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Abstract. Lens Major Intrinsic Protein (MIP) is a mem- equatorial epithelial cells as they differentiate to form
ber of a family of membrane transport proteins includingnew fiber cells, and thus it is found in differentiating and
the Aquaporins and bacterial glycerol transportersmature fiber cells but not in the epithelium that caps the
When expressed idenopusocytes, MIP increased both anterior hemisphere. MIP is a 28 kDa intrinsic mem-
glycerol permeability and the activity of glycerol kinase. brane protein, with an amino acid sequence predicted to
Glycerol permeability §g,,) was 2.3 + 0.23 >< 1® cm  span the plasma membrane six times (Gorin et al., 1984).
sect with MIP vs.0.92 + 0 086 x 10° cm secin con-  Amino acid sequence comparison indicates it is a mem-
trol oocytes. They,, of MIP was independent of con- ber of a superfamily of membrane transport proteins with
centration from 5 x 105 to 5x 102 m, had a low tem-  similar sequence and predicted membrane topology
perature dependence, and was inhibited approximatelgBaker & Saier, 1990), including the Aquaporin water
90%, 80% and 50% by 1.0 mHg"™, 0.2 mm DIDS  channels (Agre et al., 1993) and the bacterial glycerol
(diisothiocyanodisulfonic stilbene), and 0.1mnCu™,  facilitators glpF and FPS1 (Maurel et al., 1994; Luyten et
respectively. MIP-enhanced glycerol phosphorylation,al., 1995). Therefore, it is likely lens MIP is also a mem-
resulting in increased incorporation of glycerol into lip- brane transport protein. However, glpF and FPS also
ids. This could arise from an increase in the total activityaffect glycerol metabolism (Voegele, Sweet & Boos,
of glycerol kinase, or from an increase in its affinity for 1993; Luyten et al., 1995). This suggests proteins of the
glycerol. Based on methods we present to distinguistMIP superfamily, in general, may have a role in metabo-
these mechanisms, MIP increased the maximum rate dism as well as membrane transport.

phosphorylation by glycerol kinase (0.12 + 0.03. The role of MIP in the lens is poorly understood,
0.06 + 0.01 pmol mii* cell™) without changing the however mutations in MIP underlie cataract develop-
binding of glycerol to the kinaseKg, 010 pm). ment in mice, suggesting it is essential for lens homeo-
stasis (Shiels & Bassnett, 1996). MIP was originally
Key words: MIP26 — Lens fiber cell — Glycerol — thought to form gap junctions between fiber cells, but
Cell membrane permeability — Glycerol kinase this hypothesis is now considered unlikely. Based on se-

guence analysis, immunocytochemistry, and functional
data, MIP neither resembles nor behaves like the con-
nexin family of gap junction proteins, members of which
are present in the lens (Beyer, Paul & Goodenough,
1987; Zampighi et al., 1989; Swenson et al., 1989). Re-
constitution of MIP into artificial lipid bilayer systems
Introduction demonstrated it can form ion channels with large (hun-
dreds of pS) open channel conductances (Ehring et al.,
1990) and nonspecific channels permeable to neutral sol-
utes as large as sucrose (Girsch & Peracchia,
1985). However, when expressed in the plasma mem-
brane ofXenopusoocytes, MIP does not cause a detect-
able increase in conductance but forms a channel for
[ water and facilitates glycerol uptake (Kushmerick, et al.,
Correspondence taR.T. Mathias 1995; Mulders et al., 1995; Zampighi et al., 1995). The

Abbreviations: DIDS, diisothiocyanodisulfonic stil-
bene; G3Pa-glycerol-3-phosphate; GK, Glycerol Ki-
nase EC 2.7.1.30; MIP, Major Intrinsic Protein of Lens

Lens Major Intrinsic Protein (MIP) is the most abundant
membrane protein in the fiber cells of the ocular lens
(Broekhuyse, Kuhlmann & Stols, 1976). MIP appears in
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inability of expressed MIP to transport ions may be rep-or CuCk), the oocytes were preincubated with the inhibitor for 10 min
resentative of its behavior in the lens fiber cells, which prior to the start of uptake. To stop the uptake reaction, oocytes were
have a very low conductance despite the fact that MIP iéransferred using a wide-bore plastic transfer pipette to 7 ml plastic

. - . . scintillation vials filled with ice-cold Ringer solution. The solution
abundant (Mathlas etal, 1985)' In addition to mcreastNas removed from the vial by aspiration, and the vial was refilled from

glycerol and water transport, expression of MIP gener- gypply of Ringers solution kept on ice. The oocytes were washed in
ated a significant nonsaturable component of glycerothis manner 4 times with a total of 28-ml Ringers solution within 30

uptake (Kushmerick et al., 1995). This component wassec. After the final wash was withdrawn, 0.5 ml 1% SDS was added
consistent with an increase in trapping of glycerol asand the oocytes were incubated for 30 min with occasional agitation
impermeant metabolites, Suggesting MIP may be in_until the oocyte dispersed in the detergent solution. Lastly, 3 ml of

volved in metabolism as well as membrane permeatio cintillation fluid was added to the tube (EcofitdCN, Costa Mesa,
of glycerol in the lens A) and radioactivity counted. Each uptake measurement reported is

A . . . the mean of 5-8 oocytes assayed independently. Thus a slope derivec
The purpose of this paper is to investigate the role Ofirom three time points represent data from 15-24 oocytes, each assayex

MIP in transport and metabolism of glycerol. As in most independently. Scintillation counter background, and background cor-

cells, the first step in glycerol metabolism is formation of responding to nonspecific binding of glycerol to the oocyte (determined

glycerol-3-phosphate. We developed a method to deterfom the y-axis intercept of regression lines through 3-4 time points at

mine free intracellular g|ycer0| aIIowing us to measuret < 30 min) were subtracted from uptake values used to determine
. . : ’ initial sl .
simultaneously the kinetics of glycerol uptake and phos-""¢ >'°P¢S

phorylation in the oocyte.

