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Human fibroblast collagenase belongs to a family of matrix metalloproteinases which have been implicated in a
number of connective tissue disorders ranging from rheumatoid arthritis to tumor invasion. To examine the
active site of this enzyme by biophysical studies, a 19 kDa recombinant truncated mature collagenase (mCL-t)
was prepared. Electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) mass
spectrometry have been utilized for the characterization of mCL-t. The molecular weights measured by these
techniques identified the presence of two closely related protein components separated by approximately 100 Da.
Edman sequence analysis demonstrated that the two protein components differ from each other by an amino
terminal valine, consistent with the mass spectrometric data. In addition, the molecular weight of mCL-t
determined by mass spectrometry did not agree with that calculated from the reported sequence. To identify the
origin of this discrepancy, the DNA sequence of the mCL-t clone was examined. Several differences were noted
between the DNA sequence of mCL-t and the published collagenase gene sequence. When these differences were
taken into account, the measured molecular weights were found to be in good agreement with that calculated for
the modified sequence. In separate experiments, both ESI and MALDI mass spectrometry have been used to
determine molecular weights of mCL-t samples enriched with stable isotopes '*N and (**N + PC). The measured
molecular weights demonstrated a 97% (*°N) and 99% (**N + "C) incorporation of labeled isotopes in the two

samples.

Human fibroblast collagenase (HFC) is a member of a
family of matrix metalloproteinases implicated in the
proteolytic breakdown of cartilage associated with both
rheumatoid arthritis and ostcoarthritis.' As a result,
there is considerable interest in determining the three-
dimensional protein structure by X-ray crystallography
and multi-dimensional NMR spectroscopy, to elucidate
the structure of the enzyme active site, and to develop
inhibitors for the treatment of osteoarthritis and rheu-
matoid arthritis.

HFC is secreted as a 52 kDa latent proenzyme which
is reduced to a 42kDa active enzyme through an
autolytic intermolecular cleavage event known as
activation.” During storage of purified native procolla-
genase, new 33 kDa and 22 kDa fragments are gener-
ated in addition to the 42 kDa active enzyme through
spontaneous autocatalytic events.>® The 42, 33 and
22 kDa proteins were shown® to have the sequence
Valyg~Ashyg, Phe,g—Progg, and ey —Asng, of pre-
procollagenase, respectively. The pre-procollagenase
sequence starts at the initiator Met,, while the procolla-
genase lacks the 19 residue signal sequence. The
33 kDa fragment becomes catalytically active following
activation. Both the 42 kDa and the activated 33 kDa
truncated collagenase fragments have a common
sequence of Val,,—Pro,, and were shown to possess
activity similar to that of their full-length recombinant
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counterparts.*’ The active site of the enzyme must lie
within this common sequence. Therefore, it is possible
to generate a smaller truncated enzyme without creat-
ing major alterations in the active site.

Because of its large size and instability, investigation
of the active site of the native collagenase using biophy-
sical studies is difficult. We therefore generated, using
genetic engineering techniques, an Escherichia coli
clone that expressed human fibroblast procollagenase
truncated at Pro, (Scheme 1). This enzyme is desig-
nated as proCL-t. From this protein a 19 kDa mature
collagenase with a sequence Val,y—Pro,, of high spe-
cific activity, was purified. This enzyme, mCL-t, is the
subject of the present investigation. Furthermore,
mCL-t fully labeled with N or ("N + “C) was pre-
pared for multi-dimensional NMR studies.

To examine the purity and homogeneity, and to
determine the molecular weight of mCL-t for the verifi-
cation of its sequence, electrospray ionization (ESI)®
and matrix-assisted laser  desorption/ionization
(MALDI)® mass spectrometric techniques were investi-
gated because of their ability to determine the molecu-
lar weights of proteins with high accuracy, high sensiti-
vity and rapidity.®*® The high accuracy molecular
weight determinations were also utilized to quantitati-
vely determine the stable isotope incorporation in
labeled mCL-t. The present investigation also provides
a direct comparison of ESI and MALDI techniques for
analyses performed on the same protein samples.
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101 111 121
Whitham VLTE G*NPRWE Q THL T* YRIEN Y TPDLPRADYV
Goldberg G R
mCL-t G T
131 141 151
Whitham D HAIEKAFQL WSNVTPLTFTK VSEGQADIM
Goldberg
mCL-t
161 171 181
Whitham I[ISFVRGDHRD NSPFDGPGGNL AHAFQPGPG
Goldberg
mCL-t
191 201 211
Whitham I GGDAHFDE H*ERWTNNFT EYNLHRVAAHEL
Goldberg D R
mCL-t D R
221 231 241
Whitham G HSLGLSHSTDIGALMYPSYTFSGDVQLAQ
Goldberg
mCL-t
251 261
Whitham D DIDGIQAIY G RSQNPVQP
Goldberg
mCl-t

