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ABSTRACT: The tetratricopeptide repeat (TPR) is a 34-residue helix-turn-helix motif that occurs as three
or more tandem repeats in a wide variety of proteins. We have determined the repeat motions and backbone
fluctuations of proteins containing two or three consensus TPR repeats (CTPR2 and CPTR3, respectively)
using?®N NMR relaxation measurements. Rotational diffusion tensors calculated from these data for each
repeat within each TPR protein indicate that there is a high degree of motional correlation between different
repeats in the same protein. This is consistent with the prevailing view that repeat proteins, such as CTPR2
and CTPR3, behave as single cooperatively folded domains. The internal motions of backbone NH groups
were determined using the LiparSzabo model-free formalism. For most residues, there was a clear
separation between the influence of internal motion and the influence of global rotational tumbling on the
observed magnetic relaxation. The local internal motions are highly restricted in most of the helical elements,
with slightly greater flexibility in the linker elements. Comparisons between CTPR2 and CTPR3 indicate
that an addition of a TPR repeat to t@eierminus (before the solvation helix) of CTPR2 slightly reduces

the flexibility of the preceding helix.

A large number of proteins contain domains composed of that the individual modules of repeat proteins are tightly
tandem repeats of structurally similar motifs @). These associated in the folded statg, @), consistent with spec-
repeat proteins differ from globular proteins composed of troscopic measurements and theoretical modeling of highly
tandem domains in that the interactions between consecutivecooperative folding thermodynamic3, 6—10). In the case
repeating units are highly regular and relatively short-range. of ankyrin repeat proteins, there is also direct evidence from
The prevalence of repeat proteins may be related to theirNMR relaxation data that the individual repeats tumble as a
ability to evolve readily, through cycles of gene duplication single unit rather than independent domaih®) (However,
and subsequent mutation, allowing them to acquire new hydrogen exchange data have demonstrated hierarchical
specificities or possibly novel biochemical functions. In unfolding with faster exchange in the terminal repeats than
addition, their extended non-globular structures may presentin the central repeat$,12).

a large surface area for interaction with other molecules. Here, we describe a study of the effect of the number of
To assess the influences of adjacent repeats on each Othe'lrdenticél tandem TPR repeats on a protein's internal

It Is necessary to un_derstand not only their structures let1‘Iexibi|ity and dynamics. TPR domains (consisting of several
also the degree to which each repeat can move independently, - - repeats) are thought to mediate protpitein

of its neighbors, that is, the flexibility or dynamics of the interactions and play an essential role in a variety of cellular

Féoge;?‘(.r);;g y rf)rt)é?rtgl ;;;u;fiersmo:ebgg: tf;ﬁ?::g?ﬁg%ﬁg processes from chromatin remodeling to protein import into
P P y peatp mitochondria and protein foldin@(13). Main et al. 8) have

recently reported the design of three proteins consisting of

T This work was supported by a grant awarded to M.J.S. from the

National Science Foundation (MCB-0212746). 1-3 consensus TPR repeats (CTPR1, CTPR2, and CPTRS3,
* Corresponding author: Phone: (812) 855-6779. Fax: (812) 855- for consensus TPR number of repeats). The consensus TPR
839% d'f{;ﬂ“:‘bnmgfsti‘:;e@'”d'a“a-ed“- sequence, on which these designs are based, was obtained
s Department of Molecular Biophysics and Biochemistry, Yale [TOM @ statistical analysis of the sequences of all individual
University. TPR motifs. CTPR1, 2, and 3 form well-defined folded
"DDﬁpartmeng of Chem'stfy,dYa'e Lﬂn'verﬂ-ty' ’ structures in solution, as defined by CD and NMR, and the
These authors contributed equally to this work. X-ray crystal structures of CTPR2 and CTPR3 confirm that

