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I. INTRODUCTION 

The group of pigments and enzymes known as hemoproteins contain protohemin 
or a closely related heroin as a prosthetic group. They show marked differences in their 
individual chemical properties and physiological behaviour, in spite of the similarity or 
identity of the prosthetic moiety. Certain parts of the protein play a dominant role in 
bringing about the specific mode of reaction displayed by each class of hemoproteins. 
These decisive groups have been called the heine-linked groups of the protein. T~IEORELL 
and his co-workers have done considerable work on the detection and characterization 
of these groups, mainly in cytochrome c, and hydroperoxidases (catalases and per- 
oxidases). 

The methods of approach are manifold (c/. I), including measurement of the 
magnetic susceptibility, differential titration, spectrophotometric measurements, deter- 
mination of the redox potential and amino acid analysis1#. In this paper, a kinetic 
method was used in an attempt to determine both the minimal number and the type 
of linkages between the heine and the protein part of the peroxidase molecule. 

In 1926 HILL AND HOLDEN 3 first succeeded in splitting hemoglobin reversibly into 
prosthetic group and protein by treating it with HC1-Acetone. TI~EORELL 4 applied this 
procedure successfully to horseradish peroxidase. Later, THEORELL AND PAUL 5 followed 
spectroscopically the course of the splitting reaction in aqueous HCl-solution. In this 
way they opened up a new method of investigation of the heroin-protein linkages. 

The recombination reactions of peroxidase protein with various heroins were 
measured qualitatively by THEORELL, BERGSTROM AND AKESON s as well as by GJESSING 

AND SUMNER 7. Both groups of workers also determined the peroxidatic activity of the 
partly synthetic peroxidases obtained. In 195o, THEoRELL AND MAEHLY $ took up the 
study of these reactions again, measuring the kinetics of the recombination by deter- 
mining the changes of optical density in the Soret region with time. 

The present work represents a more detailed study of the reactions leading to the 
splitting of horseradish peroxidase into hemin and protein in dilute aqueous solution. 

* This research was supported by a grant  from the United States Public Heal th  Service, Division 
of Research Grants  and Fellowships. 
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II. EXPERIMENTAL 

The  crys ta l l ine  horse rad i sh  perox idase  used  in these  e x p e r i m e n t s  was  p repared  by  Dr  K. G. PAUL 
of Dr  Theorel l ' s  laboratories .  I t  was careful ly  d ia lyzed  a g a i n s t  dis t .  water .  I n  the  expe r imen t s  de- 
scribed, t he  concen t ra t ion  of t h e  e n z y m e  was kep t  be tween  o. 5 and  1. 5 /*M.  

The  PH was measu re d  wi th  B e c k m a n  me t e r s  Mod. M a n d  G, u s ing  " b a b y  s t o m a c h  electrodes" ,  
which  could be inser ted  in to  t he  cuve t t e s  of t he  s p e c t r o p h o t o m e t e r  w i t h o u t  in terfer ing wi th  the  
opt ical  dens i t y  readings.  

The  spec t ropho tomet r i c  d e t e r m i n a t i o n s  were m a d e  in a B e c k m a n  Spec t ropho tome te r  Mod. DU, 
t he  electr ical  pa r t  of which  h a d  been replaced b y  an  a p p a r a t u s  specia l ly  des igned by  Dr  B. CHAI~CE 
for recording smal l  changes  in opt ical  dens i t y  con t inuous ly .  I t  cons is t s  m a i n l y  of 

a. a h i g h l y  s tabi l ized l igh t  source 
b. a pho tocu r r en t  amplif ier  of h igh  s t ab i l i t y  
c. a paper  recorder  wi th  va r iab le  speeds  

The  des ign  of the  a p p a r a t u s  is descr ibed elsewhere ~. 
The  g r aphs  shown in Fig. 3, 4, 5, 9 and  14 are  p ic tu res  of pape r  record ings  ob ta ined  us ing  th i s  

appara tus .  The  opt ical  dens i ty  is recorded on t he  ordinate ,  t h e  t ime  on t he  abscissa.  
The  spectroscopic  m e a s u r e m e n t s  were l imi ted  to  t he  Soret  region (about  36o-45o m/~), as t he  

ex t inc t ion  in t he  case of h e m o p r o t e i n s  and  the i r  de r iva t ives  is m a x i m a l  there,  and  dens i t y  changes  
du r ing  chemica l  reac t ions  t h u s  m o s t  p ronounced .  The  a p p a r a t u s  was  s i t u a t e d  in  a r oom of c o n s t a n t  
t empera tu re .  I n  all t h e  e x p e r i m e n t s  t he  t e m p e r a t u r e  ins ide  t he  cuve t t e s  of t he  spec t ropho tome te r  
was  found  to be  26 ° ~ 2 °. 

As a rule, t he  smal l  a m o u n t s  of r e agen t s  requ i red  to b r ing  a b o u t  t he  desi red reac t ion  were added  
by  app ly ing  a concen t ra t ed  solut ion to a s t i r r ing  rod wh i ch  in t u r n  was  qu ick ly  swir led a round  in t he  
cuve t t e  to insure  rap id  mi x i ng  (mix ing  t i me  less t h a n  I second).  T h r o u g h o u t  th i s  paper ,  horse rad i sh  
peroxidase  will be abbrev ia t ed  as  H R P .  

most of the compounds, the spectra of 
which are shown in these figures, are un- 
stable, a direct measurement of the spectra 
in the ordinary way was not possible. 
Instead a special technique was employed, 
which will be described below. 

III. RESULTS 

A. The course o~ splitting with HCl  

Upon adding HC1 to an aqueous solution of H R P  one does not observe a single 
reaction, but one can distinguish spectrophotometrically between four reactions which 
take place in sequence and spontaneously. 

