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Abstract Investigations were performed on recombinant ribonu-
clease P2 from Sulfolobus solfataricus, previously cloned and
uxpressed in Escherichia coli [Fusi, P., Grisa, M., Mombelli, E.,
Consonni, R., Tortora, P. and Vanoni, M. (1995) Gene 154,
99-103]. NMR and photo-CIDNP spectroscopies showed that
the enzyme possesses an aromatic cluster constisting of Phe®,
Cyr’, Phe’ and Tyr® while Trp® is fully exposed to solvent.
Phe®', Tyr** and Trp® are located within a triple stranded anti-
parallel B-sheet, each one being part of an amino acid stretch
matching consensus sequences for RNA binding. Phe*' and Trp®
are exposed to and specifically interact with a flavin dye used as
a model ligand, with a topology reminiscent of that found in
several eubacterial and eukariotic RNA-binding proteins.
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1. Introduction

In recent years, knowledge of physiological roles and diver-
sity of RNases has remarkably expanded. These enzymes not
only sustain non-specific RNA cleavage, but also a variety of
other reactions, such as trimming, splicing, addition and mod-
ification reactions of RNA molecules [1,2]. However, little is
known about archaebacterial RNases. Only two RNase Ps
have been identified and characterized until recently, one from
Sulfolobus solfataricus and another from Haloferax volcanii [3)].
Thus, we searched for RNases from the thermoacidophilic
archaebacterium S. solfataricus, and isolated three such en-
zymes, referred to as P1, P2 and P3 [4]. Extensive characteriza-
tion of P2 showed that this enzyme cleaves RNA with a narrow
substrate specificity and releases 3’-phosphooligonucleotides.
Complete primary structure [4] showed that the molecule con-
sists of 62 amino acids, is devoid of any cysteine and histidine,
and is closely related to a class of small proteins previously
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Abbreviations: RNase, ribonuclease; RNP, ribonucleoprotein; photo-
CIDNP, photo-chemically induced dynamic nuclear polarization;
NMR, nuclear magnetic resonance, 2D DQF COSY, two-dimensional
double quantum filtered correlated spectroscopy; Clean TOCSY, total
correlation spectroscopy; Scuba NOESY, stimulated cross peaks under
bleached alphas two-dimensional nuclear Overhauser effect spectros-
copy.

isolated from S. acidocaldarius and S. solfataricus, and identi-
fied as DNA-binding proteins on the basis of their capacity to
bind DNA aspecifically [5-7]. Particularly, P2 was identical to
the protein previously found in S. solfataricus and referred to
as Sso7d [7], except for the replacement of Glu"* by GIn', and
the lack of one lysine at the C-terminus. Subsequently, we
cloned and overexpressed this protein in Escherichia coli [8].
This confirmed its identification as a RNase, since purified
recombinant P2 could cleave RNA and was biochemically in-
distinguishable from the native enzyme. However, the under-
standing of its physiological role(s) is far from complete. The
lack of significant sequence similarity to any known class of
RNases and the absence of histidines — part of the active sites
of most RNases — strongly suggest that it has independently
evolved and developed its catalytic function.

The NMR structure of the wild type protein has recently
been soived by Baumann et al. [9]. It consists of a triple-
stranded anti-parallel f-sheet onto which an orthogonal dou-
ble-stranded anti-parallel B-sheet is packed. In the present
paper, structural characterization of the aromatic domain of
the recombinant P2 has been performed by NMR and photo-
CIDNP spectroscopies. In recent years the photo-CIDNP tech-
nique has been used to investigate a large number of proteins
[10-13]. The photo-CIDNP effect arises from the nuclear spin
polarization generated in a reversible photochemical reaction
of a flavin dye with tyrosines, tryptophans and histidines on the
protein surface. Our data show that the topological distribution
of aromatic and hydrophobic residues occurring in this enzyme
is that found in several RN A-binding proteins [14]; particularly,
two residues, i.e. Phe'!, part of an aromatic cluster, and Trp*,
fully exposed to solvent, specifically interact with a flavin used
as a model ligand. Thus, they are the best candidates for the
interactions with RNA bases.