When extracellular glycerol is in the millimolar AnaLysIs oF *H-GLYCEROL METABOLITES
range, we show its influx into oocytes is much greater
((1.00-fold) than its rate of disappearance by metabolism©ocytes incubated ifH-glycerol were separated into their lipid and
Thus, virtually aII3H—egceroI taken up remains as free Water—sol_uble (_:omponents according_tq the mgthod of Bligh and Dyer
glycerol, and radioactive uptake is a direct measure 01’515 described in Kates, 1986. The lipid fraction was separated into

- L. . lasses by thin-layer chromatography (TLC; silica-G / hexanes [bp
permeability. Under these conditions, we characterize 9°C]:ethyl ether:glacial acetic acid::80:20:1). Monoglycerides were

the concentration dependence, heavy metal sensitiVityeparated from phospholipids using the solvent system: GHCI
and temperature sensitivity of the glycerol permeabilityMeOH:H,0::64:25:4. Lipid classes were identified based on their mo-
of MIP. bility in comparison to lipid standards (Sigma). The water soluble
fraction was separated by TLC (silica-G / isopropanol: water:
MH ,0H::70:20:10).°H-G3P, used for a standard, was synthesized by
Materials and Methods incubating*H-glycerol with glycerol kinase (Boehringer Mannheim,
Indianapolis, IN) in a buffer containing (inwm): Tris HCI pH 8.0 (50),
KCL (50), ATP (5), MgC}, (10), DTT(7.5). To quantify the TLC of
ExPRESSION OFMIP IN XENOPUSOOCYTES radiolabeled metabolites, we used plastic-backed TLC plates (Mach-
erey-Nagel, Germany), which were cut into 1 x 4-cm rectangles, placed

Synthesis of MRNA, isolation and injection of oocytes, production of in scintillation vials, stirred for 30 min with 7 ml scintillation fluid and
anti-MIP antisera and quantifying of expression by Western blotting €0Unted-

using purified frog lens MIP for calibration were performed exactly as
previously described (Kushmerick et al., 1995). In brief, capped
mRNA with a frog viral promoter and a poly-A tail was prepared from
a frog (Rana pipiensMIP cDNA clone (Austin et al., 1990) using the
MEGAscript (Ambion, Austin, TX)in vitro translation kit. Oocyte
Ringer solution contained (in m): NaCl (82.5), KCI (2.5), CaGl(1),
MgCl, (1), Hepes (5), pH 7.8, penicillin and streptomycin, d@ mi~*
each. Oocytes were isolated frodenopus leaviand defolliculated
using collagenase (Sigma Type XIlI, 120 min, 2 mg hih Ca*-free - dvzdt

Ringer). After isolation, oocytes were incubated overnight at 18°C. 207 Va0 Ac

They were then injected with either 50 nl of a solution containing 0.2

g It (10 ng) synthetic MIP mRNA or 50 nl 0 (controls). After ~ WhereV(t) is the oocyte volumeV,,o = 18.2 cn? mol™ is the molar
injection, oocytes were incubated for 72 hr at 18°C prior to experimen-volume of water and\c is the imposed osmotic gradient.

tation. Expression was quantitated by Western blotting using poly-

clonal anti-peptide rabbit antiserum raised against the final 19 amino

acids of frog MIP and the ECL western blotting detection reagents. CURVE FITTING

MEASUREMENT OF OocYTE WATER PERMEABILITY

Oocyte volume change was monitored by video microscopy during
hypotonic challenge as described (Kushmerick et al., 1995). Total oo-
cyte water permeability (cfnisec?) was defined as

