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The proton and deuterium longitudinal relaxation rates were studied at room temperature up to the highest protein 
concentrations in oxyhaemoglobin solutions of different H,O/D,O composition. The deuterium relaxation rates followed 
tiexq+nentally well known single linear dependence on protein concentration. the slopes being little influenced by 

solvent (D,O/H,O) composition. The proton rt3axaXton ra’les~~~-\r~P~~~~~o~oh~n con- 
centration. The entire concentration range is described by two straight lines with the threshold concentration about 11 rn%f 
(in haem). The ratio of the slopes is 1.6 (high-t-tow Hbconc.). Only in the higher concentration range two T,‘s were ob- 
served if the solvent contained more than half of D,O. The slow relaxation phase of protons has 7,‘s similar to those 
measured in solutions with Less than half of D,O. The relaxation of the other phase was ten times faster. The ratio of the 
proton populations in these two phases was equal to 2 (slow-to-fast) and independent of protein concentration. The fast 
relaxing protons are attributed to water molecules encaged within two or more haemoglobin molecules which associate for 
times long enough on the PMR time-scale. 

1. Introduction 

Tomita and Riggs [I] showed a time dependent 
effect of deuteration on the cooperatively of haemoglo- 
bin oxygenation, but it was found by Cupane, Palma and 
Vitrano [2j that the effect is stable in unbuffered or 
phosphate-buffered solutions. They studied the degree 
of cooperativity of haemoglobin oxygenation in depen- 
dence on temperature and isotopic (H20/D20) com- 
position of the solvent. The Hill coefficient, n, which 
is an overall measure of the cooperativity, was found 
to be smaller by 0.5 than the ordinary value (fr = 3.9) 
above certain D,O/(H,O f DZO) moIar ratios and 
temperatures. This may be due to alteration of the 
protein hydration. We therefore thought it worth- 
while to approach the problem by proton and deuterium 
magnetic relaxation (!?PMR, DMR) technique. This, how- 
ever, required rather highly concentrated haemoglobtn 
solutions as distinct from the aforementioned and other 
spectroscopic studies. We found it necessary to in- 
vestigate first in a systematic way the influence of the 

* Department of Physics, The hIedict Faculty, University of 
2Iagreb. Zagreb, Croatia, Yugoslavb. 

concentration of haemoglobin upon PMR (and DMR) 
before the relation of haemoglobin hydration and 
cooperativity could be dealt with directly. 

A survey of the literature showed that high 
haemoglobin concentration may be also of physiological 
importance. For instance, Rossi-Fanelli, Wyman. 
Antonini and Caputo 13 1 found a slight dependence 
of the half-saturation oxygen tension (P,,~) in solu- 
tions below 1 mM. That study was extended by 
Redford, Torelli. Celentano and D’Angelo [4,S] to 
the concentrations up to some 5 mM, i.e. to the highest 
attainableones, like in erythrocytes. A 50% increase 
in pI,2 was detected, but no change in subunit coopera- 

tivity. The concentration dependence of p 1/Z for 
haemoglobin solutions has been discussed by Benesch, 
Benesch and Yu [6]. Information about further 
physiological consequences related to the aliosteric 
effecters can be found in the book of Alfred Benzon 
Symposium IV, and in particutar in the papers by 
Rapoport, Gerber, Ruckpaul, J5nig. Frunder and 
Jung [7] , and by Lenfant, Bellingham and Detter (81. 
Another very important point of physiological signifi- 
cance in this respect is the osmotic pressure bebaviour 

of red cells, which was extensively dealt with by 
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Solomon and coworkers (for a survey see Ief- [9] )- 
ln this paper we discuss the PMR evidence in the 

light of association of haemoglobin molecules above 
certain threshold concentration in solutions of oxy- 
haemoglobin. 

days from the Enal’adjustment of both D,O and Hb 

concentration. 

2. Materials and methods 

The concentrations of ill solutions were deter- 
mined using the cyanmet-method [ 1 1 ] _ The spectra 
in the visible range which were taken for determining 
the content of methaemoglobin in oxyhaemoglobin 
solutions, showed less than 5% of metHb in all 

samples. 