2. Materials and methods

The P2-encoding gene was chemically synthesized and expressed in
E. coli and the purified protein found to be indistinguishable from the
native enzyme on the basis of several biochemical criteria [8}. Spectra
were collected in a temperature range of 300-340 K, pH 4.0, in both
H,O and *H,0 and referenced to sodium trimethylsilylj2,2,3,3-*H4]sul-
fonate. NMR data were acquired with a Bruker AM-500 spectrometer
equipped with an Aspect 3000 computer; P2 concentration was 2 mM.
Standard pulse sequences were applied: 2D DQF COSY [15}, Clean
TOCSY [16], NOESY [17,18] and Scuba NOESY [19]. In all spectra the
solvent suppression was achieved by presaturation of the water reso-
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nance during both relaxation and evolution times and the acquisition
was carried out with 4096 data points in £, and 1024 ¢, increments, and
a spectral width of 8064 Hz. Clean TOCSY spectra were collected using
MLEV17 sequence for spin-locking with a mixing time of 60-100 ms.
NOESY spectra were acquired with mixing times of 25, 50, 75, 100 and
150 ms. Before Fourier transformation, the data were zero-filled to
2048 points in the ¢, dimension and weighted with #/3 squared shifted
sinebell in both dimensions. A baseline correction was performed in
both dimensions using a polynomial function. Data were processed on
a Bruker X-32 station using UXNMR program. 'H photo-CIDNP
spectra were recorded on a Bruker AM-270 using a Coherent Innova
200 argon laser as the light source. A 300 ms light pulse (4 W, multiline)
was used with a 50 ms delay before a 90° rf pulse to enhance cross-
relaxation effects. Difference spectra were obtained by taking light and
dark FIDs and subtracting the spectra after Fourier transformation. In
the 2D photo-CIDNP [20] experiments, 32 ‘dark’ and 32 ‘light’ FIDs
were recorded for each ¢, value. The first ¢, value of 20 ms was incre-
mented with 0.6 ms steps, which corresponds to a spectral width of 801
Hz in the w, domain. The sample was irradiated during 50 ms with a
12 W light pulse or 300 ms with a 4 W light pulse, followed by a 50 ms
delay. The difference spectra are presented in the absolute-value mode.
Lumiflavin was from Sigma.

3. Results

Protein P2 contains five aromatic amino acid residues: one
tryptophan (Trp®), two phenylalanines (Phe’ and Phe®') and
two tyrosines (Tyr’ and Tyr™). The assignments of the aromatic
spin systems were obtained from 2D DQF-COSY, TOCSY,
NOESY and photo-CIDNP experiments, using standard pro-
cedures. Sequence-specific assignments were obtained from se-
quential aCH;-NH,,,, fCH;-NH,,; and intraresidue SCH-2,6
aromatic NOE connectivities [21] (data not shown). NOE with
J protons and photo-CIDNP effects were used to distinguish
between 2,6 and 3,5 proton resonances of Tyr’” and Tyr®. For
Phe® it was not possible to distinguish the 2,6 and 3,5 reso-
nances, because of overlapping. For Trp®, NH1, H7 and H2
were determined from NOE spectra of the protein in a H,O/
’H,0 9:1 solution. The chemical shifts of the aromatic residues
are reported in Table 1.

In addition to the secondary chemical shifts, large shifts
resulting from the presence of the five aromatic rings were
observed to affect many residues (Table 1). In particular, the
chemical shifts of all the aromatic protons, except Tyr’, experi-
enced significant upfield ring current shifts, compared to those
expected for a random conformation; Tyr” exhibited a minor
downfield shift.

