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ABSTRACT: The (fa)g-barrel enzyme indole-3-glycerol
phosphate synthase (IGPS) catalyzes the multistep trans-
formation of 1-(o-carboxyphenylamino)-1-deoxyribulose S-
phosphate (CdRP) into indole-3-glycerol phosphate (IGP)
in tryptophan biosynthesis. Mutagenesis data and crystal
structure analysis of IGPS from Sulfolobus solfataricus (sSIGPS)
allowed for the formulation of a plausible chemical mechanism
of the reaction, and molecular dynamics simulations suggested
that flexibility of active site loops might be important for
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catalysis. Here we developed a method that uses extrinsic fluorophores attached to active site loops to connect the kinetic
mechanism of sIGPS to structure and conformational motions. Specifically, we elucidated the kinetic mechanism of sIGPS and
correlated individual steps in the mechanism to conformational motions of flexible loops. Pre-steady-state kinetic measurements
of CdRP to IGP conversion monitoring changes in intrinsic tryptophan and IGP fluorescence provided a minimal three-step
kinetic model in which fast substrate binding and chemical transformation are followed by slow product release. The role of
sIGPS loop conformational motion during substrate binding and catalysis was examined via variants that were covalently labeled
with fluorescent dyes at the N-terminal extension of the enzyme and mobile active site loop flal. Analysis of kinetic data
monitoring dye fluorescence revealed a conformational change that follows substrate binding, suggesting an induced-fit-type
binding mechanism for the substrate CdRP. Global fitting of all kinetic results obtained with wild-type sIGPS and the labeled
variants was best accommodated by a four-step kinetic model. In this model, both the binding of CdRP and its on-enzyme
conversion to IGP are accompanied by conformational transitions. The liberation of the product from the active site is the rate-
limiting step of the overall reaction. Our results confirm the importance of flexible active loops for substrate binding and catalysis

by sIGPS.

ndole-3-glycerol phosphate synthase (IGPS) catalyzes the

fifth reaction in the biosynthesis of tryptophan, whereby the
enzyme facilitates a ring closure reaction of the substrate 1-(o-
carboxyphenylamino)-1-deoxyribulose S-phosphate (CdRP) to
the product indole-3-glycerol phosphate (IGP) (Figure 1A).
The chemical reaction consists of a sequence of condensation,
decarboxylation, and dehydration and is irreversible, because of
both the formation of the pyrrole ring of the indole and the
release of CO,.! The crystal structures of apo forms of the
bifunctional enzyme IGPS/phosphoribosyl anthranilate isomer-
ase from Escherichia coli (eIGPS:ePRAI)>* as well as those of
the monofunctional IGPS from the hyperthermophiles
Sulfolobus solfataricus (sIGPS)** and Thermotoga maritima,®
which optimally grow at ~80 °C, have been determined at 2 A
resolution. IGPS has the ubiquitous (fa)g-barrel fold, with an
N-terminal extension of ~45 residues. In sIGPS, the latter
comprises the additional a0 and 00 helices that are connected
by the a0a00 loop (Figure 1B).

The highly conserved residues LysS3, Lys110, Glul59, and
Asn180 (sIGPS numbering) were identified as being essential
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for catalysis by mutational analyses of eIGPS.”® These findings
were confirmed by crystal structures of sIGPS with bound
substrate CdRP, substrate analogue rCdRP, and product IGP.?
The chemical mechanism deduced from these data is based on
general acid—base catalysis, whereby the charged e-amino
group of Lys110 acts as the general acid and the carboxylate
group of GlulS9 (or Glu210') acts as the general base. The
structures of sIGPS with substrate CdRP and product IGP
illustrate that two distinct but adjacent hydrophobic pockets are
involved in binding of the substrate and product (Figure 1B).
Certain hydrophobic side chains contact the benzene ring of
(r)CdRP, others the benzene ring of IGP, and some both.
Importantly, the substrate CdRP is bound in an unproductive
mode in the crystal structure, because the distance between the
two carbon atoms, C1 and C2’, that are to be joined is too large
for the formation of a covalent bond.” Both observations
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Figure 1. Reaction catalyzed by IGPS and crystal structure of SIGPS. (A) The enzyme facilitates a ring closure reaction of the substrate CdRP to the
product IGP. The chemical reaction consists of a sequence of condensation, decarboxylation, and dehydration. It comprises the two intermediates, I1
and 12, and is irreversible. Chemical reduction of CdRP by borohydride produces the substrate analogue rCdRP. (B) Crystal structure of sIGPS with
substrate CARP (blue) [Protein Data Bank (PDB) entry 1LBL] and product IGP (cyan) (PDB entry 1AS3). The substrate and product bind to
adjacent but distinct hydrophobic pockets. Two variants of sSIGPS were generated for fluorescence labeling, during which residues either in the N-
terminal extension [R18 at the boundary of a-helix a0 to loop @000 (green)] or within a flexible loop at the catalytic face [D61 on loop flal
(yellow)] were replaced with cysteines. The single tryptophan residue, W8, which was used to monitor intrinsic fluorescence, is colored magenta,
and residues essential for catalysis (K53, K110, and E159) are colored orange.

indicate that conformational rearrangements at the active site
might take place during the reaction cycle.

