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ABSTRACT. The dimerization specificity of the recombinantly expressed and purified rod domain of adult
and neonatal chicken myosin heavy chain was analyzed using metal chelation chromatography. Our results
indicate that full-length adult and neonatal rods preferentially formed homodimers when renatured from
an equimolar mixture of the two isoforms denatured in guanidine hydrochloride. The contribution made
toward the dimerization specificity by subdomains of the rod has been addressed by making a chimeric
protein consisting of the subfragment 2 (S2) region of the adult isoform and the light meromyosin region
of the neonatal isoform. The proportion of heterodimers formed in exchange experiments between the
chimera and the neonatal and adult rods rose with increase in the sequence homology between the two
exchanging proteins. This suggests that multiple regions of the rod domain of chicken MyHC including
S2 can contribute toward dimerization specificity.

Myosin is a major contractile protein found in muscle cells.  The question whether neonatal and adult isoforms of
Itis a large (~500 kDa) hexameric protein consisting of two chicken skeletal myosin associate to form a heterodimer or
heavy chains, two regulatory light chains, and two alkali light homodimer has been previously addressed using immuno-
chains. The N-terminal 840 amino acids of the myosin heavy logical and electron microscopic techniques based on stage-
chain (MyHCY} are folded to form a globular domain, and specific monoclonal antibodie§); During that study it was
the remaining 1098 amino acids dimerize with the corre- shown that MyHC preferentially existed as homodimers in
sponding region of another MyHC to form am-helical Vvivo, as less than 10% of the isolated MyHC molecules were
coiled-coil referred to as the rod. The rod domain of the found to be heterodimers. These results were further sup-
MyHC participates in the assembly of myosin into functional ported by an in vitro study in which the chymotryptic rod
thick filaments. The globular domain along with the light fragments of neonatal and adult isoforms of myosin rods
chains forms the myosin head that contains the enzymaticallywere denatured together in guanidine hydrochloride, and
active site and the actin binding domain inherent to myosin removal of denaturing agent resulted in the re-formation of
1, 2). homodimeric coiled-coils 9). This result leads to two

A multigene family encodes MyHC in chickens, as in other inferences. First, the homodimers of MyHC are thermody-
vertebrates 3, 4). The amino acid sequence and the namically preferred, and no cellular regulatory processes or
organization of seven different isoforms of chicken fast mRNA compartmentalization is required to explain the lack
skeletal myosin heavy chains at a single gene locus haveof chicken MyHC heterodimers in vivo. Second, amino acid
been identified §). The different isoforms have been differences in the rod domain of the MyHC isoforms are
categorized as embryonic, neonatal, and adult on the basigesponsible for the dimerization selectivity of the molecule.

of the age at which they appear in the pectoral muscle of  The amino acid sequences of the rod portion of rat cardiac
the chicken. It has been shown that multiple isoforms of o and3 myosin heavy chains are93% identical £0). This
MyHC are expressed in a single muscle céttg), leading  pigh degree of homology has been proposed to be responsible

to the possibility that dimerization of rod domains can result ¢, gn approximately equal number of homodimers and
in both homodimers of identical isoforms or heterodimers neaterodimers of rat cardiac myosin found in vival)

of two different isoforms. However, the rod domains of MyHC A and B &ae-
Th . red by NIH Grant AG08573 norhabditis eleganthat are 61% similar predominantly form
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neonatal isoforms of skeletal MyHC #95% homologous, = as LMM in our previous study29) has been investigated.
with a total of 53 differences in the 1098 amino acid long The contribution made toward the dimerization specificity
rod domain {5, 16). Despite the high homology between by the S2 region of the MyHC has been addressed by making
the adult and neonatal isoforms of chicken MyHC, these a chimeric protein in which the S2 region of the adult isoform
isoforms have been shown to predominantly form ho- was combined with the LMM region of the neonatal isoform.
modimers 6, 9). Similar observations have been made for Our results indicate that full-length chicken MyHC rods
another o-helical coiled-coil protein, tropomyosin. The preferentially formed homodimers. The exchange experi-
nonmuscle tropomyosin isoforms TM-2 and TM-3 have ments between the chimera and the neonatal and adult rods
>94% homology 17). Investigation of the dimerization indicated that the proportion of heterodimers formed was
preference of these isoforms in rat fibroblasts showed thatrelated to the sequence homology between the two exchang-
these isoforms exist as homodimei¥,(18). All of these ing proteins.

studies suggest that the preference to form homodimers as

opposed to heterodimers is not dictated purely by overall MATERIALS AND METHODS

differences between the amino acid composition of the
protein but by the particular residues responsible for the
stability of the a-helical coiled-coil protein that drive
dimerization specificity.