Ovyl~acmoglobin was prepared from fresh human 
blood, following the method of Cameron and George 
[IO]. After dialysis against deionised water the 
oxyhaemoglobin solution was dialysed against 0.1 M 
phosphate pH 7 (39.0 ml KH$O, and 53.6 ml 
K,HPO, onto 1000 ml). The solution was then con- 
centrated by pressure dialysis in a visking bag of 8 mm 
diam. applying about one atm. of nitrogen gas. The 
concentrated hacmoglobin solurion was further diluted 
by 0.1 hl phosphate in D,O, (Prochem B.O.C., 99.8%) 
measured pH 7.1, in one to one volume ratio. The 
procedure of concentrating and diluting the haemoglo- 
bin soIution with deuterated buffer was repeated four 
times allowing more than 12 hours for the H-D ex- 
change between each step. Altogether the H-D ex- 
c!iange lasted approximately 5 days (at 4OC) and in 
view of the permanent effect of exchange in phosphate- 
buffered solutions [2j it is expected that all exchange- 
able protons from the protein were exchanged for 
dcuterium. 

The deuterium and proton longitudinal relaxation 
times, T1, were measured by the 1809t-90” puIse se- 
quence. The digital readout pulsed spectrometer 
(Institute “J&ef Stefan” Ljubljana) with a high resolu- 
tion magnet (Bruker-Karlsruhe) was used at I2 MHz 
for both nuclei and at 24 MHz for protons. 

A computer program yielded TI -values for deuterium 

usualty with a correlation coefficient better than 0.99 for 
the least-squares straight lines. For the resolved TI’s of 
protons (see later) it was not less than 0.99 for S-phase 
protons, and about 0.97 for F-phase protons. Maximal 
errors of T, were about 5% for deuterons and S-phase 
protons and about 9% for F-phase protons. 

The temperature of the samples was kept constant 
at 24°C within f 1” by a thermostated nitrogen stream. 
The actual temperatures of solutions were measured 
directly with a thermocouple before and after T, - 
measurements. 

Solutions of desired H,O/D,O ratio were finally 
obtained by diluting with HZO-phosphate buffer. These 
solutions were approximately 10 mh! in haem. Each 

of them was devided in two parts, one of which was 
concentrated up to 20 mM per haem. The two stock 
solutions were centrifuged at I2000 g for half an hour 
before mixing them in differing proportions to obtain 

a set of Hb-concentrations at a constant HzO/D20 
ratio. The lower concentrations (<lo mM) were ob- 
tained by diluting with corresponding H,O/D,O buffer. 
The procedure for obtaining the more concentrated 
set of solutions was found necessary in order to avoid 
partial denaturation observed when direct dilution with 
solvent was tried. The control T1-values from 
(H,0/D20) solvents and from that after the final 
concentration of the stock solutions were equal. All 
the measurements were completed in less than two 

3. Results 

The fundamental difference between the relaxation 
mechanism of protons and deuterons is caused by the 
fact that protons relax mainIy by the magnetic dipole- 
dipole interaction while the dominant relaxation 
mechanism for deuterons is the fluctuation of the elec- 

tric field gradient at the deuteron [121. It is therefore 
expected that the proton relaxation rates will be more 
sensitive to isotopic dilution (HzO/DxO) than those 
of deuterium. Relevant measurements in degassed pure 
water have been reported by Anderson and Arnold 
[13] - For practical purposes of the present study we 
needed such information on the actual solvent used, 
i.e. air-saturated water containing 0.1 m&i phosphate 
pH 7.0. The results are given in tig. 1 and will be used 
in calculating the relaxation rates induced by the 
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l?ii. 1. The Iongitudinal &ax&on rates, IIT,. of protons lo. ordinate s&e on the left) and dcuterons (0, ordinate scale on the 
right] in the dependence on the H+content of &O/D?0 mixed solvent. 0.1 &I phosphate, pH 7. air-saturated at 23% The straight 
lines are feast-squares best-fits. 

presence of protein in solutions of varying H@/DzO- paralleled with the substanti~ly larger error S-4, com- 
composition. pared with Ml.2 to 0.3 for the other three solutions. 

Fig. 2 shows the dependence of dew&m relaxa- This may be ascribed to the dependence of the measure- 
tion rates on oxyhaemoglobin concentration in solvents ment sensitivity on deuterium concentration. Taken 
of four different H20/D,O compositions. Table 1 sum- altogether the data from table 1 indicate that DMR 
marizes the straight-line regression data for each of the rates depend more sharply on haemogtobin conccntra- 
four solvents. The regression coefficient is generaliy tion in solvents with more deuterium, but that a single 
quite good, being less than 0.993’ only for the solution straight line dependence holds throughout the concen- 
with least of deuterium in the solvent. The lower re- tration range up to the ma.uimal concentrations of 

gression coefficient for this 0.65 H~O-solution is ~emo~obin for each particular solveni. 

