
sults indicate that the singularity of VSG 
expression and the semiordered appearance 
of VSGs in T. brucei infections (10, 27) are 
orobablv determined at the level of ES tran- 
scriptio; rather than imposed by intrinsic 
constraints on VSG compatibility. This in- 
terpretation is consistent with the pre\,ious- 
ly denlonstrated instability of cells express- 
ing two VSGs from different ESs (9 ) .  Per- 
haps expressing one VSG at a time has 
evolved as simply the most econo~nical 
strategy of immune evasion, but some other 
product of an ES is responsible for imposing 
singularity, for reasons that remain to be 
identified. 

REFERENCES AND NOTES: 

1 G. A. M.Cross, Annu. Rev. ln~munol. 8, 83 (1990), L. 
Vanhar,r,e and E. Pays, Microbrol. Rev. 59, 223 
(1 995); G. A. M. Cross, Bloessays 18, 283 (1 996). 

2. L. H. T. Van der Ploeg et a/.. Nuclelc Acids Res. 10. 
5905 (1 982). 

3. D. F. Culy, H. S. p ,  G. A M. Cross. Cell 42, 173 
(1985); M. Navarro and G. A. M. Cross, Mol. Cell. 
Biol. 16. in press. 

4. J. M. Kooteretal., Cell51, 261 (1987): M. Crozater, 
L. H. T. Van der Ploeg, P. J. Johnson, J. Gommers- 
Ampt, P. Borst, Mol. Blochem. Parasitol. 42. 1 
(1990,; S. Lins, P. Reveard, E. Pays, brd. 62, 135 
(1 993). 

5. A. Bernards et a/.. Cell 36. 163 (19841. 
6. K. M. Esser and M. J. Schoenbechler, Sclence 229. 

190 (1 985). 
7. C. M. Alarcon, H. J. Son, T l i a l .  J E. Donelson, Mol, 

Cell Blol. 14, 5579 (1994): S. V. Graham, K. R.  Mat- 
thews, P. G. Shies, J. D. Barry Parasitology 101, 
361 (1990); S. V. Graham and J. D. Barry, Mol. BIO- 
chem. Parasitol. 47, 31 (1991), S. V. Graham, Para- 
sitol. Today 11 . 21 7 (1 995). 

8. D. Salmon et a/., Cell 78, 75 (1 994): M. J. L. Lgten- 
berg et al. , EMBO J. 13, 2565 (1 994); D. Ste\ierding. 
Y.-D. Stierhof, H. Fuchs, R. Tauber. P. Overath, J. 
Cell Biol. 131, 11 73 (1 995). 

9. T. Batz et a/., Nature 319, 602 (1986). 
10. 2. Agur, D. Abir~, L H. T. Van der Ploeg. Proc. Natl. 

Acad. Sci. U S.A 86, 9626 (1 989). 
1 1. Z. Agur, Paras~tol Today 8, 128 (1 992); ibld. 11, 24 

(1 995): H T. M T~mmers. T. De Lange, J. M. Kooter, 
P. Borst. J. Mol. Biol 184,81 (1 987): D. Barry and C. 
M. J. Turner, Parasitol. Today 8. 128 (1992); P 
Borst and G. Rudenko, Science 264, 1872 (1994): 
B G W~lliams, D. J. Rogers, C. M. W Turner, J. D. 
Barry., Try.panosomiasis and Leishmaniasis Seminar, 
Glasgow. UK, September 1995. 

12. G. A. M. Cross, Paras~tology 71, 393 (1975). 
13. M. Carrington etal., J. Mo l  5101. 221. 823 (1991). 
14. J G. Johnson and G. A M. Cross, J. Protozool 24, 

587 (1 977); D. Horn and G. A. M. Cross, Cell83,555 
(1 995). 

15 G. Alien. L P. Dicken, G. A. M. Cross, J Mol. Biol. 
157, 527 (1982): G. Allen and L. P. Gurnett. Blo- 
chem. J. 209. 481 (1983); J. C. Boothroyd, C. A 
Paynter. S. L. Coleman. G. A. M. Cross. J. Mol. 6/01. 
1 57. 547 (1 982). 

16. D. Freymann etal.. J. Mol  Biol. 21 6, 141 (1 990). 
17. M. L. Bum et a/., Nature 362, 603 (1 993). 
18. M. A. J. Feruuson and A. F. Williams. Annu. Rev. 

Biochem. 57:285 (1988): G. A. M. Cross,Annu. Rev. 
Cell Biol. 6, 1 (1 990). 

19. R. Buloi;~ and P. Overath, J. Biol. Chem. 261 , 11 91 8 
(1986); M. Carrington, R. Buow. H. Renke. P. Ojier- 
ath, Mol. Biochem. Parasitol 33, 289 (1989): J. A. 
Fox, M. Duszenko, M. A. J. Ferguson, M. G. Low, G. 
A. M. Cross. J. Biol Chem. 261, 15767 (1 986). 

