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Abstract The superposition of the regular arrangement
of tubulin subunitsin microtubules givesriseto moiré pat-
terns in cryo-electron micrographs. The moiré period can
be predicted from the dimensions of the tubulin subunits
and their arrangement in the surface lattice. Although the
average experimental moiré period is usually in good
agreement with the theoretical one, thereis variation both
within and between microtubules. In this study, we ad-
dressed the origin of this variability. We examined differ-
ent possibilities, including artefacts induced by the prep-
aration of the vitrified samples, and variations of the pa-
rameters that describe the microtubule surface lattice. We
show that neither flattening nor bending of the microtu-
bules, nor changes in the subunit dimensions, can account
for the moiré period variations observed in 12 and 14 pro-
tofilament microtubul es. These can beinterpreted as slight
variations, in the range —0.5 A to +0.9 A, of the lateral
interactions between tubulin subunitsin adjacent protofil-
aments. These results indicate that the inter-protofilament
bonds are precisely maintained in microtubules assembled
in vitro from pure tubulin. The fact that the moiré period
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is not affected by bending indicates that the local interac-
tions between tubulin subunits are sufficiently stiff to ac-
commaodate large deformations of the microtubule wall.

Key words Microtubule structure - Microtubule
dynamics - Inter-protofilament bonds - Cryo-electron
microscopy - Moiré patterns

Abbreviations Cryo-EM Cryo-€electron microscopy -
CTF Contrast transfer function - MAPs Microtubul e asso-
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Introduction

Microtubules are built from the tubulin molecule which
comprises two subunits (a, §) of comparable dimensions
(Mr ~ 55,000 each, see Fig. 1a). They areinvolved in var-
ious functions including cell compartmentalization, orga-
nellemovement, cell division and cell motility (Hyamsand
Lloyds 1994). Unless they are stabilized by cellular fac-
tors, microtubul es are dynamic polymersthat alternate sto-
chastically between growth and shrinking states (Mitchi-
son and Kirschner 1984; Walker et al. 1988). Dynamic in-
stahility isfinely regulated during the cell cycle by micro-
tubule associated proteins (MAPs) through cascades of
phosphorylation-dephosphorylation events (Hyman and
Karsenti 1996). Owing to their fundamental role during
mitosis, microtubulesareatarget for anti-mitotic drugsthat
interfere with microtubule dynamics, such astaxol and its
derivatives (Avila 1990). Dynamic instability is built dur-
ing microtubule assembly through the hydrolysis of the
GTP bound to the SB-subunit of the tubulin molecule
(Caplow 1992; Erickson and O’ Brien 1992). GTP-hydrol-
ysisis thought to weaken the lateral interactions between
protofilaments, resulting in an intrinsically unstable mi-
crotubule lattice. Conversely, MAPs or taxol are thought
to stabilize microtubul es by reinforcing these lateral inter-
actions. Thus, it would be useful to have a method that al-
lows direct visualization of the effect on the inter-protofil-
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Fig. 1a, b Microtubule structure. a Schematic representation of a
13_3 microtubule. The a and 8 subunits of tubulin alternate along
the protofilaments. The microtubule wall is made of 13 protofila-
ments running parallel to its longitudinal axis, and each protofila-
ment is slightly shifted longitudinally with respect to its neighbor.
This induces different helical families around the microtubule wall,
one of which is the left-handed 3-start helix (S = 3) which follows
neighboring subunits in adjacent protofilaments. The organization
represented here corresponds to the “B-lattice” where homologue
subunits alternate along the 3-start helix. b Parameters used to de-
scribed the microtubul elattice. The differences between a and Bsub-
units have been ignored, and only one protofilament and one 3-start
helix are represented. The parameters a and X represent the subunit
spacing along and between protofilaments, respectively. The param-
eter r defines precisely the position of the lateral bonds between ad-
jacent tubulin subunits along the S-start helix. The protofilament
skew angle @is observed in microtubules with a protofilament num-
ber different than 13 (here N = 14). The protofilament skew angle
has been exaggerated for presentation purposes

ament bonds of factors that modify microtubule dynamic
properties.

