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Interleukin-2 (IL)-2 signaling plays a pivotal role in the activation of immune responses, and drugs that block this 
pathway have been shown to be effective for the immunosuppression in patients with organ transplantation to allevi-
ate/eliminate allograft rejection. The first humanized monoclonal antibody (mAb) daclizumab falls into this category 
and shows high specificity and affinity against a key component of the IL-2 receptor complex, namely IL-2Rα. To 
reveal the molecular mechanism of the inhibition of the IL-2 signaling pathway by daclizumab, we determined the 
crystal structures of the daclizumab Fab in free form and in complex with the IL-2Rα ectodomain at 2.6 and 2.8 Å 
resolution, respectively. The daclizumab Fab adopts a similar conformation in the presence or absence of the IL-
2Rα ectodomain. The antigen-binding site of daclizumab is mainly composed of five complementarity determining 
regions (CDRs) that form a large positively charged surface depression and two flanking patches that are generally 
hydrophobic. The conformational epitope consists of several discontinuous segments of the IL-2Rα ectodomain, a 
large portion of which overlaps with the regions that interact with IL-2, suggesting that the binding of daclizumab to 
IL-2Rα would prevent the IL-2 binding to IL-2Rα and the subsequent formation of the IL-2/IL-2Rαβγc complex, and 
therefore block the IL-2 signaling pathway. These results also have implications for the design and development of 
improved mAb drugs targeting IL-2Rα. 
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Introduction

The cytokine interleukin-2 (IL-2) plays a central role 
in immune responses by promoting proliferation, differ-
entiation, and survival of mature T and B cells, and the 
cytolytic activity of natural killer cells [1-4]. The in vivo 
biological effects of IL-2 are mediated mainly through 

the high-affinity IL-2 receptor (IL-2R) complex [2] com-
posed of the alpha chain IL-2Rα (p55, CD25, or Tac Ag), 
the beta chain IL-2Rβ (p75 or CD122), and the common 
gamma chain γc (p65 or CD132). In the structure of the 
IL-2/IL-2Rαβγc complex, IL-2Rα interacts extensively 
with two dominantly hydrophobic regions of IL-2 largely 
via its D1 domain, and IL-2Rβ and the γc interact with 
IL-2 from the opposite side with less contacts and have 
no interaction with IL-2Rα [5-7]. The structural and bio-
chemical data suggest a sequential assembly of the IL-2/
IL-2Rαβγc complex: (1) IL-2Rα that expresses abun-
dantly on the activated T cells acts as a ligand carrier to 
facilitate the secretion of IL-2 and then binds it, leading 
to conformational changes of IL-2 to a favorable IL-2Rβ 
binding state; (2) the IL-2/IL-2Rα complex is delivered 
to IL-2Rβ through two-dimensional cell surface diffusion 
to form the IL-2/IL-2Rαβ complex; and (3) the γc is re-
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cruited to form the IL-2/IL-2Rαβγc complex that triggers 
the signaling pathways [6-9].

Because the interactions of IL-2 with IL-2Rs play a 
pivotal role in the activation of immune defense, inhi-
bition of the interactions can suppress the immune re-
sponses and provide therapeutic benefits [1]. IL-2Rα is 
considered as a good target in clinical treatment, particu-
larly for the specific immunosuppression in organ trans-
plantation, due to several reasons: (1) the binding of IL-
2Rα to IL-2 initiates the sequential assembly of the IL-2/
IL-2Rαβγc complex and then activates the IL-2 signaling 
pathway; (2) IL-2Rα is specific for IL-2 binding [10, 11], 
whereas IL-2Rβ is shared by IL-15 [12-15], and the γc is 
a common receptor component for a variety of cytokines 
[15-17]; and (3) IL-2Rα is not expressed on resting T and 
B cells but is abundantly expressed on activated T cells 
and abnormal T cells of patients suffering from allograft 
rejection [18, 19], some autoimmune diseases [20, 21], 
and T cell leukemia [20, 22]. Currently there are two 
monoclonal antibody (mAb) drugs targeting at IL-2Rα, 
namely daclizumab (Zenapax®, Roche) and basiliximab 
(Simulect®, Novartis), which were approved by the US 
Food and Drug Administration (FDA) for prevention of 
allograft rejection in organ transplantation. Basiliximab 
is a chimeric mAb with the variable domains of murine 
anti-IL-2Rα mAb RTF5 and the constant domains of hu-
man IgG1 (κ). Daclizumab is the first humanized mAb 
drug approved by FDA in 1997. It is a humanized IgG1 
form of murine anti-IL-2Rα mAb anti-Tac and retains 
the murine complementarity determining regions (CDRs) 
and some key residues of the framework regions (FWRs) 
for high specificity and high affinity [23]. Daclizumab 
has been successfully used in the treatment of renal trans-
plantation [24-28] and liver transplantation [29-32], and 
is promising for the treatment of acute graft-versus-host 
disease [33, 34], multiple sclerosis [35], and malignan-
cies such as T cell leukemia [19]. The non-randomized 
large multi-center trials in phase I/II showed that the safe 
and efficacious dosages of basiliximab and daclizumab 
are quite different (basiliximab in two 20 mg/kg doses 
and daclizumab in five 2 mg/kg doses) [36]. However, 
the randomized, open-label, single-center studies found 
no significant differences in the efficacy and safety of the 
two mAbs [36, 37]. Basiliximab and daclizumab have 
similarly high binding affinities to the IL-2Rα ectodo-
main with KD values of 0.14 nM [38] and 0.3 nM [39], 
respectively.