All curve fitting was performed using the Marquardt-Levenson algo-
MEASUREMENT OF 3H-GLYCEROL UPTAKE rithm, as implemented in the software SigmaPlot (Jandel Corp.). The
theory lines in Fig. 1 were the best-fit curves based on Eq. 8 in ref
Individual oocytes were incubated in 0.5 ml Ringer solution containing (Kushmerick et al., 1995). The theory lines in Fig. 6 were best-fit
1 pCi/mI®H-glycerol (72 Ci mmot?, NEN, Boston, MA), and unla-  curves based on the equation
beled glycerol to give the final concentration indicated in the text.
When uptake was measured in the presence of inhibitors ¢15aDS Paiy = Ka go’m
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The curves were used to interpolate the data points to calculgte Q 80
around 22°C.
60 -
STATISTICS Glycerol uptake 40 |
(pmol)
Unless otherwise stated, values are reported as mean + SD. Values
slopes are given as least-squares regression slope + slope SD. 20
0 4
LiST OF SymBOLS . , , : ,
A Area of oocyte plasma membrane @m 0 400 800 1200 1600
GK Intracellular glycerol kinasev) ] .
GKC Intracellular glycerol-glycerol kinase complex)( Time (min)
GKC,, Steady-state intracellular glycerol-glycerol kinase complex _. ) . .
() Fig. 1. Time course of glycerol uptake in oocytes expressing MM (
or control oocytes@). Oocytes were incubated in 204 *H-glycerol
Gl Ext llular gl | . o f .
Gli-o In):r;i(;lelulljaa:rg?yice?gl)r@r(;) for the times indicated, then washed and counted as described in Ma-
Glyf Steady-state intracellular glycerok) terials and Methods. Total oocyte radioactivity was measured, which
G3};SS Intracellular glycerol-3-phosphater) includes free glycerol and its cellular metabolites. Each point is the
o Forward rate constant for formation of glycerol-glycerol ki- mean of 6 oocytes assayed independently. Error bars are standard error
nase complex(~Lsec?) of the mean. Smooth lines were generated by an equation representing
B Dissociation rate constant for glycerol-glycerol kinase com- the reaction in Eq. 1.
plex (sec?)
K, Rate constant for formation of G3P from GKC (s8¢
Km Apparent Michaelis constant of GK for glycerah)
Kmem Membrane rate constant for glycerol (38¢(=S/GlyVay,)
Pay Specific membrane permeability for glycerol (cm sBc  this observation. Since we found no evidence of active
(=S/Gly, Av) N . transport of glycerol by oocytes expressing MIP or con-
Paiy TG‘Tta' oocyte permeability for glycerol (cfec”) (=S/  {ro] pocytes (Kushmerick et al., 1995), we hypothesize
Proo TO{;? oocyte permeability for water (chsec?) glycerol kinase trapped it in the cell and allowed it to
Q.0o(T) Ratio of reaction rate at (T + 5)°C to (T — 5)°C accumulate.
S Final slope of glycerol uptake (mol mit)
S Initial slope of glycerol uptake (mol mir)
Ve Glycerol-accessible volume (@ CHEMICAL Basis oF THEFINAL SLOPE, §
Accumulation of metabolites of glycerol could explain
Results the continuous uptake otH-glycerol beyond equilib-

rium. Figure 2 shows an overview of glycerol handling
in the liver (Lin, 1977). The first step is phosphorylation

to glycerol-3-phosphate (G3P) followed by incorporation
into lipid. G3P may also enter glycolysis after conver-
Figure 1 shows the time course of glycerol uptake intosion to DHAP, however note that in physiologic condi-
oocytes expressing MIP or control oocytes. Oocytedions, [DHAP]/[G3P] < 10* (based on data in Berg-

were incubated in 2Qum>H-glycerol for the indicated meyer, 1984 and Klaidman, Leung & Adams, 1995, as-

GLYceERoL UprTAKE TIME COURSE

times, then intracellulatH-radioactivity (including glyc-
erol and its metabolites) determined by scintillation
counting. After an initial linear phasé € (30 min) and

suming pH= 7.0).
To determine which pathway(s) are involved in me-
tabolism of glycerol in oocytes, we performed thin-layer

a transitional phase, uptake entered a final linear phasehromatography on the aqueous and lipid fractions of
(t > (200 min), which lasted for at least 1420 min. Ex- oocytes incubated for 18 hr in 20m3H-glycerol. This
pression of MIP increased both the initial slog MIP: time point and concentration was chosen to maximize
0.15 + 0.04vs. Control: 0.06 + 0.01 pmol mift) and the  components other than free glycerol and thus make their
final slope &; MIP: 0.035 £ 0.0029vs. Control:  detection easier.
0.014 + 0.0007 pmol mirt). Table 1 lists the radiolabeled chemical forms we
Given an oocyte glycerol volume a&f0.75 pl (see identified and their relative abundances. Consistent with
below), oocytes will contain 15 pmol of free glycerol metabolic trapping, a large portion of the water-soluble
when at equilibrium with 2Qsm glycerol in the bath. radioactivity was identified as glycerol-3-phosphate.
As seen in Fig. 1, both control oocytes and oocytes exThe major lipid forms were phospholipids, with smaller
pressing MIP accumulated glycerol beyond equilibrium.contributions from mono-, di- and tri-glycerides. Thus
Simple diffusion of glycerol into the cell cannot explain the oocyte, like other cell types (Lin, 1977), incorporates
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G6P sively, followed by phosphorylation by glycerol kinase.
Glycerol The most simple representation is:

ATP &
GK
/l/ kmem «
ADP G3PDH

kp
G3P < DHAP Glyok= Gly; + GK= GKC— G3P+ GK @)

