J Biomol NMR (2012) 53:85-92
DOI 10.1007/s10858-012-9624-7

ARTICLE

Probing water-protein contacts in a MMP-12/CGS27023A
complex by nuclear magnetic resonance spectroscopy

Helena Kovacs * Tatiana Agback + Johan Isaksson

Received: 5 January 2012/ Accepted: 28 March 2012 /Published online: 15 April 2012

© Springer Science+Business Media B.V. 2012

Abstract Using the case of the catalytic domain of MMP-
12 in complex with the known inhibitor CGS27023A, a
recently assembled 3D '“N-edited/'*N,'*C-filtered ROESY
experiment is used to monitor and distinguish protein amide
protons in fast exchange with bulk water from amide pro-
tons close to water molecules with longer residence times,
the latter possibly reflecting water molecules of structural
or functional importance. The 15N-edited/MN,lzC-ﬁltered
ROESY spectra were compared to the original '°N-edi-
ted/ 14N,IZC-ﬁltered NOESY and the conventional amide-
water exchange experiment, CLEANEX. Three protein
backbone amide protons experiencing direct dipolar cross
relaxation with water in the 15N-e:dited/MN,12C-ﬁltered
ROESY spectrum were assigned. In an ensemble of six
crystal structures, two conserved water molecules within
3 A of the three amide protons were identified. These two
water molecules are buried into cavities in the protein sur-
face and thus sufficiently slowed down by the protein
topology to account for the observed dipolar interaction.
Structural analysis of an ensemble of six crystal structures
ruled out any exchange-relayed contributions for the amide-
water interactions of interest.
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Introduction

The role of the solvent with regard to both protein structure
and function is known to be important, although elusive.
High resolution crystal structures always include large
numbers of trapped water molecules in well-defined posi-
tions, but their actual significance has been repeatedly
questioned over the years. Some of the concerns that have
been voiced are that the localization of exposed hydration
sites is to some extent subjective (Badger 1997; Ohlendorf
1994), that crystal structure water molecules carry no
dynamic information (Halle 2002), and that a large per-
centage (3040 % for a small protein) of the solvent
accessible surface is in fact buried in crystal contacts
(Islam and Weaver 1990). NMR spectroscopy is in this
respect a complementary method that is frequently used to
investigate protein hydration in aqueous solution. The
available NMR methods are sensitive to a wide range of
dynamic time scales but carry less direct structural infor-
mation in terms of water molecule coordination.

The pioneering works of Otting et al. (1991a) and
(1991b), Clore et al. (1990) and Grzesiek and Bax (1993)
have shown us already in the early 90'ies that 3D NOESY/
ROESY-TOCSY and ROESY-HMQC type of NMR exper-
iments can be used to monitor cross relaxation between
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protein protons and water molecules. Two kinds of waters
were detected. On the one hand, there are well-ordered
interior waters embedded in the protein structure and char-
acterised by long-residence times, often referred to as
‘structural waters’. On the other hand, there is the hydration
water on the protein surface with residence times in the
subnanosecond range. Of this, at best about 60 % could be
monitored by NMR techniques (Otting et al. 1991a). A recent
development, encapsulating the protein in a reverse micelle,
has however enabled the study of a much higher fraction of
the water molecules by significantly slowing down the water
mobility (Nucci et al. 2011).

The hydration toolbox was later expanded by Hwang et al.
(1997), with the publication of the CLEANEX experiment,
designed to monitor pure exchange between water and labile
protein protons by using a mixing scheme that suppresses
contributions from dipolar cross relaxation, such as intra-
molecular NOEs and exchange-relayed NOEs. It has also
been observed that cross relaxation from groups with fast
(internal) dynamics can pass through the CLEANEX mixing
scheme as they don’t fully satisfy the NOE/ROE ratio
required for perfect cancellation, thus the experiment can
under some conditions also detect intermolecular NOEs to
water or intramolecular NOEs to methyl groups. For exam-
ple, the CLEANEX experiment has been applied success-
fully to verify the role of water in stabilizing a structurally
crucial hydrogen bond in RNA pseudouridine (Newby
and Greenbaum 2002). Thus, the information content of
CLEANEX is complementary to NOESY and ROESY type
of experiments. Further developments of hydration experi-
ments include, for instance, the use of selective excitation
of water using Q-switched probes (Otting and Liepinsh
1995) or pulse field gradients (Bockmann and Guittet 1996;
Dalvit and Hommel 1995). Alternatively, selective excita-
tion of water combined with the purging of any underlying
H”* protons (Grzesiek and Bax 1993) has been proposed.
Reduction of the dimensionality, and hence experiment time,
can also be achieved by allowing the protein to relax before
acquisition (Mori et al. 1996).