Scheme 1. The numbering of the sequence of mCL-t given here corresponds to the sequence of
human pre-procollagenase (Met, to Asng). The mCL-t sequence obtained in the present
investigation is compared with the sequences reported by Whitham'” and Goldberg.'" The
present sequence differs from the Whitham sequence at positions 200 (D vs. H) and 208 (R vs.
T), and from the Goldberg sequence at 115 (T vs. R).

MATERIALS AND METHODS
Protein production, purification and characterization

The coding region of a cDNA clone containing the
human fibroblast collagenase gene, obtained from G.
Goldberg,'” was placed under control of the T7 poly-
merase promoter in plasmid pET11a," and modified to
introduce a termination codon after Proy, of the pre-
pro-CL sequence. The resulting plasmid, pKV150,
codes for a truncated procollagenase with an
N-terminal methionine residue immediately preceding
the native procollagenase terminus FPATL. . ., and a
C-terminal proline at residue 269.

Fermentations were performed in 15L

Bioengineering AG (Wald, Switzerland) fermentors.
For preparation of unlabeled truncated collagenase,
the fermentor, containing 9.4 L. LB/M9 media (10 g/L
Bactotryptone,
5 g/L Bacto-yeast extract, 5 g/L. NaCl, and 100 pg/mL
ampicillin) was inoculated with a 500 mL overnight
seed culture of pKV150 in Escherichia coli host
BL21/DE3 (Novagen, Madison, WI, USA), and the
culture was grown at 37 °C, 1 vvm and 500 rpm until the
optical density, measured at 600 nm, reached a value
between 1.1 and 1.2. Production of pro-truncated colla-
genase (proCL-t) was induced by addition of isopropyl
B-p thiogalactopyranoside (IPTG) to 0.5 mM, and the
culture was harvested at the beginning of the stationary
phase (up to 3 h after induction). Cells were collected
by centrifugation, and the cell pellets stored frozen at
—20°C.

Production of [N, ®C] proCL-t was carried out as
described above except that cells were grown in
Minimal Medium (6g/L. Na,HPO,-H,O, 3g/L
KH,PO,, pH7.5, 1g/L [°N] NH(C, 025g/L

MgSO,-7H,0, 20 mg/L CaCl,, 4 g/L [*C}] p-glucose,
and 100 mg/L ampicillin) in both seed flasks and fer-
mentors.

The cell pellet (20-35 g) was homogenized in 35 mL
of 0.1 M tricine (pH 8.0), 10 mM ethylenediaminetetra-
cetic acid (EDTA), 2.0mM dithiothreitol (DTT),
0.2mM phenylmethylsufonyl fluoride (PMSF), and
1 mg/mL lysozyme in a Dounce homogenizer (VWR
Scientific, Rochester, NY). Additionally, Brij-35 to
0.5%, 20 mM MgCl,, and 35 units/mL of DNasel were
added and, after further incubation at 37 °C, the solu-
tion was centrifuged to collect inclusion bodies. The
above procedure was repeated twice and the pellet then
washed twice with 50 mM tricine (pH 7.5), 0.2 M NaCl,
10 mM CaCl,, 0.02% NaN,, 2.0 mM DTT, and 0.2 mM
PMSF, resuspended in 50 mL freshly made urea buffer
(20 mM tricine (pH 7.5), 6 M urea, 5 mM CaCl,, 0.02%
NaN;) with 2.0mM DTT and 0.2mM PMSF, and
incubated at room temperature for 1 h. The solution
was centrifuged, and proCL-t was purified from the
supernatant liquid by chromatography on a Mono-Q
column eluted in a 0-0.25M NaCl gradient in urea
buffer. Pooled fractions were diluted dropwise while
stirring into a 10-fold excess of 50 mM tricine (pH 7.5)
containing 0.4 M NaCl, 10 mM CaCl,, 0.1 mM ZnOAc,
and 0.02% NaNj;, at 4°C, and the resulting refolded
protein dialyzed against this buffer. The protein was
concentrated to 2—4 mg/mL and stored at —70°C.

