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There is now abundant evidence that integral membrane protein function may be modulated by the physical properties of 
membrane lipids. The intesti,al brush border membrane represents a membrane system highly specialized for nutrient 
absorption and, thus, provides an opportunity to study the interaction between integral membrane transport proteins and their 
lipid environment. We have previously demonstrated that alterations in this environment may modulate the function of the 
sodium-dependent glucose transporter in terms of its affinity for glucose, in this communication we report ti~at membrane 
lipid-protein interactions arc distinctly different for the proline transpoV proteins. Ma,:i:na! t~e~r"Ort rates for L-proline by 
either the neutral brush border er  imino transport systems are reduced 10-told when the surrounding membrane environment is 
made more fluid over the physiological range that exists along the crypt-villus axis. Furthermore, in microvillus membrane 
vesicles prepared from enterocytes isolated from along the crypt .villus axis a similar gradient exists in the functional activity of 
these transport systems. This would imply that either the functional activity of these transporters are regulated by membrane 
phy.~icaX properties or that the synthesis and insertion of these proteins is coordinated in concert with membrane physical 
properties as the enterocyte migrates up the crypt-villus axis. 

Introduction 

Each cell it~ the body has a wide variety of proteins 
designed for a diverse range of functions, in order  for 
each to function properly their immecliate microenvi- 
ronment  is carefully controlled to provide optimal con- 
di t io ,  s for protein function, While this principle is 
evident for enzymes !ocated in the aqueous environ- 
ment of  the cell it has been more difficult to demon- 
strate for membrane  bound transport  proteins. The 
microvillus membrane  of the enterocyte provides a 
useful model to study these phenomena  since it repre- 
sents an  environment highly specialized for the trans- 
port  ef  a wide variety of nutrients. Furthermore,  since 
this cell has one of the most rapid turnover rates in the 
body it is a relatively simple task to examine the 
maturat ion ~f this membrane,  both in terms of protein 
functkm as well as the maturat ion of membrane lipids 
with the resultant physical environment they provide 
for integral membrane  proteins. Previous work with 
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this model has examined the interaction between the 
sodium-dependent glucose transporter  and the physical 
properties of the microvillus membrane.  Several g, 'oups 
have reported that  manipulations producing a mote 
fluid microvillus membrane are associated ,4ith de- 
creased rates of  glucose transport  [2A,6]. Recent work 
from our  group has demons t~ ted  that the functional 
activity of  sodium-dependent glucose transport  in- 
c r e ¢ ~  in the microvillus membrane as the enterocyte 
matures  along the crypt-villus ~xis of  the rabbit. Coinci- 
dent  with increased rates of glucose transport  the 
microviilus membrane becomes progressively less fluid 
[10l. However, the two phenomena do not appear  to he 
causally related since fluidization of  villus-tip microvi!- 
lus membrane,  to simulate a cwpt-like microenviron- 
muat,  produced only a slight decline in maximal rates 
of  glucose transport.  These studies did reveal, however, 
that  the couformationai change in the glucose trans- 
por ter  initiated by sodium binding could only occur in 
membranes of a certain minimal fluidity. Thus, the 
affinity o;  this transport  system for glucose in the 
presence of  sodium appears  to be dependent  upon 
membrane physical properties. These observ.ation~ have 
recently been confirmed in studies with diabetic rats 
performed by Dudcja et al. [5]. Increases in rates of  
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glucose transport seen with this model appear to be 
secondary to recruitment of entcrocytes further down 
the villus rather than th~ alterations i:_; membrane 
physical propertie.,; also observed. Thus, the in¢eraction 
between membrane physical properties and the 
sodium.dependent glucose transporter appear to be 
t'estrict..~d to the c~nformatJonal changes associated 
w::h ~ d i u m  binding, at least over the physiological 
range of membrane physical properties studied. 

Tne confonnational alterations that occur with 
transporter activation are unlikely to be identical for 
different transport systems, therefore, the infhmnce nr 
membrane physical properties would also be expected 
to differ between carriers. In order to test this hypoth- 
esis we have examined the influence of membrane 
physical properties on the carrier-mediated tratlsport 
of L-proline across the m;.crovillus membrane. Trans- 
port of L-proline is more complicated than glucose in 
!hat trds moleeiJle has at least three separate pathways 
~cross ,he microvillus membrane. These include two 
active Na+-depender.t cotransport bystems; the neutral 
brush border (NBB) system, which transports other 
neutral amino acids such as L-alanine, and the imino 
system which is s~ecific for L-proline and imino acids 
such as L-pipicolate [18]. in this paper we present data 
demonstrating that the interaction of these transport 
proteins with membcane physical properties arc dis- 
tinctly different from those observed for the glucose 
transporter. 

