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The crystal structure of rat transthyretin (rTTR) complex with 3,5,3�,5�-tetra-

iodothyroacetic acid (T4Ac) was determined at 1.8 Å resolution with low temperature

synchrotron data collected at CHESS. The structure was refined to R = 0.207 and

Rfree = 0.24 with the use of 8–1.8 Å data. The additional 8000 reflections from the in-

complete 2.1–1.8 data shell, included in the refinement, reduced the Rfree index by

1.3%. Structure comparison with the model refined against the complete 8–2.1 Å data

revealed no differences in the ligand orientation and the conformation of the

polypeptide chain in the core regions. However, the high-resolution data included in

the refinement improved the model in the flexible regions poorly defined with the

lower resolution data. Also additional sixteen water molecules were found in the dif-

ference map calculated with the extended data. The structure revealed both forward

and reverse binding of tetraiodothyroacetic acid in one binding site and two modes of

forward ligand binding in the second site, with the phenolic iodine atoms occupying

different sets of the halogen binding pockets.

Thyroxine (T4) and 3,5,3�-triiodothyronine

(T3) are the main products secreted from the

thyroid gland and their action influences oxy-

gen metabolism and the biosynthesis of gly-

cerides and cholesterol [1, 2]. These hormones

bind to the serum transport proteins thyrox-

ine-binding globulin (TBG), transthyretin

(TTR) and serum albumin, as well as to cellu-
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lar receptors [1]. Relative binding data for thy-

roid hormones and their metabolites revealed

that specific structural characterisics enhance

optimal binding to these proteins [1]. Al-

though T4 has the greatest binding affinity for

TBG, it is the acid metabolites that exhibit the

greatest binding to TTR. For example, the me-

tabolite 3,5,3� ,5�-tetraiodothyroacetic acid

(T4Ac) has 2.8 times the affinity of T4 for

TTR. In man, about 20% of T4 is transported

as a TTR-T4 complex. The most important

moieties of the ligands with high affinity to

TTR are the carboxylic group and the iodin-

ated phenolic ring [1]. The �-amino acids re-

vealed affinity to TTR lower than their

des-amino analogs (Fig. 1).

Transthyretin (TTR) is a homotetramer with

molecular mass about 55-kDa (Fig. 2). Each

subunit is a 127 amino-acid �-barrel, consist-

ing of eight �-strands arranged in two � -sheets

and a short �-helix [3–10]. Monomers form-

ing a horizontal dimer AB are connected by

hydrogen bonds along strands H and F. The

central channel of the tetramer contains two

independent binding sites [3], which differ in

the ligand binding affinity. A negative

cooperativity has been observed for the bind-

ing of T4 and other TTR ligands [7, 8, 11, 12].

Each binding domain of the tetramer con-

tains three pocket regions P1–P3 that are re-

sponsible for halogen binding [5, 6]. The in-

ner-most P3 pockets are polar. The hydropho-

bic P2 pockets are in the middle section of the

binding site. The outer-most P1 pockets are

positioned near the charged Lys-15 and

Glu-54 in the vicinity of the channel entrance.

Human TTR crystals have orthorhombic

P21212 symmetry [3–8]. In the human TTR

complexes, there is statistical disorder of the

occupancy of the ligand that is a consequence

of the twofold crystallographic symmetry of

the channel not shared by the ligand mole-

cules. On the other hand, rat TTR which

shares 85% sequence homology with hTTR,

forms tetragonal crystals that contain the

complete tetramer in the asymmetric unit [9,

10]. The crystallographic symmetry axes are

not coincident with the channel axis in the

rTTR structures, which enables the recogni-

tion of the specific ligand–protein interac-

tions that are not biased by the statistical dis-

order of the ligand [10].

The aim of this research was to compare the

influence of partial data on refinement by

comparison of refinement statistics for com-

plete data to 2.1 Å resolution with incomplete

data to 1.8 Å resolution.

EXPERIMENTAL

Rat TTR was obtained from rat serum

(Pel-Frez; Rogers, AZ) by affinity chromatog-
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Figure 1. Schematic representation of thyroxine

(T4) and tetraiodothyroacetic acid (T4Ac)

Figure 2. The rTTR-T4Ac complex.

The monomers constituting the asymmetric unit are la-

belled A to D. The ligand molecules bound in the two

sites are also shown. Figure prepared with SETOR [25].



raphy on a retinol-binding protein column.

Rat TTR was incubated for 24 h with an excess

of T4Ac ligand, then crystallized by the hang-

ing drop vapor diffusion method. A detailed

description of the crystallization conditions is

published elsewhere [13]. The diffraction data

were collected at CHESS A2 beamline at

100 K. The T4Ac–rTTR complex crystals have

tetragonal P43212 symmetry and are isomor-

phous with apo rTTR [9]. Therefore the struc-

ture of apo rTTR was used for initial phasing.

