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Abstract

The influences of mono-, bi- and trivalent metal ions (as chloride salts) on the activity of dihydrofolate reductase
(DHFR) from chicken liver have been studied to elucidate the mechanism of ion-activation of this enzyme. The
results show that monovalent ions (Nand K") activate DHFR at low concentration reaching a maximum acti-
vation of about 2.5 fold at 0.4-0.5 M and declining at higher concentratiors. €wws similar activation but at

lower concentration, reaching a maximum at 0.1 M; activity declines with further increases in concentration. At
very high concentration{ 0.4 M), C&" is inhibitory. The trivalent lanthanide ions, however, show a dramatic
inhibition of activity of DHFR even at very low concentration. The activity of DHFR declines to 50% of that of
the control at 0.02 mM Eugl Intrinsic fluorescence measurements show that the ion-dependent activation in the
presence of mono- and bivalent metal ions is due to the conformational changes in the protein. Energy transfer
phenomenon suggests that the specific interaction f Bith Trp24 located in a loop at the active site of DHFR

is responsible for the strong inhibition. The possible mechanism for the ion-inhibition is proposed and discussed.

Introduction been studied in detail, the mechanism of ion-activation
is still not fully understood.
Dihydrofolate reductase (DHFR, EC 1.5.1.3) cat- The activation of DHFR from L1210 cells by
alyzes the NADPH (reduced nicotinamide ade- salts (N&, Kt, C&* as chlorides) had been stud-
nine dinucleotide phosphate)-dependent reduction of ied and the effects of these salts were attributed to
7,8-dihydrofolate (DHF) to 5,6,7,8-tetrahydrofolate the common anion (Reyes & Huennkens 1967), the
(THF) and plays an important role in nucleotide role of the cation is not clear. The activation of the
biosynthesis. Therefore the activation and inhibition enzyme by these salts was believed to involve con-
of DHFR by folate analogues (Caylest al. 1981; formational changes in the protein. The mechanism,
Baccanariet al. 1982; Blackly 1984; Stone & Mor-  i.e., En~Ea—Ei, where En, Ea and Ei designate the
rision 1984) have been extensively studied. One of native, activated and inactive forms of the enzyme,
the most interesting properties of eukaryotic DHFR is respectively, was proposed to be involved in the ion-
that the protein can be activated by a diverse group of dependent activation process (Duéfiyal. 1987). The
agents (Blackly 1984), such as inorganic salts (Reyes enzyme was proposed to interconvert between a se-
& Huennkens 1967; Blackly 1984), mercurials (Kauf- ries of activated forms whose structures have small
man 1964), sulfhydryl modifiers (Kaufman 1964; Bar- yet significant differences. Direct evidence for this
behenn & Kaufman 1982; Duffet al. 1987) and mechanism was not possible since these metal ions all
chaotropes such as urea and guanidine hydrochlorideshave closed electronic shells and therefore lack useful
(Kaufman 1968; Duffyet al. 1987; Fanret al. 1995). spectroscopic characteristics.
Although the activation by urea and mercurials has In this paper, lanthanide ions were used as ion
probes to study the mechanism of ion-activation of



196

DHFR from chicken liver. Lanthanide ions are ideal 287

since they have similar effective ionic radii and coordi- 24l

nation chemistry as that of € (Evants 1990) in ad- i

dition to the useful spectroscopic and magnetic proper- > 201

ties (Brittainet al. 1976; Breeret al. 1985; Mulqueen § i

et al. 1985). Further more, the use of lanthanide ions 2 L6 a

as calcium probes in the structural studies of calcium e 12} e

binding proteins (Matthews & Weaver 1974; Epstein 5 ; E osf

etal.1977) has been widely applied. The findings pre- E’ 0.8 - § “r

sented in this paper have important applications since 04l 5 oaf

lanthanide complexes such as Gd-DTPA has recently : TRy
been applied as magnetic resonance imaging (MRI) 00 Salt Concentration (mM)

reagents in clinical practice (Lauffer 1987) and there
is the increasing concerns (Abbott 1975; Lauffer 1987; .
Evants 1990; Yuaet al. 1995, 1996a, b) on the tox- Salt concentration (M)
icology and the interactive mechanism of lanthanide Figure 1. Effects of chlorides on chicken liver dihydrofolate re-
ions ductase activity. The reaction mixture contained the following
: components in a total volume of 1.0 ml: 1u4/ml DHFR; 50 mM
Mes-NaOH pH 6.0, 10 mMB-mercaptoethanol, 0.1 mM DHF,
0.1 mM NADPH. The final concentration of salt is as indicated.
Material and methods The reaction was initiated by addition of DHFR for A or small
volume (to avoid dilution effect) of DHF and NADPH after one hour
preincubation for B.
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Materials

