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ABSTRACT: A receptor binding region of mouse interferon y (IFNy) has previously been localized to the 
N-terminal 39 amino acids of the molecule by use of synthetic peptides and monoclonal antibodies. In this 
report, a detailed analysis of the synthetic peptide corresponding to this region, IFNy( 1-39), is presented. 
Circular dichroism (CD) spectroscopy indicated that the peptide has stable secondary structure under aqueous 
conditions and adopts a combination of a-helical and random structure. A peptide lacking two N-terminal 
amino acids, IFNy(  3-39), had similar secondary structure and equivalent ability to compete for receptor 
binding, while peptides lacking four or more N-terminal residues had reduced a-helical structure and did 
not inhibit '251-IFNy binding. Substitution of proline, a helix-destabilizing amino acid, for leucine (residue 
8) of a predicted amphipathic a-helix (residues 3-12), IFNy( 1-39)[ProI8, resulted in a substantial reduction 
in the helical content of the peptide, supporting the presence of helical structure in this region. However, 
destabilization of the helix did not reduce the competitive ability of the peptide. A peptide lacking eight 
C-terminal residues, IFNy( 1-31), did not block '"I-IFNy binding and had no detectable a-helical structure, 
suggesting a requirement of the predicted second a-helix (residues 20-34) for receptor interaction and helix 
stabilization. Substitution of phenylalanine for tyrosine at  position 14, IFNy( 1-39) [Phe] 14, a central location 
of a predicted 0-loop structure, did not affect the secondary structure associated with the region yet resulted 
in a 30-fold increase in receptor competition. Substitution with glycine at  position 14 also did not affect 
secondary structure and resulted in a competitive ability similar to that of IFNy( 1-39). These data support 
the presence of a binding domain in the N-terminus of IFNy and indicate a role for residues 3,4, 14, and 
at  least some of residues 32-39 in IFNy(  1-39) interaction with receptor. This study provides insight into 
the structural/functional basis for IFNy interaction with receptor that should be useful for the development 
of potent agonists and antagonists of IFNy action. 

Interferon y (IFNy)' is a secretory glycoprotein produced 
primarily by antigen- and mitogen-stimulated T-lymphocytes 
and plays a central role in the initiation and regulation of the 
immune response (Johnson, 1985). IFNy regulates class I1 
major histocompatibility complex antigen expression, B-cell 
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maturation, and antibody production as well as the activation 
of the host defense against tumor cells and microorganisms 
[reviewed by Vilcek et al. (1985)l. Although the mouse and 
human IFNy receptor has been cloned recently (Auget et al., 
1988; Gray et al., 1989; Kumar et al., 1989), the mechanism 
by which IFNy exerts its many biological activities remains 
unclear. 

I Abbreviations: IFNy, interferon y; CD, circular dichroism; mAb, 
monoclonal antibody; tBoc, tert-butyloxycarbonyl; PAM, (phenylacet- 
amido)methyl; HPLC, high-performance liquid chromatography: FBS. 
fetal bovine serum; TFE, 2,2,2-trifluoroethanoI. 
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Characterization of an IFNy Binding Domain 

An investigation of how IFNy exerts a myriad of biological 
effects on a variety of cell types is perhaps best initiated at 
the level of receptor interaction. To gain insight into the 
structural basis for the interaction of IFNy with its receptor, 
synthetic peptides corresponding to various regions of the IFNy 
molecule were prepared and their ability to block IFNy-re- 
ceptor interaction was determined. A synthetic peptide cor- 
responding to the N-terminal 39 amino acids of IFNy, 
IFNy( 1-39), but not peptides corresponding to other regions 
of the molecule, blocked 1251-IFNy interaction with receptor 
(Magazine et al., 1988). IFNy(1-39) competed for binding 
with approximately one thousandth of the affinity of native 
IFNy. The mapping of the epitope specificity of a monoclonal 
antibody (mAb) that blocks IFNy interaction with receptor 
to a region of the N-terminus encompassing a portion of a 
predicted amphipathic a-helix and an Q-loop structure further 
supported the importance of the N-terminus of IFNy (Mag- 
azine et al., 1988; Jarpe & Johnson, 1990). These data sug- 
gested a possible role for such structures in receptor interaction. 

