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To address the effects of ligand binding on the structural fluctuations of Escherichia
coli dihydrofolate reductase (DHFR), the hydrogen/deuterium (H/D) exchange kinet-
ics of its binary and ternary complexes formed with various ligands (folate, dihydro-
folate, tetrahydrofolate, NADPH, NADP*, and methotrexate) were examined using
electrospray ionization mass spectrometry. The kinetic parameters of H/D exchange
reactions, which consisted of two phases with fast and slow rates, were sensitively
influenced by ligand binding, indicating that changes in the structural fluctuation of
the DHFR molecule are associated with the alternating binding and release of the
cofactor and substrate. No additivity was observed in the kinetic parameters between
a ternary complex and its constitutive binary complexes, indicating that ligand bind-
ing cooperatively affects the structural fluctuation of the DHFR molecule via long-
range interactions. The local H/D exchange profile of pepsin digestion fragments was
determined by matrix-assisted laser desorption/ionization mass spectrometry, and
the helix and loop regions that appear to participate in substrate binding, largely
fluctuating in the apo-form, are dominantly influenced by ligand binding. These
results demonstrate that the structural fluctuation of kinetic intermediates plays an
important role in enzyme function, and that mass spectrometry on H/D exchange cou-
pled with ligand binding and protease digestion provide new insight into the struc-
ture-fluctuation-function relationship of enzymes.

Key words: dihydrofolate reductase, hydrogen/deuterium exchange, ligand binding,
mass spectrometry, structural fluctuation.

Abbreviations: CHCA, a-cyano-4-hydroxycinnamic acid; DHF, dihydrofolate; DHFR, dihydrofolate reductase; ESI,
electrospray ionization; H/D, hydrogen/deuterium; MALDI, matrix-assisted laser desorption/ionization; MS, mass

spectrometry; MTX, methotrexate; THF, tetrahydrofolate; TOF, time of flight.

What underlies the flexibility of an enzyme structure
that allows it to adopt conformations suitable for binding
a substrate and a cofactor? This is a basic problem in
understanding the structure—function relationships of
enzymes, but information in this area is limited despite
many X-ray structural analyses of protein-ligand com-
plexes (1, 2). Dihydrofolate reductase from Escherichia
coli (DHFR), a monomeric protein of 159 amino acids
with no disulfide bonds, is an excellent enzyme for study-
ing such ligand-mediated fluctuations, because its
enzyme reaction involves various intermediates consist-
ing of binary and ternary complexes of coenzyme and
substrate that are large relative to its own size. The X-
ray crystal structure of DHFR has been determined for
the apo-enzyme (3) and for binary and ternary complexes
formed with many ligands () (Fig. 1). High-pressure
NMR has revealed the existence of active-site hinge
motion involving the Met20 loop that might be directly
relevant to function (4). The movie constructed by
Sawaya and Kraut (1) suggests how the DHFR molecule
actively and cooperatively fluctuates to accommodate the
coenzyme and substrate. In previous studies (5-7), we
found that mutations at Gly67, Gly121, and Alal45 in
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three independent loops that do not directly participate
in catalytic reactions significantly affect the stability and
function of DHFR. These results indicate that DHFR can
assume highly fluctuating conformations in solution, the
detailed knowledge of which may be crucial to under-
standing reaction mechanisms.

Among various experimental techniques for detecting
protein dynamics (8—11), hydrogen/deuterium (H/D) ex-
change is a novel means for determining simultaneously
the exchange rate and the number of protons involved (12,
13). H/D exchange has been monitored mainly by infrared
spectroscopy and NMR (14-16), but the recent develop-
ments of electrospray ionization mass spectrometry (ESI-
MS) and matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MS) have opened a new field
in the investigation of H/D exchange in proteins (17-19),
because the number of exchangeable protons can be
determined rapidly and with an accuracy of 1.006 Da
using only a small sample. We have recently applied
MALDI-MS and ESI-MS to investigate structural fluctu-
ations of DHFR, and found that investigating H/D ex-
change coupled with protease digestion and amino acid
substitution provide useful information on the overall and
local structural fluctuations of this enzyme (20, 21). The
mechanisms underlying the flexibility of kinetic interme-
diates in the enzyme reaction are yet to be elucidated.

© 2004 The Japanese Biochemical Society.
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Fig. 1. Three-dimensional X-ray structure of a DHFR-
NAPD+*-FOL ternary complex (PDBID: 1RA2) (I). Residues
except for Glyl21 indicated by arrows are pepsin-digestion posi-
tions. The dashed line indicates an assumed boundary between two
subdomains.

From these viewpoints, we examined the H/D ex-
change kinetics of the binary and ternary complexes of
DHFR with various ligands [folate (FOL), dihydrofolate
(DHF), tetrahydrofolate (THF), NADPH, NADP*, and
methotrexate (MTX)] by means of ESI-MS. The H/D ex-
change kinetics of pepsin digestion fragments were also
investigated by MALDI-MS. The effects of ligand binding
on the structural fluctuations of this enzyme are dis-
cussed here in relation to enzyme function on the basis of
the kinetic parameters of the H/D exchange reaction.

