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coinmodating fumagillin's side chain in the 
specificity pocket. In h?etAP-1, the size of the 
conselved Phe'77 ( H S I ~ ~ ~ ~ ~ )  makes the pocket 
substantially nalsower (Figs. 2 and 4C). The 
relatively slim side chain of methionine can be 
accommodated in this narrower pocket whereas 
the bulky and conformationally reshcted side 
chain of furnagillin cannot. Because MetAP-1 
lacks Ty1"44 and has an open specificity pocket, 
the narrower pocket would be easily accessible. 
Thus, firnagillin's inability to i h b i t  MetAP-1 
can be traced to the position of the nucleophilic 
His in MetAP-1, the difficulty of repositioning 
this residue because of consistent size differenc- 
es in the adjacent residues: and a narrowing of 
the specificity pocket. 

Our results provide a structural frame- 
work for understanding the relation of human 
MetAP-2 to prokaryotic and other eukaryotic 
MetAPs, fumagillin's ability to inhibit 
MetAP-2; and the basis of fumagillin's spec- 
ificity. Insights fkom this analysis will also be 
useful in structure-based drug design. Fum- 
agillin-based therapeutics such as TNP-470 
share filmagillin's conformationally rigid 
template and key features. The two drugs 
differ in the side chain at C6, a region that 
shows fen,, if ,any. ligand interactions. Thus, 
TNP-470 is likely to inhibit MetAP-2 by 
occupying the active site in the same fashion 
as fumagillia. 
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A Structural Explanation for the 
Recognition of Tyrosine-Based 

Endocytotic Signals 
David J. Owen and Philip R. Evans* 

Many cell surface proteins are marked for endocytosis by a cytoplasmic se- 
quence motif, tyrosine-X-X-(hydrophobic residue), that is recognized by the ~2 
subunit of AP2 adaptors. Crystal structures of the internalization signal binding 
domain of p2 complexed with the internalization signal peptides of epidermal 
growth factor receptor and the trans-Colgi network protein TGN38 have been 
determined at 2.7 angstrom resolution. The signal peptides adopted an ex- 
tended conformation rather than the expected tight turn. Specificity was con- 
ferred by hydrophobic pockets that bind the tyrosine and leucine in the peptide. 
In the crystal, the protein forms dimers that could increase the strength and 
specificity of binding to dimeric receptors. 

The localization and movement of compart- 
ment-specific proteins withn the cell is largely 
achieved through the recognition of short se- 
quence motifs by targeting proteins. One of the 
most studied processes involving such signal 
recognition is clathnn-mediated endocytosis, 
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which occurs in vesicle trafficking and the in- 
ternalization of nutsient and growth factor re- 
ceptors when bound to their appropriate cargo 
molecules [reviewed in ( I ) ] .  During the inter- 
nalization of activated growth factor receptors 
such as the epidermal growth factor receptor 
(EGFR) tyrosine kinase [reviewed in (2)] ,  re- 
ceptors are removed from the cell surface in 
clathrin-coated vesicles and ultimately directed 
to the endosome and lysosome, where they are 
inactivated by proteolytic degsadation (3, 4). 
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The first stage of endocytosis is the forma- cases, including the interactions of protein ki- the residues (Leu, Phe, Met, Ile) that are possi- 
tion of a clathrin-coated pit, when mechanical 
invagination of a patch of membrane by clath- 

nases with their substrates (18) and protein 
phosphatases with their regulatory subunits 
(19). 

The tyrosine residue of the internalization 

ble at this position. 
Peptide library screening has revealed a 

rin occurs as it foilns a polyhedral lattice, as 
does the preferential soiting of selected trans- 

preference for an arginine residue at either Y +2 
(strong) or Y+ 1 (weak) (7). In the DYQRLN 
(TGN38) complex, the arginine forms hydro- 
phobic interactions mainly with Trp"' b~l t  also 
with Ile4lg (Fig. 3), with its gt~anidiniun group 
exposed to solvent and malting a hydrogen 
bond between NE and the carbonyl of Lys4'0 
(Fig. 2B): The favorable hydrophobic interac- 
tion outweighs the unfavorable electrostatic in- 
teraction with the marked positive potential of 
the peptide binding surface (Fig. 4, C and D). 
The FYRALM (EGFR) peptide contains an 
arginine at the Y +  1 position that is not well 
ordered, implying that it has no significant in- 
teraction with ~ 2 .  The nature and disposition of 
the pockets explains why the dileucine type of 
internalization motif is unable to bind to p.2, 
because there would be no residue capable of 
filling the tyrosine binding pocket. It also indi- 