In  the studies reported here, we employed a secondary 
structure prediction of the IFNy molecule that has been de- 
scribed previously (Magazine et al., 1988) together with 
synthetic peptides corresponding to truncations and structural 
analogues of IFNy( 1-39) to explore the importance of various 
segments of the peptide in receptor interaction. The prediction, 
based primarily on the results of the Chou and Fasman al- 
gorithm (1974, 1977), suggests that residues 3-12 and 20-34 
will adopt helical structure in the intact molecule, with residues 
3-12 being an amphipathic a-helix. The helical regions are 
predicted to be separated by an Q-loop structure encompassing 
residues 12-20. Structural and functional characterization 
of IFNy( 1-39) validated the structural predictions of our 
model and should advance our understanding of IFNy-re- 
ceptor interaction. 

MATERIALS AND METHODS 
Peptide Synthesis. Peptides were synthesized on a Biosearch 

9500/AT peptide synthesizer by the solid-phase method of 
Merrifield (1 964), employing tert-butyloxycarbonyl- (tBoc-) 
derivatized amino acids (Advanced ChemTech). All peptides 
were synthesized on a (pheny1acetamido)methyl (PAM) resin 
to produce a peptide amide after cleavage and deprotection 
with anhydrous hydrofluoric acid employing the low-high 
method of Tam et al. (1983). Peptides IFNy(1-39), IFNy- 
(3-39), IFNy(5-39), IFNy(7-39), IFNy( 1-39)[Le~]~[Glu]*, 
IFNy(l-39)[Pro]*, IFNy(1-39)[Phe]I4, and IFNy(l-39)- 
[Gly]I4 were generated from a single synthesis that was in- 
terrupted after the stepwise addition of amino acids starting 
from the C-terminal residue to amino acid 16. A portion of 
the peptidyl resin was removed, with the remainder of the resin 
being synthesized to completion. N-Terminal truncations of 
IFNy( 1-39) were generated by removal of the peptidyl resin 
from the reaction vessel when the desired sequence length was 
obtained. For each of the IFNy(1-39) analogues, a portion 
of the peptidyl resin was placed into the reaction vessel and 
synthesized to completion, containing an amino acid substi- 
tution at the desired location. IFNy(1-31) and IFNy(95-133) 
were synthesized individually as described for IFNy( 1-39) 
except that IFNy(95-133) was synthesized on a Merrifield 
resin to obtain a peptide acid. 

Crude peptides were desalted over a Sephadex G-10 column 
and purified by reverse-phase high-performance liquid chro- 
matography (HPLC) (Perkin-Elmer) with use of a semipre- 
parative C18 HPLC column (Vydak) and a linear gradient 
of 0.1% TFA and acetonitrile. Amino acid analysis was 
performed by the University of Florida Peptide Core Facility 
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on a Beckman 6300 amino acid analyzer. The analysis of the 
purified peptides differed by less than 10% of that expected 
for a homogeneous product. 

Circular Dichroism Measurement. CD spectra were de- 
termined at room temperature on a Jasco-5OOc spectropo- 
larimeter calibrated with (+)- 10-camphorsulfonic acid with 
use of a 0.1-cm path-length cuvette (Jasco). CD spectra were 
obtained in triplicate at pH 7.4, although similar results were 
obtained by measurement at pH 3.0 or 4.5, The solvent 
spectrum was subtracted from the spectrum obtained for each 
sample. Peptides at a stock concentration of 1 mM were 
diluted with water or phosphate buffer just prior to spectral 
measurement. Peptide concentration was determined by 
quantitative amino acid analysis. The results are expressed 
as mean residue ellipticity ([e]) and calculated as described 
(Yang et al., 1986). Secondary structure prediction from the 
CD spectra was calculated by the computer program CDESTIMA 
as described (Cheng et al., 1978; Yang et al., 1986). Dilution 
of the sample over the concentration range of 50-250 pM was 
used to assess peptide aggregation (Marqusee et al., 1989). 
Since dilution of the sample had a negligible effect on the 
ellipticity of the peptides, aggregation was determined not to 
have an appreciable contribution to the CD spectra obtained. 

