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Malleable conformation of the elastic PEVK segment of titin:
non-co-operative interconversion of polyproline Il helix, g-turn

and unordered structures
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To understand the structural basis of molecular elasticity and pro-
tein interaction of the elastic PEVK (Pro-Glu-Val-Lys) segment
of the giant muscle protein titin, we carried out a detailed analy-
sis of a representative PEVK module and a 16-module PEVK
protein under various environmental conditions. Three conforma-
tional states, polyproline II (PPII) helix, S-turn and unordered
coil were identified by CD and NMR. These motifs interconvert
without long-range co-operativity. As a general trend, the relative
content of PPII increases with lower temperature and higher po-
larity, B-turn increases with lower temperature and lower polarity,
and unordered coil increases with higher temperature and higher
polarity. NMR studies demonstrate that trans-proline residues are

the predominant form at room temperature (22 °C), with little
trans-to-cis isomerization below 35 °C. Ionic strength affects
salt bridges between charged side chains, but not the backbone
conformation. We conclude that titin PEVK conformation is mal-
leable and responds to subtle environmental changes without co-
operativity. This gradual conformational transition may represent
a regulatory mechanism for fine-tuning protein interactions and
elasticity.

Key words: circular dichroism (CD), elastic protein, nuclear
magnetic resonance (NMR), polyproline II helix-coil (PhC) motif,
titin, trans-to-cis-proline isomerization.

INTRODUCTION

Titin represents a family of giant elastic proteins (3—4 MDa) found
mainly in skeletal and cardiac muscles [1,2], and its gene is notable
for encoding the largest protein in the entire human genome [3,4].
Its multifaceted functions include the assembly of the muscle
sarcomere, the maintenance of sarcomere symmetry and integrity
and the generation of passive tension (reviewed in [5,6]). Titin
accomplishes these functions by spanning half of the muscle
sarcomere length and anchoring the myosin thick filament from
the M-line to the Z-line. In the I-band region, where titin extends
during passive force development, titin is composed of serial-
linked motifs of three types: (i) the folded 100-residue modular
repeats of immunoglobin (Ig) or fibronectin (Fn3) domains,
(ii) the N2-A or N2-B insert, and (iii) a unique PEVK motif that
consists of 70 % of proline, glutamate, valine, and lysine residues
[7,8]. The extension of this unique segment accompanies the rise
in passive tension when resting muscle is stretched moderately,
while maintaining the overlap of the actin and myosin filaments
[5,9,10]. However, the exact nature of both the structure and
elasticity of the PEVK segment is still unresolved.

The PEVK segment is also a major site for potential protein
interaction. The segment appears to be involved in interfilament
adhesion with thin filaments via its interaction with actin and
nebulin in a calcium/S100-sensitive manner [11]. Cardiac PEVK
also binds S100 directly [12]. Our recent search for SH3 (Src-
homology 3)-binding motifs in titin isoforms revealed a surprising
enrichment of class I and class II SH3 binding motifs in the
PEVK regions [13,14]. More significantly, biophysical studies

revealed the direct interaction of a nebulin SH3 domain with titin
PEVK peptides at the central PPII (polyproline II) helix of PEVK
modules, suggesting the intriguing possibility that titin PEVK is
an extended signalling domain containing multiple SH3-binding
sites in tandem repeats. These proline-rich regions may thus have a
scaffolding role in the signalling pathway during muscle assembly
[13].

Conformational studies of PEVK modules are essential for
our understanding of the structural basis of their protein—protein
interactions and elasticity. On the assumption that the PEVK
segment is a random coil or a permanently unfolded linear poly-
peptide [8,9,15], it is often stated that PEVK resists stretching by
maximizing entropy and behaving as a worm-like chain (WLC)
[16-18]. Evidence of the presence of stable and regular structural
features in the PEVK segment is emerging. We reported that
the PEVK of human foetal skeletal muscle titin is modular and
consists of tandem repeats of a fundamental PEVK module
that average 28 residues [11]. Independent analysis of the
PEVK sequences by Greaser [17] corroborated our conclusions
and revealed another repeating motif: a glutamate-rich acidic
motif of variable length [17]. Other PEVK-like proline-rich
repeats in titin or related proteins include two large PEVK
domains in D-titin from Drosophila [19], 70-residue repeats (ten
modules) in PEVK-1 and 17-residue repeats (45 modules) in
PEVK-2 from invertebrate connectin [20], 39-residue repeats
(57 modules) in PEVT/K from Caenorhabditis elegans titins
[21], and 65-residue repeats (22 modules) from a MLCK
(myosin light chain kinase)-like giant protein from Drosophila
[22].

Abbreviations used: CCA, Convex Constraint Analysis; NOE, nuclear Overhauser effect; PEVK, a titin segment that consists mainly of proline,
glutamate, valine and lysine; PhC, PPII helix-coil; PPII, polyproline II; PR, a 28-mer sequence module of PEVK corresponding to human PEVK exon 172,
P'EPPKEVVPEKKAPVAPPKKPEVPPVKV?8: ROESY, rotating frame NOESY; SH3, Src-homology 3; TFE, trifluoroethanol; TP1, expressed PEVK segment of

human foetal skeletal titin exons 161-164, 166-177, 180-181.
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Conformational and hydrodynamic studies of an expressed 16-
PEVK module (473 residues) protein fragment of human foetal
titin, designated TP1, have shown that TP1 is an open and flexible
chain with stable structural folds [11]. Conformational studies by
CD indicated the probable presence of PPII type left-handed
helices in TP1. Further examination of this and other PEVK
sequences of titin revealed the presence of numerous PXXP
(Pro-Xaa-Xaa-Pro) motifs (e.g. PVAP) that are frequently found
in PPII-like left-handed helices. These observations suggest that
PPII may indeed be a major structural motif of PEVK in titin.

