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Since the work of Schmidt, Ward, and Coghill (1945) on a method for differ-
entiating various types of penicillins by means of two assay organisms, very
little further work has been published in this connection. That various or-
ganisms respond to different penicillin types differently is well known (Veldee
et al., 1945; Welch et al., 1944; Libby and Holmberg, 1945; Eagle, 1946; Eagle
and Musselman, 1946; etc.), but few specific attempts have been made to de-
velop a quantitative test for specific penicillin types based on differential re-
sponse of the organisms studied. A relatively rough in vivo differential assay
procedure was recently proposed by Buck, Farr, and Schnitzer (1946) in which
Borre'lia infections in mice were used.
With the recognition of the various penicillin types have come improved

methods for separating mixtures of penicillins into the pure components (Fisch-
bach et al., 1946; Craig et al., 1946). As these purification methods have been
increasingly used, the need for accurate differential biological assay procedures
has been felt more and more. The recent publication of Higuchi and Peterson
(1947) presents a procedure with which they attempted to fill this need.
The method described by these authors employs three test organisms:

Staphylococcus aureus 209-P, Bacillus brevis, and "organism E." Using a turbidi-
metric test, they reported that it was possible by their method to estimate
with fair accuracy the composition of mixtures consisting of penicillins G, K,
and X. They noted that the assay procedure was based on several assump-
tions, one of which was that "the effects of penicillins in mixtures on assay
organisms are additive."

Since systematic studies on this latter question were under way in this labo-
ratory with Staphylococcus aureus Heatley, the work was augmented after
obtaining cultures of B. brevis and "organism E" through the kindness of Dr.
Peterson. The present paper includes studies on the effects of known mix-
tures of several penicillin types on these three species of organisms.
A cursory survey of the literature leads one to believe that activities assigned

to each of the various penicillin types actually have been established in some
cases with mixtures of several types of penicillin. For example, penicillin F,
has been reported to have activities of 1,440 to 1,490 units per mg (Schmidt,
Ward, and Coghill, 1945) and 1,550 units per mg (Higuchi and Peterson, 1947).
Values of 845 to 935 units per mg (Schmidt et al., 1945), 850 (Coghill and Koch,
1945), 900 (Welch et al., 1944), and 1,000 units per mg (Libby and Holmberg,
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1945) have been assigned to penicillin X. The slight shift in the assigned
activity of penicillin G from 1,650 units per mg (Welch et al., 1944) to 1,667
units per mg (Veldee et al., 1945) with consequent slight changes in the relative
activities of the other penicillin types cannot account for these discrepancies.
The various activities reported may be attributable to strains of organisms used
for assay, to the assay procedures themselves, or to the varying degrees of pu-
rity of the preparations used.

Since the chief purpose of the present work was to study the effect, if any, of
one penicillin type on the action of another, efforts were made to use only peni-
cillin preparations the purity of which were as thoroughly established as pos-
sible.

PENICILLIN PREPARATIONS USED

Penicillin GI (Cra A-328-36). This is a crystalline sodium salt prepared from
commercial penicillin by chromatography and recrystallized several times.
The chemical analysis agreed well with theoretical:

Found: C, 53.81; H, 4.85.
Calc.: C, 53.92; H, 4.81.

Craig countercurrent distribution studies of this preparation revealed that
90 per cent (by weight, 93 per cent of the activity) was contained in the main
band, indicating it to be an essentially homogeneous material. The remaining
10 per cent consisted of inactive impurities, possibly inactivation products
formed during the distribution experiment.

Bioassays with Staphylococcus aureus Heatley against previously well-estab-
lished standards showed its activity to agree very well with the defined activity
of penicillin G, i.e., 1,667 units per mg, suggesting a purity at least as good as
any of the materials used in establishing such standards.

Penicillin K' (AV-73). This is a crystalline ammonium salt obtained by
partition chromatography. The chemical analysis agreed well with the theo-
retical:

Found: C, 53.34, 53.10; H, 8.05, 8.12; N, 11.62; S, 8.92; Moisture, (H.O)
3.46.

Calc: C, 53.46; H,8.13; N, 11.69; S, 8.99.

As will be shown later, careful bioassay of this preparation gave an activity
of 2,540 units per mg, which is about 10 per cent higher than the figure of 2,300
usually assigned to penicillin K (Coghill and Koch, 1945). The subtilis: staph-
ylococcus ratio of 0.36 was in good agreement with that reported to be char-
acteristic of penicillin K (Coghill and Koch, 1945).

Penicillin X (NRRL-1717-39A). The penicillin X used for these studies
was supplied us through the kindness of Dr. F. H. Stodola, of the Northern

1 The authors are indebted to Drs. 0. P. Wintersteiner and M. Adler of the Division of
Organic Chemistry of the Squibb Institute for Medical Research for the penicillins G and
K used in these studies as well as the chemical and physical data describing these prepa-
rations.
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Regional Research Laboratory, who described it as an analytically pure prep-
aration having the following analysis:

Calc. for Ci6H17N205S Na: C, 51.6; H, 4.60.
Found: C, 51.8; H, 4.89.

Their bioassays with Staphylococcuus aureu.s (strain not specified) indicated
an activity of 920 units per mg.