20. Partially purified preparations of solubilized VSG 
were obta~ned by endogenous GPI-PLC digestion 
essentially as descr~bed [G A. M. Cross, J Cell. 
Blochem. 24. 79 (1984)l but on a mcroscae Briefly, 
1 x 10"rypanosomes were peleted and washed 

two times w~ th  trypanosome dilution buffer (121, re- 
suspended in deionzed water at O0C, and Incubated 
on ice for 5 min Cells were centr~fuged, resuspend- 
ed n 100 pl of 10 mM phosphate buffer (pH 8 O), and 
incubated for 5 min at 37°C. Cells were peleted 
again. and one-tenth of the supernatant was used 
for SDS-PAGE. The 10% poyac~amide  gels were 
blotted onto nitrocellulose fters, whch were reacted 
w~ th  rabbt antbodes raised against indvdua VSGs, 
by standard procedures, followed by peroxidase- 
conjugated goat antbody to rabbit (ant-rabbt) im- 
munoglobulin G (IgG), according to ECL k t  specf- 
catlons (Amersham, UK). The rabb~t antibodies to 
VSGs 121 and 221 had been depleted of cross- 
reactive antibodies to the G P  anchors by passage 
over a column of VSG 11 7. For metaboc labeling. 1 
x l o 8  bloodstream-form T brucei grown In vltro 
were transferred into 10 m of methonine-free RPMI 
(Gbco BRL, Gaithersburg, MD) supplemented w~th 
10'3 (vIIv) dayzed fetal bovne serum, 10% dialyzed 
Serum Plus (JRH Boscences, Lenexa. KS), and in- 
cubated w~th 50 wCi of 35S-labeled methonne-cys- 
tene mixture for 2 hours. VSGs were extracted as 
described above and samples were mmunoprecipi- 
tated with cross-react~ng determ~nant-depleted 
rabbit ant~bod~es to VSG221 coupled to protein 
A-Sepharose (Pharmacia-LKB). 

21. M.-L Cardoso de Ameida L. M. Alan. M. J. Turner. 
J. Protozool. 31. 53 (1 9841. 

22. G. S. Lamont, R.  S, ~ucke r ,  G. A. M. Cross Parasi- 
tology 92. 355 (1 986). 

23. C. M. R. Turner and J. D. Barry ibid. 99, 67 (1989). 
24. R.  Buow, C. Nonnengasser, P. Overath, Mol. Bio- 

chem. Parasitol. 32, 85 (1989): A. Seyfang, D. 
Mecke, M. Duszenko. J Protozool. 37. 546 (1990); 
M. Duszenko and A. Seytang, in Advances in Cell 
and Molecular Biology of Membranes: Membrane 
T r a k  in Protozoa (JAI, Greenwich, CT, 19931, vol. 

28, pp. 227-258, B. Ehers, J. Czichos, P. Overath, 
Mol. Cell, Blol. 7, 1242 (1 987). 

25. S. E. Zamze etal., Eur. J. Biocheni. 187, 657 (1 990); 
S. E Zamze D. A. Ashford, E. W. Wooten, T. W. 
Rademacher, R. A. Dwek, J. Biol. Chem. 266,20244 
(1 991); A. M. Strang, A K. Allen, A. A. Holder, H. Van 
Halbeek, Biochem. Blophys. Res. Commun. 196, 
1430 (1 993). 

26. A. W Cornessen, P. J. Kooter, J M. Johnson. L. H. 
T Van der Ploeg. P. Borst, Cell 41, 825 (1 985). 

27. A R.  Gray and A. G Luckns, n Biology of the K -  
netoplast~da, VV. H. R.  Lumsden and D. A. Evans, 
Eds. (Academc Press. London, 1976), vol. 1, pp. 
493-542: R.  J. Kos~nski. Parasitology 80, 343 
(1980); E. N. Miller and M J. Turner, b i d  82, 63 
(1981); P. J. Myer, A. L. Allen, N Agabian, K. Stuari, 
Infect. lmmun. 47, 684 (1 985). 

28. A. Y C. Liu, L. H. T. Van der Ploeg, F. A M R~jsewijk, 
P. Borst, J. Mol, Biol. 167. 57 (1 9831, J. K. Scholer, 
R.  F. Aline, K D. Stuart, M o l  Blochem. Parasitol. 29, 
89 (1988); R.  F Aline. J. K. Schoer, K. Stuart, ,bid. 
32, 169 (1 989). 

29. V B. Carruthers. L. H T van der Ploea. G. A. M. 
Cross, Nucleic Acids Res. 21. 2537 (1 9g3). 

30. H. Hirum and K. Hrumi, J. Parasitol. 75.985 (1989). 
31. V. B. Carruthers and G. A. M. Cross, Proc, Alatl. 

Acad. Sci. U.S.A. 89, 881 8 (1 992). 
32. Supported by NIH (grant A 21531). We thank 

M. Carrington for suppyng the MiTat 1.6 clone 
121 cDNA and V. B. Carruthers for adjiice n the 
early stages of this project and for constructing the 
~nital  ES-targeting pasmids from wh~ch the vectors 
used in the present studies were developed. We 
thank other members of the laboratory for their 
suggestions and M. Nussenzweg for the use of his 
Phosphorlmager. 

