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ABSTRACT: A weak association between osmolytes and dihydrofolate
(DHF) decreases the affinity of the substrate for the Escherichia coli chro-
mosomal and R67 plasmid dihydrofolate reductase (DHFR) enzymes. To
test whether the osmolyte−DHF association also interferes with binding of
DHF to FolM, an E. coli enzyme that possesses weak DHFR activity, ligand
binding was monitored in the presence of osmolytes. The affinity of FolM
for DHF, measured by kcat/Km(DHF), was decreased by the addition of an
osmolyte. Additionally, binding of the antifolate drug, methotrexate, to FolM
was weakened by the addition of an osmolyte. The changes in ligand binding with water activity were unique for each osmolyte,
indicating preferential interaction between the osmolyte and folate and its derivatives; however, additional evidence provided
support for further interactions between FolM and osmolytes. Binding of the reduced nicotinamide adenine dinucleotide
phosphate (NADPH) cofactor to FolM was monitored by isothermal titration calorimetry as a control for protein−osmolyte
association. In the presence of betaine (proposed to be the osmolyte most excluded from protein surfaces), the NADPH Kd
decreased, consistent with dehydration effects. However, other osmolytes did not tighten binding to the cofactor. Rather,
dimethyl sulfoxide (DMSO) had no effect on the NADPH Kd, while ethylene glycol and polyethylene glycol 400 weakened
cofactor binding. Differential scanning calorimetry of FolM in the presence of osmolytes showed that both DMSO and ethylene
glycol decreased the stability of FolM, while betaine increased the stability of the protein. These results suggest that some
osmolytes can destabilize FolM by preferentially interacting with the protein. Further, these weak attractions can impede ligand
binding. These various contributions have to be considered when interpreting osmotic pressure results.

I f water is involved in an interaction, perturbation of water
activity will alter binding. For example, shorter contact dis-

tances usually exclude water. Typically, increasing the concen-
tration of small molecule osmolytes results in tighter binding,
consistent with dehydration of the protein−ligand interface,
which leads to stronger binding as water is released.1 We pre-
viously probed the role of water in R67 dihydrofolate reductase
(DHFR) by adding various osmolytes to steady-state kinetic
assays and ITC binding experiments. Tighter binding of the
NADPH cofactor and weaker binding of the substrate, dihydro-
folate, upon addition of the osmolyte were observed.2 While
different osmolytes had similar effects on NADPH binding,
variable results were observed when DHF binding was probed.
Weaker binding of DHF in the presence of osmolytes can

occur by either destabilization of the enzyme-ligand complex
or stabilization of the free enzyme or the free ligand. For R67
DHFR, as each symmetry-related binding site accommodates
either NADPH or DHF and different behavior is observed
upon addition of the osmolyte (either weaker DHF binding or
tighter cofactor binding, e.g., water release), we can use binding
of NADPH to R67 as an internal control.2−4 This analysis
suggests effects on the free enzyme or the enzyme−cofactor
complex are unlikely as numerous osmolytes have the same
effect on cofactor binding, consistent with a preferential exclu-
sion mechanism in which osmolytes are excluded from the
protein surface.5−8 Elimination of these options for DHF

binding leaves osmolyte effects on free DHF. A corollary of the
hypothesis that DHF has differential interactions with osmo-
lytes is that related osmolyte effects should then be observed in
any enzyme that uses DHF, for example, the nonhomologous
chromosomal DHFR from Escherichia coli (EcDHFR).
Using the logic described above, osmotic stress studies were

performed using EcDHFR.9 Tighter binding of NADP+ and
weaker binding of DHF were again observed. The slopes asso-
ciated with plots of ln Ka(DHF), the association binding constant,
versus ln(water activity) were similar for EcDHFR and R67
DHFR. Because positive slope values associated with ligand
binding are unusual,10−12 and as similar values are observed for
DHF binding in two quite different DHFR scaffolds, this result
supports the hypothesis that osmolytes associate weakly with
free DHF. [If we consider the other side of the coin, as folate is
hydrophobic with a logP value of −3.875 (logP is a partition
coefficient reflecting solubility in water vs octanol), water
prefers to interact with the osmolytes rather than DHF.] This
model, depicted in Figure 1, uses a variation of the preferential
interaction model in which the osmolytes bind DHF, albeit
weakly. If osmolytes are bound and more difficult to release
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than water, then weaker binding of the substrate to DHFR
results. In this scenario, the osmolytes shift the binding equilib-
rium toward the free species and inhibit complex formation.
In the next step, we question the prevalence of this phenom-

enon by investigating if other DHFRs continue to show the
same behavior. Other enzymes capable of serving as DHFRs
have been identified in organisms lacking chromosomal DHFR,
also known as FolA.13−15 For example, while pteridine reduc-
tase (PTR1) from Leishmania major normally reduces biopterin
and dihydrobiopterin, it can also reduce DHF. The homo-
logous gene in E. coli is ydgB (renamed folM). The presence of
FolM allows E. coli to grow even when the chromosomal
DHFR gene has been deleted as a double FolA (encoding
EcDHFR) plus FolM deletion in E. coli is synthetic lethal.16

PTR1 and FolM are short chain dehydrogenases/reductases
that utilize an entirely different structure and active site residues
(K198-Y194-D181 catalytic triad in PTR1).17,18 Most recently,
FolM has been proposed to be a dihydromonapterin reductase
in which this substrate has a pteridine ring with a -CHOH-
CHOH-CH2OH tail.19

A summary of available information describing EcDHFR,
R67 DHFR, PTR1, and FolM is given in Table 1.20 Figure 2
compares the crystal structures of EcDHFR, R67 DHFR, and
PTR1. While a structure and more kinetic information are
available for PTR1, we chose to work with the FolM protein
from E. coli as PTR1 shows substrate inhibition,21 which could
complicate the analysis of osmolyte effects on DHF binding.

