
C

K
D

R

a
a
n
G
o
t
l
i
p
t
a
G
t
C
v
v
m
e
o
p

C

a
a
1
s
l
v
l
p
r
G
a

c
p
u

7

Biochemical and Biophysical Research Communications 270, 131–136 (2000)

doi:10.1006/bbrc.2000.2400, available online at http://www.idealibrary.com on
ysteine 3 Is Not the Site of in Vitro Palmitoylation on Gsa

laus Scholich, Yinges Yigzaw, and Tarun B. Patel1

epartment of Pharmacology, University of Tennessee, Memphis, 874 Union Avenue, Memphis, Tennessee 38163

eceived February 29, 2000
Ga-GTP becomes depalmitoylated (3). The intrinsic
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Several studies have examined the role of palmitoyl-
tion of G protein a subunits by nonenzymatic in vitro
cylation using palmitoyl-CoA. Here, we investigated
onenzymatic palmitoylation of purified Gsa in vitro.
DP-bound Gsa was stoichiometrically autoacylated
n cysteine residue(s) with micromolar concentra-
ions of palmitoyl-CoA. The acylation led to a complete
oss of steady-state GTPase activity and GTPgS bind-
ng to Gsa. Mutation of Cys 3 to Ala in Gsa did not
revent either palmitoylation or its consequent func-
ional alterations. However, stoichiometric palmitoyl-
tion of His6-Gsa did not alter its GTPase activity or
TPgS binding. Isoelectric focusing of tryptic pep-

ides from autoacylated wild type, His6-tagged, and
3A mutant of Gsa showed that Cys 160 is the site of in
itro palmitoylation. Therefore, we conclude that in
itro palmitoylation of Gsa occurs on Cys 160 and this
odification decreases the ability of the protein to

xchange GTP for GDP; N-terminus elongation
f Gsa prevents this latter effect without altering
almitoylation. © 2000 Academic Press

Key Words: G-protein; palmitoylation; palmitoyl-
oA; lipid modification.

Palmitoylation of G protein a subunits is a reversible
nd dynamic process, which is regulated in vivo by the
ctivation of G-protein coupled receptors (reviewed in
). The a subunits of members of the Gi, Gq and Gs

ubfamilies of heterotrimeric G-proteins are palmitoy-
ated on a cysteine close to the amino terminus (re-
iewed in 1). Inactive heterotrimeric G-proteins are
ikely to be membrane bound with the Ga subunit
almitoylated (1, 2). Receptor activation enhances the
ate of GTP-GDP exchange on the a-subunit of
-proteins and leads to dissociation of the GTP-bound,
ctive, Ga from its bg subunits. In the activated state

Abbreviations used: Gs, stimulatory GTP-binding protein of adenylyl
yclase; Gsa, a subunit of Gs; GTPgS, guanosine 59-3-O-(thio)triphos-
hate; IEF, isoelectric focusing; His6, hexahistydyl; Gbg, b and g sub-
nits of heterotrimeric G proteins; IPG, immobilized pH gradient gel.

1 To whom correspondence should be addressed. Fax: (901) 448-
300. E-mail: tpatel@physio1.utmem.edu.
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TPase activity of the Ga hydrolyzes the bound GTP to
DP and the GDP-bound, inactive, Ga gets palmitoy-

ated and re-associates with the bg subunits to form
he heterotrimeric G-protein, thereby completing the
ctivation-inactivation cycle (reviewed in 1, 2). To date,
ittle is known about the role and regulation of palmi-
oylation in this cycle. It seems that palmitoylation
ncreases the affinity of Ga for its bg subunits (4) and

ay interfere with binding of RGS-proteins (5). Re-
ently an acyl-protein thioesterase was purified which
s able to remove palmitate from different Ga subunits
6). However, to date no enzyme has been identified or
solated which palmitoylates G-proteins. Duncan and
ilman (7) have shown that palmitoyl-CoA can stoi-

hiometrically palmitoylate Gia1 in vitro in the absence
f an acyltransferase and that the kinetics for this
eaction resembles those described for palmitoylation
n vivo. These findings led to speculations that non-
nzymatic acylation may also occur in vivo (1, 2, 7, 8).
egardless of how the palmitoylation in vivo occurs,
onenzymatic palmitoylation of Gia1 provides a conve-
ient and powerful tool for the in vitro investigation of
he role of this lipid modification (5, 6, 9).

