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ABSTRACT

To ascertain the molecular basis of Ca*-me-
diated activation of matrix metalloproteinase-9
(MMP-9), we determined the accessibility of try-
ptophan residues to externally added acrylami-
de as quencher in the absence and presence of
the metal ion. The steady-state and time resol-
ved fluorescence data revealed that MMP-9
possesses two classes of tryptophan residues,
“exposed” and “buried” which are quenched by
the collisional rate constants (k,) of 3.2 x 10’
M"s™and 7.5 x 10° M™"s™, respectively. These
values are impaired by approximately two and
three-fold, respectively, in the presence of 10
mM Ca?'. The Stern-Volmer constants (Ksy val-
ues) predicted from the time resolved fluores-
cence data (in the absence of Caz") satisfied the
dynamic quenching model of the enzyme’s try-
ptophan residues. This was not the case in the
presence of Cca®; the steady-state acrylamide
quenching data could only be explained by a
combination of “dynamic” and “static” quench-
ing models. A cumulative account of these data
led to the suggestion that the binding of ca®
modulated the tertiary structure of the protein by
decreasing the dynamic flexibility of the enzyme,
which is manifested in further structuring of the
enzyme’s active site pocket toward facilitating
catalysis. Arguments are presented that the bin-
ding of Ca®* at distal sites “dynamically” com-
municates with the active site residues of MMP-9
during catalysis.
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1. INTRODUCTION

Matrix metalloproteinases (MMPs) are involved in
dynamically controlling the synthesis and degradation of
extracellular matrix assembly (ECM), which is primarily
constituted of different types of collagen fibers, in the
physiological milieu. Under normal condition, these “co-
ordinated” processes are responsible for embryonic de-
velopment, reproduction, wound healing, and angiogene-
sis. Any factor (genetic and/or environmental), which
obviates the above dynamic control, either results in an
excessive accumulation of the ECM assembly or its deg-
radation, causing a variety of human diseases. For exam-
ple, depending on the tissue type, excessive ECM degra-
dation leads to the onset of a variety of pathological con-
ditions such as, chronic wounds, dermal photo-ageing,
bullous skin diseases, atherosclerosis, theumatoid arthritis,
and cancer and metastasis [1-6].

Of 26 different types of MMPs present in human tissues,
MMP-9 (also known as gelatinase-B) is involved in the
degradation of collagen type IV and gelatins, and it has
been widely recognized to be involved in the progression
and metastasis of a variety of diseases [7-23]. In view of
an extensive pathophysiological role of MMP-9, this en-
zyme has been considered as being the high priority target
for drug design. However, earlier efforts in designing
MMP inhibitors as potential drugs have not been suc-
cessful, and they suffered partly due to the lack of detailed
structural-functional and mechanistic studies on MMPs
including those on MMP-9 [24].

From the structural point of view, MMP-9 is one of
most complex MMPs, as it is comprised of a “Pre” do-
main (an ~20 amino acid residue N-terminal signal pep-
tide sequence), a “Pro” domain (an ~80 amino acid resi-
due inhibitory peptide fragment), a catalytic domains,
three fibronectin (type-1l ) domain, and a “hemopexin”
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like domains [25]. Of these, the fibronectin domain
bridges the two catalytic half domains of the enzyme,
and the overall assembly is believed to be responsible for
the recognition and unwinding of the triple helical colla-
gen IV peptide substrates during the enzyme catalysis.
The X-ray crystallographic data of MMP-9 reveals that
the enzyme contains two Zn®" and three to five Ca’"
binding sites [26-28], of which one Zn*" (coordinated by
three histidine residues of HEXXHXXGXXH motif) is
unequivocally demonstrable to exhibit the catalytic func-
tion. Due to their relative locations on the protein surface
(i.e., far removed from the active site), non-catalytic Zn**
and all Ca®" appear to exhibit structural rather than cata-
lytic roles (Figure 1). Contrary to this expectation, sev-
eral investigators noted that besides performing the
structural roles [29-31], the binding of Ca*" enhances the
catalytic activities of several MMPs [32-34], including
those of MMP-2 and MMP-9 [35-38]. By employing
dynamic simulation studies on MMP-2, Diaz and Suarez
[35] demonstrated that both non-catalytic Zn** and Ca*"
(seemingly the “structural metal ions”) influence the po-
sition of several solvent-exposed loop regions that are
placed near the active site cleft, and the position of these
loops modulates the accessibility of the enzyme’s sub-
strate.

Our interest towards investigating the influence of
Ca’" emerged from our preliminary comparative data on
the MMP-9 and MMP-10 catalyzed reactions. To our

Figure 1. Ribbon diagram of MMP-9 structure. The X-ray cry-
stallographic structure of proMMP-9 (PDB file: 116j.pdb) show-
ing the tryptophan residues and bound Ca*'. The catalytic and
fibronectin domains are shown in red and gold color, respec-
tively. The green ribbon represents the pro-domain of the en-
zyme.
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interest, we observed that the apo form of MMP-10 ac-
quires nearly full activity upon addition of Zn*" (and it is
not further activated upon addition of Ca*"), whereas the
activation of the apo form of MMP-9 requires the addition
of both Zn*" and Ca”" ions (to be published subsequently).
This functional difference was particularly noteworthy in
the light of the fact that Ca®" ions are far removed from the
catalytic sites of both enzymes. Evidently, the binding of
Ca’' ions to the distal site on MMP-9 structure “allos-
terically” activates its substrate binding and/or the che-
mical transformation step. While we are currently inves-
tigating the structural-functional features of the above
noted differential effects of Ca®" ions on the activation of
MMP-9 versus MMP-10, we surmised that the Ca’'-
dependent activation of MMP-9 is mediated via the dy-
namic fluctuation in the protein structure. This has been in
accord with the widely conceived notion that conforma-
tional dynamics, in conjunction with the motion of amino
acid residues, in protein structures are intimately involved
in promoting enzyme catalysis [39].