The IL-2Rα ectodomain contains two β-strand-
swapped “sushi-like” domains D1 (residues 1-64) and D2 
(residues 101-164) [5-7, 38]. Previously, by phage dis-
play library screening, Binder et al. [40] suggested that 
residues 116-120 of the D2 domain of IL-2Rα form the 

epitope recognized by both basiliximab and daclizumab. 
Recently, our structural study of the basiliximab Fab in 
complex with IL-2Rα has shown that basiliximab binds 
IL-2Rα via a discontinuous epitope composed of several 
segments (residues 1-6, 21-29, 38-48, 56-57) of the D1 
domain and a minor segment (residues 118-120) of the 
D2 domain. As the epitope covers most of the regions 
responsible for the interactions of IL-2Rα with IL-2, our 
results indicate that the binding of basiliximab to IL-2Rα 
blocks the interactions of IL-2 with IL-2Rα and thus in-
hibits the activation of the IL-2 signaling pathway [38].

To understand the inhibition mechanism of daclizum-
ab on the IL-2 signaling pathway and to compare the re-
spective interactions of IL-2R with daclizumab and basil-
iximab, we determined the crystal structures of the dacli-
zumab Fab both in free form and in complex with the IL-
2Rα ectodomain. Structural analysis of the daclizumab 
Fab/IL-2Rα complex and its comparisons with the IL-2/
IL-2Rαβγc and basiliximab Fab/IL-2Rα complexes reveal 
the molecular basis of the high affinity of daclizumab to 
IL-2Rα, the inhibition mechanism of daclizumab on the 
IL-2 signaling pathway, and the differences in the two 
mAbs. Our results also have implications for further im-
provement of mAb drugs targeting IL-2Rα.

Results and Discussion

Structures of the daclizumab Fab in free form and in 
complex with the IL-2Rα ectodomain

The crystal structures of the daclizumab Fab in free 
form and in complex with the IL-2Rα ectodomain were 
determined at 2.6 and 2.8 Å resolution, respectively (Fig-
ure 1A and Table 1). In the free-form daclizumab Fab 
structure, there is one Fab molecule in an asymmetric 
unit. In the structure of the daclizumab Fab/IL-2Rα com-
plex, there are two complexes in an asymmetric unit with 
almost identical overall structures (superposition of all 
Cα atoms yields a root-mean-square deviation of 1.2 Å 
for IL-2Rα, 0.6 Å for the Fab, and 0.9 Å for the complex, 
respectively), and the one with more detectable residues 
and better electron densities was chosen for further struc-
tural analysis and discussion.

In the free form or in complex with IL-2Rα, the da-
clizumab Fab exhibits a canonical β-sandwich immuno-
globulin fold consisting of the heavy-chain VH and CH1 
domains (residues 1-216) and the light-chain VL and CL 
domains (residues 1-212) (Figure 1A). In both structures, 
the daclizumab Fab has well-defined electron density, 
except for a small segment (SerH130 to GlyH136 in the free-
form Fab or SerH130 and SerH131 in the complex) of the 
conserved loop of the CH1 domain, which is often disor-
dered in many other Fab structures [41]. Both structure 
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Figure 1 Structure of the daclizumab Fab/IL-2Rα complex. (A) A stereoview of the overall structure of the daclizumab Fab/
IL-2Rα complex. The Fab is colored with V and C domains of the light chain in yellow and orange, and those of the heavy 
chain in green and pink, respectively. IL-2Rα is colored with the D1 domain in magenta and the D2 domain in cyan. (B) A 
stereoview of a representative SIGMAA-weighted 2Fo - Fc map (1σ contour level) showing part of the binding interface in IL-
2Rα D1 domain (residues 1-7) and D2 domain (residues 147-154), both of which are involved in interactions with the dacli-
zumab Fab. The atomic coordinates of the residues are shown with ball-and-stick models. The disulfide bond between CysI3 
and CysI147 is clearly defined. (C) Structural comparison of IL-2Rα among different complexes. IL-2Rα structures from the 
complexes with the daclizumab Fab and the basiliximab Fab (PDB code: 3U3I) are colored in green and cyan, respectively, 
and those from the IL-2/IL-2Rα complex (PDB code: 1Z92) and the IL-2/IL-2Rαβγc complex in two different crystal forms (PDB 
codes: 2B5I and 2ERJ) are colored in red, yellow and magenta, respectively. Residues 1-64 and 101-164 of the IL-2Rα ect-
odomain from the complex with the daclizumab Fab can be traced, whereas the two linker regions are disordered due to their 
inherent flexibility. IL-2Rα in the complex with the daclizumab Fab adopts a conformation very similar to that observed in the 
other IL-2Rα complexes except that some conformational changes occur at three flexible regions of residues 36-41, 109-117, 
and 132-144 as indicated.
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models have good stereochemical geometry, except that 
residue ThrL50 resides in a classic γ-turn and hence is lo-
cated in the disallowed region of the Ramachandran plot, 
which is commonly seen in other Fab structures [42]. Su-

