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Discussion

The identification of hippurie acid as a metabolite of
tranyleypromine is the first demonstration that the
evelopropyl ring can be broken in the body.  While the
cleavage 1mechaunisin i® unknown, it appears not to
involve formation of amphetamine, sinee  different
patterns of peaks were observed in chromatograins of
urine from rats given tranylevpromine-C'* and ol
amphetamine-C'* (Fig. 1 and 2). It s also nnlikely
that the first step is deamination by monoamine oxidase,
shice tranyleyproutine has been recovered unchanged
after incubation for 24 hr. in a rat-hver mitochondrial
preparation containing the active enzyme!!  This is
in agreement with the view that monoamine oxidase ix

117 B, Bellean owl J, Morvan, /. I0ed. Phyem, Chem. 5, 210 015020,
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mable to oxidize e-alkylamines™ .\ Hver microsomal
enzyme svstemn deseribed by Axebod®®  whielh  de-
atnihates sueh annnes to ketones may be mvolvod m the
ring-splitting  reaction.  Another possibility s sng-
vosted from the propensity ol tranyleyvpromine to de-
compo=¢ to ntnmonia and hydroctnnamaldehyde, upon
standing - water sohition for several weeks,"" or upon
distitlation of the base.™  In the body the aldehyde
would he metabolized through hydrocinnamic, benzoie,
and hippiie acids. Fathire to identify hyidroeimneainie
acid i the present study would be oxplamed by iis
rapid degradation to benzoie acidh ™ That an enzyime
ix involved 1 the cleavage reaction is siggestod by the
tested stability of tranvleypromine-C* in water sohr
tions buffered with phosphate at pIT 1 7.8 and inen
bated at 37 far several dayvs.

Tdentitication of happurie acid as a metabolite of
amphetamine 1~ evidence that the vat can degrade
amphetamime, thongh this appears to be woninor path-
wayv.  The microzomal cnzyvme svstem deseribed by
Axchod™ deaminates amphetamine to phenyviacetone,
which 1= metabolized to hippurie acid o the body.”
The small amonnt of appirie acid-C" recovered i the
present =tudy may be due to the low enzyine activities
observed by Axelrod norat Hver as compared with
rabbit hver. The present findings are in apreement
with the view that the main motabohe pathway !
amphetamine o the rat s not through deamination,
ax in the rabbit, bt through ring hydroxyviation witl
snbsequient formation of the ghenronide.  The latter
material probably accomts for the large peaks at the
orizins af the nrine chromatograms shown in Pz, 1 and
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Kinetics of the Formalin Inactivation of Poliovirus
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It 1s shown that the non-first-order course of the formalin inactivation ol polivvirus is consistent with the

kinetic requireinents of a mechanism of the type, N, 7= nN — nD.

In this forinulation, N, represents i non-
el

infectious n-meric form of the virus, N is the infectious native form of the virug, and 1) is an antigenic but non-

infectious species.

The method used for testing the applicability of this imechanism is discussed in some detail.

Several respects in which the postulated mechanism is related to previous proposals are also examined, especintly

the possible role of & superimposed thermal denaturation.

It is customary' to describe the time course of the
denaturation of proteins, including viruses,?® by a semi-

(13 H. Neurath, J. P. Greenstein, I*. W, Putna, and J. D. Erickson,
Chem, Rei., 34, 189 (1944).

2} M. A. Lauffer, J. Am. Chem. Soc., 66, 1793 (1043).

(31 R. A, C. Foster, F. H. Johnson, and V. K. Miller, J. Gen. I’hysiol., 83,
1 (1949).

logarithinic plot of protein concentration es. time.
Such denaturations are usually cairied out in the pres-
ence of a large excess of denaturing agent, so the fre-
quent linearity of plots of this type suggests a straight-
forward conversion of the protein to its denatured form
with a pseudo-first-order mechanism for the rate-



November, 1963

determining step. Treatment of the data in this
manner has given linear plots for a variety of pro-
teins.24® In a number of cases, however, nonlioear
plots result,®~14 leaving in doubt even the grosser
features of the mechanism by which the denaturation
occurs., It is partly for this reason that the collective
history of the experience of many laboratories with the
formalin—poliovirus system has been a controversial
one,'*—18

A resolution of the kinetic features of the in witro
inactivation of poliovirus to some rational, and pref-
erably linear, basis is of practical importance to vaccine
production because of the need for destroying patho-
genicity with minimum sacrifice of antigenicity.’® The
kinetic parameters of the formalin—poliovirus system
have indeed been linearized, but only by ignoring the
early part of the reaction!® or by empirical techniques!*
that provide no mechanistic insight.

