
(Fig. 3C), indicating that the antibiotic stimu-
lated bNOS activity (24). Using a cell-permeable
fluorescent NO sensor (CuFL) (3, 5, 25), we also
detected the increase of NO production after
treatment with the antibiotic in vivo (fig. S11).

Our results show that bacteria use NOS as a
part of their defense system against other micro-
organisms. Because the pathogens, including B.
anthracis and S. aureus, have NOS, which pro-
tects them against antibiotics and immune attack
(5), the inhibition of this enzyme could serve as
an effective antibacterial intervention.

References and Notes
1. K. Pant, A. M. Bilwes, S. Adak, D. J. Stuehr, B. R. Crane,

Biochemistry 41, 11071 (2002).
2. D. J. Stuehr, Biochim. Biophys. Acta 1411, 217 (1999).
3. I. Gusarov et al., J. Biol. Chem. 283, 13140 (2008).
4. I. Gusarov, E. Nudler, Proc. Natl. Acad. Sci. U.S.A. 102,

13855 (2005).
5. K. Shatalin et al., Proc. Natl. Acad. Sci. U.S.A. 105, 1009

(2008).
6. E. G. Johnson et al., Chem. Biol. 15, 43 (2008).
7. M. A. Kohanski, D. J. Dwyer, B. Hayete, C. A. Lawrence,

J. J. Collins, Cell 130, 797 (2007).
8. M. Wainwright, J. Antimicrob. Chemother. 47, 1 (2001).
9. NO does not react with nucleophiles directly. However,

products of NO oxidation (NO+) readily nitrosate
arylamino moieties (Fig. 1A). Such products appear
intracellularly via reaction with transition metals (such
as Fe3+ or Cu2+) (11, 12). Also, NO autoxidation is

accelerated markedly due to the process of micellar
catalysis, which is mediated by proteins’ hydrophobic
pockets and membranes in vivo (10).

10. A. Nedospasov, R. Rafikov, N. Beda, E. Nudler, Proc. Natl.
Acad. Sci. U.S.A. 97, 13543 (2000).

11. C. A. Bosworth, J. C. Toledo Jr., J. W. Zmijewski, Q. Li,
J. R. Lancaster Jr., Proc. Natl. Acad. Sci. U.S.A. 106, 4671
(2009).

12. M. W. Foster, L. Liu, M. Zeng, D. T. Hess, J. S. Stamler,
Biochemistry 48, 792 (2009).

13. N. R. Asad, A. C. Leitao, J. Bacteriol. 173, 2562 (1991).
14. S. Moncada, R. M. Palmer, E. A. Higgs, Pharmacol. Rev.

43, 109 (1991).
15. J. S. Stamler, D. J. Singel, J. Loscalzo, Science 258, 1898

(1992).
16. G. W. Lau, D. J. Hassett, H. Ran, F. Kong, Trends Mol.

Med. 10, 599 (2004).
17. S. S. Baron, J. J. Rowe, Antimicrob. Agents Chemother.

20, 814 (1981).
18. L. G. Rahme et al., Science 268, 1899 (1995).
19. D. V. Vukomanovic et al., Biochem. J. 322, 25 (1997).
20. H. M. Hassan, I. Fridovich, J. Bacteriol. 141, 156

(1980).
21. B. subtilis catabolizes glucose and other sugars to

pyruvate during exponential growth (26). Instead of
oxidizing pyruvate further, they excrete it as acetoin,
thereby limiting the respiratory chain activity (26).
In contrast, during the stationary phase, acetoin is reused
from the media leading to the increase of oxidative
phosphorylation.