The parameters and topology for the ligand

were defined based on the small molecular

structure of T4Ac [14] and quantum-chemical

calculations with the AM1 method [15]. The

parameters are based on the anionic form of

the ligand which is consistent with the crystal-

lization conditions (pH = 5.0). An analysis of

reflection file with DATAMAN [16] revealed

that effective resolution is 2.04 Å for reflec-

tions with F/� (F) > 3, although the experi-

mental resolution limit was 1.8 Å. The inten-

sity, completeness and Rmerge index in differ-

ent resolution shells are presented in Table 1.

Data analysis has shown that Rmerge in-

creased to 0.104 for the 2.13–2.06 Å shell,

and to 0.351 for the highest shell, whereas for

all reflections it was only 0.048. The complete-

ness of the highest 2.1–1.8 Å shell was only

42.9% (28% for 1.84–1.8 Å), whereas for the

2.13–2.06 Å shell and for all data it was 59%

and 70.2%, respectively. The intensity of the

reflections also decreased for the highest shell

(Table 1). An analysis performed in DATA-

MAN revealed that the mean F/� (F) for re-

flections in the 2.1–1.8 Å resolution shell is

12.7 whereas for all reflections it is 37.2. The

incompleteness of the diffraction data might

have a great impact on final results [17–19].

Therefore we decided to refine the structure

with the resolution range extended to 8–1.8 Å
and to compare the obtained result with the

structure refined with the 8–2.1 Å complete

data. The refinement process was carried out

with the use of the X-PLOR [20] and CNS [21]

programs and the model was verified with O

[22]. The structure has been deposited in the

Protein Data Bank, the PDB code is 1KGI.
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Table 1. Rmerge, data completeness and the intensity/sigma ratio in different resolution shells

Resolution Rmerge Completeness (%) I/� (I) < 1 (%) I/� (I) < 3 (%) I/� (I) > 20 (%)

46.7–4.44 0.048 86.7 0.5 0.9 74.9

4.44–3.52 0.041 90.4 0.3 0.8 77.3

3.52–3.08 0.042 94 1.2 2.5 73.8

3.08–2.80 0.048 93.9 2.0 3.5 64.9

2.80–2.60 0.053 93.3 2.9 5.7 53.3

2.60–2.44 0.060 92.9 3.5 6.7 40.7

2.44–2.32 0.067 92.4 4.0 9.0 30.3

2.32–2.22 0.069 82.3 4.0 9.2 14.8

2.22–2.13 0.073 67.1 4.7 9.9 6.3

2.13–2.06 0.104 59 4.8 11.1 3.1

2.06–2.00 0.124 52.6 5.9 12.5 1.6

2.00–1.94 0.157 45.8 6.9 13.9 0.6

1.94–1.89 0.193 36.7 8.4 15.7 0.3

1.89–1.84 0.281 32.3 9.0 16.8 0.0

1.84–1.80 0.351 28 9.4 18.5 0.0

All 0.048 70.2 4.4 9.0 30.1



RESULTS AND DISCUSSION

The main goal of this paper was to verify the

importance of high resolution shells for posi-

tioning of both the ligand and the flexible frag-

ments of the structure. The extension of the

resolution range does not change the R value,

but results in lowering the Rfree index value,

indicating an improvement of the final model

(Table 2). These results suggest that addition

of incomplete data with a higher Rmerge index

and lower intensity of reflections could be use-

ful to the final refinement. The position of the

ligand does not change after the use of incom-

plete 2.1–1.8 Å resolution data, despite the ex-

tensive refinement with the simulated anneal-

ing protocol (Figs. 3, 4). This indicates that

the partial data are of good quality, no addi-

tional error has been introduced into the

model and the ligand position was not af-

fected. However, the ligand position was cor-

rectly defined by the lower resolution data

alone. A further discussion of the ligand posi-

tion will be carried out only for the final model

(resolution 8–1.8 Å). The rms difference be-

tween the complex structures refined to 2.1

and to 1.8 Å, calculated with LSQMAN [23]

for 432 C� positions of residues 10–98 and

105–123, is only 0.073 Å. The shape and size

of the channel remain unchanged. This result

is confirmed by a multiple model Ramachan-

dran plot (Fig. 5). The largest differences were

found for Gln-126 and Gly-701 positioned in

flexible regions. An analysis of the �1 and �2

torsion angles revealed significant changes

for amino acids of the flexible fragments at

880 T. Muzio³ and others 2001

Table 2. Results of data collection and refinement processes

Space group P43212

Cell parameters (Å) a = b = 81.510 c = 160.235

Resolution range (Å) — measured 46.7–1.8

Resolution range (Å) used in refinement 8–2.1 8–1.8

Reflections used 25471 29735

Reflections in test set 1063 2620

% of possible reflections used 83.9 64.5

R factor 0.208 0.207

Rfree 0.253 0.240

Protein atoms 3737 3737

Water molecules 265 281

B factor (Wilson stat.) (Å2
) 23.2 23.1

B factor (average) (Å2
) 30.51 34.71

B factor (protein) (Å2
) 30.27 34.45

B factor (water) (Å2
) 33.27 37.79

rms deviations from ideality:

Bond distances (Å) 0.006 0.006

Angles (°) 1.219 1.198

Ramachandran plot statistics (%)

Residues in most favored regions 368 (88.2) 367 (88.0)

Residues in additional allowed regions 47 (11.3) 48 (11.5)

Residues in generously allowed regions 2 (0.5) 2 (0.5)



the N- and C-termini, as well as loops 56–66

and 98–105 (Fig. 6). The extension of the data

resolution permitted 16 new water molecules

to be found in the difference maps. A compari-

son of the solvent structure in both models re-

vealed that 249 water molecules do not move

by more than 0.7 Å, while the average shift is

0.17 Å.