22 December 1995; accepted 1 A p r  1996 

Binding of Zinc Finger Protein ZPRI to the 
Epidermal Growth Factor Receptor 

Zoya Galcheva-Gargova, Konstantin N. Konstantinov, 
I-Huan Wu, F. George Klier, Tamera Barrett, Roger J. Davis* 

ZPRl is a zinc finger protein that binds to the cytoplasmic tyrosine kinase domain of the 
epidermal growth factor receptor (EGFR). Deletion analysis demonstrated that this bind- 
ing interaction is mediated by the zinc fingers of ZPRl and subdomains X and XI of the 
EGFR tyrosine kinase. Treatment of mammalian cells with EGF caused decreased 
binding of ZPRl to the EGFR and the accumulation of ZPRl in the nucleus. The effect 
of EGF to regulate ZPRl binding is dependent on tyrosine phosphorylation of the EGFR. 
ZPRl therefore represents a prototype for a class of molecule that binds to the EGFR 
and is released from the receptor after activation. 

T h e  EGFR is a transmembrane glycopro- 
tein with an extracellular ligand-binding 
domain and a cytoplasmic tyrosine kinase 
domain (1) .  EGF treatment causes in- 
creased EGFR tvrosine kinase activitv. Suh- 
strates for the activated receptor tGrosine 
ktnase include the COOH-terminal region 
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of the receptor ( 1 ) .  The  tyrosine-phospho- 
rylated EGFR hinds to modular signaling 
proteins that contain SRC homology 2 
(SH2) or PTB (phosphotyrosille-binding) 
domains 11, 2 ) .  However, before the forma- 
tion of the receptor signaling coinplex with 
SH2-PTB proteins, the EGFR may interact 
with other proteins ( 1 ) .  The  identities of 
the proteins within this coinplex have not 
been defined, hut these coinponents may 
include actin and other cytoskeletal pro- 
teins 13). Proteins bound to the EGFR lnav ~, 

also include signaling inolecules that are 
released from the receotor after activation. 

The purpose of this study was to identify 
proteins that bind to the nonactivated 
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EGFR, and we describe here the molecular 
cloning of the zinc finger protein ZPR1. 
Recently, zinc finger proteins have been 
implicated as an important class of recep- 
tor-interacting molecules. Examples include 
a LIM domain protein (enigma) that binds 
to the insulin receptor (4) and ring finger 
proteins (TRAF, CRAF, and LAP) that 
bind to the tumor necrosis factor receptor, 
CD40, and Epstein-Barr virus latent infec- 
tion membrane protein 1 (5).  ZPRl repre- 
sents a novel class of zinc finger protein that 
binds to the EGFR. 

We used a two-hybrid screen to identify 
proteins that bind to the COOH-terminal 
region of the EGFR (6). This screen was 
biased toward the identification of proteins 
that bind to the EGFR in the absence of 
tyrosine phosphorylation. Ten positive 
clones were isolated from a murine fetal 
cDNA library. Sequence analysis demon- 
strated that these clones correspond to frag- 
ments of five different cDNAs. One of 
these cDNAs was independently isolated 
six times and was chosen for further analy- 

sis. A full-length murine cDNA clone [2162 
base pair (bp)] was obtained by screening an 
NIH 3T3 cDNA library. The protein en- 
coded by this cDNA was designated ZPRl 
(Fig. 1A). Examination of the ZPRl se- 
quence demonstrated that its NH2-terminal 
region was similar to its COOH-terminal 
region (Fig. 1B). Each of these regions 
contains a putative zinc finger encoded by 
amino acids Cys-X2-Cys-X2,-Cys-X2-Cys 
(where X, represents a series of y amino 
acids). The presence of both zinc fingers 
was confirmed by the identification of 1.9 
+ 0.1 mol of zinc per mole of ZPRl protein 
(mean SE, n = 3) with inductively cou- 
pled plasma emission spectroscopy (7). 
Northern blot analysis demonstrated that 
the 2.1-kb ZPRl mRNA was widely ex- 
pressed in various tissues (Fig. 1C). The 
largest amounts of ZPRl were detected in 
testis tissue. Protein immunoblot analysis 
with an antibody to a peptide derived from 
ZPRl detected a 51-kD protein (Fig. ID). 
A large increase in ZPRl expression was 
detected after transfection of cells with a 

A 
t . Zinc finger 1 t . 

MSASGAVQPGHPGRRVGPSPWSPATGPLFRPLSAEDEE~PTEIESLCMNCYRNGTTRLL:TKIPFz?iIIVSSFSCEHCG 

GP.IAERIDEFIGKLKDLKQMASPFTLVIDDPSGNSFVENPHAPQKDNALVITYYDRTPQQAEMLGLQAEAPEEIC9EEV 

Zinc finger 2 + + 
F!JTNCPECNAPAQTNMKL'!QIPHFPEi'II*IATNCENCGHRTNEVKSGGAVEPLGTRITLHITDPSDMTRDLLKSETCSVEiPEL 

. Zincfinger r . 
NH2 QPTEIESLCMNCYRh'GTTRLLLTKIPi.T?E:IVSSFSCEHCGWNNTEIQSAGRIQDQGVRYTLTVRSQEDMElRE 
C031.: EVLQFNTN.PE.NA?AQ.NMK,VQ..~.K.V.IMATN..N..HRTN.VK.G.AVEPL.T.I..HITDPS..T.D 
Consensus C C T L I P F E I  CECG E S G  G R T L  D M R  