22. T. Inaoka, Y. Matsumura, T. Tsuchido, J. Bacteriol. 180,
3697 (1998).

23. T. Inaoka, Y. Matsumura, T. Tsuchido, J. Bacteriol. 181,
1939 (1999).

24. Nitrate/nitrite in the media is not a quantitative reflection
on actual NO production. NO is synthesized intra-
cellularly and freely diffuses out of the cell where it is
oxidized to nitrate/nitrite. Much of this nitrate/nitrite is
taken up and used by bacteria. Thus, the net increase in
nitrate/nitrite in the media is appreciably less than the
amount of NO that is actually synthesized. Five to
seven micromolar of NO2

−/NO3
− per hour (~100 nM/min)

is a large increase. Previously we demonstrated that
only a single treatment with 30 mM NO renders cells
resistant to oxidative stress (4). Sustained NO production
at higher levels is toxic [e.g., (27)]. Cells need to
produce the optimal level of NO in response to toxins,
enough to suppress the Fenton reaction, but not
enough to affect the respiratory chain and
glycolysis.

25. M. H. Lim, D. Xu, S. J. Lippard, Nat. Chem. Biol. 2, 375
(2006).

26. S. H. Fisher, A. L. Sonenshein, Annu. Rev. Microbiol. 45,
107 (1991).

27. C. M. Moore, M. M. Nakano, T. Wang, R. W. Ye,
J. D. Helmann, J. Bacteriol. 186, 4655 (2004).

28. This research was supported by the NIH Director’s Pioneer
Award to E.N.

Supporting Online Material
www.sciencemag.org/cgi/content/full/325/5946/1380/DC1
Materials and Methods
SOM Text
Figs. S1 to S11
Tables S1 and S2
References and Notes

27 April 2009; accepted 16 July 2009
10.1126/science.1175439

A Dimeric Structure for Archaeal Box
C/D Small Ribonucleoproteins
Franziska Bleichert,1 Keith T. Gagnon,2 Bernard A. Brown II,2 E. Stuart Maxwell,2
Andres E. Leschziner,3 Vinzenz M. Unger,4 Susan J. Baserga1,4,5*

Methylation of ribosomal RNA (rRNA) is required for optimal protein synthesis. Multiple 2´-O-
ribose methylations are carried out by box C/D guide ribonucleoproteins [small ribonucleoproteins
(sRNPs) and small nucleolar ribonucleoproteins (snoRNPs)], which are conserved from archaea to
eukaryotes. Methylation is dictated by base pairing between the specific guide RNA component of
the sRNP or snoRNP and the target rRNA. We determined the structure of a reconstituted and
catalytically active box C/D sRNP from the archaeon Methanocaldococcus jannaschii by single-
particle electron microscopy. We found that archaeal box C/D sRNPs unexpectedly formed a dimeric
structure with an alternative organization of their RNA and protein components that challenges the
conventional view of their architecture. Mutational analysis demonstrated that this di-sRNP
structure was relevant for the enzymatic function of archaeal box C/D sRNPs.

In all three kingdoms of life, nucleotides in
ribosomal RNA (rRNA) are posttranscrip-
tionally modified. The nucleotide modifi-

cations cluster in phylogenetically conserved
regions and are important for ribosome struc-
ture, stability, and function (1). One of the most
common nucleotide modifications is 2´-O-
methylation of ribose residues, which is per-
formed by box C/D small ribonucleoproteins
(sRNPs) in archaea and small nucleolar ribo-
nucleoproteins (snoRNPs) in eukaryotes, re-
spectively. Modifications are guided by base
pairing of the RNA component of sRNPs and
snoRNPs with their target rRNAs (2, 3). Under-
standing the mechanism of action of these sRNPs

and snoRNPs requires knowledge of their or-
ganization and architecture.

The RNA component of box C/D sRNPs
and snoRNPs is characterized by conserved box
C, C´, D, and D´ sequence elements, which are
bound by core box C/D proteins (Fig. 1A)
[reviewed in (4)]. In archaea, the core proteins
include L7Ae, Nop5 (also called Nop56/58),
and the methyltransferase enzyme fibrillarin,
which all have mammalian homologs. Whereas
the core proteins are common to all box C/D
sRNPs and snoRNPs, the sRNAs and snoRNAs
differ in sequence, especially in the D and D´
guide regions that form base pairs with specific
sites in target RNAs (2, 3, 5, 6).

