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Kinectin, an Essential Anchor for 
Kinesin-Driven Vesicle Motility 

Janardan Kumar, Hanry Yu, Michael P. Sheetz* 

The membrane anchor for the molecular motor kinesin is a critical site involved in intra- 
cellular membrane trafficking. Monoclonal antibodies specific for the cytoplasmic surface 
of chick brain microsomes were used to define proteins involved in microtubule-depen- 
dent transport. One of four antibodies tested inhibited plus-end-directed vesicle motility 
by approximately 90 percent even as a monovalent Fab fragment and reduced kinesin 
binding to vesicles. This antibody bound to the cytoplasmic domain of kinectin, an integral 
membrane protein of the endoplasmic reticulum that binds to kinesin. Thus, kinectin acted 
as a membrane anchor protein for kinesin-driven vesicle motility. 

Kinesin and cytoplasmic dynein are ubiq- 
uitous mechanochemical adenosine tri- 
phosphatases (ATPases) involved in pow- 
ering diverse forms of intracellular organelle 
transport such as anterograde and retro- 
grade movements of vesicles along microtu- 
bules and a variety of membrane-trafficking 
events (1,  2).  Kinesin directs plus-end (an- 
terograde) movement, whereas cytoplasmic 
dynein directs minus-end (retrograde) 
transport. Antibodies specific for kinesin 
heavy chain inhibit vesicle movements af- 
fecting axoplasmic transport or other cellu- 
lar motile processes (3). These ATPases or 
motors interact with integral membrane 
proteins on vesicle surfaces (4 ,  5) that pre- 
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sumably contain the vesicle signals (6)  reg- 
ulating the directionality of vesicle move- 
ment on  microtubules. Protein-dependent 
motor binding to motile vesicle populations 
has been quantitated (5), and a kinesin- 
binding, integral membrane protein has 
been isolated from motile microsomes (7). 
It is unclear to what extent motor binding is 
related to vesicle motility and which motor- 
binding membrane protein is directly in- 
volved in motility. Here we define the ef- 
fects of specific monoclonal antibodies 
(mAbs) on  the in vitro movement of mem- 
branous organelles along microtubules (1,  
4, 8, 9)  and the binding of kinesin to 
organelles, presumably through the tail por- 
tion of the kinesin heavy chain (5). 

Monoclonal antibodies were raised 
against native epitopes on  the cytoplasmic 
surface of carbonate-washed microsomal 
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vesicles. Four mAbs were characterized that 
bound to the cytoplasmic surface of carbon- 
ate-washed brain microsomes (Table 1). 
When we tested the antibodies for their 
effects on in vitro vesicle movement on 
randomly oriented microtubules (lo), only 
one mAb. termed VSP4D (vesicle surface . . 
protein 4D), caused a significant decrease 

Table 1. Association of VSP mAbs with carbon- 
ate-extracted microsomal vesicles. Binding of five 
mAbs to carbonate-washed (CW) vesicles from 
chick embryo brain was quantified by immuno- 
blotting after separation from unbound antibodies 
by sedimentation (19). Control antibodies of simi- 
lar isotypes did not show significant binding under 
these conditions. KR160.9.1 (7) was an anti-ki- 
nectin mAb capable of binding to native as well as 
denatured kinectin. Other mAbs were raised 
against surface proteins of vesicles. The number 
of VSP4D antibodies bound to vesicles corre- 
sponds to -2.5 VSP4D molecules per 100-nm 
vesicle, whereas one to four kinectin molecules 
per 100-nm vesicle were reported (5, 7). Bound 
mAbs were expressed as micrograms per milli- 
gram of vesicle proteins (mean 2 SEM from three 
or four experiments). 

Molecular 
mass of 
antigen 

mAb 
subclass Bound rnAb 

- 

VSP4D 160 IgG2a 3.24 +- 0.40 
VSP2B 98; 96 lgGl 27.88 +- 2.36 
VSF9G 43; 208 IgG2a 13.83 -+ 1.1 9 
VSP2H 29 lgGl 12.81 +- 1.03 
KR160.9 160; 120 IgG2b 2.91 +- 0.37 

Fig. 1. In vitro vesicle motility assay on polar mi- 
crotubules (20). To assess the effects of rnAbs on 
either plus-end (kinesin-driven)- or minus-end (cy- 
toplasmic dynein-driven)-directed vesicle motility 
in the presence of a high-speed cytoplasmic su- 
pernatant of the homogenized chick embryo fibro- 
blast cells, we quantified movements using an 
axoneme-based motility assay (1 1). Figure shows 
a typical plus-end-directed vesicle movement (ar- 
rows indicate the positions of the moving vesicle). 