The aim of this work was initially to investigate by
means of NMR whether there are water molecules present
in the binding pocket of the MMP12 catalytic domain that
are slowed down enough to allow detection and, if this
was the case, to determine whether they mediate hydrogen
bonds between the inhibitor and the enzyme. An interesting
observation in this respect is that in the crystal structure
(denoted 1Y93 in the Brookhaven database) of the MMP-
12 catalytic domain co-crystallized with a very small
inhibitor (acetohydroxamic acid, HAE), the ligand-binding
zinc atom is coordinated by a water molecule inside the
active site (Bertini et al. 2005). Recently, a low occupancy
of about 0.30 has been reported by Borsi et al. (2010) for
this particular water molecule located at 2.65 A distance

@ Springer

from the zinc ion. Here, we report our findings concerning
MMP-12 in complex with the hydroxamic acid based
inhibitor CGS27023A (MacPherson et al. 1997), using the
complementary information from '°N-edited/"*N,"*C-fil-
tered ROESY and NOESY, and CLEANEX type NMR
experiments. Since this study focuses on identifying water
molecules that have long residence times in solution, the
effect of long range dipolar couplings with water, that can
potentially be a dominating factor for the relatively highly
mobile surface hydration water, is not expected to affect
the conclusions (Halle 2003; Modig et al. 2004).

Methods
Ligand synthesis

The hydroxamic acid based MMP-inhibitor, CGS27023A,
N-hydroxy-2(R)-((4-methoxysulfonyl)(3-picolyl)amino)-3-
methylbutaneamide hydrochloride, was synthesized accord-
ing to the method of MacPherson et al.(1997).

Protein cloning, expression and purification

The catalytic domain of human MMP-12, corresponding to
G106-G263, was cloned into the expression vector pET11a.
The mutation F171D was made to improve protein solu-
bility for NMR experiments. A second construct with the
additional inactivating mutation E219A was engineered for
long term stability. A third construct, comprising the inac-
tivating mutation but lacking the F171D mutation, was
produced for completeness. This last form was subse-
quently used in crystallographic experiments. Uniformly
SN/ C-labeled MMP-12 was produced in Escherichia coli
BL21(DE3) grown in M9 medium (Sambrook et al. 1989)
with 0.5 g/L of '"N-NH,CI and 2 g/L '*C-p-glucose as
nitrogen and carbon source, respectively. For expression
and purification essentially the procedure of Morales et al.
(2004) was followed.

NMR sample preparation

The purified '>N/"*C-labelled MMP-12 NMR sample was
prepared by buffer exchange into an NMR-buffer con-
taining 10 mM deuterated TRIS-HCI, 100 mM NaCl,
5 mM CaCl,, 0.1 mM ZnCl,, 2 mM NaNj, 10 mM deu-
terated DTT in 90 % H,0/10 % D,0. Buffer exchange
was carried out on a pre-packed PD-10 column (Sephadex
G-25; GE Healthcare, Sweden). The sample was concen-
trated to 0.7 mM in a Vivaspin 15R Centrifugal Filter Unit
(VivaScience, Germany). In experiments with inhibitor this
was added in a 2:1 ratio (inhibitor:enzyme). Care was taken
not to exceed 5 % DMSO in the NMR-samples.
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NMR data collection