The spectral changes which occur when the PH of the enzyme solution is lowered 
by the addition of HC1 shall now be de- / 
scribed in some detail. Fig. I and 2 il- t~° 1 
lustrate the reactions outlined below. As 

B a 
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Fig. i .  The  spec t ra  of t he  i n t e rmed ia t e  corn- 7 
p o u n d s  found  in  the  s tepwise  sp l i t t i ng  reac t ion  
of horse  r ad i sh  peroxidase  wi th  HC1 
o o horse rad i sh  peroxidase  PH 7 
(~ @ horse rad i sh  peroxidase  chloride PH 2.z 
(JP . . . .  ( J  c o m p o u n d  B (with HC1) PH 2.2 
• . . . . .  • c o m p o u n d  C (p ro tohemin  I) PH 2.2 
@ . . . . .  @ c o m p o u n d  D (pro tohemin  II) PH 2.2 
a > 360 m/~, wave leng th  of record in Fig. 3 
b , 380 m/, ,  wave leng th  of record in Fig. 4 
c ~ 405 m/~, wave l eng t h  of record in Fig. 5 
for fu r the r  deta i l s  compare  t ex t  

Re/erences p. z6 / z  7. 
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When small amounts of HC1 are added to the cuvette, no measurable optical 
changes take place above PH 3, while the half time of splitting (overall reaction) at PH 2.5 
still exceeds lO 3 seconds. Below Pn 2.5 per- 
oxidase is very rapidly converted to com- 
pound A (Fig. I and 2). Its spectrum 
shows a peak at 407.5 m# in the Soret 
region.The millimolar extinction coefficient 
e----87 cm- l"mM -1. The velocity of for- 
mation of this compound is beyond the 
limits of measurement in the method em- 
ployed. CHANCE* has already found that 
no change in the spectrum of HRP  occurs 
down to Pa 2.75 with H~SO 4, but that 
chloride can cause the formation of com- 
pound A. 

The chloride compound is increasingly 
unstable with decreasing Pi~ and is spon- 
taneously converted into an intermediate 
compound (henceforth called compound 
B). Its spectrum shows a high peak at 
398.5 m~ with e---- 106 c m - l . m M  -1 at 
p~ 2.2. 

Compound B is finally spontaneously 
transformed into compound C, with a spec- 
t rum very similar to that of protohemin; 
this compound will also be referred to as 
protohemin I. I t  shows an indistinct maxi- 
mum around 375 mF (e ---- 50 cm -1" mM-1). 

I-ICI-~UT~N6 

Horseradish Prold'x~.~ n P e ~ x i d o s ~  

3 

430 m# 

Fig. 2. The  s ame  spec t ra  as in Fig. i ,  w i t h  t h e  
except ion  of p r o t o h e m i n  II ,  d r awn  in a s y s t e m  
of 3 coord ina tes :  
x -ax i s  : w a v e l e n g t h  
y -ax is :  molecular  ex t inc t ion  
z -ax i s :  t ime  sequence  
I t  would  h a v e  been t echn ica l ly  v e r y  difficult  to 
p lo t  t he  ac tua l  t ime  re la t ions  of t he  react ions.  
The  first s tep  is comple ted  in  a n  i m m e a s u r a b l y  
shor t  t ime,  whereas  t h e  reac t ion  t i m e  of t he  2nd 
s tep  is a b o u t  io  t imes  shor te r  t h a n  t h a t  of t h e  
3rd step.  

In the course of several hours (at Pn 2 4- 0.5) a further spectroscopic change can be 
observed, as compound C is converted into compound D with a slightly, but significantly 
different spectrum. Compound D will also be designated as protohemin II. I t  is ap- 
parently this last optical change which was observed by THEORELL AND PAUL 5 upon 
acidifying aqueous peroxidase solutions. They measured the change in optical density 
at somewhat longer wavelengths (49o-55 ° mt~). 

T A B L E  I 

C o m p o u n d s  

H R P  
A 
B 
C 

H R P  

4Ol.5 
374 and  405.5 
371 and  425 

A 

4Ol.5 

360 and  4o4 
377.5 and  428 

374 and  405.5 
360 a n d  404 

372 a n d  420 

C 

371 a n d  425 
377-5 and  428 
372 a n d  420 

D 

363 a n d  423 
371 and  426 
366 a n d  419.5 
416 

The  w a v e l e n g t h  scale  of  t he  s p e c t r o p h o t o m e t e r  was  s t anda rd i zed  b y  t he  pos i t ion  of t h e  Sorer 
b a n d  of H R P  wh ich  lies a t  4o2 m/A. 

* U n p u b l i s h e d  d a t a  

Re/erences p. x6/x 7. 
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The isosbestic points between the 5 compounds of the HCl-splitting reaction 
were observed as shown in Table I (all wavelengths in rnp) : 

The abbreviations used refer to : 

HRP horseradish peroxidase 
A the chloride of HRP 
B compound B 
C compound C or “protohemin I” 
D compound D or “protohemin II” 

By chasing appropriate wavelengths, all the transformations designated by HRP 
-+A~B--+C-+D could be demonstrated and the kinetics of some of the steps could 
be measured. In Fig. I, three of the wavelengths employed for these studies are indicated 
by lettered arrows. 

I. The changes in optical densities shown in Fig. 3 were obtained at 360 rnp (indi- 
cated by arrow a in Fig. I). At this wavelength, the reactions HRP-+A and B+C+D 
appear as changes in optical density. After the first addition of HCl, a decrease of 

~17 mM HCI OH 1.9 

r I 

PRomHELwlI - -.oTG-xl 

HRP RtOTObEYN 
HRP u 

II - ; 02; - 39 
- ?a5 

timavnle 30 SD 
we. min 

EXP. 40r 

Fig. 3. Spectrophotometric recording of the changes in Fig. 4. Spectrophotometric recording of 
optical density at 360 rnp upon acidification of HRP the changes in optical density at 380 rnp 
with HCl. The reaction proceeds from left to right. pi upon acidification of HRP with HCl. pi 
1.6, 0.1 M KCl, D = optical density, E = extinction 1.9, no KCl. The reaction proceeds from 

coefficient mM-l.crn-l left to right 

066 mM 

HAPG3’ -gr 

HRP .--G 
= - 

HRP-il.2 

FROTOHEMIb+ 

&M 

-635 

- 59 5 

Exit 196 

extinction is observed which results from the formation of compound A. Upon a second 
addition of a very small amount of HCl, A is very rapidly converted to B. This reaction 
is not visible as a density change at this particular wavelength, because A and B have 
an isosbestic point here. The next optical change recorded is a rise of extinction caused 
by the formation of protohemin I (C), followed by a slow decrease in extinction as C 
is finally converted to D (protohemin II). 

2. At 380 rnp (arrow b in Fig. I), the reactions HRP-+A--+B-+C can be followed 
(Fig. 4). On addition of HCl, the extinction drops to the level of A, rises to B, and 
decreases finally as compound C is formed. The transformation from C to D is too slow 
to be seen on this record. 

3. The wavelength of 405 rnp (arrow c) lies very near an isosbestic point of A and B, 
so that only the reactions (HRP -+A) and (B-X) are recorded as changes in optical 
density (Fig. 3). 

Within the pn range employed for measuring this reaction the transformation 

References p. x6/17. 



VOL. 8 (1952) SPLITTING OF HORSERADISH PEROXIDASE 5 

A--+B is completed in less than I second and is therefore not detectable in this experi- 
ment.  A change in optical density does not occur during the reaction A--+B. The final 
conversion of C into D is again too slow to be seen in Fig. 5. The transformation B--+C 
is the most pronounced reaction as judged by spectral changes. I t  leads from a compound 
still closely related to the intact enzyme, to a substance whose spectrum shows a definite 
resemblance to free protohemin. This transformation is a first order reaction as judged 
from the analysis of the spectroscopic trace in Fig. 5. 

