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Haloalkane dehalogenases are enzymes that catalyze the cleavage of carbon-halogen bonds in halo-
genated compounds. They serve as model enzymes for studying structure-function relationships of
>100.000 members of the o/p-hydrolase superfamily. Detailed kinetic analysis of their reaction is crucial
for understanding the reaction mechanism and developing novel concepts in protein engineering.
Fluorescent substrates, which change their fluorescence properties during a catalytic cycle, may serve
as attractive molecular probes for studying the mechanism of enzyme catalysis. In this work, we present
the development of the first fluorescent substrates for this enzyme family based on coumarin and BODIPY
chromophores. Steady-state and pre-steady-state kinetics with two of the most active haloalkane dehalo-
genases, DmmA and LinB, revealed that both fluorescent substrates provided specificity constant two
orders of magnitude higher (0.14-12.6 uM~! s7!) than previously reported representative substrates
for the haloalkane dehalogenase family (0.00005-0.014 uM~" s=1). Stopped-flow fluorescence/FRET anal-
ysis enabled for the first time monitoring of all individual reaction steps within a single experiment: (i)
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fluorescent molecules are potent probes for fast steady-state kinetic profiling. In combination with rapid
mixing techniques, they provide highly valuable information about individual kinetic steps and mecha-
nism of haloalkane dehalogenases. Additionally, these molecules offer high specificity and efficiency for
protein labeling and can serve as probes for studying protein hydration and dynamics as well as potential

markers for cell imaging.
© 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Haloalkane dehalogenases (EC 3.8.1.5; HLDs) are enzymes
belonging to the o/p-hydrolase family, which cleave carbon-
halogen bonds in a broad spectrum of chlorinated, brominated
and iodinated substrates. HLDs are used in a wide range of applica-
tions in biocatalysis, bioremediation, biosensing and cellular imag-
ing [1]. HLDs structurally belong to the o/p-hydrolase superfamily
with a three-dimensional structure composed of two domains: (i)
the conserved o/B-hydrolase main domain and (ii) the helical cap
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domain, variable in terms of a number and the arrangement of sec-
ondary elements. The active site is deeply buried at the domains
interface and is connected with the surrounding environment by
access tunnels. HLDs possess a pentad of essential amino acids
composed of a catalytic triad and a pair of halide-stabilizing resi-
dues. The catalytic triad comprises a nucleophile, a catalytic base,
and a catalytic acid. The composition of the catalytic pentad varies
among subfamilies: Asp-His-Asp + Trp-Trp in subfamily HLD-I,
Asp-His-Glu + AsnTrp/Tyr in subfamily HLD-II, and Asp-His-
Asp + Asn-Trp in subfamily HLD-III [4]. The catalytic mechanism
of HLDs consists of two chemical steps. In the first step, nucle-
ophilic cleavage of a carbon-halogen bond leads to the formation
of an ester intermediate and a halide ion. In the second step, inter-
mediate hydrolysis yields the corresponding alcohol and a proton
[2,3]. More than three decades of experimental and in silico
research on HLDs has made them the benchmark enzymes for
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studying structure-function relationships of >100.000 members of
the o/p-hydrolase superfamily [4,5] and the development of a
novel in silico methods in the fields of protein engineering [6,7]
and rational protein design [8,9]. Recently, HLDs have become an
interesting model for exploring the role of protein dynamics,
hydration [10,11] and molecular gating [12-14] in enzyme cataly-
sis. The mechanistic understanding of enzyme catalysis has
improved by experimental techniques such as pre-steady-state
kinetics [15-17] and single-molecule analyses [11]. The effectivity
of these techniques often relies on the physicochemical nature of
specific molecular probes. Particularly, fluorescent substrates are
powerful reporter systems that provide a direct readout of enzy-
matic turnovers without the need for artificial protein labeling
[18]. Detectable changes in fluorescence intensity, anisotropy or
lifetime can provide useful information about individual processes
during a catalytic cycle, e.g., substrate/product transport and bind-
ing interactions, individual chemical steps, and the role of solvent
and protein dynamics. However, such probes are only available for
certain classes of enzymes, e.g., lipases [19-21], esterases [21],
alkaline phosphatase [22] and B-galactosidase [23].

In this study, we present the development of the first fluores-
cent substrates for HLDs which change their spectral properties
during the enzymatic reaction, providing a distinctive signal for
specific steps of the catalytic cycle. The probes were based on cou-
marin and BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene)
chromophores. Activity screening with a set of well-characterized
HLDs demonstrated their broad applicability within the enzyme
family. Detailed kinetic measurements of the reactions of selected
enzymes with these newly introduced fluorescent molecules pro-
vided an outstanding level of information, particularly when com-
bined with rapid mixing techniques. Moreover, we demonstrated
efficient protein labeling by tracking their conversion into the cor-
responding ester intermediates when incubated with HLDs with
mutated catalytic histidine. These molecules specifically attach in
the active site and can serve as probes for studying protein hydra-
tion and dynamics as well as potential markers for cell imaging.

2. Results and discussion
2.1. Characterization of fluorescent substrates

Inspired by the results of our previous study focused on the
application of virtual screening for the identification of novel HLDs
substrates [24], we tested four commercially available coumarin-
based halogenated molecules (Fig. S1). The 4-(halomethyl) groups
of the selected coumarin molecules were intended to be sites of
enzymatic dehalogenation. Chemical changes occurring in this
group (esterification, hydrolysis) [25] should ideally be reflected
by shifts in the emission band maxima (/max) and/or changes in
emission intensities. All four 4-(halomethyl) coumarin derivatives
were active with HLDs. Since 4-(bromomethyl)-6,7-dimethoxycou
marin (COU-Br) provided a significant spectral change during the
enzymatic reaction, it was selected as an enzyme activity probe
for detailed characterization (Fig. 1A).

