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Abs t rac t :  The ed ge spectrum is a sensi t ive  probe of local

chemistry . Each chemica l environmen t measured here gives a

unique edge spectrum. Hydrated potassium also has a unique

spectrum which is insensitive to counterions. Comparing spectra

we find that the chemical state of potassium in cells differs

appreciably from that in aqueous sOlutions.
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Huang - Page 3

Diffusible ions play an important role in resting and

action poten tials , bioencrgetics and other cellular functions . It

is therefore of interest to determine their chemical state in the

cell. The central issue of past investigations on this subject

has been the question of whether or not the majority of intra-

cellular diffusible ions exists in a state of dilute solution (1 ,2).

Intrac ellular ion s are call ed “ fr ee ” if their chemical state is

similar to that in a water solution at equivalent ionic strengths;

otherwise they are regarded as “bound. ” The chemical potentials

of “f r ee ” and “bound” ions are expected to be d i f f e r en t . Conse-

quen tly, the thermodynamics of cel lular  funct ions  depends on the

chemi cal sta te of diffu sibl e ion s ( 3 ) .

The me thods used in the past invest i gat ions include electron

microscopy , el ec tron probe microana lysi s, ion-selective micro -

electrodes , ion influx and efflux measurements and nuclear

magnetic resonance (1,2,4). In a recent review Edzes and

Berendsen (1) con cluded that the diffusi b le ion s in cell s are

essentially free. Because the living cell is a heterogeneous

system and because the molecular structures within a cell are not

known in detail , interpretations of data are not always straight-

• forward. Nonetheless we were surprised by our experimental finding

that the X-ray absorption -edge fine structure of potassium in frog

-, blood cells is qualitatively differen t from tha t of free potassium

in solution. The deviation seems to indicate tha t the poLis~~ium

I! _________ .—— -- —--—.— — —.- — -— -. .‘
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Huang - Page 4

ions are appreciably influenced by i nt r a c e llu l a r  ItIolecul es

other than water . At this point, however , due to the lack of

quantitative knowledge about this “unfree ’ nature (other than

g iving rise to an absorption-edge f ine  s t ruc ture  subs tan t ial ly

different from a free ion) we are not able to estimate the ratio

of bound to fr ee ions , if there arc indeed simply two such phases.

The importance of our f i nd ing  stems from the fact  tha t the

near-edge s t ruc tu re  is a direct measurement  of the a tomic state of

the absorbing element.  The spectrum near  an absorption edge

represents  the e lect ronic  excited s ta tes  of the absorbing a tom

under the inf luence  of i ts nei ghbors .  We have s tudied the excited

sta tes of the K-shell electron from potassium in various chemical

• environments  including po tassium compounds in solid form , po tassium-

ionop hore complexes in solutions , solut ions of sal ts  of p otassium

as well  as f rog blood cel ls .  As ide f rein the blood cells , the

samples were chosen w i th  the knowled qe tha t the neares t  neighbor

shells  of the potassium are compo sed of oxy gen in each case. The

X-ray transmission spectroscopy experiments were performed at the

Stanford Synchrotron Radiation Laboratory (SSRL), using the

facility of EX~FS Beamline II. The monochromatized inciden t X-ray

beam , off  a ma tched pair of Si (lll) crys tals , had a resolu tion of

about 1.5 ev. The intensity of the incident beam , 1
0 , and the

transmitted beam , I, were measured with ion chambers. We used a
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mixture of Ho and N2 in the I chamber and pure N
2 

in the I chamber.

Helium pathways were used to eliminate the X-ray absorption by air.

Liquid samples were examined using a specially designed holder (5)

in which the liquid sample thickness was adjustable and the X-ray

beam passed through a total thickness of about 2 mils (0.002”)

of polyethylene. The absorption-edge f i n e  s t ruc ture s  of po tassium

in frog blood cell s and in the abov e men tioned sampl es are ex-

pressed in I
a/I in Fig. 1 in the range of pho ton energy from

3594 cv to 3650 cv (6) (the K-edge of potassium is at 3607 ev)

Since oxygen is e l ec t ronegat i ve , the oxygen nearest nei ghbor

she ll presents  a po tent ia l  barr ier  tc the ejected pho toelectron

in the absorption process. We expect the pro-ed ge st r u c t u r e  to

be dependent not only on the radius o~ the oxy~~en shell  but  also

~n the charge d i s t r i bu t io n  i n  the n h - ~) 1. On the o the r h and ,

because of the first-shell barrier , the pra-edge structure should

be r~ 1atively insensitive to the c h em i s try  beyond the f i r s t - s h e l l

a toms . Thus the pre -ed ge s t r u ct u r e  is •~ sefl~ .it±ve probe of local

chemistry . Figures 1A to 11 demonstra te  th is  s e n s i t i vi t y  in a

sequence of oxygen environments wi th varying degrees of structura l

flexibility , ranging from a rigid crystalline arrangement (1A) to

much more fluid hydration shells (1G-lI) . Between these two ex-

tremes are the oxygen cages of ionop hu rcs ( lB - lF) . Since for

each sample the spectrum is a statisti’:-4 average (at room

_ _  
_ _ _ _ _ _  — — -I:
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temperature) , the most regular  and r ig id  shell  ( c rys tal )  gives the

sharpest spectrum as one would expect . On the other hand , the

hydration shells have the least regular  and rigid struc ture , and

consequently give rise to the most smeared spectrum: a largely

featureless peak except for a shoulder at —3610 cv. Among the

ionophores , cryptate has the most rigid oxygen cage , so here the

spectra of crystal (lB) and solution (1C) are nearly the same.