membrane proteins into the pits by adaptor 
complexes (APs). At least three similar AP 
complexes (AP1, AP2, and AP3) have been 
identified and appear to be associated with dif- 
ferent cell compartments. The APs comprise 
four types of subunit: b17o large (- 100 kD) ( a  
and P2 in AP2), one medium (-50 kD) (p.2 in 
AP2), and one small (-17 kD) (a2 in AP2). 
AP2 adaptors link the proteins to be endocy- 
tosed (via the p.2 subunit) with the nascent 
clatluin caat (via the a and P2 subunits), and 
via the a subunit, they recruit the conlponents 
(such as EPS15, amphiphysin, and dynamin) 
needed to drive and regulate the formation of 
clathrin-coated vesicles [reviewed in (5, 6)]. 
The short linear sequence motifs that act as 
internalization signals mainly fall into b17o 

peptide makes extensive interactions with side 
chains in its binding pocket. There are hydro- 
phobic interactions betsveen the tyrosine sing 
and Trp4'l and Pheli4 as well as stacking on 
the guanidiniurn group of The hydroxyl 
group of the tyrosine pasticipates in a network 
of hydrogen bonds with Asp176, Lys203 (fiom 
P2), and again Arga3, explaining why a Phe at 
this position gives only poor binding (20). As 
well as contributing directly to the strength of 
binding via a direct hydrogen bond to the ty- 
rosine OH, Asp17%ppears to play an important 
role in correctly orienting the guanidinium 
group of The critical role of Asplib is 
reflected in its absolute consen~ation among all 
p.2, p.1, and p.3 sequences (Fig. 1C). The other 
major determinant, as defined by sequence and 
combinatorial peptide libraiy analysis of inter- 
nalization signals, is the presence of a bulky 
hydrophobic residue at the Y+3 position (7). 
The binding site for this residue is a cavity lined 
with aliphatic residues (Fig. 3B). The size and 
flexibility of the side chains within this pocket 

classes. The fxst, and most common, contains a 
critical tyrosine residue, and members of this 

cates that if the low density lipoprotein receptor 
internalization signal NF'W does bind weakly 

group mostly confoim to the consensus se- 
quence Yxx0 [where 0 is a bulky l~ydrophobic 
residue (Leu, Ile, Met, or Phe) (7)] that binds 
directly to p.2 subunits (8); the second is the 
"dileucine" motif DxxxLL (9), which interacts 
with the Pl subunit of APl (1 0) but may also 
bind indirectly to the p. subunit via an "adaptor" 
protein (11, 12). 

to ~2 (7) and not via an adaptor protein, it 
would have to do so in the reverse orientation, 
that is, with its Asn residue in the Y + 3 pocket. 

Src homology region 2 (SH2) domains bind 
would allow for the accommodation of any of similar Yxx0 motifs in an extended conforma- 

Table l .  Statistics on data collection and phasing. 
high-resolution shell. 

Data collection values in parentheses are for the 

To investigate the nah~re and selectivity of 
the binding of Yxx0 intemal~zation signals to 

FYRALM DYQRLN 
Native Xe EMTS peptide peptide 

complex complex 

APs, we have solved the c~ystal struchues to 
2.7 A resolution of the signal binding domain of 
p.2 (residues 158 to 435) (13) complexed with 
the internalization signal peptides fiom EGFR 
(FYRALM) (14) and TGN38 (DYQRLN) (15, 
16). The protein has an elongated, banana- 

Protein construct 122-435 122-435 122-435 122-435 
Data collection 

3.0(3.16) 3.0(3.16) 4.0(4.22) 2.65(2.79) 
0.101 (0.910) 0.079 (0.851) 0.1 16 (0.302) 0.089 (0.882) 

17.3(2.9) 25.9(2.2) 20.2(7.2) 21.3(2.1) 
99.9 (99.9) 99.8 (99.8) 99.7 (100) 99.4 (96.7) 
10.9 (10.6) 10.7 (8.2) 10.4 (10.6) 9.2 (8.1) 

