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mination of Q. The time for this second plume head 
to rise across the upper mantle is 

4.rrR: 
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where 

is the radius of the second head when it be- 
gins its ascent and f is the fraction of the upper 

mantle left for the second plume head to traverse. If 
pulpe is suff~c~ently small, then f is of order of magnl- 
tude 1 (that is, separation of the first plume head 
occurs qulckly and near the 660-km boundary); how- 
ever, f can be as low as 113 before it has an influence 
on t,. The expression fort, is slightly more general than 
that given by Olson (24) but follows from the same 
derivation. The volume of the second plume head 
upon reaching the base of the lithosphere is 

4 4  
volume = - ( I  + 5D,1Rl)315 

3 

29, Increasing p, (for example, to loz3  Pa-s) or de- 
creasing R (to reflect only a part of the net Ontong 
Java plume head volume) would enhance the like- 
lihood that the first plume head separates from the 
conduit (U/V,,, would increase) and would length- 
en the time delay between eruptive events; these 
same adjustments would also diminish the volume 
of the second plume head. Perhaps more impor- 
tantly, the addition of the endothermic phase 
change (28) would undoubtedly make separation 
of the first plume head more probable [see in par- 
ticular Liu et a/. in (28)], lengthen the delay time 
between arrival of the plume heads, and increase 
the volume of the second plume head. However, if 
the conduit flux Q is not sufficiently large, the phase 
change may preclude the penetration of the sec- 
ond plume head into the upper mantle altogether 
[see Liu et al. in (28)l. 
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Activation and Regeneration of Rhodopsin 
in the Insect Visual Cycle 

Alexander Kiselev and Sriram Subramaniam* 

Light absorption by rhodopsin generates metarhodopsin, which activates heterotrimeric 
guanine nucleotide-binding proteins (G proteins) in photoreceptor cells of vertebrates and 
invertebrates. In contrast to vertebrate metarhodopsins, most invertebrate metarhodopsins 
are thermally stable and regenerate rhodopsin by absorption of a second photon. In 
experiments with Rhl Drosophila rhodopsin, the thermal stability of metarhodopsin was 
found not to be an intrinsic property of the visual pigment but a consequence of its 
interaction with arrestin (49 kilodaltons). The stabilization of metarhodopsin resulted in a 
large decrease in the efficiency of G protein activation. Light absorption by thermally stable 
metarhodopsin initially regenerated an inactive rhodopsin-like intermediate, which was 
subsequently converted in the dark to active rhodopsin. The accumulation of inactive 
rhodopsin at higher light levels may represent a mechanism for gain regulation in the insect 
visual cycle. 

I n  both vertebrates and invertebrates, light thermally unstable and decays eventually 
absorption by rhodopsin triggers activation into all-trans retinal and opsin (3). Rhodop- 
of G proteins in the photoreceptor cell ( 1 ,  sin is subsequently regenerated by the recom- 
2). In vertebrates, the intermediate (meta- bination of 11-cis retinal with opsin (4). In 
rhodopsin 11) that activates G proteins is contrast, in most invertebrates, the interme- 

diate (metarhodopsin) believed to activate 
Department of Biological Chemistry, Johns Hopkins Uni- photoreceptor G proteins is thermally stable 
versity School of Medicine, Baltimore, MD 21205, USA. (5, 6 ) .  In invertebrates, rhodopsin is regen- 
*To whom correspondence should be addressed. erated by illuminating metarhodopsin (5, 7 ,  
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8). The invertebrate visual cycle therefore 
requires photon absorption to drive both the 
activation and regeneration pathways, 
whereas the vertebrate cycle only requires 
photon absorption for the activation path- 
way. Understanding the molecular origins of 
the two-photon cycle in invertebrate photo- 
receptors has remained a question of long- 
standing interest. Here, we present an expla- 
nation for this phenomenon in the insect 
visual cycle. 

