
themophila P-tubulin-2 gene containing an ATG 
translation terminator (3' BTU2) was constructed as in 
(10). A Bluescript KS(+) plasmid (pBS-G8) containing 
a chromosomal copy of the G8 gene in the middle of 
a 1.3-kb Sal I-Bam HI fragment was linearized within 
the G8 coding sequence by digestion with Sty I. The 
staggered ends were filled in with Klenow, and a Sma 
I-Eco RV fragment containing the H41-neo-BTU2 
chimeric gene was ligated into the linearized pBS-G8 
plasmid. The resulting plasmid, pG8-neo, was digest- 
ed with Sal I and Bam HI liberating a 2.7-kb fragment 
containing the disrupted G8 gene and its normal 
flanking sequences. This DNA was used to transform, 
by electroporation, the T. themophila strain CU427 
(1 1). Transformants were initially selected with paro- 
momycin (120 pg/ml) in the growth medium. Further 
selection in higher concentrations of paromomycin 
(up to 750 pg/ml) produced cell lines that remained 
resistant to a concentration of paromomycin of 750 
pg/ml even when grown for 30 to 40 generations in 
the absence of drug. These lines were designated G8 

null cells. BTU2 null cells are a strain of T. themophila 
developed in the Gorovsky lab in which the P-tubu- 
lin-2 gene contains a neo insertion. They are other- 
wise isogenic with CU427 and G8 null cells. 

14. R. L. Hallberg and E. M. Hallberg, Mol. Cell. Biol. 3, 
502 (1 983). 

15. R. L. Hallberg et a/. , ibid. 5, 2061 (1 985). 
16. R. L. Hallberg, ibid. 6, 2267 (1986). 
17. E. M. Hallberg and R. L. Hallberg, unpublished data. 

Cultures of early log phase G8 null and CU427 cells at 
30°C were either maintained at that temperature or 
were shifted to 39°C for 1 hour. All cultures were then 
transferred to 46"C, and at 3-min intervals thereafter 
(for a total of 12 min), samples of cells were removed 
from each culture; individual cells from each sample 
were then transferred to growth medium in microtiter 
plates and incubated at 30°C. Twenty-four hours lat- 
er, the fraction of viable cells was determined. Both 
G8 null and CU427 cells given a 1-hour prior heat 
shock exhibited a degree of thermotolerance similar 
to that shown for a number of other strains (15, 18). 

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 tetrarner 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 F, 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 complex under physi- 
ological conditions that prevents thk ;lo- 
merular filtration of the low molecular size 
RBP (21,000 daltons) in the kidneys (1). 
The complex can form in vitro between 
RBP and TTR from different species, in- 
cluding those species that are distant in 
evolution (2). We prepared crystals from 
complexes containing human TTR and 
chicken RBP (3). The dissociation constant 
of this complex (1.0 x lop7 M) is similar to 
those of the complexes of human RBP with 
human TTR (1.1 X lop7 to 1.5 x M) 
and of chicken RBP with chicken TTR (1.1 
x 10-7 to 1.6 x 10-7 M) (4) .  

The crystallographic data of this complex 
are presented in Table 1. The structure of 
the com~lex was solved with the molecular 

18. K. W. Kraus, E. M. Hallberg, R. L. Hallberg, Mol. Cell. 
Biol. 6, 3854 (1 986). 

19. R. L. Hallberg et al., Cell 26, 47 (1981). 
20. From individual cultures of cells in starvation medium 

at 43"C, 0.2-ml samples were removed at various 
times and added to 0.05 ml of prewarmed starvation 
medium containing [3H]lysine (100 pCiml). Incuba- 
tion was continued at 43°C for 10 min, after which 
triplicate 75-pl samples were removed and trichloro- 
acetic acid (TCA) added to 10%. The insoluble ma- 
terial was collected on filters, washed, dried, and 
counted. This TCA-insoluble incorporation was used 
as an estimate of the rate of protein synthesis. The 
values plotted are calculated from the means of the 
counts per minute in the three samples collected. 

21. We thank E. M. Hallberg for her expert technical 
assistance in canying out the thermotolerance ex- 
periments. This work was supported by NIH grants 
GM46302 (to R.L.H.) and GM26973 (to M.A.G.). 
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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 ). The monomers 
are organized into two extensive p sheets, 
each composed 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 two dimers 
of the tetramer are separated by a channel 
and in contact through symmetry related 
loops. The channel, approximately 10 A 
in diameter, is the ligand-binding site 

replace&ent 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 factor of 20.1 (R 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 
factor = ' Fc, - Fc I Fc> I where Fo is 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 
Department of Genetics, University of Pavia, 27100 Pa- tetramer as defined by Blake and co-workers (1 1). The x and y axes are in the plane of the figure, 
via, Italy. horizontally and vertically, respectively. They intercept in the center of the channel, which is the hormone- 
'To whom correspondence should be addressed. binding site, that runs through the TTR tetramer and is empty in the figure. 
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( 1  1). T h e  three or thogona l  molecular 
two fo ld  axes o f  TTR have been des~enated 

te in  o f  h u m a n  and bov ine R B P  involves a 
co~ l f o r rna t i o~ la l  change o n  the loop extend- 
i n g  f r om amino acids 34 t o  37, in particular 
in Leu3' and Phe36 (7. 10). T h e  space va- 
cated b y  the  removal  o f  the  v i t am in  is f i l led  
in b o t h  cases by  solvent molecules and the 
aromatic r i ng  o f  Phe36. 

