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Localization of basic residues required for receptor 
binding to  the  single a-helix of the receptor binding 
domain of human  a2-macroglobulin 

Abstract 

To better understand the structural basis for the binding of proteinase-transformed human a2-macroglobulin (a2M) to 
its receptor, we have used three-dimensional multinuclear NMR spectroscopy to determine the secondary structure of 
the receptor binding domain (RBD) of human a2M. Assignment of the backbone NMR resonances of RBD was made 
using ''CC/"N and 15N-enriched RBD expressed in Escherichia coli. The secondary structure of RBD was determined 
using 'H and I3C chemical shift indices and inter- and intrachain nuclear Overhauser enhancements. The secondary 
structure consists of eight strands in p-conformation and one a-helix, which together comprise 44% of the protein. The 
P-strands form three regions of antiparallel P-sheet.  The two lysines previously identified as being critical for receptor 
binding are located in (Lys1374), and immediately adjacent to (Lys1370) the a-helix, which also contains an (Argl378). 
Secondary structure predictions of other a-macroglobulins show the conservation of this a-helix and suggest an 
important role for this helix and for basic residues within it  for receptor binding. 
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Human a*-macroglobulin (a2M) is an abundant broad-specificity 
plasma proteinase inhibitor that inhibits proteinases by physically 
sequestering them as  a  consequence of a  massive proteinase- 
initiated conformational change (Barrett & Starkey, 1973; Barrett 
et al., 1979; Sottrup-Jensen, 1989). This conformational change 
also results in exposure of the receptor binding region (Tapon- 
Bretaudiere et al., 1985) and consequent binding of the aZM- 
proteinase  complexes to cell-surface  receptor  and rapid 
internalization by receptor-mediated endocytosis (Maxfield et al., 
1981 ; Hanover et al., 1983; Yamashiro et  al., 1989). The receptor 
binding region of aZM has been localized to a discrete 138 residue 
C-terminal domain, which can be quantitatively isolated from plasma 
aZM by limited proteolytic cleavage (Sottrup-Jensen et al., 1986; 
Van Leuven et al., 1986). This domain is termed the receptor 
binding domain (RBD).  The receptor to which a2M-proteinase 
complexes bind is a 550 kDa membrane-spanning protein that has 
been shown to be the largest member of the low density lipoprotein 
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receptor family (Herz  et al., 1988; Kristensen et al., 1990; Strick- 
land et al., 1990). Its relationship to the low density lipoprotein 
receptor has earned it the sesquipedalian name of low density 
lipoprotein receptor-related protein, which is more conveniently 
abbreviated to LRP. LRP is a multifunctional receptor (Strickland 
et al., 1995) that binds not only azM-proteinase complexes but 
many other proteins including certain serpin-proteinase complexes 
(Orth et al., 1992; Nykjrer et al., 1992; Poller et al., 1995; Kounnas 
et al., 1996; Strickland & Kounnas, 1997), lipoprotein lipase (Nykjzr 
et al., 1993), apoE-enriched remnant lipoproteins (Kowal et al., 
1989), lactofemn (Willnow et al., 1992), Pseudomonas aerugi- 
nosa exotoxin A (Kounnas et  al., 1992), and  a protein that copu- 
rifies with LRP and is accordingly called receptor associated protein 
(RAP) (Williams et al., 1992). 

LRP is biosynthesized as a single chain that is subsequently 
processed into  a heterodimer composed of a C-terminal 601 resi- 
due light-chain ( p )  and an N-terminal 3923 residue heavy chain 
(a) (Herz  et al., 1990). The  P-chain comprises a small cytoplasmic 
domain, a single transmembrane helix, and an extracellular domain 
that has seven copies of an EGF-like repeat. The a-chain contains 
an additional 15 single or tandem EGF-like repeats interspersed 
among 31 complement-like repeats grouped in clusters of 2-1 1 
repeats and seven clusters of five YWTD-containing repeats. It  is 
thought likely that the ability of LRP to bind such a diverse array 
of ligands is related to the presence of many slightly different 
complement-like and EGF-like repeats, which may form multiple, 
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slightly  different  ligand  binding sites. Although  the exact location 
of the  binding site o f  a?M-proteinase  complexes to LRP  has not 
yet been determined,  two  studies  have limited  the  region of inter- 
action to the first multiple  cluster of complement-like repeats. 
which is also the one most distant from  the transmembrane region 
(Nielsen  et al.. 1995; Horn et a l . .  1997). These  complement  repeats 
are so  named  for their similarity to a cysteine-rich  repeat  found in 
complement  components C8 and  C9.  Two NMR structures  (Daly 
et a l . .  199521. 1995b)  and  one crystal structure  (Fass et al..  1997) of 
repeats from the  related LDL receptor  have  been determined.  and 
it  has  been  proposed,  based on the  crystal structure of one  such 
repeat with calcium bound. that familial hypercholesterolemia can 
result from mutations that adversely affect  binding of calcium to 
the complement-like repeat and so reduce binding o f  the receptor 
to  the a-helical. lysine-containing  binding site of apolipoprotein E 
(Fass et a l . .  1997). The requirement  for calcium also extends  to the 
binding of a2M-proteinase  complexes to LRP  (Moestrup et a l . ,  
1990). 