The microtubule lattice can be analyzed precisely us-
ing transmission electron microscopy. Earlier studieshave
shown that the tubulin moleculeisaligned head-to-tail into
protofilaments (Amos and Klug 1974), a variable number
of which are juxtaposed to form the microtubule wall. Al-
though it iswidely considered that microtubules are made
of 13 protofilaments, many exceptions are present in vitro
aswell asinvivo (see Chrétien and Wade 1991). Each pro-
tofilament is slightly shifted longitudinally with respect to
its neighbor, giving rise to different helical families of the
tubulin subunits around the microtubule wall. On a struc-
tural basis, the most important helical family is the left-
handed 3-start helix because tubulin subunits interact |at-
erally with their neighbors along this helical path (see
Fig. 1). In a13 protofilament microtubule, the position of
thelateral bonds between neighboring subunitsissuch that
every turn of the helix corresponds exactly to 13 subunits
around the circumference of the microtubule, and to 3 sub-
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units along the protofilaments. This condition is neces-
sary to have the 13 protofilaments exactly parallel to the
longitudinal axis of the microtubule. From this relation-
ship, we can determine precisely the subunit rise r along
this helix, which is also a measure of the position of the
lateral bonds. Using a subunit length a of 40.5 A (Hyman
et al. 1995), we findr = S-a/N = 9.35 A, where S de-
notes the helix start number (S = 3) and N the protofila-
ment number (N = 13). (Microtubules with N protofila-
ments and S-start helix will be noted N_S). Langford
(1980) first noted that adding a protofilament to the ba-
sic 13_3 microtubule structure would break the helical
symmetry if the protofilaments had to remain parallel to
the microtubule axis (see also Wade et al. in the current
issue). One possibility to correct this mismatch could be
to decrease the helical rise by —0.67 A to obtain a new
value of r = 8.68 A (N = 14 in the preceding formula).
Although this corresponds to a very small modification
of the inter-protofilament bonds, Langford noted that 14
protofilament microtubules assembled in vitro have
skewed protofilaments, and proposed that the skew was
necessary to accommodate the extra protofilament. How-
ever, detailed analysis was limited by the use of negative
stain. The method of cryo-electron microscopy of vitri-
fied specimens (cryo-EM, Dubochet et al. 1985) allowed
Mandelkow et al. (1985) to visualize microtubules in a
more native state. The protofilament skew was observed
in 14 and 15 protofilament microtubules, and showed up
as amoiré pattern repeating regularly along the microtu-
buleimages. These observationswere extended to micro-
tubules with from 11 to 17 protofilaments (Wade et al.
1990; Chrétien and Wade 1991), and a theoretical model
which explains how microtubul esaccommodate different
numbers of protofilaments was developed. The average
experimental moiré period, which is directly related to
the protofilament skew angle (see Theoretical back-
ground), was shown to be consistent with the theoretical
prediction for the range of protofilament numbers ob-
served. This analysis clearly demonstrated that microtu-
bules accommodate different protofilament numbers by
skewing their protofilaments, without modification of the
lateral interactions between them. However, variability
of the moiré period for a given type of microtubule was
also noted, implying some flexibility in the microtubule
lattice.

Here we evaluate several possible sources for the vari-
ability inthemoiré patternsobservedin 12_3 and 14_3 mi-
crotubules. We considered potential distortions of the mi-
crotubul e during specimen preparation and variationin the
parameters which describe the microtubule lattice. Our re-
sultsreveal that small, systematic variation in the position
of the lateral bonds between tubulin subunits in adjacent
protofilaments can account for the observed variation in
moiré patterns. Thisresult provides an estimate of theflex-
ibility of inter-protofilament bondsin microtubul es assem-
bled from puretubulininvitro. Themethodol ogy described

1 15 protofilament microtubules were wrongly assigned as 13 pro-
tofilament microtubules by the authors
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Fig. 2a—d Effect of small

variations (+2 A) ina, & andr, NG
on the protofilament skew an-
gle 6 and on the moiré period L
for 12_3 and 14_3 microtu-
bules. a Variations of @ for

12_3 microtubules. b Variations
of 8for 14_3 microtubules. The
point where the three curves
intersect gives theoretical pro-
tofilament skew angles of
+0.87° for 12_3 and -0.75° for
14_3 microtubules. ¢ Variations
of L for 12_3 microtubules. d

Protofilament skew angle 8 (°)

Variations of L for 14_3 micro- -2 -1
tubules. The point where the

three curves intersect gives 2000

theoretical moiré periods of
+338 nm for 12_3 and -394 nm
for 14_3 microtubules. These
curves were calculated using
Egs. (1) and (3), with default
valuesof a=405A, & =51.3
A andr=935A
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here could be used to define the effects on the inter-proto-
filament interactions of agents which modify the dynamic
properties of microtubules.

