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Proline transport across the intestinal microvillus membrane
may be regulated by membrane physical properties
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There is now abundant evidcnce that integral membrane protcin funcxion may be modulated by the physical properties of
membrane lipids. The intestinal brush border system highly specialized for nutrient
absorption and, thus, provides an opponumt) tn stlldy the mteramon belwccn mtegml membrane transport proteins and their
hp:d i We have that in this may the function of the
de glucose in terms of its affinity for glucose. in this communication we report tiat membrane
lipid-protein interactions are distinctly differznt for the proline transport proteins. Maximnal transport rates for L ~preline by
either the neutral brush border or imino transport systems are reduced 10-fold when the is
made more fluid over the physiological racge that exists along the crypt-villus axis. icrovil
vesicles prepared from enterocytes isolated from along the crypt-vilius axis a similar gradient exists in the functional activity of
these transport systems. This would imply that either the functional activity of these are by
physical 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.

Intreduction thls model has d the i ion b the
deni glucose ter and the physical

properties of the microvillus membrane. Several groups

Each cell ir the body has a wide variety of proteins

des-gned for a diverse range of functions. in order for
each to fi p ly their i di

ronment is carefully controlled to provide optimai con-
ditions for protein function. While this principle is
evident for enzymes !located in the aqueous environ-
ment of the cell it has been more difficult to demon-

have d that a more
fluid microvillus membrane are associated :vith de-
creased rates of glucose transport [2.4,6]. Recent work
from our group has d d that the functiomal
activity of sodi d glucose t in-
creases in the microvillus membrane as the enterocyte

strate for bound p ins. The

microvillus b of the provid

useful model to study these phenomena since it repre- microvillus
sents an i highly ialized for the trans-

port cf a wide variety of autrients. Furthermore, since
this cell has one of the most rapid turnover rates in the
body it is a relatively simple task to examine the
maturation of this membrane, both in terms of protein
function as well as the maturation of membrane lipids
with ihe I physical they provide
for integral membsane proteins. Previous work with
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along the crypt-villns axis of the rabbit. Coinci-
dent with increased rat=s of glucose "anspon the
ively less fluid
[10}. However, the two piienomena do not appear to be
causally related smce fluidization of viilus-tip mlcrovn'
lus b to late a ciypt-like mi
meni, produced only a siight decline in maximal ratcs
of glucose transport. These studies did reveal, however,
that the conformationai change in the glucose trans-
poner initiated by sodium binding could only occur in
of a certain | fluidity. Thus, the
affinity of this transport system for glucose in the
presence of sodium appears to be dependent upon
membrane physical properties. These observations have
recently been confirmed in studies with diabetic rats
performed by Dudeja et al. [5). Increases in rates of
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glucose transport seen witk this model appcar to be
dary to rc of further down

the villus rather than the aiterations i.: membrane

physical properties also observed. Thus, the inferaction

between membrane physical properties and the

sodium-dependent glucose transporter appear io be
(L to the confor i changes i

killing. Cytc.,;*s were prepared from each isolated
cell fraction and stiined for the presence of BrdU
according to the method of Thomas and Williams
utilizing a fluorcscein conjugated anti-BrdU anubody
[24]). The number of fluorescent nuclei were cxpressed
as ap ge of total in cach popul;

k sedium binding, at least over the iological
range of membrane physical properties studied.

‘Tne conformational alterations that occur with
transporter activation are ualikely to be identical for
different t systems, theref the inf] af
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 transport
of L-proline across the microvillus membrane. Trans-
port of L-proline is more complizated than glucose in
fhat this molecule has at least three separate pathways
wcross e microvillus membrane. These include two
active Na*-depender.t cotransport sy:tems; the neutral
brush border (NBB) system, which transports other
neutral amino acids such as t-alanine, and the imino
system which is soecific for L-proline and imino acids
such as -pipicolate [18]. in this paper we present data
demonstrating that the interaction of these transport

ins with b physical properties arc dis-
tinctly different from those observed for the glucose
transporter.

