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       Chemotherapy, on June 8, 1962, in Tokyo, Japan)

 It is indeed a pleasure to be asked to talk to this 
Society on a topic whose early history is so closely 
associated with scientists from this Country. The 
chemical 6-aminopenicillanic acid (6-APA) is the 
necessary precursor of synthetic penicillins. The 
first report of an experimental attempt to prepare 
6-APA was an article published by SAKAGUCHI and 

 MURA0') in 1950 which presented the structure 
of 6-APA under the name penicin. However, this 
compound has had a long and difficult road to travel 
before it took the very prominent place it now has 
in pharmaceutical research. It is my intention 
today to discuss the events that led to the synthetic 

penicillins, the techniques used to evaluate these 
new penicillins, and the latest addition to the sy-
nthetic penicillin family, namely oxacillin. 

 Before discussing the synthetic penicillins, it will 
be necessary to go back to the early days of penicillin 
research when it was found that penicillin was not 
a single substance but a mixture of substances. As 
structural studies proceeded, it became apparent that 
the penicillins differed only in their side chains. A 
notable advance was made when it was found that 
different penicillins could be formed by adding 
different precursors to the media. Some of these 
new penicillins are shown in Table 1 which lists 
also the activity and the differential assyl ratio 
which is the ratio of activity against B. su&tilis to 
S. aureus. Many new penicillins were synthesized

 and only a few are indicated in the table. It will 
be seen that different side chains impart different 
degrees of activity to the penicillin. Thus  n-
butylthiomethyl penicillin has an activity of  3,400 

 ufmg while  methylthiomethyl penicillin has only 
550  ufmg. Also, it should be noted that the relative 

 activity against different organisms varies with diff-
erent side chains. In the list will be seen phenoxy-
methyl penicillin or penicillin V. This penicillin was 
found to be more stable to acid and consequently 
better absorbed when given orally than penicillin G. 

 While a great variety of new penicillins could be 
made in this manner, there was a definite  restriction 
as to the types of penicillin that could be made by 
fermentation. All such compounds had to have a 
free methylene group adjacent to the carbonyl group. 
This limited greatly the type of penicillin that 
could be made. The differences in activities and the 
differential antimicrobial effects seen with different 

penicillins indicated that if other types of side chains 
could be added to the penicillin nucleus, perhaps 
important therapeutic advantages could be obtained. 

 In 1950 SAKAGUCHI and MURAO published their 

paper indicating that the mycelium of the mold 
 Penicillium could split penicillin G into phenylacetic 

acid and 6-aminopenicillanic  acid'). This report 
stimulated similar work in many laboratories since 

 it was recognized that 6-aminopenicillanic acid might 
be the key to preparing penicillins that could not be

  Table 1 Activity and differential assay value of a series of 

          biosynthetic penicillins 

                                      Activity!Differential     Penicillin 
AtImg  (assay value 

p-Iodobenzyl-CH               I- -2-  2,425  0.67 

Phenoxymethyl-  -O-CH2-  1,670  0.87 

 Metylthiomethyl- CH3-S-CH2- 550  1.50 
n-Butylthiomethyl-  CH3-CH2-CH2-CH2-S-CH2-  3,400  0.53 

Cyclopentylthiomethyl-  \-S-CH2-  3,400 0.43 

3-Thiophenethiomethyl-  -S-CH2-  2,000 0.76

prepared by fermentation. Unfor-
tunately until recently, such work 
was unsuccessful. However, ERI-
CKSON and BENNETT reported in 
19612) that they were able to form 
6-aminopenicillanic acid in small 

yields from penicillin G using  Peni-
cilliurn  chrysogenum mycelium. A 
few years after the first paper was 

published, MURAO published two 
additional articles on the  enzymes). 
In 1953,  ICAT01) published two 

papers indicating that the penicillin 
nucleus was present in fermentation 
broth which had no precursor added 
to it. The data he presented were
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basedondifferentialbiologicalandchemicalassays

andwerequiteconvincing.Duringthistime,a

verystubbomorganicchemist,JoHNC.SHEEHA賛

continuedtow0rkonthetotalchemicalsynthesis

ofpenicillindesigningnewcouplingreactionsto

0vercomethelabilityofthestrainedβ.lactamring

ofthemolecule.SHEEHAN5)wasabletoannounce

thechemicalsynthesisof6-APAduringaspecial

symposiumin1958.Whilehissynthesisledto

onlysmallquantitiesofmaterial,hewasableto

showthatthroughthiscompoundmanynewpeni・
9

cillinsc0uldbemade.