Dihydrofolate (approx. 90%), NADPH (approx. 280 nm using a molar absorption coefficient value of
97%) and Methotrexate-agarose, MTX-Sepharose 28970 M1 cm! (Kaufman 1977).

were purchased from Sigma. The concentration of

DHF and NADPH was determined spectrophotomet- Activity measurement

rically using molar absorption coefficierdbs, =

28000 M1 cm™1 (Dawsonet al. 1969) andezsg = The activity of DHFR was determined by follow-
6200 M1 cm! (Kornberg & Horecker 1953), re- ing the decrease in absorbance at 340 nm &C25
spectively. Sephadex G-75, IEF-Sephadex and carrierusing a Shimadzu UV-2101PC spectrophotometer
ampholine for electrofocusing were from Pharmacia. (Matthewset al. 1963). The reaction mixture con-
Other chemicals were of analytical grade; double- tained 50 mM Mes-NaOH buffer (pH 6.0), 10 mM
deionized water was used throughout. Eu&lution B-mercaptoethanol, 0.1 mM DHF, 0.1 mM NADPH
was prepared by dissolving its oxide into HCl solution and the required concentration of salts.

and eliminating the excess acid, and the concentration

was determinated by EDTA titration using arsenazo as Fluorescence measurements

indicator (Yuaret al. 1995). Fluorescence measurements were performed on a Hi-

tachi F-4010 fluorimeter at 2%. All experiments
were performed in 50 MM Mes-NaOH buffer (pH 6.0)
DHFR from chicken liver was purified using MTX-  containing 10 mMg-mercaptoethanol. The excitation
Sepharose af'f|n|ty Chromatography and ge| filtration and emission slits were set at either 5 nm or 10 nm as
(Sephadex G_75) Chromatography (Kaufman 1974) indicated in figure |egend5. The Scanning Speed was
DHF was removed using preparative flatbed isoelec- 120 nm/min. The excitation wavelength for protein
trophoresis. The homogeneity of the final prepara- fluorescence was set at 280 nm. ForPEwmission
tion was showed by a single peak in reverse-phase spectrum, the excitation wavelength was 319 nm or
FPLC with a ProRPC HR5/10 column as eluted by 395 nm; while for excitation spectrum, the emission
linear gradient from 0 to 100% acetonitrile and a sin- Wavelength was set at 593 nm.

gle band in SDS-PAGE. The specific activity of the

purified enzyme was 14mol/min per mg. The en-

zyme concentration was determined by absorbance at

Purification of dihydrofolate reductase



Results and discussion

Influence of metal chlorides on the activity of DHFR

Stimulation of the activity of chicken liver dihydrofo-
late reductase by different metal chlorides is illustrated
in Figure 1. At low concentrations of monovalent salts,
NaCl and KCI were found to stimulate DHFR activ-
ity, and reaching a maximum activation of approxi-
mately 2.5 fold at concentrations of about 0.4-0.5 M.
However, at high salt concentratios- 0.6 M), the
activity declines. Similar effects of these salts have
been reported for DHFR from L1210 cells (Reyes &
Huennkens 1967). The divalent salt, CaGhows a
similar effect at low concentration to those of mono-
valent salts with maximal activation occurring at a
lower concentration (0.1 M), and with a slightly lower
activation (2.2 fold). Further increasing the con-
centration of CaCl leads to inactivation and even
inhibition of this enzyme#$ 0.4 M). The influence of
metal ions on the activity of DHFR has been ascribed
to their contribution to the ionic strength of solvent
(Barbehenn & Kaufman 1982). If this is indeed the
case then, 0.4 M Caghbolution would be expected to
have comparable ionic strength to 1.2 M NaCl. How-
ever, as it apparent in Figure 1A, 0.4 M CaG@nly
produces about 1.6-fold activation. Similarly, NaCl
and KCIl, which have the same ionic strength, display
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time), the inhibition by EuG is a slow, reversible
process (Tsou 1988) as indicated by gradual decrease
of the assay curve until a straight line is reached. The
addition of EDTA solution can fully recover the activ-
ity at EU/EDTA molar ratio of 1:1. Clearly, the strong
inhibition at such lower concentration of Eg@annot

