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ABSTRACT
Recombinant DNA and o l a s s i c genet ic procedures were used to nap a

tpectinomycin resistance nutation to a 121 base pair region of a 16S RNA
gene and a nacrol ide-1 incosanide-streptogranin type B resistance mutation
to a 32 base pair region of a 23S RNA gene. DNA sequence analysis of these
regions revealed that spectinomycin resistance results from a C/G to XIK
transition at position 1192 of a 16S RNA gene. Resistance to macrolide,
lincosamide and streptogranin type B antibiotics resnlts fron an A/T to T/A
transversion at position 2058 of a 23S RNA gene. The alteration in 16S RNA
i s in a sequence that can p a r t i c i p a t e in a l t e r n a t e base p a i r i n g
arrangenents that have been proposed to be involved in the trans locat ion
process . The a l t era t ion in 23S RNA i d e n t i f i e s sequences important to
peptidyl transfer.

INTROPPCTION
Ribosonal RNA operons of E. coli have not been extensively analyzed by

genetics because of a lack of dominant selectable nutations in these

operons. Nutations in rRNA operons have probably been difficult to isolate

because there are seven rRNA operons in E. coli (1). Therefore, nutations

in rRNA genes night escape detection because the mutations are recessive or

alter only a small fraction of the ribosones. An rRNA operon (rrnH) cloned

on a nulticopy plasnid increases the contribution of a single rRNA operon

to ribosones and allows isolation of dominant or co-doninant spectinonycin

(Spc) and erythronycin (Ery) resistance mutations (2,3). In this paper we

report the napping, sequence analysis, and structural implications of these

nutations.

MATERIALS AND METHODS

Bacterial Strains and Plasnids.

The fi. c o l l 112 s t r a i n s EM22 (rcoA) and EM2 (RecA+) have been

previously described (3, 4 ) . DB11 i s an antibiotic hypersensitive E. coli

s t ra in (3). pLC7-21 is a reconbinant DNA plasnid that contains rrnH cloned
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i n C o l E l . pERT-1 and pSPC-1 confer re s i s tance to erythromycin and

s p e c t i n o m y c i n , r e s p e c t i v e l y ( 2 , 3 ) , and were i s o l a t e d by ±a v ivo

methtnesnlfonic acid e thy l e s t e r mutagenesis of pLC7-21. pACYC184 and

pACYC177 are multicopy p lasa ids that are compatible w i t h ColEl ( 6 ) .

PLC7-21, pERY-1, pSPC-1, pACYC177, and pACYC184 are described in Fig. 1.

Antibiotic Sensi t iv i ty Testint.

The s e n s i t i v i t y of EM2/pERY-l and EH2/pLC7-21 to macrolide and

lincosamide a n t i b i o t i c s was t e s t ed by streaking each s t r a i n on LB agar

containing a n t i b i o t i c concentrat ions which were part ial ly or completely

inhib i tory to growth. S e n s i t i v i t y of DBll/pLC7-21 and DBll/pERT-1 to

streptogranin type B antibiot ics was tested by Making LB soft agar overlays

containing each c e l l type and p lac ing a 6an diameter f i l t e r paper disk

containing lmg of osteogrycin B on the overlays. The osteogryoin B caused

a 2ma zone of inhibition on the lawn of DBll/pLC7-21, but no v i s i b l e zone

of inhibition on DBll/pEBY-1.

Beoo»binapt DNA and DNA Sequencing.

Recombinant DNA procedures were performed according to Davis et a l .

(7 ) . DNA was sequenced by the dideoxynucleotide chain termination method

as d e s c r i b e d by Viera and Me s i ing ( 8 ) , nsing M13mp8 and M13mp9. DNA

synthes i s was primed by a 15 base primer (PL B i o c h e m i c a l s ) or by a

denatured DNA fragment produced by r e s t r i c t i o n nnclease d i g e s t i o n of

PLC7-21.

RESULTS

The rrnH operon used in t h i s study i s transcribed from tandem

promoters and has the gene order 16S - tRNA i l e - tRNAa l t - 23S - JS -

tRNA"P (1) .

