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understand the unifying principles of how tandem CH domains Dys [Urea] (M) [Free Protein] (M)

work. Actin cosedimentation assays indicate that the isolated CH2

domain of dystrophin weakly binds to F-actin compared to the full-length tandem CH domain. In contrast, the isolated CH1
domain binds to F-actin with an affinity similar to that of the full-length tandem CH domain. Thus, the obvious question is why
the dystrophin tandem CH domain requires CH2, when its actin binding is determined primarily by CH1. To answer, we probed
the structural stabilities of CH domains. The isolated CH1 domain is very unstable and is prone to serious aggregation. The
isolated CH2 domain is very stable, similar to the full-length tandem CH domain. These results indicate that the main role of
CH2 is to stabilize the tandem CH domain structure. These conclusions from dystrophin agree with our earlier results on
utrophin, indicating that this phenomenon of differential contribution of CH domains to the structure and function of tandem
CH domains may be quite general. The N-terminal CH1 domains primarily determine the actin binding function whereas the C-
terminal CH2 domains primarily determine the structural stability of tandem CH domains, and the extent of stabilization

depends on the strength of inter-CH domain interactions.

Actin is a vital component of the cytoskeleton necessary for
maintainin§ the structural integrity and homeostasis of
eukaryotic cells.” Actin-binding proteins play major roles in the
structural dynamism of the actin cytoskeleton, thus controlling
various biological functions that include muscle physiology.
These proteins use well-defined structural domains to bind to
actin. Of all known actin-binding domains (ABDs), tandem
calponin-homology (CH) domains are the most common and
most widespread.”~* These ABDs consist of two CH domains
(N-terminal CH1 and C-terminal CH2) in tandem (Figure 1).
Each CH domain typically consists of ~120 residues with
characteristic globular calponin-like structure made up of four
major helices forming the core of the domain, and two or three
minor helices interconnected by loops of variable lengths
making a minor structural contribution. Despite their wide-
spread occurrence, structural determinants of their actin
binding are poorly understood. In this work, we present our
results on the tandem CH domain of dystrophin and compare
them with our earlier results on the utrophin tandem CH
domain to deduce the unifying principles underlying how
tandem CH domains work.

Studying the tandem CH domains of dystrophin and
utrophin is particularly important in understanding the disease
mechanisms of muscular dystrophy. Genetic mutations in
dystrophin trigger Duchenne/Becker muscular dystrophy.” The
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main function of dystrophin is to maintain the structural
integrity of the muscle cells during muscle contraction and
stretch. Dystrophin connects cytoskeletal filamentous actin (F-
actin) to the sarcolemmal glycoprotein complex.”” Utrophin is
its closest homologue and is being explored to replace the loss
of functional dystrophin in human patients.”” Both proteins use
their tandem CH domains for binding to actin.’” Therefore,
studying the structure—function relationship of tandem CH
domains will lead to a better understanding of the biological
role of these two proteins. In addition, a major fraction of
disease-causing missense mutations in dystrophin occur in its
tandem CH domain.>'"" Miniaturized versions of dystrophin
and utrophin, known as mini- and microproteins, are being
explored in gene therapy trials to replace the loss of functional
dystrophin.”” However, these shortened proteins have
decreased stability and functionality."”™"* All these proteins
contain in common tandem CH domains. Hence, studying the
physical principles underlying the structure and function of
tandem CH domains may lead to improved gene and protein
constructs for treating muscular dystrophy patients.
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Figure 1. X-ray crystal structure of the dystrophin tandem CH domain
(Protein Data Bank entry 1DXX). The protein crystallizes as an
antiparallel domain-swapped dimer,'® although it exists as a monomer
in solution.'”***>** The two monomers labeled A and B in the
dimeric crystal structure are colored gray and red, respectively.

The quest for identifying the structural determinants of actin
binding of dystrophin and utrophin tandem CH domains began
25 years ago.” Initial peptide binding exg)eriments proposed
three actin-binding surfaces (ABSs).'®"” However, subse-
quently determined X-ray structures showed that these regions
are oriented in opposite directions,'”'” thus leading to
questions about whether all three regions are equally important
in actin binding. In the tandem CH domains of dystrophin and
utrophin, the N-terminal CH1 domains contain ABS1 and
ABS2 whereas the C-terminal CH2 domains contain ABS3.
Experiments on truncated proteins qualitatively indicated that
part of CH1 containing ABS1 binds to F-actin without ABS2 or
ABS3."?° Another truncated construct containing part of
ABS2 in the CH1 and CH2 domain binds to F-actin, but with
decreased affinity compared to that of the full-length tandem
CH domain.”® However, these truncated proteins used
solubility tags, such as maltose-binding proteins, much larger
than the constructs themselves,'” which may force the CH
domains into non-native structures. Hence, these earlier data
on truncated proteins remained ambiguous.

