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which the van der Waals radii of the atoms 
are used indicates that the Na + ion is com­
pletely encased by the coiled PEG9. 

The experimental data for other systems 
are given in Fig. 4 as a plot of K0

_ 1 versus 
the number of monomers. A regular, near-
linear increase with monomer number is 
observed as expected for members of a sin­
gle structural family (17). We have modeled 
Na+PEG13 and Na+PEG17 in addition to 
Na+PEG9, and these three data points are 
shown in Fig. 4 for comparison. Excellent 
agreement was obtained between the model 
and experiment. Modeling of the complete 
series will be reported elsewhere (13). 

The Sybyl molecular mechanics programs 
were also used to model the possible stable 
conformers of the neutral PEG9. A series of 
400 stable conformers were randomly gener­
ated with resulting relative energies over a 
range of ~20 kcal mol - 1 . Several of the 
more stable species were annealed and sub­
jected to energy minimization. The most 
stable of these was then subjected to 200,000 
fs of molecular dynamics at 300 K, and 2000 
structures were extracted at 100-fs intervals. 
The mobilities these species would have gen­
erated if singly charged were in the range KQ 

= 3.5 ± 0.4 cm2 V - 1 s_1 . This lower value 
of K0 indicates that a much more open struc­
ture is predicted for neutral PEG9 relative to 
Na+PEG9, and the molecular dynamics sim­
ulation reveals that a much wider range of 
conformers is sampled at 300 K. Both results 
are consistent with rather weak intramolec­
ular interactions in neutral PEG9 relative to 
Na+PEG9. 

A few words of comparison with our 
bradykinin results (12) are useful. Bradyki-
nin is almost exclusively cationized with 
protons, rather than with Na + in our ex­
periments, regardless of the matrix. Protons 
prefer to form localized bonds, and, if the 
charge is shared, they usually involve only 
two centers. Furthermore, bradykinin has 
two arginine units, one at the NH2-termi­
nus and one at the COOH-terminus, which 
are preferred sites of protonation (22). 
Hence, one might expect a more open 
structure for protonated bradykinin (a nine-
residue peptide chain) than for Na+-cation-
ized PEG structures. Our modeling suggests 
that this is the case. The experimental mo­
bility is 2.20 ± 0.05 cm2 V" 1 s_1, and our 
preliminary modeling results, assuming pro­
tonation at arginine, yield a mobility of 
—2.1 cm2 V - 1 s _ 1 for the lowest energy 
structure. The model result needs to be 
subjected to molecular dynamics averaging, 
and searches for other possible protonation 
sites need to be done. Nonetheless, the 
agreement is remarkably good and lends 
strong support both for the Sybyl molecular 
mechanics force field (18) and for our 
method for determining the van der Waals 
radii of the involved atoms (19-21). 
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Control of I K B - « Proteolysis by Site-Specific, 
Signal-Induced Phosphorylation 

Keith Brown, Susan Gerstberger, Louise Carlson, 
Guido Franzoso, Ulrich Siebenlist* 

kB-a inhibits transcription factor NF-KB by retaining it in the cytoplasm. Various stimuli, 
typically those associated with stress or pathogens, rapidly inactivate kB-a. This liberates 
NF-KB to translocate to the nucleus and initiate transcription of genes important for the 
defense of the organism. Activation of NF-KB correlates with phosphorylation of kB-a and 
requires the proteolysis of this inhibitor. When either serine-32 or serine-36 of kB-a was 
mutated, the protein did not undergo signal-induced phosphorylation or degradation, and 
NF-KB could not be activated. These results suggest that phosphorylation at one or both 
of these residues is critical for activation of NF-KB. 

1 roteolytic degradation of I KB-a is essen­
tial for activation of N F - K B (1-4). When 
degradation is blocked by certain protease 
inhibitors that target proteasomes, activa­
tion of N F - K B is prevented. Physiologic 
stimulation also induces phosphorylation of 
iKB-a (1-7), but the significance of this 
phosphorylation for activation of N F - K B in 
cells has remained unclear. Induced phos-
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phorylation does not in itself dissociate 
complexes of I KB-a and N F - K B in vivo (I, 
2, 4, 7). The question arises as to how 
proteolysis of I KB-a is triggered. 