Our recent two-dimensional NMR and CD studies of syn-
thetic peptides of one representative 28-residue PEVK module
for human foetal titin (P'EPPKEVVPEKKAPVAPPKKPEVP-
PVKV?®, designated PR) as well as three subfragments (PRI,
K—2VPEPPKEVVPE"; PR2, VS PEKKAPVAPPK"; PR3: K*PE-
VPPVKV?®) revealed the presence of three PPII helices that are
three residues per left-handed turn with ¢ and ¥ angles restricted
to regions — 78 and + 146 respectively [23]. Structural determi-
nations indicated the presence of three short stretches of PPII
helices of four, five and six residues that were interspersed with
unordered and presumably flexible spacer regions to give one
‘PPII helix-coil’ or ‘PhC’ motif for roughly every ten residues.
These peptides also displayed the characteristic PPII CD spectra:
i.e. positive peak or negative shoulder band at 223 nm, negative
CD band near 200 nm, and biphasic thermal titration curves that
reflect varied stability of these PPII helices. We have proposed
that this PhC motif is a fundamental feature, and that the number,
length, stability and distribution of PPII are important in the under-
standing of the elasticity and protein interactions of the PEVK
region of titin [23].

In the present study, we present a detailed analysis of the confor-
mational states of these peptides and their interconversion under
various environmental conditions, such as temperature, ionic
strength and solvent polarity. Since the PPII helices are found
in PXPP, PXXPP and XPXXPP sequences, the possible roles of
trans/cis-proline isomerization in the conformational stability is
of obvious interest. Our studies indicate that three conformational
states are resolvable by quantitative CD analysis: PPII helix,
B-turn and unordered coil. These motifs interconvert and, as a
general trend, the relative content of PPII increases with lower
temperature and higher polarity, 8-turn increases with lower tem-
perature and lower polarity, and unordered coil increases with
higher temperature and higher polarity. NMR studies demonstrate
the expected coexistence of the trans- and cis-proline conformers
in these peptides, with trans-proline being the predominant form.
However, little trans-to-cis isomerization takes place when the
temperature is elevated from 2 to 35 °C. CD and NMR analysis
indicate the presence of type I -turns within the sequence of the
PEVK module (K’EVVPEK!) in 80 % trifluoroethanol (TFE).
We conclude that the titin PEVK segment is malleable confor-
mationally, and environmental conditions easily tip the balance
among three states, without involving proline frans-to-cis isomer-
ization.

MATERIALS AND METHODS
Peptide synthesis and TP1 expression

The peptides used in this study, one full PEVK module (PR, exon
172) and three subfragments (PR1, PR2 and PR3), were syn-
thesized and purified before use as described previously [23]. TP1
(exons 161-164, 166-177, 180-181), a 51 kDa (473 residues)
human foetal titin PEVK fragment, was expressed and purified
from Escherichia coli host cells transformed with pET3d Hinfl
plasmid containing a 1.4 kb open reading frame derived from
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hfT11 (human foetal titin fragment) cDNA (GenBank® ac-
cession number AF321609) as described previously [11]. TP1
concentration was determined spectrophotometrically based on
its absorption coefficient (A,g) of 0.025 for 1 mg/ml. Polyproline
(M, =5000; Sigma) was used without further purification.

Search of conformational motifs

A search for conformational motifs on the human titin gene
exons that encode PEVK segments (GenBank® accession number
AJ277892) was performed with MacVector (version 6.5.3) for
PXXP, PXPP, XPXXPP, VPE, KEVV and VPEK. Alignment of
PEVK module sequences was performed with ClustalW.

CD and deconvolution

All spectra were obtained with a Jasco spectropolarimeter, model
J-715, equipped with the standard data analysis program (Jasco,
Tokyo, Japan). The temperature was controlled with a Peltier-
type temperature-control system, model PTC-348WI (Jasco). The
synthetic PEVK peptides were soluble in aqueous solutions and in
TFE. All solutions contained 10 mM potassium phosphate and the
pH was adjusted to the desired level at room temperature (22 °C).

A quartz cell with a 0.1 cm path length was used, and spectra
were recorded with a 1.0 nm bandwidth and resolution of 0.1 nm
over the wavelength range 180-250 nm. A mean was taken from
four scans for both sample and solvent to improve the signal/noise
ratio, and all spectra were obtained by subtracting buffer spectra.

The CD data gave a linear correlation between peptide concen-
tration (over a 30-fold range from 20 to 600 M) and ellipticity
at both 201 nm (;r-7* transition) and 222 nm (n-7* transition)
(results not shown), indicating that the PEVK peptide used in the
present study was either monomeric or, even if aggregated at
higher concentration, did not affect the conformations that contri-
buted to CD. The line width of NMR signals did not broaden when
the peptides were dissolved in 80 % TFE at mM concentrations,
indicating that no aggregation occurred in the TFE solution.

