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ABSTRACT: Chromosomal dihydrofolate reductase from
Escherichia coli catalyzes the reduction of dihydrofolate to
tetrahydrofolate using NADPH as a cofactor. The thermody-
namics of ligand binding were examined using an isothermal
titration calorimetry approach. Using buffers with different
heats of ionization, zero to a small, fractional proton release
was observed for dihydrofolate binding, while a proton was
released upon NADP " binding. The role of water in binding =
was additionally monitored using a number of different osmo-
lytes. Binding of NADP ™ is accompanied by the net release of
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~5—24 water molecules, with a dependence on the identity of the osmolyte. In contrast, binding of dihydrofolate is weakened in the
presence of osmolytes, consistent with “water uptake”. Different effects are observed depending on the identity of the osmolyte. The
net uptake of water upon dihydrofolate binding was previously observed in the nonhomologous R67-encoded dihydrofolate
reductase (dfrB or type II enzyme) [Chopra, S., et al. (2008) J. Biol. Chem. 283, 4690—4698]. As R67 dihydrofolate reductase
possesses a nonhomologous sequence and forms a tetrameric structure with a single active site pore, the observation of weaker DHF
binding in the presence of osmolytes in both enzymes implicates cosolvent effects on free dihydrofolate. Consistent with this
analysis, stopped flow experiments find betaine mostly affects DHF binding via changes in k., while betaine mostly affects NADPH
binding via changes in kg Finally, nonadditive enthalpy terms when binary and ternary cofactor binding events are compared
suggest the presence of long-lived conformational transitions that are not included in a simple thermodynamic cycle.

hromosomal dihydrofolate reductase catalyzes the NADPH-
dependent reduction of dihydrofolate (DHF) to tetrahy-
drofolate (THF). As this enzyme is the target for numerous
drugs, including the antibacterial drug trimethoprim (TMP) and
the anticancer drug methotrexate (MTX), it has been examined
by nuclear magnetic resonance (NMR), crystallography, muta-
genesis, stopped flow, molecular dynamics, and many other
approaches for more than 30 years.' > This study utilizes iso-
thermal titration calorimetry (ITC) to probe binding in chro-
mosomal DHFR from Escherichia coli (ECDHFR). Previous
calorimetry approaches have focused on proton uptake asso-
ciated with methotrexate binding to mammahan DHFRs** o
used calorimetry to look at catalysis.*” In addition, a recent
calorimetry study of a nonhomologous, type Il DHER typified by
R67 DHER has proven to be helpful.®
Figure 1 compares the structures of ECDHFR and R67 DHFR.
EcDHFR is a monomer vmth an eight-strand 3-sheet core and
four surrounding ot-helices.” The basic structure consists of two
rigid subdomains separated by a hinge region.'® Ligand binding is
accompanied by movement of the Met20 loop (residues
9—-24).>'"!2 The Met20 loop assumes a closed position in the
productive catalytic complex as well as complexes in which the
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nicotinamide ring of the cofactor stacks favorably with the
pteridine ring of the substrate as in the E-DHF+-NADP" com-
plex, where E is the enzyme (a list of the ligation states and
corresponding loop positions is given in Table 1 of ref 13). The
E-NADPH complex also displays a closed loop. In other
complexes (such as E-DHF, E-folate, and E- THF complexes
and various E-NADP" - THF, E-THF, and E-NADPH-THF
product complexes), the Met20 loop occupies an occluded
position in the active site, displacing the nicotinamide ring of
the cofactor outside of the binding pocket. Additional movement
in the FG and GH loops (residues 119—132 and 142—150,
respectively) also occurs upon binding. In contrast, R67 DHFR is
a homotetramer possessing 222 symmetry, and the single active
site pore can bind either two cofactors, two substrates, or one
cofactor and one substrate 14716 Thege results, and a ternary
complex crystal structure,'” indicate NADPH and DHF occupy
related sites. The latter is the productive complex. Few changes in
the R67 structure occur upon ligand binding.'®™'®
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Closed Loop
Occluded Loop

Figure 1. (A) Structure of PDB entry 1RX4 (occluded loop) overlaid with the structure of PDB entry 1RX2 (closed loop).> The 1RX4 structure is
colored blue with bound dideazafolate and NADP™ colored orange and cyan, respectively. The 1RX2 structure is colored black with bound folate and
NADP™ colored magenta and green, respectively. The Met20 loop (residues 16—22) is colored red. In the occluded state, the Met20 loop protrudes into
the binding site. (B) Structure of R67 DHFR (PDB entry 2RH2""). Each polypeptide chain in the homotetramer is colored differently. The central hole
is the active site, and bound dihydrofolate and NADP™ are colored magenta and green, respectively. The p-aminobenzoyl-glutamate tail of DHF is

disordered.

For those readers interested in a further comparison of the two
DHEFRs, we have provided Table S1 in Supporting Information.
In addition, a 200S review compares and contrasts the properties
of these two enzymes.' At this point, we note ECDHFR has
been described as a very well evolved enzyme® while R67 has
been proposed to be a primitive enzyme.'”*"** Alist of traits that
support the designation of R67 as a primitive enzyme is given in
Table S2 of the Supporting Information.

This study uses ITC to focus on the role of water. If water is
involved in a binding interaction, perturbation of water activity
should alter binding. For example, shorter contact distances
typically exclude water. In the binding of lac repressor to DNA,
Fried et al.*® found increasing concentrations of ethylene glycol,
betaine, and other osmolytes resulted in tighter binding. They
interpreted this behavior as arising from dehydration of the
protein—DNA interface, which led to tighter binding as water
was released. This same type of behavior has been observed in
R67 DHEFR, as tighter binding of NADPH was observed upon
addition of an osmolyte.® For the latter interaction, all osmolytes
tested showed similar results, consistent with preferential exclu-
sion of the solutes from the protein surface.”* ¢

For DHF binding to R67 DHFR, the opposite behavior has
been observed, ie., weaker substrate binding with increasing
osmolyte concentrations, suggesting water stabilizes DHF bind-
ing. This unusual observation is typically taken to describe water
uptake upon ligand binding and often is associated with con-
formational changes.”**”*® Weaker binding of a ligand in the
presence of osmolytes can be achieved by either destabilization of
the enzyme - ligand complex or stabilization of the free enzyme or
the free ligand. For R67 DHFR, the same symmetry-related site
binds either DHF with water uptake or a cofactor with water
release. Because each site can bind either NADPH or DHF, we
use binding of NADPH to R67 as an internal control; this
suggests effects on the free enzyme or the enzyme - cofactor
complex are unlikely as numerous osmolytes have the same
effect, consistent with a preferential exclusion mechanism in
which osmolytes are excluded from the protein surface.”* ¢

Elimination of these options for DHF binding leaves effects of
osmolytes on free DHF. A corollary of the hypothesis that DHF
has differential interactions with water and osmolytes is that
related osmolyte effects should then be observed in both R67 and
E. coli chromosomal DHFRs.

