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The correlative equations between the molecular volume and the qualitative indication (/) for f-lactam antibiotics,
the reaction products between -lactam antibiotics and kanamycin, and the degradation products of f-lactam antibiotics
were hy =0.3240.080V%/3]| Z|(N=15, r=0.972 for penicillins) and kg =0.04+0.072V3>/| Z|(N=12, r=0.987 for
cephems). Where ¥, is van der Waals volume A3 Jmolecule), kg is the relative step height in the isotachopherogram,

and Z is the electric change, respectively.

According to these equations, the molecular volumes of the reaction products between f-lactam antibiotics and the
other aminoglycoside antibiotics, and those of the degradation products of f-lactam antibiotics can be estimated from
the value of h;. Also according to the step height in the isotachopherogram, the reaction products or the degradation
products may be estimated directly when the electric charge is known.

It was confirmed that a molecule of aminoglycoside antibiotics reacted with a molecule of f-lactam antibiotics.
Therefore, the inactivation of aminoglycoside antibiotics is much greater than for f-lactam antibiotics when the clinical

doses of these antibiotic combinations are used.

Keywords isotachophoresis; molecular volume estimation; ionic mobility; aminoglycoside antibiotic; -lactam antibiotic;
reaction product estimation; qualitative indication; degradation product estimation

In the previous study,” we reported the correlative
equations between the molecular volume (V,) and Ry or
the absolute mobility (m,: 107 5cm?V ~'s™!) for organic
anionic substances, amino acids, dipeptides and S-lactam
antibiotics (cephems) i.e., Rg=a+b V33/|Z|, or my=
ad+¥|Z|/VZ3 Where V, is van der Waals volume
(A3/molecule)? and Rg is the ratio of the potential gradient
of the sample zone to that of the leading zone,” Z is the
electric change of ion, and a, b, @’ and &' are constants,
respectively. According to one of these equations, the
molecular volume of ion may be estimated from the value
of Rg, when the electric charge is known, and the value of
Ry or m, may be estimated from the molecular volume.
However, these relationships contain a deviation based on
the variation of the structure of ions.

On the other hand, the values of the absolute mobility
(m,) of dipeptides* are invariably smaller than those of the
constituent amino acids.” And similarly, the values of m,
of B-lactam antibiotics (cephems) are invariably smaller than
those of cysteine and valine," because f-lactam antibiotics
consist of cysteine and valine.®) This means that the zones
of dipeptides and f-lactam antibiotics in the isotachophero-
gram invariably follow those of the constituent amino acids
when the electric charge is constant.”

This paper describes our studies on the application of
these relationships to the qualitative analysis of the
reaction products between f-lactam antibiotics (penicillins”
and cephems®) and aminoglycoside antibiotics, and the
degradation products of f-lactam antibiotics. The reason
for our studies on these antibiotic combinations is the
inactivation of both antibiotics by their interaction,*? in
spite of the additive or synergistic expectations of their
antibacterial effects in the clinical treatment of infections.* "

In this study we use kanamycin, an aminoglycoside
antibiotic whose dosage is almost the same as that of
B-lactam antibiotics, since the other aminoglycoside
antibiotics, e.g. gentamicin, tobramycin and dibekacin ezc.,
are used at only about 10% the dosage of f-lactam

antibiotics.1?:*¥

Calculation

The significance of the correlation coefficient (r) was tested
by means of the z-test in each case after transformation of
rto z.

(1) Derivation of the Correlative Equations between the
Molecular Volume (V,) and the Relative Step Height (&),
and V, and Ry for Some Penicillins (PCs) The values of
Va (A3/molecule) of PCs were calculated from the data for
some atoms or groups in the previous paper.? The values
of hy and Rg were obtained experimentally. /4y is defined as
hg/hy,'* and Ry is corrected for hg i.e., Rg=Es/E =
(hg+ Ah)/(h, + Ah)*'3) where hg is the observed step height
of the sample zone, and 4; is that of the leading zone. The
electric charge (Z) was calculated from the equation of Kiso
and Falk !9 Z=—1/23[1+tanh{2.303/2(pH—pK)}]
where pH; is the pH of the leading electrolyte.

(2) Estimation of the Molecular Volumes of the Reaction
Products between PCs and Kanamycin (KM), and These
of the Degradation Products of PCs by Isotachophoresis
0.01 M PCs aqueous solutions and 0.042M KM aqueous
solution were reacted with a buffer solution of pH 6.4 at
35°C.17 The reaction products between PCs and KM, and
the degradation products of PCs were analyzed by
isotachophoresis, experimentally. The ratio of the reaction
products and the degradation products were calculated from
each of the quantitative results.

