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The mechanisms developed for explaining the aldehyde tanning of pro-

feins are fundamental to the understanding of the mechanisms of all types
of tanning and the general reactions of proteins. The importance of alde-
hydes in the “abilization of synthetic protein fibers has led to a tremen-
dous incrense, since 1940, in the volume of research on the reaction of
aldehvdes with proteims. The impacet of this mass of accumulated data upon
the theory of the reactions of aldehvdes with proteins has not been fully
realized. The results to be prosented will show that many of the early
hvpotheses were hased upon unsound generalization, therefore a full de-
velopment of the early hypotheses will be of little value in understanding
the complex nature of this reaction. Most of the early history of the reaction
enn be traced through recent peview articleszs s e

The emphasis in recent years has been on improved analytical techniques,
more rigidly controlled experiments, and {he use of model structures to
prove some of the more clusive charaeteristies of the reaction. The true
significance of many of the former researches has heen realized; this has
rovenled the complexity of the renetion, and many of the anomalous re-
<ults previously obtained can now be assigned to clearly defined phases of
the reaction.

The reaction of aldehydes with proteins ean be conveniently separated
into three types: the equilibrium type, the nonequilibrinm but chemieally
roversible type, and the truly irreversible type. The complexity of the re-
action, however, arises from {he fact that the produet from one type may
become involved in further rencetions of a different type. The existence of
{hese three types of reaction has heen responsible for much of the confusion
in the early studies. This is <hown clearly in the discussion of the analytical
problems.

Sinee formaldehyde has ceveral distinet advantages over the other al-
dehydes both for industriad application and for ease of analysis, it is not
surprising that formaldehyde has been used in most of the studies on al-
dehyde tanning. The discussion to follow will, therefore, be devoted mainl;
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o the formaldehyde reaction. The use of other aldehydes will be covered
in o separate seetion.

PROBLEMS OF PROTEIN-FORMALDEHYDE REACTIONS

Removal of Excess Formaldehyde from Proteins. Most formalde-
hyde-hardened proteins are prepared by treating the protein in a large
coss of Tormaldehyde solution. A protein so treated will contain not onl;
combined formaldehyde but also formaldehyde held mechanically in the
olution wetting the solid. Nitschmann and Hadorn® have shown that if
(he mechanieally held formaldehyde solution is removed by washing (the
senerally aceepted practice), the reversibly bound formaldehyde will also
be removed. The rate of removal of formaldehyde from treated hide powder
by washing with water wasshown by Green® to be fairly uniform even after
9 days of continuous washing. Bowes and Kenten? found that formaldehyde-
treated collagen which had been washed for 24 hr in a Wilson-Kern
tretor lost an additional 10 per cent of its formaldehyde content when it
was washed for another 24 hr.

Since the reported duration of washing used in different laboratories
varies from a few hours to several days, the total amonnt of formaldehyde
hound by treatment with solutions of the same formaldehyde concentra-
tion may be found not to be identical. If, however, adequate control experi-
ments have been run, the conclusions on the amounts and locations of the
nonequilibrium and irreversibly bound formaldehyde should be valid. Tt
i< these two types of reaction which contribute most of the desirable effects
produced by formaldehyde hardening of proteins.

.‘\ pressing technique devised by Cameron et al.? to remove free water and
e clectrolyte from protein samples was employed by Thels™ to remove

the solution and unbound formaldehyde from hide preparations. The prepa-
Ftions obtained by this pressing technique should theoretically contain the
reversibly i well as the irreversibly bound formaldehyde. Gustavson,* how-
ever, showed that the pressing technique can yield high results because
<ome of the solution may remain within the pressed mass. The pressing
technique, therefore, appears to be of little value in aiding the study of the
reversibly bound formaldehyde, although it could, perhaps, be used to ap-
proximate the maximum amount of total formaldehyde bound by a pro-
tein. The error would be small for very dilute formaldehyde solutions but
might become appreciable where higher concentrations of formaldehyde
are used.

Determination of Dissolved Formaldehyde. Several methods exist
for determining the amount of formaldehyde in solution; however these
do not always give unequivoeal results when used to determine the unre-
acted formaldehyde left in solution. In reactions of formaldehyde with in-
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<oluble proteins, the unreacted formaldehyde left in solution can be casily
determined. However, the probable presence of nonsolvent water bound to
the protein creates an uncertainty in the total solution volume and a cor-
responding uncertainty in the values for hound formaldehyde obtained by
thix method.

With soluble proteins and model compounds the methods for determin-
ing formaldehyde in solution fail to distinguish between free and asily
reversibly bound formaldehyde. The Vorliinder™ dimedone (5,5-dimethy
I, 2-cvelohexanedione) reaction was developed into a very aceurate gravi-
metrie determination for formaldehyde by Yoe and Reid,* who worked out
a specific et of conditions for the determination. However, the required
12-hr period of standing permits the transfer of some reversibly bound form-
aldehyde from the protein to the reagent if the formaldehyde-treated
protein ix present with the reagent.

MaeFadyen® studied the dimedone renction with the aid of a specetro-
photometrie modification of the chromotropic acid (4,5-dihydroxy-2,7
naphthalene disulfonic acid) renction. He discovered that a combination of
the dimedone and chromotropie acid reactions was a valuable method for
<tudyving the formaldehyde content of fairly labile formaldehyde deriva-
tives. The dimedone reaction carvied out at pH 7 or 8 for 30 min at 37°C
will precipitate the “free” formaldehyde. The methylene bis dimedone
derivative formed in this reaction is stable in the boiling 10M sulfurie acid
used in the chromotropie acid procedure. The boiling acid, however, hy-
drolvzes all reversibly bound formaldehyde from the treated protein. The
“free” formaldehvde ean thus be determined from the difference in value
for formaldehvde obtained by the chromot ropic acid method on the original
mixture and that found in a sample of this mixture after treatment with
dimedone. This method will not distinguish between free formaldehyde and
formaldehyvde bound in an easily reversible manner.

Where formaldehyde solutions do not contain other materials which will
renet with iodine, the formaldehyde ix probably best determined by an

iodometriec method.
HCHO + Ty 4 H,0 — 2HI 4+ HCOOH

Thic reaction oceurs rapidly in alkaline media. The amount of iodine re-
quired can be meazured cither by direct titration with standard iodine or
by back titration of a known amount of iodine with standard thiosulfate.
The iodometric method is usually used to determine the formaldehyde lib-
ernted by aeid distillation in the determination of combined formaldehyde.

Determination of Combined Formaldehyde. The significance of the
acid=distillation method for the determination of formaldehyde in treated
proteins has also been reinterpreted. The method of [ighberger and
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Retzseh®® has been shown to be incapable of determining all of the formalde-

hyde bound by some proteins and, under some conditions, may actually
result in an irreversible hinding of some of the previously reversibly bound

formaldehyde. Nitschmann and Hadorn® were able to recover only

cent of the formaldehyde added to a sample of easein when they ana

it necording to the method of Highberger and Retzseh. When the 2N
furie acid of Highberger’s method was replaced with 0.1N phosphorice acid,
the recoveries were raised to 100 per cent. Later, however, with Lauener,®
they found it necessary to use multiple distillations and even a subsequent
addition of acid to obtain complete discharge of formaldehyde from samples
of formaldehyde-tanned casein that had been heat-treated. Swain el al.™
did not find a difference hetween the results when either 28 sulfurie acid or
(.1N phosphoric acid was used, provided that the sample was distilled an
adequate number of times, with the addition of water between each distil-
lation.

