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Abstract:  
Post-translational modification of cysteine residues can regulate protein function and is essential 
for catalysis by cysteine-dependent enzymes. Covalent modifications neutralize charge on the 
reactive cysteine thiolate anion and thus alter the active site electrostatic environment. Although 
a vast number of enzymes rely on cysteine modification for function, precisely how altered 
structural and electrostatic states of cysteine affect protein dynamics remains poorly understood. 
Here we use X-ray crystallography, computer simulations, and enzyme kinetics to characterize 
how covalent modification of the active site cysteine residue in isocyanide hydratase (ICH) affects 
the protein conformational ensemble. ICH exhibits a concerted helical displacement upon 
cysteine modification that is gated by changes in hydrogen bond strength between the cysteine 
thiolate and the backbone amide of the highly strained residue Ile152. The mobile helix samples 
alternative conformations in crystals exposed to synchrotron X-ray radiation due to the X-ray-
induced formation of a cysteine-sulfenic acid at the catalytic nucleophile (Cys101-SOH). This 
oxidized cysteine residue resembles the proposed thioimidate intermediate in ICH catalysis. 
Neither cysteine modification nor helical disorder were observed in X-ray free electron laser 
(XFEL) diffraction data. Computer simulations confirm cysteine modification-gated helical motion 
and show how structural changes allosterically propagate through the ICH dimer. Mutations at a 
Gly residue (Gly150) that modulate helical mobility reduce the ICH catalytic rate and alter its pre-
steady state kinetic behavior, establishing that helical mobility is important for ICH catalytic 
efficiency. Our results suggest that cysteine modification may be a common and likely 
underreported means for regulating protein conformational dynamics. 
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Introduction 
 
Enzymes catalyze biochemical reactions by binding, conformationally organizing, and lowering 
the activation energy barrier of reactants (1). Aside from accelerating certain biochemical 
reactions, enzymes also inhibit undesired, off-pathway reactions involving highly reactive 
intermediate species (2). The collective dynamics of enzyme and substrate are often tightly 
coupled to the catalytic cycle (3-6). For example, substrate binding can shift the enzyme’s 
conformational distribution to structurally and electrostatically re-organize the active site. More 
controversially, the coupling of conformational dynamics and electrostatics has been proposed to 
directly contribute to the chemical step of enzyme catalysis, although their precise roles remain 
actively debated (7-12). Formation of catalytic intermediates transiently modifies the enzyme and 
may lead to a new protein motion regime that facilitates later steps of catalysis. These motions 
often span vastly different time-scales, from fs-ns for barrier crossing to ms or longer for product 
release. While functionally important motions may be present even in a resting enzyme (13), 
distinguishing functional motions from the many other fluctuations of a macromolecule at 
equilibrium is challenging (4), leaving major questions about the role of dynamics in catalysis 
unanswered.  For example, how do catalytic intermediates reorganize an enzyme’s 
conformational landscape to facilitate later steps in the catalytic cycle? 
 

For the large class of enzymes that employ a cysteine nucleophile, transient covalent 
modification of cysteine to form enzyme-bound intermediates is essential for catalysis.  These 
covalent modifications also alter the electrostatic and steric properties of the active site. Cysteine 
is most reactive in its deprotonated, anionic thiolate form.  The negative charge of the thiolate is 
neutralized upon formation of a covalent bond, thereby transiently removing negative charge from 
the active site environment during catalysis.  Although the chemistry of cysteine reactivity is well-
understood (14), protein structural changes promoted by covalently altered cysteines have 
received less attention.  In particular, it is not known how the electrostatic changes resulting from 
cysteine modification alter non-covalent interaction networks and functionally important protein 
conformational dynamics in any enzyme.    
 

X-ray crystallography provides an atomically detailed ensemble- and time-averaged view 
of protein conformational dynamics in the lattice environment (15-18). Technological advances in 
X-ray sources, detectors, and sample delivery have enabled a new class of crystallography 
experiments that report on non-equilibrium protein motions in response to external perturbations 
(19). Because these perturbations can be selected for functional relevance (e.g. by the infusion 
of substrate or induction of a particular modification), the resulting non-equilibrium changes often 
correspond to functionally important protein motions. In parallel, advances in computer modeling 
of multiple conformational substates now enable visualizing minor populations of crystalline 
protein structural ensembles. These approaches have permitted identification of networks of 
sidechain disorder (20), allowed refinement of whole-protein ensemble models (21), aided 
identification of minor binding modes of therapeutic ligands (22), and characterized spatial 
correlations in protein mobility (23). 
 

Isocyanide Hydratase (ICH: EC 4.2.1.103) is a 228-residue homodimeric cysteine-
dependent enzyme that hydrates diverse isocyanides to yield N-formamides (24) (Fig. 1A). ICH 
is a member of the large DJ-1 superfamily and is structurally similar to the homodimeric protein 
DJ-1.  In humans, mutations in DJ-1 (PARK7) cause rare forms of autosomal recessive, early 
onset parkinsonism (25). The catalytic cysteine in ICH is conserved in most members of the DJ-
1 superfamily, where it performs various roles ranging from redox sensing to acting as a catalytic 
nucleophile in diverse reactions catalyzed by members of this superfamily (26).  ICH is one of 
only two enzymes characterized to date that degrades organic isocyanides, and homologs are 
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present in many microbes that inhabit soil and water. Some naturally occurring isocyanides are 
potent antimicrobials (27) and others have recently been shown to be chalkophores, facilitating 
copper uptake by certain bacteria (28).  ICH homologs appear to be important in both of these 
aspects of isocyanide biochemistry (29-31) as well as for generating biologically active 
formamides derived from isocyanide precursors (30). 

 
Here, we use X-ray crystallography, molecular dynamics simulation, rigidity theory, 

mutagenesis, and enzyme kinetics to characterize a set of correlated conformational changes 
that remodel the ICH active site and propagate across the dimer interface in response to oxidation 
of the nucleophilic cysteine residue to a cysteine-sulfenic acid. Similar dynamical responses in 
ICH are expected upon formation of the native thioimidate catalytic intermediate, which resembles 
cysteine-sulfenic acid. Our analysis of the pre-steady state kinetics of wild-type and mutant ICH 
suggest that cysteine-gated conformational reorganization may be important for water to access 
and hydrolyse the catalytic intermediate.  The prominence of conformational dynamics in ICH and 
the tractability of this protein using multiple biophysical techniques make ICH a potent model 
system for understanding how cysteine modification can modulate functional protein dynamics. 
 