1 Abbreviations: CD, circular dichroismy,y, transverse cross- . -~
relaxation rate constant; HSQC, heteronuclear single quantum coherenc&ach of the repeats adopts the typical TPR fold. The stability
spectrum; NMR, nuclear magnetic resonance; NOE, nuclear Overhauserof the protein increases with the number of tandem repeats;

effect; Ry, longitudinal relaxation rate constaf¥, transverse relaxation e T values of CTPR1. CTPR2. and CTPR3 are 49. 74
rate constantRe,, exchange contribution to transverse relaxatigf; m ' ' ' '

order parameterr,, effective internal correlation time;,, molecular and 83 °C, respectively §). Amide solvent hydrogen
rotational correlation time; TPR, tetratricopeptide repeat. exchange measurements on CTPR2 and CTPR3 suggested
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CTPR2 MW for many nuclei within each domain, allowing one to
Al B1 A2 B2 A3 B3 S characterize both the anisotropy of the domain motions and
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also the subnanosecond internal rotational motions of the
bond vectors. Here, we describe the usel®™ NMR
relaxation data to characterize both the repeat motions and
the local backbone motions of CTPR2 and CTPR3.

MATERIALS AND METHODS

Protein Samples.Uniformly *N-labeled CTPR2 and
CTPR3 were expressed and purified as described previously
(5), and identity was confirmed by mass spectrometry.

NMR Measurement®dMR samples consisted of 1.0 mM
15N-labeled CTPR2 or CTPR3 in 50 mM sodium phosphate,
150 mM NaCl, 90% HO, 10% DO at pH 6.3. All NMR
experiments were performed at 2C on a Varian Unity-
INOVA 500 MHz spectrometer with a triple-resonance 3-axis

CTPR2 CTPR3 gradient probe. Previously published 28-'5N HSQC style
FiGuRe 1: Structures and repeat organization of CTPR2 and Pulse sequencesl§ 19) were used to measure tréN
CTPR3. Top: schematic diagrams indicating the positions and longitudinal ;) and transverseR;) auto-relaxation rate
B o e ok s e M o aay oML heteronucleit) K NOFs and-H vansverse

an , . .
respectively, whereas S indicates fiderminal solvation heli>F<). fross—rglaxatlon rate constantg,j. For all expelr Iments,. the
Bottom: ribbon diagrams showing the X-ray structures of the two 1 Carrier was set on the water resonance, ‘e carrier
proteins with each helix labeled. was set at 119 ppm, and the spectral widths were 7000 and

1500 Hz for'H and **N, respectively. Other experimental
that the central region of each protein exchanges through aparameters were the same as those used in a previous study
global unfolding mechanism, whereas the outer regions (20) except that the NOE experiments were performed in
exchange through sub-global unfoldirg).(More recently, duplicate rather than quadruplicate. In particular, all relax-
the unfolding transitions for proteins containing-20 ation experiments were all performed using 16 transients per
consensus TPR repeats, all of which show a single cooperaFID and 128 complex, increments. Relaxation time delays
tive unfolding transition, have been described quantitatively were 11*, 55, 133, 233*, 377, 555*, 888, and 1998* ms for
by a simple Ising model, which includes an identical the R, experiment, 17*, 33, 67* 101, 151, 201*, 285, and
unfolding free energy for every helix and a single coupling 386* ms for theR, experiment and 22*, 43, 65*, 76, 98,
parameter for pairs of adjacent helic&. and 109* ms for they,, experiment; asterisks indicate time

Figure 1 shows a schematic representation of the secondargelays that were performed in duplicate in order to assess
structures of CTPR2 and CTPR3, the nomenclature used inpeak height uncertaintiedy and **Ny resonance assign-
this article to refer to each helical element, and a ribbon ments were made using published chemical shift valbls (
representation of the X-ray crystal structures of the proteins. assigned HSQC spectra are given in the Supporting Informa-
As in natural TPR proteinsl@), each repeat consists of a tion. In order to resolve a few ambiguities resulting from
pair of 13-14 residuenx-helices (A and B) packed together minor chemical shift changes relative to the previous study,
at an angle of-16C°. Each repeat is stacked against adjacent we also performed 3D TOCSY-HSQC and NOESY-HSQC
repeats, with extensive contacts formed between the B helixexperiments, with mixing times of 80 and 120 ms, respec-
of one repeat and the A helix of the following repeat. The tively. For these experiments, théd and N carrier
packing gives rise to a superhelical arrangement of repeatsfrequencies were the same as those given above, and the
with a predicted periodicity of-8 repeats per superhelical spectral widths were 7000, 6000, and 1500 for the indirect
turn (Kajander, T., Cortajarena, A. L., and Regan, L., to be 'H, direct’Hy, and**N dimensions, respectively.
submitted for publication and ref &)). Data AnalysesNMR data were processed using Felix98