■ MATERIALS AND METHODS
Protein Expression. The FolM gene from E. coli cloned

into pET21B was a generous gift from A. Hanson (University
of Florida, Gainesville, FL).19 This FolM construct carries an
N-terminal His tag (MGHHHHHHH-), and expression is con-
trolled by a lac promoter.13 The plasmid was transformed into
Rosetta 2 E. coli cells (EMD Millipore). For protein expression,
cells were grown at 37 °C in TB medium containing 100 μg/mL
ampicillin and 30 μg/mL chloramphenicol. When the optical
density reached 0.6 at 550 nm, IPTG was added to give a
final concentration of 1 mM. Cells were grown for an addi-
tional 5 h, centrifuged, and frozen. For lysis, cells were re-
suspended in 50 mM sodium phosphate buffer (pH 8.0) con-
taining 300 mM NaCl with 20% (v/v) glycerol and sonicated.

Figure 1. Model showing the preferential interaction of osmolytes
with free DHF. Removal of water (★) and/or osmolytes (red sym-
bols) from the solvation shell of DHF is required for the ligand to bind
to DHFR. If the DHF−osmolyte association is stronger than the
DHF−water interaction, the binding equilibrium is shifted to the left,
favoring the unbound state. This results in a decreased binding affinity
of DHF for DHFR. This model does not exclude interactions between
osmolytes and the protein.

T
ab
le

1.
C
om

pa
ri
so
n
of

R
el
ev
an
t
St
ru
ct
ur
al

an
d
Fu

nc
ti
on

al
P
ar
am

et
er
s
fo
r
E
cD

H
FR

(p
H

7.
0)
,
R
67

D
H
FR

(p
H

7.
0)
,
P
T
R
1
(p
H

6.
0)
,
an
d
Fo

lM
(p
H

6.
0)

Ec
D
H
FR

(F
ol
A
)

R
67

D
H
FR

(t
yp
e
II
D
H
FR

)
PT

R
1
(L
.m

aj
or
)

Fo
lM

m
on
om

er
si
ze
a

15
9
am

in
o
ac
id
s,
17
99
9
D
a

78
am

in
o
ac
id
s,
84
30

D
a

28
8
am

in
o
ac
id
s,
30
45
7
D
a

24
0
am

in
o
ac
id
s,
27
49
6
D
a

ol
ig
om

er
ic
st
at
e

m
on
om

er
b

te
tr
am

er
c

te
tr
am

er
d

te
tr
am

er
(t
hi
s
st
ud
y)

no
.o

f
ac
tiv
e
si
te
s

1
1

4
4

st
ru
ct
ur
al
fe
at
ur
es

ei
gh
t-
st
ra
nd
ed

m
ix
ed

β-
sh
ee
t
w
ith

fo
ur

α
-

he
lic
al
co
nn
ec
tin

g
st
ra
nd
sb

fo
ur

β-
ba
rr
el
s;
si
ng
le
ac
tiv
e
si
te

po
re

co
m
po
se
d
of

re
si
du
es

fr
om

fo
ur

su
bu
ni
ts
c

se
ve
n-
st
ra
nd
ed

pa
ra
lle
l
β-
sh
ee
t
sa
nd
w
ic
he
d
be
tw
ee
n

th
re
e
α
-h
el
ic
es

on
ei
th
er

si
de
d

N
D

vo
lu
m
e
of

th
e
ac
tiv
e

si
te
e
(Å

3 )
16
77

(1
R
A
2)

36
26

(1
V
IE
)

13
92
−
19
20

(2
B
FA

)
N
D

tr
im
et
ho
pr
im

K
i

20
pM

f
15
0
μM

g
N
D

>1
.4

m
M
h

m
et
ho
tr
ex
at
e
K
i
or

K
d

0.
07

nM
i

>5
00

μM
j

30
−
25
5
nM

k
5.
9
μM

h

N
A
D
PH

K
m
or

K
d

(μ
M
)

0.
94
l

3.
0m

14
.2
k

1.
9
(K

m
),
h
3.
86

±
0.
29

(K
d,
th
is
st
ud
y)

D
H
F
K
m
(μ
M
)

1.
2l

5.
8m

3.
4k

9.
0,
h
4.
3
±

0.
6
(t
hi
s
st
ud
y)

k c
at

28
s−

1
(p
ro
du
ct

re
le
as
e)
,l
23
8
s−

1
(h
yd
rid

e
tr
an
sf
er
)n

1.
3
s−

1m
0.
38

μm
ol

m
in

−
1
m
g−

1
(V

m
ax
)k

0.
08
3
μm

ol
m
in

−
1
m
g−

1
(V

m
ax
),
h

0.
24
0
±

0.
00
9
s−

1
(k

ca
t,
th
is
st
ud
y)

na
tu
ra
l
su
bs
tr
at
e

D
H
F

D
H
F

bi
op
te
rin

,d
ih
yd
ro
bi
op
te
rin

k
di
hy
dr
om

on
ap
te
rin

o

a
M
ol
ec
ul
ar

w
ei
gh
t
ca
lc
ul
at
ed

us
in
g
ht
tp
:/
/w

eb
.e
xp
as
y.
or
g/
cg
i-b
in
/p
ro
tp
ar
am

/p
ro
tp
ar
am

.b
Fr
om

re
fs
76

an
d
77
.c
Fr
om

re
fs
78

an
d
79
.d
Fr
om

re
f1

7.
e C

al
cu
la
te
d
fr
om

C
as
tp

80
(h
tt
p:
//
ca
st
.e
ng
r.u
ic
.e
du
/

ca
st
/)
.f
Fr
om

re
f
81
.g
Fr
om

re
f
82
.h

Fr
om

re
f
13
.i
Fr
om

re
f
83
.j
Fr
om

re
f
84
.k
T
he

K
i
va
lu
e
de
pe
nd
s
on

su
bs
tr
at
e
(f
ro
m

re
f
21
).
l F
ro
m

re
f
85
.m

Fr
om

re
f
86
.n
Fr
om

re
f
87
.o
Fr
om

re
f
19
.

