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ABSTRACT: Many essential metalloproteins require iron—sulfur (Fe—
S) cluster cofactors for their function. In vivo persulfide formation from L-
cysteine is a key step in the biogenesis of Fe—S clusters in most
organisms. In Escherichia coli, the SufS cysteine desulfurase mobilizes
persulfide from L-cysteine via a PLP-dependent ping-pong reaction. SufS
requires the SufE partner protein to transfer the persulfide to the SufB
Fe—S cluster scaffold. Without SufE, the SufS enzyme fails to efficiently
turn over and remains locked in the persulfide-bound state. Coordinated
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protein—protein interactions mediate sulfur transfer from SufS to SufE.

Multiple studies have suggested that SufE must undergo a conformational change to extend its active site Cys loop during sulfur
transfer from SufS. To test this putative model, we mutated SufE Asp74 to Arg (D74R) to increase the dynamics of the SufE
CysS1 loop. Amide hydrogen/deuterium exchange mass spectrometry (HDX-MS) analysis of SufE D74R revealed an increase in
solvent accessibility and dynamics in the loop containing the active site Cys51 used to accept persulfide from SufS. Our results
indicate that the mutant protein has a stronger binding affinity for SufS than that of wild-type SufE. In addition, SufE D74R can
still enhance SufS desulfurase activity and did not show saturation at higher SufE D74R concentrations, unlike wild-type SufE.
These results show that dynamic changes may shift SufE to a sulfur-acceptor state that interacts more strongly with SufS.

Iron—sulfur (Fe—S) clusters are a widely used inorganic
cofactor used for many essential cellular pathways, including
respiration, amino acid biosynthesis, and central carbon
metabolism. Due to the inherent toxicity of iron and sulfide,
a complex series of protein—protein interactions is required for
Fe—S cluster biogenesis in vivo. The first steps of Fe—S cluster
biogenesis result in the formation of an Fe—S cluster on a
scaffold protein. The scaffold protein then transfers the intact
cluster into a pool of Fe—S cluster trafficking proteins that
moves clusters to their final target metalloproteins. In the
model organism Escherichia coli, the cysteine desulfurase SufS
and its partner protein SufE work together to mobilize
persulfide from L-cysteine, which is then donated to the SufB
Fe—S scaffold protein.' > SufS first removes sulfur from the
side chain of substrate L-cysteine to form a protein-bound
persulfide species at Cys364."~” Next, SufE Cys51 functions as
the second substrate in a ping-pong mechanism, where it
removes the persulfide from SufS via a nucelophilic attack."”*’
Thus, SufE is required for complete turn over and full activity
of SufS. Previously, it has been shown that E. coli SufS interacts
with SufE even in the absence of L-cysteine substrate and that
SufE may play a more active role in promoting the first step of
the pilng-l%ong reaction (removal of sulfur from L-cys-
)

SufS is a pyridoxal $'-phosphate (PLP)-dependent dimeric
enzyme and belongs to the group II desulfurase enzyme family,
the members of which share similar structures and have low
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basal activity.”® SufS homologues have several structural

features that distinguish them from group I desulfurases like
IscS or NifS.>”"" A key structural difference between SufS and
the group I desulfurases like IscS is that the extended lobe of
SufS containing the active site loop has an 11-residue deletion
compared with that of IscS. The shortening of this region in
SufS structurally restricts the flexibility of the SufS Cys364-
anchoring extended lobe. The decreased flexibility results in a
more ordered structure such that the active site cysteine
Cys364 in SufS is clearly visible on a loop of the extended lobe
(Thr362—Arg37S for E. coli SufS).>”'" In contrast, the
corresponding loop (Ala327—Leu333) of IscS is longer and
disordered in most structures of IscS due to its flexibility."~"*

Group II cysteine desulfurases characterized to date require a
specific sulfur shuttle protein for full activity. For E. coli SufS, it
is SufE."* SufE is predominantly monomeric in solution, and its
structure shows that active site Cys51 occurs at the tip of a loop
where its side chain is buried from solvent exposure in a
hydrophobic cavity.">™"” The orientation of SufS and SufE
active site Cys loops likely protects those proteins from
oxidation during exposure to H,0,.° However, SufS Cys364
and SufE CysS1 must come into close proximity to facilitate
persulfide transfer. While the dynamics of SufS—SufE
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interactions have been intensively studied, the structure of the
SufS—SufE complex and the molecular details of how SufS and
SufE interact are not clear.' %~

Recently, a costructure of two homologous proteins, cysteine
desulfurase CsdA (YgdJ) and its partner protein CsdE (YgdK),
was solved.'® CsdE shares 35% sequence identity with SufE,
and CsdA shares 45% sequence identity with SufS. The overall
structure of SufE and CsdE monomers in the resting state is
very similar.''® When CsdE interacts with its partner protein
CsdA, the CsdE active site Cys loop (containing Cys61) is
flipped out of its hydrophobic groove and moves approximately
11 A'® This movement is thought to facilitate interaction
between the CsdA active site Cys and Cys61 of CsdE. Using
hydrogen—deuterium exchange mass spectrometry (HDX-MS),
we observed similar increases in the solvent accessibility of the
SufE Cys51 loop upon interaction with SufS.'” Together, these
results indicate that the active conformation of SufE and its
homologues is one where the active site Cys loop is flipped out
of its hydrophobic groove into a more extended conformation.

