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To identify a protein histidine methyltransferase
rom Saccharomyces cerevisiae, we examined purified
ctin for the presence of the highly conserved 3-meth-
lhistidine residue at position 73 by amino acid anal-
sis of the whole protein and by amino acid analysis
nd mass spectrometry of the corresponding tryptic
ragment. Surprisingly, we found that His-73 is not

odified. A similar lack of modification was also found
n actin from the yeast Candida albicans, while rabbit

uscle actin revealed the expected 3-methylhistidine
esidue. Phylogenetic analysis of actin sequences sug-
ests that this modification was introduced in evolu-
ion after the divergence of yeast from higher eukary-
tic organisms, including unicellular eukaryotes such
s Acanthamoeba, Dictyostelium, and Physarum,
hose actins contain 3-methylhistidine. Our method-
logy for the analytical determination of 3-methylhis-
idine in actin offers an improved approach for inves-
igating histidine methylation in proteins. © 1999

cademic Press

A histidine residue at position 73 is conserved in all
nown actins. With the single exception of the amoeba
aegleria gruberi actin, this histidine residue is post-

ranslationally modified to 3-methylhistidine (1–3).
his unusual modification is also found in some stri-
ted myosin isoforms (4, 5). The functional significance
f this modification of actin is unknown. Clearly, it is
ot required for Naegleria. When actin His-73 is re-
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laced using site-directed mutagenesis, the isotopically
abeled mutant proteins readily copolymerize with car-
ier wild-type actin (6). However, in this system, it is
ossible that defects in the small amount of labeled
utant actin could be compensated for by the much

arger amount of unlabeled wild-type actin used in the
opolymerization experiment. Recently, we have re-
laced this histidine residue in yeast actin with five
ther residues and have shown that the resulting ac-
ins are compatible with yeast viability (P. A. Ruben-
tein, unpublished data). The availability of these actin
utants will allow us to test the necessity of histidine

t the position 73 in a homogeneous preparation, but it
ill not allow us to assess the contribution of the
ethyl group per se.
Although neither the methylation nor the histidine

tself is required for viability, at least in yeast, the
resence of this modified residue may still confer some
uantitative advantage on actin function. The imida-
ole of this residue lies in actin’s subdomain 2 near the
ubdomain 1/2 interface on the exterior of the protein
locking a channel that allows water to enter the inte-
ior of the protein (7). From these data it has been
uggested that the methylhistidine side chain, by in-
eracting with phosphate ion released following hydro-
ysis of the actin-bound ATP during polymerization,

ay play an important role in preventing the facile exit
f the phosphate through this channel (8). Since the
tability of the actin filament is controlled by the state
f the nucleotide bound to the monomer in the fila-
ent, such a role for the methylhistidine would main-

ain the actin filament for an extended period of time.
his role for the methylhistidine, if true, would thus
ave a major impact on actin cytoskeletal dynamics

ithin the cell.
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106 KALHOR ET AL.
Despite the widespread occurrence of this modified
esidue in almost all actins, little if anything is known
bout the manner in which the methylation occurs.
his is due in large part to the lack of a convenient
ssay and to the absence of an experimental system in
hich actin methylation can be prevented. Although
aghavan et al. (9) demonstrated a His-methylating
nzyme in a mammalian cell extract using a peptide
ubstrate, it is not clear that this activity can methyl-
te the conserved histidine residue in actin.
We have been interested in identifying novel S-

denosylmethionine (AdoMet)3-dependent methyltrans-
erases in Saccharomyces cerevisiae, particularly en-
ymes that are involved in posttranslational modifica-
ions of proteins (10). Yeast is an ideal organism for
uch a search. The complete elucidation of its genome
equence allows one to identify potential candidates for
uch enzymes by searching for open reading frames
ith sequence motifs similar to those found in AdoMet-
tilizing enzymes. Yeast is genetically manipulatable
nd amenable to use for enzyme purification, and its
ntact cells take up [methyl-3H]AdoMet so that methyl-
cceptors can be radiolabeled. In this work, we focused
n 3-methylhistidine formation in yeast actin. How-
ver, we found that this modification was absent in
oth S. cerevisiae actin as well as actin from the unre-
ated yeast Candida albicans.