Experimental

The images used in this study were obtained from micro-
tubules assembled in vitro from purified calf-brain tubu-
lin. The protocols used to purify tubulin and to assemble
microtubul es have been given previously (Maaloom et al.
1994; Chrétien et a. 1995). Briefly, tubulin in 80 mM
Pipes,amM EGTA, 1 mM MgCl,, pH 6.9 with KOH, and
1 mM GTP, was assembled into microtubules at 37°C in
the presence or absence of centrosomes. Nucleated assem-
bly was performed at 6.5 puM, 13.0 uM and 19.5 uM and
self-assembly at 44.0 uM. A 4 ul aiquot was pipetted at
defined assembly times and deposited on a holey carbon-
coated grid held by tweezers above a cup filled with lig-
uid ethane. The humidity and the temperature of the
sample were regulated using an environmental device
(Chrétien et al. 1992). The aliquot was blotted using afil-
ter paper to form athin film spanning the holes of the car-
bon membrane and was rapidly plunged into liquid ethane
at —190°C. Electron microscope images of the microtu-
bules were taken and the negatives were further enlarged
for analysis. Some negatives were digitized and the tubu-
lin dimensions were determined using computer image
analysis. The magnification used to record each micro-
graph was calibrated using the position of the 1/40.5 A

-2000 L
-2 -1
Change in parameters (A)

0 1 2

layer linein the power spectrum of 13_3 microtubules. To
calculate the moiré period, the distance between fuzzy re-
gions in the moiré patterns of the microtubule was mea-
sured on prints. Thisdistance correspondsto half themoiré
period.

Theoretical background

Microtubules with 13 protofilaments and 3-start helices
(noted 13_3) have their protofilaments parallel to the lon-
gitudinal axis of the microtubule. If one or more protofil -
aments is added or removed from the basic 13_3 micro-
tubule structure, or if the helix-start number is changed, a
mismatchiscreated at the junction between the 1st and Nth
protofilament. This mismatch can be eliminated by skew-
ing the protofilaments by an angle 8which can be predicted
for any N_S microtubule using the following formula?:
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ON " 1
where r denotes the relative position of the lateral bonds

between adjacent tubulin subunits along the S-start helix,
X the separation between protofilaments (subunit width),

@=tant

2 This formula has been modified with respect to previous publica-
tions where the sign of the protofilament skew angles was inverted
(Chrétien and Wade 1991; Chrétien et al. 1996). Inthis paper, we use
the normal convention which assigns a negative sign to a left-hand-
ed rotation, and a positive sign to aright handed rotation



Fig. 3a, b Bent microtubules
observed in vitreousice. a Mi-
crotubules with from 13 to 15
protofilaments. The dots and
the bars indicate fuzzy regions
in the moiré patterns of 14 and
15 protofilament microtubules,
respectively. One microtubule
shows transitions from 14 to 15
protofilaments. Microtubules
with 13 protofilaments (bottom
right) do not show alternating
moiré patterns. The scale bar is
200 nm. b Enlarged view of the
boxed-in regionin (a). The
moiré pattern in 14 protofila-
ment microtubules is composed
of alternating regions of two
and three central dark fringes
separated by fuzzy regions
(dots). The scale bar is 100 nm

and a the monomer spacing along protofilaments (subunit
length), seeFig. 1b. For agiven N_Smicrotubule, the pro-
tofilament skew angle 6 will vary if r, o, or a vary.
Figures 2a and 2b show how 6 will vary with changes of
+2 A of each of these parameter for 12_3 and 14_3 micro-
tubules, respectively. It can be seen that small changesin
o will have very little effect on the protofilament skew
angle, whereas changesin a or r will have larger effects.
The protofilament skew generatesamoiré patterninthe
microtubul es image whose period L is given by:

- X
L_sin(G) 2

The sign of 8 can be further determined by analyzing the
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diffraction pattern of the microtubule images, or by per-
formingtilting experiments(Chrétienet al. 1996). Thepro-
tofilament skew angle of microtubules is in general low,
in the range —2° to +2°. It follows from Eq. (2) that small
variationsinthe protofilament skew anglewill inducelarge
variations of the moiré period. Figures 2c and 2d show
how the moiré period will vary with r, &x and a for 12_3
and 14_3 microtubules, respectively. Small changesin ox
would not significantly affect the moiré period, whereas
changesin a or r would have larger effects. In particular,
an increase of +0.78 A in r would straighten the protofil-
aments of 12_3 microtubules, while a decrease of -0.67 A
would havethe same effect on 14_3 microtubules (see a so
Introduction).
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Results

Microtubules were assembled at 37°C from pure tubulin
and prepared for cryo-EM after defined assembly times.
Microtubules with from 10 to 16 protofilaments were ob-
served, with variations depending on the tubulin concen-
tration, the presence or absence of centrosomes, and the
assembly time (detailswill be given in afollowing paper).
Here, we will focus on the 12_3 and 14_3 microtubules
which were the most abundant populations of microtu-
bules with skewed protofilaments observed during this
study.

