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Abstract
The high-affinity binding of tissue inhibitors of metalloproteinases (TIMPs) to matrix
metalloproteinases (MMPs) is essential for regulation of the turnover of the extracellular matrix
during development, wound healing, and progression of inflammatory diseases such as cancer,
atherosclerosis, and arthritis. Bacterially expressed N-terminal inhibitory domains of TIMPs (N-
TIMPs) have been used extensively for biochemical and biophysical study of interactions with
MMPs. Titration of N-TIMP-1 expressed in E. coli indicates, however, that only about 42% of the
protein is active as an MMP inhibitor. The separation of inactive from fully active N-TIMP-1 has
been achieved both by MMP affinity and by high-resolution cation exchange chromatography at
an appropriate pH, based on a slight difference of charge. Purification by cation exchange
chromatography with a Mono S column enriches the active portion of N-TIMP-1 to > 95%, with
Ki of 1.5 nM for MMP-12. Mass spectra reveal that the inactive form differs from active N-
TIMP-1 in being N-terminally acetylated, underscoring the importance of the free α-NH2 of Cys1
for MMP inhibition. Nα-acetylation of the CTCVPP sequence broadens the N-terminal sequence
motifs reported to be susceptible to α-amino acetylation by E. coli N-acetyl transferases.
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INTRODUCTION
The matrix metalloproteinases (MMPs) catalyze the breakdown of polypeptide components
of the extracellular matrix and have important roles in tissue remodeling, wound healing,
embryo implantation, cell migration, and shedding of cell surface proteins 1,2. These
activities are tightly regulated in vivo by a family of endogenous protein inhibitors, the tissue
inhibitors of metalloproteinases (TIMPs). Four mammalian TIMPs (TIMP-1 to TIMP-4)
have been identified and can form high affinity 1:1 complexes with virtually all MMPs.
Besides MMPs, some members of the distantly related disintegrin metalloproteinase
(ADAM) and disintegrin metalloproteinase with thrombospondin type 1 motif (ADAMTS)
families are also inhibited by certain TIMPs. A loss of balance between the TIMPs and their
target proteases is linked to diseases such as cancer and arthritis 2,3.
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TIMPs are slow, tight-binding inhibitors of the MMPs with Ki values typically in the sub- to
low nanomolar range 3. The four mammalian TIMPs are two-domain proteins. The larger N-
terminal domain of about 125-residues can be expressed separately and carries the MMP-
inhibitory activity 2,3. TIMPs from some invertebrates lack the C-terminal domain 3. The
inhibitory domain of TIMP has an OB fold, featuring a 5-stranded β-barrel shaped like a
cone with two short helices packed on the exterior 4–6. In atomic-resolution structures of the
MMP-3/TIMP-1 4,7, MMP-1/N-TIMP-1 8, MT1-MMP/TIMP-2 9, and MMP-13/TIMP-2 10
complexes, most of the contacts with the MMP are contributed by the N-terminal domain of
the TIMP, specifically the N-terminus and loops joining beta-strands A with B, C with D,
and E with F 4,7–10. N-terminal residues 1 to 5 insert into the active site of the MMPs,
positioning the α-amino group and carbonyl oxygen of Cys1 to coordinate the catalytic zinc
of the MMPs 4,8–10. Disruption of this part of the interaction site, either by addition of an
alanine to the N-terminus 11,12 or carbamylation of the α-amino group 13, radically reduces
the inhibitory activities of TIMPs for MMPs. However, the Ala extension mutation in N-
TIMP-3 has little effect on ADAM17 inhibition 12. Myeloperoxidase generates HOCl that
oxidizes Cys1 of TIMP-1 to inactivate it, both in vitro and in the bronchoalveolar lavage
fluid of patients with acute respiratory distress syndrome 14.

