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High-resolution structural analysis of flexible proteins is fre-
quently challenging and requires the synergistic application of
different experimental techniques. For these proteins, small-an-
gle X-ray scattering (SAXS) allows for a quantitative assessment
and modeling of potentially flexible and heterogeneous struc-
tural states. Here, we report SAXS characterization of the con-
densin HEAT-repeat subunit Ycg1Cnd3 in solution, comple-
menting currently available high-resolution crystallographic
models. We show that the free Ycg1 subunit is flexible in solu-
tion but becomes considerably more rigid when bound to its
kleisin-binding partner protein Brn1Cnd2. The analysis of SAXS
and dynamic and static multiangle light scattering data further-
more reveals that Ycg1 tends to oligomerize with increasing
concentrations in the absence of Brn1. Based on these data, we
present a model of the free Ycg1 protein constructed by normal
mode analysis, as well as tentative models of Ycg1 dimers and
tetramers. These models enable visualization of the conforma-
tional transitions that Ycg1 has to undergo to adopt a closed
rigid shape and thereby create a DNA-binding surface in the
condensin complex.

Condensins are protein complexes that play a key role during
the segregation of eukaryotic chromosomes into the daughter
cells during mitotic and meiotic cell divisions (1, 2). As mem-
bers of the SMC (structural maintenance of chromosomes)
family of complexes, they are thought to function by encircling
chromosomal DNA within the large ring-shaped architecture
that is created by a dimer of SMC subunits and a kleisin subunit
(3–5). The Brn1Cnd2 kleisin subunit of condensin binds two
additional subunits that are composed of tandem repeats of
short, amphiphilic �-helices known as HEAT repeats (named
after four proteins that contain this motif: Huntingtin, elonga-

tion factor 3, the A subunit of protein phosphatase 2A, and the
signaling kinase TOR1) (6, 7).

Recent crystal structures of the Saccharomyces cerevisiae
(Sc)4 Ycg1 HEAT-repeat subunit in complex with the region of
the Brn1 kleisin subunit it binds to and DNA revealed a posi-
tively charged groove that contacts the phosphate backbone of
the dsDNA helix (8). In addition, DNA is entrapped within a
flexible Brn1 loop, which thereby acts analogous to a safety belt
that pins the DNA double helix in place. Interestingly, Ycg1
gains its ability to bind DNA only upon its association with the
Brn1 subunit.

HEAT-repeat proteins have been shown to exhibit signifi-
cant flexibility, both in response to binding events and as a
result of external forces (9, 10). It therefore remains unclear
whether the inability of Ycg1 to bind DNA by itself is merely
due to the missing positive charges that are contributed by Brn1
residues and/or its safety-belt entrapment or whether binding
to Brn1 induces structural transitions in the HEAT-repeat sole-
noid to create a DNA-binding site. The latter option would be
analogous to the large conformational changes that other
HEAT-repeat proteins undergo upon ligand binding (11, 12).
Considering the essential function of the Ycg1–Brn1 DNA-
binding site in recruiting condensin complexes to chromo-
somes (8, 13), it is essential to understand how DNA binding by
Ycg1 is promoted upon its association with Brn1 and how this
interaction is prevented when the protein is not assembled into
condensin holocomplexes.

Here, we examined the structure and flexibility of the
Chaetomium thermophilum (Ct) condensin subunit Ycg1 in
solution using small-angle X-ray scattering (SAXS), both in
its unbound form and in complex with the kleisin region
Brn1515– 634 it binds to. Whereas the SAXS data confirmed the
overall horseshoe-shaped Ycg1 conformation observed in the
Sc Ycg1–Brn1 crystal structure, the unbound Ycg1 is consid-
erably more flexible than the complex. This indicates that
Brn1 binding significantly restricts the conformational free-
dom of Ycg1. Utilizing the high-resolution structure of Sc
Ycg1–Brn1 as a starting point, we constructed models of
monomeric Ct Ycg1 and the Ct Ycg1–Brn1515– 634 complex
in solution by a normal mode analysis against the SAXS data.
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We further found that Ycg1 assembly into condensin com-
plexes prevents the protein from forming oligomers in solu-
tion. These findings have direct implications for the regula-
tion of condensin function.