KH, WKTDSATTRIPELDFEIPAFSQKGALTTVEGLISRAISGLEQWPTRRAVEGAIAER--IDEFIGKLKDLWM 
COO% LL.SETCSVE .... E..LGMAVLG.KF..L...L-RD.RE.VTRN.FTLGDSSNPDQSEKLQ..SQ..GQIIEG 
Consensus K IPEL FE G TT EGL I L P EF KL 

NHz ASPrPLVIDDPSGNSFVENPHAPQXDh'ALVITYYDRTPWAEMLGLQAEAPEE-KAEEEDLR 
COO% KMKARFIMN .. A...YLQ.W..E3.PEMWER.K..FD.NEE...NDMKT.GYE.GLAPQ. 
Consensus DP GNS N AP D Y RT Q LGL E  A R 

Fig. 1. ZPRI , a zinc finger protein. (A) The ZPR1 c c 
prlmary sequence deduced from the nucleotide 

D r e g m L  g d  
sequence of the cDNA (1 7). The ZPRl nucleotide I ~ ~ A A Z X F  I$- , :EL~ ZPR1 - 
sequence (21 62 bp) has been deposited in Gen- + - 
Bank with accession number U41287. The Cys 9.5 - 

108 - 
residues that form the zinc fingers are indicated 7.5 - 

80- 
with asterisks. (B) The NH,-terminus of ZPRl is 4.4 - 9- .- 
similar to the COOH-terminus. Gaps introduced 
to optimize the alignment are indicated with a 2.4' 32 - 
dash. Identical residues are illustrated with a peri- 
od. (C) The expression of ZPRl in various rnurine 1.35g 

28 - 
tissues was examined by Northern blot analysis of 
polyadenylated rnRNA (6). The position of RNA 
standards (in kilobases) is indicated on the left. (D) 
The expression of ZPRl in COS cells was examined by protein immunoblot analysis (18). The cells were 
transfected with an empty expression vector or aZPRl expression vector (10). The blot was probed with 
a rabbit polyclonal antibody to a synthetic peptide antigen that corresponds to the ZPR1 COOH- 
terminus (78). The position of protein standards (in kilodaltons) is indicated on the left. 

ZPRl expression vector (Fig. ID). 
The isolation of ZPRl cDNA clones by 

an interaction trap suggests that ZPRl 
binds to the EGFR. We therefore examined 
the binding of ZPRl to the EGFR in vitro 
(Fig. 2A). Bound EGFRs were detected by 
protein immunoblot analysis with a mono- 
clonal antibody to the EGFR. This analysis 
demonstrated that the EGFR binds to ZPRl 

4 EQFR 

C - " 
c r r N ( Y  
O U U L L U  
ONNNN 

Fig. 2. Binding of ZPRl to the EGFR tyrosine 
kinase domain. (A) The predicted domain struc- 
ture of ZPRl includes two zinc fingers (ZF1 and 
ZF2) and two regions adjacent to the fingers (A 
and B). (B) GST-ZPR1 was immobilized on gluta- 
thione-agarose beads and incubated with cell ly- 
sates prepared from A-431 cells (19). The beads 
were extensively washed, and the bound EGFRs 
were detected by protein immunoblot analysis 
(18). An aliquot of the cell lysate (5%) used for the 
binding assays was also examined by immunoblot 
analysis. Control experiments were done with im- 
mobilized GST. The functional domains of ZPRl 
were examined by deletion analysis (ZF1, resi- 
dues 1 to 86; A, residues 87 to 255; ZF2, residues 
256 to 294; and B, residues 295 to 439). (C) Effect 
of mutation of the ZPRl zinc fingers (ZFl and ZF2) 
on EGFR binding. Cyssl and C y P  (ZF1) and 
CysZs8 and CysZg1 (ZF2) were replaced with Ser 
(C/S) (8). (D) Deletion analysis of EGFR binding to 
ZPRl. The wild-type (wt) EGFR and COOH-ter- 
minal truncation mutants (A958 and A908) were 
translated in vitro with [35S]methionine (19). The 
translated EGFRs were incubated with immobi- 
lized GST-ZPR1 (19). Control experiments were 
performed with immobilized GST. Bound EGFRs 
were detected by SDS-PAGE and Phosphorlm- 
ager analysis. The relative binding of the EGFRs is 
presented. 
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(Fig. 2B). Deletion analysis indicated that 
the zinc fingers were sufficient for the 
EGFR binding interaction (8). Indeed, a 
larger amount of EGFR bound to the iso- 
lated zinc fingers than to the full-length 
protein (9). Both zinc fingers bound to the 
EGFR (Fig. 2B). This binding interaction 
was reduced (but not eliminated) by muta- 
tion of the Cys residues that form the zinc 
fingers (Fig. 2C). These data demonstrate 
that ZPRl binds to the EGFR and that this 
interaction requires the zinc fingers. 