In accordance with this hypothesis, experimental and
computational data suggest that residues from the two flexible
loops, flal (comprising residues Lys53—Asp6S) and a0a00
(comprising residues Argl8—Ser32), are involved in the
reaction. The Lys53Ser replacement in loop flal decreases
catalytic turnover number k., by 20-fold and increases
Michaelis constant Ky“®" by 2000-fold.”” The comparison
of the crystal structures with bound (r) CdRP and IGP indicates
that the positively charged side chain of Lys53, which forms
electrostatic interactions with both the carboxylate and the C3’
hydroxyl groups of CdRP, guides the substrate from one
hydrophobic pocket to the other.”’ Moreover, molecular
dynamics (MD) simulations have suggested that the electro-
static interactions of the side chain of Lys53 with CdRP are
weakened at the high physiological temperatures of sIGPS,
leading to a reorientation of C1 and C2’ that favors bond
formation.'”"" MD simulations also indicated that the
temperature-induced increased mobility of LysS3 alters its
interaction with the general acid Lys110. As a consequence, the
e-amino group of Lys110 moves closer to the C2" oxygen of the
substrate, facilitating its protonation.'> Moreover, the analysis
of three different crystal forms of sIGPS showed large
deviations in the Ca positions between Pro57 and Glu63 and
suggested the population of at least two distinct low-energy
conformations for loop f1al1.° A sIGPS variant lacking the 26
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N-terminal residues, including helix a0 and the first half of loop
a0a00, displayed an unaltered k., value but a 3000-fold
increased Ky “*® value in comparison to those of wild-type
sIGPS."® These findings are explained by the fact that Trp8
from helix @0 is part of the anthranilate-binding pocket’ and
suggest that adjacent flexible loop @000 might undergo a
conformational motion upon substrate binding.

The purpose of this study was the elucidation of the kinetic
reaction mechanism of sIGPS and its correlation with
conformational motions of loops flal and a0a00. For this
purpose, we performed steady-state and pre-steady-state kinetic
analyses of CARP to IGP conversion by wild-type sIGPS
(sIGPS-wt). Global fitting of the combined data with a minimal
three-step model provided the individual rate constants for
substrate binding, chemistry, and product release. To integrate
kinetic data with conformational motions during substrate
binding and catalysis, we generated variants that were
covalently labeled with fluorescent dyes at two active site
loops. Analysis of single-turnover kinetics of the labeled variants
detected by both product accumulation and dye fluorescence
revealed conformational changes upon the binding of CdRP
and its conversion to IGP. These findings led us to an extended
model that comprises four steps and describes also the kinetic
traces of the nonlabeled sSIGPS-wt enzyme with high precision.
Our data support the significance of the flal and a0a00 loops
for substrate binding and catalysis and show that product
release is the rate-limiting step of the overall reaction.
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B MATERIALS AND METHODS

Synthesis of CdRP, rCdRP, and IGP. CdRP was
synthesized chemically by incubating anthranilic acid with
ribose S-phosphate’® and purified by reverse phase high-
performance liquid chromatography; rCdRP was synthesized by
selective reduction of CdRP with NaBH,."* IGP was produced
enzymatically from the substrate CdRP using IGPS from T.
maritima.'® The enzymes present in the preparation were
removed by ultrafiltration.

Site-Directed Mutagenesis. The gene encoding sIGPS,
strpC, was cloned into the pET2la(+) plasmid (Stratagene)
using the restriction sites for Nhel and Xhol. Consequently, the
recombinant sIGPS protein carries a C-terminal hexahistidine
(Hisg) tag. Point mutations were introduced into the strpC
gene by overlap extension polymerase chain reaction
(PCR)'"'® using plasmid pET21a(+)-strpC as a template.
For the generation of megaprimers by PCR, oligonucleotides
T7 terminator (5'-GCTAGTTATTGCTCAGCGG-3’) and §'-
ATTATCTTTATGCAGGCCCTCA-3’ (for construction of
strpC-R18C) or §"-TCTGGATTATGTGTTGAAAGG-3’ (for
construction of strpC-D61C) were used as S’ primers, and
oligonucleotides T7 promotor (5-TAATACGACTCACTAT-
AGGG-3’) and 5" TGAGGGCCTGCATAAAGATAAT-3’ (for
construction of strpC-R18C) or §'-CCTTTCAACACATAAT-
CCAGA-3' (for construction of strpC-D61C) were used as 3'-
primers (new codons are underlined). The megaprimers were
purified and used in a third PCR, together with T7 terminator
and T7 promotor primer. The resulting full-length products
were digested with Nhel and Xhol and ligated into pET21a(+).

Expression and Purification of Recombinant sIGPS.
The production of the recombinant sIGPS protein, wild type
and Cys variants, was conducted in NEB T7Express Rosetta
cells (Stratagene). Cells were grown at 37 °C in LB medium,
supplemented with 30 pg/mL chloramphenicol and 150 ug/
mL ampicillin. Overexpression was induced when the cells had
reached an optical density at 600 nm of 0.6 via addition of
IPTG to a final concentration of 1 mM, and growth was
continued for 18 h. Purification of all proteins was performed
essentially as described previously™ with minor modifications;
e.g., heat precipitation was conducted at 65 °C for 15 min. For
the purification of the R18C, D61C, and T186C variants, the
dialysis buffer was supplemented with 2 mM DTT to prevent
oxidation of cysteines. The purity of the recombinant proteins
as judged by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis was >95%. Enzyme concentrations were
determined by measuring the absorbance at 280 nm, using a
molar extinction coefficient of 17210 M~ cm™ as calculated
from the amino acid sequence.'”

Reactivity of Cysteine Residues. Second-order rate
constants were determined for the reaction of the sIGPS
cysteine variants (R18C, D61C, and T186C) with S,5'-
dithiobis(2-nitrobenzoic acid) (DTNB) using an S$X20
stopped-flow instrument (Applied Photophysics). Reaction
was initiated by mixing IGPS construct (9.6 uM R18C, 8.1
uM D61C, or 7.7 uM T186C) with DTNB (0.25—1.25 mM) in
20 mM HEPES and 5.0 mM EDTA (pH 7.2) at room
temperature (RT). Progress curves were generated by
measuring the increase in absorbance of the reaction product
TNB™ at 412 nm (&g = 14.15 mM™ cm™) with time, and
the traces were analyzed in a global fit using DynaFit (BioKin
Ltd.).*°
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Attachment of Dyes. The sIGPS variants (R18C, D61C,
and T186C) were washed with 20 mM HEPES and 5.0 mM
EDTA (pH 7.2) to remove DTT. To attach the probes, the
variants at concentrations of 50—100 yM and a 1.5-fold excess
of the dye [Alexa Fluor 555 (Molecular Probes) or PyMPO
(Molecular Probes) in DMSO] were mixed and incubated at
RT for 2 h. All steps were performed in the dark to protect the
fluorophore. The reaction mixture was washed with 100 mM
EPPS containing 10% glycerol (pH 7.5) to remove free dye.
Extinction coefficients at 280 nm for each fluorophore in
DMSO were determined experimentally using the Nanodrop
2000 instrument (Thermo Scientific) to be 1414.7 yuM ™' mm™'
for Alexa Fluor 555 and 1225.7 uM ™' mm™" for PyMPO. To
determine the extent of labeling, both the concentrations of the
dye and the protein were determined; a 1:1 ratio indicates
complete (100%) labeling. The dye concentration was
determined by measuring the absorbance of the labeled variants
at 412 and 514 nm for PyMPO and Alexa Fluor 5SS,
respectively, and using known extinction coefficients. The
protein concentration was determined by measuring the
absorbance of the variant at 280 nm, correcting this value by
subtracting the contribution of the dye to the absorbance at 280
nm, and using the molar extinction coefficient of sIGPS. The
labeled variant was deemed acceptable for use in subsequent
experiments if the degree of labeling was >95%. Labeled
proteins were stored in 100 mM HEPES buffer (pH 7.5) with
10% glycerol at —80 °C.