IFNy Iodination. Purified recombinant IFNy obtained 
from either Genentech (San Francisco, CA) or the American 
Cancer Society (New York, NY) had a specific activity of 5 
x lo6 or 5 x 105 antiviral units/mg, respectively. IFNy was 
labeled by the chloramine-T method as described (Russell et 
al., 1988). The radio-specific activity of lZSI-IFNy was gen- 
erally 50-100 pCi/pg and had a biological activity similar to 
that of the unlabeled protein. 

Receptor Binding. Mouse fibroblasts (L-cells) were sus- 
pended in media (Hepes/minimal essential medium, pH 7.4) 
supplemented with 10% fetal bovine serum (FBS) and anti- 
biotics (penicillin and streptomycin) and allowed to grow to 
confluence in a 24-well plate (Falcon). Binding of 1251-IFNy 
alone or in the presence of peptide competitors was allowed 
to occur for 2.5 h at 24 OC in the presence of 25 mM sodium 
azide. Cells were then washed extensively with i&-cold media 
to remove unbound 1251-IFNy, dissolved in 1% sodium dodecyl 
sulfate, absorbed to a cotton-tipped applicator, and counted 
in a y-scintillation counter. Enhanced binding of '251-IFNy 
in the presence of peptides IFNy( 1-3 1) and BAR( 1-33) was 
occasionally observed yet was not reproducible. Nonspecific 
binding was determined by competition of 1251-IFNy in the 
presence of 1000-fold excess unlabeled IFNy and varied from 
10 to 35% depending on source of the IFNy used and the 
individual experiment performed. 

RESULTS 
Circular Dichroism Spectra of IFNy( 1-39). The far-UV 

CD spectrum of IFNy(1-39) in water or 40% 2,2,2-tri- 
fluoroethanol (TFE) is shown in Figure 1. The spectra of 
IFNy(1-39) in water had minima at 222 and 209 nm and a 
maximum at 192 nm, suggesting the presence of a-helical 
structure. Dissolving IFNy( 1-39) in TFE resulted in an in- 
crease in the ellipticity of the peptide, with maximal effect 
occurring at a minimum concentration of 40% TFE (data not 
shown). Analysis of the spectra by CDESTIMA suggested an 
a-helical content of 17 and 48% for IFNy( 1-39) in water and 
TFE, respectively (Table I).  

Inhibition of '251-IFNy Receptor Binding by N- Terminal 
and C-Terminal Truncations of IFNy(1-39). IFNy( 1-39) 
blocked the binding of lZ5I-IFNy to receptor on mouse L-cells, 
consistent with earlier work (Magazine et al., 1988). Peptides 
representing N-terminal and C-terminal truncations of the 
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FIGURE 1 : Far-UV CD spectra of IFNy( 1-39) in water or 40% TFE. 
IFNy( 1-39) in water, pH 7.4 (-), or 40% TFE (-- -) was used at  
a concentration of 50.0 and 54.1 pM, respectively. 

Table I: Helical Content of Peptide Analogues" 

helical content (%) [el 222nm 
(deg.cm2/ 

peptide dmol) calculated predicted 
IFNy(1-39) in 40% TFE -11917 48 69 
IFNy( 1-39) -59 IO 17 69 
1 FNy (3-39) -5960 17 69 
IFNy(5-39) -3980 12 64 
IFNy(7-39) -3676 10 59 
IFNy( 1-31) -2000 0 56 
IFNy( 1-39)[Pro]* -2176 4 44 
I FNy ( 1-39) [ Le~]~[Glu ]*  -7250 69 
IFNy( 1-39) [Gly] I' -6180 69 
IFNy( 1-39) [Phe] I' -5898 69 

"Peptides unless otherwise noted are dissolved in water as described 
in Materials and Methods. The calculated helical content is derived 
from CD~STIMA analysis of the peptide CD spectra while the predicted 
content represents that estimated from secondary structure prediction 
for the peptide sequence as it might fold in the native IFNy molecule. 

