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ABSTRACT: The coiled-coil domain of cartilage oligomeric matrix protein (COMPcc) assembles into a
homopentamer that naturally recognizes the small molecule 1,25-dihydroxyvitamin D5 (vit D). To identify the
residues critical for the structure, stability, oligomerization, and binding to vit D as well as two other small
molecules, all-trans-retinol (ATR) and curcumin (CCM), here we perform an alanine scanning mutagenesis
study. Ten residues lining the hydrophobic pocket of COMPcc were mutated into alanine; of the mutated
residues, the N-terminal aliphatic residues L37, L44, V47, and L5I are responsible for maintaining the
structure and function. Furthermore, two polar residues, T40 and Q54, within the N-terminal region when
converted into alanine improve the a-helical structure, stability, and self-assembly behavior. Helical stability,
oligomerization, and binding appear to be linked in a manner in which mutations that abolish helical structure
and assembly bind poorly to vit D, ATR, and CCM. These results provide not only insight into COMPcc and
its functional role but also useful guidelines for the design of stable, pentameric coiled-coils capable of
selectively storing and delivering various small molecules.

Cartilage oligomeric matrix protein (COMP) is a noncolla-
genic glycoprotein present in cartilage, tendons, ligaments, and
osteoblasts (/—4). Belonging to the family of thromospondins
(TSPs),'! COMP has a pentameric boquetlike structure with a
molecular mass of 524 kDa (I, 5). It is composed of an N-
terminal globular domain followed by an epidermal growth
factor (EGF) type 2 repeat domain, a calcium binding type 3
repeat domain, and a C-terminal globular domain (3, 6). The C-
terminal globular domain of COMP interacts with collagen I and
I and induces the formation of collagen fibrils (7, §). Mutations
in COMP result in genetic disorders, including pseudoachon-
droplasia and multiple epiphyseal dysplasia in humans charac-
terized by short stature and other vertebral abnormalities (9—14).

Although COMP is comprised of various domains, it is
assembled into a homopentamer via an N-terminal coiled-coil
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domain (COMPcc). COMPcc possesses a hydrophobic pore that
is 7.3 nm long with a diameter of 0.2—0.6 nm (15— 18) (Figure 1).
Recent structural studies reveal that the hormone 1,25-dihydrox-
yvitamin D5 (vit D) can bind in the pore (/7). This, in addition to
other biochemical studies, suggests a putative role of the penta-
meric coiled coil in storing vit D for signaling events during
morphogenesis and repair of cartilage and bone (19). Further-
more, COMPcc has the ability to bind hydrophobic molecules
like all-trans-retinol (ATR), retinoic acid, elaidic acid, cyclohex-
ane, and benzene as demonstrated by an increased thermal
stability (/7). This ability to house a variety of small molecules
in the pore of the protein represents an important feature for
storage and delivery.

To date, mutagenesis of the COMPcc domain has been
centered on the Q54 residue since on the basis of crystallographic
studies, it appears to separate the hydrophobic pore into two
compartments (17, 20). Mutation of Q54 into leucine resulted
in higher stability (>120 °C) compared to that of COMPcc
(108 °C) (20). A slightly different Q541 mutant bound ATR with
a dissociation equilibrium constant (Kp) of 0.8 mM, exhibiting
an affinity similar to that of the COMPcc (Kp = 0.6 mM) (17).
Although these studies in addition to the structure provide insight
into the significance of the single Q54 residue, there are a set of
residues that line the pocket of COMPcc that may contribute to
its overall structure and function that have not yet been explored.

Here we perform a single-alanine mutagenesis study to identify
the a and d residues within the hydrophobic pore of COMPcc
critical for the structure, stability, oligomerization, and binding
to the target vit D as well as ATR and curcumin (CCM)
(Figure 1). Residues within the N-terminal region extending to
Q54 play a significant role in the structure and self-assembly of
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FIGURE 1: Structure and sequence of COMPcc® in which the residues
mutated into alanine are represented in bold italics, where Q54, which
divides the pore into two pockets, is highlighted in gray (left). The
chemical structures of the small molecules vit D, all-trans-retinol, and
curcumin are shown (right).

COMPcc. Specifically, our studies demonstrate that the four
aliphatic residues (L37, L44, V47, and L51) are necessary for
maintaining helical content, stability, pentamer structure, and
small molecule recognition. By contrast, the two polar residues
(T40 and Q54) when mutated into alanine facilitate o-helix
formation, thermal stability, and oligomerization state, while
maintaining vit D and ATR binding. These results bear interest-
ing implications on what dictates COMPcc oligomerization and
provide guidelines for the design of highly helical and stable
pentamers capable of binding specific small molecules (2/—23).