Materials and methods 

Cell and microvillus membrane isolation 
New Zealand White rabbits, weighing between 0.75 

and 1.0 kg, were killed with an overdos~ of intravenous 
pentobarbito!. The ~ejunum was rapidly removed and 
flushed with ice-cold buffer containing PBS and 1 mM 
D'l l ' .  Cells from along the crypt-villus axis were iso- 
lated using a modification of the method described by 
Rowling and Sepulveda [12]. Followir~g isolation, each 
fraction was pooled and microvillus merrbrane vesicles 
were prepared using the calcium Dr~cipi~ation method 
described by Kessler [7]. The final ntembrane pellet 
was suspended in a buffer containing 100 mM KCI, 10 
mM Hopes, i0 mM Tris and mannito] in a concentra- 
tion producing iso-osmotic conditions with the ieaction 
buffer. The resultant suspensions were stored in liquid 
nitrogen [17]. 

rdembrane marker studies 
Sueras¢ activity of membrane isolates and their '~o 

m<)gcnates wa:; determined by the method of Dahlqvist 
[3]. To identify the proportion of crypt enterocytcs in 
each population, rapidly dividing cells were labelled 
with bromodeoxyuridine (BrdU). This was accom- 
plished by injecting BrdU (!L~ mg/kg  iv) 3 h prior to 

killing. Cytgoi~"S were prepared from each isolated 
cell fractior, and 3t:fined for the presence of BrdU 
according to the method of Thomas and Williams 
utilizing a fluoroscein conjugated anti-BrdU antibody 
[24]. The number of fluorescent nuclei were expressed 
as a percentage of total enterocytes in each population. 

Proline transport 
Vesicle uptake of 3H-labeled L-prolinc was mea- 

sured using a rapid fiRration technique. Prolinc uptake 
rates were measured a! final concentrations ranging 
from 50 p,M to 8 mM. A 5-s incubation time was used 
as preliminary studies, over the concentration rang~ to 
be used, demonstrated that uptake rates were linear 
for up to 10-20 s depending upon concentration. All 
experiments were conducted at 21°C. A reaction buffer 
w~s prepared containing 150 mM NaCI, 100 mM KCI, 
10 mM Hopes, !~ m.~A Tri~ and various concentrations 
of L-[3H]proline (pH = 7.5). Studies were performed 
under vol:age-clamped conditions using 40 p.M valino.. 
mycin. Transport was initiated by rapidly mixing 10/zl 
of the membrane preparation with 20/.d ~f the reac- 
tion solution. The reaction was terminated with the 
rapid addition of 2 ml of an ice-cold solution consisting 
of 100 mM KCI, 300 mM mannitot, 10/.~M Hepes and 
10 mM Tris (pH = 7.5). The resultant mixture was 
rapidly filtered through a C*.45 # M  filter (Mill ipore/  
Continental Water Systems, Bedford, MA) and subse- 
quently dissolved in scintillation cocktail (Beckman). 
L-[3H]Proline trapped in the vesicles was quantitated 
in a liquid scintillation counter (Beckmar. Instruments 
Inc., Palo Alto, CA). Values for nonspecific binding of 
the isotope to the vesicles and the filters were deter- 
mined by measuring uptake at time zero. 

To determine rates of sodium-independent uptake, 
10 p,I of the membrane preparation was rapidly mixed 
with 20 p.I of a reaction solution containing 100 mM 
KCI, 300 mM mannitol, 10 mM Hopes, 10 mM "Iris. 
The reaction was quenched and uptake measured as 
previously described. Rates of sodium-independent 
proline uptake over the concentration range of 50/zM 
to 8 mM were consistently less than 5% of total uptake 
when determined in vesicles isolated from mucosal 
serapings. However, in vesicles obtained from isolated 
enterocytes a greater diffusional component was evi- 
dent. Since we wished to examine the functional activ- 
ity of the membrane bound protein trai~sporters this 
component was extracted from the raw data as de- 
scribed below. 

In separate studies the NBB carrier was inhibited by 
the ~dditi.~a of a large e~,:.ess of L-alanine (]00 raM) 
under iso-osmotic conditions. Uptake experiments we,'e 
performed using a proline concentration of 150/~M. 

In additional studies the influeuee of altered mem- 
brane physizal properties were evaluated using mi- 
crovillus membrane vesicles' isolated following a light 



jejunal scrape. These represent largely villus tip and 
mid-villus cells, Vesicles were suspended in a buffer 
containing 100 mM KCI, 300 mM mannitol, 10 mM 
Hepes, 10 mM Tris and 15 mM of either methanol, 
ethanol, propano~,, butanol, pentar~ol or hexanol. The 
reaction solution contained 150 mM NaCI, 100 mM 
KCL I0 mM He~,:s, 10 mM Tris, and t5 mM of one of 
the alcohols wo~ioned  above. 

