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agents, the nitrozen mustards have served as valuable rescarch tcols
for studies of the vital renroductive orecesses, as well as cther
basic biolegic mechanisnms, Althouch wicely enployed to achieve such
effects as mutaticns, radiaticn-type symptens and carcinozenesis,
the most rewarding applicaticns of thesc arents have been ir the

: field of cancer chenctherapy, A4 breader understznding of the in vivo
mode of actien of the nitrogen rustards would ccniribdute sizni¥icant~
1y to improved design of cormeurds for both rmilitary and civilian
uses. The biolezic effects of these druis are senerally ascribed to
chenical alkylztieon of susceptible funcbticns such as sulfhrdryl,
amine, and ring nitrezen ef ourines and phosohate (e.7., 2efs. 1,2,

o - 3)e -

The seccndary nitregen mustard, H,Y—bis(2-chlorcethyl)anine
(nor-12) was s=lected for 2 detailed studr of itsreaction
mechanism, Previous work (L) indicates that in aqueous rmedia it
rescts 7ia an aziridintun ion I (Tquaticn 1) It is tris ion *hat
reacts with nuclecohiles present in soluvticn,

Q. H
c#:) Since their introducticn as potenyizl chenical warfare
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The prctonated aziridinium ion I alkylates nucleophilic sub
considerably faster than the uncharzed species IT which is 1
present in basic nedia (L),

stances
a

rely

Tor this rcason nor-W'2 and other seccndary ami.iz rustards
are gencrally more rcaclive in solutions of low vll, where the
concentration of the protcnated form is hizh, Two well knoim
sccondary nitrogen mustards of this tyoe that have been us2d ex-
tensively in cancer chemotherapeutic studwes are nor-""2, and 1,A-
d;—(2-chloroethjl-am~no)~1 b-deoxry-T-rannitol (ronnitol "uo,a*d
degranol), The p¥,ts of these compounds (“‘a of 6.5 for Mor- 2\2 and
7.2 for Negranol) are such that the aziridine formed on c:clizatien
exists to a considerable extent in the unprotonated form at
physiolozic pH., Thus, they react quite slovly when dissolved in an
aqueous solution of oY 7. (L),

Roth nor-72 and dezranocl disapireared frem human and aninal
blood serum ruch more rep"dly than micht be vredicted on a
theoretical brzis, This unusvally rapid disanoearance czn be
interorete” in terns of a nevly rCWOAuud resctien betreon nor-"TI2
and carben dioxide to form 3={2-chloroethyl)=-2-oxazolidinene (5,6)
(Squation 2), The reacticn has beesn noted to orocesd snentanecously
in aqueous sodiunm bicarbonate solution,

H,C1
Step 1 S
(CICHLCH M+ €0y o> PI'JIIQJ-IZ" + "
e - 0

g
e
Cl™ + C1 CH,CH,Y

ITI

The studies with neor-UN2 renorted herein demcenstrate the
oresence of a hitherto uninom enzyme in human and animal bleod
serum that catalyzes forraticn of the oxazolidinone. Thus, after
injection-into the blcodstream, these agents are ranidly transfernmed
into reacticn nroducts that canned nerform the al'cylating reaction so
characteristic of the nitrozen mustaris,

The kinetic data indicate that this enzyme catalirzes’

carbanate formation « a reaction of imovortance for the transport of
carbon dioxide in blood,

. R+ 00, =% RNC00T + H Tq. 3
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Reexaninatlon c¢f the presently accented mechanism of normal
. raspiration suzzests that those amines in blood that are canable of
- transporting €0y via carternates exhibit low p¥, values and react

rather slovly with C0p, as commared with more basic amines, Since,

- in the lungs, bleod contacts a lewered partial pressure of CC, for
only a brief peried, this nen-catalvzed method of CO transier would
be exmecled to be ineffective, Tt is unlikely that te in vivo
actien of this enz'me is limited to 2-chloroethrlamines,  licre
probably, it operates with naturally occvrring amines as well,
thereby catalyzing the r-action sheawn in equation 3, and serving an
irportant function of carbon dioxide transport in the body.

