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A Silver-Free, Single-Sheet 
Imaging Medium Based on Acid 

Amplification 
John L. Marshall,* Stephen J. Telfer,* Michael A. Young, 
Edward P. Lindholm,t Richard A. Minns,: Larry Takifft 

We describe a photographic medium that uses acid-amplified imaging (AAI) 
rather than silver halide development to amplify a latent image. The latent 
image is captured when small amounts of superacid are generated by the 
photolysis of iodonium salts sensitized by cationic dyes. During thermal pro- 
cessing, the quantity of acid is multiplied in a process catalyzed by strong acid, 
resulting in a much larger amount of a weaker acid. Acid-sensitive indicator dyes 
that diffuse into regions where acid has been produced form a colored image. 
The AAI system is not sufficiently sensitive for direct use in cameras but is 
suitable for many printing applications. 

A goal in conventional, silver halide-based 
photography is the elimination of the incon- 
venient and environmentally problematic wet 
chemical processing. An ideal photographic 
system would consist of a single sheet pro- 
cessed without the addition or removal of any 
chemical reagents whatsoever. A number of 
dry-processed silver halide systems have ac- 
cordingly been developed (1), but all have 
had to deal with the formation of light-ab- 
sorbing metallic silver as a by-product of the 
fundamental image capture and amplification 
mechanism. Most such systems have been 
two-sheet media from which the substrate 
containing the silver must be discarded. De- 
signers of single-sheet photoaddressed imag- 
ing systems, whether silver halide-based or 
not, also face the problem of hiding the ab- 
sorbers used to sensitize the medium, because 
the image must ultimately be viewed in light 
of the same wavelengths as were used to 
write it. Finally, some method for stabilizing 
(fixing) the image without addition or sub- 
traction of material must be identified. 

Overview of acid-amplified imaging 
(AAI) system design. The basic architecture 
of the AAI system is shown in Fig. 1. We have 
developed an acid-catalyzed amplification 
method, using chemistry similar to that exploit- 
ed in photolithography (2), that avoids the for- 
mation of visibly absorbing by-products (3, 4). 
A small amount of photogenerated acid (the 
"primary acid") is used to catalyze the formation 
of a large amount of another, usually weaker, 
acid (the "secondary acid") from a molecule 
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called an acid amplifier. The acid is converted 
into a visible image by indicator dyes that are 
colorless in their neutral forms but become high- 
ly colored when protonated. Such dyes can be 
tailored to specifically absorb blue, green, or red 
light (5). In exposed areas, the large amount 
of acid that results from chemical amplifica- 

tion of the photogenerated signal is converted 
into a negative image in one of the subtractive 
primary colors. 

The primary acid is generated by light-in- 
duced decomposition of an iodonium salt (6- 
11). Sensitizing dyes enable acid to be pro- 
duced at longer wavelengths than the iodonium 
salts absorb themselves. The use of protonated 
indicator dyes or other base-bleachable cationic 
dyes for spectral sensitization solves the prob- 
lem of unwanted sensitizer absorption in the 
final image. After imaging, the visible absorp- 
tion of sensitizing dyes in unexposed areas is 
removed by base titration. The amount of base 
is insufficient to neutralize all the acid formed 
in exposed regions, so excess acid is available 
to colorize the image indicator dye. The overall 
AAI-produced image is therefore the result of 
local chemical equilibration, favoring the un- 
protonated (colorless) indicator dyes in unex- 
posed regions and the protonated (colored) in- 
dicator dyes in exposed regions. 

