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Summary. In the presence of an intestinal unstirred water layer, the relationship 
between substrate concentration (C1) and unidirectional flux (Je) is not described by the 
equation for a rectangular hyperbole. Accordingly, transformations of the Michaelis- 
Menten equation may not necessarily be linear and may lead to serious errors in the 
estimation of the affinity constant (Kin) and maximal transport rate (J~') of carrier- 
mediated processes. An equation has previously been derived which described Jd under 
conditions of varying effective thickness or surface area of the unstirred water layer, the 
free diffusion coefficient of the probe molecule, and the distribution of transport sites 
along the villus. These theoretical curves have been analyzed by using the Eadie-Hofstee 
transformation (Jd vs. J jC1)  of the Michaelis-Menten equation. Use of this plot leads to 
serious discrepancies between the true and apparent affinity constants and between true 
and apparent maximal transport rates. These differences are further magnified by failure 
to correct for the contribution of passive permeation. The Eadie-Hofstee plot is of use, 
however, to infer certain qualitative characteristics of active transport processes, such as 
the variation in affinity constants and overlying resistance of the unstirred water layer at 
different sites along the villus and to predict the adequacy of the correction for the 
contribution of passive permeation. 

Experimental data of intestinal transport are often analyzed with a 
view of determining firstly whether they conform to Michaelis-Menten 
kinetics, and secondly what values may be obtained for the kinetic 
constants. I wish to consider graphical means by which it is possible to 
determine the maximal transport rate, J~', and the affinity constant, Km. 
This error is derived from two major considerations, failure to correct for 
the effect of the unstirred water layer and failure to correct for the 
contribution of the passive component which proceeds concurrently with 
carrier-mediated absorption. Since the equations describing active or 
carrier-mediated transport in the presence of significant unstirred layer 
resistance do not take the form of a rectangular hyperbole [15], it is 
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incorrect to apply the Lineweaver-Burk plot to estimate the values of K m 
and J~'. For the same reasons there may be limitations in the use of the 
Eadie-Hofstee derivation of the Michaelis-Menten equation. The effec- 
tive resistance of the intestinal unstirred water layer is determined by the 
thickness and surface area of the unstirred layer, as well as by the free 
diffusion coefficient of the probe'molecule [17, 12]. This resistance may 
be of sufficient magnitude to distort the linear relationship which would 
otherwise prevail when using the Eadie-Hofstee transformation 1 of the 
Michaelis-Menten equation. 

Since it is the concentration of the substrate at the aqueous-membrane 
interface which determines the rate of uptake and since this value may 
differ significantly from the bulk phase concentration [12], then it is 
likely that the Eadie-Hofstee plot is not linear in the presence of 
unstirred layer resistance of the magnitude observed in the intestine. 

On the other hand, the nature of the deviation from linearity may 
provide a theoretical basis for the formulation of certain possible qualita- 
tive characteristics of the transport process. For example, the distribution 
of the transport sites along the villus might produce a different qualita- 
tive relationship when the sites are located primarily near the tip of the 
villus, rather than when distributed evenly from villus tip to crypt. 
Accordingly, the present study was undertaken to determine the limi- 
tations of the Eadie-Hofstee derivation of the Michaelis-Menten equa- 
tion in the estimation of the kinetic constants of intestinal carrier- 
mediated transport in the presence of an unstirred water layer; and 
secondly, to establish whether this plot might provide further insight into 
the nature of the intestinal transport process itself. 

Method 

If the effect of the unstirred water layer is negligible, and if the appropriate 
correction for the contribution of diffusion to the total measured values of unidirectional 
flux has been made, then carrier-mediated transport may be described by an equation for 
a rectangular hyperbole 

J JmC2 (1) 
C2+Km 

where J is the rate of unidirectional flux, jm is the maximal transport rate, C 2 is the 
concentration of the probe molecule at the brush border membrane, and K m is the true 

1 The rate of uptake Ja is plotted against the rate of uptake divided by the 
concentration of the substrate C 1 in the bulk phase (Jd vs. Je/C1). 
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affinity constant of the carrier. While many previous studies of intestinal transport have 
described a curvilinear relationship between substrate concentration and absorption, a 
plateau is rarely achieved, and it may accordingly be difficult to accurately assess jm and 
therefore Km. To overcome this difficulty, Eq.(1) is often rearranged to conform to a 
straight line. There are three possible linear transformations of this equation, each of 
which has its own limitations and errors. The use of the Lineweaver-Burk double 
reciprocal plot may be associated with errors in the estimation of the maximal transport 
rate and the affinity constant [15]. This presentation will consider the Eadie-Hofstee 
transformation of the Michaelis-Menten equation. Equation (1) may be written in a 
linear form by multiplying by (C 2 +K,,) and rearranging 

j = j m  J 'Km 
C2 (2) 

Since jm and K m are constant for a given process, J is proport ional  to J/C 2 and the 
relationship between J vs. J / C  2 is linear, with a slope of - K m  and a y-axis intercept of 
jm The K m c a n  be derived from the slope (-Kin);  alternatively K m can be calculated 
from the value of the x-axis intercept J/C2, in which case J" is substituted for J and K m 
is solved. It is apparent from this consideration, however, that any error in the estimate of 
either K,~ or J]' will significantly influence the estimate of the magnitude of the other. 

