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Abstract 

The three-dimensional crystal structure of recombi- 
nant bovine interferon-), was determined using the 
multiple isomorphous replacement method at 3.0/k 
and refined to an R factor of 19.2%. This protein 
crystallizes in space group P212121 with unit-cell 
parameters of a = 42.8, b = 79.9 and c = 85.4/k. 
There is one functional dimer in the asymmetric unit. 
The two polypeptide chains are related by a 
non-crystallographic twofold symmetry axis. The 
secondary structure is predominantly a-helical with 
extensive interdigitation of the a-helical segments of 
the polypeptide chains that make up the dimer. The 
secondary structure, tertiary structure and topology 
of this molecule are identical to the previously 
reported structures of recombinant rabbit interferon- 
y and recombinant human interferon-y. The molecu- 
lar topology is also similar to that of murine 
interferon-/3. These structural similarities strongly 
indicate the presence of a unique topological feature 
(fold) among y-interferons from different species, 
and also among the different classes of interferons. 

1. Introduction 

Interferons are part of a complex network of regula- 
tory cytokines that are involved in a multitude of 
cellular activities ranging from control of cellular 
function and replication, to host defense in response 
to infection (DeMaeyer & DeMaeyer-Guignard, 
1988). There are two major classes of interferons: the 
type I interferons consist of the leukocyte-derived or 
interferon-a (IFN-a) and the fibroblast-derived or 
interferon-/3 (IFN-/3), the type II interferons, also 
known as immune or interferon-y (IFN-y). This 
classification of interferons is based on cellular 
origin, biochemical properties and antigenicity 
(Zoon, 1987). Interferons interact with their target 
cells through specific cell-surface receptors. The type 
I interferons appear to share common receptors 
which are distinctly different from the type II recep- 
tors (Langer & Pestka, 1988). 

* To whom all correspondence should be directed. 
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Type II interferons (IFN-y) are quite intriguing 
because they not only exhibit antiviral and anti- 
proliferative activities, both in cell culture and in 
vivo, but they also show significant immunomodula- 
tory activity. With respect to this immunoregulatory 
activity, IFN-y is capable of inducing both class I 
and II (HLA-DR) antigens of the major histocompa- 
tibility complex and can regulate the production and 
expression of other cytokines and induce the differ- 
entiation of macrophages (Shalaby et al., 1984; 
Czarniecki, Fennie, Powers & Estell, 1984; Palladino 
et al., 1983; Svredersky, Nedwin, Goeddel & 
Palladino, 1985). 

Much of what is presently known about the 
physico-chemical properties of IFN-y is derived 
from experiments with the recombinant human and 
mouse forms (DeMaeyer & DeMaeyer-Guignard, 
1988; Langer & Pestka, 1988). The coding sequence 
for the human IGN-y gene encodes a 143-residue 
polypeptide. Following protein purification, C- 
terminal truncation at positions ranging from residue 
127 to residue 134 has been observed (Gray et al., 
1982). Naturally occurring human IFN-y is glycosyl- 
ated at one or two sites. The recombinant counter- 
part is not glycosylated. Both C-terminal truncation 
and glycosylation do not appear to affect either 
biological activity or quartenary structure (Burton, 
Gray, Goeddel & Rinderknecht, 1985; Ealick et al., 
1991; Arakawa, Hsu, Parker & Lai, 1986). Compari- 
son of the primary structure of human IFN-y pro- 
tein with those from other species shows sequence 
indentity ranging from 80 (with ovine) to 39% (with 
rat). The human IFN-y is functional as a dimer in 
solution, and requires treatment with denaturants, 
such as guanidine hydrochloride or sodium dodecyl 
sulfate, or lowering of pH to values below 2.0 in 
order for dimer dissociation to occur (Le, Barrow- 
clough & Vilcek, 1984). The stoichiometry of interac- 
tion between the human IFN-y molecule and its 
receptor has been established to be one dimer of 
IFN-y binding to one monomer of the extracellular 
domain of the receptor (Fountoulakis, Juranville, 
Maris, Ozmen & Garotta, 1990). Circular dichroism 
experiments and secondary-structure prediction tech- 
niques have suggested that the IFN-y molecule has a 
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high (about 70%) a-helix content with approxi- 
mately five or six a-helical segments per monomer, 
and with little or no fl-structure (Chou & Fasman, 
1974; Finer-Moore, Bazan, Rubin & Stroud, 1989; 
Denesyuk & Zav'yalov, 1982). 

