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Imidazoles or imidazoles substituted in the 2 or 4(5) position but with the ring
nitrogen free, give a positive Pauly reaction. N-Methylimidazole does not react.
In the presence of formaldehyde, all imidazole compounds give a negative Pauly
reaction. In agreement with nmr studies, it is concluded that formaldehyde reacts
with the imidazole ring nitrogen in acid solution to form N-hydroxymethyl deriva-
tives.

The Pauly color yield of various proteins (chymotrypsin, TPCK-chymotrypsin,
lysozyme, ribonuclease, and reduced ribonuclease) is reduced 90-959; when the
reaction is performed in the presence of formaldehyde. The color yield in water is
essentially accounted for by the known reactive histidine and tyrosine content. In
the presence of formaldehyde the color yield can be interpreted as arising from the
known tyrosine content. It is therefore concluded that the histidine residues of the
proteins examined have reacted with formaldehyde to form N-hydroxymethyl
derivatives.

In contrast to the Pauly color yield of chymotrypsin (4, 52 720) which can be
accounted for by the contribution of its two histidine and three reactive tyrosine
residues, the color yield of TPCK-chymotrypsin (A, 47 685) is higher than would
be expected on the basis of the reported site of reaction of TPCK with chymotrypsin.
The experimental molar extinction coefficient should be close to that calculated
(A, 31 300) for its presumed one reactive histidine and three tyrosine residues.
That it is not is in agreement with a previous report from our laboratories suggesting
that His-57 is not the only site of reaction of TPCK with chymotrypsin.

INTRODUCTION

The hydrolysis of acetyl-L-tyrosine ethyl ester by a-chymotrypsin in the presence of
formaldehyde results in an approximate eightfold decrease in the specific rate constant
and a 2.5-fold increase in K,,” at pH 8.0 but with no change in the active site concentra-
tion (I, 2). From a pH-dependence study, the pK’ of the group on the free enzyme
which can be equated with that involved in the rate-determining step for the decomposi-
tion of the ES-state is shifted down scale by about 0.3 unit in the presence of form-
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aldehyde (1). Similar pK' shifts and a reduction in catalytic efficiency have also been
observed for the hydrolysis of p-nitrophenyl acetate by imidazole and its derivatives in
formaldehyde solution (3).

From the effect of formaldehyde on the absorption spectra of imidazole compounds
at 210-230 nm and absorption characteristics of chymotrypsin in the region of 230 nm,
it has been shown that the data are compatible with the reaction of formaldehyde with
the imidazole ring of both histidine residues of the enzyme (4). Apparently, however,
only the reaction of formaldehyde with a single histidine residue is of kinetic importance
(2). These and other results have led to the suggestion that formaldehyde is an active
site label for chymotrypsin which affects catalytic efficiency through formation of a
modified enzyme (2).

The implications of this proposal made it important to acquire additional supporting
evidence for the occurrence of a reaction between formaldehyde and the histidine
residues of chymotrypsin. The older literature is equivocal as to whether formaldehyde
reacts with the histidine residues of proteins (5). In more recent publications it has been
reported that formaldehyde reacts with the imidazole ring of model compounds,
presumably to form an N-hydroxymethyl derivative (4, 6, 7).

More definitive evidence to support this conclusion has been obtained by an nmr
study of the reaction (8). Imidazole reacts with formaldehyde to form an N-hydroxy-
methyl derivative in alkaline solution; in strong acid, the product is N,N'-dihydroxy-
methylimidazole. Data obtained from the binding of '*C-formaldehyde to either
a-chymotrypin, §-chymotrypsin, or acetylated-d-chymotrypsin indicate that a similar
stoichiometry must prevail in the reaction with the imidazoyl groups of the histidine
residues of these proteins (9).