Fixation of AAI systems is achieved 
through thermal decomposition of the resid- 
ual iodonium salt by a reducing agent, which 
either diffuses from a separate phase or is 
generated in situ by deprotonation of a pre- 
cursor molecule. For example, certain hydro- 

ight 

Fig. 1. Interactions between components of each monochrome bilayer that occur during exposure 
and heating. The sensitization mechanism is shown in yellow, the amplification in red, and the 
image formation and fixation in blue. 
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Fig. 2. Structure of AAI trichrome. 
Binders (coating solvents) were PS 
(2-butanone) for PAG layers; a 
copolymer of 2-hydroxypropyl 
methacrylate, methyl methacryl- 
ate and isobornyl methacrylate 
(ethanol) for dye layers; and a 
copolymer of ethylene and nor- 
bornene (cyclohexane) for inter- 
layers. 
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quinones are incapable of reducing the iodo- 
nium salt unless they are first deprotonated 
either by the base introduced to bleach the 
sensitizer or, in exposed regions, by the im- 
age indicator dye. All of the iodonium salt in 
the AAI system is eventually decomposed by 
reduction, either photochemically during ex- 
posure or thermally during processing. Only 
one proton is produced for each iodonium salt 
destroyed by either mechanism, so no perma- 
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nent image would be produced in an AAI 
system at all were it not for the acid ampli- 
fication that follows the photogeneration of 
acid but precedes the thermal equilibration 
process. Because unreacted acid amplifier is 
present in regions of the final image having 
less-than-full image dye density, the acid am- 
plifier is designed to have high thermal sta- 
bility under weakly acidic, neutral, or basic 
conditions. 

Sensitizing dyes 

Br 

N+ N< 

OH 
SbFe O 

n 2 Xx 538,516 nm 

A full-color image is built up of three mono- 
chromes, sensitized to red, green, and blue light, 
respectively, stacked in that order from the sup- 
porting substrate, and separated by acid-imper- 
meable interlayers (Fig. 2). Each monochrome 
consists of two layers, each -2 ,Im in thick- 
ness. The photoacid-generating (PAG) layer 
contains the photosensitive components, the 
acid amplifier, and the hydroquinone latent 
fixing agent. The second layer (the "dye lay- 
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Fig. 3. (A) Components used for super- 
sensitized photogeneration of hexaflu- 
oroantimonic acid. Groups R4 and R5 are 
identified in the text and in the legends to 
Figs. 4, 5, and 6. The Xmax values are for 
dichloromethane solution and PS film, re- 
spectively. Film Xmax for 3 depends on 
aggregation and was 578 nm in full PAG 
layer. (B) Proposed supersensitization 
mechanism (dotted arrows represent 
BET). (C) Possible radical chain mecha- 
nism leading to more than one proton 
generated per photoreaction. 
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er") contains the components that are more , 
basic than the acid amplifier: namely, the 
indicator image dye and the titrating base, as 

MeO J 

0,O H+." .- MeOH 
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Scheme 1. 
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accelerate acid amplification. Each 
contains a polymeric binder to pr 
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Fig. 4. Generation of acid by irradiation of A 
model PAG systems comprising sensitizer, su- 
persensitizer, iodonium salt, and indicator 05 ----- 
dye O,O'-fluorescein dibenzyl ether 17 
(protonated XmaX 446 nm) in PS films. (A) 0.4- --- 
The PAG layer contained 2 (0.1 mmol/m2), 4 
(R = H, 0.2 mmol/m2), 5 (R5 = 03 J 
OCH2CH2CH NMe3+, 0.2 mmol/m2), and 17 
(0.4 mmol/m2) in PS (4.8 g/m2). Irradiation 
with a 300-W tungsten source was passed < 0.2-------- 

through a 10-nm bandpass interference filter 
centered at 500 nm, attenuated by a neutral 0.1 .......... 
density step target (21 half stops). After ir- 
radiation, absorption spectra were acquired, 0 --- 
then the film was heated at 120?C for 1 min 
and absorption spectra were acquired again. 500 
Chart shows step 1 of 21, with incident and W 
absorbed energies of 248 and 177 mJ/cm2, 
respectively. (B) Acid yields estimated from 
the change in absorbance at 446 nm due to C 1io6 - 
protonation of 17, measured from spectra 8: - C 
acquired as described in (A) (red). Calculated 4 - C 
quantum yields are also shown (blue). (C) "E - c 
Acid yields estimated from four PAG systems - 2- , , 
prepared and analyzed as described in (A) and a 
(B), except that the supersensitizer was 5 i 15-- 
(nonionic, R = OMe), and PS coverages were 8: 