The amino acid sequence of the rod follows the seven
amino acid repeat (abcdefg)which is characteristic of
a-helical coiled-coil proteins1(9). The a and d positions are
generally occupied by hydrophobic residues, and charged
residues are often present at positions e antBgZ0). The
stability of the o-helical coiled-coil proteins is mainly
provided by hydrophobic interactions at the interface of the
two helices between the side chains of the residues presen
in the a and d positions2(). The secondary structure is
probably further stabilized by the interhelical salt bridges o

Histidine-Tagged Rod Clone€DNA clones encoding
neonatal and adult chicken MyHC have been characterized
as GenBank accession numbers ab021180 and u87231,
respectively. The full-length myosin rod of both isoforms
along with 18 bp from the upstream globular domain of
MyHC was cloned into expression vector pET-15b (Novagen)
within the restriction sitesBanHl and EcdRl. During
translation an additional 25 residues (MGSSHHHHHHSS-
GLVPRGSHMLEDP) were added at the N-terminus of the
myosin rod from the vector sequences. These vector se-
guences encoded the hexahistidine tag followed by a
thrombin cleavage site. The neonatal rod expression vector
§ was designated pET-15b-HNR, and the adult rod expression
vector was designated pET-15b-HAR. These two constructs

the charged residues present at the e and g positkif)s ( . ;
Work done with Fos and Jun leucine zippers and other Were used to express His-tagged neonatal (HNR) and His-
tagged adult (HAR) rods.

synthetic peptides has indicated that these electrostatic
interactions are important for dimerization specificiB¢ Histidine-FLAG-Tagged Rod CloneBhe DNA sequence

25). But, with respect to chicken skeletal myosin, electrostatic €ncoding the FLAG tag, an octapeptide (DYKDDDDK), was
interactions are not thought to be important for dimerization €ngineered into the myosin rod expression vectors pET-15b-
specificity although their role in myosin filament morphology HNR and pET-15b-HAR. Polymerase chain reaction was
has been propose@f). Previous work done in our laboratory ~ used to add the octapeptide upstream of the rod sequence
has indicated that dimerization specificity of chicken neonatal but downstream of the His tag and thrombin cleavage site

light meromyosin (LMM) could be changed by mutations in the expression vectors. The forward primer used for
of noncharged residues in the hydrophobic core of the mutagenesis was'&£GGCTTGTCATCGTCGTCCTTG-

molecule £7). In another study, the energetic contribution TAGTCATCCTCGAGCATATGGCTGCC-3 and the re-
of different amino acids at a position of the leucine zippers verse primer used was-EATGACTACAAGGACGAC-
toward dimerization specificity showed that homotypicsa =~ GATGACAAGCCGCTGTTCTTTAAGATCAAG-3. The

interactions were preferrec®®). Thus it is possible that ~ €xpression vectors containing the FLAG tag in addition to
maintenance of stronger hydrophobic interaction in the core His tag were designated pET-15b-HFNR and pET-15b-
a-helical coiled-coil rod domain of chicken MyHC drives HFAR for neonatal and adult rod proteins, respectively. The
the dimerization process. FLAG tag was inserted downstream of the His tag so that
An ana'ytic approach was taken for Studying the dimer- the same purification pI’OtOCO| USing Ni-NTA Chromatogra'
ization specificity of LMM, comprising 650 C-terminal ~ Phy could be used for His-tagged and His-FLAG-tagged rod
amino acids of MyHC. In those experiments equimolar Proteins.
amounts of neonatal and adult LMM were mixed, denatured, Chimera Rod CloneThe chimera rod protein expression
and renatured. Subsequently, the amount of homodimers anatlone, pET-15b-HANR, was constructed by combining the
heterodimers was determined. The results indicated thatN-terminal 1347 bp of the adult rod sequence encoding the
neonatal and adult LMMs preferentially formed homodimers 449 residues of the S2 region with the C-terminal 1950 bp
but~25% of heterodimers were also detect2®(However, of the neonatal rod sequence encoding the 650 residues of
in another study using chymotryptic full-length rods the the LMM region. The clones pET-15b-HNR and pET-15b-
amount of heterodimers formed was significantly 1e8s ( HAR were digested with the restriction enzyr8ep. The
This suggests that the sequences responsible for the dimernucleotide sequences encoding the C-terminal 650 amino
ization specificity are not restricted to just the LMM region acids of the neonatal rod were transferred to pET-15b-HAR,
of the MyHC but amino acid residues in the S2 region, replacing the corresponding adult sequences. The clones with
consisting of the N-terminal 448 residues of the MyHC, play the correct orientation were identified by restriction enzyme
a role in the process as well. In the present study the pattern and then further confirmed by sequencing. The His-
dimerization specificity of a recombinantly expressed and tagged chimera rod protein generated with this newly
purified full-length myosin rod produced in the same manner constructed clone was designated HANR.
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Expression and Purification of Recombinant Histidine-
Tagged or Histidine-FLAG-Tagged Rod ProteirgL.21-
(DE3) pLysSEscherichia colicells were transformed with
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protein. Buffers used were the same as those used for the
Ni-NTA column chromatography described above except
GuHCI was not added in these buffers. Most of the untagged

various pET expression vectors. The cultures were grown rod protein was found in the flow-through and the first three

according to the instructions of the manufacturer (Novagen).