All experiments were performed at 22 °C, using a Bruker
Avance II spectrometer operating at 600 MHz 'H-fre-
quency equipped with a cryogenically cooled inverse triple
resonance probe. The 'H-, 13C- and "°N- resonances of the
protein backbone and aliphatic amino acid side chains were
assigned using standard protocols (Isaksson et al. 2009)
and verified with the previously published assignment
(Bertini et al. 2005). Solvent interactions were monitored
by means of 3D "°N-edited/'*N,"'*C-filtered ROESY spec-
tra (60 and 125 ms spinlock time) that was compared to 2D
N-correlated CLEANEX (Hwang et al. 1997) and 3D
S5N-edited/'*N,?C-filtered NOESY (60 and 125 ms mix-
ing time) (Zwahlen et al. 1997). The pulse program and the
experimental parameters of the ROESY were identical to
the corresponding 3D '"N-edited/'*N,'*C-filtered NOESY
experiment except that the NOESY mixing time had been
replaced by a ROESY spinlock pulse of 2,400 Hz during
10-150 ms. The CLEANEX spinlock was applied at
2,500 Hz field for 25-150 ms and the number of transients
was typically 128 resulting in experiment times of about
9 h. All multidimensional spectra were processed by
multiplying the FIDs with a 90-degree-shifted squared sine
bell function in each dimension.

Structure analysis

All inter-atom distances were harvested with an in house
awk/shell script, using deposited coordinates from the
RCSB protein databank, accession codes: 1JIZ (Nar et al.
2001), 2WO0D (Isaksson et al. 2009), 2W09 (Holmes et al.
2009), 3LJG (Devel et al. 2006), 3NX7 (Bertini et al. 2007)
and 1Y93 (Bertini et al. 2005). Distance measurements were
made on the explicit hydrogens for all protein residues while
the oxygen atoms were used for all water molecules because
of their orientations being undefined in the crystal structures.
Any missing protein hydrogen atoms were added using
PyMol. The degree of burial was estimated in PyMol by
exporting the normalized difference of the available surfaces
of all water molecules before and after all non-waters in the
coordinate file had been deleted. The difference represents
the surface that is contact with the protein, metal ions and
inhibitors, but not with other water molecules.

Results and discussion
NMR observations
In search for indications for water molecules associating with

the protein at distinct positions, a 3D '*N-edited/"N,"*C-fil-
tered ROESY spectrum (Fig. 1a) was first acquired. In

contrast to the corresponding NOESY experiment, the "H-"H-
plane of this ROESY spectrum is completely dominated by
signals at the water frequency in the indirect 'H-dimension,
whereas the protein—ligand crosspeaks are practically absent
because of fast protein transverse relaxation during the
spinlock. Fig. 1b shows the amide proton region extracted
at the horizontal H,O-frequency from the '>N-edited/'*N,
12C-filtered NOESY (top) and ROESY (bottom) experi-
ments, respectively. Although the two rows are similar, the
H,0-row from the ROESY also contains four negative signals
(marked with an asterisk) compared to the H,O-row from the
NOESY.

In the 2D 'H-""N-projection plane of '°N-edited/'*N,
12C-filtered ROESY, the amide proton signals found on the
water line in the indirect 'H dimension are dispersed
according to their "’N-frequency. This spectrum (Fig. 2a)
was used to correlate the four observed negative ROESY
peaks to the amides of residues G166, H172 and G176, all
being situated in loop 5 (see Fig. 4), as well as one amide
that could neither be assigned in our data set, nor in the
previously published NMR assignment (Bertini et al. 2005).
No structural water molecules with long residence times
could however be detected near amides in the active site
(residues 181-184, 215-219 and 239-242) or in the imme-
diate proximity to any of the metal ions, neither in the
CGS27023A complex nor in the apo form of MMP-12 (data
not shown). This is not because of lack of water access as
will be discussed further below (Fig. 3). The entire protein
surface, including the active site, has contact with water
molecules. The absence of detectable water to protein cross-
relaxation rather reflects that out of all the water molecules
that are trapped in the crystal structures, only two are slowed
down enough to allow detection in aqueous solution at room
temperature.

