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Using DNA as a Fiducial Marker To Study SMC Complex Interactions with
the Atomic Force Microscope

M. E. Fuentes-Perez,' E. J. Gwynn,* M. S. Dillingham,* and F. Moreno-Herrero™™

TDepartment of Macromolecular Structures, Centro Nacional de Biotecnologia, Consejo Superior de Investigaciones Cientificas, Madrid,
Spain; and *DNA:Protein Interactions Unit, School of Biochemistry, University of Bristol, Bristol, United Kingdom

ABSTRACT Atomic force microscopy can potentially provide information on protein volumes, shapes, and interactions but is
susceptible to variable tip-induced artifacts. In this study, we present an atomic force microscopy approach that can measure
volumes of nonglobular polypeptides such as structural maintenance of chromosomes (SMC) proteins, and use it to study
the interactions that occur within and between SMC complexes. Together with the protein of interest, we coadsorb a DNA mole-
cule and use it as a fiducial marker to account for tip-induced artifacts that affect both protein and DNA, allowing normalization of
protein volumes from images taken on different days and with different tips. This approach significantly reduced the error asso-
ciated with volume analysis, and allowed determination of the oligomeric states and architecture of the Bacillus subtilis SMC
complex, formed by the SMC protein, and by the smaller ScpA and ScpB subunits. This work reveals that SMC and ScpB
are dimers and that ScpA is a stable monomer. Moreover, whereas ScpA binds directly to SMC, ScpB only binds to SMC in
the presence of ScpA. Notably, the presence of both ScpA and ScpB favored the formation of higher-order structures of

SMC complexes, suggesting a role for these subunits in the organization of SMC oligomers.

INTRODUCTION

Atomic force microscopy (AFM) is an imaging technique
that obtains topographic maps of nanoscale objects
including proteins and nucleic acids providing structural
and dynamic information on biochemical processes (1-6).
From AFM images, it is possible to extract the volume of
a particular object and this has been successfully applied
to proteins and nucleoprotein complexes (7—15). Previous
methods determined the volume of a protein by treating
the molecule as a segment of a sphere and measuring several
cross sections and their height (7). This approach suffers
from tip-convolution artifacts: a particle smaller than the
tip-dimensions will appear wider than it really is. Some
approaches have overcome the tip-convolution effect by
taking the width measurement at half-height as opposed to
at the base of the protein (9), whereas others have used
the basal width of the protein (12). Other methods assumed
the shape of proteins to be oblate spheroids with an ellip-
soidal shape (13). Wyman et al. (8), Beerens et al. (10),
and van der Linden et al. (14) used a different approach in
which the average height and area of a manually defined
region around the protein of interest was determined.
Similar methods incorporating automated particle tracking
and image flooding allowed determination of protein-
protein association constants (16).
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Measurement of the volume above a certain basal plane
also has the problem of tip-convolution, which overesti-
mates the volume. Moreover, any imaging-related effect
such as temperature drift, piezo creep, or artifacts related
to tip-geometry will also influence the image and conse-
quently the measured volume of the object, which in most
of the cases is reported with a relative error of ~20%
(8,16). However, it can be reasoned that the image of a coad-
sorbed molecule of similar dimensions to the protein under
study could be used as a volume reference, provided it is
present in all experiments. Both protein and reference will
be affected by any tip and/or imaging effect. Therefore,
protein volume may be normalized by measurement relative
to the marker, to give a dimensionless value directly related
to the mass of the protein itself. Some previous approaches
incorporated internal standards like the Ku70/80 hetero-
dimer to study DNA-bound proteins (17).

Recently a report by van der Linden et al. (14) studied the
Rad50/NBS1 complex, using the known stoichiometry of
Rad50/Mrell as reference volume. Approaches using
proteins as molecular standards are problematic because
these have to deal with potential specific or nonspecific
interactions between both reference and target proteins.
Moreover, they require the use of known proteins with
a readily distinguishable morphology. Alternatively, inde-
pendent experiments can be done with each protein, but
that cannot guarantee identical imaging conditions. Our
approach using a molecule of DNA as a fiducial marker
circumvents all these issues because DNA displays a distinc-
tive morphology and can almost certainly be coadsorbed
with the protein of interest. Our method resulted in a robust
and reliable technique, where volumes and oligomeric states
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of proteins as small as 22 kDa could be determined with
errors <10%.