In contrast to their eukaryotic counterparts,
enzymatically active archaeal box C/D sRNPs
can be reconstituted in vitro (7). For efficient 2´-
O-ribose methylation, each of the box C/D and
box C´/D´ motifs in one sRNA are required to
assemble symmetrically with all three core pro-
teins into an RNP that is conventionally illus-
trated as containing one sRNA and two copies
of each of the three core proteins (Fig. 1A) (8, 9).
However, no structure of enzymatically active
box C/D sRNPs containing the full-length sRNA
exists.

To determine the three-dimensional (3D) struc-
ture of a reconstituted and catalytically competent
methylation guide sRNP from the hyperther-
mophilic euryarchaeon Methanocaldococcus
jannaschii, we used electron microscopy (EM)
and single-particle analysis.We reconstituted box
C/D sRNPs in vitro using recombinant M.
jannaschii core proteins and in vitro transcribed
M. jannaschii sR8 sRNA and subsequently puri-
fied the assembled RNP on glycerol gradients.
All sRNP components comigrated in peak gra-
dient fractions 10 and 11 (Fig. 1B). Consistent
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with previous results (9), assembly required the
presence of the sRNA (Fig. 1C).

The purified sRNP was catalytically active
for methylation of RNA substrates using either
guide sequence in the sR8 sRNA, and methyla-
tion was specific to the fifth nucleotide upstream
of boxes D and D´ (Fig. 1E). Comparison of the
reconstituted sRNP to molecular mass markers
of indicated S values (Fig. 1B) as well as to the
human U1 snRNP (240 kD; Fig. 1D) showed
that the catalytically active box C/D sRNP mi-
grated at 12 S, faster than the human U1 snRNP.
In contrast, the heterotetrameric complex formed
by Nop5 and fibrillarin (136 kD) (8, 10, 11)
migrated at ~6.5 S in glycerol gradients (Fig. 1C
and fig. S1). These results indicate that the box
C/D sRNP is a much larger complex than what
would be expected on the basis of the convention-
al model of box C/D sRNP architecture (183 kD
predicted). Analysis of complexes by gel filtra-
tion chromatography supported these conclu-
sions (fig. S2, A to C). Furthermore, various
biochemical experiments (fig. S2) demonstrated
that the reconstituted and catalytically active box
C/D sRNPs were biochemically homogeneous.

EM analysis of negatively stained complexes
from peak gradient fractions showed a mono-
disperse population of particles (Fig. 2A and fig.
S2D). Use of the random conical tilt method

(12) enabled a 3D ab initio reconstruction of the
box C/D sRNP by single-particle analysis (figs.
S3 to S8). The EM structure was refined to a
resolution of 27 Å (fig. S6B) (13). The experi-
mental class averages and projections of the re-
fined volume were in good agreement with each
other (Fig. 2B).

The refined sRNP volume measured 14.8 nm
by 13 nm by 9 nm and exhibited two-fold pseu-
dosymmetry (Fig. 2C). Consistent with our bio-
chemical analyses (Fig. 1 and figs. S1 and S2),
the volume was larger than anticipated on the
basis of existing atomic-resolution structures of
box C/D core proteins and the conventional box
C/D sRNPmodel (10, 11). Docking of the crystal
structures into the EM volume revealed that it
could accommodate not one but two Nop5-
fibrillarin heterotetramers, placing fibrillarin in
the corners of the complex (Fig. 2D). Consistent
with a relative 1:1:1 stoichiometry of L7Ae,
Nop5, and fibrillarin as determined by quantita-
tive amino acid analysis (13), four L7Ae mole-
cules could be fit into the remaining density,
placing L7Ae in proximity to the C-terminal do-
main of Nop5 (Fig. 2D). Thus, the sRNP EM
volume contained four copies of each core protein.