The isolated N-terminal domains of TIMPs (N-TIMPs), expressed in E. coli and folded in
vitro, have been extensively mutated with the aim of introducing selectivity among MMPs
and TACE to enhance the therapeutic potential of the engineered N-TIMPs 12,15–23.
However, repeated calorimetric titrations of N-TIMP-1 (from multiple preparations) by the
catalytic domain of MMP-3 (MMP-3(ΔC)) showed that 56 to 62% of N-TIMP-1 generated
by this method is inactive 24. Nonetheless, N-TIMP-1 preparations consistently have
sufficient actively MMP-inhibitory protein to characterize N-TIMP-1/MMP interactions
15,25–27, including the structures of N-TIMP-1/MMP complexes 7,8. Williamson and
coworkers found a modified form of N-TIMP-2 with a 42.3 Da addition that was enriched to
35% of the N-TIMP-2 at the leading edge of the peak eluting from a Resource-S column.
They hypothesized the modification to be N-acetylation, but did not comment on the activity
of the acetylated form 28. 1.31 equivalents of N-TIMP-2 folded from E. coli inclusion
bodies were required to inhibit one equivalent of MMP-13 28. This suggests that perhaps
24% of that particular purified N-TIMP-2 fraction may have been inactive. The inactive
fraction of TIMP-4 folded from E. coli inclusion bodies contains forms with either a 42 Da
addition consistent with acetylation or a methionine added to the N-terminal tryptic
fragments 29. Recognition and removal of the inactive fraction of N-TIMPs is desirable in
preparing TIMP variants targeted to inhibit individual MMPs or groups of MMPs for
detailed biophysical experiments and for exogenous additions to treat disease states linked to
unregulated MMP activities 16. We have achieved separation of bacterially expressed N-
TIMP-1, folded in vitro, into active and inactive fractions by either MMP affinity or by high
resolution cation exchange chromatography. We demonstrate by mass spectrometry that the
inactive fraction of the inhibitor is acetylated at its N-terminus. This underscores the
importance of the free α-amino group of Cys1 in TIMP interactions with MMPs. The
modification also broadens the sequence patterns of Nα-acetylation identified in recombinant
proteins expressed in E. coli.

MATERIALS AND METHODS
Expression, Purification and Folding of N-TIMP-1

E. coli BL21(DE3) was transformed with the expression plasmid pET-3a::Ntimp-1 25. Three
hours after inducing expression with IPTG, the 3-L culture was harvested by centrifugation
and frozen at −70 °C overnight. The frozen cell pellets were thawed, resuspended in lysis
buffer (50 mM Tris-HCl, pH 8.0, 1 mM EDTA and 100 mM NaCl), centrifuged, and
resuspended again in lysis buffer. The suspension was subsequently passed through a French
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press three times at 1000 psi to break the bacterial cell wall. The inclusion bodies were
harvested by centrifugation and washed three times with lysis buffer containing 0.5% Triton
X-100. The protein was extracted from the inclusion bodies with 30 mL of 20 mM Tris-HCl,
pH 8.5 containing 6 M guanidine-HCl and 10 mM DTT. The insoluble cell remnants were
removed by centrifugation. The unfolded N-TIMP-1 was purified by gel filtration with
S-300 and folded in vitro as described 25. After folding, precipitated protein was removed
from the protein solution by filtration through glass wool. The soluble protein was
concentrated and purified by CM-52 cation exchange chromatography 25. Fractions
containing the folded N-TIMP-1 were identified by SDS-PAGE and pooled. The sources of
other materials have been reported 16,30.

MMP-Affinity Purification of N-TIMP-1
The active component of N-TIMP-1 was isolated based on its affinity for MMP-3. N-
TIMP-1 and wild-type MMP-3(ΔC) were mixed, and the complex separated from the
unbound proteins by gel filtration with Superdex 75. The complex was dissociated by
incubation at pH 4.5 with 1 mM EDTA and active N-TIMP-1 was isolated by cation
exchange chromatography with CM-52. Inactive N-TIMP-1 was isolated by collecting the
slowly migrating fractions from the Superdex 75 and separating the inactive N-TIMP-1 from
MMP-3(ΔC) using CM-52. The active and inactive fractions of N-TIMP-1 were infused by
electrospray on a Finnigan LCQ Classic Ion-Trap mass spectrometer.

