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To address the effects of single amino acid substitutions on the structural fluctuation
of Escherichia coli dihydrofolate reductase (DHFR), hydrogen/deuterium exchange
kinetics were investigated at 15°C with wild-type and mutant DHFRs at Gly67 (six
mutants) and Glyl21 (eight mutants) located in two flexible loops, by means of elec-
trospray ionization mass spectrometry. These mutations induced significant changes
in the first-order rate constant of proton exchange, k., (0.10-0.27 min!), the number of
fast-exchangeable protons, AM, (164-222 Da), and the number of protons protected
from exchange, AM_ (15-56 Da), relative to the corresponding values for the wild-type
enzyme (k,, = 0.18 min™!, AM, = 164 Da, and AM, = 50.5 Da). These kinetic parameters
were strongly correlated with the volume of introduced amino acids, but partly corre-
lated with adiabatic compressibility (volume fluctuation), stability, and enzymatic
activity. These results indicate that the local structure change due to a single amino
acid substitution in loop regions is dramatically magnified to affect the structural
fluctuation of the whole DHFR molecule, resulting in complicated changes in its sta-
bility and function.

Key words: dihydrofolate reductase, H/D exchange, loop mutation, mass spectrome-
try, structural fluctuation.

Abbreviations: DHFR, dihydrofolate reductase; ESI-MS, electrospray ionization mass spectrometry; H/D, hydro-

gen/deuterium; MALDI-MS, matrix-assisted laser desorption/ionization mass spectrometry.

How does a single amino acid substitution in a protein
affect the fluctuation of its structure? This is a basic issue
for understanding the structure-function relationships of
enzymes, but information in this area is limited despite
many studies involving mutants. Among various experi-
mental techniques for detecting protein dynamics (1—4),
hydrogen/deuterium (H/D) exchange is a novel means of
determining concomitantly the exchange rate and the
number of protons involved (5, 6). H/D exchange has been
monitored mainly by infrared spectroscopy and NMR (7—
9), but the recent development of electrospray ionization
mass spectrometry (ESI-MS) and matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS)
has opened a new field in the study of H/D exchange in
proteins, because the number of exchangeable protons
can be determined rapidly and with an accuracy of 1.006
Da using only a small sample. Zhang and Smith were the
first to show the usefulness of mass spectrometry coupled
with pepsin digestion in the study of H/D exchange of
proteins (10). This technique has been applied to studies
on protein—inhibitor interactions (11) and conformational
changes (12—-14). We recently determined a backbone-
flexibility map of Escherichia coli dihydrofolate reductase
(DHFR) by MALDI-MS coupled with H/D exchange and
pepsin digestion (15). However, there have been few
reports on mutation effects (16).
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DHFR from E. coli is excellent for studying the struc-
ture-fluctuation—function relationships of enzymes. It is
a monomeric protein consisting of 159 amino acids with
no disulfide bonds, and catalyzes the NADPH-linked
reduction of dihydrofolate to tetrahydrofolate. As shown
in Fig. 1, DHFR has several loops comprising residues 9—
24, 64-72, 117-131, and 142-149, as revealed by the
large B-factor in the X-ray crystal structure (17, 18). The
movie constructed by Sawaya and Kraut (I8) demon-
strated how the loops of DHFR actively and cooperatively
move to accommodate the coenzyme and substrate. In
previous studies (19—-21), we found that site-direct muta-
genesis at Gly67, Glyl21, and Alal45 in three loops sig-
nificantly influences the stability and function of this
enzyme, even though these positions are far away from
the catalytic residue Asp27. Interestingly, double
mutants at Gly67 and Glyl21, whose a-carbons are
mutually separated by 27.7 A, have nonadditive effects
on the stability and function (22). These results suggest
that the mutations alter the structural fluctuation of the
entire protein molecule and that a systematic study on
the fluctuation of the mutants would reveal how a single
amino acid substitution is linked to the fluctuation of this
enzyme.