One of the approaches of experimentally evaluating
the contributions of conformational dynamics in proteins
has been to monitor the signals associated with the
diffusion of different solutes within their interior cores
[40,41]. In this paradigm, quenching of intrinsic fluo-
rescence of proteins by acrylamide has been frequently
utilized to probe the differential accessibility of try-
ptophan residues in relation to the space and time [42-44].
Although such studies have unraveled several molecular
details in several proteins, they have not been extensively
implemented with MMPs. In limited studies, Nagase and
his collaborators [45] employed acrylamide and pota-
ssium iodide quenching of tryptophan residues of MMP-
2 and MMP-9 to probe the accessibility of those residues
during the course of activation and binding with their
natural inhibitor, TIMP (tissue inhibitor of metallo-
proteinases). With these studies in mind, we proceeded to
investigate the differential accessibility of tryptophan
residues in MMP-9 via monitoring the steady-state and
lifetime fluorescence in the presence of acrylamide as a
neutral quencher. We also studied the effects of calcium
ion on protein structure using tryptophan’s intrinsic
steady state fluorescence and circular dichroism and
probed its relationship to changes in enzyme’s catalytic
activity. Our studies have led to the elucidation of the
dynamic role of Ca®" in decelerating the collisional rate
constant of the quenchers, altering the mechanistic
pathway of protein’s quenching, and modulating the
tertiary structure of MMP-9 resulting in overall tigh-
tening of the MMP-9 structure.

2. MATERIALS AND METHODS
2.1. Materials

Zinc chloride, calcium chloride, ampicillin, chloram
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phenicol, Tris, and IPTG were purchased from Life Sci-
ence Resources, Milwaukee, WI; yeast extracts, and
tryptone were purchased from Becton Dickinson, Sparks,
MD; PMSF, acrylamide, and gelatin agarose column
material was obtained from Sigma. The expression cells,
BL21codon plus DE3 (RIL) were from Stratagene, La
Jolla, CA. All other chemicals were of reagent grade, and
were used without further purification.

2.2. Cloning of Human MMP-9

The plasmid pOTB7 containing the full length cDNA
clone of human matrix metalloproteinase 9 (Gelatinase B)
was obtained from ATCC (MGC-12688). The nucleotide
fragment from the residue Phe-106—Leu-442 was am-
plified by the hot start PCR method [46] using the above
plasmid as the DNA template, and following synthetic
primers. The sense and anti-sense primers were 5’-GGA
ATT C-CATATG- TTC CAA ACC TTT GAG GGC GAC
-3’ and 5’-CCG-CTCGAG-TTA ATA GAG GTG CCG
GAT GC-3’, respectively. These primers contained the
Ndel restriction enzyme sequence in the sense primer
and Xhol restriction enzyme sequence in the antisense
primer (underlined). The bold sequences in both sense
and anti-sense primers are the additional sequences for
recognition by their respective enzymes. The PCR reac-
tion mixture contained the template DNA (~50 ng),
primers (4 pl of 25 uM), dNTPs (1 pl of 10 mM), MgCl,
(10 pl of 25 mM), and pfu DNA polymerase (5 units) in
a total volume of 100 pl. The PCR reaction conditions
were set as follows: 30 seconds at 94°C denaturation, 1
min and 30 seconds at 55°C for annealing, 15 min at
72°C for extension, for a total number of 25 reaction cy-
cles. The PCR reaction product and the expression vector
pET 20b (+) were digested with Nde I and Xhol and pu-
rified from an agarose gel using the QIAquick gel ex-
traction kit. The purified products were ligated with T,
DNA ligase (forming the MMP-9-pET plasmid) and
transformed into DHS5a cells for plasmid propagation
[46]. The plasmid was transformed into E. coli BL21
(DE3) for protein expression. The cloning of the coding
regions of MMP-9 in the pET 20b (+) vector was con-
firmed by sequencing the plasmid at the University of
Chicago Cancer Research Center.

