
tion, the pathway may not be sufficient to 
unambiguously specify polarity in other or- 
gans such as heart and spleen, resulting in 
heterotaxia. In any case, the inu mutation 
provides a new model system for studies on 
the specification of left-right polarity during 
vertebrate development. 
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Cytoskeletal Role in the Contractile Dysfunction of 
Hypertrophied Myocardium 

Hiroyuki Tsutsui,* Kazuaki Ishihara,T George Cooper IV$ 
Cardiac hypertrophy in response to systolic pressure loading frequently results in con- 
tractile dysfunction of unknown cause. In the present study, pressure loading increased the 
microtubule component of the cardiac muscle cell cytoskeleton, which was responsible for 
the cellular contractile dysfunction observed. The linked microtubule and contractile ab- 
normalities were persistent and thus may have significance for the deterioration of initially 
compensatory cardiac hypertrophy into congestive heart failure. 

Cardiac hypertrophy is the response to 
many physiological and pathological devia- 
tions from normal homeostasis that have in 
common increased hemodynamic loading 
of the heart (1). This growth process pro- 
ceeds until the load stimulus is abated by 
way of a renormalization of stress per unit of 
myocardial mass. Hypertrophy fails to be 
functionally compensatory when either the 
load increase exceeds the growth capacity 
of the terminally differentiated cardiac mus- 
cle cell (or cardiocyte) to renormalize stress 
or when the contractile performance per 
unit mass of hypertrophied myocardium is 
less than that of normal myocardium. Thus, 
cardiac com~ensation for an increased load 

may be imperfect because of either quanti- 
tative or qualitative defects of hypertro- 
phied myocardium. 

This study investigated the qualitative 
defects of hypertrophied myocardium, 
which may underlie the frequent deteriora- 
tion of initially compensatory cardiac hy- 
pertrophy into congestive heart failure. He- 
modynamic overloads causing cardiac hy- 
pertrophy consist of either (i) volume over- 
loading, in which an increased blood 
volume is pumped during each cardiac cycle 
against a normal impedance, or (ii) pressure 
overloading, in which a normal blood vol- 
ume is pumped during each cardiac cycle 
against an increased impedance. In tissue 
frim the volume-overloaded right ventri- 
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malities of hypertrophied myocardium have 
been evaluated (1, 3, 5) ,  none accounts 
fully for either the contractile abnormalities 
of hypertrophied myocardium or for the 
differences observed in the pressure versus 
volume-overloaded right ventricle. We 
therefore sought the cause for the contrac- 
tile defect by studying intracellular struc- 
tures that might (i) appear or increase in 
response to load, (ii) discriminate between 
the stimuli of stress or pressure loading 
versus strain, or volume loading, (iii) not 
be obvious ultrastructurally, and (iv) be 
thought to have the potential for interfer- 
ing with sarcomere motion. 

We tested the hypothesis that in excess, 
the cytoskeletal microtubules are responsi- 
ble for the contractile abnormalities of car- 
diocytes hypertrophying in response to a 
pressure overload. The basis for this hy- 
pothesis by the four criteria above is as 
follows: (i) In taxa as diverse as plants (6), 
invertebrates (7), and vertebrates (8) mi- 
crotubules form along intracellular and 
transcellular stress axes, suggesting poly- 
merization or organization in response to 
the mechanical environment. (ii) For a 
linear steady-state polymer such as the ap- 
tubulin heterodimer-microtubule system, 
thermodynamics dictate that the critical 
subunit concentration for assembly is low- 
ered and polymer stability is enhanced by 
an extending, or stress, force (9), and there 
is evidence that this obtains for microtu- 
bules in growing axons (10). (iii) Whereas 
there are neither qualitative nor quantita- 
tive ultrastructural differences between hy- 
pertrophied cardiocytes from pressure versus 
volume-overloaded right ventricles (I I), 
microtubules are not obvious by standard 
ultrastructural analysis in mature striated 

protein immunoblots (Fig. 1). For the con- 
trol and the atrial septal defect (ASD) cats, 
microtubule density appeared equivalent in 
the RV and LV cardiocytes. The immuno- 
blots showed equivalent amounts and pro- 
portions of free and polymerized p-tubulin 
in the RV and LV myocardium. For the 
pulmonary artery band (PAB) cats at both 2 
weeks and 4 weeks, the LV micrographs 
and immunoblots were equivalent to those 
from the RV and LV samples from control 
and ASD cats. However, the RV micro- 
graphs and immunoblots were quite differ- 
ent. The micrographs showed an increased 
-microtubule density in the RV cells, and 
the immunoblots showed an increase in 
both free and polymerized p-tubulin in the 
RV myocardium. A quantitative analysis 