To illustrate our AFM method we studied the Bacillus
subtilis  structural-maintenance-of-chromosomes (SMC)
protein complex, which is composed of three polypeptides:
SMC, ScpA, and ScpB. All three components are required
for chromosome compaction and faithful DNA segregation
(18-21). At the core of the SMC complex is the SMC
protein, a large polypeptide with a striking domain organiza-
tion. Two canonical nucleotide-binding motifs, known as
Walker A and B, are located separately at the N-terminal
and C-terminal domains, respectively. Between the two
motifs there are two long coiled coils that are connected
by a noncoiled-coil sequence (hinge domain). Electron
microscopy and biochemical studies have established that
a SMC monomer folds back on itself through antiparallel
coiled-coil interactions, creating an ATP-binding head
domain at one end and a hinge domain at the other end
(22-24). Two monomers associate with each other at the
hinge domain to form a V-shaped molecule. Given their
unusual architecture, SMC proteins present a challenging
system for volumetric analysis. SMC interacts specifically
with ScpA and ScpB, both in vivo and in vitro (19-21).
ScpA contains a folding motif known as winged helix
(25), and its C-terminal winged-helix domain binds directly
to the SMC head domain (25). ScpB also contains two
winged-helix motifs and dimerizes through its C-terminal
half (26). It has been reported that ScpB interacts with the
head domain of SMC in the presence of ScpA (20). The
precise manner in which the SMC complex can tether and
condense DNA molecules and the role of ATP, ScpA, and
ScpB in this process are not understood, but many disparate
models have been proposed (27,28).

Here we show that, by using DNA as a molecular marker,
accurate and robust measurements of protein volumes can
be achieved, which scale linearly with their molecular
weights. We applied this method to characterize the oligo-
meric state and the interactions between the components
of the SMC complex. We determined the dimeric state of
SMC and ScpB proteins and discerned specific interactions
between ScpA and ScpB and also between ScpA and SMC.
The formation of higher-order structures as a function of the
presence of SMC components was also investigated and the
implications of these findings for the organization of
the SMC complex are discussed.

MATERIALS AND METHODS
Plasmids and DNA substrate preparation

Plasmids for the expression of the SMC complex components, pET22b-
SMC, pET28a-ScpA, or pET22b-ScpB, were generated by PCR-based
cloning of the B. subtilis smc, ypug, and ypuh genes using primers flanked
by appropriate restriction enzymes for the multiple cloning sites in pET
vectors (Novagen, Darmstad, Germany). The E1118Q mutation was intro-
duced into the pET22b-SMC vector by site-directed mutagenesis using the
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QuikChange II method (Stratagene, La Jolla, CA). The integrity of the
DNA sequence in each vector was confirmed by direct sequencing (DNA
Sequencing Service, University of Dundee, Dundee, UK). The linear
DNA molecules used as a marker in the volumetric studies are 323-bp-
long and were fabricated with PCR using the upstream and downstream
control primers and the positive control plasmid DNA supplied in the Go-
Taq PCR Core System II (Promega, Madrid, Spain).

Protein preparations

AddAB and SSB proteins were prepared as described previously in Yeeles
and Dillingham (29) and Yeeles et al. (30). A detailed protocol for SMC,
ScpA, and ScpB expression and purification can be found in the Support-
ing Material. Purified proteins are shown in Fig. S1 in the Supporting
Material.

Analytical ultracentrifugation

ScpA, ScpB, and SMC were dialyzed into a buffer containing 50 mM Tris pH
7.5, 100 mM NaCl, and 1 mM EDTA before analytical ultracentrifugation
(AUC). In the case of SMC, 0.1 mM DTT was also included that prevented
aggregation (data not shown). Sedimentation equilibrium experiments
were performed at 4°C in an Optima XLA analytical ultracentrifuge (Beck-
man Instruments, Palo Alto, CA), and scans were taken by measuring the
absorbance at 280 nm. Three concentrations of each protein were analyzed,
giving three different OD,g, readings, to take into account any concentration
effects. The OD,g( readings for ScpB were 0.2, 0.3, and 0.6; for ScpA were
0.2, 0.3, and 0.5; and for SMC were 0.2, 0.4, and 0.7. Cells were spun, using
arotor speed of 8000 rpm for SMC and 16,000 rpm for ScpA and ScpB, until
equilibrium distributions were obtained. Baselines were determined for
fitting by overspeeding cells at the end of the run. Theoretical buffer densities
and protein partial specific volumes were calculated using the program
SEDNTERP (freeware, www.jphilo.mailway.com/download.htm). In each
case, the data for the three concentrations were globally fitted to Eq. 1 using
MicroCal Origin (OriginLab, Northampton, MA) and the best fits were ob-
tained using a single species fit,

2
A, = Agexp |MW(1 —7p)(* — 2) (2%)] +B, (1)

where MW is the molecular weight; A, and A are the absorbances at radius r
and at the reference ry, respectively; 7 is the partial specific volume; p is the
buffer density; w is the angular velocity; and B is the baseline offset.

