MATERIALS AND METHODS

RNA synthesis

Unlabeled and "°C-, "°N-labeled 15-nucleotide hoxB RNA were
synthesized by in vitro transcription using T7 polymerase, a
synthetic DNA template (5'-GCCCTTTTTCAGGGCTATAGT-
GAGTCGTATTA-3’) (MWG-BioTech, Ebersberg), and uni-
formly labeled nucleotide triphosphates (Campro scientific,
Emmerich, Belgium). The RNA was purified as described
previously [17,18]. Freeze dried boxB was resuspended in
water, applied on a size-exclusion column (NAP, Pharmacia)
for desalting, and freeze dried again.

Expression and purification of N protein and N36 peptide

Unlabeled and '’N-labeled N protein and N(1-36) peptide
(N36) were prepared from Escherichia coli BL21(DE3) grown
in Luria—Bertani medium and minimal media with 15NH4C1 as
the only nitrogen source. N protein and N36 peptide were
expressed as His-tag fusion proteins using the pET16b vector
(Novagen). For the production of N36 peptide 137 of N
products was changed to M37 using PCR-based site-directed
mutagenesis, thus allowing cyanogen bromide cleavage at this
position. Loss of Metl during cleavage was compensated by
introduction of Leul.

Following lysis of the cells in buffer A (20 mm Tris/HCl,
pH 8.0, 500 mm NaCl, 5 mm imidazol, 6 M urea) and
centrifugation for 30 min at 100 000 g, the supernatant was
added to a nickel-chelating column for purification (Chelating
Sepharose, Fast Flow, Pharmacia). Fractions containing N
protein and N36 peptide were then cleaved from the fusion
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protein with cyanogen bromide (10 mg-mL ™' per methionine)
in 70% (v/v) formic acid at room temperature in the dark for
24 h. The mixture was freeze dried, resuspended in buffer A
and applied to another nickel-chelating column. In the case of
the N protein, the final purification step was a reversed-phase
HPLC using a C;g column (Macherey and Nagel). For the
N36 peptide, the N-terminal cleavage product was purified
from the C-terminal fragment and residual uncut N protein by
RP-HPLC using a C; column (Vydag). The resulting N-
terminal fragment eluted from the HPLC column as a single
peak. Its molecular mass was checked by SDS/PAGE and
MALDI-TOF MS.

The mutant peptides mutW18Y, mutA3V and mutChi
(D2N/Q4K/R8H) were prepared by solid-phase synthesis
(ZMBH, Heidelberg, Germany) and purified by RP-HPLC as
described previously [19]. Fidelity of synthesis was verified by
ESI-MS. MutChi represents a chimeric mutant that containts
residues 1-8 from N-protein of bacteriophage P22 and residues
9-36 of N-protein of bacteriophage \.

Sample preparation

Complexes between N protein or N peptides and boxB were
generated by gradual addition of concentrated (= 4-8 mm)
protein or peptide to boxB (= 2-3 mm) with the stochiometry
monitored by following the intensity and number of the imino
protons in the 1D NMR spectrum of free and bound RNA which
are in slow exchange on the NMR time scale. Sample
concentrations used for NMR spectroscopy were 2.2 mMm for
the ("N N36)-boxB RNA complex, 2.0 mm for the N36
peptide-(**C, 15N-boxB) complex and 1.0 mm for all unlabeled
complexes of N36 peptide or mutant peptides and boxB in
H,0/D,0 (9 : 1, v/v, pH 6.5).

CD spectroscopy

Far-UV CD spectra (190-250 nm) were recorded on a Jasco
J600A spectropolarimeter in thermostatically controlled cells at
25 °C. Concentrations of N protein and N boxB complex were
10 pm. Concentrations of the wild-type and mutant N36
peptides and their complexes with boxB were 40 wM. For all
spectra at least five scans were accumulated in water at pH 6 in
a 0.05-cm cell. The CD spectra of the N protein and the
peptides bound to the boxB RNA were determined by
subtracting the spectrum of free boxB RNA at the appropriate
concentration from the CD spectra of the complex.

NMR spectroscopy

All NMR experiments were recorded at 25 °C on Bruker
DRX 600 and DMX 750 spectrometers equipped with
'H/'C/" N probes and triple-axis pulsed-field gradient
capabilities. Quadrature detection in the indirectly detected
dimensions was obtained by the States-TPPI method [20]
or the echo/antiecho-method [21-23], if coherence selection
with gradients was employed.