2.3. Expression and Purification of
Recombinant Human MMP-9

The MMP-9-pET expression system was grown in LB
medium, supplemented with 100 pg of ampicillin/ml, 50
pg/ml of chloramphenicol at 37°C until Aggy was 0.6. The
expression of MMP-9 was induced by addition of 400
pM IPTG. The cells were incubated further at 37°C for 5
hours. The cell suspension was centrifuged at 8000 g for
20 min. The pellet was washed in 50 mM Tris-HCI (bu-
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ffer A) pH 7.5, and resuspended in the same buffer fol-
lowed by the addition of ImM PMSF (in 2-propanol)
prior to sonication. The cells were sonicated for a total
time of 10 min in a Branson sonifier utilizing 40% duty
cycle in an ice cold bath. The sonicated extract was cen-
trifuged at 15,000 rpm for 30 min, and the pellet was
collected. The pellet containing inclusion bodies was
washed thrice with buffer A, and then once with 50 mM
Tris-HCI buffer containing 2 M urea, pH 7.5, and then
dissolved in the above buffer containing 6 M urea by
stirring overnight at 4°C. The 6 M urea extract was cen-
trifuged at 15,000 rpm for 30 min and its supernatant was
collected for further purification. To generate the active
form of recombinant human MMP-9, the enzyme sus-
pension (in urea solution) was folded by 10-fold (vol/vol)
by snap-dilution in 50 mM Tris-HCI buffer, pH 7.5, con-
taining 10 mM CaCl, and 10 pM ZnCl,. The solution
was further stirred for 30 min, and left undisturbed for 12
hours at 4°C. The refolded protein was concentrated, and
loaded onto a gelatin-agarose column (1 x 10 cm), pre-
viously equilibrated with 50 mM Tris-Cl, 10 mM CaCl,,
10 uM ZnCl,, pH 7.5. The column was washed with
buffer containing 50 mM Tris-Cl, 10 mM CaCl,, 10 uM
ZnCl,, 0.5 M NaCl, pH 7.5, and the enzyme was eluted
by supplementing the above buffer with 10% DMSO.
The active enzyme fractions were pooled, concentrated,
and stored at —20°C freezers. At times the protein after
snap dilution was 290% pure, and the column purifica-
tion step was eliminated. The activity of the recombinant
MMP-9 was measured in 50 mM Tris-HCI buffer, pH 7.5,
containing 10 mM CaCl, at 25°C, utilizing thiopeptolide
TPL (Ac-Pro-Leu-Gly-(2-mercapto-4-methylpentanoyl)-
Leu-Gly-OE) as substrate [38]. The protein concentration
was determined by BCA assay, utilizing BSA as the
standard protein. The purified enzyme was judged to be
homogeneous by the SDS-PAGE analysis. The purified
MMP-9 showed single band on SDS gel electrophoresis.
The yield from 1 liter of bacterial culture was in the
range of 20 - 30 mg. To obtain Ca*" -free MMP-9, the
urea extract of inclusion bodies was folded in the ab-
sence of calcium ions. To ensure that no Ca’" tagged
along with MMP-9 during the course of purification, we
dialyzed the purified enzyme by four changes (for 8
hours at 4°C) of 50 mM Tris-HCI buffer, pH 7.5, pre-
pared by using Chelex-100-treated water. The enzyme
thus prepared did not exhibit any activity, but it restored
full activity upon addition of 10 mM Ca*" (aside from 10
uM Zn®"). All steady state and time resolved fluores-
cence decay experiments in the absence and presence of
CaCl, were performed in 50 mM Tris-HCI buffer, pH 7.5.
Steady State Fluorescence Measurements

Steady state spectrofluorometric studies were perfor-
med on a Perkin Elmer lambda 50-B spectrofluorometer,
equipped with a magnetic stirrer and thermostated water
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bath. The emission spectra of MMP-9 in the absence and
presence of calcium ions were acquired by fixing the
excitation wavelength at 295 nm while maintaining both
excitation and emission slits at 5 mm without any cut-off
filter. All measurements were performed in a standard
quartz cuvette at room temperature. For quenching ex-
periments, aliquots of acrylamide were added directly to
the sample in small steps. Fluorescence spectra were
corrected for the dilution of the titrant. The fluorescence
intensities were corrected for the acrylamide absorbance
using €295 =0.25 M "-cm ™,

2.4. Time-Resolved Fluorescence Studies

Fluorescence lifetime measurements were performed
on a custom designed Photon Technology International
(PTI) Fluorescence-Lifetime instrument. The excitation
source for measuring the time resolved fluorescence de-
cay was the Light Emitting diode (LED) with maximum
power output at 280 nm. For all experiments, the excita-
tion and emission wavelengths were set to 280 and 335
nm, respectively. The emission slits were 6 mm. The
emitted light was detected (at right angle of the excita-
tion source) by means of a stroboscopic emission mono-
chromator configured at appropriate wavelengths. The
instrument response function was recorded by collecting
scattered light from a starch suspension. The data were
collected in 200 channels with an integration time of 1
sec, and six data sets were averaged to obtain better
resolution of the fluorescence traces. The time resolved
fluorescence decay curves were analyzed to obtain the
lifetimes of the protein resident tryptophan residues un-
der different experimental conditions by the aid of the
PTTI’s software, Felix 32. The kinetic traces were fitted
by the single and double exponential rate equations of
the following format (EqQ. 1).

I(t)=2" aexp(~t/7,) (1)

Where o, and tr; are amplitude and fluorescence life-
time for the /™ component, respectively. The relative
contribution of component i (f;) was calculated from the
following relationship (Eg. 2).

f =(airi/2?:lairi)x100% )

The parameters describing the true decay function
were extracted from the experimental data by a non- lin-
ear least squares convolution process. The goodness of
the exponential fit of fluorescence curves was deter-
mined by the reduced 7, the Durbin Watson, and Z val-
ues.

3. RESULTS

The experimental data presented herein were prompted
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by our preliminary observation that unlike MMP-10
(which does not require Ca** for the catalytic activity),
MMP-9 catalyzed reaction is absolutely contingent on
the presence of both Ca*" and Zn** (to be published sub-
sequently). To probe the dynamic contribution of Ca** in
activating MMP-9, we decided to investigate the acces-
sibility of the enzyme’s tryptophan residues by monitor-
ing their fluorescence properties in the presence of acry-
lamide. Although in a cursory manner, it has been dem-
onstrated [45] that both acrylamide and iodide serve as
quenchers of the tryptophan fluorescence in MMP-9, no
detailed studies on the molecular mechanism of such
quenching (to the best of our knowledge) have been per-
formed.

