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ABSTRACT
PHOSPHORYLATED DERIVATIVES OF DIHYDROSTREPTOMYCIN
PRODUCED BY STREPTOMYCES GLEBOSUS

By
Nancy Jean Drake
The filamentous soil "bacterium, Streptomyces hygrosooplcus forma glebosus ATCC 14607 ( S. glebosus ), syn¬
thesizes the antibiotic bluensomycln, a monoguanidinated
analogue of dihydrostreptomycin (DSM)•

Cell-free extracts

of’ S, glebosus were found to synthesize mono- and diphosphorylated derivatives of dihydrostreptomycin.

The diphos-

phorylated compound produced by S. glebosus differs from the
diphosphorylated product (DSM-3* c* ,6-diP) produced by S. blklnlensls ATCC 11062, a streptomycin producer.
The monophosphorylated dihydrostreptomycin is neither
dihydrostreptomycin-6-p nor dihydrostreptomycin-3*‘* -P.

It

has the chromatographic mobilities and characteristics of
dihydrost reptomycin-3"-P.
Dihydrostreptomycin-6-P, dihydrostreptomycln-3'6* -P,
dihydrostreptomycin-3''-Pt and the isolated monophosphorylated
product could all be further phosphorylated to diphosphorylated
dihydrostreptomycins by S. glebosus extracts.
Streptomycin 6-kinase found in S. blklnlensls phosphorylated
the monophosphorylated dihydrostreptomycin product from S.
glebosus.

The resulting dlpnosphorylated product had the

chromatographic behavior of dihydrostreptomycln-3",6-dip

No streptomycin-6-P phosphatase activity, which occurs
in streptomycin producers, could he detected in S. glebosus.
It is suggested that extracts of S^. glebosus contain an
ATPjdlhydrostreptomycin 3"-phosphotransferase (3"-kinase)
(Reaction 1) and a somewhat less active ATPtdihydrostreptomycin
6-phosphotransferase (6-kinase) which phosphorylâtes the
product of the 3"-kinase (Reaction 2).

MgATp + DSM

2ü-klnase ^

MgADp + DSM-3"-P

(1)

) MgADP + DSM-3",6-diP

(2)

S. glebosus

MgATP + DSM-3"-P

-6~klnase
S. glebosus

If the structure of the product of Reaction 1 can be
confirmed, for the first time a stable 3"-kinase has been
found in a Streptomyces.

It is particularly curious, and might

be significant, that Streptomyces which synthesize streptomycin
contain a 3'-kinase, whereas a strain which synthesizes a
dihydrostreptomycin analogue contains a different kinase.
Certain clinical isolates of E. coll and Pseudomonads
containing R factors are resistant to streptomycin.

The

major streptomycin-inactivating reaction is the phosphorylation
of streptomycin by a 3M-kinase.

Therefore, S. glebosus

might have a gene for a 3"-kinase similar to that found in
E. coll and Pseudomonads containing streptomycin-resistant
plasmids.
One evolutionary theory suggests that the two kinases
are fragments of a dihydrostreptomycin biosynthetic pathway
remaining in S^. glebosus, the bluensomycin producer.
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ABBREVIATIONS

DSM - dlhydrostreptomycin
DSMP or DSM-6-P - dihydrostreptomycin-6-phosphate
3"-PDSM or DSM-3"-P - dihydrostreptomycin-3"-phosphate
DSM-3'°<-P - dihydrostreptomycin-3'°<-phosphate
DSM-3,C* ,6-diP - dihydrostreptomycin-3» 6-diphosphate
DSM-3",6-diP - dihydrostreptomycin-3"» 6-diphosphate
P - phosphate
* - compound with a (%) label at the 3'* position

2
MATERIALS

The American Type Culture Collection was the supplier
of the cultures of Streptomyces strains.

Those used were

Streptomyces hydroscopious forma glebosus ATCC 14607*
Streptomyces bikiniensis ATCC 11062, Streptomyces bluensls
var. bluensls NRRL 2876, Streptomyces grlseus ATCC 10971»
and Streptomyces galbus ATCC 15077»

Dihydrostreptomycin -

(•^H) - sesquisulfate ( TRA 320, Batch 7, 1 mCi, 1ml, 3 Cl/
mMole) came from Amersham.

Adenosine - 5* - triphosphate

(disodlum salt) from equine muscle, lysozyme from egg white
( 25*000 units/mg), and alkaline phosphatase from calf
intestinal mucosa ( type VII ) were products of Sigma,
The Bio-Rad ion exchanger resins used were BloRex - 70
( NH^+ ) 100-200 mesh, analytical grade cation exchanger
and Dowex AG1-X8 ( Cl” ) 200-400 mesh, analytical grade anion
exchanger.

Liquifluor was a New England Nuclear product.

The following equipment was used»

an Ultrasonic

sonicator, Bronson Model? a Sorvall RC2-B Centrifuge? both
Nuclear - Chicago Unilux and Beckman LS 100C Liquid Scin¬
tillation Systems| a New Brunswick Scientific Psychotherm
rotary shaker ( temperature controlled )j an ISCO model 272
fraction collector? and a Savant Instruments high voltage
paper electrophoresis apparatus cooled with a Fischer Cloud
and Pour Cooling Apparatus.
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METHODS
All methods utilized were those of Walker.*
Incubation of Slantsi

Slants composed of 1.0# maltose, 0.5#

tryptone, 0.2# yeast extract, 1.5# agar, and tap water were
used to allow sporulation of S, blklnlensls, S. bluensls,
and S. glebosus.

S. griseus was grown on 1.0# glucose, 1.0#

tryptone, 0.2# yeast extract, and 1.2# agar with tap water.
Growth of Mycellai

The various Streptomyces strains were

grown up in the following mediumi

0.05# glucose, 1# soy-

tone, 1.0# tryptone, 0.2# yeast extract, 0.03# ^HPO^ and
tap water to make 500 ml.
liter Erlenmeyer flask.

This is then autoclaved in a twoIf S. glebosus is to be grown, 1.0#

myo-inositol is added to the medium.
oculated from a well-sporulated slant.

Cooled medium is in¬
Flasks are placed

on a New Brunswick Psychotherm rotary shaker at 240 rpm,
26°C, for 3-4 days.

Cells are then harvested by suction

filtration with a Buchner funnel and frozen.
Sonlcatlom

Five to seven grams of frozen mycelial pads are

shaved with scissors into a wide-mouth glass tube.
10-14 ml of cold deionized water are added.

