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Abstract 

Two hexagonal crystal forms of tetrameric human 
methylamine-treated a2-macroglobulin have been grown 
by vapour diffusion. One of the crystal forms diffracts X- 
rays beyond 9 ,/k resolution. The space group of this form 
is P6(2)22 or P6(4)22 with a = b = 327, c = 219A and 
with one dimer of o~2-macroglobulin in the asymmetric 
unit. Several data sets have been collected by the use of 
synchrotron radiation at cryogenic temperature. A native 
data set extending to 10 A resolution has been obtained. 
The merging R factor of these data is 10.3 %. 

Introduction 

o~2-Macroglobulin ( a 2 M )  is a plasma proteinase inhibitor 
consisting of four identical 180 kDa subunits that are 
disulfide bridged in pairs. Each subunit contains one 
/3-Cys-7-Glu thiol ester and a 'bait region' which can 
be cleaved by many different proteinases. Complex 
formation between proteinases and &EM is initiated by 
specific limited proteolysis in the 'bait region'. This 
induces activation of the thiol ester and a conforma- 
tional change, which physically traps the proteinase 
inside the inhibitor. A large fraction of the proteinase 
molecules are covalently bound, primarily through e- 
lysyl(proteinase)-7-glutamyl(a2M) [for reviews of the 
structural and functional properties of a2M, see Sottrup- 
Jensen (1987, 1989)]. Upon treatment of a2M with 
methylamine, the thiol ester is cleaved, resulting in 
inactive o~2M (Sottrup-Jensen, Petersen & Magnusson, 
1980). In electron micrographs this form, and also the 
a2M-proteinase complex, has a compact H-like shape 
(Boisset, Penczek, Pochon, Frank & Lamy, 1993; De- 
lain, Pochon, Barray & Van Leuven, 1992; Schramm 
& Schramm, 1982). Proteinases appear to bind in an 
elongated central cavity of a2M (Arakawa, Nishigai & 
Ikai, 1989; Boisset et al., 1989). 
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The crystallization of a2M-MA (MA = methylamine) 
and a2M-proteinase complexes has been reported earlier 
(Andersen, Jakobsen, Thirup, Nyborg & Sottrup-Jensen, 
1991; Delain et al., 1992; L6bermann, 1980; Wenger, 
yon Gruber & Schramm, 1991). Here we describe a 
hexagonal crystal form of a2M-MA, which for the first 
time allows the processing of data from crystals of 
o~2M. Although the resolution of these data are much 
lower than that which is normally aimed for in protein 
crystallographic studies, it should be compared with the 
resolution of 30 A in the electron-microscopy studies of 
this protein. A successful structure determination from 
these data can therefore produce a more detailed model 
than the one currently available thereby describing in 
greater detail the important structural properties such as 
the proteinase-containing cavity, the connection between 
subunits and possibly the location of the thiol ester. 
This could be of considerable benefit for functional 
studies of the protein and help in interpreting data from 
electron micrographs. Furthermore, it would provide a 
good starting model for structure determination when 
crystals of higher quality are available. 

Materials and methods 

t~2M was  prepared from pooled outdated human plasma 
(Sottrup-Jensen et al., 1980), a2M-MA was obtained 
after incubating oc2M with 0.2 M methylamine at pH 8.0 
in the presence of 10 mM iodoacetamide for 4 h. 