Results

To elucidate the solution structure of Ct Ycg1, both with and
without the Brn1515– 634 fragment, SAXS data were collected
for both samples at a series of concentrations. The processed
scattering intensities after background subtraction are pre-
sented in Fig. 1 as functions of the momentum transfer I(s), s �
4�sin�/�, where � is the X-ray wavelength, and 2� is the scat-
tering angle. For Ycg1 alone, the normalized forward scattering,
I(0), and the apparent particle radius of gyration, Rg, signifi-
cantly increase with the solute concentration, which indicates
that the protein oligomerizes at higher concentrations (Fig. 1a).
In sharp contrast, no obvious concentration dependence was
observed for Ycg1–Brn1515– 634 except for minor unspecific
aggregation effects (Fig. 1b).

The concentration series SAXS data for Ycg1 were used to
extrapolate a scattering curve to apparent zero solute concen-
tration, whereas Ycg1–Brn1515– 634 SAXS data were derived
from merging low and high-concentration scattering data (see
“Experimental procedures” for details). Panels a and b of Fig. 2
show the Ycg1 extrapolated data and the Ycg1–Brn1515– 634
merged data, with plots of their respective Guinier regions in
the lower left insets. Both Ycg1 extrapolated data and the Ycg1–
Brn1515– 634 merged data have linear Guinier regions, which
indicates a lack of aggregation for both samples. The overall

parameters computed from the scattering data are summarized
in Table 1. The molecular weight (MW) estimates from the for-
ward scattering, I(0), for unbound Ycg1 and Ycg1–Brn1515–634
confirm that the extrapolated and merged data represent mono-
meric forms in both cases. The pair distance distribution func-
tions, P(r), show that unbound Ycg1 appears slightly larger in
solution than the Brn1-bound form (Fig. 2c), pointing to an
increased Ycg1 flexibility in the absence of Brn1. The normal-
ized Kratky plots for Ycg1 and Ycg1–Brn1515– 634 (Fig. 2d) fur-
thermore suggest that unbound Ycg1 exhibits more flexibility
than the Ycg1–Brn1515– 634 complex. Indeed, the latter plot is
bell-shaped, which is characteristic of globular proteins,
whereas the unbound protein reveals elevated scattering at
higher angles, pointing to a higher anisometry/flexibility.

We reconstructed ab initio models of Ycg1 and Ycg1–
Brn1515– 634 from the derived scattering curves of the two sam-
ples using DAMMIF (14). The resulting Ycg1 bead models are
more extended than Ycg1–Brn1515– 634 bead models (Fig. 3, a
and b), which also indicates that Brn1 binding restricts the flex-
ibility of the Ycg1 HEAT-repeat solenoid.

The �2 fits between the Ycg1 and Ycg1–Brn1515– 634 SAXS
data and the scattering profiles computed from their corre-
sponding high-resolution structures are displayed in Fig. 2 (a
and b). The scattering curve computed from the Sc Ycg1–Brn1
crystal structure yielded an overall good agreement with the Ct
Ycg1–Brn1515– 634 SAXS data (�2 � 1.5), whereas the scattering
curve computed from the Sc Ycg1 component of the crystal
structure alone showed noticeable systematic deviations
against the unbound Ct Ycg1 SAXS data (�2 � 1.8). To generate
meaningful models that yield better fits, we performed SAXS-
guided normal mode analysis (NMA). NMA starts with a high-
resolution structure and fits the given scattering profile, allow-
ing for larger-scale domain movements, as defined by harmonic
normal modes (15). With this approach, it is possible to test
whether allowing for a limited flexibility of the structure is suf-
ficient to reconcile the models with the observed scattering
data.

Fig. 3 (c and d) display the models of Ct Ycg1 and Ct Ycg1–
Brn1515– 634 derived from SAXS-guided NMA. The Ycg1–
Brn1515– 634 NMA model deviates from the crystal structure
by 7 Å (rmsd), displaying essentially no differences at low reso-
lution. In contrast, the Ycg1 NMA model is significantly more
open and differs notably from the Ycg1 conformation in the
Ycg1–Brn1 crystal structure (�17 Å rmsd). Because the
unbound Ycg1 appears to be flexible, it might adopt multiple
conformations in solution, and the obtained NMA model might
therefore represent an average of these conformers, which
clearly differ from the Brn1-bound Ycg1 in the crystal.