ASSAY PROCEDURE

Higuchi and Peterson (1947) in their differential assay procedure plotted
turbidimetric readings of growth against units of penicillin per ml. When
large numbers of assays are involved, a technique similar to that used for strepto-
mycin assay (Donovick et al., 1945) has proved preferable in our hands. It is
perhaps true that readings of partial inhibition, as were done by Higuchi and
Peterson (1947), may be more accurate when the curves, obtained by plotting
turbidimeter readings against units of penicillin per ml, are not steep, which
was the case with their strain of Staphylococcus aureus. On the other hand,
for organisms such as B. brevis and "organism E," the curves were very steep,
showing a change from little inhibition to almost complete inhibition over a
very narrow range of penicillin concentrations. Hence, it appeared to us that
little could be gained through the use of a turbidimeter for reading end points.
The three test organisms used for the present work were Staphylococcus aureus
Heatley and, as already indicated, two species used by Higuchi and Peterson
(1947), viz., B. brevis and "organism E."
Sixteen-hour cultures of the three organisms were diluted as follows: Sta-

phylococcus aureus Heatley,- 1 X 10-6 in yeast beef broth (Difco); B. brevis,2
0.25 X 10- in "Peterson B"3 broth; and "organism E", 1 X 10- in "Peterson
E"3 broth. These dilutions gave counts of approximately 1,000 organisms per
ml.
Two-ml volumes of inoculated broths were dispensed with sterile automatic

syringes into sterile tubes measuring 13 by 100 mm. The penicillin solution
to be assayed, appropriately diluted, was then added to the 2-ml volumes of
inoculated broth by means of acid-cleaned, sterile, 0.2-ml Kahn pipettes in the
Jollowing amounts: 0.10, 0.088, 0.077, 0.068, 0.059, 0.052, 0.046, 0.040, 0.035,

2 It was found to be advisable to grow B. brevis in a shallow layer of broth to obtain suf-
ficiently heavy growth in 16 hours to allow the indicated dilution for the tests.

3 These media were used by Dr. Peterson in some of his early work and were recommended
to us by him (personal communication). They had the following compositions:

Peterson "B" Peterson "E"
broth g/liter broth gliter

Peptone.............. 6.0 6.0
Yeast extract (Difco)............................ 3-0 3.0
Glucose.... 1.0 2.0
K.HP04.... 3.2 0.5
KH2PO4..... 2.0 5.0
pH..... 6.8 6.0
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and 0.030 ml. The racks containing the tubes of inoculated broth were kept
at 5 C prior to the addition of penicillin. Three racks at a time (i.e., one rack
of each of the three test organisms) were removed from the icebox, the peni-
cillin was added, and the racks were returned at once to the cold room (5 C).
When penicillin had been added to all the racks for a given day, they were all
placed in the appropriate incubators4 at one time and incubated for 151 to 16i
hours.
The tests, after the tubes were vigorously shaken, were read under a fluores-

cent day lamp. Absence of growth was recorded as (-), an intermediate de-
gree of growth as (=±), and almost complete or complete growth as (+). The
end point was considered to be the last (-) in a (-) (+) series; and the mid-
point between (-) and (i) in a (-) (L) (+) series. Since in the present
investigations the concentrations (by weight) of penicillin in the solutions tested
were known, the minimal inhibiting concentrations (M.I.C.) were readily calcu-
lated from the volume of penicillin solution added to the end point tube.

Early in the present studies aqueous solutions of each type of penicillin were
prepared from carefully weighed samples. The desired mixtures were made by
mixing appropriate proportions of the various solutions. All samples were
then dispensed in acid-cleaned, sterile ampoules, in ca. 1-ml amounts, and the
ampoules sealed and frozen in a C02-alcohol bath. The ampoules were then
stored in a C02 box until used. When assays were to be made, enough am-
poules for that days' work were thawed, and the contents were diluted with
distilled water and assayed.

It will be noted that Higuchi and Peterson (1947) expressed penicillin con-
centrations in terms of the standard unit, "in order to compare the results ob-
tained ... with previous results." As a consequence, the algebraic expres-
sions which they derived for calculating compositions of penicillin mixtures
yielded results in units per cent. The present authors feel that where three
test organisms and three or more types of penicillin are involved the use of
units leads to confusion and obscures various relationships. This will be dis-
cussed more fully below, but suffice it to say for the moment that all M.I.C.
data were gathered and are here reported in terms of actual weights of penicillin
per unit volume, and the equations given below yield results in percentage by
weight. It is obvious that the composition of a mixture containing, e.g., 50
per cent G and 50 per cent K by weight is quite different from one the activity
of which consists of 50 units of G and 50 units of K.

Tests on known mixtures of two or more types of penicillin were always
accompanied by controls consisting of tests on solutions containing separately
the individual components involved in the mixtures. Hence, large numbers of
assays of the solutions containing only single types of penicillin were conducted.
In table 1 are shown the results of the tests on these control solutions.
Comparison of the M.I.C. values shown in table 1 with those given by Higu-

chi and Peterson (1947) reveals surprising differences in findings. The cause of
these differences is uncertain, but several explanations suggest themselves.