6- 
0.57, 1.2, 2.4, and 5.0 g/m2, giving nominal 4- 
dye concentrations shown in the legend. (D) g -4 
Acid yields from near-UV sensitizer la (blue), 5 2- 

green sensitizer 2 (green), and red sensitizer a 
3 (red). PAG systems contained no supersen- 1014 
sitizer (triangles), nonionic supersensitizer 6 

(circles), and ionic supersensitizer (squares). 11111 
All supersensitizers increased quantum yield; 10 10 
ionic supersensitizers gave better yields than Phol 
nonionic. A yield of about 100% was ob- 
served for the UV-sensitized system at low 
exposure. Blue sensitizers were not assessed in this test because of 
competing absorption by 17. PAG systems were prepared and ana- 
lyzed as described in (A) and (B), except as follows: supersensitizers 
were 5 [R = OCH2CH(OH)CH2NMe3+] for la, 5 [R = OMe (nonionic) 

h serves to integrity of the layer and to facilitate coating. 
layer also The film is imaged by exposure to a negative 

eserve the image in each of three primary colors simulta- 
neously or sequentially, which results in photo- 
generation of "latent images" in acid in each of 
the three monochromes. After exposure, the 
film is heated, causing the mobile components 

12 in each monochrome bilayer to mix. The rates of 
diffusion are controlled such that the nucleophil- 
ic phenol encounters the acid amplifier before 
the more basic components that are also coated 
in the dye layer. During the heating period, the 
acid amplification, fixation by iodonium salt 
reduction, and image formation by acid-base 
equilibration occur. 

14 Sensitization. The components used for 
photogeneration of acid in the AAI system are 
shown in Fig. 3A. Visible sensitization of the 
breakdown of iodonium salts such as 4 to form 
acid is conventionally achieved by photoin- 
duced electron transfer from neutral absorbers, 
typically polycyclic aromatic hydrocarbons and 
their derivatives (11). Unfortunately, such sen- 
sitizers are not bleachable by base and are there- 
fore not suitable for AAI. Cationic, bleachable 
dyes such as 2 and 3, on the other hand, espe- 
cially those that are sufficiently nonbasic to 
permit efficient acid amplification, are generally 
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and CH2CH2CH2NMe3+ (ionic)] for 2, and 5 [R = OCH2CH2CH2Ph 
(nonionic)] for 3. Iodonium salt was bis(2,4,6-trimethylphenyl)iodo- 
nium hexafluoroantimonate for la. Irradiation was at 380, 500, and 
581 nm for near-UV, green, and red exposures, respectively. 
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poor electron-transfer sensitizers of iodonium 
salts at wavelengths > -500 nm. We thus 
investigated a supersensitization method sug- 
gested by the work of Bi and Neckers (10, 12), 
as shown for representative materials in Fig. 3B. 
Formally this process is an endothermic electron 
transfer from the amine supersensitizer 5 to the 
iodonium salt 4; the products are a radical cation 
6 derived from the amine and a neutral diaryli- 
odyl radical 7, which fragments to produce an 
aryl iodide and an aryl radical 8. There are at 
least two possible pathways for this process, 
shown as paths A and B in Fig. 3B. In path A, 
an electron is transferred from the supersensi- 
tizer 5 to the excited state of the sensitizing dye, 
after which the neutral radical derived from the 
dye is oxidized by the iodonium salt. In path B, 
the excited state of the dye is first oxidized by 
the iodonium salt to form a radical dication that 
is then reduced by the supersensitizer. The role 
of the iodonium salt in path A, or the supersen- 
sitizer in path B, may be to preempt back- 
electron transfer (BET) in the photoreaction. 

