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Hygromycin B is an aminoglycoside antibiotic active against prokaryotic and eukaryotic ribosomes. Ribo-
somal alterations in bacteria conferring resistance to hygromycin B have not been described, prompting us to
use a single rRNA allelic derivative of the gram-positive bacterium Mycobacterium smegmatis for investigation
of the molecular mechanisms involved in ribosomal resistance to hygromycin B in eubacteria. Resistance
mutations were found to localize exclusively in 16S rRNA. The mutations observed, i.e., 16S rRNA U1406C,
C1496U, and U1498C (E. coli numbering), are in close proximity to the hygromycin B binding site located in
conserved helix 44 of 16S rRNA. The 16S rRNA positions involved in hygromycin B resistance are highly
conserved in all three domains of life, explaining the lack of specificity and general toxicity of hygromycin B.

The ribosome is a target for many important antibacterial
drugs (14, 20). Unfortunately, resistance to these drugs has
become commonplace (1, 37). At the same time, many avail-
able ribosomal drugs are not used in clinical medicine because
they are insufficiently specific for bacterial as opposed to eu-
karyotic ribosomes and hence are too toxic (14). There is thus
an increasing need to unravel the details of how these antibi-
otics interact with ribosomes. With the availability of high-
resolution structures of the ribosome, we are beginning to
understand the structural basis for antibiotic action on the
ribosome (4, 8, 17, 30); crystallographic studies define the drug
binding site and may also point to the mechanism of drug
action (4, 8). Homology models based on the high-resolution
30S structures allow for a placement of the eukaryotic 18S
rRNA relative to prokaryotic 16S rRNA, thereby providing a
three-dimensional framework for analysis of selectivity.

The best-studied aminoglycosides are those containing a
2-deoxystreptamine ring (9). By binding to the A (aminoacyl)
site of the ribosomal decoding region (helix 44 of 16S rRNA),
these drugs interfere with the ribosomal proofreading mecha-
nism, leading to miscoding and/or premature termination (35).
One characteristic of A-site binding aminoglycosides is the
multitude of nucleotides critical for drug binding, i.e., 16S
rRNA C1407, A1408, G1491, A1493, G1494, and U1495 (8, 10,
12) (throughout this paper, Escherichia coli numbering is used
for 16S rRNA bases). However, acquired ribosomal drug re-
sistance in bacterial pathogens is confined to alteration of
A1408 to G, suggesting that susceptibility of ribosomes to
2-deoxystreptamines is determined largely by the identity of
the single nucleotide at 16S rRNA position 1408 (3, 23, 25, 28).

Hygromycin B is a bactericidal aminoglycoside produced by
Streptomyces hygroscopicus (22). It has a 5-substituted N-meth-
yl-2-deoxystreptamine aminocyclitol characterized by a dual
ether linkage between two of its three sugar moieties, resulting
in a fourth, five-member ring. Hygromycin B inhibits protein
synthesis in archaebacteria, eubacteria, fungi, and higher eu-
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karyotes (6, 16). In contrast to the typical 2-deoxystreptamines,
hygromycin B inhibits protein synthesis by blocking ribosomal
translocation without causing significant misreading in vivo (2,
5, 11, 16, 38). Ganoza and Kiel proposed that hygromycin B
specifically inhibits the activity of RbbA, a ribosomal ATPase,
which, along with elongation factor Tu (EF-Tu) and EF-G, is
necessary for decoding and translocation (15). In eukaryotes,
hygromycin B interferes with the translocation step by affecting
the EF-2-mediated transfer of A-site-bound tRNA to the P site
(11). From crystallographic studies, it is clear that hygromycin
B binds in a largely sequence-specific manner close to the very
top of helix 44 of 16S rRNA, between the A (aminoacyl) and
the P (peptidyl) sites. The 16S rRNA nucleotides involved in
this interaction are C1403, G1405, G1494, U1495, C1496, and
U1498 (4). The localization of hygromycin B binding to this
region is consistent with the recently suggested involvement of
helix 44 in movements during the translocation step (13).

Because of its universal activity, hygromycin B cannot be
used for systemic application in clinical medicine. Regardless
of the clinical utility of an antibiotic agent, understanding of
the mechanisms which determine its specificity is important for
future drug development by rational design. The study of a
universal inhibitor of translation is particularly interesting be-
cause it allows the elucidation of its lack of specificity.

