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ABSTRACT. N-Ethylmaleimide (NEM), which reacts readily with exposed sulfhydryl groups, has been shown

to inhibit the activity of the microtubule (MT) motors kinesin, Ncd, and dynein. Currently, the mechanism

of inhibition is not known for any of these proteins. To investigate the mechanism by which NEM inhibits
Ncd, the recombinant Ncd motor-stalk protein MC1 (modified claret 1) was treated with varying
concentrations of NEM (810 mM) and cosedimentation and ATPase assays were used to assess the
effects of modification on MC1 interactions with MTs. In the cosedimentation assay, treatment@vith

mM NEM enhanced MC1 binding to MTs in the presence of MgATP but had no effect on MC1 binding

to MTs in the presence of MgAMP-PNP. In comparison, treatment with5 mM NEM induced
aggregation of MC1 and resulted in sedimentation of the motor in the absence of MTs. NEM modification
had no effect on the basal ATPase rate but produced a decrease in the MT-stimulated ATPase rate. Labeling
of MC1 with [BHJNEM indicated that enhanced MT binding was associated with an average labeling of

1 Cys residue per MC1 polypeptide, while aggregation was associated with an average labeling of 2 Cys
residues per MC1 polypeptide. Protein digestion, structural analysis, and mass spectrometry indicate that
modification of Cy83or Cys24in the stalk domain is correlated with enhanced binding of MC1 to MTs.
These results suggest that NEM enhances Ncd binding to MTs by disruption of neck and/or stalk function
and demonstrate the importance of this region in motor function.

Microtubule (MT) motor proteins are mechanochemical NEM to determine the functional consequences of Cys
enzymes that hydrolyze ATP to generate the movement of modification. As with myosin, NEM has been shown to
various cellular components along MTs. Although many MT inhibit the function of all the MT motor proteins that were
motor proteins have been identified (for reviews, see refs tested, although different MT motors exhibit different levels
1-3 and the kinesin homepage www.blocks.fhere.org/ of sensitivity to NEM and the mechanism by which NEM
~kinesin), and the structures of some have been determinednhibits motor function is different for different MT motors.
(4-8), the mechanism(s) by which motor proteins bind and |n terms of sensitivity to NEM, cytoplasmic dynein, axone-
“walk” along MTs is still not well understood. One approach  ma| dynein, and the kinesin-like protein Ncd (non-claret
to investigating these mechanisms is chemical modification, gjsjunctional) are inhibited by relatively low concentrations
a powerful technique for probing functionally important ot NEM (10—1004M) (17—21), while inhibition of kinesin
amino acids. Cys residue modification, for example, has requires much higher concentrations of NEM-E mM)
provided insight into structurefunction relationships in the (22—26). In terms of the mechanism by which NEM inhibits
actin-dependent motor protein, myosin. In particulf, 0 fynction of a given MT motor, differences between
ethylmaleimide (NEM) treatment of myosin has been Shown 615 are most obvious in the in vitro motility assay, which
to |nh|b'|t myosin's ATque activityX-14) and enhance tests a motor’s ability to bind MTs and generate movement.
_myos.|_ns.b|nd|ng to actin 15, 16) and has led to the As evaluated by this assay, NEM inhibits kinesin movement
ldentlflcat'lon of twq sulfhydryl,groups, tgrmec! SHl and SH2, by interfering with the ability of kinesin to bind MTL8,
that are involved in myosin’s nucleotide binding and hy- 24, 26), but inhibits Ncd 20) and cytoplasmic dyneir2q)

drolysis activities. ; L
On the basis of the informative results obtained with movement by enhancing the binding of these motors to MTs.

myosin, several MT motor proteins have been treated with NEM_ has also been _r(_aported to inhibit axonemal dynein
motility, but the specific effect (suppressed vs enhanced
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324 357368 fication of Cys®® or Cys?#is associated with the enhanced
670 binding to MTs. Given the location of these residues in the
stalk region, modification of either C$< or Cys$?4 could
result in enhanced MT binding via disruption of the normal
head-head interactions needed for moveme$it30, 31).
c Modification of both Cy3'® and Cy$?4 or perhaps one of
Tail Stalk Motor these and either C§& or Cys%’, may be responsible for

the aggregation observed at higher NEM concentrations.
MC1 I e
Ficure 1: Schematic of the MC1 protein. MC1 is comprised of MATERIALS AND METHODS