Subsequently, we applied the same strategy using a more stable
BODIPY fluorophore. We designed and synthesized [25,26] two 8-
chloromethyl-BODIPY derivatives and one 8-iodomethyl-BODIPY
derivative (Fig. S2). Our tests of HLD activity toward these probes
indicated they were good candidates combining high conversion
rates and significant spectral changes during the enzymatic reac-
tion. Finally, BDP-CI was selected as the best candidate for further
detailed characterization (Fig. 1B). This molecule provides a high
conversion rate across a broad range of HLDs. Both COU-Br and
BDP-Cl substrates significantly increased their fluorescence inten-
sity after cleavage of halide ion to give the corresponding product.

Enzymatic dehalogenation occurs in four essential steps
(Scheme 1). After the substrate (fluorescent probe) PX is trans-
ported to the enzyme HLD cavity (k;), a covalently bound ester
intermediate HLD-P is formed by nucleophilic attack of the car-
boxylate oxygen of an aspartate group on the carbon atom of the
substrate and subsequent cleavage of the carbon-halogen bond
(k3). The ester intermediate bears the probe, which shows an
altered fluorescent signal due to its chemical modification. In the
third step, the ester intermediate is hydrolyzed by a water mole-
cule activated by histidine as a catalytic base. During the hydrolytic
step, the probe is released as a differently emitting alcohol POH
(k3). The last step recovers HLD when products of the catalytic
reaction are liberated from the enzyme cavity (k). If the emission
of all the probe derivatives is distinguishable, the probe can be
used to monitor the individual reaction steps and determine the
reaction rate constants.

Based on the catalytic cycle, we prepared fluorescent probes in
the form of their reaction intermediates COU-HLD (Fig. 1C) and
BDP-HLD (Fig. 1D), model acetate BDP-OAc mimicking the alkyl-
enzyme intermediate and the corresponding alcohols COU-OH
(Fig. 1E) and BDP-OH (Fig. 1F) to evaluate their fluorescent proper-
ties, i.e., emission band maxima (/") and quantum yields of fluo-
rescence (@q) (Table 1). The alkyl-enzyme intermediates COU-HLD
and BDP-HLD were prepared by enzymatic reaction of COU-Br and
BDP-Cl substrates with a mutant, lacking the catalytic histidine, so
the reaction spontaneously stops after the first chemical step at the

form of covalently-bond intermediate. The A7, values of coumarin
and BODIPY derivatives exhibited only modest variations. How-
ever, both COU-Br and BDP-CI substrates significantly increase
their quantum yield (®q) after the cleavage of halogen ion. Addi-
tionally, the quantum yield of BDP also significantly differs for
enzyme-ester intermediate (BDP-OAc) and product (BDP-OH)
which makes this probe highly attractive for sensitive monitoring
of individual reaction steps.

The experiments were carried out at pH 8.0 and temperature of
30 °C, which is optimal for the activity of most HLDs. Under these
conditions, both dyes showed sufficient chemical stability. The
derivatives COU-Br and BDP-Cl were stable in the dark (Fig. S4)
and slowly degraded under irradiation from a light source
(Fig. S5), which was incomparably stronger than the probe light
used for the kinetic experiments. The changes in the fluorescence
spectra of BDP-Cl were related to aggregation in aqueous solution
(Fig. S4D) kept in the dark. The use of a co-solvent was necessary
due to the limited solubility of the fluorescent probes. DMSO was
chosen as an organic solvent which is well tolerated by most HLDs
[27]. No more than 10 % of DMSO was used in the experiments to
minimize the influence of organic solvents on enzyme activity and
stability.

2.2. Activity screening

The broad applicability of our fluorescent substrates was tested
by screening the activity of a representative set of wild type HLDs:
DatA from Agrobacterium tumefaciens C58 [28], DbeA from
Bradyrhizobium elkani USDA94 [29], DbjA from Bradyrhizobium
japonicum USDA110 [30], DhaA from Rhodococcus rhodochrous
NCIMB 13064 [31], DhlA from Xanthobacter autotrophicus GJ10
[32], DmmA from a marine microbial consortium [33] and LinB
from Sphingobium japonicum UT26 [34]. The set of HLDs included
enzymes of diverse origin, specificity and structural characteristics,
such as shape and size of entrance tunnels and active sites [1]. Two
enzymes, DmmA and LinB, exhibited specific activity toward both
fluorescent substrates COU-Br and BDP-Cl comparable with the
activity toward 1-chlorobutane and 1,2-dibromoethane, the best
chlorinated and brominated substrates reported so far for this



924 V. Dockalova et al./ Computational and Structural Biotechnology Journal 18 (2020) 922-932

115 7 +1.0
" Br
10.44 [ r
o
9.2 o _0O N 0.8
i v
8.0+ ' ' L
~,
i v
6.9+ ' \ 0 0 o r0.6
i \
5.8 ! [ L
' \
4.6+ ! ' r0.4
' v
3.59 \\ ’FF [
\
239} 400 . 0.2
1.2 |mol" dm? cm'*{' N A/nm F
004+——=" : =~ ==—=00
300 400 500 600 700

T = T T T T
300 400 500 600 700

B
457y, :
'
4-01110% mol* dm® em™|[ |
3.5
3.0
2.5
2.0
1.5+
1.04
0.5
0.0 ‘ : ‘ ‘ 10.0
300 400 500 600 700 800
+1.0
0.8
o6
0.4
0.2
0.0 ‘ s L 0.0

