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   In the  hope  of  gaining  some  insight into the  staining  mechanism  of  the

Feulgen  nucleal  reaction  in situ,  the  staining  reaction  ofthree  kinds  ef  hydro-

lyzed nucleoprotein-containing  films with  Schiff's reagent  was  studied  frem

both  the  physicochemical  and  the  chemical  points  ofview.  The  establishrnent

of  an  approximate  equilibrium  state  in  staining  was  assumed,  and  the  tnode

of  the  adsorption  isotherm  in this  state  was  examined.  The  Feulgen  nucleal

reaction  in the  heterogeneous  phase  confbrms  to Langmuir's  adsorption

isetherm  and  thus  exhibits  a  saturation  value  in staining.  Based  on  this  factp

the  stoichiometry  of  the  reaction  was  detertnined. The  saturation  value  of

the  stoich{ometry  was  proved  to  be  four.

    In spite  of  the  common  use  of  the  Feulgen  nucleal  reaction  in situ  fbr the  detec-

tion  and  the quantification ofdeoxyribonucleic  acid  (DNA) in the  cyto-  and  histo-
chemical  fields (18), only  little has been known  of  the physicochemical and  chmi-

cal  characteristics  of  this rcaction  (5,9,11,15). As the  nucleal  reaction  in situ

proceeds in the  heterogeneous phase, the staining  reaction  of  three  kinds of  hydro-
lyzed deoxyribonucleoprotein (DNP)-albumin films with  Schiff's reagent  was

studied  as  a  cytochemical  model  for the  in situ  reaction.  In such  a  case,  the  quan-
titative aspects  are  properly accessible  by studying  the  reaction  in an  equilibrium

state.  With  this in mind,  the  establishment  of  an  approximate  equilibrium  in

staining  was  assumed,  and  the  mode  of  the  adsorption  isotherm and  the  stoichio-

metry  were  determined. The  knowledge  of  these quantitative aspects,  physico-
chemical  and  chemical,  must  contribute  to the  better understanding  of  the  mecha-

nism  of  the  Feulgen  nucleal  reaction  in situ,

                       MATERIALS  AND  METHODS

    Praparation of raw  maten'ats:  Crude  DNP  was  preparecl f}rom the  testes  ef

S2omberomorus niphonius  (71fgeostei, Pisces) after  the method  of  Pollister and  Mirsky

(16), deoxyribonucleohistone (NH) from  calf  thymus  after  the method  of  Kay,
Simmons  and  Dounce  (12), and  isolated nuclei  from  calfthymus  after  the  sucrose
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method  of  AIIfrey et  al. (1). Egg  albumin  was  obtained  commercially  from  E.

Merck, Germany.

    Proparation of substrate  films for staining:  Three kinds of  substrate  films were

used  for staining:  Scomberemorus DNP-albumin  films, calf  thymus  NH-albumin
films, and  albumin  films incorporated with  isolated calfthymus  nuclei.  The  former

two  kinds of  films were  prepared  as  described in the  previous paper (10). The

latter was  prepared  as  follows: Ten  nzg of  dried nuclei  were  suspended  in ten  mt

volume  of  50%  ethanol,  A  half mt  aliquot  of  the  evenly  dispersed suspension

was  mixed  with  an  equal  volume  ofa  1 nzgfmt  albumin  solution  in a  centrifuge  tube,

acidified  with  trichloracetic  acid  and  kept cool  for an  hour; thus  albumin  was

precipitated together  with  the  isolated nuclei  added.  The  resulting  precipitate
was  spun  down, washed  twice  with  cold  water,  twice  with  ethanol,  and  then dried
overnight  at  3oeC.

    H]deolysis: The  substrate  film was  hydrolyzed with  one  ml  Qf  5.0 N  HCI  at

200C  for exactly  70  minutes  (4,7), This procedure  gave an  optimal  hydrolysis of

the film to produce the maximum  staining  intensity on  subsequent  treatment  with

Schiff's reagent.  The  hydrolyzcd  film was  washed  twice  with  cold  water,  freed
of  excess  washing  fluid by the  use  of  absorbent  paper, and  was  ready  for staining.

