
nearest neighbor instantaneous configu- 
rations both show that the five-coordina- 
tion is very irregular. 

Figure 2 shows how the anomalous 
pressure dependence of network ion dif- 
fusivities in the silicates can be removed 
by sufficient breakdown of the tetrahe- 
dral network structure. For  clarity, we 
have omitted data points for the original 
S i02  system (which first showed the 
existence of anomalous pressure depen- 
dences of transport in such inorganic 
systems) ( 2 ) .  In the sodium trisilicate 
case, in which the network structure is 
only partly broken down, an anomalous 
pressure dependence of the silicon and 
oxygen mobilities remains, consistent 
with the observation of a negative pres- 
sure dependence of the viscosity in this 
system (4). The orthosilicate structure, 
on the other hand, shows the normal 
pressure dependence observed in ionic 
liquids (2). Kesults for the metasilicate 
composition are given elsewhere (10). 

The outstanding difference between 
the network and the orthosilicate liquids 
is the volume that must be assigned to 
the system to produce a pressure of 
about zero. Particularly at  the high tem- 
peratures of these calculations, the nor- 
mal pressure density of the orthosilicate 
(and metasilicate) compositions is very 
low. This is consistent with extrapola- 
tions (10) to the temperatures of our 
study of precise density data obtained by 
Bockris et al.  (11) at lower temperatures. 

Network (or framework) compounds 
are the predominant materials of the 
earth's crust. It  seems clear from these 
studies, supported by the direct experi- 
mental studies of viscosity (4), that all 
these framework minerals in the liquid 
state, and probably also in the defect 
crystal state, will show anomalous pres- 
sure dependences of the framework ion 
mobilities. This characteristic is of inter- 
est in relation to  the problem of modeling 
planetary evolution and even that of in- 
terpreting creep-dependent crustal dis- 
placements during the current epoch of 
the earth's geological history. Most plan- 
etary bodies pass through stages in their 
evolution in which they are molten, and 
in which the interior temperature may be 
somewhat closer to  that chosen for the 
present study than is the case with the 
earth at  present. While we are not com- 
petent to  pursue this matter in any depth, 
it seems that the interior viscosity of a 
molten Si02-rich planetary body would 
be much smaller than the viscosity at the 
surface, since it seems that, a t  least to 
pressures of 150 kbar, increasing pres- 
sure acts in the same way as increasing 
temperature to decrease the viscosity. 
Experience with viscous liquids shows 
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that, in general, pressure effects become 
much more pronounced as  temperature 
decreases; hence, increases of several 
orders of magnitude in fluidity and a 
zone of maximum fluidity deep within the 
molten body are possibilities which should 
be considered in discussions of the hydro- 
dynamics and long-term evolution of plan- 
ets. From studies of aqueous systems (12) 
it seems that the pressure at which the 
viscosity minimum would occur would 
move to lower values as the temperature 
decreases. 

By contrast, in liquid silicates poor in 
SiOz, such as the olivine-type (orthosili- 
cate) compositions believed to constitute 
the earth's mantle, behavior qualitatively 
similar to that for Na4Si04 in Fig. 2 must 
be expected. In this case pressure and 
temperature will act in opposite directions 
at all pressures, giving less interesting 
profiles of viscosity (or creep rate) versus 
depth. 

It is unfortunate that the time scale for 
the study of creep in stable (unsuperheat- 
ed) crystals is too long for fruitful simula- 
tion studies at this time. However, the fact 
that simulation "samples" have no free 
surfaces (thanks to the periodic boundary 
conditions used) makes the study of fast- 
creeping superheated solids no less feasi- 
ble than the study of supercooled liquids. 
Qualitative features of superheated solid 
behavior, such as  the sign of the pressure 
dependences of creep rates, would proba- 

bly be relevant to stable-state behavior, 
and we believe such studies would repre- 
sent a worthwhile extension of the present 
work. 

S .  TAMADDON 
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Monoclonal Antibodies to Hypothalamic Growth Hormone- 

Releasing Factor with Picomoles of Antigen 

Abstract. Monoclonal antibodies spec$? for rat hypothalamic growth hormone- 
releasing factor (rGRF) have been produced by in vitro immunization of mouse 
spleen cells with less than 1 nanomole of rGRF in a partially purified preparation. 
Hybridoma supernatants bvere screened for anti-rGRF activity by use of a pituitary 
culture assay system that can detect growth hormone-releasing factor in the 
femtomole range. Such highly sensitive in vitro techniques permit the use of 
picomole quantities of an antigen in partially purijied preparations for the isolation 
of monoclonal antibodies, which can in turn be used in biological studies and in 
immunochemical procedures for large-scale purification and isolation of that 
antigen. 

