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Local Structural Preferences of Calpastatin, the Intrinsically Unstructured Protein
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ABSTRACT: Calpain, the calcium-activated intracellular cysteine protease, is under the tight control of its
intrinsically unstructured inhibitor, calpastatin. Understanding how potent inhibition by calpastatin can
be reconciled with its unstructured nature provides deeper insight into calpain function and a more general
understanding of how proteins devoid of a well-defined structure carry out their function. To this end, we
performed a full NMR assignment of hCSD1 to characterize it in its solution state. Secondary chemical
shift values and NMR relaxation data, R, R», and hetero-NOE, as well as spectral density function analysis
have shown that conserved regions of calpastatin, subdomains A and C, which are responsible for calcium-
dependent anchoring of the inhibitor to the enzyme, preferentially sample partially helical backbone
conformations of a reduced flexibility. Moreover, the linker regions between subdomains are more flexible
with no structural preference. The primary determinant of calpain inhibition, subdomain B, also has a
non-fully random conformational preference, resembling a 5-turn structure also ascertained by prior studies
of a 27-residue peptide encompassing the inhibitory region. This local structural preference is also confirmed
by a deviation in chemical shift values between full-length calpastatin domain 1 and a truncated construct
cut in the middle of subdomain B. At the C-terminal end of the molecule, a nascent helical region was
found, which in contrast to the overall structural properties of the molecule may indicate a previously
unknown functional region. Overall, these observations provide further evidence that supports previous
suggestions that intrinsically unstructured proteins use preformed structural elements in efficient partner

recognition.

Calpain, a Ca’>"-activated cysteine protease, is common
in eukaryotic cells and participates in basic cellular functions
such as regulation of cell division, differentiation, and cell
motility (/). In accordance, calpain activity is tightly
controlled by the level of free Ca?>" and its endogenous
protein inhibitor, calpastatin (2). Vertebrates contain multiple
isoforms of this enzyme; some, like ¢- and m-calpain, are
ubiquitously expressed, while others, such as p94 and p82,
are more tissue specific. Calpastatin is also ubiquitously
expressed, usually at levels exceeding that of the enzyme(s)
(3). Calpastatin is composed of four equivalent inhibitory

" This research was supported by grants from the Hungarian
Scientific Research Fund (OTKA K60694, K72973, NI-68466, and
TS049812). P.T. acknowledges the support of Wellcome Trust Inter-
national Senior Research Fellowship ISRF 067595.

* The chemical shifts and relaxation parameters have been deposited
in the Biological Magnetic Resonance Data Bank (BMRB) as entry
15766.

¥ We dedicate this work to Hedvig Medzihradszky-Schweigeron on
the occasion of his 80th birthday.

*To whom correspondence should be addressed: Institute of
Chemistry, E6tvos Lorand University, H-1538 Budapest, P.O. Box 32,
Hungary. Telephone: 36-1-209-0555, ext. 1653. Fax: 36-1-3722-620.
E-mail: perczel@chem.elte.hu.

"Laboratory of Structural Chemistry and Biology, Institute of
Chemistry, Eotvos Lorand University.

* Hungarian Academy of Sciences.

@ Protein Modeling Group MTA-ELTE, Institute of Chemistry,
Eotvos Lorand University.

10.1021/bi800201a CCC: $40.75

L I I L1 v
[ ABC |AB |A B C |ABC |
| | , N (NN [
1 A37 278... 427 564 708
/ A B C
hCSD1
1 12-30 50-70 87-105 141

FIGURE 1: Domain structure of human calpastatin. Each of the four
inhibitory domains (I, II, III, and IV) contains three conserved
subdomains, A, B, and C, primarily responsible for inhibition of
calpain. The numbering of full-length calpastatin is given from
position 1 of the N-terminus of the L domain, which does not inhibit
calpain but has some other function. The inset shows domain I
(hCSD1), characterized in this work, enlarged and numbered in a
manner independent from the rest of the molecule. This numbering
is used throughout the rest of this paper.