Negative cross peaks in the '*N-edited/"*N,"*C-filtered
ROESY can arise by two mechanisms, either (1) by direct
cross relaxation between the amide proton and a water
molecules with sufficiently long residence time or, (2) by
cross relaxation to a near labile proton (OH or NH) that in
turn relays the correlation to water by chemical exchange,
resulting in a false negative ROESY peak. The CLEANEX
mixing scheme, on the other hand, is designed to efficiently
suppress both inter- and intra-molecular cross relaxation
and exchange-relayed contributions (Hwang et al. 1997).
This is achieved by placing the magnetization along the
Z-axis 2/3 of the time and in the transverse plane 1/3 of the
time during the CLEANEX spinlock, resulting in a can-
cellation of the NOE- and the ROE contributions to the net
cross relaxation in the spin diffusion regime. For this rea-
son, Hwang et al. state that any negative peaks that go
through the CLEANEX spinlock do not originate from
immobilized waters incorporated inside the protein, but
rather arise from interaction with water molecules on the
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Fig. 1 a The 3D ’N-
edited/"*N,">C-filtered ROESY (a)
spectrum displays positive
exchange peaks (black) and
negative protein amide—water
ROESY peaks (red) at the

indirect water frequency. The 3
dimensions are '"N-edited (F3), FoE
15N-separated (F2), 4N, 12C- 3 ‘-33
filtered (F1). b 'H rows showing ;
the amide region at the water Ee
frequency extracted from '°N- Fa
edited/'*N, '*C-filtered NOESY Es
(fop) and "N-edited/"*N,">C- A
filtered ROESY (bottom). The
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Fig. 2 Comparison of the 2D projection plane of '*N-edited/'*N,'*C-
filtered ROESY (a) and 2D CLEANEX (b), both recorded with
100 ms mixing time, superimposed on the '>N-HSQC map (grey).
The exchange peaks are shown as positive (blue) peaks in both
spectra, while the ROESY also displays negative (red) peaks
originating from dipolar cross relaxation between slowed down water
molecules and protein amide protons

protein surface that are merely slowed down but still
tumble fast enough in order to not fully satisfy the

T.00 > > 4/5/2 approximation of a molecule tightly
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Fig. 3 Structural analysis of an ensemble of six crystal structures of
the catalytic subunit of MMP-12, where every amide proton is plotted
against the nearest water molecules (blue thin lines), and residues
G166, H172 and G176 that show a negative ROESY crosspeaks have
been highlighted with stars. Residues making up the active site are
shaded in green on the x-axis. a The distance from each amide to the
nearest exchangeable proton, defined as either a labile side chain
proton or a neighboring amide proton that gives rise to a detectable
CLEANEX peak (red lines). b The sum of the degree of burial for
nearest water of each amide proton in every crystal structure
satisfying the criterion: within 3 A of the amide and with a burial
degree above 90 % (red lines). Hence, a 100 % buried water
molecule present within 3 A in all six crystal structures would reach
the maximum value of six on the y-axis in this plot

bound to a protein, where t. is the rotational correlation
time and g is the Larmor frequency. Therefore, water
molecules tightly embedded into the protein structure
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would be expected to be characterized by positive NOESY
peaks, negative ROESY peaks and no CLEANEX peak.

In order to confirm the above findings, a series of 2D
N-correlated CLEANEX (Hwang et al. 1997) spectra
were recorded. These spectra contained a number of strong
positive signals (Fig. 2b) originating from backbone
amides in fast exchange with water correlating perfectly
with the positive ROESY peaks in the 'H-'°N-plane of
15N—edited/MN,12C—ﬁltered ROESY spectra (Fig. 2a), and
only a few extremely weak negative signals near the noise
level. The presence of these very weak negative CLEA-
NEX peaks, corresponding to the strong negative ROESY
peaks that are not fully suppressed, indicates that the water
molecules giving rise to the correlation are only weakly
associated to the protein. These observations fit well with
the more and more established view that hydration waters
are merely slowed down by the topology of protein cavities
rather than associating tightly through highly favourable
enthalpic binding (Halle 2004).

