
P '
W p

1 4- is C L L d . LQ
1

 
k c 

th ^' i - uL

01' P, r , Id C A'Y ^, .^ ^.

191 5 h Goh cth 0^

d;j tray ^^f5

1-• on'J6 f41jt Cmt fCi

rAr/(d )C(.j-C4.r( iL
P aa, ?

ThhL1 FaM6' 1jC h'/I t

^ I _ Hydr&±e

G ^ 2 a `^

3 2 0 rn,^1 d^ ^y) ^
c,^ v\

° yyi J C yi 
f J e

Ut
IJ rpt^ ^i,

,f^

f

The Reactions of Formaldehyde with Amino Acids and Proteins

By DEXTER FRENCH arm JOHN T. EDSALL

Department of Physical Chemistry, Harvard Medical Srhonl, $odor, Massachuaeae

CONTENTS Pape

LIntroduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 278

IL General Properties of Formaldehyde . . . . . . . . . . . . . . . . . 279
1. Anhydrous Formaldehyde . . . . . . . . . . . . . . . . . . . . 279
2. Structure of Formaldehyde in Aqueous Solution: Methylene Glycol. . . 279
3. Reactions of Formaldehyde with Functional Groups Found in Amino

Acidsand Peptides . . . . . . . . . . . . . . . . . . . . . . 281
a. Addition and Condensation Reactions : . . . . . . . . . . . . . 281

(1) The Amino Group . . . . . . . . . . . . . . . . . . . . . 211
(2) The Imino Group . . . . . . . . . . . . . . . . . . . . . 282
(3) The Amide Group . . . . . . . . . . . . . . . . . . . . . 282
(4) The Peptide Linkage . . . . . . . . . . . . . . . . . . . 282
(5) The Guanidino Group . . . . ... . . . . . . . . . . . . . 2 3
(6) The Hydroxyl Group . . . . . . . . . . . . . . . . . . . . 2.3
(7) The Carboxyl Group . . . . . . . . . . . . . . . . . . . 283
(8) The Sulfhydryl Group . . . . . . . . . . . . . . . . . . . 283
(9) Aromatic Rings . . . . . . . . . . . . . . . . . . . . . 283

b. Reduction, Alkylation, and other Reactions . . . . . . . . . . . 284

III. Methods Applicable to the Study of the Reactions of Formaldehyde with
AminoAcids and Proteins . . . . . . . . . . . . . . . . . . . . . 284

IV. The Reactions of Formaldehyde with the Amino G roup in Simple Amino Acids 285
1. Ammonia and Amines . . . . . . . . . . . . . . . . . . . . . . 2 :5
2. Glycine . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287
3. Reversible Equilibria Involving only the Amino or Imino Group. . . . 2 .9

a. Potentiometric Analysis . . . . . . . . . . . . . . . . . . 2 .9
b. Polarimetric Analysis . . . . . . . . . . . . . . . . . . . . 295

4. Influence of Structure on Observed Association Constants . . . . . . 298
5. Limitations to the Simple Formulation of the Reaetiuns of Amino Groups

withFormaldehyde . . . . . . . . . . . . . . . . . . . . . 800
8. Choice of Conditions for the Formol Titration . . . . . . . . . . . . 301

V. Polyfunctional Amino Acids and Peptides . . . . . . . . . . . . . . . 303
1. Cysteine (Djenkolie Acid) . . . . . . . . . . . . . . . . . . . . . 303
2. Serino and Threonine . . . . . . . . . . . . . . . . . . . . . . 306
3. Asparagine . . . . . . . . . . . . . . . . . . . . . . . . . . 806
4. Diketopiperasine and the Peptides . . . . . . . . . . . . . . . . 303
5. Tryptophan . . . . . . . . . . . . . . . . . . . . . . . . . . . 310
6. Phenylalanine and Tyrosine . . . . . . . . . . . . . . . .. . . . 311
7. Histidine . . . . . . . . . . . . . . . . . . . . . . . . . . . 312
8. Arginine . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316
9. Lysine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316

277



mil] PAi&1b'tt 1
f
1 btnIt21 AND .VIIN 1. I LbALL WITH AM IZW AC1D8 AND YliU'MUMIS £Al

I R

on of higher polymers. For accurate studies, involving determination
of equilibrium and velocity constants, solutions of purified formaldehyde
are, of course, decidedly preferable to those containing methanol.