EXPERIMENTAL PROCEDURES

Materials. The oligonucleotides were purchased from Sigma.
The pfu Ultra enzyme for performing the site-directed mutagen-
esis was from Stratagene. Dpnl restriction enzyme was purchased
from Roche Diagnostics. Sodium phosphate (monobasic and
dibasic), Trizma base, Ni-NTA resins, acetonitrile, trifluoroace-
tic acid (TFA), dimethyl sulfoxide (DMSO), and o-cyano-4-
hydrocinnamic acid were from Sigma-Aldrich. Isopropyl f-p-
thiogalactopyranoside (IPTG), ampicillin, tryptone, sodium
chloride, and urea were purchased from Fisher. Methanol, yeast
extract, all-trans-retinol (ATR), and curcumin (CCM) were from
Acros. 1,25-Dihydroxyvitamin D5 (vit D) was purchased from
Alfa Aesar. The MicroBCA kit was from Pierce, and bis-
(sulfosuccinimidyl) suberate (BS®) was purchased from Thermo
Scientific.

Site-Directed Mutagenesis. The COMPcc gene in the pQE9
vector (gift from K. Zhang) was used as the template for site-
directed mutagenesis. Residues L37, T40, L44, V47, L51, Q54,
158, L61, V65, and S68 at the a and d positions were mutated to
alanine using the following primers and their complements:
L37A, 5-GCTGCGTGAAGCGCAGGAAACCAACGCGG-3;
T40A, 5¥-GAACTGCAGGAAGCGAACGCGGCGCTGC-3;
L44A, 5-CCAACGCGGCGGCGCAGGACGTCGTG-3;
V47A, 5-GCGCTGCAGGACGCGCGTGAACTGCTGC-3;
L51A, 5-GGACGTTCGTGAACTGGCGCGTCAGCAGG-3;
Q54A, 5-CGTGAACTGCTGCGTCAGGCGGTTAAAGA-
AATCACC-3; 158A, 5-CTGCGTCAGCAGGTTAAAGA-
AGCGACCTTCCTGAAAAACACC-3; L61A, 5-GAA-
ATCACCTTCGCGAAAAACACCGTTATGGAATGTGA-
CG-3; V65A, Y-CTGAAAAACACCGCGATGGAATGT-
GACGCGTGTGG-3; S68A, 5-CTGAAAAACACCGTTA-
TGGAAGCGGACGCGTGTGGTAAGC-3. The mutations
were confirmed by DNA sequencing.
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Expression and Purification. Escherichia coli strain XL1
Blue was used as the host strain for the mutants. Starter cultures
were grown at 37 °C and 250 rpm in Luria broth bearing 1 mM
ampicillin (LB-amp). An approximately 1:500 dilution of the
starter cultures was used for large-scale expression in LB-amp
and allowed growth at 37 °C and 250 rpm. When an optical
density of 1.0 at 600 nm had been reached, proteins were induced
by addition of 1 mM isopropyl [-p-thiogalactopyranoside
(IPTG) and allowed to incubate at 37 °C and 250 rpm for 3 h.
Cells were harvested and stored at —80 °C. The cell pellet was
thawed and resuspended in equilibration buffer [0.1 M sodium
phosphate monobasic, 10 mM Trizma base, and 8 M urea (pH
8.0)]. Purification was conducted under denaturing conditions
using Ni-NTA affinity resin, and the proteins were eluted at lower
pH values of 5.47, 5.12, and 4.44. The denatured protein was
refolded by dialysis containing 6 and 4 M urea in 100 mM
phosphate buffer (pH 8.0) each for 3 h at 4 °C. The last step of
dialysis is repeated three times containing 100 mM phosphate
buffer (pH 8.0) each for 3 h at 4 °C. The purified protein
concentration was estimated by the MicroBCA kit using bovine
serum abumin (BSA) as a standard. To confirm the molecular
masses of the proteins, matrix-assisted laser desorption ioniza-
tion (MALDI) mass spectrometry was performed using an
Omniflex Bruker Daltonics Instrument and analyzed with XMas-
sOmniflex Analyzer. The calculated molecular masses of all the
proteins were in the range of the expected molecular mass of 6.9
kDa (Table S1 of the Supporting Information).

Circular Dichroism. Circular dichroism (CD) spectroscopy
was conducted on a Jasco J-815 CD spectrometer in which all
proteins were at a concentration of 10 uM. The wavelength
spectrum was measured over a range from 190 to 250 nm with a
step size of 1 nm. Temperature scans of each protein were
performed over a range of 25—85 °C with a temperature step
of 0.1 °C/min. This temperature range was selected on the basis of
previous COMPcc CD work from others (/7) and from our lab
(data not shown). The starting temperature of 25 °C was chosen
since the wavelength scans at this temperature revealed stable
helical structures for COMPcc® (vida infra). All scans were made
in duplicate. The ellipticity value (®) was converted to mean
molar residue ellipticity (MRE) using the following conver-
sion (24)

G)MRE :@)/(IOC[?[) (1)

where ¢ is the molar concentration of the protein, p is the path
length in centimeters, and / is the number of amino acids in the
protein.

