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SUMMARY

Iii order to clarify the role of the guanido groups in streptomycin activity, derivatives of

dihydrostreptomycin in which both guanido groups were replaced with either aniino groups,

ureido groups, or aminopyrimidine moieties were tested for their effects on streptomycin-
sensitive, -resistant, and -dependent strains of Escherichia coli. In addition, a monoguanido

derivative (bluensomycin), streptidine, and guanidine were tested.
The same order of effectiveness (streptomycin = dihydrostreptomycin > ureido deriva-

tive > aminopyrimidine derivative) was noted when inhibition of protein synthesis, effect
on RNA and DNA synthesis, or loss of viability was determined in streptomycin-sensitive
bacteria. In all cases there was a temporal relationship between cessation of protein synthesis

and loss of viability. The amino derivative, streptidine, and guanidine were inactive.
In cell-free systems, using ribosomes from streptomycin-sensitive strains, the amino

derivative had no effect on the polyuridylic acid-directed polymerization of phenylalanine.
The aminopyrimidine and ureido derivatives were effective only at relatively higher

concentrations.
Mutants selected for resistance to bluensoinycin, dihydrostreptomycin, or the ureido

derivative were resistant to all the derivatives. Strains selected for resistance to the amino-

pyrimidine derivative fell into two classes, one showing cross-resistance and the other

sensitivity to dihydrostreptomycin and its derivatives.

INTRODUCTiON

The streptomycin molecule is composed
of streptobiosamine, a disaccharide contain-

ing a methylamino group, and streptidine,

an inositol ring bearing two guanido groups.
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Polglasc (1) has shown that the antibac-
terial action of the drug is lost when the

guanido groups are converted to primary
amino groups or when the glycosidic link-

age between streptidine and the sugars is

cleaved. The oxidation of the aldehyde of
the sugar to the acid form or the introduc-

tion of an adenosine monophosphate moiety
on the glucosamine sugar (2) also results in

loss of activity.
The present study was undertaken to

clarify the role of the guanido groups in
the action of streptomycin and to determine
whether changes in the streptomycin mole-

cule result in concomitant changes in the
antibacterial effects for streptomycin-sensi-
tive strains and in the stimulation of growth
for at reptomycin-dependent strains. Where-
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as substitution of amino for guanido groups

resulted in a loss of activity by all pa-

rameters measured (killing of streptomycin-

sensitive strains, stimulation of streptomy-
ciii-dependent strains, effects on protein
synthesis in vivo and in. vit ro) , substitution
of ureido or aminopyriniicline moieties for
the guanido groups resulted in retention of
biological activity.

MATERIALS AND METHODS

Bacterial strains and medium. K-100 is

a st.repton�cin-sensit ive strain of Esche-

richia coli K-12. K-105 is a mutant of K-
100 which requires 50 �g of streptomycin

per milliliter for optimal growth. K-119 is a
strel)tomvcin-resistant mutant of K- 100
which tolerates streptomvcin concentrations

up to 2000 pg/ml. The strains have been
described in detail (3). Bacteria were grown
in Tris-maleate medium (4) supplemented

with 0.2% glucose and 0.05% Casamino
acids. Viable counts were determined by
plating samples on tryptose-phosphate-agar

plates (Difco tryptose-phosphate broth so-
lidified with 1.5% Bacto-agar).

‘tre/)tO in ycin. derivatives. Bluensomycin
(U-12,898D was a gift of the Upjohn Com-

pany. The amino, aminopyrimidine, and

urei(l() derivatives of (lihydrostreptomycm,
deseribe(l in Fig. 1, were prepared by the
method of Bodanszky (5) . Elemental analy-
sis for carbon, nitrogen. and hydrogen and

the infrared spectrum of each compound
agreed with the structures shown in Fig. 1.

