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ABSTRACT. It has been reported that human plasminogen (HPg) exists in plasma in a phosphorylated
form. We now document that both major glycoforms of plasma HPg contain a phosphoserine residue in
their latent protease chains, as revealed by guantitative protein phosphate determinati@RsNIi&R

analysis. The sequence location of the phosphoserine residue was established by time-of-flight matrix-
assisted laser desorption ionization with delayed extraction mass spectrometric analysis of peptides resulting
from complete tryptic and cyanogen bromide digests of the latent protease chain of HPg. Confirmation
of the presence of organic phosphate in the identified peptide was obtained by determination of the resulting
mass shift after treatment of the peptide with alkaline phosphatase. The data show¥as Senajor
phosphorylation site in HPg.

HPd' is the zymogen form of the serine protease, HPm, at least in the case of uPA, in its HPg activation-related
the major enzyme responsible for eliciting the fibrinolytic properties (Takayashi et al., 1992b) and the sensitivity of
response. The mature human-derived zymogen contains 79%his enzyme to its naturally occurring inhibitors (Mastronicola
amino acids in a single polypeptide chain (Forsgren et al., et al., 1992).

1987), along with two sites of glycosylation. One glycanis  In order to understand more fully the relationships between
present at THfS a site that contains the disaccharide phosphorylation of HPg and HPm and their functions, the
GalNAc-Gal, with microheterogeneity in sialic acid additions sites of protein phosphorylation must first be rigorously
to this core unit (Hayes & Castellino, 1979a,c). Additionally, determined. Therefore, we have undertaken an investigation
a consensus sequence, Asn-Arg-Thr, suitable for assemblyto identify the protein sequence locations of phosphorylated
of N-linked carbohydrate, is present at A%h(Hayes & amino acids in HPg and have successfully accomplished this
Castellino, 1979b). Two major glycoforms of plasminogen goal. This communication provides a summary of these
have been identified and isolated (Brockway & Castellino, findings.

1972). These differ on the basis of glycosylation at Z%n

one form not containing a saccharide chain at this location, MATERIALS AND METHODS

and the other form containing biantennary glycan, with  prqeins and Protein FragmentsThe two major glyco-
variable sialylation (Hayes etal., 1975; Hayes & Castellino, 5rms of HPg were isolated by affinity chromatography, as
1979a,b; Powell & Castellino, 1983). The extent and nature yreviously described (Brockway & Castellino, 1972). Their
of the glycosylation at Ast¥® significantly influences the ;5 centrations were calculated from the absorbancies at 280
activation properties of HPg (Takada & Takada, 1983; nm, using are (0.1%, 280 nm, 1 cm) of 1.70, which was

Edelberg et al., 1990; Mast et al., 1991; Davidson & getermined from the amino acid composition of this protein
Castellino, 1993; Pirie-Shepherd et al., 1995, 1996), as well (Edelhoch, 1967).
as its stability in plasma (Siefring & Castellino, 1974). For generation of the heavy and light chains of HPg, the
Another post-translational modification of HPg has been zymogen (0.25 mg/mL) was first activated with low-
reported to involve sites of phosphorylation. On the basis molecular-weight urokinase (Abbott Laboratories, North
of reactivity of HPg with specific phospho (P) amino acid Chicago, IL) at a protein to enzyme ratio of 200:1
monoclonal antibodies, it was concluded that both P-Thr and (mol:mol). The buffer used was 10 mM Na-Hepes/100 mM
P-Tyr were present in this protein (Barlati et al., 1995). NaOAc/1ug/mL aprotinin (Sigma Chemical Co., St. Louis,
Similarly, phosphorylation was also found to exist on two MO), pH 7.4. The reaction was maintained at room
other enzymes involved in fibrinolysisjz., uPA and tPA temperature for 5860 min with gentle stirring. The time
(Mastronicola et al., 1990; Barlati et al., 1991, 1995). This course of activation was monitored by SBBAGE and these
modification appears to result in functional consequences, conditions were found to fully activate HPg into HPm.
Following this, guanidine-HCI| was added to the reaction
" Supported by Grant HL-13423 from the National Institutes of mixture to a flr.]al Concemratlon of 4 M. The solution was
Health and the Kleiderer-Pezold Family endowed professorship (to then purged with Nfor 30 min at room temperature. Next,
F.J.C.). dithiothreitol (Aldrich Chemical Co., Milwaukee, WI) was
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1 Abbreviations: HPg, human plasma plasminogen; HPm, human r_eaC !on wasre "_i'ne un eﬁ_ rz_ino e_r » arter whic
plasmin; uPA, urokinase-type plasminogen activator; tPA, tissue-type time it was terminated by dialysis against four exchanges of
plasminogen activator; SDFPAGE, sodium dodecy! sulfateoly- 4 L of 7% HOAc. The reduced HPm sample was then

acrylamide gel electrophoresis; TOF-MALDI-DE-MS, time-of-flight  ¢4ncantrated and loaded onto a Sephadex G-200 column (2
matrix-assisted laser desorption ionization with delayed extraction mass