MATERIALS AND METHODS

Materials—The DHFR gene was prepared with overex-
pression plasmid pTP64-1 (5.3 kb) (22). The DHFR pro-
tein obtained from E. coli strain HB101 was purified on a
MTX-agarose affinity column. The DHFR was fully dia-
lyzed against 10 mM phosphate buffer (pH 7.0) contain-
ing 0.1 mM EDTA and 0.1 mM dithiothreitol at 4°C. For
mass spectrometry, the DHFR solutions were finally dia-
lyzed against 1 mM ammonium acetate. The concentra-
tion of DHFR was determined by measuring the absorp-
tion on a spectrophotometer (JASCO V-560) using a
molar extinction coefficient of 31,100 M-! cm™ at 280 nm
(23). Pepsin was obtained from Sigma, and D,0 (99.9%
atomic D) and acetic acid-d (99% atomic D) were pur-
chased from EURISO-TOP and IsoTec (USA), respec-
tively. DHF, THF, NADP+, NADPH, and MTX were pur-
chased from Sigma, and FOL from Katayama Kagaku
Kogyo. All other chemicals were of analytical grade. The
concentrations of ligands in stock solutions were deter-
mined by absorption measurements using the following
molar extinction coefficients: 27,000 M-! cm! at 282 nm
for FOL, 28,000 M-! cm™! at 282 nm for DHF, 28,000 M1
cm! at 297 nm for THF, 6,200 M cm! at 339 nm for
NADPH, 18,000 M! cm! at 260 nm for NADP+, and
22,100 M-! cm™ at 302 nm for MTX (23, 24). Each ligand
was added in minimal excess to make a 1:1 complex with
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the enzyme, taking into consideration the dissociation
constant of the ligand (23).

H/D Exchange of the Entire DHFR Molecule—The
H/D exchange reactions of DHFR-ligand complexes were
initiated by mixing 400 pl of D,O with 40 pl of 0.2-0.5
mM DHFR stock solutions including various ligands
(1 mM ammonium acetate, pH 7.0) in 1.5-ml centrifuge
tubes with caps at 15°C. At given intervals (every minute
in most cases) after starting the H/D exchange reaction,
8 ul of the reaction mixture was removed and quenched
(pH 2.5) by adding 2 pl of 20% acetic acid with an H:D
atomic ratio of 1:10. The quench time was defined as the
H/D exchange time, ¢. The obtained solution was immedi-
ately injected into a mass spectrometer and the molecu-
lar mass of the protein was monitored as a function of
time for 50 min. When the deuterium concentration in
solution is high at constant pH and temperature, the
exchange of each amide protons follows first-order kinet-
ics (12). Therefore, the time course of H/D exchange was
analyzed using the following equation that assumes the
presence of two phases with different rate constants:

Mt = Moo _Al eXp(—keXlt) —Az exp(—kexzt) (1)

where M, and M, are the molecular weights at exchange
times ¢ and infinity, respectively; A is the number of
exchangeable protons that can be detected during the
exchanging time at each phase; k&, is the apparent first-
order rate constant of H/D exchange at each phase; and
subscripts 1 and 2 indicate the fast and slow reaction
phases, respectively. The observed k., value represents
the mean of all the exchange rates of different amide,
side-chain, and terminal-residue protons.

H/D Exchange of Peptic Fragments—The deuterized
DHFR was digested with pepsin to investigate the H/D
exchange of digestion fragments. At given intervals after
starting the H/D exchange reaction, the reaction solution
was quenched by adding 2 pl of 20% acetic acid at an H:D
atomic ratio of 1:10, pH 2.4, and 0°C. The exchange of
side-chain protons can also be completed by acid quench-
ing. A 24 pl sample of the quenched DHFR solution with
or without ligand was digested for 1.5 min at pH 2.4 and
0°C with 2 pl of a 0.1% pepsin solution (eight-fold molar
ratio of DHFR to pepsin). Then, an aliquot of the digested
sample solution was mixed with saturated a-cyano-4-
hydroxycinnamic acid (CHCA) in 50% acetonitrile and
0.1% trifluoroacetic acid (H:D = 1:10), and loaded onto a
MALDI sample plate at 7 Pa. Ten minutes after starting
the H/D exchange, the plate was set up on a MALDI-TOF
(time of flight)-MS at 10-5 Pa.