Given that the steady-state fluorescence measurements
are often unreliable due to several uncontrollable vari-
ables, such as “scattering”, “inner-filter” effects etc., we
decided to first determine the lifetime profiles of the en-
zyme’s tryptophan residues in the presence of increasing
concentrations of acrylamide. Figure 2(a) shows the
excited state fluorescence decay profiles of MMP-9 (A
=280 nm, A, = 335 nm) in the absence and presence of
122 mM acrylamide. The experimental data were best
fitted (solid smooth lines) by the biphasic rate equation
for the short (z) and long (7) lifetimes of 1.7 ns and 5.9
ns in the absence of acrylamide, and 1.0 ns and 3.4 ns in
the presence of 122 mM acrylamide, respectively. Our
attempts to fit these data by the single exponential rate
equation yielded systematic deviation of their residuals.
We ascribe the observed lifetimes, 7, and 7, to the ex-
posed and buried tryptophan residues of MMP-9, al-
though we cannot rule out the possibility of alternate
rotamer distribution of the above residues [47].

We investigated the influence of acrylamide concen-
tration on 7, and 7. Figure 2(b) shows that as the con-
centration of acrylamide increases, the magnitudes of
both 7; and 7 decrease linearly, and the overall profile
adheres to the Stern-Volmer relationship in the following
format (Eq. 3) [40,41,48].

e =1z +k, 0] G)

where 7y and 7 are the lifetimes of the tryptophan fluo-
rescence in the absence and presence of acrylamide, re-
spectively, and k, is the bimolecular rate constant of
quenching.

The solid lines of Figure 2(b) are the best fit of the
acrylamide quenching data for 7y and &, values, derived
from shorter lifetime (z;) component, of 1.9 ns and 3.2 x
109 M "s™', and the corresponding values derived from
the longer lifetime component (7;) of 5.9 ns and 7.5 x
108 M "s™", respectively. Note that the intercept values
(obtained from the extrapolations of 1/7 versus [Q] plots)
match fairly closely to the independently determined life-
times (7) of the enzyme’s tryptophan in the absence of
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acrylamide. It is further noteworthy that the &, value de-
rived from the shorter lifetime component is about 4-fold
higher than that derived from the longer lifetime compo-
nent. Since acrylamide is known to quench the surface
exposed tryptophan residues more efficiently than those
buried in the interior core of the enzyme [40,41,48], we
assign high and low £, values to the surface exposed and
buried tryptophan residues of MMP-9, respectively.

It has been known that the fluorescence emission band
of tryptophan residues are sensitive to the polarity of the
medium; lower polarity shifts the emission band to blue,
higher polarity shifts it to the red [48]. [f MMP-9 harbors
two classes of tryptophan residues (i.e., exposed and
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buried), the preferential quenching of the exposed resi-
dues would shift the fluorescence emission spectrum to
blue. This feature is evident from the data of Figure 2(c).
Note that upon addition of 0.5 M acrylamide, the fluo-
rescence emission band of MMP-9 shifts from 343.5 nm
to 337 nm, suggesting that the preferential quenching of
the surface exposed tryptophan residues augments the
fluorescence (with concomitant blue shift) of the buried
tryptophan residues [48]. Although it would be tempting
to quantitate the relative distribution of the surface ex
posed versus buried tryptophan residues from the data of
Figure 2(c), such deduction would unlikely to be ac-
cuched (at least partially) by acrylamide.
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Figure 2. Fluorescence profiles for quenching of tryptophan residues of MMP-9 by acrylamide. The experiments were
performed in 50 mM Tris-HCI buffer at pH 7.5. (a): The time resolved decay of tryptophan fluorescence of MMP-9
([MMP-9] = 28 uM) (Aex = 280 nm, and A.,, = 335 nm) in the absence and presence of acrylamide ([Acrylamide] = 122
mM). The solid smooth lines are the best fit of the data according to Eq. 1 with z,= 1.7 ns + 0.07 and a, (amplitude) =
0.38 £0.01; 7= 5.9 ns + 0.43 and o; = 0.08 £ 0.01 for MMP-9 in the absence of metal ions and z,= 1.0 ns + 0.04 and «, =
0.27 £0.01; =3.4 ns £0.16 and o; = 0.06 £ 0.01 in the presence of acrylamide, respectively. The bottom panels show
the residuals of the fit of the individual lifetime traces; (b): Acrylamide concentration dependence of z; and 7. The solid
lines are the linear regression analyses of the data according to Eq. 3 for k, and z, values of 3.2 x 10°M"s " and 1.9 ns,
respectively for the shorter lifetime component, and k, and 7; values of 7.5 x 105 M"s " and 5.9 ns for the longer life-
time component, respectively; (c): Effect of acrylamide on the steady-state fluorescence spectrum of MMP-9. Note a blue
shift in the fluorescence spectrum of MMP-9 (A = 295) from 343.5 nm to 337 nm upon addition of acrylamide. The
dashed line represents the difference spectrum, i.e., the spectrum of MMP-9 minus that in the presence of acrylamide.
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3.1. Effect of Ca?* on Acrylamide Dependent
Changes in the Fluorescence Profile of
MMP-9

To ascertain the contribution of Ca>* on the acrylamide
dependent changes in the fluorescence profile of MMP-9,
we repeated the experiment of Figure 2(a) in the pres-
ence of 10 mM Ca®" (Figure 3(a)). As observed with apo
(Ca*'-free) MMP-9, the excited state fluorescence decay
profile of the enzyme in the presence of Ca®" once again
conformed to the biphasic rate equation (EQ. 1) with 7
and 7; values of 1.7 ns and 5.9 ns, respectively. Note that
these values are comparable to those obtained in the ab-
sence of Ca’’. However, the presence of Ca’"
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altered the amplitude of the two phases. Whereas the
binding of Ca*" decreased the amplitude of the shorter
lifetime component from 83 to 76%, it increased the am-
plitude of the longer lifetime component from 17 to 24%.
When we performed these experiments in the presence of
122 mM acrylamide, no significant effect of Ca*" on the
short and long life time components of MMP-9 was ob-
served. However, in all these conditions, the excited state
decay profiles invariably conformed to the biphasic de-
cay profile as shown by the residuals at the bottom panel
of the figure. To further ascertain whether Ca*" influ-
enced the magnitudes of kq and 7, values of the shorter
and longer components, we determined the tryptophan