On repeating this series of splitting reactions over the whole region of the wave- 
lengths studied in this paper, it was possible to obtain the spectra of all intermediate 
compounds. The experimental conditions were chosen so that  rapid reactions were 
slowed down and slow reactions speeded up in order to be able to measure the endpoint 
of each reaction step accurately. As the spectrum of the starting material (pure HRP)  

ao(~  N ftCI 

(1"r6 ~.M 

, ; - -  ~- • ~ / I f j_ i 

3 0 w . .  6 . ~  
eLI 18. KCI 

T & 

o i ~' i "=~ 

Fig. 5. Spectrophotometric recording (left) and semilogarithmical plot (right) of the change in optical 
density with time, measured at  4o5 m/~ upon acidification of H R P  with HC1. Direction of reaction 

from left to right. PH 2.3 I, o.i M KC1 

was known and was carefully checked for this particular preparation, all differences in 
extinction obtained on the recording spectrophotometer could be related to this standard 
spectrum. The spectra thus obtained are represented in Fig. I and 2. 

On the basis of the determination of the separate intermediate reactions and the 
measurement of their kinetics, a more detailed s tudy of the influence of P~I and of the 
presence and concentration of halogen ions (henceforth designated as Hal') on the 
kinetics of the main splitting reaction (B--+C) was undertaken. 

The rate of the  reaction B k > C was measured at  405 m~ at different PH values. 
Fig. 6 shows the plot of log I / t~  (oc log k) against the PH of the solution. Within the limits 
covered by  these experiments all obtained values lie on a straight line (Fig. 6, curve I). 

In the presence of o.I  M CI' as KC1 this curve is shifted towards higher pH values as 
shown in curve 2. F '  (added as NaF to a final concentration of o.I M) has a still greater 
effect (curve 3), the displacement of the line towards lower H '  concentration reaching 
1.5 PH units. This last reaction was measured at 417 m/~. A measurement at 4o5 m~ 
would have given unreliable results, as the acid splitting in the presence of F '  takes a 
spectroscopically different course from the splitting with HC1 alone, as will be explained 

Re[ere~ces p. 16/17. 
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Fig. 6. Rate of splitting of horseradish perox- 
idase as a function of PH. The rates were meas 
ured at 402 m/~ on splitting with HC1, at 417 m/J 
in the presence of F', and at 416 m/, in the al- 
kaline range. Logarithmic scale used on the 
ordinate. 
A) Straight lines: 
• I splitting with HC1, no addition, slope --2.0 

:[:.2 
. 2 splitting with HC1, o.i M KC1 added, slope 

- - 2 , 0  ;J~.2 
× 3 splitting with HC1, o.i M NaF added, slope 

o 4 splitting with NaOH, no additions* 

20. 
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HRP'F 

Proto heroin - F (split HRP- F) 
pH 27 

\ 
\ 
\ 
\ 

Q "" < x . . .  

i i 

3~o ~ o  , o o  i2o 4 ~  m,  

Fig. 7. The spectra of the fluoride of HRP and the 
protohemin derivative obtained by splitting this 

fluoride compound by acidifying it with H~SO 4 

below. The presence of 3o m M  NaCN (reac- 
t ion measured at  422 m/z) or of 2oo m M  
NaN 3 (measured at 406 m/~) didnot  increase 
the spl i t t ing rate by  HC1 to a measurable  
amount .  In  all these experiments  the 
tempera ture  in the cuvettes  of the spectro- 

photometer  was found to have been 
26 ± 2 °. The appara tus  was s i tuated 
in an air-condit ioned room. 

On neutral iz ing the HCl-split solu- 
pH 4.7 
ro,~ ~e~ole t ion with NaOH in the presence of a 

suitable buffer, recombinat ion of proto- 
heroin and  protein to active peroxidase 
takes place. This reversible reaction 
could be repeated several t imes with 
the same solution of the enzyme without  
appreciable losses in act ivi ty.  

B. The acid splitting in presence o /F '  

Peroxidase forms a compound with 
F '  in acid solut ions as KEILIN AND 
MANN 1° had observed in I937. The 
fluoride compound has been studied in- 
tensively since, especially by  THEORELL 
and  his co-workers. However, the ab- 
sorption in the Soret region was meas- 
ured only in 1949 by  CrlANCE n .  I n  Fig  7 
the F ' - compound  (max e4o 3 = 116 cm -z 
• m M  -1) is plot ted together with the 
spectrum of the compound formed by  
the spli t t ing with HC1 in an excess of 
NaF. This la t ter  compound is assumed 
to be pro tohemin-F,  as the spect rum of 

protohemin + H F  was found to resemble it very closely. On acidification of H R P  in 

* More detailed data on alkaline splitting will appear in a forthcoming paper. 

Re/erences p. z6/Z 7. 
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the presence of F', the fluoride compound is formed (pK 3.45, as found by  THEORELL 
AND PAULS). As the Pn is further lowered (see Fig. 6, curve 3), this compound undergoes 
splitting and is finally converted into protohemin-F. The splitting reaction was measured 
at 417 m/~ where HR P  and HRP-F '  have an isosbestic point. On measuring the changes 
of optical density with time, the transformation H RP - - .H RP -F '  is not seen at this 
wavelength; the splitting reaction that  follows produces a decrease in optical density. 

A reaction step corresponding to either the formation or decomposition of a 
substance similar to compound B in HC1 splitting (Fig. I) could not be observed in the 
presence of F' in spite of a careful search at all wavelengths from 36o to 450 m/,. The 
reason for this became apparent only later and will be discussed below. 

Recombination of the split components to HRP  sets in upon neutralization with 
alkali in a similar way as in the case of HC1 splitting. 

C. The acid splitting with HBr 

When HBr is added to a H R P  solution, no bromide compound is optically de- 
tectable. On lowering the pH sufficiently, a compound very similar to the above men- 
tioned compound B is formed with a peak at 396.5 m/~. This in turn is unstable and is 
split into a protohemin derivative + protein. This reaction has not been studied in great 
detail, as little additional information could be expected. 

The rates of the main splitting reaction B---~C using acids of the type HHal*, with 
and without addition of salts of the type MeHal* are given in Table II. 