We have previously examined the actin binding function of
individual CH domains in utrophin with respect to its full-
length tandem CH domain.”’ Our results indicate that the actin
binding is primarily determined by the N-terminal CHI
domain. In the second study,22 we compared the structural
stability of the isolated C-terminal CH2 domain with that of the
full-length utrophin tandem CH domain. The utrophin CH2
domain appears to be as stable as that of the full-length tandem
CH domain. These two results, when analyzed together,
suggest the differential role played by the two CH domains; in
particular, CH1 controls actin binding function, whereas CH2
controls structural stability. This hypothesis, never stated in the
literature, contradicts the conventional thinking that coopera-
tivity between the two CH domains determines the actin
binding. We rather showed that the role of CH2 is just to
stabilize the tandem domain structure, and not in controlling
actin binding. This hypothesis seems to be controversial, and
hence, it is important to show whether these conclusions hold
good in other tandem CH domains or whether it is just a
coincidental property of the utrophin tandem CH domain. In
this work, we analyze the actin binding and structural stability
of isolated CH domains of dystrophin.
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B MATERIALS AND METHODS

Cloning, Expression, and Purification of the Full-
Length Dystrophin Tandem CH Domain and lts Isolated
CH Domains. The plasmid vector for the dystrophin tandem
CH domain (residues 1—246) was cloned using the coding
DNA into the pET28a plasmid using Ndel and HindIII
restriction endonuclease sites. Ligation mix was transformed
into DHSa by heat shock. The plasmid was amplified using the
Qiagen miniprep kit, and the construct was confirmed by DNA
sequencing. Constructs for the CH1 domain (residues 1—130)
were created by introducing a stop codon using quick
mutagenesis (Qiagen). The cDNA corresponding to the CH2
domain (residues 131—246) was amplified from that of the full-
length tandem CH domain using polymerase chain reaction
and subcloned into the pET-SUMO expression vector using
BamHI and Xhol restriction endonuclease sites. Constructs
were confirmed by DNA sequencing and transformed into
BL21(DE3). Proteins were expressed and purified using Ni-His
affinity chromatography. When CH2 was expressed in the pET-
SUMO vector, the N-terminal SUMO fragment was cleaved
using Ulp1 protease,” and pure protein was isolated in the
flow-through using a Ni-His affinity column. The full-length
dystrophin tandem CH domain and its isolated CH2 domain
were expressed as soluble proteins and hence were purified in
their native state. On the other hand, the CH1 domain was
expressed in inclusion bodies and purified in its denatured state
in 8 M urea.

Circular Dichroism (CD). The full-length dystrophin
tandem CH domain and its isolated CH2 domain (1 uM
proteins) in phosphate-buffered saline (PBS) [100 mM
NaH,PO, and 150 mM NaCl (pH 7)] were used for measuring
CD (Chirascan Plus, Applied Photophysics). The mean residue
ellipticity (MRE) of the protein was calculated from the CD
values in millidegrees.”*

Thermal Melts. For the full-length dystrophin tandem CH
domain and its isolated CH2 domain (1 uM each in PBS),
changes in the far-UV CD signal at 222 nm were monitored as
a function of increasing solution temperature at a temperature
ramp of 1 °C/min (Chirascan Plus, Applied Photophysics). For
fluorescence thermal melts, the samples were excited at 280 nm
and the emission at 360 nm was monitored as a function of
increasing temperature at a temperature ramp of 1 °C/min
(PTI QuantaMaster fluorometer). Thermal melts were fit to a
sigmoidal equation with sloped native and unfolded baselines to
determine the midpoint melting temperature, T},

Differential Scanning Calorimetry (DSC). DSC thermo-
grams were recorded at a protein concentration of 20 yM in
PBS with a thermal scan rate of 90 °C/h (VP-DSC, MicroCal,
Malvern, PA). Over the temperature range we used, PBS buffer
does not change its pH***® and is recommended as one of the
best buffers for DSC by the instrument vendors. The peak
maximum in the denaturation endotherm was used as the T,,.

Refolding Yields. Refolding yields were determined by
diluting the denatured proteins in 8 M urea (10 M protein
stocks) 10 times into PBS buffer. Samples were then
centrifuged at ~30000g, and supernatants were subjected to
protein quantification using the absorbance. Molecular
extinction coefficients for all variants were calculated from
their amino acid sequence using PROTPARAM software at
ExPASY (http:/ /www.expasy.org/ ).

