
17. P. Bochsler [in Solar Wind Five, M. Neugebauer, 
Ed., NASA CP-2280 (1 983), p. 6131 has discussed 
the broadening of charge state spectra resulting 
from mixing ion populations originating at different 
temperature. 

18. Freeze-in temperatures are calculated here by as- 
suming Maxwellian distribution functions for the 
electrons. Distorted distribution functions (I( distribu- 
tions) would lead to even lower freeze-in tempera- 
tures [A. Burgi, J. Geophys. Res. A 92,1057 (1 987)l. 

19. Theoretical studies and modeling have lead many 
authors to discuss plasma waves as an important 
momentum source for driving HSSTs; see R. H. 
Munro and B. V. Jackson, Astrophys. J. 213, 874 
(1 977); J. V. Hollweg, Rev. Geophys. 16,689 (1 978); 
J. Geophys. Res. 91, 41 1 1 (1 986); J. F. McKenzie, 
W.-H. Ip, W. I. Axford,Astrophys. SpaceSci. 64,183 
(1979); R. Lallement, T. E. Holzer, R. H. Munro, J. 
Geophys. Res. 91,6751 (1986); (15). 

20. J. M. Shull and M. Van Steenberg, Astrophys. J. 
Suppl. Ser. 48, 95 (1 982). 

21. M. Arnaud and R. Rothenflug, Astron. Astrophys. 
60, 425 (1985); M. Arnaud and J. Raymond, 
Astrophys. J. 398, 394 (1 992). 

22. One solar rotation (days 308 through 334 of 1992) 
was omitted because a coronal mass ejection 

occurred, so that our analysis includes 9.5 solar 
rotations. 

23. The data for V, and To are the same as those shown 
earlier (9), whereas that for T, and Fe/O are new. For 
Mg/O, we used the charge spectrum Mg6+ to 
Mgl0+ for determining the Mg abundance, which 
should reduce systematic errors, as compared to 
our earlier publication (9), where we used the main 
ion MglO+ and estimated the abundances of the 
other Mg ions by assuming identical freeze-in tem- 
peratures for Mg and 0. 

24. We are very grateful to the teams of engineers and 
physicists in our institutions as well as the project 
teams of the European Space Technology Center 
and the European Space Operations Center of the 
European Space Agency and the Jet Propulsion 
Laboratory (JPL) of the National Aeronautics and 
Space Administration (NASA) for their decisive con- 
tributions to the success of SWlCS and the Ulysses 
mission. We are indebted to P. Bochsler and M. C. E. 
Huber for valuable discussions. This work was sup- 
ported by the Swiss National Science Foundation, 
NASA-JPL contract 955460, and the Minister fijr 
Forschung und Technologie of Germany. 

31 January 1995; accepted 20 April 1995 

duplex with the large (28s) but not the small 
(18s) ribosomal RNA; antisense G8 RNA 
hybridizes to neither (9). We therefore 
proposed that G8 RNA might be part of a 
machinery that regulates selective transla- 
tion of different classes of mRNA during 
stress situations (4). 

To test this hypothesis, we used genetic 
manipulation methods (1 0-1 2) to create a 
strain of T. themophila in which the ap- 
proximately 50 macronuclear copies of the 
gene encoding G8 RNA were inactivated 
by insertion of a neomycin (neo) gene (Fig. 
1A) (1 3). Expression of the neo gene con- 
fers on T. themophila an increased resis- 
tance to paromomycin (12). Although ini- 
tial transformants contained copies of both 
the functional and the inactivated G8 gene, 
the continued growth of such cells in in- 
creasingly higher concentrations of paro- 
momycin eventually selected for cells that 
contained onlv the disru~ted form of the 

Requirement of a Small Cytoplasmic RNA for the gene (Fig. 1si. G8 ;ells did not pro- 

Establishment of Thermotolerance duce G8 RNA when starved or when ex- 
posed to a 39°C heat shock for 2 hours (Fig. 
1, C and D), conditions that normally en- 