Little is known concerning the ribosomal components me-
diating resistance to hygromycin B. In the eukaryote Tetrahy-
mena thermophila, alteration of 16S rRNA nucleotide U1495
to C confers resistance (31). Alterations of ribosomal compo-
nents conferring resistance to hygromycin B in prokaryotic
microorganisms have not yet been described. The difficulty of
isolating hygromycin-resistant eubacteria might be because a
single mutation may not lead to resistance, so that successive
steps of mutational alterations (intra- or intergenic) are nec-
essary.

Nonconserved nucleotides in 16S rRNA have been sug-
gested to be important in determining the selectivity of ribo-
somal drugs, e.g., for an antibacterial agent to affect the pro-
karyotic ribosome as opposed to the eukaryotic ribosome (3).
Using a single TRNA allelic derivative of the gram-positive
eubacterium Mycobacterium smegmatis (28), we set out to iso-
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TABLE 1. Hygromycin B resistance mutations, MICs,
and growth rates

Strain MIC Relative ~ Generation
sistance®  time (h)
wfml M resis|
Wild type
M. smegmatis SMRS5 16 0.03 34+04
M. smegmatis rnB~ 16 0.03 32x05
Mutants
U1406C 1,024 1.9 64 53%08
C1496U 512 0.97 32 52x1.1
U1498C 128-256 0.24-0.48 8-16 3.8 %03
Recombinants
pMV361AKan-Gm-rRNA1406C 1,024 1.9 64 ND
pMV361AKan-Gm-rRNA1496U 512 0.97 32 ND
pMV361AKan-Gm-rRNA1498C 128-256 0.24-0.48 8-16 ND

“ Relative resistance is the MIC of mutant cells divided by the MIC of wild-
type cells.
> ND, not done.

late drug-resistant mutants in order to identify resistance de-
terminants. Our studies revealed that all of the resistance mu-
tations affect nucleotides in 16S rRNA located within the
hygromycin B binding site. The universal conservation of the
nucleotides involved in mutational resistance explains the uni-
versal activity and hence the toxicity of hygromycin B.

MATERIALS AND METHODS

Bacterial strains and media. E. coli strain XL-1 Blue (Stratagene) was used for
cloning and propagation of the plasmids and was grown in Luria-Bertani (LB)
medium containing either ampicillin (120 pg ml~") or gentamicin (5 pg ml~").
The single rRNA allelic strains M. smegmatis mc*155 rrnA~ (KO14), M. smeg-
matis mc*155 rmB~ (KO16), and the parental strain M. smegmatis mc*155 SMR5
(carrying two chromosomal rRNA operons) were cultivated in LB medium
containing 0.05% Tween 80 (28). The strains used in this study are listed in Table 1.

For the selection of hygromycin B-resistant mutants, LB medium was supple-
mented with 1.5% agar and 50 p.g of hygromycin B ml~'. M. smegmatis trans-
formed with derivatives of plasmid pMV361AKan-Gm (Table 2) was propagated
on LB agar plates containing 5 pg of gentamicin ml~".

DNA techniques and construction of plasmids. Standard methods were used
for restriction endonuclease digestion of DNA and other DNA manipulations
(26). The method used for the isolation of genomic DNA is described by
Springer et al. (33). Nucleic acid sequencing was done using fluorescence-labeled
nucleotides and Taq cycle sequencing (Applied Biosystems). The primers used
for sequencing are listed in Table 3.

Plasmid pMV361AKan-Gm was constructed by deletion of the aph cassette of
pMV361 (34) with Nhel-Spel and insertion of the gentamicin resistance cassette
of pMV361-Gm (32) carried on a 3-kb PstI fragment. An approximately 1.1-kbp
rRNA gene fragment was generated using primers 291 and 294 with DNA from
hygromycin B drug-resistant mutants as the template. Sequencing confirmed that
the fragments amplified differed only in the sequence alteration in question. PCR
fragments were subcloned into the pGEMTEdasy-vector as specified by the man-