0.106 (0.957) 0.088 (0.985) 0.124 (0.334) 0.094 (0.942) 
100 85 

Multiple isomorphous replacement phasing 
1 8 

Resolution (A) (outer bin) 

'merge* 

((i)/u((i))) 
Completeness (%) 
Multiplicitv 

shaped, all P-sheet stnlcture. It can be consid- 
ered as b17o P-sandwich subdomains (A and B), 
with subdomain B insei~ed between strands 6 
and 15 of subdomain A, and joined edge to 
edge such that the convex surface is a continu- 
ous nine-stranded mixed P sheet that runs the 
whole length of the molecule (Figs. 1 and 2). 

The two peptides bind in an identical man- 
ner to a site on the surface of two parallel 
P-sheet strands (p l  and P16) in subdomain A 
(Fig. 3). The peptide assumes an extended con- 
formation when bound. not a tight P turn as has 
been proposed (1 7). Hydrophobic pockets exist 
for the binding of both the tyrosine and the 0 
residue on either side of edge strand P16. These 

, > 

Rmeasf 
Wilson plot B (A2) 

Number of sites 

Rderlvt  
R,,,,,,: acentric (centric)$ 
Phasing power: acentric 

(centric)!! 
Anomalous phasing power 
Mean figure of merit: 

acentric (centric) 
Figure of merit after 

solvent flattening (all 
data) 

pockets are positioned such that when the side 
chains of the target peptide are coirectly bound, 

Refinement 

three additional hydrogen bonds are made be- 
tween the backbone of the peptide and P-strand Nrei~ect ions (Niree) 

N a t o r n s  (Nwate,) 
rmsd bond length (A) 
rmsd angle distance (A) 

16, foiming an extra strand on the inner edge of 
the nine-stranded P sheet (represented schemat- 
ically in Fig. 3C). A similar mechanism of 
increased strength of binding through P-strand " R  = ZZ, I, - I,, /ZZ,I,, where I, is the mean intensity for reflection h. t R  ,,,, = Z t ( n i n Z ,  I, - l,i l~~,l,, 

the multiplicity-weighted R ,,,, (34). ;R ,er,v = z F,, - F, IxF,. §R,,,,,, = ZF,, - F, - IF,( ,,,, ,;I12 F,, - 
F, . Phasing power = ( F,(,,,,, lphase-integrated lack of closure). TPhasing using the FYRALM complex data as 
native. IR = z I F, - F,~,, I IZF,. 

formation on correct recognition of key side 
chains has been demonstrated in a number of 
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pdomhmtly h n  ionic interactions with the tm, the p2 molecules farm a s provides an attractive explanation for - 
phosphate moiety. The stmctm of the complex aystallogmphic twofold axis, placing the inter- "_-;$le recognition of dimeric receptors, partic- 

' x  dem- that if the tyros-ine residue were to nalization signal pepti& close to each other in ',$@arly as peptide binding would favor 
. be phosphoiylated, it would be incapable of a large groove (Fig. 4). The dimer buries ddimerization because the peptide contrib- 
. bmdmg to p2, both because the size of the 1100 A2 of accessible surface, which is . lates 17% of the interface. Dimerization of 
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Fig. 2. (A) Stereo view of the binding site for the tyrosine residue in the ECFR internalization signal 
FYRALM, showing part of the experimental electron density map, with phases calculated using the 
peptide complex data as native with the Xe and EMTS derivatives, and solvent flattening with a 
70% solvent content. The peptide is represented with magenta bonds, and the residues at the top 
right with green bonds come from the other subunit in the crystallographic dimer. (B) Stereo view 
of the binding site for the TCN38 internalization signal DYQRLN, in the same view as (A). The 
difference electron density shown was calculated using the model from the FYRALM peptide 
structure with the pe tide removed; density for the arginine in the Y+2 position is clearly visible, 
packed against Trp4~! [Drawn with BOBSCRIPT (32)] 

AP2 complexes has been suggested by the ob- 
servation that they bind in a 1 : 1 molar ratio 
with ligand-activated, and therefore dimeric, 
EGFRs (24). Binding of dimeric receptors to 
AP2 dimers, which in turn bind multimers of 
clathrin, provides an implicit mechanism for the 
formation of the clathrin lattice. The position of 
the peptide binding sites in the groove of the 
dimer predicts that the internalization signal 
must be presented as an accessible region with- 
out defmed secondary structure, which is in 
agreement with the observation that EGFR 
binding to AP2 is increased by the presence of 
urea (23). 