4Staphylococcus aureus and B. brevis were incubated at 37 C; "organism E" at 45 C.
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TABLE 1
Minimal inhibiting concentrations of penicillin in terms of weight

EERt-M.IX.C.
PENICILLIN KENT

NO. S. aureus (Heatley) B. bretis "Organism E"

pg/ml Ag/Mi g/mi

G (CrA-328-36) 1 0.00790 (27)* 0.0125 (25) 0.0311 (23)
G (CrA-328-36) 2 0.00770 (126) 0.0150 (120) 0.0308 (120)
G (CrA-328-36) 3 0.00720 (65) 0.0145 (60) 0.0329 (55)

Average G.............. 0.00755 :1: 0.735%t 0.0146 4 0.957% 0.0317 1 0.897%

K (AV-73) 1 0.00463 (8) 0.0458 (8) 0.0686 (8)
K (AV-73) 2 0.00515 (31) 0.0475 (28) 0.0690 (29)
K (AV-73) 3 0.00480 (24) 0.0458 (26) 0.0641 (25)

AverageK. 0.00495 A 1.29% 0.0465 kt 1.17% 0.0670 4 2.14%

X (NRRL-1717-39A) 1 0.0136 (51) 0.0535 (49) 0.0283 (43)
X (NRRL-1717-39A) 2 0.0133 (26) 0.0535 (22) 0.0277 (24)
X (NRRL-1717-39A) 3 0.0143 (24) 0.0585 (24) 0.0289 (24)
X (NRRL-1717-39A) 4 0.0154 (30) 0.0550 (29) 0.0342 (31)

Average X.0.0140 * 1.04% 0.0545 -t 1. 10% 0.0295 4 1.49%o
* Figure in parenthesis represents number of assays conducted on the specific sample.
t The standard errors shown were calculated on the results of the total number of

assays carried out with a specific preparation. The authors are indebted to Mr. Ross
Blue of E. R. Squibb & Sons for this statistical analysis.

It is possible that slight differences in media, or perhaps in variations occurring
in the cultures, between the time Higuchi and Peterson conducted their tests
and the time we received these cultures may have accounted in part for these
differences. Probably even more important was that in the present work
complete inhibition was taken as the end point, whereas some point of partial
inhibition (but which is not clearly indicated) was used as the end point by
Higuchi and Peterson (1947).
The latter authors reported M.I.C. values, for their strain of Staphylococcu

aureus (209-P), which are close to twice as great as those found for Staphylo-
coccus aureus Heatley in the present work. Though the strains of B. brevis
and "organism E" used for these studies were the same as those used by the
foregoing authors, the minimal inhibiting concentrations reported by them for
the various penicillin types studied are quite different from those reported here.
It is interesting, therefore, to note how the results compare when the present
data are converted into units.

Assigning to penicillin G its defined activity of 1,667 units per mg, the K
7.55

penicillin used in the present work would have an activity of 1,667 X =

2,540 units per mg, and the X used would have 1,667 X 14=0= 898 units per
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TABLE 2
Minimal inhibiting concentrations of penicillin in terms of units

X.I.C. RATIO OF M.I.C.'S IN

TEST ORGANISM PENCILLIN ACTmTY OF TERMS01 UNITS29STOGAMSKTYPE PENICILE.INUNITS PER MG ^8g per liter Units per G/ G/X

S. aureus (Heatley) G 1,667 7.55 12.6
S. aureus (Heatley) K 2,540 4.95 12.6 1
S. aureus (Heatley) X 898 14.0 12.6 1

B. brevis G 1,667 14.6 24.3
B. brevis K 2,540 46.5 118.1 0.206
B. brevis X 898 54.5 48.9 0.497

"Organism E" G 1,667 31.7 52.8
"Organism E" K 2,540 67.0 170.1 0.310
"Organism E" X 898 29.5 26.5 1.97

mg. On the basis of these potencies, conversion of the M.I.C. values shown
(in terms of weight) in table 1 to M.I.C. in terms of units give the results shown
in table 2.

Thus, despite the differences between the absolute (weight) M.I.C. values
reported here and by Higuchi and Peterson (1947), equations very similar to
those of the latter authors, based on relative (unitage) M.I.C. ratios, may be
set up.

STUDIES WITH KNOWN MIXTURES CONTAINING TWO TYPES OF PENICILLIN

To determine whether the effects of the various types of penicillins were
truly additive, mixtures containing two types were first studied. The findings
with such two component mixtures are shown in tables 3, 4, and 5. Studies
were then undertaken with three component mixtures and these results are
listed in table 6. The values listed under the columns headed "theor." were
calculated by means of equations (1), (2), and (3) below after substituting in
the known values of a, b, and c. These equations hold true only in so far as
the effects of the penicillins are additive, in which case there would be a direct
proportionality between the composition of a given mixture and the M.I.C.
values of this mixture for the three test organisms.
The following equations relate the concentration (in terms of weight per

volume) of mixed penicillins at the end point to the composition of the mixture:
In a mixture of penicillins, let-.

a = per cent, by weight, of penicillin G
b = per cent, by weight, of penicillin K
c = per cent, by weight, of penicillin X

MsG = M.I.C. of pure penicillin G for Staphylococcus aureus
MsK =M.I.C. of pure penicillin K for Staphylococcus aureus
MsX = M.I.C. of pure penicillin X for Staphylococcus aureus

430 [voL. 54



QUANTIrATIVE DIFFERENTIAL A2ALYSIS

Similarly let-
MbG = M.I.C. of pure penicillin G for Bacillus brevis
MeG = M.I.C. of pure penicillin G for "organism E," etc.
Ms = M.I.C. of mixture of penicillin for Staphylococcus aureus
Mb =M.I.C. of mixture of penicillin for Bacillus brevis, etc.