In this  study.  we have used three-dimensional  hetcronuclear and 
multinuclear NMR methods to determine the secondary  structure 
of recombinant human cu2M RBD to determine the  nature o f  the 
structure that contains the  critical lysine residues  implicated in  
receptor  binding. 

Results 

P r q . w r d o ~ ~  a r d  chtrrtrcrc.ri;crriort of' r w o r d ~ i r ~ m t  RRD 

The 165 residue (His),-tagged  RBD fusion  protein was  expressed 
and purified a s  described in Materials  and  methods. I t  was found. 
however. that following  refolding the  protein was a mixture of 
monomeric  and  higher  order  species. a s  evidenced by bands of 
different  mobility  on PAGE under nondenaturing  conditions. but 
only a single band  when run on SDS-PAGE  (not  shown).  This 
complexity was not resolved by digestion with thrombin to remove 
the polyhistidine tail. We therefore used papain cleavage to remove 
a l l  residues that were not part of  the core 138 residue  RBD.  This 
included not only  the polyhistidine tag and  thrombin cleavage site, 
but also the  additional  N-terminal a Z M  residues  that had been 
included to promote stability of the RBD  (Holtet et al., 1994). 
Papain was used because this is the way RBD is normally  prepared 
from plasma a2M (Sottrup-Jensen et al., 1986). The resulting pro- 
tein was  monomeric  and migrated a s  two  bands on both reducing 
and  nonreducing PAGE (Fig. I ) .  One band was unaffected by 
reduction,  whereas the other  changed  mobility  analogously to 
plasma-derived RBD.  The  two  species  were  completely resolved 
by FPLC  on  MonoQ.  The  reduction-sensitive  lower mobility  spe- 
cies  gave an  N-terminal sequence of Glu-Glu-Phe-Pro-Phe and 
thus corresponded to  full-length RBD with an intact disulfide.  This 
was the species,  whether  unlabeled. I5N-labeled, or I3C/l5N- 
labeled that was used for all  further studies.  The  other  species, 
which was not sensitive to reduction. gave  an N-terminal sequence 
of Lys-Glu-Glu-Phc-Pro and  thus  corresponded to  an alternative 
cleavage product  that  was one  residue  longer  and that did not 
contain  an  intact disulfide.  The  shifted  cleavage  site  presumably 
resulted  from  an  altered  fold connected with the  absence of the 
disulfide. Plasma-derived RBD is normally a mixture of nongly- 
cosylated (-10%) and  glycosylated proteins,  the  latter carrying 
one  carbohydrate  chain  at  residue 1401. The  nonglycosylated 
plasma-derived species migrated  identically  on SDS-PAGE to the 
correctly  folded nonglycosylated  recombinant  RBD  (not  shown). 
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Fig. 1. I>iscrimination hy 12% SIX-PAGIJ hctwccn corrcctl!-l'oItlcd a n d  
incorrectly-foldctl rccomhinanf RBI) ohtained  after clcovngc of thc larger 
construct by p;lpnin. Lane I .  low molecular weight markcn  (from bottom. 
lysozyme. trypsin inhihitor. carhonic  anhytlrasc): lane 2. eluate from Ni- 
NTA column  hefore rcmoval of the N-terminal tail hy papain cleavage. 
showing a single  species  under  denaforin@  conditions: lane 3 .  RBD  after 
clcavayc hy papain: hncs 4 and S. incorrectly foltlccl RBD without disul- 
fide hond: lancs 6 a n d  7. corrcctly-folded profein with disulfide hond. 
Lanes S and 7 were run under  nonrcducing  conditions: lanes 1-4 and 6 
wcrc run under  reducing  conditions. Only the RBD with an intact disulfide 
shows sensitivify of mobility to reduction (lancs 6 and 7). 

The  secondary  structure of the  recombinant RBD was compared 
with that of plasma-derived  RBD by CD spectroscopy and  shown 
to be very similar at the pH to be used for the NMR structural 
studies  (pH 5.1) (Fig. 2). The CD spectrum of plasma RBD 
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Fig. 2. Correct  folding of recombinant RBD indicawd hy similar CD spec- 
tra for the plasma-derived and rccomhinant  proteins. CD spectra of ~ l y -  
cosylatcd plasma a?M-derived  RBD at pH S . l  (dashcd  line) and pH 7.4 
(solid  line)  and of recombinant, nonglycosylated RED a t  pH 5.1 (dot- 
dashed  line). 
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also recorded at pH 7.4 and showed very little alteration from pH 
5.1, indicating that the structure does not appear to be significantly 
pH-dependent in this pH range. One-dimensional 'H NMR spectra 
in H z 0  were also recorded for plasma-derived RBD and recom- 
binant RBD  at  pH 5.1. Two regions of the spectra that are most 
sensitive to the fold of the protein are shown in Figure 3.  These are 
the amide region, which shows backbone amide protons, and the 
most upfield region, which contains those resonances that are 
strongly upfield shifted, usually by proximity to one or more ar- 
omatic side chains. Both of these regions are typically very sen- 
sitive to small alterations in overall structure. The near identity of 
the two spectra agrees with the conclusion from the CD spectra 
that the fold of the recombinant protein is normal and also that the 
absence of the single carbohydrate chain from the recombinant 
protein has not perturbed the fold. The CD spectrum was also 
analyzed by the procedure of Manavalan and Johnson (1987) to 
obtain an estimate of the secondary structure content. This indi- 
cated that the domain was 28% P-sheet, 12% a-helix, and 23% 
p-turns. 