IFNy( 1-39) sequence were synthesized and compared with 
intact IFNy( 1-39) to determine the relative ability of trun- 
cated peptides to inhibit 12SI-IFNy binding to cell-surface 
receptors. A peptide lacking two amino acids from the N- 
terminus of IFNy(1-39), IFNy(3-39), had an ability equiv- 
alent to that of IFNy(1-39) to block binding to receptor, 
whereas a peptide lacking the first four amino acids, IFNy- 
(5-39), completely lacked the ability to inhibit IZ5I-IFNy 
binding (Table 11). A peptide lacking eight amino acids from 
the C-terminus of IFNy( 1-39), IFNy( 1-31) also lacked 
blocking ability, indicating a requirement for at least some of 
amino acid residues 32-39 for IFNy( 1-39) interaction with 
receptor. An irrelevant peptide, BAR( 1-33), corresponding 
to amino acids 1-33 of the mouse @-adrenergic receptor 
(Regan et al., 1988) did not block binding of '251-IFNy. Only 
peptides that blocked IZ5I-IFNy binding also blocked IFNy 
biological activity [antiviral activity, Magazine et al. (1 988); 
induction of Class 11, Ia antigen expression, unpublished ob- 
servation], suggesting that binding of biologically active IFNy 
was inhibited. 

Circular Dichroism of N-  Terminal and C- Terminal 
Truncations of IFNy(1-39). CD spectra of peptides lacking 
N-terminal residues of IFNy(1-39) are shown in Figure 2A. 
Although spectra of the peptides in TFE may reflect their 
secondary structure in the folded molecule, we obtained spectra 

Table 11: Inhibition of Iz5I-IFNy Receptor Binding by N-Terminal 
and C-Terminal Truncations of IFNy(l-39)O 

inhibition of '251-IFNy binding (%) 
56 pM 167 pM 500 pM 

peptide competitor competitor competitor 
IFNy( 1-39) 65 77 8 3  
IFNy(3-39) 70 81 89 
IFNy(5-39) 0 0 0 
IFNy( 1-3 1 ) 0 0 0 
BAR( 1-33) 0 0 0 

"Conditions: Synthetic peptides competed with 5 nM 12%IFNy for 
binding to receptor on mouse L-cells. An irrelevant peptide, BAR( 1- 
33), was used as a negative control. IFNy obtained from Genentech ( 5  
X IO6 antiviral units/mg) was radiolabeled to a specific activity of 112 
pCi/pg. Data are normalized such that inhibition of binding in the 
presence and absence of 5 pM IFNy is equivalent to 100 and 0% in- 
hibition, respectively. Experiments were performed with duplicate 
samples and the standard deviation of the mean was less than 10%. 
Data are representative of additional competition studies where com- 
petitors were analyzed separately [IFNy(l-39), n = 7; IFNy(3-39), n 
= 5; IFNy(5-39), n = 2; BAR(1-33), n = 21. 

A B 

-12- -12- 
190 210 230 260 190 210 230 260 

Wavd+nglh (MI) wav.lm(lth (rm) 

FIGURE 2: CD spectra of N-terminal and C-terminal truncations of 
IFNy( 1-39). CD spectra of synthetic peptides corresponding to 
N-terminal truncations (panel A) IFNy(3-39) (-e-), IFNy(5-39) 
(-a), and IFNy(7-39) (---) or C-terminal truncation (panel B) 
IFNy( 1-31) (- - -) of the IFNy( 1-39) sequence were obtained with 
use of similar peptide concentrations (46-54 pM). IFNy( 1-39) (-) 
is included in panel A and B to facilitate comparison of the CD spectra. 

