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Requirement for Type 2 NO 
Synthase for IL-I2 Signaling in 

Innate Immunity 
Andreas Diefenbach,'" Heike Schindler,' Martin ~ollinghoff,' 

Wayne M. Yok~yarna ,~  Christian Bogdan't 

Interleukin-12 (IL-12) and type 2 NO synthase (NOS2) are crucial for defense 
against bacterial and parasitic pathogens, but their relationship in innate im- 
munity is unknown. In the absence of NOS2 activity, IL-12 was unable to 
prevent spreading of Leishmania parasites, did not stimulate natural killer (NK) 
cells for cytotoxicity or interferon-y (IFN-y) release, and failed to activate TykZ 
kinase and to tyrosine phosphorylate Stat4 (the central signal transducer of 
IL-12) in NK cells. Activation of TykZ in NK cells by IFN-a/@ also required NOS2. 
Thus, NOS2-derived NO is a prerequisite for cytokine signaling and function in 
innate immunity. 

The innate immune response to bacteria and 
protozoan parasites is characterized by the rapid 
recognition of microbial antigens, after which 
activated inflammatog cells release soluble 
mediators and antimicrobial effector molecules 
(I). The early production of IL-12 by granulo- 
cytes, macrophages, or dendritic cells stimu- 
lates the cytotoxic activity of XK cells and 
enhances their release of IFN-y. Along with 
IL-12, IFN-y then facilitates the later develop- 
ment of type 1 T helper cells (T,1 cells) that 
ultimately activate macrophages for the de- 
struction of intracellular pathogens through 
cognate interactions and fiu-ther secretion of 
IFN-y (2). A key antimicrobial agent implicat- 
ed in this lulling process is nitric oxide (NO) 
generated from the amino acid L-arginine by 
the inducible isoform of NO synthase (called 
iNOS or NOS2) (3). NOS2-derived NO can 
also regulate T cell proliferation, cytokine pro- 
duction, apoptosis, and signaling activity in 
vitro (4-6) and in vivo (7-9). In genetically 
resistant mice cutaneously infected with the 
protozoan parasite Leishmania major, the inhi- 
bition of early parasite spreading, the up-regl- 
lation of IFN-y, and the induction of XK cell 
cytotoxicity at day 1 of infection were abol- 
ished after genetic deletion or functional inac- 
tivation of NOS2 (9); a response that is similar 
to that of mice after neutralization of IL-12 
(10). This suggests that NOS2 deficiency might 
affect the availability of IL-12. Although the 
baseline expression of IL-12 subunit p40 
mRNA in na'ive NOS2-'- mice was lower as 

compared to that of NOS2- + mice; the pro- 
duction of active IL-12 p70 heterodimers by 
inflammatog macrophages was not reduced in 
the absence of NOS2 (9). Thus, both NOMOS2 
and IL-12 regulate the innate response to L. 
~?zajor, but whether and how they might interact 
in vivo remained ~mknoun. We show here that 
NONOS2 is an integral part of the IL-12 sig- 
naling cascade in YK cells and therefore con- 
stitutes a prerequisite for the function of IL-12 
in innate immunity. 

We initially analyzed whether responsive- 
ness to exogenous IL-12 in vivo required 
KOS2 activity. Wild-type NOS2-I+ mice 
(1291SvEv X C57BLl6) were cutaneously 
infected with L. nzajor promastigotes (11). 
At 24 hours, the parasites were found at the 
site of inoculation and in the draining pop- 
liteal lymph node (pLN). In NOS2-defi- 
cient mice (9, 12), in contrast; the parasites 
were disseminated to visceral organs, even 
after treatment with IL-12 (13) (Fig. 1A). 
In genetically susceptible BALBic mice, 
which lack functional IL- 12 early during 
infection (1 0, 14),  treatment with IL-12 
prevented parasite spreading at day 1 of 
infection (Fig. 1A). However, simultaneous 
application of L-AT6-iminoethyl-lysine (L- 
NIL) (13); a potent competitive inhibitor of 
NOS2 (9), reversed the protective effect of 
IL-12 (Fig. 1A). Treatment of NOS2+'+ 
mice with IL-12 increased expression of 
IFN-7 mRNA and NK cell cytotoxic activ- 
ity in the pLN after infection, whereas no 
such effect was observed in N O S 2 - I  mice 