Fig. 2. The lon&udinA 2H-relaxation rates. t/T,, at f 2 MHz and 24°C in depcndentt: on o~yh~em~lob~o ~ncentr~tioo iu four 
solutions of different H,O/<D,O f HzO)-volume ratio as indicated. The straight lines are least-squares best-fits for ea&_solutioa 
isee tabk 11. 
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Table I 
Straight-lines regression parameters for data in fig. 2 
~_. - __- -_ _~ - 

CXHzO The measured values 

UT, = 

-.-~_ -.. -____---- 
0.125 (0.299c + 2.90) It 0.25, 
0.25 . (0.282t i- 3.fQ) i 5.31, 
0.50 (0.269c c 2.70) I 0.28, 
0.65 (0.243~ + 2.65) f: 0.40, 
all 

___. -__-- . ..- -_~ ---~ \----- 

regr. 
coeff. _---_ _ 
0.99, 
0.99, 
0.994 
0.98, 

Al/T, = l/T, - UIT,),,lv. = 

. _~__ .- - .- . - -. ~- _ _ _ 
(0.308~ f 0.57) c 0.20, 
fO.296~ + 0.72) f O.283 
(0.278c + 0.73) L 0.25, 
(0.252~ i- 0.76) t 0.39, 
<0.28& + 0.61) It 0.45, 

reg. 
cocff. 

~_____ 
0.99, 
0.99, 
o-99* 
0.98, 
0.98, 

q.q = H,O volume/solvent volume; c = mmoles haem/ ml solvent. 

While the deuterium magnetization had a single 

straight-iine course in the semilog plots, those of 
proton magnetic longitudinal relaxation indicated two 
relaxation times for sotutions of higher haemoglobin 
concentrations in solvents containing less than half of 

HzO. All the PMR data were subsequentiy subjected 
to au iterative computer procedure to see if the origi- 
naUy measured magnetization curves could be resolved 
into two independent ones yieIding two different Tt’s 
and the fraction of each of the two relaxing species 
(S + F= I )- Two such examples are shown in fig. 3; 
one is with rather high protein concentration (C= 255 
millimoles haem per IO00 ml solvent) and smaII con- 

tent of protons (c~ = 0.25), so that the graphical analysis 
is obvious; the other was chosen 3s a borderline case, 
i.e. at the threshold concentration (- 13 miIIimoles 
haem per 1000 ml of solvent, equal to 11.5 mM in 
haem) and at the highest Hz0 content at which two 
Tt ‘s were still discernible. fn no case for solutions 
with o 3 0.5 and beBow poem-conc~~tratioo of IO_5 mM 
were we able to obtain two magnetization curves from 
the experimental data. In those cases (higher Hb-concen- 
trations and Iower H$3 content) where two relaxation 
times were discernible we term the long ones S (for slow 
relaxation phase), and the shorter ones F (fast phase). 
Though somewhat shorter, the long times are still 

as 

Fig. 3. E.umpks of magnetization curves for oxyhaemoglobin solutions of different protein- and HzO-composition, measured at 
24 hfHz, 24% ‘ZH# =I HQB/(H,O + D,O,, ‘c= mmol haem/lOOO ml solvent. 
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Table 2 
The measured relaxation rates. 1 /T~(s-~). for solutions of different isotopic (H,O/D,O) composition in dependence on osyhaemo- 
globin concentration 
- ._ _~.~ -__.. -_- _________ 

12 hlHz 24 hlHz 

QH$ = 0.125 Q&t-J = 0.25 a&o = 0.50 aH,O = 0.65 QFi,O = 0.15 al$* = 0.15 ‘1yJ = 0.50 a~#&) = 0.75 

‘17‘1 _‘. c I/T, c I/T, c l/T, c l/T, c l/T, c l/T, c IIT, 
-_-_ 

--- 0.00 0.23 0.00 0.31 0.00 0.39 0.00 0.40 0.00 <,22 0.00 0.26 0.00 0.36 0.00 0.40 
5.18 0.72 2.43 0.46 
7.25 0.87 3.20 0.56 
9.13 1.29 6.18 0.81 