Ncd residues 209700 and includes the entire stalk domain and : P
motor domain. Nine of the eleven Cys residues of Ncd are present Protein Pur|f|ca.t|on.The PET3/MC1 constrgcl26, 29) .
in MC1 and are referenced in the text by their position in the Ncd Was transformed into BL21(DE3) cells. Protein expression
sequenced?). The delineations between the tail, stalk, and motor was induced by addition of 0.25 mM IPTG. After 4 h, cells
domains are based on sequence analy8s 32), but structural were pelleted and washed in AB buffer [20 mM Pipes (pH
allqnaI)'/\'lsis b, E_B, 39 pézz%es theggté';\H(mottjor gordfer sliggtly closet: to 6.9), 1 mM MgSQ, and 1 mM EGTA] with or without 5%
tcoensidéféglggrst cgf the rmotor d)c‘,rﬁ;n (Es:;ethoéebisczzgﬁ%). € sucrose (AB/sucrose), and the resulting pellets were stored
at—70°C. Frozen cells were resuspended in AB/sucrose or
phosphate buffer [LO mM phosphate (pH 7.2), 0.1 M NacCl,
2 mM MgCl,, and 1 mM EGTA] containing 5% sucrose (PB/
sucrose) and lysed by addition of 0.2 mg/mL lysozyme and
one freezethaw cycle. DNase | and Mggivere added to
final concentrations of 4@g/mL and 10 mM, respectively,
and after 30 min on ice, lysates were centrifuged at 26000
for 15 min at 4°C. Low-speed supernatants were subse-
quently centrifuged at 10009Gor 15 min at 4°C, and the
resulting high-speed supernatant was fractionated by S-
Sepharose ion exchange chromatography. Bound MC1
protein was eluted with AB/sucrose or PB/sucrose containing
0.2 M NaCl. MgATP (0.1 mM) was present throughout the
purification process, while PMSF (1 mM) and DTT (1 mM)

313
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as well as the basal ATPase rate of cytoplasmic dyridh (
NEM effects on the ATPase activity of Ncd have not been
reported, nor have the effects of NEM on the basal ATPase
rates of motors other than cytoplasmic dynein.

Although by no means complete, the existing data regard-
ing NEM inhibition of MT motors raise several questions.
(i) Why does NEM treatment of the minus end-directed Ncd
and dynein motors inhibit motility by enhancing binding to
MTs, while treatment of the plus end-directed kinesin inhibits
motility by reducing the level of binding to MTs? (ii) Do
Ncd and dyneins, like kinesin, exhibit assay dependence in
terms of NEM effects? (iii) For each motor, what Cys
\r:ifrl]dll\jleE(fA) ;feraetiﬁ)g:gble for the inhibitory effects aSSOCIatedwere added to the lysis and column wash buffers but omitted

To address some of these questions and gain furtherinsightfrom the elution buifer. The eluted protein was dialyzed
into Ncd motor activity, we treated the Ncd motor-stalk against AB/sqcrc_)sg containing 0.1mM MgATPéﬂGL then
o . quick-frozen in liquid nitrogen, and stored-a70 °C. MC1
construct MC1 [modified claret 126, 29)] with a range of concentrations are reported as polypeptide (monomer) con-
NEM concentrations (610 mM), and used cosedimentation . . . . .
X . _centrations. Amino acids are numbered according to their
and ATPase assays to determine the effects of modification osition in the Ned sequencéa)
on the Ncd motor. MC1 is comprised of Ncd residues-209 P ) . q N i ,
700 and includes nine of the eleven Cys residues present in_ 1ubulin was purified as described prevo|ously, then quick-
the full-length protein (Figure 1). MC1 forms a homodimer f0zen in liquid nitrogen, and stored &70°C (33). Protein
and exhibits ATP-dependent MT binding, MT-stimulated concentrations were determined v_wth a Bradford assay (Bio-
ATPase activity, and one-dimensional diffusional movement Rad) using bovine serum albumin (BSA) as the standard.
of MTs (28, 29). Cosedimentation experiments with NEM- ~ MC1 Modification and Functional AssayNEM (Sigma)
treated MC1 demonstrated that low concentrations of NEM Or biotin-NEM [N-(3-maleimidylpropionyl)biocytin, Molec-
(<0.1 mM) enhanced the binding of MC1 to MTs in the ular Probes] stock solutions were prepared fresh-astock
presence of MgATP. However, higher concentrations of solutions in AB/sucrose. MC1 (final concentration of #Mg)
NEM (=0.5 mM) caused aggregation of the MC1 protein Was treated with 0.05, 0.1, 0.5, 1, 5, and 10 mM NEM,
that interfered with characterization of the motor’s activity. Yielding molar ratios of 6.7:1, 13:1, 67:1, 133:1, 667:1, and
In comparison, NEM concentrations as high as 5 mM had 1333:1, respectively. Modifications were performed at 22
no effect on the basal ATPase rate of MC1, while inhibiting °C for up to 30 min, and reactions were quenched by the
the MT-stimulated ATPase activity of MC1 in a dose- addition of DTT (final concentration of 50 mM) and then
dependent manner. Enhanced MT binding in the presencethe mixtures placed on ice for ¥5 min prior to use.
of MgATP correlated with the average labeling=l Cys Unmodified control samples were treated identically except
residue per MC1 polypeptide, while pelleting in the absence that AB/sucrose was substituted for NEM.
of MTs correlated with the average labeling a2 Cys To examine MT binding in a cosedimentation assay,
residues per MC1 polypeptide. Formic acid digestion of MC1 unmodified or modified MC1 (final concentration of 248)
indicated that the critical Cys residues associated with bothwas mixed with paclitaxel-stabilized MTs (final tubulin
enhanced binding and aggregation were located within Ncd concentration of 2.5%M) in AB/sucrose containing either
residues 209524. Mass spectrometry analysis of endopro- MgATP or MgAMPPNP (final concentration of 5 mM).
teinase Lys-C and trypsin MC1 digests was consistent with Control reaction mixtures were prepared without MTs to
this result and, in combination with analysis of the Ncd evaluate nonspecific pelleting of MC1. After 30 min at 22
monomer and dimer structures, 8), suggested that modi- °C, samples were centrifuged at 100§0&nd supernatant
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and pellet fractions were analyzed via SBIFAGE. Coo- i} 0.1 1 5 10
massie Blue-stained gels were quantified as % MC1 in ~
supernatant versus pellet using a gel documentation system MTs - ™ o -. -- -
(Alpha Imager, Alpha Innotech Corp.).