To identify regions in I KB-a essential for 
signaling and degradation, we systematically 
mutated the human I KB-a gene and stably 
transfected the altered genes into mouse 
EL-4 T lymphocytes (8-10). Human iKB-a 
was distinguished from endogenous murine 
I KB-a by its slower mobility on SDS gels. 
The exogenous human wild-type I KB-a and 
endogenous murine I KB-a were degraded 
with similar kinetics upon cellular stimula-
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tion with tumor necrosis factor* (TNF-a) 
(Fig. 1A) or phorbol12-myristate 13-acetate 
(PMA) + ionomycin (Fig. 1B). Further- 
more, the human IKB-a was phosphorylated 
in a signaldependent manner, as indicated 
by the characteristic shift in electrophoretic 
mobility that accompanies signal-induced 
phosphorylation of endogenous 1~B-a from 
human cells (2) (Fig. 2, A and D). To block 
proteolysis in the latter experiments, we add- 
ed calpain inhibitor I to the cells (1 1). Al- 
though murine IKB-a was also phosphorylat- 
ed upon stimulation (see below), only a 
small change in mobility was observed. The 
proteolysis and phosphorylation tests estab- 
lished that permanently transfected human 

wild-type IKB-a is fully signa~-responsive in 
these cells. 

We then tested various deletions and 
point mutants of human IKB-a in EL4 cells 
(10). A deletion mutant missing the NH2- 
terminal 54 amino acids (AN) was neither 
proteolyzed nor phosphorylated in response 
to signals (Figs. 1B and 2B), but still fully 
inhibited NF-KB (Fig. 3A). We therefore 
investigated potential phosphoacceptor sites 
within the deleted portion. I K ~  contain- 
ing a SeS2+Gly mutation (mg2) was not 
degraded upon stimulation by TNF-a or 
PMA + ionomycin (Fig. ID) (12) nor did it 
undergo the characteristic mobility shift 
upon cellular stimulation, suggesting a defect 

C hACI&a D h rnP2 l e a  E hmt3= Ida 

PMA+lm'O 5 15 6 0 '  -PMA+lon TNF-a 0 5 15 60 

Fig. 1. (A to E) Signal-induced proteolysi of endogenous murine (m) and exogenous human (h) IKB-a in 
murine EL-4 T cells. lmmunoblots had equal amounts of whole-cell extracts in each lane. Untransfected 
cells (A, left) or cells stably transfected (8) with the indicated IKB-a constructs (10) were stimulated with 
murine TNF-a (2000 Wml; Genzyrne, Cambridge, Massachusetts); or PMA (40 ng/ml; Sigma, St Louis, 
Missouri) and ionomycin (Ion, 2 pM, Calbiochem, San Diego, California). The numbers above the lanes 
indicate the period of time (in minutes) between cell stimulation and harvest. Blots A, B, D, and E were 
probed with rabbi polyclonal antibody directed against the COOH-terminus (amino acids 230 to 315) of 
h IKB-a. Blot C was probed with rabbi polyclonal antibody against full-length h IKB-a. The mobilities of 
h IKB-a, mt32, and m p  were similar. In (A), @), and (E), the time course extends to 60 min after 
stimulation, at which time m IKB-a has already been resynthesized. This observation is explained by the 
rapid activation of endogenous m (but not exogenous h) IKB-a transcription by activated NF-KB released 
through degradation of IKB-a protein (5). 