To provide additional chemical evidence that would support the occurrence of a
reaction between formaldehyde and the imidazoyl group of proteins, advantage has
been taken of the specificity of the Pauly reaction. Imidazoles or imidazoles substituted
in the 2 or 4(5) position, but with the ring nitrogens free, react with diazotized aromatic
amines to give colored azo dyes (10). Imidazole compounds substituted on the ring
nitrogen(s) give a negative Pauly reaction, and this property has been used, for example,
to determine the peptide fragment containing the histidine residue (His-57) bearing
the end product of the reaction between chymotrypsin and tosylamido-2-phenylethyl
chloromethyl ketone (11). It therefore follows that, if formaldehyde reacts with the
ring nitrogen(s) of the histidine residues of proteins, the Pauly color yield should be
markedly reduced.

Tyrosine also gives a positive Pauly reaction although the color yield is less than
one-fourth that generated by the imidazole ring chromophore (cf. Results and Dis-
cussion section). In the application of this test to proteins in aqueous solution, it has
been reported (12) that the total color yield should be equal to the color contributions
of the histidine and tyrosine content.

On the basis of the above considerations, we have therefore determined the Pauly
color yield of model compounds in the absence and presence of formaldehyde. The
experimentally determined molar extinction coefficients have then been compared
with the Pauly color yield obtained from various proteins with and without form-
aldehyde present. Despite the lack of complete analytical correspondence between that
calculated for each protein and that derived from model compound data, the marked
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reduction in Pauly color that occurs upon reaction of the proteins with formaldehyde
fits the interpretation that the aldehyde reacts with the imidazole ring nitrogens of the
histidine residues. The residual Pauly color detected in the presence of formaldehyde
suggests that it is derived, in whole or in part, from the available tyrosine residues.

EXPERIMENTAL

The sources of the enzyme preparations were as follows: a-chymotrypsin (lot No. 148)
was a 3x-crystallized preparation from Armour Pharmaceutical Co. as used before (1);
lysozyme (lot No. LY633), and ribonuclease (lot No. RAD6084) were crystalline
preparations obtained from the Worthington Biochemical Corp. Formaldehyde
(37% w/v, and containing 1%, methancl) was a gift from the Celanese Corporation of
America. Imidazole and its derivatives were obtained from the Aldrich Chemical Co.
N-Methylimidazole was distilled twice before use (bp, 76°C at 6 mm Hg). N-Acetyl-
L-tyrosine ethyl ester was obtained from Mann Research Laboratories, and Cleland’s
reagent (dithiothreitol) was a Calbiochem product.

The L-1-tosylamido-2-phenylethyl chloromethyl ketone (TPCK) derivative of
chymotrypsin (13) was prepared as follows. Chymotrypsin (200 mg) was dissolved in
7.0 ml 0.05 M phosphate buffer, pH 7.0, and 3.0 ml of TPCK (32 mg in methanol),
obtained from the Cyclo Chemical Co., were added. After incubation at 20°C for 20
hr, the solution was exhaustively dialyzed against 1 mM HCI and lyophilized. The
TPCK-CT preparation contained less than 0.59 active enzyme.

Reduced ribonuclease was prepared according to the procedure of White (14) by
incubation of the enzyme in 8 M urea at pH 8 for 1 hr but in the presence of 0.01 M
dithiothreitol rather than mercaptoethanol. The solution was then dialyzed for 16 hr
against cold deionized water.

For the determination of protein concentration by absorbance measurements at
280 nm, the following optical factors and molecular weights were used: chymotrypsin
0.500, 26 100) and TPCK-CT (0.500, 26 200); lysozyme (0.382, 14 800); and ribo-
nuclease (1.4, 12 600).

The Pauly reaction was carried out according to the modification of Weiss-Szobolew
(15). Absorbance measurements were made at 530 nm with a Beckman Model DU
spectrophotometer and 10-mm cuvettes.

RESULTS AND DISCUSSION

The Pauly color yields (absorbance) of various model compounds are linearly
related to their concentrations with imidazole or acetylhistidine having a molar
extinction coefficient (4,,) of 18 700 M ~! cm~! (Fig. 1). The 4, for 2-methylimidazole
was 14 900 M ! cm~! and, as expected, N-methylimidazole gave essentially no reaction
(Ap, 70 M~ cm™). Acetyl-L-tyrosine ethyl ester produced only about 239, of the
color yield of imidazole.

