
283 

Biochlmica et Blophysica Acta, 643 (1981 )  2 8 3 - - 2 9 1  
E l sev ie r /Nor th -Hol l and  Biomedica l  Press 

B B A  7 9 2 0 9  

THE DIFFUSION-CONCENTRATION PRODUCT OF OXYGEN IN LIPID 
BILAYERS USING THE SPIN-LABEL T1 METHOD 

W.K. S U B C Z Y N S K I  * and  JAMES 8. HYDE ** 

National Bmmedical ESR Center, Department of Radiology, The Medical College of  
Wisconsin, Milwaukee, WI 53226 (U.S.A.) 

(Rece ived  O c t o b e r  15 th ,  1980)  

Key words Oxygen diffuston; Oxygen concentration; Heisenberg exchange; Spin label; Spin 
lattice relaxation, ESR, (Lipid bilayer) 

Summary 

A method  is described to measure the oxygen diffusion-concentration prod- 
uct,  Do[O2] ,  at any locus that  can be probed or labeled using nitroxide radi- 
cals. The method is based on the dependence of  the spin-lattice relaxation time 
T~ of the spin label on the bimolecular collision rate with oxygen. Strong 
Heisenberg exchange between spin label and oxygen contr ibutes directly to T~ 
of  the spin label, while dipolar interactions are negligible. Both time-domain 
and cont inuous wave saturation methods  for studying T1 are considered. The 
method has been applied to phospholipid liposomes using fat ty  acid spin 
labels. A discontinuity in Do[O2] at the main phase transition was observed. 

Int roduct ion 

Three molecular probe techniques have been advanced to measure the fre- 
quency of  collisions between the probe and molecular oxygen: fluorescence 
quenching [1,2],  ESR spin-label line-broadening [3--7],  and NMR proton spin- 
lattice relaxation [8--10].  There seems to be no need to write a lengthy 
rationale for the development  of  such techniques. Concentration and diffusion 
of  oxygen are critical matters in molecular biology. 
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All three methods have been applied to the s tudy of  oxygen in synthetic 
phospholipid bilayers. Windrem and Plachy [7] report  that  the diffusion-con- 
centrat ion product  Do[O2] is greater at the center of  the bilayer than near the 
polar head groups, a result consistent with the NMR experiment of  McDonald 
et al. [10].  Fischkoff  and Vanderkooi  [2] observed a discontinuity in Do[O2] 
at the main phase-transition temperature,  which was not  reported in the other  
papers. All methods  yielded similar numerical values for Do[O2].  

In all methods  the frequency of collisions toe with the molecular probe is 
measured and interpreted in terms of  the Smoluchowski equation: 

toe = 47rR(Do + Dp) [02] (1) 

R is the interaction distance, Do and Dp are the oxygen and probe diffusion 
constants,  and [02] is expressed in molecules per unit  volume. Experimentally 
the di f fus ion~oncentra t ion product  Do[O2] is determined by measuring cos 
and making a reasonable guess about  R.  Dp is usually negligible compared with 
Do.  Separation of  Do and [02] requires an independent  experiment.  

A difficulty with fluorescence quenching is that  the theory of  quenching by  
oxygen is very imperfectly developed. The process appears to be of  a 'strong 
encounter '  type  -- the probabil i ty of  quenching is uni ty  for each collision. 

The NMR method  is of a 'weak encounter '  type  -- the probabili ty of an ob- 
servable event per collision is less than unity. Quantitative measurements are 
difficult, and this method also may be too  slow if one wishes to observe the 
time evolution of  Do[O2].  

