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The colorimetric assay for the activity of pyruvate dehydrogenase (EC 1.2.4.1) developed by Itokawa is
based on a coupled reduction of ferricyanide and the formation of Prussian blue (Brian Research 94, 475–
484). In this assay system, we found that the coenzyme, thiamine pyrophosphate, itself reduced ferricyanide
independent of both the enzyme and the substrate. Similar effect was also observed with thiamine, but not
with thiochrome. The reduction of ferricyanide by thiamine or thiamine pyrophosphate was blocked by
trichloroacetic acid. Measurement of the activity of purified pyruvate dehydrogenase based on monitoring
the reduction of ferricyanide as described by Schwartz et al (Biochem. Biophys. Res. Commun. 31, 495–
500) has been widely used. Our findings clearly disprove the assumption that reduction of ferricyanide is
dependent on pyruvate dehydrogenase and invalidate assays for thiamine-dependent dehydrogenases based
on the reduction of ferricyanide. q 1996 Academic Press, Inc.

The pyruvate dehydrogenase complex (PDC) (EC 1.2.4.1 / EC 2.3.1.12 / EC 1.8.1.4)
catalyzes the oxidative decarboxylation of pyruvate, using thiamine pyrophosphate (TPP), CoA
and NAD/ as coenzymes(1). Three products, namely acetyl-CoA, CO2 and NADH are formed
during the decarboxylation of pyruvate, and quantification of these products can be used for
the assay of the enzyme activity. Formation of NADH can be measured by monitoring its
characteristic absorbance at 340 nm(2-6). Measurement of CO2 released is facilitated by using
[1-14C] pyruvate as substrate(7). Formation of acetyl-CoA is measured by coupling with an
arylamine acetyltransferase-catalyzed reaction(6) or with a non-enzymatic O-acylation of excess
dithioerythritol(8). In place of NAD/, other electron accepting chemicals can be used for the
colorimetric assay of the enzyme activity. For example, Itokawa(9) coupled the reduction of
ferricyanide with the activity of pyruvate dehydrogenase, and the activity was calculated based
on the formation of ferrocyanide as measured by the intensity of Prussian blue(10) formed after
ferric chloride was added.

We have attempted to measure the activity of pyruvate dehydrogenase complex in chicken
brain and liver homogenates following the Itokawa method. In an additional set of control of
TPP inclusion without any enzyme source, a step which was not included in the original
protocol, Prussian blue formation was observed upon the addition of ferric chloride. Thus TPP
reduced ferricyanide independent of enzymatic activity. Further more, reduction of ferricyanide
by TPP or thiamine was independent of pyruvate. This independence of both enzyme and
substrate questions the validity of the assay methods of TPP-dependent dehydrogenases based
on the reduction of ferricyanide.

MATERIALS AND METHODS
Thiamine pyrophosphate (TPP) chloride, thiamine hydrochloride, thiochrome, sodium pyruvate and trichloroacetic

acid (TCA) were purchased from Sigma Chemical Co. Potassium ferricyanide and potassium ferrocyanide were
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TABLE I
Absorbance of Prussian Blue Formed in the Experiment with Chicken Brain Homogenate

Enzyme extract added (ml)
TPP added

Tube # mmoles 0 20 40 60 80 100 120 140 160

1 — 0.10611 0.1201 0.1448 0.1996 0.2013 0.2194 0.2527 0.3742 0.3025
2 — 0.1131 0.2500 0.4700 0.6312 0.6840 0.7800 0.9050 0.9992 1.2250
3 0.2 1.1619 1.2051 1.2873 1.4397 1.5072 1.5840 1.7370 2.0330 2.0925

Differences between blanks and samples

Background 0.0000 0.014 0.0387 0.0935 0.0952 0.1133 0.1466 0.1681 0.1914
Enzymatic without TPP 0.0000 0.1369 0.3569 0.5181 0.5709 0.6669 0.7919 0.8861 1.1119
Enzymatic with TPP 0.0000 0.0432 0.1254 0.2778 0.3453 0.4221 0.5751 0.8712 0.9306

1 Data are the means of duplicate samples.

purchased from Merck and Co. Inc. Ferric chloride and cuvette were purchased from Fisher Scientific Co. Spectropho-
tometer (DU Series 600 model) of Beckman Co. was used.