11.03 I.34 7.22 1.02 
17.26 1.62 9.73 1.09 
17.26 I.53 II.05 1.30 
19.19 1.91 13.30 1.66 
20.01 1.95 16-42 1.77 
26.32 2.59 18.44 1.83 
26.49 3.51 20.39 2.26 
34.60 4.64 22.68 3.00 

7.45 1.05 
9.68 I.15 

10.65 1.28 
11.21 1.38 
15.10 1.66 
16.61 1.83 
17.61 2.04 
18.58 2.-t? 
21.74 2.80 

5.99 0.82 
7.58 0.97 
3.79 1.24 

11.19 1.08 
II.52 1.24 
13.38 I .37 
14.07 I.56 
15.44 1.25 
17.48 1.86 
21.53 2.54 
26.66 3.04 
30.80 3.46 

I_- 

2.03 0.23 
3.79 0.34 
6.43 0.45 
7.61 0.56 
8.30 0.55 

13.15 0.89 
16.38 1.03 
23.45 I.24 
25.68 1.61 
34.24 2.55 

comparable to those for the low Hb-concentration 
range, while the F-phase has relaxation times 10 times 

shorter. 
In table 2 we present all the original experimental 

PMR data for the S-phase which is the only one for 
lower Hb concentrations irrespective of the solvent 
H20/D20-composition, and for all HIb concentrations 
if a > 0.5, measured at two brmor Frequencies (I 2 

and 24 MHz). These data were analysed as to the best 
fit using a programme for curves with increasing de- 
grees. The result of this analysis is presented in table 3. 
The conclusion is that the “best-fit” with one single 
straight-line for all the points is the worst. The good- 
ness of the best fit appears to level off for curves of the 

Table 3 
The values Z(Ay)* for the data in table 2 

1.99 
4.40 
6.04 
6.99 
7.43 
8.18 

13.00 
15.09 
16.29 
19.73 
21.20 
22.67 
78.0 I 

-.__- 

0.35 3.95 0.47 
0.37 4.67 0.48 
O-46 4.90 0.48 
0.4s 6.46 0.5 1 
0.51 7.11 0.57 
0.58 11.60 0.97 
0.86 14.38 1.01 
0.97 16.42 1.23 
1.06 18.16 1.50 
1.X? 20.01 1.41 
1.38 23.2s 1.91 
1.61 27.89 7.36 
2.09 31.20 2.70 

2.35 0.44 
3.16 0.49 
3.31 0.46 
4.77 0.52 
7.20 0.63 
7.92 0.79 
9.61 0.88 

11.36 1.00 
Il.-+‘, 0.87 
16.96 1.23 
20.36 1.75 

third and fourth degree. We matched these data to two 
straight lines, one for the lower, the other for the higher 
concentration range. In doing so the original values 
were corrected for the solvent contribution (fig. 1) to 
the relaxation rates taking into account the volume 
occupied by haemoglobin. The final resutt is presented 
first graphically in fig. 4. The lower concentration range 
is represented well by a single common straight line, 
i.e. the slope of the concentration dependence of the 
relaxation rates does not depend on solvent (HzO/D20) 
composition. For the higher concentrations of haemo- 
globin there are two straight lines. both different from 
that for the lower concentrations. The significance of 
the difference between the two high-concentration lines 

n 12 MHz 24 hltlz 

“Hz0 “H20 

0.125 0.25 0.50 0.65 0.1s 0.25 0.50 0.75 

1 1.522 0.343 0.228 0.503 0.238 0.140 0.254 0.098 
2 0.717 0.242 0.086 0.293 0.084 0.017 0.053 0.047 

3 0.579 O-156 0.059 0.288 0.046 0.017 0.044 0.046 
4 0.504 0.065 0.052 0.209 O.OSO 0.016 0.CU-l 0.07-O 

Z(AY)~ = ZoIt -yy,)‘;yt is a value of ordimte calculated from the best fit:_v, is an csperimental value of the wme ordinate; n is 
ihe degree of the fitting equation 
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Fig. 4. The lon~itudinat magnetic relasrrtion rates of theS- 
phase protons in the dependence cm the osyhaetnogiobin 
concentration for solutions of different P)I+~=J, as indicated, 
nt “_:“C and two Larmor-frequencies (12 and 24 MHz). The 
parameters of the straight-tines best-fits are given in table 4. 