domains, each of which is capable of inhibiting a separate
calpain molecule (4) (Figure 1). Within each domain, three
short, conserved segments or subdomains are primarily
responsible for the observed inhibitory effect. Subdomains
A (S?—G%) and C (S¥—C!%) (using the numbering of
Figure 1) bind the enzyme in a Ca?>*-dependent manner and
potentiate inhibition (5-7), whereas subdomain B (M*—R"0)
binds in the active site region of the enzyme and carries
inhibitory potential in itself (7, 8). The physical separation
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of these different motifs most likely ensures very fast and
extremely specific interaction with the enzyme. The ensuing
effective inhibition of calpain is particularly important for
its proper function, as witnessed under a variety of patho-
logical conditions that result from the loss of control of the
calpain—calpastatin system (9, /0). Uncovering the mech-
anism of binding and inhibition of calpain by calpastatin,
however, is important not only for understanding calpain
function and malfunction but also for meeting the challenge
of structurally characterizing the newly recognized class of
intrinsically unstructured proteins (IUPs).! TUPs lack a well-
defined three-dimensional (3D) structure under native condi-
tions but still carry out diverse and specific functions often
intimately linked with structural disorder (//-13). These
proteins prevail in various proteomes, and their frequency
increases with an increase in the complexity of the
organism (/4, 15). Flexibility and structural adaptability of
their polypeptide chain provide specific functional advantages
such as increased speed of interaction, specificity without
excessive binding strength, the capacity of binding multiple
binding partners, and harboring distinct activities within the
same region of the protein (//—13). In general, recognition
of the existence and efficient functioning of IUPs demands
the structure—function paradigm of proteins to be extended
and partially re-assessed (16, 17).

Calpastatin belongs to this class of proteins. It lacks
appreciable tertiary structure or even well-defined secondary
structure elements in isolation (/6, 19, 20), and its binding
to calpain, accompanied by a large-scale induced folding, is
extremely fast. Our working hypothesis, which might resolve
the potentially contradicting demands of high speed and
extensive structural reorganization, is that calpastatin is not
fully disordered prior to binding but possesses transient
structural elements critical in partner recognition and sub-
sequent local folding. In keeping with previous suggestions
that IUPs exploit limited structural organization, in the form
of preformed structural elements (20), primary contact sites
(16), or molecular recognition elements (/5), for effective
partner recognition we assumed calpastatin binding also relies
on these structural—functional devices. As subdomains A
and C adopt helical structures when bound to calpain (27)
(Figure 2) and also display significant helical tendencies
when studied in forms of isolated peptides (22), we hypoth-
esized that in the full-length inhibitor they do retain certain
features typical of the bound state. Two-dimensional 'H
NMR experiments on a 27-residue peptide encompassing
subdomain B (23) suggested that this region adopts multiple
conformations except for the T**—R"° segment which strictly
forms a type I 3-turn. Furthermore, Ala-scanning mutagenesis
studies revealed that L°8—G>° and T®—P% conformations
(L''=G'? and T'7—P'9, respectively, in the original number-
ing) are essential for preserving the proper inhibitory function
of this peptide (24).

To trace residual structural features of full-length human
calpastatin domain 1 (hCSD1), suitable triple-resonance
NMR experiments on "N and on doubly "*N- and '3C-labeled

! Abbreviations: SCS, secondary chemical shift; hCSD1, domain T
of human calpastatin; hCSD1(67—141), C-terminal 67-residue part of
human calpastatin domain I; IUP, intrinsically unstructured protein;
DIA, calpastatin domain I A subdomain; DIC, calpastatin domain I C
subdomain; sdf, spectral density function; RC, random coil.
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FIGURE 2: Three-dimensional structure of calpastatin subdomain C
bound to calpain domain VI. X-ray structure of the calmodulin-
like domain VI of the porcine m-calpain small subunit, binding a
19-residue peptide corresponding to the C subdomain of human
calpastatin domain I (PDB entry 1nx0).

proteins were completed. It is to be stressed here that full
assignment and analysis of an IUP are rather demanding due
to rapid fluctuations over a structural ensemble of the protein.
Such a detailed analysis of an IUP has only been carried
out in a few cases, such as CREB (25), p27 KID (26), FnBP
(27), a-synuclein (28), p53 TAD (29), FlgM (30), and tau
repeat domain (3/). By analyzing NMR relaxation and
chemical shift data, we show here that both subdomains A
and C dominantly sample helical states in the conformational
ensemble. The region separating these two subdomains
behaves as a flexible linker with some residual structural
features within subdomain B. This information about struc-
ture could also be ascertained by comparing secondary
chemical shift values of full-length human calpastatin domain
I (hCSD1) and its C-terminal half, hCSD1(67—141). These
analyses have also revealed significant structural preferences
within the region on the C-terminal side of subdomain C
(E'8—T11), Correlation of these observations with biochemi-
cal data suggests that this region may also have an important
role in calpastatin function. The possibility of considering
this region as a separate functional region of the molecule
is discussed.