TABLE 2. Plasmids used in this work

Plasmid Source or reference
pGEMT Promega
pMV361 36
PMV361-GM....ooviiiiiiiiiiciiccciee e 37
pMV361AKan-Gm This study
pMV361AKan-Gm-rRNAT406C.........ccccoveueiiieiicnenns This study
pMV361AKan-Gm-rRNA1496U This study
pMV361AKan-Gm-rRNAT498C........cccccoeemiiiiiiicanns This study
pMV361AKan-Gm-rRNAwt This study
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ufacturer (Promega). Subsequently, the PCR fragments were isolated by EcoRI
digestion and integrated into the single EcoRI site of pMV361AKan-Gm. The
resulting plasmids were pMV361AKan-Gm-rRNA1406C, pMV361AKan-Gm-
rRNA1496U, and pMV361AKan-Gm-rRNA1498C. The single allelic M. smeg-
matis strain rrnB~ (28) was used for the transformation experiments. The strain
was made electrocompetent and transformed as described by Sander et al. (29).
Primary selection was performed on LB agar plates containing gentamicin (5 pg
ml~1). After 5 days of incubation, single colonies were picked and colony purified
for further investigations.

Isolation of spontaneous hygromycin B-resistant strains. Spontaneous hygro-
mycin B-resistant mutants were selected on LB medium containing hygromycin
B at 50 pg ml~ L Cultures from single colonies were grown in LB medium
supplemented with 0.05% Tween 80 and used for MIC tests in a microtiter plate
format. Starting cultures contained 200 pl of bacterial cells at an optical density
at 600 nm of 0.025, and hygromycin B was added in twofold dilutions. The MIC
was defined as the drug concentration at which the growth of the cultures was
completely inhibited after 72 h of incubation at 37°C, corresponding to 24
generations.

RecA-mediated homologous recombination (24) was used to demonstrate a
cause-effect relationship of the resistance-associated mutations. Serial dilutions
of strains transformed with vectors pMV361AKan-Gm-rRNA1406C, pMV361A
Kan-Gm-rRNA1496U and pMV361AKan-Gm-rRNA1498C, each carrying the
mutation in question on a nonfunctional rRNA fragment, were plated on agar
plates containing hygromycin B at 200 to 500 pwg ml ! Introduction of the
mutated rrn nucleotide into the single functional rRNA operon of M. smegmatis
rm”~ by gene conversion (24) results in drug resistance. Drug-resistant recombi-
nants were colony purified and subjected to 16S rDNA sequence determination.

RESULTS

Isolation of mutants. M. smegmatis rrn~, a genetically engi-
neered single rRNA allelic (rmA or rmB) derivative of M.
smegmatis mc*155 SMRS5 (27, 28), was used to select for mu-
tants resistant to hygromycin B (the chemical structure of hy-
gromycin B compared to the classical aminoglycosides is shown
in Fig. 1). Drug-resistant mutants were obtained with a fre-
quency of 107® to 10~°. No difference in mutational rate was
found when plating M. smegmatis rrnA~ or rnB~. Attempts to
select for spontaneous hygromycin B-resistant mutants of M.
smegmatis mc*155 SMRS5 (carrying two functional TRNA oper-
ons) were unsuccessful (mutational rate, <10~'7).

Genetic characterization of the mutants. We hypothesized
that the resistance mutations would be located close to the
ribosomal drug binding site. A total of 35 drug-resistant mu-
tants were investigated. Amplification of the gene encoding the
16S rRNA and subsequent sequence determination revealed
that the drug-resistant phenotype coincided with the occur-
rence of a single point mutation in 16S rRNA in each of the
mutants studied. The observed point mutations are all located
in the vicinity of the hygromycin B binding site, i.e., positions
U1406C (in 24 of the 35 mutants), C1496U (6 of 35), and
U1498C (5 of 35) (Fig. 2).

Physiological investigations. Determinations of MICs were
performed to investigate the susceptibility of mutants to hy-
gromycin B. The mutant with the most abundant resistance
mutation, U1406C, showed a high-level resistant phenotype, as
did the mutant with the C1496U mutation; in contrast,
U1498C conferred a low level of drug resistance (Table 1).
Investigating the growth rate revealed that the generation time
of mutants U1406C and C1496U was significantly increased
compared to that of the susceptible parental strains (Table 1).

