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ABSTRACT

The site specifin ~bBinding. comstants of the hemoglobin-dioxygen
equilibria were calculated with the aid of two approximations
based in distinct, though related, features of the hemoglobin's
problem. The first approximation (AI) is based on the well
stablished proeminency ¢f the role played by the GISII inter-
faces (Perutz, 1970) in the mechanism of cooperativity. The
second approximation (AII) is based in the selectiwe charac-
ter of the binding of some organic phosphates to the 88 inter
face iBenesch, Benesch and Encki, 1968; Arnone and Perutz, 1974).
A comparison between the two approximations showed that, exX-
cept for the constraining of the 8 sites binding constants in
AI, the two approximations give similar results. Also, the
present calculations agree with known facts, such as the
preferential binding of the o sites (Lindstron and Ho, 1972;
Johnson and Ho,- 1974; Asakura and Pui-Wah, 1978) and the qua-

ternary ehhancement (Mills ans Ackers, 1979).

Key-words: Hemoglobin; Dioxygen binding constants; Non~equive=

alent sites,
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1 INTRODUCTION

Recently the possible role of the functional non-equivalence
of binding sites in hemogleobins has been discussed. On one hand
the non-equivalence guarantees the well knowiassymmetry of the
saturation -curve, which may be important for resting animals (Feller; 1982 Weber,
1982) . The present authors, on the other hand, have discusséd  (Ferreira and
Jacchieri, 1984}, the effect of the functional non-equivalemer eof hemoglo-
bin's chains on the thermal invariance of its. cooperative: behaviour.
These analysés brought into view the importance of knowing the
values of the o and B chains binding constants - in the warious
stages of oxygenation,

As shown in Figure 1, the inclusion of chain hetereogeneity
in the equilibrium description leads to a complicated pattern
with sixteen binding constants. Even considering energy conserva
tion constraints of oxygenation states comnected by different fpathé
| . aIBIkaIBIaIi)' there remain nine site
specific constants which one may choose to be kd'kaa’ks'kss'

{(such as kakaakaas = kak

k k

aIfoEIBII"GGBJ “8ro1811 aoBB
lated to the four extrinsic ones of the well known Adailr . scheme

and k . These constants are re-

(Adair, 1925) by the equations:

K, = 2k_ + 2k (1)

1 o B
k k k. k 2k _k +2k k
ot Rekes Py, Pakgey »
2 'ffa ¥ ZkB :
'Zkaxaakaaﬁ'*zkaka B_kBIaIBII :
R S SIS A TPEE i S 3 3
3 Eakaa-l-kskss.{- o “IBI+ « uIBII
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K = kaka_akaaﬁkaaﬁﬁ (4)
4 2k k_ k + 2k k k. :
a ao aaf o, BB B

The fractional saturation curve given by Adair's equation
is therefore a composite of nine site specific constants. Un-
less further measurements which discriminate between the a
and B chains are available, approximations must be made to solve
the above system of four ecuations and nine unknowns,

Experimental discriminating information in fact exist to same extent.
The preferential binding of the o chains was studied with MR (Lindstrom
and Ho, 1972; Johnson and Ho, 1974) and spin label (Asakura and Pui-wah,1978)
experiments. A recent structure determination _(Brzozwski et al. 1984) with
X~ray diffraction also showed that hemoglobin in the first stages of oxygena
tion is mainly .a occupied, These results are usefull in pro-
viding additional in'sight of the chain's differentiation . In
fact , we will show elsewhere (Jacchieri, 1985) how the necessary
information can be obtained from EPR measurements.

Even without making use of direct measurements of the site's
relative affinities one can profit from the fact that the
oxygen saturation curves reflect the chain hetereogeneity. This
is the basis of the first of a set of two approximations which

-will be referred to as AI and AII. Also there are heterotropic
effectors such as DPG and IHP which bind selectively to the
BR interface (Benesch, Benesch and Enoki 1963; ArmneatﬂPerutz
1974), and by the changes they cause in the Adair constants it should Dbe

possible to derive expressions for the site specific comstants.
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2 APPROXIMATION I

Equations (1) to (4) apply to any case in which two pairs
of non-equivalent sites bind reversibly to one ligand. To o©b-
tain equations more specifically related to the hemoglobin prob
lem, as well as to reduce the number of unknowns, we = have made
use of known proposals about the roles played by the aa,BB,aiBI
and aIBII interfaces.

