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(THF)-releasing rate decreased with increasing NaCl con-
centration. These results suggested that the salt-activation 
mechanism of HjDHFR P1 is via the population change 
of the anion-unbound and anion-bound conformers, which 
are binding-incompetent and -competent conformations 
for DHF, respectively, while that of salt inactivation is via 
deceleration of the THF-releasing rate, which is the rate-
determining step at the neutral pH region.
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Abbreviations
CD	� Circular dichroism
DHF	� Dihydrofolate
DHFR	� Dihydrofolate reductase
EcDHFR	� DHFR from Escherichia coli
HjDHFR	� DHFR from Haloarcula japonica
HvDHFR	� DHFR from Haloferax volcanii
MTE	� 50 mM 2-(N-morpholino)ethanesulfonic 

acid, 25 mM Tris, and 25 mM ethanolamine 
containing 0.1 mM dithiothreitol and 0.1 mM 
EDTA (buffer)

MTX	� Methotrexate
NADPD	� 4(R)-2H reduced nicotinamide adenine dinu-

cleotide phosphate
NADPH	� Nicotinamide adenine dinucleotide phosphate
NMR	� Nuclear magnetic resonance
THF	� Tetrahydrofolate
TMACl	� Tetramethylammonium chloride
TMAOH	� Tetramethylammonium hydroxide

Abstract  Dihydrofolate (DHF) reductase coded by a 
plasmid of the extremely halophilic archaeon Haloarcula 
japonica strain TR-1 (HjDHFR P1) shows moderate halo-
philicity on enzymatic activity at pH 6.0, although there is 
no significant effect of NaCl on its secondary structure. To 
elucidate the salt-activation and -inactivation mechanisms 
of this enzyme, we investigated the effects of pH and salt 
concentration, deuterium isotope effect, steady-state kinet-
ics, and rapid-phase ligand-binding kinetics. Enzyme activ-
ity was increased eightfold by the addition of 500  mM 
NaCl at pH 6.0, fourfold by 250 mM at pH 8.0, and became 
independent of salt concentration at pH 10.0. Full iso-
tope effects observed at pH 10.0 under 0–1000 mM NaCl 
indicated that the rate of hydride transfer, which was the 
rate-determining step at the basic pH region, was independ-
ent of salt concentration. Conversely, rapid-phase ligand-
binding experiments showed that the amplitude of the 
DHF-binding reaction increased and the tetrahydrofolate 
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Introduction

Halophilic microorganisms, which are frequently archaea, 
are isolated from salt lakes, salterns, and sometimes com-
mercially distributed natural salts. Since the intracellular 
salt concentrations of such halophilic microorganisms are 
identical to the extracellular conditions to escape hyper-
osmotic stress, the enzymes they produce have adaptation 
mechanisms for hypersaline environments (Roesser and 
Müller 2001). However, the primary and tertiary structures 
of such halophilic enzymes are almost similar to those of 
non-halophilic homologs produced by organisms living in 
normal conditions, and it has been unclear how such halo-
philic enzymes maintain their function under stressful salt 
conditions.

Dihydrofolate reductase (DHFR) is a famous model 
enzyme that catalyzes the reduction of dihydrofolate (DHF) 
to tetrahydrofolate (THF) using nicotinamide adenine dinu-
cleotide phosphate (NADPH) as a coenzyme. It is a ubiq-
uitous enzyme since its product, THF, is essential for the 
growth and proliferation of cells. DHFR from Escheri-
chia coli (EcDHFR) has been investigated widely for its 
crystal and solution structures (Sawaya and Kraut 1997; 
Osborne et al. 2003), structural stability (Perry et al. 1987; 
Garvey and Matthews 1989), folding kinetics (Kuwajima 
et al. 1991; Jennings et al. 1993), and catalytic mechanism 
(Fierke et  al. 1987; Wang et  al. 2014). The steady-state 
enzymatic reaction of EcDHFR contains five elementary 
steps: two binding steps of NADPH and DHF, hydride 
transfer from NADPH to DHF, and two releasing steps of 
NADP+ and THF. In addition, the rate-determining step of 
enzymatic turnover changes from the THF-releasing step at 
neutral pH to the hydride-transfer step above pH 8.4 (Fierke 
et al. 1987). Moreover, the enzymatic activity of EcDHFR 
decreases gradually with increasing NaCl concentration, 
and this mechanism is explained by the binding of an inor-
ganic cation near the substrate-binding cleft (Ohmae et al. 
2013).

Many studies have also been performed on the adapta-
tion mechanisms of DHFR from various environmental 
bacteria, for example, the moderate thermophile Geoba-
cillus stearothermophilus (Guo et al. 2014), hyperthermo-
phile Thermotoga maritima (Luk et  al. 2014), piezo-psy-
chrophile Moritella profunda (Ohmae et  al. 2012; Behiry 
et al. 2014), and extreme halophile Haloferax volcanii. H. 
volcanii was isolated from the Dead Sea, and produces 
two DHFR enzymes, HvDHFR 1 and 2, whose optimal 
KCl concentrations for enzymatic activity are more than 
3.5  M and 500  mM, respectively (Wright et  al. 2002). 
Studies on HvDHFR 1 have been performed on its X-ray 
crystal structure (Pieper et  al. 1998), solution structure 
using nuclear magnetic resonance (NMR) (Binbuga et  al. 
2007; Boroujerdi and Young 2009), structural stability 

(Wright et  al. 2002), folding kinetics (Gloss et  al. 2008), 
and enzymatic function (Zusman et  al. 1989; Ortenberg 
et al. 2000). Results of these investigations suggested that 
destabilization of the unfolded state predominantly invokes 
the salt-induced stabilization and activation of HvDHFR 
1. However, studies on the moderately halophilic enzyme 
HvDHFR 2 are limited (Ortenberg et al. 2000; Wright et al. 
2002), and the mechanisms underlying the optimal salt 
concentration for its enzymatic activity are still unclear.

