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ABSTRACT. A putative insulin-binding proteiryg = 0.5+ 0.2uM for human insulin) was partially purified

from solubilized plasma membranes ®fccharomyces cerisiae by wheat germ agglutinin and insulin
affinity chromatographies. The binding affinities of various mutant insulin analogues correlated well
with their capacities to activate glycogen synthase and SNF1 kinase in glucose-induced yeast spheroplasts,
the ranking of their relative efficacies in yeast and in isolated rat adipocytes being similar. Using a
bifunctional cross-linker and two different experimental protocols, a 53-kDa polypeptide contained in the
insulin-binding protein preparation was specifically affinity cross-linked]monoiodo[Bglinsulin.

The relative rankings of the insulin analogues with respect to inhibition of cross-linking and binding to
the partially purified insulin-binding protein were identical. Incubation of intact yeast spheroplasts with
[*?4]monoiodo[A,]insulin led to specific and time-dependent association of the radiolabeled insulin with
the cell surface followed by its internalization and degradation. These processes were considerably delayed
by low temperature and energy depletion of the spheroplasts, suggesting involvement of the ATP-dependent
endosomal apparatus. These data provide evidence for the existence of a low-affinity insulin-binding
protein in the plasma membrane $&ccharomyces cersiae

In previous studiesi{ Miiller, G., Rouveyre, N., Crecelius, (Deisenhofen, Germany). Sephacryl S-300HR, Sepharose
A., and Bandlow, W., preceding paper in this issue), we have CI-4B, and wheat germ agglutiniragarose were provided
demonstrated several metabolic effects of human insulin onby Pharmacia/LKB (Freiburg, Germany). Protease inhibitors
Saccharomyces cersiaecells under two distinct conditions  and detergents were purchased from Boehringer Mannheim
of growth limitation: (i) exhaustion of glucose at late (Mannheim, Germany). Disuccinimidyl suberate was from
logarithmic phase of cell growth; and (ii) glucose induction Pierce (Rockford, IL). All other materials were obtained as
of spheroplasts. Insulin was found to activate glycogen described previouslys(-7, see also accompanying papers).
synthase, to inhibit glycogen phosphorylase, to increase Growth Conditions.Cells fromSaccharomyces cetisiae
glycogen synthesis, glucose phosphorylation, and glucosestrain X-2180 were grown in 1% yeast extract, 2% bacto-
oxidation, and to stimulate SNF1 kinase. In mammalian peptone, 2% glucose to early logarithmic phase and converted
cells, insulin provokes pleiotropic activation of nonoxidative to spheroplasts (5). The spheroplasts were incubated in
and oxidative glucose metabolism via a complex intracellular osmotically stabilized (1.2 M sorbitol) succinate containing
signal transduction pathway (for reviews, see refs4) medium fa 1 h at 37°C followed by addition of glucose
which is initiated by specific binding of insulin to its receptor (100 mM final concentration) and hormones as indicated and
protein located at the plasma membrane. Consequently, wefurther incubation for variable periods prior to rapid cen-
looked for a protein irBaccharomyces cearisiaethat might trifugation through a cushion of Ficoll/sucrose (for details,
bind insulin specifically and be involved in mediating the see ref6).
insulin effects. Partial Purification of the Insulin-Binding ProteinPlasma

membranes (15 mg of protein) were prepared from sphero-
EXPERIMENTAL PROCEDURES plasts as previously published (6, 8) and finally solubilized

Materials. 3-[**4]Monoiodo[B.dinsulin (2000 Ci/mmol) N 35 mL of 50 mM Hepes/KOH (pH 7.4), 1% TX-100, 0.1
and 3-[23]monoiodo[Ainsulin (1500 Ci/mmol), prepared ~ Mg/mL aprotinin, 0.5 mM PMSF, 26M leupeptin, 1QuM
from human recombinant insulin, were provided by Amer- Pepstatin, 25M antipain for 30 min at #C. The extract
sham-Buchler (Braunschweig, Germany). Human recom- Was centrifuged (1000@0 1 h, 4 °C). The supermnatant

