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ABSTRACT 

The immediate activities of the aminog lycoside antib iotic, 

tobramycin ,  were investigated in Pseudomonas aeruginosa PA01 . 

The i nfl uence of carbon g rowth substrate and the antibiot ic 

exposure environment in the magnitude of activity were examined. 

Lethal ity by 8 ug/ml tobramycin occurred rapidly ( 1  to 3 minutes) . 

The release of specific cel lu lar  components into the supernatant 

was associated with letha l i ty .  Th is  mate ria l  was i n i t ia l l y  

detected as  an increase in UV-abso rbance. Magnesiu m  i n  the 

reaction m ixture provided protection against lethal ity and leakage ,  

but  d id  not  reverse lethal damage after a 3 minute tobramycin 

treatment. Also, u ptake of 3 H-tobramyci n was reduced in the 

presence of magnesiu m .  Cel ls g rown with g lucose as a carbon 

source were more susceptible than o rganic acid g rown cel ls as 

was the rapid ity and amount of cell damage. Analyses of the 

leakage material revealed a 2-fo ld i ncrease of protein in the 

supernatant after a 1 -3 m inu te t reatment wh ich  para l le led 

lethality .  A prominant 29kDa protein was observed by SDS-PAGE in 

the re leased mater ia l , wh ich has been ide nt if ied as the 

perip lasmic enzyme,  �- lactamase. Tobramycin also e l icited an 

increase of certain  amino acids in  the supernatant ,  particu larly, 

basic amino acids .  The immediate activities of tobramycin did not 

i nvolve i) release of overal l  cel l protein ,  i i )  massive loss of total 

poo l  amino acids, i i i) cel l  lysis, iv) inh ibition of pro l ine uptake,  v) 

iv 



re lease of l ipopolysaccharide, or v i )  l eakage of ATP .  E lectron 

microscopy showed no apparent damage after a 3 minute exposure.  

Forty percent inh ibit ion of  protein synthesis had occu rred by 3 

min utes of exposure ,  whi le re lease of UV-absorbing material and 

lethal ity were detectable after only 1 minute. These data suggest 

that leakage occurs at least s imu ltaneous ly ,  i f  not prio r ,  to 

riboso mal i n terference. Resistant cystic f ibros is isolates of f...:. 

aerug i n osa  did no t  leak under the same experimental conditions, 

but one of two susceptible strains examined did show increased 

UV-absorbance fo l lowing treatment. 

v 
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CHAPTER I 

INTRODUCTION 

Pseudomonas Viru lence and Antibiotic Treatment 

P. aerug i nosa is a pathogen i n  patients sufferi ng from 

severe burn i njuries, cystic f ibrosis (CF), o r  immunosuppress ion .  

The pathogen icity is attri butable to several  properties of  the 

organism.  I n  addition to the most extens ively stud ied viru lence 

factor ,  exotox in A, other v i rulence factors incl ude exotox i n  S ,  

extrace l l u la r  p rotease,  adherence, a n d  mot i l i ty (OGaard et 

al . , 1 986). Pseudomonas also exhibits an exceptional deg ree of 

res istance towards ant i biotics . Seven poss ib le  modes for  

anti biotic res istance in bacteria have been o utl ined in  a recent 

review (Davies, 1 986); 

( i )  the alte ration  o r  inactivation of the anti biotic 

itself, 

( i i )  alteration of the target site(s), 

( i i i )  blocking the transport of the antibiotic, 

(iv) by-passing the antibiotic sensitive step (by replacement), 

(v) increasing the levels of the target enzyme (titration of 

the d rug), 

(vi ) cel l  is spared the antibiotic-sensitive step by an 

endogenous or  exogenous product, and 
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(vii ) the production of a metabol ite that antagonizes the 

action of the inh ibitor. 

An additional  resistance mechanism i nvolv ing act ive efflu x  of 

antibiotic has been described (McMurry et a l . ,  1 980). Resistant 

isolates exh ib it o ne ,  or a combination of these properties, and 

regu lation  of these mechan isms is poorly u nderstood ( Davies, 

1 98 6 ). 

The aminog lycoside antibiotics are curre ntly among the 

most successfu l  therapeutic agents used in the treatment of 

P s e u d o m o n a s  (A.S . H . P. ,  1 983 ; Price, 1 986). They have several 

desirab le properties in that the i r  i nh ibitory activity is effective 

toward a large inoculum of bacteria, their action is usual ly rapid 

and completely bactericidal , the pharmacokinetics are predictable 

and dose-proportionate, and they appear to act synerg istical ly 

with other antibiotics such as the � - l actams  ( P rice , 1 98 6 ;  

Scudam o re a n d  G o ldner ,  1 982 ). O n e  d rawback i s  that 

ami noglycosides do exh ibit some toxicity ,  such as ototox icity and 

neph rotox icity , in a smal l percentage of patients (A.S . H . P . ,  1 983 ; 

Penketh et a l . ,  1 983 ; Price, 1 986). 

The cu rrent i ncrease of am i nog lycos ide res istant P . 

aerugjnosa in C F  patients is alarming .  Patients who become 

co lon ized are u nable to clear the o rgan ism desp ite a potent 

immune respo nse ( P ier  et al . ,  1 986 ;  Ho iby et al . ,  1 975). 

Ant im icrob ia l  c h e motherapy , i n  some cas e s ,  a l l ows fo r 

co ns iderab le  c l i n ical  improvement ( Penketh et a l . ,  1 983). 
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Therefore, the benefits of aminoglycoside treatment outweigh the 

risks. Unfortunately, the drugs must be administered in h igh daily 

dosages, el iciting toxic side effects (Pederson et al. , 1 987). 

Because of a substantial amount of successfu l treatments ,  

researchers retain  these antib iotics as ready components against 

g ram negative infection .  Recent emphasis has been placed on 

regu lating dosage and development of safer analogs of th is class. 

As the name impl ies , aminog lycoside antibiotics are composed of 

an aminocycl ito l nucleus to which one or two amino sugars are 

g lycosidical ly l inked. The commo n ly known streptomycin differs 

from amikacin ,  gentam icin ,  kanamycin ,  neomycin ,  paramomyci n ,  

and to bramycin , i n  that it has a streptid ine nucleus. The latter 

antib io tics possess a 2-deoxystreptam i n e  (2-DAM) n uc leus  

(A.S.H.P . ,  1 983). 

Effects of Aminoglycosides on Protein Synthesis 

One  of the most promi nent o rig i nal stud ies , regarding 

ribosomal activity, was publ ished in 1 965 (Davies et al . ). I n  an i n  

v itro trans latio nal assay uti l iz ing 70S ribosomal fractions from 

Escherich ia co l i ,  Davies demonstrated that streptomycin,  as  well 

as the 2- DAM antibiotics neomyci n ,  kanamycin ,  paro momycin ,  

gentamicin ,  hygromycin 8, and viomycin ,  induce misreading due to 

incorrect amino acid incorporation . Several studies since have 

suppo rted these f indings. However, a more recent observation 

suggests that the general mode of actio n fo r the 2-DAM 
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aminog lycosides i s  the i nh ibition  of riboso mal  translocation  

(Ah mad et  a l . ,  1 980) . Davis et a l .  ( 1 986) attempt to  resolve this 

issue by proposing an in itial misread ing functio n  by smal ler 

amounts of antibiotic, leading to incorporation of altered protein 

in the cel l envelope, which u ltimately resu lts in a h ig h  amount of 

antibiotic inf lux and blockage of ribosomal translocation .  

A particu larly striking finding was made by Buckel et a l .  in 

1 977. It had been commonly accepted that aminog lycoside activity 

was restricted to the 30S ribosomal subu nit .  Buckel iso lated 

g e n t a m i c i n  r e s i s t a n t  m u t a n t s  b y  e x p o s u r e  t o  

ethylmethanesu lfonate and obtained ribosomal profi les o f  these 

mutants. Results consistently showed that these isolates possess 

only one altered protein (L6), which belongs to the 50S ribosomal 

subun it. More recently, Tanaka et al. ( 1 983) demonstrated that 

habekacin binds to both ribosomal subun its . Such studies ind icate 

that there are mu ltiple sites of action for aminog lycosides on  the 

ribosome.  Furthermore ,  there is evidence that the effects on 

prote in  synthesis are specific fo r a g iven a m inog lycoside 

a n t i b io t i c .  

Aminoglycoside Transport Kinetics 

The transport kinetics of aminoglycosides have been studied 

by L. E. Bryan ( 1 977) . By assaying the uptake of radio labelled 

streptomycin (and i n  some instances, gentamicin) , u nder varying 

conditions known to alter membrane functions, Bryan has proposed 
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a three-phase mechan ism. F i rst, the interaction and uptake of 

am i n og l y c o s i d e s  acro ss  t h e  o ut e r  m e m b ra n e  is  a n  

energy- independent, physical process. Passage throug h  the inner 

membrane is energy-dependent. Final ly ,  r ibosomal b inding also 

appears to be an energy-requiring step. Hancock and col laborators 

(1 981 b) have shown that lysozyme enters the cell in the presence 

o f  gentamicin ,  i rregardless of the presence o f  potass ium cyanide. 

The uncouplers d in itrophenol  and sodiu m  azide also made no 

d ifference in permeabil ity. I n  ag reement with Brya n ,  Hancock 

concluded that outer membrane permeation does not requ i re an 

energ ized membrane. 

Role of the Outer Membrane. Cation ic C harge. and Porin  in 

Antib iotic Act ivity 

The interactions of ant ib iotics with the cel l  su r face of 

microorg anisms have on ly recently been considered a relevant 

activity . Because of the ris i ng nu mber o f  "membrane resistant" 

stra ins ,  the past decade has experienced increased research on  

th i s  part icu lar  aspect coi ncid i ng with an  i n crease i n  the 

understanding o f  membrane structure. The avai labi l ity o f  certain 

probes, such as the quantitation  of �- lactamase by color imetric 

methods , i n itiated membrane studies . One of the f i rst studies, 

di rected at membrane penetration of �-lactams in E .  col i ,  showed 

that the location of � - lactamase is responsible for the protection  

o f  the  bacterium (Zimmerman and Rosselet, 1 977) . 
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One study conducted with E . co l i ,  P roteus  m i rabi l i s  and 

E n te ro bacter c l o acae , i nvolved assessment  of  ant ibacterial 

activity by cephalosporin and penici l l i n  (Sawai et a l . ,  1 982). 

Mutants were o btai ned possessing l ittle to no por in (majo r  

transmem brane p rote i n ) , and their  res i stance prof i les  were 

compared. The resu lts revealed that mutants lacking porin are 

h ig h ly resistant to cephalosporins but not to penic i l l ins .  Th is 

indicated that porin protein is a major route of uptake . However, 

because there are differences in uptake of structu ra l ly re lated 

compounds,  it i s  apparent that there are del icate differences 

among the functional properties of membrane prote ins .  In addition ,  

it has been suggested that the nucleus of a particular antibiotic 

plays an important ro le in  permeation .  Sawai et al . ( 1 982) also 

showed that there are some differences i n  the mag n itude of 

antibiotic resistance between g ram negative o rgan isms. These 

d ifferences are attri buted to the fact that outer membrane 

protein , as wel l  as secreted prote in ,  differ amongst the genera. 

More recently ,  Godfrey and Bryan ( 1 987) reported that porin is the 

l imit ing factor fo r penetration of � - lactam ant ib iot ics . They 

additionally del ineated d ifferences between organ isms by showing 

that E. coli and Sa lmone l la  typh i mu ri u m  pores al low passage of 

neutral molecules up to 600 daltons, whereas p. aerug inosa porin 

take up molecules as large as 9 ,000 daltons .  Overal l ,  the l iterature 

suggests that in gram negative bacteria, in consideration of a wide 

variety o f  antibiotics, porin-mediated uptake appears to be a 
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major, and, perhaps, most common ly used route (Katsorchis et al . ,  

1 985 ; Jaffe et al . ,  1 982 ; Werner et al . ,  1 985 ; Yosh imura and 

N ikaido, 1 985). 

The idea that antibiotics diffuse th rough aqueous pores in  

the outer membrane,  has been extended to the aminoglycosides. 

Some autho rs propose that th is is the primary mode of entry. 

Nakae and Nakae ( 1 982) util ized proteol iposomes and a l iposome 

swel l ing techn ique to arrive at this conclus ion.  Mutant E.  col i  

strains produced on ly three to four percent of porin in  comparison 

with the wi ld type. Interesting ly, the res istance profi les of  these 

strains did not differ from that of the wi ld-type.  Nakae and Nakae, 

thus,  hypothesized that uptake is porin-mediated, and must be a 

h igh ly eff icient mechanism. Under their  assay conditions ,  the 

diffus ion of  u ncharged saccharides such as ribose ,  hexoses, 

d issaccharides, and raffi nose, were observed us ing l iposomes 

reco n st i tuted with or with o ut p o r i n .  The passag e was 

size-dependent. The exclusion l imits of the porin pores appearred 

to be  much  l ess  than the  m o l ecu la r  we ig h ts of  the 

aminog lyco sides. The i r  explanat ion for  the uptake of these 

cation ic compounds, is that, perhaps , the environment of the pore 

wal l  favors the passage of cations,  o r, conversely, that the porin 

opens and closes dependent upon the immediate environment. 

Although studies of aminoglycosides have focused upon the 

ro le of por in-mediated uptake , apparent ly many other possible 

uptake mechan isms exist. I nteractions  with l i popo lysaccharide 
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(LPS), diffusion through  the phosphol ipid bi layer, crack formation  

in the membrane,  passage through abnormal protein channels, and 

perhaps a yet unknown uptake pathway have also been proposed 

(Davis, 1 986; Day and Day, 1 982; Godfrey et al . ,  1 984; Hancock et 

al., 1 98 1 b ;  Hancock and Wong , 1 984; Katsorch is et a l . , 1 985; 

Peterson et al . ,  1 985). Because many membrane studies uti l ize .t.:. 

.Q.QJl as the model  o rganism , it is important to note that the 

membrane of P s e u d o m o n as differs sign ificantly from that of the 

Enterobacteriaciae (Mizuno and Kageyama, 1 979). Therefore, any 

proposed mechanism may or may not apply to all gram negative 

organisms.  Likewise , evidence suggests that any mechanism 

proposed for a specific antibiotic may or may not be appl icable to 

the complete class of related compounds (Davies, 1 986). 

Less is known about the outer membrane of P .  aeruginosa 

co mpared to E .  co l i .  The classificat ion scheme of the outer 

membrane protein prof i le of P . a erug i n o sa is confusing ,  in  part , 

because of d iffering iso lation techniques and gel systems (Mizuno 

and Kageyama, 1 978). Several authors have identified at least s ix 

major proteins:  D (-50kDa), E (-45kDa), F ( -33kDa), G and H 

(""21 kDa), and I (""8kDa) (Brown et al. , 1 984; Mizuno and Kageyama, 

1 978, 1 979). Protein I resembles Braun 's l ipoprotein in E. col i ,  and 

is the on ly  protein considered analogous i n  both E .  co l i. and 

Pseudomonas (Hancock et al . ,  1 981 a; Mizuno and Kageyama, 1 978, 

1 979 ). 

Two other commonly encountered classification schemes for 
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P . a e rug i n o s a  exist in the l iteratu re. I n  many cases, on ly  two 

prote i ns ,  A {-43kDa) , and 8 {-1 6 .5kDa) are acknowledged . 

Elsewhere, the fo l lowing classification scheme has been reported: 

I (-56kDa) ,  II (-53k0a) , III {-38kDa) , IV (-21k0a) , and V 

(-16kDa) . I t  is important to note that the outer membrane protein 

composition is strongly influenced by the g rowth media, and many 

of these proteins are modifiable by external elements such as heat 

(Hancock and Cary ,  1 979 ; M izuno and Kageyama, 1 978) . Using 

various isolates, it is known that most outer membrane's possess 

a smal l n umber of specific prote ins present in large amou nts 

(Hancock and Nikaido, 1 978) . 

N icas and Hancock (1 980, 1 983a) have examined the outer 

membrane profi le of P .  aeruginosa g rown in  magnesium-deficient 

medium.  A protein designated as H1  was overproduced i n  this 

environment.  I nteresting ly ,  th is isolate s imu ltaneous ly acqu i red 

res istance towards the antibiotics po lymyx in  B, co l isti n ,  and 

g e n t a m i c i n .  R e s i s t a n c e t o  p e r m e a b i l i z a t i o n  b y  

ethylenediaminetetraacetate (EDTA) was also observed. The role of 

magnesium (and other divalent cations such as calcium) ,  has been 

proposed to be a key factor in the stab i l izatio n  of the outer 

surface of gram negative bacteria (Gi l l i land et al . ,  1 974; Nicas and 

Hancock ,  1 98 0 ;  Vaara and Vaara , 1 98 1  ) .  G rowth i n  a 

magnes ium-deficient medi um resu lts i n  structural and chemical 

differences in P seud o m o n as (Nicas and Hancock, 1 980) . Such 

conditions reveal that cel l envelope phosphorous levels decrease, 
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and the amount of carbohydrate and 2-keto-3-deoxyoctonate (KDO, 

a core component of the surface LPS) i ncreases. Although the 

protei n  prof i les alter ( i . e .  change in mo lecu lar  weig h t) ,  no 

quantitative d ifferences ex ist. 

The polycation ic antib iotics have been observed to exhibit 

antagonism with magnesium (Nicas and Hancock, 1 983a; Warren et 

a l . ,  1 985) . I t  has been suggested that magnes ium is read i ly 

displaced by gentamicin .  A 1 ,000-fo ld molar excess of  magnesium 

is requ i red for protection against gentam icin ,  indicating that the 

affin ity of the cel l  su rface for gentamicin is much g reater than 

that for magnesium. Measurements of mag nesium levels in  isolated 

outer membrane preparations suggest that as protein H 1  increases , 

the amount  of magnesium decreases, and this decrease i n  turn, 

l imits possible b ind ing s ites for po lycation ic antibiot ics. N icas 

and Hancock (1 983a) hypothesize that the outer membrane protein 

H 1 , when produced , displaces magnesiu m  b ind ing  s ites and 

protects the surface. Alternative ly, H1  may itself be a magnesium 

binding protein which wil l  also bind these antibiotics . 

I n  a subsequent study, N icas (1 983b) isolated and used 

mutants which overproduce H1 . The resu lts seem to confi rm that 

res istance to che lators and catio n ic antib iot ics is  c losely 

corre lated with the presence and amou nts of  prote in  H 1 . The 

absolute levels of d ivalent cations present in the outer membrane 

do not appear to be as sign ificant. 

The general effects of polycations on  bacteria have been 
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studied e lsewhere. Vaara and Vaara ( 1 981 , 1 983a, 1 983b) report 

that at least two different types of outer membrane properties 

exist in the presence of different cations .  Hydrophobic probes, 

which are f l uorescently label led or  rad io label l ed have been 

common ly u ti l ized to assess the permeabi l ity properties of  

phospholipid bi layers (Loh et a l . ,  1 984; Vaara and Vaara, 1 983b) .  

These probes, in  additio n to  approaches such as  sensitivity to 

sodium dodecyl su lfate , and electron microscopy, have been used 

by Vaara and Vaara ( 1 981 , 1 983a, 1 983b) to establ ish membrane 

effects by a lysine20 peptide polymer and polymyxin B nonapeptide 

(deacylated polymyx in  B) . Each polycation ic  agent yielded a 

different type of activity . Lysine20  peptide caused the release of 

20-30°/o LPS from Salmo nella typh i mu ri u m 's o uter membrane,  

sensit ized it to an ion ic detergents , induced long ,  fi nger- l ike 

projections from the surface, but d id not al low permeation of the 

hydrophobic probes. Conversely, polymyxin B nonapeptide al lowed 

for the intercalation  of probes, but did not cause release of LPS or  

a l low for the  lethal  activity o f  S DS.  I n  addition ,  po lymyxin  B 

nonapeptide caused sensitization of g ram negative organisms to 

hydrophobic antibiotics. E lectron microscopy revealed a wrinkled 

surface, rather than projections. I n  a more recent study involving 

P, aerugjnosa, gentamicin was observed to induce a wrinkled outer 

membrane surface as wel l  as produce holes through the membrane 

(Martin and Beveridge,  1 986) . These authors also quantitated the 

amount of LPS and reported it to be released fo l lowing 30 minutes 
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exposu re to gentamicin .  The data taken together suggest that 

gentamicin expresses at least two different functional modes of 

activ ity wh ich are common fo r both the lys ine peptide and 

polymyxin  B. 

In addition to protein H 1 , studies by the Hancock group have 

been extended to other properties of the outer membrane proteins 

with respect to antib iotic activity . In a mag nes ium deficient 

medium, the major Pseudomonas porin {protein F) , does not appear 

to be altered {Hancock et a l . ,  1 982, 1 981 b) . I n  contrast with the 

antib iot ics carben ici l l i n  and tetracycl ine ,  which are thought to 

uti l ize protein F as the major uptake route,  it has been tentatively 

stated that pori n  is probably not involved i n  aminoglycoside or  

polymyxin uptake (Hancock et a l . ,  1 981  b) . Another finding by this 

g roup  is in  d irect contradiction in stating that porin  number is 

important in polymyxin uptake {Hancock et al . ,  1 979) .  Many of their 

studies have been directed at the general permeabil ization effect 

of po lycation ic antibiotics (Hancock and Wong , 1 984) . For example, 

lysozyme is general ly ineffective in the lysis of  g ram negative 

o rgan isms because of the protection affo rded by the  outer 

membrane. However, the addition of polycation ic antibiotics to E.:. 
aerug i n os a  al lows lytic activity by lysozyme, as measu red by a 

decrease in absorbance at 600nm. 

H ancock h as propo sed a theory descr ibed as "the 

se l f- p ro m oted u ptake pathway" fo r am i n o g lycos ides  and 

polymyxins (Hancock et al . ,  1 981 b ;  Nicas and Hancock, 1 983b) . The 



1 3  

basis for the theory is that if po lycationic antibiotics are capable 

of  promoting the transport of molecules such as lysozyme, they 

must also be capable of promoting their own transport through  the 

outer membrane. Since Pseudomonas LPS is known to have a h igh  

phosphate content, it i s  suggested that the  in itial interaction  is 

ion ic and is with LPS. In a site-specific study of  E. coli K1 2 with 

metal l ic ions ,  it has been shown that a h igh aff in ity for cations 

exists at the LPS,  and t�at i t  can be attributed to phosphoryl 

substituents and not free carboxyl groups ( Ferris and Beveridge,  

1986) . 