 
 
Figure 1: X-ray induced cysteine oxidation drives helical motion in ICH.  (A) The ICH dimer is shown 
as a ribbon diagram, with one protomer colored purple and the other blue.  The mobile helix and areas 
exhibiting correlated backbone-sidechain disorder are rendered darker. Ile152 is a Ramachandran outlier 
whose backbone torsion angles move with helical displacement. (B-E) The top panels show the 
environment of Cys101 with varying degrees of oxidation to Cys101-sulfenic acid. 2mFo-DFc electron 
density is contoured at 0.7 RMSD (blue) and the hydrogen bond between the peptide backbone of Ile152 
and Cys101 is shown in a dotted line.  “XFEL” is X-ray free electron laser data collected at 298 K, “Cryo” is 
synchrotron data collected at 100 K (PDB 3NON), “SR less oxidized” is synchrotron data collected at 274 
K with an absorbed dose of 2.4x104 Gy, and “SR more oxidized” is synchrotron data collected at 277 K with 
an absorbed dose of 3.7x105 Gy.  The lower panels show the helix in its strained (black) and relaxed, shifted 
conformations (grey). 2mFo-DFc electron density is contoured at 0.8 RMSD (blue) and omit mFo-DFc 
electron density for the shifted helical conformation is contoured at 3.0 rmsd (green).  At 274-277K, 
increased Cys101 oxidation disrupts the hydrogen bond to Ile152 and results in stronger difference electron 
density for the shifted helix conformation. (F) The refined occupancy of the helix is plotted versus X-ray 
dataset, indicating that increases in temperature and Cys101 oxidation result in higher occupancy for the 
shifted (relaxed) helix conformation. 
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Results 
We previously determined the structure of Pseudomonas fluorescens ICH to 1.05 Å 

resolution using synchrotron X-ray (SR) diffraction data collected at 100 K (29).  Weak features 
in the final difference (mFo-DFc) electron density map suggested a collective displacement of an 
α-helix (helix H; 151–165) proximal to the active site in the wild-type enzyme (Figure 1A). These 
difference electron density features coincided with a constitutively shifted conformation of this 
helix observed when the active site nucleophile Cys101 was mutated to alanine (C101A).  The 
C101A mutant eliminates a hydrogen bond between the Cys101 thiolate and the peptide amide 
of Ile152. Ile152 is a Ramachandran outlier with a severely strained backbone conformation 
(φ=14°, ψ=-83°) in the wild-type enzyme (Figure 1A) that shifts to a relaxed, unstrained 
conformation of the displaced helix in C101A ICH (29, 32). In addition, Cys101 was partially 
oxidized to cysteine-sulfenic acid (Cys-SOH) in the cryocooled crystal structure, presumably due 
to X-ray photooxidation. However, we were unable to determine how cysteine modification related 
to helical motion from that cryogenic dataset and thus could not assess the functional significance 
of these conformational changes. 
 
Cys101 modification triggers conformational changes that remodel the ICH active site 
 To determine if Cys101 modification directly causes helical displacement in ICH, we 
collected three X-ray diffraction datasets from wild-type ICH at temperatures ranging from 274-
298 K to 1.15-1.6 Å resolution at the Stanford Synchrotron Radiation Lightsource.  A serial 
femtosecond X-ray crystallography (SFX) reference dataset was collected at 298K at the X-ray 
Pump-Probe instrument (XPP) (33) at the Linac Coherent Light Source (LCLS) X-ray free electron 
laser (XFEL)(34). Because SFX data are minimally affected by X-ray radiation damage (35), the 
enzyme suffered no radiation-induced oxidation of Cys101 (Figure 1B). In contrast, the cryogenic 
dataset collected at 100K (Cryo) shows clear evidence of Cys101-SOH formation (Figure. 1C), 
as noted previously (29).  Two additional ambient temperature datasets were collected using 
synchrotron radiation (SR). Unlike the XFEL dataset, both SR datasets show oxidation of the 
catalytic Cys101 nucleophile to a cysteine-sulfenic acid (Cys101-SOH) to varying extents. One 
dataset shows a minority of oxidized Cys101, with a refined occupancy of 0.23-0.44 for Cys-SOH 
(“less oxidized”, Figure 1D).   The less oxidized dataset was collected from a crystal that absorbed 
a total X-ray dose of 2.2x104 Gy (36).  The other SR dataset shows complete Cys101 oxidation 
to Cys-SOH (“more oxidized”, Figure 1E) and was collected at a total absorbed X-ray dose of 
3.7x105 Gy. 
 
 The formation of Cys101-SOH causes a large-scale helical displacement near the active 
site of ICH, altering the microenvironment of Cys101 by opening a pocket near this modified 
residue. Comparison of the mFo-DFc omit difference electron density around helix H reveals a 
temperature- and cysteine oxidation-dependent correlated displacement of the helix by ~2 Å 
(Figure 1B-E).  The shifted helical conformation relieves backbone strain at Ile152 at the N-
terminus of helix H and simultaneously reorganizes the active site around Cys101. In the damage-
free XFEL dataset of the native enzyme with an unmodified Cys101, the helix is exclusively in the 
strained (i.e. unshifted) conformation (Figures 1B, S2).  Independent corroborating data were 
obtained using a lower intensity rotating anode (RA) X-ray source at 298 K, also showing little 
Cys101 oxidation and one dominant conformation for helix H. Minor difference electron density 
features are consistent with a small population of the shifted helix in the rotating anode data, but 
helix H is predominantly in the strained conformation (Figure S1).   However, helix H samples a 
minor shifted population that is correlated with Cys101 oxidation in the cryogenic (100K) SR 
dataset (Figure 1C).  Increasing the temperature of the crystal increases the population of the 
shifted helix conformation in SR datasets (Fig. 1D,E), presumably because ICH conformational 
dynamics respond more fully to the Cys101 modification at ambient temperature. Refined 
occupancies of alternate conformations of helix H confirm a population shift towards the displaced 
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helix position along this series of data sets that correlates with the extent of Cys101 oxidation 
(Figure 1F). The shifted helix conformations across data sets are highly similar, suggesting that 
the observed electron density features are not the result of global radiation damage (37) and that 
the conformational enrichment results from thermodynamic coupling between this helix and 
specific, radiation-induced photochemistry at Cys101.  
 
A thiolate-hydrogen bond restraint model for conformational change in ICH 

We propose that the radiation-driven oxidation of Cys101 to Cys101-SOH weakens the 
Cys101-Ile152 H-bond by neutralizing the charge of the Sγ acceptor (Figure 2A,B). We calculated 
a reduction in the Cys101-Ile152 hydrogen bond energy from -2.2 kcal/mol under reduced 
conditions (i.e. with a thiolate acceptor) to -0.91 kcal/mol upon Cys101-SOH formation [Materials 
& Methods (38)]. In our model, the weakened hydrogen bond permits the strained backbone 
conformation at Ile152 to relax and allows helix H to sample the shifted conformation (Figure 2C-
E). Together, crystallographic data and physicochemical calculations indicate that cysteine 
oxidation leads to electrostatic changes that propagate via hydrogen bonding and backbone strain 
to activate helical motion, altering the ICH active site.  