A, Nature of the Reaciion Betieen Mor-iti2 and Rloed

The rate o? cyclization of nor-Hl'2 in 0,1 M. o7 7.4

phosphate buffer, 37° (sten 1, eq. 1) was measured by liberaticn of
chloride 1on, and the first order velocity constant was fcund to be

3 x 1072 iy (half life = 23 min,). In this system, the cycligzed
form of nar-qIZ is stable for many hours. In fresh human bleod,
however, nor-i12 reacted more ra»nidly than would be predicted, In
spite of its rather slow cyclization rate, 507 of the initial
concentration disappeared in aporoxirately 2 minutes,

The typical rcaction patierns of ner-ti2 in various
concentrations of fresh rabhit blood are shovn in Fig, 1, These
curves illustrate two outstandinz feat res of the reacticn betimen

- nor-M12 and blocd: (a) the decrzase in reaction rate with decrease
in concentration of blood and (b) the obvious retardation of the
reaction rate in its later stages as well as the fact +Hat it does

= not prcceed to corpletion,

The L-(k'=nitrobenzyl)pyridine t25t® used for the
determination o the percenta~e of alkylatint azent remaininz at
vario:s time intervals measires both the uncyclized and cyelized
forms of nor-T'2 (%g. 1), The alkylat1n~ activity remainine in the
final stazes of the raaction in Tiz, 1 could be one or both of these
soecies, TFach curve in Tig, 1, therefore, describes tirc re-eticns
occurring simultsnecusl:” in blo~d: (a) 2a ranid reaction +has de-

' stroys the nor-112, and (b) the formaticn of a second alkrlating

8 The time required for disappearance of half of the azent varied
from less than 1 min, to several min, dependint on the zmarticular
blood sarple used,

b The NBP method (7) was adanted for these rate studies to deiter—ine
the amount of nor-Ti2 reraininz at any. particular time (8)s The
rate of cyclizaticn of nor-I2 in 0,1 !! phosphate buffer ras

"determined by titration of liberated chloride ion, using a
«  modification of the mercuric-diphenylcarbazene method (9),

" s, e s ey s - A
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arent which is nol destrored by the active princinle in bloed,
Furthernore, the quantity of the latter asncars to bo demendent on
the ov=rell rate of reaction, Thus in Fig, 1, the slcrer rewctlion
produces the greater quantity of alkylatint a=ent in a form
unreactive touard bloeod,

The reaction pattern seb forth in Fig. 1 suzgvests a
ranid reacticn between uncyelied nor-i2 and bloed.® This is nost
probably the reacticn shom in equaticen 2 in which carben dioxide is
resvonsible for the rapid reaction: To account for the allylating
azent remaining in blood, it is postulated that tlis is the crelized
nor-N2 (I1). The cyclizaticn process (Tqe 1), vhich begins
immediately when nor-iM2 is dissolved in bleed, leads to the
formation of cyclized nor-H12 (T7) that would norrally be expected
to react only very slouly with blceod,

To test this hyoothesis, a series of exneriments were
perforrmed to determine the stabiliir of the cvelized form of neor-1"2
(IT) in fresh blord, In these exverimenis nor-"12 was incubated in
pd Tolt buffer to yield variocus parcentaces of TI vhich were then
alloed to rezct with fresh goat bloed, Spacifiecally, nor-T12
(50 #2./n1,) vas dissolved in 0,1 ¥, pd 7.l ohosphate buffer
maintained at 377, and cyelization (Fa. 1) was allo=d to vrocaed,
Pericdically, aliguote (containing various nercentazes of crelized
product) ~ere removed and alloved to react with fresh 7seat bleod,

As shown in Tig, 2, the cveclized form of nor-7'2 is essentially
unreactive torards fresh soat blood, The exmerimental curve depicted
in Tig, 2 sxhibits a helf-life of ¢rclization of a»-roxinately 23
min, This valve a-rees with the cyclizaticn rate as msasured by the
rate ol chloride ien liberaticn, Tt may, therefore, %= concluded
that any crelized nor-ill2 present in Tig, 1 will also bte relatively
unreactive, ‘