0 ! L 1 |
0 150 300 450 600
[Acrylamide] (mM)
(b)
400
MMP-9
300 F S
MMP-9 + Ca2* ")
200
100
| | | )

340 360 380
Wavelength (nm)

(©)

400

Figure 3. Effect of calcium ions on the fluorescence profiles of the tryptophan residues of MMP-9. (a):
The time resolved fluorescence decay of the tryptophan residues of MMP-9 + Ca?* (10 mM) in the ab-
sence and presence of acrylamide. [MMP-9] = 28 uM, [acrylamide] = 122 mM, A =280 nm, and A, =
335 nm. Other conditions were same as in Figure 2. The solid smooth lines are the best fit of the data
according to the Equation (1) with z,= 1.7 ns + 0.05 and a; = 0.53 + 0.01; 5= 5.9 ns + 0.20 and o, =
0.170 + 0.001 for MMP-9 in the presence of 10 mM Ca?" ions, and ;= 1.3 ns + 0.04 and a, = 0.34 +
0.01; 7=4.3 ns £ 0.15 and o5 = 0.09 £ 0.01 in the presence of acrylamide. The bottom panels show the
residuals of the fitted lines; (b): Acrylamide concentration dependence of the shorter (z;) and longer (z;)
lifetime components. The solid lines are the least squares fits the data according to Eq. 3 with &, and 7,
values of 1.4 x 10° M "s! and 1.9 ns, respectively for the shorter component, and the corresponding
parameters for the longer components being equal to 2.2 x 10° M "s! and 5.9 ns, respectively; (c):
Calcium-induced changes in the steady-state fluorescence spectrum of MMP-9. Note a calcium ion in-
duced shift in emission peak from 343.5 nm to 340.5 nm in the presence of 10 mM CaCl,.

Copyright © 2013 SciRes.
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lifetimes of MMP-9 in the presence of increasing con-
centrations of acrylamide (Figure 3(b)). The linear re-
gression analyses of the data yielded the kq and 7, values
of 1.4 x 109 M s and 1.9 ns from the shorter lifetime
component, and 2.2 x 108 M-S and 5.9 ns from the
longer lifetime component, respectively. A casual com-
parison of the data of Figure 2(b) and Figure 3(b) reveal
that the presence of Ca”" slightly impairs the bimolecular
rate of quenching (k,) of the enzyme’s tryptophan resi-
dues of MMP-9 by acrylamide. This coupled with the
fact that the presence of Ca”" alters the relative ampli-
tudes of the short and long lifetime phases of the en-
zyme’s tryptophan residues (Figure 3(a)) lead to the
suggestion that binding of metal ion to the enzyme buries
some of the surface exposed tryptophan residues to the
interior.

3.2. Effect of Ca®* on the Secondary and
Tertiary Structure and Activation Profile
of MMP-9

To further attest our hypothesis of burial of surface ex-
posed or partially exposed tryptophan residues we stud-
ied the effect of Ca®" on the secondary and tertiary struc-
ture of MMP-9. CD spectrum of MMP-9 in the presence
and absence of calcium ions were indistinguishable indi-
cating no change in the secondary structure of the protein
upon binding calcium ions. However, binding of Ca*" to
MMP-9 resulted in about 3 nm blue shift in the
steady-state fluorescence emission band of the enzyme’s
tryptophan residues indicating changes in the tertiary
structure MMP-9 (Figure 3(c)). In addition, decrease in
emission intensity upon binding Ca®*" indicates move-
ment of surface exposed or partially exposed tryptophan
residues to the interior of the protein. Given the changes
in steady-state fluorescence upon binding of Ca®" to
MMP-9, we proceeded to determine the binding profile
of the enzyme-metal complex. Figure 4(a) shows the
titration of a fixed concentration of MMP-9 (16 puM)
with increasing concentration of Ca** while monitoring
the decrease in the fluorescence emission intensity at
343.5 nm (A = 295 nm). Note that as the concentration
of Ca®" increases, the fluorescence intensity decreases in
a sigmoidal fashion indicating local structural changes
caused by the binding of calcium ions. However, given
that there are multiple binding sites of Ca®" on the pro-
tein surface [26-28], we believe the origin of the sigmoi-
dal profile of Fig. 4A lies in the cooperative interaction
of Ca*" to MMP-9, resulting in the quenching of the en-
zyme’s tryptophan fluorescence. Microscopically, the
above feature can originate due to the Ca®" dependent
changes in the conformational states of MMP-9.

