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- ABSTRACT — S

.

The reaction of HgCl2 wiﬁh the unreactive -SH groups of_hemoglobin’

. ~
was investigated using amperometric techniques to determine  the reac-

tion stoichiometry and kinetics. Merguric thloride,wﬁs found to react
with -SHpR112 gnd -SH&104 ?n neutral solution with a constaétvone to
N ) § - . -~
one stoichiometry regardless of the ambient halide salt concentration.
As well as feactiné with the three paifs of sulpﬁy@ryl groups ) ; ‘
SHB93; SH-BIIQ, SH-¢x104, HgClZ*was weakly bound by HBA at an
. unidégtified locus to.tye extent of 2 molar equivalents per £et:amer.
The apparentfsecoﬁd order rate cqﬁstants for Ehe>reactions of
-SH5112 and -SHJIOA ;ere segsitive to'pH, ionic strength, hemoglobin
congentration, ligand state éf the heme, and to the presénce of |
divalent cations.' 1t was observed, howéveé, that the measured
diffusion konstant for HgClZ in hemoglobin solution was aependent /
on hemoglobin concentgation,qligand state of the heme, the presence
of divalent.cations, and g; some exteat'on the ambient salt concen-
tration. When the apparent rate constants were corrected for this

r\iictor it was found that the second order rate constants were more

. ® . )
. or less independent of ligand state and hemoglobin concentration.

“ -
t
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‘ | . INTRODUCTION | 7 o é’{ ‘ | <
. L \r - —\ . 20 ) o ‘ . X ' N . - i

B . The reaction of protéin lephydryl groups with heavy metal

reagents, pafticularly mercury compoundiﬁgwas an important assay

technique several decades ago. Recently the reaction has been

[

_increasingly involved with various probeé of native protein

structu}e,fl19). One such probe is based-on the rate of halide , .
, N L ; | , =r
exchangeion a mercury atom which has been reacted to-a protein . ' B

- ©

“ rd .
sulphydryl grogp (2). The halide exchange rate measured with a
Nuclear Magnetic-Resonance spectrometer, reflects steric conditions

/e

in the locale of

’

e sulphydryl groups.. ) . .

It was in connection with the particﬁlar probe described above,.

that I began an investigation of the stoichiométry of the reaction ‘of

mercuric chloride with :human hemoglobin. The conclusions of{&bis

investigation were that not only does the cysteine groupyat position

x

293 react with mercuric ‘ion as has previously.beén established (10,11), o

but further, the two remaining cystéine groﬁps at al04 & gll2 also

i

react at finite rates in neutral solutioné. The latter observat}on

had been reported (12) but the conditions under which the reaction .

-

took place had:.never been clarified. : : -

A

e The sulphydryl groups at 104 and B112 are located in the inter-

>

face between the ¢, and & subunits of the hemoglobin tetramer. I

, -

hypothesized that if the ligand related-allosteric interactions in

the hemoglobin tetramer ase transmitted through the 181 interface,

then the reaction rates of -SHx104 ,and -SHﬁliZ might be sensitive o3
14 o v

5
R B
; 5
t =



~.are currently of considerable interest, such a probe cbuld be quite

<

= ¢ A
-

to these interactions. Since allosteric interactions in hemdglobin

-

ful.
usetut. ) N

v . » .
Reaction kinetics, ligand effects, etc., were thoroughly
. ¥

investigated. Ligand related rate differences were observed;

however after clarification of the conditions governing the reaction
rates it was found that the apparent relationship between Teaction

rates and allosteric interactions was illusory. The rate of

2

reactions of Hg+ with the -SH groups at pl12 and 104 appears .to

be dominated by the diffusion coefficient of HgCl, in the reacting

solution.

. . . ' - .
The primary conclusion of the research reported here is

negative, an allosteric probe was not realized. On the other hand,
in the cpurse of the investigation a great'déal.of empirical informa-

tion was accumilated with respect to the nature of the reaction of

HgCl, with the 8112 and ql04 -SH groups of human hemoglobin.
Further, classical amperometric technidues‘for protein sulphydryl

titration were updated and streamlined s well -as being stripped off

of some.of the mythology surrounding réaction stoichiometry.

o I
R N\

S
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METHODS

1

Hemoglobin Preparation
. IM A ] -
All hemoglobin used in experiméntal studies was purified from
= i . . .
fresh.whole blood and,gséa“within seven days. Although care was

,1473
oL

taken to use fresh Hbr

n all crucial experiments, no alteration in

- Y l
the reactive properties of a given Hb sample was observed even after

several months storage at 4°C, .
Purification of Hb from whole blood was accomplished By a
method adapted ffom Perutz (13) and McConnell (14). The red blood

B ;

cells were first separated from the plasma by centrifugation at

10,000%xg for 8-10 minutes, fhen washed 3 or 4 times by resuspending

the pellet in 0.9% NaClﬁ\\‘-_//4 ~.

After the ‘final wash the rqd blood cells were suspended in 1

<

volume.of distilled waferaigd 0.4 volumes of toluene, éhaken
vigorously for 5 minutes ;ﬁd centrifuged at 10,0680xg for 20 minutes.
At the end of this procedure thegHb layer was siphoned out of'éée
centrifuge tube. Satutated NaCl solution was added to bring tﬁé

total NaCi concentration up to 2%; the solution was then centri-
fuged at 46?000xg for 1 hour. Tﬁe decanted hemoglobin solution was
normally 8-12mM. heme in concentration. All procedures were
carried out at 40C,

Several experiments involved the use of hemoglobin stripped of

2,3-DPG. The method of Benesh, Benesh & Yu (15) was used without

modification; batches of 25ml Hb were run through a 4cm x 30cm

-



column of Sephadex G25 equilibrated with 0.1 M NacCl.

Hemoglobin ‘concentrat#dn was assayed by the ."Cyanomet" .o
. - 5 4
technique of Wootton & Blevin (16) in which Hb is converted to

methemoglobin and assayed spectrophotometrically.,

An aliquot of Hb (usually 200 of 8mM Hb) was mixed with 8ml of
L Ny s , .
solution A consisting of ZOng'K3FeCCN)6, 140mg KH2PO,, 50mg KCN

‘per liter of HZC. After 15 minutes 2.5ml of 0.1M NayB,05.10H0 was
addé% and the total volupe made up to’25m1 with solution A. Hemer
concentration was determined'from ;he,absorbénce measured at 540ﬁm

in a Cary Model 14 spectrophotémeter using an absothivity'of 11 x‘1K03

.
‘liter mole” ! cm™! (16,17),

Amperometry

- :
A mercurimetric apparatus for the titration of protein sulphydryl
groups was originally described by Stricks, Kolthoff & Morren (18);
- the amperometric detection of Mercury (I1) is reviewed by Stock (19).

The techniques were used as established with a few exceptions.

a) The electrode voltage was set between 0,00 vélts and -O.IQ

}volts (platinum electroge wiﬁh‘respect fb_Standard Calomel Electrode)
in order that mercury could be detected in the presence ;f oxygen.
It can be seen from the polarographic waves f#{lustrated in Fig. 1
that thié can be done without a substantial loss in ‘sensitivity.

