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Abstract

The metalloenzyme acireductone dioxygenase (ARD) shows metal-dependent physical and
enzymatic activities depending upon the metal bound in the active site. The Fe(ll)-bound enzyme
catalyzes the penultimate step of the methionine salvage pathway (MSP), converting 1,2-
dihydroxy-5-(methylthio)pent-1-en-3-one (acireductone) to formate and the ketoacid precursor of
methionine, 2-keto-4-thiomethyl-2-oxobutanoate, using O, as the oxidant. If Ni(ll) is bound, an
off-pathway shunt occurs, producing 3-methytthiopropionate, formate and carbon monoxide from
the same acireductone substrate. The solution structure of the Fe(ll)-bound human enzyme,
HsSARD, is described and compared with Ni-bound forms of the closely related mouse enzyme,
MmARD. Potential rationales for the different reactivities of the two isoforms are discussed. The
human enzyme has been found to regulate the activity of matrix metalloproteinase | (MMP-I),
which is involved in tumor metastasis, by binding the cytoplasmic transmembrane tail peptide of
MMP-1. NMR titration of HSARD with the MMP-I tail peptide permits identification of the
peptide binding site on HsSARD, a cleft anterior to the metal binding site adjacent to a dynamic
proline-rich loop.
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Sequential 1H, 15N and 13¢ resonance assignments are deposited with the BMRB data base, along with NOE and residual dipolar
coupling constant restraints used for structure calculations (entry 50269). An ensemble of six best-fit solution structures for Fe-
HsARD has been deposited with the RCSB PDB as entry 7JXG. Construction of expression vectors, NMR spectra for titration of
HsARD with MMP-CTP, simulated annealing protocol used and NMR data acquisition parameters for HNCA are available in
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Introduction

The methionine salvage pathway (MSP) recovers the thiomethyl group of S-
adenosylmethionine 1 (SAM) for re-incorporation into methionine, and is ubiquitous in
cellular organisms (Scheme 1). The MSP involves the breakdown of methylthioadenosine 2
(MTA) leading ultimately to a methionine (Met) in which all of the carbon atoms, with the
exception of the thiomethyl group, are derived from the ribose moiety of MTA. While details
of the MSP differ between eukaryotes and prokaryotes, the penultimate enzyme in the
pathway in all known instances is acireductone dioxygenase (ARD), which catalyzes the
oxidative deformylation of 1,2-dihydroxy-5-(methylthio)pent-1-en-3-one 3 (acireductone) to
formate and the ketoacid precursor of Met, 2-keto-4-thiomethyl-2-oxobutanoate 4.

Interest in the MSP was initially sparked by observations that many tumor cell lines are
obligate methionine auxotrophes 1. MTA, the first committed intermediate in the MSP and a
strong regulator of the cell cycle, is the byproduct of the biosynthesis of the polyamines
spermine and spermidine, which are often found at abnormally high levels in tumors. Using
Klebsiella oxytoca (Ko) as a model organism, the Abeles group in the 1990s mapped out the
MSP, and discovered the enzymes that catalyze the last steps in the MSP prior to
transamination, an enolase phosphatase that generates acireductone from its precursor, and
the dioxygenase later named ARD 2 3. That group found, remarkably, that KOARD catalyzes
different reactions depending upon the metal bound in the active site, with the FeZ*-bound
KoARD catalyzing the on-pathway reaction, while the Ni2*-bound enzyme catalyzes an off-
MSP shunt leading to 3-(thiomethyl)propanoate 5, formate and carbon monoxide (CO).
Despite the identity of their polypeptides, the two KoARD isoforms are chromatographically
separable and show different thermal stabilities, suggesting structural differences between
them 3 4. These differences were later confirmed via nuclear magnetic resonance (NMR)

Biochemistry. Author manuscript; available in PMC 2021 May 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 3

structural analysis ° 6, although it was noted that the same ligand arrangement (Hisz -Gluj)
for the divalent metal ion is present in both isoforms ’.

