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Elucidation of the Interleukin-15 Binding Site on Its Alpha Receptor by NMR
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ABSTRACT. The cytokine interleukin-15 (IL-15) signals through the formation of a quaternary receptor
complex composed of an IL-15-specificreceptor, together witfi andy. receptors that are shared with
interleukin-2 (IL-2). The initiating step in the formation of this signaling complex is the interaction between
IL-15 and IL-15Rx, which is a single sushi domain bearing strong structural homology to one of the two
sushi domains of IL-2R. The crystal structure of the IL2€RIL-2 complex has been determined, however
little is known about the analogous IL-18RL-15 binding interaction. Here we show that recombinant
IL-15 can be overexpressed as a stable complex in the presence of its high affinity receptorpllL-15R
We find that this complex is 10-fold more active than IL-15 alone in stimulating proliferation and survival
of memory phenotype CD8 T cells. To probe the ligand/receptor interface, we used solution NMR to
map chemical shifts ofN-labeled IL-15Rx in complex with unlabeled IL-15. Our results predict that
the binding surface on IL-15Rinvolves strands C and D, similar to IL-2RThe interface, as predicted
here, leaves open the possibility of trans-presentation of IL-15 by ILed&iRan opposing cell.

Interleukin-15 (IL-18) is a four-helix bundle cytokine that
was first identified by virtue of its similar function to
interleukin-2 (IL-2) as a stimulator of T cell proliferation
and cytotoxic lymphocyte activityl-3). IL-15 has since
been shown to have distinct functions in NK cell develop-
ment @—6), CD8" memory T cell homeostasi{11), and
innate immune responset?).

With the discovery of IL-15, it was shown to share
receptors IL-2® (CD122) and commoty chain () with
IL-2 for cell signaling (L3). In addition, each cytokine utilizes
a unique a receptor, IL-15Rc and IL-2Rx (CD25), to

(17). IL-2Ra has two sushi domains (D1 and D2), both of
which make contributions to the binding of IL-2 due to a
domain swap in which the “topp strands in each module
exchange, resulting in an IL-2 binding surface that is
composed of strands from both domain&&). Interestingly,
IL-15Ra has only one sushi domain, analogous to the D1
of IL-2Ra, and it is necessary and sufficient for cytokine
binding (9, 20). An important difference between IL-16R
and IL-2Rx is their affinity for the respective cytokine
ligand: IL-15Ru binds IL-15 with high affinity K4 = 100
pM) (20), whereas the interaction of IL-2Rand IL-2 is

assemble a quaternary signaling complex on the cell surfaceower in affinity (K¢ = 10 nM) 21).

(14, 15). Thea receptors of IL-15 and IL-2 are composed

Thea receptors have distinct roles in the assembly of IL-

of globular sushi domain(s) “heads”, which comprise the 15 or IL-2 with the shared receptors on the cell surface.

cytokine binding site, followed by a Pro/ Thr rich stalk region

Dubois et al. demonstrated that IL-15 binds receptors IL-

leading to the membrane, and a short intracellular segment2R3 and y. on a cell when cross presented “in trans” by

that is not believed to signall$, 16). Sushi domains are
small 2-on-33-sandwich protein folds containing two to three
disulfide bonds, originally identified in complement factors
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IL-15Ra on a neighboring cell22). This mechanism of
trans-presentation occurs in CDgemory T cells 23) and
NK cells (24), and requires that both IL-15 and IL-16R
are expressed by the same presenting 2&)l. (L-2 signals
in an autocrine manner with two proposed mechanisms of
assembly based on thermodynamic analyses: secreted IL-2
either binds to IL-2R to initiate quaternary complex
formation on the same cell or binds to preformed ILeZR
IL-2R complexes prior toy. association Z1). Upon
quaternary complex formation, both IL-15 and IL-2 activate
the JAK1/JAK3 and STAT3/STATS signaling casca@é)(
Comparison of the IL-15 and IL-2 systems raises important
guestions. How is specificity for the shared signaling
receptors achieved and explained on a molecular level? In
the IL-15 system, can the trans-presentation mechanism be
supported structurally? One approach is to look at the
structural differences in the cytokine/receptor interactions,
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Ficure 1: Expression and purification of IL-15Rand IL-15. IL-15Rx was expressed if. coli as an MBP fusion for secretion to the
periplasm and was purified using a Ni-NTA column (A, lane 1). IL-85MBP was digested with 3C protease, and an amylose column
was used to remove a portion of the free MBP (A, lane 2). IL-d5Ras then isolated by gel filtration (B, C). IL-15 was expressed in yeast
with 15N-labeled IL-15Rx present at induction. The complex was subjected to Ni-NTA column purification (D), and fractions 3 and 4 were
combined and purified by gel filtration (E, F).