 
The reaction mechanism proposed for ICH has the catalytic Cys101 nucleophile attacking 

organic isocyanides at the carbenic carbon atom. Proton abstraction from a nearby but unknown 
general acid leads to a proposed thioimidate intermediate. This thioimidate intermediate, like the 
radiation-induced oxidation of the Cys101, eliminates the negative charge on Sγ thiolate and will 
reduce the strength of the hydrogen bond made between the amide H of Ile152 and Cys101 Sγ 
(Figure 2F). The thioimidate has not been directly observed in ICH, however it is the most 
plausible intermediate in all candidate ICH mechanisms in which Cys101 is the nucleophile. 
Therefore, we propose that the C101A mutation, Cys101-SOH, and Cys101-thioimidate 
intermediate all similarly weaken the interactions that hold helix H in a strained conformation in 
the resting enzyme. 
 

 
Figure 2: Cys101 oxidation leads to a weakening of the Ile152-Cys101 H-bond. Electrostatic Poisson-
Boltzmann surfaces (red negative, blue positive charge) calculated from the Cys101-Ile152 (A) and Cys-
SOH-Ile152 (B) environments. Cysteine photooxidation neutralizes the negative charge of the sulfur atom, 
weakening the N-H … S hydrogen bond. (C-E) Schematic showing covalent modification of Cys101 
weakens the hydrogen bond (red dotted/dashed line) to Ile152 and allows relaxation of backbone strain 
(curved arrow). (F) The catalytic thioimidate covalent intermediate resembles photooxidized Cys101-SOH. 
Both modifications neutralize negative charge on Cys Sγ. 
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Molecular dynamics simulations support a thiolate-hydrogen bond restraint mechanism  

To test if cysteine modification gates the conformational changes in ICH, we performed 
molecular dynamics (MD) simulations. We parameterized ICH in the crystal lattice environment 
using Amber (39) (Methods). Simulations of reduced Cys101 were started from the XFEL crystal 
structure, with Cys101 in the thiolate state (‘XFEL’ simulation). For comparison, the oxidized 
structure was simulated by modifying Cys101 to Cys-sulfenic acid in both protomers in the XFEL 
structure and removing the catalytic water near Asp17 (‘SR’ simulation).  This starting point is 
similar to the experimentally determined ‘unshifted’ cryogenic SR ICH crystal structure (PDB ID 
3NON (29)) with Cys101-SOH. While in the crystal structures, and, accordingly, in our 
simulations, Cys101 were oxidized in both protomers, it is unknown if in vivo the ICH dimer 
performs catalysis synchronously or asynchronously.  With Cys101 parameterized in the thiolate 
form, the Ile152-Cys101 hydrogen bond (Figure 3A) was predominantly maintained in the 
simulated crystal for the full 1 μs length of the MD trajectory (davg(C101SG,I152H) = 2.9Å, Figure 
3B). By contrast, simulations of the Cys101-SOH state indicated that the hydrogen bond generally 
dissociated very early in the trajectory (davg(C101SG,I152H) = 4.0Å, Figure 3B).  

 

Figure 3: MD simulations support charge-gated conformational changes by cysteine modification. 
(A) Representative snapshots from ICH crystal MD simulation trajectories, with Cys101 in the thiolate (grey) 
and in the Cys101-SOH states (slate). The Cys101Sγ-Ile152 hydrogen atom distance was markedly shorter 
on average in simulations with the Cys101 thiolate (2.8 Å) than with the Cys101-SOH (4.3 Å). B) 
Fluctuations of the C101SG-I152H distance in simulations of ICH crystals with Cys101 in the thiolate (red) or 
Cys101-SOH (blue) state.  Each ICH dimer is represented by a transparent line. Opaque red and blue lines 
denote the average C101SG-I152H distance across the dimers. C) Conformational shift of helix H with 
Cys101 in the thiolate (red) or Cys101-SOH (blue) state. The darker purple lines in panels B and C 
represent the trajectory selected for Movie S1.  

Strikingly, several protomers in the simulated Cys101-SOH crystal experienced a shift of 
helix H similar to that observed in the ambient temperature synchrotron radiation datasets (mean 
shift 0.69Å, Figure 3C, movie S1). These helical shifts were observed less frequently in 
simulations with the Cys101 thiolate (mean shift 0.60Å, Figure 3C), consistent with the hypothesis 
that local redistribution of cysteine electrostatic charge modulates these long-range motions.  
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Widespread dynamic conformational responses to radiation-induced cysteine oxidation in 
ICH 

To characterize the extent of the conformational response of the entire ICH dimer to the 
modification of Cys101, we calculated an isomorphous difference electron density map of the 
Cys101-S- rotating anode dataset Fo(RA) and the Cys101-SOH synchrotron radiation dataset 
Fo(SR) (Materials & Methods) (Figure 4A,B). We phased the map with a structural model obtained 
from the rotating anode data set. Isomorphous difference maps provide an unbiased view of the 
difference in molecular conformation between two data sets. The Fo(RA) – Fo(SR) isomorphous 
difference map reports specifically on changes in ICH that occur in response to oxidation of 
Cys101. The widely distributed difference features in this electron density map (Figure 4A,B) 
indicate that ICH responds to Cys101 oxidation with conformational changes across the whole 
dimer, but with marked heterogeneity in their distribution. We selected the rotating anode dataset 
as the unmodified reference amplitudes because of greater noise in the XFEL data from the 
sample injector and experimental geometry introducing errant helium and solvent scatter on a 
shot-to-shot basis. Nonetheless, a Fo(RA) – Fo(XFEL) map (Figure S3) revealed only minor 
difference features, suggesting the widespread dynamic response observed in the Fo(RA) – 
Fo(SR) difference map is due to Cys101 oxidation. 