The CD spectra of PR peptides were recorded in aqueous
solutions at different pH values at 2, 22 and 60 °C. The CD spectra
remained essentially unchanged within the pH range 4.6-10.2 at 2
and 60 °C, and pH range 2.6-10.2 at 22 °C. When the temperature
was raised from 2 to 70 °C, the pH of 10 mM potassium phosphate
varied from pH 7.2 to 7.0. Since pH had little effect, changes of
the CD spectra were attributed exclusively to temperature.

Secondary-structure analysis by deconvolution of CD spectra
was performed with the CCA (Convex Constraint Analysis) pro-
gram [24,25] kindly supplied by Professor Norma Greenfield of
Robert Wood Johnson Medical School (Piscataway, NJ, U.S.A.).
This was deemed ideal for examining the CD spectra of these
small peptides with a limited number of conformational motifs
[26]. Other programs such as Selcon II and III [27-29] were more
appropriate for much larger proteins with a multitude of structural
motifs.

Two independent sets of CD spectra (180-250 nm) were decon-
voluted to determine the residual ellipticity and a minimal set of
component motifs. The first one consisted of 15 spectra (five
spectra per peptide) collected at 2, 20, 40, 60 and 80 °C in
aqueous solution. The second set included 12 spectra (four spectra
per peptide) obtained in 0, 40, 80 and 100 % TFE at 2 °C. To
determine the optimal set of components, spectra of PR1, PR2
and PR3 at various temperatures or TFE concentrations were first
subjected to two-, three-, four-, five- and six-component fits, and
evaluated based on the criterion of the appearance of two or more
curves with similar features as an indication of overestimation of
the number of components. Three components were found to be
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minimal, and were used to deconvolute PR spectra. The relative
molar proportion of the resulting three CCA components in PR
at different temperatures or TFE concentration was estimated by
the Lincomb program [25].

NMR spectroscopy

NMR spectroscopy was performed essentially as described pre-
viously [23]. Briefly, the peptides were freeze-dried before being
rehydrated in H,0/°H,O (9:1 molar ratio) or ?H,0O, containing
10 mM sodium phosphate buffer (pH 6.9) and TSP [3-
(trimethylsilyl)-propionate-2,2,3,3-d,] (0.05 mM), which serves
as an internal chemical shift reference at O p.p.m. Final concen-
trations of 4-5 mM peptide solutions were attained. For measure-
ments in TFE, deuterated TFE was added to a concentration of
80 % in 10 mM sodium phosphate. The samples were centrifuged
at 16000 g for 30 min to remove any aggregates. All '"H NMR
spectra at 5, 15, 25, 35 and 80 °C were obtained at 600 MHz
using a Varian UnityPlus-600 spectrometer. The NMR data were
transferred to SGI (Silicon Graphics, Inc., Mountain View, CA,
U.S.A.) computer workstations and processed using the FELIX
program (FELIX 97.0; Biosym, Inc., San Diego, CA, U.S.A.).
Two-dimensional TOCSY [30] and H-H ROESY (rotating frame
NOESY) [31] were used to study the conformation change of
PEVK peptides.

RESULTS AND DISCUSSION

The present study was initiated as a systematic study to pursue the
factors that may cause conformational transitions of PPII-coil
motifs in the PEVK modules of the elastic segments of titin. We
report significant effects of temperature, ionic strength, urea and
TFE on the conformation of PEVK peptides/TP1 as monitored by
CD and NMR.

Evidence of three conformational states: PPII, g-turn and
unordered coil

As a reference for PPII conformation, the CD spectra of poly-
proline, which adopts an extended PPII helix structure in aqueous
solutions, were first measured. It exhibited a weak positive band
at 229 nm (n-7*) and a strong negative band at 206 nm (-7*)
[23]. Upon heating, both bands decreased in magnitude with an
isodichroic point at 215 nm [11].

Temperature change significantly altered the CD spectra of
PR1, PR2, PR3 and PR (Figures 1C, 1E, 1G and 11I). As a general
trend, less intense negative and positive bands and a red shifting
of the negative band were observed with increasing temperatures
(between the range of 2 to 80 °C). The presence of isodichroic
points for PR1, PR2, PR3 and PR around 211 nm indicated
equilibrium between two states [23]. For quantitative analysis,
CCA was selected as the most suitable program for this set of
small peptides because each set of CD spectra (i.e. temperature,
pH) could be resolved into a minimal number of components
necessary to reconstruct all the observed CD spectra.

