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Modeling protein complex structures based on distantly related homologues can be challenging due to
poor sequence and structure conservation. Therefore, utilizing even low-resolution experimental data
can significantly increase model precision and accuracy. Here, we present models of the two key func-
tional states of the yeast c-tubulin small complex (cTuSC): one for the low-activity ‘‘open” state and
another for the higher-activity ‘‘closed” state. Both models were computed based on remotely related
template structures and cryo-EM density maps at 6.9 Å and 8.0 Å resolution, respectively. For each state,
extensive sampling of alignments and conformations was guided by the fit to the corresponding cryo-EM
density map. The resulting good-scoring models formed a tightly clustered ensemble of conformations in
most regions. We found significant structural differences between the two states, primarily in the
c-tubulin subunit regions where the microtubule binds. We also report a set of chemical cross-links that
were found to be consistent with equilibrium between the open and closed states. The protocols
developed here have been incorporated into our open-source Integrative Modeling Platform (IMP)
software package (http://integrativemodeling.org), and can therefore be applied to many other
systems.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Biologists are often interested in computing structural models
of protein assemblies for which electron microscopy density maps
and atomic structures of remotely related systems are available. In
such cases, the integrative approach that relies on input structural
information of multiple types can provide models that are more
accurate, precise, and complete than models based on traditional
methods, such as X-ray crystallography, NMR spectroscopy, and
electron microscopy (Alber et al., 2007, 2008; Russel et al., 2012;
Sali et al., 2015; Ward et al., 2013). Key challenges include: data
ambiguity, such as regions of a density map that are not assignable
to particular components of the system or cross-links that may
apply to one of many states or copies of the structure; information
uncertainty, including the limited resolution of the map, errors in
the template structures, and target-template differences; and data
completeness, including missing regions of the density map and
incomplete coverage by the templates and cross-links
(Schneidman-Duhovny et al., 2014). While numerous tools exist
to construct models based on density maps (Topf et al., 2008;
Trabuco et al., 2008), it is essential to find all models that fit the
data, allowing an estimate of model precision. Here, we describe
an ad hoc approach to inferring a pseudo-atomic model from a
cryo-EM density map and atomic structures of related proteins,
with an estimate of model precision based on variation among
good-scoring models, and an estimate of model accuracy based
on agreement with an independently determined set of chemical
cross-links. We illustrate the approach by its application to the
c-tubulin small complex (cTuSC).

c-Tubulin complexes control the location and timing of micro-
tubule nucleation. cTuSC is a 300 kDa complex consisting of four
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components: GCP2, GCP3, and two copies of c-tubulin in a V-
shaped structure with the c-tubulin subunits at the top (Choy
et al., 2009; Kollman et al., 2008). As revealed by an �8 Å cryo-
EM map, the complex assembles into a single helical turn in yeast
consisting of 7 cTuSC units, leaving 13 exposed c-tubulins, thus
allowing 13-protofilament microtubule filaments to template from
the complex (Kollman et al., 2010). cTuSC comprises the ‘‘minimal”
nucleation machinery, as it lacks numerous accessory proteins
found in related complexes from other species. In previous studies,
we have shown that cTuSC adopts two conformations that differ
significantly in the geometry of the c-tubulin ring, a low-activity
‘‘open” state and a higher-activity ‘‘closed” state, and have pro-
posed that this conformational switch provides a mechanism for
regulating microtubule nucleation in vivo (Kollman et al., 2011).
We have reported the cryo-EM structure of the ‘‘open” state at
8 Å resolution, and more recently reported the cryo-EM structure
of the ‘‘closed” state at 6.9 Å resolution, by trapping this transient
conformation with engineered disulfides (Kollman et al., 2015).
Here, we describe reliable pseudo-atomic models of both open
and closed complexes, and present new data consistent with equi-
librium between two conformational states.