perposition of the structures based on all Cα atoms yields 
a root-mean-square deviation of 0.8 Å for the V domains 
and 0.8 Å for the C domains, indicating that the V and C 
domains of the free-form daclizumab Fab resemble those 
in the complex. In particular, the six CDRs of the Fab 
adopt very similar conformations in the two structures. 
The elbow angle of the Fab, defined as the subtended 
angle by the two pseudo two-fold axes relating VH to VL 
and CH to CL, is 164.6° in the free-form Fab and 169.0° 
in the complex, which is in agreement with the notion 
that daclizumab has a κ light chain [43]. Crystal packing 
analysis reveals that both V and C domains participate in 
the interactions with symmetry-related molecules. Thus, 
the slight change of the elbow angle in the two structures 
is probably caused by crystal packing and/or the intrinsic 
flexibility of the elbow.

The IL-2Rα ectodomain in the complex assumes an 
atypical cytokine receptor structure as reported previous-
ly [5-7, 38] (Figure 1A). The D1 (residues 1-64) and D2 
(residues 101-164) domains have well-defined electron 
density, especially in the regions interacting with the Fab 
(Figure 1B). The linker between the D1 and D2 domains 
(residues 65-100) and the C-terminal region connecting 
the D2 domain to the trans-membrane domain (residues 
165-217) cannot be observed as in all other IL-2Rα 
structures [5-7, 38], and hence may not participate in the 
binding of the Fab. Thus, only 129 out of 217 residues of 
the IL-2Rα ectodomain are structured. Comparison with 
the previously reported structures [5-7, 38] shows that 
the IL-2Rα ectodomain adopts a similar overall structure 
(superposition of all Cα atoms yields a root-mean-square 
deviation of 1.4-1.7 Å for the D1 domain, 1.5 Å for the 
D2 domain, and 1.4-1.7 Å for the whole molecule). The 
major conformational differences occur in three solvent-
exposed regions (residues 36-41 of the D1 domain and 
residues 109-117 and 132-144 of the D2 domain) (Figure 
1C). These regions are adjacent to the epitope, but have 
no interactions with the Fab. Nevertheless, we cannot 
completely exclude the possibility that the conforma-
tional changes might have resulted from the Fab binding.

Interactions between the daclizumab Fab and the IL-2Rα 
ectodomain

The epitope of IL-2Rα is composed of several dis-
continuous segments, including residues 1-6, 25-27, and 
42-43 of the D1 domain, and residues 118-120 and 149-
155 of the D2 domain (Figure 2A, panel a). The antigen-
binding site of the daclizumab Fab consists of a large, 
positively charged surface depression flanked by two 
generally hydrophobic patches, which involves CDRs 
L2, L3, H1, H2, and H3 and FWR L2 of the Fab (Figure 
2A, panel b). Formation of the complex buries a total of 

Table 1 Summary of diffraction data and structure refinement sta-
tistics
 Fab Fab/IL-2Rα  
  complex
Diffraction data   
Wavelength (Å) 1.5418 0.9796
Space group P41212 C2221

Cell parameters  
    a (Å) 67.9 102.2
    b (Å) 67.9 115.0
    c (Å) 205.6 247.6
Resolution (Å) 20.0-2.6 50.0-2.8
 (2.69-2.60) a (2.90-2.80)
Observed reflections 177,165 146,160
Unique reflections (I/σ(I) > 0) 15,582 31,671
Average redundancy 11.4 (10.7) 4.6 (3.9)
Average I/σ(I) 3.8 (1.9) 7.1 (2.9)
Completeness (%) 98.3 (98.3) 95.5 (99.8)
Rmerge (%) b 14.0 (34.1) 15.8 (38.4)
Refinement and structure model  
Reflections (Fo≥0σ(Fo))  
     Working set 14,528 30,071
     Test set 777 1,599
R factor / free R factor (%) c 22.5 / 27.5 25.3 / 30.1
Number of protein atoms 3,203 8,326
Number of water atoms 102 97
Average B factor (Å2)  
    All atoms 48.8 69.5
    Fab main chain / side chain 48.4 / 49.2 63.5 / 64.1
    IL-2Rα main chain / side chain  90.5 / 90.1
    Water 49.1 51.3
RMS deviations  
    Bond lengths (Å) 0.008 0.007
    Bond angles (°) 1.2 1.0
Ramachandran plot (%)  
    Most favored regions 88.5 85.7
    Allowed regions 10.4 12.9
    Generously allowed regions 0.8 1.2
    Disallowed regions 0.3 0.2

