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Abstract
Microtubules (MTs) composed of αβ-tubulin heterodimers are highly dynamic polymers, whose
stability can be regulated by numerous endogenous and exogenous factors. Both the anti-mitotic
drug, Taxol, and microtubule-associated proteins (MAPs) stabilize this dynamicity by binding to
and altering the conformation of MTs. In the current study, amide hydrogen/deuterium exchange
coupled with mass spectrometry (HDX-MS) was used to examine the structural and dynamic
properties of the MT complex with the microtubule binding domain of MAP4 (MTB-MAP4) in
the presence and absence of Taxol. The changes in the HDX levels indicate that MTB-MAP4 may
bind to both the outside and the luminal surfaces of the MTs, and that Taxol reduces both of these
interactions. The MTB-MAP4 binding induces conformational rearrangements of α- and β-tubulin
that promote an overall stabilization of MTs. Paradoxically, despite Taxol’s negative effects on
MAP4 interactions with the MTs, its binding to the MTB-MAP4-MT complex further reduces the
overall deuterium incorporation, suggesting that a more stable complex is formed in the presence
of the drug.

MTs are highly dynamic protein polymers that are crucial in many aspects of cellular
function, including mitosis. Mitosis can be disrupted by arresting microtubule dynamics,
which may be accomplished with drugs that interact with MTs (1). One such class of drugs
is the microtubule stabilizing agents, which bind to the MT polymer and prevent its
disassembly, thereby inducing loss of dynamicity of the mitotic spindle required for
progression of mitosis (2). The prototype of this class of drugs is Taxol, whose activity and
properties have been studied extensively (3, 4). The dynamic behavior of MTs is also
regulated in vivo by microtubule associated proteins (MAPs) (5). Some of these regulatory
proteins, including stathmin, sequester tubulin dimers and promote microtubule
disassembly, whereas others stimulate assembly and favor stable MTs (5, 6). Tau, MAP2
and MAP4 belong to a family of MAPs that promotes microtubule assembly and
stabilization. Tau and MAP2 are found predominantly in neuronal and some glial cells,
whereas MAP4 is ubiquitously expressed (7, 8). All members of this family have a similar
primary structure, with each including an N-terminal projection (PJ) domain and a C-
terminal microtubule-binding (MTB) domain (9–11). This latter MTB domain is responsible
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for binding to and regulating MT assembly. It can be subdivided into three distinct regions:
a proline-rich region, an assembly promoting region, and a highly hydrophobic tail region
(12). The assembly promoting region, which contains three, four, or five 18-residue
imperfect repeats, is homologous in all family members and can bind to MTs and promote
microtubule elongation (13, 14). The proline-rich regions of tau, MAP2 and MAP4 are
similar in structure, but display no significant sequence homology. While sequences of tau
and MAP2 tail regions bear a close resemblance to each other, MAP4 differs significantly
from the other family members (12). Clearly, despite the sequence similarities found in this
family of proteins, there may be differences in their mechanisms of microtubule
stabilization, not least because MAP4 has not been studied as intensely as MAP2 and tau. As
the predominant MAP in normal and cancer cells, MAP4 was selected in our study to
investigate the structural changes in the αβ-tubulin heterodimer upon binding of endogenous
microtubule stabilizers. Since MAP4 is ubiquitously expressed and shares characteristic
structures with neural MAP2 and tau, analysis of structural changes in MTs induced by
MAP4 binding will further our understanding of the role MAPs play in the regulation of MT
dynamics.

While we have obtained valuable information concerning the interaction of different types
of microtubule-stabilizing drugs with tubulin and MTs (15, 16), our experimental system
thus far has been limited by the absence of endogenous factors that further regulate MT
dynamics, altering their conformation in vivo. Thus, here we expand our current HDX-MS
studies to include MAP4 that is an endogenous dynamic regulator. The HDX-MS method is
ideal for probing the interactions between protein-protein and protein-ligand complexes. A
typical HDX-MS experiment involves the comparison of HDX rates of peptic peptides
before and after interacting with its binding partners. A reduced HDX rate indicates that the
peptide is either involved in the direct interactions with its partners or its dynamicity has
been reduced by the binding interactions. Understanding how MAPs stabilize MTs in the
presence and absence of Taxol may provide important insights into their role in modulating
drug effects and MT dynamics. In the present study, we demonstrate that MTB-MAP4
significantly reduces deuterium incorporation into MTs, suggesting that it stabilizes the
polymer via its effects on the multiple interfaces that comprise a stable MT polymer. This
effect of MAP4 is further enhanced in the presence of Taxol, indicating cooperative action
of these two stabilizers on MT dynamics.