From this viewpoint, we used ESI-MS to study the H/D
exchange kinetics of wild-type DHFR and several DHFR
mutants as to two sites: Gly67 (six mutants) and Gly121
(eight mutants). Based on the correlation of the H/D
exchange kinetic parameters with the type of introduced
amino acid, adiabatic compressibility, stability, and enzy-
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DHFRs were fully dialyzed against 10 mM phosphate
buffer (pH 7.0) containing 0.1 mM EDTA and 0.1 mM
dithiothreitol at 4°C. For mass spectrometry, the DHFR
solutions were finally dialyzed against 1 mM ammonium
acetate (pH 7.1). The concentrations of DHFRs were
determined by absorption measurement with a spectro-
photometer (V-560, JASCO). A molar extinction coeffi-
cient of 31,100 M-1-cm! at 280 nm was used for the wild-
type DHFR (24). For the mutants, this coefficient was
corrected using the molecular weights and chromophores
of the amino acids introduced. The characteristics of the
mutants used are presented in Table 1.

D,0 (99.9 atom % D) and acetic acid-d (99 atom % D)
were purchased from EURISO-TOP and IsoTec (USA),
respectively. All other chemicals were of analytical grade.

H/D Exchange—H/D exchange was initiated by mix-
ing 400 pl of D,O with 40 pl aliquots of 0.2-0.5 mM
DHFR stock solutions (1 mM ammonium acetate, pH 7.1)
in capped 1.5-ml centrifuge tubes at 15°C. No correction
was made for the difference in pH between H,0 and D,0.

Fig. 1. The structure of a DHFR-MTX-NADPH ternary com- After a certain interval (1 min in most cases), 8 pl of the
plex (PDBID:1rx3) (18). Positions Gly67, Gly121, and Asp27 (a  Teaction mixture was removed and the H/D exchange

catalytic site residue) are indicated. This figure was produced using
the graphics program Molscript (33).

matic activity, the effects of mutations on the structural
fluctuation of this enzyme are discussed focusing on the
role of the loops. To our knowledge, this is the first
systematic mass spectrometry investigation on the H/D
exchange of a protein containing loop mutations.

MATERIALS AND METHODS

Materials—All mutant DHFR genes were prepared
with overexpression plasmids pTP64-1 (5.3 kb) and
pTZwt1-3 (3.7 kb) (23). The oligonucleotides used for site-
directed mutagenesis and the details of mutant construc-
tion are given elsewhere (19, 20). The wild-type and all
mutant DHFRs obtained from E. coli strain HB101 were
purified on a methotrexate-agarose affinity column. The

reaction was quenched by adding 2 pl of 20% acetic acid
(H:D = 1:10, pH 2.5); this mixture was then injected
immediately into a mass spectrometer to determine the
molecular weight of the protein as a function of time over
50 min. The quenching time was defined as the H/D
exchange time, ¢. Since the deuterium concentration in
the solution was very high under the experimental condi-
tions used (H:D = 1:10), the H/D exchange of each amide
proton followed first-order kinetics at a constant pH and
temperature (25). Therefore, the time course of H/D
exchange was analyzed using the following equation:

M, =M, — A exp(—k,t) (1)

where M, and M, are the molecular weights at the
exchange time of ¢ and infinity, respectively; A is the
number of exchangeable protons that can be detected
during the exchange time; and k., is the apparent first-
order rate constant of H/D exchange. The recorded %,

Table 1. Characteristics of the wild-type and mutant DHFRs.?
V(A%  Ag,® (kJmol)  AG° (kJ'mol) m (kJmol!- M) K (uM) kg (sD) kg /K, (WM1s) B (Mbar)

LWildtype 48 e 254 e S BB 246 189 L.
G67A 67 2.1 27.6 -9.78 11 20.0 18.2 -0.1
G67V 105 6.3 215 —7.44 13 19.1 14.7 11
G67S 73 -1.3 25.7 -9.11 1.4 26.4 18.9 1.9
G67T 93 1.7 24.5 -9.36 1.8 26.6 14.8 1.4
G67C 86 42 23.9 -8.57 1.2 24.6 20.5 1.7

LG6TD Ol 05 248 249 k2 206 172 30 .
G121A 67 2.1 27.5 -9.61 2.7 8.5 3.1 -0.4
G121V 105 6.3 21.3 -8.03 1.4 0.94 0.67 3.7
G121L 124 7.5 22.8 -8.19 2.3 0.94 0.41 -
G121Y 141 9.6 24.6 -9.03 2.5 4.4 1.8 -0.7
G121S 73 -13 25.5 -8.40 1.8 5.2 2.9 0.7
G121C 86 42 25.8 -9.03 15 8.4 5.6 5.5
G121F 135 10.5 - - - - - -
G121H 118 2.1 25.0 -945 2.2 438 2.2 -1.8