AFM sample preparation and imaging

For imaging individual proteins, these were first diluted from stock in buffer
EB (20 mM Tris-Cl pH 7.5, 5 mM NacCl, 0.25 mM MgCl,) to a final concen-
tration of 16.3 nM (SMCF'''¥Q) 24 nM (ScpA), and 18 nM (ScpB). Then,
protein dilutions were supplemented with DNA and MgCl, to obtain a final
concentration of 3.3 nM and 7.5 mM, respectively, and placed onto a freshly
cleaved mica surface. After 30 s, the mica surface was washed with filtered-
MilliQ water (Millipore, Billerica, MA) and blown dry in a gentle stream of
nitrogen gas.

To study protein-protein interactions, protein components were mixed
in EB at near micromolar concentration (SMCE'''8Q (0.74 uM), ScpA
(1.1 uM), and ScpB (0.82 uM)) and incubated for 2 min at room tempera-
ture. For the experiment involving the three proteins, we first incubated
SMC and ScpA for 2 min and then added ScpB for two additional minutes.
Then, for AFM imaging the mixture was diluted to nanomolar concentra-
tions, supplemented with DNA and MgCl,, and quickly placed onto
a mica surface following the protocol used to observe individual proteins.


http://www.jphilo.mailway.com/download.htm

AFM Volumetric Study of the SMC Complex

Samples were imaged in air at room temperature and low humidity using
tapping mode with amplitudes of 5 nm and scan rates of 2 lines - s~'. We
used an AFM from Nanotec (Nanotec Electronica, Madrid, Spain) and
PointProbePlus tips, type PPP-NCH (Nanosensors, Neuchatel, Switzer-
land). Standard image processing before volume measurements consisted
of plane subtraction and flattening using WSxM freeware (31). Data were
collected for several days, under different imaging conditions and with
different AFM probes; ~100 particles were analyzed for each type of
protein. In contrast with liquid imaging where DNA and proteins showed
a different phase shift (32,33), we did not observe this effect in air.

For most of the work presented in this article we have employed an SMC
mutant (SMCE'''8Q) that can bind but not hydrolyze ATP (20) with a view
to studying the role of ATP in the formation of higher-order structures in
future work. Key experiments were repeated with the wild-type SMC
proteins and produced identical results (see Fig. S6).

Determination of protein volumes

Raw AFM data were converted into a two-dimensional ASCII matrix file to
be further processed with a custom-made software programmed in Lab-
View (National Instruments, Austin, TX). We opted for a custom-made
application to gain flexibility and control of the data analysis but other soft-
ware packages have proven successful (8,16). Our software allowed the
selection of an M x N pixel window and calculation of the volume using
the equation

V= thj'p2a

j=1

(@)

M N
i=1

where h;; is the measured height at a pixel of coordinates i, j; p is the pixel
size (0.98 nm in our experiments); and the sum is made over all M rows and
N columns.

In addition to previously reported methods, we calculated a background
noise volume density ppackgrouna (in nm? per area unit), which allowed
consideration of image windows of different sizes. We first determined
the average height (H,;4,.) of the surface from height histograms in several
bare areas without proteins or DNA molecules. Then we measured the
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volume above the basal plane (Viucigrounas) and divided it by the area of
the image to obtain a background noise volume density ppackgrouna (in
nm? per area unit). This number includes any contaminant of the sample
and mechanical or electrical noise of the apparatus and is taken into consid-
eration when measuring volumes of protein or DNA molecules (Vargy) as

2
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for h;; > Hppjane (see Fig. S2 for an example and more details). Incorporation
of Viackgrouna into Eq. 2 is critical when considering nonglobular proteins
that can potentially adopt different conformations covering different areas.
For instance, the SMC volume is overestimated by 7% if the noise back-
ground is not considered. Typical standard deviation of a single-species
volume histogram was <10%.

Protein volumes (V,,yin) Were normalized by a reference volume
(Vyeference) and shown as histograms with a bin size of 0.3 for experiments
involving SMC, and of 0.05 for experiments with only ScpA and ScpB. As
the reference volume, we considered a fragment of DNA contained in
a window of 20 nm x 20 nm. We found this window size to be optimum
as trials using a smaller window (10 nm x 10 nm) underestimated the volume
of the DNA and larger windows (30 nm x 30 nm) yielded a wide volume
distribution due to the different conformations of the DNA in this area
(data not shown). Counts were normalized by the total number of events.