Fluidity determinations 
The term membrane _fluidiC' '.'~ *-his p.tper is used to 

refer to the relative motionai freedom of molecules 
within the lipid bilayer. These properties were assessed 
with steady state fluorescence polarization techniques 
and a variety of probes that allowed both the staff,: and 
dynamic component of membrane fluidity to be esti- 
mated [13,19]. The former was evaluated with the 
probe 1,6-diphenyl-l:3,5-hexatricne (DPH) while the 
dynamic component was evaluated at different depths 
in the bilayer using several isomers of n-(9-anthro- 
yloxy)stearic or palmitic fatty-acid probes (n = 2, 6, 9, 
12, or 16). Data are reported as the steady-state 
anisotropy parameter and the total fluorescence for a 
constant amount of membrane and probe. The latter 
measurement is important since it provides an estimate 
of fluorescent lifetime, total fluorescence being directly 
proportional to fluorescent lifetime. FinaRy, for the 
data obtained with DPH both the limiting hindered 
anisotropy (r=) and the membrane order parameter 
(Spa . )  were calculated using a previously published 
empirical relationship [20]. 

Chemicals 
All chemicals were of the highest available grade 

and were purchased from either Sigma Chemical Co. 
(St. Louis, MO) or Fisher Scientific (Pittsburgh, r'A). 
L-[3H]Proline was purchased from New England Nu- 
clear (Boston, MA) and the fluorescent probes were 
purchased from Molecular Probes (Junction City, OR). 

Statistical analysis 
Statistical analysis was performed using the com- 

mercial program Systat (Evanston, IL). Comparisons 
between groups were performed using ANOVA and a 
Tukey test for post-hoe comparisons. Within group 
homogeneity of varim~ces was first established with a 
Bartlett test. For comparison of kinetic curves and 
estimation of kinetic parameters a recently described 
method was employed [8]. This method allows for 
parameter estimation by direct nonlinear regression 
with data weighted in proportion to within sample 
variances. From recent work by Stevens e ta l .  [16] it is 
apparent that L-proline can utilize two distinct brush 
border carriers. Thus, rates of L-proline uptake deter- 
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mined in the presence of ItX) :,M cis sodium were 
initially fit to Eqn. 1. 

t J,m"x'C / ~.~"" C ,=,K,--Tg~,+(~)+e'C (i) 

This model assumes two carrier mediated processes 
and a linear 'diffusionar component with a slope of P. 
Rates of carrier-dependent L-proline uptake can be 
obtained by removing the contribution of P - C  front 
the raw data. Since nonlinear regression algorithms are 
most prcdsc when the minimum number of parameters 
are ~olvcd for, sit_t~ations where no clear distinction 
bc.'ween the two carriers could be made were fit to 
Eqn. 2 ",vhich describes a system composed of a single 
carrier and a linear diffusional component. 

{ J , ~ " c i  + 
a=lga+cl f..c (z) 

This situation arose for several reasons. First, in ,some 
instances the regression based upon Eqn. ! converged 
with the two ca r r i e r  having identical Kin's, suggesting 
that only a single carrier could be dissected mathemati- 
cally from the data. Secondly, in other cases two dis- 
tinct carriers appeared to ~ the data but iii¢ iotal 
contribution of the second carrier was insigni~icant. 
Since we know that two significant routes exist this 
solutton does not plovide useful information on a 
second carrier. Finally, in all cases the 'goodness of fit' 
of the data to the model, as assessed by ,'he ~ethotLs 
previously outlined [8], was no better with the two 
carrier model. Thus, data is presented as cartier-de- 
0¢ndent rates of L-proline uptake and a single J"~ '  
and K,n arc given. This does not imply that only a 
single carrier exists, only that the two carrier; are so 
similar in terms of handling L-praline that they cannot 
be kinetically distinguished when using L-proline alone 
a.~ a substrate. The K,. repre~nts  the average vah~e 
~'or two carders and the J " =  rcpresems the sum of 
~,ach individual value. Comparisons bctwecu parameter 
es imates were performed as described [8]. 