aNumbers in parentheses represent the highest resolution shell.
bRmerge = ∑hkl∑i|Ii(hkl)i−<I(hkl)>|/∑hkl∑iIi(hkl).
cR = ∑hkl||Fo|−|Fc||/∑hkl|Fo|. 
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Figure 2 Interactions between the daclizumab Fab and IL-2Rα. (A) Molecular surfaces of the daclizumab Fab and IL-2Rα 
showing the residues at the interface. Panel a: the daclizumab Fab is shown with an electrostatic potential surface with some 
of the residues involved in the interactions labeled in black, while IL-2Rα is shown with a stick model with the D1 domain 
in magenta and the D2 domain in cyan. In panel b, IL-2Rα is shown with an electrostatic potential surface with some of the 
residues involved in the interactions labeled in black, while the Fab is shown as a stick model with CDR loops L2 and L3 in 
yellow, and CDR loops H1, H2, and H3 in green, respectively. The residues of IL-2Rα and the Fab involved in the interac-
tions are shown with ball-and-stick models. (B-D) The hydrophilic interactions between IL-2Rα and the daclizumab Fab. IL-
2Rα forms hydrophilic interactions with the Fab mainly in three regions, which are illustrated in panels B-D, respectively. The 
hydrogen bonds are indicated by black dashes and the salt bridges with gray dashes. The color coding of the structural ele-
ments is the same as in Figure 1A.
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2078.6 Å2 solvent-accessible surface area (1053.0 Å2 on 
the Fab and 1025.6 Å2 on IL-2Rα), which is much higher 
than the common range in the other antibody-antigen 
complexes [44, 45]. The Fab heavy chain contributes 
555.2 Å2 of the buried solvent-accessible surface area, 
whereas the light chain contributes 497.8 Å2. The inter-
action interface has a shape complementarity (Sc) value 
of 0.58, which is slightly lower than the average range 
of 0.64-0.68 for the other antibody-antigen complexes 
[46]. In total, there are 12 hydrogen bonds, 2 salt bridges, 
and 91 van der Waals contacts at the interface (Figure 2, 
Tables 2 and 3). The extensive interactions at the inter-
face result in a high binding affinity of daclizumab to the 
IL-2Rα ectodomain with an apparent disassociation con-
stant (KD) of 0.27 nM as measured by the SPR analysis. 
The KD value is similar to that of daclizumab to human 
T lymphoma cell line HuT-102, as determined by the 
Scatchard plot analysis (0.3 nM) [39].

Specifically, residues 1-6 of IL-2Rα (GluI1 to AspI6) in-
teract with the central positively charged surface depres-
sion of the Fab formed mainly by residues ArgL90, TyrH32, 
ArgH33, HisH35, GlyH100, and ValH102 (hereafter residues 
of the Fab heavy chain and light chain and IL-2Rα are 
designated by superscripted chain identifiers H, L, and 
I, respectively) (Figure 2A and 2B and Tables 2 and 3). 
This part of the interface makes up more than half of the 
hydrophilic interactions and one-third of the hydrophobic 
contacts (8 hydrogen bonds, 2 salt bridges, and 38 van 

der Waals contacts). In particular, the side chain of AspI4 
of IL-2Rα inserts into a small cavity formed by ArgH33, 
HisH35, GlyH100, and GlyH101 and forms a number of hydro-
philic and hydrophobic interactions. Residues of CDRs 
L3 and H1 contribute most of the interactions at this 
region. Particularly, ArgH33 of CDR H1 contributes two 
salt bridges, one hydrogen bond, and 13 van der Waals 
contacts.

