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Abstract: Proteins frequently fold via folding intermediates that correspond to local minima on the

conformational energy landscape. Probing the structure of the partially unfolded forms in equilibrium
under native conditions can provide insight into the properties of folding intermediates. To elucidate
the structures of folding intermediates of Escherichia coli dihydrofolate reductase (DHFR), we inves-
tigated transient partial unfolding of DHFR under native conditions. We probed the structure of a
high-energy conformation susceptible to proteolysis (cleavable form) using native-state proteolysis.
The free energy for unfolding to the cleavable form is clearly less than that for global unfolding. The
dependence of the free energy on urea concentration (m-value) also confirmed that the cleavable
form is a partially unfolded form. By assessing the effect of mutations on the stability of the partially
unfolded form, we found that native contacts in a hydrophobic cluster formed by the F-G and Met-20
loops on one face of the central -sheet are mostly lost in the partially unfolded form. Also, the folded
region of the partially unfolded form is likely to have some degree of structural heterogeneity. The
structure of the partially unfolded form is fully consistent with spectroscopic properties of the near-
native kinetic intermediate observed in previous folding studies of DHFR. The findings suggest that
the last step of the folding of DHFR involves organization in the structure of two large loops, the F-G

and Met-20 loops, which is coupled with compaction of the rest of the protein.
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Escherichia coli dihydrofolate reductase (DHFR;
5,6,7,8-tetrahydrofolate: NADP™" oxidoreductase, EC
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1.5.1.3) is one of the best characterized model sys-
tems in protein folding studies as well as in enzy-
mology and structural biology.'™ The protein is a
159 amino acid monomeric enzyme that catalyzes
the reduction of 7,8-dihydrofolate to 5,6,7,8-tetrahy-
drofolate using NADPH as a cofactor. Folding of
DHFR has been shown to occur through two groups
of distinctive kinetic intermediates, Igp and Igp® %

U\ﬁIBP\ﬁIHF =N

Each group is believed to include several differ-
ent intermediates that share similar spectroscopic
properties. Within microseconds, unfolded DHFR
collapses into Igp, a group of early intermediates
that are responsible for the burst phase amplitude
observed by circular dichroism (CD). Formation of
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Igp is followed by slower formation of Iyr another
group of intermediates characterized by high fluo-
rescence (Iyp) and finally by formation of a group of
native conformers.®12

Although DHFR folding and structure have been
the subject of numerous studies, the structure of the
folding intermediates remains elusive. Hydrogen/
deuterium exchange pulse labeling during refolding
showed that two hydrophobic clusters form in Igp
(Fig. 1)” The high fluorescence of Iz has been attrib-
uted to formation of a hydrophobic cluster around
Trp47 and Trp74 (Fig. 1).12 However, the structure of
Iy is largely unknown. Pulse labeling could not pro-
vide information on I'r because prolonged incubation
at acidic pH necessary for pulse quenching causes
DHFR to aggregate.” Although several attempts have
been made to computationally model the folding of
DHFR, these efforts do not converge upon a single
structural description of DHFR folding.'416

The structures of partially unfolded forms at
equilibrium with native protein provide information
on protein folding intermediates.'”!® The current
understanding of protein folding holds that proteins
fold along the surface of funnel-like conformational
energy landscapes, which contain an ensemble of
partially unfolded forms in local energy minima.'92!
This view of protein folding suggests that, once
folded, a natively folded protein makes transient
excursions to the partially unfolded forms. There-
fore, from the structures of the partially unfolded
forms in equilibrium under native conditions, one
can obtain valuable information on the sequence of
structural acquisition along the folding pathway.2223

To obtain structural information on the folding
intermediates of DHFR, we investigated a partially
unfolded form of DHFR by native-state proteolysis.
Native-state proteolysis is a method to determine the
energetics of partial unfolding under native condi-
tions.2* Combined with site-directed mutagenesis,
native-state proteolysis also provides information on
the structure of partially unfolded forms.2®> The
method is based on the observation that proteolysis of
folded proteins requires transient unfolding to a cleav-
able conformation as shown in the following scheme:

Native}% CleavableﬂCleaved,

el

where k., and k. are the forward and the reverse
rate constant for unfolding to a cleavable form, and
kint 1s the rate constant for proteolysis of the cleav-
able form. When £k;,; is significantly smaller than kg
(EX2 condition), the apparent rate constant of the
reaction (kqs) is expressed as:

kobs = Kopkint7 (1

where K, is the equilibrium constant for unfolding
to the cleavable form. By approximating k;,; with
the rate for proteolysis of a peptide substrate, one
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Figure 1. Structure of DHFR. The ribbon representation of
the structure of DHFR (PDB CODE: 5DFR) is shown. The side
chains of the residues in the two hydrophobic clusters that
form in Igp are shown in blue and green spheres. The side
chains of Trp47 and Trp74, which are responsible for high flu-
orescence in Iyg, are shown in red sticks. The invisible part
of the Met20 loop is shown in a straight line. The image was
created with PyMOL.

can calculate K,, from ks and also the free energy
required for unfolding (AG.,°) from K.