2. Materials and methods

2.1. Closed-state model building

We followed an iterative procedure (Fig. 1) to generate and fit
comparative models (Topf et al., 2006). The initial alignment of
the entire TUBGCP family was performed in Promals3D (Pei
et al., 2008). Additionally, we aligned yeast c-tubulin to represen-
tative proteins from the tubulin family (including human c-
tubulin, the template). After alignment, regions of the human
GCP4 sequence that were not present in the crystal structure were
omitted. We utilized an iterative procedure to improve the align-
ment and optimize models with respect to the density map, includ-
ing the following steps:

(1) Four copies of each template (human GCP4 and human
c-tubulin) were rigidly docked into the closed-state map
to form an approximate shape of two side-by-side cTuSC
structures using UCSF Chimera (Pettersen et al., 2004).
Fig. 1. Method
(2) The template complex in step 1 was used as the basis for
simultaneous homology modeling of yeast GCP2, GCP3,
and c-tubulin in MODELLER using the current alignment.
Symmetry restraints were added to preserve the complex
structure.

(3) The cTuSC homology model was flexibly fitted into the
closed density map using Molecular Dynamics Flexible Fit-
ting (MDFF) (Trabuco et al., 2008), with additional secondary
structure restraints. Symmetry restraints were added
between the two copies of cTuSC. The ‘‘gscale” parameter
of MDFF was set to 1.0, and 200 ps simulations were run.

(4) Upon inspection of the fitted model, the pairwise human-
GCP4/yeast-GCP2 and human-GCP4/yeast-GCP3 alignments
were edited. Changes included adding secondary structure
restraints when these elements were clearly observed in
the density map and were predicted using PSIPRED
(Buchan et al., 2013) and removing long insertions (>5 resi-
dues) unless the insertions could be unambiguously
assigned to density. The c-tubulin alignment was left
unchanged.

Steps 2–4 were repeated until no further adjustments to the
alignment improved the model. With the alignment fixed via the
above procedure, we produced 300 comparative models as in Step
2. Finally, these models were optimized into the closed-state den-
sity map using MDFF with the same restraints as above. Results
contained a number of clear outliers, with structural helices cross-
ing obvious helices in the map. We removed these common local
minima by performing k-means clustering with k = 10, keeping
the largest two clusters containing 158 total structures, which
formed a narrow ensemble with average Ca root-mean-square
fluctuation (RMSF) 1.88 Å. The top 5 scoring structures from each
cluster were deposited into the PDB: 5FLZ.

2.2. Open-state model building

Reasoning that the closed-state model was more accurate than
the starting comparative model, we used the closed-state model
ensemble as the initial structures for open-state modeling. For
every closed model, each component was rigidly fitted into the
open-state density map. These models were refined into the
overview.
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open-state density map using MDFF, with the ‘‘gscale” parameter
set to 0.1 (reflecting our increased uncertainty in the data due to
its lower resolution) and allowed to sample for 250 ps. Secondary
structure, domain (rigidity), and symmetry restraints were added
as in the closed state. The open-state ensemble consisted of all fit-
ted structures, since the lower resolution did not allow us to
remove obvious outliers. We performed k-means clustering with
k = 10 and selected the top-scoring structure in each cluster—this
forms the ensemble deposited into the PDB: 5FM1.

2.3. Model evaluation

To evaluate model precision, we calculated the RMSF for each
Ca position in the model ensemble. To evaluate sampling density,
we divided the ensemble into half sets, computed the RMSF values
for each set, and verified that they were similar. For contact evalu-
ation (Table S2), UCSF Chimera’s ‘‘find H-bond” tool was used on
each model in the ensemble, relaxing H-bond parameters by 2 Å
and 90�. The final reported contacts were those present in at least
25% of the structures in each ensemble.

To evaluate model accuracy, we compared models against
external data not used in the modeling process. A set of 135 chem-
ical cross-links, with DSS as the linker, was obtained. We computed
the distance between cross-linked residues within the closed- and
open-state models, allowing for ambiguity in the cross-links’
assignments due to the presence of two c-tubulin molecules in
cTuSC, as well as multiple copies of cTuSC. A cross-link was con-
sidered a ‘‘violation” if the median ensemble distance was greater
than a threshold in both the closed- and open-state models. The
maximal cross-link distance of 35 Å was based on flexibility of
the cross-linker (Chen et al., 2010).