Fig. 2 (A to E) Signal-induced phosphorylation of h IKB-a in murine EL-4 T cells, lmmunoblots were 
prepared as in Fig. 1. Cells were preincubated for 30 min with Calpain lnhibior (100 pM, Boehringer, 
Indianapolis, Indiana) (2) prior to stimulation with mTNF-a or PMA + Ion, and later extracted in the 
presence of phosphatase inhibitors (2, 5). The signal-induced phosphorylated species of h IKB-a (h 
I K B - ~ ~  migrates slightly slower than h IKB-a. 

in signal-induced phosphorylation (Fig. 2D). 
1~B-a containing a SeS6+Ala mutation 
(mg6) behaved similarly (Figs. 1E and 2E). 
Both mutants still inhibited NF-KB, as de- 
termined by transient transfection of human 
NTera-2 embryonal carcinoma cells with a 
KB-dependent reporter plasmid (9) (Fig. 3A) 
and by in v im DNA binding assays (Fig. 3B) 
(12). The mg2 1~B-a was also precipitated 
from EL4 cell extracts with antibodies 
against the p65 subunit of NF-KB, regardless 
of whether cells were stimulated (Fig. 3C). 
We conclude that a mutation at either SeS2 
or SeS6 (or deletion of the NH,-terminus) 
has no effect on the inhibitory function of 
IKB-a but completely abolishes the signal- 
induced, phosphorylation-dependent shift in 
mobility and the degradation of kBa. 

Mutations of all other potential phos- 
phoacceptor Ser, Thr, and Tyr residues in 
the NH2-terminal 89 residues of 1~B-a (the 
region NH,-terminal to the ankyrins and the 
beginning of the ankynn domain) did not 
block signal-induced phosphorylation or 
degradation of the protein, nor did muta- 
tions of several other residues located else- 
where in the protein (13). These results 
support the hypothesis that SeS2 and SeS6 
mutants directly blocked phosphorylation at 
one or both of these sites. (14). Proteolysis of 
the inhibitor also appears to require sequenc- 
es at the COOH-terminus of 1~B-a. A mu- 
tant missing the 41 COOH-terminal resi- 
dues (AC) was not proteolyzed in response to 
signals but was phosphorylated (Figs. 1C and 
ZC), indicating that induced phosphoryla- 
tion is necessary but not sufficient for prote- 
olysis. The AC deletion eliminated sequenc- 
es rich in Pro, Glu/Asp, Ser, and Thr resi- 
dues (PEST sequences), which are often 
found in proteins that turn over rapidly (1 5, 
16) and which may be necessary for induced 
proteolysis of 1~B-a. The AC mutant still 
inhibited NF-KB activity in transfection ex- 
periments and retained its ability to bind 
$5, but it did not inhibit DNA binding of 
NF-KB in v im (Fig. 3B) (12, 17). Thus, 
cytoplasmic retention of NF-KB and inhibi- 
tion of DNA binding appear to be separable 
functions of IKB-~, with the latter requiring 
additional COOH-terminal sequences. 

The mutations blocking signal-induced 
phosphorylation and proteolysis also pre- 
vented activation of NF-KB. We demon- 
strated this in NTera-2 cells, which do not 
express endogenous NF-KB or I K ~  (Fig. 
3A) (9). Transactivation of a ~Bdriven re- 
porter, which is dependent on cotransfection 
of the $5 subunit of NF-KB, was inhibited 
by cotransfection of wild-type I K ~  as well 
as by the mutants AN, me2, and mg6. Upon 
stimulation with PMA + ionomycin, inhi- 
bition of NF-KB transactivation was relieved 
in the cells transfected with wild-type IKB-a, 
but not in those transfected with the signal- 
defective mutants. 
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Two-dimensional gel analyses were 
performed to separate phosphoisoforms of 
metabolically labeled human IKB-a (18). 
When immunoprecipitated from unstimu- 
lated EL-4 cells, 35S-labeled wild-type hu- 
man IKB-a resolved into several isoforms, 
revealed as a string of spots (Fig. 4A). 
Similar isoforms were also observed with 

murine IKB-a from unstimulated cells 
(18) and with mt32 (Fig. 4B). The spots 
represent distinct IKB-a phosphoisoforms 
that differ in the extent of phosphoryla- 
tion. With prior phosphatase treatment, 
the spots collapsed into a single spot (18). 
Metabolic labeling with [32P]orthophos- 
phate confirmed that IKB-a was phos- 

