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Synthesis of a Spin-Labeled Analogue of Nicotinamide Adenine
Dinucleotide Phosphate and Its Interaction with Dihydrofolate

Reductase’

Lennie Cocco and Raymond L. Blakley*

ABSTRACT: A spin-labeled analogue of NADP has been
prepared and characterized. Adenosine 2’,3’-phosphate 5'-
diphospho-4-(2,2,6,6-tetramethylpiperidinyl-1-oxy) has been
prepared by coupling adenosine 2’,3’-phosphate 5’-phospho-
romorpholidate with 4-phospho-2,2,6,6-tetramethylpiperidi-
nyl-1-oxy and isolated by ion-exchange chromatography. The
cyclic phosphate was cleaved by treatment with dilute acid
to give a mixture of the 2’- and 3’-phosphate isomers. In-
cubation with a 3’-nucleotidase and subsequent ion-exchange
chromatography gave the desired 2’-phosphate isomer,
adenosine 2’-phosphate 5’-diphospho-4-(2,2,6,6-tetra-
methylpiperidinyl-1-oxy). The spin-labeled analogue of NADP
inhibits dihydrofolate reductase isoenzyme II from Strepto-
coccus faecium var, durans Strain A. The inhibition is
competitive with respect to NADPH with K, = 7.7 £ 1.4 uM.
This is consistent with the dissociation constant for the inhibitor

’I;le structure of dihydrofolate reductase (EC 1.5.1.3) is the
subject of intensive study because of its clinical relevance
(Kisliuk & Brown, 1979; Matthews et al., 1978, 1979), the
reductase being the target in cancer chemotherapy utilizing
the drug methotrexate (Blakley, 1969). As part of continuing
investigations of dihydrofolate reductase structure, we are using
NMR spectroscopy of '*C-labeled dihydrofolate reductase
(Blakley et al., 1978; Cocco et al., 1978, 1979), which can yield
information about motion of side chains, protein tumbling,
conformational transitions, and ligand binding. In order to
extract all the information from the NMR spectra, resonances
need to be assigned to specific amino acid residues in the
protein sequence.

A possible first step in making such assignments is the
identification of resonances corresponding to residues near the
active site. This would help to distinguish spectral changes
reflecting conformational transitions from those due to direct
interaction between the ligand and labeled residues. One tool
for the identification of such resonances is the spin-labeled
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complex, Kp = 5.1 £ 0.8 uM, as measured by the effect of
binding on the EPR signal of the ligand. The electron
paramagnetic resonance (EPR) measurements also show that
the number of binding sites for the ligand on the reductase
is 1.1 £ 0.1, The EPR signal shape at high ratios of the
analogue to enzyme is unchanged from the signal in the
absence of enzyme, but at low ratios of analogue to enzyme
there is a marked broadening of the signal. Analysis of the
enzyme-bound signal gave a correlation time of S ns, which
is somewhat shorter than the rotational correlation of the
enzyme {20 ns; Cocco, L., Blakley, R. L., Walker, T. E.,
London, R. E., & Matwiyoff, N. A. (1978) Biochemistry 17,
4285-4290]. The analogue does not appear to inhibit glu-
tamate dehydrogenase, isocitrate dehydrogenase, or glu-
cose-6-phosphate dehydrogenase.

analogue of the ligands (Krugh, 1976; Morrisett, 1976).
Resonances of '*C nuclei near the bound spin-labeled ligand
will be broadened, and in favorable cases the distance between
the spin label and the '3C nucleus can be calculated. In the
present paper we report on the synthesis and characterization
of a spin-labeled analogue of NADP to be used for this
purpose. Some of these results have been presented in a
preliminary form (Cocco & Blakley, 1978; Cocco et al., 1979).
The corresponding spin-labeled analogue of NAD has been
synthesized by Weiner (1969).