We first asked whether the moiré period variations ob-
served in vitrified microtubules could be due to artifacts
induced during specimen preparation. Figure 3ashowsmi-
crotubules bent during the formation of the thin layer of
the suspension, and Fig. 3b is an enlarged view of the
boxed-inregionin (a). The protofilament skew in 14_3 mi-
crotubules shows up as amoiré pattern formed by alternat-
ing regions of —three central dark fringes— afuzzy region
— 2 central dark fringes — afuzzy region — repeating along
the microtubule image. The dark dots indicate fuzzy re-
gions and thus, are spaced at half the moiré pattern repeat.
Thetwo 14_3 microtubules at the top of Fig. 3ashow both
straight and curved regions, but their moiré pattern repeat
remain fairly constant. Figure 4 shows an analysis made
on ~20 um of straight (Fig. 4a) and highly curved (Fig.
4b) microtubules. The two distributions do not differ sig-
nificantly (x?>, P>0.05), and show the same mean of
—222 nm. This analysis clearly shows that bending does
not affect the protofilament skew angle of microtubules.
Conversely, large variations of the moiré period could be
observed in straight microtubules. Figure 5 shows cryo-
EM images of relatively straight 14_3 microtubules. Fig-
ures5aand 5a correspond to the same microtubule which
has been split into two parts, the bottom of Fig. 5a being
continuous with the top of Fig. 5a. Figure 5b is another
microtubule observed on the same specimen grid. The
spacing between fuzzy regions increases from ~100 nm at
thetop of Fig. 5ato ~260 nm at the bottom of Fig. 5&, and
is~400 to ~500 nm for the microtubulein Fig. 5b. Another
potential artifact which could have modified the moiré pe-
riod is flattening of the microtubulesin the thin ice layer.
Figure 6a—e shows profiles corresponding to two fringes
regions of the microtubule segments labeled 1 to 5 in
Fig. 5, and Fig. 6f isan overlay of the 5 profiles. It can be
seen that the microtubul e width remains constant, exclud-
ing flattening as a potential source of image distortion. In
the following, wewill consider possible changes of the tu-
bulin subunit dimensions and of their lateral interactions
between neighboring protofilaments.

Table 1 gives the local mairé period corresponding to
the microtubule segments 1 to 5 in Fig. 5. A theoretical
value of L =—-384 nm can be calculated using Egs. (1) and
(2) for 14_3 microtubules. Deviations from this theoreti-
cal value could be due to variations in the subunit dimen-
sions, & and a, or of the relative position of the lateral
bonds between tubulin subunitsin adjacent profilamentsr
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Fig. 4a,b Comparison between straight and bent microtubules.
a Distance between fuzzy regions in straight 14_3 microtubules.
b Distance between fuzzy regionsin bent 14_3 microtubules. Micro-
tubules with a high radius of curvature (~1 pm), and relatively
straight microtubul es present on the same negative were selected for
themeasurements. When feasible, themeasurementswere performed
on the same microtubule showing both straight and curved regions,
such asthose presented in Fig. 3. 100 measurements were performed
for each type of microtubule, and the datawere binned at 25 nminter-
vals. Mean values of —222+36 nm and —222+ 38 nm were found for
the distributions in (a) and (b), respectively (+ represent the stan-
dard deviation of the distributions)

(see Fig. 2). The values expected for these parameters can
be derived from Egs. (1) and (2) (see Table 1):
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Fig. 5a, b Variation of the moiré period in straight microtubules.
a, & 14_3 microtubule. The bottom of (a) is continuous with the top
of (a'). b 14_3 microtubule showing a long moiré period. The mi-
crotubule segments labeled 1 to 5 have been analyzed to find the or-
igin of the variations in moiré period. The scale bar is 50 nm
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Table1l Analysisof microtubuleimages

Microtubule 1 2 3 4 5
segment
L nm -207 -326 -391 —446 —-836

Expected parameters

x (A 37.2 46.6 51.1 546 747
a (A) 377 398 405 409 421
r (A) 10.0 9.5 9.4 9.3 9.0
Measured parameters

w (A 266 271 270 273 268
x (A) 505 516 514 521 509
a (A) 40.5 405 401 405 405
] ©) -140 091 075 -067 -0.35
a © -76.0 752 758 -758 -758
a (A) 40.7 407 402 406 406
r (A) 10.0 95 9.3 9.3 9.0
Measured changes in parameters

A (A) 0.0 +1.1 +09 +16  +05
ha (A) +02 +02 03 +01 +01
Ar o (A) +06  +0.2 0.0 00 -03