The crystal structure of a recombinant human 
IFN-7 has been reported (Ealick et al., 1991). We 
have also previously reported a preliminary 2.7 A 
resolution crystal structure of a recombinant form of 
rabbit interferon-y (Samudzi, Burton & Rubin, 
1991). Comparison of the crystal structures of IFN- y 
molecules from these two species indicate that they 
are topologically identical. In both structures the 
predominantly a-helical dimer is made up of 
a-helical segments that interdigitate extensively. 
Such results are consistent with biochemical data and 
secondary-structure prediction studies. Furthermore, 
it is of striking interest that the crystal structures of 
both recombinant human and rabbit IFN-y  are trun- 
cated at their C terminus by 11 and 17 residues, 
respectively. This truncation is also observed in the 
recombinant bovine IFN-y  structure. It is probably 
as a result of post-translational proteolytic digestion 
of the molecule at the C terminus. In this report we 
describe the determination of the crystal structure 
of a recombinant bovine interferon-), at 3.0A, 
resolution. 

2. Experimental procedures 

Crystallization and data collection 

We have previously reported the crystallization of 
recombinant bovine IFN-y  (Rubin & Burton, 1989). 
The low-resolution data to 3.7/k for the native and 
heavy-atom derivatized I FN-y  crystals were collected 
by the to-scan technique on a CAD-4 diffractometer 
using a 0.6 ° scan on to with a scan speed of 
0.1°min ~ X-rays were produced by a high- 
brilliance fixed anode operating at 40 kV and 32 mA 
and monochromated using a graphite mono- 
chromator. Data were collected to a 0 limit of 12 '~ 
which corresponds to 3.7,~ resolution. 10 s local 
background measurements were made on both sides 
of individual peaks and used to determine a unique 
background correction for each reflection. An 
empirical correction for anisotropic X-ray absorp- 
tion was determined from a ~b curve by measuring 
the intensity of the 0,10,0 reflection at 2 ' - -90  at 5 ° 
intervals on ~ and applied to the data. Three stand- 
ard reflections (400, 006 and 0,10,0) were measured 
at 2 h intervals to monitor crystal decay during data 
collection. 

For data collection the crystal was mounted 
with the long 010 axis parallel to the capillary. 
Area-detector data were collected using a Nicolet 
(Siemens) multiwire area detector. 0.25 ° scans on to 

were carried out for each frame at a scan speed of 
720 s per frame. A crystal-to-detector distance of 
150 mm was used and the detector was positioned at 
a 0 angle of 14 °. Monochromatic X-rays were gener- 
ated by a Rigaku RU-200 rotating-anode generator 
operating at 40 kV and 40 mA and a graphite mono- 
chromator. A total of 800 frames were collected. A 
total of 19 800 measurements of 7891 unique reflec- 
tions to a resolution limit of 2.66 A were recorded. 
The data were processed using the XENGEN 
programs (Howard et al., 1987). The scaling between 
native and heavy-atom derivative data sets was done 
using the program PROTEIN (Steigeman, 1982). 

Phase determination 

Heavy-atom derivatives were prepared by soaking 
pregrown crystals in stabilizing solution containing 
heavy-atom compounds. The first suitable heavy- 
atom derivatives were obtained by soaking crystals in 
1.0 mM K2HgI4 for either 1 or 4 d. A second, double 
derivative, was obtained by first soaking crystals in 
1.0 mM cis-diaminedichloroplatinate [K2Pt(NH3)2- 
C12] solution for 4 d followed by 1 d of soaking in 
1.0 mM K2HgI4 + cis-K2Pt(NH3)2CI2 solution. 