The work of Perutz (1970) gives strong evidences that the cooperative
interactions- occur mainly through the a B, dnterfaces, whereas the aIBI-‘-h_i
terfaces remain almost: unchanged in the eourse ofvouygeriatcion. It  also
seems that the number and kind of weak bonds broken in the oo
interface when one o site is occupied does not depend on the
occupancy of the another one. Although the equivalence of ¢ sites
may be assumed, the second B site occupation turns out to be non
equivalent to the first one as a consequence of the BB pocket
opening (Baldwin, 19155.-ThishfeaturéﬂﬂthxgﬁIntexplibﬁfry*cqg
sidered in AI, is taken im A&tkount in AII.

This discussion suggest that we can make two well fundamented

or "strong" approximations:
k, = k, (5)
k, =k (6)

The original set of nine unknowns is now reduced to seven,

namely k_,k,,k.,,k 'k 'k and k
o’ TBITRR e B Tl TR A By
to further reduce the number of unknowns it is necessary to

aaBB* At this stage,
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make more drastic approximations. We have chose the following

ones, called "weak" approximations:

kB = kBB (7}
k =k 1
aaB aISII kaB (8)
kg 0 B =k - k" (9)
I"I"IT axBR opf

Equations (8) and (9) are based in the idea that the al-
losteric interaction is independent of the previous occupation
of one o site (éq. (8) but depends on the previous occupation
of one B site (eg. (9). As for equation(7) its consequences will
be discussed later. 1In this way we end up with the four un-
knowns ka'kB'kaB and k;B' By using the products c, = kl' c, =

k.k,, etc,.., we arrives at the set :

17%2
c, = 2k + 2k, (10)
c, = (kh+k8)’ + 2k ko (11)
¢y = 2kikig + 2k, kkr (12)
c, = bkl kv, | (13)

whose solution 1is



CBPF-NF-036/85

-5=
. F
c.. 1 S
X, = T3 (14)
.
f{'. -C +-J
Ei 2 4
Com 4
C1
ky = 5 = kg (15)
c!
1
c, -
2~ ¥
kK ' = {16)
of €1~ %kg
c
kag = —— (17
k’k?
o oB

This set of equations ((14) 4o (17)) constitutes Approxima
tion I.

3 APPROXIMATION II

This approximation makes use of the selective character of
the binding of some organic phosphates to the B8 dnterface
(Benesch, Benesch and Enoki, 1968: Arnéne and Perutz, 1974).
We assume that the o site binding constants are not affected
by the binding of DPG (or IHP). The Adair constants vary in
the presence of increasing concentration< of DPG due to changes in

-the B site binding constants,

The simultaneocus eguilibria of one protein with two Qr
more ligands is ‘treated by the Linked Functions Theory {Wy-
man, 1964). Thus, the PPG binding constants M and Ml‘ re-

lated to the equations:
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-6
M0
Hb + DPG «—* HbLDPG (18)
M
Hb(oz)-fnpc-¢::* Hb (0, ) DPG (19)

are determined by the changes of the Adair constants with the
DPG concentration (Tyuma, Imai and Shimizu, 1973; Imaizumi, Imai and
Prama, 1979). The site specific constants Ma and-MB, which refer to the

reactions @
M

o}
00,088 + DPG <<~" a@,aBBDPG (20)
Mg
®aB0,8 + DBG <— G080, ADPG (21)
were not evaluated as far as we known but are required for

our approximation.

We suppose that the DPG molecules bound ta the B8 pocket's
are displaced after the occupation of the first B site. This
justifies the assumption that k,, is equal to EB (barred k's
will indicate.. zero DPG concentration), that is, -after the
oxygenation of the first B site, the affinity of the other one
becomes independent of the DPG concentration and equal to the:
value it should have in the absence of DPG.

A simple reasoning shows that

[R50..DPG} {[00,aBBDPG] + loaBO.BDPG]}
M, = 2 = 2 : 2 (22)
1~ {HBO,] [DPG] ~ {[aozaBE] + Iau§52§]}[DPG]

By considering the equilibria (21) and (23):

2kg
acBB + O, é;» aaBOZB (23)
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we conclude that [ac80,8DPG] = 2E8aBIHb1102][DPG], Similarly,
we have [aOzuBBDPG] = ZkGMaIHb]IOZJIDPG], so that
;‘Zkana*'?E Mg 2kuna-ezkﬁn