Biochemistry Article

dx.doi.org/10.1021/bi4014165 | Biochemistry 2014, 53, 1330−13411331

http://web.expasy.org/cgi-bin/protparam/protparam
http://cast.engr.uic.edu/cast/
http://cast.engr.uic.edu/cast/


Purification entailed loading and elution from a Ni2+ nitrilotri-
acetic acid agarose column (Qiagen). The protein was eluted in
the same buffer using a gradient from 10 to 250 mM imidazole.
Sodium dodecyl sulfate−polyacrylamide gel electrophoresis
analysis showed a single band, and fractions were flash-frozen in
liquid N2 and stored at −80 °C. An Econo-Pac 10DG column
(Bio-Rad) was used to exchange buffers upon defrosting. Pro-
tein concentrations were determined using a bicinchoninic acid
(BCA) (Pierce) assay.
Steady-State Kinetics. Steady-state kinetic data were ob-

tained at 30 °C in MTA polybuffer at pH 6.0 using a Perkin-
Elmer λ35 spectrophotometer as described previously.22 MTA
buffer consisted of 50 mM MES, 100 mM Tris, and 50 mM
acetic acid; it maintains a constant ionic strength (μ = 0.1 M)
from pH 4.5 to 9.5.23 Protein concentrations in the assay were
95−280 nM. To remove a lag, the enzyme was preincubated
with NADPH and the reaction initiated by addition of DHF.
DHF Km values were measured in the presence of a saturating
NADPH concentration (32−76 μM). Initial rates were fit to
the Michaelis−Menten equation in Sigmaplot. DHF was pre-
pared by reduction of folate as described by Blakley.24 NADPH
was purchased from Alexis Biochemicals. Concentrations of DHF
and NADPH were measured using their respective extinction
coefficients at 340 nm, 7.75 × 103 and 6.23 × 103 M−1 cm−1,
respectively.25 The extinction coefficient for the DHFR reaction
is 12.3 × 103 M−1 cm−1.26

Isothermal Titration Calorimetry (ITC). Affinities,
stoichiometries, and enthalpies of binding were determined as
previously described.3 At least two replicate titrations were
performed using a VP-ITC microcalorimeter from MicroCal;
240 s separated each injection, allowing for baseline equili-
bration. FolM concentrations ranged from 8.5 to 15 μM in
MTA buffer (pH 6). For titrations with osmolyte present, MTA
buffer and the osmolyte were used in the reference cell. The
“c value” (=[Ptotal]/Kd) ranged from 1 to 8, within the sug-
gested range of 1−1000.27
Origin version 7.0 was initially used to analyze the ITC data.

The data were then exported into SEDPHAT; this program
allows global fitting of replicate data sets.28 A single-site model
(A + B ↔ AB) was used for the fitting process, and errors were
calculated using the Monte Carlo for nonlinear regression
option. For some experiments, baseline slopes and noise

hindered integration of the ITC data by Origin. Therefore, the
automated peak analysis program NITPIC29 was used to inte-
grate those data files to obtain the heat for each injection before
further analysis with SEDPHAT.

Ultracentrifugation. Sedimentation velocity experiments
were performed using absorbance optics in a Beckman Optima
XL-I ultracentrifuge. The FolM sample was exchanged into
MTA buffer (pH 6), and 15.7 μM FolM monomer was used in
the experiment. Sedimentation velocity analysis was conducted
at 50000 rpm and 25 °C using an An50 Ti eight-hole rotor.
Sedimentation velocity analysis was performed by direct
boundary modeling using the Lamm equation and Sedfit30

(see http://www.analyticalultracentrifugation.com). Partial spe-
cific volume (0.7269) and buffer viscosity values were deter-
mined using SEDNTERP31 (see http://www.jphilo.mailway.
com/download.htm). The density of the buffer was determined
using an Anton Paar DMA 35 vibrating tube density meter.

Water Activity Measurements. The solution osmolality
was measured using a Wescor 5500 vapor pressure osmometer.
This value was converted into water activity according to the
equation

= − ×a eH O
0.018 osmolality

2 (1)

where aH2O is the water activity.32

Differential Scanning Calorimetry. Thermal unfolding of
FolM was monitored between 25 and 95 °C using a Microcal
VP differential scanning microcalorimeter (DSC). The instru-
ment was operated using the data acquisition and analysis pro-
gram (Origin version 7.0) supplied by the manufacturer; 9−
11 μM FolM (monomer concentration) samples were prepared
in MTA polybuffer (pH 6) with or without osmolytes. Scan
rates were 1 and 1.5 °C/min. Scans were repeated three times.

Circular Dichroism. CD was used to monitor the effect of
cosolvents on the secondary structure of FolM using an AVIV
model 202 instrument. Briefly, at least five scans were taken on
samples containing 9 μM protein in 50 mM phosphate buffer
with 100 mM NaCl (pH 6.0) with or without the osmolyte
using 0.5 nm steps and a 2 s integration. An average spectrum
was calculated. The CD data were normalized as the mean
residue ellipticity by using 110 g/mol as the mean residue
molecular weight.22

Figure 2. Structures of the various DHFRs. (A) E. coli chromosomal DHFR structure (PDB entry 1RA2).88 Bound NADP+ is colored magenta and
bound folate cyan. (B) R67 DHFR structure (PDB entry 1VIF). Each color corresponds to a different monomer. The central doughnut hole is the
active site. Bound NADP+ and DHF are colored magenta and cyan, respectively.4 (C) L. major PTR1 structure (PDB entry 2BFA).18 Each different
monomer is colored differently. Bound NADPH and CB3717 are colored magenta and cyan, respectively.
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Fluorescence Quenching. Binding of methotrexate
(MTX) (Sigma-Aldrich) to 2 μM FolM was monitored in
MTA buffer (pH 6) using tryptophan fluorescence as described
by Zhuang et al.33 MTX concentrations were determined at
pH 13.0 using an extinction coefficient of 22000 M−1 cm−1 at
302 nm.34 Spectra were recorded on a Perkin-Elmer LS55
fluorimeter. The sample was excited at 295 nm, and emission
spectra were recorded from 315 to 450 nm. Data were fit to

= − + +

− + + −

⎡⎣
⎤⎦

F F P K L

P K L P L

Fl 0.5

( ) 4

o o tot d tot

tot d tot
2

tot tot (2)

where Fl is the observed fluorescence, Ltot is the total ligand
concentration, and Ptot, Kd, and Fo are variables describing the
number of enzyme binding sites, the dissociation constant, and
the fluorescence yield per unit concentration of enzyme,
respectively.
Homology Modeling. A homology model was created for

FolM in MOE version 2010 (Chemical Computing Group,
Montreal, QC) using the structure of L. major PTR1 (PDB
entry 2BFA) as a template.18 Primary sequences for FolM and
PTR1 were aligned, and FolM was modeled as a tetramer.
Modeling was performed using the ligands bound in the 2BFA
structure (NADPH and 10-propargyl-5,8-dideazafolate) as
additional templates for the active site of the protein. The
homology model with the fewest deviations in the φ and ψ
angles from Ramachandran values is described below.