The positions of the two major heavy-atom sites 
for the KzHgI4 derivative were determined by inspec- 
tion of the (AF) 2 Patterson maps and, subsequently, 
difference Fourier maps were used to locate the 
major platinum and mercury sites in the K2HgI4 + 
cis-K2Pt(NH3)2C12 double derivative. Low-resolution 
electron-density maps were initially computed from 
centroid phases using native structure-factor ampli- 
tudes weighted by their figure of merit. The 1319 
terms included at 3.7 A, resolution had a figure of 
merit of 0.59. 

Model building and refinement 

A 3.7/k resolution MIR map was calculated using 
phases derived from all the heavy-atom derivatives. 
The low-resolution map revealed all the a-helices (as 
rods of density) of the dimer and most of the loops 
connecting these a-helical segments. The two 
polypeptide chains are related by a non-crystallo- 
graphic diad axis which also relates the positions of 
the major mercury and platinum sites. These 3.7 
resolution phases were subsequently improved using 
the iterative isomorphous replacement (ISIR) and 
automated solvent-flattening procedure (Wang, 
1984). The result was that the phase angles of 1622 
independent terms with I/tr(l)> 10.0 (at 3.7/k 
resolution) were refined to a mean figure of merit of 
0.80 and used to compute electron-density maps. A 
polyalanine model corresponding to residues 1-119 
for the first chain and 201-319 for the second chain 
was built into these maps using the program FRODO 
(Jones, 1978) and an Evans and Sutherland PS390 



CLEOPAS T. S A M U D Z I  A N D  J. R O N A L D  RUBIN 515 

Table 1. Summary of progress of refinement 

Resolu t ion  range  
Stage of  ref inement  (A) 

Initial MIR model (polyalanine) 12.0--3.7 

Step 1 X-PLOR. Rigid-body refinement of entire d/met as rigid 10.0 3.7 
body, followed by the two monomers, and then individual 
a-helices 

Step 2 X-PLOR. Positional refinement 10.ff-3.5 

Step 3 FRODO. Model building on graphics 
Step 4 PROLSQ. Least-squares refinement with ¢ and ~b in a-helices 10.0-3.0 

restrained 
Step 5 FRODO. Adjustment of model on graphics -- 
Step 6 X-PLOR. Simulated annealing using fast-heating 10.0 3.0 

(4000 K) slow-cooling protocol 
Step 7 FRODO. Readjustments of model on graphics -- 
Step 8 PROLSQ. Least-squares refinement with ¢ an ~ in a-helices 8.0 3.0 

restrained 

No. of 
reflections No. of  a toms  R factor* 
(2or on /) ( N o n - H  a toms)  ( % )  

1622t 1182 atoms, 23(1 residues 47.0 
( I 15 residuesimonomer) 

2156 1182 atoms, 230 residues 41.2 
( 115 residues, monomer1 

2521 1182 atoms. 230 residues 37.1 
( 115 residues:monomer) 

-- Addition of side chains 
2912 1980 atoms, 238 residues 28.4 

(119 residues monomer) 

2912 1980 atoms, 238 residues 23.6 
(I 19 residues,monomerJ 

__ 
2744 1980 atoms. 238 residues 19.2 

(I 19 residues, monomer) 

* R factor  is defined as Z,Fo~,s F~,~d:Zbo~, where F,,b~ are the observed s t ruc ture - fac tor  ampl i tudes  f rom the nat ive da ta  and  F~,k. are the 
s t ruc ture- fac tor  ampl i tudes  calculated from the model .  

t To  ob t a in  the initial phases,  only reflections tha t  are 10~r on  I where used. 
Tor s ion  angles q~ and  ff were res t ra ined du r ing  ref inement  with PROLSQ but  not  with X-PLOR. 