Equilibrium Ligand Binding and Steady-State Enzyme
Kinetics. Fluorescence titrations were performed at 25 °C in
50 mM EPPS buffer (pH 7.5) and 4.0 mM EDTA using a
FluoroMax-4 instrument (Horiba). Aliquots of IGP or rCdRP
were added to a solution containing 1.1 yM labeled sIGPS
variant and mixed. The complex was equilibrated for 40 s
before the signal was monitored. For RI8CA®*%% and
D61CA™5S  flyorescence emission was measured at 564 nm
(10 nm slit) after excitation at 295 nm (1 nm slit) and at 564
nm (4 nm slit) after excitation at 514 nm (1 nm slit),
respectively. For R18C™PO and D61CP™M°, fluorescence
emission was measured at 561 nm (10 nm slit) after excitation
at 295 nm (3 nm slit). A minimum of three titrations were
performed for the individual ligand—protein pairs. Each of the
titrations was corrected by subtracting the average of at least
three titrations of protein with buffer (collected under
conditions identical to those of the corresponding titrations
with the ligands) and fit to the Morrison equation using
KaleidaGraph.*" Steady-state kinetic measurements in 50 mM
EPPS buffer (pH 7.5) and 4.0 mM EDTA were performed at
25 °C with a fluorimetric assay as described previously”>*’
using a CARY-Eclipse instrument (Variant). The obtained
hyperbolic substrate saturation curves were analyzed with the
Michaelis—Menten equation to determine the turnover number
(k.,.) and the Michaelis constant (K “*F).

Transient Kinetics. Stopped-flow studies were performed
at 25 °C in 50 mM EPPS (pH 7.5) and 4 mM EDTA using the
$X20 instrument (Applied Photophysics). Tryptophan/IGP
fluorescence was excited at 280 nm, and the increase in
fluorescence emission was recorded over time using a 335 nm
cutoft filter. Single-turnover kinetics of sSIGPS were measured
by mixing CdRP at a constant concentration (1.0 M) and
protein solutions in a 1:1 volume ratio; the final sIGPS
concentration was varied between 1.0 and 15.0 #uM. Multiple-
turnover kinetics of sSIGPS were performed by mixing CdRP at
a constant concentration (3.0 uM) with protein solutions in a
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1:1 volume ratio; the final sIGPS concentration was varied
between 25 and 500 nM. Between five and eight traces were
recorded at each protein concentration and averaged.

The change in fluorescence emission intensity of the dye
upon ligand binding was recorded over time after mixing
labeled sIGPS variants [R18CA®?S55 R18CPMPO, D61 CAlexaSSS,
or D61CP™MPO (0.2 yM)] with IGP or CdRP (2—16 uM) in a
1:1 volume ratio. Emission was recorded with excitation at 295
nm and a 550 nm cutoff filter. Free R18C™™° showed a slight
increase in the emission intensity upon being mixed with the
buffer. To account for this increase, an average of four traces
generated in the absence of the ligand was subtracted from
progress curves prior to fitting. Single-turnover kinetics of
labeled variants were measured by mixing CdRP (2.0 or 4.0
uM) with protein solutions in a 1:1 volume ratio; the final
concentration of variants R18CAI®x@555  R1gCPyMPO
D61CASSS  or D61CT™MPO was 12 or 16 uM. Both IGP
formation and changes in probe fluorescence were detected for
the same solutions.

Data and Global Fitting Analysis. Conventional data
fitting of pre-steady-state kinetic data by nonlinear regression
using ProData SX and SigmaPlot provided initial estimates for
rate constants. The pre-steady-state data from both single-
turnover and multiple-turnover experiments with sIGPS-wt
were then fit to a single kinetic model by an iterative, global
fitting process using DynaFit,”® which utilizes direct numerical
integration to simulate experimental results. With regard to the
three-state model, all rate constants (k;, k_;, k,, k5, and k_;) and
the associated differential response coefficients (rgg, rgp, and rp)
were optimized in the fit. With regard to the four-state model,
the steps in the global fitting procedure are described in Results
and the appendant figures. DynaFit also features an error
analysis functionality and model discrimination analysis, which
was utilized to evaluate the quality of the fit and the degree to
which the individual rate constants were constrained by the
data.