2V and Ag,,° are the van der Waals volume and hydrophobicity of amino acid residues introduced, respectively (4). AG° and m are the Gibbs
free energy change and cooperativity of unfolding by urea, respectively (19, 20). K, and k,, represent the Michaelis constant and rate con-
stant of enzyme catalysis, respectively (19, 20). B,° represents the adiabatic compressibility in solution (31).
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Fig. 2. ESI mass spectrum of the wild-type DHFR. The spec-
trum was measured in 1 mM ammonium actate (pH 7.1) and at the
vaporizing temperature of 180°C.

value represents the mean of the exchange rates of differ-
ent amide, side-chain, and terminal-residue protons.

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
introduced into the electrospray ionization source at the
rate of 0.2 ml-min-! using a liquid chromatography pump.
Protein ions were generated by ESI at a needle voltage of
2000 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 1x10-3 Pa.

RESULTS

Mass Spectra of Wild-Type DHFR—Figure 2 shows an
ESI mass spectrum of the wild-type DHFR in 1 mM
ammonium acetate (pH 7.1). The positive charge of the
protein is distributed in the range of +8 to +21, being cen-
tered at +16. This charge profile appears to be a mixture
of two distributions. The two distributions were more
clearly observed when the protein was ionized in water
(pH 6.3) and at the low vaporization temperature of 25°C
(data not shown), suggesting that these different ioniza-
tion states are not caused by denaturation of the protein
but are due to the native form. Figure 3 shows mass spec-
tra of the wild-type DHFR with positive charges of +14,
+15, and +16 at 0.5, 5, and 51 min after mixing the DHFR
solution with D,O. All peaks shift to a larger m/z value
and the peak width becomes narrower over time. Similar
results were obtained for all the mutant DHFRs. In this
study, we analyzed the H/D exchange kinetics using the
smallest centroid masses of the isotopic envelopes in the
respective charge peaks of +14, +15, and +16 to eliminate
the effects of the adducts of other small molecules. From
the mass spectra, it was confirmed that the cysteine resi-
dues of none of the mutants were oxidized during the
sample preparation. The H/D exchange did not influence

Vol. 135, No. 4, 2004

489
5
!
N 1137.9 12137
21 J\ ] 1299.9
|
14 ﬁ,‘ \
ons
£ 0 Jhuid o WM\ st %’W’yﬂmhn&m AT
‘_' .
X101 11396 155
> [ '
2 5] | ! 1302.2
& \ | |
g N‘W ; "{
45 0 e .lﬂ TMM“ ,Ll.mw‘ WWMI e " : M‘W. Mot
™ 20] 1140.7
151 | 1216.2
10] “ ’ 130’\3.4
|
5, " ! !
0 A !MMMMWI m“*w’“w» *:‘\M"V»«»mmm
1100 1150 1200 1250 1300 1350
m/z

Fig. 3. ESI mass spectra of the wild-type DHFR with
[M+rH]*" ions (n = +14, +15, and +16) at 0.5 min (top), 5 min
(middle), and 51 min (bottom) after initiation of H/D ex-
change in D,0.

the conformation of DHFR, as monitored with circular
dichroism spectra (data not shown).

H/D Exchange Kinetics—Figure 4 plots the molecular
weights of the wild-type and mutant DHFRs as a func-
tion of the H/D exchange time. The maximum incorpora-
tion of deuterium occurs within 50 min under the condi-
tions used. It should be noted that all these time courses
refer to the exchange of amide protons, because all the
side-chain protons should be perfectly exchanged at the
time of quenching of the H/D exchange reaction with ace-
tic acid (pH 2.5). The observed time course appears to fol-
low an exponential curve, although a large part of the
fast phase cannot be detected. The least-squares regres-
sion lines calculated with Eq. 1 fit the data points satis-
factorily, as also confirmed by residual-plot analysis (data
not shown). Therefore, the H/D exchange of all proteins
follows first-order reaction kinetics. The kinetic parame-
ters calculated (M, A, and %,,) are listed in Table 2. The
difference between M, and A, which is defined as M, (=
M, — A), is also listed in Table 2. The molecular weight,
M., of each mutant in H,O and the theoretical molecular
weight for maximum deuterium incorporation, M_the| at
an H/D ratio of 1:10 are listed in the second and third col-
umns of Table 1, respectively. The difference between M
and My, AM, (= M, — M,,), refers to the number of fast
exchangeable protons exchanged by ¢ = 0, with most of
the side-chain protons being involved in this fast phase.
The difference between M the and M, AM_ (= M theo —
M), indicates the number of amide protons protected
from deuterium exchange at ¢ = . The values of AM_  and
AM , are also listed in Table 2.