2.4. Cross-linking of recombinant cTuSC and mass spectrometry
analysis

cTuSC (146 lg protein in 331 lL 40 mM HEPES, 100 mM NaCl,
pH 8) was cross-linked for 2 min at room temperature with disuc-
cinimidyl suberate (Pierce, 0.86 mM final). The reaction mix was
quenched with 26 lL of 500 mM NH4HCO3 and the buffer was
exchanged to 40 mM HEPES, 500 mM NaCl, pH 7.5 using protein
desalting spin columns (Pierce) according to the manufacturer’s
instructions. Two 90 lL aliquots of cross-linked protein were sub-
sequently reduced with 10 mM dithiothreitol for 30 min at 37 �C
and alkylated with 15 mM iodoacetamide for 30 min at room tem-
perature. Heavy oxygen labeling (Zelter et al., 2010) was per-
formed by adding 25% volume of heavy water to one (labeled)
aliquot. A second, unlabeled, sample was produced by adding
25% volume of standard water. Both aliquots were then separately
subjected to overnight digestion with trypsin at a substrate to
enzyme ratio of 60:1. Samples were acidified with 5 M HCl and
stored at �80 �C.

0.5–1.5 lg of each sample was loaded onto a fused-silica capil-
lary tip column (75-lm i.d.) packed with 40 cm of Reprosil-Pur
C18-AQ (3-lm bead diameter, Dr. Maisch). Peptides were eluted
from the column at 250 nL/min using a gradient of 2–35% acetoni-
trile (in 0.1% formic acid) over 120 min, followed by 35–60% ace-
tonitrile over 10 min. Mass spectrometry was performed on a Q-
Exactive (Thermo Scientific), operated using data dependent acqui-
sition where a maximum of six MS/MS spectra were acquired per
MS spectrum (scan range of m/z 400–1600). At m/z 200, the reso-
lution for MS and MS/MS was 70,000 and 35,000, respectively.
Six technical replicates were performed using the heavy oxygen
labeled sample and 14 technical replicates were performed using
the unlabeled sample. Cross-linked peptides were identified using
the Kojak cross-link identification software (Hoopmann et al.,
2015) (version 1.4.1) available at (http://www.kojak-ms.org/).
The Kojak results of all 20 LCMS runs were combined and exported
to Percolator (Kall et al., 2007) to produce a statistically validated
set of cross-linked peptide identifications at a false discovery rate
threshold of 1%.

The full cross-link dataset is available online at http://proxl.
yeastrc.org/proxl/viewProject.do?project_id=15 .
3. Results

3.1. Initial model accuracy and coverage

GCP2 and GCP3 are members of the TUBGCP family, which are
named Spc97 and Spc98 in yeast. The TUBGCP family also includes
GCP2/3/4/5/6 in humans. The architecture of the complex is shown
in Fig. 2A.

A crystal structure of human GCP4 provided a suitable starting
point for homology modeling of both GCP2 and GCP3 (Guillet et al.,
2011) (Fig. 2B and C). Additionally, a crystal structure of human c-
tubulin (PDB: 3CB2) served as a suitable template (sequence iden-
tity 37%) for yeast c-tubulin. Modeling challenges included the
presence of several large insertions in GCP2 and GCP3, regions of
GCP4 that were not observed in the crystallographic density, and
low sequence identity to GCP4 (13% and 18% for GCP2 and GCP3,
respectively) (Fig. 2B). We first modeled the closed-state structure
due to the higher resolution of the corresponding EM map.

Despite the low sequence identity to the homologue GCP4, the
initial model of closed-state cTuSC, consisting of flexibly fitted
homology models of GCP2 and GCP3 and two identical homology
models of yeast c-tubulin, fit the EM map surprisingly well
(Fig. S1). Most secondary structure elements could be uniquely
assigned to regions of the map; however, there were clear errors
in the length and location of some helices. We improved the model
using an iterative process, editing the GCP2/3/4 alignment to
improve the fit and using other sources of information to reduce
over-fitting. The best-scoring model resolves the locations of all
secondary structure elements, though many loops were difficult
to localize (Fig. 3A). Large insertions are still missing from the
model; these would likely need higher-resolution data to complete
de novo building of these sections.