The concentration term in Eq. (2), Ce, is the concentration of the probe molecule at 
the aqueous membrane interface. As a result of the effective resistance of the unstirred 
water layer [12], this value is equal to or less than the concentration of the probe 
molecule in the bulk phase, as given in Eq. 3 

C 2 = C 1 -J(d/D) .  (3) 

In addition, Eq. (2) cannot be utilized for intestinal transport work since the units of the 
flux term, J in this formulation must be mass time-1, unit surface area-1 and, further- 
more, the surface area of the unstirred layer must equal that of the underlying membrane. 
Because of the complexity of the intestinal mucosa with both villi and microvilli, uptake 
rates are commonly normalized to some parameter such as dry wt of tissue that is 
assumed to bear a constant relationship to the surface area of the functional membrane 
through which active transport occurs. We have designated such experimentally de- 
termined flux rates as Jd and normalized them to 100mg dry wt of intestine so that our 
observed rates of active solute transport have the units nmol/100mg-1, min-1 [5, 9, 12, 
14]. In order to correct for unstirred layer resistance, it is necessary to know the effective 
surface area of the diffusion barrier through which the observed flux of solute, Jd took 
place. We have designated this term S w and it has the units cm 2. 100 m g - 1  Thus J j S  w 
equals J, J'~/S., equals jm and C 2 equals C 1 -Jd(d/SwD). 

A new equation has previously been derived to describe the relationship between the 
experimentally determined unidirectional flux rate Jd and the concentration of the probe 
molecule in the bulk phase, C1, in the presence of varying effective thickness d and 
surface area S,~ of the unstirred layer, for a probe molecule with a diffusion coefficient D, 
for a carrier with a maximal transport rate J~' and true Michaelis affinity constant of Kin, 
with the proportion of the maximal transport occurring at an n-th villus site designated 
as fn [10]. This equation is 

(Sw~ [cl +K:o+ f~ d~ J~ = (0.5)(D) 
\ d" ] L Sw".D 

(4) 
d n m 2 n ,~ . f .  -J~ 

- V (CI + Km + S ~ Z D  ) - 4 Cl ( f " " d " Jd ~ 7 7 ~ - !  ] " 
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Note that the +sign has been dropped [11], as this would imply a negative value for the 
solute concentration at the membrane. 

A series of curves was then produced by substituting biologically relevant values for 
each of the variables in Eq.(4). These values of Je at different values of C 1 were then 
plotted according to the Eadie-Hofstee derivation of the Michaelis-Menten equation. In 
this manner it is possible to illustrate the way in which variation in each variable 
influences the estimate of the magnitude of the kinetic constants K m and J~' from the plot 
of Jd VS. Ja/C1. 

For many probe molecules active and passive transport proceed concurrently. The 
contribution of passive permeation is given by the product PC2 where P is the passive 
permeability coefficient and C 2 is the concentration of the probe molecule at the 
aqueous-membrane interface. In the presence of an unstirred water layer the uptake of Jd 
due to passive permeation [10] is given by 

P -  J~/S,,, 
J~. d ' (5) 

C 1 - - -  
DS w 

Thus the total experimentally demonstrated uptake, Ja, for given values of C 1, d, Sw, d, D, 
K m and J2', can be calculated by Eqs. (4) and (5). 

Results 

1. Varying the Effective Resistance o f  the Unstirred Water Layer 

W h e n  the effective resistance of the unst i rred layer is zero, there is a 

linear relat ionship between Ja and Ja/C1 (Fig. 1, CurveA).  In this exam- 

ple, the slope is - 1 ,  which represents the assigned value of  the K m of 

1 mM. As the resistance of the unst i r red layer is increased, the re- 

la t ionship between Je vs. Ja/C1 deviates f rom the ideal l inear relationship.  

The curvil ineari ty is p roduced  regardless of the manne r  by which the 

magn i tude  of the resistance of  the unst i rred layer is increased: by  

increasing the effective thickness of the unst i rred layer, by decreasing the 

effective surface area of the unst i r red layer, or by decreasing the value of 

free diffusion coefficient. Since this re lat ionship is curvil inear over a wide 

range of  values of Ja/C1, and  therefore of C1, it is not  possible to identify 

a l inear por t ion  fi'om which ext rapola t ion  of the y-axis would  be 

possible. Therefore,  this plot  has little use in the identif icat ion of the 

maximal  t ranspor t  rate even when the resistance of the unst i r red layer is 

low. 
Using the Eadie-Hofstee  plot, the magn i tude  of the Michaelis  con- 

s tant  K m is normal ly  derived from the slope of Jd VS. Ja/C1. Clearly this is 