Evidently, each mutant shows significant changes in
ke (0.10-0.27 min1), AM, (164-222 Da), and AM,, (15-56
Da) relative to the corresponding values for the wild-type
enzyme (k,, = 0.18 min!, AM, = 164 Da, and AM_, = 50.5
Da). These results indicate that the structural fluctua-
tion of the DHFR molecule is significantly influenced by
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single amino acid substitutions in two flexible loops far  into three major conformations — “open,” “closed,” and

from the active site.

DISCUSSION

Mass Spectrum and H/D Exchange of Wild-Type
DHFR—Figure 2 suggests that the mass spectrum of the
wild-type DHFR consists of two charge distributions that
are caused by different conformations in the native state.
There is considerable experimental evidence that DHFR
has two stable conformations with different affinities for
the cofactor, substrate, and inhibitor in enzymatic kinet-
ics (26, 27). Refolding kinetics follow a complicated mech-
anism involving several conformations in the native and
denatured states (28). X-ray analysis also indicates a
variety of conformations in the crystal that are classified

“occluded”—associated with the Met20 loop (18). The equi-
librium between the “open” and “closed” conformers in
solution has been confirmed by NMR (28, 29). At present,
it is unknown whether or not these coexisting conformers
are ionized with different charges, but if this is the case,
the “open” conformer should be more susceptible to
ionization than the “closed” one. It is then likely that
the peaks centered at +16 and around +10 arise from
the “open” and “closed” conformers, respectively. The
exchange rate between the “open” and “closed” conform-
ers of wild-type apo-DHFR is approximately 35 s (29),
which is faster than the exchange rate of the exposed pro-
tons in solution (~15 s!) (30), and so the H/D exchange
properties observed using the +14, +15, and +16 peaks
can be largely ascribed to the “open” conformer of the

Table 2. H/D exchange parameters of the wild-type and mutant DHFRs at sites 67 and 121.2

Mutant M,(Da) M, [Da) M, (Da) M, (Da) ke (min)  AM, (Da) A (Da) AM,, (Da)
Wild type 17,9992 ..18250.7 181634 18,2002+10 0182002 1643 . 368+22 . 505 .
G67A 18,013.2 18,264.7 18,188.3 18,213.9 + 0.7 0.20 +0.03 175.1 25.6+ 1.5 50.9
G67V 18,041.3 18,292.8 18,223 .4 18,239.2 + 1.3 0.12 +0.04 182.2 15.8+2.0 53.6
G67S 18,029.2 18,2817 18,2155 18,225.4 +0.9 0.10 +0.03 186.3 10.0+1.3 56.2
G67T 18,043.2 18,2957  18,223.1 18,2415 +0.5 0.27 +0.05 179.9 184+ 1.7 54.2
G67C 18,045.3 18,297.7 18,2214 18,244.8 + 1.1 0.13+0.03 176.1 23.4+19 52.9
LG8D 18,067.2 ....18809.7 182403 . 18,257.4+06 ..016£003 . 1831 172212 522 .
G121A 18,013.2 18,2647  18,202.2 18,222.5+ 0.9 0.21+0.05 189.0 20.4 +2.0 42.2
G121V 18,041.3 18,2928  18,246.9 18,265.7+ 1.0 0.19+0.05 205.7 18.8+2.2 27.1
G121L 18,055.3 18,306.8 18,259.4 18,284.8 + 1.5 0.10 +0.02 204.2 25.4+1.9 22.0
G121Y 18,105.3 18,357.7 18,3274 18,339.9 + 0.6 0.19+0.05 222.1 12.5+ 1.4 17.8
G121S 18,029.2 18,2817  18,247.1 18,260.0 + 1.2 0.13+0.05 217.9 12.9+2.1 21.7
G121C 18,045.3 18,297.7  18,259.2 18,282.7 + 1.4 0.14+0.03 213.9 23.5+2.6 15.0
G121F 18,089.3 18,340.8  18,304.2 18,3221+ 1.2 0.18+0.05 214.9 17.9+2.4 18.8
G121H 18,079.3 18,331.7 18,289.8 18,307.7 +0.7 0.17 +0.03 210.5 17.9+ 1.4 24.0

a), is the molecular weight of DHFR in H,0, M_th* is the theoretical molecular weight for maximum deuterium incorporation in D,0, M, is
the molecular weight at ¢ = 0, and M, is the molecular weight at ¢ = «. The molecular weight differences are defined as AM, = (M, — M) and