Fo l lowing some i n i t ial  stud ies o f  the  i nf l uence of 

biochemical ly altered LPS in mutants by Kropinski et al . ( 1 982) , it 

has been suggested that porin-mediated uptake is influenced by 

the interactions of porin protein with LPS. These may be ion ic 

inte ractio n s  of LPS p hosphate with prote i n ,  o r  hydrophobic 

interactions of l ipid A residues with acyl chains,  or  both. In  tu rn , 

these interactions may cause an open ing and closing mechanism of 

porin  prote in .  Polysaccharide d iffusion studies (Angus et al . ,  1 982; 

Godfrey et al . ,  1 984 ; Yoneyama and Nakae, 1 986) , in addition to 

studies with porins implanted into black l ip id bi layer membranes 

(Hancock et al . ,  1 982; T. C. Montie, personal communication) , have 

resulted i n  the overal l  conclusion that P. aeruqinosa has large 

transmembrane porin protein which remains in  a closed state most 

of the time. Molecular seiving has also been suggested by Godfrey 

and Bryan (1 987). 



1 4  

Studies uti l izing the black l ipid bi layer system have been 

u nder heavy criticism as a feasible model for comparisons with 

intact cel ls (Yoneyama and Nakae, 1 986). Th is system consists of a 

Teflon chamber, separated into two chambers by a divider with a 

smal l  ho le in the center. Across th is open ing ,  a so lution of 

oxid ized cho lestero l in  n -decane i s  pa inted . U p o n  b i l ayer 

formation ,  the membrane turns black to i ncidental l ight. P rotein 

can be added to the membrane and conductivity across the 

membrane (through porin) can be assessed (Hancock et al . ,  1 982) . 

Data indicate the exclusion l imit of P .  aeruqinosa porin protein F, 

in relation to the diffusion of uncharged polysaccharides , to be 

approximately 6 ,000 daltons ,  and the cross-sectional  area to be 

three times larger than that of E.  co l i  porin (Hancock et a l . ,  1 982; 

Nicas and Hancock, 1 983b) . Also , studies of por in F and an 

additional pori n  P ( induced under conditio ns of  low phosphate) 

suggest that P .  aeruginosa porins favor diffusion of cations two to 

four times over anions (Hancock et al. , 1 982) . 

The assumption that P .  aeruginosa harbo rs large pores with 

exclusion l imits of several thousand daltons,  has been chal lenged 

by Yoneyama and Nakae (1 986) . They have examined the diffusion 

of pentoses, hexoses and several uncharged saccharides and 

d isaccharides in p lasmolyzed cel ls .  The res u l ts s h ow that 

pentoses and hexoses are able to diffuse ,  bu t  u ncharged 

saccharides having a mo lecu lar  weight  larg er  than 342 are 

impermeable.  I n  conclusion ,  they state that the exclusion l im it of 
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the major porin protein in  P .  aeruginosa is  less than the size of 

hydrated sucrose . This is ten to twe nty fold less than that 

reported from the b lack l ipid b i layer studies ,  and is  to the i r  

knowledge ,  the  smal lest l imit yet reported among gram negative 

o rgan isms .  E lectron m icroscopic observat ions  support th is  

i n te rp retatio n .  

The concept of open ing and c los ing pores to expla in 

permeabi l ity differences is not acceptable to some researchers .  

Yoneyama and Nakae (1 986) state that an open-close mechanism 

has not been i nvestigated i n  �. and the black l ipid b i layer 

results are an artifact. . . .  on ly a reflection of  the system itself. It 

is a wel l- recogn ized observation that the low-molecular weight 

antibiotics such as penici l l i ns ,  cephalospor ins,  ch loramphenicols ,  

and tetracycl ines d iffuse poorly through the outer membrane of � 

aerug i n o s a .  I f  large pores are present, it is not clear why these 

compounds do n't permeate more rap idly.  Hancock has stated 

{personal commun icat ion) that recent resu lts i ndicate a smal l  

number of large pores and a large number of small pores exist. 

Role of Lipopolysaccharide 

The ro le of LPS in antibiotic interaction  has been studied by 

several researchers (Bryan et a l . ,  1 984 ; Day and Day ,  1 982; 

Godfrey et al . ,  1 984; Hancock et al . ,  1 983, 1 98 1  b; Katsorchis et al . ,  

1 985) .  It's expression on the  o uter su rface of  P .  aerug i n osa 

appears to be complex ; influenced by the environment as wel l  as 
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the phase of growth. Day and Day (1 982) mentioned that the LPS of 

P. aeruginosa  differs sign ificantly from the LPS o f  other g ram 

negative organisms. The core is  unusual ly rich in phosphorous ,  

particu larly because the  i nner reg ion heptose residues are h igh ly 

phosphorylated.  S imi lar to observations obtained with other gram 

negative bacteria, P .  aeruginosa LPS is released spontaneously into 

the environment under normal g rowth conditions (Cadieux et al . ,  

1 983) .  

I n  general , P .  aeruginosa aminoglycoside resistant strains 

have altered su rfaces due primarily to changes in LPS (Katsorch is 

et a l . ,  1 985) .  Brya n et a l .  ( 1 9 84) state that " low leve l "  

impermeabi l ity-type aminoglycoside resistance i n  P .  aeruginosa, 

resu l ts from conversion of smooth LPS to superficial or deeper 

rough LPS phenotypes . In  summarizing low-level resistance, Bryan 

out l ines that, i) P .  aeruq i n osa cl in ical iso lates do not have 

inactivating enzymes or ribosomal mutations to account  for this 

res i s tance ;  i i )  the resistance can not be t ransfe rred by 

conjugation ;  i i i )  this property is not restricted to P s e u d o m o n a s , 

because K lebsie l la pneumo niae is also shown to exhibit this type 

of resistance; and, iv) the resistance is stable and is maintained in 

the absence of antibiotics. Ou r observations with CF strains are 

consistent with Bryan's results. In contrast, Moore et a l .  ( 1 984) 

demonstrated that low- level res istance toward po lymyxi ns  is 

reversib le and can not be maintained. Interesting ly,  Gi l leland et al . 

( 1 988) reported that low level aminoglycoside resistance is 
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unstable  in  the absence of antibiotic, and that the type of 

res istance observed was either specif ic o r  c ross-res istant ,  

i nd icative of  stra in-specificity. 

In Bryan's comparative studies using gentamicin ( 1 984) ,  he 

found that the expression of protein H1 is no different in resistant 

P .  aerugjnosa than in susceptible isolates.  Recent studies by 

Gi l leland et al .  ( 1 988) support Bryan's conclusions. These finding 

are i n  d i rect confl ict with N icas' ( 1 980) studies mentio ned 

earl ier. Bryan bel ieves that the differences in  the amount o r  type 

of o u ter  membrane prote in  co u ld  no t  be co rrelated with 

susceptib i l ity o r  resistance. 

To i nvestigate the poss ib le  contribu tions  by LPS in  

antibiotic susceptib i l ity, Godfrey et  al . ( 1 984) approached the 

prob lem by us ing permeabi l ity mutants and corre lating such 

mutations with changes in LPS structure. Resu lts show that � 

aerug i n osa  LPS structure and compositio n influences the activity 

of hydrophi l ic antibiotics , specifical ly the �- lactams. Peterson et 

al . ( 1 985) examined the binding of antibiotics to P. aerugjnosa L P S  

by d isplacement of a cation ic spin probe. Their fi ndings indicate 

that probe motil ity within the LPS head g roup  decreases i n  the 

presence of cation ic antibiotics. They bel ieve a resu ltant rig idity 

disrupts the confo rmation of the outer membrane which leads to 

drug penetration .  From another perspective, Moore et a l .  ( 1 986) 

have studied the LPS b inding kinetics of dansyl po lymyx in ,  a 

f luorescent derivative of polymyxin B. The results reveal mu ltiple 
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binding sites present on  LPS. Aminog lycosides, mag nesium,  and 

other  polycations are able to compete for some of the sites , but 

not a l l .  

The vast major ity of  studies with the  po lycat ion ic  

ant ib iotics have focused o n  either d irect i n teract ions or  the 

penetration of probes through the outer surface. Only recently have 

researchers considered the effects of  these d rugs o n  secreted 

prote ins or virulence factors (Clark et al. , 1 984; OGaard et al . ,  

1 986; Warren et a l . ,  1985) . Warren et al. ( 1 985) showed that the 

presence of sub in h ib ito ry co nce ntrat io ns  of  g entam icin and 

tobramycin inhibited the secretion of  P .  aeruginosa protease. This 

is in support of the findings by Ogaard et al. ( 1 986) who reported 

that gentamicin and tobramycin tota l ly  e l im i nate secret ion of 

elastase. The more hydrophobic antib iotics , such as carbenic i l l in ,  

e l icited no such effects . A number o f  exp lanations fo r such 

observations exist, but selective inh ibition of protein synthesis is 

con sidered least l ikely. I nterference with prote in  secretion by 

red uc ing l eve ls  of cyc l ic  n ucleot ides , o r  d i rect physica l  

interference are considered the most l ikely possibi l it ies. 

Role of Phosoholipid 

The importance of phosphol ipid co mpositio n  to antib iotic 

bactericidal act iv ity , has for the most part been neg lected . 

However, because of the toxicity e l icited upon host tissues, some 

studies have been conducted (Au et al . ,  1 986;  Champl in  et al . ,  
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1 983 ; G i lbe rtson  et al . ,  1 984) . Low concentrations of l i no leny l  

a lco h o l  i n h i b i t  g rowth of  the g ram pos i t ive o rgan ism 

Streptococcus mutans (Crout et al . ,  1 982) . I t  has been proposed 

that the alcohol  acts as a molecular spacer between hydrocarbon 

chains of the acyl-phosphatides, leading to structural alterations 

which i ncreases the permeabil ity of the plasma membrane. 

G i l be rtson et a l . (1984) e laborated on this study by 

combi n ing  l i no leny l  alcoho l  with the permeabi l izi ng antib iotic, 

gentamici n .  Under  cond i t i o ns where ge n tam ici n a lone  is 

i neffective, addit ion of l i nolenyl alcoho l  el icited a bacteriostatic 

effect. When tridecane-1 -o l  was substituted for l inolenyl alcoho l ,  

gentamicin produced a bactericidal response. This ind icated that, 

regardless of antib iotic b ind ing , the state of the phospho l ip ids 

cannot be ignored. 

A n o t h e r  i n t e r e s t i n g  s t u d y  p o i n ts o u t  t h at 

polymyxin-resistant strains of P.  aerug inosa exh ibit a sign ificant 

d e c r e a s e  i n  b o t h p h o s p h a t i d y l e t h a n o l a m i n e  a n d  

phosphatidylg lycero l  with the concom itant appearance of an 

un identified neutral l ip id lacking phosphate or  amino mo ities 

(Champl in  et a l . ,  1983; Moore et a l . ,  1 984) . I f  polycation ic 

antib iotics do i nteract with phospho l i p id head g roups ,  th is 

neutral ization wou ld surely l im it their  binding access. Champl in 

et al (1983) theorized that when a susceptib le P.  aerug i nosa 

bacterium encounters polymyxin (or other cationic drugs) , it 
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triggers a phospho l ip id deg radat ion response possibly by an  

envelope-bound phosphol ipase. 

Ami noglycosides and Active Transport 

The effects of aminog lycosides on active transport have 

been investigated in studies where E. col i  and P.  aeruginosa have 

been grown in  the presence of subinh ibitory concentrations  of 

aminoglycosides (Eagon  et al . ,  1 982). These bacteria were unable 

to transport pro l ine effectively. The extrusion of protons appeared 

normal , but  the mai ntenance of a normal ly  efficient proton  

gradient was decreased. 

The theo ry that am inog lycoside action  o n  the o uter 

membrane is energy- independent in al l  gram negative organisms 

does not appear to be a ltogether true. Martin and Beveridge ( 1 986) 

suggested that th is mechan ism occurs in P. aerug inosa ,  but it 

appears to differ in E. col i  ( l ida and Koike, 1 974) . Both groups have 

performed numberous electron microscope analyses. They report 

observations of  o uter membrane b labbing ,  fo l lowing antibiotic 

treatment of P. aeruqinosa. irrespective of the presence of sodium 

azide or potassium cyan ide. However, blabbing by E.  coli K1 2 did 

no t  occ u r  if th ese ce l l s  h ave been p re i n c u bated with 

ch loramphenico l ,  tetracyc l ine ,  o r  eryth romyc in ,  suggesting that 

active protei n synthesis is a prerequ is ite for aminog lycos ide 

effects on these cel ls .  I t  is possible that the aminog lycosides 

in te rfere with ce l l energy leve ls  fo l l owing the i n h ib i t ion of 
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ATPase. Such a phenomenon has been observed in  a eucaryotic 

system (Dalhoff, 1 987; Chahwala and Harpur, 1 982) . 

Summary 

To briefly summarize the observations  of aminoglycoside 

activity, it has been suggested: 

1 .  Ami nog lycosides i nh ib it prote in  synthes is by a specif ic 

energy-dependent interaction at the ribosomal level. 

2.  Uptake of ami noglycosides across the i nner membrane is 

energy-dependent, whereas uptake across the outer membrane is 

energy-independent. 

3. Aminoglycosides probably utilize porin protein as a major route 

in P .  a eruginosa . 

4. Divalent cations may antagonize aminog lycoside interaction at 

the outer membrane. 

5. Aminoglycosides bind to isolated LPS. 

6. Phosphol ipid composition may infl uence the lethal activity o f  

ami nog lycosides,  but th is ro le is be l ieved to  be  m inor  in 

comparison to that of protein and LPS. 

7. Aminog lycosides may block the secret ion of extracel l u lar 

substances. 
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Specific Aims of This Stu dy 

As is  evident from the backgro und,  the data avai lable 

co ncern ing  the mechanis m(s) of  am i n og lycos ide activ i ty is 

controversial and anomal ities ex ist at a l l  levels of investigation .  

I t  remains to be  seen whether a number o f  these physio log ical 

events are all a part of a sing le sequence or cascade of events 

leading to cell death , or  whether the antibiotic is s imply working 

at many u n related levels to in trod uce letha l  damag e .  The 

antibiotics are often described as being "p leotropic" in their 

activ i t ies  (Da l h off ,  1 9 87) . The t ra n s l at io n a l  as pects of 

aminoglycoside activity (Davies et al. ,  1 965) were once generally 

accepted to be the on ly cause of cel l death . Th is  hypothesis 

remained unchallenged until more recent studies provided evidence 

for other possible lethal  activities (see review, Sch lessinger,  

1 988) . 

The overal l  objectives of this work were to i) establish a 

time frame for lethal ity of P. aerugi nosa by tobramycin ,  and i i) 

i nvestigate damage to the envelope associated with lethal ity. 

Time was considered the key paramete r in  these experi ments 

because early observations of bacteriostatic and bacteriocidal 

effects ind icated they occu rred wit h i n  m i n utes .  Extended 

antibiotic exposure periods may reflect post-lethal effects (M i l ler 

et a l . ,  1 987) . Lethal ity was experimenta l ly  defin ed here by 

standard p lati ng methods ,  wh ich reflect the cel l 's i nab i l i ty to 

d ivide and produce colon ies. A low concentratio n  of tobramycin 



2 3  

was used to magn ify the most sensitive biochemical events of 

in itial l ethal activity , as wel l  as avoid secondary effects . 

The degree of lethal ity by aminoglycosides is often dictated 

by certain environmental components so that carefu l  attention has 

been g iven in this study to define the protection provided by these 

compounds.  These precautions were wel l  taken because many 

medium components such as magnesium ,  phosphate, and carbon 

growth source influenced the extent of tobramycin activity . 

Reports of membrane permeabi l ization  by aminoglycosides 

(Hancock and Wong, 1 984; Loh et al . , 1984) , and a critical role for 

LPS in the extent of activity (Bryan et a l . , 1 984; Day and Day, 

1982 ;  Hancock et a l . ,  1983}, d i rected the attent i on  of 

investigato rs to the effects of these ant ib iotics at the cel l  

envelope. I n  addition to lethal ity studies,  we establ ished that 

cel ls were releasi ng UV-absorbing material into the supernatant 

fo l lowing tobramyci n exposure. It was therefore necessary to 

assess the n ature of th is re leased material . Supernatants from 

tobramycin treated cel ls were assayed for general protein ,  LPS, as 

well as amino acids and selected enzymes. 

The major concept behind the approach desribed here has 

emphas i zed t h e  rap id phys io l og ical  respo n s es occ u rr ing  

conco mi tant  with lethal ity. I rreve rs ib le  "permeab i l ization , "  as 

indicated by abnormal re lease of certa in ce l l  components, was 

consistently tied to lethal ity with in min utes.  To separate these 

events from non-relevant events, and to underl ine the elements of 
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specificity of tobramycin effects noted, we examined some more 

general  cel l  parameters . For example, the condition of the cel l  

with respect to protein synthesis ,  active transport, and structural 

i nteg rity was eval uated. F inal ly, the general observations  of  

ce l l u la r  leakage ,  as we l l  as b road ant ib iot ic susceptib i l ity 

profi les , were initiated for P .  aeruginosa CF strains in this study. 

It is thought that futu re studies , conducted in para l lel with the 

PA01 results obtained here,  may eventually reveal a role for a 

specific envelope component(s) in  these " low level "  res istant 

i so l ates . 
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CHAPTER I I  

MATERIALS AND METHODS 

Bacterial Strains. Storage. and Growth Conditions 

Pseudom onas aeruginosa PA01 , a standard wild type, was 

uti l ized in the majority of these studies. This strain was obtained 

from A. Kropinsk i ,  Queen's Univers ity, K ingsto n ,  Canada. E..:. 
a e rug j n o sa  cystic f ibrosis (CF) stra ins were iso lated from the 

sputum of CF patients by M. J. Thomassen, Case Western Reserve 

School of Medicine, Cleveland, Ohio.  A protease export mutant, f. 
ae rug i n o sa 902 x 503- , and it's parent strain 902 x 503+ , were 

g ifts fro m  Bengt Wretl i nd ,  Karo l i n ska Hosp i tal , Stockho l m ,  

Sweden. P .  aeruginosa 34mut, an LPS leaky iso late , and it's parent 

strain 9027, were obtained from Day and Day ( 1 982) , and the 

Ame rican Type Cu l tu re Co l lecti o n ,  respectively .  F ina l ly ,  E.­

aerug i n os a  PJ 1 08-0331 , a multiflagel lated mutant, was a gift by 

Tetsuo l ino ,  U nivers ity of Tokyo, Japan. 

Storage of strains was at -70°C .  Th i rty to fifty m i l l i l ite r 

(ml) cultures were grown 1 2-1 5 hours in  brain heart infusion (BHI)  

broth (Gibco, Madison ,  WI) at 37°C in a gyrato ry water bath shaker 

at 1 75rpm.  Cel l  pe l lets were obta ined i n  steri l e  tubes by 

centrifugation  at 6 ,000rpm for 1 5  minutes (25°C) . Ce l ls were 

washed twice by resuspension in equivalent vo lumes of steri le BHI 

broth and centrifugation .  Aliquots (O.Sml) of the f inal suspension 
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were p laced i nto ster i le Cryovials (Sarstedt, Pr inceto n ,  New 

Jersey) , along with O .Sml  al iquots of 50°/o steri le g lycero l .  Vials 

were immediately frozen and placed in a -70°C Revco u ltralow 

freezer. Daily stocks were maintained at 4°C in B H I  broth or  

slants. Every four  to six months , stocks were replaced with fresh 

isolates from the -70°C storage. 

For the majority of these studies, bacteria were grown in a 

mineral  salts medium (MSM) which consists of 4 .0  x 1 o- 2 M 

K2H Po4, 2.2 x 1 o-2M KH2Po4, 7.5 x 1 o-3M (NH4)2so4, 2.0 x 1 o-4M 

MgS04·7H20, 9.3 x 1 0-6M FeCI3·sH20, and 0 .5°/o glucose, citrate or 

succinate as a carbon source. For some studies,  bacteria were 

grown in BHI broth or Mueller H inton (MH) broth (BBL M icrobiology 

Systems,  Cockeysvi l le ,  M D) .  In a l l  experiments, 30-SOml  primary 

cu ltures were obtained by overn ight growth at 37°C ,  in a gyratory 

water bath shaker at 1 75rpm. Secondary cu ltu res for experimental 

use were begun by inocu lation of the primary cu lture i nto fresh 

med ium ,  and incubation under the same standard conditions .  

Growth was mon ito red by fo l lowi ng the absorbance at  590 

nanometers (nm) with a Bausch and Lomb Spectron ic 20. Growth 

curves were establ ished by p lotti ng absorbance versus  t ime,  

either with both axes on  a standard arithmetic scale, or with the 

absorbance readings plotted on a semi-logarithmic scale. 

Standard curves fo r quant itating cel l  n u m bers of  � 
aerugjnosa PA01 were established for growth with each carbon 

source, and in the different complex media. This was accomplished 
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by washing cel ls twice in equivalent volumes o f  standard bacterial 

di luent (SBD) . SBD consists of 25mM potassium phosphate buffer 

(pH=7.0) , 0 .9o/o NaCI , 0 .2mM MgS04·7H20, and 0.01 °/o gelatin.  The 

f inal suspens ion  was then d i luted by fou r, two-fo ld d i l utions ,  

fo l lowed by one ,  one hundred-fold  d i l utio n ,  and four  ten-fo ld 

d i lutions.  0 .1 ml fro m each of the last five d i lut ion tubes was 

added to Smls of 0.8o/o BHI soft agar (48°C) and plated in dupl icate 

on BHI agar plates. The optical density at 590nm was recorded for 

the fi rst fo u r  tubes,  and after obtai n i ng p late cou nts, the 

corresponding colony forming un its per mi l l i l iter (C FU/ml)  was 

establ ished for each absorbance reading . By uti l ization of simple 

l inear regressio n ,  the best fitting straig ht l i ne  of optical density 

vers u s  C FU/m l was plotted fo r each experi me nta l  g rowth 

condition .  Extrapolation of th is l ine fo l lowing an optical density 

reading (for cu ltu res grown under the same cond itio ns) then 

yielded the approximate CFU/ml . 

The effect of tobramycin on  g rowth was assessed by 

inoculation of a series of  flasks contain i ng SOmis MSM , the 

selected carbon source, and 8 ,  4,  2, 1 ,  0.5 or 0 micrograms per 

mi l l i l iter (ug/m l)  tobramycin . Th e abso rbance at 590 nm was 

monitored over a period of six hours.  

Antjbjotjc Susceptibility 

The antibiotic profi les of 26 P .  aerugjnosa C F  isolates 

aga inst  s eve n d i fferent ant ib iot ics were obtai ned by the 
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Kirby-Bauer (KB) zone assay method. Each strain was grown in MH 

broth overn ight at 37°C, 1 75rpm,  in  a gyratory water bath shaker. 