' Inst i tut  f i i r  Klinische Mikrobiologie, lmmunologie 
or in NOS2-'+ mice injected with L-NIL 

und Hygiene, UniversitSt Erlangen, Wasserturm- (Fig. and C). Similar amounts of IL-12 
strasse-3. D-91054 Erlaneen, ~ e r m a n v .  2Howard receptor and P2 mRNA (15) were de- 
Hughes Medical Institute, ~hueumatology biv is ion Box tected in the aLN of NOS2- + and 
8045, Washington University School o f ~ e d i c i n e ,  6 6 0  ~ 0 ~ 2 -  - mice at day 1 of infection ( ~ i ~ ,  
South Euclid Avenue, St. Louis, M O  631  10, USA. ID), indicating that the impaired parasite 
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Biology and Cancer Research Laboratory, 485 LSA, 
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Fig. 1. NOS2 is re- A BALBlc 
quired for 11-12 re- 

NOS@- B 4 0  

=is- PBS - sponsiveness in vivo. 8 - 30 NOS2"' or NOSF- r $  5 5  r g  .- 2. mice (129/SvEv X o .- 
CS7BV6) (9, 72) or -3 m m c E  ~3 m m c E  

2 
2 20 - BALB/c mice were in- ? ?& gz&?& 

fected with L major g g g p + - ~ g g p ;  $ 
(7 7) with or without .- o 10 
application of PBS, PBS 13-i = 0 

rrnll-12, or L-NIL (73). 0 :: 0 (A) Paraskte spreading 1 ~ - 1 2  I 1 I a 
in L majorinfected 1OO:l 50:l 25:l 12.5~1 6.25~1 11-72 - + 
mice at 24 hours of in- Effector : target ratio 
fection. DNA from given organs was analyzed for the presence of a 120-bp Day 0 1 

fragment of L major kinetoplast DNA by PCR (9). One of four experiments is 
shown. (B) Cytotoxic activity of pLN cells from day l-infected mice. NK cell D - 105 c! 
activity was tested against 5'Cr-labeled YAC-1 cells as targets (9). One of three 
experiments is shown. (C) Expression of IFN-y mRNA in the pLN from unin- 9 lo4 
fected or day linfected mice. Quantitation was by competitive PCR (9). One of X - 
three experiments is shown. (0) mRNA expression of 11-72 receptor p1 and P2 c .- 

E 103 
chain in uninfected or day linfected mice as quantitated by competitive PCR ? 
(IS). One of two experiments is shown. ND, not detectable. P 

102 

Fig. 2. NOS2 is required for 
IL-12-induced IFN-y produc- 
tion by NK cells. pLN cells. 
NK cells, or TH1 cells were 
stimulated with 11-12 (100 
pg/ml). The NOS2 inhibitor 
L-NIL (1 mM) was added 2 2  
hours before stimulation. Af- 
ter 24 hours, IFN-y was de- 
termined in the culture su- 
Dernatants bv ELlSA kensi- 

11-12 - + - + 
Day 0 1 0 1 

... . 

1 5 75 none none 11-1 2 11-12 none 11-12 

Days aRer infection + L-NIL + L-NIL 

Stimulus 
iivity 19.5 t i  39 pg/n;l) (9). 
(A) Total pLN cells from NOSZ+/+ or 
NOSZ-'- mice (each with 1 to 3 % NK1.1+ 
CD3- cells) after 1. 5, or 15 days of infection 
with L. major (7 7). One of three experiments 
is shown. (8) NK cells (78) enriched from the 
pLN of NOS2+'+ (10.7 % NK1.1+) and 
NOS2-I- (10.4 % NKl.lf) mice after 1 day 
of infection with L. major (77). Culture was 
with or without IL-2 (100 Ulml). One of three 

