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Abstract

Using a combination of theoretical sequence structure recognition predictions and experimental disulfide bond assign-
ments, a three-dimensiond@D) model of human interleukin-?hIL-7) was constructed that predicts atypical surface
chemistry in helix D that is important for receptor activation. A 3D model of hIL-7 was built using the X-ray crystal
structure of interleukin-41L-4) as a templatéWalter MR et al., 1992) Mol Biol. 2241075-1085; Walter MR et al.,

1992,J Biol Chem 26720371-20376 Core secondary structures were constructed from sequences of hlL-7 predicted
to form helices. The model was constructed by superimposing IL-7 helices onto the IL-4 template and connecting them
together in an up—up down—down topology. The model was finished by incorporating the disulfide bond assignments
(Cys3, Cysl4p (Cys35, Cys13)) and(Cys48, Cys98 which were determined by MALDI mass spectroscopy and
site-directed mutagenediSosenza L, Sweeney E, Murphy JR, 199Biol Chem 27232995-33000 Quality analysis

of the hIL-7 model identified poor structural features in the carboxyl terminus that, when further studied using
hydrophobic moment analysis, detected an atypical structural property in helix D, which contains Cys130 and Cys142.
This analysis demonstrated that helix D had a hydrophobic surface exposed to bulk solvent that accounted for the poor
quality of the model, but was suggestive of a region in IL-7 that maybe important for protein interactions. Afdajne
substitution scanning mutagenesis was performed to test if the predicted atypical surface chemistry of helix D in the
hIL-7 model is important for receptor activation. This analysis resulted in the construction, purification, and charac-
terization of four hIL-7 variants, hIL-K121A), hiL-7(L136A), hIL-7(K140A), and hIL-AW143A), that displayed
reduced or abrogated ability to stimulate a murine IL-7 dependent pre-B cell proliferation. The mutafiVil43A),

which is biologically inactive and displacé$®l]-hIL-7, is the first reported IL-7R system antagonist.

Keywords: alanine scanning; interleukin-7; homology modeling; protein fold recognition

The cytokine structural superfamily is composed of a diverse grougach of which exemplifies typical protein folds such as an alpha-

of growth factors that have markedly dissimilar amino acid se-parallel bundlgéSprang & Bazan, 1993In general, mutational stud-

guences. The cytokine superfamily has been subdivided into groupg&s have defined three sites that can be involved in receptor binding

in the alpha-parallel bundle family of cytokines. Amino acid resi-

Reprint requests to: Temple Smith, Boston University, BioMoIecuIardues located in these sites appear to cluster on hellceSAanq D and

Engineering Research Center, 36 Cummington Street, Boston, Massachme long loops A-B and C-DMott & Campbell, 1995. In addi-

setts 02215; e-mail: tsmith@darwin.bu.edu. tion, amino acid sequence comparisons of their respective cell sur-
AbbreviationsCD, circular dichroism; DSM, discrete state-space model; face receptors display shared related sequences in their extracellular

EDTA, ethylenediaminetetraacetic acid; GM-CSF, granqucyte-macrophaggomains( Bazan, 1990p Given these observations, it is reasonable

colony stimulating factor; GH, growth hormone; HPLC, high performance P
liquid chromatography; IL-4. interleukin-4; IL-7, interleukin-7; IPTG, to postulate that there may be an overall similarity in the molecular

isopropyl8-p-thiogalactopyranoside; MALDI, matrix-assisted laser desorp- Mechanism of ligand receptor binding and subsequent target cell
tion ionization; PSA, protein sequence assignment; R, receptor. activation in the cytokine superfamilyVlodawer et al., 1993
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Interleukin-7 is a cytokine that stimulates pre-B-a@loodwin  uses a library of probabilistic Discrete State-space Mod2&Ms)
et al., 1989; Namen et al., 198&8nd mature T-cell proliferation for more than 20 distinguishable protein folding classes. The al-
(Chazen et al., 1989; Welch et al., 1989; Londei et al., 1990 gorithm assigned each DSM in the library a probability of having
Interestingly, IL-7 can induce lymphokine-activated kil[&AK ) generated the hIL-7 amino acid sequence. The highest probability
cells and cytolytic T-cell§Alderson et al., 1991 The importance  (0.91) was assigned to the DSM for the alpha-bundle folding class,
of these observations has been underscored in transgenic migéich consists of proteins composed of four helices of roughly
where the expression of IL-7 or IL-7 receptor has been geneticallyqual length connected by loops of different lengths. This analysis
enhanced or eliminatddVertsching et al., 1997; Maeurer & Lotze, suggests that hiL-7 is primarily helical and adopts a cytokine-like
1998; Watanabe et al., 1998 hese transgenic mice display gross fold that has been predicted previouglRarry, 1991 Circular
morphological differences in thymus and spleen with B-cell de-dichroism(CD) analysis suggests that hiL-7 secondary structure is
velopment restricted to pre-B88220", IgM ) and earlier devel- 35% alpha-helical, 31% random coil, 23% beta sheet, and 11%
opment(Mertsching et al., 1997; Maki et al., 19098This is in beta turn, which supports the prediction that hIL-7 is primarily an
contrast to interleukin-2IL-2) and IL-4 transgenic mice in which alpha-helical structurédata not shown
elimination of expression of either of these cytokines has been
compensated by redundancies in the immune sygteiSanto -