Results
CET was chosen as it is is composed of only one α- and one β-tubulin isotype, α1 and βVI,
respectively, and has limited posttranslational modifications (20), thereby significantly
simplifying data analysis and eliminating any ambiguity in assignment of measured masses
and conformational effects of isotype-specific peptides. Moreover, the core sequence of
chicken βVI-tubulin is nearly 90% identical both to the most abundant mammalian brain
tubulin βII and to human βI, the major isotype in non-neuronal tissue. This further enhances
our ability to understand the conformational dynamics of MT stabilization in a broader
context.

Global HDX of Microtubules
We compared the time courses of HDX in intact chicken erythrocyte tubulin complexes in
the presence and absence of MTB-MAP4 (Figure 1). Binding of MTB-MAP4 to GMPCPP-
MTs led to a significant reduction in deuterium incorporation into both α- and β-tubulin,
confirming previously established stabilizing activity of MAP4 on the entire MT polymer
(21).

Xiao et al. Page 2

ACS Chem Biol. Author manuscript; available in PMC 2013 October 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Regional HDX of Microtubules
The CET peptic peptides were identified as described under “Materials and Methods.”
Under all conditions utilized for HDX experiments, 32 α- and 33 β-tubulin peptides were
consistently detected, corresponding to 70 and 68% sequence coverage, respectively. Figure
2 summarizes the effects of MTB-MAP4 alone (blue bars) and MTB-MAP4+Taxol (red
bars) on deuterium labeling. The ΔHDX values for each peptide shown in Figure 2
correspond to the differences between the centroid values (xc) of the mass distributions of
the peptides from GMPCPP-stabilized MTs in the presence and absence (control) of MTB-
MAP4 or MTB-MAP4+Taxol. Figure 3 maps these changes in deuterium incorporation onto
an αβ-tubulin heterodimer structure (PDB file 1JFF). More detailed deuterium exchange
information at the interdimer interface, intradimer interface and interprotofilament region
are illustrated in figures 4, 5 and 6, respectively.

Interdimer interface
Figure 4 shows the exchange map at the interdimer interface, where adjacent αβ-tubulin
heterodimers interact head to tail along the length of the protofilament. Extensive reduction
of deuterium incorporation induced by MTB-MAP4 in this region was observed on most
peptides in both α- and β-tubulins. These include peptides α120-134 (H3-loop-S4) and
α252-261 (H8) in α-tubulin, and peptides β66-73 (S2-loop-H2), β74-89(H2-loop), β92-112
(S3-T3 loop-H3), β167-178 (S5-T5 loop) and β212-230 (H6-loop-H7) in β-tubulin. No
significant effects of MAP4 were observed on peptides α243-248 (T7 loop), α319-330
(loop-H10) and α336-344 (H10-S9 loop) in α-tubulin, while peptide α154-169 (H4-loop-
S5) was deprotected. In our previous studies (15, 16, 19), peptide α154-169 was protected in
the presence of microtubule stabilizing agents. However, in the presence of MAP4, we
observed the opposite effect. Therefore, we hypothesize that MAP4 displaced α154-169
from the interdimer interface, exposing it to the deuterated solvent. Deprotection of this
region in α-tubulin, in turn, allowed for strong interactions between the aforementioned
peptide α120-134 and its β-tubulin partners β74-89 and β92-112. The addition of Taxol to
the MTB-MAP4-MT complex significantly altered deuterium incorporation into multiple
peptides at the interdimer interface. Peptide α120-134 and its partners β74-89 and β92-112
became less protected in the presence of Taxol, suggesting a loss of stabilization in this
portion of the interdimer interface. Conversely interacting pair α319-330 and β212-230
gained significant protection when Taxol was added to the MTB-MAP4-MT complex.
Complementary peptides α252-261 and β167-178, as well as α243-248 and β66-73 retained
the same level of protection, and peptide α154-169 remained strongly deprotected. Although
incorporation of deuterium along the peptide chain was altered in the presence of Taxol, the
overall level of protection of this region remained the same as indicated by the P-values
which are greater than 0.05 (Table 1).