Water suppression in experiments involving a '°N dimension
was performed with the 3-9-19 binomial WATERGATE
sequence [24]. Homonuclear double quantum filtered COSY
[25] and all spectra involving a '>C dimension were recorded
with coherence selection by magic angle gradients. The
excitation sculpting module was used for water suppression in
homonuclear 'H-'H TOCSY and NOESY experiments [26].
The DIPSI-2rc [27] sequence was used for proton TOCSY
mixing and the DIPSI-2 [28,29] sequence was applied for
"H/'3C cross polarization and '*C TOCSY mixing. For
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heteronuclear decoupling during acquisition the GARP
sequence was used [30].

Homonuclear 'H-'H experiments were recorded at 600 MHz
for the N36 mutants.

Data processing consisted typically of SVD-linear prediction
with root-reflection in one heteronuclear dimension [31,32],
apodization with 60-90° shifted squared sinebells, one zero-
filling in all dimensions, and Fourier transformation. For
constant time evolution periods mirror image linear prediction
was employed [33]. Finally, baseline correction in the
acquisition dimension was performed using a model free
algorithm [34]. All NMR data were analyzed with the program
packages NDEE and XNDEE (SpinUp Inc., Dortmund, Germany)
augmented with in-house written routines.

Proton chemical shifts were referenced to external 2,2-
dimethyl-2-silapentanesulfonate. The chemical shifts of '*C
and >N resonances were referenced indirectly using the =
ratios of the zero-point frequencies at 298 K: 0.10132905 for
""N/'H and 0.25144952 for °C/'H [35].

Experimental restraints for structure calculation

Intramolecular interproton distance restraints were obtained
from 2D and 3D NOESY spectra recorded with mixing times of
75 ms and 150 ms. The intermolecular NOEs between boxB
RNA and N36 peptide were identified using an indirect method
of verification: all non peptide—peptide and non RNA-RNA
NOEs were assumed to result from intermolecular contacts
between peptide and RNA. These assignments were confirmed
from the 3D NOESY spectra collected from a complex
consisting of one unlabeled and one labeled component
("N-labeled N36 or "N, '>C double labeled RNA,
respectively). NOE intensities were estimated semiquanti-
tatively on the basis of cross-peak intensities from spectra
collected at 75-ms mixing time. The categories °‘strong’,
‘medium’ and ‘weak’ were converted in upper limit distance
constraints of 3.0, 4.0 and 5.0 A [36]. NOEs that were only
visible in NOESY spectra with 150 ms mixing time were
classified as ‘very weak’ with upper bounds of 6.0 Aor7.0 A
[37]. In order to improve the convergence of the structure
calculation, the lower bounds of all NOE restraints were set to
0 A [38].

Presence of A-U and G-C Watson—Crick base pairs in the
boxB stem and a sheared G-A base pair were confirmed from
slow exchange of the hydrogen bonded imino protons, their
downfield shifts, and their characteristic NOE pattern [39].
Canonical distance restraints were employed to define the
hydrogen-bonding pattern and the planarity of these base pairs
[40,41]. For all sugar puckers a C3’-endo conformation was
deduced from the NOE pattern [42,43].

3 JiNa coupling constants for the peptide were obtained from
a 3D HNHA experiment [44]. 3 Jne values <6 Hz were
converted to a @ angle of —60° allowing deviations of = 20°
from the derived angle.

Structure calculations

The structure of the complex was calculated by restrained
molecular dynamics using the XPLOR package (v3.851) [45] and
a calculation strategy similar to the one outlined previously
[38].

A total of 100 initial structures with random ® and ¥ torsion
angles for the peptide and with random backbone (o, B, v, 8, ¢,
and {) and x angles for boxB were generated starting from
random atomic coordinates [46,47]. The unassigned first (Leul)
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and last residue (homoserine 37) of the peptide were not
included in the calculations.

The following simulated annealing protocol was used to
determine the global fold: In the first 15 ps, molecular
dynamics simulation at 1000 K only NOEs and the hydrogen
bonds were used as experimental restraints and were repre-
sented by a soft-square well potential function. Then, 14 cycles
of 1 ps dynamics each were performed at 1000 K, while the
force constant for repulsive van der Waals interactions and the
asymptote slope for the NOE potential were gradually
increased. Finally, the system was cooled from 1000 K to
300 K (29 cycles of 0.5 ps MD each) followed by a 1000-step
energy minimization.

In the following refinement, dihedral angle restraints were
included for the sugar pucker and the ® angles of the peptide,
and planarity restraints were used to maintain the planarity of
all bases, the canonical base pairs, and the guanidino groups of
all arginines. A 25-ps simulation was cariied out at 1000 K in
the first step of the refinement. A square well potential was
applied to all distance restraints (kyoe = 50 keal-mol A ™2,
and the force constants for the dihedral angle restraints were
gradually increased from 5 to 55 kcal-mol~!-rad=2 in steps of
10 kcal-mol ~'-rad 2. The system was cooled to 300 K during
the next 25 ps, followed by a final 1000 step energy
minimization. The timesteps for integration were 1 fs and
0.5 fs for the ‘global fold’ and refinement simulations,
respectively.