When specific high-affinity antibodies 
to a biologically active molecule are 
available, a variety of powerful tech- 
niques can be used to purify and charac- 
terize that molecule or study its physio- 
logical functions. A consistent problem, 
however, during the characterization of 
some biologically active molecules, such 
as  neuropeptides present in brain tissue 
in amounts of only picomoles per gram, 
has been the difficulty of producing suffi- 
cient quantities of high-purity materials 
to be used as antigens to produce anti- 

bodies by standard in vivo immunization 
procedures. Although hypothalamic 
growth hormone-releasing factor is ob- 
tained in picomole amounts as  a highly 
purified material, it has not been charac- 
terized yet, primarily because of its ex- 
tremely low concentration ( I )  in the hy- 
pothalamus. We combined an in vitro 
immunization for hybridoma production 
(2) with a highly sensitive in vitro assay 
(3) to achieve the production of unlimit- 
ed amounts of monoclonal antibodies to  
rat hypothalamic growth hormone-re- 
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leasing factor (rGRF), using only pico- 48 hours of culture with mouse thymus 
moles of the antigen in a relatively crude 
preparation as the immunogen. 

The rGRF preparation used here was 
derived from approximately 600 rat hy- 
pothalami by means of gel filtration fol- 
lowed by three steps of high-perform- 
ance liquid chromatography (HPLC). 
Approximately 60 pg of this preparation 
containing less than 1 percent rGRF- 
about 100 pmole-was taken to dryness 
in the presence of 400 pg of human 
serum albumin and dissolved in culture 
medium for immunization of spleen cells 
in vitro (2). Spleen cells were isolated 
from BALBic mice (two spleens per im- 
munization, with about 10' cells per 
spleen) and cultured in 20 ml of medium 
containing the entire amount of immuno- 
gen. The culture medium was a mixture 
of 10 ml of fresh Eagle's minimum essen- 
tial medium (MEM) with 20 percent fetal 
bovine serum (Gibco) and 10 ml of the 
same medium previously conditioned by 

cells (4). The spleen cell culture was 
continued for 4 days in an atmosphere of 
5 percent C 0 2  in air a t  37OC; substantial 
activation of the culture occurred, as  
shown by the appearance of lympho- 
blasts. At end of the 4th day, nonadher- 
ent cells in the culture were removed, 
washed with serum-free medium and 
fused with the mouse plasmacytoma line 
UCR-M3, a strain derived from the 
MPC-11 clone 45.6TG1.7 Oua3 (5). Fu- 
sion was carried out with 50 percent 
polyethylene glycol 4000 at room tem- 
perature (6); the fused cells were distrib- 
uted into 48 culture wells containing 
BALBIc spleen macrophages (7) and 1 
ml of hypoxanthine-aminopterin-thymi- 
dine (HAT) medium per well (8). A simi- 
lar immunization was carried out to pro- 
duce a total of 96 cultures derived from 
immunization with approximately 120 kg 
of immunogen. Growth of HAT-resistant 
colonies was observed in all 96 culture 

Table 1. Summary of G R F  immunoprecipitation by hybridoma supernatants isolated from 
clones having anti-GRF activity. Culture media from hybridomas were diluted with Dulbecco's 
phosphate buffer saline and incubated with 40 to 80 units of G R F  per milliliter. After 24 to 48 
hours at 4'C, antigen-antibody complexes were precipitated by addition of mouse serum (2 p1 
per milliliter of incubation medium) and rabbit antiserum to mouse IgG and IgM (50 pllml), 
followed by incubation overnight at 4'C. The supernatants after centrifugation were assayed for 
GRF activity remaining (6). The antibody class of each hybridoma was determined by 
Ouchterlony immunodiffusion analysis. Blank spaces indicate that values were not determined. 