(3) Derivation of the Correlative Equation between the
Molecular Volume (¥,) and the Relative Step Height (/45)
for the Reaction Products between PCs and KM, PCs,
and the Degradation Products of PCs The values of V,
(A3/molecule) of the reaction products between PCs and
KM, and the degradation products of PCs were calculated
from the data for some atoms or groups in the previous
paper.? The values of ¥, of PCs used are listed in Table
I. The values of /i of the reaction products between PCs
and KM, PCs, and the degradation products of PCs were
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obtained experimentally. The electric charge was calculated
as described previously.

(4) Derivation of the Correlative Equation between
Molecular Volume (V,) and the Relative Step Height ()
for the Reaction Products between Cephems and KM,
Cephems, and the Degradation Products of Cephems The
values of V,, (A3 /molecule) of the reaction products between
cephems and KM, and the degradation products of cephems
were calculated from the data for some atoms and groups
in the previous paper.” The values of ¥, of cephems
were taken from the previous paper.! The values of A, of
the reaction products between cephems and KM, cephems,
and the degradation products of cephems were obtained
experimentally. The electric charge was calculated as
described previously.

Experimental

Sample and Reagents The potassium salt of benzylpenicillin (PCG, M:
molecular weight =372.48, pK,=2.76),'? the sodium salts of ampicillin
(ABPC, M=403.45, pK,=7.24),'" carbenicillin (CBPC, M =422.36,
pK,=3.06, 3.3),'® cloxacillin (MCIPC, M=475.88, pK,=2.73),!® and
sulbenicillin (SBPC, M=458.42, pK;<1, pK,=25—2.7)'%13 were
purchased from Banyu Pharmaceutical Co., Ltd., Meiji Seika Kaisha, Ltd.,
Pfizer Pharmaceuticals Inc., Meiji Seika Kaisha, Ltd., and Takeda
Chemical Industries, Ltd., respectively. The sodium salts of cefalotin (CET,
M=418.41, pK,=3.6+0.13),'? cefapirin (CEPR, M =445.44, pK,=ca.
5.3),'2:'3) cefmetazole (CMZ, M =493.51, pK, =2.34),1213 and cefotaxime
(CTX, M=477.44, pK,=ca. 3.4)'® were purchased from Shionogi & Co.,
Ltd., Bristol-Myers Co., Sankyo Co., Ltd., and Hoechst Japan Ltd.,
respectively. Kanamycin sulfate (KM, M =484.5)!'% was purchased from
Meiji Seika Kaisha, Ltd. Hydroxypropyl cellulose (HPC, 1000—4000 cps)
was purchased from Tokyo Kasei Kogyo Co., Ltd. Other reagents were
purchased from Nakarai Chemicals, Ltd.

Electrolytes System for Isotachophoresis and Instruments The leading
ion was 0.01m chloride. The pH of the leading electrolyte (pH,) was
adjusted to 8.6 by using Amediol (2-amino-2-methyl-1,3-propane-
diol)*'®, and 0.02% HPC was added as a surfactant in order to suppress
electroendosmosis and to increase the sharpness of the zone boundaries.*
The terminating ion was 0.01M f-alanine. The pH of the terminating
electrolyte (pH 11.4) was adjusted by using Ba(OH),; Ba?* precipitates
with CO3~ and should remove the influence of CO%~. The migration
current was 100pA. An IP-1B isotachophoretic analyzer with a
separating tube of 0.5mm i.d. and 15cm length, and a PGD-1 potential
gradient detector (Shimadzu Seisakusho Ltd., Kyoto, Japan) were used.!®
The reaction temperature of the bath was maintained by a KP-30
thermostat (Chino, Tokyo, Japan).

Results and Discussion

(1) Derivation of the Correlative Equations between the
Molecular Volume (V,) and the Relative Step Height (%),
and V, and R; for Some Penicillins (PCs) The values of
Rg, hg, V, and the electric charge (Z) for some PCs are
listed in Table I.

The following correlative equations between V, and hg,
and V, and Rg for some PCs were derived (p<0.01).

he=033+0.079V33)|Z| (r=0.997, N=>5) (1
R,=—0.12+0.090V%3/| Z| (r=0.998, N=4) 0)

According to these equations, the molecular volumes of
the other PCs may be estimated from the value of hg or Ry,
when the electric charge is known.