was done of five blots from each of these 
four groups in which bovine brain p-tubulin 
was run with the unknowns in order to 
construct a standard curve (10). Free, poly- 
merized, and total p-tubulin were each 
approximately doubled in the RV samples 
from the two PAB groups, and one-third 
(30 to 35%) of the p-tubulin was polymer- 
ized in both the RV and the LV mvocardi- 
um of all groups. Thus, microtubules as well 
as free p-tubulin were selectively increased 
in myocardium hypertrophying in response 
to a stress overload. 

Exposure of hypertrophied RV cardio- 
cytes from 2-week PAB cats to colchicine 
largely normalized the initially abnormal 
contractile function (Fig. 2). Sarcomere 
motion and its first derivative did not 

Table 1. Characteristics of the pressure overload and volume overload models. ASD, atrial septal 
defect (volume overload); PAB, pulmonary artery band (pressure overload); RV, right ventricle; SVC, 
superior vena cava; RA, right atrium; n, number of cats. For the ASD (2 weeks and 4 weeks) and 
PAB (2 weeks, 4 weeks, and 6 months) cats, there was no within-group difference for any of these 
variables at the various experimental time points; the data for all such times within each of these 
groups are therefore treated together in this table. Controls consisted of either normal cats or 
sham-operated cats submitted to thoracotomy and pericardiotomy without hemodynamic interven- 
tion. Because sham operation had no effect on any experimental variable, all control cats are 
considered as a single group. There was no evidence for congestive heart failure in any group in 
terms of increased body mass, arteriovenous 0, difference, RV end-diastolic pressure, or ratio of 
liver mass to body mass. Values are given by the mean 2 SEM. Statistical comparisons are by 
one-way ANOVA followed by Neuman-Keuls t test (33). 

Control ASD PAB 
(n = 14) (n = 10) (n = 27) 

-- - 

RV systolic pressure (mm Hg) 25.7 2 1.5 28.3 + 1.3 53.9 + 1.3*t 
A 0, percent saturation (SVC versus RA) -0.5 2 0.6 9.5 2 1.6" 0.6 ? 0.6t 
RV masslbody mass (gtkg) 0.59 2 0 04 0.92 ? 0.1 I*  0.82 + 0.02* 
RV card~ocyte surface area (pm2) 2699 2 107 3267 ? 122* 3294 ? 44* 

' P  < 0.01 for difference from control. tP < 0.01 for difference from ASD. 

muscle. (iv) Given the intimate cardiac 
myofibrillar investment by microtubules 
(IZ), in excess they might interfere with 
sarcomere motion. 

Right ventricular (RV) pressure overload 
or RV volume overload were produced in 

I 
I 

adult cats of either sex by pulmonary artery 
banding or atrial septotomy, respectively 
(13). For the Dressure overload model. RV . , 

systolic pressure was doubled, and there was 

I PA0 (2 weeks) I 

a 39% increase in the ratio of RV to body 
- 

PAB (4 weeks) 
mass. For the volume overload model, a 
significant left-to-right shunt was present at I)--- 
the atrial level, and there was a 56% in- 1 2 3 4  

crease in the ratio of Rv to body mass. RV Lv r 
Cellular surface area of RV cardiocytes (14) 
increased by 22% in pressure overload and I 
2 1% in volume overldad (Table 1). 