It is well documented that the a subunit of the stim-
latory G-protein (Gsa) also undergoes a cycle of palmi-
oylation and depalmitoylation upon stimulation by its
ctivated receptor (3, 10, 11). Recent approaches to test
onenzymatic palmitoylation have been limited by the

ow stoichiometry with which Gsa gets palmitoylated
nd the lack of evidence showing that the amino acid
esidue on Gsa which is palmitoylated in vitro is the
ame as the cysteine residue (Cys 3) palmitoylated in
ivo (6, 7, 12). Therefore, the aims of our study were to
chieve stoichiometric palmitoylation of Gsa in vitro, to
etermine the functional significance of this acylation,
nd to determine whether the cysteine residue, which
s autoacylated in vitro is the same as that palmitoy-
ated in vivo.

ATERIALS AND METHODS

Construction of the C3A mutant of Gsa. Employing the full length
sa cDNA (gift from Dr. A. G. Gilman) as template and primers
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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GGCGCTCTCGGAAAC 39; (nucleotide substitutions underlined)
nd 1129–1145 (sequence: 59 TATATAAGCTTTTAGAGCAGCT-
ATAC 39) the C3A mutation was generated by PCR. The NcoI and
indIII sites in the 59 and 39 primers, respectively, facilitated the
irectional cloning of the cDNA into the plasmid pQE60. A similar
pproach was pursued for cloning the His6-Gsa in the bacterial ex-
ression vector pRSET B.

Purification of G protein bg-subunits and recombinant Gsa. The
xpression and purification of the recombinant Gsa was performed as
escribed by Graziano et al. (13). Gbg subunits were purified as
escribed by Neer et al. (14) with modifications of Mumby et al. (15).
eterotrimeric Gs was reconstituted by mixing Gsa with purified
ovine brain Gbg subunits (Gsa:bg molar ratio of 1:5) and incubated
or 1 h at 4°C (16). The His-tagged Gsa was purified as described (17).
ll G-protein a subunits were tested for functional activity in adeny-

yl cyclase activity assays with soluble recombinant adenylyl cyclase
s described (17).

Steady state GTPase activity and GTPg35S binding assay. Mono-
eric Gsa or the reconstituted G proteins were incubated at 25°C in

5 mM Hepes.NaOH pH 8.0, 0.1 mM EDTA, 1 mM DTT and 150 mM
gCl2. Hydrolysis of [g-32P] GTP which was linear for 30 min was
easured in triplicate samples after 20 min by charcoal precipitation

s described previously (18). The GTPg35S binding was monitored
ith 0.1 mM GTPg35S in 25 mM Hepes z NaOH pH 8.0, 0.1 mM
DTA, 1 mM DTT and 150 mM MgCl2 as described previously (18).

In vitro palmitoylation of Gsa. Purified Gsa (250 nM) was incu-
ated for different times with varying concentrations of palmitoyl-
oA (Sigma) in a buffer containing 50 mM Tris-HCl, pH 8.0, 0.1 mM
DTA, 12.2 mM CHAPS and 1 mM GDP at 30°C. For GTPg35S
inding and steady-state GTPase activity assays, portions of the
almitoylation reaction were diluted 10-fold in the final assay mix.
s control, Gsa was incubated under identical conditions without
dding any palmitoyl-CoA. The amount of active Gsa at the different
ime points was determined by stoichiometric binding of GTPg35S
16). To measure the amount of palmitoyl-CoA bound to Gsa, [1-14C]
abeled palmitoyl-CoA (Sigma) was employed. Palmitoylated G-pro-
ein was mixed with Laemmli sample buffer lacking b-mercapto-
thanol, heated for 15 min at 65°C and loaded on a 10% SDS-
olyacrylamide gel. The gel was stained with Coomassie, then
reated with En3Hance (DuPont) for 30 min and rinsed with water
or another 30 min. The gel was then exposed for 2–3 days at 280°C.
ands representing Gsa were excised and incubated in 1 ml NCS-II

issue solubilizer (Amersham) for 16 h at 37°C before counting.