Given the observed concentration-dependent Ycg1 oligomer-
ization in solution (Fig. 1a), we further utilized the SAXS data
in the entire concentration range from 0.25 to 10 mg/ml Ycg1 to
structurally characterize this process using the Ycg1 NMA
model as a tentative monomeric unit. At 2 mg/ml, the MW
estimate from I(0) indicated that the protein is largely dimeric
(MWI(0) � 204 kDa). The MW determinations at protein con-
centrations lower than 2 mg/ml indicated a mixture of mono-
mers and dimers, with the latter fraction increasing with
concentration. We therefore used SASREFMX (16) to model a

Figure 1. SAXS data collected for Ct Ycg1 reveal clear concentration-de-
pendent oligomerization (a), whereas Ct Ycg1–Brn1 SAXS data show
minimal unspecific aggregation instead (b).

Solution structure and flexibility of condensin subunit Ycg1

J. Biol. Chem. (2019) 294(37) 13822–13829 13823



tentative dimeric structure and calculate the mono-
mer-to-dimer ratio by simultaneous fitting of the entire set of
SAXS data from 0.25 to 2 mg/ml. The obtained dimeric model

is displayed in Fig. 4, along with the volume fractions of the
dimer at different protein concentrations. In this model, the
Ycg1 dimerization interface partially overlaps with the Brn1-

Figure 2. a and b, Ct Ycg1 extrapolated SAXS data (a), and Ct Ycg1–Brn1515– 634 merged SAXS data (b). For both a and b, the scattering curve computed for the
high-resolution model is superimposed over the data. The Guinier plots are shown as insets on the bottom left, with the residuals shown in red. c, pair distance
distributions computed from the scattering data for Ct Ycg1 and Ct Ycg1–Brn1515– 634 show differences in frequency of shorter distances, as well as maximum
dimension. Unbound Ct Ycg1 appears slightly larger than the Ct Ycg1–Brn1515– 634 complex. d, normalized Kratky plots for Ct Ycg1 and Ct Ycg1–Brn1515– 634 data
show that the Brn1-bound form is globular, whereas the unbound form exhibits more flexibility.

Table 1
Data collection and structure statistics for small angle X-ray scattering analysis

Ycg1 Ycg1–Brn1515– 634

Data collection parameters
Instrument EMBL P12 (PETRA III, DESY, Hamburg,

Germany)
EMBL P12 (PETRA III, DESY, Hamburg,

Germany)
Beam geometry (mm2) 0.2 � 0.12 0.2 � 0.12
Wavelength (Å) 1.24 1.24
s range (Å�1) 0.002–0.38 0.002–0.38
Exposure time (s) 1 (20 � 0.05 s) 1 (20 � 0.05 s)
Temperature (K) 283 283
Concentration range (mg ml�1) 0.25–10 0.25–10

Structural parameters
Rg (Å) (from P(r)) 46 � 1 42 � 1
Rg (Å) (from Guinier plot) 46 � 1 43 � 1
Dmax (Å) 160 � 10 140 � 10
Porod volume estimate (103 Å3) 190 230
Excluded volume estimate (103 Å3)a 186 205

Molecular mass determination (kDa)
From Porod volume (Vp/�1.6) 119 � 24 144 � 29
From consensus Bayesian assessment (28) 109 � 11 138 � 15
From I(0) 102 � 9 122 � 10
Calculated monomeric molecular mass from sequence 109 125

Software employed
Primary data reduction SASFLOW SASFLOW
Data processing PRIMUS PRIMUS
Ab initio analysis DAMMIF DAMMIF
Validation and averaging DAMAVER DAMAVER
Rigid body modelling SASREFMX NAb

Flexibility modeling SREFLEX SREFLEX
Computation of model intensities CRYSOL CRYSOL
3D graphics representations PyMOLc PyMOLc

a Excluded volume calculations made with the crystal structures, using Mol_volume, version 1.0, Theoretical Biophysics Group, University of Illinois (retrieved from http://
www.ks.uiuc.edu/Development/MDTools/molvolume/; please note that the JBC is not responsible for the long-term archiving and maintenance of this site or any other
third party hosted site).

b NA, not available.
c The PyMOL Molecular Graphics System, version 1.7.2.1, Schrödinger, LLC.
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binding site, which might also explain the lack of oligomeriza-
tion in the Ycg1–Brn1515– 634 sample at comparable concentra-
tions (Fig. 1b).