. - : Secondary structure predictions based upon

et al., 199%. Thus, IL-7 is an important regulating factor for the an alpha-bundle DSM assignment
normal development of both B- and T-cells and may have thera-
peutic applications in cancer immune therdpurphy etal., 1998  The secondary structural state of each residue in the hIL-7 se-
and treatment of immune deficiency diseases. Although IL-7 hagjuence was estimated using the alpha-bundle DSM and a proba-
important therapeutic potential, little is known of its tertiary struc- bilistic smoothing algorithm(Stultz et al., 1998 The algorithm
ture and structure function relationships. assigns the probability that each residue is in a helix-exposed, a

In this paper we describe an atomic scale model of hIL-7 thathelix-buried, or a loop state. These probabilities for hIL-7 are
was constructed by comparative model building, using the X-raydisplayed as a contour probability map in Figure 1A. There is high
crystal structure of human IL-4 as a templd®ajorath et al.,
1993, followed by alaning(Ala)-substitution scanning mutagen-
esis analysis that defined structure—function relationships impor-

tant for receptor activation. Initially, a sequence structure recognitior & Il brereereoreo e eenesems e oeneearae s eeresereses s oseemeeserereeneeee e !
analysis designed by Stultz et £1997), directly linked the amino o F :
acid sequence of hlL-7 with a probabilistic model representing ar mm‘:&"“‘“ |
alpha-parallel bundle tertiary protein fold. Circular dichroidid) "~ exposed
analysis supports the prediction that hiL-7 is a predominant alpha
helical structure. This analysis resulted in assigning secondary stru: E‘: |
tural elements to the hlL-7 amino acid sequence. The X-ray cryste (2§ e
structures of two human alpha-parallel bundle cytokine superfam th
ily proteins, IL-4 (Walter et al., 1992band granulocyte macro- ccap }
phage colony-stimulating factor, GM-CS®Valter et al., 1992a buried |-
were used as three-dimensioli@D) templates to build IL-7 mod- h‘i:;wd B
els. The IL-4—derived model was further developed based upol n-cap
overall folding and functional class membership considerations
and the number of disulfide bonds in the structure. loop
Incorporating disulfide bond assignments generated from mas
spectroscopy and mutational analysis of recombinant hiL-7 furthe Residue position
refined the IL-4—derived IL-7 model. Incorporation of disulfide
bond assignments into the hiL-7 model forced a reorientation oB A .. B C D

helix D, thus exposing a hydrophobic surface to solvent. The sol
vent exposed hydrophobic surface on helix D in the hIL-7 model
resulted in poor structural evaluations compared to a previousl
reported model of hiL-7Kroemer et al., 1996 The biological
importance of this observation was tested by site-directed Ale
substitution scanning mutagenesis and this structure—function anal
sis defined an IL-7 receptor binding surface. Importantly, this Cysd
analysis also resulted in the isolation of hI(¥¥143A), a potential N‘
IL-7R antagonist.

Cys130

Fig. 1. Secondary structure probability assignments for the human IL-7
Results amino acid sequencé: Contour plot of secondary-structure probabilities
with contour lines of constant probability in increments of 0.1. Each row
. . . corresponds to a different secondary structural state, and each column
IL-7 protein fold recognition analysis corresponds to a different sequence residue position. Areas surrounded by
- . - .. multiple contour lines are regions of high probabiliB:. A graphical rep-
The hiL-7 amlno. acid sequence was _analyzgd to determine Itgemsentation of alpha-helix and loop placement in IL-7 displaying the con-
probable 3D folding class. The analysis algoritliBtultz et al.,  served cytokine up—up down—down connectivity and the relative placement
1993, 1997; White et al., 1994; Yu et al., 1998; PSA e-mail sgrver of cysteine residues.
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probability for four alpha-helices, connected with two long and
one short loop. The two long loops occur between proposed heli-
ces A,B and C,D, which allows the secondary structural topology
to assume an up—up down—down connectivity previously seen in
the crystal structure of other cytokines and graphically displayed in
Figure 1B. Interestingly, a comparison of the secondary structural
prediction made by Parrg1991), using his heptad algorithm also
recognizes this topology where the methods of Garnier é187.9

and Chou and Fasmdt978 did not.

Construction of an IL-7 structural hypothesis

Three-dimensional structural models of hIL-7 were constructed
using the X-ray crystal structures of IL¢®rotein Data BankPDB)

ID: 2INT; Walter et al., 1992aand GM-CSF(PDB ID: 1CSG;
Walter et al., 1992bas templates, which have an alpha-bundle
protein fold. Both the IL-4 and GM-CSF structures represented
suitable alpha-parallel bundle fold templates, displayed up—up down—
down topology, and are similar in size to IL-7. The IL-4—derived
model was further developed based upon overall folding and func-
tional class membership considerations, and the number of disul- Cys!