} sing_point measurements of aqueous solutions of formaldehyde
(Auerbach and Barschall, 1905) indicate that at concentrations up to one
molar or more, the formaldehyde is present chiefly in monomeric form.
However, the ultra-violet spectra of such solutions (Bielecki and Henri,
1912) show no evidence of the characteristic absorption band near 2800 A,
which is typical of compounds containing the carbonyl group. Likewise,
the Raman spectra of aqueous solutions of formaldehyde (Hibben, 1931;
Krishnamurti, 1931; Kohlrausch and Kdppl, 1934) show no evidence of the
typical carbonyl vibration frequency near 1700 cm.'. These facts, com-
bined with the low volatility of formaldehyde in aqueous solution, indicate
that it exists chiefly as the h drate methylene glycol CHs(OH)s 2 At
higher concentrations, the molal freezing point epression of ormaldehyde
in water is considerably less than that calculated for methylene glycol,
suggesting the presence of formaldehyde polymers in equilibrium with the
monomeric form. Auerbach and Barschall (1905) calculated an equilibrium
constant for the monomer and an assumed open chain-trimeric form,
assuming the reaction to be

HO`CH2--O-CHr-O-CH1-OH+2 Hs0-,-3 HO-CH:-OH (1)

They found that a value of K = 0.0264 gave a good fit to the observed data.
On this basis, the concentration of monomeric formaldehyde approaches
a maximum of about 11 per cent when the total concentration of formalde-
hyde is 20 per cent. The monomer concentration would not increase above
this value with increase of total formaldehyde up to 40 per cent. It seems
certain, however, that Equation 1 must be an inadequate representation
of the equilibrium actually existing in formaldehyde solutions. There is
every reason to expect the presence of the dimer and (in smaller concentra-
tions) of a series of polymers larger than the trimer.

On diluting a concentrated solution of formaldehyde, a measurable
amount of time is required for the depolymerization to take place. Wadano,
Trogus, and Hess (1934) have studied the kinetics of the depolymerization
reaction. They found the rate to vary markedly with pH, reaching a

x Confirmatory evidence may be obtained from the apparent molal volume of formal-
dehyde in such solutions. From the density data of Auerbach and Barecha ll (1905),
this volume is calculated as app roximately 21 cc. per mol. Employing the atomic volumes
deduced by Traube (1899) (see also Cohn and Edsall, 1943, p. 157) and a co-volume of
13 cc, the value for H,C=O should be near 34.5 cc. The calculated value for CH,(OH),
is 38.0 cc. However, one mol of water, with a volume of 18 cc. is consumed in the forma-
tion of a mol of methylene glycol; hence, the expected value for the latter compound is
20 cc./mol, in very good agreement with the apparent molal volume actually observed.

minimum in the pH range 2-4 and increasing rapidly as the pH deviates
from this minimum in either direction. At pH values of 7 and above, the
equilibrium state is reached very quickly. There is no convincing evidence
that the final equilibrium state is dependent on pH, and no such dependence
would be expected if the stable forms of the monomer and polyme rs are
uncharged molecules; see the discussion by Levy and Silberman (1937).

Formaldehyde in aqueous solution is a very weak acid, the pK value
according to Wadano (1934) being 12.79, and according to Levy (1934)
being 12.87. Even this very weak acidity, however, leads to the neutrali-
zation of significant amounts of alkali at pH values of 9 or even below, in
moderately concentrated formaldehyde solutions — a fact which has
important implications, as Levy has pointed out, for the accuracy of the
formol titration.

3. REACTIONS OF FORMALDEHYDE WITH FuxcTzoNAL GROUPS FOUND

IN AMINO ACIDS AND PEPTIDES

a. Addition and Condensation Reactions

The most frequently encountered reaction of formaldehyde is its addi-
tion to a compound containing an active hydrogen atom with the forma-
tion of a hydroxymethyl compound:

R,-H+CH2O±R-CH2(OH) (2)

If the formaldehyde is present as methylene glycol, this may be formulated
as a condensation reaction,

R-H+CH=(OH) R-0H2(OH)+H20 (2a)

The hydroxyl group thus formed is usually reactive and may condense
with another atomic grouping containing an active hydrogen atom to
form a methylene bridge:

R-'CH, (OH) +H-R'^R-CHr-R'+HiO (3)
This condensation may take place intramolecularly with the formation

of cyclic structures, intermolecularly with the formation of molecular
aggregates, or with more formaldehyde molecules to form polyoxymethy-
lene chains or bridges. In general, one may expect the formation of cyclic
structures in polyfunctional amino acids if steno conditions are favorable,
and there is now abundant evidence, presented later in this discussion,
that such structures are actually formed.

Numerous groups found in amino acids, peptides, and proteins are
capable of undergoing addition and condensation reactions with formalde-
hyde.