With these studies as background, we began experiments to
probe the role of water in DHF binding to EcDHFR, using
osmolytes with different properties to determine if the primary
effect was due to water or some other variable. To provide a
complete picture of ligand binding, we additionally monitored
the effects of osmolytes on the interaction of NADP™" with
EcDHER. Using various osmolytes, this study finds water release
accompanies NADP™ binding, while weaker binding of DHF
occurs in the presence of osmolytes.

Bl MATERIALS AND METHODS

Protein Expression and Purification. A synthetic gene for
EcDHFR was synthesized by Genscript and cloned into the
pJET1.2 vector. The mutant (up) promoter sequence from
Flensburg and Skold was used,” and codons for a GGGGHH-
HHHH sequence were added to the end of the gene to allow
addition of a His tag sequence. High yields of wild-type (wt)
DHER were obtained when expressed in E. coli DHSQ. Protein
was purified using a nickel-NTA column (Invitrogen), followed
by a methotrexate (MTX) affinity column (Sigma Chemicals).
Elution of wt ECDHFR from the MTX affinity column required
addition of folate, which was subsequently removed with a DEAE
column.*® Purified protein was dialyzed against distilled, deio-
nized H,O and then lyophilized. Protein concentrations were
determined with a BCA (Pierce) assay.

Isothermal Titration Calorimetry. Affinities, stoichiometries,
and AH values associated with binding were determined usin.
isothermal titration calorimetry (ITC) as previously described."
At least two replicate titrations for each condition were per-
formed using a VP-ITC microcalorimeter from MicroCal; 180—
240 s was allowed after each injection for baseline equilibration.
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DHEFR concentrations ranged from 8.5 to 20 M. The initial
buffer used was MTA polybuffer (pH 7); it contained 50 mM
MES, 100 mM Tris, and S0 mM acetic acid and maintains a
constant ionic strength (¢ = 0.1) from pH 4.5 to 9.5.%" All buffers
contained 1 mM EDTA and S mM [-mercaptoethanol. For
titrations with an osmolyte present, MTA buffer with osmolyte
was used in the reference cell. The “c value” (=[P]ora/Ka)
ranged from 1 to 68, within the suggested range of 1—1000.*

Origin version 7 and SEDPHAT>® were used to analyze the
ITC data. Export of Origin fits into SEDPHAT allows global
fitting of replicate data sets. These fits used the single-site model
(A 4+ B <> AB). Errors were calculated using the Monte Carlo
for nonlinear regression option.

In ITC, the enthalpic signal describes all the components
involved in the binding process, including any effects associated
with proton release (or uptake). To determine whether proton
release or uptake occurs, binding was performed in various
bufters, which possess different heats of ionization and proton-
ation. If no proton release or uptake occurs, the observed
enthalpy value remains constant. However, if binding is coupled
to perturbation of a pK,, such that proton release or uptake
occurs, then the observed enthalpy signal varies according to the
following equation:

AHobservec] = AHbinding + nAHprotonation (1)

where AH pqerved is the observed enthalpy change upon binding
of ligand to enzyme, AH,otonation i the protonation enthalpy of
the buffer (same pH and temperature), and 7 is the number of
protons transferred upon ligand binding.** To assess proton
uptake and release upon ligand binding in EcDHFR, ITC
titrations were performed in several buffers. The additional
buffers were 100 mM MOPS with 31 mM NaCl; 100 mM
HEPES with 62 mM NaCl; another polybuffer consisting of
33 mM succinic acid, 44 mM imidazole, and 44 mM diethano-
lamine (SID); and 47 mM potassium phosphate buffer. The
same pH and ionic strength (u) that were used for the MTA
buffer (pH 7.0, u = 0.1) were maintained. Heats of ionization and
protonation for the buffers were determined in separate ITC
experiments as described by Jelesarov and Bosshard.* Briefly, a
5 mM solution of HCl was titrated into the sample cell containing
buffer. Ten injections (S uL) allowed measurement of an average
enthalpy change. A control titration injected distilled, deionized
H,O into buffer to correct for the heat of dilution. The following
enthalpy changes were measured at 25 °C and pH 7: —7.28 &
0.01 kcal/mol for SID, —6.97 & 0.01 kcal/mol for MTA, —4.59 +
0.01 kcal/mol for MOPS with NaCl, —4.23 4 0.01 kcal/mol for
Hepes with NaCl, and —1.01 % 0.01 kcal/mol for phosphate.
The values for Hepes, MOPS, and phosphate are similar to those
previously measured.**

Water Activity Measurements. A Wescor 5500 vapor pres-
sure osmometer was used to obtain the osmolality of the
solutions. This value was converted into water activity using
the equation

an,o = 670.018><osmolality (2)

where ay o is the water activity.*®
The binding of ligand, for example, DHF, to EcDHFR in a
buffer containing neutral osmolytes (S) can be described by

DHF + EcDHFR <= EcDHFR -DHF + vy,0H,0 + vsS

(3)

where vy o and Vg are the stoichiometric coefficients of water
and the osmolyte, respectively. From the work of Wyman,*” In K,
can be related to In ay o according to

d(ln K,)

d(In ag)
9(In ap,0) ] )

=V 14
o s L(ln an,0)

Various groups have found that low-molecular weight osmolztes
are preferentially excluded from the surface of proteins.>* ¢
This observation suggests that the value of vy o would pre-
dominate over Vg in eq 4. This prediction can be tested by using
osmolytes from different classes, which differentially associate
with proteins (and presumably ligands as well***).