spectrometry; RP-HPLC, reverse phase-high performance liquid chro- €M x 100 cm), previously equilibrated_ in 7% acetic _aCid-
matography; NCSN-chlorosuccinimide; MAb, monoclonal antibody.  The flow rate was 7 mL/h. Column fractions were monitored
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by absorbancies at 280 nm and SEFFAGE. Two major The resulting sample was directly subjected to TOF-MALDI-
fractions were obtained, corresponding to the heavy and light DE-MS analysis.
(protease) chains of HPm. Enzymatic Dephosphorylation of Peptides (Mellgren et al.,
Tryptic Digestion of the HPm Protease ChairiThe 1977). The selected peptides were dephosphorylated with
isolated protease chain of HPm was lyophilized and resus-calf intestinal mucosa alkaline phosphatase (Sigma). An
pendedm 6 M guanidine-HCI/0.002 M EDTA/0.5 M Tris-  aliquot of peptide (510 pmol) was dried and redissolved
HCI, pH 8.1, after which dithiothreitol was added to a final in 20uL of 25 mM NHHCO;, pH 7.9, and L of alkaline
concentration of 0.020 M. The resulting solution was Phosphatase (125 units). The reaction was allowed to
maintained at room temperature, underfdr 30 min. After ~ incubate at 37C for 1 h.
this time, iodoacetic acid (recrystallized from hexane) was Phosphate AnalysesThe determination of the amounts
added to a final concentration of 41 mM. The pH was Of organic phosphate in proteins and peptides was performed
adjusted to 8.0 with ammonia, and the reaction allowed to as previously described (Ames, 1966) with minor operational
proceed fo4 h under Nin the dark. The solution was then adjustments. Specifically, a solution of Ng#0,-H-O (98.6
dialyzed against 1 mM HCI. After dialysis against 1 mM mMM) was employed as the stock standard solution. HPg
HCI and lyophilization, the reduced and S-carboxymethylated samples were exhaustively dialyzed against 0.1% TFA. The
protease chain was digested with 1-chloro-3-(tosylamino)- standard solution and protein samples were dried overnight
7-amino-2-heptanone hydrochloride-treated trypsin (Sigma) in clean Pyrex test tubes at 86C. A volume of 0.1 mL of
at 37°C at a 1:10 (mol:mol) enzyme to protein ratio in a ashing reagent [10% Mg(N§-6H.0 in 95% ethanol] was
solution of 50 mM NHHCO;. After a 4 hincubation period, added to each tube, which was then heated over a flame until
a second identical aliquot of trypsin was added and the the brown fumes disappeared and a white residue remained.
digestion was continued for an additional 12 h. After the tubes were cooled to room temperature, 0.3 mL of
Peptide Mapping by HPLCThe tryptic digestion mixture 0.5 N HCl was add_ed, the _tgbes were capped with m_arbles
was injected onto a RP-HPLC,@olumn (214 TP54, 4.& and then heated in a boiling water bath for 15 min to
250 mm, Vydac, Hesperia, CA). The peptides were sepa- hydrolyze to phosphatg any pyrophosphate formed in the
rated using a linear gradient from 94% solvent A (0.1% TFA ashing step. After cooling, 0.7 mL of the phosphate reagent
acid in HO)/6% solvent B (0.1% TFA acid in C¥EN) as (1 part 10% ascorbic acid and 6 parts 0.42% ammonium

the start solution, to 40% solvent A/60% solvent B as the Molybdate4H,0 in 1 N H,SQ,, freshly mixed) was added
limit solution. The gradient was applied for 54 min at a Nto each tube and incubated for 20 min in a5 water

flow rate of 0.5 mL/min. The eluted peaks were detected Path.- Absorbances were determined at 820 nm, and the
by their absorbancies at 220 nm. The molecular mass 0fcolors were stable for several hours. A standard curve was

each fraction (0.25 mL) was evaluated by TOF-MALDI- constructed each time the assay was performed and the
DE-MS. Further purification by RP-HPLC of one of these amount of phosphate in each protein sample was calculated
peptides (no. 15) on a.olumn was performed using a from the resulting absorbance and the standard curve. No
linear gradient from 75% solvent A/25% solvent B (start significant .inorganic phosphate background was observed.
solution) to 65% solvent A/35% solvent B (limit solution) 1 © @scertain that the glassware used was free of phosphate,
over 30 min at a flow rate of 0.5 mL/min. The material in €SPecially from detergents, new Pyrex tubes were used each

the lone fraction was then pooled for dephosphorylation and ime and were not reused for this assay. _
molecular mass analysis. TOF-MALDI-DE-MS. Mass spectral data were obtained

on a PerSeptive Biosystems (Framingham, MA) Voyager-

. Am'“o Acid Sequencg Analysighe methods gmployeq DE BioSpectrometric Workstation equipped with a nitrogen
in this laboratory for solid phase automated amino-terminal X
laser (337 nm, 4 ns pulse). The accelerating voltage of the

amino acid sequence determinations have been described in . :
detail in a previous report (Chibber et al., 1990). ion source was 20 kV. Data were acquired with a 20 MHz