Consider the ESR method in more detail. ESR spin-label line-broadening 
arises from Heisenberg exchange between probe and oxygen. The process also 
appears to be of  a 'strong encounter '  type,  although the equations of  Salikhov 
et al. [11] show that  it becomes weak if either the translational correlation 
time or the spin-lattice relaxation time of  molecular oxygen is too  short. If the 
nitroxide radical is small and tumbling freely, resolved hyperfine couplings 
from methyl  protons are observed. These spectral features are quite sharp in 
the absence of  oxygen and become broadened at normal oxygen concentrations 
[5--7].  The changes occur over a range of oxygen concentrations that  happens 
to coincide with oxygen concentrations of  biological relevance. However, for 
spin-labeled macromolecules or for probes in viscous environments, proton 
couplings are not  observed, and the other  spectral features are relatively broad. 
As a consequence,  the changes in lineshape because of  collision with 02 are dif- 
ficult to measure. For example, Windrem and Plachy [7] used 1 atm of  oxygen 
in order to see effects of  oxygen on spin-labeled stearic acid in synthetic mem- 
branes. 

There is a consensus in the ESR literature that  dipolar interactions between 
spin label and oxygen make a negligible contr ibut ion to the linewidth. See, for 
example,  the discussion of  Windrem and Plachy [7]. 

Hyde  and Sarna [12] pointed out  that  Heisenberg exchange between a fast 
relaxing species such as 02 and a slower relaxing species such as a spin label is 
an effective spin-lattice relaxation mechanism for the spin label. This process 
has not  been described in the theoretical literature. It involves the non-secular 
transitions arising from the exchange Hamiltonian. It is the exchange of  elec- 
t ron quantum numbers that  results in a transfer of  Boltzmann populat ion dif- 
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ferences from the fast-relaxing species to the slow-relaxing species. There is a 
statistical factor  involved. Consider collisions between a spin-1 system such as 
02 and a spin-~ system. The effective encounters  involve +1, --~, and --1, +½ col- 

1 and --1, --½ do not  result in non-secular lisions. Collisions of  the type  +1, +~ 
1 result in non-secular transi- transitions. Collisions described by 0, --~ and 0, +~ 

tions bu t  no transfer of  Boltzmann populat ion differences between the two 
spin systems. Thus we can write for the electron relaxation probabili ty:  

We(with 02) = We(no 02) + ]P~E (2a) 

o r  

1 1 2 
-- + ~ p C O E  (2b) 

T, (with 02) Tl (no  02) 

A factor  p has been introduced to allow for the possibility that  some collisions 
might be ineffective either for steric reasons or because the collisions are not  of  
the strong encounter  type. The spin-lattice relaxation time of  nitroxide radical 
spin labels in the absence of oxygen lies between 10 -s and 10 -6 s. For example, 
we have recently measured TI (no 02) for stearic acid spin-labeled near the ter- 
minal methyl  group (I(1, 14)) in membranes above the main transition and ob- 
tained a value of  2 . 1 0 - 6 s  (Popp, C.A. and Hyde, J.S., unpublished data). 
(Note that  this is the true TI rather than the effective TI. We will discuss the 
difference in more detail later in the paper.) In the present paper, the measure- 
ment  of  T~ as mediated by Heisenberg exchange with oxygen is utilized to 
determine the Do[O2] product .  

The rationale for this approach in comparison with the more customary mea- 
surement of  linebroadening is straightforward. ESR linewidths of  nitroxide- 
radical spin labels are typically of  the order of  3 G, which corresponds to a T~* 
of  2 - 10 -s s. (The asterisk indicates that  the linewidth is determined in a com- 
plicated way from motion,  unresolved pro ton  couplings and anisotropic mag- 
netic interactions.) Thus, TI is two orders of  magnitude longer. A method that 
measures changes in T~ would therefore be sensitive to two orders of  magnitude 
lower values of  Do[O2] than a method that  measures changes in T~. These two 
orders of  magnitude effectively encompass the entire range of  biological rele- 
vance and would make it possible to measure the oxygen diffusion-concentra- 
tion product  at any locus that  can be spin-labeled or investigated with spin 
probes.  

The effect  of oxygen on T~ of spin-labeled systems can be measured directly 
using the technique of  saturation recovery [13],  or indirectly using the simple 
and widely available technique of  cont inuous wave saturation. In the present 
paper, a hybrid method involving both  techniques is utilized to determine the 
Do[O2] product  in synthetic phospholipid liposomes. 