An important property of the CTPR proteins is that the (Molecular Simulations, Inc., Burlington, Massachusetts), and
individual TPR repeats within them are all identical. Thus, the relaxation parameters and standard errors were extracted
comparing the properties of the repeats in these proteinsas described?0). All overlapped resonances and peaks that
should reveal differences due to the lengths and stabilitieswere too weak for reliable intensity measurements were
of the proteins or the structure and dynamics of adjacent omitted from the data analysis. Residues that exhibited large
repeats, rather than the internal composition of each repeatamplitude, fast internal motions (NOE 0.5), or were
Consequently, the CTPR proteins provide an excellent systeminfluenced significantly by slow time scale conformational
in which to investigate the factors (other than local sequence exchange R./7x, values that exceeded the average by more
variation) that influence both repeat reorientation and internal than one standard deviation or elevafdR; ratios) were
flexibility in repeat proteins. identified and removed for the initial estimation of the

Reorientation of small domains in proteins occurs on molecular diffusion tensor. Residues excluded for CTPR2
timescales of several nanoseconds and can be readily detectedere Gly-91 (extensive fast internal motion), Asn-14, Ala-
by measuring the magnetic relaxation properties of nuclei 28, Asp-39, Gly-50, Tyr-59, Ala-77, Asn-82, Lys-89 (con-
within each domaini5—17). An advantage of this approach formational exchange), Ala-9, and Leu-15, whereas residues
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excluded for CTPR3 were Gly-125 (extensive fast internal internal motions are comparable. For both proteins, the
motion), lle-29, Tyr-59, Tyr-93, Tyr-100, Ala-111, GIn-115, relaxation parameters are fairly uniform across the sequence.
Leu-117, and Asn-119 (conformational exchange). Isotropic, Several residues stand out as having unusual properties.
axially symmetric (both prolate and oblate), and fully First, the C-terminal residues of both proteins (Gly-91 of
anisotropic diffusion tensors were each calculated using theCTPR2 and Gly-125 of CTPR3) have dramatically lower
program quadric_diffusion (A.G. Palmer, Ill, Columbia than average values dR,, NOE, and Ry/R;, which is
University, NY) from theR,/R; ratios of the remaining  indicative of extensive fast internal motions. Second, residues
residues (53 residues for CTPR2 and 49 residues for CTPR3)Ala-28, Asn-41, and Ala-77 of CTPR2 and residues Ala-
and the coordinates of the X-ray structures (pdb files INA3 28, Asn-41, and Asn-75 of CTPR3 haRe values elevated
and 1NAO for CTPR2 and CTPR3, respectivel®).(The above those for other residues. Highvalues can arise from
most appropriate diffusion tensor was selected by comparisonan alignment of the NH vector with the long axis of the
of x? andF statistics (see Results and Discussion). Errors in molecule, which causes relatively slow reorientation of the
diffusion parameters reported by quadric_diffusion were bond vector. Alternatively, the higR; values could result
confirmed by Monte Carlo simulations. Relaxation param- from conformational exchange on a time scale of microsec-
eters were fit, using the program Modelfree version 4.0 (A.G. onds to milliseconds. We were able to distinguish between
Palmer, Ill, Columbia University, NY) to five versions of these possibilities by comparing tH® values with the

the Lipari-Szabo model-free dynamics formalisgil{-24), transverse cross relaxation ratgg{ Figure 2E and F)X9)
in which the fitted parameters are model 1, order parameterand by observation of conformational exchange broadening
($); model 2,% and internal correlation timerd); model 3, contributions in the extended model-free analysidd infra).