Rapid Kinetics. Stopped flow experiments at room tempera-
ture (20.5 °C) were performed on a model SX20 Applied
PhotoPhysics system with a dead time of 1 ms. For NADPH
binding, the samples were excited at 290 nm and a 455 nm filter
was used to monitor the transfer of energy from the enzyme to
cofactor. Enzyme and ligand were mixed, and the resulting data
were fit using Pro-Data SX. Two phases were observed; 5—20
traces of the fast phase (2—200 ms time interval) were fit to a
single exponential with a linear rate:

F(t) = Aexp( —kypt) + kot + B ()

where F(t) is the fluorescence intensity as a function of time, A is
the amplitude of the quench, k,,;, and k, are the exponential and
linear rates, respectively, and B is the final fluorescence. The
linear rate corrects for the small contribution of the slow rate on
the fast time scale. The slow phase was observed from 200 ms to
200 s, and the data were fit to a single exponential. The final
protein concentration was 0.5 #M, and NADPH concentrations
varied from 0.125 to 2 uM.

For DHF binding, quenching of tryptophan fluorescence
(excitation at 280 nm) using a 320 nm cutoff filter was mon-
itored. The final protein concentration was 0.4 M, while DHF
concentrations varied from 0.15 to 4.8 uM. The fast phase was
treated as described above. For the slow phase, an upward, linear
slope was also present and appeared to be associated with some
DHEF process, possibly photobleaching®® or photolysis.*” The
origin of the slope was identified by observation of a similar trend
for mixing DHF with buffer. To correct for this effect, we
subtracted the kinetic trace from the DHF control from the
DHF—enzyme slow phase. However, this correction appeared to
be inconsistent as sometimes a slope remained. Therefore,
analysis of the slow phase was not pursued.

Cayley et al.*® proposed a model describing the observed
biphasic binding data. In this model, two interconvertible con-
formations of DHFR exist (E; and E,); however, ligand (L)
binds to only one of these forms (E;) with high affinity.

E,<E, +L < E;-L (6)

The fast phase describes binding of ligand to E; and the slow
phase the interconversion of E, to E; with subsequent binding of
ligand to E,. If binding of ligand to E, is a simple bimolecular
process, then the observed rate constant for the fast phase
quench can be described by

kapp = kon [ligand] + kog (7)

where k., and k.g are the association and dissociation rate
. 38,40,41
constants, respectively.
A second, independent method for determining k.g uses a
competition approach. Here, when dissociation of an enzyme-
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Table 1. Thermodynamic Parameters Associated with Formation of Binary and Ternary Complexes in MTA Buffer at pH 7, 25 °C,

and g = 0.1°
complex Ky (uM) AG (kcal/mol) AH,,, (kcal/mol) TAS (kcal/mol) n
DHF binding to EcDHFR 1.77+£0.13 —7.84 —10.54+03 —2.67 0.94+£0.01
folate binding to EcDHFR 4.72 +0.50 —7.26 —11.7+038 —4.43 0.81+0.03
NADPH binding to EcDHFR 0.195+ 0.013 —9.15 —22.5+02 —13.39 0.94+0.01
NADP " binding to ECDHFR 3.09+0.10 —7.51 —20.7 £0.3 —13.19 0.85+0.01
DHEF binding to ECcDHFR - NADP* 0.177 £0.013 —9.20 —8.50£0.08 0.70 1.17 £ 0.01
NADP™ binding to ECDHFR-DHF 1.38+0.07 —7.99 —122 402 —4.20 0.934+0.01

“ Global fits of two to three data sets to a single-site model (A + B <> AB) were analyzed using SEDPHAT. The Gibbs free energy values were calculated
from the equation AG = —RT In Ky, and TAS values were obtained from the relationship AG = AH — TAS.

first ligand complex occurs in the presence of an excess of a
second ligand, formation of the enzyme - second ligand complex
occurs. If the fluorescence signal is different between the two
complexes, kg for the first ligand can be monitored. For
competition experiments with DHF, the ECDHFR-DHF com-
plex (2 uM enzyme preincubated for 20 min with 22 uM DHF)
was mixed with a large excess of methotrexate (0.05—0.2 mM).
For cofactor competition experiments, fluorescence energy
transfer was used. When NADPH dissociates from the enzyme-
NADPH complex (2 #uM DHFR and 20 uM NADPH), excess
NADP™" (0.1—0.5 mM) binds to free enzyme, and the loss of
energy transfer describes k,g for NADPH. These experiments
assume kog(first ligand) << k,, (second ligand) x [second ligand]
> kon(first ligand) x [first ligand]. These conditions were
confirmed by altering either methotrexate or NADP™ concen-
trations, which did not affect the observed rate.

B RESULTS

Initial Binding Experiments. ITC experiments allow mea-
surement of binding affinities, stoichiometries, and enthalpies.
The results from our initial titrations are listed in Table 1. A
sample titration and a sample global fit using SEDPHAT®” are
shown in Figure S1 of the Supporting Information. Comparison
of the Ky values obtained in this study with previously published
values shows up to 8-fold differences, which may be due to the
changes in buffer, ionic strength, pH, and/or our use of a His-
tagged DHFR. For example, our K4 values for folate, DHF,
NADP", and NADPH binding to the apoenzyme are 4.7 & 0.5,
1.8 £ 0.1, 3.1 & 0.1, and 0.20 £ 0.01 uM, respectively. For
comparison, the Benkovic lab reports values of 1.0 &= 0.1, 0.22 &
0.06, 24 £ 4, and 0.33 & 0.06 M for binding of folate, DHF,
NADP", and NADPH, respectively [determined by fluorescence
quenching at pH 6 in 50 mM MES, 25 mM Tris, 25 mM
ethanolamine, and 100 mM sodium chloride buffer (u =
0.15)**].

Ternary complex formation was additionally monitored
(Table 1). Our ITC values indicate ~10-fold tighter binding of
DHF to the enzyme-NADP" complex and ~2-fold tighter
binding of NADP ™ to the enzyme - DHF complex compared to
binding of the ligands to the apoenzyme. For comparison,
literature values from the Benkovic group (obtained at pH 6
using stopped flow and calculated as k,g/k,, rates) are 0.43 uM
for DHF binding to the E-NADP" complex and 11.6 uM for
NADP™ binding to the ECDHFR -+ DHF complex. Other groups
have also noted cooperativity between the cofactor and various
folates.'*
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Figure 2. Plot of the heat of buffer protonation vs AH pgerveq- Three to
five different buffers were used in these experiments. Values from the
ITC fits are given in Tables S3 and S4 of the Supporting Information.
Panel A shows the results for binding of DHF to apo EcDHFR. Panel B
presents the data for formation of the DHF ternary complex. Panel C
depicts the data for the NADP™ binary complex interaction, while panel
D shows the pattern associated with formation of the NADP™ ternary
complex. All slopes are positive, consistent with proton release. Values
for the fits to eq 1 are listed in Table 2.