We further employed SASREFMX to follow the oligomer-
ization of Ycg1 at yet higher concentrations (5 and 10
mg/ml). The analysis of possible higher-order oligomers
indicated that the scattering data at 10 mg/ml can be well-
represented by a tetramer, formed as a dimer of the Ycg1
dimer (Fig. 4b).

We validated the presence of higher oligomers of Ycg1 in
solution using light scattering experiments. The dynamic light
scattering (DLS) measurements revealed a systematic increase
in the average hydrodynamic radius, Rh (from �6.5 to �9 nm),
and apparent MW (from �250 to �500 kDa) with increasing
solute concentration (Fig. 5a). Because the MW values deduced
from DLS are dependent on the particle/oligomer shapes,
which allows only a qualitative comparison, we complemented
these data with a more quantitative method. Size-exclusion
chromatography coupled to multiangle static light scattering
(SEC–MALS) revealed three components in the elution profile.
These components (marked with arrows in Fig. 5b) correspond
to MW values of monomeric, dimeric and tetrameric Ycg1
(�100, �200, and �400 kDa). Both DLS and SEC–MALS
results are in excellent agreement with the SAXS data and sug-
gest a concentration-dependent oligomerization of Ycg1. The

Figure 3. Modeling Ct Ycg1 and Ct Ycg1-Brn1515– 634 structures with SAXS data. a and b, ab initio models of Ct Ycg1 (a) and Ct Ycg1–Brn1515– 634 (b). For both
a and b, a typical model is shown in the lower left corner, with the combined envelopes from 10 DAMMIF runs overlaid in gray. Ct Ycg1 bead models appear
elongated compared with bead models of Ct Ycg1–Brn1515– 634. c and d, typical models of Ct Ycg1 (c) and Ct Ycg1–Brn1515– 634 (d) from normal mode analysis
show similar features to the bead models. Initial Ycg1 structures are shown in gray, with the Brn1515– 634 peptide shown in blue. Ycg1 structures after NMA are
shown in green. Red arrows on the initial structures depict the movement of the domains after NMA, with the net movement in angstroms displayed alongside.
Ct Ycg1 has a much larger rmsd (17 Å) than Ct Ycg1–Brn1515– 634 (7 Å), which could be attributed to an increased flexibility in the absence of the ligand. For a– d,
the scattering curves computed for the models (smooth lines) are superimposed on the scattering data (black lines).

Figure 4. Ct Ycg1 concentration-dependent oligomerization. a, scatter-
ing data from a Ct Ycg1 concentration series were modeled as mixtures
of monomer, dimer, and tetramer molecules. As Ct Ycg1 concentration
increases, the amount of dimeric and tetrameric species in solution increases.
b, the Ycg1–Brn1 crystal structure, compared with dimer and tetramer Ycg1
models. In the dimer model, the dimerization interface partly overlaps with
the Brn1 (blue) binding site, which might explain why oligomerization was
not observed to occur for Ct Ycg1–Brn1515– 634. The tetramer was built as a
dimer of dimers.
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biological implications of this oligomerization are discussed
below.

Discussion

By assembling into a complex with the kleisin subunit Brn1, the
HEAT-repeat subunit Ycg1 forms the major DNA-binding site of
the condensin complex and thereby controls the recruitment of
condensin to chromosomes (8). It has been suggested that this
recruitment triggers the subsequent ATP-dependent entrapment
of DNA strands within the lumen of the large ring structure cre-
ated by the SMC and kleisin subunits of condensin. Remarkably,
the protein levels of budding yeast Ycg1 are strictly controlled by
cell cycle–dependent transcription and protein degradation,
which suggests that this subunit is the limiting factor for condensin
holocomplex formation (17). It therefore seems conceivable that
premature binding to chromosomes of Ycg1 molecules that have
not yet assembled into condensin complexes needs to be pre-
vented to achieve a controlled recruitment of condensin holocom-
plexes to chromosomes.