The bacterial cultures were harvested aftén of induction
with isopropyl I-thiof3-p-galactopyranoside added to a final
concentration of 1 mM and centrifuged at 5Q00sing a
GSA rotor (Sorvall Instruments) for 10 min, and the pellets
were stored at-80 °C. The pellets obtained fro 1 L culture

column washes with binding buffer. The untagged rod protein
was then dialyzed against HSB and kept &4 The removal

of His-tagged protein and the biotinylated thrombin from
the protein preparation was confirmed by a western blot. The
non-His-tagged proteins NR, AR, and ANR had eight
(GSHMLEDP) residues added at the N-terminus of the rod

were thawed on ice, resuspended in 8 mL of low salt buffer protein by the sequences of the expression vector.

(LSB: 20 mM KCI, 2 MM KHPQO,, 1 mM EGTA, 10 mM
DTT, 0.1 mM phenylmethanesulfonyl fluoride, pH 6.8), 400
uL of protease inhibitor cocktail 1l (Calbiochem), 204
of RNase (0.5ug/uL), and 50uL of DNase | (1ug/ul),

and then sonicated on ice in order to reduce the viscosity.

The LSB soluble proteins were removed by centrifugation
at 1400@ for 20 min at 4°C. The pellets were washed with

FLAG-Tagged Rod Proteir-=LAG-tagged neonatal rod
(FNR) and FLAG-tagged adult rod (FAR) were generated
by expressing the protein from the expression vectors pET-
15b-HFNR and pET-15b-HFAR and then cleaving off the
His tag with biotinylated thrombin and removing the un-
cleaved His-FLAG-tagged rod by Ni-NTA chromatography
as described above. The FLAG-tagged proteins have 16

just LSB four more times. Then the pellets were suspended(GSHMLEDDYKDDDDKP) residues added at the N-ter-

in binding buffer (100 mM NakPO,-H,0, 10 mM Tris base,

5 mM g-mercaptoethanol, 10 mM imidazolé M GuHCI,

pH 7.8). The proteins HNR and HAR were purified by an
additional step of dialysis against LSB as described for
purification of myosin from chicken muscle before being
suspended in binding buffeB(Q). Proteins soluble in binding

minus of the rod protein by the expression vector sequences.
Determination of Protein Concentratiolhe concentration

of various rod protein preparations was estimated by scanning

densitometry (Pharmacia LKB, Bromo, Sweden) of SDS

PAGE gels. SDSPAGE was performed as described by

Laemmli 31). Pure rod protein preparations were run in

buffer were separated by centrifugation as described abovetriplicate on the SDS gel along with increasing known

and subjected to Ni-NTA chromatography (Qiagen) under
denaturing conditions. The constitution of the buffer used
for elution of purified protein was the same as that of the
binding buffer; however, the concentration of imidazole was
increased to 500 mM. The elution fractions were pooled,
concentrated, and loaded onto a83G0um 4% cross-linked
agarose bead (Agarose Bead Technologies) columnx2.5
50 cm) for further purification by gel permeation chroma-

amounts of standard rod protein preparations. The concentra-
tion of the standard was estimated by measuring the
absorbance at 280 nm and using an extinction coefficient of
0.22 mL mg* cm™ (32). The concentration of the protein
preparations was calculated on the basis of standard curves
obtained from a known amount of rod protein samples.

Rod Denaturation and Renaturatiofrive hundred mi-
crograms each of two proteins in HSB, only one of them

tography under denaturing conditions. The gel permeation containing the polyhistidine tag, was mixed. The protein

column was equilibrated with 40 mM N&0;-10H,0, 10

mM DTT, 4 M GuHCI, pH 7.5, buffer, and the same buffer
was used for the elution of pure protein at a flow rate of
300 uL/min. The fractions containing pure protein were

concentration of the rod protein mixture was adjusted to 2
u9luL, and then it was denatured by addition of denaturation
buffer (8 M GuHCI, 40 mM NaP,07-10H,0, 10 mM DTT,
pH 7.5) to a final concentrationfdd M GuHCI. After

pooled and renatured by dialysis against high salt buffer incubation at room temperature for 2 h, the preparation was

