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Iron-sulfur (Fe-S) clusters are necessary for the proper func-
tioning of numerous metalloproteins. Fe-S cluster (Isc) and sul-
fur utilization factor (Suf) pathways are the key biosynthetic
routes responsible for generating these Fe-S cluster prosthetic
groups in Escherichia coli. Although Isc dominates under nor-
mal conditions, Suf takes over during periods of iron depletion
and oxidative stress. Sulfur acquisition via these systems relies
on the ability to remove sulfur from free cysteine using a cys-
teine desulfurase mechanism. In the Suf pathway, the dimeric
SufS protein uses the cofactor pyridoxal 5�-phosphate (PLP) to
abstract sulfur from free cysteine, resulting in the production of
alanine and persulfide. Despite much progress, the stepwise
mechanism by which this PLP-dependent enzyme operates
remains unclear. Here, using rapid-mixing kinetics in conjunc-
tion with X-ray crystallography, we analyzed the pre-steady-
state kinetics of this process while assigning early intermediates
of the mechanism. We employed H123A and C364A SufS vari-
ants to trap Cys-aldimine and Cys-ketimine intermediates of the
cysteine desulfurase reaction, enabling direct observations of
these intermediates and associated conformational changes of
the SufS active site. Of note, we propose that Cys-364 is essential
for positioning the Cys-aldimine for C� deprotonation, His-123
acts to protonate the Ala-enamine intermediate, and Arg-56
facilitates catalysis by hydrogen bonding with the sulfhydryl of
Cys-aldimine. Our results, along with previous SufS structural
findings, suggest a detailed model of the SufS-catalyzed reaction
from Cys binding to C–S bond cleavage and indicate that Arg-
56, His-123, and Cys-364 are critical SufS residues in this C–S
bond cleavage pathway.

Iron-sulfur (Fe-S) clusters perform vital functions in a
myriad of reactions including electron transfer, amino acid biosyn-
thesis, and central carbon metabolism (1, 2). Despite their signifi-
cance, a number of questions still remain regarding the mecha-
nism through which Fe-S clusters are generated. To avoid the
inherent toxicity of sulfide and labile iron, most organisms use a
carefully orchestrated in vivo Fe-S cluster biogenesis pathway con-
trolled by protein–protein interactions. Production of these
important clusters in Escherichia coli occurs via two major path-
ways, Isc and Suf (3). Although Isc directs Fe-S generation under
normal conditions, Suf dominates in environments of oxidative
stress and iron starvation (4–7).

Encoded by the suf operon, the Suf system in E. coli consists
of six proteins responsible for the biogenesis and transfer of
Fe-S clusters to the apo form of target Fe-S metalloproteins.
The pyridoxal 5�-phosphate (PLP)3-dependent homodimeric
SufS enzyme provides the sulfide component of the Fe-S cluster
(8). SufS belongs to a family of cysteine desulfurases responsible
for liberating sulfur from free cysteine resulting in an enzyme-
bound S-sulfanylcysteine species (often referred to as a persul-
fide). The desulfurase activity is usually coupled via a ping-pong
mechanism to a second transpersulfuration step where the per-
sulfide species is transferred from the active-site cysteine resi-
due to acceptor proteins or metabolites (9, 10).

The cysteine desulfurase enzymes are divided into two sepa-
rate groups depending on their structures and reactivity (11).
Type I desulfurases have high basal activity and an extended
and flexible active-site loop. Type II desulfurase family mem-
bers conversely have diminished basal activity along with a
shortened active-site anchor that limits structural flexibility
and solvent access to the persulfide intermediate after the de-
sulfurase reaction (12, 13). Type II enzymes often interact with
a partner protein that enhances their activity by specifically
accepting the persulfide from the enzyme in a transpersulfura-
tion reaction that completes the entire ping-pong reaction (14).
For example, the E. coli type II enzyme SufS requires acceptor
protein SufE to remove the persulfide from SufS active-site
Cys-364 to allow turnover (15, 16). Transpersulfuration from
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SufS Cys-364 to SufE Cys-51 is carried out via a thiol exchange
mechanism when the two proteins interact. SufE, carrying the
S-sulfanylcysteine species, will then transfer the persulfide to
the SufBC2D scaffold complex to be reduced to sulfide and
incorporated into nascent Fe-S cluster (17).

A proposed chemical mechanism for SufS, based on other
characterized cysteine desulfurase enzymes, is shown in Scheme 1
(18 –20). Resting SufS contains PLP bound to Lys-226 in an
internal aldimine (Schiff base) conformation (1) (10). As shown
in Scheme 1, upon L-cysteine substrate binding, a gem-diamine
intermediate is formed (2) followed by formation of the Cys-
aldimine (3) (sometimes referred to as the external aldimine).
The Cys-aldimine converts to a short-lived Cys-quinonoid
intermediate (4) followed by a Cys-ketimine (5). The desul-
furase step occurs as Cys-364 carries out a nucleophilic attack
on the substrate sulfur, converting the Cys-ketimine into the
Ala-enamine and forming a persulfide on Cys-364 (6). Muta-
tion of active-site Cys-364 to alanine results in the elimination
of cysteine desulfurase activity (21). The alanine product is ulti-
mately released and the internal aldimine regenerated between
PLP and Lys-226 (6 –10). As the detailed mechanism demon-
strates, there are several important acid-base catalysis steps
involved in the desulfurase reaction, including the deprotona-
tion of C� on the cysteine substrate, deprotonation of Cys-364
to generate the nucleophilic thiolate anion, protonation of the
Cys-quinonoid C4� to facilitate formation of the Cys-ketimine,
and protonation of the Ala-enamine following C–S bond break-
age (Scheme 1).

The exact active-site residues that carry out these acid-base
catalyst steps are presently unknown. Multiple sequence align-
ments indicate His-123 is a highly conserved residue in the
active site that could potentially be involved in proton transfer
during SufS cysteine desulfurase activity (Fig. 1A). Wild-type
(WT) SufS crystal structures indicate His-123 forms a �–�
stacking interaction with the PLP aromatic group and is opti-
mally located to function as an acid-base catalyst during the
desulfurase reaction (Fig. 1B) (22). Based on the these observa-
tions, it was previously proposed to play such a role (18).

Recent structural characterization by Dunkle et al. (23)
focused on conformational changes thought to be associated
with transpersulfuration. The new structures reported here
investigate the mechanism of the desulfurase reaction. Here, we
have mutated His-123 and Cys-364 to alanine and performed a
detailed analysis of WT, C364A, and H123A SufS enzymes
using UV-visible absorption spectroscopy, transient kinetics
via stopped-flow spectroscopy, and X-ray crystallography. The

SCHEME 1. General cysteine desulfurase reaction scheme for SufS prior to this study. L-Cysteine substrate is shown in blue (C, H, O, and N) and orange (S).
PLP and SufS active-site residues are in black.