We found that the binding to Brn1 significantly restricts the
flexibility of Ycg1 and converts an open and flexible configura-
tion of free Ycg1 in solution, which is presumably facilitated by
the elasticity of the HEAT-repeat architecture, into the horse-
shoe-shaped structure observed in crystal structures. A recent
study on the human analog of the Ycg1–Brn1515– 634 complex
suggests a similar modulation of the flexibility of the HEAT-
repeat subunit by the binding of the kleisin (18). The crystal
structure of this complex revealed a less tight interaction of the

kleisin subunit than the one observed in the yeast Ycg1–Brn1
crystal structure and a more open conformation and greater
flexibility (higher b-factors) of the HEAT-repeat subunit.

Flexibility of the unbound Ycg1 might be an essential pre-
requisite for its movement through the crowded cellular
space (19) and for its assembly into condensin complexes.
The SAXS data of free Ycg1 can be best fitted by a model that
incorporates a large rotation of the N-terminal part of the
HEAT-repeat solenoid (Fig. 3c). Remarkably, this is also
the region of the protein that considerably contributes to the
formation of the positively charged DNA-binding groove (8).
These results strongly suggest that Brn1 binding promotes a
structural transition in Ycg1, leading to a conformation that
is amenable for making contacts with the phosphate back-
bone of the DNA double helix.

Fig. 6 shows a comparison between the Sc Ycg1–Brn1-DNA
crystal structure and the SAXS-based NMA model of unbound
Ct Ycg1. In the crystal structure, Brn1 contributes positively
charged residues to the DNA-binding interface and directs pos-
itively charged residues located in the N and C termini of Ycg1
into a compact cluster amenable to DNA binding.

Although the condensin HEAT-repeat subunits have been
speculated to self-assemble (“phase separate”) via multivalent,
weak interactions (19), no direct experimental evidence has yet
supported this notion. The scattering data from Ycg1 strongly
suggest that the higher MW species formed with increasing
solute concentrations are specific oligomers rather than unspe-

Figure 5. Concentration-dependent oligomerization of Ycg1 assessed by light scattering. a, batch DLS measurements show Rh and MW increasing with
concentration, similar to SAXS. b, SEC–MALS of Ct Ycg1 confirms the presence of oligomeric species with monomeric (arrow 1, �100 kDa), dimeric (arrow 2,
�200 kDa), and tetrameric (arrow 3, �400 kDa) MWs. Note that the dimers and tetramers may be dissociating during chromatography because of dilution,
causing them to be present in much smaller amounts compared with the SAXS experiment.
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cific aggregates. Indeed, the latter would not have yielded bell-
shaped scattering curves, like the ones shown in Fig. 1a, and the
scattering data from unspecific aggregates would also not be
amenable to meaningful analyses in terms of oligomeric mix-
tures. The independent light scattering experiments (DLS and
SEC–MALS) fully confirm the oligomerization observed by
SAXS.

Future experiments will have to clarify the functional rele-
vance of the observed oligomeric equilibria for Ycg1 and possi-
bly for other HEAT-repeat proteins. However, already at this
stage, our results further explain the finding that only the Ycg1–
Brn1515– 634 complex, but not Ycg1 alone, is able to stably bind
to DNA. Indeed, the observed dimerization of Ycg1 would
probably not allow DNA binding and could thereby be part of
the regulatory mechanism to prevent association of free Ycg1
molecules with chromatin. Furthermore, because the Brn1-
binding site on Ycg1 overlaps with the Ycg1 dimerization inter-
face (Fig. 4b), Brn1 binding might also dissociate the Ycg1

dimers to consequently allow chromatin association of assem-
bled condensin complexes.