binant proinsulin and PEG000 were obtained from Sigma  (@bout 30 mL) was applied to a 2-mL wheat germ ag-
glutinin—agarose column (equilibrated with 50 mM Hepes,
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10 mM MgCh, 0.1% TX-100) at £C and passed over the hat4°C. After addition of 2uL of a disuccinimidyl suberate
column 3 times. Subsequently, the agarose was washedstock solution (5 mM in 100% dimethyl sulfoxide, prepared
successively with 60 mL of 50 mM Hepes/KOH (pH 7.4), immediately before use), the incubation was continued for
0.1% TX-100, 0.5 M NaCl, and 200 mL of the same buffer 5 min at 4°C. The reaction was terminated by adding 50
lacking NaCl. Glycoproteins were eluted from the column uL of 1 M Tris/HCI (pH 10.5), 1 mM EDTA and further
with 2 mL of 50 mM Hepes (pH 7.4), 300 mM\- incubation for 15 min at 4C. The sample was precipitated
acetylglucosamine, 0.1% TX-100, 1 mM EDTA, 0.2 mM and subjected to SDSPAGE and autoradiography (Kodak
PMSF, 0.1 mg/mL aprotinin, 1«M leupeptin, 2 uM X-Omat AR film) or phosphorimaging (Molecular Dynamics,
pepstatin, 8 mg/mL bacitracin;-8L0 mL of pooled peak  Storm 840, Krefeld, Germany).
binding fractions was applied to a 15-mL insuliBepharose Method B. Fifty-microliter aliquots (4-10 ug) of solu-
column (1.6x 10 cm, prepared by coupling of insulin to  bilized and partially purified insulin-binding protein in
CNBr-activated Sepharose CI-4B and equilibrated in 50 mM storage buffer were supplemented with 200 of assay
Tris/HCI, pH 7.8 1 M NaCl, 0.1% TX-100) by recycling  buffer and incubated with 10@M human insulin fo 2 h at
the sample 4 times at a flow rate of 5 mL/h. The column 25 °C followed by addition of humany-globulin and
was then washed extensively with 50 mM Hepes/NaOH (pH precipitation with PEG 6000 as described for the insulin-
7.8), 1 M NacCl, 0.6% octyl glucoside (4660 mL). The binding assay (see above). The pellet was then resuspended
insulin-binding protein was eluted from the insutin in 200 uL of 28 mM sodium acetate buffer (pH 4.5) and
Sepharose by passing 20 mL of 50 mM sodium acetate (pHincubated for 15 min at 4C. After addition of 40QuL of
4.5), 1 M NacCl, 0.6% octyl glucoside, 10% glycerol, 0.2 PEG 6000 (25% in 0.15 M Tris/acetate, pH 6.8), the mixture
mM PMSF over the column. One-milliliter fractions of the was left on ice for 30 min and then centrifuged (156006
eluate were collected into tubes containing 14000f 1.5 M min, 4°C). The pellet was rinsed twice with 1 mL each of
Hepes/NaOH (pH 8.0). The partially purified insulin-binding PEG 6000 (12.5% in water) and subsequently dissolved in
protein preparation was desalted and concentrated by ultra50 uL of storage buffer for cross-linking witH{monoiodo-
filtration through a concentrator membrane (30 kDa exclusion [Baginsulin as described for Method A.
limit, Centricon-30 miniconcentrator, Amicon No. 4208). Ten  Internalization of [?]Insulin. Spheroplasts (500L, 2
2-mL aliquots were loaded successively into the sample x 10° cells/mL) cultured in medium containing 100 mM
reservoir of the miniconcentrator and centrifuged (3§00 succinate, 5 mM MgG| 2 mM KH,PQ,, 5 mM Mes/KOH
20 min, 4°C). The concentrated binding protein sample (pH 6.5), 5«M thiamin, 1.1 M sorbitol, 0.05% yeast extract
(1—2 mL) in the sample reservoir was supplemented with for 60 min at 30°C were incubated withf4]monoiodo-
2.5 mL of storage buffer (50 mM Hepes/NaOH, pH 7.4, 10% [A14]insulin in the absence or presence of 1@ human
glycerol, 0.6% octyl glucoside, 0.2 mM PMSF, /& insulin and in the presence of 100 mM glucose in a shaking
leupeptin, 1uM pepstatin) and centrifuged again. The water bath. After the periods indicated, halves of the
washing step was repeated once. The concentrated bindinguspensions were supplemented with 1 mL of 20 mM sodium
protein sample was recovered from the sample reservoir asacetate (pH 3.5) plus 1.1 M sorbitol (acid wash) or 20 mM
well as the membrane and used for subsequent studies. sodium acetate (pH 6.5) plus 1.1 M sorbitol (no acid wash)
Insulin-Binding Assay.Ten-microliter aliquots of solu-  and then incubated on ice for 15 min. Subsequently, the
bilized and partially purified insulin-binding protein in  spheroplasts were separated from the incubation medium by
storage buffer (see above) were diluted with L8®f assay centrifugation through a cushion of Ficoll/sucrose (6). The
buffer (50 mM Hepes/KOH, pH 7.4, 150 mM NaCl, 10 mg/ spheroplast pellets were washed rapidly once each with ice-
mL BSA, 0.2 mM PMSF, 0.5 mM benzamidine) and cold 20 mM sodium acetate (pH 4.5) plus 1.1 M sorbitol in
incubated with 25.L of [*?3]monoiodo[Bylinsulin (5 x 10° the case of acid wash or sodium acetate (pH 6.5) plus 1.1 M
dpm/mL) in the presence of 24 of assay buffer lacking  sorbitol in the case of no acid wash, followed by 20 mM
or containing unlabeled insulin (1QEM) for 2 h at 25°C Mes/KOH (pH 6.5) plus 1.1 M sorbitol and finally 20 mM
in 1-mL plastic cups. The assay was terminated by addition Hepes/KOH (pH 7.5) plus 1.1 M sorbitol and then solubilized
of 100uL of humany-globulin solution (3 mg/mL) followed  with 0.5 N NaOH. After neutralization, radioactivity was
by 350uL of chilled PEG 6000 solution [250 mg/mL in 50  determined using an LKB1282-counter.

mM Hepes/KOH, pH 7.4, 150 mM NacCl, 0.1% (w/v) TX- Identification of Insulin Degradation Products Associated
100]. After vortexing and incubation for 10 min at°€, with Spheroplasts Spheroplasts (10 mL, £ 10° cells/mL)
the precipitate was centrifuged (9@)® min). The super-  in medium containing 100 mM succinate, 5 mM MgC2

natant was aspirated and the pellet rinsed once with ice-coldmM KH,PQ,, 20 mM Mes/KOH (pH 6.5), 5uM thiamin,
PEG solution (see above but containing 125 mg/mL PEG). 1.1 M sorbitol, 0.05% yeast extract were incubated witt]f
The tips of the cups were cut off and measured for monoiodo[Ad]insulin in the presence of 100 mM glucose,
radioactivity in ay-counter (Micromedic Systems, type then separated from the incubation medium by centrifugation
2/200). through a cushion of Ficoll/sucrose (6), and finally solubi-
Cross-Linking of the Insulin-Binding Protein witA2f]- lized in 10 mM Hepes/KOH, 0.1 M KCI, 0.2% TX-100 (at
Monoiodo[Bsglinsulin. Method A. Solubilized and partially =~ about 0.5 mg/mL protein) for 10 min at 4C. After
purified insulin-binding protein (15 ug) in storage buffer  centrifugation (12000§) 10 min, 4 °C), the supernatant
(up to 50uL) was incubated in cross-linking buffer (50 mM  containing the extract was subjected to HPLC separation (at
Hepes/KOH, pH 7.6, 140 mM NacCl, 5.5 mM KCI, 1.5 mM a flow rate of 1 mL/min) in 0.1 M ammonium buffer (pH
CaCh, 1.5 mM MgSQ, 0.1% BSA) with 5.5 nM 29]- 5.5) with an acetonitrile gradient. The precise changes in
monoiodo[Bglinsulin (2 uCi) in the absence or presence of acetonitrile concentration required to effect the separation
unlabeled human insulin in a total volume of 20D for 2 of degradation intermediates were as follows: (£B0min
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at 0%, (2) 5-20 min gradient rising to 8.45%, (3) instan- A