(-70%) in total vesicle motile activity. 
Similarly, vesicle attachment to microtu- 
bules was inhibited by -70% in the pres- 
ence of VSP4D (Table 2). The amount of 
VSP4D bound to the vesicles was signifi- 
cantly less than the other VSP antibodies 
that did not block motility (Table I), ruling 
out the possibility that the inhibition was 
due to a mass effect. 

To test whether VSP4D inhibited all 
motility or was specific for kinesin- or cy- 
toplasmic dynein-based motility, we used 
an in vitro vesicle motility assay (I I) with 
microtubules that were polarized by poly- 
merization on axonemes (Fig. 1). The chick 
embryo fibroblasts were first treated with 
dibutyryl cyclic AMP (1 mM for 1 hour in 
culture media) before harvesting, which 
caused a significant increase in overall mo- 
tility as well as an increase in the plus-end- 
directed motility (12). The proportion of 
kinesin-driven vesicles among all motile 
vesicles was consistent with previous studies 
(8). The number and direction of vesicle 
movements were quantified for vesicles pre- 
incubated with VSP4D, the control mAb 
VSP2B, or buffer alone (Table 2). To con- 
trol for possible antibody cross-linking of 
vesicles that might reduce the effective 
concentration of vesicles, we normalized 
motile activity (the number of observed 
movements per minute per 36 Fm of mi- 
crotubule length) to the free vesicle con- 
centration (the number of diffusing vesicles 
observed per 4 pm2 of buffer per minute). 
Plus-end-directed motility (kinesin-driv- 
en) was inhibited by -90% by VSP4D even 
when the monovalent Fab fragment was 
used (Table 2). Minus-end-directed motil- 
ity was also inhibited but not to the same 
extent (particularly as the Fab), indicating 
that the effect of VSP4D was preferential 
for plus-end- or kinesin-driven motility. 
None of the antibodies had any effect on 
the velocity of the vesicle movements to- 
ward plus-end (-2 pm/s) or minus-end 
(-3 pm/s). The control antibody, VSPZB, 

had no significant effect on motility in ei- 
ther direction (Table 2) even though more 
VSP2B antibody bound to the vesicle sur- 
face than VSP4D (Table 1). Thus, the 
binding of VSP4D to the cytoplasmic sur- 
face of vesicles specifically inhibited micro- 
tubuledependent vesicle motility driven by 
kinesin. 

Because VSP4D was raised against a ves- 
icle membrane protein, it is conceivable 
that inhibition of the vesicle motility is 
caused by a disruption of the attachment of 
motors to their membrane anchors. To test 
this hypothesis, we used a motor-vesicle 
binding assay (5) to measure the effect of 
VSP4D on the binding of kinesin to car- 
bonate-washed chick embryo brain dense 
microsomes (Fig. 2). VSP4D inhibited ki- 
nesin binding by 70 2 2.9%, whereas 
VSP2B on the same vesicles did not affect 
kinesin binding to the vesicles. The inhibi- 
tion of kinesin binding to vesicles by 
VSP4D seems less than the level of its 
inhibition of the plus-end-directed vesicle 
motility. This difference could be explained 
by a small population of additional kinesin 
binding sites on microsomes that were not 
directly involved in organelle motility. We 
conclude that the antigen for VSP4D was 
the major membrane anchor for kinesin 
binding to vesicles. 

The antigen for VSP4D was examined 
in an electroblot of the microsomal pro- 
teins, but no vesicle membrane proteins 
reacted with VSP4D. However, renatur- 
ation of vesicle proteins on nitrocellulose 
with lecithin vesicles did enable VSP4D to 
react weakly with a band of 160 kD (1 3). 
We then immunoprecipitated the antigen 
after labeling the cytoplasmic portions of 
the carbonate-washed vesicle membrane 
proteins with an impermeant reagent, sulfo- 
succinimidobiotin. When antibody-coated 
vesicles were detergent solubilized and the 
antibody precipitated by protein A beads, a 
single biotinylated protein of 160 kD was 
detected (Fig. 3), which was identified as 