Examination of the structure of resting SufE shows a variety
of interactions that hold the active site loop folded down into
the interior of SufE.'>'” However, that loop is under torsional
strain due to a somewhat unusual cis peptide bond involving
Cys51 and the positioning of GlyS0 to facilitate conformational
changes that relieve the stress. We reasoned that subtle point
mutations that disrupt some of the stabilizing interactions may
activate the CysS1 loop by allowing it to flip out of the
hydrophobic groove. In this study, we characterized one such
mutation, conversion of Asp74 to Arg, and demonstrated its
effects on SufE structure as well as SufS—SufE interactions. We
found that the SufE D74R substitution actually increased SufE
interaction with SufS and showed unusual enhancement of SufS
activity. These results suggest that the SufE D74R substitution
leads to structural changes in the SufE protein that flip the loop
containing active site CysS1 into a sulfur-accepting conforma-
tion, which increases the interaction of SufE with SufS and its
ability to mobilize SufS persulfide.

B EXPERIMENTAL PROCEDURES

Strains, Plasmids, and Growth Conditions. For muta-
genesis of sufE, pET21a_sufE was used as a template.® The
SufE D74R substitution was introduced by site-directed
mutagenesis using the QuikChange kit (Stratagene) with
primers 5-AGGGCGACAGCCGTGCGGCGATTGT-3’ and
its complementary primer 5'-ACAATCGCCGCACGGC-
TGTCGCCCT-3’ on pET2la_sufE. The SufE (C17S-D74R)
double mutation was introduced by site-directed mutagenesis
using the QuikChange Kit (Stratagene) with primers §'-
TTTTACGCTCCGCCAACTGGGAAGA-3’ and its comple-
mentary primer 5'-TCTTCCCAGTTGGCGGAGCGTAAAA-
3’ on pET21a_SufE D74R

Protein Expression and Purification. E. coli SufS and
SufE were independently expressed and purified as described
previously.® E. coli BL21(DE3) containing the pET-21a_SufE
D74R plasmid was grown in LB with 100 yg/mL ampicillin at
37 °C overnight, diluted 100-fold into LB, and induced by 500
UM isopropyl-1-thio-f-p-galactopyranoside (IPTG) when the
cultures reached an ODg, of 0.4—0.6. Induction was at 18 °C
overnight. Cells were harvested and lysed in 25 mM Tris, pH
7.5, 100 mM NaCl, S mM DTT, and 1 mM phenyl-
methylsulfonyl fluoride via sonication. Following centrifugation
at 20 000g for 30 min, lysate was filtered before loading on
columns. SufE D74R was purified using Q-sepharose and
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Superdex 75 chromatography resins in sequence. The Q-
sepharose column utilized a linear gradient from 25 mM Tris-
HC], pH 7.5, 10 mM BME to 25 mM Tris-HCl, pH 7.5, 1 M
NaCl, 10 mM SME. The Superdex column was run with 25
mM Tris-HCl, pH 7.5, 150 mM NaCl, and 5§ mM DTT.
Purified proteins were concentrated, frozen as drops in liquid
nitrogen, and stored at —80 °C until further use.

Cysteine Desulfurase Activity Assays. Cysteine desul-
furase activity was measured with N,N-dimethyl-p-phenylenedi-
amine sulfate (NNDP) and FeCl; using a slightly modified
published protocol.” Reactions were carried out aerobically in
25 mM Tris-HCl, pH 7.4, 150 mM NaCl at 27 °C. Proteins
were incubated with 2 mM DTT for S min prior to addition of
L-cysteine in a total reaction volume of 800 yL. Reactions were
allowed to proceed for 10 min and then were stopped by the
addition of 100 L 20 mM NNDP in 7.2 M HCl and 100 uL of
30 mM FeCl; in 1.2 M HCI. The mixture was incubated for 30
min in the dark to form methylene blue. Precipitated protein
was removed by 1 min centrifugation at 16 100g, and the
methylene blue was measured at 670 nm. A Na,S standard
solution was used for calibration.

Circular Dichroism Spectroscopic Analysis. Circular
dichroism (CD) spectra were measured using a JASCO J815
spectropolarimeter (JASCO, Essex, UK) at 20 °C. SufE or SufE
D74R was prepared at 20 uM concentration in 25 mM, pH 8.0,
boric acid buffer. Far-ultraviolet (180—300 nm) spectra were
collected with a cuvette of 1 cm path length.