Four broiler birds (average body weight of 300 g) were euthanized by CO2. The brain and liver were excised,
weighed, rapidly transferred to ice-cold 50 mM potassium phosphate buffer (pH 6.5) and homogenized with a Polytron
homogenizer of Brinkmann Instruments. The ratio of tissue to buffer was 1:5 (w/v). The homogenates were measured
for pyruvate dehydrogenase activity following the protocol of Itokawa, based on the following reaction equation:

CH3COCOOH / 2Fe/3(CN)6 / H2O r CH3COOH / CO2 / 2Fe/2(CN)6 / 2H/

Each assay was carried out in a set of 3 tubes. The first tube served as zero time control. The second tube served
as original activity of pyruvate dehydrogenase and the third tube for TPP-stimulated activity. The basic reaction
mixture contained 150 mmoles of potassium phosphate, 1.0 mmole of calcium chloride, enzyme source (0, 20, 40, 60,
80, 100, 120, 140 and 160 ml of tissue homogenate), and 0.2 mmoles of TPP for the TPP series in a final volume of
2.8 ml. The mixtures were preincubated at 377C for 15 min. Then 10 mmoles of potassium ferricyanide (100 ml) and
50 mmoles of sodium pyruvate (100 ml) were added. To tube 1, 1 ml of 10% was added to stop any enzymatic
reaction, and TCA was added to tube 2 and tube 3 after a second incubation at 377C for 15 min. All the tubes were
centrifuged at 500 g for 10 min to remove the precipitated protein. Two milliliters of supernatant and 3.3 mmoles of

TABLE II
Absorbance of Prussian Blue Formed in the Experiment with Chicken Liver Homogenate

Enzyme extract added (ml)
TPP added

Tube # mmoles 0 20 40 60 80 100 120 140 160

1 — 0.10191 0.1308 0.1675 0.2001 0.2274 0.2466 0.2806 0.3121 0.3287
2 — 0.1124 0.3504 0.5197 0.7891 1.0259 1.1853 1.2570 1.6580 1.7443
3 0.2 1.2847 1.3730 1.5197 1.5641 1.6367 1.7145 1.9274 2.1245 2.3526

Differences between blanks and samples

Background 0.0000 0.0309 0.0656 0.0982 0.1255 0.1447 0.1787 0.2102 0.2268
Enzymatic without TPP 0.0000 0.238 0.4073 0.6767 0.9135 1.0729 1.1446 1.5456 1.6319
Enzymatic with TPP 0.0000 0.0883 0.235 0.2794 0.352 0.4298 0.6427 0.8398 1.0679

1 Data are the means of duplicate samples.
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TABLE III
Effects of TPP, Thiamine, Pyruvate and TCA on the Formation of Prussian Blue

Tube 1 Tube 2 Tube 3 Tube 4 Tube 5 Tube 6 Tube 7 Tube 8

mmoles added

Buffer 150 150 150 150 150 150 150 150
TPP — — 0.2 0.2 0.2 — — —
Thiamine — — — — — 0.2 0.2 0.2
Pyruvate 50 50 50 50 — 50 50 —
Ferricyanide 10 10 10 10 10 10 10 10
TCA1 before after before after after before after after
FeCl3 3.3 3.3 3.3 3.3 3.3 3.3 3.3 3.3

OD/660nm
Mean (n Å 3)
{ SD 0.0351 0.0732 0.1237 1.0676 1.0921 0.1459 0.6910 0.7120

0.0107 0.0102 0.0207 0.0067 0.0234 0.0080 0.0090 0.008

1 TCA (10%, 1 ml) was added before or after the second incubation.

FeCl3 (10 ml) were mixed directly in a cuvette, optical density at 660 nm was measured after 10 min but before 15
min at room temperature.

In the following non-enzymatic investigation, reaction mixtures were constituted basically following the enzymatic
study, but the enzyme source was excluded. The chemical mixtures in the 8 series of tubes are indicated in Table III.
The order of addition of each chemical was followed by the sequence in column 1 of the table.

To test the theory that the dissociable proton of the reactive carbon of the thiazole ring of thiamine is required for
the reduction of ferricyanide, thiochrome (oxidized thiamine) was also tested for the ability to reduce ferricynide in
an experiment set up as indicated in Table IV.

TABLE IV
Effect of Thiochrome on the Formation of Prussian Blue

Tube 1 Tube 2 Tube 3

mmoles added

Buffer 150 150 150
TPP — 0.2 —
Thiochrome1 — — 0.2
Methanol 500 500 500
Ferricyanide 10 10 10
TCA2 / / /
FeCl3 3.3 3.3 3.3

OD/660nm

Mean (n Å 3)
{ SD 0.0196 1.7353 0.3650

0.0102 0.0104 0.0205

1 Thiochrome was initially dissolved in 0.1 ml methanol, diluted to 0.5
ml with H2O, and 100 ml was added per tube.

2 TCA (10%, 1 ml) was added 15 minutes after other chemicals have
been mixed and incubated.
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FIG. 1. Stability of ferrocyanide in 2.6% TCA. Fifty mmoles of potassium ferrocyanide was dissolved in 14 ml
of phosphate buffer and mixed with 5 ml of 10% TCA, left at 227C from 0 to 90 min, then measured for Prussian
blue formation immediately after mixing 2 ml of potassium ferrocyanide-TCA solution with 10 ml (3.3 mmoles) of
ferric chloride. nÅ3, vertical barÅSD.