No guani(lo groups were detectable with the
Sakaguchi react ion. Thin layer ehromatog-

raphy in an ethanol-I N HC1-chloroform
(5:2:3 by volume) solvent system showed

less than 1 % contamination with dihydro-
streptomycm. Concentrations of streptomy-
cm and its derivatives are expressed in

terms of the free base.
Synthesis in vivo of DNA, RNA, and

protein. Protein synthesis was measured as
incorporation of a mixture of 14C-valine,

14C-leucine, ‘4C-arginine, and 14C-lysine
(Schwarz BioResearch protein labeling mix-

ture) into hot trichloracetic acid-insoluble
material. RNA synthesis was measured as

incorporation of ‘4C-uridine into cold tn-
chloracetic acid-precipitable material. DNA

synthesis was determined either by incorpo-
ration of :�H_tl�ini�lji�e into a cold trichlor-

acetic acid-precipitable fraction or by
Burton’s (6) modification of the diphenyl-
amine reaction.

Cell-free anii no acid-inc rprting sys-
tem. For the cell-free system ribosomes were

prepared by the NH4) �SO4 precipitation
method of Kurland 7 . The supernatant
fraction (SF II) was prepared according to
the method of Wood and Berg (8) . The
reaction mixtures are described in Table 2.
Samples were prepared for counting as pre-
viously (lescril)ed )3�

RESULTS

Effect of strep to in ycin and derivatives

on the viability of streptomycin-sens’itive
and -dependent stra ais. Streptomycin, di-
hydrostreptomycin, or their derivatives
were added to cultures of K-100 (a strepto-

mycin-sensitive strain, growing exponen-
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tially in Tnis-maleate medium). Loss of

viability, as measured by colony forma-
tion on tryptosc-phosphate-agar plates, pro-
ceeded at the same rate in the presence of

100 �g/ml of streptomycin (not shown),

dihydrostreptomycin, or bluensomycin (Fig.
2). The onset of killing was delayed when

ureido-dilmydrostreptoinycin (100 p.g/ml) or
aminopynimi(line-dihydrostreptomvcin (150

-J

0
>

>

(I)

FIG. 2. Effect of .strephnnycin deriiotii.s on

?‘Uth?lit!/ of a .�treptoni�irin-.senxiIive RI rain

The drugs were added at zero time to cultures of

K-i 00 growing exponentially in Tris-maleate

medium with vigorous aeration. Viability was

measured as the number of colonies formed on

ryptose-phosphate-agar plates. #{149}#{149},no addi-

tions; 0 0, dihydrostreptomycin, I ()0 ,�g/ml;

#{149}-R aminopy rimidine-dihvdrost reptomycin,

150 /.Lg/mI; L]-L], urei(lo-dihydrostreptomvcin,

100 ,Lg/ml; A�A, blueuisomycin, 100 �g/ml.

Drug concentrations are expressed in terms of the

free base.

p.g/ml) was added; however, a significant

drop in the number of viable cells was
noted after the initial lag. Amino-dihydro-
streptomycin (at concentrations up to 500
jtg/inl , guanidine (500 1tg/ml) , and strep-
ti(Iifle (500 /Lg/ml had no effect on the
growth of K-100.

The same gradient of effectiveness was
observed when the derivatives were tested
for their ability to support the growth of the

streptomnvcin-dependent strain, K-105 (Fig.
3 . Amino-(lihy(lrostre�)ton1Vcin, strepti(line,

and guani(line at concentrations of 500 p.g/

ml could not replace st reptomycin in the
growth medium. Dihydrost reptomycin and

l)luensomycm. at concentrations of 50 1tg

HOURS

F’I(;. :�. /‘jT�(/ fl_f ../iip(on, !/�?fl (1(11 1(1/i ?(R On 1/it

1jiomzth of (1 slreptonuyeu 1-(/(p(fl(Ient Rtrun

\Vheui a cultui re of K-i 05 growing expouuen I mliv

in Tris-nitleate niednim reached :t concentration of

108 cells/mI, the bacteria were washed three times

with streptomycin-free medium and (liluted in

medium containing the st reptomycin derivative..