Basal and MT-stimulated ATPase rates were determined )
by a malachite green phosphate assa#).(All reaction ATP - - - - 1]
mixtures contained 0..uM motor, and MT-stimulated MTa ' ' ‘ T
reaction mixtures contained GTP-depleted paclitaxel-stabi-
lized MTs (final concentration of M). Reactions were
initiated by adding 1 mM MgATP and proceeded for a total  apppNp -‘. o - .' M
of 25—30 min with samples taken at 5 min intervals. MT- +MTs T
stimulated reactions were quenched by the addition of an
equal volume of 0.5 M HCI and then centrifuged to pellet S P 8P 5B P 8 P B8P
precipitated protein. Reaction samples were mixed With g5 re 20 Effect of NEM on MC1 binding to MTs. MC1 (7.5

malachite greeamolybdate color reagent at a 4:1 ratio (v/ 4M) was treated with the indicated concentrations of NEM
v) of protein sample to malachite dye reages)( and the (millimolar) for 30 min at 22°C and then subjected to a

Aszo was measured after incubation for 10 min at°Z2 cosedimentation assay as described in Materials and Methods.
L L . . Supernatant (S) and pellet (P) fractions were separated by-SDS
Identification and Characterization of Reagti Cys Resi-  PAGE and stained with Coomassie Blue. The results for MC1 (2.5

dues.MC1 (7.5uM) was treated with 0.05, 0.1, 0.5, 1, and uM) in the absence of MTs, in the presence of MTs (219

5 mM [*HINEM (either 2.6x 10" or 3.4 x 10" cpm/mol). ~ tubulin) and 5 mM MgATP, and in the presence of MTs (21

For each concentration, samples were taken at 5, 10, 20, andubulin) and 5 mM MgAMP-PNP are shown in the top, middle,
. : . ! and bottom rows, respectively. The positions of MC1 (M) and

30 min, and the reaction was quenched by adding DTT (final y,jin (T) are denoted on the right.

concentration of 100 mM). Samples were separated by-SDS

PAGE and stained with Coomassie Blue, and MC1 bands resjdues per polypeptide) and using a liquid scintillation

were excised from the gel. Each gel slice was then solubilized counter (Beckman model LS 6000SC) to identify fractions

with 1 mL of 30% HO; for 24 h at 60°C and mixed with  ¢containing fH]. As4 profiles of FH]NEM-labeled samples

9 mL of scintillation fluid, and the counts contained in each znd cold NEM-labeled samples were identical. For both 1

slice were determined. and 2 Cys residues per polypeptide digest, two fractions (in
For formic acid digestion, MC1 was modified with biotin- addition to the flow through) contained counts significantly

NEM as described above and modified protein samples (40 (=5-fold) above background; the first (5-fold greater than

ug) were precipitated by a chloroform/methanol procedure background) eluted at10% acetonitrile and the second«8

(36). The dried protein pellets were resuspended R0 12-fold greater than background) at23% acetonitrile.

of 88% formic acid (Fisher) and incubated for 24 h at 37 Corresponding fractions from cold NEM-labeled MC1 were

°C. Samples were then diluted with 4@0Q of mQ water, then analyzed by mass spectrometry (Macromolecular Re-

concentrated [Microcon-3 or -10 concentrator (Amicon)], and sources, Colorado State University, Fort Collins, CO).

neutralized by the addition of 2 volumes & M Tris.