Woese!® has shown that the kinetics of the formalin—
poliovirus system are consistent with a thermal de-
naturation model, but alternative mechanistic tests
have apparently 1ot been applied with any reported
success. It is the purpose of this report to show that
other criteria are indeed applicable; the resulting in-
terpretation, while technically at variance with that of
Woese, at least agrees with his in suggesting that a one-
step first-order mechanism for the reaction is unrealistie,
both in principle and in fact. In this respect, both
interpretations offer theoretical support for the intui-
tive conclusions already expressed by Timm, et al.,®
by Stokes,? by Gard,* and by others.1821.22

Wright and Schomaker® have studied the rate of inac-
tivation of diphtheria antitoxin by urea in terms of a pos-
tulated mechanism of the type P=N—D and havefound
that the kinetic requirements of this mechanism are met
to a precise degree by the experimental data. In this
formulation, P is considered to be an inert, “protected”
form of the active antitoxin N. An initially rapid
drop in the measured titer of N accompanies the de novo
establishment of reservoir P or is due to rapid inactiva-
tion of a pre-existing equilibrium concentration of free
N; the remaining reservoir P is in either case then de-
pleted via N at a slower rate, whose only measure is the
variation of the concentration of N with time. The net
result is a composite of three simultaneous reactions,
similar in disappearance rate of the quantity measured
to the over-all time course of the inactivation of polio-
virus, depicted in Fig. 1 and reported in extenso by
Timm, ef al.'s Chase!® has deduced the same mecha-

(4) M. D. Faton, J. Immuncl., 33, 419 (1937).

(5) E. M. Follensby and S. B. Hooker, ibid., 31, 141 (1936),

(6) G. G. Wright and V. Schomaker, J. Biol. Chem., 175, 169 (1948).

(7) G. G. Wright, J. Exptl. Med., 81, 647 (1945).

(8) G. (. Wright, ibid., 79, 455 11944).

(9) G. G. Wright and V. Schomaker, J. Am. Chem. Soc., 70, 356 (1948).

(10) A. M. Chase, J. Gen. Physiol., 83, 335 (1950).

(11) M. A. Lauffer, Arch. Biochem. Biophys., 8, 265 (1943).

(12) H. T. Meriwether and C. Rosenblum, Science, 126, 749 (1957).

{13) G. A. LoGrippo, Ann. N. Y. Acad. Sci., 83, 578 (1959).

(14) 8. Gard, ibid., 83, 638 (1959).

(15) E. A. Timm, I. W, McLean, Jr.. C. H. Kupsky, and A, E. Hook, J.
Immunol., 77, 444 (1956).

(16) J. E. 8alk and J. B, Gori, 4nn. N. Y. Acad. Sei., 83, 609 (1950).

(17) 1. W. MeLean, Jr., ibid., 83, 753 (1950).

(18) I. W. McLean, Jr., and A. R. Taylor in “Progress in Medical Virol-
ogy." Vol. 1, X, Berger and J. L. Melnick, Ed., Hafner Publishing Co.,
New York, N. Y., 1958, pp. 122-164.

(19) C. Woese, Ann. N. Y. Acad. Sci., 83, 741 (1939).

(20) J. Stokes, Jr., J. Am. Med. Assoc., 188, 1275 (1955).