ATERIALS AND METHODS

Actin purification. Rabbit muscle actin was a generous gift from
r. Emil Reisler at UCLA. The site-directed mutagenesis procedure
f Feng et al. (11) was used to generate a mutant S. cerevisiae strain
arrying only the H73A actin. Details of the cell’s phenotype and the
ehavior of the actin in vitro will be described elsewhere. Actin was
solated from extracts of mutant and wild-type S. cerevisiae and from
. albicans by a combination of DNase I affinity chromatography,
EAE-cellulose chromatography, and a cycle of actin polymeriza-

ion/depolymerization as described previously (12).
Amino acid analysis of in vivo labeled yeast extracts. Intact yeast

ells were labeled with [methyl-3H]AdoMet and protein hydrolysates
ere analyzed on a column of Beckman AA-15 sulfonated polysty-

ene resin as described previously (10).
Fractionation of tryptic peptides of actin by HPLC. Purified actin

about 500 mg, 12 nmol) was denatured in 500 ml of 8 M urea for 1 h
t 37°C. The solution was then diluted to give final concentrations of
M urea, 1.5 mM Tris–HCl pH 7.5, and 1 mM CaCl2. Trypsin (25 mg,
igma type XIII, N-tosyl-L-phenylalanine chloromethyl ketone-
reated) was added and the mixture was incubated at 37°C for 4 h.
he entire digest was injected onto a C18 reverse-phase column

Microsorb-MV, 5 mm, 4.6-mm inside diameter, 250-mm length,
ainin) that was equilibrated in solvent A (0.1% triflouroacetic acid

n water) and eluted at room temperature at a flow rate of 1 ml/min
ith a linear gradient of solvent B (0–100%, 0.1% triflouroacetic acid

n acetonitrile) over 60 min. Eluant absorbance was monitored at 214
nd 295 nm. Fractions were collected manually.

2

m
Abbreviations used: AdoMet, S-adenosyl-L-methionine; [methyl-

H]AdoMet, S-adenosyl-L-[methyl-3H]methionine.
Amino acid analysis. Either 1 mg of purified actin or 200 ml of a
ollected HPLC fraction (containing about 1.4 nmol of each tryptic
ragment) was placed into a 6 3 50-mm glass vial, dried under
acuum, and acid-hydrolyzed in the vapor phase with 200 ml of 6 M
Cl at 110°C for 20 h in a Waters Pico-Tag apparatus. Hydrolysates
ere dissolved in 200 ml of water, and 10 ml was mixed with 5 ml of
-phthalaldehyde reagent (0.4% (w/v) o-phthalaldehyde, 10% (v/v)
ethanol, 0.4% b-mercaptoethanol, and 0.8 mg/mL Brij-35 (Sigma)

n 0.4 M potassium borate, pH 10.4). After 2 min, the reaction
ixture was injected onto a C18 reverse-phase column (Alltech
conosphere, 5 mm, 4.6-mm inside diameter, 250-mm length) equil-

brated in solvent C (895 ml 0.1 M sodium acetate, pH 7.2, 10 ml
etrahydrofuran, 95 ml methanol) and eluted at 1ml/min at room
emperature with increasing methanol (solvent D) concentration
time, % C, % D: 0, 100, 0; 15, 90, 10; 20, 0, 100; 25, 100, 0,
espectively). The fluorescent amino acid derivatives were detected
sing a Gilson Model 121 fluorimeter with an excitation filter at
05–395 nm and an emission filter at 430–470 nm at a setting of 0.1
FU. Quantitation of derivatized amino acids was calculated based
n the fluorescence of derivatized amino acid standards (Pierce
hemical Co., Standard H; 100–150 pmol) using an AD Instruments
pparatus with PowerChrom software.
Electrospray mass spectrometry. A Perkin–Elmer Sciex (Thron-