It is appropriate in evaluating the usefulness of  T, measurements in the 
determination of  the diffusion-concentration product  that  possible effects aris- 
ing from dipole~lipole interaction be considered. Several lines of  evidence indi- 
cate that  these effects make negligible contr ibutions to TI of  the spin label. 
These are summarized in the following two paragraphs. 

McDonald et al. [10] measured the contr ibut ion AT, of  molecular oxygen in 
air to the nuclear spin-lattice relaxation time of  the terminal methyl  group in 
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DMPC at 37°C: AT~ = 7.3 s. The theory [14,15] of relaxation induced by oxy- 
gen predicts that  the dipolar contribution of oxygen to the spin-lattice relaxa- 
t ion time of a spin label will be AT~ (spin label)~> 7.3[7(proton)/~(elec- 
tron)] 2 = 1.6 • 10 -s s. The equal sign is valid if coy < <  1 where T is the transla- 
tional correlation time. For oxygen diffusion past a spin label, it is likely that  
coy ~ 1, which will increase AT~ (spin label) by about  a factor of 2. Thus from 
NMR at 37°C it is estimated that  the effect of dipolar interactions of oxygen 
on the spin-lattice relaxation time of spin labels will be at least 15-times less 
than was measured by Popp and Hyde (unpublished data) for the intrinsic T1 of 
the spin label near the terminal methyl  group in DMPC at 40°C. 

The only ESR experimental measurements of dipolar interactions in fluids 
are those of Hyde and Sarna [ 12], who studied the interaction of  lanthanides 
with spin labels. Heisenberg exchange is reduced in lanthanides because the 
paramagnetism involves 4f electrons that  are protected in collisions by 5s and 
5p electrons. Dipolar interactions are enhanced because of the high effective 
magnetic moments .  Dy 3÷ may have a spin-lattice relaxation time that  is similar 
to  that  of 02. Changes in spin-label T~ because of collisions with 10 -2 M Dy 3÷ 
were about 2 • 10 -6 s over a wide range of viscosities (see Fig. 5 of Ref. 12). 
This is the same value as the intrinsic TI measured by Popp and Hyde (unpub- 
lished data) for the I(1, 14) label in DMPC at 40°C. Since both the effective 
magnetic moment  and the concentration of oxygen are lower, it would seem by 
analogy that  dipolar interactions between 02 and spin-labels in membranes will 
make a negligible contr ibution to the T~ of the spin label. 

Theory 

One does not  have a good model for the structure of the spectrum of a 
slowly tumbling spin label in the anisotropic environment of a membrane. The 
spectral features are inhomogeneously broadened by interactions with protons, 
and the transverse relaxation time varies across the spectrum. Experimentally in 
the continuous wave saturation method one measures P1/2, which is the inci- 
dent  power at which the signal is half as great as it would be in the absence of  
saturation. The quanti ty can be measured, reported, and duplicated in other 
laboratories wi thout  knowledge of the motional  model and is a convenient em- 
pirical parameter. 

For any model of the structure of the spectrum, 

P1/2(no O2)Tl(eff., no 02) = k (3) 

where k is a constant  that  depends on the model and the spectral position. This 
equation states that  a proportionali ty exists between the induced transition 
rate and the relaxation probability. In the presence of oxygen, 

Pin(with  O2)Tl(eff., with 02) = k (4) 

where k is the same in Eqns. 3 and 4. Here, 'eft . '  stands for effective relaxation 
times that  arise from all possible longitudinal and transverse relaxation path- 
ways. Eqn. 4 is valid in the slow and very slow tumbling domain of a spin label 
where contributions to the transverse relaxation time by Heisenberg exchange 
between the spin label and oxygen are negligible compared with the intrinsic 
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phase memory  time. Measurements reported here were made on the center 
(mi = 0) line where the signal intensity is highest. However,  the assumption of 
negligible contr ibut ion by 02 to the transverse relaxation time is bet ter  for the 
mi = +1 transitions. For  spin labels undergoing either fast or extremely slow 
rotational diffusion, it might be desirable to make measurements on these latter 
transitions. 

