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Abdmc-The results of temperature jump relaxation studies on the reaction of 2-mercaptocthanol with 
pyridoxal-Y-phosphate in aqueous solution arc presented together with NMR and UV spectra. The 
observed concentration and pH depcodeocc of the relaxation time arc explained by a three step mechanism 
for hemimercaptal formation. 

INTRODUCTION 

THE addition of functional groups, important in enxymic reactions, e.g. amino, 
hydroxyl and mercapto groups, to the CO group of pyridoxal-5’-phosphate have 
been described,lm3 but as the rates of the primary addition step are too fast to be 
measured by conventional kinetic methods only thermodynamic data have been 
reported. In this paper the results of kinetic measurements for the reaction of the thiol 
mercaptoethanol (ME) with pyridoxal-Y-phosphate (PLP) in aqueous solutions, 
obtained by the temperature jump relaxation technique, are presented. A mechanism 
is proposed for these reactions. 
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Materials and methods. Standard analytical grade PLP monohydrate was obtained 
from Merck (Darmstadt), ME from Schuchardt (Munich), and 2-Mercaptoacetic 
acid (MAA) from Fluka (Buchs, Switzerland). The substances were used without 
further purification. The buffers used were: In the pH range 2-O Q pH < 44: 
citrate/HCl ; in the range from 5-O G pH G 6-O: citrate/NaOH and at pH = 70: 
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phosphate. The pH of all other solutions was adjusted by addition of N/100 HCl or 
N/100 NaOH. 

Doubly distilled water was used throughout. pH measurements were made with a 
standard pH-Meter (“Radiometer”, Type 22) and glass electrodes (Radiometer, 
GK 2021B). 

UV spectra were recorded with a Cary 14 spectrophotometer. Measurements were 
made 30 min after mixing the solns in thermostated cuvettes at the temps indicated 
(25” for equilibrium measurements, 15” and 25” for temperature difference spectra). 
Quartz cells (1 cm lightpath) were used. 

NMR spectra were recorded in DzO soln with a Varian HA 100 spectrometer at the 
Institute for Molecular Biology, Biochemistry and Biophysics, Stiickheim, West 
Germany. t-Butanol, was used as the -internal standard. For comparison with 
TMS the chemical shifts were corrected by adding the frequency difference 8% 

-&a&l = 129 ppm. The pD of the solns was adjusted by addition of NaOD and 
D,PO, soln (Merck, Darmstadt). The pD was measured on a standard pH-peter with 
glass electrodes, the values were corrected using the relation pD = pH + e4.i’ 

The principles of the temp jump relaxation technique have been previously 
described.” The results presented in this paper were obtained from measurement 
made with an improved temp jump apparatus. l2 Cells especially designed for small 
volumes were used (1.8 ml cells with 1 cm lightpath and @9 ml cells with @7 cm light- 
path). The discharge of 3 1 kV from a 5.5 * lo- * F condenser produced a temp jump of 
about 6”. The starting temp was 19”, thus allowing the relaxation process to be 
observed at 25”. A typical oscillogramm is shown in Fig. 1. 

Fto 1. “Typical” oscillogram of a temperature jump relaxation experiment for hemi- 

mercaptal formation from PLP and ME (C& = 2.10-• M, CL = l.lO-’ M, pH = 99, 

s = 37 pscc). The ordinate represents the transmission of the solution at 406 rnp (increasing 
with time). Scale : 50 w/large div. 

RESULTS 

1. NMR spectra. NMR spectra of PLP were recorded in DzO with and without 
addition of ME. In acidic soln (pD - 10) and at neutral pD values the signal of the 
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aldehydic proton disappeared completely on addition of about 1 lb4 ME. A cor- 
responding increase in the signal of the methin proton on C4’ in the range of 
&TMS) N 6.5 was observed. The chemical shifts of this methin proton in 2,3, and in 
hydrated 4 were similar. Since chemical equilibrium was rapidly established only one 
signal was observed. The chemical shifts of all the other protons in the molecule 
remained essentially unchanged upon addition to the CO group. 