(1) The Amino Group. The reactions of this group with formaldehyde
have certainly received more intensive study than those of any other group.
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• . b. Reduction, Alkylation, and Other Reactions

Aldehydes in general, formaldehyde in particular, arc good reducing
agents and under appropriate conditions alkylating agents. Clarke,
Gillespie, and Weissbaus (1933) have shown that amino acids may be
methylate

d by boiling with formaldehyde in the presence of very concen-
trated formic acid. The process eventually leads to considerable deamina-
tion with the simultaneous formation of methylamines. N-Dimethyl
glycine may be prepared in this way, but many other amino acids are
rapidly deaminated.

It is possible that formaldehyde may reduce disulfide linkages and then
react with the newly formed sulfhydryl groups. Convincing evidence on
this point is lacking (see the discussion of keratin in Part VI).

III. METHODS APPLICABLE TO THE STUDY OF THE REACTIONS
OF FORMALDEHYDE wlm AMINo Acme AND PROTEINse

We shall, at this point, give only a brief summary of the methods
employed for studying the reactions of formaldehyde with amino acids and
proteins, since the methods can in general be more conveniently presented
in connection with the discussion of the various reactions that have been
studied. The isolation, crystallization, and analysis of well defined com-
pounds has been repeatedly attempted. Particularly in the case of the
polyfunctional amino acids, which can react with formaldehyde to give
ring structures containing a methylene bridge, important evidence has
been obtained by the actual isolation of the resulting compounds (see

In the study of compounds which release formaldehyde on hydrolysis, the
formaldehyde can be distilled off and the distillate analyzed for formalde-
hyde. The difficulties involved in this procedure, and the precautions
which should be taken, are further discussed below. Also, the amount of
unbound and reversibly boundformaldehyde in a system maybe determined
by adding dimedon (d imethyldibydroresorcinol) to the mixture, and
filtering off and weighing the insoluble methylene addition product. This
method has been employed by Wadsworth and Pangborn (1936) in their
study of the combination of various amino acids with formaldehyde. It
was also employed by Nicolet and Shinn (1941) and by Martin and Synge
(1941) for the isolation of the formaldehyde produced by periodate oxida-

= A general survey of methods for the detection and analysis of formaldehyde has been
given by Walker (1944), Chapters 16 and 17.
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tion of serine and hydroxylysine in protein hydrolyzates. 4 The compounds
form slowly, and several days must generally be allowed for complete
precipitation. Clearly, analytical methods of this sort cannot be applied to
obtain information about the equilibrium state of systems in reversible
equilibrium. For information about systems of the latter type, one must
turn to the methods of physical chemistry.

Two methods of the latter sort have proved particularly powerful in the
study of the equilibria between formaldehyde and the free amino group
of amines, amino acids, peptides, and proteins:

(1) Potentiometric Analysis. In this method, the pH of a buffer system,
made up of the acidic and basic forms of the substance under investigation,
is studied as a function of the concentration of formaldehyde added. From
observed changes in pH, and from the fundamental equations of acid-base
equilibrium, important inferences may be drawn concerning the affinity
of formaldehyde for the combining groups in the molecule being studied,
and concerning the number of formaldehyde molecules which can react
with such groups. The method is discussed in detail in Section IV below.

(2) Polarimnetric Analysis. The optical rotation of optically active
amino acids and their derivatives is markedly altered when formaldehyde
combines with a group adjoining the center of asymmetry. If a second
molecule of formaldehyde combines with the reacting group, a further
change in optical rotation occurs which can, in general, be clearly distin-
guished from that due to the addition of one molecule of formaldehyde.
Here again the detailed discussion of the application of the method is pre-
sented in Section IV.

In recent years, intensive study has been devoted to the mechanism of
the action of formaldehyde as a tanning agent on collagen, casein, and
other fibrous or potentially fibrous proteins. A detailed discussion of some
of the principal methods employed in such studies, and the results obtained,
is given in Section VI.

IV. THE REACTIONS OF FORMALDEHYDE
WITH THE AMINO GROUP IN SIMPLE AMINO ACIDS

1, AMMONIA AND AMINES

Ammonia, the simplest amine, is somewhat unusual in its reaction with
formaldehyde, yielding the very compact and Symmetrical hexamethyl-
enetetramine :