Previous biochemical data (8, 9, 14), to-
gether with the presence of four sets of each of
the core proteins (L7Ae, Nop5, and fibrillarin)

in the sRNP volume, strongly suggest that the
box C/D sRNP contains two sRNA molecules.
The box C/D and C´/D´ motifs are most likely
positioned in the remaining density in proximity
to the sRNA binding protein L7Ae (15) and the
C-terminal RNA binding domain of Nop5 (10).
This topology is consistent with the recent crys-
tal structure of hPrp31 (a Nop5 homolog) com-
plexed with 15.5K (an L7Ae homolog) and a
U4 snRNA fragment (fig. S9) (16).

Although the resolution of the EM structure
did not allow the sRNA molecules to be unam-
biguously localized, the distribution of the re-
maining density in the EM volume not occupied
by the core box C/D proteins implies that the
two sRNAs connect the two Nop5-fibrillarin het-
erotetramers along the short sides of the sRNP
volume and follow a different directionality than
the Nop5 coiled-coil domains. Consistent with
this interpretation, ribonuclease treatment of the
reconstituted sRNP yielded smaller complexes
(14 nm by 6 nm in projection), which were about
half the size of untreated sRNPs (fig. S10).

Taken together, these results were not com-
patible with the conventional model of box C/D
sRNP architecture (Fig. 2F) but could be ex-
plained by an alternative model: a di-sRNP
containing four copies of each core protein and
two sRNAs (Fig. 2E).

Fig. 1. Assembly, purification, and enzymatic activity
of the reconstitutedM. jannaschii (Mj) box C/D sRNP.
(A) Schematic of an archaeal box C/D sRNA. The
conserved sequence motifs, boxes C and C´ (yellow)
and boxes D and D´ (blue), as well as the guide
sequences are indicated. Each box C/D and box C´/D´
motif is bound by the core box C/D proteins L7Ae,
Nop5, and fibrillarin. (B) Purification of re-
constituted sRNP by glycerol gradient centrifugation.
Proteins and RNA of unpurified sRNP (input) and har-
vested fractions were analyzed by SDS–polyacrylamide
gel electrophoresis and silver staining (top) and by
Northern blotting (bottom), respectively. Arrowheads
below the gel indicate peaks of protein markers of
corresponding S values. (C) Sedimentation of box C/D
sRNP protein components in the absence of the box
C/D sRNA. (D) Sedimentation of the human U1
snRNP (240 kD) in glycerol gradients. (E) Methylation
activity of the M. jannaschii box C/D sRNP in the
unpurified material (input) and in the gradient
fractions using substrate RNAs complementary to
the D guide (black bars) and D´ guide (gray bars)
sequences of the sRNA, respectively. As a control
for nonspecific methylation activity, premethylated
RNAs were used as substrates (asterisks).
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To verify the di-sRNP model, we analyzed
sRNPs lacking both fibrillarin and the N-
terminal, fibrillarin-interacting domain of Nop5
(Nop5DN/minus fibrillarin). Docking of the crys-
tal structures into the EM volume (Fig. 2D) pre-
dicted that these RNP components occupied the
density in the four corners of the sRNP volume
and that Nop5DN/minus fibrillarin sRNPs
should lack those four regions of density. Results
from both biochemical and EM experiments were
consistent with a smaller size of these particles

relative to the fully assembled sRNP (Fig. 3, A to
C, and figs. S11 and S12). Class averages of the
Nop5DN/minus fibrillarin sRNP indeed lacked
the strong density in the four corners (Fig. 3, D to
G). These results provide further evidence that
the box C/D sRNP contained four copies of
fibrillarin, and likewise four copies of L7Ae and
Nop5, and consequently support the di-sRNP
model (Fig. 2E).