1 Iprlmaty splenic NK cells I 11 IL-2 expanded NK c e l l s ~ ~ I  

experiments is  show;^. (C) NK'cells from the 
spleen of naive C57BU6 mice (NOSZ+'+, 
NOSZ-I-, or Ragl-I-), stimulated in the 5. 
presence of IL-2 directly after purification 
(79) or after expansion with IL-2 for 5 days $ 
(20). One of two to five experiments is E 
shown. (D) KY-1 NK cells (21.22). DETA-NO @ 
or DETA was added immediately before IL- 
12. For clarity, only some of the control val- 
ues in the absence of L-NIL are shown. One of 
three experiments is shown. (E) Primary T 
cells (24) or CD4+ TH1 cells [line LNC-2 and 
done BlOBl (25)], stimulated in the absence 
of IL-2. One of three experiments is shown. 

L - N I L -  + -  - + - + -  - + 

0 .1 1 10 100 

DETA or DETWO (pM) 

medium 
L-NIL 

lsplenic1- 

0 
none IL-12 none 11-1 2 none 11-1 2 

Stimulus 

receptor expression. 
The primary source of IFN-y during the 

innate response to Leishmania is the NK cell 
(16). We therefore tested the production o f  
IFN-y by various NK cell populations for its 
dependency on NOS2-derived NO upon stim- 
ulation with IL-12. By flow cytometry analysis, 
total pLN cells from day 1-infected NOS2+'+ 
and NOS2-'- mice always contained a similar 
percentage (1 to 3%) of NK1.1+ CD3- cells 
(1 7). NOS2+ '+ pLN cells produced up to 2 to 
5 ng o f  IFN-y per milliliter after stimulation 
with 0.1 to 10 ng o f  IL-12 per milliliter, where- 
as less than 200 pg/ml or no IFN-y was detect- 
able i n  cultures from NOS2-'- mice or in 
L-NIL-treated cultures from NOS2+ '+ mice 
(Fig. 2A). The unresponsiveness o f  NOS2-'- 
cells was restricted to day 1 o f  infection and 
was not due to an up-regulation o f  endogenous 
transforming growth factor-p (17). At later 
time points, during the expansion o f  IFN-?/- 
producing TH1 cells, wild-type and NOS2-de- 
ficient pLN cells responded equally well to 
IL-12 (Fig. 2A). Also, when the pLN cells were 
stimulated with a T cell mitogen (concanavalin 
A) instead o f  IL-12, the production o f  IFN-y by 
NOS2+'+ at day 1 to 21 o f  infection was 
indistinguishable from that o f  NOS2-'- cells 
(17). These data suggest NOSZdependent 
IFN-y production by early responding NK cells 
rather than T cells. 

Next, we partially purified NK cells from 
pLN cell suspensions o f  day 1-infected mice 
(18). The NK cell-enriched population from 
NOS2+'+ mice showed high production o f  
IFN-y after stimulation with IL-12 (in the pres- 
ence or absence o f  IL-2) that was completely 
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abolished when L-NIL was added to KY-1 cells 
at least 2 hours before IL-12 [(Fig. 3B) (1 7)]. 
The same result was obtained with IL-2-ex- 
panded splenic NK cells from NOS2+/+ versus 
NOS2-'- mice, whereas tyrosine phosphoryl- 
ation of Stat4 in purified primary T cells was 
NOS2-independent (Fig. 3B). Tyrosine phos- 
phorylation of Stat4 in NK cells was complete- 

ly restored when L-NIL-treated cells were ex- 
posed to small amounts of DETAIN0 (Fig. 
3C). As in human NK cells after culture in IL-2 
(28), KY-1 cells tyrosine phosphorylated 
Statla, but unlike Stat4, the tyrosine phospho- 
rylation was neither induced nor modulated by 
IL-12 and was also not affected by inhibition of 
NOS2 activity (17). Thus, NOS2 activity is 