Fig. 8 Functional interaction of h IKB-a mutants with 
140- 

A 
NF-KB. (A) Inhibition of NF-KB activation by h IKB-a SeP 
or S e P  mutants. NTera-2 cells were transiently trans- % 1 2 0 - 1  0 Unstimulated 
fected with NF-KB p65 (0.2 w, PMT2T-33) and with a 
chloramphenicol acetyttransferase (CAT) reporter plasmid 
(5 pg) containing the KB site delived from human immu- % €10' 

nodeficiency virus (HN) (9). WI~-type (wt) h IKB-a and h 2 60- 
1~B-a  mutants AN, mP2, and m P  (0.1 w each on vector 2 do- 
PMT2T) were cotransfected. Cells were stimulated for 6 - 
hours with PMA (1 0 ng/ml) and 36 hours after transfection, ' 
they were hann?sted, extracted, and assayed for CAT ac- o - n 
tivity (9). The values shown are the means of three inde- - w AN mG2 mt36 

pendent experiments. Relative CAT activity refers to fold 
transactivation relative to cells transfected with reporter 
plasmid alone. (6) lnhibition of binding of NF-KB to KB- 
DNA by h 1~B-a mutants. &tracts of NTera-2 cells co- 
transfected with NF-KB p50 and p65 (3 w each vector) 
and with IKB-a constructs (4 w each vector) were tested 
in electrophoretic mobility shii assays for binding to a 
32P-labeled palindromic KB DNA probe (9). The position of C 
p50 homodimers (only faintty visible) is indicated by the h w IKB-a h mP2 IK&a 

mark below the p50-p65 band. (C) Physical association of 1 0 5 15 60 1 0 5 15 60 IPMA + ion 
h wt IKB-a and h mP2 IKB-a with endogenous murine b- ----- 
NF-KB p65. Murine EL-4 T cells stably transfected with 
these IKB-a constructs were stimulated with PMA (40 -h I&-a 

ng/ml) + Ion (2 pM). Afterthe indicated period of time (0 - m  I S a  

to 60 min), they were extracted and immunoprecipi- 
tated with protein ASepharose beads (Pharmacia, Piscataway, New Jersey) and rabbit polyclonal 
antibody directed against amino acids 103 to 194 of human p65. Washed precipitates were subjected 
to electrophoresis, immunoblotted, and probed with rabbit polyclonal antibodies directed against 
residues 230 to 315 of h IKB-a and 1251-labeled protein A (Dupont, Boston, Massachusetts). The 
presence of cycloheximide (20 pg/ml) during stimulation blocked the resynthesis of m IKB-a that was 
usually observed within 60 rnin (see Fig. 1). 

Fig. 4. (A to C) Two-dimensional gel electrophoresis of h wt 
IKB-a and h mP2 IKB-a. Murine EL-4 T cells stably transfected 
with these IKB-a constructs were labeled with [35S]methionine 
plus [35S]cysteine (1 mCiml each) or with [32P]orthophosphate 
(2 mCiml) (Dupont, Boston, Massachusetts) for 60 min in the 
presence of Calpain Inhibitor 1 (200 pM). Half of each labeled cell 
suspension was then stimulated for 15 min with PMA (50 ng/ml) 
plus Ion (4 pM) and extracts were prepared in the presence of 
phosphatase inhibitors (2, 5). Extracts were then immunopre- 
cipitated with a rabbit polyclonal antibody directed against ami- 
no acids 6 to 20 of h IKB-a (Santa Cruz Biotechnology, Inc., 
Santa Cw,  California). This antibody did not cross-react with 
endogenous m IKB-a (72). lmmunoprecipitates were then sub- 
jected to twodimensional gel electrophoresis (18). The horizon- 
tal axis represents the isoelectric focusing dimension. The more 
acidic species are on the left and the more basic species are on 
the right. The vertical axis represents the size-separation dimen- 
sion. (D) One-dimensional gel electrophoresis of the 35S- and 
32P-labeled h IKB-a immunoprecipitates shown in (A) to (C). 