taneous rise to 28.5%, (4) 2@0 min gradient rising to 50000
32.5%. Detection of?3 was achieved by an on-line counter
attached to a reverse phase HPLC Hypersil-BD@y5C-18 40000

column, 250x 4.6 mm, fitted with an additional 10-mm
guard cartridge of the same material (Shandon, Cheshire,
U.K.). For TCA precipitation of insulin, 25@L portions

of the extract were added to 5@ of ice-cold 20% TCA

and incubated on ice for 10 min prior to centrifugation
(1500@, 10 min, 4°C). The pellet (washed once with 5%
ice-cold TCA and solubilized with 0.5 N NaOH) and the
supernatant were then counted for radioactivity using an LKB
1282 y-counter.

Miscellaneous. Published procedures were used for
preparation of spheroplasts by Zymolyase digestion (5), B
measurement of glycogen synthase and SNF1 kinase activi-
ties (Muler, G., Rouvevyre, N., Crecelius, A., and Bandlow,

W., preceding paper in this issue, SPBAGE and fluo-
rography (9), protein determination (10), and protein pre-
cipitation (11). All data analysis was performed using
SigmaPlot for Windows 4.0 statistical software.

RESULTS

Human Insulin Interacts Specifically with Plasma Mem-
branes of YeastThe finding that human insulin apparently
specifically modulates the activity of a number of distinct
enzymes irSaccharomyces cearsiae engaged in the control
of glucose and glycogen metabolism (e.g., glycogen synthase,
SNF1 kinase; see rdf Miller, G., Rouveyre, R., Crecelius,
A., and Bandlow, W., preceding paper in this issue) raised
the question about the nature of the underlying signaling
mechanism. In the present study, we looked for a specific
insulin-binding protein in the plasma membrane of yeast
spheroplasts that might be functionally analogous to the Ficure 1: Binding of human insulin to yeast plasma membranes.

S - . Panel A: Increasing amounts of huma#fmonoiodo[Byg] were
mammalian insulin receptor (for reviews, see reg; 13). incubated with 2ug of insulin-binding protein partially purified

We applied the purification method commonly used to isolate from glucose-induced spheroplasts (Experimental Procedures).
the insulin receptor from rat liver (14). Solubilized plasma Incubation was performed in the absence (squares) or presence of

membrane proteins were prepared from glucose-induced1004M human unlabeled insulin (open circles) and then terminated
spheroplasts (60 min after addition of glucose) and adsorbedPY Precipitation with PEG 6000. The precipitate was counted for

. . radioactivity. Specific binding oflf3]monoiodo[B¢linsulin (filled
to wheat germ agglutininagarose, and the affinity-bound  jicjes) was calculated as the difference between total binding

material was eluted with aN-acetylglucosamine-containing  (squares) and unspecific binding (open circles). The points represent
buffer (see Experimental Procedures). The eluate was passecheanst SEM of at least 6 different binding protein preparations
through an insulir-Sepharose column. The protein fraction With binding assays performed in triplicate, each. The inset shows

; : e binding at low insulin concentrations in detail. Panel B: Specific
eluted at acid pH was neutralized, concentrated, and assayeg;nding of [2monoiodo[Byginsulin using binding protein from

for binding of human f4]monoiodo[Bginsulin. Binding glucose-induced spheroplasts (filled circles) or from spheroplasts
was performed in the absence and presence of [NI0 incubated in osmotically stabilized succinate medium (open circles).
unlabeled human insulin and terminated by precipitation of The binding data were fitted as Scatchard plots using the program
the proteins with PEG and rapid filtration. Figure 1A shows '—t{,foAgtDe (b?i)r2121i];10r 223'itnvigrsiftzgéisrﬁioer;it%er;(‘;iétgl‘)grggigcl’imgzx
total (squqres) 'and nons.pecmc (.|.e.., presence (.)f excess O{)inding site inte%actions. [B], boundpinsulin; [F], free insulign
unlabeled insulin; open circles) binding é#J]insulin over

a wide range of concentrations (for better resolution, the uM and Bpnax values of 0.5-1.5 and 16-20 pmolig of
initial insulin concentrations are depicted in an inset using a protein, respectively (contained in the insulin-binding protein
larger scale). The binding assay was performed routinely preparation), corresponding to about 70 and 1500 pmol/mg
with an amount of protein at the upper limit of linearity of plasma membrane protein. Binding affinity as well as
between the amount of insulin bound and insulin-binding the number of binding sites was similar for the insulin-
protein used (data not shown). Under these conditions, binding proteins prepared from spheroplasts which had been
nonspecific binding accounted for up to 25% of the total incubated with glucose (filled circles) or with succinate (open
insulin bound at lumol of insulin. The resulting specific  circles). The binding affinity of the more potent binding
insulin binding (Figure 1A, filled circles) displayed a typical site is in reasonable agreement with the insulin concentrations
saturation curve. According to Scatchard plot analysis required for stimulating glucose metabolism (not shown here,
(Figure 1B, filled circles), these data fitted best with two but see refl; Miller, G., Rouveyre, N., Crecelius, A., and
binding sites withKy values of 356-500 nM and 26-50 Bandlow, W., preceding paper) and glycogen synthase in
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Table 1: Correlation of the Affinity to the Insulin-Binding Protein 120

and Biological Effects of Human Insulin and Insulin Analogues 100

glycogen synthase SNF1 kinase binding

80 |

human insulin 100 (0.3) 100 (0.6) 100

analogue | 45+ 8 69+ 9 81+7 60 b
analogue Il 25+ 6 38+11 49+ 5

analogue Il 10+ 3 16+ 8 6+2 w0l
analogue IV 0 3*1 0

IGFI 30+9 44+ 15 33+8 20l
EGF 5+ 2 8+3 2+2

[125I]Insulin bound (% of maximum)