Resistance Profiles of pSPC-1 and PBRY-1.

pSPC-1 was previously shown to confer resistance to Spc but not other

aainoglycos ide a n t i b i o t i c s ( 2 ) , and does not c o n f e r r e s i s t a n c e to

t e t r a c y c l i n e or i n h i b i t o r s of the large ribosomal subunit (unpublished

data). pESX-1 was previously shown to confer resistance to Ery ( 3 ) . When

t e s t e d as d e s c r i b e d in Materials and Methods, pERY-1 a l so conferred

r e s i s t a n c e to a l l other macrolide a n t i b i o t i c s t e s t e d ( o l e a n d o m y c i n ,

n lddamycin , t y l o s i n , and spiramycin) , to the l incosaa ide a n t i b i o t i c s

lincoaycin and c l i n d a a y c i n , and to the streptogramin type B a n t i b i o t i c

os teogryc in B. The a n t i b i o t i o concentrations needed to inhibit growth of

strains containing pLC7—21 vary at l east ten—fold using d i f f e r e n t standard
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FIGURE 1. Plasmid structures. pSPC-1 and pERT-1 are identical to pLC7-21
except for point •ut»tion« at the indicated positions. Only six base-pair
specif ic i ty restriction nuclease s i t e s important for mapping are indicated.

laboratory s t r a i n s . Therefore, absolute resistance levels are of l i t t l e

•eaning. However, a l l s t ra ins containing pERY-1 gre» at macrolide or

lincosamide concentrations that were at least twice the concentrations that

total ly prevented growth when the s tra in contained pLC7-21. The s t ra ins

13110/pERY-l and EH2/pERY-l w i l l grow at op to at least 500 |ig/nl of a l l

aacrolide and lincosamide antibiotics tested. The mutation in pERY-1 did

not confer resistance to chloramphenicol (Cam), capreomycin, PI14A, fnsidic

acid, or a variety of antibiotic inhibitors of the small ribosomal snbunit.

Mapping Procedures.

Mapping procedures were devised to map the Spcr and Ery1 nutations.

The mapping procedures included sequence reconstruction using r e s t r i c t i o n

n u c l e a s e s , plasmid-plasmid marker rescue, and shotgun recombination

mapping. These methods are described below. then the mapping procedure

did not require recombination the bacterial strain EM22 was used to prevent

loss of mutations by recombination with the chromosome. Then reconbination

was required, EH2 was used. Media contained Ery (300 |ig/ml) or Spc (50

ug/ml) as indicated. The p lanning of mapping exper iments and the

i d e n t i f i c a t i o n of r e s t r i c t i o n nuclease fragments were fac i l i tated by the

published partial sequence of rrnH (9) , complete sequence of rnxB (10), and

knowledge of the r e s t r i c t i o n nucleate maps of pLC7-21, pSPCl, pERY-1,

pACYC177, and ACYC184 (3, 6, 9. Fig. 1 ) . The coordinates for 16S and 23S

RNA genes used in F i g s . 1-3 and Table 1 are numbered according to the

sequence of rrnB (10) because the complete seqnences of the 16S and 23S SNA
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TABLE 1

648
874

1137
874
674
612
874
961

1343
2044
1761
1343
1343
1751
1884
1877

Coordinates
(16S, HindHI)
(16S, Sail) -
(16S, laal l l )
(16S, Hindi)
(16S, EcoRl) -
(16S. Swal) -
(16S, fiall) -
(16S, Jjjil) -

(23S, Sail) -
(23S, Hilll) -
(23S, Esu.II) -
(23S, Hindi)
(23S, Sail) -
(23S, lafll) -
(23S, Saa3A) -
(23S, AJal) -

Sue1 MAPPING

of Frtment*
- 7.2 Kb downstreaa (HindHI)

1343 (23S, Sail)
- 1343 (23S, Sail)
- 605 (23S, H i n d i )

13 (tBNAal«. PvuII)
1382 (16S, Smal)
1264 (16S, NruD
1321 (16S. Tafll)

Ervr HAPPING

3.7 Kb downstream (BaaHl)
2.9 Kb downstream (BaaHl)
1.4 Kb downstreaa (EcoRl)

- 2201 (23S, H i n d i )
2224 (23S, T t h l l l l )
2479 (23S, Taol)

2391 (23S, Sau3A)
2082 (23S, Alul)

Hethod(s) Used
SRH, HR
SRM, HR
SRH, HR
SRH, HR
SRH, HR
HR
HR
SRH, MR

HR
SR, HR
HR
SRH, HR
SR, HR
SRM, MR
SRM, HR
SRH, MR

Happing of the Spcr and Eryr mutat ions . The indicated restr ict ion
nuclease fragments were mapped by one or more of the three mapping
methods described in the text (SRM, shotgun recombination mapping;
MR, plasmid-plasmid marker rescue; SR, sequence reconstruction).

genei of rrnH are not known. No differences in restr ict ion nucleate

recognition s i te* between the rRNA genes of rrnH and rrnB were observed in

regions important to these napping studies.

