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A second consensus sequence of ATP-requiring proteins resides in the
21-kDa C-terminal segment of myosin subfragment 1
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Previous comparisons of sequence homologies of ATP-requiring enzymes have defined three consensus sequences which appear to be involved in

the binding of the nucleotide. One of these was identified in the N-terminal 27-kDa segment of the myosin heavy chain but the other two sequences

have not hitherto been located in myosin. The present paper proposes that one of these other two consensus sequences is in the 21-kDa C-terminal
portion of S1 and that it may contribute to the ATP binding domain.

Myosin; ATP-requiring enzyme; ATP-binding domain

1. INTRODUCTION

With the advent of abundant protein sequence infor-
mation through DNA sequencing, correlations in the
sequences of proteins with related functions have been
useful in identifying putative functional regions. This
information when used in conjunction with known
three-dimensional structures provides good clues to the
potential functional sequences in related proteins of yet
undefined structure ([1] and references therein). This
has been successfully applied to identify the glycine-
rich loop in the 27-kDa N-terminal segment of myosin
S1 as being part of the nucleotide binding region (se-
quence A of reference [1]). This assignment has recent-
ly been confirmed by the observation that Ser’® in this
consensus sequence undergoes photo-oxidation by Vi
trapped stoichiometrically in S1 with MgADP [2].

Another consensus sequence of highly conserved
homology has been identified in F1 ATP synthases and
in mammalian cytosolic adenylate kinase (sequence B
in [1]) and is shown in table 1. It consists of EX;RX,
GX,, followed by a five residue segment comprised of
Ile or Leu at the first two positions, Tyr or Phe at the
third position, an uncharged or Asp in the fourth posi-
tion and terminated by an aspartate. The subscripts m
and »n represent the number of variable residues X bet-
ween the bordering conserved ones. For F1 ATPases
and mammalian cytosolic adenylate kinase, m is usual-
ly 2 or 3 and # is 3 or 4. It has been suggested that the
terminal aspartate of this sequence plays a role in the
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binding of the divalent cation associated with the
nucleotide substrate, thereby placing it at the active site
of these other ATPases and nucleotide binding pro-
teins. In accord with this view, the terminal five residue
segment in the case of mammalian cytosolic adenylate
kinase has been shown (together with sequence A) to
flank the Mg triphosphate group on the basis of detail-
ed NMR analyses [3,4]. Sequence B was suggested to lie
in myosin in the 27-kDa segment adjacent to and on the
N-terminal side of sequence A but the homology with
myosin is low [1]. Furthermore, the suggested location
places B before and close to A, which is opposite to
what is observed with the non-myosin ATPases. The
present paper raises the possibility that sequence B may
reside in the 21-kDa C-terminal segment of S1.

2. MATERIALS AND METHODS

Computer searches for frequency of specified sequences in the
SWISS PROT database and for secondary structure predictions were
done using the PESEARCH and GARNIER programmes respective-
ly of PC/GENE (IntelliGenetics, Inc., Mountain View, CA).

3. RESULTS AND DISCUSSION

A visual search of the rabbit skeletal myosin S1 se-
quence indicated that a pentapeptide beginning at Ile’!*
showed high homology to the conserved, terminal five
residue segment of consensus sequence B. The sequence
immediately upstream from this pentapeptide was next
examined for homology with the remainder of consen-
sus sequence B by adjusting the spacing to obtain best
matches between the assigned conserved residues.
There appeared to be a good visual match in which con-
sensus sequence B could be placed in myosin by allow-
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Table 1

Alignment of homologous sequences in F1 ATP synthases and mammalian cytosolic adenylate kinase and in the proposed location in the 21-kDa
segment of myosin S1

Non Myosin ATPases

Bovine ATPase 8
E. Coli ATPase 8
E. Coli ATPase a
R. Blastica ATPase a[29)
Adenylate kinase

Myosin

Chicken gizzard [30]
Chicken skeletal[31]
Rat skeletal embry[37)
Rabbit skeletal®
Rabbit cardiac[33)

