
25. J. VanDrie and J. Erickson, in preparation. This 
program evaluates the overlapping volumes between 
dodred surfaces. It allows the user to view various 
crystal packings on an interactive graphics display. 
The packing is continuously varied by translating 
the asymmetric unit of the crystal with simultaneous 31. 
adjusanena of the symmeq-related molecules. 
Overlapping regions of the structures are highlight- 
ed, and a quantitative measure of the total overlap 
volume is continuously updated and displayed. 

26. J. Erickson, M. J. K. Rao, C. Abad-Zapatero, A. 
Wlodawer, in Viral Proteinases as Targets for Chemo- 
therapy, H. G. Krausslich, S. Oroszlan, E. Wimmer, 
Eds. (Cold Spring Harbor Laboratory, Cold Spring 
Harbor, NY, 1989), pp. 191-201. 

27. Sali et al.,  E M B O  J .  8, 2179 (1989). 
28. D. J. Kempf, in preparation. 
29. D. A. Paul et al . ,  J. Med. Virol. 22, 357 (1987). 
30. Nomenclature according to I. Schechter and A. 

Berger, Biochem. Biophys. Res. Commun. 27, 157 
(1967); P and P' refer to residues on the NH2- and 
COOH-terminal sides, respectively, of the scissile 
amide bond of a substrate that interacts with the 
corresponding S and S' subsites in the enzyme. 
We thank A. Wlodawer and his colleagues at the 
National Cancer Institute for making available to us 
their crystallographic coordinates of the RSV prote- 
ase, synthetic HIV-1 protease, and synthetic HIV-1 
proteaseMVT-101 complex before publication; 
without their generosity this study could not have 
been completed. We also thank H. Stein for per- 
forming the renin assay, E. Devine for performing 
the stability studies, and A. Craig-Kennard for tech- 
nical assistance. We are grateful to J. Greer and C. 
Abad-Zapatero for critically reading the manuscript. 
Supported by NIH grant A1 27220 to J.E. 

23 April 1990; accepted 14 June 1990 

Identification of a Sequence in the PEPCK Gene That 
~ediates  a Negative Effect of Insulin on Transcription 

Phosphoenolpyruvate carboxykinase (PEPCK) governs the rate-limiting step in gluco- 
neogenesis. Glucocorticoids and adenosine 3',5'-monophosphate (CAMP) increase 
PEPCK gene transcription and gluconeogenesis, whereas insulin has the opposite 
effect. Insulin is dominant, since it prevents CAMP and glucocorticoid-stimulated 
transcription. Glucocorticoid and CAMP response elements have been located in the 
PEPCK gene and now a 15-base pair insulin-responsive sequence (IRS) is described. 
Evidence for a binding activity that recognizes this sequence is presented. 

I NSULIN STIMULATES THE EXPRESSION 

of several genes including those encod- 
ing glyceraldehyde-3-phosphate dehy- 

drogenase, c-Fos, glucokinase, gene 33 
product, and a-amylase (1, 2 ) .  In contrast, 
insulin inhibits the expression of the 
PEPCK, adipsin, and growth hormone 
genes (3). Whereas cAMP and glucocorti- 
coids increase PEPCK gene transcription 
(4-6), insulin inhibits transcription of this 
gene in rat liver and the H4IIE rat hepatoma 
cell line. Inhibition by insulin predominates 
in the presence of cAMP and glucocorti- 
coids. The basal promoter elements, the 
CAMP-responsive element (CRE), and the 
glucocorticoid-responsive elements (GREs) 
in the PEPCK gene have been mapped in an 
effort to understand this complex interplay 
(7). The DNA sequences responsible for the 
dominant, negative effect of insulin on 
PEPCK have remained elusive, as have the 
sequences responsible for the regulation of 
transcription of other genes by insulin. Our 
goal was to identify such an element. 