TML~I.NMRSPBCIRA~P PY~~D~~AL-~‘-PATR IN D,O WITH ANLY wmiour IWC~ 

chemical shifts 6 (ppm)* 

PD Cuts 
a b C d 

7.3 0 2.57 51t 7.71 627 (17 %) 1040 (83 %) 
6.7 1M 2.41 4.88 769 6.40 

l The numbers of the protons are shown in 1. 
t The signal is partially hidden in the HDO signal. 

Although almost all the PLP was present as free aldehyde at high pD values 
(pD N 10) no addition reaction was detected by NMR spectroscopy at these pD 
values. 

2. UV spectra. Hemimercaptal formation 2 was followed spectroscopically in the 
UV region, and when it occumd, the first absorption band of PLP at pH = 7 (,I_ = 
388 mp, s,_ = 5400) shifted towards shorter wave lengths (&,_ = 322 mu). The 
equilibrium constant for this reaction was obtained from the usual “Hildebrand- 
Renesi”-plot.* The relationship remained linear up to relatively high concentrations 
(Fig 2) of ME (1 M). This indicates that only hemimercaptal formation occurs. The 
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Ro 2. “Hildebrand-Ben&‘-plot* for hemiawcaptal formation from PLP and ME 

(1 = 388 rnk CI = rw,=o) - EvGmMJwu8=0) - e(Glt=a41) 
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equilibrium constant was calculated to be K = 42 1 x mole- ’ (corrected for 
hydration : K = Kobs (1 + Khyd) ). 

If mercapto acetic acid was used instead of ME, in addition to the fast primary step 
a slow reaction was observed.2 This slow process has been attributed to mercaptal 
formation (1). With ME this slow process was not found. This is in agreement with the 
equilibrium measurements. 
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Addition of ME to alkaline solutions of PLP (pH - 11.5) did not affect the UV 
or the NMR spectra. 

3. Relaxation measurements. Aqueous solutions of PLP in the absence of other 
reagents exhibited two distinct relaxation processes which were observed by the 
temperature jump technique.5 An additional relaxation time was observed in the 
presence of ME. In the pH-range 5*0-8-O and at the concentrations used (Co,, = 
2-10a4 M, Co, = 1-1O-2 M) the latter relaxation process had the largest amplitude 
of the three relaxation processes observed. At higher pH-values the amplitude 
decreased (Fig 3) until the relaxation process disappeared completely at pH - 11 a. 
This is in agreement with UV and NMR spectra, which indicated that at these pH- 
values no addition of ME to the CO group occurs. Between pH = 4-O and pH = 11 
the reaction of ME with PLP is faster than the hydration process. Around pH = 4-O 
the relaxation times for hydration and ME addition are similar, but at lower pH- 
values hydration is faster than hemimercaptal formation. In more acidic solutions the 
amplitude of the relaxation process due to the addition of ME decreases rapidly 
(Fig. 3). 

PH 

Ro 3. pHdepcndence of the relaxation amplitude for hcmimercaptal formation from PLP 

and ME (A - 406 mp) 
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The relaxation times measured do not depend on the buffer concentration within the 
limits of experimental error. This was shown by dilution of the buffer at pH = 70. 

The dependence of the relaxation amplitude on wavelength at pH = 7a is shown 
in Fig 4 and is in accord with the UV temperature difference spectrum obtained. This 
result together with the NMR data show that the observed relaxation process 
corresponds to a nucleophilic attack by ME on the CO group of PLP. 

50 

Y 
B 

o- 
Q 

-50 

-100 

Ra 4. Wave ~cngth dependence of the change in extinction coefficient with temperature in a 
solution of PLP and ME (“over all” reaction observed in the UV-spectrum: -solid 
line; ampli$da from temperature jump relaxation for the individual step at different wave 

lengths: ~opcncirclts)(C& = 2.10-‘M,t& = l*lO-‘M,pH = 7.0) 

At constant pH (pH = 59,6*0 and 79) the relaxation time shows a linear concentra- 
tion dependence which is typical for a second order reaction : 

k 
PLP+ME;PLP-ME 

k 2, 

2-l = k,, Gu + G,e) + kzl (2) 

Since the association constant of PLP and ME is small and CpLp Q CYE, the sum of 
the concentrations of the reactants (Equ 2) may be replaced by the total concentration 
of ME. 