A total of 29 refined structures with no NOE violation
greater than 0.3 A and no torsion angle violation greater than 2°
were accepted and retained for analysis. Geometry of the
structures, structural parameters, and elements of secondary
structure were analyzed using the programs PROCHECK [48] and
NUCPLOT [49]. For the graphical presentation of the structures,
SYBYL 6.5 (Tripos Ass.) and INSIGHT 11 (Molecular Simulations,
Inc.) were used. The coordinates have been deposited in the
Protein Data Bank (code: 1qfq).

RESULTS AND DISCUSSION

CD spectroscopy

The minimum near 200 nm in the far UV-CD spectra of free N
protein and N36 peptide is characteristic for a random coil
conformation (Fig. 2), consistent with the result of NMR
spectroscopic studies. Difference CD spectra revealed that
complex formation of the N protein and of the N36 peptide with
boxB RNA resulted in conformational changes (Fig. 2) similar
to those observed in previous studies for the respective
complexes of the N protein, N(1-22) peptide and N(1-36)
peptide [12,50]. The minimum of molar ellipticity is shifted to
205 nm for the N protein and to 208 nm for the N36 peptide.
New minima at 222 nm and positive values for the molar
ellipticity at 190 nm indicate a-helical secondary structure
formation in the N protein and the N36 peptide. The content of
helical secondary structure in the N protein is 22% (= 23
residues) and in the N36 peptide 63% (= 23 residues) as
estimated according to Holzwarth and Doty [51]. Thus, the
structural changes in the N protein which occur upon binding to
boxB RNA are mainly localized within the 36 N-terminal
amino acids of the N protein, as indicated previously [12].

NMR spectroscopy

The proportion of arginine and lysine residues in the N protein
is 22%, and basic residues are found throughout the N protein
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Fig. 2. Far-UV-CD spectra of N protein, N36 peptide, and their
complexes with boxB RNA. The CD spectrum of 10 wuM N protein alone
and in complex with boxB RNA minus the spectrum of RNA and the CD
spectrum of 40 pum N36 peptide alone and in complex with boxB RNA
minus the spectrum of RNA are shown.

sequence. Therefore, numerous specific and nonspecific
contacts between the positively charged side-chains of these
amino acids and the negatively charged phosphodiester back-
bone of the RNA are possible, giving a likely explanation for
complex aggregation at relatively low concentrations of
300 M. For this reason, a structure determination of the
N-boxB complex by NMR spectroscopy was not possible, and
NMR spectroscopic investigation was limited to the N36
peptide. During the titration of N36 peptide to boxB RNA,
distinct signals for the imino protons of free and peptide-bound
RNA were observed until equimolar concentrations of N36
peptide and boxB were reached, indicating that complex
dissociation is slow on the NMR timescale. The most
significant change in the chemical shifts of N36 peptide
resonances was observed for the indole NH proton of Trpl8
(10.12 p.p.m. vs. 9.31 p.p.m.; Fig. 3). Changes in the chemical
shifts between the free and N36-bound boxB RNA were
observed for the imino protons of G12, G13, and G14. For U5
and G6, new imino proton signals were visible upon complex
formation (Fig. 3). The shifts and the new resonance signals for
U5 and G6 indicate a stabilization of the apical U5-Al1 base
pair and suggest the formation of a novel base pair involving
G6. In contrast, the absence of a signal for the imino proton of
Gl indicates that no significant stabilization of the terminal
base pair occurs on complex formation. These results support
the proposed binding of the peptide to the upper part of the
stem and the loop [8].

Assignment of the N36 peptide resonances and their analysis

The 3D '"H-'>’N-TOCSY-HSQC and NOESY-HSQC experi-
ments allowed an almost complete assignment of all proton and
nitrogen resonances of N36 peptide in complex with boxB RNA
(data not shown). Elements of regular secondary structure were
identified from the intensity of the short range NOEs, the 3 TN
coupling constants, and the chemical shift index (Fig. 4).

© FEBS 2000

Patterns of short range NOEs d.n(i, i + 3) and d.g(i, i + 3),
typical for a helices, were observed for residues 4—20. For the
corresponding residues the NOE between sequential amide
protons is always stronger than the sequential NOE between H,,
and amide protons. In addition, small * /i, coupling constants
(< 6 Hz) for 11 residues out of the first 20 amino acids and
upfield chemical shifts for the C, protons give strong evidence
for the presence of an a-helix spanning residues Ala3 to Ala21
(Fig. 4). The chemical shift index and the pattern of medium
range NOEs suggest an extension of the helix up to Leu25.