The fraction helicity (f) was calculated using the expression (25)

f= 100[(@)222/(®max)222] (2)

where (©ax)220 = —40000[1 — (2.5/n)] (n = 61).
The fraction folded (F) was estimated using the conversion (26)

F=(0A—06y)/(6x—06y) (3)

where O, is the observed MRE, Oy is the MRE value at the
unfolded state, and Oy is the MRE at the native state. The
melting temperature (7;,) of each protein was calculated by
plotting the first derivative of fraction folded versus the tempera-
ture.

The thermodynamic parameters were estimated from the
thermal denaturation curves assuming a two-state model for
those proteins that exhibited a reversible melting curve (27). The
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self-association and dissociation of COMPcc (pentamer) follow
the equilibrium reaction (28, 29)

5U<N;s 4)

The equilibrium constant (k) for reaction 4 is expressed in
terms of fraction folded (F) by

k=F/5Ct*(1-F) ()

where Ct = [U] + 5[N] represents the total peptide concentra-
tion. The Gibbs free energy of folding (AG®) is given by

AG®= —RT Ink=AH° —TAS° (6)

where AH® and AS° signify the standard enthalpy and entropy
change, respectively. The van’t Hoff enthalpy (AH®) was calcu-
lated at the thermal midpoint of transition (7;,) of the melting
curve using the following equation

AH® = ART*(dF/dT); _ 4 (7)

where 4 = 12 for a pentamer. Under equilibrium, AS® = (AH®)/
T, which allows for the calculation of the change in entropy. The
AG® at 25 °C (298 K) was calculated using eq 6.

When T' = T, and F = 0.5, it follows from eq 5 that

T =AH°/AS° 4+ R1In(0.31C1%) (8)

Solving for AS° from eq 8 and substituting in eq 6 result in the
following expression

k=exp[AH°/R(1/ Ty —1/T) —In(0.31C1%)] (9)

The AH® was calculated using eq 7, which was then used to
recalculate the equilibrium constant (k) using eq 9. The k value
obtained was used to recalculate Ffrom eq 5. The resulting values
of F were plotted and employed to determine the AH® value.

CD studies in the presence of vit D were conducted by allowing
the protein to bind vit D overnight at 4 °C. The protein was
centrifuged to remove any excess vit D, and wavelength and
thermal scans were conducted for most of the samples. Variants
Q54A, L61A, V65A, and S68A were heated to their respective Ty,
values, and vit D was added to facilitate binding. They were
gradually cooled to room temperature and allowed to bind
overnight at 4 °C.

Chemical Cross-Linking. The oligomerization states of the
proteins were determined by chemical cross-linking using bis-
(sulfosuccinimidyl) suberate (BS?) ester with a spacer arm of
11.4 A (30). Proteins were incubated with 1.5 mM BS? in 100 mM
phosphate buffer (pH. 8.0) for 1 h at room temperature. The
reaction was quenched via addition of 25 mM Trizma base.
Sodium dodecyl sulfate (12% )—polyacrylamide gel electrophore-
sis (SDS—PAGE) was used to identify the cross-linked states of
the proteins. Similarly, vit D was bound overnight to the proteins
at 4 °C, and cross-linking studies were conducted.

Sedimentation Equilibrium Analysis. Analytical ultracen-
trifugation measurements were taken on a Beckman XL-A
(Beckman Coulter) analytical ultracentrifuge equipped with an
An-60 Tirotor (Beckman Coulter) at 20 °C. Protein samples were
dialyzed overnight against PBS [100 mM sodium phosphate and
100 mM NaCl (pH 8.0)], loaded at initial concentrations of
50 and 200 uM, and analyzed at rotor speeds of 17000 and
20000 rpm. Data were acquired at two wavelengths per rotor
speed setting and processed simultaneously with a nonlinear
least-squares fitting routine (3/). The solvent density and protein
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partial specific volume were calculated according to solvent and
protein composition, respectively (32).

Fluorescence. Fluorescence measurements of the pro-
tein*ATR and protein: CCM complexes were performed with
9.5 uM protein and 40 uM ATR or 50 uM CCM in
100 mM phosphate buffer (pH 8.0) with 0.4% DMSO and
0.5% methanol, respectively. After the samples had been incu-
bated for 30 min at room temperature, fluorescence was mea-
sured using a SpectraMax Plus M2 instrument with an excitation
wavelength of 330 nm and an emission wavelength from 360 to
600 nm in the case of ATR (7). For CCM binding, fluorescence
was monitored with an excitation wavelength of 420 nm and an
emission wavelength from 450 to 600 nm (33, 34). For both ATR
and CCM, the maximal peak was identified from the emission
spectrum. Most proteins demonstrated an emission maximum
near 460 and 490 nm for ATR and CCM, respectively. For CCM
binding, two variants, IS8A and L61A, possessed maxima near
460 nm. A time course study was conducted to identify the
optimal equilibration time for both small molecules. Controls of
buffer, protein, ATR, and CCM alone did not demonstrate an
increase in fluorescence. All fluorescence measurements were
taken in triplicate. Error bars denote the standard deviation.