Table 2 Monoclonal antibody inhibition of microtubule-based vesicle motility. Anti-kinectin rnAb VSP4D 
was incubated with chick embryo fibroblast vesicles (0.1 mg of mAb per 0.2 mg of vesicle proteins), and 
the vesicles were used in a directionality motility assay (Fig. 1). The vesicle movements were compared 
with controls (no rnAb and VSP2B). The number of movements per minute is the normalied number of 
moving vesicles per 36-pm microtubule length per (70 vesicles in 4 pm2 of buffer per minute). n is the 
number of fields analyzed, and each field was measured from 1 to 3 min so that the time measured 
ranged from 32 to 92 min. The normalized number of vesicles attached is the sum of the number of 
stationary and moving vesicles attached to 36 pm of microtubule length. 

Vesicle movements 

rnAb (no.. of movements per minute +- SEM) No. of vesicles 
attached (n) 

Plus-end directed Minus-end directed 

Control 2.32 +- 0.35 13.98 2 1.12 25.1 2 2 2.30 (60) 
VSP2B whole IgG 2.87 +- 0.75 11.48 2 0.95 23.54 2 2.89 (24) 
VSP2B Fab 2.30 2 0.87 10.04 2 1.20 17.59 +- 3.21 (24) 
VSP4D whole IgG 0.23 2 0.08 4.37 +- 0.36 7.72 + 0.97 (35) 
VSP4D Fab 0.1 5 +- 0.06 6.61 2 1.10 10.8 2 2.75 (33) 
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kinectin by anti-kinectin mAb KR 160.9.1 
(7) (Fig. 3). In addition, a bacterially ex- 
pressed clone of kinectin reacted with 
VSP4D. whereas control proteins did not 
(14). Several proteins precipitated by 
VSP4D were unbiotinylated (probably lu- 
menal), including one of -300 kD and two 
to three diffuse bands of -60 to 70 kD (Fig. 
3, lane 2). The control antibody, VSPZB, 
immunoprecipitated a doublet of biotinyl- 
ated proteins of 98 and 96 kD but not the 
lumenal proteins (Fig. 3, lane 7). Thus, 
VSP4D immunoprecipitated only kinectin 
from the cytoplasmic surface of vesicles, and 
several lumenal proteins appeared to be se- 
lectively associated. 

Here we have shown that an antibody to 
kinectin specifically inhibits kinesin-depen- 

1  2 3 4  
7- -* -- - 

A KHC- 
mAbs - Control VSP2B6 VSP4D 

Bound Back- 100% 108.8 + 30.1 + 
kinesin ground 6.6% 2.9% 

Bound Back- 100% 85.4 + 54.9 + 
dynein ground 5.1% 3.3% 

Fig. 2 Effect of mAbs on motor binding to CW 
vesicles (19). (A) A sample blot from a typical ki- 
nesin-binding experiment with a table (below) 
summarizing the results from three sets of data. 
(B) A sample blot from a typical cytoplasmic dy- 
nein binding experiment with a table (below) sum- 
marizing the results from three sets of data. Lane 

dent vesicle motility even as a Fab frag- 
ment, suggesting that kinectin is an essen- 
tial membrane anchor for kinesin-driven 
motilitv. The other antibodies. which 
bound to the vesicles in equal or greater 
amounts than VSP4D, had no effect on 
motility. Because VSP4D also inhibited the 
majority of kinesin binding to motile mi- 
crosomes, we suggest that the mechanism of 
inhibition of motility is through blocking of 
the kinesin bindine site on kinectin. Fur- 
ther support of thii hypothesis is provided 
by the observation of a direct interaction 
between kinesin and bacterially expressed 
kinectin (1 4). 

Cytoplasmic dynein-dependent vesicle 
motility was also inhibited by -50% by 
VSP4D (Table 2). This inhibition of mi- 
nus-end-directed vesicle motility by 
VSP4D was accounted for bv a similar level 
of inhibition of cytoplasmic dynein binding 
to vesicles (Fig. 2). We suggest that VSP4D 
inhibited minus-end-directed vesicle mo- 
tility by blocking the cytoplasmic dynein 
binding site on or adjacent to kinectin. The 
extent of inhibition was less (especially 
with the Fab fragment) than kinesin-depen- 
dent motility, implying that the VSP4D 
epitope is displaced from the cytoplasmic 
dynein binding site on kinectin or that a 
separate protein binds cytoplasmic dynein 
in the neighborhood of kinectin. Earlier 
studies suggested that kinesin and cytoplas- 
mic dynein bound to neighboring sites on 
these vesicles (5). Further studies are under 
way to determine if bacterially expressed 
kinectin, which binds kinesin, will also 
bind cytoplasmic dynein. If both motors 

1, background level of the motor association with bind to adjacent sites on kinectin, then a 
vesicles; lane 2, control (no antibody added); lane single modification of kinectin 
3, motor binding to VSP2B-coated vesicles; and ,Cch directionality of movement. 