T h e  crystallographic asymmetric unit o f  
the  complex contained one TTR tetrarner 
plus t w o  R B P  molecules. In this hexamer, 
the  TTR y axis was preserved, whereas the 
two  R B P  molecules bound  to the tetramer 
along a n  axis tha t  was parallel t o  the  TTR 

x axls (Fig. 1) and that  was close enough t o  
i t  t o  h inder  the  potent ia l  b i nd ing  o f  taro 
other R B P  molecules tha t  wou ld  he re- 
quired t o  satisfy this symmetry element in 
a n  octarneric complex. Thus, this structure 
establishes the stoichiometrv o f  the com-  

- 
s, 5 ,  and  r ,  t he  la t te r  be ing co inc ident  
w i t h  t he  l igand-b ind ing channe l  o f  t he  
molecule (1  1 ) .  

T h e  R B P  molecule is s h a ~ e d  l i ke  a cal ix 
made u p  o f  eight strands o f  antiparallel P 
sheets tha t  are fo l lowed topologically by  a 
short a-hel ical  segment (9). I n t o  th is calix, 
the  re t i no l  molecule hinds w i t h  the  B- io-  

p lex  as a max imum o f  t w o  RBP molecules 
per TTR tetramer ( 15, 16). T h e  b ind ing  of 
either o f  the t w o  R B P  molecules precluded 
the ~ o s s i b i l i t v  tha t  the  TTR s axis could he 

none  r i ng  bur ied the deepest and w i t h  the  
alcohol  moiety po in t i ng  t o  the  outside on 
the  surface o f  the  molecule. T h e  presence o f  
the  vita1n.i.h bound  t o  R B P  is essential for  
the fo rmat io l l  o f  a stable complex w i t h  
TTR (15).  A f t e r  removal  o f  ret inol ,  the  
complex dissociates and the l ow  molecular 
size apo-RBP can  be f i l tered in the kidneys 
(1 ). T h e  transi t ion f r om ho lo-  t o  apopro- 

preserved i n ' t h e  hexamer, b u t  why  it was 
the v axis and  n o t  the  7 axis tha t  was 
present in the complex was n o t  evident. 

Table 1. Crystallographic data. The crystals were 
~rthorhombic, space group 122: with a = 222.4 
A, b = 163.4 A, and c = 55.5 A. The data were 
collected and a Rigaku R-axis I imaging plate 
detector and a Rigaku RU-200 source (Molecular 
Structure, The Woadlands, Texas). The frame size 
was 1 3  and the exposure time was 50 min per 
frame. There were 47,491 observations up to a 
3.1 A resouton with 17.465 unique reflections. 
The data set was 94.8% complete and had an 
R,,, = 0.090. All the reflections recorded were 
kept in the file. FSQ is the square of the structure 
factor and sig is the standard deviation. 

Fig. 2. (A) Stereo diagram 
showing the amino acids 
interacting from one of the 
RBP molecules (chain E of 
RBP, drawn with thinner 
lines) with the three TTR 

<FSQ/ Reflec- % in Cumua- 
lutdon 

(A) 
sig> tions interval tive (%) 

monomers in contact with o 

it (drawn with thicker 
lines). CA refers to the a 

carbons, and the single 
letter followed by a num- 
ber indicates the chain & 
and amino acid position, 
respectively. The retinol 
molecule has been drawn with dotted lines. Chains A 
and B form one of the TTR dimers, and chain C is a 
TTR monomer from the other dimer. The specific 
residues and interactions are shown in Table 2, (B) 
Schematic representation of the main interactions 

Table 2. Significant contacts in the RBP-TTR 
complex. The RBP molecule selected is chain E. 
Chains A and B listed under TTR are from the two 
subunits of one of the TTR dimers, and cha r  C is 
a TTR monomer from the other dimer. The desig- 
nations in the brackets refer to the particular atom 
involved in the interaction. 

shown in (A). The ietter in parentheses specifies the 
chain. An asterisk identifies TTR amino acids whose mutations have been descrbed in the medical 
literature. Retino is shown linked to Glys3 on chain B.  