- b)- The ionic strength of the titration medium was usually much

lower than the recommended 0.5M KCL., This modification will be

discussed in detail. . ’ '~

»

.x,



Fig.

""The polarograpﬁic wave for 30 M HgCl, in oxygenated (air

saturated) and deoxygenated titration medium consisting of
100 mM Phosphate, 100 mM KCl, pH 7.6. Rotating Pt electrode,

in conjunction with a Standard Calomel Electropde.
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Although the electromnic configuration of the amperometric
apparatus &iffered in detail from that of Stricks et al, its
functfqns were identical. A sensing voltage supply controlled ‘the
voltage appearing across the Pt - S.C.E. couple between 0.000 and
0.500 % .002.volts irrespective of curfeﬁfT"WA strip chart recordér

was used as current indicator. ] ;

In its final configuration\yé:’;;;curimetric apparatus

<

IS .&;é;f:?“f;» i

appeared as in Figs. 2,3,

-

* Reaction Conditions , .

The titration of Hb with HgCl, was carried out over a concen-
tFatioh range from_lOpM.hemeato 360 uM, heme in titfation media ‘Y
buffered to pH 7.6: The most commonly used medium was Buffer‘@a ’ T
consisting of 100mM NaCl,tiOmM Nézﬂfba édjusted to pH 7.6. Buffer‘(}

was 2mM CaCl,, 2mM MgCl, plus Buffer (®).

2’ s
Titragion of ligénded Hb with HgCl, was carried out in media
equilibrated with air.or pure CO. . For.deoxy Hb the buffering
“medium was figst déoxygenated by bubbling with High Purity Nj.
AfterAaddition of the Hb aliquot the surface of the solutioﬁ wasv
,véwept with Ny until the Hb was in the deoxy form.” Usualiy this would
requiré 20 min - 30 min. Oxygen partial pressure was monitored : R
using the amperometric apparatus itself. By adjusting the electrode .‘ >
voltage to -0.35 volts Pt with respect to S.C.E. the 0y level éould

”

be monitored down to ~lmm Hg (20) which is sufficient to deoxygenate

oy
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Fig. 2. General layout of the mercurimetric apparatus for the ‘
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titration. of hemoglobin -SH groups.
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Fig. 3.

A detail of the reaction chamber.
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1
normal Hb A (21).

® 3

The HgCl, solution was not déoxygenated. The quantity of

2

oxygen introduced with the HgCly aliquot in a 50uM.heme solution

e X X .
would raise the 0, partial pressure by less than lmm Hg.

r'HemogloBin aliquots were dispensed using Oxford micropipettes

©

with disposable'tiﬁs. Mercuric chloride solution was delivered to
the reaction vessel by a Gilmont micrometer-driven burette through

a 0.020" 1.D. plastic tube. The tube was immersed in the Hb solution

3

only during thé actual delivery of HgC12 in grder‘to avoid
inaccuracies due to tgz diffusion of HgC12 f;om the tube.

The titration medium was stirred by the rotating platinum
electrode. Mixing time for an aliquot of HgCl, was 1-2 seconds.
The response of the amperometric apparatus at 20°C was biphasic
reaching 80-90% of total deflection.within d.ZS seéonds and.then
drifting toward a final value for 10-15 seconds. The time scale
for all but a few titrations ;as such that the la% due to finite
response time’was negligible.v

The three different reactions (R93, pl12, l04) were separated
Sy controling the quantity of HgCly added to the titration med ium,
The reaction rates for each different siée differed by roughly one

order of magnitude. Two different procedures were used with identical

results. The solution could be pretreated with-two or four

lHemoglobins reacted with sulphydryl reagents at the B93 site show
an increase in oxygen affinity by a factor of 3 or &4 (22-24).
Riggs (22) indicates that Hb reacted with N-Ethyl malaeimide or
with iodoacetimide will be ~ 207 oxygenated at POy ~ lmm Hg.



=t

equivalenfs of HgC12 in ordér’to react one or two of the -~-SH

groups well in advance of thé reaction of interest. (At least 10
times the reaction half time would be allowed.) On the other ha;d
all of the HgCly could pe added in a sipgle large aliquot; the réte
constant Qould be measured only over the portion of the reaction
during which the group of interest was reacfing. Results from

tﬁe two different methods were indistinguishable.

Sensitivity was measured after éach reaction (Fig. 4) by gdding

successive small éliquots of HgC12 to the solution.
The temperature of the titration medium was controlled using

a water jacket in conjunction with a .thermostated circulating water

bath, and monitored with a thermometer with an accuracy of +.1°cC.

Data - Analysis

- The computation of apparent reaction rate constants was
accomplished by computer using an APL program whicﬁ fitte@ a second
order rate curve to the titration data by an interative Rfocedure
(Fig. 5). Because there were ambiguities as to the initiation time
for the reaction due to finite mixing time of the reagents and as
to the endpoint of the reaction;vthe program was degigped to
operate without reference to these two parameters.

A typical chart record is presenfed in Fig. 4. Daté were

collected at any suitable constant time interval over a segment

of the curve isolated from the extrema of the reaction. Normally




Fig. 4.

1

Typical chart record for a hemoglobin titration.
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Fig. 5.

APL program VY KINK used for second order analysis of

hemoglobin titration results.
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v KINK ‘
(1] 'COMMENT'
(2] D«[
(3] '"TYPE 5555 AT END OF DATA'
[u] TX«1R+0
(5] 7Tx )
(6] 'DATA" .
(7] x«[ '
[8] »(X=5555)/11
[9] Tx«TX,X ' '
[10] =7 . ;
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this would be the interval after the first 1/2 equiQalen; had
reacted and before the last 1/10 equivalent would react. A
minimum of twenty discrete data points would be inserted into
the program along wigh theabaseline and the endﬁoint which was
estimated from the measured sensitivity a;d the calculated excess
HgCl, which should remain in solution, (Mpst experiments were
conéucted with a 1 equivalent excess of HgC12 in solution.)

The ppogram would then select successive data sets separated
By 10 time intervals and fit them to an analyti; description for
a second order reaction of the form
1 | b(a-x)

Coo k= T 0 T en)

where a and b represent the initial concentrations of the reaetants.
- 4

A 5
As previdusly stated, the starting time/for the reaction was

ambiguous so time (t) and initial concentrations were not known.

!

However, a-b would be equivalenf to t residual (excess) in the

»

reaction and if the reaction endﬁoint ere also known then the

rate equation could be rewritten as:

(XO+ Res-e) (X1-e)
n

!

1
“Res (X 4 Re5-E) (Xo-e)

kt

where t = time interval between X5 and Xy
Res = residual; HgCl,-Hb

X5,X]1 = two successive points along the curve

(o)

e = reaction endpoint



- Given an estimated endpoint the program would cbmputé at least
ten separate kt values. These values would tend to diverge if the
value of e was incorrect. By a completely arbitrary procedure the
program would evaluate the divergeﬁce ;nd estimate a-—better end-
point. The procedure would be repeated using the new e until the
divergence of the kt values was negligible, specifically until the
standard deviation for the_compﬁted kt values was less than 1% of‘
the mean.