and in particular the impact of thereceptors on recognition.  forming the interface with IL-15. Chemical shift differences
The quaternary structure of IL-2 was determined by crystal- distal to the predicted binding site suggest that cytokine-
lography (8), and the solution structure of IL-15Rwas induced structural accommodations in the receptor may occur
recently determined by NMR2{). However, how the high  upon cocomplex formation. Importantly, this predicted
affinity IL-15Ra receptor interacts with IL-15 and how this interface allows for the trans-presentation paradigm, as the
interaction is structurally related to the IL-2RL-2 complex face of IL-15Rx that binds IL-15 could easily face away
remain unknown. from the flexible stalk of the receptor and the presenting
To address this question, we have taken two approachesCell membrane.
First, we have tested the potency of T cell activation
comparing both IL-15 and IL-15/4R complex. Second, we EXPERIMENTAL PROCEDURES
have performed NMR chemical shift mapping on the sushi  Expression and Purification of IL-1%R The sushi domain
domain of IL-15Rx in complex with IL-15, and compared  of IL-15Ra (residues 3396) was subcloned into the pMAL
the binding interface to that of IL-2R and IL-2. NMR p2x vector (New England Biolabs) containing a maltose

chemical shift mapping is a qualitative experiment that pinding protein (MBP) fusion, 3C Rhinovirus protease site
identifies residues with different chemical environments at the N terminus, and a His tag at the C terminus, using

between a free state and in complex with a binding partner. restriction sitedNcd and Hindlll.
Residues with chemical shift differences can be the result The MBP-IL-15Rx fusion protein was secreted into the
of direct interactions at the interface of the cocomplex, or periplasm of theEscherichia colistrain BL21 @8). Expres-
due to indirect conformational changes. sion was induced with 1 mM ITG in minimal M9 media
Here we find that the soluble IL-156Rcomplex is more (11 g/L NaHPQ,, 3 g/L KH,PO,, 0.5 g/L NaCl, 40 mg/L
potent than IL-15 alone in T cell simulation. Second, we thiamine, 50 mg/L ampicillin, 0.12 g/L MgS04, 0.029 g/L
show that IL-15R contains residues with different chemical CaChb, 0.5 g/L N NH,CI, 2 g/L glucose). Protein was
shifts in the free and cocomplex forms along strands C and extracted by an osmotic shock procedt8)( dialyzed, and
D of the receptor, and to a lesser extent strand E, likely purified by Ni-NTA affinity chromatography. IL-15& MBP
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was digested with 3C Rhinovirus protease (50:1) a4
The free MBP was removed over an amylose resin column
(New England Biolabs), followed by size exclusion chro-
matography using a Superdex 75 column (Tricorn). IL-d5R
fractions were pooled, and the final NMR sample was
prepared by buffer exchange into 20 mM Naf@60 mM
NaCl, 0.03% Nal, 7% D,O, pH 7.4.

Expression and Purification of IL-15The open reading
frame of human IL-15 (+114) was subcloned into pRSGAL
(29), a yeast secretion plasmid with a GAL promoter, a
N-terminal synthetic PrePro sequence for targeting to the
endoplasmic reticulum, a N-terminal FLAG epitope tag
(YKDDDDK), and a modified C-terminal EYMPME epitope
tag. The three potential N-linked glycosylation sites in IL15
(N71, N79, and N112) were mutated to glutamine to prevent
potential glycosylation, in order to avoid the frequent
hyperglycosylation seen in yeast cells, and achieve the most
homogeneous protein possible. The plasmid was transformed
by electroporation into thBaccharomyces cerisiae strain
YVH10, modified from the yeast strain B3464 to over-
express protein disulfide isomerase under the control of the
constitutive glyceraldehyde-3-phosphate dehydrogenase pro-
moter @9, 30). The transformants were grown at 30 for
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40 h in synthetic selective medium SD-SCAAYra, —leu,
+trp) containing 20 g/L glucose, 6.7 g/L yeast nitrogen base
without amino acids, 5.4 g/L NEPQ,, 8.6 g/L NaHPO,:

