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Summary. The protein sequences of seven 3'-ami- 
noglycoside phosphotransferases falling into the six 
identified types and three 6'-aminoglycoside phos- 
photransferases were analyzed to give a rooted phy- 
logenetic tree. This tree supports the origin of these 
groups of enzymes in an ancestor closely related to 
the actinomycetes, and that horizontal transfer of 
the resistance genes occurred, possibly via transpo- 
sons. The implications for genetic engineering of a 
novel antibiotic are discussed. 
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Introduction 

The resistance to aminoglycoside antibiotics is 
widespread throughout prokaryotes. Resistance is 
mainly the result of  production of enzymes that 
modify the antibiotics. There are three classes of 
such enzymes in turn named according to the site 
that they modify on the antibiotic: phosphotrans- 
ferases, acetyl transferases, and nucleotidyltransfer- 
ases. The most common aminoglycoside-modifying 
enzymes in prokaryotes are phosphotransferases, 
which can be divided into the 3'-phosphotransfer- 
ases and the 6'-phosphotransferases. Six types (I- 
VI) of 3'-phosphotransferases have been identified 
to date. Types I, II, III, and VI are detected in human 
clinical isolates, whereas types IV and V are found 
in aminoglycoside-producing microorganisms 
(Brenner 1987). Three 6'-phosphotransferases have 
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been sequenced, one from Escherichia coli and two 
from Streptomyces. 

The appearance of  clinical aminoglycoside resis- 
tance has led to speculation as to the origin of  this 
antibiotic resistance. It has been postulated that be- 
cause of the widespread nature of  aminoglycoside 
production among soil organisms and the Actino- 
mycetales in particular, that these organisms rep- 
resent the original pool from which aminoglycoside 
resistance disseminated by horizontal transmission 
(Walker and Walker 1970; Benveniste and Davies 
1973; Trieu-Cuot and Courvalin 1986, 1987). The 
possibility of independent derivation seems unlikely 
when the high degree of  similarity between ami- 
noglycoside phosphotransferase resistance genes 
from diverse organisms is considered. Descent from 
a common ancestor would require that the phylog- 
eny of the aminoglycoside phosphotransferases 
match that found by Woese (1987) for 16S RNA. 
Although there are barriers in both DNA transfer 
and gene expression between actinomycetes and 
other organisms, the horizontal transmission hy- 
pothesis bears consideration because of the diverse 
nature of soil and the potential for selection for 
transfer of antibiotic resistance in the presence of 
antibiotic production. 

Two distinct methods of comparison of  either 
DNA or protein sequence data for the production 
ofphylogenetic trees are available; either percentage 
homology of  the whole genes after alignment and 
pairwise comparison can be used, or the aligned 
genes can be directly compared using every site as 
a determinate. The former has the advantage that 
it is much quicker and requires only a limited num- 
ber of  trees to be analyzed, whereas the latter is 
much slower but takes into account each residue as 
a potential evolutionary site. It also includes inser- 
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tion and  deletion events  and thus is more  accurate.  
In this s tudy I chose to do the latter. 

Methods 

The data for the phylogenetic analysis of the 3'-phosphotrans- 
ferases types I-VI in the form of amino acid sequence alignments 
were taken from Martin et al. (1988). The amino acid sequence 
of the type V 3'-aminoglycoside phosphotransferase from Strep- 
tomyces ribosidificus (Hoshiko et al. 1988) was aligned with the 
type V enzyme from Streptomycesfradiae included in the above 
analysis using Genepro Version 4.1 (Riverside Scientific, Seattle). 
In a similar way, the amino acid sequences of the 6'-phospho- 
transferases from Tn5 in E. coli (Mazodier et al. 1985), Strep- 
tornyces griseus (Distler et al. 1987), and Streptomyces glauces- 
cens (Vogtli and Hutter 1987) were aligned with these sequences 
using Genepro starting from the conserved motifs described in 
Martin et al. (1988). This alignment is shown in Fig. 1. The 
complete amino acid sequence alignments were analyzed using 
the Propars Phylogeny Program, PHYLIP Version 2.9 (Felsen- 
stein, University of Washington), which determines phylogeny 
by Wagner parsimony. The order of the sequence alignments 
used in this program was randomized during analysis to avoid 
bias. The tree was rooted using either the 3'-phosphotransferases 
or the 6'-phosphotransferases as outgroups for their opposite 
enzyme types, and the tree obtained is shown in Fig. 1. 