MATERIALS AND METHODS

Sample Preparation. "N-labeled and '’N- and '*C-labeled
full-length hCSD1 [corresponding to A'¥—K?”7 of human
calpastatin, SwissProt entry P20810 (cf. also Figure 1)] were
produced by using the pEThCSD1 vector (courtesy of M.
Maki, Nagoya University, Nagoya, Japan) and Escherichia
coli BL21 strain. Transformed cells were grown on a minimal
medium (5 g of glucose, 6 g of Na,HPOy, 3 g of KH,POy,
1 g of NH4CI, 0.5 g of NaCl, 0.12 g of MgSQy, and 0.01 g
of CaCl, per liter of medium) at 37 °C to an ODgyy of
~0.4—0.5, induced with 0.5 mM isopropyl [-D-thiogalac-
topyranoside and grown overnight at 30 °C to allow protein
expression. The C-terminal half of calpastatin (the position
in domain 1, PS’—K'#; the position in whole calpastatin,
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P204—K?77) was constructed with regular cloning techniques,
using PCR, and was ligated into a pET22b-based vector. The
5N-labeled and "N- and '*C-labeled protein were expressed
in a similar manner. Both hCSD1 and N-terminally truncated
hCSD1 were initially purified as previously described (/6)
and then were further purified on a C-18 column using a
HPLC system. The final purity of lyophilized samples was
between 96 and 98%.

The purity control of hCSD1 prior to each NMR experi-
ment was achieved by mass spectrometry. ESI-MS was
performed on a Bruker (Bremen, Germany) Esquire 3000
Plus ion trap mass spectrometer, operating in continuous
sample injection at a flow rate of 4 uL/min. Samples were
dissolved in 50% acetonitrile and 50% water containing
0.01% acetic acid. Mass spectra were recorded in positive
mode in the m/z 200—1500 range. Mass spectra of hCSD1
are presented in the Supporting Information.

NMR Assignment and Relaxation Measurements. NMR
samples contained ~1 mM protein dissolved in a 90% H,O/
10% D,O mixture. All NMR data were collected on a
BRUKER DRX 500-MHz instrument and were referenced
to internal DSS at pH 6.07 in the case of hCSD1 and pH
6.17 in the case of hCSD1(67—141). Resonance assignments
of backbone carbon and nitrogen atoms were obtained from
'"H—-N HSQC, HNCA, HN(CO)CA, HNCACB, HN(CO)-
CACB, and C(CO)NH experiments (2048 complex points
in the direct 'H dimension and 128 and 64 complex points
in the ®N and '*C dimensions, respectively). Typical spectral
widths were 10 ppm in the direct dimension, 28 ppm in the
nitrogen dimension, 60 ppm in the Ca and CS dimensions,
and 32 ppm in the Co dimension. Proton assignments were
accomplished using 3D 'H—""N TOCSY-HSQC (~70 ms
spin-lock time) (1024, 64, and 220 complex points) and 3D
"H—"N NOESY-HSQC experiments (150 ms mixing time)
(1024, 64, and 220 complex points).

The pH dependence of both proteins, full-length hCSD1
and its C-terminal half, was investigated by measuring
"H—'N amide cross-peak intensities from the appropriate
HSQC spectra collected at 298 K and at pH 4.3, 5.23, and
6.17 for hCSD1(67—141) as well as pH 3.85, 5.53, 6.07,
and 7.25 for hCSDI1. The temperature dependence of the
same type of resonances was measured at 280, 300, and 320
K in aqueous solution for hCSD1(67—141). To maintain
conditions for quantitative comparison of peak heights, the
same processing protocol was used for all spectra. All data
were processed using nmrPipe (32). Spectra were apodized
with a 90°-shifted cosine-squared function and zero-filled
before Fourier transformation. Polynomial baseline correction
was applied in the direct 'H dimension only. Linear predic-
tion was applied by duplicated complex points in the N
dimensions. Resonance assignments were completed using
Sparky (33).

A total of 121 N—H resonances (out of 126) were
adequately resolved for R;, R,, and hetero-NOE type
relaxation studies of hCSD1. Chemical shifts were obtained
from triple-resonance and HSQC experiments as described
above. Secondary chemical shifts reported here are the
differences in the measured '*C or 'H chemical shifts with
respect to the random coil values for each type of amino
acid residue. For the calculation of the secondary chemical
shift, we used the random coil (RC) values determined by
Wishart and Skyes (34). These RC values were collected at
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pH 5, by using a 1 M urea solution of peptide GGXAG or
GGXPG at a low concentration. Among the different RC
data available in the literature, the experimental conditions
published in ref 35 are the closest to those used in this study.