Trypsin digestion and Isoelectric focusing (IEF) of Gsa. Gsa was
almitoylated in presence of 5 mM palmitoyl-CoA for 1 h at 30°C as
escribed above. Free palmitoyl-CoA was removed by exchanging the
uffer against 50 mM Tris-HCl, pH 8.0, 0.1 mM EDTA, 12.2 mM
HAPS using Microcon 30 spin columns (Amicon). The eluted pro-

ein was then incubated with trypsin (0.2 mg/ml) at 37°C. After 15 h,
resh trypsin was added to a final concentration of 0.4 mg/ml and
ncubated for another 8 h at 37°C. The digested protein was analyzed
sing the Protean IEF Cell (BioRad) with 17 cm immobilized pH
radient gel (IPG) strips (pH range of 3–10) according to the instruc-
ions of the manufacturer (BioRad). The gel-strips were then exposed
or 2–8 days at 280°C.

Trypsin protection assay. Gsa was palmitoylated in presence of 5
M palmitoyl-CoA for 1 h at 30°C as described above. Thereafter,
almitoylated and untreated Gsa were incubated with or without 1
M GTPgS in a buffer containing in 25 mM Hepes z NaOH pH 8.0,
.1 mM EDTA, 1 mM DTT and 25 mM MgCl2 for 45 min at room
emperature. TPCK-Trypsin (Pierce) was added to a final concentra-
ion of 0.1 mg/ml and the incubation was continued for another 5 min
t room temperature. The reactions were terminated by adding
aemmli sample buffer lacking b-mercaptoethanol, heated for 15
in at 65°C and loaded on a 10% SDS-polyacrylamide gel.
132
Recent attempts to investigate the nonenzymatic
almitoylation of Gsa (6, 7) were suboptimal because
toichiometric palmitoylation of Gsa could not be
chieved. To determine if Gsa can be autoacylated
toichiometrically, recombinant Gsa was purified to
omogeneity following the protocol of Graziano et al.

13). GDP-Gsa was incubated with increasing concen-
rations of [14C]palmitoyl-CoA and the amount of
14C]palmitoyl-CoA bound to Gsa was determined (Fig.
A). Increasing the concentration of palmitoyl-CoA
uring the 1 h of incubation at 30°C, increased the
otal incorporation of palmitate such that at palmitoyl-
oA concentrations of 5 and 10 mM, 0.9 mol palmitoyl-
oA was incorporated per mol of Gsa; 50% of maximal
almitoylation of Gsa was achieved by 1 mM palmitoyl-
oA. The palmitoylation was time dependent and
eached apparent stoichiometry at 60 min (Fig. 1A,
nset). Increasing the incubation temperature to 37°C
owered the palmitoyl-CoA concentrations required for
toichiometric palmitoylation by nearly 10-fold (Fig.
B). Hence, the concentration of palmitoyl-CoA re-
uired to observe 50% palmitoylation was 0.15 mM at
7° C as compared with 1 mM at 30° C (c.f. Figs. 1A and
B). This concentration (0.15 mM) lies within the con-
entrations reported for cytosolic acyl-CoAs, which
ange from 0.5 mM to 3 mM (19, 20). Notably, under
imilar conditions the palmitoyl-CoA concentrations
eeded for the palmitoylation of Gsa are 4 times lower
han the concentrations required for autoacylation of

ia1 (c.f. Fig. 1A and ref. 7).
Duncan and Gilman (7) reported that only a small

art of the total protein was palmitoylated when het-
rotrimeric Gs or monomeric GTPgS-bound Gsa was
mployed in the autoacylation assay Gsa (20% and 5%,
espectively). However, these authors found that the
ate of palmitoylation for heterotrimeric Gi was four
imes higher than that for the monomeric GDP-Gia1 or
TPgS activated Gia1 (7). Therefore, we investigated

he influence of the conformation of Gsa on nonenzy-
atic palmitoylation by monitoring autoacylation of

eterotrimeric Gs, GDP-bound monomeric Gsa, GTPgS
ctivated Gsa and Al3F4

2 activated Gsa (Fig. 2A). Mono-
eric Gsa bound to either GDP or Al3F4

2 was palmitoy-
ated to a similar extent. On the other hand, as com-
ared with GDP-Gsa only 3% of GTPgS-Gsa and 30% of
eterotrimeric Gsa was palmitoylated (Fig. 2A). These
esults indicate that inactive (GDP-bound) monomeric

sa and its transition state (Al3F4
2-bound) are the pre-

erred conformations for palmitoylation. These find-
ngs are consistent with the model for G-protein pal-

itoylation (1, 3). Additionally, our data (Fig. 2A) show
hat subtle conformational changes between the tran-
ition state (Al3F4