Chromatographic Separation of Active from Inactive forms of N-TIMP-1
After purification by cation exchange chromatography with CM-52, N-TIMP-1 was dialyzed
overnight against 15 volumes of 20 mM Bis-Tris-HCl, pH 5.5. The dialyzed protein solution
was subsequently fractionated on a cation exchange Mono S HR 5/5 column (Amersham
Biosciences) previously equilibrated with the same buffer using a Bio-Rad Biologic
DuoFlow medium-pressure chromatography system. The protein was eluted with a linear
salt gradient of 0–0.5 M NaCl over 60 min at a flow rate of 1 mL/min. Two slightly
overlapping, similarly sized peaks were obtained. To compensate for the Mono S resolution
being diminished by normal usage, the gradient was decreased to 0 to 0.25 M NaCl over 240
min. The activities of fractions were measured by fluorescence assay of the proteolytic
activity of MMP-3(ΔC) against NFF-3 substrate, or alternatively of MMP-12(ΔC) against
FS-6 substrate, as described below. Fractions from the second peak, containing the MMP-3
inhibitory activity, were pooled and titrated against MMP-3(ΔC).

Fluorescence Assays for TIMP Activity
Fluorescence assays for TIMP activity were carried out with either a Perkin Elmer LS50B
luminescence spectrometer or an SLM Aminco 8100 spectrofluorometer with PC1 ™ Photon
counting upgrade (ISS Inc.,Champaign, IL, USA). Proteins were dissolved in TNC buffer
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM CaCl2, and 0.02% Brij-35) which was
used in all assays. For determination of N-TIMP-1 activity, 1 nM MMP-3(ΔC) was pre-
incubated with or without different concentrations of inhibitor for 4 hours at 37 °C and
assayed at 37 °C using NFF-3 substrate (Mca-Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp-Arg-
Lys(Dnp)-NH2) 31 at a final concentration of 1.5 μM. C-terminally truncated MMP-3
[MMP-3(ΔC)] and pET-3a-Mmp-1cd encoding MMP-1(ΔC) were kindly provided by Dr. H.
Nagase, Kennedy Institute of Rheumatology, Imperial College, U.K. Reaction velocities
were measured as the slope of the linear portion of the fluorescence curve. The percentage
of residual MMP activity was calculated by dividing the velocities measured with inhibitor
by the velocities measured without inhibitor (v/v0).

For titration of N-TIMP-1, various concentrations of the inhibitor were incubated with
MMP-3(ΔC) (300 nM) for 4 hours at 37 °C, diluted 300-fold with TNC buffer (50 mM Tris-
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HCl, pH 7.5, 150 mM NaCl, 10 mM CaCl2, and 0.02% Brij 35) and immediately assayed
with 1.5 μM NFF-3 substrate as described above. Residual MMP activity (%) was calculated
as described above and plotted against molar ratio of TIMP/MMP (0 to 4 in this case). The
stoichiometry was determined by linear regression analysis of the first five data points
(TIMP/MMP between 0 and 1).

Active site titration of MMP-12(ΔC) with N-TIMP-1 proceeded similarly, but with the
following minor differences. Human MMP-12(ΔC) was prepared as described 32,33. The
exact concentration of its active sites was determined by titration 34 using the tight-binding
inhibitor known as galardin or GM6001 35 (EMD Biosciences). Mono S-purified N-TIMP-1
was pre-incubated with 55.6 nM MMP-12(ΔC) at least 1.5 hours at 32 °C before kinetic
assay. MMP-12(ΔC) activity was monitored at 32 °C with FS-6, the soluble form of
Knight’s FRET-labeled peptide at 4 μM 36. Initial velocities V as a function of N-TIMP-1
concentration I were fitted by non-linear regression using Origin 7.5 (Microcal,
Northampton, MA) to the Morrison equation for tight inhibition 34,37 with the slight
modification of replacing inhibitor concentration I by the product N*I, where N is the
proportion of inhibitor that is active:

eq 1

Since the active enzyme concentration Eo was already known by active site titration, N could
then be fitted, along with Ki, to determine how much of the N-TIMP-1 was active after
purification.