H,0, and 3.9 g/L synthetic amino acids. To induce protein
expression, cells were pelleted by centrifugation and resus-
pended in synthetic selective medium containing galactose
in place of dextrose. Purified IL-15Rreceptor (0.5 mg/L) FSC CFSE

was added to the yeast cultures to form a stable Iigand/recepJ;;‘gl%ZEicazli acltiL\;iltjlt 'ﬁgn ?fergpl:?ﬁs S%iwsaﬁlliyu nlege”rgi%%‘”::é /vUL%lr)]er
tor complex upon IL-15 secretion. Bovine serum albumin of CESE-labeled memory phenot)}pe (MP) C!lls were cultured

(0.5 mg/L) was added as a carrier protein to prevent secretedyith indicated titrating doses of IL-156Rcomplexes or free IL-
IL-15 from nonspecifically adhering to flask walls. Cultures 15 for 4 days and analyzed after staining for CD8, CD44, and
were grown under inducing conditions at 20 for 72 h. zr?tpidi:;m iO)did%(tFr’]l)- (S:EgVEVﬂ ar?.lthe perl?entagllles(qﬂmb C?”S )
H H _ (lett column) an e protiles on live cells (right column).
_After_ induction, yeast cultures were harvested by cen MP cells were >93% CD8 and —~90% CDA4&. One other
tnfug_atlon. The supernatant containing IL-1&M_-15 was experiment showed the same results.
clarified by filtration (0.2um), and was concentrated by

tangential flow filtration (PALL) using a 10 kDa Centromate  chemical shift changes were scored as significant if greater
membrane. The IL-15&1L-15 complex was purified by Ni-  than 0.05 ppm in the proton dimension and/or 0.2 ppm in
NTA affinity chromatography, followed by size exclusion e nitrogen dimension.

chromatography using a Superdex 75 column (Tricorn). Model of IL-15.Based on a sequence alignment of IL-15
Fractions were pooled and buffer was exchanged into the ., G5) rr;odeling of IL-15 was performed with

final NMR buffer (as above). ; .
. Modeller version 8v236) using the crystal structure of IL-2
Cell Culture and FACS Analysisemory-phenotype (MP) (PDB ID: 1792 @7)) a?; <)51 tem;g)late. SéM Superpositi@8)Y

CD8" cells were purified from lymph nodes of IL-7 - ; -
S s . . . was implemented in CooB89) to align the NMR structure
transgenic mice, which are predominantly C¥43D122" of IL-15Ra (PDB ID: 2ERS £7)) onto IL-2Rw, and the

phenotype :61.)' Cell purification af‘d CFSE (M°|eCU|ar model of IL-15 onto IL-2. The structural figures were
Probes)-labeling was performed using previously described produced with Pymol40).

methods 82). MP CD8" cells were cultured in 96-well
microtiter plates for 4 days with free IL-15 (R&D Systems) REsULTS
or IL-15/Ra. complexes and the cultured cells were stained
with PE conjugated anti-CD44 (eBioscience) and Cy5-  Protein Expression and Purificatiofroduction of large
conjugated anti-CD8 (eBioscience) and propidium iodide amounts of recombinant IL-15 has been a recalcitrant
(Sigma) and analyzed by a flow cytometer as descriB&d ( problem for studying this system. While small amounts of
NMR.HSQC experiments were acquired 18X IL-15Ra IL-15 can be produced in yeastl), we and others have
alone and in complex with unlabeled IL-15. All experiments found that free IL-15 is highly prone to aggregation.
were run at 25°C on Varian Inova 600 or 800 MHz  Biologically this may be rationalized by the extremely high
spectrometers, processed with NMRPiB8)(and analyzed  affinity of IL-15 for IL-15Ra (Kg = 100 pM), which suggests
with Sparky software34). To determine the significance of thatin vivo IL-15 primarily exists as a complex with IL-
individual chemical shifts, the difference between proton and 15Ra. We tested commercially produced IL-15 frdencoli
nitrogen shifts was measured using Sparky software, andfor IL-15Ra binding by native gel, and found that while

IL-15/Ra
(0.1 ng/ml)

60.4

*rF*FF‘
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Ficure 3: NMR of free IL-15Rx and in complex with IL-15H—5N HSQC spectra of the sushi domain of free IL-I6R, red) and
superposition of its complex with unlabeled IL-15 (B, blue).