Intradimer Interface
Figure 5 maps the changes in deuterium incorporation at the intradimer interface, the region
of interaction between the α- and β-tubulin components of a heterodimer. Peptides β152-166
(H4-loop-S5), β306-322 (loop-S8), and β341-353 (loop-S9) are located on the β-tubulin side
of the interface. All three peptides exhibited significantly reduced deuterium incorporation
when MTB-MAP4 was bound. Peptides corresponding to the α-tubulin side of the
intradimer interface were also significantly affected by MTB-MAP4 binding. While
α103-113 (H3’-loop-H3), α181-191 (loop-H5) and α400-408 (loop-H11’) became more
protected, peptides α68-76 (S2-loop-H2) and α 212-227 (H6-loop-H7) were deprotected in
the presence of MTB-MAP4. The addition of Taxol enhanced the stabilizing activity of
MTB-MAP4 on MTs, as evidenced by further reduction in the levels of deuterium
incorporation into almost all of the peptides in this region, with particularly strong effects on
α181-189 (loop-H5), β152-166 (H4-loop-S5), and β306-322 (loop-S8). In fact, based on
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total ΔHDX values(Table 1), the increase in protection in the presence of Taxol was most
significant at the intradimer interface.

Interprotofilament region
The major components of the lateral interface in a microtubule are the M-loop (α and
β274-288) and the N-terminal H1-S2 loop (α and β24-64). In α-tubulin, both the M-loop
(α272-286) and the corresponding portion of the H1-S2 loop (α24-49) were protected from
deuterium incorporation by MTB-MAP4 (Figure 6a). Similarly, the H1-S2 loop (β21-31,
β44-64 and β50-65) in β-tubulin showed slightly reduced deuterium incorporation. While the
proximal M-loop peptide β266-280 was significantly protected by MTB-MAP4, the distal
portion of the M-loop (β281-293) remained unaffected (Figure 6a). A drastic change in
deuterium incorporation into the M-loop occurred when Taxol was added to the MTB-
MAP4-microtubule complex, as depicted in figure 2 and figure 6b. Specifically, Taxol
enhanced protection of the distal M-loop (β281-293) by 140 mmu, while it deprotected the
proximal part of the M-loop (β266-280) by 26 mmu, with respect to the MTB-MAP4-
microtubule complex. The significance of these findings is further explained in the
Discussion section. In contrast, peptide α272-286, corresponding to the M-loop in α-tubulin,
exhibited increased deuterium incorporation upon Taxol binding (ΔΔHDX = 53 mmu). In
summary, MTB-MAP4 stabilized lateral interactions between both α-tubulin and β-tubulin
subunits in adjacent protofilaments (Figure 6a and Table1). In the presence of Taxol, lateral
α-contacts were weakened at the expense of significantly strengthened β-tubulin contacts
(Figure 6b and Table 1).

Taxol-binding site
MTB-MAP4 induced a significant reduction in deuterium incorporation into peptide
β212-230 (H6-loop-H7), where Leu217, Leu219, His229 and Leu230 have been shown to
establish hydrophobic contacts with Taxol (22). As would be expected, Taxol binding led to
further protection of this β-tubulin peptide. However, the distal M-loop (β281-293), which
also participates in Taxol binding, as noted above in the context of lateral interactions, was
only protected in the presence of Taxol. MTB-MAP4 alone showed no effect on stabilizing
this portion of the Taxol-binding site.

MAP binding sites
Although the exact MAP binding sites within a microtubule are still under investigation, the
C-terminal portions of both α- and β-tubulin, including helices H11, H12 and the
hypervariable C-terimus are involved in the interactions between MTs and MAPs (23–25).
Our previous HDX results demonstrated significant protection of the α-tubulin H12 helix
from deuterium incorporation by Taxol and other microtubule stabilizing agents (15, 16). In
this study, the HDX data indicated that the α-tubulin helices H11’ (represented by peptide
α400-408) and H12 (represented by peptides α413-418 and α426-438) were significantly
protected by MTB-MAP4 binding. Interestingly, the loop connecting H11’ and H12
(represented by peptide α408-415) was deprotected under the influence of MTB-MAP4.
Addition of Taxol to the MTB-MAP4-microtubule complex actively altered deuterium
incorporation into the aforementioned MAP-interacting tubulin peptides. Particularly,
deuterium levels in the α-tubulin H12 helix (peptides α413-418 and α426-438) were
increased in the presence of Taxol. In contrast, deuterium incorporation into peptide
α408-415 (H11’-H12 loop) was reduced following Taxol binding, such that the overall
effect on this region of α-tubulin returned to the control level (GMPCPP alone).