All mcubat ions were conducted at 37#{176}with vigorous

aeration. #{149}-�, no additions; 0�0, di-

hvdrostreptomvci mu, 50 izg/ml; #{149}-� amino-

pyrimi(line-(iihydrostreptomyein, 75 ,.�g/ml;

fl----- fl, ii reido-dihydrostreptomycin, 50 ,�g/ml.
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ml, were as effective as streptomycin in
stimulating growth. Ureido-dihydrostre.pto-

mycin and aminopyrimidine-dihydrostrep-
tomycin allowed exponential multiplication
of the culture, but the generation times were
greater than in streptomycin. None of the
derivatives had any effect on the growth
of K-i 19, a streptomycin-resistant strain.

To determine the relative activities of the
two derivatives (ureido- and aminopyri mi-

dine-dihydrostreptomycin) which showed
antibiotic activity, the effects of various

concentrations of the drugs were studied.
1)ifferent. concentrations of dihydrostrepto-

mycin and its derivatives were added to
exponentially growing cultures of K-100
when the bacterial concentration was 1 X

108 cells/ml. After exposure to the drug for
60 mm, the bacteria were diluted and plated

on tryptose-phosphate-agar plates. Table I

thesis of macro molecules in a strepto-

in ycin -sensitive strain. When streptomycin

is added to growing cultures of sensitive
bacteria, inhibition of protein synthesis is
among the earliest effects noted. This ces-
sation of protein synthesis precedes any
gross effect on RNA or DNA synthesis and

seems related, in time, to the onset of cell
death (9-12).

Figure 2 shows that the time at which

cell death begins varies with the strepto-
mycin derivative added. In a similar cx-

l)eriment, radioactive amino acids, unidine,
or thymidine was added to different l)o�’-
tions of a culture growing logarithmically
in Tris-maleate medium. The labeled pre-

cursors were added when cell concentration
reached 2.0 X 105/ml. Figure 4 shows the
effects of the two streptomycin derivatives
on synthetic activities in a streptomycin-

TABLE 1

.lfln juno! in/u ibi1or�j concentrulion.q of dih!/drostreptoun!Je?n (lfl(i its derivatives

Sui.vivala

Aminopyrunidille-(Iihydro-

(‘oncent ration Dihv Iri )streptomycin ITreido_dihydrost reptornycin st reptomycin

r�i % % ((

5 >< l0� 100 100

1 x 10-6 1 61)

S x 10-6 1 200

X 10� 100

2 x i0� 7()

5x10-5 1

Percentage of bacteria viable after a 1-hr exposure of an exponentially glowing culture to the drug.

shows the lowest concentration of each drug

which resulted in a loss of viability in the
culture in 1 hr. In the presence of 5 X 10-i
M dihydrostreptomycin, no loss of viability
was noted after the 60-mm exposure. At a
concentration of 1 X 10� M dihydrostrepto-
mycin, 1% of the bacterial population re-
mained viable after 1 hr. The concentra-

tions of the ureido and aminopvrinudine
derivatives of dihydrost reptomyein required
to kill 99% of the population of streptomy-

cm-sensitive cells in 1 hr were 5 x 10#{176}M

and 5 X 10� M, respectively.
Effect of ureido and a mm opyrimidine

derivatives of dihydrostreptornycin on syn-

5(lIsit iV( strain. In (�tch case there is a
clear temporal relationship between the
cessation of protein synthesis and the onset
of killing. Effects on RNA and DNA fol-
low the inhibition of protein synthesis. As

thymidine incorporation may not be an ac-
curate measure of DNA synthesis in E.
coil ) 13), the synthesis of DNA was also

determined using t he (liphenylammne reac-
tion. This determination showed that there

was no significant effect on DNA synthesis
for at least 45 mm after addition of any of

the derivatives or of streptomycin. The
effects of bluensomycin on synthetic activ-
ity were indistinguishable from the effects
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FIG. 4. Effect of .stieptoinijcin derivatives on the synthesis of protein, ILV.1, and I).\�.1