The striking positive electrostatic potential 
of the ~2 dimer may reflect an ability to interact 
with negatively charged moieties, including 
proteins (for example, the domain after the 
internalization signal in EGFR) or the head 

groups of negatively charged phospholipids 
such as phosphatidylserine. The planar face 
(Fig. 4D, top) would provide a large nonspecif- 
ic ionic interaction with the membrane-which 
would increase the strength of binding to mem- 
brane proteins containing appropriately posi- 
tioned internalization signals in a manner sim- 
ilar to proteins such as Src and HIV-1 gag 
(25)-and may also contribute in recruiting 
AP2 complexes to the plasma membrane. 

The novel structure of the p.2 subunit of 
the plasma membrane AP2 complexed with 
the FYRALM and DYQRLN peptides ex- 
plains the specific binding of Yxx0 intemal- 
ization motifs and the absolute requirement 
for the motif to be in an extended P-strand 
conformation and for the tyrosine residue to 
be nonphosphorylated. The dimeric packing 
of the molecules in the crystal suggests that 
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the strength and selectivity of binding of 
receptors may be enhanced by their binding 
as dimers to dimeric p subunits. 
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Fig. 3. The peptide binding site. (A) The binding of the tyrosine residue of the internalization 
signal peptide is in a hydrophobic pocket created by We1?', Tpal, and A e 3 ,  with a 
hydrogen-bonding network between the tyrosine OH and AsplT6, Lys203, and w. The 
structure shown is that of the DYQRLN TCN38 peptide. (B) The binding pocket for the bu 
hydro hobic residue at l+l Leu in both ppcMa) is Uned with ali side chains of Leu1? 
Leu1+ Vala1. Leuw, VdA, and the aliphatk portion of Lyspw+2 of the TGN38 
pcptide is packed against Trpel. (C) Scheinatjc representation of the interactions between 
the internalization signal of TGN38 and $, showing both side chain contacts and the short 
stretch of 8 sheet formed between the peptide and p strand 16. The peptide is shown with 
bold lines. 

- .  

Fig. 4. I ne crystaaograpnlc almer. (A ana 6) urmogonal views or tne colorea accoralng to electrostatic surface potentla1 (Due poslwe, red 
dimer formed in the crystal, along and perpendicular to the crystallo- negative; scale from -30 to +30 kT e-l) in the same view as (A) and (B). 
graphic twofold axis. The A subdomains are colored gold and green; the The planar face at the top of (D) may interact with the membrane. 
B subdomains are blue and purple. (C and D) The surface of the p,2 dimer [Drawn with GRASP (33).] 
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Reovirus Therapy of Tumors 
with Activated Ras Pathway 

Matthew C. Coffey, James E. Strong, Peter A. Forsyth, 
Patrick W. K. Lee* 

Human reovirus requires an activated Ras signaling pathway for infection of 
cultured cells. To investigate whether this property can be exploited for cancer 
therapy, severe combined immune deficient mice bearing tumors established 
from v-erbB-transformed murine NIH 3T3 cells or human U87 glioblastoma 
cells were treated with the virus. A single intratumoral injection of virus resulted 
in regression of tumors in 65 to  80 percent of the mice. Treatment of immune- 
competent C3H mice bearing tumors established from ras-transformed C3H- 
10T112 cells also resulted in tumor regression, although a series of injections 
were required. These results suggest that, wi th  further work, reovirus may have 
applicability in the treatment of cancer. 