blocked by L-NIL. The corresponding cell pop- 
ulation from NOS2-/- mice was comparably 
composed but did not respond to IL-12 (Fig. 
2B). Similar results were obtained (i) with 
NK1.1+ CD3- cells purified to near homoge- 
neity from the spleen of noninfected C57BLl6 
(NOS2+'+, NOS2-I-, or T and B cell-free 
Rag1 -I-) mice (1 9) (Fig. 2C); (ii) with T cell- 
depleted and IL-2-expanded adherent splenic 
NK1.1+ CD3- NK cells derived from nayve 
NOS2+/+ or NOS2-I- mice (20) (Fig. 2C); 
and (iii) with the mouse NK cell clone KY-1 
(21, 22). IL-12 (20.1 pg/ml) strongly up- 
regulated the IFN-y release by KY-1 cells, 
which was blocked by L-NIL [Fig. 2D and 
Web Fig. 1 (23)] but not by L-nitroarginine- 
methylester (L-NAME), which primarily in- 
hibits constitutive NO synthases, or by the 
inactive analog D-NAME (1 7). The addition 
of small amounts ( 2 1  pM) of NO donors 
(DETA/NO or S-nitrosoglutathione) com- 
pletely reversed the inhibitory effect of L- 
NIL, indicating that exogenous NO can facil- 
itate the activation of NK cells. The control 
compounds diethylene-triamine (DETA) and 
glutathione were inactive [(Fig. 2D) and 
(17)l. Thus, IL-12-stimulated NK cell pro- 
duction of IFN-y is NOS2-dependent. 

IL-2-propagated KY- 1 cells expressed 
small amounts of NOS2 protein, which was 
partially dependent on endogenous IFN-y (1 7) 
and was increased upon stimulation with IL-12 
(Fig. 3A). Treatment of KY-1 cells with IL-12 
led to the accumulation of 8.8 2 0.9 pM NO; 
within 24 hours, as compared to 2.6 + 0.7 pM 
in the absence of IL-12 and 0.8 + 0.1 pM in 
cultures without IL-2 and IL-12 (mean + SEM 
of five experiments). L-NIL, which antago- 
nized the IL- 12-induced production of IFN-y, 
did not prevent the stimulatory effect of IL-12 
on NOS2 protein expression, which indicates 
that some functions of IL-12 are preserved in 
the absence of NOS2 activity (Fig. 3A). NOS2 
protein was also found in wild-type (but not in 
NOS2-/-) splenic NK cells expanded in IL-2 
and stimulated by IL- 12 (Fig. 3A). The average 
production of NO; by these cells was 12.2 2 
2.9 pM NO; within 48 hours, as compared to 
4.9 2 2.1 pM NO; in the absence of IL-12 
(mean 2 SEM of five experiments). In contrast 
to NK cells, the IL-12-induced production of 
IFN-y by purified splenic T cells (24) and by 
two TH1 cell clones (BIOBI and LNC-2) was 
refractory to inhibition by L-NIL (Fig. 2E). 
This is in line with the lack of NOS2 in these 
cells (25). Thus, NOS2-derived NO is required 
for the activation of NK cells, but not T cells, by 
IL-12. 

Because IL-12 signaling in NK cells is 
strictly dependent on the signal tmisducer and 
activator of transcription 4 (Stat4) (26), we 
investigated whether NOS2 activity was critical 
for the activation of Stat4 (27). Stimulation of 
KY-1 cells with IL-12 caused tyrosine phos- 
phorylation of Stat4 at 15 to 90 min, which was 

A 
KY-1 Splenic NK cells 

11-12 - - + + 11-12 - - + +  

Fig. 3. NK cells express NOS2 
activity, which is required for 
tyrosine phosphorylation of 
Stat4. KY-1 cells (27. 22). IL-2- 
expanded splenic NK cells (20) 
or splenic T-cells (24) from 
C57BL/6 mice (NOS2+'+ or 
NOS2-I-) were stimulated 
with IL-12. L-NIL (1 rnM) was 
added 24 houn before stirnu- 
lation and DETAINO or DETA 
was added 2 hours before stirn- 
ulation. One of two to  four 
experiments is shown. (A) An- 
ti-NOS2 irnrnunoblot (IB) after 
24 houn of stimulation with IL- 
12 (38). (B and C) Detection of 
tyrosine-phosphorylated Stat4 
and total Stat4 protein in NK or 
T cells after 60 rnin of stirnula- 
tion by irnrnunoprecipitation (IP) 
and subsequent irnrnunoblotting 
(27). a, anti. 