;i ('3'.1.'1:
N

fide bonds that could be formed in the structure. Briefly, the model (3;542 }
of hIL-7 was built by constructing regular alpha-helices from amino » :
acid sequences predicted to form helices from the structure se- ¥ Helix D

guence recognition analysis and then superimposed on the second- C
ary structural elements in the IL-4 template. Due to the differences
between the lengths of the first helix in the model and the template,
helix A of IL-7 was constructed in two parts prior to being super-

imposed upon the IL-4. IL-7 bioactivity is dependent on disulfide Fig. 2. Three-dimensional ribbon structure model of IL-7. Helices are labeled
bond formation(Goodwin et al., 1989 therefore, placement of A-D, starting with the N-terminal. The amino and carboxyl termini are

. . . . . beled N and C, respectively. Helix A is purple, helix B is blue, helix C is
core helices in the first generation models was restricted to ensurJ een, and helix D is orange. The conserved up—up down—down connec-

that the alpha-carbons of cysteine residues potentially involved ifyity of helices are represented by white arrows indicating the amino to
disulfide bond formation were within 4 to 7.5 #asman, 1989 carboxyl direction. Disulfide bonds are yellow and label€gis3, Cys142

The remaining hIL-7 amino acid sequences were then modeled ifFys48, Cys9B and(Cys35, Cys13p

as loops or turns using a bond scaling and relaxing algorithm

(Zheng et al., 1992 Disulfide bond assignments in human IL-7

were experimentally determined by MALDI mass spectroscopy

and site-directed mutational analy$€osenza et al., 1997These  tures for IL-4 and a previously reported model of hil(kroemer
experimental results, which differed from the previously reportedet al., 1996 are displayed in Figures 3A and 3B. There is a 21.4%
disulfide bonds in hIL-1Srinivasan et al., 1993were used as 3D amino acid sequence similarity between hIL-7 and hIL-4, and there
spatial constraints for the final placement and orientation of thes no apparent conservation of disulfide bonds between the two pro-
core helices in the hIL-7 model. After the disulfide bonds wereteins(Fig. 3A). There is, however, a disulfide bond in both the IL-4
constructed in the model, the whole structure was energeticallyand IL-7 proteins(Cys3, Cys12Y and (Cys3, Cys14p respec-
minimized to reduce steric clashes and torsional strain. The atomitively, which hold the amino and carboxyl termini in close prox-
coordinates of the resultant structure have been deposited in thimity. Comparison of the placement of helices and disulfide bond
Protein Data BankBernstein et al., 197%7at Brookhaven National —assignment between the IL-7 models is shown in Figure 3B. Both
Laboratory, with PDB identification code 1il7. A cartoon of the models maintain four helices with long loops between helix pairs
model is displayed in Figure 2. The hIL-7 protein model contains(A, B) and(C, D), which preserves the up—up down—down topol-
four helices, starting with the helix closest to the amino terminus,ogy seen in the alpha-helical cytokines. Kroemer e{¥096 in-

A (4-29, B (45-68, C (75-101, and D(121-147. The helices  serts an additional small helix into the long loop between helices A
are oriented in an up—up down—down configuration and composeand B. The major difference between the IL-7 models is the disul-
60% of the structure. The three disulfide bond assignments arfide bond assignments. The disulfide bond assignments in the IL-7
composed of cysteine residue paiiGys3, Cysl4® (Cys35, model presented in this paper tether the amino and carboxyl ter-
Cys130, and(Cys48, Cys9B minals of the protein together while the Cys linkages in the model
by Kroemer et al(1996 pin the terminals back on themselves.

A 3D comparison of the structures for both IL-7 models and the
IL-4 structure was performed using an automated Multiple Align-
ment of Protein StructuredMAPS) (Lu, 1996, 1998 tool acces-
sible via the Internet. This program represents secondary structures
An amino acid sequence and a secondary structure comparisarsing a line generated from two points located at the ends of each
between the hlL-7 model constructed in this work and the strucelement. An algorithm then systematically searches all possible

Comparison of the hlL-7 model produced in this work
with the IL-4 X-ray crystal structure and
a previously reported hiL-7 model
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Fig. 3. Amino acid sequence and secondary structure comparison between IL-4 and the IL-7 mAod&isino acid sequence
alignment between human IL-4 and IL-7. The boxes represent helices found in the IL-4 X-ray crystal structure and predicted by the
IL-7 model. B: Comparison between the secondary structure placement and disulfide bond assignments between the human IL-7
models of Cosenza et al1997) and Kroemer et al(1996. Amino acid sequence for recombinant human IL-7 is shown, with
methionine in parentheses. Helices are represented as boxed regions and disulfide bonds by cross-connecting lines.

superpositions of the elements between two structures. The

coordinates from residues in matched elements are used to calctate of matching secondary structural elements and the RMS dif-
late root-mean-squardRMS) and mean differences in angstroms ference the @ atoms in matched amino acid residues. As the
(A), and the angles between superimposed matched line elememsimber of matched secondary structural elements increases the TD
are recorded. A similarity between structures is claimed if a num-score decreases; hence, low scores indicate structural similarity. A