 

 
 
Figure 4: Isomorphous difference map and contact analysis indicate broadly altered structure and 
dynamics connect active sites. (A,B) An isomorphous difference map calculated between the rotating 
anode (RA) and 274K synchrotron radiation datasets (FoRA – FoRT) reveals difference features (green, 
positive; red, negative) distributed throughout the dimer, suggesting broadly altered structure and dynamics 
upon formation of the cysteine-sulfenic acid in the 274K synchrotron radiation (FoRT) dataset. The ‘A’ 
conformer is shown in slate, and the ‘B’ conformer in grey transparent cartoon representation. Helices H 
and I are shown opaque in both conformers. The catalytic nucleophile is shown in spheres. (B) is the ICH 
rotated 90° about the horizontal compared to (A). Difference electron density features are non-uniformly 
distributed, with stronger features near helix H in the A conformer, and along region B169-B189, which 
contacts the N-terminal end of helix H. Isomorphous difference features were calculated using an Fo sigma 
cutoff of 2.0 in both cases and maps were contoured at +/- 3.0 RMSD. (C) Root Mean Square Fluctuations 
calculated from MD simulations indicate highest fluctuations in linker I-J of the B protomer. Helix H of the A 
protomer just underneath the linker also shows elevated RMSF. (D) CONTACT analysis identifies allosteric 
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coupling across the dimer interface, in striking agreement with isomorphous difference maps and RMSF 
from panel C. The A protomer is color-coded in blue, the B protomer in red. Residues identified in the 
CONTACT analysis are projected onto the cartoon representation. (E) Schematic of residues allosterically 
communicating across the dimer interface. (F) Conformational ensemble of motion modes in Kinematic 
Flexibility Analysis enriched after the C101SG-I152H H-bond in the A protomer is disrupted. Consistent with 
the MD simulations, the IJ linkers in both conformers, which are in contact with helices H, show increased 
conformational dynamics, especially near both active sites. Motion modes associated with helix J are also 
enriched. 
 

Unsurprisingly, the Fo(RA) – Fo(SR) difference map features are most prominent in 
protomer A near the active site and the mobile helix H (Figure 4A). Difference features at the 
active site correspond to the dramatic conformational change of the diglycyl motif and Ile152, 
while those near the interface of helix H and the β-sheet in protomer A reflect residues adjusting 
their position in response to helix H motion. There are far fewer peaks in protomer B, consistent 
with the absence of mobility of helix H’ in that protomer.  However, there are significant Fo(RA) – 
Fo(SR) difference map features along the C-terminus of helix I’ in protomer B, which sits at the 
dimer interface and directly contacts ThrA153 through TyrB181 (Figure 4A,B). These peaks likely 
report on conformational changes propagating from protomer A through the I’-J’ linker (residues 
181-185) into protomer B. By contrast, the difference map around the C-terminus of helix I and 
linker I-J in protomer A (which packs against the stationary helix H of protomer B) is comparatively 
featureless.  

 
To compare the simulation results to the conformational dynamics observed in the crystal 

structures, we calculated Root Mean Square Fluctuations (RMSFs) for all residues in a dimer of 
the Cys101-SOH simulation that experienced a helical shift (Figure 4C, Movie S1). We observed 
excellent qualitative agreement with the isomorphous difference maps. Interestingly, while the 
crystal structure revealed similar magnitude of conformational disorder in helix H and linker I’-J’, 
the simulations indicate that the conformational shift in linker I’-J’ towards the unshifted helix H’ 
and corresponding active site is much larger than observed in the crystal structure (Figure 4C, 
Movie S1). Notably, our simulations suggest that the I’-J’ conformational shift can precede 
relaxation of the strained Ile152 conformation and subsequent shift of helix H by several 
nanoseconds. Together with the asymmetry in the difference map features around linker I-J in 
both protomers (Figure 4A,B), the MD simulations suggest that the linker plays a functional role 
in allosterically communicating dynamical changes in protomer A across the dimer interface into 
protomer B. 

 
Allosteric communication between protomers 

We further examined the dynamical communication across the dimer interface in ICH 
using CONTACT network analysis. CONTACT elucidates pathways of collective amino acid main- 
and sidechain displacements through mapping van der Waals conflicts that would result from 
sidechain conformational disorder if correlated motions are not considered (20). CONTACT 
identified a large network of correlated residues in protomer A (with the mobile helix) that connects 
with a smaller network in protomer B (Figure 4D, S4), corroborating the isomorphous difference 
map.  The key residues in CONTACT analysis that bridge the dimer interface are Tyr181 and 
Thr153 (Figure 4E), which are also key residues identified in the isomorphous difference map.   

 
To understand how the active site Cys101-Ile152 hydrogen bond modulates 

conformational dynamics, we used Kinematic Flexibility Analysis (KFA,(38)). KFA represents a 
molecule as a kinematic linkage with dihedral degrees of freedom and hydrogen bonds and 
hydrophobic contacts as constraints. Conventional rigidity analysis (40) of ICH with KFA revealed 
that changes in protein flexibility between the unshifted and shifted conformations are 
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concentrated on the IJ linkers (Figure S5).  In contrast to traditional molecular rigidity analysis, 
KFA can provide an explicit basis for orthogonal protein motion modes coupled to energetic 
penalties incurred by perturbing the constraint network. KFA can rank-order protein motions by 
the magnitude of free energy changes calculated from non-covalent interactions and molecular 
rigidity (Supplemental Information). We analyzed how motion modes corresponding to the lowest 
free energies in the structure without Cys101 modification change when the H-bond is intact in 
both A and B protomers (C101-I152A&B) to when this H-bond is disrupted in protomer A (C101-
I152B). These altered motion modes are the ones most affected by disruption of the hydrogen 
bond. Among the top 100 modes with lowest free energy in each of Cys101-Ile152A&B and Cys101-
Ile152B, we identified ten modes that showed least overlap between the Cys101-Ile152A&B and 
Cys101-Ile152B (Figure. S6,S7). We then computed root mean square fluctuations (RMSF) 
resulting from sampling these motion modes (Figure 4F). Interestingly, we observed that the 
perturbations in the hydrogen bonding network are propagated primarily to the IJ-linkers and helix 
J, consistent with the MD simulations. Strikingly, the largest RMSFs within the IJ linkers were 
observed near the active site in the opposite protomer, suggesting that the two sites are in 
allosteric communication. Identical analyses on the B-protomer hydrogen bond or the XFEL 
structure yielded similar results. By contrast, ten randomly selected motion modes lead to 
conformational changes distributed non-specifically throughout the dimer (Figure S8).  
Considered together, the isomorphous difference electron density map, CONTACT analysis, 
KFA, and long-time MD simulations all confirm that local changes in hydrogen bonding at Cys101 
initiate a cascade of conformational changes that propagate across the entire ICH dimer in an 
asymmetric manner. 
 

Our results indicate that the conformational changes upon Cys101-Ile152 H-bond 
modification in the synchrotron structure correspond to later steps in the catalytic cycle, allowing 
helical motion that facilitates intermediate hydrolysis and product release. At the same time, 
increased allosteric transmission during these later steps may prime the other protomer for 
catalysis.  