To  study light-driven transitions in Rhl 
rhodopsin, we isolated membranes from ho- 
mogenized frozen Drosophila heads (9). Al- 
though there are at least three minor rho- 
dopsins present in fly heads (Rh2, Rh3, and 
Rh4), they are present in much smaller 
quantities than Rhl (10). Spectroscopic 
transitions in Rhl were followed by exploit- 

Fig. 1 Light-driven transitions in Drosophila pho- 
toreceptor membranes. (A) Difference spectrum 
recorded 20 min after a 20-s excitation with blue 
light of membranes from flies grown under white 
illumination (9). The spectrum has peaks corre- 
sponding to the light-driven depletion of rhodop- 
sin (-480 nm), the formation of metarhodopsin 
(-580 nm), and a species absorbing at -380 nm. 
The latter species is most likely to be free all-trans 
retinal, because it could not be converted into 
either rhodopsin or metarhodopsin by further illu- 
mination and reacted rapidly with hydroxylamine 
(50 mM) to form retinal oxime. (Inset) Plot of the 
time-dependent decrease in metarhodopsin con- 
centration (absorbance at 580 nm) derived from a 
series of difference spectra such as those shown 
in the figure. The absorbance immediately after 
illumination (scaled to 100% at t = 0+) was esti- 
mated from the total rhodopsin concentration and 
the known extinction coefficients of rhodopsin (e 
= 35,000 at 480 nm) and metarhodopsin (E = 
56,000 at 580 nm) (24). (B) Difference absorption 
spectrum recorded after a 20-s excitation with red 
light of photoreceptor membranes prepared from 
flies that had been illuminated with blue light for 20 
min. The reference cuvette was illuminated to pro- 
vide a direct comparison with (A). The difference 
spectrum demonstrates the light-driven conver- 
sion of metarhodopsin into rhodopsin, and the 
amplitude of the peak at 580 nm is a direct mea- 
sure of the amount of metarhodopsin present in 
the membranes. A series of difference spectra 
such as the one shown were recorded after the 
membranes were stored for different lengths of 
time at 25°C. (Inset) Measurements of the spec- 
tral amplitude at 580 nm showed that there was 
no significant change in the concentration of 
metarhodopsin over a 20-min period. The ordi- 
nate value represents the percentage of metarho- 
dopsin scaled relative to the amount of metarho- 
dopsin obtained after the first illumination. (C) Dif- 
ference spectrum recorded 20 min after a 20-s 
excitation with blue light of membranes from flies 
grown in the dark. The spectrum has peaks cor- 
responding to the light-driven depletion of rho- 
dopsin (-480 nm) and the appearance of retinal 
(-380 nm). (Inset) Almost all of the metarhodop- 
sin produced decayed within 20 min, whereas in 
flies grown under white illumination, -1 4 2 5% of 
the metarhodopsin is stable. 

ing the separation of absorption maxima of 
Rhl rhodopsin (A,,, -480 nm) and meta- 
rhodopsin (A,,, =580 nm). Thus, excita- 
tion with blue light was used to convert 
rhodopsin into metarhodopsin, and excita- 
tion with red light was used to convert 
metarhodopsin into rhodopsin ( I  1 ). Differ- 
ence spectra were obtained by subtracting 
the absorption spectrum recorded before ex- 
citation from the spectrum recorded after 
excitation. A complete set of difference 
spectra was thus generated at different times 
after excitation with either blue or red light. 

Difference spectra were obtained from 
absorption spectra recorded before and 20 
min after blue excitation of rhodopsin-con- 
taining membranes isolated from flies 
grown under white illumination (Fig. 1A). 
Negative and positive peaks correspond, re- 

Wavelength (nm) 
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spectively, to the depletion and formation 
of spectroscopic species. Light absorption by 
rhodopsin resulted in a negative peak at 480 
nm caused by rhodopsin depletion, and in 
positive peaks at -580 and 380 nm, caused 
by generation of metarhodopsin and retinal, 
respectively. At 25OC, -86 2 5% of meta- 
rhodo~sin generated by excitation of rho- 
dopsin decayed into retinal and opsin with- 
in 20 min. In'the absence of illumination, 
rhodopsin is stable for at least 6 hours (1 2). 
This decay of metarhodopsin is in contrast 
to its thermal stability when detected by in 
vivo microspectrophotometry (5 ) .  We rea- 
soned that the reduction in stability in vitro 
reflected either the intrinsic instabilitv of 
metarhodopsin in our membrane prepara- 
tions or the absence of comvonents that 
normally stabilize metarhodopsin in vivo. 