Once th? data had:ibeen fitted to a second order decay cufve the
theoretically extrabolated reaction endﬁoint wa$ -compared with the

endpoint expected from the respective concentrations of “reactants.

Any ma jor discrepancies resulted in the rejection of the data. .,




I. STOICHIOMETRY QF THE Hb + Hg+2 REACTION >

INTRODUCTION ’ ’

»

Amino acid sequence analysis of human hemoglobin (11) has shbwn
that there are 2 cysteine groups in each B chain and one in eaéh a(
chain making up a total of six per tetramer. The 533‘cysteine has
been identified as the ”reactive” group (10,22,25) in that it feacts
within milliseconds with sulphydryl reagents such aé heévy metal
ions, phenylmercuryrcompounds etc. Theifour rem;ining -SH groups'at
QIOA, pll2, traditionally the "masked" or "unreactive' -SH groups
were long considered_to'be unreactive with -SH reagent except under
denaturing conditions (12,24). 1In recent years (1967-74) there. have
been an increasing number of reports on the slgw reaction (a fime
scale of hours or days) of these‘groups with phenylmercury compounds
under neutral conditions 126-29). | '

Earl§ work’on>the titration of the -SH groupé ofrhemoglobin
(30-33) indicated that between 2 and 4 -SH groups of Hb A and Hb E
were readily reactive and that another four would react on'denatura-
tion of the protein. |

By 1962 the -SH titre of Hb A/had been settled at 6 -SH per Hb

2
tetramer with the first 2.2 molar equivalents being characterized as
"reactive" and the remaining 3.8 equivalents as "unréactive" (34,35).
A comprehensive review was published by R. Cecilr(lé) in 1963; the

general conclusions which he formulated at that time remain the

most recent published statement with respect to the mercurimetric



titration

hemoglobin -SH groupsf His conclusions were:

addition to reacting with the 'reactive' SH groups,
b4 r » =

ulphydryl reagents such as mercuric chloride and

phenylmercuric hydroxide would react with the "unreactive"

-SH groups in slightly denaturing conditions.

One pair of the four "unreactive" groups was more

reactive than the other pair.

The reaction of the unreactive groups was sensitive to

the ligand state of the Hb molecule.

Though Cecil published two further papers (36,37) on the’

possible function of the unreactive -SH groups of Hb A, the

apparent usefulness of -SH titration was eclipsed by amino acid

éequence analysis and X-ray diffraction techniques. The reaction

of the masked -SH groups of -Hb A with PMB resurfaced in 1967 as a

technique for/separating hemoglobin subunits (29). . Since that time

the kinetics of the Hb cum PMB reaction have received some

attention (26,38). Kinetic investigations will be discussed in

detail in the next section; there are 4 further publications

which have some indirect bearing on the stoichiometry of the Hb -SH

reagent reaction.

Enoki & Tomita (39) reacted various hemoglobin types with

HgCl, in neutral solution for 4 hours at 0°C and were able to

demonstrate the formation of hybrids, indicating reversible monomer

formation.

. . , +
Five equivalents or more of Hg 2 per tetramer had to




be reacted in order to produce monomers.

Bucci (27)-showed-that PMB reacts eventually with all six -SH
groups of ﬂative Hb.A in neutral solution. Roseméyef & Huehns (29)
found that the‘reactio; of PMB with fhe - SH groups of Hb A was

salt- dependent, reaching a maximum at .1 - .2M NaCl at pH 6. Fetal

hemoglobin (Hb F) which does not have a cysteine residue at positiom ?

"Bl12 did not react beyond the 893-SH group and did not d{sséciate.
Compiete dissociation was found only with Hb's having two -SH
groups on . the g chain. .They concluded that -SHR112 reacts
relatively rapidly in competition with -SH393; that -SHo104 is

the last to react and would not react at all in the abSence of

a previously reacted £1l12 group.
This last finding was refuted by Ioppolo (40) in 1969. He
found that Hb F would react with PMB ana-subsequently dissociate

but the time course, optimal pH and ionic strength for the

reaction differed from Hb A, \

\

Hindsight is of great advantage in interpretingékxperimental

literature; initially it was not at all clear whether 2,6 or more

2 would react with Hb A. The state of the art

equivalents of Hg*
at the initiation of this study was epitomized by the following -

-

statement from Cecil (12).

"Although the unreactive -SH groups can be titrated
only after the hemoglobins have been denatured,
they will react slowly with heavy metal reagents
in the absence ‘of denaturing agents."
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‘RESULTS AND DISCUSSION -

The "Unreactive' -SH Groups
Titrations of Hb A (Human hemoglobin) with HgCl, under conditions
specified by other investigators (18) indicated that at least 2

2 per Hb tetramer were reacting. The titration

equivalents of Hg+
endpoint was poorly defined due to a slow but steady downward
drift of the current beyond the 2 equivalént pdint‘(B in Fig. 6).

If the current reading was not taken until the observed drift
became negligible, i.e. no observable deflection of ‘the galvanometer
over a 20 to 30 second period; the reaction endpoint resolved itself
at 4 equivalents (C in Fig. 6)'%7This was a particularly significant
result in that it indicated that at least one of the "unreactive' -SH
groups was reacting at a finite rate.

When the effects of various concentrations of halide salts in
the Fitration medium were investigated (Figs. 7,8), it became
evident that all of the ?unreactive" -SH groups Qefe reacting with
ch12 but under some circumstances at rates too low to be observed
with the apparatus being used. It'became apparent why Stricks and
Kolthoff (18) and Benesch et al (31) had been unable to observe
titration endpoints in low ionic strength media; such a titratiOp
illustrated in %ig. 8 is apparently without a well defined endpoint.
This behaviour had been interpretéd as indicating an indefinite
stoichiometry for the Hg+2 -Hb reaction in low salt media, whéréas

apparently it results from the reaction of the "unreactive' -SH

groups.
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Fig. 6. Typical mercurimetric titration curves for hemeglobin at

L

' 50 _M.heme in 500mM KCl, 100mM Phosphate, pH 7.6. Curve

—F
A was obtained in the absence of Hb., Curve B is a rapid

titration of Hb with HgClzﬁwith 20 second

>

intervals between successive mercury aliquots. Curve C
represents a slow titration with 2 min. intervals-between
successive aliquots. The arrows indicate a perceptible

&

diminution of the current during the 2 min. interval.
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Fig. 7. Mercurimetric titr@&ions of HbA at 50 pM.heme in 100mM
\"\
pbdﬁghate, pH 7.6 plus various concentrations of NaBr.
The time interval between successive aliquots of mercury

was 2 min. T

N
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Fig. 8.

