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Abstract: Ethylenediamine and pyridoxal 5’-phosphate form Schiff bases and cyclic geminal diamines (imidazolidines) in
aqueous solution in the pH range 7.5 to 14. The various pH-independent open chain cyclic tautomerization constants and the
microscopic proton dissociation constants for the Schiff bases and cyclic geminal diamines have been determined from (1)
the pH dependencies of electronic absorption spectra, (2) from the pH dependency of apparent association constants for ad-
dition of ethylenediamine to pyridoxal 5’-phosphate and (3) model compounds. The rates of the interconversion of the open
chain Schiff bases and cyclic geminal diamines obtained from temperature-jump relaxation experiments appear to be hydro-
nium ion catalyzed in the pH range 11.5 to 13 with kinetic constants reaching values ~10° sec™! at the lower pH limit. This
rate constant for a reaction which is in effect an intramolecular transimination sequence is about 107 larger than the rate
constants for the alternative transimination route involving Schiff base hydrolysis and reformation and suggests that the
transimination reactions in which the pyridoxal 5’-phosphate moiety is transferred from the e-amino group of a lysine residue
of an enzyme to the a-amino group of a substrate amino acid at the active sites of pyridoxal 5’-phosphate dependent enzymes
almost certainly involve enzyme bound geminal diamine intermediates and not enzyme bound pyridoxal 5’-phosphate itself.
Furthermore, from a comparison of the rates of the intramolecular transimination process and the turnover numbers of pyri-
doxal 5-phosphate dependent enzymes, it appears that such enzymes may not need to catalyze the transimination process by

contributions that are other than entropic in nature.

Since 1951, when the structure of codecarboxylase was
first clearly established to be pyridoxal 5’-phosphate (pyri-
doxal-P)3#, it has been amply shown that pyridoxal-P is ca-
pable of catalyzing, without the apoproteins, the reactions
catalyzed by the transaminases and most of the other pyri-
doxal-P dependent enzymes as well. However, in these stud-
ies of the pyridoxal-P dependent model reactions, elevated
temperatures and polyvalent cations were generally em-
ployed, and the reactions were virtually always observed to
proceed at much slower rates and to exhibit less specificity
than the enzyme catalyzed reactions.’> The catalytic cycles
of these enzymes, as well as their nonenzymatic pyridoxal-P
dependent models, all have as their central theme the reac-
tivity of Schiff bases formed from pyridoxal-P and sub-
strate amino acids; the first phase of such catalytic cycles
must therefore be the formation of a Schiff base formed
from pyridoxal-P and substrate. One possible pathway for
the formation of such Schiff bases (pathway B, Scheme I)
consists of two addition-elimination sequences with two
carbinolamines and pyridoxal-P as enzyme bound interme-
diates.® However, since pyridoxal-P is stored at the active
site of pyridoxal-P dependent enzymes as a Schiff base with
the e-amino group of a lysyl residue’® and the carbonyl
group is not readily available as such, an alternative route is
possible for the transfer of the pyridoxal-P moiety from the
lysyl residue to the substrate amino acid, namely via a sin-
gle addition-elimination sequence incorporating a single en-
zyme bound C4’ geminal diamine intermediate (Pathway A,
Scheme I).7

Transimination reactions of pyridoxal-P have not been
widely studied; there are only a few reports of intermolecu-
lar transimination involving pyridoxal-P#2.> and only a sin-
gle communication on an intramolecular transimination
which employed pyridoxal, not pyridoxal-P as the carbonyl
component.® The latter study by Abbott and Martell led to
the conclusion that intramolecular transimination must pro-
ceed via pathway B in which both nucleophilic catalysis and
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the entropic advantage of an intramolecular reaction are
unavailable, while the former studies provide evidence in
support of pathway A. Nucleophilic catalysis has been ob-
served for benzaldehyde!®® and pyridoxal-P%2 semicarba-
zone formation, thiazolidine-4-carboxylic acid forma-
tion,'% and N3 N!'0-methylenetetrahydrofolic acid!!z for-
mation, and the reaction pathways have been described in
terms comparable to pathway A. The formation of N3 N10-
methylenetetrahydrofolic acid, from the Schiff base form of
“active formaldehyde”, to form in this case a very stable
geminal diamine, may be viewed as the first half of a path-
way A transimination sequence.!!2

This report describes the thermodynamic and kinetic
characterization of the elements of an intramolecular
transimination reaction observable in solutions containing
pyridoxal-P and ethylenediamine (EDA). At various pH
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values, such solutions contain Schiff bases and geminal di-
amines in different states of ionization and in different pro-
portions (See Results and Scheme II). Taken together with
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kinetic studies of the formation of the Schiff bases and
geminal diamines from EDA and pyridoxal-P, these data
indicate that pathway A is the far more likely route for
transimination (cf. Abbott and Martell®). Further, the
transimination reaction occurs at rates which suggest that
there is no necessity for apoenzyme catalysis of transimina-
tion by PLP dependent enzymes by contributions that are
other than entropic in nature.

