ments should be found as clasts in meteorite
regolith breccias. Angrite-like material has
not been found in the howardites or meso-
siderites, which are thought to be surficial
breccias of the eucrite parent body. Howev-
er, angrite-like fragments have been found
in polymict ureilites. Polymict ureilites may
form the regolith of the ureilite parent body
(25), thought to be similar in composition
to CV or CO carbonaceous chondrites (26,
27). If so, it is possible that some basalts on
the ureilite parent body are angritic rather
than eucritic.

These experimental results indicate that
the partial melting of chondritic sources may
produce both eucritic and angritic magmas.
The differences in major-element composi-
tions between angritic and eucritic magmas
are comparable to those between terrestrial
tholeiites and alkali basalts. Our experiments
show that these differences can be produced
without recourse to high-pressure fraction-
ation or volatile fluxing. The production of
eucrites by simple partial melting can still be
disputed (13), but the origin of angritic
magmas by a similar mechanism has been
hitherto unsuspected.
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Three-Dimensional Structure of Recombinant

Human Interferon-vy

STEVEN E. EALICK,* WILLIAM J. COOK, SENADHI VIJAY-KUMAR,
Mike CARSON, TATTANAHALLI L. NAGABHUSHAN,

PauL P. TroTTA, CHARLES E. BUGG

The x-ray crystal structure of recombinant human interferon-y has been determined
with the use of multiple-isomorphous-replacement techniques. Interferon-y, which is
dimeric in solution, crystallizes with two dimers related by a noncrystallographic
twofold axis in the asymmetric unit. The protein is primarily a helical, with six helices
in each subunit that comprise ~62 percent of the structure; there is no B sheet. The
dimeric structure of human interferon-vy is stabilized by the intertwining of helices
across the subunit interface with multiple intersubunit interactions.

of activated T lymphocytes and natural

killer (NK) cells that was originally
described as an antiviral agent (1). IFN-y
exhibits pleiotropic biological activities (2)
and specifically has been shown to regulate
expression of class II major histocompatibil-
ity antigens (3) and Fc receptors (4), activate
human monocyte cytotoxicity (5), enhance
NK cell activity (6), and regulate immuno-
globulin production and class switching (7).
Expression of biological activity appears to
be mediated through binding to specific
cell-surface receptors (8), which have been
cloned (9). The expression of human IFN-y
in Escherichia coli (10, 11) has resulted in the
preparation of large quantities of highly
purified recombinant human IFN-y on
which detailed studies of structure-function
relations have been initiated (12-16).

We reported a preliminary crystallograph-
ic study of an E. coli-derived recombinant
form of human IFN-vy, designated IFN-vy
D’, in which the five COOH-terminal resi-
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dues are deleted (17, 18). We report here the
determination of the three-dimensional (3-
D) structure of recombinant human IFN-y
D’ with the use of multiple isomorphous
replacement (MIR) techniques (19, 20).
Screening for heavy-atom derivatives was
done initially by film methods with synchro-
tron radiation and subsequently with a
Nicolet X-100A area detector (21). Eight
heavy-atom derivatives were identified, all of
which contained multiple sites that made the
difference Patterson maps difficult to inter-
pret. Fortunately, one of the derivatives [1
mM KAu(CN),] contained one site of
much higher relative occupancy that could
be identified with certainty from the Patter-
son map. Phases were calculated based on
the Au derivative, and the heavy-atom sites
of the other derivatives were then located
from cross-difference Fourier maps. Heavy-
atom parameters were refined with the use
of the centric data (Table 1) (22); none of
the eight derivatives was of high quality.
The overall figure-of-merit for data to 3.5 A
resolution for all eight derivatives was 0.74.
Prior to calculation of an electron density
map, the phases were improved by solvent-
flattening techniques with the ISIR/ISAS
package of programs by Wang (23). The
initial molecular envelope was determined
by assuming a solvent fraction of 50%. After
convergence, the overall figure-of-merit was
0.85, the average accumulated phase shift
was 21°) the R factor between calculated
structure factors (F,) after map inversion
and observed structure factors (F,) was
0.282, and the correlation coefficient be-
tween F, and F_ was 0.95. The electron
density map calculated with these phases
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was quite noisy, and the noncrystallographic
symmetry was poor. Therefore, the noncrys-
tallographic twofold axes were derived by
averaging the positions of the heavy atoms
in the various derivatives, and the electron
density was then averaged based on the
noncrystallographic symmetry.