Cysteine Binding Assays. All assays were performed at
room temperature in 25 mM Tris-HCl, 150 mM NaCl, pH 7.4.
L-Cysteine binding was evaluated as described previously by
monitoring the immediate AA,, or AAs, elicited by the
addition of increasing concentrations of L-cysteine to 25 uM
SufS,,, or 25 uM SufS,,, with an equal amount of SufE
D74R ;. "* Protein was first added to the cuvettes followed by -
cysteine and mixed for ~5 s prior to a wavelength scan from
200 to 650 nm. As L-cysteine concentrations increased (0, 12.5,
25, 30, 37.5, 50, 75, 100, 250, 500, 750, and 1000 zM), the 420
nm PLP peak intensity (internal aldimine) decreased and a new
340 nm peak (external aldimine) increased in intensity. Data
were analyzed with Prism software (GraphPad). SufS,,,—SufE
D74R; —Cys data was best fit with a one-site-specific binding
with Hill slope model. SufE D74R,, was prepared by first
preincubating with S mM DTT for 30 min followed by removal
of DTT with a 5 mL desalting column. SufE was then incubated
with 5 mM iodoacetamide for 1 h in the dark and was
exchanged into desulfurase assay buffer with a desalting
column.

Isothermal Titration Calorimetry (ITC). ITC measure-
ments were performed on a VP-ITC calorimeter (MicroCal) at
27 °C. For the SufS,,, and SufE D74R,,, ITC experiment,
SufS,,, present in the cell (1.44 mL at S0 uM) was titrated with
45 X 6 uL injections of 1.1 mM SufE (a 10-fold molar excess
over SufS,,,). The duration of each injection was 7.2 s (1.2 s/
uL), with an interval of 200 s between injections. Each
experiment was corrected for the endothermic heat of injection
resulting from the titration of SufE D74R into buffer. SufS,,,—
SufE,,, ITC data were analyzed with the two sequential binding
sites model in MicroCal Origin using a SufS,,, dimer
concentration of 54 yM. SufS,,,—SufE D74R ITC data was
analyzed with the one-site model in MicroCal Origin using a
SufS monomer concentration of 500 yM.

PDT-Bimane for pK, Measurement of Cysteine
Residue C51 on SufE. For pK, measurement of Cys51 in
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Figure 1. HDX-MS kinetic traces comparing deuterium incorporation as a function of time for SufE and the SufE D74R variant. Peptides 30—37,
38—56, and 126—138 exhibit increased rates of deuterium incorporation in the D74R variant. Theses peptides are mapped onto the structure of SufE
(PDB 1MZG), with Asp74 and CysS1 shown as spheres. Fitting parameters can be found in Supporting Information Table S1. The uptake plots for

all peptides are found in Supporting Information Figure S2.

the SufE D74R variant, SufE C17S and SufE C17S-D74R were
incubated with 50 mM DTT for 1 h at room temperature. The
buffer was then exchanged to 25 mM potassium phosphate, pH
6.0, 50 mM NaCl, and 1 mM EDTA. Protein was then diluted
to 10 uM concentration in sodium citrate or phosphate buffers
spanning the pH range 4—11. The reaction volume was 150 uL,
and the final PDT-Bimane concentration was 80 pM. After
rapid mixing, the absorbance at 343 nm was monitored over
120 min in a 96-well microplate. Each curve was fit to either a
first- or second-order exponential function Henderson—
Hasselbalch equation, Y= Y, + A exp(—X/t,), and the rate
constants were determined. The inverse of the rate constants
(t;) was plotted as a function of pH.
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Hydrogen—Deuterium Exchange Mass Spectrometry
(HDX-MS). All samples for HDX were prepared individually
and run on the same day. HDX-MS was performed with 125
UM SufE D74R in 25 mM Tris-HC], pH 7.4, 150 mM NaCl, 10
mM 2-mercaptoethanol essentially as described previously.'?
HDX samples containing 2 uL of 125 yM SufE D74R (S uM
final concentration) and 23 uL of 99.9% D,O (80% final
percent deuterium) were incubated at 25 °C for 15 s to 1 h.
The reaction was quenched by adding 25 uL of ice-cold quench
buffer (0.1 M KH,PO,, pH 2.3 at 0 °C) and digested on ice for
S min using 2 uL of § mg/mL pepsin (porcine pepsin 3200—
4500 U/mg). To analyze the SufS—SufE D74R complex, the
preformed 1:1 SufS,,,—SufE D74R complex was generated by
incubating equal volumes of 250 uM SufS,,, and 250 uM SufE
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D74R for 10 min. The HDX reaction was initiated with 23 uL
0f 99.5% D,0 to 2 uL of the 250 uM complex (125 uM SufS,,,
and 125 uM SufE D74R). The samples were incubated at 25
°C from 15 s to 1 h. The appropriate HDX control samples
corresponding to the natural isotope distribution pattern for
various peptides (mgy) and the amount of deuterium back-
exchange from fully deuterated peptides (mjgey) Wwere also
performed as described.'” The peptides were separated on a
Phenomenex microbore 2 X 50 mm C18 reverse-phase column
using an Agilent 1100 HPLC inline to a Bruker HCTUltra
PTM Discovery mass spectrometer in positive ion mode. A 0—
50% gradient of acetonitrile over 15 min at 0.1 mL/min was
used. The MS spectra from each HDX-MS sample were
analyzed using HDExaminer (Sierra Analytics). Each experi-
ment was repeated in triplicate and averaged. The percentage of
deuterium incorporated for each peptide was plotted as a
function of log time using KaleidaGraph (Synergy Software),
and the resulting plot was fit to the sum of first-order rate
expressions. 9