Denaturant Melts. For urea denaturation melts of the full-
length dystrophin tandem CH domain and its isolated CH2
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domain, 1 M protein in PBS buffer was used. Changes in the
far-UV CD signal at 222 nm and intrinsic protein fluorescence
of aromatic amino acids (excitation at 280 nm, emission at 360
nm) were monitored as a function of the increasing urea
concentration. Denaturant melts were fit to a two-state
equilibrium unfolding model using Santoro—Bolen linear
extrapolation equations””*® to determine the Gibbs free energy
of unfolding, AG

Actin Binding Affinity of the Full-Length Dystrophin
Tandem CH Domain and Its CH2 Domain. Skeletal muscle
G-actin (Cytoskeleton, Denver, CO) was polymerized (7 M)
and incubated with varying concentrations of the binding
partner protein (either tandem CH domain or isolated CH2)
for S min at room temperature. This mixture (final volume of
100 uL) was centrifuged at 100000g for 30 min (swSSTi rotor,
Beckman Optima LE8OK), and pellets were solubilized in 30
UL of sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS—PAGE) loading buffer. Half of this was boiled
and subjected to SDS—PAGE and stained with Coomassie blue.
The intensity of the individual bands was determined using
Quantity One on a Bio-Rad Gel Doc XR instrument. Intensity
values for actin bands were corrected by multiplying with the
correction factors obtained from the BSA standard curve to
account for the differential staining of the dye to
proteins.”*>** The ratio of the band intensities was used to
determine the fraction of F-actin bound using the following
formula: fraction actin bound = (corrected band intensity of
bound protein X molecular weight of actin)/(corrected band
intensity of actin X molecular weight of bound protein). The
free protein concentration was calculated using the following
formula: free protein = total protein added — (fraction actin
bound X concentration of total actin added). The binding data
were fit to the equation

fraction actin bound = B, /(K + x)

(1)

where x is the free protein concentration, B,,,, is the maximal
number of binding sites, and Kj is the dissociation constant.”’

Actin Binding Affinity of the CH1 Domain. The isolated
CH1 domain purified in its denatured state could not be
refolded. Hence, its actin binding was measured by refolding
the protein by diluting the denaturant 20 times starting from its
denatured state (8 M urea) in the presence of F-actin.”’
Insoluble aggregates of free CHI1 were removed using low-
speed centrifugation (10000g for 8 min). Supernatants were
treated essentially the same as described above for the CH2
domain.

B RESULTS

Biophysical Characterization of the Full-Length
Dystrophin Tandem CH Domain and Its Isolated CH
Domains. The dystrophin tandem CH domain and its isolated
CH domains were purified to homogeneity (Figure 2A). Band
positions on 12% SDS—PAGE match with the expected
molecular weights of the purified monomeric proteins. Full-
length tandem CH domains and its CH2 domain were
expressed as soluble proteins, whereas CH1 was expressed in
inclusion bodies. The CHI1 domain was purified in its
denatured state. It could not be refolded back by diluting the
denaturant. Most of the CHI resulted in protein aggregates.

The dystrophin tandem CH domain and its isolated CH2
domain were subjected to biophysical characterization. Figure
2B shows the CD spectra of the dystrophin tandem CH
domain and its isolated CH2 domain. Negative peaks at 208

6944

A
Dys M CH2 M CH1
—
——
4e+4
- mm Dys
5 -~ Be+4q == CH2_Dys
25 2e+4
75
%N 1e+4
3 £ o
X o
c $-terd
S et
190 210 230 250
Wavelength (nm)
C 3e+6
e+
. PN mm Dys
S / \ =m CH2_Dys
s L\
0] 2e+6 1 N/; \U
2 / \
@ I \
g | 7Y \
o let6 {// /U \
5 1 L ~ N
T N
[ 4 N SO
0 . . ==

350 400
Wavelength (nm)

Figure 2. (A) SDS—PAGE of the purified dystrophin tandem CH
domain and its CH domains. Lane M contained the molecular mass
markers (from bottom to top, 10, 15, 25, 35, 40, 55, 70, 100, 130, and
170 kDa, respectively). (B) Circular dichroism (CD) spectra of the
dystrophin tandem CH domain (black) and its CH2 domain (red).
(C) Fluorescence spectra of the native (N) and unfolded (U) states of
the dystrophin tandem CH domain (black) and its CH2 domain (red).