Experimental Procedure

Materials
4-Hydroxy-2,2,6,6-tetramethylpiperidinyl-1-oxy (Tempo-
OH)' was obtained from the Aldrich Chemical Co. 2-

! Abbreviations used: Tempo-OH, 4-hydroxy-2,2,6,6-tetramethyl-
piperidinyl-1-oxy; PEI, poly(ethylenimine); DEAE, diethylaminoethyl;
DCC, dicyclohexylcarbodiimide; cPADP-SL; adenosine 2,3'-phosphate
5’-diphospho-4-(2,2,6,6-tetramethylpiperidinyl-1-oxy); PADP-SL, adencsine
2’-phosphate 5'-diphospho-4-(2,2,6,6-tetramethylpiperidinyl-1-oxy); Mes,
2-(N-morpholino)ethanesuifonic acid; ADP-SL, adenosine 5’-di-
phospho-4-(2,2,6,6-tetramethylpiperidinyl-1-oxy); TLC, thin-layer
chromatography; BSA, bovine serum albumin; ADPR, adenosine 5’-
diphosphoribose.
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FIGURE 1: Outline of the method used for synthesis of PADP-SL.,

Cyanoethyl phosphate, from the Sigma Chemical Co. (as the
Ba salt), was converted to the free acid by the method of Tener
(1961). p-(Methylamino)phenol (Elon) was from Kodak.
Nuclease P; (EC 3.1.3.6), bovine liver glutamate de-
hydrogenase (EC 1.4.1.3, Type II, solution in 50% glycerol,
50 units/mg), pig heart isocitrate dehydrogenase (EC 1.1.1.42,
Type IV, solution in 50% glycerol, 10 units/mg), and baker’s
yeast glucose-6-phosphate dehydrogenase (EC 1.1.1.49, Type
VII, crystalline suspension, 300 units/mg) were obtained from
Sigma. Thin-layer cellulose sheets were obtained from the
Eastman Chemical Co. (Eastman Chromatogram Sheet
6065), and PEl-cellulose sheets were from Brinkman In-
struments, Inc. (Polygram CEL 300 PEI/UV,s,). Dowex-1,
Dowex-50, and DEAE-cellulose were from Sigma.

Dihydrofolate reductase was purified as previously described
(Blakley et al., 1978),

Methods

Analytical Procedures. TLC was carried out on cellulose
sheets with saturated ammonium sulfate—ethanol (5:2) as the
solvent (system 1) or on PEI-cellulose. For the latter 1.0 M
LiCl was used as the solvent (system 2) after a preliminary
development with water to remove salts and/or solvents from
the sample. Spots were located under UV light.

Inorganic phosphate was determined by a modification of
the method of Fiske and Subbarow by using 1% p-(methyl-
amino)phenol containing 3% sodium bisulfite as the reducing
agent (Jaenicke, 1974). Total phosphate was determined as
inorganic phosphate after samples were ashed with Mg(NO,),
(Ames & Dubin, 1960). The concentration of adenine de-
rivatives was determined by using a molar absorbance of 15.4
X 10° at 260 nm at pH 12. Ribose was determined by the
method of Ashwell (1957).

Adenosine 2/(3",5-Diphosphate (I) (Figure I). Adenosine
(2.58 g, 10 mmol, dried overnight in vacuo at 100 °C) was
dissolved in 100 mL of boiling anhydrous pyridine. The
solution was allowed to cool, the solvent was removed in vacuo,
20 mL of a solution of the 2-cyanoethyl phosphate (20 mmol)
in pyridine (Tener, 1961) was added, and the solvent was
removed in vacuo. The residue was dissolved in 30 mL of
anhydrous pyridine, and the solvent was again removed in
vacuo. This was repeated twice more. A solution of 5.14 g
(25 mmol) of dicyclohexylcarbodimide in 100 mL of an-
hydrous pyridine was added, and the flask was stoppered and
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shaken until the mixture became homogeneous. After 3 days
at room temperature, 20 mL of water was added and the
mixture allowed to sit for 1 h. The dicyclohexylurea was
filtered off and washed with water. The resulting solution was
evaporated to dryness in vacuo, and the residue was dissolved
in 100 mL of 0.4 N LiOH and refluxed for 1 h. The cooled
solution was filtered, diluted to about 1 L, and applied to a
Dowex-1 (HCOO™) (4 X 30 cm) column, The column was
washed with about 4 L of water to elute unreacted adenosine.
The monophosphorylated products were eluted with 1.25 M
HCOOH (about 3 L) before elution of the 2/(3’),5’-ADP with
3.5 M HCOOH (about 3 L). The pooled fractions of the latter
were evaporated to dryness in vacuo (water aspirator), the
residue was redissolved in 200 mL of water, and evaporation
to dryness was repeated. This procedure was repeated several
times to remove residual formic acid. The remaining material
which was homogeneous by TLC was used in this form for
the next step. The yield was typically about 25%. TLC:
system 1, R, = 0.01; system 2, R, = 0.08.