no t  possible in the presence of an unst i rred layer because of the curvilin- 
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earity of the relationship (Fig. 1). When the resistance of the unstirred 
layer is zero, Jd= 1/2J 2' when C2=K m. As the resistance is varied, J~ 
= 1/2J 2' when Jd/C1 approaches Je/K m. Thus an estimate of the magni- 
tude of the deviation of the apparent affinity constant K* from the true 
Michaelis constant K m can be approximated from the difference between 
the value of (Ja/C~) at Je= 1/2J 2' when the effective resistance of the 
unstirred layer is zero, compared with the corresponding value of (Je/C~) 
at different magnitudes of unstirred layer resistance. These values of 
(JjC1)-(JJC1)* are derived from Fig. 1 and are shown in Fig. 2 as a 
function of the effective resistance of the unstirred layer. It must be 
stressed that since the relationship between Jd vs. JJC~ is linear only 
under the special condition of zero unstirred layer resistance (curveA), 
the K,, cannot be estimated from this plot when UWL resistance is 
greater than zero. For this reason, the K* of curves B to H, Fig. 1, cannot 
be determined. The value (JJC1)-(Je/C1)* at JJ2 simply reflects the 
deviation of the value of Jd/C~ for curves B to H at J2'/2 from the value 
of JJC 1 for zero UWL resistance, and as such indirectly reflects the 
deviation between the true and apparent values of the Michaelis con- 
stant. When the resistance approaches zero (curve A), K* equals K,, and 
the value of K,, can accurately be determined from the slope of the 
relationship between Je vs. Jd/C~. With increasing values of unstirred 
layer resistance the deviation between (JJC1) and (JJC1)* increases 
markedly. For a given change in the value of the resistance, the deviation 
is greater for lower rather than for higher magnitude of resistance. Thus, 
it would be anticipated that the experimental demonstration of vari- 
ations in K* under conditions selected to yield different values of 
unstirred layer resistance would be easier to demonstrate when the 
resistance was initially relatively low, rather than high. The failure of a 
given experimental manipulation to produce a change in K,* may be due 
to the presence of a very high unstirred layer resistance: the manipu- 
lation may have greatly reduced the resistance, but its magnitude may 
have remained sufficiently large so as to obscure the demonstration of 
changes in the apparent affinity constant K* 

g t l  " 

2. Varying the True Michaelis Constant, K m 

The theoretical relationship between Ja and Je/C1 in the presence of 
an unstirred layer of zero resistance is shown by the dotted line in Fig. 3. 
When the resistance of the unstirred layer is low, the K* approaches Kin; 
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Fig. 1. Estimation of affinity constant (Kin) and maximal transport rate (J~') from the 
relationship between Jd vs. JjC1, derived from the Michaelis-Menten equation. J~ is the 
unidirectional flux rate, and C 1 is the concentration of the probe molecule in the bulk 
phase. Extrapolation of this linear relationship to the y-axis gives the value of the 
maximal transport rate, J2', and extrapolation to the x-axis gives the value J2'/Km, where 
K,, is the true Michaelis affinity constant. The slope has the negative value of Kin(-  Kin). 
The dotted line in this figure represents the relationship between Je and Jd/C~ when the 
effective resistance of the unstirred water layer is zero. This diagram illustrates the 
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for a given value of unstirred water resistance, there is less deviation 
between K m and K* when K m is large than when small (Fig. 3A). In 

contrast, when the resistance of the unstirred layer is large, there is a 
greater deviation between K~ and K* when K m is larger. 

3. Varying the Maximal Transport Rate, Jj' 

The theoretical relationship between Je and Je/C 1 in the presence of 

an unstirred layer of zero resistance is shown by the dotted line in Fig. 4. 
When the resistance of the unstirred layer is low, there is less deviation 

between K,, and K* when J2' is low (Fig. 4A, Curves C and D), than 

when high (Curves A and B). When the resistance of the unstirred layer is 

high, there is gross deviation of the relationship between Je vs. J j C  1 from 
linearity, and no approximation of J~' or K m is possible (Fig. 4B). 

4. Varying the Distribution of Transport Sites 
along the l/ilIus, f= 

In the calculations thus far, the characteristics of the carrier have 
been assumed to be similar at each location along the villus and the 
resistance of the unstirred layer has been assumed to be similar at each 

locus. However,  there is no experimental justification for this concept. 

Indeed, it is possible that the transport  characteristics of the crypt cells 
differ from those near the villus tip. Therefore, the villus was arbitrarily 

divided into ten equal segments, and the characteristics of transport  at 

each n site is varied, (Fig. 5); thus the rate of uptake and the dimensions 

of the unstirred water layer appropriate for the transport  sites present in 
the ten equal segments have been designated as J "  " a, Sw, and d m, re- 
spectively. When the resistance of the unstirred layer is low, there is little 

manner in which the kinetics of carrier-mediated intestinal transport are altered by 
changes in the effective resistance of the unstirred water UWL layer from 3.3 to 
166.7 min. 100mg. cm-3; the different values for the resistance were obtained by chang- 
ing the effective thickness of the UWL d from 1 x 10 .2 to 10 • 10-2cm, by varying the 
effective surface area of the UWL S,, from 1 to 10cm 3. 100rag t, and by altering the free 
diffusion coefficient of the probe molecule D from 10 x 10- s to 50 x 10- s cm 2 min- 1. In 
these calculations J_2' was 100nmol. 100 mg-1. min-1, and K~ was 1 mM. These assigned 
values for J2', Kin, d, Sw, D were substituted into a newly derived equation describing 