TABLE 3
Minimal inhibiting concentrations of known mixtures of penicillins G and K

S. AUREUS B. BREVIS "ORGANISM E"
COMPOSITION OF

MIXTURE
Ms pg per liter Mb pg per liter Me pg per liter

Per cent Per cent Theor. Found Found Theor. Found Found Found
G K Theor.oFound Theor.oFound TheoreoFound

100 0 7.55t 7.55 1.00 14.6t 14.6 1.00 31.7t 31.7 1.00
90 10 7.16 7.50 1.05 15.7 15.5 0.99 33.4 35.5 1.06
80 20 6.83 7.00 1.02 16.9 17.5 1.03 35.4 37.5 1.06
65 35 6.38 7.18 1.12 19.2 20.0 1.04 38.9 44.3 1.14
50 50 5.98 7.01 1.17 22.2 22.0 0.99 43.1 49.6 1.15
35 65 5.63 6.75 1.20 26.4 28.5 1.08 48.3 54.6 1.13
20 80 5.31 6.34 1.19 32.4 33.5 1.03 54.7 55.0 1.00
10 90 5.12 5.50 1.07 38.2 39.0 1.02 60.4 65.0 1.08
0 100 4.95t 4.95 1.00 46.5t 46.5 1.00 67.Ot 67.0 1.00

Figures in italics indicate that the data from which the ratios were derived were analyzed
statistically and that the deviations from 1.00 were significant.

* Composition in terms of grams of given penicillin per 100 grams of total penicillin.
t Theoretical figure for solution containing only one component is assigned by defini-

tion and is equal to the experimentally determined end point.

TABLE 4
Minimal inhibiting concentrations of known mixtures of penicillins G and X

S. AURUS B. BREWVIS "ORGANISM E"
COMtPOSITION OF

MIXTURE
Ms pg per liter Mb pg per liter Me pg per liter

Per cent G Per cent X Theor. Found TFhod Theor. Found Fohnd Theor. Found Found
_~ ~ ~~~~ ~Ter Thor Theor

100 0 7.55t 7.55 1.00 14.6t 14.6 1.00 31.7t 31.7 1.00
90 10 7.92 8.82 1.11 15.8 17.0 1.08 31.4 35.4 1.18
80 20 8.32 8.87 1.06 17.1 17.5 1.02 31.2 34.0 1.09
65 35 9.00 9.00 1.00 19.6 20.5 1.02 30.8 33.5 1.09
50 50 9.84 10.5 1.07 23.0 22.5 0.98 30.5 32.5 1.06
35 65 10.8 11.5 1.07 28.8 27.0 0.94 30.2 31.6 1.04
20 80 12.0 13.3 1.11 35.2 36.0 1.02 29.9 31.9 1.06
10 90 12.9 13.9 1.08 42.7 43.0 1.01 29.7 32.5 1.09
0 100 14.Ot 14.0 1.00 54.5t 54.5 1.00 29.5t 29.5 1.00

Figures in italics indicate that the data from which the ratios were derived were analyzed
statistically and that the deviations from 1.00 were significant.

* Composition in terms of grams of given penicillin per 100 grams of total penicillin.
t Theoretical figure for solution containing only one component is assigned by definition

and is equal to the experimentally determined end point.
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Then,'

(1) Ms

(2) Mb=

(3) Me-

100
a b +c

MsG 'r MsK 'MsX
100

a b c
MbG T MbK + MbX

100
a b c

MeG MeK MeX

100
a b c

7.55 4.95 14.0

100
a b c

14.6 46.5 54.5

100
a b c

31.7 + 7 + 29.5

(4) a+ b + c = 100.

TABLE 5
Minimal inhibiting concentrations of known mixtures of penicillin K and X

S. AURUS B. BREVIS "ORGANISM R"
CoXPSm ON01_ ____r_ __ _ _

MIXTUR
Ms pg per liter Mb pg per liter Me pg per liter

Per cent K Per cent X Theor. Found Found Theor. Found Found FoundTheor. TheoorFund Theor.

100 0 4.95t 4.95 1.00 46.5t 46.5 1.00 67.0t 67.0 1.00
90 10 5.28 5.50 1.04 47.2 47.3 1.00 59.5 62.5 1.05
80 20 5.69 5.44 0.96 47.8 54.1 1.13 53.5 49.0 0.92
65 35 6.41 6.50 1.01 49.0 56.6 1.15 46.5 45.5 0.98
50 50 7.38 8.15 1.10 50.2 56.7 1.13 41.0 47.8 1.16
35 65 8.54 9.00 1.05 51.4 55.0 1.07 36.8 38.6 1.02
20 80 10.3 11.0 1.07 52.6 54.3 1.03 33.2 32.2 0.97
10 90 11.9 12.5 1.05 53.6 56.5 1.05 31.2 33.0 1.06
0 100 14.Ot 14.0 1.00 54.5t 54.5 1.00 29.5t 29.5 1.00

Figures in italics indicate that the data from which the ratios were derived were analyzed
statistically and that the deviations from 1.00 were significant.

* Compositions in terms of grams of given penicillin per 100 grams of total penicillin.
t Theoretical figure for solution containing only one component is assigned by definition

and is equal to the experimentally determined end point.