Three components were sufficient to reconstruct the spectra
within the experimental error (Figure 1A). Component I had a
strong negative maximum at 199 nm and a weak positive band near
224 nm, which was assigned to the PPII conformation [23,32,33].
Component II had a less intense negative band at 201 nm and a
negative shoulder at 220 nm, which has been previously shown to
be a prominent feature of the CD of an unordered conformation
[34]. Component III exhibited a broad weak negative band at
213 nm and a weak positive band around 189 nm, reminiscent of
the spectra of type I B-turn conformation with two negative bands
at 208 and 215 nm, and one positive band near 188 nm [34,35].
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Figure 1 Three conformational states of PEVK peptides at varying
temperatures and TFE concentrations

Left-hand panels: thermal titration (2—80 °C) of PEVK peptides by CD. (A) Three conformational
components |, Iland lll resulting from CCA deconvolution of all CD spectrain 10 mM potassium
phosphate, pH 7.0. (C) PR1, 0.35 mg/ml. (E) PR2, 0.4 mg/ml. (G) PR3, 0.46 mg/ml. (I) PR,
0.15 mg/ml. Insets show the changes in the relative content (mole fractions) of conformational
states of each peptide at 2, 20, 40, 60 and 80 °C. (@, M, A for component |, Il and Il
respectively). Small arrows indicate the isodichroic points. Right-hand panels, TFE titration of
PEVK peptides by CD. (B) Three conformational states resulting from CCA deconvolution
of all spectra in 0%, 40 % and 80 % (v/v) TFE, 10 mM potassium phosphate, pH 7.0. (D) PR1,
0.26 mg/ml. (F) PR2, 0.26 mg/ml. (H) PR3, 0.31 mg/ml. (J) PR, 0.15 mg/ml. Insets reveal the
changes in the relative contents (mole fractions) of conformational states of each peptide in TFE
(@, l, A for component |, Il and IIl respectively).

Based on these observations, component III was assigned as a
B-turn, with a small molar ellipticity.

The relative contents of the three components at different tem-
peratures indicated that the PPII conformation decreases with
higher temperatures for all peptides. PR contained 52 % PPII at
2 °C and only 6 % PPII at 80 °C (Figure 11, inset). Turn confor-
mation (component III) remained nearly constant (Figure 11, inset)
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and unordered structure was increased from 16 % at 2 °C to 55 %
at 80 °C, indicating an interconversion of two states. A similar
trend was also observed for the 16-module PEVK protein, TP1
[11].

Overall, PR2 contained more PPII than the other three peptides
at a given temperature with a decreasing order of PR2 > PR >
PR1 > PR3. The content of PPII within all peptides decreased
gradually with increased temperature (2—-80 °C) (Figures 1C, 1E,
1G and 11, insets). It should be noted that the CCA program is
useful mostly in indicating the trend of the conformational change
rather than the absolute value of the conformation.

TFE induces B-turn

Since the thermal titration data suggested the presence of a B-
turn structure in PEVK peptides, the influence of TFE, which
tended to promote secondary conformation transition [36], was
then investigated. The CD spectra for PR1, PR2, PR3 and PR
in different concentrations of TFE did not display isodichroic
points, indicating the coexistence of multiple conformations
(Figures 1D, 1F, 1H and 1J). The strong negative peak at 200 nm
shifted slightly to 201 nm and the negative ellipticity around
222 nm increased with higher concentrations of TFE. A difference
spectrum between 0 and 80 % TFE at room temperature (results
not shown) appeared to correspond to a type I 8-turn spectrum, as
classified by Woody [34], with a minimum at approx. 225 nm and
a maximum at approx. 190 nm. As temperature increased, less
B-turn structure was present, as monitored by difference spectra
at 189 and 224 nm (results not shown).

Analysis of these spectra with CCA (Figure 1B) yielded the
same three components from the temperature series (Figure 1A).
Turn structure increased with higher concentrations of TFE,
whereas PPII and coil both decreased (Figures 1D, 1F, 1H and 1J,
insets).

The subclass and locations of S-turns were elucidated by
NMR. The most notable changes in the ROESY spectra in 80 %
TFE were the connectivity of oH-NH(, i+ 2) and NH-NH(,
i+ 1) (Figures 2A and 2B) that were absent in aqueous solution
[23]. Specifically, NOEs (nuclear Overhauser effects) between
the amide proton of Lys’-Glu®, Glu®-Val’, Val’-Val®, Glu'®-Lys"
and Lys''-Lys' revealed newly formed B-turns in the region
of K’EVVPEKK" (Figure 2B), which were unordered coils in
aqueous solution [23]. A closer examination of NOEs and */,x
coupling constants suggested the presence of type I B-turns at
K°PEVV?® and V®PEK''. The NOE connectivity between the §H
of Pro® and the NH of Glu' ruled out type IT B-turns because
the dy distance for this type was about 5.6 A (1 A=0.1 nm) and
was therefore unobservable by NMR. Furthermore, the large *J,
coupling constants for Val’ (8.6 Hz) and Glu'® (7.8 Hz) ruled out
type III B-turns, whose calculated *J,\ value was 4.2 Hz (Fig-
ure 2C). At first glance, the medium-to-weak NOEs between the
aH of Glu® and the NH of Val® and between the «H of Glu'® and
the NH of Lys'? (Figure 2A) suggested the possible presence of
type I B-turns at two locations: K’EVV?® and PPEKK". For the first
turn, the absence of a small *J,y coupling constant (4-5 Hz) for
GIu®, as expected for a perfect or stable type I B-turn, suggested
this B-turn is in rapid equilibrium with unordered coils or other
structures. For the second turn, the VEPEK !, rather than PPEKK'?,
is a more likely location, since proline is favoured at the (i+ 1)
position of B-turns owing to its ¢ of —60°. This interpretation
is also consistent with the large *J,y coupling constant for Glu'.
Interestingly, the presence of a NOE crosspeak between the NH
of Val® and the §H of Pro’ (Figure 2A) indicated that Val® is at the
junction of two B-turns.