and 222 nm are characteristic of an a-helical secondary
structure.”* Well-defined CD spectra with such minima for the
dystrophin tandem CH domain and its isolated CH2 domain
indicate that both are well-folded, a-helical proteins. This
observation is consistent with the a-helical crystal structure of
the dystrophin tandem CH domain (Figure 1). We also used
the intrinsic protein fluorescence of aromatic amino acids to
determine the well-folded nature of the dystrophin tandem CH
domain and its CH2 domain. Figure 2C shows the fluorescence
spectra of native (N) and unfolded (U) states of the two
proteins. The dystrophin tandem CH domain has eight
tryptophans and five tyrosines. These aromatic residues are
well-dispersed across the protein structure. Because fluores-
cence originates from the aromatic side chains, it can be used as
a probe for the tertiary structure of proteins. The emission
maximum for the native tandem CH domain (330 nm) was
shifted to longer wavelengths after denaturation (348 nm). A
similar postdenaturation red shift in the emission maxima was
also observed for the isolated CH2 domain. They were 322 nm
for native CH2 and 349 nm for denatured CH2. A red shift in
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fluorescence upon denaturation indicates the buried nature of
tryptophan residues in native proteins and is a hallmark of well-
folded proteins.*’

Thermodynamic Stability of the Full-Length Dystro-
phin Tandem CH Domain and Its Isolated CH2 Domain.
Thermal denaturation and chemical denaturation are two
commonly used methods for characterizing protein stabil-
ity.32’33 In thermal melts, the solution temperature was
increased at a constant rate, and the changes in protein signals
were measured. Panels A and B of Figure 3 show the thermal
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Figure 3. Structural stability of the dystrophin tandem CH domain
and its CH2 domain probed using temperature melts and differential
scanning calorimetry (DSC). (A) Changes in the CD signal at 222 nm
of the tandem CH domain (black) and its CH2 domain (red) as a
function of increasing solution temperature. (B) Changes in the
intrinsic protein fluorescence of the tandem CH domain (black) and
its CH2 domain (red) as a function of increasing solution temperature.
(C) DSC thermograms for the tandem CH domain (black) and its
CH2 domain (red).

melts for the dystrophin tandem CH domain and its CH2
domain. For both, thermally denatured proteins could not be
renatured by decreasing the temperature as most proteins
resulted in aggregates. Because of the irreversibility of thermal
melts, they are more qualitative in nature as determined by
comparison of the relative stabilities of the dystrophin tandem
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CH domain and its isolated CH2 domain. When protein
unfolding was monitored as a function of an increasing solution
temperature using the CD signal at 222 nm as a probe for the
a-helical secondary structure (Figure 3A), the CH2 domain
required higher temperature to unfold compared to the tandem
CH domain. The midpoint melting temperature (T,) values
were determined by fitting the thermal melts to a sigmoidal
function with sloped pre- and post-transition baselines. The T,
value for the CH2 domain (71.0 £ 0.2 °C) was significantly
higher than that of the full-length tandem CH domain (61.0 +
0.1 °C). A similar trend was observed when the thermal melts
were monitored using intrinsic protein fluorescence as a probe
for the tertiary structure of proteins (Figure 3B). The CH2
domain melted at higher temperature than the full-length
tandem CH domain. The T, value for the CH2 domain was
75.9 + 0.4 °C, which was significantly higher than that of the
full-length tandem CH domain (62.4 + 0.1 °C). These thermal
melts monitored using two optical probes, CD and
fluorescence, suggest that the isolated CH2 domain is highly
stable compared to the full-length tandem CH domain. A
possible explanation of why the T, values for CH2 are higher
than those for the full-length protein is that the aggregation of
tandem CH domain may be determined by CHI1 unfoldin§.
Similar to that observed in the utrophin tandem CH domain,”
the first domain that is unfolding with temperature may be the
CH1 domain in the dystrophin tandem CH domain. Because
CH1 has stronger aggregation propensity than that of CH2
(Figure 4A), we may not observe the thermal unfolding of CH2
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Figure 4. Refolding yields and structural stabilities of the dystrophin
tandem CH domain and its CH2 domain probed using denaturant
melts. (A) Refolding yields of the dystrophin tandem CH domain and
its CH domains starting from their unfolded states in 8 M urea. Both
the tandem CH domain and the CH2 domain fold reversibly, whereas
the CH1 domain aggregates severely. (B) Changes in the CD signal at
222 nm (circles) and in the intrinsic protein fluorescence (triangles) of
the tandem CH domain (black) and its CH2 domain (red) as a
function of increasing urea concentration.

because of protein aggregation induced by CHI unfolding.
Note that the T,, values determined by fluorescence slightly
differ from those determined by CD, possibly because CD
measures the melting of secondary structure, whereas the
fluorescence measures the melting of the tertiary structure of
proteins.