be due to changes in ionic strength or the presence of
the common chloride anion. Rather the differences in
effect of EFt and other metal ions on the activity
of DHFR suggests that Euginteracts with DHFR

in a different manner to that of the other chlorides.
Ewt may interact specifically with the active site of
DHFR, while the activation or inactivation by the other
chlorides, to some extent, is due to non-specific in-
teractions. The other chlorides may act as common
stabilizers or distributors to the conformation of pro-
tein (Reyes & Huennkens 1967; Duft al. 1987).
The slow, reversible kinetic properties of E4Gh-
hibition suggest that Eu(lll) is binding to the active
site of DHFR. In order to reveal the structural specific
interactions of E&™ with chicken liver DHFR, protein
intrinsic fluorescence and the energy transfer spectra
between protein and Eti were measured (see below).

Intrinsic fluorescence changes

The fluorescence properties of the aromatic side
chains in proteins, predominantly contributed by tryp-

different activation behavior. Therefore, these results tophan, provide a sensitive means for monitoring
suggest that the activation process of these ions cannottonformational changes induced by environmental
be simply ascribed to their ionic strength properties. changes or metal ion binding. DHFR from chicken
Furthermore, if the activation of the enzyme is the re- liver has three tryptophan residues, namely Trp24,
sults of the common chloride anion as described by Trp57 and Trp113. Trp24 located in the loop region
Reyes (Reveys & Huennkens 1967), then half concen- connecting8A to «B is one of the strictly conserved
tration of CaC} would be expected to have the same hydrophobic amino acids at the active site and con-
effect as NaCl or KCI. This does not occur as shown in tributes to the binding of NADPH (McTiguet al.
Figure 1A that the activity of the enzyme is inhibited 1992). Trp57 and Trpl113 are nonconserved amino
by 0.4 M CaC}, while, at 1.6 M NaCl and KCI, the  acids located iBE and«C, respectively. Their contri-
enzyme is still activated. This suggests that the activa- bution to substrate binding, if any, is unknown. There-
tion process by these ions cannot be simply ascribed fore the fluorescence changes are likely to represent
to the common chloride anion. global conformational effects.

In Figure 1B, the effect of nanomolar concentra-
tions of trivalent lanthanide salt is shown. In contrast
with mono- and divalent salts, trivalent lanthanide
salts, strikingly, do not show any detectable acti-
vation, even at the nanomolar concentration range.
Figure 1B shows that Euglstrongly inhibit the ac-
tivity of DHFR, for example, the activity of DHFR
declines to 50% of that control in the presence of
0.02 mM EuCs. Furthermore, the mode of activation
observed for NaCl, KCI, and Cagls rapid (mixing

The changes of the fluorescence emission spectra
of chicken liver DHFR at different concentrations of
CaCh are shown in Figure 2A. The native enzyme
with no salt incubation shows an asymmetric emission
band with the maximum emission wavelength at about
323 nm. In the presence of Ca(low concentration
region) an increase in concentration results in the grad-
ual increase of the emission intensity with a maximum
intensity observed at 0.1 M CaCINo red shift in the
emission maximum was observed. This is consistent



198

160

140
120
100
80
60
40

20

0 B

\

300 330 360 390 300 330 360 390

Relative Fluorescence Intensity

300 330 360 390
Wavelength (nm)

Figure 2. Fluorescence emission spectra for DHFR in the pres-
ence of (A) CaCl, (B) CaCh and EuCh, and (C) Eud. (A)

Enzyme was preincubated with indicated concentrations of £aCl
for 2 hours. The excitation wavelength was 280 nm. Excitation
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Figure 3. Excitation (EX) and emission (EM) spectra for Euin
50mM Mes-NaOH pH 6.0. The excitation and emission slits were
setat 5 nm. The concentration of Eg@as 0.15 mM. Inset: relative

and emission slits were 5 nm and 10 nm respectively. The enzyme changes of the intensity at 319 nm of¥uas a function of DHFR

concentration is 12.3g/ml. The concentrations of CagCfor 1-8
were 0, 0.075, 0.125, 0.25, 0.5, 1.0, 1.5 and 2.0 M, respectively.

concentrations.