(HSB: 40 mM NaP,0;-10H,0, 10 MM DTT, pH 7.5) when

renatured by dialysis against HSB #h at 4°C. Renatured

they were to be used for the exchange experiments, and thesamples were dialyzed against loading buffer (500 mM NacCl,

proteins were renatured against thrombin buffer (1 M NacCl,
20 mM imidazole, 10 mM3-mercaptoethanol, pH 7.8) when
the His tag was going to be removed with thrombin.
Untagged Rod ProteiriThe untagged neonatal rod (NR),
adult rod (AR), and chimera rod (ANR) were generated by
cleaving off the His tag with biotinylated thrombin (Novagen).
Pure His-rod protein in the thrombin buffer was diluted at
the time of thrombin reaction so that the concentration of
thrombin buffer ingredients would be reduced to half. The
thrombin reaction was set up according to the protocol
provided by Novagen with some modifications. The amount
of biotinylated thrombin used was increased to 1 unit for
cleaving off His tag from 30Q«g of protein. The reaction
was then incubated overnight at 10. After the removal of

20 mM imidazole, 0.4 M GuHCI, 5 mM-mercaptoethanol,
pH 7.8) overnight at £C. After centrifugation at 140@p
for 20 min at 4°C the supernatant was loaded onto a Ni-
NTA column.

Ni-NTA Column Chromatographylhe use of Ni-NTA
column chromatography to separate homodimers and het-
erodimers on the basis of the different affinity of zero, one,
or two histidine-tagged LMM molecules for the Ni-NTA
resin has been established befa28)( A similar approach
was taken here to study the amount of heterodimers or
homodimers formed during the exchange experiments with
His-tagged and FLAG-tagged or untagged MyHC rod. The
renatured samples in the loading buffer were loaded onto a
2.5 mL packed Ni-NTA resin column equilibrated with the

the His tag, the rod protein was treated with streptavidin resin same buffer and running at a flow rate of 10 mL/h. The

(100 uL of the 50% slurry) to remove the biotinylated
thrombin in the presence of 1% Tween-20 from the pure

column was eluted with 5 column volumes of loading buffer
(500 mM NacCl, 20 mM imidazole, 0.4 M GuHCI, 5 mM

protein. The protein was then subjected to a second rounds-mercaptoethanol, pH 7.8), then with 10 column volumes

of Ni-NTA chromatography under native conditions in order

of 80 mM imidazole buffer (500 mM NaCl, 80 mM

to remove uncleaved His-tagged rod from the untagged rodimidazole, 0.4 M GuHCI, 5 mMB-mercaptoethanol, pH 7.8),
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HNR MGSSHHHHHHSSGLVPRGSHMLEDP &\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\N

HAR  MGSSHHHHHHSSGLVPRGSHMLEDP | |
NR GSHMLED? ;MMM
AR GSHMLEDP | |
FNR GSHMLEDYKBDDDEZ FMmmmMuaMmMm
FAR GSHMLEDDYKDDDDKP |

HANR  MGSSHHHHHHSSGLVPRGSHMLEDP | &\\\\\\\\\\\\\\\\\\\\\\\\\\\\Q
ANR GSHMLEDP | _nHn F:

Ficure 1: lllustration of various rod constructs. The rod domain is formed of the C-terminal 1098 amino acids of MyHC. The rod proteins
used in the study had an additional six amino acids encoded from the sequences N-terminal of the rod region. The amino acids at the
N-terminus of the rods that were derived from the vector sequences are shown. The His tag and the FLAG tag are underlined to indicate
their location. The chimera, HANR, is comprised of the N-terminal 449 residues of the adult isoform and C-terminal 650 residues of the
neonatal isoform.

and finally with 5 column volumesfd. M imidazole buffer removal of thrombin after the reaction. The addition of
(500 mM NaC|] 1 M imidazole, 0.4 M GuHCI, 5 mM  Tween-20 at the time of removal of biotinylated thrombin
p-mercaptoethanol, pH 7.8). The amount of protein eluted decreased the loss of rod protein due to nonspecific binding
in each peak was estimated as described eai@rWith to the streptavidin agarose resin.

the difference that L of bovine serum albumin (0.&g/ The various pure proteins were analyzed by SIPAGE.

uL in sterile HO) was used as the internal standard for The proteins were estimated to b®5% homogeneous by
trichloroacetic acid precipitation efficiency. The statistical scanning densitometry (Figure 2). The dimerization specific-
significance between different sets of exchange experimentsity of rod proteins and chimera was studied by conducting

was analyzed with ANOVA (single factor). “exchange experiments”. In these experiments random strand
RESULTS exchange between rod constructs was promoted by unfolding
the coiled coil with addition of a denaturant followed by