WhereGly, is the extracellular (bath) glycerol concen-
Pyruvate tration andGly,, GK, GKCandG3P are the intracellular
glycerol, glycerol kinase, glycerol-glycerol kinase com-
plex and glycerol-3-phosphate concentrations, respec-
tively. Table 1 showsG3P is incorporated into lipid.
However, our data represe@®3P and all of its imper-
Fig. 2. Overview of glycerol handling in the liver based on data in Lin meant products and insofar as the formationG@P is
(1977). The first step is phosphorylation, followed by incorporation irreversible, downstream reactions do not affect our
into lipid or conversion into DHAP for entry into glycolysis. Note that analysis $eeDiscussion).G3Pmay also be converted to
under typical cellular conditions, intraconversion of G3P and DHAP dihydroxyacetone phosphate and enter the glycolytic

strongly favors formation of G3P. Abbreviations are: DHAP, dihy- - . . .. )
droxyacetone phosphate; G3P, glycerol-3-phosphate; G3PDH, glycpathway' resultlng in loss of radloaCtIVIty asl HZO'

erol-3-phosphate dehydrogenase; G6P, glucose-6-phosphate; GK, eg@—‘_s Q(_ascribed in the DiSCUSSion' when this pathw_ay is
erol kinase. significant, accumulation o&3P (and products) begins

to slow, hence the final slope is not linear. Since we are
_ N _ recording the linear phase of accumulation, we assume
Table 1. Oocyte expressing frog MIP lipid fraction on TLC loss of rao_lioactivity ag_H'Hzo is negligible. -
Equation 1 comprises the following reactions: the

LIPIDS

Fraction Chemical form % of Fraction % of total . . .
passive membrane permeation of glycerol into the cell,
Water soluble  Glycerol 29 14.5 with equal forward and reverse rate constaten,
Glycerol-3-phosphate 58 29 (sech); the reversible association of glycerol with glyc-
. Unidentified 13 6.5 erol kinase with forward rate. (m~* sec?) and reverse
Lipid Phospholipids 60 30 ratep (sec?); and the irreversible formation of G3P with
Monoglycerides 2 2 rate constank, (sec* and k, combine to form the
Diglycerides 18 9 rkp( ). o, B lﬁ? !

Triglycerides 18 9 Michaelis constant{y, = (B + ky)/a, (). The time de-
pendence of the reactions in Eq. 1 follow from the defi-
Oocytes were incubated in 204 *H-glycerol for 18 hr, then separated nition of the rate constants:

into lipid and water-soluble fraction by the method of Bligh and Dyer

(described in Kates, 1986). The lipid fra(_:ti_on was separated into classes Gly

by TLC and the percentage &fi-labeled lipid for each class measured. i

T)rl1e Water—solut?le fractign was separaaed by TLC and the fraction (¢t = kmenfGlYo ~ Gly) —a GK Gly, + B GKC (3
3H-glycerol and®H-G3P measured. Glycerol and G3P were determinedd GKC

by comparison of their mobility with authentfH-glycerol and®H- =a GKGly-(B + kp) GKC (b)
G3P, the latter synthesized as described in Materials and Methods. dt

Lipid classes were identified by comparison with lipid standards d G3P

(Sigma) as follows: Phospholipids: egg phosphatidylcholine and phos—T = kp GKC (C)
phatidylethanolamine; Monoglycerides: 1-monolinoleoyl-rac-glycerol; )

Diglycerides: 1,3-dilinolein; triglycerides: trilinolein. Lipid standards
were visualized by staining with.|
At early times,Gly; 0 0, and thus the initial slope of

_1 . .
glycerol into lipid and metabolic trapping explains the glycerol uptake (mol sec’), is given by

uptake of glycerol beyond equilibrium.
S = Glyo kmemVGIy (3)

MoDEL CALCULATIONS

Where Vg, is the volume of the oocyte available to
Following the observation that the coliglycerol facili-  glycerol, (0.75 pl; see below
tator, which is a member of the MIP superfamily, en- When uptake enters the slow linear phase (after
hances the activity of glycerol kinase (Voegele et al.,about 200 mincf. Fig. 1), Gly; and GKC are at their
1993), we hypothesize MIP activates glycerol kinase insteady state value§ly,_,; andGKC,4 respectively. The
the oocyte. We assume glycerol enters the cell pasfinal slope,S (mol sec?) is therefore given by:
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Gly,_os measured the initial and final slopg§ &ndS) of glycerol
S = kp Voiy GKCos =k Viiy GKr Gly_ .+ Ky, (4) uptake at different extracellular glycerol concentrations

s (Fig. 3 A andB). Next, for each extracellular glycerol

WhereGK(m) is the total concentration of glycerol ki- concentrationGly.¢s was calculated using Eq. 6. Fi-
nase present in the cell, comprising free and complexed@!ly; EQ. 4 was fit to our data o§ vs. Gly. to deter-
enzyme. mine Ky, andk,GK; (Fig. 3C).

At steady-state, the rate of entry of glycerol equals . 1aPle 2 summarizes the results from this analy-
the rate of formation oG3P (i.e., the final slopeS). SIS The value oK,, was essentially unchanged for oo-
Thus we may write cytes expressing MIRs. Controls (110 um). The value

of k,GKy, however, was increased by a factor of 2.3.
S = KnenVoi(Glyo = Glyi_sd (5)  Thus MIP increased the maximum rate of glycerol phos-

phorylation by glycerol kinase and not its affinity. Based
Combining Egs. 3 and 5 and solving f@ly,_ . results  ©N the initial slope data (Fig.A) knem (@ measure of
in: glycerol permeability) was increased by a factor of 2.1

by expression of MIP, as discussed in the following sec-

tion.
Gly,_¢s=Gly, (1 - §> (6) We attempted to separately determigeand GKy
S from our data, however our estimate®K; did not have
. sufficient resolution.E. coli glycerol kinase has a value
In EqQ. 6, the steady-state intracellular glycerol concen- ¢ k, on the order of 1,000 mirt (calculated from data in
tration is shown as a function of three experimental pas \

) o - Voegele et al., 1993). Using this value kf, GKy in
rameters: extracellular glycerol, and the initial and final these oocytes is on the order of 100 pM wherelg, in
slopes of uptake.