■ RESULTS

Ultracentrifugation. A previous comparison of PTR1 and
FolM primary sequences13 using the ClustalW program yields a
score of 22, where the score describes “the number of identities
between the two sequences, divided by the length of the
alignment, and represented as a percentage”.35 To determine if
any homology extends past the primary sequence, the oligo-
merization state of FolM was assessed via sedimentation veloc-
ity analysis. The monomer mass of FolM with an N-terminal
His tag is 27496.5 Da according to Expasy ProtParam36 calcu-
lations. Figure 3 shows the ultracentrifugation data that indicate
that FolM has an s value of 5.85 S, corresponding to a mass of

106 kDa. This mass is consistent with FolM being a tetramer,
suggesting a structural homology with PTR1 beyond that of the
primary sequence as PTR1 is also a tetramer.
Using this information, a homology model for FolM was

constructed from the structure of tetrameric PTR1 (PDB entry
2BFA) (with bound NADPH and 10-propargyl-5,8-dideazafolate,
e.g., CB3717).17,18 Figure S1 of the Supporting Information
shows this predicted structure. The predicted catalytic triad
residues, D139, Y152, and K156, remain in the active site, sug-
gesting a reasonable model. Also, R17, S87, and W89 are in the
active site of the FolM homology model; the comparable
residues in PTR1 interact with the dihydrobiopterin substrate
in the 1E92 structure.

Stability. As our initial forays with FolM found it tended to
precipitate in low-ionic strength phosphate buffer and at higher
pH values, we investigated its stability using differential scanning
calorimetry (DSC). Figure 4 shows the resulting thermogram.

Use of a two-state transition to fit the DSC thermogram did not
accurately encompass the entire transition, so a three-state
transition was used for fitting, yielding two Tm values of 60.5 ±
0.8 and 63.0 ± 0.3 °C (scan rate of 1.5 °C/min). The
calorimetric enthalpy (ΔHd) for the first transition was 42.4 ±
3.4 kcal/mol, while the ΔHd for the second transition was
32.4 ± 3.5 kcal/mol. Thermal denaturation of FolM results in
protein precipitation; thus, the scans are not reversible. Irre-
versible unfolding prohibited obtaining further thermodynamic
information, such as the van’t Hoff enthalpy.37,38 We also
considered whether FolM might display kinetic stability effects
where a high free energy barrier between the native and
unfolded state keeps either the unfolded or an intermediate
state from aggregating.39,40 This possibility can be tested by
decreasing the scan rate.39 As shown in Figure S2 of the
Supporting Information, a slower scan rate of 1 °C/min results
in lower Tm values for both transitions (58.7 ± 6.2 and 61.4 ±
1.0 °C), suggesting FolM displays kinetic stability effects.40

Additional DSC scans were performed for a range of FolM
concentrations (4−11 μM) at a scan rate of 1.5 °C/min (data
not shown). Both Tm values and the ΔHd for the first transition
were constant as the protein concentration changed. The ΔHd
for the second transition increased approximately 2-fold as the
FolM concentration was changed from 4 to 11 μM. The
protein concentration dependence of the FolM thermogram
suggests that a conformational change best describes the event

Figure 3. Sedimentation velocity data for FolM (15.7 μM) in MTA
buffer (pH 6.0). The ultracentrifugation of FolM was monitored by
the change in absorbance at 280 nm. The data were fit to the
sedimentation distribution constant, c(s), model in SedFit. A mass of
106 kDa was obtained, which indicates FolM forms a tetramer
(monomer mass of 26.3 kDa). No evidence of other oligomerization
states was noted.

Figure 4. Fit of DSC data for FolM (11 μM) in MTA buffer (pH 6.0)
at a scan rate of 1.5 °C/min. The solid black line is the DSC
thermogram. The dashed black lines are fits of each of the transitions
in the thermogram. The sum of the individual transition fits is shown
as a dotted line that overlays the thermogram data. Fits of the data
yield a Tm1 of 60.5 ± 0.8 °C and a Tm2 of 63.0 ± 0.3 °C.
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accompanying Tm1, while Tm2 is related to tetramer disso-
ciation. Alternatively, an increased level of aggregation of the
denatured protein at higher concentrations of FolM could lead
to an artificial change in Tm2.
Steady-State Kinetics. Previous characterization of FolM

showed higher activity at lower pH.13,19 To balance increased
FolM activity with DHF solubility and NADPH stability issues,
we also performed our assays at pH 6. Our steady-state kinetic
values in MTA buffer are listed in Table 1. Both Giladi et al.13

and Nare et al.21 report Vmax values of 0.083 μmol min−1 mg−1

for FolM and 0.38 μmol min−1 mg−1 for PTR1. While we
report kcat values (per FolM monomer) in Table 1, our Vmax
value (0.52 μmol min−1 mg−1) is slightly higher than that for
PTR1 (0.38 μmol min−1 mg−1),21 and both are higher than the
value for FolM from Giladi et al. (0.083 μmol min−1 mg−1).13

Our DHF Km value is also ∼2-fold smaller than the value of
Giladi et al.13 These differences may arise due to variations in
buffer and/or protein stability as Giladi et al.13 used 0.1 M
phosphate buffer and Pribat (personal communication)19 found
addition of 100 mM NaCl helped minimize precipitation of
the protein in low-ionic strength phosphate buffer. Additionally,
the crystal structure of pteridine reductase (PTR1) from
Leishmania donovani shows sulfate occupying the phosphate
binding site of the adenine-ribose phosphate for the NADPH
cofactor.41 The use of phosphate buffer by Giladi et al.13 may
provide some level of competition for cofactor binding.
Osmolyte Effects. To determine if osmolyte addition alters

the secondary structure of FolM, CD scans were obtained in
several osmolytes that do not absorb in the far-UV range.
Figure S3 of the Supporting Information shows only minor
effects, suggesting osmolyte addition does not drastically alter
protein structure.
Cofactor binding was also monitored by ITC. A represen-

tative thermogram is shown in Figure S4 of the Supporting
Information. Thermodynamic values for the binding of the
cofactor are given in Table S1 of the Supporting Information. A
linear trend between ln Ka(NADPH) and ln(water activity) was
noted for all the osmolytes used to examine cofactor binding
(Figure 5). The slope of this plot indicates the preferential

interaction or exclusion of the osmolytes involved in the bind-
ing of NADPH to the enzyme. The slopes associated with the
individual osmolytes for this type of plot are listed in Table 2.