Peter A. Fung, Jacek Gaertig, Martin A. Gorovsky, hance expression of G8 RNA (3, 4). These 
Richard L. Hall berg* results indicated that the G8 gene is not 

essential for normal vegetative growth. 
Thermotolerance is an inducible state that endows cells with an enhanced resistance to To investigate whether G8 RNA is re- 
thermal killing. Heat shock proteins are believed, and in afew instances have been shown, quired during heat shock, we transferred 
to be the agents conferring this resistance. The role of a small cytoplasmic RNA (G8 RNA) early logarithmic phase wild-type and G8 
in developing thermotolerance in Tetrahymena themophila was investigated by creating null cells from 30°C to 39°C and main- 
a strain devoid of all functional G8 genes. These G8 null cells mounted an apparently tained them at 39°C for 24 hours. Under 
normal heat shock response, but they were unable to establish thermotolerance. these conditions, wild-type cells initially 

stop growing and synthesize predominantly 
hsps for about 1.5 hours (7, 14, 15). As the 
synthesis of non-hsps returns, growth re- 

A strong positive correlation between the mology with 7SL and 4.5s RNA (4), two commences, albeit at a reduced rate (14). 
accumulation of heat shock proteins (hsps) RNAs known to affect ribosome function The synthesis of hsps and the return to 
and the ability of cells to maintain viability (8). Furthermore, as revealed by Northern non-hsp synthesis in G8 null cells appeared 
at or above normally lethal temperatures (RNA) blot analysis, G8 RNA forms a stable almost normal, although the return of non- 
has been noted for a number of years (1). 
However, recently it has been shown that 
specific stress-induced proteins are abso- Fig. 1. Generation of a A kb 

lutely required for the establishment of G8 deletion strain. (A) sma I Eco RV - -5.9 
thermotolerance (2). Construction of a (38 +- ---------- 1 4 kb ----------- - 4 

We previously showed that, in response gene disrupted with a 
.: 

1 2 3  
to heat shock, starvation, or entry into the neomycin gene (73). (B) 
stationary growth phase, the ciliated proto- (DNA) CU427 G8 null 

zoan Tetrahpena themophila rapidly accu- anaalysis Of strains with 
and without disrupted mulates a small cytoplasmic RNA (approxi- copies of the G8 gene, 

mately 300 nucleotides) called G8 that DNA was cut with Eco 
quantitatively associates with ribosomes (3- RI, to electro- 
5). Unlike other heat-inducible genes, the phoresis on a 0.8% aga- 
gene encoding G8 RNA is transcribed by rose gel, transferred to a 
RNA polymerase I11 (3). The kinetics of filter, and probed with a 
accumulation of G8 RNA on ribosomes co- 3ZP-labeled antisense 
incides with changes in the fractions of hsp copy of the G8 gene generated by in vitro transcription of a linearized 
and non-hsp m ~ ~ ~ s  during heat Bluescript plasrnid (pBS) containing a complementary DNA copy of G8 

shock (3, 6 ,  7). G8 RNA shares weak ho- RNA (3). The sizes of the labeled fragments were determined by cornpari- 1 2 3 4  1 2 3 4  
son with Hind Ill-cut A DNA. Lane 1, wild type (CU427); lane 2, BTU2 null; 

,D. A. Fung and R. L. Hallberg, Department of B~o~o~,,, and lane 3, G8 null. (C and D) Northern blot analysis of ~8 RNA isolated from CU427 or G8 null cells. Total 
Syracuse University, Syracuse, NY 13244, USA. RNA was isolated as in (4). Lanes 1, cells in early log phase at 30°C; lanes 2, cells shifted to 39°C for 2 
J. Gaertig and M. A. Gorovsky, Department of Biology, hours; lanes 3, cells transferred to starvation medium for 2 hours; and lanes 4, cells in starvation medium 
University Of Rochester, Rochester, NY 14627, USA. for 5 hours. The gels were stained with ethidiurn bromide (C), and the RNA was then transferred to a filter 
*To whom correspondence should be addressed. that was hybridized to a 32P-labeled antisense copy of G8 RNA and autoradiographed (D). 
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hsp synthesis appeared somewhat dimin- 
ished in the G8 nu l l  cells (Fig. 2, A and B). 
Nevertheless, as wi th wild-type cells, the 
G8 nu l l  cells recommenced growth at 39°C. 
We  conclude that G8 RNA is not  absolute- 
ly required for the translation of hsp 
mRNAs during heat shock or for the trans- 
lation of non-hsp mRNAs during or after 
recovery from heat shock. 