& and exchange broadening contribution to transverse Evidence for conformational exchange was found for two
relaxation Rey); model 4,%, 7., andRex; and model 5, order  distinct regions. First, both Ala-77 of CTPR2 and the
parameters for two time scale§4and S?) and 7. for the equivalent residue (Ala-111) of CTPR3 exhibited high values
slower time scale. Initial model-free calculations were of Ru/5y, suggesting a possible structural fluctuation near
executed using the prolate axially symmetric diffusion tensor the amino terminus of the solvation helix in both proteins.
estimated using quadric_diffusion. After selection of the best Second, residue Ala-28 in CTPR2 exhibited evidence of slow
internal dynamics model for each residue, as descriB®d (  conformational exchange broadening but this was not
all internal dynamics parameters and the rotational diffusion observed for the equivalent residue in CTPR3 or for
tensor were optimized simultaneously in a final model-free corresponding residues in other repeats of either protein. This
calculation. Standard errors were obtained from 500 Monte raises the possibility of a relatively slow (microsecond-
Carlo simulations. The parameierused to assess the degree millisecond time scale) conformational rearrangement oc-

of correlated motion between repeats, is definEs) @s curring in the first repeat of CTPR2 but not in CTPR3 or in
other repeats of either protein. One possibility is that this
k(x,ﬁ = Tr(Da)/Tr(Dﬂ) involves a local unfolding rearrangement, consistent with the

] ) ] relatively high rate of hydrogen exchange previously ob-
in which a. and refer to the two domaind), andD; are served in this repeafy,

the d_iffusion tensors determined independently for the Tphe analysis ofR./5 values also indicated that the
domains, and Tr represents the trace of the tensor, calculategjeyated transverse relaxation rates observed for residues
as the sum of the diagonal elemenis.(+ Dyy + D). Asn-41 of both proteins and Asn-75 of CTPR3 could not be
attributed to conformational exchange, thus suggesting that
RESULTS AND DISCUSSION the backbone NH groups of these residues may be aligned
Relaxation Parameterfelaxation data were collected for  with the long axis of the molecule. Indeed, the subsequent
64 of 87 backbone NH groups for CTPR2 and 58 of 120 diffusion tensor optimization indicated that these residues
backbone NH groups for CTPR3; the derived parameters are(located in the turns following helices B1 or B2) are the only
listed in the Supporting Information. The sequence coverage,observed NH groups whose angles to the long axis are less
which is lower (74% and 48%, respectively) than that for than 30 (angles of 8 for Asn-41 of CTPR2 and T2for
typical globular proteins, can be attributed primarily to the both Asn-41 and Asn-75 of CTPR3). Notably, Asn-41 and
high level of resonance overlap, which is a consequence of Asn-75 of CTPRS3 are exactly one repeat (34 residues) apart;
the tandem repeats having identical amino acid sequencestherefore, these results suggest that the long axis of the
In addition, the amide resonances of the ten amino-terminal molecule may be almost parallel with the superhelical axis
residues in each protein are not observable. Neverthelessfor CTPR3, which is consistent with the overall shape of
the relaxation data obtained for each protein are derived fromthe molecule (Figure 1).
backbone NH groups well spread throughout the TPR repeats Rotational Diffusion and Repeat Motionko investigate
with 26 and 24 residues in repeats 1 and 2, respectively, ofwhether the repeat units of the CTPR proteins undergo
CTPR2 and 18, 15, and 13 residues in repeats 1, 2, and 3segmental motions relative to each other, we characterized
respectively, of CTPR3. the rotational diffusion of each TPR repeat separately and
TheRy, R;, and NOE values and the/R; ratios for each compared it to the rotational diffusion calculated for each
residue in each protein are plotted in Figure-ZA. Residues molecule as a whole. In each calculation, the diffusion tensor
in CTPR2 exhibit faster longitudinal relaxatioij and was calculated from thB»/R; ratios of NH groups that do
slower transverse relaxatioR4) than equivalent residues in  not exhibit evidence of either large amplitude fast internal
CTPR3, consistent with the differences in molecular massesmotions (low NOE) or slow conformational exchange (high
(CTPR2=10.3 kDa, CTPR3= 14.4 kDa). However, NOE  Ru./5,); relative orientations of the bond vectors were
values are very similar for both proteins, suggesting that their obtained from the X-ray structure8)(
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Ficure 2: Relaxation data for CTPRZI} and CTPR3@) as a function of residue number: (R); (B) Ry; (C) NOE; (D) R/Ry; (E) 17y,
and (F)Ru/5xy. The positions of the helical elements (open bars) are indicated schematically at the top.