of the peptides in water to study their behavior in the assay 
conditions used for receptor competition studies (described 
above). IFNy(3-39) had a CD spectrum superimposable with 
that of IFNy( 1-39), indicating that loss of two residues from 
the N-terminus does not affect the CD spectra. However, 
peptides that lack four or six amino acid residues, IFNy(5-39) 
and IFNy(7-39), respectively, demonstrate CD spectra with 
a reduced ellipticity at 222 nm. CDESTIMA analysis of the 
spectra indicated a reduction in the helical content of these 
peptides relative to IFNy( 1-39) (17% a-helix), with IFNy- 
(5-39) and IFNy(7-39) calculated to have 12 and 10% a- 
helix, respectively. Also, the observed reduction in helical 
content of these peptides follows a pattern similar to that 
predicted by the Chou and Fasman algorithm (1974, 1977) 
(Table I). The C-terminally truncated peptide, IFNy( 1-31), 
exhibited a drastic reduction in the ellipticity at 222 nm and 
the emergence of a strong minimum at 200 nm (Figure 2B). 
This spectrum suggests that the peptide had a large reduction 
in a-helical content relative to IFNy(1-39), which is consistent 
with the calculation of CDESTIMA that failed to detect helical 
structure. 

Modification of IFNy( 1-39) Predicted Secondary Struc- 
ture. To determine amino acids or elements of IFNy( 1-39) 
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FIGURE 3: Competitive ability of IFNy( 1-39) amphipathic a-helix 
analogues for receptor binding. Synthetic peptides IFNy(1-39)[Ro]* 
(O), IFNy( 1-39)[LeuI6[Glg8 (O) ,  IFNy(1-39) (A), and IFNy- 
(95-133) (m) competed with I-IFNy (2 nM) for binding to receptor. 
IFNy used in this assay was obtained from Genentech ( 5  X lo6 
antiviral units/mg) and radiolabeled to a specific activity of 124 
pCi/pg. The assay was performed with triplicate samples, and the 
standard deviation of the mean was generally 10% or less. 

. -  RAT 

MOUSE - - - - - 
HUMAN - - 

RAT 

FIGURE 4: Comparison of the protein sequences of IFNy from several 
animal species. Sequences from rat (Dijkema et al., 1985), mouse 
(Gray & Goddell, 1983), human (Gray & Goddell, 1982), and bovine 
(Baker, 1986) were obtained by searching the GenBank database and 
were aligned for maximal homology. A dash represents a gap and 
was inserted to facilitate comparison of the sequences. Boxed amino 
acid residues represent regions where the residues were identical in 
all four species of IFNy. 

secondary structure that facilitate (or are required for) receptor 
interaction, specific analogues of IFNy( 1-39) were produced. 
Analogue design was governed by predictive models for sec- 
ondary structure of IFNy (Magazine et al., 1988) and the 
epitope specificity of a neutralizing mAb mapped to a region 
predicted to encompass a portion of an amphipathic a-helix 
(Jarpe & Johnson, 1990) and %loop structure (Magazine et 
al., 1988). Peptide IFNy( 1-39)[Le~]~[Glu]~  was designed 
to disrupt the amphipathic nature of the predicted a-helix 
encompassing residues 3-1 2 but not disrupt the helical content 
of the region. This peptide maintained the ability to compete 
for receptor (Figure 3). Peptide IFNy( 1-39)[ProI8, which 
incorporated a proline residue at a central location in the 
predicted amphipathic helix, also maintained the ability to 
compete for receptor. Thus, either the amphipathic nature 
of the predicted helix or the helical structure itself may not 
be required for interaction of the peptide with receptor. 

