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~~~~~ be tailed descriptions are provided for the methods4—ha~~ developed
for use in this project. These include perparing a sample for measuring
its internal viscosity with the spin label TEMPA}IINE (2,2,6,6—tetramethyl
piperidine—N—oxyl—4—amine), spin labeling cell and organelle membranes ,
and preparation of hemoglobin—free resealed red blood cell ghosts./

The conclusions derived from this past year of wark are provided along
with my Ideas on directions this research could take in the future.
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CONTRIBUTION S OF MEMBRAN E COMPONENTS TO INTRACELLULAR

WATER ORDER: THE CURRENT STATUS
ORIGINAL OBJECTIVES

The original objectives stated in my initial proposal are:

1) How far does ordered water extend into the cell?

2) What are the contributions of the lipid and protein constituents of

the membran e to wa ter order?

3) Does the water inside a cell represent a different state of water

compared to bulk water?

It is the purpose of this report to outline the progress made on these

questions dur ing the las t year (Oc tober 1, 1976 to Sep tember 30 , 1977).

OBJECTIVES MET DURING THE REPORTING PERIOD

Description of the method

The primary method described for studying the internal viscosity, and

hence the state of water, within cells is electron spin resonance (ESR);

This method makes use of the fact that the lifetime of the excited state of

a spin label is ra ther long (lO
_8 

sec.). When the spin label is tumbling

rapidly (lo
ll 

rotations / sec.) this gives rise to three narrow spectral
lines which arise from the interaction of the electron with the magnetic

moment of the nucleus. Because of magnetic asymmetry of the nitrogen—

oxygen free rad ical bond , the three lines broaden at different rates as the

spin label tumbles more slowly. This allows use of the equation (1):

(rh l½
. kW

oj~
i
~ l.1 

-

vhere7
~ 
is the rotational correlation time, Ic is a constant (6.5 x 10 )

which takes into account the contributions of microwave frequency and proton

interaction to the residual linewidth , W is the width of the midfield line , -0

h and h_1 are the heights of the mid— and highfield lines, respectively.

.ft can be seen i~~ed iately tha t as T decreases, h0/h_1 decreases.
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En the presence of a number of transition metals with rapid relax—

—13 ++ -H-
ation times (10 • see. for Ni and Fe ), collisions between the spin

label and the transition metal cause the spin label to relax more rapidly.

Thus, the spectral lines broaden. In the presence of 80 inN K
3

Fe(CN )
6
, a

po sitively char ged spin label (2 ,2,6,6—tetramethyl piperidine—N—oxyl—4-

amine) TEMPANINE has less than lZ of its original signal remaining

(Figure 1, reference 2). If, however, the spin label can occupy an environ—

ment away from the transition metal (broadening agent), its signal returns

and this signal is representative of that environment. This is the basis

for measuring the internal viscosity of cells by ESR. A necessary require—

• ment for the broadening agent is that it remains outside the cell. This

requirement is met by nickel chloride in some cases and with potassium

ferricyanide in others.

It should be pointed out that 7 is used in a relative way. None

of the spin labels used in this study are perfec tly spherically symmetrical

and therefore their tumbling is not completely isotropic. Absolute values

~f 
i• are not really obtainable. However, ~i is a useful para meter to

compare the tumb ling ra tes of the same spin label is two diff er ent

environment. Thus, for the remainder of this repor t, changes in spin label

motion will be referenced to spin label motion in bulk water.

Use of potassium ferricjranide and TENPANINE

In the or iginal proposal , a ser ies of membrane systems were to be

studied rang ing from simple lip id vesicles pre pared by ar tif icial means ,

through sarcoplasmic reticular vesicles, which contain a single enzyme,

the Ca +~Mg 4$
~ dependene ATPase, to the very complex, but well unders tood

red blood cell membrane.

