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Recent advances m protein crystallography have significantly shortened the time and labor reqmred to determine the three- 
dLmenslonal structures of macromolecules once good crystals are available Crystal growth has become a major bottleneck m further 
development of protein crystallography Proteins and other biological macromolecules are notoriously difficult to crystallize Even 
when usable crystals are obtained, the crystals of essentially all proteins and other biological macromolecules are poorly ordered, and 
diffract to resolutions conslderabl~ lower than that available for most crystals of simple orgamc and inorganic compounds One 
promising area of research which Is receiving w~despread attention is protein crystal growth in the macrogravlty environment of space 
A series of protein crystal growth experiments were performed on US shuttle fhght STS-26 in September 1988 and STS-29 in March 
1989 These proteins had been studied extensively in crystal growth experiments on earth prior to the mlcrogra,~it~ experiments For 
those proteins wluch produced crystals of adequate s~ze, three-dlmensmnal intensity data sets w~th electronic area detector systems 
were collected Comparisons of the macrogra'~ity-grown crystals with the best earth-grown crystals obtained in numerous experiments 
demonstrate that the m~crograwty-grown crystals of these proteins are larger, display more uniform morphologies, and y~eld 
diffraction data to significantly higher resolutions Analyses of the three-dimensional data sets by relative-Wilson plots indicate that 
the space-grown crystals are more highly ordered at the molecular level than their earth-grown counterparts 

1. Introduction 

A n u m b e r  of  exc i t i ng  p r o t e m  c r y s t a l l o g r a p h y  

p r o j e c t s  are  o f t e n  t e r m i n a t e d  b e c a u s e  o f  t he  m-  

ab i l i ty  to o b t a i n  c rys ta l s  o f  su i t ab l e  q u a h t y  fo r  

h i g h - r e s o l u t i o n  d i f f rac txon  ana lyses .  O n e  p r o m -  

i s ing  new d e v e l o p m e n t  in p r o t e i n  c rys ta l  g r o w t h  

revo lves  s tud ies  of  c rys ta l  g r o w t h  p r o c e s s e s  in  the  

mac rograv l ty  e n v x r o n m e n (  o b t a i n a b l e  m space  

[1,2]. T h e  m a j o r  m o t i v a t i o n  b e h i n d  these  space  

e x p e n m e n t s  is to  e h m m a t e  the  d e n s i t y - d r i v e n  c o n -  

vec t lve  f low tha t  a c c o m p a n i e s  c rys ta l  g r o w t h  in 

g r a v i t a t i o n a l  f ie lds  [3,4]. In  a d d i t i o n ,  s e d i m e n t a -  

t i on  of  g r o w i n g  c rys ta l s ,  w i n c h  can  i n t e r f e r e  w i th  

the  f o r m a t i o n  o f  s ing le  c rys ta ls ,  is e h r m n a t e d  in 

the  a b s e n c e  o f  gravi ty .  
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The first mlcrogravity protein crystal growth 
e~periments were performed on Spacelab I by 
L ttke and John [5]. These experiments indicated 
tl-at the space-grown crystals, which were ob- 
ta reed using a liquid-liquid diffusion system, were 
larger than crystals obtained by the same experi- 
m ental system on earth. Experiments on four space 
st uttle missions in 1985 and 1986 were used to 
d~.velop an apparatus for protein crystal growth 
b"  vapor diffusion techniques [5]. This equipment 
w is used in protein crystal growth experiments on 
U ~ space shuttle flights STS-26 and STS-29. This 
p~ per presents the results obtained from these two 
fh ght experiments. 

2. Hardware development 

The space shuttle experiments involved crystal 
gr)wth by a vapor diffusion technique, wtfich is 
ch~sely related to the widely used hanging drop 
m ~thod of protein crystal growth on earth [7]. This 
m,.'thod was chosen for several reasons: 
( 1  Most protein crystallography laboratories have 
ex Lensive experience with this method and a large 
percentage of the protein crystals described in 
recent publications have been obtained using this 
te~ hnique. 
(2 This technique is particularly amenable to 
cr',stallizatlon experiments revolving small quantl- 
tie9 of protein. 
(3 In a microgravity environment, relatively large 
st~ ble droplets of protein solution can be formed 
Wl h mlmmal surface contacts, thereby decreasing 
possible nucleation sites and ehmmating wall el- 
fee ts that generally accompany crystallization ex- 
pe~ iments on earth. 