Purified proCL-t was activated with 1mM (p-
aminophenyl)mercuric acetate (APMA) overnight at
37°C."2 The resultant mature truncated collagenase
(mCL-t) was then purified on a Sephacryl S100 HR
column, equilibrated in 20 mM tricine (pH7.5) con-
taining 0.4 M NaCl, 5mM CaCl,, and 0.02% NaN.
Fractions were concentrated and stored at —70 °C.
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Protein concentration was determined by absorbance
at 280 nm, and a purity of greater than 95% was
verified by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and/or reverse-phase
high-performance liquid chromatography (HPLC).
Typically, 150 mg of unlabeled and 23 mg of [N, *C]
labeled mCL-t were recovered from 9.9 L of cells.

Enzyme assays

The k../K, values for collagenase and commercially
available intramolecularly quenched substrates (1): 2,4
dinitrophenyl- Pro-Leu-Gly-Leu-Trp-Ala-(D- Arg)-
NH,"” and (2): 7-methoxycoumarin-4-yl acetyl-Pro-
Leu-Gly-Leu  [3-(2',4'-dinitrophenyl)-L-2,3-diamino
propionyl] Ala-Arg-NH,"” were determined from full
hydrolysis curves. (k, is the rate at which the enzyme
substrate complex (ES) proceeds towards product
(E+P) in the reaction: E+S=ES—*E+P. K, is
the Michaelis—Menten constant, generally expressed in
units of M.) Fluorescence was measured using exci-
tation at 328 nm and emission at 384 nm for assays with
(2), and excitation at 280 nm and emission at 360 nm
for assays with (1) The assay buffer was 50 mM tricine
(pH 7.5) containing 0.2 M NaCl, 10 mM CaCl,, 0.05%
Brij-35, and 0.02% NaN,. Samples of native fibroblast
procollagenase were activated with TPCK-treated tryp-
sin just prior to the enzymatic assay. Samples of mCL-t
were assayed directly. Digital output of fluorescence
(Perkin~Elmer (Norwalk, CT, USA) LS-5 fluores-
cence spectrophotometer) was collected every 30s for
7-10 min. Fluorescence vs time data were fitted by
nonlinear regression (Enzfitter) to the equation:

F=Fmax{1 —e_k’}+Fmin (1)

where F is fluorescence, F,,, is fluorescence at full
hydrolysis, and F,;, is fluorescence at time 0. The initial
velocity of fluorescence increase, v,, was calculated
from F,,k, since dF/dt=F,, ke, and thus dF/d:
(t=0)= F,,.k. vy was linear with respect to enzyme and
substrate concentration, which confirmed that [S] <K,
and that intermolecular quenching of product was not
occurring. The fluorescence response of the product,
uM product/F, was determined by the ratio of the
known initial concentration of substrate to the fluores-
cence at full hydrolysis, [S,])/Fp.,- Thus,

kead K= Uo([so]/Fmax)/([So][E]) = Uo/(Fmax[E]) (2)
where [E] is the enzyme concentration.

Mass spectrometry

Electrospray ionization mass spectrometry

Electrospray ionization (ESI) mass spectrometry® was
performed using a Finnigan TSQ-700 triple quadrupole
mass spectrometer (Finnigan MAT, San Jose, CA,
USA) equipped with an Analytica (Analytica of
Branford, CT, USA) electrospray ion source, which
has been described previously." Briefly, the protein
sample was dissolved in a solution comprised of 47.5%
distilled water, 47.5% methanol, and 5% acetic acid, to
obtain a final protein concentration of approximately
5 uM. The sample solution was infused at a flow rate of
1 uL/min using a Harvard Apparatus (Southnatick,
MA, USA) (Model 22) syringe pump. Dry nitrogen
(10 mL/min) at a temperature of 110 °C was used in the

counter-current mode, to assist the evaporation of
droplets formed by the electrospray process. The spray
needle assembly was operated at ground potential and
the gold-Plated cylindrical electrode at -3.6 to
—3.8kV." The mass spectrometer was scanned from
m/z 200 to 2000 in 2s. The spectra were averaged for
1 min, which corresponds to the accumulation of 20
scans.