Structural analysis

As an independent proof, the absence of any relayed con-
tribution to the observed negative ROESY peaks has been
ascertained by structural analysis using an ensemble of
six previously published crystal structures of the catalytic
subunit of MMP-12 in complex with different inhibitors,
denoted: 1JIZ (Nar et al. 2001), 2WOD (Isaksson et al. 2009),
2W09 (Holmes et al. 2009), 3LJG (Devel et al. 2006), 3NX7
(Bertini et al. 2007) and 1Y93 (Bertini et al. 2005). An in-
house script was used to extract the distances from each
amide proton in the backbone to the nearest water molecule
in each structure, plotted in blue in Fig. 3. Assigned residues
giving rise to negative ROESY peaks are marked with stars.
Nearly all amide protons are within 5 A of a water molecule,
with the exception of three dry patches consisting of residues
136-139, 194-199 and 215-224. Labile protons that could
possibly be participating in relay of water exchange to the
amides were surveyed by plotting the distance from each
amide to the nearest labile side chain OH or NH, or nearest
backbone NH that in turn has a positive CLEANEX peak
(Fig. 3a, red lines). The result clearly shows that there are
no available relay points within 4 A of any of the assigned
amide protons showing negative ROESY peaks (G166,
H172 and G176, stars) to water. Thus, major contributions
from relay effects are highly unlikely and the distance
analysis strongly suggests that direct cross relaxation
between structurally significant water molecules and amide
protons is responsible for the observed ROEs.

Examination of the crystal structure ensemble reveals
that there are indeed two completely buried water mole-
cules, conserved in all crystal structures in the ensemble,
only 1.9 A from G166 and G176, and 3.2 A from H172.

The position of these two water molecules in the crystal
structure of the MMP-12 + CGS27023A complex [acces-
sion code 2WOD (Isaksson et al. 2009)] is shown in
Fig. 4a, b, in cartoon and surface stereo views, respec-
tively. In order to visualize the correlation between the
structural ensemble and the observed cross relaxation, the
sum of the normalized degree of burial for the nearest
water molecule within 3 A from in each structure was
plotted (red) into the nearest-water plot (blue) (Fig. 3b).
For extra clarity, only water molecules more than 90 %
buried into the surface of the protein were accepted. The
resulting graph shows that there are indeed water mole-
cules present in all crystal structures that satisfy this cri-
terion for the three identified negative ROESY peaks, but it
also reveals additional buried water molecules that satisfy
the same criteria without leading to detectable negative
ROESY peaks, namely for residues: H168, D170, 1118,
L114 and F115. The first two, residues H168 and D170,
can unfortunately not be assigned. Bertini et al. (2005)
attributes this to slow motions on the millisecond scale
leading to line broadening beyond detection for residues
167-170. Residues 1118, L212 and F213 give no detectable
CLEANEX peaks, indicating that the exchange contribu-
tion is negligible. However, close examination reveals the
presence of weak negative ROESY peaks (very weak in the
case of L.212). If we assume that the crystal structures are
not subject to extensive crystal packing effects, the sig-
nificantly lower cross relaxation efficiency can be attrib-
uted to shorter residence times of these water molecules in
solution compared to the deeply buried waters giving
strong negative ROESY peaks. The position of these amide
protons, in the hinge regions between [1/L.2 and L7/a2,
respectively, could give rise to dynamics that would
accommodate such an increase in water mobility at these
sites (see Figs 3b and 4a). The quenching of the residual
dipolar couplings for these regions that has been reported
by (Bertini et al. 2005) is in line with our observations.

There are several residues that show strong positive
CLEANEX peaks, but only very weak positive ROESY
peaks, suggesting that there is also a substantial ROE con-
tribution of reversed sign. Even though it is tempting to
ascribe this to waters participating in cross relaxation, relay
through neighbouring labile protons would produce the same
net result. Indeed, cross referencing to the crystal structure
ensemble reveals many such cases, wherefore we will refrain
from drawing any conclusions based on the discrepancies in
the intensities between the CLEANEX peaks and the weaker
positive ROESY peaks for these residues.