This map clearly showed the protein-
solvent boundary and two dimers that were
related by a noncrystallographic twofold
axis. All 12 « helices in the dimer could be
seen in this map. Four loop regions linking
five of the helices were also visible in the
map. Two regions of the polypeptide chain,
the long loop between helices A and B and
the last 15 residues at the COOH-terminus,
appear to be disordered or highly flexible
because the electron density is weak.

Preliminary refinement of a starting mod-
el (24) with the method of simulated anneal-
ing with the program XPLOR (25) gave an
R factor of 0.25 with 6.0 to 2.8 A data
(13,192 reflections > 20; 4,072 atoms).
Portions of helices B, C, and D with the
associated 3.5 A MIR electron density that
has been solvent flattened and symmetry
averaged are shown in Fig. 1. The final
model contains 123 residues and is complete
except for the COOH-terminal residues 124
and 138; residues 122 to 138 probably
extend away from the dimer. The root-
mean-square differences between Ca car-
bons of individual subunits after refinement
without the use of noncrystallographic sym-
metry restraints ranged from 0.8 to 1.2 A.
There were no significant differences be-
tween subunits in the same dimer compared
to subunits in separate dimers.

Recombinant human IFN-y D' is a dimer
with identical subunits that are related by a
noncrystallographic twofold axis (Fig. 2).
The dimer is globular with overall dimen-
sions of approximately 60 A by 40 A by 30

. The asymmetric unit contains two dimers
related by a noncrystallographic twofold
axis. Thus, the overall noncrystallographic
symmetry is described by the point group
222 (26).

Each subunit of IFN-y contains six o
helices that comprise ~62% of the structure
(Fig. 3). The helices range in length from 9
to 21 residues. All 12 helices in the dimer
are generally parallel to the dimer twofold
axis. There are no clear antiparallel four-
helix domains in the molecule. Within the
dimer, both parallel and antiparallel interac-
tions are observed between adjacent helices.
In addition, extensive interhelical contacts
occur between helices in different subunits.
The first four helices from one subunit form
a cleft that accommodates the COOH-ter-
minal helix from the other subunit (Fig.
4A). The COOH-terminal helix shows a
bend in the center at residue Glu''? with an
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Fig. 1. Stereo view of a portion of the IFN-y D’ dimer with the associated 3.5 A MIR electron density
modified by solvent flattening and symmetry averaging. From left to right, the figure includes residues
71 to 83 and 42 to 61 from one subunit and 89 to 101 from the other.

Fig. 2. Stereo views of the IFN-y D’ dimer. The ribbon drawing is based on the Ca positions. (A) The
view is approximately parallel to the dimer twofold axis. (B) The view is approximately perpendicular
to the dimer twofold axis.
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Fig. 3. Amino acid sequences of
IFN-y derived from the human
(11), bovine (39), sheep (40), pig
(41), mouse (42), and rat (43)
cDNA sequences (44). The a-heli-
cal assignments based on the IFN-y
D’ structure are noted beneath the
residues. The bovine, ovine, and
porcine sequences have been trun-
cated at the COOH-terminus to
correspond to the recombinant hu-
man IFN-y D’ sequence. There is a
deletion in the mouse sequence cor-
responding to position 26 in the
human sequence.