Experimental procedures

Sample preparation

Ct Ycg1 and the Ct Ycg1–Brn1515– 634 complex were both
purified as described previously (8). The protein properties,
such as the positions of purification tags and extinction coeffi-
cients, are listed in Table 2. In brief, proteins were expressed in
Escherichia coli Rosetta (DE3) pLysS (Merck) from pET-MCN
(20) vectors in 2� TY medium for 18 h at 18 °C. The cells were
lysed by sonication in lysis buffer (500 mM NaCl, 50 mM Tris-
HCl, pH 7.5, 20 mM imidazole, 5 mM �-mercaptoethanol, con-
taining complete protease inhibitors (Roche)) at 4 °C, and the
lysate was cleared by a centrifugation step at 45,000 � gmax. The
cleared lysate was loaded onto nickel–Sepharose 6 Fast Flow
(GE Healthcare) and extensively washed with 30 – 40 column
volumes (CVs) of lysis buffer. The proteins were eluted in 5–7
CV elution buffer (lysis buffer plus 300 mM imidazole), and the
combined eluate was dialyzed in SEC buffer (300 mM NaCl, 25
mM Tris-HCl, pH 7.5, 1 mM DTT) overnight at 4 °C. The dia-
lyzed eluate was diluted with low-salt buffer (100 mM NaCl, 25
mM Tris-HCl, pH 7.5, 1 mM DTT) to a final salt concentration of
150 mM NaCl and loaded onto a 6 ml-RESOURCE Q (GE
Healthcare) anion-exchange column pre-equilibrated with
low-salt buffer. The column was washed with 3–5 CV of low-
salt buffer, and the proteins were eluted with a linear NaCl
concentration gradient to 1 M in 60 ml. The peak fractions were
combined and loaded onto a Superdex 200 26/60 size-exclusion
chromatography column equilibrated in SEC buffer. The peak
fractions were pooled and concentrated by ultrafiltration
(Vivaspin 30,000 MWCO, Sartorius), and the proteins were fro-
zen at 10 mg/ml in liquid N2.

Small-angle X-ray scattering data collection and processing

SAXS data for Ct Ycg1 and the Ct Ycg1–Brn1515– 634 com-
plex were collected at the SAXS Beamline P12 of the PETRA III
storage ring (Deutsches Elektronen-Synchrotron, Hamburg,
Germany) (21). The details of the data collection conditions are
summarized in Table 1. The scattering data in the momentum
transfer range 0.002 � s � 0.38 Å�1 were collected with a PILA-
TUS 2M pixel detector at a distance of 4.0 m from the sample.
For each sample, solute concentrations ranging from 0.25 to 10
mg/ml were measured. The samples were loaded using an auto-
matic sample changer, and the solute was constantly flown
through the capillary during the X-ray exposure to minimize
radiation damage. The two-dimensional pixel data from the
detector were converted to one-dimensional scattering profiles
using the automated pipeline SASFLOW, which performed
radial averaging, outlier removal, data averaging, and buffer
subtraction (22).

The analyses of the SAXS data were performed using the
ATSAS 2.8 suite (23). The data at different concentrations were
assessed for quality in terms of the absence of repulsive or
attractive interactions and signal-to-noise ratio. Based on these
criteria, a composite scattering profile for Ycg1–Brn1515– 634
was generated by merging the low-angle scattering at 0.5 mg/ml
and high-angle scattering at 5 mg/ml. For Ycg1, noticeable con-

Figure 6. Comparison of Ycg1 conformation in the Sc Ycg1–Brn1-DNA
crystal structure (PDB code 5OQP, a) and modeled with NMA to fit the
monomeric Ct Ycg1 SAXS data (DNA superimposed for illustration pur-
poses, b). Ycg1 is shown in green, and Brn1 is in cyan. In the crystal structure,
Ycg1 and Brn1 form a DNA-binding interface with positively charged residues
(shown in blue) from Brn1 and the N and C termini of Ycg1. In the absence of
Brn1, Ycg1 was modeled with NMA to have a more open conformation, pre-
venting the formation of the compact cluster of positive charges seen in
Brn1-bound Ycg1.
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centration effects were observed, and the scattering data from
0.25 and 0.5 mg/ml were extrapolated to zero concentration
using Primus (24). The Ycg1–Brn1515– 634 merged data and the
Ycg1 extrapolated data were used for all subsequent data anal-
yses including shape determination and rigid body modeling.

The forward scattering, I(0), and the radius of gyration, Rg,
were obtained from the Guinier approximation (25), following
the standard procedures (26). The distribution of pair distances
P(r) was computed using the inverse Fourier transformation
method implemented in GNOM (27). From the P(r) function,
an alternative estimate of Rg and the maximum particle dimen-
sion Dmax were obtained. MWs of Ycg1 and Ycg1–Brn1515– 634
in solution were assessed from the SAXS data with three meth-
ods: (a) using the forward scattering, I(0) (comparing against a
reference solution of bovine serum albumin); (b) from the
excluded (Porod) volume, Vp (given that Vp in nm3 is �1.6
times the MW in kDa) (16); and (c) a consensus Bayesian MW
assessment method (28).