Comparison of the protein sequences of IFNy in all animal 
species for which the sequence has been reported reveals an 
absolute conservation of three amino acids in the region pre- 
dicted to be in 0-loop conformation (Figure 4). The tyro- 
sine/phenylalanine pair (residues 14 and 15 of the mouse 
sequence) are of particular interest since the bulkiness, hy- 

"-5 4.5 4 -3.5 -3 

Competitor (Log M) 

FIGURE 5: Competitive ability of IFNy( 1-39) Q-loop analogues for 
receptor binding. Synthetic peptides IFNy( 1-39)[Gl~]'~ (o), 
IFNy( 1-39)[Phe]I4 (O) ,  and IFNy(1-39) (A) competed with Iz5I- 
IFNy ( 5  nM) for binding to receptor. IFNy used in this assay was 
obtained from the American Cancer Society ( 5  X los antiviral 
units/mg) and radiolabeled to a specific activity of 1 17 pCi/pg. The 
assay was performed with duplicate samples, and the standard de- 
viation of the mean was generally 10% or less. 

drophobicity, and side-chain interaction of such aromatic- 
aromatic pairs may severely restrict the conformational flex- 
ibility of local structure (Amit et al., 1986; Murali et al., 1987) 
and thus may be important for stabilization of IFNy secondary 
structure. Peptides having a nonconservative, IFNy( 1- 
39 ) [Gl~] '~ ,  or conservative, IFNy( 1-39)[Phe]14, replacement 
of tyrosine in position 14 of this i-l-loop region were tested for 
competitive ability. IFNy( 1-39)[Gly]I4 had an ability to 
compete for receptor similar to that of IFNy(1-39) while 
IFNy( 1-39) [Phe] l4 had a 1.5 log increase in competitive 
ability (Figure 5 ) .  The increase in affinity of IFNy(1- 
39)[Phe]I4 for receptor suggested that the loop region, spe- 
cifically at position 14 of IFNy(1-39), may play a role in 
receptor interaction. 

Circular Dichroism of Peptide Analogues. The extent of 
helical formation can be monitored by following the minimum 
in CD spectra occurring at 222 nm (Johnson, 1988; Marqusee 
et al., 1989). The ellipticity of the peptide analogues at 222 
nm, with the exception of IFNy( 1-39)[ProI8, does not indicate 
a loss of helical content relative to IFNy(1-39) (Table I). 
IFNy( 1-39) [ProI8 exhibits a profound reduction in ellipticity 
at 222 nm, suggesting a large loss in helical content. Alter- 
ations in the CD spectra obtained for the peptide analogues 
are consistent with that expected on the basis of predictive 
models. 

DISCUSSION 
We have reported previously that the amino terminus of 

IFNy may encompass a functional site required for binding 
of the molecule to receptor as evidenced by the ability of a 
synthetic peptide corresponding to the N-terminus, but not 
internal regions or the C-terminus of IFNy molecule, to block 
lZ5I-IFNy binding to cell-surface receptors (Magazine et al., 
1988). Also, a mAb produced against recombinant IFNy that 
abrogates binding of IFNy to receptor was mapped to N- 
terminal residues 3-14 of IFNy, further suggesting the im- 
portance of the region in receptor binding (Magazine et al., 
1988; Jarpe & Johnson, 1990). 

IFNy has been shown to exist as a monomer (Yip et al., 
1981) and homodimer (Yip et al., 1981; Pestka, 1983) in 
solution. Although the functional form of IFNy remains 
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unknown, isolated monomeric IFNy has been reported to 
possess biological activity (Rinderknecht et al., 1984), sug- 
gesting that dimerization may not be required for function. 
CD spectroscopy of IFNy( 1-39) in water failed to indicate 
aggregation of the peptide, suggesting that monomeric peptide 
may be involved in the blockage of IFNy receptor binding. 
IFNy( 1-39) has one thousandth of the affinity of intact IFNy, 
which may suggest a requirement for other regions of the 
molecule or dimerization to achieve the affinity of the intact 
molecule. 