To this,

The suspension

is sonicated with the tube surrounded in an ice water bath
for five minutes in 1.5 minute bursts with stirring in
between to cool the suspension below 10°C.

Centrifugation

at 12,000 rpm for 20 minutes at 2°C removes cellular debris.
The supernatant is poured off into small test tubes and
frozen immediately.
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Cell Lysis by Lysozymet

An alternate method used for the

extraction of S, glebosus and S, blklnlensls is to add lyso¬
zyme.

The frozen mycelial pad is shaved with scissors into

a beaker to which three volumes of 1.0 mg/ml egg white lyso¬
zyme in pH 7»^ TRIS buffer has been added.
placed in a room temperature water bath.

Beakers are
The extraction is

complete after one hour at room temperature with occasional
stirring, ir a DNA gel forms, a small amount of DNA ase and
2+
Mg
is added. The suspension is centrifuged at 15.000 rpm
for 30 minutes at 2°C.

The supernatant is storéd. frozen 'in

small test tubes.
Dialysis <

For preparation of a dialyzed S. blklnlensls

extract, approximately 3 ml of a lysozyme or sonicate ex¬
tract is then placed in 4 liters of cold glass-distilled
water (4°C) overnight.

The streptomycin 6-kinase and phos¬

phatase are stable to this treatment.

(Dialyzed S. glebosus

extracts were prepared in the same way.)
Microassay for Phosphorylâted Products of Dlhydrostreptomycln»
A typical assay to synthesize the phosphorylâted products
studied consisted of 5/1 of (^H)-dihydrostreptomycin (3Ci/mMole,
diluted to 5/1*66,000 counts/minute) ; 5/1 ATP (20 mg/ml,
pH 7). substitued in the control for this is 5/1 of ^0*
5/1 of 0.5M TRIS or glycylglycine buffer + 8 mg/ml MgClg
(pH 7*4 - 9) I

a

a Streptomyces.
minutes.

nd 10/1 of sonicate or lysozyme extract of
Incubation is at 37°C for 20 minutes to 60

Incubation mixtures were made up to a larger scale

for isolation of phosphorylâted products.
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Phosphatase Assay»

5yl

of H20,

5M 1

S y1

of radioactive phosphorylated product,

of 0.5M glycylglycine buffer + 8 mg/ml MgClg

(pH 9)» 10>*1 of Streptomyoes extract of alkaline phosphatase
are combined.

Incubation,

Mild Acid Hydrolysis»

is at 37°C for 20-60 minutes.

Solutions of phosphorylated product

are brought to a concentration of 2N HClj incubated at 50°C
for three hours.
CaClg JJ2 vacuo.

The HC1 is evaporated off with NaOH and
The residue is taken up in an appropriate

volume of HgO.
Ion Exchange Columns
Dowex 1. Columns»
1 x 24 cm column.

Washed Dowex 1 (Cl“) was poured into a
The scaled up incubation mixture is passed

through with water to remove any excess ATP, ADP, and POj^-.
A

5y

1 aliquot is taken from each tube, applied to a 1.5

square cm piece of Whatman No. 1 filter paper, and is dried.
The filter paper is then placed in a scintillation vial and
counted.

Fractions in the radioactive peak are pooled,

evaporated to dryness in vacuo, taken up in water, and
neutralized.
BloRex

22

Columns »

with water.

BioRex 70 carboxylic acid resin is washed

After a 1 x 24 cm column has been poured, one

column volume

of IN ammonium hydroxide is passed through

until the effluent is about pH 11.

The column is then washed

with 0.1M ammonium formate until the effluent is pH 7-7«5»
The sample is applied and a stepwise
immediately.

The 3'** »6 and

3n ,6

gradient is begun

diphosphorylated products

6
are eluted with the 0.1M ammonium formate, the 3" monophosphosphorylated product with 0.3M ammonium formate, the 3*
and 6 monophosphorylated products with 0.8M ammonium formate
solution, and dihydrostreptomycin is finally eluted with 2.0
M ammonium formate.
Fractions 3 ml in volume are collected over a fiveminute period.

A 5^*1 aliquot of each fraction is spotted

as in the Dowex 1 column procedure.

Fractions in peaks are

pooled and evaporated with CaClg and HgSO^ under vacuum.
The products can then be taken up in a small amount of water.
Paper Chromatographyt

Ascending paper chromatography

is the

method used to separate mono- and diphosphorylated products
and dihydrostreptomycin in microassays.

Sheets of Whatman

No. 1 filter paper, 23 cm x 27 cm have 4 columns, each 5 cm
wide.

The paper is ruled to have 1.5 cm margins at each side

and 2 cm at the bottom.
up the page.

A 10^ 1 sample is spotted at the first centi¬

meter and dried.
long.

Twenty-five 1-cm segments are marked

The paper is stapled into a cylinder 27 cm

A petri dish is filled with 80# phenol - 20# water,

and 1 ml of concentrated ammonium hydroxide is pipetted
down the wall of the cylindrical chromatography jar.

The

chromatogram is placed in the petri dish, and the Jar is
covered.

It is run for 16-18 hours until the solvent has

reached the top of the paper and is then removed to dry.
The 1-cm strips are cut and put in the scintillation vials.
High Voltage Paper Electrophoresisi

Whatman No. 1 filter

paper is ruled to have 3«7 cm tracks with forty-six 1-cm

7
segments.

.

One liter of buffer is placed in each trough.

After the filter paper is soaked in buffer, the #1 segment is
placed at the negative pole.
paper towels.

The filter paper is dried with

Samples are spotted next, and 1500 volts are

applied to the system.

(The cooling plate is kept at ^0°P).

A run is terminated after the marker, picric aùld, has mi¬
grated from 10 to 27 cm.

After drying, the centimeter segments

are cut and put in scintillation vials to be counted.
Two buffers can be used.

Ammonium formate (26 grams)

is dissolved in 17»^ ml of 88% formic acid.
brought up to

This volume is

four liters with glass distilled water.

The

solution is then calibrated to pH 3»6.
The other buffer is made up of 72.6 grams of glycine
and 32.8 grams of sodium hydroxide pellets.

These are dis¬

solved separately, combined and the total volume brought to
four liters with glass distilled water, and calibrated to pH 10.4-,
Scintillation Ctountlngi

A Beckman LS-100C Liquid scintillation

system and a Nuclear-Chicago Unilux scintillation counter were
used for all counting.

The scintillation fluid mixture was

made up of 37*8 ml of Llquifluor and 900 ml of toluene.

Each

vial contained five ml of this solution.
After counting one minute, the papers are removed from
the vial.

