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1 t 1 Recept 

Fig. 1. Structures of full-length and hybrid aspartate receptor dimers. The full- 
length receptor (1 + 1 receptor) is identical to the wild-type receptor except that the 
asparagine at position 36 has been replaced by a cysteine through which the 
subunits are cross-linked; this modification does not affect the signaling properties 
of the receptor. The 1 + 213 receptor is made up of one full-length subunit and one 
subunit consisting of residues 1 to 259; essentially none of the cytoplasmic domain 
is present in this truncated subunit. The truncated subunit of the 1 + 113 receptor 
consists of residues 25 to 188 and contains essentially none of either the transmem- 
brane or cytoplasmic domains. 

1 t 213 Receptor 1 t 113 Receptor 

truncated subunits in which a cvsteine residue 
had been inserted at position 36 by means of 
site-directed mutagenesis receptors). 
The disulfide-linked Cys36 receptor functions 
normally in aspartate binding-and in aspar- 
tate-mediated signaling events (5). The frag- 
ment containing the ligand-binding and 
transmembrane domains,~corresponding to 
residues 1 to 259 in the full-length receptor, 
was generated by proteolysis of the 111- 
length Cys36 receptor, as described (6 ) .  The 
ligand-binding domain of the aspartate recep- 
tor, consisting of residues 25 to 188, was 
generated by-replacing the first transmem- 
brane segment of the Cys36 aspartate receptor 
with the cleavable signal sequence from Esch- 
erichia coli alkaline phosphatase and insemng 
a stop codon after residue 188 (7). 

The disulfide-linked full-length aspartate 
receptor was prepared by addition of the 
oxidizing agent copper phenanthroline (5 ) .  
To produce the 1 + 213 receptor, a fragment 
containing residues 1 to 259 of the receptor 
was incubated with the full-length receptor, 
and the dimers were then trapped by addi- 
tion of copper phenanthroline (8). When 
this procedure was applied to the 1 + 113 
receptor, very little of the desired hybrid 
receptor was formed, because the full-length 
receptor subunits bind more readily to other 
full-length subunits than to the ligand-bind- 
ing domain. To circumvent this problem the 
cysteine residue on the fragment was activat- 
ed by reduction with dithiothreitol and 
treatment with dithionitrobenzoate. After 
the activation step the full-length Cys36 re- 

ceptor (containing a free sulfhydryl) was 
mixed with the activated fragment, leading 
to formation of the hybrid receptor (9). This 
technique produced the desired hybrid re- 
ceptor with high yield and could be used to 
direct the formation of specific hybrid di- 
mers in other systems. 

To evaluate the signaling properties of the 
various receptor types, mixtures of wild-type 
and hybrid receptors were reconstituted into 
lipid vesicles (lo), and in vitro methylation 
reactions were conducted in the presence 

1 + 1 Receptor 

1 + 1 13 Receptor 

/ 

0.2- 
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0 

and absence of saturating concentrations of 
aspartate. Binding of aspartate to the extra- 
cellular domain of the receptor leads to an 

1 + 1 Receptor / - u * ' 

E 
0 

increase in the rate of methylation of specific 
glutamate residues located in the cytoplas- 
mic domain. This process allows the detec- 

0.0- 

tion of changes in-aspartate concentration. 
Incubation of the aspartate receptor with the 
CheR methyltransferase and [med~yl-~H]-S- 
adenosylmethionine in vitro leads to meth- 
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ylation of the same glutamate residues. As- 
partate binding approximately doubles the 
rate of methylation of the receptor (11). 