Averynotableadvancewasmadein1959when

ateam0fscientistsfromtheBeechamResearch

Laboratory6)announcedtheisolationfromfermenta-

tionbr0ths0fthepenicillinnucleusandnamedit

6-a1ninopenicillanicacidbasedonSHEEHAN'snomen-

clature.Theyisolatedthecompoundincrystalline

formandsh0wedthatitc｡uldbeacylatedbysimp玉e

chemicalmeth0dstoformactivepenicillins.Many

newpenicillinswe祀synthesizedintheirlabora-

t0ries.BristolLab0rat｡ries,atthistime,joined

withtheBeechamResearchLaboratoriesforalimited

periodtodeve10pthisarea.Inashortperiodof

Table2

tilne,over1,500newpenici1正insweremadeand

evaluatedbythesegroups.Also,BristolLabora.

tories,extensivefermentationandisolationexperi・

encewereutilizedtoproduce6-APAonacommercial

scale.

Atthesametime,workcontinuedinallumberof

1aboratoriesattemptingtoobtain6-APAthr0ugh

theuSeofenzymes.Ih1960,BristolLaboratories7),

BeechamResearchLaboratories8),PfizerLabora-

torieS9),andBayerio)independentlyannouncedthat

penicillinGcouldbesplitbyanenz》'mepresentin

variousbacteriat｡f0rm6-APAingoodyield.

Thus,thepenicillinnucleusbecameavailable

throughbothafermentationandanenzymepr0ceSs.

Scientistsweren010ngerrestrictedinthetypesof

sidecha圭nsthatcouldbeusedandchemotherapy

wasenteringafascinatingperiod.

ASworkstartedinthisarea,g0alsweresetwith

regardt0thedesirabletypesofpenicillins.Some

ofthesegoalsrepresentedsmallgainsintherapy

ands0meimportantgainsiftheycouldberealized.

SincemanyStaphylococcistrainS,especiallyin

h0spitalenvironments,wereresiStanttopenicillin

Gbyvirtueofthepenicillinasetheypr0duced,we

Theinviveandinvitroproperties0fα 一aryloxyalkylpenicillins
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Table3ComparisonofCD5｡valuesofdi{ferentpenicilli縦susingS彦aphyleごoccPts傭 γe麗s

PeniciUins

α一Phen.oxyethylpenicillin

PenicillinV

PenicillinG

CD50mglkg

No.1

0.46

0.62

1.0

N｡.2

0.62

1.90

1.9

No.3

0.18

0.6

0.64

No.4

0.45

0.26

1.1

、

No.5

0.45

0、7

0.9

N｡.6

O、4

1.2

1.2

No.7

0.4

0.85

0.9

Geometric

瑛一皇an

0.41

0.75

1.04

wereparticularlyinterestedin0btainingPenicillinstypeofchemicalsubstitutiononthesidechainhaS

resistanttotheactionofstaphylococcalpenicillinase.amarkedeffectonthemicrobiologicalproperties.