In β-tubulin, the C-terminal peptide β438-445 exhibited significantly reduced deuterium
incorporation. This C-terminal peptide is not shown in the figures because it has not been
observed in the crystallography studies, presumably because of its flexibility. Due to the
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weak signal of peptides β408-418 (H11’-loop) and β422-430 (H12), a conclusive
determination of whether they are protected by MTB-MAP4 or not, could not be made. No
significant changes were observed at the C-terminus (β438-445) upon Taxol binding.
Peptide β408-418 (H11’-loop) gained enhanced protection by Taxol as indicated by the
average value of ΔHDX (Figure 2), although this change was not statistically significant
(P>0.05).

Discussion
Our previous observations demonstrated that microtubule stabilizing agents induce a
reduction of deuterium labeling across the entire length of the microtubule, despite having
binding sites limited to a small region in β-tubulin (15, 16, 19). Our current work shows
similar findings with MTB-MAP4-stabilized MTs. The longitudinal and lateral interactions
between tubulin dimers are strengthened under the influence of MAP4, as suggested by
reduced deuterium incorporation into most peptides at the intradimer, interdimer and lateral
interfaces (Table 1). The conformational effects are apparent both in the lumen and on the
outside of the microtubule, and are seen in both α- and β-tubulin (Figure 2 and Figure 3).
This global MT-stabilizing activity of MTB-MAP4 is mimetic of the microtubule stabilizing
agents, as measured in our previous HDX experiments (15, 16). However, the overall
protective effects produced by MTB-MAP4 binding are noticeably weaker than those
induced by combined MTB-MAP4 and Taxol binding. In the presence of MTB-MAP4
alone, the sum of ΔHDX values for all peptides is −365.6 and −786.8 mmu in α- and β-
tubulin, respectively. Addition of Taxol further decreases these values to −927.2 mmu in α-
and −1614.4 mmu in β-tubulin. This implies that the degree of stabilization induced by
MTB-MAP4 binding is limited, which is consistent with the observation made by the
Bulinski group that MAP4 stabilizes MTs to an extent similar to that of low concentrations
of Taxol (18).

Our result, that the protective effects of MTB-MAP4 were more than doubled by addition of
Taxol suggests a complementary mode of MT stabilization between these two regulators.
Predictably, some of the most dramatic effects are seen in peptides involved in the binding
of Taxol in its β-tubulin luminal site, including the M-loop (β281-293) and the internal H6-
loop-H7 region (β212-230). While the effects of Taxol on the interdimer interface were
variable, very strong enhancement of MT stabilization at the intradimer interface was
apparent, as evidenced by significant decrease in deuterium incorporation into this region in
the presence of Taxol (Table 1). By itself, Taxol has been shown to have no effect on
stabilizing lateral interactions between adjacent α-tubulin subunits (15, 16), yet it appears to
weaken the stability of lateral interactions in the presence of MAP4. This weakening,
however, is accomplished at the expense of substantial stabilization of the lateral β–β
contacts (Table 1). Thus, the MT stabilization by Taxol and MAP4 is via the complementary
stabilization of both longitudinal (intradimer) and lateral interactions.

The MTB-MAP4 used in our studies contains all major components of the human MAP4
MT-binding domain, including the entire proline-rich region, the assembly-promoting
repeated sequence region, and the hydrophobic C-terminus (18). It therefore has all the
elements required for microtubule binding and assembly (18). MAPs, including tau and
MAP2, as well as motor proteins, such as kinesin and dynein, have been shown to bind to
the external H12 helix of the microtubule (26, 27). Consistent with these findings, our HDX
results demonstrate that MTB-MAP4 induces significant protection of the C-terminal
regions of both α- and β-tubulin, including helices αH11 (α378-387) and αH12 (α413-418
and α426-438), as well as the βC-terminal peptide (β438-445). This implicates α- and β-
tubulin C-terminal regions in directly binding MTB-MAP4, which corroborates, via an
independent approach, the binding model proposed for tau by Kar et al. from structural data
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(28). In their model the positively charged proline-rich region of tau interacts with the
negatively charged acidic residues on the tubulin C-termini. Our results are also consistent
with the observations made by cryo-electron microscopy, that tau binds longitudinally along
the outer ridges of Taxol-stabilized MTs (26). Of note, when Taxol was added to the
preformed MTB-MAP4-MT complex, the protection of the αH12 helix (α413-418 and
α426-438) was diminished. These results suggest that Taxol may reduce the binding affinity
of MTB-MAP4 for the outer surface of the MTs. Our previous HDX studies indicated a
significant protection of the α-tubulin H12 helix by Taxol and other microtubule stabilizing
agents(15, 16). It was hypothesized that this effect of the microtubule stabilizing agents
would perturb the binding of MT-associated proteins to MTs, and this has been confirmed in
the current study. Consistent with its location and high flexibility, the βC-terminal tail
(β438-445) was not protected by Taxol addition.