0 2 4 6  8 1 0 1 2  Time (mln) 
Time (min) 

Fig. 2. Effect of aspartate on methylation of full-length and hybrid receptor dimers. Methylation 
reactions were performed by mixing equal volumes of reconstituted receptor vesicles (10) and a solution 
containing the CheR methyltransferase and 100 FM [methyl-3H]-S-adeno~yImethionine (Amersham, 
15 Ci/mmole) in a buffer consisting of 50 mM sodium phosphate (pH 7.0), 10% glycerol, 1 mM 
PMSF, 1 mM EDTA. Portions were removed at various times, and aspartate was added to a final 
concentration of 1 mM to one-half of the reaction mixture after 2.5 min. Samples were boiled in SDS 
sample buffer containing 10 mM iodoacetamide, and the receptor dimers were separated on non- 
reducing SDS-polyacrylamide gels (7.5%) (15). After staining with Coomassie Blue and destaining, the 
appropriate regions of the gel were cut out, and methyl groups incorporated into the receptor were 
quantified by scintillation counting in a simple difhsion assay (16). Filled symbols indicate the presence 
of aspartate. (A) Methylation of the cross-linked 1 + 1 receptor (squares) and the cross-linked 1 + 213 
receptor (circles). (B) Methylation of the noncross-linked 1 + 1 receptor (squares) and the cross-linked 
1 + 113 receptor (circles). The 1 + 1 receptor was not cross-linked in this case because no oxidizing 
agent was used to construct the 1 + 113 receptor. These results are representative of four separate 
experiments showing only slight variations due to differences in the ratio of the various receptor types 
and variable reconstitution efficiency. In all cases aspartate approximately doubled the rate of 
methylation. 
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Hybrid dim& were prepared such that 
cross-linked wild-type and hybrid dimers 
were present in approximately equal 
amounts. Methylation of the hybrid 1 + 213 
receptor was indistinguishable from that of 
the wild-type receptor (Fig. 2A). The rates 
of methylation of both the wild-type and the 

n 

. 
1 + 213 Receptor / o.M- 

o.om 

hybrid receptors were stimulated by the 
addition of aspartate, and the absolute 
amount of methylation of the two receptor 
types was similar. Normal signal transduc- 
tion by a dimer containing only one cyto- 
plasmic domain indicates that each subunit 
bfthe dimer can signal independently, with- 
out interaction between cytoplasmic do- 
mains. Similarly, the rate of methylation of 
the 1 + 113 receptor was stimulated by the 
presence of aspartate (Fig. 2B). Intersubunit 
interactions between the transmembrane 
domains of the receptor dimer also appear to 
influence receptor function because the basal 
methylation rate of the 1 + 113 hybrid 
receptor was approximately one-fifth of that 
of the wild-type receptor dimer. 

Analysis of the signaling properties of 
these hybrid receptors depends on whether 
the truncated subunits can prevent associa- 
tion of full-length receptor subunits. Al- 
though the subunits of the hybrid dimers are 
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Fig. 3. Gel filtration analysis 
of covalently and nonco-
valently associated aspartate 
receptor dimers. A mixture 
of cross-linked full-length 
receptors (1 + 1 receptors), 
cross-linked hybrid recep
tors (1 + 1/3 receptors), and 
uncross-linked receptors (pre-
treated with 5 mM iodoaceta-
mide to prevent disulfide for
mation) was applied to a 600-
by 7.5-mm Bio-Rad Bio-Sil 
TSK-400 HPLC gel filtration column equilibrated in 100 mM sodium phosphate (pH 7), 1% 0-octylglu-
coside at 1 ml/min. Fractions were collected at intervals of 0.5 min, and proteins were precipitated by addition 
of trichloroacetic acid (final concentration, 10%). Precipitates were resuspended in SDS sample buffer 
containing 5 mM iodoacetamide, and proteins were separated by nonreducing SDS-potyacryiamick gel 
electrophoresis (7.5% gels). The gel was stained with Coomassie Blue and destained. Positions of molecular 
size markers are shown on the left. The positions of migration of the various receptor types are shown to the 
right of the panel Under the conditions of the gel filtration column, uncross-linked receptor subunits remained 
associated and co-ehited with the cross-linked full-length dimers; the cross-linked hybrid dimers appear not to 
associate with other subunits and thus eluted later. 
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linked by a disulfide bond, it is possible that 
the full-length subunits of two hybrid di
mers could noncovalently associate to form a 
pseudo-wild-type receptor despite the pres
ence of the cross-linked truncated subunits. 
However, the hybrid receptor eluted from a 
gel filtration column at later times (corre
sponding to a smaller molecular size) than 
either the cross-linked full-length dimer or 
the noncovalently associated full-length di
mer, which migrated as a monomer on the 
SDS-polyacryamide gel used to analyze pro
teins eluted from the column (Fig. 3). Thus, 
the presence of the truncated subunit appar
ently prevents further association of the 
full-length subunits of the hybrid receptor 
under conditions that allow association be
tween full-length subunits that are not cross-
linked. 

