a) Tyv-D-Ala-Phe-Gly-Tyr-Pro-Ser .NH,

L. Lys-Ara-Tyr-Ala-Phe-Gly-Tyr-Pro-Ser-Gly-Glu-Ala-Lys-Lys. ..

S} Ly$-Arg-Tyr -Met-Phe-His-Lew-Met-Asp-Gly-Glu-Ala-Lys-Lys. ..

a) TyreMet-PhesHise Leu Mel-ASp. N

2

Fig. 3. Sequences of end products and of the
corresponding segments in the precursors. (a)
Sequence of dermorphin; (b) dermorphin and
flanking sequences deduced from the cloned
¢DNAs; (¢) homologous region from insert of
clone D-1/2 (see Fig. 1); (d) sequence of predict-
ed peptide, assuming the same processing cascade
as for the release of dermorphin. Arrows indicate
post-translational processing.

only dermorphin with a p-alanine has been
detected in Phyllomedusa skin (4). The reac-
tion may thus require energy.

The presence of a p-amino acid in other
animal peptides has not been considered in
recent decades. Minute quantities of 1-as-
partic acid have been detected in proteins of
aging erythrocytes (19), but these apparent-
ly arise at random via chemical isomeriza-
tion. The postulated existence of a mecha-
nism in an amphibian species which con-
verts a particular 1-alanine to its p-isomer
raises the question whether this may also
occur elsewhere. It will now be possible to
use the ¢DNAs cloned from skin of Ph.
sauvages 1o search for dermorphin-like se-
quences in genomic libraries from other
sources. The detection of such sequences in
a more accessible species is a prerequisite
to the study of epimerization of an amino
acid during processing of a peptide precur-
sor.
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Transformation by Oncogenes Encoding Protein
Kinases Induces the Metastatic Phenotype

SEAN E. EGaN, JiM A. WRIGHT, LENKA JAROLIM,
KazuyosH1 YANAGIHARA, ROBERT H. BASSIN,

ArNOLD H. GREENBERG*

Oncogenes encoding serine/threonine or tyrosine kinases were introduced into the
established rodent fibroblast cell line NIH 3T3 and tested for tumorigenic and
metastatic behavior in T cell-deficient nude mice. Transforming oncogenes of the ras
family were capable of converting fibroblast cell lines to fully metastatic tumors. Cell
lines transformed by the kinase oncogenes mos, raf, src, fes, and fins formed experimen-
tal metastases and (in some cases) these genes were more efficient at metastatic
conversion than a mutant 7as gene. In contrast, cells transformed by either of two
nuclear oncogenes, myc or p53, were tumorigenic when injected subcutaneously but
were virtually nonmetastatic after intravenous injection. These data demonstrate that,
in addition to ras, a structurally divergent group of kinase oncogenes can induce the

metastatic phenotype.

ETASTASIS 1S THE PROCESS BY

which tumor cells spread and col-

onize secondary sites throughout
an organism. For a cell to be able to metasta-
size, many specialized characteristics are re-
quired, including the ability to invade
through host barriers into the vasculature,
survive in the circulation, extravasate, and
subsequently establish and grow. Recent
work has firmly established that NIH 3T3
and 10T1/2 cells transformed by #as genes
are capable of forming metastases (1, 2), and
this appears to be a direct result of ras
function (2). Also, transfection of activated
7as into poorly metastatic murine adenocar-
cinoma cells significantly enhances metastat-
ic potential (3). However, it is unlikely that
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aberrant 7as function is essential for all tu-
mor dissemination since not all metastases
contain activated 7as sequences (4), and
correlative studies have implicated amplifi-
cation of non—as oncogenes in progression
of specific tumors (5, 6). To directly test the
hypothesis that other oncogenes may be
involved in regulating or inducing metastat-
ic activity, we have assessed the ability of
NIH 3713 (clone 7) cells transtormed by a
wide variety of oncogenes to form experi-
mental and spontaneous metastases. We re-
port here that transformation by all kinase-
encoding oncogenes tested results in the
metastatic conversion of this fibroblast line.