RESULTS

Using DNA as a volume reference for atomic force
microscopy

We coadsorbed the SMC protein (SMCEM8Q  mutant)
together with a 323-bp-long DNA molecule on a flat mica
surface and imaged them in air (Fig. 1 a). DNA is now
routinely used in many AFM studies and several adsorbing
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protocols have been developed (34-36). We opted for
amagnesium-based adsorbing protocol, as under these condi-
tions DNA adheres to a mica surface weakly enough that
DNA-mica interactions do not affect the intrinsic polymer
mechanical properties and specific protein-DNA interactions
are preserved (35). The two different object classes (DNA and
protein) were easily distinguished because of the character-
istic wormlike shape of DNA. SMC proteins appeared as flex-
ible structures of 45 = 6 nm length with heights between
5and 9 A (mean height of 7 = 1 A), clearly lower than the
DNA, the height of which was 1.1 £ 0.1 nm in agreement
with Moreno-Herrero et al. (37). A small area including
each protein of interest was selected and all of these images
were further processed by subtraction of the basal surface
and noise background (see Materials and Methods and
Fig. S2 for details). A histogram of protein volumes
(Fig. 1 b) was constructed from experiments conducted
with different samples, on different days and with different
AFM tips. Two peaks centered at 276 + 38 nm’ and
545 + 87 nm® were identified, corresponding to two-arm
(Fig. 1 ¢) and one-arm SMC structures (Fig. 1 d), respectively.
The high variability of volumes mainly arises from the use of
different probes and imaging conditions.

In an attempt to eliminate this experimental source of
noise, we employed the DNA as a fiducial volume reference.
We chose a square window of 20 nm x 20 nm and measured
the volume of the DNA in that area as described in Materials
and Methods. The size of the reference window was chosen
to be large enough to completely include a linear fragment
of DNA and to produce a volume comparable with protein
volumes with the minimum dispersion (see Fig. 1 e for
some examples). For each AFM image, a reference DNA
volume was obtained, which was used to normalize the
protein volumes of each image improving the results histo-
gram, with the relative error of the two peaks substantially
reduced (Fig. 1 f). Absolute reference volumes were plotted
in a histogram showing a Gaussian distribution centered at
167 nm® (SD: 28 nm3, N = 1039; data not shown).

Notably, although the absolute reference volumes were
measured with relative errors of ~17%, normalization of
each image reduced the relative errors for each protein to
approximately half that value. The high resolution achieved
in these images allowed us to distinguish between a V-shape
and O-shape conformation of two-arm SMC structures (see
arrows in Fig. 1 a) and this information was incorporated
into the histograms shown in Fig. 1, b and f. Approximately
half of the two-arm SMC structures adopted a V-shaped
conformation, and half an O-shaped conformation. The
method described above allowed the determination of arelative
protein volume with high precision, but de novo assignment of
that volume to a particular oligomeric state of the protein
requires further information from conventional biochemical
analyses. To assign a molecular mass to each peak of the
volume analysis we used analytical ultracentrifugation to
investigate the individual components of the SMC complex.
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The oligomeric state of the components of the
SMC complex

Each SMC component was purified to homogeneity using
purification methods that do not involve extrinsic tags (see
Fig. S1). Analytical ultracentrifugation showed that SMC,
ScpA, and ScpB existed in solution as a dimer, a monomer,
and a dimer, respectively (Fig. 2, and see Table S1 in the
Supporting Material for molecular weight of proteins).
These conclusions are in broad agreement with those from
several other studies, but we see no evidence for ScpA
dimerization in the absence of other SMC components
(20,38,39). We then applied the AFM method described
above to each protein (Fig. 3). In all cases, the difference
in shape, length, and height between the proteins and the
DNA was obvious, and this facilitated protein identification
and volume analysis. As shown previously, analysis of the
SMC sample yielded two different species that differ in
apparent volume by a factor of two (Fig. 3 a).

A similar result was found for ScpB with normalized
volumes of 0.30 *+ 0.03 and 0.58 = 0.04 (Fig. 3 b). In
contrast, the ScpA sample showed a single peak (Fig. 3 ¢).
Given that SMC and ScpB were shown to form dimers at
micromolar concentrations using AUC, we can rationalize
the two-peak histograms obtained using volume analysis
as reflecting a mixed population of monomers and dimers
at the lower (nanomolar) concentrations of protein depos-
ited on the AFM grid. The single peak obtained for
ScpA using volume analysis must correlate with the
monomeric species observed at higher concentrations using
AUC. To extend the applicability of these methods to
other proteins of unknown mass we studied further the rela-
tionship between relative protein volume and molecular
weight.