‘40-Amino acids, ‘4C-uridine, or ‘il-thymidine was added to an exponentially growing culture of K-100
at minus 10 mm. Uio�’t}i conditions are described in the legend to Fig. 2. The concentration of cells at the

time of addit ion of drugs was 2 X 108/ml. Drugs were added at zero time. #{149}-�, nO addition ; 0 0,

dihydrostreptomycin, 100 �hg/m1; #{149}-�, aminopyrimidine-dihydrost reptomycin, 1SO �ig/ml;

ureido-dihydrost rept omvcu 1, 100 �g/ml.
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of streptomycin a tid dihydrostreptomycmn
at concentrations of 100 1tg/mI.

Effects of dih ydrostreptomycin deriva-
tives on cell-free protein synthesis. The
gradient of effectiveness observed in vwo

using equimolar concentrations of the drugs

(streptomycin = dihydrostreptomycmn =

bluensomycin > ureido-dihydrostreptomy-
ciii > aniinopyrimidine-d ihydrostrept omy-

cm) may result from differences in the

permeability of the bacterial cell to the
various compounds rather than different

effects on tile �rotein�synthesiZing complex
of the cell. To test this possibility, the
streptomycin derivatives were studied in
cell- free systems containing ribosomes from
streptomycmn-sensitive, -resist ant, or -de

l)eIIdeIlt strains. rrii 2 shows the effects
of the drugs on the poly I_-primed poly’mner-
ization of phenylalanine, leucine, and iso-
leucine. At the concentrations studied, all

five compounds inhibited the polymerization

of phenylalanine to approximately the same
extent when the ribosomes of the system
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TABLE 2
Effect of streptomycin derivatives on po!y U-directed polymerization of

phen ylalan in e, leucin e, and ,soleueun e

A(i(iit1(01

St reptomycin-

sensitive riliosomes

Phe lie Len

St reptonlycin-

resist au I ril)()S( flies

Plue lie Leu

St reptomnycin-

(iepen(lent ribosomes

Plue lie Len

100 100 100�\()I1C 100h 100 100 100 101) 100
Strcptomvciui 25 200 237 105 105 125 lit) 102 30()

I rei(lo-dihvdrost rel)tomvcill 15 220 230 95 95 11S 170 120 150

Amin( )pyrinii(li uie-dili vd ro-

streptomv(i11 30 155 190 105 100 100 14)) 110 140

Amiuu)-dihydrostreptonivcill 100 50 100 110 105 100

Bluensomvcin 15 24() 200 9� 110 120 102 91) 260

U11a11i(iiIle 100 Mo 90 102 9(1 9(1 90 100 90

Uihoson#{236}es (2S .1 � uuuiits, isolated by the method of Kuirland (7) from K-lot), K-l 19, and K-los, were

ad(ied to tile foll wing react a in mixt uire (final volume, 0.125 ml), con) aiuiing 0.01 M Tris (pH 5.0), 0.05 M

IK(’l, and 0.005 �u MgS( )4 : 0.025 pmole of each amino aCi(1 not being st 11(Iie(1 3 �ifl1oles of mercaptoethaulol

0.25 pmole of ATP; 0.15 /2mole of ( TP; 20 �zg of poly U; 250 �g of soluli)le fuact ion 11 of Wood and Berg (S�

5 .1 260 uiuiits of sl� \A 0�) j.i� of heate(l salIII()11 sperm DNA; and 0.01 izmole of ‘4C-labeled amino acid. I)ruugs

were a(l(led to the react ion mix) nrc at tile stall of the react lout: st rept omvcin, ulrei(lo-(Iihydrostreptonlycin,

and I dueuusomyciu I at a (011cc!! t ia t i( )11 of it) pg/nil ami nopy rimidine-u iihi�(I lost rept omyci 11 at 1.5 ag/nil ; and

aniino-dihydrost rep) onlycin and guiani(line at 30 Mg/nil.
I utcorporat ion is (X1)Iesse(l as a percentage of control values (control rea(t ion mixt tire without addition

of (lrugs). 100% = 0.2 MMmole of pheuiyla!auiiuie, 0.01 �j.tmole of isoleuuciuie, and 0.04 MMnIole of leuciute

incouporate(1 ill 30 111111 at 33#{176}.