~50% of the material bound IL-15R a significant propor- (Figure 1A, lane 1). The IL-15&receptor was cleaved from
tion did not enter the gel and was presumably aggregated.the MBP tag with 3C protease and purified with an amylose
Free IL-15 at the extremely low biologically relevant resin column as a first round of removing free MBP (Figure
concentrations may not suffer from such biochemical prob- 1A, lane 2). IL-15Rx was isolated by gel filtration (Figure
lems. Nevertheless, we were able to overcome this problem1B,C) and remained stable in solution.
and achieve high-level expression of IL-15 in yeast by  Purified IL-15Rx was added to yeast cultures at the time
addition of its high affinityo. receptor during expression, in  of induction to stabilize IL-15 in the media following
effect mimicking the expression of IL-15 by a cell bearing secretion. The high affinity of IL-15 for IL-15& allowed
IL-15Ra on its surface. We used a version of IL-15 in which the cocomplex to be purified from yeast supernatant by Ni-
we mutated the three asparagine-linked glycosylation sitesNTA chromatography (Figure 1D). Adding the receptor
to glutamine in order to avoid the production of high- during expression of IL-15 was critical as IL-15 alone, both
molecular-weight hyperglycosylated material as is often seenglycosylated and nonglycosylated, was highly unstable when
in yeast, and express the most homogeneous protein possibleexpressed from yeadt, coli, or baculovirus. We observed
These three N-linked sites map far away from the IL-&5R  a double band of IL-15 on SDSPAGE gels, which may be
binding region of IL-15. Glycosylation is not required for due to O-glycosylation of serine or threonine residues, since
biological activity, and the non-N-linked IL-15 behaves in the material contains no N-linked glycosylation, and material
all respects similarly to glycosylated IL-15, which we have expressed from insect cells also shows this doublet. The exact
produced from insect cells. We cannot rule out the possibility source of the heterogeneity is unclear. However, both bands
of some O-linked glycosylation on the yeast-expressed of the doublet bind IL-15R indistinguishably. Gel filtration
material. chromatography was used to remove yeast proteins which
We first produced the free. receptor, sushi domain of  nonspecifically bound to the Ni-NTA resin, resulting in a
IL-15Ra (7 kDa), inE. coli with an N-terminal MBP tag  single peak corresponding to the IL-1&MR.-15 complex
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(Figure 1E,F). This material was monodispersed and soluble
at extremely high concentrations 80 mg/mL).

Biological Actiity of the IL-15R/IL-15 ComplexesTo
determine the relative biological activity of IL-15RL-15
complexes, CFSE-labeled purified memory-phenotype (MP)
CD8" cells were cultured with titrating doses of IL-1®(R
complexes or control free IL-15. Analysis of proliferation
and survival of MP CD8 cells 4 days later showed that IL-
15/Ra. complexes displayed significantly better activity than
free IL-15 (Figure 2). Thus, while a dose of 10 ng/mL of
free IL-15 is very weakly mitogenic for MP CD&ells, this
dose of IL-15/Rx complexes induced efficient proliferation
of MP CD8' cells. Similarly, IL-15/Rx complexes were at
least 10-fold better than free IL-15 in maintaining survival
of MP CD8" cells. This result is in accord with recent work g:?fg?:n‘c‘és'\ﬂoiprﬁg I\Cl)'fwssé?ﬁjiiugtgfsil?_nilfgisnéezl?gg;iga\tvﬁﬂift
dgscrlblng the enhanced potenqy of ”".15 when administered significant chemical shift differences were mapped onto a ribbon
with either soluble IL-15R sushi domainZ0) or IL-15Ro.- representation of the structure of IL-16Rmagenta), and residues
Fc in stimulating MP CD8 T cells and NK cellglZ, 43). that could not be seen in the NMR spectra are shown (blue).
However, as mentioned, the exact quantification of the Residues were determined to be significant with chemical shift
activity of the free IL-15 is subject to some ambiguity due changes greater than 0.05 ppm in the proton dimension, and 0.2

to the presence of some inactive free IL-15 in the sample, PP™ I the nitrogen dimension.
NMR Chemical Shift Mapping of the IL-16RL-15 Location of NMR Chemical Shifts on the IL-1®Btruc-