To identify the region of the EGFR that 
is required for binding to the ZPRl zinc 
fingers, we examined the effect of deletions 
of the COOH-terminal region of the EGFR 
on the binding interaction. In initial exper- 
iments, we examined the effect of proteolytic 

- ?C .--- 
zPR1 ,-*- - 

binding - 
Fig. 3. Binding of the EGFR to C 
ZPRl is regulated by EGF. (A) 
A-431 cells were treated with- EQF 

out and with 100 nM EGF for 5 " 7 
min at 37°C (10). Soluble ex- a - 
tracts were prepared and in- 
cubated with immobilized 
ZPRl (GST-ZF1 -A-ZF2) or 
ZPRl zinc fingers (GST-ZFI T T 
and GST-ZF2) (79). Bound 
EGFRs (arrowheads) were detected by protein im- 
munoblot analysis (1 8). Control experiments were 
performed with immobilized GST. (6) A-431 cells 
were incubated for different periods of time with 
100 n M  EGF at 37°C (10). The level of EGFR 
expression, the extent of EGFR tyrosine phospho- 
rylation r y r  (P)], and the binding of EGFRs to 
immobilized ZPRl (GST-ZPRI) was examined by 
protein immunoblot analysis (18) (all indicated by 
the arrowheads). (C) A-431 cells were treated 
without and with 100 nM EGF for 5 min at 37°C 
(70). Soluble extracts were prepared and immu- 
noprecipitated with a rabbit polyclonal antibody to 
ZPRl (20). Control experiments were performed 
with the use of preimmune serum. The ZPRl im- 
munoprecipitates were examined by protein im- 
munoblot analysis with a monoclonal antibody to 
the EGFR (+ or -, respectively) (18). Arrowhead 
indicates the EGFR. 

cleavage of the COOH-terminus of the 
EGFR with calpain (10). We found that 
both the wild-type and the calpain-cleaved 
EGFR bound to the ZPRl zinc fingers (I I ). 
The major sites of calpain cleavage of the 
EGFR are and Asp1059 (12). The 
COOH-terminus of the EGFR (residues 996 
to 1186) is therefore not required for inter- 
action with ZPR1. In contrast, ZPRl bound 
to the COOH-terminal region of the EGFR 
(residues 908 to 1186) in the yeast two- 
hybrid analysis. These data suggest that the 
region of the EGFR required for interaction 
with ZPRl corresponds to residues 908 to 
996. To test this hypothesis, we prepared 
[35S]methionine-labeled EGFRs by in vitro 
translation. Binding of the wild-type EGFR 
to ZPRl was detected (Fig. 2D). Truncation 
of the receptor at residue 958 caused a small 
decrease in binding to ZPR1. In contrast, 
truncation at residue 908 caused a marked 
decrease in EGFR binding to ZPR1. Togeth- 
er, these data demonstrate that a specific 
region of the EGFR (including residues 908 
to 958) is required for binding to ZPR1. 

Residues 908 to 958 of the EGFR corre- 
spond to subdomains X and XI of the ty- 
rosine kinase domain. This region is highly 
conserved in members of the EGFR family 
(HER1, HER2, HER3, and HER4). A re- 
lated sequence is found in the platelet- 
derived growth factor (PDGF) receptor, but 
the sequence differs for other receptor ty- 
rosine kinases. Examination of the con- 
served tyrosine kinase domain secondary 
structure indicates that subdomains X and 
XI include three a helices (G, H, and I) 
that form a surface at the base of the kinase 
domain (13). This surface may represent 
the site of interaction of the ZPRl zinc 
fingers with the EGFR and is distinct from 
the tyrosine-phosphorylated COOH-termi- 
nal region of the EGFR that binds SH2 and 
PTB proteins (1, 2). 

The conserved secondary structure of 

+ + - - Vanadate - + - + EGF - ~ " Q ) i e  EGFR 

- r t mm ZPRl bfndlng 

Fig. 4. ZPRl binding to the EGFR is regulated by 
tyrosine phosphorylation. A-431 cells were incu- 
bated with 100 nM EGF for 5 min at 37°C (10). 
Soluble extracts were prepared in the presence 
and absence of the tyrosine phosphatase inhibitor 
orthovanadate. The amount of EGFR expression 
and tyrosine phosphorylation was examined by 
protein immunoblot analysis (18). The binding of 
EGFRs to the immobilized PLC--y N-SH2 domain 
or to ZPRl was examined by protein immunoblot 
analysis (19). 

the region of the EGFR that is required for 
ZPRl binding suggests that other protein 
kinases may interact with ZPR1. Control 
experiments demonstrated that ZPRl did 
not bind to MAP (mitogen-activated pro- 
tein) kinase (ERK, JNK, and p38), MAP 
kinase kinase (MKK1, MKK3, and MKK4), 
TrkA, the insulin receptor, or the IGF-1 
(insulin-like growth factor) receptor (I  I). 
However, both the PDGF receptor and the 
EGFR bound to ZPRl ( I I ). Together, these 
data demonstrate that ZPRl binds selec- 
tively to a subgroup of receptor protein 
kinases that includes the EGFR. 