The optimum pH of electrolytes for the estimation of the
molecular volume or for the separation of PCs may be
determined from the hy—pH; curves'*'> or R;—pH,
curves®> obtained on the basis of these equations.

(2) Estimation of the Molecular Volumes of the Reaction

2519
TaBLE 1. Some Values for PCs

R:+S.D.? hg+S.D.9 b "
PCs (N=5) (N=5) Vi | Z|
ABPC 4.0440.09 3.9140.06 292.56 0.96
BPC 3.67+0.04 3.82+0.08 280.79 1.00
CBPC 1.95+0.14 2.16+0.04 300.63 2.00
MCIPC —9 4.074+0.04 329.42 1.00
SBPC 1.92+0.02 2:10+0.05 319.59 2.00

a) The experimental values. Ry is the ratio of the potential gradient of the sample
zone to that of the leading zone: Rg = E/E, = (hs+ Ah)[(hy + 4h).2' hy is the relative
step height: hg = hg/hy,'® where hg is the step height of the sample zone, and A, is
that of leading zone. b) The molecular volumes (V,: 12\3/molecule) were calculated
from the data for some atoms or groups." ¢) The electric charge (Z) was calculated
from the equation: Z= —1/2 2 [1+tan h{2.303/2(pH — pK)}].'® d) No date, since
MCIPC reacted with the internal standard (acetic acid).

Products between PCs and KM, and Those of the Degradation
Products of PCs by Isotachophoresis The final reaction
products of PCs and KM, and the degradation products
of PCs were reported by Yamana et al. as follows. The
reaction product is PM: N-(benzylpenicilloyl) kanamycin
and the degradation products are the hydrolysis products,
penicilloic acid (PA).17

As Fig. 1 shows, the molecular volumes of PA are almost
the same as those of PCs, and the electric charge (| Z|) of
PA is larger than that of PCs, since PA have one more
carboxyl group by the hydrolysis of -lactam rings of PCs.
Therefore, as Eq. 1 shows, the A of PA in isotachophoresis
is smaller than that of PCs.

On the other hand, as Fig. 1 shows, the molecular volumes
of PM are larger than those of PCs, and Z of PM is the
same as PCs, since the amino group of KM reacts with the
B-lactam rings of PCs by the peptide reaction.?® Therefore,
as Eq. 1 shows, the /z of PM in isotachophoresis is larger
than those of PCs.

Table II shows the ratio of PM and PA, which were
calculated from each of the quantitative results by
isotachophoresis, and those by Yamana et al., which were
determined by iodometry and penamaldate assay, etc.'”

These results show good agreement between the iso-
tachophoretic results and those of Yamana et al., and that
the molecular volumes of the reaction products between PCs
and KM, and those of the degradation products of PCs
can be estimated by the relative step height in the
isotachophoresis.

(3) Derivation of the Correlative Equation between the
Molecular Volume (V,) and the Relative Step Height (/)
for the Reaction Products between PCs and KM, PCs, and
the Degradation Products of PCs The values of V,, i and
the electric charge (Z) for the reaction products between
PCs and KM, and the degradation products of PCs are
listed in Table TII.

The following correlative equation between ¥, and hy
for ‘the reaction products between PCs and KM (N=5),
PCs (N=35), and the degradation products of PCs (N=35)
was derived (p<0.01).

hy=0.32+0.080V%3/|Z| (r=0972, N=15) 3)

According to this equation, the molecular volumes of the
reaction products between PCs and the other aminoglyco-
side antibiotics may be estimated from the value of 4, when
the electric charge is known.
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Fig. 1. The Degradation Products of PCs and the Reaction Products between PCs andKM

PA: the degradation (hydrolysis) product of PCs, the maximum electric charge (| Z ) of PA for monovalent PCs is 2, and Z of PA for divalent PCs is 3. PM: the reaction
product between PCs and KM, Z of PM for monovalent PCs is 1, and Z of PM for divalent PCs is 2. Monovalent PCs are R,: ABPC, R,: BPC, and R3: MCIPC, divalent

PCs are R,: CBPC, and Rs: SBPC.