In addition, residues 25-27, 42-43, and 118-120 of 
IL-2Rα interact with a generally hydrophobic surface 
patch composed of several residues of CDRs L3 and 
H2, including TyrL93, TyrH50, TyrH57, GluH59, and GlnH62 
(Figure 2A and 2C and Tables 2 and 3). In this region, a 
total of 4 hydrogen bonds and 24 van der Waals contacts 
are formed, and in particular, GluH59 of CDR H2 makes a 
major contribution by interacting with AsnI27, TyrI43, and 
HisI120 of IL-2Rα. Moreover, residues 149-155 of IL-2Rα 
interact with another hydrophobic surface patch formed 
by CDRs L2, L3, H1, and H3 (including residues ThrL49, 
SerH31, ArgL90, TyrH32, GlyH100, GlyH101, and ValH102), and 
FWR L2 (TyrL48) (Figure 2A and 2D and Tables 2 and 
3). Nearly half of the interactions are formed by residues 
GlyH100 and TyrH32, including 2 hydrogen bonds and 12 
van der Waals contacts. It is noteworthy that TyrL48 of 

Table 3 The van der Waals contacts between the daclizumab Fab 
and the IL-2Rα ectodomain (≤4.0 Å)a

IL-2Rα residue                      Fab residue
GluI1 (6) SerL30 (1), ArgL90 (4), SerL91 (1) 
LeuI2 (10) ArgL90 (5), SerL91 (2), ThrL92 (2), TyrL93 (1)
AspI4 (20) ArgH33 (12), His H35 (3), Gly H99 (2), 
 Gly H100 (2), Gly H101 (1)
AspI5 (1) ArgH33 (1)
AspI6 (1) AsnH52 (1)
MetI25 (2) TyrL93 (2)
AsnI27 (4) GluH59 (4)
LeuI42 (2) GlnH62 (2)
TyrI43 (6) TyrL93 (3), GluH59 (3) 
IleI118 (2) TyrH57 (2)
HisI120 (8) TyrL93 (2), TyrH50 (2), GluH59 (4)
MetI149 (1) ThrL49 (1)
ThrI150 (1) TyrL48 (1)
HisI151 (6) TyrL48 (6)
GlyI152 (7) TyrL48 (4), GlyH101 (2), ValH102 (1)
LysI153 (3) Gly H100 (3)
ThrI154 (5) ArgL90 (1), GlyH100 (4)
ArgI155 (6) SerH31 (1), TyrH32 (5) 

aThere are a total of 91 van der Waals contacts. Numbers in paren-
theses refer to the number of van der Waals contacts.

Table 2 The hydrogen bonds and salt bridges between the dacli-
zumab Fab and the IL-2Rα ectodomain
IL-2Rα atom Distance (Å) Fab atom CDR loop
Hydrogen bonds   
LeuI2-N 3.2 ArgL90-O L3
LeuI2-O 2.7 ArgL90-Nη2 L3
AspI4-O 3.4 ArgH33-Nε H1
AspI4-Oδ1 3.3 HisH35-Nε2 H1
AspI4-Oδ1 2.9 GlyH100-N H3
AsnI27-Oδ1 3.3 TyrH57-Oη H2
AsnI27-Nδ2 3.4 GluH59-Oε2 H2
TyrI43-Oη 2.5 GluH59-Oε2 H2
HisI120-Nε2 2.5 GluH59-Oε2 H2
GlyI152-O 3.2 ValH102-N H3
ThrI154-N 3.0 GlyH100-O H3
ArgI155-Nδ2 3.4 TyrH32-Oη H1
Salt bridges   
IL-2Rα residues Distance (Å) Fab residues CDR loop
AspI4 2.9 ArgH33 H1
AspI6 3.5 ArgH33 H1



www.cell-research.com | Cell Research

Hui Yang et al.
1367

npg

FWR L2 makes 11 van der Waals contacts with residues 
ThrI150, HisI151, and GlyI152.

Previously, the phage display library screening re-
sults suggested that the daclizumab epitope is located 
in the region of residues 116-122 of IL-2Rα [40]. In the 
structure of the daclizumab Fab/IL-2Rα complex, only 
two residues of this region participate in the interactions 
with the daclizumab Fab. Specifically, IleI118 forms two 
van der Waals contacts with TyrH57, and HisI120 makes 
one hydrogen bond and eight van der Waals contacts 
with CDRs H2 and L3 (Tables 2 and 3). Similarly, the 
basiliximab epitope defined in our previous study [38] 
contains several discontinuous segments, of which the 
linear epitope identified by the phage display method [40] 
constitutes only a small portion. Also, the 182YCYSI186 
fragment of CD20 suggested to be part of the rituximab 
epitope [47] does not bind to rituximab directly; instead, 
our structural study shows that Cys183 of this fragment 
may contribute to maintaining a unique cyclic conforma-
tion of the CD20 epitope by forming a disulfide bond 
with Cys167 [48]. In addition, in a search for peptide mim-
ics of the epitope recognized by trastuzumab, a thera-
peutic antibody specific to Her2/neu, the five mimotopes 
identified by the phage display screening [49] just mimic 
one of the three regions of the Her-2/neu epitope deter-
mined by the structural study [50]. These results indicate 
that the potential epitope identified by the phage display 
method is very likely incomplete and needs to be treated 
cautiously in the studies of antibody-antigen interactions 
and in the development of improved antibodies.