Figure 1. A, a sequence logo indicates active-site residues of interest that are
highly conserved across SufS proteins. The sequence alignment was made from
29 members of the InterPro SufS family (IPR010970) chosen from distinct nodes
of a sequence similarity network to model sequence diversity in the family. B, a
structural superposition of six SufS family members from the PDB reveals that
several residues, such as His-123 and His-124, adopt an identical position in all
structures, while the location of Arg-56 (indicated by an arc) varies.

Role of His-123 and Cys-364 in the SufS mechanism
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two active-site mutants assisted in trapping Cys-aldimine and
Cys-ketimine intermediates of the cysteine desulfurase reac-
tion. As a result, the mutants facilitated the direct structural
observation of these two reaction intermediates and associated
conformational changes to the SufS active site. Emerging from
the analysis is a rich picture of the functional roles of several
amino acids conserved across the SufS family including the
unanticipated, essential role of Cys-364 in positioning the Cys-
aldimine for C� deprotonation, and the essential role of His-123
in protonating the Ala-enamine intermediate.

Results

A metastable substrate-PLP intermediate in the reaction of
SufS H123A with cysteine

During and after purification of WT and C364A SufS, a PLP
absorption feature at �422 nm is observed (Fig. 2A and data not
shown). The 422 nm feature is assigned as the Lys-226 –PLP

internal aldimine. In contrast, after the first anion exchange
step of purification, the SufS H123A fractions showed a more
complex spectrum consisting of two absorption maxima at 418
and 350 nm (Fig. 2A). As the purification proceeds through
additional chromatographic steps, the 350-nm absorption fea-
ture in SufS H123A is gradually lost (Fig. 2B). This feature at 350
nm will be further elaborated on below. The final PLP absor-
bance after purification of SufS H123A shows a slight decrease
in extinction coefficient along with a subtle blue shift to around
418 nm, compared with 422 nm observed in WT SufS. WT and
the mutant forms of SufS were all confirmed to have greater
than 95% PLP occupancy following purification (see “Experi-
mental procedures” for details).

To test if the H123A mutation alters the ability of the mutant
SufS to complete the first half of the ping-pong reaction, per-
sulfide production by WT, C364A, and H123A enzymes was
measured (Table 1). Due to the lack of the active-site thiolate
anion, the C364A mutant of SufS should not be able to form
persulfide. The results in Table 1 show that both the H123A and
C364A mutations abolish the ability of SufS to generate persul-
fide from L-cysteine. The addition of the SufE partner protein
had no effect on the activity of either mutant SufS protein
(Table 1). In contrast, WT SufS, in the absence of SufE, carries
out a single turnover reaction producing 1 eq of persulfide.
Under these conditions, using DTT as the reductant, SufS stops
upon completion of the first half of the ping-pong reaction
because the persulfide species is resistant to reduction by DTT.

Figure 2. A, UV-visible absorption spectra for fractions containing WT or H123A SufS from the initial purification step using an anion exchange column. B,
UV-visible absorption spectra for fractions containing WT or H123A SufS from the second purification step using a hydrophobic interaction column. Presence
of SufS was confirmed in all fractions by SDS-PAGE. C, an image of the SufS homodimer including a box denoting the active-site region shown below. D, a
superposition of WT SufS and SufS H123A reveals that the mutation does not affect the position of other critical active-site components such as PLP or Cys-364.

Table 1
Cysteine desulfurase activity for SufS and its mutant derivatives
Desulfurase assays were performed in triplicate. Error shown (�) indicates one S.D.
above and below the average.

SufS
Persulfide generated

per SufS
Persulfide generated

per SufS � SufEa

�M/�M

WT 1.10 � 0.06 16.1 � 1.2
H123A 0.09 � 0.01 0
C364A 0.07 � 0.02 0

a 1 �M SufS with 4 �M SufE.

Role of His-123 and Cys-364 in the SufS mechanism
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When SufE is added to WT SufS, it removes the SufS persulfide
as part of the transpersulfuration reaction. The SufE persulfide
is accessible to DTT and is reduced to sulfide under these con-
ditions, allowing SufE to perform additional cycles of transper-
sulfuration (10). These results suggest the substrate-PLP inter-
mediate trapped in the SufS H123A mutant has not yet been
desulfurated.

The crystal structure was solved for SufS H123A and the
resulting Fo � Fc difference electron density maps indicated the
presence of PLP in agreement with the chemical analysis. A
superposition of the mutant homodimer with the WT SufS
homodimer revealed that the two structures were near identical
with an root mean square deviation of 0.159 Å (Fig. 2, C and D).
This result suggests that the unusual spectral characteristics of
PLP within SufS H123A observed during purification were due
to the loss of the �–� stacking or H-bonding interactions from
His-123 rather than long-range structural changes in or around
the active site.

It was previously shown that upon binding to L-cysteine, the
PLP absorption spectrum in WT SufS shows a decrease in the
422-nm signal and the appearance of a feature at 340 nm (13).
To better define the altered optical features noted during puri-
fication of the SufS H123A variant, UV-visible absorption spec-
tra were taken before and after the addition of varying con-
centrations of the L-cysteine substrate (Fig. 3 and Fig. S1).
Immediately after the addition of 500 �M cysteine to WT SufS,
decrease of the internal aldimine peak at 422 nm was observed
along with a subtle red shift of that feature to 424 nm (Fig. S1A).
These changes coincided with a concomitant increase of the
feature at 343 nm (Fig. 3A). Following the completion of the
desulfurase reaction after the consumption of cysteine (�150
min after 500 �M cysteine is added), the internal aldimine at 422
nm is restored (Fig. 3A).

The optical changes observed in steady-state reactions of the
SufS mutants were distinctly altered from WT SufS. As noted
above, prior to L-cysteine addition, the spectrum of purified
H123A SufS is characterized by a single major absorption fea-
ture at 418 nm. Upon the addition of excess cysteine, H123A
shows a greater accumulation of a species at the same 350 nm
feature that is observed during purification (Figs. 2A and 3B).
In contrast to WT or C364A SufS, relatively little signal is
observed in the 420-nm region. Based on the observation that
the addition of L-cysteine can reproduce the 350-nm species, we
tentatively assign this feature to a substrate-PLP intermediate
that is captured by the H123A mutation. This 350-nm species is
stable as it is still present 150 min after L-cysteine addition (Fig.
3B), which is in agreement with the results presented in Fig. 2.
Kinetic monitoring of the peak at 350 nm over time did not
show any reversibility of this feature over 150 min (data not
shown).