intestinal carrier-mediated transport in the presence of an unstirred water layer [-2] 
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Fig. 2. Theoretical relationship between the effective resistance of the intestinal unstirred 
water layer (UWL) and the deviation between Jd/C1, when the resistance of the unstirred 
layer was zero, from the value of Ja/C1 at J2'/2 at different values of unstirred layer 
resistance. The effective resistance of the U W L  was varied by altering the values of each 
variable (d, S w and D), as described in the footnotes of Fig. 1. The K m is estimated from 
the slope of the relationship between Ja vs. Ja/C1. Thus, when Jd =J2'/2, Ja/C1 =JjK,,.  
For  example, in this diagram, J~"= 100 nmol .  100mg-1 �9 min 1, Ja at J2'/2 is 50nmoles �9 
100mg -1 . rain -1. When the resistance of the U W L  was zero, the value of J jC  1 at Jd 
= 5 0 n m o l  . 100rag -1 �9 min -1 was 50nmol  . 100rag -~ ra in- i / raM; therefore the 
negative value of the slope was 1 mM, the assigned value of the true Michaelis constant. 
The value of Ja/C~ at Ja=J~"/2 was arbitrarily chosen, and the deviation between the 
value of Jd/C1 at J2/2 at zero U W L  resistance and Ja/C~ at J~n/2 at the varying U W L  
resistances was plotted as a function of d/S w.D, the effective resistance of the UWL. 
Similar curves were obtained when different values of Ja were arbitrarily chosen, e.g., 
J2'/3, J2'/4, etc. As an additional example, when the resistance of the U W L  was 55.6 rain �9 
100rag �9 cm -3  (Fig. 1, curve 6), Je/C~ at J2'/2 for U W L  resistance of 55.6min - 100mg �9 
cm 3 was 5 0 - 1 3 = 3 7 n m o l e s  �9 100mg -~ . min-1/mM. This value was then plotted as a 
function of diS w.D. Note  that initially small increases in the effective resistance of the 
U W L  were associated with marked increases in the magnitude of the difference between 
the values of J~/C~ for zero unstirred layer resistance and the value of Je/C1 for curves 
drawn in the presence of an unstirred layer; but as the value of the U W L  resistance 
increased further, there was relatively less change in the deviation between Ja/C~ at zero 
U W L  resistance, and Ja/C~ at high values of resistance. In addition, half of the maximum 
deviation was achieved at an U W L  resistance of only 20 min �9 100 mg - c m - 3  It must be 
further stressed that, since the relationship between Ja vs. Ja/C~ was curvilinear except 
under the special circumstance when U W L  resistance was zero (Fig. 1), the multi tude of 
K*'s could not be accurately assessed from the relationship between Ja vs. Ja/C~ in the 
presence of an unstirred water layer. The value (JjCO-(Jd/C:)* is not  equal to K m -Kin*, 
though it is related to it, and in this figure the value (Ja/C~)-(JjC~)* simply reflects the 
deviation of curves B to H in Fig. 1 from the value ofJa/C ~ at J2'/2 when U W L  resistance 

is zero, as in curve A 
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Fig. 3. Theoretical effect of varying the K,, on the K* (apparent affinity constant) and the 
J~"* (apparent maximal transport rate), estimated from the relationship between Jd vs. 
JjC~. This diagram illustrates the manner in which transport kinetics are altered by 
changes in the K m of the transport carrier from I to 20mM under condiitons where the 
resistance offered by the UWL was neither low or high. In these calculations J2 was 
100 nmol 100 mg-  1 . rain- 1 and D was 30 x 10- 5 cm 2 min- 1. The dashed lines represent 
the relationship between Ja and JjC~ when the effective resistance of the UWL was zero. 
In panel B only one dashed line is drawn: the scale of the x-axis in panel B is much less 
than in panel A, and the 3 separate dashed lines for K,, = 1.0 mM, K,, = 5.0 mM, and K m 
=20.0'mM very closely approximate the single line, as shown. When the effective 
resistance of the UWL was low (Panel A, 3.3 min. 100 m g -  cm-3), there was a close 
similarity between the true (K,~) and apparent (K*) affinity constants, and the discrepancy 
between K m and K* was smaller when K m w a s  high (20 or 5 mM) than low (2 mM). When 
the effective resistance of the UWL was high (Panel B, 166.7 rain - 100mg. cm-3), there 
was a curvilinear relationship between Je and JJCI; also note that there was a gross 
discrepancy between K m and K* and between J~ and J2'*, both when K,, was low and 

high 

d i f ference  in the  E a d i e - H o f s t e e  p l o t  (Fig. 6A) w h e n  a l l  t r a n s p o r t  o c c u r s  at  

o n e  s e g m e n t  ( s  C u r v e  A), as c o m p a r e d  wi th  7 0 ~  o f  the  to ta l  

m a x i m a l  t r a n s p o r t  o c c u r r i n g  at  the  first s e g m e n t  ( n =  1), 20 ~o f r o m  the 

s e c o n d  s e g m e n t  ( n = 2 ) ,  a n d  1 0 ~ ,  the  r e m a i n i n g ,  f r o m  the  t h i rd  s e g m e n t  