To compare the H/D exchange kinetics of digestion
fragments consisting of different numbers of residues,
the molecular weight of each fragment at exchange time
t, M,, was normalized to the exchanged fraction of amide
protons, D,, using the following equation:

100%
D. = Mt _ Mside chain (2)
¢ Mtheo MlOO%
o *side chain

where Mt and M222%, . are the theoretically calculated
molecular weights of each fragment and its side chains,
respectively, assuming a complete exchange of their pro-

tons to deuterium. D, was determined using the centroid
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Fig. 2. ESI mass spectra of the DHFR-NADPH complex

formed with [M+rH]*" ions (n = 16, 17, and 18) at 0, 0.5, 5, and
46 min after the initiation of H/D exchange in D,0.

mass of each isotopic distribution. The H/D exchange
time course was analyzed using the following equation:

D,=D, — (D, —Dy) exp(~kg,, £) (3)

where D,, D, and D, are the fractions of deuterium incor-
poration at exchange times of ¢, zero, and infinity, respec-
tively; kg, is the apparent first-order rate constant of the
H/D exchange reaction of the fragment. The difference
between D, and D, is the fraction of exchangeable pro-
tons that can be detected during the exchange time. The
observed kg,, value represents the average of all the
exchange rates of the different amide protons. In order to
clarify the contributions of a-helix, B-strand, and disor-
dered forms to H/D exchange, D, was decomposed into
these three components by multiple regression analysis
using the fractions of a-helix (), B-strand (fy), and disor-
dered forms (fy) in each of 17 fragments as independent
variables:

D,=D,,f, +Dt,Bf|3 +D,4f4 (4)

where D, ,, D, 5, and D, 4 represent the deuterium incorpo-
rations into the a-helix, B-strand, and disordered forms
at time ¢, respectively.

Mass Spectrometry—The H/D exchange time course for
DHFRs was examined with an electrospray ionization
mass spectrometer (JMS-SX 102A, JEOL) equipped with

an electrospray ion source (ESI10HS). Proteins were

Vol. 135, No. 6, 2004

665
—
<
)
S
=
.20
]
3
i O
= ® DHF
3 O THF
2 18140 = FOL
) A NADPH
= A NADP'
O MTX
¢ NADPH-FOL
18120 > NADP*-THF
< NADPH-THF
) v ) v 1 v 1 T v T v
0 10 20 30 40 50 60

Time (min)

Fig. 3. Plots of molecular weights of apo-DHFR and DHFR-
ligand complexes against the H/D exchange time.

introduced into the electrospray ionization source at a
rate of 0.2 ml-min~! using a liquid chromatography pump.
Protein ions were generated by ESI at a needle voltage of
2,000 V, and accelerated in the positive mode at 5,000 V.
The temperature of the vaporizer was set to 180°C. The
orifice, ring-electrode, and ion-guide voltages were 50,
150, and 4 V, respectively. The pressure in the analyzer
was approximately 1 x 10~ Pa.

The H/D exchange of peptic fragments was examined
using MALDI-TOF-MS (Voyager RP-3, Perseptive Bio-
systems). Digestion fragments enclosed in CHCA crystals
were ionized with an N, laser at 337 nm, and accelerated
at an accelerating voltage of 25 kV and a pulse delay time
of 300 ns.

RESULTS

Mass Spectra of DHFR-Ligand Complexes—Figure 2
shows mass spectra of DHFR-NADPH complexes with
(positive) charges of +16, +17, and +18 in H,O, and at 0.5,
5, and 46 min after mixing the DHFR solution with D,0O.
All peaks shift to a larger m/z value and the peaks
become narrower over time. Similar results were
observed for all other DHFR-ligand complexes analyzed.
All these spectra indicate the mass of the DHFR molecule
without the ligand, since the ligand is released when H/D
exchange is quenched by adding acetic acid. In this study,
we analyzed the H/D exchange kinetics of DHFR-ligand
complexes using the smallest centroid masses of the iso-
topic envelopes in the respective charge peak from +14 to
+18 to eliminate the effects of the adduction of other
small molecules.

H/D Exchange Kinetics—Figure 3 shows plots of the
molecular weights of apo-DHFR and its binary and ter-
nary complexes formed with various ligands (DHF, THF,

ZT0Z ‘62 equisides uo eidsoH uensuyd enybueyd 1e /Bio'seulnolpiogxo-qli:dny woly pspeojumoq