Expression and Purification of Rod Protein Constructs. refolding upon gradual removal of the denaturant. The
The recombinant expression of the full-length rod region of different protein species generated during the denaturation
chicken MyHC inE. coliwith His tag or His-FLAG tagwas ~ enaturation process were analyzed using Ni-NTA chroma-
done as described in the previous section. The additionaltography.
amino acids added to the amino-terminal end of each rod Separation of Homodimers and Heterodimers Using Ni-
construct arising from vector sequences are shown in FigureNTA ChromatographyDue to the presence of the His tag,
1. We observed that the expression of full-length His-FLAG- chicken myosin rod protein can selectively bind to the Ni-
tag adult or His-FLAG-tag neonatal rod was-2 fold less NTA resin. We have previously demonstrated that when two
than the corresponding His-tag rods without the FLAG-tag LMM proteins with only one of them containing the His tag
sequence. This could have been due to increase in proteolysiaire mixed, denatured, and renatured, three protein peaks are
or initiation of internal translation from the constructs used obtained from the Ni-NTA column containing zero, one, or
to express the double-tagged molecules. It has been shownwo histidine tags, respectivel29). Similarly, in the case
previously that the protease recognition site inherent to the of rod protein, when equal amounts of untagged and His-
FLAG-tag sequence can be vulnerable during expression intagged rods were denatured and then renatured and then
bacteria and lead to cleavage of the FLAG tag from the subjected to Ni-NTA chromatography, three peaks were
expressed fusion proteir8§). Also, the presence of se- observed when using an imidazole gradient to elute the
quences that can act as prokaryotic translation initiation sitesprotein. The intermediate fraction began eluting at 62.5 mM
in various contractile proteins including myosin has been imidazole with a peak at 80 mM imidazole. A peak eluting
defined @4, 35). These internal translation initiation sites at 80 mM imidazole was not observed when a His-tagged
can lead to production of truncated rod protein that is missing rod and untagged rod were mixed and applied to the column
the N-terminus. We found that it was necessary to processwithout denaturation and renaturation (data not shown),
twice as much bacterial culture in order to produce equivalent similar to the results in the LMM experiment&9). This
amounts of rod protein at the end of the purification process observation indicated that a new class of rod dimers,
for His-FLAG-tagged constructs compared to His-tagged containing only a single His-tagged myosin rod, was formed
constructs. during the process of denaturation and renaturation. To

The untagged and the FLAG-tagged rod proteins were clearly define the conditions for the exchange experiments,
generated by removing the His tag with biotinylated throm- FLAG-tagged rod protein was introduced in the study. The
bin. Using biotinylated thrombin facilitated the subsequent binding properties of FLAG-tagged rods with the Ni-NTA
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FiIGURE 2: SDS-PAGE of recombinant rods. All of the proteins used in the study were estimated>t@%% homogeneous with scanning
densitometry. M= protein molecular mass standards.
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Ficure 3: Western blot analysis of three protein peaks following Ni-NTA chromatography to separate heterodimers and homodimers.
Equal amounts of His-tagged and FLAG-tagged neonatal rod proteins were mixed, denatured, and renatured. The proteins formed were
separated with Ni-NTA column chromatography. The three peaks obtained were subjected to western blot analysis using anti-FLAG and
anti-His antibodies.

resin were similar to those of the untagged rods. The FLAG- i.e., they are the same rod isoform. All of the exchange
tagged rods did not bind nonspecifically to the Ni-NTA experiments were done in triplicate. The heterodimers for
column, and its recovery was the same as that of untaggedthe His-tagged and FLAG-tagged neonatal rod exchange
rod protein with 20 mM imidazole buffer (data not shown). experiments were 45.3% 2.8% ( = 3), and for similar
Conducting exchange experiments with FLAG-tagged insteadexchange experiments of adult rods the value was 41+.59
of untagged rod protein facilitated visualization and char- 1.3% f = 3). The conditions established for the control
acterization of the three elution peaks obtained following experiments were used for His-tagged and untagged chimera
an exchange experiment done with equivalent amounts ofexchange experiments; these experiments yielded a similar
His-tagged and FLAG-tagged rods of the same isoform. percentage of heterodimers, 450.1% ( = 3). This result
Figure 3 shows the western blot done with anti-FLAG (anti- indicated that the chimera, HANR, had denaturation and
FLAG M2 monoclonal antibody; Sigma) and anti-His (penta- exchange properties similar to those of the neonatal or adult
His antibody; Qiagen) antibodies for the three peaks obtainedrods (Figure 4).
with 20 mM, 80 mM, and 1 M imidazole buffers for the Neonatal and Adult Rods of Chicken MyHC Preferentially
exchange experiment of His-tagged and FLAG-tagged Form HomodimersWith the aim of studying the dimeriza-
neonatal rods. From the western blot it is clear that the tion specificity of neonatal and adult rod proteins of chicken
FLAG-tagged homodimers eluted in the 20 mM fraction, MyHC, equal amounts of neonatal and adult rods were
FLAG-tagged/His-tagged heterodimers eluted mainly in 80 denatured by GuHCI and renatured by dialysis. The renatured
mM fractions, and His-tagged homodimers eluted in 1 M mixture was loaded onto an equilibrated Ni-NTA column,
fractions. and the amount of protein eluting in the 80 mM fraction,
After defining the conditions for exchange experiments, which corresponds to the heterodimer fraction, was quanti-
control experiments for both of the isoforms of MyHC rod fied.
were set up by denaturation and renaturation of an equal In contrast to the values seen for control experiments (His-
amount of His-tagged and FLAG-tagged rods of each isoform tagged and FLAG-tagged neonatal rod or His-tagged and
separately. The results of the various control experiments FLAG-tagged adult rod), the percentage of the heterodimers
show that close to a randormy$0%) number of heterodimers  was found to be significantly lesp (< 0.05) when two
are formed between FLAG-tagged and His-tagged rod different isoforms were mixed, denatured, and renatured. The
proteins when they contain the same amino acid sequencepercentage of heterodimers formed by the exchange experi-
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Ficure 4: Comparison of control exchange experiments of adult and chimera rod proteins.PROE of the three fractions obtained