TABLE II 

Acid Added MeHal* PH at which I/tV, 
IOO s e c o n d s  

HF 
HC1 
HBr 
HC1 
HC1 

B 

o . I  M KC1 
o.i M NaF 

2.55 
2.05 
0.70 
2.5 ° 
3.7 ° 

D. Splitting o / H R P  with HzSO, 

Sulfuric acid reacts with H R P  in still a different manner. Until the PH is decreased 
to 4.0 no spectroscopic changes are observed. On increasing the acidity a new spectral 
band with a maximum at 396.5 m/~ replaces the original Soret band of H RP  (maximum 
at 402 m/z) (see Fig. IO). This compound is unstable, the rate of decomposition increasing 
with increase in acidity. The products formed on decomposition have no well defined 
absorption spectrum. When the solution is neutralized after treatment with I-~SO, no 
recombination occurs. This is in contrast to the splitting with t tHal  acids. 

The formation of the intermediate compound with a peak at 396.5 m~ (incidentally 
the same wavelength as the intermediate compound in HBr splitting) was studied in 
some detail. As the PH of the solution is decreased below 1.2 the extinction coefficient 
reaches a maximal value of e396. 5 = 13o cm -1. mM -1. The spectrum at that  Pn is shown 
in Fig. 8 and labeled "compound Ba2so4". The formation of Bi¢,so, could theoretically 
result from a reaction with H +, SOl" or possibly the I~SO, molecule. A speetrophoto- 

* Hal designates halogen ions; Me designates alkali metal ions. 

Relerences p. z6/x 7. 
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metric titration was carried out in order to decide whether the formation of this substance 
is dependent upon the SO4" concentration, and also to determine at which Ps the for- 
mation is half completed (pK of the group titrated). A typical experiment, carried out 
at a wavelength of 396.5 m~, is shown in Fig. 9. 

Due to the instability of the compound the value of maximal optical density is 
maintained only for a short period of time, a time interval which decreases with de- 
creasing Pn. In order to obtain the correct value for the extinction coefficient at a given 
PH, the maximal changes in optical density must be obtained from the recording trace 
and were used in the computation of the extinction coefficients. The type of experiment 
shown in Fig. 9 was repeated at the same wavelength with varying amounts of H2S Q 
added to the neutral HRP  solution. The results are shown in Fig. IO, together with the 

a ~ B pH I. 2 Fig. 8. The spectra of compound  BHCl formed by 
, the addition of HCI to HRP,  as it was measured 

/ HC~ pH P-2 in an actual  experiment ,  together  wi th  values ob- 
//i tained bY c°mputing a 5° % c°mplete transf°rmati°n 

tOO- , • • s e e  l e g e n d  of HRP-C1 into compound BH2S04. The spect rum of 
, the lat ter  was obtained by  spli t t ing H R P  with  

80- - -  spec t rum of compound B as obtained e x -  

E 4" per imental ly  by  adding HC1 to H R P  at  a 

* so • • • points  calculated by  adding the densities 
of HRP-C1 and of compound B at  PH 1.2 

/ and dividing the result  by  2 
. . . . . . . .  spec t rum of HRP-C1, measured a tpH 2.2 in 

a series of split t ing experiments  wi th  HC1, 
40 '~ 'b. each performed at  a given wavelength 

• ", e':, - . . . . . .  spec t rum of compound B, measured at PH 
20- ~ ~ x.2 in a series of spli t t ing exper iments  with 

H~SO4, each performed at  a given wave- 
Ic length 
~o ~o ~o &o ~o ~ 

FORMATION OF COMPOUND B 

,t~e, e. ~ -L4ma H2SO 4 
/ ~me O 

r~, ' " e ~ . . .  HRP " El i08 .095 

a: 

E,p 505 

O~ 

396.5 rnp 30 sec, temp. +29° 

o io ~o io ~o ~6o~:. ~ 2.zs [HRP] . 8 s , ~ .  

Fig. 9 The kinetics of the format ion of compound  B, obtained by  adding H~SO 4 to HRP.  The reaction 
proceeds f rom left to right.  On the r ight  hand  side, the actual  record of an exper iment  at  PH 2.25 
is shown. On the  left hand  side, the logar i thm of the  H R P  concentrat ion is plot ted against  time, 
using the da ta  obtained in the exper iment  shown on the r ight  and of an analogous exper iment  per- 

formed at PH 2.15 

Re/erences p. x6/z 7. 
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dissociation curve computed for PH 2.3 °. The agreement is excellent, with the exception 
of the values below PH 1.0, where the decay of the compound is very rapid. 

Since the PH is a function of the H2SO L concentration, the result remains ambigious, 
i.e., the formation of an anion compound ( H R P ) , -  (SOL) ~ would give a similar dis- 
sociation curve. 

Therefore, the above experiments were repeated in the presence of o.I  M K~SO L 
between PH values of 2-3. In this PH range, the concentration of H~SO L is o.oI-o.ooz N, 

130 

120 
o 

I10 

IOC 

80' 

140 : 
Titration of Formation 

of HRP compound B 4 " -  

~. = 396.5 mju 

' , ' ~ +  theoretical I 
'~ titration curve for pK 2.30 

o values obtained 
I ~  with H~SO 4 alone 

& va!ues obtame d IOC 

in 0.1M. K2SO 4 
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Fig, IO. T i t r a t i on  of H R P  wi t h  va r ious  a m o u n t s  Fig. I i .  T i t r a t i on  of h u m a n  blood ca ta lase  w i th  
of HzSOI, each  po in t  r epresen t ing  t he  m a x i m a l  va r ious  a m o u n t s  of  H2SO4, ana logous  to  t h e  pro-  
va lue  in e369. 5 ob ta ined  in  e x p e r i m e n t s  l ike t he  cedure  used  in  t he  e x p e r i m e n t s  w i th  H R P  (Fig. 9 
one rep resen ted  in Fig. 9- The  c o m p o u n d  is ha l f  a n d  IO). The  c o m p o u n d  fo rma t ion  is ha l f  cam-  

fo rmed  a t  PH 2.3o ple te  a t  PH 2.oo. A c o n t e n t  of 4 h e m e s  per  
molecule  is a s sumed .  The  ex t inc t i on  coefficients 
are based  on  t h e  va lue  of e4o5 = 378 cm-X" mM-Z,  

g iven  by  B o n n i c h s e n  =z for blood ca ta lases  

[ s o ; ' ]  
so that  the ratio H + is reasonably high. The values obtained in these series were 

found to lie exactly on the same curve as the ones measured in the absence of K~SO v 
demonstrating the independence of this reaction of the SOL" concentration. 

Replotting the trace of the spectrophotometer curve on a semilogarithmic scale 
demonstrates that  the reaction is of first order. From the experimental data at two 
slightly different PH values it is apparent  that  the rate of this reaction is dependent on 
the concentration of H+, SOL" or I-I~SO L. This relationship was not further investigated. 