Compared to cryptate, 18-crown-6 has a relatively open or flat

structure with the K+ more exposed to solven t and this situation

seems to broaden the main peak (at 36l7 cv). Valiriomycin has an

approximately octahedral oxygen cage , thereby approximately pre-

serving the ~L = ± 1 selection rule  and yie lding a d is t inguishable

4p peak (7). In addition valinomycin is a much more deformable

or flexible molecule compared with crypta te and Lherefore the K+

environment (oxygen cage) is much more susceptible to perturbation

through the nature of the surrounding solution . This is seen in

the d i f fe rence  be tween the spectra 1E and iF . Indeed , the f ree

energ ies of binding K~ differ between these two samples by

j 3.45xl0 ev (not including the difference due to the solubili-

½ tios of K in ethanol and methanol (8)).

Having studied the general properties of the near edge

spec tra , we now examin e the frog blood cells and aqueous solu tions

more closely. The 0.2M solution (Fig . 11) was pr epared to roughly

-
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simulate the important diffusible ions in cells. T h e  difference

in slope prior to the edge , especially noticeable in 11 and lJ ,

is due to the enhanced absorption of the non-po ta ss ium part  of the

solution (background) compared with the potassium contribution .

In fact the slight difference between 11 and 1G or ill in the  peak

region and in the relative height of the shoulder compared to that

of the peak is mainly due to this difference in background . Thus

Figs. lG , ill and ii provide us with a measure of the uniqueness of

the purely aqueous environment. The near edge spect:um of the

hy dr at ed  potassium is insensitive to both counterion and potassium

concentration .

IL is this uniqueness which makes it meaningful to compare

the spectrum of cells with that of the aqueous solution . Figure 2

shows magnified spectra in the peak region , 3608 cv to 3626 cv . In

the blood sample , greater than 95% of the potassium ions are intra-

cellular. The intracellular po tas s ium concentration i~-~ between

0.1M and 0.2M . Tti~ spectrum 2A is the peak region of 1J. The

measu~:ing time for each data ,point on 1J was 10 ~ ;~~~
- ‘ . Figures 211

and 2C are the same spectrum with better statistics , i.e., 30 sec

per point and 50 sec per point  respectively . One can see that

certain features of the potassium spectrum of blood cells are not

st a t i s t i ca l  f l u c t u a t i o n s , and they are qualitatively different

from the “f ree ’ pot assium a t  a s iini l  •ir concen t ra t ion , 2!). In
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particular the height of the low energy peak at ....36l0 ev relative

to the broad second peak is quite different between the two . The

broad peak of the blood cells is shifted to lower energy and is

broader ind ica t ir . :j p erh ar is  a greater  range of he te rogenei ty  of

env i ronmen t  than  in Ii~ 0. Because each environment  we have

examined appears f a i r l y  uni que and quite distinguishable we are

led to conclude that the differences represented in Fig. 2 are

appreciable and rather characteristic of the complex binding of

in these frog blood cells. For potassium , the cell cannot be

regarded as an aqueous solution.
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Fi gure  Cap Lions

Fi g. 1 Absorption edge fine structure of po tassiums I / I  ( in

arbitrary units) v~ . photon energy (cv) . 1A . crystalline

KTaO 3. For the rest of the samples , the counterion of

is acetate ion , unless specified otherwise. lB. crystal-

l ine  K+~ crypt~1te comp lex . 1C . 2M (2  i~1o1ar) K~ -cryptate

comp lex in aceton e. 11) . 21’! K
+
~ 18 crown 6 complex in

e thano l .  1E. 0. 4 M K+~ valin omy cin comp lex in ethanol.

II’. 0. 4 M K+
~ va l i .n omy c in  complex in methanol. 1G. 2t4

po tassium acetate (KAC) in w a L e r . 111. 2t~ XCI in water .

11. 0.2M aqueous solution (75% KC1 , 15% KH
2
P04.

(15/2)% K 211 P0 1) . 1J. blood cells of leopard frog

(r an a  p i p iens  pipions , SchrcLcr) . In all of these dis-

plays the vertical scale has been zero offset for clarity

and the absolute value varies considerably f r om A to J.

It is simply the relative edge structure t ha t  is of interest .

Fig. 2 The peak regions ot the absorp tion edge fine structures.

2A is the peak r~~ ion of Fig. IJ , where the m e a s u r i n g  time

per data point  was lU sec. 213 and 2C arc the same spec-

trum with better statistics , i.e., 30 ~ec per data p oin t

and 50 sec per da Le point respectively. 2D is the peak

region of Fi.g. 11.
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