(21) L. A, Scheele and J. A. Shannon, ¢hid., 158, 1249 (1955).
(22) F. L, Schaffer, Ann. N. Y. Acad. Sci.. 88, 564 (1959).
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Fig. 1.—Inactivation of Type I strain pools of poliovirus by
1:4000 formalin at 37° and pH 7. Each experimental point is a
statistically derived composite of the individual points from 6
replicate experiments, as described in the text. The theoretical
curve was fitted to the experimental points by the method de-
scribed in the text and shown graphically in Fig. 3.

nism for the inactivation of Cypridina luctferase, but
with more certainty that species P represents an inert
form than expressed by Wright and Schomaker, John-
son, et al.,?® have discussed this mechanism and have
commented on the relative difficulty of establishing the
inertness of P in the case studied by Wright and Scho-
maker.

A mechanism formally identical with that postulated
by Wright and Schomaker but unrelated to protein
denaturation has been offered by Sapirstein, et al.
to account for the rate of plasma clearance of intra-
venously administered creatinine. Some of the kinetic
requirements and mathematical features of this mecha-
nism have been discussed in general terms by Defares
and Sneddon,* by Evans,® and by Johnson, et al.2?
These treatments agree that the entire course of the
postulated mechanism cannot in theory be accounted
for by a linear relationship between time and the log-
arithm of the titer of IN.

The integrated rate equation

[N] = Ny exp (~Ni) -+ ANpexp (~Nf) (1)

which describes the concentration of N as a function of
time for the process, has been derived from first prin-
ciples.??82%.2  The theoretical relationships between
the concentration variables, [N], [P], and [D], that
this mechanism predicts for the early part of the reaction
are shown in Fig. 2, adapted from Evans,2¢

Experimental

Representative data for the formalin inactivation of polio-
virus (P. hominis, Type I strain pools), obtained by previously
published methods, ! are summarized in Fig. 1; the experimental
points shown were established by plotting the logarithm of the
number of tissue culture infectious doses of virus per unit volume
remaining after various times of exposure of the virus culture to
the indicated concentration of formalin. The point at ¢ = 0

(23) F. H. Johnson, H. Eyring, and M. J. Polissar, “The Kinetic Basis of
Molecular Biology,'‘ John Wiley and Sons, Inc., New York, N. Y., 1954, pp.
240-243.

(24} L. A. Sapirstein, D. G. Vidt, M. J. Mandel, and G. Hanusek, 4m.
J. Physiol., 181, 330 (1955).

(25) J. G. Defares and I. N. Sneddon, “An Introduction to the Mathe-
matics of Medicine and Biology,'* The Year Book Publishers, Inc., Chicago.
I, 1960, pp. 582--590.

(26) R, W. Evans, M.S. thesis, University of Wisconsin, 1949, pp. 51-54.
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Fig. 3. -Larger scale version of the early part of Fig. 1 and the
geolnetric epnstrution 1pon which the fit shown there depends.
In theory, segments a and « eannot meet, as suggested here, at
the t = 0 axis: their ¢pparent meeting is due to the difficulty of
depicting the small difference between lug [N] and Ing ([N] —
Neiat ¢ = 0 on the seale chasen.

represems virng titer before addition of the formalin,  The super-
iposed vurve tn Fig, 1 was fitted independently by a nethod to
Lie deseribed later.  liach experinmental point in Fig. 1 represents
The gemunetrie mean of the vahies uf virus titer calculated after
rejecting the upper and lower quartiles front § replicate experi-
wents,  Fxtensive experience in thege Laboratories with nany
productinn ots of paliovaccine'® ! has shown that the extreme
deviatiun ol o single experimental poiut from the menn rarely
exreeils £0.5 lag unit,

Afit of e 1 ta the data of g 1, ax a test of the proposed
mechanisin P @2 N— D cean be achieved by a method? that
avnids the tiore labarinus least-gqueires terlinique used by Wright
and Xehbomaker®: the resnlt is the curve connecting the experi-
mental points in Pig. 1. Thig vahlwable test, which depends
np the geautetrie canstriuretion shown in Fig. 3, is little enough
kiwn to require soue detailed comment, ag follbws,

Provided X, s Ay, 1o part of the locus of eq. 1 can, in theory,
be converted tua Hnear form on sennilogarithimie nxes, since neither
term ean ever he zero; hiwever, ta the extent that the proposed
wechanisin applies, seginent # in Fig. 1 approaches linearity as
the terine N exp ( —M\it), approaches zerp and, in practice, a straight
tine un he visually fitted ta segment b and extrapolated to the
{ = 0 axis, giving the line be and intercept, log N Segment «
atud the dotted extrapolation of segment b are shown to larger