Assignment of the boxB resonances

Uniform '*C, '°N-labeling of the boxB RNA allowed the
assignment of all nonexchangeable protons and all carbon
resonances of the peptide-bound boxB (data not shown). The
assignment of the imino protons was based on sequential
H3;-H3,; NOEs as well as on strong NOEs between the imino
protons and the NH, groups of the base-paired cytosines. These
amino protons were identified by strong intraresidual NOEs to
their own H5 protons. The assignment of the cytosine H5 and
H6 protons from the 2D COSY was facilitated by their
characteristic chemical shifts. The H5 proton from U5 was
assigned using the different C5 carbon shift compared to the
cytosines. The base and ribose protons were assigned using
their typical intraresidual and sequential NOE pattern
according to the strategy described in [52]. Proton and
carbon assignments within each ribose spin system were
deduced from 3D CCH-COSY, 3D HCCH-COSY, and 3D
HCCH-TOCSY experiments. The connectivities between the
ribose and their own as well as the sequential base were
obtained from H1’-H6/H8 and H1’;;, H6/H8;-NOEs (Fig. 5).
Interestingly, the NOE pattern of A8 suggests a direct
connectivity to A10 (A8/H1’-A10/H8-NOE), indicative of an
unusual conformation of A9.

Intermolecular NOEs

The observation of intermolecular NOEs indicates the presence
of a well defined peptide—RNA interface in the complex.
Fifteen intermolecular NOEs were observed between the
methyl group of Ala3 and the nucleotides C2 and C3
(Fig. 6A). NOEs between the side-chain of arginines and base
or sugar protons were detected as well, for example between
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Fig. 3. Structural changes upon complex formation of N36 peptide and
boxB RNA. 1D NMR spectra of the imino proton region of: (A) free N36
peptide (3.8 mm); (B) boxB RNA alone (750 um); and (C) the complex
between N36 peptide and boxB RNA (750 um). All spectra were collected
in H,O, pH 6.5 at 25 °C.
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Fig. 4. Secondary structure of the N36
peptide. Summary of sequential and
medium-range NOEs, vicinal backbone NH-C H
coupling constants (J,n) and C,H chemical
shift indices (HACSI) [70]. The relative strengths
of the NOEs, categorized as strong, medium, and
weak, by cross-peak intensity, are indicated by
the width of the horizontal bars. Values of
3June > 6 Hz or = 6 Hz are indicated by black
and white squares, respectively. Positive and
negative chemical shift indices are indicated by
black rectangles above or below the axis,
respectively. Regions of (3 sheet are typified by
positive chemical shift indices, regions of a helix
by negative indices [70]. The secondary structure
assignments are depicted in the bottom line.

Arg7 and C4 and C5, and between Arg8 and particularly the
base protons from AS8. Several intermolecular NOEs were
observed between the side-chain protons of GInl5 and the
ribose protons from A7 and A8, and between the side-chain

Fig. 5. Sequential connectivities between
sugar H1’' and base H6/H8 NOEs are traced
in '"H-'H stripes at C6/C8 carbon chemical
shifts taken from the *C-edited
NOESY-HSQC (150 ms mixing time) 3D
data set of the complex with uniformly *C,
15N labeled boxB RNA. Nucleotides C2-C15
are shown.
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Table 1. Experimental restraints for the structure determination of the
N36 peptide-boxB RNA complex.

Number
NOEs: total 1228
Peptide-intramolecular: total 490
Sequential li — jl = 1 209
Medium-range li — jl = 2, 3, 4 260
Long-range li — jl > 4 21
RNA-intramolecular: total 571
Intraresidual li — jl = 0 356
Sequential li — jl =1 132
Medium-range li — jl = 2, 3, 4 37
Long-range li — jl > 4 46
Peptide—RNA: intermolecular 167
Dihedral angles 101
Peptide: phi angles 11
RNA: sugar-pucker * 90
RNA: hydrogen bonds ° 32

? Six dihedral angle restraints were used for each sugar-pucker; ® two
distance restraints were used for each hydrogen bond.

Almost every proton of Trpl8 is in close contact to a proton
from A7 (Fig. 6B).