Nonrecoverable Formaldehyde. In the meantime, Baudot had
<hown that distillation with sulfurie acid did not give full recoveries of
formaldehyde from proteins that contained appreciable quantities of histi-
dine and tryptophane. Proteins containing little or none of these amino
acids released their formaldehyde completely. Nitschmann and Lauener®
helieved that this difference between proteins must be due to a reaction of
formaldehyde with the tryptophane and histidine liberated by the hydro-
[vtie action of the strong acid. Iree tryptophane has been shown® to react
with formaldehyde at high temperatures and in strong acid to produce
5 6-tetrahydro-t-carboline-5-carboxylic  acid. This  compound will
.\'i('l(l formaldchyde on acid hydrolysis. Histidine also reacts with form-
aldehyde under the same conditions to produce 1,2,5,6-tetrahydro-
pyrido-3, d-iminazole-6-carboxylic acid which also fails to produce formal-
dehyde on acid hydrolysis.

"This, however, does not appear to be the complete story, for Nitschmann
and Lauener® have demonstrated that acetylation of casein prevents the
irreversible binding of formaldehyde during the distillation. Since the acetyl
vroups are expected to hydrolyze during the acid distillation, they should
have little effect on the irreversible binding of formaldehyde if the action
oceurs only during the distillation and only on free tryptophane and histi-
dine.

The oceurrence of a reaction of formaldehyde with tryptophane in poly-
peptides was shown by Iraenkel-Conrat, Brandon, and Oleott.?? They noted
a close agreement between the equivalents of {ryptophane in gramicidin
with the amount of formaldehyde introduced, and the number of hydroxyl
eroups formed when formaldehyde reacts with gramicidin. The usual color
tests for the indole nueleus do not produce color with either the hydrolyzed
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or unhydrolyzed formaldehyde-treated gramicidin. This gramicidin deriva-
tive will liberate formaldehyde in strong alkali, but it will only partially
liberate the formaldehyde in acid solution. The formaldehyde, therefore,
appears to be bound to the tryptophane as a methylol group before the
analvtical distillation. This preliminary hinding may be essential to the
formation of the irreversibly bound formaldehyde which occurs during the
anal

Another example of irreversibly bound formaldehyde was reported by

Alexander, Carter, and Johnson,! who found that the reaction of formalde-
hvde on wool caused a reduction in the amount of tyrosine recovered after
hvdrolysis. The formation of a methylene eross hond between an epsilon
amino group of lysine and the 3 position of the tyrosine ring was postulated.
Thix bond is believed to break during the acid distillation to yield a sub-
stituted tyrosine and result in the apparent disappearance of the formal-
dehyde involved in the linkage.

In the early part of this discuwssion, it was emphasized that there wis a
degree of uncertainty in the values for formaldehyde held by eaxily reversible
hinding. In the latter part, it was shown that some formaldehyde was alxo
hound to proteins in =uch a fashion that the usual analytical procedure
would not deteet it. These limitations of the analytical data should be
borne in mind through the following discussions, for there will be numerous
instances where the accumulated data still are not sufliciently comprehen-
<ive to resolve completely the many complexities of the formaldehyde re-
action.

These diflicultios with the analytical techniques have heen minimized to a
large extent by limiting the scope of the reaction through the use of simpler

tems. Much of the recent work has been done on model systems con-
taining only one or two reactive groups. These studies were then extended
to proteins or polypeptides rich in the particular groups under investiga-
tion. The effect of a single group or the interaction between two groups
could thus be evaluated even though the analyvtical technigques were not
sufliciently reliable to give an accurate over-all picture of the reaction.

Similar results were also obtained by removing some of the reactive
eroups from a protein by chemicenl means such as deaminization or deami-
dation or by masking the groups chemieally by acetylation or esterification.
In these cazes the effect of the altered group ix obtained by difference, and
the analvtical methods are suflicient to give reliable datain many stances.
The resultx of these studies will be presented later under the discussion of
{he offeets of the various individual groups.

FACTORS INFLUENCING FORMALDEHYDE FIXATION

Effect of Formaldehyde Concentration. Although the analytical
methods available do not give a complete picture of the extent of the formal-
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Figure 17.1. Effect of conceentration on the amount of formaldehyde bound by
hide powder.

dehvde reaction, the studies already made are of value to indicate the gross

aspeets of the reaction. The data of Highberger et al.® 47 on the reaction
of Tormaldehyde with a purified collagen give the most complete picture
of the effects of concentration and pIl upon the reaction. When the data of
these papers are interpolated along @ smooth curve to give values at a con-
'1( pll, we can construet a family of curves such as those in Figure 1

tre the amount of formaldehyde bound in 24 hr is plotted against the
concentration of formaldehyde solution in which the collagen is treated.
The shape of the curve shows that there is an appreciable binding of formal-
dehyde from dilute solutions and that the amount of hound formaldehyde
inereases with inereasing formaldehyde concentration even up to about 25
per cent.

Since most of the experimental work has been performed with low or
moderate concentrations of formaldehyde, the groups or reactions respon-
<ible for the additional binding at high concentrations have not been defi-
nitely worked out. It ix doubtful, however, that it can be held by a primary
linkage to any of the reactive groups, because these appear to be com-
pletely utilized at much lower concentrations of formaldehyde. Perhaps
the renctions in this region of coneentration are those of polymer forma-
tion initinted on formaldehyde already bound to the protein.

Highberger and Saleedo™ suggested that the limit of formaldehyde bind-
ing al pll 7 appears to be twice the amino concentration. This is probably
4 coincidence sinee it negleets the binding by other groups which is now
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Figure 17.2. Rate of formaldehyde binding on casein.
Dita of Nitschmann and Hadorn® pll 7, 17°C, 2 per cent formaldehyde.
@ D:ata of Wormell® pH o1, 35°C, 1 per cent form: 1l(l( thyde in saturated sodium
sulfute.

Known to oceur in this pI region also. Another explanation is the possible
Ierense in crosslinking reactions due to the dehydrating effects of the more
concentrated formaldehyde solutions.

Formaldehyde Fixation Rate. Highberger and Retzseh™ determined
the mte of binding of formaldehyde on collagen n neutral solutions of 1
per cent formaldehyde, and showed that there was o very rapid initial re-
action which gradually slowed down and approached completion within
12 10 18 hr. Nitschmann and Hadorn, 5 however, found that, in addition to
the rapid initial reaction, casein in neatral \ulnlmn\ also showed a very slow
reaction which continue « for davs. The long time required to obtain equi-
librium hetween casein and formaldehyde was also shown by Carpenter
and Lovelneet The Tower curve of Figure 2 shows o xet of data obtained
by Nitschmann for the formalde hyde bound at neutrality from a2 per cent
colution of formaldehvde. The upper curve is from the data of Wormell
and Kave and shows asimilar type of reac tion obtained under more dras-
tic conditions 1 per cent formaldehyde in saturated sodium sulfate solu-
ion at pIl 1.0 and at 35°C. The initial rapid fixation, followed by a slower
fixation requiring several de is again evident.

Ioven with the simple uren and formaldehyde model system, Smythe®
<howed that the renction starts with arate about fourteen times that of the
subscquent slower reaction.

Ividence for o multiple-reaction rate system was also presented by
Wiugh and Livingstone,» who noticed  that formaldehyde inactivates

fibrinogen by a rapid roversible reaction and a slower irreversible reaction.
In 0.38 per cent formaldehyde, complete inae tivation will oceur within 60
min, but within this time the reaction can he completely reversed by rapid
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diady=ix. I the reaction proceeds longer than 60 min before the di: Uysis oc-
curs, irreversibly inactivated fibrinogen is obtained in amounts which in-
crease with the time of reaction,

Effect of pH. The effect of the pIl of the solution ll}mn the binding of
formaldehyde by proteins appears to he quite similar for all proteins. At
normal temperatures the binding is usu Uly rather low under moderately

S| conditions, and it inereases to quite high vidues under moderato ly adka-

> conditions. Figure 3, from the work of Highberger and Retzsch™ on
the formaldehyde binding of « purified collagen powder, shows this trend
at several formaldehyde concentrations. The presence of « plateau in the
curves at some concentrations has heen aseribed on aspeculative basis to
various causes. The amino group probably plays no great role in this phe-
nomenon, sinee the plateaun also oceurs in completely deaminized collagen.
Thisxis <hown in Figure 6. Tt ix also unlikely that the phenomenon can bhe
explained by the saturation of any particular group with formaldchyde at
these pll values, beeause the plateau does not oceur in the =olutions of
higher or lower formaldehyde content.