Native-state proteolysis is conceptually analo-
gous to mnative-state hydrogen/deuterium (H/D)
exchange, in which partially unfolded forms are
probed by the exchange between amide protons with
solvent deuterium.'®?223 Although native-state H/D
exchange may report the presence of multiple par-
tially unfolded forms, native-state proteolysis reports
only the most accessible partially unfolded forms,
because unfolding to the most accessible form domi-
nates proteolysis kinetics. Despite this limitation,
native-state proteolysis is a valuable alternative to
native-state H/D exchange and a suitable choice for
DHFR. Because proteolysis requires unfolding of a
segment with at least 8-12 residues,?® native-state
proteolysis is relatively insensitive to local fluctua-
tion, which frequently complicates detection of partial
unfolding by native-state H/D exchange. Also, while
the adjustment of the intrinsic exchange rate (k;,¢) in
H/D exchange requires a change in pH, the intrinsic
proteolysis rate of unfolded peptides in native-state
proteolysis can be controlled simply by a change in
protease concentration. This aspect of native-
proteolysis provides flexibility in the choice of pH.
Because DHFR tends to aggregate at low pH,” which
is frequently necessary to probe partial unfolding by
native-state H/D exchange, the use of a neutral pH in
native-state proteolysis is especially advantageous.

Here, we report the structure of a partially
unfolded form of DHFR we probed by native-state
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Table I. Equilibrium Unfolding Parameters

DHFR m-Value (kcal mol " M) Crn (M) AGy N° (keal mol ™) AAGy N (keal mol ™)
Wild type 2.3+0.1 2.87+0.01 6.6+0.3 —

L4A 2.0+0.1 1.47 *0.03 29+0.1 -3.7+0.3

L8A 2.1+0.1 2.12+0.01 45+0.1 -2.1+0.3

I61A 2.8+0.2 1.77+0.01 50+0.4 ~-16*0.5

191A 2.6+0.1 2.29+0.01 6.0+0.2 ~0.6 0.4
L110V 2.6+0.1 2.14+0.01 5.6+0.2 ~1.0+04
L112V 2.2+0.1 2.21+0.01 49+0.2 ~1.7+04
V136A 25+0.1 2.26 +0.01 5.7+0.1 -0.9+0.3
L156A 2.1+0.1 1.75 = 0.02 3.7+0.1 -2.9+0.3

The m-values, C,,, and the global stability (AGy_n°) of each variant were determined by monitoring unfolding in urea by
circular dichroism. Standard errors of m-values and C,, values are from nonlinear curve-fitting of urea unfolding to a two-

state model. Standard errors of AGy_n° and AAGy_N° are from error propagation.

2 AAGy-N° = AAGy_N°(mutant) — AAGy_N°(wild type).

proteolysis in combination with site-directed muta-
genesis. We compare the identified partially
unfolded form with known folding intermediates of
DHFR, using the previously reported structural fea-
tures of the folding intermediates. We also postulate
the molecular events at the final stage of DHFR
folding based on the structure of the partially
unfolded form.

Results

Proteolysis of DHFR occurs through partial
unfolding

DHFR used in this study is a cysteine-free version
of DHFR (C85A/C152S DHFR), which is more resist-
ant to oxidation than wild-type DHFR. Still, the
cysteine-free DHFR has been shown to have activity,
stability, and a folding mechanism comparable to
wild-type DHFR.2” For simplicity, here we refer to
the cysteine-free DHFR as wild type.