Because the proposal culminated in a study of a very complex system,

it was first necessary to develop an adequate procedure to study the internal

- ._~~•__._s_____ __ • -~~~~~~~~~~ ----- . -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
~~~~ . -. Jill
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viscosity of the red blood cell by electron spin resonance. Previous

methods to determine the internal viscosity of cells or organelles (3) are

not applicable to the red blood cell because they require toxic amounts

of n ickel chloride to remove the spin label signal from outside the cell.

• For this reason, I developed a method to determine internal viscosity of the

red blood cell using a differen t spin broaden ing agen t, potassium ferricyanide,

and the spin label previously descr ibed , TEMPANINE. The charge attraction

between TEMPAMINE and the potassium ferricyanide allows isotonic concentra—

• tions of potassium ferricyanide to be used , and potassium ferricyanide

is not permeable to the red blood cell, even over several hours. For

these reaso ns, I have been using ferr icyanide and TEMPA MI NE as the spin

label—spin brr thg system of choice. Details of the procedure are

in referenr 1 osed).

Inte osity of the red blood cell

I intially found tha t the internal viscosity of the red blood cell was

about four times greater than that of water (2). I investigated this further

by studying the internal viscosity of the red blood cell as a function of

pH, ionic streng th, and temperature. This data, shown in Figures IA, 2A,

and 3A, respectively (closed circles), show that a) as ionic strength

increases , internal viscosity increases; b) as temperature increases, internal

viscosity decreases up to 40°C at which point it increases sharply , and

c) that red blood cell internal viscosity shows a maximum at pH 8. All

these results with the exception of the viscosity rise above 40°C, could be

attributed to the hemoglobin inside the red cell.

To further test this idea, I developed a method to remove all the hemo—

• globin from the red cell, leaving an intact, ion impermeable “ghos t”

(see METHODS). Using this preparation , I repeated the above studies

(Figures lA , 2A, and 3A, open circles). I found that the ghosts behaved

similarly to the intact red blood cells, but that the internal viscosity

--— - -- - —
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was about a factor of 2—3 times less than the intact cells. This data

indicates  tha t , in con t ras t  to my origina l idea , liernoglob in ca n n ot  be

un i q u e ly  responsible fo r  the i n t e r n a l  visc~ sitv changes observed , sin ce
hemoglobin is less than 1% of the remaining protein. Therefore , some of

my initial results may be due to contributions f r o m  membrane components.

— To test the contribution of membrane li p id on the internal viscosity

of the red blood cell, I used two spin label probes , 7Nl4 (2—hexyl—2—hepty l—

5,5—dimethyl oxazblidine—N—oxyl) which probes the interior of the membrane

hydrocarbon region , and 2Nl4 (2—dodceyl ,2,5,5—trimethyl oxazolidine—N—oxyl)

which probes the polar groups of the membrane . Again , the motion of the

spin labels in the membrane were studied as a function of pH, ionic strength ,

and temperature (Figures 1B , 2B, and 33, respectively). The results show

that the lipid portion of the membrane does not respond to changes in pH or

ionic strength and changes only as expected for temperature . A sharp increase

in membrane f lu id i ty  at temperatures above 40°C was not observed . Therefore ,

I must conclude that the membrane proteins are responsible in some part for

the changes in internal viscosity of the red blood cell and the red cell

ghost. In the intact red cell, however , hemoglobin provides the overrid ing

influence.

Prelininary electron micrographs show that the “ghost” membrane is

shaped essentially as a flacid sac and that there is a definate matrix of

• osmium—staining material with the lumen of the sac. A good candidate

for this material Is the protein spectrin which is found on the inner surface

of the red blood cell membrane. Experiments are underway to use specific

antibodies against spectrin to determine if this Is indeed the case.

In summary, these sets of experiments have demonstrated that 1) the

spin label method can be used to determine the internal viscosity of the red

blood cell , 2) hemoglobin exters the major influence on the interna l vis—

cosity of the intact red blood cell , 3) membrane proteins also influence

-- ~~~~~~~~~~~ -~a..- — ~~~~~~~~~~~~~~~~~ ..s — ~~
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the internal viscosity of the red blood ce l l , and 4) that this influen ce

• may be recognizable in the intact red cell.

An interesting side—li ght is the poso~ib ilit v that this method ma’. be

used clinicall y to determine the ~~tato o: .i pat lent v measuring the intern ;u !

viscosity of the red cells. For example , a patient suffering f rom de-

hydration , which would increase the osmolaritv of the blood , would show

increased viscosity of the red cells. This may he an important finding from

a medical aspect and should be pursued (see F[TLJRE DIRECTIONS) : however ,

it is presently outside the scope of this proposal.

Internal viscosity of chioroplasts

The spinach chioroplast presents an excellent contrast to the red cell.

The chioroplast is shaped like a small , thin sac with a miminal amount of

trapped internal volume . This is in distinct contrast to the red cell

which ha s considerab le t rapped internal volu.ne . In addition , the chioroplast

is an energy transducing membrane which is capable of synthesizing ATP.

The distribution of enzymes within the chioroplast membrane is an unresolved