( n = 3 ) ,  as is s h o w n  in C u r v e B .  T h e  l ine o f  f , = 0 . 5 ,  0.2, a n d  0 . 1 x 3  

a p p r o a c h e s  the  idea l  l ine even  m o r e  c lose ly  ( C u r v e  C), a n d  the  d i sc rep-  
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Fig.4. Theoretical effect of varying the J~" on K* and J2'* estimated from the 
relationship between Jd vs. Jd/C1. This diagram illustrates the manner in which the 
apparent Michaelis constant and the apparent maximal transport rate are altered by 
changes in J~" from 10 to 100nmol - 100rag 1 . m i n - t  under conditions where the 
resistance offered by the UWL was either low (3.3 . rain . 100rag �9 cm -3) or high 
(166.7 min �9 100 mg. cm- 3). In these calculations, K,, was 1 mM and D was 30 x 10- 5 cm 2 
�9 min-t .  The dashed lines represent the relationship between J~ and Je/C 1 when the 
effective resistance of the UWL was zero. In panel B only, 1 dashed line is drawn; the 
scale of the x-axis in panel B is much less than in panel A, and the separate dashed lines 
for J~' = 100, 70, 50 and 20 very closely approximate the single line, as drawn. When the 
resistance of the UWL was low (panel A), there was only a small discrepancy between K,,, 
and K*, and this difference became less as the value of J~' declined. Similarly the 
discrepancy between J2'* and J~ was less for lower than for higher values of J~ (curves C 
and D, as contrasted with curves A and B). When the resistance of the UWL was high 
(panel B), there was a gross discrepancy between K,, and K*, and J}" could not be 

estimated due to the curvilinear relationship between Jd and Jd/C~ 

a n c y  b e t w e e n  K, ,  a n d  K *  increases  f u r t he r  (Curve  D) w h e n  the  t r a n s p o r t  

sites a re  even ly  d i s t r i b u t e d  a l o n g  the  vil lus ( s  x 10). W h e n  the  

r e s i s t ance  o f  the  u n s t i r r e d  l aye r  is h i g h  (Fig. 6B), the re  is a cu rv i l i nea r  

r e l a t i onsh ip  b e t w e e n  Je a n d  Jd/C1, a n d  o n c e  a g a i n  ne i t he r  J~" n o r  K, ,  can  

be  e s t i m a t e d  wi th  a n y  deg ree  o f  conf idence ,  r ega rd less  o f  the  d i s t r i b u t i o n  

o f  the  t r a n s p o r t  sites a l o n g  the  villus. 
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Fig. 5. Diagrammatic representation of the major barriers to active transport at different 
sites along the villus. The unstirred water layer can be assigned values for an effective 
thickness (d) and an effective surface are (Sw) so that the resistance of this layer to 
molecular diffusion is related to the ratio of d/SwD. It is likely that the resistance of the 
unstirred water layer varies over transport sites present at different locations along the 
villus, For the mathematical presentation of this problem the villus was arbitrarily divided 
into 10 segments of equal height, and the rate of uptake and the dimensions of the 
unstirred water layer appropriate for the transport sites at each of these levels have been 

designated as J~', S~, and d m, respectively 

It has been shown exper imental ly  that  there is a "superf ic ia l"  as well 

as a " d e e p "  intestinal  unst i rred water  layer [12]. W h e n  the effective 

resistance of  the unst i r red layer over each n site is increased, the 

ant ic ipated result previously shown in Fig. 1 is observed; the relat ionship 
between Je vs. Jd/C1 becomes progressively more  curvil inear and  deviates 

marked ly  f rom the ideal l inear relat ionship.  This holds true for a variety 

of combina t ions  of t ranspor t  sites, f rom f , =  1.0 to s  x 10. In sharp 

contrast ,  if the Michaelis  cons tant  varies at each site along the villus, and 

if the effective resistance of the unst i rred layer over each n segment  of the 

villus also varies, then the re la t ionship between Je vs. Jd/C~ m a y  be near- 

linear, curvil inear downwards  or curvil inear upwards  (Fig. 7A-C).  

Whereas  m a n y  combina t ions  of  condi t ions  will permit  the demons t ra t ion  

of a dow nwa rd  curvil inear re la t ionship (Figs. 1 and  3-5), the only circum- 
stance under  which this re lat ionship becomes curvil inear upwards  is 