300 400 500 600 700 800

F 20 +1.0
el
2.5 0.8
10* mol™ dm® cm™
207 +0.6
1.5
o4
1.04
0.5 02
0.0+ 0.0

T T T T +
300 400 500 600 700 800

Fig. 1. Absorption and emission spectra of selected fluorescent substrates. Absorption (solid lines, left ordinate) and normalized emission (fluorescence intensity, dashed
lines, Zexc(a) = 350 NM, Aexepy = 515 nm, right ordinate) spectra of 10 uM COU-Br (A) and 10 uM BDP-Cl (B). Normalized absorption (solid line, left ordinate) and normalized
emission spectra (dashed line, Lexc = 340 nm, right ordinate) of 10 uM COU-DmmA. H275F intermediate (C). Normalized absorption (solid line, left ordinate) and normalized
emission (dashed line, iexe = 515 nm, right ordinate) spectra of 7 uM BDP-DhaA130 intermediate (D). Normalized absorption (solid line, left ordinate) and normalized
emission (dashed line, Aexc = 340 nm, right ordinate) spectra of 10 uM coumarin product (E). Absorption (solid line, left ordinate) and normalized emission (dashed line,
arexc = 500 nm, right ordinate) spectra of 10 uM BDP product (F). All spectra measured in PBS buffer/DMSO mixture (90:10, v/v), pH 8.0.

enzyme family (Fig. 2, Table S1). Intriguingly, the activities toward
COU-Br were the highest reported for both LinB and DmmA
enzymes [35,36]. The extraordinary activity of DmmaA toward such
bulky substrates was previously described by Buryska et al. [35]
and is most likely due to the unusually wide active site of this
specific dehalogenase. The high activity of LinB with the bulky
BDP-Cl and COU-Br is likely linked to the prominent dynamics
of this enzyme variant. On the other hand, the lowest activity
was identified for reactions with DatA, which corresponds to a rare
combination of halide stabilizing residues and a small volume
active site cavity [36]. Notably, a weak activity of DhlA toward both
fluorescent substrates was also detected, even though this enzyme
has the smallest active site within the HLD family and a narrow
tunnel evolved for the conversion of the small molecule 1,2-
dichloroethane. This result confirms that the specificity-
determining cap domain of DhIA can undergo large conformational
changes to accommodate bulky substrates [37].

2.3. Steady-state kinetics

The most active enzymes, DmmA and LinB, were selected for
steady-state Kkinetic analysis. Fluorescence conversion curves

recorded at different substrate concentrations (Figs. S6-7) were fit-
ted globally using a steady-state kinetic model (Scheme S1). This
analysis provided a quick and convenient estimate of the steady-
state kinetic parameters (Table 2 and Table S2). The reaction of
LinB and DmmA with both fluorescent substrates BDP-Cl and
COU-Br showed a micromolar range of Michaelis-Menten constant
(Kn), representing the lowest values reported to date for the HLD
family (K, for standard small substrates ranges from 400 to
2500 puM for DmmA [35] and 5 to 2 000 puM for LinB [1]). These
results imply that the bulky fluorescent substrates might be struc-
turally closer to natural substrates of these specific dehalogenases
than the relatively small halogenated molecules reported as repre-
sentative substrates for HLDs. The natural reaction of DmmaA is
unknown, whereas LinB converts bulkier 1,3,4,6-tetrachloro-1,4-c
yclohexadiene and 2,4,5-trichloro-2,5-cyclohexadiene-1-ol within
a pathway for the degradation of lindane (1,2,3,4,5,6-hexachlorocy
clohexane) [38]. Turnover numbers k., were comparable with
those reported previously for representative substrates [1,6,35].
The high affinity with the retained turnover number provided
superior specificity for the conversion of both fluorescent sub-
strates: ke./Kn ranging from 0.14 to 12.6 pM~' s~!, compared to
three orders of magnitude lower specificity for the conversion of
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(HLD + PX)

(HLD + POH) (HLD-P + X°)
Scheme 1. Schematic of the catalytic cycle of HLDs. The catalytic cycle of HLD in
reaction with fluorescent halogenated probe PX (R = COU or BDP; X = Cl, Br or I).
HLD-P is an alkyl enzyme intermediate, POH is the alcohol product. The reaction
mechanism for HLDs has been proposed based on X-ray crystallographic [2] and
pre-steady state kinetic studies [15,16].

Table 1
Photophysical properties of fluorescent substrates.”
;Lniax/nml) S/Mi]cmilc i&ax/nm" (pﬂ/%h

COU-Br 354 11,500 440 152 +1.2
COU-HLD 281/342 n.d. 443 83.2+25
COU-OH 281/342 n.d. 443 853 +0.6
BDP-Cl 528 48,177 544 26.1+0.8
BDP-0OAc 520 46,437 536 68.0 + 1.0
BDP-HLD 281/516 n.d. 531 494 + 2.1
BDP-OH 515 31,705 533 92.1+43

2 The absorption (/max) and emission (/lﬂmx) maxima, molar absorption coeffi-

cients (&), and quantum yields (®q) were measured for both substrates COU-Br and
BDP-Cl and hydrolytic products COU-OH and BDP-OH. The photophysical prop-
erties of alkyl-enzyme intermediates COU-HLD and BDP-HLD were tested after
enzymatic reaction of COU-Br and BDP-Cl substrates with a catalytic histidine
mutant, stopping the reaction at the intermediate form. The acetic acid ester of BDP
(BDP-0Ac) was synthesized to mimic the alkyl-enzyme intermediate (Fig. S3).

b Solutions in a PBS buffer/DMSO mixture (90:10, v/v), pH = 8.0, c ~ 107% M.