http://jb.oxfordjournals.org/

666

T. Yamamoto et al.

Table 1. H/D exchange parameters of apo- and ligand-bound DHFRs.2

Ligand M, (Da) M, (Da) A, (Da) B oyy (min) A, (Da) Rexo (min™!)  AM,(Da) AM, (Da)
apo 18,152.2 18,204.5+ 0.9 29.1+ 99 1.81+0.72 232+ 1.6 0.09 £0.01 153.0 46.2
DHF 18,152.3 18,193.2+ 3.1 22.0+ 3.0 0.85£0.21 189+ 2.3 0.04 £0.01 153.2 57.5
THF 18,147.3 18,201.5 +16.9 20.1+ 5.4 1.26 +£ 0.45 34.1+£16.0 0.02+0.01 148.1 49.2
FOL 18,173.9 18,2042+ 1.0 185+ 6.5 1.47+0.72 11.8+ 1.6 0.08 £0.03 174.7 46.6
NADPH 18,113.9 18,181.2+ 6.6 29.3+£10.5 1.52 + 0.66 379+ 54 0.03+0.01 114.7 69.5
NADP+ 18,146.7 18,204.1+ 6.0 22.1+ 9.6 1.50 +£ 0.81 35.3+ 4.7 0.04 £0.01 147.6 46.6
MTX e 18,1189 .181612+ 13 164x185 .210£238  259% 19 .009:002 1197 . 895 ..
FOL-NADPH 18,161.3 18,191.3+ 0.8 195+ 8.8 1.73 £1.05 105+ 2.1 0.10 £ 0.04 162.1 59.4
THF-NADP+ 18,155.4 18,202.8 £ 10.4 18.7 +£10.5 1.52+1.01 28.7+ 9.2 0.03 £0.02 156.3 47.9
THF-NADPH 18,156.7 18,182.5 + 8.7 - - 25.8+ 8.1 0.02+£0.01 157.5 68.3

M, (=M, —A;—A,) and M are the molecular weight at ¢ = 0 and o, respectively. A; and A, are the number of exchangeable protons in fast
and slow reaction phases, respectively. k., and k.., are the apparent first-order rate constant of H/D exchange in fast and slow reaction
phases, respectively. AM,, is the difference between M, and the molecular weight of apo-DHFR in H,0 (17,999.2 Da). AM, (= Mt — M) is the

number of protected protons at ¢ = .

FOL, NADPH, NADP+, MTX, NADPH-FOL, NADP+-
THF, and NADPH-THF) as a function of deuterium
exchange time. All of the time courses, except that of the
DHFR-NADPH-THF complex, appear to involve two
phases with fast and slow exchange rates, rather than
being single exponential, during the experimentally
observed time interval. The data points satisfactorily fit
the theoretical lines calculated by the least-squares
regression analysis using Eq. 1, as also confirmed by
residual-plot analysis (data not shown). The fast phase
for the DHFR-NADPH-THF complex could not be
observed, so its time course was analyzed assuming a sin-
gle exponential phase with a slow exchange rate. The
kinetic parameters calculated (M, A; Ay, ko, and ko)
are listed in Table 1 with the molecular weight at ¢ = 0,
M, which is defined as the difference between M_ and (4,
+A,). In this table, AM| is the difference between M, and
the molecular weight of apo-DHFR (M, = 17999.2 Da) in
H,0, which refers to the number of very fast exchangea-
ble protons exchanged at ¢ = 0, with most of the side-
chain protons being involved in this phase. AM,, (= Mheo —
M) in the last column of Table 1 is the difference
between M, and the theoretical molecular weight for
maximum deuterium incorporation, M which was cal-
culated by considering the number of exchangeable pro-
tons in each complex and the H:D atomic ratio (1:10) in
the reaction medium. AM_ indicates the number of amide
protons protected from deuterium exchange at ¢ = o due
to the limited flexibility of the secondary and tertiary
structures of the protein.

Each complex exhibits significant changes in k.,
(0.85-2.10 min™1), k. (0.02-0.10 min1), A; (16.4-29.3
Da), A, (10.5-37.9 Da), AM,, (114.7-174.7 Da), and AM,
(46.2-89.5 Da) relative to the corresponding values for
the apo-enzyme: k., (1.81 min), k., (0.09 min™), A,
(29.1 Da), A, (23.2 Da), AM,, (153.0 Da), and AM, (46.2
Da). These results indicate that structural fluctuations of
the DHFR molecule are significantly influenced by ligand
binding.

H/D Exchange of Peptic Fragments of DHFR-Ligand
Complexes—In a previous study, we developed a method
for assigning segment-specific H/D exchange kinetics by
MALDI-TOF-MS coupled with pepsin digestion (20). This
method was applied to evaluate the effects of ligand bind-
ing on the segment-specific H/D exchange of DHFR. The

binary and ternary complexes of DHFR formed with
NADPH and NADPH-FOL were digested with pepsin
after H/D exchange, and 17 digestion fragments covering
almost the entire sequence of DHFR were identified: res-
idues 1-17, 5-28, 9-28, 9-30, 29-62, 31-62, 63-81, 63—
92, 93-110, 93-117, 93-118, 93-137, 111-137, 118-137,
138-152, 138-153, and 153-159. Figure 4 shows the time
courses of H/D exchange of some digestion fragments of
apo-DHFR and its complexes formed with NADPH and
NADPH-FOL. It is clear that all fragments exhibit an
exponential time course during the examined time inter-
val, and that the least-squares regression lines calcu-
lated using Eq. 3 fit the data points satisfactorily. Similar
results were also obtained for the other fragments. The
kinetic parameters (D,, Dy, and kg,,) calculated for the
complexes formed with NADPH and NADPH-FOL are
listed in Tables 2 and 3, respectively. The molecular
weight, M, of each fragment in H,O and the theoretical
molecular weight for maximum deuterium incorporation,
Mo at an H:D ratio of 1:10 are listed in the third and