Strains were not passed more than twice for these analyses. Cel ls 

were washed twice with 0.85°/o NaCI and di luted unti l the density 

matched that of a barium ch loride turbidity standard (0.048M 

B a C I 2 in 0.36N H2 S 0 4 ) .  Fo l lowing d i l ution ,  suspensions were 

thoroughly appl ied to the entire surface of MH agar plates. With a 

d ispens ing apparatus , ant ib iotic d iscs were appl ied to the 

inocu lated su rface . P lates were incu bated for 1 6- 1 8 hours at 

37°C , and the c lear zone around each disc was i nterpreted for 

antibiotic reactivity according to NCCLS standard zone sizes (mm) 

provided by Difco Laboratories, Detro it, M ichigan, 1 981 . 

Tube d i lution assays were done for several P. aerugjnosa 

stra ins .  W ith tobramycin as a model aminog lycoside, several 

two-fo ld d i l ut ions of  th is  antibiot ic were prepared in steri l e  

disti l led water. The various tobramycin concentrations were then 

added to 9 .0mls of MH broth. Approximately 1 o5 C FU/ml of each 

organ ism were inoculated into a series of MH tubes contain ing the 

various  concentrations  of  tobramyc in .  Tubes were incu bated 

overn ight at 37°C , and examined the fo l lowing morn i ng fo r 

turb id ity. C lear  tu bes hav ing the lowest concentrations  of 

tobramycin were recorded as the min imal inh ibitory concentration 

(M IC) for each strain .  
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Lethal ity Stud ies 

P. aerugi nosa PA01 was grown in MSM with g l ucose or 

citrate as the carbon source. Cells were pelleted by centrifugation 

at 6 ,000rpm for 15 minutes, and resuspended in  fresh MSM 

(witho ut carbon  source) , 0 . 0 1  M potass iu m  phosphate buffer 

(pH=7.0) , 2 x 10-2M or 2.0 x 1 o-4M MgS04·7H20, 20% sucrose, or 

steri le  d isti l led water at 37°C . Tenth ml a l iquots were removed 

upo n resuspens ion  for d i l utions  and p lat ing at zero ti me. 

Suspensions were incubated at 37°C as u ntreated contro ls ,  or 

fo l lowing exposu re to 8 ug/ml tobramycin ,  and 0 . 1  m l  a l iquots 

were removed after 1 ,  3 ,  5, or 10 minutes for d i l ut ions.  The 

d i l ut ion scheme consisted of one ,  one  h u ndred-fo ld d i l utio n ,  

fo l lowed by four ,  ten-fold d i lut ions i n  0 .85°/o NaC I .  I n  some 

experiments , to assess the effect of temperature in tobramycin 

ki l l ing ,  sal ine d i lution tubes were pre-warmed to 37°C and 48°C.  

Samples were plated in dupl icate by either a soft agar (0 .8°/o) 

overlay techn ique (or "pour plate") , or by the spread plate method. 

Experimental efforts to restore viabi l ity ,  fo l l owing brief 

tobramycin treatment, was attempted . MSM/g l ucose grown cel ls 

were suspended i n  37°C , 0 .01  M potassium phosphate buffer or  

steri le ,  d isti l led water. Cells were exposed to 8 ug/ml tobramycin 

for three m inutes ,  and aliquots were removed at both zero and 

th ree m in utes for d i lut ions and plat ing . I mmediate ly  after the 

three minute exposure ,  positively charged compounds were added, 

and i ncubation was continued for seven m inutes, after wh ich an 
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al iquot was removed for d i lut ions and p lat ing . The charged 

compounds investigated include 2.0 x 1 o-2M MgS04 ·6 H2o, 1 .7 x 

1 o - 3 M L-lys ine,  o r  a m ixture of L-lys ine,  L-arg in ine ,  L-h istid ine ,  

spermine,  spermidine, and putrescine at a concentration of  1 .  7 x 

1 o-3M .  

Electron Microscopy 

Negative staining and th in-section ing of P. aerugjnosa PA01 , 

grown in g lucose, suspended in water and exposed to tobramycin ,  

was conducted as  described by Marti n and  Beveridge ( 1 986) . 

Briefly ,  for negative stain ing , cells were placed on  copper grids 

coated with carbon and Formvar, and stained by an ammonium 

molybdate and uranyl acetate method. For thin sections, cel ls were 

fixed with 5% g lutaraldehyde and 1 °/o osmium tetrox ide ,  and 

dehydrated in  an ethanol  series (25 ,  50, 80,  95 ,  and 1 00°/o) .  

Fo l l owing section i ng , samples were poststa ined with u ranyl  

acetate and lead citrate. Samples were examined with a Hitachi  

H-600 transmission electron microscope operating at 1 OOkV, and 

equiped with a liquid nitrogen cold trap. 

Transport Assay 

The transport of L-pro l ine in  the presence of absence of 

tobramycin was determined by modification of the procedure of 

Montie and Montie ( 1 979) .  Cells were grown in MSM with g lucose, 

citrate, o r  succinate , were washed twice, and suspended in O .OSM 
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potassium phosphate buffer (pH=7.0) , 0 .005M magnesium chloride 

and 17mM carbon source. 200 ug/ml chloramphenicol was added to 

the suspens ion for 1 5  minutes, at 37°C, pr ior to uptake. The 

experiment was then begun by addition of 0 . 1  ml 3 H-L-pro l ine (290 

mCi/mmo l ,  fi na l  concentration=1  x 1 o- 5 M ) ,  with or without 8 

ug/ml tobramycin ,  to the incubating cell suspension . At one minute 

time intervals, samples were fi ltered through 0.45u Schle icher & 

Schuel l  (Keene ,  NH) n itrocel l u lose fi lters on  an Amicon (Danvers , 

MA) fi ltering manifold.  Each sample was immediately chased with 

1 Omls of phosphate-mag nesium buffer. Background radioactivity 

was determined by fi ltration of 3 H-L-pro l i n e  w i thout  ce l l s .  

Filters were dried and immersed in  5mls of  Bray's scint i l lation 

cocktail (Research Products , I nc.) .  Al l  samples were then placed on 

a Beckman LS 7000 ( I rvine, CA) scinti l lation  counter. 

Protein Synthesis 

The activity of tobramycin on inh ibition of protein synthesis 

was accompl ished by fo l lowing the incorporation of 3 H- L-p ro l i n e  

i n to prote i n .  Approx i mately 5 X 1 a s  C FU/m l ,  g rown i n  

MSM/g lucose,  were centrifug ed at 6 ,000rpm for 1 5  mi nutes , 

suspended in  0 .0 1  M potassium phosphate buffer at 37°C , and 

divided into two flasks. The experiment was beg un by addition of 

0 . 1  ml 3 H-L-pro l i n e  ( 1  u C i/umo l ,  2 x 1 o- 5 M)  to both cel l  

suspensions at zero time. Tobramycin (8  ug/ml) was added to one 

f lask 2 m in utes after pro l ine  addit io n .  At one  m in ute t ime 
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intervals ,  O .Sml  samp les were added to 0 .5ml  of  ice-cold 1 Oo/o 

trich loroacetic acid (TCA) ,  and al lowed to remain o n  ice for 1 5  

minutes. Samples were then fi ltered on Whatman #3 ( Eng land) 

paper over the Amicon fi ltering manifo ld . Filters were wash ed 

with two-1 ml  vo l umes of 5o/o ice-cold TCA, two-1 ml  volumes of 

95o/o ethanol ,  and 1 ml of  ether. After drying, each fi lter was placed 

into Smls of Bray's so lution for counting. 

Ouantitation  o f  A TP 

Analysis of  ATP levels in supernatant preparations was 

conducted according to the method described by Colowick et a l .  

( 1 978) . Th is assay is  based on the quantitation of l ight fo l lowing 

addition of l uciferase- luciferi n .  I n  the presence of ATP ,  these 

co mponents form a l uciferyl adeny late co mp lex wh ich is  

immediately oxid ized to  generate l ight .  The amo u nt of  l ight 

generated is proportionate to the amount of ATP present in  the 

sample .  Light  is measured with a bio l um i nescent photometer 

(Dupont, I nc. ,  Wilmington , DE). 

P .  aeruginosa PA01 , was grown to log phase with either 

glucose or citrate as the carbon substrate. Cells were centrifuged 

(6 ,000rpm for 1 5  minutes) , and suspended in steri le ,  d isti l l ed 

water. Cells were d ivided in half, and one portion was exposed to 8 

ug/ml tobramycin .  1 ml samples were removed at 0 ,  3 ,  and 1 2  

m i n u tes fo l lowi ng add it i on  of  tobramyci n ,  and i mmed iately 

centrifuged for 1 .5 minutes at 1 3 ,000 x g .  1 Ou l  of supernatant was 



3 3  

withdrawn with a syringe for addition to the reaction mixtu re. The 

photometer was cal ibrated with an ATP standard (Sigma, St. Louis ,  

MO) suspended in 25mM glycy lg lyci ne buffer (pH=7.4) . The 

l uc iferase- l u c ife r in  enzyme was supp l ied by S igma as a 

concentrated so lut ion in  g lycine buffer with m ag nesium sulfate 

and EDTA.  Fol lowing the recommended d i lut ion ,  1 Ou l  of each 

sample was added by injection into a cuvette in the dark chamber 

of the photometer. Counts from unknowns were compared against a 

standard curve of known ATP concentrations. 

Radio label led Tobramycin Uptake 

To assess the extent of tobramycin uptake, a radio labelled 

assay was conducted. G lucose grown P .  aeruq inosa PA01 was 

suspended in 0 .01  M potassium phosphate buffer (pH= 7 .0) p lus 2 x 

1 o-2M magnesium su l fate, phosphate buffer a lone,  magnesium 

sulfate alone, o r  water. 3 H-tobramycin (8  ug/m l ,  1 .62 uCi/ml) was 

added to the suspensions at zero time, and incubated at 37°C. 

Samples were removed at three minute intervals, and washed once 

with phosphate buffer. Filters were then dried, immersed in Bray's 

scinti l lation cocktai l ,  and counted. 

Preparation  of Supernatant Samples and UV Scans 

P rimary cu l tu res of P .  aerug in osa  PA01 were g rown 

overn ight in  MSM plus g lucose, citrate, o r  succinate at 37°C in a 

gyratory water bath shaker at 1 75rpm.  Secondary cu ltu res of 
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1 00- 1  OOOmls were i nocu lated the next morn ing and the optical 

density at 590nm was monitored .  Upon reaching the exponential 

g rowth phase (O.o .5 9 o n m =0. 1  to 0 .8),  cells were centrifuged at 

6,000rpm for 1 5  minutes. Supernatants were discarded, and cells 

were gently resuspended in either 0 .0 1  M potassium phosphate 

buffer (pH=7.0) or steri le water at 37°C. Suspensions were divided 

into contro l  and treatment flasks, and at time zero , tobramycin (8 

ug/ml)  was added to the treatment flask. After th ree min utes, 

suspensions were centrifuged at 1 0 , 000 x g for 5 minutes (4°C) , 

and the supernatants were fi ltered th rough  0 .45u Nalge or  

M i l l i po re f i l te rs .  

Supernatants were then placed in lyoph i l ization flasks and 

shel l-frozen in an acetone dry-ice bath . Co ncentrated samples 

fro m overn ig h t  lyo p h i l izat ion  we re res uspended in sma l l  

equ ivalent volumes o f  water o r  buffer, and u l traviolet (UV) scans 

of released mate ria l  were made with a dual beam UV-visible 

recording spectrophotometer (Shimadzu Corp . ,  Kyoto, Japan) . Data 

were obtained as "d ifference spectra." Samples were then stored 

at -70°C unti l  further analyses cou ld be made . Some supernatant 

samples from phosphate-suspended cel ls were dialyzed against 

water (24-48 hours,  4°C) before storage at -70°C.  
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Analysis of Supernatants for Protein and Lipopo lysaccharide by 

Colorimetric Methods 

Two separate assays were routinely employed to assess the 

amount of overal l  prote in present in samples . A modified Lowry 

method (Markwel l  et al . ,  1 978) was uti l ized which is based on  the 

reaction  of phosphomolybdic and phosphotungstic acids with 

tyrosine and tryptophan residues (Abs. max.=600nm or 660nm) .  

Another assay fo r prote in quantitat ion was the m icroBiorad 

(B io rad Labo rato ri es , R ichmond ,  CA) , w h ic h  i nvo lves the 

interaction of  Coomassie blue dye with protein (Abs. max.=595nm) . 

Bovine serum albumin (BSA) served as the protein standard for 

both assays. 

For the Lowry assay, a stock solution (A) of 0 .19M Na2co3 , 

0 .1 OM NaOH, and 5 .7mM KNa tartrate, as well as a stock solution 

(B) of 0 . 1 6M CuS04·sH20 was prepared. Before each experiment, 50 

volumes of solution A was added to o ne volume of solution B to 

make solution C.  A di luted phenol reagent was prepared by adding 

1 ml distil l ed water per 1 .4mls of Fal in  C iocalteau (FC) reagent. 

Supernatant samples were removed from -70°C,  and resuspended 

by equivalent d ry weight amounts or  obtained d i rectly fo l lowing 

tobramycin treatment. Samples and BSA standards were added to 

5mls of solution C and al lowed to incubate at room temperature 

for 1 0  minutes. After this period,  0 .5ml  of the FC reagent was 

added to samples and mixed on a Vortex mixer. Samples were 

incubated for 30 minutes, then absorbance readings were made at 
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600nm.  For the microBiorad method, samples and BSA standards 

were di luted to a volume of 0.8ml each. 0.2ml of the concentrated 

Biorad reagent was added, and samples were mixed on a Vortex 

mixer. After five minutes, absorbance readings at 595nm were 

obtained. A standard curve of the BSA standards was obtained by 

simple l inear regression , and unknown samples were quantitated 

by extrapolation from this curve. 

The quantitation of  l ipopolysaccaride (LPS) in supernatant 

samples was determined by the amount of 2-keto-3-deoxyoctonate 

(KDO), an LPS core component present (Karkhanis et al . ,  1 978) . High 

purity KDO (Sigma, St.  Lou is, MO) was uti l ized as the standard. 

Both samples and standards were hydro lyzed by suspension i n  1 ml 

0.2N H2s o 4 and boi l ing for 30 minutes at 1 00°C. Samples were 

then centrifuged at 1 3 ,000 x g for one m inu te to remove 

particulates. 0.5ml of each sample was then added to 0 .25ml of 

0 .04M periodic acid in 0 . 1 25N H2so4 , mixed on a Vortex mixer, and 

incubated at room temperature for 20 minutes. Next, 0 .25ml of 

2.6o/o sodium arsenate (NaAs02) in 0.5N Hydroch loric acid (HCI) was 

added to samples, mixed on a Vortex mixer, and a l lowed to stand 

unti l  the brown color d isappeared. Fol lowing th is ,  0 .5ml  of 0 .6°/o 

th iobarb itu ric acid (TBA) was added , samples were m ixed on  a 

Vortex mixer, and heated at 1 oooc for 1 5  minutes. One ml of 

dimethyl su lfoxide (DMSO) was then added to hot samples. After 

cool ing,  the absorbance at 548nm for each standard was made 
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against a blank (minus KDO), and the amount of LPS in  unknowns 

was quantitated fol lowing absorbance readings and extrapo lation 

of  a standard curve of the known LPS values. 

Polyacrylamide Gel E lectrophoresis 

Lyoph i l i zed supernatant samp les and mo lecu lar weig ht 

markers were suspended in O.SM Tris-CI buffer (pH=6.8) with 2.5% 

sod i u m  dodecyl s u l fate (S DS) , 1 o/o 2-mercaptoethano l ,  1 0% 

glycerol ,  and 0 .0 1  °/o bromphenol b lue. Samples , but not molecular 

weig ht  markers , were heated at 1 oooc for ten m i n utes . 

Polyacrylamide ge l  e lectrophoresis ( PAG E) was conducted by 

uti l ization  of e ither  a 1 0% acrylamide gel or w ith a 1 0- 1 5°/o 

gradient gel .  

The 1 0% acrylamide separation gel was poured in a th in 

(0.75mm) vertical s lab un it (Hoeffer Scientific ,  San Francisco, 

CA) . It was composed of 1 0% acrylamide I NN' - methylene - bis -

acrylamide (30 :0.8) ,  and 0 . 1 % SDS in 0.375M Tris-CI (pH=8.8) . 5% 

acrylamide, 0 . 1 o/o SDS in 0. 1 25M Tris-CI (pH=6.8) was employed as 

a stacking gel .  Following deaereation , gels were polymerized with 

1 0°/o am mon i u m  persu l fate and tetrameth y l ethy lened iamine  

(TEMED) . 1 0-SOul  o f  samples were appl ied to gels with a Hamilton 

SOul  syringe and electrophoresis was carried out at  a constant 

current of 1 5mA per slab. The ru nning buffer was 0 .025M Tris 

base, 0 . 1 9 M glycine and 3.5mM SDS. 

The PhastSystem Phastgel (Pharmacia, Piscataway, NJ) was 
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composed of a continuous 1 0  to 1 5°/o acrylamide gradient in 0 . 1 1 2M 

acetate and 0 . 1 1 2M Tris (pH=6.4) . Each gel was approximately 

0.45mm th ick, with a 32mm separation  zone. Phastgel SDS buffer 

strips were composed of 0 .2M tricine, 0.2M Tris, and 0 .55°/o SDS 

(pH=7.5) with 2% agarose.  1 u l  samples and mo lecu lar weight 

markers were added with a PhastSystem app l icato r ,  and 

electrophoresis was conducted at 1 OmA per gel .  

Fo l lowing electrophoresis, gels were visual ized for protein 

(Wray et  a l . ,  1 98 1 ) o r  LPS (Tsai and Frasch ,  1 982) , by 

si lver-stain i ng .  The protein method i nvolved overn ight fixation  in  

50% methanol .  This was fo l lowed by staining in a 0 .8°/o (w/v) si lver 

n itrate , 0 .08% sod ium hydroxide, and 0 . 1 4°/o (v/v) ammon ium 

hydroxide solution.  The gel was then developed in  a solution of 

0 .005°/o (w/v) c itric acid and 0 .0 1 9°/o (v/v) formaldehyde. 50o/o 

methanol  served as the stop solution .  The PhastSystem protein 

sta in  procedure inc ludes several i n it ial  wash steps i n  50% 

ethanol/1 0°/o acetic acid and 1 0% ethano l/5°/o acetic acid . Gels 

were then sensitized with 8.3°/o g lutardialdehyde , and washed with 

water.  Gels were sta ined in 0 .25°/o (w/v) si lver n it rate and 

developed in 2.5% sodium carbonate with 400u l  fo rmaldehyde per 

l iter of solution .  Development was stopped with 5% acetic acid . 

For LPS-si lver stain ing,  the gels were fixed overn ight i n  

40°/o (v/v) ethanol  and 5% (v/v) acetic acid. The next morning,  gels 

were oxidized for 1 0  min utes in the same solution  p lus 30mM 

periodic acid.  Three, 20 minute wash steps were done with one 
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l iter volumes of dist i l led water. Gels were then stained in 0 .01 9N 

NaOH,  0 .67°/o (w/v) si lver n itrate,  and 0 . 1  °/o (w/v) ammon ium 

hydroxide. Three wash steps, 10  minutes and 200mls each , were 

done, and gels were developed in 0 .5o/o (w/v) citric acid and 0 .01 9% 

(v/v) formaldehyde. After stain ing ,  the vertical s lab gels were 

heat dried under vacuum. 

Th in-Layer Chromatography 

An equ ivalent amount of each supernatant  sample,  was 

dissolved i n  0 .3N hydroch loric acid (HCI) . 20mM solut ions of 

L- lys i n e ,  L-aspartate , L-th reo n i ne ,  L- p ro l i n e ,  L-tryptophan , 

L-phenylalanine, and L- leucine as standards, were also prepared in  

0 .3N HCI .  3 u l  o f  standards and samples were spotted onto 

cel l u lose preformed fi lter paper (Eastman Kodak Co. ,  Rochester, 

NY; Whatman Ltd . ,  England) and placed in a development chamber. 

The runn ing solvent consisted of 60 parts n-butano l ,  30 parts 

g lacial acetic acid , and 1 0  parts water. After 2 hours and 20 

minutes, papers were removed and al lowed to air dry completely. 

Amino acids were detected using a 0 .2o/o n i nhydrin (Sigma, St. 

Louis, MO) + col l idine reagent, and compared with the mobil ities of 

the standards. 
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Amino Acid Analysis of Supernatant Samples by High Pressure 

Liguid Chromatography lHPLC} 

Approximately 1 x 1 08 CFU/ml of MSM/g lucose g rown � 

aerug i n o sa PA01 were e ither suspended i n  d isti l led water ,  or  

washed three  ti mes with 0 .01  M potassium phosphate b uffer 

(pH=7.0) and resuspended i n  disti l led water. 1 OOml  portions of 

washed and u nwashed cells either served as contro ls  o r  were 

treated for 3 minutes with 8 ug/ml tobramycin at 37°C.  Aliquots 

were then centr i fuged,  and supernatants were fi l te red and 

concentrated by lyophi l ization .  

For hydrolysis,  al iquots o f  each samp le were placed into 

hydrolysis vials ,  200ul of 6N HCI was added , and samples were 

sealed under vacuum.  Fol lowing a 24 hour exposure to 1 05°C, the 

vials were opened and lyoph i l ized. For both hydro lyzed and 

nonhydro lyzed samples, a "redry" step was done for the removal of 

ammon ia  and other extraneous peaks. A so lution  of  water ,  

methanol ,  triethylami ne ,  and phenyl isoth iocyanate (7 : 1  : 1  : 1 ) was 

added for a 30  m in ute incubat ion at 25°C .  Samples were 

lyophi l ized. Final ly, each sample was diluted in  400ul  of  a sodium 

phosphate buffer (pH=7.4) and 4ul was removed for separation over 

a Novapak reversed-phase C1 8 co lumn.  Resu lts were compared 

with a standard containing 20 amino acids (P I  CO TAG, Amino acid 

analysis Operator's manual ,  Waters Associates Inc. , Manual Number 

881 40, Dec. 1 984, Revision A) . 
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Amino Acid Extraction 

To assess the amount  of pool amino acids in g l ucose 

growing, log phase P. aeruginosa PA01 , extractions were conducted 

according to that outl ined by Montie and Montie {1 975) . Cells were 

col lected by centrifugation and either washed th ree  t imes with 

0 .01  M potassium phosphate buffer (pH=7.0) or not washed. Pellets 

were then suspended in an equivalent volume of 70°/o ethanol ,  and 

allowed to incubate for 30 minutes at 4°C . The suspension was 

then  centrifuged,  f i ltered ,  and concentrated . The resu l tant  

material was then subjected to analysis by  HPLC. 