ill, Canada) API III triple quadrupole mass spectrometer was tuned
nd calibrated as previously described (13). HPLC fractions contain-
ng actin tryptic fragments were analyzed by direct injection (10–20
l/injection) in a stream of water/acetonitrile/formic acid (50/50/0.1,
y vol; 10 ml/min) entering the Ionspray ion source. Normal spectra
ere obtained by scanning from m/z 100–2300 (0.3 Da step size; 1-ms
well time; 7.72 sec/scan; orifice voltage, 50). Averaging of all the
cans accrued from each sample injection, calculation of molecular
eights from the series of multiply charged ions found in the spectra,
nd deconvoultion of the ion series into molecular weight spectra
ere achieved with the MacSpec computer program (version 3.3, PE
ciex, Ontario, Canada). For MS/MS spectra, positive fragment ion
pectra of Q1 preselected parent ions were produced by collisionally
nduced dissociation (collision gas (10% nitrogen in argon) thickness
nstrument setting (CGT) of 200, R0-R2 offset of 30 V) by scanning Q3
rom m/z 50–2000 (step size, 0.3 Da; dwell time, 1 ms; 6.84 s/scan;
rfice voltage, 75). Averaging of all the scans accrued from each
ample injection was achieved with the MacSpec computer program.
rediction of fragment ion m/z values (a, b, and c for N-terminal-
ontaining fragments and x, y, and z for the C-terminal-containing
ragments) from theoretical amino acid sequences was achieved with
he MacBiospec computer program (version 1.01, PE Sciex, Ontario,
anada, based on the MacProMass computer of Lee and Vermuri (14)).

ESULTS

To study actin methylation in yeast, we incubated
ntact S. cerevisiae cells with [methyl-3H]AdoMet to
abel methylated cell components. Total cellular pro-
ein hydrolysates were analyzed by amino acid analy-
is to compare the methylated amino acid residues of
ild-type yeast and a strain in which the actin gene is
utated to convert the conserved histidine residue at

osition 73 to an alanine residue to prevent methyl-
tion (Fig. 1). There was no reduction in the amount of
adioactivity that eluted at or near the position of
-methylhistidine in the hydrolysate of the mutant
hich contained Ala-73 actin. These results suggest

hat either the fraction of the total yeast 3-methylhis-
idine in actin is minimal or that yeast actin is not

ethylated at the conserved histidine.



r
y
r
c
d
t
e
d
m
h
1
a
s
a
c
h
n
s
r
a

y
i
f

r
h
m
m
p
d
i
q
o
e
p
l
s
w
t
w
p
m
t

p
c
b
m
t
w
w
b
t
c
F
i
s
l
t

y
a
F
t
d
(
o
p
f
fi
3
a

M
d
t
g
M

F
e
(
r
3

c
M
c
o
h
y
t
e

107LACK OF METHYLATION OF YEAST ACTIN
To directly examine the methylation of this histidine
esidue in yeast actin, we carried out amino acid anal-
ses of the purified actin from S. cerevisiae and from
abbit muscle actin as a control. We optimized the
hromatographic conditions to separate the o-phthala-
ehyde derivatives of 3-methylhistidine from those of
he other amino acids present in the hydrolysate. An
lution system was developed in which the fluorescent
erivative of 3-methylhistidine elutes as a single sym-
etrical peak at 9.5 min, baseline resolved from the
istidine peak at 8.0 min and from the arginine peak at
3.0 min (Fig. 2A). The hydrolysate of purified rabbit
ctin showed a peak at 9.5 min retention time, corre-
ponding to 3-methylhistidine as expected (Figs. 2A
nd 2B, trace A), but no peak was evident in the S.
erevisiae actin hydrolysate (Fig. 2B, trace B). The
ydrolysate of purified actin from C. albicans also did
ot contain a peak eluting at the retention time corre-
ponding to 3-methylhistidine (Fig. 2B, trace C). These
esults strongly suggest that actins from these fungi
re not modified by histidine methylation.
To confirm unambiguously that His-73 is not meth-

lated in actins of S. cerevisiae and C. albicans, we
solated the actin tryptic fragments containing His-73