It has also been reported that Taxol and discodermolide significantly reduce the affinity of
tau for MTs by binding to an overlapping luminal site in β-tubulin (29). Based on the results
of our study the same may be true for Taxol and MAP4, such that a portion of the Taxol
binding pocket may also be involved in the binding of MAP4 to MTs. Critical residues for
the binding of the taxane ring are located in the proximal M-loop of β-tubulin, and include
Pro272, Leu273, Thr274, Ala277 and Arg276 (22). In our HDX data, this region is
represented by peptide β266-280, which is strongly protected from deuterium incorporation
by MTB-MAP4, with this effect reversed in the presence of Taxol (Figures 2 and 3b). This
indicates that the proximal M-loop may be part of a shared luminal binding site for Taxol
and MAP4. Taxol, therefore, competes with MTB-MAP4 for binding at this site, thereby
reducing MAP4-MT interactions. These results are consistent with both FRET (30) and the
cryo-electron microscopy (28) studies of tau bound to MTs, in which the repeating motif of
tau was shown to interact with the β-tubulin taxane binding site in the absence of Taxol. The
distal M-loop, represented by peptide β281-293 in our study, is one of the main participants
in lateral interactions between adjacent MT protofilaments. Contacts made between this part
of the M-loop on one side, and the H1-S2 loop and H3 helix on the other, hold the
protofilaments together, maintaining a straight and stable MT polymer (31). Residues
comprising the distal M-loop have also been shown to influence the binding of Taxol in its
β-tubulin luminal site (32). The results of the present study further confirm involvement of
the distal M-loop in the binding of Taxol. MTB-MAP4 alone, however, has no effect on this
region, which suggests that this portion of the M-loop is not involved in binding MAP4. To
summarize, MAP4 and Taxol appear to share an overlapping luminal binding site in β-
tubulin involving only the proximal part of the M-loop, and not the distal part. Furthermore,
addition of Taxol to the MTB-MAP4-MT complex weakens this interaction between MAP4
and tubulin.

We have previously reported that the MT polymer adopts a straight conformation once
bound by Taxol, as evidenced by enhanced protection in the intradimer, interdimer and
interprotofilament regions (15, 16, 19). All of these interfaces are also strongly protected by
MTB-MAP4 (Figure 3 and Table 1), albeit to a lesser extent than in the presence of a drug.
This strongly suggests that similar to the microtubule stabilizing agents, MAP4 induces MT
stability via transforming the MT conformation from curved to straight. The driving force
for this straightening could be the direct result of simultaneous binding of MTB-MAP4 to
both the outside and the luminal portion of the MT. Stabilization of MTs by Taxol was
suggested to follow a cooperative mechanism in which the conformational changes induced
by Taxol binding to β-tubulin could stabilize α-tubulin and extend this effect to all other
tubulin dimers along the protofilament (33). This was further demonstrated in our original
study of Taxol-stabilized MTs (19). This global stabilizing activity of Taxol appears to
further enhance the effects of MAP4, as evidenced by significantly increased protection of
the intradimer and lateral β–β interprotofilament interactions, suggesting that Taxol
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contributes to straightening the tubulin conformation, thus maintaining a more stable
microtubule structure.