2-bound) and active (GTPgS-bound)
sa dramatically alters the autoacylation by palmitoyl-
oA.
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Neutral hydroxylamine specifically cleaves thioester
onds which are generated by the reaction of
almitoyl-CoA with a cysteine residue (21). To deter-
ine whether the in vitro palmitoylation involved cys-

eine residues, we treated [14C]-palmitate labeled Gsa

ith neutral hydroxylamine. Hydroxylamine treat-
ent removed the radioactive label from Gsa and His6-
sa (Fig. 2B). Furthermore, palmitoylation was partly

nhibited in the presence of 30 mM DTT (data not
hown). These findings indicate that the palmitoyl-
tion of Gsa involves thioester bonds on cysteine resi-
ue(s).
To study the effects of palmitoylation on GDP-GTP

xchange and GTPgS binding to Gsa, we palmitoylated
DP-Gsa and measured steady-state GTPase activity

FIG. 1. Stoichiometric, nonenzymatic palmitoylation of Gsa. (A)
almitoylation of Gsa with varying concentrations of [14C]palmitoyl-
oA at 30°C. GDP-bound Gsa (250 nM) was incubated as described
nder Materials and Methods with increasing concentrations of
1-14C]palmitoyl-CoA. After 60 min at 30°C the reactions were
topped with Laemmli sample medium devoid of reducing agents
nd loaded on a 10% SDS-polyacrylamide gel. Bands corresponding
o Gsa were excised and the incorporated radioactivity was counted.
o monitor the time course of the reaction (inset), aliquots were
ithdrawn from the reaction mixture at different times, mixed with
aemmli sample medium, and stored on ice until loading on a 10%
DS Gel. A representative of four experiments is shown. (B) Same as
except that the reactions were performed for 60 min at 37°C.
133
sa is limited by the GDP off-rate (22) and is a measure
f GTP-GDP exchange. Palmitoylation of wild-type Gsa

nhibited the steady-state GTPase activity of Gsa as
ell as its ability to bind GTPgS (Fig. 3). Notably, the

FIG. 2. Nonenzymatic palmitoylation of Gsa is determined by its
onformation. (A) Reconstituted heterotrimeric Gs, GDP-bound Gsa,
TPgS-bound Gsa and Al3F4

2-bound Gsa (250 nM each) were palmi-
oylated in presence of 5 mM [1-14C]palmitoyl-CoA for 45 min at 30°C.
he samples were then loaded on a 10% SDS-Gel and analyzed as
escribed in the legend to Fig. 1. Top of panel shows a representative
xperiment in which Gsa on the gel was visualized by Coomassie
taining and the same gel was then subjected to autoradiography to
isualize the [14C]palmitate incorporation. Bands from the gels were
xcised and counted for [14C] content. The lower part of the panel
hows these values presented as the mean 6 SEM of three determi-
ations. (B) Treatment of autoacylated Gsa or His6-Gsa with 1 M
ydroxylamine removes the [14C]palmitate from the protein. Palmi-
oylation was performed as described above for 1 h at 30°C, then 1 M
ydroxylamine or 1 M Tris, pH 7.4, was added and the reactions were

ncubated for additional 15 min at 30°C. Sample analysis was per-
ormed as described under (A). Note: The His6-Gsa migrates as a
igher molecular weight protein as compared to the wild-type Gsa.
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ercentage of inhibition correlated with the percentage
f Gsa, which was palmitoylated (c.f. Fig. 3 and 1A).
ncubation of Gsa with CoA alone or adding palmitoyl-
oA directly to the GTPase activity assay (i.e. no pre-

ncubation of palmitoyl-CoA and Gsa) did not interfere
ith enzyme activity (data not shown). Interestingly,

he steady-state GTPase activity and GTPgS binding
o His6-Gsa which had been palmitoylated were not
nhibited (Fig. 3) suggesting that different cysteine
esidues on Gsa and His6-Gsa are palmitoylated. This
uggestion was tested as described later.
Studies with mutated Gsa have shown that the
-terminal cysteine (Cys 3) is the site of palmitoylation