Previously, we characterized another moderately halo-
philic DHFR from a plasmid gene of Haloarcula japon-
ica strain TR-1 (HjDHFR P1) (Miyashita et  al. 2015). H. 
japonica TR-1 was isolated from a saltern at the Noto pen-
insula in Ishikawa, Japan, and requires 41–650 mM Mg2+ 
and high concentrations (1.7–4.3  M) of NaCl for growth 
(Hamamoto et al. 1988; Nishiyama et al. 1992; Horikoshi 
et  al. 1993; Nakamura et  al. 2010). Three DHFR genes, 
which express HjDHFR C1, C2, and P1, are coded in the 
genome of this archaeon. We showed that the addition of 
NaCl up to 500  mM induced the structural formation of 
HjDHFR P1 at pH 8 using circular dichroism (CD) and 
fluorescence spectra, but the same structure was formed 
without NaCl at pH 6 or by the addition of NADPH. Nev-
ertheless, NaCl enhanced the activity of HjDHFR P1 at pH 
6, showing maximum activity at approximately 500  mM. 
Conversely, the further addition of NaCl reduced its activ-
ity, although its structural stability increased monotonously 
up to 1000 mM. We proposed the binding of anions as the 
mechanism underlying the activation of HjDHFR P1 by 
salt; however, the detailed mechanisms underlying its acti-
vation and inactivation are unclear. The purpose of this 
work was to elucidate how salt ions affect the enzymatic 
function of HjDHFR P1 during its activation and inactiva-
tion processes. In this paper, we evaluate the effects of salt 
on the elementary steps in the catalytic cycle of HjDHFR 
P1 by monitoring the pH- and salt concentration depend-
ences of its enzyme activity, deuterium isotope effects, and 
rapid-phase ligand-binding kinetics using stopped-flow flu-
orescence quenching. On the basis of the results of these 
experiments, we discuss the activation and inactivation 
mechanisms of HjDHFR P1 by salt and compare the effects 
of salt with other halophilic DHFRs, namely, HvDHFR 1 
and 2, and non-halophilic EcDHFR.

Materials and methods

Protein expression and purification

The expression and purification methods for HjDHFR P1 
were described previously (Miyashita et  al. 2015). The 
concentration of purified HjDHFR P1 was determined 



593Extremophiles (2017) 21:591–602	

1 3

spectrophotometrically using a molar extinction coeffi-
cient of 20,910 M−1 cm−1 at 280 nm.

pH dependence of enzyme activity

The pH dependence of the enzyme activity of HjDHFR 
P1 was evaluated spectrophotometrically using a V-560 
spectrophotometer (JASCO, Inc., Tokyo, Japan). The ini-
tial velocity of the enzymatic reaction was determined 
by monitoring the change of absorbance using a molar 
extinction coefficient of 11,800  M−1 cm−1 at 340  nm 
(Stone and Morrison 1984). The buffer used was 50 mM 
2-(N-morpholino)ethanesulfonic acid, 25  mM Tris, 
25 mM ethanolamine, 0.1 mM EDTA, and 0.1 mM dithi-
othreitol (MTE buffer) containing 0, 200, or 1000  mM 
NaCl, whose pH was adjusted by acetic acid or tetrameth-
ylammonium hydroxide (TMAOH). The reaction solu-
tion without DHF was pre-incubated for 10 min at 25 °C, 
and the reaction was initiated by the addition of the DHF 
solution, which was also pre-incubated at 25 °C. The tem-
perature of the reaction mixture was maintained at 25 °C 
with a circulating thermobath (NESLAB RTE-5; Thermo 
Fisher Scientific, Waltham, MA). The concentrations 
of DHF (Sigma–Aldrich, St. Louis, MO) and NADPH 
(Oriental Yeast, Tokyo, Japan) were determined spec-
trophotometrically using molar extinction coefficients 
of 28,000  M−1 cm−1 at 282  nm and 6200  M−1 cm−1 at 
339 nm, respectively. The concentrations of the enzyme, 
NADPH, and DHF in the reaction mixture were 0.08, 50, 
and 50  μM, respectively. Observed initial velocity (V) 
was plotted against pH and fitted to the following equa-
tion (Stone and Morrison 1984):

where Vi is the pH-independent velocity, Ka and 
Kb are acid dissociation constants, and [H+] is proton 
concentration.

Effects of salt concentration on enzyme activity

The effects of NaCl, tetramethylammonium chloride 
(TMACl), and sodium acetate (CH3COONa) concentra-
tions on the enzyme activity of HjDHFR P1 were meas-
ured at 25 °C and pH 8.0. The effect of NaCl concentration 
was also measured at pH 6.0 and 10.0. The buffer used and 
concentrations of the enzyme, NADPH, and DHF were the 
same as for the pH-dependence measurements. The initiat-
ing method of the reaction was also the same as for the pH-
dependence measurements.

(1)V =
V
i

1 +
[H+]
Ka

+
Kb

[H+]

Deuterium isotope effects on steady‑state kinetics

4(R)-2H reduced NADPH (NADPD) was synthe-
sized from NADP+ (Oriental Yeast) and 2-propanol-
d8 (Sigma–Aldrich) by the catalytic reaction of alco-
hol dehydrogenase from Thermoanaerobium brockii 
(Sigma–Aldrich) as reported previously (Chen et al. 1987). 
Synthesized NADPD was purified using AG MP-1 anion 
exchange resin (BIO-RAD, Hercules, CA) by the method 
of Viola et  al. (1979), and stored at −20 °C. Just before 
use, NADPD was thawed and desalted by a HiTrap desalt-
ing column (GE Healthcare Japan, Tokyo, Japan), and its 
purity and concentration were confirmed by absorptions at 
260 and 340 nm. NADPH used in this experiment was also 
prepared by the same method to normalize the effects of 
contaminating salt ions. The deuterium isotope effect in the 
steady-state catalytic reaction, DV, was evaluated as follows 
(David et al. 1992):

where VNADPH and VNADPD are the initial velocities of 
the enzymatic reaction using NADPH and NADPD as a 
cofactor, respectively. The buffer used and concentrations 
of the enzyme, cofactors, and DHF were the same as for the 
pH-dependence measurements.