Complex.The solution structure of IL-15&® was recently 2:{'?{ ?r?;’rzdueessboeft\lvl_e-ér?athix?rfgl?gczlgtgl:lzagtcfrrlﬁnm:r?(; the
determined by NMR Z7), however the nature of the 9 P P

interaction with IL-15 remains unknown. To address this igglm(gie)afepic)mémh(:Vr;rczlmsﬁgegif?er}fn?;ngf;uﬁozfﬂlL'
guestion, we performed NMR chemical shift mapping of IL- 9 i y

. : localized on the C, D, and E strands of IL-1&FRSpecifically,
15Ra with and without IL-15 to probe changes that occur ;
in the spectrum of the receptor upon ligand binding. The residues Arg56, Tyr57, Phe63, Lys64, Lys66, Thr69, Ser70,

15N ) and Leu72 on strands C and D were significant, likely
];;el\j a’i (;a;ﬁlHegélbls Zlcr[?tfrip\;[\?ar SV\;:S Si(:ggear%g;[i? f]? eO.l contributing to the interface with IL-15. These strands have
3A) ' our spectrum re%roduces the fo(cq)tprint of the IgL-bSR been predicted to interact with IL-15 from previous modeling

. . , . . of the receptor/cytokine interface2¥). Residues Arg65,
sushi domain spectrum as previously published, allowing us
to confirm 46 out of 56 backbone amide resonance peaks,AIa67’ Gly68, and Ser71 on the D strand were among the

and 8 out of 8 side chain peaks with previous assignmentsreSidues not visible in the NMR spectrum (Figure 4, blue).
(27). Of the remaining ten residues from the 66-residue However these residues are likely involved in IL-15 binding

receptor, six were not visible in our HSQC experiments givgn that they are surrounded by significantly S.hifted.
similar to the previously published spectra, likely due to regdues on the D ;trand, howgver we cannot pr¢d|ct th|s
chemical exchange at pH 7.27%), and four residues are with absolute certainty. Interestingly, some chemical shift

proline, which do not produce a backbone amide resonance.dlfferences Were seen from re_S|dues on t_he E stra_nd, which
has not previously been predicted to be involved in IL-15,

Next we produced a sample 8N-labeled IL-15Rcand i particular residues Ser90, Lys92, and lle94.
unlabeled IL-15 complex at a concentration of 0.1 MM and  Several residues were determined to have chemical shifts
repeated the HSQC experiment (Figure 3B). To simplify data gjtferences that were not near the predicted IL-&8R-15
analysis, IL-15 was kept unlabeled so that it would not \inging interface (Figure 4). Residue His41 on the B strand
produce an NMR signal, but its effect on the spectrum of s |ocated above shifted residues Leu91, Lys92, and Cys93
IL-15a. could be observed. A total of 22 residues in the IL-  on, the E strand; therefore the chemical environment may be
15Ro receptor had significant chemical shift changes in the gjiered due to its proximity to the chemically shifted residues
IL-15Ra/IL-15 cocomplex spectrum compared to the un- pejow it, and not necessarily because of a direct interaction.
bound receptor spectrum. In addition, residues Ser48 and Cys33 are located on the

For the present work, full assignment of the complex is top of the receptor, distal to the predicted interface with IL-
not required for our analysis since the goal is to simply map 15, suggesting that there may be overall conformational
the IL-15 binding site on IL-15R qualitatively. If a given changes in the receptor upon ligand binding. These distal
residue has the same resonance in the free and complexedesidues whose chemical environment is perturbed upon IL-
IL-15Ra (e.g., Ser61 at 8.6, 113 ppm), that is an indication 15 binding likely indicate that the IL-15R sushi domain
that its chemical environment does not change upon complexhas regions of flexibility that are indirectly affected by ligand
formation, indicating that the residue is not involved in IL15 interaction, either through rigidification or the adoption of
binding. Conversely, if the chemical shift of a given residue alternate conformations. The IL-16Rontains a significant
is not identical in the free and complexed protein, this amount of “loop” structure that is often flexible. Such an
indicates that it is affected by IL-15 binding. In this fashion, observation is entirely consistent with the premise that
it is not required to know exactly which chemical shift it proteins “breathe” in solution, and highlights the unique
assumes in the complex, but rather that it is different from ability of NMR to measure structural changes that would
the free one. not be apparent from a crystal structure.