¢ Determined in neat DMSO from three independent measurements; n.d. - not
determined.

representative substrates 1,2-dibromoethane and 1-chlorobutane.
Substrate inhibition was observed in the reaction of DmmA with
BDP-Cl. The kinetic analysis using the extended kinetic model
(Scheme S1B) provided equilibrium constant for dissociation of
substrate inhibitory complex Kg; = 3.1 + 0.9 pM.

2.4. Pre-steady-state kinetics

Pre-steady-state kinetic experiments were conducted to gain
deeper insights into the kinetic mechanism of DmmA and LinB
(Scheme 1) during the conversion of BDP-Cl and COU-Br. Single
and multiple turnover conditions were used to obtain information
about all kinetically significant catalytic steps, as well as to exam-
ine their dependence on substrate concentrations. In the case of

BDP-(l], single and multiple turnover experiments were performed
by applying two excitation wavelengths of 500 and 280 nm for
specific excitation of the fluorescent substrate and tryptophan resi-
dues, respectively. The excitation at 500 nm provided information
about chemical changes occurring on the substrate (P-X — HLD-
P — P-OH, Table 1), whereas excitation at 280 nm enabled moni-
toring transport processes, substrate binding and product release
by using fluorescence resonance energy transfer (FRET) between
intrinsic tryptophan (Trp) of enzyme and fluorescent substrate
BDP-Cl. Due to dominant absorption of enzyme Trp at 280 nm
(Fig. S8A) and the location of the BDP-CI excitation band in the
region of tryptophan emission (~450 nm), a halide-stabilizing tryp-
tophan residue located in the active site cavity was utilized as a
FRET donor to transfer the energy to bound BDP-Cl. Absorption
and emission spectra of BDP-Cl and tryptophan and the region of
the donor to acceptor energy transfer are illustrated in Supporting
Fig. S8B. A similar approach was applied to COU-Br measurements.
The excitation at 345 nm provided information about chemical
changes occurring on the substrate, however, no significant FRET
signal was observed as the excitation spectra of COU-Br and tryp-
tophan with a lower quantum yield largely overlapped.

The reaction of DmmA with BDP-CI produced a strong signal at
both excitation wavelengths (Fig. 3). We assigned the enhance-
ment of fluorescence signal at 500 nm to the transformation of
the substrate (P-X) to a covalently bound ester intermediate
(HLD-P) and its further enhancement to hydrolysis of this interme-
diate to the final alcohol product (P-OH). This assignment was
based on the distinctive fluorescence quantum yields of the model
probe derivatives shown in Table 1. The data measured at 280 nm
additionally provided information on the substrate binding and
product release (Fig. 3C, D). An initial increase of fluorescence
intensity corresponded to binding of BDP-Cl in the active site lead-
ing to the approach of BDP-CI and tryptophan into the efficient
FRET distance. The following linear phase in multiple turnover
traces represented the consecutive catalytic cycles in which the
highly emissive product was formed and the overall fluorescence
intensity of the reaction mixture was enhanced. Finally, product
release was accompanied by a reduction of FRET efficiency, result-
ing in a decrease of the fluorescence signal.

In the case of DmmA reaction with COU-Br, the fluorescence
signal recorded upon excitation at 345 nm was used to monitor
chemical changes occurring on COU (Fig. S9). The lag of the signal
change at the beginning of the reaction is related to the substrate
binding preceding the chemical conversion, which produces the
increase in fluorescence signal. Due to the overlap of excitation
spectra of COU-Br and tryptophan, the FRET signal providing addi-
tional information about substrate/product transport could not be
obtained. In comparison to BDP-Cl, the amount of information
from the available fluorescence signal was lower. The similar value
of quantum yield for the intermediate and product did not allow
distinction between the last kinetic steps (i.e., hydrolysis and pro-
duct release). The only simplified three-step model was supported
by the kinetic data including (i) substrate binding, (ii) cleavage of
carbon halogen bond and (iii) the last step leading to a free enzyme
which might be determined either by hydrolysis or product release
process.

Similar data were obtained for the reaction of LinB with BDP-CI
and COU-Br (Figs. S10-11). For BDP-CI, the signal measured upon
excitation at 280 nm showed clear kinetic phase related to the sub-
strate binding. However, the following part of the time course sig-
nificantly differed from kinetic traces obtained for reaction with
DmmA. The strong rise and decay of the signal recorded with
DmmA were not observed for LinB and only slow single exponen-
tial increase with low signal amplitude was obtained for reaction
of LinB. The time course together with the magnitude of the signal
indicates transient accumulation of the highly fluorescent alkyl-
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Fig. 2. Specific activities of wild type HLDs. Specific activities with standard errors for selected HLDs with COU-Br (blue) and BDP-CI (green) recorded by fluorescence
measurement compared with activities toward reference substrates 1,2-dibromoethane (white) and 1-chlorobutane (grey) recorded by standard colorimetric assay
[28,35,36]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Steady-state kinetic parameters.”