Under highly acid conditions there may be an inereased binding of formal-
dehyde if certain dehydrating conditions are present. The combination of
high Tormaldehyde concentration, high temperature, }li“} salt concentra-
tion, and high acidity enables the (lllll(l(’ groups to react with formaldehyde.
Protems high in amide content thus can show marked inerenses in formal-
dehyde binding in the very low pll region. This reaction will he discussed
further in the section on the reaction of the amide groups.
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FUNCTIONAL GROUPS INVOLVED IN THE REACTION

Reactions of the Amino Group. The amino group (- NIl) is perhaps
the most important reactive group in the profeins. Beeause of its basic

nature, it plays a major role in all the phenomena related to the saltlike
linkages in proteins. Any reaction which involves the amino groups can be
spected 1o cause profound changes in the properties of the protein. It ix,
therefore, not surprising that the amino groups played the most important
role in the carly studies of the action of formaldehyde on proteins. These
carly studies are adequately reported in previous reviews and will not be
deseribed here.

There are two {ypes of amino groups in proteins: the alpha AMino groups
of the terminal amino acid of the protein chain and the epsilon amino
oroup of the lysine side ¢hain. Tt is impossible at present 1o determine any
differences in the manner of their reaction with formaldehyde.

The reactions of the alpha amino group with formaldehyde cannot be
<tudied conveniently in the proteins themselves, but many studies have
been made on the alpha amino groups of the amino acids and their deriva-
fives., One of the most promixing techniques involves the use of the optical
activity of the amino acids, When 2 reaction oceurs on i group which is
attached to an optically active center of a molecule, the optical rotation of
the svstem will change. The relationship of this change to the concentration
of the reagent causing the change will usually show some of the characteris-
{ies of the reaction

Figure 1, obtained by Carpenter and Lovelaee,”? shows that when as-
paragine ix treated with formaldehyde there is an abrupt rise in the levoro
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Figure 17.1. Effect of added formaldehyde on the angular rotation of 0.02 mole of
codium L-asparaginate according to Carpenter and Lovelace.'?
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Figure 17.5. Titration curves for collagen and formaldehyde-treated collagen
acceording to Theis. ™ A collagen; B8, collagen treated with 1 per cent formaldehyde;
Ccollagen treated with 5 per cent formaldehyde.

{atory power of the mixture until T mole of formaldehyde has been added
for each mole of asparagine present. Beyond this point there is a rapid de-
erease in the optical rotation as a secondary reaction occurs. No excess of
formaldehyde is found by Vorlinder’s reagent until the first molecule of
formaldehyde is completely added. The second molecule to be bound is so
lightly held that it is removed by Vorlinder’s reagent. With the additio

of the first molecule of formaldehyde, there was a rapid inerease in the
avidie properties of the asparagine. This indicates that the first molecule
ol formaldehyde reacts with the amino group.

Theis™ has shown very clearly (Figure 5) that formaldehyde produces a
ked change in the titration curve of collagen only in the region at-
wted to the amino groups. Many of the older papers ‘essed the belief

that the amino groups could react with formaldehyde only in the uncharged
state (N1, even though Svehla™ was able to show in 1923, by the use
of freezing-point measurements, that compounds were formed between
amino acids and formaldehyde without the addition of alkali. Recently
Iraenkel-Coonrat el al.?'** and Gustavson® have shown that formaldehyde
reacls with amino groups in the acid region, causing the discharge of hy
drogen ions from the N1+ groups which exist under these acid conditions:

R -NH;" + CH,O — R—NH--CH,OH + HY

This is, in principle, the mechanism involved in the formol titration of
amino acids,

The reaction of formaldehyde with aspartic and glutamic acids was shown
by Carpenter and Lovelace™ to form definite monomethylol compounds
which would react with additional formaldehyde to form unstable com-
pounds that could not be isolated. Glutamic acid required 2.2 times the con-
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centration of formaldehyde used by aspartic acid to reach the sume ratio
of mono- to disubstituted derivatives. This shows that proximity of the
<ccond carboxvl group in these compounds has o pronounced effect upon the
secondary reaction,

Fricden, Dunn, and CoryellP were able to show by polarimetrie meas-
wrements that anionie lvsine adds 1 formaldehyde molecule to each amino
eroup in the first stage of the reaction. Sinee the optical rotation changed
loss for the first equivalent of formaldehyde added than for the second, one
mieht cliim that the epsilon amino group reacts hefore the alpha amino
eroup. The difference in degree of reaction i <light, however, and for the
remainder of the diseussion no distinetion will be made between the alpha
and epsilon amino groups.

The number of renctive groups in proteing makes it diflicult to axeribe a
portion of the total formaldehyde adsorption to any specific group. Many
<tudies have, therefore, been made with modified proteins wherein one or
more of the groups have heen changed. Thix ereates a difference in compo-
<ition which mayv be compared with o change in formaldehyde binding.

The limited data of Meunier and Sehweikert,» showing that the formal-
dehvde-binding capacity of deaminated collagen i< lower than that of native
colligen, were supplemented by the more rigorous dataof Tighberger and
Retzeeh™ which are shown in Figure 6. These datay over aowide plTrange,
<how very clearly that the effeet of deamination on formaldehvde binding
oceurs even at low plland that there is practically no additional effeet

above pll 8. Above this pll the curves have about the same slope and are

roughly parallel to eanch other. These results indieate that the amino group
react= with 1 molecule of formaldehyde.

Nit<chnnn and Hadorn® found o similao difference between casein
and desiminated easein treated with 10 per cent formaldehyde solutions

0.8 — T
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for 21 hr. However, when the treatment was continued for 30 days, the
difference in form: |I<l< hyde uptake between the two materials was much less
than the amount obtained during the short-time freatment, even though
the total formaldehyde uptake had more than doubled. They also deter-
mined that there was o loss of water during the condensation of gascous
formaldehyde on easein and concluded the - the formaldehyde which first
bindx to the amino group as a me thylol group must undergo a subsequent
reaction to form a methylene bridge:

RNH  CH,OH NH, - R-NH CH, NH-R'+4 H0

When the casein was aeetylat ed, % there was no condensation reaction, and
the formaldehyde was believed to be bound by addition only. Nitschmann
hypothesized that the formation of {his methylenic bridge was the true
timing action of formaldehyde on proteins,

Wormell and Kaye® studied the effeet of deamination of casein on the
binding of formaldehyde in the presence of strong acid and salt. Under

these conditions formaldehyde reacts much more rapidly than at neutrality

q

and in-the absence of salt. Fixation was complete in 214 to 30 hr at 35°
When neatral hardened easein was rehardencd in the presence of acid and
salt, there was o large inerease in hound formaldehyde, while under the
sime conditions very little additional formaldehyde was bound on the de-
aminated casein.

The marked change in physical propertios which oceurs when a neatral
havdened protein is rehardened under the acid-salt conditions with the ad-
<,n of only o trace of formaldehyde may indicate the formation of cross-
IiRages by the formaldehyde which is already hound. No attempt to
produce this change without the additional trace of formaldehyde has been
reported. Therefore, the possibility that only a few crosslinkages are formed
by the additional formaldehyde may aceount for the change in properties.
Fhat this effeet i not due entively 1o the amino group ix shown by the faet
that acid=salt hardening does not give the same strength properties to a
neatral hardened deamidized protein that it gives 1o the native protein.,
This type of linkage to the amide group will be discussed more fully in the
cetion on the reaction of the amide group. 1t would seem, however, that
the acid=salt hardening of casein oceurs largely through the formation of
crosslinkages between formaldehyde already bound on the amino £roups

and the amide groups:
RONHO CHLOI NI, O R > RONH CH. NH (O R i H.O

The formation of amino to amide crosslinkages by formaldehyde has heen
hown to ocenr at room temperature and over o wide pI range by the model
experiments of Fraenkel-Conrat and Oleot.2 The guanidino group may
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Figure 17.7. Rate of fixation of formaldehyde by various compounds al 23°C
according (o Fraenkel-Conrat and Oleott.*

{ake the place of the primary amide group, but the peptide group which
Nitschmann postulated to form such a linkage does not, appear to do so.