N terminus

C terminus
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IL-15Ra

IL-15Ra

Ficure 5: Chemical shifts mapped on to IL-16RNMR structure and comparison to contacts derived from the crystal structure of IL-2/
IL-2Ra. Residues with significant chemical shift differences were mapped onto a ribbon representation of the INMBRstructure (A,
magenta). IL-2R from the IL-2 crystal structure is shown with residues that are in direct contact with IL-2 in magenta (B). Molecular
surface representations of IL-16Rwith chemical shift mapping results depicted as magenta surface area (C) ana wvi#Rcontact
residues as magenta surface area and IL-2 (purple) bound (D).

A new resonance appears at 10.6/133.5 ppm that likely to residues on IL-2R that make contacts with IL-2 in the
belongs to a tryptophan side chain (Ne). Intriguingly, the crystal structure (Figure 5BB7). Significant chemical shift
Trp86 side chain peak has low intensity in the free protein, differences on IL-15R were located on strands C, D, and
suggesting chemical exchange between different conforma-to a lesser extent E. The contact residues of lla2&te
tions or solvent exchange. Complex formation might stabilize located primarily on the D, C, and G strands of sushi domain
a specific conformation and limit the exchange phenomena, 1, and on the A strand of sushi domain 2. Therefore Ila2R
leading to the appearance of a second, more intense peakloes not use the E strand of sushi domain 1 to make contacts
representing this stabilized form. The Trp86 side chain is with IL-2, so we attribute the chemical shifts on strand E of
part of a hydrophobic patch of residues those chemical shift IL-15Ra to indirect effects propagated from direct interaction
changes upon complex formation, in accordance with the with strand C and D.
above hypothesis. Model of IL-15Ry/IL-15 Binding Interaction.To further

Comparisons of IL-15& and IL-2Rx. To address the  probe the relationship between residues used by the different
guestion of similarities in IL-15R and IL-2Rx cytokine o receptors for cytokine binding, we modeled where IL-15
recognition, we compared the location of residues orothe  would contact IL-15R if the binding mode were exactly
receptors that form the interface with IL-15 and IL-2 analogous to that of IL-2 binding to IL-2R We could then
respectively. First, we generated a structure-based alignmentompare the resultant IL-15RL-15 binding interface to
of IL-15Ra. onto domain 1 of IL-2R to overlay analogous  the experimentally determined binding footprint as measured
strands. The core rmsd was 2.652 A using residues4Z? by chemical shift mapping. Our approach was to first
and 53-64 from IL-15Rx, and residues 104121 from IL- generate a structural model of IL-15 based on a sequence
2Ra.. We then compared the NMR chemical shift map of alignment to IL-2 (see Experimental Procedures). We then
residues on IL-15R affected by IL-15 binding (Figure 5A)  individually superimposed the NMR structure of IL-1&R
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IL-15Re

Ficure 6: Modeling of the IL-15/IL-15R interaction based on
the IL-2/IL-2Ro docking mode. IL-15 was modeled based on a
sequence alignment to IL-2. The model of IL-15 (orange) and
structure of IL-15R (green) were positioned relative to each other
based on their individual superposition onto IL-2 and ILe2R
respectively, from the IL-2B/IL-2 crystal structure.

and the IL-15 homology model onto domain 1 of IL-2R
and IL-2, respectively, from the IL-2RIL-2 complex crystal
structure (Figure 6). The core rmsd achieved for the
positioning of IL-15 onto IL-2 was 1.093 A using residues
1-76, and 95-114 from IL-15, and residues %0, 55—

73, 81-95, and 113-132 from IL-2. Based on this position-

Biochemistry, Vol. 46, No. 33, 2000459

are widely expressed, protein expression is tightly regulated.
Our suspicion was that IL-15 protein may be unstable or
aggregation prone at high concentrations by itself. The very
high affinity of IL-15Ra for IL-15 almost insures that there
would be very little free IL-15 in the extracellular millieu,
and that most of the IL-15 secreted in a paracrine fashion
by T cells exists in complex with ita receptor, possibly in

a more biochemically stable form. The instability of free IL-
15 complicates reliable binding measurements between free
IL-15 and IL-15Rx due to the imprecision in quantitation
of biologically active IL-15. We previously noted an almost
identical situation with viral IL-6, which was unstable as a
free protein, but highly stable and well-behaved in complex
with its receptor gp1304d).