Samples were separated by SEFSAGE or Tricine-PAGE, RESULTS

and either stained with Coomassie Blue or subjected t0 Effects of NEM on the MT Binding and ATPase Aitits
Western blot analysis. Biotin-NEM-labeled fragments were of MC1. To characterize the effect of NEM on the MT
detected by an anti-biotin antibody (Clone BN-34, Sigma) pinding properties of MC1, protein samples were treated with
and an alkaline phosphatase-conjugated secondary antibody—10 mM NEM for 30 min and subjected to a MT
(Pierce). Blots were developed with Vistra ECF (Amersham) cqsedimentation assay in the presence of either 5 mM
and visualized with a Molecular DynamicsStorm Imager. MgATP or MgAMP-PNP. Representative cosedimentation
To identify reactive Cys residues, samples were either experiments are shown in Figure 2, and a quantitative
digested with endoproteinase Lys-C and subjected to masssummary (expressed as % MCL1 in the pellet fraction) of these
spectrometry analysis (Biomolecular Resources Center,experiments is presented in Figure 3. The results for
University of Virginia, Charlottesville, VA) or digested with  unmodified MC1 samples were consistent with previously
trypsin and fractionated by HPLC (Applied Biosystems 130A reported cosedimentation experiments with ME93)(~25%
Separation System). Enzymatic digestions were performedof the unmodified MC1 was present in the pellet fraction in
at a 1:25 enzyme:protein ratio (w/w) for 24 h at 37 (37). the absence of MTs or in the presence of MTs and MgATP,
For endoproteinase Lys-C digestions, MC1 was labeled with while ~70% of the unmodified MC1 was found in the pellet
1 mM biotin-NEM for 10 min which should label an average fraction in the presence of MTs and MgAMP-PNP (Figures
of two Cys per polypeptide (see Figure 5). For tryptic 2 and 3). Compared to unmodified MC1, treatment of MC1
digestions, MC1 was labeled with 0.1 or 1 mRH|NEM with 0.05 or 0.1 mM NEM for 30 min caused a relatively
or NEM for 10 min which should label an average of 1 or small increase (to 30 and 36%, respectively) in the amount
2 Cys residues per polypeptide, respectively (see Figure 5).of MC1 that pelleted in the absence of MTs (Figure 3a),
Tryptic peptides were separated by reversed-phase chromaand in the presence of MTs and MgAMP-PNP [to 78 and
tography on a C8 column using a gradient of 0 to 65% 86%, respectively (Figure 3c)]. However, the same treatment
acetonitrile (0.1% TFA) over the course of 55 min. Fractions conditions caused a significar®® (< 0.001) increase (from
containing NEM-labeled peptides were identified by separat- 27 to 77 and 78%, respectively) in the amount of modified
ing digested, JHINEM-labeled MC1 samples (1 and 2 Cys MC1 that pelleted in the presence of MTs and MgATP
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/4 activity of MC1. MC1 was treated with the indicated concentrations
100 ¢ 77 of NEM to analyze the effect of modification on the basal and MT-
1 stimulated ATPase rates. The rate of phosphate release was
80-] (] L determined using the malachite green assay as described in Materials
< ) ® : and Methods. Averages and standard deviations for basal rates (top)
5 . [ are representative four to nine experiments and for MT-stimulated
T o " rates (bottom) three to six experiments.
£ . L
0 ] generally obtained after treatment for-120 min (data not
E 40+ [ shown). The overall conclusion from these experiments was
° that treatment of MC1 with NEM produced two different
204 +MTs - effects depending on the NEM concentration that was used;
) +MgAMPPNP | lower NEM concentrations<(0.1 mM) enhanced binding
0. L, of the modified motor to MTs under conditions (MgATP)
o 05 1774 6 8 10 12 that normally release the majority of motor to the supernatant

. M fraction, while higher NEM doses>(0.5 mM) caused
NEM Concentration (mM) aggregation of the modified motor. Further, the aggregation
Ficure 3: Quantitation of MC1 binding to MTs as a function of made it difficult to evaluate the effect of the larger NEM

NEM concentration. MC1 was modified and subjected to MT doses on MT binding since pelleting was most likely due to
cosedimentation as described in the legend of Figure 2. The averageaggregation and not binding to MTs.

=+ standard deviation of six experiments is shown for each NEM .
concentration. For each experiment, the amount of MC1 in the 10 further characterize the effects of NEM on MC1