Mass Spectrometry
Intact proteins and protein digests were analyzed by nanospray quadrupole time of flight
mass spectrometry (QqTOF MS) with an Applied Biosystems/MDS Sciex (Foster City, CA,
USA) API QSTAR Pulsar instrument fitted with a Proxeon (Odense, Denmark) nanospray
source. A stable spray was achieved at 800 V in the presence of nitrogen curtain gas for
samples dissolved or diluted into 60/39/1 (v/v/v) acetonitrile/water/88% formic acid.
Positive ion spectra were acquired in the profile MCA mode at a pulser frequency of 6.99
kHz. Collision-induced dissociation spectra (MS/MS) were acquired for peptides selected
with a 3-amu wide precursor ion window. Nitrogen collision gas pressures and collision
energy settings were adjusted to provide fragment ions across the mass range of 50–2000
Da. Instrument calibration was based on masses of MS/MS fragment ions from the standard
peptide [Glu1]-Fibrinopeptide B. Intact protein spectra were deconvoluted with the ABI
Bioanalyst Bayesian Reconstruct program using a 0.1 Da mass step size and 20 iterations.

Samples of N-TIMP-1 for MS analysis were desalted with C4 ZipTips (Millipore Corp.,
Bedford, MA, USA) that had been prepared by wetting with acetonitrile, washing with
elution solvent, and equilibrating in loading solvent. Proteins were dissolved in 99/1 (v/v)
water/88% formic acid and loaded onto the ZipTips. After sample loading, the ZipTips were
washed with the loading solvent to remove contaminating salts. The adsorbed proteins were
then eluted with 60/39/1 (v/v/v) acetonitrile/water/88% formic acid for analysis.

For MS/MS sequencing, N-TIMP-1 was reduced with DTT, alkylated with iodoacetamide to
carboxamidomethylate cysteine residues, and then digested with sequencing grade trypsin
(Promega, modified porcine, TPCK-treated). Trypsin digests of the proteins were also
desalted using C18 ZipTips.
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RESULTS
Separation of Active N-TIMP-1 from Inactive Form

Consistently, 38 to 44% of the N-TIMP-1 folded from inclusion bodies from multiple
cultures of the E. coli expression host was found by titration calorimetry to be competent to
bind to MMP-3(ΔC) 24. Electrospray mass spectra of the N-TIMP-1 indicated the largest
peak to be at the molecular weight predicted for unmodified N-TIMP-1, heterogeneity
featuring a second largest peak with a 42 Da addition, and other peaks of increased
molecular weight. Integration of the peaks indicated the largest and unmodified N-TIMP-1
peak to be 42.5% of the sum of the integrated peaks, correlating with the 38 to 44% range of
active N-TIMP-1 observed by titration calorimetry. In order to distinguish forms of N-
TIMP-1 by activity as MMP inhibitors, we separated N-TIMP-1 that bound MMP-3(ΔC)
from unbound N-TIMP-1. Complexes of N-TIMP-1 with MMP-3(ΔC) were separated from
free N-TIMP-1 mostly incompetent to bind an MMP using Superdex 75 chromatography.
Active N-TIMP-1 separated from MMP-3(ΔC) exhibited a predominant peak in the
electrospray mass spectrum near the molecular weight predicted from the sequence (Fig.
1A). In the electrospray mass spectrum of the fraction of N-TIMP-1 mostly unable to bind
MMP-3, peaks of higher molecular weight are observed, the largest of which was 42 Da
larger in mass than the MMP-3-inhibitory fraction (Fig. 1B). This strongly suggests that the
+42 Da modification is inactivating.

In an effort to separate the forms of N-TIMP-1 more easily than by affinity purification, the
material from CM-52 purification was fractionated in buffers of different pH using a new
medium-pressure, high resolution Mono S cation exchange column. Elution with a linear
salt gradient at pH 5.5 separated the protein into two peaks (Fig. 2). The first contained little
inhibitory activity for MMP-3(ΔC), whereas the second peak was highly active. Both peaks
were collected, and titration with MMP-3(ΔC) showed that 85% of the N-TIMP-1 in the
second peak is active by linear extrapolation, a substantial improvement over the 42%
activity before purification (Fig. 3). Both peaks showed a single band on SDS gel
electrophoresis with indistinguishable mobility consistent with the predicted size of N-
TIMP-1.