A fusion gene (PEPCK-CAT), containing 
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the PEPCK promoter sequence between 
-600 and +69, relative to the transcription 
start site, ligated to the chloramphenicol 
acetyltransferase (CAT) reporter gene, is 
responsive to insulin when transiently ex- 
pressed in H4IIE cells. Insulin inhibited 
basal PEPCK-CAT expression and sup- 
pressed the stimulatory effects of cAMP and 
dexamethasone (dex) - (8) .  Attempts to de- 
fine an IRS by the use of PEPCK-CAT 
h i o n  genes containing progressively 
shorter PEPCK promoter segments yielded 
inconsistent results in the transient expres- 
sion system (9). Because the presence of the 
normal chromatin environment might fa- 
vorably influence the function of one or 
more IRSs in the intact promoter, we isolat- 
ed a series of H4IIE cell lines stably trans- 
fected with various PEPCK-CAT h i o n  
genes. Results obtained from stable cell lines 
made using four such constructs are shown 
in Fig. 1A. Although insulin generally in- 
hibited basal expression of the chimeric gene 
in each case, CAT expression was stimulated 
with the use of dex and cAMP in order to 
emphasize the magnitude of the insulin ef- 
fect. Insulin almost completely suppressed 
CAMP- plus dex-stimulated CAT expression 
in the HL9, HL32, and FBG32 clones, just 
as it inhibits transcription of the endoge- 

nous gene (6). However, in the HL45 
clones, which contain the region between 
-271 and +69 of the PEPCK promoter, 
the effect of insulin, though still present, 
was clearlv reduced. Two other HL45 
clones showed the same partial effect of 
insulin (9).  The CAT assay results were 
confirmed by primer extension analysis in 
which insulin caused 86 and 39% reductions 
of CAT mRNA in HL9 and HL45 cells, 
respectively (Fig. 1B). These results suggest 
that the PEPCK promoter contains at least 
two IRSs, one located between -468 and 
-271, and another or others between -271 
and +69. 

To further delineate the distal IRS. we 
made use of a vector containing the herpes 
simplex virus thymidine kinase (TK) pro- 
moter. A series of overlapping, double- 
stranded oligomers spanning the region be- 
tween -453 and -271 of the PEPCK 
promoter were synthesized and each was 
ligated into the Bam HI site of TKC-VI 
(Fig. 2A), a vector similar to that previously 
used to identify the inhibitory sterol-respon- 
sive element in the low-density lipoprotein 
receptor gene promoter (10). ~ a c h o l i ~ o m e r  
contained 38 bp of PEPCK sequence with 
Bam HI-compatible sticky ends (GATC) at 
each end. Previous studies show that the 
insertion of a 42-bp random DNA sequence 
into the Bam HI linker in this TK promoter 
has little effect on transcription (11). The 
effect of insulin on CAT expression by these 
constructs was initially analyzed by the use 
of transient expression of the chimeric DNA 
in H4IIE cells (Fig. 2B). The vector lacking 
an insert, and most of the constructs span- 
ning the region from position -403 to 
-270, showed a slight stimulation of CAT 
expression in response to insulin. Constructs 
containing either the PEPCK sequence be- 
tween -453 and -415 or that between 
-433 and -396 showed an insulin-respon- 
sive inhibition of CAT expression (Fig. 2B). 
Since the -433 to -396 construct gave the 
insulin effect of greatest magnitude, and 
worked well in both orientations, the search 
for an IRS was directed to this region of the 
PEPCK gene. 