question . Some proteins may be found in the internal aqueous region . I choose

to study the chloroplast internal viscosity to contrast this membrane system

with that of the red blood cell.

I found that 80 mM K
3

Fe(CN)
6 
does not affect the chioroplast membranes

and that electron transport and ATP synthesis were not greatly influenced by

• ferricyanide at these concentrations. However, ferricyanide does cross the

chloroplast membrane slowly. Extensive studies on model systems assured me

that this does not have an effect on the measured internal viscosity of the

chloroplasts. In contrast to the red blood cell , the chloroplast has an -

•

-
• internal viscosity of about 15 to 17 times greater than water. It also

accumulates TEMPAMINE so that the internal concentrations are about 3.5

times that of the external concentrations. Again , in contrast to red blood

cells, the internal viscosity is not drastically affected by temperature
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(Figure 4). The effect of pH and ionic strength were not studied .

In summary, the chiorop last behaves in a much different fashion than

the red blood cell—red cell ghost. This may be due to the totally different

-~ 
• nature and function of the chioroplast membrane . One must also consider that

the trapped aqueous interior of the chioroplast is many t imes smaller than

• that of the red cell so that proteins attached to the membrane may influence

all the water trapped by the chiorop last.

• Internal viscosity of artificial lipid vesicles

The above studies suggest that  the membrane proteins have an overriding

influence on the state of water within the cell and close to the membrane .

However , th e role of lipid on the state of intracellular water canno’ be

completely dismissed . Preliminary results using artificial lipid vc id es

of about 250 diameter made from dipalinitoyl phosphatidyl choline (liquid

crys ta l—crysta l  t ransi t ion temperature: 41°C) show that spin label motion

within these vesicles is reduced by a factor of 25—35 over that of bulk

water at temperatures below 41°C. However , above this temperature , sp in

label motion becomes much more rapid (viscosity decreases) . This suggests

that th e li p ids themselves may have an influence on cell water .  The apparent

con t radiction between t h is data and that  obtained f r om t he red b lood cel ls

can be resolved when one considers that  red blood cell membranes have a molar

ratio of cholesterol to phospholi pid of 1:1. The role of cholesterol in

this case seems to be tha t  of “ smoothing” out the phase t rans i t ion  of the

phospholipids. Current concepts of 
•
the membrane suggest that this is neces—

sary to keep the membrane fluid so that membrane proteins are able to move

around within the plane of the membrane; certainly membrane enzymes in

artificial lipid systems do show an enormous decrease in activity when

the lipids go through a phase transition to the crystalline state. However ,

another  role may be to min imize  the i n f l u e n c e  l i p ids have on water  i m m e d i a t e ly

adjace nt  to the membrane polar  region . At the moment , t h i s  is s p e c u l a t i o n .

- -—-•- ‘-•z• --•--— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ _~~ _-~~ - a~~~~~~ .. 4 . ’ , ._ _ ~~~~_~~~~ fr • . • a  ~~~~~~~~~~~~~~~~~~ 
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Effect of chaotropic agents  on membrane s t ruc tu re

In addition to the above sp in label studies , I have been stud y ing t h e

infLuence of chaotropic agents (agents which alter water structure) on the

red blood cell membrane and its enzymes. This study has been undertaken in

th ree par t s .  Part 1 is the study of the enzym e acetyicholine esterase , a

membrane bound enzyme which is found on the outer half of the red blood cell

membrane. Part 2 is a s tudy of the enzym e glycera ldehyde— 3—p hosp hate dehy—

• 

-~ drogenase which is bound by salt linkages to the inner half of the red cell

membrane . Part 3 is a gel electrophoresis stud y of the dis t r ibut ion of

membrane proteins . In all these studies , the e f f ec t s  of chaotropic agents

has been studied . Preliminary data in these experiments has been promising .

Acetyicholine est er ase is associated with t he lipids of t he red ce ll

membrane and requires them for  activity. Therefore , one can ask the

• • following question: Do chaotropic agents have any effect on the packing

density of lipids within the membrane and how would this influence the enzyme?

I answered this question by subjecting the ghost membranes to varying concen-

trations of different salts and measuring the acetylcholine esterase activity

• (5). The results show that ions which decrease water structure, for example

• KSCN, inhibit the enzyme more rapidly (at lower salt concentrations) than

do neutral salts such as NaCl. More interesting is that Lid , a water

structure maker, causes an increase in the activity of the enzyme. Using

a one molar concentration of salt as a reference, KSCN would reduce activity

by a factor of 2—4 compared to NaC1, while LiCl would activate the enzyme

by a factor of 2—4. The use of NaCl as a reference eliminates salt effects

from this consideration. Attempts to show that these agents alter

memb rane lipid packing , as measured by electron spin resonance , have been

unsuccessful. I must therefore conclude that chaotropic agents affect the

enzyme directly and that changes in water structure have only a direct effect

on protein conformation , not lip id packing.

— - . . k S  S _ _ ~_ _ ~~~~~~~~~~~~~~~~~~ •~~_ 
~~~~~~~~~~~~ ________________
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Th e second study using glyceraldehy de—3—phosphate dehydrogenase , was