Relative AFM volume is approximately
proportional to molecular weight

We have seen that our AFM volume analysis can be used for
both globular proteins such as ScpA and ScpB as well as for
nonglobular proteins like SMC. Moreover, despite their
large difference in mass, we measured a volume for each
dimer species that was almost exactly twice the volume of
the monomeric form, suggesting that this method might
provide a reliable measurement of relative molecular
weights. To test this further and to extend our analysis to
other proteins with different shapes and molecular weights
we performed a volume analysis for the B. subtilis AddAB
complex and SSB protein. AddAB is a helicase-nuclease
that processes double-stranded DNA breaks for repair by
homologous recombination. It is a stable heterodimer
composed of the AddA and AddB subunits with an overall
mass of 276 kDa. The AFM analysis of AddAB protein co-
adsorbed with DNA yielded a single peak centered at 3.3 +
0.4 (see Fig. S3 a).
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843
05F T T T T T
o = SMC 10
204}
3
Sos} 102
el
g 3
NooL {20
= 0.2 O
E
o 0.1 410
z
0.0 ke L 4 0
0 1 2 3 4 5
Vprotein / VDNA reference
05F T T T T ©
%) = ScpB
co4}
% >
-4 60
dimers 3 sl @
o c
P 4 g J40 3
< monomers ( ﬁ 02} o
€
501} 1%
z
1 1 0

100 nm ( / \ %00 02 04 o 08

Vprotein / VDNA reference

05 F T T T T
%) = ScpA 1go
coal
3
o 460 »
_80.3 - *g
N 1408
SO02F (@]
£
o001} 420
P4 U

0.0 " " . o

0.0 0.2 04 0.6 0.8
Vprotein / VDNA reference

FIGURE 3 AFM volumetric analysis of SMC complex components. (a)
AFM image (left) and histogram of normalized volumes (right) of the
SMC polypeptide. Approximately 75% of the proteins considered (N =
94) fall into to the larger-volume peak. (b) AFM image (left) and histogram
of normalized volumes (right) of ScpB proteins. (Arrows) Examples of
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SSB protein is a nonspecific single-stranded DNA
binding protein with multiple roles in the replication and
maintenance of DNA, including acting as an essential
cofactor for unwinding of DNA by AddAB enzyme (30).
SSB protein is a stable homo-tetramer with a molecular
mass of 74 kDa that displays a tendency to aggregate into
higher-order oligomeric states under conditions of low ionic
strength (40). Our first attempts to image SSB using buffers
with very low salt concentrations yielded protein aggregates
with normalized volumes of 1.4 *= 0.2 (data not shown).
Further experiments using 100 mM NaCl provided
a measurement for the major species of SSB of 0.9 = 0.2,
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but an extended tail was present with two smaller but well-
defined peaks. The additional peaks are at 1.8 = 0.3 and
2.9 + 0.3—approximately two and three times the volume
of the major peak, respectively (see Fig. S3 b). Protein
volumes were normalized by using the DNA reference
method and were plotted as a function of their molecular
weight by incorporating the known information about their
oligomeric state from analytical ultracentrifugation (Fig. 4).
Remarkably, the AFM data were very well described by
a linear function with a slope of K = 11.5 = 0.2 x 107>
kDa ™! and an offset C = 0.06 = 0.01 (see Eq. 4 and Table
S1 for values for K for each protein),

metein

= KxMW +C, “
Vl‘eference

where V,,p10in is the AFM measurement of the volume of
a protein or a protein complex, Vierence 15 the AFM
measurement of the volume of the DNA reference, C is
the offset at mass zero, K is a constant with kDa™! units,
and MW is the molecular weight of a protein or protein
complex in kDa. These results show that the normalized
volumes measured with AFM are almost directly propor-
tional to the protein mass in agreement with previous studies
(8,9,16). A potential effect of other physical properties like
charge in the volume measurement was not observed within
our current resolution. Notably, the use of a normalization
volume significantly reduced the dispersion of the data, as
can be observed in the plot of absolute protein volumes
(compare Fig. 4 with Fig. S4). The slope of the fit mainly
depends on the fiducial maker considered and is therefore
arbitrary for our particular experimental conditions. It also
includes information related to the physical properties of
the protein and the interaction with the tip. In any case,
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FIGURE 4 Normalized protein volumes determined by AFM are nearly
proportional to known molecular weights. The molecular weights of the
proteins shown in this graph are described in Table S1 in the Supporting
Material. They span from 22 to 300 kDa. Over this range, normalized
volumes follow a linear relationship with molecular weights (Eq. 4).
They display a slope of 11.5 = 0.2 x 107> kDa ' and an offset at zero
mass of 0.06 = 0.01.
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this empirical relationship indicates that our method can
be used to determine the molecular weight de novo for
any other protein system, provided the same fiducial marker
and experimental conditions are employed.