Sialic acids were removed from a2M-MA in order 
to improve the homogeneity of the preparation prior 
to crystallization. Reaction conditions for desializing 
were 3.5 mgml -l a2M-MA, 50mU ml -l neuramidase 
type V (Sigma), 0.1 M sodium acetate pH 6.0, 0.025% 
NAN3, 0.45 rnM phenylmethanesulfonylfluoride (PMSF) 
at room temperature. Desalting on a Sephadex G25 
column equilibrated with reaction buffer was performed 
after 6 h of reaction and the same amount of enzyme 
was added. Following 12 h of digestion, a2M-MA was 
separated from the enzyme on a Sephacryl $200 column 
equilibrated with 20mM Tris-HC1 pH 7.7 and con- 
centrated in Centricon-100 (Amicon Corporation) cells 
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to 7.5 mgm1-1. The desialization was more than 95% 
complete as measured by the 2-thiobarbituric acid assay 
(Warren, 1959). Screening for crystallization conditions 
was performed by vapour diffusion in Cryschem trays 
(Charles Supper Co., Massachusetts, USA) by the use of 
a modified Gilson crystallization robot (Oldfield, Ceska 
& Brady, 1991). Crystallization at 277 K was performed 
in a cooling incubator. 2-Methyl-2,4-pentanediol (MPD) 
used for crystallization was of MicroSelect quality from 
Fluka, Switzerland. All other chemicals were of analyti- 
cal quality. Prior to mounting by the loop method (Teng, 
1990) and flash freezing at 95 K in a stream of nitrogen, 
crystals were gradually transferred to a cryoprotective 
solution to avoid formation of ice during flash freezing 
(see below in Results). Data were collected with an 
MAR imaging plate using synchrotron radiation, A = 
1.08 A, at beamline 7-1, SSRL, CA, USA. The density 
of the crystals was determined by transferring crystals 
to 200 ~tl drops of Ficoll solution until a solution was 
found which made the crystal float in the middle of the 
drop for at least 15 min. The drops were calibrated with 
small drops mixed from bromobenzene and o-xylene. 
This procedure was preferred to the normal gradient 
procedure (Westbrook, 1985), since centrifugation of the 
gradient rapidly dissolved the crystals. The programs IM- 
STILLS, ROTAVATA, POSTREF and AGROVATA from 
the CCP4 package (SERC Daresbury Laboratory, 1979) 
were used for spot scanning, scaling, post refinement and 
merging, while REFIX (Kabsch, 1988) was used for ini- 
tial indexing. The program DENZO (Otwinowski, 1991) 
was used for refinement of orientation and integration. 
Temperature factors were not refined during scaling. 

Results 

Hexagonal crystals of o~2M-MA grew in two different 
morphologies depending on the concentration of NaCl in 
the experiments (Fig. 1). Hexagonal rods with maximal 
dimensions 0.2 x 0.2 x 0.7 mm formed in 2-3 weeks 
by mixing a2M-MA, 7.5 mgm1-1 in 20mM Tris-HC1 
pH 7.7, with reservoir buffer containing 13% MPD, 
0.5M NaC1, 21mM 2-(N-morpholino)ethanesulfonic 
acid (MES) and 0.5 mM ZnSO4 in a 2:1 ratio. The 
growth time was 2-4 weeks at 277 K. Chunky hexagonal 
crystals with maximum dimensions 0.8 x 1.0 x 1.0 mm 
were grown by the same procedure, except that the 
concentration of NaC1 was 1.0 M. For these crystals, the 
growth time was 3-6 d at 277 K. The apparent pH was 
6.5 at 277 K. 

The temperature was found to be essential for crystal 
growth. Only very small crystals of the chunky form 
of a2M-MA could be grown at 293 K. If drops con- 
taining crystals were moved from 277 to 293 K, the 
crystals dissolved rapidly. Also a strict control of the 
concentration of ZnSO4 was necessary. At the optimized 
conditions containing 0.5 mM ZnSO4 in the reservoir, 
millimetre-sized crystals were obtained in virtually every 

experiment. The density of the chunky crystals was 
found to be 1.10(1)gcm -3. 

Both forms diffracted X-rays when exposed to syn- 
chrotron radiation. For the chunky hexagonal crystal 
form of aEM-MA, weak reflections were observed be- 
yond 9 ]k resolution on small angle oscillation images 
(Fig. 2). 1 ° oscillation images with useful reflections 
extending to 10A could be collected within 3-5 min 
of exposure with synchrotron radiation. The rod-shaped 
hexagonal crystals did not diffract beyond 15 A. No data 
were collected for this crystal form. For both crystal 
forms, the flash freezing and exposure at cryogenic 
temperature was found to be essential. If not frozen, 
the crystals ceased to diffract rapidly. For the chunky 
crystal form, diffraction extending to at least 15 A was 
still observed after 10 h of exposure following soaking 
of crystals in a cryoprotective solution containing 1 M 
NaC1, 30%(v/v) glycerol, 45 mM CdC12 pH 6.5 at 277 K 
and subsequently flash freezing. Concentrations ranging 
from 0.0 to 0.5 mM ZnSO4 in the soak solutions were 
tested, but all failed to give a diffraction pattern of 
the quality obtained when CdC12 instead of ZnSO4 

(a) 

. . . .  