Acid can be produced by coupling of 8 
with 6, and then elimination of a proton. 
Consistent with this, phenyl radical addi- 
tion products such as 9 have been isolated 
from AAI systems. It is also possible (Fig. 
3C) that after the formation of the initial 
radical products, either the aryl radical 8 or, 
more likely, a product of hydrogen abstrac- 
tion by 8 from a neighboring species 
(shown as 10 in Fig. 3C) might be oxidized 
by a second molecule of iodonium salt, the 
products of which would be a carbocation 
(which goes on to generate acid) and a 
second aryl radical. This latter process 
could be propagated in a radical chain and 
generate several protons per photoinduced 
electron transfer event (10, 13, 14). 

We have empirically found that the amine 
supersensitizer 5 must have an oxidation po- 
tential between about +850 and +1000 mV 
relative to a saturated calomel electrode, as 
measured in acetonitrile solution (15). In ad- 
dition, the supersensitizer cannot be more 
basic than the acid amplifier, because it will 
be present wherever primary acid is generat- 
ed. In practice, triarylamines with an acid 
dissociation constant (pKa) estimated to be 
below about -2 have proven satisfactory for 
use with the acid amplifiers described here. 
The performance of some supersensitized 
PAG systems is shown in Fig. 4. 

Minimization of the distances between the 
supersensitizer and the sensitizing dye, and 
between the sensitizing dye and the iodonium 
salt, is desirable for efficient electron transfer 
(17). We used ionic aggregation to segregate 
the photoacid-generating components within 
a film. In contrast to conventional, nonionic 
sensitization methods for iodonium salts, the 
present system performed best in polymer 
binders of low polarity, particularly hydro- 
carbons such as polystyrene (PS). Studies in 

which the amount of binder was varied, but the 
areal coverage of photoacid-generating compo- 
nents was held constant, showed that the 
efficiency of acid generation was essentially 
independent of the loading of ionic compo- 
nents in PS (Fig. 4C), suggesting that these 

A 

materials were not dissolved in the polymer. 
This conclusion was supported by elec- 

tron microscopy of film cross sections of 
PAG layers (Fig. 5), which showed phase- 
separated regions that presumably contained 
insoluble ionic species. It was even possible 

B 

lgm 1gm 

Fig. 5. Transmission electron microscopy of 80-nm-thick cross-sections of PAG layers com- 
prising a sensitizer dye [1-methyl-2-(2,4-bis-octyloxystyryl)quinolinium hexafluoroantimonate], an 
indicator dye {3',6'-bis[2,3-dihydro-2,3,3-trimethylindol-1-yl]spiro[2-[2-methylprop-1-yl]-1,1- 
dioxo-[1,2-benzisothiazole-3(3H),9'(9H)xanthene]}), and iodonium salt 4 [R4 = CH2CH(OH) 
C12H25] in PS, (A) with and (B) without RuO4 staining. Dark-field optical microscopy confirmed 
that the white features in (B) were not voids. 
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Fig. 6. Amplification by acid amplifier 11 with (0) and without (") nucleophilic phenol 13 in a 
UV-sensitized AAI system. The PAG layer consisted of PS, sensitizer la (R3 = H), iodonium salt 4 
(R4 = H), supersensitizer 2,5-bis(2,2,4-trimethylpent-4-yl)hydroquinone and 11, with and without 
nucleophilic phenol 13. The dye layer consisted of a green-absorbing indicator dye [3-(1-butyl-2- 
methyl-1 H-indol-3-yl)-3-(1-octyl-2-methyl-1 H-indol-3-yl)-3-H-isobenzofuran-1-one] in a polymeric 
binder as described for dye layers in Fig. 2. (A) shows the detection of acid by the indicator dye after 
exposure and heating (15 s at 120?C, then 15 s at 140?C). The effective amplification factor shown in 
(B) was derived by dividing the amount of photogenerated acid estimated from experiments such as 
those shown in Fig. 4 into the amount of total acid detected by the indicator dye in (A). The apparent 
decrease in amplification factor with higher amounts of photogenerated acid is an artifact of exhaustion 
of indicator dye. 
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Fig. 7. (A) Normalized sensitizer dye spectra for blue, green, and red monochromes sensitized by 
lb, 2, and 3, respectively. (B) Dose-response curves for AAI monochromes coated onto reflective 
(BaSO4-filled) poly(ethylene terephthalate) film base. 
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to prepare glassy films comprising no poly- design cr 
mer binder at all, but only the sensitizing dye elsewhere 
and iodonium salt, together with an indicator for AAI 
dye to detect photogenerated acid. Such films shown in 
performed equivalently in acid photogenera- of acid ai 
tion as films in which the PS binder was a "trigger 
present. These results led us to attach ionic generate s 
side chains to the triarylamine supersensitiz- the secon 
ers 5, in the expectation of reducing their bility is r 
solubility in the PS binder and promoting mediate i 
their incorporation into the ionic phase, there- pling reac 
by minimizing the average distance between 11, rathe: 
the supersensitizer and the other photoreac- The use ( 
tive components. Ionic supersensitizers gave the physi 
quantum yields of acid generation greater nents reqi 
than those of their nonionic counterparts by mixed by 
as much as an order of magnitude (Fig. 4D). is require 