Results

Equilibria. Electronic absorption spectra of solutions of
pyridoxal-P at high concentrations of EDA at several pH
values are shown in Figures 1 and 2. The concentration of
EDA in these solutions was such that more than 99% of the
pyridoxal-P was complexed with EDA (Figure 3). Typically
Schiff bases formed from pyridoxal-P and alkylamines have
absorption maxima near 410 nm at pH values where the
imine is protonated (>C=N7*H-, iminium) and near 340
nm at more alkaline pH values where the imine free base
(>C=N-) exists.!? That pyridoxal-P in EDA solutions is
at least partly in the form of a Schiff base is shown by the
410 nm peaks at pH 7.6 and 10 and the 340 nm shoulder at
pH 13.7 (see Figure 1). However, the additional absorption
maxima at 340 (pH 7.6) and at 313 nm (pH 10 and 13.7)
and the molar absorptivity values at 340 (pH 13.7) and 410
nm (pH 7.6 and 10) of about 50% of the expected value
based upon aliphatic monoamine Schiff bases!” suggest that
the pyridoxal-P is only partly in the form of a Schiff base.
Since pyridoxal-P derivatives with sp* hybridization of the
C4’ carbon have characteristic absorption maxima near 310
(above pH 8) and near 325 nm (below pH 8),!3 we conclude
that a solution containing pyridoxal-P and EDA consists of
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Figure 1, Electronic absorption spectra of solutions of EDA" and pyri-
doxal-P (1.40 X 10™* M), 25°, 1 M ionic strength. Dotted line (),
pH 7.55, [EDA] = 0.1 M; dashed line (----), pH 10.02 [EDA] = 0.5
M; solid line (—), pH 13.73, [EDA] = 0.5 M.

two entities and is a mixture of Schiff base and one (or
more) C4’ saturated derivative. On the basis of spectra simi-
lar to those in Figure 1 for mixtures of pyridoxal-P and
1,3-diaminopropane (DAP), O’Leary concluded that such
solutions contain a mixture of Schiff base and C4’ geminal
diamine (GD)!4 while, from NMR observations of mixtures
of pyridoxal and various diamino acids, Abbott and Martell
concluded that solutions of pyridoxal and 2,3-diaminopro-
pionic acid contained a mixture of Schiff base and C,’ car-
binolamine (CA).?

From the following consideration of the relative magni-
tudes of the apparent association constants for complex for-
mation from pyridoxal-P and EDA (K®p) and other
amines, it is apparent that the C,/ sp® derivative of pyri-
doxal-P must be a geminal diamine. If there is an adduct
formed from EDA and pyridoxal-P in addition to the Schiff
base, then at any given pH, K¢, contains additive contri-
butions from the association constant for addition of EDA
to pyridoxal-P to form a Schiff base (KSB,,p) and the asso-
ciation constant for addition of EDA to pyridoxal-P to form
the unidentified species X (KX,pp), i.e., KSpp = KSBypp +
KX ,pp. From the data of Figure 3, in which K¢,pp is plotted.
vs. pH together with association constants for Schiff base
formation from pyridoxal-P and a variety of monoamines,
an upper limit for the value of KSB,,, may be estimated to
be 1.2 X 10° M~! at pH 8.5 (i.e., twice the value of the
highest KSB app for a monoamine since EDA contains two
equivalent amino groups) and Kxapp 224 X103 ML IfX
is a carbinolamine, then this KX app value is >30- and 60-
fold larger, respectively, than the association constants for
carbinolamine formation from methylamine or n-propylam-
ine and pyridine-4-carboxaldehyde,!> which represent the
largest alkylamine-aromatic aldehyde carbinolamine asso-
ciation constants of which we are aware. The largest carbi-
nolamine formation constant from an amine and pyridoxal-
P is about 13.5 M~! for semicarbazide,!” an « effect amine,
at pH 8.3, and estimates!” for serine and cysteine applicable
to this pH range place the values <1 M~!. We consider it
therefore very unlikely that X is a carbinolamine and con-
versely very likely that X is a C4’ geminal diamine as de-
picted in Scheme II.

Several of the protonated structures shown in Scheme I1
may be eliminated in order to simplify the equations by
means of which the significant equilibrium constants of
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Figure 2, Electronic absorption spectra of solutions of EDA and pyridoxal-P (1.40 X 10~* M), 25°, 1 M ionic strength; pH values as indicated,

[EDA] = 0.5 M.
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Figure 3, Association constants (KCpp) for addition of EDA (@), serine
(O), n-butylamine (O), and 2-methoxyethylamine (4) to pyridoxal-P,
25°, 1 M ionic strength. Solid line calculated from eq | and the con-
stants contained in Table L. The pH was maintained with potassium
phosphate or pyrophosphate, HEPES, and Dabco buffers and KOH.