L-NIL - + - + NOS2- +I+ -1. +I+ -1- 
- - -- . . - -- genotype 

IB: a-NOS2 . , - - IB: a-NOS2 

KY-1 Splenic NK cells T cells 

L-NfL - + - + NOS2- +/+ +I+-I- +/+ -I-  +/+ -,- 
---- genotype 

IB: a-PY B: a-PY *-r 
IB: a-Stat4 -0 

L-NIL . + . . + . + . + + + + +  
donor (pM) - - 100 - - 100 lOOl00lOO 10 1 0.1 100 

DETA DETA/NO 

IB: a-Stat4 l ) m m m  --- md 

IPTyk2 IP Jakl IP Jak2 Fig. 4. NOS2-derived NO is re- 
quired for the activation of Tyk2 
kinase but not of Jakl or Jak2 ki- 
nase. (A through C) KY-1 cells (27, 
22) or splenic NK (20) or T cells 
(24) from C57BU6 (NOS2"' or 
NOS2-I-) mice were stimulated 
with 11-12 or IFN-a/P ( 2 1  rnM 
L-NIL) for 15 rnin, lysed, and sub- 
jected to irnrnunoprecipitation 
with antibody to  Jakl (a-Jakl), 
a-Jak2, or a-Tyk2 (in the absence 
or presence of blocking peptide), 
followed by anti-phosphotyrosine 
irnrnunoblotting (32), or were irn- 
rnunoprecipitated for in vitro au- 
tokinase assays (33). To control 
for equal loading of the lanes, 
blots were reprobed with a-Jakl, 
a-Jak2, or a-Tyk2. One of three 
experiments is shown. (C) NO do- 
nor (DETAINO) or DETA was add- 
ed to  L-NIL-treated KY-1 cells 1 
hour before IL-12. 

IL-12 
IFN-a/P 

L-NIL 

IB: a-PY 

IB: a-Jak- 
kinase 

kinase 
activity 
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B 

IL-12 
IFN-dB 
NOS2- 
genotype 

IB: a-PY 

IPTylO (NK cells) lP Tyk2 (T cells) 

- - + + - -  - - + + - -  

kinase 
activity 

C 
11-12 
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specifically required for IL-12stimulated Stat4 
activation in hl( cells. 

NO is known to activate soluble guanylyl 
cyclase, which results in elevated concentra- 
tions of cyclic guanosine monophosphate 
(cGMP) and activation of cGMP-dependent 
kinases and ion channels (29). We added a 
potent and highly specific activator of cGMP- 
dependent kinases and of cGMP-gated ion 
channels [S-(4-chloropheny1thio)-guanosine- 
3l.5'-cyclic monophosphate (8-pCPT-cGMP) 
(29)] to KY- 1 cells that were stimulated with 
IL-12 in the presence of L-NIL. S-pCPT- 
cGMP did not restore tyrosine phosphoryl- 
ation.;of Stat4 [Web Fig. 2 (30)]. Thus, 
NOS2-derived NO did not activate Stat4 via 
cGMP-dependent pathways. 