Vol b

seale i Fig o The resalting straighs Hoe, feoin Flgs 3 s aba

forn

illgli = P IIIU \-; e

woennverting v exproential formn

\.; CXD - Al C

Livrder v deline The new vaviable 2, 0 new hine s, with intereepd
fog Ny ds nastricted by eonverting o series of sypebronons

prints on e oand seginent o 1o o plor o bog ([N = zias Lo hie
siunie sialer the boe vesubting, o straight, hos the furn
g OND e s = N e o N 1

arcvoverting boexpronentind i
Ni— o= Nyenxpi =a/ O

Snbsitnring eq.iintoeeq. S gives the desiresbresnde ey 1

N = N axp = - Nonp N

Thies, the srrajghtness of o i a test of the applicability of eq. 1
the entire enrve alin Fig. 1; this, in turn, is 2 test of ponsistene
hietween the experimental data of Tig. 1 und the mechanisne
here prapmsed. “Pransference of the confidence limits of segnent
o to line o gives the desired measure »f confidence in the straighn

ness of the Litter asa test of the meshanisin in qnestion.

Results

The range of hiological variation of each experimenta
point in Iig. 1 i admittedly greater than ideal, but at
face value the fit of theory to experiment shown there is
excellent; well within the statistical Hinits imposed.
as good as the fit relied upon by Woese,'® and certainly
hetter than is obtained by insistence upon a one-step
first-order mechanisun.

Discussion

Crnrves of the same general shape as that shown in
Fig. 1 have been reported'® for other types and strains
of poliovirus examined under other conditions, so the
postulated 11echanism would appear to be more broadly
applicable to this important area of virology than
specifically indicated here. Weidenkopf's remarkably
similar data®® for the inactivation of poliovirus by
chlorine suggest that the phenomenon iz an inherent
property of the virus and not an isolated peciharity of
formalin.

It should be cmphasized that the above curve-fitting
method serves simply to test the plansibility ol the
postulated mechanism and is 7ol an indirect means for
Hnearizing curve ab throughout its entire length. It is
clear from Lig. 3, however, that segiment « and straight
line d are nearly colinear for the carly part of the reac-
tion; =egment b is also approximately linear, so the
entire curve ab can in practice be resolved into two
approximately Huear ecomponents with slopes Ap and A,
This indieates that, very carly and very late in the
course of the reaction, oune or the other of the hirst-
order exponontial terims in eq. 1 iz in effect rate-de-
fining.  Apphicability of the proposed mechanism thus
offers theoretical support for the contention of Charney,
ct al.,® that the safety end point in vaceine prodietion
cann be approximated by extrapolating segient b
across the minimal infeetious dose bascline.  This could
he done with more confidence, of eourse, in the Hmiting
case Ay = Ay, for then eq. 1 collapses, ax it should, to the
07 SO0 Wenlenkopf, Tivojugy, 8. 51 (1H38).

& L Chareney, W DPOAL Fiseher, J. V. Samin, aned v b Uetelll o
V)L dead. Neio 83, Gl 11050,
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integrated form of the simple first-order rate equation,
log [N] = —At + log [N in which [N], = (N; +
N,), the t = 0 intercept. This behavior, though never
seell 1n practice in these Laboratories, is more closely
approached by some of the inactivation curves reported
by Timm'® for other conditions or other strains of virus
than by the data of Fig, 1.