less convincing . All salts studied , including LiCl , NaCl , aod KSCN ,

inhibited the enzyme at low concentrations (1 molar or less). Because this

enzyme is at tached to the membrane only through salt linkages , probably the

- • salts are removing the enzyme from the membrane , and no information about

water order immediately adjacent to the membrane can be obtained from these

experiments.

• The third study made use of gel electrophoresis and proteolysis to

study the redistribution of membrane proteins within the membrane as a

function of water order. In these studies, trypsin was used with varying

concentrations of the salts. The rationale behind this experimental method

is that trypsin will cleave off any portion of the membrane proteins which

• are outside the membrane. Thus, if chaotropic agents cause changes in the

degree to which these proteins are accessable to trypsin, one could conclude

that the proteins either have risen out of the membrane to some extent, or

that the lipids are less tightly packed and trypsin can have access to more

of the membrane proteins. Because ESR data is contrary to the former con-

clusion, the latter is the more probable.

Preliminary experiments have shown that the method is feasable, that

is, trypsin will act on membrane proteins over a considerable range of

salt concentrations. However, I have not yet obtained good gel electrophoresis

patterns of the proteins because the remaining salt causes interference during

separation of the proteins on the gel. Further effort in this direction

will be directed toward elimination of this problem.

Membrane spin labels

The synthes is and purification of the various membrane spin labels has

been discussed in the Status Report (March 28, 1977) and will not be d iscussed

here. At present all spin labels required to carry out the research in the

~~ original proposal are available in highly purified form .

-- - •— ~. A~~~~~~~~~~~ -~~ &t~~ ±-‘-- _ a . s  --- -- ~- -.-~~~~~~ ~ j s ~~~~~~~~~~• - ~~~~~~~~~~~~~~~~~~~~~~~~
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METHODS

• The following is a detailed descr ip t ion  of the methods developed by me

and employed during the reporting period .

Measurement of internal viscosity of cell and organelle systems using ESR

• An appropriate amount of red blood cells (100 p1 of cells are re—

• quired per ESR run) are washed 3 times in 150 mM NaC I— 5 mM phosphate buffer ,

pH 8 (PBS). Each wash consists of a 3—fold dilution of the cells with PBS

followed by centrifugation at 2000 g for 5 minutes at 0°C and aspiration of

the supernatant. The cells are then suspended in the solution of interest

(i.e., pH, ionic strength) containing 80 mM K
3

Fe (CN) 6, and washed once

-
• again as above. 99 )11 of the cell suspension is placed in a 10 X 75 mm test

tube and 1 p1 of 100 mM TEMPANINE in water is added. The solution is

~aixed briefly, drawn into a 75 p1 capillary tube, and the ESR spectrum

measured. Typical spectrometer settings for these measurements are:

40 gauss sweep, 0.5 gauss modulation. Other settings are as required.

If the solution of cells or organelles .~ontains less than about

5% trapped volume (5 p1 in the total 100 p1 sample), the remaining ferricyan—

ide—broadened signal will begin to interfere with the ESR signal which

arises from the internal aqueous space of the cells. In this case, a sample

containing no organelles or cells (only 80 mM ferricyanide, 1 mM TEMPANINE)

is made up and is run directly after the sample containk~g the cells of

interest. The difference between these two signals is the actual spectrum

which contains the information about the internal viscosity of the cells.

This method can be performed by hand , but it is much easier to do with

a signal averag er , where one spectrum is subtracted from another. Extreme

stability of the spectrometer is required for meaningful measurements by this

• method.

Preparation of hemoglobin—free red blood cell ghosts

25 ml . of blood is washed as above, except that extreme care is taken

~

—
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to remove the buffy coat (white cells ) . I ml . of washed blood is suspended

in 34 ml. of 5 mM phosphat e buff er , pH 8 (5P8) and centrifuged at 30,000 g

for 15 minutes in the cold. The hemolyzed cells are at the bottom of the

tube and a red button of unlysed ceLls and residual white cells is aspirated

along with the supernatant. This procedure is repeated 3—4 times until the

supernatant is colorless and the cells are white. Gel electrophoresis has

shown that in ghosts prepared in this manner , hemoglobin contributes less than

1% to the remaining pro te in  (p r imar i ly  membrane p ro t e in) .