Scheme II may be evaluated. First, GD** and GD® simply
represent different ways of protonating GD~. Since the ba-
sicity of the various functional groups of GD™, as a first ap-
proximation, will be similar to those of pyridoxamine 5’-
phosphate (pyridoxamine-P), the fact that the first protona-
tion of pyridoxamine-P occurs exclusively at the C4’ amino
group!® effectively eliminates the need for consideration of
GD% as a stoichiometrically significant prototropic tau-
tomer of GDY. Second, the less stable juxtaposition of posi-
tive charge around the C4 carbon of GD** (cf. GD*)
makes species GD** unlikely to be of any stoichiometric
significance with respect to species GD*. Finally SB%* may
be eliminated from consideration since the pK, E value (eq
1, Table I) is 10.3, while pK,,5B values for the Schiff bases
formed from pyridoxal-P and n-butylamine or 2-methoxy-

K BK,F
Kapp = { 2l K, S(ages) +

Ka1 Ka2
K E
K Ku® (ag) + Kullagd) flap) (D
Ka2
ethylamine are 12.4 and 11.4, respectively.!” Thus the
imine nitrogen of SB™ is at least tenfold more basic than
the terminal amino group and protonation of SB~ will occur.
primarily at the imine nitrogen. Thus simplified, the micro-
scopic equilibrium constants of Scheme II may be combined
to yield the two macroscopic apparent acid dissociation con-
stants K,;¢ and K,,¢ which appear in eq 1 (see eq 1i in Ap-
pendix) and Table I. This equation describes the pH depen-
dence of the apparent equilibrium constant for the forma-
tion of the complex(es) between EDA and pyridoxal-P with
the pH range 7-13.

At pH values of 13.4 or above, the absorption spectra of
pyridoxal-P in EDA solutions become independent of pH,
and only SB~ and GD~ are present in solution., From the
apparent molar absorptivity value for the alkaline solutions
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Table I. Equilibrium Constants, 25°, 1 M lonic Strength (KCI)
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Equilibrium Symbol K -Log K Source
EDA? ZEDA* + HY K, E 2.57x 1078 7.59+0.02 a
3.89x 107* 7.41 b
EDA* Z2EDA%+ H* K,,E 5.14x 1071 10.29 £ 0.03 a
6.92 X 1074 10.16 b
PLP+ 2 PLP°+H* Ko P 145X 107 3.84 £ 0.04 a,d
7.25X 1078 4.14 ¢
PLP°<PLP~ + H* K,,P 4.07% 107° 8.39 £ 0.04 a.d
204X 107° 8.69 c
SB+
+ SB®
SBY*: 2 { + } +H* Ky© 1.41 X 107° 8.85+0.10 a
+ GD°
GD¥
{SB° } {SB‘}
+ ¢ 24 +  +H Ky,© 4.26 X 10712 11.37 a
GD° GD~
SB* 2 SB°+ H* K,,SB 1.07x 107¢ 5.97 a e
SB°ZSB-+H* K,,SB 3.55 x 1072 11.45 a
GD*2GD°+ Ht K,,GD 2.48x 107° 8.61 a e
GD°= GD™ + H* K,,GD 5.07 X 10712 11.29 a
SB-
EDA°+PLP™ 2 { + } Kas© 200 a
GD~
SB-2GD- Kt 1.2 a
SB® 2GD° Kt 0.84 a
SB+2GD* K7’ 3.6 X 10? ae
SBt* 2 SB** K4+* 1.03 X 102 a e

a This work. b Reference 29. ¢ Reference 16. 4 Assigned as in ref 12. € See text.

Table II. Electronic Absorption Spectral Data, 25°, 1 M
Tonic Strength (KCI)
€ X
1073,
Amax, M7}
Compd nm cm™! pH Conditionsa Source
Pyridoxal-P
n-Butylamine 339 5610 13.7 0.50 M amine ¢
Schiff base 0.45 M KOH
409 7.37 8.94  0.20 M amine c
0.10 M diaza-
bicyclo-
[2.2.2}-
octane
Pyridoxamine-P 308  8.04 13.6 0.5 M KOH c
308 8.00 ~13 0.1 M NaOH d
311 7.36 9.77 0.1MK,CO, c
325 8.30 7.0 0.1 M sodium d
phosphate

aChosen in this work to obtain, as nearly as possible, spectral
data for a single ionic species. Buffers adjusted with HC1 # Corrected
for lack of complete pyrid oxual-P complexation using measured
association constant of 26 M1, ¢ This work. @ Reference 13.

of pyridoxal-P and EDA at 340 nm, Kt may be determined
from the analogous Schiff base formed from pyridoxal-P
and n-butylamine at pH 13.7 and 339 nm,!7 Table II).
Since pyridoxamine-P at pH 13.7 has no appreciable ab-
sorption at 340 nm,!? GD~ is also expected to be transpar-
ent at this wavelength, Kt is calculated to be 1.2 from the
data of Figure 1 at pH 13.7 and Kt = ([Prot]esp-/A4340) —
1

Above pH 10, as discussed above, one may reasonably
anticipate that only the four species GD?, GD~, SB°, and
SB~ will be present in solution. Since SB is expected to be
the only species absorbing at 413 nm and Kt is known, with
an estimated molar absorptivity value for SB? (egpo based
upon the molar absorptivity of the Schiff base formed from

n-butylamine and pyridoxal-P at 409 nm and pH 8.94,7
Table II), the data of Figure 2 may be plotted in accor-
dance with eq 2, where [Prot] = [SB?] + [SB~] + [GDY]

(Pror) _ (1 + K1) n (1 + K7) K,,°B 1

x — (2)
A €5p0 €4g0 ay

+ [GD~], ay is the hydronium ion activity, and 44,3 is the
absorbancy of the solution at 413 nm (Figure 4), in order to
determine K1’ and K,,5B. From the ordinate intercept of
the plot in Figure 4, K1’ = 0.84 and, from the slope, K;,5B
= 3.55 X 10712 (pK,,5B = 11.45). Finally, from the ther-
modynamic relationship K,,0P = K,,5BK1/KY/, K200 =
5.07 X 10712 (pK,,0P = 11.29). The near equality of Kt
and K1’ or of K,,5B and K,,6P is consistent with the tight
isosbestic points at 294 and 363 nm in the series of spectra
shown in Figure 2. The linearity of the plot in Figure 4 ap-
pears to justify the assumption that, above pH 10, the dou-
bly protonated species of Scheme II do not comprise any
appreciable fraction of total pyridoxal-P. From these re-
sults, pK,>© was calculated to be 11.37 from eq 3b (see Ap-
pendix).