, , i , digitizer. The matrix used for the peptides wasyano-4-
CNBr Digestion of the HPm Protease Chaifhe isolated hydroxycinnamic acid, and 2,5-dihydroxybenzoic acid was

protease chain of HPm was dissolved in 70% HCOOH at a used for the P-6-(Mag)Bretthauer et al., 1973) and (Man)

concentration oéa. 3 mg/mL. A 50-fold (w:w) excess oVer  giangards. The matrix material was dissolved in aqueous
protein of CNBr was added to the solution and the reaction CH:CN (33%, V/V) to give a saturated solution at 2D, A

allowed to proceed for 1214 h. Aliquots were removed \,qjume of 0.5uL of matrix was mixed with 0.5.L of sample
for TOF-MALDI-DE-MS analysis to monitor the progress prior to loading on the plate.

of the reaction, in order to confirm its completion over the * s1p_\VR (Brauer & Sykes, 1984)The 'H-coupled3!P-
time _penod indicated. The reaction was terminated by nvRr spectra of HPg and its component protease chain were
addition of HO. acquired on a Varian 500 MHz NMR in 8% acetic acid/
After completion of the reaction, the solution was lyoph- 109% 2H,0, using a 10 mm probe. An internal capillary
ilized and the components of the mixture separated onstandard of 85% KPO, was employed. A pulse of 17 s
Sephadex G-25 (1 cm 60 cm, in 5% HOAC). The products  was implemented with an acquisition time of 1.64 s and a
present in the eluate were identified by TOF-MALDI-DE-  delay time of 1.0 s. A total of 25370 transients were
MS. accumulated. The sample concentration wag®mg/mL.
NCS Cleaage (Shechter et al., 1977)The peptide was Western Analysis with Anti-Phosphoamino Acid Antibod-
dissolved at a concentration of approximately 0.7 mM in ies. Western blotting was accomplished using anti-phos-
50% HOAc. A volume of 3 mL of this protein solution was phoserine (anti-P-Ser), anti-phosphothreonine (anti-P-Thr),
then mixed with 0.1 mL of NCS (0.3 M in DMF). The and anti-phosphotyrosine (anti-P-Tyr) MAbs (Sigma) at
reaction was allowed to proceed at room temperature for 301:2000 dilutions in 1% milk. The buffer employed was 10
min and terminated by the addition Wfacetyl+-methionine. mM Tris-HCI/150 mM NacCl, pH 7.4. For the competitive
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assay, the same protein sample was transferred onto three
membranes and incubated with anti-P-Ser MAb alone and
with anti-P-Ser in the presence of 20 mM P-Thr and 20 mM
P-Tyr, respectively.

———0.142

RESULTS

Quantitative organic phosphate determinations have been
carried out on both HPg glycoforms (HPg | and HPg II).
On the basis of duplicate analyses of five different protein
concentrations of three independent assays, we found that
HPg | contains 0.9& 0.03 mol of phosphate/mol of protein
and HPg Il contains 0.99 0.03 mol of phosphate/mol of
protein. Similar values were found for the HPm light chain,
and the heavy chain containet.2 mol of phosphate/mol
of peptide. Thus, itis clear that HPg contains 1 mol equiv. —— == T~ T T
of a phosphate group that appears to reside on its latent light ppm
chain and that the two glycoforms are identical in that regard. Ficure 1: H-coupled3P-NMR spectrum of the protease chain
Western immunoblotting of the HPg with anti-P-Ser antibod- of HPg I. The spectrum was acquired on a 500 MHz NMR, in 8%
ies yielded a positive stain in HPg, which was not present ?fﬁgfoﬁgﬂégﬁgzzﬁ ?5(3/’ Li;'g? v?/also o pfr(;)rb?:b ﬁge;]rt‘ﬁg{irc‘)ar‘]'
when the a”“t_")dy s_taining was performed ir_1 the presencecaIFi)brat%/on and to set the 0reference pgoin0 ppm and removed
of the free amino acid P-Ser. The amino acids, P-Thr and prior to acquiring the spectrum. A pulse of 17 s was employed
P-Tyr, did not displace the anti-P-Ser antibody in this with an acquisition time of 1.64 s and a delay time of 1.0 s. A total
experiment. This finding is suggestive of the specificity of 0f 25 370 transients were accumulated. The sample concentration
the reaction with P-Ser. When this latter experiment was Was 5.1 mg/mL. The chemical shifts are referenced to;BG4

performed on the component HPm chains, the protease chain,Standard'

but not the nonprotease chain, provided the same results a%eavy chain contains low levels of P-Thr, P-Tyr, and/or
observed with HPg. Thus, we concluded that P-Ser wasp_gar and in fact such an observation has been made for