n vivo (10, 23). Employing a mutant form of purified
sa in which this cysteine residue is substituted by
lanine (C3A), we tested if the same cysteine residue is
almitoylated in vitro. The sequences of mutant and
ild type Gsa were each confirmed by DNA-sequencing
f the respective cDNAs as well as matrix-assisted
aser desorption ionization–mass spectrometry and se-
uencing of the purified proteins. Interestingly, we
ere not able to detect any differences in nonenzymatic
almitoylation between wild-type and C3A mutant Gsa

c.f. Figs. 2A and 4A). The inhibition of steady-state
TPase activity and GTPgS-binding occurred at EC50

alues similar to those required to inhibit wild-type Gsa

c.f. Fig. 3 and 4B). Treatment with hydroxylamine was
ble to remove the radioactive labeled palmitate from
he C3A mutant of Gsa, indicating that the modification
nvolves cysteine residue(s) (Fig. 4A). These findings

FIG. 3. Palmitoylation of Gsa, but not His6-Gsa, inhibits the
teady-state GTPase activity as well as its ability to bind GTPgS.
ild type Gsa or His6-Gsa were incubated as described with increas-

ng concentrations of palmitoyl-CoA. After 60 min at 30°C, the reac-
ions were divided in two aliquots and each incubated at 25°C in 25
M Hepes z NaOH pH 8.0, 0.1 mM EDTA, 1 mM DTT and 150 mM
gCl2 with 100 nM [g-32P]GTP. 32P-ortho-phosphate released from

ydrolysis of [g-32P]GTP was measured after 20 min as described
reviously (18). GTPg35S binding was monitored in presence of 1 mM
TPg35S in 25 mM Hepes z NaOH pH 8.0, 0.1 mM EDTA, 1 mM DTT
nd 25 mM MgCl2. Values presented are the mean 6 variance. Data
re representatives of at least 2 experiments done in duplicates.
134
TPase activity and GTPgS binding which are ob-
erved upon palmitoylation of Gsa in vitro are not re-
ated to the palmitoylation of Cys 3 on the protein but
re due to palmitoylation of cysteine residue(s) other
han the in vivo palmitoylation site.

As described above, in contrast to wild-type Gsa the
teady-state GTPase activity and GTPgS binding to
is6-Gsa was not inhibited by palmitoylation (Fig. 3).
herefore, we investigated if the His6-Gsa is palmitoy-

ated at Cys 3. Digestion of GTPgS-bound Gsa by tryp-
in removes the N-terminal 20 amino acids in the pro-
ein (20); among these, the only cysteine residue is Cys
. Notably, the GDP-bound Gsa is completely digested
y trypsin treatment (20). Therefore, we reasoned that
omparison between trypsin digested GTPgS-bound
nd GDP-bound palmitoylated His6-Gsa would reveal

FIG. 4. Nonenzymatic palmitoylation of the C3A mutant of Gsa is
ot different from the wild-type Gsa. (A) The C3A mutant of Gsa (250
M) in its reconstituted heterotrimeric (1bg), or monomeric GDP-
ound, GTPgS-bound and Al3F4

2-bound forms were palmitoylated in
resence of 5 mM [1-14C]palmitoyl-CoA for 1 h at 30°C and analyzed
n a 10% SDS-Gel. In the last lane the GDP bound C3A mutant was
reated with 1 M hydroxylamine (HA) as described in Fig. 2A. (B)
utoacylation inhibits the steady-state GTPase activity of, and
TPgS binding to, the C3A mutant of Gsa. The C3A mutant of Gsa

as incubated as described above with increasing concentrations of
almitoyl-CoA for 60 min at 30°C prior to measurements of steady-
tate GTPase activity and GTPgS binding. Values presented are the
ean 6 variance from 2 experiments done in duplicates.
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hether Cys 3 was the site of palmitoylation. Interest-
ngly, while non-palmitoylated His6-Gsa was partially
rotected from trypsin digestion (Fig. 5), the GTPgS-
ound form of palmitoylated His6-Gsa was not protected
gainst trypsin cleavage (Fig. 5). Moreover, the
DP bound forms of both palmitoylated and non-
almitoylated His6-Gsa were completely digested by
rypsin (Fig. 5). These data suggest that palmitoylation
f the His6-Gsa does not allow its GTPgS bound form to
ssume a conformation which is partially protected
rom trypsin digestion. However, this palmitoylation-
licited change is subtle enough so that neither the
TP-GDP exchange nor the GTPgS binding to the
is6-Gsa are altered. Importantly, however, this lack of
rotection precluded us from drawing any inferences
bout the identity of the Cys residue(s) which is (are)
almitoylated on His6-Gsa.
To identify the cysteine residue(s) involved in the