when the t ranspor t  sites are not  concent ra ted  at one site ( f , +  1.0) and  
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Fig. 6. Theoretical effect of varying the distribution of transport sites along the villus (f,) 
on K~* and J~"*, estimated for the relationship between Jd VS. Jd/C1. This diagram 
illustrates the manner in which carrier-mediated transport kinetics are altered by changes 
in f,, with the K,, and effective resistance of the UWL over each carrier being similar. In 
panel A the effective resistance of the UWL was low (3.3rain �9 100rag �9 cm -3) and in 
panel B the resistance was high (166.7rnin - 100rag . cm-3). The dotted line represents 
the theoretical relationship between Jd and J j C  1 when the effective resistance of the 
UWL was zero. Curve A shows the kinetics of transport when all the transport carriers 
were in the first of ten equal villus segments (f,1 = 1.0). In curve B 7 0 ~  of the total active 
transport sites were located in the first segment (f,1-0.7); 2 0 ~  were in the second 
segment (fn2=0.2), and 10~o were in the third segment (f,3=0.1). The total flux Je is 
given by the sum of the individual fluxes contributed by each nth segment (J~). In curve C 
50 ~o of the active transport sites were located in the first segment (fnl =0.5), 20 ~o in the 
second segment (f,z=0.2) and 10~  in the third, fourth, and fifth segments (f,3 =0.1, f,4 
=0.1, f,5 =0.1) and the total flux was given by the sum of the fluxes occurring over these 
five segments. In curve D, 10 ~ of the active transport sites were located in each of the ten 
segments (fnl = 0.1, f, z = 0.1 ... f,1 o = 0.1) and the total flux was obtained from the sum of 
the fluxes occurring over these ten segments. In these calculations J~ was 100nmol �9 
100 mg- 1 rain- t. Note that when the effective resistance of the UWL was low (panel A), 
changing the distribution of transport sites from the tip of the villus (f, = 1.0, curve A) to 
the upper half of the villus (fn=0.7, 0.2, 0.1, curve B; and f,=0.5, 0.2, 0.1 x 3, curve C), 
shifted the relationship between Jd VS. J j C  1 towards the theoretical line of zero UWL 
resistance (dotted line), but that the equal distribution of transport sites along the villus 
(f,=0.1 x 10, curve D) was associated with a further deviation away from the theoretical 
line. In contrast, when unstirred water layer resistance was high (panel B), relocating the 
carrier sites from the tip towards the base of the villus was initially associated with an 
increased (curve B) and then a decreased (curves C and D) deviation from the theoretical 

line 
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when both the effective resistance of the unstirred layer and the magni- 
tude of the affinity constant vary at different positions along the villus. 
(Fig. 7A, curve A; Fig. 7B, curves A and B; Fig. 7 C, curves A, B and C). 

5. 7he Effect of Passive Permeation on the Estimations 
of K m and J~' when the Resistance of  the Unstirred Layer is Varied 

Experimentally measured rates of unidirectional active flux are com- 
prised of the contribution of both the carrier-mediated process as well as 
passive diffusion which proceeds concurrently, and failure to correct for 
the passive transport component leads to an over-estimation of the value 
of the Michaelis constant [17]. The next step therefore is to examine the 
effect of passive permeation on the estimates of K m and j~n. The passive 
permeation coefficient of P of the probe molecule was arbitrarily as- 
signed a value of l nmol .  100rag- 1. rain- 1. raM- 1, and the maximal 
transport rate J~ was assigned a value of 100 nmol. 100 rag- 1 rain- 1. The 
contribution of the passive component at any given concentration is 
given by the magnitude of P multiplied by C 2. The total experimentally 
determined flux rate J f  is given by the sum of the active plus the passive 
component; this was derived by adding the value of Jd from Eq. (4), and 
as shown in Figs. 14 ,  6 and 7. The total uptake J f  therefore represented 
the total of active plus passive transport. The value of P in the presence 
of an unstirred water layer has been shown to be given by Eq. (5). 

P -  J /Sm 
Jd.d" 

C1 DS w 

Thus, arbitrary values were assigned for P, and the values of CI, d, S w 
and D were similar to those used in Eq. (4). 

When the resistance of the unstirred layer is low (Fig. 8A), the 
relationship between J f  vs. J j C  1 changes from near-linear when P is 
zero, to curvilinear upwards when P is 1 nmol/100 mg/min/mM, (Fig. 8A, 
curve B). With greater values of P, the line becomes more sharply 
angulated upwards (Fig. SA, curve C). When the resistance of the un- 
stirred layer is high (Fig. 8B), the upward angulation becomes even more 
marked. Thus failure to correct for the contribution of the passive 
component precludes the approximation of the K m and J~ from the 
Eadie-Hofstee plot. Furthermore, this upward deviation of the relation- 
ship between Jd vs. J JC  1 was apparent for a wide variety of values of K~, 
J~', f , ,  as well as when f, plus Km were varied over the n villus segments. 
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Both quantitative and qualitative errors arise from the use of the 
Eadie-Hofstee plot to estimate the value of K m and J~". The necessary 
provision of a linear relationship between Ja vs. Ja/C~ was apparent only 
under the following special circumstances: 

a) low resistance of the unstirred layer (Fig. 1); 
b) high numerical value of the Michaelis constant (Fig. 3A); 
c) low maximal transport rate (Fig.4A); 
d) distribution of most of the carrier-mediated transport to the upper 

half of the villus (Figs. 6A, 7A and B); 
e) correct adjustment for the contribution of the passive component 

(Fig. 8A and B). 
Under these special circumstances the y-axis intercept gives a reason- 

able approximation of the J2', and the slope yields an approximate value 
of the Kin. Under all other conditions, there is gross overestimation of 
the value of both J2' and Km. However, the mere finding of such a linear 
relationship does not by itself provide any information as to the qualita- 
tive nature of the transport process. Fortunately the effective resistance 

Fig. 7. Theoretical effect of varying the distribution of transport sites along the villus, the 
effective resistance offered by the UWL,  and the K m of the carriers in the different 
segments of the villus, on K* and J2'*, estimated from the relationship between Ja vs. 