The Janus kinases Jak2 and T y U  are ty- 
rosine phosphorylated and activated in response 
to IL-12 and are thought to phosphorylate the 
Stat4 transcription factor in hernatopoietic cells, 
including NK cells (28, 31). We therefore ana- 
lyzed the effect of NOS2:NO on the activation 
of Jak2 and Tyk2 (32). Stimulation of KY-1 
cells with IL-12 caused tyrosine phosphoryl- 
ation of J a U  and Tyk2. which remained unal- 
tered by L-NIL (Fig. 4A). Thus, IL-12-induced 
tyrosine pho~phorylation of both kinases (and 
hence the expression of a functional IL-12 re- 
ceptor) was not dependent on NOS2 activity. 
However, when both kinases were inlmunopre- 
cipitated from KY- 1 cells after stimulation with 
IL-12 and subsequently tested for their catalytic 
activity (33), inhibition of NOS2 by L-NIL 
blocked the autokinase activity of Tyld but not 
of J a U  (Fig. 4A). These results were confnmed 
with IL-2-expanded splenic NK cells from 
NOS2+'+ and NOS2- - mice [(Fig. 4B) (1 7)]. 
In contrast, the induction of Tyk2 kinase activ- 
ity by IL-12 in purified splenic T cells or in the 
T,1 cell line BlOBI was independent of NOS2 
[(Fig. 4B) (1 7)]. T y U  lunase activity of KY-1 
cells was restored when the intact cells (stinlu- 
lated with IL-12 plus L-NIL) (Fig. 4C) or the 
respective anti-TyM imm~noprecipitates were 
treated with DETdNO [Web Fig. 3 (34)l. 
DETAIN0 did not alter the tyrosine phospho- 
rylation of TyU (17). These findings suggest 
that stimulation of NK cells with IL-12 first 
causes tyrosine (auto)phosphorylation and acti- 
vation of JaU, whch then transphosphorylates 
TyM. For the activation of T y U  function. 
NOS2-derived NO is required as an indepen- 
dent second s~gnal 

Fmally, 15 e tested 15 hether TyM klnase also 
requues NOS2NO for actlvlty when type I 
mterfelon (IFh-a P) 1s used as an altemat~ve 
stlmulus (35) In KY- 1 cells 01 primal3 splen~c 
KK cells (from NOS2". NOS2- - 01 

R a g 1  C57BL16 mlce) act~vated alth IFh- 
a p the actlvlty of TyM lunase as aell  as the 
production of IFN-y were dependent on endog- 
enous NOS2 act~vity. whereas the activlty of 
Jakl remained unaffected in the absence of 
NOS2 [(Fig. 4. 4 and B) (Web Fig. 4) (1 7, 
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36)] .  In contrast, when hl( cells were activated 
with IL-18, which does not signal via Tyk2 and 
Stat4 (37), the production of IFK-y remained 
unaltered in the absence of NOS2 (36). 111 
piitnary T cells or T,1 cell lines (BlOBI and 
LNC-2) IFN-a!P-mediated activation of Tyld 
kinase and IFN-y production were NOS2-inde- 
pendent [(Fig. 4B) (Web Fig. 4) (17; 36)]. 
These results are in line wit11 the strict require- 
rnent for endogenous NOS2 for a protective 
function of IFK-a/P at day 1 of L. ~i~iy'ol. infec- 
tion (9). 

Several interactions between NOS2 and IL- 
12 have been reported in the past, including the 
inhibition of macrophage IL-12 production by 
NO: the possible induction of the IL-12 antag- 
onist IL-12(p40), by NO, and the NOS2-depen- 
dent suppression of T cell responses by IL-12 
(6; 7). The latter might result from an inhibition 
of Jak2 and Jak3 kinase or a disruption of the 
Jak3iStat5 signaling pathway (5). These nega- 
tive regulatoiy fimctions of NO contrast with 
our study, which identifies NOS2-derived NO 
as an indispensable and positive regulatoiy el- 
ement in the IL-12 signaling pathway of NK 
cells during the innate response to a protozoan 
parasite. The effect of NO: whose molecular 
nature remains to be determined, is selective 
because (i) it pertains to NK cells (expressing 
NOS2) but not to T cells (laclung NOS2), and 
(ii) it is a prerequisite for the activation of Tyld 
but not of tcvo other Janus kinases (Jakl and 
JaU). At day 1 of infection with L. i71iVoi.. 