 
Cysteine modification-gated conformational dynamics increase ICH catalytic efficiency 

Both the proposed thioimidate intermediate and Cys101-SOH neutralize Cys101 charge 
and diminish the strength of the H-bond to Ile152 (Figure 2C-E).  Therefore, the correlated 
displacement of helix H that occurs in response Cys101-SOH formation is also likely to occur 
during ICH catalysis. To test how helical mobility is related to ICH catalysis, we designed two 
mutations, G150A and G150T.  G150 is part of a highly conserved diglycyl motif that moves ~3Å 
to accommodate helical motion in ICH. We reasoned that adding steric bulk at this position would 
modulate the displacement of helix H.  This was confirmed in ambient temperature (274-277 K) 
crystal structures of G150A and G150T ICH at 1.3 Å and 1.1 Å resolution, respectively. In G150A 
ICH, helix H samples two major conformations, resembling wild-type ICH (Figure 5A). However, 
both protomers in the G150A ICH dimer show dual conformations for helix H, while only one 
protomer of wild-type ICH does (Figure S9).  By contrast, the G150T structure shows helix H 
constitutively shifted to its relaxed (i.e. unstrained at Ile152) position (Fig. 5B).  Both G150A and 
G150T have an alternate Cys101 sidechain conformation which conflicts with the unshifted 
conformation of Ile152 and helix H (Figure 5A,B, asterisk), indicating that the helix must move 
partially independently of Cys101 oxidation in these mutants.  As in wild-type ICH, G150A shows 
evidence of Cys101-SOH oxidation in the electron density (Figure 5A). In contrast, Cys101 in 
G150T ICH is not modified by comparable exposure to X-rays (Fig. 5B). The increased propensity 
of Cys101 to oxidize when it accepts a H-bond from Ile152 suggests that this H-bond, which can 
only be donated by the strained helical conformation, is important for enhancing Cys101 reactivity. 
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Figure 5: Mutations at Glu150 alter helical mobility and reduce ICH catalytic turnover.  (A, B): The 
top portions show the environment of Cys101 in Gly150A and G150T ICH. 2mFo-DFc electron density is 
contoured at 0.7 RMSD (blue) and the hydrogen bond between the peptide backbone of Ile152 and Cys101 
is shown in a dotted line.  Both G150 mutations permit unmodified Cys101 to sample conformations 
(asterisk) that sterically conflict with Ile152 in the strained helical conformation (black).  Therefore, the helix 
in G150A and G150T ICH must sample shifted conformations (grey) in the absence of Cys101 modification.  
The lower portions of (A) and (B) show the helix in its strained (black) and relaxed, shifted conformations 
(grey). 2mFo-DFc electron density is contoured at 0.8 RMSD (blue) and omit mFo-DFc electron density for 
the shifted helical conformation is contoured at +3.0 RMSD (green).  The helix samples both strained and 
shifted conformations in G150A ICH, while the helix is constitutively shifted in G150T.  Steady-state (C) and 
pre-steady state (D, E) enzyme kinetics of wild-type (WT; blue circles), G105A (black squares), and G150T 
(red triangles) ICH.  Both the G150A and G150T mutations result in similar decreases in steady-state kcat 
compared to WT enzyme. (D) Pre-steady kinetics at 160 uM p-NPIC show a pronounced burst phase for 
each protein, but with variable burst and steady state rate constants.  The divergent pre-steady state profiles 
indicate that G150A impacts steps after the first chemical step, while G150T affects both early and later 
steps. (E) The burst rate constant is linearly dependent on substrate concentration, indicative of a second 
order rate process in the burst phase, consistent with thioimidate formation.  WT and G150A have similar 
second order burst rate constants (slopes), but G150T ICH is lower.  (F) Single turnover spectra of ICH 
enzymes with p-NPIC substrate is shown as a function of time, with time represented from red (early) to 
blue (later).  Spectra were collected every five seconds.  At early times, G105A and G150T accumulate a 
species with λmax=335 nm, likely the thioimidate intermediate that resolves to product in the blue spectra 
with λmax=320 nm. 
 

Steady-state enzyme kinetics of the G150A and G150T mutants measured using p-
nitrophenyl isocyanide (p-NPIC, see Supplemental Information) as the substrate show a ~6–fold 
reduction in kcat for both mutants compared to wild-type enzyme (Figure 5C, Table 1).  In contrast, 
the KM values for these mutants are comparable to the wild-type enzyme. Therefore, both G150A 
and G105T mutants are similarly detrimental to steady-state ICH catalysis.  The steady-state 
kinetics for all proteins were fitted using the Michaelis-Menten model and kinetic parameters are 
provided in Table 1.  
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Table 1: Enzyme kinetic parameters 

*measured at 160 μM p-NPIC 
Standard deviations are derived from the fit; data measured n≥3 
 
 In contrast to their similar steady-state kinetic behavior, the G150 mutants have divergent 
the pre-steady state kinetic profiles as measured using stopped-flow mixing.  ICH exhibits “burst” 
kinetics, showing a rapid exponential rise in 320 nm absorbance that then becomes linear as 
steady-state is reached (Figure 5D).  This kinetic burst indicates that the rate-limiting step for ICH 
catalysis comes after the first chemical step, which is formation of the proposed thioimidate 
intermediate. The slow step may include resolution of the thioimidate intermediate, product 
release, or a combination of the two if their intrinsic rates are similar.  G150A ICH has a burst 
exponential rate constant k (~11 s-1) that is comparable to the wild-type enzyme at 160 μM p-
NPIC (Figure 5D, Table 1).  However, G150T has a reduced burst rate constant of ~4 s-1 at the 
same concentration of substrate, indicating a slower chemical step (Figure 5D, Table 1).  This 
trend is maintained over a 25-350 μM range of p-NPIC concentrations (Figure 5E). A burst rate 
constant proportional to substrate concentration indicates that the fast chemical step during the 
burst phase obeys a second order rate law. This is consistent with proposed thioimidate 
intermediate formation in the burst phase. WT and G150A ICH have very similar second order 
rate constants (slope of the lines in Figure 5E) for the burst phase, while G150T is markedly 
slower (Figure 5E, Table 1). Therefore, although both G150A and G150T mutations impair ICH 
catalysis, the kinetic effect of the G150A mutation is predominantly in steps after formation of the 
intermediate, while G150T impairs both the rate of intermediate formation and later, rate-limiting 
steps.  Single-turnover UV-visible spectra collected for WT, G150A, and G150T ICH show that 
G150A ICH accumulates a species whose absorbance maximum is 335 nm, while both WT and 
G150T accumulate the 320 nm formamide product in the ~30 second deadtime of manual mixing 
(Figure 5F).  In G150A ICH, the 335 nm species slowly converts to the 320 nm product over ~40 
s (Fig. 5F), consistent with the slow rate of product formation observed after the burst in G150A 
pre-steady state kinetics (Figure 5D).   We propose that the 335 nm species is the ICH-thioimidate 
intermediate, and that G150A is impaired in hydrolyzing this covalent intermediate from the active 
site nucleophile Cys101.  
 