For each intact protein and for most individual repeats, a preferred, but the? parameters for the two models differed
prolate axially symmetric diffusion tensor fit the data by <10%. For consistency, we selected the prolate model
substantially better than an oblate axially symmetric model. for subsequent calculations and comparisons. In every case,
For repeats 1 and 3 of CTPR3, the oblate model was slightly the prolate axially symmetric diffusion tensor afforded a
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Table 1: Diffusion Parameters for Each Protein and Each Individual Repeat

region no. of Tm 0 ¢
protein (residue nos.) residues (ns) DyW/Dn (deg) (deg)
CTPR2 all (+-83) 53 9.06+ 0.16 1.46+ 0.08 83+ 4 162+ 7
CTPR2 repeat 1 (+142) 21 8.97+ 0.08 1.47+0.07 94+ 5 175+ 4
CTPR2 repeat 2 (4376) 22 9.65+ 0.67 2.014+ 0.57 84+ 7 145+ 17
CTPR3 all (£-125) 49 13.93+ 0.40 1.86+0.17 94+ 7 131+ 6
CTPR3 repeat 1 (1142) 17 14.14 0.53 2.17+0.49 84+ 16 133+ 7
CTPR3 repeat 2 (4376) 14 13.98+ 1.02 2.10+0.71 67+ 11 120+ 17
CTPR3 repeat 3 (7#7110) 11 14.25+ 0.49 2.07+ 0.50 90+ 4 27+ 11

a Parameters are reported for the axially symmetric diffusion majehndDg are the diffusion constants around the unique and perpendicular
axes, respectivelyrn = (2D, + 4Dp)~%; and¢ and 6 are the Euler angles defining the axis system of the diffusion tensor relative to the inertial
tensor, as reported by the program quadric_diffusion.

statistically significant improvement over an isotropic dif- ankyrin repeats of cyclin-dependent kinase inhibitor'}y¥'9
fusion tensor £ > Fogs), Whereas a fully anisotropic showed no systematic variations of relaxation (or spectral
diffusion tensor did not significantly improve the fit relative  density) parameters between repeats, suggesting th&f4919
to that of the prolate axial modeF (< Fq.gs). behaves as a fairly rigidly packed proteitd). In contrast,

The diffusion tensors determined for each protein and eachproteins consisting of strings of independent domains (as
individual repeat are compared in Table 1. The rotational opposed to repeat proteins, where there are extensive inter-
correlation times1(,,) for intact CTPR2 and each individual repeat interactions) can display various levels of segmental
repeat of CTPR2 are9 ns, whereas those for intact CTPR3 motions between domains. Examples include high correlation
and each individual repeat of CTPR3 arel4 ns. This between tandem SH3 and SH2 domains of the Abelson
difference corresponds closely to the difference in the kinase (1, 15, 16, 26—30); significant segmental motions
molecular masses of the two intact proteins. Moreover, the between the two EF hands in free calmoduli®,(29), with
similar 7y, values obtained for the individual repeats in the motion being frozen upon peptide bindi&9,(30); and
comparison to the protein as a whole suggest that thetighter coupling between the first two repeats than that
rotational motions of the repeats within one protein are highly between the second and third repeats of zinc finger transcrip-
correlated. This is particularly evident for CTPR3, in which tjon factor TFIIIA (15).
the effective correlation times of the outer repeats differ from
that of the central repeat by3%. Although the diffusion
parameters for individual repeats are generally very similar
to those for the whole protein, tlgeangle for the third repeat
of CTPR3 differs noticeably from th¢ angles for the first

Internal DynamicsThe internal dynamics of the backbone
NH groups in CTPR2 and CTPR3 were determined using
the Lipari-Szabo model-free formalism21, 22). The
formalism is referred to as model-free because it does not
assume any particular physical description for the motion.