Table 2. Summary of data-collection statistics for bovine IFN-y 

Unit-cel l  edges (A) Resolu t ion  % Comple teness  
Data set ,a b c (A) for I > 2¢r 

Diffractometer Native • I 42.80 79.81 85.21 3.70 40.0 
data K~HgI~ - cis-K,Pt(NH0,CI: 42.75 80.14 84.55 3.70 52.0 

(double derivative) 
K,HgL-  I 42.90 7 9 . 7 1  85.28 3.71 

Native - 2 42.80 79.90 85.40 2.90 
K2Hgl, - 2  42.81 80.19 86.46 2.86 

49.0 

Area-detector 65.0 
data 74.0 

R,m* ( % )  R,~,,t ( % )  
5.5 
5.5 21.5 

6.6 17.0 

9.3 
7.5 24.0 

* R,m is given by Z I, - (1)!/Zl, ,  where I, is the intensi ty of  an  individual  m e a s u r e m e n t  and  ( I )  is the mean  value for all measu remen t s  of  the reflection. 
+ The  der ivat ive  R,so is given by Y I , , , -  Ider '~_'I ...... where I,,, and  Id,r are the intensi ty measu remen t s  of  the nat ive and  der ivat ive  da ta  sets, 

respectively. R,~,, reflects the m e a n  fract ional  i s o m o r p h o u s  difference in intensi ty  between the nat ive and  der ivat ive da ta  sets. The  doub le  der ivat ive  [ K , H g L  
+ cis-K2Pt(NH~)2CI2] was ob ta ined  by first soak ing  a r e c o m b i n a n t  bovine  I F N - y  crystal for 4 d in sa tu ra ted  cis-K~Pt(NH,),CI~, followed by a 20 h soak of 
the same crystal  in 10% sa tu ra ted  K2HgI4 solut ion.  Only  one crystal was used per da ta  set. 

molecular graphics display system. Comparison of 
the calculated structure factors based on this 
polyalanine model with the observed structure ampli- 
tudes yielded an R factor of  0.47 for the 3.7 
resolution data. Starting with the 3.7 A resolution 
native phases, phase extension was performed to 
3.0 fi, using the ISIR procedure. Difference electron- 
density maps (Fo- Fc) using the polyalanine model 
and 3.0 A resolution data revealed more details of 
the course of the polypeptide chains in the loop 
regions of the molecule as well as density corre- 
sponding to amino-acid side chains extending out 
from C t~ atoms of the polyalanine model. Most of 
the amino-acid side chains were then fitted to the 
polyalanine model based on these maps. 

The refinement of  the model was carried out in 
steps, each involving a number of cycles using a 
least-squares refinement program, PROLSQ 
(Hendrickson & Konnert, 1980) and a general 
purpose molecular dynamics refinement package, 
X-PLOR (Briinger, Kuriyan & Karplus, 1987). This 
was followed by manually adjusting the model using 
the FRODO program on the molecular graphics 
system. At the end of each refinement step, difference 

Fourier maps with coefficients 211:o -~F,.. and iF,,, 
- F,. and with calculated phases (a,.) were com- 
puted to check the course of refinement and to 
rebuild portions of the molecule as needed. Table 1 
summarizes the refinement. Individual temperature 
factors were introduced and refined in step 8, 
thus accounting for the 4.4% change in R factor 
from the previous step. As model building and 
refinement progressed, the new model was compared 
with the original 3.7 ]k MIR map. 

3. Results and discussion 

Genera/ 

Diffractometer data were used initially in the 
structure determination to survey and refine the 
parameters of potential heavy-atom derivatives. Bij- 
voet pairs were merged for all data. Table 2 summar- 
izes the data-collection satistics for both native data 
and heavy-atom derivative data sets. Table 3 shows 
the Cullis R factor at 3.7/~ resolution for both 
heavy-atom derivatives after several cycles of heavy- 
atom refinement. Fig. 1 shows a portion of the 3.7/~ 
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Table 3. Summary  o f  heavy-atom derivative search 
and their f inal  positions 

. .  