Steady‑state enzyme kinetics

Steady-state enzyme kinetics were measured at 25 °C and 
pH 6.0 or 8.0. The buffer used was MTE buffer. When the 
kinetics parameters for DHF were measured, the concen-
tration of DHF was varied from 0 to 100 μM, employing 
50 μM NADPH. When those for NADPH were measured, 
the concentration of NADPH was varied from 0 to 150 μM, 
employing 50  μM DHF. Enzyme concentrations were 
10–200 nM, depending on the pH and NaCl concentration, 
and determined by a methotrexate (MTX) titration method 
(Williams et al. 1979). Reaction solutions without DHF or 
NADPH were pre-incubated for 10  min before initiating 
the reaction by the addition of the pre-incubated substrate 
solution.

Effects of NaCl concentration during pre‑incubation

The effects of NaCl concentration during pre-incubation 
were measured at 25 °C and pH 6.0. The buffer used and 
final concentrations of the enzyme, NADPH, and DHF 
were the same as for the pH-dependence measurements. 
Enzyme and NADPH or DHF were pre-incubated for 
10 min under 0 to 2000 mM NaCl, and 100 μL of the solu-
tion were added to 900 μL of the pre-incubated substrate 

(2)D
V =

VNADPH

VNADPD

,
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solution containing an appropriate concentration of NaCl 
for a final concentration of 500 mM. Reaction rate was cal-
culated from absorption change from 60 to 90 s, since that 
from 0 to 60 s was nonlinear for several conditions. Then, it 
was plotted against NaCl concentration during pre-incuba-
tion, and fitted to the following equation:

where Vmax is the maximum velocity, Kd is the dissociation 
constant between enzyme and salt, and V0 is the NaCl con-
centration-independent velocity, which is needed to cor-
rect the effects of 500 mM NaCl included in the reaction 
mixture.

Rapid‑phase ligand‑binding kinetics

The rapid-phase ligand-binding kinetics of DHF and 
NADPH to HjDHFR P1 at various NaCl concentrations 
were measured by a fluorescence quenching method using 
a model SX20 stopped-flow system (Applied Photophys-
ics, Surrey, UK). Three intrinsic tryptophan side chains 
were excited at 280  nm, and fluorescence at approxi-
mately 350 nm was detected using a V-350 bandpass filter 
(Hokushin Optical Works Ltd., Tokyo, Japan). The buffer 
used was MTE buffer (pH 6.0), and temperature was main-
tained at 24.5 °C. The final concentrations of the enzyme, 
DHF, and NADPH in the reaction mixture were 4.8, 50, 
and 25 μM, respectively. The resulting fluorescence inten-
sity as a function of time, F(t), was fitted to a single expo-
nential with linear decay:

where A, kapp, klin, and F∞ are the amplitude of fluorescence 
quenching, apparent rate constants for the exponential and 
linear phases, and finally attaining fluorescence intensity, 
respectively. Since the obtained klin values were negligi-
bly small for the DHF-binding measurements, fitting was 
repeated with this parameter fixed to zero.

To determine ligand-association and -dissociation rate 
constants, the concentration of HjDHFR P1 was reduced 
to 1 μM and those of the ligands were varied from 10 to 
50  μM. Then, the fluorescence decay data were fitted to 
Eq.  4, and the obtained kapp was fitted to the following 
equation (Grubbs et al. 2011):

where kon and koff are the association and dissociation rate 
constants, respectively, and [ligand] indicates ligand con-
centration. The rate constants for THF were measured at 
pH 8.0, and the klin parameter was fixed to zero once again 
for the THF-binding measurements.

(3)V =
Vmax[NaCl]

Kd + [NaCl]
+ V0,

(4)F(t) = A exp
(

kappt
)

+ klint + F∞,

(5)kapp = kon

[

ligand
]

+ koff,

Results

pH and salt dependences of enzyme activity

Figure 1a shows the pH dependence of the enzyme activ-
ity of HjDHFR P1 in the absence or presence of 200 or 
1000  mM NaCl as a logarithmic scale. The apparent pKa 
and pKb values obtained from fittings using Eq. 1 are listed 
in Table 1. The activity of HjDHFR P1 without NaCl was 
obviously pH dependent; it was almost constant at the 
neutral pH region (5.2–8.0) and clearly decreased at the 
higher and lower pH regions with pKa and pKb values of 
5.0 ± 0.2 and 8.4 ± 0.2, respectively. It is known that EcD-
HFR shows similar pH-dependent enzyme activity at neu-
tral to basic pH region, and the rate-determining step of 
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Fig. 1    a pH dependence of the enzymatic activity of HjDHFR P1 
at 25 °C under 0 (black), 200 (red), and 1000 mM (green) NaCl. The 
buffer used was MTE buffer whose pH was adjusted by acetic acid or 
TMAOH. The lines indicate the nonlinear least squares fits to Eq. 1 
(see “Materials and methods”). b NaCl concentration dependence of 
the enzymatic activity of HjDHFR P1 at 25 °C and pH 6.0 (black), 
8.0 (red), and 10.0 (green). Inset of b NaCl (black), TMACl (red), 
and CH3COONa (green) concentration dependences of the enzymatic 
activity of HjDHFR P1 at 25 °C and pH 8.0
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the enzymatic reaction is changed from the THF-releasing 
step at the neutral pH region to the hydride-transfer step at 
a pH greater than 8.4 (Fierke et al. 1987). Therefore, simi-
larly to EcDHFR, the rate-determining step of HjDHFR 
P1 above pH 8.4 was presumed to be the hydride-transfer 
step. However, the rate-determining step from the acidic 
to neutral pH region (pH 5.0–8.0) was unclear, because 
each of the two binding and two releasing steps could be 
a candidate, although the former could be eliminated if 
the DHF and NADPH concentrations in this experimen-
tal condition (both 50 μM) are excessive. The addition of 
NaCl clearly increased the enzymatic activity of HjDHFR 
P1 from the acidic to neutral pH region, but only had small 
effects above pH 8.5. Thus, NaCl accelerated the reaction 
rate of the rate-determining step at the acidic to neutral pH 
region, but did not enhance that at the basic pH region. The 
decrease of pKb values from 8.4 to 7.4 by the addition of 
NaCl also indicated that the hydride-transfer step became 
the rate-determining step at pH 7.4–8.4 by accelerating 
the rate-determining step at this pH region. Conversely, 
decreased enzyme activity at pH 5 in the absence and pres-
ence of NaCl, which is not observed for EcDHFR, might 
suggest the contribution of another dissociable group to the 
enzymatic reaction of HjDHFR P1. However, aggregation 
of the enzyme could contribute because calculated pI of 
this enzyme is 4.8, and the reason for this observation was 
unclear because of poor data points at the acidic pH region.