H4IIE cells stably transfected with either 
the insulin-responsive -433 to -396 con- 
struct or, as a negative control, the -403 to 
-366 construct were used to confirm that 
this effect was not simply a function of the 
transient transfection system. Two cell lines 
containing each construct were obtained. 
Both -433 to -396-containing clones ( 0  
and P) showed a concentration-dependent 
inhibition of CAT expression in response to 
insulin; the median effective concentration 
(ECS0) was about 0.1 nM and m&imal 
inhibition was obtained with 10 nM insulin 
(Fig. 3), concentrations that provide similar 
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degrees of inhibition of the endogenous 
gene (6). In contrast, the -403 to -366- 
containing clones (G and D) were either 
inactive or showed a slight increase of CAT 
expression in response to insulin, a charac- 
teristic shared by the native vector. In con- 
trast to the inhibitory effect, which reached a 
plateau within the physiologic range, this 
stimulatory effect was still increasing at 100 
nM insulin (Fig. 3). 

Having shown, using both transient and 
stable transfection assays, that the -433 to 
-396 PEPCK sequence contains an IRS, 
we sought to further delineate the bound- 
aries of this element. Three separate 5-bp 
mutations within the -433 to - 396 region 
were constructed by altering the sequences 
with the end points -425 to -421, -411 
to -407, and -401 to -397; these were 
designated M1, M2, and M3, respectively. 
These constructs were inserted into the 
TKC-VI vector and the transient expression 
of CAT activity was analyzed in H4IIE cells. 
Though plasmids containing both orienta- 

tions of the M1 and M3 mutations still 
responded to insulin, the M2 mutation abol- 
ished the insulin effect (Fig. 4A). Another 
mutation, designated M415, was then con- 
structed by altering the 5-bp sequences be- 
tween -416 to -412 and -406 to -402 
on either side of the wild-type -411 to 
-407 sequence. This mutation failed to give 
an insulin-dependent inhibition of CAT 
expression in either orientation (Fig. 4A). 

A smaller construct (PC425) consisting of 
the wild-type PEPCK sequence between 
-416 and -402 was used to further define 
the region involved in the insulin response. 
This 15-bp core sequence, which spans the 
regions covered by the M2 and M415 muta- 
tions, showed insulin-dependent, orienta- 
tion-independent inhibition of CAT expres- 
sion in the transient transfection assay. Mu- 
tations equivalent to M2 and M415 within 
PC425, designated PC4M5 and PCM2M, 
respectively, abolished the inhibitory effect 
of insulin, as did identical mutations in the 
MI-length oligomer (Fig. 4A). The CAT 

A PEPCK-CAT construct 

ioo 
I 

PEF 

Clone 

Induction by 
DEX and CAMP 'y,"f 
(fold increase) 

bition by 
uiin (.A) 

HL9 L 9.7 2 1.6 9C 

'CK CAT HL9 J 7.8 + 0.7 7€ 

PEPCK CAT 

-4 

FBG32 D 8.5 2 0.8 
PEPCK CAT MMTV 

GREs 

-27 HL45 1 13.7 f 3.9 - I  

PEPCK CAT HL45 MIX 7.3 + 0.6 61 

Fig. 1. (A) Hormonal regulation of PEPCK-CAT 
fits~on genes. C U ~ U ~ ~ S  of stable transfectants (IS) 
were incubated in serum-free medium with vari- 
ous combinations of insulin (10 nM), dex (500 
nM), and 8-(4-chlorophenylthio) -CAMP (0.1 
mM) as indicated. This CAMP analog is abbreviat- 
ed to CAMP in the text to reflect the active moiety. 
Cells were harvested aker 18 hours, and CAT 
activity was assaved bv the method of Nordeen et 
al. (17). CAT activity was corrected for the pro- 
tein concentration in the cell Ivsate. B a c b u n d  

B 
cAMP1Dex 

Insulin 

CAT + 

CAM + 

activity from a lysate-free blankwas subtracrted from all assays. and results are expressed relative to CAT 
activity in untreated cells. Results represent the mean % SEM of three to six separate expr'iments. ( 6 )  
Primer extension analysis of the mulcihormonal regulation of CAT expression in the HL9L (-600 to 
+69) and HL45E (-271 to +69) stable transfectants.  messenger RNA was isolated from cells exposed 
for 4 hours to dex (500 nM) plus 8-(4-ch1orophenvlthio)-CAMP (0.1 mM), with or without insulin (10 
nM), and a primer extension assay was performed (18). The positions of the CAT and calmodulin- 
extended products (CAM) are indicated bv the arrows and were of the expected s k .  The percent 
inhibition by insulin waq calculated bv densitometric scanning and corrected for small variations in the 
loading of RNA in each lane by using calmodulin as the hormonallv unresponsive internal control. The 
results shown are representative of experiments performed on nvo different series of cclls. 