Straight-fines regression parameters for data in fig_ 4 

Fig. 5. Lower part: the ion~itudin~ proton magnetic refaxa- 
tion rates of the fast-relaxing phase(F). in the dependence on 
oxyhaemoglobin concentration for solvents of wriousaHzo 
(as in fii 4). Upper part: the ratio of the proton-abundance 
in the slow(S) - to that in the fast(F) - relauing phase. For 
doted lines see section 4. 

_.-._ -- --_- --__-~l_._f_I__-~ -- 
aH20 Range of haemnglobin concentrations 

--- 
12 hfffz 

low PA high 

l/T, = regr. l/T= regr, I/T= regr- 
caeff. coeff. cc&f. 

. ..--._..- .-.__..__-- _.-.- ._^ -_ .- - ..~_~__. . . --_______ 

(0.12&-0.155) c 0.07, 
(O*Q96c-0.017) 

0.96, 
.t 0.05 

(0_17Sr-1.630) + 0.2S1 

~0_0~6c~0.076) 
I 0.98, @.138r-0.56SI t 0.22, 

;;2 3 _ o {O.f55c-LCMO) * 0.29e 0.94s 

rt 0.03, 0.95, 
WYNC-0.611) f O_IOo 0.90, 

(0_184c- 1.345) f 0.08, 
(O.l38c-0.860) f 0.16, <0.12&-0_450) * 0.220 0.94, ~0.~84~~~_~5~) ” a. ‘0, 0.92, 

24 MHz 

0.15 
0.25 
0.50 
0.75 
all 

(O.O59c-0.136) c 0.02, 0.99, @.078c-0.436) c 
(0.05 Ic-0.089) 1 0.03, 0.97, 0.17, @.083c-O-465) C Z? ) <0_078c-0.394) * . 0.13, 0.96, t0.065+0_152) Ir 

<a-063c-(J.i67) 

0.04, 0.98, 0.06, d C0_101c-0.640) + 

0.03, 0.97, 0.06, KW87c-0.325) Osg~ * i: 0.09, 0.95, 1 @.1194c-OAIXi) r 0.09, 0.98, co.o57c-0.099) f 0.04, 0.97, 

._-_--.--.- _-.-I-_-1--.-.__ 

. . 

q-0 = kf,O/(D,O f H,O). volume ratio;c = mmales haem/lOOO ml solvent; l/T, = relaxation rate in s-l. 



Table 5 
Relasarion times and relasation rates of protein protons in 
dcuterated okyhaemaglobin solutions, measured at 24 MHz 
__ .__. .__._-_ _ ___-_-_ I_- -__ .___ -._ __- 

e {mXI) t CC) 7-g (msl 1 fT1 <s-r t 
____ - _ ._ -_ .__.. _._ .--- 

5.36 24 157 r 7 ~-z-36 
9.86 24 ISO? I 6.66 

15.80 24 120% 1 8.30 
15.80 29.5 136 r 3 7.35 

15.80 r6 t4g c 2 6.76 

grand mean 7.08 + 0.34 
--_ __. _ . . __-__ -. .-. -_- 

is not well established. For instance, at 24 MHz the 
smaller sIope is that for qIzO = 0-I 5 and 0.35 solutions 
while at 12 MHz the reverse is the case. in view of 
the greater uncertainty in this concentration range, pos- 

sibly owing to concentration errors it is not unlikely 
that also for the higher concentrations only one 
straight line may be real. The relevant numerical data 
as to the straight-fines fits are given in table 4. 

As mentioned above, the higher concentration range 
had two relaxation phases: S (dealt with in fig. 4 and 
table 4), and F, which is characterized by Gg. 5. The 
lower half of fig. 5 contains the PMR rates for the 
“fast” F-phase. These data are independent of 
haemoglobin concentration, with a mean value for 
l/T, = 18.8 f 3.5 se1 measured at 24 MHz. In calculat- 
ing the mean value for the rates at 12 MHz, 38.9 4 1.8 
s -I, only the points obtained with a~,0 =O.t25 were 
taken into account, as the others (for QH,O = 0.25 
solvent) did not appear to be certain enough. The up- 
per half of this figure summarizes the values for the 
ratio of &he S(slowf-to-Fffast) relaxatictn phases. This 
r&Go seems to depend neither on Hb concentration nor 
solvent composition, the grand-mean value being 
1.88 IO.09. 