Figure  1b shows the NaCl concentration dependence 
of the enzyme activity of HjDHFR P1 at pH 6.0, 8.0, and 
10.0. At pH 6.0, enzyme activity was enhanced approxi-
mately eightfold by the addition of 500 mM NaCl, and con-
versely decreased by the further addition of NaCl. At pH 
8.0, only a fourfold enhancement was observed at 250 mM 
NaCl, and the activity decreased gradually at higher con-
centrations of NaCl. Finally, the enzyme activity of HjD-
HFR P1 became independent of NaCl concentration at pH 
10.0 (expanded figure was provided as Fig. S1). This result 
clearly indicated that the reaction rate of the rate-deter-
mining step at the neutral pH region depended on NaCl 
concentration, and that at pH 10 was independent of NaCl 
concentration. In addition, we measured the NaCl, TMACl, 
and CH3COONa concentration dependences of the enzyme 
activity of HjDHFR P1 (inset of Fig. 1b). The difference in 

the activation effects between organic and inorganic cations 
and anions clearly indicated that chloride anions activated 
HjDHFR P1.

Deuterium isotope effects on steady‑state kinetics

To clarify the relationship between the solvent environ-
ment (pH and NaCl concentration) and hydride-transfer 
rate in the catalytic cycle of HjDHFR P1, we measured 
deuterium isotope effects on steady-state enzyme activity. 
The isotope effects, DV, were evaluated by calculating the 
ratio of the initial velocities between using NADPH and 
NADPD as a cofactor, and are listed in Table 2. David et al. 
(1992) reported that DV values in the steady-state turnover 
of EcDHFR could range from 1 to 3, and if the rate-deter-
mining step is hydride transfer, the DV value is close to 3. 
Conversely, if the rate-determining step is 3 times slower 
than the hydride-transfer rate, the DV value is close to 1. 
As shown in Table 2, the DV values of HjDHFR P1 at pH 
10.0 were 2.7–3.3, indicating that hydride transfer was fully 
rate determining independent to NaCl concentration. This 
value was decreased to 1.0–1.2 at pH 6.0, indicating that 
hydride transfer was sufficiently faster than the rate-deter-
mining step at this pH. Conversely, the DV value at pH 8.0 
increased from 1.5 to 2.8 as NaCl concentration increased 
from 0 to 1000  mM, indicating that hydride transfer 
changed from partially rate-determining to fully rate-deter-
mining as the NaCl concentration increased. These data 
clearly showed that the activation mechanism of HjDHFR 
P1 by salt was unrelated to hydride transfer from NADPH 
to DHF.

Steady‑state enzyme kinetics

To confirm that the DHF- and NADPH-binding steps could 
be eliminated as candidates for the rate-determining step 
at the neutral pH region, we determined the steady-state 
kinetics parameters of the enzymatic reaction of HjDHFR 
P1 at 25 °C and pH 6.0 or 8.0 under several concentrations 

Table 1   pKa and pKb values 
calculated from the pH depend-
ence of the enzyme activity of 
HjDHFR P1

The buffer used was MTE 
buffer whose pH was adjusted 
by acetic acid or TMAOH

NaCl/mM pKa pKb

0 5.0 ± 0.2 8.4 ± 0.2
200 4.9 ± 0.1 7.4 ± 0.1
1000 5.4 ± 0.1 7.4 ± 0.1

Table 2   Deuterium isotope effects (DV) on the initial velocity of the 
steady-state enzymatic reaction of HjDHFR P1 at 25 °C and various 
pH and NaCl concentrations

The buffer used was MTE buffer whose pH was adjusted by acetic 
acid or TMAOH

NaCl/mM pH

6.0 8.0 10.0

0 1.0 ± 0.1 1.5 ± 0.0 2.7 ± 0.1
100 1.1 ± 0.0 2.2 ± 0.0 3.3 ± 0.6
200 1.2 ± 0.0 2.5 ± 0.0 3.3 ± 0.1
1000 1.1 ± 0.0 2.8 ± 0.0 2.8 ± 0.1
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of NaCl. The obtained parameters are listed in Table  3. 
At pH 6.0, the kcat values for DHF and NADPH increased 
drastically from 3 to 20  s−1 as the NaCl concentration 
increased from 0 to 500 mM, similar to the activation pro-
file of HjDHFR P1 at this pH (Fig. 1b). However, the Km 
values for DHF and NADPH increased fourfold and only 
slightly, respectively, by the addition of 500 mM NaCl. It 
is noteworthy that the maximum Km values (8.1 ± 0.7 μM 
for both DHF and NADPH) were less than 10 μM. Thus, 
the DHF and NADPH concentrations used for the meas-
urements of pH and salt concentration dependences (both 
50 μM) could be considered to be in excess, and the bind-
ing steps of both substrates were not the rate-determining 
step at pH 6.0. Conversely, at pH 8.0, the kcat values for 
DHF and NADPH only increased slightly from 1.5 to 3 s−1 
as the NaCl concentration increased from 0 to 200 mM and 
decreased gradually at higher NaCl concentrations, which 
also matched the activation profile at this pH (Fig. 1b). In 
addition, the Km values were almost independent of NaCl 
concentration considering experimental error, and the max-
imum values (8.5 ± 1.4 μM and 6.4 ± 1.1 μM for DHF and 
NADPH, respectively) were still less than 10  μM. Thus, 
the concentration of 50 μM could also be assumed to be in 
excess, and the binding steps were also not the rate-deter-
mining step at pH 8.0.