As betaine has been proposed to be the osmolyte most ex-
cluded from protein surfaces,42 it is not surprising that addition
of betaine decreased the cofactor Kd (or increased the cofactor
Ka). The addition of glycerol also resulted in tighter cofactor
binding. In contrast, the change in Kd(NADPH) in the presence of
DMSO (10, 15, and 20%) was within error of the value for
buffer alone (Figure S5A of the Supporting Information). How-
ever, cofactor binding was weakened in the presence of ethylene
glycol or polyethylene glycol 400 (PEG400) (see Figure S5B of
the Supporting Information for a plot of the PEG400 data).
This pattern of no effect or weakened binding of cofactor in the
presence of osmolytes was not noted for R67 DHFR,2 and only
sucrose decreased the level of binding of NADP+ to EcDHFR,9

suggesting a more complex behavior associated with FolM.
The thermal stability of FolM was studied to understand the

weakening of cofactor binding by osmolytes. The effects of
betaine, DMSO, and ethylene glycol on the thermal stability of
FolM were examined by DSC (Figure 6A). Betaine increased
the temperature at which FolM melted and broadened the
thermogram, while DMSO decreased the melting temperature
and narrowed the thermogram. The denaturation peaks still fit
to two transitions. Increases of 8.8 and 9.2 °C for Tm1 and Tm2,
respectively, were noted in 20% betaine compared to FolM in
buffer (see Figure 6B). When DMSO was considered, addition
of 20% solute decreased Tm1 by 8.5 °C and Tm2 by 9.1 °C. Simi-
larly, Tm1 and Tm2 decreased by 5.9 and 6.8 °C, respectively, in
the presence of 20% ethylene glycol. The changes in Tm values
were linear for betaine, ethylene glycol, and DMSO osmolality;
however, opposite slopes were observed. For all three osmo-
lytes, ΔHd (calorimetric enthalpy of denaturation) was unchanged
for the first and second thermal transitions. These results parallel
other reports in the literature in which osmolytes affect the
hydration shell of the protein.43−47 When osmolytes associate
with the protein surface, they are destabilizing. When osmolytes
are excluded from the protein surface, they are stabilizing.
The effects of osmolytes on kcat/Km(DHF) were investigated

next. Three different osmolytes (betaine, DMSO, and sucrose)
were initially chosen as they previously had significant effects
on the binding of DHF to R67 DHFR and EcDHFR. These
osmolytes also have different characteristics and can be used to
parse out effects on viscosity and/or solution dielectric. For
example, while sucrose and betaine both affect water activity, they
provide opposite effects on the dielectric constant of the
solution.1,48,49 If both compounds show similar results in osmo-
lality plots, then effects on the dielectric constant are not involved.
Using steady-state kinetics, we find addition of an osmolyte

increases the Km(DHF) (Table S2 of the Supporting Information).
Figure 7 shows the linear relationships associated with plots of
ln[kcat/Km(DHF)] versus ln(water activity). As a precaution, we
also plotted effects on solution viscosity or solution dielectric,
and overlapping data were not observed. These figures are
presented as Figures S6 and S7 of the Supporting Information.
No effects on kcat were noted except for ∼1.5-fold increases in
20% glycerol, 20% ethylene glycol, and DMSO. In general, the
slopes for FolM compare with those previously determined
for R67 DHFR and EcDHFR, providing further support for
our model in Figure 1. The effects of higher-molecular weight
osmolytes on the binding of DHF to FolM were explored
using polyethylene glycols (PEGs). Kinetic experiments using
PEG400 and PEG3350 were performed with a separate FolM
prep that yielded a 1.8-fold higher kcat/Km(DHF) value in MTA
buffer. PEGs have a larger effect on kcat/Km(DHF) than small
molecule osmolytes.

Figure 5. Effect of osmolytes, measured as water activity (ao), on the
binding of NADPH to FolM in MTA (pH 6.0). Binding was measured
using ITC. The data point in buffer is shown as a gray circle, and the
data for buffer and betaine (△, long dash line), glycerol (●, dotted
line), and ethylene glycol (☆, dotted−dashed line) are shown. Error
bars are shown and in some cases are smaller than the symbols.
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As Km can contain kinetic terms, Kd measurements would
also be appropriate for testing osmolyte effects on binding. ITC
measurements of binding of DHF to either apo FolM or the
FolM−NADP+ binary complex using ITC were unsuccessful
because of a weak signal and DHF degradation over the 2−3 h
duration of the titration. Therefore, we turned to binding of the
antifolate methotrexate (MTX). MTX is stable at pH 6 and
provides a reasonable signal. It also provides a window into
osmolyte effects on folate analogues. The titration of MTX into
apo FolM gave no discernible heat signal. The lack of heat
released or absorbed during the titration could be due to either
no binding or no signal associated with binary complex
formation. To differentiate between these scenarios, the
quenching of tryptophan fluorescence upon binding of MTX
to FolM was measured (Figure S8 of the Supporting
Information). This titration was fit to eq 2, yielding a Kd(MTX)
of 0.90 ± 0.24 μM with a stoichiometry of 0.84 ± 0.20 MTX
bound per FolM monomer. Previous fluorescence studies using
apo PTR1 found folate binds with a Kd of 13 μM50 and DHF
binds with a Kd of 10 μM.21 Product inhibition studies as well
as the PTR1 crystal structure indicate an ordered mechanism
with cofactor binding first, followed by substrate.17,21 For our
ITC titration of MTX into FolM, the observation of no heat
signal indicates entropy-driven binding. As MTX is reasonably
hydrophobic (logP = −2.1654), this may be due to desolvation
effects.51