- 2la-

Mercurimetric titration of Hb A at 50 pM.geme in 100 mM
phosphate, pH 7.6 plus 160mM NaCl. Time interval between
aliquots: 1 min. There is no well defined reaction

endpoint.
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. equivalents Hg4?7ﬁb

Several experiments were conducted to rule out any o{her

interpretatién of these results. The consumption of mercuric ion
by the amperomé}ric apparatus was found to be: an order of
magnityde~too small to account for any of fge obsetva}ions. The
poésibility of reactions with impurities or w?tﬁ denatureﬁ protein
was ruied out by the following observations:
a) Hb A wés Eeat denatured at 459C in th; pfesence of an
excess of HgCl, (in 100mM Phospﬁaﬁel 500mM KCL). Undef
| these Cir%umsténces’Six and only six eqhivalents of
mercu;y reacted. With Eéuine heﬁoglobin'(Hb E} and with
"Cord Blood" (60% Hb F + 40% Hb A) the reaction stoichio-
metry similarly corresponded to the number of -SH groups
in the particularva samplé. ) \\\
b) Hb A, Hb E and ""Cord Blood" hemolysate were in;ubated with
various amounts of HgClZ»for 438 hou?s whilértakigg inter-
mittent r;ading&.of_Hg+2:céncen£rafkon (Fig. 9). The
’étdichiometry 6f the reaction of Hg+2‘with the —SH groups
“was 1l:1 with no further significant binding of Hg+?.with
déhétured protein or impurities.’ |
"
DuriﬁéZthe investigation of reaction\kineticseto be described in
the next section the reaction stoichiometry was observed tdfbe 6 -
4.'tSZ for several hundred titrations under a

wide range of canditions.
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The stoichiometry of the reaction of HbA, th and ”Cord:
Blood" hemolysate ( ~ 607 HBF + ~40% HbAN., The hemoglgbins
were incub;ted in 100mM Phosphate, pH 7.6, 500mM KCl plus
varying amounts of HgClz for 4é hours at 20°C. The

unreacted HgCly was determined intermittently with the

amperometric apparatus.

o= HbA, =-==HbE, == Cord Blood
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Weak binding of Hgfz y _ : \

2

In addition to the strong’binding of Hg+ at the six -SH groups
of Hb A, two equivalents of Hg+2 were observed to be'weakly bound
at an unidentified locus.

The existence of this reaétion was inferred from a éensitivity
anomaly in the amperometric apparatus. ;Aftey the comple&e reaction
of 6 equivalents of‘Hg+2 with Hb A, small aliquots of HgCl2 _were
added tovthe titration mehium and the response of the apparatus
recorded for each incremeﬁt in HgCl, concentration;

It was evident from the plot of instantaneous sensitivity,

dI shown in Fig. 10, that a reversible or concentration
d(Hg*?). o

dependent reaction was tgking place. 1If the instantaneous

sensitivity was essumed £6 be constant at its limitiné value thenr ]ﬁg
the quantity of Hg+2 being sequestered and the concomittant

association constant could be obtained from an, integrated plot

of the type shown ip Fig. 11. Assuming a singie reaction, an

association constant K, .was computed as Kf = 1.2 x 104 liter /M. heme

¢ l
as compared to K = 102! for the binding of Hg+2 to cysteine (12).
A weak binding site would be expected to "'saturate'' at a

higher molar excess of HgCl, per Hb tetramer as the hemoglobin
concentration was reduced. The dashed line in Fig. 10 indicates
this ?ffect. L

This interpretation of the sensitivity anomaly 1is corroborated

by the finding that the apparent second order rate constant for the ,

6’



Fig.

10.

- 25a-

The instantaneous sensitivity of the amperometric apparatus
to'HgC12 in various concentrations of HbA plué 100mM NaCi,
10mM Phosphate, pH 7.6. For clarity thé vertical displace-
ment between the three curves is arbitrary, the actual
value of the limiting current is indicatgd on the Figure.
The dashed line indicates the increasing saturation of the

.

weak binding site with increasing concentration.
4
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Fig.

11.

The integral of the instantaneous sensitivity curve for
144 _M.bheme represented in Fig. 9. The stoichiometry {

of the reaction was approximated by extrapolating the

terminal slope of the curve. The association constant

‘was computed from the differences indicated by the

v

perpendicular.

e, Jln Ly

-
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reaction of the unreactive -SH groups with HgCly, tends to increase

with increasing HgCl_ concéntration as shown in Fig. 12.

2

Chiancone. (26) observed a similar effect for thenreactiOnvof>PMB

»

with the "unreactive' -SH groups and suggested thatr some association
eqﬁiliBfium might be involved. = - |

As the reversibly bouna HgCly amounts to 2 equivalenﬁs per
tetramer it should be possible to associate it with a particular
site on the @ or B subunit. There is a methionine group located ..
at 76 ihbthe bend‘betweeg the E and F segments; possibly this group
is the reactive group as it is‘the only accessible Met in the
tetramer. Met 32 is involved in the heme contact and Met 655 in
the o,B, interface (41). Therefore they are not likely to be
readily accessible. Thio ethers readilty undergo nucleophilic
attack by ﬁercury salts (12) and though this reaction has not

-

.been observed to occur with methionine, the existence of compounds

CHy CHj
+ / + /
R - s R - s
~ HgCly , HgCl2

would not be unlikely. The heme iron of cytochrome C is complexed
to a Met residue in exactly this way (42). No other amino acid

groups in Hb A seem to be as likely candidates for the locus of
this particular reaction. Though such a reaction might occur with

imadazole groups, their numbers and location on the Hb molecule

are inappropriate.
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IT. KINETICS OF THE REACTIONS QF HgC12 WITH THE

UNREACTIVE -SH GROUPS OF HEMOGLOBIN

Introductipon

Structural analysis of Hb A (43-45) has shown’that the 93
cystéine is located on the éxterior surface of the Hb tetramer
next to the "proximal" histidine which is the major point of
attachment for the heme iron. This close association has been -
exploited in studies involving interactions between the ligand
state of the heme group and the reactivity. of -SHB9§ ahd Vicg versé
(5i21r24,46-50).

The @104 and B112 groups are located in the ;34 interface

of "the hembglobin tetramer (41,43,44,51), As this interface is

not normally exposed to solution (51) the relatively low

" reactivity of these -SH groups might be explained. If the low

reactivity does, in fact, reflect the sheltered condition of these
cysteines it would ﬁe expected that conditions which induce
diﬁerization or monomerization of the hemégisbin tetramer would
also affect the rates of reaction of the "masked'" -SH groups
(26,36,37). By extension, sinqe the dimer-tetramer equilibrium
is relatgd to the ligand state of the molecule (21,52-54) the
relafive reaction rates might also be‘related to the ligand state.
The possibility of Hsing -SH groups in fhe dlﬁl interface as
probes of subunit interactions has geen investigated by several

workers.

c



Cecil & Snow (34,35) were the first to recognize the poésibility
even though at that time, 1962, the structure ofvhemoglbbin was

largely unknown. They determined that the relative reactivities of

various hemoglobins fell into the order Met Hb > déoxy'Hb > CO Hb,~

The kinetics of the sulphydryl reactions were thought to be =

A
indeterminate as it was believed that a single -SH group would

s

+2

bind more than one Hg ion or phenylmercury moleéule; Oxyhemo-

globin could not be investigated due to the interference of oxyged
with their mercurimetric technique. )

The separation of hemoglgbin subunits by complete reactién
with PM£ was initiated by Bucci et-al (27,28): fhough they were not
’ intérested in ligand g}fect;‘per se, they were aware that the yield
of separated @ & R chains was sensitiverto the ligand state -of the
Hb (22,49).