The di-sRNP model predicted a molecular
mass of 366 kD for the M. jannaschii box C/D

sRNP. This size was consistent with the results
obtained both by glycerol gradient centrifugation
(Fig. 1B) and by gel filtration chromatography
(fig. S2A). Furthermore, the S value calculated
from the EM volume was 11.7 S (13), very close
to the observed value of 12 S (Fig. 1B). Di-sRNP
formation was also apparent with a different
EM staining technique, the GraFix method of
glycerol gradient centrifugation (17), and with
different constructs for protein expression (figs.
S13 to S16).

Fig. 3. Localization of fibrillarin and the N-
terminal domain of Nop5 in the EM structure. (A
and B) Sedimentation profile of the Nop5DN/minus
fibrillarin sRNP (A) and L7Ae and Nop5DN in the
absence of the sRNA (B) analyzed by glycerol gra-
dient centrifugation. (C and D) Electron micro-
graph (C) and representative class average of
negatively stained Nop5DN/minus fibrillarin sRNP
particles from peak glycerol gradient fractions (D)
(see also fig. S11). (E) Class average of the reconsti-
tuted box C/D sRNP particles containing fibrillarin and
the N terminus of Nop5. (F) Difference map between
the class averages of the two different RNPs as shown
in (D) and (E). (G) Statistically significant region as
calculated with the t test in SPIDER with a P value
of P ≤ 0.001. Scale bars, 10 nm [(D) and (E)].
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Furthermore, the di-sRNP model predicted
that the Nop5 proteins are critical for maintain-
ing this conformation, as they would orches-
trate the positioning of the two different sRNAs
(Fig. 2, D and E). Previous biochemical experi-
ments showed that some mutations in the coiled-
coil domain of Nop5 (Nop5 CC) abrogated
methylation activity of the sRNP, whereas
others were tolerated (8, 14). We analyzed these
Nop5 CC mutant sRNPs and found that both
Nop5mut2 and Nop5mut4 sRNPs, which were
previously shown to methylate substrate RNAs
(14), had sizes and dimensions similar to those of
sRNPs containing the wild-type Nop5, whereas
Nop5DCC sRNPs, which are methylation-deficient
(14), were smaller (Fig. 4, A to C, and figs. S17
and S18). Collectively, our results indicate that
the formation of the di-sRNP structure correlates
with efficient methylation activity of the box C/D
sRNP.

Our work provides a 3D structure of a
catalytically active box C/D sRNP, revealing an
unexpected di-sRNP topology. Multimeric RNPs
composed of individual RNPs are not unprec-
edented. Examples include the U4/U6 di-
snRNP, the U4/U6.U5 tri-snRNP, the U11/U12
di-snRNP, and telomerase (18–23). Since the first
discovery of a box C/D snoRNA 40 years ago
(24), box C/D sRNPs and snoRNPs have been
assumed to consist of one sRNA or snoRNA
molecule and one or two sets of each core pro-
tein. Contrary to this original assumption, the
structure of a reconstituted archaeal box C/D

sRNP presented here argues that these complexes
form a functionally relevant, unanticipated di-
sRNP structure with an alternative organization
of the RNA and protein components. We do not
know whether this structure forms in vivo. If it
does, then box C/D di-sRNPs could be com-
posed of two different box C/D sRNAs. If
multiple guide sequences are used at the same
time, a di-sRNP (or di-snoRNP) architecture
may be an efficient means by which these RNP
chaperones can participate in folding of the
long pre-rRNA.

References and Notes
1. X. H. Liang, Q. Liu, M. J. Fournier, Mol. Cell 28, 965

(2007).
2. Z. Kiss-Laszlo, Y. Henry, J. P. Bachellerie,

M. Caizergues-Ferrer, T. Kiss, Cell 85, 1077
(1996).

3. A. D. Omer et al., Science 288, 517 (2000).
4. S. L. Reichow, T. Hamma, A. R. Ferre-D´Amare, G. Varani,

Nucleic Acids Res. 35, 1452 (2007).
5. Z. Kiss-Laszlo, Y. Henry, T. Kiss, EMBO J. 17, 797

(1998).
6. C. Gaspin, J. Cavaille, G. Erauso, J. P. Bachellerie, J. Mol.