. . these experiments ranges from 2 to|8@. Such a rela-
The parameters in Eq. 1 can be determined as fol P g 180

. tively small concentration of5K; could not be deter-
lows: kyem Can be calculated fror§ andVg,, using Eq. y T

X e mined by analysis of the kinetics of glycerol uptake and
3; Ky andk,GK+Vg,, can be determined by fitting Eq. 4 s i
0 values 0fS vs. Gly.. (Gly, .. having been calculated phosphorylation (ilGK; were on the order dBly;, it can

) . . i be shown thaGK; can be estimated by extrapolating the
from Eq. 6); Ve, is determined as described below. final slopes back t6 = 0. Therefore, we were unable to

distinguish which of the terms in the maximum rate of
DETERMINATION OF Vg, THE GLYCEROL-ACCESSIBLE phosphorylationk, or GKy, is increased by MIP.
VOLUME IN THE OOCYTE The effect of MIP on glycerol kinase was measured
in 5 experiments using oocytes from different toads, at
Calculations of intracellular concentrations and thedifferent times of the year and with different batches of

membrane rate constant for glycerol require knowledgd!P MRNA. Overall, expression of MIP increased
of the oocyte glycerol-accessible volumés,. To de- K,GKr by a factor of 2.4+ 0.5 (mean + SD) relative to
termine Vg, We incubated oocytes in 2.0 m>H- water-injected controls. A similar increasekiGK was
glycerol. This concentration was chosen to be suffi-S6€n when oocytes expressing MIP were compared to
ciently high that metabolized glycerol is a negligible Uninjected (rather than water-injected) controls. In the
fraction of Gly,, without imposing significant osmotic Discussion, we consider several alternative mechanisms
stress. After 400 min, further uptake was negligible for the effect of MIP on glycerol handling by the oocyte.
(<0.6% hr?) indicatingGly, andGly, were essentially at We conclude the most likely interpretation of our data is
equilibrium. At equilibrium, oocytes took up 1500 + 91 also the most simple one: irreversible formationG8P
pmol wl™%, indicating free glycerol equilibrated with a Stimulate activity of glycerol kinase.

volume of[(0.75 ul. In comparison, the oocyte volume

for water has been estimated to B&9 pl (Whitesell et
al., 1993). EFFECT OFMIP ON pg),

The specific permeability of the oocyte membrane to
glycerol (o) was obtained from the initial slope of
glycerol uptake §), the external concentratiorGly,)
and the oocyte plasma membrane surface aAga és:

ErFFecT oFMIP oN GLYCEROL KINASE

MIP could increase the activity of glycerol kinase in two
ways: it could increase the affinity of the enzyme for
glycerol (i.e., reduc,,) or it could increase the maxi-
mum rate of phosphorylationk{(GKy). To distinguish _ S %)
these, we designed the following experiment. First, we Y~ GlyA,
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Fig. 3. Determination of model parameters\)(The initial slope of
glycerol uptakeS, was measured at different concentration&bf, (2,

5, 10, 40, 80um) in oocytes expressing MIF®) or control oocytes
(O). Data points are means of 5-6 oocytes, error bars are standal
deviations. B) The final slope of uptakes, was measured at different
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Table 2. Kinetic parameters for the uptake and metabolism of glycerol
in oocytes

Kmem (x10% sec) Ky (um) Kk, GKy Vg, (pmol sec?)
Control 1.8+0.4 11.7 0.06 +0.013
MIP 3.8+0.3* 12.5 0.12 + 0.025*

* Difference (MIP vs. Control) is statistically significantR < 0.001,

by t-test). Equation 4 was fit to the data in Fig. 3 and Marquardt-
Levenson curve-fitting used to determined the paramekers, Ky
andk, GK;Vg),.

Data in Fig. & show MIP imparts a 2.1-fold in-
crease in the initial slope of glycerol uptake which is
linearly dependent on extracellular glycerol concentra-
tion from 2-80uMm. Figure 4 extends this result from
0.05 to 100 mM. Over this range, the initial uptake in
both control and MIP-expressing oocytes exhibited a lin-
ear dependence on glycerol concentration, with MIP im-
parting a 2.5-fold increase in uptake rate. Thus over this
range of glycerol concentrations, the glycerol permeabil-
ity was constant and increased 2.5-fold by MIP. Linear
regression was used to obtain a best-fit slope5ofs.
Gly,, from whichpg,, was determined using Eq. 7. The
best-fit permeabilities were 2.3 +0.23 x TOvs.
0.92 +0.086 x 10° cm sec* (MIP vs. Control) assum-
ing the oocyte is a smooth sphere wify = 0.045 cnf.

If the oocyte membrane area including villi is used to
normalize permeabilities (Kushmerick et al., 1995;
Zampighi et al., 1995) the values would be about 8 times
smaller. The permeability of MIP was specific; expres-
sion of MIP caused no detectable change in the perme-
ability of urea, inositol, glucose, reduced glutathione or
sorbitol (Kushmerick et al., 1995).

SINGLE-CHANNEL GLYCEROL PERMEABILITY

To determine the single-channel permeability, one must
know the number of channels expressed in the oocyte
plasma membrane. Quantitative immunoblotting of total
oocyte homogenate (Kushmerick et al., 1995) indicated
expression of 2.5 + 0.5 x #Bcopies of MIP per oocyte.