Rosemeyer & Huehns (29) explored t@% parapeters controlling the
reaction of PMB with’the unre;ctive 7s§ groups in order, to optimize
the yie1d7of separated chains. Though reacgfbn rgtes were only
i;ferred from electrophoretié yield tﬁey re;ched‘the following
conclusions:

a) The reaction of OpHb with excess PCMB increases with the
'NaC1 c;ncentrétion reaching a maxi@um.at about 0.2M NaCl,’

pH 6.0.

b) Sutphydryl groups 293, 2112 react rapidly whereas -SHx104

+

is slow to react.

Finally in 1970 Chiancone et al (26) published a>study on “the
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kinetics of the reaction between PMB and thé TSH groups of Hb A.
Reaction rates were measured using the specgrophotometric technique
of-Boyer (?5). The effects of pH,.ionic strength and protein
poncentrétion were observed for COHb, & O,lb.
a) Reaction rates tended to increase with décreasing pH
~

and were sensitive to the nature of the buffer system.

b) The reaction rate reached a maximum at 0.1M NaCl

dropping only slightly over the range from 0.1 - 1.0M NaCl.

c) The apparent rate deéreased with increasing hemoglobin’
concentration and increased with increasing PMB
concentration.

They tentatively suggeste; the‘reaction scheme illustrated

below: |
(OB) no reaction

/7

slow reaction Ry 3 alal no reaction

fast reaction

3

The existence of a recent publication on the reactivity of -SH
groups of chicken Hb should be mentioned. Cirotti & Geraci (38)
P .
found that Hbl with eight -SH groups bound six equivalents of PCMB

in the oxy form and only four equivalents in the deoxy form ;

Hb2,
. -
with 10 -SH groups bound eight equivalents of PCMB regardless of

ligand state.
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u/“/As demonstrated in Part I the unreactive -SH groups of Hb
A,E,F, are all reactive with HgCl, ol a time scale compatible

with the response time of the amperometric apparatus described in

Methods. In order to ascertain the feasibility of a probe for

liminary experiments was

|

subunit interactions a number of pr

|

conducted in order to defermine
i

ether or. not the reactions

being observed were sensitive to the liggnd state of Hb. The -

results were encouragig!.— With Hb VA, Rate 112 was more or less =

independent of ligand state (Fig. 18 On the other hand Rate

III2 was appreciably affected by the ligand state of Hb A (Fig. 21).

: - %
On the basis of this observation most of the ensuing experimental

work was done in respect to Rate III of Hb A, though Rate II was

-

characterized to some extent. Rate II1 was convenient for experi- . N

'mental purposes in that tﬁ réaction went to ;ompletion on a time- | -
scale of minutes in a titration medium such as Buffer‘(:> .
] -
THEORETICAL : ‘ . .
In formulating a comprehensi&e theoretical rate expression for
the reaction of HgC12 with hemoglobin in a titration cedium o .

containing C1~ ions three factors had to be taken into account.

i) Which species of Hb is reactive: monomer, dimer or

tetramer?,

ii) The dissociation constant for HgClé in distilled water is ‘ \J g

rather low; in agueous solution with any appreciable : 3

concentratiocn of Cl- the mercuric ion will appear
L
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primarily in the forms Hgtlz , HgCly™ and HgCly (56,57).
The two former species, though more abundant than HgClZ,
are not as likely to be reactive with R-SH dr R-8" because
of their net negative charge. Whatever the case, a

determination of an apparent rate constant would have to

-

account for the actual concentration of the reactive
species of mercury:

iii) The weak binding of 2 equivalents of HgCl, at a non -SH
locus must be accounted for in any kinetic analysis.
. L . & . - .

The first two considerations can be dealt with rather simply

as the factor in question becomes a constant which can be removed

from the integral. For the hypothetical case where dimer is the

reactive species of Hb in the solution, the rate equation can be

+
written in standard form as

4% - ¥ (HGT-x) (D-y)
dt ) :

Assuming that the dimer - tetramer equilibrium remains unaffected

by the reaction of dimer with Hg+2 and also that the dimer - -

tetramer turnover rate is rapid by comparison with the rate of the
B N -

reaction; the value of § will then be proportional to the value

of x.

_ D
Y =X HBT

The first assumption is probably not valid for the reaction
system being studied but is a useful approximation. The second

assumption is justified; Uzgiris and Goliversuch (58) have

>

(2) —



recently measured tetramer-dimer dissociation constants for HbA,
Kf the dissociation rate constant, was evaluated as Kgf = 948 sec™1
for HbA in 0.1M NaCl.

Substituting (2) into (1)

o N
2X = R(HCT-x) (D-x 72=) (3)
multiplying the entire expression by
. HBT ~
- D
one obtaiﬁs ‘
¢ <= - K (HGT- x) (HBT- ) W

the integrated rate equation will be the familiar 2nd order

expression with an added constant:

. $ 1 1o HBT(HGT-x) (5)

K t HGT-HBT HGT(HBT-x) °

Thus, in the case that either monomeric or dimeric Hb is the

’

reactive species the apparent rate constant will be seen to vary
as ¢ i.e., as either

HBT . o5 HBT
b “M

The question of identifying the reacting species of HgCl, can
be handled in an identical fashion. The exchange rate for chloride

on Hg is in the order of 10-7 - 10-10 seconds (73,74) so the

assumptions made in respect to Hb dimer - tetramer turnover are
*

valid for the various species of ‘HgCl,. The apparent rate constant

»
will be seen to vary as <3 where
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1

Hg ,
& = Total . (6)
- HgCl,

To account for the w%ig binding of HgCl,
? HeHb (7)
‘ i (Hg)(Wb)
- ’
But Hb can be expressed as Hb = HBT - HgHb; substitute this

expression into (7) and solve for Hghb

i 1*-K
The 1nstantaneous Hg concentration in a solution in which -SH

groups are reacting will then be:
Hg = HGT - x - Hghb ﬂ (9)
and'the rate equation will be:

QEEE = -k (Hg)(HBT - x) (10)
t ’ . .

Substituting (8) & (9) into (10)

d Hg . g (Hg) (HBT - HGT + Hg 4 S Hg HBT ) (11)
dt

1 + K{
Bf the binomial expansion
(1+ K Hg) ! will become’
(1+ % Mg+ KézHgZ - K53Hg3 o) . (12)

Taking the first two terms of (l12) as a first approximation and
substituting into (11):

d'ﬁg

S =k (Hz) (a+ Hg (14 K HBT - Kiz HBT Hg)) (13)
where a = (HBT - L‘IC‘I\J. €

Zcuation (13) can be written in the form
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dx =z k (x) (a+bx +cx2) . (14) J'
dt
where . x = Hg
a = (HBT - HGT)
b = (KSHBT + 1)
. ] )
¢c = (- K HBT)
: .
and integrated to give : .
ke =1 1nx%- Db (22 ramnl Zexsb '
. - 2a I Za \ a : -q
where '
q<2o0
or “
2l Zexxd
q Vvqa
where
e
q >0
q = 4ac - b?
Y =a +bx + cx?
. é]’
RESULTS AND DISCUSSION T\

Reaction Order

.