present on the latent protease chain of HPg. P-Ser by more direct methods (Pirie-Shepherd et al., 1997),
These findings were confirmed by analysis of the isolated we were left at this point with reservations regarding the
protease chain by TOF-MALDI-DE-MS. In this case, a specificity of these antibodies for the phosphorylated amino
single species was observed of molecular mass 25 286 Dagcids in these proteins.
which corresponds exactly to the theoretical molecular mass  Since the identity of the phosphorylated amino acid(s) in
of the phosphorylated light chain of HPgz., 25286 Da.  the HPg latent light chain was not fully clarified by use of
After dephosphorylation with alkaline phosphatase, the the anti-phosphoamino acid antibodies, we decided to
molecular mass was reduced to 25 188, which is less thanrigorously identify the amino acid bB}P-NMR. First, each
0.06% deviation from the theoretical molecular mass (25 206) Hpg glycoform was converted into the respective two-chain
of the apo-light chain of HPm. In some preparations of HPm Hpm. Following reduction and alkylation, the light (pro-
light chain, a lower molecular mass species was observed.tease) chains were isolated by gel filtration. THecoupled-
Its dephosphorylated form possessed a molecular mass of1p spectrum obtained on the HPg I-derived latent protease
15025. The amino-terminal amino acid sequence of this chain is shown in Figure 1. Similar spectra were obtained
material was found to be VVGG, which was the same as for intact HPg | and HPg Il and the latent protease chain of
that of the HPm light chain. Assuming, then, that its Hpg |I. The triplet of the fully protonated phosphate that
molecular basis was due to plasminolytic cleavage at the was observed is highly characteristic of the presence of P-Ser
CarbOXy'terminUS of the HPm ||ght chain, this peptlde would (Brauer & SyKES, 1984), since the phosphate is sp||t by the
uniquely correspond to residue$®~-K®%, which possesses  two protons present on tiacarbon. On the basis of these
a theoretical molecular mass of 15031.4. Thus, a HPm same considerations, the phosphate of P-Thr would exist as
sensitive site in its protease chain has been uncovered af more upfield-shifted doublet (split by a single proton) at
K6%—E8%  Since this material was phosphorylated and approximate]y 0.91.0 ppm at acid pH, and tHH_C()up|ed_
contained an intact amino-terminus, we have combined it in 31p resonance of P-Tyr would give rise to a further upfield-
some eXperimentS with the intact HPm ||ght chain. shifted Sing|et, at approximate|y 4@.1 ppm, at acid pH
Regarding the nature of the phosphorylated amino acid(s)A similar spectrum for P-Arg would be present much farther
on the HPg, previous qualitative work with anti-phospho- upfield (ca. 6.0-6.1 ppm) than that of P-Tyr (Brauer &
amino acid antibodies of this type had indicated that only Sykes, 1984). Thus, no evidence of P-Thr or P-Tyr was
P-Thr and P-Tyr were present on HPg (Barlati et al., 1995). found in these analyses. Additionally, using this method,
When these latter antibodies were examined in our system,the molar stoichiometry of the P-Ser to the HPm protease
reactivity was also observed with HPg, and with the heavy chain was approximately 1.2:1, clearly demonstrating that a
chain of HPm, despite the fact that direct phosphate P-Ser in the light chain of HPm is the major amino acid that
determinations did not reveal significant levels of phosphate is phosphorylated in both HPg | and HPg Il. Sepafafke
on the HPm heavy chain. Also, a control experiment with NMR experiments on the isolated heavy chains of HPm did
phosphorylase a, which is well-known to contain only a P-Ser not result in observable phosphate signals. Thus, levels of
residue, also reacted positively with all three phosphoamino phosphorylation in the heavy chain region, if at all present,
acid antibodies. Thus, while it is possible that the HPm are much less than in the light chain.
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T_ $eoo g "{ ETC ¢ fLS Ficure 3: HPLC separation of the tryptic peptides of the reduced
IS vt 3 L ] & L and S-carboxymethylated protease chain of HPg. (A) The tryptic
PEW K A gFCy EK digest was applied to a C4 column. The peptides were separated
A 5 S Lp 8700 using a linear gradient from 94%/6% to 40%/60% solvent A [0.1%
ELN, 620 L £ K GG L TFA in HxO/solvent B (0.1% TFA in CBCN)] over a 54 min time
H EQHA T/ * 8 7 period at a flow rate of 0.5 mL/min. The peaks were detected by
EleyshLFL E s B 70 g the absorbancy at 220 nm. Each fraction (0.25 mL) was evaluated
640 G LG Q N by TOF-MALDI-DE-MS. The numbers above the peaks refer to
\4sWG 2_ % ¥ those in Table 1. The elution position of the phosphate-bearing
w0 B D cNRYEFLN peptide is indicated by the vertical bar. (B) Further purification of
N GG !: v peptide P15 on the C4 column. The linear gradient employed in
ot A G LETS Qe this case was from 75% A/ 25% B to 65% A/ 35% B over a time
yRVY v of 300min, at a flow rate of 0.1 mL/min. The full scale absorbance
S was 0.1.
R
%0 FvT Confirmation that phosphorylation occurred at the region
Yig Gy m R NN= COOH (791) of the molecule encompassing Séand Set’®was obtained

FiIcure 2: Amino acid sequence of the human plasmin protease by use of another cleavage strategy. The HPm | (or HPm
IGU : . - . :
chain. The sequence shown begins at %&and the diagram II) protease chain was digested with CNBr. This treatment

illustrates the R¥1—Val562 activation cleavage site. The protease Should resultin three peptides, corresponding to amino acid
(light) chain sequence begins at %8l The serine protease catalytic ~sequences of ¥2—M585, H86—-M788 and R&—N"™L After
triad is located at HR$3 Asp%é, and Sef*’. The phosphorylated  gel filtration, TOF-MALDI-DE-MS analysis provided major
serine is Ser®. fractions with a molecular masses of 22 095 and 2 740.2.
N . These correspond closely to nonphosphorylatéi-Hv 788