© 2003 Biochemical Society

To visualize the appearance of turn structure in PEVK peptide,
we built molecular models for K’EVVPEK!! using ¢ and ¢ ap-
propriate for an ideal type I turn (K°EVV® and V®PEK'). The
inter-atom distance within the model was consistent with the ex-
perimental NOE data (Figure 2C). For example, the amide proton
distances between Glu® and Val’, Val’ and Val®, Glu'® and Lys"
were 3.32, 2.30 and 2.34 A respectively. It is worth noting that
these two type I B-turns overlap at Val® to give an S-shaped
structure (Figure 2D).

The decrease of PPII content and the formation of more compact
structure in TFE were also evident in the NMR data. First, the
appearance of NH-NH(i, i + 1) NOEs, which are characteristically
absent in PPII, indicated the conversion of PPII into other more
compact structures. Secondly, the decrease of the intensity ratios
of H-NH(, i+ 1) and NH-NH(, i+ 1), as well as «H-NH(,
i+ 1)/aH-NH(i, 1) also revealed such a conversion. For example,
the «H-NH(, i+ 1)/aH-NH(, i) ratio for Val® fell from 11.3
[23] to 7.6 in 80 % TFE (Figure 2C), indicating the conversion
of extended PPII into a more compact B-turn or unordered coil in
the region A”PVAPP'® in 80 % TFE.

Elsewhere in the PR peptide, the presence of amide NOE
crosspeaks for Val'’-Ala'®, Lys”-Lys®*, Glu**-Val*® and Val*-
Lys” (Figure 2B) suggested that B-turns might exist in these
regions. However, the absence of « H-NH(i, i 4+ 2) NOEs and very
weak NOEs between the §H of Pro'*, Pro® and the NH of Val'"® and
Val? respectively (Figure 2A) indicated a deviation from perfect
or stable turns. Again, other unordered structures may coexist in
this region.

It should be noted that NMR data reflect a population-weighted
mean of the contributing conformations along the peptide, without
indicating the relative content of each conformation. In contrast,
CD provides overall relative content of multiple conformations,
without specifying the number and locations of each states.

The conversion of PPII helix into B-turn in low-polarity solvents
may be facilitated by the abundance of proline residues that are
found frequently in turn structures [37]. Studies on tritrypticin
[38] and the C-terminal domain of the RNA polymerase II
[39] revealed the coexistence of PPIl and B-turn in solution.
Interestingly, multiple S-turns are capable of forming A-turn
helices [40], raising the possibility of such novel helices in PEVK
segments, especially in a less polar environment.

lonic strength affects salt bridges

To explore the influence of ionic strength on the conformation
of the PEVK peptide (PR), CD spectra were recorded with the
addition of 50, 100, 150 and 200 mM KCI (Figure 3A). Altering
the concentration of KCI had no effect on the spectra, indicating no
change in peptide conformation. Interestingly, NMR data showed
that, although the majority of peaks remained unchanged, the
Lys'? crosspeak is shifted and weakened significantly in 100 mM
KCI (Figures 3B and 3C). Such specific ionic-strength sensitivity
indicates that Lys'?, which localizes to the flexible region of the
PR peptide, is involved in a salt bridge with anionic side chains.
It is therefore probable that ionic strength alters the side-chain
conformation of PEVK peptides.

Urea increases PPIl content

It was interesting to note that urea treatment (>6M) of
polyproline caused a continued increase in intensity of both
positive (approx. 229 nm) and negative (approx. 206 nm) bands
(Figure 4A). The presence of an isodichroic point at 218 nm
suggested an equilibrium of unordered and PPII conformations.
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Figure 2 Two-dimensional NMR of PR

PR (13 mg/ml, in 80 % TFE and 10 mM sodium phosphate, pH 6.9) at 25 °C. (A) Expanded «H-NH region of NOESY. Crosspeaks corresponding to B-turn structures are labelled in bold.
(B) Expanded amide region of NOESY. The assignments are indicated by the sequential number of the corresponding amino acid of PR. (C) NMR parameters, including sequential NOEs for PR and the
3 coupling constants at 25 °C. The relative intensities of NOEs are reflected by the thickness of the lines. When an unambiguous assignment was not possible due to spectral overlap, the NOES were
drawn with dots. The intensity ratios of aN(i, i 4 1)/eN(i, i) and aN(i, i 4+ 1)/NN(i, i 4 1) are also shown for non-overlapping residues. (D) Molecular model for K°EVVPEK™ using ¢ = — 60°,
Yit1 =—30°, ¢iso = —90° and i+, = 0°, appropriate for an ideal type | B-turn. The whole molecule was energy minimized and labelled with corresponding amino acid residues and their

sequential number.

The CD spectra of PR, PR1, PR2 and PR3 peptides in urea
at concentrations > 6 M showed the same trend as polyproline
in urea (Figure 4B), i.e. more positive above 212 nm and more
negative below this wavelength, indicating the presence of PPII
conformation. Greater changes were observed with PR2 and PR
than PR1 and PR3, indicating higher contents of PPII in the first
two peptides. Thus PPII content is enhanced by high concentration
of urea, contrary to the urea-induced unfolding of globular protein
conformations.