0 PTWEYIT s aasaul o o aasaial At aasanl A aasanl

0.1 1 10 100 1000

aGlycogen synthase and SNF1 kinase were measured in glucose-
induced (100 mM) spheroplasts incubated in the absence or presence
of insulin, insulin analogues I, 11, Ill, and 1V, IGF1, and EGF a1 Competitor (uM)

final concentration each for 60 min. For SNF1 kinase activity, the £ e 2- Competition of binding of human insulin by insulin

amount of (auto)phosphorylated SNF1 protein was measured by 5n5i0gues. Two micrograms of partially purified insulin-binding
immunoprecipitation using a specific anti-SNF1 antibody. The differ- cgémein from glucose-induced yeast spheroplasts was incubated with

ence in the glycogen synthase and SNF1 kinase activities measureqizg)monoiodo[Bginsulin in the presence of increasing concentra-
between hormone-treated and basal spheroplasts is given as a percentage s of ynlabeled human insulin (filled circles) or insulin analogues

of the maximal insulin effect (set at 100%). Binding was assayed as | (open circles), Il (triangles), IIl (filed squares), or IV (open
displacement of *f9lmonoiodo[Byinsulin by 10 uM unlabeled g areq) Further processing was performed as described for Figure
competing hormone _(see_Flggre 2). The amount of radiolabeled |_n_suI|n 1A. Total binding of human 3]monoiodo[Bsginsulin in the
dlspla_ced by human insulin (dlffererlce between total and unspecifically jpcance of competing insulin analogue was set at 100%. The points
associated insulin) was set at 100%. Each value represents the meaperasent the means of three different binding protein preparations
£ SEM of at least three different binding protein preparations with ity hinding assays performed in quadruplicate sE@lues were
assays performed in triplicate. The &@alues (micromolar) forhuman ¢4\ ated by fitting the data to sigmoidal concentratiogsponse
insulin are given in parentheses. For structures of the insulin analogues, - ,nes Best of fit was estimated frdRé and sum-of-squares values.
see the legend to Figure 2. The insulin analogues have the following structures: analogue |,
Lys(B3)-Glu(B29); analogue II, Gly(A21)-diLys(B31); analogue
IIl, Gly(A21)-His(B1)-His(B3)-diArg(B31); analogue IV, Met(A3)-
Gly(A21)-His(B31)-Ala(B32)-Ala(B33)-Arg(B34).

yeast spheroplasts (see Table 1z&bout 300 nM, maximal
activity at 1uM), but is 2 orders of magnitude lower than
that of typical mammalian insulin receptorq(values in — pinging protein in order to allow detection by assaying
the nanomolar range). The number of these “low"-affinity binding.

binding sites in yeast spheroplasts-@ x 10° per sphero-
plast), however, lies in the range of the number of insulin
receptors detected in vertebrate tissues which varies from
as few as 40 receptors on circulating erythrocytes to more
than 2x 10° receptors in adipocytes and hepatocytes.

Human Insulin Can Be Cross-Linked to a Plasma Mem-
brane Protein from Yeast.The putative insulin-binding
protein was identified by means of chemical cross-linking
with the noncleavable, homobifunctional cross-linking agent
) o T i _disuccinimidyl suberate. Since cross-linking of insulin to

To substantiate the specificity of binding of human insulin, tye mammalian insulin receptor by disuccinimidyl suberate
competitive binding assays were performed, and diSF"ace'predominantly occurs via the B-chain of insulin (15, 16),
ment of F24]monoiodo[Blinsulin by unlabeled human  ihe experiments were performed usif&Jmonoiodo[Bsq-
insulin and various insulin analogues was measured (Figurejnsylin to enable detection by reducing SBSAGE analysis.

2). The mutant insulins with defined amino acid substitution.s' For this, detergent-solubilized and partially purified binding
(see legend to Figure 2) have been demonstrated to exhibityrotein preparation (for Coomassie staining pattern, see lane
slightly lower (analogue ), considerably lower (analogues 1 of Figure 3A) was incubated witH¥]monoiodo[Bs-