A primary consideration in the interﬁretation of reaction data
was the assignment of reaction order. Though it was not essential to
distinguish between a first order or second order reaction in order
to correctly interpret ligand effects or temperature effects on the
apparent rate constant (Fig. 21, Fig. 22), the effect of varying

v

tne Hb concentration can only be interpreted if a-unique reaction

o
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¢ ~
order is assigned. This point is best illustrated by the apparent

concentration dependence own in Fig,. 24;‘a K P proportional to
[Hb]-l is precj v the relationshiﬁ one would expect to observe if
a first order reaction were being incorrectly analysed as second ‘ -
order reaction.
The method of curve fitting was uésatisfactory. Ambiguities
as to the completion of‘the reaction were small but sufficient to
preclude positive identification of the reaction as secondlorder.
The overall reaction was deterained to be-secbnd order by
vinvestigating the mercury concentration dependence of the apparent
second order rate constant (Fig. 12). The rate constant is almost - oy
independent of HgCl, concentration incréasing only slightly due
to progressive sa%uration of the Geak binding site. A consideration
of/the Hb concentgation dependence (Fig. 26) would not lead to the

7

~ . . , .
\ gpnclu51on that the overall reaction is second order. This
P

discrepancy will be considered in later diséuésion.
Chiancone et al (26), working with the reaction of PMB with the
unreactive -SH groups of Hb A, successfuily treated the ensemble
as a single pseudo first order reaction. As early as 1963 Cecil (12)
had indicated that one of the two ”unreactive";mirs was more
‘reactive than the other. Rosemeyer and Huehnsﬂk29)‘also reached.
this conclusion.
t The explanation for thi§ discrepancy seems to lié in the

difference between the reactions of PMB and HgC12 with Hb - SH

groups. Although Ioppolo et al (40) did show that -SHx104 groups
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Fig. 12, - Variation of the apparent second order rate constant for

=

Rate III as a function of HgCl, excess in 65 _M.heme,

100mM NaCl:, 10mM Phosphate, pH 7.6,
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would react with PMB in the absence of an -SHB112, the observed
reaction halfAtime was very long by comparison with -SHx104
reacting in sequence with a —SHBIIZ group (26;29). This suggests,
as concluded by Rosemeyer 5na Huehns (29) that the. reaction of
-SHR112 with PMB facilitates the reaction of -SHol04 with BMB to
g%e exteﬁt that these reactions can bé cpnsidefed to proceed 1in
series rather than in parallel. Electrophoretic patterns of
Chign;one (23) show that Hb A subunits are produced after the
reaction of only 3 equi&alents of PMB, suppbrting this conclusion.
In such a situation the earlier phases of the reaction will be
pseudo first order. In the experiments in which Chiancone (26)
determined reaction or&erg*his reactions were far from completion, P
due to the extremely sloQ reéction rate of PMB at low molar

- excesses. - | .

This explanation is further éorroborated by Chiancone's (26)
finding thaé the activation energy for his reaction.was 10% 2 Kcal/
mole. This corresponds closely to the E; reported here for R;te
Ii, the reaction of -SHE112 of Hb A (which would control the PMB
reaction rate).

For the reaction of HgClpy with Hb A the facilitation of the

~
ARt

reaction of SHx104 does not appear to occur, at least to the same

extent. This is amply clear from the titration results Fig. 7

il 1“\4

in which endpoints at 4 equivalents are clear cut under certain
conditions.
L 1 .

Excepting where indicated, all of the appafent rate constants

*



&

have been computed using a standard second order rate expression.
Equation (15) which introduces a correction for the weak binding
group was applied to kinetic data randomly selected from the

experimental results. Since the resulting correction factor amounted
!

to only ~ + 10%, which is much less than the scatter ( & 50%), the

N . .. , '

correction was considered to be negligible and was not applied. < -

SALT EFFECTS

The relationship between sglt concentration and apparent
reaction rate was investigated. | 5

Figure 13 illustrates the effect of KCl concentration on
reaction Half—times. A tenfold increase in KCl concentrafion
results in a decrease in half-times by a factor of 36. This’ :
resulf is almost identical to the effect of NaCl concentration
(Fig. 14) which shows a 32 fold decrease in the apparent rate
constant for ‘the same. concentration change.

As previously indicated mercuric ion will exist primarily as
HgC14= and HgC13- in solution. The concentrations of various
species of HgCl  as a function of Cl™ concentration héve begn b
computed using dissociation constants from Martell (32). As ' ‘ ! 3 {
seean in Fig, 15 the ratio of HgCl2 to Hg total drops by roughly
30 fold as Cl™ goes from 0.1M to 1.0M. None 6f the other speFies
of HgClX come close to matching the relationship observed in Figs.

13, 14,

It was assumed that HgCl; is the reactive species of mercury




Fig.

13.
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Reaction half-time for Rate I1I as a function of KC1

P r

concentration in the .titration medium: 50 yM.heme,
. %

/
100mM Phosphate, pH 7.6, ¢
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Fig. 14, The effect of NaCl toncentration on the apparent rate
constant and on the Hb concentration dependence of N

Rate TIT in 10mM Phosphate, pH 7.6 at 21°C,
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15.  The calculated concentration of various HgCl, species as a

c

function of NaCl concentration. Constants used were:

log1oK4 = 0.69 for HgCly™, ?nd log1oK4K3 = 1.68 for HgCl,

4

applied as indicated by Martell (32).

o’
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and the value of © (seeNtheoretical discussion) was calculated

using as Fhe dissociation constant log K4K3 = 1.68 (57). - The- l
apparént rates as shown in Fig. 14 were then corrected for "trueh
HgCl, concentration. The relatiogsﬂip between apﬁarent fate and
chloride concentration then appeared-.as in Fig. "16.

The réiationspip between the corrected K apparent’qnq NaCl

concentration coincides clqsely to the relationship which Chiancone

(26) found for "the corresponding PMB reaction.

The 112 Cysteine Group . s : »

) Hb E has only one '"unreactive' cysteine residue. located at gll2,
The reaction of HgCl, with this group was insensitive to ligand
(oxy, deoxy, C0O) (Fig. 175. Activation en;rgy for the reaction

was roughly 8 Kcal/mole at 60 | M.Heme as computed from Fig. 16.

bl

Rate II corresponding to the reaction of the first pair of the

unreactive -SH groups of Hb A is apparently unaffected by the ligand

state of the heme (Fig. 18). The activation energy for the reaction
« ¢ '

varies somewhat with hemoglobin concentration (Fig. 19); at
Y

o~

60 (M,heme it is 10.5 Kcal/mole. The effect of varying NaCl
concentration (Fig.. 20) is small, after corrections for actual

HgCi2 concentratiif. T . r

Tﬁe apparent fcongruence of ligand sensitivity and activation
energy for the reaction of -SHR112 of HbE and Rate II of Hb A would

appear to justify the conclusion that Rate II of HbA in fact

corresponds to the reaction of the 2112 cysteine group. This

S

[TPEE "N

il
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Fig., 16. Dependence of the apparent rate constant for Rate III on
the NaCl concentration in 10mM Phosphate, pH 7.6 after

correction for ''real' HgCly concentration.
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Fig.

17.
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for the reaction of

k]

The temperature dependence of the Kapp

-SHR112 in the Hb E with HgClp. Hemoglobin concentration:

60 M.heme in 100mM NaCl, 10mM Phosphate, pH 7.6. Data

for oxy, deoxy and CO Hb is represented.
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Fig.