In order to reveal the sequence position of the P-Ser in (calculated, 22 083.4), and phosphorylate§2¥M5ss (cal-
the HPm light chain, the reduced and alkylated polypeptides ¢ jated, 2 741.1), with homoserine lactone in place of the
were subjected to tryptic digestion and the peptides separate¢tcooH-terminal Met residues. The other expected CNBr-
by RP-HPLC. The amino acid sequence of this peptide chain yerjved peptide, BNN (calculated molecular mass, 403.4
is provided for reference in Figure 2. The HPLC peptide pg) was not observed by this type of mass spectrometric
profile obtained for HPg | is shown in Figure 3A. Each gnajysis. Minor fractions €10% total) with molecular
fraction (0.25 mL) of this tryptic digest was subjected 10 masses of 24 873, 15088, 12401, and 7 314 were also
molecular weight analysis by TOF-MALDI-DE-MS. The gpserved. Employing molecular mass and ;Netminal
data of Table 1 show that only one of the peptides (no. 15), sequence analyses, these fractions were found to most likely
of calculated molecular mass 2 174.5, and uniquely corre- correspond to the following peptides; phosphta#M7e8
sponding to residues VFI—Arg®®, possessed a molecular (calculated, 24 853.5, Neadduct, 24 876.5), phosphc®—
mass of approximately 80 Da higher (its Nadduct at k6% (calculated, 15 111.5), ¥—K®8 (calculated, 12 341.3,
2 279.6 Da and its 2Naadduct at 2 310.4) than expected Na* adduct, 12 364.3), and%*—M 738 (calculated, 7 286.3,
(Table 1 and Figure 4A). After further purification of this  Nat adduct, 7 309.3), with homoserine lactone substituted
peptide (Figure 3B) and treatment with alkaline phosphatase,for terminal Met residues. This latter peptide probably
its molecular mass was reduced to 2 173.4, plus it Na resulted from a plasminolytic cleavage R V720, After
(2195.5) and 2Na (2 217.2) adducts (Figure 4B clearly dephosphorylation of the original CNBr-derived 2 740 Da
illustrates the N& adduct). Similar data were obtained for peptide with alkaline phosphatase, a single species, at
HPg Il when its light chain was subjected to this same molecular mass 2 660.4 resulted, which corresponds almost
analysis. Positive control experiments were designed to exactly to that of the dephospho-peptid€$3+M>385 (cal-
demonstrate the effectiveness of this mass spectrometricculated molecular mass, 2 661.2). Thus, from an independent
strategy. Here, samples of P-6-(Margnd its alkaline  approach, we find that one of the two Ser residuis, Sef’2
phosphatase-cleaved products were similarly analyzed. ltor Sef’, is phosphorylated in HPg. Similar data were
was found that P-6-(Mag)possessed a molecular mass obtained for analyses conducted with the HPg Il protease
distribution of 933.42 and 955.2, corresponding to thé Na chain.
and 2N4& adducts of the phosphate group (calculated-M To determine which of these two Ser residues was the
2H* = 908.7). Determination of the molecular mass of the modified amino acid, the above CNBr-derived phospho-
alkaline phosphatase-treated product yielded a single speciepeptide was treated with NCS/HOAc. The reaction mixture
at 853.3, corresponding extremely well to the theoretical masswas then analyzed by TOF-MALDI-DE-MS, and the data
(M + Nat= 851.4) of (Manj. obtained are presented in Figure 5. Assuming the proposed
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Table 1: Tryptic Peptides Isolated from HPg and Identified by TOF-MALDI-MS

mz
peptide theory observed sequehce

1 146.2 K645

2 246.2 NN

3 261.3 D5K

4 275.3 TR

5 360.4 V7SR

6 548.6 VOCNR

7 671.8 D*8ALLK 652

8 875.0 876.7 BSeFLEPTR*

9 898.0 898.5 YSEFLNGR'®®
10 921.0 921.6 _BPRPSSYK!S
11 1030.2 1033.5 $52SSPAVITDK®S!

1055.6
12 1140.3 EAQLPVIENK %8
13 1237.5 BWYTWIEGVMR78
14 1772.0 1776.1 YAPACLPSPNYVVADR™
15 21745 2279% V®6/GGCVAHPHSWPWQVSLRE
2310.4

16 2374.5 2377.7 SFTeEECFITGWGETQGTFGAGLLK®8
17 2496.8 2501.2 YLGAHQEVNLEPHVQEIEVSR®’
18 2693.1 2696.2 PALQGVTSWGLGCARPNKPGVYVR®
19 2864.2 2866.8 PGMHFCGGTLISPEWVLTAAHCLEK®?
20 3241.4 32454 YQSTELCAGHLAGGTDSCQGDSGGPLVCFER®

aThe theoretical molecular masses were increased by 59 for each Cys residue to account foxG®©8Hroup added as a result of the
alkylation modification.? The amino acid sequence begins at'Gifihuman plasminogerf.Na" adduct.9 2Na" adduct.