Effects of Protonation on Ligand Binding. Numerous
studies have found protonation events accompany binding of
DHF to EcDHFR;*™° thus, complex formation was studied in
several buffers possessing different heats of ionization. Also,
binding of cofactor may involve pK, perturbations as well.>'
Tables S3 and S4 of the Supporting Information list the fit values
for the various titrations, and Figure 2 plots the heat of buffer
protonation versus the observed enthalpy. Using eq 1, the
binding enthalpy and n, the level of proton uptake or release,
can be extracted. As listed in Table 2, the slopes for binding of
DHE to either the apoenzyme or the enzyme-NADP ™" complex
are small and within error of each other, consistent with either no
or partial release of protons to the buffer upon complex forma-
tion. The slope for binding of folate to the apoenzyme is slightly
higher, but still within error of the DHF value. We also note these
are net values and could include contributions from either the
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Table 2. Effects of Protonation on Ligand Binding”

complex no. of protons AHyinding

DHEF binding to ECDHFR 0.23 +0.32 (release) —8.26+1.53

DHEF binding to ECDHFR-NADP" 0.07 0.3 (release) ~ —8.82+ 1.46
folate binding to ECDHFR 0.5140.36 —6.92 +1.68
NADP™ binding to ECDHFR 0.70 +0.16 —15.5+0.78
NADP" binding to ECDHFR-DHF 0.87 £0.25 —5.30+1.33
NADPH binding to ECDHFR 0.8940.56 —14.7£2.6

“Binding was monitored in three to five buffers at pH 7 possessing
different heats of ionization. Tables S3 and S4 of the Supporting
Information list all the values obtained from fitting the titrations. Figure 2
plots AHp;otonation VS AHobserved for several binary and ternary complex
formation experiments. The slopes in these plots correspond to the
number of protons taken up or released, while the y-intercept corre-
sponds to the AH associated with binding.

ligand and/or protein. For NADP™ binding, the slopes are more
obvious, with the net release of ~0.7—0.9 proton to the buffer. A
similar slope is observed for NADPH binding.

Role of Water in Ligand Binding. Ligand binding can also be
probed by addition of varying osmolytes. This approach moni-
tors any change in the number of water and/or solute molecules
associated with the initial and final states.”****>~%> Addition of
an osmolyte can, however, alter the solvent dielectric constant or
volume exclusion, which can also affect binding. To parse out
these effects, we used osmolytes with different characteristics.
For example, while sucrose and glycine betaine both affect water
activity, they provide opposite effects on the dielectric constant
of the solution.”****” If both compounds show similar results in
osmolality plots, then effects on the dielectric constant are not
involved. To test the role of volume exclusion on binding, PEGs
of increasing size are typically used. The osmotically active
volume is the volume accessible to water but inaccessible to
osmolyte, for example, active site clefts. The osmotically active
volume depends on the size of the osmolyte, with larger
osmolytes detecting changes in larger volumes. Osmotic stress
occurs as the solution compensates for this exclusion.”** A last
possibility is direct interaction of the osmolyte with either the
ligand or protein.’®*" If similar results are observed with che-
mically different osmolytes, the last option is unlikely.”***

With this background in mind, binding of DHF to the
EcDHFR-NADP" complex was monitored in the presence of
the neutral osmolytes glycerol, ethylene glycol, trimethylamine
N-oxide (TMAO), dimethyl sulfoxide (DMSO), glycine betaine,
sucrose, and polyethylene glycol (PEG) 400. If a linear relation-
ship is observed in plots of osmolality versus In K, then effects on
water are involved.*** ! Figure 3A shows the linear relation-
ships associated with plots of osmolality versus In K,(ppg). As a
precaution, we also plotted effects on solution dielectric, and
overlapping data were not observed (see Figure S2 of the
Supporting Information). In addition, Table SS and Figure S3
of the Supporting Information give the volume exclusion data for
formation of the ternary DHF complex in the presence of nine
osmolytes, including PEG 3350 and PEG 8000. When the higher-
molecular weight PEGs are used to probe binding, the An,, values
increase, consistent with their probing larger surface features as the
osmolyte becomes too large to fit in the active site. However, there
is no evidence of volume exclusion with the non-PEG osmolytes.

From egs 2 and 4, the slope of a plot of osmolality versus In
Ky(pur) is a function of the change in the number of water
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Figure 3. Plot of In K, values for DHF vs osmolality. The top panel
contains data for DHF binding to the ECDHFR - NADP™" complex, while
the bottom panel shows DHF binding to the apoenzyme. Data for buffer
(gray circles), glycerol (@), ethylene glycol (¥), TMAO (gray tri-
angles), sucrose (0), DMSO (O), glycine betaine (A), and PEG 400
(black and white squares) are shown. Slopes for these plots were converted
to An,, using the relationship d(In K,)/d(osmolality) = —An,,/55.6, and
the values are listed in Table 3.

molecules, Anyy, involved in binding of DHF to the ECDHFR-
NADP" complex. The slopes associated with the individual
osmolytes were converted to ny values, which are listed in
Table 3. The Anyy values vary from 13 to 64. Variable slopes
are common in osmolality studies, but their origin is not
clear.¥7 "7+ What is interesting and unusual is that the K,
decreases (or Ky increases) upon addition of osmolyte. This is
the same result observed in R67 DHFR (also shown in Table 3°).
Because R67 DHEFR possesses a totally different sequence and
structure, the convergence of these two results implicates effects
of osmolytes on free DHF. In other words, what is similar in the
E-NADP" + DHF < E-NADP" -DHF binding mechanism
(where E is enzyme) for R67 DHFR and EcDHFR is the free
DHEF species. For “water uptake” to occur in both DHFRs, effects
of osmolytes on free DHF are likely involved.