Intrasubunit signal transduction by the 
aspartate receptor indicates that transmem
brane signaling can occur by propagation of 
a conformational change through one or 
both of the transmembrane segments of a 
single receptor subunit. Thus, association or 
dissociation of monomers and dimers is not 
necessary for signal transduction by this 
receptor. Also inconsistent with our results 
are mechanisms that involve changes in the 
relative positions of the two cytoplasmic 
domains in the receptor dimer, such as 
rotation of one subunit relative to another 
or lateral motion of one subunit toward or 
away from another. The only models con
sistent with transmembrane signaling 
through a single receptor subunit are those 
that involve motion perpendicular to the 
membrane by one or both of the transmem
brane segments of the receptor (a "piston 
model") or those which involve lateral or 
rotational movement of the two transmem
brane segments of one subunit relative to 
each other within the plane of the mem
brane. 
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The signaling mechanisms of the platelet-
derived growth factor (PDGF) and epider
mal growth factor (EGF) receptors have 
been studied by testing the function of 
hybrid receptors containing truncated sub-
units (12). Transmembrane signaling by 
these receptor tyrosine kinases appears to 
require phosphorylation of one subunit by 
the neighboring subunit in a receptor dimer. 
Ligand binding leads to dimerization of 
these receptors, allowing intersubunit phos
phorylation to occur and leading to activa
tion of the kinase activity of the receptors 
(13). Consistent with this model, hybrid 
dimers of either the PDGF receptor or the 
EGF receptor with one active and one inac
tive subunit are not functional. Thus, when 
expressed at high levels, inactive subunits of 
these receptors act as dominant-negative 
mutations (12). Perhaps the differences ob
served between the growth factor receptors 
and the aspartate receptor stem from the 
differences in the transmembrane structures 
of the two receptor types. Each subunit of 
the aspartate receptor has two transmem
brane segments, and each subunit of the 
dimer can signal independently. Each sub-
unit of the EGF and PDGF receptors has 
only a single transmembrane-spanning seg
ment, and two full-length subunits of these 
receptors are required to produce an activat
ed receptor. The insulin receptor is com
posed of pre-existing disulfide-linked het-
erotetramers with two transmembrane 
segments per oligomer (14). A common 
organizational theme may exist in all of these 
receptors—two transmembrane segments in 
the signaling unit. The two transmembrane 
segments exist within a subunit of the aspar
tate receptor, are brought together by asso
ciation of the EGF and PDGF receptors, or 
are held together by disulfide cross-links in 
the insulin receptor. It is possible that there 
is a variety of different mechanisms for trans

membrane signaling, but a common mech
anism may be exemplified by the aspartate 
receptor in which ligand binding induces a 
reorientation of two transmembrane seg
ments to transmit a signal to the cytoplasmic 
domain of the receptor. 

REFERENCES AND NOTES 

1. Y. Yardcn and A. Ullrich, Annu. Rev. Biochem. 57, 
443 (1988); R. M. Macnab, in Escherichia coli and 
Salmonella typhimurium: Cellular and Molecular Bi
ology, F. C. Neidhardt et at., Eds. (American Society 
for Microbiology, Washington, DC, 1987), pp. 
732-759; A. Boyd, K. Kendall, M. I. Simon, Nature 
301,623 (1983); E. A. Barnard, M. G. Darlison, P. 
Seeburg, Trends Neurosci. 10, 502 (1987). 