Between pH 7 and 10, plots of absorbancy at a given
wavelegth vs. pH look very much like titration curves. How-
ever, such plots cannot be analyzed in a simple manner as
has been done for the pH range above pH 10 since there is
no wavelength at which only one of the five species which
may exist in this pH range (GD*, GD?, SB*+*, SB*, and
SBY) uniquely absorbs in the uv-vis wavelength range.
However, since all the constants on the right hand side of eq
1 are now determined with the exception of K, ¢, this last
constant was obtained iteratively utilizing eq 1 and the data
of Figure 3 (pKa1© = 8.85 +0.10).

Finally with estimates of K,1SB and K,;SP from com-
pounds analogous to SB* and GD*, K1/ and K +* were cal-
culated. For pK,;OP the reported value of 8.61 for the acid
dissociation constant of the pyridoxamine-P pyridinium
group!6 was employed and, for pK,;SB, the value of 5.97 for
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Figure 4. Plot of the data of Figure 2 according to eq 2 for the purpose
of obtaining K1’ and K258 values. Solid line calculated from eq 2, the
constants contained in Table I, and espe = 7.37 X 10® M~! ecm™!
(Table I1).

the corresponding ionization for the Schiff base formed
from pyridoxal-P and serine!” was utilized. Thus from the
relation K1/ = K,;58 X K1//K,,OP, Kt is estimated to be
3.7 X 10? and, from equation 3a, K.* is estimated to be
1.03 X 103, The solid line in Figure 3 is calculated from eq
1 and the constants in Table I. Equation 1 is similar to the
equations utilized by Metzler!® or French et al.!8® to de-
scribe similar association equilibria of monoamines and het-
eroaromatic aldehydes.

Kinetics. The kinetics of the reaction of pyridoxal-P with
EDA were studied in part in an effort to obtain association
constants for carbinolamine formation from a type of “satu-
ration” kinetics (i.e., progression of the dependence of the
pseudo-first-order rate constants for product formation
from first order to zero order in respect to EDA concentra-
tion).6:10b.11a Sych data might have lent additional direct
experimental support to our previous conclusion (based
upon the magnitude of the association constants for the for-
mation of the C4 sp® hybridized pyridoxal-P derivative)
that the C4’ saturated product of the reaction of pyridoxal-
P with EDA was a geminal diamine. However, it was not
possible to accomplish this because of the fact that the rate
of dehydration of pyridoxal-P hydrate became rate deter-
mining at high EDA concentrations. Thus, the reaction at
pH 10.34 of pyridoxal-P with EDA at or above 0.25 M
EDA is clearly biphasic when observed with a stopped-flow
spectrophotometer at either 313 or 410 nm. At 313 nm, a
large rapid increase in absorbancy was followed by a slow-
er, small decrease (see a and b in Figure 5), while, at 410
im, a large, rapid decrease was followed by a slower, small-
er increase in absorbancy (see ¢ in Figure 5). These traces
appear to be a composite of two exponential processes (Fig-
Jure 6), which we shall designate kfopsg and kSousd, for the
faster and slower exponentials, respectively. At lower con-
centrations of EDA, i.e., below 0.25 M, only a single expo-
nential was observed at either wavelength, the absorbancy
increasing at 313 nm and decreasing at 410 nm. The con-
centration dependencies of the pseudo-first-order rate con-
stants (kowsq) for the various exponential processes are plot-
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Figure 5. Oscillographic recordings of the absorbancy changes ob-
served in the stopped-flow spectrophotometer upon mixing of EDA
with pyridoxal-P at pH 10.34, 25°, 1 M ionic strength. After mixing,
[EDA] = 0.25 M and [pyridoxal-P] = 2.5 X 1074 M. Wavelengths:
(a) and (b) at 313 nm; (c) at 410 nm.

ted vs. EDA concentration in Figure 7. The kqbsq values ob-
tained at low EDA concentration together with the kfopsg
values for the fast phase describe a straight line defined by
the second-order rate constant kg (first order in both EDA
and pyridoxal-P). The plot of kqpsq values at less than 0.05
M EDA and the k%qpsq values for the slow phase vs. EDA
concentration appears to become independent of the EDA
concentration at high EDA concentration. These latter data
have been fit as a rectangular hyperbola defined by eq 4
and the constants, G, and maximum first-order rate con-
stant, kSobsd.. (€q 4, Table I1I).