Clone Antibody 
class 

Percentage of total G R F  precipitated at 
indicated antibody dilution 

Table 2. Binding and elution of G R F  from immunoaffinity columns derived from anti-GRF 
hybridomas containing antibodies to GRF. Ammonium sulfate-precipitated hydbridoma culture 
medium was used to furnish immunoglobulins for coupling to Sepharose 4B-CNBr, at a total 
protein to Sepharose ratio of 2 mglg. Growth hormone-releasing factor (550 units) was added to 
0.5 ml of the immunoadsorbent, which had been washed, in small columns, with 5 volumes of 10 
mM phosphate buffer, pH 7.4. The complex was then washed with 1.5 ml of buffer, and the 
peptide GRF was eluted with 1.5 ml of 100 m M  HCI. Both wash and eluate were assayed for 
GRF activity. Units of activity recovered were calculated with parallel-lines bioassay statistics. 
For definition of a G R F  unit, see (5). 

Units of GRF activity measured 
Re- Re- 

Clone tained COV- 
Applied Wash 100 m M  Total 

HCI (%) 
ered 

measured (%I 

wells, with a visually estimated yield of 
10 to 100 viable hybridoma colonies per 
well. 

For  assay of anti-rGRF activity in hy- 
bridoma culture fluids, portions of a ref- 
erence standard preparation of rGRF (I)  
having known biological activity, ex- 
pressed as units per milligram, were in- 
cubated overnight with hybridoma su- 
pernatants at varying dilutions and then 
treated with precipitating antiserum to 
mouse immunoglobulins to  remove anti- 
gen-antibody complexes. These samples 
were then quantitatively assayed for 
GRF activity with dispersed rat pituitary 
cells in monolayer culture in defined 
medium (3),  the end point being the 
measurement by radioimmunoassay of 
the growth hormone released into the 
culture medium during a 3-hour incuba- 
tion (Table 1). The assay system is sensi- 
tive to  as little as 0.5 fmole of pure G R F  
(3). Such high sensitivity permitted the 
assay of very low levels of antibody to 
rGRF in the culture medium of the mixed 
hybridoma cultures, a necessity for de- 
tecting the products of even a single 
clone among the approximately 10' cells 
in a confluent 1-ml culture. Fifteen 
mixed hybridoma cultures of the original 
96 had detectable levels of anti-rGRF 
activity; the seven cultures with the 
highest apparent activities were subject- 
ed to cloning by limiting dilution in 96- 
well culture plates (0.1 ml per culture) 
with 50 percent conditioned culture me- 
dium from UCR-M3 cells (5). Of approx- 
imately 350 clones isolated after 4 
weeks, 24 were shown in bioassay to 
have anti-rGRF activity, and the six best 
clones were chosen for large-scale isola- 
tion of antibody. 

Immunoglobulins against rGRF were 
isolated from large-scale cultures of hy- 
bridoma clones by ammonium sulfate 
precipitation (9). In addition, ascites flu- 
id was obtained from each clone by 
injection of cells into pristane-primed 
mice (10). The isolated immunoglobulins 
were used to prepare affinity columns 
(11) for further purification of rGRF. 
Each of the six monoclonal antibodies 
examined was able to retain significant 
quantities of rGRF and to release the 
material in biologically active form under 
appropriate elution conditions (Table 2). 
Immunodiffusion studies with c l a s s - s ~ e -  
cific antiserums indicated that all six of 
the anti-rGRF hybridoma clones secret- 
ed immunoglobulin M (IgM); five of the 
six clones also secreted the IgG2b-k pa- 
rental immunoglobulin from the UCR- 
M3 cells. 

Our procedure of immunization in vi- 
tro may be  regarded as of general appli- 
cability for producing monoclonal anti- 
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bodies against antigens available only in 
femtomole quantities, even in the early 
steps of the purification of mixtures. 
Although immunization of spleen cells in 
vitro is an effective way of defining the 
maximum repertoire of potential anti- 
body responses in a given animal or 
strain (12), practical limitations, includ- 
ing the poor survival capacity of clones 
generated in vitro, have largely prevent- 
ed the use of this technique for construc- 
tion of antibody "libraries." The addi- 
tion of factors produced by thymic cells 
(in this study provided as  conditioned 
medium from heterologous thymus cell 
suspensions) aids in the generation of 
antibody-secreting lymphoblasts in vitro 
(4) and in the survival of specific hybri- 
domas derived from such cultures (2). 
For  antigens available in extremely short 
supply, fusion frequencies must be maxi- 
mized so  that the relatively small number 
of clones responding to a given antigen 
will have a sufficient probability of sur- 
vival to be recovered in the form of 
viable hybridomas. The latter consider- 
ation led to the choice of the UCR-M3 
cell line in our studies because these 
cells have an excellent fusion rate and 
produce stable hybrids, although they 
have the disadvantage of being secretors 
of the MPC-11 myeloma IgG. 