Representative oncogenes of the cytoplas-
mic serine/threonine kinases were evaluated
for their ability to induce experimental me-
tastases. Three lines of NIH 313 cells trans-
formed by v-mos were isolated and cloned
from transformed foci after Moloney murine
sarcoma virus infection (7). Southern blot
analysis revealed the presence of v-mwos se-
quences in each clone (7). These treshly trans-
formed cell lines (which were not releasing

SCIENCE, VOL. 238



virus) were injected intravenously into BALB/
¢ nu/nu mice for assessment of lung coloniz-
ing ability. All three muos-transformed clones
produced lung tumors, although frequencies
varied significantly (Table 1). Two of the lines
were equal in metastatic ability or more meta-
static than the #as-transformed positive con-
trol. The relatively low metastatic potential of
Mos 3 was probably due to a low level of mos
expression (which was observed on Northern
blots), since the level of #os expression corre-
lated with metastatic efficiency of the three
clones (7). NIH 3T3 cells transformed by the
raf oncogene, which also encodes a serine/
threonine kinase, were next examined. Cells
transformed by v-raf and A-raf were cloned
from foci after transtection of cloned viral
DNA, and have been shown to contain and
express their respective transforming se-
quences (8, 9). Both 7af-transtormed cell lines
were also capable of forming experimental
metastases in nude mice (Table 1).

We next tested oncogenes that code for
tyrosine kinase products: membrane-associ-
ated v-src and v-fes as well as the CSF-1
receptor—related v-fins. Src 1 was cloned
from a transformed NIH 3T3 focus after
infection with a murine retrovirus contain-

ing the v-s7¢ from Rous sarcoma virus (10).
Src 2, on the other hand, was isolated as a
G418-resistant colony obtained by infection
with a retroviral vector containing v-src and
the neomycin resistance gene (11). The v-
fes— and v-fims—transtormed cells were isolat-
ed from foci after transtection with plasmids
containing cloned Gardner-Arnstein and
McDonough strains of feline sarcoma virus,
respectively (12, 13). Cell lines not obtained
through selection in G418 have been shown
to contain and express their oncogene se-
quences as well as produce transforming
virus upon rescue through transfection of
helper virus (10, 12, 13). All tour cell lines
transformed by tyrosine kinase—encoding
oncogenes were very potent in the experi-

mental metastasis assay (Table 1) as were the |

serine/threonine class of oncogenes. Al-
though we have not formally excluded the
possibility that the cell lines transformed by
these kinase-encoding oncogenes contain ac-
tivated #as, it seems highly unlikely that all of
the transfectants would have acquired this
mutation and consequently express meta-
static ability.

Histological examination of lungs re-
vealed that the experimental metastases from

Table 1. Metastasis formation by NIH 3T3 cells transformed by oncogenes encoding tyrosine and
serine/threonine kinases. Subconfluent and exponentially growing monolayer cultures were lightly
trypsinized (0.05% trypsin in 0.5 mM EDTA), washed, and resuspended in Hanks balanced salt
solution. Aliquots of 3 X 10° cells in 0.1 ml were cach injected into the lateral tail vein of 5- to 8-week-
old BALB/c female nu/nu mice for the experimental metastasis assay. Twenty-one days later, mice were
killed by ether anesthesia and Bouin’s solution instilled directly in the trachea with a syringe. Lungs
were removed and metastases counted under a dissecting microscope. Tumorigenicity of the lines was
evaluated by monitoring tumor formation after subcutancous injection of 3 x 10° cells into BALB/c
nu/nu mice. All transformed cell lines produced large rapidly growing tumors. Latency was scored as the
day at which a 2-mm tumor was detectable. NT, not tested.