RESULTS

COMPcc® and Alanine Variants. The original COMPcc
sequence bears two cysteines (C68 and C71) near the C-terminus
that form disulfide bridges which stabilize the pentamer (/7). To
investigate the behavior of the proteins without the complication
of oxidation, the cysteines were mutated into serines and used
as our template (COMPcc®) for single-alanine mutagenesis
(Figure 1). The 10 residues in the @ and d positions lining the
pore of COMPcc® were individually mutated to alanine via site-
directed mutagenesis. Each alanine variant in addition to the
COMPcc® was characterized for structure, stability, and oligo-
merization state. Binding of the variants to the hydrophobic
small molecules vit D, ATR, and CCM was also assessed.

Impact of Variants on a-Helicity. Far-UV circular dichro-
ism (CD) was employed to determine the secondary structure of
COMPcc® and variants at room temperature (35). A wavelength
scan of COMPcc® demonstrated double minima at 208 and
222 nm indicative of an a-helix with a calculated fractional
helicity of 70.1% as previously reported (20) (Figure 2a and
Table 1). This confirmed that mutation of the cysteines to serines
within the COMPcc sequence did not significantly alter the
structure of the protein. Variants L37A, L44A, V47A, L51A,
and IS8A exhibited a substantial loss of a-helical structure
(Figure 2a and Table 1). Each of these variants expressed a
fractional helicity with less than 50% and a ©®,,,/@,g of <1,
indicating that these residues are critical for the maintenance of
o-helix. Variants L61A, V65A, and S68A exhibited a modest
decrease or no change in helical content (Figure 2a and Table 1).
These variants possessed a 58—69% fractional helicity and
retained a ©,5,/0,g of >1. Finally, the two variants T40A and
Q54A illustrated an increase in a-helicity as demonstrated by the
>80% fractional helicity values and the ®5,,/@,g of > 1.

Of the total residues that line the N-terminal pocket divided by
Q54, all the aliphatic residues (L37, L44, V47, and L51) appear to
play a significant role in maintaining the helix (Figure 1). Residue
I58 is the only residue located within the second C-terminal
pocket that yielded a significant loss in helical content when
mutated to alanine. The remaining residues (L61, V65, and S68)
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FIGURE 2: CD spectra of COMPcc® and single-alanine variants in the absence (a and b) and presence (c and d) of vit D. (a and ¢) Wavelength scans at
room temperature (25 °C) and (b and d) temperature scans at 222 nm of COMPcc® (black), L37A (red), T40A (gray), L44A (orange), V47A (yellow),
LS1A (pink), Q54A (purple), IS8A (blue), L61A (green), V65A (light blue), and S68A (light green). All scans represent an average of two trials.

Table 1: Summary of Structure and Stability Comparison from Circular Dichroism Studies

without 1,25-dihydroxyvitamin D3

with 1,25-dihydroxyvitamin Ds

=@y (deg  —©sy, (deg fraction —0Oy5 (deg  —0,y; (deg fraction
protein  cm®*dmol™") ecm®dmol™")  ©4y,/@s0¢ helicity (%) T (°C) cm®dmol™') em®dmol™") ©,0/@ss helicity (%) T (°C) ATy, (°C)
COMPcc® 22727.3 26928 1.18 70.1 41 22178 25045.3 1.12 65.2 45 4
L37A 10806.3 8333.75 0.77 21.7 - 10625 8196.28 0.77 21.3 - -
T40A 26648.4 31579.8 1.18 82.2 62 30612 33385.1 1.09 86.9 63 1
L44A 12814.5 6397.98 0.49 16.6 - 11103.2 6521.12 0.58 16.9 - -
V47A 12131.3 7377.34 0.6 19.2 - 10915.1 6861.03 0.62 17.8 - -
LSIA 10636.6 5139.54 0.48 13.3 - 10424.3 4782.02 0.45 12.4 - -
Q54A 30283.6 32498.7 1.07 84.6 74 24492.1 26604.3 1.08 69.2 77 3
I58A 21299.3 18118.1 0.85 47.1 38 22177.5 18588 0.83 48.4 41 3
L61A 22773.3 22985.7 1.0 59.8 67 15916.2 16169.2 1.01 42.1 67 0
V65SA 25745.7 26518.2 1.03 69 76 18181.2 19247.2 1.05 50.1 75 -1
S68A 20896 22396.6 1.07 58.3 80 19754.8 21285.2 1.07 55.4 81 1

within the C-terminal pocket bear modest implications on the
a-helix. The two polar residues, T40 and Q54, improve the helical
content when mutated to alanines in the N-terminal pocket.
Together, this suggests that the residues within the N-terminal
pocket are important in establishing and maintaining the helical
structure, while the C-terminal residues do not substantially
influence the a-helix.