Results 

Seltsitivity of proline transport to alterations in mem- 
Orane physical propert.;es 

The first question addressed was whether rates of 
L-proline uptake varied when membrane physical prop- 
erfies were modified in a graded fashion. Such cxperi- 
ments must be performed under conditions that do not 
alter the sodium permeability of the vesictes as this will 
artificially reduce rates of sodium-dependent nutrient 
transport. Unfortunately, fluidizing agents such as ben- 
zyl alcohol have been shown to dramatically incr~-ase 
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Fig. I. Protein- trans.tmrt as a function of fluidity. Rates of i.-proline 
uptake, mean+S.E, from ,five membrane preparations, were deter- 
mined at a fixed c/s concentration of 1 mM in the presence ol 
several alcohols (15 mM). The alcohols used were a homologous 
~r.;e~ of a-alkanols ranging from methanol to hexanol. Shown in the 
filled cffcles are the stead~,-~,'~tc ~'n.;sotropy parameters for the probe 
DPH in each membrane preparation. With increasing alcohol hydro- 
phobicity an abrupt increase in membrane fluidity was observed with 
the addition of butanol that coincided with a significant decline in 

rates of L-proline uptake. 

the .sodium permeability of such vesicles and, thus, are 
not useful under these circumstances. However, we 
have previously demonstrated that a series of linear 
n-alkanols provide efficient fluidization of microvillus 
membrane vesicles and do not alter either sodium 
permeability or initial rates of sodium-d~pendent ~lu- 
cose transport [!0]. Fig. 1 illustrates the effect o~" incu- 
bating mierovillus membrane vesicles in a fixed concen- 
tratior, of alcohol (15 mM) of progressively increasing 
chain length. Rates of L-proline uptake were deter- 
mined under conditions of a cis sodium concentration 
nf 100 mM and 1 mM L-proline.' For this homologous 
series of alcohols an abrupt inc:'~ase in membrane 
fluidity was seen with the addition of butanol that 
persisted with the addition Ol either pentanol or hex- 
anol. The data shown utilize the fluorescent probe 
DPH but similar results were obse~'ved with the (an- 
throyloxy)stearic a,:id derivatives (data not shown). Co- 
incident with the dramatic increase in membrane fluid- 
ity was a significant reduction in rates of L-proline 
uptake. Since only a single, t.-proline cor,centration 
gradient was used, these studies cannot be used to 
address the question of whether alterations in mem- 
brane physical properties altered maximal rates of L- 
proline uptake or the affinity of the proline transport 
systems for substrate. 

To determine which kinetic parameter(s) were 
specifically affected rates of L-proline uptake were 
deeermined over a substrate concentration range of 50 
/.tM to 8 mM in either fluidized or non-fluidized vesi- 
cles. In the non-fluidized vesicles methanol was used as 
an o~motic control for hexanol. These 0ata ~re de- 
picted in F,~g. 2 with the calzalated kinetic parameters 
in Table I. As illustrated, fluidization of these vesicles 
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Fig. 2. Kinetics of proline uptake in fluidized vesicles. Experiments 
illustrated represent the kinetic curve; for L-proline uplake in five 
membrane preparations (mean + S.E.) as a function of concentration 
in vesicles incubated with either methanol or hexanol (15 mM). 
Parameter estimates derived from these experiments are presen,'ed 

in '~able I. 

produced a 10-fold reduction in the jmax for L-proline 
uptake with no ~ignificant alteration in the K m of this 
transporl system. Furthermore, vesicle size was not 
significantly different between groups. These data sug- 
gested that increasing motional freedom within the 
microvillus membrane did not ahel  the affinity of the 
proline transport system for its substrate, but rather, 
had a profound effect upon either functional trans- 
porter number or turnover tin:',,. 

A final question concerning these data was whether 
increasing r,~:,rabrane fluidity had a preferential effect 
upon one or other of the L-proline ~ransport pathways. 
To address this concern we evaluated rates of proline 
uptake into fluidized and non-f/uidized vesicles in ei- 
ther the presence or absence of large excesses of 
L-alar~ine to inhibit proline transport via the ~IBB 
pathway. These data are shown in Fig. 3 and represent 
rates of transport at a single 150 p,M proline concen- 
tration. Once again it was evident that the addition of 
hexanol dramatically reduces total rates of L-proiine 

TABLE ! 

Kinetic parameters for proline transport 

Each value represents best fit parameter estimat~ from the experi- 
ments depicted in Fig. 2. In brackets are the 95% eonfi~ienee 
intervals for each determinafion. Also included are the stead)-state 
anisotropy parameter values for the mewbranes in which L..proline 
transport rates were determined. 

Alcohoi j max H,, DPH 
added (nmol/min (,~;M) a;~,sotrGpy 
(raM) per mg) (r~.) 