Activating mutations of the proto-oncogene 
Ras occur in about 30% of all human tu- 
mors (I), primarily in pancreatic (90%), 
sporadic colorectal (50%), and lung (40%) 
carcinomas and myeloid leukemia (30%). 
Because Ras is a key regulator of mitogenic 
signals, aberrant function of upstream ele- 
ments such as receptor tyrosine kinases 
(RTKs) can also result in Ras activation in 
the absence of mutations in Ras itself (2). 
Indeed, overexpression of RTKs such as 
HER2iNeulErbB2 or the epidermal growth 
factor receptor (EGFR) is common in 
breast cancer (25 to 30%) (3), and overex- 
pression of platelet-derived growth factor 
receptor (PDGFR) or of wild-type or trun- 
cated EGFR is prevalent in gliomas and 
glioblastomas (40 to 50%), tumor types in 
which Ras mutations are rare (4-6). At- 
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tempts to target the Ras signaling pathway 
for cancer therapy have focused on drugs 
such as farnesyltransferase inhibitors that 
down-regulate the pathway (7). In contrast, 
the possibility of exploiting the activated 
Ras pathway itself as an anticancer therapy 
has not been explored. 

The human reovirus is a ubiquitous, non- 
enveloped virus containing 10 segments of 
double-stranded RNA as its genome (8). Re- 
ovims infections in humans are believed to be 
mild and restricted to the upper respiratory 
and gastrointestinal (GI) tracts, but in general 
they are asymptomatic (8). Recent in vitro 
studies have shown that mouse fibroblasts 
that are resistant to reovirus infection become 
susceptible after transfection with the gene 
encoding EGFR (9) or with the v-erbB onco- 
gene (10). Transformation of the reovirus-resis- 
tant NIH 3T3 cells with activated Sos or Ras 
also results in enhanced infection (11), indicat- 
ing that an activated Ras signaling pathway is 
exploited by reovirus. Restriction of reovirus 
replication in untransformed NIH 313 cells is 
due to activation of the double-stranded RNA- 
activated protein kinase (PKR) by early viral 
transcripts, which in turn inhibits the translation 
of these transcripts (11). Activated Ras (or an 

activated element of the Ras pathway) presum- 
ably inhibits (or reverses) PKR activation, 
thereby allowing viral protein synthesis. The 
selective replication of reovirus in cells with an 
activated Ras signaling pathway (1 I), coupled 
with the relatively nonpathogenic nature of this 
virus in humans (a), makes it attractive as a 
potential oncolytic agent. 

To test the efficacy of reovims as a tumor 
therapy, we implanted severe combined im- 
mune deficient (SCID) mice with v-erbB-trans- 
formed N H  3T3 cells (designated THC-1 I), 
which support reovirus replication in vitro (10). 
Tumor cells were introduced subcutaneously 
and unilaterally into the hind flank of the mice. 
Palpable tumors (mean area of 0.3 1 cm2) were 
established after 2 weeks, and eight mice, each 
with one tumor, were given a single intratu- 
moral injection of 1.0 X lo7 plaque-forming 
units (PFUs) of reovims serotype 3 (strain 
Dearing) in phosphate-buffered saline (PBS). 
Control tumors (n = 10 mice) were injected 
with equivalent amounts of ultraviolet (Wt 
inactivated virus. The single dose of reovims 
resulted in marked (-80%) repression of tumor 
growth in six of eight animals by day 12 (Wil- 
coxon test: P = 0.0062) (Fig. l )  when tumors 
in the control animals exceeded the acceptable 
tumor burden. 

We next assessed the efficacy of reovims 
against human tumor cells. We tested the hu- 
man glioblastoma U87 cell line because it over- 
expresses the PDGFR (5, 12) and thus has 
increased levels of activated Ras (6) .  These 
cells were susceptible to reovims infection in 
vitro as evidenced by the synthesis of viral 
proteins and shutoff of host protein synthesis 
within 24 hours after infection (Fig. 2A) and 
widespread cytopathic effects by 48 hours (Fig. 
2B). The U87 cells were then implanted as 
xenografts into the hind flank of SCID mice. 

Days after injection 

Fig. 1. Effect of reovirus on murine THC-11 
tumors (v-erbB-transformed NIH 3T3 cells) 
grown subcutaneously in SCID mice (22). Each 
mouse received a single implant. Two weeks 
after implantation, tumors were injected with 
1.0 X lo7  PFUs of reovirus (open circles; n = 8 
tumors) or an equivalent amount of UV-inac- 
tivated reovirus (filled circles; n = 10 tumors), 
and tumor growth was followed for 12 days. 
The experiment was repeated two additional 
times with similar results (mean ? SEM). 

1332 13 NOVEMBER 1998 VOL 282 SCIENCE www.sciencemag.org 