In the presence of 3.1 M formaldehyde, all imidazole compounds examined were
unreactive with the Pauly reagent. That this result was not due to some unspecific inter-
ference with the Pauly reaction was shown by first permitting the diazotization step
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with imidazole to occur, followed by the addition of formaldehyde. The pH was then
raised by the addition of 109 sodium carbonate to develop the color. The color yield
was essentially the same as that obtained without formaldehyde. This would indicate
that the absence of a positive Pauly reaction when diazotized sulfanilic acid is added
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F1G. 1. The variation in Pauly color yields given by imidazole (»), acetylhistidine (O), N-methyl-
imidazole (v), and acetyl-L-tyrosine ethyl ester (O0) in the absence of formaldehyde and by the tyrosine
derivative in the presence of formaldehyde ().

07

0.6 -

05

03

ABSORBANCE {530 nm)

0.2

0.l F

i 1 ] 1 1
4 8 12 6 20
MOLAR x 108
FiG. 2. The variation in Pauly color yields given by chymotrypsin (0), TPCK-CT (e), lysozyme
(v), and reduced ribonuclease (1), in the absence of formaldehyde.
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to an imidazole compound in formaldehyde must reflect the prior formation of
N-hydroxymethyl derivatives. As stated earlier (cf. Ref. 8), these can exist under the
strong acid conditions of diazotization. In contrast to the behavior of imidazole
compounds, acetyl-L-tyrosine ethyl ester still gave a positive Pauly reaction in the
presence of formaldehyde although the molar extinction coefficient was reduced about
70%; (from 4200 to 1300; cf. Fig. 1).

The Pauly color yields obtained with proteins in aqueous solution are shown in Fig. 2.
All proteins show a diminution in absorbance in the presence of formaldehyde (Fig. 3).
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Fi1G. 3. The reduction in Pauly reaction absorbance for various proteins by the presence of 3.1 M
formaldehyde. Symbols same as in legend to Fig. 2.

In Table 1 the experimentally determined Pauly A4,, values given by the proteins
with or without formaldehyde present are tabulated. Also included in the table are
calculated Pauly yields for the various proteins in aqueous solution. These values are

TABLE 1

PAuULY CoLOR YIELDS OF VARIOUS PROTEINS IN WATER AND IN FORMALDEHYDE

Am
Ay (calcd)®
In water In formaldehyde In water
Chymotrypsin 52720 4530 50 000 (2 His + 3 Tyr)
Lysozyme 30700 1340 31 300 (1 His + 3 Tyr)
RNase 65 000 4600 87 400 (4 His + 3 Tyr)
68 700 (3 His + 3 Tyr)
Reduced RNase 82 000 7300 87 400 (4 His + 3 Tyr)
83 200 (4 His + 2 Tyr)
TPCK-chymotrypsin 47 685 4550 31 300 (1 His + 3 Tyr)

46 260 (1.8 His + 3 Tyr)

7 On the basis of the indicated number of residues and using A, of 18 700
for His and 4200 for Tyr.
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based on the assumptions (cf. Refs. 12 and 15) that the color yield in water is due to the
reactive tyrosine plus histidine content of each protein and that the molar extinction
coefficient of model compounds is applicable to similar groups in a protein.

The content of reactive tyrosine residues has primarily been inferred from the titration
behavior of the phenolic hydroxyl groups. Some tyrosines titrate abnormally; i.e., they
exhibit a time-dependent ionization that requires a pH of 12-13 for completion.
Chymotrypsin has 2 normally ionizing tyrosines out of 4; ribonuclease, 3 out of 6;
and lysozyme, 2 or 3 out of 3 (16). These values are in reasonable agreement with
tyrosine reactivity studies using a variety of reagents (/7). However, chymotrypsin
has been reported to have 3 tyrosine residues that react with cyanuric fluoride (18).
From a compilation of the available literature (17), all of the histidine residues of these
proteins appear to be “exposed” on the basis of chemical reactivity studies. It is
reasonable then to calculate the expected color yield of the Pauly reaction on the basis
of the reported reactive histidine and tyrosine content of the proteins. This is not,
however, a totally defensible position since execution of the Pauly reaction requires
exposure of each protein to strong acid conditions during the diazotization step. This
treatment may normalize ‘‘buried” tyrosine residues with a resulting increase in color
yield.