Cson score, topological diversityfD), is computed, which uses the

ber of secondary structural elements can be matched. A compariD score of 0 means the structures are identical.
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A comparison between the IL-4 structure and IL-7 models using
MAPS suggests that all elements are topologically similar. Com-
parison between the IL-7 models and the IL-4 structure suggests
that the IL-7 models have larger topological differences when com-
pared to each other than when compared to IL-4. Comparison of
the IL-4 (129 aa structure and our IL-7 modéll53 aa results in
matching 58 residues that are in topologically equivalent positions,
with an average RMS difference between the matched®ms of
1.35 A, a mean distance difference of 1.21 A, and a TD score of
11.5. MAPS comparison between the IL-4 structure and the IL-7
model (152 aa of Kroemer et al. matched 37 residues that are in
topologically equivalent positions, an average RMS difference be-
tween the matchedd«atoms of 1.87 A, a mean distance difference
of 1.71 A, and a TD score of 10.2. A comparison between the IL-7
model constructed in this project and the Kroemer et al. structure
resulted in matching 48 residues that are topologically equivalent
positions, an average RMS difference between matchedt@ms
of 2.08 A, a mean distance difference of 1.95 A, and a TD score of
13.9. All of the computations are presented in Table 1, and a
graphical representation of the superimposed ribbon structures for
the IL-7 models is shown in Figure 4.

3D-1D profile evaluation of the IL-4 structure
and IL-7 models

The quality of the IL-4 template and IL-7 models was evaluatedrig. 4. Graphical representation of the superimposed IL-7 models of Cosenza
using Verify3D (Luthy et al., 1992 This analysis measures the et al. (1997 and Kroemer et al(1996. The coordinates from the IL-7
compatibility, a profile scoréS), between a structure and its se- Mmodel generated in this work and that from Kroemer et(&296 are
guence u_sing the s_tatistical preferences for each amino acid resiqlﬁa%pjgg]ggzegoﬁfeﬂnyg'?ng é?geu:]:“;al backbone overlap. Helices A-D are
to occur in a particular secondary structure. The results are dis-

played in Figure 5; the average 3D-1D profile score for a 21-

residue sliding window is pIotted_ vs. the residue number_. A prome_Hydrophobic moment analysis of the IL-7 model

score for a particular structure is the sum, over all residue posi-

tions, of the statistical structure preferences for the amino acid’he poor quality of our IL-7 model was investigated further using
sequence of the protein. The profile score depends on the size ardhydrophobic moment analysis of the secondary structural ele-
validity of the structure and increases with length. Analysis of thements. This analysis calculated a hydrophobic moment for helix D
IL-4 structure demonstrates good overall structure with a profilein the IL-7 model generated in this work that was oriented toward
score of 59.89. The computed profile score of the Kromer et albulk solvent and may indicate a region on the surface of the
IL-7 model is 44.23 and that of the IL-7 model generated in thisstructure important for receptor binding. The structural moments
work is 13.55, the lowest quality of the structures compared. Aof the amino acid residues that form the helices in the IL-7 protein
major difference in the profile score is shown in the carboxyl model were calculated, vectorially summed, and then graphically
terminal of the IL-7 model generated in this work compared to thedisplayed(Eisenberg et al., 1982 Fig. 6A,B). The moments for
IL-4 template and the Kroemer et al. model. We believe that this ighe first three predicted helices in the IL-7 model are oriented
a result of the disulfide bond assignmé@lys3, Cys14pin hIL-7 toward the center of the structure; the calculated hydrophobic mo-
forcing a reorientation of helix D. ment of helix D is orientated toward bulk solvent.

Table 1. Summary of results from the comparison of IL-4 and IL-7 models

Size IL-4 aa IL-72 IL-72
Structure (residueg similarity (Cosenza et al., 1977 (Kroemer et al., 1996
IL-4 129 100 11.51.351.21 10.21.87 1.71
IL-7 (Cosenza et al., 1997 153 21.8 0/0/0 13.92.08/1.95
IL-7 (Kroemer et al., 1996 152 21.4 13.92.08/1.95 ¢0/0

aInformation represented as topological diversity scOF®)/RMS deviationfmean deviation be-
tween the @ atoms in matched residues.
bRepresents the amino acid sequence similarity to IL-4.
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Fig. 5. Comparison of the 3D—1D profiles for the IL-4 template and IL-7 models. A comparison of the 21-window averaged profile
score for IL-4 and the IL-7 models is plotted against residue posifiofiL-4 structure(2int.). B: Human IL-7 model generated in this
work. C: Human IL-7 model generated by Kroemer et (@996.
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The ability to stimulate 2E8 cell proliferation was compared for
the native and hIL-7 Ala substitution mutants. Each of the hIL-7
variants K125A, N127A, D128A, L132A, and L147A was found
to stimulate the growth of 2E8 cells with a dose response similar
to wild-type IL-7 (ECsp 3 X 1071° M each, data not shownin
contrast, the replacement of amino acid residues K121, L136, K140,
and W143 with Ala resulted in hIL-7 variants with altered biologic
activity when compared to native hiL{Fig. 7). The mutant hiL-7
(K121A) displayed a biphasic response in the ability to stimulate
2E8 cell proliferation. The mutants hIL(Z136A) and hiIL-7
(K140A) were found to stimulate cell proliferation with E&of
2.0X 107° M and 4% 107° M, respectively. In marked contrast,
the mutant hIL-TW143A) was found to be biologically inactive.