Matrix-assisted laser desorption/ionization mass spec-
trometry

Matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI)’ was performed
using two instruments: a commercial mass spectro-
meter (Vestec Model Bench Top 11, Vestec, Houston,
TX (laboratory I)) and an instrument built in-house at
the Rockefeller University (laboratory II)." The pro-
cedures adopted to acquire spectra at the two labora-
tories were similar, as follows: 2 ul. of the protein
sample in 0.1% trifluoroacetic acid (TFA) (~15 uM)
was mixed with 10 uL of a saturated solution of sinapi-
nic acid (matrix) in 70% of 0.1% aqueous TFA and
30% acetonitrile. An aliquot of 0.5-1.0ulL of the
matrix/protein solution was then applied to a metal
probe-tip, dried, inserted into the ionization chamber
of the mass spectrometer, and irradiated with a laser
beam at 337 nm generated from a nitrogen laser (labor-
atory I) or at 355 nm generated from a Nd-YAG laser
(laboratory II). Spectra were obtained by summing the
transient records of 100-200 individual laser shots.

RESULTS AND DISCUSSION
Mass spectrometric characterization of mCL-t

To determine the purity, homogeneity, and molecular
weight, mCL-t was examined by both electrospray

~ ionization (ESI) and matrix-assisted laser desorption/

ionization (MALDI) mass spectrometric methods. The
ESI spectrum of mCL-t is shown in Fig. 1. The molecu-
lar weight profile derived from the raw data is given as
an inset in Figure 1. Two major protein components
were observed to be present in mCL-t (Fig. 1). The
molecular weights of the two components obtained
from the derived spectrum (inset) are 18840 and

i 16340
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Figure 1. Electrospray ionization mass spectrum of mCL-t. Flow rate
1 pL/min, scan range m/z 200 to 2000, at 2s/scan, averaging time =
I min. Data acquired in profile mode. Inset: The molecular weight
profite of mCL-t obtained from the spectrum of Fig. 1 using a
Finnigan MAT deconvolution algorithm. The centroids of the two
peaks are at 18840 and 18740 Da, respectively.
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18740 Da. The difference between these two values is
100 Da, consistent with addition of an amino terminal
valine (residue mass 99 u) as determined by amino-
terminal (Edman) sequencing (see below).

The amino-terminal sequence of mCL-t was deter-
mined from preparations separated by SDS-PAGE and
blotted prior to sequencing. Truncated mature collage-
nase (mCL-t) samples contained two amino-termini in
roughly equal amounts. These were found to be
VLTEGN. . . and LTEGN. . . These sequences start at
positions Valyy and Leugg of the pre-procollagenase
(Scheme 1), respectively, and are the N-termini nor-
mally generated from native procollagenase by activa-
tion with APMA.'* Chromatography of mCL-t on
Sephacryl S100 shows a bimodal elution profile (data
not shown). Sequence analysis of the two peaks
revealed that the column partly resolves the species
containing Val,, and Leu,y at their amino-termini.
Mass spectrometric molecular weight determinations
thus confirm the results obtained from Edman sequenc-
ing. The spectrum shown in Fig. 1 indicates nearly
equal amounts of the two proteins in mCL-t, in good
agreement with the Edman sequencing data.

