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Abstract. 

 

Structural maintenance of chromosomes 
(SMC) proteins function in chromosome condensation 
and several other aspects of DNA processing. They are 

 

large proteins characterized by an NH

 

2

 

-terminal nucle-
otide triphosphate (NTP)-binding domain, two long 
segments of coiled coil separated by a hinge, and a 
COOH-terminal domain. Here, we have visualized by 

 

EM the SMC protein from 

 

Bacillus subtilis

 

 (BsSMC) 
and MukB from 

 

Escherichia coli

 

, which we argue is a 
divergent SMC protein. Both BsSMC and MukB show 
two thin rods with globular domains at the ends emerg-
ing from the hinge. The hinge appears to be quite flexi-
ble: the arms can open up to 180

 

8

 

, separating the termi-
nal domains by 100 nm, or close to near 0

 

8

 

, bringing the 
terminal globular domains together.

 

A surprising observation is that the 

 

z

 

300–amino 
acid–long coiled coils are in an antiparallel arrange-
ment. Known coiled coils are almost all parallel, and 
the longest antiparallel coiled coils known previously 
are 35–45 amino acids long. This antiparallel arrange-
ment produces a symmetrical molecule with both an 
NH

 

2

 

- and a COOH-terminal domain at each end. The 
SMC molecule therefore has two complete and identi-
cal functional domains at the ends of the long arms. 
The bifunctional symmetry and a possible scissoring ac-
tion at the hinge should provide unique biomechanical 
properties to the SMC proteins. 

Key words: SMC • MukB • coiled coil • electron mi-
croscopy • chromosome

 

T

 

he

 

 structural maintenance of chromosomes (SMC)

 

1

 

proteins are a family of DNA processing proteins
almost ubiquitous in bacteria, archaea, and eukary-

otes (for reviews see Hirano et al., 1995; Saitoh et al., 1995;
Koshland and Strunnikov, 1996; Heck, 1997; Jessberger et
al., 1998). Eukaryotic SMC proteins function in chromo-
some condensation and segregation from fungi to verte-
brates (Strunnikov et al., 1993; Hirano and Mitchison,
1994; Saka et al., 1994; Koshland and Strunnikov, 1996), X
chromosome dosage compensation in 

 

Caenorhabditis ele-
gans

 

 (Lieb et al., 1998), sister chromatid cohesion (Guacci
et al., 1997; Michaelis et al., 1997; Losada et al., 1998), and
other aspects of DNA processing and repair (Jessberger et
al., 1996, 1998). The names “condensin” and “cohesin”

have been applied to the SMC proteins and their com-
plexes that function in DNA condensation and sister chro-
matid cohesion (Heck, 1997). SMC proteins are also found
in bacteria and archaea. In contrast to eukaryotic SMC
proteins, which are generally heterodimers, the prokary-
otic SMCs are predicted to be homodimers since there is
only one SMC sequence in each genome. In addition to
the two SMC peptides that form the dimer, eukaryotic
SMC proteins (Guacci et al., 1997; Hirano et al., 1997;
Michaelis et al., 1997; Jessberger et al., 1998; Lieb et al.,
1998) and 

 

Escherichia coli

 

 MukB (Yamanaka et al., 1996)
have associated proteins that are essential for function.
Probably all SMC proteins have accessory proteins. For
the present study, however, we will focus on the 

 

Bacillus
subtilis

 

 SMC and 

 

E

 

.

 

 coli

 

 MukB proteins alone, which can
form dimeric structures in the absence of the other pro-
teins.

 

E

 

.

 

 coli

 

 MukB has been studied extensively both for phe-
notype of mutants and by in vitro biochemistry (Niki et al.,
1991, 1992; Yamanaka et al., 1994; Saleh et al., 1996). Al-
though it has a similar domain structure to the SMCs, its
NH

 

2

 

- and COOH-terminal domains are much more dis-
tant in sequence than any of the other SMCs, and it has
not been considered as a member of the SMC family until
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1. 

 

Abbreviations used in this paper

 

: aa, amino acid(s); BsSMC, 

 

Bacillus
subtilis

 

 SMC protein; FN-MukBcoil, MukBcoil with the fibronectin cell
adhesion segment fused to the NH

 

2

 

 terminus; MukBcoil, MukB with both
NH

 

2

 

- and COOH-terminal domains truncated; NTP, nucleotide triphos-
phate; SMC, structural maintenance of chromosomes.
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recently. In addition to MukB’s structural similarity to
SMCs, however, mutant phenotypes suggest that the pro-
teins may be functionally analogous. Thus, MukB mutants
cause the production of anucleate cells, cells with two nu-
cleoids, and cells with small amounts of DNA caused by a
“guillotine effect” (Niki et al., 1991), similar to the pheno-
type of Cut3/Cut14 mutants in fission yeast (Saka et al.,
1994). Britton et al. (1998) recently achieved a gene
knockout of the SMC protein of 

 

B

 

.

 

 subtilis

 

 and com-
mented that “the 

 

smc

 

 phenotypes are remarkably similar
to those caused by 

 

mukB

 

 mutations in 

 

E

 

.

 

 coli

 

.” The struc-
tural analysis we present here adds additional evidence
that MukB and 

 

Bacillus subtilis

 

 SMC (BsSMC) are closely
related proteins.