B RESULTS

The Cys51-Containing Peptide Is More Flexible in
SufE D74R. To ensure that the D74R mutation does not
destabilize the overall secondary or tertiary structure of the
protein, we compared the circular dichroism (CD) spectra of
SufE D74R and wild-type SufE in the far-UV region (190—260
nm) (Supporting Information Figure S1). Similar CD spectra
were obtained for both proteins, indicating that the D74R
substitution did not cause significant changes to the SufE
secondary structure, which contains a mixture of a-helix and f-
sheet elements (Supporting Information Figure S1A). The
apparent molecular weight of SufE D74R also was monitored
by gel filtration chromatography. SufE D74R elutes as a single
symmetric peak at the same position as wild-type SufE, giving
an apparent molecular weight of 21323 Da, compared to an
apparent molecular weight of 21 304 Da for wild-type SufE
(data not shown). The theoretical MWs of SufE D74R and
wild-type SufE are 15841 Da and 15 800 Da, respectively. On
the basis of this analysis, SufE D74R exists as a monomer in
solution like wild-type SufE."” The CD and gel filtration data
indicate that SufE D74R is correctly folded in an overall
conformation similar to wild-type SufE. The heterologous
expression of the SufE D74R protein also rescues the growth
defect of an E. coli strain lacking the sufE gene (AsufE) under
oxidative stress conditions (Supporting Information Figure
S1B). In this assay, SufE D74R rescued the growth defect as
well as heterologous expression of wild-type SufE (Supporting
Information Figure S1B). Thus, the D74R mutation does not
disrupt SufE function in vivo.

HDX-MS was used to directly measure the solvent exposure
of CysS1 in the SufE D74R variant (Figure 1). No significant
changes were observed in the backbone conformation around
the D74R substitution (peptides 66—83, 69—83, 69—84, 70—
83), although there was a small increase in dynamics
(Supporting Information Figure S2). The previously deter-
mined three-dimensional structure of SufE is consistent with
this result, as Asp74 is in a small surface loop.">'® However, an
increase in solvent accessibility and dynamics was observed in
the loop of residues 38—56 that contains active site CysS1
(Figure 1). This result is similar to that obtained previously for
SufE where the active site CysS1 is alkylated with
iodoacetamide (SufE,,), but the HDX pattern is somewhat
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different, suggesting the conformations are similar but not
identical."

Two additional regions show changes in backbone dynamics
of SufE D74R relative to the wild-type protein. A C-terminal
region containing residues 126—138 exhibits an increase in long
time scale dynamics (breathing motions) (Figure 1). This
region is in a helix near where the CysS51 side chain packs.
Disruption of interactions between Cys51 and the helix in the
D74R variant could cause this helix to lose constraints and
allow for more breathing motions. There is also a slight increase
in dynamics for the peptide covering residues 27—37. An
overlapping peptide (residues 25—29) shows no changes in
deuterium incorporation, suggesting that the actual change
occurs over the region of residues 30—37 (Figure 1). This loop
is adjacent to the peptide containing CysS1 (38—56) and thus
could also be perturbed by a loss of interaction with the Cys51-
containing loop. The HDX-MS analysis indicates that the active
site loop containing CysS1 is more dynamic and solvent-
exposed in the SufE D74R mutant protein.

SufE D74R Is a Better Sulfur Acceptor for SufS than
Wild-Type SufE. To analyze whether SufE D74R enhances
SufS activity like wild-type SufE, SufS activity was measured in
the presence of different concentrations of SufE D74R and L-
cysteine (Figure 2). For both wild-type and mutant SufE
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Figure 2. Kinetic analysis of SufS activity in response to varied
substrate concentrations. (A) The reactions contained 0.5 uM SufS,
0—15 uM wild-type SufE (A) or SufE D74R (O), 2 mM DTT, and 2
mM L-cysteine. (B) The reactions contained 0.5 M SufS, 4 uM SufE
D74R, 2 mM DTT, and 10—500 uM L-cysteine. The black line is a fit
of the data with an allosteric sigmoidal model using GraphPad Prism.
The fitting parameters for fits with the allosteric sigmoidal model and
the Michaelis—Menten equation are shown in Supporting Information
Table S2.

