Biochemical and Biophysical Research Communications 430 (2013) 1011-1015

journal homepage: www.elsevier.com/locate/ybbrc

Contents lists available at SciVerse ScienceDirect

Biochemical and Biophysical Research Communications

Catalytic efficiency of dehaloperoxidase A is controlled by electrostatics -
application of the vibrational Stark effect to understand enzyme kinetics

Gal Schkolnik *P, Tillmann Utesch?, Junjie Zhao®, Shu Jiang®, Matthew K. Thompson P,
Maria-Andrea Mroginski?, Peter Hildebrandt?, Stefan Franzen*

2 Technische Universitdt Berlin, Institut fiir Chemie, Sekr. PC14, StrafSe des 17, Juni 135, D-10623 Berlin, Germany
b Department of Chemistry, North Carolina State University, Box 8204, Raleigh, NC 27695-8204, United States

ARTICLE INFO ABSTRACT

Article history:
Received 28 November 2012
Available online 19 December 2012

Keywords:

Vibrational Stark effect
Hemoglobin
4-mercaptobenzonitrile
Enzyme kinetics
Electric field

The vibrational Stark effect is gaining popularity as a method for probing electric fields in proteins. In this
work, we employ it to explain the effect of single charge mutations in dehaloperoxidase-hemoglobin A
(DHP A) on the kinetics of the enzyme. In a previous communication published in this journal (BBRC
2012, 420, 733-737) it has been shown that an increase in the overall negative charge of DHP A through
mutation causes a decrease in its catalytic efficiency. Here, by labeling the protein with 4-merca-
ptobenzonitrile (MBN), a Stark probe molecule, we provide further evidence that the diffusion control
of the catalytic process arises from the electrostatic repulsion between the enzyme and the negatively
charged substrate. The linear correlation observed between the nitrile stretching frequency of the pro-
tein-bound MBN and the catalytic efficiency of the single-site mutants of the enzyme indicates that elec-

trostatic interactions play a dominant role in determining the catalytic efficiency of DHP A.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Dehaloperoxidase-hemoglobin A (DHP A) is a predominantly
monomeric [1] bifunctional protein found in the benthic organism
Amphitrite ornata [2,3]. The protein, also called DHP for sake of
brevity, appears to have a globin-peroxidase double function
[4,5]. In its peroxidase function it can oxidize the marine toxin
2,4,6-tribromophenol (TBP) to 2,6-dibromoquinone (DBQ), a less
toxic compound [5]. It can also similarly oxidize all the other
2,4,6-trihalophenols, including environmental pollutant 2,4,6-tri-
chlorophenol (TCP) [6,7], and thus has the potential to serve as a
bioremediation enzyme. Fig. 1 shows the reaction catalyzed by
DHP at physiological pH of 7.4. Given that pKa of TCP is 6.2, the
majority of the substrate molecules are negatively charged under
physiological conditions [8]. In a previous study [9] it has been
found that the isoelectric point of the DHP protein is pl = 6.8, indi-
cating that at physiological pH it too has an overall negative
charge. The charge-charge repulsion between the substrate and en-
zyme may explain the observation that the rate constants for sub-
strate oxidation are dominated by diffusion rather than electron
transfer, which was deduced previously from a temperature-
dependent analysis of a Michaelis-Menten model for peroxidase
kinetics [10]. The combination of the observation of diffusion
control for the oxidation process and the mutual repulsion of the
negatively charged enzyme and substrate suggests that the
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electrostatic potential at the protein surface should have a sub-
stantial effect on the catalytic rate. In previous work DHP A mu-
tants were studied consisting of substitutions that alter the total
charge of the protein by up to one unit of charge, including
R33Q, K36A (positive to neutral), N91K (neutral to positive),
N61D and N96D (neutral to negative) [9]. The mutation positions
were located in a belt that encircles the heme pocket (see Fig. 4).
Both the measured pl and ionic strength effect on kinetics strongly
suggest that the protein is slightly negatively charged at pH=7.0
[9], so that all of the above mutations correspond to an increase
in the overall negative charge of the protein, except for N61K in
which the total negative charge is decreased. These single charge
mutations result in a decrease in the catalytic efficiency of the en-
zyme, expressed as kc,/Km, with the exception of N61K, which re-
sults in an increase in kca/Kin. The observed trend in the surface
mutations was rationalized by the observation that both enzyme
and substrate are negatively charged, creating mutual repulsion.
Based on the dependence on ionic strength, it was concluded that
the process is electrostatically controlled [9]. In the present study,
we test this conclusion with the aid of the labeled protein that fea-
tures a probe molecule sensitive to the electric field at the surface
of the protein.