The cells are resealed by incubation in PBS at 37°C for 1 hour . At this

time, the cells appear to be sealed as determined by assaying for glyceralde—

hyde—3—phosphate dehydrogenase , an enzyme attached to the inner half of the

membrane. Inaccessability of this enzyme is indicative of “resealing”.

However , when the ghosts are assayed by ESR as described previously, only

a ferricyanide—broadened TEMPAMINE signal is obtained which indicates that

the cells are not yet sealed to ferricyanide. Incubation at 4°C overnight

then seals the cells to ferricyanide. Thus, “resealed” ghosts are only

resealed to ferricyanide , which has a molecular weight of about 200. Ex-

per imen ts are curre ntly underway to determine leakage of sodium and potas—

slum from these ‘cells by atomic absorption.

Label ing of or ganelle or cell membrane s with membra ne spin labels

An appropriate amount of 20 mM spin label in ethanol is added to the

bottom of a 10 x 75 mm test tube and the ethanol removed by vacuum . “An

appropriate amount” means that a ratio of one spin label per 50 membrane

phospholipids is maintained to prevent perturbation of the membrane by the

spin labels. Once the spin label solution is dry, 100 p1 of sample is

placed in the tube and the entire solution vortexed 10 times (5 sec . on—

5 sec. off) to exchange the spin label from the wall of the test tube into

the membrane of the cell under study. After this mixing process, 75 pl

of the membrane suspension are removed in a capillary tube, and the ESR J-~~ - - ----~~~-- —~~- - -  - ~~~— - - • •  -
a— -
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spect rum taken.

CONCLUSIONS

The conc lus ions  d e r i v e d  f rom research sponsored d u r i n g  t i le previcus

yea r a re:

I)  E lec t ron  sp in reson ance is a re l iab l e , r e p r o d u c i b l e , a n d r a p i d  way t

determine the internal viscosity of cells and organd Ies.

2) £he spin label—spin broadening system TF.MPAMINE—ferricvanide can be used

to determine the interna l viscosity of red blood cells ahd ghosts.

3) Viscosity data for the red blood cell and ghost show that hemoglobin is

the major protein associated with internal viscosity, but that membrane

proteins cause visible changes in internal viscosity in both ghosts and

intact cells.

4) TEMPAMINE—ferricyanide can be used to measure the internal viscosity of

chioroplasts, a metabolically active membrane system.

5) Chioroplasts have an interna l viscosity 15 tImes greater than bulk water

and this viscosity does not change significantly with temperature.

6) The viscosity of chioroplasts is probably due to membrane—bound proteins

which may exert considerable influence over water in the internal aqueous

space.

7) In complex membrane systems, the lipids of the membrane probably do

not influence water order within the cell or organelle system to any large

extent. However, in model systems, the order of water inside artificial

lipid vesicles is dependent upon the state of the lipid (whether the lipid is

in a liquid crystal or crystalline state).

8) Studies to determine the influence of chaotropic agents on enzymes of the

red blood cell membrane have shown that the membrane—bound enzyme acetyl—

choline esterase is strongly influenced by the state of water . Ions which

decrease water order tend to deactivate the enzyme; ions which increase water

order increase its activity. Similar studies on the enzyme giveeraldehy de— 
•
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3—phosphate  dehydrogenase have g iven  r e s u l t s  w h i c h  are not so c le a r .  Gel

elect rop ho resis of red cel l  membr anes  att acke d by t r y p s i n  in the presence

of chaotropic agents seems to be a bett er method of determ ining t h e influence

of these agents on the distribution of proteins within the p lane of the

membrane .

FURTHER DIRECTIONS

A r t i f i c i a l  lipid systems

Artificial lipid systems should be studied more closel y to determine

if size and lipid composition are major contributors to the internal viscosity

of the internal aqueous space of these vesicles. Trapp ing chaotroplc agents

within these vesicles should alter the water order within the vesicles and

may be used to study possible perturbations of potassium and sodium distri-

bution across these membranes.

Red blood cell membrane s

• Intact and ghosted red blood cells should be studied in the presence

of various chaotropic agents. The purpose of this experiment is to

• determine if information about the external water “structure” can be trans-

mitted across the red blood cell membrane. Subsequent digestion of the protein

or lipid regions of the membrane can be used to determine if proteins or

lipids alone contribute to this effect.