Adenosine 2’,3-Phosphate 5"-Phosphoromorpholidate. The
morpholidate (II) was prepared by the method of Moffatt &
Khorana (1961a) with the modification that the DCC in
t-BuOH was added dropwise to the reaction mixture over a
period of 3-4 h (Moffatt & Khorana, 1961b). TLC: system
1, Ry = 0.60; system 2, R, = 0.75. The TLC (system 2)
showed two additional spots (trace contaminants compared
to compound II) which corresponded to unreacted starting
material and adenosine 2',3’-phosphate 5'-phosphate. The UV
spectrum showed a single absorbance maximum at 259 nm.

4-Phospho-2,2,6,6-tetramethylpiperidinyl-1-oxy (IV).
Compound IV was prepared from Tempo-OH (I1I) by the
method of Weiner (1969) and used as a 1 mM solution in
pyridine. The material was homogeneous by TLC. TLC: III,
system 2, R, = 0.95; IV, system 1, R, = 0.77; system 2, R,
= 0.78.

¢PADP-SL. ADP morpholidate (II; 0.5 mmol) was dis-
solved in 20 mL of anhydrous pyridine, and the solvent was
removed in vacuo. The residue was dried by three further
evaporations with anhydrous pyridine. In another flask a
solution of 1V (2.0 mmol) was taken to dryness, and the residue
was dried by three further evaporations with anhydrous
pyridine. The residue of compound IV was taken up in 10 mL
of anhydrous pyridine, the resulting solution was added to the
morpholidate, and the solvent was removed in vacuo. After
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FIGURE 2: Purification of cPADP-SL by chromatography on

DEAE-cellulose. Experimental details are in the text. Fractions
combined are indicated by the bar.
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FIGURE 3: Purification of PADP-SL by chromatography on
DEAE-cellulose. Fractions combined are indicated by the bar.
Experimenta] details are in the text.

two more evaporations with anhydrous pyridine and read-
mission of dry air, 30 mL of anhydrous pyridine was added,
the flask was stoppered, and the mixture was allowed to stand
in the dark at 25 °C for 24 h. The solvent was removed in
vacuo, and the residue was taken up in about 100 mL of water
and applied directly to a DEAE-cellulose (bicarbonate) (3 X
45 cm) column. After the column had been washed with about
500 mL of water, a linear gradient was started (2 L of water
in the stirred vessel and 2 L of 0.3 M triethylammonium
bicarbonate, pH 7.3, in the reservoir), and 15-mL fractions
were collected. A typical elution profile is shown in Figure
2. The major peak which contained the cyclic PADP-SL was
dried in vacuo, and the buffer was removed by repeated
evaporations with ethanol. The material which was homo-
geneous by TLC was used in this form for the next step. TLC:
system II, R, = 0.55. The UV spectrum showed a single
maximum at 259 nm.

PADP-SL. The cPADP-SL was dissolved in 0.1 N HCl and
allowed to sit for 1 h. The solution was neutralized with 1
N NaOH and made 0.05 M in Mes, pH 6.0, and about 5 mM
in PADP-SL. Nuclease P, (0.5 mL of a 0.1 mg/mL solution)
was added, and the mixture was incubated at 37 °C for 3-4
h. The solution was diluted 10-fold with cold water, applied
to a DEAE-cellulose (bicarbonate) (3 X 30 ¢cm) column, and
washed with about 2 L of water. A linear gradient was started
(2 L of water in the stirred vessel and 2 L of 0.4 M tri-
ethylammonium bicarbonate, pH 7.3, in the reservoir), and
15-mL fractions were collected. A typical elution profile is
shown in Figure 3. Fractions of the second major peak were
pooled. The first peak is ADP-SL while the second peak is
PADP-SL. The PADP-SL sample was dried in vacuo, and
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FIGURE 4. Double-reciprocal plot showing inhibition (competitive vs.