proteins, as SufE concentration increased, the SufS desulfurase
activity increased. However, when the SufE D74R concen-
tration increased beyond 8 uM (or a SufE/SufS molar ratio of
16:1 in this assay), SufS desulfurase activity did not saturate, as
was observed for wild-type SufE, and continued to increase
(Figure 2A). The failure to produce a hyperbolic activity plot
indicates that SufS does not follow Michaelis—Menten behavior
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in the presence of SufE D74R. To test if SufE D74R alters the
kinetics of SufS for L-cysteine substrate, SufS activity was
measured as a function of L-cysteine concentration with a
constant SufE D74R concentration that provides a SufE/SufS
ratio of 8:1 (0.5 M SufS with 4 uM SufE D74R) (Figure 2B).
At this ratio of SufE D74R/SufS, the maximum activity
enhancement of SufS is similar to the maximum enhancement
provided by wild-type SufE (Figure 2A). When the SufS
enzyme kinetics were fit with the Michaelis—Menten equation,
a moderate goodness of fitting was obtained (R* = 0.89)
(Supporting Information Table S2). Using this fit, the K, of
SufS for L-cysteine in the presence of SufE D74R is 16.5 uM,
which is nearly 3-fold lower than the K obtained in the
presence of an equal concentration of wild-type SufE (K, of
43.5 uM). Fitting the data to an allosteric sigmoidal model
(black line in Figure 2B) provided a better R* value and showed
a Hill coefficient (h) of 3.2, suggesting positive cooperativity.
However, this fit had a much larger standard error for K, (K')
than the Michaelis—Menten fit (Supporting Information Table
S2). On the basis of this analysis, we concluded that the SufE
D74R mutation decreases the SufS K, for L-cysteine but also
deviates from Michaelis—Menten behavior at high concen-
trations (above SufE/SufS ratios of 16:1), where the SufS
activity enhancement does not saturate, in contrast to what is
observed with wild-type SufE.

SufE D74R,, Alters L-Cysteine Binding to SufS to a
Lesser Extent than SufE,;. When L-cysteine substrate binds
to SufS PLP, it displaces the internal aldimine between PLP and
SufS Lys226 and forms an external aldimine at the same
position with the a-amino group of the L-cysteine substrate
(Supporting Information Scheme S1).>” Previously, we
discovered that SufE,,, binding to SufS,,, leads to conforma-
tional changes within the SufS peptide containing Lys226 that
forms the internal aldimine with PLP."® In addition, SufE,
binding to SufS altered the reactivity of PLP for L-cysteine
substrate, promoting the formation of the external aldimine
species.'’ Alkylation of SufE Cys51 prevents sulfur transfer
from SufS to SufE (ie, SufS turnover) and allowed us to
exclusively examine the effect of SufE on the first step of the
reaction, L-cysteine binding to SufS PLP. To test if the D74R
substitution alters the effect of SufE on the SufS PLP
environment, we generated SufE D74R_,. The initial binding
of L-cysteine substrate to resting SufS,,, was compared to the
SufS,,,—SufE D74R,; complex by following the appearance of
the L-cysteine external aldimine, which absorbs at 340 nm, and
the disappearance of the internal aldimine, which absorbs at
420 nm (Figure 3A). Fitting the AA34, measurements to a one-
site binding model with Hill slope shows that the Kj of SufS for
L-cysteine is 39 uM if one equivalent of SufE D74R_y is present
(Figure 3B). This value is properly thought of as an apparent
dissociation constant since the assay does not distinguish
between L-cysteine binding to SufS and the rate of external
aldimine formation once L-cysteine is bound. Either step or
both steps might be altered by SufE D74R . This apparent K4
of 39 uM with SufE D74R, is intermediate between the 61 +
1.5 yM measured for SufS alone and the 18 + 1.6 uM
measured for SufS with one equivalent of wild-type SufE."’
The results indicate that while the binding of SufE D74R
likely remodels the SufS,, active site around PLP, the effect is
less pronounced than that observed with wild-type SufE .

D74R Substitution Slightly Reduces the Lower pK, of
Active Site Cys51 in SufE. Next, we tested if the SufE D74R
substitution directly alters the pK, of the active site CysS1
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Figure 3. Spectroscopic analysis of L-cysteine binding to SufS. (A)
UV—visible absorption spectra of PLP from 25 uM SufS with 25 uM
SufE D74R after addition of 0, 12.5, 25, 30, 37.5, 50, 75, 100, 250,
500, 750, and 1000 uM L-cysteine. Arrows show the direction of
spectral changes as L-cysteine concentrations are increased. (B)
Percent change in SufS PLP internal aldimine (AA,;, open circles)
and SufS PLP external aldimine with L-cysteine (AAsy,, closed circles)
upon addition of increasing concentrations of L-cysteine to a mixture
of 25 uM SufS and SufE D74R,, (data from panel A).