In agreement with the structure proposed by Baumann et al.
[9] for the wild type protein, the complete analysis of the NOEs
(data not shown) indicated the presence of five strands of anti-
parallel S-sheets and two a-helices. NOE effects within the set
of aromatic protons were obtained from well resolved NOESY
spectra (Table 2). They revealed the presence of an aromatic
cluster consisting of four aromatic residues, namely Phe®, Tyr’,
Phe*’ and Tyr*, which interact with several aliphatic side
chains. In particular the aromatic ring of Phe®' is in close
contact with the aromatic rings of Phe’ and Tyr*; Val'* shows
multiple contacts with Phe®, Tyr** and Phe®, while Ile"® and
Ile® interact with Phe® and/or Tyr®; indeed, due to the close
proximity with the aromatic rings, the side chains of these
residues experience strong diamagnetic shifts (in particular
46 = 0.3 ppm for Val’ Hy,y"; 46 = 0.5 and 0.6 ppm for Val*
Hy.y’ and Hp, respectively; 46 = 0.3 for 1le” Hy methyl;
46 = 0.8 ppm for Ile’® HS methyl). The aromatic ring of Trp*
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appears completely exposed to solvent; its protons experience
a strong upfield chemical shift, probably due to the interaction
with four carbonyl groups, namely Lys*', Val*, Ser*® and Trp*
itself, which are in the range 3.7-4.6 A from the aromatic
protons.

By dissolving P2 in °H,0, a number of amide protons showed
slow exchange rates (data not shown). In particular, 12 amide
signals (Val'™, Tle'’, Trp?, lie”, Ser®, Phe®', Thr®2, Tyr®, Gly®,
Val®, Leu* and Leu™) remained after more than 40 h, and
exchanged only at 320 K, suggesting a well-protected environ-
ment. Most of them correlate well with the expected pattern of
hydrogen bonds in the five strands of S-sheets.

The photo-CIDNP method was used to investigate the access
of a photoexcitable flavin dye to the aromatic cluster in order
to determine the solvent exposure of each aromatic residue.
Increasing amounts (in the range 16-80 umol) of lumifiavin
were added to a 2 mM solution of P2 in *H,O. An unusually
large amount of flavin was necessary to observe a yellow fluo-
rescent solution, suggesting the existence of specific interac-

T
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Fig. 1. Aromatic region of 270 MHz 1D NMR spectra of P2 in *H,0
solution pH 4.0, 300 K, upon addition of increasing amounts of flavin:
(A) without dye, (B) with 48, (C) 64, and (D) 80 umol of dye.
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Fig. 2. (A) Aromatic region of a 270 MHz 1D NMR spectrum of P2
m “H,O solution, pH 4.0, 300 K, in the presence of 75 umol of flavin.
{B) 270 MHz 1D photo-CIDNP difference spectrum obtained with 300
ms 4 W light pulse followed by a 50 ms delay before the 90° rf pulse;
F denotes polarized flavin resonances.

tion(s) between the flavin dye and the protein. In keeping with
hypothesis all signals of Trp** and Phe*' were strongly upfield
shifted (in particular, 46 = 0.16 ppm for Phe*' H4 and 46 = 0.17
ppm for Trp® H3,6) and broadened, suggesting a specific inter-
action among flavin and the two aromatic residues (Fig. 1A-
D). In agreement with this result, Baumann et al. [9] observed
a change in the intrinsic tryptophan fluorescence upon interac-
tion of the protein with polynucleotides. In contrast, Phe?®, Tyr’
and Tyr* seemed not to be appreciably affected by the presence
of flavin, either in the chemical shift or in the line-width.

The corresponding photo-CIDNP difference spectrum is
shown in Fig. 2B. Only two out of the three polarizable resi-

Table 1
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dues, Tyr” and Trp* (but not Tyr®), are strongly enhanced. The
weak emissive resonance expected for Tyr’ H2,6 [10] is not
observed since it is cancelled by the absorptive Trp” H7 signal,
which is cross-polarized by H6 (see 2D photo-CIDNP experi-
ments below) during the 300 ms laser irradiation and the 50 ms
preacquisition delay. The strong photo-CIDNP effect of Tyr’
and Trp® indicates that the flavin dye used to generate spin
polarization has full accessibility to the OH and N1 moieties,
respectively, of these residues.