The vibrational Stark effect (VSE) describes the sensitivity of
certain vibrational modes to local electric fields, according to the
following equation:

F-AG-F (1)

v:vo—Aﬁ-F—%


http://dx.doi.org/10.1016/j.bbrc.2012.12.047
mailto:Stefan_Franzen@ncsu.edu
http://dx.doi.org/10.1016/j.bbrc.2012.12.047
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

1012 G. Schkolnik et al./Biochemical and Biophysical Research Communications 430 (2013) 1011-1015

o Br o] Br
Br + H,0, —>= B +Br + H0

Br o]

Fig. 1. The reaction catalyzed by DHP in its role as peroxidase.

where v and vg are the vibrational frequencies of a certain vibra-
tional mode in the presence and in the absence of an electric field
F, respectively, Afi is the difference dipole moment of the mode,
also known as the Stark tuning rate, and Ad is its difference polar-
izability [11-13]. For many cases, the linear term has been shown to
suffice to describe the VSE [14-16], providing a potentially power-
ful tool for indirect electric field measurements using a variety of
vibrational spectroscopies [17]. While cyanide has been used as
an internal probe, thiocyanate has also been used as a surface probe
of the electrostatics of protein—protein interaction [18] and a num-
ber of non-natural amino acids have been introduced with a variety
of functional groups for VSE measurements [19]. Recent studies of
nitriles in solution show a correlation between the measured Stark
tuning rate and the Onsager reaction field [20].

In this study, several of the DHP A mutants previously studied
in kinetic assays [9] were labeled with 4-mercaptobenzonitrile
(MBN), a VSE probe molecule [14,16,21,22], by covalently binding
it to C73, the only surface cysteine in DHP A [23]. Since the average
solvent environment is relatively constant, the differential effect
on the frequency of the MBN probe is hypothesized to be entirely
due to changes in the protein surface for each mutant. The vibra-
tional frequency of the MBN nitrile stretch was measured for each
variant, to probe the local electric field on the protein surface, at
the label location. Molecular dynamics (MD) simulations were per-
formed to supply further information concerning label position
and protein electrostatics. The nitrile stretching frequency of the
protein-attached MBN was plotted against the previously reported
[9] catalytic efficiency of the variants leading to conclusions
regarding the relation between DHP A electrostatics and kinetics.

2. Materials and methods

For the procedure of mutant production and purification, see
Supplementary Information.

After protein purification and oxidation using excess potassium
ferricyanide, a small excess of KCN was added to the mixture, so
that the cyanide irreversibly bound to the heme, in order to avoid
any uncontrolled changes to the oxidation state of the heme.
Oxidation state as well as cyanide binding were verified using
UV/Vis spectroscopy (see SI). A 100-fold molar excess of MBN dis-
solved in DMSO was added to the protein solution. The mixture
was shaken overnight at 4 °C. Centrifugation at 4800g was used
to separate the protein-containing aqueous phase from the fraction
of precipitated MBN. This step was repeated at least three times, or
until no more precipitate could be visually detected. Subsequently,
the supernatant was dialyzed against potassium phosphate buffer,
10 mM, pH = 7.0, in order to remove any residual unbound label, as
well as for buffer exchange.