The ratio of the relaxation rates at 12 MHz to those 
at 24 MHz is 1.7 for S-phase (fig. 4) and 2.1 For F-phase 
(fig- 5) without the data for QH*Q = 0.25, and I9 if 
all the data (for F) are taken into account. 

Table 5 comprises PMR data obtained with fuliy 
deuterated oxyhaemoglobin solutions. AI1 the magneti- 
zation curves were monophasic, indicating that the 
measured values are due solely to the protons from 
the protein. 

4. Discussion 

The DhfR results from fig_ 3 are in agreement with 
the well known linear dependence on protein concen- 
tration [f4[, except that we extended substantially 
the concentration range. The differences in slopes of 
the straight lines corresponding to the four different 
sofvent compositions (table I) are not dramatic, stey 
do show a definite trend towards larger slopes for in- 
creasing deuteriurn content of the solvent. Glasel [I 5 j 
pointed out that because of its magnetogyric ratio, 
deuterium is more convenient (I70 even more so) than 
protons for sensing the (hydration) interaction of water 
molecules with the dissolved protein. However, from 
the point of view of the main probfem, that of the 
relationship between hydration and oxygenation 
cooperativity 121, it remains to be seen what infor- 
mation as to the hydration structure can be obtained 
from DMIR data in dependence on temperature [ 161. 
Besides, a reviewer of &is paper susested that not- 
withszanding the magneto&c ratio “H is very izon- 
venient for sensing the water interaction with the 
protein. Exchange of ?H with for instance COOD 
groups may lead to a domination of the overall relaxa- 
tion rate by the relaxation in the protein-bound sites. 

4.2. I. The relmatinrr phases - the depetdcrrce err 
sdvettt composition 

The PMR results (fgs. 4 and 5 and table 4) appear 
to be more rewarding. The first finding is that of the 
two relaxation phases, slow (S) and fast (F). Tf\e slow 
one is quite common, both in respect to the absolute 
values of the protein-induced relaxation rates and their 
linear dependence on haemoglobin concentration 
[14,18] _ The quoted references include measurements 
mainly in the lower concentration range and hence no 
kinks in the linear dependence were noted. It seems 
reasonable that the second straight tine is in the con- 
centration region where the double exponential relaxa- 
tion is beginning to be felt (in solutions with less than 
50 ~01% H,O). 

The “ordinary”, SIOW phase (.S) is due to the ittter- 
action of water molecules with the protein surf~e 
implying that most if not all of these molecules are in 



rapid exchange (on tke NMR time scale) with those 
from the bufk solvenr ~l9,20]. Hence, WC? phase in 
the NMR sense. Suck is tke case even for the higk- 
CoI~centrat~on range if there is enough (more tkan 50%) 
prutor2s in the solvent. It is reassuring that, on the 
otker hand, when the computer procedure distinguished 
between tw,o (relaxation) phases (figs. 3,4 and 5) the 
derived slow phase (for & GO.25) was also commen- 
surabfe in its protein-concentration dependence and 
in absolute values with the P&Ii!? rales obtained when 
only tke S-phase was observed (for (Y > 0.5). Tke 
detection of the fast, F-phase, means that. on the NMR 
time scale, there are solvent-moiecuIes without rapid, 
or efficient enough exchange with the bulk solvent. 

The tack of the fast pkase above tke threshold 
f]a~i~~~Iobin concentr~lion in solvent with more than 
half of ordinary water may be rationalized as foliaws. 

It is unfikekely tkat the I;-ptrase relaxation r~echanism 
depends on the proton content of the solvent as to 

become faster with increased cr. In such a hypothetical 
case, fur wkick the F-pkase reIa~alion could nof be 
measured because it would be too fast, the experi- 
menra’tfy determined total magne~i~~~ion, comprising 
aII the protons C&&-J czp) must be Iarger than that calcu- 
lated from the best-tit exponential (A& &. As we have 
S/~tr2(Bg.5),n/r,,~/iMbC3J=(S+F)~~~ I *F/S 
* f S, whiie from ail our actual data M0 exp]MO e. was 
I.2 to l .f . The latter values are fully accuunted for by 
the negiected fast-relaxing protons from the protein. 