Fig. 4. Schematic drawings of (A)
the recombinant human IFN-y D’
dimer and (B) IFN-B. On the left-
hand side, the a helices are repre-
sented as cylinders, and the nonhe-
lical regions are shown as tubes.
The NH,- and COOH-terminal
ends of the helices are colored blue
and red, respectively. On the right-
hand side, the a helices are repre-
sented as circles, and the nonhelical
regions are shown as solid or
dashed lines, depending on wheth-
er they are above or below the plane
of the figure. The NH,-terminal
ends of the helices are darkened.
The regions labeled B* represent a
kinked region of IFN-B that is not
helical but shows some helical fea-
tures.

Table 1. Summary of data collection and analysis of heavy-atom derivatives in which 10 to 3.5 A
area-detector data were used. The number in parentheses after the number of unique reflections is

the percent completeness of the data. R,

is reported for intensities. R is the percentage change
between native (F,) and scaled derivative (F,) data [(3IIF,| — IF,|1)/3IF,l]. Fy/E is the average value

of the heavy-atom contribution divided by lack-of-closure error. No Au position was identified in
the combined Pt-Au heavy-atom soak.

angle between the two segments of ~125°.
This pronounced bend may result from the
large number of contacts between the helix
and the cleft. There are hydrophobic con-
tacts among all of the helices, but most are
between the C and D helices. The C helix is
the most hydrophobic helix in the subunit
and is essentially buried in the core of the
dimer.

The structure of the subunit is extended
and has a flattened prolate elliptical shape.
However, the two subunits are intimately
related, and the overall structure is compact
and globular. It is difficult to see how the
dimer could be separated without significant
disruptions in the tertiary structures of the
individual subunits. The dimer interface is
centered on helix C. The two symmetry-
related C helices pack against each other
with an angle of ~55°. Helices E and F from
the other subunit flank either side of helix C.
Intersubunit contacts also occur between
the NH,-terminal helix of one subunit and
the COCH-terminal helix of the other.
There is no B-sheet structure within the
subunit or across the dimer interface.

Human IFN-y contains two Asn-X-Ser/
Thr glycosylation sites in the mature protein
(27). One occurs at residues 25 to 27 at the
end of the long flexible loop between helices
A and B. The other occurs at residues 97 to
99 at the end of helix E. Both of these
regions are on the surface of the molecule
and are exposed to the solvent.

The dimeric structure of IFN-y D' is
consistent with sedimentation equilibrium
experiments which show that a similar form
of human IFN-vy is dimeric in solution (28,
29), rather than trimeric or tetrameric (30).
Unlike the E. coli-derived material de-
scribed here, native human IFN-y contains
N-linked carbohydrate and is also heteroge-
neous at the COOH-terminus, exhibiting
variable degrees of COOH-terminal pro-
cessing (27). However, since the absence of
carbohydrate does not significantly alter the
conformation of human IFN-v, and because
the removal of up to 13 amino acid residues
from the COOH-terminus does not affect
either self-association or conformation (14),
the dimeric structure and high a-helical con-
tent noted for recombinant human IFN-y

Reso- Observations (no.) D’ are probably characteristic of native hu-
Data lution ) Ruege  Re Fu/E map IEN-y. The dimeric structure of IFN-y
A Toral Unique D’ is unusual among globular proteins in
Native (7)* 2.8 158,195 19,954(96)  11.3 the way in which the subunits are so inti-
KAu(CN),, 1 mM (3) 3.1 42,557 13,189(86) 9.9 9.5 10 mately linked. This type of intertwining
KAu(CN),, 5 mM (1) 3.1 56,296  14379(99) 93 206 10 perween subunits has been reported for Trp
K,Pt(CN), (1) 3.0 61,888  15513(96) 92 141 09 ich is ol dimer i which th
K,Hgl, (2) 3.4 17,051 9,929(85) 89 312 1.1  repressor, which 1s aiso a dimer In which the
K,PtCl, (1) 3.4 47,653 10,343(92) 99 206 1.0 subunits are primarily a helical (31).
K,Pt(NO,), (7) 3.3 89,359 12,385(98) 95 21.1 1.0 Based on the current assignments of sec-
K,Pt(NO,), + KAu(CN), (1) 3.35 47.679 11,008(95) 11.0 241 1.1 ondary structure, human IFN-y D’ contains
Na,IrCl (1) 3.6 21,571 6,551(70) 119 220 1.0

*Number of crystals.
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~62% o helix and no B sheet. These data
agree with analyses of far-ultraviolet circular
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dichroic spectra that estimate an o-helix
content of 40 to 66% and a low percentage
of B sheet (12, 29, 32). However, IFN-y D’
has no apparent homology with any previ-
ously reported o-helical proteins. On the
basis of the location of the exon boundaries,
loops are predicted to occur at or near
residues 15, 38, and 99 (33), which agrees
well with the observed secondary structure
assignments (Fig. 3).