Protein Isolation and M olecular Weight Determination  

The re lat ive m o l ec u l a r  we igh t  ( M r ) of  a specif ic 

tobramyc in- re leased prote i n  was i n it ia l ly  determ i n ed by it 's 

electrophoretic mobi l ity , in  a 1 0% polyacrylamide gel , against the 

mobi l ities of  Biorad low molecular weight markers . These include 

phosphorylase B (Mr=92.5kDa), bovine serum albumin (Mr=66.2kDa) , 

ovalbumin (Mr=45kDa) , carbonic anhydrase (Mr=3 1 kDa) , soybean 

trypsin inhibitor (Mr=21 .5kDa) , and lysozyme (Mr= 1 4  .4k Da) . 

Further characterization of the tobramycin-re leased prote in  

profi le was accomplished by gel  f i ltration  over a Sephacryl S-200 

(Pharmacia, P iscataway, NJ) co lumn . Concentrated and dialyzed 

supern atant samp les from one l iter of phosphate-suspended, 8 

ug/ml tobramycin treated (3 m inutes) cel ls  were placed over a 
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1 .5cm x SOcm Pharmacia column . The runn ing buffer was 0 .01  M 

potassium phosphate (pH=7.5) + 0.02o/o sodium azide. 1 ml samples 

were co l lected overn ig ht (at 4°C) with a Pharmacia fraction 

col lector and the absorbance at 280nm and 260nm was recorded 

spectrophotometrical ly .  Peak fractions were pooled,  lyoph i l ized , 

and examined by S DS-PAGE.  The elution  characteristics of the 

tobramycin-re leased protein were compared agai nst the e lution 

p ro fi les  o f  bovi n e  a lbumin  ( M r=66k Da) , � - l a c t o g l o b u l i n  

( M r=36.8kDa) , and cytochrome C (Mr=1 3kDa) . A standard curve of 

fraction n umber  versus log 1 0 molecular weight was uti l ized to 

obtain the relative mo lecular weight of  the unknown prote in .  A 

void volume of 20mls was determined using Blue Dextran (Sigma, 

St. Louis, MO) as a tracking dye. 

6-Lactamase Assay 

Detectio n  of the perip lasmic enzyme, � - lactamase , was 

accompl ished by a modificatio n of  the procedu re o ut l i ned by 

O'cal laghan at al. ( 1 972) . Nitrocephin is a chromogenic � - l actam 

which undergoes a color change from yel low to red as the �- lactam 

ring is hydrolyzed by a � -lactamase. The enzyme react ion was 

conducted at 37°C in O.OSM potassium phosphate buffer (pH= 7 .0) 

with 1 o-4M n itrocefin.  At this concentration ,  the change in  optical 

density at 482nm upon complete hydro lysis of n itrocefin total led 

1 .59 un its. Therefore, enzyme un its were quantitated as fol lows: 
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E. U .  = �0. 0.482 I minute x micromoles of nitrocefin x v 

1 .59 

where v is the factor adjusting the volume to 1 mi . The specific 

activ ity was then obtained as enzyme un its per m i l l ig ram of 

prote in  (micro Biorad) .  

The samples i nvestigated for the presence o f  � - l actamase 

include i) g lucose grown , P.  aerugjnosa PA01 supernatants, either 

exposed to 8ug/ml  tobramycin for 3 m in utes or u ntreated, i i) 

poo led ,  concentrated fract ions fro m S-200 ge l  f i l t rat ion  of 

tobramycin treated ce l l  supernatants, and i i i )  ce l l  son icates. 

Sonication of cells was conducted by suspension of ce l ls in 0 .01  M 

potassium phosphate buffer (pH=7.0) , p lacement in  ice, and three 

exposures to 4 amperes at 30 second intervals. A probe sonifier 

(Branson I nstru ments, I nc. , Stamford , CN)  was uti l i zed . The 

son icate was then centrifuged , and the supernatant analyzed for 

�- lactamase .  

Osmotic Shock 

An osmotic shock procedure used for obtai n ing transport 

binding proteins from P .  aeruqinosa (Hosh ino,  1 979 ; Hoshino and 

Kageyama, 1 980) .  was co nducted with g lucose g rown PA01 . 

Exponential phase cells were suspended in 50mM Tris-HCI  (pH= 7 .3) 

contain ing 0 .2M mag nesium ch loride at a concentratio n  of 20mls 

per gram of wet weight cel ls. The suspension was incubated for 1 0  
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minutes at 30°C, then rapidly chil led to 4°C for 1 5  minutes. Cells 

were exposed a second time to 30°C for 1 0  minutes and chi l led 

again for 1 5  minutes. A pellet was obtained by centrifugation  ( 1 0  

minutes, 7 ,000rpm, at 4°C) , rapidly dispersed i n  d isti l led water at 

25°C,  and al lowed to stand for 20 minutes before centrifugation .  

The  supernatants from both the magnesium chloride extract and 

water extract were combined and centrifuged at 20 ,000 x g for 1 0  

minutes at 4°C.  This supernatant was then concentrated by 

lyoph i l ization ,  and d ialyzed against water before analysis by 

SDS-PAGE. 

Chemicals 

The carbon growth substrates, citrate and succinate, were 

purchased as sodium salts from Sigma Chemical Co. (St. Louis, MO). 

a-0{+)-g lucose was also obtained from Sigma with less than 5% of 

the � -anomer  present. Amino acids , ATP , KDO,  tobramycin ,  

chloramphenico l ,  and b lue dextran were purchased from Sigma at 

the h ighest purity avai lable.  Also from Sigma were buffer salts, 

glycero l ,  sucrose, and TLC reagents. 

Enriched g rowth media were obtained from both Gibco 

(Madison ,  WI ) ,  and BBL Microbio logy Systems (Cockeysvi l le, M D) .  

Acrylamide,  methylene bisacrylamide,  TEM ED,  S D S ,  ammonium 

hydroxide, and low molecular weight markers for electrophoresis 

were purchased in  a hig h ly purified form from Biorad Laboratories 

{Richmond , CA) . Sephacryl S-200 was obtained from Pharmacia 
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(P iscataway, NJ) . The chromogenic J3 -l actam ,  n itrocefin , was 

obtain ed from BBL M icrobio logy Systems .  The radio label led 

compounds, L-{2, 3 ,  4, 5 _3H) pro line, and (6" <n> - 3H) tobramycin,  

were both purchased from Amersham, Arlington  Heights ,  IL .  
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CHAPTER I l l  

RESULTS 

Influence of Growth Substrate and Environmental Conditions on the 

Extent of Activity by Tobramycin Toward Pseudomonas aeruginosa 

PA01 

I n h ib ition of Growth.  It was of  in it ial interest to examine 

and establ ish inh ibitory levels of tobramycin in a defined medium. 

Growth profi les were obtained for bacteria g rown i n  a mi neral 

salts medium (MSM)  with g lucose,  citrate, or succinate as the 

carbon substrate. The tobramycin concentrations present in the 

medium ranged from 0 .5  to 8.0 ug/ml ,  which is just above and 

below the min imal i nh ibito ry concentration (M IC) of 1 .0 ug/ml for 

P. aeruginosa PA01 in Muel ler H inton (MH) broth . 

It was fou nd that the degree of inh ibition by tobramycin is 

re lated to the particular carbo n source uti l ized for g rowth.  As 

shown in Fig u re 1 ,  cel ls growing with g lucose (A) were more 

susceptible to tobramycin than were cel ls g rowing with citrate 

(B) ,  or  succinate (C) , as a carbon source. For example, after six 

hours of incubation in the presence of 1 .0 ug/ml tobramycin,  the 

glucose g rowing cel ls were inh ibited by approximate ly 86% as 

compared to the contro l ,  whereas c i trate g rowing cel ls and 

succinate growing cells were inhibited by 6°/o and 38%, 
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Figure 1 .  I nh ibition of growth of Pseudomonas ae rugjnosa PA01 by 
various concentrations of tobramycin in MSM with g lucose (A) , 
citrate (8) ,  or succinate (C) ,  as a carbon source. Symbo ls :  El , no 
tobramycin ; a , 0 .5 ug/ml ;  • , 1 .0 ug/ml ; • , 2.0 ug/ml ;  • , 4.0 
ug/ml ;  0 , 8.0 ug/ml of tobramycin .  Results represent the average 
of dupl icate experiments. 
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respectively.  I nterestingly,  inh ibition by 1 .0 ug/ml of tobramycin 

in g l ucose g rowing cells is very comparable to the M I C  value 

assessed in MH broth. 

Lethal ity and Environmental Components. I n  these studies, 

the extent of lethal ity fo l lowing a brief exposu re to tobramycin 

was assessed under various environmental conditions .  Evidence 

has i nd icated that magnesium and other d ivalent cations compete 

with aminog lycosides presumably at their outer membrane target 

site (s) (Abdei-Sayed et al . ,  1 982;  Eagon , 1 984 ;  Hancock et 

al . ,  1 981 ;  Loh et al . ,  1 984 ; Moore et al . ,  1 986; Nicas and Hancock, 

1 983 ; Peterson et a l . ,  1 985) . The presence of phosphate in the 

environment  may also i nterfere with ami nog lycoside activ i ty 

(Hancock et al . ,  1 981  ) . 

I t  is  wel l estab l ished that growth with d i fferent carbon 

substrates a lters the expression of certain envelope components, 

such as prote in (Hancock, 1 980) and l ipid compostion (Conrad , 

1 979) .  Different substrates are also known to i nf luence cel l u lar 

energy levels (Montie and Montie, 1 979) . Therefore, it was deemed 

necessary to conduct studies with each carbon source considered 

as an ind ividual ••system." 

To investigate the protection by environmental components, 

cel ls were incubated into early exponential growth in M S M ,  and 

then harvested. They were suspended in either fresh M SM (which 

contained magnesium and phosphate) , phosphate buffer, sucrose, o r  
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water, and treated with 8 ug/ml tobramycin for o nly three minutes 

(37°C) .  Table 1 shows that the degree of lethal ity by tobramycin 

was twice as g reat in phosphate buffer-suspended cel ls (66°/o) in 

comparison to the MSM-suspended cel ls (29°/o) .  Cells suspended in 

water, to el iminate any protective components ,  were kil led to the 

greatest extent (96°/o) .  These studies indicate that both magnesium 

and phosphate provided some protection ,  consistent with previous 

suggestions .  

Lethal ity studies also show that g lucose g rown cel ls (Table 

1 )  were found to be more susceptible to tobramycin than were 

citrate grown cel ls (Table 2) under a l l  environmental conditions 

studied . For example, fol lowing antibiotic treatment, for g lucose 

grown cel ls  suspended in phosphate buffer, co lony forming un its 

(CFU's) were reduced nine-fold compared to citrate g rown cel ls .  

Such resu lts suggest a possible physio logical ly-specific ro le fo r 

growth substrates in aminoglycoside studies. 

Growth Phase and Experimental P lating Conditions. Since the 

specif ic salt condit ions mod ify response to to bramyci n ,  we 

decided to investigate the possibi l ity that the deg ree of lethal ity 

may be related to the phase of growth . Previous stud ies (Tables 1 

and 2) ,  were conducted with cel ls harvested at the onset of 

exponential g rowth . In th is study, g lucose growing cel ls  were 

al lowed to reach the late logarith m ic g rowth phase befo re 

centrifugation (Table 3) . Cells were then suspended in either fresh 
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Tab le 1 .  I mmediate bactericidal action  o f  8ug/ml tobramyc in  
toward g lucose-g rown Pseudomonas aerugjnosa PA01 under 
various environ mental conditions.  

Enviro nment 

M ineral Salts 
Medium (MSM)c 

0 .01  M Potassium 
Phosphate Buffer 
(pH=7.0) 

20% Sucrose 

Exposure Time C FU/mla 

( m i n utes) 

0 2 . 1  X 1 08 

3-Co ntro l 2 . 1  x 1 08 

3-Treated 1 .5 x 1 08 

0 8.7 X 1 07 

3 - C o n tro l 8.8 x 1 07 

3-Treated 3.0 x 1 07 

0 3 .7 X 1 09 

3- C o n tro l 2.6 x 1 09 

3-Treated 9 . 1  x 1 08 

0 1 .5 X 1 08 

3 - C o n tro l 1 .2 x 1 08 

3-Treated 6.5 x 1 06 

o/o Lethal ityb 

0 
2 9  

0 
6 6  

3 0  
7 5  

2 0  
9 6  

aA soft agar overlay technique was uti l ized for p late counts . 
b% lethality was measured as the percent decrease of CFU/ml as 
compared to the zero minute values. Resu lts represent the average 
of dupl icate samples, with no individual value exceeding 4%. 
ccarbon substrate was not included. 



5 1  

Table 2.  I mmediate bactericidal action of 8ug/ml tobramycin toward 
c itrate-grown P se udo monas aerugjn osa PA01 u nder various 
env i ronmental condit ions .  

Envi ro n ment 

M ineral Salts 
Medium (MSM)c 

0 .0 1  M Potassi u m  
Phosphate Buffer 
(pH=7.0) 

Exposure Time C FU/mla 

( m i n utes) 

0 2.7 X 1 08 

3 - C o n tro l 3.3 x 1 08 

3-T reated 3.4 x 1 08 

0 8 .4 X 1 07 

3 - C o n tro l 8.4 x 1 07 

3-Treated 7.8 x 1 07 

0 1 .6 X 1 08 

% Lethalityb 

0 
0 

0 
7 

3 - C o n tro l 1 .4 x 1 08 1 2 
3 -T reated 1 .2 x 1 07 9 2  

aA soft agar overlay techn ique was util ized fo r plate counts . 
bo/olethal ity was measured as the percent decrease of C FU/ml as 
compared to the zero minute values .  Results represent the average 
of dupl icate samples, with no individual value exceeding 3o/o. 
ccarbon substrate was not included. 
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Tab l e  3 .  C o mparative lethal ity b y  8 ug/m l tobramycin  i n  
g l ucose-g rown Pseudo monas aerug i nosa PA01 from different 
growth phases. 

Enviro nment & Time (minutes) 
Growth Phase 

M ineral Salts 0 
Medium (MSM)c, 3 - C o ntro l 
Early Log 3 -Treated 

MSMc, 0 
Late Log 3 - C o ntro l 

dH20, 

Early Log 

3 -Treated 

0 

3 - C o ntro l 
3 -Treated 

0 

3 - C o n tro l  
3-Treated 

C FU/mla %Lethal i tyb-

2.1  x 1 o8 

2.1  x 1 o8 o 
1 .5 X 1 08 2 9  

8.5 X 1 08 

8.2 X 1 08 3 
5.5 X 1 08 3 5  

1 .5 X 1 08 

1 .2 X 1 08 

6.5 X 1 06 

5.0 X 1 08 

4.4 X 1 08 

3 .2 X 1 07 

2 0  
9 6  

1 2 
9 4  

aA soft agar overlay tech n ique was uti l ized for plate cou nts. 
bololethal ity was measured as the percent decrease of CFU/ml as 
compared to the zero minute val ues. Resu lts represent the 
average of d upl icate samples, with no i ndividual value exceeding 
SOlo. 
ccarbon substrate was not included . 
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MSM o r  water, and treated with tobramyci n as before. Results 

i nd icated that g rowth phase had no i nfl uence on lethal ity by 

tobramycin in P. aeruginosa PA01 . 

A soft aga r  overlay (or po u r  p late) techn ique  is often 

employed for studies with Pseudomo n as because of this organism's 

moti l ity . The method al lows for clean separatio n  of colon ies . 

However, it invo lves placing the bacterial suspension i nto agar 

which has been warmed to 48°C. The amount of ki l l i ng observed in  

one accidental experiment (soft agar temperature=>52°C) differed 

as much as 8°/o. Although brief exposu re to i) a temperatu re of 

48°C, and i i) reduced aeration in  soft agar has a neg l ig ible effect 

on normal , i ntact P .  aeruginosa PA01 , it was of in terest whether 

or not  lethal i ty i n  an ami nog lycos ide-damaged cel l  may be 

enhanced by these factors. 

Such questions were examined i n  a series of experi ments 

whereby g lucose grown cells were suspended i n  sucrose or water, 

treated with 8 ug/ml tobramycin for th ree m inutes,  and plated by 

both the spread-plate (S) and pour-plate ( P) procedure .  Sal ine 

di lut ion tubes ut i l ized i n  the spread-plate method were adjusted 

to three separate temperatures (25°C , 37°C,  and 48°C) to examine 

the inf luence of temperature alone. It must be emphasized that 

cel ls  were exposed to these temperatu res fo r less than 1 0  

seco nds , wh ich represents the t ime evo lved during m ix ing and 

d i l uting . Results i n  Figure 2 show that the decl ine i n  CFU/ml  in  

untreated, contro l (C) cells was the same by either method, as 
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Figure 2 .  Lethal ity by 8 ug/m l tobramycin , i n  g l ucose g rown 
Pseudomonas aeruginosa PA01 , suspended in 20°/o (w/v) sucrose or 
water, and plated by different methods and temperatu res .  C ,  
contro l ;  S ,  spread-plate ; P ,  po ur-p late. Resu lts represent the 
average of dupl icate experiments .  
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expected . Lethal ity i n  tobramyc in  treated cel ls was l ikewise 

s imi lar by either method. Although a few differences (up to 1 0°/o) 

were observed as the temperatures were increased in  tobramycin 

treated cel ls ,  these were not considered large enough to pursue 

fu rt h e r . 

Magnesium as a Protectant. The results in Tables 1 ,  2, and 3 

(pages 50,  5 1 , and 52, respectively) clearly show that cel ls 

suspended in MSM were best protected from tobramycin lethality. 

This was presumably due to the presence of magnesium ions. To 

confirm the protective role,  g lucose grown cel ls were suspended 

i n  different concentrations of magnes ium su lfate . Protection by 

phosph ate buffer was excl uded . Ce l ls  were t re ated with 

tobramycin and p lated as befo re . The resu lts in Tab le  4 

demonstrate that a mag nesium sulfate concentratio n  of  2 .0  x 

1 o -4 M (which is the concentratio n present in  MSM)  al lowed for 

on ly 3 1 o/o lethal ity . The value of 29°/o lethal ity in  Table 1 ,  page SO , 

is in  excel lent ag reement with these resu lts . It is interesti ng to 

note that Nicas and Hancock (1 983a) have stated that a 1 ,000-fo ld 

excess of mag nesium is necessary fo r protection of P . aeruq i n osa 

against gentamici n.  A 2 .0  x 1 o-4 M co ncentratio n  of mag nesium 

su l fate ut i l ized here is  on ly  1 2-fo ld g reater than 8 ug/ml 

tobramycin ( 1 .7 x 1 o-SM) ,  and provides protection to the cells. 
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Table 4 .  Comparative magnesi um protectio n  of P s e u d o  m o n a s 
aeryg inosa PA01 a from lethal ity by 8 ug/ml tobramycin .  

Molarity o f  

MgS04·7H2ob 
Exposure Time 

(m i n utes) 

0 

3 - Control 

3 - Treated 

0 

3 - Control 

3 - Treated 

0 

3 - Contro l  

3 - Treated 

C FU/mlc 

2.4 X 1 08 

2.5 X 1 08 

2.0 X 1 08 

3.7 X 1 08 

3.8 X 1 08 

3.2 X 1 08 

3.8 X 1 08 

3.4 X 1 08 

2.6 X 1 08 

0/o Lethal ityd 

0 

1 9 

0 

1 4  

1 1 

3 1  

acel ls were grown in MSM + glucose, and suspended in different 
concentrations of magnesium sulfate at 37°C. 
b i n  control experiments , >90o/o lethal ity was consistently observed 
for water-suspended cells treated for 3 minutes. 
c A soft agar overlay technique was util ized for plate counts . 
do/olethal ity was measured as the percent decrease of CFU/ml as 
compared to the zero minute value. Resu lts represent the average 
of dupl icate samples, with no individual value exceeding 6°/o. 
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However,  a mag nesium concentration of 2 .0  x 1 o- 2 M (over 

1 ,000-fold excess compared to tobramycin) d id provide the best 

protection (Table 4) . 

The  brief tobramycin exposu re per iod o f  3 m i n utes 

suggested that the lethal damage might be concentrated at the 

outer surface or at least accessib le.  I t  was thought that these 

effects may be eas i ly  revers ib le .  Ce l l s  were treated with 

tobramycin as usual, then suppl ied with 2.0 x 1 o-2 M magnesium 

su lfate immediately fo l lowing the 3 minute exposure period. As 

evident i n  Tab le 5, i t  was imposs ib le  to resto re viab i l ity . 

Therefore, the lethal damage by tobramycin occurs rapidly and is 

irreversib le with in even the short time frame of 3 minutes. 

Uotake of 3 H - To b ra myc i n .  As additional  support to the 

lethal ity data, and to clearly show that magnesium antagonizes 

the in itial interaction of tobramycin,  g lucose grown P . ae r ug i n osa 

PA0 1 was exposed to 3 H-tobramycin . I n  Figure 3 ,  ce l ls  were 

suspended in  magnesium su lfate (A) , m agnes ium su lfate i n  

phosphate buffer (8), phosphate buffer (C) , o r  wate r (D ) ,  and 

exposed to 8 ug/ml of 3 H-tobramyci n for 3 m i n utes. Fol lowing 

fi ltration and one- 1 0ml  phosphate buffer wash step, the amount of 

radioactive tobramycin adhering to or taken up by cells (on the 

filter) was determined .  

I n  these experiments , it was not possib le  t o  d istingu ish 

between transported drug and that which was tightly bou nd to the 
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Table 5 .  I nabi l i ty of magnesium su lfate to reverse lethal ity of 

Pseudomonas aeruginosaa by 8 ug/ml tobramycin. 

Sample 

Centro i
d 

Tobramycine 

Tobramycin and 

Magnesium' 

Time (minutes) 

0 

3 

1 0  

0 

3 

1 0  

0 

3 

1 0  

CFU/mlb 

2.8 X 1 08 

2.7 X 1 08 

2.8 X 1 08 

3.3 X 1 08 

6.0 X 1 05 

8.0 X 1 04 

3 .4 x 1 o8 

3.5 X 1 05 

6.6 X 1 05 

o/o Lethal ityC 

3 

0 

>99 

>99 

>99 

>99 

acells grown in MSM + glucose. 
b A soft agar overlay technique was uti l ized for plate counts . 
co/olethal ity was measu red as the percent decrease of CFU/ml as 
compared to the zero minute value. 
d Cells were plated upon suspension in 37°C d isti l led water, as 
wel l  as fol lowing 3 and 1 0  minutes of incubation .  
ecells were exposed upon suspension, and plated over 1 0 minutes 
of incubation .  

fA 2 .0  x 1 o-2 M concentration o f  magnesium sulfate was added 
i mmediately fo l lowing 3 minutes of tobramyc in  exposu re and 
i ncubated 7 additional minutes. 
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Figu re 3 .  Uptake of label led tobramycin u nder d i fferent  salt 
conditions. Pseudomonas aeruqinosa PA01 was suspended in 2.0 x 

1 o -2 M magnesium su lfate (A) , 2 x 1 o-2 M magnes ium su l fate i n  
0 .0 1  M potassi um phosphate buffer (pH=7.0)  (B ) ,  potass i um 
phosphate buffer (C) , or  d isti l led water (D) .  Results represent the 
average of dupl icate experiments . 