Discussion 

Covalent modification is a common and physiologically important perturbation to proteins.  
Reactive residues such as cysteine are prone to diverse covalent modifications with catalytic or 
regulatory consequences.  In this study, we find that cysteine modification causes changes to H-
bonding networks that gate changes in protein dynamics.  Oxidation of an active site cysteine 
thiolate to the sulfenic acid neutralizes its negative charge and weakens a key H-bond, initiating 
a cascade of conformational changes in ICH that span the entire dimer. Although Cys101-SOH 
is not a catalytic intermediate, it resembles the proposed Cys101-thioimidate intermediate.  
Notably, all nucleophilic cysteine thiolates will experience a similar loss of negative charge upon 

Enzyme WT G150A G150T 
Steady State Kinetics 
kcat (sec-1) 0.248±0.031 0.025±0.002 0.046±0.003 
KM (μM) 9.262±3.250 1.208 ±0.6134 8.892±1.529 
kcat/KM (M-1 sec-1) 2.68x104 2.07x104 5.21x103 
Stopped Flow mixing 
Burst rate constant (sec-1)* 11.395±0.120 11.882±0.071 4.255±0.187 
Second order rate constant 
for burst (M-1 sec-1) 

4.85x104±943 5.51x104±557 1.11x104±999 

Steady state rate kobs (sec-1)* 0.268±0.001 0.046±0.002 0.095±0.003 
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covalent bond formation. Moreover, because cysteine residues can have multiple roles in a 
protein, including catalytic nucleophile, metal ligand, acylation target, redox target, and others 
(41), many different modification-mediated signals may be transduced through altered cysteine 
electrostatics to impact protein dynamics and function. Therefore, we propose that the cysteine 
modification is a common and underappreciated means for regulating protein conformational 
dynamics, expanding the ways in which cysteine can couple protein biophysical properties to 
cellular needs. 

 
Figure 6: A schematic of the proposed ICH catalytic cycle. Clockwise from upper left: substrate enters 
the ‘A’ protomer with the active site Cys101 thiolate poised for nucleophilic attack and the Cys101-Ile152 
H-bond intact. Next, formation of the thioimidate intermediate weakens the Cys101-Ile152 H-bond and 
causes helical motion (green ‘up’ arrow) that promotes intermediate hydrolysis (indicated by H2O). 
Hydrolysis of the thioimidate intermediate restores the reactive C101 thiolate and strengthens the Cys101-
Ile152 H-bond, thereby shifting the helix conformational ensemble to favor the strained conformation (green 
‘down’ arrow). The catalytic cycle in the B protomer (transparent) could be in anti-phase to the cycle in the 
A protomer, although this is speculative. 
 

Cysteine-gated conformational changes in ICH appear to alter the active site environment 
in order to promote progress along the reaction coordinate.  ICH catalyzes a reaction that can be 
divided into an early phase dominated by nucleophilic attack of Cys101 at the electrophilic 
carbenoid carbon of its isocyanide substrate and a later phase dominated by hydrolysis of the 
proposed thioimidate intermediate to release the N-formamide product (Figure S10).  The early 
phase requires a reactive cysteine residue to initiate nucleophilic attack, while the subsequent 
phase requires water attack at the thioimidate and weaker nucleophilicity of Cys101 (i.e. a better 
leaving group) to release the product. These two phases of ICH catalysis place conflicting 
demands on the physical properties of Cys101.  The divergent pre-steady state kinetics of the 
G150A and G150T mutants suggest a model where the strained helical conformation of ICH has 
the highest competence for the initial isocyanide attack by Cys101, forming the thioimidate 
intermediate.  (Figure S10A,B) This is also consistent with the diminished propensity of Cys101 
for photooxidation in G150T, where the helix is constitutively shifted, suggesting that Cys101 is 
less reactive in this environment.  After formation of the thioimidate, the helix samples the shifted 
conformation due to weakening of the Ile152-Cys101 H-bond, dynamically remodeling the ICH 
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active site (Figures 6 and S10B,C). We propose that the active site samples conformations that 
favor water attack at the carbon atom of the thioimidate and hydrolysis of the thioimidate 
intermediate. Upon water attack at the thioimidate to form a tetrahedral intermediate, the H-bond 
between Cys101 and Ile152 that defines the strained conformation of helix H can reform, thereby 
stabilizing the nascent Cys101 thiolate and making it a better leaving group. With the strained 
helical conformation restored, the product is released and leaves the active site poised for another 
cycle of catalysis (Figures 6 and S10D). The synchrotron X-ray crystallographic data indicate that 
the G150A mutation enhances sampling of shifted helical conformations even in the absence of 
Cys101 modification, and this shifted conformation is further populated once the Cys101-Ile152 
H-bond is weakened by Cys101-SOH formation. In addition, G150A ICH accumulates a spectrally 
distinct 335 nm species that we propose corresponds to the thioimidate intermediate. Our 
interpretation of these data is that the thioimidate intermediate accumulates in G150A ICH owing 
to an impaired resetting of the strained helical conformation, which reduces the rate of thioimidate 
hydrolysis and enzyme turnover. Consistent with the pre-steady state kinetic data, this kinetic 
model for G150A ICH predicts that the early chemical steps promoted by the strained 
conformation of helix H would not be impaired by the mutation but that the steady-state rate would 
be significantly diminished.   In contrast, the G150T mutation causes a constitutively shifted helix, 
reducing rates of both initial Cys101 attack at the isocyanide carbon atom in the first chemical 
step and thioimidate hydrolysis in later steps, as evidenced by the lower burst and steady state 
rates of G150T ICH.  Therefore, the G150A and G150T mutations have divergent effects on the 
early steps of ICH catalysis but similar detrimental effects on the later, rate-limiting steps.  

 
Modulation of protein dynamics is a powerful way to regulate protein function, as has been 

characterized in various systems.  To our knowledge, ICH is the first example of a non-disulfide 
cysteine modification regulating functional protein conformational dynamics. Nevertheless, 
conceptually similar examples of gated conformational dynamical changes exist. Redox-gated 
changes in flavoprotein structure and dynamics may play a major role in electron transfer by these 
proteins (42), and similar electron- or charge-coupled gating events occur in diverse systems (43-
45). Photoactivatable tags that modulate sampling of active enzyme conformations have been 
used to create catalytically enhanced enzymes (46). In the DJ-1 superfamily to which ICH 
belongs, Cys106 oxidation to Cys106-SO2

- in DJ-1 results in little change in global protein 
conformation but stabilizes the protein by over 12 °C (47). This stabilization is thought to be due 
to a strong (2.47 Å) hydrogen bond between Cys106-SO2

-and Glu18 that forms upon oxidation, 
reducing protein dynamics and stabilizing the protein.  
 