As complete genomic analyses have progressed, it has become clear that ARD is ubiquitous
in prokaryotes and eukaryotes alike. The first eukaryotic ARD to be structurally
characterized was the mouse enzyme (MmARD), in which the ligated metal was presumed
to be NiZ* 8. More recently, our groups have confirmed that, like the bacterial enzyme, both
the mouse (MmMARD) and human (HsARD) enzymes are bifunctional, with the Fe2* bound
forms leading to on-pathway type products, while the Ni2* forms result in CO and
methylthiopropionate analog generation. As with KoARD, activities are strictly controlled
by the identity of the metal ion bound 911, Also as with the bacterial enzyme, the physical
and NMR-accessible spectroscopic properties of the mammalian enzymes are strongly
modulated by the bound metal, suggesting significant structural differences between the two.

In recent years, multiple studies have found that transcription and expression of the AD/I
gene encoding HSARD is strongly correlated with carcinogenesis L. In light of the role that
MTA plays in regulating the cell cycle, this is not surprising 1. In fact, the AD/I gene
product was not originally identified as an enzyme, but rather as a factor that played a role in
hepatitis C infection 12, and later in the regulation of membrane type-1 matrix
metalloproteinase (MT1-MMP) 13, It was shown that the AD/Z gene product binds to the
cytoplasmic tail of MT1-MMP, thereby suppressing protease activity. As MT1-MMP
activity is an important factor in cell migration and tumor metastasis, understanding the
nature of this interaction may provide clues to improved chemotherapeutic approaches to
suppressing metastasis.

Herein, we report the solution structural characterization of the Fe2*-bound HSARD as well
as the interaction of HSARD with the regulatory domain of MT1-MMP as measured by
isothermal calorimetry (ITC) and NMR.

Experimental

Fe-HsARD expression.

All Fe-HsARD samples were heterologously expressed in £. coli using a bacterial codon-
optimized HSARD gene sequence with a Strep 1l-tag linked at the N-terminus by an
enterokinase-cleavable linker sequence (DSPDLGTDDDDKGA) in a pET-30a expression
vector. Details of vector construction are available in Supplementary Material. All constructs
were confirmed by Sanger sequencing (GeneWiz).

Single-metal samples of HSARD for stability, activity and MMP1 regulatory domain binding
assays were prepared as described previously 9 10, For NMR sample preparation, Fe-
HsARD was expressed using the construct described above, following the described
protocols for uniform single-metal incorporation 19. Escherichia coli BL21(DE3)-
CodonPlus-RIPL competent cells (Agilent) were transformed and plated onto minimal
media. M9 minimal medium with appropriate antibiotics was used for expression (6 g/L
NayHPO,, 3 g/L KH,PO4, 1 g/L 15NH,4CI, 0.5 g/L NaCl, 2 mM MgSQj, 0.1 mM CaCl,)
with 0.4% w/w u-13C glucose (CIL, Andover MA) as carbon source. The growth was
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performed at 37°C and the cells were induced at O.D. of 0.5 by addition of 0.5 mM IPTG.
Upon induction, ferrous sulfate, FeSO,4, was added to a final concentration 20 uM. After
induction, the cells were maintained with aeration for 12h at 37°C. After harvest and
centrifugation, the pellet was suspended in degassed and argon-saturated wash buffer (100
mM HEPES pH 7.0, 100mM NaCl) with protease inhibitor (Roche EDTA-free protease
inhibitor cocktail) and sonicated for 5 min.

Purification of Fe-HsARD.

Given the oxidative instability of Fe2* bound to HSARD, it is necessary to purify the enzyme
under anaerobic conditions, with buffers degassed and argon saturated prior to use, and all
steps after lysis performed in an anaerobic chamber (Coy Mfg., Ann Arbor, MlI). After cell
lysis, cell extracts were collected anaerobically in a sealed centrifuge tube to maintain an
anaerobic head space during centrifugation. Supernatants collected after centrifugation were
passed through Strep-Tactin resin (IBA Life Sciences) pre-equilibrated with wash buffer.
The bound protein was washed with five column volumes (CV) of wash buffer and eluted
with two CV of elution buffer (200 mM HEPES, pH 7.0, 10 mM D-desthiobiotin). Eluted
Fe-HsSARD was then concentrated and exchanged by microcentrifugation with Amicon filter
concentrators into storage buffer (degassed and Ar-saturated 50 mM HEPES, pH 7.0, 100
mM NacCl), and stored at —80° C.

Preparation of NMR samples and activity assays.

NMR.