By way of comparison, a similar t i tration was carried out with crystallized and 
carefully dialyzed human blood catalase, prepared according to HERBERT AND PINSENT lz. 
Fig. I I  shows the result. 

The pK of the group t i trated in catalase lies at 2.00. The values above p~ 2.5 no 
longer follow the theoretical curve, owing to the t i tration of another group probably 
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related to the formation of an anion compound of catalase and S04". Such compounds 
were observed by  MICHAELIS AND PECHSTEIN la in 1913, by AGNER AND TI-IEORELL 14 
and others (c/. I). Measurements at other wavelengths would be necessary to get reliable 
values of the dissociation curve of this group. 

I t  is of interest to note, that  the peak of the catalase-compound formed on addition 
of H2SO 4 lies at the same wavelength (396.5 m~) as that  of HRP,  in spite of the different 
wavelengths of the Soret bands of the free enzymes at neutral PH (405 and 402 mF 
respectively), and that  the maximal extinction coefficients per heme are also identical. 

E. Reactions o / H R P  with acids other than HHal and HzS04 

In addition to HC1, HF, HBr, and HzS04, the reactions of the following acids with 
aqueous solutions of H R P  were studied in less detail: HNOs, H.~PO 4, HCIO 4, HCN, 
(KCN added and HC1 used for acidification), CHsCOOH, C2HsCOOH, aspartic, succinic 

~¢o0~ ,(~:,q acelic acid 

,~o- ~' b oH 1.9 

r~ 
" 0 

/ d-~ ', propionic ocid 
;.' .."' ~. ~ pH 1.7 

c J~''- ~ . ~ ~ ,  Protohemin 

20 

0 3g0 3'80 400 4~0 440 rn~u 

Fig. 12. The spectra  of the compounds  of H R P  
wi th  acetic and propionic acids and the spect rum 
of the protohemin-acet ic  acid compound.  Note 
the scale of the abscissa, which is different f rom 
the scale of the other  spectra  shown in this  paper  
o . . . .  o HR1 D + acetic acid 
A . . . .  /~ H R P  + propionic acid 
FJ [] propohemin  + acetic acid 
- - - -  unmarked  curve, HRP,  for comparison 

12C 

E 

x 8(3 

T E 
60 

40 

and glutamic acids. 
The two fa t ty  acids form HRP-com- 

pounds with very high and broad Soret 
bands, indicating a pronounced change in 
the configuration of the hemin part.  In ac- 
cordance with this assumption, it was ob- 
served that  the spectrum of free proto- 
hemin (recrystallized according to FISCHER 
AND ORTH 15, and dissolved in o.I N NaOH) 
acidified with a large excess of concen- 
trated acetic acid shows a peak of even 
higher intensity (e = 115 c m - i . m M  -1) 
than that  of the pyridinhemochromogen 
(e = 75 cm-l"mM-1,  c/. LEMBERGlS), see 

Fig. 12. 
Aspartic, succinic, and glutamic acids 

produced no observable change of the 
spectrum in the observed range. I t  is, 
however, not possible to obtain high con- 
centrations of these acids due to their low 
solubility; IO m M  solutions were used. 

These latter observations are in ac- 
cordance with a statement by THHEORELL 17 

that  compounds of H R P  with these three acids could not be demonstrated. In addition, 
it was found that  acetic acid does react with HRP,  as stated above. 

The mineral acids HNO a, HCIO 4 and H3PO 4 gave similar reactions with H R P  leading 
to an intermediate compound B with a Soret band peak at the same wavelengths as in 
the case of H2SO 4 and HBr (396.5 m~). HCN leads to the formation of the cyanide of 
H R P  (main band at 423 m~), which, when acidified with H2SOa, is transformed into 
compound B as well. 

F. Loss o/enzymatic activity on acid splitting 

The chloride of horseradish peroxidase as well as the compound obtained by  addition 
of H~SO 4 to HRP,  were tested for their activity towards I-~O z. To this end the spectro- 
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scopic change upon adding 4-6 ~M H~O~ to the I ~M solution of the H RP  derivative 
was measured. At the wavelength of 39 ° m~, all 3 complexes of peroxidase with H~O= 
have the same molecular extinction coefficient (e39 o = 36 cm- l"mM -1) as shown by 
CHANCE 11, whereas the coefficient is e39 o ---- 6 4 cm -1. mM -1 for the chloride of HRP,  and 
e39 o = IOO c m - l . m M  -1 for compound B (I-I2SO,). The experiment showed, that  the 
chloride of H R P  still reacts with H~02, giving the expected decrease in extinction of 
Ae = eBRp. Q - -  enRP-n2o2 = 38 cm- l"mM -~. Compound B, on the other hand, does 
not show any decrease in optical density at all upon adding 1-1202 and must therefore 
be regarded as unable to react with this substrate. This means that  the activity of 
horseradish peroxidase is surely lost when compound B is formed, although no proof 
is offered that the A - + B  reaction is the sole reaction causing loss of enzymatic activity. 

G. Alkaline splitting 

The stability of horseradish peroxidase in the alkaline range is remarkable for a 
protein molecule. The color of HRP  changes from brown to red upon addition of alkali. 
This change was first observed by KEILIN A~D MANN 1°. THEORELL ls found the pK of 
this change to be lO. 9 as measured spectroscopically, and 11.27 by measurement of 
magnetic susceptability. The peak of the Soret band is shifted from 4o2 m~ to 416 m~ 
(e = 93 cm-Z'mM-i  at PH 12.6). Up to a PH of about 12.o no measurable unstability 
is observed and undamaged HRP  can be obtained by lowering the Pn again. At PH 12.5 
splitting sets in, leading to alkaline protohemin (hematin). The spectrum of the latter 
has a flat maximum at about 395 m~. Fig. 13 shows the spectra of the alkaline H RP  
compounds, together with compounds A and C formed during HCl-splitting. Inter- 
mediate compounds could not be observed spectroscopically. The measurements of the 
rate of alkaline splitting were carried out at the wavelength of the largest change in 
optical density, which is 416 m~. Fig. I4 shows the kinetics of a typical alkaline splitting 
reaction, which is of first order. 

The values of 13 measurements of log I / t~  vs. PH for the alkaline splitting lie all on 
a straight line, as seen in curve 4 of Fig. 6. The slope of this line has a similar absolute 
value as the slope of the line obtained with the 
HCI splitting, though its sign is naturally oppo- 
site. Experiments with added halogen-ions in the 
alkaline region were not undertaken, as it proved 
difficult to reach high enough Ps values in the 
presence of Hal'. The products of the alkaline 
splitting reaction could not be recombined to the 
original enzyme by lowering the PH again under 
the conditions of these experiments. 