It is possible to calculate the effective relaxation t ime of  Eqns. 3 and 4 in 
terms of  the true relaxation times of  Eqn. 2 using the saturation factors given 
by  Hyde  et al. [16] in their Table V: 

( (b + 3b" + l ) (3b + 3b" + l )  ) 
T~l(eff') -- T~I (1 + 3b")(1 + b") + b(b + 4b" + 2) (5a) 

Here b = Wn/We, b" = Wex/6We, where the electron and nitrogen nuclear relaxa- 
tion probabilities are given by We and Wn and ¢Oex is the exchange frequency 
between spin labels. The spin-label concentrat ion can always be made low 
enough that b"  can be neglected. Then 

(1 ÷ 3b I (Sb) T~l(eff') = T71 \ 1 + b / 

For  spin labels, b is at a maximum at a rotational correlation time of  10 -a s, 
and for times between 10 -v and 10 -9 s it will be greater than 1. This leads to 
strong coupling of  the three transitions and reduces T~(eff.) by a factor that  
can be as great as 3. 

Let  us define: 

b . . . .  PWE (6) 
3We (no 02) 

With some straightforward algebraic manipulation, Eqns. 2--6 can be com- 
bined, yielding 

P in (wi th  02) _ (1 + b'" /1 + b'"/(1 + 3b)~ 
el::(no 02) (7) 

The term in large brackets cannot  be greater than 1 nor less than 1/3. 
Eqn. 7 is used to interpret the data of  this paper. Popp and Hyde  (unpub- 

lished results) have measured b using ELDOR [16] and We using the saturation- 
recovery technique [13].  In the present work P i n  ratios are measured, Eqn. 7 is 
solved for b"' ,  and the diffusion concentrat ion product  calculated according to 

3b"' We (no 02) 
Do[O2] = (8) 

p 47rR 

where it is assumed that  Dp is negligible. 

Materials and Methods 

Materials 
Doxylstearic acid spin labels (I(12, 3), I(5, 10), I(1, 14)) were purchased 

from Syva Corp., Palo Alto, CA. Lipids were obtained from Sigma Chemical 
Co., St. Louis, MO, and were used wi thout  further purification. 
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Sample preparation 
Phospholipids and spin labels were dissolved in chloroform and mixed at a 

molar ratio of 200 : 1. A solution containing 27.2 mg of DMPC or 29.4 mg of 
DPPC was first dried under  nitrogen and then under vacuum for 3--4 h. A 0.1 
ml solution of 65 mM NaC1 and 10 mM Hepes buffer, pH 7.6, was added and 
the sample then vortexed at 50--60°C. The resulting suspension of vesicles was 
pelleted by centrifugation for 15 min at 12 800 X g at 4°C. The excess buffer 
was removed and the resulting sample contained about 40% lipid by weight. 

ESR measurements 
ESR spectra were obtained with a Varian E-109 spectrometer at X-band 

using 100 kHz field modulat ion and a modulat ion amplitude of 1 G. All mea- 
surements were made on the center (ml = 0) line. Samples were placed in gas- 
permeable sample tubes (see below) and positioned in a Varian variable temper- 
ature dewar insert in the ESR cavity. A Varian temperature accessory using 
either nitrogen or dry air was employed. (The reader is cautioned that  dry air 
leads to damage of the heater sensor assembly of this unit  after prolonged 
usage.) Microwave power as high as 500 mW was used in some measurements, 
which resulted in considerable heating of the sample. The actual sample tem- 
perature was measured with a Fluke 2190A digital thermometer  with a copper- 
constantan thermocouple located in the sample at the center of  the microwave 
cavity. 

A gradient of temperature along the sample because of microwave heating 
was observed. For example, if a power of 200 mW was used and a temperature 
of  25°C established at the center of the cavity, a temperature of 24.3°C was 
measured at approx. 6 mm from the center, 22.5°C at approx. 10 mm, and 
21.6°C at approx. 13 mm. At 500 mW the corresponding temperatures were 
found to be 23°C at approx. 6 mm, 18.8°C at approx. 10 mm, and 16.3°C at 
approx. 13 mm. Since in the Varian multipurpose cavity about 90% of the ESR 
signal intensity arises from the approx. 5 mm region with respect to the center, 
this gradient is not  a serious source of error. 