6 0  

surface . However, the distinctive environmental  ro les served by 

magnesium and phosphate were evident .  Cel ls  suspended in 

magnesiu m  revealed the lowest degree of tobramycin uptake, 

whereas that fo r phosphate-suspended cells was 1 2  times g reater. 

Furthermore ,  in comparison to mag n es iu m-suspended cel ls ,  

water-suspended cel ls revealed an increased uptake of 69-fo ld .  

Although not  as su bstantial a d ifference , it was fo und that 

to b ra m y c i n  assoc iates 2 . 9 - fo ld  g reater  w i t h  ce l l s  i n  

magnes i u m-phosphate buffer than i n  mag nes ium a lone.  Th is 

probably represents some interaction of magnesium and phosphate 

ions in  solution .  Under al l conditions except phosphate, tobramycin 

was taken up with in three minutes, because even after 1 2  minutes 

of exposure,  no more than 22% additional  d rug was recorded. 

Phosphate buffer suspended cells contained exactly twice as much 

tobramycin after 1 2  minutes of exposure .  

Effect of Tobramyci n on Prote in Synthesis and Amino Acid 

Transport in Pseudomonas aeruginosa PA01 with Respect to Time 

Amino Acid Transport. Transport of the amino acid, prol ine,  

was i nvestigated by meth ods previously described (Montie and 

Montie, 1 979) . I t  was thought that th is system wou ld provide a 

m o st s e n s i t i v e  a p p ro a c h  fo r d e t e c t i n g  i m m e d i a te 

tobramycin- ind uced alterat ions to the enve lope,  and also to 

indirectly assess the energy level of these cel ls .  G l ucose (A) , 
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citrate (8) ,  and succinate (C) grown cel ls (Figure 4) were washed 

and suspended i n  transport buffer with the respective carbon 

substrate. Before pro l ine addition , cel ls were preincubated with 

ch loramphen ico l to e l im inate pro l ine  inco rporatio n  i nto prote in .  

3 H-L-pro l i ne  was added with or without tobramycin ,  and uptake 

was observed over a five min ute period . The  presence of 

tobramycin did not alter the efficiency of pro l ine transport within 

this short ti me frame. 

P rote in Synthes is  I nh ibit ion .  As outl i ned i n  Chapter I ,  the 

precise activities of aminog lycosides at the riboso mal level is a 

controvers ial issue (Ahmad et al . ,  1 980 ; Davis et al . ,  1 986) .  

However, it i s  clear that these drugs do interact and lead to the 

eventual i n h ib it ion of prote in synthesis .  It was of interest to 

establish the degree of protein synthesis in hibition ,  with in a short 

time frame,  under condit ions uti l ized for lethal ity and leakage 

experiments . Glucose grown P. aeruginosa PA01 was suspended in 

phosphate buffer, and the amount of 3 H-L-pro l i ne inco rpo rated 

into protein was determined at one minute t ime intervals (Fig ure 

5) .  Tobramycin (arrow) was added after two m inutes of pro l ine 

uptake. Resu lts show no difference after a one minute exposure, 

and just below 40o/o inh ibition fo l lowing a three minute exposure. 

Therefore, althoug h the ro le of ribosomal i nh ib it ion can not be 

tota l ly  excluded in  lethal ity experi ments ,  leakage of ce l l u lar 

material occurs well prior to three minutes (see below) . 
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Figu re 4 .  P ro l i ne  transport i n  g lucose (A) , citrate ( B) .  and 
succinate (C) grown Pseudomonas aeruginosa PA01 in the presence 
( • ) or absence ( 0 ) of 8 ug/ml tobramycin. Results represent the 
average of dupl icate experiments. 
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Figu re 5.  P rotein synthesis inh ibit ion by 8 ug/ml tobramycin i n  

g lucose grown Pseudomonas aeruginosa PA01 . 3 H-L-pro l ine  was 
added at zero time in both contro l ( o ) and treatment ( IJ ) 
suspensions, and tobramycin was added (arrow) two min utes after 
p ro l i ne  u ptake. Res u lts represent the average of  dup l icate 
experiments .  
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Leakage of Cel lu lar Components from Pseudomonas aeruginosa 

PA01 Fol lowing Short Term Exposure to Tobramycin 

For many years ,  aminoglycoside studies focussed primarily 

on the mechanism of activity at the ribosomal level .  There were a 

few early reports of smal l  molecu l es leaking from the cel l  

fol lowing treatment, but these were soon ignored. Only recently is 

aminoglycoside-induced damage at the cel l  envelope recognized as 

relat ing to potential lethal activity. 

The majority of stud ies conducted to meaure damage or  

.. permeabi l ization" at the envelope , have employed the uptake of 

certa i n  probes,  such as a specific enzyme substrate , or a 

fluorescant or  radiolabel led substance, as an indicator (Hancock et 

al . ,  1 981  b ;  Hancock and Wong, 1 984; Loh et a l . , 1 984; Moore et al . ,  

1 986) . Here,  the cel l  su rface activity o f  tobramycin in it ial ly was 

assessed by spectrophotometrical ly examin ing cel l  supernatants 

for material released as a result of envelope damage. 

Genera l  Composit ion of Leakage Mate ria l .  The same 

conditions used for studying lethal ity were employed to examine 

tobramycin - ind uced leakage by spectrophotometric analysis of  

re leased mater ia l  fo l l owing brief exposure to the ant ib iot ic. 

Fo l l ow i n g  t h e  treatment  of  g l ucose g row n ,  p h o s p h ate 

buffer-suspended P. aeruginosa PA01 with 8 ug/ml tobramycin ,  

supernatants were concentrated by lyophi l ization ,  and resuspended 
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in  ice-co ld water at equ ivalent concentrations  by weig ht for 

spectrophoto metric examination in  the u ltrav io let (UV) reg ion .  

" D i ffere nce spectra" between t reated and u ntreated ce l l  

supernatants were used to highl ight released compounds resulting 

from tobramycin effects. Figure 6 is a scan from cells exposed to 

tobramycin for o n ly one minute. It was found that the tobramycin 

treated ce l l  supern atant  conta ined a la rg e r  a m o u nt of  

UV-absorb ing material than did the untreated cel l  supernatant. 

This release, as mentioned earl ier, occurred prior to any apparent 

inh ibition of prote in  synthesis. 

Comparative UV scans of i) cel ls g rown with c itrate , 

succinate, or  g l ucose as the carbon substrate , i i) cel ls suspended 

in buffer or water, i i i )  cel ls suspended in 2.0 x 1 o-2M mag nesium 

su lfate , and  iv) cel ls treated with 8 ug/ml tobramycin  for three 

minutes or longer were obtained. Regardless of carbo n growth 

substrate ,  a l l  ce l l s  were observed to re lease UV-absorb ing 

material upon exposure to tobramycin . A broad peak at 260-280 

nm was consistently found,  yet the magn itude of the peak at 21 0 

nm (Figure 6) was much greater in  cells grown in  g lucose, than in 

cel ls grown in an organic acid. The re lative amount of re leased 

material was not on ly in greatest amounts from g l ucose grown 

cel ls ,  but also occurred most rapidly within one to th ree minutes. 

In the case of citrate and succinate grown cel ls ,  the release was 

more progressive over a 1 2  minute period. Release was more rapid 

and extensive in water-suspended cel ls compared to 
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Figure 6. Release of UV-absorbing material from Pseudo m o n as 
aerugjnosa PA01 fol lowing exposure to 8 ug/ml tobramycin for one 
minute. Results are expressed as a "difference spectrum" between 
untreated and tobramyci n treated resultant supernatant fractions .  
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buffer-suspended cel ls .  However,  the peak profi les were very 

s imi lar (data not shown) .  No leakage was observed for cel ls  

s u s p e nd e d  in  mag n es i u m  su l fate . I n  o n e  expe r i m en t ,  

phosphate-suspended cel l  supernatants were dialyzed overn ight 

against water to red uce the amount  of  buffer salts . D ialysis 

resulted in  a loss of some of the UV-absorbing material ,  which 

i nd icated that n on -d ia lyzed supernatants conta i ned smal l 

components, possibly amino acids and small polypeptides. 

It has been reported that gentamicin potentiates the release 

of LPS from P .  aeruginosa (Martin and Beveridge ,  1 986) . Therefore, 

it was of interest to assay supernatants for this component and 

for the general release of protein.  It shou ld be noted that LPS is 

spontaneously released from P. aeruginosa during normal growth 

(Cadieux, 1 983) . Two methods were util ized for detection of LPS. 

The fi rst employed the 2-keto-3-deoxyoctonate (KDO) microassay 

(Karkhanis et al . ,  1 978) , which quantitates the amount of KDO, an 

LPS core component, in a given sample.  The second approach 

involved a s i lver-stain ing techn ique for LPS fo l lowing SDS-PAGE 

(Tsai and Frasch , 1 982) . S imi lar ly ,  two separate co lorimetric 

methods were used to quantitate the amount of protein present in 

the supernatant. 

I n i t ia l  analyses on crude ,  unconcentrated su pernatant 

samples are shown in Figure 7.  For th is experiment, cel ls  were 

grown in M SM plus g lucose, suspended in water, and treated with 

tobramycin for th ree minutes. Based on the lethality data, these 
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Figure 7 .  D irect comparative analysis of Pseudo monas aeruginosa 

PA01 supernatants fo r re leased prote in  and l ipopolysaccharide .  
Cel ls were suspended in water (37°C) and e ither treated with 8 
ug/ml tobramycin for 3 minutes or  left untreated . Unconcentrated 
supernatants were analyzed by the microBiorad and Lowry protein 
assays as wel l  as the KDO microassay for LPS quantitation .  
Results represent the average of  dupl icate experiments .  
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were the most severe conditions wh ich wo u ld a l low for easy 

detection of these cel lu lar components. It was found that there 

was a more than two-fold increase of prote in  in  the supernatant. 

The specific amount of protein was greater by the Lowry method 

than that observed by the Biorad analysis.  Th is observation ,  i n  

addition to the fact that dialysis o f  supernatants results i n  a loss 

of UV-absorbing material , strengthened the suggestion  that free 

amino acids or small peptides may be released. 

Also shown i n  Figure 7 was the fai l u re to detect an 

add itiona l  amo u nt of  KDO in the tobramyc i n  treated cel l 

supernatant .  Resu lts from s i lver-stained gels for LPS support 

these fi nd ings .  However, the release of LPS  was detected 

fo l lowi ng a 1 2  m in ute exposure with ce l ls  g rown u nder a l l  

conditions (g lucose, citrate , and succinate) . 

It has previously been shown that glucose grown cells have 

a significantly lower ATP level in comparison to citrate grown 

cel ls  (Montie and Mont ie,  1 979) . I n  P . a e r u g i n o s a  RM46, a 

meth ion ine auxotroph , the levels of ATP in g lucose g rowing cel ls  

were on ly 28-46o/o of the total present in  citrate g rowing cel ls .  I t  

may be that aminoglycosides inh ibit ATPase, although there are no 

known previous  reports of such an occu rrence in  bacteria. 

Alternatively, ATP may leak out th ro ug h  the damaged outer 

membrane. The loss of ATP , or it's reduced presence in g lucose 

grown cel ls for repair may explain the enhanced susceptibi l ity of 

these cells to tobramycin .  
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Detection of ATP in the supernatants of both g lucose and 

c itrate g rown cel ls was performed us ing a f i refly l uc iferase 

method.  Ce l ls  we re suspended in water  and treated with 

tobramycin fo r a 1 2  m inute period .  Supernatants were not 

conce ntrated befo re ana lys i s ,  but were i n stead an alyzed 

immed iately fo l lowing exposure .  The resu lts shown i n  Table 6 

suggest that leakage of ATP into the supernatant does not occur. 

Protein Release and Letha l ity. Because prote in  is  a major 

component released into the tobramycin treated cel l  supernatant, 

it was of interest to correlate this event with lethal ity in a short 

time frame. Cel ls were suspended in  phosphate buffer, instead of 

water, to el iminate any osmotic effects and to al low for a more 

prog ressive lethal  event over t ime. Figure 8 clearly i l l ustrates 

that prote in  re lease paral le ls  the rap id  lethal  activ i ty by 

tobramycin . After on ly one minute of exposu re, v iab le  co lony 

forming un its were reduced by 39% and nearly twice as much 

protein was found in  the supernatant (a 1 .7-fold increase) . 

Effect on Cel l  Morpho logy. Tobramycin has been found to 

el icit the greatest extent of damage to cel ls suspended in a water 

environment. Therefore , water-suspended cel ls were observed by 

electron microscopy for any changes in cell structure as a result 

of short term tobramycin exposure. As shown in Fig ure 9, there 

appeared to be no immediate morphological alterations,  such as 
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Table 6.  Amount of ATP found in  Pseudomonas aerugjnosa PA01 a 

supernatants fo l lowing treatment with 8ug/ml tobramycin .  

Growth Source Time (min utes) pmolb
-

Glucose 0 0 .76 (±0 .33)  
3 -Treated 0.70 (±0 .24) 
1 2-Treated 0 .68 (±0 . 1 2) 
1 2-C o ntro l 0 .73 (±0 . 20) 

C i t rate 0 0 .64 (:�0 . 1 7) 
3-Treated 0 .64 (:t0 . 1  0) 
1 2-Treated 0.64 (!'0 . 08) 
1 2-C o ntro l o .64 cto . 1  o) 

a log phase cel ls  were centrifuged and suspended in  steri le ,  
d isti l led water (37°C) before tobramycin treatment. 
b pico mo les of ATP were determ ined by com parison against 
standard concentrations of ATP in  a l uciferase- l ucifer in assay. 
Standard deviations from four  separate experiments are shown in 
parenthesis .  
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Figure 8. Release of protein from Pseudo monas aeruginosa PA01 
associated with letha l ity by 8 ug/m l tobramyc in .  Cel ls were 
suspended in 0 .01  M potassium phosphate buffer (pH=7.0) at 37°C. 
Lethal ity over t ime for contro l ( o ) and treated ( a ) cel ls was 
determined by p late counts . Protein release over time for contro l 
( • ) and treated ( • ) cells was quantitated by Lowry analysis of 
the concentrated supernatants. Resu lts represent the average of 
dupl icate experi ments. 
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Figure 9 .  Structure of Pseudomonas aeruginosa PA01 before and 
after to b ramyc in  treatment .  M o rpho logy was exam i n ed by 
th in-sect ion e lectron m icroscopy. The cel ls shown above were 
grown on  MSM with g lucose and suspended in water. (A) Contro l  
cel ls  at  a magn ification of 20,000 ; (B) ce l ls treated with 8 ug/ml 
tobramycin for 3 minutes at a magnification of 20,000 (- =0.5uM) ;  
(C) same as (A) , except at a magnification of  1 00 ,000 (- =0. 1  uM) ;  
and (D) same as (8) , except at  a magnification of 1 00 ,000. 



7 4  

excessive o uter membrane blabbing (Tanaka e t  al . ,  1 983) , o r  the 

appearance of ho les (Mart in and Beveridge ,  1 986) through the 

surface as has been observed previously. H owever, the surface 

features of treated cel ls in  Figure 9D  did not appear to be as 

confluent as the contro l cells in Figure 9C.  It was reported that an 

association between increased LPS release and bacterial surface 

blabbing exists fol lowing treatment with 25 ug/ml tobramycin for 

1 5  min utes (Marti n and Beveridg e,  1 986) .  From the e lectron 

micrographs in  Figure 9 ,  a significant (P>0.05 by student's t test) 

increase i n  the n umber of blebs per mm between the contro l  and 

treated cel ls  d id not exist .  These observat ions are in good 

agreement with the data i n  Figure 7 (page  68) showing no 

detectable amount of KDO re leased as a result  of short term 

tobramycin exposure. 

Release of Amino Acids from Pseudomonas aeruginosa PA01 

Fol lowing Short-Term Exposure to Tobramycin 

I n itial Detection  o f  Amino Acids. The loss o f  small cel lu lar 

co mponents such as potassium (Dub in  and Davis , 1 961 ) and 

nucleosides ( Roth et a l . ,  1 960) from g ram negative bacteria 

fo l l owing expos u re to aminog lycosides has been previou sly 

described. Quantitative differences obtained from protein assays 

(Figure 7 ,  page 68) of tobramycin treated cel l  supernatants 

indicated a possible release of amino acids and/or small peptides. 
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Supportively, overn ig ht d ialysis of supernatant samples caused a 

s u bsequen t  l o ss o f  re leased mater ia l  as  o bs e rv ed by 

spectrophotometric scans.  Therefore,  nond ia lyzed supernatant 

samples from control and tobramycin  treated log p hase cel ls ,  

grown in MSM plus g lucose, citrate or succinate, were subjected to 

th in layer chromatography (TLC) . Amino acids were detected with 

a n inhydrin/col l id ine reagent, and the mobi l it ies were compared 

agai nst representative standards of various classes of amino 

acids ( i .e . ,  acid ic, basic, aromatic) . 

As o utl i n ed i n  Tabl e  7 ,  an i ncreas ed amo u n t  of 

n i n hydrin-reactive material was present in tob ramycin treated 

cel l  supernatants . Strong ly reactive compo n ent(s)  ( R f=0 .03)  

emerged from the o rig i n  of  the chromatog raph i n  al l treated 

samples.  This s lowly migrating material  probably represents 

small peptides and polypeptides. An additional , h igh l y  mobi le  

compo nent  ( Rf=0 .97) was detected in  the  g l ucose g rown,  

tobramycin treated cel l  supernatants alone ,  ind icative of  more 

extensive damage in these cel ls. 

Amino Acid Analysis.  For a more specific ana lysis of the 

amino acids re leased , concentrated supernatants from g lucose 

g rown cultures were analyzed by reve rse-phase h igh  pressure 

l iquid chromatography (HPLC) . The results, as presented in  Table 8 ,  

revealed that basic amino acids were predomi nantly released. 

Compared to the contro l ,  a 4 .9-fo ld increase of lysine,  a 9 .5-fo ld 
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Table 7. Resolution of Pseudomonas a�rugioc:2a PA01 released 

co mpo nentsa by thin layer chromatography. 

Standards R f  Samples & R f  
Growth Source 

Lys i n e  0 . 1 6  Glucose Contro l 0 . 54 

Glucose Treatedb 0 . 0 3  
Aspartate 0 .30  0 .40 

0 . 54 
Th reon ine 0 .48 0 SZ 

Citrate Control 0 .54 

P ro l i n e  0 .6 1  Citrate Treatedb 0 .03  
0 .40  

Tryptophan 0 . 66 c.�� 
Succinate Control 0 .54 

Phenylalan ine 0 . 79 Succinate Treatedb 0 .03  
0 .40 

Leucine  0 . 86 0 .54 

a Mobi le components detected as n i nhydri n-co l l id i ne  positive 
components. 
b A p p r ox i m ate ly  1 o8 C FU/ml were treated with 8 ug/ml 
tobramyci n for 3 min utes. 
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Table 8 .  Release of amino acids from Pseudomonas a�rug ino§e 
P A 0 1  a fol lowing a 3 minute exposure to 8ug/ml tobramycin .  

Amino Acid Contro l  Treated Fold I ncrease 
(pmo l/mg ) ( p m o l/mg)  

Ba§ic 
Lysi n e  1 .0 4 .9  4 .9  
A rg i n i n e  1 2 . 3  1 1 6 . 4  9 . 5  
H ist id i n e  1 .0 1 2 . 8  1 2 .8  

Acjdjc 
Aspartate 1 1 2 .8 1 03 . 4  
G lu tamate 1 1 75 .4  1 292 .3  1 . 1 

ArrJmatiQ 
Tyros ine  0 0 
P henylalan ine  1 .0 1 .2 1 .2 
Tryptophan 0 0 

Sulfu r-QQOta i n  i ng 
Meth ion i ne  0 0 

AligbatiQ 
G lycine  86.9 64 .4  
A lan i n e  34 .7 8 1 . 1  2 .3  
Va l i n e  1 4 . 5  33 . 1  2 .3 
Leucine  5 .7  5 . 9  1 .0 
I so leuc i n e  1 . 0 2 . 1  2 . 1  

l minQ 
P ro l i ne 45. 8 45 .0  

Al ighs:�liQ H�d rox�l 
Ser ine 1 .0 37 .4  37 .4  
Threon ine  1 4 .3 2 1 .3  1 . 5 

aconcentrated supernatants were analyzed by reverse-phase HPLC. 
Results were compared against a 20 amino acid standard and 
expressed as picomoles per mil l igram of whole cell prote in .  
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increase of arg in ine ,  and a 1 2.8-fo ld i ncrease of h istidine was 

observed. If cells were subjected to wash steps with phosphate 

buffer, p rio r  to tob ramycin treatment, the overa l l  amou nts of 

certain amino acids were reduced (Table 9).  The curious release of 

serine, shown in  Table 8, was reduced to zero after wash steps, 

suggesting that th is amino acid is loosely associated with the 

surface. The basic amino acid lysine consistently remained to be a 

major  component  re leased (3. 5-fo ld) even fo l lowing wash ing .  

Add itio nal ly ,  the specif ic amounts (pmol/mg) of  lys ine were 

s imi lar under both preparation conditions. 

For comparison ,  pool amino acids were extracted from log 

phase, g l ucose growing cel ls with ethano l ,  as out l ined in Chapter 

I I .  The concentrated extract from both washed and unwashed cells 

was analyzed by HPLC and compared against standard amino acids. 

As expected (Table 1 0 ) ,  cells subjected to wash steps contain 

much lower amou nts of free amino acids. On the average,  there 

was 5 .4 t imes as many amino acids associated with unwashed 

cel ls  compared to washed cel ls .  Consistent with the serine  

release observed in  Table 8 ,  wash ing reduced the  amount of 

ce l l -associated seri n e  by 6 .6-fo l d .  Of parti cu la r  i nterest, 

reduction of the amounts of lysine and argin ine, by e ither prepared 

extract, was less than 2-fo ld .  The observation  that cells retain 

lysine and arg in ine better than other amino acids, strengthens the 

possible mechanism of control led specific re lease by tobramycin .  
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Table 9 .  Release of amino acids from washed cells of P .aeruginosa 

P A 0 1  a following a 3 minute exposure to Sug/ml tobramycin.  