NADPH) of dihydrofolate reductase with PADP-SL. Experimental
details are in the text.

the buffer was removed as described above. The material was
used without further purification. TLC: ADP-SL, system 2,
R, = 0.85; PADP-SL, system 1, R, = 0.52; system 2, R, =
0.46. The adenosine-ribose—phosphate-Tempo ratio was
1:1.2:3.5:0.7. A sample was converted to the tetrasodium salt
by passage of a solution of PADP-SL over a Dowex-50 (Na*)
column. The solution was dried in vacuo, and the residue was
dissolved in methanol. Several evaporations with the methanol
were carried out to dry the material. Finally, a small volume
of methanol was used to takeup the residue and solid
PADP-SL precipitated from solution by addition of ~5
volumes of diethyl ether. The solid was filtered and air-dried
on a Biichner funnel and then further dried over P,0Os. Anal.
Caled for C19H23N6014P3Na4‘4CH3OH: C, 31.48; H, 5.05;
N, 9.58. Found: C, 30.73; H, 4.88; N, 9.01.

Kinetics Measurements, Enzyme activities were measured
spectrophotometrically with a Cary 14 recording spectro-
photometer at 25 °C by using a 5-cm path length and the
0-0.1 absorbance scale and monitoring either the production
or the loss of NADPH at 340 nm. For dihydrofolate reductase
the assay mixture contained 50 mM potassium phosphate
buffer (pH 7.0), 50 uM dihydrofolate, 1-5 uM NADPH, and
2-10 uM PADP-SL. The glutamate dehydrogenase assay
mixture contained 10 mM Tris—acetate buffer (pH 8.0), 50
mM glutamate, 10 uM EDTA, 1-5 uM NADP*, and 40 uM
PADP-SL (Frieden, 1959). The isocitrate dehydrogenase
assay mixture contained 30 mM triethanolamine hydrochloride
buffer (pH 7.4), 4 mM pL-isocitrate, 20 mM MnSO,, 1-5 uM
NADP*, and 45 uM PADP-SL (Coleman, 1968). The
glucose-6-phosphate dehydrogenase assay mixture contained
100 mM Tris-HCI buffer (pH 8.0), 1 mM glucose 6-phos-
phate, 10 mM MgSQO,, 1-5 uM NADP*, and 40 pM
PADP-SL (Kuby & Noltmann, 1966).

Data were analyzed by Cleland’s HYPER and COMP programs
(Cleland, 1967).

EPR Measurements. EPR spectra were obtained at room
temperature with either a Varian V-4502 or Varian E-104
spectrometer at 9.5 GHz. The spectrometer setting was time
constant, 0.128 s; modulation amplitude, 0.63 G; microwave
power, 20 mW; scan range, 100 G; scan time, 4 min; field,
3388 G; microwave frequency, 9.515 GHz; and temperature,
25 °C. All samples were in an aqueous flat cell. Samples used
for the titrations contained 1 mg/mL BSA which did not affect
the spectrum of the PADP-SL.

Results

Kinetic Behavior of the Analogue. PADP-SL was found
to be a competitive inhibitor vs. NADPH for dihydrofolate
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FIGURE 5: EPR spectra. (A) 50 uM PADP-SL; (B) 20 uM
PADP-SL and 0.6 mM dihydrofolate reductase; (C) same as (B)
with the small free signal removed from the entire spectrum by
computer subtraction of an appropriately scaled spectrum of free
PADP-SL. Samples are in 50 mM potassium phosphate buffer, pH
7.3. Spectrum B represents four scans collected with a time-averaging
computer.

reductase (Figure 4). The K at 25 °C was 7.7 £ 1.4 uM
which is considerably lower than the Kj, for PADPR (K =
28 uM; Blakley et al., 1978). With glutamate dehydrogenase,
isocitrate dehydrogenase, and glucose-6-phosphate de-
hydrogenase, inhibition was not observed at PADP-SL con-
centrations to 40 uM. On the assumption that in order to
observe inhibition there must be a 20% decrease in the velocity,
then Ky > 41, where I is the inhibitor concentration used in
the assay. Thus, the lower limit of Kj is 160 uM for the three
dehydrogenases.