supernatant and pellet fractions was determined with a gel activity, we next determined the effect of NEM on the ability
documentation system (Alpha Innotech). The percentages of MC1 of MC1 to hydrolyze ATP. Modifications were performed
found in the pellet fractions in the absence of MTs (a), in the a5 described above for the MT cosedimentation assay, and
R/Ir_?:egﬁg %f l\r:I]Lls I?A%?AEAFT l\lélN’\gg'(Ac-;Pagg)'sﬁgsvr:n ft:re ggﬁeﬂéeMOf the effects of NEM on the basal an_d MT-stimulated ATPase
concentration. rates of MC1 were measured (Figure 4). The results for
unmodified MC1 were consistent with previously reported
(Figure 3b). Thus, under these conditions, modified MC1 values R9); the basal rate of unmodified MC1 was 0.65
bound MTs in the presence of MgATP as effectively as in 0.02 s* (n= 7), and this increases28-fold to 1.40+ 0.21
the presence of MgAMP-PNP. When the NEM concentration s (n = 6) upon addition of MTs. Treatment of MC1 with
was increased to 0.5 mM, the modified MC1 was found NEM concentrations as high as 5 mM had no effect on the
almost completely£75% or greater) in the pellet fraction motor’s basal ATPase rate (Figure 4), but inhibited the MT-
regardless of whether MTs were present, and similar resultsstimulated ATPase rate of MC1 in a dose-dependent manner
were also observed when MC1 was modified with 1, 5, or (Figure 4). Compared to those of unmodified MC1, the MT-
10 mM NEM (Figures 2 and 3). A time course evaluation stimulated ATPase rates after treatment with 0.1, 0.5, 1, and
with selected NEM concentrations (0, 0.1, and 1 mM) 5 mM NEM were decreased by 21, 46, 57, and 70%,
showed that the NEM effects shown in Figure 3 were respectively.
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Identification and Characterization of Reamti Cysteines. '
To correlate the observed effects on MC1's MT binding, N
solubility, and ATPase activity with modification of specific
Cys residues, the number of NEM-modified residues per
polypeptide was determined as a function of NEM concen-
tration and time. MC1 was treated with 0:65 mM [3H]- c -
NEM, and samples were taken at 5, 10, 20, and 30 min
(Figure 5). After treatment with 0.05 or 0.1 mM NEM for
10 min, an average ¥l Cys residue per MC1 polypeptide
was modified, and this ratio increased to an average of 1.4
and 1.6 Cys per MC1 polypeptide after 30 min, respectively. o 1 2 0o 1 2
In comparison, treatment of MC1 with 0.5 or 1 MM NEM  Fgure 6: Biotin-NEM modification and formic acid cleavage of
for 10 min labeled an average of 1.7 and 2 Cys residues perMci. (a) MC1 (7.5«M) was treated with the indicated concentra-

MC1 polypeptide, respectively, while treatment for-22D
min labeled an average 6¢2 Cys residues (1.9 and 2.2)
per MC1 polypeptide. At the highest NEM concentration

used in these experiments (5 mM), an average of 2.1 Cys

tions of biotin-NEM (millimolar) for 30 min at 22C and then
subjected to a cosedimentation assay as described in Materials and
Methods. Supernatant (S) and pellet (P) fractions were separated
by SDS-PAGE and stained with Coomassie Blue. The results for
MC1 (2.5uM) in the absence of MTs, in the presence of MTs (2.5

residues were labeled after 5 min and this ratio increaseduM tubulin) and 5 mM MgATP, and in the presence of MTs (2.5
slightly to an average of 2.3 Cys residues per MC1 uM tubulin) and 5 mM MgAMP-PNP are shown in the top, middle,
polypepiice by 30 min. Thus, a the maximum NEMEMCL 2 botom rous, espectvely The pesiions of MCI () and
polypeptide ratio t.hat was used for mOd'f,'Cat'on reactions apparent molecular mass of MC1 after modification with biotin-
(>600:1), the maximum number of Cys residues labeled was NEM. (b) MC1 was treated with 0.1 and 1.0 mM biotin-NEM to
~2 out of the 9 per polypeptide. Taken together, the MT label an average of 1 (lane 1) and 2 Cys residues per polypeptide
binding data presented in Figures 2 and 3, and the labeling(lane 2), respectively. Undigested, unmodified MC1 is shown in
data presented in Figure 5, suggest that modification of one'ane 0. Biotin-NEM-MC1 samples were treated with 88% formic

critical Cys residue is associated with enhanced MT binding g?gg% 2,\j|1ch1 a;igr;%g':tcx? #agf:%ﬁtlgfvf:ebﬁ%?;?n'g%g%ngm

and that modification of a second Cys is associated with fragment (N) and one C-terminal 21 kDa fragment (C) from intact
aggregation of MC1. MC1 (M). Digested samples were either stained with Coomassie

MC1 labeled with biotin-NEM was used to facilitate Blue (CB) or probed with an anti-biotin antibody after transfer to
identification of the specific modified Cys residues. In terms Mitrocellulose membrane (biotin).
of MT binding in the cosedimentation assay, modification
of MC1 with biotin-NEM was found to produce results