sulthydryl group. SufE has one other Cys residue at position 17,
and to prevent Cysl7 from interfering with the pK,
measurement, we first generated the SufE C17S and SufE
C17S/D74R variants. The SufE C17S mutation did not affect
SufE enhancement of SufS when generated in wild-type SufE or
SufE D74R (Supporting Information Figure S3A and data not
shown). The pK, of CysS1 in SufE C17S/D74R is 5.7, which is
0.6 pH units lower than CysSl in SufE C17S (pK, = 6.3)
(Supporting Information Figure S3B).”® At the pH of 7.4 used
in the desulfurase assay, CysS1 in SufE D74R is more prone to
exist as a thiolate anion. Increased deprotonation of SufE CysS1
should facilitate the nucleophilic attack of the thiolate anion of
CysS1 on the SufS Cys364 persulfide during the sulfur
exchange process. At pH 7.4, the percent of CysS1 thiol
deprotonated to the thiolate anion for SufE D74R is
approximately 98.0%, compared to a similar 92.6% thiolate
anion for wild-type SufE. The lower pK, of Cys51 in SufE
D74R could also make it easier for DTT to cleave the CysS1
persulfide in the desulfurase assay, thereby allowing the SufE
D74R variant to turn over faster than wild-type SufE after it has
taken the persulfide from SufS. The rate of release of persulfide
from SufE CysS1 has profound effects on the overall reaction
rate during the in vitro SufS—SufE sulfurtransferase reaction.’
Faster turnover of the SufE Cys51 persulfide could indirectly
lead to greater enhancement of SufS activity. To test if this
hypothesis explains the increased enhancement of SufS by SufE
D74R, we repeated the activity assay with a constant level of the
mutant or wild-type SufE and r-cysteine but while varying the
DTT concentration (Supporting Information Figure S3C). We
observed that the SufS enhancement by SufE D74R and wild-
type SufE both increase in response to increasing DTT and that
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the curves increase at similar rates. If one were to adjust the
DTT response profiles to negate the inherently higher SufE
D74R enhancement, then the effect of DTT would essentially
be the same on both mutant and wild-type SufE proteins. This
result suggests that the lower pK, of CysS1 in SufE D74R does
not make the CysS1 persulfide on mutant SufE any more
sensitive to reduction by DTT than the CysS1 in wild-type
SufE.

SufE D74R Binding to SufS Is Altered and Enhanced
Compared to Wild-Type SufE. Since the SufE D74R
substitution causes an unusual SufS activity enhancement at
high levels of SufE D74R (Figure 2A), we used isothermal
titration calorimetry (ITC) to directly measure SufS,,,—SufE

D74R,,, binding (Figure 4). In this context, the term apo refers
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Figure 4. Analysis of the binding of SufE D74R to SufS by isothermal
titration calorimetry. SufS in the cell at 50 yM was titrated with a 10-
fold molar excess of SufE D74R. The fitting of the data was derived
from the integrated heats of binding plotted against the molar ratio of
SufE D74R added to SufS in the cell, after correction for the heat of
dilution. The best-fit model was a one binding site model, and the
fitted parameters are in Table 1.

only to the absence of the persulfide sulfur on the active site
Cys residues of the proteins. The PLP cofactor is present in

SufS,,. The SufS—SufE D74R ITC binding isotherm was
exothermic, and the binding data were well-fit using a one-site
binding model (Table 1). This result is in direct contrast to
SufS—SufE binding data, which best fits a sequential two-site
binding model."” The results indicate that the binding mode of
SufE D74R to SufS is different from that of wild-type SufE.
Strikingly, SufE D74R interacts more strongly with SufS than
does wild-type SufE. The binding of SufE D74R to SufS
showed a Ky < 0.53 uM, which is 7-fold lower than the first
high-affinity binding event of wild-type SufE to SufS under the
same conditions (K4 < 3.59 uM). The number of SufE D74R
binding sites on SufS calculated from ITC is only 0.57,
indicating that when SufE D74R binds tightly to one SufS
monomer the binding of an additional SufE to the other SufS
monomer is greatly diminished. This is consistent with negative
cooperativity previously found when wild-type SufE  binds to
SufS."" Indeed, the binding affinity and binding mode of SufE
D74R,,, is more similar to results obtained in previous studies
using SufE,;, where SufE Cys51 was modified with
iodoacetamide (but is otherwise wild-type). Previous HDX-
MS and ITC results demonstrated that alkylation of active site
Cys51 on SufE increased solvent accessibility and dynamics
around Cys51.'"" The increased solvent exposure of alkylated
CysS1, which may more closely mimic the sulfur-accepting
conformation of the CysS1 loop on wild-type SufE, enhanced
the SufE; binding to SufS. Since the SufE D74R variant
behaved similarly to SufE,,, we propose that the D74R
substitution changes the environment of CysS1 and shifts its
conformation toward the sulfur-accepting state (i.e, more
solvent exposed and more dynamic). One prediction of this
model is that SufE D74R may be a better substrate for SufS
than wild-type SufE during the sulfur mobilization reaction,
which could explain the increased enhancement of SufS at high
levels of SufE D74R.