FTIR measurements were performed in a split-beam cell for li-
quid samples (path length 25 pm) equipped with CaF, windows,
using a Digilab FTS-6000 spectrometer with a MCT detector. The
spectral resolution was 2 cm™'. The spectrometer was purged with
dry air. 1000-1500 scans were accumulated for each spectrum. For
measurement of labeled DHP mutants, the split beam cell was
loaded with the labeled wild type (WT) protein in one compart-
ment and a labeled mutant in the other, to enable comparison of

the MBN nitrile stretching frequency in the mutant with that of
the WT protein. A spectrum of the split beam cell compartment
loaded with the relevant buffer was used for background subtrac-
tion, to obtain an absorption spectrum. The MBN nitrile stretching
band position was determined by Gaussian peak fit, after baseline
subtraction of the absorption spectrum. Each mutant was mea-
sured five times and averaged. The standard deviation was deter-
mined to be +0.1 cm™".

To analyze the structural fluctuations and resulting changes in
the electrostatic properties, molecular dynamics (MD) simulations
of five single mutants (R33Q, K36A, N61D, N61K and N96D) and
the wild type enzyme were carried out. The initial coordinates of
the six models were extracted from the crystallographic structure
derived from the PDB structure 2QFK. The desired mutations were
incorporated with the psfgen tool integrated in VMD [24]. All mod-
els were modified with an MBN label at position 73 and with a cya-
nide ligand occupying the free coordination site at the heme. The
modified protein was solvated in a ca. 60 x 60 x 50 A® large TIP3P
water box [25] with an ionic strength of ca. 10 mM mimicked by
Na*Cl™. The protein side chains were protonated according to pH
7.0. The heme adjacent H55 was protonated at its N as described
recently [26]. All particles were treated with the CHARMM 27 force
field [27] extended with parameters for the CN and MBN derived
from DFT calculations, which are discussed in the Supplementary
Information.

Before running the production dynamics, the models were pre-
pared by an energy minimization of 10,000 steps with the conju-
gated gradient, a heating procedure to reach 300K and a water
equilibration of 60 ps. During these steps, initial position restraints
of 25 kcal mol~! A2 on all heavy atoms were stepwise decreased
until all atoms were allowed to move freely. Afterwards, 10 ns long
MD simulations were performed and parameters such as distances,
angles and dipole moments were evaluated every 50 ps. All simu-
lations were carried out with NAMD 2.7 [28] under periodic
boundary conditions and at constant pressure and temperature
(NPT) facilitated by Langevin piston dynamics [29]. The time step
of 2 fs was enabled by freezing all bonds containing hydrogen
atoms with the RATTLE algorithm [30]. Short-ranged electrostatics
and van der Waals interactions were truncated at 12 A, while long-
ranged electrostatics were calculated with the particle Mesh Ewald
summation [31]. Simulations were run twice for N61D, to examine
reproducibility. The figures contain both N61D runs, for reference.

3. Results and discussion
3.1. FTIR spectra of MBN-labeled mutant and wild type DHP A

The FTIR absorption spectrum of labeled wild-type (WT) DHP A
after baseline subtraction is shown in Fig. 2. A heme-bound cya-
nide stretching mode, originating from the KCN added to the pro-
tein solution after oxidation, is detected at 2128.3 cm™'. The nitrile
stretch arising from the MBN label covalently bound to Cys73, the
only surface cysteine found in DHP A, is seen at 2234.9 cm™~ . This
frequency is characteristic of aromatic nitriles in a protic environ-
ment [14,32-34], indicating that the MBN is exposed to the aque-
ous phase while attached to the protein surface. This is confirmed
by MD simulations, see, e.g., Fig. S1. No signal that could be as-
signed to non-specifically bound MBN was detectable in any of
the spectra. Each protein variant was measured five times, with a
root mean standard deviation of +0.1 cm™! for the reported peak
frequencies.