Experimental metastasis

Tumorigenicity

) Trans-
Cell line* forming Fre- Lung nodules Fre- Latency
gene quency (% = SE) quency (% days = SE)
N(Z61.8) c-H-ras 6/6 32 +21 5/5 7.6 0.2
(61-Leu)
Mos 1 V-1105 6/6 29 =11 NT NT
Mos 2 V-#0§ 5/5 62 *27 5/5 7.4+ 0.6
Mos 3 V-1os 4/6 1.8+ 0.8 NT NT
NIH/F4-3611 v-raf 4/6 47+ 23 5/5 5.0+ 0.0
NIH/9IV#5 A-raf 5/6 38 *14 5/5 6.2 %038
Src 1 V-s¥C 6/6 59 *25 6/6 73%x05
Src 2 v-s¥c 5/5 6.8+ 1.3 NT NT
Fes 1 v-fes 6/6 178 =+ 38 5/5 6.4 +0.7
Fms 1 v-fims 6/6 110 =45 5/5 6207
NIH 3T3 clone 7 0/5 00+ 0.0 NT NT
(MoMuLV)
NIH 3T3 clone 7 0/10 00+ 00 0/3 >50
2 (MoMuLV) 0/5 0.0+ 0.0 NT NT
NIH 3T3 3/10 05+ 0.3 NT NT
NIH/hmycl c-myc 2/5 1.0+ 0.6 6/6 13.7+0.3
NIH/p53.3 p53 1/5 02+ 02 5/5 8.0+ 0.6
VM1 v-myc 0/5 0.0+ 0.0 NT NT
VM4 v-myc 0/5 00=x 00 NT NT
VM5 v-myc 0/20 0.0 00 NT NT
VM5t v-myc 0/5 00=%= 0.0 NT NT

*Cell lines are as described (30).
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tExperimental metastasis assay terminated at 46 davs.

cells transformed by either serine/threonine—
or tyrosine kinase—encoding oncogenes
were typical fibrosarcomas, similar to those
tormed after the injection of N(Z61.8) cells,
which are transformed by a mutant c¢-H-7as
gene (14) (Fig. 1).

Lung-colonizing ability after intravenous
injection requires most of the characteristics
essential for metastasis from a primary tu-
mor except invasion and entry into the
vasculature. The ability to form experimen-
tal metastases by H-ras—transtormed cells
(2) and other tumors (15) have been found
to correlate very well with their ability to
induce spontaneous metastasis formation
from a subcutaneous site. NIH 3T3 cell
lines transformed by wmws, raf, src, fes, fins,
and #as oncogenes were all capable of form-
ing metastases from a subcutaneous tumor
and are, therefore, fully metastatic in nude T
cell-deficient mice (16).

All of the kinase-oncogene—transtormed
cell lines reported above (except Src 2) were
obtained through transfection of cloned vi-
ral DNA or viral infection of NIH 3T3
clone 7. This 3T3 subclone, which was
selected for its flat morphology and contact-
inhibited growth properties (17), was found
to be completely nonmetastatic (Table 1).
These cells were nontumorigenic after sub-
cutaneous injection of 107 cells (16). We
have also tested 2 cells, which were derived
by transfection of defective cloned Moloney
murine leukemia virus (MoMuLV) into
NIH 3T3 cells (11). This retroviral packag-
ing cell line as well as clone 7 infected with
MoMuLV were controls, representing 3T3
cells transfected or infected with viral se-
quences that lack transforming oncogenes.
Both ¢2 and MoMuLV-infected clone 7
were completely negative in the experimen-
tal metastasis assay (Table 1). However,
uncloned NIH 3T3 cells produced a very
low but detectable level of lung colonies
when injected intravenously, suggesting the
existence of a small subpopulation of trans-
formed and metastatic cells in this parental
3T3 line, as previously reported (1).

