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Abstract The tetratricopeptide repeat (TPR) is a 34-amino
acid helix-turn-helix motif that occurs in tandem arrays in
numerous proteins. Here we compare the backbone
dynamics of a natural 3-repeat TPR domain, from the protein
UBP, with the behavior of a designed protein CTPR3, which
consists of three identical consensus TPR units. Although the
three tandem TPR repeats in both CTPR3 and UBP behave as
a single unit, with no evidence of independent repeat
motions, the data indicate that certain positions in UBP are
significantly more flexible than are the corresponding posi-
tions in CTPR3. Most of the dynamical changes occur at or
adjacent to positions that are involved in intra-repeat packing
interactions. These observations lead us to suggest that the
three-TPR domain of UBP does not incorporate optimized
packing, compared to that seen in the idealized CTPR. The
natural TPR domain is not only less stable overall than
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Abbreviations and symbols used
Nxy Cross-relaxation rate constant

HSQC Heteronuclear single quantum coherence
MSA  Multiple sequence alignment

NMR  Nuclear magnetic resonance

NOE  Nuclear Overhauser effect

R, Longitudinal relaxation rate constant
R, Transverse relaxation rate constant
Ry Conformational exchange rate

s? Order parameter

Te Internal correlation time

Tm Rotational correlation time

UBP Vpu-binding protein

TPR Tetratricopeptide repeat

CTPR  Consensus TPR

Introduction

The tetratricopeptide repeat (TPR) is a 34-amino acid
helix-turn-helix motif found in a tandem repeat arrange-
ment in numerous proteins involved in a variety of cellular
processes (Blatch and Lassle 1999; D’Andrea and Regan
2003). Repeat proteins, including TPRs are a class of
proteins in which a structural motif, consisting of small
numbers of secondary structure elements packed directly
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against each other, is present in multiple copies in tandem.
We have previously described the design and character-
ization of a series of proteins in which multiple copies of a
consensus TPR motif are repeated in tandem. These pro-
teins are named CTPR#n, for Consensus TPR, where n is the
number of tandem CTPR repeats. All the CTPR proteins
undergo cooperative unfolding transitions that can be
described by an Ising model in which each repeat has the
same intrinsic stability and each pair of adjacent helices
has the same favorable energy of interaction (Kajander
et al. 2005). Crystal structures indicate that the proteins
CTPR2 and CTPR3 have well-defined folded structures
(Main et al. 2003) and our previous analysis of NMR
relaxation data indicates that the backbones of these pro-
teins have similar rigidity to typical globular proteins
(Cheng et al. 2006). Here we compare the behavior of
CTPR3 with that of a natural three-TPR domain.

Vpu-binding protein (UBP) is a human cellular protein
which has been proposed to interact with a number of other
proteins, including HIV-1 viral protein U (Vpu) and HIV-1
Gag; the nonstructural protein NS1 of parvovirus H-1 and
cellular chaperones Hsc70 and Hsp90 (Callahan et al.
1998; Cziepluch et al. 1998; Liu et al. 1999; Liou and
Wang 2005). The 3-TPR domain of UBP is less thermally
stable than CTPR3; their melting temperatures are 59 and
83°C, respectively.

Herein we report a comparison of the backbone motions
of the 3-TPR domain of UBP with those of CTPR3, mea-
sured by '°N relaxation. Figure 1 shows the structure of
CTPR3 (Fig. 1a), an alignment of the sequences of CTPR3
and UBP, the amino acid numbering for both proteins (see
legend for explanation of numbering), and the nomencla-
ture used to refer to the o-helices (Fig. 1c).

Materials and methods
Sample preparation

Uniformly '°*N-labeled 3-TPR domain of UBP was expressed
and purified as previously described (Cortajarena and Regan
2006) and identity was confirmed by mass spectrometry.