To probe the functional consequences of the observed
cooperativity in binding of Ca** to MMP-9, we measured
the enzyme activity as a function of increasing concen-
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tration of Ca®’". As shown in Figure 4(b), the rate of the
MMP-9 catalyzed reaction increases with the increase in
Ca®" concentration. Note that although the overall activa-
tion profile of Figure 4(b) appears to be hyperbolic in
nature (as expected for the non-cooperative binding mo-
del), the initial region of such profile shows sigmoidal
behavior (inset of Figure 4(b)). Due to hyperbolic nature,
the entire range of data of Figure 4 could be analyzed
according to the Michaelis-Menten Equation with V.
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Figure 4. Calcium-induced changes in the
steady-state fluorescence and activity of MMP-
9. (a): Binding profile for the interaction of
calcium ions with MMP-9. The decrease in the
fluorescence emission intensity of protein at
343.5 nm (A = 295 nm) upon titration of a
fixed concentration of the MMP-9 (16 uM) as
a function of the total concentration of calcium
ions is shown. The solid smooth line is the best
fit of the data according to Hill equation with
K5 and ny (Hill Coefficient) values as being
equal to 6.7 mM and 5.7, respectively; (b):
Effect of calcium ions on MMP-9 catalyzed
reaction. An increase in rate of 0.5 uM MMP-9
reaction is shown. The experiments were per-
formed in 50 mM Tris-HCI, 100 mM NaCl
buffer at pH 7.5. The solid smooth line is the
best fit of the data according to Michaelis-
Menten Equation with V., and K,, values of
352 munits/min and 6.6 mM, respectively. The
inset shows the sigmoidal profile of Ca*" -
dependent activation of the enzyme, at lower
calcium ion concentrations.
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and K, values of 352 munits/min and 6.6 mM, respec-
tively. Although we could not reliably analyze the trun
cated (sigmoidal) region of the Ca** dependent activation
data (inset of Figure 4(b)) due to uncertainty in the ex-
trapolated V., value, a rough estimate of the Hill Coef-
ficient (nH) value emerged out to be in the range of 1.4 -
1.8. The number of Ca’>" moieties responsible for coop-
eratively producing fluorescence changes (cooperatively)
in the enzyme’s tryptophan residues appears to be dif-
ferent than those involved in the (cooperative) activation
of the enzyme. We believe the origin of such discrepancy
lies in the differential avidity of Ca*" in influencing the
fluorescence versus activity changes in MMP-9. Irre-
spectively, both processes being cooperative are sugges-
tive of their common molecular origin.

3.3. Steady-State Fluorescence Quenching
and Stern-Volmer Relationship

Given the magnitudes of 7 and k, values, derived
from the acrylamide concentration dependent fluores-
cence lifetime data (Figure 2(b) and Figure 3(b)), we
could predict the intrinsic Stern-Volmer constants (K, =
7% k) for the two classes (viz., exposed and buried) of
tryptophan residues of MMP-9 in the absence and pres-
ence of Ca®". To ascertain whether the predicted K, val-
ues can reliably explain the steady-state fluorescence
quenching data, we performed the latter studies in the
presence of increasing concentrations of acrylamide in
the absence and presence of Ca*". Towards this goal, we
measured the steady-state fluorescence of MMP-9 (A,
=295 nm, A, = 335 nm) in the presence of increasing
concentrations of acrylamide. Figure 5 shows the Stern-
Volmer plot (Fo/F versus [Acrylamide]) for the quench-
ing of the enzyme’s tryptophan fluorescence (F, and F
are representative of fluorescence intensity in the ab-
sence and presence of acrylamide, respectively). Since
our lifetime data conformed to the two classes of the
tryptophan residues in MMP-9, the data of Figure 5 were
analyzed by the modified form of the Stern-Volmer rela-
tionship ((EqQ. 4); [40-42]).

FJF=((1+&5101)/r)+((1+ kL 01)/1") @)

where f° and /° refer to the fractions of exposed and bur-
ied tryptophan residues, and K., and Ky, are the corre-
sponding Stern-Volmer constants, respectively. We ana-
lyzed the data of Figure 5 by EqQ. 4 using the K, values
derived from the fluorescence lifetime data of Figure 2.
The solid smooth line is the best fit of the experimental
data for the magnitudes of /° and /* values as being equal
to 3.9 and 1.1, respectively. In accord with our working
model, the above analysis led to the suggestion that
about 78% of the MMP-9 resident tryptophan residues
are exposed and the remaining 22% are buried within the
interior core of MMP-9. These values attest to our initial

Copyright © 2013 SciRes.

K/F

0.0

| | |
0 200 400 600
[Acrylamide] (mM)

Figure 5. Stern-Volmer plot for the acrylamide quenching
of the tryptophan residues of MMP-9. The relative quen-
ching (Fo/F) of the steady-fluorescence of the enzyme’s
tryptophan residues (Aex = 295 nm, A, = 335 nm) as a
function of the acrylamide concentration (open circle) is
shown. The solid line is the best fit of the data according
to Eq. 4, by fixing the magnitudes of K;,’s (derived from
the data of Figure 2(b)) and allowing to vary the ampli-
tude parameters, f° and /°. The latter parameters were dis-
cerned to be 3.9 + 0.20 and 1.1 + 0.02, respectively.

assignment (based on the amplitudes of the lifetime
traces of Figure 2(a)) that the relative distribution of the
surface exposed and buried tryptophan residues in MMP-
9 is 83% and 17%, respectively. We must emphasize that
our approach of deriving the K;, values from the lifetime
data, and fixing them while analyzing the steady-state
data of Figure 5 by Eq. 4 reliably yielded the relative
distribution of the surface exposed and buried tryptophan
residues in MMP-9. However, an interesting aspect of
the above analytical outcome has been the apparent lack
of the “static” contribution during the acrylamide quen-
ching of MMP-9 in the absence of Ca®". This is clearly
not the case in the presence of Ca*".