CD was also used to determine the stability of the folded re- 
combinant RBD under conditions to be used for the NMR exper- 
iments. In 0.1 M phosphate buffer, pH 5.1 containing 0.1 M NaCl 
the denaturation temperature was 70°C. This was increased to 
75 "C in the presence of an additional 0.3 M NaCI.  NMR experi- 
ments were therefore carried out at higher salt to stabilize the 
protein for the long duration of the NMR experiments. 

NMR secondary structure determination 

A 'H-l5N HSQC spectrum (Fig. 4) was initially run to confirm 
that the recombinant RBD was amenable to further conformational 
analysis by NMR. The spectrum showed good dispersion in both 
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Fig. 3. Demonstration that nonglycosylated  recombinant  RBD and glyco- 
sylated plasma aZM-derived  RBD  are  structurally  equivalent  from  the sim- 
ilarity of one-dimensional 'H NMR spectra in structurally-sensitive  regions; 
downfield amide region (left) and upfield  region (right). Top spectrum, 
human plasma a2M RBD;  bottom  spectrum, E. coli recombinant RBD. 
Both spectra  were  recorded  at 600.13 MHz at pH 5.1 in H20. 

'H and 15N dimensions, indicative of a compact globular protein 
and consistent with both the extensive secondary structure seen by 
CD spectroscopy and the very good dispersion in the aromatic and 
upfield regions of the ' H  NMR spectrum that indicated a hydro- 
phobic core containing aromatic side chains.  The resonance as- 
signments shown in Figure 4 (Table 1) were made with the aid of 
both triple resonance experiments, and three-dimensional "N- 
edited NOESY and TOCSY spectra. Starting from distinctive res- 
idues such as glycine and alanine, small sequence elements were 
determined through sequential connectivities in  triple resonance 
experiments. Experiments used  in this work include an HNCA 
(Fig. 5) ,  which displayed all assigned C, resonances, an HNCACB 
and a CBCA(C0)NH. From these experiments the identity of 
individual amino acids was tentatively determined through char- 
acteristic C, and C, chemical shifts and then these small sequence 
elements were further assigned to areas in the protein by sequence 
comparisons. Some ambiguities in sequential connectivities of back- 
bone C, atoms were resolved on the basis of C, chemical shift 
comparisons between the CBCA(C0)NH and HNCACB experi- 
ment. Sequential assignments were checked against both amide 
and side-chain NOE cross peaks in the event that C, shifts were 
also degenerate or missing due to inefficient magnetization trans- 
fer. Finally, HBHA(C0)NH was used to obtain chemical shifts for 
proline H, and Hp. 

Both H, and C, chemical shifts were used to determine regions 
of defined secondary structure (Fig. 6). The chemical shift index 
(Wishart et al., 1992) is a quick and simple method to determine 
regions in the protein which are either a-helical or P-sheet in that 
C, and H, chemical shifts change in predictable ways relative to 
random coil. It is empirically found that the chemical shifts of C, 
and H,  of amino acids involved in a-helices are shifted downfield 
and upfield, respectively whereas those in P-sheets are shifted in 
the opposite direction. The H, chemical shift index showed that 
there are nine regions that are shifted downfield and one region 
shifted upfield, which indicated formation of nine strands of P-sheet 
and one region of a-helix, respectively (Fig. 6A). Eight of  the 
regions of &conformation and the region of a-helix were also seen 
from C, chemical shift (Fig.  6B).  The only discordance was for 
residues 52-54, which fulfilled the requirement for  P-strand by  H, 
chemical shift index, but not by  C, chemical shift index. Since 
only one of these residues (Ile54) showed a strong negative I3C 
chemical shift difference and since this residue is followed by a 
proline, it was considered less likely that this region is part of a 
P-sheet 

a-Helices and P-sheet structures also typically show character- 
istic NOE patterns (Wuthrich, 1986). For P-sheet structures, strong 
sequential daN and cross-strand dNN and d , ~  NOES can be ob- 
served with only weak or nonexistent dNN correlation. For a-helices, 
sequential correlations between amide protons, ~ N N  are expected, 
in addition to correlations from duN and duN(i,  i f 3). Analysis of 
the NOE pattern again indicated that the secondary structure con- 
sisted of nine P-strands and one a-helix  (Fig.  6C). Again, based on 
the discordance with the C,  "C chemical shift index for the region 
52-54, it was considered that residues 52-54, though showing 
strong duN NOES are not part of a  P-sheet, though it may  well  be 
in an extended P-like conformation. 