Proof of cause-effect relationship. Although the frequency of
hygromycin B-resistant mutants obtained was well within that
known for mutants with single point mutations in M. smegmatis
(24, 29), we wanted to prove directly that the 16S rRNA
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TABLE 3. Primers used in this study

Primer Sequence Nucleotide positions

16S rRNA (r7s)

283 5" GAG AGT TTG ATC CTG GCT CAG GAC 3’ 11-34

242 5" CTA CGG GAG GCA GCA GTG GGG 3’ 342-362

244 5" CCC CAC TGC TGC CTC CCG TAG 3’ 362-342

247 5" TTG TCG CGT TGT TCG TGA AA 3’ 570-590

291 5" AAA CTC AAA GGA ATT GAC GGG 3’ 889-910

289 5" AAG TCG GAG TCG CTA GTA ATC GC 3’ 1315-1337

261 5" AAA GGA GGT GAT CCA GCC GC 3’ 1527-1507
ITS I .

294 5" GAT GCT CGC AAC CAC TAT CC 3’ 2367-2348

“ Accession number Y08453.

alterations isolated were responsible for the resistance pheno-
type. A recombination assay (24) was used to demonstrate a
cause-effect relationship for mutations U1406C, C1496U, and
U1498C. Plasmids pMV361AKan-Gm-rRNA1406C, pMV361
AKan-Gm-rRNA1496U, and pMV361AKan-Gm-rRNA1498C
each carry a nonfunctional »n fragment of 1.1 kbp containing
the respective mutation; plasmid pMV361AKan-Gm-rRNAwt
served as a control. Following transformation of hygromycin
B-susceptible M. smegmatis rrn~ with pMV361AKan-Gm-
rRNA1406C, pMV361AKan-Gm-rRNA1496U, and pMV361A
Kan-Gm-rRNA1498C, hygromycin B-resistant recombinants
were readily observed after plating in the presence of hygro-
mycin B. Subsequent sequence determination of the single

a
) NR|R,
O
ring I
R3
O
ring I
b) OH
HO NH,
ring IV 0 HO
HO
OH
ring 111 0

functional rRNA operon revealed that the respective sequence
alteration was introduced into each of the resistant recombi-
nants; recombinant strains showed the same characteristics as
the spontaneous mutant strains (Table 1).

Structural interpretation. The observed resistance muta-
tions were all located at or near the hygromycin B binding site
in helix 44 of the 16S rRNA as observed by X-ray crystallog-
raphy (4) (Fig. 3). In the crystal structure of hygromycin B
bound to the 30S ribosomal subunit from Thermus thermophi-
lus, U1406C did not have any direct interactions with hygro-
mycin B. However, U1406C conferred the highest level of
resistance. Presumably, U1406 can influence the binding of
hygromycin B through a sheared UU base pair with U1495.

ring I1
(2-deoxystreptamine)
NRyR;
NH,
O
R
ring I
(2-deoxystreptamine)
OH H3C\
0 NH
0O HO
0 NH,
OH

ring 11

FIG. 1. Chemical structures of aminoglycoside antibiotics. (a) The classical 2-deoxystreptamine aminoglycosides are characterized by two
variable aminoglycoside rings (rings I and III) that are connected to the 2-deoxystreptamine moiety (ring II). Ring I is always linked to position
4 of the 2-deoxystreptamine, whereas ring III can be connected either to position 5 (4,5-disubstituted ring II; neomycin class) or to position 6
(4,6-disubstituted ring II; gentamicin, kanamycin, amikacin, and tobramycin). (b) Hygromycin B is composed of a 5-substituted 2-deoxystreptamine
(ring I). Ring II is connected by a dual ether linkage to ring IV, resulting in an additional fourth, five-member ring (ring IITI).
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FIG. 2. Secondary structure and sequence comparison of the hygromycin binding site within the 16S rRNA A-site region of the prokaryotes
E. coli and M. smegmatis, the archaecon Thermococcus celer, and the eukaryotic homologues of T. thermophila and Homo sapiens (cytoplasmic and
mitochondrial). Universally conserved nucleotides are shown in boldtype (numbered according to E. coli). The hygromycin B resistance mutations

at U1406, C1496, and U1498 found in M. smegmatis are indicated by open circles.