To ascertain the contribution of Ca>* on the acrylamide
dependent quenching of the steady-state fluorescence of
MMP-9, we performed a similar experiment as described
above. As shown in Figure 6, the acrylamide dependent
quenching of the MMP-9 fluorescence in the presence of
10 mM Ca®" shows an upward curvature in the Stern-
Volmer plot. To our surprise, such curvature emerged
only when we used Ca®" in the enzyme preparation, and
there was no sign of such curvature in the absence of
Ca®". Clearly, Ca* modulates the overall microscopic
pathway for the acrylamide assisted quenching of MMP-9.
When we attempted to analyze the data of Figure 6 by
Eq. 4 (by fixing the magnitudes of Kj,’s, derived from
the lifetime data of Figure 3(b)), there was a marked
viation between the experimental data and the fitted
line(see dotted line of Figure 6). The upward curvature
in Stern-Volmer plot has been conceived to originate due
to involvement of the “static” (i.e., aside from the dy-
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Figure 6. Influence of Ca® on the Stern-Volmer
plot for the quenching of the tryptophan residues of
MMP-9 by acrylamide. The experimental condi-
tions were the same as in Figure 5, except for the
presence of 10 mM Ca”" in the enzyme preparation.
The dotted line is least squares fit of the data ac-
cording to EQ. 4 using the fixed K, values (ob-
tained from the data of Figure 3(b)). Note a marked
deviation from the experimental and fitted line. The
data was best fitted (by EQ. 5) on the basis that
aside from “dynamic” quenching, the presence of
Ca®" induces “static” quenching of the enzyme’s
tryptophan residues by acrylamide. The magnitudes
of f°, f and V* were derived (from the best of fit of
the data) as being equal to 3.0 + 0.73, 1.1 + 0.09,
and 1.2 M, respectively.

namic) component in overall quenching pathway [40,41].
Hence, the recourse was made to analyze the Stern-
Volmer plot of Figure 6 by Eq. 5 [40-42].

R/F=((1+K5101)/1°)
+((1+ kL[] expr 101/ 1)

where V7 is the static quenching constant of the buried
residues. The solid line of Figure 6 is the best fit of the
data (while fixing the magnitudes K;,’s) by EqQ. 5 for the
magnitudes of f, /*, and V” values as being equal to 3.0,
1.1, and 1.2 M ™" respectively. Note a marked correspon-
dence between the experimental data and the fitted (solid)
line. These parameters along with those derived from the
data of Figures 2, 3, and 5 are summarized in Table 1. A
cumulative account of the data of Table 1 lead to the su-
ggestion that aside from promoting the “static” quench-
ing of the enzyme’s tryptophan residues, Ca®" also alters
the fractional accessibility of both exposed versus buried
tryptophan residues to acrylamide. We believe the Ca®'-
mediated “static” quenching arises from a weaker inter
action of acrylamide with MMP-9. The latter feature is
evident from the fact that acrylamide serves as a com-
petitive inhibitor of the enzyme with a k; value of 589
mM (data not shown).

(&)
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Table 1. Acrylamide-dependent quenching of tryptophan fluo-
rescence of MMP-9.

Parameters MMP-9 MMP-9 + Ca**
kyx10° (M 's™) 3.2 1.4

Ky (M) 6.3 2.6

r 3.9+0.20 3.0+0.73
kyx105(M s 7.5 22

K (M) 4.4 13

f 1.1+0.02 1.1 +0.09
4 - 12

Derived from the data of Figures 2, 3, 5, and 6.

4. DISCUSSION

This paper provides a detailed account of the acrylamide
assisted quenching of tryptophan fluorescence in MMP-9
in the absence and presence of Ca*". Both excited state
fluorescence decay profile of the enzyme’s tryptophan
residues and the acrylamide quenching data are consis-
tent with the fact that MMP-9 harbors two classes of
tryptophan residues, which can be formalistically as-
signed as the “surface exposed” and “buried” residues.
Of eight tryptophan residues in the coding sequence of
our construct [27], four of them are present in the cata-
lytic domain and the remaining four are present in the
fibronectin domain. The structural data of catalytic do-
main reveal that whereas three tryptophan residues
(W116, W124, and W148) are partially to fully surface
exposed, one tryptophan residue (W210) is buried to the
interior core of the MMP-9 structure. Of four tryptophan
residues present in the fibronectin domain (see Figure 1),
two (W255 and W313) are exposed and the other two
residues (W372 and W385) appear to be buried in the
protein structure [27].

The fact that the short (7)) and long (7;) tryptophan
lifetimes of MMP-9 decrease upon increasing concentra-
tion of acrylamide suggests that both surface exposed
and buried tryptophan residues are quenched. However,
the effectiveness of quenching (as judged from the de-
rived bimolecular quenching constant; ,) is about 4-fold
more pronounced for the surface exposed tryptophan
residues than those buried in the protein mass. This is not
surprising on consideration that although buried trypto-
phan residues are also accessible to acrylamide, the over-
all process has somewhat higher energy barrier than
those for the exposed residues. This is presumably due to
the impaired flexibility (on a dynamic scale) of the bur-
ied amino acid (e.g., tryptophan) residues at the interior
of the protein core.

The fact that the K, values derived from the lifetime
data (Figure 2(b)) could be used to reliably simulate the
steady-state fluorescence data of the Stern-Volmer plot of
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Figure 5 attests to the internal consistency of our quen-
ching results in the absence of Ca®’. Our strategy also
allowed us to determine the fractional contribution of the
surface exposed versus buried tryptophan residues in
MMP-9 from the Stern-Volmer plot, and the derived pa-
rameters (f versus /°) are similar to the relative ampli-
tudes of the lifetime traces. It should be emphasized that
the fractional accessibility of two classes of tryptophan
residues to acrylamide quenching would have remained
obscured if we had solely relied on the steady-state fluo-
rescence data in analyzing the Stern-Volmer plot.