Competitive binding analysis

To investigate if the biological effects resulting from Ala substi-
tution mutations in hiL-7 were related to receptor affinity, com-
petitive binding assays were performed ugitigl ]-hIL-7. A constant
amount of 1?3 ]-hIL-7 was incubated with X 10° NALM-6 cells

in the absence or presence of increasing concentrations of native or
mutant hlL-7 for 30 min at 37C. Bound radioactivity was sepa-
rated from free by centrifuging cells through NYSOL oil and
counted. The amount df'?®]-hIL-7 bound in the absence and
presence of hlL-7 variants was measured and the concentration
required to displace 50% of the bound radioactiVit€so) was

Fig. 6. A graphical representation of computed hydrophobic moments.determined. A summary of Kg and EG, values measured for

A: Ribbon representation of the IL-7 model. The white vectors represenhative and hiL-7 Ala substitution mutants is displayed in Table 2.

the net residue hydrophobic moments for each helix and have been placq{ative hiL-7 resulted in an 1§ of 2.2 10~° M. Ala substitution
at the center of each alpha helB: Same image rotated @0The helices ' ’

are colored as in Figure 2.

moment analysis of the IL-7 model may represent a region of

amino acid sequence in the protein important for receptor binding~
and activation. Based upon the hydrophobic moment analysis ofe
the IL-7 model, it is likely that the hIL-7 dimer formation seen in E
immunoblot analysis during protein expression and purification<
(Cosenza et al., 199Tay occur through interactions in predicted § 60
helix D. Because there is an apparent conservation of receptof
binding surfaces localization on helices A and D of the alpha-E 4 -
parallel bundle cytokines, we anticipated that helix D of IL-7 may ‘,f
be important for receptor binding and activation. To test this hy-—‘_:’J
pothesis, nine amino acid residues corresponding to the solverif
exposed surface of helix D were selected for site-directed Alag

120
The atypical surface chemistry as defined by the hydrophobic J
100

80

20

0+

substitution scanning mutagenesis. S
X
20 4 §__
Site-directed Ala substitution scanning mutagenesis, 20 )
construction, and characterization of IL-7 variants
-40 -
Based upon the predicted exposed surface of helix D in the IL-7 1012 101 1g10 10 10¢ 107

model, nine site-directed Ala substitutions were individually intro-
duced into the hIL-7 DNA sequence using polymerase chain re-

action mutagenesis. The mutated sequences were then digested 7. comparison of dose response analysis of Ala substitution hiL-7
with Agd and Hindlll and vectorially subcloned into the synthetic variants. The ability of native and Ala substitution hIL-7 variants K121A,
hIL-7 structural gene by cassette replacement. Each mutant gertd36A, K140A, and W143A to stimulate 2E8 cell proliferation is com-
was then sequenced to ensure that only the desired Ala replac@_ared- Cell proliferation in the presence of increasing protein concentra-

. . . ... tlons was measured and the results as % maximal hiL-7 stimulg&iggh).
ment mutation was incorporated. Native and hiL-7 Ala SUbStItUtIOI’]The concentration of hlL-7 that gives maximal stimulation in our assay is

mutants were expressed, purified, and their biologically activity; x 10-8 M was used to computer percentages= 4). ®, RhIL-7; &,
measured. rhiL-7(K121A); ¢, rhiL-7(L136A); W, rhiL-7(K140A); ¥, rhiL-7(W143A).

Protein Concentration [ M ]
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Table 2. Summary of 1, and EGy values for hlIL-7 hydrophobic moment of helix D oriented toward bulk solvent. The
and hIL-7 variants overall quality of the IL-7 model generated in this work was poor

when compared either to the template IL-4 structure or the IL-7
orotein (I,\CA:S)% (E’\/Cll)ag (vaEr%%/ Iilolf?n model generated _by Kroemer et 61.996. The model developed

by Kroemer et al. is a four-alpha helical bundle created from RMS
hiL-7 2.2% 109 3.0 10-10 1.0 superimpositions of & atoms from GH, IL-2, IL-4, and GM-CSF
hiL-7(K121A) 3.0X 108 7.0 10 %4.0X 10°1° 23/1.3 and constructed by homologous extension. It differs from ours in
hiL-7(K125A) _ 3.0x 10710 1.0 the disulfide bond assignments. The disulfide bond assignment that
hIL-7(N127A) — 3.0x 10710 1.0 Kroemer et al.(1996 used was generated by Srinivasan et al.
hIL-7(D128A) — 3.0x10°1° 1.0 (1993. The reason for the discrepancy in the disulfide bond as-
hIL-7(L132A) — 3.0x 10710 1.0 signments is unknown; there is the possibility that there are other
hiL-7(L136A)  5x 10°° 20x10°° 6.7 isoforms of human IL-7 with altered patterns of disulfide bonding.
hiL-7(K1404)  1X 10:2 4.0x 10:: 6.7 Two other isoforms of IL-7 were described during the cloning of
::t;z\ﬁ\iﬁx) 2 ><_10 >é:g§ 18,1 5’3313_'5 IL-7 by Goodwin et al.(1989, which recently have been redis-

covered in intestinal epithelial cells by Madrigal-Estebas et al.
(1997, and apparently encode carboxyl terminal truncated pro-
°Estimates only, 16 values derived from competitive binding assays on tejns that failed to display biological activity. This naturally oc-