L corresponds to the moiré period of the 5 microtubule segmentsin
Fig. 5. The negative sign of L indicates that the protofilaments are
left-handed?. The expected values of dx, aand r that could give rise
to these moiré periods were calculated using E(f,. (3), (4) and (5),
respectively, using default values of & = 51.3 A, a = 40.5 A and
r =9.35 A in the right-hand terms of the equations. The width w of
the microtubule segments was measured on the image profiles
(Fig. 6), and the subunit width dx was interpolated from the curvein
Fig. 7. The parameter &' is the actual position along the meridian of
the “1/40.5 A” layer line in the power spectrum of the microtubule
images (Fig. 8). The protofilament skew angle 6 was calculated us-
ing Eq. (2) and the angle a was measured directly on the power spec-
trum of the microtubule images (Fig. 8). The subunit length a and
the position of the interprotofilament bonds r were calculated using
Egs.(7) and (5), respectively. The measured changes in parameters
correspond to the difference between the measured and the default
values given above

The separation between protofilaments can be deter-
mined from the microtubuleimage width. Thewidth of the
profiles in Fig. 6a—e was measured arbitrarily at 0.25 of
their maximum intensity (win Table 1). The protofilament
separation can be deduced from these val ues providing that
the increment in image width versus protofilament num-
ber is known (Chrétien and Wade 1991). Figure 7 shows
this curve for microtubules with from 12 to 16 protofila-
ments observed during this study. To a good approxima-
tion®, the increase in microtubule width versus protofila-
ment number follows a straight line whose slope sis re-
lated to the protofilament separation by s= dx/1t From the
linear fit of the datain Fig. 7, we find ox = 51.3 A. The
separation between protofilaments can be interpolated
from this curve for any microtubule using:

X = ﬁ (w-41.0) (6)

3 1n theory, the diameter of the microtubule should increase with the
protofilament skew angle by a factor 1/cos (6). For low protofila-
ment skew angles, this effect can be neglected
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Fig. 6a—f Determination of
microtubule width. a—e Profiles
of the microtubule segments la-
beled 1-5 in Fig. 5. These pro-
files were calculated by extract-
ing asmall region correspond-
ing to two central dark fringes,
and by projecting it along the
longitudinal axis of the microtu-
bule. The area of the profile

corresponding to the micro-
tubule has been shaded for clar-
ity. The strong negative peaks
surrounding the profiles are an
effect of the contrast transfer
function of the electron micro-
scope. Microtubule width was
calculated at 0.25 of the maxi-
mum intensity of the profiles (w
in a). f Overlay of the 5 profiles

Intensity (a.u.)

300 |

280 -

260 r

Profile width (A)

240

220 . ) ) L
12 13 14 15 16
Protofilament number

Fig. 7 Increasein microtubule width versus protofilament number.
This curve was obtained using 91 microtubules with protofilament
numbers ranging from 12 to 16. The bars represent standard error of
the mean. Linear regression analysisgavew = 16.32 N + 41.0, with
R=0.96

Thevaluesof dx calculated for the 5 microtubule segments
inFig. 5aregivenin Table 1. It can be seen that these val -
ues are very close to the average value of 51.3 A, which
excludes variations in subunit width as a potential source
of moiré period variation.

The monomer spacing along protofilaments can be ac-
curately determined from the calculated power spectrum
of the microtubule images. Figure 8a shows the power
spectrum of a 13_3 microtubule present in the image. Itis
characterized by a strong layer line on the equator which
includes information coming from the overall cylindrical
structure of themicrotubuleand fromits 13 protofilaments.
The monomer repeat along the protofilaments givesriseto
alayer line (arrow) spaced at 1/40.5 A, and which can be
used as an internal standard to calibrate the magnification
of the image. Figures 8b—f show the power spectra of the
5 microtubule segments in Fig. 5. The skew of the proto-
filaments originates an additional layer line slightly offset
from the equator, and whose position along the meridian
will vary with the protofilament skew angle. Similarly, the

Profile width (nm)

protofilament skew modifiesthe position of the“ 1/40.5A”
layer line which will be shifted towardsthe equator for mi-
crotubules with right-hand protofilaments, and away from
the equator for microtubules with left-handed protofila-
ments(Chrétienetal. 1996; Metozetal. 1997). Theamount
of shift along the meridian will depend on the protofila-
ment skew angle 6, and on the angle a between the equa-
tor and alinejoining the center of thetransformto the first
peak of the layer line (see Fig. 8b). To agood approxima-
tion, the real spacing a aong protofilaments can be esti-
mated using:

Hcos(#) Oan (a) O

a=a Han(a)-sin(6)

where a’ is the actual position of the layer line along the
meridian. The value of a can be directly measured on the
power spectrum, and 6 can be calculated using Eg. (2),
since both the moiré period L and the protofilament separ-
ation ox are known. The calculated values of a are given
in Table 1 for the 5 microtubule segments of Fig. 5. The
arrowheads in Figs. 8b—f indicate the positions expected
for the 1/40.5 A layer linesif changesin the subunit spac-
ing along protofilaments had been responsible for the
moiré period variations.