18.

- 46a-

The temperature dependénce of Kapp for Rate II (HbA).
Hb concentration: 60 pM.heme in 100mM NaCl, 10mM
phosphate, pH 7.6. Oxy Hb, deoxy Hb and CO Hb are

represented.
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Fig. 19. The Hb cqncentration dependence of Kapp for Rate II .

in 100mM NaCl, 10mM Phosphate, pH 7.6.

£
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Fig. 20.

- 48a-

The NaCl concentration dependence of Kapp for Rate II

after correction for ''real' HgCl, concentrat ions” Hb
concentration of 60 (M.heme in 10mM Phosphate)\pH 7.6
at 21°C. Error bars represents the standard déviation

3

on eight measurements.
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-conclusion is supported by the previously quoted results of

RGSéﬁeyer and Huehns (29) and others (36,37). ;};

The @104 Cysteine Group e

Preliminary results (Fig. 21) indicated that Rate III was

insénsitive to the ligand state of the heme, If these rate differences
o :

were, in fact, a reflection of allosteric interactions taking place

between the ¢ and 8 subunits, then the most useful information would

be obtained from the apparent changes in the actiyation energy (Ea)

of the reaction. k The temperatur? dependence of Kapp wés determipeﬁ

for deoxy Hb and oxy -Hb (Fig. 22) at an Hb concentrétion of

65 pM.heme.

The results were equivocal, The scatter in any given data set
lead to an uncertainty in Eé in the order of % 30%. A procedure
was(evolved in which Rate III was measured at two fi%ed temperatures
over a wide range of Hb concentrations (Figs. 23, 24, 25). By
@easuring the distance between the two curves at a given concentra-

tion ‘the E, could be fixed within % 5%.

Table I is a compilation of Ea's measured in this way.
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N

Fig. 21. The ligand state dependence of Rate III, . This figure
shows a lst order rate plot of reaction data for 50

M. heme in 100mM NaCl, 10mM Phosphate, pH 7.6 at 20°C.
] |
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Fig. 22,

- 5la-

; S f .
Temperature dependence of Kapp for Rate TII; in 100mM NaCl,

10mM Phosphate, pH”7.6. The temperature dependence for

K appears to be unaffected by the choice of reaction

app

order. The two cﬁrves represent %ndependent data sets, the
lower curve being a first order analysis of Rate III in

55 pM.heme and the upper curve a second-order aﬁalysis of
Rate III in 65 yM.heme. Ligand effects are i?distinggish—

able from the scatter.

-
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Fig. 23,

- 52a-

:
The ‘-Hb concentration depigﬁeéce of Kaép for'Rate ITT in
500mM NaC}, 10mM Phosphate, pH 7.6, Note that the E,
forlthe reaction which is proportional to thé distance

between the two curves, is concentration dependent.
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Fig.

24,

The Hb concentration dependence of Kapp for Rate IIT in

100mM NaCl, 10mM Phosphate pH 7.6 2mM CaCl, plus 2mM

MgCly. The slope of the curves is -1.
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Fig. 25. .The Hb concentration dependence of Kapp for Rate III in

100mM NaCl, 10mM Phosphate, pH 7.6.



- 54b-

002

away T:&._

0,0] 0§

" qH Axoap o©
qH Ax0 e

| - T

GO

|-08S- | 8|owW. 48y ddpy

Q]

Ol



TABLE I

ACTIVATION ENERGIES FOR 65 _M.heme between 20°C and 10°C, Rate III.

LIGAND SALT " BUFFER SYSTEM E,
0y 0.5M ¥aCl 10mM Phosphate pH 7.6 18,0 Kcal/mole
05 0.6M NaCl " e . ©19.3
1 ' i "
0, 0.1M NacCl ‘19.3 (
0y 0.1M NaCl A " " 19.3
deoxy 2mM CaCl, | - " o 19.3
2mM MgCl2

An important observation,with respect to the Ea of thas reactiqn
was the fact that above 25 - ;OOC the reaction has no apparent
temperature coefficienf. This can be seen in Fig. 22.

The dependence of the?apparent rate constant on hemoglobin
concentration 1is éummarize& in Fig. 26. 1In the region between
10 _M.heme and 100 _M.heme the slopes of most of the curves are
close to -1/2, Beyond 100 _M.heme the slopes approach ;'—1 Pe.

PP Hb
ét relatively lpw Hb concentrations, < 50 uM.heme (Figs. 24, 25).

1
K, o« T~ ., Apparent rates for deoxy Hb only inerge from oxy Hb

s

The additjon of divalent cations to the titration medium had a

|.~

ratper striking effect on the relationship between Kapp and Hb

concentration (Fig. 28), As well as.altering the concentration
+9 '
a

*2 . 1y -
C , Mgz in millimolar amounts tended

[aa i}

cependence, the presence o



Fig. 26.

The Hb concentration dependence of Kapp for Rate III in

10mM Phosphate, pH 7.6 at various salt concentrations.

All data corrected to 20°C, corrected for "real" HgCly

concentrations.
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to reduce any rate differences between oxy Hb and deoxvab (Fig. 24).

The effects of 2,3-DPG on Rate III were explored. No *
differences were seen between Hb stripped of 2,3-DPG, unstrippéd Hb
and stripped Hb with a 2.5 molar equivalenfs of 2,3-DPG added
(both oxy Hb and deo;iy Hb reacted in Buffer @ ). The reaction
rate is stronglx dependent on pHand on the nature of the buffer
system. The observations are summarized in Fig. 27.

The failure to find ény‘appreciable reflection of ligand effects
in the E5 of the reaction indic;ted that a probe of allosteric
subunit.interactions based on E_ differences would not be feasiblé
unless there were to be a tenfold increase in experimentaln
resolution. This did notﬁappear‘to'be possible w;th the apparatus
being used. The fact remained,‘however, thét there was a definite
difference in the reaction rates of oxy Hb ;nd deoxy Hb (Fig. 25).
In the absence of detectaBle Ea differences, these rate differences
could not be reflecting subunit interacgions, but they may have
resulted from changes in,the soiution attributable indirectly to
the absence or presence of a ligand on g%é Hb molecule. There
will be discussion of this point in the next sgﬁtion.-

Ong possibility which immediately suggestéd itself was that
only the monomeric or diﬁeric form of Hb ‘was reactive with HgCl,.
In such a case the hemoglobin concentration dependence for thé
apparent rate constant ought tb reflect the ratio of dimg; or

monomer to total Hb, ¢>, as discussed in the Theoretical section.

"Although there is ample literature on the effects of pH,
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Fig. 27. The effects of pH and of the nature of the buffer system
on Rate III reaction half time. Hb concentration

60 uM.heme in 100mM NaCl, plus 100mMRBrdffer.
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salts, and ligand on the assogiation constants for Hb (48,59-66),

5.