The formaldehvde-hinding curves for proline and acetamide obtained by
Fraenkel-Conrat2 are shown in Figure 7 along with the hinding curves of a
mixture of the two materials. The inereased binding by the mixture is due
{6 the formation of erosslinkages between the imino group of proline and the
amide group. Although one ean visualize the first step of this reaction as
the binding of formaldehyde by either the imino group or the amide group,
the binding on the imino group seems to be the only possibility supported
by experimental evidence.

The renction of Tormaldehyde with the amino group even ad pll 3.6 s
<hown by the lowering of the pITof the renetion mixture and the change
produced in the optical rotation of the solutions when optically active amino
acids are used as the source of the amino groups. I'urthermore, the methylol-
amines formed separately will react with amide groups to form erosslink-
ages, while an amidomethylol group formed separately will not react with
an amino group to form the erosslinkage.

This model renction was performed on proteins rich in amino groups. In
the presence of formaldehyde at room temperature and from pH 2 to 8,
{hese proteins would bind both acetamide and methylguanidine by the for-
mation of methylene crosslinkages. This condensation of the methylol-

amino groups with the low-molecular-weight amide seems to oceur in pref-

orence 1o the condensation with the amide groups of the protein itself.
Concentration and sterie factors may be the main directive influenees in
enusing this preferential reaction.

The formaldehyde bond formed between the amino groups and the amide
or guanidino groups resembles the bond formed by the Mannich reaction
and Fraenkel-Conrat and Oleott® tried the reaction with such active hy-
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drogen donors as phenolie; imidazole, and indole groups. The reactions were
completed within a few days, and the methylene bonds formed were resist-
ant to acid hydrolysis. The Mannich type of phenol methlene derivatives
were even stable to alkaline hydrolysis:

CH—(CH,

/

NH

N \/‘———(']lz—‘(‘ﬂ

The effect of this Mannich type of crosslinking between protein molecules
wis demonstrated by Fraenkel-Conrat and Mecham? with bovine serum
and ege albumins. The importance of the amino group was shown when the
aeetylation of the amino groups of these proteins prevented the reaction.
Mo like manner, Alexander, Carter, and Johnson' showed that the acetyla-
tion of wool prevented o Maimich-type erosslinking between the amino and
{ ine eroups of wool. This reaction will be discussed more fully under
11'(':u~ti<m of the tyrosyl group.

In contrast with earlier theories which could not permit the amino groups
1o bind formaldehyde under any but neutral or alkaline conditions, the
more recent experiments reported here show that situations have been
found under which formaldehyde will bind with amino groups even under
quite acid conditions. The amino group ean form a relatively stable methylol
devivative. This methylol derivative ean bind additional formaldehyde in
lho<e combination, or it can react with the amide, guanidyl, imidazole,
indole, or phenolie groups. The latter reactions, which appear to be Man-
vich-type reactions, give rise to methylene erosslinkages which produce the
main fanning effeets of the bound formaldehyde. This same reaction can
e used to add substituents to the amino groups of a protein and therehy
change its properties.

Reactions of the Guanidino Group. The arginine residues in proteins
contain the guanidino group

—NH—C—NH,

I
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which is more basie than the amino group and might, therefore, be expected
to play as important a part in the formaldehyde binding of profeins as the
amino eroup. Wadsworth and Pangborn™ found that arginine would com-
bine with 2 molecules of formaldehyde while guanidine would combine
with only 1. Both molecules of formaldehyde bound by arginine are 5o
reversibly bound that they ean be removed by materials, such as alanyl-

olyeine, which bind formaldehyde more strongly.
The polarimetric measurements of Frieden, Dunn, and Coryell® show

that arginine reacts instantancoush with the first molecule of formaldehyde
and <lowly with thesecond. A Sakaguehi test for the guanidino group shows
that the slow reaction involves the guanidino group.

ighberger and Saleedo™- removed the guanidino groups from colla-
cen with hypochlorite and found that the greatest reduction in the formal-
dehyde binding cansed by this change was in the alkaline region. The sharp
rise in the formaldehyde uptake curve ad pll 8 Figure 3, was, therefore,
helieved to be due to binding by the ounidino groups. Theis,™ however,
bolieved that the guanidino group of arginine did not react with formal-
dehyde to any appreciable extentup to pI 11.5. Steinhardt, IFugitt, and
Harrie® demonstrated a plleffeet caused by the action of formaldehyde on
the euanidino groups of wool and showed that the titration curves of most
proteing have not been crrried (o sufliciently high alkalinity to show the
effect.

In contrast to these questionable indications that the guanidino group
renets with formaldehyde under alkaline conditions, there are very definite
indicntions that the guanidino groups react with formaldehyde under neu-
tral or ncid conditions, Fraenkel-Conrad and Oleott2 showed that at 70°C
hoth arginine and methyl gnanidine hound up to 2 molecules of formalde-
hyde, and guanidine combined with almost 3. At room {temperature only
about half of this formaldehyde was introduced, and then only after acon-
siderably longer time.

The protamine, salmine, which containg 0.22 mole of guanidino group per
mole of nitrogen, combined with 0.29 10 0.42 mole of formaldehyde per mole
of nitrogen, depending upon the concentration of the formaldehyde. Sinee
there are few other reactive groups present, there may be as many as (wo
formaldehydes bound to cach cuanidino group. The formaldehvde-treated
protamine was no fonger completely dialyzable, and the molecular weight
had inereased from 5,000 to 11,000, Conditions and reagents which dissoci-
ate secondary valenees had no offect on the high-molecular-weight deriva-
tive. Therefore, Fraenkel-Coonrat and Oleott coneluded that intermolecular
methylene bridges must be formed.

In o subsequent paper?t they howed that more formaldehyde could be
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ound by a mixture of amino and guanidino compounds than could be
bound by the individual compounds under the same condition. A methylene
hond formation was suggested. It was also shown that an aminomethylol
aroup would react with a guanidino group to form a methylene bond be-
tween the amino and guanidino groups. The possibility of a guanidino-
methylol reacting with an amino group was believed unlikely because of the
slow rate of formation of the guanidinomethylol. Therefore, the most prob-
able path for this reaction is the formation of & methylol on the amino
group and a subsequent, reaction of this methylol with the guanidino group
to form the methylene bond:

R NH, 4 CH.,0) - R= NH --CH,~OH
R NH CH.OH + NH. C(==NH)-—-NH-R! —
R NH-~CH;—NH-C(=NH) H—R! 4 H.0

This reaction has been used to bind small molecules containing guanidino
groups to proteins rich in amino groups. This was discussed in more detail
as a reaction of the amino group.

Gustavson® obtained an inerease in the shrinkage temperature of nor-
mal collagen by treating it with formaldehyde in the presence of salt to
prevent swelling, A similar treatment on deaminated collagen produced no
change in shrinkage temperature. Gustavson, therefore, concluded that
formaldehyde bound on guanidino groups did not. form stabilizing cross-
linkages. In o later papert” he showed that there still remained the possi-
bility of crosslinking by an aminomethylol group reacting with a guanidino

7 iR

l'.iﬂi(-ulty in restriecting the reactivity of the guanidino group prevents
a elear-cut demonstration of the regions in which the guanidino group re-
acts. The majority of data available have been interpreted to show that the
cuanidino group aets as a primary binding site for formaldehyde mainly in

highly alkaline solutions. The maximum binding capacity of the guanidino
oroup has probably never been attained. It is not probable that the pri-
mary binding of formaldehyde on the guanidino group has much influence
on the structural stabilization produced by the reaction. However, the re-
aetion of guanidino groups with the aminomethylol groups formed by the
primary binding of formaldehyde on the amino groups is probably a very
important reaetion which contributes to the tanning effect of formaldehyde
on proteins.