The consensus of the number and extent of the secondary struc- 
ture elements was based on  all three criteria presented above ( 'H, 
I3C, and NOE analyses) and  is shown in each panel of Figure 6 as 
regions S I 3 8  and H1. The eight P-sheet strands cover Phe5- 
Leu12 (SI), Thr23-Ser32 (S2), Met42-Val47 (S3), Arg71-Ser75 
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Fig. 4. 'H-I5N GSE-HSQC spectrum ol" uniformly  '5N-labeled  recombinant RBD. One  cross peak is resolved  for  every  backbone 
amide  proton,  except  four  nonproline  residues,  as  labeled.  Horizontal  bars  are  drawn  between  pairs of related  peaks  that  arise  from 
side-chain  amide NH2 groups. All spectra  presented in this  paper  were  collected at 298 K, pH 5. I ,  and  at 600.13 MHz  proton  frequency. 
The number of t l  complex  points  was 256 with a 153 ms acquisition  time,  and the number of complex  points in t2 was 1024 with a 
141 ms 

(S4), His78-Glu84 (SS), Leu91LVal97 (S6), Alal09-Lysl12 (S7), 
and Ile124-Ad28 (S8), whereas the eight residue a-helix runs 
from ProS8-Arg6S. Together the regions of a and p structure 
found experimentally covered 44% of the protein, which compares 
well with the amount of alp obtained from analysis of the CD 
spectrum (40% cy helix or &strand). 

The relationship of the eight strands in p-conformation to one 
another was determined from observed interstrand NOES, both 
between amide proton and alpha carbon proton and between pairs 
of alpha carbon protons (Fig. 7). Three distinct regions of antipar- 
allel P-sheet were identified, containing three, three, and two strands 
in p-conformation.  The only a-helix begins at Pro58 as evidenced 
by the change in the C, chemical shift and a daN NOE to Lys61. 
This helix lies between strands S3 and S4 in the primary structure, 
which are the outer two strands of a three-strand P-sheet.  This can 
thus be considered to be a p-a-p unit with parallel P-strands and 
the helix in the crossover from the C-terminal end of the first 
strand to the N-terminal of the second strand, though with an 
intervening thirdp-strand (SS) to give an overall antiparallel p-sheet. 

Secondary structure was also predicted by the method of Rost 
and Sander (1993a, 1993b, 1994) both for human a2M RBD and 
for the equivalent regions of other a-macroglobulins  (Fig. 8). The 
predictions for all eight a-macroglobulins were very similar, with 
seven regions in p-conformation and one a-helix being common to 
all. The major difference was for  a second tu-helix at the C-terminal 
end. This was absent in PZP and merged with a small region in 
p-conformation in others. For none of the proteins was the numer- 
ical prediction of a-helix strong in this C-terminal region. The 
consensus was thus for seven strands in p-conformation and one 
a-helix. All of these were found in the NMR structure, though the 
lengths of strands S3, S6, and S7 were significantly shorter and of 
S 1 longer than predicted and the a-helix was longer than predicted. 
The eighth P-strand found by NMR (S8) corresponded to the re- 
gion of nonconsistent prediction of a /P  close to the C-terminus 
and covered the end predicted more consistently to be in P con- 
formation. The total prediction of a and p structure was 8% and 
63%, which was considerably higher than found here from the 
NMR secondary structure or from analysis of the CD spectrum. 
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Table 1. Chemical shijits assignments for most of backbone amide nitrogen and proton, and C, carbon und proton 
~ - 

IE 
2E 
3F 
4P 
SF 
6A 
7L 
8G 
9V 

I 0Q 
I IT 
I2L 
13P 
144 
I ST 
I6C 
17D 
I 8E 
19P 
20K 
21A 
22H 
23T 
24s 
25F 
264 
271 
28s 
29L 
30s 
31V 
32s 
33Y 
34T 
35G 
36s 
37R 
38s 
39A 
40s 
41N 
42M 
43A 
44 I 
45v 
46D 
47v 
48K 
49M 
50v 
51s 
52G 
53F 
541 
SSP 
56L 
57K 
58P 
59T 
60V 
61K 
62M 
63L 
64E 
65R 
66s 
67N 
68H 
69V 

121.3 
121.5 
121.3 

120.4 
124.2 
125.0 
115.1 
120.7 
125.1 
1 10.4 
120.5 

118.1 
107.0 
120.6 
122.2 
1 17.1 

I 17.4 
120.3 
I 10.6 
104.4 
116.1 
I 15.4 
l15.1 
123.6 
120.0 
126.6 
1 18.3 
122.9 
1 17.4 
123.1 
117.8 
107.6 
I 12.9 
120.5 
114.3 
I 19.6 
114.3 
121.8 
118.8 
126.9 
120.0 
124.1 
126.8 
125.7 
124.4 
122.2 
125.0 
120.7 
1 1 1 . 1  
119.2 
1 12.9 

122.2 
121.5 

104.8 
123.4 
1 18.0 
115.8 
118.8 
113.0 
1 15.9 
1 12.9 
125.7 
1 13.2 
119.1 

I H - N  
______ 

8.28 
8.37 
8.28 

8.46 
8.73 
8.36 
9.17 
8.57 
8.84 
8.62 
8.79 

8.99 
7.39 
8.5 1 
x. 18 
7.6 I 

8.8 
7.91 
1.95 
7.86 
8.39 
8.06 
9.01 
8.57 
8.6 
9.41 
9.01 
8.94 
8.58 
8.54 
7.9 
5.16 
8.7 1 
7.86 
8.54 
7.5 1 
8.37 
8.38 
8.05 
8.63 
8.4 1 
8.87 
9.49 
9.63 
8.32 
8.37 
8.43 
8.62 
8.48 
8.62 
9.24 