The generation of acid in a model PAG of the me 
system containing a photochemically inert in- bocation 
dicator dye to detect photogenerated acid, but ic phenol 
no acid amplifier or latent fixer, is shown in Fig. thermally 
4A. Consistent with supersensitization, minimal the secon 
bleaching of 2 was seen as photoreaction pro- cyclizatio 
ceeded. The quantum yield of acid decreases benzofura 
with increasing exposure (Fig. 4B) in a manner weak sec 
consistent with static quenching in conjunction lecular e] 
with a radical chain (18). The quantum yield olefinic i: 
also decreased with decreasing energy of the by elimin 
absorbed photon (Fig. 4D). Quantum yields at tion 12, a 
low exposure were about 100% for la, 20% for of the ac: 
lb, 12% for 2, and 2% for 3. While this may be secondar 
due to more rapid BET in a Marcus-inverted age indic 
region (19), a more likely explanation is that Using 
lower-energy sensitizer excited states lead to tained acJ 
lower rates of reduction of iodonium ions and Much hig 
less favorable competition with other decay secondary 
processes. In particular, nonproductive energy enough tc 
transfer and trapping among sensitizer mole- resulting i 
cules become more efficient as sensitizer ab- tion. Hov 
sorption wavelength increases due to the energy autocataly 
dependence of dipole-dipole energy transfer. Syste 

Amplification. AAI has been enabled by sitization 
the development of acid amplifiers, mole- perimenta 
cules whose decomposition into acidic prod- tization a 
ucts is catalyzed by acid. A discussion of scribed a 

Fig. 8. An image made 
by means of a Labora- 
tory-coated AAI sys- 
tem on a transparent 
substrate, in a contact 
print with a 35-mm 
photographic nega- 
tive. Fringes visible in 
the sky region are an 
artifact of incomplete 
contact during expo- 
sure, and several coat- 
ing defects are also 
visible. This figure was 
obtained by scanning 
the AAI positive without applying any subsequent image 
correction. The inserted enlargement, obtained by optical 
microscopy, shows the very high resolution attainable by 
AAI. 

riteria for acid amplifiers appeared 
e (3). The preferred acid amplifier 
and its mechanism of action are 
Scheme 1. The general mechanism 

mplification involves protonation at 
r" site, followed by fragmentation to 
an unstable intermediate from which 
dary acid is released thermally. Sta- 
naximized when the unstable inter- 
is produced by a bimolecular cou- 
:tion, as is the case for acid amplifier 
r than by a unimolecular reaction. 
of bimolecular chemistry allows for 
ical separation of the two compo- 
uired for amplification until they are 
r diffusion when acid amplification 
d. In the case of 11, the protonation 
thoxy-group trigger generates a car- 
12 that is intercepted by nucleophil- 