Microtubule density was estimated from 
laser scanning confocal images of RV and 

I - ASD (2 weeks) I 

left BV) cardio'ytes immune- Fig. I. lmmunoblot analysis of free (lanes 1 and 3) and polymerized (lanes 2 and 4) tubulin in 
labeled with an p-tubulin. A myocardium and immunofluorescence micrograph analysis of microtubules in isolated cardiocytes 
quantitative estimate of the free and ~ 0 1 ~ -  (31). Lanes 1 and 2 and the corresponding micrographs are from the right ventricle; lanes 3 and 4 
erized pools of tubulin in RV and LV and the corresponding micrographs are from the left ventricle. PAB, pulmonary artery band; ASD, 
myocardium was made with this antibody in atrial septal defect. The bar represents 25 pm. 
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change noticeably during the sequential 
sampling of a single LV cell (Fig. 2A); 
however, the initially depressed extent and 
velocity of sarcomere shortening in an RV 
cell from the same heart improved in re- 
sponse to colchicine (Fig. 2B). The con- 
tractile function of RV and LV cardiocytes 
from 2-week PAB cats became statistically 
indistinguishable by 30 min after colchicine 
exposure (Fig. 2, C and D). In an identical 
study with RV and LV cardiocytes from 
4-week PAB cats (15) [the time after pres- 
sure overloading at which abnormal myo- 
cardial as opposed to cellular contractile 
function was defined previously in this 
model (3)], the findings replicated those 
shown (Fig. 2) except that contractile func- 
tion became both statistically and numeri- 
cally equivalent in the hypertrophied RV 
and normal LV cardiocytes by 30 min after 
colchicine exposure. Sarcomere mechanics 
of RV and LV cardiocytes from control cats 
were identical (1 5). 

To be sienificant in the transition from " 
compensatory cardiac hypertrophy to de- 
comuensated cardiac failure. anv abnormal- , , 
ity of contractile function must be a persis- 
tent rather than transient feature of the 
hypertrophic growth process. The same 
study was thus repeated on an additional 
group of PAB cats at 6 months, a time 
remote from the induction of RV pressure 
overload. Cardiocvte contractile function 
as characterized by sarcomere motion was 
again quite abnormal at baseline in the 
hypertrophied RV cells, but both the ex- 
tent and the velocity of sarcomere shorten- 
ing became identical to those of LV cardi- 
ocytes from the same cats after 30 min of 
colchicine exposure (Fig. 3). 

Our hypothesis suggests that the intra- 
cellular alteration that underlies the con- 
tractile dysfunction of myocardium hyper- 
trophying in response to a pressure overload 
should not be present in myocardium hy- 
pertrophying for a comparable time and to a 
comparable extent in response to a volume 
overload-that is, the alteration should 
appear only in response to stress overioad- 
ing. We thus repeated this study on two 
groups of ASD cats, where we have found 
contractile function on the myocardial lev- 
el to be entirely normal (2). Contractile 
performance of RV and LV %cardiocytes 
from 2- and 4-week ASD cats was identical 
at baseline and remained so during colchi- 
cine exposure (15). As with RV and LV 
cardiocytes from control cats, there was a 
modest and comparable but statistically in- 
sienificant increase in contractile function " 

during colchicine exposure for cells from 
both groups. 

Colchicine affects the frequency but not 
the intensity of neonatal cardiocyte con- 
tractions (16, 17), but its effects on the 
mechanics of adult cells have not been 

defined. For this reason and to exclude the 
possibility that the effects observed were 
unrelated to microtubule depolymerization, 
we examined sarcomere mechanics after 
depolymerizing cardiocyte microtubules by 
a auite different means. Because microtu- 
bules fully depolymerize on exposure to a 
temperature of 0°C for 1 hour but repolym- 
erize on rewarming with an early time 
constant less that half of that for depolym- 
erization (1 8 ) ,  we cooled hypertrophied RV 
cardiocytes and normal LV cardiocytes from 
2-week PAB cats to 0°C for I hour, fol- 
lowed by abrupt rewarming to 37°C. Sarco- 
mere motion was defined before cooline. at 

u z  

rewarming before microtubule repolymer- 
ization was detectable. and after a further 
hour at 37°C when microtubule repolymer- 
ization was apparently complete. When 
cardiocytes from these cats were kept at 
37°C throughout the study period as a 
control, the initially normal contractile 
function of LV cardiocytes and abnormal 
contractile function of RV cardiocytes were 
maintained. When cardiocytes were first 
studied at 37'C (TO), studied again at 37OC 
after an intervening hour at O°C (Tl) ,  and 
then studied again after a further hour at 
37°C (T2), the initially abnormal contrac- 

tile function of RV cardiocytes was normal- 
ized by T1, and contractile function was the 
same as that for LV cardiocytes at T2 (Fig. 
4, A and B). Both RV and LV cardiocytes 
showed a modest decrement in contractile 
function during microtubule repolymeriza- 
tion between T1 and T2 similar in degree to 
the increase in contractile function seen for 
normal cardiocytes during microtubule de- 
polymerization (Figs. 2 and 3). Of particu- 
lar interest in the context of-our hypothesis, 
when cardiocyte microtubules that polym- 
erized under a stress load in vivo polymer- 
ized under zero load in vitro, the initial 
contractile abnormality did not recur (Fig. 
4, A and B; RV TO versus RV T2). 