Nalm-6 cell line and Eg; values derived from 2E8 cell proliferation assays. curring helix D deletion mutant suggests that biological activity is

associated with the carboxyl terminal of human IL-7. The disulfide

bond assignments used in this work were generated from a com-
mutants hIL-7K121A), hIL-7(L136A), and hIL-71K140A) dis- bination of MALDI mass spectroscopy and site-directed mutagen-
played IGq values of 3.0x 107° M, 5.0 X 107° M, and 1.0% esis analysefCosenza et al., 1997Interestingly, these disulfide
1078 M, respectively. The biologically inactive mutant hiL-7 bond assignments forced the amino and carboxyl terminal of the
(W143A) displayed an 16, of 2.0 X 1078 M. A graphical sum-  protein into close proximity and reorientated helix D, exposing a
mary of the Ala scanning mutagenesis in hiL-7 is displayed inhydrophobic patch of residues to bulk solvent. Because of the
Figure 8. atypical orientation of helix D, we believed that either the model
was incorrect or that helix D may play a role in protein—protein
interactions important for IL-7 biological activity.

The hydrophobic moment analysis of helix D in the IL-7 model
Afactor that we believe played a major role in reducing the overallhighlighted a sequence of amino acid residues important for re-
quality of the IL-7 model generated in this work was the calculatedceptor binding and activation. Mutational studies in helical cyto-
kines have defined three surface regions that can interact with
receptor(Barton et al., 1999 although on any particular cytokine
all three regions do not have to be involved in binding. Many of the
mutations that help define regions of receptor interaction in the
helical cytokines with known structures are located in helices A
and D (Mott & Campbell, 1995 These phenomena have sug-
gested that there is a conserved mechanism for receptor binding
among the cytokinegBazan, 1990r In this case, the solvent
exposed hydrophobic surface of the IL-7 model would energeti-
cally favor protein interactions for receptor binding and might
explain dimer formation seen during expression and purification
(Cosenza et al.,, 1997 This hypothesis was tested using site-

J directed Ala substitution-scanning mutagenesis along the carboxyl
!"}’ terminus of hiL-7. Site-directed Ala substitution-scanning muta-
Lul o

Discussion

genesis of amino acids corresponding to helix D in the model
resulted in constructing nine variants, of which four displayed

‘ﬂ@t reduced biologic activity and could displaf&®]-hIL-7. Amino

'Y V43 acid substitutions K121A, L136A, K140A, and W143A in human

- 1:“ IL-7 resulted in mutants that reduced or abrogated the ability to
& stimulate 2E8 pre-B cell proliferation, in vitro. The substitution

mutations L136A, K140A, and W143A form a patch near the
carboxyl terminal of helix D in the IL-7 model. The variant located
at the very amino terminal of helix D, hIL{RK121A), displayed a
biphasic proliferation curve that we believe is a result of reduced
solubility at the higher protein concentrations. As anticipated, pro-
gression of the mutational analysis through a receptor-binding sur-
Fig. 8. Ala-substitution mutagenized positions. Helix D is displayed with t50e generated hIL-7 variants with reduced ability to stimulate 2E8

amino acids residues selected for site-directed alanine substitution muta- . . S . . .
genesis and are highlighted in yellow and red. The residues K121, I_136%Yell proliferation, in vitro. When the position of the site-directed

K140, and W143, which have been shown to be effected by IL-7 functionSUbstitution moved past the receptor binding surface, full biolog-
(see Fig. 7, are displayed with a stick representation of their side chains.ical activity was recovered as displayed by hiU-T47A).
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Mutational analysis of the carboxyl terminus of a structurally receptor binding surface on the ligand and construction and char-
related cytokine, IL-4, resulted in the construction and identifica-acterization of IL-TW143A), the first IL-7R antagonist. An IL-7
tion of a receptor antagonist. In an effort to distinguish amino acidstructural hypothesis was developed using a probabilistic sequence
residues in IL-4 responsible for binding or receptor activation,structure recognition analysis that determined the protein folding-
single substitutions at cysteine and aromatic residues were comiass model and secondary structures. The construction of the IL-7
structed. The aromatic residue, Tyr124, in IL-4 when mutated tamodel proceeded by comparative model building using the struc-
aspartic acid, resulted in the production of a high-affinity antago-ture of IL-4 as a template. The construction of the atomic scale 3D
nist to the IL-4 receptofKruse et al., 1992, 1993 This work IL-7 structure was completed after inserting the experimentally
eventually produced the high-affinity IL-4 receptor antagonist IL- assigned disulfide bonds and energetically minimizing the model.
4(Y124D). In the case of hIL-7, the lack of activity displayed by Analysis of the structure and previously published biochemical
IL-7 (W143A) suggested that Trp143 is important for receptor bind-evidence led to the hypothesis that helix D was important for
ing and activation and consequently aligns directly with the Y124biological activity, which was tested using site-directed Ala sub-
in IL-4, as shown in Figure 3A. stitution mutagenesis. A consequence of investigating IL-7 recep-

Recent literature diverges on the mechanisms for cytokine retor binding by site-directed Ala scanning mutagenesis analysis is
ceptor binding and activation. It is understood that homo- or heterothe construction of mutant hIL{¥V143A), which is biologically
dimerization is necessary for the activation of signal transductiorinactive and appears to bind to IL-7R and, thus, is the first reported
associated with the Type 1 cytokine receptor structural family.antagonist of the IL-7 receptor system.