MC1 contains one such formic acid-sensitive site between
Asp®?* and Pré%5, and digestion should yield a 36 kDa
identical to those observed for NEM, in terms of both fragmentand a 21 kDa fragment. MC1 was treated with 0.1
enhanced MT binding at lower biotin-NEM concentrations or 1.0 mM biotin-NEM for 10 min; on the basis of the data
and induced aggregation at higher biotin-NEM concentrations obtained with HINEM (see Figure 5), these conditions
(compare Figure 6a with Figure 2). Note also the increase would be expected to label an average of 1 and 2 Cys
in the apparent molecular mass of MC1 after modification residues per polypeptide, respectively. After formic acid
with biotin-NEM. Biotin-NEM-modified MC1 was initially digestion, samples were separated by SBEAGE, and either
subjected to digestion with formic acid, which preferentially stained with Coomassie Blue or transferred to nitrocellulose
cleaves peptide bonds between aspartic acid and prolineand probed with an antibody against biotin (Figure 6b).
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Coomassie Blue staining showed two major products of the anism by which such modification inhibits function is not
expected size in the biotin-NEM-modified formic acid well understood for any of these proteins. To investigate the
digests. Qualitatively, modification was evident as a shift of mechanism by which NEM inhibits Ncd motor function, a
the biotin-NEM-treated samples to a higher apparent mo- recombinant protein (MC1) comprised of the stalk and motor
lecular mass. A similar shift was also apparent for the upper domains of Ncd was treated with NEM and the effects of
but not lower fragment (data not shown). Of the two resulting modification were correlated with labeling of
fragments, the larger fragment (and labeled, undigested MC1)specific Cys residues.
was clearly recognized by the anti-biotin antibody, while  On the basis of the results observed in the cosedimentation
labeling was barely detectable on the smaller fragment. Thisassay, NEM modification produced two different, concentra-
labeling pattern suggested that the critical Cys residues aretion-dependent effects on the motor. Lower concentrations
located between Ncd residues 209 and 524, a region thatof NEM (<0.1 mM) caused MC1 to bind more tightly to
includes 7 of the 9 total Cys residues (Figure 1). MTs in the presence of MgATP while having little effect
To identify which of the 7 Cys residues were associated on the amount of MC1 that pelleted in the absence of MTs
with enhanced MT binding and/or motor aggregation, MC1 or in the presence of MTs and MgAMP-PNP (Figures 2 and
samples were subjected to enzymatic digestion with either3). These results are consistent with previous motility
endoproteinase Lys-C or trypsin. For endoproteinase Lys-C experiments which showed that NEM treatment of coverslip-
digestion, MC1 was first treated with biotin-NEM under bound Ncd induced tight binding to MTs even in the presence
conditions (1 mM for 10 min) that should modify¢2 Cys of MgATP (20). Enhanced binding to MTs correlated with
residues per polypeptide, and then digested as described iran average labeling of 1 Cys residue per polypeptide (Figure
Materials and Methods. The resulting peptides were char-5). At this labeling ratio, the basal ATPase rate was identical
acterized by mass spectrometry, and peptides correspondingo that of unmodified MC1, suggesting that this level of
to 72% of the MC1 sequence were identified (data not modification did not directly affect ATP binding, hydrolysis,
shown). No peptides containing Cys residues modified by or product release. However, this same treatment decreased
NEM could be identified. However, included among the the MT-stimulated ATPase rate by 21%. Given the results
identified peptides were 7 of the 9 MCL1 Cys residues in the observed in the cosedimentation assay, this reduction is
unmodified state. The 2 Cys residues not accounted for by clearly not due to an inhibition of MT binding, and may
this analysis were Cy& and Cy$?4 which are contained in  instead result from a disruption in the “communication” either
the same peptide. Since endoproteinase Lys-C tends tcbetween the MT-binding and ATP-binding sites within the
produce long fragments with high charge states, unmodified catalytic core of one of the MC1 motor domains or between
and NEM-modified MC1 samples (with an average labeling the two motor domains of the dimer (see below).
of 1 or 2 Cys residues per polypeptide) were next digested In comparison to the enhanced binding observed for
with trypsin to create shorter peptides that might facilitate modification with<0.1 mM NEM, treatment of MC1 with
identification by mass spectrometry. Further, to enrich NEM concentrations 020.5 mM induced aggregation of
peptides with modified Cys residues, trypsin-digested MC1 the protein. This aggregation was evident in the cosedimen-
samples were fractionated by reversed-phase HPLC astation assay as pelleting of modified MC1 in the absence of
described in Materials and Methods. Two fractions were MTs (Figure 3a), and was correlated with an average labeling
shown to contain NEM-modified peptides; one eluted with of 2 Cys residues per polypeptide (Figure 5). At this labeling
10% acetonitrile and the other with 23% acetonitrile (data ratio, the basal ATPase rate was identical to that of
not shown). These fractions from unmodified, 1 Cys residue unmodified MC1, suggesting that any conformational changes
per polypeptide, and 2 Cys residues per polypeptide MC1 in the MC1 structure associated with aggregation do not
tryptic digests were analyzed by mass spectrometry and thedirectly affect ATP binding, hydrolysis, or product release.
results compared. For the fraction eluting with 10% aceto- In comparison, labeling of MC1 with 2 Cys residues per
nitrile, comparison of unmodified and modified samples did polypeptide decreased the MT-stimulated rate of MC1 by
not reveal any species that were present in both modified 42% compared to unmodified MC1, and as much as 70% if
samples and absent from the unmodified sample, or thatthe average level of labeling increased to 2.3 Cys residues
could be identified as a MC1-derived peptide. However, for per polypeptide (the maximal labeling level observed). At
the fraction eluting with 23% acetonitrile, comparison of these labeling ratios, it is difficult to distinguish whether
unmodified and modified MC1 mass results revealed the inhibition is due to direct effects on motor activity or indirect
presence of two additional species with molecular masseseffects due to aggregation (which may sterically inhibit
of 2913 and 29292932 Da in both modified samples. These interaction with MTs), although the data do suggest that some
masses corresponded well to the predicted masses of MClportion of the MC1 population is able to interact with MTs
peptide 313CNEQQAAELETCKEQLFQSNMER® in the even at the highest labeling level. One final point concerning
nonoxidized (predicted mass of 2914 Da) and Met-oxidized aggregation is that the maximum amount of protein that
forms (predicted mass of 2930 Da) assuming one of the Cyspelleted was similar to the amount of unmodified MC1 that
residues (Cy33 or Cys?%) was labeled with NEM. No  bound MTs in the presence of MgAMP-PNP (Figure 3). This
additional peptides could be identified in the 2 Cys residues suggests that a small fraction of the MC1 population, perhaps
per polypeptide samples that were not present in the 1 Cysdue to misfolding following synthesis, is inactive in terms
residue per polypeptide samples. of MT binding and also cannot be induced to aggregate.
The results of the cosedimentation and ATPase experi-
DISCUSSION ments are consistent with a model in which modification of
Cysteine modification previously has been shown to inhibit 1 critical Cys produces enhanced MT binding in the presence
the function of several MT motors, but the specific mech- of MgATP and modification of a second, different Cys
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residue induces MC1 aggregation. To obtain a low-resolution or 2 Cys residues per polypeptide (no equivalent peptide was
map of the location of reactive Cys residues, MC1 was found in the same fraction from unmodified MC1 digests).