Trans- and cis-isomers of proline

The CD analysis described above indicated that PPII content
decreased with elevation of temperature. Whether it resulted from
isomerization of proline residues remained unclear. The presence
of stable conformers of PEVK modules was first demonstrated

by the resolution of two peaks of highly purified PR peptide
at 4 °C by reverse-phase chromatography (A. Sinz, K. Ma and
K.Wang, unpublished work). This observation suggested the
presence of cis- and trans-proline isomers as the basis of such
stable conformers. Careful examination of NMR TOCSY and
NOESY (ROESY) spectra of PEVK peptides in aqueous solution
indicated the presence of one or more minor crosspeaks in
addition to the major crosspeaks [23], revealing the presence of
minor conformers of PEVK peptides. Further NMR analysis was
therefore carried out to elucidate these conformers.

The sequential assignments of PR2 and PR3 were established
according to their short- and medium-range NOEs using ROESY
spectra. For PR3 (9-mer), nine residues were identified with non-
degenerate proton resonances that existed alternately in a major
(strong resonance) and a minor (weak resonance) conformation.
These included N-terminal residue Lys?, Glu?, three valine

© 2003 Biochemical Society



692 K. Ma and K. Wang

(=]

(0)x10* (degem?dmol)
N 5

220 240
Wavelength (nm)

4.2 4.0

4.4

4.6

D2 (ppm)

4.0

4.2

44

4.6

Figure 3 lonic-strength titration of PR by CD and NMR

(A) CD spectra of PR (0.06 mg/ml) in 10 mM potassium phosphate, pH 7, with 0, 50, 150 or
200 mM KCI. (B) and (G) Expanded TOCSY aN-NN regions of PR (13 mg/ml) with 0 mM KCI
(B) or 100 mM KCI (C). Changes at Lys™ are labelled with circles.

residues and Lys?’, some of which showed sequential NOEs to
each other in the minor conformation. Three proline residues
(Pro*', Pro** and Pro®) were found to exhibit non-degenerate
intra-residue crosspeaks. A large oH chemical shift difference
(>0.2p.p.m.) was observed for the proton resonance of one
(Pro**) of these three proline residues between major and minor
conformation. Similarly, for PR2 (12-mer), in addition to the
expected 12 residues of the major conformation, seven residues
of weaker intensity resonance were also observed. They were
assigned to Glu'®, Ala", Ala'¢, Val”, and Pro', Pro'” and Pro'®).
Of these three proline residues, Pro™ and Pro' were found
to exhibit a large H chemical shift difference (>0.2p.p.m.)
between major and minor conformations.

The most probable cause of the minor conformation is the
isomerization around one or more of the peptide bonds preceding

© 2003 Biochemical Society
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Figure 4 Polyproline and PR in urea

(A) and (B) CD spectra of polyproline (2.0 mg/ml) and PR (1.1 mg/ml) in 10 mM potassium
phosphate, pH 7.0, at 0, 2, 4and 6 M urea. Arrows indicate the isodichroic points. The enlarged
regions (200212 nm) are shown in each inset. Absorption of high concentrations of urea
obscured spectra below 200 nm.

the proline residues. Proline cis- and trams-isomers can be
differentiated based on interproton distances between the «H of
the preceding residues and the proline «H and §H protons. A
short distance (NOE signal) between the oH of the preceding
residue and the §H of the proline is diagnostic for the trans-
configuration, whereas a short distance (NOE signal) between
the oH of the preceding residues and the oH of the proline is
diagnostic for the cis-configuration. In the *H,O ROESY spectra,
the major observation of the «é(i, i+ 1) NOE crosspeaks for
both PR2 and PR3 indicated that all proline residues adopted
mainly a trans-disposition, consistent with the PPII conformation.
However, the crosspeaks between the following pairs were
observed: oH of Ala" and oH of Pro*, «H of Ala'® and oH
of Pro'”, and oH of Pro'” and §H of Pro'® (for PR2; Figure 5A),
oH of Val® and oH of Pro*, and «H of Pro* and §H of Pro®
(for PR3; Figure 5B). These data strongly suggested that Pro™,
Pro" in PR2 and Pro* in PR3 also adopted a cis-conformation
in the minor conformers, whereas Pro'® in PR2 and Pro® in PR3
were trans in both major and minor conformations. This provides
strong experimental evidence that the minor isomers arise from
cis-proline bond at the Ala"*-Pro', Ala'®-Pro"” (for PR2) and
Val®-Pro* (for PR3).