Amino Acid Contro l Treated Fold I ncrease 
(pmo l/mg ) (pmo l/m g )  

Ba§ i� 
Lys ine  1 . 0 3 . 5  3 .5 
Arg i n i n e  24.2  38 .5  1 .6 
H ist id i n e  0 0 

Acidic 
Aspartate 9 .3  1 1 .4 1 .2 
G l utamate 55 .4  55 .2  

A[�HDatic 
Tyros ine  6 . 1  7 .9  1 .3 
Phenylalan ine  1 .0 1 .6 1 .6 
Tryptophan 0 0 

Sulfur-Qootaioiog 
Meth ion ine 0 0 

Aligbatic 
Glycine 1 . 0 1 7 . 9  1 7 . 9  
A lan i n e  1 3 .3  39 .6  3 . 0  
Va l i n e  1 2 .6  1 7 . 1  1 .4 
Leucine 1 1 .9 20 .9  1 . 8 
I so leuc ine 5 .0  7 .4  1 . 5 

l mioo 
P ro l i n e  1 6 .3  1 5 .9  

AligbatiQ I::J�drOXl£1 
Seri ne 0 0 
Threo n ine 1 2 .3 1 5 .2  1 . 2 

aconcentrated supernatants were analyzed by reverse-phase HPLC. 
Results were compared against a 20 amino acid standard and 
expressed as picomoles per mil l igram of whole cell protein .  
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Table 1 0 . Pool amino acid extraction from exponential ly g rowing 

Pseudomonas aerugjnosa PA01 a. 

Amino Acid 

Bas ic 
Lysi n e  
A rg i n i n e  
H i st id i n e  

Acidic 
Aspartate 
G l utamate 

Aro matiQ 
Tyros ine  
Phenylalan ine  
Trypto phan 

Sulfer-ccotaioiog 
M eth ion ine  

A lighatic 
G lycine  
A lan i n e  
Va l i n e  
Leucine 
I s o l euci ne  

I m i ne 
P ro l i n e  

Al ighatic H�g[OX�I 
Ser i n e  
Threon ine 

Unwashed 

Ce l l sb ( p m o l/mg)  

760 . 7  
2034 . 0  
NO* 

7 1 92 .3  
50 ,760 .8  

1 4 .8  
1 85 . 6  
NO* 

0 

2 1 83 .0  
2203 .4 
976 .8  
439 . 5  
N D* 

1 60 5 .6 

2004.6  
1 466 .3  

Washed 

Ce l l sc( p m o l/mg)  

4 1 9 . 0  
1 294 .6  
1 279 . 1  

546 .5  
3458 . 1  

57 .2  
44 .2  
NO* 

0 

746 .3  
706 . 1  
2 1 9 .4 
232.7 
70. 1 

233 .4 

304 .2  
43 1 . 7 

aResults compared against a 20 amino acid standard. 
bMSM/g lucose grown cel ls were directly suspended in ethanol .  
c M S M/g l ucose g rown cel ls were washed 3 t imes with 0 . 0 1  M 
potassium phosphate buffer (pH=7.0) , before ethanol extraction.  
*Not determined.  
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Environmenta l  Supplementation of Basic Compounds. The 

release of basic amino  acids, particu larly lys ine ,  suggested that 

tobramycin may serve a specific lethal ro le by depletion of the 

cel l 's supply of  posit ively charged compo u nds  necessary for 

growth . S im i lar to the magnesium experiments described earl ier 

(Table 5 ,  page 63) , an attempt was made to restore viabi l ity, 

fol lowing a brief exposure to tobramyci n ,  with an exogenous 

supp ly  of L- lys i ne at a concentrat ion 1 00 t imes that of  

tobramycin .  As revealed in Table 1 1 ,  this measure had no effect. 

Reversal of  lethal ity was then attempted i n  the more 

favorable phosphate buffer environment, and cel ls  were suppl ied 

with a mixtu re of  basic compounds at 1 00 times the concentration 

of tobramyc in .  In add ition  to the basic amino acids ( lys ine ,  

arg in in e ,  and h istid i ne ) ,  cel ls were a lso provided with the 

polyamine co mpounds spermine,  spermid ine,  and putrescine.  As 

shown in Table 1 2 , this effort yielded no restored viabi l ity . It is 

apparent that the co mplex nature of the lethal mechanism of 

tobramycin can not be explained by a simple depletion of the cell's 

necessary supply of basic compounds. 
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Table 1 1 .  Inabi l ity of lysine to reverse lethal ity of l:s�udg me cas 
a�[UQiDQSa PA01 a by 8 ug/ml tobramycin . 

Sample Time (minutes) CFU/mlb Ofo Lethalityc 

Centro id 0 3.8 X 1 08 

3 3.7 X 1 08 3 

1 0  4.9 X 1 08 0 

Tobramycine 0 3.8 X 1 08 

3 1 . 1 X 1 07 9 7  

1 0  1 .5 X 1 06 >99 

Tobramycin and 0 3.8 X 1 08 

Lys i n ef 3 1 . 1 X 1 07 9 7  

1 0  1 .3 X 1 06 >99 

acells were grown in MSM + glucose. 
b A soft agar overlay was utilized for plate counts .  
Co/olethal ity was measu red as the percent decrease of C FU/ml as 
compared to the zero minute values. 
d Cells were plated upon suspension in 37°C disti l led water, as 
well as fol lowing 3 and 1 0  minutes of incubation .  
ecells were exposed upon suspension,  and plated over 1 0  minutes 
of incubation .  
fA 1 .7 x 1 o-3 M concentration o f  lys ine was added immediately 
fo l lowing 3 m inutes of tobramycin exposure, and i ncubated 7 
additional m in utes.  



Table 1 2 . I nabi l ity of basic compo unds to reverse 

�s�udcm�:mas a�rugiocsa PA01 a by 8 ug/ml tobramycin. 

Sample 

Centro id 

Tobramyc ine 

Tobramycin and 

Basic M ixturef 

Time (min utes) 

0 

3 

1 0  

0 

3 

1 0 

0 

3 

1 0  

C FU/mlb 

1 .5 X 1 09 

1 .5 X 1 09 

1 .4 X 1 09 

1 .5 X 1 09 

4 . 1  X 1 08 

2.8 X 1 07 

1 .5 X 1 09 

4 . 1  X 1 08 

3.6 X 1 07 

o/o 

8 3  

lethal ity 

Lethal ityc 

0 

7 

7 3  

9 8  

7 3  

9 8  

of 

acells were grown in MSM + glucose. 
b A soft agar overlay technique was util ized for plate counts . 
Co/olethal ity was measured as the percent decrease of CFU/ml as 
compared to the zero minute values. 
dcells were plated upon suspension in 37°C potassium phosphate 
buffer (0.0 1 M ,  pH=7.0) , as wel l  as fo l lowing 3 and 1 0  minutes of 
incubation .  
ecells were exposed upon suspension ,  and plated over 1 0  minutes 
of incubation .  
fA 1 .7 x 1 o-3 M concentration of L- lys ine ,  L-h istid ine ,  L-arg in ine ,  
spermine ,  spermid ine ,  and putresc ine was added immediately 
fo l lowing 3 minutes of tobramycin exposure ,  and i ncubated 7 
addit ional m inutes.  
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Re lease of �-Lactamase from Pseudomonas aeruginosa PA01 

Following Short-Term Exposure to Tobramycin 

Release of a 29kPa Protein .  I n  addition to the release of 

small components such as basic amino acids , it was evident in 

prel iminary studies (Figure 7 and 8, pages 68 and 72, respectively) 

that tobramycin is h igh ly effective i n  provoking the release of 

cel lu lar protein .  It was necessary to determine whether or  not this 

event constituted a loss of general prote i n ,  o r, s imi lar to the 

amino acids, showed some selectivity. Morphological examinations 

(Fig u re 9, page 73) are indicative of  a more specific process 

because general  lysis of cel ls  had not occurred.  Concentrated 

supernatants from P. aerugjnosa PA01 i )  grown with g lucose, 

citrate, o r  succinate as a carbon source; i i )  suspended in  water or 

phosphate buffer; and i i i )  exposed to 8 ug/ml tobramycin fo r three 

to twelve minutes were analyzed for their specific protein content 

by SDS-PAG E.  Si lver-staining for protei n (Wray et al . ,  1 981 ) was 

chosen over Coomassie Blue as an ind icator because of the greatly 

e n hanced sens it iv i ty of th is method . A s  s h own i n  the  

representative ge l  (Figure 1 0) ,  a specific prote in  (arrow, lane B ,  

M r=29kDa) , in  add ition to smal ler molecular weight material ,  was 

released as a consequence of tobramycin exposure.  I t  should be 

noted that the dark area below the dye front ( lane B) includes 

tobramyc in  itself .  
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Figure 1 0 . SDS-PAG E of g lucose grown Pseudomonas aeruginosa 

PA01 concentrated ce l l  supernatants . (A) Water suspended , 
untreated , g lucose g rown cel l  supernatant; and ( B) supernatant 
from glucose grown cel ls,  suspended in water, and treated with 8 
ug/ml tobramycin for 3 minutes. 
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The 29kDa protein was consistently released regardless of 

environmental conditions or carbon growth source. In agreement 

with UV-scan observations ment ioned earl ier, the o rganic acid 

grown , tobramycin exposed cells, appeared to release the prote in  

progressively ( i .e .  the intensity of  the band i ncreased over time) . 

However ,  the overa l l  S DS-PAGE prote i n  prof i l e  remai n ed 

remarkably s imi lar between carbon substrates. I n  spite of the 

co n s iderable  d i fferences in g rowth i n h i b it i on  and lethal i ty 

between g lucose and citrate grown cel ls ,  the data accumu lated 

concern ing the composition of the tobramycin released material , 

suggests a min imal ro le for carbon source in leakage,  if any. 

Therefore,  carbon substrate comparisons were d iscontin ued, and 

g lucose g rown cel ls were employed in  fo l lowing experiments as 

the "most susceptible" system in order to accentuate tobramycin 

act i v i t y .  

Iso lation and Identification .  Experiments were conducted to 

isolate and identify the 29kDa prote in i n  an effort to trace it's 

o rig in .  Based on previo us studies of aminog lycoside membrane 

permeabi l ization (Hancock et al . ,  1 981 b;  Hancock and Wong, 1 984; 

Loh et al . ,  1 984 ; Moore et a l . ,  1 986) and proteolytic effects 

(OGaard et a l . ,  1 986;  Warren et al . ,  1 985) , two separate 

possibi l it ies were particu larly appeal ing .  Fi rst ,  if the export of 

protease is blocked by aminoglycosides, the 29kDa protein may be 

a degradation product of enhanced proteolytic activity at the outer 
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membrane .  Two assays, i )  general hydro lysis by protease i n  

skim-mi lk-peptone protease agar plates, and  i i) the quantitative, 

color imetric azocasein  meth od (J agge r  et a l . , 1 983) , were 

employed to investigate enhanced protease activity .  No activity 

was detected by either technique i n  both tobramycin treated and 

untreated cel ls. I t  has been suggested that MSM/g lucose growing 

cel ls do not produce a sufficient quantity of protease to be 

detected (Bengt Wretl ind, personal communication) .  

The possib i l ity that the 29kDa protein o rig inated from the 

periplasmic space was investigated next. Two enzyme assays were 

investigated as indicative "markers" of peri plasmic  leakage .  

Supernatants were scanned for th e presence of i )  alkal ine 

phosphatase ,  and i i )  asparaginase, which are both located in the 

periplasmic space. The method of Thomassen and Lutenberg (1 980) 

was employed for detection of alkal ine phosphatase. I t  was fo und 

that th is enzyme is not induced under the growth conditions i n  

these experiments. Asparaginase, as examined by a modification of 

the procedure by Yel l in-Wriston ( 1 966) coupled to the Berthelot 

ammonia reaction  (Chaney and Marbach , 1 962), was present in ce l l  

son icates but not in supernatant samples. 

To iso l ate and fu rther study the 29kDa prote i n ,  l i ter 

vol umes of tobramycin treated cel l  supernatants were obtained ,  

and concentrated and dialyzed extensively against water (4°C) . The 

lyoph i l ized material was then passed th rough a Sephacryl S-200 

gel fi ltration column.  The elution profile is shown in Fig ure 1 1 .  
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Fig ure 1 1 . E l ut ion profi le ,  molecu lar weight  determi nation  of 

prote in  over Sephacry l  S-200 , and � - lactamase act ivity of 
selected poo led fractions .  The co ncentrated supernatant fro m 
tobramycin treated Pseudomonas aeruginosa PA01 was placed over 
a 1 .5cm x SOcm column.  The 29kDa protein was the predominant 
species in fractions 50-58 , and the relative molecu lar weight was 
estimated by comparison with standard prote i ns  (see inset, 
correlation  coefficient=0 .99 by simple l inear reg ression ) . 
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Fraction  nu mbers 50 th rough 58 contained predo minant ly the 

tobramycin released low molecular weight protein as observed by 

SDS-PAG E  (Figure 1 2, lane 8) . A smal l amount of this particular 

protein appeared in fraction numbers 38-49 ( Figure 1 2, lane A) , 

however, h igh  mo lecu lar  weight materia l  was also present.  

Fraction n umbers 59-71 contained very l ittle protein (Fig ure 1 2, 

lane C) ,  as did all fractions below 37. The resu lts shown in Figure 

1 2  are from an auto mated PhastSystem 1 0- 1 5o/o g radient 

polyacrylamide gel ,  which was used to expedite analysis.  Although 

the profi les were general ly comparable ,  in  comparison to the 

standard 1 Oo/o gel (Figure 1 0 , page 85) , certain discrepancies exist 

in the rate of migration of both the tobramycin released protein ,  

as well as the standard molecu lar weight markers . Also, some of 

the lower molecu lar weight proteins appearred as "doublets" in the 

gradient gel fo r which we have no explanation.  

To obtain a more accurate estimate for the mo lecular 

we ight  of the tobramyc in - re leased prote i n ,  t h ree standard 

prote ins were appl ied over the S-200 co lumn .  By extrapolation 

from a standard curve (see inset, Figure 1 1 )  of the standard 

protei n  e l ut ion profi les ,  the native molecu lar  weig ht of  the 

tobramycin released protein was determined as 28kDa, wh ich is 

very close to that in itially observed by SDS-PAG E (Figure 1 0 , page 

84) . 

Since P.  aeruginosa is known to produce a low basal level of 

a 29kDa �-lactamase (Nordstrom and Sykes, 1 974) , pooled 
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Figu re 1 2. Protein profi les by SDS- PAG E and si lver-stain ing of  
Pse ud o m o nas aerugjn o s a  PA01 tob ramycin treated ce l l  
supernatants fo l lowing separation  over Sephacryl S-200.  (A) 
fraction  n u mbers 38-49 ; (B) fraction  numbers 50-58;  and (C) 
fraction  n umbers 59-7 1 . 
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col umn  fractions  were investigated for  the presence of th is 

enzyme by n itrocefin hydrolysis. It was found that enzyme activity 

was associated with fraction  n umbers 50 th rough 58,  wh ich 

contained the 29kDa protein seen in gel e lectrophoresis profi les. 

These data provided strong evidence that the released protein is 

indeed �- lactamase, a perip lasmical ly- located enzyme. Attempts 

were made to i nduce the enzyme for easier detection ,  by growth in 

the presence of subinh i bitory concentraions of benzylpen ici l l i n .  

Unfortunately, the  amount  necessary for i nduction  resu lted i n  

critical morpholog ical alterations such as increased adherence and 

elongation  of individual ce l ls , as observed by microscopy. The 

effort was d iscontinued due to these undesirable s ide effects. 

Because i so lation  proced ures may inactivate enzyme 

act iv i ty ,  c o n c e n trated s u pern ata n ts were exa m i n ed for  

�- lactamase. The results in  Table 1 3  show that concentrated 

supernatants from tobramycin exposed cells exhibited 7.3 times as 

much specific enzyme activity than in untreated supernatants . By 

comparison with the extracts of son icated cel ls ,  42o/o of this 

enzyme activity i n  expo nent ia l ly g rowing M S M/g lucose cel ls 

(sonicate) was present in  tobramycin treated ce l l  supernatants . 

On ly  6o/o of  the activity was found in u ntreated , co ntrol cell 

supern atants . 

Although the periplasmic marker, asparag inase ,  was not 

detected in  cel l supernatants , it was desirable to confi rm that a 

short-term exposure to tobramycin does not potentiate a flux of 



9 2  

Table 1 3 . Release of � - lactamase from Pseudomo nas aeruginosa 

PA01 by exposure to 8 ug/ml tobramycin for 3 minutes. 

Sample Enzyme Units Specific Activity o/o 

( u m o llm in/m l ) a ( u m o ll m i n/ m g ) b activ ity 

Son icate 3 .39 x 1 o- 2  1 0 0 

Supernatant fro m  1 .3 x 1 o- 3  1 .95 X 1 0- 3  6 
untreated cel ls  

Supernatant from 1 .8 x 1 o- 2 1 .42 x 1 o- 2 4 2  
to b ramyci n - treated 
c e l l s  

a M icromo les of substrate destroyed per m inute per mi l l i l iter of 
sample at 37°C, pH=7.0.  
b M icromo les of substrate destroyed per m inute per mi l l ig ram of 
protein at 37°C, pH=7.0 .  
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gen eral per ip lasmic contents . Therefo re, an osmotic shock 

procedu re was conducted with exponential ly growing cel ls .  As 

shown in Fig ure 1 3 , SDS-PAGE (g rad ient gel) analysis of the 

osmotical ly released material revealed the presence of several 

low molecular weight proteins in addition to the 29kDa protein .  

Aminoglycoside Activity Toward Pseudomonas aeruginosa Cystic 

Fibrosis Iso lates 

Resistance of P .  aerugi nosa toward a m i n og lycos ide 

antib iotics is grad ually increasing , particularly in  cystic fibrosis 

(CF) patients. The stra ins iso lated rarely possess res istance 

plasmids (MeNei l l  et a l . ,  1 984) , but instead exh ibit u n usual cel l 

surface properties. These altered characteristics are thought to be 

the primary reason for resistance. With in  this section ,  studies 

have been in itiated for the eventual assessment of aminog lycoside 

activities at the cell surface of CF strains. 

Comparative Evaluation of CF and Other Clin ical I solates. To 

assess the antib iotic response(s) of CF stra ins ,  the K i rby-Bauer 

(KB) disc d iffusion assay was conducted with 26 ,  nonmucoid , 

sputum isolates obtained fro m patients at various stages of 

infection . The results in Table 1 4  show that ami nog lycosides as a 

g roup  (kanamycin ,  gentamicin ,  tobramycin , and am ikacin)  reflect 

the suspected resistance patterns currently emerg ing .  
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Figure 1 3 . Analysis of periplasmic protein content by SDS-PAGE of 
g lucose grown , Pseudo monas aeruqi nosa PA01 , fo l lowing osmotic 
shock. (A) Molecular weig ht markers ,  and (B) osmotical l y  released 
p rote i n .  
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Table 1 4. Antib iotic responses of a series of cystic fibrosis 

strains of P��udomQna� a�rygino�aa. 

A n t i b i o t i c  Res istant I nterm ed iate S uscept ib le 
#/total o/o #/total o/o #/total % 

Kanamycin 2 6/ 2 6  1 0 0 0 / 2 6  0 0 / 2 6  0 
(30 ug) 
Tobramyc in  5 / 2 6  1 9 7 / 2 6  2 7  1 4/ 2 6  5 4  
(1 0 ug) 
Gentamic in  1 7/ 2 6  6 5  7 / 2 6  2 7  2 /2 6  8 
( 1  0 ug) 
A m i kac i n  9 / 2 6 3 5  9 / 2 6  3 5  8 / 2 6 3 1  
(30 ug) 
P i pe rac i l l i n  3 / 2 6  1 2 2/ 2 6  8 2 1 / 2 6  8 1  
( 1  00 ug) 
C a rben ic i l l i n  7 / 2 6  2 7  2 / 2 6  8 1 7/ 2 6  6 5  
( 1  00 ug) 
Polymyxin 8 0 / 2 6  0 0 / 2 6  0 2 6 / 2 6  1 0 0 
(30 ug) 
C o l i s t i n 0 / 2 6  0 0 / 2 6  0 2 6 / 2 6  1 0 0 
(Polymyxin E) 
(1 0 ug) 

aKirby-Bauer assay of 26 isolates . 
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An interesting f inding from these data is that the organisms are 

1 00% suscepti b le to polymyxins.  This is u n usual because of 

presumptions made about aminog lycosides and polymyxins sharing 

the same mechanism of activity in permeabi l ization of the outer 

surface ( Dalhoff, 1 987; Hancock and Wong , 1 984; Rivera et al . ,  

1 988). No  correlations could be made with respect to resistance or 

susceptib i l ity between rough or smooth iso lates ,  o r  between CF 

patients in  poor o r  good cl inical condition .  

For comparison ,  the aminog lycoside response properties of 

both CF and 1 45 random cl in ical isolates of P .  aeruginosa were 

examined .  The source of isolation is out l i ned i n  Tab le  1 5 . 

Antib iograms (or  disc diffusion tests) were cond ucted , and the 

results are presented in  Table 1 6 . As shown , the susceptibil ity 

percentages of C F  to c l in ical stra ins  reitterate the u n ique 

aminog lycoside resistance properties belong ing to CF strains. For 

example ,  98o/o of general cl in ical iso lates are susceptible to 

gentamicin ,  compared to only 8% of CF strains. 

In order to strengthen the KB resu l ts obtained ,  a m in imal 

inh ib ito ry concentration  ( M I C) tube di lution assay in M H  medium 

was conducted with selected strains. Tobramycin served as the 

model aminoglycoside. In addition to the P. aeruqinosa wild type 

strains PA01 and ATCC-9027, three mutant strains,  and five CF 

stra ins  we re exam ined (Tab le 1 7) .  As expected , wi ld-type 

organisms were h igh ly susceptible to tobramycin because there 

are no known surface mutations or p lasmids. The multiflagel lated 
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Table 1 5 . Source of iso lation of Pseudomonas aerug i nosa for 
ant ib iograms.  

Isolates Urine Wound Resp. Blood Genit. Stool Flu id 

Clin ical 39o/o 6% 40°/o 8% 1 %  1 %  1 o/o 
( 1 45 samples)  
Cystic Fibrosis 1 00o/o 
(26 samples) 

Table 1 6 . General antibiograms of cl i n ical vs . cystic fibrosis 

iso lates of Pseudomonas aeruginosa. 