A more limited set of osmolytes was used to analyze titration of
DHEF into apo EcDHFR. The three osmolytes showing the
strongest effects in Figure 3A (betaine, sucrose, and DMSO)
were selected for analysis. Figure 3B shows the results, and
Table 3 lists the associated An,, values, which range from 25 to
28. From Table 3, these values are within error of those observed
for formation of the ternary complex, indicating both binary
binding and ternary binding of DHF are weakened in the
presence of osmolytes.
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Table 3. An,, Values Describing Binding of Ligands to ECDHFR"

An,, for DHF binding to An,, for DHF binding to
osmolyte EcDHFR-NADP ™" apo EcDHFR
ethylene glycol 13£1 -
glycerol 18+1 -
TMAO 17+4 -
DMSO 29+1 25+9
sucrose 30+2 28+3
glycine betaine 3419 28+2
PEG 400 64+£5 —

An,, for NADP* binding An,, for NADP* binding An,, for DHF binding
to EcDHFR . DHF to apo EcDHFR to R67 DHFR”
—10+£3 — 25+8

—5+2 — 16 £3
—9+6 — 22+1

—24+3 —29+35 4147
—5+4 18+ 8 40+4

—14£35 —10£1 60+ 13

—47+38 — 78 £ 11

“ Tables S6—S89 of the Supporting Information list all the values obtained from fitting the titrations. The slopes from plots of osmolality vs In K, were used
to calculate An,, values using the relationship d(In K,)/d(osmolality) = —An,,/55.6. A negative value indicates release of water upon ligand binding,
while a positive value describes uptake of water upon ligand binding. * Data for nonhomologous R67 DHFR were measured by steady state kinetics [k.,/
Km(DHF)].S ITC was used to monitor ligand binding in R67 DHFR for a subset of the osmoly'tes.8

Next, binding of NADP ™ to the EcDHFR - DHF complex was
monitored in the presence of all seven osmolytes. A slope
opposite to that observed for DHF binding was observed in
Figure 4A, consistent with release of water upon cofactor
binding. An,, values varied from —S to —47 (see Table 3).
Because each osmolyte has individual effects, this result suggests
preferential osmolyte interaction with either protein and/or
ligand.

Effects of osmolytes on binding of NADP™ to the apoenzyme
were analyzed, using a limited subset of osmolytes. Figure 4B
shows the data describing betaine and DMSO effects, consistent
with release of water upon cofactor binding. Table 3 lists the An,,
values, which are within error of those observed for formation of
the NADP" ternary complex. Surprisingly, addition of sucrose
results in a positive Anyy value, consistent with weaker binding of
NADP ™. This Anyy value is different from that seen for formation
of the NADP™ ternary complex. As betaine and sucrose have
opposite effects here, it is possible in the sucrose experiments that
some combination of water and/or dielectric effects could be
occurring.

Finally, binding of NADPH to apo EcDHFR was monitored in
the presence of increasing concentrations of betaine. Tighter
binding of NADPH was observed as shown in Figure S4 of the
Supporting Information, which plots In K, versus solution
osmolality. Conversion of the slope to Anyy indicates the release
of —14 % 3 water molecules.

The enthalpies associated with binding were additionally
analyzed, and Figure SS of the Supporting Information shows
an enthalpy—entropy compensation plot. Because the thermo-
dynamic parameters display a large range of AH values and the
only components that vary are the water and osmolyte concen-
trations, these results imply that water-mediated enthalpy—
entropy compensation is the mechanism by which changes in
enthalpy occur.”>~7®

Stopped Flow Analysis. How does betaine affect Ky values?
Does it affect k,, and/or kg rates? To address these questions,
we used a rapid kinetics approach. As a weak signal associated
with NADP™ binding kinetics caused inconsistent data fitting,
NADPH binding was monitored instead. Figure S6 of the
Supporting Information shows a set of sample data. Figure SA
shows the relationship between the NADPH concentration and
the observed rate for the fast phase describing binding of NADPH
to the E, conformer (eq 6). Previous stopped flow experiments
proposed that at high cofactor concentrations (~10 «M), NADPH
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Figure 4. Plot of In K, values for NADP™ vs osmolality. The top panel
shows data for NADP™ binding to the DHFR - DHF complex, while the
bottom panel shows data for NADP™" binding to the apoenzyme. Data
for buffer (gray circles), glycerol (@), ethylene glycol (3¢), TMAO (V),
sucrose (O0), DMSO (O), glycine betaine (A), and PEG 400 (black and
white squares) are shown. Slopes for these plots were converted to An,,
using the relationship d(In K,)/d(osmolality) = —An,,/55.6, and the
values are listed in Table 3.

can also bind to the E, conformer and this step can be included by
fitting to a double-exponential equation.””* Fitting our cofactor
binding data to a double-exponential model did not significantly
improve the quality of the fit; thus, a single exponential with a linear
rate fit was used to fit the fast phase kinetic data. The k,, and kg
values were determined with eq 7 and are listed in Table 4.
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Figure S. Stopped flow analysis of ligand binding. Panel A plots the rates for the fast phase of binding of NADPH to EcDHFR in MTA buffer (pH 7.0)
containing either 0 (@) or 20% (O) betaine (w/v) vs ligand concentration. Panel B shows the results for binding of DHF to ECDHFR in MTA buffer (pH
7.0) containing either 0 (@) or 20% (O) betaine (w/v). The plots were used to calculate k,, and k,gaccording to eq 7, and the data are listed in Table 4.

Table 4. Rate Constants for DHF and NADPH Binding As Monitored by Stopped Flow in MTA Buffer with 0 and 20% Betaine

ligand [betaine] (w/v) on (M1 s71)*
NADPH 0% (394 02) x 10
NADPH 20% (3.7+02) x 107
DHF 0% (63£02) x 107
DHF 20% (12 402) x 107

ko (s™1)" ko (s 1)° osmolality (osmolal)
22.7+28 33+02 0.2
74+39 1.0£0.1 23
19.8+2.6 13.6+1.0 0.2
13.9+09 9.1£0.5 2.3

“ Determined from a plot of ks vs ligand concentration. ’ Determined from a competition assay against NADP™ for NADPH or methotrexate for DHF.

A second fluorescent phase was observed beyond 0.2 s,
describing conversion of E, to E;, with subsequent binding of
a cofactor. The rate of conversion of enzyme from E, to E; was
measured and found to be cofactor-independent and equal to
0.027 & 0.005 s~ . This rate agrees with the value observed by
Cayley et al.*® The amplitudes of the first, fast kinetic phase and
the second, slow phase were used to determine the ratio of E, to
E,. For all NADPH concentrations, similar ratios of 0.94 = 0.11
were obtained, in agreement with previously published values for
the relative concentrations of the two conformers.***°

Using these kinetic data, the overall NADPH dissociation
constant can be calculated using eq 8:

Kd = koff/kon X [(Keq + 1)/Keq] (8)

where K.q is the equilibrium constant for the conversion of
the enzyme between the E; and E, conformers.”® A K4 of 1.14 &
0.11 uM was calculated for the binding of the cofactor to the
enzyme. This is approximately 6-fold higher than the value
determined via ITC (see Table 1).