Effects of NaCl concentration during pre‑incubation

To check the maximum activation effect of chloride anions, 
we measured the enzyme activity of HjDHFR P1 at the pH 
6.0 and 500 mM NaCl condition employing pre-incubation 
with various concentrations of NaCl. Figure 2a shows the 
time courses of the absorption changes initiated by the 
addition of the pre-incubated solution containing enzyme, 
NADPH, and various concentrations of NaCl to the DHF 
solution containing an appropriate concentration of NaCl 
to a final concentration of 500 mM. As shown in Fig. 2a, 
the initial slope of the absorption change increased and the 
reaction ended faster as the NaCl concentration increased 
during pre-incubation. The reaction rates of the enzymatic 

reaction were calculated from the slopes of 60–90  s, and 
plotted against the NaCl concentration during pre-incuba-
tion (inset of Fig. 2a). The reaction rate increased gradually 

Table 3   Steady-state kinetic 
parameters for the enzymatic 
reaction of HjDHFR P1 at 25 °C

The buffer used was MTE buffer. NM, not measured

pH NaCl/mM DHF NADPH

Km/µM kcat/s−1 (kcat/Km)/µM−1 s−1 Km/µM kcat/s−1 (kcat/Km)/µM−1 s−1

6.0 0 2.1 ± 0.6 3.4 ± 0.4 1.6 ± 0.5 6.6 ± 1.5 2.5 ± 0.1 0.4 ± 0.1
200 5.1 ± 0.8 11.7 ± 0.5 2.3 ± 0.4 2.7 ± 0.1 8.5 ± 0.1 3.2 ± 0.2
500 8.1 ± 0.7 20.7 ± 0.5 2.5 ± 0.2 8.1 ± 0.7 20.3 ± 0.5 2.5 ± 0.2

8.0 0 8.5 ± 1.4 1.5 ± 0.1 0.2 ± 0.0 6.4 ± 1.1 1.4 ± 0.1 0.2 ± 0.0
200 8.9 ± 1.6 3.1 ± 0.2 0.4 ± 0.1 5.3 ± 1.4 3.2 ± 0.2 0.6 ± 0.2
500 8.0 ± 0.7 2.7 ± 0.1 0.3 ± 0.0 3.6 ± 0.8 2.8 ± 0.1 0.8 ± 0.2

1000 NM NM NM 5.7 ± 0.5 2.0 ± 0.0 0.4 ± 0.2
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Fig. 2   Time course of the absorption change at 340  nm due to the 
enzymatic reaction of HjDHFR P1 at 25 °C and pH 6.0 as a function 
of NaCl concentration during pre-incubation. The enzymatic reaction 
was initiated by the addition of an enzyme-DHF-NaCl mixture to an 
NADPH solution containing NaCl to a final concentration of 500 mM 
(a) or an enzyme-NADPH-salt mixture to a DHF solution containing 
NaCl to a final concentration of 500  mM (b). The buffer used was 
MTE buffer. NaCl concentrations during pre-incubation are indicated 
by the following colors: 0 (black), 250 (red), 500 (green), 750 (blue), 
1000 (cyan), 1250 (magenta), 1500 (yellow), 1750 (orange), and 
2000 mM (dark green). Insets Plots of initial velocities as a function 
of NaCl concentration during pre-incubation. The solid lines are least 
squares fits to Eq. 3 derived by the simple one-to-one binding model 
(see “Materials and methods”)
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as the NaCl concentration during pre-incubation increased 
from 0 to 1000  mM, and became almost constant over 
1250 mM. It is noteworthy that the reaction rate increased 
continuously at more than 500  mM NaCl, in which the 
maximum activity is observed at this pH (Fig.  1b). This 
result clearly indicated that the activation effect of chloride 
anions continued over 500 mM, but higher concentrations 
of NaCl in the reaction mixture reduced the steady-state 
turnover rate of HjDHFR P1. To determine the dissociation 
constant, Kd, between the enzyme and chloride anion, the 
data were fitted to Eq. 3, which were derived from one-to-
one binding of the enzyme and anion. The calculated Kd 
value was 1430 ± 740  mM. Although this value seemed 
inaccurate due to activity measurements in the presence 
of 500 mM NaCl, its successful fitting indicated that bind-
ing of a chloride anion to HjDHFR P1 enhanced enzymatic 
activity.

When the reaction was initiated by the addition of the 
enzyme-DHF-salt mixture to the NADPH solution, similar 
results were also observed, and the calculated Kd value was 
1980 ± 850 mM (Fig. 2b). However, it was noteworthy that 
when the enzyme-DHF solution without NaCl was mixed 
with the NADPH solution containing NaCl, the initial 
slope of the absorbance change at 0 s was very low. Then, 
the slope increased gradually as the reaction progressed up 
to 60 s and became constant. This observation indicated a 
slight acceleration of the enzyme reaction during the reac-
tion period. Such an activation effect was not observed 
when the NaCl concentration during pre-incubation was 
more than 500  mM or the reaction was initiated by mix-
ing the enzyme-NADPH and DHF solutions. Therefore, 
it seemed that DHF could not bind to HjDHFR P1 with-
out NADPH or chloride anions. To confirm this point, we 
measured rapid-phase ligand-binding kinetics.