A b . ——n————— —
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¢ Theoretically, the rocaction procesds stepiwise. TIn accordence with
equation 1, step 1 (cyclization) bezins upon comtact with water,
and nu~leophilic ions {step 2) then act upon the pretenated
cyclized form, Tor alivhatic nitro-en nustards, in yoneral, step l
is reascnably fast while step 2 is sleow and is, therelcre, the rate
controllinz suvep in the overall orecess, The cvelic scecles
accumlates to relatively high concentraticrns in the reacticn media
even in the presence of the hizhly nucleophilic thicsulfata ien
(I0). The uncyclized form of nor-¥2 is a vpeoor alkrlating azent
as cormared to the cvelized form and the cv-rall reacticn rate as
devicted in equation 1 should never exseed the rate cof evelizatien
(sfep 1), Because the reacticn of ner=~22 in fresh bloed ocrurs
at a ruch faster rate than step 1,1t obvicusly dozs not nreceed
throush the cyclic intermediate ion T and, therefore, is not the
normal alkylatien rzaction,
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As a corollary, the quantity o7 unrecactive allsylating
agent rerainin~ in sclutien aftier reacticn with blood is inversely
proporticnal to the overall reaction ratz cof ror-i™2 in blocd,
Accordingly, the quantity of alkyl-tinz a<ent remaining after
reaction with tloed under standard cornditicns was utilized as an
inverse index of reactivity of nor-Hl’2 in blecod, It is notevorthy
that this remainin~ alkylating azent shoved no measurable decline
after several hours in blnod,

To evaluate the role of carbon dioxide, the rete of
the reaction shovm in ecuation 2 was mecasured in the absence of
blood; i.2., in sodium bicarbenate solution stronzly buffered uith
phosohate buffer at p¥ 7.L, Fig. 3 is a plot of the wseudo first
order velocity constants of nor-Hi2 at varicus econeentraticns of
sodium bicarbonate in 0.25 I, pH 7.L phosphate buffer at 37°, 1In
Table 1 are “abulated similar valucs when nor-HN2 is allowed %o
react with various bioclozic media under identical conditicns. The
large deviaticns betieen species are outstanding and incompatible
with the rredicted course of eruation 2 in animal blocd, The data
in Table 1 shows that a concentration of wonreximately 0.2 3 sodium
bicarbcnate is required to cbtain a reacticn rate of the same
velocity as cbtained in fresh suinea pig blood whereas only asprexi-
mately 0,02 17, sodium bicarbenate is required to obtain the sare
reaction rate as nor-Hil2 in mcuse blcod,

If these deviaticns in reacticn rates of ner-i'2 are
to be ascribe? solely to the ccncentration of diszolved carbon
dioxide (e.z., free COp, bicarbonate or carbamates), the guantities

of CO; in guinea oig blood rmst be amrroximately ten fold t-at in

. mouse bloed, The normal concentraticas of total dissolve? carbon

dioxide in mammalian bleoed is aporoximately 0,325 M. (11),
Deviations as low as 0,015 . have been chservad ‘n diabetic ccma
and nephritic death (12)., DIeviaticn as hiczh as 0.025 ii, has been
obtained when larze quantities of sodium bicarbecnate were experi-
mentally administered to laboratory animals (12). The differences
observed in the reacticn rates of nor-f¥2 in marmalian blood cannot,
therefore, be attributed solely to a change ‘n blocd COp concen-
traticn, Althoush the reacticn mechanisn feor the disapiearance of
nor-i12 nay be that illustrated in equaticn 2,the rate at which tais
process cccurs in bleod appears to be dependent upen factors other
than the total quantity o2 carben dioxide orzsent, - It should be
noted that mouse blocd does not oess2ss the akilitr to irer-ase the
rate- of the reaction depicted by equaticn 2 beyond that shom in
Fig, 3,
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Table 1

e

Reacticn Rate of YNor-212 in Various Biolco=ical ledia

r——

Half Life, min,.2

Biolozical Molarity of
Medium Biolazicg] Biolozical Bicirb?natcngeguirpd
Mediun® YediunC ~ bO Preduce Zimilar