Methanol (15) 8.33 (7.03, 9.63) .~2 (51~, 372) 0.251 _-/-0,002 
Hexanol (15) 1.99 ( ~ l.,:I2, 2.57) * 431 (178, 685) 0.21~.~0.00.? * 

• P < 0.05 vs. methanol-treated membranes. 
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Fig. 3. Contribution of the imlno cartier in fluidized and non-flui- 
dized vesicles. Rates of L-proline uptake were determined at a fixed 
eis concentration of 150 p.M. In order to determine the contribution 
of the imino system the neutral brush border transport system was 
saturated with 106 mM L-alanine. Total rates of t-pruline uptake 
were significantly reduced with the addition of hexanol (15 mM). The 
addition of L-alanine also significantly reduced rates of L-pruline 
uptake, however, the relative proportion that the imino transport 
system contributed to total L-proline uptake was constant in either 
experiment. Each set of data represent.,; the mean4-S.E, from at 

least five membrane preparations in edch ,~voup. 

uptake,  however,  the  contribution of  the  imino trans- 
por t  sy~,tem (measured  in the  presence  o f  L-alanine) 
was constant  in both  fluidized and non-fluidized states  
(55.5 + 11.1 and 41.0 + 5.7%, respectively). Thus ,  the  
effect of  f lu idizat ion 'upon L-proline t ransport  systems 
appea red  to he shared  equally be tween  the  two major  
t ransport  systems. 

TABLE !ii 

Membrane ph,/sical properties along the crypt.villus axb 

L-Proline transport along the crypt-villus axis 
Since the  foregoing data  suggested that  L-proline 

t ransport  was exquisitely sensitive to m e m b r a n e  physi- 
cal propert ies  we elected io examine rates of  L-proline 
uptake under  conditions where  these are  known to vary 
physiologica!l~,; e n t e r c . ; t e  matura t ion  along the crypt- 
villus axis. 

Cell and microvillus membrane characterizmion 
The  technique used for isolating cells f rom along the  

crypt-villus axis has  been previousl.v shown to produce  
fractions relatively enr iched in cells from the villus-tip, 
mid-villus and crypt  regions of  the  intestine [10]. T o  
as'tess the relative purity o f  the  current  fractions we  
utilized markers  for both ma tu re  viilus-ti[~ cells and the  
rapidly dividing crypt  population; sucrase activiw ~,ld 
incorporat ion of  BrdU respectively. BrdU was adminis- 
tezed 3 h before  killing at a dose of  100 m g / k g  iv, T h e  
results of  these studies are  summar ized  in Table  !! .  
5ucrase  activity was highest in the  villas t~p fraction 
and declined in both  the mid-villu~ add c q ~ t  popula- 
tions. Conversely, BrdU labelled cells were  p r o m i n e m  
in the crypt fraction, scarce in the  mid.villus and unde- 
tectabh; i ,  the villus-tip population. Thus,  the three 
cell fractions represent  a gradient  of  increasing entero-  
cyte maturi ty.  Despt te  the  gradient  in total sucra~e 
specific activity a long the  crypt-villus axis it is a ! ~  
appa ren t  f rom Table  II  that  micr~:~l!,JS m e m b r a n e  
p repa red  f rom these fractions demons t ra ted  equal  pu-  
rification as judged by the eqvivalent  increase in su- 

Data rep;usent the mean + S.E. values for measuremems performed in quadruplicate for the membrane iso.-%,ms ¢I¢l, icted in Fig. 4. 

Membrane Probe Anisotvopy parameter Limiting hindered Order parameter Total Iluor..,.scence 
(r~) anisotropy (Spin) 

( r . )  

Villus tip 2-AS 0.161 +0.002 - 4.49:[:0.36 
6-AS 0.1754.0.004 - 8.69+0.59 
9-AS 0.1614-0.002 ~ 9.12+0.34 

12-AS 0.1394-0.002 - 8.754-0.79 
10-AP 0.095 + 0.0~ - I 1.45 -I- 1.0 
DPH 0,233 _i':. 0.003 0.211 4- 0.004 8.29 ± t~ 38 

Mid-villus 2-AS 0.1724-0.003 5.40± 0 "~8 
~-AS 0.180±0.004 8.334-1;~) 
9-AS 0.|n3±0.003 10.4 4- t.30 

12-AS 0.138 4- 0.003 8.68 4- 0.70 
i6-~P 0.083±0.001 ll.l :[:1.08 
DPH 0.235 ± 0.006 8.51 ± 0.23 

Crypt 2-AS 0.1544-0.003 * 4.21 4-0.38 
6-AS 0.1524-0.005 * 7.47.+ 1.(~3 
9-AS 0.142+0.003 * 7.94±0.48 

12-AS 0.115+-0.004 * 6.674-0.61 
1,5oAP 0.072+-0.001 * 7.464-1.17 * 
DPH 0.213+0.004 * 6.55±0.47 * 

- 

0 . 2 1 3 + 0 . 0 0 8  

- 

0 . 1 8 4 + 0 . 0 0 6  * 

- 

0 . 7 6 3  + 0.007 

- 

0 . 7 6 6 + 0 . 0 1 5  

- 

0 . 7 1 2  :i- 0 . 0 1 2  * 

* P<O.O01 vs. vil lus tip. 