Purification of N-TIMP-1 and active site titration was repeated in order to measure both its
Ki for an MMP and its purity attainable, both key measures of the quality of the purified N-
TIMP-1. A Mono S HR 5/5 column was used that had experienced repeated, normal use. To
compensate for the diminished resolution routinely associated with more than a few uses of
a Mono S column, the gradient was made shallower. About 40% of the trailing half of the
second peak was collected (Fig. 4A) and titrated into MMP-12(ΔC) known to be 55.6 nM by
active site titration (Fig. 4B). Simple linear extrapolation of the linear phase of the titration
suggested 58.5 nM or 1.05 molar equivalents of N-TIMP-1 to be necessary to titrate the
active MMP-12(ΔC) present (Fig. 4A). The MMP-12 velocities as a function of purified [N-
TIMP-1] were nonlinearly fitted to eq. 1, the Morrison tight inhibition equation 34,37
modified in order to fit the proportion N of the inhibitor molecules that are active. This
suggests 96 ± 3% of the purified N-TIMP-1 to be fully active in inhibiting MMP-12(ΔC),
with Ki of approximately 1.5 nM (Fig. 4B). Within the 5% uncertainty of the BioRad protein
assay of N-TIMP-1 concentration, this is equivalent to this portion of the second N-TIMP-1
peak being essentially 100% active.

The lack of MMP-inhibitory activity of the protein in the first peak from Mono S
chromatography could conceivably arise from either misfolding or inactivating covalent
modification. However, the homogeneity of the NMR spectra of N-TIMP-1 samples that
contain both the active and inactive components 6,38–40 implies that a misfolded form of
N-TIMP-1 is not present. Rather, the fact that the two components can be resolved by
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chromatography at pH 5.5 is more consistent with a small difference in charge between the
active and inactive fractions. These observations suggested the hypothesis that the
inactivation of N-TIMPs could result from a chemical modification that increases molecular
mass by 42 Da, and also reduces the overall positive charge of the N-TIMP-1 molecule.

QqTOF MS Analysis of Inactivating Modification of +42 Da
To test this hypothesis and determine the type and location of the adduct that abolishes the
inhibitory activity of N-TIMP-1, both the inactive and active peaks of N-TIMP-1 were
desalted and examined by MS analyses. The reconstructed mass spectrum obtained from the
nanospray QqTOF MS multiple-charge ion spectrum shows that the major component of the
85% active fraction has a molecular weight of 14245.9 Da. A secondary peak at 14287.6 Da,
and lesser peaks at 14263.2 and 14344.4 Da (Fig. 5A) were also present. The uncertainty in
mass was determined to be ± 1 Da using the mass standard of cytochrome C (equine heart,
12360.1 Da). The mass of the principal peak of 14245.9 Da agrees, within this uncertainty,
with the mass of 14246.27 Da calculated from the sequence of N-TIMP-1 assuming 3
disulfide bridges. The minor species at 14263.2 Da (Fig. 5A) and at 14304.2 Da (Fig. 5B)
appear to be oxidized forms (+16.4 to +17.3 Da) of the two most abundant species at
14245.9 and at 14287.8 Da, respectively. The inactive fraction is composed mainly of the
14287.8 Da species (Fig. 5B), with the same mass within error as the secondary component
present in the active fraction.

Initially, the nature of the approximately 42 Da difference between the predominant
components of the active and inactive fractions was uncertain. Acetylation (+42.04 Da),
trimethylation (+42.08 Da), or carbamylation (+43.02 Da) were possible candidates for the
post-translational modification of the inactive fraction. Since trimethylation would not
introduce negative charge to account for the faster elution of inactive peak 1 from the high-
resolution cation exchange column (Fig. 2), it is unlikely to be the modification.
Carbamylation is no risk when folding from guanidinium HCl solution by the method
developed for N-TIMP-2 28. To check for any carbamylation of N-TIMP-1, we compared
folding it from urea solution versus folding it from guanidinium HCl solution and found
similar proportions of inactive N-TIMP-1, regardless of which denaturant and folding
method was used. This implies that carbamylation of the α-amino group 13 by ammonium
cyanate formed from urea is not the cause of partial inactivation. Therefore, it appears that
the inactivating modification of N-TIMP-1 occurs during expression in E. coli. Since
engineered substitutions of the α-amino group of N-TIMP-1 21, TIMP-2 11,13, and N-
TIMP-3 12 are inactivating and oxidative modification of Cys1 of TIMP-1 is also
inactivating 14, the modification was expected to involve the α-amino group. The
identification of Nα-acetylation in a handful of recombinant proteins expressed in E. coli
(Table 1) further suggested that the inactivating +42 Da covalent modification could be Nα-
acetylation of N-TIMP-1.