AM, = (M theo — M ). k,, is the apparent first-order rate constant of H/D exchange.

J. Biochem.
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Fig. 5. H/D exchange mass profiles of the wild-type and
mutant DHFRs at sites 67 and 121. White, AM; light gray, A;
dark gray, AM,. Broken lines represent the mass level of the
wild-type DHFR.

Met20 loop. However, our preliminary experiment indi-
cated that the H/D exchange kinetic parameters (£ and
M) obtained from the peaks of +10 to +8 are consistent
with those obtained from the +14, +15, and +16 peaks
within experimental error. Therefore, the observed H/D
exchange properties would mainly reflect the structural
fluctuation of the whole DHFR molecule in the native
form and thus would be useful for evaluating the effects
of mutation on the fluctuation.

Effects of Mutation on H/D Exchange Kinetics—A very
characteristic advantage of mass spectrometry is that it
can be used to directly determine the number of
exchangeable protons. As shown in Table 2, single amino
acid substitutions clearly affect the H/D exchange kinetic
parameters of DHFR. For easy comparison, the mass dif-
ference, AM,, A, and AM_, of the wild-type and mutant
DHFRs at sites 67 and 121 are indicated by bars in Fig. 5.
For the wild-type DHFR, 164 (AM,) of 251 total exchange-
able protons (M the — M )—comprising 135 amide pro-
tons, 113 side-chain protons, and 3 terminal-residue pro-
tons—have already finished being exchanged at ¢ = 0.
The number of protons protected from exchange (AM ) is
51, so we can observe mass changes in only 37 of them
(about 27% of the total amide protons) within the time
range of our experiment. Thus, mass spectrometry has

491
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Fig. 6. Plots of AM, and AM_ against the van der Waals volume
(V) of amino acid residues introduced at sites 67 (open cir-
cles) and 121 (closed circles). Gray circles are for the wild-type
DHFR. Solid lines represent the least-squares linear regression for
each data set at sites 67 and 121. The least-squares linear regres-
sion for all data points at sites 67 and 121 are shown by dotted lines.

limited applicability for fast H/D exchange processes, but
we can detect some characteristic differences in the H/D
exchange properties of DHFR mutants.

As shown in Fig. 5, the AM, values of all mutants are
larger than that of the wild-type DHFR, the extent being
significant at site 121 compared with at site 67. This sug-
gests that mutations at both sites contribute to enhance-
ment of the fluctuation of the residues on the molecular
surface or in flexible regions. On the other hand, AM, is
hardly affected by mutation at site 67, but is greatly
decreased by mutation at site 121. This indicates that the
effect of mutation at site 121 extends to the internal resi-
dues of the protein molecule or the secondary structures
that are not relaxed by mutation at site 67. In a previous
H/D exchange study coupled with pepsin digestion of
wild-type DHFR (15), we found that amide protons in o-
helices are easily exchanged with deuterium, and that
most of the AM_ value is attributable to amide protons in
B-strands. Therefore, we expect that the B-sheet is partly
relaxed to make its amide protons susceptible to H/D
exchange on mutation at site 121. The large variations in
the AM_, and AM_ values of mutants at site 121 compared

Table 3. Correlation coefficients (r) of H/D exchange kinetic parameters for the properties of amino acids introduced (V and
Ag.,°), stability (AG° and m), function (K, k,, and k_,/K ), and compressibility (B,°) of DHFR mutants at sites 67 and 121.