EPR Properties of the Analogue. PADP-SL has the typical
three-line EPR spectrum expected for a paramagnetic nitroxide
(Figure 5A). In the presence of dihydrofolate reductase there
is a decrease in the intensity of the signal. At a high PADP-SL
to enzyme ratio there is no change in line shape of the spectrum
because the spectrum is dominated by the signal of the un-
bound PADP-SL. However, at low PADP-SL to enzyme ratio
(i.e., <1) an altered shape is observed (Figure 5B,C).

By contrast, spectra of PADP-SL in the presence of glu-
tamate dehydrogenase and isocitrate dehydrogenase show no
line-shape indications of binding, even at low PADP-SL to
enzyme ratios.

Titration of Dihydrofolate Reductase with PADP-SL. The
dissociation constant of the complex formed by PADP-SL with
dihydrofolate reductase was measured by titrating the enzyme
with PADP-SL. It was assumed that the signal of the bound
PADP-SL does not contribute significantly to the height of
the upfield peak. Thus, the concentration of free ligand was
estimated from the upfield peak height by comparison to a
standard curve. The results of two titrations are shown in
Figure 6.

The data from the titration were treated by the method of
Scatchard (1949) to determine the K and number of binding
sites (Figure 7). A linear least-squares analysis of these data
(Cleland’s LINE program) gave a Kp of 5.1 £ 0.8 uM and 1.1
% 0.1 binding sites per molecule of reductase. These results
are in good agreement with the kinetically derived value of
K, and it may be seen that there is no evidence for a second
binding site with K < 25 uM. This is in contrast to the report
of two sites for the reductase of Escherichia coli with Kp =
0.02 and 0.4 uM, respectively (Williams et al., 1973).
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FIGURE 6: EPR titration of dihydrofolate reductase with PADP-SL.
Curves are for PADP-SL with no enzyme (0O), PADP-SL with 6.6
uM enzyme (@), and PADP-SL with 13.5 uM enzyme (O). All
samples are in 50 mM potassium phosphate buffer, pH 7.3, containing
1 mg/mL BSA. (PADP-SL)y is the total concentration of PADP-SL
in the sample.
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FIGURE 7: Scatchard plot of the EPR titration of dihydrofolate
reductase with PADP-SL. Calculation is as described in text by using
data taken from Figure 6. Enzyme concentrations were 6.6 uM (@)
and 13.5 uM (0). (PADP-SL)g, (PADP-SL)f, and Eg are the
concentrations of bound PADP-SL, free PADP-SL, and total enzyme,
respectively.

Estimation of the Rotational Correlation Time (1) for
Bound PADP-SL. The spectrum of bound PADP-SL was
obtained at an enzyme to PADP-SL ratio of about 30:1.
Examination of the upfield portion of the spectrum (Figure
5b) showed about 3% contribution due to free PADP-SL. This
contribution to the overall spectrum was removed by computer
subtraction of an appropriately scaled signal for free
PADP-SL. The resulting corrected spectrum of the bound
PADP-SL (Figure 5c) can be used to estimate the rotation
correlation time (r) of the bound PADP-SL (Stone et al.,
1965). The EPR spectrum consists of three lines assigned to
4N nuclear spin quantum states M = 1, 0, and —1. The lines
are of unequal width, and this inequality is a measure of the
anisotropy of the hyperfine interaction and the g value. The
heights of the lines of the derivative curve can be related to
the rotational correlation time as follows (Stone et al., 1965)

ho 1/2 ho 1/2 STbA‘YHOTZ,O
) \n) ST T W

h0 1/2 hO 1/2 21,b2T2‘0
2) 4+ 2) =2+ 2
(h_l) 7 2 3 )
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where hy = heights of lines in the derivative curve, 7 = the
rotational correlation time, b = the measure of the anisotropy
of the hyperfine interaction, Ay = the measure of the an-
isotropy of the g value, H, = magnetic field strength, and T,
= spin—spin relaxation time estimate by using the peak-to-peak
line width of the central line.