In the membrane MIP forms a tetramer, thus there are on
the order of 6.3 x 18 channels per oocyte. However,
some significant fraction of these are in intracellular
Jpembranes, so this is an upper limit on the number of
plasma membrane channels. A better estimate can be

concentrations oBly, (2, 5, 10, 40, 8Qum) in cocytes expressing MIP ~ Obtained based on the total water permeability per oocyte
(@) or control oocytes®). Data points are means of 5-6 oocytes, error due to MIP and the single channel water permeability of

bars are standard errors of the mead) Values ofS (from the re-
gression slopes in Fig.B3 were plottedvs. the calculated free intra-
cellular glycerol concentration determined from the initial and final
slopes at each concentration. Eq. 4 (solid lines) was fit to the data usin
the Marquardt-Levenson algorithm. Parameters thus determined a

MIP. In these oocytes, MIP induces an increase in total
osmotic water permeabilityP(,,o) of 1.2 + 0.04 x 10*

cm® sec? (calculated as described in Materials and
%/Iethods). Zampighi et al. (1995) estimate the single-

r

presented in Table 2. Points are regression slopes from the data in pangl@nnel water permeability of a MIP tetramer is approxi-
A, error bars are regression slope standard deviations.

mately 6 x 106 cm® sec?, which implies our oocytes
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10% -
) -
g- Control  +
o ++
5 102 - Hg MIP
E:; MIP-Control
CE 4o
E = 10"
Qo -
S E-; Control  +
-6 0 ) -
g 10° DIDS MP L
6>' MIP-Control
107 T T T s
104 103 102 10" .
. Control  +
Glycerol concentration (M)
cu™t MIP v
Fig. 4. Concentration dependencemf,. The initial slope of glycerol MIP-Control -
uptake was measured as a function of glycerol concentration in oocyte *
expressing MIP @) or control oocytes@). Data points are means of T T T T T
5-6 oocytes. Error bars are standard deviations. In both cases, tt 0O 1 2 3 4 5 6
relation_ship was Ii_near indicating,, is independent of glycerol con- 5 4
centration over this range. Pay/ 107 cms

Fig. 5. Inhibition of pg,. pg)y Of 00cytes with or without MIP, and the
are expressing 2 x 1t® channels (tetramers) in the difference (MIP-Control) was determined in normal Ringers solution
plasma membrane. This is consistent with our uppel(‘) or in Ringers plug the indicated inhibitor (+)' from the initial slope
limit of 6.3 x 10 total channels based on immunoblot- of glycerol uptake using Eq. Gly, was 5 mu. Inhibitors: Hg™: 1 mm

. d Th | al | bili . _HgCl,; DIDS: 200 um diisothiocyanodisulfonic stilbene; Ctu 200
ting data. e total glycerol permeability per oocyte Is mm CuClL. Bars are means of 5-6 oocytes. Error bars are standard

_ =1 i i . . .
_PGIy = PoiyPm (cm® sec )._'_I'he MIP-lnduce_d INCrease deviations. Error bars for the difference, MIP-Control were determined
in total glycerol permeability per oocyte is therefore from the variance in each as (@t + Varcono) ™2

0.62 x 107 cm® sec™. Dividing by the number of chan-

nels gives the single-channel glycerol permeability of

MIP at approximately 3.1 x I8° cm® sec'. Though  MIP was inhibited by all three agents, with potencies 1
this number is obviously uncertain due to the difficulty in mv Hg™ > 200 mv DIDS > 0.1 nm Cu™™. The inhibi-
estimating the number of MIP in the plasma membranetion of glycerol permeability by 1 m Hg"™" is in contrast

it nevertheless demonstrates that MIP is three orders dp the observation that H§ does not appear to inhibit
magnitude less permeable to glycerol than water. Thighe water permeability of MIP (Kushmerick et al., 1995).
suggests glycerol and MIP have different pathwaysThis suggests glycerol and water may follow separate
through the MIP tetramer. paths through the MIP channel.

These experiments were performeddy, = 5 mm,
which is 500 times the measur&g, for glycerol kinase.
The influx of glycerol under these conditions
. . o . (= Pgy x Gly,) was therefore on the order of 10 pmol
To demonstrate that the increasepi), seen in Fig. 4is  yin 1 This is[1100 times greater than the maximum rate
directly due to transport properties of MIP, we looked for of glycerol phosphorylation in the oocytes. Therefore, it
a specific blocking agent. Since 1.0vmHg™" and 200 g |ikely that the inhibition of glycerol uptake by these
um DIDS block glycerol transport by other members of 5gents is due solely to an effect on permeability and is

the MIP superfamily (Maurel etal., 1994; Ishibashi etal., yncontaminated by any effects these agents may have or
1994; Ma et al., 1994), and 0.1MrCu™ blocks protein-  gjycerol metabolism.

mediated glycerol transport in erythrocytes (Carlsen &
Wieth, 1976), we examined the effect of these three
agents on th@g,, of MIP. TEMPERATURE SENSITIVITY OF Pgyy