Reactions of the Amide Group. The normal amide groups of pro-
(cins are the amide derivatives of the side-chain carboxyl groups of the
aspartic and glutamice acid residues present in the proteins. As early as
1905, Kinhorn' showed that, in acid solution, amides would form methyl-
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enchismides in the presence of formaldehyde. The polarimetric data of
Carpenter and Lovelace™ show that, if the amide group of ~asparagine
renets with formaldehyde, the binding is very wenk. This is reasonable, for
all the methylol amides reported in the liternture are unstable and easily
give off formaldehyde.

Theis and Lams™ noted that the formaldehyde-hinding values for wool
obtained in acid solutions were much higher than expected, and they at-
fributed the inereased amount to binding by the amide groups. The em-

ployment of the pressing technigue to remove the excess formaldehyde

colution from these wool samples may have prevented the ver) labile
formaldehyde held by the amide groups from being washed out of the
samples.

Ferretti™ patented v process for formaldehyde-hardening protein fibers
in acidesalt baths, The theoretical aspecets of this condition for the reaction
were studied by Wormell and Kaye Denmidated casein and normal casein
rencted with the same amount of formaldehyde under neutral conditions.
However, when these neatral hardened materials were rehardened under
acid-salt conditions, the deamidiated easein did not react with additional
formaldehyde, while the normal casein almost doubled its formaldehyde
content.

The reaction of zein  « protein with very low amino nitrogen and ve
high wmide content under these aeid-salt conditions is very startling.
Zein, which will react with only 0.4 per cent of its weight of formaldehyde
under neutrad conditions, will react with 4.1 per cent of its weight of formal-
dehyde under the acid-salt conditions. There is little doubt that the amide
groups are involved in the reaction, but the binding is too stable to be a
simple methylol formation. Sinee Wormell and Kaye® were able to show
come marked changes in phy=ical properties when neutral hardened easein
was rehardened under the acid-salt conditions with @ minimum of added
formaldehyde, @ crosslinking reaction was postulated to oceur hetween the
aminomethylol groups and the amide groups. This still does not explain the
renction of the amides when no amino groups are present.

Fraenkel-Conrat and Mecham® noted that although 1 per cent solutions
of ege albumin showed little evidence of inereased molecular weight, 10
per cent solutions did show an inereased molecular weight ad formaldehyde
concentrations ranging from 0.1 per cent to 10 per cent at both pH 3.5 and
pll 7.5, Glindin « protein rich in amide hut poor in amino groups did
not. show much change in molecular weight under similar conditions, but,
when some ammonium salts (2 eq. per 10,000 gm) were incorporated into
the renction medin, o marked inerease in molecular weight oceurred. Poly-
elutamine and zein showed @ similar behavior. The following reaction was

suggested.
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‘(:U—NH2 P—(CO—NH—CH,

+2CH, 0 4+ RNH;t —— NHY + 2H,0
P—CO—NIH, P—CO—NH—CH, R

In their model studies, Fraenkel-Conrat and Oleott? showed that amido-
methylol compounds will not condense with primary amines. This may
explain why zein and gliadin, which have been reacted with formaldehyde
<o that all the amide groups are saturated as methylols, will not gel when
amines are added to them.

Middlebrook® has shown that the stability to supercontraction which
formaldehyde confers on wool may involve an amide crosslinkage, for form-
aldehyde trentment of deamidated wool produced no stability.

Iovans and Croston,' who studied the inerease of tensile strength and
clasticity of zein [ibers treated with formaldehyde under highly acid con-
ditions, believed that the stabilizing crosslinkages could be formed only
hy the dehydration of methylolamides to form oxymethylene or methylene
linkages between the adjacent protein chains. The lack of amino groups
in zein makes these reactions more plausible. With 2 to indicate the pro-
tein residue, the reactions have the following formulation:

l)

alkali or

(‘=0 + CH.0

|
I
NH, NH—CH,OH

2P P

l

(—0 _hadd e (=0 + 1,0

:‘\'ll*’_‘(‘rllg()ll NH—CH,—O0—CH.—NH

])

|

pE (=0 4+ CH.O + H.0
NH—CH,—OH NH—CH,—NH

A useful method for detecting the presence of methylolamides in proteins
was developed by Taworth, MacGillivray, and Peacock.”? These authors
found that methylolamides condense with g-naphthol in cold alcoholic
hivdroehlorie acid to form T-acylamidomethyl-2-naphthols. These deriva-
tives hydrolyze with warm alcoholic hydrochlorie acid to yield 1-amino-
methyl-2-naphthols. Brominated g-naphthols also undergo this condensa-
tfion and introduce a bromine atom which can be detected in the products
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more easily than the aminomethyl-naphthol can be isolated from the same
mixture.

When silk fibroin, which contains negligible amounts of amide groups, 18
trented with formaldehyde, it will condense with a negligible amount of
ti-bromo-2 naphthol. Arachin, gliadin, and gluten, which contain appreci-
able amounts of amide groups, react with formaldehyde in 1 per cent potas-
sitm carbonate (pH 10) to form derivatives which will condense with 6-

bromo-2 naphthol. Thirteen per cent of the amide groups are shown to be

present as methylolamide der wives. If these same proteins are treated
with formaldehyde in very strong acid (pI10) only a very small amount of
condensation with the naphthol oceurs. This would tend to confirm the
results of Fvans and Croston,'” which show that the amides form very stable
crosslinkages in this acid region.

Formaldehyde-treated peanut protein that had been freed of loosely
hound formaldehyde by boiling in water was subsequent partially di-
gested with enzymes, and the fragments were chromatographed by IMa-
worth, MacGillivray, and Peacock.® Most of the formaldehyde-containing
fragments were also shown to contain either glutamie or aspartic acids or
hoth acids together. The presence of N-methylenehisamide linkages be-
tween aspartic and glutamic acids in the or il formaldehyde-treated
protein is strongly suggested.

The action of formaldehyde on the amide groups of proteins appears to
result in several possible end products. In alkaline or acid solution at room
temperature, methylolamides are formed. These are quite unstable and
can usually be completely decomposed by boiling water. Under the effeets
of strong acid and dehydrating conditions, the amide groups react with
formaldehyde to produce methylenebisamides. The formation of these
crosslinkages produces a marked change in the physical properties of the
proteins.

The relative rapidity with which amide groups react with formaldehyde
when amino groups or ammonium salts are present would lead one to sus-
peet that the formation of bisamides is important only where there 18 4
ek of amino groups. Formaldehyde which ix bound to an amino group as
4 methylol readily condenses with an amide group to form a stable eross-
linkage which alters the physical properties of the protein. This reaction is
one of the important reactions in formaldehyde tanning.

Reactions of the Imidazole Group. The structural formula for his-
tidine shows that this
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Riino acid containg the imidazole group. Although this five-membered
.g‘, containing {wo nitrogens and a conjugated double bond, possesses
some basie properties, it is considerably less basic than the amino groups
of lysine. However, it was basic enough to make it of interest to the arlier
workers studying the reaction of formaldehyde with proteins.