B RESULTS

Steady-State Kinetic Constants. The plasmid-encoded
wild-type trpC gene from S. solfataricus was expressed in E. coli,
and recombinant sIGPS-wt was purified by heat precipitation of
the host proteins followed by metal chelate affinity chromatog-
raphy. Enzyme kinetic constants of the IGPS reaction were
determined at 25 °C using an assay that is based on the increase
in fluorescence intensity upon conversion of the substrate
CdRP into the product IGP.” Consistent with published
data,"*** the k_, of SIGPS was determined to be 0.062 =+ 0.002
s and the Ky, “**" to be 51 + 9 nM, resulting in a k,,/Ky "
value of 1.2 X 10° M~ s™! (Table 1). Equilibrium fluorescence
titration experiments with sIGPS were performed at 25 °C with

Table 1. Steady-State Kinetic Parameters for sIGPS-wt and
Cysteine Variants Labeled with Fluorescent Dyes”

sIGPS ko (57 Ky (nM) kow/Kyy M7 s71)
wt 0.062 + 0.002° S1+9 12 x 10°
D61CASSS 0.038 + 0.001° 46 + 7 0.83 X 10°
D61CPYMPO 0.065 + 0.002° 109 + 11 0.60 x 10°
R18CAx3SS 0.042 + 0.001° 50+8 0.84 x 10°
R18CPYMPO 0.040 + 0.001° 45+ 5 0.89 x 10°

“IGP formation was monitored after mixing of 10 nM enzyme with
0.005—10 uM CdRP. YError in regression.
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IGP and the reduced substrate analogue rCARP (Figure
1A).">*° The obtained dissociations (K;°*° = 23 + 8 nM;
K" = 20 + 9 nM) testify to an equally high affinity of sSIGPS-
wt for both ligands. The tight binding of IGP accounts for the
product inhibition effect that was observed in multiple-turnover
experiments.

Stopped-Flow Studies of the sIGPS Reaction. We
performed pre-steady-state kinetic measurements with a
stopped-flow apparatus to determine the rate constants of the
individual steps of the sIGPS reaction. The kinetics of IGP
formation under single-turnover conditions was measured after
a constant concentration of CdRP had been mixed with a molar
excess of sSIGPS. The resulting fluorescence traces were biphasic
(Figure 2A) and could be fit to a first approximation with the
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Figure 2. Single-turnover kinetics of the sIGPS-wt reaction. (A)
Kinetic traces monitoring Trp/IGP fluorescence (excitation and
emission cutoffs of 280 and 335 nm, respectively) were recorded at
25 °C in a stopped-flow apparatus after 1.0 yuM CdRP (final
concentration) had been mixed with various sIGPS concentrations
(final concentrations from botton to top, 1.0, 2.5, 5.0, 10.0, and 15.0
UM, respectively). (B) Overlay of the stopped-flow traces recorded
with a 320 nm interference filter during the reaction of 1.0 uM sIGPS
with 025 uM CdRP (black line) or 0.25 M rCdRP (gray line)
(logarithmic time scale).

sum of two exponential functions. The obtained rate constant
for the first phase, associated with a negative signal amplitude,
increased with an increasing enzyme concentration. Conversely,
the rate constant for the second phase, 1.96 + 0.14 s/,
connected to an increase in the fluorescence signal, was
identical within error regardless of enzyme concentration.
However, the in-depth analysis of the fluorescence traces was
complicated by the fact that the intrinsic tryptophan
fluorescence of sIGPS-wt, which derives from a single Trp
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residue, Trp8, in the a0 helix (Figure 1B), and the intrinsic IGP
fluorescence are highly similar, both showing excitation and
emission maxima at 280 and >320 nm, respectively. For this
reason, several processes can in principle determine the
stopped-flow traces: formation of the enzyme—substrate
complex, conversion of CARP into IGP, and dissociation of
the enzyme—product complex.

We compared single-turnover traces of sIGPS-wt in the
presence of substrate CARP with binding kinetics in the
presence of its reduced analogue, rCdRP, to discriminate
signals accompanying the formation of the enzyme—substrate
complex from signals resulting from subsequent processes.
With excitation at 280 nm, emission was monitored using a 320
nm interference filter to minimize contributions from the
intrinsic fluorescence of rCdRP. A representative overlay of two
traces is shown in Figure 2B. The first phase is visible in the
presence of both rCdRP and CdRP and is likely to represent
the formation of the enzyme—substrate complex. The second
phase is seen only when sIGPS reacts with CdRP and is likely
associated with formation of the fluorescent product IGP.

Multiple-turnover experiments of the sIGPS reaction were
performed by mixing different concentrations of sIGPS with a
molar excess of CARP. The resulting traces showed a pre-
steady-state burst of IGP formation followed by a steady state
(Figure 3A), which means that IGP formation in the first
turnover was faster than in subsequent turnovers. The observed
burst rate constant increased with sIGPS-wt concentration in a
hyperbolic manner and achieved a maximal value of 0.98 + 0.03
s with a K/, of 11 + 2 nM (Figure 3B). The K|, in this case
equals (k, + k_;)/k, and is dominated by k,. The subsequent
global fitting analysis indicated that product rebinding and the
attendant product inhibition effect are responsible for
deviations from linearity in the steady-state phase (Figure S1
of the Supporting Information).

Analysis of IGP Accumulation Data for sIGPS-wt with
a Three-State Kinetic Model. The stopped-flow data
recorded under single- and multiple-turnover conditions
(Figures 2A and 3A) were fit globally to obtain a single set
of kinetic parameters. An initial analysis was performed with the
three-step mechanism shown in Scheme 1.

Scheme 1
k

k1 k2
E+S == FS —> FP E+P

1 -3

This mechanism implies that upon binding of CdRP (S) the
intrinsic fluorescence of the enzyme (E) changes (to F),
chemistry occurs, and IGP (P) is released while the enzyme
returns back to the resting fluorescent state (E). The three
chemical steps in the proposed IGPS mechanism, condensa-
tion, decarboxylation, and dehydration, were merged to one
irreversible chemical transformation step described by rate
constant k,. Also, in this initial model, release of product was
included as a one-step process. A global analysis with the
integrated form of the equation depicted in Scheme 1 using
DynaFit™® yielded values for the individual rate constants,
which are summarized in Table 2. The results indicate that the
release of product IGP from the active site of SIGPS is the rate-
limiting step of the reaction (k; = 0.078 s™'). The determined
rate constant for the chemical transformation step (k, = 1.54
s™') agrees within the bounds of experimental error with the
maximal burst rate of 0.98 s™. The substrate dissociation rate
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Figure 3. Multiple-turnover kinetics of the sIGPS-wt reaction. (A)
Kinetic traces monitoring Trp/IGP fluorescence (excitation and
emission cutoffs of 280 and 335 nm, respectively) were recorded at
25 °C in a stopped-flow apparatus after 3.0 yM CdRP (final
concentration) had been mixed with various sIGPS concentrations
(final concentrations from bottom to top, 25, 50, 100, 250, and S00
nM, respectively). The traces were fit with a burst equation (2—10 s).
(B) Plot of the burst rate constant as a function of sIGPS
concentration. The data were fit to a hyberbola, yielding a maximal
turnover rate constant of 0.98 + 0.03 s with a K;,, of 11 + 2 nM.