TABLE n 

Mcd:cr clzaraclcristics o]" cell isolates 

Sucrose activity represents the meal, + S.E. for determinations in five 
membrane preparations. Bromodeoxyurkline (BrdU) activity was de- 
termined from the inital cytospots |olh)wLng a 3 h exposure ir; riro. 

Ceil Suc~,a~e BrdU nuclear 
incomora- i~Jlate homogcnatc MvM purification lion (%) 

activity activity (-fold) 
(U/mg (U/mg 
protein) protein) 

Villus tip i1.079 + 0.1119 1.88_+ t).21 23.8+6.5 0 
M!6-viilus 0.1143:1:0.(106 * 1.41 ~(1.09 * 32.8+7.7 0.88±0.8 
Crypt 1k012±0.005 * tt.32+_0.115 * 26.7± 13.3 !0.9 + 1.0 * 

• P < 0.05 vs. villus tip. 

erase specific activity in the  microvillus m e m b r a n e  frac- 
tions. 

As  well as  demons t ra t ing  a grad ien t  o f  increasing 
cell matur i ty  the  microvillus m e m b r a n e  isolated f rom 
these cells undzrgoes  a decline in  relative motional  
f r eedom as the  enterocyte  ma tu res  along the crypt-vil- 
lus axis. These  data  are  p resen ted  in Table  III .  For  a 
variety of  f luorescent probes  sensit ive to d i f fer ing  types 
of  molecular  motion the  microv_;l[us m e m b r a n e  of  the 
ma tu re  villu~-'Ap enterocyte  was significantly less fluid 
than observed in the crypt enteroeyte.  In ter,~s of  
m e m b r a n e  physical proper t ies  vesicles fi 'om the mid-  
villus enterocytes  appea red  very similar  to those ob- 
ta ined f rom the ma tu re  villus tip enteroeytes.  The  
observed al terat ions in s teady-state  anisotropy pa rame-  
ters  are  unlikely to be secondary to an increased  fluo- 
rescent  l i fet ime of  the probes  in the crypt microvillus 
membrane .  Th i s  p a r a m e t e r  cannot  bt; directly obta ined 
with steady-state techniques,  however,  since total fluo- 
rescence is direct!y proport ioaa~ ;.u f luorescent  i i fe t ime 
and  this p a r a m e t e r  wu~ e i ther  the same  or  lower in the  
crypt p repara t ions  (Table  l i d  it is difficult to l~s tu la te  
an increase in fluoresee~.* l ifetime. Fur the rmore ,  in the 
s tudies of  B, 'asitus et ~ .  [1] uo differences in ':his 
p a r a m e t e r  were  obserw,'d when  l ifet ime was directly 
measured .  Al though no studies of  m e m b r a n e  lipids 
were  pe r fo rmed  with these  vesicles we and others  have 
previously denlonst ra teo  that  these  al terat ions ill li':rzl'i't ~ 
brahe  physical proper t ies  can be accounted for by 
al terat ions ill the choles terol /phost~hol lpld  ratio, 
phospholipid subclasses and the fatty acid composi t ion 
of  these  lipids [1,9,10]. 

Rate.~ of  L-proline up take  in te  these vesicles are  
presen ted  in Fig. 4 with the  cor responding  p a r a m e t e r  
es t imates  in l'at.qe !V. In a fashion similar to m e m -  
brane  physical proper t ies  little d i f ference  could be 
observed between vesicles f rom the mid-villus and  vil- 
lus tip fraefion. However ,  n !0-fold redact ion  in the  
,/max was observed in tile micro., illus m e m b r a n e  f rom 
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Fig. 4. Rates of microvillus membrane L-proline uptake in unlero- 
o/tes from along the crypl-villus axis. Sodium-dependent rates of 
~..r~oline uptake in at least five separate membrane preparation 
[io~ the cell fractions characterized in Table IL Rates of transport 
in the villus tip vesicles were all significantly different from those 

observed in the crypt fraction. 

TABLE IV 

Kinetic parumeter~ for t.-proline transport along the crypt-rillus tz~L~ 

Each value represents best fit parameter estimate from the experi- 
ments depicted in Fig. 4. In brackets arc the 95% confidence 
intervals for each determinallon. Also included are the steady-slate 
anisotropy parameter values for the membranes in which 0.-prollne 
tr,msporl rates ,,vcr~ determined 

M:mhrane J '"~ K m DPH 
preparation (nmn[/min (pM) ~nisotropy 

per mg) (r~) 
Villus tip 9.4 (7.2, 11.4) 252 (164, 340) 0.233±0.003 
Mid-villus 7.9 (5.4,10.4) 405 (216, 592) 0.235 +0.006 
Crypt 0.8 (0.2.1.4) * 182 (-51. 415) 0.213+0.004 * 

• P < 0.001 vs. villus tips. 