Many biologically active antigens 
would probably be amenable to studies 
similar to those we described. Together 
with other high-efficiency methodology 
such as  HPLC and gas-phase protein 
sequencing (IS), this would appear to 
provide a new approach to the isolation 
and chemical characterization of pep- 
tides present in only picomole quantities 
per gram of living tissues. The approach 
would be to prepare a relatively purified 
preparation of the antigen (having unam- 
biguously detectable biological activity 
in a specific bioassay), to produce highly 
specific monoclonal. antibodies against 
that antigen as  shown by the bioassay, 
and then to purify the antigen by large- 
scale affinity chromatography; this 
would be followed by HPLC, ascertain- 
ing the amino acid composition on less 
than 100 pmole of the material (14), and 
determining the amino acid sequence on 
1 nmole or less by gas-phase sequencing. 

RICHARD A. LUBEN 
Division of Biomedical Sciences and 
Department of Biochemistry, 
University of California, 
Riverside 92521 

PAUL BRAZEAU 
PETER BOHLEN 

ROGER GUILLEMIN 
Laboratories for Neuroendocrinology, 
The Salk Institute, 
La Jolla, California 92037 

SCIENCE, VOL. 218, 26 NOVEMBER 1982 

References and Notes 

I. One hypothalamus fragment (rat or pig) yields, 
by our extraction methods, 150 to 500 fmole of 
GRF. These numbers as well as others in the 
text referring to molar quantities of pure GRF 
are based on quantitative amino acid analyses of 
GRF recently isolated from human tumors. On 
the basis of physicochemical and biological evi- 
dence, materials from all three sources are as- 
sumed to be similar in structure and specific 
activity. One GRF unit is defined as the weight 
of an in-house preparation of purified hypothal- 
amic rGRF (GRF reference standard) known to 
produce half-maximal stimulation of secretion of 
growth hormone in the bioassay (3). 

2. R. A. Luben and M. A. Mohler, Mol. Immunol. 
17, 635 (1980); in Biochemicrrl Chrrrtrcteriztrtion 
of Lymphokines, A. S. de Weck et al., Eds. 
(Academic Press, New York, 1980), pp. 56-65. 

3. P. Brazeau, N. Ling, F. Esch, P. Bohlen, R. 
Benoit, R. Guillemin, Regul. Peptides 1, 255 
(1981); P. Brazeau, P. Bohlen, R. Guillemin, 
Endocrinology 110, A538 (1982). 

4. J .  Andersson, A. Coutinho, W. Lernhardt, F. 
Melchers, Cell 10, 27 (1977). In these studies, 
conditioned medium from thymus cells was pre- 
pared as follows. Thymuses were removed from 
10-day-old Swiss albino mice and teased to 
suspend cells. The cells were cultured at 10' per 
milliliter for 48 hours in MEM with 20 percent 
fetal bovine serum, 2 mM L-glutamine, I mM 
pyruvate, and 50 pM mercaptoethanol. The 
thymus cells were then removed by centrifuga- 
tion, and the medium was filtered. Conditioned 
medium was stored at 4°C for up to 2 weeks 
before use. The spleen cell culture medium also 
contained 2 mM L-glutamine, 1 mM sodium 
pyruvate, and 50 pM 2-mercaptoethanol (final 
concentrations) added fresh at the beginning of 
culture. The medium with antigen included was 
sterilized by filtration before culture. No antibi- 
otics were employed in cultures at any stage of 
the studies. We have observed that strict adher- 
ence to these conditions is particularly impor- 
tant both for successful immunization in vitro 
and for obtaining high yields of hybrids and 
clones. 