The vials may be used several times since products

are not soluble in toluene.
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INTRODUCTION

Actinomycètes are gram-positive, filamentous bacteria
occurring primarily in soils, of which the Streptomyces are
the most abundant species.

The Streptomyces form haploid

spores on their aerial mycelia.

A majority of the antibiotic
2
producers belong to the Streptomyces species,
Walksman found that Strept omyoes griseus produced an
antibiotic that inhibited the growth of gram-negative bacteria,
2
This antibiotic was appropriately named streptomycin.
It
is a trisaccharide-like structure composed of three unique
subunits joined by glycosldic bonds.
in Figure 1.
3
moieties,J

The structure is given

D-Glucose can serve as a precursor to all three

Other strains such as Streptomyces humldus are dihydro¬
streptomycin producers.

Dihydrostreptomycin (Figure 1) differs

from streptomycin by replacement of the aldehyde group with
a 3•-cx -hydroxymethyl group.
the two is very similar.

The antibacterial spectrum of

High doses of streptomycin taken

for prolonged periods can result in damage to the 8th-cranial
nerve — particularly to the vestibular or equilibrium apparatus
of the ear.
be permanent.

Damage to this vertibular portion may or may not
Dihydrostreptomycin can cause damage to the

cochlear portion of the auditory nerve ~ this damage is ir4
reversible,
A third analogue of streptomycin is bluensomycin or
glebomycin produced by Streptomyces hygroscoplcus forma
glebosus ATCC 14607.

In this antibiotic (Figure 1) a car-

9

FIGURE 1.

Structure of streptomycin, dihydrostreptomycin,

and bluensomycin.

Streptomycini

1

NH~C -NbL
n
2

A « streptidine

B = streptobiosamine

R2=CHO

Dihydrostreptomycin t R - NH “C -NH0
'

II

A « streptidine

^

NH2

,
2= ^2OH

R

c

B - dihydrostreptobiosamine

( H is the location of the tritium label of the
radioactive material used in assays.)
Bluensomycim R =0-C-NH
1

H

O

R2=CH2OH

2

A » bluensidine

B = dihydros treptobiosamine

10

FIGURE 1
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bamoyl group is substituted for the guanidino group at
position 1.

This antibiotic is approximately ten times less

effective than streptomycin.
The proposed biosynthetic pathway of dihydrostreptomycin
and bluensomycin is given in Figure 2.

Walker has shown a

common biosynthetic pathway for bluensidine and streptldine
from glucose-6-P to the synthesis of the first guanidino
group attached to the Inositol ring.

After this point the

streptomycin producers synthesize a second guanidino group and
the bluensomycin producers attach a carbamoyl group.
Streptomycin and dihydrostreptomycin are bactericidal
antibiotics that prevent protein synthesis by binding to
ribosomes.

Conformation of the 30S subunit of the ribosome

is distorted causing misreading of the genetic code.

Prolonged

cell exposure to streptomycin also results in inhibition of
respiration and RNA and DNA synthesis, and there is some cell
22
membrane damage (1eakiness).
In 1967 Walker and Walker found streptomycin 6-kinase
in dialyzed extracts of Streptomyces blklnlensls ATCC 11062.^
This enzyme could phosphorylate both streptomycin and dihy¬
drostreptomycin.

Miller and Walker found this phosphorylated

product no longer had the ability to inhibit growth of Bacillus
subtilis.?

Thus, phosphorylation inactivates the antibiotic.

Nimi and Nomi isolated a similar enzyme from the mycelia
O

of Streptomyces grlseus HUT 6037»

Extracts of Pseudomonas

aeruginosa Tl-13 were found to have an enzyme that could
phosphorylate dihydrostreptomycin at the 3* position.^

This

12

FIGURE 2.

Proposed "biosynthetic pathway of dihydrostreptomycin

and bluensomycin.^
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"defense mechanism" Inactivates dihydrostreptomycin, allowing
Pseudomonas aeruginosa to carry out normal protein synthesis.
Walker and Skorvaga isolated a 3,e* ,6-diphosphorylated deri¬
vative of dihydrostreptomycin produced by cell-free extracts
of S, blklnlensls ATCC 11062 and a 3M-phosphorylâted strep¬
tomycin and dihydrostreptomycin produced by fresh extracts
of S. grlseus ATCC 10971.10
In summary, there are three known kinases produced by
the Streptomyces that phosphorylate a moiety of streptomycin
or one of its analogues.

Streptomycin 6-kinase has been found

in S. blklnlensls ATCC 11062, S. grlseus ATCC 10971» S. grlseus
HUT 6037» S. grlseus ATCC 12475, S. grlseus W 4, S. galbus
ATCC 15077» and S. grlseocarneus ATCC 12628.

2.U

S. blklnlensls

ATCC 11062 has a labile dihydrostreptomycin 3'°<-kinase, and
S. grlseus ATCC 10971 has a labile streptomycin 3"-kinase.
Techniques of paper chromatography, ion exchange resin
column chromatography, high voltage paper electrophoresis,
and periodate oxidations, combined with bioassays, were
used by Walker and Skorvaga to separate and characterize
all known mono- and diphosphorylated derivatives of streptomycin, dihydrostreptomycin, and 3*-deoxydihydrostreptomycin.

10

It would seem logical that the Streptomyces strains that
can phosphorylate their antibiotics should also be able to
dephosphorylate them in order to activate them upon excretion.
Nimi and Nomi found a 6-phosphatase in their strain of
Streptomyces grlseus as did Walker and Walker with Streptomyces
blklnlensls ATCC 11062.11,12

15
In carrying out exploratory work on Streptomyoes glebosus
ATCC 14607» a bluensomycin producer, Walker found that
this strain had the ability to phosphorylate dihydrostrep¬
tomycin.

Both mono- and diphosphorylated products appeared
13
to be formed, but they were not characterized. J
This project was concerned with the isolation and
characterization of these phosphorylated products.

Some

exploratory and comparative work was also carried out on
other strains of Streptomyoes.
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RESULTS

A continuation of the initial exploratory work on
Streptomyces glebosus ATCC 14607 was carried out.

First,

a sonicate of S. fclebosus was made according to the procedure
described in the Methods section of the paper.

A typical

microassay with control was run to see if phosphorylated
products of (3H)-dihydrostreptomycin could be formed.
Figure 3 shows the two peaks of radioactivity detected on
the chromatograms.