Upon the addition of excess L-cysteine to C364A SufS, the
resting state 422-nm peak is partially converted to a species
with absorbance at 343 and 424 nm similar to the spectrum
obtained for WT SufS (Fig. S1B and Fig. 3C). However,
unlike WT SufS, C364A did not revert back to the resting
state at 422 nm, even to 150 min. These results suggest that
the H123A and C364A mutations can trap different PLP-
substrate intermediates.

Pre-steady-state stopped-flow kinetic analysis of WT and
mutant SufS reaction intermediates

Standard cysteine desulfurase assays measure the persulfide
or alanine products of the first half of the ping-pong reaction
and neither approach can be used to analyze individual reaction
steps prior to L-cysteine desulfuration. Therefore, stopped-flow
UV-visible absorption spectroscopy in both photodiode array
(PDA) and photomultiplier tube (PMT) modes was used to ana-
lyze the progression of reaction intermediates upon mixing of
L-cysteine with SufS and its mutants. WT, H123A, or C364A
SufS was rapidly mixed with varying concentrations of anoxic
L-cysteine at 4 °C. Initial examination of the WT SufS reaction
via stopped-flow absorption spectroscopy using the PDA

Figure 3. UV-visible absorption spectra during 150 min treatment with
500 �M L-cysteine for (A) WT, (B) H123A, and (C) C364A SufS.

Role of His-123 and Cys-364 in the SufS mechanism
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detector revealed a concerted shift from 422 nm to the 343- and
424-nm species with a clear isosbestic point for the transitions
(Fig. 4A). Fitting the changes in 343- and 422-nm absorbances
over time measured by the PMT detector required a two-
summed exponential equation for each wavelength, represent-
ing two kinetically distinguishable steps involved in formation
of the 343-nm species (see “Experimental procedures”) (Fig. 4B,
Table 2). The two phases are split between an initial, cysteine-
dependent fast phase and a cysteine-independent slow phase. A
zero-intercept for the former fast phase suggests an essentially
irreversible binding of cysteine to the PLP cofactor (k1 � 5.1
mM�1 s�1) followed by a slower step (k2 � 1.4 s�1) (Fig. 4C,
Table 2).

The general absorption changes of the C364A SufS mutant
(transition from 422 to 343 and 424 nm with a clear isosbestic
point) are highly similar to those observed in WT SufS (Fig. 4A
and Fig. S2). The derived kinetic rate constants (k1 � 11 mM�1

s�1, k2 � 1.6 s�1) are also similar to that of the WT enzyme

(Table 2). These similarities indicate that the steps being mon-
itored at 340 and 420 nm likely correspond to early stages in the
ping-pong mechanism prior to L-cysteine desulfuration.

In contrast to WT and C364A SufS, the reaction of L-cysteine
with the H123A mutant exhibits a more complex kinetic pro-
cess. The blue-shifted internal aldimine at 418 nm is consumed
without a concomitant appearance of the 424-nm species,

Figure 4. Stopped-flow analysis of 37.5 �M (post-mix) WT (left), H123A (center), and C364A SufS (right) with various cysteine concentrations. A,
absorbance spectrum at various time points for the reaction of 400 �M cysteine with SufS. B, absorbance versus time traces monitored at 340 and 420 nm for
400 �M cysteine mixed with SufS. C, fast phase (1/�1) at different cysteine concentrations monitored at 340 nm (in which 1/�1 is the reciprocal relaxation time).

Table 2
Comparison of SufS stopped-flow data collected in PMT mode at the
indicated wavelengths

Protein and phase

Wavelength

340 nm
350 nm

(for H123A only)

WT SufS, kfast (M�1 s�1) 5.1 (�0.3) � 103 –
H123A SufS, kfast (M �1 s�1) 1.8 (�0.2) � 104 1.3 (�0.1) � 104

C364A SufS, kfast (M�1 s�1) 1.1 (�0.1) � 104 –
WT SufS, kslow (s�1) 1.4 � 0.3 –
H123A SufS, kslow (s�1) 1.3 � 0.1 1.3 � 0.1
C364A SufS, kslow (s�1) 1.6 � 0.1 –

Role of His-123 and Cys-364 in the SufS mechanism
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regardless of the L-cysteine concentration. These results closely
match the effects noted in steady-state experiments (Figs. 2A
and 3B). The complexity of this process is evidenced by a clear
lack of isosbestic points during the transitions (Fig. 4A and Fig.
S2). An initial intermediate with a �max � 345 nm is quickly
formed within �300 ms followed by a much slower shift to a
species at �350 nm over the following 4.7 s (Fig. 4A and Fig. S3).
The latter absorption feature at 350 nm is identical to that
observed in the steady-state reactions described above (Fig. 3B).
Global analysis by singular value decomposition (SVD) was
used to analyze the PDA data to further establish that two dis-
tinct intermediates are formed in the reaction of H123A SufS
with L-cysteine. The evolution of PDA spectra could not be
adequately fit with a single kinetic process, but minimally
required two steps and the inclusion of a spectroscopically dis-
tinguishable intermediate at 345 nm (Fig. 5). Like C364A, the
derived kinetic rate constants for H123A (k1 � 18 mM�1 s�1,
k2 � 1.3 s�1) are similar to those for the WT enzyme (Table 2).

The X-ray crystal structure of a SufS Cys-aldimine

The intermediates formed upon incubation of SufS mutants
with L-cysteine were structurally characterized. First, the dif-
fraction data were measured on a WT SufS crystal incubated
with L-cysteine. In agreement with previous experiments, this
did not yield electron density for a trapped intermediate but
instead showed electron density for a sub-stoichiometric
amount of Cys-364-persulfide, the product of the cysteine de-
sulfurase reaction (Fig. S4) (23, 24). Next, the structure of SufS
C364A was solved following incubation of the crystal with
L-cysteine. The crystallization conditions have a pH of 7 with
PEG as the precipitant and therefore possess a native chemical
environment for the enzyme. Diffraction data were collected to
1.85 Å and the structure was solved by molecular replacement
using PDB 1jf9 with all heteroatoms removed. The resulting
unbiased Fo � Fc difference electron density maps revealed a
strong signal for a ligand covalently bound to PLP and a lack of
electron density between Lys-226 and PLP indicating the loss of
the Lys-aldimine (Fig. 6A). The electron density indicated the
presence of seven non-H atoms in the ligand consistent with a
Cys-aldimine intermediate. Inspection of the C� atom revealed
tetrahedral geometry suggesting the substrate C� was partici-
pating in four covalent bonds as expected for the Cys-aldimine

intermediate (Fig. 6A). We also measured anomalous diffrac-
tion data on the Cys-soaked C364A crystal with 1.74-Å X-rays
and observed an anomalous signal confirming the presence of
the S atom in the ligand and its identity as Cys-aldimine (Fig.
6B). Additional anomalous signal is present for the P atom of
PLP as expected and also for a solvent ion, most likely Cl�
adjacent to Cys-364 (Fig. 6B). In summary the data indicate the
C364A mutation blocked progression of cysteine desulfurase
chemistry at the Cys-aldimine step.