assay results were confirmed by primer ex- 
tension analysis in which insulincaused 64 
and 5% reductions of CAT mRNA in cells 
transfected with the PC425 and PC4M5 
constructs, respectively (Fig. 4B). The 15- 
bp sequence -416 to -402 is therefore a 
functional IRS. 

Specific binding of nuclear proteins to the 
IRS was analyzed with the gel retardation 
assay (Fig. 5). Several protein-DNA com- 
plexes indicative of specific interactions were 
detected when the wild-type -433 to -396 

A 
-480 

Barn HI site: -40 

50 Correct orientation - 40 1 

Inverted orientation 

T 

Fig. 2. Use of the herpes simplex virus thymidine 
kinase (TK) promoter to identify a PEPCK IRS. 
A schematic representation of the TKC-VI vector 
(obtained from T. Sudhof, which contains TK 
promoter sequence from -480 to +51, similar to 
that described (lo), is shown in (A). A series of 
42-nwleotide oligomers containing 38 bp of 
PEPCK sequence with GATC ends was inserted 
into the Barn HI site of the TKCAT vector. The 
analysis of PEPCK-TKCAT constructs by tran- 
sient transfeaion (21) is illustrated in (B). Results 
are the ratio of CAT activity in insulin-treated 
versus control cells (expressed as percent change) 
and represent the mean 2 SEM of nine separate 
transfections. Cloned PEPCK sequences were an- 
alyzed when inserted into TKCAT in the correct 
(upper panel) or inverted (lower panel) orienta- 
tion. 
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1 1 0  I sequence was used as the labeled probe. 
~ i c l e a r  extracts prepared fiom rat li'ver or 
H4IIE cdls gave qualitatively identical pat- 
terns. Competition experiments, in which 
an excess of unlabeled DNA was included 
with the labeled probe in the gcl retardation 
assay, were used to correlate protein binding 
with the insulin response. Sequences that 
conferred a response to insulin, including 
-433 to -396, M1, M3, and the 15-bp 
-416 to -402 sequence (PC425), effective- 
ly competed for binding with the labeled 
p b e .  In contrast, a 100-fold excess of 
sequences that did not respond to insulin, 
that is, the M2, M415, -5, and 
PCM2M mutations, Wed to reduce the 
intensity of any of the bands (Fig. 5A). 
Thus, the DNA-protein interactions repre- 
sented bv all the bands comlate with the 
& ksponse. The gel retardation pattern 
differed somewhat when the -416 to -402 
sequence (PC425) was used as the labeled 
p b c  (Fig. 5B). Fewer s p d c  bands were 
detected, but the pattern of competition was 
identical to that observed when the -433 to 
-396 probe was used. The DNA-protein 
interactions again correlated with the insulin 
response, as judged by the competition as- 
savs. 

1 PEPCK 403/-388 (Clone G) 

lnrulin (nu) Inallin (nll) 

Fig. 3. Analysis of PEPCK-TICCAT comtruus by stable tranddon. Stabk cell lines were estabhhed, 
using the -433 to -3% (inverted orientation) and -403 to -366 (correct orientation) PEPCK- 
TKCAT consam (15). Two cell lines were obtained for each coasmm. Cultures of individual 
transfcc~ts were inabated in serum-fke medium fbr 18 hours with the concentrations of insulin 
indicated on the abscissa. Cells were harvested and CAT activity was assayed as described in Fig. 1. 
Results arc expressed as a percltage of the CAT activity in conad cells and represent the mean k SEM 
of six separate experiments. 