constant could not be accurately resolved; however, an upper
limit could be determined (k_, < 0.5 s™'). The three-step
mechanism accounts for some key features of the experimental
data; nevertheless, significant deviations between stopped-flow
transients and the fits (Figure S1 of the Supporting
Information) indicate that a more sophisticated analysis is
required to satisfactorily explain the data.

Generation of Variants of sIGPS Labeled with
Fluorescent Dyes. To detect conformational motions
associated with different steps of the enzymatic mechanism of
sIGPS, we generated three Cys variants of sSIGPS for labeling
with fluorescent dyes. The expectation was that structural
rearrangements of active site loops during substrate binding or
catalysis bring the attached dye into a more hydrophobic or
hydrophilic environment, resulting in a change of the emitted
fluorescent signal.**~>" Site-directed mutagenesis was used to
introduce cysteines into the N-terminal extension of sIGPS
(R18C at the boundary of helix @0 and loop @000) or within
flexible loops at the catalytic face (D61C in loop flal and
T186C in loop f6a6) of the (fa)sbarrel’ (Figure 1B). The
mutant genes were expressed in E. coli, and the recombinant
sIGPS variants were purified as described above for sIGPS-wt.
Using DTNB as a model substrate, the three cysteine handles
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Table 2. Kinetic Rate Constants for sSIGPS-wt Derived from the Global Fit of Single- and Multiple-Turnover Transients to the
Three-Step Mechanism Shown in Scheme 1“

ky (M™'s7h) koy (s71) ky (s7) ks (s ks M s
(1.47 £ 0.02) x 10° <0.5 1.54 + 0.06 0.078 + 0.003 (6.79 + 0.42) x 10°
“IGP formation under single-turnover conditions was monitored in stopped-flow experiments by mixing CdRP (1.0 #M) with a molar excess of
sIGPS (1.0-15.0 uM). IGP formation under multiple-turnover conditions was monitored under identical conditions by mixing different
concentrations of sIGPS (25 nM to 0.5 M) with a molar excess of CdRP (3.0 uM). An overlay of observed transients with the fit is shown in Figure
S1 of the Supporting Information.

were found to have high reactivities, with second-order rate respectively). The optimal values for k, for this model were
constants of 0.26 X 10%, 2.65 X 10% and 3.48 X 10° M~! s7! for found to be 1.43 s™! for variant D61CA®*555 115 s7! for variant
the variants R18C, D61C, and T186C, respectively, allowing for D61CP™MPO 1,00 s for variant R18CA*555 and 1.07 s~! for
fast and efficient labeling with fluorophores Alexa Fluor 555 variant R1I8CP™PO, These values are similar to the k, obtained
and PyMPO. The labeled T186C variants exhibited drastically for sIGPS-wt (1.54 s™'). However, as for sIGPS-wt, the
reduced enzymatic activities and were therefore not analyzed agreement between the data and the fit was unsatisfactory (data
any further. In contrast, mutagenesis and labeling of sIGPS at not shown).

sites 18 and 61 did not significantly alter the steady-state Stopped-Flow Studies of the rCdRP Binding Mecha-
constants of SIGPS (Table 1). Moreover, analysis of rCdRP and nism of Labeled Variants. Next, we analyzed changes in dye
IGP binding followed by dye fluorescence revealed only small fluorescence emission signals resulting from substrate binding
differences in Kp, k,,, and kg for the labeled variants. In separately from fluorescence changes occurring upon catalysis.
addition, Ky, values of the labeled variants for rCdRP and IGP To this end, the nonreactive analogue rCdRP was mixed with
equal dissociation constants of sIGPS-wt determined by the sIGPS variants in the stopped-flow apparatus under the
equilibrium fluorescence titrations (Table 3). Therefore, same conditions that were used in the IGP formation
D61CA=5S DE1CHYMPO, R18CA5S and R18CP™MPO were experiments (enzyme in excess over ligand). Initially, a one-
deemed good models for SIGPS-wt. step reversible binding mechanism (Scheme 2) was evaluated

for the fluorescence traces.

Table 3. Equilibrium and Rate Constants for Binding of IGP

and rCdRP to sIGPS Variants Labeled with Fluorescent Scheme 2
a
Dyes K,
E+S == ES
sIGPS ligand Ky (nM) k,, M7t s7h ko (s71) ks
wt IGP 20+ 9
wt rCdRP 23+8 o o
D61 CAexsss 1GP 29 4 22 347 % 10° 0.101 The binding and dissociation rate constants for rCdRP (k,
D61 CAeasss (CARP 126 + 23 1.97 % 10° 0236 and k_;, respectively) were again fixed to the values for k,, and
DG1CPAMPO 1GP 28 + 2.6 136 % 10° 0.034 k. respectively, listed in Table 3. Analysis using DynaFit
D61CHMPO (CARP 32498 0.596 X 10° 0.018 showed that this mechanism did not accurately describe the
R1§CPYMPO 1GP 64 . 27 662 % 10° 0.035 binding traces obtained via probe fluorescence (Figure 4A),
R1SCPYMPO (CARP 143 £ 56 321 x 10° 0387 which prompted us to explore alternative binding mechanisms.
R1gCAlexsss IGP 36+ 1.8 102 x 10° 0.036 The model shown in Scheme 3 includes a pre-equilibrium
R1gCAexsss (CARP 92 + 68 2.8 % 10° 0.19 between two forms of rCdRP described by k_. and k., which