Fig. 13 . The spectra of the acid and the alkaline forms 
of p ro tohemin  (as obtained by  spl i t t ing HRP) ,  as well 
as of the H R P  chloride and the alkaline form of HRP.  
The numbers  on the top of the curves indicate the 
wavelength of the i r  max ima  in m/~. The peak of the 
chloride lies at  4o7 m/~ at  lower PH 

H R P  chloride, peak a t  4o5 m/,, PH 2.5 
alkaline HRP,  peak a t  416 m/,, PH 12.5 

. . . . . . . . . .  acid protohemin,  peak at  37o m/~, PH 2.o 
. . . . . . . . . .  alkaline pro tohemin  at  395 m/~, PH 13.o 
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ALKALINE SPLITTING 

: 416 m M 0.85/aM HRP 

olkoline 
HRP 

z~ split HRP 

Exp. 304 

~o r, bo &x, ,~  ~ ~bO zoo.:. 
0 I0 20 50 rain. 

time scole (minutes) 
4 6 -~416 m)J 

D 

• 082 
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.026 

0.9 ,uM HRP 

Exp. 543 

Fig. 14. A typical experiment of splitting HRP by addition of alkali. On the right the trace of the 
recording spectrophotometer is shown. On the left the data of a similar experiment are plotted on 
a semi-logarithmic scale. The total decrease of optical density was .o5o, i hour after the start of the 

experiment 

H. The recombination reactions 

After splitting H R P  with HC1, HBr  and HF, recombination of the protein par t  
with the hemin par t  to yield active H R P  again sets in upon neutralizing the solution 
in the presence of a suitable buffer system. The recombination occurs stepwise, as shown 
by  spectroscopic determinations, but the pathway is different from the course of the 
splitting reactions. The details of the recombination reactions are the subject of further 
investigation. 

I I I .  DISCUSSION 

The acid splitting of an aqueous solution of horseradish peroxidase proceeds with 
the formation of a number of intermediate components, formed and decomposed spon- 
taneously once the acid is added. The overall reaction is reversible (although the reverse 
reaction follows a different pathway) if the splitting is performed in solutions containing 
an excess of halogen ions. This type of splitting is of special interest, since the chemical 
changes do not involve measurable protein denaturation or other observable irreversible 
reactions. These splitting reactions form a new tool for investigating the bonds between 
heroin and protein and thus will lead to a better  understanding of the chemical and 
eventually enzymatic behaviour of hyroperoxidases and other hemoproteins. Horse- 
radish peroxidase was used as a first example because of its relatively high stability to 
extreme temperatures 8 and Pa values. 

The data given above show that  the acid splitting involves several chemical changes, 
indicating the breaking of more than one type of linkage• The results of these experiments 
do not yet permit a full understanding of the linkages involved in the reversible splitting 
of HRP.  However, the properties of some of the intermediate compounds are sufficiently 
evident from the data described to warrant tentative characterization• 
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The various steps of splitting are discussed in the order of their occurence. The first 
step of splitting with HC1 consists of the formation of the chloride of HRP.  On comparing 
this chloride compound with the other halogen compounds of HRP,  it is interesting to 
find qualitative differences in spectra and in enzymatic activities, as demonstrated in 
Table III .  

TABLE I I I  

Dissociation Activi ty o.i M I Ionic radius 
Ion ~t ~ constant  Hal '  

F'  403 118 lO-3.45 (5) 1.36 A 
CI' 407 86. 5 + 1.8I A 
Br'  (402) ( 8 1 - 5 )  ' - -  + 1.95 A 

The values for the  ionic radii  are those given by  PAULING 19 

The fluoride compound of HRP  is greenish in color. However, the color alone does 
not permit one to draw a conclusion concerning the type of binding. The peak of the 
Soret band shows a slight shift from that of HRP  (I m/z towards higher ~t), but a large 
increase in molecular extinction (A e = 35.5). HRP-F  is enzymaticaUy inactive, owing 
to F'-inhibition (c]. Io). The Soret band of the chloride of H RP  is displaced to 407 m/z, 
with but  a small increase in molecular extinction over H RP  itself. With the Cl' concen- 
tration used in these studies (=  o.I M), no inhibition of the enzyme activity could be 
observed. The chloride is able to react enzymatically with H20 v 

The bromide shows neither a spectral difference from HRP in the investigated Pn 
range, nor does Br' inhibit the enzymatic activity up to o.I M to any easily measurable 
degree. In fact, there is no evidence for the existence of a Br compound, aside from the 
observation that Br' facilitates the splitting by HC1 to about the same extent as Cl' does. 

The data of Table I I I  show a clearly decreasing affinity of Hal' for H R P  in the 
direction F'---+CI'--~Br', as could be expected on the basis of the respective ionic radii 
given in the last column. The lack of observable influence of anions other than Hal' on 
spectrum and activity may indicate that these are bound in a different way to the hemin. 

The second step of the acid splitting reactions studied in this paper leads to the 
formation of an intermediate compound (referred to as compound B above) having the 
same spectrum (peak at 396.5 m/z) irrespective of the acid used for acidification, with 
the exception of HCI and of HF + F'. If HC1 is used for the splitting, the peak of "B"  
lies at 398.5 m/z, a displacement towards the red of 2 m/z. If HF + F' is used for the 
splitting, no intermediate compound of this type could be found. 

The rate of splitting with HF in the presence of F' occurs at PH 4 with measurable 
speed and has a half-time of about I second at PH 3. At this tM value the formation of 
compound B is still very small, as judged from the dissociation curve of its formation 
(Fig. 9)- This explains why the formation of compound B was not observed spectro- 
photometrically. 

In the case of the splitting with HC1, the chloride compound is formed previous 
to a "compound B" and on measuring the formation of the latter, we have to consider 
the reaction HRP-C1----~B rather than HRP---~B as with the other acids used in these 
experiments. The same situation applies to the reaction steps of HF-splitting (HRP 
--+HRP-F--->B) but  "B" can not be observed as explained above. 
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We shall now postulate, that  compound B formed when using HC1 for the splitting, 
is identical to compound B formed on splitting with H~SO 4. Owing to the rapidity of 
its breakdown it is not possible to measure the spectrum of B formed by HCI at p~ 1.2 
as in the case of splitting with H2SO 4. Therefore a different technique was used to cor- 
relate the spectra of B obtained by  HC1 and HzSO 4 respectively. 

The reaction leads from the chloride of H R P  to compound B. If  we neglect the 
subsequent breakdown of compound 13, we have to expect intermediate spectra at each 
given pH, all lying between the initial spectrum (HRP-C1) and final spectrum (13). We 
know from the dissociation curve of Fig. 9 that  the formation of compound B is half 
complete at PH 2.3. The intermediate spectrum at that  PH should accordingly lie half 
way in between the initial and final spectra. When the mean values of the extinction 
coefficients of HRP-C1 and compound B are calculated for different wavelengths the 
points plotted in Fig. 8 are obtained. Upon splitting H R P  with HC1 at PH 2.2, and 
measuring the extinction change, the drawn-out curve of Fig. 8 is obtained. Theory 
and experiment match within the limits of experimental error. 