caine from the st cci itomycin-sensitive
strain, K-100. None of the drugs inhibited
phenylalanmne incorporation using ribo-
somnes from the streptoiiiycmn-resistant or

-dependent strain. In the presence of heated

salmon sl)(1111 DNA, added to maximize
error frequency (14) these same deriva-

tives stimulated incorporat ion of isoleu-

cmne and leucine with streptomyein-sensi-
tive ribosomes. Amino-dihydrostreptomnycin,

guanidine. 1111(1 strepti(line had little or no
effect on the J)oly I-directed amino acid

incorporat ion.
rFliese results suggest that streptomycin,

ureido-dihydrost rept omnvcin, bluensoniycin,

an( I aminopyrimidine-dihydrost rei itomycin
are equally effect ive in itro at the rela-

ively high concentrations used. However,

at lower concentrations (Table 3), the ami-
nOI)vrinhi(Iine and ureido derivatives of di-

T.�nI,F: :�
FjT (1 of tlruy coneentralwn on (11 /eib,twn of poly U-directed /)hen !/l(lian inc incorporation

The reaction mix) lures and conditions of incubation were the same as those in Table 2. The ribosomes were

isolated from h-iOU. in the absence of drugs, 0.2 Mmole of phenylalaniute was incorporated.

Inhih )itioli

1 rei(io-dihydro- Amiurpyrimidine-

(outceul rat ion l)ihyd lost rept( myciui Bluueutsomycin st reptomycin dihydrostreptomycin

Mi//n�1 % % % %
15 70) 69 M2 70

1.5 66 64 62 33

0.75 60 38 40 3

0.13 5 3 2 3



TABlE 4

LjIect of streptomyctn derivatives on qrou’th of druq-resistant in itants

Strain of E. coli

Concentrat 0)11 of drug �g/n1l

No drug

St uepto-

rnvcin

(20)

Strepto-

nivcin

(1(A))

Bluueitso-

mvcin

(10)0))

t�rei(lo-

dihvdro-

st repto-

mvcin

(100)

Amino-

pvriinidine-

dihv(lro-

st repto-

mvcin

(I0�

K-100
Streptomycin-resistant

Ureido-dihydrost rept 0-

mycin-resistauit

Ammopyrimidine-

dihydrostreptomycin-
resistant-i

Aminopyrimidine-

dihydrostreptomyciut-

resistant-2

+0

+

+

+

+

+

+

-

+

+

+

-

+

+

+

-

+

+

+

-

+

+

+

+

+

+ = growth on tryptose-phosphate-agar plates; - = no growth after 48 hr of incubation.
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hydrostreptomycmn are less effective in in-
inbiting phenylalanine incorporation than

are streptomycin and bluensomycin. These
findings suggest that aminopyrimidmne- and

ureido-dihydrostreptomycin are less effec-
tive inhibitors of protein synthesis than

streptomycin, amid that this decreased effec-
tiveness is not the result of decreased ler-

meability of the cell to the compound.
Cross-resistance of mutants to strepto-

mycin derivatives. All mutants of E. coli

selected for resistance to high levels of

streptomnycin (> 100 p.g/ml) were resistant

to all of the derivatives described. Simi-
larly, those mutants selected for resistance
to high levels of bluensomycin or ureido-

dihydrostreptomycin (100 /tg/m 1) were
resistant to streptomycin and all of the

derivatives. However, two types of mutants
were found among those selected for the

capacity to grow on agar Plates contain-
ing aminopyrimidine-dihvdrost reptomycin

at 100 jtg/ml. One group was sensitive to

streptomycin, dihydrostreptoniycin, ureido-
dihydrostreptoniycin, and bluensomycin;
the other was resistant to these compounds
(Table 4). In liquid culture the first group

of aminopyrimidine-dihydrostreptomycin-
resistant mutants was killed rapidly by
100 j.tg of streptomycin per milliliter;

loss of viability in medium containing 100
p�g of ureido-dihydrostreptomycin per milli-
liter was very slow.