In order to determine the relative amounts of the two isomers,
the peaks in ?H,O TOCSY spectra (Figures 5C-5F) were volume-
integrated. The relative peak-intensity ratio of minor and major
conformations increased slightly with an elevation in temperature
from 5 to 35 °C. The peak-intensity ratio only increased by 4 %
for PR2 and 2 % for PR3 within the above-mentioned temperature
range, which was much smaller than the extent of decrease
of PPII estimated by CD (38 % for PR2 and 17% for PR3;
Figures 1E and 1G). No large exchange existed between the
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Figure 5 Two-dimensional NMR of PR2 and PR3 at 5, 25, 35 and 80 °C

PR2 (9.5 mg/ml) and PR3 (8.3 mg/ml) in 10 mM potassium phosphate, pH 7.0. (A) and
(B) Expanded aN-aN region of ROESY region for PR2 (A) and PR3 (B) at 25 °C. (C)-
(F) Expanded aN-aN region of TOCSY region for PR2 [(C) and (E)] or PR3 [(D) and (F)] at
5°C [(C) and (D)] or 35 °C [(E) and (F)]. (G) and (H) Expanded o:N-N region of ROESY
region for PR2 (G) or PR3 (H) at 80 °C. All assignments correspond to the sequential number
of the amino acid of PR.

cis- and trans-isomers in PR2 and PR3 within the temperature
range 5-35 °C (Figures 5C-5F), suggesting again that the large
CD ellipticity change in this temperature range was not due to
trans-to-cis isomerization. The major trans-conformation still
remained up to 35 °C. The observation that helix-coil transition
occurs between 5 and 35 °C without proline isomerization was not
unexpected, given the fact that proline trans-to-cis isomerization
is a slow reaction with a free energy of approx. 85 kJ/mol [41].
Indeed, proline isomerization of the Xaa-Pro peptide bond is often
catalysed enzymically by peptidyl-prolyl cis—trans-isomerases
(PPIases) such as cyclophilins, FKBPs (FK506-binding proteins)
and parvulins [42].

As the temperature reached 80 °C, most crosspeaks disappeared
owing to fast movement of the molecule, except the correlation
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Figure 6 Conformational states of a 16-module PEVK protein

CD spectra of TP1 (5 «M) were recorded at different temperatures and TFE concentrations.
(A) and (B) CD spectra at 2 °C (A) and 23 °C (B) at 0%, 40 % and 80 % TFE in 10 mM
potassium phosphate, pH 7.0. Inset, difference CD spectra. (C) and (D) Changes in the relative
contents (mole fraction) of conformational states of TP1 in TFE, at 2 °C (C) (@, M, A for
component |, Il and Il respectively) and 23 °C (D) (O, OJ, A for component I, Il and Il
respectively), under the same conditions as those for (A) and (B).

within the side chain of glutamic and lysine residues and
crosspeaks between oH of alanine residues and its SH. It was
noted that the presence of the exchange peaks in ROESY for PR2
and PR3 suggest the occurrence of trans-to-cis interconversion
at high temperature (Figures 5G and 5H). The low amount of
cis-proline residues and the absence of trans-to-cis isomerization
precluded the absence of right-handed PPI helix within the PEVK
peptide in aqueous solution near physiological temperature. Pro-
line isomerization, however does occur at much higher tempera-
tures. The presence of more cis-proline conformers at higher
temperature has been observed previously [43].

Conformational interconversion of TP1, a 16-module PEVK protein

To evaluate further whether or not these conformational inter-
conversions are also manifested in PEVK proteins containing
multiple modules, we carried out CD measurements on TP1, a
51 kDa expressed protein containing 16 PEVK modules from the
human foetal titin PEVK sequence. Changing the ionic strength
with the addition of 35, 70, 140, 280 and 560 mM KCI (results
not shown) had no effect on the CD spectra of the TP1 protein,
indicating that the mean peptide conformation of the PEVK
protein was not affected by ionic interactions.

The CD spectra for TP1 protein in increasing amounts of TFE at
two different temperatures (2 and 23 °C) indicated major confor-
mational changes (Figures 6A and 6B). The negative band at
199 nm in aqueous solution decreased in intensity and blue-
shifted to 203 nm in 40 % TFE and further to 204 nm in 80 %
TFE. The shoulder at 224 nm became more negative with incre-
asing TFE. These changes are consistent with the formation of
a-helix and/or B-turn in TFE solution. The CD difference spectra
(Figures 6A and 6B, insets) revealed the presence of a type I B-
turn rather than «-helix, which has a positive peak at 192 nm and
negative bands around 224 nm [34].

The same three components were found to be minimal for the
deconvolution of the CD spectra of TP1 in TFE at 2 and 23 °C
(Figures 6C and 6D). Estimation of the changes in relative content
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of a representative PEVK module (human titin exon 172)

Three PPII-coil motifs, roughly one every ten residues, are present in aqueous solution at
room temperature [23]. The majority of the proline residues are in the trans (t) configuration,
as required for PPII helices. However ¢is (c) proline residues are detected in small amounts
at Ala"-Pro™, Pro'-Pro™ and Pro%-Pro?, revealing the coexistence of a minor conformer
without PPII at these positions. The interconversion of three conformational states, PPII helix
(PPII), B-turn (BT) and unordered coil (U), accounts for all changes detected by CD and NMR.
When the temperature is raised, PPII converts into unordered coils, with the helix in PR2 being
more resistant. This transition occurs without trans-to-cis proline isomerization from 5-35 °C.
Some proline isomerization does occur at higher temperatures. The module is nearly completely
unordered coil above 80 °C. The addition of TFE converts some of the PPIl into the unordered
coils, and most of the ordered coils into B-turns, where charged groups are concentrated.
Again, no trans-to-cis isomerization takes place with the addition of TFE. The presence of the
chaotrophic agent urea (6 M) induces more PPII. Interestingly, raising the ionic strength does
not alter backbone conformations, but does abolish some salt bridges between side chains.
Previously, we have demonstrated that Cu’* converts PPII/coil into a B-turn-like structure at
specific sites within the first ten residues [44].