The thermal stability of proteins was also monitored
independently by differential scanning calorimetry (DSC).
This technique measures the amount of additional heat
required to increase the temperature of the protein sample
with respect to the buffer reference, rather than measuring
changes in optical signals as in the methods described above.
Figure 3C shows the endothermic unfolding DSC curves for
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the dystrophin tandem CH domain and its CH2 domain. The
DSC curves shown are the raw data as obtained directly from
the instrument for the protein samples with respect to the
buffer reference without applying any corrections to account for
sloped baselines. Consistent with the thermal melts measured
by optical signals (Figure 3A,B), the CH2 domain melted at a
higher temperature than the full-length tandem CH domain.
The T, values in DSC endotherm corresponding to the peak
maximum heat change were 64.2 & 0.2 °C for the isolated CH2
domain and 58.5 + 0.1 °C for the full-length tandem CH
domain. These T, values again indicate that the CH2 domain
has a higher thermal stability than that of the full-length tandem
CH domain. In these DSC curves, a clear unfolded baseline was
not observed because of exothermic protein aggregation
occurring immediately after protein unfolding, as indicated by
a drastic decrease in heat capacity at higher temperatures.
Hence, these data could not be analyzed to determine
equilibrium thermodynamic parameters. Note that the T
values determined by DSC are skewed toward lower temper-
atures compared to those determined by optical spectroscopies
(Figure 3A,B), because of the near-simultaneous protein
aggregation in the DSC experiment while the protein is
unfolding.

The thermal denaturation data given above for the
dystrophin CH domain are quite consistent with our earlier
results on utrophin CH domains®* (also shown in Figure
S1A,B). Similar to dystrophin, utrophin CH2 unfolds at higher
temperatures, indicating its higher stability than that of the
utrophin tandem CH domain.

To probe the true equilibrium thermodynamic stability, we
monitored the protein unfolding with the addition of urea using
changes in protein CD and fluorescence signals. Because the
reversibility of folding is a prerequisite for determining
thermodynamic parameters, it was confirmed by subjecting
the proteins to refolding yield experiments (Figure 4A). Both
the dystrophin tandem CH domain and its CH2 domain were
denatured in 8 M urea and refolded back into native forms by
diluting the denaturant 10 times. Both refolded by ~100%,
indicating that their urea unfolding is completely reversible. As
mentioned before, the CH1 domain could not be refolded
starting from its unfolded state (Figure 4A), and resulted in
protein aggregates.

We further confirmed that the inability of CH1 to refold is
not due to any covalent modifications that may occur because
of the high urea concentration (8 M) used to unfold proteins
(Figure S2). Urea degrades with time into ammonium
cyanate.”> High concentrations of cyanate, in the range of
hundreds of millimoles, can result in the chemical modification
of proteins.”* Such urea degradation occurs at elevated
temperatures (>90 °C) and at extreme pH values but is very
slow at room temperature and at neutral pH values.” Urea
degradation also depends on the solution impurities and can be
drastically slowed by using highly pure urea.””*® We used
matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry (MS) to show the absence
of protein covalent modifications, and Fourier transform
infrared (FT-IR) spectroscopy to show the absence of urea
degradation under our experimental conditions (Figure S2).
MS indicated identical protein molecular mass in the absence
and presence of 8 M urea (Figure S2A). FT-IR showed no
evidence of cyanate, as indicated by the absence of its
characteristic vibrational frequency at ~2200 cm™"7?%*
(Figure S2B).
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To determine equilibrium stability, denaturation melts were
monitored using the CD signal at 222 nm as a probe for the
secondary structure and the intrinsic protein fluorescence as a
probe for the tertiary structure of proteins (Figure 4B). The
urea denaturation curves for CH2 are very similar to that of the
tandem CH domain. Consistently, all four denaturant curves
could be globally fitted to a Santoro—Bolen two-state
equilibrium unfolding model’”” to obtain the Gibbs free
energy of unfolding (AG,,; = 9.98 = 0.33 kcal/mol). These
denaturant melts, along with the inability of CHI to refold
(Figure 4A), indicate that the structural stability of dystrophin
tandem CH domain predominantly originates from its CH2
domain. These equilibrium stability results for dystrophin CH
domains were consistent with our earlier results on utrophin
CH domains™ (Figure S1C), where we have shown that the
stability of the utrophin tandem CH domain is primarily
determined by its CH2 domain.

Because tandem CH domains consist of two structural
domains, a more appropriate way of obtaining their true AG¢
is by fitting their denaturant melts to a three-state model with
the existence of an intermediate.”” However, we could not fit
the data shown in Figure 4B or Figure S1C to a three-state
model with a unique set of fitting parameters, because of the
absence of a clear double-sigmoidal transition. Hence, the
reported AG,¢ value for the tandem CH domains represent the
apparent or the signal-weighted, ensemble-averaged stabilities.

