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S U M M A R Y  

The rate of reduction of human ferrihemoglobin A in the  ~resmme ~ffff ~ e .  is 
studied as a function of hemoglobin level, cysteine level, ~ ~ t _ ~ ,  [tfl~, ionic 
strength, stereospecificity, atmospheric composition and :methMi c~ff ik~l~iin~ off t t ie  
hemoglobin. A mechanism for the cysteine reduction of ferrihem0~ldiiiniis.~tm, e ~  

CO inhibits the reduction. In the absence of other re~lu~duti~ ~ b i n  
is reduced in. the presence of CO alone. The rate of CO r e d u ~  iis ~ , E , , 4 ~  by  
ultraviolet light. Evidence is presented for the formation ,~ff aa ffmnittmm~Mn-.- 
ammonia complex in aqueous solution. Extinction coefficients,as~e~zmn f f n ~ v e a ~ :  
hemoglobin compounds at various wavelengths. 

PART I 

The reduction of ferrihemoglobin in the pTe.~em_ce of~:L.~b~i~re 

I NTRODUCTIOI~ 

In studies of subunit transfer in mixtures of felrihemogl0bin amtt Gmmltmmmanm~v- 
ferrohemoglobin, charge-transfer reactions and reduction ihy aa~i"flrMl ammmnt~ of 
glutathione in the preparations complicate the interpretation ~tffnmmiL~. Ttimm~.~cD 
!TANO 1 and ITANO AND ROBINSON z assumed the chaxge--tmnaf~tmmtfinn tlm tl~ of: 
minor importance. In unpublished work in this laboratory fit ~ms crlim~mdi both, 
spectrophotometrically and chromatographically t h a t  h u m a n  ~ ~ h f i i i ~  ~ i n ,  
variably was partially reduced to carbonmonoxyferrohem0~lcitiin ~ ~ ~ :  
and reneutralized in a carbon monoxide atmosphere.  Aspart, Ofama~ffmtttt~mntimttand! 
these results it was decided to investigate the  q u a n t i t a t i v e ~  _ r ~ a f f t l t m ~ ! ~ i 0 n :  
of ferrihemoglobin in the presence of eysteine and caxbonawimao~_itt~_. 

A b b r e v i a t i o n s :  R S H ,  un- ionized  cys t e ine ;  R S - ,  ionized cys t e ine  ,~ G : ~ , , ~ h i t f ~ I R ~ R S = - ;  
HbS÷OH2, f e r r ihemoglob in  ~ m e t h e m o g l o b i n  (mol. w t . ,  66 ooo) ; ~=HI~:~[H=. ~ O i i i n ,  
h y d r o x i d e ,  H b  s+, f e r rohemoglob in  ---~ r educed  h e m o g l o b i n ;  :HT, : to ta l  ! h ~ m ~ d i i n ~ ~  
k, p seudo  f i rs t -order  r a t e  c o n s t a n t  def ined below (un i t s :  m i n - t ) .  

* C o n t r i b u t i o n  No. 281o. 
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CREMER a showed that  cysteine could reduce hernin. Mo~,~u!3o:: .~.:~, W.r~:~.~.~:::.~ 
investigated the reduction of human ferrihemoglobin in the pre~eace .:,f t'3.:~:~ci:~ ~.~ 
air, H 2, CO, and in  vacuo, and stated that  reduction wa.~ complete b-tw,:-~u a~pp~.,.~,:<. 
o and 24 h depending upon the cysteine level. KIESE ~ studied hor~e ferrii~.e.:~a~:,..'gi~.b~.:~ 
reduction quanti tat ively using a variety of reductants, inch,_cling cyst,.-ir,.~-..~e foumt 
the reaction to be approximately linear with respect to ferrihemoglobin, non-linear 
in cysteine, and he gave the pH dependence of the initial reaction rate. In light of 
the present paper KIESE'S work is subject to revaluation because he followed the 
reaction by manometrically determining CO uptake. We have found CO to be an 
inhibitor of the cysteine reduction of ferrihemoglobin. Therefore KIESE'S rate constants 
can be expected to be low. The CO inhibition may explain his reported deviations 
from the first-order dependence on the ferrihemoglobin concentration. 

EXPERIMENTAL 

Mater ia l s  

Inorganic chemicals were in aH cases reagent-grade quality. The L-cysteine free 
base was purchased from Nutrit ional Biochemieals Corporation. The D-eysteine hydro- 
chloride was par.chased from California Corporation for Biochemical Research. 
n-Cysteine was used in all experiments except one, in the latter, o-cysteine was 
used to determine the stereospecificity of the reaction. Commercial CO from the 
Matheson Co., Inc., and Linde high-purity N ~ were used in the experiments requiring 
different atmospheres. All reagents were used as purchased, withaut  additional 
purification. 

Dialyzed, "'unpurified'" ferrihemoglobin A was prepared by washing lreshly 
drawn blood four times with NKM (7.6x g NaC1, 0.39 g KC1, 1.52 g MgCI~-6H~O 
in x 1), lysing with toluene and centrifuging at  20000 rev./min in a Spinco preparative 
centrifuge. The fresh lysate was treated with a three-fold molar excess of o.oi8 F 
(KsFe(CN)e), in potassium phosphate buffer (pH 6.94; I = o.oI) for I h at o ° to 
convert the oxyhemoglobin to ferrihemoglobin. The lat ter  was then dialyzed against 
o. I F NaC1 for 24-30 h with constant stirring and with a change of the NaC1 solution 
every 8-x2 h. The resulting product was in all cases >~ 99.0 % ferrihemoglobin and 
this figure remained constant to within 1% for at least a month when the sample 
was stored under nitrogen at 4 °. 

"Purified" ferrihemoglobin A was prepared by dialyzing approx. 500 mg of 
earbonmonoxyhemoglobin lysate against chromatographic developer 3A (ro.65 g 
Na~-IPO t, 6.9 ° g NaH2PO4- H~O, 3.02 g HnASO~- ½HsO, 2.24 g KOH in 41) for 48 h 
at  4 °. This developer is a cyanide-free modification of developer No. 3 used by ALLEN, 
S ~HROEVER AND BALOG*. Developer 3A has the same sodium and potassium ion 
concentration, the same pH, and approximately the same total ionic strength as 
developer 3. The arsenate was chosen as the substi tute for cyanide in the hope that  
the buffer could be stored at room temperature without the growth of microorganisms. 
Over a period of a week no growth was observed. However, in operating columns 
after several days a blue-green growth was observed at the buffer-resin (GC-5o) 
interface. This growth was always removed before beginning a chromatographic run. 
The dialyzed lysate was # p e t t e d  in a total  volume of 5 ml on to the top of a GC-5o, 
7o × z e m  chromatographic column which had been equilibrated with developer 

Biochim. Biophys. Acta, 69 (t963) 337-354 
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3A at  6 ~. A fast fra~i~m',~xi~la~.~ " '.at 47 ml  (flow rate I5 nil/h) a n d  a m i n i m u m  
at zo6 mi was di~.c~ie,~l.-t~iiv: a o m p r ~ e d  approx,  xo % of the  tota l  h e m o g l o b i n .  
: \ t  r-~6 ml  the c~ iumn ,x'~:a.~ ",~amn~di t~, z 8  ° a n d  the  e luate  co l lec ted  in 3 -ml  port ions .  
T h e  central  tubes  c ~ m - a i r i i n ~ q ~ o x ¢ .  ~liree-quarters of the  m a i n  fract ion were concen-  
.*,ra.~-d by centr i tug~_cm ~m~a ~ d t ~ m a t o g r a p h e d .  Fig. I shows  the  absence  of  a n y  
fast fraction.  The  rmm~mi~ ttmlxvaea~ z3o,  a n d  248 m l  was  reconcentra ted  and  tw ice  
crysta l l i zed  b y  ~dhe ma~t~h~tt off ID~a~K, INT, s. The  convers ion  to  f err ihemoglobin  w a s  
the s a m e  as for ~the,difl~3za~l " ~ a d "  material .  