IG. 1. Amino acid analysis of 3-methylhistidine in intact S. cer-
visiae. Yeast cells containing a wild-type actin gene (strain AN12
10)) and cells containing a mutant actin gene where the His-73
esidue is replaced by alanine (H73A) were labeled with [methyl-
H]AdoMet and the acid-hydrolyzed protein fraction analyzed by
ation exchange chromatography as described under Materials and
ethods. The radioactivity in the AN12 strain is shown by open

ircles and that of the H73A strain with closed circles. The intensity
f the ninhydrin color (570 nm) of 1-methylhistidine and 3-methyl-
istidine standards (1 mmol) is shown as dotted lines. The 3-meth-
lhistidine standard was cochromatographed with the H73A sample;
he 1-methylhistidine standard was chromatographed in a parallel
xperiment.
rom the purified proteins. Although the HPLC sepa-
d
v

ation of trypsinized actin from mammalian brain cells
as been reported in the literature (15), the assign-
ent of the HPLC retention time for each tryptic frag-
ent has not been done. Therefore, we exploited the

resence of a single conserved Trp residue in the pre-
icted 69–84 tryptic peptide containing the His-73 res-
due from each of the species. The amino acid se-
uences of actins from yeast and rabbit predict a total
f only three Trp-containing tryptic peptides; one is
xpected to elute earlier than the His-73 containing
eptide, and the third fragment is expected to elute
ater (16). Using an absorbance detector at 295 nm to
pecifically monitor tryptophan-containing peptides,
e were able to detect two main peaks for each

rypsinized actin (Fig. 3). The predicted third fragment
as not detected under these conditions. The second
eak had the expected elution time for the 69–84 frag-
ent, and it was collected and analyzed by mass spec-

roscopy and amino acid analysis as described below.
The electospray mass spectra of the HPLC-purified

utative actin 69–84 fragments from rabbit, C. albi-
ans, and S. cerevisiae all revealed signals for the dou-
ly and triply charged molecules (data not shown). The
olecular weight calculation based on these signals for

he rabbit peptide agreed within experimental error
ith that calculated for the 69–84 tryptic fragment in
hich His-73 is substituted with methylhistidine (Ta-
le I). In contrast, the spectra of the S. cerevisiae and
he C. albicans fractions were consistent with peptides
ontaining an unmodified histidine residue (Table I).
or rabbit actin, we saw no signal for the correspond-

ng nonmethylated tryptic fragments, and the yeast
amples gave no signal for a methylated fragment. The
imits of detection were estimated at less than 5% of
he main signals.

We next confirmed the presence or absence of meth-
lhistidine in the purified tryptic fragments by the
mino acid analysis system described in the legend to
ig. 2. As expected, a symmetrical peak with elution
ime of 9.5 min corresponding to 3-methylhistidine was
etected only from the purified rabbit tryptic fragment
Fig. 4). For each eluted tryptic fragment, the amount
f 3-methylhistidine was calculated with respect to the
eak for aspartate and glutamate (not shown). We
ound 1.05 mol of 3-methylhistidine per mole of puri-
ed rabbit tryptic fragment, but less than 0.007 mol of
-methylhistidine per mole of the S. cerevisiae and C.
lbicans tryptic fragments.
The tryptic fragments were further analyzed by
S/MS to prove that the observed molecular mass

ifference between the rabbit tryptic fragment and
hose of the yeast was the result of an extra methyl
roup on the histidine residue at position 73. The
S/MS spectra collected from collisionally activated

issociation of each doubly protonated molecule, re-

ealed a series of fragment ions (Fig. 5). The majority
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108 KALHOR ET AL.
f these could be assigned as b- or y-type ions on the
asis of their observed m/z values by comparison to the
redicted array of fragments for each putative peptide.
oth y- and b-type ions are formed by cleavage of the
mide bonds; charge retention on the N-terminal frag-
ent gives rise to b-type ions, and charge retention on

he C-terminal fragment gives rise to y-type ions. In
articular, each spectrum unequivocally revealed
4/b5 and y11/12 ion pairs which spanned the putative
is-73 residue in S. cerevisiae and C. albicans and the
ethylhistidine in rabbit (Fig. 5). These results clearly

emonstrate that His-73 is methylated in the rabbit
ryptic fragment and that it is not methylated in that of