NMR measurements

NMR spectra were acquired from a sample consisting of
~1 mM uniformly I5N-labeled UBP in 50 mM K>HPO,,
100 mM NaCl, 10 mM NaNj3, 0.1 mM EDTA, H,0:D,0
(95:5%),pH 6.5 at25°C on a Varian Unity INOVA 500 MHz
spectrometer equipped with three radiofrequency channels,
pulsed field gradients, and a 'H-detect triple resonance
(HCN) probe. Backbone amide resonance assignments
were made primarily on the basis of published resonance
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assignments (Pai et al. 2003). However, ambiguities in
assignments were resolved using 3D TOCSY-HSQC and
NOESY-HSQC spectra, in which the 'H carrier was placed
on the water resonance, the SN carrier was placed at
120 ppm, and the spectral widths were 7,000, 5,300 and
1,350 Hz in the indirect lH, direct 1HN, and °N dimensions,
respectively (Zhang et al. 1994). The >N longitudinal
relaxation rate (R,), °N transverse relaxation rate (R»),
{("H}-"°N steady-state nuclear Overhauser enhancement
(NOE), and 5N transverse cross-relaxation rate constants
(nxy) were measured using published 2D '"H-5N HSQC-
style pulse sequences (Kay et al. 1989; Farrow et al. 1994;
Kroenke et al. 1998). The 'H carrier was placed on the water
resonance and the "N carrier was placed at 120 ppm. All
experiments were acquired with spectral widths of 7,000 Hz
in the 'H dimension and 1,350 Hz in the '°N dimension.
Other experimental parameters were the same as those used
in a previous study (Seewald et al. 2000), except that NOE
spectra were recorded in duplicate rather than triplicate. In
particular, relaxation delays used were 7 = 11.1%, 55.5,
133.2,233.1%,377.4, 555.0%, 888.0 and 1,998.0* ms for the
R, experiment and 16.8%, 33.5, 67.1%, 100.6, 150.9, 201.2%*,
285.1 and 385.7* ms for the R, experiment; asterisks indi-
cated duplicated points.

Essentially the same data collection strategy was used
for CTPR3 (Cheng et al. 2006).

Analysis of relaxation data

NMR data were processed using FELIX98 (Molecular
Simulation, Inc.). All data analysis methods were as previ-
ously described (Seewald et al. 2000) unless noted.
Backbone amide resonances with partial or complete spec-
tral overlap, weak peak intensity, or ambiguous assignments
were excluded from data analyses. Additionally, amide
groups with possible conformational exchange on a slow
timescale (R»/n,, ratios exceeding the average by one stan-
dard deviation) were excluded from estimation of the
rotational diffusion tensor (Fushman and Cowburn 1998);
these residues were Thr-96, Ala-125, Asn-130, His-175,
Lys-184, Thr-194, Ser-197, Glu-203, and Lys-205. The R,/
R; ratios of the remaining 56 of 121 backbone amide groups
and the crystal structure coordinates for CTPR3 (PDB file
1INAO) (Main et al. 2003) were used to determine the overall
correlation time and rotational diffusion tensor for isotropic,
axially symmetric, and fully anisotropic models using the
program quadric diffusion (A. G. Palmer III, Columbia
University, New York, NY) (Bruschweiler et al. 1995).
The most appropriate diffusion tensor was selected using
F-statistical analysis and from a comparison of 5> goodness-
of-fit parameters (see “Results” section). The entire TPR
domain of UBP was best described by an oblate axially
symmetric rotational diffusion tensor. Using this rotational
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Fig. 1 (a) Ribbon representation of the crystal structure of CTPR3
(PDB entry: INAO). The first and second helix of each repeat are
colored in orange and blue, respectively, whereas the C-terminal
solvation helix is colored in green. (b) Overlayed structures of CTPR3
(PDB entry: INAO; Main et al. 2003; cyan) and UBP TPR domain
(homology model; magenta). (¢) Alignment of sequences of CTPR3
and UBP. A schematic above the sequences indicates the amino acid
positions in a TPR repeat and nomenclature of the helices. CTPR3
and UBP amino acid numbering are shown on the sides of the
sequence of each repeat. The solid lines connect pairs of conserved
hydrophobic residues that define the intra-repeat packing interactions.
The positions that correspond to the TPR consensus sequence are
highlighted in green, the positions at which the consensus sequence is
not conserved in UBP are highlighted in yellow and the positions at

diffusion tensor, initial model-free calculations were exe-
cuted using the program Modelfree (A. G. Palmer IIT) which
fits relaxation data to each of the five versions of the Lipari-