Human skeletal embryo[34)]
Chicken intest. epit[35)
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Yeast [37]
Acanthamoeba II(3§]
Nematode [39)
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Myosin I

Acanthamoeba IB[5]
D. discoidium I[41)
Acanthamoeba I [41]
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IIRITCRQ[GIFPNR[IVFQE|FR
IIRITICRK|GGFPSRVLYAD|FK
IIRIICRK|GFPNRILYGD|FK
IIRlT CREK|GIFPSRILYAD|FXK
IIRIICRK|GIFPNRILYGD|FR
IIRIICRK|GGFPNRILYGDFK
IIRIICRQIGFPNRVVFQEFR
SH1(707)
IixrxxFFpNRIIYADFv
IIRILARE|GIY PNRIAFQE|FF
IIRRTARR|GIWP NRLKYNE|F K
I|RII CRK|GIFPNRTLHPD|FV
IIRIICRK|GFPNRMMYPDFK
VIRIIRRA[GYAYRQS Y- DKF
VIRIVRRA(GFAYRNTTF-D KV
VIRIVRRAIGFAYRAEF-DRL

# Sequences from Walker et al. [1]
® Elzinga (personal communication)

Sequence B has the motif: EXXRX»GX, followed by a five residue segment of (hydrophobic, aliphatic)-(hydrophobic, alipathic)-(Phe, Tyr)-X-
(Asp,Glu). The conserved residues and the five residue terminal segment are shown boxed. Blank spaces were inserted for best fit.

ing m to be 4, corresponding to a single addition in the
spacing between the assigned conserved arginine and
glycine residues.

The proposed location for sequence B in rabbit
myosin S1 is in the 21-kDa C-terminal segment, beginn-
ing at Glu’®? (five residues downstream from SH2) and
ending at Asp’*. In this location it is highly conserved
in myosins from sources as diverse as Dictyostelium
discoideum and human embryonic skeletal muscle; the
homology with the consensus sequence of the F1 AT-
Pases and mammalian, cytosolic adenylate kinase is
also apparent from table 1. The substitutions for
myosin from avian gizzard and intestinal epithelial cells
and from yeast are quite conservative, but there is
lower homology with the myosins of the invertebrates
nematode and Acarthamoeba 11. The homology of the
terminal five residue segment is only partially conserv-
ed in the type I myosins of Acanthamoeba and Dic-
tyostelium discoideum. This latter class of protein
differs in a number of important aspects from conven-
tional myosins, and has apparently been formed by fu-
sion of a myosin-related gene and that of an unknown
protein [5].

Searches of the protein data base (see section 2) for
patterns represented by EXoRX,GX,(IL)X(FY)X(DE),
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where the subscripts m and n refer to the spacings of
variable residues between the conserved ones in the pro-
teins listed in table 1, were next examined. The pattern
was made more general than necessary by allowing the
second position of the terminal pentapeptide to be
variable, since it is usually an aliphatic, hydrophobic
residue. The type I class of myosin was not used to set
this pattern since, as mentioned above, this represents
an unusual ‘hybrid’ class [S]. The results of this search
are presented in table 2. A total of 23 proteins were
scored, all of which were ATP-requiring and all but one
was either an ATP synthase, adenylate kinase or
myosin. The exception was phosphoribosyl ATP-
pyrophosphohydrolase [6]. The results of m/n com-
binations of 3/4 or 4/3, not occurring within any pro-
tein in table 1, scored no protein in the database.
Substitution of these patterns at the first position of the
terminal pentapeptide by valine or methionine (alter-
nate hydrophobic, aliphatic residues) scored two pro-
teins both of which were F1 ATPases. It would appear,
therefore, that the proposed consensus sequence is fair-
ly specific for myosin and some ATP-requiring
proteins.