R^'s of these peaks correspond to Walker*s

reported values for mono- and diphosphorylated products,*®
The same surprising result with the control assay occurred
as Walker had noted — that a small amount of mono- and
diphosphorylated products were also formed in -the absence
of added ATP.13
Much of Walker and Walker's previous work on other
Streptomyces strains used lysozyme extracts as opposed to
12 14 17
sonicates.
* ' ' A typical microassay and control were
carried out on a lysozyme extract of S. glebosus.

In

Figure 4 it can be seen that only one derivative is formed —
its R^ corresponding to that of a monophosphorylated product.
From these two experiments, a,logical choice for
extraction method would be sonication, as it releases the
kinases which produce two products instead of one.

However,

another extraction with lysozyme for a longer period of time
was made.

At the same time an extraction in the presence

of 20^ M nonlabeled dihydrostreptomycin was prepared for
comparison.

Glanturco found that the addition of nonlabeled

13J
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FIGURE 3»

Phosphorylation of (-%)-dihydrostreptomycin by

kinases in a sonicate extract of S, glebosus.
Assay mixturei

5M 1 * 63,000

*DSM

5M

0.5M Gly-gly + 8 mg/ml
MgGl2 * pH 8

5

20 mg/ml, pH 7

5

ATp
H2O

sonicate extract of
S. glebosus

* mm ►' * •«
mm mm

10

This was Incubated at 37°C for 50 minutes.

5H

5

5
10

A 10P-1 aliquot

of each was spotted on a chromatogram for separation of
products.
The dlphosphorylated product has an Rf=0.29 and the
monophosphorylated product has an R^,=0.75*
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FIGURE 4-,

phosphorylation of ( -^H) -dihydrostreptomycin by

kinases in a lysozyme extract of S. glebosus.
Assay mixturet
5P’1 * 63,000
*DSM
0.5M Gly-gly + 8mg/ml
MgCl2, pH 8
20 mg/ml, pH 7
ATP

5^1
5

5 Ml
5

5
5

lysozyme extract of
S. glebosus

10

This was Incubated at 37°C for 50 minutes.

10

10P 1 were

spotted on a chromâtograom for separation of products.
The monophosphorylated products have R^'s =0.75 and
0.79.

DSM has an Rf =0.92.
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dihydrostreptomycin to the extraction helped stabilize a
6-kinase in one strain of Streptomyoes.*^
were assayed.

Both extracts

The presence of dlhydrostreptomycin during

extraction seems to make little difference in total amount
of products formed (Figure 5)«
Nonlabeled dlhydrostreptomycin was added to the prepara¬
tion of a sonicate, also.

Comparing total amounts of

products formed, it seems that there is a slight increase in
products with the addition of the nonlabeled dihydrostrep¬
tomycin.

More specifically (Figure 6), the amount of di-

phosphorylated derivative is about the same but there is
an Increase in the amount of monophosphorylated products.
Sonicates with 20>iM dlhydrostreptomycin were therefore
used to synthesize larger quantities of the phosphorylated
products.
With S. blklnlensls, Walker and Skorvage*® found that
when an extract was subjected to overnight dialysis only
one kinase was stable — that being the streptomycin 6kinase.

A similar experiment was performed with the S.

glebosus sonicate extracts (Figure 7)«

The chromatogram

indicates that one kinase is more active — as only the
monophosphorylated product was formed.

A next logical experiment would be to check for phos¬
phatases (Figure 8).
phosphatase activity.

However, there seemed to be no significant
The diphosphorylated product remained

with no evidence for formation of a monophosphorylated
product or of dlhydrostreptomycin.*®

22

FIGURE 5»

Comparison of stability of the kinases in S.

glebosus by addition of

nnnlabeled DSM to the preparation

of a lysozyme extract.
A

Assay mixtures»

5/*l = 63,000

*DSM

5M

0.5M Gly-gly + 8 mg/ml
MgCl2. pH 8

5

20 mg/ml, pH 7

5

ATP

5M
5

5

H2O

Lysozyme extract of
S, glebosus

B

10

10

Assay mixtures»

5/*l = 63,000

5/*l 5^1

*DSM

0.5M Q:ly-gly + 8 mg/ml
MgCl2, pH 8

5

20 mg/ml, pH 7

ATP

5

H20

—

Lysozyme extract +
20/*"M DSM of
S, glebosus

10

5

5

10

These were Incubated at 37°C for 55 minutes.

10/* 1 were

spotted on a chromatogram for separation of products.
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FIGURE 5

centimeters
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FIGURE 6.

Comparison of the kinases in S. glebosus by

addition of nonlabeled DSM to the preparation of a sonicate
extract.

A

Assay mixtures»
5/ 1 « 63.000

5)* 1

*DSM

0,5 H Gly-gly + 8 mg/ml
MgCl2, pH 8

5

20 mg/ml, pH 7

5

ATP

5

H2°

10

Sonicate extract of
S. glebosus

B

5/* 1
5

10

Assay mixtures»
*

5/* 1 = 63,000

*

DSM

5/*l

0.5 M Gly-gly + 8 mg/ml
MgCl2, pH 8

5

20 mg/ml, pH7

5

ATP

10

Assays were Incubated at 37°C for 55 minutes.
spotted on chromatograms.

5
5

H2O

Sonicate extract of S.
glebosus + 20J* vT
DSM

5^1

10

10/* 1 were

c pm/10 Z11
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FIGURE 6

centimeters
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FIGURE 7*

Stability of kinases to dialysis.

Assay mixtures»
-ft

5/*l = 63,000

*DSM

ft.

5/*l

0.5M Gly-gly + 8 mg/ml
MgCl2,
pH 8

5

20 mg/ml, pH 7

5

ATP
H20

Sonicate extract +
20 A* M DSM of
S. glebosus
dialyzed l4 hours

10

The assay mixtures were incubated at 37^0 for 60 minutes,
lOJttl of each were spotted on chromatograms to separate
phosphorylâted products.

centimeters FIGURE
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FIGURE 8.

Looking for phosphatase activity In S. glebosus

extracts.

Assay mixture»
5^1 = 7»500 0.1M product from
. S. glebosus after separation
on BioRex 70 column

5/^1

0.5M Gly-gly + 8 mg/ml MgCl-,
pH 9
sonicate extract + 20/^M DSM
of S. glebosus

5

H2O

This was incubated at 37°C for 60 minutes.

10
5

To separate

products, lOb'l were spotted on a chromatogram.

3000]

centimeters FIGURE
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Assay conditions were studied (Figure 9).

The standard

microassay control (without ATP), using S, glebosus extracts
was incubated as described before.