The values of b and Ay are calculated from constants for
the free nitroxyl radical by using the equations (Stone et al.,
1965)

b= %(Azz - Au) (3)
B 1
Ay = ";gzz - E(gu + gyy) (4)

where A,, and A4,, = principal components of the hyperfine
tensor, g, &y and g,, = principal components of the g tensor,
8 = the Bohr magneton for the electron, and A = Planck’s
constant.

For the nitroxyl radical the appropriate constants are 4,,
= 87 MHz, 4,, = A, = 14 MHz, g,, = 2.0027, g,, = 2.0089,
and g,, = 2.0061 (Nordio, 1976); thus, b = 3.06 X 10° rad
and Ay = 422 X 10*s1 G™!. T, can be calculated from the
peak-to-peak width (Av, in gauss) of the central line by using
the relation

(Ty0)™ = Avry/3(2.8 X 108) 57! (5)

For PADP-SL T,, = 18.1 X 107 s; the peak heights were k,
= 8.5, hy=12.0, and h_; = 1.3. Thus, (hy/h_,)"/?> = 3.04 and
(ho/h))!/* = 1.19,and eq 1 gave r = 4.4 ns and eq 2 gave 7
= 5.6 ns. The principle source of error in these estimates arises
from the error introduced by spectrum noise in the estimate
of h_;. The maximum value of this error in A_; was estimated
to be £25%, which would lead to a maximum error in 7 of
+5%.

Discussion

Synthesis of PADP-SL. The structure of PADP-SL is the
same as the NAD spin-labeled analogue synthesized by Weiner
(1969), except for the 2’-phosphate group. Nevertheless, this
difference introduced two synthetic problems: (1) the need
to protect the 2’-phosphate by cyclization during the formation
of the pyrophosphate bond between the piperidinyloxy moiety
and the nucleotide and (2) the separation of the 2’ and 3’
isomers formed by the subsequent opening of the cyclic
phosphate. The first problem was solved by using the same
intermediate employed by Moffatt & Khorana (1961a) in the
preparation of coenzyme A, adenosine 2/,3’-phosphate 5’-
phosphoromorpholidate. In this compound the 5’-phosphate
is activated and the 2’,3’-cyclic phosphate is protected. Al-
lowing this material to react with 4-phospho-2,2,6,6-tetra-
methylpiperidinyl-1-oxy gives the spin-labeled analogue with
the 2/-phosphate still protected. After chemical opening of
the cyclic phosphate (with dilute acid), a mixture of the 2 and
3’ isomers resulted, and attempts to separate these chroma-
tographically were unsuccessful. However, use of a 3’-nu-
cleotidase to remove the 3’-phosphate gave ADP-SL, the
spin-labeled analogue of NAD, which is easily separated from
PADP-SL. The synthetic scheme involving these procedures
is conveniently carried out on a 1-mmol scale in about 2 weeks,
giving about 150 umol (~ 120 mg of the tetrasodium salt) of
PADP-SL.

Suitability of PADP-SL for NMR Studies. A spin-labeled
analogue for use in NMR studies of proteins must meet several
criteria: (1) the dissociation constant should be low enough
that a small excess of ligand gives nearly complete saturation
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of the protein; (2) the analogue should bind to the target
protein so that its orientation on the protein surface is similar
to that of the parent ligand; (3) any conformational changes
induced by the parent ligand should also be induced by the
analogue; and (4) the nitroxyl portion of the bound analogue
should also be located near the active site of the protein.
Presumably, these criteria were also considered in designing
a spin-labeled analogue of NAD (Weiner, 1969).

The choice of the particular spin-labeled analogue reported
on here was based on earlier observations of the behavior of
PADPR with dihydrofolate reductase. PADPR is a com-
petitive inhibitor vs. NADPH and binds tightly to the catalytic
site (K, = 28 uM; Blakley et al., 1978). Similarly, PADP-SL
was found to inhibit dihydrofolate reductase competitively vs.
NADPH, and its dissociation constant was found to be low
(Kp =~ 7 uM) when determined both kinetically and by EPR
titration. At a 1:1 ratio of PADP-SL to enzyme, at least 92%
of the enzyme is saturated, so that the relatively small amounts
of unbound PADP-SL should cause no significant nonspecific
broadening of resonances in the NMR experiments. In ad-
dition, the EPR titration results show that there is only one
binding site (at PADP-SL to enzyme ratios of 1:1); thus, there
will be no complications due to PADP-SL at a second, lower
affinity site.