Rapid‑phase ligand‑binding kinetics

To evaluate the effects of salt on the substrate-binding 
reactions of HjDHFR P1, we monitored the rapid-phase 
(shorter than 1 s) fluorescence quenching of intrinsic tryp-
tophan side chains by the binding of DHF or NADPH at 
pH 6.0 and 24.5 °C under various NaCl concentrations. 
Figure  3 shows typical results of the time courses of the 
fluorescence quenching by binding of DHF (Fig.  3a) or 
NADPH (Fig. 3b) to the enzyme. As shown in Fig. 3a, the 
change in fluorescence due to binding of DHF was very 
small in the absence of NaCl, and it became large as NaCl 
concentration increased, although the concentrations of the 
enzyme and DHF were not changed. This result suggested 
that salt enhanced the binding of DHF to HjDHFR P1. The 
observed fluorescence decay data were fitted to Eq. 4, and 
the obtained apparent rate constant, kapp, and amplitude, A, 
were plotted against NaCl concentration (Table S1, inset of 

Fig. 3a). The A value obviously increased as NaCl concen-
tration increased, similar to the activation effect of chloride 
anions (inset of Fig.  2a). However, kapp was almost inde-
pendent of NaCl concentration in the range of 16 ± 7  s−1. 
These results indicated that DHF could only bind to chlo-
ride anion-bound HjDHFR P1 molecules, but the binding 
rate of DHF was independent of NaCl concentration.

Conversely, fluorescence quenching by the binding 
of NADPH was very rapid in the absence of NaCl, and 
became slower as NaCl concentration increased (Fig. 3b). 
The kapp value was decreased by 20-fold from 365 ± 68 to 
16 ± 0  s−1 as NaCl concentration increased from 250 to 
2000  mM (inset of Fig.  3b). The A value only increased 
by fourfold from 0.19 ± 0.03 to 0.72 ± 0.03 as NaCl con-
centration increased from 250 to 1000  mM, and slightly 
decreased under higher concentrations of NaCl. These 
results suggested that NADPH bound rapidly to chloride 
anion-unbound HjDHFR P1 molecules, and more slowly to 
the chloride anion-bound enzyme.
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Fig. 3   Quenching of intrinsic tryptophan fluorescence by rapid bind-
ing of DHF (a) or NADPH (b) to HjDHFR P1 at 24.5 °C and pH 6.0 
under various NaCl concentrations. The buffer used was MTE buffer 
and the concentrations of enzyme, DHF, and NADPH were 4.8, 50, 
and 25  μM, respectively. Black, red, green, blue, and cyan indicate 
0, 250, 500, 1000, and 2000  mM NaCl, respectively. Insets NaCl 
concentration dependence of the apparent rate constant (black) and 
amplitude parameter (red) of the exponential phase obtained by fitting 
to Eq. 4 (see “Materials and methods”)
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Association and dissociation rate constants of ligands

To obtain information for the effects of salt on the bind-
ing and releasing rates of ligands, the ligand concentra-
tion dependence of the kapp value was measured under 
various NaCl concentrations (Tables S2–S4). As shown 
in Fig.  4a, the kapp value increased as DHF concentration 
increased. Similar results were also obtained for NADPH 
(Fig.  4b). However, fluorescence quenching by the bind-
ing of NADP+ and THF is difficult to measure at pH 6.0; 
therefore, pH was raised to 8.0. As a result, THF binding 
became measurable (Fig. 4c), but the binding of NADP+ to 
HjDHFR P1 could not be measured even at pH 8.0. From 
the slope and intercept of these plots, association and disso-
ciation rate constants, kon and koff, respectively, were deter-
mined, plotted against NaCl concentration in the insets of 
Fig. 4, and are listed in Table 4. As shown in the insets of 
Fig. 4a, c, the kon values for DHF and THF seemed almost 
independent of NaCl concentration; however, the koff val-
ues for THF decreased slightly as NaCl concentration 
increased, consistent with the decrease of the kcat value at 
pH 8.0 (Table 3). This result suggested that the THF-releas-
ing step is the rate-determining step of HjDHFR P1 at the 
neutral pH region, similar to EcDHFR.

Conversely, those for NADPH were significantly, 
approximately 10-fold, decreased as NaCl concentration 
increased from 500 to 2,000 mM (inset of Fig. 4b). Never-
theless, the kon value of 0.42 ± 0.01 μM−1 s−1 at 2000 mM 
NaCl generated a binding rate of 21 s−1 for 50 μM NADPH. 
This rate is substantially faster than the rate-determining 
step at pH 6.0 and 2000 mM NaCl (approximately 3 s−1); 
therefore, the NADPH-binding step is not the rate-deter-
mining step of HjDHFR P1 at the neutral pH region. This 
speculation is also confirmed by the sufficiently small Km 
value for NADPH (5.7 ± 0.5  μM), as mentioned above, 
although this value was measured at pH 8.0 and 1000 mM 
NaCl (Table 3).

Discussion

The enzymatic activity of moderately halophilic enzymes 
shows activation by salt and following inactivation by the 
same salt. Such an observation is confusing because the 
same salt has opposite effects on the same enzyme depend-
ing on its concentration. However, the steady-state turnover 
of these enzyme contains various enzyme-ligand complexes 
and multiple steps between them. Therefore, salt can affect 
the equilibria and reaction rates for these complexes in dif-
ferent ways, and the population of the complexes and the 
rate-determining step of enzyme turnover can be changed 
depending on the salt concentration, resulting in the inver-
sion of the apparent effect of salt on activity. The purpose 
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Fig. 4   NaCl concentration dependence of association (black) and 
dissociation (red) rate constants for DHF (a), NADPH (b), and THF 
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of this study was to clarify such activation and inactiva-
tion mechanisms on the enzyme activity of HjDHFR P1 by 
salt, and discuss them in comparison with those of other 
halophilic DHFRs: HvDHFR 1 and 2, and non-halophilic 
EcDHFR.