The hardware was developed by using a simple 
piece of equipment that was easily modified and 
im ~roved through a series of four shuttle missions 
in 1985 and 1986. Crystals are grown in 40 /~1 
dr~,plets that are extruded from syringes and sub- 
see uently permitted to equilibrate with solutions 
of precipitating agents contained within closed 
chl tubers. 

Fig. 1 shows the principle behind the design of 
the apparatus developed for protein crystal growth 
by vapor diffusion techniques. Each experiment 

Fig 1 Crystal growth chamber (a) unstoppered synnge with 
protein and precipitant solutions extruded into droplet on 
syringe Up. (b) stoppered syringe (configuration dunng launch 

and landing) 

takes place within a sealed chamber that has a 
volume of = 5.3 cm 3 with clear plastic windows 
for visual and photographic monitoring of crystal 
growth. The back chamber windows are covered 
with a polarizer to enhance photography of the 
crystal growing within the droplets, Prior to 
activation of the experiment the protein solutions 
are contained within double barrel syringes which 
are stoppered during launch and landing (fig. lb). 
The two barrels of the syringes are filled with 
protein and precipitant solution respectively. 
Growth is activated by withdrawing the stopper 
and extruding the protein and precipitant solu- 
tions simultaneously onto the syringe tip (fig. la). 
The combined protein-precipi tant  droplet equi- 
librates with a wicklng material saturated with an 
equilibration solution. After the crystalhzation ex- 
periment is complete, the protein solution contain- 
ing the crystals is withdrawn back into the syringe 
and the stopper is reinserted on the tip. One entire 
vapor diffusion tray with dimensions of 35.8 × 
1.66 × 8 6 cm contains twenty crystal growth 
chambers (fig. 2). Three vapor diffusion trays are 
contained xn a refngeration incubator module 
(RIM) which occupies one mlddeck locker on the 
shuttle. The RIM is capable of maintaining any 
set temperature between 2 and 35 ___ 0.8 °C (fig. 3). 
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Fig 2 Vapor diffusion tray 

All  solut ions were loaded  into  the shut t le  
equ ipment  app rox ima te ly  24 h pr io r  to launch.  
Once  in orbi t ,  crysta l  growth was ac t iva ted  by  
ext ruding  the solut ions  on to  the tip of the syringe, 
where  mixing of the p ro te in  solut ion and precipi -  
ta t ing agent  was achieved by  repea ted ly  wi thdraw-  
ing and ex t ruding  the solutions.  The  suspended  
d rop le t  was then al lowed to equi l ibra te  wi th  the 
su r round ing  solut ion of p rec ip i ta t ing  agent.  The  
p ro te in  d rop le t s  are p h o t o g r a p h e d  after  ac t iva t ion  
and  at 24 h intervals  dur ing  the shut t le  flight. A t  

the end of the mission,  the solut tons  and sus- 
p e n d e d  crysta ls  are wi thdrawn into the syringes 
which are s toppe red  for re turn  to ear th  The ex- 
pe r imen ta l  a p p a r a t u s  is con ta ined  within the R I M  
ma in t a ined  at  a t empera tu re  of  22.8 _+ 0.7 ° C from 
the t ime that  the samples  are loaded  unti l  the 
analyses  of  the crysta ls  could  be pe r fo rmed  
Slightly higher  t empera tu res  occurred  for short  
pe r iods  of  t ime dur ing  the pho tog raph ic  sessions. 

I m m e d i a t e l y  af ter  the shutt le  landed,  the 
ha rdware  was t r anspor t ed  in the R I M  to Birming-  
ham where  the analyses  were ini t ia ted.  The  space- 
grown crysta ls  were ex t ruded  into depressmn 
plates ,  sealed with glass covershps  and photo-  
g raphed  usmg a b inocu la r  microscope.  Selected 
crysta ls  were sealed in glass capfl lartes for X-ray  
d i f f rac t ion  analysis  

G r o u n d  cont ro l  exper iments  were pe r fo rmed  m 
equ ipmen t  ident ica l  to that  used for the shutt le  
exper iments .  These  cont ro l  exper iments  began 
seven days  af ter  the shut t le  l anded ,  using the same 
pro te in  so lu t ions  and  ident ica l  loading,  ac t ivat ion 
and deac t iva t ion  t imes as those that  were fol lowed 
for the shut t le  exper iments .  In a d d m o n ,  extensive 
cont ro l  exper imen t s  were pe r fo rmed  in p ro to types  

Fig 3 Refrigerator incubator module contaimng three vapor diffusions trays To activate and deactivate the experiments, a ganging 
mechamsm attached to each tray it manually operated by the astronaut Fluctuations m temperature are recorded w~th a data logger 

vaa three sensors wtuch are located under each vapor diffusion tray 
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ef the space shuttle hardware before and after the 
s auttle experiments were completed. 