In this paper we present a method of IL-15 expression
where IL-15 is stabilized by IL-15& as it is being secreted
from yeast, and therefore is stable in solution. In addition,
IL-15 can be produced without tags, as the IL-B5R
hexahistine tag allows for Ni-NTA column purification of
the high affinity complex. Our observation that recombinant
IL-15 is stabilized when in the presence of its high affinity
IL-15Ra receptor is in agreement with how IL-15 is thought
to be expresseid vivo, bound to either cell surface or soluble
shed IL-15Rx receptor and not unbound in cell supernatants
(22, 45). Additionally we demonstrate the biological activity
of the IL-15Rx/IL-15 complexes in stimulating the prolifera-

ing, it is clear that there is a large degree of overlap betweention and survival of MP CD8 T cells, and in particular the

the IL-15 and IL-2 binding footprints on the receptors.
Also, there appear to be chargeharge complementarities
between the IL-15 model and the IL-16Rbinding site as
observed previously2{), although the crudeness of the

enhanced potency of these complexes as compared to IL-15
alone. This result supports the idea that biologically relevant
IL-15 is likely found in complex with itso receptor.

With regard to the IL-15B/IL-15 interaction, we dem-

modeling prevents us from speculating about pairwise pnstrate that IL-15R utilizes two of the same strands (C

contacts. However, if IL-15 were binding to IL-1BR
identical to the “IL-2” mode it would most likely not give

and D) as IL-2R« based on chemical shift mapping and a
structure-based alignment onto IL-@R Therefore, the

rise to the strong chemical shifts we see in the E strand. We rimary interaction regions of both IL-15Rand IL-2Rx

conclude that the IL-15/IL-15&interaction is highly similar

to the IL-2/IL-2Ra interaction, and that the E strand chemical
shifts are most likely a result of indirect effects propagated
away from the C and D strand interface, or conformational
changes upon IL-15 binding.

The interface of chemically shifted residues along strands

C and D positions IL-15R as a cap on top of IL-15. This
mode of docking allows for the trans-presentation of IL-15
by IL-15Ra, where the flexible stalk of IL-15&, which
would extend from the C terminus of the receptor toward
the cell membrane, is away from the predicted IL-15 binding
site.

DISCUSSION

The question of how IL-15 interacts with its high affinity
receptor IL-15R is crucial to understanding the unique
biology of this complex, in particular, the ability of IL-1BR
to present IL-15 in trans to cells expressing ILZ2Bndy..

are similar. To address this, we modeled the IL-&AR-

15 interaction as if it were exactly analogous to ILe2R -

2. For this experiment, we superimposed IL-t5Bnd a
model of IL-15 in the IL-2Rv/IL-2 docking mode. In this
binding mode, the residues on the E strand of IL-d5Rat
show chemical shift changes do not appear to be in close
enough proximity to IL-15 to show chemical shift changes
on the receptor. A caveat to this type of analysis is that one
cannot accurately predict NMR chemical shift changes from
structural models, but one can use both types of information
as structural constraints in binding site prediction, as we do
here. The chemical shifts of residues along strand E of IL-
15Ra, as well as sites in the receptor not near the predicted
IL-15 binding interface, suggest overall structural adjustments
of flexible regions, occurring in the receptor upon ligand
binding. Ultimately, the nature of the chemical shifts on IL-
15Ra that are not at the predicted interface will best be
understood by a complete structure of the IL-23R-15

The principal novelties of the results we report here are (1) Comp|ex and the quaternary structure of IL-15/IL-16R -
a robust general method to produce recombinant, biologically 2RBly..

active IL-15/IL-15Rx complexes and (2) a study of the IL-
15 interaction with IL-15R receptor by NMR chemical shift
mapping experiments.

With respect to the first novelty, the difficulties in
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