Medical application of ESR measurement of red blood cell internal viscosity

Experimental results described above have shown that the internal

• viscosity of the red blood cell is sensitive to osmotic pressure, p11, and

temperature. These conditions are variable in patients undergoing stress of

certain types. At an ONR—sponsored meeting In Houston, Texas this year, T.I.

Malinin impressed upon the conference the importance of being able to determine

whe ther pa tien tswe re or were not underg oing hemorrhagic shock. NNR studies

of muscle biopsies of rabbits subjected to hemorrhagic shock did not give

conclusive evidence that hemorrhagic shock would be recoginzed by this method .

L ~~~~~. ~~~~~~~~~~~~~~~~ • — _~~~~~~~~~~ •~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~
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Similar studies performed by electron spin resonance may be a valuable addition

to this study. The red blood cell is an excellent biopsy specimen because it

can be obtained easily and without damage. The sensitivity of the red blood

cell to environmental changes suggests that is could be used in the study of

hemorrhagic shock. The efficacy of the ESR method could be easily tested

using the rabbit model system described by Dr. Malinin. Further sutdies

may be warrented in this direction.
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FIGURE LEGENDS

Figure lA. Internal viscosity of red blood cells ( .)  and ghosts (o) as
a function of pH. The method is described in the body of this report.
All points were taken in triplicate. The point represents the mean of the
three measurements and the error bars represent the standard deviation of
the mean. If no error bars are present, the error was less than the
representative size of the point.

Figure 18. Rotational correlation time of 2N14 (* ) and 7Nl4 (o) in the
membrane of the red blood cell as a function of pH. The method is described
in the body of this report. Each point represents a single experiment.

Figure 2A. Internal viscosity of red blood cells (.) and ghosts (°) as
a function of osmotic strength. Remaining data as in Figure lA.

Figure 2B. Rotational correlation time of 2Nl4 (4) and 7Nl4 (6- ) in the
membrane of the red blood cell as a function of osmotic strength. Remaining
data as in Figure 18.

Figure 3A. Internal viscosity of red blood cells (.) and ghosts (a) as
a function of temperature. Remaining data as in Figure lÀ.

Figure 38. Rotational correlation time of 2N14 (
~ ) and 7N14 (~~ ) in the

membrane of the red blood cell as a function of temperature. Remaining
data as in Figure lB.

Figure 4. Internal viscosity of chioroplasts as a function of temperature.
Each point is the average of 3 to 5 trials.
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FIGURE 1
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FIGURE 2
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FIGURE 3
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USE OF THE SPI.~ LAB EL TE~~’A !I~;E FOR ~IE ASLR I~G THE INT E RNAL VISCOSITY

OF RED BL OOD CELLS

Philip D. lorse, II

Department of Biology, Wayne State University
Detroit, Michigan 48202

Sumrarv: A new spin label—spin broadening system to monitor the intracellular
viscosity of red blood cells in isotonic medium at biological pH is describ ed.
The spin label 2,2,6,6—tetramethyl plperidine—N—oxyl—4—a~ine (TE~F~

_
~I INE) and

the sp in bro adening agen t K3Fe(C N) A are used for this study. K3
Fe(CN)

6 does not
penetrate red blood cells and at 8ö mM completely broadens external aqueous

• 
• components of the TE~~ AMINE signal. Intracellular signal arising from TE~ ’ANINE

is proportional to red cell concentration (hematocrit). TE~~PA 1INE samples
the internal aqueous environment of red blood cells and in conjunction
with K~Fe ( CN)

6 it appears to be very useful for measuring changes which
occur In intracellular aqueous spaces.

Considerable interest has recently developed in the use of electron

spin resonance spec troscopy for measuring intracellular viscosity and

volume (1 — 4). The spin labels comonly used in these studies have been

TE~~ONE (2,2,6,6— tetramethyl piperidine—N—oxyl—4—one) and PCA (2,2,5,5—

tetramethyl pyrrolidine—N—oxyl—3—carboxylic acid). Nickel chloride has

- been used to broaden away the spin label signals arising from the external

aqueous region. However, three major difficulties have been persistently

associated with these nickel/spin label systems: 1) Nickel chloride

• • alone is about pH 3.5 and this low pH could cause membrane changes leading to

artifactual data; 2) Nickel can be sucessfully brought to pH 7 by chelating

it with Tris (tris— (iiydro xymethyl] aninormethane) (5), but other buffers , such

as phospha te, Tricine (N—tris— [hydroxymethyl] methyl glycir.e), and TES (N—tris—

(hy droxyr.ethyl] methyl—2—aminoethane sulfonic ~cid),  cause nickel to pre—

cip itate and the osmotic strength of this precipitated comp lex is hard to

_ _ _  
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control; 3) There is substantial partitioning of TE~1PONE into the hydropho bic

por tions of membranes which can obscure the s ignals ar ising from the internal

aqueous regions of cells. PCA overcomes the third difficulty, but also requires

nickel in some form as the broadening agent of choice.