The purpose of these

assays was to study necessary conditions for phorphorylation
with only the endogenous source of high-energy phosphate.
Different additives to the TRIS buffer were compared.

Using

only TRIS, nothing was phosphorylated (the small peak between
8 and 10 cm on the chromatograms is due to a drag in the
( H)-dihydrostreptomycin).

When 5ms/®l of EDTA was added

to the TRIS, no products were formed.

Addition of lmg/ml

of MgClg yields a small amount of monophosphorylated product.
But addition of 8 mg/ml of MgClg to the buffer gives a
large amount of monophosphorylated product.

From this we.

note that 8 mg/ml of MgC^ is a necessary requirement for
the kinase using strictly its own source of phosphate.
Having completed this exploratory work, many attempts
were made to isolate the two products formed.

A scaled-up

incubation mixture of 0.4 ml buffer, 0.2 ml (^H)-dihydrostreptomycin, * 0.2 ml ATP, and 0.4 ml of S, glebosus
extract was incubated at 37°C for one hour.

The products

were passed through a 0.5cm x 12 cm Dowex 1 (Cl"), 200400 mesh, column to remove excess ATP, ADP, and P0^=.

The

rest of the procedüre is described in the Methods section.
•f.

The same size BioRex 70 (NH^ ) column was used to separate
the phosphorylated dihydrostreptomycin products.

Radio¬

active peaks were eluted with 0.1M and 0.3M ammonium formate
concentrations in the case of the incubations mixture con-
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FIGURE 9»

2+
Requirement of kinase for Mg
using its

endogenous source of phosphate,
(A) 2/tl sample of *DSM vere spotted for a chromatogram.
There is a slight peak at R^ = 0.25 which should be accounted
for in all other chromatograms where *DSM is a factor.
(B)

Assay mixturess

5M- 1 - 65,000 *DSM
H2O

0.5 M TRIS, pH 9
0.5 M TRIS + 5 mg/ml
EDTA, pH 9
S. glebosus extract +
20/^M DSM
(C)

5/"l
5
5

5^1
5

---

5

10

10

Assay mixtures t

5/*a = 65,000 *DSM
H2O

0.5M TRIS + 1 mg/ml
MgCl2, pH 9
0.5 M TRIS + 8 mg/ml
MgCl2, pH 9
S. glebosus extract +
207* M DSM

5^1
5
5
««MM

10

”5/1
5
...

5
10

Assays were incubated at 37°C for 50 minutes and 10^1 of
each were spotted on chromatograms for separation of
products.
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taining added ATP and at 0.1M and 0.8M ammonium formate
concentrations from the incubation mixture containing no
added ATP.

These small columns could be "overloaded"

easily, and 0.1M eluates did not always contain only one
radioactive product,
Therefore, the procedure of Miller and Walker
discussed in the Methods section was used.

16

When columns of

this larger size are used, aliquots contain fewer counts,
and peaks are broader.

To insure that the calibration of

the column vas as previously described, samples of two known
radioactive monophosphorylated compounds were applied —
these,.being (^H)-dihydrostreptomycin-3"-P, and (^H)-dihydrostreptomycin-6-P,

The former should be eluted with the 0.3M

ammonium formate solution and the latter with the 0.8M
solution.

Results of this experiment are shown in Figure 10.

As predicted, two peaks of radioactivity were detected at
the correct salt concentrations.
The next experiment of this type was to place all
products from the small columns previously run on the larger
BioRex 70 (NH^ ) column.

Stepwise elutions gave two peaks,

one eluted with the 0.1M ammonium formate and one eluted with
0.3M ammonium formate (Figure 11).

According to Walker and

Skorvaga10, the 0.1M eluate would be a diphosphorylated
derivative — either (^Hj-dihydrastreptomycin-O'# ,6-diP
or ( ) -dihydrostreptomycin-3" 16-diP •
Two other larger scale preparations were examined to
ensure that only two radioactive products are produced.
The upper right hand corner of Figure 12 (A&B) is a graph
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FIGURE 10i

+

BioRex 70 (NH^ ) column.

Two known standards,

(^H)-dihydrostreptomycin-3"-F and (^H)-dihydrostreptomycin-

6-P were applied and eluted with a stepwise salt gradient as
described in Methods.
detected.

Two peaks of radioactivity were
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FIGURE 11*

BioRex 70 (NH^*) column separation of phos-

phorylated (•'H)-dihydrostreptomycins.

All previous

Isolated products from smaller columns were passed through
this column together for clear-cut separation.
products were eluted.

Two

37
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FIGURE 12.

A.

Dowex 1 (Cl~) column separation of phos-

phorylated (-^H)-dihydrostreptomycins.

A scaled-up incuba¬

tion mixture was passed through this column to remove
excess ATP. ADP, and PO^5*.
B. Dowex 1 (Cl“) column.

A scaled-up incuba¬

tion mixture without ATP was passed through this column.
C. Products from two previous columns were
evaporated to dryness and taken up in a small amount of
O.

water.

These were then passed through a BioRex 70 (NH^ )

column together to see if only one kind of monophosphorylated
product was formed.

The graph shows a diphosphorylated

product peak and only one monophosphorylated product peak.
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of each assay mixture passed through a Dowex 1 column.

The

peak fractions were pooled and evaporated to dryness over
CaClg in vacuo.

Both were then taken up in water and passed

through a BioRex 70 column together (Figure 12,C).

Again,

two peaks eluted with 0.1M and 0.3M ammonium formate solutions,
respectively, appeared.
The following three BioRex 70 columns were run to
help identify the monophosphorylated product of S. glebosus.
Authentic (^H)-dihydrostreptomycin-6-P and the 0.3M eluate
were run together (Figure 13)»

Two peaks were eluted at

0.3M and 0.8M ammonium formate, respectively.

The product

eluted at 0.3M ammonium formate is therefore not dihydrostreptomycin-6-P.

Figure 14 shows the 0.3M eluate with

(%)-dlhydrostreptomycin-3'<* -P passed through a BioRex 70
column.

Again, two separate peaks were obtained.