110
[ R ER CTPR3
LD |>'nJ\.} 192 ap

25 c1PR3
UBP

which the consensus amino acid is present but the packing partner is
not conserved are highlighted in orange. The schematic also shows a
conserved charge—charge interaction (dotted line) between residues
26 (positive, highlighted in blue) and residues 29 (negative,
highlighted in red). (d) Ribbon Structure of one repeat of CTPR3
(PDB entry: 1INAO) depicting in space filling representation the
positions of three pairs of interacting residues that exhibit a significant
change in order parameters between UBP and CTPR3. Each pair is
colored with two different shades of the same color: purple, positions
26 (K in CTPR3, R in UBP) and 29 (E in CTPR3, C in UBP); green,
positions 8 (G in CTPR3, A in UBP) and 24 (Y in CTPR3, C in UBP);
and orange, positions 11 (Y in CTPR3, Q in UBP) and 20 (A in both
CTPR3 and UBP). Note that the structure on the right is rotated 180°
around the vertical axis relative to the structure on the left

Szabo model-free formalism (Lipari and Szabo 1982a, b;
Clore et al. 1990a, b; Barbato et al. 1992) commonly refer-
red to as “models” 1-5. The fitted dynamics parameters for
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each model are: model 1, order parameter (S2); model 2, s?
and internal correlation time (7.); model 3, 5% and exchange
broadening contribution to transverse relaxation (Rey);
model 4, Sz, T, and R.y; model 5, order parameters for two
time scales (S¢ and S2) and 7. for the slower time scale.
Selection of the model best describing the internal dynamics
of each backbone amide group was made using ModelFree as
previously described (Mandel et al. 1995). Following
model-selection, a final model-free calculation was executed
in which all dynamics parameters and the rotational diffusion
tensor were simultaneously optimized. Uncertainties in the
dynamics parameters were obtained from 500 Monte Carlo
simulations carried out by ModelFree.

Homology modeling of the UBP TPR domain

The model of the UBP TPR domain structure was generated
using Swiss-model by automated homology modeling (http://
swissmodel.expasy.org//SWISS-MODEL.html)  (Schwede
et al. 2003) including energy minimization. The model is
based on the coordinates of the TPR domain of PP5 (PDB ID:
1A17) (Daset al. 1998), CTPR3 (PDB ID: INAOQ) (Mainet al.
2003), and the TPR1 domain of Hop (PDB ID: 1ELW)
(Scheufler et al. 2000). The output model from Swiss-model
server was subjected to 3 x 100 steps of steepest descent
energy minimization by using GROMOS 43B1 force field
program included in Swiss-pdb Viewer. The quality of
the model was checked using MOLPROBITY (http:/
molprobity.biochem.duke.edu/) (Davis et al. 2007). The
model was further validated by comparison of the backbone i/
angles to those determined from the reported H,, CO, C,, Cg
and Ny chemical shift values (Pai et al. 2003) using the
program Talos (Cornilescu et al. 1999).

Results

Sequence and structure conservation in TPR domains:
homology model of the UBP TPR domain

TPR domains present highly conserved “TPR signature
residues”, that are the key determinants of the TPR fold. The
intra-repeat packing is mediated by these residues, with pairs
of small and large hydrophobic residues making specific
interactions (positions 4 and 27, positions 8 and 24, positions
11 and 20 and positions 15 and 17) (Fig. 1c and Table 1).