To determine whether additional changes to the structure of
SufS C364A occurred upon formation of the Cys-aldimine
state, a superposition of the homodimer with the WT SufS
homodimer was performed (Fig. 6C). The superposition indi-
cated no gross structural changes resulted upon formation of
the Cys-aldimine state but revealed a restructuring of a loop
adjacent to the active site (Fig. 6C). The loop contains the
Arg-56 residue that forms a hydrogen bond to the sulfhydryl of
the Cys-aldimine intermediate, an interaction that may play a
role in substrate C� deprotonation (Fig. 6C).

The X-ray crystal structure of a SufS Cys-ketimine

To determine the identity of the reaction intermediate
observed by UV-visible absorption spectroscopy, the structure
of SufS H123A incubated with L-cysteine was solved. SufS
H123A crystals at pH 6.5 with NaCl as the precipitant were
incubated with L-cysteine and then frozen in liquid N2 for X-ray
data collection. During incubation with L-cysteine, the crystals
gradually lost their yellow color, associated with 420 nm absor-
bance, and became clear (Fig. 7A). Molecular replacement was
used to solve the structure. Unbiased Fo � Fc difference elec-
tron density maps possessed a strong signal for a reaction inter-
mediate, containing seven non-H atoms covalently linked to
PLP (Fig. 7B). Inspection of the geometry at the substrate C�

indicated a trigonal planar arrangement of atoms surrounding
C�, consistent with a Cys-ketimine, a reaction intermediate
formed just prior to C–S bond cleavage (Scheme 1, Fig. 7B).
Anomalous diffraction data were collected and the correspond-
ing maps indicated the presence of an S atom in the position
expected for Cys-ketimine (Fig. 7C).

A superposition was performed between the homodimer of
SufS H123A in the Cys-ketimine state and the WT SufS
homodimer (Fig. 7D). The alignment intimated that the two

Figure 5. UV-visible absorption features of 37.5 �M H123A SufS (post-mix) with 400 �M L-cysteine fit to an A to B to C transition, where A, B, and C
represent distinct species (see text for details). A, spectra obtained from the indicated time points after mixing of H123A SufS and cysteine. B, pure
component spectra of H123A SufS determined using global fitting SVD analysis of PDA data. B, inset, fractional concentration of each species in the H123A SufS
spectra over time after L-cysteine addition.

Role of His-123 and Cys-364 in the SufS mechanism
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SufS H123A monomers had rotated relative to one another par-
tially altering electrostatic interactions at the dimer interface
(Fig. 7D). Because SufS H123A and WT SufS are superimpos-
able in the absence of a ligand (see Fig. 2, C and D), these data
suggest that formation of the Cys-ketimine state is coincident
with a reordering of the SufS subunits relative to one another.
Previous HDX-MS studies of SufS dynamics indicated that
dimer rearrangement is associated with reaction progression
(25).

Discussion

Early sequence analysis of cysteine desulfurases identified
two distinct groups of enzymes: type I typified by IscS or NifS

and type II enzymes exemplified by SufS (11). Recent
automated sequence analysis by InterPro confirms these
early results clustering �19,000 sequences together in the
IPR010970, SufS family. SufS homologs are present in the
genomes of Gram-positive and Gram-negative bacteria, cyano-
bacteria, and plant plastids. SufS model systems have emerged
from each of these phylogenetic groups with SufS deletion
mutant phenotypes and SufS interacting partners having been
described by several groups (10, 13, 16, 17, 26, 27). Although
SufS is not essential in E. coli due to functional overlap with
IscS, genetic investigations of SufS in Bacillus subtilis, Syn-
echocystis, and Arabidopsis thaliana have found that it is indis-
pensable in each of these organisms. Furthermore, the role of
SufS in Fe-S cluster biosynthesis has been confirmed in multi-
ple model organisms (10, 13, 26). The function of conserved
active-site residues in the mechanism of SufS, however, is not
well-resolved. Using new data reported here, alongside existing
SufS structural data, we composed a model detailing the pro-
gression of SufS from Cys binding to C–S bond cleavage
(Scheme 2 and Fig. 8). Our results highlight new functions of
Arg-56, His-123, and Cys-364 in the steps on the pathway to
C–S bond cleavage.

Assignment of PLP intermediates in UV-visible spectra

The identification and characterization of PLP intermediates
in enzymes is often complicated by significant overlap in their
spectral properties and that several species can coexist in rapid
equilibria. For example, both internal and external aldimine
species are expected to absorb in the 400 – 420 –nm region.
However, tautomerization from the ketoenamine to the enoli-
mine form of aldimine results in a shift in absorbance to the
330-nm region as well (28). The 330 –350 –nm region is also
home to absorbance maxima from the gem-diamine and keti-
mine-PLP intermediates (29, 30). Only the quinonoid-PLP
intermediate has a distinct absorption spectra with a peak in the
500-nm region (31, 32). Given these complications, integration
of the kinetic and structural data described above are essential
for assignment.

Results from UV-visible and stopped-flow monitored rapid
reaction experiments show that all three enzymes share an ini-
tial step upon exposure to L-cysteine, conversion of the stable
resting state �420 nm species (assigned as the internal Lys-
226 –aldmine) to new species at 340 –345 and 424 nm. The
linear dependence of the fast phase on cysteine concentration
and zero-intercept suggest that this step is dominated by the
rate constant of the cysteine binding step. The irreversible
nature of this stage, which may be anticipated for formation of
a covalent PLP adduct, uncouples the slow phase from cysteine.
The rate of this transition is very similar in all three enzymes
suggesting the two substitutions have not affected this step in
the reaction.

Absorbance in the 340-nm region is consistent with either a
ketimine or gem-diamine PLP intermediate. Assignment of the
initial 343-nm signal as the ketimine intermediate is not sup-
ported by the spectroscopic and structural results with H123A
SufS described below. Furthermore, the gem-diamine interme-
diate is short-lived with typical formation rates �45 s�1 and
would therefore be unlikely to accumulate on the time scale of

Figure 6. A, unbiased Fo � Fc difference electron density maps of C364A
crystals incubated with L-cysteine possess electron density for a Cys-aldimine
enzymatic intermediate covalently bound to PLP. A tetrahedral arrangement
of the atoms bonded to C� indicates sp3 hybridization consistent with assign-
ment of the intermediate as Cys-aldimine. A line drawing of Cys-aldimine is
also shown. B, anomalous electron density maps of the active-site of SufS
C364A with Cys-aldimine, contoured at 3 �, possess a strong signal indicating
the presence of the Cys-aldimine S atom. Anomalous signals are also
observed corresponding to the P atom of PLP and a solvent molecule that is
most likely Cl�. C, a superposition of SufS Cys-364 with Cys-aldimine in the
active-site versus SufS WT with no substrate is shown. A sharp kink in the
region of Arg-56 in SufS monomer B unfurls to allow hydrogen bonding
between Arg-56 and the sulfhydryl of Cys-aldimine.