Therefore,

the 0.3M eluted product is not dlhydrostreptomycin-O'6* -P.
However, when the 0.3M eluate from S. glebosus and (%)dihydrostreptomycln-3''-P obtained from S. gris eus ATCG 10971*°
were combined and adsorbed on a BioRex 70 (NH^*) column,
only one peak was eluted from the column and that was at
the 0.3M ammonium formate concentration (Figure 15)»
Figure 16 is a paper chromatogram of the 0.3M eluted
product from S. glebosus from the scaled-up incubation mixture,
shown in Figure 14 to demonstrate its homogeneity as a mono¬
phosphorylated product.
Further studies with known standards and the 0.3M eluted
product were carried out to aid in the Identification of this
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FIGURE 13»

BioRex 70 (NH^+) column separation of Isolated

0,3M eluate (S. ftlebosus) and a known standard of (^H)-dihydrostreptomycln-6-P,

kz
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FIGURE 14,

A BloRex 70 (NH^+) column separation of 0.3M

eluate (S. glebosus) and a known sample of (^H)-dihydrostreptomycin-3*o<. -P,
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FIGURE 15»

A BioRex 70 (NH^ column run with a known

(•^H)-dihydrostreptomycin-3"-P standard and the Isolated 0.3M
product from S. glebosus,

Only one peak was eluted which

is consistent with the suggestion that this monophosphorylated
product is dihydrostreptomycin-3"-P«

tube*

UQI

1 FIGURE

15
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^7

FIGURE 16*

Paper chromatogram of the isolated 0.3M eluate

from S. glebosus.

1500

centimeters FIGURE

16
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monophosphorylated product of S. glebosus»

A series of

microassays were performed using a dialyzed S. biklnlensls
extract as a source of streptomycin 6-kinase and using known
and unknown phosphorylâted dihydrostreptomycins as substrates.
The first (Figure 1? A) shows that (^H)-dihydrostreptomycin6-P plus the streptomycin 6-kinase and ATP (Figure 17 B) did
not form a diphosphorylated product.
S, biklnlensls have only

Dialyzed extracts of

streptomycin- 6-kinase because the

3'o<-kinase is not stable to dialysis.

(The control without

ATP goes to (%)-dihydrostreptomycin because of 6-phosphatase
activity).

Both authentic (^H)-dihydrostreptomycin 3”-P

from S. grlseus ATCC 10971 and the 0.3M product from S. glebosus
were phosphorylâted to diphosphorylated derivatives Indicating
that the 6 position of both monophosphorylated dihydrostrep¬
tomycins is free (Figure 18, A & B).
Similar studies with S. glebosus extracts and known and
unknown phosphorylâted dihydrostreptomycins were carried out.
The authentic dihydrostreptomycin-3,0< -P, the dihydrostreptomycln3H-P» and the 0.3M monophosphorylated dihydrostreptomycin
from S. glebosus are all further phosphorylated to diphos¬
phorylated derivatives by S. glebosus extracts as seen in
Figures 19A.B, and 20.
The final characterizations of the monophosphorylated
product were high voltage paper electrophoresis runs at
pH 3*6.

The authentic (^H)-dihydrostreptomycin-6-phosphate,

its acid hydrolysate (which separates the labeled dihydrostreptobioëamine moiety from the nonlabeled streptidine
moiety), and the alkaline phosphatase-treated acid hydrolysate

50

FIGURE 17*

Comparison of phosphorylation of authentic

(%)-dihydrostreptomycin-6-P (DSMP) and (^H)-dihydrostreptomycin by dialyzed S. blklnlensls extracts.

(This

is known to contain only streptomycin 6-kinase.)
A Assay mixtures*
5^1 = 63,000
20 mg/ml, pH 7

*DSM
ATP

5b1
5
5

5
5

10

10

H2O

0.5 M Gly-gly + 8 mg/ml
MgCl2, pH 7.4
Dialyzed extract of S.
blklnlensls

5b1

B Assay mixtures*
5^1 = 24,000 *DSMP
20 mg/ml, pH 7 ATP

5b 1
5
5

5
5

10

10

H2O

0.5 M Gly-gly + 8 mg/ml
MgCl2, pH 7.4
Dialyzed extract of S.
blklnlensls

5b 1

Assays were incubated at 37°C for 60 minutes.

10,^1 of

each were spotted on chromatography paper for separation
of products.
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FIGURE 17

centimeters
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FIGURE 18.

Comparison of phosphorylation of the known

monophosphorylated derivative ()-dihydrostreptomycin-3"-P
from S. grlseus ATCC 10971 and the 0.3M monophosphorylated
product from S. glebosus by streptomycin 6-kinase from
dialyzed S. blklnlensls extracts.

A

Assay mixtures *
^

5^1 » 18,000 3"PBSM
20 mg/ml, pH ?
ATP
H20

0.5 M Gly-gly + 8 mg/ml
MgCl2, pH 7.A

Dialyzed extract of —
S.
blklnlensls

o

5A1

O

5/^1

5
—

5

5

5

10

10

B Assay mixtures» _« _c_
5/- 1 = 12,000 0.3 M product 5/fcl
5/tl
20 mg/ml, pH 7
ATP
5
—
0.5 M Gly-gly + 8 mg/ml

MgCl^

pH 7.A
Dialyzed extract of S. bikiniensls
~
H2O

5

5

10

10

--

5

Assay mixtures were incubated at 37°C for 60 minutes,
10J* 1 of each were spotted on chromatography paper for
separation of products.

cpm/ 10/il
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3
FIGURE 19,

Dlphosphorylatlon of authentic (^H)-dihydro-

streptomycln-3"-P and (^H)-dlhydrostreptomycin-3'e< -P
by a kinase in a S. glebosus extract.

A

Assay mixtures»
*-0

-O—

5/^1 = 24,000 *DSM-3"-P

5^1

20 mg/ml, pH 7

5

ATP

5

H2O

0.5 M Gly-gly ♦ 8»mg/ml
MgCl2, pH 8

5
10

Sonicate of extract
1 of S.
glebosus + 20f M DSM
B

— o,

5/^1

5
10

Assay mixtures t

5/^1 * 20,000 *DSM-3*<* -P
20 mg/ml, pH 7

ATP

5F-1 5^1
5

5

H2O

0.5 M Gly-gly + 8 mg/ml
MgCl2,
pH 8
Sonicate of extract of S.
glebosus + 20^ MI DSM

5
10

Assays were incubated at 37°C for 50 minutes.

5
10

10/*-l of

each were chromatographed for separation of products.

cpm/ 1oH
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FIGURE 19

centimeters
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FIGURE 20.