Sequence alignments in Clustal W (http://www.ebi.ac.
uk/Tools/clustalw2/index.html) (Larkin et al. 2007) show
that the UBP TPR domain has 27% amino acid sequence
identity with CTPR3, 34% with TPR1 domain of Hop, and
28% with PP5 TPR domain. This high degree of sequence
identity and the presence of most of the conserved “signature
residues” in the UBP sequence, indicates that the UBP TPR
domain will have a structure very similar to the TPR domains
used in the homology model generation.

Alignment of the structures of TPR domains that contain
three tandem TPR repeats, including CTPR3, the TPR1
domain of Hop and the TPR domain PP5, gives pair-wise
backbone RMSD values that vary from 1.1 to 1.9 A
(Cortajarena and Regan 2006). This result emphasizes that
the structure of TPR domains is highly conserved. It is
important to note that the sequence identity between pairs
of these domains, is similar and typically slightly lower,
than that of UBP and the structures used for homology
modeling (see “Materials and methods” and below). TPR1
domain of Hop has 23% sequence identity with CTPR3 and
27% with the TPR domain of PP5; CTPR3 has 22%
sequence identity with the TPR domain of PP5.

Table 1 Sequence conservation at some pairs of interacting positions in TPR domains*

Frequency of occurrence

Position CTPR3 UBP First Second Third Low ranking
in TPR

P8 G A G 0.58 A 0.37 S 0.04

P24 Y C Y 0.36 F 0.25 L 0.18 C 0.053
P11 Y Q Y 0.35 L 0.25 H 0.07 Q 0.031
P20 A A A 0.88 S 0.06 G 0.02

P26 K R K 0.27 R 0.17 E 0.14

P29 E C E 0.23 K 0.16 A 0.09 C 0.003

* The residues at the positions indicated in CTPR3 and in UBP are colored in cyan and magenta, respectively (columns 1-3). Columns 4—-6 show
the three most common residues at each position and their frequency of occurrence. These columns are color-coded to show where the residues in
the CTPR3 and UBP sequences fall in this ranking. Finally, column 7 shows low ranking residues at positions where these are the residues found

in UBP, as indicated
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We constructed a structural model of the UBP TPR
domain based on sequence alignment with the TPR
domains of the proteins PP5 (Das et al. 1998), CTPR3
(Main et al. 2003), and the TPR1 domain of Hop (Scheufler
et al. 2000) to provide a context in which to interpret
dynamical differences between UBP and CTPR3. The final
model of the TPR domain of UBP displays good geometry
and stereochemical properties, according to the results of
the model validation by MOLPROBITY (Davis et al.
2007) (see “Electronic supplementary material”). The
backbone i/ angles of the model are in excellent agreement
with those determined from the H,, CO, C,, Cy and Ny
chemical shifts of UBP (Pai et al. 2003) (see “Electronic
supplementary material”’). The overlay of the UBP model
with the structure of CTPR3 gives a backbone RMSD of
17 A (Fig. 1b), with the conserved TPR signature residues
located in identical positions in both structures (Fig. 1c).
Moreover, in previous studies we showed that the TPR
domain of UBP binds the same peptide ligand as the TPR1
domain of HOP. In these studies, we used NMR chemical
shift mapping to identify the UBP residues involved in
ligand binding. When these residues are mapped onto the
model of the UBP TPR structure, they map to the typical
concave binding pocket of the TPR (Cortajarena and Regan
2006). This is exactly where the same binding residues are
located in the crystal structures of the TPR1 domain of
HOP.

Together, these results fully support the validity of the
model for the TPR domain of UBP and its use in the
interpretation of the relaxation data.

Relaxation parameters

Relaxation parameters were determined for 64 of 121
backbone amide groups in the TPR domain of UBP. The
sequence coverage (53%) is similar to that obtained for
CTPR3 (48%). Nevertheless, the residues for which data
were obtained are well dispersed throughout the protein
sequence. TPR motifs 1, 2 and 3 were represented by
relaxation data obtained from 19, 18 and 17 residues,
respectively, and the carboxy-terminal solvating helix was
represented by relaxation data from 10 residues. The Ry,
R,, NOE, Ry/R;, nxy and Ry/ny, values are plotted in
Fig. 2a—f and listed in electronic supplementary material.