Theis and Lams™ compared the formaldehyde-hinding and the acid-
binding properties of the same wool and showed that the titration value for
the imidazole group hetween pILG.1 and 8.0 agreed almost identically with
the amount, of formaldehyde hound in this region. They concluded that the
imidazole group must bind 1 molecule of formaldchyde in this region. Gus-
tavson,** however, helieved that these conelusions were purely speculative
and did not refleet the true range of reactivity of the hasie groups bhecause
the amino groups have also been shown to be active in this region, as indi-
cated by the decrease in formaldchyde binding following deamination.

Polarimetric measurements on the f(n'nm]de}lyde-l>inding reactions of
histidine by Frieden, Dunn, and Coryell? and Carpenter'® do not, yield
the same results, and @ more detailed study of the reaction may be neces-
siry. Neither group of workers postulated a reaction which was shown to
ocear by Neuberger.® When 1 mole of formaldehyde was incubated with |
mole of histidine, 2 stable compound was formed according to the indicated

reaction.

NH—CH—COOI] NH—CH—COOH
/

CH,

(@

H
This compound contains only one bound formaldehyde, gives a negative
“Ninhydrin” reaction, does not give ofl nitrogen when reacted with nitrous
acid, and ix stable to acid and alkali. This is the same compound which
Nitschmann and Lauener® believe accounts for part of the formaldehyde
lost during the analytical distillation. Since acylation of the amino group
of histidine prevented the condensation, the reaction is of little ralue in in-
terpreting the interaction of formaldehyde with proteins unless some of the
histidine is terminal in the protein chains.

Fraenkel-Conrat and Oleott? obtained a condensation reaction between
threonine, formaldehyde, and q-/ J-acetyl-t-histidine at 40°C but not at
room temperature. Since the acetyl histidine would not bind formaldehyde
at any pll studied, this reaction appears to be the same Mannich-type re-
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action discussed under the reactions of the amino group. Fraenkel-Conrat
also showed that, in the presence of formaldehyde, the amino groups of
bovine serum albumin and gramicidin would condense with acetyl histidine
by the same type of reaction.

The histidine groups of a protein were shown to react with aminomethylol
groups of the same protein to form methylene crosslinkages which are re-
sistant to acid hydrolysis. Proteins rich in histidine and amino groups bound
much more formaldehyde irreversibly than did proteins rich in histidine
but poor in amino groups. Therefore, the chief reaction of the imidazole
group during the formaldehyde tanning of proteins is the donation of active
hydrogens for the Mannich reaction which forms methylene crosslinkages
between amino groups and the imidazole group of histidine.

Reactions of the Indole Group. The structure given below for the
amino acid tryptophane, which is present in small amounts in most pro-
teins, shows that it contains the double-ring structure known as the “in-
dole group.”

7 N (—CH—CH—C 00T
|

|
I
NH,

I'raenkel-Coonrat, Brandon, and Oleott? used model substances to show that
S-alkyl indole residues similar to those in tryptophane would reaet with 1
mole of formaldehyde under alkaline conditions to form a methylol. The
same reaction will oceur in acid solutions if high temperature and high
concentration of formaldehyde are used. The reaction is reversible in strong
alkali, but aeid solutions will liberate only part of the formaldehyde. The
chromogenic activity of tryptophane disappears when proteins arve treated
with formaldehyde and reappears when the treated protein is put into strong
alkali. This indicates that the reaction has formed a methylol on the indole
nitrogen.

Baudouy? showed that proteins containing tryptophane appeared to form
complexes with formaldehyde from which the formaldehyde could not be
recovered. Nitschmann and Lauener®® and Swain el al.™ also supported
this view. This irreversible combination of indole groups with formaldehyde
was shown to occeur under the conditions of the acid distillation used for
the recovery of bound formaldehyde. The failure of acetylated proteins to
show this irreversible binding of formaldehyde may mean that a previous
binding of formaldehyde to the amino groups of the protein may be in-
volved. A reaction of the Mannich type previously deseribed under the
amino group reactions could combine a formaldehyde between an amino
group and the indole group. On acid distillation the bridging methylene
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‘Q)up attached to the indole group may switch amino groups and become

tached to the amino group of the same tryptophane residue to which the
indole group belongs. If this happens, a stable ring structure will be formed,
and the formaldehyde will become nonrecoverable. FFraenkel-Conrat and
Oleott? showed that the required Mannich-type reaction did occur between
the indole groups of gramicidin and various amines in the presence of form-
aldehyde. In many cases the interaction was manifested by changes in the
physiceal properties of the mixture. However, an actual demonstration of this
crosslinking reaction between amino and indole groups of a protein has not
heen presented.

Reactions of the Tyrosyl Group. The reaction of phenols with formal-
dehyde has been very important in the manufacture of plastics, and it
would be surprising if the phenoliclike tyrosyl group of proteins did not also
hind formaldehyde. A model experiment by Fraenkel-Conrat and Oleot(?
showed that at room temperature and pIl 4 to 8 where neither threonine
nor p-cresol would react with formaldehyde, an equimolar mixture of the
fwo would bind approximately one equivalent of formaldehyde in an acid-
resistant. linkage. Amino groups appeared to be required for the reaction.
By the same reaction, serum albumin bound phenol groups equivalent to
about half of its amino groups.

Middlebrook® and Brown et al.” showed that wool did not possess any
formaldehyde irreversibly bound on its tyrosine residues either at pll 1.0
and 100°C or at pIL 6 and 50°C, respectively. However, at room tempera-
ture and at neutrality, Alexander et al.! were able to show that formaldehyde
wis bound to tyrosine both reversibly and irreversibly. They postulated
an intermicellar methylene linkage of the Mannich type between amino

"unpx and tyrosine rings. This increases the alkali stability of the wool,

Wt the stability can be lost by heating the derivative in acid. The cross-
linkage is destroyed, but the formaldehyde is not liberated hecause it re-
mains attached to the tyrosine by a carbon-carbon bond. This substituted
tyrozine will not give the Millon test. Johnson,® after a detailed study of the
conditions for the binding of phenols to wool, decided that a 0.133 molar
solution of both formaldehyde and resorcinol at 60°C for 30 min at pll 7
to 8 was the optimum condition for the reaction. These are close to the
conditions found desirable by Alexander for the formation of crosslinkages
hetween the amino and tyrosine residues of wool.

Reactions of the Sulfhydryl Group. The reaction of formaldchy
with cysteine was studied quite thoroughly by Ratner and Clarke.” Since
N-ncelyl eysteine reacts rapidly with formaldehyde and S-ethyl cysteine
reacts xlowly, the reaction of eysteine with formaldehyde was believed to be
a two-step process in which the formaldehyde beeame attached first to the
sulfhydryl group and then underwent a secondary reaction with the adj
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cent amino group. This forms the ring compound, thiazolidine-4-carboxylic
acid.

Bowes and Plenss? had suggested that a reaction of formaldehyde with
sulfhyvdryl groups might account for some of the formaldehyde bound in
excess of the amount required hy the basie groups of wool. Hegman®® recog-
nized a type of renction with feather keratin in which the rate depended
upon the concentration of formaldehyde and the concentration of some
croup which appeared to inerease in concentration with increasing pll.
Ihe sulfhydryl group which is formed by the splitting of the disulfide
croup at high alkalinity could meet this requirement. Middlebrook and
Phillips* showed by disulfide determination that formaldehyde at room
temperature did not react, with the disulfide groups of wool below pll 7.0.
A 70°C, however, a slow reaction oceurred involving about one-third of
the total sulfur. Only 1 sulfur atom from cach disulfide group reacted.
Wool treated in this manner does not givestable S-cysteine sulfonate groups
when treated with sodium bisulfite, and, therefore, this reaction of formal-
dehvde at elevated temperature appears to be on the same fraction of the
disulfide groups of wool which react with sodium bisulfite. Middlebrook
and Phillips® showed by means of paper chromatography that, when wool
was trented with boiling 1 per cent formaldehyde in either acid or neutral

medin, thinzolidine-t-carboxylic acid could be found in the hydrolyzate

of the treated wool. When samples of this treated wool were distilled with
0.1M phosphorie acid, the formaldehyde could be recovered from the dis-
{illate, and the residual wool showed the same number of disulfide groups
ax the wool before the formaldehyde treatment. This would indicate that
ander these conditions the formaldehyde is combined as 1 methylol on the
<ulfhvdryl groups and that, on hydrolysis of the wool, the thiazolidine-1-
carboxvlic acid can be formed as the amino groups of the cysteine are lib-
erated.,