Substrate Enzyme Kin/uM Kear/s ™! Kp/uM keat/Kmn/uM ™1 571
BDP-Cl DmmAP 0.23 £ 0.07 29+0.6 0.09 + 0.03 12.6
LinB 171 23+0.2 111 0.14
COU-Br DmmA 09 £ 0.6 1.9+0.1 14+£09 2.1
LinB 0.7 £0.5 39+0.2 0.5+03 5.6
DBE LinB [6] 1700 £ 200 12+4 n.a. 0.007
DmmA [35] 2300 + 300 1.8+04 n.a. 0.0008
CB LinB [39] 240 + 20 1.00 £ 0.03 na. 0.004
DmmA [35] 400 + 100 0.17 £ 0.02 n.a. 0.0004

2 Michaelis-Menten constant (Ky,), turnover number (k.,.), and specificity constant (kc../K) and equilibrium dissociation constant for enzyme-product complex (Kp) for the
reaction of LinB and DmmA with BDP-Cl and COU-Br at 30 °C, and pH 8.0 and 1,2-dibromoethane (DBE) and 1-chlorobutane (CB) at 37 °C and pH 8.6.

b Substrate inhibition observed with dissociation of inhibitory complex Kg; = 3.1 + 0.9 uM. n.a. not available, the steady-state kinetics analyzed by initial rate estimation did
not provide product inhibition information. The fitted parameters with complete statistics are summarized in Supporting Table S2.

enzyme intermediate during the conversion of BDP-Cl by DmmaA.
The accumulation of enzyme-intermediate implies that the initial
steps, the substrate binding and the cleavage of the carbon-
halogen bond, are faster than the following hydrolysis or product
release. The reaction with LinB does not show such an accumula-
tion of the intermediate, suggesting that the carbon-halogen bond
cleavage is the slow rate-limiting step followed by faster hydroly-
sis and product release. This observation was supported by the
data recorded upon excitation at 500 nm when both alkyl-
enzyme intermediate and product formation can be monitored.
DmmA showed fast and slow phase related to the fast formation
of the intermediate while only a single slow phase was observed
for LinB.

The data recorded for the reaction of LinB with COU-Br are sim-
ilar to those obtained for DmmA. The fluorescence signal recorded
upon excitation at 345 nm showed a lag related to substrate bind-
ing preceding chemical slow exponential increase of fluorescence
signal related to the chemical conversion of COU-Br to intermedi-
ate and product.

The results of the global fit analysis provided the rate constants
for individual reaction steps (Table 3) of the catalytic cycle shown
in Scheme 1. A minimal four-step model (Scheme S2) provided
good simultaneous fit of all kinetic data, steady- and pre-steady-
state, obtained for reaction of LinB with BDP-CI. The extended
model (Scheme S3) including additional inhibitory effects of the
product was used to fit steady-state as well as pre- steady-state
data obtained for reaction of DmmA and BDP-Cl (Scheme S3).

The kinetic data obtained in the reaction of DmmA and LinB with
COU-Br supported only a simplified three-step catalytic cycle,
which was also extended by the inhibitory effect of an alcohol
product.

Two different rate-limitations were observed in the analysed
reactions. Nucleophilic cleavage of the carbon-bromine bond was
the slowest process in the conversion of COU-Br by both tested
enzymes and in the reaction of LinB with BDP-CI. In the case of
DmmA reaction with BDP-CI, the catalytic cycle was limited by
slow product release. Slow kinetic phases were also distinguished
for substrate binding, suggesting that the transport processes are
slow for the bulky BDP-CI and COU-Br. The slow kinetics were pre-
viously described for binding of 1,2-dichloroethane to DhIA with
the substantially occluded active site [16]. On the contrary, the
rapid equilibrium was described for the binding of the small halo-
genated substrate by LinB [15]. Interestingly, the observed rate of
nucleophilic substitution during BDP-CI conversion was almost
two orders of magnitude faster for DmmA than LinB. This may be
related to anatomy and volume of the DmmA active site, which
allows for proper reactive orientation of bound BDP-CI.

Moreover, the substrates showed high affinity towards enzymes
with an expected equilibrium dissociation constant for enzyme-
substrate complex lower than 1 pM. This strong affinity was indi-
cated for COU-Br towards both tested enzymes LinB and DmmA
and BDP-Cl towards DmmA. A weaker affinity was found only
for BDP-CI towards LinB with an equilibrium dissociation constant
38 puM. In accord, the steady-state specificity constants for BDP-CI
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Fig. 3. Pre-steady-state kinetic data of DmmA reaction with BDP-CI. Stopped-flow fluorescence single turnover experiments were carried out with an excitation wavelength
of 500 nm (A) and 280 nm (C) in a combination with 530 nm long-pass filter detection of emitted light for monitoring of BODIPY fluorescence intensity and tryptophan-
BODIPY FRET, respectively. The concentration of DmmA and BDP-Cl was 10 uM and 5 pM, respectively. The concentration dependence was analyzed by mixing enzyme at
0.625 UM concentration with different concentrations of BDP-CI. The concentration dependence data were also recorded for both excitation wavelength of 500 nm (B) and
280 nm (D) with 530 nm long-pass filter for detection of BODIPY fluorescence intensity and FRET, respectively. Each fluorescence trace represents an average of 5-8
replicates. Pre-steady-state kinetic data were fitted simultaneously with steady-state progress curves obtained upon mixing 0.07 uM DmmA with 1 to 10 pM BDP-CI (E),
0.006 uM DmmA with 0.02 to 0.5 pM BDP-CI (F) measured at excitation/emission wavelengths 510/530 nm by using microtiter plate spectrofluorometer. The black lines

represent the best global fit.