13. The adduct of 12 and 13, the 
unstable intermediate 14, releases 

ldary acid (diphenyl phosphate) by 
mn and in the process forms dihydro- 
an 15. The use of a comparatively 
ondary acid minimizes the unimo- 
limination of secondary acid from 
ntermediates 16, which are formed 
iation of a proton from the carboca- 
and therefore enhances the stability 
id amplifier while still producing a 
y acid capable of protonating an im- 
ator dye. 
acid amplifier 11, we routinely ob- 

id turnovers of 50 to 100 (Fig. 6). 
her turnovers were obtained when the 
r acid was designed to be strong 
protonate the acid-amplifier trigger, 

in an autocatalytic amplification reac- 
vever, the thermal stability of such 
ytic acid amplifiers was poor. 
m performance. The spectral sen- 
and exposure characteristics of ex- 

al AAI systems based on the sensi- 
and amplification components de- 
ibove are shown in Fig. 7. After 

exposure, the medium was developed by 
heating to 140?C for 20 s. The exposure 
required to reach maximum density depended 
on the wavelength, ranging from 10 to 50 
mJ/cm2 in the red to 1 to 2 mJ/cm2 in the 
blue. Even better sensitivities, below 1 mJ/ 
cm2, were attainable in the near ultraviolet 
(UV). Exposure was reciprocal in the 10 to 
10-6 s range. The medium resolved 80 to 100 
line pairs/mm, with maximum optical densi- 
ties of 1.8 to 2.0 and minimum optical den- 
sities of less than 0.15 in both reflection and 
transmission. An image formed by means of 
an AAI system that was coated onto a trans- 
parent substrate is shown in Fig. 8. 

Although the photosensitivity of the AAI 
system described is low by silver halide stan- 
dards, the medium is still readily exposed by 
lasers, digital light-valve projection systems, 
and organic light-emitting diode (OLED) ar- 
rays. A wide variety of applications are con- 
ceivable, ranging from digital printing of 
transparent or reflective images or phototools 
to in situ formation of color filters for liquid 
crystal displays. The very high resolution 
possible with AAI may lead to uses in infor- 
mation storage. Improvements in sensitivity, 
through refinements either in photosensitiza- 
tion or amplification, will enlarge the range 
of applications for which AAI is appropriate. 
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Controlled Elimination of 

Clathrin Heavy-Chain 
Expression in DT40 

Lymphocytes 
Frank R. Wettey,l 2 Steve F. C. Hawkins,1 Abigail Stewart,3 
J. Paul Luzio,3 Jonathan C. Howard,2 Antony P. Jackson1* 

We exploited the high rate of homologous recombination shown by the chicken 
B cell line DT40 to inactivate the endogenous alleles for clathrin heavy chain 
and replace them with human clathrin complementary DNA under the control 
of a tetracycline-regulatable promoter. Clathrin repression perturbed the ac- 
tivities of Akt-mediated and mitogen-activated protein kinase-mediated sig- 
naling pathways and induced apoptosis; this finding suggests that in DT40 cells 
clathrin helps to maintain the integrity of antiapoptotic survival pathways. We 
also describe a variant cell line in which these signaling pathways were unaf- 
fected by clathrin down-regulation. This variant cell line did not undergo 
apoptosis in the absence of clathrin and was used to examine the effects of 
clathrin depletion on membrane-trafficking pathways. Receptor-mediated and 
fluid-phase endocytosis were both substantially inhibited, and transferrin-re- 
ceptor recycling was modestly inhibited. Surprisingly, clathrin removal did not 
affect the morphology or biochemical composition of lysosomes. 
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Clathrin-coated vesicles play a fundamental 
role in eukaryotic cells. They internalize select- 
ed cell-surface molecules by receptor-mediated 
endocytosis (RME) and are implicated in the 
export of lysosomal enzymes from the trans- 
Golgi network (TGN) (1, 2). Targeted gene 
disruption in single-celled eukaryotes has made 
an important contribution to the understanding 
of clathrin function (3-5), but this approach is 
difficult in vertebrate tissue culture cells be- 
cause of the generally low rate of homologous 
integration. However, the chicken B cell line 
DT40 exhibits an exceptionally high rate of 
homologous recombination and is an increas- 
ingly popular tool for gene targeting in verte- 
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brate cells (6, 7). We expressed human clathrin 
cDNA in DT40 cells under the control of a 
tetracycline-regulatable expression system 
(Tet-Off) (8, 9) and inactivated both endoge- 
nous alleles of chicken clathrin heavy-chain. 
This allowed us to investigate the functional 
effects of controlled clathrin depletion in a ver- 
tebrate context. 