onenzymatic palmitoylation of the wild-type, C3A
utant, and His6-Gsa, we analyzed the tryptic peptides

erived from 14C palmitoylated forms of the three pro-
eins by isoelectric focusing. For all three forms of Gsa,

tryptic peptide with an isoelectric point of approxi-
ately 4 (Fig. 6) was observed to be labeled with 14C

almitoyl-CoA. This suggested that all three forms of
sa are palmitoylated on the same cysteine residue.
otably, tryptic cleavage of Gsa produces only one pep-

ide (aa 152–167) with an isoelectric point of 3.74
hich contains a Cys residue (Cys 160). Therefore, it
ould appear that all three forms of Gsa are palmitoy-

ated on Cys 160. Although Cys 160 is not involved in
atalytic activity or GTP binding to Gsa (25, 26), Cys
60 is part of the catalytic pocket (25) and, therefore,
almitoylation of this residue may interfere with GDP/
TP exchange as well as GTP hydrolysis.

FIG. 5. The GTPgS-bound form of palmitoylated His6-Gsa is not
rotected against trypsin cleavage. His6-Gsa (250 nM) was palmitoy-
ated in presence of 5 mM palmitoyl-CoA (Pal-CoA) for 1 h at 30°C
ollowed by a 45 min incubation with 1 mM GTPgS or GDP under
aximum guanine nucleotide binding conditions described under
aterials and Methods. Controls were performed in parallel under

he same conditions without palmitoyl-CoA. The His6-Gsa was then
reated with 0.1 mg/ml trypsin for 5 min and then analyzed on a 10%
DS-Gel. A Coomassie-stained gel is shown.
135
utant of Gsa are similarly palmitoylated in vitro and
hat although the His6-Gsa is palmitoylated, the
teady-state GTPase activity of this latter form as well
s its ability to bind GTPgS are not altered by palmi-
oylation, permit us to draw the following inferences.
irst, palmitoylation of Gsa in vitro occurs on cysteine
esidues other than the Cys 3 which is palmitoylated in
ivo. The data derived from the isoelectric focussing
tudies would suggest Cys 160 is the acylated residue.
econd, our data indicate that the transition state

Al3F4
2-bound Gsa) shares structural features with the

nactive (GDP-bound) form of Gsa and this permits its
utoacylation. However, because GTPgS-bound Gsa is
ot palmitoylated, its structure must be subtly differ-
nt to that of the Al3F4

2-bound Gsa. Most importantly,
espite being palmitoylated on the same Cys residue
Cys 160) only the His6-Gsa, but not wild-type Gsa or
ts C3A mutant, are capable of exchanging GTP for
DP and binding GTPgS. Therefore, the N-terminal
exahistidyl-tag on Gsa somehow protects against in-
ctivation of the G protein function due to palmitoyl-
tion of Cys 160. However, the structural change af-
orded by the N-terminal hexahistidyl-tag is not

FIG. 6. Wild-type Gsa, the C3A mutant of Gsa, and His6-Gsa are
almitoylated on the same cysteine residue. One mg each of the
ild-type, C3A mutant, and His6-Gsa was palmitoylated in the pres-
nce of 5 mM palmitoyl-CoA for 1 h at 30°C as described above and
hen digested with trypsin. The digests were analyzed using the
rotein isoelectric focusing cell (BioRad) IPG strips (BioRad; pH
ange of 3–10). Migration of the labeled tryptic peptide is shown by
he arrow.



sufficient to protect the palmitoylated, GTPgS bound,
G

A

c
H

R

1

1

1

13. Graziano, M. P., Freissmuth, M., and Gilman, A. G. (1991) Pu-

1

1

1

1

1

1

2

2

2

2

2

2

2

Vol. 270, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
sa against trypsin digestion.
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