~K 

1! 

~ o 

[ I 

w ~ r m ' l t d :  ~ t  tel ;~$" o 

EO0 ~00  
E~f tuent  vo lume 

Fig.  t. ( ' h roma togram,~f~ i t emu~j r r r td tmm~tograph ic  f rac t ion  of  h u m a n  c a r b o n m o n o x y h e m o g l o b i n .  
tb)tx~dhw~rr3~X\ 6 C - 5 o  res in  at  6 °. I3 .8  m l / h .  

S a m p l e s  which  xweme Iplrfitfi~ B y  e l t r o m a t o g r a p h y  on ly  a n d  w h i c h  h a d  been twice  
crysta l l ized  b u t  ~ t  ~ d h ~ m ~ 9 ~ u d !  were  also prepared to  d e t e r m i n e  the  ef fect  o f  
each  t r e a t m e n t  s sp~:. 

A nalysis of the exte~tt,_o_ff~t~ namm~n~ 

T h e  progress  ,eft tflke ~ w a ~  fo l lowed  on a B e c k m a n  M o d e l - D U  spectro-  
p h o t o m e t e r  at  w a ~ d l ~ M t S r ~ ,  ~ & ,  568,  a n d  63o mt~. T h e  e x t i n c t i o n  coeff ic ients  
used  were detemiim~tt ~ ~ g  the  appropr ia te  h e m o g l o b i n  on  a Cary 

T . ~ B L E  I 

EXTINCTION ~ ¢ ~ ~ ' q ~  HOR< S]~VERAL HUMAN HEMOGLOBIN COMPLEXES 

] t ~ ! R t ~ . l l u f f e r  ( p H  6 .86;  I = x.oo).  

H ~  t~. HbCO HbOt 

.:~ex'-b 4;.8~J, 4 .89  3-47 

. ~J . . ~  4~7~ 5 .52  3 .88 

. ~ B  3~g~ 8 .99  8 .55  
z~3~  9 .xx  6 .85  

-~---7 ~ ~ 3 ~  6.78 9.53 
z~4~ o .x7  o .xx 

Biochim. Biophys.  ,4cta, 69 (x963)  3 3 7 - 3 5 4  
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recording spectrophotometer  against cyanoferrihemoglobin at  541.5 mtz using the 
NAS-NRC s value for E*,O'~'°m at this wavelength of 6.9o as the pr imary reference 
point. Ext inct ion coefficients determined in this manner  are listed in Table I for 
several hemoglobin complexes. The amounts  of ferrihemoglobin and reduced hemo- 
globin (as carbonmonoxyhemoglobin) determined by absorbancy ratios at  the wave- 
length pairs 538, 5x8; 568, 518; 63o, 568 were in agreement to within two absolute 
percentage units (i.e. 73 • 2 %,  etc.) down to 30 % ferrihemoglobin. Below 30 % 
the absorption at  630 mt~ was too weak to give reliable values. The other two pairs 
of ratios were still in agreement. 

Appara tus  

The experimental  apparatus  is shown in Fig. 2. t ml of ferrihemoglobin solution 
was placed in the test tube previously flushed with nitrogen, swept with nitrogen 
(unless otherwise stated, all experiments were done under nitrogen), stoppered, and 
lowered into a thermostat ical ly controlled water  bath  at 25 ~ o.I °. Cysteine, dis- 

I . . . .  A 

~;2 - 02' 

( 

Fig.  z. A p p a r a t u s  for k ine t ic  s tud ies  in cont ro l led  a t m o s p h e r e s .  A, [oo-2 microp ipe t ,  BI, 4o-rnil  
i n t r a m e d i c  p o l y e t h y l e n e  t ub ing :  C, s ta inless-s teel  t u b i n g ;  D. r ubbe r  s e r u m - b o t t l e  s toppe r ;  E, 

I cm x xo cm tes t  t ube ;  F,, g r o u n d  glass s topcocks .  

solved in the appropriate  ni trogen-bubbled buffer, was placed in a lo-ml volumetric 
flask in the same water  bath.  After allowing x-z  h for thermal  equilibrium to be 
established z ml of the cysteine solution was transferred by  a pipet into the test tube 
containing the ferrihemoglobin. The reactants were vigorously hand-st irred with a 
glass rod for I rain, swept ,.~ith ~itrogen, and sealed with a t ight-fi t t ing rubber serum- 
bott le  stopper through which three 4o-mil intramedic polyethylene tubes were passed. 
A short section of tube B 2 which passed through the stopper was of stainless steel 
so tha t  it could be raised and lowered easily. When it  was desired to wi thdraw a 
sample, tube B2 was lowered into the solution with stopcocks F~ and F~ closed; a 
lOO-2 micropipet  was placed inside the tube B2 and the aliquot forced into the pipet 
with N 2 by opening F v The flow of sample was controlled by  finger pressure on the 
end of the pipet.  When the pipet was full, FI  was closed, Fs opened, and the xoo-2 
aliquot diluted into 3ml  of CO-saturated phosphate buffer a t 4  °, (pH6.8z;  I - - x . o o ) .  
The percentage reduced hem'6globin was read spectrophotometrically.  After an aliquot 
had  been taken F 2 was closed, and tube B s was wi thdrawn from the reactants  and 
cleared by  opening F v  This flushed the system with nitrogen. All tubes were~then 
closed until  the next aliquot was taken. All volumetric appara tus  was calibrated. 

~ : B i o c h i m .  B i o p ~ y s .  A c t a ,  69 (I963) 2117-354 



REDUCTION OF FERRIHEMOGLOBI-N A WITH CYSTEINE 3 4 I  

RESULTS 

Effect of atmosphere on reaction rate  

The first exper iments  were done under  an a tmosphere  of CO in the expecta t ion 
tha t  if ferrohemoglobin were one of the reaction products  its removal  by  CO would 
prevent  possible inhibi t ion by  its accumulat ion.  We were surprised, therefore, to 
find tha t  the presence of CO has the opposite effect: i.e., under  ni trogen no inhibit ion 
is observed, while the presence of CO appreciably  re tards  the  reaction. There was 
also evidence t h a t  the  reaction proceeds more slowly in air t han  in nitrogen, though  
here the accuracy of the da ta  is insufficient to make  a clear decision (Fig. 3). As a 
result of this finding all subsequent  exper iments  were clone under  nitrogen. 

2 0  

I I [ I 

I ....... I I r" 
40 e0 tO0 160 

M i n u t e s  

2 .51 . . . .  