If an excess of microtubules causes the 
contractile dysfunction seen in cardiocytes 
hypertrophying in response to a pressure 
overload, excessive microtubule polymer- 
ization should cause the same contractile 
dysfunction in normal cardiocytes. Taxol 
lowers the critical concentration of cup- 
tubulin heterodimers required to form mi- 
crotubules (19); thus, it may mimic the 
hypothesized effect of a stress load on the 
cup-tubulin heterodimer-microtubule sys- 
tem of cardiocytes. Sarcomere motion and 
its first derivative did not change noticeably 

Fig. 2. Effects of colchi- 
cine on sarcomere mo- 
tion in cardiocytes (32) 
isolated from cats sub- 
mitted to RV pressure 
overloading by pulmo- 
nary artery banding 2 
weeks previously. (A) 
Sequential samples 
from a single LV cardi- 
ocyte. For each con- 
traction, sarcomere 
length versus time is 
given above, and the 
rate of length change 
versus time is given be- 
low. (B) Sequential 
samples from a single Time (rnin) 
RV cardiocyte from the c - D 
same cat as the c e l l  
shown in (A). For each 
contraction, sarcomere 
length versus time is 
given above, and the O.I9 
rate of his length 
change is given below. 
The time (in minutes) - 
after the addition of col- f ::;:- 1 1 1 1 1  

chicine is indicated. (C) 
Summary data for the Time (min) 

maximum extent of sarcomere shortening (initial sarcomere length - minimum sarcomere length) at 
the indicated times after addition of colchicine to RV and LV cardiocytes from the same cats. Al.1 
cells were sampled sequentiatly at each of the indicated times after drug exposure. (D) Summary 
data for the maximum velocity of sarcomere shortening (maximum positive rate of length change) 
for the same cells shown in (C). Resting sarcomere length was 1.93 a 0.02 km for the LV cells 
versus 1.93 .+ 0.02 km for the RV cells [P = not significant (NS)]. For (C) and (D), statistical 
comparisons are by two-way analysis of variance (ANOVA) and a means comparison contrast 
(33), where n = number of cells. * P  < 0.001 for difference from the LVvalue at matched time points; 
t P  < 0.001 for difference from the initial time 0 value within a group. 
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during the sequential sampling of portions 
of normal cardiocytes; however, the initial- 
ly normal extent and velocity of sarcomere 
shortening decreased markedly during 3 
hours of exposure to taxol and remained at 
this diminished level at 4 hours (Fig. 5, A 
and B). Thus, taxol caused the sarcomere 
motion of normal cardiocvtes to mimic the 
abnormal sarcomere motion of cardiocytes 
hypertrophying in response to a stress load. 

To confirm that the mechanical effects 
of taxol resulted from microtubule hyper- 
polymerization, we examined the mechan- 
ical effects of microtubule hyperpolymeriza- 
tion induced through a different mechanism 
by using deuterium oxide (D20),  which is 
thoueht to reduce the critical concentra- 

c7 

tion of ap-tubulin heterodimers required to 
form microtubules by rapidly and reversibly 
strengthening hydrophobic interactions of 
tubulin molecules (20). When 50% D,O . , 

was substituted for H 2 0  in the superfusing 
buffer of normal cardiocytes, there was a 
29% decrease in the extent of shortening 
and a 36% decrease in the velocity of 
shortening within 10 min; these effects 
were then fully reversed 10 min after resub- 
stitution of 100% H,O in the superfusing 
buffer. 