The experimental value of r can be calculated using
Eg. (5) if al the other parameters are known. Table 1 gives
the values of r deduced from this analysis. Although these
values are close to the theoretical value of 9.35 A, it should
beremembered that small changesinr caninducelargevari-
ationsin the moiré period L (see Fig. 2). Thelast threerows
of Table 1 givethe difference between the measured and the
theoretical values of dx, a, and r for the 5 microtubul e seg-
mentsin Fig. 5. It can be seen that variations in the tubulin
subunit dimensions (o and @) cannot be responsible for the
observed variations in the moiré pattern length. However,
the values calculated for the relative position of the inter-
protofilament bonds r are in good agreement with the ex-
pected values, indicating that small variationsof this param-
eter (between —0.3 and +0.6 A for the microtubules in Fig.
5) are the most likely sources of moiré period variations.

)
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Fig. 8a—f Determination of the subunit spacing along protofila-
ments. a Power spectrum of a13_3 microtubule. Thearrow indicates
the position of the 1/40.5 A layer line. b—f Power spectra of the mi-
crotubule segments 1-5 in Fig. 5. The distance 1/a’ is the actual po-
sition of the layer line along the meridian. The angle o defines the
angle made between the equator and a line joining the center of the
transform to the main peak of the layer line. The arrowheads indi-
cate the positions expected for the layer line, if the subunit and the
moiré pattern lengths of the corresponding microtubule segments
were related

Figure 9 showsthe results of an extensive analysis per-
formed on 359 12_3 and 924 14_3 microtubul e segments.
The distributions are peaked around 177 nm for the 12_3
microtubules (Fig. 9a) and —222 nm for the 14_3 microtu-
bules (Fig. 9b), and show variations in the range +104 to
+426 nm and -508 to -84 nm, respectively. 20 microtu-
bules of each type selected randomly from these two dis-
tributions were analyzed in more detail (see Table 2). As
for the 5 microtubule segments in Fig. 5, we found slight
variations in both the subunit width and length for each
type of microtubule. It islikely that the variations in sub-
unit width reflect essentially the various amounts of noise
included in the measurement of the image width and the
effect of the contrast transfer function (CTF) of the elec-
tron microscope. This effect shows up aslight fringes sur-
rounding the microtubule images (see Figs. 3 and 5), and
as deep valleys below the background level surrounding
the image profiles (see Fig. 6). The effect of the CTF will
vary with the image defocus and thus, may add variability
in our measurements of microtubule width from one im-
age to another. By contrast, the position of the layer line
in the power spectrum of the microtubuleimagesis not af -
fected by the CTF (only itsintensity). In addition, the step
size used to scan the images was such that a variation
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meridian meridian
1 1

Table2 Summary analysis

Microtubule 123 14 3
type

mean range mean range
O A 51.5+05 48.4~56.5 51.2+0.2 49.1~53.2
a (R) 405+0.1 39.8~40.8 40.5+0.1 40.0~40.7
2L (nm) 177+26 104~426  —222+36 -508~-84
Ar A 0.0+0.1 -05-+05 -0.1+0.1 -0.4~+0.9

The values of dx and a were determined on 20 microtubules of each
type selected randomly from the images used to calculate the distri-
butionsinFig. 9a, b (x indicatesthe standard error of the mean). The
average distance between fuzzy regions(1/2L ) and the average vari-
ation of the inter-protofilament bonds (Ar) were derived from the
distributionsin Fig. 9. They are given +the standard deviation of the
distributions. The range indicates the minimum and maximum val-
ues measured

~0.3 A in subunit size corresponded to a change of 1 pixel
in layer line position. Thus, the observed variations of
—0.7 A t0+0.3 A of thetubulin repeat along protofilaments
aremore likely to reflect real variationsin subunit length.
The same degree of variability was found in regular 13_3
microtubul es (data not shown). However, neither the vari-
ationsinsubunitlength norinsubunit width aresufficiently
large to explain the broad range of moiré periods observed
in the microtubules images. Thus, as demonstrated in the
previous analysis, these variations must be accounted for
by small variations of the position of the inter-protofila-
ment bonds. We translated the moiré pattern distributions
in Figs. 9aand 9b into variations of the position of thein-
ter-protofilament bonds for the 12_3 (Fig. 9¢) and 14_3
(Fig. 9d) microtubules, using Eq. (5) and the average val -
ues of dx and a measured for each type of microtubule. The
two distributions are peaked around 0.0 A and —0.1 A for
the 12_3 and 14_3 microtubules, respectively (see aso
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Fig. 9a—d Variations of thein-
ter-protofilament bondsin 12_3
and 14_3 microtubules. a Half-
moiré period in 12_3 microtu-
bules. A total of 359 microtu-
bules was analyzed, corre-
sponding to 3368 measure-
ments of the distance between
fuzzy regions. b Half-moiré pe-
riod in 14_3 microtubules. A
total of 924 microtubules was
analyzed, corresponding to
8460 measurements of the dis-
tance between fuzzy regions.
The data were binned at 10 nm
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14_3 microtubules. The differ-
ence between the measured and
the theoretical values of r were
calculated for each 1/2 moiré
period measurement, using Eq.
(5), and the average val ues of
dx and a calculated for each
type of microtubule (Table 2).
The data were binned at 0.05 A
interval. These distributions ex-
tend slightly beyond the limits
indicated in the figures. The
full ranges are given in Table 2

