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Human Tubulin
Table I
Characteristics of Human Tubulin Isotypes

Tubulin Isotypea Gene Accession number pl Protein mass (Da)b
Mass (Da) of CNBr
C-terminal peptidec CNBr C-terminal peptide

α1A TUBA1A NP_006000 4.94 50135.6 2860.19 AALEKDYEEVGVDSVEGEGEEEGEEY
α1B TUBA1B NP_006073 4.94 50151.6 2860.19` AALEKDYEEVGVDSVEGEGEEEGEEY
α1C TUBA1C NP_116093 4.96 49895.3 2590.04 AALEKDYEEVGADSADGEDEGEEY
α4A TUBA4A NP_005991 4.95 49924.4 2633.07 AALEKDYEEVGIDSYEDEDEGEE
α3C TUBA3C NP_005992 4.98 49959.6 4150.77 EEGEFSEAREDLAALEKDYEEVGVDSVEAEAEEGEEY
α3D TUBA3D NP_525125 4.98 49959.6 4150.77 EEGEFSEAREDLAALEKDYEEVGVDSVEAEAEEGEEY
α3E TUBA3E NP_997195 4.97 49916.6 4090.71 EEGEFSEAREDLAALEKDYEEVGVDSVEAEAEEGEEY
α8 TUBA8 NP_061816 4.94 50093.6 4156.72 EEGEFSEAREDLAALEKDYEEVGTDSFEEENEGEEF
α-like 3 TUBAL3 NP_079079 5.68 49908.7 3058.40 EEAEFLEAREDLAALERDYEEVAQSF

βI TUBB NP_821133 4.78 49670.8 3366.33 NDLVSEYQQYQDATAEEEEDFGEEAEEEA
βII TUBB2B NP_821080 4.78 49953.1 3466.36 NDLVSEYQQYQDATADEQGEFEEEEGEDEA
βIII TUBB3 NP_006077 4.83 50432.7 1624.64 YEDDEEESEAQGPK
βIVa TUBB4 NP_006078 4.78 49585.8 3350.38 NDLVSEYQQYQDATAEEGEFEEEAEEEVA
βIVb TUBB2C NP_006079 4.79 49831.0 3479.42 NDLVSEYQQYQDATAEEEGEFEEEAEEEVA
βV TUBB6 NP_115914 4.77 49857.1 3551.41 NDLVSEYQQYQDATANDGEEAFEDEEEEIDG
βVI TUBB1 NP_110400 5.05 50326.9 810.35 EPEDKGH

a α-Tubulin nomenclature reflects the revised nomenclature for the α-tubulin gene family (Khodiyar, V. K., et al. Genomics, 2007, 90, 285–289).
b Protein mass is the average mass.
cCNBr peptide mass is reported as the monoisotopic neutral mass.
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Figure 1.2: The tubulin dimer ribbon diagram is made of an � (light green) and
⇥ (dark green) subunit. Between the � and ⇥ is a GTP molecule (yellow) in a
pocket called the “N-site.” Another GTP-binding pocket, called the “E-site,” is
located on top of the ⇥ subunit. Taxol (blue) binds to a hydrophobic pocket on
the ⇥ subunit. Structure from Nogales, et al. [5]
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Building with Tubulin
CHAPTER 1. INTRODUCTION
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Figure 1.4: This figure represents the rapid depolymerization process of micro-
tubules by which microtubules fall apart into rings. When microtubules depoly-
merize, they lose tubulin oligimers from the ends. The oligimers are usually
protofilaments, which bend backwards and unpeel from the microtubule, as shown
in the cartoon and the electron micrograph (right). The protofilaments form
“GDP rings” of tubulin dimers with GDP at the E-site. The rings are typically
40 nm is diamter, as seen in the cartoon and electron micrograph (left).
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Building with Tubulin

6920 Zinc Ion-induced Assembly of Tub&n 

Electron microscopy studies suggest that the major struc- 
tures formed at Zn2+ greater than 5 x lo-” M are sheets of 15 to 
60 protofilaments oriented in parallel with occasional twists 
(4, 5). We will refer to these structures as Sheets I (see Fig. 2 
and Table I). At low Zn2+, irregular microtubules (dimensions 
similar to a microtubule but with less regular protofilaments) 
are frequently found by us. Larsson et al. (4) also reported 
seeing “macrotubules” about 130 nm in diameter. Above 0.5 
mM Zn*+, nonspecific aggregates are frequently found and 
increasing the Zn2+ eventually results in no Sheets I and all 
nonspecific aggregates. Thus at high Zn2+ a large part of the 
A,,, is due to nonspecific aggregation. Although intermediate 
levels of Zn2+ (5 x lo-” to 3 x 10m4 M) result primarily in Sheets 
I, it is not possible to quantitate the amount by A,,,,, most 
likely due to the nature of the scattering sheet and possible 
nonspecific aggregation. Zinc acetate, zinc chloride, and zinc 
sulfate gave essentially the same results based on A,,,, and 
electron microscopy. Addition of magnesium acetate up to 0.5 
mM had no effect on the assembly of microtubules. 