The cooperative MT stabilization between Taxol and MAP4 suggests that drugs, such as
Taxol, may alter the physiological activity of endogenous MT effectors by recruiting MAPs
as partners in inducing mitotic arrest. In fact, results of multiple studies support this
hypothesis. For example, it has been demonstrated that p53 mutant baby rat kidney (BRK)
cells overexpressing MAP4 were more sensitive to Taxol and less sensitive to MT
destabilizing drugs of the vinca alkaloid class (34). Additionally, vinca-resistant human
leukemia cells were shown to overexpress MAP4 (35), whereas Taxol-resistant A549 cells
expressed more hyperphosphorylated forms of MAP4 as the level of resistance increased
(36). Phosphorylated MAP4 does not bind to MTs or promote stabilization of the polymer
(37, 38).

We have shown that similar to the microtubule stabilizing agents, MAP4 stabilizes the entire
MT via its activity on all the major interfaces that comprise the MT polymer. We have also
demonstrated that Taxol and MAP4 may share an overlapping luminal binding site
involving the proximal β-tubulin M-loop. Binding of Taxol to MTs appears to weaken both
this luminal and external interactions between MAP4 and MTs. Despite this effect,
enhancement of stabilization of the intradimer and lateral interfaces observed in the presence
of Taxol suggests that endogenous effectors of MT dynamics may cooperate with
microtubule stabilizing agents in stabilizing MTs and regulating mitotic activity of the cells.

Materials and Methods
Tubulin, MAPs and other materials

Tubulin was isolated from chicken erythrocytes as previously described (17).
Phosphocellulose-purified chicken erythrocyte tubulin (CET) was stored in a nucleotide-free
buffer (50 mM MES, 1 mM EGTA, 0.2 mM MgCl2, pH 6.8) at −80 °C. This tubulin
contains a single α- and β-isotype, α1 and βVI. Purified tubulin was fully functional as
assessed by measuring its ability to polymerize at 37°C in the presence of equimolar Taxol,
and its morphology was normal, as determined by negative-staining transmission electron
microscopy following assembly (not shown). MTB-MAP4 was prepared as previously
described (18) and was composed of the entire proline-rich region, three assembly
promoting repeats, and the C-terminus, but had its projection domain (PJ) truncated.

Taxol was obtained from the Drug Development Branch, National Cancer Institute,
Bethesda, MD. Porcine stomach pepsin was purchased from Sigma-Aldrich. Taxol was
stored as 5 mM solutions in DMSO at −20 °C. Deuterium oxide (99.9%) was obtained from
Cambridge Isotope Laboratories. Tris(2-carboxyethyl)phosphine (TCEP, 0.5 M),
guanidinium hydrochloride, formic acid (FA), and trifluoroacetic acid (TFA) were from
Pierce. GMPCPP (100 mM) was purchased from Jena Bioscience, Germany. Acetonitrile
was purchased from Fisher Scientific. All other reagents were of highest purity available.

HDX LC-MS system and peptide identification
Instrumentation, experimental design and peptide identification were performed as
previously described (15).

HDX/MS experiments
All tubulin samples were clarified by centrifugation at 50,000 rpm, at 4 °C for 10 min prior
to assembly. For each experiment, 40 µM tubulin was preincubated with 1 mM GMPCPP in
MEM buffer (50 mM MES, 1 mM EGTA, and 0.2 mM MgCl2, pH 6.8) at 37 °C for 30 min.
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For experiments done with the MTB-MAP4-microtubule complex, tubulin was preincubated
with equimolar MTB-MAP4 at 37 °C for 30 min. For the experiments done with the MTB-
MAP4-Taxol-microtubule complex, three stepwise additions of increasing concentrations
(10 µM, 100 µM, and 1mM) of Taxol were added to tubulin preassembled in the presence of
MTB-MAP4 and GMPCPP, to a final concentration of 20 µM Taxol. The incubation time
was 10 min after the first two additions and 15 min after the last one.

All HDX experiments were done in triplicate as described previously (15, 16). Briefly,
assembled CET, under various conditions described above, was subjected to HDX for 5 min,
quenched with chilled phosphate buffer (0.5 M, pH 2.5), followed by immediate pepsin
digestion in solution for 5 min. The peptic peptides were then separated by HPLC and
analyzed by FT-ICR MS. For global HDX experiments, the deuterium incorporation into
intact tubulin pre-incubated with GMPCPP or GMPCPP+MTB-MAP4 was measured using
LC-MS at five different time points (1, 3, 5, 10 and 30 min) after further incubation at 37°C
in deuterated 0.1 M MEM buffer.