Materials and methods

Cell and microvillus membrane isoiation

New Zealand White rabbits, weighinz between 0,75
and 1.0 kg, were killed with an overdose of intravenous
pentobarbitel. The jejunum was rapidly removed and
flushed with ice-cold buffer containing PBS and 1 mM
DTT. Cells from along the crypt-villus axis were iso-
lated using a modification of the menhod descnbed by

Proline transpo

Vesicle uptake of *H-labeled L-proline was mea-
sured using a rapid filtration techuique. Proline uptake
rates were measured af final concentrations ranging
from S0 wM to 8 mM. A 5-s incubation time was used
as preliminary studies, over the conceniration range to
be used, demonstrated that uptake rates were linear
for up to 10-20 s d ding upon ion. All
experiments were conducted at 21°C. A reaction buffer
wzs prepared containing 150 mM NaCl, 100 mM KClI,
10 mM Hepes, 12 mM Tris and various concentrations
of L-[*Hlproline (pH = 7.5). Studies were performed
under vol:age-clamped conditions using 40 g M valino-
mycin. Transport was initiated by rapidly mixing 10 zl
of the membrane preparation with 20 ul of 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 mannitol, 10 uM Hepes and
10 mM Tris (pH = 7.5). The rcsultant mixture was
rapidly filtcred through a (.45 pM filter (Millipore/
Continental Water Systems, Bedford, MA) and subse-
quently dissolved in scintillation cocktail (Beckman).
1-[*H]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 ume zero.

To d ine rates of sodi d dent uptake,
10 ul of the membrare preparation was rapidly mixed
with 20 pi of a reaction sclution containing 100 mM
KCl, 300 mM mannitol, 10 mM Hepes, 10 mM l‘ns
The reactlon was hed and uptake d as

Rowling and Scpulveda [12]. F 4 ion, each
fraction was pooled and microvilius membrane vesicles
were prepared using the calcium przcipiiation method
described by Kessler [7]. The final membrane pellet
was suspended in a buffer coataining 100 mM KCl, 10
mM Hepes, i0 mM Tns and mannitc! in a concentra-
tion produci ditions with the reaction
buffer. The resultant suspensions were stored in liquid
nitrogen {17

Membrane marker studies

Sucrase activity of membrane isclates and their lio-
mogenates way determined by the method of Dahlqvist
[3]. Te identify the proportion of crypt enterocytes in
each population, rapidly dividing cells were labelled
with bromodeoxyuridine (BrdU). This was accom-
plished by injecting BrdU' {102 mg/kg iv) 3 h prior to

P ly described. Rates of sodium-independent
prolme uptake over the concentration range of 50 uM
to 8 mM were consistently less than 5% of totaf uptake
when dctermined in vesicles isolated from mucosal
scrapings. 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 transporters this
component was extracted from the raw data as de-
scribed below.

In separate studies the NBB carrier was inhibited by
the ~dditian of 2 large excess of L-alanine (100 mM)
under iso-osmotic conditions. Uptake experiments wese
performed using a proline concentration of 150 M.

In additi studies the infl of altered mem-
hrane physical 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, 500 mM mannitol, 10 mM
Hepes, 10 mM Tris and 15 mM of either methanol,
ethanol, propano’, butanol, pentanol or hexanol. The
reaction solution contained 150 mM NaCl, 100 mM
KCi, 10 mM Hep:s, 10 m™ Tris, and 15 mM of one of
the alcohols menvioned above.

Fluidity determinations
The term membrane ity in thic psper is used to
refer to the relative ionai freedom of molecul
within the lipid bilayer. These properties were assessed
with steady state fluorescence polarization techniques
and a vanety of probes that allowed both the stati and
of b fluidity to be esti-
mated [13,19). The former was evaluated with the
probe 16 ~diphenyl- 135-hexalr.me (DPH) while the
was eval § ai different depths
in the bilayer using several isomers of n-(9-anthro-
yloxy)stearic or paimitic fatty-acid probes (n =2, 6, 9,
12, or 16). Data are reported as the steady-stat
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mined in the presence of 100 #M cis i()dll.lm were
initially fit to Eqn. 1.

p= [T {2 ypc 1
“|xive) \xgee)? M

This model assumes two carvier mediated processes
and a lincar ‘diffusional’ component with a slope of P,
Rates of carrier-dependent 1-proline uptake can be
obtained by r:moving the contribution of P C front
the raw data. Since i regression al, hmis are
most pre.ise when the minimum number of parameters
are solved for, situations where no clear distinction
benween the wo carriers could be made were fit o
Eqn. 2 which describes a system composed of a single
carrier and a linear diifusional component.