The hormone response element paradigm 
implies that dkaete segments of DNA 
should confer the response of a hormone in 
a heterologous syst&, and that this DNA 

A Construct 
Effect of insulin 
(percent change) 

B 
lnsul 

Desig- 425 421 Correct Inverted 411 407 4ui JY/ 
nation I I I I  I 1  orientation orientation 

W GTGACACCTCACAGCTGTGGTGTTTTGACAACCAGCAG -29 -38 

M4/5 TCCC +29 

M1 

PC425 TGGTGTTTTGACAAC -58 

GACA 

TGGTG 

P C M ~ M  IC;TCCC~TTT+TAGC~ 
Fig. 4. (A) L o d i d o n  ofthe PEPCK IRS in the sequence -433 to -3%. 
Various mutants of the PEPCK sequence betweu~ -433 and -3% war 
synthesized with Barn HI (GATC) ends and cloned into the TKCAT vector 
in both orientations. The e&ct of insulin on CAT expression was adyzed 
by uansient transfaction as described (21). Results are the ratio of CAT 
activity in insulin-mtcd versus control cells (orprcssed as percent change) 
and reprcscnt the mean of6  to 14 separate aansfections breach consauct 
Maximum e m r  (*SEM) was 796. The boxed arcas amtain the mutam 
sequences. (8) Primer extension analysis of the insulin regulation of CAT 
expression in the PC425 and -5 PEPCK-TKCAT plasmids. H4IIE 

cells were tramicntly transEarrd (21) with PEPCK-TKCAT plasmids con- 
taining either the PC425 or PC4M5 15-bp inserts and treated with or 
without insulin fix 4 hours. Messeqp RNA was isolated, and a prima 
d o n  zrsay was pcrfbrmbd (18), with &actin end-labeled with [y- 
32P]ATF as the hormonally unrr~ponsive i n d  cona~l. The CAT mRNA 
initiated h m  the correct site. A f k  correction fbr the variation in the 
loading of RNA in each lane, the petrent inhibition by insulin, calcdad by 
densitomctric scannin& was 64% for PC425 and 5% fbr PC4M5. The 
&ts shown are reprrsemarive of two separate experhmts. 
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sequence should interact specifically with were prepared from H4IIE cells treated with s t u m p  and P. J. Blahhear, Rococ. Natl. A d .  S d .  
U . S . A .  83, 9453 (1986); R. Taub, A. Roy, R. one or more proteins that are involved in or without insulin (9). This suggests that the Dieter, J, Koona, J ,  Biol, Chem, 262, 10893 

regdating transcription. We have located a binding capacity of the insdin-responsive (1987); P. B. Iynedjian, A. Gjinovci, A. E. Renold, 
functional insulin-responsive sequence, or protein or proteins is not under insulin 2637 740 (1988); K. K. R. Isham, L. 

Stringfeuow, R. Rothrock, F. T. Kenney, ibid. 260, 
IRS, from the PEPCK promoter between control. The effect of insulin on PEPCK 16433 (1985); D. T. Chu, C. M, Davis, N, B. 
-416 and -402. This IRS functions as a transcription is rapid and quickly reversed Chrapkiewicz, D. K. Granner, ibid. 263, 13007 

(1988); M. Korc, D. Owerbach, C. Quinto, W. J. silencing element when attached to a heter- (6) ,  which is consistent with an action 
Runer, Sdmce 213, 351 (1981); A, Drangini.;, M. 

ologous promoter and it works in an orien- through a protein modification mechanism Morley, M. Nesbitt, B. B. Rosenblum, M. H. 
tation-independent fashion. Two assays pro- such as phosphorylation or dephosphoryla- Meisler, J.  Biol.  hem. 259, 12216 (1984). 