Deuterium incorporation

0.0 =~>—vp-—or-—r-—or-—-oar-—r—r—r—r—rr—

Time (min)

Fig. 4. Time course of deuterium incorporation of peptic
fragments of apo-type DHFR, DHFR-NADPH, and DHFR-
NADPH-FOL complexes. Symbols refer to fragments 5-28
(squares), 118-137 (circles), and 153-159 (triangles) in the apo-type
DHFR (white), DHFR-NADPH (gray), and DHFR-NADPH-FOL
(black) complexes. Solid lines show least-squares regressions calcu-
lated using Eq. 3.
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Table 2. H/D exchange kinetics parameters of peptic fragments of the DHFR-NADPH complex.?

No. Residue M, (Da) Mt (Da) D, D, D,-D, Ffrag (min1)
1 1- 17 1,802.21 1,825.99 0.44 £ 0.02 0.00 0.44 £ 0.05 0.54+0.14
2 5— 28 2,581.02 2,613.95 0.55 £0.02 0.09 0.46 £ 0.07 0.77 £0.21
3 9- 28 2,212.55 2,241.82 0.57£0.03 0.14 0.43 £0.07 0.64 £0.22
4 9- 30 2,469.84 2,501.85 0.52 +£0.02 0.09 0.43 +0.05 0.64 +0.17
5 29— 62 4,000.72 4,062.93 0.50 £ 0.02 0.09 0.41 +£0.06 0.72+£0.20
6 31- 62 3,743.44 3,802.90 0.45 £0.02 0.04 0.41 +£0.07 0.87+£0.24
7 63— 81 2,077.17 2,111.93 0.56 £ 0.04 0.23 0.33 £0.03 0.26 £ 0.07
8 63— 92 3,177.48 3,224.13 0.56 £ 0.03 0.20 0.36 £ 0.04 0.41£0.13
9 93-110 2,003.35 2,033.54 0.53 £ 0.02 0.18 0.35+0.03 0.51+0.12

10 93-117 2,817.24 2,857.49 0.49 £0.03 0.14 0.34 £0.04 0.40 £0.13
11 93-118 2,946.36 2,988.44 0.53 £0.03 0.18 0.35+£0.04 0.44+£0.14
12 93-137 5,212.64 5,281.25 - - - -

13 111-137 3,227.31 3,267.56 0.56 £ 0.01 0.18 0.39+£0.03 0.61+0.11
14 118-137 2,413.42 2,443.60 0.55 £0.02 0.15 0.40 £0.05 0.69 £ 0.16
15 138-152 1,710.69 1,739.05 0.57 £0.04 0.28 0.29 £0.03 0.34+£0.13
16 138-153 1,857.87 1,887.14 0.55 +0.02 0.20 0.35+0.03 0.46 +0.10
17 153-159 962.10 979.48 0.35+£0.07 -0.01 0.36 £ 0.05 0.28 £0.14
18 1-159 17,999.2 18,250.7 0.54 £ 0.04 0.11 0.44 £ 0.04 0.40 £ 0.15

a),, molecular weight of fragments digested by pepsin in H,0; M, molecular weight calculated for the maxi-
mum deuterium incorporation in D,0; D, and D,,, deuterium incorporations at ¢ = 0 and ¢ = o, respectively; kg,

apparent first-order rate constant of the H/D exchange reaction.

Table 3. H/D exchange kinetics parameters of peptic fragments of DHFR-FOL-NADPH complex.

No. Residue M, (Da) M'heo (Da) D, D, D,-D, Ffrag (min1)
1 1- 17 1,802.21 1,825.99 0.56 £ 0.04 0.22 0.34 £0.04 0.38 £0.16
2 5— 28 2,581.02 2,613.95 0.74 £ 0.04 0.41 0.33 £0.05 0.40 £0.17
3 9- 28 2,212.55 2,241.82 0.75 £ 0.04 0.43 0.32£0.04 0.37+£0.14
4 9- 30 2,469.84 2,501.85 0.68 £ 0.04 0.34 0.35+0.06 0.48 + 0.22
5 29— 62 4,000.72 4,062.93 0.69 £ 0.07 0.32 0.37+£0.05 0.26 £0.12
6 31- 62 3,743.44 3,802.90 0.73 £0.09 0.33 0.40 £ 0.08 0.21+£0.11
7 63— 81 2,077.17 2,111.93 0.75 £ 0.09 0.32 0.42 £0.08 0.23 £0.12
8 63— 92 3,177.48 3,224.13 0.72 £0.02 0.40 0.32£0.02 0.34 £0.07
9 93-110 2,003.35 2,033.54 - - - -