Il 'and 1I), or no (analogue IV) biological activity in both jnsulin in the absence or presence of excess unlabeled human
isolated rat adipocytes and yeast spheroplasts (Table 1). Thensulin. Cross-linking was initiated by addition of disuc-
displacement curves (Figure 2) were of typical sigmoidal cinimidyl suberate and terminated by supplementation of
shape with the unspecific component at about 20% of total excess of Tris. Total precipitated cross-linked products were
binding. As expected, displacement was most efficient with separated by reducing SB®AGE. The autoradiography
human insulin (filled circles; 16 = 0.5uM; the ICsovalues  of the gel (Figure 3A) identified several radiolabeled
have been corrected for unspecific binding) followed by the polypeptides with molecular masses ranging from 85 to 31
analogues | (open circles; &= 2 uM), Il (triangles; 1Gyo kDa (lane 4). The labeling of a 58-kDa cross-linked product
= 10uM), and lll (filled squares; 16, = 50 uM), whereas  (arrowhead) was completely abolished in the presence of 5.5
analogue IV (open squares) did not compete significantly 4M unlabeled insulin during the binding step (lane 3),
up to 2.5 mM. Taken together, the data on saturable andwhereas radiolabeling of the other products (85, 70, 66, 54,
displaceable binding of human insulin argue in favor of the 51, 31 kDa) was moderately reduced, only. The latter
presence of a specific insulin-binding protein in yeast plasma polypeptides remained detectable even in the presence of
membranes. Binding experiments with total cellular mem- 55 M unlabeled insulin (lane 2), and, most likely, they were
branes or isolated plasma membranes did not yield reliableunspecifically associated with?fllmonoiodo[BygJinsulin. A
results irrespective of whether used in the intact or solubilized protein of similar size as the 70-kDa cross-linked product
state (data not shown). The high unspecific binding com- (lane 4, arrowhead) represented a major component of the
bined with the relatively low number of binding sites present protein preparation used (lane 1). However, considering the
in the yeast plasma membrane obviously necessitates partiahpparent molecular mass of the cross-linked insulin B-chain,
purification and enrichment of the putative yeast insulin- these polypeptides were not identical. However, it cannot
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FiIGURE 3: Cross-linking of the insulin-binding protein witk2fljmonoiodo[Byginsulin. Panels A and B: &g of partially purified insulin-

binding protein from glucose-induced spheroplasts was incubated #fthmonoiodo[Byglinsulin in the presence of 56M unlabeled

human insulin (lane 2) or 5.6M human insulin (lane 3) or various concentrations of human insulin as indicated (panel B, filled circles)

or without further additions (panel A, lane 4). After cross-linking using disuccinimidyl suberate, the products were analyzed by reducing
SDS-PAGE and autoradiography (panel A) or phosphorimaging (panel B) (see Experimental Procedures). Lane 1 of panel A shows a
Coomassie blue stain of 14g of insulin-binding protein preparation. The experiment shown was repeated several times with similar
results. The arrowheads point to the two major cross-linked proteins with apparent molecular masses of 70 and 58 kDa (corresponding to
about 65 and 53 kDa, respectively, when the mass of the insulin B-chain is subtracted). Panel B: The amount of cross-linked radiolabeled
insulin determined for the 58-kDa band by phosphorimaging in the absence of competitor was set at 100% (open circles). Total binding of
[*23]monoiodo[Byglinsulin to the insulin-binding protein in the presence of increasing concentrations of unlabeled human insulin was
determined as described in the legend to Figure 2 and is given as percent of total binding in the absence of competitor (set at 100%; filled
circles). The points represent meatsSD of at least four independent cross-linking or binding experiments, each. Panel@:08

partially purified insulin-binding protein from glucose-induced spheroplasts was incubated wigtML@0man insulin and subsequently
precipitated with PEG 6000. The pellet was subjected to acid wash (as described under Experimental Procedures) and precipitated again.
The dissolved insulin-binding protein was incubated wiiJmonoiodo[B¢linsulin in the absence or presence of human insulin or various
insulin analogues at the concentrations indicated. After cross-linking using disuccinimidyl suberate, the products were analyzed by reducing
SDS-PAGE and autoradiography. The relative positions of the cross-link products obtained with method A (see panel A) and run in
parallel on the same gel are indicated on the right margin. The experiment was repeated twice with comparable results. Insulin analogue
V = human proinsulin; for the structure of the other analogues, see the legend to Figure 2.

be excluded that bovine serum albumin (66 kDa; added to conditions. Control experiments demonstrated the strict
the reaction mixture but absent from the sample of lane 1) dependence of the labeling pattern on the inclusion of
was cross-linked to'f]monoiodo[Byglinsulin in a nonsat- disuccinimidyl suberate following the binding reaction and
uratable fashion. Considering the size of the cross-linked on the use of a native protein preparation (in contrast to a
insulin B-chain, the insulin-binding protein specifically preparation denatured by heating at 95 for 5 min or
labeled as a 58-kDa species has an apparent molecular magseatment at pH 4.2 or incubation with 2% SDS before or
of 53—55 kDa. No major polypeptide of comparable size after incubation with insulin prior to cross-linking; data not
was detected in the protein preparation using Coomassieshown). Affinity cross-linking with total membranes or
staining as a criterion (lane 1). Nonreducing conditions of isolated plasma membranes from yeast spheroplasts in the
the SDS-PAGE did not affect the relative mobility of the absence or presence of detergent resulted in unspecific
58-kDa cross-linked product (data not shown), indicating that radiolabeling of numerous proteins (196 kDa; no reduction

it is not disulfide-linked to another polypeptide under native of labeling even at 50«M unlabeled insulin; data not
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shown) but failed to identify a specific insulin-binding the insulin-binding protein in yeast, we studied whether intact
protein, e.g., the 53-kDa polypeptide (possibly masked by spheroplasts are able to specifically bind, internalize, and
“background labeling”), presumably for the same reasons degrade insulin upon exposure to this ligand in the incubation
mentioned above for detection of specific binding. The medium as has been known for insulin-sensitive mammalian
specificity of affinity cross-linking of the 53-kDa polypeptide cells for decadesl@—22). For discrimination between cell

to [*?8]monoiodo[Byginsulin by disuccinimidyl suberate was  surface-bound and internalized insulin, we took advantage
examined by quantitatively comparing the efficiency of its of the observed acid sensitivity of the interaction between
competition with that of displacement of binding 6f9]- human insulin and the yeast insulin-binding protein (see
monoiodo[Bglinsulin to the partially purified insulin-binding  above). For characterization of the putative uptake mech-
protein preparation by increasing concentrations of human anism, we used the uncouplers of mitochondrial respiration,
insulin (present during the cross-linking and binding reac- DNP and CCCP, as well as lowering of the temperature
tions, respectively; Figure 3B). Affinity cross-linking (open during incubation of the spheroplasts with insulin. It has

circles) and binding (filled circles) of this radiolabeled ligand been amply documented that the internalization of insulin
were diminished by excess human insulin within the same in mammalian cells, which involves the endosomal system,

concentration range with kg values of 2 and 0.7M, is an energy-dependent and temperature-sensitive pr@3ss (
respectively. Unspecific cross-linking and binding accounted 24; for a review, see rep5b).
for about 25% in both cases. Incubation of spheroplasts derived from glucose-grown