Interactions between the components of the SMC
complex

Dynamic interactions between the components of the SMC
complex are thought to play a crucial role in the functional
mechanism of condensins. We applied our AFM method to
study interactions between protein components of the SMC
complex. We first studied the interaction between SMC and
ScpA, with the small ScpA subunit in slight stoichiometric
excess. As expected, a simple inspection of the images
showed small globular objects (ScpA alone), SMC dimers,
and DNA (Fig. 5 a). Despite the superficial similarity of
the SMC dimers with those observed in the absence of
ScpA (compare Figs. 5 a and 2 a), the volumetric analysis
indicated a clear interaction between ScpA and SMC. The
two peaks that correspond to a monomer of SMC and
a dimer of SMC were shifted by 26% and 21% from their
original positions. A simple calculation for a 1:1 complex
between SMC and ScpA gives an increase of 18% in the
mass of SMC upon binding a stoichiometric equivalent of
ScpA.

A similar experiment was performed for SMC and ScpB
(Fig. 5 b). In this case, the volume of SMC remained unal-
tered, suggesting that the two proteins do not interact. Gel
filtration experiments (Fig. S5, a—c) confirmed these results.
By mixing components together and resolving the
complexes by gel filtration, it was shown that ScpA was
able to interact with either (or both) SMC and ScpB, but
there was no evidence for a direct interaction between
SMC and ScpB. A third experiment was performed to study
the interaction between ScpA and ScpB (Fig. 5 ¢). The
similar masses of both proteins make them indistinguishable
by eye, but the volume analysis indicated the presence of
larger structures only observed when both proteins were
incubated together. Note that a ScpA-ScpB complex would
correspond to a peak centered at 0.65 and that would overlap
with the ScpB, peak. A ScpA-ScpB, complex would have
a peak at 0.93, and indeed, a representative population of
complexes was found around this volume. Larger
complexes were also found but at very low frequency.
Finally, the volume of protein complexes involving SMC,
ScpB, and ScpA was plotted in a histogram (Fig. 5 d). Addi-
tion of ScpB into the binding reaction shifted the previous
SMC,-ScpA, peak by a further 13%. This suggested that
ScpB binds to SMC but only in the presence of ScpA, as
observed in the gel filtration experiments (Fig. S5 d). Exper-
iments using the wild-type SMC protein produced identical
results (Fig. S6).

Next we investigated the multimerization of SMC in the
presence of its accessory proteins. Notably, the presence
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FIGURE 5 Interactions between the components of the SMC complex. (a) AFM image (left) and histogram of normalized volumes (right) for mixtures of
SMC and ScpA proteins (N = 226). ScpA binds to SMC as a monomer. (b) AFM image (left) and histogram of normalized volumes (right) for mixtures of
SMC and ScpB proteins (N = 91). ScpB does not interact with SMC. (c) AFM image (left) and histogram of normalized volumes (right) for mixtures of ScpA
and ScpB proteins (N = 253). A tail at high molecular weights corresponding to complexes involving both proteins was observed. (d) AFM image (leff) and
histogram of normalized volumes (right) for mixtures of SMC, ScpA, and ScpB proteins (N = 186). ScpB is incorporated into the SMC complex but only in
the presence of ScpA. Color scale (from dark to bright) is 0-2 nm in all AFM images.

of both ScpA and ScpB prompted the formation of larger
structures involving multiple SMC dimers that resulted in
a tail in the volume histogram (Fig. 6 a). SMC dimers
assembled into distinctive structures characterized by
a brighter (therefore, higher) region surrounded by well-
defined SMC coiled-coils. We named these “SMC multi-
mers” to distinguish them from other higher-order
structures with less clearly defined morphologies that we
term “SMC aggregates”. These aggregates were indeed
composed of SMC proteins because experiments without
SMC never yielded volumes of this magnitude. Examples
of SMC multimers and aggregates are shown in Fig. 6,
b and ¢. SMC multimers formed in the presence of ScpA
and ScpB at moderate frequency (~18% of total SMC
dimers). This fraction dropped to a negligible 2% or lower
when only ScpA or ScpB were present in the protein
mixture (Fig. 6 d), suggesting a role for the association of
ScpA and ScpB in bridging SMC proteins.