(mole fraction) of each component in the TP1 indicated that
20 % TFE caused the conversion from PPII into coil and B-turn.
Higher TFE concentrations (> 80 %) resulted in a transition from
PPII and coil into a type I B-turn at both 2 and 23 °C (Figures 6C
and 6D). The addition of 35, 70, 140, 280 and 560 mM KCl to TP1
in 60 % TFE/buffer solution caused no further spectral changes
other than those caused by 60 % TFE (results not shown).

Malleable conformation and fine-tuning of protein interaction
and molecular elasticity

In summary, PEVK conformation is malleable and environment-
ally sensitive. As shown in Figure 7, the 28-mer PEVK module
consists of three PPII-coil motifs, roughly one every ten residues
in aqueous solution at room temperature [23]. The majority of
the proline residues are in the trans-configuration, as required for
PPII helices. However a small amount of cis-proline residues is
detected at Ala*-Pro'*, Pro'’-Pro'® and Pro**-Pro®, revealing the
coexistence of a minor conformer without PPII at these positions.
The interconversion of three conformational states, PPII helix,
B-turn and unordered coil, accounts for all changes detected by
CD and NMR. When the temperature is raised, PPII converts
into unordered coils, with the helix in PR2 being more resistant.
This transition occurs without frans-to-cis proline isomerization
from 5 to 35 °C. Some proline isomerization does occur at higher
temperatures. The module is nearly completely unordered coil
above 80 °C. The addition of TFE converts some of the PPII into
unordered structures and most of the unordered structures
into type I B-turns, where charged groups are concentrated. Again,
no trans-to-cis isomerization takes place with the addition of TFE.
The presence of the chaotropic agent, urea (6 M), induces more
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PPII. Interestingly, raising ionic strength does not alter backbone
conformations, but does abolish some salt bridges between side
chains. We have previously demonstrated that Cu** converts
PPII/unordered coils into a B-turn structure at specific sites within
the first ten residues [44].

The significance of these observations made on one rep-
resentative module becomes obvious when one considers the wide
distribution of the sequence motifs that give rise to the three major
conformations in titin PEVK sequences. In human titin PEVK
exons, there are 142 PPII motifs (PXPP, XPXXPP, PXXP) and 54
type I B-turn motifs (KEVV and VPEK), indicating that PPIL, turn
and coil are likely to be major conformations in various PEVK
segments of titin isoforms that were constructed from selected
PEVK exons.

The extended and open nature of PPII helices and the factors
that influence its dynamic flexibility and accessibility may have
important functional roles in the PEVK segment of titin, which is
involved in sarcomere assembly and muscle elasticity. PPII helix
is a versatile conformation that acts as an intermediate in many
conformation transitions, such as «-helix — S-sheet [45,46]. This
malleability of PPII is unique and allows it to be involved in
many protein interactions in unfolded, open and flexible structures
[47,48]. More importantly, the responsiveness of PPII to subtle
changes in the environment allows protein interactions to be finely
tuned by incremental conformational changes, both rapidly and
reversibly. For example, the gradual decrease of PPII content
in PEVK as the temperature increases is in great contrast with
the sharp co-operative ‘melting’ of globular folded proteins. Our
recent study of the interaction of the nebulin SH3 domain with
PR and PR2 indicated that the affinity constants are 2-3 times
higher at 2 °C than at 22 °C [13]. Such a change may reflect, at
least in part, the stabilization of PPII helices at the binding sites
(KKAPVAPPK) in PEVK peptides at lower temperatures (Fig-
ure 7). The transition from PPII to other conformations in a hydro-
phobic environment would also be expected to fine-tune or
modulate protein interactions. Thus the absence of long-range
co-operativity of the PEVK conformations may be an essential
attribute of a molecular mechanism that fine-tunes protein
interaction. The slow and energetically unfavourable trans-to-cis
isomerization of proline residues may participate in titin regu-
lation at a very different level, perhaps by the participation of
either proline isomerases or metal ions that catalyse the iso-
merization of proline residues [42,44,49].

The effect of ionic strength on the salt-bridge formation among
the charged side chains and the resistance of backbone confor-
mation of PEVK modules have significant implications for the
understanding of the structural basis of titin PEVK elasticity.
As reported elsewhere [50], our recent atomic-force-microscopy
studies of the elasticity of TP1 at a single-molecule level indicate
that the ion-pairing scheme among the side chains of glutamic and
lysine residues, rather than the backbone conformation, plays a
dominating role in titin PEVK elasticity. Since the charged groups
are concentrated in the coil regions between PPII helices (Fig-
ure 7), the ion-pairing effect is greatly amplified by both the high
density of side chains as well as the flexibility of the backbone
[50].

We thank Mr Gustavo Gutierrez-Cruz for kindly providing TP1 protein and Dr Jeffrey G.
Forbes and Dr Patrick C. Nahirney for critically reading this manuscript. We also thank
the Cleveland Center for Structural Biology for the use of their NMR spectrometer.
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