We tried to reduce the apparently unspecific cross-linking yeast cells with P§monoiodo[Ainsulin at either 30°C
of some polypeptides contained in the insulin-binding protein (circles) or 4°C (triangles) resulted in a steady-state level
preparation (e.g., 70, 54 kDa; see Figure 3A) by pretreatmentof specific total cell-associated radioactivity within 45 and
with excess of human insulin and subsequent removal of the90 min, respectively (Figure 4A). The kinetics for acid-
insulin molecules bound specifically, only, leaving unspecific resistant radioactivity showed that the slow rate of reaching
binding sites covered with insulin. It is well-known that the steady state was due entirely to the kinetics of intracellular
interaction between mammalian insulin and insulin receptor appearance of the label, i.e., internalization, as manifested
can be weakened in a dramatic but reversible manner byin the specific acid-resistant radioactivity at 3D (squares)
lowering the pH (17, 18). Consequently, we subjected the and 4°C (diamonds). Maximal specific surface binding of
precipitates of solubilized and partially purified insulin- 123-labeled insulin, calculated as the difference between total
binding protein preparation which had been incubated with and acid-resistant radioactivity (Figure 4B), was reached at
1004M human insulin before precipitation to an acid wash 30-40 min of incubation at 30°C (circles) and 4°C
(at pH 3.5) for a short period at4C. After adjustment of  (squares) and then remained unchanged throughout the
the pH and precipitation, cross-linking wittFijmonoiodo- experimental period. The uncoupling agents, DNP and
[Baglinsulin using disuccinimidyl suberate was performed. CCCP, increased the total cell-associated radioactivity, which
The autoradiogram of the SD$AGE analysis demonstrates reached a maximum after 60 min of incubation at °gD
that this alternate method led to cross-linking of a 58-kDa (data not shown), whereas the acid-resistant radioactivity
protein, exclusively (Figure 3C, lane 1), which was almost (Figure 4A) was reduced dramatically at the same time in
completely blocked by excess of unlabeled human insulin the presence of DNP (houses) or CCCP (inverted triangles)
(lane 2). Presumably, only insulin specifically bound to this compared to incubation at 30 in the absence of agent
protein during the preincubation period was released during (squares). The calculated surface-botiidiabeled insulin
the acid wash whereas the unspecific interactions between(Figure 4B) in the presence of DNP (triangles) or CCCP
insulin and the other polypeptides (e.g., 70, 54, 51 kDa) (diamonds) reached a level about twice as high as that
resisted treatment with low pH. The insulin molecules obtained in the absence of uncouplers (squares). The acid
remaining associated may thereby block subsequent (unspewash procedure permits determination of both surface-bound
cific) cross-linking. The specificity of this cross-linking and internalized?3-labeled insulin, the latter including the
procedure was strengthened by the finding that different pool of intact and degradettd-labeled insulin no longer
insulin analogues (for structures, see legend to Figure 2)associated with the putative insulin-binding protein. Con-
compete for the cross-linking of the 58-kDa protein in a sequently, the surface-associatéd-labeled insulin is the
different manner according to their relative affinities to the best measure for the effect of temperature and uncoupling
partially purified insulin-binding protein as determined by on internalization of insulin and the insulin-binding protein
competition of equilibrium binding (see Figure 2) as well putatively involved. The saturability of the binding as well
as according to their relative efficacies in rat adipocytes. as the internalization of9-labeled insulin to spheroplasts
Analogue | (lanes 35) was less efficient than human insulin - was documented as competition of cell surface-associated
in inhibiting crosslinking but more potent compared to and internalized radioactivity by increasing concentrations
analogue 1l (lanes 69), whereas analogue V (lanes-10  of human insulin (Table 3). The kg values which were
13) had no effect at all on the amount of labeled 58-kDa similar for both processes also closely resembled that for
protein, even at 550M final concentration. Taken together, binding of*?3-labeled insulin to the partially purified insulin-
these observations provide strong evidence that the 53-kDabinding protein (see Figure 2). Taken together, these
polypeptide is the specific insulin-binding protein in yeast experiments suggest that human insulin associates with the
plasma membranes corresponding to the “low"-affinity surface of yeast spheroplasts in a specific, i.e., saturatable,
binding site as revealed by Scatchard plot analysis (see Figureand time-dependent fashion and is subsequently internalized
1B). in a time-dependent and energy-consuming manner, both

Internalization and Degradation of Radiolabeled Insulin processes presumably being mediated by the 53-kDa insulin-
by Spheroplasts As a first hint for a physiological role of  binding protein.
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100

JA Table 2: Integrity Determination df3-[A 14Insulin Associated
5 zg with Yeast Spheroplasts by TCA Precipitatton
£ 7]
é 70 incubation temperature
3 gg: incubation 30°C 4°C
> 40 - period (min) dpm % of total dpm % of total
g 30 5 44459+ 6722 100 30561 5822 100
‘§ 20 15 39124+ 4520 88 32983t 6132 108
o 10 4 - 30 25512+ 4788 57 284506t 4359 93
0 o e ———— 60  12107£3027 27 269835104 88
0 10 20 30 40 50 60 70 80 90 120 3041+ 1056 7 2258A 3977 74
100 480 1019+ 443 2 15138t 2144 49
— 904 B aThe experiment was performed as described in the legend to Figure
£ 80 5 with the incubation periods and at the temperatures indicated, but
é 70 performing TCA precipitation of total extracts from spheroplasts as
5 60 described under Experimental Procedures. The values represent the
& 50 meanz SD of three independent incubations using spheroplasts from
Zz 40 - two different preparations.
& 30
3 204
a 104 Table 3: Saturability of the Internalization of
0 [*29]Monoiodo[As4]insulin?
T T T T T T T T