~ JSO pM L.Prolina 
1oo mM L-Al~n/ne 

I 

O ~  '~" 
Villus-Tip Crypt 

Fig. 5. Contribution of the imino system along the crypt.villas axis. 
Total rates of t.-prolin¢ uptake in either O~e presence or absence of 
L-aiauine are illustrated. At least five metubrane preparations were 
used and the res)~lts represent mean valuu,~. :E S.E. Villus tip vesicles 
have higher total |'ates of L-proline uptake tl n crypt vesicles but the 

relative contribution from the imino system is identical. 



the crypt fracuon when compared to the villus tip 
without any appreciable difference in the K m. This 
would suggest that as the cnterocyte matures and mi- 
grates up the vitlhs, the. affinity of the transporters for 
suhstrate is not changed but that there is a change in 
either transporter number or functional activity. 

Finally, in order ~.o assess the functional matuzation 
of pr~l,.'~e *.ra.,2.s~o, ~. L*,~t~m~, in terms of the relative 
contribution between the imino and neutral brush bor~ 
der systems, we quantitated uptake of proline by the 
imino pathway in both crypt and villus tip microviiius 
membrane. These data are shown in Fig 5, and demon- 
strate that although total rates of L-proline transport 
are much lower in crypt enterocytes the relative contri- 
bution of both transport systems arc similar along the 
crypt-villus axis. 

Discussion 

The study of amino acid transport in the small 
intestine is complicated by species variation, mult iple 
transport systems for the same amino acid and multiple 
transport mechanisms [16]. Howcveh proiine lends it- 
self to the current kinetic analysis since the imino 
carrier has been weii defined in specificity and no 
other naturally occurring amino acids appear to be 
transported by this system [18,23]. Wright et al. [18] 
have previously demonstrated that proline uptake in 
rabbit brush border vesicles occurs by two Na~-depen - 
dent means: the neutral brush border system (account- 
ing for 35% of total uptake) and the imino system 
(60% of total uptake). A small amount of passive 
Na +-independent uptake (less *.han 5% of total) is aiso 
observed /18]. Thus, in the current studies we exam- 
ined the relationship between the functional activity of 
these transport systems ~ad thu physical characteristics 
of the surrounding lipid environment. Membrane phys- 
ical properties in this paper refer only to those as- 
sessed as 'membrane fluidity'. We obviously cannot 
draw conclusions about other significant biophysical 
variables. I, must be emphasized once again that two 
distinct transport systems exit: for L-preline. The data 
presented h~,e provides kinetic information for both 
pathways as a unit. From a mathematical perspective 
both the imino and NBB system appear to have similar 
affinities for L-proline and, the:'=~rore, they cannot be 
kinetic.ally dissected when only L-prolin¢ is utilized as a 
substrate. Thus, the single Kra gleaned from our data 
represents the 'average' value for the two systems 
present while the single j rn~ reflects the combined 
transport capabilities of both systems. 

In preliminary studies (Fig. 1) it appeared that total 
rates of L-proiine transport were quite senshive to in 
vitro modification of membrane physical properties. By 

incubating microvdios membrane vesicles with a ho- 
mologous series of n-alkanuls we ob:.erved a marked 
reduction in rates of L-proline uptake that coincided 
with an increase "~n motional ireedom of prober; ~n- 
serted in the bilayer. Such experiments have numczc~us 
pitfalls, the most prevalent being that certain 1~¢m- 
brahe fluidizing a~,ents rtq!apse the trar.smembr~,ne 
sodium gradient required for efficient functio~ of 
sodium-dependent transport processes. However, we 
have previously demonstrated that, unlike benzTI alco- 
hol, the linear alcohols provide efficient quidization of 
native microviUus membrane without increasing sodium 
permeability in the concentrations used for thcs~ stud- 
ies [10]. "Hi~ mechanism by which these alceho!s flu- 
idize membranes probably relates to random intercala- 
tion between native membrane lipids and the disrup- 
tion of hydrophobic bonds. Since they were used in 
relatively high concentrations many membrane do- 
mains were likely to be influenced making it probable 
that the lipid environment in the immediate vicinity of 
the transporter was involved, the so-called annular 
lipids, in the current experiments the effect ef t~ese 
alcohols on both proline transport rates and membrane 
physic, d properties were similar for three alcohols 
(butarol, pentanol and hexanol) despite the *tractural 
differences between them. Thus, we conclude that the 
L-prolin¢ transport system(s) are sensitive to the sur- 
rounding membrane lipid physical properties, and re- 
quire a minima~ degree of rigidity for proper tanction. 