We probed unfolding of DHFR under native con-
ditions by native-state proteolysis with a nonspecific
protease, thermolysin. We determined the apparent
first-order rate constant for proteolysis (kq,s) by
monitoring the change in the band intensities of
remaining intact protein on a SDS-PAGE gel from a
proteolysis reaction quenched at various time points.
Determination of the equilibrium constant for
unfolding to a cleavable form (K,,) requires EX2-like
conditions (kg >> kini). Because k;,; is dependent on
the protease concentration, EX2-like conditions can
be achieved and also confirmed by adjusting the pro-
tease concentration. To identify the optimal range of
protease concentration for EX2-like conditions, we
determined k., at varying concentrations of thermo-
lysin and confirmed that proteolysis of DHFR satis-
fies EX2-like conditions up to 70 pg mL !
thermolysin (Supporting Information Fig. S1). Then,
we determined K, from ks by estimating kin, with
keat/ K for cleavage of an unstructured peptide sub-
strate. From the K,, value, the free energy for
unfolding to the cleavable form (AG,,°) was deter-
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mined to be 4.9+ 0.1 kcal mol !, which is signifi-
cantly less than the free energy required for global
unfolding (6.6 + 0.3 kcal mol !) as determined by
equilibrium unfolding monitored by circular dichro-
ism (Table I). The observation that unfolding to the
cleavable form requires less free energy than global
unfolding indicates that proteolysis occurs through a
form distinct from the globally unfolded form.

To assess the scale of unfolding to the cleavable
form, we measured AG,,° at varying concentrations
of urea. The free energy for cooperative unfolding in
proteins depends linearly on urea concentration, and
the dependence (m-value) is proportional to the
amount of buried surface area exposed upon unfold-
ing.?® The plot of AG,p° versus urea reveals two
phases with distinct slopes (Fig. 2). Because the
slope is proportional to the change in the solvent
accessible surface area upon unfolding, the presence
of two phases indicates that proteolysis occurs
through two distinct cleavable forms depending on
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Figure 2. Native-state proteolysis of wild-type DHFR. The
dependence of the free energy of unfolding (AG.p,°) deter-
mined by proteolysis (¢) and by equilibrium unfolding (---) is
plotted against urea concentration. The plot of AG,p° versus
urea concentration was fit to Eq. (2) (solid line) to estimate
parameters for partial unfolding (Mo, and AGgp 1,0°) and
global unfolding (mynt and AGntH,0°)-

Partial Unfolding of E. coli DHFR



Table II. Proteolysis Kinetics and ¢. Values

DHFR Ry (1072 s71) ky(mut)/kpy(wt) AAGc N (keal mol ) e
Wild type 0.087 +0.003 — — —
L4A 2.2+0.2 25+ 2 ~1.91+0.05 0.49 +0.04
L8A 2.4+0.1 28+ 2 ~1.97+0.04 0.05+0.1
I61A 0.20 +0.01 2.3+0.1 ~0.49 + 0.02 0.69 % 0.09
191A 0.140 = 0.008 1.6+0.1 ~0.28 +0.04 0.5+0.2
L110V 13+0.1 14+1 ~1.56 +0.04 ~0.6£0.5
L112V 3.3+0.2 38+2 ~2.15+0.03 -0.3+0.3
V136A 0.20 +0.02 2.3+0.2 ~0.49+0.05 0.5+0.2
L156A 3.3+0.2 38+2 ~2.15+0.03 0.24+0.07

%k, is the first-order rate constant for the proteolysis of 0.10 mg mL ™! DHFR by 20 ug mL ! thermolysin. The standard
error of &, is from nonlinear curve-fitting. The standard errors of AAG¢_~° and ¢, are from error propagation.

PAAGo_N° = AGc_n°(mutant) — AGe_n°(wild type).

the concentration of urea. The shallow phase at
lower concentrations of urea suggests proteolysis
through partial unfolding, and the steep phase at
higher concentrations of urea suggests proteolysis
through global unfolding. At lower concentrations of
urea, the partially unfolded form is energetically
more accessible than the globally unfolded form. As
the wurea concentration increases, the globally
unfolded form becomes more accessible than the par-
tially unfolded form.

We fit the plot of AG,,° versus urea using a model
in which proteolysis occurs through unfolding to two
cleavable forms with different m-values (Fig. 2). The
m-values for the shallow phase and the steep phase
were determined to be 0.7 = 0.3 kcal mol ™ M~ and
2.3+ 0.2 kcal mol ! M1, respectively. The m-value of
the steep phase agrees well with the m-value of global
unfolding (2.3 + 0.1 kcal mol * M) determined by
equilibrium unfolding monitored by circular dichro-
ism (Table I). This consistency in m-value corrobo-
rates that proteolysis occurs through global unfolding
in the steep phase. The smaller m-value of the shallow
phase also confirms that proteolysis occurs through
partial unfolding in the shallow phase. Compared
with the m-value for global unfolding (2.3 = 0.1 kcal
mol ! M™1), the m-value of the shallow phase
(0.7 = 0.3 keal mol ' M 1) suggests that the partial
unfolding exposes about 30% of the buried surface
that is exposed upon global unfolding. The free ener-
gies of the shallow phase and the steep phase were
extrapolated to be 4.9 + 0.1 kcal mol ! and 6.9 +0.6
kcal mol ! in OM urea, respectively. Proteolysis of the
unfolded protein occurs before proline residues reach
their cis—trans equilibrium. The lack of proline isom-
erization in the unfolded forms is expected to increase
the free energy of global unfolding measured by prote-
olysis by 0.7 kecal mol ! in DHFR.2° Even after this
correction, the free energy of the steep phase agrees
well with the free energy for global unfolding deter-
mined by equilibrium unfolding (6.6 = 0.3 kcal mol ™ 1).
The uncertainty in the rate constant for intrinsic pro-
teolysis (k;n;) that we estimate with a peptide sub-
strate may also contribute to the slight discrepancy.