Comparison of the epitopes of daclizumab and basilix-
imab

Our biochemical data show that the basiliximab mAb 
has a binding affinity to IL-2Rα (0.14 nM) [38] similar 
to that of the daclizumab mAb (0.27 nM, in this study), 
consistent with the similarity of the two antibodies in the 
Sc value (0.58 vs. 0.57) and the buried solvent-accessible 
surface area (1108.6 Å2 vs. 1053.0 Å2). On the Fab side, 
the daclizumab paratope consists of five CDRs L2, L3, 
H1, H2, and H3, whereas the basiliximab paratope is 
composed of all of the six CDRs. On the IL-2Rα side, 
the epitopes of both daclizumab and basiliximab consist 
of several discontinuous segments of IL-2Rα and a large 
portion of the two epitopes overlap with each other. Nev-
ertheless, the two epitopes differ to some extent. Resi-
dues 149-155 of the D2 domain form numerous interac-
tions with the daclizumab Fab (3 hydrogen bonds and 
29 van der Waals contacts), but have no direct contact 
with the basiliximab Fab. On the other hand, residues 56-
57 of the D1 domain interact with the basiliximab Fab, 
but do not interact with the daclizumab Fab. In general, 

the basiliximab epitope relies more on the D1 domain 
whereas the daclizumab epitope relies evenly on both the 
D1 and D2 domains. Moreover, AspI4, which has inten-
sive interactions (1 salt bridge, 3 hydrogen bonds, and 
20 van der Waals contacts) and hence is a key residue 
for the recognition and binding of daclizumab, plays a 
less important role in the binding of basiliximab due to a 
smaller number of the interactions (1 hydrogen bond and 
17 van der Waals contacts). 

Inhibition mechanism of daclizumab on the IL-2 signal-
ing pathway

The structural studies of the IL-2/IL-2Rαβγc complex 
have shown that the interactions between IL-2 and IL-
2Rα involve 20 residues of IL-2 and 21 residues of IL-
2Rα, forming 8 hydrogen bonds, 2 salt bridges, and 100 
van der Waals contacts [5]. In particular, residues 1-6, 25-
29, 35-43, 57, and 64 of the D1 domain of IL-2Rα make 
a major contribution to the interactions, whereas residues 
118-120 of the D2 domain make a minor contribution. 
Structural comparisons of the daclizumab Fab/IL-2Rα 
complex with the basiliximab Fab/IL-2Rα complex and 
the IL-2/IL-2Rαβγc complex reveal that the daclizumab 
epitope is largely shared by the basiliximab epitope and 
both epitopes overlap extensively with the regions of IL-
2Rα that interact with IL-2 (Figure 3). Specifically, 11 
out of 21 residues (52.4%) of IL-2Rα that interact with 
IL-2 are involved in the interactions with the daclizumab 
Fab, which account for 11 out of 18 residues and 722.6 
Å2 (70.4%) of the buried solvent-accessible surface area 
at the interface. Two regions, including residues 4-6 of 
IL-2Rα that form a negatively charged surface patch 
and residues LeuI2, MetI25, LeuI42, TyrI43, and HisI120 that 
form a hydrophobic surface patch, are shared by both 
IL-2 and the daclizumab Fab (Figure 3B). In contrast, 
residues 149-155 of the D2 domain that contribute about 
one-third of the interactions between the daclizumab 
Fab and IL-2Rα have no contact with IL-2. Given that 
the binding affinity of IL-2Rα to IL-2 is 10 nM, which 
is significantly lower than that of IL-2Rα to daclizumab 
(0.27 nM), our structural and biochemical data suggest 
that, like basiliximab, daclizumab would competitively 
bind to the IL-2-binding site of IL-2Rα, and hence block 
the binding of IL-2Rα by IL-2 and the subsequent forma-
tion of the IL-2/IL-2Rαβγc complex, and inhibit the IL-2 
signaling pathway when applied with a sufficient dose.

Implications for therapeutic applications
The activation of T cells plays a central role in al-

lograft rejection in organ transplantation. Although drugs 
such as corticosteroids, tacrolimus, and cyclosporine can 
suppress the immune responses successfully, the lack of 
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specificity of these drugs for activated T cells leads to 

severe side effects, including nephrotoxicity (tacrolimus), 
hypertension, and metabolic effects (corticosteroids) [51]. 
Thus, more specific immunosuppressive regimens are in 
demand. IL-2 signaling is pivotal for the activation and 
survival of T cells in allograft rejection, and IL-2Rα is 
critical for the activation of this pathway in T cells as the 
binding of IL-2 by IL-2Rα initiates the sequential assem-
bly of the receptor [6-9]. Given that IL-2Rα is also the 
only IL-2-sepcific component of the IL-2Rαβγc receptor 
complex, blockage of IL-2Rα would efficiently and spe-
cifically interfere with the interactions between IL-2 and 
IL-2R on T cells, and thus provide therapeutic benefits of 
specific immunosuppression in organ transplantation.