1 

, . ,.x 

500 52 5 5 ~ 0  57 5 600 
WAVE LENGTH,m~I 

Fig. 4- Spec t ra  of f e r r i hemog lob in  ( - - - - )  
r educed  in t he  p resence  of cys te ine  a n d  v a c u u m -  
d e o x y g e n a t e d  o x y f e r r o h e m o g l o b i n  ( - - - - ) .  
These  spec t ra  h a v e  been  cor rec ted  to  e l i m i n a t e  
t h e  con t r i bu t i ons  ol  9.4 a n d  18 .9% f e r r i h e m o -  

globin  respec t ive ly .  

Fig. 3. Effect  of gas c o m p o s i t i o n  on  t he  r e d u c t i o n  of f e r r ihemog lob in  in t he  p resence  of cys te ine .  
C r  = 4 1 I ' x o  - '  M, HT  = 3 .57-xo  -4 M, p H  6.79, I N s c t =  0.05, IPo4 = 0.23, E D T A ,  88-xo-*  M. 

CO, O,  • ; air, n ,  I ; N¢, A,  A .  E a c h  of t he  symbo l s  refers to  a s ingle  e x p e r i m e n t .  

Identification of the reaction products 

A phosphate-buffered solution of hemoglobin and cysteine, HT, 3-23" I o - i  M; 
C~, 4o9.zo-*M; !Po, ,  o.~5; INaC~, O.O5; pH,  6.82, was allowed to s tand  at  room 
tempera tu re  (25 -F 3 °) for 2.5 h. The product  was di luted wi th  phospha te  buffer and 
the spec t rum de termined  between zooo and  675o A on the Cary spec t rophotometer  
(Fig. 4)- The react ing sample  was at  all t imes under  a posit ive ni t rogen pressure. 
Transfers  were accomplished wi th  the  aid of syringes and  23-gauge needles forced 
th rough  rubber  caps so as to avoid air. The spec t rum is clearly t ha t  of ferrohemoglobin 
prepared  b y  deoxygenat ion  in vacuum.  The other  products  of the reaction were not  
identified. 

Biochim. Biophys..4eta, 69 (1963) 337-554  
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Order of the reaction with respec~ t,o ferrihemoglob~, 

From Fig. 5 and Table ! I  it is seen tha t  c c m ~ e ~ , ~ f f e e r k 4 - t o  ferrohemoglobin 
is first order with respect to ferrihemoglobin: 

d[Hb 2+] 
-- k[I-Ib~OH__o~ 

d t  

where k is a function of the cysteine concenttation(U~-rb~L4-L~dependent of the 
hemoglobin concentration for a fixed pH. 

Occasionally at low values of pH when t h e T e a ~ ~ m ~ e e 6 e d  to bet ter  than 
8o % completion the rate  would decrease slight ty ~F~gs.s3m~k~.! ~ h e  pH opt imum 
an increase in reaction rate was sometimes observ6dms~i~'rcm~timz progressed. The 

I O O L ~ "  I ....... l I ~ 7 1  " 

i X  
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60  -'~--- 

4 0  O 

r ,  | _ ' 

to  • 1 I \ k  ! i' 
4 0  80  fZO ,5~o 

Id~nutes  

Fig .  5- T h e  r e d u c t i o n  o f  f e r r i h e m o f f l o b i n  in t h ?  ~ r ~ c ~ . G f  cy~mt~etl~,-._~f~__ C T  ~ ,Sr.o- Io  -4 M,  
H T  = 3 . 7 x - X o  -* M,  p H  6.86,  INacl  --~ 0 .05,  I ~  4 ~ O ~ 5 , - - ~ ~ - - - - -  ~ & :  ~ - - m ~ r ,  O "  E X p t l  2 ,  ~ .  

T A ~ r  --~- i l l  

D E P E N D E N C E  O F  T H E  F I R S T - . O I E ~ t ~ R ~ C ~ ' O ~ I ~ -  

I N I T I A L  FERRIH~MOGLO]~.  i -~ • - 

I N ~ t  ---- 0 .05 ;  IPo4  = 0 . 5 0 ;  p H  6 . 8 3 ;  ~ e m ~ p . ~ . ~ ~ ~ r o - ' * M L  

.H  T X I o  ~ :~k 
(Mj . ~ )  

o.638 ~o~ix i  
z.2 9 ~.o~-~J~8 

2 .56  ~ " ~  
3 . 1 9  ~O~I~ 
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S,0 

2 . 0  

o ~ 

i n d e p e n d e n c e  of  t h e  f i r s t - o r d e r  r a t e  c o n s t a n t  w i t h  respect  to  the  in i t ia l  f err ihemo-  
globin concentration demonstrates that the reaction p r o d u c t s  d o  n o t  affect the rate 
of  r e a c t i o n  o v e r  t h e  5 - fo ld  l eve l  s t u d i e d .  

Dependence of the reaction rate on the cysteine level 

T h e  d e p e n d e n c e  o f  k o n  c y s t e i n e  c o n c e n t r a t i o n  is s h o w n  in  F i g s .  6 a  a n d  6b .  
Fig. 6b is discussed later The shape of the curve is similar to that found mano- 
metrically by KIESE 5. At pH 6.78 saturation occurs when the cysteine level is approx. 
8o-lO -4 M a 6-fold excess over the heine concentration. Experiments in which the 
total [RS-I was kept constant by reducing the cysteine concentration from 205" lO -4 M 
to 2 1 . 9 -  lO -4 M a n d  by simultaneovsly raising the pH from 6.78 to 7.81 gave the same 
rate  c o n s t a n t  ( p K R s H  = 8.53)  l° '  16. T h i s  r e s u l t  a n d  t h e  o c c u r r e n c e  of  a p H  o p t i m u m  
(Fig. 9) sugges t  R S -  is the  reac t ing  spec ies .  A t  c y s t e i n e  l eve l s  b e l o w  13" lO -4 M w e  
w e r e  u n a b l e  to  obta in  c l o s e l y  r e p r o d u c i b l e  r e s u l t s  a n d  n o  v a l u e s  a r e  r e p o r t e d  f o r  

| - 0  

Fig. 6~-.. Dependence of the first-order rate 
constant  on initial cysteine concentrat ion.  
F I T  = 2.54 "[o -~ M, pH 6.78, INaCl = OO5. 

Ipo4 -- O.50, temp.  = ' 4 . 9  °. 
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Fig. 6b. Data in Fig. 6a replotted 
in accordance with equations la  

and I I¢ x, see text. 
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t h i s - r ~ . ¥ - k ~ : _  . ~ ~ l e v e t  above 400" xo -4 M, 0 .5-3 .0  h after the addition of cysteine 
to t h e f ~ e r i ~ ~ h i ~  :a greenish precipitate and surface scum were observed in the 
reacfiam~ess~l. 