06 10 20 30 40 5 60 70 8 90 human % cell surface-bound % internalized

Time [min] insulin (M) insulin insulin

FiGure 4: Kinetics of the internalization offf3]monoiodo[As4]- - 100 100

insulin in spheroplasts. After glucose induction of the spheroplasts 0.1 95+ 6 104+ 8

(as described under Experimental Procedures), DNP (in ethanol, 1 0.3 78+ 12 89+ 10

mM final concentration) or CCCP (in ethanol, 20M final 1 61+ 15 70+ 17

concentration) or an equivalent volume of ethanol (control) was 3 35+ 10 45+ 20

added, and the incubation was continued for 10 min at@0 10 19+ 5 27+13

Thereafter, the spheroplasts were incubated witk@Dof [29]- 100 14+5 22+9

monoiodo[Alinsulin in the absence or presence of 100 insulin aGlucose-induced spheroplasts were incubated withu@0 of

for various periods at 30C (control and DNP- and CCCP-treated [12%]Jmonoiodo[ArJinsulin in the absence or presence of increasing

cells) or 4°C (control cells). After adjustment of the incubation  concentrations of human insulin for 20 min at3D. After adjustment
medium to pH 6.5 (no acid wash) or 3.5 (acid wash) by addition of the incubation medium to pH 6.5 (no acid wash) or 3.5 (acid wash)
of 20 mM sodium acetate, the spheroplasts were centrifuged throughyy addition of 20 mM sodium acetate, the spheroplasts were centrifuged
a cushion of Ficoll/sucrose. Panel A: Total (no acid wash; circles, through a cushion of Ficoll/sucrose. The amount of cell surface-bound
triangles) and acid-resistant (acid wash; squares, diamonds, housesgdiolabeled insulin was calculated as the difference between the total

inverted triangles) specifically cell-associated radioactivity was (no acid wash) and acid-resistant cell-associated radioactivity which
determined as the difference between radiolabeled insulin boundepresents the amount of internalized radiolabeled insulin. Each value

in the absence and presence of 10@ insulin. Data are shown  yepresents the meas: SD of three separate incubations using
for spheroplasts incubated at'€ (triangles, diamonds) or 3@ spheroplasts from two independent preparations. Each experiment is

in the absence (circles, squares) or presence of CCCP (houses) Oformalized by setting the insulin bound to the cell surface or internalized
DNP (inverted triangles). Panel B: The amount of radioactivity at 100% each.

specifically associated with the cell surface of spheroplasts, which
have been pretreated with DNP (diamonds), CCCP (triangles), or
ethanol alone (squares) at 30 or ethanol alone (circles) at°€, cleavage product of (human) insulin in mammalian systems.
was calculated as the difference between total (no acid wash) andrhe data were in good agreement with the time course for

intracellular (acid wash) radioactivity (see panel A). Each value . : . . - L
represents the mean of four separate incubations using spheroplastg1SUIIn degradation at 3 using the less stringent criterion

from two independent preparations. Each experiment is normalized Of TCA precipitability (Table 2)- AL#£C, the kinetics were
by setting the total specific binding obtained with unpoisioned considerably delayed, consistent with the lower rate of

fscﬁh?r:%pla;tseaﬁg:_gg f]}ﬂr?matS%%c()p?§ell 1A()) gt(t) 10_?:]/0-1 égt)uatl(l)dzc%o internalization defined as acid-resistant cell-associated ra-
IS value varli Wi H Y H H
nonspecific. The SD values were in the range of-18% of the gloaCt!Vlty (see Figure 4A). Interestlr_lgly, _after energy
means. epletion of the spheroplasts by uncoupling with CCCP prior
to incubation with'23-labeled insulin, a significantly higher
Next we analyzed the intactness of tF&fnonoiodo[Au]- amount of intact insulin was found to be cell-associated
insulin associated with intact spheroplasts (cell surface-bound(144.3%; Figure 5, panel D) than recovered with respiring
plus internalized) during increasing periods of incubation at cells (set at 100% in panel A). The markedly diminished
30 °C under the conditions of the equilibrium binding and degradation of?3-labeled insulin correlated positively with
cross-linking assays (Figure 5). HPLC separation of the total its impaired internalization (see Figure 4A) and elevated cell
cell-associated radioactivity revealed a significant reduction surface binding (see Figure 4B) caused by either energy
of the amount of intact insulin (migrating as peak 3) from depletion or low temperature. This suggests that human
15 min (100%; panel A) to 30 min (73.6%; panel B) and 60 insulin is proteolytically cleaved inside the spheroplasts upon
min (24.3%; panel C) of incubation. The major insulin delivery into the endosomal system.
degradation product, the amount of which increased in a The specificity of the binding of'fgmonoiodo[A]insulin
time-dependent fashion (peak 2), was identified as deshexapepto intact spheroplasts was assessed by studying its competi-
tide insulin (having lost the six carboxy-terminal amino acids tion with excess of unlabeled insulin analogues or growth
of the B chain) which has often been observed as a commonfactors (Figure 6). The assay was performed atCt
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FIGURE 5: Integrity determination of'f¥]monoiodo[Ay4insulin associated with spheroplasts by HPLC analysis. Untreated (parel3 A

or pretreated (10 min, 200M CCCP, 30°C; panel D) spheroplasts were incubated withu@ of [*?4]monoiodo[A4linsulin for 15 min