SMC aggregates were also more prone to form in the
presence of ScpA and ScpB (~11% of total SMC dimers).
Interestingly, all of the SMC dimers involved in a multimer
showed an O-shape conformation in contrast with only
~50% for free SMC dimers (Figs. 1 fand 6 d, first column).
Previous data showed that dimerization of SMC occurs via
the hinge domains (24). Therefore, this suggests that multi-

merization occurs via the head domains, provided the hinge-
hinge SMC dimer interaction remains stable. We did not
observe the rosettelike structures involving many SMC
proteins that have been reported previously (39). In contrast,
the measurement of the volumes of the higher-order struc-
tures observed here indicated that they were composed of
a small number of SMC dimers (<4) (Fig. 6 a).

DISCUSSION

In this report, we have presented a simple method to deter-
mine relative volumes using AFM. This method employs
a fragment of DNA as a fiducial reference volume. Because
the reference volume accounts for several AFM artifacts
(tip-convolution, dehydration, tip-compression, drift, etc.)
its use as a normalization standard increased the reproduc-
ibility and precision of the data. DNA normalization and
subtraction of the background volume (see Materials and
Methods and Fig. S2) allowed determination of volumes
within a 6-10% error. The proposed methodology was
tested using a range of proteins and protein complexes
including nonglobular proteins. Specifically, we investi-
gated the stoichiometry of the components of the SMC
complex from B. subtilis and the interactions between its
protein components.

Biophysical Journal 102(4) 839-848
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Using DNA as a fiducial marker is advantageous for
several reasons. First, it has a height that is similar to
many proteins (between 1 and 4 nm) and this is important
when minimizing tip-convolution effects, which are mainly
influenced by the height of the object. DNA also possesses
a characteristic morphology in AFM, such that DNA mole-
cules are easily recognizable as a wormlike chain and differ-
entiated from the protein of interest. Furthermore, DNA is
fully compatible with protein buffers and there are many
adsorption protocols that can immobilize both proteins
and DNA on the same mica surface. This approach
decreased the error associated with volume measurements
and allowed direct comparison of measurements taken on
different days and under different experimental conditions.
Previous approaches for measuring protein volumes have
required an accurate measurement of the height of the
protein (12). In that case, a precise calibration of the AFM
is crucial, and electron-microscopy gold-standards of
5 nm were used. However, it is known that heights in
AFM can vary substantially depending on the imaging
conditions (41). Moreover, the adsorption of gold particles
is not trivial and requires a polylysine-coated mica, which
may be undesirable for studies involving DNA (35).

Recently, van der Linden et al. (14) reported the use of
proteins as fiducial markers, which reduced the relative error
in the determination of protein masses. However, for many
studies this strategy may not be an option because reference
and target proteins may not be easily distinguishable or
might interact. The characteristic morphology of DNA over-
comes this issue and the use of DNA as a marker coadsorbed
with proteins on the same surface will cancel any height
inconsistency because, regardless of the imaging conditions
used, these will affect both reference and protein. One might
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FIGURE 6 ScpA and ScpB promote formation
of higher-order SMC complexes containing
multiple SMC dimers. (a) Normalized volume
histogram (as in Fig. 5 d) showing an extended
tail, which corresponds to structures with several
SMC dimers. (b) Panel with examples of SMC
multimers (see text for definition). (¢) Panel with
examples of SMC aggregates (see text for defini-
tion). (d) Fraction of SMC dimers (D), aggregates
(A), and multimers (M) found in experiments
with SMC; SMC and ScpB; SMC and ScpA; and
SMC and ScpA and ScpB. The fraction of O- and
V-shape SMC structures is also indicated in the
histogram. Color scale (from dark to bright) is 0—
2 nm.