Circular dichroism studies on IFNy( 1-39) revealed that 
IFNy( 1-39) may have appreciable secondary structure in 
solution. Comparison of the CD spectra of IFNy(1-39) in 
water and TFE suggests an increase in the a-helical content 
of the peptide in TFE. Helix-stabilizing agents, such as TFE, 
are commonly used for CD spectroscopy of peptides since they 
may enhance and stabilize existing structure, allowing an 
assessment of the helical potential of a peptide (Martenson 
et al., 1985). The increased secondary structure of the peptide 
in TFE, however, does not attain the level of secondary 
structure predicted [by the algorithm of Chou and Fasman 
(1974, 1977)] for the region in the native IFNy molecule 
(Table I) and may reflect a lack of stabilizing forces present 
in intact IFNy or inaccuracies associated with secondary 
structure prediction. 

IFNy(3-39) maintained the ability to compete for receptor 
and had a CD spectrum similar to that of IFNy( 1-39), sug- 
gesting that residues 1 and 2 of IFNy(1-39) may not be 
required for receptor interaction or maintenance of secondary 
structure. Residues 1 and 2 are not predicted to attain ordered 
structure in the intact molecule, which is consistent with our 
data that suggest that IFNy( 1-39) and IFNy(3-39) have 
similar a-helical content. The recent observation that IFNy 
produced by recombinant methods that lacks the first two 
N-terminal amino acid residues maintains biological activity 
(Zavodny et al., 1988) is also in agreement with our obser- 
vations. 

Peptides lacking four or more N-terminal residues have a 
reduction in a-helical content and lack competitive ability, 
suggesting that helical structure may play a role in receptor 
interaction. Disruption of the amphipathic nature of the helix 
predicted for residues 3-12 by transversion of Glu and Leu 
at position 6 and position 8, respectively, did not affect the 
competitive ability of the peptide, indicating that the am- 
phipathic nature of the helix is not required for receptor in- 
teraction. Furthermore, IFNy( 1-39) [ProI8, which has a re- 
placement of Pro for Leu at position 8 of IFNy( 1-39), had 
a reduced a-helical content as confirmed by its CD spectrum. 
Nevertheless, this peptide maintained the ability to compete 
for receptor, suggesting that helix 3-1 2 may not be required 
for receptor interaction. However, although the peptide has 
reduced helical content in solution, receptor-induced stabili- 
zation of helix 3-12 cannot be discounted. 

Peptide IFNy( 1-31), which lacks eight C-terminal amino 
acids, had no detectable a-helical structure and failed to 
compete for receptor, suggesting that at least some of the 
a-helical structure may be required for receptor interaction. 
Interestingly, destabilization of helix 3-1 2 or loss of a section 
of helix 20-34 [in IFNy(l-39)[ProI8 and IFNy(1-31), re- 
spectively] results in a greater reduction in helical content than 
can be explained by complete loss of either helix, suggesting 
that the helices may interact and stabilize each other. Insertion 
of a proline residue within helix 3-1 2 reduces the helical 
potential of the region (due to incorporation of inappropriate 
bond angles within the helix), possibly weakening the inter- 
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action of helix 3-1 2 and 20-34, which may explain the greater 
than expected reduction in helical content of the peptide. In 
addition, a t  least some of residues 32-39 may be critical for 
helix stabilization of IFNy( 1-39), since the lack of these 
residues results in a complete loss of helical content. Peptide 
IFNy(7-39), which maintains appreciable helical content, may 
retain sufficient helical structure in region 7-12 for interaction 
with helix 20-34, resulting in packing and stabilization of the 
helices. 

Predicted helices 3-12 and 20-34 are separated by a pre- 
dicted Q-loop structure. Conservation of several amino acids 
within this putative loop structure among the protein sequences 
of IFNy for different animal species (Figure 4) and the 
mapping of a mAb that inhibits receptor binding of IFNy to 
a portion of this structure suggest a functional role for the 
region. Peptide IFNy( 1-39)[Phe]14, which has a modified 
Q-loop structure due to a conservative substitution of phenyl- 
alanine for tyrosine at position 14 of IFNy(1-39), had a 1.5 
log increase in competitive ability relative to IFNy( 1-39) for 
binding to receptor while a nonconservative substitution with 
glycine did not significantly affect the competitive ability of 
the peptide. Although further investigation is necessary to 
explain the enhanced competitive ability of IFNy( 1-39)- 
[Phe] 14, substitution with phenylalanine may enhance binding 
by shifting the conformation of the peptide to a form that 
better mimics receptor-bound IFNy( 1-39). 