modified with biotin-NEM under conditions expected to

This finding suggests that modification of either €yr

produce an average labeling of 1 or 2 Cys residues perCys’?*is associated with the observed effects of NEM on

polypeptide and then digested with formic acid (Figure 6b).
Biotin was detected almost exclusively on the N-terminal
36 kDa fragment which contains Ncd residues-2894, and

MCL1. Interestingly, this peptide contains an internal Lys
residue which would be expected to be cleaved by trypsin.
Perhaps modification of C¥&, which immediately precedes

this result indicates that the reactive Cys residues associatedhe Lys residue, inhibits trypsin digestion at this site.
with both enhanced binding and aggregation are located Taken together, the results from formic acid digestion,

between Ncd residues 209 and 524, and that neithet?Cys
nor Cy$7 is easily accessible or involved in enhanced
binding or aggregation. Interestingly, a previous report found

structural analysis, and mass spectrometry suggest that
modification of Cy8™or Cys?*is coupled to enhanced MT
binding. How could modification of a Cys residue in the

that a maleimide EPR spin probe predominantly labeled an stalk domain be responsible for enhanced MT binding of

Ncd monomeric motor domain protein (comprised of Ncd
residues 335700) on Cy&°with no apparent effect on MT

binding or ATPase activity38). The differences regarding

the identity of the reactive Cys, as well as the effect of
modification, are most likely due to the different proteins
used in that study38) and in the results reported here. One
possibility is that Cy&°may be the most accessible and/or
reactive Cys in the Ncd monomeric motor domain, but that
the additional Cys residues in MC1 may be even more

Ncd and MC1 in the presence of MgGATP? One possibility
is suggested by the recently published structure of an Ncd
dimer similar to MC1 8). In this structure, Cy3%and Cy$**

are located in the stalk domain just below (N-terminal to)
the neck region (Ncd residues 33347) 8). The neck and
adjacent stalk residues appear to interact with the Ncd
catalytic core and have been implicated as being important
in motor function and in directionalityd( 31). Further, the
neck and/or stalk region is pictured as a dynamic structure

accessible and/or reactive. Alternatively, the presence of thethat changes conformatio8, 31, 39) and as such may allow

stalk domain and the resulting dimeric structure of MC1 may
somehow inhibit modification of Cy& in this protein. In
any event, our results demonstrate that for MC1,56and
Cy<70 are not reactive to NEM and therefore not involved
in the inhibitory effects observed here for MC1 or previously
for full-length Ncd @0).