A 
h M ~ ~ S ] I K B U  PMA + Ion 

1L,j, 
B 
h 1nt~~[~~S]l~f3-a PMA + Ion 

I Im 

phorylated in unstimulated cells, with the 
more phosphorylated isoforms represented 
by the more intense spots (Fig. 4C). The 
significance of this constitutive phospho- 
rylation is unknown. 

Upon cellular stimulation, the constitu- 
tive phosphoisoforms of 1~B-a were further 
phosphorylated, resulting in the appearance 
of additional spots with slower mobility in 
the second (size) dimension. The shift of 
these new s&s  toward a lower pH in the 
first dimension was consistent with a more 
negative charge (Fig. 4A). This was con- 
firmed with 32P-labeled IKB-a (Fig. 4C). 
The apparent magnitude of the shift in the 
first dimension suggests that more than one 
phosphate was added in response to signals 
(Fig. 4, A and C). In contrast to wild-type 
IKB-a, the mG2 (Fig. 4B) AN, and mG6 
mutants (18) exhibited no apparent phos- 
phorylation changes in response to cellular 
stimulation. 

These data indicate that signal-induced 
phosphorylation of IKB-a is necessary for 
proteolysis of the inhibitor and for activa- 
tion of NF-KB. Conservative mutations at 
either SePZ or S e P  blocked phosphoryla- 
tion and degradation of IKB-a. These res- 
idues in IKB-a have been highly conserved 
through evolution (19). The most direct 
interpretation of our data is that NF-KB 
activating signals lead to phosphorylation, 
possibly at both SeP2 and SeS6 (20), 
which in turn represents a recognition 
signal that is necessary but not sufficient 
for proteolysis. Proteolysis of IKB-a re- 
quires additional sequences, including a 
COOH-terminal PEST region. S i t~spe-  
cific, signal-induced phosphorylation of 
proteins may be a general mechanism for 
rapidly altering protein stability in re- 
sponse to extracellular stimuli or during 
the cell cycle. 
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frst dimenson) and that the induced phosphoryaton 
of ths species resulted in only a minor shft In apparent 
size (12). Analyses of the AN and mt36 mutants yied- 
ed results similar to those obtained with mt32 (12). 
Phosphatase treatment resulted in a single spot (12). 
Endogenous IKB-a from human cells was indistin- 
guishable from exogenously expressed human KB-a  
on these gels. 

19. R. de Martin eta/., EMBO J. 12, 2773 (1 994). 
20. It remains to be determined if one or both serines are 

phosphorylated. Mutation of one of these closely 
spaced serlnes may block phosphorylation of the 
other; even if both serlnes are phospliorylated, tlieir- 
phosphorylation may be linked. 

21. We thank K. Kelly and A. S. Fauci for review of the 
manuscrpt, A. S. Fauc for continued suppori, and 
Y. Ward for expert help and advce. 
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Requirement of RNA Polymerase I I I Transcription plexes of -urine leukemia virus (MLV), in- 
tegration into naked DNA also occurred 

Factors for in Vitro P ~ ~ i t i ~ n - S p e ~ i f  ic 1 ntegration nonrandoml, Inore fre,,~entlv into ,he - 

of a Retrovirusli ke Element 
Jacqueline Kirchner, Charles M. Connolly, 

Suzanne B. Sandmeyer* 

The yeast retroviruslike element Ty3 inserts at the transcription initiation sites of genes 
transcribed by RNA polymerase Ill (Pol Ill). An in vitro integration assay was developed 
with the use of Ty3 viruslike particles and a modified SUP2 tyrosine transfer RNA (tRNATy3 
gene target. Integration was position-specific and required Ty3 integrase, Pol Ill tran- 
scription extract, and a transcriptionally competent tRNA gene. Use of individual tran- 
scription factor (TF) IIIB-, TFIIIC-, and Pol Ill-containing fractions showed that TFlllB and 
TFIIIC, together, were sufficient for position-specific Ty3 integration, but not for tran- 
scription. This report demonstrates that in vitro integration of a retroelement can be 
targeted by cellular proteins. 