In comparison to the closed-state density map, the open-state
map is lower resolution. We reasoned that the final closed-state
model is likely closer to the open-state structure than the initial
homology model. Therefore, we used closed-state models as start-
ing points for open-state modeling. While the resolution limits our
ability to precisely localize secondary structure segments, the
overall shape could be determined from the density map. The final
model has significantly improved cross-correlation in comparison
to the starting closed-state model (Fig. S1).
3.2. Estimating model precision and accuracy

The final structures of the closed and open states were selected
based on the cross-correlation coefficient against their respective
maps. To use any model judiciously, it is essential to assess its pre-
cision and accuracy. Here, we estimate the precision by quantifying
the variation in the ensemble of good-scoring solutions. For each
state, we defined the precision of each Ca position as the root-
mean-square fluctuation (RMSF) from the mean position in the
models scoring at least one standard deviation above the median
score, with each model fit in the EM map (Fig. 3B). We verified
our estimate of precision by showing similar estimates for two ran-
dom halves of the solution ensemble (data not shown). Regions
with high variability were primarily in loops, and appear to be lar-
gely a result of the limited map resolution. RMSF is generally larger
in the closed state.
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Fig. 2. Data overview. (A) Architecture of c-TuSC. Left, single c-TuSC V structure with sequence endpoints. These colors are used in all figures. Right, ring structure. (B)
Coverage map. Blue regions have structure coverage from the homologue GCP4. (C) Rigid fit of templates into closed cryo-EM density map. Details indicate regions of
significant difference between the model and the map. (D) Rigid fit of templates into open cryo-EM density map.
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Additionally, we validated the cTuSC models by comparing
them against a set of DSS cross-links not used in the modeling
process (Fig. 4). An ensemble of models satisfies a given cross-
link if the ensemble median of the shortest distance among
possible Ca-Ca assignments within a model was less than 35
Å (corresponding to the maximum DSS length with small
tolerance (Chen et al., 2010)). Only 67 of the 135 observed
cross-links could be used for this assessment because others
applied to missing regions. Of these 67 cross-links, 62 were
consistent with either the closed or open state, including some
that matched exclusively with a single state (Table S1). Of the 5
‘‘violated” cross-links, one had median distance just over the



Fig. 3. Modeling results. (A) Left, closed-state final fit, shown in closed-state density map at two different contour levels. Right, open-state final fit, again at two contour
levels. (B) Sausage plots of the variability in the model ensemble fits. Red regions are more variable than blue regions. Left, closed-state; and right, open-state.
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threshold, and the remaining 4 had median distances over 50 Å
and are likely false positives.

3.3. Comparing the open and closed states

After aligning models from the two states, significant differ-
ences—which are larger than the estimated precision—are appar-
ent (Fig. 5, Movie S1). The differences are particularly notable for
the locations of the c-tubulin subunits, which bind to the minus
end a-tubulin subunits within the microtubules. In the open state,
microtubule symmetry is broken: GCP2 is bent �8� towards the
helical axis and GCP3 is bent �8� backwards, creating varying
spacing and orientation between the c-tubulin subunits. The heli-
cal parameters of the open state, rotation of 54.3� and rise of
22.2 Å, do not match those of a microtubule, with rotation of
55.4� and rise of 18.7 Å. In contrast, in the closed state, the
c-tubulin subunits are evenly distributed around the ring, with
the same side facing the helical axis, matching the symmetry of a
microtubule. Helical spacing parameters of the closed state also
match those of a microtubule: rotation of 55.4� and rise of
18.8 Å. The arrangement of three contiguous a-tubulin subunits
from a mammalian microtubule (PDB: 3JAL) is similar to that of
the yeast c-tubulin subunits in the closed state, with 90% Ca over-
lap at 4 Å. While the centers of mass of the c-tubulin subunits vary
significantly between the two states, there is no clear pivot point.
The structural changes are widely distributed from the central to
C-terminal regions of GCP2 and GCP3.