5. D. H. Margulies. W. H. Kuehl, M. D. Scharff, 

Cell 8,405 (1976). UCR-M3 is a clonal variant of 
45.6TG1.7 with altered karyotype, selected for 
its high fusion rate (R. A. Luben and M. A. 
Mohler, in preparation). 
G. Galfre, S .  C. Howe, C .  Milstein, G. W. 
Butcher, J .  C. Howard, Nat~rre (London) 266, 
550 (1977). 
S. Fazekas de St. Groth and D. Scheidegger, J .  
Immrotol. Methods 35, 1 (1980). 
HAT medium is added to the hybridoma culture 
medium as defined in J .  W. Littlefield, Exp .  Cell 
Res. 41, 190 (1966). 
Immunoglobulins were isolated from hybrido- 
mas as follows. Actively growing cultures in 
MEM with 20 percent serum were shifted into 
medium containing 0.2 percent serum and glu- 
cose (4.5 glliter), with glutamine, pyruvate, and 
mercaptoethanol as described above, at an ini- 
tial cell density of I O b  per milliliter. Culture was 
continued for 48 to 72 hours, during which the 
cells continued to multiply. The resulting medi- 
um was precipitated with 50 percent saturated 
ammonium sulfate at 4'C to isolate the immuno- 
globulin fraction. 
R. H. Kennett, T. J .  McKearn, K. B. Bechtol, 
Monoclonnl Antibodies-Hybridomtis: A N ~ M ,  
Dimension in Biological Analyses (Plenum, 
New York. 1980). DU. 403-404. 
P. Bohlen, P. ~ r a i d a u ,  R. Benoit, N .  Ling, F. 
Esch, R. Guillemin, Biochem. Biophys. Res. 
Commun. 96 ,  725 (1980). 
R. I. Mishell and R. W. Dutton, J .  Exp. Med. 
126, 423 (1967); R. E. Click, L. Benck, B. J .  
Alter, Cell. Immunol. 3, 264 (1972). 
R. M. Hewick, M. W. Hunkapiller, L. E.  Hood, 
W. J .  Dreyer, J .  Biol. Chem. 246, 7990 (1981). 
P. Bohlen and R. Schroeder, Anal. Biochem., in 
press. 
This work was supported by grants AD 09690-07 
and AM 1881 1-07 from the National Institutes of 
Health and by the Robert J .  Kleberg, Jr. ,  and 
Helen C. Kleberg Foundation and the Sarainne 
Andrews Foundation. R.A.L. is recipient of 
NIH research career development award, DE 
00057. We thank D. Martineau, M. K. Culkin, 
F. Castillo, R. Schroeder, and G. Kleeman for 
technical assistance. 

une 1982; 30 August 1982 

Colloidal Solution of Water in Organic Solvents: 
A Microheterogeneous Medium for Enzymatic Reactions 

Abstract. To simulate in vitro the conditions under which enzymes act in vivo, 
enzyme molecules have been entrapped in hydrated reverse micelles of a s~rrfactant 
in organic solvents. In this system the catalytic activity of one of the enzymes studied 
(peroxidase) became much higher than in water, and the specificity of the other 
enzyme (alcohol dehydrogenase) was dramatically altered. 

In vitro studies of enzymes are usually 
conducted in water. In the living cell, 
however, enzymes mostly act on the 
surface of biological membranes or  in- 
side them. Even the diffusion-free en- 
zymes of plasma have a medium whose 
physical parameters (dielectric perme- 
ability, polarity, viscosity, and so on) 
and chemical composition only resemble 
those of the aqueous solutions used in 
most in vitro studies. Moreover, proper- 
ties of water near an interface are vastly 
different from those of "bulk" water (1). 
For these reasons it is considered by 
many that traditional enzymologic stud- 
ies of the behavior of enzymes in aque- 
ous solutions provide an imperfect pic- 
ture of biological reality (2). 

To  simulate in vitro the conditions of 
enzyme action in vivo, enzymatic reac- 
tions are often performed in mixtures of 

water and organic solvents with a high 
concentration of a nonaqueous compo- 
nent (3). However, such homogeneous 
media are also far from ideal. To  provide 
a more realistic compromise between 
classical enzymology and the enzymolo- 
gy of complex biological systems, immo- 
bilized (covalently bound, adsorbed, o r  
matrix-entrapped) enzymes have been 
developed (4). 

Recently, a new mode of studying 
protein function has been introduced. It 
has been proposed that enzymes be dis- 
solved not in water but in a colloidal 
solution of water in an organic solvent. 
In such systems many enzymes retain 
their catalytic activity; examples are 
chymotrypsin, trypsin, lysozyme, ribo- 
nuclease, pyrophosphatase, peroxidase, 
alcohol dehydrogenase, lactate dehydro- 
genase, pyruvate kinase, cytochrome c ,  
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