Binding of MTX to the FolM−NADPH binary complex was
also measured by ITC. A sample titration is given in Figure S9
of the Supporting Information. A Kd of 3.68 ± 0.39 μM was
obtained for binding of MTX to the FolM−NADPH binary
complex, which is close to the Ki of 5.9 μM determined by
Giladi et al.13 The effects of betaine, glycerol, and ethylene
glycol on MTX binding were also examined (Table S3 of the
Supporting Information). Compared to that with buffer alone,
the Kd(MTX) increased ∼3-fold in 20% betaine. Likewise, the
Kd(MTX) increased 1.5- and 2-fold in 20% glycerol and 20%
ethylene glycol, respectively. The change in ln[Ka(MTX)] versus
ln(water activity) of the osmolyte solutions was plotted
(Figure 8). Slopes for the betaine, ethylene glycol, and glycerol
data in these plots were 35 ± 10, 11 ± 1, and 8 ± 1, respec-
tively. To the best of our knowledge, this is the first examina-
tion of osmolyte effects on MTX binding, and the results
parallel the FolM DHF binding effects listed in Table 2. We
note similar positive slopes were previously obtained for
binding of DHF to the R67 DHFR−NADP+ and EcDHFR−
NADP+ complexes in betaine and glycerol (Table 2).2,9

To analyze the binding mechanism further,52 a 1:1 mixture of
NADPH and MTX was titrated into FolM. The data could be
fit to a single-binding site model. The enthalpy obtained was
−22.1 ± 0.1 kcal/mol, which is close to the sum of the
enthalpies for the binding of NADPH to apo FolM and binding
of MTX to the NADPH−FolM binary complex (−25 kcal/mol).
Similarly, the ΔG for the concurrent titration of both ligands
was −15.5 ± 0.1 kcal/mol, while the sum of the ΔG values
for the NADPH binary and MTX ternary titrations was
−14.8 kcal/mol. The near equivalence of the ΔG and ΔH
values for the titration of MTX and NADPH into FolM with
the sum of the NADPH binary and MTX ternary experiments,
coupled with no enthalpy associated with MTX binary binding,
is consistent with an ordered binding mechanism in which
NADPH binds first, followed by MTX.52 Two alternate
possibilities are that MTX binds first and rearranges upon
NADPH binding or that the cofactor binding site is not totallyT
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occluded so that the cofactor can bind without release of MTX.
Luba et al. found nonproductive binding of DHF to PTR1,
extending the similarities between FolM and PTR1.53

■ DISCUSSION
One model of how enzymes work considers desolvation.54−59

As cosolutes can compete with water to associate with molec-
ular surfaces, we now expand the desolvation model of enzyme
action to include removal of cosolutes such as osmolytes. If
the DHF−osmolyte pairs are more difficult to break than the
DHF−H2O pairs (desolvation), then weaker binding of the
substrate to DHFR results. This is a solvent substitution sce-
nario, and as shown in Figure 1, this situation shifts the binding
equilibrium toward the free species.
Because our model posits the critical species for the osmolyte

effects is the DHF substrate rather than the DHFR enzyme, we
ask whether our observation can be extended to other DHFRs
(and ultimately to other folate utilizing enzymes). To test this
model, we have previously used R67 DHFR and EcDHFR; we
now add FolM to the list. We chose FolM as a representative
short chain dehydrogenase that can reduce DHF. While FolM

has not been as well characterized as the canonical pteridine
reductase, PTR1, it does not show substrate inhibition.
Previous characterization of the FolM protein has been

minimal. In this study, we provide several additional details.
Our ultracentrifugation studies find FolM is a tetramer. This
observation is consistent with the structure of the canonical
pteridine reductase, PTR1, which is also tetrameric.17 A FolM
homology model produced using PDB entry 2BFA for PTR118

leads to a FolM model with the proposed catalytic triad resi-
dues placed in the active site cavity. Nearby the FolM active site
are residues R237 and R168, which appear to be close enough
to form ion pairs with the α- and γ-carboxylates of the Glu tail
of DHF and provide tighter binding than the proposed
dihydromonapterin substrate.19 [For comparison, the Nε atom
of R287 is 3 Å from the α-carboxylate of bound CB3717
(antifolate) in the active site of PTR1 in PDB entry 2BFA.]
Another pertinent observation is that binding of DHF to FolM
has a weak enthalpic signal, making binding difficult to measure
by ITC.
Binding of the antifolate methotrexate to FolM was also char-

acterized. To garner additional information about the binding
mechanism, SEDPHAT was used to globally fit both binary

Figure 6. (A) Effect of osmolytes on the thermal stability of FolM in MTA buffer (pH 6.0) (black line), buffer with 10% betaine (magenta), buffer
with 20% betaine (red), buffer with 10% DMSO (cyan), and buffer with 20% DMSO (blue). All DSC experiments were performed with a scan rate
of 1.5 °C/min. (B) Effect of betaine (△), DMSO (○), and ethylene glycol (☆) on Tm1 of FolM in MTA buffer (pH 6.0). The effects of betaine,
DMSO, and ethylene glycol on Tm2 are shown in the inset.

Figure 7. Effect of osmolytes on the DHF reduction activity of FolM
in MTA buffer (pH 6.0). Activity studies were performed in the pre-
sence of buffer (gray circle), betaine (△), DMSO (○), sucrose (□),
glycerol (●), and ethylene glycol (☆). The change in 1/Km(DHF) with
water activity (ao) is shown in the inset. Slopes of the plots are listed in
Table 2.