Confirmation of Nα-Acetylation as the Inactivating Modification by MS/MS Sequencing
To identify the site of the inactivating post-translational modification and to differentiate
acetylation from the alternative modification of carbamylation (+43 Da), tryptic digests of
the reduced and carboxamidomethylated active and inactive fractions of N-TIMP-1 were
analyzed by nanospray QqTOF MS. A double-charge ion with the expected m/z (1186.5) for
the unmodified N-terminal tryptic fragment, CTCVPPHPQTAFCNSDLVIR (monoisotopic
[M+H]+ 2372.0950 Da), is enriched in the active N-TIMP-1 sample. However, a double-
charge ion with the expected m/z (1207.6) of the acetylated N-terminal tryptic fragment,
containing residues 1 to 20, is observed at substantially higher signal intensity in the inactive
N-TIMP-1 sample. Furthermore, the relative abundance of these two peptides (and other
charge states thereof) constitutes the most significant difference in the MS spectra for the
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digests of the two samples. No carbamylated tryptic fragments are observed in either
sample. No peptides in either of the digests experienced blockage of trypsin cleavage by
internal trimethylated lysine or arginine residues.

Collision-induced dissociation mass spectra (MS/MS) obtained for the ions at 1186.5 Da and
1207.6 Da confirm that they are from the respective unmodified and acetylated N-terminal
tryptic peptides, respectively. The fragment ions (< 0.03 Da mass uncertainty) are assigned
to the N-terminal ions b2 through b9 and b11 through b14 (nomenclature of ref 41) of the
unmodified N-terminal tryptic peptide (parent ion 1186.5 Da) of the active protein sample.
(For simplicity, only the b-ions of the low mass region are illustrated in Fig. 6.) These
fragment ions are not observed in the MS/MS of the 1207.6 Da double-charge peptide ion
found in the digest of the inactive protein sample. Instead, fragment ions corresponding to
acetylated b-ions, that is, b-ions + 42.01 Da, are observed from b2 through b7, b9 through
b12, b14, and b15. Furthermore, all of the expected y′-ions, including the penultimate y′19, are
present without modification in the spectrum (not shown). Therefore the 42.0 Da addition,
diagnostic of acetylation, is localized on Cys1.

Other Modifications
In the tryptic digests of both active and inactivated N-TIMP-1, both unoxidized and oxidized
forms of the fragment containing residues 60–75 (FVYTPAMESVCGYFHR) are observed.
(This is the only methionine-containing fragment observed in the MS spectra of the digests.)
Oxidation of Met66 accounts for the minor, oxidized components in the mass spectra of
intact N-TIMP-1 (Fig. 3). The carboxamidomethylated cysteine-containing tryptic peptides
sequenced exhibited 91 Da loss of mercaptoacetamide (Fig. 6). Loss of mercaptoacetamide
from carboxamidomethylated cysteine residues has been observed previously 42.

DISCUSSION
Our results show that the inactivation of N-TIMP-1 as an inhibitor of MMPs correlates with
α-N-acetylation of Cys1. Before this modification can occur, the initiating N-formyl
methionine (fMet) has to be deformylated and the Met removed by methionine
aminopeptidase 43. The preference of E. coli Met aminopeptidase for small residues,
including cysteine, in the penultimate position facilitates the removal 44. Subsequent Nα-
acetylation inactivates the MMP inhibitory activity of N-TIMP-1. It appears that many
modifications of the Cys1 α-amino group can interfere in MMP inhibition, such as Nα-
carbamylation ofTIMP-2 11, addition of alanine to the N-terminus of TIMP-2 or N-TIMP-3
11,12, or oxidation of Cys1 of TIMP-1 14. The apparent partial Nα-acetylation of N-TIMP-2
28 is likely to inactivate it as well. Nα-acetylation or N-terminal methionine is found among
the inactive forms of TIMP-4 from E. coli 29. E. coli-expressed N-TIMP-3 elutes as a single
peak from cation exchange chromatography in which the later fractions of the peak are fully
active while the earlier fractions are only partially active 38. Since this elution pattern
resembles N-TIMP-2 elution from cation exchange column in which the leading edge of the
peak is enriched in the + 42 Da N-acetylated form 28, N-TIMP-3 can be hypothesized to be
Nα-acetylated as well. Thus, Nα-acetylation appears to disrupt MMP-inhibitory activities of
all four TIMP sequences expressed in E. coli. The ability of Mono S cation exchange
chromatography to resolve acetylated from non-acetylated N-TIMP-1 may prove useful for
enriching the specific activity of other TIMPs expressed in E. coli.