Thus the spectral deviations of the compound 13 obtained by splitting with HC1 
from the compound 13 observed during the splitting with other acids can easily be 
explained. 

Summarizing the data on compound 13, the following observations can be listed: 
I. The Soret band at 396.5 m~ shows a very high extinction, depending on the p~ 

of the solution and approaching e = 13 ° c m - l . m M  -1 below PH 1.2. 
2. The titration curve with H2SO ~ shows a pK of 2. 3. 
3. The SOa" concentration does not influence the titration curve. 
4. All acids investigated lead to the same compound B (according to spectrophoto- 

metric evidence), though the rate of breakdown may approach (HC1), or surpass (HF+F') 
the rate of formation. 

5- Compound B is unable to form any known H202 complexes. 
Since the titration curve is uninfluenced by  the anion concentration and is a 

function of PH only, it seems reasonable to conclude that  either a proton enters a heme- 
linked group of the HRP-molecule or that  a OH'-group leaves the Fe-atom when com- 
pound B is formed. In other words, compound B is an acid form of HRP.  

Spectroscopic investigations in the strongly acid region from 3 to I have not been 
made before, mainly owing to the lack of rapid recording equipment. The only exception 
was the measurement of the splitting of a ca. 60 ~M solution of H R P  with 2 N HC1 by 
THEORELL AND PAUL 5. The experimental evidence for groups t i t rated in that  region was 
hitherto gathered from differential t i tration studies 17. Based on these and earlier experi- 
ments, THEORELL AND PAUL 5 propose three linkages between the heroin and protein 
parts  of horseradish peroxidase: 

a. the iron a tom of the hemin linked to a carboxyl group of the protein 
b. one propionyl group of the hemin bound with an ester bond to the protein 
c. the other propionyl group bound to the protein electrostatically or in some other, 

still unknown way. 
The spectral changes during the splitting reactions with HC1 could then be explained 

as follows to fit into this theoretical scheme. The chloride is formed by an exchange of 
the OH-group bound to the l~e for a C1 ion. The formation of compound B and the final 
splitting reaction leading from B to protohemin probably represent the splitting of two 
linkages. One of the observed spectral changes would then correspond to a breaking of 
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the proposed carboxyl-iron bond, the other to the splitting of one or both of the pro- 
pionyl-protein linkages. The experimental data are still insufficient to correlate a 
specific reaction as observed spectrophotometrically to a specific linkage. 

The final slow spectral change (protohemin I-+protohemin II) is possibly a rear- 
rangement of the hemin molecules after the loss of the protein. I t  has become known 
by the work of SHACK AND CLARK 20 and others, that protohemin forms aggregates in 
aqueous solutions. These authors even demonstrated spectral changes during this poly- 
merisation process. An aggregation reaction could thus very well account for the reaction 
C--+D. The density change observed by THEORELL AND PAUL 5 during the splitting of 
H RP  with 2 N HC1 probably corresponds to this final reaction. The reaction rate 
observed by these authors is of the same order of magnitude as in the experiments 
described above. It  is quite understandable that the first rapid reaction steps escaped 
the notice of THEORELL,  who used a spectrophotometer of high accuracy but relatively 
low speed of operation. 

THEORELL 17 found in his differential titration experiments a difference of 2 equi- 
valents per mole between the free protein and recombined H RP  in the range of PH 5.5--9. 
This finding would be compatible with these experiments, as we would expect the two 
groups in the protein bound to the propionyl sidechains to be titrable in free protein 
within this Pa range. However, THEORELL AND PAUL 5 later proposed, based on their 
experimental evidence, that the neutral form of HRP contains a OH-group. This finding 
changes our theoretical concept. Some implications are discussed in detail s, but further 
work will be needed to solve the dilemma. 

Several observations described in this paper could not be evaluated theoretically. 
Thus, it is unknown why the halogen compounds of H R P  are more susceptible to acid 
splitting. I t  is further not known, why only the splitting with acids of the type HHal  
allows a fast and nearly complete recombination to the active enzyme. 
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S U M M A R Y  

I. A s t u d y  was  m a d e  of t he  reac t ions  l ead ing  to t he  sp l i t t ing  of H R P  in di lu te  a q u e o u s  so lu t ions  
a t  s t r ong ly  acid a n d  a lkal ine  PH. 

2. The  acid sp l i t t i ng  leads  to  an  acid form of H R P  wi th  a m a x i m a l  ex t inc t i on  a t  396. 5 m/~ 
(e = 13o c m - X - m M  -1 below PH 1.2). T he  s p e c t r u m  of t h i s  c o m p o u n d  is no t  c h a n g e d  by  t he  add i t i on  
of H20  v The  acid H R P  c o m p o u n d  is fo rmed  in a first order  react ion.  I t s  p K  of fo rma t ion  lies a t  2. 3. 

3. HCN,  HF,  a n d  HC1 lead  in ac id  so lu t ions  to spect roscopical ly  well  defined compounds .  
These  a re  f o rmed  p r ev ious l y  to  t h e  ac id  fo rm of H R P .  T h e y  are m u c h  more  suscep t ib le  to  sp l i t t ing  
t h a n  H R P  itself.  

4. The  acid for11~ of H R P  is decomposed  s p o n t a n e o u s l y  in a first order  reac t ion  to c o m p o u n d  C, 
wh ich  ha s  a s p e c t r u m  e x t r e m e l y  s imi la r  to  t h a t  of  p ro t ohemin .  Th i s  s tep  p r e s u m a b l y  r ep resen t s  
t h e  sp l i t t i ng  of t he  las t  bonds  be tween  heroin  and  prote in .  

5. C o m p o u n d  C is  f inal ly  s lowly  conver t ed  in to  t he  s imi la r  c o m p o u n d  D, wh ich  is s t i l l  closely 
re la ted  to  p ro tohemin .  

6. The  acid overa l l  sp l i t t i ng  reac t ion  was  revers ible  on ly  when  ha logen  ions  were present .  
7. The  re la t ion  be tween  PH and  ra t e  of  HCl-sp l i t t ing  was  compu ted .  
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8. Alkal ine  sp l i t t ing  se ts  in  above  PH 12.5. On ly  one reac t ion  s tep  was  observed.  The  reac t ion  
is of a p p a r e n t  first order.  U n d e r  t he  e x p e r i m e n t a l  condi t ions  of t h i s  work, i t  was  no t  possible  to 
recombine  the  a lka l ine-spl i t  H R P .  