TaBLg II.  Comparison of the Isotachophoretic Results with Those by TasLE III. Some Values for the Reaction Products between PCs and KM,

the Other Method,'” for the Reaction Products between PCs and KM,
and the Degradation Products of PCs

PM PA

PCs —

A B A B
ABPC 71 78 29 22
BPC 36 38 64 62
CBPC 45 40 55 60
MCIPC 39 42 61 58
SBPC 35 34 65 - 66

PM: the reaction products between PCs and KM. PA: the degradation (hydrolysis)
products of PCs. A, the results (%) by Yamana et al.'” were represented by the
ratio (PM : PA). B, the ratio of PM : PA were calculated from each of the quantitative
results by isotachophoresis.

The optimum pH of electrolytes for the estimation of the
molecular volume or for the separation of the reaction
products between PCs and aminoglycoside antibiotics, PCs,
and the degradation products of PCs may be determined
from the Az —pH; curves!#!% obtained on the basis of this
equation.

Figure 2 shows the relationship between the molecular
volume and the relative step height of the reaction products
between PCs and KM (PM), PCs and the degradation
products of PCs (PA).

The open circles show monovalent PCs (| Z|=1) and the
closed circles show divalent PCs (| Z|=2). As Fig. 1 shows
the molecular volumes are almost the same. Therefore, the
hg values of the divalent PCs are about half those of the

and the Degradation of PCs

PA PM
PCs
hx£S.D.9 5 o  hgtSD2 » 9

ABPC 2.15+0.05 304.93 2 598+0.08 707.57 1
BPC 1.90+0.08 293.16 2 6.93+0.22 695.80 1
CBPC 142+0.10 313.00 3 4.324+0.07 715.64 2
MCIPC 2.19+0.09 341.79 2 6.65+0.21 744.43 1
SBPC 1.42+0.07 331.96 3 4.3740.24 734.60 2

PA: the degradation (hydrolysis) products of PCs. PM: the reaction products
between PCs and KM. a) The experimental values. Ay is the relative step height:
hg=hg/h,'* where hg is the step height of the sample zone, and 4, is that of the
leading zone. b) The molecular volumes (¥,: A%/molecule) were calculated from
the data for some atoms or groups.? ¢) The electric charge (Z) was estimated from
those of PCs in Table I and Fig. 1.

monovalent PCs.

The open triangles show the hydrolysis products of the
monovalent PCs. These are divalents (| Z|=2), as Fig. 1
shows, and these molecular volumes are almost the same
as those of the PCs. Therefore, the Az values of these are
about half those of the monovalent PCs. The closed triangles
show the hydrolysis products of the divalent PCs. These
are trivalents (| Z|=3), as can be seen in Fig. 1, and these
molecular volumes are almost the same as those of the PCs.
Therefore, the Az values of these are about one third those
of the monovalent PCs.

The open squares show the reaction products between
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TaBLE IV. Some Values for the Reaction Products between Cephems and KM, Cephems, and the Degradation of Cephems
CA Cephem CM
Cephems o
hg+S.D.? 5 o hg+S.D.? 5 o hx £S.D.2 b o
CET 1.63+0.07 321.01 2 3.57£0.09 308.64 | 5.704+0.11 723.65 1
CEPR 1.62+0.03 341.58 2 3.6540.12 329.21 1 5.9440.42 744.22 1
CTX 1.6740.03 356.38 2 4.02+0.10 344.01 1 5454+0.19 759.02 1
CMZ 1.754+0.07 366.50 2 3.90+0.10 354.13 1 6.484+0.24 769.14 1

CA: the degradation (hydrolysis) products of cephems. CM: the reaction products between cephems and KM.
hg=hg/hy,'*) where hg is the step height of the sample zone, and 4, is that of the leading zone.
data for some atoms or groups.” The ¥, values of cephems were taken from the previous paper.”

a) The experimental values. g is the relative step height:
b} The molecular volumes (V,: A3/molccule) were calculated from the
¢) The electric charge (Z) of cephems was calculated from the equation:

Z=—1/2Z[1+tan ~{2.303/2 (pH —pK)}1,'® and those of CA and CM were estimated from those of cephems and Fig. 1.
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Fig. 2. Relationship between the Molecular Volumes (¥,) and the
Relative Step Height (hg) of the Reaction Products between PCs and KM,
PCs, and the Degradation Products of PCs

[, the reaction products between monovalent PCs and KM; M, the reaction
products between divalent PCs and KM; O, monovalent PCs; @, divalent PCs; A,
the degradation (hydrolysis) products of monovalent PCs; A, the degradation
(hydrolysis) products of divalent PCs. a) the correlative equation between the Va
and hy for the reaction products between PCs and KM (N=5), PCs (N=5), and
the degradation products of PCs (N=5): iz =0.32+0.080V%3/| Z| (Eq. 3, N=15,
r=0.972), where Z is the electric charge.