imagine that the use of DNA as a fiducial marker might
preclude the possibility of studying proteins that interact
with nucleic acids. In practice, however, protein interactions
with DNA do not present a problem for monitoring the
volume of the marker. For instance, the volume of AddAB,
a particularly tight DNA end-binding protein (29), was
studied successfully in this work. Nevertheless, we recog-
nize that difficulties are likely to be encountered in the study
of nucleoprotein filament-forming proteins like RecA or
SSB. In this case, gold nanoparticles may be a better choice.
Our method was shown to be successful for a variety of
proteins and protein-protein interactions. Volume distribu-
tions of single proteins were determined within a 6-10%
error, in contrast with other reported methods in which the
error is closer to 20% (8,16). Moreover, we were able to
detect proteins as small as 22 kDa, providing a new lower
limit for volume quantification with AFM. Interestingly,
we observed that interaction between different proteins re-
sulted in wider distributions. In particular, interaction
between SMC and ScpA and between SMC and ScpA and
ScpB yielded distributions with widths increasing up to
20% of the center of the peak. A possible explanation for
this observation may be the partial dissociation of the
components of a protein complex due to the low concentra-
tion used for adsorption on the mica (tens of nanomolar).
To gain further insight into this possible dissociation
process, we studied the distribution of volumes measured
at different final concentrations and at different times after
dilution (data not shown). The monomer/dimer ratio of
SMC is insensitive to the delay between protein dilution
and immobilization on the mica, likely indicating that the
association and dissociation of SMC dimers occurs on
a rapid timescale compared to the one for the dilution and
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imaging of the sample. ScpB was rather prone to dissocia-
tion at low molarities, which might explain the broadening
of the volume distributions for complexes containing this
subunit (see below). The AUC analysis shows that the disso-
ciation constant for ScpB dimers is <~10 uM (the lowest
concentration used). Therefore, the large population of
ScpB monomers in the AFM experiment suggests a dissoci-
ation constant in the midnanomolar range. However, we
note that the relevant parameter here is the kinetics of the
dissociation process. By reducing the time between dilution
and adsorption it will be possible to study protein complexes
with weak association constants.

Our results regarding the stoichiometry of interactions
between SMC components are in agreement with previous
coimmunoprecipitation experiments (20). Essentially, we
found that ScpB does not interact with SMC whereas
ScpA does bind to SMC. This was evidenced by a clear shift
of the relative volumes of products of reactions with SMC
and ScpA (Fig. 5 a). The fact that ScpA is a monomer
(Fig. 2 ¢) and that the shift of the SMC dimer volume is
twice that of the monomer indicates that a single ScpA
protein binds to each SMC protomer, suggesting a stoichi-
ometry for this complex of SMC,A,. This stoichiometry
may be controlled by ATP binding and hydrolysis as shown
for MukBEF (42) and our methods could be useful to inves-
tigate this further. Hirano and Hirano (20) have shown that
ScpA binds to the catalytic head domains of SMC, but our
current AFM images were not able to discern this because
of the large morphological variability in the SMC complex.

Use of sharper AFM tips and truncated versions of SMC
should improve the AFM resolution and address the binding
location of ScpA, and this is also the subject of further inves-
tigation. AFM analysis of ScpA-ScpB reactions showed that
these two proteins interact to form larger complexes and
subsequent experiments involving SMC, ScpA, and ScpB
showed that all three proteins are combined in a complex
(Fig. 5 d). Recently, Woo et al. (42) described the structure
of MukEF as MukE4F, and, although these proteins are
rather distantly related to the Bacillus Scp subunits at the
level of primary structure, this may suggest a stoichiometry
of ScpB4-ScpA,. Our data showed a population of
complexes that were consistent with an association of
ScpB,-ScpA, as well as larger objects at low frequency.
However, the weak association constant of ScpB as well
as the relatively low resolution of this method precludes
an unequivocal description of this complex.

Importantly, our work showed that protein complexes
containing all three SMC components were able to form
higher-order structures with multiple SMC dimers. These
structures appeared only at a moderate frequency and
involved up to four SMC dimers. This is in contrast with
previous AFM work reporting rosettelike multimerization
of B. subtilis SMC protein alone (39), but more similar to
previous work comparing the morphology of MukB and
MukBEF complexes (43). We did not observe any SMC
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multimerization in the absence of ScpA or ScpB, which
suggests a role for these proteins in linking SMC proteins.
Moreover, the fact that all of the SMC dimers involved in
a higher-order structure presented a ringlike (O-shape)
conformation suggests that multimerization involves teth-
ering of the head domains via ScpA and ScpB.
Interestingly, we showed that the presence of the ScpB
subunit was of particular importance for the formation of
the structures that we defined as “multimers” (Fig. 6).
This may reflect the formation of bridging ScpB-ScpB inter-
actions between SMC complex protomers to promote the
formation of higher-order SMC complexes, and would be
consistent with the alternative dimerization interface for
MukE detected in a recent crystal structure of MukEF
(44). These interactions are important for MukBEF function
and may well be relevant to the mechanism for DNA
condensation (44), for which most models invoke SMC mul-
timerization (27,45). It should be noted that the tendency of
ScpB to dissociate at low molarities might contribute to the
low frequency of SMC oligomers detected in AFM experi-
ments. Alternatively, the role of ScpA and ScpB in multime-
rization may be auxiliary to the control by ATP binding in
SMC, and this will be studied in further experiments.

SUPPORTING MATERIAL

Additional Materials and Methods, one table, and six figures (46) are available
at http://www.biophysj.org/biophysj/supplemental/S0006-3495(12)00095-1.
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