could reflect keto—enol tautomerization of CdRP. The model

“Kp values for sIGPS-wt were determined in fluorescence titration ) . .
shown in Scheme 4 comprises a conformational change (ko)

experiments (excitation and emission at 290 and 414 nm, respectively,

for rCdRP and 295 and 330 nm, respectively, for IGP). Binding of IGP that follows the initial binding.
or rCdRP to sIGPS was monitored in stopped-flow experiments. When each model was fit to the data, k; and k_, were again
Values for k,, were determined from the linear dependency of k,, on fixed to values for k,, and k.g respectively, listed in Table 3.
ligand concentration. Values of k,; were calculated from the Model discrimination analysis revealed that the binding
relationship kg = Kk, All k,, and kg values were also independently mechanism in Scheme 4 was superior compared to those
determined using DynaFit, fitting a reversible one-step binding shown in Schemes 2 and 3 for all four variants. This is
mechanism to the data. illustrated by representative data for the binding of rCdRP to
DG61CAe*55S in Figure 4. The values of k., obtained from the
Stopped-Flow Studies of the sIGPS Reaction Cata- best fit to Scheme 4 are listed in Table 4. The small signal
lyzed by Labeled Variants. Pre-steady-state kinetics of IGP amplitude of the probe fluorescence signal for variant
formation catalyzed by variants D61CA®5 Dg1CPMPO, R18CPMPO resulted in a relatively large uncertainty for ke
R18CAlxSSS  and R18CPYMPO were investigated under single- of this variant.
turnover conditions with a stopped-flow instrument. After Analysis of IGP Accumulation Data for Labeled sIGPS
CdRP had been mixed with a molar excess of protein, both the Variants with a Four-State Kinetic Model. The conforma-
kinetics of IGP formation and changes in probe fluorescence tional change following substrate binding revealed by experi-
were studied. Initially, the three-step model in Scheme 1 was fit ments using rCdRP was incorporated into the three-step model
to the IGP formation data using DynaFit. All ligand binding shown in Scheme 1 to give the four-step model shown in
and release rates were fixed to the values listed in Table 3 (k,, Scheme S.
and k. for rCdRP correspond to k; and k_;, respectively, for This model was then fit to the IGP accumulation data that
CdRP; k,, and ks for IGP correspond to k_; and k; had been obtained under single-turnover conditions. In the fit,
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Figure 4. Analysis of the binding reaction of rCdRP with sIGPS-
D61CA®S5S, Kinetic traces monitoring Alexa Fluor 555 fluorescence
(excitation and emission cutoffs of 514 and 550 nm, respectively) were
recorded in a stopped-flow apparatus at 25 °C after 6 uM D61CA255
had been mixed with 1 yM rCdRP (top) or 2 uM rCdRP (bottom). A
one-step binding model corresponding to Scheme 2 (A) or a two-step
binding model corresponding to Scheme 4 (B), where the enzyme
undergoes a conformational change after the binding event, was fit to
the stopped-flow transients (gray lines). The quality of the fit was
significantly better in panel B.

Scheme 3

Scheme 4

k1 kccni
E+S ﬁ ES — FS

-1

the binding rate constants, ki, k_j, k3, and k_;, were again fixed
to the values listed in Table 3 (k,, and k., for rCdRP
correspond to k; and k_j, respectively, for CdRP; k,, and k.

Table 4. Values of Rate Constant k¢ Derived from the Fit
According to Scheme 4 of Dye Fluorescence Signals
Observed during the Binding of rCdRP to sIGPS Variants®

D61 CA]eXaSSS D61 CPyMPO R1 ScA[eXaSSS R1 SchMPO
keont 57') 339 £0.17 044 £0.031 618 £023 563+ 1.1
“Binding of rCdRP to fluorescently labeled sIGPS variants was
monitored in stopped-flow experiments by mixing an excess of sSIGPS
(6 uM) with rCdRP (1 or 2 uM) and monitoring dye fluorescence. In
the global fit, rate constants k; and k_; were fixed to the values listed in
Table 3 (k, and k_; equal k,, and kg respectively, in Table 3). Rate
constant k., and response coefficients were optimized.

Scheme §

k1 kconl 2 3
E+S—k‘ ES FS — FP —‘-k— E+P

1 -3

for IGP correspond to k_; and k;, respectively), and k., was
fixed to the values listed in Table 4. Moreover, the k, values
obtained from fitting data to the three-step model (Scheme 1)
were used as initial guesses. For all four variants, the fit of the
four-state mechanism of Scheme $ to the data is satisfactory
(representative data shown for the D61CA®* construct in
Figure 5) and matches the data much better than the fit with

D61 CAIeanSS

Fluorescence

Time (s)

Figure S. Analysis of single-turnover kinetics of D61CY®* using
IGP/Trp fluorescence according to Scheme 5. Kinetic fluorescence
traces (excitation and emission cutoffs of 280 and 335 nm,
respectively) were recorded at 25 °C in a stopped-flow apparatus
after 1.0 or 2.0 yuM CdRP had been mixed with 6.0, 7.0, or 8.0 uM
D61CASSS (final concentrations). In the fit, rate constants k;, k_j, ks,
k_s, and ko, were fixed to the values listed in Table 3 (k,, and kg for
rCdRP correspond to k; and k_,, respectively, for CdRP; k,, and kg
for IGP correspond to k_j and k;, respectively) and Table 4, and k,
and response coefficients were optimized in the fit. Black lines show
the data and gray lines the fit. The global fit parameters for all four
labeled sIGPS variants are summarized in Table 5.

the three-step mechanism of Scheme 1. The optimal k, values
obtained from the analysis with the four-state model are listed
in Table S.