SufE D74R Alters SufS Dynamics upon Formation of
the SufS—SufE D74R Complex. As stated above, biochemical
data are consistent with the D74R substitution affecting the
formation of the SufS—SufE complex. In order to better
understand the structural differences between the two
complexes, HDX-MS was performed on the SufS—SufE
D74R complex and results were compared to those determined
with SufS alone. Figure SA shows the perturbations exhibited in
SufS upon binding of SufE D74R. Previous studies identified
only two peptides in SufS (225—236 and 356—366) that exhibit
a decrease in dynamics upon formation of the wild-type SufS—
SufE complex.'’ Peptide 225-236 contains Lys226, which
forms a Schiff base with the PLP cofactor. Peptide 356—366
contains Cys364, which acts as the sulfur acceptor in the SufS
desulfurase reaction. As shown in Figure SB, deuterium
incorporation into these peptides in the SufS—SufE D74R
complex is similar to the wild-type complex. In contrast to the
wild-type complex, however, there are two additional peptides

Table 1. Fitting Parameters from ITC Analysis of Binding between SufS and Either SufE D74R or SufE

SufS + SufE D74R

SufS + SufE

one-site model

Chi*/DOF 1.672 x 10*

K 1.88 X 10° + 7.16 X 10° M
AH —1757 + 99.6 cal/mol

AS 22.7 cal/mol/deg

N 0.565 + 0.0236 sites
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one-site model

Chi*/DOF 2.028 X 10°

K (4.06 + 1.03) x 10° M™!
AH —8519 + 123.7 cal/mol
AS 1.86 cal/mol/deg

N 0.730 + 0.006 sites

DOI: 10.1021/acs.biochem.5b00663
Biochemistry 2015, 54, 4824—4833


http://dx.doi.org/10.1021/acs.biochem.5b00663

Biochemistry

395-406 ¢

%D

%D

€

S
( 7~

<7
“

>

Avg. Sufsm
Avg. SufS__ SufE_ complex
apo apo

Avg. SufS " SufE complex

D74R

100 f T

100

80

o0.1 1
Time (min)

—@—225-236
—@—225-236
—@—225-236

0
0.1 1 10
Time (min)

Avg. Sufs
apo
Avg.SufS  SufE__ complex
apo D74R
T

100

—@—89-100
—@—89-100

L
10

100

Avg. Suszm’

—@— 356-366

Avg. Sufsapn SufEapo complex &— 356.366

100 Avg.SufS__SufE_  complex —@— 356-366
1

[a]
R
o 1 1
0.1 1 10 100
Time (min)
Avg. Sufs —@— 395-406
apo
100 Avg. Su'sapo SufEDI“R complex . —@— 395-406
g
N
20 | 1
O 1 1
01 1 10 100
Time (min)

Figure S. HDX-MS kinetic traces comparing deuterium incorporation as a function of time for SufS and the SufS—SufE D74R complex. (A) SufS
peptides exhibiting changes in deuterium exchange parameters upon complex formation with D74R SufE are labeled and highlighted. Key residues in
the active site (Lys266 and Cys364) are shown in spheres. (B) Kinetic traces for deuterium incorporation for SufS peptides 225—236 and 356—366
indicate these peptides respond to D74R SufE in a similar fashion when compared to the wild-type complex. (C) Additional differences in deuterium
uptake between the wild-type and D74R SufE complexes are seen in peptides 89—100 and 395—406. Fitting parameters can be found in Supporting
Information Table S1. The uptake plots for all peptides are found in Supporting Information Figure S4.

of SufS that exhibit changes in deuterium uptake upon
formation of the SufS—SufE D74R complex, peptides 89—100
and 395—406 (Figure SC). Both regions have overlapping

peptides that show similar perturbations upon complex

4830

formation, providing additional support for this set of changes.
The region corresponding to peptide 89—100 undergoes an
increase in deuterium uptake upon complex formation. This

peptide is located at the SufS dimer interface, suggesting that
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SufE D74R may influence monomer—monomer communica-
tion within the SufS dimer (Figure SA). Peptide 395—406 is
located on a helix involved in the proposed protein—protein
interface site and exhibits a decrease in deuterium uptake upon
formation of the complex with SufE D74R (Figure SA). The
increase in solvent accessibility is also seen in overlapping
peptides in this region. In the native complex, these regions

exhibited no change upon SufE binding.