from the exchange experiments of His-tagged adult and FLAG-tagged adult along with His-tagged chimera and untagged chimera rod
proteins are shown. From this figure it is evident that the chimera rod, HANR, forms similar levels of heterodimers during a control
exchange experiment as the adult rod, suggesting that the denaturation and exchanging properties of both of the proteins are similar.

60 - of which 18 are present in the S2 region. Of these 18
| B0 = PP S differences, 6 are present at thg a and d positions and 3 at
5 404 ST the e and g positions of the-helical heptad repeat.

.E ol kil To address the question of whether differences in the S2
£ region of neonatal and adult rod can affect dimerization
E‘ ol specificity, exchange experiments were conducted between
£ 107 His-tagged chimera and untagged adult rod proteins. The
0+ percentage of heterodimers formed for these experiments was
& & Q\‘;\“ ‘e,# f@ Foalllr g 31.78 4+ 2.0% ( = 3) (Figure 5) in comparison to that
& +’$§ & i " il observed for exchange experiments of His-tagged adult and

FIGURES: Percentage of heterodimers formed in different exchange UNt@gged neonatal rods (22.4% 6.8%) or His-tagged
experiments. The amount of protein present in the three fractions N€onatal and untagged adult rods (25:865.1%). In the
(20 mM, 80 mM, and 1 M) obtained from the Ni-NTA column exchange experiments with the chimera and the untagged
following an exchange experiment was estimated by laser densi- adult rod, the number of amino acid differences between the

tometry. The percentage of protein obtained in the 80 mM y,, exchanging rods was 35. The percentage of heterodimers

heterodimer fraction has been presented for each set of exchange - -
experiments. The bars represent the average of three sets ofV@S 35.114 6.8% (1 = 3) for the exchange experiments

experiments done for each pair of proteins, and the error bars between His-tagged chimera and untagged neonatal rod
indicate the standard deviation. The values above the bars represenproteins. In this set of experiments the difference in the amino
the averaget standard deviation for each. Abbreviations: HNR, 4cid residues of the exchanging rod proteins was reduced to

His-tagged neonatal rod; FNR, FLAG-tagged neonatal rod; HAR, . . .
His-tagged adult rod; FAR, FLAG-tagged adult rod; NR, untagged only 18 residues. The percentage of heterodimers formed in

neonatal rod; AR, untagged adult rod; HANR, His-tagged chimera €Xchange experiments of the His-tagged chimera rod with
rod; ANR, untagged chimera rod. either untagged adult or untagged neonatal rod was not

significantly different p > 0.05) than the exchange experi-

ment of His-tagged adult and untagged neonatal rods wasment between two different isoforms of the MyHC rods.
22.47+ 6.8% ( = 3), and for His-tagged neonatal and Comparing the percentage of heterodimers formed for the
untagged adult rods the value was 25:8%.1% f = 3). exchange experiments of the chimera protein with the control
These experiments were also done in triplicate, and statisticalexperiments (His-tagged and FLAG-tagged neonatal rod or
analysis established that the percentage of heterodimerdis-tagged and FLAG-tagged adult rod), it was observed that
formed in these two sets of experiments was not significantly the heterodimers formed for the His-tagged chimera and
different (o > 0.05) from each other but was approximately untagged adult experiment were significantly 1g$s(0.05)
half of what was observed for the exchange experimentsthan those for the control experiments, but for His-tagged
between identical rod molecules (Figure 5). This observation chimera and untagged neonatal exchange experiments the
indicated that neonatal and adult rod preferentially refolded values were not significantly differenp (> 0.05).
to form homodimers following the denaturatierenaturation
protocol. DISCUSSION