Results and Discussion 

T o  date, all three classes o f  aminog lycos ide -modi -  
fying enzymes  have  been shown to contain c o m m o n  
conserved motifs ,  implying a c o m m o n  origin with 
other  kinases and  nucleot ide-binding proteins.  The  
structural relat ionship o f  the mot i fs  is not  highly 
conserved  between the different classes, and  it has 
been suggested that  molecu la r  rea r rangement  led to 
a modu la r  construct ion o f  the enzymes.  Within  the 
phosphotransferases ,  a significant degree o f  align- 
men t  can be ob ta ined  using the conserved  mot i fs  as 
starting points  (Mart in  et al. 1988). Obviously ,  m a -  
jo r  changes occurred during the evolu t ion  o f  the 3 '-  
and  6 ' -phosphotransferases .  Two  possibili t ies exist. 
Either  the 3 ' -phosphot ransferases  and the 6 ' -phos-  
photransferases  originated separately during the 
evolu t ion  o f  kinases and  other  nucleot ide-binding 
enzymes,  and  the enzymes  dispersed into the var-  
ious genera, or  the split occurred in the originating 
species for the phosphot ransferase  resistance mech-  
anisms.  In ei ther  case, the evolut ion o f  the 3 ' -phos-  
photransferase  group should be independent  o f  the 
6 ' -phosphot ransfe rase  group, and therefore ei ther 
group can be used as an outgroup to root  the phy-  
logenetic tree o f  the other. 

The  tree as shown in Fig. 2 was ob ta ined  as the 
mos t  pa r s imonious  and did not  alter with changes 
in the order  o f  the data  in t roduced for analysis. It  
shows that  the type V Y-phosphot rans fe rases  f rom 
S. fradiae and S. ribosidificus are the enzymes  mos t  

closely related to the rooting point  o f  the tree for 
3 ' - phospho t r ans fe r a se s .  The  6 ' - p h o s p h o t r a n s f e r -  
ases f rom S. griseus and S. glaucescens are s imilar ly 
placed for the 6 ' -phosphotransferases .  The  grouping 
of  the enzymes  with an ac t inomycete  origin closest 
to the route o f  the phylogenetic tree supports  the 
hypothesis  that  the origin o f  aminoglycoside  resis- 
tance in the ac t inomycetes  is correct,  and that  di- 
versification o f  the resistance m e c h a n i s m s  into 3' 
and  6' sys tems occurred there. In the case o f  the 3'- 
phosphotransferases ,  the next  resistance gene to di- 
verge f rom this phylogenetic  tree in the type I I  en- 
zyme  is f rom Tn5 in E. coli. This  gene, in turn, is 
mos t  closely related to the type I gene o f  Tn903.  
Both Tn5-de r ived  resistance genes and  the Tn903-  
der ived gene are the group mos t  closely related to 
genes o f  ac t inomyce te  origin. Th is  suggests tha t  the 
original route o f  t ransfer  and  spread o f  these ami -  
noglycoside resistance genes to enterobacter ia  m a y  
have  been via  enterobacter ia l  t ransposons  related 
to Tn5 and Tn903.  The types III ,  IV, and  VI 3'-  
phosphot ransferases  fo rm a group that  has evo lved  
f rom the t r ansposon-encoded  aminoglycos ide  resis- 
tance genes. 