Daclizumab is one such drug and improvement of the 
efficacy of the drug would be clinically beneficial. As the 
interface between the Fab and IL-2Rα has a relatively 
low Sc value of 0.58, the paratope of daclizumab may be 
modified to have a higher shape and chemical comple-
mentarity with IL-2Rα. In our previous work, it has been 
shown that modification of the rituximab paratope based 
on the structural information substantially enhances its 
binding affinity, and a rituximab variant displays an 18-
fold higher affinity compared with the wild-type anti-
body and exhibits potent apoptosis-inducing activity [52]. 
Similarly, structural analysis of the daclizumab Fab/IL-
2Rα complex could provide some valuable information 
for the improvement of this mAb. For example, the side 
chain of GluI1 of IL-2Rα forms only one and four van 
der Waals contacts with SerL30 and SerL91, respectively. 
Substitution of SerL30 and SerL91 with positively charged 
residues such as arginine or lysine might provide favor-
able salt bridges. In addition, AspI6 stretches its side 
chain near the positively charged surface and forms only 
one van der Waals contact with AsnH52. Change of AsnH52 
to a residue with a longer polar side chain might generate 
favorable hydrogen bonds. Together, mutations on CDR 
loops as mentioned above would form favorable interac-
tions and hence result in a higher affinity for IL-2Rα.

In several clinical studies, murine mAbs and chimeric 
mAbs could induce human anti-mouse antibody and hu-
man anti-chimeric antibody responses, respectively, and 
the resulting neutralization would lead to limitation in ef-
ficacy. To date, a large number of humanized mAbs have 
been generated based on the computer-guided humaniza-
tion technology to reduce immunogenicity, including da-
clizumab [53]. It has been proposed that key framework 
residues that interact with CDRs are important for the in-
tegral capacity of antigen binding and should be retained 
during humanization [23]. Based on the computer-gen-
erated three-dimensional model of the V domain of anti-
Tac, nine amino acids were identified as key framework 
residues and retained as mouse-specific sequence in hu-

Figure 3 Mechanism of the inhibition of the IL-2 signaling path-
way by daclizumab. (A) Structural comparison of the daclizum-
ab Fab/IL-2Rα complex with the IL-2/IL-2Rαβγc complex. The 
daclizumab Fab is shown with a molecular surface with the light 
chain in yellow and the heavy chain in green. The IL-2/IL-2Rαβγc 
complex is superposed to the daclizumab Fab/IL-2Rα complex 
based on the position of IL-2Rα and shown with a stick model 
with IL-2 colored in blue, IL-2Rβ in red, and γc in orange, and 
the D1 and D2 domains of IL-2Rα in magenta and cyan, respec-
tively. The occupation of daclizumab prevents the IL-2 binding 
by IL-2Rα and thus inhibits IL-2 signaling through the IL-2/IL-
2Rαβγc complex. (B) Overlapping among the IL-Rα regions that 
bind daclizumab, basiliximab, and IL-2, respectively. The dacli-
zumab epitope overlaps largely with the basiliximab epitope and 
the binding regions for IL-2. IL-2Rα is shown with a molecular 
surface. The binding regions and the overlapping areas are col-
ored and marked differently.
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manization, three of which are the same as human con-
sensus sequence [39]. All of these residues of daclizumab 
form extensive hydrophobic and hydrophilic interactions 
with nearby CDRs in our structure. It is worth noting 
that TyrL48 of FWR L2, which is the same as the mouse-
specific amino acid and is next to the key framework 
residue IleL47, not only has extensive contacts with the 
nearby CDRs, but also makes 11 van der Waals contacts 
with the D2 domain of IL-2Rα. These results strengthen 
the notion that key FWR residues should be retained and 
also indicate that structural information would provide 
a guide in the humanization process for maintaining the 
binding affinity of parental murine antibodies and in fur-
ther improvement of the humanized antibodies.

Materials and Methods

Protein preparation
The Fab fragment was obtained by digestion of the mAb dacli-

zumab (Roche Pharmaceuticals) with papain (Sigma) and further 
purification with exchange chromatography using a Q-Sepharose 
Fast-Flow column (GE Healthcare) and gel filtration chromatog-
raphy using a Superdex G200 16/60 column (GE Healthcare). 
The protein fractions were pooled and concentrated to 15 mg/ml 
and then exchanged to a stock buffer of 10 mM HEPES (pH 7.2), 
and 50 mM NaCl. The recombinant human IL-2Rα ectodomain 
(residues 1-217) was expressed using a modified Bac-to-Bac bacu-
lovirus expression system (Invitrogen) and purified as described 
previously [38].