Als0,inviewofthefactthatthenaturalpenicillinsSomepenicillinsareveryactivewhileothershave

hadsomeact1vityagainstGram-negativeorganismsrelativelypo0ractivity.InsomecaSes,theactivity

butnotsu缶cienttobegenerallyuseful,itwasiSdecreasedverymarkedlyinthepresenceof50%

hopedthatsyntheticpenicillinswithincreasedhumanserum.Itmaya玉sobenoticedthatinthis

activityagainstGram-negativepathogenscouldalsoseriesthedifferentpenidlli箆sshowdifferentacti・

befound・WewerealsointerestedinpenicillinsvitieSagainStthepenicillinase-producingstrain.

thathadpr0pertiess0mewhatsim・ilartopenicillinGWerelytoagreatexte益tonsuchtestSintry呈ngto

orpenicillinVbutwhichhadtheadditionalattributedeterminehowintereStingiSaparticularpenicillin.

ofbeingbetterabsorbedwhentakenorally.WeWefeelthein痂otestSareparticularlyimportant

c0nsideredthepossibilityofproducinganonaller-anduSetwodifferenttypesofteSts.One,theCD50

genicpenicillin,butthoughtthelikelihoGdofthisasexplainedbef0reiSadeterminationofthemedian、

veryslight.Whilepenicillinsofdecreasedallerge-curativedose.hthiscase,anoverwhelmingin-

nicityc0uldprobablybefound,clinicalPmofinfectioniSused.Generally,theinfectionisvery

qua土ntltatlveterm、swouldbeverydiMcult.Workersacuteandtheendpointisdeathorsurviva1ofthe

invari0uslaboratoriessetouttosynthesizenumerousanima1｡BytakinggreatprecautionSastothe

penicillinsh0pingto.findsomewiththesevariousstrain,inoculum,thec0nditionofthemice,and

properties・Differentdegreesofsuccesshavebeenotherfactors,suitablequantitativedatacanbe

attainedineachoftheseareasafteronlyafewobtainedwhichpermitsc0mparisonofdifferentpeni・

yearsofintenslvelabGratoryandclinicalinvestiga・ ・cillinS.AnexampleofthiSiSshowninTable3

tion.whichliStstheCD50'Sobtainedinaseriesofexpe-

LiterallythousandscfnewpenicillinshavebeenrimentscomparingPhenethicillinwithpenicillinG

screened・OrganicchemistsinmanylaboratoriesandpenicillinV ,usingtheintramuscularr0ute0f

havebeenveryattachingvarioustypesofsideadministrationandt}leSmithStrainofStaphツlococc%s

chainsto6-APAandtheresUltingPenicillinshaveauアeusastheinfectingorganism .

beenevaluatedwithr雫specttotheirpropert三eS・1nAnothertype0finfectionthatw'ehaveusedis

ordertogiveyouanapPreciationofthedifferentasubacutesubcutane0ustestthatwasfirstdescribed

typesofstructuresthathavebeenevaluated,IshallbySELBIEandαGRADY吻andmadeuseofby

takedatafrom｡ne｡fourpublicati｡nsi1)

whichlistSs｡me｡fthec｡mp｡undsmadeinaFig・1Theinvivomeasurement・fpenicillinacti・n

particularseriesandgivescertainmiα｡bi｡.usingthelegswellingtest・

logicalinformati0naswell.InTable2issuBAcuT巴suBcvT州 εQussTA鰍Aり:EVsl209燭PssNstTivε}

1istedaseries0fα 一ary1｡xyalkylpenicillins.INfEcTI◎N・TREATEDwETH$εv巴RAしPεNlclしLINs6YIMR｡uτ ε・

Thestructureofthesidechainandthevalues
g

fortheCD50'sandtheminimuminhibitory

concentratlons(MIC)agamstcertamstrams

aregiven.TheCD50,whichisthemedian

cura宅ivedoseobtainedinanexperimental

mouseinfection,wasrunagainsttheSmlth

strain0fS'@hyJoω ごcusauγeus.Thisisa

virulentstrainwhichissensitivetopenici三1in

G.Theminimuminhibit0ryconcentrations

weredoneusingtheSmithstrain、andthe

Smithstraininthepresenceof50%human

seru塑.Inaddition,apenicillinase.pr0ducing

StraindesignatedasBLKwasaisoused.
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Table4 EffectofinoculumsizeofaPenici!linase-

prod,ucingS.σ 駕γ⑳esStrain0nminimum

inhibitoryconcentrationofα 一phenoxyalkyl

penici1玉ins

Table5SyntheticpenicillinsSoldcommercially

Penicil1inGspectrum

1.Phenethicillin/

Penicillin

MICinμ9小ml

Inoculumdilution

102 103 lO4 105
2.Pr0picillin /

Phenoxymethy1

α一Phenoxyethy1

α.Phen0xypr｡py1

α一Phenoxyisopropyl

α一Phenoxybuty1

α一Phenoxyisobutyl

Controls:

Benzylpenicillin

Dimethoxyphenyl

penicillin

>100

>10d
ヨ

>100{
尭

>100
1

>100

12.5

」

>100

3.2

〉・・gi
lOOi

2『

12・5i

1001

1.6

>100

3.2・

i

6.21

1.6i

o｡81
1.6i
6.2i
o.sl

0.4

0.8

0.8

0,8

3.12

0.8

12.5・0.8

1.6 1.6

BROwNandACR£D13)inevaluatlngpenicillins.In

thlscase,theinfectingorganismisinjectedinto

thethighofthemouseandtheresultantswelling

noted."rheability・ofthepenici11intodecreasethe

swellingisusedasameasureoftheeffectivenessof

thepellicillin.ThisisshowninFigure1which

comparesthesamethreepenicillinsbythistest

us三ngS.aurez`3209Pastheinfectingorganism.

Youwillnotethatphenethicillininthistypeof

experimentalsoisthemosteffectiveofthepeni・

cillinstried.
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Fig.2Therateofdestructionofbenzylpenicillin,

phenethicillin.andmethicillinbystaphy-

lococcalpenicillinase.

MINUTES

Whenweevaluatepenicillinswhichareactive

againstpenicillinGresistantS.au3'etfsorga-

nisms,weuseotherteststojudgetheir

effectiveness.Thesetestsaredesignedto

determinehowresistanttbepenic三11inisto;

theenzymepenicillinase.Asimplewayof

obtaininginゴormatiorlistodeterminethe

minimuminhibitoryconcentrationinpresence

ofinαeasi薮gamounts0finoculum.The

resultsofsuchanexperimentcolnparinga

varietyofpenicillinsareshowninTable4.

ItwillbeseenthattheMIC'softhosepeni-

cillinswhicharen｡tveryresistanttopenレ

cillinaseincreasemarkedlyathigherinocula

levelswhilewithapenicillinsuchε しSmethi-

cillin,theMIC'sarescarcekyaffected｡Alte-

rnatively,theabilityofstaphylococcalpeni-

cillinasetodestroythepenicill三ncanalsobe

determineddirectly.Figure2showstheresults

obtainedusingtheman・ometrictechniqueof

HENRYandH0USEwRIGHTI4)whichactually

measurestherateofdeStruction0fpenicillin

bystaphylococcalpenicillinase.Y0uwillnote

thatthisrateisveryS10wformethicillinin

contrasttopenicillinGandphenethicmin.

Thistypeofdatagivesgoodquantitative

estimationsofstabilityt0penicillinasebutit
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shouldbementionedthattheactualvalues

0btainedwilldependonthesubstrateconcen・

trationusedsinceintheseexperimentsthe

enzymeisn0ttotallysaturatedbythepeni-

cillin.Inanycase,usingsuchexperiments

0necangetareliableestimate◎fresistance

topeniごillinaseandconsequentlymakejudg・

mentsastousefulnessinpenicillinGresistant

5まaPhylo`oζ ご%sinfections.

UsingSuchtypesofevaluativeprocedures,

manypenicillinshavebeenstudied.

listedth0se

offerasu缶cientadvantagetowarranttheir

soldcommercially.

threeSections,thoseusedagainstthe

ofinfecti0nstreatedwithpenicillinG,

Fig.3
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InTable5are

peniciliinswhichhavebeenthoughtto

being

Thepenicillinsaredividedinto

usualtypes

theone

penicillinshowingincreasedactivityagainstGram-

negatlve0rganlsms,andthosepenicillinsactlve

Table6Comparisonoftheminimuminhibitory

concentrationofpenicillinP-12,methi-

cillin,andpenicillinGusingavariety

0forganisms

.Minimuminhibitory

concentratlon,

μ9/ml
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0.3、0.08 .0.016
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25100、1.6
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>200:>200>200
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50;>10016.25