Figure 8. Effect of osmolytes, measured as water activity (ao), on
binding of MTX to the FolM−NADPH complex in MTA (pH 6.0) at
25 °C. ITC studies were performed in buffer (gray circle), betaine
(△), ethylene glycol (☆), and glycerol (●).
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complex titrations as well as the ternary complex.28 Figure S10
of the Supporting Information shows the global fit, and
Table S4 of the Supporting Information gives the fit values. In
general, the global fit values are similar to those derived from
the individual fits. Binding thermodynamics obtained from the
global fit indicated that MTX binds to apo FolM, with a
minimal ΔH of 0.81 kcal/mol. (Fit values are not appreciably
altered when ΔH is set to 0 kcal/mol, though the errors are
large.) The ΔG for binding (−8.12 kcal/mol, Kd of 1.09 μM)
was surprisingly more negative than that for either the NADPH
binary or MTX ternary experiments. This fit value concurs with
the fluorescence quenching data for binding of MTX to apo
FolM, indicating tighter MTX binary than ternary binding.
The difference between binding of MTX to apo FolM and
the FolM−NADPH binary complex suggests that MTX may
bind somewhat differently depending upon whether NADPH
is already bound. This is not surprising because, in PTR1,
NADPH forms part of the MTX binding site.17,18 While FolM
has many other interesting features, we chose to pursue osmo-
lyte effects.
Betaine Effects on Ligand Binding. As DHFR uses two

substrates, an internal control monitors the effects of osmolytes
on binding of the second ligand and/or cofactor. This allows us
to determine if osmolytes associate with folate by observation
of weaker folate binding in the presence of osmolytes coupled
with tighter binding of the second ligand. In the presence of
betaine, NADPH binds more tightly to FolM, while DHF
binds more weakly. A decrease in Kd(NADPH) with an increasing
betaine concentration is consistent with preferential exclusion
of betaine from FolM and/or NADPH. Similar trends of beta-
ine on cofactor and substrate binding were noted for both R67
DHFR and EcDHFR.2,9 These results continue to support our
model in Figure 1 in which betaine associates with free DHF.
They also support more general models in which betaine acts as
a natural protective molecule in E. coli under times of osmotic
stress and is the osmolyte most excluded from protein sur-
faces.42,60−63 A related observation is that betaine typically
increases the stability of proteins by an increased hydration
mechanism.64,65

Betaine also weakens the binding of methotrexate. As MTX
differs from folate by the substitution of an amine group for a
carbonyl off C4 of the pterin ring as well as a methyl group off
N10, these changes apparently do not greatly alter the weak
attraction with betaine. Our previous nuclear magnetic reso-
nance and osmometry results found betaine weakly associates
with both the pterin and benzoyl rings of folate.66 Also, Capp
et al.62 has studied the interaction of betaine with small mole-
cules and found that betaine associates with aromatic groups
and amide nitrogens. Both these moieties are found in DHF as
well as MTX; thus, it is not surprising that betaine effects on
MTX binding are also found. This analysis suggests that prefer-
ential interaction with osmolytes is likely a general property of
folate derivatives. It also predicts that in vivo binding of anti-
folates will be weakened by osmotic stress conditions.
The interaction between betaine and other molecules can

be predicted using μ23/RT values established by the Record
group.62 μ23/RT values, closely related to preferential interac-
tion coefficients, measure the favorability of a molecule (in this
case, betaine) interacting with another solute as compared to water.
From Table 1 of ref 62, the strongest association exists between
betaine and sodium benzoate (μ23/RT value of −0.091 m−1).
A negative (repulsive) interaction was found between beta-
ine and tripotassium citrate with a μ23/RT value of 1.2 m−1.

Intermediate μ23/RT values span this range and allow pre-
diction of interaction potentials, from strong to weak. NADPH
has a predicted μ23/RT value of 1.11 m−1, indicating that its
interactions with betaine are unfavorable. From the data in
Figure 5, a Δμ23/RT of 0.43 ± 0.13 m−1 was calculated for the
interaction of betaine with NADPH. This is slightly lower than
the predicted value, but it still predicts minimal association
between betaine and NADPH. Our results for binding of the
cofactor to FolM, as well as R67 DHFR2 and EcDHFR,9 indi-
cate negative interactions between betaine and NADPH, con-
curring with the predicted μ23/RT value. Likewise, the pre-
dicted μ23/RT values for DHF, folate, and MTX (0.35, −0.01,
and 0.01, respectively) indicate they are more likely to asso-
ciate with betaine; this calculation agrees qualitatively with
our experimental results. The Δμ23/RT values calculated from
Figures 7 and 8 are −0.69 ± 0.03 and −0.63 ± 0.17 m−1 for
DHF and MTX, respectively. While the experimental values are
different from the predicted μ23/RT values, the presence of
other solutes in the experiment may potentially affect the actual
Δμ23/RT value. Overall, this analysis suggests exclusion of
betaine from the solvation shell of NADPH and preferential
interaction of betaine with folate, DHF, and MTX.

Other Osmolytes Weaken Ligand Binding. In contrast
to betaine, other osmolytes weaken the binding of NADPH
to FolM. It is unlikely that these osmolytes are attracted to
NADPH, as DMSO, ethylene glycol, and PEG400 all increased
the affinity of the cofactor for R67 DHFR and EcDHFR.2,9 The
most likely alternative is that these osmolytes associate with
FolM.8,67 This is an additional complicating factor.
For most osmolytes studied, the kcat/Km(DHF) decreased with

added osmolyte, with most of the effects on Km(DHF). These
results are similar to the decrease in kcat/Km(DHF) for R67
DHFR with increasing osmolyte concentrations.2 The most
likely cause of the decrease in the FolM kcat/Km(DHF) is associ-
ation of the osmolyte with free DHF. The range in slopes
for kcat/Km(DHF) with water activity indicates that there are
differences in the preferential interaction between glycerol or
betaine (for example) and DHF and/or that there are addi-
tional attractions between the osmolytes and FolM.42,67 Similar
preferential interactions were also noted for binding of DHF to
EcDHFR.9 In addition, binding of the antifolate drug meth-
otrexate was monitored and found to be weakened by the
addition of osmolytes.