In the case of the s,J~ium-dependent glucos= trans- 
porter membrane, pnysL::a! properties appear to play a 
role in the conformational change that accompanies 
sodium binding seen experimentally as a difference in 
the K m ef  this transport system lot  glucose [10]. How- 
ever, the ~ituafion for L-proline apl;ears to be oyite 
different. When we examined rates c,~ i.-proline uptake 
over a wide concentration gradi~.m we were able to 
demonstrate that increasing the fluidity ot the microvil- 
lus membrane decreased the maximal transport, rate of 
proline, jm~,  without an appreciable effect on the K m 
for this transport system. Furthermore, this effect ap- 
peared to involve both the m:utral b.,'ush border trans- 
port system as well as the imino system. From a variety 
of kinetic experiments Wright et al. have proposed a 
kinetic model for the ;mino carrier in which two Na + 
ions bind to the carde," on the c/s membrane side. The 
resultant conformational change allov, s the binding of 
one proline molecule. This co~,picx isomerizes to a 
cc~figuration in which the binding sites are now facing 
the trans-sidc. Rel/,~ase of Na + and nroline then tr:cur 
followed by reisomerization of th~ binding sites to the 
cis side of the membrane [14,15,2;:]. From kinetic data 
Wright has suggested that the ra~',Mimiting step is the 
reisomerization of the unloaded carrier from the trans 
to the c/s side of the membrane. This is in agreement 
with studies of the rat erythrocyte glucose transporter 



82"  

where the conformational change of the empty Sugar- 
binding site from the trans to cis orientation is the 
rate-limiting step for sugar entry [21], Our  data  would 
suggest that the interaction between protein conforma- 
tional changes and membrane physical properties dif- 
fer ~etween the Sodium-dependent glucose transporter  
and the proiine transport systems. In the case of the 
former sodium binding initiat.es a conformatior, al 
change that is dependent  upon a certain degree of 
membrane fluidity [10,11], while for the latter the rate 
of one (or both) isomerization steps may be reduced 
when the m~mbrane environment becomes too fluid. 
Thus, alterations in membrane physical properties ip- 
teract with membrane transport proteins in a fashion 
that is specific for each transp,_',rt system. 

Since membrane physical ~ropertics appeared  to 
play a major role in the f,,~c:ional expression of the 
proline transpor~ systems, we next examined the matu- 
ration of these systems along the crypt-villus axis of the 
rabbit jejunum. In this species we have previously 
demonstrated that the microviilus ; 'aembrane becomes 
progressively more rigid as the enteroq,  te matures and 
moves onto the villus. These observations are species 
dependent  and true for both the Sherman rat [1] and 
the rabbit, while in the Lcw;s rat the opposite seems to 
hold [5]. However, the currer.t studies once again con. 
firmed these observations for the rabbit jejunum (Ta- 
ble Ill). In terms of  proline transport  a maturat ion 
process was also evident along the crypt-villus axis (Fig. 
2). Maximal rates o~ L-i~roline transport  were 10-fold 
higher i.n the villus tip microvillus membrane than 
observed in the cr3p'-' without any appreciable alter- 
ation of the K m f t , -  these transport  systems. The 
explanation for these obse;'v~tions is open for debate. 
It could be argued that the p r o i i ~  transport  systems 
are not expressed iu the imm:ture  crypt microvillus 
membrane and only become evident after  enou~,h time 
ha~ passe~ for the proteins to be synthesized and 
inserted into the apical membrane.  In the ~bseoce ,~f 
probes for either mRNA or antibodies for the. mem- 
brane proteins this question cannot be reliably ad- 
dressed. However~ from the data presentgd in this 
study fun':tional activity of these membrane proteins in 
the very fluid crypt microvillus membrane (if they exist) 
v, ould appear  unlike`ly, unless the local microenviron- 
ment  of the protein was radically different from that 
measured in the bulk phase. Finally, it appears that the. 
relative activity of the imino transport  s:~stem in the 
crypt is the same as at the villus tip. The implications 
cff ~hi~ m;.ght be that this protein is regulated in concert 
with the neutral brush border  transport  system or once 
again that the difference between villus tip and crypt 
regions is entirely due to differing membrane physical 
properties, since both systems appear  to be equally 
sensitive to alterations in nlc,~b, ane environments. 
Studies with an animal model such as the Lewis rat 

where a different pattern of apical membrane matura-  
tion exists would help to resolve this question. 

In summary we have demonstrated that brush bor- 
der  proline transport  systems are sensitive to alter- 
ations in membrane physical properties. Furthermore,  
these interactions are distinctly different from those 
observed for the sodium-dependent glucose transport  
system. Thus, it a p p e a ~  that  membrane transport  pro- 
teins can be added to the list of  integral membrane 
proteins sensitive to surrounding membrane lipid com- 
position and physical properties. However, it does not 
appear  possible to predict these interactions from ob- 
servations with other  transporters.  
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