Phosphorylation of 0.3M monophosphorylated

dihydrostreptomycin from S. glebosus by a kinase in an
extract of S, glebosus.
Assay mixturest
•—* ■■■

—

— O——O'—

t

5/ l = 15»000 cpm
0.3M product 5/**l 5A1
20 mg/ml , :pH 7
ATP 5
H20
5
0.5 M Gly-gly + 8 mg/ml MgCl<> 5 5
pH 8
*
Sonicate extract + 20/*- M DSM 10 10
of St( glebosus
The assay mixtures were incubated at 37°C for 50 minutes.
lO/^l of each were chromatographed for separation of
products.
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had mobilities on high voltage paper electrophoresis very
10
similar to those reported by Walker and Walker (Figures
21 & 22). A ..known standard of (^H)-dihydrostreptomycin*3"-P
was subjected to mild acid hydrolysis (Figure 23)» and the
acid hydrolysate was subsequently treated with alkaline
phosphatase.

These were separated by high voltage paper

electrophoresis (Figure 24).

The high voltage paper elec¬

trophoresis runs at pH 3,6 gave the results shown in Figures
23 and 24.

These are also in agreement with the results of

Walker and Walker.*®

The 0.3 M eluate containing mono-

phosphorylated dihydrostreptomycin isolated from incubated
S. glebosus extracts was hydrolyzed in the same way (Figure 25).
The acid hydrolysate of this product was subjected to alkaline
phosphatase (Figure 26).

The results are consistent with the

Identification of the 0.3M eluted product as (^H)-dihydrostreptomycin-3"-P and demonstrate that it is not phosphorylâted
on the streptidine moiety.
A chromatogram of the 0.1 M eluate containing a
phosphorylated dihydrostreptomycin product of S. glebosus
isolated from the incubation shown in Figure 14 C is shown
in Figure 27,

Its peak has an Rf in the ranges of those of
10
other known diphosphorylated derivatives.
Figure 28 is
a chromatogram of the known (^H)-dihydrostreptomycin-3'<* »6dlP Isolated from an assay with a S. blklnlensls extract.
Their Rf*s are noticeably different.

Overspotting these

two diphosphorylated derivatives on a chromatogram (Figure 29)
results In two peaks, demonstrating that the two are
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FIGURE 21.

High voltage paper electrophoresis at pH 3*6

of ( 3)-dihydrostreptomycin-6-p and products obtained
after mild acid hydrolysis which remove the nonlabeled
streptidine moiety.

The picric acid marker moved 17 cm and

products were spotted at 23 cm.

cm moved

FIGURE

21
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FIGURE 22.

High voltage paper electrophoresis run at pH
%eK

of acid hydrolyzed (3

3,6

-^H)-dihydrostreptomycin -6-p

subsequently incubated with alkaline phosphatase.
were spotted at 23 cm and the picric, acid moved

Samples

1?

cm.

cm moved FIGURE

62
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FIGURE 23»

High voltage paper electrophoresis at :pH 3.6 of

authentic (^H)-dihydrostreptomycin-3"-P and acid hydrolyzed
(^H)-dihydrostreptomycin-3M-P.

Samples were spotted at 23

cm, and the picric acid marker migrated 17 cm.

cm moved

FIGURE

23
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FIGURE 2k.

High voltage paper electrophoresis at pH 3*6 of
•a

acid hydrolyzed authentic ( H)-dihydrostreptomycin-3"-P +
alkaline phosphatase.

Samples were spotted at 23 cm, and

the picric acid marker migrated 17 cm.

moved FIGURE

24
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FIGURE 25»

High voltage paper electrophoresis at pH

3,6

of

0*3 M monophosphorylated dihyrostreptomycin from S. glebosus
and the acid hydrolyzed 0.3M product.

The picric acid

marker migrated 17 cm, and samples were spotted at 23 cm.

cm moved

FIGURE

68

CM

LO

69

FIGURE 26.

High voltage paper electrophoresis at pH 3*6 of the

acid hydrolyzed 0.3 M product from S. glehosus + alkaline
phosphatase.

The picric acid marker migrated 17 cm, and

samples were spotted at 23 cm.

cm moved

FIGURE

26
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FIGURE 2?.

Paper chromatograms of 0.1 M eluate (Figure lb C)

containing a phosphorylâted dlhydrostreptomycin isolated
from S. glebosus.

3000

centimeters

FIGURE
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FIGURE 28.

3'c<

#6-diP

Paper chromatogram of (^H)-dihydrostreptomycinsynthesized from S. blklnlensls.

3000

cent i meters FIGURE

28
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FIGURE 29»

Equal counts of the O.lM product of S. glebosus

and authentic (•^H)-dlhydrostreptomycln-3*0< »6-diP spotted
over each other and chromatographed to Indicate that the
diphosphorylated product of S, glebosus is dlffererlt.

3000

centimeters FIGURE

29
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Indeed different.

From these experiments it would seem

that one phosphate group is attached to the 3" position.
The second one is probably attached to the 6 position.
This was demonstrated by incubating the 0.1M eluted product
from S. glebosus with streptomycin 6-phosphatase in a
dialyzed S. bikinlensls extract (Figure 30).

The diphos-

phorylated peak shifted to the position: with the Rf of a
monophosphorylat ed dihydrostrept omycin •
A small amount of exploratory work was carried out on
two other Streptomyces strains — S. bluensls and S. galbus.
S. bluensls seems to have two kinases, since two products
were formed in a standard microassay (Figure 31)»

The mono-

and diphosphorylated products synthesized by S. glebosus were
incubated with S. bluensls to look for phosphatase activity.
None could be detected (Figure 32).
The last experiment was to check for kinases in S.
galbus extracts.

Incubations gave two phosphorylated

products indicating the presence of two kinases in this strain
also- (Figure 33)»
Further experimental work needs to be carried out on
the two phosphorylated products of these strains to help
further identify them.
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FIGURE 30.

The Q.l M product from S, glebosus was subjected

to a dialyzed S. blklnlensls extract to see if one phosphate
group is removed.

If it is removed then one phosphate group

is located at the 6 position as this extract contains streptomycin-6-P phosphatase.
Assay mixtures i

5^1

5* 20,000 0.1 M product
0.5 M Gly-gly + 8 mg/ml MgClg
pH 9
Dialyzed extract of S. blklnl¬
ensls

5

5

10

H2O
Incubation was at 37°C for 20 minutes.

5^1

10
10^1 were spotted

for chromatography to check products formed.
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FIGURE 31•

This assay was run to check for the presence of

kinases in extracts of S. bluensls.

Assay mixtures 1
—•

5/**i » 70,000
20 mg/ml,

pH 7

*DSM

— O

—

ATP

5

0,5 M IRIS + 8 mg/ml

MgCl-

5/xl

5/^1

H2O

5

5

5

10

10

PH 9
Sonicate extract of S. bluensis

The assay mixtures were incubated for 45 minutes at 37°C.
10^1 samples of each were chromatographed to separate
phosphorylated products.
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FIGURE 32*

These assays were carried out to check for

phosphatase activity in sonicated extracts of

bluensls.