Impact of Variants on Thermostability. Temperature
scans at 222 nm were performed to determine the thermosta-
bilities of all the proteins under identical concentrations of
10 uM (36). The COMPcc® presented a cooperative thermal
transition temperature (7,,) of 41 °C, similar to previously
reported values (17). Of the six variants that produced a
discernible melting curve, five demonstrated a significant increase
in thermostability relative to that of COMPcc® (Figure 2b and
Table 1). Variant S68A displayed a 39 °C enhancement in T, the
largest increase observed for any variant. This was followed by
the values of V65A and Q54A, which showed improvements of 35
and 33 °C, respectively, while variants L61A and T40A presented
increases of 26 and 21 °C relative to that of COMPcc’, respec-
tively. By contrast, variant [S§A displayed a 3 °C decrease in T,
when compared to that of COMPcc’.

The reversibility and monophasic behavior of the melts enable
us to assume a two-state mechanism of unfolding (27—29). As a
result, we can calculate the thermodynamic parameters of the
aforementioned variants and COMPcc® based on the fraction
folded (28, 29, 37). The stability of COMPcc® arises from a strong
enthalpic component with a van’t Hoff enthalpy (AH®) of
—85.2 kcal/mol (Table 2). This leads to a calculated Gibbs free
energy (AG®) of —4.3 kcal/mol within the range of the other
coiled-coil systems, including human cartilage oligomeric matrix
protein (29, 30), tetramers (30), and dimers (38). In general, for
the T40A and Q54A variants that exhibited enhanced helical
content and stability, increases in free energy of 8.4 and 13.4 kcal/
mol are observed relative to that of COMPcc’, respectively
(Table 2). The remaining C-terminal residues (L61, V65, and
S68) demonstrated 11.3, 19.4, and 22.7 kcal/mol increases in
stability, respectively, compared to that of COMPcc® when
mutated to alanine (Table 2). By contrast, I58A revealed a
minimal change in stability relative to that of COMPcc® of
0.2 kcal/mol (Table 2).

The majority of the residues that impact the thermostability
are located within the C-terminal pocket starting from the
division point of Q54 (Figure 1). C-Terminal residues L61,
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Table 2: Summary of the Calculated Thermodynamic Parameters

without vitamin D with vitamin D

protein AH°? (kcal/mol) AS®” (keal mol ' K1) AG°* (kcal/mol) AH°? (kcal/mol) AS®” (keal mol ' K71 AG°* (kcal/mol)
COMPcc® —85.2 —0.27 —4.3 —64.7 —0.20 —4.0
T40A —115.3 —0.34 —12.7 —104.1 —0.30 —-11.7
Q54A —125.9 —0.36 —-17.7 —129.6 —0.37 —19.2
I58A —109.98 —-0.35 —4.5 —133.6 —0.42 —6.7
L61A —127.7 —0.37 —15.6 —146.8 —0.43 —18.1
V65A —162.4 —0.46 =237 —130.2 —-0.37 —18.7
S68A —173.3 —0.49 =27 —144.9 —0.40 —22.9

“van’t Hoff enthalpy calculated as described in Experimental Procedures. °At equilibrium, AG® = 0. Hence, the change in entropy (AS°) = AH®/T,,. “Free
energy of folding at 25 °C calculated by the expression AG® = AH® — TAS®.

V65, and S68 stabilize the protein when mutated to alanine, while
alanine at position 58 does not significantly impact stability.
Although most of residues that influence stability are localized
on the C-terminal end, T40 and Q54 within the first pocket
also affect the thermostability when converted to alanine. The
enhancement in stability observed by these two variants appears
to be linked to the improved helical content described above.

Impact of Variants on Oligomerization State. To deter-
mine the oligomerization states of COMPcc® and variants, cross-
linking studies were performed using bis(sulfosuccinimidyl)
suberate (BS®) at the same concentrations used for CD and
analyzed via SDS—PAGE (30). The COMPcc’® demonstrated the
presence of five equally intense bands indicating the presence of
pentamers, in addition to tetra-, tri-, di-, and monomers
(Figure 3). In contrast, variants L37A, L44A, V47A, and L51A
exhibited predominantly monomer bands. Both L44A and L51A
showed evidence for dimer in addition to monomer. V47A
displayed the existence of di-, tri-, and tetramers, while L37A
demonstrated the presence of di-, tri-, tetra-, and pentamers with
less intensity than the monomer band. Variants T40A, Q54A,
I58A, L61A, V65A, and S68A illustrated an enhanced oligomer-
ization in which the monomer band disappeared, while retaining
the di-, tri-, tetra-, and pentamer bands (Figure 3). In general,
residues 137, L44, V47, and L51 are important for maintaining
the oligomeric state of the protein and are positioned in the
N-terminal pocket region since mutation to alanine abolishes the
presence of the pentamer bands.