NMR samples were prepared by anaerobic concentration of samples in storage buffer to
~0.5 mM in 400 pL, anaerobic transfer to a susceptibility-matched 5 mm NMR tube
(Shigemi) and addition of sufficient degassed D,O to provide a lock signal (~5% v/v). To
ensure that the sample remain reduced, a slight molar excess of sodium dithionite (~1 pL of
1 M buffered stock solution) was added to the sample prior to sealing the NMR tube with
Parafilm. Fe-HSARD prepared anaerobically as described above was tested for activity, as
described previously, in order to confirm that samples prepared for NMR were the
catalytically active form. It was noted that reducing conditions were necessary to ensure full
activity. 10

For measurement of residual dipolar couplings (RDCs), samples of ul®N-FeHsARD were
prepared as described above, with the addition of filamentous pfZ phage (Asla Biotek) to a
final concentration of 10 mg/mL of sample. After placing the sample in the magnet, data
acquisition was begun after a residual quadrupolar splitting due to 2H in the HDO signal was
observed to be stable at 9 Hz, confirming alignment.

All experiments were performed on a Bruker Avance NEO NMR spectrometer (Landsman
Research Facility, Brandeis University), operating at 800.13 MHz (H), 201.19 MHz (13C)
and 81.08 MHz (15N). The spectrometer is equipped with 4 transceivers, one BLABB500
and three BLABBH2H500/100/150 broad band amplifiers, a 10A z-axis pulsed-field
gradient amplifier, digital lock, BOSS-3 shims, VT unit and a 5 mm TCI cryoprobe. Unless
otherwise noted, all amide NH-detected experiments were performed using TROSY
selection for the narrowest component of the NH multiplet. Sequential backbone 1H, 1°N
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and 13C connectivities were established using HNCA, HN(CO)CA and HNCACB
experiments, supplemented with 15N-edited 1H-NOESY. Side-chain 1H and 13C assignments
were made using HCCH-TOCSY supplemented by 1H,13C-edited NOESY. Typical
parameters used for acquisition of multidimensional NMR data are provided in
Supplementary Material.

Residual dipolar coupling (RDC) measurements.

RDCs were measured for assigned N-H pairs using the IPAP (in-phase/antiphase) method
that resolves amide 1Jnm correlations in the 1N dimension of the HSQC experiment 14, 1Jnn
couplings were measured with and without aligning phage present for accurate
determination of induced RDCs.

NMR data analysis and structural calculations.

Detailed sequential resonance assignments, identification of NOE restraints and
measurements of residual dipolar couplings were performed using NMRFAM-SPARKY v.
1.4 (University of Wisconsin). Structural calculations were performed using XPLOR-NIH
2.51 mounted on the Brandeis University High Performance Computer Cluster 1115, A total
of 534 NOE-based distance restraints, 10 paramagnetic distance restraints, 15 ring-current
shift restraints, 70 hydrogen bond restraints, 140 backbone 1°N-1H RDC restraints and 302
backbone dihedral restraints were used in the final calculations. Hydrogen bonding restraints
were deduced from regular secondary structural features as indicated by NOE patterns. Ring
current shift restraints were applied using distance restraints between the shifted resonance
and atoms on either side of the aromatic ring in question, ensuring placement of the shifted
resonance in the shielding region normal to the plane of the aromatic ring. Dihedral angle
restraints were generated from assigned 1H, 13C and 15N chemical shifts using TALOS+ 16,
For those residues within the cupin barrel for which shifts were unavailable due to
paramagnetic broadening, backbone dihedral restraints were modeled based on those in PDB
entry structure 4QGN, with allowable deviations of +/- 20°. Deposited structures had no
NOE violations greater than 0.3 A and > 90% of backbone dihedral angles in “most favored
regions of the Ramachandran plot. NOE, dihedral angle and RDC restraint lists are
deposited with the BMRB database (Madison, WI1) along with the chemical shift
assignments. Complete simulated annealing protocols are included in Supplementary
Material.

MMP-CTP (MT1-MMP cytoplasmic tail peptide) binding assays.

The interaction of Fe-HSARD with MMP-CTP was characterized at 25 °C via isothermal
calorimetry (ITC) using a Nano isothermal calorimeter (TA Instruments). Although the
enzyme used was expressed in rich media, metal content was found to be primarily iron by
ICP-MS. Peptide corresponding to the C-terminal region of MT1-MMP
(RRHGTPRRLLYCQRSLLDKYV) was purchased (Biomatik). A control experiment was
performed by titrating the peptide into HSARD-free buffer (100 mM HEPES pH 7.0).
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NMR-detected titration of Fe-HsARD with MMP-CTP.