Activation mechanism of HjDHFR P1 by salt

From a comparison of the effects of inorganic and organic 
cations and anions, it is obvious that chloride anions 
enhance the enzymatic activity of HjDHFR P1 (inset of 
Fig.  1b). Furthermore, the hyperbolic activation effects 
against salt concentration shown in the insets of Fig. 2 indi-
cated that anion binding was crucial. Although anion can 
bind to both the enzyme and substrates, the effective bind-
ing is occurred on the enzyme or enzyme-ligand complexes 
since the activation effect was observed in the saturated 
substrates condition. However, there are two possibilities 
for such an activation mechanism induced by anion bind-
ing: (1) acceleration of the rate-determining step in the 
catalytic cycle, and (2) population change of the inactive 
(or low-activity) and active (or high-activity) conformers 
caused by the equilibrium shift between them.

The steady-state enzymatic turnover of DHFR includes 
at least five steps: two binding steps of NADPH and DHF, 
hydride transfer from NADPH to DHF, and two releasing 
steps of NADP+ and THF. From the sufficiently small Km 
values observed in the steady-state kinetics experiments, 
the two binding steps can be eliminated as candidates for 
the rate-determining step (Table  3). The constant enzyme 
activity (Fig.  1b) and full isotope effects (Table  2) at pH 
10.0 indicate that the hydride-transfer rate is independent 
of salt concentration, and the activation mechanism affects 
the rate-determining step at the neutral pH region. In addi-
tion, from the rapid-phase ligand-binding experiments, the 
binding rates of DHF and NADPH to HjDHFR P1 and the 
releasing rate of THF from the enzyme were not acceler-
ated by salt (Table 4). Although we could not measure the 
NADP+-releasing rate, the difficulty of this measurement 
suggested a rapid reaction rate for this process and low 

probability that this step was the rate-determining step. 
Therefore, mechanism (1) seems improbable.

Conversely, when the enzymatic reaction was initi-
ated by mixing the enzyme-DHF solution without salt 
to the NADPH solution containing salt, the initial activ-
ity of HjDHFR P1 was low and increased gradually as 
the reaction progressed (Fig.  2b). In addition, the ampli-
tude of fluorescence quenching by the rapid binding of 
DHF clearly increased with increasing salt concentration 
(inset of Fig.  3a). These results indicate that DHF cannot 
bind to HjDHFR P1 before the anion binds to the enzyme. 
Therefore, mechanism (2), population change of the anion-
bound and anion-unbound enzyme conformers, which are 
the binding-competent and -incompetent forms for DHF, 
respectively, is a reasonable explanation for the activation 
mechanism of HjDHFR P1 by salt, although we previously 
reported that the secondary structure of HjDHFR P1 is 
already formed in the absence of salt at pH 6.0 (Miyashita 
et al. 2015).

Such ligand-binding-competent and -incompetent con-
formers are also observed for EcDHFR as E1 and E2, 
respectively (Cayley et al. 1981). In the case of EcDHFR, 
the exponential phase shown in the rapid-phase fluores-
cence quenching reflects the binding of NADPH, DHF, or 
folate to the E1 conformer, and the subsequent linear phase 
reflects interconversion from E2 to E1. Since the binding 
of NADPH to HjDHFR P1 showed similar exponential 
and linear phases (Table  S1), it is possible that the latter 
phase reflect the interconversion of the binding-competent 
and -incompetent conformers. However, such interconver-
sion could be negligible for the salt concentration depend-
ence of the enzyme activity shown in Fig. 1b, because we 
pre-incubated the enzyme with NADPH for 10 min, and the 
pre-incubation from 5 to 20 min showed almost the same 
results (Miyashita et al. 2015). Conversely, binding of DHF 
to HjDHFR P1 showed only single exponential phase sug-
gesting that interconversion between DHF binding-compe-
tent and -incompetent conformers seems hardly occurred 
without salt, although additional measurements in longer 
time scale are needed.

Table 4   Association and 
dissociation rate constants 
between ligands and HjDHFR 
P1 at pH 6.0 and 24.5 °C

The buffer used was MTE buffer
ND not detected, NM not measured
a The values for THF were measured at pH 8.0

NaCl/mM DHF NADPH THFa

kon/μM−1 s−1 koff/s−1 kon/μM−1 s−1 koff/s−1 kon/μM−1 s−1 koff/s−1

250 0.52 ± 0.05 4.2 ± 1.2 ND ND 0.32 ± 0.02 3.5 ± 0.3
500 0.50 ± 0.03 5.0 ± 0.9 3.1 ± 0.2 92.9 ± 6.7 0.19 ± 0.00 4.9 ± 0.1
1000 0.65 ± 0.05 2.7 ± 1.3 1.6 ± 0.3 6.8 ± 5.1 0.21 ± 0.01 4.3 ± 0.5
1500 NM NM 0.63 ± 0.05 8.8 ± 1.4 0.19 ± 0.01 3.6 ± 0.3
2000 0.39 ± 0.02 3.1 ± 0.6 0.42 ± 0.01 7.5 ± 0.3 0.17 ± 0.01 2.9 ± 0.2
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Inactivation mechanism of HjDHFR P1 by salt

As discussed above, the activation mechanism of HjD-
HFR P1 by salt could be explained by the population 
change of the active and inactive forms of the enzyme. 
Thus, the rate-determining step of enzyme turnover need 
not change according to salt concentration. Therefore, it 
is presumable that the rate-determining step at the neu-
tral pH region is the THF-releasing step, as for EcD-
HFR, and the rate of this step was decelerated by salt. 
The consistency between the kcat and koff values for THF 
confirms this presumption (Tables  3, 4). We previously 
suggested that the inactivation profile of HjDHFR P1 
is exponential and not explained by the binding of salt 
(Miyashita et  al. 2015). The deceleration of the THF-
releasing step is consistent with this observation.