Furthermore, sedimentation equilibrium experiments indicate
that the apparent molecular masses of COMPcc® and the T40A,
Q54A, 158A, L61A, V65A, and S68A variants were within 10%
of those calculated for a pentamer, with no systematic deviation
of the residuals (Figure 4 and Table 3). Hence, residues T40, Q54,
158, L61, V65, and S68 do not appear to be critical for
pentamerization. In fact, mutation to alanine facilitates oli-
gomerization. These residues are mostly distributed at the
C-terminal end with the exception of two polar residues, T40
and Q54, that reside in the N-terminal region.

Influence of 1,25-dihydroxyvitamin D;3. One of the key
features of COMPcc is its ability to bind vit D as demonstrated by
structural and biochemical studies (/7). vit D is an important
hormone involved in promoting cellular differentiation and pro-
liferation in terms of cartilage and bone tissue in addition to the
maintenance of calcium and phosphate homeostasis (39, 40). To
investigate the impact of the presence of vit D, we performed CD
and cross-linking studies after incubating COMPcc’® and variants
with the small molecule.

The proteins before and after binding vit D were compared to
evaluate whether there is any effect of vit D on helicity. Variants

L37A, L44A, V47A, L51A, 158A, L61A, V65A, and S68A
exhibiting large and modest losses in o-helical content revealed
similar decreases, while variants T40A and Q54A demonstrating
enhanced helicity maintained an increase with respect to that of
COMPcc’ in the presence of vit D (Figure 2c and Table 1). Nearly
all the variants, including COMPcc®, exhibited a slight loss of
helical content upon incubation with vit D relative to the
unbound proteins, except T40A, L44A, and I58A.

As described for the variants in the absence of vit D, similar
increases and decreases in T, were observed relative to that of
COMPcc’ (Figure 2d and Table 1). Variants Q54A, V65A, S68A,
L61A, and T40A presented increases in 7y, ranging from 36 to 18
°C, while I58A showed a decrease in T}, of 4 °C when compared
to that of COMPcc’. Previously, COMPcc binding to vit D was
detected by a shift in the Ty, (/7). COMPcc® demonstrated an
increase in the 7}, of 4 °C upon incubation with vit D, affirming
earlier data (/7) (Figure 2d and Table 1). Variants I58A and
Q54A each exhibited a 3 °C increase, followed by S68A which
revealed a 1 °C enhancement. However, variant L61A did not affect
the T, while V65A illustrated a decrease in T, by 1 °C (Figure 2d
and Table 1). Variants L37A, L44A, V47A, and L5IA were
unable to bind vit D because of their inability to form a-helices.

To study the impact of vit D on oligomerization, cross-linking
studies were performed after incubation with vit D. A similar
trend was observed in which L37A, L44A, V47A, and L61A
demonstrated mostly monomers or a lack of pentamer forma-
tion, while the remaining T40A, Q54A, 158A, L61A, V65A, and
S68A variants exhibited strong pentamer bands (Figure S1 of the
Supporting Information).

Binding to all-trans-Retinol and Curcumin. Guo and co-
workers demonstrated that COMPcc is capable of binding
hydrophobic small molecules such as ATR in addition to the
target vit D (/7). ATR, also known as vitamin A, is critical for
organ tissue and limb growth in both embryonic cells and adult
tissue (41, 42). Because of its unique fluorescence behavior, the
binding of ATR to COMPcc can be readily monitored spectro-
photometrically (/7). To explore the effect of the mutations on
ATR recognition, we investigated binding via fluorescence.

Variants L37A, L44A, V4TA, L51A, I58A, and L61A demon-
strated dramatic losses in their levels of binding, indicating that
these residues may be critical for ATR recognition (Figure 5).
The N-terminal residues 137, L44, V47, and L51 responsible
for the maintenance of helical content and oligomerization state
bound poorly to ATR when substituted with alanine. By con-
trast, the Q54A variant that previously illustrated enhanced
helical content and oligomerization revealed an increase in
fluorescence, indicative of improved binding. Interestingly,
S68A previously shown to display modest effects on the
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FiGURE 3: SDS—PAGE of cross-linking of variants by bis(sulfo-
succinimidyl) suberate (BS*). Lane L contained protein markers.
The cross-linked samples were subjected to 12% SDS—PAGE to
determine the oligomerization state of the variants. The molecular
masses are indicated at the left, and the monomer (1°), dimer (2°),
trimer (3°), tetramer (4°), and pentamer (5°) populations are indi-
cated at the right.
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FIGURE 4: Representative equilibrium sedimentation data (17000
rpm) of I58A (~200 uM) in PBS at 20 °C. The data fit closely to a
pentameric complex. The deviation in the data from the linear fit for a
pentameric model is plotted (top).