8.7 1 
8.45 

7.66 
7.31 
7.81 
7.57 
7.78 
7.55 
7.46 
7.67 
9.09 
8.48 
7.25 

13c 

56.0 
56.0 
56.4 
62.9 
56.6 
50.9 
53.0 
44.7 
60.2 
53.6 
59.7 
5 1.9 
63.3 
51.7 
59.0 
56.1 
54.9 
53.6 
65.9 
58.6 
53.9 
58.3 
61.6 
58.2 
56.6 
53.9 
60.9 
55.2 
53.1 
56.4 
60.0 
57.5 
57.2 
60.2 
44.8 
59.5 
56.1 
60.9 
51.3 
57.6 
54.5 
56.6 
50. 1 
56.2 
60.2 
51.9 
61.1 
52.7 
54.2 
62.7 
60.5 
45.7 
57.5 
57.4 
62.1 
53.7 
55.0 
66.2 
64.1 
65. I 
57.6 
57.8 
57.1 
57.7 
57.4 
57.9 
54.9 
56.4 
60.9 

~ 

'H, 

4.17 
4.20 
4.44 
4.71 
5.05 
4.49 
5.25 
4.57, 3.59 
4.92 
4.79 
5.34 
4.64 
4.89 
4.05 
4.52 
4.69 
4.46 
4.82 
4.3 1 
4.25 
4.58 
4. I7 
4.56 
5.22 
4.98 
5.13 
3.84 
4.93 
5.15 
5.41 
5.31 
4.62 
4.70 
4.12 
3.32, 4.04 
4.23 
4.45 
4.1 1 
4.18 
3.99 
4.71 
4.88 
5.01 
4.26 
4.47 
5.24 
4.28 
4.56 
4.41 
3.84 
4.21 
4.41, 3.81 
5.15 
4.99 
4.75 
4.14 
4.98 
4.4 I 
4.4 1 
3.50 
3.9 1 
4.13 
4.09 
3.76 
4.13 
4.42 
4.46 
4.66 
4.64 

Residue 

70s 
71R 
72T 
73E 
74v 
75s 
76s 
77N 
78H 
79v 
80L 
811 
82Y 
83L 
84D 
85K 
86V 
87s 
88N 

90T 
91L 
92s 
93L 
94F 

96T 
95F 

97v 
98L 
99Q 

1 00D 
IOIV 
102P 
103v 
104R 
105D 
106L 
107K 
108P 
109A 
1101 
I l l V  
112K 
113v 
114Y 
1 15D 
116Y 
117Y 
118E 
119T 
120D 
121E 
122F 
123A 
1241 
125A 
126E 
127Y 
128N 
129A 
130P 
131c 
132s 
133K 
134D 
I35L 
136G 
I37N 
I38A 

89Q 

121.8 
I 16.9 
112.5 
118.9 
122.8 

116.1 
122.3 

114.7 
115.7 
120.2 
126.0 
121.9 
127.1 
123.0 
120.8 
119.3 
122.6 
124.1 
1 17.6 
119.8 
120.6 
130.8 
1 18.8 
124.2 
117.7 
1 12.7 
114.5 
1 18. I 
119.8 
122.5 
130.9 
115.8 

125.1 
124.6 
1 18.7 
122.5 
124.0 

123.8 
115.8 
125.6 
125.7 
122.5 
121.4 
121.5 
122.1 
127.3 
120.6 
113.2 
127.2 
112.6 
1 1  1.9 
123.4 
120.3 
127.2 
I 17.4 
117.5 
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Fig. 5. HNCA spectrum of uniformly I5N and "C labeled recombinant 
RRD at 15N chemical  shift of 115.76 ppm.  The  data  were  collected as 
a 120 X 32 X 512 complex matrix with acquisition  times of ti ("C) = 
23.5 ms, t2 (I5N) = 21.3 ms, and t3 ( 'H)  = 61.4 ms. 

However, there was overall excellent agreement between predic- 
tion  and experiment i n  the number and location of secondary struc- 
ture elements and an apparently very similar structure for this 
domain in all of the sequences of a-macroglobulins examined. 

Discussion 

Human a2M binds to its receptor  LRP only after proteinase- 
induced conformational changes have occurred in the aZM. How- 
ever, since the 138 residue C-terminal domain retains high affinity 
for LRP when isolated from a2M (Sottrup-Jensen et al., 1986), it 
is likely that the receptor binding epitope of  m2M already exists in 
the native protein and is a part of the discrete RBD. Isolated RBD 
is therefore likely to be a good model for understanding the bind- 
ing of a2M-proteinase complexes to LRP. Site-directed mutagen- 
esis has implicated two lysine residues ( 1  370 and 1374) as part of 
the receptor-binding epitope in RBD. In the present study we have 
used  NMR spectroscopy to show that RBD is a well-structured 
globular protein with extensive P-sheet secondary structure, and 
most importantly, that the two lysine residues that are critical for 
receptor binding are located in or immediately adjacent to the 
single a-helix of the domain, which is part of a Pap unit and may 
lie on top of a three-strand P-sheet.  Such  a motif of basic residues 
in an a-helical region has been seen with other protein ligands of 
receptors that belong to the LDL receptor family, such as LRP, and 
may be a common feature of binding of these receptors to their 
protein ligands. 