One of the most intriguing features of SMC proteins is
the presence of the conserved NTP-binding domain, with
potential motor function. Fig. 1 illustrates the domain
structure of SMC proteins. For the moment consider only
the top line of BsSMC and MukB. The NH

 

2

 

-terminal do-
main contains a conserved NTP-binding motif (Walker
A), and the COOH-terminal domain has been suggested
to have a Walker B motif, which is defined as an aspartic
acid preceded by four hydrophobic amino acids (aa) (Sai-
toh et al., 1994, 1995). The NH

 

2

 

- and COOH-terminal do-
mains are separated by a very long coiled coil, which is
broken near the middle by a noncoil domain of 

 

z

 

200 aa.
The predicted coils also show minor discontinuities, but as
shown below, the coils appear continuous in the electron
micrographs. In order for the COOH-terminal domain to
contribute to nucleotide binding or hydrolysis, it would
have to be physically adjacent to the NH

 

2

 

-terminal domain
in the dimeric structure. This could be achieved if the het-
erodimer were an antiparallel coiled coil, bringing the
NH

 

2

 

-terminal domain of one subunit next to the COOH-
terminal domain of the other, or if the molecule were bent
at the hinge, bringing all the terminal domains together.
These two possibilities were suggested by Saitoh et al. (1994)
for the chick SCII protein. Remarkably, we find that both
structural features are realized by SMC proteins.

The most detailed structural studies to date are of 

 

E. coli

 

MukB, which has been visualized by EM (Niki et al.,
1992). The molecules showed a large and a small globular
domain separated by a 48-nm-thin rod. The authors recog-
nized that a single 

 

z

 

300-aa coiled coil segment would fit
this length, so they identified this as the NH

 

2

 

-terminal
coiled coil. They assigned the entire COOH-terminal half
of the molecule to the large globular domain, so the struc-
ture was interpreted simply as two globular domains sepa-
rated by a coiled coil. We have now obtained higher-reso-
lution images of both 

 

E

 

.

 

 coli 

 

MukB and 

 

B

 

.

 

 subtilis

 

 SMC
that show a different and much more elaborate molecular
architecture.

 

Materials and Methods

 

The BsSMC cDNA was cloned from genomic DNA by PCR, using pfu
polymerase (Lu and Erickson, 1997) and adding NdeI and BamHI sites to
allow subcloning into the expression vector pET11 (Studier et al., 1990).
When induced in BL21 at 37

 

8

 

C, the protein was abundantly expressed but
totally insoluble, and attempts to solubilize and renature it were unsuc-
cessful. However, when the bacteria were maintained at 22

 

8

 

C during in-
duction, 

 

z

 

1/3 of the protein remained soluble. The bacterial supernatant
was partially purified by passing over a Sephacryl HR-500 (Pharmacia

Biotech, Piscataway, NJ) column in 20 mM Tris, 100 mM NaCl, pH 8,
where the BsSMC eluted ahead of most bacterial proteins. The BsSMC
from the leading and trailing Sephacryl fractions sedimented identically at
6.3 S on glycerol gradients, indicating a homogeneity of the expressed
molecules. The Sephacryl fractions showed some contamination, and in
two cases were further purified by chromatography on mono Q (Pharma-
cia Biotech), where it eluted at 0.2–0.25 M NaCl. However, the best prep-
arations for EM were obtained by running the Sephacryl-purified BsSMC
directly on glycerol gradients.

We prepared a truncated form of MukB and an additional chimeric
construct. MukBcoil is missing both the NH

 

2

 

- and COOH-terminal do-
mains and includes only the coiled coils and hinge (aa 319–1125; our anal-
ysis of heptad repeats was slightly different from the coil prediction of
DNAstar [Madison, WI], Fig. 1). MukBcoil tended to aggregate by stick-
ing to small bits of bacterial debris; however, some largely monomeric
fractions could be obtained from glycerol gradient sedimentation. (We
also made a slightly larger coil construct, keeping the NH

 

2

 

 terminus at 319
and extending the COOH terminus to aa 1256, which includes the last pre-
dicted segment of coiled coil [Fig. 1]. This longer coil segment was highly
aggregated into rosettes, and there were no monomers. We concluded
from this that the extra segment of predicted coiled coil is probably miss-
ing a partner to pair with, and therefore denatured, leading to aggrega-
tion.) We then used the shorter MukBcoil as the basis for a chimera,
FN-MukBcoil, in which the 40-kD cell adhesion domain of fibronectin,
FN7-10 (Leahy et al., 1996), was added to the NH

 

2

 

 terminus.
We purified MukB as previously described using the expression plas-

mid pAX814 kindly provided by Dr. Sota Hiraga, Kumamoto University,
Kumamoto, Japan (Niki et al., 1992). We substituted a mono Q column
for the DEAE Sephacel and MukB eluted at 0.4 M NaCl. The best EM re-
sults were obtained with material from the mono Q column, subsequently
sedimented over glycerol gradients. MukBcoil and FN-MukBcoil were pu-

Figure 1. Coiled-coil segments predicted by the program Protean
(DNAstar) are shown as black rectangles. Numbers above the
vertical lines indicate the aa number, and numbers in parentheses
between arrows indicates the total number of aa between the
lines. The 275–300-aa segment for BsSMC and the 330–335-aa
segment of EcMukB were initially selected as the coiled coil be-
cause they matched the 41- and 51-nm lengths measured by EM.
However, measurements of the truncated construct MukBcoil
(see Discussion) indicate that the coiled coil of MukB probably
includes the short segment 1205–1243. The boundaries and align-
ment of the coiled-coil segments are therefore still ambiguous.
Heterodimeric SMCs may also pair by the antiparallel coiled-coil
arrangement, as illustrated for Cut3/Cut14 and XCAP-E/XCAP-C.
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rified by Sephacryl chromatography followed by glycerol gradient sedi-
mentation, omitting the mono Q step.