3. STS-26 analysis 

X-ray diffraction photographs were obtained 
f "om a number of crystals grown in the space and 
ground control experiments These photographs 
were obtained with crystals in stationary onenta- 
tons,  using specially constructed cyhndrical cas- 
s:ttes mounted on rotating anode X-ray genera- 
t)rs. More detailed X-ray diffraction studies were 
performed with Nlcolet area detector systems [8], 
Lslng rotating anode X-ray generators with copper 
t ~rgets, at the University of Alabama at Blrming- 
l-am, DuPont and Merck. Three-dimensional X- 
r ty diffraction data sets were collected from 
s ~ace-grown crystals of all three compounds. 

The X-ray diffraction photographs obtained 
f 'om crystals grown in the space and control ex- 
g eriments were used for qualitative evaluation of 
ciffractlon resolutions The results from these 
analyses are consistent with the more detailed 
s udies performed using three-dimensional data 
s ,~ts measured with the area detector systems. Since 
ecaluation of diffraction resolutions from photo- 
8raphs is highly subjective, and is often dependent 
upon crystal orientations, we have depended prim- 
arily upon three-dimensional intensity data sets 
f)r  comparison of space and earth-grown crystals. 
"l he techniques and crystal growth conditions used 
f )r the space experiments closely parallel the vapor 
diffusion experiments that have been used in 
numerous studies on earth with these three pro- 
t,;lns. Consequently, three-dimensional X-ray dlf- 
f action data sets obtained from the space-grown 
c-ystals were compared with the best data sets 
that had been obtained from earth-grown crystals 
c f these proteins using area detector systems and 
e~perlmental protocols slrmlar to those followed 
f.)r obtaining data from the space-grown crystals. 

Intensity data sets from crystals of these three 
proteins were analyzed in a variety of different 

ays There are no uniformly accepted criteria for 
a~sesslng the quality of protein crystals, but the 
gmeral criteria of interest from a practical stand- 
point are assessment of the largest Bragg angles at 

winch usable data can be measured, and evalua- 
tion of the percentage of data above background 
levels throughout the data collection range. Conse- 
quently, plots were made of average I / o ( I )  ( I  = 
intensity) values versus diffraction resolution, and 
percentages of data above various cut-off levels as 
functions of resolution. In addition, data sets from 
space and earth-grown crystals were compared by 
using Wilson plots [9]. Wilson plots can be used to 
estimate the overall B values for the crystals, 
which are related to the root-mean-square dis- 
placements at atomic positions. These B values 
reflect the internal order within the crystals Wil- 
son plots from proteins are generally difficult to 
interpret. However, relative-Wilson (also known 
as difference-Wilson [9]) plots are useful for 
assessing changes m the internal order of protean 
crystals. These plots of ln()ZFa2/~ZF 2) versus 
4 sln20/yk 2 are routinely used to charactenze and 
compensate for the disordering effects resulting 
from the diffusion of heavy atom derivatives into 
protein crystals. The slopes of these plots are 
directly related to the difference in overall B 
values for two different crystals, a and b (a corre- 
sponds to the space-grown crystals and b to the 
earth-grown crystals in the following relative-Wil- 
son plots). 

3.1 Results-y-interferon (7-IFN D) 

The STS-26 experiments included an en- 
gineered form of "/-IFN D. Crystals of tins protein 
are trlgonal, space group R32, with a = b = 114 
and c = 315 ,~. They are grown from a solution of 
49% ammonium sulfate, 0.05M Na acetate, pH = 
5.9 [10]. A large number of crystalhzation experi- 
ments have been performed at the Umversity of 
Alabama at Blrrmngham with this protein over a 
two-year period, and several three-dimensional 
data sets have been collected using electronic area 
detector systems. Crystallization conditions for the 
STS-26 experiments were identical to those 
routinely used for crystal growth studies on earth. 
Several crystals were obtained that were as large 
as or larger than the best that have been produced 
in the ground experiments. One of the crystals of 
y- IFN D grown on STS-26 was approximately 
50% larger than the largest crystal that had been 
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obtained previously. This crystal is depicted in fig 
4. The overall morphology is slmdar to the earth- 
grown crystals, although the one depicted in fig. 1 
xs somewhat thicker than those routinely obtained 
in laboratory studies. 