Salt effects on the elementary steps of the enzymatic 
reaction of HjDHFR P1

From the experimental results of this report, we sum-
marized the salt effects on the elementary steps of the 
enzymatic reaction of HjDHFR P1 as shown in Fig.  5. 
Anion-unbound enzyme and anion-bound enzyme are in 
equilibrium in solution. The NADPH-binding rate for the 
former conformer is more rapid than for the latter one. DHF 
can bind only to the latter conformer, but the reaction rate 
is salt concentration independent. During steady-state turn-
over, hydride transfer from NADPH to DHF, which is the 
rate-determining step at the basic pH region, is independent 
of salt concentration. In addition, the THF-releasing step, 
which is the rate-determining step at the neutral pH region, 
is decelerated by salt. Although anion-unbound enzyme 
can create another catalytic cycle, as we assumed in a pre-
vious report, the catalytic efficiency of this conformer is 
very low compared with the anion-bound conformer and it 
can be ignored.

Fig. 5   Schematic drawing of 
the effects of salt on the elemen-
tary steps of the enzymatic 
reaction of HjDHFR P1 at the 
neutral pH region. Objects 
shown in gray and pink indicate 
the anion-unbound and anion-
bound conformers, respectively. 
Triangle symbols represent DHF 
(orange) and THF (red), respec-
tively. Star symbols represent 
NADPH (green) and NADP+ 
(light blue), respectively. The 
red and blue arrows indicate 
salt concentration-dependent 
and -independent processes, 
respectively. Thick arrows indi-
cate the major reaction pathway
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Comparison with other DHFRs

It is noteworthy that the activation mechanism of HjD-
HFR P1 is consistent with previous results for other hal-
ophilic DHFRs (i.e., HvDHFR 1 and 2). Salt induces the 
structural formation of both HvDHFRs resulting in an 
enhancement of their enzymatic activity (Wright et  al. 
2002). The equilibrium and kinetic stability studies of 
HvDHFR 1 show that structural formation indicates a 
population increase of the number of folded molecules 
caused by destabilization of the unfolded state (Gloss 
et al. 2008). However, the stabilizing effect of salt is not 
specific for halophilic enzymes; the same effect is also 
observed for EcDHFR (Wright et al. 2002). In addition, 
the structural formation of HvDHFR 1 is almost com-
plete at 1 M KCl, as determined by monitoring CD and 
fluorescence spectra, although it is activated monoto-
nously up to 3.5  M KCl (Wright et  al. 2002). Thus, 
HvDHFR 1 should have another activation mechanism. 
Blecher et al. (1993) reported that the Km value for DHF 
is decreased by tenfold from 0.9 to 0.08 mM as KCl con-
centration increases from 0.5 to 3.0  M, indicating the 
enhancement of the affinity between DHF and HvDHFR 
1. Such an observation can be explained by the existence 
of binding-competent and -incompetent conformers for 
DHF. Conversely, HvDHFR 2 shows similar salt concen-
tration dependence of enzyme activity to HjDHFR P1, 
with a maximum at 500 mM and gradual decrease by the 
further addition of KCl. Although the detailed activa-
tion and inactivation mechanisms are not clear, the same 
mechanisms can be presumed.

Since the rate-determining step of EcDHFR at the 
neutral pH region is the THF-releasing step, EcD-
HFR should also show a similar salt-inactivation pro-
file to HjDHFR P1. However, according to previous 
reports, the enzymatic activity of EcDHFR is markedly 
decreased as NaCl concentration increases (Baccanari 
et  al. 1975; Ohmae et  al. 2013). This is caused by the 
binding of an inorganic cation near the substrate-bind-
ing cleft, which was confirmed by NMR experiments. 
Although inorganic cations strongly inhibit the enzyme 
activity of EcDHFR, TMACl, which has an organic cat-
ion, induces a gradual decrease of its activity, an approx-
imately 30% reduction from 0 to 500 mM at pH 8.0, con-
sistent with the inactivation effect of NaCl on HjDHFR 
P1 (Ohmae et  al. 2013). Therefore, deceleration of the 
THF-releasing rate by salt may be a common feature 
of both DHFRs, and HjDHFR P1 may have maximum 
activity in the absence of salt if the population change of 
the active conformer has not occurred.

Conclusions

HjDHFR P1 shows moderately halophilic characteristics 
for enzymatic activity at pH 6.0, although there are no sig-
nificant effects of NaCl on its secondary structure, as moni-
tored by CD spectra. pH and salt concentration dependen-
cies showed that the enzyme was activated at the acidic to 
neutral pH region, but not activated at the basic pH region, 
in which the rate-determining step was the hydride-trans-
fer step. Conversely, rapid-phase ligand-binding experi-
ments using stopped-flow fluorescence quenching showed 
that the amplitude of the rapid binding of DHF to HjD-
HFR P1 increased with increasing NaCl concentration at 
pH 6.0, although the reaction rate was almost constant. In 
addition, the THF-releasing rate decreased with increasing 
NaCl concentration, consistent with the decrease of the kcat 
value. These results suggested that the activation mecha-
nism of HjDHFR P1 by salt is population change of anion-
unbound and anion-bound conformers, which are binding-
incompetent and -competent forms for DHF, respectively. 
On the other hand, the salt-inactivation mechanism is via 
deceleration of the THF-releasing rate, which is the rate-
determining step at the neutral pH region. This activa-
tion mechanism may also be possible for other halophilic 
DHFRs—HvDHFR 1 and 2—and the inactivation mecha-
nism may be a common feature of non-halophilic EcDHFR.
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