The ratio between the "theoretical" M.I.C. and the experimentally deter-
mined M.I.C. is a measure of the extent to wvhich the effects of the various peni-
cillin types are additive since, as already indicated, the equations above are
based on the assumption that they are additive. Hence, the "theoretical"
value and the experimentally determined value for a given mixture should be
equal, within experimental error, when the effects are additive.

It was found that with certain two component mixtures, the experimental
M.I.C. values were as high as 20 per cent greater than expected. This would

5For convenience in handling the figures, the M.I.C. values are here given in terms of
gg per liter.
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indicate that a certain amount of interference with the action of one penicillin
is caused by the presence of a second penicillin.

It may well be asked whether these deviations from the theoretical M.I.C.'s
are significant. Handicaps in biological assay procedures at best are the rela-
tively large standard deviations which occur unless a large number of assays
are done. Consequently, in order to determine whether these observed devia-
tions were statistically significant, a great many of the data involved were sub-
jected to statistical analysis.' The findings of this analysis are shown in figure
1 and indicate that the deviations are significant.7 In two component mixtures
consisting of penicillins G and K, significantly larger amounts of penicillin were

Meaftey3m~~~~~~~~~~~~~brsa 0

1.00

tu - X Ks ..
1.20

_ S 6a PrwipEin G-X Siftm 0brw a 6-X

Sbphytn.arcs aenusElnAla inmX- " ramE min -K edhtinise.-
L20~~~~~~~~~~~~~~~~~~~

Stap ne KKSatX-Kr s X- ,

50203040 5 00 7050 5IN 50 3040 5050 705so50 W0,50 20 30 4050 5070580 0 w
.- by ue*g-m- -UX bywe4ot - U by Wei*t -

* data setaiAcalL anazd

am _ 1 1*= 1fromI

0 s X X X" o 0
thwenrtal mea
are of standard errr of

net*ret'a*'nes
rea ef stda errr do
euerentatl ULUe

FIG. 1. DEVIATION OF EXPERIMENTAL M.I.C. VALUES FROm THEORETICAL
VALuS IN Two-COMPONENT MIXTURES OF PENICILLN

required to inhibit Staphylococcwu aureus IHeatley and "organism E" than
would be expected on the basis of the M.I.C. values of the individual penicillins.
This is especially evident in mixtures contaminig between 35 and 65 per cent K.
Although the deviation from theory for such mixtures in the case of B. breviu

I The authors are indebted to Mr. Ross Blue of the Division of Product Control of the
Chemical and Biological Laboratories, E. R. Squibb & Sons, for carrying out this task.

7 In accordance with common practice, the difference between a given mean experimental
M.I.C. value and the corresponding theoretical value was considered significant when this
difference was at least two times as great as the standard error of the difference. In the
cases considered as significant in figure 1, the differences between experimental and the-
oretical M.I.C. values were from 2.1 to 5.1 times as great as the standard errors of the dif-
ferences. (For a complete discussion on such statistical procedures, see such standard
texts aB F. C. Mills, Statistical Methods, Henry Holt and Co., New York, 1939.)
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is apparently not statistically significant, yet the tendency appears to be in the
same direction.
When the mixture consisted of penicillins G and X, deviations reached maxima

in two regions, one in the vicinity of 10 per cent X and another at 80 to 90 per
cent X for both Staphylococcus aureus Heatley and "organism E." The pic-
ture appeared to be similar here in the case of B. brevis, but again the deviations
from theory were not statistically significant.
The data on staphylococcus and "organism E" in K-X mixtures were very

inconclusive except in the vicinity of 50-50 mixtures in which the amount of
penicillin required to inhibit was again significantly greater than expected.
In this case the data on B. brevis were quite clear-cut. Significantly more
penicillin was required to inhibit this organism than would be expected in mix-
tures covering the range of 50 to 80 per cent X.

It is of interest to note that in none of the cases studied was the experimental
M.I.C. significantly less than the theoretical figure. It would appear, there-
fore, that in two component mixtures of penicillins, one penicillin may inter-
fere with the action of the other, thereby requiring a greater total amount of
penicillin to cause inhibition than might be expected. Since very little is under-
stood of the mode of action of the penicillins, it is not possible at present to
explain this apparent interference. It is not even clear whether these com-
pounds act within the bacterial cell or upon the cell surfaces, nor, in fact, whether
all the penicillins inhibit growth in identically the same fashion.
I- If, as a working hypothesis, one were to assume that the penicillins act within
the cell rather than upon the surface, then one might tentatively propose that
the apparent interference may actually be caused by differential adsorption of
the various penicillins at the cell surface as well as differential diffusion into the
cell. This would result in the composition of the penicillin mixture inside the
cell being different from that outside. For example, it can be seen in table 3
that for Staphylococcus aureus Heatley the experimental M.I.C. of a mixture
containing 20 per cent G and 80 per cent K is equal to the theoretical M.I.C.
of a 65 per cent G and 35 per cent K mixture. On the other hand, for "organ-
ism E" the experimental M.I.C. of a mixture containing 35 per cent G and 65
per cent K is equal to the theoretical M.I.C. of a 20 per cent G and 80 per cent
K mixture. If differential adsorption is, in fact the reason for the observed
interference, then one might expect penicillin K to be adsorbed more readily
than penicillin G by Staphylococcus aureus Heatley and the reverse to be true
for "organism E." Studies on adsorption of penicillin by bacteria which are
under way in this laboratory (Rake et al., to be published) may perhaps lend
weight for or against such a hypothesis.
Of course, the interference may be due to competition at a site of action of

penicillin within the bacterial cell, but little can be said about this in the pres-
ent state of knowledge of the mode of action of the penicillins.