Jd/C1. This diagram illustrates the manner in which the kinetics of active transport are 
affected by changes in f , ,  K~, d", and S~,.. In contrast with Fig. 5, the value of both the K m 
and the effective thickness and surface area of the U W L  overlying the different villus 
segments was varied. In panel A, 70 % of the total carrier transport sites were located in 
the first villus segment (s =0.7); 20 % were in the second segment (s  =0.2), and 10 % 
were in the third segment (s  =0.1). In panel B, 50 % of the transport sites were located 
in the first segment (s  20% in the second segment (s  and 10% in the 
third, fourth, and fifth segments ( s  s  fns=0. l ) .  In panel C, i 0 %  of the 
carrier transport sites were located in each of the ten segments (s = 0.1, s  = 0.1 . . . .  ,s 
=0.1) and the total flux was obtained from the sum of the fluxes occurring over each 

~ l _  K~2=5mM, and K~ 3' ' '1~ segment of the villus. In curve A of each panel, K,~ - - l m M ,  
= 2 0 m M ;  d nl = l  x 10-2cm,  d ~ 2 - 2  x 10-2cm and d n 3 1 ~  x 10 -2cm;  S~, 1 = 1 0 c m  2 . 
100mg-  1, S~2 = 9  and S~ 3 10 = 8 cm 2 - 100rag- 1. In curve B of each panel, K~ 1 = 1 raM, 
K ~ 2 = 5 a n d K ~ 3 l ~  " I = 4 x 1 0 - 2 c m , d ~ 2 = 5 x 1 0  2 a n d d , 3 . . . l O = 6 x l 0 _ 2 c m ;  
S~ 1 = 7 cm 2 - 100 rag-  1, S~2 = 6 and S~ 3 "- t 0 = 5 cm 2 - 100 m g -  1. In curve C in each panel, 
K,~ 1 = 1 mM, K,~ 2 = 5 and K,~ 3 '  10 = 20 mN; d ~ 1 = 7 x 10 - 2 cm, d ~ 2 = 8 x 10- 2 cm and d" a = 9 
x l 0 - 2 c m ;  S ~ l = 4 c m  2 �9 100mg 1, S~2=3 and S ~ 3 - 1 ~  2 �9 100mg -1. In these 

calculations Ja '~ was I00nmol  - 100rag-~ - rain ~. Note that the relationship between 3 a 
vs. Ja/C1 was linear (panel A, curve B), curvilinear downwards (panel A, curves B and C; 
panel B, curve C), or curvilinear upwards (panel B, curves A and B; panel C, curves A -  

C), depending upon the value assigned to s  d" and S~. 
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Fig.8. Theoretical effect of varying the effective resistance of the UWL on the contri- 
bution of the passive component to the total unidirectional flux rate (jr). This diagram 
illustrates the manner in which variations in the resistance of the UWL influence the 
contribution of passive permeation to the total flux rate. In panel A the resistance offered 
by the UWL was low (3.3 min �9 100 mg �9 cm-3), and in panel B the resistance was high 
(166.Tmin �9 100mg �9 cm a). The passive permeability coefficient was varied from 1 to 
5 nmol. 100mg- l .min-1  mM *; the Michaelis constant was 1.0raM. In these calcu- 
lations the maximal transport rate J}" was 100nmol. 100mg 1.min -1, and D was 
30 x 10 -s  cm2.min 1. The total unidirectional flux j r  represents the sum of the contri- 
bution of the passive plus the carrier-mediated component. Note that even when the 
passive permeability coefficient P is as small as 1 nmol �9 100mg-1 �9 min -1 �9 m M - 1  (curves 
B, panels A and B), there is a marked upward deviation of the y-axis intercept, an 
increase in the value of the x-axis intercept (J'~/K,~), and a rise in the value of the slope 
(-Kin). This deviation between the true and apparent values (Km and K*) of the Michaelis 
constant, and the true and apparent values (J~' and J~'*) of the maximal transport rate 
observed with failure to correct for the contribution of the passive component (as in 
Fig. 7) was also observed with varying the value of K m from 1 to 20mM, with varying the 
value of J~' from 10 to 100 nmol. 100 mg-1 . min-1, and with varying the value offn from 

s  0.2, 0.1 to s  x 10 

o f  the  u n s t i r r e d  w a t e r  l ayer  c a n  be  va r i ed  e x p e r i m e n t a l l y  [-5, 12, 16] ;  if 

c o n d i t i o n s  are  se lec ted  w h e n  this r es i s t ance  is k n o w n  to  be  low, it is 

poss ib le  to  use this  p l o t  to  e s t ima te  wi th  a deg ree  o f  p r e c i s i o n  the  J~' a n d  