Site Relative 
Derivative number occupancy* x y z 
K2HgI4 H g - I  184.3 0.000 0.193 0.856 

Hg - 2 133.9 0.387 0.471 0.572 50.6 
H g - I  176.9 0.000 0.193 0.850 

H g -  2 190.1 0.390 0.472 0.572 K2HgI4 
+ 
cis-Pt(NH 02C12 
(double derivative) 

Cullis R factor* 
(%) 

51.2 
P t - 1  112.3 0.161 0.561 0.959 
P t -  2 130.5 0.844 0.269 0.846 

* The relative occupancy is in arbi t rary  units and heavy-a tom sites are in 
fractional coordinates. The native and derivative data sets were pre-scaled 
together with a single scale in this case. 

* The Cullis R factor is a measure of the goodness of phases derived from 
a particular heavy-atom derivative, it is given by r.l(Fen +- Fp) - Fn'/X'Fe, 
- / : ] , ;  where Fen is the structure factor of the heavy-atom derivative data, 
Fp is the structure factor of native protein and F, is the heavy-atom 
contribution. 

resolution solvent-flattened multiple i somorphous  
replacement (MIR)  electron-density map.  This map  
(contoured at lo-) is calculated from the M I R  da ta  
shown in Table 3. The map  shows a port ion of  the 
longest a-helix (helix C), loop III and helix D of  one 
monomer .  The continuity and clarity of  this port ion 
of the map is representative of  the entire map.  Rods 
of  high electron density corresponding to a-helical 

Loop III 

segments are clearly visible. These electron-density 
maps  revealed most  of  the course of  the two 
polypeptide chains (about  115 residues per chain). 
Fig. 2. shows a corresponding region of  the final 
3.0 A 2 F o - F c  electron-density map (contoured at 
lo-) calculated, as described in the previous section, 
after several cycles of  refinement and fitting of  side 
chains. 

Native area-detector  da ta  were used for refinement 
of  the model. Table 1 shows a summary  of  the 
progress of  refinement. Individual B factors were 
included only in step 8. Fig. 3 shows the Rama-  
chandran  plot (Ramakr i shnan  & R a m a c h a n d r a n ,  
1965) of  the ~-~b conformat ional  torsion angles of  
the final model. Most  of  the ~ - ~  angles are in or 
very near the allowed regions. Only seven out of  238 
residues have q>--O angles that  deviate significantly 
from allowed regions. These residues (indicated by 
A )  are Serl8,  Serl9,  Lys53, Lys61, Iie98 and 
Gin297. They are located either in loops or at the 
N-terminal  of  C-terminal  end of  a-helices. Table 4 
gives the rest of  the final geometry of  the model. The 
coordinates for all a toms of  this model have been 

.,t 

He l ix  C 

l ix D 

He l i x  d 

,lix D 

Fig. i. A 3.7 A, resolution solvent-flattened multiple isomorphous 
replacement (MIR) electron-density map of recombinant bovine 
IFN-~/contoured at 1.0tr level. The polyalanine model of helix 
C-loop II-helix D is fitted into a continuous segment of electron 
density. 

Fig. 2. The final 3.0A resolution (2,F,, -F, .)  electron-density 
map for recombinant bovine IFN-y showing the same segment 
of structure (helix C-loop Ill-helix D) as in Fig. 1, and also 
contoured at 1.0o level. The continuity and clarity of this 
region of the map is representative of the entire map. 
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deposited in the Protein Data Bank (Bernstein et al., 
1977).* 