T o  determine if the absence of G8 RNA 
compromised the viability of starved cells in 
any way, we washed G8 null cells into star- 
vation medium at 30°C and, after various 
incubation periods, measured their viabili- 

ties. Even after 2 days, n o  differences in 
colony-forming ability were found between 
G8 nul l  and control cells (Fig. 2C). Howev- 
er, when cells in starvation medium were 
incubated at 39OC (an hsp-inducing condi- 
tion) for various lengths of time and then 
returned to growth medium at 30°C, G8 nul l  
cells more rapidly lost viability as compared 
with wild-type cells or wi th another strain 
(BTU2 null) expressing the neo gene insert- 
ed at a different chromosomal location (Fig. 
2DJ. The more rapid loss in viability of G8 
nul l  cells was not  due to a failed heat shock 
response in starvation medium (Fig. 2E), but 

rather was correlated wi th a loss in overall 
protein synthesis capacity at 39°C (Fig. 2F). 

An apparently universal outcome of the 
stress response induced at sublethal temper- 
atures is thermotolerance, an increase in the 
viability of cells subsequently exposed to 
normally lethal temperatures (1 ). In T. ther- 
mophila, two forms of thermotolerance have 
been demonstrated. In the first, a prior sub- 
lethal hsp-inducing treatment increases the 
viability of cells subsequently exposed to 45" 
to 49"C, temperatures at which protein syn- 
thesis is always completely inactivated (15, 
16). T o  establish thermotolerance of this 

GB null 

Fig. 2. Viability and met- A cw27 cu427 

abolic properties of G8 CU427 G8 null G8 null GB null 
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null and control cells ex- 
posed to starvation and 
heat shock. (A and 8) 
Heat shock response of 
CU427 and G8 null cells. 
Cells in early 1- phase 
growth at 30°C were 
shifted to 39'C and 
pulse-labeled with rH]ly- 
sine, as in (7). before 
and at times after the 
temperature shift. Solu- 
bilized proteins were 
separated by SDS-poly- 
acrylamide gel electro- 
phoresis (PAGE) on 12% 
gels and prepared for flu- 
orography as in (7) or 
transferred to filters and 
immunodecorated with 
either antibody to hsp60 
(anti-hsp60) or, as an in- B 0 
temal control, antibody C. .7  GInun 
to ribosomal protein S22 Hours of starvation (30°C) Hours of starvation (3S°C) 
(rpS22) as in (7). The flu- 
orogram is shown in (A), 
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tion, a colony contained at least 10 cells, that is, at least three .- c \ 
cellular fissions had occurred. The wild-type strain was CU427. Q) \ 
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The BTU2 null strain had the same resistance to paromomycin .- - 7 

m - \ 
as the G8 null strain. The growth medium was 1 % proteose al 
peptone containing 0.003% sequestrene. The starvation medium was 0.01 M [r 

tris-HCI (pH 7.4). (E) Heat shock response of cells in starvation medium. CU427 I a 

and G8 null cells in early log phase at 30°C were transferred to starvation 0 10 20 
medium at 30°C for 1 hour and then shied to 39°C. Cells were pulse-labeled Time (hours) 
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kind, cells must pre-accumulate hsps. Oper- 
ationally, this form of thermotolerance is the 
one most frequently measured in other sys- 
tems (I) .  G8 null cells tested for this form of 
thermotolerance were indistinguishable from 
wild-type cells (17), again demonstrating 
that, with respect to hsp production, their 
heat shock response is normal. In the second 
form of thermotolerance, an appropriate pre- 
treatment endows cells with an increased 
viability at 42" to 44°C. The difference is 
that in treated cells, but not in untreated 
cells, protein synthesis is maintained at the 
high temperature and hsps are produced. In 
this latter case, unlike the first form of ther- 
motolerance, an appropriate pretreatment 
does not necessarily elicit the prior accumu- 
lation of hsps (1 6, 18). The crucial charac- 

teristic of this second form of thermotoler- 
ance is that hsp synthesis occurs at the ele- 
vated temperature. The conditions that elic- 
it this form of thermotolerance all appear to 
alter ribosome structure (7, 14, 18, 19). 