2. A. F. Russo and D. E. Koshland, Jr., Science 220, 
1016 (1983); A. Ullrich et a/., Nature 309, 418 
(1984); Y. Yarden et a/., ibid. 323, 226 (1986); A. 
Ullrich* a/., ibid. 313,756 (1985); Y. Ebina etal.y 

Cell 40, 747 (1985); C Wolff and J. S. Parkinson, 
J. Bacterid. 170, 4509 (1988). 

3. D. R. Sibley, J. L. Benovic, M. G. Caron, R. J. 
Lefkowitz, Cell 48, 913 (1987). 

4. D. L. Milligan and D. E. Koshland, Jr., J. Biol. 
Chem. 263, 6268 (1988). 

5. J. J. Falke and D. E. Koshland, Jr., Science 237, 
1596 (1987). 

6. S. L. Mowbray, D. L. Foster, D. E. Koshland, Jr., 
J. Biol. Chem. 260, 1711 (1985). 

7. D. L. Milligan and D. E. Koshland, Jr., manuscript 
in preparation. 

8. Formation.of the 1 + 2/3 hybrid receptor was 
achieved by incubating the partially purified Cys36 

aspartate receptor (4) with a fragment of this recep
tor (residues 1 to 259) produced by limited trypsin 
treatment (6). First, exchange of subunits was al
lowed to occur by mixing equal amounts (as judged 
by Coomassie-stained SDS-polyacrylamide gels) of 
the two receptor types in a solution containing 50 
mM tris-HCl (pH 7.4), 10% glycerol, 1% 0-octyl-
glucoside, 100 mM NaCl, 1 mM phenylmethylsul-
fonyl fluoride (PMSF), 1 mM EDTA, and 10 mM 
dithiothreitol (DTT) at 37°C for 5 min. The reduc
ing agent was removed by centrifugation of the 
mixture through a gel filtration column (Bio-Rad 
Bio-Spin 6) equilibrated in buffer A [50 mM sodium 
phosphate (pH 7.0), 10% glycerol, 1% 0-octylglu-
coside, 1 mM PMSF]. Disulfide cross-linking was 
initiated by the addition of copper (1,10-phenan-
throline)3 to a final concentration of 1.5 mM from a 
10 x stock solution prepared in 1% 0-octylgluco-
side. After incubation at 37°C for 10 min, the 
oxidizing agent was removed by centrifugation 
through another column equilibrated in buffer B 
(buffer A containing 1 mM EDTA). 

9. The purified ligand-binding domain of the aspartate 
receptor (residues 25 to 188) containing the Cys36 

mutation was reduced under nitrogen in a solution 
containing 50 mM tris-HCl (pH 8.0), 5 mM 
EDTA, and 50 mM DTT at 37°C for 30 min. Excess 
DTT was removed by gel filtration on a Bio-Rad 10 
DG column equilibrated in N2-saturated buffer con
taining 50 mM tris-HCl (pH 8.0), 5 mM EDTA, 
0.5 mM DTT. Dithionitrobenzoate was added to a 
final concentration of 1.5 mM from a 100 mM stock 
in dimethylfbrmamide. After 10 min at 23°C excess 
reagents were removed by gel filtration on another 
10 DG column equilibrated in buffer B. The full-
length Cys36 receptor was reduced by incubation in 
buffer B containing 10 mM DTT at 23°C for 15 
min, and DTT was then removed by centrifugation 
of the sample through a column (Bio-Rad Bio-Spin 
6) equilibrated in buffer B. The reduced full-length 
and activated truncated subunits were mixed and 
incubated at 23°C for 15 min so that approximately 
one-half of the full-length subunits were incorporat
ed into hybrid dimers. Because no oxidizing agent 
was used in this procedure, the 1 + 1 receptors in 
this experiment were not disulfide-linked. 