More generally, transient covalent modification of proteins changes their potential energy 
surface. Therefore, various covalently modified species of a protein in the cell are likely to be 
dynamically distinct, providing another mechanism of diversifying protein function.  The many 
potential covalent modifications of cysteine make this residue of particular importance for 
understanding how cellular signaling states, metabolite pools, and stress conditions couple to 
functional protein dynamics through the modification of amino acids in proteins.  Future work on 
ICH and other cysteine-containing proteins will illuminate the diverse mechanisms by which 
cysteine-gated conformational changes can regulate protein function. 
 
Methods 
 
Crystallization, data collection, and processing. Pseudomonas fluorescens ICH was 
expressed in E. coli as a thrombin-cleavable, N-terminally 6xHis-tagged protein and purified as 
previously described (29).  All of the final proteins contain the vector-derived amino acids “GSH” 
at the N-terminus. Wild-type ICH, the G150A, and the G150T mutants were crystallized by 
hanging drop vapor equilibration by mixing 2 μL of protein at 20 mg/ml and 2 μl of reservoir (23% 
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PEG 3350, 100mM Tris-HCl, pH 8.6, 200 mM magnesium chloride and 2 mM dithiotheritol (DTT)) 
and incubating at 22°C.  Spontaneous crystals in space group P21 appear in 24-48 hours and 
were used to microseed other drops after 24 hours of equilibration. Microseeding was used 
because two different crystal forms of ICH crystals grow in the same drop and those in space 
group P21 are the better-diffracting crystal form.  Notably, seeding G150T ICH using wild-type ICH 
crystals in space group P21 results exclusively in G150T crystals in space group C2 with one 
molecule in the asymmetric unit (ASU). 
 

Cryogenic (100K) synchrotron data (PDB 3NON) were previously collected at the 
Advanced Photon Source beamline 14BM-C from plate-shaped crystals measuring 
~500x500x150 μm that were cryoprotected in 30% ethylene glycol, mounted in nylon loops, and 
cooled by immersion in liquid nitrogen as previously described (29). Ambient temperature (274 K 
and 277 K) synchrotron data sets were collected at the Stanford Synchrotron Radiation 
Lightsource from crystals mounted in 0.7 mm diameter, 10 μm wall thickness glass number 50 
capillaries (Hampton Research) with a small volume (~5 μl) of the reservoir to maintain vapor 
equilibrium. Excess liquid was removed from the crystal by wicking, and the capillary was sealed 
with beeswax.  For the 274 K dataset, the crystal was mounted with its shortest dimension roughly 
parallel to the capillary axis, resulting in the X-ray beam shooting through the longest dimensions 
of the crystal during rotation. For the 277 K dataset, a large single capillary-mounted crystal was 
exposed to X-rays and then translated so that multiple fresh volumes of the crystal were irradiated 
during data collection.  This strategy reduces radiation damage by distributing the dose over a 
larger volume of the crystal.  This translation of the sample was factored into the absorbed dose 
calculation by assuming every fresh volume of the crystal received no prior dose, which is a best-
case scenario. 

 
The 100 K and 277 K datasets were collected on ADSC Q4 CCD detectors using the 

oscillation method.  Separate low and high resolution passes were collected with different 
exposure times and detector distances and merged together in scaling, as the dynamic range of 
the diffraction data was larger than that of the detector.  For the 274 K data, a Pilatus 6M pixel 
array detector (PAD) was used with shutterless data collection.  Because of the very high dynamic 
range of the detector, a full dataset was collected in a single pass ~5 minutes. The 274 K datasets 
were indexed and scaled using XDS (48) while the 277K datasets were indexed and scaled and 
HKL2000 (49).  The 100 K dataset was processed as previously described (29). 

 
For the XFEL experiment, large ICH crystals were pulverized by vortexing with a 0.5 mm 

steel ball, resulting in a suspension of ~50 μm crystal fragments. Samples were delivered to the 
beam using the microfluidic electrokinetic sample holder (coMESH) injector (50) under 
atmospheric He pressure conditions at room temperature. The outer line of the coMESH flowed 
compressed air at 100 psi to protect the charged meniscus from the helium atmosphere. The 
sample was driven by a syringe pump (KDS Legato 200) at 300 nl/min in its native mother liquor, 
while being charged between +3 - +5 kV (Stanford Research Systems, SRS PS300) from a 
charged, wetted stainless steel needle connecting the syringe reservoir to the 100 µm x 360 µm 
x 1.5 m fused silica capillary. Serial data were collected at LCLS-XPP (SLAC National Accelerator 
Laboratory) using a Rayonix MX170HS detector, with an FEL X-ray beam focused to below 5 μm 
at 10Hz. The XFEL diffraction data were processed with cctbx.xfel (51). Of the 28,714 images 
collected, 1,112 were indexed and their intensities were integrated. Three postrefinement cycles 
to correct the intensity measurements and merge the data were carried out with PRIME (52) with 
a Lorentzian partiality model, and using the target unit cell dimensions of SR WT ICH. Final 
parameters for PRIME included gamma_e = 0.001, frame_accept_min_cc = 0.60, uc_tolerance 
= 5, sigma_min = 2.5, and partiality_min = 0.2, to obtain the structure factor amplitudes X-ray 
crystallographic data statistics for all datasets are provided in Table S1. 
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Model refinement. All refinements were performed in PHENIX1.9 against structure factor 
intensities using individual anisotropic ADPs and riding hydrogen atoms (53).  Weights for the 
ADP refinement and relative weights for the X-ray and geometry term were optimized.  The 
alternate conformation for helix H (residues 148-173 in chain A) was modeled manually as a 
single occupancy group, reflecting the presumed correlated displacement of sidechain and 
backbone atoms.  Other disordered regions were also built into multiple conformations manually 
in COOT (54) if supported by 2mFo-DFc and mFo-DFc electron density maps.  Occupancies of 
these groups were refined but constrained to sum to unity in PHENIX.  Omit maps were calculated 
after removing the areas of interest from the model and refining for X cycles.  Final models were 
validated using MolProbity (55) and the validation tools in COOT and PHENIX. Model statistics 
are provided in Table S2. Isomorphous difference maps were calculated using data to the lowest 
high resolution of the data sets, 1.45 Å for  FoRA – FoRT  and 1.6 Å for FoRA – FoXFEL. 
 