The Chimeric Protein Forms Heterodimers with both Adult ~ The objective of the present work was to study the
and Neonatal Rods.he percentage of heterodimers formed dimerization specificity of the rod domain of chicken MyHC.
in the study done with recombinant LMM proteins was Multiple isoforms of MyHC are frequently expressed in a
significantly greater than that observed previously for chy- single muscle cell @8), leading to the possibility that
motryptic rod proteinsg, 29). These results suggested that MyHC protein may be either heterodimers or homodimers.
the S2 region of MyHC might be involved in dictating the Both in vivo and in vitro studies have shown that chicken
dimerization specificity of the chicken MyHC. To address MyHC prefers to form homodimerss(9). An analytical
this question, a chimeric protein, HANR, was recombinantly approach was followed to study the dimerization specificity
expressed and purified. In this chimera the S2 region was of the LMM domain of MyHC, and it was established that
that of the adult isoform, and the LMM region was that of although the LMMs preferentially formed homodimers, a
the neonatal isoform (Figure 1). There are 53 amino acid small but significant number of heterodimers also were
differences between the neonatal and adult rod sequencesormed @9). The percentage of heterodimers formed in the
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LMM study was significantly more than that previously additional heterodimers compared to the exchange experi-
observed in the dimerization study of chicken MyHC rods ments between different isoforms. This variation could be
prepared by chymotryptic digestio®)( The present study  due to reduction in the differences between the amino acid
using recombinant MyHC rod was undertaken to understandsequences of His-tagged chimera and the untagged adult rod
the role of the S2 and LMM domains in dimerization pairto 35 compared to 53 between the different isoform rods.
specificity. This result also indicated that the S2 region contributed to
Our results indicated that when the rods of neonatal andthe dimerization specificity of the chicken MyHC. The
adult isoforms of chicken MyHC are denatured and rena- percentage of heterodimers increased further in exchange
tured, the rods preferentially dimerized as homodimers. experiments of His-tagged chimera and untagged neonatal
However, significant percentages of heterodimers also wererod compared to the exchange experiments between different
formed in these experiments. The percentage of heterodimerdgsoforms ,suggesting that residues in the LMM domain also
observed in these experiments wa®4%, about half of that  affect the dimerization specificity. In this set of experiments
observed in control experiments done with equal amounts the difference in the amino acid residues of the exchanging
of His-tagged and FLAG-tagged rods of the same isoform. rod proteins was reduced from 53 to only 18. These results
These results highlight the preference of rods to form suggest that reducing the differences between the exchanging
homodimers; however, the percentage of heterodimersrod proteins promoted the formation of heterodimers.
formed in these experiments is more than th&% het- The role of different regions of the MyHC rod toward
erodimers observed in another study where chymotryptic rodsdimerization specificity was further analyzed by comparing
were used instead of recombinant ro@3. (This disparity the results obtained with His-tagged chimera experiments
between the results of these two studies could be due to atand the control experiments (His-tagged and FLAG-tagged
least two reasons. First, the experimental design used toneonatal rod or His-tagged and FLAG-tagged adult rod). The
determine the percentage of heterodimers in the studies wagercentage of heterodimers formed in His-tagged chimera
different, as the percentage of heterodimers formed in theand untagged adult exchange experiments was significantly
study using the chymotryptic rod was determined by the less than that seen for the control exchange experiments.
double antibody sandwich ELISA technique, whereas in the However, in exchange experiments of His-tagged chimera
present study of recombinant rods Ni-NTA chromatography and untagged neonatal rod the percentage of heterodimers
was used to segregate homodimers from heterodimers. Therdormed was not significantly different from those found in
is a difference in the manner in which the amount of the control exchange experiments. This could be attributed
heterodimers is determined in two techniques. In the ELISA to the fact that the number of amino acid differences in the
technique the percentage of heterodimers formed is deter-His-tagged chimera/untagged neonatal sequences is only 18
mined from an amplified signal whereas with Ni-NTA compared to 35 in the His-tagged chimera/untagged adult
chromatography the percentage of heterodimers formed ispair. These results indicate that although the S2 region
measured directly. Second, there was a difference in thecontributes to the dimerization specificity of the rod domain
method of rod protein preparation in the two studies. It has of chicken MyHC, the other regions of the protein are also
been shown that during chymotryptic preparation of rod involved in the process. Thus dimerization specificity is not
protein the C-terminal 16 residues (nonhelical tail) are restricted to one particular region of the rod protein.
removed due to proteolysi8§, 37). The removal of the tall There are 53 differences between the amino acid sequence
has been shown to affect the solubility and assembly of adult and neonatal chicken myosin rods with 27 found at
properties of both LMM and rod domaing4, 38, 39); this the a, d, e, and g positions, which have been shown to be
may alter the dimerization properties of these proteins andimportant for the stability of coiled-coil protein®1, 22).
account for the differences in the percentage of heterodimersThe analysis of 16 different sarcomeric myosins has shown
observed in the two rod dimerization studies. In a study of that the sites of interhelical ion pairing of the residues present
recombinant LMMs it was shown that neonatal and adult at the e and g positions were almost identical in all myosin
LMMs could form up to 28% heterodimers as opposed to rods, irrespective of whether they formed heterodimers or
less than 5% observed with chymotryptic rods. To determine homodimers 26). This suggests that the dimerization speci-
if the sequence differences outside the LMM region con- ficity of chicken skeletal MyHCs is probably not dictated
tributed to the dimerization specificity of the MyHC, the by the amino acids present in positions e and g and that the
present study was conducted. We found that the percentageamino acids present in the a and d positions might have a
of heterodimers formed when neonatal and adult rods weregreater effect on the stability of these coiled-coil proteins.
denatured and renatured together was similar to that observedhe difference in the residues present in the a and d positions
with the corresponding LMMs. This could be due to the is spread throughout the entire sequence of the neonatal and
similar experimental design used in these two studies which adult rods except for one group that is present in heptads 16
was different from the ELISA-based technique used for the and 17 that represent part of the hinge region of the MyHC
work done with chymotryptic rods. To determine if the rod. Similarly, the differences in the amino acid sequence
residues outside the LMM region of the MyHC rod contrib- of tropomyosin isoforms TM-2 and TM-3 are grouped in a
uted to the dimerization specificity, exchange experiments 25 amino acid stretch as these are derived from the same
with a chimeric protein were also carried out. gene by alternative RNA processirty’(40). These isoforms
The importance of the S2 region in dimerization specificity of tropomyosin were found to form homodimers in vivd).
was addressed by conducting experiments with a chimera,A similar observation was made for another set of isoforms
HANR, which had the S2 region of the adult isoform and of tropomyosin, TM-5a and TM-5b40). It is possible that
the LMM region of neonatal isoform. The exchange experi- the differences in the amino acid sequence of neonatal and
ment of His-tagged chimera and untagged adult rod generatecadult MyHC grouped in heptads 16 and 17 by a mechanism
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similar to that observed for tropomyosin are responsible for
the dimerization properties of chicken MyHC. This question
can be addressed by generating a chimeric protein in which
heptads 16 and 17 of the neonatal rod are replaced by
corresponding adult sequences and then studying its ability
to form heterodimers with both neonatal and adult rods.