10. Mixtures of full-length and hybrid receptor dimers 
were reconstituted into phospholipid vesicles. The 
receptor extracts were mixed with an equal volume 
of a buffer containing 50 mM sodium phosphate 

REPORTS 1653 



(pH 7.01, 70% glycerol, phospholipids from E. coli 
(4 mg/ml) (Avanti Polar Lipids), 1 mM PMSF, and 
1 mM EDTA. After incubation at 23°C for 30 min, 
the solution was diluted with 25 volumes of ice-cold 
50 mM sodium phosphate (pH 7.0), 10% glycerol, 
1 mM PMSF, 1 mM EDTA. Membrane vesicles 
were collected by centrifugation at 400,000g for 30 
min, and the vesicles were washed to remove resid- 
ual detergent by nvo cycles of resuspension and 
centrifugation. The membrane vesicles were resus- 
pended in the same buffer, frozen in liquid nitrogen, 
and stored at -70°C. 

11. M. F. Goy, M. S. Springer, J. Adler, Proc. Nut. Acad. 
Sci. U . S . A .  74,4964 (1977); M. S. Springer, M. F. 
Goy, J. Adler, Nature 280, 279 (1979). 

12. H. Ueno, H. Colbert, J. A. Escobedo, L. T. Wil- 
liams, Science 252, 844 (1991); 0. Kashles, Y. 
Yarden, R. Fischer, A. Uhich, J. Schlessinger, Mol.  
Cel l  Biol. 11, 1454 (1991). 

13. Y. Yarden and J. Schlessinger, Biochemistry 26, 
1434 (1987); Y. Yarden and J. Schlessinger, ibid. 
26, 1443 (1987); C. H.  Heldin, A. Ernlund, C. 
Rorsman, L. Ronnstrand, J. Biol. Chem.  264, 
8905 (1989); S. Bishayee, S. Majumdar, J. Khire, 

M. Das, ibid. 264, 11699 (1989). 
14. J. E. Pessin, C. Mottola, K.-T. Yu, M. P. Czech, in 

Molecular Basis o f  Insulin Action, M. P .  Czech, Ed. 
(Plenum, New York, 19851, pp. 3-29. 

15. U. K. Laemmli, Nature 277,680 (1970). 
16. D. Chelsky, N. I. Gutterson, D. E. Koshland, Jr., 

Anal .  Biochem. 141, 143 (1984). 
17. We acknowledge the support of the William M. 

Keck Foundation and the NIH (Grant DK 
09765). 

12 August 1991; accepted 7 October 1991 

1654 SCLENCE, VOL. 254 

Intracellular Signaling by 14-Hydro~y-4,14-Retro- phase columns and in chloroform but toler- 
ated methanol, butanol, benzene, and aceto- 

Retinol nitrile and remained intact after storage for 
several months at -80°C. 

JOCHEN BUCK, FADILA DERGWI, ESTER LEVI, KOJI NAKANISHI, The characteristic vibronic fine structure 
ULRICH HAMMERLING of the UV spectrum of P3 (Fig. 2A) sug- 

gested a retro-retinoid skeleton (1 0). The 
In mammals, retinol is the precursor for r e ~ o i d s ,  which affect various aspects of high-resolution electron ionization (EI) 
morphogenesis and development. However, B lymphocytes, although retinol-depen- mass spectrum [(matrix perfluoro-kerosine 
dent, do not use retinoic acid as mediator. Retinol is metabolized by B lymphocytes (PFK)] gave an observed value of 302.2265 
and other cell lines to optically active 14-hydroxy-4,14-retro-retinol; it is this com- calculated for C,oH3002 = 302.2246), in- 
pound that mediates the growth control. Thus another second messenger molecule, in dicating that P3 has one more oxygen than 
addition to retinoic acid and retinal, is derived from retinol. its precursor retinol, C,oH300. The low- 

resolution EI mass spectrum of P3 is de- 

I N VERTEBRATES, PROCESSES AS DI- violet (UV) absorption spectra, and they 'are scribed in (11). Proton nuclear magnetic 
verse as growth, vision, and reproduc- most likely cis/trans isomers of the same resonance (NMR) measurements (Fig. 3) 
tion depend on the presence of retinol molecule. The most abundant of these, P3, established that P3 is 14-HRR. The double- 