Analysis of Dye Fluorescence Data for Labeled sIGPS
Variants with the Four-State Kinetic Model. Next, single-
turnover experiments in which dye fluorescence was followed
instead of IGP accumulation were performed. The direction of
change in dye fluorescence was different for the Alexa and
PyMPO probes. The transients associated with variants
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Table S. Kinetic Rate Constants for Fluorescently Labeled sIGPS Variants Derived from the Global Fit of the Single-Turnover

Transients to the Mechanism Shown in Scheme 5%

D61 CAlexasss D61CPMPO R18CAlx55S R18CPYMPO
k (MLsTh) 1.97 x 10° 0.60 x 10° 2.80 x 10° 321 x 10°
kg (s7Y) 0.24 0.018 0.19 0.39
eont (s74) 3.39 0.44 6.18 5.63
k (s7Y) 247 + 0014 1.27 + 0.0032 1.35 + 0.0022 1.49 + 0.0034
ks (s7h) 0.101 0.034 0.036 0.035
koy (M7 s 3.47 x 10° 136 x 10° 102 x 10° 6.62 x 10°

“IGP formation under single-turnover conditions was monitored in stopped-flow experiments by mixing CdRP (1.0 or 2.0 M) with a molar excess
of the labeled sIGPS variants (6.0, 7.0, or 8.0 #M). Ligand binding constants ky, k_j, k5, and k_; were fixed to values listed in Table 3, and the ko,
values were fixed to the values listed in Table 4. The best fit k, values that are consistent with all data are given here.
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Figure 6. Analysis of single-turnover kinetics of labeled sIGPS variants using dye fluorescence according to Scheme S. Kinetic fluorescence traces
(excitation and emission cutoffs of 412 and 550 nm, respectively, for PyMPO and 514 and 550 nm, respectively, for Alexa Fluor 555) were recorded
at 25 °C in a stopped-flow apparatus after 1.0 or 2.0 uM CdRP had been mixed with 6.0, 7.0, or 8.0 uM labeled sIGPS variant (final concentration).
The extended mechanism shown in Scheme $ (D61CA*55, D61CP™MFO, and R18C™™MPC) or the binding mechanism in Scheme 4 (R18CA®55%)
was fit to the transients. In the fit, the rate constants were fixed to the values listed in Table S, and response coeflicients were optimized. The black

lines show the data and the gray lines the fit.

D61CA5S and R18CP™MPO showed biphasic behavior with
negative signal amplitude for the first phase and small positive
signal amplitude for the second (Figure 6A,D). Variant
R18CA™™SS depicts transients with a decrease in dye
fluorescence (Figure 6C), while variant D61C™™P transients
show an increase in fluorescence (Figure 6B). The four-state
kinetic model was used to describe the dye fluorescence data by
applying the rate constants obtained from analysis of the IGP
accumulation data (Table S). The response coefficients were
optimized for each labeled sIGPS variant separately. For
variants D61CY®5%5 and D61CY"™MPO) the four-state model
allowed for a good fit of the data (Figure 6A,B), which means
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that the dyes in loop plal are sensitive to both the
conformational switch following substrate binding and the
chemical step of IGP formation. For variant R18CA®SSS only a
binding event followed by a conformational change was
detected by following probe fluorescence, whereas no signal
change was associated with the chemistry step (Figure 6C).
The model in Scheme 4 was successfully fit to these transients.
This finding is consistent with involvement of helix a0 (on
which residue 18 is located) in binding but not in the chemistry
step of IGP catalysis. As in the rCdRP binding experiments
discussed above, the dye fluorescence traces associated with
R18CPMPO (Figure 6D) had very small amplitudes that could
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be fit to many different rate constants and thus did not result in
a conclusive result. However, also for this variant, the four-state
model provides a much better fit to the data than the three-step
mechanism. Variants R18CP™MPO, R18CA®%555 and D61 CAxSSS
have relatively similar k; and k., values (Table S). However,
for the D61C™™FO variant, both k; and k., are significantly
reduced compared to those of the other variants, for unknown
reasons.

Analysis of IGP Accumulation Data for sIGPS-wt with
the Four-State Kinetic Model. Pre-steady-state measure-
ments with the fluorescently labeled sIGPS-D61C and -R18C
variants were best fit with the mechanism shown in Scheme 5
in which a conformational change follows ligand binding. We
assessed whether inclusion of this conformation change would
also improve the quality of the fit when analyzing the single-
turnover measurements that were performed with sIGPS-wt.
Indeed, inclusion of k¢ did improve the fit to the turnover
data of sIGPS-wt significantly (Figure S2 of the Supporting
Information) compared to the fit with the three-state
mechanism (Figure S1 of the Supporting Information).
Model discrimination analysis®™ shown in the Supporting
Information confirmed that the binding mechanism shown in
Scheme S was superior compared to the simpler mechanism in
Scheme 1, indicating that the improved quality of the fit is not
due to an artifact caused by an increased number of optimized
parameters. The values obtained for microscopic rate constants
ky, k_1, keonp Ky, ks, and k_; are close to the parameters obtained
for the fluorescently labeled sIGPS variants listed in Table S.
The rate of conformational change (k.o = 5.69 s7') is fast in
comparison to the dissociation rate of the enzyme—substrate
complex (k_; < 0.1 s7'), so that substrate in the initial
encounter complex is bound to be turned over. Moreover, the
rate of chemical transformation (k, = 1.54 s™') is much faster
than the rate of product release (k_; = 0.078 s™*), which is the
rate-limiting step of the catalytic mechanism.

Using the fluorescently labeled D61C and R18C variants, we
were able to extract additional information about the loop
motions that accompany binding and chemistry. This
information about conformational motions would not have
been accessible if we had monitored the intrinsic Trp
fluorescence and fluorescence of the nascent product IGP
alone. With the combination of product fluorescence and
emission of exogenously added fluorescence tags, we now have
established methods and probes for relating structure, loop
motions, and kinetics.