Results

15N-labeled Fe-HSARD was prepared as described above, and titrated with MMP-CTP
peptide in three aliquots, yielding approximate molar ratios of HSARD:peptide of 10:1, 5:1
and 3.3:1 for the titration points. Spectral perturbations were followed by 1H,1°N-TROSY
HSQC.

Solution structural model of Fe-HsARD.

The simulated annealing protocols described above resulted in an ensemble of six structures
that best fit experimental restraints, as shown in Figure 1. Particulars for the ensemble are
shown in Table 1. Figure 2 shows a representative structure in cartoon format annotated with
reference to the protein sequence. As was the case for the solution structures of bacterial
ARD, the paramagnetism of the divalent metal ion (Ni2*, S = 1 or Fe2*, S = 2) results in
severe broadening of 1H resonances within ~9 A of the metal cluster, making sequential
assignment of 1H, 15N and 13C resonances in those regions impossible by standard methods,
and necessitating modeling the metal binding site and nearby residues (Figure 3). Because
most of the broadened resonances are localized in the conserved B-barrel, which has been
shown in the case of KOARD to be structurally invariant between the Fe- and Ni-bound
isoforms, modeling of the metal binding site is straightforward. For those resonances that are
broadened but not within the p-barrel, they were constrained by a general requirement that
they be within 9 A of the metal ion, consistent with what was observed previously & 17.

The coordinates for the metal cluster are based on the crystallographic structure of His-
tagged HSARD (PDB entry 4QGN), with metal-ligand bond distances set to the best-fit
Fe2*-ligand bond lengths derived from XAFS and XANES characterizations of Fe-bound
KoARD 7. The bound metal in the 4QGN structure was reported to be ferric iron (Fe3*),
although a subsequent publication confirms the presence of bound Fe2* by Mossbauer
spectroscopy in an anaerobically prepared sample of the same construct expressed in
minimal medium supplemented with 57Fe 8. The 4QGN structure was determined using
enzyme purified aerobically with a Ni2*-NTA affinity column. We have found that Fe2* in
the active site of HSARD is quite labile, and is readily lost upon oxidation 10: 11,
Furthermore, given the significantly greater thermal stability of the Ni-bound HSARD
relative to Fe-HSARD (AT, = +9 °C) 10, we suspect that the 4QGN structure is in fact that
of the Ni-bound enzyme. Indeed, the potential for ambiguity in the metal occupancy of
HsSARD is the primary reason we have not used His-tags for purification of ARD enzymes,
opting rather for Strep-tag based constructs.

Further support for this assumption comes from alignment of 4QGN HsSARD structure with
the Ni-bound MmARD structure (PDB entry 5191), which yields an RMS deviation of 0.39
A. The spectral differences reported here and elsewhere 10 between the Ni- and Fe-bound
HsARD, as well as the chromatographic separability of the isoforms on ion exchange and
hydrophobicity columns, are clear indications of significant structural differences between
the two forms. However, as was the case with the bacterial Ni- and Fe-bound KoARD
enzymes, the basic cupin B-barrel fold is maintained, and structural perturbations are all
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found to be peripheral to the barrel. Where paramagnetic broadening does not prevent
observation, observed NOE patterns in Fe-HSARD are well predicted from inter-strand
hydrogen bonding and strand/sequence registry in the p-barrel of the 4QGN structure. As
such, it was assumed that strand registry remained consistent in the vicinity of the metal
cluster, and cluster geometry would also be the same as that observed crystallographically.
We have previously found that the same ligation scheme is present in both Ni- and Fe-bound
KoARD, with the primary difference in the length of the individual metal-ligand bonds 7.