(setting a lower limit for binding step k,) differ by two orders of
magnitude with ke /Ky value 12.6 pM~'s™! for DmmA and
0.14 pM~'.s~ ! for LinB. The strong binding affinity for the substrate
was accompanied by strong product inhibition. The alcohol prod-
ucts, which are hydroxyl derivatives of these complex molecules,
kept strong binding interactions similar to the starting halogenated

structures. After being released, the alcohol product can re-bind to
the enzyme active site providing strong inhibitory complex
competing to the formation of the enzyme-substrate complex
(Scheme S3 and Tables S3-4). No sign of the additional product
inhibitory effect was observed for the reaction of LinB with BDP-
Cl, which is in accordance with weak substrate binding. Addition-
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Table 3
Kinetic parameters for individual steps of HLDs reaction pathway.”
Substrate Enzyme Iy /uM s k_q/s! kyfs™! ks/s™! kyfs™!
BDP-Cl DmmA 611 - 190+ 10 10.0+£0.3 3.34+0.04
LinB 24+0.1 903 59+0.2 >10 >10
COU-Br DmmA 2.33+0.02 b 2.40+£0.01 54+0.1 =€
LinB 6.23 £0.05 -b 10.0 £0.1 21.5+0.2 =€
DCE DhIA 9+1x1073 205 50+10 143 82
DBP DhaA 0.8-2.5 60-300 249-272 13.5-16.3 3.4-46
CH LinB K =k_1/k; =240 £ 40 mM¢ 117 £5 3.2+0.2 =€

2 Individual rate constants (+standard errors) obtained from a global fit of the kinetic data to the model of the catalytic cycle described in Scheme 1. The kinetic data for
BDP-Cl and COU-Br were measured at 30 °C in phosphate buffer (pH 8.0). The reaction of DhIA with 1.2-dichloroethane (DCE) was determined at pH 8.2 and 30 °C [16], the
reaction of DhaA with 1,3-dibromopropane (DBP) was determined at pH 9.4 and 30 °C [17], and the reaction of LinB with 1-chlorohexane (CH) was determined at pH 8.6 and
37°C [15].

b The reverse rate was not obtained by the global fit (k_; < k).

¢ A simplified three-step model was applied (step k4 was not included).

4 Only a rapid equilibrium for substrate binding was observed, providing the equilibrium constant for dissociation of the enzyme-substrate complex (Ks = k_1/k;). The
model included substrate inhibition providing equilibrium dissociation constant Kg; = 2.34 + 0.03 uM. The fitted parameters, scaling factors with complete statistics are
summarized in Supporting Tables S3 and S4.

ally, the kinetics of DmmA reaction with BDP-CI showed substrate 2.5. Protein labeling

inhibition. The substrate might negatively interact with different

enzyme forms. The systematic global fitting of steady-state and Apart from the wide range of applications of HLDs utilizing their
pre-steady-state data by all possible schemes for substrate binding ability to convert haloalkanes to alcohols (Scheme 1), they can also
to ES (enzyme-substrate complex), El (alkyl-enzyme intermediate) serve (after appropriate modification) as protein tags with various

and EP (enzyme-product complex) indicated the EP complex is the linked functionalities, including fluorescence. The HaloTag tech-
most likely inhibited by an excess of the substrate (Supporting nology [40] is based on irreversible covalent binding of synthetic
Information). ligands to haloalkane dehalogenase DhaA with mutations, includ-
B
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Fig. 4. Binding kinetics of fluorescent probes to selected HLDs. Kinetic data obtained upon mixing 10 M BDP-Cl with 17.1 pM DmmA.H275F, 16.2 uM DhaA.H272F or
17.9 uM DhaAHT (A). Kinetic data obtained upon mixing 0.25 pM COU-Br with 0.45 puM DmmA.H275F and 10 uM COU-Br with 16.2 pM DhaA.H272F or 17.9 uM DhaAHT (B).
Kinetic data obtained upon mixing 5 M TMR ligand with 11 M DmmA.H275F or 8.6 M DhaA.H272F, and 0.5 nM TMR ligand with 1 nM DhaAHT (C). The fluorescence
anisotropy was used to monitor TMR ligand binding and the fluorescence intensity to monitor binding of BDP-Cl and COU-Br. All experiments were performed at 30 °C, pH
8.0. Solid lines represent the best fit to the data. Apparent second-order rate constants for the binding of fluorescence probes to the tested enzyme variants containing a
mutation in the catalytic histidine (D).
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ing the substitution of its conserved catalytic base - H272F. Fol-
lowing this mutation, base-catalyzed hydrolysis (second chemical
step) is blocked and the reaction mechanism stops after the
alkyl-enzyme intermediate (HLD-P) is formed. To prove the
potential applicability of BDP-Cl and COU-Br in protein labeling,
a binding kinetic analysis with HLD DmmA.H275F, DhaA.H272F
and DhaAHT (H272F + K175M + C176G + Y273L) with mutated cat-
alytic histidine was conducted by tracking the increase in fluores-
cence intensity upon conversion into the ester intermediate with
time (Fig. 4A, and B). The same enzymes were used for reaction
with a commercial fluorescent HaloTag tetramethylrhodamine
(TMR) ligand. In the case of the TMR ligand, interactions with the
enzyme molecules were monitored by changes in fluorescence ani-
sotropy (Fig. 4C) since the formation of the TMR intermediate does
not provide any change in fluorescence intensity.

Positive binding was observed with both novel fluorescent
substrates BDP-CI and COU-Br. In both cases, DmmA.H275F with
its exceptionally large active site was the most efficient of the
tested HLDs, followed by DhaA.H272F and DhaAHT. These results
correlate well with the activity screening of wild type HLDs. The
most promising was the interaction of DmmA.H275F with
COU-Br. The results of TMR ligand binding kinetics showed fast
interaction with DhaAHT. This was expected since this protein-
ligand variant was engineered based on modeling, site-
saturation mutagenesis and high-throughput screening to
develop an efficient HaloTag system. For DhaA.H272F and
DmmA.H275F, neither of which contains any additional muta-
tions, the binding were slower. Although binding of the fluores-
cent substrates was not as fast as in the engineered HaloTag
technology with TMR ligand, they offer the advantage of easy
tracking of fluorescence intensity instead of less sensitive and
instrumentally more complex anisotropy/polarization measure-
ments. These probes could present an alternative to HaloTag
ligands for cell labeling experiments. However, 6-fold and
2-fold increase in quantum yield upon covalent binding to HLDs
in the case of COU-Br and BDP-CI, respectively, cannot guarantee
a no-wash protocol. In comparison, ~20-fold fluorescence inten-
sity increase upon binding of photoactivable Janelia Fluor ligands
do not require washing steps which are required for application
of TMR ligands [41]. The clear novelty of fluorescent substrates
BDP-Cl and COU-Br, without the long reactive linker characteris-
tic of the TMR HaloTag ligand, is that they bind deeper inside the
active site cavity (Fig. S12) and can be used as effective probes
for monitoring dynamics and hydration [10,11] directly in the
catalytically important protein region.