Our model for the secondary structure of IFNy (Magazine 
et al., 1988) is consistent with the data obtained. Receptor 
competition studies and CD spectroscopy of truncations and 
analogues of IFNy( 1-39) suggested a role for residues 3,4,  
14, and at least some of residues 32-39 in the interaction of 
IFNy with its receptor. The large reduction in a-helical 
content of peptides IFNy(1-39)[Pr0]~ and IFNy(1-31) 
supports the presence of predicted helical segments 3-1 2 and 
20-34 of our model. Since loss of two N-terminal residues 
or exchange of residues 6 and 8 can be accomplished without 
loss of competitive ability, amino acid residues 1,2,6,  and 8 
appear not to be required for interaction of IFNy(1-39) with 
receptor. These data have provided information concerning 
the secondary structure of an IFNy binding domain. Such 
knowledge provides insight concerning the mechanism of 
IFNy-receptor interaction that may aid in the production of 
agonists and antagonists of IFNy action. 
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ABSTRACT: Immunomycin, an immunosuppressant closely related to FK 506, contains a pipecolate residue 
in amide linkage with an acyl group in its polyketide backbone. An enzyme activating L-pipecolic acid has 
been isolated from Streptomyces hygroscopicus var. ascomyceticus, which produces immunomycin. Pu- 
rification results in a monomer of 170 kDa exhibiting N-terminal heterogeneity, apparently arising from 
proteolysis of a single species. It is a dimer under native conditions. The reaction appears to use an aminoacyl 
adenylate as an intermediate in the activating reaction, as do most activating enzymes involved in nonribosomal 
peptide synthesis. A range of pipecolate and proline analogues act as substrates in the pyrophosphate-ATP 
exchange resulting from the adenylation reaction. Several analogues are inhibitors of the subsequent 
thioesterification of the enzyme. Antibody raised to the purified enzyme was used to follow antigen during 
the course of fermentation. Maximal levels of antigen are found when synthesis of immunomycin is maximal. 
Ten of twelve immunomycin nonproducing mutants lack detectable pipecolate-activating enzyme in Western 
blots. From the enzymatic characteristics, substrate specificity, and immunological properties, we propose 
that we have isolated the enzyme responsible for activating pipecolic acid for immunomycin biosynthesis. 

Immunomycin, first isolated under the name ascomycin (Arai 
et al., 1962; Hatanaka et al., 1988b) and subsequently named 
FR-900520 or FK520, is a peptidolactone produced by 
Streptomyces hygroscopicus strains. It is structurally related 
to FK 506, the potent immunosuppressant produced by 
Streptomyces tsukabiensis (Kino et al., 1987; Hatanaka et 
al., 1988b) differing only at one position of the polyketide chain 
(Figure 1). A four-carbon unit of the polyketide region of 
immunomycin originates from the incorporation of a butyrate 
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residue while the corresponding five-carbon chain arises in FK 
506 from the condensation of a propionate with an acetate 
residue (Byrne et al., 1991). Each product consists of a lengthy 
polyketide region bridging a substituted cyclic seven-carbon 
unit and an amino acid, pipecolic acid, or proline, via a lactone 
bond involving the carboxyl of the amino acid (Figure 1). In 
S. tsukabiensis the pipecolate-containing component is the 
principal product, with proline incorporation occurring only 
to a minor degree. The proline analogue (Hatanaka et al., 
1988b) is considerably less potent in immunosuppression, im- 
plying that the amino acid portion of the structure is important 
for bioactivity. Since the amino acid is in amide linkage with 
an acyl group of the polyketide, it is reasonable to speculate 
that it is activated in the manner described for the nonribo- 
somally synthesized peptide antibiotics (Kleinkauf & von 

0006-2960/91/0430-5789%02.50/0 0 1991 American Chemical Society 