In this paper the nunerical coordinates of restriction nucleate s i t e s

in 1(S and 23S RNA genes refer to the first nncleotide of the recognition

sequence of the restriction nncleases. The nncleotides are nonbered from

the start of the mature RNA product* of the 16S and 23S RNA genes. Then a

restriction nucleate site used to prodnce a DNA fragment is not in an rRNA

gene, the distance and direction from a site in the rRNA gene is indicated.

The numbering systea should be apparent froa Fig. 1 and Table 1.

Plafid-Plassi id Marker Rescue. Plasaid-plasaid Barker rescue was used to

test whether a specific restriction nuclease fragment contained the site of

the Spcr or Ery1 autation. The restriction nuolease fragaents to be tested

were cloned into pACYC184 or pACYC177. The resulting pACTC derivatives

were then transforaed into EM2/pLC7-21. Transforaants were selected on LB

agar containing colicin El and the antibiotic to which the pACYC derivative

conferred resistance. Transforaants were then purified by streaking, grown

to saturation in LB aediua, and plated on LB agar containing Spc or Ery.

If the cloned fragaent contained the autation, recoabination between
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pLC7-21 »nd the cloned restriction nuclease fragment resulted in transfer

of the nutation from a pronoterleta or partial rRNA gene to the complete

rrnH operon on pLC7-21. The restriction nnolease fragment present in the

pACTC derivative was therefore judged to have the nutation if significantly

•tore colonies grew on Ery or Spo as compared to control cnltnres containing

pLC7-21 and either pACYC177 or pACYC184, or control cultures with pLC7-21

and a pACTC derivative containing the corresponding restriction nuclease

fragment of pLC7—21. At least three different transformants and control

transformants were tested to insure that differences in colony number were

not merely due to statistical fluctuations.

Shotgun Recombination Hspplnt. Shotgun recombination mapping allowed

simultaneous identification and isolation of restriction nuclease fragments

containing the Spcr or Eryr mutation by virtue of the abil i ty of a

restriction nuclease fragment to participate in plasmid-plasmid marker

resoue. This easy and rapid technique was particularly useful for fine

scale mapping of the Spcr and Eryr mutations.

To map mutations by this method pSPC-1 or pEKY-1 were digested with a

restriction nuolease and the resulting mixture of fragments were ligated

into restriction nuclease digested pACYC177 or pACYC184. The ligation

mixture was then transformed into EM2/pLC7-21. Transformants were selected

on IB agar containing col icin El and the antibiotic to which the pACYC

derivative conferred resistance. After incubation for 48 hours to allow

recombination and phenotypic expression, the resulting 1,000 - 10,000

colonies on each plate were replica plated onto medium containing oolioin

El, the antibiotic to which the pACYC derivative conferred resistance, and

either Spc or Ery. A fraction of the original colonies were capable of

continued growth after replica plating due to plasmid—plasmid marker rescue

between pLC7-21 and a fragment cloned into the pACTC plasmid. DNA

fragments containing the Spor or try1 mutation* were therefore selectively

recovered in the pACYC derivatives in these colonies.

It was then necessary to purify the pACTC derivative with the cloned

fragment. To accoaplish this the colonies obtained above were purified by

restreaking. Th» pACTC derivative and pLC7-21 in these colonies were

separated from each other by transformation of EM22 with one microliter of

a cleared lysate prepared from each isolate . Recipient* selected for

transformation by the pACYC derivative were then screened for oolicin El

sensi t iv i ty and used as a source of purified pACTC-derivative plasmid DNA.

The presence of the mutation on the cloned fragment was then confirmed by
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•object ing the intact plasmld to the plasmid-plasmid marker rescue te»t

described above. In nearly every case the mutation wit recovered on the

puri f ied pACTC d e r i v a t i v e , probably because the recombination event that

transferred the notation to pLC7-21 involved only one of the many pACTC

der ivat ives in the c e l l , or because the mutation was transferred by gene

conversion. The fragment cloned in the pACTC d e r i v a t i v e was then

identified by restrict ion nucleate digestion of the purified DNA.