257, 10 Ratec

Human,"™ele Blced 9.3 2.4 0.0L2

Human, Serum 8 2.0 0,05

Guinea Piz, "hole

Blood 2,0 0.5 0,2

Mouse, “hole Blood 18,5 Lie9 0,02

Rat, “hole Bleod 7 1.7 0,062

Goat, Whole Blccd L7 1,2 © 0085

a . . . .
Initial velccity oblained frem pooled blood or serum,

b Experimental values obtained in 0.25 !,, pH T.L, 37° phosphate
buffer,

¢ Extrapolated,

d -
Molarity of Naﬂu03 in 0,25 ¥, pH T.h, 37° phosphate buffer requir-
ed to produce a reaction rate similar to 1077 biolozical mediur, -

To demonstrate the orasence ¢f a hleed factor
resaensidle for this enharced zctivity, oceled ~-usz serun and neoled
quinea »iz serun were adjusted to pH 3 in senarate exsoriments and
evacuated for 3C minutes at 20 =~ 3z to remove most ¢f the dissolved
carbon dicxide, The DY was raturned to 7.5 itk “ilute sodiun
hydrexide soluticn, and the sera were evaluated, 3oih sarples were
essentially unreective tcvard ner-T2, To each serum vwas adced
0,025 M. scdium bicardbenate (arproxinate phrsicle:ic concentraticn)
and the sara were again tested, The nicuse ssrum rcacted as nizht be
exnected in the absence of a rate acceleraticn factor and exbibited
2 rate of disaopearance of nor-il2 consistent with Fis, 3. The
reaction rate of the muinsa pilg serum, however, wras anoroxirmately
« ten times grmater than that of the mouse serun,

.. - -
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It apocars, therefeore, that the rcacti-n betireen
nor~Hil2 and blocd serum doss not ccevr in the absence of carbon
dioxide, but is accszlereted beyend its normal rate in the presence
of certain nammalian sera, rurtberwcre it appears that {he factor
vhich prormotes the rapid reactirn vetween nor-iil2 and blocd serun is
not inactivated vhon held at pi 3 for 30 minutes, This factor has
been observed in the whole blood or serum of humans, goats, dogs,
rabbits, rats and ~uinea »izs; muscle tissue from rabbits, rats, and
rat liver. The concentration of the facter in blood varies not only
betwecn species but between animzls of the same species.,

Be Uec wanism of the Transformation of MNor-Mi2 in Acueous
Bicarbonate anc RBicod

Veasurenent of the rate of disappcarance of nor-'i2
by the ¥BP method showed that the pseudo first order rate constant
of equation 2 incrcases in a lincar manner with increasing
concentrztion of carbon diexide as shown in Figure 3,

Since the "BP method measures only the rate of
disanpearance of alkylatine 2gent, additicnal evidence for the
mechanism of the disanpearance wes scucht, For this ouroooe the
rete of formation o chlcride ion was determined at 37° in 0,1 “,,
pH 7.L phosohate buffer. In the ranze of concentration of 0,921 ¥,
tec O, OS Mo sodium bicarbonate, the rates of disa» oea“ance ef nor-ny2
2s measured by the YBP rethed arreed with the rates of fermation of
chloricde icn (apter correcticn “or CX gue %o Tq. 1). Thus, the
rates of disanprarance of nor-"72 in Fiwure 3 depict alsc the rstes
of 3-(2--“1oroe thyl)-2~oxazoliincne fermation,

The linearity of FTisure 3 indicates secend order
kinatiés, The rate controllin~z sten in ecuation 2 is thersfeore the
bimolecular sten 1, 1In these studies, onlwv the forward reacticn cf
steo 1 (Zq. 2) was consid:red since the backward process is
hindered in asic media.

——— —— —— e + ¢
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d The reacticn betuzen gmonia and carb-n dioxide has been studied
by Pinsent and co-workers (13). The reacticns involved are:

0y + NHyT= HnC00™ + H (1)

R+ T ' (2)

A1) the hydrozen iens oroduced in reaction (1) are instantiy

transformed inte amneniun fons by equaticn (2) and the overall rate
is governed by the speed of reaction (1), i.e.,

hd[VO] =k [co,] [*m

The value -of the velocit" constant k was found to be 1130 W'*
sec) at 10°,

- s oowmen, ey = v e s - " .
- 8 % hd T
i ~* . i —
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In order to accelerate the ovarall rate of equaticn 2
the active blocd factor must alter the rate controlling stes (er
both steps). Since the rate controlling sten of eqration 2 is
carbamate ion formation (step 1) it avpmars ihat the functicn of ithe
blood factor is to accelerate this siep,