To  test whether metarhodopsin was in- 
trinsically unstable in vitro, we illuminat- 
ed flies with blue light so that a high 
concentration of metarhodopsin was accu- 
mulated under in vivo conditions. Mem- 
branes were then isolated without further 
light exposure, and the amount of meta- 
rhodopsin was determined (Fig. 1B). The 
decrease in metarhodopsin concentration 
over 20 min at 25°C was 55%.  Quantita- 
tive analysis of the rates of initial decay 
reveals that metarhodopsin is about 200 
times more thermally stable [half-time 
( t l l z )  - 345 min] in the membranes iso- 
lated from illuminated flies as comvared 
with metarhodopsin produced by- in vitro 
illumination of membranes. These exper- 

Fig. 2 Light-induced arrestin binding to mem- 
branes. Coomassie R-250-stained gel (I) and pro- 
tein immunoblot (11) of membranes isolated from 
flies that were illuminated (lanes 1) (as in Fig. 1 B) or 
dark-adapted (lanes 2) (as in Fig. 1C). Each lane 
contained the equivalent of 20 fly heads. The pro- 
tein blot was developed with a mixture of affinity- 
purified polyclonal antibodies raised against the 
(358473) residue fragment of rhodopsin and the 
(370479) residue fragment (25) of arrestin. There 
is no cross-reactivity between the two antibodies. 
The gel shows that both sets of membranes con- 
tain similar amounts of rhodopsin as well as total 
membrane protein, but that arrestin is preferen- 
tially present in the illuminated membranes. Mo- 
lecular sizes are indicated at the left in kilodaltons. 



iments show that although metarho- 
dopsins produced in vivo and in vitro have 
the same A,,,, they differ significantly 
with respect to their thermal stabilities. 

The simplest explanation of the lower 
stability of metarhodopsin in the isolated 
membranes is that when metarhodopsin is 
produced in vivo, it is stabilized by interaet- 
ing with specific photoreceptor cell compo- 
nents that are absent in isolated membrane 
preparations. To  further test this hypothesis, 
we isolated membranes from flies raised in 
darkness from the larval stage. As expected, 
almost all of the metarhodopsin produced 
upon excitation of these membranes with 

blue light was found to be thermally unstable 
(Fie. 1C). This result indicates that the small 
fraGion 'of thermally stable metarhodopsin 
(-14 2 5%) produced in membranes from 
flies grown under white illumination (Fig. 
1A) is generated as a consequence of light 
present during growth conditions. 

The amount of thermally stable meta- 
rhodopsin recovered from flies that had been 
exposed to blue light (Fig. 1B) was calculat- 
ed to be -33% of the total visual uiment . - 
present in the flies before illumination (Fig. 
1C). Of the four proteins that interact with 
rhodopsin during the visual cycle, the 49-kD 
arrestin is known to have high abundance 