For comparison of N and 'H resonance frequencies of
the amide groups along full-lengthhCSD1and hCSD1(67—141),
the following expression was used (35):

AAS = {[6(]H)hcsm - é(IH)hC31)1(65—141>]2 +
0'17[6(15N)hCSD1 - 6(]5N)hCSD1(65—141)]2}V2

where 0('H)ncspr and O("H)nespi7-141) are the appropriate
measured resonance frequencies (data are from HSQC type
spectra recorded at pH 6.07 and 298 K).

The 3Jyunuo scalar coupling constants were determined with
3D HNCA-E.COSYcosy (36) type experiments.

NMR N relaxation data were acquired by using a spectral
width of 10 ppm [2048 complex points in the direct and 256
complex points in the nitrogen dimension (23 ppm)]. R, and
R, data were collected for a total of 18 h each. Spectra used
for R, analysis were collected by using the following
relaxation delay times: 1.2, 51.2, 101.2, 251.2, 751.2, 1001.2,
2001.2, and 3251.2 ms. R, data were measured using the
following relaxation delays: 17.59, 35.18, 52.77, 70.36,
105.54, 158.31, 211.08, 316.62, and 386.98 ms. For the
determination of R; (spin—lattice) and R, (spin—spin)
relaxation rates, resonance heights were extracted and fitted
as a function of the relaxation delay time by using a two-
parameter exponential fitting routine of Sparky (33). The
steady-state NOE data for hCSD1, with a relaxation delay
of 5 s, were collected at 298 K and pH 6.17 using the pulse
sequence described by Palmer et al. For measuring NOE
enhancement, peak intensities were used.

Relaxation data were analyzed using the reduced spectral
density mapping approach as described by Lefevre et al. (37).
Spectral densities at given frequencies were calculated form
Ry, R,, and hetero-NOE values of the amide proton and
nitrogen atoms.

RESULTS

Resonance Assignments. Thermal fluctuations and the lack
of a unique chemical environment make the NMR resonances
of TUPs fall rather close to the average or so-called random
coil values. The ensuing low signal dispersion (Figure 3)
requires double labeling even for molecules smaller in size
(>10 kDa). Selected triple-resonance measurements were
therefore used to obtain an almost complete '*C resonance
assignment of both full-length human calpastatin domain I,
hCSDI1, and its C-terminal fragment, hCSD1(67—141). 'H
chemical shifts were obtained from "N-edited TOCSY and
NOESY spectra. For hCSD1(67—141), 58 spin system of
the 67 non-proline residues were determined. In the case of
hCSD1, as many as 139 spin systems were identified,
exceeding the total number of non-proline residues (126).
However, only 121 amino acid residues were finally assigned,
because of the lack of well-defined sequential information
encoded in the spectra identified above. The flexible nature
of the backbone leads to narrower, lines resulting in an
adequate signal-to-noise ratio. The purity of the samples was
controlled by MS measurements and gel prior to each
experiment. We found that the samples were free of



Preformed Structural Elements of Human Calpastatin

8.6 8.4 8.2 8.0

g

1104 r110

1154

@ - *N (ppm)

120

1254

i

8.6 8.4 8.2 8.0
®,-"H (ppm)
FIGURE 3: "H—"N HSQC spectrum of hCSD1 recorded at 298 K
and pH ~6.1. IUPs typically exhibit poor chemical shift dispersion
especially in the proton dimension. Nevertheless, the low half-width
of the resonances at acceptable sensitivity make possible the spectral
assignment.

degradation as well as of aggregation. Thus, we suppose that
the presence of low-intensity peaks could be the consequence
of the cis—trans isomerization in the vicinity of proline
residues, although in '*C-based experiments the intensities
of minor comformers are not good enough to accomplish a
full NMR resonance assignment. The fact that minor
conformers seem to correspond to residues neighboring
prolines supports the idea that besides the more populated
trans form cis isomers are also present.

Temperature and pH Dependence of Spectra. hCSD1-
(67—141) did not exhibit any significant chemical shift
change in the 280—320 K temperature range. For most amide
proton resonances, as recorded for "H—'"N HSQC spectra,
the temperature-induced chemical shifts are <0.01 ppm/K.
For example, even the N—H shift of Gly®!, one of the most
affected resonances, has a AO/AT value of only 2.3 ppb/K.
Moreover, HSQC spectra were recorded at pH 4.3, 5.23, and
6.17 for hCSD1(67—141) and at pH 3.85, 5.53, 6.07, and
7.25 for hCSDI1 to investigate the influence of pH on
chemical shift and peak intensities. Since the physiological
pH is 7, measurements were carried out to approach this
value. We found that an increasing pH (from 4.3 to 6.4)
resulted in insignificant peak drifting with rather similar line
shape characteristics. However, at pH >6.5, changes in both
Ho and Hy chemical shifts stopped but the extent of line
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broadening due to chemical exchange increased dramatically.
As a consequence of these observations, we have carried
out our measurements at 298 K and pH 6.1.