As binding of a ligand to EcDHFR has sometimes been
described as an isomerization process,>®’**" we additionally
monitored kg using a competition method. For cofactors, kg
for the ECDHFR-NADPH complex was determined through
competition with NADP™. Using this approach, kog (Table 4)
was found to be almost 7 times lower than the k.4 determined
from the relaxation experiments or k,p, (Figure SA). Discrepan-
cies in kog values determined by the two approaches have been
noted previously for binding of cofactors to ECDHFR.””®" When
the kg from the competition assay was used to determine Ky, a
value of 0.17 #M was obtained, which agrees well with our ITC
data This suggests that either the k,g determined from the
competition assay is more accurate than that determined from

the plot of k,y, versus cofactor concentration, which has been
79 .

suggested by Dunn et al.,”” or a conformational change between

the ECDHFR-NADPH complex and the EcDHFR*-NADPH

complex occurs (where the asterisk denotes a different confor-

mation).

The binding study described above was repeated in 20%
betaine, and the k,,, rates were found to be slower (Figure SA).
While k., was unperturbed by the presence of betaine, kg
decreased ~3-fold (Table 4). The rate associated with the slow
phase did not change appreciably in the presence of betaine, with a
rate of 0.031 & 0.004 s~ '. The ratio of the amplitudes of the fast
and slow kinetic processes for binding of NADPH to the enzyme in
the presence of 20% betaine was 1.00 & 0.11 (corresponding to the
E,:E, ratio). Similar E,:E, ratios in the absence and presence of
betaine suggest that betaine does not affect the equilibrium
between the two enzyme conformers.

The competition assay was repeated to measure kog for
NADPH in the presence of 20% betaine, and the kg was ~7-fold
smaller than the kg determined in the relaxation experiments (see
Table 4). In addition, k¢ was 3-fold lower in the presence of
betaine than in just MTA buffer. The overall dissociation constant
was determined from the rate constants for NADPH in the
presence of betaine (eq 8) and was 0.052 =+ 0.005 uM using the
kog determined from the competition assay. The enzyme’s affinity
for NADPH increased approximately 3-fold in the presence of
betaine. For comparison, the ITC studies found betaine tightened
the binding affinity for NADPH by a factor of 1.7 (Table S10 of the
Supporting Information).

The binding of DHF to EcDHFR was also monitored using
stopped flow kinetics as shown in Figure SB. Values for k,, and
kog were obtained from fitting the data to eq 7 and are listed
in Table 4. The k.g values from the relaxation (kapp) and
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competition assays were relatively close and are comparable to
those of Fierke et al.*® A Ky of 0.63 £ 0.07 uM for DHF was
calculated using eq 8, assuming a 1:1 E;:E, conformer ratio as
determined from the NADPH binding studies. This is an
approximately 3-fold tighter affinity than the one determined
from ITC (see Tables 1 and 4). The second phase of DHF
binding was not analyzed because of the difficulty in correcting
for the baseline slope.

The DHF binding experiments described above were repeated
in MTA buffer containing 20% betaine. An obvious result is a
large decrease in the observed rate. Figure 5B shows the observed
rates as the DHF concentration is varied, and Table 4 gives the
kon and kogvalues. A 5-fold decrease in k., and a 1.4-fold decrease
in kog are observed when results in MTA versus those in MTA
and 20% betaine buffer are compared. The DHF kg was also
measured in the competition assay and was found to be
comparable to the k.g obtained from the relaxation approach
(Table 4). We estimated the DHF K, using eq 8 and the 1:1 E;:
E, conformer ratio from our NADPH data; the resulting K4 was
2.28 £ 0.11 uM, indicating ~3-fold weaker binding of DHF in
the presence of betaine. These stopped flow results indicate
addition of betaine weakens binding for DHF, consistent with
our ITC results. We find effects of betaine on DHF binding
mostly arise from changes in k,,,, while the effects of betaine on
NADPH binding mostly arise from changes in kg

Circular Dichroism. To monitor the effect of cosolvents on
the secondary structure of apo EcDHFR, we monitored the CD
signal. Experimental details are given in the legend of Figure S7 of
the Supporting Information. The spectra in this figure show no
significant change upon addition of either 1.5 M sucrose, 15%
TMAO, 20% glycerol, or 30% PEG 400. Loveridge et al.® also
found no large changes in the CD signal occur in ECDHFR upon
addition of 50% cosolvent, including ethylene glycol, glycerol,
sucrose, methanol, and ethanol.

B DISCUSSION

The ITC signal contains information describing a number of
processes, including the binding enthalpy, effects due to pertur-
bation of pK, values, any contributions to AH associated with
conformational changes, and effects on water structure. To
deconvolute ionization effects, we use buffers with different heats
of ionization.>>**** To monitor the role of water, we add neutral
osmolytes to the buffer. To tackle conformational changes, we
compare enthalpies for the two pathways to formation of the
ternary complex.

Protonation Effects. Previous calorimetry studies of chromo-
somal DHFRs have focused on mammalian variants. In their
study of chicken liver DHFR, Subramanian and Kaufman found
enthalpy-driven binding for folate, DHF, and methotrexate,
while binding of NADPH and NADP™ was mostly entropy-
driven.* They also found that DHF and folate bound with no
proton uptake while NADPH binding was accompanied by a
fractional release of a proton from the coenzyme. Similar results
were also seen by Gilli et al.® in their study of bovine liver DHFR.

Our study finds that both DHF and cofactor binding events are
enthalpy-driven. In addition, our results agree with the previous
protonation results; there is no net protonation upon DHF
binding, while there is a net fractional deprotonation upon
cofactor binding. While the latter may correspond to alteration
of one of the phosphate pK,, values upon cofactor binding,*"*" it
could also describe concurrent pK, perturbation events in the
protein.

A second parameter that can be obtained from protonation
effects is AHp;pging (see Table 2). For DHF, the values for
formation of binary and ternary complexes are within error of
each other. In contrast, there is an ~10 kcal/mol difference
between binary and ternary NADP' binding events. This
enthalpic difference probably does not report on either proton-
ation or solvation differences as the data in Tables 2 and 3 suggest
similar proton release and An,, values for formation of binary and
ternary complexes. This issue will be continued in Thermody-
namic Cycle Analysis.