Role of His-123 and Cys-364 in the SufS mechanism
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minutes as observed in WT and C364A SufS upon L-cysteine
addition (Figs. 2 and 3) (20, 29, 33).

As mentioned above, the external Cys-aldimine can exist in
two tautomers with distinct UV-visible absorption maxima in
the 340- and 420-nm regions. In some cases, such as for the
cyanobacterial C-DES enzyme, these species are stable over a
time scale of minutes (34). The structure of C364A SufS clearly
shows the external Cys-aldimine as the trapped intermediate,
although X-ray crystallography cannot distinguish the individ-
ual tautomers (Fig. 6). Because the C364A SufS has an absorp-
tion spectra upon L-cysteine binding very similar to WT SufS
(Fig. 3), we assign the 343- and 424-nm species formed upon

L-cysteine binding in WT and C364A SufS as the enolimine
and ketoenamine tautomers of the Cys-aldimine, respectively
(Scheme 2, 2).

The failure to observe further reaction intermediates beyond
the Cys-aldimine tautomers in the WT SufS reaction with
L-cysteine was unexpected. On sufficiently long time scales of
multiple minutes, WT SufS by itself can undergo a single turn-
over (Table 1) (9, 10). However, the rate of persulfide produc-
tion by SufS alone is �0.12 ((nmol of product min�1)/(nmol of
SufS)). Under the stopped-flow conditions, using �5.6 nmol of
SufS, it would take 8.3 min to produce 1 eq of persulfide. This
relative lack of activity over these short time scales is consistent

Figure 7. A, crystals of SufS H123A lose 420 nm absorbance (loss of yellow color) upon incubation with L-cysteine. B, unbiased Fo � Fc difference electron density
maps of H123A crystals incubated with L-cysteine possess electron density for a Cys-ketimine enzymatic intermediate covalently bound to PLP. A planar
arrangement of the atoms bonded to C� indicates sp2 hybridization consistent with assignment of the intermediate as Cys-ketimine. A line drawing of
Cys-ketimine is also shown. C, anomalous difference electron density maps of the active-site of SufS H123A with Cys-ketimine, contoured at 3 �, possess a
strong signal indicating the position of the Cys-ketimine S atom. Anomalous signals are also observed corresponding to the S atom of Cys-364 and a solvent
atom adjacent to Cys-364. The solvent atom has been previously observed in WT SufS structures and is most likely Cl�. A weak anomalous signal is observed
for the P atom of PLP. D, a superposition of SufS H123A without substrate and H123A in the Cys-ketimine state reveals rotation of the SufS monomers occurs
in the Cys-ketimine state. Subtle changes to the electrostatic interactions at the SufS dimer interface occur as part of the monomer rotation.

SCHEME 2. Updated cysteine desulfurase reaction scheme for SufS based on results presented in this work. L-Cysteine substrate is shown in blue (C, H,
O, and N) and orange (S). PLP and SufS active-site residues are in black.
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with the lack of observable intermediates beyond the Cys-aldi-
mine stage of the cysteine desulfurase reaction for WT SufS.

For true catalytic activity, SufS requires the SufE persulfide
acceptor. It is possible that the stalling of the WT reaction at the
Cys-aldimine stage when SufS is alone reflects coordinated reg-
ulation of the combined cysteine desulfurase-transpersulfura-
tion reaction. Because E. coli SufS is specifically expressed
under conditions that disrupt Fe-S cluster metabolism, includ-
ing oxidative stress, the enzyme may remain in the Cys-aldi-
mine state until the SufE acceptor interacts with it. This regu-
lation would prevent premature formation of the reactive
persulfide species prior to having SufE present to accept the
persulfide from SufS Cys-364. It has previously been shown that
the SufS–SufE persulfide generation is more resistant to dis-
ruption by H2O2 than other Type I cysteine desulfurases like
IscS (9). Further experiments are underway to test if SufE reg-
ulates the cysteine desulfurase activity of SufS (in addition to
participating in the transpersulfuration reaction).

In contrast to the relative stability of the 343/424-nm spectra
produced in WT and C364A SufS, H123A SufS forms a tran-
sient 345-nm peak in the first 0.3 s after mixing with L-cysteine,
which rapidly converts to a stable species with a peak absor-
bance of 350 nm. The stable 350-nm species is assigned as the
Cys-ketimine intermediate on the basis of several lines of evi-
dence. Electron density in the crystal structure of H123A SufS
can be fit well with the Cys-ketimine structure (Fig. 7B). Addi-
tionally, both the anomalous diffraction (Fig. 7C) and kinetic
data (Table 1) are consistent with an intact C–S bond on the
PLP intermediate. The initial 345-nm peak formed upon L-cys-
teine binding to H123A SufS is assigned as the enolimine tau-

tomer of the Cys-aldimine that is slightly red-shifted by loss of
the nearby histidine and its �–� stacking interaction. This
assignment is also consistent with known PLP chemistry
because the enolimine is predicted to be the more reactive of
the Cys-aldimine tautomers and would logically proceed to the
Cys-ketimine seen at 350 nm (35, 36).

A role for His-123 as an acid-base catalyst

The finding that loss of His-123 in SufS traps the Cys-keti-
mine intermediate (Figs. 3 and 8) suggests a key mechanistic
role for His-123 in catalysis. Structurally, His-123 is adjacent to
the PLP ring where it can influence the PLP cofactor through
�–� stacking interactions. Although tyrosine and phenylala-
nine residues are often found in this position in aminotrans-
ferase enzymes, decarboxylase enzymes commonly utilize a
histidine (36). Based on the structural evidence, His-123 is opti-
mally placed to act in an acid/base capacity to deprotonate/
protonate the C4� position of the PLP (2.7 Å) in a step involving
Cys-ketimine formation or to interact with the C� (3.1 Å) or C�

(2.7 Å) of the amino acid-PLP adduct. Identification of the Cys-
ketimine intermediate in the H123A variant rules out His-123
as the residue responsible for protonation at the C4� position to
form the ketimine (conversion of 4 to 5 in Scheme 1). A role for
C� protonation/deprotonation is also ruled out as the proton is
located on the face of the C� atom pointing away from His-123.
This leaves interactions at the C� position as the only viable
option. His-123 acting to protonate the PLP-Ala-enamine after
C–S bond cleavage (Scheme 1, 6) fits nicely with the structural
and spectroscopic data as a stalled Ala-enamine would likely
revert back to the more stable Cys-ketimine. His-123 is also
located near the sulfhydryl group of Cys-364 (4.1 Å) and could
play a role in deprotonation of the nucleophilic �SH group
prior to C–S bond cleavage as well as protonating the resulting
Ala-enamine intermediate after C–S bond cleavage.