Because protein synthesis was more ther- 
molabile in G8 null cells exposed to a nor- 
mally nonlethal heat shock treatment, we 
investigated whether the induction of the 
second form of thermotolerance was in any 
way compromised in G8 null cells. Cells in 
growth medium at 30°C were shifted to 
39°C for 1 hour and then transferred to 
43"C, or they were shifted directly from 
30°C to 43"C, and their viabilities were 
determined as a function of time at the 
elevated temperature. In comparison with 
control cells, the G8 null cells showed a 

Fig. 3. Viability of G8 null 
and wild-type cells at 43°C. 

A B 

(A) A culture of cells in early 
log growth at 30°C was di- 
vided in hak one half was 
transferred to 3g°C, the 

Cell viability, the percent- 

lected, washed, trans- 
ferred into starvation medi- 
um, and incubated at 30°C 
for 1 hour. The culture was 
then divided in half: one half 
remained at 30°C; the 0th- 0 0.5 1 1.5 2 2.5 3 ,  0 0.5 1 1.5 2 2.5 3 
er half was transferred to Time (hours) Time (hours) 
39°C for 1 hour. Both cultures were then transferred to 43OC. At various times thereafter, cell viability was 
measured as above. The growth and starvation media were as described in Fig. 2. (0,O) CU427 cells, (0, 
.) G8 null cells, and (A) BTU2 null cells. The closed symbols are for the shift from 30°C to 43OC and the open 
symbols are for the shifts from 30°C to 39°C to 43°C. 

Fig. 4. Protein synthesis A B 
in G8 null and control 
cells at 43'C (A) Cells in 

a ! CU427 G8 null 

early log phase at 30°C 2 , 

were transferred to star- . 
kD - 

vation medium and treat- 
ed as in Fig. 38. At vari- 2 

' - 97 

ous times after the shift . -LI--i 

from 39°C to 43"C, the - 66 
relative rate of protein . 
synthesis was deter- 
mined for each culture : - 45 
and expressed as a frac- 
tion of the rate displayed ,O.I - 
by cells labeled at zero $ : 
time (20). The symbols . 
are the same as in Fig. 3. a . - 31 

(B) Fluorographic pat- 0 20 40 60 80 
tems of proteins synthe- Time (mln) -- 
sized in CU427 and G8 1 2  3 4 5 6  
null cells before and after 
the shift to 43°C. Fluorography of labeled proteins was as above. Lanes 1 and 4, cells labeled for 20 min 
after being at 39°C for 1 hour; lanes 2 and 5, cells labeled at 10 to 30 min after the shift to 43OC; lanes 3 and 
6, cells labeled at 40 to 60 min after the shii to 43OC. 
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reduced capacity to survive at 43°C (Fig. 
3A). When we performed the same thermo- 
tolerance assay bn cells in starvation medi- 
um, an even greater reduction in survival of 
the G8 null cells was evident (Fig. 3B). 

We next determined whether this loss of 
viability was due to the inability of G8 null 
cells to thermoprotect their translational 
machinery. When we measured the capac- 
ity of cells to maintain protein synthesis at 
43"C, control cells given a 39°C pretreat- 
ment showed only a moderate loss in their 
ability to synthesize proteins at 43°C (Fig. 
4A). In contrast, whereas the pre-heat 
shocked G8 null cells initially synthesized 
hsps at 43°C in a manner similar to the 
control cells (Fig. 4B), they were unable to 
maintain protein synthesis (Fig. 4A), al- 
though, when compared with the nonpre- 
treated controls, a partial degree of protein 
synthesis stabilization was apparent. 