    Staining Procedures: Several kinds of  Schiff's reagent  differing in fuchsin
concentrations  were  prepared. They  varied  in fuchsin concentrations  fbom

50srglml to 10.0nrgfml, while  all contained  O.1 N  HCI  and  20,O nzgfml  NaHS03
in final concentration.  Here, the term  

C`fuchsin
 concentration"  of  the reagent  is

used  as  defined in the  previous paper  (11).
    The  hydrolyzed film was  treated  with  one  mt  each  of  the reagents  in a  tightly

stoppered  tube  in the  dark at  a  constant  temperature.  The  staining  was  carried

out  with  agitations  at  regular  intervals, to  insure that  the film was  stained  evenly,

    For the  purpose of  deterrnining the  equilibrium  position of  the staining,  one

ml  ofthe  Schiff reagent  of  10,O m.ofml  fuchsin concentration  was  used  as  the  reagent.

The  staining  was  carried  out  for a  time  period ranging  from 15 minutes  to 5 hours
at  200 and  400C. For the  purpose of  studying  the  adsorption  isotherm and

stoichiometry  of  the  staining,  the  hydrolyzed film was  stained  with  one  ml  each  of

the  Schiff reagents  of  difllerent fuchsin concentrations  until  an  approximate  staining

equilibrium  was  reached,  namely,  fbr two  and  a  half hours at  150C, for two  hours
at  20eC  or  for one  hour at  400C. The  removal  of  excess  reagnet  from the  stained

film was  carried  out  as  described previously (10).
    Chemical analyses  of stained  .film: In the cases  of  studying  the equilibrium

and  adsorption  isotherm of  the  staining,  the stained  film was  analyzed  for the

amount  of  combined  fuchsin after  the  fuchsin extraction  method  developed earlier

by  the present author  (10). In the cases  ofstudying  the  stoichiometry,  the  stained

film was  analyzed  concurrently  for both combined  fuchsin and  phosphorus, A
minute  amount  offuchsin  due  to non-specific  staining  and  the  quantity ofphosphorus

originating  from  the  albumin  were  corrected  to obtain  the  fuchsin amount  due to

the nucleal  reaction  and  the  apurinic  acid  phosphorus  amounts  (10), The  amount

ofphosphorus  was  analyzed  according  to the  method  ofBarton  (2), after  incinera-
tion of  the film (13).
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RESULTS

L  Ertablishment of approximate  staining  eeuitibrium

    In order  to gain some  insight into the  quantitative aspccts  of  a  staining  reac-

tion  in the  heterogeneous phase, an  analysis  in the  equilibrium  state  is necessary.

With this in mind,  our  preliminary approach  was  directed toward  finding the

equilibrium  state,  if any,  in the  staining  reaction  under  investigation.

    The  stained  film was  analyzed  for the  amount  of'  combined  fuchsin, and  this

amount  was  expressed  in terms  of  a  percentage exhaustion  of  the  external  reagent

used,  namely,-the  percentgae ratio  of  the  fuchsin combined  with  the  film at  a  given
time  period to the initial amount  of  fuchsin in the  reagent.  In Fig. 1, the per-
centage  exhaustion  for the staining  reaction  of  hydrolyzed Scomberomorus DNP-
albumin  films was  plotted against  the  reaction  time. The  staining  proceeded
hyperbolically or  expenentially  (19,5), reached  a  plateau for varieus  clurations,
and  again  diminished gradually. As  explained  later, this plateau was  assumed

as  
``an

 approximate  equilibrium7'  in the present paper.
    An  approximate  equilibrium  was  reached  after  two  hours of  staining  at  200C

and  after  one  hour ofstaining  at  400a, the maximum  percentage exhaustion  attained

being O.12%  at  20eC  and  O.11%  at  40eC. A  similar  time  course  of  staining  was

also  obtained  with  hyrdolyzed calf  thymus  NH-albumin  films and  with  hydrolyzed
calf  thymus  nuclei-albumin  films. The  maximum  percentage exhaustion  reached

was  O,31%  at  200C  for the  former film and  O.33%  at  20eC  for the  latter one.