The single charge mutations have resulted in small but repro-
ducible and statistically significant changes in the nitrile stretching
frequency of the protein-bound MBN, in the mutants compared to
WT DHP A. These frequency changes are inversely correlated to the
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Fig. 2. Baseline subtracted FTIR absorption spectrum of MBN-labeled wild type
DHP A, displaying the heme-bound cyanide stretch at 2128.3 cm™!, and the nitrile
stretch of MBN covalently bound to C73, at 2234.9 cm™ .
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Fig. 3. (a) Variation of the difference of the nitrile stretch frequency between the
mutants and the wild type protein with 1/r%, where r is the distance from the charge
mutation site to the MBN nitrile bond, (b) Protein dipole moment vs. the change in
nitrile stretch frequency between the WT and variant proteins. All data refers to
DHP A with heme-CN and MBN attached to Cys73. Frequencies were determined by
FTIR, and the rest of the data was obtained by MD simulations.
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Fig. 4. Top: DHP A with several positions highlighted (Crystal structure 3LB2 [36]).
Yellow: Cys 73, the MBN covalent-binding position. Mutation positions: 33 purple,
36 green, 61 orange, 96 pink. Bottom: k.,:/Ky, (catalytic efficiency) vs. the nitrile
stretching frequency. The color code corresponds to the top figure. Orange circle:
N61K, orange square: N61D and black square: WT DHP A. Dashed line: linear fit,
Keat/Km = 3144.7-1.4vo, R? = 0.73. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

square of the distance between the MBN nitrile bond and the
mutation site (%), and linearly correlated to the protein dipole mo-
ment, both calculated by MD simulations. These correlations are
presented in Fig. 3 A and B, respectively. The correlations hold
for all variants, except for the one with a charge mutation in posi-
tion 36, a position that shows a much greater conformational flex-
ibility than the other mutation positions, as reflected in the MD
root mean square fluctuation (rmsf) graph shown in Fig. S2 (top).
Since the electric field caused by a single charge varies proportion-
ally to 1/r%, where r is the distance from the charge, the correlation
between the changes in the MBN nitrile stretch frequency and this
parameter indicates that the VSE probe can indeed sense the
change to the protein electric field caused by a single charge muta-
tion over considerable distances (21-38 A). Such sensitivity on the
nm range has also been demonstrated previously [21]. The obser-
vation that the MBN nitrile stretching frequency is linearly corre-
lated to the protein dipole indicates that it reflects changes to
overall protein electrostatics. These two last observations are
strengthened by comparing the difference in the MBN nitrile
stretching frequency observed for N61D and N61K in 150 mM
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Table 1

MBN nitrile stretching frequencies, label distance from mutation site, protein dipole and electric fields obtained for the different DHP A variants.

DHP A variant® vmen (cm™1)P Protein dipole (D) diaper (A)? Mut-Coveny-Noven) angle (deg)® Ermen (V/m) f
WT 22349 260 £ 40 3.2 x 108
R33Q 2236.1 27030 38+1 142 £ 15 5.1 x 108
K36A 22352 340 +20 362 135+18 3.6 x 108
N61D 22355 360 £ 30 22+2 118+18 4.1 x 108
N61K 2235.1 290+ 30 25+2 12020 3.4 x 10°
N96D 22359 370 £ 40 301 152+13 4.8 x 108
N61D (KPB 150 mM) 22354 4.0 x 108
N61 K (KPB 150 mM) 2235.5 4.1 x 108

2 Unless stated otherwise, measurements were performed at a potassium phosphate buffer concentration of 10 mM, pH = 7.0.

b
¢ Protein dipole, according to MD simulations.
d
e

MBN nitrile stretching frequency. Average over five measurements, root mean standard deviation = 0.1 cm

Mutation site distance from MBN nitrile bond center, according to MD simulations.
Angle between the mutation site, the MBN carbon and the MBN nitrogen, from MD simulations.