DISCI.SSION

Streptoniycin appears to act by binding
to the 30 S ribosomal subunit amid interfer-
ing with some stel) in protein synthesis. A

recent review article summarizes the evi-
dence suggesting such a role for the anti-
biotic (15). Although the structure of the
streptomvcmn molecule is known and a
three-dimensional model has been l)roposed

(16), the active group or groups have not
been (letermined.

Studies in vito and in vitro show that the
aldehyde group can be changed to either
-Hz om� -OH without loss of activity (17)
however, oxidation to the acid form results
in complete loss of activity. Further cleav-

age of the glvcosidic linkage (1 7) destroys
most of the activity of the molecule, as

does removal of the guanido groups (di-
deguanyl-dihydrostreptomycin) (1) or car-

bobenzvloxv hit ion of t lie secondary amine
(1) . These findings, along with the (lemon-
stration of the biological activity of bluen-

somvcin (18, 19) , a dihydrostreptomycin

derivative in which one of the guaniclo
groups is replaced with a carbamoyl moiety
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(18), suggest that both the sugar moieties

and guanido groups of the inositol ring play

a key role in the biological activity of
st rel)tOmflycin.

The present study confirms the observa-

tions that a cleavage product of the mole-
cule I st reptidine) is inactive in iwo amid in

vitro. Furthermore, the observation of Pol-

glase 1 1 that substitution of amino groups

for guanido groups results in inactivity has
been confirmed in vivo and extended into

the system in vitro. However, a recent
study 20) . using misreading rather than
inhibition of phenylalanine incorporation as
a measure of antibiotic activity in po1� U-

primiied cell-free systems. suggests that
st flJ)t idine and dideguanyl-dihydrostrepto-

my(iml have low levels of activity at high
(olicelit rations. Ihe activity of umeido-
aul( I aumnopvrinimdine-dihvdrost reptomycin,

eomnl)ounds in which both the net charge

arid the size of the sul)stituent have been

changed, stresses the importance of the

carbon atom of the guanido groups or ster-

eochemnicallv sitni liii. structures for biologi-
cal activity, but (liminishes the importance
of I lie net Positive charge.

The results suggest that the i)ioiogical
attivity of tire streptomycin molecule (kill-
ing of streptomvein-sensitive cells, stimula-
t ion of growt ii of st reptomycin-dependemit
strains, inhih)it ion of polypept ide synthesis
in vito and in cell-free systems, and “mis-

reatling”) iS preserved when one guanido
group is present (bluensomycin� or when
both gimanido groups are replaced by ureido

01 ammnopyrimidmne groups.

The studies in i’itro using rihosonies from
he st meptomycmn-sensitive st rain suggest

that the diminished activity of the ureido
anal aminopvrimidine derivatives is related

to their effect on protein synthesis rather
than to an inability of the cell to take up

these compounds from the medium. Studies

on the binding of streptomycmmi and its

derivatives4 suggest that urcido and amino-

pyr’imidine derivatives have lower affinities
for the 70 S ribosome than does dihydro-
streptomvcmn. It cannot. he determined from
the studies in vitro described in this paper

4J. G. FInks. personal communication.

whether these derivatives display the same
pminnary effects as dihydrostreptomycin on

protein synthesis. It has been suggested
21 ) that streptomnycin acts by interfering

with time initiation of polypeptide synthesis.
The study of the effects of streptomycin
derivatives on cell-free systems utilizing

natural messenger RNAs may help to clar-

ify the mole of the various groups of the

streptomnvcin molecule in the inhibition of

protein synthesis.
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