J J' +P C 2
+C 3

This situation arose for several reasons. First, in some

anisotropy parameter and the total fluorescence for a
constant amount of membrane and probe. The latter
measurement is important since iv provides an estimate
of fluorescent lifetime, total fluorescence being directly
proportional to fluorescent lifetime. Finally, for the
data obtained with DPH both the limiting hindered
anisotropy (r,) and the order

the ion based upon Eqn. ! converged
with the two carriers having identical K, ’s, suggesting
that only a single carrier couid be dissected mathemati-
cally from the data. Secondly, in cther cases two dis-
tinct carriers appeared to iit the data but iiic ivtal
contribution of the sccoud carrier was insigni‘icant.
Smce we know that two significant routes exist this

(Sppyy) were calculated using a previ ished
empirical refationship [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, PA).
L[*H)Proline was purchkased from New England Nu-
clear (Boston, MA) aud the fluorescent probes were
purchased from Moleculzr Probes (. City, OR).

Statistical analysis
Statistical analysis was performed using the com-
mercial program Systat (Evanston, [L). Comparisons
between groups were performed using ANOVA and a
Tukey test for post-hoc comparisons. Within group
homogeneity of variances was first established with a
Bartlett test. For comnarison of kinetic curves and
of kinetic pax a recently described
method was employed [8]. This method allows for

ion by direct i

w:th data weighted in proportion to within sample
variances. From recent work by Stevens et al. [18] it is
apparent thet 1-proline can utilize two distinct brush
border carriers. Thus, ratcs of L-proline uptake deter-

does noi provide useful information on a
second carrier. Finally, in all cases the ‘goodness of fit®
of the data to the model, as assessed by the mrethods
previously outlined [8], was no better with the two
carrier model. Thus, data is presented as carsier-de-
pendent rates of L-proline uptake and a single J™*
and K, are given. This does not imply that only a
single carrier exists, only that the two carrier: are so
similar in terms of handling r-proline that they cannot
be kinetically distinguished when using L-proline alone
45 u substrate. The K,, represents the average value
ijor two car'lcrs and lhe J e r..presems the sum of
zach individual value. C i
s imates were performed as described [8).

Resuits

Sensitivity of proline transport to alterations in mem-
brane physical properties
The first question addressed was whether rates of
1-proline uptake varied when membrane physical prop-
erties were modificd in a graded fashion. Such cxperi-
ments must be performed under conditions that do not
aiter the sodium permeability of the vesicles as this will
artificially reduce rates of sndmm—dependem nutrient
fluidizing agents such as ben-
2yl alcohol have been shown to dramatically incrsase
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: transpart as a function of fAuidity. Rates of 1-proline
uptake, mean+ S.E. froin {ive membrane preparations, were deter-
mined at a fixed cis concentration of 1 mM i the presence of
several alcohols (15 mM). The alcohols used were a homologous
< of a-alkanols ranging from methanol to hexanol. Shown in the
illed circles are the steady- tropy parameters for the probe
DPH in each With i ing alcohol hydro-
phobicity an abrupt increase in inembrane fiuidity was observed with
the addition: of butanol that coincided with a significant decline in
rates of v-proline uptake.

the sodium permeability of such vesicles and, thus, are
not useful under these circuinstances. 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
penreabiiity or initial rates of sodium-dependent slu-
cose transport [10]. Fig. 1 iflusirates the effect -
bating microvillus membrane vesicles in a fixed concen-
tration of alcohol (15 mM) of progressively increasing
chain length. Rates of L-proline uptake were deter-
mined under conditions of a cis sodium concentration
of 100 mM and 1 mM L-proline. For this homologous
series of alcohols an abrupt increase in membrane
fluidity v:as seen with the addition of butanol that
persisted with the addition ot either pentanol or hex-
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Fig. 2. Kinetics of proline uptake in fluidized vesicles, Experiments
illustrated represent the kinetic curves for L-proline uptake in five
membrane preparations (mean +$.15.) as a function of concentration
in vasicles incubated with either methanol or hexanol (15 mM).
Parameter estimates derived from these experiments are presented
inVable L