Secondary Chemical Shifts and >Jyncy Coupling Constants.
As described by Dyson et al. (38), *Juncq coupling constants
are only moderately informative for [UPs. In our case, most
3Junce values are between 5 and 7 Hz and do not show any
site specific pattern. As the typical helical 3Jyncq value is 4
Hz, the observed values correspond to the mainly random
character of hCSD1 (data not shown).

Selected resonance frequencies (e.g., CO, Ca, and Ho)
of proteins are highly sensitive to the local molecular
environment. Although efforts to quantitate such dependence
are in progress (39), currently the most common approach
to interpreting chemical shift data relies on empirical
structure—chemical shift correlation values.

Because of their largely disordered character, SCS values
of IUPs are expected to be close, or equal, to zero. Upon
closer inspection, however, some IUPs turn out to contain
various, and often significant, amounts of function-related
structural elements (/6) which can be effectively monitored
by SCS values (40). To characterize structural propensities
of hCSDI, a secondary chemical shift analysis was com-
pleted for 3CO, 3Ca, and 'Ha nuclei (Figure 4).

Analysis of SCSs along the sequence shows evidence for
residual helices in several regions. On the basis of Ha and
Ca SCSs, short segments with limited helical propensity can
be recognized in a time-averaged manner between residues
D8 and I, S°! and G*°, R7 and K7, and T'?! and R'*? (see
Table 1).

On the basis of Ca SCSs, it is immediately functionally
relevant that subdomains A and B, two characteristic binding
and functional sites of the inhibitor, have some helical
character. Co. secondary chemical shifts of residues in
subdomain C, G”'—T'™, also exhibit some helical propensi-
ties. As mentioned above, a significant helical preference
can also be ascertained for the T'>!'—R'33 region on the basis
of Cat and Ho data. The SCS data analysis of carbonyl
carbons, CO (35), suggests a helical tendency for the
T'2!—=R!3 region (0.21 % 0.09). Moreover, these contiguous
sequential units, incorporating 7—10 residues, are sufficiently
long to accommodate several helical turns, corresponding
to transiently populated helical backbone conformers.

The T'?!—R!'33 region has never been implicated in
calpastatin action, but its nonrandom structural behavior
suggests some role in calpain inhibition. By aligning the three
inhibitory domains of human calpastatin, this region appears
to be rather well conserved, which also suggests functional
significance (Figure 5). Exon—intron boundaries of the
calpastatin gene roughly correspond to the functional units
of calpastatin, i.e., subdomains A, B, and C, which attests
to the primordial assembly process of the inhibitor.

The inhibitory region of calpastatin, i.e., subdomain B,
also deviates from random coil values (Figure 4). Further-
more, selected structural information can also be retrieved
from the literature on subdomain B, established by two-
dimensional "H NMR experiments (23) based on the analysis
of a 27-residue model peptide. These data suggest that
P20—R23 (corresponding to P’—R, respectively, in h(CSD1)
adopt a type I fB-turn. This region falls within the highly
conserved TIPPXYR consensus motif within subdomain B,
long proved to be primarily responsible for calpain inhibition
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FIGURE 4: Secondary chemical shifts of hCSD1. Secondary chemical shifts of CO (top panel), Co. (middle panel), and Ha (bottom panel)
of hCSD1 as a function of the primary sequence. Regions with positive deviations in Co and negative deviations in Ho. SCS indicate some
helical preference. Subdomains A, B, and C are highlighted in gray. The newly suggested structural motif in the C-terminal region of the

protein is highlighted in light gray.

Table 1: Average Secondary Chemical Shifts of the Functionally Important Regions of hCSD1

A B C helical motif
sequence DI8—125 S31—-G39 R70—K75 Gol—T104 TI2I_R133
SCS (Ca) 0.36 & 0.19 0.71 +£0.19 0.534+0.14 0.27 +£0.07 0.56 + 0.26
SCS (Ho) 0.05 £ 0.03 —0.10 £ 0.09 —0.09 + 0.05 0.03 £ 0.05 —0.03 £0.02

“ From the average Co. values of subdomains A, B, and C, the existence of some helixlike secondary structural element seems to be supported. See

also Figure 4.

by Ala-scanning mutagenesis (24). It is obvious from both
Hoc and Cou SCSs that these residues indeed break the helical
tendency of residues surrounding them in hCSD1, namely,
the $3'—G* and R7°—K" segments.