Residues at both the NH,- and COOH-
termini of human IFN-y may be critical in
the interaction with the receptor or trigger-
ing of biological response or both. . For
example, forms of recombinant human
IFN-y truncated at the COOH-terminus
demonstrate substantially reduced antiviral
activity (13-16), and antibodies directed to
both the NH,-terminus (34, 35) and
COOH-terminus (15, 35) neutralize in vitro
bioactivity. We conclude that the receptor-
binding region requires an intact dimer and
may include the COOH-terminus of one
subunit and the NH,-terminus of the other.

Truncation at the NH,-terminus appears
to result in a dramatic loss in secondary
structure (12). The NH,-terminus of one
subunit has multiple contacts with helix D
of the same subunit and helix F of the other
subunit, and hence this region is necessary
for maintenance of the overall structure. In
addition, the NH,-terminal helix of one
subunit is required to maintain the cleft that
accommodates the COOH-terminal helix of
the other subunit.

Comparison of the amino acid sequences
for IFN-vy from different mammalian species
shows considerable homology (Fig. 3).
Based on this homology, we expect that
these IFN-y’s would have similar tertiary
structures. Three of the most highly con-
served regions in the sequences occur in
helices C and F, which are the two most
buried helices in the dimer, and a short basic
stretch at the beginning of the COOH-
terminal tail. Deletion mutants of human
IFN-y truncated at the COOH-terminus
begin to show loss of activity when residues
in this region are removed (13-16). One of
the most variable regions is the loop be-
tween helices A and B. This loop may
account for the high species specificity of
IFN-y; that is, IFN-y from one species
generally displays poor affinity for the recep-
tor from another species.

To date, x-ray structures of three mono-
meric o-helical cytokines, growth hormone
(36), interleukin-2 (37), and interferon-B
(38), have been. reported. As a dimeric cy-
tokine IFN-y represents a new structural
class. Even so, comparison of the 3-D struc-
tures of IFN-y and IFN-B reveals a striking
similarity in folding topology (Fig. 4). Five
of the 12 helices in the IFN-y dimer (A, C,

3 MAY 1991

D, E’, and F') form a structural domain that
corresponds to the five helices of the IEN-B
molecule. In addition, the short helix B of
IFN-y corresponds to a kinked region of
IEN-B (B*) that displays some helical struc-
ture. Although the helices of IFN-B are
somewhat more parallel to each other than
are the helices of IFN-v, the overall geomet-
rical arrangement and connectivity are con-
served. A long loop between helices D and E
facilitates the monomeric structure of IFN-
B, whereas in IFN-y this loop is replaced by
a tight turn that causes helices E and F to
extend into the second subunit. This striking
similarity in the 3-D structures of IFN-f
and IFN-vy provides evidence for a common
ancestral gene, even though no significant
homology exists between their amino acid
sequences and each molecule has a separate
cellular receptor and biological function.
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Fatal Sibling Aggression, Precocial Development, and
Androgens in Neonatal Spotted Hyenas

LAURENCE G. FRANK, STEPHEN E. GLICKMAN, PAUL LicHT

Fatal neonatal sibling aggression is common in predatory birds but has not been
previously reported in wild mammals. Spotted hyena females are strongly masculin-
ized, both anatomically and behaviorally, apparently by high levels of androgens
during ontogeny. Neonates display elevated androgen levels, precocial motor develop-
ment, and fully erupted front teeth. Litters are usually twins, and siblings fight
violently at birth, apparently leading to the death of one sibling in same-sex litters,
whereas in mixed-sex litters both siblings usually survive.