fl. Cbnjbrnzity to Langmuir's aclserption  isotherm of'Flauigen's nucieai  reaction  in hetero-

    geneous Phase
    In order  to gain some  insight into the  staining  mechanism  ef  hydrelyzed

substrate  film with  Schiff's reagent,  the information on  the  distribution of  fuchsin

between the  film and  the external  reagent  in the state  of  equilibrium  is of  funda-
mental  significance.  Such knowledge of  fuchsin distribution can  be adequately

expressed  in the form of  the adsorption  isotherm. Here, the term  
"adsorption"
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Fia. 1. Diagram  showing  the  approximate  equilibrium  in the staining  reaction  of  hydrolyzed

 Stomberomorus DNP-albumin  films with  Schiff's reagent  at  200C  Chollow circles)  and  at  400C

 (solid circles).  Each  circle  represents  the  mean  valuc  of  5 determinations, and  two  short  bars

 lying on  the  upper  and  lower sides  of  the  circle,  the  standard  deviation.
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FiG.  2. Diagrams  shewing  the  confbrmity  to  Langmuir's  adsorption  isotherm efFeulgen's  nuclea]

 reactlon  in the  hetcrogcneous phase. Fig. 2a: Hydrolyzed  Scomberomomas DNP-albumin  films
 at  200C  (hollow circles)  and  at  400C  (solid circles).  Fig. 2b: Hydrolyzed  calf  thymus  NH-

 albumin  films at  200C  (hollow circles)  and  hydrolyzed calfthymus  nuclei-albumin  films at  200C

  (solid triangles), Each  circle  or  triangle represents  the  mean  value  of  5 determinations, and

 thc  standard  deviation was  within  5%,

is used  according  to the  definition of  Vickerstaff (19), and  means  the take-up  of  a

dyestuff by the  solid  phase from the  external  liquid one.
.. The  hydrolyzed  substrate  fiIm was  stained  with  the  Schiff reagent  of  diflerent
fuchsin concentrations  until  an  approximate  equilibrium  was  established,  and  was

analyzed  for the  amount  of  combined  fuchsin. From  the  amount  found, we  cal-

culated  the  fuchsin concentration  in the  stained  film in ¢ quilibrium with  the  ex-

ternal  reagent  used,  This was  expressed  in terms  ofm  motes  per g film, while  the

fuchsin concentration  of  the  external  reagent  was  expressed  in terms  of  m  moles

per mt,  taking  the  molecular  weight  of  para-fuchsin to be 323.8 (3). Plotting
the reciprocal  of  the  fuchsin concentration  in the  stained  film against  the  reciprocal

of  the fuchsin concentration  in the  external  reagent  used,  a  straight  line relation-

ship  was  obtained  (Figs, 2a and  2b). This straight  line relationship  implies that
the  Feulgen  nucleal  rcaction  in the  heterogeneous phase confbrms  to Langmuir's
adsorption  isotherm. When  these straight  lines in Figs. 2a  and  2b  are  extrapolated

to the axis  of  ordinates,  we  obtain  the  limiting values  of  fuchsin concentration

in the  stained  films, which  are  in equilibrium  with  the Schiff reagent  of  infinite
fuchsin concentration.  These values  may  be called  the  

"saturation
 values"  of

staining.  The  saturation  value  was  25 fbr Sbomberomortcs DNP-albumin  films,
10 for thymus  NH-albumin  films and  9.6 for thymus  nuclei-albumin  films. All
                                                                   1
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FiG. 3, Diagram  showing  the  stoichiometry  of  Feulgen's nuc]eal  reaction  in the  heterogeneous

 phase  at  150C. Line a:  Hydrolyzed  Slremberomorus DNP-albumin  films. Line b: Hydrolyzed

 calf  thymus  NH-albumin  films. Line c: Hydrolyzed  calfthymus  nuclei-albumin  films. Note

 that  ].ines a, b and  c meet  togethcr  at  a definitc point of  4 on  the  ordinate  axis,  Each  circle  or

 triangle  t'epresents  the  mean  value  of  5 deterrninations, and  the  standard  deviation was  within

 5%.