To obtain the daclizumab Fab/IL-2Rα ectodomain complex, 
the daclizumab Fab was mixed with the IL-2Rα ectodomain at a 
molar ratio of 1.5:1 at 4 °C for 12 h and then loaded onto a Super-
dex G200 16/60 column to remove excessive daclizumab Fab. The 
protein complex was eluted in the stock buffer and concentrated 
to 8 mg/ml for crystallization. The concentrations of the proteins 
were measured using a Bio-Rad protein assay kit and the purity 
and homogeneity were confirmed by SDS-PAGE and dynamic 
light-scattering analyses.

Crystallization and diffraction data collection
Crystallization was carried out using the hanging drop vapor 

diffusion method at 20 °C by mixing equal volumes (0.8 µl) of the 
protein solution and the reservoir solution and then equilibrated 
against 400 µl of the reservoir solution. Crystals of the free-form 
daclizumab Fab grew under the conditions of 0.1 M HEPES (pH 
7.5), 0.1 M ammonium sulfate, and 2% PEG 400, and those of the 
Fab/IL-2Rα complex were formed under the conditions of 0.1 M 
Tris-HCl (pH 7.0), 0.2 M MgCl2, and 10% PEG 8000. Crystals of 
the free-form Fab were cryoprotected using the reservoir solution 
supplemented with 30% glycerol and then flash-cooled into liq-
uid N2 stream. Diffraction data were collected using an in-house 
Rigaku R-AXIS IV ++ diffractometer and processed with the pro-
gram suite CrystalClear [54]. Crystals of the Fab/IL-2Rα complex 
were cryoprotected using the reservoir solution supplemented with 
25% PEG 400 and then flash-cooled into liquid N2 stream. Dif-
fraction data were collected at the Shanghai Synchrotron Radiation 
Facility beamline BL-17U1 and processed with the program suite 

HKL2000 [55]. The statistics of the diffraction data are summa-
rized in Table 1.

Structure determination and refinement
The structure of the free-form daclizumab Fab was determined 

by the molecular replacement method implemented in the program 
Phaser [56], with the structure of the anti-CD20 antibody ofatu-
mumab Fab (PDB code 3GIZ) [57] as the search model. There 
is one Fab molecule in the asymmetric unit. The structure of the 
daclizumab Fab/IL-2Rα ectodomain complex was determined by 
molecular replacement with the free-form daclizumab Fab struc-
ture as the search model, which revealed two Fab molecules in 
the asymmetric unit with outstanding solutions in both rotation 
function and translation function searches. In the initial electron 
density map, the daclizumab Fab had well-defined electron density 
but the IL-2Rα ectodomain had very poor density. Further trials 
using the molecular replacement method implemented in Phaser 
[56] and other commonly used programs with all of the four avail-
able structures of IL-2Rα (PDB codes 1Z92, 2B5I, 2ERJ, 3IU3) 
[5-7, 38] as templates failed to locate the correct positions of the 
IL-2Rα ectodomain. After several cycles of structure refinement of 
the Fab using the program Refmac5 [58] and model building using 
the program Coot [59], the R factor and free R factor decreased 
from 43.9% and 44.3% to 34.7% and 41.2%, respectively, and 
the electron density for the IL-2Rα ectodomain developed gradu-
ally, which allowed us to manually fit the D1 and D2 domains 
of IL-2Rα (PDB code 3IU3) [38] into the electron density. The 
final structure model contains 129 of 217 residues of the IL-2Rα 
ectodomain; similar to other previously reported structures [5-7, 
38], several flexible regions including the linker region between 
domains D1 and D2 (residues 65-100) and the C-terminal region 
(residues 166-217) have no defined electron density and could not 
be modeled. The stereochemical geometry of the structures was 
analyzed using the program Procheck [60]. Structure analysis was 
carried out using the programs in the CCP4 [61] and the PISA 
server [62]. The figures were generated using the program Pymol 
(www.pymol.org). The statistics of the refinement and structure 
models are summarized in Table 1.

Surface plasmon resonance measurements
The kinetic studies of the interaction between daclizumab and 

the IL-2Rα ectodomain were performed with the surface plasmon 
resonance method using a Biacore 3000 instrument (GE Health-
care) at 25 °C. The daclizumab mAb was covalently coupled onto 
a CM5 sensor chip (GE Healthcare) using an amine coupling kit 
(GE Healthcare). The IL-2Rα ectodomain was dialyzed against 
the HBS buffer (GE Healthcare) and used as the analyte. The as-
sociation was monitored for a 240-s period and the dissociation 
was monitored by flowing the HBS buffer for a 600-s period sub-
sequently. An irrelevant mAb (Rituximab, a chimeric anti-CD20 
mAb, Roche) was used as reference. The experimental data were 
analyzed with a 1:1 Langmuir model using the program BIAevalu-
ation (GE Healthcare).

Accession codes
The coordinates and structure factors of the daclizumab Fab 

in free form and in complex with the IL-2Rα ectodomain have 
been deposited in the RCSB Protein Data Bank with the accession 
codes 3NFS and 3NFP, respectively.
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