Fig. 3A and B show the aromatic region of 2D COSY photo-
CIDNP spectra of P2 in ?H,0 acquired with different irradia-
tion times. In apparent contrast with the simplicity of the 1D
spectrum, several cross-peaks are observed in the 2D spectra
corresponding to additional photo-polarized residues. The
longer irradiation time experiment (300 ms, Fig. 3A) shows that
H3.5 of Tyr’ clearly correlate with their H2,6, and H6 of Trp™
with its H7. Due to the long irradiation pulse, back-polarization
of these two systems is also observed. It is worth noting that
the degeneracy of Tyr’ H2,6 and Trp?* H7 protons is abolished
in the 2D experiment. The direct Trp** H4-H5 polarization is
also observed together with its back-polarization; finally, a
strong diagonal peak is observed for the directly polarized
Trp** H2. A photo-CIDNP effect appears as well for Tyr* in
the experiment with longer irradiation time (Fig. 3A) and this
system is also present, but weaker, in the spectrum recorded
with short irradiation time (Fig. 3B). No emissive signal was
observed in the 1D photo-CIDNP spectrum for Tyr*® H3,5,
thus suggesting that the presence of this cross-peak in the 2D
spectra is due to cross-polarization from Tyr’, since NOEs were
detected between Tyr’ and Tyr®. The intensities of Tyr* reso-
nances appear enhaced by increasing the irradiation time (Fig.
3A).

Three additional diagonal peaks are observed for the Phe®'
aromatic protons (Fig. 3A), cross-polarized by the flavin which
we have shown to specifically interact with Phe® and Trp.
Several examples are reported of indirect polarization of resi-
dues in close contact with strongly polarized aromatic residues
[22-24). In particular, photo-CIDNP effects were observed in
the presence of specific binding interactions between flavin and
the protein [24,25]. In these examples the binding constant was
not strong enough to prevent the radicals in the radical pair to
separate ([10] and references therein) and photo-CIDNP effects
could be observed. We therefore suggest that the same condi-
tions apply to the P2-flavin interaction.

'"H-NMR assignments and chemical shifts of aromatic protons of P2 in ’H,O solution, pH 4, 320 K. In parentheses deviations with respect to random

coil chemical shift are reported

Phe® Tyr’ Trp* Phe”! Tyr*
2,6 7.06 (0.31) 7.31 (-0.14) 6.54 (0.83) 6.68 (0.50
35 7.06 (0.31) 6.93 (-0.03) 6.33 (1.04) 6.54 (0.36)
4 6.92 (0.45) 5.73 (1.64)
2 6.99 (0.39)
4 7.21 (0.52)
5 6.90 (0.38)
6 6.88 (0.40)
7 7.31 (0.27)
aCH 5.05 4.82 494 5.60 5.50
NH 8.58 8.91 9.26 7.54 8.56
BCH, 3.25 311 3.46 3.19 2.85
B'CH, 314 2.82 3.2 3.04 2.66
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Fig. 3. 270 MHz 2D COSY photo-CIDNP spectra of P2 in *H,0
solution, pH 4.0, 300 K, in the presence of 64 umol of flavin: (A) 300
ms 4 W light pulse, 50 ms delay; (B) 50 ms 12 W light pulse, 50 ms delay.
Thick and thin arrows indicate direct and cross-polarization, respec-
tively.

4. Discussion

The present work was mainly aimed at elucidating the pres-
ence in P2 of an aromatic cluster in view of its structural and
functional relevance and at lightening the mode of interaction
of RNase P2 with a photoexcitable flavin used as a model
ligand. We found that four aromatic residues, namely Phe® and
Tyr” in fl-strand, Phe’ and Tyr® in p4 form an aromatic
cluster, strongly interacting with the hydrophobic side chains
of Val*, Val’, Ile'® and 1le”. Trp® in 83 strand is fully exposed
to solvent.
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The same topological distribution of aromatic and hydro-
phobic residues is found in several RNA-binding proteins from
eubacterial and ecukaryotic sources, such as Ul-A, U2-B,
hnRNP, PABP, PPTB, nucleolin and others (reviewed in [14]).
These proteins belong to a large family of molecules involved
in RNA processing, in which a RNA recognition motif of about
80 amino acids represents the core of their RNA-binding do-
mains [14,27,28]. Although the RNA-binding domains in these
proteins have very low homology at the amino acid level, two
consensus sequences, RNP1 and RNP2, have been identified.
They are juxtaposed in adjacent f-strands and contain residues
which are thought to be involved in nucleic acid binding; partic-
ularly, conserved aromatic side chains, critical for RNA bind-
ing, are clustered on the surface of the protein, close to the
variable loop that determines recognition of specific RNA se-
quences [14,27,28]. In these proteins, involvement of the S-sheet
region in RNA binding has been clearly established. In partic-
ular, the structural geometry of two exposed aromatic residues
strongly suggests that nucleotide bases of RNA ligand might
be involved in ring-stacking interactions with these aromatics
at the protein-RNA interface.