The ability of the H123A SufS mutant to move beyond the
Cys-aldimine to the Cys-ketimine stage of the reaction while
both WT and C364A remain at that earlier step is at first puz-
zling. However, loss of �–� stacking interactions with PLP in
the H123A mutant seems to favor accumulation of the enoli-
mine tautomer of the Cys-aldimine as seen by the asymmetry in
343/424-nm signal intensity (Figs. 3–5). A similar phenomenon
is predicted by metadynamics calculations carried out on the
PLP-dependent serine hydroxymethyltransferase (SHMT)
enzyme (35). Those previous studies suggested that the �–�
interaction of the PLP pyridine ring with SHMT His-122 is
weakened in the enolimine tautomer of the external aldimine of
SHMT. This shift in the equilibrium between Cys-aldimine tau-
tomers may explain the ability of the H123A SufS to move to the
Cys-ketimine intermediate before stalling.

A role for Cys-364 in orienting C� toward catalysis

The identification of the external Cys-aldimine as the
trapped intermediate in C364A seems counterintuitive at first
glance. Loss of C364A should prevent C–S bond cleavage,
which one would predict to stall at the Cys-ketimine interme-
diate. Nonetheless, the lack of persulfide production and
detailed structural results are consistent with C364A SufS being
stalled at the Cys-aldimine intermediate. Therefore, Cys-364

Figure 8. The roles of active-site residues in the SufS cysteine desulfurase
mechanism. Active-site residues implicated in type II cysteine desulfurase
function are labeled. Arrows show residues that change conformation during
reaction progression. Dotted lines represent hydrogen bonds or electrostatic
interactions. SufS-S-Sin

� indicates the persulfide covalently linked to SufS Cys-
364 is positioned toward PLP. Coordinate super-positions used to generate
the model are described under “Experimental procedures.” SufS bound to
L-cysteine is derived from PDB 5db5. The Cys-aldimine and Cys-ketimine
structures were created by modeling Cys-364 or His-123 into the correspond-
ing mutant structures (PDB codes 6O11 and 6O13). The Ala-aldimine struc-
ture was modeled by combining PDB 1i29 (external aldimine) and PDB 6mr2
(S-Sin

� and Arg-56).
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may play a mechanistic role in conversion of the Cys-aldimine
to the Cys-ketimine intermediate. Cys-364 is too far from the
C� to act directly in the deprotonation step. The simplest inter-
pretation of these results is that Cys-364 engages in a hydrogen-
bonding interaction with the S	 atom of Cys-aldimine required
to properly position C� for deprotonation by another active-
site residue.

Lys-226 is likely responsible for C�-H bond breakage to form
the Cys-ketimine intermediate

On the basis of the Cys-aldimine structure, it appears the
Lys-226, which forms the Schiff base linkage with the internal
PLP aldimine, is responsible for the 1,3 proton shift to generate
the Cys-ketimine intermediate from the Cys-aldimine. In the
structure, the side chain of Lys-226 is positioned 3.4 Å from the
C4� position of PLP and 4.8 Å from the C� position. There is a
wide pocket of space for the residue to sample, and it is the only
potential acid/base residue on the correct face for C� deproto-
nation. Under the current experimental conditions, lack of an
observable intermediate with absorbance around 500 nm in the
H123A SufS reaction suggests that either the quinonoid species
decomposes faster than it is formed or that the ketimine species
is formed directly from the anionic intermediate.

A detailed mechanism for SufS

Taking all of the data together, a detailed mechanism can be
proposed for the desulfurase reaction catalyzed by SufS in the
absence of SufE (Scheme 2). In the first step, L-cysteine reacts
with the internal aldimine (1) to form a gem-diamine species
that rapidly converts to a mix of enolimine (343 nm) and ketoen-
amine (424 nm) tautomers of the Cys-aldimine (2). This con-
certed process occurs with a second-order rate constant of
�5000 M�1 s�1. As this equilibrium state is the sole intermedi-
ate state, deprotonation of the C� position is likely rate-deter-
mining in the desulfurase reaction with all subsequent steps in
the return to Lys-226 –aldimine occurring rapidly. Lys-226 can
act as a general base to deprotonate the C� position forming the
Cys-quinonoid intermediate (3), which is not observable under
current reaction conditions. Lys-226 may then transfer the pro-
ton to the C4� position on PLP converting it to the Cys-keti-
mine intermediate (350 nm) (4). Following formation of the
Cys-ketimine, Cys-364 attacks the sulfhydryl on the Cys-keti-
mine to break the C–S bond. His-123 may assist in this step by
deprotonating Cys-364 to produce the nucleophilic sulfide
form. The Ala-enamine (5) produced by C–S bond cleavage is
protonated by His-123 to produce the Ala-ketimine intermedi-
ate (6). Lys-226 then acts as an acid/base catalyst to cycle back
to the Ala-aldimine species (7 and 8). Finally, Lys-226 stimu-
lates release of L-alanine and formation of the internal aldmine
while passing through a transient gem-diamine species. It is
important to note that these experiments were performed in
the absence of the persulfide acceptor SufE, which limits SufS to
no more than a single turnover under these conditions (and in
fact less than a full turnover as noted above). Addition of SufE to
the system certainly impacts the transpersulfurase activity of
SufS by providing the physiological substrate for the second
half of the ping-pong reaction. The addition of SufE greatly
enhances SufS activity up to 200-fold over SufS alone. Previous

studies have suggested that SufE also influences the SufS active-
site allosterically and could impact specific steps in the cysteine
desulfurase reaction as well (37, 38).

SufS conformational changes during reaction progression

The spectroscopic analysis of WT, H123A, and C364A SufS
show that all three proceed with L-cysteine binding through a
biphasic process with similar kinetic rate constants. The fast
phase of 340 nm formation represents formation of the Cys-
aldimine tautomers in all three enzymes. However, it is difficult
to assign the slow phases to a specific event in the reaction
progression. It may reflect a slow protein conformational
change that occurs after formation of the most stable interme-
diate. Alternatively, it might reflect progression forward to an
intermediate with nearly identical absorption maxima but a
greater molar extinction coefficient.