Three-dimensional intensity data were collected 
from the crystal shown in fig. 4, and these data 
were compared with data sets obtained from 
earth-grown crystals. Fig. 5a shows the distribu- 
tions of observable data (I/o(I)>~ 5) from the 
space-grown crystal and data sets obtained from 
several of the best earth-grown crystals that had 
been obtained previously. All of the data sets from 
earth-grown crystals display the same general in- 
tensity pattern as a function of resolution. On the 
other hand. the space-grown crystal displays a 
significant increase in measurable data throughout 
the resolution range, with a significant fraction of 
measurable data at resolutions where the earth- 
grown crystals display no significant diffraction 

The intensity data set collected from the 
space-grown crystal of y - IFN D is clearly superior 
to any data obtained previously. In principle, this 
improvement could reflect enhanced countmg sta- 
tistics resulting from the larger crystal volume. 
However, exarmnatlon of a relative-Wdson plot 
that compares data from the space-grown crystal 
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Fig 5 Comparison of  dl f f ract lon intensity data for (a) space- 
grown y - IFN  D crystal and the data ohtamed from four of  the 
largest earth-grown crystals of  y - IFN D, (b) space-grown 
elastase crystal and an elastase crystal of comparable size 
grown on earth, (c) companson of • t e n s i t y  d ls tnbuuons  for 

space-grown and earth-grown crystals of ~SOCltrate lyase 

Fig 4 Crystal of y-IFN D grown on STS-26 This crystal has 
dimensions of 0 7 × 0 5 × 0 4 mm 

with those from one of the better earth-grown 
crystals indicates that the space-grown crystal dis- 
plays a lower effective B value. This relatlve-Wd- 
son plot is shown in fig. 6a. If the effective B 
values of the two crystals were comparable,  the 
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space-grown crystal ~s lower than that for the 
earth-grown crystal. 

3.2 Porcine elastase 

- 0  50 - I t I 1 -- 
0 O0 0 04 0 08 0 2 0 16 0 20 

1/d 2 

Fig 6 Relative-Wilson plot companng space-grown and 
ear h-grown crystals of (a) ~,-IFN D, (b) porcine elastase and 
(c) SOCltrate lyase In addition, a relative-Wilson plot compar- 

ng two earth-grown crystals of "y-IFN D is shown in (a) 

rel.mve-Wllson plot should be flat with a slope of 
zer)  For comparaUve purposes, a Wilson plot 
USl ag data from two of the ground grown T-IFN 
D crystals is shown. The slope for this plot is 
ess, mtially zero, whereas the space versus ground 
plot displays a positive slope throughout the reso- 
lution range, with a steeper slope at the higher 
res,)lutlons, indicating that the B value for the 

Crystals of porcine elastase are orthorhomblc, 
space group P212121, with a = 50.9 ,~, b = 57.2 A, 
and c =  75.0 A Crystals were grown by seeding 
techniques from solutions of precipitant (1.5 M 
NaSO 4, 0.1M sodium acetate, p H = 5 . 0  [11]). 
Crystals were grown on STS-26 by adding small 
seed crystals to the solution of precipitating agent 
in one side of the double-barreled syringes. The 
seed crystals used were approximately 50 # m  in 
the maximum dimension. Fig. 7 shows a sequence 
of photographs obtained at 24 h intervals during 
STS-26 depicting growth from one of the elastase 
seed crystals. The seed crystal can be seen sus- 
pended within the droplet shortly after experiment 
activation. By the second day, the crystal has 
become attached to the surface of the droplet. The 
crystal then continues to grow into the solution 
during the fhght. The final crystal produced m the 
expenmental  sequence depicted in fig. 7 is 2.05 
mm long, which is considerably larger than any 
elastase crystals obtained in ground-control stud- 
ies. Fig 8 shows a typical elastase crystal obtained 
in mlcrograv~ty. A number of well formed elastase 
crystals in the range 0.5-2.0 m m  were obtained on 
STS-26. Three-dimensional intensity data were 
collected from a space-grown crystal that had 
dimensions comparable to the dimensions of 
earth-grown crystals studied earlier. 