As a curve-fitting technique, the procedure desecribed
here is more convenient and no less valid when applied
in reverse; thus line ¢ is first found, line d then drawn,
and finally segment ¢ constructed. In either case,
however, the result is a curve of visual best fit whose
geometry expresses one of the requirements of the
mechanism proposed here,

Protein denaturation of course cannot be as simple
in reality as depicted here, and the present results
certainly do not in themselves establish the physical
existence of species P; they do show, however, that the
system behaves “‘as though” P were real and not per se
pathogenic. Charney’s account?® of the kinetics of
inactivation of highly purified poliovirus is difficult to
interpret in the light of later reports by Schaffer?? and
by Charney, et al.,”® but the latter, at least, suggest also
that the reaction proceeds as though P were real;
the purity claimed by these authors could be only
relative, however, and the relationship between pro-
tection of the type envisaged here and the presence of
nonviral material in the cultures cannot be finally
established without further, more decisive tests. It is,
nevertheless, reasonable to suggest that the relation-
ship, N = P, may be an inherent property of the virus
or its response'® to the presence of formalin, and inde-
pendent of the presence of nonviral material; if so,
then P may actually represent an n-meric micellar form
of the virus, allowing a depiction of the proposed mecha-
nism in the following more committal terms

N. =aN —nD

By either formulation, it is tempting to equate the pro-
tected form of the virus visualized here with the “clus-
tered” or ‘“‘masked” form suggested by other
authors!”18.30=32 a5 g possible explanation of the non-
first-order course of the reaction. The reversible
nature of the association between N and N, could then
account for Timm’s observation,!® designed as a test of
the clustering premise, that inactivation curves are not
linearized as expected by ultrafiltration; i.e., by assum-

(29) J. Charney, W, P. Fisher. and R. A. Macklowitz, Proc. Soc. Ezptl.
Biol. Med., 96, 601 (1958).

(30) J. E. Salk, U, Krech, J. 8. Youngner, B. L. Bennett, L. J. Lewis,
and P. L. Bazely, Am. J. Public Health, 44, 563 (1954).

(31) D. Bodian, T. Francis, Jr., C. Larson, J. E. Salk, R. E. Shope. J. E.

Smadel, and J. A. Shannon, J. Am. Med. Assoc., 189, 1444 (1955).
(32) M. V. Veldee, New Engl. J. Med., 253, 483 (1955).
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ing that the virus passes through the filter as monomer,
followed by re-establishment of the equilibrium in the
filtrate. This equilibrium property could also explain
the failure! of ultrasonic irradiation to rectify the sub-
sequent response of virus cultures to formalin treatment.

Woese has shown!? that inactivation data of the type
presented here can also be accounted for by a thermal
denaturation mechanism in which the presence of
formalin is assumed to be noncontributory. The
Woese mechanism is formally indistinguishable from the
present one without further data, for the two mecha-
nisms are not only remarkably similar as written, but
their rate equations differ only in the significance of the
four constant terms present in each.® It is hard to
conceive of experimental circumstances under which a
virus that is denaturable by heat alone could also be
denaturable at the same temperature and approximately
the same rate by formalin without a measurable thermal
contribution: these ostensibly different mechanisms can
be equated, however, by broadening the notion of “pro-
tection’’ to include thermal “insulation’ or resistance??
as well as protection of the infectious entity from for-
malin attack. Woese has correctly observed, however,
that, while the two types of inactivation may not be
mutually exclusive, a distinction between them or an
assessment of their relative importance must await the
availability of relevant thermodynamic data.

If denaturation by formalin and by heat do in fact
occur concurrently and by the mechanisms depicted
here and by Woese, then a full description of the reac-
tion would require, in the most general case, a rate
equation of the type [N] = N, exp (— Mt) + N.exp
(— Nef) + Nsexp (— Mt) + Nyexp (— Agt), in which
two of the terms refer to thermal effects in the seuse
intended by Woese. The associated 4-phase curve
could be fitted to a given set of data by repeating the
procedure described earlier, with perhaps® even more
accuracy than is apparent in Fig. 1; unfortunately,
however, the possible role of coincidence would also
become correspondingly greater with this increased
multiplicity of terms.? The possibility of resolving
inactivation curves into more than two discernible
phases has been discussed by MeLean and Taylor!s
with special reference to the possible role of thermal
effects. A slight but systematic discrepancy between
theory and experiment is noticeable in Fig. 1; this
discrepancy, if real, could be taken as evidence that
Fig. 1 is actually an oversimplification of a slightly more
complex curve and that both types of inactivation do in
fact occur simultaneously, but at slightly different
rates.

(33) J. S, Youngner, J, Immunol., 78, 282 11957).