Search for~f.d~Mamoglobin-cvsteine complex 
-W~khrtml~leee~to,the reaction mechanism (see DISCUSSION) it is of interest to 

knoxv , . W k e t a h e r a a c ~ x  exists between ferrihemoglobin and cysteine. The kinetic.~ 
o f - t h e ~ ~ r e a ~ t i x ~  mLxture (Fig. 7) in a o.x-cm path cell were followed with 
the~eklnmmnI:II~_~lmctrophotometer. For a two-component  Hb*+OH ~-Hb ~+ system 
{ i . e . ~ a ~ o t ~ g g c o m ~ e x  present) the following equation should hold: 

~ n i . 4 - t ~ l  = [ ~ I -  ~t 

w h e r e ~ m k L ~ a a ~ c a ~ t e d  from the known hemoglobin concentration and the ex- 
t i n c t i m ~ - ~ ~ . t ~ : - m : o f  Hba+OH~ and Hb ~+. This equation was  used to extrapolate 
t h e - s p e ~ :  data to zero time. At t - -  0 both cysteine and Hba+OH~ and 
t h e r e ~ r e ~ h e c ~ - s h o t f l d  be at their maximum concentrations. Relatively large 
e r r o r s ~ i n ~ a ~ l ~ c a ~ b e  tolerated without affecting the extrapolation. Each extra- 
~ ~ a . ~ o ~ m ~ r m t t e c [  from five absorbancy measurements spaced at 4-min inter- 
vats ~ a ' c ~ e m ~ ~ X h ;  the linearity of all plots was excellent. The kinetic data 
e x t r a p 0 l a t ~ k ~ t t : ~  (~ is-compared with the spectra for pure ferrihemoglobin in Fig. 7- 
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o r d e r  r a t e  c o n s t a n t  f o r  t h e  r e d u c t i o n  o f  ferr i -  
h e m o g l o b i n  in  t h e  p r e s e n c e  o f  c y s t e i n e  u n d e r  
N z. C ~ , ~ -  2 o 5 - x o - "  M,  H T  : -  3 . 7 3 " z o - *  M,  

p H  6 . 8 6 ,  INact  = 0 . 0 5 ,  I p o 4  = 0 . 2 5 .  
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The spectra between 18.35 (700 mtt) and 2x.68 min (400 m~) is included to indicate 
the extent of the reaction, The results show no evidence for an absorbing complex 
in this wavelength region. 

The values of the first-order rate constant k are shown in Fig. 7 at the corre- 
sponding wavelength. The difference in k values below and above 50o m~  suggests 
that different processes are being measured in the two regions. The value of k-at 
612.5 mtz appears so abruptly out of line with the remaining data in this region that 
its reliability is suspect, although a careful check of the data and calculations revealed 
no reason to reject it. 

Temperature dependence of the reaction rate 
If the reaction proceeds via 

e X -  ~-' F e  z+ ~ ( e X F e )  s+ (at 

(b) ( e X F e )  ~+ ~ F e  z+ + X 

i ' 0  

where X is an electron carrier and reaction (b) is the rate-determiningstep, then from 
the Arrhenius activation energy of 18.58 kcal calculated from Fig. 8 a standard 
enthalpy, free energy, and entropy of reaction (a) above of 17.99, 9z.32 kcal/mole Fe s+, 
and - -14 .51  cal/deg mole Fe a+ is calculated at 25% A H, A S, (eX-) ,  and the tra~s- 
mission coefficient v are assumed to be independent of temperature in these caltaz- 
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Fig .  9. I o n i c  s t r e n g t h  d e p e n d e n c e  of  t h e  f irst-  
order  rate  c o n s t a n t  for  t h e  r e d u c t i o n  of  ferri-  
h e m o g l o b i n  in  t h e  p r e s e n c e  of  c y s t e i n e  u n d e r  
S i .  Cff, = 205" IO -4 M. Ha-  = 2 .90"  Io  - i  M. 

p H  6 .67  + o . [ 2 ,  t e m p .  = 24 .9  °. 
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p H  

Fig .  xo. p H  d e p e n d e n c e  of  f i rs t -order  r~ te  c o n -  
s t a n t .  Ca, ~ 2 o 5 . x o  -4 M, Ha,  = 2.54-~3-x3 • 
10  - i  M .  [ N a c l  ~ 0 . 0 5 ,  ] b u f f e r  ~ 0 - 4 7 6 ,  t e x Z r p . ~  

24 .9  °. A c e t a t e ,  × ; p h o s p h a t e ,  O, ~O ; i T t i s , 2 X ,  
Y ,  A ; N H a ,  [] 0 I ; c a r b o n a t e ,  ~ .  E a c 2 a o t t h e  
s y m b o l s  refers  t o  a s i n g l e  d o n o r .  E x p e r i m e m ~ l ,  

; c a l c u l a t e d  t r o m  s i m p l e  m o d e l  E q n 2  l a ,  
. . . .  ; c a l c u l a t e d  f r o m  i m p r o v e d  ~:model  

F,,qn. I I a a ,  - . - .  - , - - .  
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la t ions,  a n d  in ca l cu la t ing  d S, A F, KSM, a n d  kp a t r ansmis s ion  coefficient of u n i t y  
is a s sumed .  F r o m  A F ° ~_ - - R T  In KSM, where  KXM is t h e  assoc ia t ion  c o n s t a n t  for 
(eXFe)  z+ in reac t ion  (a), I[KsM is ca l cu la t ed  to  be  2 . 2 8 - i o  1G moles/1 a t  25 °. T h e  
significance of th is  smal l  va lue  of KSM is d iscussed l a t e r  w i t h  respec t  to  t he  reac t ion  
m e c h a n i s m .  U n d e r  t h e  a s s u m p t i o n  t h a t  ~ ----- I ,  k~ = ykT/h - -  3.77" Io14 min-1.  

Dependence of k on ionic strength 

T h e  ion ic - s t r eng th  e x p e r i m e n t s  were  p e r f o r m e d  in unbuf fe red  a q u e o u s  so lu t ions  
in which  t h e  ionic s t r e n g t h  was  a d j u s t e d  b y  t h e  add i t i on  of NaCI  to  t h e  cys te ine  
so lu t ion  before  a d d i t i o n  to  the  reac t ion  vessel.  T h e  p H  was  m e a s u r e d  a t  t i o a n d  
a t  t he  end  of t h e  e x p e r i m e n t .  T h e  p H  decreased  b y  a p p r o x ,  o.2 p H  un i t  b e t w e e n  
t --= o a n d  tttnal. Fig.  9 shows t h a t  the  r a t e  of r eac t ion  increases  w i t h  inc reas ing  ionic 
s t r eng th .  

T A B L E  I I I  

COMPOSITION OF BUFFER SOLUTIONS 

T h e  a m o u n t s  of H A c ,  HCI,  N H ,  a r e  g i v e n  in  m i l l i l i t r e s  of c o m m e r c i a l  r e a g e n t - g r a d e  s o l u t i o n .  
So l ids  a r e  g i v e n  in  g r a m s .  

# H  ~ NaA ¢ HA c 

4.8z 7.8z 3.63 
5.38 7.82 t .oo 

K~dtt'O, "3H~O KH2PO 4 

6 . I o  3.72 6 .3 I  
6 .69  5-45 3.12 
7.29 6.62 t .12 

Trfs HC~ N a C I  

7-39 I3 .89  8.22 
7-78 17.7I  8 .2I  
8.27 35 .7 I  8.2 l 
8.72 29.60 2.76 3.7 x 

NH,CI  NH~ 

9.42 5. I o  5 .99  
9 .82 5.xo t 7 . 7 o  

1 0 . 2 5  5 . I 0  2 2 . 9 I  

NaHCO~ Na~COs 

9 . 8 9  x . 2 7  2 . 8 4  
t o . 3 9  0 . 4 5  3 . I 8  
I o . 5 x  0 . 3 5  3 . 2 2  
x o . 8 8  o .  x2 3 . 4 6  
I x . 3 Z  o 3 - 5 4  I ~  z . o o  

* ' W h e n  d i l u t e d  t o  xoo  m l ,  I ~- 0 .953 ,  e x c e p t  fo r  t h e  p H - t x . 3 x  b u f f e r .  