Quality of the N36 peptide-boxB RNA complex structure

The calculation of the final structure was based on 1228
distance restraints, 101 dihedral angle restraints and 32
hydrogen-bond restraints (Table 1). A subset of 29 structures
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with energies lower than 440 kcal-mol ™' out of 100 structures
was selected for further analysis. None of these structures
showed NOE violations larger than 0.3 A or violations larger
than 2° for the dihedral angles. The structure of the complex is
well defined for the RNA and for the 27 N-terminal residues of
the peptide (Fig. 7) with a rmsd of 0.82 A for all heavy atoms
(residues G1-C15 and Asp2-Gly27). The C-terminal residues
28-36 were excluded from the calculation of the rmsd value,
because they remain disordered after binding of the boxB RNA.
Calculation of the rmsd for residues Ala3 Leu25 and C2-G14
only (Table 2) results in a decrease of the rmsd to 0.74 A
for all heavy atoms of the complex, which can be attributed
to the increased flexibility of the terminal base pair (G1-
C15) and of residue Asp2. This rmsd value is of the same
magnitude as for other peptide-RNA complexes of this size
[14,16].

Structure of N36 peptide in the complex

According to a PROCHECK analysis [48] of residues Asp2—
Gly27 in the 29 accepted structures, almost all residues adopt
energetically favourable backbone conformations: 83.4% of the
residues are found in the most favoured regions, 15.9% in the
allowed regions and only 0.7% in the additionally allowed
regions of the Ramachandran plot. The N36 peptide forms an o
helix for residues Gln4—Ala20 which is bent at Argll. The
bend of roughly 120° does not require large deviations from
ideal a helix ®/W¥ angles. In addition, a turn or short helix was
observed for residues Pro23—Val26, placing the side-chains of
the hydrophobic amino acids Leu24, Leu25, and Val26 in close
proximity to the aromatic ring of Trpl8 (Fig. 7) as shown
from 13 NOEs observed between those residues. The rmsd
value for the backbone and all heavy atoms of the peptide
(residues Ala3-Gly27) is 0.23 A and 0.76 A, respectively
(Table 2).
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& R — Fig. 6. Intermolecular NOEs between N36
A m L7.0 X peptide and boxB RNA in the complex. NOEs
LA between (A) the methyl group of Ala3 and
e 72 nucleotides C2 and C3, (B1) the base of A7

(grey) and the indole ring protons pf Trp18

7.4 (black) and (B2) additional NOEs of this protons
to the ribose of A7 (grey) and the side-chain
protons of Trp18 (black). Broken lines indicate
resonances of the boxB RNA and solid lines
resonances of the peptide.
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Table 2. Results of the structure calculations. All values are averages over the family of 29 converged structures. Values in parenthesis indicate the

standard deviation from this mean.

Average energies

Energy (kcal-mol™")

Eio 439.50 (£ 13.28)
FEvona 18.46 (£ 0.78)
Eingle 157.97 (£ 4.41)
Eimproper 54.72 (i 126)
Erepel 108.17 (= 7.64)
Exoe 96.83 (= 4.98)
Edinedral 233 (£ 0.31)
Eplane 1.01 (£ 0.74)
Rmsd from ideal distances rmsd (A)

NOE 0.039

Bond length 0.004

Rmsd from ideal angles rmsd (°)

Bond angles 0.706

Improper angles 0.752

Dihedral angles 0.174

Rmsd among the family of 29 structures rmsd (A)
Peptide: backbone of Ala3—Gly27 0.23

Peptide: all heavy atoms of Ala3—Gly27 0.76

RNA: heavy atoms of G1-C15 0.76

RNA: heavy atoms of C2-G14 0.67

Complex: backbone of Ala3—Gly27 and G1-C15 0.73

Complex: all heavy atoms of Ala3—Gly27 and G1-C15 0.82

Structure of boxB in the complex

Analysis of the torsion angles of the RNA [53] showed
that all nucleotides of the stem adopt an A helical
structure with 3’-endo conformation for the sugar puckers. As
already observed in the N(1-22)/boxB complex [14], the
GAAAA pentaloop adopts a GNRA tetraloop conformation
upon binding to the N36 peptide. The base of one loop
nucleotide (A9) is flipped outside and the torsion angles for A7
are exactly the same as observed for the second nucleotide in a
GNRA tetraloop (Fig. 8). As in the GAAA tetraloop structures
[41,55,56], a sheared base pair (G6 A10) is formed between the
first and last loop nucleotides in the boxB hairpin. This leads to
a twisted phosphate backbone between nucleotide G6 and A7
and sequential stacking of the three purines (A7, A8, and A10)
excluding the fourth nucleotide A9 (Fig. 8). The rmsd values
for the bases of nucleotides G1-C15 and C2-G14 are 0.76 A
and 0.67 A, respectively (Table 2).

Interactions in the N36 peptide-boxB RNA complex

As expected from the large number of intermolecular NOEs,
the interface between protein and RNA is well-defined in the
complex.

The tight fit of the N36 peptide to the RNA becomes
apparent from a representation that shows the Conolly surface
of the RNA (Fig. 9A). The N36 peptide binds to the loop
and to the upper part of the helical stem, including only the
nucleotides on the 5’-site of the loop.