vided evidence to suggest that an activity don (13). However, since changes in the 3' ~ ' e ~ ~ ~ i i  & 3i&'; i: 
exists in extracts from liver that recognizes phosphorylation state of the IRS binding GUM, s. M. Tighman, R. W. Hanson, L. ~ e s h &  
the IRS. A deoxyribonuclease (DNase) I proteins may not be maintained during the ~e~e"4~L7;r4N~;~72$a,2~",~e~f9~,);42 
footprint has been identified in this region isolation of nuclear extracts (Id), the lack of (1985); ,-. Mol, Cell. Endoninol, 63, 199 
(12), and binding was detected by gel mobil- change in the gel retardation pattern in (1989); J. S. Flier, K. S. Cook, P. Usher, B. M. 

ity shift analysis (Fig. 5). response to insulin is not surprising. 4. Spiegelman, D. K. Granner, Science T. 237,405 Andreone, (1987). K. Sasaki, E. M e ,  I 
The gel retardation pattern was not differ- How might this IRS function in the Nature 305,549 (1983). 

ent when nuclear extracts prepared fiom the context of the PEPCK promoter to inhibit 5. M. A. Magnuson, T. L. Andreone, R. L. Prina, S. 

livers of rats made diabetic by treatment basal, glucocorticoid- and CAMP-induced t$8$ kg9F sn  U's'A' 

with streptozotocin were used. Also the transcription? Recent studies show that the 6. K. Sasaki e ta / . ,  J .  Biol. C h m .  259, 15242 (1984). 
pattern did not differ when nuclear extracts PEPCK glucocorticoid response unit is a 7. P. G. QUi"", T. w. M. A. Magnuson, J. B. 

Shabb, D. K. Granner, Mol. Cell. Biol. 8, 3467 
structure consisting two accessO- (1988); J. M. Short, A. Wynshaw-Boris, H. P. 

A ry factor binding sites (elements AF1 and Short, R. W. Hanson, J. Biol. Chem. 261, 9721 
.-- PC425 PCM2M ~ 2 )  and two glucocorticoid receptor bind- (1986); A. Wpshaw-Boris, J. M. Short, D. S. 

M1 M2 M3 M4:5 P( Loose, R. W. Hanson, ibid., p. 9714; D. D. Peter- ing sites (GR1 and GR2). The entire com- ,, M. A. Magnuson, D. K. G ~ ~ ~ ,  MOI. cel l .  
plex is necessary for full glucocorticoid- Biol. (1988). - CI 

u - mediated induction of PEPCK transcription 8' M. Biol. A. them. 262, 14917 P. G. (1987). Quinn' D' K' Granner' J' 

(12). The AF2 element is located in the same 9. R. M. O'Brien, P. C. Lucas, C. D. FOKS~, M. A. 
area of the PEPCK regulatory region (locat- D. K. Grannerl data. 

10. T. C. Sudhof, D. W. Russell, M. S. Brown, J. L. 
ed between -420 to -403) as the IRS, as Goldstein, Cell 48, 1061 (1987). 
seen by DNase I footprinting and gel mobil- 11. S. L. McKnight, ibid. 31, 355 (1982). 

ity shift assays. l-hus, insulin could inhibit 12. E. Imai et al., Mol. Cell. Biol., in p m .  
13. R. M. Denton, Adv. Cyclic. Nucleotide Rotein Phos- 

the glucocorticoid induction of PEPCK phorylation R ~ ~ .  20, 293 (1986). 
transcription by disabling the binding or 14. K. Gorski, M. Camiero, U. Schibler, Cell 47, 767 

(1986). function an AF2 binding protein' The 15. H4IIE cells, adapted to Dulbecco's modified Eagle's 
w . 1  

I complex pattern of binding to the IRS medium containing find concentrations of 2.5% 
oligomer may represent different forms of a (v'v) newborn calf serum and 2.5% calf 