(c)
600

500

400

Bin count

300

200

100

12_3

1500

1000

Bin count

500

. . L L 1 o
© ©o o o O
o r oW b =
C

hange in

Table 2). Thisclearly showsthat the main mechanism used
by microtubules to accommodate different protofilament
numbers is to skew their protofilaments, without notice-
ably changing their inter-protofilament interactions (Wade
et al. 1990; Chrétien and Wade 1991). In addition, thelarge
variations in moiré period translate into slight variations
of the inter-protofilament interactions in the range —0.5 A
to +0.9 A. These variations are sufficiently small to be
interpreted as reflecting the flexibility of the inter-proto-
filament bondsin microtubul es assembled from pure tubu-
lin.

Discussion

In this study, we have used the variability present in the
moiré patterns of microtubules observed by cryo-EM to
determine the precision by which tubulin subunits interact
laterally between adjacent protofilaments. We found small
variations, in the range 0.5 A to +0.9 A, of the relative
positions of these bonds. Before discussing the implica-
tions of these results, we would like to give some com-
ments about the methods used to obtain these fine mea-
surements.

It may appear paradoxical that, working with images at
aresolution of ~40 A, we can obtain a precision which is
on the order of the inter-atomic distance. First, it should
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be realized that these values are not obtained on individ-
ual molecules, but are local averages over several tens of
nm corresponding to many subunits. The average distance
between fuzzy regions in a 14 protofilament microtubule
is about 200 nm, which corresponds to ~700 subunits (or
~350 tubulin molecules). Similarly, apower spectrum used
to calculate the subunit repeat along protofilamentsis ob-
tained on a typical length of ~360 nm, corresponding to
~1250 subunits. Second, this precision in the measure-
ments is due to the combination of the high magnification
power of the electron microscopewith thefact that the pro-
tofilament skew angle is in general very low. The length
of the moiré patternisinversely proportional to the sine of
the protofilament skew angle (Eq. (2)) and thus, tends to-
wards infinity when this angle approaches zero. It follows
that any change in the microtubul el attice organization that
affects the protofilament skew angle will show up aslarge
changes in the moiré period (see Fig. 2). This sensitivity
of the moiré period has been used in two preceding stud-
ies where small changes in the subunit length were corre-
lated with substantial changesin the moiré period (Hyman
et a. 1995; Arnal and Wade 1995).

The variations that we measured are only meaningful if
they reflect the state in which the microtubuleswerein so-
lution before preparing the sample for cryo-EM. The time
required to plunge the specimen into liquid ethane is on
the order of a few tens of msec, and the cooling time is
probably less than amsec (Fuller et al. 1995). Thus, large



conformational changes of the tubulin molecules, due for
example to cooling, are very unlikely. Other artifacts that
could modify the fine structure of the microtubules are
bending and flattening. A detailed comparison between the
moiré period of straight and highly bent microtubules did
not reveal a significant difference between the two popu-
lations. This is an important observation, since it clearly
indicates that bending does not modify the relative posi-
tion of the inter-protofilament bonds. Thus, the flexibility
of the microtubules must be related to another property of
themicrotubulelattice, themost likely being stretching and
compressing of the tubulin subunits along the protofila-
ments. The highest radii of curvature observed were on the
order of 1 um, which correspondsto adifferencein length
of ~2% between the two sides of the microtubule. If both
stretching and compression occur, this represents achange
of ~0.4 A in subunit length, which is on the order of the
variations recorded for the subunit spacing along protofil -
aments (see Tables 1 and 2). We also demonstrated that
flattening was not involved in the moiré period variation.
Thus, the origin of these variations must reflect some flex-
ibility in the tubulin subunits or of their interactionsin the
microtubule lattice.