two repeats. Considering the similarity of values for all However, the possible mathematical representations of the
three repeats, we believe that this difference is most likely . P . P
formalism (models 45, Materials and Methods) were

a consequence of the inadequate sampling of orientational’;” . . o .
q 9 Ping designed to describe several specific situations. In particular,

space because of the limited number of probes in the third ) . .

repeat (four in helix A3 and seven in helix B3, rather than models 1 and 2 will only satisfy the data adequately if the

an indication of a real difference in motion ' internal rotational motions occur on a time scale substantially
' faster than the overall rotational diffusion, whereas models

Briischweiler and colleagued ) have introduced the d ib | o ial q
arametex as a means by which to quantify the degree of 3—5 describe more complex situations (see Materials an
P Methods). The common parameter reported by all models

correlated motion between two domains of a multidomain is the order parameterS}) for each NH bond vector,

protein. If two domains have no independent motion, then representing the dearee of motional restriction of that bond
= 1. Thus, pairs of strongly correlated domains, with very pt : ? Ig faster th ! few h : dl dpi d
similar diffusion tensors, yield values close to one. A caveat ;/heact ?sr Omn;e":;;ﬁcgoefo?j farste?r;haa:\t,\rgel:)r\‘/ergll ?&?Eﬁﬁg?ﬂs’
of this treatment is that pairs of domains that have indepen- ' )

P P the case of CTPR2 and CTPRS3. The valu&afanges from

dent motion can also give a valueof= 1 if the sum of the X . :
diffusion components + Dy, + D) is, by coincidence, 0 (completely unrestricted motion) to 1 (completely restricted
motion).

the same for the two domains. Howeveryalues substan-
tially greater than one can only be explained by the presence Initial model-free calculations were performed under the
of segmental motions. assumption that each protein undergoes axially symmetric

The « values calculated from the axially symmetric rigid-body rotational diffusion, as determined above, rather
diffusion tensors for CTPR3 ake ; = 1.02+ 0.26 (reporting than segmental motions of the different repeats. In addition,
on correlated motion between repeat 1 and repeat 2) andwe performed model-free optimizations for each repeat of
k32 = 1.02+ 0.26 (reporting on correlated motion between each protein using the axially symmetric rotational diffusion
repeat 2 and repeat 3), and the corresponding value for thetensor determined independently for that repeat. Internal
two repeats of CTPR2 ig;» = 1.13+ 0.17. Considering dynamics parameters determined using the latter method did
that these values are not significantly different from unity not differ significantly from those obtained by using rigid-
or from each other, our data do not provide any evidence body rotation of the whole molecule (data not shown).
for segmental repeat motions in these proteins. This conclu-Therefore, below we discuss only the dynamics parameters
sion is consistent with the previous observation that the five from the rigid-body calculations.
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Ficure 3: Order parameters for CTPR2Y and CTPR3 @) aligned beginning at the amino-terminus (A); and beginning at the carboxy-
terminus (B), as indicated by the schematic diagrams above each panel. The residue numbers indicated for panel (B) correspond to those
for CTPR3. Order parameters are not shown for residues that were fit to two time scales of internal motion (model 5).

The relaxation data for most bond vectors (62 of 64 in Table 2: Average=£ Standard Deviation) of Order Parameters in
CTPR2 and 57 of 58 in CTPR3) could be accounted for using Each Structural Element

either model 1 & only) or model 2 & andze). Among the CTPR2 CTPR3
remaining few NH vectors, Ala-77 of CTPR2 required the no. of = no. of I
addition of a parameteR,) to account for the microsecond- element residues averagek SD residues averagek SD
millisecond time scale conformational exchangedd suprg, helix A1 (9—21) 10 0.880+ 0.024 6 0.904t 0.043
whereas the data for ti@terminal residues of both proteins |r"”||<_ef 8(52(5528) io g-g;i 8-8% g 8-38% 8-821
. ellx . . . .
(Gly-91 and Gly-125) could only be fit adequately by . 39" 45) 3 0.836-0.092 2  0.854t 0.014
incorporating a second time scale of internal motion on the nhelix A2 (43-55) 10 0.868k 0.036 6 0.88H 0.071
order of ~1.5-2 ns. In summary, for most residues in linker (56-58) 3 0.826+ 0.043 0
CTPR2 and CTPR3, there appears to be a clear separatiorf€!ixB2(59-72) 8 0.849£0.027 8  0.888:0.032
between the influence of internal motion and the influence inker (7376) 3 0.813£0.029 ! 0-902:0
e ! _ “€ helix A3 (77-89) 4 0.918+ 0.010
of global rotational tumbling on the observed magnetic linker (90-92) 0
relaxation. helix B3 (93-106) 7 0.866+ 0.035
Th d t lculated f h NH . linker (107-110) 2 0.787+ 0.006
€ order parameters calculated for eac group I sojvation helir 13 0.858+£0.027 11  0.873-0.028