Fonsa OF Boesa = Rousa, . /{1 + 1/(G[EDA]D} (4)

Kca = [>C(OH)HNR]/[RNH,][>C=0];
K, = [>C=0]/[>C(0H),]

We account for these results in terms of Scheme III in
which kf is equal to the second-order rate constant (1 +
K4) Kcak, for Schiff base formation (with carbinolamine
(CA) dehydration being rate limiting), and kSobsdya, 1S
equal to kg, the first-order rate constant for pyridoxal-P hy-
drate (PLP-H,0) dehydration,!®® An alternate scheme in
which kSobsd,,, is identified with the rate constant for CA
dehydration®10b1la js inconsistent with the increase in
kSobsd gy values as the pH increases from 10.3 to 14190 and
with estimates!” of Kca (which should equal G) at pH
values of 10.3 (2.8 M~!) and 8.03 (11 M~!). Furthermore,
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Figure 6, Semilogarithmic plots of the data in Figure 5. Ordinate scale
arbitrary.

the fact that kSobsdn,, and kg?® values are identical (Table
III), at each pH value studied over the pH range 8-14, is
unlikely to be coincidental and argues very strongly for
Scheme I1I in which k%gbsd,., 1S assigned to the pyridoxal-P

Scheme 111
(CHp), —NH (CHp), —NH
on H2l2 N2 Helz ~NHp
H\C4O . H\CI/NH ; ANPL
—_ 2
)\ + H-‘,N-(CH.‘,)2 —NH, \—:— /\ e /\
—— —— ——
PLP EDA CA S8
“h“kd ”fasf
OH | —
H & OH H"L_C/N'”
A A
—— ——
PLP- H,0 GD

hydrate dehydration step. Finally the fraction of total pyri-
doxal-P which is unhydrated (obtained from the preexpo-
nential constants calculated from traces in Figures 5 and 6)
is similar to that found by other workers.2!®

Instrumental limitations precluded further studies of the
dependencies of either the absorbance change or the kinet-
ics of the fast phase upon the concentration of EDA at
EDA concentrations greater than 0.5 M, and thus a direct
determination of Kca was not possible. The fact that the
dependence of the konsa values for the fast phase upon
[EDA] remains linear at all of the experimental pH values
studied does nevertheless appear to set an upper limit upon
the value of Kca, denoted Kcalim, The values of Kcplim
(see Table III) are of the order of magnitude of our afore-
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Figure 7, Pseudo-first-order rate constants (kobsa) for the addition of
EDA to pyridoxal-P obtained at 410 (©) or 313 nm (@), pH 10.34,
25°, 1 M ionic strength. Solid line (linear) calculated as follows: kopsq
= Kca (1 + Kg)k2[EDA], where (1 + 7g)Kcakz is 142 M~ sec™!
and solid line (nonlinear) calculated from eq 4 and the parameters
contained in Table 111.

Table III. Kinetic Constantsa for the Reaction of Pyridoxal-P
with EDA, 25°, 1 M lonic Strength (KCI).

kF; ksObSdmax kds KCA“ms
pH M sec™? G, M sec ™! sect MT!
8.01 34 (£5) 4.3 (x1.7) 10.5 (£1.0) 102 <0.5
1034 134 (x10) 17.5 (22.5) 8.7 (x0.2) 8.60 <1
14.0 c 0.9 (+0.1) 106 (£5) 1185 c

a4k obtained from linear relationship of Xopsg vs. [EDA] and

k from eq 4 in text. & See ref 20. ¢ Not measureable.

S
obsdmax

mentioned estimates of the carbinolamine association con-
stant for pyridoxal-P and EDA and are clearly much less
than the magnitude required of K,ppX to account for the
data for EDA in Figure 3.

The rate constant for SB — GD must be greater than the
maximum observed value of (1 + K4)Kcak2[EDA] since
the observed rate constants for each phase are the same
whether the appearance of Schiff base or C4 saturated de-
rivative is followed.

Kinetic observation of the geminal diamine Schiff base
ring-chain tautomerization reaction was accomplished by
temperature jump perturbation of solutions of pyridoxal-P
and EDA at various pH values. The observed first-order
rate constants (k’obsa) Were found to be independent of pyr-
idoxal-P concentration over the range 2 to 10 X 104 M
and appear to show a first-order hydronium ion dependence
in the pH range 11.5 to 13.6 (Figure 8). Since the electronic
time constant of the instrument used corresponds to the pla-
teau value of the observed rate constants (1.6 X 105 sec™1),
whether or not the rate constants for the chemical reaction
do plateau at 1.6 X 103 sec™! with an apparent pK, value of
11.3 (dashed line) or continue acid catalyzed below pH 12
(dotted line) cannot be concluded at present (Figure 8). In
any event below pH 12, the plateau (dashed line, Figure 8)
represents a lower bound and the dotted line of slope —1
based on the assumption of a simple first-order hydronium
ion dependence, an upper bound for the rate constants for
the Schiff base-geminal diamine reequilibration. Writing
the ring-chain tautomerization reaction as shown in eq 5,
where an asterisk is used to distinguish the nitrogen atoms,
Kobsa = 2(k+3 + k-3) and K1°%¢ = [geminal diamine]/
[Schiff base] = k+3/k~3. From the value of k’qbsq €Xtrapo-
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Figure 8. First-order rate constant (k’opsq) Obtained by temperature
jump relaxation methods applied to solutions of pyridoxal-P (5.6 X
10~* M) and EDA (0.5 M), 25°, 1M ionic strength. See text for de-
tails.

lated to pH 10 via the dotted line and the fact that, near pH
10, Kpobsd = K1/, one obtains k43’ ~ k3’ = 4 X 104 sec™ L.

gy

kS
HN N* == HN_ NH* = N_ NH* ©
jﬁii ) jfi;\ T
Discussion

The Mechanism and Kinetics of Transimination. The two
possible pathways for transimination are shown in Scheme
I. Pathway A, first proposed by Snell,” is a single addition
elimination sequence with a geminal diamine as its only in-
termediate, while pathway B consists of two addition elimi-
nation sequences with two carbinolamines and free pyri-
doxal-P as intermediates. The relative kinetic competence
of the two pathways has typically been examined in model
systems by comparing the rate of transimination via path-
way A with the rate of formation of the final Schiff base
from free pyridoxal-P and amine.