The sample tubes were capillaries machined from a methylpentene polymer 
known as TPX [17]. Dimensions are: 1.0 mm i.d., 0.2 mm wall thickness and 
35 mm length. This plastic is permeable to oxygen, nitrogen and carbon diox- 
ide, and it is substantially impermeable to water. The capillary was fixed inside 
the quartz dewar insert with a special plastic holder. The arrangement allowed 
convenient and rapid equilibration of the sample with air or nitrogen over a 
wide range of temperatures. Equilibration typically required 15--30 min [ 17]. 

Results 

Continuous wave measurements of P1/2 w e r e  made using the three stearic 
acid spin labels incorporated into DMPC vesicles saturated with air and with 
nitrogen over a wide range of temperature. The results are shown in Fig. 1. 

The temperature corresponding to the main phase transition is indicated in 
Fig. 1 by vertical dashed lines. It is noted that  there is a discontinuity in P in  at 
this temperature in the presence of air, and that  P in  varies continuously in the 
absence of air. It  is not  ye t  known whether Tl(eff., no 02) varies continuously 
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Fig.  1.  P1/2 data  w i t h  (do t s )  and w i t h o u t  ( crosses )  o x y g e n  as a f u n c t i o n  o f  t e m p e r a t u r e  for  t he  t h r e e  f a t ty  
ac id  sp in  l abe l s  in  DMPC.  T h e  m a i n  p h a s e  t r a n s i t i o n  t e m p e r a t u r e  is i n d i c a t e d  b y  t h e  ve r t i ca l  d a s h e d  l ines.  

Fig .  2.  P1/2 data w i t h  (do t s )  and w i t h o u t  (c rosses)  o x y g e n  as  a f u n c t i o n  o f  t e m p e r a t u r e  for  a fa t ty  ac id  
sp in  label  w i t h  the  n i t rox id e  m o i e t y  near  the  center  o f  the  DPPC b i l a y e r .  The  m a i n  p h a s e - t r a n s i t i o n  tern-  
p e r a t u r e  is i n d i c a t e d  b y  t h e  ve r t i ca l  d a s h e d  l ine.  

across this temperature.  It is possible that  equal and opposite changes in 
Tl(eff.) and T2 at the transition temperature result in a continui ty of  P1/2(no 
02). 

The discontinuity in the ratio P1/2(with O:)/P1/:(no 02) at the transition tem- 
peratures requires, according to Eqn. 7, a discontinuity in b'".  Since it is pos- 
sible that  there is a discontinuity in We(no O:) as well as WE, a quantitative 
interpretation of Fig. 1 in terms of  the magnitude of the Do[O:]  discontinuity 
is not  ye t  possible. Direct measurements of  We(nO 02) on both sides of the 
transition temperature are required. Nevertheless, since all three labels show 
similar behavior, a conservative interpretation of Fig. 1 is that  there is indeed a 
discontinuity in Do[O: ] ,  by about a factor of  2 as was observed by Fischkoff 
and Vanderkooi [2] using fluorescence quenching. Uncertainty in the differ- 
ences of We for the three labels does not  permit  a conclusion to be drawn con- 
cerning the variation of Do[Os] across the bilayer as reported by Windrem and 
Plachy [7]. Again, direct measurements of We(nO O2) for the three labels are 
required before this question can be addressed. 

There is, in addition, some indication in Fig. 1 of an inflection in P1/: near 
the pre-transition temperature.  

Fig. 2 shows an equivalent experiment  using I(1, 14) in DPPC. As in DMPC, 
a discontinuity is observed in P1/2 at the main transition temperature in samples 
equilibrated with air. Again, this discontinuity disappears under nitrogen. 