0,060.250.008

252.513.12

againstpenicillinGresistantstaphylococcibyvirtue

oftheirreSistancetodestructionbystaphylococcal

penicillinase.Sincethereisnotsuthcienttimeto

discussallofthesepenicillins,Iwillconcentrate

theremainingp｡rtionofmy玉ectureon.thelatest

syntheticpenicillintobeintroducednamely5-methyl

-3-phenyレ4-isoxaz01y1penicillin,knowngenerically

asoxacillinandsoldcommerciallybyBliStolLabo・

rat0riesintheUnitedStateSunderthetradename

Prostaphli箆.Itwasevaluatedmicrobiol0gically15)

andclinicallyunderthedesignation｡fpenicillin

P-12andisalsoknownbythisname.Thepenicillin

waSfirStsy難thesizedbyDOYLE,e彦al16),andits

structureissh0wni箆Figure3.Sincethepenicillin

iSactiveinthesamegeneralareaasmethicilli靖 ・

comparisonwillbemadewiththisantibiotic.Table

6Sh0wsthespectrumof0xacillincomparedwith

methicillinandpenicillinG.Itwillbeseenfrom
の い 　

thedatathat0xacillinisactlveagalnstavarlety

ofGram-positivecultures.Likemethicillin,oxacillin

iSlessactivethanpenicilliロG.However,incom-

paringtheactivitiesofoxacillinwiththose0fmethi-

cillin,itwillbeSeenthatoxacilliniSconsiderably

moreactiveagainStS、a"reuSstrains.Itisalso

moreactivethanmethicillinagainstP.」 ウ"e"伽loniae

andStreptococcusPブagenes・StrainS.

Them、0stinterestingpropertyofoxacillinisits

activityagainStpenici1聴nGresiStantstaphy10c0cci・

Table7"辱 ComparisonofthemlMmUminhibitory

cencentrati0nofpenicillinP--12,methicillin,

andpenicillinGusingreSiStantStaph.

aureusobtainedfromelinicalsources

StaPh.auγeus

strain

Minimuminhibitory
concentration,Ptglm1

Penicillin

P-12

*CulturesfromYalecollectionbroughttoBristol

LaboratoriesbyGeorgeValley.

†Heartinfusionbroth,Difco.

**TypeII
,St.LouisCityHospital,D-11008.

BroughttoBristolLaboratoriesbyG.A.HuNT.

§H[eartinfusionbrothcontaining10percent

po01edhumanserum.

Test

Control

2964}
}2614
i
I

29921
i3

008…;

2462、

2960i
　

29491

29721
3013

3010 　

20gpl

0.8

0.4

0.4

0.4

<0.2

0.4

0,4

0.4

0、4

0.4

0.3

MethicminlPenicillin
lG

3.12

3.12

3.12

3.12

1.6

1.6

3.12

3.12

3.12

3.12

1.25

50

50

50

50

12.5

50

100

100

100

1>100

0.016
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Table8 Effect0finoculumsizeandserumconcentrationontheminimuminhibltory

concentrationofpenicillinP-12,methicillin,andpenicillinG

StaPh.auγeus

ロ

straln

Smith

Smith

1633-2

1633-2

52-75

52-75

Percent
Minimuminhibitoryconcentration,μg/ml

serum 1
PenicillinP-12 Inoculumdilu.tion

methicillin

102 10s
ミ

1021 10s

PeniciliinG

102

I

i

InTable7,dataarecompiledon.thesusceptibilityTableg

ofclinicallyisolatedS.aureusstrainstooxacillin,

methicillin,andpenicillinG.Itwillbeseenthat

oxacilli貸hasalowerminimuminhibitoryconcentra・

tionthanmethicil1inagainstallsuchstrainstested

wereunif0rm至ysensitivetooxacillin.Theeffectof

inoculumsizeandserumisshowninTab1e8.The

datash0wthatinoculumsizehaslittleeffectonthe

minimuminhibit0ryconcentrationofeitheroxacillin

ormethicillin,indicatingthattheyarebothvery

resistanttothepenicillinaseproducedbytheresis-

tantstrains1633-2and52-75.Theminimumin-

hibitoryconcentratiensofpenicillinGaregreatly

affected,however,bytheinoculuエnsizebecauseit

isn0tpenicillinaseresistant.ThedataalsoShow

that0xacillinisboundtoserumtoagreaterextent

thanismethicillin.Thisexperimentindicatesin

qualitativetermstheresistanceofoxacillintopeni-

cillinase.