Tke two phases (F and S) may be observed if the 
exchange of protons between them is too sIow to 
average out the corresponding relaxation times. Ar- 
suming the Dominic exchange mechanism is via water 
mofecufes or flydronium ions, its rate witi not be af- 

fected S~bstanriaIly by isotopic dilution. However, 
for 01< 0.25 most of the exchanging molecules wit1 
be without any protons and some witk on‘ly one. ?Vith 
cy > 0.5 there will be a great number of molecules 
with even two protons. Hence, although the actual 
rate of exchange may not be altered, an increase in 
proton-content should result in a much more efficient 
magnetic coupling between the F- and S-phase, whick 
may eventuaIIy cause an averaging out of the two re- 
laxation rates. But then rhe S-phase relaxation rate for 
ck > 0.5 must be Iarger than for a: < 0.25 (when the 
F-phase is observable separateIy). An indication of this 
effect may be found in the data of f-ig.4, but much 
more elaborate measurements are required to teach a 
tirm concIusion. 

Tke nonexistence of phase-F in solutions below the 
critical (10.5 in&!) kaemog1obin concentration must 
have sometkjRg to do with the state of dissolved protein, 
and not only witk the solvent and its relaxation mecha- 
nism. 

We shall first consider the possibility that the fast 
relaxation is due solely to the protons from the protein 
~aemogIobin). 

On average, tkere are 1130 pr~HX.X2s per each haemo- 

globin subunit. Of them all about 240 are exchanged 

for deuterium if kept for over a day in a predominantly 
DZO-containing soIvent 12 1 j like it was in the present 
e~perjmenis. The dotted fines in fig_ 5 indicate the 
calculated concentration-dependence (for cr =U.I 5 and 
0.25) of the ratio of the S-phase (I~qu~d) to the &phase, 
if the latter is assumed to be onty from the nonex- 
changeable prorons of the dissolved haern~g~obin* Suck 
a dependence is not born out experimentally, the 
measured ratio S/F being 1.88 & 0.09, but more detailed 
studies ar different fr~qu~ucies are stifl desirable. 

Further, the relaxation rates of protans from fully 
deuterated oxyk~emog~ob~n in D$?-so~u~~oRs [see 
tabte 5) are significantly smatfer than those of the F- 
pkase in fig. S (for 24 MHz)_ It is therefore unlikely 
that the F-phase ict due to the protons from the protein 
moIecuIes. Muck more probable is the other alternative, 
that the fast refaxlltion originate5 from soivG?zt protans 
“‘isoIated” on the PIER rime-state from those iirith the 
slow relaxation rate. 

Consistent with this notion is the fact that the tkresh- 
old haemoglobin concentration, at which two relaxa- 
tion phases become observable (when Q <OS), does not 
depend on tke solvent D20/H30 composition. Manly 
the protons from tke protein were cont~buting to the 
f;-pkase, the detection of their fast reIaxation should 
depend on the Hz0 content of the solvent. In other 
words, the lower the H~~~ontent the Iotver ought to 
be the threshold haemoglobin concentration, which 
is not observed. The F-phase Is detectable in a 2.5 ~01% 
M$J solvent but not if there is 50 ~01% H,O. This 
cannot be explained by the &pIzase being due tu the 
protein-pro:ons, because the hi& haemogIobin_cancen- 
tration range was sufEcIent (factor of two) to compen- 
sate the twofald increase In the content ot’Zi-protons. 



(a) The protons belonging to this phase relax faster then 

those of the fully ?H exchanged protein in D,O (see 
fig. 5 and table 5); (b) their amount relative to those 
of the sIow S-phase, and (c) their relzzation rate 
(fig. 5) may not depend on the protein concentration 
(as does the rate of the protons in the slow, S-phase); 
finally, (d) the protons from the F-phase are lzof those 
from the protein, ttlouglr intirrmte[v comtectd with it, 
but magnetic&y “isolated” from the bulk sotvenr. 

We therefore come to the conclusion that the F-phase 
could only be envisaged as part of the solvent encaged 
by haemoglobin molecules. The implicit assumption in 
the last conclusion is that haemoglobin molecules 
associate for times long enough to form the structured, 
encaged water phase, observable by a double exponen- 
tial decay of the total longitudinal magnetization. The 
concentration of haemoglobin at which such macro- 
molecular association may take place is retated to the 
free mean-path for the diffusing haemodobin molecules. 
A complicated equilibrium in terms of dynamics and 
size of the %ggregates” may be expected above the 
threshold protein concentration. A simple case would 
be such interaction of Hb-molecules that their central 
cavities are blocked. Some 300 H20-molecules per 
[c@] 2 could therefore be magnetically uncoupled 
from bulk solvent for the life-time of the “aggregates”, 
while the specific (“outer”) hydration in phase-S 
would remain practically constant, so that the ratio 
F/S may also be independent of protein concentration 
as appears to be born out experimentally. It was shown 
recently by Koenig, Hallenga and Shporer [221 that 
no direct relation may be proved between the amozmt 
of protein hydration and relaxation rates. Their general 
conclusion was that the NMR-correlation time of the 
water molecules under the influence of the protein 
moIecuIe rvif1 by and large reflect the rotational tumbt- 
ing time of the latter, and hence the size of the macro- 
molecule. 