One could lojically sunpose that the role of the blood
factor is to inerzase the availability of carbon dioxide in
accordance with the followrinz equatien:

HoO3 ZBATEs €0,  +  Hp0 Fq. L

Fquation L is catalyzed by the enzyme carbeonic anhvdrase (1h). The
gecondary niirojer mustards micht thercsfore be expected to react nmore
rapidly in the vresence of this enzime, To test t this hoothesis,
carbonic anhvdrase (at varicus COPCQﬁurPtlonS) wes added to the oY
7.1 buffered systen containinz nor-ni2 and sodium bicarbenate, 1o
acceleration in the raacticen rzte was observed, Furd hermere, the
reaction ¢f nor-'2 in fresh suirea oiz bloed serum orocesdad
uncéisturbed in the prosence of 102 polar sedivn crenide, a
concentrotion suffficisnt {0 cavse seoricus inhibiti-n of cartonice
anhdrase (15). It is concluded that carbenic anhdrase plays little
or ne part in accelerating the reacticn rate,

C. Properties cf the Tactor

Thernal_;nactivation

To deternine the therral stability ¢f the facter, the
carbon dioxide was rengved frem guinea »iz sor"“ as zbeve and the
serun vas heated to 75 for S nin, Upon the additicn of 0,025 :f
sodiun bicarbonate and reacticn with 1or-ﬂu2, a rate of disanpearance
approxirmating that shovm in Fig., 3 was observed. The blocd factor
that promotes the reaction between nor- 712 and blood serun apneszrs
to have been dastrcyed ty this treaiment, Tt is, hewev:=r, cuite
stable at lower temmeratures, Heatinz to 50° for € days did not
destroy the activity, Thus, this substance exhlbzts an extrerely
high terperature coefficient of thermal inactivation, a character-
istic of vrcteiracecus material, The active facter is nermelly
stored as lycohilized serum at refrizerator termeratures,

Dialysis

The factor described herein is not dialvzable. A
samole of zuirca pig serunm vas ¢ialyzed asainst runnirg tap tater
for 18 hours, end the earben dlox-¢e vas rencvad oy reat*evt under
the acidie conditi~ns dese-iked above, Uocn the additien of 0,029 I
sodium bicarbrnate, the orizinal rizh activity of the serun wves
restored,

514
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De. Optirum pH

The rate of recacticn between fresh goat blood end
ner-1N2 at 37° versus o4 is nlotted in Fig, bhs T"e patiern of
variatien in reactien rate as a2 funciion of pd i)Jlusirstes an ootimun
e (7.2)e Tt is ncteworthy, however, that upon decreasiny the oY
below the p¥, of nor-M2 (6 5) the decrcase in reactirp rate is nore
abrupt; suz-esting -that the ootimum p! shomm in Fiz. L is altered due
to orotonation of the substrﬂ‘ﬂ, ner-H!2, at the lover pi values,

Pue to the unavailability of free CO, at hish pH, the
reaction of non-Hll2 in the presence of sodiun bicarbena te quld be
expected to oroceed more slewly as the »i is increased., The
cyclization process is pl denendent and nroceeds more ranicly at hich
pH. Both processes probablv contribute to the steep slope of Fig, L
at hi-h pH.

E. Interprctation

The data presented reveals the presence of an
ingredient in blocd scrum that is capable of incrcasing the reactien
rate between certain secondary nitrogen rustards and carbon dioxide,
Althcuch this substance does not react directly with nor-iN2, it
causes an accelerated loss of ner-M2 in the sresence of carbon
dioxide,

This active vrinciole of blood is eviden&ly an enzyne
but is not carbenic anhrdrase, is not inhibited by 107¢ i cyanide
lon, and is nor-dialyzable, It is not inactivated when held at oH 3
for 30 min, 2lthouzh gradual inactivaticn cccurs when 2llowed to
stand at this oY for 1on~°r nvericds of tire, The zctive orincicle
is destrcyed when heated to 75% for § ~i*uqes and exhibits an
extren ﬁl" larze termerature coef<icient of thermal inactivaticen,