The refolding experiments on the dystrophin CH domains
described above (Figure 4A) and similar results for utrophin
CH domains”"** indicate that CH2 acts like a molecular
chaperone to aid refolding of CH1. To obtain further evidence
that CH1 is in fact unstable in the absence of CH2, we probed
the structure and stability of refolded utrophin CHI. Although
~99% of the protein aggregated, we could recover ~1% as a
soluble protein. This utrophin CHI1 without CH2 is
predominantly of random-coil structure (Figure S3A) and
shows incomplete thermal and denaturant melts with missing
native baselines (Figure S3B,C), when compared to those of
the full-length utrophin tandem CH domain (Figure SIC).
These structure and stability comparisons indicate that the
presence of CH2 stabilizes CHI1. A similar characterization
could not be performed on dystrophin CH1, because we could
not obtain sufficient quantities of refolded protein, indicating its
stronger tendency to aggregate compared to the utrophin CHI.

Actin Binding of the Dystrophin Tandem CH Domain
and Its Isolated CH Domains. The purified, soluble
dystrophin tandem CH domain and its isolated CH2 domain
were subjected to high-speed actin cosedimentation as-
says.”***' A fixed concentration of F-actin (7 uM) was
titrated with varying concentrations (0—60 uM) of the
indicated protein. The solutions were subjected to high-speed
cosedimentation, and the pellets were loaded onto a SDS—
PAGE gel (Figure SA,B). Using densitometry and after
correction for the differential staining of the dye to
proteins,”*>** the fraction of actin bound to each protein
was calculated and plotted versus the concentration of free
actin-binding partners.

Using a method we have previously developed for measuring
actin binding of the unstable utrophin CHI1 domain,*' actin
binding of the dystrophin CHI1 domain was measured by
refolding the protein starting from its unfolded state in the
presence of F-actin. This resulted in a competition between
actin binding and aggregation. Aggregates were pelleted by low-
speed centrifugation, followed by high-speed centrifugation of
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Figure S. Actin binding of the dystrophin tandem CH domain and its
CH domains. (A and B) Actin binding cosedimentation assays of the
tandem CH domain and its CH2 domain. Shown are SDS—PAGE gels
of the pellets from high-speed centrifugation performed at a fixed
concentration of F-actin (7 #M) and with varying concentrations of
the binding protein. (C) Actin binding of the CH1 domain at one
particular CH1 concentration (S yM). Denatured CHI was refolded
from its unfolded state in the presence of F-actin. As a control, the
unfolded CH1 domain was refolded in the absence of F-actin. F-Actin
alone without CH1 was used as the second control. The three samples
were initially subjected to low-speed centrifugation to pellet the CH1
aggregates. The supernatants were then subjected to high-speed
centrifugation, and SDS—PAGE of the pellets was used to quantify the
fraction of actin bound. Shown is a SDS—PAGE gel of the pellets
when the sample and the two controls were subjected to low-speed
centrifugation (10000g) (lanes 1—3), the pellets when the super-
natants of low-speed centrifugation were subjected to high-speed
centrifugation (100000g) (lanes 4—6), and the supernatants after high-
speed centrifugation (lanes 7 and 8). All the CHI aggregates were
pelleted during the low-speed centrifugation step, as indicated by lanes
2 and 5. We have previously shown that the residual urea present in
the sample (0.4 M) after diluting the denatured CH1 20 times does
not depolymerize F-actin’' (D) Actin binding curves of the
dystrophin tandem CH domain (black), CH1 (blue), and CH2 (red).

the supernatants resulted in pelleting F-actin and bound
proteins. The pellets were loaded onto a SDS—PAGE gel.
Figure 5C shows the result at one particular CH1 concentration
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(5 uM). As before, densitometry was used to quantitate the
individual bands, from which the fraction actin bound was
calculated.