Gene  transfer  would not  seem to have  occurred 
through a G r a m - p o s i t i v e  Bacillus in termediate .  The  
type II  3 ' -phosphot ransferase  f rom Tn5,  which is 
closest to the root  o f  the phylogenetic  tree o ther  than 
the Streptomyces enzymes,  has been shown to be 
expressed in Streptomyces, support ing an act ino- 
mycete  origin (Gil and  H o p w o o d  1983; H o p w o o d  
and Chater  1984) and  support ing the above  hy- 
pothesis.  The  divergence o f  these enzymes  does not  
seem to follow a separate  Gram-nega t i ve  and  G r a m -  
posi t ive  evolut ion as described by Woese  (1987), 
which suggests that  the t ransfer  occurred after  the 
Gram-nega t ive  and  G r a m - p o s i t i v e  split in bacterial  
evolution.  

The  intermixing o f  the Gram-nega t ive  and G r a m -  
posi t ive within the tree also supports  the hypothes is  
that  more  than one horizontal  t ransfer  event  oc- 
curred and  that  they occurred at different t imes in 
the past. The  transfer  to the t ransposons  Tn5 and  
Tn903 are the mos t  recent. Within  the context  o f  
horizontal  transfer,  it is very difficult to calculate 
the date o f  these events,  as an internal  evolu t ionary  
clock is required to calibrate the system. 

A similar  conclusion regarding hor izontal  t rans-  
fer o f  genes involved in beta- lactam product ion based 
on percent  homology  data  has recently been put  
forward by Miller and  Ingolia  (1989). The  presence 
o f  hor izontal  t ransfer  o f  genes invo lved  in antibiot ic  
product ion  between ac t inomycetes  and other  genera 
has widespread implicat ions.  I f  such t ransfer  be- 
tween genera has occurred in the past, it is very likely 
that  t ransfer  between Streptomyces species occurs 
much  more  readily than has previously been thought.  
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Fig. 1. The aligned amino acid se- 
quences of the 3'- and 6'-aminoglyco- 
side phosphotransferases. I: 3'-ami- 
noglycoside phosphotransferase from 
Escherichia coli, Tn903; II: 3'-ami- 
noglycoside phosphotransferase from 
E. coli, Tn5; III: 3'-aminoglycoside 
phosphotransferase from Enterococcus 
faecalis; IV: 3'-aminoglycoside phos- 
photransferase from Bacillus circu- 
lans; Va: Y-aminoglycoside phospho- 
transferase from Streptomyces fradiae; 
Vb: Y-aminoglycoside phosphotrans- 
ferase from Streptomyces ribosidificus; 
VI: 3'-aminoglycoside phosphotrans- 
ferase from Acinetobacter baumannii; 
6'A: 6'-aminoglycoside phosphotrans- 
ferase from E. coli, Tn5; 6'B: 6'-ami- 
noglycoside phosphotransferase from 
Streptomycesgriseus; 6'C: 6'-aminogly- 
coside phosphotransferase from Strep- 
tomyces glaucescens. 

A horizontal spread of  an antibiotic pathway from 
a single origin would imply less genetic diversity 
than a step-wise evolution of  such a pathway. There- 
fore, attempts to produce a novel antibiotic by gene 

exchange between related antibiotic pathways is less 
likely to succeed, except at a very basic level of  
introduction of  side group substitutions (Hopwood 
et al. 1985; Malpartida et al. 1987). Only if  one can 
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Fig. 2. Phylogenetic tree of the amino acid sequences of the 3'- 
and 6'-aminoglycoside Phosphotransferases by Wagner parsi- 
mony. 

identify a major divergence between the pathways 
involved in the production of two related antibiotics 
would such a transfer be useful. Further studies of 
sequence diversity in Streptomyces antibiotic path- 
ways will allow an estimate of how much and when 
horizontal transfer has occurred. Using 5S and 16S 
sequence data, it should be possible to calibrate such 
events. 
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