CTPR2 and CTPR3 are compared in Figure 3, and the
average and standard deviation for each structural element
is listed in Table 2. The average-(standard deviation) of
order parameters (omitting those fit using model 5) are 0.860 mobility with order parameters dropping to 6-3.8 in a few

+ 0.038 for CTPR2 and 0.883 0.044 for CTPR3, cases.

indicating that these proteins have similar rigidity to typical ~ When the two protein sequences are aligned beginning at
globular proteins, with relatively small variations throughout the amino terminus (Figure 3A), it is evident that helix B2
each protein. Alla-helices have average order parameters is substantially more flexible in CTPR2 than in CTPRS (

in the range 0.850.92 (Table 2), whereas several (but not = 0.044, paired-test), whereas other helices (A1, B1, and
all) of the linkers between the helices display slightly higher A2) have similar flexibility in both proteingy(= 0.22, 0.11,

a2 Residues 7791 in CTPR2 and 111125 in CTPR3.
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and 0.74, respectively); the difference between B1 helices order parameters observed for CTPR2 are not an artifact of
in the two proteins is dominated by a single residue (Ala- segmental motions.
35). Not surprisingly, the solvation helix of CTPR2 is also Dynamics as a Criterion for Protein Desigbespite
substantially more mobile than the corresponding region important progress in the rational design of protein structures,
(helix A3) in CTPR3 (Figure 3A). Thus, extension of CTPR2 it remains challenging to design proteins whose physical
by inserting an additional repeat between repeat 2 and theproperties are similar to those of naturally occurring globular
solvation helix causes rigidification of helix B2 but does not proteins. One criterion for native-like structure would be for
affect the flexibility of helix A2 or the flexibility of repeat  the designed protein to display internal dynamics similar to
1. It is possible that this rigidification results from tighter those of natural proteins because this may be reflective of
packing of helix B2 to helix A3 in CTPR3 in comparison well-defined packing as opposed to a disordered core
with the packing of helix B2 to the solvation helix in CTPR2; (molten-globule). In a previous study ofie@ nao designed
this occurs despite the fact that the packing residues on boththree-helix bundle protein, Walsh et al. found that the
helices are identical (only the outer surface of the solvation backbone dynamics are highly restrictegt 0.8 for NH
helix has been modified)3], although the surface area for groups) but that the methyl-bearing side chains are more
the helix B to the solvation helix packing interface is slightly flexible than that typically observed in natural protei@8)(
smaller (507 A) compared to the surface area for the B Thus, one could view restricted backbone dynamics as being
helix—A helix interface (555 A), as calculated using the necessary but not sufficient to define native-like tertiary
program HIT @1). The solvation helix has similar intrinsic  structure. Although data for side chain mobility are not yet
helical propensity to the A helix, as assessed using the available, the observations that CTPR2 and CTPR3 have high
program AGADIR 82). The X-ray structures3) indicate backbone order parameters and that the repeats of each
that G,—C, distances from helix B2 to the following helix  protein tumble with very similar correlation times are
are shorter by an average of 0.28 A in CTPR3 than that in consistent with the proposal that these proteins are native-
CTPR2. It is unclear whether this difference alone is like in solution as well as in the crystal stat®).(Notably,
sufficient to cause the observed change in flexibility in helix comparisons of the structures of the designed CTPR3 and
B2. However, the structural difference might be increased the longer designed CTPR8 and CTPR20 with the structures
in solution. In addition, the higher flexibility of the solvation  of comparable natural TPR domains (Kajander, T., Corta-
helix in CTPR2, compared to that in helix A3 in CTPR3, jarena, A. L., and Regan, L., to be submitted for publication
could also allow increased motion of the B2 helix in the and refs 14 and 3438 (14, 34—38)), reveals a conservation
shorter protein. of inter-repeat interactions and, hence, superhelical param-