The disulfide groups of wool canalso be converted to sulfhydryl groups by
frentment with reducing agents. Stoves™ has shown that the resistance
of reduced wool fibers to extension could be restored by freatment with
formaldehyde at pll 8.0. This would indicate that « crosslinkage was
formed between the sulfhydryl groups of the main polypeptide chains of
the fiber. The presence of such a crosslinkage was confirmed by Consden,
Gordon, and Martin,'® who deteeted djenkolie acid,

CH(S  Cl, - CHNIH, COOIy,
in hydrolyzates of formaldehyde-treated reduced wool. Middlebrook and
Phillips®® reduced wool with thiolacetic acid and reacted all the sulfhydryl
oroups with formaldehyde at pIl 1.0, About one-half of the sulfhydryl
eroups were reacted so that they would yield thinzoline-4-carboxylic acid
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q] hydrolysis, and the remaining sulfhydryl groups were combined {o form
djenkolic acid which is stable to boiling phosphorie acid.

When the sulfhydryl groups of reduced wool were rencted with methylene
jodide, only djenkolic acid was formed, even though some of the sulfhydryl
groups remained unreacted. These free sulfhydryl groups could be reacted
with formaldehyde and would eventually  yield thiazolidine-1-carboxylic
acid on hydrolysis. These sulfhydryl groups are believed to belong to the
beta fraction of the sulfhydryl groups of wool.

Brown and Harris® used sodium sulfoxylate formaldehyde
(NalSO. - CIHLO  211,0)

to reduce wool and simultancously establish the methylene crosslinkages
between the sulfhydryl groups. The crosslinkages were formed <o rapidly
that the peptide chains did not have suflicient time to become disrranged
and, therefore, stronger and more siable fibers were produced.
Reactions of the Peptide Group. Although there have been many
speculations®t 36, 65,74 {hat the peptide groups of proteins must be imvolved
in the crosslinking or stabilization of proteins by formaldehyde, all at-
tempts to demonstrate this type of reaction’ 204 have lod 1o negative
results. Carpenter’ showed that, the length of & methylene bridge between

(wo nitrogens, two carbons, or a carbon and « nitrogen was about, 2.5 A,

whereas the distance hetween two peptide chains in most proteins is 4.5 A,
Therefore, there could not be a direc crosslinkage between the peptide

groups of two adjacent chains. A special case, however, can be found in
the reaction of formaldehyde with nylon® 155 NMethylol groups can he
inroduced into undrawn nylon by treatment with formaldehyde. These

‘thylol groups increase the solubility of the treated nylon in many sol-
vents, but, when exposed to heat, they react further (o form crosslinkages
which make the resulting nylon more rigid, less extensible, and of higher
melting point. Since N-methyl nylon does not react® with formaldehyde and
sinee infrared absorption speetra show thag there is reduction of the N -1
bond intensities when nylon is treated with formaldehyde, it is believed
that the methylol groups are on the peptide nitrogens and that the cross-
linkage formed hy heating is between two peptide nitrogens.

SHRINKAGE TEMPERATURE AND CROSSLINKAGE FORMATION

The previous discussion of the individual reactive groups of proteins has
shown that some of these groups bind formaldehyde in simple combina-
tion while others show @ more complex type of binding which apparently
results in the formation of crosslinkages hetween two segments of the pro-
tein chains. The presence of these crosslinkages in o protein can be expected
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Figure 17.8. Shrinkage {emperature of collagen and formaldehyde-treated collagen
according to Theis A, unt reated collagen; B, ¢ and D, collagen treated with 0.5,
1.0, and 5.0 per eent formaldehyde, respeetively.

{6 restrict the movement of the individual protein chains and thus cause
changes i the physical properties of the material.

The previous chapter shows that collagen fibers have a definite tempera-
(ure st which they contract owing to incrensed thermal activity. This tem-
perature is incrensed as a result of the fanning process, and some connection
hetween this shrinkage phenomenon and the formation of crosslinkages
during tanning has been clnimed by many investigators.

I has been shown quite definitely? #5197 that formaldehyde, even in
<onadl smounts, will raise the <hrinkage temperature of collagen significantly
af all pIl vaduess A comparison of the <hrinkage temperature of native and
formaldehyde-treated  collagen made by Theis™ s shown in Figure 8.

An offect due to formaldehyde concentration oceurs only in acid solutions
as <hown by curves I3, € and D which were made for 0.5, 1.0, and 5.0 per
cent formaddehyde solutions, respeetively. These {hree concentrations give

only one curve in the alkaline region.

[ighberger and Saleedo™ found no correlation between shrinkage tem-
perature and the amount of bound formaldehyde, but they did find that
at any given pllthere was decerense in the per cent of shrinkage with an
inerease in hound formaldehvde. The shrinkage temperature, however, ap-
pears to reach a maximum value with the binding of @ very «mall amount of
formaldehvde, and there i< no relationship between the shrinkage tempera-
(ure and the degree of shrinkage for these formaldehyde-tanned collagens.

Crustavson®' # <showed that deanminated collagen had the same shrinkage
{emperature as normal collagen, and this temperature did not increase when
the deaminated collagen was (rented with formaldehyde, even at high pll.
Thiz experiment indicated that the amino groups of collagen are actively
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"0]\"0(1 in the reaction resulting in increased shrinkage temperature, while

the guanidino groups had no effect on the reaction. Gustavson then showed?
that even though formaldehyde was bound to collagen in the presence of
methylguanidine, urea, and ammonia, no inerease in shrinkage temperature
oceurred. These reagents are believed to react with the amino methylol
oroups produced on the collagen to form methylene-linked derivatives and
thus prevent the formation of crosslinkages within or between the collagen
molecules. The possibility of such linkages originating from an amino
group and terminating with an amino, guanidino, amide, tyrosyl, imidazole,
or indole group has been amply demonstrated by Iraenkel-Conrat and
Oleot .22 2

Iighberger and Saleedo,”: " however, did not believe that the eross-
linkage theory answered all the questions raised by the shrinkage phe-
nomenon and proposed an electrostatic theory to account for all the phe-
nomena, including the reversal of the shrinkage of formaldehyde-tanned
collagen on cooling. This spontancous re-extension of the fibers on cooling
after thermal shrinkage has also been shown to oceur with collagen modified
with epoxy resing?® and with tetrakis (hydroxymethyl) phosphonium chlo-
ride.?