Fig. 3. Light-dependent G protein activation in homoge- 10 
nized membrane suspensions. G protein activation was 
quantitated by measuring light-driven hydrolysis of c 
[y-32P]guanosine triphosphate (GTP) at 22' 5 2°C es- ' 
sentially as described (6,26). Bar (a) is the absolute back- gk 
ground GTPase activity in membranes isolated from flies $5 6 
grown under white illumination. This background activity 3 
includes contributions from all light-independent sources 3 % 
of GTP hydrolysis. Bar (b) is the blue light stimulation of 2 
GTPase activity of photoreceptor G proteins, corre- "2 
sponding to an activity of -5.5 2 0.6 mol of inorganic 2 2 
phosphate (Pi) per mole of rhodopsin per minute. This 2 activity is a lower limit because 250% of metarhodopsin 
decayed during the course (25 s) of the measurement. 
Bar (c) shows that the successive excitation with blue light and red light for 25 s each to convert freshly 
generated metarhodopsin back to rhodopsin returned the GTPase activity to background levels. Bar (d) 
is the dark GTPase activity in membranes from flies that had been illuminated for 20 min with blue light. 
Here, the background activity includes the activity from metarhodopsin (Mb) produced during light 
adaptation. For bar (e) the illumination of membranes in (d) with red light resulted in a reduction in GTPase 
activity by -0.5 + 0.4 mol Pi/mol rhodopsin per minute, which is therefore the activity of Mb. The data 
presented here are averages of six independent measurements, and the error bars include uncertainty in 
estimation of rhodopsin concentration as well as errors in measurement of radioactive free phosphate. 

(20 to 40%) relative to rhodo~sin (1 3) and 
has been demonstrated to bind to rhodousin- 

A C 

containing membranes upon illumination 
(14, 15). To test whether thermal stability of 
metarhodopsin correlated with the presence 

I I 

f 
- 

I I 

of arrestin, we carried out protein immuno- 
blot analvsis of the membranes used for the 

Ct 2 5 20 Tlnw(mln) 

spectroscopic measurements with antibodies 
recognizing arrestin and rhodopsin. Arrestin 
was present only in membranes that dis- 
played thermally stable metarhodopsin (Fig. 
2). The close match between arrestin abun- 
dance and the fraction of thermally stable 
metarhodopsin, and the experimental evi- 
dence for arrestin binding to metarhodopsin, 
suggests that illumination of rhodopsin in 
vivo first results in the formation of a ther- 
mally unstable metarhodopsin (Ma), which 
is then stabilized by arrestin binding to gen- 
erate thermally stable metarhodopsin (Mb). 

To determine the relative efficiencies of 
G protein activation by the two metarho- 
dopsin states, we produced Ma in vitro by 
excitation of membranes isolated from flies 
grown under white illumination (Fig. lA),  
and Mb by illuminating flies in vivo with 
blue light before the isolation of membranes 
(Fig. 1B). G protein activation by Ma was at 
least 10 times greater than that by Mb (Fig. 
3). We conclude that light absorption by 

B 

Rhl rhodopsin first generates a metarhodop- 
sin intermediate (Ma) that is thermallv un- . , 

stable but activates G proteins efficiently 
(1 6). Ma is subsequently modified to gener- 
ate a metarhodopsin (Mb) that is thermally 
stable but has a much lower efficiency of G 
protein activation. These observations 

Fig. 4. Regeneration of rhodopsin 
from rnetarhodopsin. Membranes 
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m 
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strengthen the hypothesis that the formation 
of Mb involves an interaction of rhodo~sin 

0 5 10 15 20 25 light to completely photoconvert 
lime (mln) any residual rhodopsin, thereby 

producing a homogeneous popula- 
tion of thermally stable metarhodopsin (Mb). Rhodopsin was regenerated by exciting rnetarhodopsin with 
red light. (A) After waiting for the indicated lengths of time, the regenerated membranes were re-excited 
with blue light, and a series of spectra like those shown in Fig. 1A were recorded to measure the relative 
fraction of thermally unstable rnetarhodopsin. (B) GTPase activities of metarhodopsins produced at 
different times by blue light excitation. (C) lmmunoblot with antibodies to arrestin showing the kinetics of 
arrestin release in the supernatant after excitation of the membranes with red light. Ct, control. 

I I 1 I I 

:/:; : 

with arrestin, because arrestin binding to 
vertebrate rhodousin reduces the efficiencv 
of transducin activation (1 7). Our results are 
also in agreement with the suggestion by 
Hamdorf and Kirschfeld (18) that "newly 
created metarhodopsins" trigger the late re- 
ceptor potential in the Cdiphura visual cy- 
cle, and that these metarhodopsins subse- 
auentlv lose their excitatorv effect. 