Shotgun recombination mapping was most useful when four base-pair

s p e c i f i c i t y nuoleases generated fragments from pSPC-1 or pBRT-1 and six

base-pair specif icity nucleases generated termini in the pACTC plasmids.

Enzyme combinations were chosen so that the cloned fragments could be

preciaely excised by the four base-pair specificity nuclease. Res tr i c t ion

nuclease combinations of this type that are uaeful with the pACYC plasmids

are BaJ»Hl-S«u3A. PvuII-Alnl. Ciq-Tagl. and Nrul-Thld. (Fig. 1 ) .

frequence Reconstruction. It was occasionally desirable to map a mutation

to one side of a r e s t r i c t i o n nuolease s ite when the restrict ion nnclease

did not yield DNA fragments that oould be d i r e c t l y cloned in pAC7C177 or

pACTC184. In these cases hybrid fragments were constructed from DNA

derived from two d i f f eren t p l a s a i d s . For example, the Eryr mutation was

mapped upstream of the T t h l l l l s i te by constructing hybrid fragments with

one Sail and one BamHl terminus. The hybrid fragments consisted of pLC7-21

DNA on one side of the T t h l l l l s i te and pERT-1 DNA on tho other side (see

Fig. 1 ) . This fragment was then ligated into Sall-Bamffl. cleaved pACTC184

and t e s t e d for the Eryr mutation by plasmid-plasmid marker rescue. Eryr

recombinants were obtained only when DNA upstream of the Tth l l l l s i te came

from pERY-1.

Remits of Mapping.

The r e s t r i c t i o n nuclease fragments that were shown by these three

mapping methods to carry the Spcr or Eryr mutations are l i s ted in Table 1.

The mapping methods i d e n t i f i e d a ser ie s of p a r t i a l l y or completely

overlapping r e s t r i c t i o n nuclease fragments that have the Spcc and Eryr

motst ions . The regions of overlap map the 8pcr mutation between an Xmalll

recogni t ion a i t e at position 1137 and an Nrnl recognition s i te at position

1264 of the 16S SNA gene. The Eryr mutation maps between an Ss t l l s i te at

position 2044 and an Alnl s i te at position 2082 in the 23S SNA gene.

Seanencini the Mutations.

R e s t r i c t i o n nuclease fragments from pERT-1, pSPC-1, and pLC7-21 were

cloned into M13mp8 or M13mp9 and sequenced by the dideoxynucleotide ohain
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FIGURE 2. Proposed teoond«ry strnotare for • portion of J. ooli 23S BNA
( 2 7 ) . S i t e s of mutations or i n t e r a c t i o n s in RNA of baoteria or
• itoohondrit that can be identified in homologous sequences of rrnB of jJ.
c o l i are noted. The circled I indicates a gnanosine protected fron
kethozal modification by mbunit association (28). Pnroaycin can be caused
to crosslink to 23S rBNA (29). One of the three possible locations (29)
for this crosslink is indicated.

termination method. Both strands were seqnenced. Each DNA strand of a

mapped region was seqnenced in i t s e n t i r e t y using a s ing le clone

constrncted from M13mp8 or M13mp9. Sequences were read froa DNA molecules

less than 263 nucleotides in length (including attached primer sequences).

Sequencing shovs that Spcr is due to a C to D base substitution at position

1192 of 16S BNA and MLS antibiotic resistance is doe to an A to D base

substitution at position 20S8 of 23S SNA (Figs. 1-3). There were no other

differences observed in the sequenced regions of pLC7-21 and pSPC-1 or

pEKY-1. rrnB on pLC7-21 was identical to rrnB (10) in the regions

sequenced. The sequencing and mapping studies therefore rule out the

poss ib i l i ty that other mutations are required for the r e s i s t a n c e

phenotypes.