Early literature regarding cytokine receptor binding was charac-

terized by ligands acting as molecular bridges facilitating or in-

ducing dimerization and eventual activation. This mechanism wad/aterials and methods

first supported by the mutagenesis and X-ray crystal structure

analyses of human growth hormone bound to its recefglévos  Amino acid sequence analysis

et al., 1992. More recently, this molecular bridge paradigm is
supported by the structural determination of the Jireteptora
intermediate. Here, IL-4 binds to its receptemrotein and then
using its carboxyl terminal helix D recruits the IL-2 commen

The analysis is an extension of inverse folding methodo(@pwie
& Eisenberg, 1998 Probabilistic model$DSMs) are constructed
for sequences that are compatible with the secondary structural

chain, which then forms the high-affinity signal transducing Com_C(.)ns.traints implied by specific folding classes. The probability
plex with the ligand acting as a linkéHage et al., 1999 Results (likelihood) that any such DSM would generate the hiL-7 se-

from recent work support mechanisms that diverge from the moduence is easily computed using an optimal filtering algorithm
lecular bridging paradigm and suggest that binding induces strudWhite etal., 1994 _From these model I'ke“hOOdS{ the probablllty_
; ; ; eof each model having generated the sequence is computed using

the use of fluorescence resonant energy transfer studies of tr%ayes’s rule in probability theory. The prior probabilities of the
IL-2R, IL-7R, and IL-15R suggests that these proteins cluster ornodels are selected to be uninformative, given the hierarchical
the surface of the cell membrane and that ligand binding stabilize§truc_t9re of the DSM library. Once the most p.robable DSMS are
an active receptor compléDamjanovich et al., 1997 The X-ray |dept|f|ed, they are used, togethgr with an optimal smoothing al-
crystal structures of erythropoietin receptor in its bound and ungorlthm (Stultz et_ al., _199)3 to estimate the second_ary stru<_:tura|
bound states suggest that it exists as a preformed dimmer, and ghijpte of each residue in the sequence. An introduction to this prob-

ligand binding induces spatial reorientation that starts the signa"l1bi|iStiC approa(;h is presented in Stultz et (31997)..A.n e-mgil
transduction cascadéivnah et al., 1998 Ultimately, the differ- server that provides DSM-based sequence analysis is available on

ences in the mechanistic models for receptor binding will be re-he World Wide Web(PSA e-mail server, httpbmerc-www.bu.

flected in the strategies used for drug design. eduw/psa.
We propose that the IL-7 variant ILéW143A) abrogates 2E8
cell proliferation by failing to activate JAKS3, a kinase important
for IL-7R signaling. The IL-4 and IL-7 receptors belong to the
same structural family, and both cytokine binding complexes in-Virtual construction of the IL-7 model was performed using
corporate the IL-2 commoty-chain. The IL-2 commory-chain QUANTA software as a graphical interface to an IndigtSaicon
can associate with Janus kina$&aK), in particular JAK3(Chen Graphics Inc., Mountain View, Californigo construct 3D struc-
et al.,, 1997. Interestingly, constitutive activation of the IL-7R- tural models. Structural hypothesis of IL-7 was built by compar-
JAK3-STAT signal pathways by v-Abl results in can¢®anerjee  ative modeling using the IL-4 X-ray crystal structure as a template
& Rothman, 1998; Hilbert et al., 1998The X-ray crystal structure for alpha-parallel bundles. Secondary structure assignments from
of IL-4 bound to its receptor suggests that helix D recruits thethe amino acid sequence analysis of IL-7 were used to model
IL-2R commony-chain. The hlL-7 mutants L136A, K140A and helices that formed the core of our models. Core helices were
W143A form a receptor binding patch near the carboxyl terminussuperimposed upon the template, and their hydrophobic moments
of the protein that displayed altered the ability to induce 2E8 cell(Eisenberg et al., 1982valuated so as to ensure maximal packing
proliferation yet could bind receptor. Based upon the reportedf hydrophobic residues in the interior of the model. The remain-
structural biology of IL-41L-4R and our helix D mutants, we ing IL-7 amino acid sequences were used as loops that connected
believe that the residues located at the carboxyl terminal of helidhelices and were modeled using a bond scaling and relaxation
D are important for positional recruitment and binding to the com-algorithm(Zheng et al., 1992 Disulfide bonds were assigned, and
mon IL-2R y-chain and activation of JAK3. the resultant structure was energetically minimized. Energy mini-
In summary, the analysis of a tertiary structural hypothesis formizations were performed using the program CHARNIRfooks
human IL-7 led to structure—activity relationships that defined aet al., 1983 using an empirical energy function that included con-

Construction of IL-7 protein model
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formational energy terms, van der Waals forces, and electrostatieach well and incubated at 32 for 2 h. The formazan crystals

potentials. A steepest descent method for 500 cycles was used teere then solubilized by adding 1@Q. of 20% SDS in 50% DMF

reduce steric hindrances and dihedral angle strain. (dimethyl formamide, pH 4)7and incubating at 37T overnight
(Hansen et al., 1989The following day the absorbance of the

formazan product was measured on an ELISA plate reader at 570 nm.
Expression and purification of IL-7