RBP Distance TTR 
residue [A) residue 

Fig. 3. Comparison of the ami- 
no acd  sequences of (A) RBP 
(25) and (B) TTR (26) from differ- 
ent species. Numbering of the 
residues corresponds to the se- 
quences of bovine RBP and hu- 
man TTR. The boxed amino ac- 
ids are involved in the interac- 
tions between the two macro- 
molecules. Abbreviations for the 
amino acid residues are as fol- 
lows: A. Ala; C, Cys; D. Asp: E, 
Glu; F. Phe; G. Gly: H. HIS: I .  He; 
K. Lys; L. Leu: M, Met: N, Asn: 
P. Pro; Q, Gln: R, Arg; S. Ser; T, 
Thr; V, Val: W. Trp; and Y, Tyr. 

A 
BOVINE G L F  N W D  M K Y W G V A S F L Q K  
HUMAN G L F  N W D  M K Y W G V A S F L Q K  
PORCINE G L F  N W D  M K Y W G V A S F L Q K  
MOUSE G L F  N W E  M K Y W G V A S F L Q R  
RABBIT G L F  N W D  M K Y W G V A S F L Q R  
RAT G L F  N W D  M K Y W G V A S F L Q R  
XENOPUS G L F  K L D  M K Y H G A L A I L E R  
TROUT-I G L F  N W D  M R Y W G A A S Y L Q T  
TROUT-I1 G L F  1 3 5 N W E  67 88 M R Y W G A A A Y L Q S  I[ 
B 

RAT 

19 22 82 86 98 101 114 

L e ~ ~ ~ [ c D 2 ]  
TrpG7[CZ2] 
TrpW[CD2] 
Lyssg[NZ] 
Lys8"NZ] 
Trpgl [NEI] 
Serg5[CO] 
Phem[CO] 
Pheg6[N] 
Pheg"CB] 
Pheg"CEl] 
Leuw[CO] 
Lysgg[NZ] 
Lysg9[N] 
Retinol[OH] 

B-Gys3[CA] 
C-VaIz0[CGI ] 
C-lle84[CD1] 
A-Aspg9[CO] 
A-Aspgg[OD2] 
A-Serl OOICO] 
B-Tyrl 14[OH] 
B-Sers5[N] 
B-Tyrl 14[OH] 
B-lle84[CG2] 
C-Arg21 [CG] 
B-Sers5[OG] 
A - A s ~ ~ ~ [ O D ~ ]  
B-Sers5[OG] 
B -G IY~~ [CO]  
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This observation may have been related to 
the packing of the molecules in this crystal 
form. 

Out of the total RBF surface ?ccessible 
to the solvent (9356 A2), 736 A' (about 
8%) was buried when in contact with TTR 
( 1  7). The main residues in contact in the 
complex are listed in Table 2. Isoleucines at 
position 84 from two different chains of 
TTR participated in the interactions with 
each of the RBP molecules, and the retinol 
hydroxyl group was within hydrogen bond- 
ing distance of the peptide carbonyl of the 
same TTR Gly (position 83) that interacts 
with RBP Leu3' and that plays a role in the 
holo to apo transition (7, 10). 

Many experimental observations can be 
explained by this x-ray structure (18). Corn- 
plex formation is known to stabilize the 
binding of retinol to RBP, and substitution 
of this ligand can impair or even prevent 
the interaction of the two macromolecules. 
This agrees with the observation that the 
retinol hydroxyl group was found to partic- 
ipate in the contacts with TTR (Fig. 2) .  
The binding of thyroxine to TTR is iden- 
tical in the cdmplex to the binding in the 
isolated macromolecule (19), which is com- 
patible with the fact that the ligand-bind- 
ing site is located in an area that dld not 
participate in any way in the macromolec- 
ular interactions ( 1  1 ) .  At least one Lys and 
a Trp residue of RBP are believed to be 
present in the area that interacts with TTR 
(20). Our structure showed that lysines 89 
and 99 and tryptophans 67 and 91 of RBP 
were part of the surface in contact with 
TTR (Fig. 2) .  In addition, the role of 
Leu3' in the holo to apo transition of RBP, 
which results in a change in affinity for 
TTR, was also clarified by this structure 
(Fig. 2 ) .  

The amino acid residues of RBP and 
TTR that are involved in the contacts in 
the complex have been identified (Fig. 3). 
In most cases, the contact sites were found 
in conserved regions, which explains the 
cross-reactivity between RBP and TTR 
from distant species. 

More than 40 pathological variants of 
human TTR have been described (21 ) .  
They are mostly associated with familial 
amyloidotic polyneuropathy (21 ) but also 
with senile systemic arnyloidosis (22) and 
euthyroid hyperthyroxinemia (13). In two 
of these mutants, the altered residues (23) 
would be involved in the interactions with 
RBP. In individuals with the mutation 

-. Ser, the presence of the altered 
gene correlated with lower concentrations 
of serum RBP (24). 

The extent and types of interactions 
between amino acids revealed by this 
structure are not dissimilar to those ob- 
served in other protein-protein complexes. 
Our findings explain the role played by 

retinol in the relative stability of the RBP- 
TTR complex. 
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