Based both on earlier chemical modification results that impli- 
cated lysine residues in binding of RBD to the receptor (Sottrup- 
Jensen et a]., 1986) and on identification of residues that are 
conserved in the equivalent domain of other a-macroglobulins, 
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Nielsen et al. (1996) carried out mutagenesis of five of the eight 
lysine residues present in  RBD (1333, 1361, 1370, 1374, and 1425). 
Mutation of lysines 1333, 136 I ,  or 1425 produced no detectable 
alteration in binding to receptor. Mutation of either Lys1370 or 
Lys1374, however, gave a 10-50-fold reduction in affinity, thus 
implicating both in high affinity binding of RBD to the receptor. 
Our present study shows that, in  addition to Lys1370 being close 
to Lys1374 as a result of two of the intervening residues being part 
of an a-helix, another basic residue, Arg1378, should be adjacent 
to Lysl374 since it is also part of the a-helix and should be  on the 
same face of the helix as Lys1374. These three basic residues are 
therefore likely to constitute a patch of positive charge along the 
outer face of the helix and may collectively form a major part of 
the binding site for the receptor. 

If the receptor binding region of RBD is composed of positively 
charged residues presented on the side of  an a-helix, it might be 
expected that other a-macroglobulins that bind to LRP would con- 
tain a similar structure. This is supported by our secondary struc- 
ture predictions of seven other a-macroglobulins. All show a strong 
prediction of a-helix in this region very similar to the prediction 
for human azM. In addition, all known sequences of a-macro- 
globulins from mammalian sources contain lysines at positions 
equivalent to Lys1370 and Lysl374 of human a2M, as well as either 
arginine at position 1378 or an additional lysine  at position 1375. 

A binding motif for human a2M to RBD of two or three posi- 
tively charged residues on one face of an a-helix is also in keeping 
both with the structures of three complement-like domains from 
the LDL receptor (Daly  et al., 1995a, 1995b; Fass et al., 1997) and 
with the proposed binding mode of apolipoprotein E to the LDL 
receptor and to LRP (Wilson et  al., 1991). The complement-like 
repeats in the LDL receptor family of proteins are about 40-45 
residues long and fold with three disulfides into an elongated struc- 
ture of long axis about 30 A. Each repeat contains a high propor- 
tion of negatively charged residues, mostly 8 to IO.  Of these negative 
residues four appear to be required for Ca2+ binding and are 
buried in the calcium complex (Fass  et al., 1997). This leaves, 
however, up to six surface negative charges that are available for 
interaction with basic residues on protein ligands. In repeat five of 
the LDL receptor, four of these negative residues are on one face 
and extend along the long axis of the domain. This would be an 
appropriate surface to interact with basic residues along an a-helix 
of as many as five turns. In the case of apoliprotein E, it has been 
proposed, based on reduced receptor affinity of naturally occurring 
variants of this repeat, that eight basic residues in just such a five 
turn stretch of a-helix are responsible for binding to the receptor 
(Wilson et al., 1991). Since no single mutation abolishes binding, 
it was suggested that there are multiple charged interactions that 
contribute to the overall binding energy. Both repeat one and re- 
peat two of the LDL receptor also have similarly arrayed stretches 
of negatively charged residues along the long axis of the domain 
that could interact with extended a-helical regions containing ba- 
sic residues along one face. In the case of a2M, the much shorter 
extent of the a-helix and the fewer basic residues present make it 
likely that the helix makes contact with only some of the nega- 
tively charged groups. However, to account for the high affinity of 
RBD for the receptor (-50 nM for the isolated domain), it is likely 
that there are additional nonpolar interactions that contribute to the 
binding energy. In this regard it may  be significant that there is  a 
strong pH-dependence of binding of both a2M and LDL to their 
receptors. It is reported that binding falls dramatically below pH 
6.8 (Basu et  al., 1978; Maxfield, 1982). It seems unlikely that such 
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Fig. 6. Determination of number and extent of regions of secondary structure using chemical shift indices and intrastrand NOEs. The 
consensus regions of P-sheet and a-helix  are indicated using the designations S I-S8 and H I .  A: H, chemical shift index plot  of 
recombinant RBD. The chemical shift index is given the value - I if the chemical shift is less than random coil range. 0 if i t  is within 
the random coil range. and + 1 if i t  is higher than the random coil range. Any "dense" grouping of four or more '*- I s" not interrupted 
by a "f I"  is a helix. Any dense grouping of three or more "+ Is" not interrupted by "-I" is a P-strand. R: C, chemical shift index 
plot of RBD. The values plotted are the difference in I3C chemical shift from the corresponding random coil chemical shifts. 
C: Regions of secondary structure indicated by NOEs. Thick lines indicate strong NOEs. thin lines represent weak NOEs. (Fi,qlrre 
continues on &Icing page.) 
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Fig. 6. Continued 

a pH-dependence could arise from protonation of carboxyl groups, 
either  ones that are ligands for the calcium ions in the receptor or 
involved in charged interactions with a2M.  The more likely basis 
for such a pH-dependence is protonation of histidine. In human 
a2M RBD histidine occurs two residues C-terminal to the 0-helix 
and may thus also form part of the binding site for LRP.  In apo- 
lipoprotein E  one of the residues in the basic cluster that is pro- 
posed to be the binding site for receptor is also a histidine. 