Osmolyte Effects. Different osmolytes have different effects
on binding of both cofactor and substrate. These results can be
explained by several potential scenarios. The first possibility is
that the different slopes in Figures 3 and 4 arise from preferential
binding of the osmolyte to the protein, ligand, and/or pro-
tein—ligand complex.”*** This is the most likely scenario as
osmolytes will compete with water to fill the hydration shell
surrounding these molecules. (Solvent accessible area calcula-
tions addressing this issue have been performed and are provided
as Supporting Information.)

A second option for explaining the variable slopes in Figures 3
and 4 is the fact that conformational changes occur upon ligand
binding. For DHF binding, if these changes result in an increased
surface area, then release of water upon ligand binding could be
masked by the water uptake associated with the conformational
change. Examples of this phenomenon include binding of glucose
to hexokinase,”” aspartate to ATCase,”® DNA to repressors,23 etc.
While conformational changes have been observed in ECDHFR
using stopzped flow fluorescence,****%%% differences in crystal
structures,” and many NMR studies,'' "**” they have been
linked to different ligation states rather than increases in ionic
strength or osmolality. To address the possibility of conformational
change, we note addition of 20% betaine does not alter the E; to E,
conformational transition, as probed by stopped flow. Further,
the CD spectra in Figure S7 of the Supporting Information do
not suggest significant secondary structure changes occur in apo
EcDHFR upon addition of TMAO, glycerol, sucrose, or PEG 400.
We also note 27 different ECDHFR crystal structures (including
apo, folate binary, NADP " binary, folate and NADP™ ternary, and
dideazatetrahydrofolate and NADP™ ternary) have been obtained
using 9—30% PEG 6000 as a precipitating agent.” DHFR from
Staphylococcus aureus has been crystallized using 6.5% PEG 3350 as
a precipitating agent and X-ray data collected with 20% ethylene
glycol as a cryoprotectant.*” Mouse DHFR structures have been
obtained using 20% PEG 4000 as a precipitating agent and 15%
glycerol as a cryoprotectant.”® These concentrations are within the
range used in our study. Because solution NMR structures closely
approximate those obtained by X-ray crystallography, it seems
likely that cosolvent addition does not greatly alter the conforma-
tional landscape.

To return to the preferential binding model, we consider
weaker binding of DHF upon addition of osmolytes, consistent
with water ugtake. Because water uptake upon ligand binding is
unusual,”’ % and as this behavior is observed for DHF binding
in two quite different DHFR scaffolds, it seems likely that
osmolytes affect free DHF. (NADPH binding served as an
internal control in R67 DHEFR as a single slope was observed
in plots of In K, versus osmolality. Because DHF and NADPH
share symmetry-related sites in R67, this observation makes the
binding of osmolytes to the R67 protein unlikely, leaving DHF as
the target for osmolyte interaction.®) There are several possibi-
lities for explaining weaker binding of DHF to ECDHEFR in the
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Figure 6. Cartoon depicting preferential interaction of osmolytes with
free DHF. In the absence of osmolytes, DHF binds to either ECDHFR or
R67 DHEFR and water is released. Added osmolytes interact weakly with
DHF. For DHEF to bind to DHFR, both osmolytes and water must be
released. The more tightly bound osmolytes would have stronger effects
on the DHF K, while the more weakly bound osmolytes would have
weaker effects. (This model does not exclude the possible binding of
osmolytes to ECDHFR, which could describe the differing effects of
osmolytes on NADP™ binding.)

presence of osmolytes. The first model proposes that osmolytes
tighten the dimerization constant of DHF, which is 38.5 mM.>*
In this model, addition of an osmolyte would increase the
concentration of DHF dimers, so for DHF to bind EcDHEFR, it
would first need to dissociate into monomers,” requiring water
uptake at the DHF dimer interface. On the basis of solvent
accessible area calculations (provided as Supporting Informa-
tion), the uptake of 46 water molecules may be involved in
formation of the folate monomer from the folate dimer. How-
ever, because ~100 water molecules are predicted to be lost upon
formation of the EcDHFR-DHF complex, these calculations
indicate a net loss of water. In addition, various estimates of
the E. coli cytosolic DHF concentration range from 50 UM’ to
300 uM.*° As these values are much lower than the dimer K, they
suggest a contribution from the folate dimer model may be minimal
unless the presence of osmolytes greatly alters the Ky value.

A second model for explaining water uptake uses a variation of
the preferential interaction model in which the osmolytes bind to
DHEF, albeit weakly. As shown in Figure 6, both osmolyte and
water must be released for DHF to bind to EcDHFR. If
osmolytes are bound specifically and are more difficult to release
than water, then weaker binding of substrate to DHFR results. In
this scenario, the osmolytes inhibit complex formation. A cor-
ollary of this model is that if a weak interaction occurs between
the osmolytes and DHF and/or folate, then perhaps folate and/
or DHF may bind to various proteins and/or cellular compo-
nents. Some support for this corollary comes from various
examples of nonspecific folate binding to proteins’’ > as well
as specific binding of folate to the central cavity in hemo-
globin.'® Also, the Record group has experimentally found that
betaine can compete with water and interact with amide and
cationic nitrogens as well as aromatic hydrocarbons in small
molecules.'®’ Because folate possesses some of these motifs, this
is additional support for the notion that betaine can interact
directly with folate. These models are now being probed by
experiments in our lab.

Another avenue for addressing the model shown in Figure 6 is
to ask about the mechanism by which osmolytes affect K4 values
and whether the osmolytes affect k,, and/or kg rates. Stopped
flow experiments confirmed the effects of betaine on DHF
and cofactor binding seen in the ITC studies. Decreases in kg
were noted for both ligands, as well as a decrease in k,, for DHF
binding.

In our study with EcDHFR, an increased affinity of the
cofactor for the enzyme in 20 and 0% betaine indicates that
water is released upon binding. Thus, it was not surprising that
kog decreased for the cofactor bound to the enzyme when
the buffer contained betaine. This would correspond to water
uptake upon dissociation of the protein—ligand complex. The
ko rate also decreased for DHF binding in 20% betaine, albeit to
a lesser extent than for the cofactor. This result is consistent with
water uptake upon DHF release and correlates with the calcu-
lated changes in the accessible surface area (see the Supporting
Information) as well as the model presented in Figure 6.