While there are many spectral differences between the Ni- and Fe-bound HSARD (Figure 4),
some of the most dramatic are observed for amide NH resonances assigned to helix G
(residues 77-85, Fig. 1). In particular, Lys82 and Met83, the side chains of which are both
exposed on the surface in the crystal structure 4QGN (as are the corresponding residues in
5191), are clearly adjacent to an aromatic ring(s), as indicated by upfield shifts of their amide
protons (Table 2 and Figure 5). Indeed, after assignment of main chain and side chain 1H
resonances, it was found that the entire Met83 1H spin system is shifted strongly upfield,
indicating close packing with an aromatic ring (Table 2). The side chain resonances of Lys82
are also shifted upfield, although to a lesser extent than those of Met83. Only the side chains
of Trp155 and Tyr158, on an exposed loop adjacent to the active site entrance, are
sufficiently mobile to account for this extensive shifting. Neither Trp155 nor Tyr158 could
be confidently assigned because of paramagnetic broadening (their amide protons are with
~9A of the iron atom), but reasonable geometries which rationalize both the observed ring
current shifts and paramagnetic broadening allow these regions to be modeled with some
confidence.

Binding of MMP-CTP to Fe-HsARD.

The interaction of Fe-HSARD with the cytoplasmic tail peptide of matrix metalloproteinase
was characterized by isothermal calorimetry (Figure 6) and NMR titration of 1°N-labeled
Fe-HsSARD with the peptide (Figure 7). As noted in the caption of Fig. 6, the ITC titration
yields a Ky of ~10 uM for the interaction, a physiologically relevant value. Localization of
the binding site was accomplished by NMR titration, which identifies those regions most
perturbed by the interaction via changes in the shifts of amide NH groups. By and large,
backbone NH perturbations are modest (< 50 Hz in the H dimension at ~3:1 peptide/ARD
ratio), with only residues Ser102, Phe105, Val107 and Val 137 showing perturbations > 50
Hz (Figure 7). While the NH correlations of Gly12 and Gly23 do not titrate, they show
evidence for a slow exchange conformational selection in the presence of MMP-CTP, with
two assigned correlations in the absence of peptide coalescing into a single conformation in
the presence of the peptide. Interestingly, the C-terminal residue, Alal79, shows similar
behavior, although the absence of NOEs and narrow line widths indicate that the C-terminal
peptide (residues 166-179) does not interact strongly with the rest of the protein, a situation
that does not appear to change as peptide binds.

Discussion

Given our concerns regarding the metal identity in 4QGN, we conclude that the present
model represents the only direct structural analysis of an Fe-bound ARD enzyme from any
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species to date (the Fe-bound KoARD structure is based on the NMR analysis of a metal-
free mutant that shows NMR near-identity with the Fe-bound form, combined with X-ray
spectroscopic analysis of the metal binding site to obtain best-fit metal ligand bond lengths)
6. As with other NMR-based analyses of ARD enzymes with paramagnetic divalent metal
ions bound, establishing clear structural restraints other than paramagnetic relaxation-based
distances is difficult, and would be impossible without assuming that the ligation scheme
and geometry is the same in all of the isoforms. Considerable evidence from mutagenesis
and calorimetry confirms that both iron and nickel bind to the same ligands in KOARD 7 and
our assumption is that the same holds true for HSARD. Given that all of the protein-based
ligands (His88, His90, Glu94 and His133) are directed towards the interior of the conserved
B-barrel, which is maintained in both the Fe- and Ni-bound forms of KoARD, this seems a
reasonable assumption.

Structural differences between Fe- and Ni-bound ARD and mechanistic implications.

For comparative purposes, we will use the crystallographic structure of Ni-bound MmARD
(PDB entry 5191), for which the presence of bound Ni has been confirmed. Backbone
alignment of the two structures, excluding the C-terminal residues 165:179, yields an RMSD
of 1.53 A (Figure 8). Much of the deviation between the two structures can be localized to
the Pro-rich loop (Met7-Pro25, Fig. 2) and the polypeptide between Pro150 and Arg160,
which is displaced in order to account for the aromatic contacts to helix G described above.
The large conformational differences between the Pro-rich loops can likely be ascribed to
crystal packing considerations: In solution, the loop is unconstrained and can move
relatively freely (see Figure 1), whereas in the crystal it is constrained to a more compact
conformation with respect to the rest of the enzyme.

The differences in packing of Trp155 and Tyr158 seem a more substantive issue. The indole
of Trp 155 in the Ni-bound form packs down and away from the G helix and the entrance to
the active site, and the aromatic ring of Tyr 158 is surface exposed, as are residues 82 and 83
of the G helix (Figure 9). In the iron form, the Trp155 indole and phenol of Tyr158 pack
against the G helix, resulting in considerable steric hindrance in the active site vestibule by
the aromatic side chains of Phe84, Phe149, Trp155 and Tyr158 (Figure 10), hindrance not
present in the Ni-bound form.