(panel A), 30 min (panel B), or 60 min (panels C, D) as described under Experimental Procedures. The spheroplasts were separated from
the incubation medium by centrifugation, extracted with 0.2% TX-100, and subjected to HPLC analysis. The peak materials have been
identified as follows: peak 1, iodine; peak 2, deshexapeptide; peak 3 intact insulin; peak 4, unknown. The figure represents a typical
experiment repeated 6 times with similar results using spheroplasts from two different preparations by performing three separate incubations,

each.
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analogues and growth factors with regard to displacing
iodinated insulin from the spheroplasts were identical for
cells incubated in glucose and succinate medium, with
analogues | and Il being roughly as efficient as human insulin
in contrast to analogue V and EGF being completely inactive.
Importantly, the relative ranking of the insulin analogues with
respect to their affinity was the same for binding to intact
spheroplasts (Figure 6) and the partially purified insulin-
binding protein (see Figure 2 and Table 1). This strongly
suggests that the 53-kDa insulin-binding protein is respon-
sible for the specific binding of human insulin to the cell

Ficure 6: Displacement of insulin bound to intact spheroplasts surface of yeast spheroplasts.
by insulin analogues. Spheroplasts from cells, which had been

cultured in succinate medium (see Experimental Procedures), werep|SCUSSION

incubated in succinate (filled bars) or glucose (open bars) medium
for 60 min at 30°C. Thereafter, identical numbers of spheroplasts

We identified an insulin-bindin rotein in yeast b
were incubated with 12Ci of [*24]monoiodo[Arinsulin in the g p y y

absence or presence of zBl competing hormone for 60 min at 4 sequential lectin and insulin affinity chromatographies com-

°C and then centrifuged through a cushion of Ficoll/sucrose. The monly used for purification of the mammalian insulin
spheroplast pellets were rapidly rinsed twice with ice-cold 20 mM receptor and provide evidence that it is involved in mediating

Hepes/KOH (pH 7.4) plus 1.1 M sorbitol, and subsequently specific effects of human insulin on enzymes of glycogen
solubilized with 0.5 N NaOH and counted for radioactivity. The and glucose metabolism and the corresponding key regulatory

difference in radioactivity recovered in the absence and presence . . S
of competing hormone was calculated as the percentage of insulincomponents (i.e., SNF1 kinase). The protein binds human

displaced by human insulin in succinate-incubated spheroplasts (seinsulin with aKq of 0.5 uM, can be specifically affinity-
at 100%). Each value represents the mean of four separatecross-linked to iodinated insulin, and consists of a single

incubations L!sing two different gpheroplast preparations. The SD p0|ypept|de chain with an apparent molecular mass of 53
values were in the range of-12% of the means. kDa on both reducing and nonreducing SEFAGE indicat-

incubation temperature for reduction of internalization and iNg monomeric structure. Intact yeast spheroplasts are able
degradation of bound insulin (see Figures 4 and 5) and with to specifically bind and internalize iodinated insulin in a time-
10 uM final concentration of competitor, which enabled and temperature-dependent fashion. The uptake and sub-
discrimination between the various insulin analogues for sequent degradation of the internalized insulin requires ATP
binding to the partially purified insulin-binding protein (see and thus presumably occurs via the endocytotic machinery.
Figure 2). The number of binding sites was apparently Despite the absence of an endocrine pancreas, material
reduced in glucose-induced vs succinate-incubated sphero<closely resembling vertebrate-type insulin is present in a
plasts by 36-40%. The relative potencies of the insulin range of prokaryote. coli, Halobacterig see ref26) and
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in eukaryotic unicellular organisms, such as ciliated protozoa REFERENCES

(Tetrahymena pyriformjsas well as fungi Aspergillus
fumigati and Neurospora crasgahat were grown in simple
synthetic media (27). Net production of insulin was dem-
onstrated by an increase in insulin in the cells and the
medium during the early logarithmic growth phase of the
cells (28). The concept that hormones can be produced by
unicellular organisms is substantiated by the finding that
these organisms contain materials that resemble other
vertebrate-type hormones, such as ACTH, somatostatin, and
relaxin (for a review, see re29). The characterization of
these materials that resemble vertebrate-type peptide hor-
mones has included specific radioimmunoassays, radiore-

ceptor assays, and bioassays following purification of extracts g

using size exclusion, ion exchange, and HPI30)(

In subcellular fractions of the yeaSaccharomyces cer-
evisiae we identified material that cross-reacted with an anti-
insulin antibody raised against total porcine insulin in rabbits

(E. Gross and W. Bandlow, unpublished observations). This 11.

material migrated slightly faster in SD$AGE (corre-
sponding to an apparent molecular mass of4.D kDa)
than the authentic oxidized porcine peptide hormone (5.5
kDa). The cross-reacting material was found enriched in

of Zymolyase-treated cells), whereas cytoplasm (S150 frac-
tion), mitochondria (P13 fraction), and nuclei (P5 fraction)
were devoid of this material. Cross-reacting material was
recognized also by an antibody raised against a carboxy-
terminal hexapeptide of the human insulin B-chain. This
material was found enriched in RP-18 eluates of periplasmic
fractions from Zymolyase-treated cells (apparent molecular
mass about 6 kDa).

However, in the few cases where the primary structure of
insulin-like material from evertebrates has been elucidated,
it became apparent of being highly divergent and displaying
striking differences concerning both the length and the
sequence of the polypeptide chain from that of the highly
conserved (prepro)insulin from vertebrates (31). A pseudo-

gene possessing an insulin-like protein sequence has beenz4.

cloned from Neurospora crassdG. Muthukumar and J.

Lenard, unpublished observations). In contrast, the yeast 25.
genome sequence databases do not contain open reading26

frames that are reminiscent of insulin peptides as yet.
However, so far open reading frames coding*d00 amino
acids have been considered as potential genes, only, unless

they have been identified previously as genes by genetic 28.

means. Mammalian preproinsulin, in general, consists of
about 100 amino acids (see, e.g., 84). Thus, a gene
potentially coding for an insulin-related peptide has to await
future identification.
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