Actin binding curves of the dystrophin tandem CH domain
and its isolated CH domains are shown in Figure 5D. The data
were fit to the binding equation (eq 1 in Materials and
Methods) to determine the dissociation constants (Kj). The
full-length dystrophin tandem CH domain binds to F-actin with
a Ky of 47.05 + 13.92 uM and a B,,, of 1.17 + 0.16 (P value
<0.0001). In comparison, the CH2 domain did not show
significant actin binding. If the B,,,, value was set to 1, actin
binding data of CH2 could be fit with a K4 of 863 + 102 uM (P
= 0.0004). Although a full binding curve for the CH1 domain
could not be obtained, the rising edge of the curve appears as if
it is binding to F-actin with an affinity nearly equal to that of
the full-length dystrophin tandem CH domain. Further
evidence for the predominant contribution of CHI to the
actin binding affinity of the tandem CH domain comes from
our recently published work.*” Tandem CH domains are made
up of three structural elements that can determine actin
binding: the two CH domains (CHI and CH2) and the inter-
CH domain linker. Because isolated CH2 does not significantly
bind to actin compared to the full-length tandem CH domain
(Figure SD), the major contribution to actin binding has to be
either from the intrinsic actin binding affinity of the CHI
domain or from the inter-CH domain interactions modulated
by the interdomain linker. We have recently shown that the
interdomain linker does not significantly affect the actin binding
of tandem CH domains.”” Therefore, the actin binding affinity
of the full-length dystrophin tandem CH domain has to be
from the CH1 domain, consistent with the conclusions drawn
from Figure SD. This is also in agreement with our earlier actin
binding results on the utrophin tandem CH domain®' (data
shown in Figure S4), where we showed that the actin binding
affinity is predominantly determined by the CH1 domain.

B DISCUSSION

Differential Contribution of Individual CH Domains
Might Be a General Phenomenon in the Family of
Tandem CH Domains. Despite tandem CH domains being
the most common and most widespread actin-binding domains
in proteins,”~* structural determinants of their function are less
understood. Results presented here and in our earlier
studies”””> provide quantitative insight into the role of
individual CH domains in the structure and function of
dystrophin and utrophin tandem CH domains. The N-terminal
CH1 domains control the actin binding function, whereas the
C-terminal CH2 domains control the structural stability.
Although scarce, functional data on one other tandem CH
domain support this conclusion. The only published
quantitative data are from q-actinin.”” The full-length tandem
CH domain, isolated CH1, and isolated CH2 of a-actinin bind
to F-actin with K; values of 4.3, 57, and >1000 uM,
respectively.”” This order matches our results for dystrophin
and utrophin CH domains. Consistently, recent phylogenetic
analysis suggests that the N-terminal CHI domain is primarily
responsible for the interaction of dystrophin with the actin
cytoskeleton.”” No experimental studies on the stability of
individual CH domains in any tandem CH domain have been
performed to date, except our earlier work on utrophin.””
Indirect evidence of the differential contribution of CH
domains to the structural stability comes from the literature.
Molecular structures have been determined for isolated CH2
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Figure 6. Differential contribution of the two CH domains may be encoded in their primary and tertiary structures. (A and B) Sequence alignment
of the CH domains of dystrophin and utrophin, respectively. Residues marked with an asterisk are identical residues, whereas residues marked with a
colon are highly similar residues. (C and D) Structural alignment of the CH domains of dystrophin and utrophin, respectively. Gray and red denote
the CH1 and CH2 domains, respectively. The N-termini of the two CH domains are labeled as N_CH1 and N_CH2, respectively. The CH1 and
CH2 domains differ in their loop structures connecting the a-helices. The figures also show the three ABSs, colored yellow. In both sequence and
structural alignments, the location of ABS3 in the CH2 domains is identical to that of ABS1 in the CHI domains.

domains of many muscle proteins, but no such structures are
available for isolated CHI1 domains.” This might be due to the
difficulties in obtaining large quantities of soluble CH1 domains
because of their intrinsic propensity to aggregate.

Possible Mechanisms by Which CH2 Stabilizes the
Tandem CH Domain Structure. Two possible scenarios exist
by which CH2 stabilizes the tandem CH domain structure. A
simple tethering of two domains can affect the structural
stability of individual domains, as has been observed in some
multidomain proteins.”* In addition, CH2 may stabilize the
tandem CH domain structure through inter-CH domain
interactions. For the utrophin tandem CH domain that exists
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in an open conformation,” tethering may play a significant
role. In the case of the dystrophin tandem CH domain that
exists in a closed conformation,%’47 inter-CH domain
interactions may play a significant role, in addition to the
tethering effect. Consistently, the tandem CH domains with a
linker that promotes inter-CH domain interactions have higher
stabilities.”” These aspects need to be probed further.