In contrast to the ability of kinase-encod-
ing oncogenes to induce the metastatic phe-
notype, the most tumorigenic clones trans-
formed by the nuclear oncogenes c-myc and
p53 (18) were not significantly more meta-
static than NIH 3T3 (Table 1). No gross
spontancous metastases were detected after
subcutaneous injection of these two lines.
Furthermore, lung tissue was free of micro-
metastases when cultured in G418, a sensi-
tive method for detecting tumors bearing
the neomycin-resistance gene (16). Both of
these cell lines have been previously shown
to contain and express their transfected on-
cogene (18). In addition, three cell lines
were isolated in G418 through infection of
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clone 7 with a retroviral vector containing
v-myc and the neomycin resistance gene
(19). These three cell lines were completely
nonmetastatic in the standard experimental
metastasis assay of 21 days (Table 1). VM5
was also completely negative in a 6-week
assay; therefore, decreased latency is proba-
bly not responsible for the negative result.
Although expression of myc or p53 did not
significantly induce metastatic behavior,
these genes may still be important in tumor
progression through complementation with
other oncogenes. For example, N-myc am-
plification has been linked to tumor progres-
sion of neuroblastoma (5), and Bernards et
al. recently demonstrated that N-myc over-
expression in the B104 rat neuroblastoma
line profoundly affected expression of the
MHC class 1 gene and metastatic behavior
(20). In the B104 tumor, which was ob-
tained by ethylnitrosourea treatment of peri-
natal BDIX rats, activation of the tyrosine
kinase #eu-oncogene had occurred (21).
Therefore, N-myc may contribute to meta-
static progression by complementation with
neu. A similar type of complementation has
been suggested for myc and ras (22). It is
also possible that overexpression or comple-
mentation of p53 will contribute to meta-
static progression in the same way.

With the observation that the kinase
group of oncogenes described in this study,
as well as the »as family (1, 2), can produce
metastatic conversion of NIH 3T3 cells, it is
tempting to speculate that a common path-
way may be involved in this process. In that

regard, ras-mediated transformation can re-
sult in alterations of inositol phospholipid
metabolism (23, 24) including increased
steady-state levels of diacylglycerol (24). Re-
cent work suggests that tyrosine kinase on-
cogenes also stimulate elevated phosphati-
dylinositol turnover, possibly through mod-
ification of cellular phosphoinositide kinases
(25, 26). Furthermore, Smith ez al. have
shown that transformation by src, fés, and
fims can be blocked by microinjection of
antibodies to p21 (27) indicating that these
genes act via a ras-dependent mechanism.
While mos- and af-mediated transformation
are not dependent on #as p21 (9, 27), these
serine/threonine kinase oncogenes may act
on the same metabolic pathway (28), al-
though downstream of 7as. This pathway
may also utilize inositol phospholipid—de-
rived second messengers that regulate Ca®*
mobilization and protein kinase C activity
(26). Both ras and mos, for example, sup-
press the transcription of a; type I procolla-
gen, which is also downregulated by the
protein kinase C agonist PMA (phorbol
myristate acetate) (29). These observations
suggest that unregulated alterations in the
membrane-associated inositol second mes-
senger system resulting from the action of
the 7as or kinase group of oncogenes are an
important, if not critical, event in the induc-
tion of metastatic behavior.

In conclusion, we have shown that a
single step conversion of NIH 3T3 cells by
oncogenes encoding either serine/threonine
or tyrosine kinases can induce the metastatic

Fig. 1. Histopathology of lung metastases of NIH 3T3 transformed by (A) v-muos, line Mos 2; (B) v-fins,
line Fms 1; (C) v-sr, linc Src 1; and (D) c-H-7as (61-Leu), line N (Z61-8). All lines produced typical
fibrosarcomas.
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phenotype. Thus, mutation or aberrant reg-
ulation of structurally diverse oncogenes can
effect metastatic dissemination.

Note added in proof: Since submission of
this manuscript, several additional freshly
isolated clones of NIH 3T3 clone 7 trans-
formed by v-src (11), v-fins, or v-fes have
been evaluated and found to be metastatic.
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An Amylose Antiparallel Double Helix at Atomic

Resolution

W. HiNricHS, G. BUTTNER, M. STEIFA, CH. BETZEL,* V. ZABEL,T

B. PFANNEMULLER, W. SAENGER

In the crystal structure of the polyiodide complex (p-nitrophenyl-a-maltohexaose;) -
Ba(l;); - 22H,0, the maltohexaose units form an antiparallel, left-handed double helix
with O-2 - O-3 and O-6 -~ O-6 hydrogen bonding and a central cavity that encloses
two triiodide units. This structure contrasts with the parallel, left-handed double helix
with no central cavity proposed for the A- and B-starch helix and the left-handed single
helix in V-amylose and may be relevant for the stabilization of glycogen structure.