4 As Neuberger (1944) has recently pointed out, formaldehyde formed by periodate
oxidation from serine may react irreversibly with histidine or other aromatic amino
acids present in the hydrolyzate, the analytical determination of serine being thereby
falsified. An extensive discussion of periodate oxidation methods, in the analysis of
hydroxyamino acids, is given by Martin and Synge in this volume.
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• react with the added alkali, the optimum conditions for titration would lie
at the highest obtainable F concentration. However, F is an acid of pK
now 12.9 (Levy, 1934). Its presence in the solution athigh concentration
herefore, has an effect which, from the point of view of the titration, is

equivalent to a large increase in L. Thus there is an optimum region of
F concentration for the formol^titration, in which the pG f values are
sufficiently depressed to make the titration satisfactory, but in which the
concentration of anions at the end point, due to the dissociation of F itself,
is small enough to produce little error. A detailed analysis of the problem
has been given by Levy (1934) who concludes that the maximum accuracy
is obtained when the F concentration is 6-9 per cent at the end volume.
He recommends that neutral formality, adjusted to pH 7, should be used,
that no correction for a blank should be made, and that the amino acids be
titrated at as high a concentration as possible. The error of the titration is
smallest when the solution at the end point contains equivalent quantities
of the amino acid and the added alkali. If F=2.3 M, this occurs when
pH is equal to 9.6+3a the log of the molar amino acid concentration.
For a 0.1 M amino acid at the end volume, the proper end point is some-
where near pH 9.1. 1' In the presence of large amounts of proline, as in
gelatin hydrolyzates, the end point of the formaldehyde titration should be
somewhat more alkaline than otherwise (Levy, 1934, p. 164).

The stoichiometric relations involved in the formol titration have been
discussed by Van Slyke and Kirk (1933). If the titration is •begun at the
isoelectric point of the amino acid and carried to an end point near pH 9
in formaldehyde, the titration gives a measure of the free carboxyl groups.
If the titration is started at pH 7 in water and carried to the same end point,
it gives a measure of the free amino groups present. The latter method is
generally the condition of choi ce ; obviously the first method can only be
applied to a single amino acid, or to a mixture of amino acids which are all
of the same charge type.

Highly accurate formol titrations have been carried out by Dunn and
Loshakoff (1936a) who determined pH, during the progress of the titra tion,
on the glass electrode. Choosing the conditions of the titration to be nearly
optimum according to the directions given by Levy and summarized above,
they determined the electromotive force (E) as a func tion of the volume (V)
of added alkali. The function AE/AV passes through a sharp maximum
near the stoichiometric end point, which can thus be located with very
high precision. In this method, the absolute pH values are not of impor-
tance, but only their variation with V. This method is admirably suited to

l4 The conditions for the titration of the dibasic amino acids require special considera-
tion (Levy, 1935). In particular, significant errors are to be expected for histidine, if it
is titrated under the same conditions as the other amino acids.
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titrations of individual amino acids for determination of analytical purity;
and Dunn and Loshakoff report that the error of the method for this pur-
pose can be reduced to 0.1 per cent or less. With some modifications,
methods based upon the same principle should be applicable to more

complex mixtures of amino acids, but the accuracy of the titration in a

mixture must necessarily be somewhat lower.
Borsook and Dubnoff (1939) described an ultramicro modification of

the glass electrode formol titration of Dunn and Loahakoff. It should be
noted that the conditions chosen by them for the titration deviate markedly
in several respects from those recommended by Levy; presumably these
conditions were chosen deliberately for special purposes, and could be
suitably modified by other workers without alteration of the ultramicro
technique. Sisco, Cunningham, and Kirk (1941) have described a micro
titration by quantitative drop analysis, which permits the determination

of 4 to 10 pg. of amino N with an accuracy comparable to that of the macro
method as ordinarily carried out. Here again (as the authors have indi-
cated) accuracy could be improved by using a higher F concentration, with

F adjusted to pH 7, and a final pH of approximately 9, following Levy's

recommendation.
Martin and Synge discuss the formol titration as an analytical tool

elsewhere in this volume.

V. PoLy UNCFIONAL AMIxo Acme. AND PEPTIDES

When functional groups other than the amino group are present in an
amino acid, the possible complexities of the formaldehyde reaction are
increased. Reactions of the types already outlined may occur at two or
more points in the molecule, and any one of the initial products may react
with another free functional group, with elimination of water and methy-
lene bridge formation. However, the relative rates of the various possible
reactions may be so different that a satisfactory description of the reaction
mechanism, and of the products obtained, may be achieved. In the cases
of cysteine and asparagine, the products obtained are well characterised,
and there is considerable knowledge of the steps in the reaction. In other
cases — tryptophan, tyrosine, phenylalanine, histidine — crystalline reac-
tion products have been obtained and identified, although the mechanism
of the reaction is still almost unknown. The guanidino group of arginine,
and the peptide linkage, are known to react with formaldehyde, but neither
the exact mechanism of the reaction, nor the exact nature of the deriva tives

formed, is yet known for arginine or the peptides.

1. CYSTEINE

The reaction of F with cysteine has been examined by several workers
with substantially identical results. The most complete report is given by
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