Figure 5 shows thpg,, of oocytes in normal Ringer
solution or in the presence of Fg DIDS, or Cu™. The = The temperature sensitivity of thg,,, of MIP provides
component ofpg,, attributable to MIP (Fig. 5, bars la- clues about the mechanism of transport. If MIP forms a
beled “MIP-Control”) was determined asg,, (oocytes  water-filled pore, the @, of pg, should bel1.2, which
expressing MIP)—g,, (Control oocytes), either in nor- is the Q for the viscosity of water at room temperature
mal solution or in the presence of inhibitor. Thg, of  (Finkelstein, 1987). In contrast, the (Jor glycerol per-

INHIBITION OF Pgyy
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6 and it added a late component of uptake, consistent with
either active transport or enhanced trapping of glycerol
54 as an impermeant form (Kushmerick et al., 1995). In the
present paper, we demonstrate accumulation of meta-
Py 4 bolic products of glycerol, pr.imarily glycerol-3-
(x10°ems?) 3 phosphate (G3P) and phospholipids, account for the late
component of glycerol uptake and show MIP exerts its
2 | effect on this component by stimulating glycerol kinase
(GK).
1 4 We developed a method to study GK activity as a
function of the concentration of free intracellular glyc-
] | , : | | erol in intact oocytes expressing MIP. The reactions we
10 15 20 25 30 35 assumed occur are given as Eq. 1. This model assume:

glycerol uptake is passive, and that intracellular glycerol
is phosphorylated by glycerol kinase, thus trapping it and
Fig. 6. Temperature dependencemf,pe, of oocytes with MIP @) allowing total _3H.-glycer.ol radioactivity to accumulate
or controls O) was determined in Ringers solution at the indicated beyond equilibrium with the bath. Analysis of this
temperatures from the initial slope of glycerol uptake using EGIY, scheme yielded an expression for the intracellular free
was 5 nu. Data points are the means from 4-6 oocytes, error bars argylycerol concentration (Eq. 6), which was used to deter-

standard deviations. The smooth lines are best-fit theory curves aghine the kinetic parameters of glycerol kinase activity
described in Materials and Methods. K dk.GK
(Km andkyGKy).

T(°C)

For simplicity, the only component of the final slope

meation though the oocyte plasma membrane lipid biliSted in Eq. 1is G3P. In these experiments, we measure

layer is expected to be more than twice this value. Thidot@l oocyte radioactivity, which includes glycerol and all

is due, roughly in equal parts, to the enthalpy of parti-Of |t; impermeant metabolites. G3E may pnter the gly-

tioning of glycerol between water and the lipid, and the c0lytic pathway and some of the radioactivity from glyc-

temperature sensitivity of non-Stokesian diffusion in the€"0! may exit the cell asH-H,0. In general, we may

polymer environment of the bilayer hydrocarbon core€XPress the final slope as

(Stein, 1986). Consistent with this, the glycerol perme- PR Ky

ability of phosphaudyl chollne/cholestero_l liposomes haSGKCSS—\ SGK, N H,O

Qs values ranging from 2.4-3.4 depending on the mem- S =

brane composition (calculated from data in Van Zoelen

et al., 1978; De Gier et al., 1971). The Df glycerol  where theGP, are the impermeant products that accu-

transport via a solute carrier or pump should be relativelymulate in the cell, and,, is the effective rate constant for

high as such a mechanism involves changes in the transhe formation ofH-H,O from its precursor(s) which we

porter configuration within the plasma membrane. will refer to asGPy,. The final slope is therefore given by
Figure 6 shows the temperature dependencgsf 435G

of oocytes expressing MIP and control oocytes. In thes P

experimentsGly, was 5 mu. pg,, in control oocytes had dt ~ ko GKCys~ knGPy (8)

a Qg of 2.4. Together with the fact that thgg,, of

control oocytes was similar to that reported for the basalf k= 0 then the final slope is exactly,GKC,, as

Py Of the red cell plasma membrane (10), and is inde-assumed in the analysis abovek|f # 0, then accumu-

pendent of concentratiorf( Fig. 4), this suggests thatin |ation will approach a steady-state condition given by
control oocytes, glycerol permeation occurs by diffusion

through the plasma membrane. Glycerol permeability in d SGP,

oocyte expressing MIP had a significantly reduceg, Q at

relative to controls (1.4/s.2.4), suggesting MIP intro- 9)
duces a qualitatively different pathway, one more similarkp GKC. =k, GP

to diffusion in water than through a lipid bilayer. =S N

Since in our data, uptake is linear in the time frame (200
Discussion min <t < 1420 min), we conclude the terkjGPy, in Eq.

8 is small, so that, as above,
In a previous paper, we reported expression of MIP had
two effects on glycerol uptake in oocytes: itincreased thed 2GPy _ GKC (10)
initial slope, consistent with an increase in permeability, dt ko s
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The model explains our observations. Phosphorylathe activity of glycerol kinase is increased in the pres-
tion is the first intracellular step in processing glycerol. ence of MIP.
Since the available data suggest higher organisms lack
glycerol-3-phosphatase activity (Lackner et al., 1984),ROLE OF GLYCEROL IN THE LENS
this reaction is essentially irreversible and sets the rate of