9. The  possible  chemica l  reac t ions  upon  acid sp l i t t ing  are briefly discussed.  

R]~SUM]~ 

I. NOUS avons  6tudi6 les r6ac t ions  de d6composi t ion  de la pe roxydase  de ra i for t  (HRP)  en 
soltrt ion aqueuse  di lu6e ~ un  PH f o r t e m e n t  acide e t  £ u n  PH f o r t e m e n t  alcal in.  

2. E n  mi l ieu  acide, l 'on  ob~ient une  forme acide d ' H R P  a y a n t  une  ex t inc t ion  m a x i m a l e  
396.5 m~u (s = 13o c m - l . m M  -1 A des va leur s  du PH inf6rieures  ~ 1.2). Le spect re  de ce compos6 n ' e s t  
pas  modifi6 pa r  ad jonc t ion  de H~O v L a  r6ac t ion  de fo rma t i on  du  compos6 H R P  acide es t  du premier  
ordre.  Son p K  de fo rma t ion  es t  de 2. 3. 

3- Sous Fac t ion  de HCN, H F  et  HC1 l 'on  obt ient ,  en  mil ieu acide, des  compos6s  de spect res  
b ien  d6finis. Ces compos6s  p r e n n e n t  na i ssance  p r6a lab lemen t  A la forme acide de H R P ,  ils se d6- 
composen t  beaucoup  p lus  fac i lement  que I ' H R P  lu i -m6me.  

4- La  forme acide de H R P  se d6compose  s p o n t a n 6 m e n t  au  cours  d ' u n e  r6act ion du  p remie r  
ordre,  d o n n a n t  na i s sance  au  compos6 C qui  poss~de u n  spec t re  e x t r ~ m e m e n t  semblab le  ~ celui de la 
pro toh~mine .  Cet te  6 tappe  repr6sente  p r o b a b l e m e n t  la  r u p t u r e  des  derni~res  l ia isons  en t r e  h6mine  
e t  prot6ine.  

5. F ina lemen t ,  le compos6 C est  t r ans fo rm6 l e n t e m e n t  en  le compos6 semblab le  D qui  ressemble  
encore la pro toh~mine .  

6. La  r6act ion to ta le  de d6compos i t ion  acide es t  r6versible  s eu l emen t  en  pr6sence d ' ions  halog~ne. 
7- Nous  avons  calcul6 la re la t ion qui  ex is te  en t re  le PH et  la  v i tesse  de d6compos i t ion  pa r  HC1. 
8. La  d6compos i t ion  sous  l ' inf luence de l 'a lcal i  c o m m e n c e  £ des  va leur s  du PH sup~rieures  ~ 12. 5. 

Nous  n ' a v o n s  observ6 q u ' u n e  seule  phase  de la r~act ion.  Cet te  r~act ion es t  a p p a r e m m e n t  du p remie r  
ordre.  I1 n ' a  pas  6t6 possible,  dans  les cond i t ions  exp6r imen ta le s  de ce t rava i l ,  de r econs t i tue r  l ' enzyme  
or iginale  £ pa r t i r  des p rodu i t s  r6 su l t an t s  de sa  d6composi t ion  pa r  l 'alcali .  

9. Nous  avons  d iscut6  b r i~vemen t  les r6act ions  qui  pou r r a i en t  avoi r  l ieu au  cours  de la d6com- 
pos i t ion  du H R P  pa r  les acides. 

Z U S A M M E N F A S S U N G  

I. Die  R e a k t i o n e n  wurden  un t e r such t ,  welche zu der  Spa l tung  yon  Meer re t t i ch -Pe roxydase  
(HRP)  in ve rd i inn te r  w~ssriger  L b s u n g  bei s t a rk  s a u r e m  u n d  bei s t a rk  a lka l i s chem PH ftihren. 

2. Die S~urespa l tung  f i ihr t  zu einer  s au ren  F o r m  yon  H R P  m i t  e iner  M a x i m a l - E x t i n k t i o n  bei 
396. 5 m/~ (e = 13o cm -l"  m M  -1 u n t e r h a l b  PH 1.2). Das  S p e k t r u m  dieser Subs t anz  wird du rch  Zugabe  
yon H20  ~ n i c h t  ver~nder t .  Die  B i ldungs reak t ion  der s au ren  F o r m  yon  H R P  is t  eine R e a k t i o n  ers ter  
Ordnung .  Das  p K  bei  we lchem diese V e r b i n d u n g  en t s t eh t ,  betr i igt  2. 3. 

3. HCN, H F  u n d  HC1 ft ihren in saurer  L 6sung  zu spek t roskopisch  g u t  def inier ten Verb indungen .  
Diese bi lden s ich  vor  der  sauren  F o r m  yon  H R P .  Sie werden viel  le ichter  gespa l ten  als  H R P  selbst .  

4. Die s au t e  F o r m  yon  H R P  zerse tz t  s ich s p o n t a n  u n d  gibt ,  in e iner  Reak t ion  erster  Ordnung ,  
die Ve rb indung  C, deren S p e k t r u m  demjen igen  yon  Pro tohAmin  ause ro rden t l i ch  ~khnlich ist.  I n  dieser 
Stufe werden  wahrsche in l i ch  die le tz ten  B i n d u n g e n  zwischen Hi imin  u n d  Pro te in  aufgespal ten .  

5. Schliessl ich wird Ve rb i ndung  C l a n g s a m  in eine ~hnl iche  Ve rb indung  D verwandel t ,  welche 
d e m  Pro tohAmin  noch  i m m e r  nahe  s teh t .  

6. Die ge samte  S~.urespa l tungs-Reakt ion  war  nu r  in Gegenwar t  yon  t-Ialogenionen reversibel .  
7. Das  Verh~l tn i s  zwischen PH u n d  Geschwindigke i t  der  HC1-Spal tung wurde  berechnet .  
8. Die a lkal ische Spa l tung  beg i nn t  oberhalb  PH 12.5- N u t  e ine einzige Reak t i ons s tu f e  wurde  

beobach te t .  E s  sche in t  s ich u m  eine R e a k t i o n  erster  O r d n u n g  zu hande ln .  U n t e r  den  e ingeha l t enen  
Ve r suchsbed ingungen  war  es n i ch t  m0glich,  die Spal ts t i icke der Alka l i -Spa l tung  y o n  H R P  wieder 
zu d e m  urspr t ingl ichen  E n z y m  zu verb inden .  

9- Die chemischen  Reak t ionen ,  welche mbgl icherweise  wAhrend der SAurespal tung s t a t t f inden ,  
wurden  kurz  erbr ter t .  
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