Integration of replicated DNA into the host integrated with a preference for the 5' por- 
genome is essential for retroviruses and ret- tions of the three RNA Pol 11-transcribed - 
rotransposons. Integration is nonrandom, genes examined (4). In addition, unselected 
but the mechanisms that determine the po- transposition of Tyl  into chromosome 111 
sitions of integration remain poorly defined revealed an  insertion bias for regions near 
[reviewed in (1, 2)]. DNA sequence, chro- tRNA genes and outside of open reading 
matin structure, and the presence of host cell frames; this pattern was not observed in vitro 
proteins can influence target site selection. with a naked DNA substrate (5). These find- 
O n  the basis of some in vivo studies, retro- ings have implicated host DNA-associated 
viral integration appears to occur preferen- proteins in integration site selection. 
tiallv into regions that contain deoxvribonu- DNA structure influences retroviral inte- 
clease I ( ~ ~ ~ a s e  I) hypersensitive $ites and 
regions that are transcriptionally active. A 
study of avian leukosis virus integration in 
vivo suggested that most or all of the cellular 
genome was accessible to integration ma- 
chinery, but that regional and site preferenc- 
es existed (3). In a series of selected integra- 
tions, the yeast retroviruslike element Tyl  
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gration site selection. This was suggested by 
a studv that identified in vivo integration 
sites i; DNA fragments containinibends 
(6). In addition, in vitro data indicate that . . 
integration occurs preferentially into partic- 
ular DNA structures. Integration mediated 
by human immunodeficiency virus (HIV) 
pre-integration complexes or purified inte- 
grase (IN) occurred nonrandomly into un- 
modified, naked DNA and preferentially 
into runs of CpG modified by 5-methylation 
of cytosine (7). With nucleoprotein com- 

exposed major groove of DNA assembled 
into nucleosomes (8). Moreover, DNA DO- 
sitions oredicted to be distorted within ;he 
nucleosome were used preferentially for in- 
tegration mediated bv HIV IN (9). Preferred , , 

in;egration into stati; or induced bends that 
were not associated with nucleosomes oc- 
curred with both MLV and HIV IN (10). 

Ty3, a retroviruslike element in Saccharo- 
rnyces cereuisiae, integrates solely upstream of 
genes transcribed by Pol III. The gene-prox- 
imal joint in the host DNA occurs within 
one to three nucleotides of the transcription 
initiation site (1 1 ,  12). O n  the basis of in 
vivo experiments, it has been suggested that 
integration is mediated by a protein-protein 
interaction between the Ty3 integration 
complex and the Pol 111 transcription com- 
plex. To  identify cellular factors required for 
Ty3 integration, we developed an in vitro 
assay. Ty3 viruslike particles (VLPs), analo- 
gous to retroviral core particles, were isolated 
as a complex fraction containing Ty3 RNA, 
replicated DNA, and the mature Ty3 pro- 
teins, including IN (13). The target plasmid, 
pDLC374 (Fig. l A ) ,  was used previously as a 
target for Ty3 transposition in vivo moni- 
tored by genetic selection (12) or by a poly- 
merase chain reaction (PCR) assay (14). 
This plasmid contained the yeast HIS3 gene, 
a 2-pm plasmid origin of replication, and a 
modified version of the SUP2 tRNATy' gene 
cloned into pIBI20. To  reconstitute the nat- 
ural genomic targets of Ty3, we prepared a 
Pol 111 transcription extract from yeast cells 
(15). The BioRex70 500 mM NaCl fraction 
(BR500) from this preparation was used to- 
gether with Ty3 VLPs and the tRNA gene 
target plasmid for in vitro integration reac- 
tions (16). DNA was isolated from each 
reaction and amplified by PCR with primers 
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