(b) 
Fig. 1. (a) Hexagonal rod-shaped crystals of ot2M-MA. (b) Chunky 

hexagonal crystals of a2M-MA. 
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was added to the soak solution prior to flash freez- 
ing. The chunky hexagonal crystals belong to space 
group P6(2)22, alternatively P6(4)22, as evidenced by 
systematic extinction along the c* axis observed on 
oscillation images, and also confirmed by inspection of 
the integrated (001) intensities. 

dmin (A) Several data sets obtained from the chunky crys- 32.1 
tal form were examined. The mosaicity of the 26.3 
best crystals following flash freezing was approxi- 22.8 

20.4 mately 0.5 °. The refinement during data processing 18.7 
with DENZO generally resulted in X 2, defined as 17.3 
(observed error)2/(predicted error) 2, for the positions 16.2 

15.3 
refining to below 1.5, while X 2 for the partiality refined 14.5 
to between 2 and 3 for the best crystals. It was possible 13.8 
to process data and scale these together from two crystals 13.2 

12.7 
with reasonable results, although some variations in 12.2 
the cell parameters were observed. The results of data 11.8 

11.5 processing are summarized in Table 1. A merging R 11.1 
factor of 10.3% was obtained with data extending to 10.8 
10 A resolution. 10.5 

10.3 
A large amount of anisotropic background was ob- 10.0 

served for this crystal form as was also observed for the 
tetragonal crystals (Andersen et al., 1991). In particular, 
a very strong halo surrounding the (0,0,12) reflection 
(not shown), which is also the most intense reflection in 
the data set, was observed. 

Discussion 

The dependence o n  Z n  2+ ions in the crystallization 
experiments is not surprising considering the well known 
strong interaction between ce2M and Zn 2+ ions (Pratt & 
Pizzo, 1984). Following mixing of 7.5 mg m1-1 protein 

Fig. 2.0.1 ° oscillation image recorded at SSRL by exposure of a chunky 
hexagonal crystal at 115 K. The exposure time was 600 s and the 
crystal-to-film distance 424 mm. The resolution of the reflection in 
the black box is 8.5 A. 

Table 1. Breakdown o f  the observed intensities as a 
function o f  resolution as output from the AGRO VA TA 

program 

A total o f  17 778 reflections were processed and merged to 3800 
independent  reflections. 

Rmerge Rcu m (I/o'(1)) % complete 
0.074 0.074 6.6 68.0 
0.058 0.065 7.9 95.8 
0.051 0.059 13.1 99.1 
0.057 0.059 11.1 97.4 
0.073 0.061 9.1 97.5 
0.074 0.063 8.9 102.3 
0.091 0.066 6.7 98.0 
0.087 0.068 7.1 101.9 
0.095 0.070 7.0 98.4 
0.112 0.072 6.1 96.8 
0.156 0.076 4.3 98.4 
0.132 0.078 5.1 98.6 
0.149 0.081 4.6 97.5 
0.143 0.083 5.2 96.0 
0.171 0.086 4.2 97.6 
0.170 0.089 4.1 96.3 
0.233 0.092 3.1 97.8 
0.201 0.095 3.5 91.9 
0.264 0.098 2.8 95.4 
0.405 0.103 1.8 98.6 

solution and reservoir solution containing 0.5 mM Zn 
in a 2:1 ratio, the number of Zn 2÷ ions per tetramer 
of a2M-MA is 24. Considering the large number of 
binding sites for Zn 2÷ in a2M-MA (Pratt & Pizzo, 1984), 
the concentration of free Zn 2÷ ions in the crystallization 
droplet could be very low. This could explain the dif- 
ficulties in soaking crystals in cryoprotective solutions 
containing Zn 2÷, where the concentration of free Zn 2÷ 
would be high compared to the concentrations in the 
crystallization experiments. 

Using the model in Westbrook (1985), the theoretical 
density in the Ficoll system is 1.09 and 1.17 g cm -3 for 
one and two dimers per asymmetric unit, respectively. 
It is, therefore, most likely that the asymmetric unit 
contains the dimer and has a solvent content of 73.5%. 
This results in a value of Vm = 4.8 A 3 Da -1, which is 
above the usual range of 1.68-3.53 A 3 Da -1 for protein 
crystals (Matthews, 1968). It is, however, significantly 
lower than the value of 6.0A 3 Da -~ obtained for the 
tetragonal crystals of o~2M-MA (Andersen et al., 1991). 
The tighter packing in the hexagonal crystals could be 
the reason for the increased quality of these crystals com- 
pared with the tetragonal crystals. Tetragonal crystals of 
a2M-MA could also be flash frozen, but the quality of 
the diffraction pattern obtained was inferior compared 
with that of the hexagonal crystal described here. The 
hexagonal crystal form therefore seems suitable for 
obtaining a low-resolution structure of a2M-MA. 
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