-SHB93 of HB"A\QS been reacted with HgCl

5

" there i5 no igﬁpfmation pettinent to the situation in which the

9" It is_possible to

y

fit some of the data in Fig. 25 to a dimer - tetramer equilibrium

<

. . ‘ - .
<\/schemeyénd,to assign an equilibrium constant im retrospect;

however, there did not apgear‘tovbe~any subunit. equilibrium scheme

which would fit more than”a segment of any one o

IO

f the concentration

dependence curves. To, enymerate Observations in support of a

"dimer'" type hypothesis:

1) Apparent reaction rates decreased with increasing Hb
C b

concentration. This w6£;;\33%resﬁénd to the decreasing

2)

There are several observations which could not be reconciled

+
hd o

' . ‘o

D
value of EET ?s Hb ?ncreased.

.

The effect of increasing salt concentrations was to

-

increase the apparent reaction rate cdnsfant which would

’ 3
%

X . : T ! .
correspond to increésing dimerizdtion of Hb (63).

with any reaction scheme which invoked differential reaction rates

for different orders of subunit association..

1)

2)

Q

Deoxyhemoglobin shows a highér appa;eanrate constant than

does oxy Hb. Unmodified’deoxy Hb is known to ‘be primarily

tetrametric (60), 1If the tetramer of Hb were mbzgqreactive;

5 o B
then the apparent rate constant should also increase with

a

2
<.

increasing Hb cghcentration, which it does not do. =~

.

The Hb concentration dependence of the apparent rate

: ' e -1 -
constant in Buffer () is proportional to ﬁﬂﬂ (Fig.” 24).

-

7

e

[

3



<

This relationship
)

situation.

would not fit any subunit .equilibrium

o
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IT1I. THE DIFFUSION COEFFICIENT FOR MERCURIC

{IRY CHLORIDE IN HEMOGLOBIN SOLUTIONS

Introduction

Since Rate III appeared to have no substantial temperature
coefficient above 25°C (Fig. 22), it was proposed that the
reaction of HgC12 with the unreactive -SH groups might be

x
diffusion limited. Since the diffusion rates of HgCly might

have a direct bearing on the observed concentration, ligand etc.,

leffects, the relative values for DHg were measured in Hb solutions.

From Stock (19) the amperometric limiting current can be

expressed as:

i ‘= 1 z
lim = KnCDg

The instantaneous sensitivity of the amperometric apparatus S,

di =S
will be equivalent to llim . If the increment in C is small then
| ’ dcC

N7

D will be independent of C and

N s = 9Yim = Blap 2 (17)
dc

# In retrospect, it would appear that the facts mitigate against such
a conclusion. The rate constant for a diffusion controlled reaction
should be in the order of 109 M~l.sec™! whereas the rate consrants
for the reaction in question are in the order of 10l M‘l.sec’1 (71).
Nonetheless the experimental data collected in pursuit of this
dubious hypothesis, shows a high degree of correlation between DHg
and K, ,. Evidently there is a strong relationship between the
two which bears further investigation. As the nature of this
relationship is for_ the moment unresolved, the historical context
for the experimental Mnformation appears to be the best vehicle
for its presentation.

“*




z ,
DO can then be determined from measurements of S. The actual value

of the exponent is not well known. Nightengale (67) determined

z =2 for a rotating coaxial Pt electrode but this relationship only
held for certain ions. Levich (68) determined theoretically that
the value for a rotating disc electrode, withilaminar flow as in the
co-axial electrode, should be g='%.’ For a dropping electrode he ) A*
detgrmined z = % as previously determined by Ilkovic (69). In the
case of the D.M.E. the reduced value of z resulted from ‘convection
at thevsurface of a tangentially expaﬁding mercury droplet. For a

radial rotating Pt electrode there has been no theoretical treatment

because of the difficulty in dealing with turbulence. Ferrett and

1
Phillips (20) experimentally approximated the value of z at 3 for

a rotating radial electrode with the‘trailing edge insulated.

P

At best it «can be concluded that for the experiments under
discussion performed with a bare, radial rotating Pt electrode the

-

value of z should fall somewhere in the range between .5 and .3.

RESULTS AND DISCUSSION ‘ .

Sensitivity was determined as a function of Hb concentration in
titration media Buffer (:) and Buffer () . Mercuric chloride
concentration was 4 molar equivalents in excess of the six -SH

groups per Hb& (i.e., 10 equivalents of HgCl, were added to each

. L‘Ltwm YN

hemoglobin solution). It can be seen from Fig. 9 that this is a

sufficient excess to avoid any non-linearity resulting from the



weak binding of.Hg+2.
The results were significant. The congruency between the S vs
Hb curves in Fig. 29 ana the Kapp Vs @ﬂﬂ in Fig. 28 is not 1§kely -
to be coincidental.
The values of DHgZ have been determined. The value of z
supposedly lies between 0.5 and 0.3. Ta‘ing an intermediate
value for the exponent z as z = 0.4 and dividing apparent reactiond
rates by the computed value of DHg; the net effect is that K. 4.
becomes more or less independent of Hb concentration as sthn in
Fig. 30. Though this manipulation would appear to involve a

judicious manipulation of '"Finagle's Constant'™ (in the form of the

exponent z), the limits on the values which z can assume are well

defined. Even if either of the two extreme values?are used, _ :
/
. -/ -
K.orr remains almost independent of Hb concentration. N
Further,-the relationships of D% and Kapp to Hb are idio-

syncratic but identical., This in itéelf is a strong argument
that the apparent rate constant and diffusion coefficient are
directly related.

Apparent rate differences between oxy Hb and deoxy Hb entirely:

disappear when .the diffusion coefficient is taken into account.

Sensitivities measured in deoxy Hb solutions diverge from sensitivities

T

in oxy Hb at lower concentrations by an amount which exactly
eliminates any ligand induced changes in the apparent rate constant —
(after correction for DHg using z = 0.4). The divergence is smaller

in Buffer @D and at high Hb concentrations. On the other hand



' . - bb4a-

Fig. 28, The effect of divalent cations on the Hb concentratio}i
dependence of K,pp for Rate ITI, @ is the reaction
. in 100mM NaCl, 10mM Phosphate, pH 7.6, (C) is the same

solution plus 2mM CaClp, 2mM MgCl,. Temp., = 20°C.
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Fig. 29. Sensitivity of the mechrimett’It,i.a.pRaratus;“as a functio

IS

of Hb concentration at 20°C, Notations \\?d @ have

the same meaning as in Fig. 27.°

/
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Fig. 30. The Hb concentration dependeace of K for Rate IIT - I

app

after correction for DHg' The reaction conditions and

notations are identical to those in Fig. 27.

Jaen
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the sensitivity does not have a large enough temperature coefficjgnt
to eliminate the apparent activation energies. S changes by ~20%

over the range from 21°C to 8°C. This would make the listed E,

values high by ~307%. However the compensation has not been made

since this alteration could possibly result from temperature depend-.

—

ent electrode characteristics rather than changes in Dﬂg! N

The effect of NaCl concentration oen S has not been thofoughly

investigated but from available data the reduction in S in going
from 0.2M NaCl to 1,0M NaCl amounts to '~20% The relationship in
Fig. 16 thereford is probably still valid.

Although the correction of the apparent rate constants for DHg

would explain the observations of Part II one is left with the

equally puzzling questibn of the causes for the apparent changes in

DHg'with ligand, and Hb chcéntration. r
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