U1495 forms part of the pocket in which hygromycin B is
bound; it is involved in a base-specific interaction with ring I of
hygromycin B, and its backbone phosphate is involved in an
interaction with ring IV of the drug. The weak base pairing
between U1406 and U1495 is governed by a strong hydrogen
bond between N-3 of U1495 and O-4 of U1406. Mutation of
U1406 into a cytosine would break this hydrogen bond by
placing a N at the 4 position, resulting in either disruption or
rearrangement of the base pair, which in turn could change the
different local conformation of U1495 and conceivably destroy
the hygromycin B binding site.

Given the uncertainty inherent in the crystal structure de-
termined at approximately 3-A resolution (4), it cannot yet be
resolved whether C1496 is in direct contact with hygromycin B
through a hydrogen bond between its N-4 atom and O-31 of
ring I of hygromycin B. In case of a direct contact, the C1496U

mutation would replace N-4 by O, thus possibly breaking the
direct interaction with hygromycin B. In addition, C1496 is
involved in a Watson-Crick base pair with G1405, another
nucleotide involved in binding of ring I. Mutation of 1496C to
U would change the conformation of the base pair and thus
probably distort the local geometry and the hygromycin B
binding site.

In the crystal structure, U1498 has a clear interaction with
hygromycin B. U1498 is not involved in any canonical base pair
within 16S rRNA and interacts only via its O-2 with the N-6 of
A1499; however, the O-4 atom of U1498 forms a strong and
direct hydrogen bond with O-30 of ring IV of hygromycin B
(2.1 A). Mutation of U1498 to a cytosine would break this
hydrogen bond by placing an N at the 4 position. Since the base
interacts with the remaining 30S subunit only via its O-2 atom,
distortion of the local geometry on mutation would therefore
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b

FIG. 3. (a) Hygromycin B bound to helix 44 of 16S rRNA (cyan) with rings L, II, III, and IV. The resistance mutations at U1406, C1496, and
U1498 found in this study are indicated (in red), and resistance mutation U1495 described by Spangler and Blackburn (31) is also shown (green
base). The figure was produced with Ribbons/PovRay (7). (b) Chemical structure diagram of hygromycin B and the proposed interaction with 16S
rRNA (blue) (4). Resistance mutations that interact directly with hygromycin B (C1496 and U1498) are shown in red.
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not be expected to seriously affect the overall structure of the
ribosome. It would, however, seriously and directly affect hy-
gromycin B binding, making this a rather specific resistance
mutation. Within all three resistance mutations, U1498C has
the smallest effect on gross ribosome function as determined
by growth rate (Table 1).

DISCUSSION

Both prokaryotic 70S and eukaryotic 80S ribosomes are in-
hibited by hygromycin B. Resistance to hygromycin B is asso-
ciated with drug-modifying enzymes, i.e., the conversion of
hygromycin B into the inactive forms 7”-O-phosphorylhygro-
mycin B (6, 22) or 4-O-phosphorylhygromycin B (24a). Besides
a possible involvement of nucleotide methylation within 16S
rRNA (18), the only ribosomal alteration described to confer
resistance to hygromycin B is the 16S rRNA point mutation
U1495C in the eukaryote Tetrahymena thermophila (31). Ribo-
some protection experiments revealed U1495 to be crucial for
hygromycin B binding (19). A genetically engineered strain of
M. smegmatis rrn~ carrying a single functional rRNA operon
(28) was exploited to isolate and to map ribosomal alterations
causing resistance to hygromycin B in eubacteria.

The hygromycin B resistance mutations observed in this
study are all localized to the small-subunit rRNA, i.e., U1406C,
C1496U, and U1498C (E. coli numbering). The nucleotides are
in the center of 16S rRNA helix 44, in the vicinity of the
hygromycin B binding site (4). In contrast to streptomycin (3),
an aminoglycoside antibiotic with a different structure, the
determinant of specificity was found to be confined to the drug
binding site. Attempts to isolate resistant mutants of the pa-
rental M. smegmatis SMRS, which carries two rmn operons,
were unsuccessful, indicating that rRNA alterations conferring
resistance act in a recessive manner. The recessive nature of
the resistance determinant prevents the isolation of drug-re-
sistant mutants in microorganisms carrying multiple copies of
rRNA operons, which accounts for the lack of described resis-
tant bacterial mutants.