Rotational diffusion of the TPR domain
and of individual repeats

Our previous study of CTPR2 and CTPR3 showed that all
the TPR repeats in each protein tumble in solution as a
single folding unit, rather than each repeat displaying
segmental rotational motion (Cheng et al. 2006). This
behavior is consistent with the extensive intra- and

inter-repeat helix-helix interactions that are observed in the
crystal structures of the CTPR proteins (Main et al. 2003;
Kajander et al. 2005) and in the structures of natural 3-TPR
domains (Das et al. 1998; Scheufler et al. 2000). Strong
coupling between repeats is further evidenced by the co-
operative chemical and thermal denaturation transitions
observed for CTPR2 and CTPR3 (Main et al. 2003). The
3-TPR domain of UBP also displays a single cooperative
unfolding transition (Cortajarena and Regan 2006). How-
ever, the stability of the UBP domain is considerably lower
than that of CTPR3 (T, of 59 vs. 83°C and AGynr 6.1 vs.
10.7 kcal molfl) (Main et al. 2003, 2005; Cortajarena and
Regan 2006). It was therefore of interest to compare
backbone dynamics of CTPR3 and UBP, proteins which
both contain three tandem TPR repeats, but which differ
significantly in stability.

We used the backbone relaxation data to determine the
rotational diffusion of the entire TPR domain of UBP as well
as each of the three individual TPR repeats. The data for the
entire TPR domain were best represented by an oblate axially
symmetric diffusion tensor with an effective rotational cor-
relation time, 7, = 2Dy + 4DL1)™', of 14.46 + 0.28 ns
(Fexp = 6.16 vs. Fy 95 = 2.76 for comparison with an iso-
tropic diffusion tensor; Fey, = 0.12 vs. Fyos = 3.15 for
comparison with a fully anisotropic diffusion tensor). In
comparison, data for each individual TPR repeat were best
represented by isotropic diffusion tensors (Fey, < Fgos for
comparison with the axially symmetric model). The overall
correlation times (t,,) for repeats 1 (residues 91-124), 2
(residues 125-158) and 3 (residues 159-192) are
14.79 + 0.13, 14.26 £ 0.17, and 14.74 £ 0.17 ns, respec-
tively. The similarity of the rotational correlation times of the
individual TPR motifs with each other and with that of the
entire domain suggests that the motions of the repeats are
correlated and that the entire TPR domain of UBP behaves as
a single, rigid domain. This conclusion is consistent with the
single, cooperative folding transition observed for the TPR
domain of UBP (Cortajarena and Regan 2006). It is also the
behavior we observed for CTPR2 and CTPR3.

Dynamics parameters

The dynamics of backbone amide bond vectors in the TPR
domain of UBP were determined by fitting relaxation data
to the Lipari-Szabo model-free formalism (Lipari and
Szabo 1982a, b; Clore et al. 1990a, b; Barbato et al. 1992).
These calculations yield, for each NH group, the general-
ized order parameter S°, which is a measure of the degree
of spatial restriction of the bond vector’s motion. The order
parameter can range in value from zero to one with an §°
value of 0 indicating completely unrestricted motions and
$? value of 1 indicating completely restricted motions.
Model-free analysis was performed for the entire TPR
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Fig. 2 Relaxation parameters IX X