To our knowledge, three intermolecular transimination
mode] systems have been studied. Cordes and Jencks found
that pyridoxal-P semicarbazone formation was catalyzed
4-80 fold by a variety of primary and secondary amines and
concluded therefore that pathway A was Kkinetically favo-
red.®2 Mackay studied thiazolidine-4-carboxylic acid for-
mation from pyridoxal-P and cysteine in the presence of
varying amounts of glutamic acid, having previously shown
that the rate-determining step for thiazolidine formation
was the formation of the Schiff base formed from pyri-
doxal-P and cysteine. At sufficiently high concentrations of
glutamic acid to complex essentially all of the pyridoxal-P
as its Schiff base with glutamic acid, thiazolidine formation
was some two- to threefold slower than in the absence of
glutamic acid.®® Thus, although pathway A was available
for transimination, the Schiff base was somewhat less reac-
tive than pyridoxal-P itself under those conditions. Similar

studies utilizing 6 aminocaproic acid instead of glutamic
acid gave essentially the same results.8¢ Abbott and Martell
reasoned that intramolecular transimination, such as might
occur at the active site of an enzyme, could be much faster
than intermolecular transimination and that the proposed
geminal diamine might be directly observable in an intra-
molecular system.® From the line widths and time depen-
dency of the NMR spectra of mixtures of pyridoxal (not
pyridoxal-P) and various diamino acids, they came to the
surprising conclusion that the intramolecular transimina-
tion sequence of pathway A was not observable at all and
that transimination occurred via pathway B on a time scale
of hours.?

In contrast to this NMR study, based upon the measured
values of k3 and k-3 (Scheme IV), we propose that intra-

Scheme IV
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molecular transimination of pyridoxal-P from one alkylam-
ine to another proceeds via pathway A and does so at very
rapid rates indeed.

From studies of the reactions of imines, it is clear that the
addition of basic nucleophiles such as an alkylamine occurs
to the cationic iminium species and,_ from studies of the
elimination of basic amines from carbinolamines, it appears
that prior N-protonation is required for amine elimina-
tion.®!°® This leads to the conclusion that the pathway for
transimination in the pyridoxal-P and EDA system is best
described by Scheme IV, which incorporates specific acid
catalysis?? of both the ring opening and closing reactions in-
volving EDA.

From Scheme IV it would be predicted that a graph of
k’obsa vs. pH should reach a plateau when both the Schiff
base and geminal diamine are protonated, i.e., SBY and
GDO of Scheme 1V predominate in solution. For this reason,
we feel that the dashed line and data points are a better de-
scription of the pH dependency of k’susa than the dotted
line of slope —1. Then from K1’ ~ 1, one obtains the fol-
lowing, k’4+3 =~ k’'—3 >4 X 104 sec™!.

The quantitative comparison of the rates of geminal di-
amine formation via pathways A and B follows. The associ-
ation constant for the formation of the Schiff base from
pyridoxal-P and EDA near pH 10 is given approximately by
Kapp®/(KT + 1) and, at 10 M EDA, an upper limit of the
rate constant for hydrolysis of the Schiff base formed from
pyridoxal-P and EDA is given by kfusa[EDA]/{KCapp/ (Kt
+ 1)} = 2.7 X 1073 sec™!. Since the rate constant near pH
10 for transimination via pathway A is at least 4 X 10*
sec™!, pathway A is favored as the route for transimination
by a factor of at least 1.5 X 107, a very large factor indeed.

The difference between our results and those of Abbott
and Martell® is certainly striking. We can only speculate
that the unblocked 5-hydroxymethyl group in pyridoxal
and/or the high concentrations (~ 0.1 M) of pyridoxal and
diamine necessitated by the NMR studies account for the
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differences between their results and those reported herein.

It is interesting to attempt an extrapolation of our results
to the active site of a pyridoxal-P dependent enzyme at pH
7 in view of prior statements to the effect that enzymatic
transimination must be apoenzyme catalyzed.’2 We limit
ourselves to considerations of specific acid-base catalysis of
the addition and elimination reactions, rate constants of
which will be k3(7) and k-3¢7y at pH 7, respectively, and as-
sume that the effects of reactant approximation at an active
site are not more significant than reactant approximation in
our model system. The pyridine nitrogen of the Schiff base
holoenzymes is thought to be maintained in an effective
state of protonation at pH ~7,52% ie., as SB*, while, at pH
10 and above as in our experiments, it certainly is unproton-
ated. The effect of such protonation is to increase the nu-
cleophilic susceptibility of the Schiff base formed from pyr-
idoxal-P and serine about 40- and 600-fold toward water
and hydroxide ion, respectively,!” and we assume as a first
approximation a similar effect (~100-fold) for nitrogen nu-
cleophiles. Thus k3(7) is estimated to be greater than 4 X
106 sec™! and, with the K1 value of 3.6 X 102, k_3(7) > 1
X 10%sec™!,