DISCUSSION

We have shown that dominant or co-doainant Spcr r e s u l t s fron a

mutation that alters position 1192 of 16S RNA, and dominant or co-dominant

res i s tance to MLS antibiotics results from a mutation that alters position

2058 of 23S BNA. The location of the mutations were determined by genet ic
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FIGURE 3. Proposed secondary structures In 16S RNA that aay be affected by
the Spc r mutation at pos i t i on 1192 ( c i r c l e d ) . A secondary struoture
present in 30S subunits (structure A) may undergo rearrangement during
subunit a s soc ia t ion or trans looat ion, resu l t ing in alternate long-range
base pairing of the sequences centered around pos i t i on 1060 (structure B)
and p o s i t i o n 1190 (structure C). Structure A is redrawn froa Stiegler et
a l . (25) w i th a minor a o d i f i c a t i o n s u g g e s t e d by recent p s o r a l e n
cross l inking s tudies (30) . Structure B (22) and C (25) are as previously
proposed. Guanosines in 30S subunits that are protected from kethoxal
modif icat ion by assoc iat ion of 30S subunits with 50S subunits (31) are
indicated by c i r c l e d Es. The ex is tence of th i s swi tch mechanism as
o r i g i n a l l y proposed (22) his been brought into question by comparative
sequence analys i s (32) . Structure B seems to be ruled out by t h i s
a n a l y s i s . However, the twitch nay involve only structures A and C.
Structure A i s supported by conparative sequence analys i s and structure C
was not specif ical ly analyzed. Structure C unambigously exists in 16S rRNA
in solution (22. 30).

napping and DNA sequencing. These mutations result in ribosoaes that are

lest sensitive to antibiotict in vi tro (2 ,3 ) .

Mutations in rRNA genes of mitochondria provide ins ight into the

structure and function of the region around position 2058 of Ej. col i 23S

RNA (Fig . 2 ) . Eryr yeast Mitochondria have mutations at a position that

corresponds to nucleotide 2058 of E. col l 23S RNA (11). Camr nutations in

• i tochondr ia l rRNA genes of y e a s t , mouse, or human ce l l s are located in

sequences analogous to sequences near position 2058 in the gj_ col i 23S RNA

secondary structure (11-15) . In addit ion, a plasmid-encoded inducible

•e thy lase that results in resistance to MLS antibiotics methylates Bacillus

»tetrotheraophi lnt 23S RNA at a position corresponding to nucleotide 2058

of £. c o l t 2 3 S RNA (16) • That the mutations and modifications leading to
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Eryr and Camr are in the sane region of the ribosoae it also supported by

a mutation in rmH of £. co l l which confers both Eryr and Can1 (our

unpublished data), extensive evidence that the binding sites for Can and

MLS antibiot ics part ial ly or to ta l ly overlap ( 1 7 - 1 9 ) , and ribosone

reconstitntion studies that show ribosomal protein LI6 is required for

binding Can and MLS antibiotics (19-21). Cam, MLS antibiotics, and LI6 are

al l strongly associated with the peptidyl transferase function of the

ribosone (19-21, 23). Therefor*, position 2058 of 23S RNA is probably

located in the peptidyl transferase center.

The Spcr nutation that alters position 1192 of 16S RNA is in a region

that aay be involved in an intramolecular switch mechanisn proposed to be

part of the translooation aachinery (Fig. 3). In this proposed nechanisn

translocation oocurs when several regions of 16S RNA forn alternate base

pair interactions with other regions of 16S RNA (22). The Spcr nutation

changes a G/C base pair to a G/D base pair in two of these proposed switch

structures (Fig. 3 ) , with l i t t l e affect on the relative stability of the

various switch structures. Spcr due to an alteration of one of these

structures suggests that Spc stay prevent certain switch structures fron

forming, thereby preventing translooation. This would be consistent with

the suggestion that the primary act ion of Spc on ribosones i s the

inhibition of ribosone noveaent on aSNA (23).

Spc is a oeaber of one of several structurally dissimilar groups of

aninoglycoside a n t i b i o t i c s , ao i t or all of which bind to the snail

ribosonal subunit and alter properties associated with tRNA binding (23).

1£S RNA sequences have been assooiated with r e s i s t a n c e to three

aainoglycoside antibiotics. This paper proves that a nutation at position

1192 of 168 RNA confers resistance to Spc but not other aainoglycosides

(2). Teast nitochondrial resistance to the aainoglycosid* parononycin

results in an alteration at a position (24) that is not honologous in

primary sequence to E_,_ poll 16S RNA but which is analogous to a region

around position 1409 of Ej. coli 1(S RNA in comparative secondary structure

aodels (25 ) . Zasuganycin res i s tance re su l ta fron a l terat ions in

post-transcriptional nethylation of positions 1517-18 of 16S rRNA (26).

These s tudies show that resistance to three structurally d i ss in i lar

aninoglycoside a n t i b i o t i c s results fron alterations at three widely

dispersed regions in the 16S RNA prinary and proposed secondary structures.

However, an overlap of aninoglycoside binding s i t e s in the ribosone is

s t i l l possible due to tertiary structure considerations.
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