Sedimentation coefficients were estimated by zone sedimentation
through 15–40% glycerol gradients in 0.2 M ammonium bicarbonate (us-
ing the model SW50.1 or SW55.1 rotor; Beckman Instruments, Fullerton,
CA) (Erickson and Briscoe, 1995). Standard proteins catalase (11.3 S) and
BSA (4.6 S) were run in the same gradient as the samples, and the S value
was estimated by linear interpolation between these standards (sedimen-
tation of other proteins has shown our gradients to be linear in this re-
gion). The Stokes’ radius, 

 

R

 

s

 

 in nm, was estimated by gel filtration on a Su-
perose 6 column using the following standards: thyroglobulin, 

 

R

 

s

 

 

 

5 

 

8.5
nm; catalase, 

 

R

 

s

 

 

 

5 

 

5.2 nm; and aldolase, 

 

R

 

s

 

 

 

5 

 

4.8 nm. S and 

 

R

 

s

 

 were used
to calculate an experimental molecular weight as described by Siegel and
Monte (1966) (see Ohashi and Erickson, 1997, for an example and our as-
sumed parameters). Samples from the glycerol gradients were rotary
shadowed (Fowler and Erickson, 1979) and photographed at 50,000 mag-
nification in an electron microscope (model 301; Philips Electron Optics,
Mahwah, NJ).

 

Results

 

Fig. 2 shows the purification of BsSMC after overexpres-
sion in 

 

E

 

.

 

 coli

 

 using the pET system. Because the protein is
so large and elongated, the gel filtration chromatography
results in a substantial purification from the smaller bacte-
rial proteins. A final step of glycerol gradient sedimenta-
tion resulted in fractions that showed only small contami-
nation with other protein bands by SDS-PAGE and little
obvious contamination by EM.

The sedimentation coefficient of BsSMC was 6.3 S,
based on four determinations ranging from 6.2 to 6.4 S,
and excluding three earlier results from 7 to 8 S. The sedi-
mentation coefficient of MukB was 9.6 S, based on six
measurements ranging from 9.2 to 10.3 S, and excluding
two at 6.7 and 7.5 S. In several MukB preparations, some
of the protein was aggregated into rosettes, which sedi-
mented ahead of the monomers. The value of 14.3 S re-
ported by Niki et al. (1992) may have been due to this ag-
gregation. We confirmed by EM that the 9.6-S fraction
was composed exclusively of monomers. The Stokes’ ra-
dius was measured for BsSMC, MukB, and FN-MukBcoils
by chromatography on a calibrated gel filtration column.
The molecular masses calculated from these experimental

values of S and 

 

R

 

s

 

 are close to those predicted for a ho-
modimer of each protein (Table I). The hydrodynamic
data for these full-length proteins and other constructs are
collected in Table I and addressed further in the Discus-
sion.

Fig. 3 shows electron micrographs of rotary shadowed
MukB and BsSMC. The fields in Fig. 3, 

 

A

 

 and 

 

B

 

, were se-
lected to show the variety of conformations. The fraction
of molecules in the different conformations varied consid-
erably from one field to another and is probably affected
by the local conditions as the molecules are deposited on
the mica and dried. Both MukB and BsSMC show the
same three or four characteristic conformations, which is
strong evidence that their basic structure is the same.

The first conformation, which we call “folded-rod,” is a
rod-shaped molecule with a large globular domain at one
end and a smaller one at the other (Fig. 3 

 

C

 

). This is simi-
lar to some of the images of Niki et al. (1992). The second
conformation, which we call “coils-spread,” has similar
large and small globular domains, but the rod connecting
them is now split into two thinner rods (Fig. 3 

 

D

 

). These
thinner rods are sometimes quite close together and some-
times bowed apart. A third conformation was seen fre-
quently for BsSMC but was rare for MukB (Fig. 3 

 

E

 

).
These molecules have the large globular domain split into
two smaller domains. The rods are together over most of
the molecule but veer apart near the pair of globular do-
mains. The fourth conformation, which we call “open-V,”
has both the rod and the large globular domain split into
two and splayed apart (Fig. 3 

 

F

 

).
The open-V conformation in Fig. 3 

 

F

 

 shows the struc-
ture of the molecule most clearly and explains the other
forms. The globular domain in the middle is identified as
the hinge, and the thin rods extending on each side are
each a coiled coil. At the end of the coiled coils are the
globular domains, discussed below. The coils-spread con-
formation is now interpreted as having the globular do-
mains attached to each other but the two coiled coils sepa-
rated and bowed out. The folded-rod conformation, giving
the simple rod shape, is produced when the globular do-
mains are attached to each other and the two coiled coils
lie close to each other. Measurements of several aspects of
the molecules are tabulated and explained in Table II and
will be addressed in the Discussion.