STUDIES WITH MIXTURES CONTAINING THREE TYPES OF PENICILLIN

The question of deviation of behavior from the expected becomes increasingly
difficult to answer with the increase in the number of penicillins involved. It
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was assumed, for purposes of calculation, that the effects of the penicillins were
additive, and equations were derived expressing- the relationship between the
M.I.C. of a mixture and its composition by weight-equations (1)., (2), (3), and
(4). Using these equations the "theoretical" values of Ms, Mb, and Me for
10 three-component mixtures were calculated, and at the same time these
values were determined experimentally for these mixtures. The comparison
of these two sets of data is shown in table 6.

It will be noted that with Staphylococcus aureus and B. brevis the ratios be-
tween "theoretical" and experimental M.I.C. values were usually very close
to 1.0, whereas with "organism E" in 5 out of 10 mixtures the ratios indicated

TABLE 6
Minimal inhibiting concentrations of known mixtures of penicillins G, K, and X

S. AUREUS B. BREVIS "ORGANISM E"
COMtPOSITON OF MITR

Ms pg per liter Mb pg per liter Me pg per liter

Per cent Per cent Per cent Theor. Found Found Theor. Found Found Theor. Found Found
G K X Theor. Theor. ThFound

100 0 0 7.55t 7.55 1.00 14.6t 14.6 1.00 31.7t 31.7 1.00
0 100 0 4.95 4.95 1.00 46.5 46.5 1.00 67.0 67.0 1.00
O 0 100 14.0 14.0 1.00 54.5 54.5 1.00 29.5 29.5 1.00
80 10 10 7.50 7.50 1.00 17.0 16.5 0.97 33.2 38.0 1.14
60 20 20 7.45 7.50 1.01 20.4 19.5 0.96 34.9 36.5 1.05
40 40 20 6.75 6.50 0.96 25.2 25.0 0.99 39.5 39.5 1.00
40 20 40 8.19 8.50 1.04 25.6 25.5 1.00 34.4 38.0 1.10
33.3 33.3 33.3 7.39 7.50 1.01 27.7 25.5 0.92 37.3 39.0 1.05
20 60 20 6.17 6.50 1.05 33.0 35.5 1.07 45.5 48.0 1.05
20 40 40 7.36 8.00 1.09 33.8 37.0 1.09 38.8 44.0 1.13
20 20 60 9.11 9.40 1.03 34.5 33.5 0.97 33.7 38.0 1.13
10 10 80 11.0 11.5 1.04 42.2 43.4 1.03 31.5 37.0 1.17
10 80 10 5.49 4.95 0.90 38.6 37.5 0.97 54.0 55.0 1.02

* Composition in terms of grams of given penicillin per 100 grams total penicillin.
t Theoretical figure for solution containing only one component is assigned by definition

and is equal to the experimentally determined end point.

that from 10 to 17 per cent more penicillin than expected was required. Al-
though the experimental error in this work was probably no greater than that
with the two component mixtures (since the two sets of data were gathered
under identical conditions), the error in the "theoretical" figures would be sta-
ti3tically higher, having been derived algebraically from data on each of the
three types of penicillin used, and the total error would contain errors from
figures on each type of penicillin. Consequently, no attempts were made to
establish the degree of significance of these deviations. Instead, attention was
turned to the question of how well the compositions of the various mixtures
could be calculated from the experimental data.
Going back to equations (1), (2), (3), and (4) it can be seen that, by solution

with simultaneous equations, the concentration (per cent by weight of total
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penicillin) of each component in any mixture can be expressed in three ways,
i.e., in terms of Ms and Mb, Ms and Me, or Mb and Me. Solutions in terms of
two of these three combinations are shown in the following equations:

(5) a= 2054 -4_ 9.6- 34.16Mb M-s

(6) b 789 - 38.69(6) ~Ms Mb *

(7) c=172.8 - 1,09 739sMb Ms
or

(8) a' = 15,320 + 2M26 _678.5Me Ms

(9) b' =262.7 M2M7e_7169

(10) c' = 515.7- 8,155 1,951
Me Ms

Thus theoretically it should be possible to determine the composition of a
three-component mixture through the use of two test organisms rather than
three.
When the "theoretical" values for Ms, Mb, or Me, as the case may be, are

substituted into the foregoing equations, the correct values for a, b, and c (or
a', b', and c') are of course obtained. In table 7 are shown the results when
the experimentally determined M.I.C. values are used in these equations.
Considering that the experimental M.I.C. values, even with "organism E,"
exceeded the "theoretical" value by as much as 15 per cent in only one case, it
was at first surprising to find that the use of equations (8), (9), and (10)-which
involve the use of Ms and Me-yielded such meaningless results for a', b', and
c' (i.e., per cent G, per cent K, per cent X). However, examination of these
data with the aid of triangular co-ordinate graph paper (Keuffel and Esser Co.,
no. 35932) supplied the explanation for such results.