Comparison of the data in the first two columns of Table 1 shows a marked decrease
in the A,, value of a protein when the Pauly reaction is performed with formaldehyde
present. For example, with chymotrypsin there is a 929 decrease of the color yield.
Essentially similar reductions were obtained with the other proteins. Thus, for the
proteins examined, the A,, values obtained by applying the Pauly procedure to a
solution of the protein in formaldehyde are only 4-10 % of the values obtained in water.
Since model imidazole compounds in formaldehyde solution give no Pauly color and
since the color yield of the proteins with formaldehyde present are considerably less
than could be accounted for by even one reactive imidazoyl group (A4,, 18 700), the
conclusion that formaldehyde has reacted with all the histidine residues on the N
position of the imidazole ring seems inescapable.

With the exception of ribonuclease and TPCK-chymotrypsin (see below) the
calculated (column 3, Table 1) and experimental (column 1, Table 1) values approximate
those expected from the known histidine and reactive tyrosine content. The 4,, values
determined in the presence of formaldehyde are less amenable for comparison with
attempted calculated values due to uncertainties of the state of the tyrosine residues.
However, one can calculate that the color yield could arise from 3.5 tyrosine equivalents
for chymotrypsin, 1 tyrosine equivalent for lysozyme, 3.5 tyrosine equivalents for
ribonuclease, 5.6 tyrosine equivalents for reduced ribonuclease, and 3.5 tyrosine
equivalents for TPCK-chymotrypsin using 4,;, 1300 for the phenolic group in form-
aldehyde. It is to be noted that in no case does the color yield in the presence of form-
aldehyde exceed the limit of the analytical tyrosine content. It may therefore be con-
concluded that the color yield of a protein in formaldehyde is related to its tyrosine but
not its histidine content.

In the case of ribonuclease in aqueous solution, the calculated A4,, value based on
4 His + 3 Tyr is higher than found by experiment. This may indicate that some of the
postulated reactive chromophores are inaccessible to the reagent (the data are in
reasonable agreement with 3 His + 3 Tyr) and is supported by comparison with the
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result for reduced ribonuclease. Treatment of the enzyme with dithiothreitol in a
denaturing environment increased A4,, from 65 000 to 82 000, in fair agreement with
a calculated value based on 4 His + 2 Tyr. The color yield in formaldehyde was also
increased.

The data for TPCK-chymotrypsin are at variance with what one would expect on
the basis of prior literature knowledge. The site of reaction of TPCK with the enzyme
is reported to be the N*2 position of His-57 (19). The peptide fragment bearing the
carboxymethyl group as the end product of its isolation gives a negative Pauly reaction
(11). Assuming this to be true, i.e., that only one histidine residue should be available
for reaction with the Pauly reagent in TPCK-chymotrypsin, the calculated 4,, value
for 1 His + 3 Tyr gives 31 300 (cf. Table 1). The experimentally determined value is
47 685. Even if one calculates the A,, on the basis of one histidine residue and the total
tyrosine content (4 residues), the value of Ay, is increased to only 35 500. Thus, irres-
pective of the assumption concerning the number of reactive tyrosines, the experimental
Ay, value reflects a color contribution by 1.8 histidine residues rather than one residue
as would be expected. In marked contradistinction to this result, chymotrypsin that
has been methylated on the N position of the imidazole ring of His-57 (20) gives a
Pauly color yield consistent with only one reactive histidine residue (27). A higher than
expected histidine reactivity (1.6 groups) has also been detected in the reaction between
TPCK-chymotrypsin and the histidine reagent, diazonium-1-H-tetrazole (21). Further-
more, when TPCK-chymotrypsin is first denatured and S-aminoethylated prior to
hydrolysis, amino acid hydrolysis yields 1.6 histidine residues (27). These results suggest
that perhaps the imidazole ring of His-57 in chymotrypsin is not the only site of reaction
with TPCK.
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