(vitamin A) (1). Retinol serves as a source was purified from lymphoblastoid or HeLa bond configuration between positions 6 and 
for a variety of derivatives adapted to spe- cells by means of a series of reversed-phase 7 was established as E by comparisons with 
cialized hnctions, such as 11-cis retinal, that columns [a preparative C,, column of 250 the chemical shifts of 1,l-Me, (1.30) and 
constitutes the chromophore of the visual by 22 rnm internal diameter (ID) with wa- 4-H (5.79) with those reported for 6-E- 
pigment rhodopsin (2). Furthermore, retin- ter-methanol at 17/83 v/v; a semipreparative 4,14-retro-retinyl acetate (12, 13), 1.28 and 
oic acid induces differentiation in many in C,, colum~~ of 250 by 10 mm ID with 5.76 ppm, respectively; the corresponding 
vivo and in vitro systems (3) by binding to a water-acetonitrile at 25/75 v/v; and an ma- values for 6-Z-4,14-retro-retinyl acetate are 
nuclear receptor and subsequently enhanc- lytical C, column of 250 by 4.6 mm ID with 1.1 1 and 5.63 ppm. Furthermore, the 6-E 
ing transcription of specific genes (4). water-methanol at 78/72 v/v]. From 80 li- configuration was confirmed by observation 
Retinol is essential for the growth of a ters of HeLa cells, 30 absorption units at of an approximately 4% nuclear Overhauser 
variety of cell types in culture, notably lym- 348 nm (168 kg) of pure P3 were obtained. effect between 1,l-Me, and 8-H. The con- 
phocytes (5). However, retinoic acid cannot This compound was unstable on normal- figuration of the double bond between po- 
substitute for retinol in preventing necrotic 
cell death of activated immune cells (5-7). Fig, ,, High-pressure 10,000 - 50 

We have identified a retinol derivative on liquid chromatography 
the basis of its growth-promoting properties of retinoids -from lym- 
and have characterized it as 14-hydroxy- ~hoblastoid 512 cells 

(Waters, Milford, MA), - 
4,14-retro-retinol (14-HRR). analytical C,, reversed- 

Cells of the lymphoblastoid line 512 were phase column (Vydac, 3 
grown in the presence of 3H-labeled Hesperia, CA); water- 3 5,000 
retinol-retinol binding protein complex (8), methanol-chloroform 5 
and the lipids were extracted from the cell gradient; flow rate, 0S 

ml/min; photodiode ar- pellet (9). High-pressure liquid chromatog- ray detection. Disinte- 
raphy (HPLC) on a reversed-phase CIS grations per minute were 
column yielded hitherto undescribed retin- determined with an on- 

- 75 

oids with retention times of 16 to 18 min, line scintillation counter 0 - 

amounting from 4 to 9% of the total cellular ~ ~ ~ Y ~ ? ~ ; s  el:?$; Time (mln) 

retinoids (Fig. 1). These retinoids comprise 16 to 18 min, as well as 
at least four compounds with similar ultra- the original retinol peak, are bioactive in a bioassay performed as described in Fig. 4. The 512 cells [1.8 

x lo7 cells in 30 ml of RPMI/0.9% fetal calf serum (FCS) medium] were incubated with 2 x M 
holo-retinol-binding protein to which were bound 30 pCi [3H]retinol; specific activity, 49.3 Ci/mmol. 

J. Buk, E. Levi, U. Hherling, De~ament Immu- Retinol-binding protein was purified from human serum by means of a transthyretin column (21). The 
nology, Memorial Sloan-Kettering Cancer Center, New 
York, NY 10021. absorption ratio (280 nm to 324 nm) of the retinol-binding protein-retinol complex used was 0.85. 
F, ~ ~ ~ ~ ~ i n i  and K. ~ ~ k ~ i ~ h i ,  D~~~~~~~ of chemis- After 24 hours, retinoids were extracted from the washed cell pellet according to the procedure of 
try, Columbia University, New York, NY 10027. McLean et al. (9). Unlabeled reference retinoids (arrows) were used to calibrate the column. 