I wish to report here a unique new spin label system which is not troubled

by the difficulties described above. The positively charged spin label TENPA~fINE

(2 ,2 , 6 ,6—tetremethyl—p iperidine—N—oxy l—4—amine) does not partition significantly

into membranes at biological pH and its signal can be broadened by potassium

ferricyanide which is very soluble in this pH range. I will show that ferricyanide

does not cross the membranes of red blood cells and that the remaining TEI~fi’AMINE

signal arises from an intracellular aqueous environment .

Materials and Methods
TEMP A~ffNE was synthesized according to Rosantsev (5). It can also be

purchased in relatively pure form from A.ldrich Chemical , St .  Louis. iC
3

Pe(CN)
6(MaUinckrodt) was AR grade. Red blood cells were obtained as ACD blood from

the Det roit Red Cross and used well before the expiration date. Red cells were
washed 3 times in phosphat e buffered saline (PBS , 0.15M NaC1, 5mM sodium phosphate
buffer, pH 7.5) and used immediately. ESR spectra were measured on a Varian E
lO9E spectrometer with temperature control. Hemoglobin spectra were measured
at visable wavelengths with a GCA—McPherson spectrophotometer or a Cary/Varian
U8C. Rotational correlation time (5) was calculated by the equation:

(Ih 11/2 •)
- kWo

where 17
0 

— midfield line width, h0 — midfield line height and h1 — high field line
height. The constant k takes into account the microwave frequency at which
the sample is irradiated and the magnetic anisotropy of the nitroxide moiety.
Absolute measurements of are dependent on the minimum linewidth from proton
interaction with the nitroxide and on the presence of other functional groups
on the label. In this paper I use r to compare relative changes in spin label
motion and the values obtained shoul~ not be construed as representing absolute
rotational correlation times.

RESULTS

Figure 1 shows the effect of ferricyanide concentration on the signal

height of 10 mM TEMPA2~fiNE in PBS alone (no ~e1ls). Signal height is reduced

to nearly zero (complete broadening) by 80mM 1c~3Fe(CN)6. At this concentration

K3Fe(CN)6 
is isosmolar with RBCs. The rotational correlation time of E~U’AMLNE

was not altered by K3
Fe(CN )

6.
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-~~~~~ -

L ~h$ L.

In order to determine if ferricyanide itself contributes to the spin

• label spectrum, a broad scan (1000 gauss) was taken comparing 10 mM TEMPAMINE

and 80 mM K
3

Fe(CN)
6 
(Figure 2A). The ferricyanide seems to produce a downward

deflection around the TENPANIME signal but this is clearly observed only when

the ferricyanide signal is considerably amplified over the TEMPAMINE signal. In

- 
• Figure 2B, a more conventional magnetic field sweep is used (40 gauss) and the

fe rricyanide is again compared to 10mM TEMPAMINE. The increase in signal

amplification of ferricyanide over TEMPANINE in Figure 2A is 31,250x ; in Figure

2B , l000x. Thus, ferricyanide does àot measurably interfere with any remaining

TEMPAMINE signal.

A spin label—broadening agent system can be used for measuring intracellular

viscosity only if the broadening agent remains outside the cell or membrane

sys tem under study. This was tested with the R.BC ’s by exposing them to 80mM

ferricyanide overnight at room temperature (18°C) . If ferricyanide penetrated

into the cells, the intracellular hemoglobin would be rapidly converted to

methemoglobin and the spectral features of hemoglobin between 500 and 600 urn

would be lost. Figure 3 compares spectra of hemoglobin obtained from red blood

cells before and after 24 hours of exposure at room temperature to 80mM K3FeCN6.

A slight iuethemoglobin peak is observed ar 630 urn after 24 hours, but this

represents an extremely small portion of the total hemoglobin. Although the -•

cells were carefully washed in PBS after ferricyanide treatment, a small amount

• - of ferricyanide may have been present during lysis of the cells. The data in Figure

3 represents an upper limit on the penetration of ferricyartide into intact red

blood cells.