produced a 10-fold reduction in the J™™ for L-proline
uptake with no significant alteration in the K, of this

pori system. Furth vesicle size was not
significantly different between groups. These data sug-
gested that increasing motional freedom within the
microvillus membrane did not aher the affinity of the
proline transport systemn for its substrate, but rather,
had a profound effect upon either functional trans-
porier number or turnover tim::.

A final question concerning these data was whether
increasing mierubrane fluidity had a preferential effect
upon one or ciher of the L-proline iransport pathways.
To address this concern we cvaluatcd rates of proline
uptake into fluidized and non-fluidized vesicles in ei-
ther the presence or absence of large excesses of
L-alerine to inhibit proline transpori via the BB

h These data are shown in Fig. 3 and represent

anol. The data shown utilize the fl probe
DPH but similar results were obsesved with the (an-
throyloxy)stearic acid denvatlvcs (data not shown). Co-
incident with the d in brane fluid-
ity was a significant reduction in rates of L-proline
uptake. Since only a single i-proline concentration
gradient was used, these studies cannot be used to
address the question of whether alterations in mem-
brane physical properties aitered maximal ratcs of L-
proline uptake or the affinity of the proline transpori
systems for substrate.
To deiermine which kinetic parameter(s) were
specll' cally affected rates of L-proline uptake were
d over a sub ion range of 50
#M to 8 mM in either fluidized or non-fluidized vesi-
clez. In the non-fluidized vesicles methanol was used as
an osmotic control for hexanol. These data ure de-
picted in Fig. 2 with the calzulated kinetic

rates of transport at a single 159 M prolire concen-
tration. Once again it was evideiit that the addition of
hexanol dramatically reduces total rates of L-proline

TABLE 1
Rinetic parameters for proline transport

Each value represents best fit parameter estimate from the experi-
ments depicted in Fig. 2. In brackets are the 95% confience
lnlewals for each determination. Also included are the steady-state

values for the in which L-proline
transport rales were determined.

Alcohoi i X DPH

added (nmol /min (=M) Amsoticpy
(mM) per mg) (ry
Methanol (15) 8.33(7.03, 9.63) €92(513,372) 0.251+0.002

Hexanol (15)  1.99 (= 1.42, 257) * 431 (178, 685) 0.219+0.007 *

in Table 1. As itiustrated, fluidization of these vesicles

* P <0.05 vs. methanol-treated membranes.
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Fig. 3. Contribution of the imino carrier in fluidized and non-flui-
dized vesicles. Rates of L-proline uptake were determined at a fixed
cis concentration of 150 M. In order to determine the contribution
of the imino system the neutral brush bordey transport system was
saturated with 106 wM t-alanine. Total rates of v-proline uptake
were significantly reduced with the addition of hexanol {15 mM). The
addition of v-alanine also significantly reduced rates of L-proline
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 represents the mean+S.E. from at
least five membsane preparations in each group.

upicke, however, the contribution of the imino trans-
port sysiem ( d in the p: of L-alanine)

K

L-Proline transport along the crypt-villus axis
Since the foregoing data suggested that r-proline
t was isii itive to t physi-
cal properties we elected io examine rates of L-proline
uptake under conditions where these are known to vary
iologically; entarocyte along the crypt-

aturati

villus axis.