Assay Mixtures»
ft.

5/*-1 * 10,000 0.3M product
from S.
glebosus

H2O

Sonicate extract of S. bluensis
Incubation was at 37°C for 50 minutes.
by chromatography.

O

p- 1

5^1

5^1 m 15,000 0.1M product

from S.
glebosus
0.5M Gly-gly = 8 mg/ml MgCl?
pH 9

O

5
5

5

5

5

10

10

Products were separated
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FIGURE 33»

Sonicate extracts of S. galbus were made to

look for the presence of kinases.

Assay mixtures»
5^1 * 66,000 *DSM
20 mg/ml
pH 7 ATP

5^1

5
5

5
5

10

10

H2°

0.5M TRIS + 8 mg/ml MgClpH 9
Sonicate extract of S. galbus

5^1

Assay mixtures were Incubated at 37°C for 60 minutes and
lO^l were spotted on chromatography paper.
products can be seen.

Separation of

centimeters FIGURE
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DISCUSSION
Phosphorylated dlhydrostreptomycin products synthesized
by cell-free extracts of the bluensomycln producer Streptomyces glebosus have been studied and partially characterized.
Experimental evidence indicates that (^H)-dihydrostreptomycin3"-P is the monophosphorylated product and (^H)-dihydrostreptomycln-3"»6-diP is the diphosphorylated derivative
produced.

Extracts of S. grlseus ATCC 10971» which produces

neither dlhydrostreptomycin nor bluensomycln, is known to
synthesize the same diphosphorylated derivative.
If the structure of the monophosphorylated product of
the more active kinase in this system can be confirmed,
then ATPidlhydrostreptomycin 3"-phosphotransferase (3"kinase) (Reaction 1) and ATPidlhydrostreptomycin 6-phosphotransferase (6-kinase) (Reaction 2) are the two kinases found
in S. glebosus.

The following two reactions are suggested

as the method of phosphorylation of dlhydrostreptomycin in
S, glebosusi
MgATP + DSM

l^lnase )
S, glebosus

MgATP + DSM-3"-P

MgADp + psM^.p

6-kinase
S. glebosus

>

MgADP + DSM-3" ,6-diP

(!)

(2)

For the first time, a stable dlhydrostreptomycin 3"kinase has been found in a Streptomyces.

Walker and Skorvaga*0

studied a 3**-klnase in S. gris eus ATCC 10971, finding it to
be very labile (lasting only a few hours at room temperature
or at 4°C).

Streptomycin 6-kinase from streptomycin
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producers Is a stable kinase whereas a 6-kinase from the
non-producer, S. griseus ATGC 10971 Is stable only in the
presence of streptomycin or dihydrostreptomycin,

15J

A logical question that comes to mind after these
studies were completed is why dlhydrostreptomycin is
phosphorylâted by a bluensomycin producer.

Bacillus subtills

is often used as a sensitive indicator of streptomycin and
dlhydrostreptomycin antibacterial activity.

However, B.

subtills can continue to live and reproduce in the presence
of phosphorylated derivatives of these antibiotics.

There¬

fore, since phosphorylation of the antibiotic inactivates it,
enzymic phosphorylation enables the producing organism to
protect itself from its own antibiotic,

23J

But S. glebosus

produces bluensomycin, not streptomycin or dlhydrostreptomycin.
Studies on streptomycin inhibition of Pseudomonas
aeruginosa and E. coll have been extensive.

Growth of

both of these organisms is normally inhibited by strepto¬
mycin and dlhydrostreptomycin.
play a "resistance."

However, some strains dis¬

The streptomycin resistance plasmid

contains a gene which codes for a 3"-kinase enzyme acting

, *

on these antibiotics,18 19 20,21
Umezawa and Matsuhashi's group18 immobilized the strep¬
tomycin phosphotransferases they isolated from both Pseudomonas
aeruginosa Tl-13 and Escherichia coll Jr 66/W677*

The

enzymes were "attached" to a cyanogen bromlde^activated
Sepharose *UB column. By passing a solution containing
2+
ATP, Mg , buffer and dlhydrostreptomycin through the
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column; a 3"-phosphorylâted dihydrostreptomycin product
was identified in the eluate.
197

Umezawa and Okanishi's group

isolated a phospho¬

transferase from another E. coll strain known to carry an
R factor.

Again, the derivative of dlhydrostreptomycin

formed was phosphorylâted at the 3" position.
Very recently, plasmids containing portions of a
biosynthetic pathway for an unknown antibacterial activity,
as well as an inactivating activity have been studied by
Hopwood's group.

They have been able to subject a strain

of S. coelloolor which produces an unknown antibacterial
activity to treatments which cause a loss of a particular
plasmid and resulting in interruption of the antibiotic's
biosynthetic pathway.

Crossing the new strain with a non¬

producer can result in the non-producer acquiring resistance
to that antibiotic to which it was previously sensitive.
Could it be then, that S. glebosus, upon mutation now
carries an R factor or plasmid to protect itself from the
antibiotic it does not synthesize?
It has been postulated that mono- and diphosphorylated
derivatives of dlhydrostreptomycin may have a structural
function in the cell wall, possibly forming phosphodiester
linkages.

These phosphorylated products could also be ,

storage compounds waiting to be metabolized further,
participate in the biosynthetic pathway, or function in
transport across membranes.^
Another theory that Walker^ has recently suggested
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is the factor of evolution*

The biosynthetic pathways of

dihydro streptomycin and bluensomycin are identical in part
(Figure 2).

One possibility is that the organism or plasmid

producing dihydrostreptomycin is an evolutionary precursor
of the organism or plasmid producing bluensomycin.

After

the biosynthetic pathway of bluensomycin evolved from that
of dihydrostreptomycin, the remaining enzymes, (and genes
to synthesize them) were no longer required.

There are

several possible explanations as to why the genes coding
for the remaining enzymes are still functioning.

First,

the "system" may not have evolved far enough yet to completely
lose the genes.

Second, these genes could still be present

because they have not yet mutated to synthesize enzymes that
could serve in the useful production of bluensomycin.

Or

through evolution, a possible "repressor mechanism" for the
synthesis of these kinases may have already been lost,
allowing the kinases to continue to function normally by
phosphorylating streptomycin and dihydrostreptomycin.
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