B i o c h i m .  B i o p h y s .  A c t a ,  6 9  ( I963)  3 3 7 - 3 5 4  
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Stereospecif ici ty  o f  k " 

T h e  r e a c t i o n  r a t e  c o n s t a n t  was  t h e  s tone  ffor ~ m- and] I)-cysteine.  I n  these  
e x p e r i m e n t s  a t  p H  6.49, a n d  Ca. -= ~ o 8 - I o  -4 ~ ,  ,~ w ~ a z ~ n ~  r a i n  -~. 

p H dependence of k 
T h e  b u f f e r s  u s e d  in  t h e s e  e x p e r i m e n t s  a x e , ~  iim]ra~ih~ l l l ~  T h e  ion ic  s t r e n g t h  

of a l l  b u f f e r s  w a s  o.953 be fo re  a d d i t i o n  t o  ~che f f ~ c ~ b ~ i i ~  " l~ ie f ina l  ion ic  s t r e n g t h  
t a k i n g  i n t o  a c c o u n t  t h e  NaC1 f r o m  t h e  d i ~  : v ~ s  ~ . 5 ~ . ' B I ~  p l ~  v a l u e s  p l o t t e d  in  
F ig .  xo a r e  n o t  t h o s e  of  t h e  b u f f e r s  i n  T a b l e  ~_ , ,  ~ ame ~ m e a m a r e d  v a l u e s  a f t e r  

TABLE ~.q~' 

D E P E N D E N C E  O F  T H E  F I R S T - O R D E R  . - R ~  ' . ~ M N N " I ~  ( ]1~"  M M ~ T H O D  

O F  I S O L A T I O N  O F  T H E  C A R t l O N ~ F O ~ T ~ / ~ x T t ~ " ~ I I 3 D ' ~ I q ( I I ] I N  ~ 

Method o]" isolation 7 ,72  o~7~, 

Twice crystallized ,oa96 - -  

Twice chromatographed , o-ran55 - -  

R~ + R~** ,o~#~ ommtr~ 
Dialyzed lysate , o~oBaq5 ~cmgO, 

* Buffer compositions are given in Table III .  
* * Twice crystallized and twice chromatographefl. 

the addition of 0.05 g cysteine to a w a t e r = ~  ~ (~n:~)~ ~21ree features are 
of interest in Fig. Io: (a) the sharp maximum ~t  ~flH ~ ,  (~) t ~  34-fold change in 
r a t e  c o n s t a n t  b e t w e e n  p H  5-5 a n d  7.68, a n t i  ((~) r ~ ~  ~ of a m m o n i a .  

A q u e o u s  a m m o n i a  h a s  a m a r k e d  ca ta Iy~ ic  ~ ~m ~ m ~ a n t i 0 n .  A t  t h e  s a m e  
p H  t h e  r a t e  is  5 - 6  t i m e s  m o r e  r a p i d  i n  l ~ l I : I s ~ ~ t t t t m m i i n ~  b u y e r s .  S p e c t r a l  
e v i d e n c e  (Fig.  xI)  c l e a r l y  s h o w s  t h a t  f e r r i h ~ g l ~ ~ d i r ~  i~ t h e  m a j o r  spec i e s  
in  c a r b o n a t e  buf fe r s .  I n  :NH~ b u f f e r s  ~che '~mmo~ld~ii~ ~ r ~  t o  h a v e  c o m p l e x e d  

I 2o~ I 

os ""  ~ i ~  i 
450 500 ~:~0 ~ 

Fig. ] t. Spectra of hemoglobin complexes at ihigh~:20~t.~t/~r ~ ~-..~ m l~i~dl. ~-~E~_~ (pH 9.84), ~ ;  
sodium carbonate (pH 9.9o) . . . .  ; t i trated with [(~HH~:(~a~E¢~[ ........... I~d~vl lgh t  the m m o n i a  

complex appeaxs red. The, o t h m r ~ a q ~ m ~ r I S m ~ m ~  

~ i ~ l .  ~ . ~ :  69  (I963) 337-354 . ~ . .  
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with  ammonia .  This  complex is spec t ra l ly  s imilar  to the  h y d r o x y l a m i n e - f e r r i h e m o -  
globin complex  r epo r t ed  by  BANASCHAK AND ,1U NG 11. T h e  spec t r a  differ in t he  posi t ions  
of the  m a x i m a .  These  are  538 and  564 m/~ for the  f e r r i h e m o g l o b i n - a m m o n i a  complex  
and  543 and  575 mt~ for the  hydroxy la rn ine  c o m p l e x . ,  

Dependence of k on method of preparing ferrihemoglobin 

T h e  r a t e  c o n s t a n t  d e t e r m i n e d  on lysa tes  f rom different  ind iv idua ls  can be seen 
from Fig. IO to v a r y  by  as m u c h  as a factor  of two. Of ten  the  difference is cons iderably  
less. To  avo id  confusion from this  source,  for a n y  given series of expe r imen t s  the  
same fer r ihemoglobin  was  used t h r o u g h o u t  t h a t  series. W h e n  th is  was  done  the  
va r i ab i l i ty  in t he  r a t e  c o n s t a n t  was  typ ica l ly  less t h a n  IO % (Figs. 3 a n d  5)- 

Differences in " p m i f i e d "  and  "unpur i f i ed"  lysa tes  are shown in Tab le  IV. The  
z-5-fold  r a t e  increase  upon  pur i f icat ion m a y  be due  to  t he  remova l  of an inh ib i tor  or 
to  a sens i t iza t ion  to  r educ t ion  caused  by  a change  in the  hemoglobin  molecule  du r ing  
the  pur i f icat ion process. 

PART II 

The reduction of ferrihemoglobin in the presense of carbon monoxide 

T h e  resu l t s  of t he  a tmosphe r i c  composi t ion  e x p e r i m e n t s  in PART I led us to  inves t iga te  
t he  effect of CO on fer r ihemoglobin  reduc t ion  in t h e  absence  of o t h e r  r educ t an t s .  
The  buffered hemoglobin  was  p laced  in a tes t  t u b e  which  h a d  been w r a p p e d  wi th  
b lack  electr ical  t ape  to  exclude all l ight.  The  solut ion was  t h e n  f lushed wi th  CO, t i g h t l y  
s toppered ,  and  placed in a d a r k  cab ine t  a t  room t e m p e r a t u r e  (25 --~ 3°). A dup l i ca te  
e x p e r i m e n t  was  pe r fo rmed  in a q u a r t z  tube  12 cm in f ront  of a 85-~V G.E.  H85-3C 
m e r c u r y  arc  l amp.  T h e  l ight  was  co l l imated  b u t  unf tkered .  SCHUBERTH 12 found t h a t  
fe r r ihemoglobin  was  rap id ly  r educed  (*ltz = xo min) b y  CO in u l t r av io le t  l ight .  
The  resu l t s  are given in T a b l e  V. A slow reduc t ion  of fer r ihemoglobin  b y  CO occurs  
in the  da rk .  U l t r av io le t  l ight  increases  the  reac t ion  r a t e  sl ightly.  T h e  q u a n t i t a t i v e  

T A B L E  V 

R E D U C T I O N  O F  F E R R I H E M O G L O B I I q  I N  T H E  P R E S E N C E  O F  CO 

I = 0.53, t e m p . ,  z5 + 3 °. 