The proposed assignment of sequence B in myosin
may have interesting implications regarding the folding
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Table 2

Results of searches of the SWISSPROT database for sequences of the
pattern: EX;RX»GXA(IL)X(FY)X(DE) where m = 2, 3, or4and n =
3 or 4. Total sequences in database are 10008

FEBS LETTERS

m n Proteins scored
Total Myosin F1- Adenylate Others
ATPases  kinase

2 3 1 0 1 0 0
2 4 12 0 9 2 12
3 3 6 0 6 0 0
4 4 4 4 0 0 0

23 4 16 2 1

2 Phosphoribosyl-ATP pyrophosphohydrolase [6]

of the S1 heavy chain to generate the ATP binding do-
main. It is conceivable that sequence A and the ter-
minal five residues of sequence B may have similar
three dimensional relationships in myosin as they ex-
hibit in adenylate kinase, where they both flank the Mg
triphosphate group of the ATP [3,4]. Support for a
close arrangement of the two consensus sequences in S1
comes from recent probing of the folded structure of S1
by cross-linking. These studies have established that
SH1, which resides in the proposed sequence, is close
to the 27-kDa segment [7,8], while SH2 has been shown
to be within 0.3 to 0.45 nm of Lys'® or Lys'®, at or
adjacent to sequence A, respectively [9,10]. Additional
evidence that regions of the 21-kDa segment may be at,
or close to, the ATP site comes from recent studies [11]
in which a photoaffinity analogue, 3'-O-(V-
methylanthraniloyl)-8-azidoadenosine 5’ -triphosphate,
labeled avian skeletal S1 in the 21-kDa segment at a 50
residue peptide starting at Leu®® and containing SH1
and SH2. We have also recently found that the bifunc-
tional photoreactive analogue, 3’-O-(azidonitroben-
zoyl)-8-azidoadenosine 5’ -triphosphate, cross-links the
21-kDa to the 27-kDa segment in rabbit skeletal S1
[12].

The proximity of elements of the two consensus se-
quences is also predicted by the recent 3D-lattice model
of Botts et al. [13], which is based primarily on
fluorescence energy transfer measurements. Such an ar-
rangement of the two sequences would imply that
regions of both the 27-kDa and 21-kDa segments may
contribute to the ATPase site in myosin S1, and that
these two segments, which are well separated in the
primary sequence, may not be separate domains as has
been suggested from limited proteolysis studies [14,15].
Recent studies on the progressive unfolding of S1 in-
dicate that the S1 structure may be comprised of a
stable domain consisting of the interacting 21-kDa,
27-kDa, and light chain, and a less stable middle
50-kDa segment [16,17]. Secondary structure predic-
tions ([18] and see section 2) based on the sequences for
adenylate kinase and Dictyostelium discoideum
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myosin, indicate interesting common features. In par-
ticular, these predictions yield ordered structures (a/8
or (/8 respectively) separated by a turn near the con-
served glycine followed by two or three residues in a
random structure.

The relationship of SH1 and SH2 to sequence B
would also be consistent with other well characterized
observations accompanying their modification such as
changes in the ATPase properties [19], trapping of Mg
nucleotide and MgPPi when they are covalently bridg-
ed [20], changes in their separation on addition of
MgADP [21-23] and changes in their reactivities induc-
ed by binding of nucleotide [24,25]. It is of interest to
note that modification of the equivalent thiols in the
25-kDa C-terminal segment of smooth myosin Sl
abolishes the formation of the 10S conformation [26]
usually associated with trapping of MgATP [27]. Fur-
thermore, this location for sequence B would also be at
a recently defined actin contact near SH1 [28], consis-
tent with the well known communication between the
ATPase and actin sites.

The proposed location and contribution of sequence
B in myosin Sl to the formation of the ATP site can
eventually be subjected to experimental testing by
mutagenesis or other approaches. For example, dele-
tion of residues in the five residue segment should have
profound effects on the ATPase properties of myosin.
Alternatively, replacement of the common aspartate
(or glutamate) by a lysine should produce dramatic ef-
fects on the cation dependent ATPase if it is involved
in coordination to Mg nucleotide.
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