Addition of Zinc Ions to Microtubules at 30”-Zinc ions at 
0.01 mM resulted in formation of sheets in solutions already 
containing microtubules. Similar results were previously (4) 
reported. With increasing Zn 2+ there were less microtubules 
and more sheets in our electron microscopy study. However, 
pelletable protein was increased when Zn2+ was added to 
microtubules. For a sample at C,, = 1.30 mg/ml at zero Zn2+, 
0.6 mg was pelleted; at 0.01 mM Zn2+, 0.8 mg; at 0.25 mM Zn’+, 

1.20 mg; at 0.67 mM Zn’+, 1.25 mg. 
Do Sheets Z Contain MAPS? -Solutions containing microtu- 

bules or Sheets I were centrifuged through sucrose gradients 
in 4 M glycerol/Mes buffer as previously described (15). As 
expected and previously found, the one pellet contained micro- 
tubules (electron microscopy) and contained the high molecu- 
lar weight-associated proteins (sodium dodecyl sulfate-poly- 
acrylamide gel analysis). The Sheets I were also pelleted and 
also contained the major MAPS. This result is only suggestive 
that Sheets I contain MAPS, for Zn2+ may also induce other 
aggregation which may pellet with the sheet fraction. 

Addition ofZn2+ to Microtubular Protein-GTP - Calf micro- 
tubular protein that has been recycled requires added GTP for 
assembly into microtubules. To use up any excess GTP or 
remove unbound GTP, the protein solution was treated as 
described under “Experimental Procedures.” As expected, ad- 
dition of GTP to 1 mM resulted in assembly into microtubules 
at 37”. Zn2+ at several concentrations was added to microtubu- 
lar protein preparations containing no added GTP and then 
GTP was added to half the sample. Structures formed after 60 
min at 37” were quite different in samples containing GTP 
than in samples without added GTP. See Table II and Figs. 2 
and 3 for experimental results and for electron micrographs of 
structures formed in samples with and without added GTP. 

The new structure is cross-striated and 200 to 250 nm in 
width and has an angle of protofilament inclination of approxi- 
mately 35” relative to the axis. We call these structures Sheets 

FIG. 2 (left). Sheets I formed from microtubular protein (2.5 mg/ml), Zn*+/EGTA = 0.90 + GTP, 37” 30 min. a x 19 500. b x 93 750. 

x 
FIG. 4 (right). Sheets III formed from P-cellulose-purified tubulin (1.3 mg/ml), Zr?+/EGTA = 1.00 + GTP, i7”, 1 hr. a, ‘x 13,iOO, b, 

127,500; width -210 nm; 0 -25”. 
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Zn Sheets
Zinc Ion-induced Assembly of Tub&in 

FIG. 6 (left). Thin section of pelleted Sheets III + GTP. 
x 85,750. Sample prepared as described under “Experimental Pro- 
cedures” and stained with uranyl acetate and lead citrate. C.S. is 
consistent with a 210 nm wrapped sheet or a macrotubule in cross- 
section. L.S. is a longitudinal view. Since a Sheet III has a potential 
diameter 3 to 4 times the thickness of the thin section, longitudinal 
sections consistent with a 200 to 250 nm tubular structure were not 

tion change or protecting a potential Zn2+ binding site. Since 
rings are found in microtubular protein preparations but not 
in our P-cellulose-purified tubulin preparations, potential 
Zn’+ binding sites may be protected in the ring. Zn’+ may well 
induce a specific aggregation of 6 S tubulin since wrapped 
sheets are formed from P-cellulose-purified tubulin prepara- 

expected and were rarely found. 
FIG. 7 (right). Serial sections of pelleted Sheets III + GTP 

(X 19,700). a throughg designate sections 1 through 7. A, B, andC, 
are used to follow three structures. Structure C is no longer found in 
Section f. Samples prepared as described under “Experimental Pro- 
cedures” and stained with lead citrate alone. 

tions which contain no rings and in microtubular protein 
preparations with no added GTP, which still contain many 
rings after wrapped sheet formation. 

3: Upsetting Ratio of Zn”’ to Other Cations Such as Mg’+- 
In vitro it has been shown that the actual concentration of 
Mg”+ and Ca”+ as well as the ratio of these two cations regu- 
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Zn Macrotubes

Tubulin Structure - Dimer Curvature
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Figure 1.2: The tubulin dimer ribbon diagram is made of an � (light green) and
⇥ (dark green) subunit. Between the � and ⇥ is a GTP molecule (yellow) in a
pocket called the “N-site.” Another GTP-binding pocket, called the “E-site,” is
located on top of the ⇥ subunit. Taxol (blue) binds to a hydrophobic pocket on
the ⇥ subunit. Structure from Nogales, et al. [5]
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Figure 1.3: This cartoon describes tubulin binding to microtubules and the process
of GTP hydrolysis. After nucleation, microtubules elongate by adding dimers to
the ends of the cylinder. The faster growing end, the “plus end,” is capped with
the ⇥ tubulin (dark green) subunit on top. Tubulin dimers free in solution have
GTP (orange) at the E-site on top of the ⇥ subunit. When the dimer binds to the
microtubule, the � subunit of the binding dimer hydrolyzes the GTP of the bound
dimer for form GDP (red) at the E-site and release an inorganic phosphate group,
Pi. Protofilaments that are embedded in the microtubule lattice are straight
because the lateral (side-to-side) bonds hold them in place. Free protofilaments
with GDP at all the E-sites naturally bend backward, as can be visualized during
rapid depolymerization of microtubules (Fig 1.4).
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Microtubule Structure
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Microtubule Dynamics