N-acetylation in E. coli
Acetylation of the N-terminal α-amino group is widespread in mammalian and yeast
proteomes, but rare in E. coli where only three of 810 endogenous proteins examined were
acetylated 45. The three reported to be acetylated are ribosomal S18, S5, and L12 proteins,
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with N-terminal sequences beginning AH, AR, and SI, respectively 46,47 (Table 1). A
fourth Nα-acetylated E. coli protein is elongation factor EF-Tu with N-terminal sequence of
SK 48. This N-terminal A/S motif is similar to that of eukaryotic substrates of the NatA N-
acetyl transferase 45,49. The side chain of the second residue is bulky in most of these N-
acetylated E. coli proteins (Table 1). Among recombinant proteins expressed in E. coli, there
have been reports of partial N-acetylation of Cys and Thr in addition to Ala and Ser (Table
1). The second residue of each acetylated recombinant protein tends to be smaller than those
in native E. coli proteins (Table 1). This second residue of N-acetylated recombinant
proteins in E. coli usually has a side chain carboxyl group, suggestive of a specificity similar
to that of yeast NatA’ N-acetyl transferase 45,49. Nα-acetylation of N-TIMP-1 diversifies
the sequence trend with a β-branched Thr occupying position 2. Moreover, N-TIMP-1, N-
TIMP-2, interferon A, and interferon differ from the other Nα-acetylated proteins in having
Cys at the N-terminus (Table 1).

The removal of fMet from N-TIMP-2 was proposed to occur rapidly (or cotranslationally)
before the N-TIMP aggregates into insoluble inclusion bodies to prevent access by
methionine aminopeptidase 28. The ensuing Nα-acetylation of TIMPs by the N-acetyl
transferase likewise seems more likely to occur in the initial window of solubility of newly
expressed N-TIMP molecules before they aggregate to form inclusion bodies.

CONCLUSIONS
The active and inactive fractions of bacterially expressed N-TIMP-1 are separable by high
resolution cation exchange chromatography with a Mono S column, or with more effort by
affinity for an activated MMP. The purification of the active form is an advantage for in
vitro assay of MMP inhibition and potential administration in vivo. Mass spectral evidence
for Nα-acetylation of N-TIMP-1 correlates with its inactivation as an MMP inhibitor. This
inactivation suggests that the apparent partial Nα-acetylation of bacterially expressed N-
TIMP-2 28 should also be inactivating. However, based on the effects of other N-terminal
modifications, N-acetylation is not expected to inactivate N-TIMP-3 as an inhibitor of
ADAM-17 (TACE) 12. The partial acetylations of the α-amino groups of the CTCVPP,
CSCSPV, CTCSPS, and CSCAPA N-terminal sequences of N-TIMP-1, -2, -3, and -4,
respectively, broaden the array of N-terminal sequence motifs that may make recombinant
proteins vulnerable to the N-acetylation that is otherwise unusual in E. coli.
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ADAMTS a disintegrin and metalloproteinase with thrombospondin domains