Calculation of Do[OJ 
In this section Eqns. 7 and 8 are utilized to determine Do[O:  ] at 40°C in 

DMPC, and the result is compared with the values obtained by Fischkoff and 
Vanderkooi [2] and by Windrem and Plachy [7]. 

Popp and Hyde (unpublished data) have measured Tl(no 02) for I(1, 14) in 
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DMPC at 39°C by using a long saturating pulse and then observing the satura- 
tion-recovery signal [13]. A value of  2 . 1 0 - 6 s  was obtained. These same 
workers, using ELDOR, have measured the effects of Heisenberg exchange and 
nuclear spin-lattice relaxation on transfer of saturation, obtaining values of 
b = W n / W e  = 3.26 and b" = 6 O e x / 6 W  e = 0.3 for 0.005 molar ratio of spin label 
to lipid. See Ref. 16 for a discussion of ELDOR. In the present work, Pin(with  
02) /P1 /2 (no  0 2 )  = 5.28 for I(1, 14) at 40°C in DMPC. Neglecting b",  since it is 
small, solution of the quadratic Eqn. 7 yields b'" = 7.60. Using the measured 
value of We, f-DE = 4.7 • 106 s -t. 

Windrem and Plachy [7] estimate the interaction distance R to be 4.5 • 10 -8 
cm. Assuming p = 1, Eqn. 8 leads to Do[O2 ] = 1.0 • 1013 cm -t • s -t. It is often 
assumed, as did Fischkoff and Vanderkooi [2], that  the oxygen concentration 
in the membrane is 4.4-times that  in water at 40°C, based on the data of Bat- 
t ino et al. [18]. Direct support for this value in membranes is lacking, but 
assuming it to be correct, [02] = 1.06 • 1018 molecules/cm 3 and Do = 9.5 • 10 -6 
cm 2 • s -t. Corresponding values obtained by Windrem and Plachy (as estimated 
from their Fig. 2) and by Fischkoff and Vanderkooi were 1.8 • 10 -s and 1.5 • 
10 -s cm 2 • s -t, respectively. 

This is considered very good agreement and the consistency gives support to 
the validity of all three methods.  

Discussion 

A method has been developed here that  permits measurement of the diffu- 
sion-concentration product  of oxygen in any environment that  can be spin- 
labeled. It uses, as the basic 'clock' in measuring the bimolecular collision rate, 
the spin-lattice relaxation time of the spin label. It is now apparent that  the 
range of variation of this time lies within 10-s--10 -6 s. More detailed data are 
beginning to accumulate [12,14,19--22] on this time for a variety of labels in a 
variety of environments. It seems likely, by using this data and making P1/2 
measurements as described here, that  many useful qualitative conclusions con- 
cerning oxygen transport can be drawn. However, as we work on the problem 
of  whether or not  oxygen transport is mediated in a biologically relevant man- 
ner by membrane constituents in specific systems, there seems to be no truly 
satisfactory alternative to the direct measurements of relaxation times by time 
domain techniques. 

The complication arising from nuclear relaxation induced by modulat ion of  
electron-nuclear dipolar interactions through rotational diffusion (the term b in 
Eqn. 7} does not  appear serious. If ELDOR equipment is not  available, the 
rotational correlation times can be determined from the ESR spectrum and Wn 
easily calculated. Although an explicit experimental study of Wn for spin labels 
has not  been published, sufficient data are accumulating to suggest that  there 
will be no surprises. The term in large brackets in Eqn. 7 is rather insensitive to 
b in any event, so that  errors in b do not  result in large errors in b '" .  

An optimum methodology may well be to combine P1/2 measurements with 
direct measurements of the spin-lattice relaxation time in the absence of oxy- 
gen, using Eqns. 7 and 8 to interpret the data. Direct measurement of  T, of 
spin labels in the presence of oxygen presents considerable technical problems 
because the times become very short. 
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In the present work the discontinuity in the diffusion-solubility product first 
reported by Fischkoff and Vanderkooi [2] at the main phase transition of pure 
phospholipid liposomes has been confirmed. Whether this discontinuity 
involves Do, [02], or both is an interesting question. 
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