We initially anticipated that the coiled coils would be

Figure 2. Expression and purification of BsSMC. The first three
lanes show bacterial lysate, supernatant, and pellet. About one-
third of the BsSMC is in the supernatant in these expressing bac-
teria grown at 228C. The next seven lanes show fractions from the
Sephacryl column, and the final three lanes show fractions from
the glycerol gradient (of the peak Sephacryl fraction). The molec-
ular mass markers at 200, 160, and 120 kD are indicated.

 

Table I. Hydrodynamic Properties of SMC Proteins

 

Protein
M kD
aa seq

S
Sved.

 

R

 

s

 

nm
M kD

experim

 

f

 

/

 

f

 

min

 

BsSMC 2 

 

3

 

 135 6.3 10.3 269 2.5
BsSMC

 

D

 

N* 2 

 

3

 

 117 6.1 2.3
XCAP-C/E 147 

 

1

 

 136 8 2.0
MukB 2 

 

3

 

 170 9.6 7.6 328 1.9
FN-MukBcoil 2 

 

3

 

 133 7.0 9.6 272 2.3

 

“M kD aa seq” is the mass calculated for the presumed dimer from the aa sequence. S
and 

 

R

 

s

 

 were experimentally determined as described, and “M experim” was calculated
from these values (Siegel and Monte, 1966). 

 

f

 

/

 

f

 

min

 

 is the ratio of the experimental fric-
tional coefficient (determined from S) to that of an unhydrated sphere of the same
mass.
*BsSMC with the NH

 

2

 

-terminal domain truncated.
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parallel since all known long coiled coils are parallel. This
arrangement would place the two NH

 

2

 

-terminal domains
at one end and the two COOH-terminal domains at the
other end of an open-V molecule. We therefore expected
to see some difference in size or shape in the terminal
globular domains that would indicate this polarity. We
also expected to see some difference in the lengths of the
two arms since they would be formed from different seg-
ments of coiled coils. Instead, we were surprised to find
that both BsSMC and MukB showed a striking symmetry.
The arms were indistinguishable in length, and most im-
portantly the domains at the two ends always appeared
identical (Fig. 3 

 

F

 

). Some molecules showed a simple glob-
ular domain on each arm, but the best images of both
BsSMC and MukB showed division of the terminal do-
main into a larger terminal globe and a smaller one some-
what closer to the hinge. Remarkably, whenever the two-
part domain structure could be resolved on one arm, an

identical structure was seen on the other (Fig. 3 

 

F

 

). The
apparent twofold symmetry would only be possible with
an antiparallel arrangement of the coiled coils.

To address the question of polarity, we prepared con-
structs of MukB with markers at the NH

 

2 

 

terminus. We
had already prepared a truncated MukB, MukBcoil, in
which we had deleted both the NH

 

2

 

- and COOH-terminal
domains, leaving only the two coiled-coil segments and the
hinge. This molecule frequently appeared as a rod where
the hinge was obvious as a single globular domain; some-
times the two coiled-coil segments splayed apart in an
open-V or coils-spread conformation (Fig. 4 

 

A

 

). The
MukBcoil does not indicate the polarity because the NH

 

2

 

and COOH termini are both truncated 

 

a 

 

helices. To visu-
alize the polarity, we made a new chimeric protein, FN-
MukBcoil, in which we fused FN7-10 onto the NH

 

2

 

 termi-
nus of MukBcoil. FN7-10, a 40-kD fragment of fibronectin,
is well characterized by x-ray crystallography (Leahy et al.,

Figure 3. Electron micrographs of BsSMC and MukB. Selected fields are presented in A and B. (C) The most common conformation,
“folded-rod.” (D) The “coils-spread” conformation. (E) Molecules with the coils together but with the terminal domains split, which
was seen reproducibly for BsSMC. (F) The most informative “open-V” conformation. Note the symmetry of the molecules in the open-V
conformation: whenever one arm shows two small globular domains, the other arm does also. Bars, 100 nm.
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1996) as a rod-shaped molecule about 3 nm in diameter
and 14 nm long, which should easily stand out from the
thinner coiled coil. If the molecules were a parallel coiled
coil, we expected to see two fat FN rods projecting from
one end. If they were antiparallel, we expected to see one
fat rod at each end.

The FN-MukBcoil molecules visualized in the EM were
nearly all in the open-V conformation and showed the FN
segment at each end (Fig. 4 

 

B

 

). This provides the most
compelling evidence for the antiparallel arrangement of
the coiled coils. There were several interesting contrasts
between the structures of MukBcoil and FN-MukBcoil.
MukBcoil tended to aggregate, sedimenting as a smear
from 8 to 15 S, and the heavier fractions appeared as ro-
settes with the terminal segments of the coil aggregated at
the center and the hinge projecting out. We believe that
the ends of these coils are sticky, probably because we mis-
judged the termini of the coils. The sticky ends were also
evident in single molecules, since the two ends usually re-
mained in contact giving the folded-rod or coils-spread
conformations (Fig. 4 

 

A

 

). In contrast, FN-MukBcoil sedi-
mented as a sharp peak at 7 S, and the molecules were un-
aggregated and primarily in the open-V conformation in
the EM. Thus, the FN segment at the terminus of the rods
seems to block the sticky sites and prevent association ei-
ther within or between molecules.