B DISCUSSION

Structural Changes of SufE D74R Compared to Wild-
Type SufE. SufE Asp74 resides on a small loop, and the main
and side chains of Asp74 are predicted to form H-bonds with
SufE GIn34 (Figure 6A)."° These interactions could keep the
active site CysS1 loop of SufE locked into a more buried
conformation, as seen in resting SufE (Figure 6A). Previous
HDX-MS studies indicated that two peptides on wild-type SufE
(peptides 38—56 and 66—83) are involved in the interaction
with SufS."® Peptide 38—56 is a surface loop containing CysS1.
Peptide 66—83 forms one side of a structural groove into which
the SufE CysS1 thiolate is oriented (Figure 1). Residues within
SufE 66—83 may be involved in the SufS interaction, which
may cause conformational changes that are propagated to the
CysS1 loop. Asp74 is located in peptide 66—83, and GIn54 is
located at the CysS1 loop (Figure 6A). HDX-MS analysis of
SufE D74R suggests that the D74R substitution induced a
conformational change in SufE, making the CysS1 active site
loop more dynamic and promoting SufE interaction with SufS.
The D74R substitution may prevent Asp74 hydrogen-bond
formation with GInS4 due to steric clash, leading to a
destabilization of the interaction between the active site loop
and the interior groove (Figure 6B). This minor conforma-
tional change could promote the exposure of the Cys51 loop
and affect the interaction with SufS. Indeed modeling suggests
that extension of the SufE active site loop relieves the steric
clash caused by the D74R mutation (Figure 6C).

Asp74 Is Not Involved lonic Interactions between
SufE and SufS. On the basis of a putative CsdA—CsdE
interaction model derived from the individual structure of CsdE
and a homology model structure of CsdA, it was suggested that
CsdE Glu84 (or the corresponding Asp74 as conserved in
SufE) may provide a charged surface for interactions with
cognate cysteine desulfurase enzymes.'> However, our results
indicate that SufE Asp74 is not required for interactions
between SufE and SufS. Our findings are consistent with the
recently published CsdA—CsdE cocrystal structure, in which
the homologous CsdE Glu84 is not directly involved in the
interaction with CsdA.'® Importantly, we found that the
interaction between SufE D74R and SufS is 7 times stronger
than the interaction between wild-type SufE and SufS. ITC
analysis shows that Suff D74R,,,—SufS,,, binding is more
similar to SufE,;—SufS,,, as both are mainly exothermic and
best fitted with a one binding site model.'® However, the
number of binding sites (N) on SufS calculated from ITC is
only 0.57 for SufE D74R,,,, which is smaller than the 0.73 sites
for SufE ;. It seems that interaction of SufE D74R with one
SufS monomer may alter the monomer—monomer interactions
within the SufS dimer to reduce the binding of a second SufE to
the second SufS monomer. Our hypothesis is that the D74R
substitution modulates SufE conformation to mimic the sulfur-
accepting state of SufE, which then would likely bind more
tightly to SufS.
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Figure 6. Structural consequences of the SufE D74R mutation. (A)
Structure of SufE (PDB 1MZG) showing extensive H-bonding (red
dashes) between Q54 and D74 that may stabilize the loop orientation
of active site C51. (B) Most likely is that a rotamer of a R74 mutant
side chain (gray, italic font label) shows significant van der Waals
overlap (red disks) with Q54. (C) Steric clashes (red disks) between
R74 (gray, italic font label) and Q54 are alleviated if the CS1 loop is in
an extended conformation similar to CsdE docked with CsdA (PDB
4LW4). Structural orientation of side chain of D74R point mutant was
calculated by PyMOL.
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SufE D74R Can Bypass the Saturation Point in the
Desulfurase Reaction When Using SufE as a Cosubstrate
for SufS. The kinetic analysis of SufS—SufE D74R—L-cysteine
reaction indicates that SufS enhancement by SufE D74R does
not saturate at the same level as wild-type SufE in the
desulfurase reaction (Figure 2A). Formation of the external
aldimine between L-cysteine and SufS in the presence of the
SufE D74R, monitored via AAj;,, showed sigmoidal behavior.
This result is similar to the positive cooperativity of external
aldimine formation observed for L-cysteine binding to SufS
alone, albeit it is enhanced if SufE D74R is present.'’ The SufE
D74R substitution did lower the pK, of active site CysS1
(Supporting Information Figure S3), which is consistent with a
more exposed Cys51 loop conformation. However, the
resulting increase in the percentage of deprotonated CysS1 in
the mutant protein seems fairly minor, suggesting that the effect
on the pK, of Cys51 was not the main reason for bypassing the
saturation point of SufE D74R. The mechanism to explain how
this mutant can better enhance SufS activity at higher
concentrations is not clear. Possibly, SufE D74R has a faster
ks once it receives sulfur from SufS, which becomes more
apparent at higher SufE concentrations. This would imply that
release of SufE is the rate-limiting step during that portion of
the ping-pong reaction. Experiments are underway to examine
the detailed kinetics of SufS—SufE interactions and to capture a
stabilized SufE D74R—SufS cocomplex for structural analysis.
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