Cell and microvillus membrane characterizaiion

The technigue used for isolating cells from along the
crypt-viilus axis has been previously shown to produce
fractions relatively enriched in cells from the villus-tip,
mid-villus and crypt regions of the intestine [10). To
assess the relative purity of the current fractions we
utilized markers for both mature villus-tip cells and the
rapidly dividing crypt population; sucrase activity and

ion of BrdU ively. BrdU was admi

tered 3 h before killing at a dose of 100 mg/kg iv. The
results of these studies are summarized in Table IL
Sucrase activity was highest in the villus iip fraction
and declined in both the mid-villus aad crypt popula-
tions. Conversely, BrdU labeiled cclls were prominent
in the crypt fraction, scarce in the mid-villus and unde-
tectable i the villus-tip population. Thus, the three

incorp

was in both fluidized and fluidized states
(55.5 £ 11.1 and 41.0 + 5.7%, respectively). Thus, the
effect of fiuidization upon vr-proli port systems

cell fi represent a gradient of increasing entero-
cyte maturity. Despite the gradient in total sucrase
specific activity along the crypt-villus axis it is afso

appeared to be shared equally between the two major
transport systems.

from Table II that microvilius membrane
prepared from these fractions demonstrated equal pu-
rification as judged by the eqvivalent increase in su-

TABLE 1
Membrane physical propertics wicng the crypt-villus axis
Data repiesent the mean +S.E. values for in for the isatates depicted in Fig. 4.
Membrane Probe Anisotvopy parameter Limiting hindered Order parameter Total fluorsscence
r) anisotropy (Sppy)
(r,)
Villus tip 2-AS 0.161 £0.002 - - 4491036
6-AS 0.175+£0.004 - - 8691059
9-AS 0.161+0.002 - - 9121034
12-A8 0.139+0.002 - - 8.75+0.79
16-AP 0.095 1:0.00% - - 1145110
DPH 0.233::0.003 0.21110.004 0.763 + 0.007 829+¢38
Mid-villus 2-AS 0.172+0.003 - - 54008
£-AS 0.180+0.004 - - 8331 1.0
9-AS 0.165346.003 - - 104 £130
12-AS 0.133+0.003 - - 83.68+0.70
16-AP 0.083+0.001 - - 111 £1.03
DPH 0.235+0.006 0.213+0.008 0.766+0.015 851+0.23
Crypt 2-AS 0.154+0.003 * - - 4214038
6-AS 0.152+0.005 * - - 7475103
9-AS 014240003 * - - 7944048
12-A8 0.115+0.004 * - - 6.67+0.61
15-AP 0.072+0.001 * - - 7464117 *
DPH 0.213£0.004 * 0.184:10.006 * 071230012 * 6554047 *

* P <0.001 vs. villus tip.
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TABLE 1t
A

sracieristics of cell isolates

Sumse activity repre\ems the mean + S.E. for determinations in five
(BrdU) activity w:
ing a 3 h exposure i tiro,

termined from the inital cytospots toilu

il Sticiase BrdU nuclear
isolate ioation incorpora-
1 vM siticand
‘hov_m')gcnac MVM pusiiicavion. )
activity activity (-fold)
(U/myg (U/mg
protein) protein)
us tip 00790019 1881021 238465 0

Miz-viillus 0.043+£0.006 * 1.41£0.09 * 32.8+7.7 088 £08
CTrypt 001240005 * 0.32£0.05 * 2674133 109 $1.0*

* P <005 vs. villus tip.

crase specific actwity in the microvillus membranc frac-
tions.

As well as ing a gradient of i i
cell maturity the microvillus membrane isolated from
these cells und:rgoes a decline in relative motional
1 as the along the crypt-vil-
lus axis. These data are presented in Table 111. For a
variety of fluorescent probes sensitive to differing types
of molecular motion the microvillus membrane of the
mature villus tip enterocyte was significantly less fluid
than observed in thc crypt enterccyte. In termis of
membrane physical properties vesicles from the mid-

=

I/I—"l’- Villus=Tip 1

Mid-Viilus

TRANSPORT RATE, J
{nmoi/min per mg protein)

0 2 4 [ 8 10
PROLINE CONCENTRATION (mM)

Fig. 4. Rates of microvillus membrane 1-proline uptake in entero-

cyles irom along the crypt-villus axis. Sodium-dependent rates of

i-pioline uptake in at least five separate membrane preparation

froim 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 gareneters for 1-proline transport alang the crvpr-ritlus axis
Each valuc represents best fit parameter estimate from the experi-
ments depicted in Fig. 4. In brackets are the 95% confidence
intervals for cach determinanon. Also included are the sicady-state

values for the in which 1-proline
transport rates wer. determined

villus enterocytes appeared very similar to those ob- Mzmbrape  J™ Ko D
tained from the mature villus tip tes. The (nmot /min (=M anisotropy
obscived al ions in steady-stat . per mg) r)