InTablegisshownamorequantitativedeter・

minationofthedegree0fresiStancet0Fig
.

Staphy10coccalpenicillinaseusingthemethod

ofH跡 訂RYandHOUSEwRIGHTasdescribed

above.TherateSofdeStructionwerecalcula-

0

0

0

0

0

0

5

賀
J

PO

0.16

2.5

0.625

5.0

1.25

5.0

0.08

0.625

0.31

1.25

0.31
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at doses of 100 and 300 mg/kg, with oxacillin 
 -b

eing more effective. In this case, the drugs 
were given by the intramuscular route. 

  Summarizing the microbiological evaluation,  
,oxacillin was found to be extremely resistant 
to staphylococcal penicillinase. It was more 
active than methicillin against penicillin G 
susceptible and resistant Staphylococcus  aureus 
strains, Diplococcus pneumoniae, and  Strepto-

.coccus pyogenes. Oxacillin was more acid 
stable than methicillin and penicillin G and 
also was bound by serum to a greater extent. 
Such results indicated the feasibility of using 
this penicillin orally against penicillin  G. 
resistant staphylococcal infections. The peni-
cillin was clinically evaluated and found 
-to be highly effective against resistant Sta-

phylococcus infections by the oral route in 
 doses of 500 mg given four times a day. It 

has indeed been a gratifying experience to see 
how well the clinical findings conformed to 

 the microbiological evaluation. 
  I have attempted to present to you a survey 

 -of this fascinating new area of chemotherapy . 
It should be borne in mind that the synthetic 
-penicillins have been with us only a few years 

and we can certainly expect further advances. 
However, new synthetic  penicillins probably 
-will not be found as rapidly as the old ones  
-because essentially all available acids have 

already been used by the organic chemists to 
make penicillins.  Nov, they must synthesize 
new acids for the side chain and hope to impart 
to ti e penicillin molecule properties  superior

Table 10 Acute CD50's of penicillin  P-12 in experimental 
        mouse infection produced by penicillin G-susce-

        ptible and resistant strains of  Staph.  aureus 

 CD50*,  mg/kg 

  Staph. aureus strain Intramuscular Oral 
 Penicillin!  Control  Penicillin  Control 

             P-12 1  t P-12  

    Smith  13.8  1.8 21  1.1 (penicillin G susceptible) 

   1633-2  17 37  72  197 
(penicillin G resistant) 

 * Geometric mean of at least five independent determinations. 

 t For susceptible organism, penicillin G served as control. 
   With resistant organism,  'methicillin was used. 

 Fig. 5 Activity of oxacillin, methicillin, and penicillin 
        G in leg swelling test. 
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-to those penicillins in current use . This means that 
-there must be a considerably larger investment in 
-time and effort to make new synthetic penicillins  
-  than the old ones . Nevertheless, it is expected that 
penicillins with greater activity against resistant 

 and nonresistant strains including Gram-negative 
 •organisms will be found. Also, new penicillins 

which are absorbed better and give more prolonged 
 blood levels will probably be made. Perhaps as cur 

-evaluative procedures improve , we may be able to 
 ,detect penicillins with decreased ability to sensitize 

people. I do not believe we will reach the point 
where all these attributes will be combined in a 
single penicillin. I think rather it is more likely 
that a series of penicillins will be made available 

 each with its own specific advantage. With kno-
wledge as to what these penicillins can and cannot 

 .do, the clinician will have at his disposal very 

powerful antimicrobial agents with which to combat 
ibacterial infections. 
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