Data analysis and presentation
The MS distribution for each peptide was fitted to a Gaussian curve and the centroid value
(xc) was determined using OriginPro8. Changes in deuterium incorporation (ΔHDX) were
defined as the difference between the xc values of the GMPCPP-stabilized MTs in the
presence and absence of MTB-MAP4 or MTB-MAP4+Taxol. Changes in deuteration due to
Taxol addition were designated as ΔΔHDX and subjected to the same statistical analysis as
the ΔHDX values. Briefly, all differences with a P-value <0.05 were considered significant.
For a detailed description of the statistical analysis of data, refer to Khrapunovich-Baine et
al. (15).

Peptides that exhibited significant changes in deuterium incorporation were mapped onto the
tubulin dimer structure (1JFF) and onto a structure of a microtubule protofilament pair
previously constructed in our laboratory (19). Molecular representations of tubulin in all
figures were generated using Pymol.
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Figure 1.
Global deuterium incorporation into chicken erythrocyte α- (open circle, red) and β-tubulin
(filled circle, blue) in the presence of GMPCPP alone (control, solid lines), or with MAP4
added (dashed lines).
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Figure 2.
MAP4-induced alterations in deuterium incorporation referenced against GMPCPP-
stabilized microtubules for (a) α-tubulin and (b) β-tubulin. Peptides resulting from the digest
of the microtubule complexes with MTB-MAP4 and MTB-MAP4+Taxol are indicated in
blue and red, respectively. Data denote the mean±S.D. of three separate experiments.
Differences in deuteration per amino acid are expressed in mmu. Peptides are labeled with
the corresponding amino acid numbers, as well as secondary structure designations based on
Löwe et al. (22).
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Figure 3.
Structure of tubulin heterodimer (PDB code 1JEF): map of local HDX alterations in the
presence of MAP4 (a) and MAP4+Taxol (b) referenced against GMPCPP-MTs. Peptides are
color-coded as follows: yellow=insignificant change in deuterium incorporation;
green=significant increase in deuterium incorporation; magenta ; red=significant reduction
in deuterium incorporation with weak and strong effects and grey= undetected peptides. For
clarity, only those peptides that are significantly different from those shown in a are shown
in color in b. Peptides shown in grey in b represent those in which no change has occurred in
deuterium incorporation plus those not detected in this experiment. Orientation of the dimer
is indicated in the upper left corner: “in” refers to the inside (luminal side) of the MT, “out”
to the outside, (+) to the plus end (GTP-cap) and (−) to the minus end (MT organizing
center). Peptides are labeled with the corresponding amino acid numbers, as well as
secondary structure designations based on Löwe et al. (22).
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Figure 4.
Interdimer interface of the tubulin dimer (PDB code 1JFF): map of local HDX alterations in
the presence of MAP4 (a) and MAP4+Taxol (b). Peptides are color-coded as follows:
yellow=insignificant change in deuterium incorporation; green=significant increase in
deuterium incorporation; magenta and red=significant reduction in deuterium incorporation
with weak and strong effects, respectively. The directional coordinates are shown in a,
adjacent to each α- and β-tubulin component of the interface, with designations as indicated
in Figure 3. Peptides are labeled with the corresponding amino acid numbers, as well as
secondary structure designations based on Löwe et al. (22).
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Figure 5.
Intradimer interface of the tubulin dimer (PDB code 1JFF): map of local HDX alterations in
the presence of MAP4 (a) and MAP4+Taxol (b). Peptides are color-coded as follows:
yellow=insignificant change in deuterium incorporation; green=significant increase in
deuterium incorporation; magenta and red=significant reduction in deuterium incorporation
with weak and strong effects, respectively. The directional coordinates are shown in a, on
top of each α- and β-tubulin component of the interface, with designations as indicated in
Figure 3. Peptides are labeled with the corresponding amino acid numbers, as well as
secondary structure designations based on Löwe et al. (22).
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Figure 6.
Lateral interface between adjacent protofilaments (21) : map of local HDX alterations in the
presence of MAP4 (a) and MAP4+Taxol (b). The interactions between adjacent
protofilaments are shown as if viewed down the length of the protofilament with the upper
portion corresponding to the inside and the lower portion corresponding to the outside of the
microtubule. Peptides are color-coded as follows: yellow=insignificant change in deuterium
incorporation; green=significant increase in deuterium incorporation; magenta and
red=significant reduction in deuterium incorporation with weak and strong effects,
respectively. Secondary structure designations are based on Löwe et al. (22).
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