the monovalent PCs and KM. These are monovalents
(1Z]=1), as Fig. 1 shows, and these molecular volumes are
about twice those of the PCs. Therefore, the h; values of
these are about twice those of the monovalent PCs. The
closed squares show the reaction products between the
divalent PCs and KM. These and divalents (| Z|=2), as can
be seen in Fig. 1, and these molecular volumes are about
twice those of the PCs. Therefore, the kg values of these
are almost the same as those of the monovalent PCs.

Consequently, Fig. 2 shows that the molecular volumes
of the reaction products between the PCs and aminoglyco-
side antibiotics, and those of the degradation products of
the PCs can be estimated by the relative step height in the
isotachopherogram.

(4) Derivation of the Correlation Equation between
Molecular Volume (V,) and the Relative Step Height (&)
for the Reaction Products between Cephems and KM,
Cephems, and the Degradation Products of Cephems The
values of V,, hgz and electric charge (Z) for the reaction
products between cephems and KM, and the degradation

Relative step height (hg)

20 40 60 80

V¥ Z|

Fig. 3. Relationship between the Molecular Volumes (V,) and the
Relative Step Height (/) of the Reaction Products between Cephems and
KM, Cephems, and the Degradation Products of Cephems

[, the reaction products between monovalent cephems and KM; O, cephems;
A, the degradation (hydrolysis) products of cephems, a) the correlative equation
between the ¥, and A for the reaction products between cephems and KM (N=
4), cephems (N=4), and the degradation products of cephems (N=4): hy=0.04 +
0.072V3*/| Z| (Eq. 4, N=12, r=0.987), where Z is the electric charge.

products of cephems are listed in Table IV.

The following correlative equation between Va and hy
for the reaction products between cephems and KM (N =4),
cephems (N=4), and the degradation products of cephems
(N=4) was derived (p<0.01).

hR=0.04+0.072Vi/3/|Z| (r=0987, N=12) )

According to this equation, the molecular volume of the
reaction products between cephems and the other aminogly-
coside antibiotics may be estimated from the value of hg,
when the electric charge is known.

The optimum pH of the electrolytes for estimation of the
molecular volume or for separation of the reaction
products between cephems and aminoglycoside antibiotics
may be determined from the 4y — pH, curves'+!® obtained
on the basis of this equation.

Penicillins consist of a five-membered ring and a B-lactam
ring, as Fig. 1 shows. On the other hand, cephems consist
of a six-membered ring and a f-lactam ring. And, the amino
group of kanamycin reacts with the B-lactam ring of the
penicillins and the cephems, and hydrolysis occurs in the
B-lactam rings, also. Therefore, the hydrolysis products of
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cephems and the reaction products between cephems and
kanamycin also can be seen in Fig. 1.

Figure 3 shows the relationship between the molecular
volume and the relative step height of the reaction products
between cephems and KM (CM), cephems and the
degradation products of cephems (CA).

The degradation products of cephems are the hydrolysis
products of cephems (| Z | = 1). Therefore, these are divalents
(|Z]|=2), as can be seen in Fig. 1, and these molecular
volumes are almost the same as those of cephems. Therefore,
the hy values of the divalent are about half those of
cephems.

The reaction products between cephems and KM are
monovalents (|Z|=1), as can be seen in Fig. 1. These
molecular volumes are about twice those of cephems,
therefore, the Az values are about twice those of cephems.

Consequently, Fig. 3 shows that the molecular volumes
of the reaction products between cephems and aminoglyco-
side antibiotics, and those of the degradation products of
cephems can be estimated by the relative step height in the
isotachopherogram.

As Fig. 1 shows, a molecule of aminoglycoside antibiotics
reacts with a molecule of f-lactam antibiotics.>” And, Fig.
2 and Fig. 3 show that the reactions occur in both cases of
penicillins and cephems. The dosage of most of the
aminoglycosides is about 10% the dosage of p-lactam
antibiotics, clinically.!?'® Therefore, the inactivation of
aminoglycoside antibiotics by interaction is much greater
than for f-lactam antibiotics.'® For these reasons, use of
aminoglycosides and f-lactam antibiotics at the same time
should be avoided, and the usage time of aminoglycosides
should differ from that of f-lactam antibiotics.
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