TACE tumor necrosis factor a converting enzyme

Ki apparent inhibition constant
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Figure 1.
Electrospray mass spectra of MMP-3-affinity purified N-TIMP-1 (A) and N-TIMP-1 not
bound to an MMP (B), separated by Superdex 75 size exclusion chromatography. Each
fraction was infused by electrospray on a Finnigan LCQ Classic Ion-Trap mass
spectrometer. Higher apparent masses than in Fig. 5 are attributed to lower mass accuracy of
the Finnigan LCQ.
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Figure 2.
Chromatogram of the separation of N-TIMP-1 by high-resolution cation exchange
chromatography. N-TIMP-1 (10 mg) purified by cation exchange chromatography with
CM-52 was loaded onto a new Mono S HR 5/5 cation exchange column pre-equilibrated
with buffer A (20 mM Bis Tris-HCl, pH 5.5). The column was then washed with 10 mL
buffer A, and bound protein was eluted with a linear gradient of 0–100% buffer B (20 mM
Bis Tris-HCl, pH 5.5, 0.5 M NaCl) over 60 minutes at a flow rate of 1mL/min. The two
components are labeled peaks 1 and 2, respectively.
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Figure 3.
Titration of MMP-3(ΔC) with N-TIMP-1 before (A) and after (B) purification (peak 2 from
Fig. 1). MMP-3(ΔC) (300 nM) was pre-incubated with 0 to 900 nM N-TIMP-1 for 4 hr at
37°C, diluted 300-fold with TNC buffer and immediately assayed with 1.5 μM NFF-3
substrate as described in Materials and Methods. Residual enzyme activity was plotted
against the molar ratio of inhibitor/enzyme, and analyzed by linear regression. The fraction
of active inhibitor was calculated as the reciprocal of the X-intercept.
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Figure 4.
Purification of N-TIMP-1 by cation exchange chromatography (A) and demonstration of its
high purity and activity by titration of MMP-12(ΔC) (B). Panel (A): The separation was
performed similarly as in Fig. 2, except that the Mono S HR 5/5 cation exchange had
experienced normal, repeated usage and that the gradient was lengthened to 240 min and the
maximum [NaCl] was decreased to 0.25 M. The portion of peak 2 marked gray was
collected for active site titration. Panel (B): The gray portion of peak 2 was titrated into
MMP-12(ΔC) having 55.6 nM intact active sites by titration with GM6001. MMP-12(ΔC)’s
initial velocities as a function of total, purified [N-TIMP-1] were fitted to the slightly
modified Morrison tight-binding inhibition equation shown (eq. 1), in order to determine N,
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the proportion of the inhibitor N-TIMP-1 that is active, along with Ki. The uncertainties
listed are the fitting errors. Experimental uncertainties may be 5% or more.
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Figure 5.
Reconstructed nanospray QqTOF MS spectra of (A) active fraction of N-TIMP-1 and (B)
inactive N-TIMP-1. The samples were separated as in Figure 2 and desalted by dialysis
against water and use of C4 ZipTips.
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Figure 6.
Assigned collision-induced dissociation MS/MS spectra of the N-terminal tryptic fragments
of (A) active N-TIMP-1 and (B) inactive N-TIMP-1. The N-terminal tryptic peptide
fragment of N-TIMP-1 has the sequence: CTCVPPHPQTAFCNSDLVIR. The low mass
region of the MS/MS spectrum for the double-charged ion in the digest of the active N-
TIMP-1 at m/z 1186.55 Da (unmodified peptide) is shown in panel A. The systematically
different MS/MS spectrum for the double-charge ion in the digest of the inactive N-TIMP-1
at m/z 1207.6 Da (predicted to be the acetylated N-terminal tryptic peptide) is shown in
panel B. Assigned b-ions, containing the intact or modified α-amino group, are labeled in
bold. The peak at 332.2 Da is assigned to the internal fragment with sequence PPH or PHP.
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The peak assigned to the a4 ion could alternatively be the internal fragment with sequence
AFCN. The superscript Δ refers to loss of mercaptoacetamide.
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Table I

Proteins Nα-acetylated in E. coli

N-acetylated protein SequenceA

Recombinant Human N-TIMP-1 CTCVPP

Human interferon A 50 CDLPQT

Human interferon γ51 CYCQDP

Human TIMP-4 29 CSCAPA

Human N-TIMP-2 B, 28 CSCSPV

Rat stathmin-like domains RB3, RB3′ 52 ADMEVI

Yersinia F1-V 49 ADLTAS

Human prothymosin α 53 SDAAVD

Eglin c 54 TEFGLE

Native E. coli Ribosomal S5 47 AHIEKQ

Ribosomal S18 47 ARYFRR

Ribosomal L12 46 SITKDQ

Elongation factor Tu 48 SKEKFE

SecB B, 55 (Randall and Smith, personal communication) SEQNNT

A
N-acetyl transferases appear to recognize some of the six N-terminal residues 49,56.

B
presumed Nα-acetylation
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