6 serum, were grown to confluence, diluted the day 
single protein or the binding of multiple kfOre ,sfe&on and replated in 75-cmZ culture PC425 PCM2M proteins. We do not know whether the AF2 dishes (2 x 106 to 3x 106 ceUs per dish). Attached 

M415 PC4M5 - 
binding protein is equivalent to the insulin cells were -sf-, after removal of medium by 

incubation for 30 min at room tcmperanue with 2 

1 111 11 response protein or proteins. ml of a calcium phosphate:DNA coprecipitate con- 
A more proximal IRS exists between taining 20 kg of PEPCK-CAT plasmid DNA, 2 ~g 

of SV2NEO selection marker (16), and 20 pM -271 and +69 of the promoter chloroquine. This solution was then diluted by 
(Fig. l), a region that contains no sequence addition of 8 ml of medium and supplemented with 

1/20 of the volume of calcium chloride and Hepes- to the distal IRS that is located 
buffe& saline (pH 7,10), which was used to pre- 

-416 and -402- This proximal pare precipitates (7). After 6 hours, the cells were 
element alone, like the distal IRS, does not treated with medium containing 20% (v/v) dimethyl 

completely inhibit p ~ p c ~  transcription in sulfoxide for 5 min, then washed once, and fresh 
medium was added. After incubation for 48 hours, 

response to insulin. Rather, both must be fresh medium containing a 1 8  (500 )~g/mJ) was 
present to achieve complete inhibition. It added. The medium containing a 1 8  was replaced 

I will be interesting to see whether a compari- wery 48 hours and, cmsmmon after 2 to 3 of weeks, the PEPCK individual 5r- 

son of the distal and ~roximd IRSs with the end oromoter deletion mutations has been dcscribcd 

Fig. 5. Correlation of protein binding with insu- 
lin response. Gel retardation assays were per- 
formed as described (22). Two labeled probes 
were analyzed, the -433 to -396 PEPCK se- 
quence (A) and the -416 to -402 PEPCK 
sequence (PC425) (6). When the -433 to -396 
PEPCK sequence was used as the probe, four 
major bands were detected. The PC425 probe is 
considerably shorter (15 bp) than the -433 to 
-396 probe (38 bp) and thus migrates faster. 
Running the gel further when PC425 was used as 
the labeled probe revealed the presence of four 
bands (data not shown). Competitor DNA5 (see 
Fig. 4A for construct) were added in 100-fold 
molar excess. 

regulatory regions of other insulin-respon- 
sive genes reveals a consensus sequence and, 
if so, whether this mediates both the posi- 
tive and negative effects of insulin. 
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Protection Against Mucoid Pseudomonas aeruginosa in 
Rodent Models of Endobronchial Infections 

GERALD B. PIER,* GLORIA J. SMALL, HENRY B. WARREN 

Chronic endobronchial infection with mucoid Pseudomonas aeruginosa accounts for 
much of the morbidity and mortality in patients with cystic fibrosis (CF). Reduced 
morbidity is observed when infection is absent. Clinical investigations have implicated 
opsonizing antibody specific for the mucoid exopolysaccharide (MEP) surrounding 
these bacteria as a potential immunologic protective mechanism, whereas nonopsoniz- 
ing antibody to MEP is not protective. Mice and rats immunized with doses of MEP 
that elicited opsonizing antibody had reduced levels of infection compared with 
nonimmune controls after intratracheal challenge with mucoid P .  aeruginosa enmeshed 
in agar beads. Doses of MEP that elicited nonopsonizing antibody were not protective. 
Parallel experiments in which passive transfer of polyclonal and monoclonal opsoniz- 
ing and nonopsonizing antibody were used yielded similar results. These data indicate 
that MEP-specific opsonizing antibody can protect against chronic P .  aeruginosa 
infection in this model of disease. 