Truncation Changes Chemical Shift Values. Even though
NHN and HYN resonance frequencies are not the primary
choice for analyzing the secondary structure content of

proteins, their unique sensitivity to the chemical environment
can be used to monitor even subtle structural changes in the
protein (35). Besides pH, temperature, etc., the chemical shift
values of both NHN and 'HUN nuclei of an amino acid
residue within a protein depend on the residue type itself,
on neighboring residues, and on the secondary or tertiary
structure of the molecule (34). Our construct corresponding
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chemical shift differences of full-length hCSD1 and its C-terminal half, hCSD1(67—141), derived from the "H—N HSQC spectra, are
shown. Values close to zero (0.04 ppm) are clear indications of a similar type of secondary structure and/or IUP character of both proteins
(I"—K!'#1), The larger deviation form zero toward the N-terminal end (P®’—G78) suggests that truncated hCSD1 must have an increased
flexibility in this region, reflecting indirectly the fact that here in full-length hCSD1 some sort of time-average residual structure (e.g.,

[-turns) could be present.

to the C-terminal half (residues 67—141) of hCSD1, which
consists of subdomain C of calpastatin cut in the middle of
the key inhibitory TIPPXYR segment, enables us to test signs
of transient long-range interactions within calpastatin, sug-
gested by the nonadditivity of the CD spectra of its two
halves previously (22). By plotting the combined NHN and
H'™N chemical shift differences of hCSD1 and its C-terminal
fragment, hCSD1(67—141), we find values for the 62-amino
acid C-terminal part (I”—K'#") of hCSD1 are uniformly close
to zero (0.02 4= 0.012 ppm) for all residues located between
I’ and K'*!' (Figure 6). This strong similarity between the
appropriate N—H chemical shifts of the two molecules could

be the consequence of either identical “high-order structure”
or the total lack of recognizable long-range tertiary interactions.

On the other hand, combined NN and HHN chemical shift
differences for the N-terminal dodecapeptide (P’—G’®) are
significantly different form zero (0.3 £ 0.03 ppm), with
residues closest to the N-terminus showing the largest
deviations (Figure 6). This effect extends rather long, which
probably indicates both a remarkably increased local flex-
ibility elicited by the new terminus generated by the
truncation and also that hCSD1 at subdomain B must have
some residual structure eliminated via removal of its
sequential neighbors. The observed CS difference between
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of subdomain B and the C-terminal structural motif, are depicted at the top.

the truly unfolded N-terminal tail (P®’—G"®) and the I"°—K'#!
fragment of hCSD1 and hCSD1(67—141) also suggests that
the latter sequence unit in hCSD1 must have at least some
residual structural features while the N-terminal tail of
hCSD1(67—141) is unstructured to a greater degree.

Relaxation Measurements and Reduced Spectral Density
Function Analysis. As for globular proteins, NMR relaxation
experiments have the potential to provide valuable insights
into the internal molecular motion of the unfolded and/or
partly folded states. Variations of backbone dynamics are
pursued for detection of propensities of local structural
constraints of the polypeptide chain which result in the
restriction of backbone motions (38).

Typical "N R, values of residues situated in a globular
protein similar in size (~16 kDa) at a given magnetic field
strength (e.g., 500 MHz) are 13.8 s7! (42). The significantly
lower spin—spin relaxation values (Ra,y. = 3.89 £ 0.94 s71)
measured for hCSDI, in conjunction with the all-negative
hetero-NOE data (see the Supporting Information), are clear
indications that calpastatin is a predominantly unstructured
protein.

For depiction of relaxational propensities of the molecule,
the R»/R, ratio proved to be an apposite tool. When higher-
frequency motions (e.g., wx) dominate the "™N relaxation,
the values of both R; and R, have a relative ratio of 1.

However, for slower time scale motions, R, is determined
more and more by slower motions pushing the R,/R; value
over 1. The apparently measured R; is further increased by
chemical exchange (R.x) since low-frequency molecular
motions (microseconds to milliseconds) can influence trans-
versal relaxation. When the R,/R, values are analyzed in
terms of the primary sequence of full-length hCSD1 (Figure
7), a significant fluctuation (standard deviation of 0.56)
around the average value ((Ro/R;) = 2.02) is noticed. The
high fluctuation of R,/R; has a weak chance of a common
global motion and/or different R. rates for the amino acid
residues.