Table 3: Sedimentation Equilibrium Data of COMPcc® and Variants

protein Mobs/Mmonomerﬂ protein Mobs/Mmonomera
COMPcc® 4.9 L61A 49
T40A 4.8 V65A 5.0
Q54A 48 S68A 5.1
IS8A 5.0

“M 515/ M monomer 18 the apparent molecular mass determined from sedi-
mentation equilibrium data divided by the expected mass of a monomer.

coiled-coil structure and self-assembly also bound slightly better
to ATR.

Because of the predominant hydrophobicity of the COMPcc
pore, it has been suggested that the protein may potentially bind
other retinoids and hydrophobic compounds (/7). Curcumin
(CCM) is a polyphenol isolated from turmeric bearing unique
pharmacological activity, including anticarcinogenic (43, 44),
antioxidant (45), and antihypertrophy (46, 47) properties. Like
ATR, it can be monitored for binding to the variants because of
its fluorescence behavior (33, 34). We sought to investigate the
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FIGURE 5: ATR fluorescence binding studies of COMPcc® and var-
iants. Protein- ATR complexes were excited at 330 nm, and emission
maxima for each mutant were obtained. Plots represent an average of
three trials in which error bars denote the standard deviation.
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FIGURE 6: CCM fluorescence binding studies of COMPcc® and
variants. Protein-CCM complexes were excited at 420 nm, and
emission maxima for each mutant were obtained. Plots represent
an average of three trials in which error bars denote the standard
deviation.

binding of the variants to CCM in part because of its structural
difference from the retinoids and seco steroid vit D.

Variants L37A, L44A, V47A, L51A, and Q54A demonstrated
significant reductions in their levels of binding (Figure 6). The
four residues (L37, L44, V47, and LS51) positioned in the
N-terminal pocket that were previously noted to be essential
for helicity and oligomerization also bound CCM poorly when
substituted with alanine, which is similar to the ATR studies.
Notably, I58A and L61A revealed an increase in fluorescence
relative to that of COMPcc® (Figure 6). Comparison of ATR and
CCM binding studies reveals a consistency in the binding abilities
of the variants for both substrates; however, variants Q54A,
I58A, and L61A demonstrate a clear preference for either ATR
or CCM. These results suggest that the residues that line the
pocket play an important role in selectively binding various
hydrophobic small molecules.

DISCUSSION

Coiled-coil proteins have been extensively studied because of
their significance in biological systems (48—354). They are dis-
tinguished by heptad repeats (abcdefg) in which the residues in
the a and d positions play a significant role in its overall
structure (48). COMPcc represents a coiled coil that assembles
into a pentamer of parallel o-helices. Of the 10 residues in the a
and d positions of COMPcc®, L37, L44, V47, and L51 are
responsible for maintaining the structure (Figure 1). These
aliphatic residues when mutated to alanine result in a loss of
helical structure, stability, and oligomerization state. By contrast,
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polar residues T40 and Q54 within the N-terminal region when
converted to alanine improve the a-helical structure, stability,
and self-assembly behavior.

Interplay of Helicity, Stability, and Oligomerization.
Residues 137, L44, V47, and L51 that exhibited a substantial
loss of helicity when substituted with alanine were not sufficiently
stable to determine melts, while IS8 A which showed a modest loss
of a-helical structure demonstrated a loss in Ty, (Table 1). These
results suggest that the residues critical for maintaining helical
content are important for preserving stability. Moreoever, resi-
dues L37, L44, V47, and L51 that no longer displayed helical
structure and discernible stability when mutated to alanine
revealed predominantly monomeric states (Figures 2 and 3).
These data are consistent with the previous work by Miura and
co-workers in which alanine mutation of synthetic peptides that
led to an abolishment in a-helix also prevented the formation of
fibrous assembly (55).

The residues important for structure, stability, and pentamer
formation are located in the N-terminal pocket. On the basis of
the heptad pattern, L37, L44, and L51 occupy the a position
while V47 occupies the d position (Figure 1). Thus, the stability of
the pentameric assembly is largely mediated by the interactions
between three leucines from one helix with a valine from the
adjacent helix. Another pentameric coiled-coil, phospholamban,
has been demonstrated to be governed by the packing interac-
tions among three N-terminal leucines, L.37, L44, and L51, in the
a position with two isoleucines, 140 and 147, in the d position from
a neighboring helix (56, 57). This suggests that an N-terminal
repeat of three leucines in the a site along with a valine or set of
isoleucines in the dsite of the adjacent helix is indispensible for the
formation of pentamers.