Kinetic parameter Mutation site \%4 Agy,° AG° m K, Reat koo K Be°

AM, 67 0.71 -0.21 -0.27 -0.20 0.20 —-0.07 —-0.36 0.26
121 0.70 0.46 -0.22 -0.19 0.27 -0.81 -0.80 -0.03

........................................................... Total .06 044 014 003 055 08 08 7003
AM, 67 0.47 0.08 -0.31 0.02 0.53 0.46 -0.21 0.24
121 -0.72 -0.53 0.31 0.06 -0.11 0.74 0.69 -0.17

........................................................... Total  -058 051 011 009 054 091 08  -003
A 67 -0.69 0.13 0.29 0.14 -0.27 -0.01 0.36 —-0.22
121 -0.54 —0.28 0.05 0.33 —0.46 0.75 0.80 0.34

........................................................... Total . ...7044 002 014 011 023 016 023 017
key 67 -0.04 —0.04 0.31 —-0.48 0.56 0.20 —0.42 -0.25
121 0.04 0.13 0.24 -0.42 0.18 0.24 0.14 —-0.32
Total —0.02 0.02 0.27 —0.49 0.19 0.14 0.01 —-0.22
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with those at site 67 are consistent with the finding that
other properties such as enzyme function and compressi-
bility are greatly influenced by mutation at site 121
(Table 1).

Evidently, the kinetic parameters of mutants depend
on the amino acids introduced at sites 67 and 121. Figure
6 shows typical plots of AM_, and AM_ against the van der
Waals volume (V) of amino acid residues introduced at
both sites. Positive and negative slopes are evident for
AM, and AM ,, respectively, although the correlation with
AM, at site 67 may be insignificant due to the changes in
AM_ being so small. The calculated correlation coeffi-
cients, r, for linear regression are listed in Table 3. These
results indicate that H/D exchange is enhanced when the
volume of an amino acid increases at both sites. This is
opposite to the compressibility investigation results:
adiabatic compressibility (B,°) or volume fluctuation
decreases when the volume of an amino acid increases at
both sites (31). In fact, the last column of Table 3 shows
that there is no definite correlation between B,° and AM,
(or AM ). Thus, the conformation susceptible to H/D
exchange is not necessarily associated with great fluctua-
tion in volume. This is possible because H/D exchange is
derived from solvent accessibility, whereas compressibil-
ity is mainly determined by atomic packing or cavities in
the interior of the protein molecule, and because H/D
exchange is depressed in the secondary structures
although they play the role of a dynamic domain in vol-
ume fluctuation (15, 31). Computer simulation predicts
that Gly67 and Gly121 cannot be replaced by any other
amino acids without accompanying movements of the
backbone polypeptide chain due to changes in the torsion
angles, y; and y,, of the side chains, which are directed
toward the inside of the protein molecule. Therefore, it is
likely that overcrowding of amino acid side chains at
sites 67 and 121 affects the atomic packing (compressibil-
ity) and motility of the backbone chain (H/D exchange) in
different ways via long-range interactions.

The coefficients for the correlation between the kinetic
parameters and hydrophobicity (Ag,,°) of the introduced
amino acid residues are also listed in Table 3. H/D
exchange appears to be enhanced with increasing hydro-
phobicity of amino acid side chains at both sites. This cor-
relation is more evident when the data for Asp and Ser
with negative Ag,,° values are eliminated, and is opposite
to the expectation that the enhanced hydrophobic inter-
action would stabilize the native structure so as to inhibit
the H/D exchange. Thus, the main effect of mutation at
both sites would be due to overcrowding of the bulky side
chains overcoming the increased hydrophobic interaction.

As shown in Table 3, the rate constant of H/D
exchange, k., is not correlated with the V and Ag,.° val-
ues of introduced amino acid side chains. This may be
partly due to the small variations in k., between different
mutants, although they are greater than experimental
error. The H/D exchange kinetics of a protein have been
explained by the following local unfolding model (5, 6):

k k
N(H) fO(H)—f O(D) = N(D) 2)
f

where N represents the folded state of a protein; O is a
partially unfolded open state in which the exchangeable
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protons are exposed to the solvent; and &, &, and %, are
the rate constants for the individual processes. When &, >
k, the observed rate of exchange, k., is determined by
the rate of opening of the protein structure, £, (EX; mech-
anism). If &, < k;, the observed rate of exchange is (&,/
kpk,, and then k., is proportional to the equilibrium con-
stant for the local unfolding process (EX, mechanism).
The H/D exchange of proteins follows an EX, mechanism
under most conditions, with an EX;, mechanism only
being observed under the conditions where the hydrogen
exchange is intrinsically very rapid and no longer rate-
limiting (5). In a previous paper (15), we confirmed that
the H/D exchange reaction of wild-type DHFR is domi-
nated by an EX, mechanism under our experimental con-
ditions (neutral pH). Since %, is not dependent on intro-
duced amino acids, the mutation effect on the Gibbs free
energy change between folded and open states, AAG, can
be evaluated from