3. Conclusions

The first fluorescent substrates for the HLD enzyme family were
developed. Two different probes based on coumarin and BODIPY
core structures were characterized and compared. The broad appli-
cability of these fluorescent substrates was tested by screening
their activity with a set of seven representative enzymes: DatA,
DbeA, DbjA, DhaA, DhlA, DmmA and LinB. Overall, the activity
toward both fluorescent substrates was comparable to those
obtained with typical substrates (halogenated alkanes) of this
enzyme family. The outstanding potential for probing enzyme
catalysis using these novel fluorescent substrates was demon-
strated by performing a detailed kinetic analysis of the two most
active enzymes - LinB and DmmA. Interestingly, the steady-state
kinetic analysis showed that both fluorescent substrates provide
almost three orders of magnitude higher specificity in comparison
to that of the representative halogenated substrates, primarily due
to their strong binding affinities in a micromolar range. Impor-

tantly, a single stopped-flow experiment can provide direct obser-
vation of all involved catalytic steps, substrate binding and product
release, as well as chemical processes, by analyzing changes in flu-
orescence intensities in combination with monitoring FRET effi-
ciencies between the fluorescent reporting molecule and intrinsic
Trp residue in the active site.

The fluorescent substrates of HLDs may have wide applicability
in various fields. The probes are suitable for screening of HLDs
activity ready for high throughput applications in combination
with robotic or microfluidic systems. In combination with pre-
steady-state kinetic measurements, they provide valuable infor-
mation on the mechanism of enzyme catalysis, including the
effects of transport processes. Additionally, both fluorescent probes
exhibit high specificity for active site labeling. Biophysical mea-
surements employing these fluorescent substrates will improve
the fundamental understanding of enzyme function and promote
the development of novel concepts in the rational design of effi-
cient biocatalysts. We expect that these probes will find broad
application in mechanistic studies of the model family and help
to elucidate fundamental questions about the role of transport pro-
cesses, protein dynamics and hydration in enzyme catalysis.

4. Methods

4.1. Synthesis of BDP-Cl (8-chloromethyl-4,4'-difluoro-3,5,-dimethyl-
4-bora-3a,4a-diaza-s-indacene)

A solution of chloroacetyl chloride (0.250 mL, 3.14 mmol, 1
equiv.) in dry dichloromethane (1 mL) was added dropwise to a
solution of 2-methylpyrrole [42] (0.550 mL, 6.28 mmol, 2 equiv.)
in dry dichloromethane (15 mL) under a nitrogen atmosphere at
0 °C for 30 min. The reaction mixture was stirred at room temper-
ature for 12 h. Then, triethylamine (1.1 mL, 7.85 mmol, 2.5 equiv.)
and BF3-Et,0 in diethyl ether (46%, 2 mL, 15.7 mmol, 5 equiv.) were
added at 0 °C and the resulting mixture was stirred at room tem-
perature for 3 h. Aq. HCI (10%, 10 mL) was added and the crude
mixture was extracted with dichloromethane (3 x 10 mL). The col-
lected organic layers were dried over anhydrous magnesium sul-
fate, filtered and concentrated to dryness under reduced
pressure. The product was purified by flash chromatography on sil-
ica gel (hexane/dichloromethane, 6:4). Yield 200 mg (24%). Red
solid. "H NMR (300 MHz, CDCl5): 6 (ppm) 7.17 (d, J = 4.2 Hz, 2H),
6.33 (d, ] = 4.2 Hz, 2H), 4.62 (s, 2H), 2.63 (s, 6H) (Fig. S13). 13C
NMR (75 MHZ, CDCl5): 6 (ppm) 159.2, 135.7, 134.1, 127.1, 120.0,
37.5, 15.1 (Fig. S14). The spectroscopic data were in good agree-
ment with those reported in the literature [43].

4.2. Enzyme expression and purification

Seven wild-type dehalogenases, i.e., DatA, DbeA, DbjA, DhaA,
DhlA, Dmma, LinB, and three HLD variants with mutated histidine,
i.e.,, DhaA.H272F, DhaAHT (H272F + K175M + C176G + Y273L),
DmmA.H275F, were expressed in E.coli BL21 DE3 cells (DhaA.
H272F - BL21 cells) as described previously [28-32,35,44]. The
enzymes were purified by metallo-affinity chromatography using
a charged Ni-NTA column. Unbound and weakly bound proteins
were washed out using purification buffer containing 10 mM imi-
dazole. The target histidine-tagged protein was eluted by increas-
ing the imidazole concentration up to 300 mM and dialyzed
overnight against 50 mM phosphate buffer, pH 7.5 (pH 8.0 for pro-
tein labeling experiments, 0.01% CHAPS for measurements with
TMR ligand). The histidine-tag was not removed. The purity of
the prepared proteins was checked by SDS-PAGE.
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4.3. Preparation of reaction mixtures

Fluorescent substrate coumarin (Sigma-Aldrich, USA) was dis-
solved in DMSO and diluted to the required concentration before
measurement. For each experiment, a new aliquot of the substrate
was prepared. BODIPY substrate was dissolved and stored in
MeOH. Before each experiment, the MeOH solution was diluted
in DMSO to a final concentration of MeOH less than 1%. The reac-
tion mixture for all experiments consisted of 90 % of 50 mM phos-
phate buffer, pH 8.0 with enzyme and 10 % of substrate solution in
DMSO. For measurements involving the TMR ligand, both the
enzyme and substrate solution were diluted in 50 mM phosphate
buffer, pH 8.0 with 0.01% CHAPS detergent to minimize non-
specific interactions.