Secondary structure organization 

The organization of the secondary structure of the 
recombinant bovine IFN-y dimer is identical to that 
of the recombinant human and rabbit IFN-y  (Ealick 
et al., 1991; Samudzi et al., 1991). The dimer is 
shaped like a prolate ellipsoid with approximate 
dimensions 60 × 40 × 30 A. It is comprised of two 
identical polypeptide chains related by a non- 
crystallographic twofold axis. One polypeptide chain 
with residues numbered from 1-119 is made up of six 
a-helices (designated A through F) connected by 
loops of  varying lengths (designated I-V). The 
second chain has residues numbered 201-319. Its 
a-helices are designated A' through F', and its corre- 
sponding loops are also designated I'-V'. The dimer 
structure is organized into two structural domains. 
Each domain consists of  a six a-helical bundle. Four 
of the a-helical segments within the domain are 
contributed by one chain of the dimer, while the 
remaining two a-helical segments are contributed by 
the other chain (See Fig. 4). This arrangement gives 
rise to both parallel and anti-parallel a-helical seg- 

* Atomic coordinates have been deposited with the Protein 
Data Bank, Brookhaven National Laboratory (Reference: I RFB). 
Free copies may be obtained through The Technical Editor, 
International Union of  Crystallography, 5 Abbey Square, Chester 
CHI 2HU, England (Supplementary Publication No. SUP 37093). 
A list of  deposited data is given at the end of this issue. 

Table 4. Summary of final statistics of refinement 
R f a c t o r  ( % )  19.2 
Weights* w '- o-~ : 
Resolution (A)  8 . 0 - 3 . 0  
No .  of reflections 2744 
No. of atoms 1980 
No .  of residues 119 
No. of water molecules 0 
Distance restraints'l" t /k) 

Bond distance 0.017 (0 .020)  
Angle distance 0.052 (0 .030)  
Planar I 4 d i s t a n c e  0 .102 (0 .050)  

Plane restraints (A)  0 .016  (0 .020)  
Chiral-center restraints (A ~) 0 .162 (0 .060)  
Non-bonded restraints 

Single torsion contact (A)  0 .254 (0.31X}) 
Multiple torsion contact {A) 0.355 (0 .300)  
Possible (X.. .  Y) hydrogen bond (A)  0 .322 (0 .300)  

Conformational torsion angles ( ) 
Planar 11.8 (2.5) 
Staggered 24.8 (6.0)  
Orthonormal 50.6 (20.0)  

B,,,, restraints** (A-') 
Main-chain bond 3.484 (2 .300)  

Main-chain angle 6.071 (2 .500)  
Side-chain bond 3.780 (3 .500)  
Side-chain angle 5.937 (4 .000)  
Hydrogen bond 17.988 ( 10.000} 

* ~rr  = ( 2 5 . 0 )  + ~ - 5 0 ) ( s  1 /6 ) ,  s = sin(0)/a. 
t Root-mean-square deviations from ideality are [bllowed by their 

respective target restraints in parentheses. 
Isotropic temperature (thermal) factors. 

ments with close packing of adjacent a-helices. In 
addition, four of the a-helices (two from each mono-  
mer) in the domain form an interdigitating helix- 
loop-helix core. Thus, the segment helix B-loop 
II-helix C from one monomer interlocks with the 
segment helix E'- loop V'-helix F' from the other 
monomer as illustrated in stereo in Fig. 5. 
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Fig .  3. R a m a c h a n d r a n  p l o t  f o r  r e c o m b i n a n t  b o v i n e  1 F N - y  d i m e r :  
( © )  g l y c y l  r e s i d u e s ,  ( + )  r e s i d u e s  f a l l i n g  in o r  n e a r  a l l o w e d  
r e g i o n s ,  ( A )  r e s i d u e s  in d i s a l l o w e d  r e g i o n s .  

