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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-
albumin), one of the transporters of the
hormone thyroxine, and retinol-binding
protein (RBP), the specific carrier of retinol
(vitamin A), form a complex under physi-
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). We prepared crystals from
complexes containing human TTR and
chicken RBP (3). The dissociation constant
of this complex (1.0 X 1077 M) is similar to
those of the complexes of human RBP with
human TTR (1.1 X 1077 to 1.5 X 1077 M)
and of chicken RBP with chicken TTR (1.1
X 1077 t0 1.6 X 1077 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 = S| F,—F_ |/ | F, | 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 (I1) 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) (11). The monomers
are organized into two extensive B sheets,
each composed of four strands that are all
antiparallel, with one exception (I1).
Two monomers form a stable dimer by the
extension of their two B 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

Fig. 1. Model of the structure of the hexameric complex (RBP),-T TR 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 (77). 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-
binding site, that runs through the T TR tetramer and is empty in the figure.
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(I1). The three orthogonal molecular
twofold axes of TTR have been designated
x, v, and z, the latter being coincident
with the ligand-binding channel of the
molecule (I11).

The RBP molecule is shaped like a calix
made up of eight strands of antiparallel 8
sheets that are followed topologically by a
short a-helical segment (9). Into this calix,
the retinol molecule binds with the B-io-
none ring buried the deepest and with the
alcohol moiety pointing to the outside on
the surface of the molecule. The presence of
the vitamidl bound to RBP is essential for
the formation of a stable complex with
TTR (I5). After removal of retinol, the
complex dissociates and the low molecular
size apo-RBP can be filtered in the kidneys
(1). The transition from holo- to apopro-

Table 1. Crystallographic data. The crystals were
orthorhombic, space group /222 with a = 222.4
A, b =163.4 A, and ¢ = 55.5 A. The data were
collected and a Rigaku R-axis Il imaging plate
detector and a Rigaku RU-200 source (Molecular
Structure, The Woqdlands, Texas). The frame size
was 1.5° and the exposure time was 50 min per
frame. There were 47,491 observations up to a
3.1 A resolution with 17,465 unique reflections.
The data set was 94.8% complete and had an
Rgym = 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.

ﬁfﬁ; <FSQ/ Reflec-  %in  Cumule-

( A) sig> tions  interval  tive (%)
6.0-5.0 13.75 1847 97.3 95.9
50-4.0 11.07 4185 98.6 97.2
4,0-3.5 478 4140 97.3 97.2
3.5-3.3 3.06 2360 95.2 96.9
3.3-3.1 2.06 2359 83.2 94.8

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

RBP Distance TTR

residue (A) residue
Leu®S[CD2] 3.41 B-Gly83[CA]
Trp®7[CZ2] 4.20 C-Val?o[CG1]
Trp®7[CD2) 3.45 C-le®4[CD1]
Lys®9NZ] 2.73 A-Asp99[CO]
Lys®NZ] 4,54 A-Asp®9[0D2]
Trp®'[NE1] 4.07 A-Ser199[CO]
Ser9S[CQ] 3.03 B-Tyr'*4[OH]
Phe®6[CQ] 2.69 B-Ser85[N]
Phe®[N] 3.38 B-Tyr'"4[OH]
Phe%[CB] 3.37 B-1le®4[CG2]
Phe®6[CE1] 3.44 C-Arg?'[CG]
Leu®7[CQ] 2.80 B-Ser®5[0G]
Lys®9INZ] 2.70 A-Asp®9[0D2]
Lys?9N] 3.87 B-Ser®5[0C]
Retinol[OH] 3.15 B-Gly83[CQ]

1040

TR maea

o R

tein of human and bovine RBP involves a
conformational change on the loop extend-
ing from amino acids 34 to 37, in particular
in Leu?®® and Phe®® (7, 10). The space va-
cated by the removal of the vitamin is filled
in both cases by solvent molecules and the
aromatic ring of Phe3®