sooon] A - observed possess molecular masses of 1 226.8, 1 542.6, and
1565.4. These peptides uniquely correspond f3%-Q
ao0ao] M(homoserine lacton&, which is phosphorylated at S&

nonphosphorylated >-W(0)*’5, and the Na adduct of
nonphosphorylated ¥?—W(O)>’>. After treatment with

30000

Counts

20000, alkaline phosphatase, only the 1226.8 peptide showed a
decrease in its molecular mass to a value of 1 146.7, a value
100001 nearly identical to the dephosphorylatetl®®M(homoserine

lactone}®®. The only other mass species noted possessed a
molecular mass of 1560.0, which is the Nadduct of
nonphosphorylated —W(O)*’5, and was unchanged from

1000 1500 2000 2500 3000 3500 4000

Mass (miz) the mass of this species prior to alkaline phosphatase
addition. Interestingly, the peptide that would have resulted
B s from NCS-based cleavage a¥was not observed, a result

demonstrating that only one of these two closely spaced W
residues was reactive with NCS during this time period. Since
only a single residue of phosphate was found in tHi&Y

W57 peptide, this entire set of cleavage and mass analyses
are entirely and uniquely consistent with S&as the major
phosphorylation locus of HPg.

Counts

o DISCUSSION
- e T o i o od Previous studies have shown that fibrinolytic components,
ass (i) plasma HPg, and tumor cell-derived uPA and tPA, existed

Ficure4: TOF-MALDI-DE-MS of reduced and carboxymethylated as phosphorylated 'proteins (Mf':lstronicola etal, 199.0; Barlat
tryptic peptide P15. (A) The intact peptide. The observed molecular €t al.,. 1991, 1995; Taka'yashl et §1|-, 19923)-_ While these
mass was 2279.9, consistent with the*Nedduct of the tryptic investigations have provided confirmatory evidence of the
peptide P15piz., V**A/GGC(Cm)VAHPHSWPWQVSLR®, con- existence of phosphorylated forms of these proteins, the

taining one phosphate group (theoretical mass, 2277.5 Da). (B) Thejgantity and location within the proteins of the amino acids
sample in panel A, after treatment with alkaline phosphatase. The

peak at mass 2195.9 Da is the ‘Nadduct of dephosphopeptide that are modified in this manner are unknown or unclear.
P15 (theoretical mass, 2197.5). Conflicting evidence has appeared regarding this point in

the case of the most intensely studied protein of this group,
chemistry for the Trp cleavage for purposes of molecular uPA. Specifically, it was originally reported that ap-
mass calculations (Shechter et al., 1977), possible apo-proximately 20-50% of the intracellular and secreted pro-
peptides of this digestion would be?%—W(O)>7 (calculated uPA was modified by phosphorylation in both human
molecular mass, 1 323.5)5%—W(O)°’5 (calculated molec-  epidermoid carcinoma A431 and human fibrosarcoma HT1080
ular mass, 1545.8), and®>@G-M(homoserine lacton&¥ cells. Additionally, only Ser residues in the latent nonpro-
(calculated molecular mass, 1 147.3). The major productstease (A) and protease (B) chains of these proenzymes were
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Ficure 5: TOF-MALDI-DE-MS of the CNBr-derived phosphopeptide of the HPm protease chain after treatment with NCS. The mass
peak of 1542.7 Da corresponds to the peptide fragmet®VEGCVAHPHS7AVPW(OP™® (theoretical mass, 1545.8 Da), and its*Na

adduct is observed at molecular mass, 1565.4. These peptides are not phosphorylated. The peak at mass 1226.8 corresponds to the fragmen
Q%S>8 RTRFGM(homoserine lacton®y, with one phosphate group (theoretical mass, 1227.3 Da).

found to be modified in this manner (Mastronicola et al., present, these would not be major loci in mature plasma HPg.
1990). On the other hand, another investigation demon- Digestion of this HPm light chain with trypsin, and analysis
strated that uPA secreted from HT1080 cells apparently of the molecular masses of the peptides obtained by RP-
contained a considerable number of P-Tyr residues, particu-HPLC (Figure 3), revealed that only one peptide (no. 15),
larly in the protease (B) chain of this protein (Barlati et al., composed of ¥2-VGG(Cm-Cys)VAHPHSAVPWQV-
1991). Further confounding the issue was the later discovery S578 R, possessed a size that was larger by the mass of one
that while both P-Ser and P-Tyr residues were observed inphosphate group than expected from theoretical mass cal-
uPA bound to surface receptors of pharangeal carcinomaculations of the peptides (Table 1). Treatment of peptide
Detroit 562 metastatic cells (Peterson et al., 1971), the P-Tyrno. 15 with alkaline phosphatase reduced the molecular mass
residues were localized exclusively in the nonprotease (A) to the expected value of the apopeptide (Figure 4), thus

chain of the protein, and all six Tyr residues present therein demonstrating that the peptide was indeed modified with
were modified in this manner (Takayashi et al., 1992a). phosphate.