We next examined the effect of EGF on 
the binding of the EGFR to ZPR1. Extracts 
from control cells and EGF-treated cells 
were incubated with immobilized ZPR1. 
Treatment with EGF caused decreased 
binding of the EGFR to ZPRl (Fig. 3A). 
The effect of EGF to decrease binding was 
observed in experiments using either ZPRl 
or the ZPRl zinc fingers (Fig. 3A), was 
rapid (5 min), and occurred before EGFR 
down-regulation (Fig. 3B). In contrast to 
the effect of EGF, treatment of cells with 
phorbol myristate acetate caused no change 
in EGFR binding to ZPRl (I 1 ). To confirm 
that EGF regulates the interaction between 
the EGFR and ZPRl in vivo, we performed 
co-immunoprecipitation analysis. ZPRl was 
isolated from cell extracts by immunopre- 
cipitation with an antibody to ZPR1. Pro- 
tein immunoblot analysis demonstrated the 
presence of EGFRs in the ZPRl immuno- 
precipitates (Fig. 3C). In contrast, EGFRs 
were not detected in immunoprecipitates of 
ZPRl prepared from EGF-treated cells (Fig. 
3C). Together, these data indicate that 
ZPRl interacts with the EGFR in vivo and 
that the formation of this complex is nega- 
tively regulated by EGF. The mechanism of 
negative regulation may be mediated by the 
presence of ZPRl binding proteins in ex- 
tracts of EGF-treated cells or by decreased 
affinity of the ZPR1-EGFR interaction. 

Treatment of cells with EGF causes in- 
creased binding of the receptor to SH2 and 
PTB signaling proteins (1 ,2)  and decreased 
binding of the EGFR to ZPRl (Fig. 3). This 
difference was confirmed by direct compar- 
ison of the interaction of the EGFR with 
ZPRl and the NH,-terminal SH2 domain 
of phospholipase G y  (PLC-y) (Fig. 4). 
The interaction of the EGFR with SH2 and 
PTB proteins requires tyrosine phosphoryl- 
ation of the receptor (1, 2). 

Cell extracts prepared without the ty- 
rosine phosphatase inhibitor orthovanadate 
contained EGFRs that were not tyrosine 
phosphorylated and did not bind to the 
NH,-terminal SH2 domain of PLC-y (Fig. 
4). Similarly, the tyrosine phosphatase' in- 
hibitor orthovanadate was required for the 
regulation of ZPRl binding to the EGFR 
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(Fig. 4). Control experiments designed to 
examine the role of Ser or Thr phosphoryl- 
ation by investigating the requirement for 
Ser-Thr phosphatase inhibitors did not sup- 
port a role for Ser or Thr phosphorylation 
in the regulation of EGFR binding to ZPRl 
(I 1 ). These data indicate a primary role for 
tyrosine phosphorylation in the regulation 
of EGFR binding to ZPR1. 

To  test this hypothesis, we examined the 
interaction between ZPRl and a mutated 
kinase-negative (K721R, where K is Lys and 
R is Arg) EGFR. The binding of ZPRl to 
the kinase-negative EGFR was not altered 
by treatment of cells with EGF (1 1). To- 
gether, these data demonstrate that tyrosine 

Fig. 5. ZPRl overexpression inhibits EGF-stimu- 
lated SHC phosphorylation. COS cells were trans- 
fected with epitope-tagged ZPRl (or were mock- 
transfected; control) and incubated without and 
with 100 nM EGF for 5 min at 37°C (8, 10). (A) The 
expression of EGFRs, epitope-tagged ZPR1, and 
SHC (66-kD, 52-kD, and 46-kD isoforms) was 
examined by protein immunoblot analysis of cell 
extracts prepared with lysis buffer (10). The EGFR 
and epitope-tagged ZPRl were detected with the 
monoclonal antibodies 20.3.6 and M2, respec- 
tively (18). SHC was detected with a rabbit poly- 

phosphorylation is required for the regula- 
tion of EGFR binding to ZPR1. 

The binding of ZPRl to the nonacti- 
vated EGFR contrasts with the binding of 
the activated EGFR to proteins with SH2 
or PTB domains (Fig. 4). To  test whether 
the overexpression of ZPRl would alter the 
interaction of the EGFR with SH2 or PTB 
proteins in vivo, we examined the effect of 
ZPRl overexpression on the tyrosine phos- 
phorylation of the SH2-PTB protein SHC 
(14). Protein immunoblot analysis of lysates 
prepared from the transfected cells demon- 
strated the presence of the EGFR and SHC 
polypeptides (Fig. 5A). Epitope-tagged 
ZPRl was detected with the M2 monoclo- 

- -  - -- + - + -  EQF 

nal antibody (Fig. 5A). Treatment of the 
cells with EGF caused increased Ser, Thr, 
and Tyr phosphorylation and decreased 
electrophoretic mobility of the EGFR (15). 
Phosphotyrosine immunoblot analysis of 
EGFR immunoprecipitates ( I  I )  and SHC 
immunoprecipitates (Fig. 5B) demonstrated 
that EGF caused increased tyrosine phos- 
phorylation of the EGFR and SHC 
polypeptides. The overexpression of ZPRl 
caused a reduction in the EGF-stimulated 
tyrosine phosphorylation of both the EGFR 
(I  1) and SHC (Fig. 5B). 