Although the difference between the measured
molecular weights of the two protein components sup-
ports the lack of N-terminal valine in one of the
proteins, the individual molecular weights did not
match those calculated from the expected sequence of
mCL-t (18812.6) and mCL-t( — )Val (18713.5) obtained
from the sequence of proCL reported by Whitham et
al.V’ The molecular weight of mCL-t derived from the
ESI measurement is approximately 28 higher than the
value calculated from this published sequence.” It
should also be noted that the measured molecular
weights of the two protein components also differ from
the values deduced from the DNA sequence of
Goldberg et al."’ (see later). To determine the origin of
the discrepancy between the measured and the calcu-
lated molecular weights, the mCL-t sample was further
examined by MALDI-MS. The MALDI spectra of
mCL-t obtained in two laboratories are given in Fig. 2,
and the molecular weights deduced from the MALDI
spectra together with the values obtained from ESI
mass spectrometry are summarized in Table 1. The
molecular weights, derived from the mass-to-charge
ratios of [M +H]* and [M+ 2HJ** ions in the MALDI
spectrum (laboratory I) are 1884242 and 18743 +2 Da
for mCL-t and mCL-t(— )Val, respectively (Fig. 2(a)).
These values are again approximately 30 Da higher
than those calculated for the published sequences'’ of
mCL-t and mCL-t(~)Val. Similarly, the molecular
weights of the two protein components determined in
laboratory II (Fig. 2(b)) are 18843%3 and 18747 %
7 Da. These values are 31 and 34 Da higher than the
corresponding calculated values (Table 1). The
MALDI measurement at the second laboratory was
performed to determine the consistency of measure-
ments and to assure that the observed differences were
not results of instrumental artifacts. Good agreement
between the data from the two laboratories indicated
that the observed differences in molecular weights are
independent of the instrumentation used. The lack of
agreement between the measured molecular weights of
the protein components with the corresponding calcu-
lated values prompted us to re-examine the DNA
sequence'’ of the protein.

600 r’_'—__ (a)

400

tntensity

200

11789

intensity

6446 13856 21266
m/z

Figure 2. MALDI spectra of mCL-t obtained at (a) laboratory I and
(b) laboratory 11. [M+H]" and [M+2H}*" ions of horse apomyo-
globin were used to calibrate the mass spectrometer. Both spectra
demonstrate the presence of two protein components in mCL-t at
nearly equal abundances.* denotes the ion peaks from horse myoglo-
bin used for calibration.

The coding region of the plasmid was sequenced and
compared with the two published sequences of
Goldberg ef al.*” and Whitham ez al."” It was discovered
that the present gene sequence differs from the pub-
lished sequences™! at five locations, four of which
alter the predicted amino acid sequence. The differ-
ences in the reported gene sequences are compared in
Table 2. The sequence of the mCL-t clone agreed with
the Goldberg sequence at three sites (bases 381, 664,
and 689) and with the Whitham sequence at (wo sites

Table 1. Molecular weight (MW) of mCL-t determined by ESI
and MALDI methods

Measured Calculated
Protein/Technique MW (Da) MW (Da) Difference (Da)
mCL-t
ESI 18840 £ 6 18812 28
MALDI (lab 0’ 18842+2 18812 30
MALDI (lab ID)>< 18843£3 18812 31
mCL-t(—)Val
ESI 187406 18713 27
MALDI (lab 1) 18743 +£2 18713 30
MALDI (fab II)*>* 18747 x2 18713 34

« Molecular weight was calculated based on the published sequence.I7
»Data from [M + H]" and [M+2HJ’** ion contributions. The uncer-
tainties are estimated values from our experience with several
hundred protein samples.

¢ PData from two different measurements.
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Table 2. Location of the nucleotide and corresponding amino
acid residue differences between the present clone
and published collagenase sequences

Base* 381 410, 411 664 689
Amino acid” (105) (115) (200} (208)
Goldberg et al. GGA AGG GAT AGA
(Gly) (Arg) (Asp) (Arg)
Whitham et al. GGG ACC CAT ACA
(Gly) (Thr) (His) (Thr)
mCL-t clone GGG ACC GAT AGA
(Gly) (Thr) (Asp) (Arg)

“Bases that were observed to be different in the published DNA
sequences. The numbering begins with the initiator codon of pre-
Erocollagenase.

The numbering of amino acid residues is based on the sequence of
Whitham er al."
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Figure 3. (a) A deconvoluted ESI mass spectrum of mCL-t enriched
with PN isotopes. Experimental conditions were the same as those
used to obtain the spectra in Figs 1 and 2. (b) MALDI spectrum of
mCL-t enriched with "N isotope acquired in laboratory I, and (¢) in
laboratory I1. Experimental conditions are the same as those used to
obtain Fig. 2.* denotes the ion peaks from horse myoglobin used for
calibration.
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Figure 4. (a) A deconvoluted ESI mass spectrum of mCL-t enriched
with (N + "C) isotopes. (b) MALDI spectrum of mCL-t enriched
with ("N + *C) isotopes, obtained in laboratory I.