are the most abundant large terrestrial

predators in sub-Saharan Africa. Their
highly successful adaptations as social hunt-
ers include the behavioral dominance of
females over males (1). Besides being heavi-
er and more aggressive than males, females
also have highly masculinized genitalia (2):
the clitoris is greatly hypertrophied (the size
of the male penis) and fully erectile. The
vaginal labia are fused to form a scrotum.
The urogenital canal traverses the clitoris,
through which the female mates and gives
birth.

A number of investigators have suggested
(3-5) that “masculinization” of the female
genitalia originated as a by-product of selec-
tion for secretion of androgens by female
hyenas, resulting in increased body size and
aggressiveness. The latter changes would be
expected to enhance females® access to food
during highly competitive feeding and
thereby improve survival of offspring (4, 5).
Selection would also operate on the by-
products of such androgenization (for exam-
ple, masculinization of genital morpholo-
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gy). Ability to participate in “meeting
ceremonies,” in which social cohesion is
facilitated by mutual inspection of the erect
genitals, was suggested as one such selective
agent (3).

We describe another phenomenon that
may have originated as a by-product of
selection for female androgenization: ex-
treme neonatal aggression that may culmi-
nate in the death of one member of the set of
twins that normally constitute a litter.

Spotted hyenas weigh between 1.0 and

Fig. 1. Dentition of spotted hyena on day of
birth. Canines are 6 to 7 mm long; incisors 2 to 4
mm long.

1.65 kg at birth and, unlike other carnivores
(6), have fully erupted incisors and canines
(Fig. 1). Their eyes are open and they are
capable of strong, coordinated and highly
directed behavior at birth. The stereotypic
bite-shake attack that constitutes elevated
aggression in adults commences in the first
hour after birth. The prolonged gestation
period of spotted hyenas, about 110 days, is
presumably related to precocity. By con-
trast, in the striped hyena (Hyaena hyaena),
gestation lasts about 90 days, incisors and
canines erupt at 21 and 33 days, respective-
ly, and the first social interactions, which are
playful, appear at 30 days of age (7); females
of this species do not exhibit masculinized
genitalia.

We present data on fighting in five litters
born at the University of California, Berke-
ley. The litters were videotaped for 12 to 24
hours per day from birth through 4 weeks of
age: 121 to 147 hours per litter were ana-
lyzed (8). Unlike in the natural denning
situation, the mother was accessible to the
neonates 24 hours a day in the laboratory.
Blood samples were taken at intervals
through the first month after birth and
analyzed (9) for androgens (testosterone
and androstenedione).

Infants were delivered about 1 hour apart.
The first born usually attacked the second
within minutes of birth; in one case, the
third born was attacked while still fully
enclosed in its amniotic membrane. Aggres-
sion was most intense on the day of birth,
falling rapidly thereafter (Fig. 2). Initially,
all aggression consisted of bite-shakes, di-
rected primarily at the neck and anterior
dorsum. Fighting was initiated by the first
born but quickly became mutual. One sib-
ling established dominance over the other in
the first days and thereafter bite-shakes were
largely replaced by brief bites and threats.
Beginning shortly after birth, a characteristic
pattern of wounds could be observed on the
back of the subordinate infant, although, in
captivity, these only required medical treat-
ment among triplets.

Plasma androgens are markedly elevated
at birth in spotted hyenas. Plasma an-
drostenedione (A) is similarly elevated in
both sexes at birth, but it remains elevated
during the first month in females whereas it
falls progressively in males during the same
time span (Fig. 3). Androstenedione, pri-
marily of ovarian origin, remains the pri-
mary circulating androgen in nonpregnant
adult females (10). In contrast, testosterone
(T) is typically higher in males than in
females throughout the first month after
birth (Fig. 3).

The elevated androgens at birth are likely
an extension of high levels in the maternal
and fetal circulation during much of gesta-
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