Consistent with this reduced level of 
tyrosine phosphorylation, ZPRl overexpres- 
sion decreased the EGF-stimulated forma- 
tion of SHC-EGFR complexes that were 
detected by immunoblot analysis of SHC 
immunoprecipitates with antibodies to the 
EGFR (I  I )  and phosphotyrosine (Fig. 5B). 
These data indicate that ZPRl overexpres- 
sion causes inhibition of EGF-stimulated 
tyrosine phosphorylation in vivo. To exam- 
ine the specificity of the inhibition of ty- 
rosine phosphorylation caused by ZPR1, we 
investigated the effect of ZPRl on the ty- 
rosine phosphorylation of the EGF and in- 
sulin receptors. In vitro protein kinase as- 

clonal antibody (18). (B) In an analysis similar to says demonstrated that ZPRI inhibited the 
that in (A), SHC immunoprecipitates were exam- tyrosine phosphorylation of the EGFR (Fig. 
ined by protein immunoblot analysis with the an- 5C), but not of the insulin receptor (Fig. 
tibody to phosphotyrosine RC20 (18). (C) The ef- 5D). Together, these data demonstrate that 
fect of ZPRl on EGFR tyrosine phosphorylation 
was examined with an in vitro protein kinase assay a 2 ZPRl overexpression causes a partial inhi- 

in the absence (control) or presence of 100 nM 
a 

Control Insulin 
bition of EGF-stimulated tyrosine kinase 

Control EGF 
EGF (21). The phosphorylation of the EGFR was activity. It is possible that the interaction of 
quantitated by Phosphorlmager analysis. (D) The effect of ZPRl on insulin receptor tyrosine phospho- ZPRl with the  onac activated EGFR (Fig. 3) 
Nation was examined with an in vitro protein kinase assay in the absence (control) or presence of 100 nM may contribute to the inhibition of EGF- 
insulin (21). The phospholylation of the insulin receptor was quantitated by Phosphorlmager analysis. stimulated tyrosine phosphorylation caused 

by overexpressed ZPR1. 
The subcellular location of ZPRl in se- 

ZPR1 - - DIC M rum-starved and EGF-treated cells was ex- 
amined by immunofluorescence analysis 
(Fig. 6). The ZPRl protein was widely dis- 
tributed in the cytoplasm of serum-starved 
cells (Fig. 6). In addition, an accumulation 

Stawed 
of ZPRl was detected in the perinuclear 

Fig. 6. Redistribution of ZPRl from the cytoplasm to the nucleus in EGF-treated cells. A-431 cells were 
incubated in serum-free medium for 24 hours (starved) and treated with 100 nM EGF for 10 min at 37°C. 
The cells were fixed, permeabilized, and examined by double-label immunofluorescence laser scanning 
confocal microscopy (22). ZPRl (fluorescein; green) and DNA (rhodamine; red) immunofluorescence are 
shown. Codistribution of ZPRl and DNA immunofluorescence on the merged images (M) is presented 
(yellow). Arrows indicate reference points on the ZPRl and merged images. A differential interference 
contrast image (DIC) is shown. The scale bar represents 10 pm. 

region of the cells (Fig. 6). This perinuclear 
region co-localized with a Golgi-associated 
antigen (16). EGFRs were also detected in 
this perinuclear region and at the cell pe- 
riphery (1 6). To  test whether the cytoplas- 
mic ZPRl protein co-localized with the 
EGFR, we performed double-label immuno- 
fluorescence analysis with antibodies to 
ZPRl and the EGFR. Partial co-localization 
of ZPRl with a subpopulation of EGFRs was 
observed (16). These data demonstrate a 
cytoplasmic localization of both ZPRl and 
the EGFR. 

Treatment of the cells with EGF altered 
the subcellular distribution of the EGFRs 
(16). The punctate staining of EGFRs ob- 
served after EGF treatment is likely to re- 
flect the internalization and sequestration 
of the EGFRs in an endosomal compart- 
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ment. EGF was also found to cause the 
partial redistribution of ZPRl within the 
cell. Double-label i m m u ~ ~ o f l ~ ~ o r e s c e ~ ~ c e  
analysis of ZPRl and a nuclear marker 
(DXA) in EGF-treated cells deinonstrated 
that the ZPRl protein was detected in the 
nucleus (Fig. 6).  Differential interference 
contrast rnicroscopy col~firined that ZPRl 
was located in the nuclei of EGF-treated 
cells (Fig. 6). Double-label immunofluores- 
cence studies deinonstrated that the nuclear 
ZPRl co-localized with fibrillarin and RNA 
polymerase I but did not co-localize with 
the splicing factor SC35 or p80 coilin (16). 
Together, these data denlonstrate that the 
cytoplasmic ZPRl protein accutllulates in 
the nuclei of activated cells. 