To investigate the mechanism of rhodop- 
sin regeneration, we isolated membranes 
from flies illuminated with blue light and 
regenerated rhodopsin by excitation with red 
light. When rhodopsin was re-excited imme- 

:ly after it was regenerated, most of the 
~rhodopsin formed was thermally stable 
t is, Mb was formed predominantly; Fig. 
. However. when rhodousin was re-ex- 
t after waiting for various lengths of time 
the dark), an exponential increase was 
rved in the amount of thermally unsta- 
netarhodopsin produced, implying het- 

-eneity in the rhodopsin population. 
Measurements of G protein activation car- 
ried out in parallel showed that the increase 
in the fraction of thermally unstable meta- 
rhodopsin matched the increase in light- 
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stimulated guanosine triphosphatase 
(GTPase) activity (Fig. 4B). Finally, the 
kinetics of arrestin release in the superna- 
tants showed that it was a slow process 
requiring about 20 min for completion (Fig. 
4C). Arrestin (49 kD) is also the major 
protein that is released from rhodopsin-con- 
taining membranes during regeneration as 
monitored by Coomassie staining (1 2 ,  14), 
which further strengthens the hypothesis 
that arrestin stabilizes metarhodo~sin (19). 

& . ,  
Together, these results imply that the rho- 
dopsin first regenerated from Mh is inactive 
(Rh). It is subsequently altered in a light- 
independent process requiring several min- 
utes to an active rhodopsin state (R") that, 
upon re-excitation, produces Ma instead of 
Mh. W e  propose that this light-independent 
transition, which involves the release of 
arrestin, is physiologically relevant. 

A simplified model for activation and 
regeneration pathways in the Drosophila vi- 
sual cycle based on our findings is presented 
in Fig. 5. The model provides a mechanism 
for regulation of gain in the visual cascade at 
different lieht levels. Because both rho do^- 
sin and mLtarhodopsin absorb light in tke 
visible region, both activation and regener- 

ation pathways operate under white illumi- 
nation. Under dark-adapted conditions, all 
of the rhodopsin is present in the form of R", 
which produces M" upon illumination. The 
formation of Ma produces a burst of G pro- 
tein activation before it is modified rapidly 
to Mh. With increasing light levels, higher 
amounts of Mh are produced which, in turn, 
increase the steady-state concentration of 
Rh. Thus, at high light levels, although more 
metarhodopsin is produced, the net gain re- 
sulting from G protein activation is adjusted 
by producing a correspondingly higher 
amount of Mh instead of Ma. When the light 
intensities are lowered, Rh is gradually con- 
verted in a dark process to generate Ra, thus 
returning the system to a state that can 
detect photons with higher sensitivity. Be- 
cause greater amounts of Mh and Rh are 
formed at high light intensities, their accu- 
mulation can be viewed as part of the mo- 
lecular mechanism of light adaptation. Sim- 
ilarly, because the formation of Mh from Rh 
becomes progressively less likely with a de- 
crease in light intensity, the conversion of 
accumulated Rh to Ra is part of the molecular 
mechanism associated with dark adaptation. 
Our experiments provide biochemical evi- 