Microtubule dissolution by colchicum al- 
kaloids may also alter the normal architec- 
ture of intermediate filaments in fibroblasts. 
but hypothermic microtubule dissolution 
does not have this effect (21). To be certain 
that intermediate filament alterations did 
not produce the effects on cardiocyte con- 
tractile function described, cells from the 

TO, TI ,  and T2 groups in Fig. 4 were 
prepared for laser scanning confocal micros- 
copy with the use of a monoclonal antibody 
against desmin (as in Fig. 1). The clearly 
defined intermediate filament network was 
not altered either by cooling, which com- 
pletely removed the microtubules, or by 
rewarmine. which restored the microtubule -, 

appearance to normal (15). To assess the 
uossible role of microfilament alterations in 
cardiocyte contractile dysfunction, we ap- 
plied cytochalasin D at a concentration of 2 
pg/ml, which disrupts the cortical microfil- 
aments of mature myotubes within 45 min 
(22), to RV and LV cells from control and 
2-week PAB cats. No improvement in con- 
tractile function was observed over a period 
of 1 hour in any cell (1 5). This suggests that 
of the three major classes of cytoskeletal 
filaments, only the microtubules are causally 
involved in the contractile dvsfunction of 
cardiocytes hypertrophying in response to a 
Dressure overload. 

The present study, as well as other stud- 
ies in which we have found that in both 
normal and stress-hypertrophied cardio- 
cytes, mechanical coupling between sarco- 
mere and sarcolemma motion is unaltered 
by microtubule dissolution, even with ex- 
tracellular loading (23), suggest that the 
microtubule component of the cytoskeleton 
im~oses a resistive intracellular load on the 
shortening sarcomere rather than altering 
the stiffness of the sarcomere-sarcolemma 
connections. An excess of microtubules in 
stress-hypertrophied cells increases this load 
and impedes sarcomere motion. Increased 

Fig. 3. Effects of colchi- 
cine on sarcomere mo- 
tion in cardiocytes iso- 
lated from cats submit- 
ted to RV pressure 
overloading by pulmo- 
nary artery banding 6 
months previously. The 
format for this figure, 
and the attendant 
methods, are identical 
to those given (Fig. 2). 
Resting sarcomere 
length was 1.93 2 0.03 RV - 
pm for the LV cells ver- 
sus 1.95 ? 0.05 pm for 
the RV cells (P = NS). 
*P < 0.001 for differ- Y 

'Time (,In) 
Y Y 

ence from the LV value 
at matched time points; C D 
t P  < 0.001 for differ- 
ence from the initial 
time 0 value within a 
group. f 0.19- 

0.17- 

5 0.15- 
C) 5 0.13- 2 2.0 
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cardiocytc microtubule density had been 
observed only transiently during the onset 
of cardiac hypertrophy (24) or as a feature 
of a subset of degenerated cardiocytes from 
failing hearts (25). In contrast, we find that 
there is a persistent increase in polymerized 
tubulin in cardiocytes that hypertrophy in 
response to a stress overload. 

The association of excessive microtu- 
bules with contractile dysfunction and the 
full reversibility of this dysfunction after 
microtubule depolymerization raise several 

-0- 2-week PA band: LV 
hypothermia 

(n = 20) -o- 2-week hypolhermia PA band: RV 

Fig. 4. Effects of cold on the maximum extent 
(A) and velocity (B) of sarcomere shortening in 
cardiocytes isolated from cats submitted to RV 
pressure overloading produced by pulmonary 
artery banding 2 weeks previously. Portions of 
RV and LV cells were first studied at 37.0°C 
(TO). The cells were then placed in 0°C buffer 
for 1 hour, after which cell portions were abrupt- 
ly rewarmed by placement of 100-pl samples in 
4 ml of 37.0°C buffer in a chamber on the 
thermostated heating stage of the microscope, 
and then studied immediately (TI). Additional 
portions were studied after a further hour at 
37.0% (TZ), lmmunoblot analysis of free and 
polymerized tubulin and immunofluorescence 
micrograph analysis of microtubules in isolated 
cardiocytes, with the methods described (Fig. 
I ) ,  demonstrated for the hypothermia cardio- 
cytes an absence of microtubules at TI and a 
normal complement of microtubules at T2 (15). 
Resting sarcomere length was 1.90 2 0.01 pm 
for the LV cells versus 1.89 * 0.01 pm for the 
RV cells ( P  = NS). Statistical comparisons are 
by two-way ANOVA and a means comparison 
contrast (33), where n = number of cells. *P < 
0.001 for difference from the LV value at 
matched time points; t P  c 0.001 for difference 
from the initial time 0 value within a group. 
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issues to be resolved. (i) The increased 
microtubules in stress-hypertrophied cardio- 
cytes may be the direct result of mechanical 
load, but additional or alternative mecha- 
nisms such as posttranslational modifica- 
tions of tubulin (26) or increased microtu- 
bule-associated proteins (27), each of 
which enhances microtubule stability, may 
be operative. (ii) The increased free RV 
tubulin seen in the immunoblots (Fig. 1) 
for the PAB cats was unexpected in view of 
the negative feedback control of tubulin 
synthesis (28). Thus, tubulin synthesis and 
its assembly into microtubules needs to be 
investigated in the stress-hypertrophied car- 