In addition to demonstrating the antiparallel arrange-
ment of the coiled coils, FN-MukBcoil provides definitive
proof that the hinge is flexible. Fig. 5 shows a histogram of
the angles of the two arms measured for different mole-

cules. We do not believe the apparent peaks and dips are
significant, and we conclude that the angles are probably
randomly distributed. It is perhaps of interest to ask
whether the hinge can open to more than 180

 

8

 

, but these
measurements cannot distinguish 270

 

8

 

 from 90

 

8

 

. We con-
clude that the hinge is quite flexible between 1 and 180

 

8

 

and perhaps can bend even further. 

 

Discussion

 

Conformations and Dimensions

 

The frequency of the different conformations seen by EM
varied from field to field, but in most cases the folded-rod
was the predominant conformation. The open-V confor-
mation was the most important for demonstrating the fun-
damental structure of the molecule. These open-V mole-
cules also demonstrate the potential of the terminal
domains to separate and undergo a scissoring motion,
which is likely to be important for biochemical functions.

The hydrodynamic data are consistent with the elon-
gated shape seen by EM and provide insight into the ques-
tion of whether the molecule is in the folded-rod or open-V
conformation in solution. The shape of a molecule is best
indicated by the frictional ratio 

 

f

 

/

 

f

 

min

 

, where 

 

f

 

min

 

 is the fric-
tional coefficient of an unhydrated sphere of the same
mass and density as the protein in question (Tanford,
1961). 

 

f

 

/

 

f

 

min 

 

was calculated from the measured sedimenta-
tion coefficient, and the mass was predicted from the sub-
unit aa sequence. Values are presented in Table I for the

Figure 4. Electron micrographs of truncated and chimeric con-
structs. (A) MukBcoil, in which both the NH2- and COOH-termi-
nal domains were deleted. The globular domain is the hinge. The
ends seem to be sticky and are frequently together (right-hand
images), although some open-V molecules could be found. (B)
FN-MukBcoil, in which a thick segment of fibronectin was at-
tached to the NH2 terminus of the coiled coil. This segment com-
pletely eliminated the stickiness of the ends, and all molecules are
in the open-V configuration. The thick FN segment is seen pro-
jecting from each end, confirming the antiparallel coiled-coil ar-
rangement.

Figure 5. Molecules of FN-MukBcoil in the open-V conforma-
tion were measured for the angle of the two arms. The number of
molecules found in 208 increments is shown as a histogram. Note
that angles larger than 1808 are possible but could not be distin-
guished, so they would be grouped with the smaller angle.
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four molecules we purified and for the 8-S XCAP-C/
XCAP-E heterodimer (Hirano et al., 1997). The FN-Muk-
Bcoil provides an important benchmark for comparison
because EM indicated that this construct was entirely in
the open-V conformation. We believe that its f/fmin 5 2.3 is
characteristic of the open-V conformation. The lower val-
ues of 1.9–2.0 for MukB and XCAP are probably charac-
teristic of the folded-rod conformation.

The f/fmin 5 2.5 for BsSMC is the largest of the group
and strongly suggests that this molecule is open-V in solu-
tion. Also, both BsSMC and FN-MukBcoil have a larger
Stokes’ radius than MukB, which is consistent with the in-
terpretation that they are open-V, and MukB is folded-rod
in solution. The only contradiction is that most of the
BsSMC molecules appeared to be folded-rods in the EM.
It is possible that the folded-rod conformation of BsSMC
was generated by the high glycerol and salt concentrations
when the specimens were dried on the mica.

There were two possibilities for the mechanics of the
hinge: it could be quite flexible, permitting free scissoring
motion of the two coiled coils, or it could be relatively
rigid, locking the coils into the parallel configuration seen
in the folded-rod. A flexible hinge was implied by the
coils-spread conformation, which frequently showed an
angle of 608 or more for the coils at the hinge. The flexibil-
ity of the hinge was demonstrated most convincingly by
the FN-MukBcoils construct, which appears by EM to be
entirely in the open-V conformation. Measurements of an-
gles (Fig. 5) suggest complete flexibility of the hinge. Since
the hinge is flexible, the folded-rod conformation must be
stabilized by an interaction of the terminal domains with
each other.

The measurements of the molecules in Table II show
that MukB is longer than BsSMC (65 vs. 58 nm), which is
consistent with its larger mass and longer estimated coiled
coil (Fig. 1). We particularly wanted to determine the
length of the coiled coil, as a guide to aligning the se-
quences. As shown in Table II, the measurement of the
thin rod from the hinge to the outer globular domain (sub-
tracting the diameters of these domains from the length of
the whole molecule) gives 51 and 41 nm for MukB and
BsSMC. These would actually estimate the minimum
length of the coiled coil since the coils could extend into
the hinge and globular domain. Using the spacing of 0.15
nm per aa in an a helix, these lengths would predict coiled
coils of 340 aa for MukB and 273 aa for BsSMC. The as-
signments indicated in Fig. 1 fit these predictions reason-
ably well.

There is, however, a discrepancy indicated by the mea-
surements of MukBcoil. This construct included aa 319–
1125, extending in both directions slightly beyond the
entire 330–334-aa coiled-coil segments indicated in Fig. 1.
However, the length of the coil measured from this con-
struct was only 41 nm, corresponding to 273 aa. It there-
fore seems likely that the short predicted coil from 1205–
1243, which is missing from MukBcoil, is a part of the
51-nm rod of the whole MukB. It is not clear what this seg-
ment would be pairing with to make a coiled coil. It is in-
teresting that a mutation D1201N, just before this pre-
dicted coil segment, completely disrupts MukB function
(Yamanaka et al., 1994).