IG. 2. Amino acid analysis of 3-methylhistidine in purified actin
Pierce Standard H, 100 pmol) with or without 3-methylhistidine
hromatographed on a reverse-phase HPLC column as described un
mino acids are indicated by arrows and 3-methylhistidine is labeled
hreonine coelute, histidine gives two peaks, and the hydrophobic am
erivatized hydrolysates of purified actin from rabbit (trace A), S. ce
ither S. cerevisiae or C. albicans. t
We were initially puzzled that some actins from
nicellular eukaryotes are methylated (i.e., Dictyo-
telium discoideum (17), Physarum polycephalum
18), and Acanthamoeba castellanii (19)) and that
ome are not (i.e., Naegleria gruberi (20), S. cerevi-
iae, and C. albicans (this work)). To determine if
here might be an evolutionary basis for the differ-
nce in the methylation between these two groups of
ctins, a phylogenetic tree was constructed using the
rimary sequences of actins from several species in
hich absence or presence of methylation of His-73
as been reported. The results, shown in Fig. 6,
emonstrate a clear phylogenetic demarcation be-

drolysates. (A) o-Phthaladehyde-derivatized standard amino acids
50 pmol) and the acid hydrolysate of rabbit muscle actin were

r Materials and Methods. The elution positions for the derivatized
-MeHis. In this system, aspartate and glutamate coelute, serine and
acids are retained. (B) Enlarged portions of the chromatographs for
isiae (trace B), and C. albicans (trace C).
hy
(1

de
as 3
ween those organisms that are methylated and
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109LACK OF METHYLATION OF YEAST ACTIN
hose that are not. This tree is consistent with the
dea that the methylation of His-73 appeared in evo-
ution after the separation of yeast from Dictyoste-
ium, Physarum, Acanthamoeba, and higher organ-
sms. The tree also agrees with previous reports that
ictyostelium is more closely related to mammalian

ells than is yeast (21).

IG. 3. HPLC fractionation of the trypsin digest of purified actins.
ctins from rabbit skeletal muscle, S. cerevisiae, and C. albicans
ere digested with trypsin, and the resulting peptides fractionated
sing reverse-phase HPLC as described under Materials and Meth-
ds. The HPLC eluate was monitored at 214 and 295 nm. The tryptic
ragment 69–84, identified by electrospray mass spectrometry (Ta-
le 1) and amino acid analysis (Fig. 4), is indicated by an asterisk.

TAB

Molecular Weights of Actin Tryptic Peptide 69–84 from Var

Species (predicted sequence) Observed molecular wei

abbit (YPIEHGIITNWDDMEK) 1974.9 6 0.6
. cerevisiae (YPIEHGIVTNWDDMEK) 1946.8 6 0.5
. albicans (YPIEHGIVSNWDDMEK) 1932.6 6 0.2

a Each value is an average determined from the masses of doubl

eviations.

b Calculated average (chemical) molecular weights.
ISCUSSION

Despite the high conservation of the uncommon
-methylhistidine residue at position 73 in actin, we
ave documented the absence of this posttranslational
odification in two distantly related yeast species by

mino acid analysis and mass spectrometry. We have
hown that there appears to be a clear evolutionary
emarcation among species that do or do not methylate
ctin His-73 residues, suggesting that this modifica-
ion was introduced after the appearance of unicellular
ukaryotes. Our earlier work demonstrated another
ype of posttranslational processing in actins from cells
anging from Dictyostelium to mammals. This modifi-
ation involves N-terminal processing in which one or
wo amino acids are removed singly from the N-termi-
us following acetylation as N-acetylamino acids until
n acidic residue is reached. Acetylation of this residue

I

s Sources Determined by Electrospray Mass Spectrometry

a
Calculated molecular weight
for unmethylated peptideb

Calculated molecular weight
for methylated peptideb

1961.2 1975.2
1947.2 1961.2
1933.1 1947.1

nd triply charged ions from two separate experiments 6 standard

IG. 4. Amino acid analysis of 3-methylhistidine in purified tryptic
eptides. HPLC-purified tryptic peptide 69–84 from rabbit, S. cer-
visiae, and C. albicans was acid hydrolyzed, o-phthaladehyde deri-
atized, and eluted on a reverse-phase HPLC column as shown in
ig. 2. 3-Methylhistidine is labeled as 3-MeHis.
LE

iou

ght
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110 KALHOR ET AL.
roduces the final N-acetylated amino terminus of the
rotein (22–25). Interestingly, this modification also
oes not occur in the yeasts S. cerevisiae and C. albi-
ans, nor the yeast Schizosaccharomyces pombe or the
lamentous fungus Aspergillus nidulans (26). When
e examined Acanthamoeba actin, we found that pro-

essing did not occur both because the pre-actin was
ot a substrate and because the organism itself did not
ossess processing activity (27). Although we did not
tudy the processing in Naegleria, this particular type
f processing cannot occur in this organism since the
oding sequence for its N-terminus includes 10 addi-