(B) The same as described in (A) except that the emission spectra

were recorded after adding of Eu4Gb ul to 20001l system). The
final concentration of Eu@lwas 1.5 mM. (C) 24.6:.9/ml enzyme
was preincubated with indicated concentration of BUGt 2 hours.
Excitation and the emission slits were set both at 5 nm. The concen
trations of EuCG} from 1-8 were 0, 0.15, 0.3, 0.6, 1.5, 3.0, 6.0 and
15 mM, respectively.

with the concentration range of the activation. Further
increases in Cagloncentration£0.1 M) are accom-

panied by intensity decreases and a gradual red shiftin

the emission maximum (from 323 nm to 330 nm).

we found that the activity of DHFR had been inhibited

to 50% of that control in the presence of 0.02 mM
_ EuCk. However at these concentrations, the protein
intrinsic fluorescence shows no detectable change in
intensity and no red shift in emission maximum, indi-
cating the inhibition process preceded the unfolding of
the protein. The activity is already inhibited to some
extent with no detectable change in the conforma-
tion of whole protein. This result cannot be explained
in terms of the common anion (Reyes & Huennkens
1967) or ionic strength effect (Barbehenn & Kaufman

Figure 2C shows the changes of the fluorescence 19g5y A reasonable interpretation is that*Ewcan

emission spectra of chicken liver DHFR at differ-
ent concentrations of Eugl The presence of Eugl

produces a dramatic decrease in emission intensity

and red shifts in the emission maxima at millimo-

lar concentration range. The presence of 0.15 mM
EuClk causes the emission intensity to decrease about

10%; when the concentration of EuCkaches 15mM,

the emission intensity decreased to 30% of native EL+

with no salt, with a 17 nm red shift of the emission

maximum. This decrease in emission intensity and

pronounced red shift demonstrates a dramatic con
formational change of DHFR as the result of EsCl

Nonradiative energy transfer from the side chains of
the aromatic amino acids to Eu(lll) may also con-

specifically interact with the active site of DHFR, re-
sult in the local conformational change at the active
site that may not be detected by protein intrinsic fluo-
rescence, and somewhat interfere with the binding of
substrate to the enzyme (Tsou 1993). Since the intrin-
sic fluorescence of DHFR comes primarily from the
contribution of tryptophan residues, the interaction of
with tryptophan residues, especially Trp24 is of
great interest. The characteristic luminescence spectra
of Eu(lll) was used to provide more information on the
" interaction of EG* with DHFR (see below).

Luminescence spectra of Eu(lll) and energy transfer

tribute to the decrease of the intrinsic fluorescence of The characteristic luminescence spectra of‘Eare
protein. However, in the absence of a conformational illustrated in Figure 3. A strong emission peak at

change, its quenching role will be very weak (Breen
et al. 1985). The addition of more Euglincreases

the exposure extent of tryptophan residues to a hy-

drophilic environment. Comparing the conformational
change with the inhibition of DHFR activity by Eugl

593 nm is observed upon excitation at 319 nm and
395 nm, and has been attributed to the 4f—4f transitions
between the ground state of Euion and its excited
states (Wu & Shi 1995). The relative change of ex-
citation intensity at 319 nm as a function of DHFR
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concentrations is shown in the inset of Figure 3. An 1.0
increase of the DHFR concentration leads to a gradual % g N C
increase of the excitation intensity at 319 naeif z N
= 593 nm) indicative of energy-transfer from DHFR = 06
to E¥t. Here the tryptophan residues are the en- T3 i
ergy donor as well as the main contributor of protein =, 04 i
intrinsic fluorescence. - 02k
We used CaGlas an indicator to study different ST NSRRIV AT A
conformational states of DHFR. Identical concentra- . L8F B
tions of DHFR solutions were preincubated with dif- =] L6 k
ferent concentrations of CafChnd allowed to fully é L
equilibrate. After recording the initial conformational S lar
state of protein (Figure 2A), small volume of EgClo {’ 12 B
avoid dilution effect) is added to each reaction system - -
for fluorescence measurement. LoF i
In Figure 2B, a remarkable difference is observed — 332+ A
between the intrinsic fluorescence quenching of pro- g 330 |
tein in different conformational states by the same & sl
concentration of EuGl In Figure 4A, show that, in- = w6k
crease of CaGlconcentration enhances the degree of z -
conformational extension and the extent of exposure EE A
of its fluorophore (tryptophan) to the hydrophilic en- =322
vironment. At the same time, the 319 nm excitation 320 o
intensity ratios, jlgllglg of Eu(lll) are also increased 00 05 1.0 15 20
(Figure 4B) indicating intensified energy transfer ef- Concentration of CaCl, (M)

ficiency. Therefore, Eu(lll) can play two roles in  Figure 4. The interaction between Eugind DHFR at the different
contributing to the dramatic quenching observed for conformation state induced by CaCIrhe enzyme concentration is
DHFR protein intrinsic fluorescence; one is as confor- 2:3#g/ml and the final concentration of Eugis 1.5 mM. For