Which of the 7 Cys residues present in the fragment of
residues 209524 are modified, and which are associated

accessibility to Cys residues in the adjacent area. Modifica-
tion of one of these residues could disrupt either interaction
of the catalytic core with the neck and/or stalk or the
interaction between the neck and/or stalk of the two
polypeptides. Such disruption may in turn interfere with
interactions and/or cooperativity between the two motor
domains (heads) of the dimeric motd, @, 31, 39—44),

such that one head is unable to facilitate release of the other

with the observed effects? Treatment of MC1 with excess from the MT. This would explain the observed enhancement

[BH]NEM produced a maximal labeling 6¢2 Cys residues

of MT binding in the presence of MgGATP and may also act

of the 9 total and thus suggests that the other 7 Cys residuedo decrease the MT-stimulated ATPase rate of the motor.

are relatively inaccessible. The formic acid digest results

The proposed mechanism of NEM inhibition is not

discussed above indicate that 2 of the 7 inaccessible MC1necessarily inconsistent with recent evidence indicating that

Cys residues are C$8 and Cy§7% Of the 7 Cys residues
present in the fragment of residues 224, 4 are in the
motor domain (Cy%3 Cys'?°, Cys%7, and Cyg%) and 3 are
in the stalk domain (Cy8® Cys*® and Cy$%%). As noted
by Naber et al. §8), analysis of the Ncd motor domain
structure ) indicates that Cy82 and Cy4?° are buried and
probably inaccessible to NEM. Ci$and Cys® are found
in loop 1 which, in combination with loops 5 and 9,
surrounds access to the ATP binding cles). (Structure
analysis suggests that C{%may be relatively inaccessible

Ncd is nonprocessive, since as pointed out by the authors,
their results do not exclude interaction and/or cooperation
between motor domaingl§). Our proposed mechanism is
also supported by two additional observations. First, the fact
that NEM treatment has no effect on binding of modified
MC1 (1 Cys residue per polypeptide) to MTs in the presence
of MgAMP-PNP (Figure 3) suggests that the “normal” rigor
attachment to MTs occurs with modified MC1, and therefore
that NEM does not affect interactions between the MT-
binding site and the ATP-binding site within a single motor

given the orientation of the side chain, but it appears that domain. On the other hand, a mechanism that involves

Cys*7” might be available for modification. Mass spectrom-
etry of MC1 modified with biotin-NEM and subsequently

disruption of interactions between the two motor domains
should have no impact on MgAMP-PNP-induced MT bind-

digested with endoproteinase Lys-C identified peptides ing, and therefore accounts for both the MgAMP-PNP and

containing 7 of the 9 Cys residues in unmodified form, but
did not reveal any peptides that contained biotin-NEM-
modified Cys residues. A peptide containing both €$and

Cys**was not identified, and although intriguing, the failure
to identify this peptide is not conclusive evidence that the

MgATP MT binding results. The second supporting observa-
tion involves the effects of NEM on MC1 motility. As
previously shown, MC1 does not move MTs unidirectionally
in the motility assay but rather supports one-dimensional
diffusional movement48). Examination of the effect of

unaccounted for Cys residues are modified, and may beNEM on this diffusional movement found no difference in

simply coincidental. However, when NEM-modified MC1
was digested with trypsin and fractions containing NEM-

the ability of unmodified or modified MC1 (1 Cys residue
per polypeptide) to support this movement (K. K. Phelps

labeled peptides were analyzed by mass spectrometry, aand R. A. Walker, unpublished data). This suggests that NEM

peptide $*CNEQQAAELETCKEQLFQSNMER®) with the
appropriate mass including 1 NEM-labeled Cys was identi-
fied from MC1 digests with an average labeling of either 1

does not influence the weak MT interactions associated with
diffusional movementZ8, 46), and is consistent with the
mechanism proposed above since diffusional movement is
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not likely to be inhibited by disruption of interactions and/
or cooperativity between the two motor domains.

A

final question is as follows. How does NEM induce

MC1 aggregation? We were unable to identify a specific Cys

that

, when modified, caused aggregation. Formic acid

digestion indicates that the critical Cys lies between Ncd

residues 209 and 524. Using the same structural arguments 19.
20.

presented above, Ci8and Cy4?° (and perhaps Cy%) are

buried and probably not accessible (although it is possible
that modification of another Cys may subsequently expose

one

of these). This leaves CH% either Cys8'® or Cys?*

(whichever is not associated with enhanced MT binding),

and Cy$%” as possible candidates. Since aggregation does
not affect MC1's basal ATPase rate and does not completely
eliminate the MT-stimulated ATPase rate, this suggests that

a stalk Cys and not a motor Cys may be involved in MC1
aggregation. One possibility may be that Cys modification
“opens up” the stalk domain in such a way that thbelices
form associations with other “opened-helices which in
turn links multiple dimers together.

In conclusion, we have provided evidence that modifica-

tion

of Cys$*¥and/or Cy#*is associated with the inhibitory

effects of NEM on Ncd 20). This finding underscores the
importance of the stalk and/or neck region specifically for
Ncd function and generally for other dimeric members of
the kinesin superfamily.
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