The rTTR homotetramer contains two bind-

ing sites in the protein channel. The total

ligand occupancy found in the A/C (0.38) is

higher than in the B/D site (0.28). An analysis

of electron density maps revealed multiple

binding modes in both binding sites. The final

model contains two alternative orientations in
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Figure 3. Comparison of the complex structure re-

fined to 1.8 Å resolution (red) and 2.1 Å resolution

(yellow) in the A/C site.

The �A-weighted SA omit map contoured at 1� is col-

ored blue.

Figure 4. Comparison of the rTTR–T4Ac complex

structures refined to 1.8 Å resolution (red) and

2.1 Å resolution (yellow) in the B/D site.

The �A-weighted SA omit map contoured at 1� is col-

ored blue.

Figure 5. Multiple model Ramachandran plot re-

veals high similarity of the 2.1 Å and 1.8 Å models

of the rTTR–T4Ac complex.

Figure 6. Differential plot of the side chain con-

formation reveals only small changes caused by

the incomplete 2.1–1.8 Å resolution data.



the A/C site with occupancies 0.20 and 0.18.

The ligand in the major population is bound in

the reverse mode. In this mode the phenyl

ring of T4Ac is bound at the channel entrance

and the acetic moiety in the inner-most P3

pocket. Such an orientation has been postu-

lated [3] but never observed for any other T4

analogue. Therefore, the T4Ac complexes

with TTR are first structures reported with

the binding in such orientation [13]. In the re-

verse ligand orientation main interactions are

formed inside the channel with Ser-517 and

two water molecules at the interface between

the two binding sites. In this orientation the

ligand molecule penetrates the tetramer inter-

face and interacts with Ser-715 of the second

binding site. The tyrosyl iodine atoms are po-

sitioned in the P2 pockets. Polar interactions

are formed at the channel entrance between

O4� and I5� of the ligand and Lys-15 and

Thr-106, some of them mediated by water mol-

ecules. These interactions reveal the signifi-

cance of solvent molecules for effective ligand

binding.

The forward orientation of the ligand with

the lower occupancy was also detected in the

A/C site. In this orientation the phenolic io-

dine substituents are bound in both the P3

and P3� pockets. The phenolic iodine atoms

interact with Ser-117, Ser-517, Thr-519 and a

water molecule. A similar orientation of the

phenolic ring was reported for thyroxine in

rTTR [10] and monoclinic hTTR [24] com-

plexes. In this orientation the ligand also in-

teracts with Lys-415 in the P1� pocket.

In the B/D site electron density maps re-

vealed two P3/P2� ligand orientations related

by non-crystallographic twofold axis coinci-

dent with the channel axis coupled with a shift

by about 1 Å along the channel axis. The water

molecule bound in the P3� pocket may influ-

ence the binding position of the two ligands in

this site. This water molecule mediates an in-

teraction between Ser-717 and the ligand. The

analysis revealed that the binding interac-

tions of T4Ac in the P3/P2� mode are weaker

than those in the reverse mode or in the for-

ward orientation found in the A/C site. Nei-

ther of the ligand molecules bound in the B/D

site interacts directly with Lys-215 or Lys-615.

However, Glu-654 is involved in interactions

with the ligand carboxylic groups (T4Ac-328

O9...Glu-654 OE2). One possible explanation

for such observation is that one of these car-

boxyl groups is protonated.

CONCLUSIONS

A refinement of the rTTR–T4Ac complex

structure with data extended to 1.8 Å resolu-

tion is reported. Due to the lack of the twofold

symmetry of the binding channel, the

ligand–protein interactions were analyzed

without the bias caused by the statistical dis-

order of the ligand observed in the human

TTR complex. The T4Ac ligand revealed dif-

ferent orientations in both binding sites. The

reverse binding of T4Ac, found in the A/C

site, is unique among L-thyronine analogues.

The analysis of interactions and electron den-

sity maps revealed that this is the most effec-

tive binding mode of T4Ac in TTR channel.

The comparison of the refinement results for

different resolution ranges revealed that the

extension of the resolution by including the in-

complete high resolution reflections shell has

improved the structure quality, which is re-

flected in the Rfree index, whereas the R index

is not sensitive to this extension. The compari-

son of both models revealed that, with the par-

tial data included, the polypeptide chain in the

core regions is not changed significantly. The

model improvement was observed for the

flexible regions of the protein with the weak

electron density maps calculated from the

complete 8–2.1 Å resolution data. Also the

orientation of the ligand was not changed by

the incomplete data. This indicates that even

partial high resolution data are useful for im-

proving the quality of the model, although

the ligand position could be defined correctly

with the use of the lower resolution data

alone.
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