Elimination of clathrin heavy-chain 
expression in DT40 cells induces apo- 
ptosis. The amino acid sequence of chicken 
clathrin heavy chain was 96% identical to its 
mammalian homolog. DT40 cells have a single 
clathrin gene per haploid genome. The con- 
struction of DT40 cells conditionally deficient 
in clathrin heavy-chain expression is described 
in (10) (fig. S1, A to C). The initially derived 
cell line was designated DKO-S. When these 
cells were grown in the presence of doxycy- 
cline, human clathrin expression was repressed 
within 72 hours to less than 1% of its normal 
level (Fig. 1A). By 96 hours, clathrin was un- 
detectable. In native DT40 cells, doxycycline 
had no effect on clathrin expression, cell 
growth, or the phenotypes investigated in this 
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study (11). In DKO-S cells, clathrin repression 
induced cell death (Fig. 1A). During the course 
of this work we isolated a variant, designated 
DKO-R, that remained viable in the absence of 
clathrin (Fig. 1B). Clathrin depletion in DKO-S 
cells induced apoptosis, as judged by caspase 
activation (Fig. 1C) and by the presence of 
apoptotic bodies and DNA degradation (fig. S2, 
A and B). Moreover, caspase activity was abol- 
ished and DNA degradation was delayed by 
BOC-Asp-CH2-FK (BAF), an inhibitor of late- 
acting caspase-3 isoforms (Fig. 1C) (fig. S2B). 
In DKO-R cells, caspases were not activated by 
clathrin removal, but activity was stimulated by 
the DNA-damaging drug cytosine arabinoside 
(Fig. 1D). Thus, in DKO-R cells, the apoptotic 
machinery remained intact but was uncoupled 
from clathrin-dependent pathways. 

DT40 cells are grown in media containing 
10% fetal calf serum supplemented with up to 
1% chicken serum (6, 7). The initial growth of 
clathrin-expressing DKO-S cells was identical 
in media supplemented with either 0.25% or 
1% chicken serum. However, when clathrin 
expression was inhibited, cells in 0.25% chick- 
en serum died sooner than cells grown in 1% 
chicken serum despite identical kinetics of 
clathrin decline (Fig. 1A). This result suggests 
that the cells normally require one or more 
factor(s) from chicken serum for survival, 
which only become limiting when clathrin ex- 
pression is reduced. Serum survival factors pre- 
vent apoptosis by stimulating receptor-activated 
signal transduction pathways. One pathway acts 
via receptor-activated class I phosphatidylino- 
sitol 3-kinase, leading to phosphorylation of the 
serine-threonine kinase Akt. By direct phospho- 
rylation, Akt in turn inactivates proapoptotic 
proteins containing an Akt recognition se- 
quence (Arg-X-Arg-X-X-Ser/Thr, where X = 

any amino acid) (12). We used immune blotting 
to detect total and phosphorylated Akt (phos- 
pho-Akt). After clathrin depletion, there was a 
reduction in phospho-Akt (Fig. 2A). To further 
monitor the activity of the Akt pathway, and 
without preconceptions about specific down- 
stream targets, we blotted with an antibody 
raised against a phosphorylated peptide corre- 
sponding to the consensus Akt target sequence 
(13). In DT40 cells, this antibody predominant- 
ly recognized a 68-kD protein. The class I phos- 
phatidylinositol 3-kinase inhibitor LY294002 re- 
duced the 68-kD signal, whereas activation of the 
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