Wicederhorn, Reardon, and Browne® applied the theory of stress-strain
hehavior of rubberlike materials to determine the molecular weight be-
fween points of crosslinking in thermally contracted formaldehyde-tanmed
collagen. They decided that a maximum of 3 crosslinkages per 55,000
molecular weight were introduced into collagen by formaldehyde treat-
ment. This implied that only about 1 in 7 or 8 amino groups was in a
fvorable position for the formation of crosslinkages. These erosslinking

,mm groups, however, appeared to react preferentially, and the cross-
Mhking was completed before the other amino groups acquired formalde-

hyde in the form of methylol groups. If the collagen was shrunk before the

formaldehyde treatment, many more crosslinkages were introduced. The
change in structure caused by shrinkage apparently brings more amino
groups into positions favorable to erosslinkage formation. The apparently
small number of crosslinkages required to produce the maximum shrinkage
(emperature would indicate that change in shrinkage temperature is not
an adequate measure of all the changes produced by formaldehyde tan-

nage.
COMMERCIAL TANNAGES

Combination Tannages. Very little has been written on the use of
formaldehyde in combination with other types of tanning materials, and
these studies will be discussed in this chapter so that they will not be iost
in the discussion of other types of combination tannage in Chapier 29. Theis
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and Blum™ have shown that, when a vegetable-tanned leather was retanned
with formaldehyde, there was an inerease of almost 18°C in the shrinkage
temperature of the leather. Vegetable retanning of a formaldehyde-tanned
leather produced anegligible change in the shrinkage temperature. Gustav-
<on® reported similar results, and Kremen® prepared sufficient formalde-
hyde-retanned vegetable-tanned leather to show that it had inereased re-
sistance to deterioration as an insole leather but that it did not have an
increased wear resistance over normal outsole leather. When the retannage

. carried out under alkaline conditions, a higher shrinkage temperature
was obtained than when it was crried out under acid conditions. A shrink-
age resistance for more than 5 min in boiling water was obtained in some
cnses. Iither some active sites still remain in vegetable-tanned leather or

the formaldehyde reacts with the bound vegetable-tanning material as it
does with the free tannin. In support of the latter supposition, vegetable

{annin appears to be more firmly bound after the formaldehyde treatment.

Gustavson® showed that chrome-tanned leather also reacted with form-
aldehyde and  thereby  beeame more resistant to swelling. Theis and
Kleppinger™ studied this reaction and noted that the formaldehyde content
of the formaldehyde-retanned chrom tanned leather was higher than the
formaldehyde content of straight formaldehyde-tanned leather. A chro-
mium complex involving the formaldehyde was postulated. The same work-
ors also studied the effect of chrome retanning on formaldehyde-tanned
leather and discovered an interesting salt effect. 1f no salt was present dur-
ing the formaldehyde pretannage, the final shrinkage temperature after
chrome tanning was lower than for st raight chrome-tanned leather; if salt
was present, however, the shrinkage temperature was higher than for
straight chrome-tanned leather.

Tannage of White Glove Leather. Probably the only commercial
wse of straight formaldehyde {anning existing today 1s the production of
fine-quality light-colored glove leathers. For this purpose kidskins and the
<kins of hair sheep are the chief raw materials, although few kidskins are
now being used in the United States for glove manufacture.

The process for converting these dried skins into white glove leather in-
cludes =onking to restore their moisture, and liming for -+ to 8 days to loosen
the hair, followed by unhairing and fleshing. The unhaired skins are then
degreased with Stoddard solvent or kerosene, pickled in salt and acid to a
pIL of from 1 to 2, and sorted and graded for final tanning. The time lapse
hetween pickling and {anning is about 10 days, and all the tanning reagents
are ealeulated as o percentage of this 10-day drained pickle weight. The tan-
ning is usually performed in o drum with a load of ahout 1,200 1b of hides
and about an equal weight of water. Four per cent (on pickle weight) of
Glauber’s salt ix usually added to prevent swelling, and from 6 to 12 per
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nt formalin (37 per cent formaldehyde) based on the pickle weight is
usually used. The starting plIl is usually about 2 or 3, and the skins are
drummed for 4 hr. During this time the batch is partially neutralized.
Borax is sometimes used for the neutralization because it does not, produce
as much plumping as do other bases. The partially ncutralized batch is
allowed to stand overnight. In the morning the temperature and pll are
raised gradually. The temperature is raised by introducing live steam, and
the final volume may be as great as 250 per cent of the starting volume.
The final temperature is usually around 95°F but may go as high as 135°I,
The final pllis usually about 6.8 to 7.0.

After the tanning is completed, the excess formaldchyde is removed by
washing with running water in a slatted drum. About 12 min per 100 Ih
of pickle weight is customarily used. If the excess formaldehyde is not re-
moved, the leather is tight and stiffened or hardened when finished. The
shrinkage temperature of the finished leather is about, 180°F.

Some generalizations about the process and its effect on the final product
can be made. At lower formaldehyde concentrations a higher starting pH
is necessary to obtain the same degree of tanning. Reaction at lower pll
does not give as much plumpness to the hide but does give greater area.
Any excess of base used has to be neutralized to produce a good grain and
to obtain a good penctration of fatliquor. The optimum pH for fat liquor-
ing appears to be about 5.5. One of the disadvantages of formaldehyde as a
tanning agent is the reduction in the fastness of dyestuffs shown by most
formaldehyde-tanned leathers.

Darker-colored glove leathers are usually produced by a combination
of chromium and formaldehyde tannage. This combination tannage is most

ficiently carried out and produces finer-grain leathers if the chromium
anning is accomplished prior to the formaldehyde tanning, although the
reverse process can be used. The chromium tanning is started at a very low
pll, and it is convenient to use the skins directly out of the pickle because
little acidification is required. When prechromed,; the chromium oxide
(Cry0) content of the dry leather will be about 2 to 6 per cent. The leather
will be thinner at lower chromium contents and plumper at the higher
chromium contents. A formaldehyde-tanned skin can be shaved thinner
than a chrome-tanned skin. This is important because the finest glove
leathers are only about 0.018 in. thick. The chrome-tanned leather has an
advantage in its inereased washability; with the combination tannage the
washability deereases greatly as the formaldehyde content inereases.

A much simplified tanning procedure, called soap tanning, is now being
used for tanning poor or defective skins for use as ch ap work-glove leathers,
The raw skin without fleshing is drummed with about L5 per cent soap or
detergent, 8 per cent Glauber’s salt, 1 per cent bicarbonate, and 8 per cent
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formaldehvde for about 215 hr. The skins are washed and then fatliquored
with soap and sulfonated oil. The fat liquor is exhausted by treatments
with salts and acids, and the <kins are then fleshed and dried s slowly to make
them as mellow as possible.

THE REACTION OF OTHER ALDEHYDES

In contrast with the volume of research reported on the formaldehyde
fanning of proteins, there is little published inform: wtion on the reaction of
other aldehydes with proteins. This may be a reflection of the low reactivity
of the other aldehydes. A summary by Gustavson® of the carly work with
other aldehvdes showed that whereas formaldehyde markedly inereased
the shrinkage temperature of eollagen, the action of acetaldehyde was very
feeble, snd the higher aliphatic aldehydes had practically no action on pro-
teins. Some of the unsaturated aldehydes, such as acrolein and crotonalde-
hvde, showed a significant effeet on the shrinkage temperature. Glyoxal,
a diaddehyde, was known to have a stablizing action, but benzaldehyde and
elntod aromatic aldehydes, although they reacted with proteins, produced
no stabilizing effect upon their structure.

Glyoxal has probably been studied more than the other aldehydes.
Chustavson® has shown that, although glyoxal condenses and polymerizes,
it< tanning action is due mainly to the monomer. This was also shown to
be true for pyravie aldehyde which can be ¢ onsidered to be a methyl deriva
tive of glyoxal. Brown and Harris® demonstr: ated that glyoxal will form a
crosslinkage between the sulfhydryl groups of reduced wool, but they did
not indicate whether one or both aldehyde groups were involved. Winheim
and Doherty® believe that only one aldehyde group of the glyoxal reacts
with collagen and that the otheris free to react w ith urea to form a stabiliz-
ing resin tannage. This reaction will be discussed in a later chapter. In an-
other resin tannage deseribed by Windus® formaldehyde, acet taldehyde,
crotonaldehyde, furfural, and benzaldehyde react with collagen in the

presence of polyhydrie phenols to form stabilizing tannages. This tannage

will also be discussed in a later chapter.

Acrolein, which is an unsaturated aldehyde, has been isolated from the
auto-oxidation products of chamois-tanning oils by Kintzel and Nunges-
sert This aldehyde was formed exelusively from the highly unsaturated
fatty ncids. No acrolein was formed from glycerin under these reaction
conditions. The aerolein formed by this auto-oxidation of the oil is believed

{0 be the aetive tanning agent in the oil tannage of chamois leather.
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