Based on theoretical considerations, variations in sub-
unit width were very unlikely, since changes of several
tenths of A would have been required to account for the
range of moiré periods observed (see Table 1). Such large
variations in subunit width would have induced large vari-
ationsin the microtubule diameter, which would have been
easily detected by eye on the negatives, and image analy-
sis clearly confirmed that variations in subunit width were
not involved. Another source of moiré period variation
could have been small variations of a few A of the sub-
unit spacing along protofilaments. Inapreceding study (Hy-
man et a. 1995), it was shown that an increase of
~1.5 A in subunit length was correlated with a shift of the
average moiré period of ~170 nm in 14_3 microtubules.
However, thevariationsin subunit length that we measured
wereonly of afew tenthsof A, and were not correlated with
variationsinthemoiréperiod. It followsthat themorelikely
source of moiré period variation are small differences of
the position of the lateral bonds between neighboring sub-
units in adjacent protofilaments. Theoretical calculations
show that the moiré period is highly sensitive to small
changes in this parameter (Fig. 2). Variations in the moiré
period can be observed in any type of microtubule, and in
particular in 13_3 microtubules where various amounts of
protofilament skew can be observed (unpublished observa-
tions). Unfortunately, these microtubul escannot be used for
imageanalysisbecausetheir moiré patternsareusually very
long, and no accurate measurement of the moiré period can
be performed. Microtubuleswith 12 and 14 protofilaments
are more suited because their moiré period is comprised
between ~0.2 um and ~1.0 um, lengths which can be eas-
ily recorded on negativesby el ectron microscopy. Our anal -
ysis shows that these large variations in the moiré period
translate into small variations, of afew tenths of angstrom,
of the position of the lateral bonds between neighboring
subunits in adjacent protofilaments.
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The variation in the parameters of the microtubule | at-
ticewhich are documented here giveriseto adifferent de-
scription of a microtubule than one which focuses on lo-
cal interactions. These variations are almost impercept-
ibly small for asingle subunit. Indeed, variations of asim-
ilar sizeare attributed to the breathing motions of proteins.
The special characteristic of these distortionsis that they
are concerted, that a systematic small variation is present
in al the subunits of a microtubule. Hence the variation
in moiré pattern reflects the presence of local distortions
coordinated over a long range which may correspond to
very small amountsof energy. Thus, althoughitisnot pos-
sible to give adetailed explanation for these variations at
the molecular level, they are sufficiently small to be quite
comparable to distortions caused by thermal bending of
microtubules. If, indeed, the energy associated with the
variations in the microtubule lattice documented here are
of order of kT, then by the unbeatable logic of thermal
fluctuations, they may be just that. To test this hypothe-
sis, it may be worth studying the effect of temperature on
the variability of the moiré period. The prospects for
observable effects are not good, though, due to the lim-
ited range of temperatures in which microtubules can be
studied.

One important conclusion that can be drawn from this
and previous studies (Chrétien and Wade 1991; Wadeet al.
1990) is that the inter-protofilament interactions are very
precisely maintained in microtubules, even though GTP-
hydrolysis occurred. This observation may relate to the
fact that GDP-protofilaments are highly constrained in a
straight conformation in microtubules (Melki et al. 1989,
see also Janosi et al. in the current issue). Upon micro-
tubul e depolymerization, the protofilaments peel off radi-
aly from the microtubule wall and adopt a curved confor-
mation (~20 nmin radius of curvature), which presumably
corresponds to their minimal energy configuration. Thus,
deformation of the inter-protofilament bonds in micro-
tubules may require so much energy that only small fluc-
tuations are allowed. Interestingly, Hyman et al. (1995)
measured larger variations of the moiré period in 14 3
GMPCPP-microtubules (640+97 nm) compared to 14 3
GDP-microtubules (466+ 38 nm). Thisresult is consistent
with the observation that GMPCPP-protofilaments are
straighter, and hence less constrained, than GDP-protofil -
aments in microtubules (MUller-Reichert et al. 1998). Our
results also provide some useful information concerning
theforceswhich are at play in the microtubule lattice. The
mechanism used by microtubules to accommodate differ-
ent numbers of protofilaments indicates that it is energet-
ically more favorable for a microtubule to skew its proto-
filaments than to modify the lateral bonds that hold them
together, even by afraction of A (see Introduction). In ad-
dition, bending has no measurabl e effect on the inter-pro-
tofilament bonds, implying that deformation of the subunit
moleculeisthe more likely mechanism used by the micro-
tubuleto accommodate bending (seeabove). Thisindicates
that these bonds arerelatively stiff, acondition required to
provide high rigidity to the microtubule lattice (Gittes
et a. 1993; Felgner et al. 1996).



500

In conclusion, analysis of the moiré pattern of vitrified
microtubules observed by cryo-EM appears to be a very
sensitive method to detect small modifications of the mi-
crotubule lattice. We are confident that the methodology
developed in this study can be used to investigate the ef-
fects of factors that modify the dynamic and mechanical
properties of microtubules. This include GTP-anal ogues,
MAPs, drugs, and also changes in the physico-chemical
environment of the microtubules (temperature, pH, Ca?*,
Mg?*, Glyceral, ...).
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