Structure-function implications 

Although the two polypeptide chains are related 
by a non-crystallographic twofold symmetry, the 
lengths of corresponding a-helical segments in each 
chain are identical. The twofold restraints were not 
used in refinement. The root-mean-square difference 
for the C ~ atoms between the two non-crystallo- 
graphically related monomers is 0.06656; and that 
for the main-chain atoms is 0.06962. The greatest 
differences lie in the loops. Therefore, any descrip- 
tion referring to one monomer also applies to the 
other. At 3.0 A, resolution, the local differences are 
very small and confined to longer side chains. The six 
a-helices vary in length from the longest helix (helix 
C) consisting of 16 residues to the shortest helix 
(helix B) with only seven residues. Fig. 6 shows a 
comparison of the primary structures of  IFN-y from 
nine sources. The secondary-structure elements for 
the three molecules whose three-dimensional struc- 
tures are now known (rabbit, bovine and human) are 
also shown. The six a-helices in the recombinant 
bovine IFN-), are made up of the following residues: 
helix A (7-16); helix B (27-34); helix C (45-58); helix 
D (65-82); helix E (87-96); and helix F (108-116). 
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Helix F shows the greatest difference between the 
rabbit and bovine structures on the one hand, and 
the human structure on the other hand. In both 
rabbit and bovine cases, residues 104-107 and 
117-119 do not exhibit a-helical (not even 3m-helical 
or rr-helical) character. Even when strictly con- 
strained as part of a-helices during refinement, these 
regions continue to remain non-helical. 

One criterion for evaluating a three-dimensional 
structure is the extent to which hydrophobic residues 
are exposed on the surface of the molecule and 
hydrophobic residues are buried. In the recombinant 
bovine IFN-y  dimer, most of the helices are accessi- 
ble to the surface of the molecule and are also 
amphipathic. The exception, helix C, is buried in the 
interior of the dimer and contains a highly conserved 
hydrophobic stretch of residues (with the exception 
of a serine residue): lle49-Va150-Ser51-Phe52-Tyr53- 
Phe54. Potential N-glycosylation sites are located at 
residues Asn l6 and Asn83. The former is at the 
C-terminal end of helix A and the latter at the amino 
terminus of helix E. Both are exposed on the surface 
of the molecule. 

The correlation between structure and biological 
activity of this molecule has primarily employed such 
techniques as monoclonal and polyclonal antibodies, 
partial proteolytic digestion and recombinant-DNA 
techniques. Several studies have suggested the 
involvement of the C terminus and N terminus in 
antiviral and antiproliferative activity (Caruso et al., 
1992; Alfa & Jay, 1988; Ziai et al., 1986). Biological 
activity can be separated into four distinct com- 
ponents namely receptor binding, antiviral activity, 
antiproliferative activity, and immunomodulatory 
function. Two separate groups, Alfa and coworkers 
and Ziai and coworkers (Alfa & Jay, 1988; Ziai et  al., 
1986) have proposed from their findings that the 
recombinant human IFN-y contains two distinct 
functional domains: (1) a receptor-binding domain 
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Fig. 4. Priestle ribbons cartoon model of the recombinant bovine 
IFN-y dimer with two views showing the organization of 
a-helices. The two views are at right angles to each other. The 
top view is parallel to the dimer dyad, and the bottom view is 
perpendicular to the dimer dyad. 

Fig. 5. Stereo diagrams showing the C" tracing of the recombinant 
bovine IFN-y. Only one polypeptide chain is labelled at the 
following points: the N-terminal residue, the C-terminal residue, 
and the beginning and end of a-helices. (a) View down the 
dimer dyad, (b) view perpendicular to the dimer dyad. 
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and (2) a domain responsible for antiviral activity, 
cell-growth inhibition and enhancement of HLA- 
antigen expression. Furthermore, there is evidence 
that the binding of the IFN-7 molecule to its recep- 
tor on the cell surface is not sufficient to produce a 
physiological response. There is evidence for the 
requirement of species-specific (possibly transmem- 
brane) accessory-factor protein with an extracellular 
domain that interacts with the IFN-7 dimer and/or 
the extracellular domain of IFN-y receptor (Hibino, 
Mariano, Kumar, Kozak & Pestka, 1991). Therefore, 
for full biological activity of IFN-y, the following 
three components are necessary: (1) the IFN-y 
dimer, (2) the IFN-y receptor and (3) the accessory 
factor. A combination of biochemical data and the 
three-dimensional structure presented in this report 
lead us to postulate a model for the interaction of 
IFN-y with response elements on the cell surface. 
Since the IFN-y structure consists of distinct and 
identical domains separated by a deep cleft (see Figs. 
4 and 5), we propose a possible model that utilizes 
the twofold symmetry of the dimer and thus allows 
both termini to interact with the receptor and the 
accessory factor (Fig. 7). 