It ii important to know that TEMPAMINE in the presence of K3Fe(CN) 6 is

LI 
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• in fact monitoring the aqueous intracellular region and not the membrane.

Because TEMPAMINE is charged at pH 7, it would not be expected to reside to any

significant degree in a hydrophobic region. The hyperfine coupling (A) of

TEMPANINE is sensitive to solvent polarity and has a value of 15.75 gauss in

water and 14.30 gauss in hexane. When the hyperfine coupling of TLMPAMINE

- 

- in red blood cells is measured, it is 15.50 gauss which indicates that TEMPAMINE

is sampling an aqueous environment within the cell. In addition, the dependence

of the amplitude of the TEMPANINE signal on cell concentration (hematocrit)

was studied (Figure 4). It is obvious that TEMPANINE signals increase pro—

• portionally as hernatocrit increases . A slight bend in the curve is noticed ~t

50% hematocri t and may be due to a change in red blood cell packing at higher

packing densities. The signal observed from 10mM TE~~ANINE alone (extrapolated

to 100% hematocrit) is larger than expected , but falls back to its expected

value when extracellular space and membrane volume are subtracted. The

values for the red blood cells at several different hematocrits were 1.84 ±

.03 x l0~~°sec. whereas the of bulk water was 4.62 x l0 Usec. This shows

that the average red blood cell interior hinders spin label rotation by a

factor of 3.98 +0.07 relative to bulk water.

CONCL.US IONS

It is interesting to note that the measured internal viscosity of red

blood cells is about 4 x that of water alone. This is surprisingly low when

the concentration of hemoglobin inside the red cell is considered ( 3mM or

30%) . Perhaps micro—domains exist in which the spin label can tumble rapidly .

• It is important to realize that viscosity as measured by spin labels is indeed

a microviscosity; the actual translation diffusion of spin label in water is

no more than 100 ~ du ring the life time of the excited state (lO 8sec., ref. 2)

and this distance decreases with the square root of the viscosity. This is

in contrast to ~~~ measurements of proton diffusion in cells which takes place
~~~~~
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over milliseconds with corresponding diffusion path lengths for water in the

range of microns .

The spin label system, TEMPANINE— ferricyanide, desc ribed in this paper offers

several advantages over other spin label systems. I) Ferricyanide can be easily

brought to pH 7 with a number of different buffer systems and is therefore

more compatible with biological systems. 2) F.rricyanide effectively broadens

TEMPAXINE signals at isosmotic concentrations (80mM). 3) TEMPAMINE is charged

and thus does not partition to any measurable degre. into the membrane. It is

also important to note that the remaining TEMPAMINE signal is essentially

proportional to RBC hematocrit up to 100% (calculated) , so that broadening of

the signal by oxygen bound to hemoglobin does not measurably reduce the spin

label signal.

TEMPANI NE with ferricyanide seems to be a useful spin label system for

measuring intracellular or intravesicular viscosity. Prel iminary experiments

have also monitored red blood cell ghost resealing by a decrease of spin label

signal as ferricyanide penetrates into the remaining unsealed ghosts. This spin

label system should be very useful for the study of the properties of the

intracellular aqueous compartments of biological systems.
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Figure 1. TEMPAMINE signal height remaining as a function of ferricyanide
concentration. TEMPAMINE was dissolved to a final concentration of 10 mM
in 5mM phosphate buffer, pH 7.5 and increasing concentrations of K3Fe(~N)6• were added. At 80mM K3Fe(CN)6, 

virtually all of the TEMPANINE aigna.j is
abolished.

Figure 2. Overlapping ESR spectra of K3Fe(CN)6 
and TEMPANINE. Each figure

is composed of two separate scans. Figure 2A shows the ESR signal 80mM
K3F e ( CN) . TEMPAMINE at 10 mM is used to show the relative scale. The
gain of ~he K3Fe(CN) 6 over that of the TEMPAMINE is 31,250. Figure 2B
shows a similar comparison. The gain of the K3Fe(CN) 6 scan over that of
the TEMPAMINE is 1000 in this case.

Figure 3. Visible wavelength scan gf hemoglobin before and after 24 hour
treatment with 80mM K1Fe(CN) 6 at 18 C. A slight inethemoglobin peak is seen
at 630 urn after K3Fe(C~N) 6 treatment . This indicates a very slight penetration
of E3P.(cN) 6 into the aqueous interior of the red blood cell.

Figure 4. Int racellular TEMPAMINE signal as a function of red blood cell
hernatocrit. The amount ol signal present was calculated by the area under
the low field line, A — W1h1.
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