for the TPR domain of UBP as a 15
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domain of UBP using an axially symmetric oblate diffusion
tensor, as determined above. Additionally, model-free
analyses were performed independently for TPR motifs 1,
2 and 3 using the isotropic diffusion tensor determined
separately for each individual repeat. The order parameters
determined from the model-free calculations performed on
individual repeats did not differ significantly from those
determined from calculations performed on the entire TPR
domain (data not shown). Thus, from this point on we will
only discuss $> values obtained from entire domain
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calculations. As an added control, model-free analyses
were performed for the entire TPR domain of UBP using
the rotational diffusion tensor previously determined for
CTPR3 (Cheng et al. 2006). Order parameters determined
using the axial prolate rotational diffusion parameters of
CTPR3 were not significantly different from those deter-
mined using UBP’s own diffusion tensor (data not shown),
thus allowing us to make a fair comparison between the
internal dynamics of the TPR domain of UBP and those of
CTPR3.
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Of the 64 backbone amide groups included in the model-
free analysis of the TPR domain of UBP, relaxation data
for the majority (62 amide bond vectors) were fit ade-
quately to the simplified version of the model-free
formalism ($® only), indicating that internal motions
affecting '°N relaxation are on a time scale faster than
~20 ps. Relaxation data for two amide bond vectors (Ala-
110 and Lys-205) required incorporation of an effective
internal correlation time (7.) to account for slightly slower
internal motions (t, = 48 & 22 and 41 £ 17, respec-
tively). All of the data were satisfied without recourse to
models describing conformational exchange on the
microsecond to millisecond time scale.

Comparison of fast time scale dynamics of UBP
with CTPR3

The order parameters for backbone amide groups in the
TPR domain of UBP and CTPR3 are shown in Fig. 3a as a
function of each protein’s sequence; the complete listing of

Supplementary Material. The variations in order parame-
ters across the sequence are similar for the two proteins,
but the average order parameter for UBP is slightly lower
than that of CTPR3 (see inset of Fig. 3a). The S values are
0.840 £ 0.046 for UBP and 0.878 4 0.046 for CTPR3
(average of the values of 37 equivalent positions, +stan-
dard deviation); these values are significantly different in a
paired z-test (p = 0.0004). The order parameters for each
helix of CTPR3 and UBP are compared in Table 2 (sta-
tistics are for paired #-tests). The most significant increases
in backbone flexibility of UBP relative to CTPR3 are
located in the B2 helix (p = 0.01, n = 5), the solvation
helix (p = 0.04, n =8), and the Bl helix (p = 0.07,
n = 6). Pairwise comparisons of individual residues iden-
tify nine residues whose order parameters differ between
the two proteins at the >90% confidence level (Table 3).
All of these are located in the B1 helix, the A2 helix, or the
B1-A2 linker. The significant difference between solvation
helices of the two proteins appears to be due to small
differences throughout this helix rather than large changes

the values for UBP is included in the Electronic at specific positions (Fig. 3a, b).
Fig. 3 (a) A comparison of 52 A1l B1 A2 B2 A3 B3 s
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Table 2 Average order

parameters in each helix in Element No: of CTPR3 (Cheng et al. 2006) TPR Domain of UBP Proba'bility
CTPR3 and UBP* reSidUeS  pesidues 87 Residues  §° associated
Average = SD Average = SD  guudent’s r-test
Helix Al 3 9-21 0.889 £ 0.043 91-103  0.870 £ 0.061  0.22
Helix B1 6 25-38 0.916 £ 0.045 107-120  0.855 £ 0.041  0.07
Helix A2 2 43-55 0.803 £+ 0.074 125-137  0.796 £ 0.018  0.93
Helix B2 5 59-72 0.886 £ 0.040 141-154 0.783 £ 0.063  0.01
Helix A3 3 77-89 0.914 £+ 0.009 159-171 0.858 £ 0.040 0.12
. ) Helix B3 6 93-106  0.860 £ 0.035 175-188  0.859 £ 0.024  0.96
dagvzfﬁies are based on paired g 1oaion helix 8 111-125 0871 £0027  193-208 0851 +0.017 004
Table 3 Residues exhibiting a significant change in order parameters between UBP and CTPR3
Repeat  TPR CTPR UBP AS? Error  p-value* Interaction partner
no. position  residue residue (UBP—CTPR3) in — - -
AS2 TPR position Residue Residue Conserved
(conserved aa) in in UBP interaction
CTPR3 (aa (TPR
position))
1 17 Y25 F107 —0.080 0.033 0.02 15 (G) G E Y17-G15
1 20 A28 Al110 —0.142 0.060 0.02 11 (YorL) Y Q A20-Y11
1 27 A35 Al117 —0.118 0.034 <0.01 4 (L or W) w L A27-14
1 31 D39 N121 —0.081 0.046 0.08
2 1 A43 A125 —0.072 0.041 0.08 30 (L) L L A1-L30
2 17 Y59 Y141 —0.081 0.029 <0.01 15 (G) G G Y17-G15
2 23 Y65 D147 —0.078 0.048 0.10
2 25 Q67 E149 —0.151 0.047 <0.01
2 26 K68 R150 —0.148 0.071 0.04 29 (E or D) E C (+)26-(—)29
(—)26-(+)29