F~g. 5b shows a comparison between the inten- 
sity data sets from one of the space-grown crystals 
and an earth-grown crystal of comparable volume. 
The space-grown crystal of elastase produces sig- 
nificantly more data at all resolution ranges, with 
appreciable enhancement m the ultimate resolu- 
tion at which measurable data can be obtained. 
The relative-Wilson plot comparing data from the 
space-grown crystal with that from the earth-grown 
crystal is shown in fig. 6b This plot does not 
reveal a slgmflcant difference in B values for data 
in the lower resolutaon ranges, but the higher 
resoluUon data in&care that the space-grown 
crystal has a significantly lower overall effective B 
value. 
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3 3 I soc l t ra te  lyase 

Crystals of lSOCJtrate lyase are orthorhomb~c, 

space group P212121, with a = 80 7 A, b = 123 1 ,~ 

and c =  183 4 ,~. Crystals were grown from a 

solut ion of  1.7M sodmm citrate, 0 1M Tns-HC1,  

pH  = 8.0. Crysta lhzat ion expertments  on earth 

have invar iably resulted in the growth of d e n d m i c  

clusters, such as that  depicted in fig. 9a. 

An  improved  habit  for ~soc~trate lyase was ob- 

served f rom the exper iments  on STS-26. Al though 

some d e n d r m c  growth was found in the space 

samples, a number  of  wel l - formed prisms, de- 

picted m fig. 9b, were obta ined  m the mlcrogravl ty  

Fig 7 Cr'~stal of porcine elastase growing m rmcrogravRy at (a) mmal seeding stage, (b) end of day 1, {cl end of day 2, and (d) end of 
day 3 ~mmedJately before retracting the droplet and crystal into the syringe 
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FI ~ 8 C~'stal of porcine elastase from the space experiment 
Tt e crystal grew from a seed and ~s approximately 1 5 mm in 

length Several smaller crystals grew m the same droplet 

eaperiments.  These prisms belong to the same 
slcace group as the earth-grown dendri tes How- 
e~er, they yield intensi ty  data that are consider- 

ably superior to those ob tamed  previously. Fig. 5c 
compares the in tensi ty  data  from a space-grown 
prism with one of the better  data sets obta ined 
from earth-grown crystals of lSOCltrate lyase The 
space-grown crystal produced data  of higher qual- 
ity throughout  the resolut ion range Fig 6c shows 
a relat ive-Wilson plot for the space-grown and 
earth-grown crystals of lSOCltrate lyase Except at 
the lowest resolut ion range, the plot indicates that 
the space-grown crystal has a significantly lower 
effective B value than the earth-grown crystal. 

Of the eight other proteins crystallized on STS- 
26 [12], six did not produce crystals large enough 
for &ffract lon analysis. One  produced only a par- 
ttal data sek the analysts of which was inconclu-  
sive when compared  to earth data. The fmal pro- 
tein (canavahn)  displayed higher resolution ( - 0 2 
A) on the film data, but  the 3D data could not  be 
processed because of experimental  dlfficultms that 
arose dur ing  the data collection process. 

4. STS-29  results 

Fif teen different protein  samples were flown on 
STS-29 Unfor tuna te ly ,  showers of small crystals 

Fig 9 (a) Typical dendritic morphology for lSOCltrate crystals grown on earth The vemcal and horizontal dimensions of this 
der drltlC cluster are 0 74 mm and 0 46 ram, respectively (b) Prisms of lSootrate lyase grown on STS-26 The cr)stal dimensions are 

approximately 0 4×0 25 x0 04 mm 
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were produced in every chamber flown for all 
fifteen of these proteins. It is not clear what 
caused this. In spite of ttus, one crystal of the 
protein y-interferon grew large enough to collect 
3D data. Although the crystal was 0.2 mm smaller 
in each dimension than the four earth-grown 
crystals used for comparison of the STS-26 data, 
the STS-29 space-grown crystal still produced data 
that were measurably better throughout the reso- 
lution range and extended further in resolution 
than the best ground-based crystals. The relative- 
Wilson plot indicated once again that the B value 
for the space-grown crystal is lower than that for 
the earth-grown crystals. In addition, three large 
crystals ( - 0 . 4 × 0 3 x 0 . 5  mm) of the protein 
Lathyrus ochrus lectm I were also obtained. Data 
were collected to high resolution from one of these 
crystals and the structure was determined by 
molecular replacement methods Crystals grown 
on earth by similar methods are smaller and dis- 
play a different habit A detailed comparison of 
the space and ground data will be published 
elsewhere (personal commumcatlon, Juan Fonte- 
cilla, University of Marsellle) 