Type Gentamici n Tobramycin Am ikaci n Kanamycin 

C l i n .  CF C l i n .  CF C l i n .  CF C l i n .  CF 

Susceptib le  91 o/o SO/o 93°/o 54°/o 98% 31 °/o -

I nte rmed iate SOk 27°/o �/o 27°/o 1°/o 35°/o 1 3o/o -

Res istant �k 65% �/o 1 9o/o 1o/o 35°/o 86o/o 1 00°/o 
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Table 1 7. Comparative response of Pseudomonas aerugjnosa 
strains to tobramycin .  

St ra i n  

PA01 (wi ld type) 
ATCC-9027 
PJ 1 08-0331  (mu ltif lage l lated mutant) 

902 X 503+ (secretion mutant) 

902 x 503- (secretion mutant) 
35c (CF) 
572b (CF) 
572d {CF) 
351 g (CF) 
503cc (CF) 

M IC (ug/ml)a 

1 .0 
0 . 5  
1 . 0 

2 .0  

1 . 0 
1 .0 
1 . 0 
0 . 5  
4 . 0  
8 . 0  

a M i n ima l  i n h i b i to ry concentrat io n s  ( M I C's )  determ in ed m 

Mueller-Hinton media with an inocula of 1 o5 CFU/ml .  
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mutant and protease secretion mutants were also susceptible to 

tob ramyc in .  

The CF isolates, 572b and 572d , were determ ined to be 

aminoglycoside susceptible by the KB method. I n  agreement, these 

strains exhibit a low MIC .  P .  aeruginosa 35c was designated as 

having an intermediate response to aminog lycosides. However, the 

M I C  of 35c was comparable with susceptib le strains .  F inal ly ,  

am inog lycoside resistant CF iso lates (by K B) d id possess a 

low- level  o f  resistance to tob ramyci n .  R es i stance to low 

co ncentratio ns o f  ant ib iotics is  i nd icative of  o uter surface 

a l te rat i o n s ,  w h e reas h i g h -c o n c e n trat i o n  re s i st a n ce i s  

characteri st ic of a 

response. 

p lasmid-o r iented e n zyme mod if icat ion 

Release of  Material in CF Strains .  Leakage studies were 

in itiated to examine the simi larities or differences , in response to 

tobramyc in  o f  C F  iso lates compared to wi ld-type PA0 1 . 

Supernatants were obtained as described previously for PA01 , of 

the representative CF strains from Table 1 7 . D ifference spectra of 

supernatants were compared (Figure 1 4) .  The resistant strains,  

503cc (A) and 351 g (B) ,  demonstrated no enhanced leakage from 

tobramycin exposure. KB-intermediate strain 35c (C) also showed 

no release. Strain 572b (D) ,  a KB-susceptib le iso late, did reveal 

increased absorbance, whereas 572d (E) (also susceptible) did not. 

The UV profi le of 572b (D) varied s l ightly in comparison with the 
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Fig ure 1 4 . Release of UV-absorbing material from P se u d o m o n as 
aerugjnosa CF iso lates fol lowing exposure to 8 ug/ml tobramycin . 
Strains examined include 503cc (A) , 351 g (B) , 35c (C) , 572b (D) ,  
and 572d (E) . 
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PA01 p rof i le ,  i nd icative of some differences i n  the specific 

composition of the material. Also , the amount of material released 

was not as great as that from PA01 . These results indicate that 

the approach used with P.  aeruqinosa PA01 , as a model susceptible 

strai n ,  can be appl ied to the analysis of susceptib i l ity and 

resistance mechanisms in  selected cl in ical iso lates. 
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CHAPTER IV 

DISCUSSION 

Researc h  with aminog lycos ide ant ib iot ics has been 

conducted for  more than 25 years , yet considerable controversy 

sti l l  ex ists co ncern ing the i r  letha l  act iv i t ies and cel l u lar  

res istance mechanisms. To amend some of the confusion, Taber et 

al . ( 1 987) suggest that each antibiotic be considered individual ly 

i n  reference to a mechanism of action o r  to the energetics of 

uptake. They also expressed the "need to explore the possib i l i ty 

that a g iven ami noglycoside may enter ce l ls of d ifferent species 

by somewhat d ifferent routes. "  From the results i n  Chapter I l l ,  

(Figure 1 ,  and Tables 1 and 2, pages 47, 50 , and 51 , respectively) , 

it is evident that both the growth conditions and the drug exposure 

e n v i ro n m e n t  i nf l u e nce the  m ag n i tud e o f  act iv i ty by 

aminog lycosides. Many inconsistencies found in  the l iterature can 

be attributed to the various experimental conditions uti l i zed . 

Addit ional confusion is  encountered due to extrapolations made 

between s imi lar g roups of antibiotics or bacteria. These problems 

are then compo u nded by the many repo rted ami nog lycoside 

observations  which may or may not re late to the i n itial lethal 

event. In the l iterature , it is often difficu lt to d istingu ish between 

what constitutes a lethal activ ity and what is the resu lt of 

lethal ity. In this study, g reat care has been taken to maintain 
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consistent,  wel l-defin ed growth conditions ,  and to o ut l ine the 

i nfluence of various environmental components during antibiotic 

exposure .  Add itio nal ly ,  these stud ies attempt to d ifferentiate 

between the primary and secondary effects el icited by tobramycin 

with respect to time fo l l owing exposure. S impl i fication  of the 

reaction  m ixtu re min imizes variables wh ich can confuse proper 

interpretation  of resu lts .  

Summation of Results 

The cel l u lar res po nse to ami nog lycoside expos u re is  

described as pleotropic (Dalhoff, 1 987) . An effort was made in 

th is study to sort out some of these activities by focussing on  

rapidly occu rri ng physiolog ical events associated with lethal ity . 

For this reason, a somewhat broader approach to this problem was 

in itia l ly taken in  an effort not to exclude o r  overlook a lternative 

mechan isms.  An i n i t ia l  observation that ce l l  l eakage  was 

occurring rapidly remained the centra l observation and basis for 

further investigation .  A brief summary of the resu lts may help to 

clarify and condense th is study for the purposes of d iscussion .  

Therefore : 

1 .  Lethal ity by tobramycin is immediate ( 1 -3 m inutes ) ,  appears to 

be irreversib le ,  and does not seem to necessitate additional influx 

of antib iotic fo r lethal ity ,  fo l lowing the in itial exposure.  

2. Tobramycin-potentiated release of (3 - lactamase, as wel l  as 

certain amino acids ,  occurs concomitantly ,  i f  n ot p rior ,  to 
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i n hibit ion of  prote in  synthesis. Also , leakage appears d i rectly 

associated with lethal ity. 

3 .  The extent of tobramycin uptake, leakage ,  and lethal ity is 

influenced by the amount of magnesium in the environment. 

4. Comparative carbon growth sou rce studies suggest specific 

metabolic roles may exist for the magnitude of lethal damage  by 

tob ramyc in .  

5 .  The inh ibition o f  amino acid uptake (as exemplified by  pro l ine) , 

the release of LPS,  the general loss of prote in  o r  ATP , the 

depletio n  of genera l  pool  amino acids or po lyamines ,  the 

occurrence of drastic morphological alterations, as wel l  as overall 

cel l  lysis, are not invo lved in the primary stages of lethal ity by 

tob ramycin .  

6 .  Resistant C F  strains do not re lease material under the same 

tobramycin-exposure conditions as P. aeruqinosa PA01 . However, 

one of two susceptible CF iso lates does re lease material . 

Lethal ity. I nfl uence of Environ mental Components .  and Role of 

Carbon Growth Substrate 

As shown in Tables 1 and 2, {pages 50 and 51 ) ,  lethal ity 

(defined as the inabi l ity to form co lon ies) occu rred immediately 

upon exposure to tobramycin ( 1 -3 min utes) .  Th is  particu lar  

observation is  of considerable importance because many previous 

studies have been conducted with antibiotic exposure periods of 

ten or more m inutes . Additionally, the drug concentrations util ized 
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by others were often much higher than the 8 ug/ml employed here. 

This low concentration  was chosen to prolong the in itial activities 

(50-80% lethal ity) and reduce post- lethal events. Also , 8 ug/ml 

tobramycin is ineffective in  growth inh ib itio n  of  some resistant 

CF iso lates so that comparative analyses may be pursued in  future 

studies. I t  has been cited elsewhere (M i l ler et al . ,  1 987) that 

"abbreviated t ime-k i l l  stud ies may be preferable to conventional 

24 h o u r  data . . . . . . .  " and that "standard 24 hour  studies are 

unnecessary and possibly mis leading . '' I n  agreement, we question 

the valid ity of such studies ,  relative to ki l l ing,  when as revealed 

here, greater than 50% lethal ity occurred after only three minutes 

of exposure to 8 ug/ml tobramycin in a buffered environment. 

From another perspective ,  one cou ld argue that a separate 

means for defin ing lethal ity is needed. The results presented here 

are actual ly a reflectio n of the lost fu nction of cel l d ivision .  For 

exa m p l e ,  i t  was fo u nd that az loci l l i n  prod uces stri k i ng 

u l trastructural  changes by depo sit ion of  reg u lar  arrays of  

e lectro n -dense m ater ia l  with i n  P .  ae rug i n o s  a ( E l l iott and 

Greenwood, 1 983) . The authors speculate that th is material may be 

excess , abberant formation of peptidog lycan due to the absence of 

septat io n .  If tru e ,  th e ce l l s  are sti l l  actively metabo l iz ing 

peptidoglycan,  but are unable to divide which eventually leads to 

death . However, as shown in  Figure 9 (page 73) , no such 

morpholog ical changes are found in these studies. The activities of 

aminog lycosides at the r ibosomal level ( Fig ure 5 ,  page 63) , 
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e l im inate prote i n  synthesis as an app rop riate meas u re fo r 

lethal ity . Perhaps the use of vital dyes or stains wi l l  provide a 

val id,  additional means for defining lethal ity. It is not understood 

why on ly a few investigators have attempted to measure and 

correlate letha l ity with their ami nog lycoside observations.  

The protective ro le of tobramycin competitive o r  i nh ibitory 

substances in  the environment, such as mag nesium and phosphate, 

had to be ascertained in  these studies. Other studies indicated that 

the in itial interaction of aminoglycosides on the cell surface of � 

aerug i n os a  invo lves a n  ionic d isp lacement of magnesiu m  where 

th is cation serves as a cross bridge for adjacent molecules of LPS 

(Eagon, 1 984 ; Hancock and Wong, 1 984; Loh et al . ,  1 984; Nicas and 

Hancock, 1 983 ; Peterson et a l . ,  1 985;  R ivera et a l . ,  1 988) . 

Add it ional ly,  the presence of mag nes ium in  the surrou ndings is 

found to increase the min imal inh ibitory concentrations (M IG's) of 

aminoglycosides (Abdei-Sayed et al . ,  1 982) . I t  shou ld be noted that 

the protection of P .  aeruqinosa by magnesium or calcium is not due 

to a modification of the antibiotics (am inoglycosides, polymyxins) 

by these ions (Zimelis and Jackson ,  1 973) . 

Consistent with previous suggestions, it was found in these 

studies that decreas i ng or e l i m i nat i ng  mag n es i u m  i n  the 

surroundings resulted in  an enhanced susceptibi l ity to tobramycin 

(Table 4, page 56) . Furthermore ,  it was di rectly establ ished that 

the increased susceptib i l ity was associated with decreased uptake 

of tobramycin at the cel l  surface (Figure 3 ,  page 59).  In  support, 
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Thompson and Eag o n  ( 1 985) have shown that u ptake of 

d i hyd rostrepto mycin  in P. put ida membrane vesicles is not 

inhibited by magnesium (or spermidine) , therefore protection must 

exist at an external site in the gram negative envelope. The much 

smal ler deg ree of protectio n provided to cel ls  by phosphate , 

compared to water, is thought to be attributable not on ly to some 

interaction of tobramycin with phosphate ions in solution ,  but also 

the more osmotical ly favorable environ ment. In consideration of 

the protective ro le of magnesium, previous reports which employ 

lengthy antibiotic exposure periods in an enriched medium, may be 

part ial ly  j ustif ied . However, the h igher  d rug co ncentrations  

uti l ized may ,  i n  turn ,  compensate fo r the p resence of  these 

cations. Although the effect of magnesium on the M I C  was not 

determined here, it is of interest to note that the i nh ibition of 

MSM/glucose growing cel ls (Figure 1 ,  page 47) is very co mparable 

to the M IC determined in the enriched MH medium (Table 1 7, page 

98, magnesium content unknown). Th is suggests that the extent of 

tobramycin interactio n  with the cel l su rface in  M S M  versus 

enriched MH medium does not differ. 

As mentioned earl ier, N icas and Hancock ( 1 983a) imply that 

gentamicin has a m uch higher affin ity for the cel l surface of E..:. 
aeruginosa because 1 ,000-fo ld excess of mag nesium (compared to 

gentamicin )  is absol ute fo r protection .  However,  data reported 

here show that on ly a 1 00-fold excess of magnesium provides a 

substantial degree of protection to cells (Table 4 ,  page 56) . It may 
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be that the affin ity of tobramycin for P .  aerug i nosa is not as 

strong as that of gentamicin .  In the case of d ivalent cations, for 

instance, calc ium is  observed to exh ibit tighter b ind ing than 

magnesium to P.  aeruginosa LPS complexes (Rivera et al. , 1 988) . On 

the other hand , a h igher affin ity by gentamici n ,  compared to 

tob ramyci n ,  wou ld not  acco unt  fo r the h igher  tob ramyc in  

susceptibil ity observed in CF strains (Table 1 6, page 97) . This is, 

of cou rse, assuming that the interaction site is exposed in these 

iso lates. I t  may be of futu re interest to cond uct antagon istic 

studies between different cationic antibiotics , wh ich may reveal 

the un ique properties of activity of each compound. 

These data show that the deg ree of susceptibi l i ty to 

tobramycin is related to growth on a particu lar carbon substrate. 

By growing PA01 in a defined medium with glucose as the carbon 

source, the inh ibition of growth {Figure 1 ,  page 47) , as wel l  as the 

degree of kil l ing (Tables 1 and 2, pages 50 and 51 ) ,  is g reater than 

that observed with cel ls grown in the same med ium with citrate 

or succinate as the carbon source. It is interesting that citrate 

g rown cel ls ,  wh ich may possess depleted mag nes ium due to 

chelation ,  were most res istant. Also , Conrad et al .  ( 1 979) report 

adaptive resistance of P. aeruginosa toward polymyxin when grown 

on g lucose or glutamate. The possib i l ity that the phase of g rowth 

may account for differences in these studies was examined (Table 

3, page 52) and excluded. All data taken together suggest that a 

specific physio log ical function related to carbon metabol ism may 
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be involved in the degree of susceptibi l i ty o r  resistance. Also , 

d ifferences in resistance mechan isms may exist between simi lar 

cationic compounds. 

It is known that certai n proteins  of the g lucose and 

g luconate transport systems, and the Entner- Doudoroff enzymes, 

are induced during growth on glucose (Eagon ,  1 984) . It may be that 

one of these inducible proteins serves to enhance the interaction 

with , or permeabil ization of the outer membrane by, tobramycin .  

Another possibi l ity fo r the increased susceptib i l ity of  g l ucose 

grown cells may be a lack of intracel lu lar energy levels necessary 

for cel l surface repair mechan isms fo l lowi ng damage.  I t  is known 

that g lucose grown P. aeruginosa has a sign ificantly lower level of 

ATP than when an organic acid serves as the substrate (Montie and 

Montie, 1 979) .  Final ly, since porin is known to serve as a major 

route of uptake for many antibiotics (Nakae and Nakae, 1 982) , i t  is 

possible that a g lucose-inducible porin (Hancock and Carey, 1 980) 

may serve to enhance the uptake of tobramycin into the cel l .  

Leakage of Cel lu lar Material 

Fol lowi ng an assessment of the contributions by carbon 

g rowth substrate and environmental co mponents i n  lethal ity, 

contin ued cel l  su rface studies were conducted with a su itable 

system which would outl i ne  and accentuate the p recise and 

primary effects el icited by tobramycin.  Both phosphate buffer and 

water envi ro n ments were chosen for exami nation .  Also , more 
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detai led studies were conducted with g lucose g rown cel ls , as a 

most sensitive model system . 

As revealed in  Chapter I l l  (Figures 6,  7,  and 8 pages 66, 68, 

and 72) , tobramycin potentiates the release of certain cel l u la r  

components.  Leakage was fi rst denoted by an i ncrease of  

UV-absorbing material (Figure 6) i n  tobramycin treated cel l  

supernatants. The material , as d iscussed in  more detai l  later ,  

contained specific protein and amino acids. Early investigations of 

the mechanism of streptomycin activity i n  E. col i ,  revealed an 

efflux of  potassium ions fo l lowing aminoglycoside exposure (Dubin 

and Davis, 1 961  ) .  The release of nucleotides has also been reported 

(Roth et al . ,  1 960).  Although nucleotides may partial ly account for 

UV absorbance, it is stated that release of these compounds is not 

associ ated with letha l i ty (Tzago loff and U mb re it ,  1 962) . 

Sch lessinger ( 1 988) stated in a recent review that the data 

concern ing the efflux of potassium ions ,  suggest that this is a 

post-lethal event. Based on these reports , the presence of 

potass ium ions  and nucleotides in the supernatant was not 

investigated here. Additional substances may also be present, but 

the i mportance of identifyi ng minor  constituents is d ifficult to 

assess. 

There was l i ttle difference in  the extent of general protein 

released between phosphate and water suspended cel ls .  In each 

case , an approx imate 2-fo ld release occurred by three minutes. 

Absorbance profi les were very s imi lar as wel l .  Surpris ingly, the 
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re lease of p rote in was qual itatively s imi lar  among cel ls grown 

with various carbon substrates. The o n ly d ifference was that 

protein release i n  citrate and succinate g rown cel ls  was more 

gradual over time. Apparently the role of carbon source is minimal 

in tobramycin-potentiated leakage. With regard to the importance 

of energy levels for cel l u lar repair, it was thought that g lucose 

grown cells may show enhanced leakage of ATP. However, no such 

effect was observed (Tab le 6, page 71 ) .  It is known that the 

sod i u m-potass i u m  ATPase is i n h i b ited by g entam ic in  i n  

erythrocyte membranes (Chahwala and Harpur, 1 982) , but a very 

h igh concentratio n  of antib iotic ( 1 o-2 M) is necessary for >50% 

interference. From these combined data, it is  doubtfu l that ATP 

plays a pro m i nent  ro le in carbon so u rce antibiot ic response 

d ifference s .  

I n  exce l l e nt ag reement with letha l ity stud ies ,  cel ls  

suspended in magnes ium sulfate (2 .0 x 1 o-2 M)  do not show 

tobramyc i n-e l ici ted leakag e as detected by UV abso rbance 

profi les. However, cells suspended in 0 .85°/o NaCI reveal enhanced 

leakage.  Such f ind ings strengthen the op in ion that o ne major 

interaction  site (s) for aminog lycosides resides where divalent 

cat ions stabi l ize the macromo lecu lar arrangement of the cel l  

surface by cross-bridging.  Monovalent cations may occupy these 

sites in a more unsteady conformation , and the antibiotic is not 

on ly successfu l  i n  penetrat ing the su rface and potentiati ng 

leakage, but the effects are enhanced. 
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Sequence of Events Fol lowing Tobramycin Exposure 

One recent proposal concerning the sequence of events by 

aminog lycosides leading to death of P .  aeruginosa, is outlined by 

Martin and Beveridge ( 1 986) . They reported a loss of 34°k total cell 

protein ,  30% LPS,  and predominant morphological abberations. They 

hypothes ize that gentamicin disp laces cat ions i n  the outer 

membrane ,  which leads to the extract ion of o uter membrane 

components such as protein and LPS . Blabbing of membranous 

material occurs i n itial ly ,  is fo l lowed by the appearance of holes 

th rough the envelope , which eventual ly leads to ce l l  lysis and 

death . However ,  the earl iest t ime po in t  exami ned fol lowi ng 

exposure was 1 5  minutes, with a gentamic in  concentration of 25 

ug/ml uti l izi ng buffer suspended cel ls .  

I n  a more referenced paper, Davis et a l .  ( 1 986) have 

proposed that am i noglycos ide activ ity beg ins  with s l ight i n itial 

entry of the drug into the cel l .  This in it ial amount then i) interacts 

with the ribosomes, causing misread protein to be incorporated i n  

the envelope,  wh ich i i )  leads to increased uptake of additional  

antibiotic through abnormal channels ,  and i i i )  resu lts i n  death . 

Again , cel ls were exposed to 20 ug/m l strepto mycin for 20 

minutes or longer. 

From the data presented in this text, not on ly does lethality 

occur with in  1 -3 m in utes by on ly 8 ug/m l tobramyci n ,  but this 

i n it ial amount  of d rug is  apparently suff icient  for lethal ity. I f  

Davis' proposal that eventual i ncreased i nf lux o f  antibiotic was 
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necessary for death , it wou ld seem logical that the later addition 

of magnesium (Table 5, page 57) would prevent increased uptake of 

tobramycin , and cells would survive the in itial dose. This opinion 

is supported in  the review by Schlessinger ( 1 988) wh ich outl ines 

that attempts to d i l ute aminog lycosides to a s u b- letha l  

concentrat io n ,  fo l l owing in itial exposure ,  a lso d id not  restore 

v i a b i l i ty .  

Within the scope of th is text, a substantial deg ree of 

interference with protein synthesis by tobramycin had occurred by 

3 minutes (Figure 5, page 63) , but the UV-Ieakage in Figure 6 (page 

66) was obtained from the supernatant of cel l s  exposed to 

tobramycin for on ly one min ute (environmental g rowth conditions 

were the same fo r both experiments) . Less than 1 o/o protein 

synthesis inh ibition had occurred by one minute (Figu re 5 ,  page 

63) .  These data, in addition to i) the lack of abnormal envelope 

morphology in a highly sensitive system (Figure 9 ,  page 73) ,  and i i) 

the lack of increased LPS in the supernatant fol lowing tobramycin 

exposure (Fig ure 7 ,  page 68) suggest a separate series of 

activitie(s) than those outl ined by Martin and Beveridge ( 1 986) or 

Davis et al. (1 986). 

These data taken together  suggest that immediately 

fol lowing cel l  surface contact, tobramycin fi rst potentiates the 

release of specific cel l u lar components , which is associated with 

lethal ity by in itiation of irreversible damage at the envelope level .  