A detailed analysis of the intermolecular interactions
(Fig. 9B) shows that most contacts to the RNA are observed
for amino acids Ala3, Gln4, Arg7, Arg8, Argll, Lys14, GInlS5,
Trpl8, and Lys19.

The side-chains of the arginines and lysines form a positively
charged surface that interacts with the negatively charged
groups of the phosphodiester backbone of the RNA. Electro-
static interactions were observed between all arginines and
lysines in the sequence region 2—20 and the boxB phospho-
diester backbone. The fact that some of these interactions are
not observed in each of the calculated structures can mainly be
attributed to the calculation strategy in which no term for
electrostatic interactions was included in the potential function
used [56]. Despite this limitation, it is clear from the structures
that fewer intermolecular contacts are present for Arg6 and
Argl0 than for Arg7, Arg8 and Argll (Fig. 9B). The
mutational study of Franklin er al. [57] showed that arginines
7, 8, and 11 are more important than arginines 6 and 10 for
antitermination, as confirmed by the results of Su et al. [58].
The binding affinity in vitro is reduced by approximately 80%
for changing Arg7, 8, and 11 to alanine but only by 30—40% for
changing Arg6 and 10 [58]. The results of the present work thus
confirm previous biochemical [58] and structural [14] studies
by revealing that arginines 7, 8 and 11 play a dominant role for
the process of specific RNA recognition by the N protein.

Formation of hydrogen-bonds is observed between the
guanidino group of Arg7 and the phosphate of U5 as well as
the base of G6, and between the guanidino group of Arg8 and
the base of A8. For the side-chain of Argll, electrostatic
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Fig. 7. The structure of the N36 peptide-boxB RNA complex. Super-
position of a family of 20 complex structures. The structures were accepted
by the criterion of best energy function after restrained molecular dynamics
calculation. Only the heavy atoms are shown here. The boxB RNA is blue,
the N36 peptide is pink with a yellow tube for the backbone.

interactions with the phosphate of U5 are found (Fig. 9B).
Hydrogen-bonds are present between the side-chain amide
group of GIn4 and the O6 atom of G6. The intermolecular
hydrogen-bonds observed between Gln4 and Arg7 and the
nucleotides U5 and G6 (Fig. 9b) emphasize that an apical U-A
base pair and the formation of a GAAA tetraloop with a sheared
G-A base pair play an important role for the specific
recognition of boxB by N. Mutations in this region of the
RNA reduce the binding affinity up to 20-fold [10,11].

© FEBS 2000

Remarkably, GInl5 showed numerous hydrophobic inter-
actions with nucleotides A7 and A8, and to the aliphatic
methylene groups of the Argll side-chain. However, no
conservation of a Gln was found at this position [57], nor
was there a loss of affinity changing GInl5 to an alanine [58].
These findings suggest that stabilization of the bent a helix by
hydrophobic intramolecular and intermolecular interactions
could be the function of GInl5, rather than conferring
specificity to the complex formation by hydrogen bonds or
electrostatic interactions. Numerous hydrophobic contacts are
observed for the methyl group of Ala3 that packs tightly
between the bases C2 and C3, thereby mainly contacting the
carbons C5 and C6 of the base moiety. The stacking of the
aromatic ring Trp18 onto the base of A7 and the bend in the o
helix are additional determinants for the surface comple-
mentarity between protein and RNA.

Residues 23-27 following the arginine-rich motif do not
show any direct interactions with the RNA but exhibit
numerous interpeptide contacts to residues of the arginine-
rich motif (mainly to Trp18) implying a possible role of these
residues for the stabilization of the structure by forming of a
‘cap’ for the C-terminus of the arginine-rich motif. Residues
28-36 are disordered in the complex, suggesting that these
residues play a role as a linker between the RNA (residues
1-22) and the NusA (residues 34—47) binding domain of N.

Accuracy of the N36 peptide-boxB RNA complex structure

The direct comparison of the current family of 29 structures
with the minimized average structure of the N22-boxB complex
[14] reveals a deviation of 1.5 (= 0.10) A for the heavy atoms
of Asp2 to Asn22 and Gl to C15. Exclusion of the
terminal G1-C15 base pair from calculating the rmsd results in
an rmsd of 1.4 (£ 0.09) A. These minor differences can mainly
be attributed to limits in the resolution of both structures, and
slight differences in the orientation of the G1-C15 base pair can
be explained by the fact that the RNA in the complex with
N(1-22) contained two additional base pairs [14].