5. Discussion 

The results from STS-26 and STS-29 indicate 
that when the growth condmons are optirmzed, 
the mlcrogravity-grown crystals of certain proteins 
are superior to crystals obtained under compara- 
ble conditions on earth. In general, the space- 
grown crystals are larger and display more uni- 
form morphologxes than crystals grown under sim- 
ilar conditions on earth; this finding is consistent 
w~th earher space experiments in protein crystal 
growth [5,6]. Analysis of three-dimensional X-ray 
diffraction intensity data sets for crystals of three 
proteins grown under rmcrogravlty conditions 
shows diffraction to tugher resolution than the 
best crystals of these proteins that have been 
grown on earth. 

The improved diffraction patterns from the 
space-grown crystals may not be entirely attribu- 
table to enhanced internal order of the crystals. 
Intensity data sets were collected in three different 
laboratories in order to obtain the data as rapidly 

as possible after the space experiments and to 
collect data at locations where earth-grown crystals 
were routinely analyzed. Although the same type 
of area detector system was used in these three 
laboratories, there were variations in data collec- 
tion procedures. However, when the results for 
these experiments are considered together, the data 
indicate that protein crystals grown under micro- 
gravity conditions diffract to higher resolution 
than the best crystals obtained under similar con- 
dit~ons on earth. 

The relative-Wilson plots indicate that the 
space-grown crystals are more highly ordered at 
the molecular level than crystals grown by the 
same method on earth. Crystals from these pro- 
telns produce relative-Wilson plots that indicate 
lower overall mean-square-atomic-displacement 
values for the space-grown crystals. These B val- 
ues would be expected to reflect thermal motion, 
biochemical heterogeneity, conformational hetero- 
geneity, and deviations from ordered crystal-pack- 
mg patterns It seems unlikely that gravity could 
affect any of these parameters except molecular 
order at the lattice level. Under microgravlty con- 
dItions, convective flow patterns that accompany 
crystal growth would be ehmmated, thus gener- 
ating a more controlled environment at crystal 
interfaces. Since protein crystals are relatively 
weakly bonded, with water bridges playing pre- 
dominant roles, it may not be surprising that 
molecular-packing patterns would be more regular 
xn the absence of convective flows. 

The results that we have obtained are especially 
striking, since we have compared a single set of 
micrograv~ty experiments with the best of exten- 
sive experiments that have been performed on the 
ground. A one-to-one comparison between the 
rmcrogravlty experiments and the corresponding 
control experiments performed immediately after 
the shuttle flight is even more dramatic For exam- 
ple, we obtained only small crystals of y-IFN D in 
the control experiments, and relatively small den- 
dritic clusters of iSOCltrate lyase The control ex- 
periments for elastase produced only crystals with 
dimensions less than about 0 4 ram. These results 
from a single set of control experiments simply 
emphasize the lIrmted reproducibility that is oh- 
tamed in most protein crystal growth experiments. 
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T ) e  a d v a n t a g e  o f  the  v a p o r  d i f fus ion  sys tem tha t  

w e have  se lec ted  for  the  shut t le  e x p e r i m e n t s  is tha t  

tt p e rmi t s  us to c o m p a r e  hmated  space  exper l -  

rr ents  wi th  a vast  a r r ay  o f  d a t a  o b t a i n e d  by  hang -  

l n g - d r o p  e x p e r i m e n t s  u n d e r  l a b o r a t o r y  c o n d i t i o n s  

oH earth.  U s i n g  this  t echn ique ,  we  p l a n  to e x t e n d  

tl-ese space  e x p e r i m e n t s  to i n c l u d e  a n u m b e r  o f  

01her p r o t e m s ,  nuc le ic  acids,  a n d  p r o t e i n - n u c l e i c  

ac ld c o m p l e x e s  tha t  h a v e  b e e n  s tud ied  ex t ens ive ly  

o~l ea r th  by  v a p o r  d i f fu s ion  m e t h o d s .  
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