To test the stability of ferrocyanide in TCA, 50 mmoles of ferrocyanide was dissolved in 14 ml of phosphate buffer,
mixed with 5 ml of 10% TCA, and left at room temperature for 0 to 90 min. At a given time, ferrocyanide in solution
was monitored by reading the optical density due to Prussian blue at 660 nm immediately following the mixing of
two ml of mixture with 3.3 mmoles of FeCl3 .

RESULTS

Results of enzymatic assays using brain or liver tissue homogenates are presented in Tables
I and II respectively. For both tissue types, gradually increased amount of enzyme (volume
of tissue homogenate) caused corresponding increases in absorbance due to the background,
and due to the apparent enzymatic activity in the presence or absence of exogenous TPP.
Whether this apparent enzymatic activity could be ascribed to the action of pyruvate dehydroge-
nase becomes questionable when 10 time increase of OD due to the addition of TPP alone
(no amount of enzyme added) was observed. When the enzymatic differences of OD were
calculated between addition and non-addition of TPP, TPP appeared to inhibit the activity of
pyruvate dehydrogenase.

The effects of TPP, thiamine, pyruvate, and TCA on the reduction of ferricyanide and
thereby Prussian blue formation, are presented in Table III. Both TPP and thiamine reduced
ferricyanide (tube 4 and tube 7), which was inhibited by the prior addition of TCA. On an
equal mole basis, TPP reduced more ferricyanide than thiamine (by 55%). Reduction of
ferricyanide by either TPP or thiamine was independent of pyruvate (tube 5 and tube 8). No
Prussian blue was formed when TPP was substituted with thiochrome (Table IV). The amount
of ferrocyanide in 2.6% TCA decreased drastically 15 min after it was initially dissolved in
the acid (Figure 1).

DISCUSSION

Thiamine pyrophosphate is a required coenzyme of pyruvate dehydrogenase and forms an
intermediate with pyruvate through the reactive carbon atom between the nitrogen and sulfur
atoms in the thiazole ring(1). This carbon is much more acidic than most ÅCH- groups (Fig.
2), which can deprotonate, form a carbanion, and then donate an electron to ferricyanide, with
a concomitant reduction of ferricyanide. As indicated in Figure 2, electron transfer from this
carbon to ferricyanide would prohibit the formation of TPP-pyruvate intermediate, resulting
in the observed inhibition of apparent enzymatic activity. TCA is a strong organic acid, and
in its presence, the dissociable proton of the reactive carbon atom is stable and the carbon

190

AID BBRC 5297 / 6908$$$182 08-16-96 06:41:24 bbrcas AP: BBRC



Vol. 226, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

FIG. 2. Schematic diagram of oxidation of thiamine or TPP.

atom can not ionize to form a carbanion, thus blocks the transfer of an electron from the
reactive carbon of thiazole ring to ferricyanide (Fig. 3). This reactive carbon atom can also
catalyze the non-enzymatic decarboxylation of pyruvate at slightly alkaline condition (pH
8.9)(11), and is the site being oxidized by HgCl2 or ferricyanide under strong alkaline conditions,
with the formation of thiochrome(12,13). The requirement for the presence of this reactive carbon
for the reduction of ferricyanide by thiamine and TPP is substantiated by using thiochrome
in which that particular carbon can not form carbanion (Fig. 4). Using an established method(13),
thiochrome was not found in our systems before the TCA addition. However, we have made
no effort to examine the possible structure change of thiamine or TPP in our systems. The
observed unstable nature of ferrocyanide in TCA agreed with the previous observation(14).
Therefore, the determination of ferrocyanide as Prussian blue formation has to be carried out
as soon as possible after the protein was precipitated.

Prior to Itokawa’s description of his colorimetric method, Schwartz et al. developed a routine
assay for purified pyruvate dehydrogenase by monitoring the coupled reduction of fericyanide
at 420 nm(15). Schwartz method has been widely used in many laboratories to measure the
activity of TPP-dependent pyruvate dehydrogenase(16-22). Both Itokawa and Schwartz methods
assumed the dependence of ferricyanide reduction on the activity of the TPP-dependent enzyme.

FIG. 3. Schematic diagram of the prohibition of oxidation of thiamine or TPP by TCA.

191

AID BBRC 5297 / 6908$$$182 08-16-96 06:41:24 bbrcas AP: BBRC



Vol. 226, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

FIG. 4. Schematic diagram of oxidation of thiochrome.

Our findings of the non-dependence of both enzyme and substrate of reduction of ferricyanide
by TPP invalidate any assays using ferricyanide as a coupling reagent when TPP has to be
included.
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