HE ABILITY OF MICROORGANISMS 

to establish chronic infections in im- 
munocompetent individuals is an T' 

enigma of host-parasite interactions. Such 
microorganisms must somehow subvert or 
escape the immune defenses for long peri- 
ods. In some instances, such as the acquired 
immunodeficiency syndrome (AIDS), the 
human immunodeficiency virus directly at- 
tacks the cells of the immune system (1). 
Alternatively, organisms may hide inside 
cells and thus avoid host defenses (2) or may 
change their antigenic structures and pro- 
duce hew antigens that do not react with 
antibody produced against previously ex- 
pressed antigens (3). However, none of 
these mechanisms has been identified as 
critical to the maintenance of chronic lung 
infections in patients with CF. These infec- 
tions, mostly caused by mucoid'strains of 
P. aeruginosa, cause the vast majority of the 
morbidity and ultimate mortality early in life 
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(4). Eighty-seven percent of CF patients 
develop respiratory tract colonization with 
P. aeruginosa by their 15th birthday (5) .  
However, before the appearance of P. aeru- 
ginosa in sputum cultures of young patients, 
and among those older CF patients without 
P. aevuginosa colonization, there is greatly 
reduced morbidity (6). Most CF patients 
respond immunologically to their P. aevugi- 
nosa infection by producing antibodies 
against a large number of bacterial antigens 
(7). Among these antibodies are those di- 
rected against the outer polysaccharide coat, 
known both as alginate and as mucoid exo- 
polysaccharide (MEP) (8). Chronically colo- 
nized CF patients produce antibodies to 
MEP that are not opsonic, that is, they are 
incapable of mediating phagocytosis and of 
killing bacteria in the presence of human 
leukocytes and complement (9). In contrast, 
14 of 16 older (>12 years) CF patients who 
had managed to escape chronic P, aevuginosa 
infection had MEP-specific antibodies that 
were capable of mediating bacterial killing 
via opsonization (9). 

Although no animal model of CF yet 
exists, chronic lung infections can be estab- 

lished iri laboratory animals by adrninister- 
ing , bacteria enmeshed in agar beads (10). 
When purified MEP [prepared as described 
in (11)] was used to immunize mice and 
rats, opsonizing antibody was elicited after 
two doses of 1 to 10 yg per animal. This 
activity can be quantitated as an opsonic- 
killing index, which represents the percent- 
age of bacteria killed in the presence of the 
opsonizing antibody compared to normal 
serum. Indices of >45% usually represented 
statistically significant (P > 0.05) killing 
and are considered positive. In contrast, 
doses of 240 yg per animal elicited only 
nonopsonizing antibody (<45% killing), 
and these animals did not produce opsoniz- 
ing antibody when boosted from 1 to 8 
weeks later with l -yg doses (1 1). An excep- 
tion was when only the highest molecular- 
sized [estimate of the distribution coeffi- 
cient (K,,) = 0.05 on a Sepharose CL 4B 
column] polymers of MEP were used as 
immunogens. These polymers elicited opso- 
nizing antibody in mice at doses of 50 yg 
(11). Thus, we were able to selectively in- 
duce either nonopsonizing or opsonizing 
antibody in animals and to study their effect 
on protective immunity. 

We initially immunized adult, female rats 
with two doses 7 days apart of either 10 or 
100 yg of MEP, which induced opsonumg 
and nonopsonizing antibodies, respectively. 
Five days after the second dose, two chal- 
lenge strains of mucoid P. aeruginosa en- 
meshed in agar beads by the method of Cash 
et al. (10) were used to infect the rats: strain 
2192, from which the MEP was isolated, 
and strain 258, which consistently produces 
chronic infections in these animals (12). 
After 21 days the animals were killed and 
their lungs were removed for quantitative 
and qualitative bacterial enumeration (1 3). 
Compared with saline controls, the rats im- 
munized with doses of MEP that elicited 
high (291%) mean opsonic-killing indices 
in their pooled serum had significantly (P < 
0.02) fewer lungs that yielded growth of 
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