Materials and methods 

Construction of the RBD expression plasmid 

The aZM expression plasmid pl167  (a gift from Dr. Esper Boel) 
was digested with Sac1 to give  four fragments of size 6.1, 1.2,0.86, 
and 0.55 kb. The 1.2 kb fragment, which spanned from base 4642 
to base 5868 and covered the sequence coding for the receptor 

A 
s5 

s4 

s3 

s7 

binding domain, was purified and ligated into the mutagenesis 
plasmid pAlterl  (Promega) that had been cut with Sad .  Using the 
Altered sites I1 mutagenesis kit and the manufacturer's protocol, an 
NdeI restriction site was created at position 5368 by change of the 
sequence CAGACA to CATATG. A subsequent round of mutagen- 
esis was used to create a BamHI site at position 5830 by change of 
the sequence from GGCTGA to GGATCC. The  460 base NdeI- 
BamHI fragment was excised and ligated into the commercial 
expression vector pETl5b (Novagen, Madison, Wisconsin) be- 
tween the NdeI and BamHI sites. This gave a construct that ex- 
pressed a 165 residue  protein with the sequence/structure of 
(His)6Ser-Ser-Gly-Leu-Val-Pro-Arg-Gly-Ser-His-Met-"04Ser-------- 
1451 Ala'. The underlined dipeptide is a thrombin cleavage site, ( His)b 
is a polyhistidine tag for subsequent purification, and the sequence 
1704Ser--------'4s1Ala represents the 148 residue portion of human 
azM that covers the receptor binding domain ('"4Glu-'4"Ala) as 
well as an additional 10 residues N-terminal that were originally 
thought to be necessary for increased stability (Holtet et al., 1994). 

Expression and purc3cation of unlabeled and 
isotopically-enriched recombinant RBD 

The 165 residue fusion protein was expressed in Escherichia coli 
transformed with the pETI5b-RBD fusion construct by induction 
of T7 polymerase at mid-log growth, through the addition of 1 mM 
IPTG. Uniformly labeled RBD was grown in isotopically enriched 
minimal medium containing 0.6% Na2HP04, 0.3% KH2P04, 0.15% 
NaC1, 0.6% Basal Medium Eagle Vitamin Solution (Gibco), and 
mineral element supplement. 1 g/L ("NH4)2S04 and 2 g/L of 
unlabeled  glucose were used for "N labeling  and 1.2 g/L 
('5NH4)2S04 and 2 g/L of  I3C glucose for double labeling. Pro- 
tein expression was induced at an ODboo of  0.5 and cells were 
grown for  a further 14-18 h at 37°C before being harvested by 
centrifugation. Cells were lysed by sonication. Inclusion bodies 
were harvested by centrifugation and dissolved in 0.1 M Na2HP04, 
0.01 M Tris buffer pH 8.0 containing 10 mM /3-mercaptoethanol. 
The protein was purified by affinity chromatography on an Ni- 
NTA column (Qiagen, Santa Clarita, California) under denaturing 
conditions using the manufacturer's protocol. 

C 
S6 

s2 

SI 

Fig. 7. Characteristic interstrand NOEs, indicated by dashed lines for NOEs 
between amide and alpha carbon protons and  by solid lines between pairs 
of alpha carbon protons, defining the three portions of 0-sheet in RBD. 
Each strand is labeled according to the numbering (Sl-S8) used in Fig- 
ure 6 .  
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Mouse a 2 M  H H H H  s s s s s  s s s s s s s  s s  
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Bovine a2M H H H H  s s s s s s  s s s s s s  S 
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Fig. 8. Comparison of NMR-determined consensus secondary structure with predicted secondary structure for human a2M RBD and 
equivalent region of other  a-macroglobulins.  The amino acid sequence given is for human a2M. The heavy lines indicate regions of 
secondary structure for human RBD determined here by NMR spectroscopy. The letter “S” indicates prediction of p conformation and 
the letter “H” prediction of a-helical conformation by the procedure of Rost and Sander. 
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The fusion protein was refolded while immobilized on the Ni- 
NTA column by washing for  8  h with 50 mM Tris buffer pH 8.0 
containing 500 mM  NaCI, 10% glycerol, and 3 mM P-mercapto- 
ethanol. RBD fusion protein was eluted from the Ni-NTA column 
with 500 mM NaCI, 50 mM Tris, 20 mM EDTA, pH 8.0, and 
dialyzed against 500 mM NaC1, 50 mM Tris, 3 mM GSH, and 
0.3 mM GSSG to form the disulfide bond.  The N-terminal fusion 
tail, containing the (His)6 linker, the thrombin cleavage site and the 
extra I O  a2M residues that we originally believed were necessary 
for optimal stability and refolding, was removed by cleavage at 
room temperature for 3 h with 1/100 (w/w) papain (Boehringer 
Mannheim) in 0.1 M sodium acetate buffer, pH 4.5, containing 
5 mM cysteine to activate the papain. Reduced SDS-PAGE showed 
two bands after papain cleavage (Fig. l), the upper of which was 
subsequently shown to be correctly folded and disulfide-linked 
138 residue RBD. RBD was isolated by ion-exchange chromatog- 
raphy on Mono  Q (Pharmacia), using a linear gradient from 0 to 
300 mM NaCl in 20 mM Tris, pH8.0. RBD eluted at 160 mM NaCI. 