The spectral density function (sdf) (37) describes the
relative amount of N—H bond vector fluctuation, allowing
a more direct evaluation of the relative degree of motion at
three different frequencies, namely, at wn, wn, and zero.
J(wy) is the most sensitive to R; but does not discriminate
well enough between faster and slower motions. J(0) is
influenced by low-frequency motions (nanoseconds) along
with some fluctuations occurring on the millisecond to
microsecond time scale arising form chemical exchange (38).
Values of J(0.87wy) do not change much along the primary
sequence except for a few residues, signaling that high-
frequency fluctuations occur throughout the whole polypep-
tide chain. For hCSDI1, J(wy) values of most residues are
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FIGURE 8: Spectral density function of hCSD1 at given frequencies [J(0) and J(wy)] as a function of the primary sequence. J(0) values are
indicated with a solid line and J(wy) values with a dashed line.The average J(0) values of the five N- and C-terminal residues of subdomains
A and C, plus five additional central residues of subdomain B, are depicted at the top.

quasi equal [J(wn),y = 0.303 £ 0.07], while those of J(0)
and J(wy) vary along the polypeptide chain, revealing
sequence specific mobility information (Figure 8).

Restricted motions on a subnanosecond time scale indi-
cated by larger than average J(0) values are observed for
G13—M17, K68—L72, SIOI_CIOS’ and Sl28_V132 (Figure 8).
These residues of restricted mobility also present some
residual local structural features highlighted both by second-
ary chemical shifts, SCS, and by their hydrophobicity pattern
(Figure 7). For example, the G'*—~M!7 segment is located in
a region where hydrophilicity decreases while hydrophobicity
increases markedly and where SCSs (e.g., AoCa) forecast
some residual helicity (Figure 4).

Regions with lower than average J(0) values are D*°—G*,
L3¥—E®, 1°—D%, and T'*'-K'? (Figure 8). For these
residues, except T'?'—K!2%, SCSs (e.g., AOCa) forecast that
not even traces of helicity can be detected. Therefore, amide
groups of the latter residues can be characterized by faster
and local molecular motions showing almost no sign of
cooperativity.

Interestingly, most of the sequential regions with charac-
teristic dynamics properties discussed above coincide with
the boundaries of the subdomains of hCSD1. For example,
K68—L72, S101—C105 and S'8—V132 residues, all presenting
signs of synchronized mobility, are located at the C-termini
of subdomains B and C and the C-terminal structural motif,
respectively. Furthermore, both D*—G3 and I°°—D* sub-
units are positioned at the edges of subunits A and C.

DISCUSSION

Uncovering the mechanism of action of the intrinsically
unstructured inhibitor of calpain is important for gaining a
better understanding of the regulation of calpain function,
and also for extending our rather limited structural knowledge
of IUPs. TUPs exist and function without a well-defined 3D
structure, which has called for the re-assessment of the
classical structure—function paradigm (/7). In practical terms,

this re-assessment demands detailed structural and dynamic
characterization of distinct IUPs in both solution and partner-
bound states, to elucidate the special functional features their
unstructured nature provides. In particular, a recent surge of
reports has underlined the notion that IUPs are not fully
unstructured but harbor function-related residual structure
in the form of preformed structural elements (20), primary
contact sites (/6), or MoREs, i.e., molecular recogition
elements (/5). The basic idea behind these diverse concepts
is that local residual structure resembles the bound state of
the IUPs and thus limits the necessary conformational search
for achieving the partner-bound state. This, in turn, enables
specific and kinetically and/or thermodynamically effective
interaction with the partner. A current endeavor in [UP
research is the experimental characterization of such residual
structural elements.

Calpastatin, the inhibitor of calpain, is a prime example
for these foregoing considerations. It is a fully unstructured
protein (16, 18, 19) with short recognition segments, known
as subdomains A, B, and C, that are primarily responsible
for the binding and effective inhibition of calpain (4).
Subdomains A and C adopt helical structures in the bound
form (27) and display a significant helical tendency when
studied as isolated peptides (22), while subdomain B
incorporates a type I 5-turn substructure (23). We therefore
hypothesized that in the free state of full-length inhibitor I,
each subdomain retains some of these structural features to
guarantee extremely fast inhibition of the enzyme. To trace
residual structural features of full-length human calpastatin
domain 1 (hCSD1), suitable triple-resonance NMR experi-
ments on N-labeled and on doubly “N- and '3C-labeled
proteins were completed. We have managed a nearly
complete assignment and analysis of backbone resonances
(121 of 126 non-prolines), which enabled a thorough
structural characterization of calpastatin in the solution state.