The rate constants k12 and kzl were obtained from the slopes and intercepts of plots 
of T-r against total concentration of ME (e.g. Fig 5 for pH = 74). These values 
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together with the equilibrium constant, K = klZ/kzl, are given in Table 2. The values 
obtained for K are in good agreement with those derived from spectroscopic measure- 
ments in the UV region (K = 42 1 mole-‘). 

0 

b _ 6- 

FIQ 5. Concentration dependence of the relaxation time for hemimercaptal formation from 
PLP and ME (A= 406 mp, c,, = 2.10-• M, pH = 70) 

The pH-dependence of the relaxation time at constant ME concentration is shown 
in Fig 6. A logarithmic plot of -log t against pH results in regions where the curve 
follows a linear relationship with a slope, Q = 1: 

-log r = a*pH - fj 

The linear portions are connected by curves with points of inflection near the pK- 
values of PLP. Above the pK-value of ME, -log r remains essentially constant 
(Fig 6). 

T~L~~.R~T~CONSTANISANDBQUIL~R~ CONSTANTFOR 

HWIMERCAPTAL. FORMATION FROb4 ?T.P AM) ME AT DlFFERENT 

pH-VALUES 

PH 
k,,, lo-’ k,, * 10-z 

(l*mole-‘*se-’ @cc-‘) (I *rntlcel) 

50 1.2 @27 46 
6.0 5.7 1.5 38 
IQ 29 I.2 40 

DISCUSSION 

Lienhard and Jencks13 pointed out that the addition of thiols to CO groups is 
catalyzed by both hydronium and hydroxide ions. Their measurements were restricted 
Since we were able to extend our measurements to much higher pH values (pH h 11). 
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FIG 6. pHdepeodence ofthe relaxation time for hemimercaptal formation from PLP and ME 
(rl=406m~@,,- 2.10-* M,c& = 1*10-’ M) 

we are now able to offer proof of the three step mechanism for OHe catalysis pre- 
viously proposed (4). 
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The wavelength-dependence of the relaxation amplitude (Fig 3) indicates that the 
process observed is an “over all” inter-conversion of aldehyde and hemimercaptal. 
In the pH-range below the pK-value of the thiol, (4b) rate determining, for the above 
mechanism to be valid the relaxation time has to obey the relationship 

T- ’ = {k, + k, (C,.,ao + C.&J C& (5) 

Complete agreement with our results is obtained, if the different straight lines in Fig 6 
are assigned to the different protonation states of PLP. 

Our measurements indicate that attack by the thiol anion on the CO group (4b) is 
rate determining. The dissociation of the thiol(4a) is expected to be subject to general 
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base catalysis by buffer anion. l4 Since the relaxation time was found to be independent 
of buffer concentration, rate determining dissociation of the thiol (4a) was excluded: 
The reaction (4a) is essentially eliminated at pH values above the pK of the thiol 
since the thiol is predominantly present as R-S- anion under these conditions. 

7-l = k, (Cwe + C,.,,) + k, (CR,crccapH + C&) (6) 

The relaxation time for the two step process (4b, 4c) with (4b) rate determining, becomes 
essentially independent of pH above pH = 9.5 which corresponds to the pK of ME. 

The decrease in amplitude observed at high pH values indicates, that once the second 
proton has been removed from the pyridine nucleus of PLP the remaining molecule 
(7) does not react appreciably with HS-reagents. This is in agreement with the very low 
reactivity of CO groups in negatively charged molecules with conjugated n-electron 
systems e.g. mesoxalic acid.** 9 

(7) 
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