Two key interfaces underlie the stability of each state:
‘‘intra”- cTuSC (within the V structure) and ‘‘inter”- cTuSC
(between each copy of the complex). We examined each interface
in detail to explore which contacts are unique to each state in our
models (Table S2). First, we observed that the N-terminal regions



Fig. 4. Cross-linking data analysis. Illustrating the histogram of median crosslink distances in the models. Dotted line is ‘‘violation” cutoff at 35 Å.

Fig. 5. Model comparison. Arrows indicate structural changes from open (top two rows) to closed state (bottom row). Each row depicts only the state listed at the left. Left
column is side view of a single c-TuSC subunit, right column is top view showing two side-by-side subunits.
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of GCP2 and GCP3 are largely static, whereas the C-terminal inter-
faces shear �15 Å. Secondly, the C-terminal contacts are primarily
made between the c-tubulin subunits. Multiple key interactions at
the closed ‘‘inter” interface are also preserved at the ‘‘intra” inter-
face, supporting the observation of symmetry. Furthermore, many
of these contacts also occur at the open ‘‘inter” interface, despite
the significant conformational differences. This observation is con-
sistent with the apparent rotation around this interface (Fig. 5). In
contrast, the open ‘‘intra” interface shares no contacts with the
other three, though a similar list of residues are involved in
contacts.
4. Discussion

Our goal was to compute and validate models for the two struc-
tural states of the c-tubulin small complex, followed by comparing
the two states. For modeling, we used all available information
(Fig. 2). We used the known structures of homologues of GCP2,
GCP3, and c-tubulin to create initial models; used predicted sec-
ondary structure segments to explore alternative alignments; and
used cryo-EM density maps to refine a model for each state. We
also utilized chemical cross-linking data as an external validation,
finding that 62/67, or 93%, of the cross-links are consistent with the
two models (Fig. 4). This finding is particularly notable due to the
low sequence identity of the templates (13%, 18%, and 37% for
GCP2, GCP3, and c-tubulin, respectively) including large insertions
(Fig. 1). To evaluate the precision of these models, we performed
extensive sampling and reported the fluctuations of each Ca atom
(Fig. 3B). As expected, we found that the largest fluctuations were
in regions with relatively low density in EMmaps, which were typ-
ically loop regions. Thus, we are relatively confident in the place-
ment of secondary structure units and the overall fold (Fig. 3A).

The structural differences between the closed and open states
include both rigid body and conformational changes (Fig. 5). How-
ever, despite the significant differences between the states, many
key interface contacts are preserved, particularly at the ‘‘inter”-
cTuSC interface, which may be critical for ring assembly. The
‘‘intra”- cTuSC interface, while making a completely different set
of contacts between the open and closed states, does involve a sim-
ilar set of residues, suggesting that any evolutionary pressure that
preserves ring assembly may also maintain the activation mecha-
nism. A more complete understanding of the cause of conforma-
tional change may require modeling that is more precise,
accurate, and complete, including building models for the substan-
tial numbers of insertions (with respect to the template, human
GCP4), some of which are located at cTuSC interfaces (Fig. 1).

The description of the differences between the two end states
does not allow us to speculate about the order of events corre-
sponding to a transition between them. However, the cross-
linking data suggests that the system exists in equilibrium
between the two states, thus transiently exploring both states;
the equilibrium between the two states is suggested because both
are needed to explain all the cross-links (Fig. 4). In a previous study
(Kollman et al., 2015), we showed that the open state nucleates
less well than the disulfide-closed state, suggesting that some acti-
vation event likely takes place in the cell to optimize nucleation
efficiency.

The approach we have developed here is suitable for challeng-
ing problems, where structural information is incomplete or
low-resolution. The increased uncertainty in these cases requires
sampling the full range of models consistent with the available
data, evaluating the precision of the ensemble, and if possible
using independent data to estimate model accuracy. We have
incorporated tools to perform these steps in our open-source
Integrative Modeling Platform (IMP) package, available at
http://integrativemodeling.org. Specific code used to generate the
models is available at https://github.com/integrativemodeling/
gamma-tusc. Future improvements include using scoring functions
and sampling techniques that do not rely on manually set data
weights—for example, Bayesian methods (Rieping et al., 2005).
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