In all of the temperature jump relaxation studies of en-
Zyme active site transimination, a large number of relaxa-
tions are observed with disappointingly few relaxations as-
signable to individual chemical events.?? Despite these limi-
tations, the results of a study of the kinetics of the interac-
tion of glycine with serine hydroxymethylase (EC 2.1.2.1)
at pH 7.3 by Schirch?® are summarized in eq 6, in which

7x 104! sec-! 3.2x10% gec”!
E + Gly < EX EY (6)

1,2 % 10° sec~l 1,3 % 10° sec!

Gly is glycine, E is enzyme, EX is a geminal diamine, and
EY is a noncovalent complex of enzyme and the Schiff base
of glycine and pyridoxal-P. The equation is strictly analo-
gous to pathway A of Scheme I. If the acid dissociation
constant of the eeammonium group of the lysine residue in
EY is the same as that for lysine in solution,?’ i.e., pK, =
10.8, then from our lower limit of k3, the rate constant for
EY — EX (assuming that only the free base form of the
lysyl residue is reactive) should be 1.3 X 10? sec™!, surpris-
ingly close to the observed value (eq 6) with the serine hy-
droxymethylase-glycine system. Similarly, the ratio [EX]/
[EY] ~ 0.4 is very close to the value of 0.36 calculated for
the analogous ratio (see below) in our model system studies.

Since the results on the model system and serine hy-

droxymethylase provide rate constants for transimination
which are similar to each other and at the same time larger
than any turnover number for a pyridoxal-P enzyme of
which we are aware, there is neither a need for apoenzyme
catalysis of transimination nor does there appear to be any
catalysis of this process.

Acidity of SB? and GD?, On the basis of a structure reac-
tivity correlation developed!” for the purpose of predicting
iminium proton dissociation constants for pyridoxal-P
Schiff bases from the acid dissociation constants of the
reactant alkylammonium ions, we would expect pK,,SB to
be 11.75 + 0.25, in fair agreement with the experimental
value of 11.45. An estimate of pK,2CP is based upon the
pK. value of 10.9 for the ammonium conjugate acid of pyri-
doxamine-P,!® an adjustment of +0.3 for the increased ba-
sicity of secondary amines,?® an adjustment of —0.8 based
on the structure reactivity correlation of Fox and Jencks?’
employing their value of p; = —8.4 and ¢! = 0.1 for an
amine or alkylamine substituent,?82 an adjustment of +0.3
since the five-membered ring cyclic amine pyrrolidine is 0.3
units more basic than diethylamine 2 and finally +0.3 for
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statistical factors (two sites for protonation). Thus we
would expect pK,>5P to be 11.0 as compared with an exper-
imental value of 11.29. Therefore, it appears reasonable
that the values of pK,,%P and pK,,5B are very nearly equal,
and we conclude that neither GD? or SB? possesses any
markedly unusual acidic properties.