The PMR-rates at tlvo frequencies (12 and 24 MHz) 
given in fig.4 are different, indicating that the pertinent 
“effective” correlation time, T=, must be > 10-g s as 
can be seen from the corresponding correlation func- 
tions in fig.& Now, the low-concentration S-phase re- 
laxation measured at the two frequencies yields for 

the respective rates a ratio of 1.87, while the high- 
concentration ratio is about 1.63. This means that the 

“effective” correlation time is close to 4 X IOV9 s 
(see fig. 6). The ratio of the straight-line slopes for the 

high-to-low concentration region (in f1g.4) is about 1.6 
(for either frequency). This (1.6 X) increase in ~&VU- 
tion vs. concentration slope could be explained by an 
increase in cC (due to viscosity for instance) or@ if 
tile ascending part of the correlation curves in fig. 6 
were involved. This is not the case, the initial (law- 
concentration) ~iheing just at about the maxima of 
the curves. The relaxation rate is proportional to the 

correlation function, F(r,), and to the amount of the 

rotationaly hindered water malccules (of hydration) 

jl4,73]. With the longer rc for the higher conccntra- 
tion range F(r,;) at 12 XtHz wodd not change and it 

would even sli&tly diminish at 24 MHz. Hence. the 

increased slope (by 1.6 X) would mean that it is due 
entirely to a slightly increased amaunt of hydration, 

which in turn, can aIs.0 be rationalkcd by association 

of (+)2-haen~o~obin molecuks. 

The relasation rate of the f-phase doubles on going 

from vt = 74 to vL = I2 MHz. this implies that corre- 
lation times longer than 10m8 s must be involved 3s 
derived from fig. 6. On the other hand the absolute 
rates of the fast phase (F) are about 10 times greater 
than for the S-phase (compare figs.4 and 5). Ct is aut 

of question that such an enhanced rate can be due to 
a longer tumbling time of the agrcgates because the 

same rate or tumbling pertains to both relaxation 
phases (S and F)_ An even mare efficient relaxation 
mechanism perhaps must be sought for. Further tem- 
perature and frequerxy studies are required for 

elucidation of the relaxation mechanism and the 
hydration structure in phase F. 

The present picture is as follows. Below some 1 I n&l 
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per haem soIuticns of Hb consist of individual Hb- 

molecules surrounded by an “open” salvation sheath 

from which the water molecules are in fast exchange 

with bulk solvent forming thus a single-relaxation phase 

on the PMR time scale. The solution relaxation rates 

are simply linearly dependent on Hb-concentration 

because of the favourable slowing down of the H20- 

tumbling rate due to the interactions with the surface 

of individual protein molecules. 

Above the threshold protein concentration haemo- 
globin molecules associate, with aggregates of life- 
times longer than the longest relaxation time(s) iri 
their “open” salvation sheath. This hydration is some- 
what increased (by a factor of about 1.6) compared to 
the low-concentration solution state. Within these 
(dynamic) aggregates an additional, “closed” hydration 
exists, such that the water protons from it are mag- 
netically uncoupled with respect to the “open” solva- 
tiun in the bulk solvent if the latter is isotopically 
sufficiently dilute. 

The dominant relaxation mechanism within the 
“closed” hydration is unknown. It is more effective 
not only than the tumbling-mechanism of the “open” 
hydration, but also than that exibited by the protons 
of the protein. 

The results of the present study by an independent 
technique, kinetic in nature, are in full agreement with 
the time-average recording of the low-angle X-ray scat- 
tering interpreted [34] by association of [cY/~] 2-haemo- 
globin molecules in concentrated solutions. The possible 
significance of this finding may not be of interest onIy 
with regard to Fib-function indicated in the Introduc- 
tion, but also in that broader sense of self-associative 
systems in biolom. Other globular proteins may show 
similar behaviour. 
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