The interpretation that differences in dynamics of helix eters in all of the proteins.
B2 are caused by differing interactions with the following Comparison to Hydrogen Exchange Studies of Repeat
helix is confirmed by the alternative comparison of the data Proteins.A number of previous studies have investigated
shown in Figure 3B, in which the two protein sequences are the conformational fluctuations of repeat proteins usirgtH
aligned beginning at thé-terminus (by shifting the CTPR2  exchange experiments,(12). Of particular relevance here,
sequence by 34 residues). It now becomes clear that helixthe CTPR2 and CTPR3 proteins exhibit facile hydrogen
B3 of CTPR3 has similar flexibility to helix B2 of CTPR2  exchange in their terminal helices (A1 and the solvation
(p = 0.67) and that the solvation helices of both proteins helix) and progressively increasing protection moving toward
also have similar flexibility p = 0.22). Other corresponding  the center of each proteif)( A similar pattern was observed
pairs of helices (A1/A2, B1/B2) also have similar flexibility ~ for a protein phosphatase 5 fragment containing 3.5 TPR
in both proteins§ = 0.76 and 0.97, respectively); a slight repeats39) and for the transcriptional regulataBo., which
difference p = 0.085) between helices A2 (CTPR2) and consists of six ankyrin repeat$d). The H-D exchange data
A3 (CTPR3) is based upon only 4 residues, mostly located for the CTPR proteins contrasts sharply with the picosecond
near the ends of the helices and may not be representativéime scale dynamics, which show a similar degree of
of the internal flexibility of these helices. In summary, the restriction in all helices (Table 2, Figure 3), although very
data indicate that extending the amino terminus of CTPR2 fast hydrogen exchange precluded the observation of several
by one repeat does not substantially influence the internalamino terminal residues. This apparent discrepancy can be
flexibility of the remainder of the protein. Thus, our data explained by the sensitivity of the two techniques to different
suggest that internal motions of a TPR repeat (on the forms of the protein. Hydrogen exchange selectively observes
picosecond the nanosecond time scale) may be influencedorms of the protein that are fully or partially unfolded, even
to a greater extent by interactions with the following repeat when they have extremely low populations, whereas the
than those with the preceding repeat. relaxation measurements are dominated by the most highly
The order parameters discussed above were calculategopulated form of the protein. Thus, these complementary
under the assumption that each protein rotates as a rigid bodymethods indicate that the amino terminal and solvation
Therefore, the presence of segmental motions of the repeat$elices undergo highly restricted fluctuations on short time
could cause artifacts in the calculated internal dynamics scales in the folded state but are subject to occasional
parameters. To ensure that the lower order parametersexcursions to an unfolded form with a higher probability than
discussed above for CTPR2 did not result from such an those of the other helices in the TPR repeats.
artifact, we performed a series of model-free calculations Concluding Remark&§.he dynamics data reported here for
for CTPR2 in which the molecular correlation timm, was two designed TPR proteins confirm that these proteins consist
varied over the range 7-0L0.2. The reduction of,, from of tandem repeats that are packed fairly rigidly against each
9.0 to 8.0 ns caused an average reduction (rather thanother rather than undergoing substantial segmental repeat
increase) in the calculatedt values of 0.022. Thus, the low  motions. The local motions of NH groups within each repeat
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have the properties that would be expected for well-folded, 14.
globular proteins. The dynamics data complement the
previous X-ray structures, thermodynamic and kinetic folding
data, and hydrogen exchange data. Together, these methodsi5.
indicate that designed proteins consisting of two or three
consensus TPR repeats have very similar physical properties
to natural, stable, globular proteins. Thus, the consensus TPR ™~
sequence contains sufficient information to specify the
interactions both within a single repeat and between adjacent
repeats. 17
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