Comparison with other interferons 

Fig. 6 is a comparison of the IFN-y sequences 
from a variety of species. In Fig. 6, completely 
conserved residues are shown in white letters with 
black background, while conservative substitutions 
are shown in gray. The average sequence identity 
between bovine IFN-y and IFN-y from five other 
species (human, porcine, ovine, canine and rabbit) is 
75% (see Table 5). However, sequence identity 
between bovine IFN-y and the remaining two species 
(mouse and rat) is significantly lower (44%). The 
structure of recombinant rabbit IFN-y is topologi- 
cally identical to the structure described in this 
report. A similar packing of a-helices was also 
observed in the structure of recombinant mouse 
IFN-/3 (Senda et al., 1990). The major difference 
between IFN-/3 and the IFN-y is that the IFN-/3 is a 
monomer and does not have the interdigitating 
helix-loop-helix core, with the two segments from 
different polypeptide chains, and IFN-/3 has only 
five a-helices. The topological identity of the three 
known IFN-y crystal structures (human, rabbit and 
bovine), together with high sequence similarity with 
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Fig. 6. Comparison of  IFN-y  sequences from a number of species. Sequence alignment showing regions with completely conserved 
residues in white letters with black background, and those with conservative substitutions in gray. Secondary-structure elements for 
rabbit, bovine and human [FN-y  are also shown.  
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the other IFN-y  molecules (Table 5 and Fig. 6) are 
sufficient reason to expect the same characteristic 
helical fold among all of the other y-interferons. 

Crystal packing 

The recombinant bovine interferon-y dimers are 
tightly packed in the crystal lattice. Fig. 8 shows that 
each dimer utilizes practically all the six 'faces' of the 
prolate ellipsoid in forming contacts with neigh- 
boring dimer molecules. This tight packing is consist- 
ent with the previously reported low solvent content 
(42%) computed for these crystals (Rubin & Burton, 
1989), and does not allow for additional space to 
accommodate a disordered C terminus and thus 
indicating that indeed a large portion of the C 
terminus was cleaved off. Furthermore, this mode of 
packing contrasts with the one found in the hexa- 
gonal crystals of recombinant rabbit IFN-y where 
large solvent channels of about 40 A in diameter 
were found running parallel the longest axis (c axis), 
and the dimer utilized only five or six possible sur- 
faces for dimer~limer interactions (Samudzi et  al.,  
1991). 

Cell Exterior 

=_:l 

L 

f Interferon-y Dlmer 

Fig. 7. Model for IFN-y-lFN-y-receptor-accessory factor com- 
plex. The model maximizes the twofold symmetry of the IFN-y 
dimer. Note, however, that the IFN-y receptor and the 
accessory factor do not necessarily use similar contacts to 
interact with the IFN-y dimer. Furthermore, it is not clear 
whether or not the IFN-y receptor and the accessory factor 
make direct contact with each other intracellularly or extracellu- 
larly. 

Fig. 8. The stereo diagram showing packing of recombinant 
bovine IFN-y dimers in the crystallographic unit cell. The tight 
packing does not accommodate additional space for a dis- 
ordered C terminus. 

Table 5. Degree of protein-sequence identity (%) 
among IFN-y  molecules 

Human Baboon Bovine Ovine Porcine Canine Rabbit Rat Murine 
Human - - 
Baboon 92 --  
Bovine 60 59 -- 
Ovine 77 60 96 -- 

(80)* (96) 
Porcine 59 57 78 79 

(75) 
Canine 65 63 76 81 

(76) 
Rabbit 67 64 64 64 
Rat 39 39 45 44 

(60) 
Murine 39 39 43 43 

59 
42 38 

(65) 
40 38 87 

(63) (90) 

* Coding region nucleotide-sequence homology in parentheses. 
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