A structure of E. coli SufS trapped in an external aldimine
state through the use of the substrate analog L-propargylamine
was interpreted to indicate that no conformational changes
occur during the cysteine desulfurase reaction cycle (22). The
lack of conformational change in the SufS-L-propargylamine
structure is explained by the fact that the analog possesses a C	

atom rather than the S	 of Cys so that the hydrogen bonding
interactions to Arg-56 or Arg-359 cannot occur. Additionally,
the analog C	 atom was disordered and not visible in electron
density and therefore the structure more appropriately models
a product complex than a substrate complex (22). We identified
both local and long-range conformational changes associated
with cysteine desulfurase reaction intermediates. Arg-56 and
Arg-359 undergo changes to assist in positioning Cys-aldimine
for C�–H bond cleavage. Cys-364 hydrogen bonding to Cys is
also required for correct positioning of Cys-aldimine. The
structure reported herein is the first observation of a cysteine
desulfurase captured with a Cys-aldimine intermediate. The
structure is consistent with the principles of PLP facilitated
chemistry: only a small rotation is required to place C�–H per-
pendicular to the pyridine ring of PLP, the ideal location for
promoting C�–H bond breaking (39, 40). The dynamics of the
�3–�4 loop of SufS, which contains Arg-56, have also been
identified as important during SufS binding to SufE/SufU, indi-
cating there are multiple functional roles for this active-site
“flap” (41, 42). The global rotation of the SufS monomers rela-
tive to each other in the Cys-ketimine state can be compared
with previous studies showing that formation of an active-site
persulfide alters SufS dynamics (25). HDX-MS and structural
data of SufS dimer interface mutants identified a pathway for
active-site cross-talk in the SufS homodimer (23). The confor-
mational changes observed in Fig. 7D are reminiscent of the
monomer rotations associated with transpersulfuration and
indicate that the monomers rearrange relative to each other
during both the desulfurase and transpersulfuration reactions.
Mounting evidence infers both local and global conformational
changes are required for SufS function.

We examined how widely these functional roles may be con-
served in SufS family enzymes, by constructing a multiple
sequence alignment of members spanning the sequence diver-
sity of IPR010970 and found that Arg-56, His-123, and Cys-364
are conserved in all sequences inspected (Fig. 1). Additionally,
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structural superpositions of SufS family members with known
structures indicated these active-site amino acids occupy sim-
ilar positions in all known structures (Fig. 1). For these reasons
we believe sulfur mobilization by SufS occurs by a conserved
mechanism in all family members.

Two main structural differences in the vicinity of the active-
site distinguish type I from type II cysteine desulfurases: the
presence of the extended flexible loop containing the active-site
Cys in type I enzymes and the presence of the �-hairpin (or
�-hook) in type II enzymes (18, 42). These structural differ-
ences provide the possibility for diverging dynamics and mech-
anisms in the two types of cysteine desulfurases. However,
structural superpositions of the type I E. coli IscS with SufS
illustrate that Arg-56 and His-123 are conserved and occupy a
similar structural environment (data not shown). Mammalian
selenocysteine lyases are also PLP-dependent enzymes with
structural similarity to SufS and recent studies indicate that an
active-site Cys is required for positioning selenocysteine to pro-
mote external aldimine formation (43). Additionally, it was
observed that mammalian selenocysteine lyase undergoes an
“open to closed” rotation of the dimer subunits reminiscent of
the rotation of SufS in the Cys-ketimine state (Fig. 7) (43). We
believe our identification of the functional role of SufS active-
site residues and the accompanying structural model for reac-
tion progression will provide a testable model for analysis of
diverse cysteine desulfurases and related enzymes.

Experimental procedures

Strains and plasmid preparation

SufS, SufS mutants, and SufE were all expressed using the
pET21a vector (Novagen) as previously described (9). SufS
H123A and SufS C364A mutations were constructed following
the QuikChange II site-directed mutagenesis protocol (Agi-
lent) with mutations confirmed via sequencing. Each plasmid
was transformed into BL21(DE3) E. coli cells for expression and
purification. All primers and strains are defined in Tables S1
and S2 respectively.

Protein expression and purification

SufS, SufS mutant derivatives, and SufE were expressed in the
pET21a vector using BL21(DE3) E. coli cells. Cells grown over-
night in LB with 100 �g/ml of ampicillin at 37 °C were diluted
by 1:100 into fresh LB with ampicillin and incubated with shak-
ing at 200 rpm to reach an A600 of 0.5– 0.7.

For SufS expression, cells were induced with 500 �M isopro-
pyl �-D-1-thiogalactopyranoside at 18 °C for 24 h with shaking
at 200 rpm. Cells were harvested via centrifugation at 7,460 � g
for 10 min at 4 °C and stored at �80 °C until use. These cells
were then resuspended in the Q-Sepharose loading buffer con-
sisting of 25 mM Tris-HCl, pH 8.0, 10 mM �-mercaptoethanol
(�ME), and 1 mM phenylmethylsulfonyl fluoride. For lysis, two
2-min cycles of sonication at 50% amplitude of 1-s on and 2 s off
were performed using a Branson digital sonifier 450. 1% Strep-
tomycin sulfate was then added to the lysed cells followed by
centrifugation at 31,000 � g for 35 min. SufS and SufS mutants
were purified with anion exchange (Q-Sepharose), hydropho-
bic interaction (Phenyl FF), and gel filtration (Superdex 200)
(GE Healthcare) chromatography resins in sequence. The

Q-Sepharose column used a linear gradient from 25 mM Tris-
HCl, pH 8.0, 10 mM �ME to 25 mM Tris-HCl, pH 8.0, 1 M NaCl,
10 mM �ME. For the phenyl FF column, SufS was eluted using a
linear gradient from 25 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 M

ammonium sulfate, 10 mM �ME to 25 mM Tris-HCl, pH 8.0, 10
mM �ME. The Superdex 200 column was run with 25 mM Tris-
HCl, pH 8.0, 150 mM NaCl, 10 mM �ME. Final protein purity
was evaluated using SDS-PAGE and the protein was concen-
trated via a 10-kDa molecular mass Amicon Ultra concentra-
tion filter (Millipore). Purified SufS was frozen in liquid nitro-
gen and stored at �80 °C until further use. Further detail of this
purification can be found in the supporting information.

SufE expression was performed using a similar protocol as
SufS with a few modifications. For SufE, cells were induced with
500 �M isopropyl �-D-1-thiogalactopyranoside at 37 °C for 3 h
with shaking at 200 rpm. SufE purification used anion exchange
and gel filtration chromatography for purification. The buffers
were the same as those used for SufS purification.

PLP quantification

To determine PLP content of SufS, SufS was diluted to �1.5
mg/ml as part of an 800-�l sample using 10 mM Tris, pH 8.0,
buffer. 200 �l of 5 M NaOH was added to the protein and incu-
bated for 10 min at 75 °C. 85 �l of 12 M HCl was then added to
the sample. Denatured SufS protein was removed by centrifu-
gation at 16,000 � g for 2 min. The supernatant containing
released PLP was transferred to a cuvette. The absorbance at
390 nm was measured with the resulting value compared with a
free PLP quantification standard line to determine the amount
of PLP present. PLP occupancy per monomer of SufS was then
calculated based on molar ratios of PLP:SufS monomer.