Hh 8+ OH~ Appearance Method of isolation pH ° h Illumination Atmosphere [ H  T X l o ' j  (o~) 

Dialyzed  lysa te  7.8I 59.75 d a r k  CO 2.68 

Dia lyzed  lysa te  6.78 59.75 d a r k  CO z.73 

Re + Rz  °* 6.78 59.75 da rk  CO t .49 

Dia lyzed  lysa te  5-38 59.75 d a r k  CO 2.62 

Dia lyzed  lysa te  6.78 59.75 d a r k  N~ x.54 
Dia lyzed  lysa te  6.78 x .oo visible CO 2.63 

l ight  

Dia lyzed  lysa te  6.78 x.oo u l t r av io le t  CO z.54 

8z. 5 clear  

82.o clear  

79.9 clear  

83.0 m o d e r a t e  
p rec ip i t a t e  

98.2 clear  

98.6 clear  

93-o c lear  

* Buffer  c o m p o s i t i o n s  a re  g i v e n  in Tab le  I I I .  
"~ Twice  c rys ta l l i zed  a n d  twice  ch ro rna tog rz~hed .  

B i o c k i m .  B i o p h 3 " s . . 4 c t a o  6 9  (x963) 337-354 
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d ifffecem-e be tween the results given in Table  V and those of SCHUBERTH m a y  be due 
tO the  5-ffoid higher  hemoglobin concentrat ion in our exper iments  or to a difference 
in l ight  somces.  

The  ~ ] u c ~ o n  by  CO, unlike tha t  by  cysteine, is pH independent .  

P A R T  UI  

Discussion 
G~n,M 

A l t i ~ u g h  the  pH and  cysteine dependence described in PART l suggest t h a t  
RS- .  no t  RSH~ is a react ing species, the  result  of the ionic-strength exper iment  is 
o ~ t e  to  tlhat expected from charge considerations if the reaction is between R S -  
a n d  ~ H = -  I t  should be noted tha t  a similar effect is found for the ionization of 
f f ~ i n h y d r o x i d e .  In this case the  pKt  increases wi th  ionic s t rength,  a 
direct ion ~ e  to t h a t  expected from the increased electrical shielding at  higher 

H o n e  assumes tha t  the dissociation cons tan t  of the : N H  a complex wi th  ferri- 
bemiogiollfin is of the  same order of magni tude  as t h a t  found for the  hydroxylarn ine  

" ~ m p l e x ,  then  a t  p H  9-9 the mole rat io of the ammonia  complex to ferrihemoglobin- 
hydroxide  is approx ,  x8ooo. This result  implies t ha t  the  spec t rum in Fig. x x is t h a t  
~f t im ommpiex free of ferr ihemoglobinhydroxide.  

imaxm~e in rate  on purification is consistent  wi th  the  hypothes is  t ha t  the  
r ~ e t i o n  is n o t  enz~xnically controlled. The nonstereospecificity for D- or L-cysteine 
also ~mppm~ the  nonenzymic  charac te r  of the  electron t ransfer  from cysteine to the  
p f m a r y  electrcm acceptor.  F rom the work of HUENNEKENS el al. x4 par t ic ipa t ion  b y  
~ i n  reductase in the  react ion is ruled out  since they  found no reductase 
acti~-it~-after crystalI4tzation. Whe the r  the increase in ra te  on purification is due to 
the  remot-al  of an  inhibi tor  or to some other  var iable  in the  me thod  of prepara t ion  
is no t  ~ .  I f  i t  is due  to the la t ter ,  then  a me thod  of prepara t ion  which leaves the  
b ~ o g ] i o l ~  ~ e  unchanged  mus t  be found before it  will be possible to measure  
un ique  ra te  constants .  

A ~ of the  p H  dependence of h u m a n  and  horse hemoglobin is avai lable  
t h r o ~  t l ~  ~ O f  KIESE s. For  horse hemoglobin the  pH o p t i m u m  occurs a t  pH  8. I ; 
f o r  hnntan  i t  appears  a t  pH 7.68. The p H  curve for h u m a n  hemoglobin also appears  

m o r e  symmetr ica l  and convex than  dGes the  curve for horse hemoglobin 
r e l m r t ~  b y  KmsE.  Indeed,  it  is qui te  similar bo th  in i ts convexi ty  and sharpness  
to  t he  c m ~  sltown b y  KIESE for the i ron-catalyzed oxidat ion of cysteine by  oxygen 
a t  ~mricms p H  values. In  the  case of h u m a n  hemoglobin a 34-fold increase in ra te  
is o l ~ e r ~ !  ImCmeen p H  5.5o and  7.68. For  horse hemoglobin or the  i ron-catalyzed 
oxidat ion  of c y ~ e i n e  the  increase is only 4-5 fold. 

The  temdts  on the  reduct ion of ferr ihemoglobin in the presence of bo th  cysteine 
a n d  CO ~ t h a t  i t  is, in this  case at  least, not  valid to s tudy  the kinetics mano-  
m e t t i c ~ y  b y  CO uptake ,  since CO is not  inact ive  bu t  inhibi ts  the reaction. 

Tke # H  and ¢ys~'ue dependence of ferrihemoglobin reduction 
T o  explain  t h e  observed react ion kinetics quant i t a t ive ly ,  the  following react ions 

{x--xx} m e  ~ .  I t  is assumed t h a t  the  electron carrier  ( e X - ) ,  cf. PART I,  is  s o m e  

Biochim. Biophys. Aaa,  69 (I9~3) 337-354 
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f o r m  o f  i o n i z e d  c y s t e i n e  w h i c h  w e  r e p r e s e n t  a s  R S - .  E q n s .  x - I x  i m m e d i a t e l y  f o l l o w i n g  

w i l l  b e  r e f e r r e d  t o  i n  t h e  s u b s e q u e n t  d e v e l o p m e n t .  T h e  k ' s  a b o v e  t h e  a r r o w s  a r e  

r a t e  c o n s t a n t s .  