(bases 410 and 411), giving rise to a protein with a
glycine at position 105, threonine at 115, aspartic acid
at 200 and arginine at 208 (Scheme 1). Thus the mCL-t
protein sequence differs from the Whitham sequence,"”
for example, at position 200 (Asp vs. His) and at 203
(Arg vs. Thr) (see Scheme 1 and Table 2). These
differences result in an increase of 33 Da in the molecu-
lar weight of the present protein. The measured mole-
cular weight obtained from the three separate mass
spectrometric determinations with two different ioniza-
tion techniques (ESI and MALDI) provided the first
indication of the existence of such differences from the
published sequences for mCL-t, and supports the
expected molecular weight increase, within the meas-
urement accuracy, predicted by the present DNA
sequence.

1t should also be noted that the calculated molecular
weight values of the two protein components, accord-
ing to the Goldberg DNA sequence, are 18900 and

Table 3. Comparison of specific acitvity (ke /Kn[M™' s7 of
native HFC and mCL-t

N-terminal
Substrate Native HFC* mCL-t“ coliagenase” fHFC
1) 4000 * 1300 6100+ 900 653 830
) 15900+ 1100 16000 = 1000 — 14800

“Data {rom the present investigation.
® Data from Murphy ef al.®
‘Data from Knight et al."®
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Table 4. Molecular weights and the amount of stable isotope incorporation in "N

and (*N+"*C) enriched mCL-

MALDI? MALDFI
(lab I) (lab 1)

ISN_
mCL-t 19079 £6 19076+ 6
mCL-t(—)Val 189764  18982%4
lSN + lJC_
mCL-t 19909 +2 —
mCL-t( —)Val 198093 —

t determined by MALDI and ESI methods

Average Calculated %
ESI MwW? MW¢ cariched
19071+ 6 1907510 19083 97+2
189726 18977+ 8 18982 982
19888+ 5 19899+ 5 19916 99+1
19786+ 5 19798 +6 19810 99+2

“Data from [M+H]* and {M+2HJ?* ion contributions. The uncertainties are estimated
values from our experience with several hundred protein samples.

» Average of MALDI and ESI data.

¢The calculated (isotopically averaged) molecular weight corresponds to mCL-t with com-

plete incorporation of *N and ("N +"C).

18801 Da for mCL-t and mCL-t(—)Val, respectively.
The measured average molecular weights of 18842 and
18743 Da from the three determinations are lower by
58 Da. This difference agrees with the observed
replacement of an Arg with a Thr (difference of 55 Da)
from the DNA sequence (Table 2).

Two reports of recombinant preparations of trun-
cated collagenase have appeared previously in the
Literature.*® In one case, the trucation of collagenase
was at the same site (Pro,p) as reported here, but very
few details of expression, purification, or characteriza-
tion were reported. In the other, Murphy et al.’
expressed a truncated procollagenase protein in mouse
myeloma cells, which was eight residues shorter (trun-
cated at the C-terminus) than proCL-t. This enzyme
was designated ‘N-terminal collagenase’ by Murphy et
al.8 The same group also reported the production of a
recombinant full length collagenase (tHFC)." None of
the published investigations™* 18 ysed mass spectrom-
etry to characterize their recombinant collagenase
preparations.

Because of our interest in using this truncated colla-
genase as a model for the full-length enzyme, it was
important to demonstrate that its activity was not
compromised either by truncation or by the amino acid
differences observed here. Thus, the specific activities
of the present preparation (mCL-t) using two sub-
strates have been determined, and were compared with
those of the native procollagenase (HFC) and with
published data for other recombinant collagenases
(Table 3).“% '® For both substrates, mCL-t showed
equal or higher specific activity than native full-length
collagenase. When compared with the ‘N-terminal col-
lagenase’ of Murphy et al.® using substrate (1), the
specific activity of mCL-t was found to be about 9-fold
higher (Table 3). Unfortunately, the ‘N-terminal
collagenase’ was not assayed with the substrate (2). The
specific activity of native procollagenase (HFC) can
also be compared with the published data for the
corresponding recombinant protein (rHFC). For sub-
strate (1), a specific activity value more than 4-fold
higher was measured for our native, mature, full-length
HFC, compared to that reported for the recombinant
full-length enzyme (rHFC) by Knight er al.'* This
difference may be due to differences in assay con-
ditions, since the specific activity of our native prep-
aration, using substrate (2), is similar to that reported
for the full-length recombinant enzyme.'® In addition,

inhibition constants for a number of inhibitors were
found to be identical for native and truncated collage-
nase (data not shown). Our study is the first to compare
the specific activity of a recombinant collagenase spe-
cies with a native collagenase. We conclude from these
studies that the activity of mCL-t is indistinguishable
from that of native full-length collagenase, making ita
suitable model for biophysical studies.