N-terminal sequence analysis was carried out by Edman degra- 
dation on an ABS 477A sequencer (Applied Biosystems). PTH- 
amino acid derivatives were quantitatively transferred to an AB1 
120A HPLC system containing a PTH C- 18 reverse-phase Brown- 
lee column eluted with a sodium acetate buffer/acetonitrile gradi- 
ent and identified at 269 nM. 

CD spectroscopy 

CD spectra were recorded in a 1 mm cell at room temperature on 
a JASCO 710 spectropolarimeter. The region from 200-260 nM 
was recorded, with scan rate of 2 nM min-I, and response time of 
16 s. The instrument was calibrated prior to each set of runs with 
a standard of 0.06% ammonium camphor. Filtered and degassed 
protein samples were in 50 mM sodium phosphate buffer and had 
concentrations of 0.5 mg/mL. Secondary structure analysis of the 
spectra  was  carried  out  using  the  variable  selection program 
(Manavalan & Johnson, 1987) with a basis set of 18 of the proteins 
provided with the program. 

The thermal stability of the 138 residue RBD was determined by 
monitoring the CD signal at 222 nM as  a function of temperature, 
with an 8 s response time and a  2 nM band width. A  jacked 1 mm 
cell was heated at 0.5 "C/min and data were collected at intervals 
of 0.5 "C. Each temperature scan was repeated two times. 

NMR spectroscopy 

NMR spectra were recorded at 600 MHz for 'H either on a Bruker 
DRX600 at the University of Illinois at Chicago, or a Bruker 
DMX600 at the University of Wisconsin, Madison. Both instru- 
ments were equipped with three  channels  and  a  pulsed-field- 
gradient accessory. NMR data were processed and analyzed using 
Triad 6.2 software (Tripos, Inc., St. Louis, Missouri). 

Purified RBD was exchanged into NMR buffer (100 mM phos- 
phate, pH 5.1, 300 mM NaCI), to which 10% D20 was added. The 
high salt concentration was used to maintain solubility of the pro- 
tein at the high concentrations used for the NMR studies, but did 
not affect the structure of the protein, as judged by similarity of 
NMR and CD spectra under high and low salt conditions. The  final 
concentration for NMR studies was 0.9 mM for the "N-labeled 
sample and 1.2 mM for the I3C/I5N double labeled sample. 

The following experiments were recorded on RBD at 298 K 
with either '*N or '3C/'5N labeled samples; two-dimensional I5N- 
HSQC, three-dimensional ' H- N-edited TOCSY and NOESY- 

HSQC(Fesik & Zuidenveg, 1990). Triple resonance experiments 
HNCA (Kay et al., 1990), HNCACB (Wittekind & Muller, 1993), 
and CBCA(C0)NH (Grzesiek & Bax, 1992) were also recorded 
for sequential assignment purposes. The proline H, and Hp chem- 
ical shifts were identified from the HBHA(C0)NH experiment 
(Grzesiek & Bax, 1993). The center frequencies for these triple 
resonance  experiments were 4.74 ppm ( ' H ) ,  118 ppm ("N), 
43 ppm (I3C) (CAB), and 55 ppm (I3C) (CA). Sensitivity en- 
hancement gradient pulses were employed for experiments where 
magnetization was detected on the amide HN (Palmer et al., 1991; 
Muhandiram & Kay, 1994). 'H, "C,  and "N assignments for the 
backbone of RBD have been deposited with the BioMagResBank 
data base (http://www.bmrb.wisc.edu) with accession number 
BMRB-653. 

Secondary structure predictions 

Secondary structure predictions used the neural training network 
method developed by Rost and Sander (1993a, 1993b, 1994). This 
method uses three levels of evaluation, with the third level being 
a winner-takes-all prediction of helix, strand or loop secondary 
structure. For water soluble proteins this has been found to give 
prediction of secondary structure to an accuracy of better than 
70% (Rost & Sander, 1993a). Sequences for analysis were sub- 
mitted electronically to EMBL (http://www.embl-heidelberg.de/ 
predictprotein/predictprotein.html) (Rost et al., 1994). 

Materials 

Oligonucleotides and enzymes were from Gibco BRL ( '5NH4)2S04 
was from Cambridge Isotopes (Andover, Massachusetts), I3C glu- 
cose was from Isotec (Miamisburg, Ohio), and D20 was from 
Sigma (St. Louis, Missouri). Papain was from Boehringer Mann- 
heim and gave specific cleavage, in contrast to papain from Sigma, 
which gave additional cleavages. 
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