- 
lane 4, motor binding to VSP4D-coated vesicles. Alternative models have been proposed 
KHC is the kinesin heavy chain that binds to ves- to explain the interactions of motor pro- icles and is quantified with mAb 9E5.KHC2 (5) on 
immunoblot. CDIC70 is the 70-kD teins with the cytoplasmic surface of vesi- 

chain of cytoplasmic dynein that binds to vesicles cles - -  in - binding - - to 
and is quantified with &t, 70.1 (22). Percentages vesicle lipids or membrane-associated tubu- 
were dculated relative to the control (mean + lin (5, 15) has been suggested on the basis 
SEM). of the interaction of cytoplasmic dynein 

Fig. 8 lmmunoprecipitation of antigens from bioti- 1 2 3 4 5 6 7 8 9  
nylated CW vesicles by mAbs (21). The irnmuno- t 

precipitates were analyzed by SDS-PAGE and vi- 212 , 
sualized by Coomassie blue (CB) (lanes 1,2, and 7) 170 1 kII - - 
and immunoblotting (lanes 3 to 6,8, and 9). Lane 1, 116 , - .  lrm- 
Coomassie blue-stained protein profile of vesicles; 
lane 2, CB-stained VSP4D immunoprecipitate; 76 ' 

lane 3, blot of the VSP4D immunoprecipitate k - 4 

stained with Avidin-alkaline phosphatase (Avidin- 53 . - - 
AP); lane 4, blot of the VSP4D immunoprecipitate 
stained with anti-kinectin mAb W1160.9.1 (7); lane 
5, blot of the VSP4D immunoprecipitate stained 
with KR160.9.1 and Avidin-AP; lane 6, blot of the VSP4D immunoprecipitate stained with secondary 
antibody alone, which yields a 100-kD band. When KR160.9.1 was used to react with CW vesicles on 
immunoblot, it reacted with only the 160-kD kinectin (7), indicating that the 100-kD band is not a CW vesicle 
protein. It is likely to be a partially unreduced IgG molecule in the immunoprecipitatiin complex. Lane 7, 
CB-stained VSP2B immunoprecipitate; lane 8, blot of the VSP2B immunoprecipitate stained with Avidin- 
AP; and lane 9, vesicle proteins stained with VSP2B. *, indicates bands of interest as described in text. 