One of interesting aspect of our observation is the
marked difference in the Stern-Volmer plots in the ab-
sence (Figure 5) and presence (Figure 6) of Ca®". Since
the Stern-Volmer plot in the absence of Ca*" is nearly
linear and it is devoid of any upward curvature (contrary
to that observed in the presence of Ca®"), it follows that
the overall acrylamide assisted tryptophan quenching of
MMP-9 is “dynamically” controlled. In other words,
acrylamide depopulates the excited states of the trypto-
phan species primarily via collisional encounters that via
a diffusion limited pathway [40,41] and less due to bind-
ing in the vicinity of the tryptophan residues if it does or
exhibiting apparent saturation due to inherent kinetic
complexity as described by Eftink and Ghiron [40,41].
Aside from these, the differential quenching of the sur-
face exposed versus buried tryptophan residues of MMP-
9 by acrylamide is further evident from 6 nm blue shift in
the fluorescence emission spectrum of the enzyme in the
presence of 0.5 M acrylamide (Figure 2(c)). As found
with other proteins [48], the acrylamide-induced blue
shift in the fluorescence emission spectrum of MMP-9 is
likely to be caused by the preferential quenching of the
surface exposed tryptophan residues such that the overall
emission spectrum is dominated by the buried (blue shi-
fted) tryptophan residues.

Our experimental data reveal that Ca*" ions exhibit
different levels of effect on the tryptophan fluorescence
properties of MMP-9. 1). The binding of Ca*" to MMP-9
changes the equilibrium distribution between the surface
exposed and buried tryptophan residues to the latter.
Both fluorescence lifetime and Stern-Volmer analysis re-
veal that an additional 7% - 8% of the surface exposed
tryptophan residues, presumably, W116, W124, and
W148 from the catalytic domain and W255 and W313
from the fibronectin domain partially move to the inte-
rior of the protein core (as buried residues) upon binding
of Ca®" to the enzyme. 2) The binding of Ca®" impairs the
bimolecular quenching rate constants of the surface ex-
posed and buried tryptophan residues by 2- and 3-fold,
respectively. 3) Unlike apo (Ca®'-free) MMP-9, the Stern-
Volmer plot shows an upward curvature in the presence
of Ca®', suggesting that aside from the dynamic quench-
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ing, the binding of Ca*" to MMP-9 induces the “static”
quenching of the enzyme’s tryptophan residues by acry-
lamide. Finally, the binding of Ca*" induces about 3 nm
blue shift, with concomitant hypochromicity, in the fluo-
rescence emission spectrum of the tryptophan residues of
MMP-9. A cumulative account of all these data lead to
the suggestion that Ca*" modulates the structural as well
as dynamic feature of MMP-9, and by doing so, it “stru-
ctures” the active site cavity of the enzyme and thus fa-
cilitates catalysis.

Although acrylamide assisted “static” quenching may
proceed without formation of a stable protein-quencher
complex [40,41], our preliminary experimental data re-
veal that acrylamide, in fact, inhibits the MMP-9 cata-
lyzed reaction with a K; value of 589 mM. Whether or
not acrylamide only binds to MMP-9 in the presence of
Ca®" (a required ingredient while measuring the enzy-
matic reaction) or it also binds to “apo” MMP-9 must
await additional studies.

One of the interesting aspects of our experimental
outcomes is the sigmoidal dependence of the binding of
Ca®* to MMP-9 and also MMP-9 activity with increasing
Ca®" concentration (Figure 4). A simple minded explana-
tion of such sigmoidal behavior is that the initial binding
of Ca®" enhances its own binding affinity to the enzyme
site, and the overall process must be “allosterically” con-
trolled. Of the three putative Ca®" binding sites in the
catalytic domain of MMP-9 [27], presumably Ca-502
(see Figure 1), confined near the active site pocket of the
enzyme, might play a major role as an activator. This
Ca®" is clamped to the S-shaped double loop connecting
the 3 and /# strands of the enzyme [27], and it is pre-
sumably responsible for “structuring” of the enzyme’s
active site pocket toward enhanced catalysis.

It may appear, intuitively, that the binding of Ca*" to
MMP-9 does not markedly alter the dynamic behavior of
the enzyme, as the fractional distribution between ex-
posed and buried tryptophan residues is altered only by
7% - 8% and the bimolecular quenching rate constants
are impaired only by 2 - 3 fold. In this regard, it is note-
worthy that the above changes are not so small from the
point of view that only 17% - 20% tryptophan residues
are intrinsically buried in the MMP-9 structure. Aside
from this, our deduction of the Ca**-induced changes in
MMP-9 structure exclusively relies on the signal associ-
ated with the microenvironment of the tryptophan resi-
dues, which is only representative of a small fraction of
the total residues in the protein structure. In the absence
of comparative structural information of MMP-9 (or any
other MMPs) in the absence and presence of Ca’’, we
cannot reliably predict the magnitude of the metal ion
induced “static” deviation of the different residues (in-
cluding tryptophan) in the protein structure. However,
with precedents of the structural features of metalloen-
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zymes involved in the hydrolytic reactions, it is apparent
that the binding of metal ions does not significantly alter
their cognate protein structures [49,50]. Assuming simi-
lar scenario prevails in the case of MMP-9, we are
prompted to speculate that the origin of the Ca®" induced
changes in the fluorescence profiles of the enzyme’s
tryptophan residues is predominantly “dynamic” in na-
ture. These data also reveal that calcium ions are not
merely a structural requirement and have a role in regu-
lating catalytic activity of MMP-9 by structuring the en-
zyme’s active site. Our future studies will focus on selec-
tively replacing the tryptophan residues with phenyla-
lanine and assessing the influence of Ca** ion binding on
MMP-9 structure.
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