Dimerization specificity has been shown to be altered by
a single mutation. Previous work done in our laboratory had
indicated that dimerization specificity of chicken neonatal
LMM could be changed by mutations of residues in the
hydrophobic core of the molecule. In that study substitution
of amino acids at the a or d positions of neonatal LMM with

Singh and Bandman

5. Zhang, Q., and Bandman, E. (1999) Organization of the chicken
fast skeletal myosin heavy chain gene locus (Meetikg), Biol.
Cell 10, 34a.

6. Lowey, S., Waller, G. S., and Bandman, E. (1991) Neonatal and
adult myosin heavy chains form homodimers during avian skeletal
muscle developmend. Cell Biol. 113 303—310.

7. Taylor, L. D., and Bandman, E. (1989) Distribution of fast myosin
heavy chain isoforms in thick filaments of developing chicken
pectoral muscle)]. Cell Biol. 108 533-542.

8. Gauthier, G. F. (1990) Differential distribution of myosin isoforms
among the myofibrils of individual developing muscle fibels,
Cell Biol. 11Q 693-701.

9. Kerwin, B., and Bandman, E. (1991) Assembly of avian skeletal
muscle myosins: evidence that homodimers of the heavy chain
subunit are the thermodynamically stable fodnCell Biol. 113
311-320.

corresponding adult LMM amino acids had changed the g McNally, E. M., Kraft, R., Bravo-Zehnder, M., Taylor, D. A., and

dimerization specificity of the neonatal LMM to that of adult
LMM (27). In another study, the energetic contribution of
different amino acids at a position of the leucine zippers
toward dimerization specificity showed that aliphatic amino
acids Leu, lle, and Val preferred homotypiea interactions
(28). Single mutations could be responsible for disruption
of the coiled-coil structure and eventually myosin filament
assembly as shown by a finding that a missense mutation,
Serl776Gly, at a position in the LMM region of human
cardiac-MyHC was responsible for familial hypertrophic
cardiomyopathy41). Similar selectivity of the hydrophobic
interactions of the core residues might be responsible for
the homodimer formation of chicken MyHC. Recently Kwok
et al. have defined stabilizing clusters, which consist of three
or more consecutive core residues of stabilizing amino acids,
in tropomyosin and the rod domain of MyH@2). Some of
these stabilizing clusters might get disrupted during the
formation of the heterodimer, making dimerizing as ho-
modimers a more energetically efficient option. These various
studies indicate that maintenance of stronger hydrophobic
interactions in the core of the-helical coiled-coil rod
domain of chicken MyHC might be the key driving force
behind dimerization and that this process can be disrupted
by even single mutations. To understand the contribution of
various residues present in the core of the rod domain of
the chicken MyHC, point mutations in the rod domain of
one of the isoforms should be generated and its effect on
dimerization specificity should be studied. Even though the
present study has indicated that the S2 region of the MyHC
rod contributes to dimerization specificity, these extended
experiments will help in understanding whether the prefer-
ence to form homodimers or heterodimers is a function of
the whole chicken MyHC rod or of a particular region.
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