" Villus tip 94(7.2,11.4)  252(164,340)  0.233+0.003
:i:cea::te ‘lllf:I(Ike‘y {0 be secondary to an mcreased fluo Mid-villus 7.9(54,104)  405(216.592)  0.235+0.006

e of the probes in the crypt mlcrcmllus
membrane. This parameter cannot b dlrectly b d

Crypt 08(0.2,14)*  182(~51,415) 021340004 *

with steady-state techniques, however, sincc total fluo-
rescence is directly proportivia!l v fluorescent iifeiime
and this parameter wzs either the same or lower in the
crypt preparations (Table 111) it is difficult to postulate
an increase in fluorescen’ lifetime. Furthermore, in the
studies of Biasitus et {1] uo differences in this
parameter were observad when lifetime was directly
measured. Although no studies of membrane lipids
were perfurmed with these vesicles we and others have

denions that these mem-
brane physxcal properties can be accounted for by
alterstions in the cholesterel/ phospholipid  raiio,
phospholipid subclasses and the fatty acid composition
of these lipids [1,9,10].

Rates of L-proiinc uptake intc these vesicles are
presenied in Fig. 4 with the corr2sponding parameter
eslimates in Takle IV, n a fashion similas to mem-
brane physical properties little difference could be
observed between vesicles from the mid-villus and vil-
lus tip fraction. However, a 10-fold reduction in the
J™* was observed in the micro: Hlus membrane from

* P <0001 vs. villus tips.

L2 [ (I 750 uM L-Protine
;:_-!‘5 B2 250 uM t-Proline
£8 + 100 m#” L-Alenine
¥e
E &
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Villus-Tip Crypt

Fig. 5. Contribution of the imino system along the crypt-villus axis.
Total rates of t-proline uptake in either tie presence or absence of
L-alunine are il Al least five b lions were
used and the resnits represent mean values + S.E. Villus tip vesicles
have higher total rates of L-proline uptake it n crypt vesicies 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 X. This
would suggest that as the eme'ocyte matures and mi-
grates up the villus, the affinity of the transporters for
substrate is not changed but that there is a change in
either transpcrter number or functional activity.

Finally, in order to assess the functional matuzation
of proline transpor’ systems, 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
membyrane. These data are shown in Fig 5, and demon-
strate that aithough total rates of L-proline transport
are much lower in crypt enterocytes thie relative contri-
bution of both transport systems ar¢ similar aiong the
crypt-villus axis.

Discussion

The study of amino acid iranspori in the small

intestine is complicated by species variation, multiple’

:ransport systems for the same amino acid and multiple

(16). Hi proiine iends it-
self tu (he 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
1abbit brush border vesicles occurs by twoe 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 than 5% of total) is aiso
observed [18). Thus, in the current studies we exam-
ined the velaticnship between the functional acuvnty of
these transport systeins and ihe pnyslcal t

81

incubating microvilivs membrane vesicles with a ho-
mologous series of n-aikanuis we observed a marked
reduction in rates of L-proline uptake that coircided
with an increase in motional freedom of probes m-
serted in the bilayer. Such experiments have numeicus
pitfalls, the most prevalent being that certain mem-
brane fluidizing avents roliapse the trapsmembranc
sodlum gradlent required for efficient function of
ds transport p: However, we

have prevxously demonstrated that, unlike benzyl alco-
hol, the linear alcohols provide efficient fluidization of
native microvillus membrane without increasing sodium
permeability in the concentrations used for thesc stud-
ics {10}, The mechanism by which these alechels flu-
idize membranes probabiy relates to random intercala-
tion between native membrane lipids and the disrup-
tion of hydrophobic bonds. Since they were used in
ively high i many do-
mains were likely to be inflvenced making it probable
that the lipid environment in the immediate vicinity of
the iransporter was involved, the so-called annular
lipids. in the current experiments the effect of tiese
alcohols on both proline transport rates and membrane
physical properties were similar for three alcohols
(butarol, pentanol and hexanol) despite the structural
differences between them. Thus, we conclude that the
1L-proli are itive to the sur-
rounding membrane iipid physical propertiss, and re-
quire a minima! degree of rigidity for proper function.
In the case of the sodium-dependent glucos2 trans-
portei membrans piysical properties appear to play 2
role in the conformational change that accompanies
sodium binding seen experimentally as a difference in
the K, of this transport system for glucose [10}. How-
ever, the situation for L-proline appears to be quite
diffcrent. When we examined rates ¢ i.-proline uptake
over a wide concentration gradicnt we were able to