NOS2 was focally expressed by dermal macro- 
phages, most likely as a consequence of the 
induction of Im-aiP by the parasites (9). We 
hypothesize that the small quantities of NO 
generated very rapidly after infection by mac- 
rophages (01 endogenously by hX cells after 
exposure to IL-2) capacltate NK cells to re- 
spond to IL-12 and Im-a'P. ~vhlch leads them 
to become cytotox~c and to release IFN-y We 
propose that t h ~ s  s~gnal~ng function of NO 1s 
critical for the T cell-independent containment 
of bacterial and parasitic infections at a time 
when direct NO-mediated control of the mi- 
crobes does not yet occur. 
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Interaction of Diphtheria Toxin 
T Domain with Molten 

Globule-Like Proteins and Its 
Implications for Translocation 

Jianhua Ren,"" Kelli Kachel,'" Hyun Kim," 
Susan E. Malenbaum,'+ R. John Collier,' Erwin London1$ 

The transmembrane (T) domain of diphtheria toxin has a critical role in the low 
pH-induced translocation of the catalytic domain (A chain) of the toxin across 
membranes. Here i t  is shown that at low pH, addition of proteins in a partly 
unfolded, molten globule-like conformation converted the T domain from a 
shallow membrane-inserted form to its transmembrane form. Fluorescence 
energy transfer demonstrated that molten globule-like proteins bound to the 
T domain. Thus, the T domain recognizes proteins that are partly unfolded and 
may function in translocation of the A chain as a transmembrane chaperone. 

Diphtheria toxin. a protein secreted by Co- 
i~webactei.izliiz c/iplzt/~ei.irre. consists of an 4 
chain (21 ID) and a B chain (37 Id)). The A 
chain is the catalytic domain, and the B chain 
contains the transmembrane (T) and receptor- 
binding domains (1). After binding to mamma- 
lian cells and undergoing endocytosis, the toxin 
partially unfolds within the low pH of the en- 
dosomal lumen. This exposes hydrophobic 
sites; induces membrane insertion. and results 
in translocation of the A chain into the c)-to- 
plasm (2-4). Translocation is believed to in- 
volve the interaction of a transmembrane 
structure formed largely by the T doinain 
with the partly unfolded A chain (2-6). 
Recent studies have shown the T domain 
can exist in both partially membrane-pene- 
trating (P) and transn~e~nbrane (TM) con- 
formations (7, 8).  Conversioil of the P to 
the TM confor~nation can be detected by 
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the blue shift of the en~issioll of fluorescent 
groups attached to single Cys residues in- 
troduced into TH8 or TH9. such as residue 
C356 (7). TH8 and TH9 are hydrophobic 
helices that become buried in the TM con- 
fornlation (7-9). 

At low pH. the addition of bovine semln 
albumin (BSA), human se~um albumin (HS4), 
a-lactalbumin, aponlyoglobin; or diphtheria 
toxin A chain to T donlain bound in the P 
confoilnation to dioleoylphosphatidylglyc- 
erol (DOPG)idioleoylphosphatidylcholine 
(DOPC) model ~nernbranes induced a blue 
shift in the fluorescence of bimane attached 
to CX6 (Fig. 1A). Below pH 5 these added 
proteins have nlolten globule (MG)-like con- 
fo~~nations: which exhibit some degree of 
partial unfolding and increased hydrophobic- 
ity (4, 10--12). In contrast, no effect on bi- 
Inane fluorescence was observed \?;hen pro- 
teins that do not for111 an MG-like state [egg 
white lysozyme, ovalbumin, and an anti-dan- 
syl imin~~noglobulin G (IgG)] were added 
(13) (Fig. 1B). 

The ability of HSA to blue shift bimane 
fluorescence was not diminished by predi- 
alysis in tubing with a 10,000-kD cutoff and 
could not be induced by an equivalent vol- 
unle of an ultrafiltrate of an HSA solution. 

mail: elondon@cc~ail.sunysb edu Thus, HSA ~tself  ~nduced the blue s h ~ f t  
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