In terference with prote in  synthesis rapidly fo l lows th is damage. 
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However, the release of LPS ( Martin and Beveridge,  1 986) , 

morphological abnormal ities (Martin and Beveridge ,  1 986 ; Tanaka 

et al . ,  1 983) ,  and cessation of transport (Eagon et al, 1 982; Figure 

4, page 62) are probably events which fo l low lethal ity. 

Loss of Certain Amino Acids 

An i nvestigatio n  of the tobramyc i n - l eakage mater ia l  

revealed that basic amino acids are preferential ly  re leased (Table 

8 ,  page 77). Also,  lethal ity did not i nvo lve a s imp le  cel l u lar  

depletion of basic compounds by tobramycin (Tables 1 1  and 1 2, 

pages 82 and 83) . This amino acid re lease may be an indication of 

osmotic stress brought about by tobramycin .  It is suggested that 

in V ib r io cho le rae,  amino acids probably play a d i rect role  in  

osmoregu lation (M i l ler and Mekalanos , 1 988) . I n  fact, i t  is known 

that e nter ic bacteria contro l  osmot ic stress,  partia l l y ,  by 

alteration of intracel lu lar pool sizes of certain am ino acids such 

as pro l ine o r  g l utamate (LeRudul ier et al . ,  1 984) . The complex 

nature of osmotic stress sig naling is exempl ified in a recent study 

by Cso nka ( 1 988) . He found that there is an i ncrease of 

intracel lu lar pro l ine with i ncreased osmotic stress in  S a l m o n e l l a  

typh i m u r i u m .  This is thoug ht to be due to osmotical l y  stimu lated 

pro l ine transport systems (ProP  and ProU) .  I n  sharp contrast, this 

investigator was unable to detect any such occurrence in  E. col i ,  

indicative of  a del icate species-specific mechan ism .  

I n  aminoglycoside research ,  it i s  increasingly evident that 
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6 'II plays a rol e  i n  antibiotic uptake and activity (Bryan et al . ,  

1 977, 1 983 ; Dalhoff, 1 987; Mates et al .  1 983 ; Taber et al . 1 987; 

Sch lessinger, 1 988) . The release of bas ic amino acids may be an 

i nd ication of  i mmediate disruption of 6'11 by tobramycin .  Positively 

charged amino acid efflux may reflect the cel l 's effort to maintain 

an appropriate charge-balance . Bryan et a l .  ( 1 980) have examined 

the transport of argin ine and lysine i n  the presence of gentamicin 

and d ihydrostreptomyci n .  They fo und that fo l lowing r ibosomal 

b ind ing,  the transport of arg in ine is accelerated , but that lys ine 

transport is decreased. Although the resu lts p resented i n  Chapter 

I l l  ind icate that basic amino acid efflux occurs e ither prior  to , or  

s imu ltaneous with , r ibosomal i nteraction , Bryan's observation of 

i ncreased arg i n i ne  uptake may resu lt fro m i ncreased eff lux of 

bas ic amino acids and maintenance of 6v .  Carefu l ly designed 

label l ing experiments might provide an answer to some of these 

questions .  

I n  fol lowing studies, Bryan and coworkers ( 1 980 , 1 98 1 , 

1 983) attempted to show that am inog lycoside transport and 6'1' 
may be coupled to electron transport. This possibi l i ty has been the 

subject of m uch criticism because no other transport mechanism 

of th is type is  known to exist. I nteresti ngly ,  anaerobic cu ltu res 

ex h i b i t h ig h e r  res i stance to the  i n i t i a l  act i v i t i es of 

am i nog lycos ides (Sch le iss i nger ,  1 988) . B ryan s ugg ests that 

anaerobic cu ltures may possess a lower rate of e lectron transport 

wh ich wo u ld l ower the proto n mot ive fo rce  ( P M F) fo r 
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aminog lycoside uptake. However, after an i n itial lag period ,  there 

is a sudden increase of aminog lycoside uptake. Some investigators 

report that the P M F  is s imi lar in both aerobic and anaerobic 

cu ltures, but that an "ox idative insu lt, " such as that observed with 

po lye n e  an ti b i ot i cs ,  may acco u n t  fo r these d i ffere nces 

(Sch leiss inger, 1 988).  

Mates et al. ( 1 983) suggest that intracel lular binding may be 

the key to those d iffe rences observed between aerobic and 

anaero b ic g rowi ng ce l l s .  C lassica l ly ,  r ibosomal  b ind i ng by 

aminog lycosides is known to be i rrevers ib le ,  a un ique trait for 

these antibiotics. I n  the studies by Mates , a protonophore {carbonyl 

cyan ide- m-chlorophenyl hydrazone) was uti l ized , which col lapsed 

the proton g radient ,  and caused effl ux  of ge ntam ic in fro m 

anaerobical l y  g rown cel ls ,  but not f ro m  aerob ic  cel ls .  Th is  

hypothesis is supported by the observation that membrane vesicles 

are unable to transport these drugs without cytoplasmic contents 

(Schlessinger, 1 988) . 

I f  am i nog lycos ide k i l l i ng  is  rel ated to d is ruptio n of  

membrane potential, it may behave in a manner s imi lar to that of  

cation ic peptides . Kordel et  a l .  ( 1 988) , have shown that a small 

peptide produced by Staphylococcus epidermid i s  {wh ich contains 

eight positively charged amino acids) ,  is able to break down the 

cytoplasmic membrane potential in both g ram positive and gram 

negative bacteria, leading to increased permeat ion of ions,  amino 

acids ,  and ATP . Th is activ ity is  dependent upon a suff icient 



1 1 7 

membrane potential . These investigators were ab le to ascertain 

that it takes less than one second for this peptide to abol ish the 

potassium gradient in  Staphylococcu s ,  which should result i n  cell 

death. These observations wou ld easi ly exp lain why lethal ity by 

tobramycin occurs rapidly and why there is increased release of 

amino acids (Tables 7 ,  8,  and 9, pages 76 , 77, and 79) and 

potassium (Dubin and Davis, 1 961 ) .  

A s  a n  explanat ion fo r amino acid excretion ,  increased 

proteolytic enzyme activity in  supernatants was measured but not 

found fol lowing tobramycin treatment. However, proteo lysis sti l l  

may be involved. Indeed , i f  aminoglycosides block the excretion of 

these enzymes (Warren et al . ,  1 985) , the release of amino acids 

may reflect increased proteolytic activity j ust be low the outer 

su rface . I t  is known that aminog lycosides g ive rise to the 

synthesis of abnormal proteins (Davis et al . , 1 986) . Emling and 

Holtje ( 1 987) have emphasized that such abnormal peptides are 

rapidly deg raded by proteases, and the resu ltant i ncreased amino 

acid content would lead to an osmotic problem for the cel l .  Eff lux 

would simply represent a protective measure by the cel l .  

Therefo re , in  evaluation of  the data presented here ,  the 

efflux of basic amino acids may reflect the cel l 's response to 

maintain charge-balance. Such an efflux mechanism would enhance 

the magn itude of �'I' , and potentiate further drug uptake . Yet, as 

specified earl ier, the additional  amo unt of ant ib iot ic is not 

n ecessary fo r l e tha l i ty .  A l tern ative l y ,  i f  a m i n og l ycos ide  
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stimulated proteolysis has been in itiated , amino acid release may 

represent the cel l's attempt to al leviate increased osmotic stress. 

Release of �-Lactamase 

I n  addition to amino acids, protein  release by tobramycin is 

an immediate event (Figures 7 and 8, pages 68 and 72) . SDS-PAGE 

of P. aerugjnosa PA01 supernatants demonstrate the release of a 

29kDa protein (Figure 1 0 , page 85) . p. aeruginosa constitu itively 

produces a low level of chromosomal ly-encoded � - l a c t a m a s e  

(Nordstrom and Sykes, 1 974a, 1 974b; Gates et al . ,  1 986) . Th is 

particular enzyme has a molecular weight of 29kDa (Nordstrom and 

Sykes, 1 974b) . Although �-lactamase re lease as an in itial event of 

aminoglycoside activity has not been previously docu mented, it's 

re lease from the perip lasmic space has been observed in the 

presence of other antibiotics (Nordstrom and Sykes , 1 974a, 1 974b; 

Sanders et al . ,  1 987) . In  Pseudomonas ,  �-lactamase was released 

i nto th e su rro u nd ings  fo l lowing exposure to benzylpen ic i l l i n  

(Nordstro m and Sykes , 1 974b) . Two add it io na l  pen ic i l l i n s ,  

amdinoci l l in and impenem , potentiate leakage o f  �-lactamase from 

g ram negatives pr ior to induct ion (Sanders e t  a l . ,  1 987) , 

demonstrating that induction is not necessary for leakage of this 

enzyme. 

In a p re l im inary experiment with tobramycin , cel ls were 

pre incubated with e ither 200 ug/m l of ch lo ramphen ico l o r  1 mM 

sodium azide before treatment (data not i ncl uded) . Release of the 
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29kDa protein was observed by SDS-PAGE. Such results, in  addition 

to those by Sanders et al .  ( 1 987) , wou ld suggest that re lease 

activity by tobramycin does not requ i re active uptake or protei n 

synthes is .  

To conf i rm that the identity of  the  29kDa prote in  is  

�- lactamase, supernatant samples were appl ied to a gel  fi ltration 

column (Figu re 1 1 ,  page 88) . The e lut ion profi le  was compared 

against the e l ut ion properties of standard prote ins .  Resu lts 

al lowed for a mass estimate of 28kDa for the specific prote in .  

�- lactamase activity was associated with the pooled 28-29k0a 

fractio n .  Th is  c h ro mosomal ly-encoded enzyme is one of two 

commonly encountered �-lactamases in P.  aeruginosa. The other is  

plasmid-encided (RP1 ) ,  and has a reported mo lecu lar weig ht of 

37kDa (Poole and Hancock, 1 983) . More defin itive proof could be 

obtained in the future by i) elution of the 29kDa band from the gel, 

fo l l owed by a positive enzyme reactio n ,  or i i )  by successfu l ly 

conducting an enzyme reaction d i rectly on the gel itse lf. 

I n  excel lent  agreement with the resu lts p resented here 

(Figure 1 3 , page 94) , the excret ion of � - l actamase ,  fo l l owing 

exposure to benzylpen ic i l l i n  i n  P .  aerug i nosa,  seems to be 

attributable to an opening into the periplasmic space rather than 

cel l  lys is (No rdstrom and Sykes,  1 974a) . The po lycation ic  

properties of  tobramycin may contribute to the formation o f  rig id 

domains by LPS cross-bridges o r  to the in te raction with head 

groups of  neg ative ly charged phosphol ip ids. � - l actamase may 
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simply pass through transient cracks in the o uter membrane.  It 

wou ld be of interest to know if � - lactamase is l ocated at the 

outermost reg ion of the periplasmic space. Perhaps this enzyme 

also is attached to the inner portion of the outer membrane. 

From another point of view, it is known that both the outer 

membrane and perip lasmic space have a physical d imension ,  

determined by growth rate, and possessing a l im ited capacity for 

macromolecu lar components such as prote in .  C l ick et a l .  ( 1 988) 

recent ly discussed trans lat io na l  con tro l of o u ter  mem brane 

prote in  synthes is ,  wh ich may be co up led to export .  More 

specifical ly, control led overexpression of OmpC in E. coli provoked 

a simultaneous el imination of the presence of OmpA and LamB in 

the outer membrane. I nterestingly, there was no decrease in OmpA 

m A NA sy n t h e s i s ,  i n d i cat i ng that t h i s  p h e n o me n o n  i s  

trans lationa l ly contro l led.  

I f  the rapid release of � - lactamase in  the presence of 

tobramyci n o r  � - lactams fol lows the a l terati on  of  crit ical 

physical parameters in  the envelope, it may be of interest to 

i nvestigate a poss ib le translat io nal co ntro l m echan ism fo r 

immediate, i ncreased export of �- lactamase. A shared signal site 

on the cel l surface may exist since both tobramycin and �- lactams  

elicit enzyme re lease. Also , because magnesium is able to protect 

cel l s  fro m  leakage ,  the competit ive mag nes i u m -to bramycin  

interaction site represents one l ikely candidate . 

An  attempt  was made i n  these stud ies to i nduce 
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�- lactamase, and enhance enzyme yield, with a subinh ibito ry level 

of benzylpen ic i l l in .  A concentration of 20 ug/ml is necessary for 

i nduct ion  (Nordstro m and Sykes ,  1 974a) . However, severe 

morphological alterations ,  such as e longation  and f i lamentous 

growth occur, and would probably present a false model fo r study. 

This somewhat selective release of � - lactamase is not 

bel ieved to be the reason for lethal ity. Gram negatives are known 

to survive osmotic shock of periplamic contents ; loss of on ly one 

periplasmic component probably does not endanger the cel l .  More 

l ike ly ,  th is  event  s ignals a very sens i tive cel l u lar  response 

fo l lowing envelope damage. Efflux of �- lactamase in  the case of 

�- lactam anti b iotics , wou ld seem to beneficia l ly  enhance the 

cel l 's defense mechan ism. In futu re studies ,  � - l actamase may 

prove to be a useful general probe for the detection of envelope 

damage. 

Resistance in  CF Isolates 

Resistance to low concentrations of aminog lycosides (and 

other antibiotics) is  attributed to outer surface alterations  (Burns 

et  al . , 1 985; Bush et al . ,  1 985; Gutmann et al . ,  1 985; McNei l l  et  a l . ,  

1 984; Moore and Hancock, 1 986; Shearer and Legakis, 1 985) . These 

res istant strains rarely possess plasmids (McNei l l  et a l . ,  1 984 ; 

Preheim et al . ,  1 982) . Many studies are directed at the ro le of the 

LPS phenotype in  low level resistance, however, it is stated that 

LPS cannot solely account fo r res istance (Shearer and Legakis, 
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1 985) . Apparently, a combination of cell surface components are 

involved i n  resistance. The ro le of cel l  surface protein appears to 

have as much an impact as LPS (Buschner et al . ,  1 987; Daikos et 

a l . ,  1 988; Sanders et a l . ,  1 984; Werner et a l . ,  1 985) .  Also, the 

exopolysaccharide (or alginate) produced by mucoid C F  iso lates 

does not provide protection to the cel ls (Nichols et a l . ,  1 988 ; 

Tannenbaum et al . ,  1 984) . 

The resu lts obtai ned with the KB method (Table 1 4, page 

95) , were most intrigu ing in that aminoglycosides and polymyx ins 

disp layed separate susceptib i l i ty responses. Many researchers 

assume these two groups of antibiotics share the same mechanism 

of activity (Hancock and Wong, 1 984 ; R ivera et al . ,  1 988) . On ly 

recently has there been additional evidence available suggestive of 

d ifferent  mechan isms of activ ity (or res istance) .  For example ,  

G i l le land et a l . ( 1 984) i n itia l ly  proposed that po lymyx in  and 

aminog lycoside res istance i n  C F  stra i ns  was re l ated to 

phosphol ip id composition . I ndeed, po lymyxi n  e l ic its a rapid ( 1  0 

minutes) alteration of l ip id co mposition i n  these organisms, wh ich 

in turn , eventua l ly  provides protection  to the ce l l  ag ai nst 

polymyxin .  However, no such mechanism has been identified i n  the 

case of aminog lycosides (Gi l leland et al . ,  1 988) . 

I t  i s  not surpris i ng that these antibiotics wo u ld exh ib it 

complete ly separate modes of activity. The aminog lycosides alone 

possess many pleotropic actions (Dalhoff, 1 987) . Not only do the 

anti b i ot ics t hemse lves e l ic i t  var ious p ro perties ,  but each 
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organism shou ld be considered as a h ig h ly d iverse , individual 

system fo r res istance .  For example ,  there is  cons iderable 

strain-to-strain variatio n  in the outer membrane protei n  profi les 

of E n terobacte r c loacae (Werner et a l . ,  1 985) .  Conti nued 

investigation of P. aeruqinosa CF iso lates wi l l  most l ikely reveal 

un ique biochemical properties not found i n  the wi ld-type.  The role 

of environmental components, and growth conditions,  as observed 

in these studies ,  cannot be ignored . Although magnesium in these 

studies was unable to reverse the lethal activity of tobramycin,  it 

is interesting to note that addition of calcium or i ron  to Bac i l l u s  

subti l i s  spores, potentiates the release o f  aminog lycosides, and a 

reversal of their inh ibito ry activity (Tochikubo et al . ,  1 988) . 

One exce l lent study which exempl ifies the reason(s) why 

general  extrapolations between simi lar classes of antib iotics or  

genera of  bacteria should be avo ided, is that by Vi ljanen et a l .  

( 1 986) . By uti l ization of the bactericidal action  of serum as an 

indicator for cel l  su rface damage, they show that polymyxi n  B 

nonapeptide ,  a derivative of polymyxin B (no fatty acid tai l)  el icits 

comparable damage  to that of po lymyx i n  B i n  E .  col i , S . 

typ h i m u r i u m ,  K l e b s ie l l a  spp., E .  cloacae, P .  aerug inosa, and 

H aemoph i l u s  i n f l u e n z ae . Un l ike polymyx in  B ,  the derivative 

possessed no bactericidal acitivity . Also , the outer surface of 

Proteus m irabi l is ,  N iesseria gonorrhoeae, and N. meningitidis were 

unaffected by polymyxin B nonapeptide. 
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Conclusions and Hypotheses 

Al th o u g h  the spec i f ic  reason (s)  fo r ce l l death by 

aminog lycoside antib iotics sti l l  remain unknown , th is study has 

revealed some p reviuously unknown effects el icited by tobramycin. 

Particu larly , strong evidence i s  presented for  the immediate 

release of �- lactamase as evidenced by i) the appearance of a 

29kDa p rote i n  by S D S-PAGE of to bramyci n t reated ce l l  

s u p e rn atan ts ,  i i )  i nc reased � - lactamase act iv i ty i n  the 

supernatant fo l lowing tobramyci n exposu re ,  i i i )  � - 1 a c t a  m a s e  

activity i n  the pooled fraction from gel fi ltrat ion of supernatant, 

associated with e lut ion of a 29kDa protein, iv) the appearance of a 

29kDa protein by S DS-PAG E of supernatants fo l lowing osmotic 

shock, and v) the knowledge that P ,  aeruginosa co nstitu it ively 

produces a low basal level of a 29kDa J}-lactamase (Nordstrom and 

Sykes, 1 974a, 1 974b) . Release of th is enzyme is not thought to be 

the d irect cause of lethality ,  but rather a sensitive i nd icator of 

envelope damage. Since leakage occurs with in a 3 minute exposure 

to a low concentratio n  of tobramycin ,  th i s  may represent a 

pre-lethal event. I t  is possible that � - lactamase release is  the 

earl iest detectable sig n of envelope damage. Such a mechanism 

may serve as a usefu l probe for previously undetectable damage. 

Futu re stud ies d irected toward defin ing what constitutes a 

lethal event by aminog lycosides may necessitate the use of mutant 

stra ins .  For example ,  a s ite-specific mutation ( i n  a susceptible 

strain) wh ich wou ld confer resistance as a result  of the altered 
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expression of a certain physiological target, may unveil the s ite of 

letha l  act iv i ty .  Add it io na l l y ,  comparat ive stud ies with f...:. 

aeryg inosa C F  strains may prove to be usefu l tools to describe the 

s ig n ificance of " leakage" with respect to lethal ity. 

It is the opin ion of this author that further examination of 

the mechanism of bas ic amino acid efflux may lead to a possible 

exp lanation fo r cell death . As was discussed earl ier, efflux may be 

a reflect ion of the cel l 's effort to mai ntai n  charge balance 

fo l l ow ing  tobramyci n uptake. O n e  i ncons isten cy with th is  

hypothesis was the fai lure of  tobramycin to i nterfere with pro l ine 

uptake (Figure 4, page 62) . However, this may be attributable to a 

function  of  the osmotical ly reg u lated pro l i ne  transpo rt systems 

(Csonka, 1 988) . Leakage of amino acids and �-lactamase may be 

due to a disruption of the outer membrane potential (Stock et al . ,  

1 977) by tobramyc in .  Co l lapse of the outer membrane proton 

gradient is  known to change the permeabi l ity properties of the 

envelope (Helgerson and Cramer, 1 977; Woolf and Konisky, 1 984) . 

The reason ing beh i nd these hypotheses is due to recent 

studies with a cation ic  peptide (Kordel et a l . ,  1 988) , and studies 

outl ined in a recent rev iew by Schlessinger ( 1 988) . Suffic ient 

evidence is presently becoming avai lable that the mechanism for 

lethal ity may exist at the level of antibiotic uptake. The uptake of 

both th e peptide and aminog lycos ides req u i res a th resho ld 

poten tia l  across the membrane.  Transport appears to be 

electrical ly "gated."  The peptide stud ies reveal a disruption of the 
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membrane potential in  less than one second leading to efflux of 

ions, amino acids, and immediate death . 

To explore this possible lethal mechanism, studies could be 

i n it iated with carefu l ly desig ned experi ments us ing labe l led 

compunds. For example, cells could be preloaded with 1 4C-L-Iysine  

( i nc lud ing ch lo ramphenicol to  i n h ib it p ro te i n  synthesis ) ,  then 

tritiated tobramycin uptake could be examined and expressed as a 

molar  ratio  with label led lys ine eff l ux .  The use of energy 

inh ib itors, such as potassium cyanide or din itrophenol ,  may serve 

as useful too ls to fu rther examine the ro le of the proton gradient 

in aminog lycoside uptake, release of basic amino acids ,  and 

l e t h a l i ty .  

Another contribution of this study was i n  the el imination  of 

certain previously described events as a direct cause of lethal ity. 

The data presented here show that with in a lethal time frame of 

1 -3 minutes, i) LPS is not re leased , i i) excessive blabbing does not 

occu r, and i i i )  there is no apparent loss of total peri p lasmic 

contents. The hypothesis that the extraction of  major  outer 

surface complexes, including protein and LPS, leads to cell death 

(Martin and Beveridge, 1 986) , is not supported by the observations 

in th is study. This study has also shown that i )  magnes ium 

provides protection to cel ls at the in itial tobramyci n i nteraction 

site(s) . and i i) tobramycin damage cannot be reversed by the 

addition of magnesium immediately fo l lowing exposure .  Therefore, 

it i s  doubtfu l  that add it ional  ant ib iot ic, fo l lowing the i n it ial 
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amount exposed to cells, is necessary for letha l ity as proposed by 

Davis et a l .  ( 1 986) . This study also reveals that am inoglycoside 

activity at the ribosomal level cannot be c learly separated from 

outer surface damage. I t  may be of interest in future experiments 

to exam ine  th is  release mechan ism i n  r iboso ma l  res istant 

iso lates. In conclusion ,  this study has shown that the release of 

specific cel lular components occurs rapid ly and is associated with 

im mediate lethal ity . 
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