Molecular weight assessment with light scattering

The oligomeric states of Ycg1 were analyzed by analytical
SEC–MALS. SEC was performed using an Agilent 1260 Infinity
II Bio-inert LC system and an analytical Superdex 200 10/300
GL column (GE Healthcare) equilibrated with the sample
buffer (25 mM Tris, 300 mM NaCl, 1 mM DTT, pH 7.5) at 20 °C.
Seven microliters of Ycg1 at 10 mg/ml was injected, with the
experiment performed at a flow rate of 0.8 ml/min. Protein
elution was detected by absorbance at 280 nm, and protein
concentration was quantified with differential refractometry
using an Optilab T-rEX detector (Wyatt). Light scattering data
were measured with a miniDAWN TREOS multiangle light
scattering detector (Wyatt). Molecular weights were computed
from the concentration and light scattering data using the soft-
ware ASTRA version 7.1.3.15 (Wyatt).

Batch DLS measurements were also performed for Ycg1 at
concentrations 0.6, 1.4, 2.5, 5.5, 10.8, and 22.1 mg/ml with a
DynaPro NanoStar DLS detector (Wyatt). Light scattering data
collection and analysis was performed with the software
DYNAMICS version 7.6.0 (Wyatt). For each concentration, ten
5-s acquisitions were performed.

Data analysis and structure modeling

For the two samples, the ab initio modeling program DAM-
MIF (14) was used to produce low-resolution bead models from
the measured SAXS data. Because the structural modeling with
SAXS data are potentially ambiguous, analysis of model varia-
bility and uniqueness was performed. Ten independent DAM-
MIF models were generated, superimposed with SUPCOMB
(29), compared, and averaged using DAMAVER (30).

The theoretical scattering curves from the high-resolution
models of Sc Ycg1 and Ycg1–Brn1 (PDB code 5OQQ) were
computed, and their �2 fits against the experimental SAXS data
evaluated using CRYSOL (31). The �2 fit is defined as follows,

�2 �
1

Np
�

i � 1

Np �Ie	si
 	 cIm	si



	si

�2

(Eq. 1)

where Np is the number of experimental points, Ie is the
experimental scattering, Im is the computed scattering from
the PDB model, 
(si) is the experimental error, and c is the
scaling factor.

To improve the �2 fits from the free Sc Ycg1 and from Ycg1–
Brn1, the two high-resolution models were refined by NMA
using the program SREFLEX (15). This program partitions the
structure into pseudo-domains and hierarchically employs
NMA to find the domain rearrangements minimizing the �2

between the SAXS curve computed from the refined model and
the experimental data.

Because the unbound Ycg1 exhibited signs of oligomeriza-
tion, a dimer structure and its proportion at elevated concen-
trations in solution was further modeled using SASREFMX
(16). This program constructs dimeric models and fits a set of
SAXS data measured at different concentrations by mixtures of
the monomers and dimers in the mixture. The SAXS data for
Ycg1 at c � 5 and 10 mg/ml were further modeled with SAS-
REFMX as a mixture of monomers, dimers, and tetramers, with
the tetrameric structure built as a dimer of dimers.

The experimental SAXS data described here, as well as the
models derived from them, were deposited in the Small Angle
Scattering Biological Data Bank under accession numbers SAS-
DFC4 (Ycg1 monomer), SASDFD4 (Ycg1–Brn1 monomer),
SASDFE4 (Ycg1 tetramer), SASDFG4 (Ycg1 dimer), and SAS-
DFF4, SASDFH4, SASDFJ4, and SASDFK4 (Ycg1 concentra-
tion series) (32).
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Table 2
Sample properties

Ycg1 Ycg1–Brn1515– 634

Organism C. thermophilum C. thermophilum
Source (reference) Kschonsak et al. (8) Kschonsak et al. (8)
Protein name (residues in construct) Ycg124–1006 (N-terminal His6 tag) Ycg124–1006 in complex with Brn1515–634 (N-terminal His6 tag)
Extinction coefficient (A280, M�1 cm�1) 48,820 69,790
Solvent 300 mM NaCl, 25 mM Tris-HCl, pH 7.5, 1 mM DTT 300 mM NaCl, 25 mM Tris-HCl, pH 7.5, 1 mM DTT
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