The decrease in the affinity for DHF from ITC experiments
appears most correlated with the decrease in the on rate constant
in the presence of betaine. With a 6-fold decrease in k,, in 20%
betaine, compared to 0% betaine, and only a slight (<50%)
decrease in k,g betaine appears to be hindering the binding of
DHEF to the enzyme. This result, coupled with similar An,, values
for R67 DHFR and EcDHFR, supports our model in Figure 6 in
which betaine exerts its effect on free DHF. The decrease in both
kon and kog in the presence of betaine suggests that betaine may
be affecting DHF binding in multiple ways.

Thermodynamic Cycle Analysis. The free energies, enthal-
pies, and entropies for the thermodynamic binding cycle in MTA
buffer are shown in Figure 7. The free energies are close to being
additive. The <1 kcal/mol discrepancy for AG may arise from our
fitting process which treats a ternary binding event as a binary
one; ie, fitting to a single-site model assumes no enthalpic
contributions occur due to formation of the enzyme - first ligand
complex. However, closer inspection of the thermodynamic
cycle indicates the enthalpies are not close to being additive.
Because both AG and AH are state functions, they should be
additive (see, for example, ref 102).

While the analysis described above considers AH pserveas @
similar discrepancy occurs when AHypinging is considered (see
Table 2). For DHF, the values for binary and ternary complex
formation are within error of each other. In contrast, there
is an ~10 kcal/mol difference between binary and ternary
NADP™ binding events. This enthalpic difference probably does
not report on either protonation or solvation differences as the
data in Tables 2 and 3 suggest similar protonation and An,,
effects.

Conclusions. Our ITC studies find addition of osmolytes
weakens binding of DHF to both EcDHFR and R67 DHFR.®
The commonality of these results suggests that at high concen-
trations, osmolytes can interact with DHF and/or folate and
impede binding. This hypothesis is additionally supported by
our stopped flow analysis of binding of DHF to EcDHFR in the
presence of betaine, where k,, rates are clearly affected. As our
in vitro results indicate that water uptake or release affects Ky
values, one question that arises is what happens in the crowded
conditions of the cell. For example, do our osmotic stress
studies have any physiological implications? Support for
in vivo effects comes from our previous study of R67 DHFR
where sensitivity to water activity was probed by addition of
increasing concentrations of sorbitol to minimal medium in the
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K¢=0.177 £0.013 uM

AG =-9.20 £ 0.01 kcal/mol
AH = -8.50 + 0.08 kcal/mol
TAS = 0.70 kcal/mol

EeNADP* + DHF <+——> EeNADP'eDHF

K4=3.09+0.10 uM I
AG =-7.51 £ 0.01 kcal/mol
AH = -20.7 + 0.3 kcal/mol

TAS = -13.2 keal/mol NADP*
+

I K4=1.38+0.07 uM
AG =-7.99 + 0.01 kcal/mol
AH = -12.2 + 0.16 kcal/mol

NADP"  TAS = -4.20 keal/mol

+

E + DHF <——> EeDHF

Kq=1.77+0.13 uM

AG =-7.84 £ 0.01 kcal/mol
AH =-10.5 £ 0.3 kcal/mol
TAS = -2.67 kcal/mol

Figure 7. Thermodynamic cycle describing formation of binary and ternary complexes in MTA buffer (pH 7) with the corresponding ITC values. The
AG values were calculated from the relationship AG = —RT In Ky, while the TAS values were obtained from the relationship AG = AH — TAS.

AH,pgerveq Values are listed.

presence of the antibacterial drug trimethoprim.® The ability of
the wild type and mutant clones of R67 DHEFR to allow host
E. coli to grow in the presence of trimethoprim and added
sorbitol paralleled the catalytic efficiency of the DHFR species,
indicating water content (or conversely osmolyte concen-
tration) strongly correlated with the in vivo function of
R67 DHFR.

On the basis of the correlation described above, it is interesting
to speculate that alteration of in vivo water activity could
modulate DHF binding and thus catalysis at low substrate
concentrations. Also, Fierke et al. found that the rate of release
of THF from the EcDHFR-THF complex is 1.4 s~ !, which is
much slower than the steady state rate of 12 s~ '. Fierke et al.
proposed a complicated scheme in which the release of THF
from the enzyme-NADP™ - THF product complex is facilitated
by the initial loss of NADP™ followed by addition of NADPH to
form the ECDHFR - THF - NADPH complex. The rate of release
of THF from this complex is much faster, i.e., 12.5 s . If THF
release rates are also modulated by water activity, this could
impact the rate-determining step in ECDHFR.*>® Another perti-
nent question is which elements of the folate structure result in
modulation of K4 values by water activity. Depending on the
answer, these results could also influence the binding of folate
metabolites to other folate pathway enzymes. It also might
potentially modulate the effectiveness of folate-based drugs.

B ASSOCIATED CONTENT

© Ssupporting Information. ITC fit values (six tables), a
figure showing the raw ITC data for the NADP ™ binary titration
(the corresponding Origin fit and a global SEDPHAT fit with a
second data set are shown), graphs of In K,(ppr) versus solution
dielectric and In K, (nappr) versus osmolality, CD spectra of apo
DHEFR in the presence of osmolytes as well as an enthal-
py—entropy compensation plot, a figure and a table showing
the relationship between In molar volume (V,,o;) and slope or
An,,, sample stopped flow data, and a discussion of changes in
accessible surface area. This material is available free of charge via
the Internet at http://pubs.acs.org.
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Il ABBREVIATIONS

EcDHER, E. coli dihydrofolate reductase; DHF, dihydrofolate;
THEF, tetrahydrofolate; NADPH and NADPH?, reduced and
oxidized forms of nicotinamide adenine dinucleotide phosphate,
respectively; MTX, methotrexate; ITC, isothermal titration cal-
orimetry; wt, wild type; MTA buffer, 100 mM Tris, 50 mM MES,
and 50 mM acetic acid polybuffer; SID buffer, 33 mM succinic
acid, 44 mM imidazole, and 44 mM diethanolamine polybufter;
E, enzyme; TMAO, trimethylamine oxide; DMSO, dimethyl
sulfoxide; PEG, polyethylene glycol; V,,,, molar volume; ASA,
solvent accessible surface area; vy o and Vg, stoichiometric
coeflicients of water and osmolyte, respectively; An,,, number
of waters taken up or released upon binding; PDB, Protein
Data Bank.
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