Recombinant hIL-7 and hIL-7 variant protein were expressed, pu- . .
rified, and refolded froniEscherichia colHMS174(DE3)pLysS as Competitive displacement assays
previously reportedCosenza et al., 1997 Briefly, native and  lodination of biologically active hIL-7 was performed in a hood
mutant IL-7 proteins were expressed under the control of a T7according to safety guidelines issued by the Boston University
RNA polymerase promoter in derivatives of pET11d. Recombi-Radiation Safety Office and OSHA using IODO-BEADBierce.
nant protein expression was induced by the addition IPTG. FolBriefly, aliquots of 300ug of hiL-7 were iodinated using carrier
lowing a 2-h incubation, bacteria were harvested by centrifugatiorfree N&?% (DuPont NEN, Boston, Massachusgtis a working
(5,000% g), and the pellet was frozen at20°C. Frozen bacterial volume of 500uL of PBS for 15 min at room temperature. The
pellets were thawed and resuspended in lysis buffer. The bacteri@action was terminated by removal of the I0DO beads and ra-
were lysed by pulsed sonication. In this expression system, oveiolabeled protein was purified from unincorporatéd by G25
expressed hiL-7 protein forms insoluble inclusion bodies. The in-Sephadex sizing column with complete media as the mobile phase.
clusion bodies were purified by centrifugation, washed three times, The displacement of*?%]-hIL-7 from IL-7 receptors bearing
and then resuspended in denaturation buf& mM Tris-HCI,  cells was performed essentially according to the procedure de-
pH 8, 5 M guanidine hydrochloride, 5 mM EDJAand sonicated  scribed by Wang and Smitt1987. Nalm-6 cells were harvested,
briefly. Dithiothreitol (DT T) was added to a final concentration of washed three times with culture medium and resuspendedxto 1
6 mM. Denatured IL-7 proteins were further purified by guanidine 107 per mL. Microcentrifuge tubes were prepared by adding00
HPLC sizing. Protein preparations were refolded to a biologicallyNYSOL, a constant concentration [3f%]-hIL-7 in the absence or
active conformation and further purified by native HPLC sizing. presence of increasing concentrations of unlabeled native or mu-
Protein concentrations were determined by the Bradford methogant hiL-7 to a final volume of 10@L. The displacement reactions
(Pierce Chemical Co., Rockford, lllingiand then stored at70°C  were started by the addition of 1Q4L of cells to each tube. The
until used. reaction mixtures were incubated for 30 min at’@7and then the
cells were centrifuged through the NYSOL oil. The cell pellets and

) supernatants, representing bound and free radioactivity, respec-

CD analysis tively, were separated by clipping the tips of the tubes. The radio-

An absorption spectrum was recorded using a Model 62DS Ciractivity in the pellets and supernatants were counted in a Beckman

cular SpectrometdiVIV, Lakewood, New Jersey Samples were  Gamma 5500 counter. The concentrations of unlabeled ligand re-

pre-filtered with a 0.22:m Millipore filter, and spectra were ob- duired to displace 50% of**9]-hIL-7 binding (ICso) from the

tained using a 1-cm pathlength cell with a protein concentration ofL-7 receptor bearing Nalm-6 cells was measured.

0.2 mg/mL in 10 mM phosphate buffer, pH 7.0. The spectrum is

the average of three scans ranging from ;L90—250 nm. A SOlven/%cknowledgments
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rine immature B lymphocyte cell line 2E@ATCC TIB 239 in the subject field.

vitro. 2E8 cells were maintained in Isocove’s modified Dulbecco’s

medium (Gibco, Grand Island, New Yojksupplemented with

0.05 mM 2-mercaptoethan@-ME), 2 mM glutamine, 50 I\YmL

penicillin, 50 ug/mL streptomycin, 5 ngmL IL-7, and 5% fetal  Alderson MR, Sassenfeld HM, Widmer MB. 1991. Interleukin 7 induces cyto-
calf serum(Cellect, Gibcg, at 37°C in a 5% CQ atmosphere. IL-7 kine secretion and tumoricidal activity by human peripheral blood mono-

; ; ; A _ cytes.J Exp Med 17323-930.
remains biologically active in the presence of 0.05 mM 2-ME. Cell Bajorath J, Stenkamp R, Aruffo A. 1993. Knowledge-based model building of

proliferation was measured by MT[B-(4,5-dimethylthazol-2-yt proteins: Concepts and exampl&sotein Sci 21798-1810.
2,5-diphenyl tetrazolium bromide shlibsorbance at 570 nm fol- Banerjee A, Rothman P. 1998. II-7 reconstitutes multiple aspects of v-Abl-
lowing reduction by active mitochondria. For proliferation assays, Mediated signaling) Immunol 1614611-4617.
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2E8 cells were washed three times, and seeded in 96-well plates binding sites of murine interleukin-I0 Biol Chem 2746755-5761.

(Linbro, Flow Laboratories, McLean, Virginian 50 ulL of IL-7 Bazan JF. 1990a. Haemopoietic receptors and helical cytokmesunol Today
free media at a density of X 10° cells/well. Fifty microliter 11:350-354.

; ; ; azan JF. 1990b. Structural design and molecular evolution of a cytokine re-
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concentrations from 10*to 1078 M in a final volume of 10QuL. Bernstein FC, Koetzle TF, Williams GJ, Meyer EE Jr, Brice MD, Rodgers JR,
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