The Differential Contribution of the CH1 and CH2
Domains Might Be Encoded in Their Tertiary Structures.
The results presented here on dystrophin tandem CH domain
and our earlier results on utrophin tandem CH domain®"**
clearly demonstrate that the N-terminal CH1 domains
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determine their actin binding, whereas the C-terminal CH2
domains determine their structural stability. These differences
in the relative contribution of CH domains may originate from
their differences in the primary structures and how these
differences are manifested in their tertiary structures (Figure 6).
The CH1 domains of dystroAPhin and utrophin are 88% similar
in amino acid sequence. 8 Similarly, CH2 domains of
dystrophin and utrophin are 85% similar in sequence.*®
However, when a CH1 domain is compared with the respective
CH2 domain from the same protein, they are only 40% similar
in the case of dystrophin and 31% similar in the case of
utrophin (Figure 6A,B). These sequential differences lead to
differences in their tertiary structures. Although the CHI
domains of dystrophin and utrophin are structurally similar, and
respectively their CH2 domains,” clear tertiary structural
differences exist between the CHI and CH2 domains from the
same protein (Figure 6C,D). Regular secondary structures such
as a-helices occur at identical positions, but dystrophin CH2
differs from its CH1 domain in terms of the loop structures
(Figure 6C). Similar differences in loop structures also exist
between the CH1 and CH2 domains of utrophin (Figure 6D).
In addition, the loop regions in CH2 domains are more
structured than the loop regions in CHI1 domains, implying
that the higher structural stability of CH2 may originate from
the nature of their interhelical loops. These comparisons
suggest that the differential contribution of CH domains may
be built into their primary and tertiary structures. Furthermore,
it is interesting to note that although CH2 does not seem to
determine actin binding when compared to CHI, the location
of ABS3 in the CH2 domains is at identical positions in both
primary and tertiary structures as that of ABSI in the CHI1
domains (Figure 6). This indicates that both CH domains
might have evolved from the same ancestor”™ but have
diverged because of the necessity of stabilizing the protein
structure while performing function, thus leading to differences
in their relative contributions to the structure and function of
tandem CH domains. It is very rare to find tandem domain
proteins with two identical domains performing different
functions and shows how nature has beautifully evolved the
tandem CH domain structures to optimize their actin binding
function and structural stability by varying the loop regions
connecting the regular secondary structural elements.
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Figure S1: Structural stability of utrophin tandem CH domain and its isolated CH2 domain. (A)
Changes in the CD signal at 222 nm (circles) and in the intrinsic protein fluorescence (triangles)
of the tandem CH domain (black) and its CH2 domain (red) as a function of increasing solution
temperature 2. (B) DSC thermograms for the tandem CH domain (black) and its CH2 domain
(red). (C) Changes in the CD signal at 222 nm (circles) and in the intrinsic protein fluorescence
(triangles) of the tandem CH domain (black) and its CH2 domain (red) as a function of

increasing urea concentration @2,



— Dys Native 0.5 —— 8 M Urea Fresh
— Dys in 8 M Urea —— 8 M Urea 1 Week
—— 0.75 M Urea
> 40000 - 0.4 1 0008
g o z;;o.ooo
;J/ 8 0.3 - i 32(2& " 2400
5] @®
c =
S 20000 | S 0.2
c Q0
2 <<
< 0.1 -
0 , 00 ¥ , [
20000 30000 40000 1200 1600 2000 2400
m/z Frequency (cm-1)

Figure S2: (A) MALDI-TOF mass spectrometry of dystrophin tandem CH domain in the
absence (black) and in the presence (red) of 8 M urea. Identical mass (30,427 + 30 Da) indicates
that high urea concentration is not chemically modifying the protein. (B) FT-IR characterization
of urea degradation over time. Blue, black, and red curves show the spectra of 0.75 M urea
freshly prepared, 8 M urea freshly prepared, and 8 M urea after one week of preparation,
respectively. FT-IR spectrum of 0.75 M urea matches with that reported in the literature “%. For
8 M urea samples, the spectra were shown below 0.5 absorbance to indicate that no spectral
changes were observed after one week of preparation. In particular, no new peaks were observed
around 2200 cm™, which is the characteristic frequency region corresponding to cyanate ¢ 38),
the main degradation product of urea ®2. This is also evident from the second derivative spectra

of the absorbance shown in the Inset of Figure S2B.
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Figure S3: Isolated CH1 domain of utrophin is a partially unfolded, molten globule-like
structure. (A) Circular dichroism (CD) spectrum shows decreased a-helical structure (@222 nm)
and increased random coil structure (@ 205 nm) compared to the CD spectra of full-length
utrophin tandem CH domain or its isolated CH2 domain 2. (B) Thermal melt and (C) denatured
melt of CH1 domain show half-sigmoidal transitions with missing native baselines, whereas the
corresponding melts of full-length utrophin tandem CH domain and its isolated CH2 domain
show complete sigmoidal, cooperative transitions with proper native and unfolded baselines
(Figures S1A & S1C). The incomplete sigmoidal transitions for CH1 domain indicate that it is a

partially unfolded, molten globule-like structure.
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Figure S4: Actin binding curves of utrophin tandem CH domain (black), its CH1 (blue) and

CH2 (red) domains @9,