. . protein intrinsic fluorescence measurement, the excitation wave-
mational 'ndU.Ctor and the Other. as an energy aCCeptor. jength was 280 nm, excitation and emission slits were 5 nm and
The two functions are cooperative, with the more open 10 nm, respectively. While for Eu(lll), the excitation and emission
conformation of protein having a more solvent expo- slits were set both at 5 nm. Its excitation spectrum was measured

: - by fixing the monitoring wavelength at 593 nm. (A) The red shift
sure of the tryptophan and hence the higher efficiency in emission wavelength maxima of DHFR as a function of GaCl

of the energy transfer. concentrations. (B) The relative changes of Eu(lll) 319 nm exci-
The efficiency of energy transfeE, in dipole- tation intensities after Eugladded to DHFR solutions containing

dipole nonradiative energy transfer, between a donor different _concentrations of Cagis cpnformat_ior_lal i_nduct(_)_r. ©)

and acceptor is related to the spatial distance of separa—lggir:g'g]'g;hanges of DHFR maximal emission intensities after

tion, r, and the critical distance for 50% energy trans-

fer, Ro, is given by the following equatiorf = [1 +

(r/R0)®1~1 (Férster 1967). So the observed increase necting SA to «B, is more accessible to solvent, so

in energy transfer efficiency during conformational the low energy transfer efficiency from DHFR at slight

extension of protein indicates an increased access ofconformational change states (corresponding to the

Eu*t to the fluorescent tryptophan core. The crystal region while the concentration of CaQOks less than

structure of DHFRNADPTebiopterin ternary com- 0.5 M), is most likely contributed by this tryptophan

plex (McTigueet al. 1992) shows Trp57 and Trp113, residue. Only when the Cagftoncentration is greater

are located irBE andaC, respectively, which is close  than 0.5 M, and the whole conformation of DHFR dra-

to the center of the protein molecule. The distances matically extends is Eu(lll) accessible to the other two

between these two tryptophans and the Eu(lll) ion in tryptophan residues and therefore leads to the highly

solvent are estimated to be at least 20 A. The contri- efficient energy transfer.

bution of these two residues to energy transfer must

be weaker compared to the solvent exposed donor.

However Trp24 located in the mobile loop region con-
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Inhibition mechanism of Eu(lll) date the kinetic mechanism for Eu(lll) inhibition are
in progress.

Dihydrofolate reductase (DHFR) can be activated by

mono- and bivalent salts (Reyes & Huennkens 1967;

Barbehenn & Kaufman 1982) and the effects of these conclusions

metal salts have been ascribed to the common anion

(Reyes & Huennkens 1967) and ionic strength (Bar- |n order to understand the mechanism of ion-
behenn & Kaufman 1982). The role of cations was dependent activation of Dihydrofolate reductase
not clarified. The different behavior between NaCl and (DHFR) from chicken liver, we have studied the ef-
CaCb, and even NaCl and KCI on the activation of fects of mono-, bi- and trivalent metal ions (served as
DHFR from L1210 cells is apparent, which is not sat- chlorides) on the activity of this enzyme. The mono-
isfactorily accounted for by either explanation. The yglent metal ions (N&, K*) can activate this enzyme
original motive for this study was to use Eu(lll) as py 2 5-fold at 0.4-0.5 M. C& shows similar acti-
fluorescent probe to study the ion-dependent activa- yation effect as that of monovalent ions, although at
tion of DHFR. However, surprisingly Eugkhows a  high concentration, G4 is inhibitory. Lanthanide
strong inhibition of DHFR activity even at very low  jons, surprisingly, show no activation but inhibition on
concentration. The slow, reversible inhibition kinet- the activity of this enzyme even at very low concen-
ics indicates the binding of Eu(lll) to the active site tration. This inhibition is a slow, reversible process.
of DHFR. At the same time, the energy transfer ex- |uminescence spectra of Eu(lll) and energy transfer
periments suggest the low energy transfer efficiency measurements show that¥ucan specifically interact
obtained in the more compact state of protein is due ith Trp24 residue, which is located at active site of

to the Trp24~Eu(lll) interaction. Therefore the in-  this enzyme, and thereby inhibits the activity of this
hibition of lanthanide ion on the activity of DHFR  enzyme.

may be due to the specific interaction of Euwith

Trp24 residue, a strictly conserved at the active site

for chicken liver DHFR. The crystal structure data Acknowledgements
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