IG. 5. MS/MS spectra of purified peptides. MS/MS spectra derived
or rabbit (A), S. cerevisiae (B), and C. albicans (C) purified tryptic fra
ith the array of ions predicted for each peptide and are shown for
he sequence for each tryptic fragment along with some of the b an

IG. 6. Phylogenetic tree. Actin sequences were obtained from Gen
sing the multiple sequence alignment program MegAlign (31). A p

ethod to the distance and alignment data (32). The actin sequence of
pecies labeled with an asterisk contain 3-methylhistidine in their acti
ional amino acids which are not found in its mature
orm of the protein (27). Thus, our demonstration of the
ack of histidine methylation would be the second post-
ranslational modification that separates the actins of
his older group of protists from their more evolution-
ry advanced counterparts. However, since Ancan-
hamoeba actin shows methylation of His-73 and not
he N-terminus processing, these two different modifi-
ations most likely did not arise in parallel.
The methodology reported here for determination of
ethylhistidine in actin offers a significant advantage

ver previous approaches (20, 29, 30). The o-phthalal-

collisionally activated dissociation of the doubly charged parent (P)
ent 69–84. Ions assignments (y and b) were made after comparison
w crucial ions as observed m/z with calculated m/z in parentheses.
ion fragmentation is shown as an inset.

nk. Complete sequences of actin were aligned by the clustal method
logenetic tree was constructed by applying a neighborhood-joining
by
gm
Ba
hy
N. fowleri was used in place of N. gruberi, which was not available.
n.
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111LACK OF METHYLATION OF YEAST ACTIN
ehyde derivative of methylhistidine can be clearly
esolved chromatographically from that of other amino
cids while taking advantage of the sensitivity of the
uorescent labeling. We were able to detect less than 1
ol % 3-methylhistidine in yeast actin, a much lower

imit than the 20 mol % reported previously in N.
ruberi (20). Whereas previous methods required a
inimum of 500 mg of actin (30), just 100 mg of actin
as sufficient to quantify 3-methylhistidine in this

tudy.
Because the presence of the methyl group on His-73

hanges the pKa of the imidazole, methylation could play
n important role quantitatively in ionic processes such
s interaction with the phosphate ion released following
he hydrolysis of ATP within the cleft of the protein (7, 8).
ikewise, methylation might modulate the ionic interac-

ion with one or more of many actin binding proteins that
nteract with the actin filament between adjacent mono-

ers in the part of the protein where His-73 is located.
he extra hydrophobicity and bulk of the methyl group
ould also play a role in these processes. We simply do not
ave the answers to these questions yet because we have
ot had access to the same actin in the methylated vs the
onmethylated state.
The demonstration that yeast does not methylate

ctin now allows the possibility of testing these theo-
ies directly. Aspenstrom and Karlsson (28) have de-
ised an actin expression system in yeast in which
hicken nonmuscle b-actin is coexpressed with the en-
ogenous yeast actin, and the two actins are separated
hromatographically following cell lysis. This avian ac-
in has a structure identical to b-nonmuscle actin from
ammalian sources. Using this system, one could now

ompare the behavior of the b-actin isolated from yeast
ith that isolated from either avian or mammalian

issue to address the role of this modification in differ-
nt in vitro assays. The finding that yeast actin is
ot modified also suggests that it may be useful as

methyl-acceptor substrate to identify the actin
ethyltransferase in higher organisms. In summary,

ur demonstration of the lack of actin histidine
ethylation in yeast may be a crucial step in leading to
better understanding of the role of this modification

n actin function.
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