The precise alignment of the coiled coils is complicated

by the appearance of gaps in the predicted coils. Some of
these gaps may actually form coils and continue the coiled
coil, but others may bud out, shortening the length of the
rod. Most of these interruptions are small and might not
be visible even if they did fold into a globular domain. We
note that the thin rods of the open-V molecules appear as
a uniform, thin diameter between the hinge and the two
globular domains at the ends.

The heterodimeric SMCs of eukaryotes pose additional
ambiguity in alignment of the coils since there are now
four separate sequences that have to form the two coiled
coils. As shown in Fig. 1, reasonable alignments can be
made for Cut3/Cut14 of Schizosaccharomyces pombe and
for XCAP-C/XCAP-E of Xenopus laevis. The antiparallel
arrangement provides as good a match as a parallel ar-
rangement.

Phylogenetic Tree of the SMC Family and 
Consideration of Heterodimers

The following two sections diverge from the structural

Table II. Measurements of MukB and BsSMC Lengths
and Calculations

Dimensions measured or calculated Measured length
Calculated length

of coil

nm 6 SD nm

1. Whole MukB, length 65.3 6 2.6
n 5 30

2. MukB hinge, diam 6.7 6 1.0
n 5 52

3. Outer globular domain, diam 7.3 6 1.0
n 5 17

4. Coil length: hinge to outer
globular domain

51.3

5. Whole MukBcoil, length 49.3 6 2.6
n 5 21

6. Coil length: MukBcoil minus hinge 42.6
7. Whole BsSMC, length 58.0 6 1.1

n 5 24
8. Outer globular domain, diam 9.5 6 0.9

n 5 22
9. BsSMC hinge, diam 7.1 6 1.1

n 5 23
10. Coil length: hinge to globular domain 41.4

All dimensions listed here have been corrected for the presumed 1-nm shell of metal.
1. The most definitive measurement was the length of the whole molecule in the
folded-rod conformation and the lengths of single arms in the open-V; these were the
same, and the measurements given here include both forms.
2. The smaller globular domain was identified as the hinge and had the same diameter
in all three conformations.
3. Molecules in the open-V conformation usually showed the terminal domain re-
solved into two globular domains. The diameter of the terminal globular domain is
given here.
4. The length of the coiled-coil was estimated by subtracting the diameters of the
hinge and outer globular domains from the length of the whole molecule.
5. The length of the MukBcoil was measured from the outside of the globular hinge
domain to the termination of the thin coil. This termination was sometimes ambigu-
ous, hence the larger standard deviation of these measurements.
6. The length of the coil was estimated by subtracting the diameter of the hinge (2)
from the length of MukBcoil (5).
7. The length of whole BsSMC molecules was measured, as in 1.
8. The larger (nonhinge) globular domain was approximately spherical in all confor-
mations of BsSMC, and its diameter is measure here.
9. The diameter of the hinge domain, measured as in 2.
10. The coil of BsSMC was estimated by subtracting the diameters of the hinge and
outer globular domain from the length of the whole molecule.
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analysis to discuss general features of the SMC family of
proteins.

From the databases, we have collected 18 eukaryotic
SMC sequences, 6 bacterial sequences, and 4 archaeal se-
quences that appear to be bona fide SMCs: MukB from E.
coli, which has the SMC structure but limited sequence
identity; and 8 sequences that show limited sequence iden-
tity at the NH2- and COOH-terminal domains and have
long coiled-coil segments between them. We did a sepa-
rate sequence alignment of the NH2-terminal domain of
z230 aa and the COOH-terminal domain of 80 aa from
each of the 34 sequences. The sequences were aligned by
the Clustal algorithm of DNAstar and then adjusted by
hand. Fig. 6 shows the two independently derived phyloge-
netic trees from the NH2- and COOH-terminal sequence
alignments (trees were drawn with the DrawTree algo-
rithm of phylip, http://evolution.genetics.washington.edu/
phylip.html).

The trees from the NH2- and COOH-terminal domains
are remarkably similar, and a tree calculated from the
hinge region (not shown) also shows the same grouping.
All three trees cluster the SMC sequences into six groups
of SMC proteins and a group of outliers. The six-SMC
groups comprise four eukaryotic SMC groups, each con-

taining one of the four S. cerevisiae SMCs; a group of bac-
terial SMCs; and a group of mostly archaeal SMCs (which,
however, also includes the cyanobacterium Synechocystis).
We have labeled the eukaryotic groups 1–4, corresponding
to the S. cerevisiae SMC in the group. (This is consistent
with the previously proposed nomenclature of Koshland
and Strunnikov [1996] and a recent review by Jessberger
et al. [1998], which did not include the bacterial and ar-
chaeal SMCs.) B is for the bacterial group, and A is for the
mostly archaeal group.

Jessberger et al. (1998) have proposed that there are two
classes of heterodimers: SMC2/4 and SMC1/3. There are
three well-established examples of pairing a member of
the SMC2 group with a member of the SMC4 group:
XCAP-E 1 XCAP-C (Hirano and Mitchison, 1994),
Cut14 1 Cut3 (Saka et al., 1994), and MIX-1 1 DPY-27
(Lieb et al., 1998). It is attractive to speculate that an SMC
of group 2 always pairs with a group 4 partner. MIX-1 pro-
vides an interesting variation, since it is known to pair with
DPY-27 for its role in dosage compensation, but it proba-
bly has a different SMC partner for its role in mitosis (Lieb
et al., 1998). C. elegans has a second SMC in group 4, so far
identified only from genomic sequencing. This CeSMC4a
may be the second partner of MIX-1.