10 93-117 2,817.24 2,857.49 0.61£0.04 0.26 0.35+£0.04 0.32+£0.12
11 93-118 2,946.36 2,988.44 0.77+£0.11 0.37 0.39 £0.09 0.22+£0.14
12 93-137 5,212.64 5,281.25 0.65 +0.03 0.25 0.40 +0.06 0.54+0.19
13 111-137 3,227.31 3,267.56 0.74 £ 0.02 0.34 0.40 £0.03 0.44+£0.10
14 118-137 2,413.42 2,443.60 0.83 £0.07 0.37 0.46 £ 0.05 0.23 £ 0.08
15 138-152 1,710.69 1,739.05 0.76 £ 0.04 0.33 0.43 £0.04 0.37+£0.11
16 138-153 1,857.87 1,887.14 0.71+0.03 0.29 0.42+0.03 0.39+0.10
17 153-159 962.10 979.48 0.58 £ 0.05 0.00 0.57 +£0.05 0.37+0.12
18 1-159 17,999.2 18,250.7 0.63 £ 0.07 0.24 0.39 £ 0.06 0.33+£0.18

fourth columns of each table, respectively. The fraction of
deuterium incorporation at ¢ = 0, Dy, is listed in the sixth
column of the tables.

DISCUSSION

Effects of Ligand Binding on H/D Exchange Kinetics—
As shown in Table 1, ligand binding clearly affects the
H/D exchange kinetic parameters of DHFR. The parame-
ters AM,, A;, Ay, and AM for apo-DHFR and its com-
plexes formed with various ligands are indicated by bars
in Fig. 5 to allow their easy comparison. At present, the
protons corresponding to these four masses are not
explicitly attributed to locations in the structure, but it is
pertinent to discuss the characteristic effects of the lig-
ands. The AM , value of apo-DHFR is lower than or equal
to that of all the other complexes, suggesting that ligand
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binding reduces the structural fluctuation, and that its
effects extend to the internal residues of the protein mol-
ecule or secondary structures whose amide protons are
not susceptible to deuterium exchange. NADPH and
NADPH-THF have large depression effects, and a strong
inhibitor of this enzyme, MTX, exerts the most signifi-
cant effect among the ligands examined. It is noteworthy
that such a large increase in AM, is not observed for
NADP+, the oxidized form of NADPH. The AM  value for
NADPH-THF is also larger than that for NADP+-THF,
indicating that the introduction of positive valency by the
oxidation of NADPH induces large fluctuations in the
DHFR molecule. Another noticeable point is that there is
no additivity in AM_ values between a ternary complex
and its constitutive binary complexes: the difference in
AM, values between DHFR-NADPH-FOL and apo-
DHFR, 13.2 Da (= 59.4 — 46.2), is smaller than the sum of
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DHFR-NADPH-DHF <« » DHFR-NADP'-THF

i\DHF L NADP*

DHFR-NADPH ?—V DHFR-NADPH-THF 44? DHFR-THF
THF

NADPH

Scheme 1.

differences in AM values produced when DHFR inde-
pendently binds FOL and NADPH, 23.7 Da [= (46.6 —
46.2) + (69.5 — 46.2)]. These results suggest that ligand
binding cooperatively affects the structural fluctuation of
the DHFR molecule via long-range interactions.

The AM, values of most complexes, except NADPH,
FOL, and MTX, are close to that of apo-DHFR, indicating
that ligand binding has only a small effect on fast-
exchangeable protons around the protein surface. The
significantly lower value of AM, for NADPH and MTX,
consistent with the larger value of AM_, indicates
reduced fluctuations in DHFR. It is interesting that FOL
significantly increases AM,, since ligand binding is gener-
ally expected to cause depressed fluctuation. The reason
for this discrepancy is not clear, but the fluctuation of the
flexible region may be more effectively enhanced as AM_,
is not affected. The effects of ligands on A; and A, cannot
be discussed quantitatively at present because the
boundary between the two phases is not clearly distin-
guishable, but most of A; would be ascribed to amide pro-
tons with a slower exchange rate around the molecular
surface since a good correlation (r = 0.84) exists between
A, and the accessible surface area as calculated from the
X-ray structure (25) (data not shown).

The H/D exchange kinetics of a protein have been
explained by the following local unfolding model (12, 13):

kll kC
N(H) = O(H) — O(D) (5)
f

where ‘N’ represents the folded state of a protein; ‘O’ is a
partially unfolded open state in which the exchangeable

807 ans
60

40
20

AMb, A, As, AM,, (Da)

apo NADPH FOL THF THF THF DHF FOL NADP" MTX
NADPH NADP' NADPH

Fig. 5. H/D exchange mass profiles of apo-DHFR and DHFR-
ligand complexes. Broken lines show the mass levels for apo-
DHFR.
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Fig. 6. M, and k_,, of the kinetic intermediates as a function
of the reaction pathway.

protons are exposed to the solvent; and &, &, and &, are
the rate constants for the individual processes. When &, >
kg, the observed rate of exchange, k., is determined by
the rate of opening of the protein structure, k&, (EX;
mechanism). If &, < k;, the observed rate of exchange is
(k/kpk,, and then k,, is proportional to the equilibrium
constant for the local unfolding process (EX, mechanism).
The H/D exchange of proteins follows the EX, mechanism
under most conditions, with an EX; mechanism being
observed only under the conditions where H/D exchange
is intrinsically very rapid and no longer rate-limiting (12,
26). In a previous paper (20), we found that the H/D
exchange reaction of wild-type DHFR is dominated by an
EX, mechanism under the experimental conditions used
(neutral pH).