The remarkable dependence of ARD function on the identity of the bound metal has led to
multiple experimental and theoretical efforts to understand the origins of this phenomenon
19-24_ Gijven the expected inaccessibility of the aqueous Ni3*/Ni2* and Ni2*/Nil* redox
couples (~ +1 V and -1 V, respectively, relative to standard hydrogen electrode) 2° we
proposed that the primary role of Ni2* in ARD was to act as a Lewis acid, binding the
substrate acidreductone 3 as the dianion via a 1,3 chelation that facilitates an electrocyclic
rearrangement giving rise to the observed products formate, methylthiopropionate and CO .
It was earlier found that metal substitutions in ARD with different redox characteristics (e.g.,
Mn2* and Co?*) also give rise to the 1,3 rearrangement products, suggesting that the role of
the metal, at least for the off-pathway reaction, is primarily to stabilize a particular geometry,
rather than to directly facilitate oxidative chemistry 911, We further proposed that the Fe2*-
bound enzyme would stabilize a 1,2 ligation pattern that facilitates on-pathway product
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formation, again without recourse to change in metal oxidation state. Our argument (in the
case of KOARD) was that the active site restricted chelation to the 1,3 configuration in the
Ni-bound enzyme, while the Fe-bound enzyme permits the more kinetically accessible 1,2
configuration ©. It should be noted that the two binding modes have different geometric
requirements, with rotation around the 1,2 double bond in 3 to interconvert between binding
modes.

Since that time, both experimental and computational approaches have suggested that, at
least in the case of the Fe2*-bound enzyme, a transient change in metal oxidation state may
contribute to the observed products, and that the degree of hydration of the active site may
control the ultimate reaction products 21 26, Static structures, either crystallographic or
NMR-derived, are not adequate to the task of differentiating among these hypotheses. The
evidence for more restricted access in the Fe2*-bound enzyme suggests a situation that could
favor 1,2 ligation. Still, the only ARD structure that shows direct chelation of metal by an
organic ligand, that of Ni-MmARD with bound S-lactic acid (PDB entry 518T), also shows
1,2 ligation via the lactate carboxylate and a.-hydroxyl groups. Electron paramagnetic
resonance (EPR) of Ni- and Fe-bound KoARD did not provide any evidence for metal-based
oxidation or spin state changes, 3 but EPR would likely not be able to detect transient
oxidation state changes, even if they occur.

Comparison with bacterial ARD and the binding site for MMP-CTP.

The most notable difference between the structures of HSARD and KoARD is the absence of
discrete B-strand at the narrow end of the B-barrel (strand B in the KoARD structure, Figure
11). Rather, the seven-residue insert between strands A and B in KOARD (Ser7-Ser14) is
replaced by a long loop (residues Met7-Pro25) in HSARD (Figure 12). The loop contains six
prolines, Prol1, Prol4, Prol7, Pro20, Pro22 and Pro25, with an upfield C-y shift for Pro22
indicating that the Asp21-Pro22 peptide bond is cis2”: 28, Despite the rigidity implied by the
presence of multiple proline residues, the loop is clearly mobile relative to the rest of the
enzyme, with narrow linewidths for both backbone and side chain 1H resonances in this
region.

The Pro-rich loop creates a cleft on the top of the p-barrel (as viewed in Fig. 2). Based on
the evidence from the NMR titration, we conclude that this cleft is in fact the binding site for
MMP-CTP. Although most NH perturbations induced by MMP-CTP binding to Fe-HSARD
are modest (less than 50 Hz in the 1H dimension), the largest perturbations are within and
proximate to the cleft (Figure 7). The distribution of other identified perturbations shown in
Fig. 7 suggest a mechanical linkage that involves residues near the active site entrance (e.g.,
Lys82 and Met83), likely through interactions of Glu86 and Glu87 at the C-terminal end of
the G helix with bound peptide. Given relatively modest perturbation overall for main chain
NH resonances upon binding of MMP-CTP, it appears that the binding site must be
essentially pre-formed, and require little or no structural rearrangement for binding to occur.
However, given that Gly12 and Gly23 in the Pro-rich loop both undergo a slow exchange
conformational selection in the course of the titration (vide supra), it is possible that a Pro
residue in the loop is constrained to a single conformation, either c/sor trans, upon MMP-
CTP binding, with Pro11 or Pro22 as possible candidates.
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It is currently unknown whether MMP-CTP binding modulates enzyme activity, or if the
identity of the bound metal affects MMP-CTP affinity. We are currently investigating these
possibilities. Interestingly, the smaller cleft in the corresponding region of KOARD was
found to bind the C-terminal residues of that enzyme as a short 3,10 helix in the Ni-bound
form (Figure 11), although not in the Fe-bound KoARD, in which the C-terminal is
disordered, as is observed here 17.