Figure 6. Phylogenetic trees of the SMC proteins and some outliers more distantly related. Separate trees are shown for the z220–240-
aa NH2-terminal domain (FLKRL...LEHVE in BsSMC), and the z80-aa COOH-terminal domain (LSGGE...YSSDT in BsSMC). The
circles indicate the six groups of SMCs: 1–4, eukaryal SMCs; B, bacterial; A, archaeal. The group under the circle “out” are outliers, dis-
tantly related to SMCs. Each of the outlier sequences has an NH2-terminal domain with a related ATP-binding motif, some limited se-
quence identity in the COOH-terminal domain, and long coiled coils separating the two, but usually no hinge. Accession numbers for
SMC sequences (mostly Swiss Prot). Group 1 SMC: SMC1 (S. cer), P41003; H. sapiens, S78271; XSMC1 (X. la), AF051784. Group 2 SMC:
SMC2 (S. cer), P38989; Cut14 (S. pom), P41003; MIX-1 (C. el), U96387; XCAP-E (X. la), P50533; ScII (chick), Q90988. Group 3 SMC:
SMC3 (S. cer), P47037; SMC3 (S. pom), AL009197; A.(E.) nidulans, S65799; D. melanog., U30492; Bamacan (rat), U82626; XSMC3 (X. la),
AF051785. Group 4 SMC: SMC4 (S. cer), U53880; Cut3 (S. pom), P41004; DPY-27 (C. el), P48996; SMC4a (C. el), Z46242; XCAP-C (X. la),
P50532. Group B Bacterial SMCs: Bacillus subtilis, P51834; Mycobacterium tuberculosis, Q10970; Treponema palidum, ORF00437; My-
coplasma hyorhinis, P41508; Mycoplasma pneumoniae, P75361. Group A (mostly) archaeal SMCs: Methanococcus jannaschii, U67604;
Aquifex aeolicus, AE000699; Archeoglobus fulgidus, AE000995; Synechocystis, D90905; Pyrococcus horikoshii, D90905. Outliers—pro-
teins distantly related to SMC: MukB (E. coli), P22523; M. jannaschii 1322, A64465; Methanobacterium thermoautotrophican,
AE000837; Sulfolobus acidophilum, Y10687; Rad50 (mouse), U66887; Rad50 (S. cer), P12753; Rad18 (S. pom), P53692; RHC18 (S. cer),
Q12749; SbcC (E. coli), P13458.  on A
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Heterodimers of a group 3 and group 1 SMC have been
identified for bovine SMC (Jessberger et al., 1998) and Xe-
nopus (Losada et al., 1998). In S. cerevisiae, SMC3 and
SMC1 were each identified in a screen for mutants affect-
ing sister chromatid cohesion (Michaelis et al., 1997), con-
sistent with their forming a pair. A possible exception to
the generalization is that SMC2 from S. cerevisiae has been
shown to associate both with itself and with SMC1 (Strun-
nikov et al., 1995). It was not determined that either of
these was a specifically heterodimer association, but this
observation raises the possibility that heterodimer associa-
tions may be more complex than simply two classes.

Of 18 bacterial or archaeal genomes completely or al-
most completely sequenced, 13 have a clear SMC, and 3
have no SMC but a MukB (which we now consider a di-
vergent SMC; see also Britton et al., 1998). Methanococcus
thermoautotrophican has only a distantly related protein
but no SMC or MukB, and Borelia burgdorferi has an
SMC-like protein that is shorter than most and branches
ambiguously between bacterial SMCs and outliers. Helico-
bacter pylori has nothing matching the conserved NH2 or
COOH termini of SMC, MukB, or the distantly related
proteins (Erickson, H.P., unpublished sequence analysis;
sequence data for partially completed genomes were ob-
tained from The Institute for Genomic Research website
at http://www.tigr.org).

Conserved Sequences and the Defining Characteristics 
of SMC Proteins

The most distinctive structural feature of the SMC pro-
teins is the presence of five domains: NH2-terminal, long
coiled coil, hinge, long coiled coil, and COOH-terminal.
The coiled-coil segments of SMC proteins are not highly
conserved; however, the NH2-terminal, COOH-terminal,
and hinge domains show a high level sequence match over
several motifs that seem characteristic of the SMC pro-
teins. For the present discussion, we will not show the full
alignment but will designate the motifs according to aa
numbers of the BsSMC sequence (Swiss Prot P51834).

In the NH2-terminal domain, the most striking motifs
are FKS (11–13), GxNGSGKSN (31–39), which is the
Walker A motif for NTP binding, and the dipeptide QG
(143–144). The FKS and GxNGSGKSN are almost totally
conserved in the bona fide SMC proteins, and even the
outliers show mostly conservative substitutions. MukB
conserves these sequences no better than the outliers. A
most intriguing sequence motif, not previously noted, is
the QG, which is conserved in all 26 SMC sequences ex-
amined. It is also conserved in all three known MukB pro-
teins (from E. coli, H. influenzae, and Vibrio cholerae [se-
quence data for V. cholerae were obtained from The
Institute for Genomic Research website at http://www.
tigr.org]). QG is conserved in Methanococcus jannaschii
1322 and the Sulfolobus protein, but not in Methanobacter
thermoautotrophican nor in any of the Rad proteins. We
suggest that this QG is a diagnostic signature of the SMC
proteins and is another argument for including MukB in
this group.