Finally, in a recent study, it was found that P-Ser, P-Thr,
and P-Tyr were present in uPA, P-Thr, and P-Tyr in plasma-
derived HPg and P-Ser and P-Tyr in human melanoma tPA
(Barlati et al., 1995). These conflicting results were primarily
based upon reaction of the relevant proteins with anti-
phosphoamino acid antibodies. It is not known whether the
differences were due to differing quality and/or nonspecificity

Since the amino acid sequence of the HPm protease chain
contains only two residues of Met, a larger scale purification
of the putative phospho-peptide was possible after cleavage
with CNBr. In this case, the three peptides that result have
greatly different molecular masses, thus simplifying their
separation. Using this method with routine separation

of the antibodies employed or due to the types of kinases Procedures led to isolation of the phospho-peptide, which
presented by viral oncogenes that may exist in different tumor €"comMpassed residues®¥-M(homoserine _Iactoné"f.72Two
cells. In any case, these uncertainties led us to examine thd€Sidues of Ser are present in this peptide,, Sef’ and
suitability of more direct approaches to reveal the exact locus Sef™* Unfortunately, the amino acids situated between these
of the phosphorylated sites on plasma HPg. Only with this tW0 Ser residues did not lend themselves to ready cleavage
type of information can we rationally proceed to functional Strategies. Thus, we relied on a more rarely employed
investigations orin »izo andin uitro structure-function ~ chemical cleavage procedure with NCS, which should cleave
relationships on the role of phosphorylation in these systems.the peptide at the carboxy-terminal side of Trp. Mass
Quantitative analysis of the organic phosphate released@nalysis of the peptide mixture subsequent to NCS cleavage
from HPg demonstrated clearly that the equivalent of a single (Figure 5) showed clearly that two peptides were formed,
phosphate residue was present in both glycoforms of plasmaProviding three mass species, one containing’3esiz.,
HPg and was primarily contained in the latent protease (light) V>**-VGGCVAHPHS"AVPW/(OF™, its Na" adduct, and
chain of this protein. ThéH-coupled?:P-NMR spectrum  another containing Se&F, viz., Q'S RTRFGM-
of the protease chain displayed the triplet uniquely charac- (homoserine lacton&. Only this latter peptide contained
teristic of P-Ser residues (Figure 1). Similar data were amass shifted by the size of one residue of phosphate. Thus,
obtained when HPg I, HPg Il, and the latent protease chain it is clear that the major phosphorylated amino acid in plasma
of these proteins were analyzed in this manner. Thus, weHPg is Set’®. The residue Th#! cannot be phosphorylated
conclude from these data that HPg contained one residue ofin this latter peptide, since we found that the stoichiometry
P-Ser in its latent protease chain as the major phosphorylationof phosphate/HPg was approximately 1.0, and that, ffém
event. We cannot completely rule out small levels of NMR analysis, the relevant phosphorylated residue must be
phosphorylated amino acids in the HPm heavy chain, but, if a Ser.



8106 Biochemistry, Vol. 36, No. 26, 1997 Wang et al.

This direct finding that S&f8 is the phosphorylated site  3—4-fold (Takayashi et al., 1992a). This latter property
in HPg is not in agreement with previous work that excluded would serve to increase the activity of uHA vivo, and
the presence of P-Ser in plasma HPg and which demonstrategherhaps contribute to the proteolytic activity and subsequent
that only P-Thr and P-Tyr were present as the phosphorylatedenhanced invasiveness of metastatic cells.
residues in HPg (Barlati et al., 1995). While small levels  Phosphorylation is a fundamentally important event in
of these residues in this protein cannot be excluded, regulating thein zizo and in wzitro biological activity of
especially since our studies on HPg with anti-P-Thr and anti- proteins. Understanding the functional roles of phosphory-
P-Tyr antibodies yielded faint reactivities with these antibod- lation in these proteins is dependent upon knowledge of the
ies, we currently attribute these latter findings to minor cross- molecular details of the protein phosphorylation sites, which
reactivities of these commercial antibody preparations to we have provided herein in the case of plasma HPg.
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at all, P-Thr and P-Tyr are very minor components of the REFERENCES
molecular population of HPg, are not observed in tHe Ames, B. N. (1966Methods Enzymol. 8,15-118.

coupled®P-NMR spectrum, and such minor phosphorylation

Barlati, S., Paracini, F., Bellotti, D., & DePetro, G. (198BS

is not observed in the mass analyses of the tryptic peptides_ Lett. 281,137—140.

containing Thr and Tyr that have been isolated.

Barlati, S., DePetro, G., Bona, C., Paracini, F., & Tonelli, M. (1995)
FEBS Lett. 363170-174.