with lipids and kinesin with tubulin. In the 
case of another motor, myosin I, the tail 
domain is responsible for interaction with 
acidic phospholipids (1 6), but it is unclear 
whether myosin I binds to a protein recep- 
tor in addition to this lipid binding. In the 
chick vesicles we have not detected any 
kinesin binding to membrane-associated tu- 
bulin or lipids (5). Kinectin can account for 
the majority of the kinesin binding sites 
found on motile microsomes (7), and the 
recent cloning and sequencing of kinectin 
has confirmed that it is an integral mem- 
brane protein of the endoplasmic reticulum 
(14). We suggest that kinectin is the kine- 
sin receptor for organelle motility and may 
be involved in the control of direction of 
movement on microtubules. 
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chick embryo brain vesicles were prepared (7) and 
used to immunize each of five mice with three boosts 
of 100 to 150 p~ of vesicle protein per mouse (5). The 
mAbs to native epitopes were selected by enzyme- 
linked immunosorbent assay screening against CW 
vesicles and were subcloned to give monoclonal lines. 
In imrnunwts of vesicle proteins, three of the mAbs 
M e d  with single or closely spaced doublet bands 
(VSP2B with bands of 96 and 98 kD, VSWG with 
predominant bands of 43 and 208 kD, and VSP2H 
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with a band of 29 kD). A fourth rnAb was found that 
did not react with standard immunoblots but did bind 
to intact vesicles (VSP4D). Asc~tes production, immu- 
noglobulin G (IgG) purif~cat~on, and Fab fragment ISO- 
lation were performed according to standard proce- 
dures (1 7). For quant~tation of ant~body b~ndlng to CW 
vesicles, the ves~cles were mixed w~th 3% bov~ne se- 
rum albumln (BSA) (fatty acid-free; Slgma) for 1 hour 
at 4°C. Vesicles (1 0 to 20 k g  of ves~cle proteins) in a 
total volume of 200 k1 were mixed overnight at 4°C 
w~th 0.2 to 0 3 mg of ant~bod~es (asc~tes) per m~lliliter 
or a control mouse IgG. Each sample was layered 
onto a three-step sucrose gradlent (100 k1 of 15%, 
200 kI of lo%, and 200 kI of 5% sucrose in homog- 
enizat~on buffer) and centr~fuged at 4°C for 20 min 
w~th an SW-55T1 rotor at 192,000g. The supernatant 
and the sucrose were removed completely and the 
pellet was resuspended in 25 kI of electrophores~s 
sample buffer (78) with an addit~onal 1% SDS and 
analyzed as descr~bed (5). The effect of antibody on 
motor binding to vesicles was measured with VSP4D 
and VSP2B (control) as descr~bed (5, 7) w~th sl~ght 
modification. CW ves~cles (2.0 to 3.0 k g  of ves~cle 
proteins for kines~n binding and 5 k g  for dyne~n bind- 
ing) In a total volume of 60 k1 of PMEE' buffer [35 mM 
K-P~pes (pH 7.4), 5 mM MgCI,, 5 mM EGTA, and 0.5 
mM EDTA] were mixed with IgG (0.16 to 0.25 mg/ml 
for kinesln bindlng and 0.42 mg/ml for dyne~n b~nding) 
on Ice for 1 hour and 10 to 15 min at 37°C before 
add~t~on of a purlfled motor fract~on [ I 0  to 20 nmol of 
motors prepared as described In (8)]. The bindlng 
experiments were performed as descr~bed (5) B~nd- 
ing of motors was lnhib~ted by VSP4D, whereas no 
effect was observed with VSP2B. 

20 The In vltro vesicle motlllty assay on polar m~crotu- 
bules was performed after preparation of cytosol~c 
fractions and CW chick embryo fibroblast vesicles as 
descr~bed (8, 11). Sea urchin sperm axonemes were 
a gift from T. Salmon (University of North Carollna at 
Chapell HIII, NC). Porcine tubulin ( I  x )  and N-ethyl- 
maleim~detreated tubulln (2X) were m~xed and di- 
luted to -3.0 mg/ml final concentrat~on with PMEE' 
and 1 mM guanoslne triphosphate (GTP). Axonemes 
were added to an acid-washed cover sl~p ~n a flow 
cell formed w~th two parallel strlps of double-s~ded 
tape and a glass slide for 2 min at a concentrat~on of 
-2 per video field (-500 km2). The tubulin m~xture 
was exchanged into the flow cell and Incubated In a 
humidlty chamber at 37°C for 15 mln. The free tubu- 
lin was washed out w~th PMEE', 1 mM GTP, and 20 
km Taxol. CW vesicles (0.2 mg/ml) were reacted 
w~th mAbs (0.1 mg/ml) for 2 to 3 hours w~th rocking 
at 4°C. To measure mot~l~ty, we Incubated the mix- 
ture of ves~cles and ant~bod~es with a cytosolic frac- 
t~on (S3) and 5 mM Mg-ATP, and then added the 
m~xture to the polar~zed microtubules in a flow cell. 
Samples were observed on a heated Zeiss Axovert- 
100 microscope at 35" to 37°C by video-enhanced 
differential interference contrast, and mot~l~ty was an- 
alyzed as descr~bed (5). The number of ves~cle move- 
ments was normalized to the concentration of vesl- 
cles In the med~um and the length of m~crotubules In 
thef~eld [expressed as movements per minute per 36 
k m  of mlcrotubule length (per 70 ves~cles In 4 km2 of 
buffer per m~nute)]. Moving vesicles are counted only 
once after they bind and move (stopp~ng and restart- 
ing is not counted as a second movement). Vesicles 
do not reverse d~rection of movements. Means and 
standard error of means (SEM) were calculated and 
we~ghted by the number of mlnutes analyzed for 
each field. 