These results indicate that G8 RNA ~ lavs  . , 

a role in maintaining a functional transla- 
tional apparatus at high temperature. How- 
ever, other factors must contribute to this 
stabilization, as G8 null cells can develop 
some thermotolerance, the extent of which 
is affected by their physiological state (Fig. 3, 
A and B). Evidence for such factors comes 
from a mutant strain of T. hermophila, MC3 
(18). in which the first but not the second . ,. 
type of thermotolerance can be induced. The 
MC3 strain exhibits a phenotype remarkably 
similar to the G8 null strain, except that G8 
RNA accumulation and ribosome associa- 
tion are normal. Finally, our results disprove 
our original hypothesis that G8 RNA is re- 
quired for selective mRNA translation dur- 
ing stress conditions. 
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Structure of a Complex of Two Plasma Proteins: 
Transthyretin and Retinol-Binding Protein 

Hugo L. Monaco,* Menico Rizzi, Alessandro Coda 

The three-dimensional structure of the complex formed by two plasma proteins, trans- 
thyretin and retinol-binding protein, was determined from x-ray diffraction data to a 
nominal resolution of 3.1 angstroms. One tetramer of transthyretin was bound to two 
molecules of retinol-binding protein. The two retinol-binding protein molecules estab- 
lished molecular interactions with the same transthyretin dimer, and each also made 
contacts with one of the other two monomers. Thus, the other two potential binding sites 
in a transthyretin tetramer were blocked. The amino acid residues of the retinol-binding 
protein that were involved in the contacts were close to the retinol-binding site. 

Transthyretin (TTR, formerly called pre- the observed and Fc the calculated structure 
albumin), one of the transporters of the factor) with root-me$n-square deviations in 
hormone thyroxine, and retinol-binding the bonds of 0.018 A, in the angles of 3.7", 
protein (RBP), the specific carrier of retinol and in the dihedrals of 26.7". 
(vitamin A) ,  form a comulex under uhvsi- . . 
ological conditions that prevents the glo- 
merular filtration of the low molecular size 
RBP (21,000 daltons) in the kidneys ( I ) .  
The  complex can form in vitro between 
RBP and TTR from different species, in- 
cluding those species that are distant in 
evolution (2) .  W e  prepared crystals from 
complexes containing human TTR and 
chicken RBP (3). The dissociation constant 
of this complex (1.0 x M) is similar to 
those of the complexes of human RBP with 
human TTR (1.1 X to 1.5 X M) 
and of chicken RBP with chicken TTR (1.1 
x 10-7 to 1.6 x lo-' M )  (4). 

The crystallographic data of this complex 
are presented in Table 1. The structure of 
the complex was solved with the molecular 
replacement method (5) with one of the 
human TTR coordinate sets (6) and coordi- 
nates of bovine holo-RBP (7). The final 
model statistics (8) are an R factor of 20.1 (R 
factor = C I F ,  - F, I /2 I Fo I where F, is 
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The  three-dimensional structure of hu- 
man (9 ,  10) and bovine (7)  holo- and 
apo-RBP, of wild-type ( I  I )  and several 
mutant human TTRs (12,  13), and of 
complexes of wild-type TTR with several 
pharmacologically important compounds 
(6.  14) are all known. TTR is a tetramer of ~, , 

four identical subunits, each 127 amino 
acids long (Fig. 1 ) ( 1 1 ). T h e  monomers 
are organized into two extensive p sheets, 
each c o m ~ o s e d  of four strands that are all 
antiparallel, with one exception (11). 
Two monomers form a stable dimer by the 
extension of their two p sheets through 
hydrogen bonding that involves the four 
strands (two from each monomer) at the 
edges of'the two subunits. The  twd dimers 
of the tetramer are se~ara ted  bv a channel 
and in contact through symmetry relate! 
l o o ~ s .  The  channel, a~uroximatelv 10 A . A 
in hiameter, is the ligand-binding site 

Fig. 1. Model of the structure of the hexameric complex (RBP),-TTR as determined by x-ray analysis of 
the orthorhombic crystals. The RBP molecules are shown in red, one of the TTR dimers is in green and 
yellow, and the other is in blue and turquoise. The retinol molecules are represented as space-filling 
models with white carbon atoms and a purple oxygen. The view is looking down the z axis of the TTR 
tetramer as defined by Blake and co-workers (1 1). The x and y axes are in the plane of the figure, 
horizontally and vertically, respectively. They intercept in the center of the channel, which is the hormone- 
bind~ng site, that runs through the TTR tetramer and is empty in the figure. 
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