The crystallographic asymmetric unit of
the complex contained one TTR tetramer
plus two RBP molecules. In this hexamer,
the TTR y axis was preserved, whereas the
two RBP molecules bound to the tetramer
along an axis that was parallel to the TTR

x axis (Fig. 1) and that was close enough to
it to hinder the potential binding of two
other RBP molecules that would be re-
quired to satisfy this symmetry element in
an octameric complex. Thus, this structure
establishes the stoichiometry of the com-
plex as a maximum of two RBP molecules
per TTR tetramer (15, 16). The binding of
either of the two RBP molecules precluded
the possibility that the TTR x axis could be
preserved in the hexamer, but why it was
the y axis and not the z axis that was
present in the complex was not evident.

Fig. 2. (A) Stereo diagram B
showing the amino acids
interacting from one of the
RBP molecules (chain E of
RBP, drawn with thinner
lines) with the three TTR
monomers in contact with
it (drawn with thicker
lines). CA refers to the «
carbons, and the single
letter followed by a num-
ber indicates the chain
and amino acid position,
respectively. The retinol

Lys89 (E)

@NH3

@NHG

Lys® (E)

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

Trp91
CD
Asp99 (A) SerwO (A)

H O\W

H.'-O

Leu97(E) Phe%(E) NH
@ N, @ N

Trp67 ()

shown in (A). The letter in parentheses specifies the
chain. An asterisk identifies TTR amino acids whose mutations have been described in the medical
literature. Retinol is shown linked to Gly23 on chain B.

Fig. 3. Comparison of the ami- A

no acid sequences of (A) RBP  sovine  c[L]r w[w]p wm[K]v[w]c v a[SF 1] o[K]c
(25)and (B) TTR (26) from differ- HUMAN Glu|Fr N|w|D M|K|Y|w|G V Als F L] Q|Kk]|G
ent species. Numbering of the PORCINE G|L|F N|W|D MIK|Y|W|G V A|S F L|Q|K|G
residues corresponds to the se- MOUSE GIL|F NIW[E MIK|Y|W|G V A|S F LIQIR|G
quences of bovine RBP and hu- ~ RRBBIT  G[L|F Nlw|p Mm|[x|v|w|c v als F L|Q[R|G
man TTR. The boxed amino ac- ~ RAT GILIF NIWID MKIYIWIG V A|S F LIQIR|G
X ! . : xeNopus  cln|F k|n|p M|x|vlH|c A L]|a 1 L|E|R|G
ids are involved in the interac- o o T Gl le wlwls mlr|vlwlc a als v @ oltlc
tions between the two macro-  rpour 11 gl]r nlwfe u|r]v[ulc a ala v tfo|s|e
molecules. Abbreviations for the 35 67 88 —100
amino acid residues are as fol- B :
lows:A,AIa,C,Cys,D,Asp,E, HUMAN AlV R|G L|G I S|P N|D s|G P|Y|S
Clu;F, Phe; G, Gly; H, Hisi | lles cpropen afv rle tlen sle wlpsle  »lFls
K Lys;L, Leu; M, Met; N, Asn; guemp alv rle wle 1 sl wlp sle  »|vls
P,Pro;Q,CIn; R, Arg; S, Ser; T, rameiT alv rRle Llec 1 s|lp w|p s|le »|F|s
Thr; V, Val; W, Trp; and Y, Tyr. RAT alvrle wule1s|lp wlpsle p|F|s
mouse a|lv rRle iLlec I s|lp wn|psle plyls
19 22 82 86 98 101 114
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This observation may have been related to
the packing of the molecules in this crystal
form.

Out of the total RBP surface accessible
to the solvent (9356 AZ?), 736 A? (about
8%) was buried when in contact with TTR
(17). 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 Leu®® 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). Com-
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 complex 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 did not
participate in any way in the macromolec-
ular interactions (11). 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
Leu?® 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 amyloidosis (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
Ile3* — 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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