Cysteine desulfurase activity assay

SufS cysteine desulfurase activity was determined by follow-
ing the protocol used by Dai and Outten (9). For reactions
involving SufS and SufE, concentrations of 0.5 and 2.0 �M were
used, respectively. With SufS or SufS mutants alone, the
selected concentration was either 0.5 or 20 �M. The reaction
was performed at room temperature for 10 min.

UV-visible absorption spectroscopy

Using an Agilent 8453 UV-visible absorption spectropho-
tometer, both spectra and kinetics were monitored for
extended time periods. 30 �M WT, H123A, or C364A SufS was
treated with 500 �M cysteine in the presence of 2 mM tris(2-
carboxyethyl)phosphine in buffer (25 mM Tris, 150 mM NaCl,
pH 7.4). Initial scans were measured 10 s after mixing with final
scans occurring at 150 min.

Stopped-flow absorption spectroscopic analysis

Stopped-flow absorption experiments were performed at
4 °C on an Applied Photophysics Ltd. SX20 stopped-flow spec-
trophotometer equipped with an anaerobic accessory using
either a PDA or PMT. L-Cysteine was prepared anaerobically in
anoxic 25 mM Tris, 150 mM NaCl at pH 8.0 (at 4 °C) within a
crimped vial to remain anaerobic. WT-SufS (or variant) was
diluted at 4 °C to 75 �M using 25 mM Tris, 150 mM NaCl, pH 8.0.
Concentrations of cysteine ranging from 800 �M to 3 mM (pre-
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mix) were mixed 1:1 with 75 �M SufS for a post-mix SufS concen-
tration of 37.5 �M. Full spectral (PDA) or single wavelength (PMT)
data were collected out at 5 to 20 s, depending on cysteine concen-
tration. Data were then fit to a double exponential model using Pro
Data Viewer version 4.2.18 (APP) (Figs. S5–S7).

Global analysis and singular value decomposition

PDA data were analyzed using SVD with Pro-KIV global
analysis software (APP). SVD fitting for H123A showed two
non-zero singular values corresponding to two transitions
between three spectrally distinct species. To process the data,
the following model was used in which k1

� characterizes a
pseudo first-order rate constant during which L-cysteine con-
centrations are in large excess compared with the enzyme.

SufS-PLP 	 L-CysO¡
k�1

Int-1O¡
k2

Int-2 (Eq. 1)

For the above model, initial rates for input were determined via
single-wavelength kinetics using the PMT. The final rate con-
stants calculated by global analysis demonstrated favorable
agreement with these PMT values.

X-ray crystallography

Crystallization of SufS WT was performed by mixing 1 �l of
protein at �10 mg/ml with 2 �l of 4.3 M NaCl and 0.1 M MES,
pH 6.5, followed by incubation at 20 °C in sitting drop vapor
diffusion trays (24). Crystallization of SufS H123A was per-
formed by mixing 1 �l of protein at 12 mg/ml with 2 �l of 4.3 M

NaCl and 0.1 M MES, pH 6.5 (PLP bound structure), or 2 �l of
4.0 M NaCl and 0.1 M MES, pH 6.5 (Cys-ketimine structure). In
both cases incubation at 20 °C in sitting drop vapor diffusion
trays occurred. Crystals typically formed in less than 7 days. To
obtain the structure of SufS H123A in the absence of substrate,
H123A crystals were incubated in mother liquor diluted 1:1
with 100% (v/v) glycerol followed by plunge freezing in liquid
N2. To obtain the structures of SufS WT and SufS His-123
following L-cysteine addition, crystals were incubated in
mother liquor plus 10 mM L-cysteine diluted 1:1 with 100% (v/v)
glycerol. The crystals were plunge frozen in liquid N2 following
5–30 min incubation with L-cysteine.

Crystallization of SufS C364A was performed by mixing 1 �l
of 14 mg/ml of protein with 2 �l of crystallization conditions
(20 –30% (w/v) PEG 3350, 0.1 M Tris-HCl, pH 7, 0.2 M MgCl2)
followed by incubation at 20 °C in sitting drop vapor diffusion
trays. Addition of L-cysteine to SufS C364A was accomplished
by incubating the crystals in mother liquor plus 50 mM L-cys-
teine diluted 1:1 with 100% (v/v) glycerol. The crystals were
incubated at �20 °C for 30 min, warmed to 37 °C for 30 min,
then allowed to return to room temperature before plunge
freezing in liquid N2. Structures were solved using crystals with
and without the temperature cycling step revealing it is not
required to obtain the Cys-aldimine intermediate, but the best
diffracting crystals underwent temperature cycling.

Native X-ray diffraction data were collected at the Advanced
Photon Source beamline 22-ID, outfitted with an Eiger 16 M
detector, using 0.5° oscillations and a 1.000-Å wavelength.

Anomalous X-ray diffraction data were collected at 22-ID using
1.74-Å wavelength X-rays.

Reflections were integrated and merged using X-ray Detec-
tor Software. Structure solution was carried out by molecular
replacement in the PHENIX software suite using PDB 1jf9 with
all heteroatoms removed as the search model (24). Phenix.re-
fine was used to improve the initial structure solutions and
generate the unbiased Fo � Fc maps indicating ligand electron
density. Initial coordinates and refinement restraints for PLP
linked to Cys-aldimine or Cys-ketimine were generated by phe-
nix.elbow and the models were improved by iterative cycles of
manual modeling in Coot coupled with phenix.refine. Occu-
pancy refinement of PLP Cys-aldimine and PLP Cys-ketimine
was performed once the final model was obtained and atomic
displacement parameters (B-factors) refinement had con-
verged. Anomalous maps were calculated using phenix.maps
with phases derived from coordinates without ligands.

Figures were generated with PyMol. Superpositions were
performed by aligning one SufS monomer to the SufS variant
monomer with the PyMol align command. Data collection and
refinement statistics can be found in Table 3.

Sequence conservation analysis

A sequence similarity network was constructed from 18,567
sequences of the SufS Interpro family IPR010970 as previously
described (23). Briefly, sequences with an alignment score of 45 or
better were binned to create 1011 nodes. Of these nodes, 29 com-
posed of �100 sequences were chosen for further analysis. One
representative sequence was chosen from the 29 nodes with pref-
erence given to Swiss-Prot reviewed entries. The representative
sequences were aligned with MUltiple Sequence Comparison by
Log-Expectation (MUSCLE) and the resulting alignment was used
to estimate the conservation of SufS residues (44).
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