The nature the residues found within the binding cleft is intriguing. The cleft is surrounded
by multiple negatively charged residues (Asp8, Asp9, Aspl3, Aspl9, Glu86, Glu87,
Aspl05, Asp109, Aspl112 and Asp138) that clearly facilitate interaction with the positively
charged MMP-CTP (Figure 11). On the other hand, the interior of the cleft contains
positively charged (His18, Argl116, Arg134) and aromatic residues (Tyr104, Trp114)
reminiscent of a nucleic acid binding domain. Changing HsARD expression levels has been
shown to regulate expression of some genes, and the protein has been identified in both
nuclear and cytosolic compartments in vivo 12930 While there is currently no direct
evidence that HSARD binds to polynucleic acids, it has been suggested that it may be
involved in mRNA processing in the nucleus 3. We are currently investigating which, if any,
nucleic acid sequences may bind to HSARD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Superposition of six best-fit NMR-derived structures of Fe-HSARD. Superposition derived

from the CA atom positions of residues 1:6 and 27:165. Iron atoms are shown as light blue
spheres. Mean deviation between all structures is 1.013 A. Structures are shown
approximately as in Figure 2, for comparison. C-term residues 166:178 are not shown, as
they are disordered in solution.
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Figure 2.
Secondary structure in Fe-HSARD. A: Ala 4-Tyr 6, C: Leu 28-Leu 34, D: Val 36-Leu 41, E:

Ala 43-Asn 48, E’: Pro 50-Arg 59, F: Met 64-lle 69, G: Tyr 77-Tyr 85, I: Glu 94-Asp 100,
J: Ser 102-Asp 109, K: Asp 112-Met 119, L: Gly 122-Leu 127, M: Arg 134-Thr 136, N: Tyr
142-Leu 148. Secondary structures are labeled for direct comparison with Ni-KoARD
(Figure 11). C-terminal residues (Glu 166-Ala 179) are not shown, as they are disordered in
solution. Also indicated are positions of the proline-rich loop (Met7-Pro25) Met83, Trp155
and Tyr158 that are discussed in the text.

Biochemistry. Author manuscript; available in PMC 2021 May 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liuetal. Page 15

Figure 3.
Paramagnetic broadening patterns in Fe-HSARD. Amide NH pairs that could not be assigned

due to rapid relaxation are shown as orange spheres, with iron shown as a light blue sphere.
Missing amide NH pairs include residues 85-88, 90-91, 93-94, 133-134 and 155. Color
scheme is the same as in Figure 2.
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Figure 4.
Superposition of H,15N TROSY HSQC spectra of Ni-bound (blue) and Fe-bound (red)

HsARD, showing significant differences in amide chemical shift dispersion, suggestive of
structural variations between the two forms. Spectra obtained at 800 MHz (1H).
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Figure 5.
Expansion of upfield region of 1H,1°N TROSY HSQC spectra shown in Fig. 4, with NH

correlations identified for Ni-bound (blue) and Fe-bound (red) HSARD. Note the shifts of
Lys82 and Met83 in Fe-bound form (see text for details). The assignment of Val137 for Ni-
HsARD (indicated by *) is unconfirmed.
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Figure 6.
(Top) isothermal calorimetry (ITC) titration of FeHSARD with MMP-CTP. (Bottom)

Integrated heat change (kcal/mol MMP-CTP) as a function of MMP-CTP to HSARD ratio
(peptide/protein). Curve fitting yields an estimated Ky of ~10 uM.