. .- 
0 1 2 3 4  

Time (hours) 

Fig. 5. Effects of taxol on the maximum extent 
(A) and velocity (B) of sarcomere shortening in 
cardlocytes isolated from normal cats; the 
same cells are characterized in both panels. 
For the vehicle group, the superfusate consist- 
ed of the buffer (Fig. 2) to which M 
dimethyl sulfoxide had been added. For the 
taxol group, the superfusate consisted of the 
same buffer to which 1 0-4 M dimethyl sulfoxide 
and 1 0-5 M tax01 had been added. The time (in 
hours) after the addition of taxol is indicated. 
lmmunoblot analysis of free and polymerized 
tubulin and immunofluorescence micrograph 
analysis of microtubules in isolated cardio- 
cytes, with the methods described (Fig. I), 
demonstrated an increase in polymerized p-tu- 
bul~n on exposure to M tax01 for 3 hours 
(15). Resting sarcomere length was 1.94 & 
0.02 km. Statistical comparisons are by two- 
way ANOVA and a means comparison contrast 
(33), where n = number of cells. *P < 0.001 for 
difference from the vehicle value at matched 
time points; t P  < 0.001 for difference from the 
initlal time 0 value within a group. 

diocyte. (iii) The contractile defect de- 
scribed here at the cellular level needs to be 
studied at the tissue level, especially in the 
pressure-overloaded left ventricle where the 
great preponderance of clinically significant 
human pathophysiology occurs. 
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lntermediate Filament Formation by a Yeast 
Protein Essential for Organelle Inheritance 

Stephen J. McConnell and Michael P. Yaffe* 
lntermediate filaments are abundant cytoskeletal components whose specific cellular 
functions are poorly understood. The Saccharomyces cerevisiae protein MDMI displays 
structure and solubility properties that are similar to those of intermediate filament proteins 
of animal cells. Yeast cells that have a mutant form of MDMI exhibit temperature-sensitive 
growth and defective transfer of nuclei and mitochondria to daughter cells during incubation 
at the nonpermissive temperature of 37°C. The purified, wild-type MDMI protein readily 
forms 10-nanometer-wide filaments at either 4°C or 37°C. In contrast, the purified, mutant 
protein forms filaments at 4°C but fails to form such structures at 37°C. These results 
suggest that intermediate filament proteins are universal components of eukaryotic cells. 

Ltermediate filaments have been charac- 
terized extensively in higher eukaryotic 
cells and constitute a prominent system of 
filaments, 10 nm in diameter, that extend 
in arrays and networks throughout the cy- 
toplasm (1, 2). The proteins that form 
these networks share certain conserved 
structural features and physical properties 
(3-5). In addition, purified intermediate 
filament proteins from a number of sources 
are able to self-assemble into 10-nm-diam- 
eter filaments in vitro in a process indepen- 
dent of energy requirements or cofactors 
(5). Cytoplasmic intermediate filaments 
have been implicated in a number of roles, 
including maintaining cellular mechanical 
stability (6) and mediating intracellular 
communication (2), although many details 
of their dynamics and specific cellular func- 
tions are obscure (1, 2, 5). 