In the present system, the reaction N(H) <> O(H) in
Eq. 5 consists of two processes with different rate con-
stants: k,; and k., From the %k, and k., values, the
changes in Gibbs free energy (AG,,) for the corresponding
two processes, AG,,; and AG,,, of apo-DHFR are esti-
mated to be 14.8 and 22.0 kJ-mol-!, respectively. In this
calculation, k, was assumed to be 879.4 min, as deter-
mined for a model peptide at pH 5-8 (26). Since &, would
not be dependent on ligands, the difference in AG,,

between apo-DHFR and each complex, AAG,,, can be cal-
culated from
AAG,, = AG,, (complex) — AG,, (apo)
= —RT In [(k /kpomrlex/(k [k)2ro] (6)

Thus we can estimate that AAG,,;, ranges from —0.37
(MTX) to 1.83 (DHF) kJ-mol! and that AAG,,, ranges
from -0.26 (NADPH-FOL) to 3.72 (THF and NADPH-
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Table 4. Deuterium incorporation (D,) of secondary struc-
tures and multiple correlation coefficients (r2).

Ligand D, 2
a-helix B-strand Disordered

apo 0.87 0.75 0.97 0.98

NADPH 0.61 0.36 0.57 0.92

NADPH-FOL 0.75 0.57 0.74 0.88

THF) kJ-mol-!, depending on the ligands. These values
amount to at most 12% and 17% of AG,,; and AG,,
respectively, suggesting that ligand binding would cause
energetically large perturbations in the structural fluctu-
ations even though these ligands represent only a few
percent of the size of the DHFR molecule. There is also no
additivity in AAG,, between a ternary complex and its
constitutive binary complexes, indicating that the effect
of ligand binding extends cooperatively over the DHFR
molecule.

H/D Exchange-Function Relationship—DHFR cata-
lyzes the NADPH-linked reduction of DHF to THF. The
reaction pathway is known to cycle through five interme-
diate states (DHFR-NADPH, DHFR-NADPH-DHF,
DHFR-NADP+-THF, DHFR-THF, and DHFR-NADPH-
THF) that involve some equilibrium states, such as
DHFR-NADP* (Scheme 1) (23).

In the cycle shown in Scheme 1, the ternary complex
DHFR-NADPH-DHF exists only transiently because the
hydride transfer from NADPH to DHF is very rapid. The
movie simulation produced by Sawaya and Kraut (1) sug-
gests that DHFR is actively and cooperatively fluctuating
on binding and releasing these ligands. Elucidating the
H/D exchange properties of these intermediates would be
helpful for understanding how the enzyme reaction is
linked to the conformational flexibility.

Figure 6 shows the changes in M and %, according to
the reaction coordinate, for which we assumed a complex
DHFR-NADPH-FOL for the transient state DHFR-
NADPH-DHF, because the life-time of DHFR-NADPH-
DHEF is too short to investigate its H/D exchange by the
present method and the DHFR complexes formed with

NADPH-FOL |\

t(min)= 0 1 4
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both ligands have very similar X-ray structures (1). The
binding of NADPH (the initial step of the enzyme reac-
tion) decreases M, and k., indicating reduced structural
fluctuations of DHFR. The binding of DHF also decreases
M, and k., but the ternary complex DHFR-NADPH-
FOL shows the largest %, suggesting that the transient
state is the most kinetically flexible of the intermediates.
This is also expected from the largest values of M, and
ke in the intermediates (Table 1). Such a large fluctua-
tion of the transient state would be necessary for DHFR
to simultaneously accommodate a coenzyme and sub-
strate that are large relative to its own size. The
enhanced fluctuation of the transient state is signifi-
cantly diminished by the hydride transfer from NADPH
to DHF, which accompanies an increase in the exchange-
able protons (M,). The produced ternary complex,
DHFR-NADPH-THE, is expected to be the most rigid of
the intermediates. Thus the profiles of M_ and %, reveal
that the structural fluctuation of the DHFR molecule is
changed dramatically by the uptake and release of coen-
zyme and substrate. Similar changes were also found in
volume fluctuations in this reaction pathway, as moni-
tored by adiabatic compressibility (25). Since the com-
pressibility changes are mainly determined by the char-
acteristics of internal cavities, the observed H/D exchange
profile in the intermediates may reflect changes in the
compactness of the DHFR molecule induced by ligand
binding. The inconsistent changes between M and %, in
the reaction pathway suggest that the large spacial fluc-
tuations are not necessarily rapid.