Residues 22-27 (ValTrpArgValGlyLys) and 29-36 (IleSer-
PheThrTyrAspGluGly) of RNase P2 match RPN2 and RPNI
consensus sequences, respectively. Like in the case of the afore-
mentioned RNA-binding proteins, P2 shows that two aromat-
ics, namely Phe® and Trp®, are accessible to the flavin dye and
specifically interact with it, while, in contrast, Phe’, Tyr’ and
Tyr** do not appear to be significantly affected. Photo-CIDNP
experiments indicated that Tyr’ and Trp* are exposed to the
flavin dye, while Tyr* OH is buried. Indeed, Phe®' is only
partially exposed to solvent, but still appeared to be cross-

Table 2
Summary of the observed NOE effects from aromatic residues. NOE
spectra were recorded in *H,0, pH 4, 300°K, ¢, = 150 ms

amino acids

proton pair

F31-F5* 412,6(3,5); 4
F31-F5* 3,5/2,6(3,5) 4
F31 (Y33)*-Y33 2,6(3,5)/2,6;3,5
F31-Y33 3,5/2,6:3,5
F5*-Y7 2,6(3,5)/2,6:3.5
F31-V14 alyy

F31-119 4/6

F31-T32 4ty

F31-F5 BB
F31-Y33 3,585
F31-V14 3.588.7.7
F31-119 3.5ly'.8
F31-129 3,5/y CH,

F31 (Y33)*-119
F31 (Y33)*-V22

2,6(3,5)/y7",yCH;,6
2,6(3,5y.7

F31-129 2,6/yCH,, 8
F5*-V1i4 2,6(3,5/B, 7.7
F5*-K12 2,6(3,5/B.8".y
Y7-F31 3,518

Y7-K12 2,6/y.7
W23-V25 2y,y’
W23-V22 241y,y
W23-F31 4,5(6)/a
W23-T32 7.5(6)y
Y33-F31 2,6/4
Y33-V14 2.6/7.7
Y33-119 2.6/a,0

*NOE effects could not be unambigously identified, due to overlapping
resonances in the two-dimensional spectrum.
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polarized by the flavin, confirming the accessibility of this aro-
matic residue. Both Trp? and Phe®' satisfy the exposure condi-
tion required by the RNA recognition motif, and the flavin
seems to interact, probably through ring stacking interactions,
with each of the two aromatic residues. This behaviour closely
yesembles the mode of interaction of other RNA-binding pro-
1zins in the base recognition process. On the other hand, it is
»sell known that flavin can interact via ring stacking with aro-
1atic residues such as tryptophans, tyrosines and phenylalan-
.aes. In particular, the non-covalently bound flavin cofactor in
iavodoxins and in a Tyr*®Trp mutant [29] are sandwiched be-
ween the aromatic in position 98, roughly parallel to it, and
p* about 45° from being parallel [30,31].

Investigations made on the mutant Phe*' Ala also supported
he idea that Phe®' plays a crucial role both in protein structure
and function, since such mutation both dramatically destabil-
zed the protein and substantially reduced its RNase activity
unpublished results).

Despite its lack of sequence similarity with other RNA-bind-
ng proteins, it is noteworthy that RNase P2 from S. solfatar-
cus shares with these molecules the same structural motif, and
sossibly, the mode of binding, even though its size is signifi-
santly smaller than that of the RNA recognition motif from
subacterial and eukaryotic sources, i.e. 62 vs. 80 residues. These
jata confirm therefore that P2 has evolved independently its
structure and mode of interaction with RNA.
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