AAG = AG (mutant) — AG (wild)
= —RT In [(k flmutant/(k [k,)Wild] (3)

From the %, values, we can calculate that the AAG value
ranges from —1.0 (G67T) to 1.4 (G67S, G121L) kJ-mol-!
depending on the mutations at both sites. These values
are within the difference in Gibbs free energy change of
urea denaturation between the wild-type and mutant
DHFRs; AAG° = AG°(mutant) — AG°(wild) = —4.2 to 2.2
kdJ-mol-! (Table 1). This suggests that mutations at both
sites do not cause as large perturbations in the free
energy of a partially unfolded open state as in the urea-
unfolded state.

Relationship between H/D Exchange and Stability—
The values of the Gibbs free energy change of urea dena-
turation, AG°, and the cooperativity parameter of unfold-
ing, m, of the wild-type and mutant DHFRs are listed in
Table 1. Evidently, the structural stability is influenced
(in most cases, destabilized) by mutations at sites 67 and
121. As shown in Table 3, however, there is no definite
correlation between the H/D exchange properties (AM,,
AM,, and k) and stability (AG° and m), although the
marginally negative correlation between %, and m sug-
gests fast H/D exchange for mutants unfolding with high
cooperativity; thus the conformation resistant to H/D
exchange is not necessarily stable. This may be partly
attributable to the H/D kinetic parameters of the native
state only, whereas AG° and m are determined as the dif-
ferences in the free energy and solvent-accessible surface
area of a protein between the native and denatured
states. In this regard, it is noticeable that the stability
decreases with increasing hydrophobicity of the amino
acids introduced at both sites (i.e., reverse hydrophobic
effect) (19, 20).

Relationship between H/D Exchange and Function—
The steady-state kinetic parameters for the enzyme reac-
tions (K, and k) of the wild-type and mutant DHFRs
are listed in Table 1. The K, value is only slightly influ-
enced by mutation at both sites, whereas &, changes sig-
nificantly, especially at site 121, resulting in a great
change in enzyme activity (k,/K,,). This is very interest-
ing because it is unlikely that the mutation sites partici-
pate directly in the enzyme reaction: the a-carbons of
Gly67 and Gly121 are 29.3 and 19.0 A from the catalytic
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site Asp27, respectively, and are at least 8.5 and 10.6 A
from the NADPH molecule (18).

Table 3 lists the correlation coefficients of H/D
exchange parameters with K, k., and k&, /K, . Although
there is no clear correlation between k. and these
enzyme kinetic parameters, AM, and AM, are negatively
and positively correlated with %, /K, (with the exception
of AM, at site 67), respectively. A similar correlation is
also observed for k., although the r value is small for
AM at site 67. These results suggest that the conforma-
tion resistant to H/D exchange is favorable for the enzy-
matic function predominantly due to the enhanced cata-
lytic reaction rate (k). This is contrary to the
observation that the enzyme activity increases with
increasing compressibility (31). This discrepancy is
attributable to H/D exchange and compressibility repre-
senting opposing measures of structural fluctuation of
protein molecules, as described above. Therefore, consid-
erable caution is necessary when evaluating the role of
structural fluctuation in enzyme function and structural
stability based on H/D exchange parameters.

As revealed by the present study, the H/D exchange
properties of DHFR are sensitive to single amino acid
substitutions at sites 67 and 121 in the flexible loops, the
extent being more significant at site 121. The H/D
exchange parameters obtained show a partial correlation
with the characteristic properties of the mutants (amino
acids introduced, structural stability, compressibility,
and enzymatic function). These results support our pro-
posals that DHFR is a highly fluctuating protein and
that a mutation-induced small alteration in the local
structure in loop regions is dramatically magnified in the
overall protein dynamics via long-range atomic recon-
struction, leading to change in the stability and function
(19-22, 32). Mass spectrometry of H/D exchange of lig-
and-DHFR complexes in progress should provide more
detailed information on the structure—fluctuation—-func-
tion relationship of this enzyme.
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