No direct interactions with the RNA are observed for
residues 20-36. We observed hydrophobic contacts between
the Lys19 side-chain and the base of A9 rather than with the
ribose of G9 [14], variation that may either be attributed to
the different nature of the nucleotide or to a possible role of the
helical turn formed by residues 23-26 in stabilizing the

Fig. 8. The structure of the boxB RNA
hairpin in the complex. Twenty structures
with the lowest energies of boxB RNA are
superimposed. The stem is coloured blue, the
extruded nucleotide (A9) is coloured yellow
and the four nucleotides forming the GNRA
fold are shown in pink. In (A) only the heavy
atoms are shown to highlight stacking of A7,
A8 and A10 onto the 3’ strand of the stem;
(B) is rotated by 90° to show the GAAA
tetraloop, the flipped out nucleotide and the
formation of a sheared base pair between G6
and All in more detail.
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Fig. 9. Interactions between RNA and N36.
(A) To highlight the tight fit of the structures, the
RNA is shown as a transparent Conolly surface
and the N36 peptide backbone as a yellow tube,
respectively. The bend in the o helix and the
stacking of Trp18 onto A7 are visible. Binding of
N36 peptide occurs to the upper part of the
helical stem and to four nucletides of the loop.
Direct contacts were observed only for the

5’ nucleotides of the RNA. (B) A schematic
summary of intermolecular interactions between
boxB RNA and N36 peptide. Only nucleotides
involved in direct contacts to N36 peptide are
shown. Bases are represented by rectangles,
sugars by pentagons, and phosphate groups by
small circles. Intermolecular electrostatic and
hydrophobic interactions are indicated by
dashed lines; intermolecular hydrogen—bonding
interactions are indicated by solid lines, as
determined by analyzing the structures with
NucPLOT [49].

orientation of the Lys19 side-chain. The overall similar
orientation of the looped out nucleotide, however, underlines
that the sequence differences between the boxB RNAs of the
nutL and the nutR site have no major influence of the respective
complex structure with X N peptides. .

In this case of the A N/nut system, the rmsd of 1.5 A is in the
range observed for other high-resolution structures determined
by X-ray and NMR spectroscopy, for example 1.9 A for the
structural elements of the complex between UlA protein and
PIE RNA [56,59], underlining that it is possible to determine
structures of peptide RNA complexes of this size reliably by
NMR spectroscopy.

Mutations in the RNA-binding region of N36 peptide

The influence of mutations in the RNA-binding region of the
N36 peptide was assessed by three mutant peptides, mutA3V,
mutW18Y, and mutChi. mutA3V and mutW18Y were designed
because structure determination of the complex of wt-N36
peptide with boxB suggested both residues to be crucial for
complex formation. The chimeric mutChi peptide contains
residues 2—8 of P22 N-protein and residues 9-36 of A N
(MNAKTRRHERRAEKQAQWKAANPLLVGVSAKPVNRP).
It was synthesized to obtain information about the different
sequence requirements in the arginine-rich motif of the
lambdoid phages A and P22.

The structure of the mutant peptides and their complexes
with boxB were investigated by CD and homonuclear 1D and
2D NMR spectroscopy. For all free peptides in solution the CD
signal indicated the absence of stable elements of regular
secondary structure. After binding to boxB RNA a significant
change of the CD spectra was detected for all peptides
including shifts of the minima from 200 nm to 208 nm, new
minima around 222 nm, and positive values for the ellipticity at
190 nm (Fig. 10). The estimated helical contents were 63% for
wt-N36, 57% for mutW18Y, 49% for mutChi, and 46% for
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mutA3V. Homonuclear 2D NMR spectra of the complexes of
mutA3V and mutChi revealed that the o helix is shortened at
the N-terminus.

Structural changes in the RNA by titration with the peptides
were monitored by 1D NMR spectroscopy following the
changes in the shifts of the imino proton resonances.
(Fig. 11). The NMR and the CD spectra for the W18Y peptide-
boxB RNA complex were essentially identical to the spectra of
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Fig. 10. Differential far-UV-CD spectra of N36, and mutant peptides in
complex with boxB RNA. The CD spectrum of the complex with N36
peptide is red, with mutW18Y pink, with mutA3V blue, and with mutChi
(D2N/Q4K/R8H) green, respectively.
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ey complexes between boxB RNA, N36, and the
mutant petides. The resonances of the imino
protons of boxB RNA, the amide proton of Ala3
and the imino proton of Trpl8 are marked in
the spectra. The concentration of the complexes

with boxB RNA are: N36 peptide, 330 wm;

the corresponding wt-complex, suggesting similar structures for
these complexes. Thus, aromatic stacking interactions are the
major contribution of Trpl8 to complex stability. The
functional and structural importance of an aromatic residue
(Trp or Tyr) at this position was suggested from the observation
of antitermination in a W18Y mutant [57] and binding affinity
studies [58]. Phage HKO022 Nun protein, containing a Tyr
residue corresponding to Trpl8 of phage N N-protein binds
boxB from phage N as an N protein competitor [60].