ZPRl may f ~ ~ n c t i o n  in multiple physio- 
logical processes. W e  demonstrated here 
that ZPRl interacts with a group of tyrosine 
kinase receptors, including the EGF and 
PDGF receptors. The ZPRl protein may also 
interact with nucleic acids, proteins, or oth- 
er bioinolecules. The binding of ZPRl to the 
nonactivated EGFR indicates that ZPRl 
may colltribute to the function of the basal 
EGFR complex. I11 addition, ZPRl repre- 
sents a class of signaling molecules that are 
released from the receptor after activation. 
Nuclear accunn~lation of ZPRl in activated 
cells suggests that this protein may partici- 
pate in signal transduction to the nucleus. It 
is also possible that ZPRl may function in 
processes that are unrelated to receptor ty- 
rosine kinase signal transduction. 
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Punctuated Evolution Caused by Selection of 
Rare Beneficial Mutations 

Santiago F. Elena,* Vaughn S. Cooper, Richard E. Lenski 

For more than two decades there has been intense debate over the hypothesis that most 
morphological evolution occurs during relatively brief episodes of rapid change that 
punctuate much longer periods of stasis. A clear and unambiguous case of punctuated 
evolution is presented for cell size in a population of Escherichia coli evolving for 3000 
generations in a constant environment. The punctuation is caused by natural selection 
as rare, beneficial mutations sweep successively through the population. This experi- 
ment shows that the most elementary processes in population genetics can give rise to 
punctuated evolutionary dynamics. 

T h e  debate over punctuated equilibria (1)  
in evolutionary biology revolves around two 
distinct issues. One issue is whether, and 
how often, the actual dynamics of evo1~1- 
tionary change are punctuated by alternat- 
ing periods of rapid change and relative 
stasis. This is an empirical issue, and the 
answer may depend 017 the coarseness of the 
time scale over which observations are 
tnade (2 ) .  The other issue concerns the 
processes responsible for any punctuation 
that does occur. It has been argued that 
punctuation involves the complex popula- 
tion genetic processes that are believed to 
play an i~nportant role in speciation (3) .  For 
example, punctuation might be precipitated 
by population bottlenecks that promote 
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random genetic drift and raoid transitions 
u 

between alternative adaptive peaks (4) .  
This view may be supported by an associa- 
tion between rates of anagenesis (change 
within a lineage) and cladogenesis (branch- 
ing of lineages), but the generality and caus- 
al mechanism of this association have been 
disputed (1 ,  3 ,  5) .  

Our study builds upon earlier work ( 6 ,  7) 
on evolution in experimental populations 
of the bacterium E. coli B. Each population 
was founded from a single cell, allo\ved to 
expand to -5 X 10%ells, and then serially 
transferred for 1500 days (10,000 genera- 
tions) in glucose-limited minimal medium 
(8). A t  each transfer, the tninirnutn popu- 
lation size was -5 X 106 cells. The strain 
used in this experiment lacks any tnecha- 
lrism for genetic exchange; mutations there- 
fore provided the sole source of genetic 
variation. Some 106 mm~tations occurred ev- 
ery day in each population (9) .  W e  did not 

epfuorescence mcroscope w t h  an oil mmerson 
objectve lens (1 4 numerca aperture, 63X) .  mag -  
es were collected from a s n g e  focal plane (approx- 
ma tey  0.4 km)  w t h  the use of Kaman averaging of 
30 scans (Bo-Rad COMOS program) The rhoda- 
m n e  and fluorescein mages were collected s m u -  
taneously, digltlzed, and subsequently merged. 
Differental interference contrast (DC)  mages were 
collected after fluorescence m a g n g  The mages 
were recorded on Kodak Ektar 25 f m  
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artificiallv select cells on the basis of anv 
phenotypic property. However, any tnuta: 
tion that conferred some comoetitive ad- 
vantage in exploiting the experimental en- 
vironment would have been favored bv nat- 
ural select~on. Such an advantage ;night 
involve more rapid uptake of glucose, more 
efficient catabolism, or any number of other 
physiological changes (10). We monitored 
two characters, mean fitness and average 

L 7  

cell size, in the evolving populations. Fit- 
ness was measured by allowing derived and 
ancestral cells to conrpete against one an- 
other, and it is exoressed as the ratio of their 
realized growth rates (6) .  

When the evolving populations were 
sampled at a frequency of once every 500 
generations, the trajectories for both mean 
fitness and average cell size were well fit by a 
hyperbolic tnodel (7); that is, the rate of 
change for each character decreased over cz 

titne from an initially rapid rate, such that 
the character appeared to be approaching 
some asymptotic value. However, when 
mean fltness was measured ever17 100 eener- 
ations over the period of fastest than; (the 
first 2000 generations), a step-function mod- 
el, in which periods of stasis were interrupted 
by episodes of rapid change, gave a better fit 
to the data than did the hyperbolic lnodel 
(7). Evidently,, it was necessary to make mea- 
surements at sufficiently high frequency to 
resolve the punctuated dynamics. 

Steolike dvnamics are oredicted for 
mean fitness by a silnple tnodel in which 
successive beneficial mutations sweeo 
through an evolving population by natural 
selection (5 ,  6 ,  11). Consider the initial 
appearance of a beneficial mutation (which 
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