* p-value based on z-test

The increased flexibility on a fast timescale of several
backbone amide groups within UBP compared with those
found in CTPR3 can be understood by considering the
residue specific deviations of the natural TPR domain of
UBP from the consensus sequence of CTPR3 (Fig. lc,
Tables 1 and 3). Of particular relevance is the existence in
CTPR3 of various conserved interacting residues, which
are a feature of TPR motifs in general, but which are not all
present in UBP (Table 3, Fig. 1c). Figure 1d shows the
structure of a consensus TPR repeat, highlighting several of
these interactions. Table 1 lists the amino acids found at
these positions in CTPR3 and UBP, the amino acids most
frequently found at these positions in TPR repeats, and the
frequencies of occurrence for these amino acid types
among TPR repeats. The specific interactions are discussed
in detail below.

Most of these conserved interactions determine the
hydrophobic intra-repeat packing. For example, at position
24, Tyr is statistically the most favored amino acid in all
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TPRs (Table 1) and it participates in a conserved interac-
tion with the conserved Gly-8 of the same repeat (Table 1
and Fig. 1d). In all three repeats of CTPR3 and in repeats 1
and 3 of UBP, position 24 is Tyr and position 8 is Gly. In
repeat 2 of UBP, however, this conserved Tyr/Gly pair is
replaced by a Cys-148/Ala-132 pair (Table 3). Cys is rarely
found at this position in TPRs, and would not be able to
make the conserved ‘large-small/Tyr-Gly’ interaction.
Indeed, the homology model of UBP indicates a substantial
reduction in the interaction surface between positions 8 and
24 of repeat 2, compared with the corresponding residues
in CTPR3 (green in Fig. 1d). The lack of an optimal
interaction between residues 148 and 132 provides a
plausible explanation for the increase in fast timescale
flexibility of the residues adjacent to Cys-148 (Asp-147,
Glu-149, and Arg-150). Preliminary analysis of data for
Cys-148 also indicated a low order parameter, but we
excluded Cys-148 itself from the current discussion
because the cross peak for Cys-148 is unusually weak.
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There is also a significant enhancement of dynamics at
TPR position 20 of the B1 helix (UBP residue Ala-110)
compared to the corresponding residue (Ala-28) in CTPR3
(AS* = —0.142 4 0.060, p = 0.02) (Table 3). The Ala at
this position participates in a conserved interaction with a
large hydrophobic amino acid (most commonly Tyr) at
position 11 of the same repeat; these residues are colored
orange in Fig. 1d. This interaction is present in all three
repeats of CTPR3 and in repeats 1 and 2 of UBP, but in
repeat 3 of UBP the Tyr is replaced by Gln. We suggest
that the enhanced dynamics observed for position 20 of
repeat 1 of UBP are because the favorable interaction of
Ala at this position with Tyr at position 11 is not present.
The manifestation of changes in the dynamics of the
partner residue to Glnl1 provides support for the model in
which residues 11 and 20 interact. In all the repeats of
CTPR3, and in repeats 1 and 2 of UBP there is a favorable
Tyr11-Ala20 interaction. Repeat 3 of UBP substitutes the
much less favored GInl1-Ala20 interaction, and as a con-
sequence the dynamics of Ala20 are increased.