How Do Osmolytes Alter Ligand Binding? There are
several options for how osmolytes affect the binding of both
cofactor and substrate to FolM. Osmolyte effects on NADPH
affinity for R67 DHFR and EcDHFR were mostly due to
changes in water activity by the osmolytes.2,9 However, in the
FolM case, some osmolytes increase the affinity of NADPH,
while others decrease the affinity. One scenario that could ac-
count for these variable effects is one in which some osmolytes
may bind to FolM in such a way as to prevent NADPH from
binding. This could involve osmolyte binding and/or solvation
of FolM in the active site. Alternatively, osmolyte association at
another site(s) could alter the conformation of FolM or the
population of apo FolM states such that the cofactor binding
equilibrium is shifted toward the free state.68,69 Removal of
these osmolytes would require input of energy to the system
and lead to weaker binding of NADPH to FolM.
While osmolytes that are excluded from the protein surface

stabilize proteins (e.g., trimethylamine oxide with chemically
modified RNase T1,

70 FolM with betaine), denaturants that inter-
act with the protein (for example, urea) destabilize proteins.70−74
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DMSO,44,45 as well as other osmolytes,43 has also been found
to destabilize proteins. Lin and Timasheff propose it is the
difference between association of the cosolvent with the native
and denatured state that affects the stability of a protein com-
pared to water.75 From this point of view, while the interactions
of DMSO or ethylene glycol with FolM are not so apparent
upon comparison of the CD spectra with and without osmo-
lytes, these weak interactions are clear when NADPH Kd values
and Tm values are compared. While addition of DMSO and
ethylene glycol did not weaken the binding of the cofactor to
R67 DHFR and EcDHFR, apparently the different sequence,
surface, and/or structure of FolM results in an attractive effect.
Thus, each protein presents different contexts and effects. The
case with betaine (most excluded) allows evaluation of the
simplest case, while addition of other osmolytes can have
variable effects that depend on the protein.
Once sufficient NADPH is added to overcome the negative

effect of the osmolyte−FolM interaction, work has been done.
It is not clear whether other osmolyte−FolM interactions are
present and also exact a penalty on binding of DHF or MTX to
the FolM−NADPH complex. Again, the clearest case involves
betaine, where the two effects are more clearly separated. Pre-
ferential exclusion of betaine from NADPH and FolM results in
water release upon NADPH binding (tighter Kd values). How-
ever, association of betaine with DHF or MTX results in
weaker substrate and/or inhibitor binding. Occam’s razor sug-
gests this pattern will continue with the other osmolytes with
the added layer of osmolyte−FolM effects. When the slope
values are compared for the ln[kcat/Km(DHF)] versus ln(ao)
plots, if osmolyte−FolM interactions affected DHF binding (in
addition to osmolyte−DHF interactions), we might expect
even larger positive numbers. However, the values are generally
smaller than those observed for R67 DHFR and EcDHFR. This
observation may suggest osmolyte−FolM effects do not further
weaken DHF ternary complex formation.
Another consideration that may come into play with respect

to the smaller positive slopes (Table 2) associated with the
FolM ln[kcat/Km(DHF)] versus ln(ao) plot is the contact area
between DHF and the FolM−NADPH complex. Based on the
crystal structure of PTR1 with the folate-based inhibitor
CB3717,18 portions of the pterin and PABA rings do not
contact the binding site; instead, they are exposed to solution.
Similarly, parts of the substrate may also be solvent-exposed
when bound to FolM. In this scenario, the number of osmo-
lytes that have to be removed from DHF prior to its binding to
FolM may be less than for R67 DHFR or EcDHFR because of
this difference in solvent exposure. With fewer osmolytes
removed, the increase in FolM Km(DHF) or Kd(MTX) would not
be as great as it is for R67 DHFR or EcDHFR.
Comparison of DHFR Enzymes. Osmolytes influence the

binding of ligands to FolM differently compared to that for R67
DHFR and EcDHFR. For both R67 DHFR and EcDHFR, each
osmolyte had a unique effect on DHF binding.2,9 These results
are interpreted as the preferential interaction of the osmolytes
with the proteins.42,67 Different slopes were noted for binding
of DHF to FolM, as well (Figure 7), which suggests preferential
interaction of the osmolytes with FolM. However, unlike the
other DHFRs, FolM binding of NADPH is also weakened in
the presence of some osmolytes (Figure 5). The destabilizing
interactions of osmolytes with FolM also perturb cofactor
binding.
Though R67 DHFR, EcDHFR, and FolM all have DHFR

activity, they all have very different structures (Figure 2). All

three have weakened substrate binding in the presence of
osmolytes, indicating that interactions of the osmolyte with free
DHF do shift the substrate binding equilibrium toward the free
state. However, the three DHFR enzymes all interact to differ-
ent extents with the osmolytes, as well. The different sequence
and structural characteristics of each enzyme make each en-
zyme more, or less, susceptible to associating with osmolytes.
In the case of FolM, some of these osmolyte interactions can
destabilize the enzyme, weakening ligand binding, as well.
Unfortunately, a comparison of the active sites of R67 DHFR,
EcDHFR, FolM, and two pteridine reductases does not show
large differences in character, precluding prediction of protein−
osmolyte effects at this time. More details of the comparison
are provided in the Supporting Information.

■ CONCLUSION

Preferential interaction of osmolytes with DHF and the anti-
folate methotrexate decreases their affinity for FolM. In addi-
tion to the interaction of osmolytes with the substrate and/or
inhibitor, some osmolytes associate with and destabilize FolM.
Destabilization of FolM by DMSO, ethylene glycol, and PEG400
weakens the binding affinity of NADPH. These osmolyte−FolM
interactions may also contribute to the decrease in DHF affinity.
Therefore, while interaction between osmolytes and DHF can be
noted for FolM, additional interactions between some osmolytes
with FolM complicate the analysis.
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DMSO and PEG400, a plot of the change in ln[kcat/Km(DHF)]
versus solution viscosity, a plot of the change in ln[kcat/
Km(DHF)] versus dielectric constant, a fluorescence quenching
titration of MTX into apo FolM, a representative ITC thermo-
gram and fit of data for the binding of methotrexate to FolM, a
global fit of six ITC titrations describing binary and ternary
complex formation, and a discussion of the different character
of the DHFR and PTR1 active sites as well as a figure showing
a multiple-sequence alignment of FolM and PTR1 charac-
terized by a disorder prediction site. This material is available
free of charge via the Internet at http://pubs.acs.org.
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