Biol. 297, 895 (2000).
7. A. D. Omer, S. Ziesche, H. Ebhardt, P. P. Dennis, Proc.

Natl. Acad. Sci. U.S.A. 99, 5289 (2002).
8. R. Rashid et al., J. Mol. Biol. 333, 295 (2003).
9. E. J. Tran, X. Zhang, E. S. Maxwell, EMBO J. 22, 3930

(2003).
10. M. Aittaleb et al., Nat. Struct. Biol. 10, 256 (2003).
11. S. Oruganti et al., J. Mol. Biol. 371, 1141 (2007).
12. M. Radermacher, T. Wagenknecht, A. Verschoor, J. Frank,

J. Microsc. 146, 113 (1987).
13. See supporting material on Science Online.
14. X. Zhang et al., RNA 12, 1092 (2006).

15. J. F. Kuhn, E. J. Tran, E. S. Maxwell, Nucleic Acids Res. 30,
931 (2002).

16. S. Liu et al., Science 316, 115
(2007).

17. B. Kastner et al., Nat. Methods 5, 53
(2008).

18. H. Stark, R. Luhrmann, Annu. Rev. Biophys. Biomol.
Struct. 35, 435 (2006).

19. T. L. Beattie, W. Zhou, M. O. Robinson, L. Harrington,
Mol. Cell. Biol. 21, 6151 (2001).

20. J. Prescott, E. H. Blackburn, Genes Dev. 11, 2790
(1997).

21. N. Fouche, I. K. Moon, B. R. Keppler, J. D. Griffith,
M. B. Jarstfer, Biochemistry 45, 9624 (2006).

22. S. B. Cohen et al., Science 315, 1850 (2007).
23. C. Wenz et al., EMBO J. 20, 3526 (2001).
24. J. L. Hodnett, H. Busch, J. Biol. Chem. 243, 6334

(1968).
25. J. Suryadi, E. J. Tran, E. S. Maxwell, B. A. Brown 2nd,

Biochemistry 44, 9657 (2005).
26. We thank M. Golas, P. Moore, K. Reinisch,

J. Steitz, T. Steitz, H. Wang, and S. Wolin for helpful
discussion and/or critical reading of the manuscript,
and the Yale University Biomedical High Performance
Computing Center (supported by NIH grant
RR19895). This work was supported by a Boehringer
Ingelheim Fonds Ph.D. scholarship (F.B.), NIH grants
R01GM69699 (B.A.B.) and R01GM52581 (S.J.B.),
and NSF grant MCB0543741 (E.S.M.). The EM
map has been deposited into EMDB (accession
code EMD-1636).

Supporting Online Material
www.sciencemag.org/cgi/content/full/325/5946/1384/DC1
Materials and Methods
Figs. S1 to S18
References

11 May 2009; accepted 20 July 2009
10.1126/science.1176099

Fig. 4. Formation of the box
C/D di-sRNP structure correlates
with efficient enzymatic activity.
(A to C) sRNPs assembled with
Nop5 containing point muta-
tions in the coiled-coil domain
[mut2 in (A) and mut4 in (B)] or
a deletion of the coiled-coil
domain [DCC in (C)] were ana-
lyzed by glycerol gradient cen-
trifugation and complexes in
peak fractions were visualized
by EM after negative staining.
Representative class averages of
sRNP particles assembled with
Nop5mut2 and Nop5mut4, re-
spectively, are shown. The num-
ber of images in each class is
indicated in the right upper cor-
ner of each class average. The
sRNP assembled with Nop5DCC
was too small for calculation of
meaningful class averages.
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