In addition, the 2D 'H-'"*N-plane of *N-edited/"*N,'*C-
filtered ROESY and CLEANEX on the MMP-12 protein
without any inhibitor were also acquired (spectra not
shown). These two spectra were essentially identical to the
ones of the protein-inhibitor complex in terms of water
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Fig. 4 Cartoon (a) and surface (b) stereo views showing the two
conserved completely buried water molecules (red sticks/spheres)
in the crystal structure of the MMP-12 + CGS27023A complex
[accession code 2WOD (Isaksson et al. 2009)] that correlate with the
negative amide-water ROESY contacts in the NMR sample (Fig. 2).
Amino acids with negative ROESY peaks are displayed in red, amino

contacts. Even though the crystal structure of MMP-
12 + HAE (1Y93) (Bertini et al. 2005) reports water
molecules trapped in the active site, we did not find any
evidence for this in the current spectra. This is not sur-
prising given the relatively open topology that is not
expected to significantly restrict water mobility.

Water molecules are expected to fill the void of the empty
active site in the apo form of the protein, but the absence of
detectable water molecules indicates that the residence
times of such water molecules are shorter than 1 ns. Thus,
the activation energy involved in replacing one water mol-
ecule by another is very frequently overcome at biologically
relevant temperatures. Borsi et al. (2010) have recently
estimated the entropy cost of the binding of two such water
molecules in the active site of MMP-12, in complex with
PMA + AHA (pdb:3LKA) and AHA (pdb:1Y93) respec-
tively, to be much smaller than 1 kcal/mol at 298 K and they
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acids with CLEANEX exchange peaks are shaded in light blue, the
CGS27023A inhibitor is shown as black sticks and the metal ions are
represented by spheres: Zn>" in grey, Ca®" in green. The hinges
discussed above, f1/L2 and L7/02, are highlighted in yellow in the
cartoon

report respective occupancies of 0.40 and 0.30 for these
water molecules. Detectable but low occupancy suggests
that the enthalpy gain and entropy cost of water immobili-
zation are of comparable magnitude at 298 K. This is also
in agreement with Halle (2004) who argues that the vast
majority of water-protein interactions are of approximately
the same strength as water—water interactions. These
observations, together with the findings in this work and the
relatively open topology of the MMP-12 active site, let us
conclude that these water molecules are not likely to sig-
nificantly affect the binding of nanomolar inhibitors.

Conclusions

This work demonstrates that the ROESY version of the
well established "N-edited/!*N,'>C-filtered NOESY can
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be straightforwardly used to extract information about
water molecules interacting with isotope labeled proteins,
without the need of selective pulses or advanced relaxation
schemes. In this experiment, the 4N, 12Cfilter removes any
contributions from protein alpha protons under the water
signal. For a reasonably sized protein (in the present case
18 kDa), transverse relaxation during the ROESY spinlock
suppresses practically all contributions from the protein—
ligand interactions for longer spinlock durations, allowing
us to simply analyze the 2D projections of the '*N-edi-
ted/"*N,"*C-filtered ROESY. For MMP-12, no water con-
tacts could be identified inside the active site, neither in the
complex with the CGS27023A inhibitor nor in the apo
form of the protein. The absence of water interactions
detectable by NMR at the binding site of the apo form of
MMP-12 implies that the water residence times there are
less than 1 ns. Two water molecules embedded into cavi-
ties in the surface of MMP-12 were identified in the current
work. Their residence times are expected to be in the low
nanosecond regime.

Supplementary material

Supplementary material comprises a schematic drawing
of pulse program for the 3D '"N-edited/'*N,"*C-filtered
ROESY experiment and the build-up curves (cross peak
intensity vs. increasing mixing time) of the CLEANEX and
3D ""N-edited/'*N,"'*C-filtered ROESY cross peaks.
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