-1

f Electric field at the MBN nitrile, in mean nitrile bond direction, calculated according to the linear term of Eq. (1).

potassium phosphate buffer (pH = 7.0), to that observed in 10 mM
buffer. In the higher ionic strength buffer the MBN nitrile stretch is
found at statistically identical frequencies for the two variants,
whereas in lower ionic strength they are separated by
0.4 +0.1 cm~! (see Table 1). The lack of shift in the vibrational fre-
quency due to the screening of the local field in high ionic strength
media is consistent with other data since MBN nitrile is located at
distances ranging from 22 to 38 A from the sites of the various mu-
tants so ionic strength would be expected to have a significant ef-
fect (Table 1). The linear term in Eq. (1) can be used to determine
the electric field experienced by the MBN nitrile, in the nitrile bond
direction, for each DHP A variant. For v, 2233.3 cm™! is used (see
SI). The Stark tuning rate (Afi) used here for the protein-bound,
buffer exposed MBN is 6.0 x 1072 cm~'/V/m [14]. The electric
fields calculated using these parameters range from 3.2 x 108 to
5.1 x 108 V/m. All the above mentioned measured and calculated
values appear in Table 1.

It is interesting to note, that while the Stark tuning rate for
heme-bound cyanide (hereafter heme-CN) is not expected to be
significantly lower than that of MBN [35], the changes to its
stretching frequency in the mutants compared to the WT protein
are small relative to the changes observed for the MBN nitrile
(See Table S2). Additionally, they do not correlate with either
1/r?, where 1 is the distance of the CN bond of the heme-CN from
the charge mutation, nor with the protein dipole moment (see
Fig. S3). These observations are explained by the angle between
the heme-CN nitrogen, its carbon and the mutation site (Mut-C-
N angle, explained in Fig. S2, bottom) predicted by MD simulations,
and shown in Table S2. Since these angles are close to 90° the
product of the scalar multiplication in the linear term of Eq. (1) be-
comes small. Therefore, changes to the electric field due to charge
mutations become smaller, and their dependence on 2 or the pro-
tein dipole moment becomes statistically insignificant.

3.2. Connecting Stark label vibrational frequency and kinetic findings
in DHP A

Having established, with the aid of MD simulations, that the
changes to the MBN-nitrile frequency in the charge mutants com-
pared to the WT DHP A indeed reflect changes to overall protein
electrostatics, one may compare the present findings to the kinetic
data for the same single-charge surface mutants [9]. When plotting
the frequency changes against the catalytic efficiency of the en-
zyme, (Fig. 4), a linear correlation is observed. The correlation be-
tween the catalytic efficiency (kca/Kn) and the MBN-nitrile
vibrational frequency, which as explained above reflects the over-
all change in protein electrostatics, clearly indicates that the

mutations investigated here preferentially affect the catalytic effi-
ciency of DHP A by changing its overall electrostatics rather than
by structural or functional alterations to the active site.

Because in DHP A the rate of enzymatic turnover is controlled
by diffusion, particularly at low substrate concentrations, the elec-
trostatic effect observed here may be attributed to the potential
experienced by the substrate as it approaches its as yet unknown
binding site [2,26]. This observation is confirmed by the decrease
in the catalytic efficiency of WT DHP A when the reaction is per-
formed at a lower ionic strength [9]. Further, the effect of charge
mutations on the MBN nitrile stretching frequency sharply de-
creases upon increasing the buffer concentration from 10 to
150 mM (Table 1). It thus appears that ionic screening plays
an important role in both DHP A kinetics and in the charge-
mutation-induced change to the vibrational frequency of the VSE
probe, confirming that enzyme Kkinetics are controlled by the elec-
trostatic interaction between the charged substrate and the overall
electric field of the enzyme.

This study demonstrates that VSE can be used to probe the ef-
fect of the overall protein electric field on an enzymatic process.
Our results confirm the previously observed relation between
DHP A kinetics and electrostatic changes due to charge mutations
in the vicinity of its heme-pocket, while experimentally disentan-
gling the role of protein electrostatics from possible mutation-
induced structural and functional changes.

In a wider context, the present results suggest that electrostatic
control may be an important factor in steering substrates towards
enzyme active sites in biochemical pathways. The method pre-
sented here therefore can be useful in the future for the measure-
ment of the effect of protein surface electrostatics on enzyme
function, particularly in processes where the binding of a charged
substrate may be a rate limiting step in the catalysis. Considering
that many enzymes have charged substrates, such a method has
potentially wide application in biophysics.
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