Km. I t  m u s t  be  e m p h a s i z e d ,  h o w e v e r ,  t h a t  the  r e s i s t ance  o f  the  u n s t i r r e d  

l ayer  m u s t  be  k n o w n  to  be  small ,  for  indeed ,  a l inear  r e l a t i o n s h i p  

b e t w e e n  J~ a n d  J j C  1 m a y  also be  seen ove r  a w ide  r a n g e  o f  va lues  w h e n  

the  u n s t i r r e d  l aye r  r e s i s t ance  is h i g h  (Figs. 1, 3B, 4 B  a n d  6B). A fu r t he r  

c o n s i d e r a t i o n  m u s t  be  g iven  to  the  p o t e n t i a l  l im i t a t i ons  o f  an  e x p e r i m e n -  

tal  s i t ua t i on  d e s i g n e d  to  m o d i f y  the  r e s i s t ance  o f  the  u n s t i r r e d  layer ,  
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without in fact knowing the absolute values of the resistance. For 
example, the change in the effective resistance of the unstirred layer may 
be estimated from the change in the rate of absorption observed at two 
rates of intestinal perfusion [-16]. However, if this change in resistance is 
such that either zero unstirred layer resistance is not approximated, or 
the resistance of the unstirred layer remains high, then there may in fact 
be little change in the relative discrepancy between the true and apparent 
values of K m (Fig. 2), and the estimates of the magnitude of the kinetic 
constants will still be grossly in error. 

If specific conditions are chosen when the resistance of the unstirred 
layer is known to be low, then the shape of the relationship between Jd 
vs. JJC~ may provide useful information as to the characteristics of the 
membrane carriers at different sites along the villus. Assuming firstly that 
the appropriate corrections have been made for the passive component, 
then an upward deviation of the relationship between Jd vs. J j C  1 occurs 
only when the value of the true affinity constant varies at different sites 
along the villus, and when the resistance of the unstirred layers over each 
villus segment also varies (Fig. 7A-C). This relationship is never seen 
when just the distribution of the transport sites along the villus is 
changed (Fig. 6) or when the resistance of the unstirred layer overlying 
each villus segment is altered (Figs. 1, 3 and 4). 

Experimentally observed uptake rates are determined by the contri- 
bution of both the carrier-mediated and passive processes. Even when 
the contribution of the passive component is small 
(1 nmole- 100 mg- 1. min-  1. mM- 1), the estimate of J2 with the Eadie- 
Hofstee plot will be seriously jeopardized (Fig. 8); the magnitude of this 
error increases as the contribution of passive permeation increases. This 
limitation applies both when unstirred layer resistance is low and high 
(Fig. 8A and B). Thus, the finding of an upward curvilinear deviation 
from linearity of the relationship between J~ vs. J j C  1 suggests either that 
the value of the Michaelis constant plus the unstirred layer resistance 
vary at different sites along the villus (Fig. 7), or that there has been 
inadequate correction for the contribution of the passive component 
(Fig. 8). 

The physiological significance of the intestinal unstirred water layer 
has been abundantly confirmed experimentally [1-9, 12-14, 16]; since it 
is now possible to experimentally vary the effective resistance of the 
UWL [4, 12], it will be possible to apply the principles elucidated in this 
theoretical consideration to determine whether there is indeed one or 
more monosaccharide active transport process in the intestine, whether 
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the kinetic constants of a given substrate truly vary at different sites 
along the intestine, and whether physiological events such as aging affect 
substrate transport by varying the resistance of the unstirred layer, or by 
varying the distribution of transport sites along the villus. 

In summary, unless the resistance of the intestinal unstirred water 
layer is low, the use of the Eadie-Hofstee plot leads to serious errors in 
the estimation of the magnitude of both the maximal transport rate and 
the affinity constant. However, this plot may provide information on the 
characteristics and distribution of carriers present at different locations 
along the villus, and may also predict the adequacy of the correction for 
the contribution of passive permeation. 

Abbreviations Used in the Text 

C 1 
C2 
d 
D 
d" 
L 
J 
J~ 

J2 

jm 

K~ 
K* 
K~ 

P 
Sm 
Sw 
s% 
UWL 

Concentration of the probe molecule in the bulk phase 
Concentration of the probe molecule at the aqueous-membrane interface 
Effective thickness of UWL 
Free diffusion coefficient 
d at n th segment of the villus 
Proportion of total carrier transport sites present on each segment of villus 
Unidirectional flux of probe molecule, uncorrected for surface area 
Unidirectional flux of probe molecule determined experimentally, corrected for 
surface area 
Maximal transport rate, corrected for surface area 
Apparent maximal transport rate 
Maximal transport rate, uncorrected for surface area 
Michaelis constant (true affinity constant) 
Apparent affinity constant 
K m at nth segment of the villus 
The perpendicular height of the villus was divided into ten equal segments 
numbered n 1 to n 10 
Passive permeability coefficient 
Functional surface area of the membrane 
Effective surface of UWL 
S w at nth segment of the villus 
Intestinal unstirred water layer 
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