The two polar residues, T40 and Q54, that improved the
a-helical content when mutated to alanine also demonstrated a
substantial increase in 7;, (Table 1). Alanine substitution of
either residue in this N-terminal region resulted in pentamer
formation and enhanced oligomerization (Figures 3 and 4 and
Table 3). In this case, increased helicity and stability facilitate
oligomer formation.

The remainder of residues L61, V65, and S68 located in the
C-terminal region when substituted with alanine yielded a modest
loss of helical content (within 15%), while exhibiting an enhanced
stability (Table 1). Interestingly, alanine substitution of these
residues maintains pentamer formation and improves the oligo-
merization state where the monomer population essentially
disappears (Figures 3 and 4 and Table 3). Here, the C-terminal
residues maintain the link between stability and oligomerization
as long as a threshold level of o-helical structure is maintained.

Influence of vit D on Helicity, Stability, and Oligomer-
ization. No significant change in helical content, stability, or
oligomerization was observed in the presence of vit D for the
COMPcc® and alanine variants relative to the unincubated
proteins (Table 1). The major discernible differences can be
identified from shifts in the T,,. Variants T40A, Q54A, I58A,
L61A ,and S68A in addition to COMPcc’ exhibited an increase
or no change in their 7}, values, indicating binding of vit D. These
five span both pockets with a majority concentrated in the C-
terminus and do not play a significant role in vit D recognition.
Variant V65A exhibits a decrease in T}, suggesting that it may be
important for vit D binding. However, residues L37, L44, V47,
and L51 represent the most crucial in vit D recognition as
absolutely no binding can even occur because of the inability
to oligomerize as described above.
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Variants That Exhibit a Specific Preference for vit D,
ATR, or CCM. From the vit D, ATR, and CCM studies,
variants Q54A, I58A, and L61A demonstrated selective binding.
Variant Q54A exhibited an enhanced affinity for ATR while
illustrating poor binding to CCM and vit D (Figures 2d, 5, and 6).
Remarkably, two variants, IS8A an L61A, bound specifically to
CCM, while weakly binding ATR and vit D (Figures 2d, 35,
and 6). Thus, by altering the sequence within the binding pocket,
one may be able to control the specificity for small molecule
binding.

Structural Data Add Molecular Detail to Interactions
with Small Molecules. On the basis of the structural analysis of
COMPcc-vit D (19) and COMPcc-ATR (17) complexes, Q54
separated the core into two distinct cavities. The vit D binds both
pockets, while ATR is occupied exclusively in the N-terminal
cavity. Both small molecules are poised between the T40 and Q54
residues. T40 recognizes the dimethyl group of vit D (19) and the
p-ionine ring of ATR (17). Q54 mediates a H-bond contact to
the hydroxyl group of ATR while providing separation within the
cavity for both ATR and vit D (17, 20). While both residues
appear to make contacts with both small molecules, they are not
needed as demonstrated by previous biochemical studies and our
mutagenesis data (17, 20).

Both cocrystal structures reveal that residues L44, V47, and
L51 lining the N-terminal cavity can accommodate vit D and
ATR even though both small molecules differ structurally (17,
20). For the COMPcc-vit D complex, V47 is able to accommo-
date the seco B ring system, imposing a planar 6-s-trans con-
formation of vit D, while residue L44 interacts with the methyl
C18 atom of the C ring on the f face (19). In the case of the
COMPcc-ATR complex, L44 contacts the C16, C17, and C18
methyl groups of the -ionine of ATR, while the cavities between
L44—V47 and V47—L51 interact with the C19 and C20 methyl
moieties of the isoprene group (/7). Our data confirm that
mutation of any of these three residues results in poor binding
to either compound. Moreover, these residues are also important
for CCM binding, indicating their significance for small molecule
recognition.

CONCLUSION

Here we show that the helicity, stability, oligomerization, and
small molecule binding of COMPcc are predominantly con-
trolled in positive and negative ways by the residues within the
N-terminal region. Four N-terminal aliphatic residues are neces-
sary for maintaining the structure and self-assembly, while the
two polar residues are dispensable. Alanine substitution of the
two polar residues renders variants that are more helical and
thermostable and facilitate pentamer formation. These findings
have interesting implications on how COMPcc is able to maintain
its structure and function. Moreover, the lessons learned from
these studies can aid in the design of exceptionally stable artificial
oligomeric coiled coils (27—23, 58) capable of binding various
small molecules with high selectivity (/7). Future studies employ-
ing COMPcc variants in the context of artificial peptides or
proteins for specific binding and delivery of small molecules as
potential biomaterials are underway (50, 59—63).
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