hydrolyzed substrate  fiIm, in equilibrium  with  the  external  Schiff reagent  of  fuchsin
concentration  (F)r; (F)s the saturation  value  of  (F)nj and  C  a  constant  (19).
To  show  an  instance, in Fig. 2a the mean  values  of  C  were  found to  bc 268.5  with

a  mean  error  of  1.7 at  200C, and  228.8 with  a  mean  error  of4-.2  at  400C. A  similar

conformity  to Langmuir's adsorption  isotherm has been reported  to occur  in the
dyeing of  wool,  silk,  casein  fibre and  nylon  with  some  acidic  dyes (8,17).
    In Fig. 2a, the  straight  line fbr the  reaction  at  400C  showed  a  greater angle

of  inclination than  that for the reaction  at  200C,  the former having an  angle  of

inclination of  33.7 degrees, while  the  latter had  that of  31,O degrees. Therefbre,
the distribution of  fuchsin in an  approximate  equilibrium  between the  hydrolyzed
substrate  film and  the  external  reagent  is more  favourable for the  latter as  the  tem-

perature rises,  This fact rneans  that  this  staining  reaction  is exethermic,  or  in
other  words,  that  the heat ofstaining  in this reaction  is negative.  We  can  calculate

the heatofstaining according  to the fbllowing fbrmula: AHo=]  --(TR-,T-Tlil-)- gn 
((FF))T.'

 ;
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where  AHO  is the stanclard  heat ofstaining;  T  and  T' are  two  absolute  temperatures

concerned;  R  is the  universal  gas constant,  that  is, 1.987 eallmote･degree;  and  (F)T
and  (F)･r･, are  the  fuchsin concentrations  of  the external  reagent,  which  give the

same  fuchsin concentratien  of  the stained  film in an  equilibrium  state  at  T  and  T'
respectively  (19). The  mean  value  of  the  heat of  staining  obtained  was  -1159

callmole,  with  a  mean  error  of  -5  cal/mole.

llI, Stoichiomett7 of Iileuigen's nucleal  reaction  in heterogeneous Phase

    Since the Feulgen nucleal  reaction  in the heterogeneous phase confbrms  to

Langmuir's adserption  isotherm, the reaction  shows  a  definite value  of  saturation

in staining.  This fact permits us  to determine the  stoichiometry  of  the  reaction.

    The  stained  substrate  film, which  was  in approximate  equilibrium  with  the

Schiff reagent  of  difllerent fuchsin concentrations  at  150C,  was  analyzed  for the
amounts  both of  the  combined  fuchsin and  apurinic  acid  phosphorus, From
these amounts  the  stoichiometric  value,  or  number  of  apurinic  acid  phosphorus
atoms  per fuchsin molecule,  in the  stained  film was  calculated.  Plotting the

stoichiometric  value  against  the reciprocal  of  the  fuchsin concentration  of  the

external  Schiff reagent,  a  straight  line relationship  was  obtained  for the  staining

reaction  of  alt  three  kinds of  hydrolyzed substrate  film with  Schiff's reagent,  Fig.
3 shows  the mean  values  of  five determinations, obtained  with  hydrolyzed Scom-
beromorzas DNP-albumin  films (Line a), with  hydrolyzed calf  thymus  NH-albumin
fiIms (Line b) and  with  hydrolyzed calf  thymus  nuclei-albumin  fiIms (Line c).

Extrapolating these three  Iines to the axis  of  ordinates,  they  meet  at  a  definite

point of  four on  the axis.  This value  is understood  to be the  saturation  value  of

stoichiometry,  which  will  be reached  when  the hydrolyzed substrate  film is in
equilibrium  with  the  Schiff reagent  of  infinite fuchsin concentration.

                             CONCLUSION

    The  staining  reaction  studied  in the present investigation proceeds in the

heterogeneous phase, that  is, the dye molecules  of  the reagent  are  taken  up  by
the  solid  phase of  the substrate  fi]m from  the external  Iiquid one.  In this respect,

it may  be regarded  as a  model  systern  for the cyto-  and  histochernical staining

reactions  in situ.  As this model  system  includes many  chemical  constituents  other

than  hydrolyzed DNP  and  fuchsin derivatives, some  kind ofsimplification  is necessary

for analytical  treatment.  For this reason,  only  the fuchsin moiety  was  used  as  a

marker,  and  its behavior was  fo11owed in this investigation. This simplification

proved to be eflective  enough  to make  a  rough  sketch  of  the reaction  mechanism

concerned.