of the sur ding lipid cavi b 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 exist for 1-preline. The data
d huie | des kinetic i ion for both
pathway: as a unit. From a mathematical perspective
cth the imino and NBB system appear to have similar
afﬁnities for L-proline and, the:cfore, they cannot be
kinetically dissected when only L-proline is utilized as a
substrate. Thus, the single K, gleaned from our data
represents the ‘average’ value for the two systems
present while the single J™* reflects the combined
transport capabilities of both systems.
In preliminary studics (Fig. 1) it appeared that total
rates of L-proline transport were quite sensitive to in
vitro modification of membrane physical properties. By

J that il ing the ﬂuxdlty of ilic microvil-
lus L d d the maxi rate of
proline, J™*, without an appreciable effect on the K,
for this t system. Fi this effect ap-
peared to involve both the ncutral brush border trans-
port system as well as the imino system. From a variety
of kinetic cxperiments Wright et al. have proposed a
kinetic mwde} for the ‘mino carrier in which two Na*
ions bind to the carries on the ¢is membrane side. The
resultant conformational change allows the binding of
one proline molecule. This compiex isomerizes to a
cc"fnguratmn in which the bindinyg sites are now facing
the trans side. Reltase of Na* and proline then vzcur
followed by reisomerization of the binding sites to the
cis side of the membrane [14,15,2]]. From kinetic data
angm has suggested that the rat: min’ng step is the

ion of the unloaded carrier from the trans
to the ¢is side of the b ‘This is in
with studies of the rat erythrocyte glucose transporter
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where the conformational ckange of the empty Sugar-
binding site from the frans 1o 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 the Sodi jependent glucose ter
and the proiine transport systems. In the case of the
former sodium binding initiates a conformational
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 tiae mzmbrane environment becomes too fluid.
Thus, alterativns in membrane physical properties ir-
teract with membrane transport proteins in a fashion
that is specific for each transpert system.

Since membrane physical ~rop: pp d to

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 t physical properties. Furth
these interactions are distinctly different from those
observed for the glucose t
system. Thus, it appears that membrane transport pro-
teins can be added to the list of integral membrane

itive 10 sur di lipid com-
posmcn and physical properties. However, it does not
appear possible to predict these interactions from cb-
servations with other transporters.

play a major role in the fenetional 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 microvilius membrane becomes
progressively more rigi
moves onto the viflus. These observations are species
dependent and true for both the Sherman rat {1] and
the rabbit, while in the Lowis rat the opposite seems to
hold {51 However, the cursent studies once again con-
firmed these observations for the rabbit jejunum (Ta-
ble [if}. In terms of prolinc transport a maturation
process was also evident along the crypt-villus axis (Fig.
2). Maximal rates o! i-proline transport were 10-fold
higher in the villus tip microvillus membrane than
observed in the crypr: without any appreciabie alter-
ation of the K, fu- these transport systems. The
explanation for thesc obsesvations is open for debate.
It could be argued that the proiine transport systems
are not expressed in the imm:ture crypt microvillus
membrane and only become evident after enoush time
nas passe¢ for ihe proteins to be syntaesized and
inserted into the apical membrane. In the asbseace of
probes for either mRMA or antibodies for the mem-
brane proteins this question canaot be reliably ad-
dressed. However, from the data presented in this
study functional activity of these membrane proteins in
the very fluid crypt microvillus membrane (if they exist)
would appear unlikely, 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 system in the
crypt is the same as at the villus tip. The implications
of iijs might 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 membiane physical
propcmes, since both sys!ems appear to be equally

to altera o
Studies with an animal model %u\,h as the Lewis rat

ane
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