21. To Identify the antigen for VSP4D, we biot~nylated 
CW ves~cles as descr~bed (7). B~otinylated vesi- 
cles were collected at a 15/60% sucrose Interface 
after centr~fugat~on at 192,000g for 30 mln (Beck- 
man SW55Ti rotor) and were dialyzed agalnst 
PMEE' before lncubat~on w~th  3% BSA at 4°C for 1 
hour. The ves~cles were then mixed with the desig- 
nated ant~body for 5 hours at 4°C and collected 
at a 15/60% sucrose interface after centrifugation. 
The ves~cles were solubilized w~th  1 %Triton X-100 
and 0.5 M NaCl and centr~fuged at 150,000g for 30 
mln in a TLA100.2 rotor. The supernatants were 
Incubated with protein A-Sepharose CL-4B 
(Schle~cher & Schuell) for 4 to 5 hours at 4°C and 
washed four times with NET buffer [ I50 mM NaCI, 
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l / f  Noise in Human Cognition 
D. L. Gilden,* T. Thornton, M. W. Mallon 

When a person attempts to produce from memory a given spatial or temporal interval, 
there is inevitably some error associated with the estimate. The time course of this error 
was measured in a series of experiments where subjects repeatedly attempted to replicate 
given target intervals. Sequences of the errors in both spatial and temporal replications 
were found to fluctuate as l l f  noises. l l f  noise is encountered in a wide variety of physical 
systems and is theorized to be a characteristic signature of complexity. 

Of the types of activity that characterize 
physical systems, perhaps the most ubiqui- 
tous and puzzling is the appearance of l/f 
noise, a form of temporal fluctuation that 
has a power density inversely proportional 
to the frequency (that is, power - l/f). l/f 
noise. also known as nink or flicker noise. 
varies with a predictability intermediate be- 
tween white noise (no correlation in time. 
power - l / fo)  and Brownian motion (no 
correlation between increments, power - 
l / f2) .  l/f noise has been observed in a 
~rofusion of domains as diverse as con- 
densed matter systems (1,  2),  traffic flow 
( 3 ) ,  quasar emissions (4), river discharge 
(5), DNA base sequence structure (6), and 
cellular automata (7). This list is hardly 
exhaustive, as entire symposia are devoted 
to its occurrence and causation (8). The 
universality of l/f noise suggests that it does 
not arise as the consequence of particular 
physical interactions, but instead is a gen- 
eral manifestation of complex systems. Here 
we nresent evidence that llf noises are 
associated with certain basic aspects of hu- 
man cognition: the representation of spatial 
and temporal intervals. 

Despite the interest in complex systems 
within the social sciences, there have been 
few examples of l/f noise reported in hu- 
man or animal behavior (9). Most notably, 
music and speech have been shown to have 
l/f fluctuations in both pitch and loudness 
(10). The occurrence of l/f noise in these 
contexts. however, should be distinguished 

u 

from its appearance in purely physical sys- 
tems. Pitch and loudness carrv information 
in music and speech signals A d  are there- 
fore subject to the constraints that exist 
generally in communication. Their spectral 

properties may be due to the fact that l/f 
noise represents an  optimal compromise be- 
tween efficient transfer of information 
(maximized by white noise) and immunity 
to error (6). 

Our investigations concern the produc- 
tion of spatial and temporal intervals. The 
experiments we conducted were extremely 
simple. Subjects were first given an example 
of a target spatial or temporal interval and 
then made, to the best of their ability, a 
series of replicates. The errors in replication 
were treated as a time series and were sub- 
mitted to Fourier analysis. Figure 1 illustrates 
the power spectra of the errors deriving from 
the estimation of temporal intervals. Results 
from six experiments are displayed in which 
the target time interval varied between 0.30 
and 10 s in duration (Fig. 1A). These power 
spectra share a family resemblance that is 
distinguished by the presence of two features. 
All the spectra are l/f at frequencies less 
than about 0.2 Hz, and there is a quadratic 
trend at higher frequencies that becomes 
progressively more pronounced with shorter 
target durations. 

The overall coherence of this data set 
suggests that it may be understood in terms 
of a few simple mechanisms. Earlier work on 
timing variance ( I 1 ) presented evidence for 
a model in which the production of tempo- 
ral intervals is composed of two parts: an  
internal clock (C)  that mediates the judg- 
ment of time passage, and a motor program 
that actuates the responses which signal the 
beginning and ending of each interval. The 
motor program in this model does not op- 
erate instantaneously, and all responses 
have an  assigned motor delay (MD). In 
terms of these two components, the jth 
observed interval I, is written as 
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