The hinge region shows no extended conserved motif,
but the segment from aa 517 to 666 contains several iso-
lated aa that are highly conserved. It is interesting that

Rad18 and RHC18 show a hinge region that matches that
of the SMC proteins. MukB has a 125-aa noncoil segment
that obviously functions as a hinge, but it shows no se-
quence similarity to the SMC hinge sequence.

The COOH-terminal domain as indicated in Fig. 1 in-
cludes 200–300 aa from the end of the coiled coil, but only
a short terminal segment of about 80 aa shows significant
sequence identity. This segment begins with the highly
conserved LSGG (1091–1094) and then the PxPhhhhDEh-
DAALD (1112–1126), where “h” is a hydrophobic aa. The
hhhhD may correspond to the Walker B site, which is very
loosely defined as an aspartic acid preceded by four hydro-
phobic residues. See Saitoh et al. (1995) for a more de-
tailed analysis of this motif and its use in placing the SMC
proteins in a larger family of transporters, helicases, and
repair enzymes.

A recent study of the E. coli DNA-processing protein
SbcC has proposed including it as a member of the SMC
family (Connelly et al., 1998). This protein falls among the
outliers in our alignments of NH2- and COOH-terminal
domains (Fig. 6), and moreover has no functional hinge
(see below). Although one could expand the definition of
the SMC family to include the Rad proteins and other out-
liers, we suggest for the present to limit the SMC designa-
tion to the family members defined by the above charac-
teristics, including specifically a functional hinge.

The Uniqueness of the Long, Antiparallel Coiled Coil

The antiparallel arrangement of the SMC coiled coils is a
completely novel discovery. The antiparallel orientation
seems preferred for the short, interacting a helices found
in globular proteins, but coiled-coil proteins are predomi-
nantly parallel. Two exceptions are the antiparallel, 35-aa
coiled coil projecting as a helical arm of the bacterial seryl
tRNA synthetases (Oakley and Kim, 1997) and a 45-aa
coiled coil of F1-ATPase (Abrahams, 1994). The z300-aa
coiled coils of the SMC proteins demonstrate for the first
time that the antiparallel arrangement can be used to form
very long coiled coils.

We predict that the eukaryotic SMC heterodimers will
have the same antiparallel coiled coil structure (Fig. 1),
and this may also be true for the several proteins (Rad50,
Rad18, E. coli SbcC, M. jannaschii 1322) indicated as out-
liers in the phylogenetic tree. A recent study of one of
these outliers, SbcCD, included an electron micrograph
that provides some important insights (Connelly et al.,
1998). The SbcCD showed two large globular domains
separated by a single coiled coil 80 nm long. Although the
sequence indicates a short break in the middle of this
coiled coil, the images show no indication of a hinge in the
structure. The coiled coil shows a gentle curvature that can
bring the terminal domains within z40 nm of each other,
but this molecule seems incapable of achieving a folded-
rod conformation. The question of parallel or antiparallel
arrangement was not addressed in that study, and indeed
the structure is described as “head-rod-tail.” However,
there is no evidence of asymmetry in the structure; the
globular domains at the two ends actually appear to be the
same size, consistent with an antiparallel arrangement of
the coiled coils in SbcCD.

It is also interesting to note that the antiparallel struc-

 on A
ugust 19, 2017

jcb.rupress.org
D

ow
nloaded from

 

http://jcb.rupress.org/


Melby et al. Symmetrical Structure of SMC Proteins 1603

ture provides a mechanism for bringing the proposed
Walker A and B motifs together because the NH2- and
COOH-terminal domains are paired at each end of the
molecule. Alternatively, in the SMC proteins they could
be brought together in the folded-rod conformation. How-
ever, since SbcCD seems incapable of forming the folded-
rod conformation, the antiparallel structure seems the
only possibility for bringing its NH2- and COOH-terminal
domains together. We should caution that the resolution
of the analysis is not sufficient to actually demonstrate
contact of the domains, much less a functional association
of the Walker A and B motifs. However, the antiparallel
structure provides strong evidence of this possibility.

The antiparallel coiled coil arrangement also suggests
the possibility of a twofold axis of symmetry passing
through the hinge. The twofold symmetry could be exact
for the homodimers and could be approximate for the het-
erodimers. This would relate the NH2- and COOH-termi-
nal domains on opposite arms by a 1808 rotation, bringing
identical faces into contact in the folded-rod conforma-
tion. This is illustrated in the model in Fig. 7.

Perhaps the most important feature of the new model is
that the molecule is not a polar structure, with an ATP-
binding domain at one end and a DNA-binding domain at
the other, but each terminus of the molecule contains a
complete and identical functional unit. This means that the
two ends of the molecule can operate identically on two
strands of DNA, separated by 100 nm for the fully open
molecule, or brought into contact in the folded-rod. One
function well established for 13-S XCAP condensin is the
generation of DNA supercoils in vitro (Kimura and Hir-

ano, 1997), and this may be the basis for DNA condensa-
tion. The symmetrical molecule with two complete func-
tional units should suggest novel mechanisms for how the
SMC complex might operate on DNA to generate super-
coils, and for how related complexes might manipulate
DNA for cohesion or repair.
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