Biochemistry. Author manuscript; available in PMC 2021 May 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Liuetal.

Page 19

Figure 7.
NMR-detected perturbations in NH correlations in Fe-HSARD upon titration with MMP-

CTP. Residues in magenta (Ser102, Phe105, Val107 and Val137) are shifted by >50 Hz in
the 1H dimension at ~3:1 peptide/protein ratios. Residues in yellow are perturbed by less
than 50 Hz. Gly12 and Gly23 both exhibit slow exchange conformational selection upon
titration. See text for details. Complete NMR titration data is available in the Supplementary
Material.
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Figure 8.
Alignment of Fe-HSARD solution structure (green) with Ni-MmARD structure 5191 (cyan).

Fe is shown as yellow sphere, Ni as green. Features discussed in the text are labeled. Due to
disorder, the HSARD structure is truncated at Phe 165 in the figure.
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Figure 9.
NiZ* binding site in MMARD (PDB entry 5191). MTKB is 4-(methylthio)-2-ketobutanoic

acid. MTKB does not ligate the metal ion directly, but is hydrogen bonded with metal
ligated water molecules (not shown).
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Figure 10.
Active site access in Fe-HSARD. Four aromatic side chains Phe84, Phel49, Trp155 and

Tyr158 (in red) control access. The side chain H resonances of Met83 are strongly shifted
by interaction with the aromatic residues (see Table 2). A conserved arginine (Argl147)
interacts with substrate in crystallographic structures of MmMARD. Fe ligands shown are
His88, His90 and Glu94. The Fe2* ion is shown as a solid orange sphere, and presumed
water ligands that complete octahedral ligation of the iron are shown as dotted spheres.
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Figure 11.
Solution structure of Ni-KoARD (PDB entry 1ZRR). Secondary structural features are

labeled for direct comparison to Fe-HsARD structure shown in Figure 2. The Ni2* ion is
shown as a solid brown sphere. The seven-residue loop between strands A and B (Ser7-
Ser14) in KoARD is replaced by the eighteen-residue loop (Met7-Pro25) between strand A
and helix C in HSARD. Note the ordered C-terminal 3,10 helix P in Ni-KoARD. The C-
terminal residues in Fe-KoARD and Fe-HSARD are disordered in solution.
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Figure 12.
Cleft formed by the loop Met7-Pro25 in HSARD. Tyr104 and Trp114 and positively charged

residues His18, Arg116 and Arg134 form the interior of the cleft, while negatively charged
residues Asp8, Asp9, Aspl3, Glu 86, Glu87, Asp109, Asp112 and Asp138 form the edges.
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Scheme 1.
Essential features of the methionine salvage pathway (MSP). Atoms highlighted in red are

from the original Met, all other carbon atoms are derived from the ribose ring of MTA.
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Structural calculations and accepted structures for Fe-HSARD

Distance restraints:

NOE: 543 (346 non-sequential, 197 intraresidue or sequential)

Ring current: 15

Regular secondary structure hydrogen bonds: 70

Paramagnetic: 10

Backbone dihedral restraints: 302

Residual dipolar coupling restraints: 140

Six accepted structures (PDB entry 7JXG):

No NOE violations > 0.3 A

Ramachandran distributions:

Most favored 90.3%

Additional allowed regions 9.0%

Generously allowed regions 0.6%

Disallowed regions 0.0%
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IH ring current shifts for residues in helix G of FeHsARD. All & values are reported in ppm relative to
tetramethylsilane external reference. Values in parentheses are changes relative to average values

Table 2.

Page 27

(www.bmrb.wisc.edu). For diastereomeric methylene pairs, the A8 is reported for the larger shift difference.

For lle 81, the H+y shift is for the -y2 methyl group resonance.

Residue | 8 HN | 8 Ha (a8) | 8 HB (46) 8 Hy (88)
Lyss0 | 7.39 | 2.25(-2.0) | -0.02,0.86 (-1.77) | 0.49 (-0.86)

lesl | 7.40 | 2.68(-1.5) | 1.13(-0.65) 0.28 (-0.5)

Lys82 | 6.04 | 3.18(-1.1) | 1.00,1.05(-.75) | 0.68,0.92 (-0.67)
Met83 | 576 | 1.65(-2.8) | -0.82,0.10 (-1.2) | -0.43-0.24 (-2.8)
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