Deviation of SCSs from typical random coil values
suggests some transient secondary structural preferences
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within regions noted for evolutionary conservation and
interaction with calpain. Regions of helical propensity by
SCS correspond to noted functional elements of CST:
D'3—I? region to subdomain A (S'2—G?), the consecutive
S$31'—G*° and K%—K sequences in subdomain B (M>°—M70),
and the fourth sequential unit, G*'—T'%*, within subdomain
C (S¥—C!%), On the basis of previous work and data
reported here, the T*—R" region is suggested to adopt a
pB-turn structure. This structural feature could also be
ascertained by comparing secondary chemical shift values
of full-length human calpastatin domain I (hCSD1) and its
C-terminal half, hCSD1(67—141), extending to the middle
of inhibitory subdomain B. Combined N¥N and H®N chemical
shift differences within the novel N-terminal dodecapeptide
generated by the truncation are significantly different from
zero, which suggests that this region in full-length calpastatin
must have some residual structure. A further intriguing and
unexpected feature of calpastatin is a significant helical
propensity established for the C-terminal region, E''8—T"3!,
which has not been implicated in calpain inhibition.
Analysis of relaxation parameters also suggests a function-
ally significant deviation from a fully random behavior of
selected sequence units. Whereas the segments corresponding
to subdomains A and B and perhaps the C-terminal half of
subdomain C have a lower-than-average flexibility, the linker
regions between them exhibit higher local plasticity. Calp-
astatin from this perspective appears to behave as “beads
on the string”, in which regions of local transient order are
connected by highly flexible linkers. This mode of structural
organization can be rationalized in terms of calpain structure
and the likely mode of interaction of the inhibitor with the
enzyme (21, 44). The structure of calpain is best ap-
proximated as an extended oval, and key interactions with
calpastatin subdomains A and C occur at the CaM-like
domains of the enzyme but with subdomain B at the catalytic
site on the opposite end of the enzyme (2/). This mode of
binding assumes an almost fully extended main chain
structure of calpastatin, which has to wrap around and contact
the enzyme at three distinct regions. Flexibility of the linker
regions described above is most likely instrumental in
enabling this mode of binding. The difference between
subdomains A and C in this regard is also worth noting.
Overall, this qualitative analysis provide some insight into
the motional properties of calpastatin in action, in conjunction
with previous suggestions that IUPs use short, transiently
preformed recognition elements connected by more flexible
linkers for effective partner recognition. An additional issue
is the role of the C-terminal region, E'"'3—T"3!, which also
shows strong signs of transient local structure and decreased
flexibility, reminiscent of the behavior of subdomains A and
C. This region is less conserved among eukaryotic species
than subdomains A and C, but the level of sequence identity
is still 60%, which is markedly high, which makes it suitable
for preservation of the secondary structure characteristics.
Additionally, this region is not wholly represented among
calpastatin domains (Figure 5); hence, without functional
studies, it cannot be marked as an unexceptionable subdo-
main. One possible scenario would implicate this region as
a recognition element akin to subdomains A and C. This,
however, is not easily reconciled with current structural data,
which leaves hardly any space for this region to bind to
calpain. Furthermore, subdomains A and C are likely to act
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as amphipathic helices, which use their conserved hydro-
phobic side for calpain binding (21), suggested to be a rather
general feature of [UP MoREs (/5). Amino acid residues
conserved in EM3—T!3! however, are typically hydrophilic
and/or charged. Another scenario we deem more likely is
that in which this conserved region acts as a spacer between
adjacent inhibitory domains. Typical calpastatins have four
inhibitory domains, each of which is capable of inhibiting a
calpain on its own (4). This, however, raises serious steric
problems, as the full inhibitor (708 amino acids) has to wrap
around four separate calpain molecules for successful
interaction and inhibition. A relatively rigid spacer between
the inhibitory units is definitely of use in this complicated
molecular adaptation process. Such a mode of action has
been described in the case of another well-studied IUP, p27
KID, for which specific staplelike recognition by two rather
disordered terminal regions is facilitated by a rigid, helical
middle segment (26, 45). Whether this scenario also applies
to calpastatin inhibition remains to be seen, but due to the
structural and evolutionary considerations and the appealing
analogy with another TUP, we suggest considering the
E''8—T"3! region of calpastatin a new separate structural
motif.
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