Determination of the amount of labeled isotope incor-
poration in mCL-t

For use in determining the three-dimensional structure
of mCL-t using nuclear magnetic resonance spectros-
copy (NMR), "N and (“N+ PC) substituted mCL-t
samples were also prepared. Before the multi-
dimensional NMR examination is conducted, it is desir-
able to determine the extent of isotope incorporation in
these proteins. We used both electrospray ionization
and matrix-assisted laser desorption mass spectrometry
for the determination of the amount of isotope
incorporation' in the recombinant proteins because of
the high accuracy in molecular weight measurements
obtainable using these techniques.

The molecular weight profile obtained from the ESI
spectrum, and the MALDI spectra from the two labor-
atories, of mCL-t with fully incorporated BN, are
shown in Fig. 3(a), (b) and (c) respectively. The three
spectra again show the presence of two components
with an approximate molecular weight difference of
100 Da, as was observed with the unlabeled mCL-t
(Table 1). The molecular weights deduced from Fig.
3(a)-(c) are given in Table 4, together with values
calculated for the complete incorporation of BN in
mCL-t. mCL-t has 237 N-atoms which were expected to
be substituted with SN. Therefore, the expected mole-
cular weight of “N-mCL-t is 19083 Da and that of
5N-mCL-t( — )Val is 18982 Da. The average measured
molecular weights of 19075 and 18877 Da support an
incorporation of 97-98% “N in mCL-t.

The mCL-t sample labeled with both “N and BC
isotopes (designated “N"C-mCL-t) was also investi-
gated by ESI and MALDI methods. The derived ESI
and MALDI spectra obtained from this preparation of
collagenase are shown in Fig. 4(a) and (b), respect-
ively. The measured molecular weights are compared
with the calculated values in Table 4. There are 834
C-atoms and 237 N-atoms in mCL-t. Therefore, a
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molecular weight increase of 1071 Da is expected for
the complete (N+P"C) enrichment in mCL-t, and
1065 Da for mCL-t(—)Val. The measured average
molecular weights of 19899 and 19798 Da for the two
proteins, with and without N-terminal valine, indicate
99% isotopic incorporation into the proteins.
Compared with conventional methods, mass spectro-
metric measurements provide a close reflection of the
amount of stable isotopes incorporated in recombinant
proteins because of the high accuracy with which the
molecular weights can be determined.

CONCLUSION

Determination of accurate and precise molecular
weights by mass spectrometry provides a rapid verifica-
tion of the protein primary structure. Observation of a
difference between the measured molecular weight and
that calculated from the expected sequence provides
clues as to the presence of amino acid difference(s) or
modification(s) in the protein. Together with the data
from cDNA sequence analysis, precise location of such
differences can be obtained. The identification of
amino acid sequence differences in mCL-t, compared
to previously published reports, is an excellent example
of the utility of accurate molecular weight measure-
ments. Comparison of the data obtained from ESI and
MALDI measurements on the same protein samples
leads us to the following conclusions: (i) ESI using a
quadrupole mass spectrometer can provide higher reso-
lution compared to MALDI with a linear time-of-flight
spectrometer. This higher resolution can be useful in
resolving proteins in a mixture of close molecular
weights. (ii) In the present experimental configuration,
larger amounts of samples are consumed in electro-
spray ionization than those in MALDI. Approximately
20 pmol of sample was used for a complete electrospray
analysis, compared to 10 pmol in MALDI with only
1 pmol loaded on the MALDI probe. (iii) Both tech-
niques provide similar precision for the molecular
weight determination (+0.03%). Independent MALDI
determinations of the molecular weights using two
different instruments provided very similar values. (iv)
This level of accuracy and precision can also be used to
quantitatively determine stable isotope enrichment."”
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