During the mass analysis of the tryptic peptides of the grayer, M., & Sykes, B. D. (1984Methods Enzymol. 10B6—

HPg light chain, we did not find significant amounts of

81.

nonphosphorylated peptide no. 15. Thus, it is likely that Bretthauer, R. K., Kaczorowski, G. J., & Weise, M. J. (1973)

SeP’8 bears the only phosphate group present on the light
chain of HPm. However, small amounts of this apopeptide,

Biochemistry 121251-1256.
Brockway, W. J., & Castellino, F. J. (1972)ch. Biochem. Biophys.
151,194-199.

or of other phosphorylated peptides, present in the minor chipber, B. A. K., Urano, S., & Castellino, F. J. (1996). J. Pept.

fractions of the HPLC chromatogram of Figure 3, cannot be

entirely ruled out. Again, if present, such peptides would

be minor components and would not influence the interpreta-
tion in a major manner. Only one Ser-containing protease

chain-derived peptide, ¥'SR, was not analyzed by this
procedure, since it is too small to be identified by TOF-
MALDI-DE-MS analysis. However, since the HPm light
chain contains only one residue of phosphate, and siné& Ser
appears to be fully phosphorylated, it is highly unlikely that
Ser”8 could contain significant amounts of phosphate.
The role for this P-Ser in HPg and/or HPm function awaits

elucidation. It is possible that a relationship exists between
phosphorylation and HPg secretion. With respect to uPA

Protein Res. 3573—80.
Davidson, D. J., & Castellino, F. J. (199B)Clin. Invest. 92249~

Edelbérg, J. M., Enghlid, J. J., Pizzo, S. V., & Gonzalez-Gronow,
M. (1990)J. Clin. Invest. 86,107—112.

Edelhoch, H. (1967Biochemistry 61948-1954.

Forsgren, M., Raden, B., Israelsson, M., Larsson, K., & Heden,
L.-O. (1987)FEBS Lett. 213254—260.

Hayes, M. L., & Castellino, F. J. (19793) Biol. Chem. 2548768~
8771.

Hayes, M. L., & Castellino, F. J. (19798) Biol. Chem. 2548772—
8776.

Hayes, M. L., & Castellino, F. J. (19798) Biol. Chem. 2548777
8780.

Hayes, M. L., Bretthauer, R. K., & Castellino, F. J. (1978kh.
Biochem. Biophys. 17551—655.

in this regard, at least part of the uPA produced in both A431 \ast. A, E., Enghild, J. J., Pizzo, S. V., & Salvesen, G. (1991)
and HT1080 cancer cells was found to be phosphorylated Biochemistry 301723-1730.
intracellularly and secreted (Mastronicola et al., 1990), and Mastronicola, M. R., Stoppelli, M. P., Migliaccio, A., Auricchio,

receptor-bound uPA isolated from Detroit 562 cells was
shown to be phosphorylated at Tyr residues. This reaction

was catalyzed by the virasrc gene product pp60 and

F., & Blasi, F. (1990)FEBS Lett. 266109—-114.

Mastronicola, M. R., Franco, P., De Cesare, D., Massa, O., &
Stoppelli, M. P. (1992Fibrinolysis 6,117—120.

Mellgren, R. L., Slaughter, G. R., & Thomas, J. A. (1937Biol.

phosphorylation on Ser residues was catalyzed by protein Chem. 2526082-6089. _
kinase C (Takayashi et al., 1992a). Since these cell typesPeterson, W. D., Stulberg, W. S., & Simpson, W. F. (197gc.

secrete a mixture of different types of phosphorylated species
as well as nonphosphorylated uPA molecules, phosphory

Soc. Exp. Biol. Med. 136,187-1191.

'Pirie-Shepherd, S. R., Jett, E. A., Andon, N. L., & Pizzo, S. V.

(1995)J. Biol. Chem. 2705877-5881.

lation does not appear to be a necessary step for secretiompirie-Shepherd, S. R., Serrano, R. L., Andon, N. L., Gonzalez-

of this protein. However, the role and temporal nature of

Gronow, M., & Pizzo, S. V. (1996fibrinolysis 10,49—53.

phosphatase action in relationship to the possible productionPirie-Shepherd, S. R., Stevens, R. D., Andon, N. L., Enghild, J. J.,

of the variety and types of phosphorylated uPA and their
contributions to production of nonphosphorylated uPA have

not been studied.

In the case of uPA, phosphorylation was found to
significantly influence its enzymatic properties. While
P-uPA from tumor cells possessed only -a3fold higher

& Pizzo, S. V. (1997)J. Biol. Chem. 2727048-7411.
Powell, J. R., & Castellino, F. J. (198Bjiochemistry 22923—
927.
Schechter, Y., Patchornik, A., & Burstein, Y. (19Bipchemistry
15,5071-5075.
Siefring, G. E., & Castellino, F. J. (1974) Biol. Chem. 2491434~
8.

Takada, A., & Takada, Y. (1983Jhromb. Res. 30633—642.

kealKm than nonphosphorylated human urinary uPA toward Takayashi, K., Kwaan, H. C., Ikeo, K., & Koh, E. (199&ipchem.

small synthetic substrates, ks/Km was nearly 15-fold lower
for HPg activation. Additionally, the ability of P-uPA to
interact with its naturally occurring inhibitors, plasminogen
activator inhibitor (PAI)-1 and PAI-2, was diminished by

Biophys. Res. Commun. 1866-1472.
Takayashi, K., Kwaan, H. C., Koh, E., & Tanabe, M. (1992b)
Biochem. Biophys. Res. Commun. 18273-1481.

BI1970328D