In addition to the disruption of hydrophobic interactions,
UBP also lacks a conserved charge-charge interaction
between position 26 and position 29 of repeat 2. Covaria-
tion analyses show that when a positively charged residue,
such as Arg or Lys, is present at position 26, there is a
greater chance of having a negatively charged residue, Asp
or Glu at position 29, and vice versa (Magliery and Regan
2004). This type of charge—charge interaction is conserved
in CTPR3, where all three repeats have Lys at position 26
and Glu at position 29 (purple in Fig. 1d). Such a Lys-Glu
pair is also found at positions 26 and 29 in repeats 1 and 3
of UBP. In repeat 2 of UBP, however, this charge—charge
interaction is not present (Table 3). Position 26 is Arg, but
position 29 is Cys, which occurs at extremely low fre-
quency at this position in TPRs in general (Table 1).
Removal of the favorable electrostatic interaction between
residues 26 and 29 in repeat 2 of UBP provides a reason-
able explanation for the considerable increase in flexibility
of Arg-150 at position 26 (AS* = —0.148 & 0.071,
p = 0.04) and would be expected to contribute to the
increased flexibility of other residues in the same turn of
helix B2.

The general observation from the dynamics data is that
if one residue of a pair of interacting residues is not con-
served the consequence in the flexibility can show up in
either the region of the mutated residue (for example in
residues adjacent to Cys-148) or in its partner (for example
in Ala-110 and Arg-150). This latter effect is additional
evidence for the disruption of a packing interaction.

Finally, two residues in the B1-A2 linker (Asn-121 and
Ala-125) show minor increases in flexibility in UBP rela-
tive to CTPR3 (0.05 < p < 0.1). Interestingly, mutation of
the linker from Asp-Pro-Asn-Asn to Asp-Pro-Arg-Ser in

the context of CTPR3 causes a significant decrease in
stability (Main et al. 2003; Kajander et al. 2005). This
result is consistent with the observation of increased flex-
ibility in the B1-A2 linker of UBP (Asn-Pro-Ala-Asn)
versus that in CTPR3 (Asp-Pro-Asn-Asn). Detailed com-
parisons at other positions in this linker and at most
positions in the B2-A3 and B3-S linkers are prevented due
to resonance overlap.

Discussion

First, our results show that in both CTPR3 and UBP the
3-TPR units are coupled and show no evidence of
uncorrelated inter-repeat motion. Second, although
CTPR3 has a significantly higher melting temperature
than UBP, under conditions of these measurements
(25°C) the dynamic behavior of most residues is the
same. Third, there are several clearly observable local
differences in the dynamics of CTPR3 and UBP. Certain
residues in UBP are significantly more flexible than
residues at the corresponding positions in CTPR3. Most
of these dynamic changes can be explained by consid-
ering amino acid differences that influence key intra-
repeat packing interactions. The consensus design of the
CTPR unit incorporates the most prevalent amino acid at
each position in the sequence, and simultaneously intro-
duces conserved inter-residue interactions. The data we
present provide evidence for the existence of these
interactions and show how they influence the dynamic
properties of the protein in solution. We observe specific
examples of non-optimal packing in UBP, which are
associated with an increase in mobility in the vicinity of
the ‘defect’. In CTPR3 all the repeats are identical to
each other, all have the same inter-residue packing
interactions, and all show the same dynamic behavior. By
contrast, the three TPR repeats in UBP are all different,
and those which deviate from the consensus sequence
and consensus packing interactions, show local changes
in dynamics that reflect these differences. The possible
functional significance of these differences will be the
focus of future studies.

Electronic supplementary material available

Two tables listing the relaxation data and model-free
dynamics parameters for the TPR domain of UBP; a table
of results obtained from MOLPROBITY for the UBP
structural model; the assigned HSQC spectrum for UBP;
and a figure comparing the backbone i/ angles of the
model with those determined from the UBP chemical
shifts.
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