Equations (1), (2), and (3) may be expressed:
(11) a/7.55 + b/4.95 + c/14.0 = 100/Ms
(12) a/14.6 + b/46.5 + c/54.5 = 100/Mb
(13) a/31.7 + b/67.0 + c/29.5 = 100/Me

Since a + b + c = 100, each of these equations may further be expressed in
terms of two unknowns instead of three, again through solution with simul-
taneous equations:
(14) 0.0610 a + 0.1305 b = 100/Ms-7.15
(15) 0.0470 b + 0.05015 c = 6.85 - 100/Mb
(16) 0.0166 a + 0.0190 c = 100/Me 1.49
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Each of these equations yields an infinite series of parallel straight lines when
plotted on triangular co-ordinate paper, the location and direction of each line
depending upon the equation and M.I.C. value (i.e., Ms, Mb, or Me)-involved.
With a given three-component mixture of penicillins, having "theoretical"
M.I.C. values of, e.g., Ms1, Mb1, and Me,, the composition of the mixture will
be given by the location of the point of intersection of the three lines formed by
the plotting of equations (14), (15), and (16) into which the given M.I.C. values
have been substituted.

TABLE 7
Compositions of mixtures containing three types of penicillin as calculated from minimal

inhibiting concentrations

KNOWN COMPOSTON 07 MRE COMPOSIONCZ LC=ULATED ON BASIS O EXPERIMNTAL M.I.C.

Per cent G Per cent K Per cent X at bt ct a't b$ c't

100 0 0 100.0 -0.3 0.1 99.5 0.4 0.1
0 100 0 -0.1 100.1 0 -0.3 100.4 -0.1
0 0 100 -0.1 0.2 100.0 -0.3 0.2 100.0
80 10 10 83.6 8.3 8.1 21.3 38.6 40.3
60 20 20 64.5 17.2 18.2 38.0 29.8 32.3
40 40 20 40.3 44.2 15.9 51.7 39.1 9.3
40 20 40 40.5 16.5 43.1 -13.0 41.9 70.9
33.3 33.3 33.3 39.6 28.9 31.5 11.3 42.4 46.6
20 60 20 15.8 55.7 28.4 -17.0 71.3 45.8
20 40 40 15.1 34.0 50.9 -52.1 65.6 86.8
20 20 60 21.9 16.5 61.9 -38.6 45.0 93.4
10 10 80 8.8 7.8 83.3 -71.0 45.3 125.3
10 80 10 10.6 95.1 -5.3 49.0 78.0 -26.6

* Composition in terms of grams of given penicillin per 100 grams total penicillin.
t Calculated by use of equations (5), (6), and (7).
t Calculated by use of equations (8), (9), and (10).

An example of the use of this graphic procedure is shown in figure 2. For
this example a mixture consisting of 40 per cent G, 20 per cent K, and 40 per
cent X was used. As was shown in table 6, the "theoretical" M.I.C. values of
such a mixture would be Ms = 8.19, Mb = 25.6, and Me = 34.4 ,g per liter,
respectively. These values were substituted in equations (14), (15), and (16),
and the lines drawn after locating for each line two points through which it
passed. (In most cases it is simplest to calculate the value of b, when a = 0,
and the value for a, when b = 0, etc. This locates two points on opposite
borders of the graph through which the given line passes.)

In figure 2 the solid lines are those obtained by plotting the equations into
which have been substituted the "theoretical" M.I.C. values given above.
It can be seen that the three lines intersect at the point when a = 40, b = 20,
and c = 40. Of course, plottings of the three equations will give lines which
will intersect at precisely the correct point only so long as the three M.I.C.
values are precisely correct. Since the latter are experimentally determined,
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such precision cannot be expected. Hence, it is of interest to know how changes
in the M.I.C. values will affect the location of the point or points of intersection.
To demonstrate this effect each of the three M.I.C. values used in.plotting the
lines of figure 2 were arbitrarily increased by 10 per cent and new lines plotted
corresponding to these new M.I.C. values. This gave the dotted lines shown in
figure 2.

It is at once evident that a 10 per cent error in both Ms and Mb does not
shift the point of intersection of these lines nearly so much as it shifts the point
of intersection of the Ms and Me lines. In fact, an error of 10 per cent in the

lOOXx
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Fio. 2. THE EFFECT OF EXPERIMENTAL ERRORS IN M.I.C. VALUES ON
CALCULATED COMPOSITION OF PENICILLIN MITURES

Me value causes its line to intersect the Ms line somewhere off the graph (at
an imaginary point, since in the case demonstrated this would mean a negative
value for a, or less than 0 per cent penicillin G). Examination of this graph
indicates that Staphylococcus aureus and "organism E" make a poor pair for
quantitative differential analysis of penicillin mixtures. Bacillus brevis and
"organism E" are a somewhat better pair, but the best pair here tested is Sta-
phylococcus aureus and B. brevis. The graph also indicates why the use of the
experimentally determined Ms and Me values (table 6) when used in equations
(8), (9), and (10) gave such meaningless values for a', b', and c' (table 7). It
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cail-also be seen why the use of the experimentally determined Ms and Mb values
g,?e fairly good figures for a, b, and c (table 7) when equations (5), (6), and
(7) were employed. Thus the use of triangular co-ordinate graph paper in this
manner could be of great aid in the search for organisms best suited for quan-
titative differential analysis of penicillin mixtures.
The 10 three-component mixtures which were studied were analyzed graphic-

ally in this manner, calculating the composition from the experimentally de-
termined Ms and Mb values. In figure 3 the compositions calculated in this

IOO1X

Oakrmn eovigitio'n
*sc_qition catcuiated

from experimental Ml
i

gb-~~~9S

FIG. 3. DIFFERENTIAL ANALYSIS OF PENICILLIN MIXTURES USING STAPHYLOCOCCUS
AUREUS AND BACILLUS BREVIS

manner are shown as solid points, and the known composition of the mixtures
are shown as open circles. To simplify the appearance of this graph for pur-
poses of photography some of the Ms and Mb lines have been omitted, but their
points of intersection (solid dots) are shown.