Special care was taken to avoid model bias in the XFEL structure, which has been 
reported to be a potential concern for sparse data generated by some serial femtosecond 
crystallography experiments (56). In addition to refining a model with the single conformation for 
helix H (Figure 1B), a dual conformation model for this helix was also refined against the XFEL 
data. Unlike the SR refinements, the dual conformation model for helix H shows no supporting 
electron density in the 2mFo-DFc maps, confirming that the single helix model is superior for the 
XFEL data and model bias does not dominate the apparent agreement between model and 
electron density map in this system (Figure S2) 
 
Molecular Dynamics Simulations. ICH crystals were parameterized using Amber (39). A 
simulation cell with unit cell dimensions and P21 symmetry of the crystal structure was created 
and replicated to obtain a 2x2x2 supercell containing 16 ICH dimers to minimize boundary 
artifacts in the simulations. 200 mM MgCl2 and 100mM Tris-HCl were added to the simulation cell. 
While the crystallization conditions also included PEG3350 and DTT, those were omitted from the 
simulation owing to the large size of PEG and the low concentration (2mM) of DTT. The system 
was electrostatically neutralized by adding Na+ ions. SPC/E waters were added to obtain a 
pressure of approximately 1bar. Simulations of ‘XFEL conditions’ were started from the XFEL 
crystal structure, with C101 in the thiolate state. By contrast, the synchrotron structure was 
simulated by modifying C101 to Cys-sulfenate (Cys-SOH) in the XFEL structure and removing 
the catalytic water near Asp17. Partial charges for Cys-SOH were determined with HF/6-31G* 
basis set and the AM1-BCC method in Antechamber (57). The systems were minimized with 
steepest descent and conjugate gradient algorithms by gradually reducing constraints on the 
protein atoms. The time step was set to 1 fs for the initial phase of equilibration. Production runs 
of 1 µs ICH crystal NVT ensembles were carried out with openMM (58) on NVIDIA K80 and P100 
GPUs, with an integration timestep of 2 fs, and non-bonded cutoffs of 1 nm. In total, we obtained 
4 µs of simulation time for ICH. 
 

The distance of the I152H-C101SG hydrogen bond was calculated for each protomer at 
time intervals of 500 ps over the course of the simulations. The average I152H-C101SG distance 
was obtained by averaging over the protomers (bold line, Figure 3B), and then averaging over 
time. The shifts of helix H were calculated at time intervals of 500 ps by first aligning each 
protomer to the first frame using all backbone (heavy) atoms giving an RMSDREF, and then 
calculating the backbone (heavy) atom RMSD to the first frame over residues 152 to 166 giving 
RMSDHELIX. We then reported the fraction RMSDHELIX/ RMSDREF. While RSMD strongly depends 
on the length of the fragment and flexible loops, generally RMSDHELIX/ RMSDREF > 1 indicates that 
the helix shifts more than the rest of the protomer. The average shift was obtained by averaging 
over the protomers (bold line, Figure 3C), and then averaging over time. 
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Synthesis of para-nitrophenyl isocyanide (p-NPIC). ICH will accept diverse isocyanide 
substrates (24). Due to its strong absorption in the visible range (λmax=320 nm), para-nitrophenyl 
isocyanide (p-NPIC) was used here. The p-NPIC substrate is not commercially available and was 
synthesized and characterized using 1H NMR, 13C NMR, IR, mass spectrometry as described in 
the Supplemental Information (Figures S11-S18).  
 
ICH enzyme kinetics. For the steady state ICH rate measurements, reactions were initiated by 
the addition of ICH (final concentration of 1 µM) to freshly prepared p-NPIC solutions ranging from 
0-60 µM in reaction buffer (100 mM KPO4, 50 mM KCl, and 20% DMSO). p-NPIC was diluted 
from a 0.5 M stock solution in dimethyl sulfoxide (DMSO), which was stored at -80 °C and 
protected from light when not in use.  A 200 µl reaction was maintained at 25 °C in a Peltier-
thermostatted cuvette holder. The formation of the product, para-nitrophenyl formamide (p-NPF) 
was monitored at its absorption maximum of 320 nm for two minutes using a UV-Vis Cary 50 
Spectrophotometer (Varian, Palo Alto, CA). A linear increase in A320 was verified and used to 
calculate initial velocities.  Isocyanides can spontaneously hydrolyse slowly in aqueous solutions, 
with the rate increasing as pH is lowered. To ensure that all measured product formation was due 
to ICH catalysis, the rate of spontaneous p-NPIC hydrolysis was measured without added ICH.  
These values were near the noise level of the spectrophotometer and were subtracted from the 
raw rate measurements before fitting the Michaelis-Menten model. The extinction coefficient at 
320 nm for p-NPF was determined by using ICH to convert known concentrations of p-NPIC to p-
NPF, followed by measuring the absorbance at 320 nm.  The slope of the resulting standard curve 
was defined as the extinction coefficient of p-NPF at 320 nm; ε320=1.33x104 M-1 cm-1.  This p-NPF 
ε320 value was used to convert the measured rates from A320/sec to [p-NPF]/sec. All data were 
measured in triplicate or greater and mean values and standard deviations were plotted and fitted 
using the Michaelis-Menten model as implemented in Prism (GraphPad Software, San Diego, 
CA). Reported Km and kcat values and their associated errors are given in Table 1. 
 

Pre-steady state ICH kinetics were measured at 25 ̊ C using a Hi-Tech KinetAsyst stopped 
flow device (TgK Scientific, Bradford-on-Avon, United Kingdom). Data were collected for each 
sample for 2 seconds (instrument deadtime is 20 ms) in triplicate. The final enzyme concentration 
after mixing was 10 µM and final p-NPIC concentrations were 20, 40, 80, 120, 160, and 320 µM. 
Product evolution was monitored at 320 nm using a photodiode array detector. Kinetic Studio 
software (TgK Scientific, United Kingdom) was used to analyze the kinetic data and to fit a mixed 
model containing a single exponential burst with a linear steady state component: -Aexp(-kt) + mt 
+ C.  In this equation, t is time, k is the burst phase rate constant, m is the linear phase (steady-
state) rate, A is the amplitude of the burst component, and C is a baseline offset constant. The 
linear slope m was used to calculate steady state turnover numbers, which agree well with kobs 
values obtained from steady state kinetic measurements at comparable substrate concentrations.  
Single turnover experiments were also performed using final concentrations of 40 µM enzyme 
and 20 µM p-NPIC after manual mixing. Spectra were collected using a Cary 50 
spectrophotometer (Varian, Palo Alto, CA, USA).  Spectra were collected every 10 seconds with 
a deadtime of ~5 seconds after manual addition of enzyme.  
 

Structure factor data and refined coordinates are available in the Protein Data Bank with 
the following accession codes: 6NI4, 6NI5, 6NI6, 6NI7, 6NI8, 6NI9, 6NJA, and 6NPQ. 
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