    In our  preliminary approach,  the time  course  ofstaining  in the heterogeneous

phase was  examined  to determine the staining  equilibrium,  An  equilibrium

state  of  a  staining  reaction,  in the  exact  sense,  is a  state  wherein  the  ratios  of  both
the  staining  and  the destaining processes are  equal;  hence a  steady  state  or  plateau
of  staining  is attained  (19), Unfortunately, an  equilibrium  state  in the exact

sense  was  not  found in the reaction  studied.  Instead, a  plateau for various  dura-
tions  and  an  ensuing  diminution ofstaining  were  encountered.  The  establishment

of  the plateau may  be taken  to mean  that  the  staining  reaction  is close  to its true
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equilibrium,  though  the ensuing  diminution  implies that  some  dct¢ rioration  of  the

stained  substrate  cencurs  with  the  staining  process (Autohydrolyse, 14). Based

on  this assumption,  this  plateau was  taken  as  
"an

 approximate  equilibrium"  in

the  present paper.

    The  physicochemical and  chemical  evidence  obtained  in the present study

seems  significant  in permitting some  insight into the  mechanism  of  the  Feulgen
nucleal  reaction  in situ. This evidence  suggests  that  thc  reaction  proceeds at  least
in two  steps.  The  nucleal  reaction  in the heterogeneous phase conforms  to

Langmuir's  adsorption  isotherm. This  fact means  that, in the  first step,  the  mole-

cules  of  Schiff's reagent  are  adsorbed  on  the  hydrolyzed substrate  fiIm selectively
only  at  specific  reactive  sites. The  overall  energy  of  adsorption  was  fbund te

be -1159callmele.  As to the  chemical  nature  of  these  reactive  site$, it seems

highly probable  that  they  are  the  aldehydic  reactive  groups, which  are  engendered

by hydrolysis, and  no  others  (6,15). In the second  step,  the adsorbed  Schiffreagent
molecules  undergo  some  chemical  reaction  involving covalent  formation with

the  aldehydic  reactive  greups  (of1 5,6,9,11). The  stoichiometric  evidence  obtained

in this and  the  previous study  contributes  to a  better understanding  ofthis  chemical

reaction.  Hitherto, various  values  of  stoichiometry  have been report ¢ d for the
Feulgen nucleal  reaction  in the heterogeneous phase (of: 9). These  inconsistent
values  may  be brought about  by variations  in staining  conditions,  but the  idea

of  saturation  value  presented here eliminates  such  complexities  and  Ieads to a

clear-cut  understanding  of  the  stoichiometry.  In the  present study,  the  saturation

value  of  stoichiometry  fbr the  Feulgen nucleal  reaction  in the heterogeneous phase
was  found  to be fbur. The  typical  colored  product  of  thc  nucleal  reaction  in

vitro (fraction i) has been examined  stoichiometrically.  The  saturation  value

of  six  was  obtained  fbr the  non-dialyzed  sample,  that  of  eight  for the dialyzed

one,  and  the theoretical  saturation  value  of  four by extrapolation  (11), Since the

greatest common  divisor of  all these saturation  values,  practical and  theoretical,

is two,  it seems  highly probable  that  ¢ ach  adsorbed  Schiff:s reagent  molecule  reacts

with  the  reactive  aldehydic  groups of  apurinic  acid  or  hydrolyzed  DNA  in the

tbrm  of  di-substitution, Further consideration  of  how  these saturation  values

in stoichiometry  are  brought about  in the  Feulgen  nucleal  reaction  in situ  and  in
vitro will  be given elsewhere.

    As mentioned  above,  the  Feulgen nucleal  reaction  in situ  exhibits  a  definite
saturatien  value  in staining.  This  fact permits us  to  explore  a  new  microspectro-

photometric  method  of  determining DNA  amounts  in terms  of  a  fundamental unit
of  mass.
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