The yeast MDMl protein shares several 
properties with intermediate filament pro- 
teins of animal cells, including a similar 
solubility profile and similarities of amino 
acid sequence (7). MDMl was identified 
through the analysis of a Saccharomyces 
cerevisiae mutant, mdml , that displays tem- 
~erature-sensitive growth and a failure to - 
transfer nuclei and mitochondria into de- 
veloping daughter buds during incubation 
at 37°C (8). The wild-type MDMl gene 
was cloned, and its product (MDMl) was 
shown to be an essential, 51-kD polypep- 
tide (7). Antibodies raised against MDMl 
recognized a pattern of spots and punctate 
arrays distributed throughout the yeast cell 
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cytoplasm. In mdml mutant cells, these 
structures were apparent at 4°C and 23°C 
but disappeared after mdml mutant cells 
were shifted to the nonpermissive tempera- 
ture (7). Affinity-purified antibodies against 
MDM 1 also recognized intermediate fila- 
ments in indirect immunofluorescence of a 
varietv of animal cells (7). ~, 

To compare wild-type and mutant forms 
of MDM1, we cloned and analyzed the 
mutant gene (9). The mdml gene was 
isolated from mutant yeast by the allelic- 
marker rescue approach (10). The identity 
of the recovered gene was confirmed by 
nucleotide sequence analysis (I I ) ,  which 
revealed a single difference from the wild- 
type gene: a transition of G to A at nucle- 
otide 770, resulting in a change of SerZ5' to 
Asn. When a wild-type copy of MDM l was 
replaced by the recovered mutant mdml 
gene in intact cells, the original mutant 
phenotype was generated (1 2). 

Both wild-type and mutant MDMl pro- 
teins were ~roduced for further analvsis bv 
expression of the genes in bacterial cells 
(1 3) (Fig. 1A). Purification of wild-type 
and mutant proteins from bacterial inclu- 
sion bodies by differential extraction (14) 
yielded essentially homogeneous prepara- 
tions (Fig. 1B). 

To test the ability of MDMl to self- 
assemble into filaments, we dialyzed the 
~urified   rote in solubilized in 9 M urea 
against buffers of physiological or low ionic 
strength (15). Protein samples then were 
examined by electron microscopy on grids 
after negative staining. Wild-type MDMl 
protein readily formed filaments during di- 
alysis against a physiological salt solution 
(Fig. 2, A through C). Filaments displayed 

a generally curvilinear, "smooth" appear- 
ance (Fig. 2, A through C),  with an aver- 
age diameter of 10.12 + 0.45 nm (n = 50). 
Tangled or aggregrated filamentous struc- 
tures were also apparent on the grids (Fig. 
2B). Under the conditions used for filament 
assembly, 20 to 40% of the purified MDM 1 
appeared competent for incorporation into 
filaments or filamentous structures (16). . , 

Filaments recovered by centrifugation after 
dialysis or generated by several cycles of 
solubilization in 9 M urea, reformation by 
dialysis, and recovery by centrifugation had 
the same appearance (12). Dialysis of urea- 
solubilized samples at various protein con- 
centrations indicated that MDMl dis~lavs a 
critical concentration for filament ass'embly 
of approximately 50 p,g/ml. Individual fila- 
ments or filamentous aggregates failed to 
form upon dialysis of MDMl against a 
buffer of low ionic strength (Fig. ID). 
These results demonstrate that the MDMl 
 rotei in can self-assemble into 10-nm-wide 
filaments in the absence of high-energy 
compounds or other cofactors. 

The wild-type MDMl protein was found 
to form filaments during dialysis at either 
4°C (Fig. 3A) or 37°C (Fig. 3B). Filaments 
assembled at either temperature appeared 
equivalent and formed with approximately 
the same critical concentration for assem- 
bly. The purified, mutant MDMl protein, 
encoded by the mdml gene, also formed 
10-nm-wide filaments at 4°C (Fie. 3C). , - 
These filaments were essentially identical to 
those formed by the wild-type protein. The 

Fig. 1. Expression and purification of MDMl 
(A) lmmunoblot of MDMl in protein extracts of 
bacterial cells that had a control vector, 
pET11 -a (lanes 1 and 2), or a vector encoding 
MDM1, pETl1-a-MDM1 (lanes 3 and 4). Cells 
were uninduced (lanes 1 and 3) or induced with 
isopropyl-1-thio-p-D-galactoside (lanes 2 and 
4). (B) Analysis of purified MDMI. Lane 1, 
wild-type MDMl protein (5 kg) stained with 
Coomassie blue; lane 2, wild-type MDMl pro- 
tein (30 kg) stained with Coomassie blue; lane 
3, mutant MDMl protein (7 kg) stained with 
Coomassie blue; lane 4, immunoblot analysis of 
wild-type MDMl (100 ng). Molecular size mark- 
ers are indicated to the left of (A) and (B) in 
kilodaltons. 
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