TARCH, THE STORAGE POLYSACCHA-

ride for glucose in plants, is composed

of D-glucopyranose units. It can be
separated into the branched amylopectin,
which has interglucose bonds of the
a(l—4) and a(1-—6) type, and the linear
amylose, which has exclusively a(l—4)
links. Although there is no detailed informa-
tion on the three-dimensional structure of
amylopectin, a series of models have been
proposed that suggest that the native crystal-
line amylose that is deposited in the granules
of the cereals (A form) and the tubers (B
form) consists of a double helix with inter-
twined, parallel chains (1). On the basis of x-
ray fiber diagrams and model building, this
double helix was originally proposed to be
right-handed (2). However, a recent study
that combined electron diffraction on micro-
crystals and single crystal data on methyl-a-
maltotrioside 3 indicated that it should be
left-handed (4). In addition, various lett-
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handed single-stranded helices are formed
by chemical derivatives of amylose and by
complexation of amylose with ionic or mo-
lecular guest molecules into the central cavi-
ty of the helix (Table 1).

Because these previous structural studies
relied mainly on the combination of x-ray
fiber diffraction and model building and
thus are somewhat coritroversial (2-6), it is
necessary to obtain more detailed data from
single crystals of oligomers larger than the
di- (7, 8) and trisaccharides (3) that have not

been available. In only one case, the complex
of maltoheptaose with the enzyme phos-
phorylase a, was the structure of a larger
amylose fragment elucidated (9) from single
crystal data, albeit at medium resolution
(2.5 A). We report the detailed crystal struc-
ture of a longer oligomer of amylose, a
maltohexaose that is blocked at the reducing
end with a p-nitrophenyl group and cocrys-
tallized with barium triiodide. Our study
provides information on the structure of a
left-handed antiparallel double helix of amy-
lose complexed with polyiodide.

We were unable to crystallize maltooli-
gomers in a form suitable for x-ray analysis
[see also (10)], and resorted to derivatives in
which the reducing end was blocked by a
p-nitrophenyl group in the a-position. Be-
cause a-cyclodextrin polyiodide complexes
crystallize in a variety of space groups de-
pending on the cation (11), we mixed aque-
ous solutions of the commercially available
(Boehringer Mannheim) maltooligomer de-
rivatives with a series of metal iodides and
iodine. Addition of Bal, and iodine to p-
nitrophenyl-a-maltohexaose  immediately
vielded a fine, brown powder. Brown plates
from this material suitable fot single crystal

Table 1. A sclection of parameters for helical structures formed by amylose and its derivatives (1, 9).

Helix
Structure of Pitch Number Rise Helix
amylose or derivative Type* Hand- height of per diam-
ype edness (&) residues residue eterf
per turn (A) (A)
A DP Rightt 21.04 6 3.51 10.66
B Dr Rightt 20.80 6 3.47 10.68
Vi S Left 8.05 6 1.34 13.70
Vp-iodine S Left 8.17 6 1.36 13.54
KOH S Left 2241 6 3.74 7.58
KBr N Left 16.52 4 4.13 7.21
Amylose triacctate N Left 52.53 14 3.75 10.87
Trimethyl amylose S Left 15.64 4 391 9.66
Heptaamylose in complex S Left 15.8 6.6 2.3
with phosphorylase a
Idealized helix (this work) DAP Left 18.6 8.0 2.33 14.8

*Abbreviations: S, single; DP, double, parallel; DAP, doublc, antiparallel.

(4), a lett-handed double helix was proposed.

1In a recent clectron diffraction study

H"akcn as the interchain spacings in (1) for amylose helices and as

van der Waals diameters for the double helix derived from p-nitrophenyl-a-maltohexaose (this work).
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