The kinetics of inhibition (competitive vs. NADPH) suggest
that PADP-SL binds to dihydrofolate reductase in a manner
similar to NADPH. Furthermore, binary complexes of
[guanidino-*C]arginine-labeled dihydrofolate reductase with
NADPH and with PADP-SL give very similar !3C NMR
spectra (if broadening of some resonances is neglected),? which
is taken as evidence that the two ligands are binding in a
similar orientation on the protein surface and also inducing
similar conformational transitions.

Interaction of PADP-SL with Other Dehydrogenases. Since
dihydrofolate reductase is inhibited by both PADP-SL and
PADPR, this enzyme presumably interacts similarly with the
nicotinamide ribose and the piperidinyloxy group. The same
similarity of behavior was observed with ADPR and ADP-SL
toward liver alcohol dehydrogenase (Weiner, 1969). However,
the piperidinyloxy group apparently does not interact in the
same manner as the nicotinamide ribose in the case of other
NADP-linked dehydrogenases. Thus, glutamate dehydro-
genase, isocitrate dehydrogenase, and glucose-6-phosphate
dehydrogenase, all of which are inhibited by PADPR (Ben-
Hayyim et al., 1967), showed no detectable inhibition by
PADP-SL. The binding sites of the larger dehydrogenases
therefore seem to have more steric constraints than does the
site of dihydrofolate reductase or are limited in the types of
interactions allowed. Comparison of space-filling models of
the ribose group and the piperidinyloxy group shows that they
occupy nearly the same volume, so that any difference in
binding must derive from the differences in hydrophilicity. The
three-dimensional structure of Lactobacillus casei dihydro-
folate reductase shows that the nicotinamide ribose binding
site is relatively open and can accommodate either hydrophobic
or hydrophilic groups (Matthews et al.,, 1979). In agreement
with this conclusion, the correlation time for PADP-SL bound
to the reductase (see below) is consistent with a loosely at-
tached piperidinyloxy group.

When the nicotinamide binding sites of lactate de-
hydrogenase and dihydrofolate reductase are compared,
however, there are no evident resemblances. The former has
binding surfaces for the nicotinamide on some 3 sheets and

2 Unpublished experiments.
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a helixes which comprise a mononucleotide fold, whereas many
interactions with the nicotinamide in the latter involve residues
which are not part of 8-sheet or a-helical structure (Matthews
et al., 1979). Furthermore, of the three larger dehydrogenases
studied, only glucose-6-phosphate dehydrogenase has an or-
dered mechanism® (Gould & Goheer, 1976) as does di-
hydrofolate reductase (Blakley et al., 1971), whereas glutamate
dehydrogenase (Engel & Dalziel, 1970) and isocitrate de-
hydrogenase (Uhr et al., 1974; Northrup & Cleland, 1974)
have random mechanisms. This also suggests that the larger
dehydrogenases do not interact with NADPH in the same
manner as dihydrofolate reductase.

Correlation Time of Bound PADP-SL. Estimation of the
correlation time from the EPR spectrum of the bound
PADP-SL gives a value of about 5 ns, which is significantly
smaller than the value of 20 ns determined for dihydrofolate
reductase by NMR methods (Cocco et al., 1978). This
difference probably reflects some mobility of the piperidinyloxy
moiety in the active site generating internal motion with a
faster rate than protein tumbling. Differences in the value
of 7 calculated from eq 1 and 2 have been attributed to either
anisotropic motion or solvent dependences of the hyperfine and
g tensors (Stone et al,, 1965). In the case examined by
Campbell et al. (1972), even smaller relative differences in
7 calculated by the two methods were considered to be in-
dicative of anisotropic motion. Inspection of eq 1 and 2 reveals
that the r values will be equal only when k, and h, are equal.
This is the case with the free PADP-SL but is clearly not so
with enzyme-bound spin label.
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