Point mutation U1406C, which mediates the highest level of
resistance to hygromycin B, would rearrange the base pair
U1406-U1495, resulting in a different local conformation of
U1495, a base shown previously to be crucial for hygromycin B
binding (31). The C1496U mutation would distort the Watson-
Crick base pair C1496-G1405, leading to a change in the local
geometry of the hygromycin B binding site. Because of the
disruption of a strong hydrogen bond with hygromycin B, mu-
tants carrying U1498C are expected to be unable to bind hy-
gromycin B. Surprisingly, this mutation shows the lowest level
of drug resistance. It appears that for hygromycin B binding,
the overall conformation of the drug binding pocket may be
more important than a single specific chemical bond. This is in
contrast to the situation for the classical 2-deoxystreptamine
aminoglycosides, where the resistance determinant 16S rRNA
A1408 to G disfavors the binding of the aminoglycoside by
preventing the formation of the necessary direct hydrogen
bonds with atoms O-5" and N-6" of ring I (36).

The observed point mutations are in good agreement with
crystallographic data (4), supporting the view that hygromycin
B does not provoke misreading, as suggested earlier (9). Two
adenines, A1492 and A1493, at the top of helix 44 are crucial
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for decoding. The bases interact directly with the duplex mini-
helix formed after a correct interaction between the incoming
tRNA anticodon and the mRNA codon at the A site (21).
Relative to the A site and the bases A1492 and A1493, all three
mutations observed in this study are on the other side of helix
44 and thus not in close contact with the decoding center.
Under these circumstances, it would not be expected that any
of the three mutations would have an effect on the decoding or
accuracy of the ribosome. U1498C is the only mutation in close
proximity to the mRNA, but it does not seem that U1498C has
any strong interactions there. However, indirect (allosteric)
effects cannot be excluded. The resistance mutations described
here support the view that hygromycin B acts primarily by
blocking the proper translocation of the ribosome.

Ribosomal drugs inhibit specific ribosomal functions by dis-
criminating between bacterial and eukaryotic ribosomes to var-
ious extents. It was previously suggested that the analysis of
resistance mutations in bacteria would allow the prediction of
whether cytoplasmic or mitochondrial ribosomes in eukaryotic
cells are susceptible to the drug (3). Central to this hypothesis
is the concept of informative sequence positions, i.e., the iden-
tification of rRNA nucleotides mediating drug resistance in
prokaryotic microorganisms which differ between susceptible
prokaryotic alleles and the respective eukaryotic homologue.
Such nucleotides are likely to be important in determining the
specificity of ribosomal drugs, e.g., for an antibacterial agent to
affect the prokaryotic as opposed to the eukaryotic ribosome.
The identification of a polymorphic nucleotide as a resistance
determinant in hygromycin B, a universal ribosomal drug,
would effectively falsify this hypothesis.

To investigate whether the broad-spectrum activity of hygro-
mycin B is associated with universal conservation of resistance
nucleotides at 16S rRNA positions 1406, 1496, and 1498, in
silico sequence comparisons were carried out (Fig. 2). In pro-
karyotes, as well as in eukaryotes, the nucleotides which confer
drug resistance are universally conserved. With the exception
of Paenibacillus thiaminolyticus (U1406C), Mycrocystis viridis,
Saccharomyces spp. (C1496U), Legionella wadsworthii, Brucella
spp., Methylobacterium spp., and Clostridium xylanolyticum
(U1498C), all other analyzed organisms (>1,000) carry a sus-
ceptible genotype at the respective sequence position (http:/www
.rna.icmb.utexas.edu/). Two possible explanations for the lack
of complete conservation are apparent. The first is the pres-
ence of sequencing errors or misalignment of sequences. Al-
ternatively, ribosomes containing a base other than U1406,
C1496, or U1498 may show additional sequence covariances
that would allow replacement. The observation that ribosomal
alterations mediating resistance to hygromycin B exclusively
involve universally conserved nucleotides within rRNA is in
accordance with the finding that hygromycin B is toxic for
almost all organisms.

The findings reported here support the concept that the
selection of drug-resistant bacteria, mapping of resistance-con-
ferring mutations, and comparison to the respective eukaryotic
homologues offers an important strategy to understand the
mechanisms involved in the specificity of ribosomal agents.
The possibility of predicting the specificity and toxicity of ri-
bosomal drugs by mapping resistance mutations and in silico
sequence comparisons has important implications for future
drug development.
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