Thermally 
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Arrestin release 

tl12 - 2 min 
Dephosphorylation 

tlQ << min 
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High efficiency 
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Fig. 5. Model outlining key stages in the Drosophila visual cycle. For the activation pathway, light 
absorption by rhodopsin (Ra, A,,,, - 480 nm) generates a thermally unstable metarhodopsin (Ma, A,,,% - 
580 nm). Ma activates photoreceptor G proteins efficiently, which in turn activate downstream effectors 
such as phospholipase C (2). However, Ma is rapidly modified to produce Mb (A,,,, - 580 nm), which is 
thermally stable for several hours (27) but has greatly reduced ability to activate G proteins. The binding 
of arrestin appears to increase the stability and lower the efficiency of G protein activation. The formation 
of Mbfrom Ma must be much quicker than the decay of Ma into retinal and opsin, because thermally stable 
metarhodopsin is experimentally observed in illuminated flies (Fig. 1 B). However, at high light intensities, 
up to 50% of Ma is lost through the decay pathway to retinal (12). For the regeneration pathway, light 
absorption by Mb generates Rb (A,,, 480 nm). Rb either reabsorbs a photon to form Mb or is gradually 
converted into Ra in the dark. The recovery of the ground state involves the release of arrestin and 
dephosphorylation. The release of arrestin is shown as a separate step from rhodopsin dephosphoryla- 
tion because arrestin release (12) is unaffected in rdgC flies which were reported to be defective in 
rhodopsin phosphatase (15, 28). Because the conversion from Rb to Ra is the slowest step in this cycle, 
Rb and Mb preferentially accumulate at high light levels, and Ra accumulates at low light levels. 

dence for an inactive rhodopsin intermedi- 
ate (Rh), consistent with previous electro- 
physiological experiments with Calliphora 
(20) and Limulus (21 ) photoreceptors which 
suggested the existence of intermediates re- 
sembling those referred to here as Mh and Rh. 

The model (Fig. 5) provides a framework 
to understand the result that a small fraction 
(-14%) of the metarhodopsin produced in 
vitro was found to be thermally stable (Fig. 
1A). In flies grown under steady white illu- 
mination, rhodopsin is present both in R" 
and Rh states. Illumination of Rh should 
produce Mh, which is thermally stable. The 
ratio of thermally unstable versus stable 
metarhodopsins (Ma/Mh) generated upon in 
vitro illumination of isolated membranes is 
expected to be proportional to R"/Rh. Thus, 
we estimate that under our growth condi- 
tions, -14% of the rhodopsin is present in 
the form of Rh. A prediction of this model is 
that flies grown in complete darkness 
should have all of their rhodopsin in the 
R" state. Ih vitro illumination of mem- 
branes isolated from these flies should 
then produce only Ma, that is, n o  thermal- 
ly stable metarhodopsin should be gener- 
ated, as we observed (Fig. 1C). 

W e  have shown here that arrestin bind- 
ing is necessary for thermal stability of 
metarhodopsin detected in our experiments. 
It remains to be determined whether arrestin 
binding is also sufficient for metarhodopsin 
stabilization. Although vertebrate metarho- 
d o ~ s i n  I1 can also be stabilized bv arrestin 
binding (22), re-excitation of vertebrate 
metarhodopsin I1 to regenerate rhodopsin is 
unlikely to be relevant under physiological 
conditions. First, the A,,, of metarhodopsin 
I1 is -380 nm, a wavelength that is effec- 
tively absorbed by other eye pigments as well 
as by free retinal. Second, the Schiffs base is 
easily accessible to hydrolysis leading to re- 
lease and subsequent conversion of retinal to 
retinol by retinol dehydrogenase (23). In 
contrast, Drosophila metarhodopsin displays a 
A,,, that is well removed from that of free 
retinal and is stable to  hvdrolvsis as  robed , , 

by the Schiffs base reagent hydroxylamine 
(Fig. 1).  Our exveriments also show that . - .  
biochemical aspects of rhodopsin regener- 
ation can be studied under in vitro condi- 
tions in a genetically tractable organism 
such as Drosophila. Because rhodopsin is a 
representative member of the family of 
seGen helix receptors, such studies may 
have broader relevance for understanding 
activation and adaptation mechanisms in- 
volved in signal transduction by other pro- 
teins in this family. 
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Tissue-Specific Targeting of Retroviral Vectors 
Through Ligand-Receptor Interactions 
Noriyuki Kasahara, Andree M. Dozy, Yuet Wai Kan* 

The development of retroviral vectors that target specific cell types could have important 
implications for the design of gene therapy strategies. A chimeric protein containing the 
polypeptide hormone erythropoietin and part of the env protein of ecotropic Moloney 
murine leukemia virus was engineered into the virus. This murine virus became several 
times more infectious for murine cells bearing the erythropoietin receptor, and it also 
became infectious for human cells bearing the erythropoietin receptor. This type of 
tissue-specific targeting by means of ligand-receptor interactions may have broad ap- 
plications to a variety of gene delivery systems. 