M, = BB B (24)
2k, + 2EB El

An overwhelming number of evidences (Lindstrom and Ho,
.1972; Johnsonand Ho, 1974, Asakura arxl Pui-Wah, 1978; Brzozowskietal.1984)
in favour of the o sites preferential binding suggests that kB<<ka' Also,
the fact that DPG.competes with dioxygen for the occupation of the 8 sites
{(Baldwin, 1975) comes in favour of the inequality MB<M0.' These cumilative
trends enable: us to discard mqﬁg in'equatgion (243 . The refmainingamkndwn,
Ma, may be foumd out by the.already maie hypethesis that-e-<dites oxygen
binding constants: are unaffected by the presence of DPG mo-
lecules in the BB pockets, which is, totsay that xeactions{18)-and 20}

are equivalent, or M, = MO. We have now one equation for ka

kK = -2 1 (25)

Inserting the above discussed approximations EB = kB g and
equation (25) plus the strong approximation of AI in the Adair

constants equations (1) to (4) we are able to calculate EB =

kBB’ kB’ kaIBII and kaaBkaaBB through the relations
EI(MO-HI)
k.M -k M :
_ 170 11
kB = 55 (29)
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-— z -— -
) cz..kq..qugﬁ_.gﬁﬁe
ka 8 = YR (30)
I"II s ]
C
k k = A
acB aaBB )2 (31)
a
it being that the products Cyres+sC, Were defined in AI,
It is interesting to note that since:
ka Ml
EB Mo

the ratio ka/EB depends only on the DPG'binding constants M

and Ml.

4 RESULTS AND DISCUSSICN

Tyuma, Imai and Shimizu, 1973 (TIS) have determined the
four Adair constants of oxygen binding to hemoglobin ‘in various
DPG concentrations as well as the DPG binding constants to the
Hb and Hb(0,) species. Their results enable a simultaneous ap
plication of AI and AIT and the subsequent comparison  of the
two appro#imations. |

In Table 1 we show the values, expregsed in terms of free
energies of binding, obtained from the application of AI to the
TIS data. Although AI does not take explicitely in account the
selectivity of DPG binding, it does reflect this feature. A
comparison between the first and second rows of Table 1 shows

that as& remains almost unaffected by the presence of DEG,
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whereas aGg changes significatively. &6&" , on the other hand

is also almost insensitive to changes in DPG concentration.
This in accordance with the fact, which may be derived from the
small relative value of the DPG binding constant to(HbKE)a,
that in the last stages of oxygenation most DPG molecules were
already displaced from the BB pockets.,

An important conseguence of the "weak" approximations of

Al (k = kBB particularly) is that the resulting value of!AG

BBa
is of the order of - 11 kcal/cal, an exceedingly high binding

Gw _ 0
constant. Nonetheless, the values of AGaB = ﬂGaaBB

ly more negative than the free energie of binding of free B8

are slight

chains, This is in accordamse with the quaternary enhancement
effect (Mills aml Ackers, 197%) that makes the last'o2 binding
constant of assembled chains larger than those of free ones.

The application of AII to the same data is shown on Table
2. In this case the selectivity of DPG binding is an imposed
condition, hence the constancy of AG& which is, noneétheless,
similar to its values shown on Table 1. Since AII . does not
have the kB constraining approximation, kB = kBB' the . values
of ﬂGE turn-out to be closer to ﬁG& than in AI, as asn be seen

by comparing 4G - aGE in Tables 1 and 2. The other features

of AII are similar to AI; thus, AG° (AG°) in AI) and
. arBry @B
ﬁG&aB + ﬂG°aBB{M°' + M in AI) are almost equal to.the values

af
obtained with AIX.

We have discussed elsewhere (FPerreira and Jacchieri, 1984)
the results obtained with the application of AI to data meas
ured in various temperatures (Imai; 1979). In that case it is

possible to calculate enthalpies and entropies of axygen binding
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in additon to free energies.

The importance of precise determinations of hemoglobin's
site-specific oxygen binding constants for the understanding of

the mechanism of cocperativity was recently realized.

Future improvements in thig . subject will come from combined,., ef-

forts of both theery .and .experiment.
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CAPTIONS

Figure 1 - Diagram showing the site specific free-energies of

dioxygen binding.

Table 1 - Results obtained from Approximation I {see text) ap-
plied to data from Tyuma, Imai and Shimizu (1973). In
"the following cases the Adair constants were corrected

within the experimental error:

a) [DPG] = 0.5mM; kl =0.0147-0.0013; k2 =0.0213 - 0.0065;
k3= 0.0195 + 0.0089
b) [DPG] = 1.0mM; kl =0.0139 - 0.0010; k2 =0.00719 ~ 0-00405.

Table 2 - Results obtained from Approximation II (see text) ap-
plied to data from Tyuma, Imai and Shimizy (1973). In
the following casrs the Adair constants were corrected
within the experimental error.

[DPG] 1.0mM: k1=0.0139+0.0005: k2=0.00719+0.00405
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