H/D Exchange of Peptic Fragments—To address the
effects of ligand binding on the local fluctuation of the
DHFR molecule, the deuterium incorporations of peptic
fragments of two complexes, DHFR-NADPH and DHFR-
NADPH-FOL, were compared with that of apo-DHFR as
published previously (20). As shown in Table 2, peptic
fragments of the DHFR-NADPH complex induce signifi-
cant changes in k., (0.26-0.87 min™), D, (-0.01-0.28),
and D, (0.35-0.57) from the corresponding values for the
whole DHFR molecule: &, = 0.40 min~!, D, =0.11, and D,
= 0.54. Peptic fragments of the ternary complex DHFR—-

Fig. 7. Fluctuation maps of apo-DHFR,
DHFR-NADPH, and DHFR-NADPH-FOL
complexes at different H/D exchange
times. The colors of the segments correspond
to the proportion of deuterium incorporation
trisected with H/D exchange parameters at
each exchange time.
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NADPH-FOL also show large changes in k&, (0.21-0.54
min1), D, (0.00-0.43), and D, (0.56-0.83) from the corre-
sponding values for the whole DHFR molecule: ., = 0.33
min-t, D, = 0.24, and D, = 0.63 (Table 3). These results
indicate that the fluctuation of each fragment, as well as
that of the whole DHFR molecule, is significantly influ-
enced by ligand binding: the fluctuation of some frag-
ments is enhanced whereas that of other fragments is
reduced compared with the overall fluctuation of the pro-
tein molecule.

The H/D exchange kinetic parameters of digestion
fragments were used to assign the fluctuations of the sec-
ondary structure units. The deuterium incorporation of
each fragment at a given exchange time ¢ (D,) was decom-
posed into three contributions from a-helix, B-strand, and
disordered forms by multiple regression analysis using
Eq. 4. The secondary structure contents of DHFR-
NADPH and DHFR-NADPH-FOL complexes were cal-
culated from PDBID: 1RA1 and 1RX3, respectively (1).
The D,, values of a-helix (D, ), B-strand (D,, ), and disor-
dered forms D, q) at t = are listed in Table 4 together
with those of apo-DHFR. Evidently, all parameters of the
complexes are smaller than those of apo-DHFR: the H/D
exchange of three secondary structures decreases in the
order of apo-DHFR > DHFR-NADPH-FOL > DHFR-
NADPH. It is seen that H/D exchange is most strongly
reduced in B-strand regions, independent of the ligands,
whereas both a-helix and disordered forms maintain a
high level of deuterium incorporation.

To visualize the effects of ligand binding on the local
fluctuations of apo-DHFR, DHFR-NADPH, and DHFR-
NADPH-FOL, the deuterium incorporation (D,) of the
individual secondary structures at ¢ = 0, 1, 4, and « min
is mapped with different colors in Fig. 7. Evidently, the
helix and loop regions participating in substrate binding
(Met20 loop, aB, aB-BB loop, aC, and aC-BC loop) are
very flexible in apo-DFHR, but their fluctuation is
reduced by the binding of NADPH and FOL. The fluctua-
tion of the four helices appears to increase in the order
oB = aC > oF > oE in apo-DHFR (20), but this order
changes to oE > aB > aC > oF for DHFR-NADPH-FOL,
while no significant difference in fluctuation of the four
helices is observed for DHFR-NADPH. These results are
evidence that fluctuation of these helices regulates the
accommodation of coenzyme and substrate. High deute-
rium incorporation is also seen for the BF-BG loop in
DHFR-NADPH-FOL. This is consistent with findings
that fluctuations of this loop, which is not included in any
binding site for coenzyme and substrate, is important for
enzyme function. We found that a single amino acid sub-
stitution at site 121 on the BF-BG loop does not affect sub-
strate binding (K,), but significantly decreases the cata-
lytic rate (k,) (5). Benkovic and coworkers (27-29)
proposed that the coupled movement between the BF-pG
and Met20 loops, as demonstrated by Sawaya and Kraut
(1), affects hydride transfer from NADPH to DHF. Thus,
these fluctuation maps obtained from H/D exchange
parameters of peptic fragments can be used to visualize
characteristic ligand-induced changes in the local fluctu-
ations of a DHFR molecule.

The present study reveals that the kinetic parameters
of the H/D exchange reaction of DHFR are sensitively
influenced by ligand binding, which indicates that struc-

T. Yamamoto et al.

tural fluctuations of the intermediates in the reaction
pathway play an important role in enzyme function. The
contribution of helix and loop regions to enzyme function
can be derived from the local fluctuation map of digestion
fragments. Our results demonstrate that mass spectrom-
etry on H/D exchange coupled with protease digestion is
a powerful tool for characterizing ligand-induced changes
in the fluctuation of a protein molecule that are closely
related to enzyme function.
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