It will be noted that only when the content of penicillin G fell below ca. 20
per cent of the total penicillin present in a mixture were there marked differences
between the estimated and known compositions. Even these differences may
have been within experimental error, except for the case of the mixture con-
sisting of 10 per cent G, 80 per cent K, and 10 per cent X. In this case the Ms
value was equal to that for pure K. This resulted in the point, representing
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the composition of the mixture, falling outside the limits of the graph. For
all mixtures containing more than 20 per cent G, the results were probablyJl
within the range of experimental error.
From the data thus far obtained it has not yet been possible to demonstrate

a clear-cut interference of one penicillin with another in three-component mix-
tures. Hence it is not yet clear what effect the addition of a third penicillin
component has on the behavior of an existing two-component system. It
appears safe to say, however, that differential penicillin bioassays as they now
exist yield only rough approximations of the composition of mixtures even when
they consist only of penicillins G, K, and X. The presence of more than three
penicillins in a mixture results in even less accuracy in its differential assay
results. Greatest value may be derived from such procedures in studying the
final purification of a given penicillin species when it is already almost pure, or
when considerable chemical data have been gathered on a preparation to show
that it consists of no more than three types of penicillin.

It perhaps should be pointed out, in passing, that there are certain real ad-
vantages in determining the M.I.C. of relatively pure preparations in terms of
weight rather than in units. For example, Hobby et al. (1946), in studying
several types of penicillin, indicated that the bacterial spectrum of these prep-
arations yielded little information and that only with certain strains of Eber-
thella typhosa was it possible to demonstrate a difference in any of the forms of
penicillin. This is true only so long as the activities of the various penicillins
are expressed in units, and is so of necessity for Staphylococcus aurew by the
definition of the unit itself. When the standard unit is used, all penicillin ac-
tivities are expressed in terms of a measure of the sensitivity of Staphylococcus
aureus to penicillin G. It can be seen in table 2 that, despite the distinct dif-
ferences in sensitivity of Staphylococcus aureus Heatley to penicillins G, K, and
X in terms of weight, these differences are hidden when the M.I.C.'s are given
in terms of units. If the M.I.C.'s are given in weights, essentially pure peni-
cillin preparations are readily identified by ratios of M.I.C.'s. Thus the char-
acteristic ratio for penicillin G is:

Staphylococcus: brevis: "organism E": = 7.55:14.6:31.7 = 1:1.93:4.4
For penicillin K it is:

4.95:46.5:67.0 = 1:9.4:18.6
and for penicillin X:

14.0:54.5:29.5 = 1:3.9:.1

Or the same data could be presented in another fashion: the K:G M.I.C. ratio
for Staphylococcus aureus Heatley is 0.655; that of X:G is 1.86. Similarly for
B. brevis, K:G is 3.18; X:G is 3.73. And for "organism E," K:G is 2.15 and
X:G is 0.925. Some studies were also conducted with several penicillin F
preparations, but, since there was some doubt as to the purity of the materials
available, these data have not been reported here. It appears, however, that
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the staphylococcus: brevis: "organism E" ratio of penicillin F is in the vicinity
of 8.4:32:58 = 1:3.8:6.9.

In the final purification of preparations of the various penicillin types these
triple ratios, as has become the custom to call them, have been of considerable
aid as guidelines.

SUMMARY

Using Staphylococcus aureus Heatley, Bacillus brevis, and Peterson's "organ-
ism E" as test organisms, it has been shown that in mixtures of two types of
penicillin, more penicillin is required to cause inhibition of growth than would
be expected from data on the actions of the individual penicillin types. Until
the mode (or modes) of action of the penicillins are better understood, this inter-
ference on the part of one type of penicillin with the action of another cannot be
explained. However, it is tentatively proposed that this phenomenon may be
caused by differential adsorption of the various penicillins at the cell surface
as well as differential diffusion into the cell.
Equations are given which show the algebraic relationship between the com-

position of a given penicillin mixture and the weight of total mixed penicillin
required to inhibit growth. Through the use of these equations, as well as
through the use of a graphic procedure employing triangular co-ordinate paper,
it has been shown that only two test organisms are needed for the analysis of
mixtures containing three types of penicillin and that Staphylococcus autreus
Heatley and "organism E" make a poor pair of organisms for such quantitative
differential analyses. A better pair of test organisms is that of Staphylococcus
aureus Heatley and B. brevis. However, evidence is also presented to show that
even with this pair of organisms relatively slight variations in the experimentally
determined minimal inhibiting concentrations cause significant variations in the
calculated composition of such mixtures. Hence, such procedures at best
give only rough approximations of the composition of penicillin mixtures and
are most valuable in the final purification steps of single penicillin types.
The graphic procedure described may prove to be of assistance in finding the

best test organisms for such differential analyses.
It has been pointed out that when essentially pure penicillins are involved

there are advantages in calculating minimal inhibiting concentrations in
terms of weight instead of in units.
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