F e 3 + O H 2  ~ F e a + O H  - + H*- e q u i l i b r i u m  c o n s t a n t ,  Kit  

i m H  + __~im + H *  e q u i l i b r i u m  c o n s t a n t ,  Km (z~ 

R S H  ÷--; R S -  + H+ e q u i l i b r i u m  c o n s t a n t ,  K s  (3) 

R S -  k- ~ ~  R S - "  (4) 

R S - "  ~ - ~ -  R S -  fS) 

k ° I  
R S - "  + R S H - ~  R S -  + R S H  

R S - *  -I- R S -  ~ R S -  + R S -  t7~ 

R S - "  + Hb-. ,  ha - - > R S -  + HI)  18! 

k e  . :  ,, 
R S - *  + i m F e 3 + O H ~  ~..-~-~ ..... ( R S - i m F e 3 + O H 2 )  e q u i l i b r i u m  c o n s t a n t  = KSM --=- 

( R S - i m F e a + O H a ) "  k p "  RS" + i m F e  2+ + H a O  

k c 
i9t 

(1 o) 

Expl ic i t ly  Eqns .  9 and  IO are  hypo thes i zed  as follows" 

H H ______ - - H 
...... , - - - - - N  : "- .. . . . . . .  N + : S R  " ' - - N :  

i i . . . . . . . . . . .  _ ' , i  
1 RS" ' ~ N / / '  

E t a + O H  2 -- -- H , O  Fe2+ 

F e a + O H z  

I t  shou ld  be no ted  +hat processes 9 and  io  t oge the r  are k ine t ica l ly  ind is t inguish-  
able  f rom:  

R S - "  + i m F e a + O H 2  kp.__> RS"  + i m F e  z+ + H 2 0  ( t i )  

where  lej, = k'zoKsM. 
N u m e r i c a l  va lues  of K n ,  Kin, and  K s  have  been t a k e n  f rom refs. x3, 15, xo 

a n d  I6.  These  va lues  are p K u  ( I - - 0 . 5 5  ) = 8.33, p K m - - 6 . 6 5 ,  a n d  p K s - - 8 . 5 3 .  
I [ K s M  was  e s t i m a t e d  as  2.28. t o  is f rom the  t h e r m a l  d a t a  in Fig. 7- 

T h e  s imples t  mode l  to  come to  m i n d  is t h a t  based  on Eqns .  x, 3, a n d  

k;, 
R S -  + F e 3 + O H 2  , k~" ~ ( R S - F e z + O H 2 )  e q u i l i b r i u m  c o n s t a n t  = K's,,g {9") 

( R S - F e a + O H 2 )  .. -~ RS" + F e  t+ + H i O  (xC)  

In  this  m o d e l  we  m u s t  first dec ide  w h e t h e r  E q n .  9' or Eqn .  xo' is rate- l imit ing .  
I f  E q n .  9' is rate-tAw.lting, then  an increase in cys te ine  concentra t ion  increases  the  
rate  of  (RS-Fea+OH2)  format ion  propor t ionate ly ;  t h a t  is to  say,  there  is no  sa turat ion  
at  h igh  cys t e ine  levels.  This  contrad ic t s  the  e x p e r i m e n t a l  fact.  On the  o ther  han:l  if  
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Eqn. 9' is rapid relative to Eqn. IO' then the observed saturat ion at  high cysteine 
levels is explained by the fact tha t  the addit ion of more cysteine can have no effect 
when all the ferric iron is complexed. These quali tat ive observations can be made 
quant i ta t ive  by using Eqns. I, 3, 9' and IO' together with the conservation restrictions 

Ca- = (RS-)  + (RSH)  + (RS-Fe3+OHz)  

fliT" = (FeZ+OH,2.) + (Fez+OH -} + (RS-FeZ+OH2) 

Here f is the fraction unreduced iron present at t ime t, and HT the total  iron present. 
Assuming only that  H r  ~ Ca. the pseudo first-order rate constant  is given by 

CTIk = ( t /K ' sMk"~)  (t + H / K s )  (1 + K n l H )  + (I/k"p)CT" 

The rate constant  k has a pH opt imum at 

H,,pt. = (Kn  Ks)ls~ (tb) 

Obtaining pHopt.---: 7.68 from Fig. xo, p K s  is calculated to be 7.03 from Eqn. Ib. 
This value disagrees with the value of 8.53 given by BENESCH AND B E ~ S c n  10. x[K'sM 
(5.38" IO -4) and kv" (9-54" xo-3) are found from the slope and intercept  of Fig. 6b 
using Eqn.  Ia. These values are in serious disagreement with the thermal  da ta  of Fig. 8 
which give T]K',sM ~- 2.Z8"IO 16 -nd k"p---3.77-IO 14. Fur ther ,  there is no spectral 
e~-idence for complex formation. Fhe pH  curve calculated from this simple model 
is shown as the short dashed line in Fig. Io. This curve is in obvious disagreement 
with the experimental  curve. In view of these discordant results this simple model 
was abandoned. 

At tempts  to remedy these quant i ta t ive  and quali tat ive defects led to the model 
represented by Eqns. x-IX. 

Eqn. 9 shows the ionization of the heme-linked histidine residue. The inclusion 
of this ionization renders the proposed mechanism internally consistent. This point 
is discussed later. Since the R S -  anion is solvated in aqueous solution it is reasonable 
to propose Eqn.  4- This step includes the orientation of the cysteine molecule so 
tl :at  the cysteine sulfur is in the vicinity of the imidazole nitrogen and a removal  of 
enough solvating water  molecules shielding the sulfur electron pair to permit  reaction 
with the h is t id ine- i ron  system. At this point the act ivated anion can be deact ivated 
in three ways:  by collision with water  and other  ionic or molecular species whose 
concentration is constant  (Eqn. 5), or cysteine (Eqns. 6 and 7), or hemoglobin (Eqn. 8) 
it can be resolvated or knocked out of position. If the RS-*  is not deact ivated 1>3" 
one of the above processes it will form an intermediate  with the h i s t id ine -heme  
system (Eqn. 9)- The reduction is then accomplished by  the transfer of one of the 
sulfur electrons to the heme iron (Eqn. IO). Alternat ively the act ivated anion m a y  
react directly with the h i s t id ine -heme  system (Eqn. II) .  It has been explicitly as- 
sumed tha t  of the four possible ionization states of the h i s t id ine-he ine  system the onh" 
one with which the act ivated cysteine anion can react to form reduced hemoglobin is 
tha t  in which the iron is in the ferrihemoglobin (not ferrihemoglobinhydroxide) s ta te  
and in which the imidazole nitrogen is in the --~ N H  (not - - N H z +  ) state. 

On the basis of this model saturat ion at h igh  eysteine levels is the result not of 
complex formation but  of the deact ivat ing processes (Eqns. 6 and 7)- Here, a s  in 
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the earlier model a p H  t ~ p G n m n , i g ~ x ~ i ~ d u e  to the opposing processes of R S -  
formation and Fe~+OH~!'lossr~*m~e~a~I~-, bxit in the  present  model the drop-off in 
rate  is much  sharper  on: e i t h e r ~ l ~ e , ~ t i i e  o ~ ' m u m ,  again because of the addit ional  
deac t iva t ing  steps (Eqns: 6 m ~ ) . I ~ i ~ . i 0 n i Z a t i o n  of the  imidazole group makes  this  
drop-off somewhat  sharper~ ~n~,*~r~idd.~icte of the  op t imum than  on the basic side. 