The blood loval of the facter varies fr“ﬂ aninmal te anlﬂal and
between spscies,

The reacticn ¢f certain sec-ndar- nitrozen rmustards
with carhen diecxide cenverts then razidly te cormounds that are not
potent as allrlatine a~ents and whese narnacolo,lc pronsrtiec have
not been inves‘izat . “hen these rustards are 2molored as cancer
chenotheraneutic a7z ..s, or in other in v1vo biclo~ical studies,
most cf the injected cermound will be irtediately transformed to
another chenical ccroeund, Zauticn must th;*?fcre be exercised in
predictinz and intarpretins the in vivo activity o such mustards,

F. Implications in Resniratien

The in vivo formztion of carbamate ioen is of consider-
able blolczic importance ard has heen shom to be invelved in the
respiratory nrocesses (16). A siznificant frazcticn of the total
carbon dioxide in the blced s transported in the form of carbarmate
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ion throuzh the plasma preteins and hemoslobin (16).

Since carbamate formaticn is a nucleophilic re-cti-qn,
free unprotonated arine is reauired, The rcaciicn betwern enines of
high basicity, (i.c., high relative te physioclo=ic o4) and carben
dicexide is rapid when conducted in hizhly basic nedia (13), “Then
conducted ~t loer oH levels (closer to pH 7.,h), hewever, such anines
arc protonated and essentially nc rcaction can occur., Thus any
carbamtes formed from hishly basie anines and e¢arbon ¢iszide should
be stable and not reacil: reversibie in areas of low C0, partial
pressure,

63
-
‘a

Only those anines of reletively low pX, are suitabdle
for the formaticn of carbamates canable of releacinz carbon dioxide
in the lungs, These are not highly orcterated ab ohysiclo-ic od
and would be expected to react with carben dicxide, Althecu-h it is
not normally or=sent in biclo~ical systens, nor-'112 is an oxarmle of
such an amine, and its reaction rate with carben dicxide at pY 7.L
is measured in minutes, Blcod is exposed te the lowered partial
pressure of carben dioxide in the lunzs for only anwroxirmately one
second (17), The uncssisted ranid turnover of carben dicxide b
chemical mnans alcne (via car’ amate formaticn) is imprebable in this
shert neriod of time.

It is postulated herein that 2n enzyme is =resent in
blocd seruvm that is canable cf acceleratin: the ratr of .

jen fermetion (rs denicted in Sten 1 ¢f Tquation 2), That this
incredient should possess so 1izh a sozeiTicity as to accelerate
carbamate icn forraticn of only certain sec-ndar nitrezen rustarcs
is unlikely, ?Prcseatly, hewever, we have no cvidence to indicate

_that non-nustard anines such as hemoslotin underzo catalysis by this

enzyne to form carbarate ion,

_ Although amines r-act with COy to form carbamate icn,
{he instzbility and revarsibility of this compound has delared the
clear demenstration of an enzyme that catalizes thals preccess. The
discovery cf the tranping fursticn throush crclizaticn ¢f a 2-chloro-
ethylamine crouo to forn a stable oxazolidinene (TZquation 2) has
enabled us to demonstrate an enzyme that catalyzes the 13t sten of
the reacticn, It is nrcbable that the action of this enzyme is net
limited tc 2-chloroeth-lamines »ut enerates with other nsturzlly
occurring arines as well and thereby serves an important functicn in
CO2 transnort in the body,
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Fig, 1, Variation in re n rate of nor-"72 as 2 funciicn
of ccnuentra’cwﬂ af Zresh cbit blood, 3lccd disscived in
0.1 ., P 7.l ohesphate buffer, Reacuicn raintzined at

pH 7.b, 37°% Concentraticn of nor-=i2 = 50s¢a/rd.
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. Fig, 2. Inability of fresh zoat blocd ‘o destroy
Plot of vercentzre of allcrlatin> activiity unreact
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goat blood after incubation in 0,1 ¥, p! 7. phes

P
3
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)]

recycliaed nor-'12,
ve torards resh

v
hate Tuffer for
e

.

various pericds of time at 37°% Concentration of nor-Di2 = 504 3/xl.
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Fig, i, Variation of the reaction rcte of nor-T:2 an
draim coat bloud 2s a2 function of p¥, 37°,
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