4.4. Specific activity assay and steady-state kinetics

Activity measurements and steady-state kinetic experiments
were performed in microtiter plates at 30 °C using a Synergy H4
spectrofluorometer (Biotek, USA) equipped with a xenon flash
lamp. The reaction was initiated by addition of 20 pl of substrate
solution using an automatic dispenser to a total volume of the
reaction mixture of 200 pl. Fluorescence intensity was measured
from the top using excitation/emission monochromators set to
wavelengths 345/437 nm for COU-Br and 510/530 nm for BDP-
Cl with a bandwidth of 9 nm. Before measurement, the microtiter
plate was shaken for 2 s and then the increase in fluorescence
intensity was monitored at regular time intervals. The reaction
took place in 8 wells alongside another 8 wells of control measure-
ments (phosphate buffer without enzyme) for monitoring sponta-
neous hydrolysis of the substrate. Each experiment was
independently repeated with 3 different substrate aliquots.

4.5. Pre-steady-state kinetics

Pre-steady-state kinetic experiments were performed using
SFM-300 stopped-flow instrument combined with a MOS-500
spectrometer system (BioLogic, France) at 30 °C. Before each exper-
iment, enzyme and buffer solutions were mixed with DMSO and
the substrate solution was mixed with phosphate buffer to keep
the same composition of solvent in the reaction mixture (10%
DMSO and 90% phosphate buffer). All solutions were degassed
before the measurement. The reaction was initiated by rapid mix-
ing of the substrate and enzyme in a ratio of 1:1 to a total volume
of 150 pl with a total flow rate of 16 mL/s. The mixture in the reac-
tion cuvette was continuously excited by a Xe (Hg) lamp using a
wavelength with 2 nm bandwidth selected by a monochromator
(345 nm for coumarin, 500 nm for BODIPY or 280 nm for trypto-
phan excitation). A long-pass filter (435 nm for coumarin,
530 nm for BODIPY) was employed for detection of emitted light.
The reaction was monitored by measuring the change of voltage
on the photomultiplier tube corresponding to the change of fluo-
rescence intensity accompanying the reaction. The measurement
started immediately after mixing with a dead time of 1 ms. Final
kinetic traces were calculated as an average of six to ten consecu-
tive mixing runs.

4.6. Data analysis and statistics

The kinetic data were fit globally with the KinTek Explorer pro-
gram (KinTek, USA), dynamic kinetic simulation program that
allowed multiple data sets to be fit simultaneously to a single
model. The model was input through simple text description and
the program derived the differential equations needed for numeri-

cal integration automatically. A reaction mechanism for haloalkane
dehalogenase used in this study has been proposed previously
based on X-ray crystallographic [2] and pre-steady state kinetic
studies with the haloalkane dehalogenases [15,16]. Data fitting
used numerical integration of rate equations from an input model
searching a set of parameters using the Bulirsch-Stoer algorithm
with adaptive step size that produces a minimum 7? value calcu-
lated by using nonlinear regression based on the Levenberg-
Marquardt method [45]. Residuals were normalized by sigma value
for each data point. To account for slight variations in the data,
enzyme or substrate concentrations were allowed to vary within
an interval of £10% to make the best fits possible. The standard error
(S.E.) was calculated from the covariance matrix during nonlinear
regression. In addition to S.E. values, more rigorous analysis of the
variation of the kinetic parameters was accomplished by confi-
dence contour analysis by using FitSpace Explorer (KinTek, USA)
[46]. In this analysis, the lower and upper limits for each parameter
were derived from the confidence contours for 2 threshold at
boundary 0.98 (Supporting Information Tables S2, S3 and S4).

4.7. Protein labeling

Fluorescence anisotropy measurements were carried out in
microtiter plates at 30 °C using an Infinite F500 plate reader
(Tecan, Mdnnedorf, Switzerland) equipped with appropriate exci-
tation and emission polarizers. The reaction was initiated by add-
ing 100 pl of the TMR ligand to a total volume of the reaction
mixture of 200 pl. The binding was monitored by measuring the
time course of changes in fluorescence anisotropy at 580 nm mea-
sured from the top following excitation at 544 nm. Before the first
measurement, the microtiter plate was shaken for 2 s and then the
increase in fluorescence polarization was monitored at regular
time intervals. The reactions took place in 4 wells alongside 4 wells
of abiotic control for background subtraction.

Fluorescence intensity measurements were carried out in
microtiter plates at 30 °C using a Synergy H4 spectrofluorometer
(Biotek, USA) equipped with a xenon flash lamp. The reaction
was initiated by adding 20 pl of a fluorescent substrate to a total
volume of 200 pl. The progress of labeling was monitored by
changes in the fluorescence intensity measured from the top using
excitation/emission monochromators set to wavelengths 345/437
for COU-Br and 510/530 nm for BDP-Cl with a bandwidth of
9 nm. Before the first measurement, the microtiter plate was sha-
ken for 2 s and then the increase in fluorescence intensity was
monitored at regular time intervals. The reaction took place in 4
wells alongside 4 wells of control for monitoring spontaneous
hydrolysis of the probes.
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