Transposing these o b s e ~ ~ . i m q u a l i t a t i v e  agreement  with experiment ,  into 
quan t i t a t ive  formulas i s : m o r e , : ~ ~  t t ia~:before because of the increased mathe-  
mat ical  complexi ty  iesuttingftTm~ ~qe rmmerous equations.  Therefore we make  the 
following simplifying a s m m q ~ i k ~  

¢ a) - s t M  3-~ ~at~ -: ~oc ix~a~on  • 

Dt{.lt~-"', : tJ)~{~7~ irtrlZea÷OH2) " = o 

(b) ( I~) .  [t~-'?;. [t~- imFe~+{)H_o)" ~ R S ,  RS}t 

(c) tt~-i,ri.F~OH-£~ "'.:./~ l~e.~OH~, Foa+{)H - 

Assuming the correctness of.~t~, mm0i/~tJ ~md the  approximat ions,  the exper imental  
fact t h a t  the pseudo ~xrst-ori t~rm~.oox~tlmt-is  2ndependent of the  ferrihemoglobin 
level rigorously implies ~ ? - ~ - - - , ~ . ~  L~- physically reasonable because any  heme 
region oriented toward  ~J-~*~m~mt~ht~-e ~ competi t ive steric advan tage  over non- 
oriented heine regions in  o t h e r t t a ~ n m ~ ~ m o l e c u l e s .  Also the  large size of the hemo- 
globin molecule wotf l4t~F4F~w~. .TlR~medet  ther,  implies k c -  ) ~  k ~ ' ,  or a l te rna t ive ly  
t h a t  ke - -  o which is ~ ~ - t ~ ~ g =  Eqm 9 by  Eqn.  I i .  For  definiteness (and 
in view of the  t h e r m a l  ~ ,  ~ffi~g.7)/~xv~-.~_~_|l assume no complex formation occurs 
and  will use Eqn.  xx i n ~ , @ f i ~ f l n . c ~ , i t t  t he  following derivation.  The pseudo first- 
order ra te  cons tan t  derivett(frmmI~ffn~.i:-ra:i~ given below in three  equivalent  forms. 

where 

and  

.4 
k = ( | l a l )  

, K .  (Hop,. ~ 
:.~-m I i ,~ l~;ro~j:  Hopt . io  -a \ g ' o p t . /  1 

• t - t  - -  ( I I a : .? . )  
~-*~ + koZCT 

~t"L~,~;. = (K.xW'-' 

and  8 is defined by / - / = , ~ ~  ~ , e r ~ , ~ .  is the expe,-imontal pH opt imum.  
The  equat ion 

hra~lJt. + ~ .~ma  - -  ~ = -~[t~ogt. m ~ KmA°H x _-=_ o 

which results  from s e t t h ~  ( f f ~ ¢ t t ~ ~ . . =  o permi t s  one to find x, which is defined as 

+ k o t C T /  

N o t e  t h a t  H'opt.  i s  ~ t  ~ b e ~  p_~_:~ op t imum;  but  is an approxSmation 
the re to  obtahaed b y - ~ ~ z l ~ t ~ l ~ r r t ~ a m  the  quadra t ic  equat ion result ing 
from the  above c a l i ~  ~q~t tmm ~fflmn ~ the  t e rm in H s. Examina t ion  of 
equat ion  I l ax  r e v e a ~ f l ~ t ~ i i s ~  symmetr ica l  about  the  p H  opt imum.  
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The sa tura t ion  at  high cvsteine levels is apparen t  from another  form of 
equat ion I I a I "  

k~k* CT 
k = {llb) 

' <  
+ - -  , ,  + 

The equat ions  

%vh (~ r c  

~md 

CT 
= i + sC~, ( l l c l )  

k 

( . ) (  <..c:. 

s ~ i (iic3) 

' , '0 
are useful for the evaluat ion of the various kt from the  linear plot of Ca,/k vs. CT. 

Using k = o.Io5 (Fig. IO) a t  pH 7.68 (8 ~ o), from Eqn.  I Iax ,  A is found to be 
o.x56. The pH curve calculated from Eqn.  I Iax wi th  this  value  of A is shown as a 
dot ted  curve in Fig. Io. This curve is in fair accord with  the  exper imenta l  curve. 
Subs t i tu t ing  Eqn.  I Ia2  into Eqn.  I I cz  we find k_* ~ z.48-IO-*ko,. When  this  value 
is subs t i tu ted  into Eqn.  I I a  3 we find k_* ::~-7.7o.ro-~kol and k o s - - 3 x o  kox. The 
ratio k_*/kot can also be found from Eqn.  I Ic3 ;  the  result  is k_* - -  6.xo. ro-Skov 
This is a factor of r.26 lower t h a n  the  rat io found from Eqn.  I Ia3.  if  the  " t r u e "  values 
of the  ra te  cons tan t  at  pH 6.78 were x 7 % higher t han  those p lo t ted  in Fig. 6b the  
two ratios of k-*/koa would agree identical ly being 4.28" Io -2 and  then  ko2 - -  2o2 koa. 
This factor of x 7 % is well wi thin the var iabi l i ty  between individuals  as well as wi thin  
the var iabi l i ty  found upon purification. The  model is therefore in ternal ly  consis tent  
with respect to the rat io k-*/koa when the la t t e r  is calculated by  two independent  
methods.  This consistency is impossible to obtain  if Eqn.  9. and  the  assumptions  
s ta ted  explicitly above regarding the  ionization s ta tes  of the h i s t i d ine -heme  sys tem 
are omit ted  from the mechanism. 

The  most  obvious defect of the proposed mechanism is i ts  failure to explain the  
convexi ty  in the exper imenta l  pH dependence.  This  convexi ty  mus t  arise from factors 
o ther  t han  those presented in Eqns.  I - i  I and  a t  present  we do not  know thei r  na ture .  
Nevertheless the  proposed mechanism does give a reasonably  quan t i t a t i ve  explanat ion  
of the ferrihemoglobin, cysteine, and pH dependence of the  reduct ion between 
pH 6 and IO. 

If the model is a valid approximat ion to the physical  s i tuat ion,  the fact tha t  
k0o---~ 3.to k0a deserves comment .  At first one might  expect  ko, ~ kol because of 
coulombic repulsion between RS-*  and  RS- .  Apparent ly ,  however,  the  electrostat ic  
field in the vicini ty of the  reduct ion is such t h a t  only species of charge opposite to 
t ha t  of the  iron, and which are therefore a t t r ac t ed  to it, are efficient deac t iva tors  
of RS-* .  For  the  same reason H20  should be a poor deac t iva tor  of RS-* .  This is borne 
out  by the small value of the ratios k-*/kol and k_*/kon found above. 
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C O N C L U S I O N S  

The rate of reduction of human ferrihemoglobin in the presence of cysteine is shown 
to be linear with respect to ferrihemoglobin and to depend in a nonlinear way on the 
cysteine level, becoming approximately  zero order in cysteine at high cysteine levels. 
The temperature  coefficient of the reaction was determined and shows that  the re- 
duction by cvsteine does not proceed through a t ight ly associated heme-cys te ine  
complex. The pH and ionic-strength dependence of the reaction rate was determined. 
The rate of reaction is the same for both D- and L-cysteinc. The rate of reaction is 
shown to be 2-5 times more rapid upon purification. Evidence is presented for the 
formation of a ferrihemoglobin complex with aqueous ammonia  which catalyzes the 
reduction. CO inhibits the reduction with cysteine and this fact must  be taken into 
account when s tudying such systems manometrically.  By itself, in the absence of 
other reductants ,  CO is able to reduce ferrihemoglobin slowly, and the rate of re- 
duction is independent  of pH in the region pH  5.38-7.8I. Ultraviolet  light is shown 
to increase the reduction of ferrihemoglobin by CO. Comparison is made between 
t h e  results of this s tudy on human hemoglobin and those found by KIESE for horse 
hemoglobin. Two detailed mechanism are discussed for the reduction with cysteine, 
one of which part ial ly explains the observed facts. 
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