B DISCUSSION

Stopped-flow single- and multiple-turnover transients of sSIGPS-
wt were first analyzed with a minimal kinetic reaction
mechanism, which comprises three steps: reversible substrate
binding (k; and k_,), irreversible chemical transformation (k,),
and reversible product release (k; and k_;) (Scheme 1).
Although this analysis unambiguously showed that the chemical
transformation step is fast and that the rate of the overall
reaction at 25 °C is limited by product release, the three-state
model did not describe the data in a satisfactory manner. The
comparison of crystal structures of sSIGPS with bound substrate
(analogue) and product as well as MD simulations suggested
that the binding of CdRP and its on-enzyme conversion to IGP
goes along with conformational transitions at the catalytic face
of the (Ba)g-barrel.'' "> We used sIGPS variants covalently
labeled with fluorescent dyes at position 18 in helix @0 of the
N-terminal extension and at residue 61 in flexible loop flal to
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visualize such conformational motions and to refine our kinetic
mechanism. The time-dependent analysis of dye fluorescence
after rCdRP had been mixed with the labeled variants revealed
a conformational change that follows substrate binding, which
led us to formulate an extended four-step kinetic model
(Scheme S). This model satisfactorily describes the single-
turnover IGP accumulation data of both labeled variants
(Figure S) and sIGPS-wt (Figure S2 of the Supporting
Information).

Importantly, when the same single-turnover data were
analyzed using the probe fluorescence instead of the product
formation signal, the results differed depending on the position
of the fluorophore. Dyes attached to position 18 of helix a0
predominantly reported on the substrate-induced conforma-
tional switch. Specifically, for RISCA'®*5, there is no change in
probe fluorescence emission associated with the chemistry step,
and for R1I8CP™?©) the signal amplitude is very small. These
findings are consistent with the role of the N-terminal extension
of sIGPS in substrate binding, rather than in chemistry. In
accordance with this conclusion, N-terminally truncated
variants of sIGPS display unchanged turnover numbers but
Michaelis constants for CdRP that are increased by 3 orders of
magnitude in comparison to that of sIGPS-wt."> In contrast,
dyes attached to position 61 reported on both the substrate-
induced conformational switch and the chemistry step. The
probes at position 61 are located on the same flal loop as
LysS3, which positions reactive atoms C1 and C2’ of CdRP and
is thought to guide the substrate and the reaction intermediates
from one active site pocket to another upon generation of IGP.
This guiding function of Lys53 will require conformational
flexibility of loop Alal,"! which was likely monitored by the
dyes attached to residue 61. The important role of the flal
loop for catalysis identified in our study is in line with previous
findings that it constitutes an activity “hot spot”. A combination
of random mutagenesis and metabolic selection identified 18
single activating substitutions leading to an increased turnover
number of sIGPS. Six of those 18 exchanges were located at
different positions within loop Blal, although it comprises only
~5% of the amino acids of sIGPS.**

In our kinetic models, the three chemical steps in the IGPS
mechanism, condensation, decarboxylation, and dehydration,
were merged to one irreversible chemical transformation step
described by rate constant k,. Interestingly, there was no kinetic
evidence of the two intermediates, very likely because the
fluorescence capacities of the intermediates under the applied
experimental conditions were similar. Basso and co-workers
studied the kinetics of the mtIGPS reaction using electrospray
ionization mass spectrometry and were able to trap two
intermediates for this homologue,” providing indirect support
for the existence of the two intermediates.

Studies of the solvent viscosity effect by Boehr and co-
workers indicate that the identity of the rate-limiting step of
sIGPS changes with temperature.”* Whereas product release is
rate-determining at 25 °C, a proton transfer step succeeding
CO, release becomes the slowest step of the overall reaction at
the physiologically relevant temperature of 75 °C. The active
sites of IGPS enzymes are well-shielded from solvent, and thus,
product release must be accompanied by conformational
changes. These conformational changes may limit the rate of
product release at lower temperatures, while their motion may
be accelerated at higher temperatures, making product release
faster and no longer rate-determining. Also, the chemical step
of the reaction is proposed to accelerate with temperature
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because of an increased flexibility of the Lys33 side chain.'"'?

In the future, it will be interesting to examine the temperature
dependence of ssIGPS using fluorescent tags and stopped-flow
methods. Substrate binding was shown to be a two-step process
(Scheme $). It is therefore plausible that product release might
also comprise two steps, a conformational rearrangement
followed by product dissociation. However, in stopped-flow
experiments monitoring dye fluorescence during the binding of
IGP to the labeled sIGPS variants, a one-step process is
observed (Table 3). The rate constants obtained in the binding
experiments are valid when single-turnover data of the labeled
sIGPS variants are being described (Table S). In addition,
global analysis of the multiple-turnover experiments with
sIGPS-wt yields very similar product association and dissoci-
ation rates (k; and k_;, respectively, in Table 1), and inclusion
of a two-step product dissociation does not improve the quality
of the fit. These observations indicate that loop motion and
product dissociation proceed in a concerted manner with
similar rates and cannot be distinguished with the applied
fluorescence probes. At this point, we cannot decide whether
loop movement itself or dissociation of the product limits the
rate of product release.

An example in which a slow product release step has been
shown to relate to movement of a solvent-exposed loop is the
OMP synthase from Salmonella typhimurium.*>® In this
dimeric enzyme with a Rossmann-type nucleotide binding
fold, the movement of a flexible loop appears to be integral to
catalysis, both to cover the active site and to recruit essential
residues to the catalytic locus. NMR studies revealed that loop
opening and product release make up a two-step process, the
overall rate of which is partially rate-limiting. Another very-well
characterized enzyme for which rate-limiting product release is
associated with conformational changes in loops is triosephos-
phate isomerase (TIM),*” which adopts a (fa)s-barrel fold
similar to that of sIGPS. It has been shown that substrate and
product binding are multistep processes in which the very fast
formation of the enzyme substrate encounter complex is
followed by a slower unimolecular loop closure conformational
switch. Elegant solid-state NMR studies show that the loop
opening—closing mechanism is not ligand-gated, but an
intrinsic property of both the nonliganded and the liganded
state.>® Both OMP synthase and TIM have in common the fact
that substrate and product binding employ similar conforma-
tional motions; this seems to be a difference with respect to
sIGPS. However, a more detailed analysis of conformational
dynamics associated with product release using NMR methods
is necessary to clarify this notion.
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