Mammal ian  retrovirus vectors commonly 
used for gene transfer are classified o n  the 
basis of their host range as either eco- 
tropic, which only infect murine cells, or 
amphotropic, which infect both murine 
and nonmurine cells. T h e  host range is 
determined primarily by the binding inter- 
action between viral envelope glycopro- 
teins and specific proteins on  the host cell 
surface that act as viral receptors (1) .  In  
murine cells, a n  amino acid transporter 
serves as the receptor for the envelope 
glycoprotein gp70 of ecotropic Moloney 
murine leukemia virus (Mo-MuLV) (2).  
T h e  receptor for the amphotropic Mo- 
MuLV has recently been cloned and shows 
homology to a phosphate transporter (3). 
Because the transporters are widely dis- 
tributed among various tissues, these ret- 
rovirus vectors can infect virtually all cell 
types and therefore are not tissue-specific. 

It has previously been shown that the 
host range of viruses can be altered by 
pseudotyping (4). However, the alternative 
envelope proteins used in such experiments 
were derived from naturally occurring viral 
sequences such as those of gibbon ape leuke- 
mia virus, avian leukosis virus, and the hu- 
man immunodeficiency virus, and hence the 
resultant pseudotyped virions were still lim- 
ited by the host range of the naturally occur- 
ring virus. In some cases, it has been shown 
that viral targeting can be achieved by 

N. Kasahara, Department of Laboratory Medicine and 
Graduate Program in Endocrinology, University of Cai- 
fornia, San Francisco, CA 94143-0724, USA. 
A. M. Dozy and Y. W. Kan, Department of Laboratory 
Medicine and Howard Hughes Medical Institute, Univer- 
sity of California, San Francisco, CA 94143-0724, USA. 

*To whom correspondence should be addressed. 

ligand-receptor interactions, mediated by 
bivalent antibodies linked bv biotin- 
streptavidin (5) or by chemical kodifica- 
tion with lactose to  produce an asialogly- 
coprotein (6). These manipulations, which 
involve modifications to the virus after its 
production, usually result in low infection 
efficiencv. A recombinant virus containing 
in its en\;elope a sequence encoding a singley 
chain antibody variable region has been 
shown to bind to a solid matrix containing 
the appropriate polypeptide antigen, and the 
bound viruses, as expected, were infectious 
for NIH 3T3 cells (7). However, direct in- 
fection of target cells by the virus through 
antigen-antibody interaction was not dem- 
onstrated. In this study, we engineered an 
ecotropic virus to bear a chimeric envelope- 
ligand protein on its surface. This virus not 
only showed enhanced infectivity for murine 
cells that bear the appropriate receptor but 
could also cross species and specifically in- 
fect the appropriate receptor-bearing human 
cells. 

We introduced the polypeptide hormone 
erythropoietin (EPO) into the ecotropic 
Mo-MuLV envelope. A portion of the Mo- 
MuLV envelope gene (enu) (8) encoding the 
NH,-terminal end of gp70 was removed and 
replaced, in frame, with sequences coding for 
EPO (9); this construct was designated 
pEPOenv A5923. Portions of the gp70 se- 
quence that encode the eno signal peptide at 
the NH,-terminus, as well as the cysteine 
residues in the COOH-terminal region that 
participate in sulfhydryl bonding with the 
inner envelope subunit p15, were left intact. 
This EPO-eno hybrid construct was cotrans- 
fected into $2 packaging cells (1  0) with the 
plasmid pFR400, which contains the meth- 
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