glycerol incorporation into the several pathways. Glycerol, glycerol kinase and glycerol-3-phosphate are
We have concluded expression of MIP increased the,’sound in the fiber cell (Kuck, 1970), suggesting a role
maximum rate of glycerol phosphorylation by oocytes,tor glycerol in lens fiber cell metabolism or membrane
koGKy, without changing the apparent affinity for glyc- gynthesis. In human plasma, glycerol is present at 0.05—
erol, Ky,. Our method does not allow us to determine g 1 my (Lin, 1977). Since the aqueous humor is formed
which of the two variableskf, or GKy) increased. An  partially as an ultrafiltrate of plasma (Cole, 1970) glyc-
increase inGKy would presumably involve induction of erg| is probably present in the aqueous humor as well.
GK synthesis, whereas an increasekinsuggests allo- The phospholipid constituents of most cell mem-
steric regulation ofGK by MIP. The bacterial glycerol pranes have half-lives on the order of hours (van den
facilitator, glpF, increases glycerol kinase activity via a Bosch, 1980). Lens fiber cells lack the normal comple-
direct interaction (Voegele et al., 1993). MIP may alsoment of reticula and lysosomes to synthesize and degrade
interact directly with glycerol kinase, allosterically regu- their membranes, resulting in relatively low levels of
lating the enzyme. If true, one should be able to colo-membrane lipid synthesis. Nonetheless, lens lipids are
calize MIP andGK using chemical crosslinkers. Unfor- subject to equal or greater oxidative damage than those
tunately, while theoretically feasible, this technique hasof other cells and it seems unlikely they last for the life
not been successful in demonstrating the physical conef the organism. Moreover, changes in lens membrane
nection between glpF and glycerol kinase (Voegele et al.composition with age have been documented
1993). (Broekhuyse & Daemen, 1976), and glycerol-3-
We considered alternate explanations for the effecphosphate is a precursor of phospholipid synthesis. Thus
of MIP on glycerol accumulation. G3P could inhildK  one role of MIP in the lens may be to facilitate the uptake
activity, either by mass action or by enzyme inhibition, of glycerol from the aqueous humor, and in conjunction
and MIP could indirectly enhanc&K by enhancing a Wwith glycerol kinase, catalyze its subsequent incorpora-
reaction that decreases the level of G3P. However, untion into lipid or metabolism.
der physiologic conditions, glycerol phosphorylation is ~ Expression of MIP increased the oocyte glycerol
essentially irreversible XG < -9 kCal morl?). permeability by a factor of 2—3, however in the lens the
Competitive inhibition ofGK by G3P occurs with & on  effect could be greater. The permeability of the lens
the order of 1 mu (Lin, 1977) and therefore is unlikely to membrane lipid is expected to be low, due to the high
be involved in the effect of MIP since we saw increases@vels of long-chained saturated phospholipids, choles-
in GK activity whenGly, . (and therefore G3P) are on terol, and sphingomyelin (Zelenka, 1984), all of which
the order of 1Qum. Changes in ATP levels due to Mip reduce diffusion through the hydrocarbon core, which is
are also unlikely to account for its affect @K activity, the .ra.te—l|m|t|ng step in permeation throygh lipid b|.Iayers
because the dissociation constaniG for ATP is 50—  (Shinitzky, 1984). Moreover, the density of MIP in the
100 pm whereas cellular [ATP] is typically 5-10 wy lens is ext.remely high, espemally in the !ocallzed patches
and the oocyte is an energy-rich cell. MIP could inhibit ©f crystalline arrays described by Zampighi et al. (1989).
dephosphorylation of G3P, thus allowing it to rise to aThe combination of low background permeability and

higher steady-state level. However, although a speciﬁé“gh den§|.ty gould iead io MIP. having a larger impact on
glycerol-3-phosphatase exists in yeast and certain protoqerme"jIblllty in the lens than in the oocyte.
zoa, the data available suggest it is not detectable in
higher organisms (Lackner et al., 1984). COMPARISON WITH OTHERMEMBERS OF

Induction of GK synthesis occurs in yeast grown in THE SUPERFAMILY
the presence of glycerol, with intracellular glycerol itself
the inducing agent (Gancedo, Gancedo & Sols, 1968)ln addition to increasing glycerol phosphorylation, MIP
However, glycerol-induced glycerol kinase can not ex-increased the glycerol permeabilify;,, of oocytes 2.5-
plain the data in Fig. 4. IfGly, determined the final fold (Fig. 1B, 3A, 4-6). pg, due to MIP was inhibited by
slope, then both control oocytes and oocytes expressingeavy metals and DIDS, and had a low temperature sen-
MIP would have the same final slope at high enoughsitivity. In this regard, MIP acts as a channel with bio-
values ofGly,. Since Fig. 4 shows this is not the case, physical properties similar to other members of its su-
this mechanism is unlikely. perfamily.

We conclude the most likely mechanism of MIP Three other members of the MIP superfamily re-
increasing glycerol phosphorylation is also the simplestported to be glycerol facilitators are glpF, FSP1 and



18 C. Kushmerick et al.: Lens MIP on Glycerol Permeability and Metabolism

Table 3. Percent amino acid sequence identity/similarity betweengnd lens MIP (this paper), are involved in metabolism as

members of the MIP superfamily reported to transport glycerol well as transport, a fact that may help in understanding
glpF FSP1 AQP3/GLIP itlr;/e physiological role of other members of the superfam-

Frog lens MIP 29/57 30/57 31/58

AQP3/GLIP 40/62 32/60 We are grateful to Drs. Mario Rebecchi, Nada Abumrad, Raafat El-

FSP1 33/60 Maghrabi and Howard C. Haspel for helpful discussions and criticisms.
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