HN._NH
P
p,—cH, o-
N
H CH,

Geminal Diamine Schiff Base Ring-Chain Tautomeriza-
tion Equilibria. One of the striking results of this study is
the finding that the ratio of geminal diamine to S¢hiff base
in solutions of pyridoxal-P and EDA varies by less than a
factor of 4 over the pH range 7-14. At about pH 14 K1 =
1.2, at about pH 10 K¢’ = 0.84, and at about pH 7 the ratio
[GD*]1/([SB*] + [SB**]) = K1”/(K+* + 1) = 0.36. The
basis of this pH independency clearly derives from the value
of K1, modified at lower pH values by the coincidentally
offsetting acid-base properties of the variously protonated
geminal diamines and Schiff bases of Scheme II. Other sta-
ble five-membered ring cyclic geminal diamines of bio-
chemical relevance are known, for example, N3, N!0.meth-
ylenetetrahydrofolic acid!!2 and a variety of its model com-
pounds.!!®¢ These imidazolidines involve rather different
substitutions of the geminal diamine ring, secondary
amines, and different aldehydes. A calculation?®® of the pH
independent equilibrium constant for the Schiff base gemi-
nal diamine tautomerization (Kt’) in the N5 N!0-methyl-
enetetrahydrodolate system is 7.9 X 10* (Scheme V), and
this value indicates that, for aliphatic aldehydes, the cation-
ic iminium species is many orders of magnitude less stable
than the cationic cyclic geminal diamine (imidazolidine).
As far as we are aware, comparable five-membered ring cy-
clic geminal diamines formed from aromatic aldehydes and
primary diamines, for example, from EDA and benzalde-
hyde, have not been observed.?® Analogous six-membered
ring geminal diamines formed for aromatic aldehydes ap-
pear to be more common, for example, from pyridoxal and
2,4-diaminobutyric acid,” or from 1,3-diaminopropane
(DAP) and pyridoxal-P or pyridine-4-aldehyde.!4 In studies
involving pyridoxal and diamines, Schiff bases were not ob-
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served among the final products. In contrast to the system
composed of pyridoxal and 2,4-diaminobutyric acid, pyri-
doxal-P reacts with DAP to form a mixture of Schiff base
and geminal diamine.!* With respect to the data on the in-
teraction of pyridoxal-P with DAP,!4 we should like to
point out the following. (1) Since spectral observations were
not made above pH 11, a significant part of the pH depen-
dency of the geminal diamine-Schiff base tautomerization
and the proton dissociations of structures analogous to SBY
and GD? was missed. (2) As shown below (XIII in ref 14),
the site of protonation of the GDY analog formed from DAP
and pyridoxal-P was assigned to the pyridine nitrogen and
not to one of the C4’ amino groups. This is inconsistent with
what is known about the relative basicity of the various
functional groups of pyridoxamine-P!¢ as we have discussed
earlier with respect to GD%* and the predicted and calculat-
ed values of pK,,CGP. The fact that both pyridoxamine-P
and pyridoxine 5’-phosphate have absorption maxima at
325 nm at pH 7,'3 at which pH the pyridine nitrogens of
both are protonated whereas the solutions of DAP and pyri-
doxal-P at pH 10-11 clearly exhibit an absorption maxi-
mum at 310 nm, is also inconsistent with O’Leary’s assign-
ment of structure. (3) In the discussion of the pH dependen-
cy of the Schiff base-geminal diamine tautomerization be-
tween pH 7 and 11, the existence of a geminal diamine pro-
tonated at both the pyridine nitrogen and at one of the C4’
amino groups (e.g., GD*) was not considered and species
analogous to SB™ and GD~ were ignored. No evidence is
presented for these omissions, although it is possible that
they may be justified for that particular system. In view of
these limitations, the analysis of the pH dependency for cy-
clization and the determination of a cyclization equilibrium
constant Kc = 25, analogous to our K1/, may be in error.
Indeed, the value of K¢ is plainly inconsistent with the spec-
tral data presented in Figure 3 of ref 14, from which one
would estimate K¢ < 3 at pH 10. Since six-membered rings
are generally thought to be more stable than five-membered
rings,3® the small difference between our value K1’ and our
estimate of K. for DAP is somewhat surprising, although it
may well be that this generalization does not hold in the
comparison of imidazolidine and hexahydropyrimidine sta-
bilities.

Summary

It has been shown that both Schiff bases and geminal di-
amines are formed in solutions containing pyridoxal-P and
EDA over the pH range 7.5-14. Furthermore, the pathway
for intramolecular transimination via a geminal diamine is
extremely rapid relative to the alternative transimination
pathway involving a free pyridoxal-P intermediate. These
results strongly suggest that geminal diamines can serve as
kinetically competent intermediates for transimination se-
quences at the active sites of pyridoxal-P dependent en-
zymes and that such enzymes may not need to catalyze the
transimination process by contributions that are other than
entropic in nature.3?

Experimental Section

Materials, Liquid amines were redistilled from CaH; before use.
Pyridoxal-P was obtained from Sigma as the monohydrate (based
upon the molar absorptivity value of Peterson and Sober!3) and
was used without further purification with solution concentration
determined spectrophotometrically and gravimetrically. Buffer
components, inorganic salts, and disodium ethylenediaminetetraa-
cetic acid (Na;EDTA) were reagent grade and used without fur-
ther purification. Deionized water of greater than 5 X 105 ohms
cm specific resistance was used throughout with KCl added to
maintain ionic strength constant at 1.0 &+ 0.1 M except where
noted otherwise. All solutions contained 0.005 M NaEDTA to

chelate with any polyvalent cations present as impurities in buffer.
components, etc.

Methods. All experimental measurements were made on solu-
tions maintained at 25 £ 1°,

Curve fitting of experimental data to theoretical equations
(straight lines, rectangular hyperbolae, and the titration of EDA)
was performed by linear or nonlinear?*® least-squares computer
programs made available to us by Dr. R. O. Viale.

Measurements of pH were obtained with a Radiometer Model
25SE or Model 26 pH meter equipped with GK2302B or
GK2303C (Radiometer) combination electrodes calibrated with
pH 7 and 10 standard buffers (Beckman) and 0.1 N NaOH 3%

Absorbance measurements were obtained with a Beckman DU
equipped Model 2000 Gilford, a Cary Model 14 or a Cary Model
118C spectrophotometer.

Acid dissociation constants for EDA dihydrochloride and pyri-
doxal-P were obtained by potentiometric titration with sodium hy-
droxide.34c

Association constants for 1:1 complexes formed from pyridoxal-
P and amines were determined by spectrophotometric titration of
pyridoxal-P with amine at either 410-435 nm and/or at 310-335
nm,34b

Kinetic measurements were made either with the rapid mixing
stopped-flow spectrophotometer described earlier’> or with an
electrical discharge temperature jump perturbation instrument
type SPA7, Messanlagen Studien Gesellschaft mbH, Géttingen,
Germany. A temperature jump of 5° was used. Rate constants
which were either first order or pseudo-first order were obtained by
two methods: (a) the usual semilogarithmic plots'®® when the two
reactions had sufficiently distinct rate constants that the two reac-
tions could be observed independently or when the absorbancy
change of the second reaction was negligible compared to the first;
or (b) by a nonlinear least-squares program provided by Dr. R. O.
Viale for the curve fitting of double exponentials when method a
could not be employed.
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