It is known from mutational studies of arginine-rich motifs in
lambdoid phages [57] that position three is conserved as
alanines and a serine in the case of the Nun protein from
HKO022. The results of our CD and NMR studies of mutA3V
revealed the lack of specific contacts between Val3 and the
nucleotides C2 and C3, resulting in an N-terminally shortened
o helix. Although the 2D NMR spectra confirm the
presence of a GAAA tetraloop and an A helical stem, the
observation of line broadening for the imino proton
resonance of G6 reveals that mutation of Ala3 does affects
both the length of the «-helix, and also the stability of the
sheared base pair G6-A10. This finding can most probably be
attributed to an increased flexibility of Gln4, which interacts
with G6 in wt-N36 peptide and is no longer fixed after A3V
substitution. Thus, Ala3 plays an important role as an anchor
for the N-protein to the stem of boxB RNA, explaining the
strong decrease of binding affinity by A3S, A3V and A3T
substitution [58].

The conformation is much more severely affected in
the mutChi-boxB complex. The helix is disturbed near
the N-terminus, and the loop structure of boxB is different. The
reason for the missing imino proton signal of G6 (Fig. 11) is
probably the lack of stabilizing contacts from residue Gln4 and
Arg7 to the sheared base pair, resulting from the Q4K
substitution and the direct neighborhood of Arg7 to the R8H
mutation. These mutations are also the reason for the disturbed
helix, indicated by missing NH;-NH;;; NOEs. These results
show that the presence of the structurally important residues
Ala3 and Trpl8 itself is not sufficient to maintain the correct
complex structure. The hydrogen bonds formed between Gln4
and the base of G6 and between Arg8 and the base of A8
obviously play an important role for the specific recognition in
the N-boxB complex of the bacteriophage A.

In spite of the similar overall structure of the complexes,
Lys4 and His8 from the N protein of P22 cannot substitute
for GIn4 and Arg8 of N N, underlining the importance of

| .
mutA3V, 260 pm; mut W18Y, 250 puM; mutChi,
10.0 ppm ;s M.
hydrogen-bonds for sequence specific recognition in this
protein—RNA complex.

Comparison with other RNAs and protein—RNA complexes

Formation of a GNRA tetraloop within a pentaloop has been
found previously for the boxB RNAs from phage N and P22 in
the complex with their respective recognition peptides [14,16].
Taking into account that one nucleotide (A9) has to be
extruded, the rmsd of approximately 1.5 A between the
GNRA loops in the P4-P5-P6 Tetrahymena Group 1 Intron
(G150-G153) [41] and the GNRA tetraloops formed within the
pentaloop of boxB RNAs [14,16] (this work), is remarkably
low. Mutational studies and deletion experiments [9] showed
the importance of the loop structure for both specific
recognition by the N protein and also for the binding of NusA.

Formation of a GNRA tetraloop in boxB RNA from phages A
and P22, however, may not be the general way of specific RNA
N protein recognition in lambdoid phages. Phage ®21, for
example, exhibits huge differences in the nur sequence
compared to A and P22. This is most evident from the presence
of a pyrimidine-rich hexaloop in contrast to the purine-rich
pentaloop found in A and P22. Although the formation of a
GNRA tetraloop from a larger loop is known, for example a
GNR(NN)A motif in the 16S and 23S RNA [61], this is not
expected for the pyrimidine rich hexaloop from phage ®21.
Therefore, the existence of a common structural motif in the
boxB RNA structure within the family of lambdoid phages
remains to be clarified by structure determination of additional
complex structures.

The structures of the N proteins from lambdoid phages \ and
P22 revealed that these proteins adopt a bent o helix within
their arginine-rich motifs, while other arginine-rich proteins
bind to their target RNA as an o helix (HIV-1 Rev
peptide [62,63]) or as an antiparallel B-sheet (BIV-Tat peptide
[43,64]; HIV-1 Tat peptide model [65]).

Arginine-rich motifs can thus adopt quite different secondary
structure motifs and recognition modes. The number of
essential arginines varies in lentiviral Tat proteins [66,69],
aromatic stacking is most important for phage A N protein, N
protein of P22 has significant hydrophobic interactions with the
flipped out base (C11), whereas only few contacts between A9
and amino acids are observed in the case of the phage A protein.
Common to all these peptides, however, is their binding in the
major groove of the RNA near special secondary structure
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elements like loops or bulges [43,64] and their transition from
disordered to ordered structure upon binding. Indeed, this
structural transition upon RNA binding in disordered or
partially disordered proteins can be speculated to be a key
feature of viral RNA-recognition proteins.
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