Kasper et al.

Probing the partially unfolded form by
site-directed mutagenesis

To determine the region of DHFR that becomes
unfolded in the partially unfolded form, we probed
the structure of the partially unfolded form by site-
directed mutagenesis. To destabilize the protein with
only minimal structural perturbation, we limited
our mutations to leucine to valine, leucine, and iso-
leucine to alanine, or valine to alanine.?° Specifi-
cally, we prepared L4A, L8A, I61A, 191A, L110V,
L112V, V136A, and L156A DHFR. We confirmed
that all variants maintain native-like structures by
circular dichroism (Supporting Information Fig. S2).

From the global stability and the free energy of
partial unfolding of each variant, we determined the
¢ value, which is the ratio of the change in the sta-
bility of the partially unfolded form (AAGy_c°) to
that of the native form (AAGy_x°) caused by a muta-
tion.?® If the mutated residue lies within the folded
region of the partially unfolded form, the partially
unfolded form and the native form will be equally
destabilized, and the ¢. value of the variant will be
close to 1. If a mutated residue lies within the
unfolded region of the partially unfolded form, only
the native form will be destabilized, and the ¢,
value of the variant will be close to 0. Therefore, the
distribution of ¢, values in a protein structure
reports which part of the protein is unfolded in a
partially unfolded form.?®> We calculated the destabi-
lization of the native form (AAGy_n°) by comparing
the global stability of each variant of DHFR to that
of wild-type DHFR (Table I) after determining the
global stability of each by equilibrium unfolding in
urea (Supporting Information Fig. S3). We deter-
mined the destabilization of the partially unfolded
form (AAGy_c°) indirectly from the change in the
free energy for partial unfolding (AAGc_n°) deter-
mined by native-state proteolysis (Table II and Sup-
porting Information Fig. S4).

Mutations show a broad spectrum of ¢. values
(Table II). Interestingly, no mutation has a ¢, value
close to 1. Ile61 has the highest ¢. value of 0.69.
Leu4, I1e91, and Vall36 have ¢. values close to 0.5.
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Figure 3. ¢. values of the mutated residues. Residues
probed by mutation are shown in spheres in the native struc-
ture of DHFR (PDB CODE: 5DFR), colored by ¢ value from 0O
(red) to 1 (blue). For clarity, ¢, values less than 0 are shown
as 0. The invisible part of the Met20 loop is shown in a
straight line. The image was created with PyMOL.

Leul56 has a low ¢, value of 0.24. Finally, Leu8,
Leull0, and Leull2 have ¢, values close to 0. When
shown on the structure, the distribution of ¢. values
clearly suggests the location of unfolding in the par-
tially unfolded form (Fig. 3). Residues with ¢, values
close to 0 (Leu8, Leull0, and Leull2) form a cluster
on one face of the central B-sheet of the protein.
This face of the B-sheet is covered by two extended
loops (F-G loop and Met-20 loop). The low ¢. values
of Leu8, Leull0, and Leull2 signify that the loops
are unfolded and the face of B-sheet is exposed in
the partially unfolded form. Moving away from the
cluster of Leu8, Leull0, and Leull2, residues show
increasing ¢. values. The relatively high ¢. values
of Ile61 and Ile91 indicate that the adenosine-
binding domain maintains a significant portion of its
native contacts in the partially unfolded form. The
relatively high ¢. value of Vall36 also indicates the
back of the central B-sheet does not lose its native
contacts completely in the partially unfolded form.
The gradual increase in ¢, values from LeullO to
Leulb56 and to Vall36 also indicates that the loss of
the native contacts in the cluster of Leu8, Leull0,
and Leull2 is mostly confined to the front face of
the central B-sheet (Fig. 3).

Discussion

The structure of the partially unfolded form

The pattern of ¢. values reveals the location of
unfolding in the partially unfolded form of DHFR
(Fig. 3). Leu8, Leull0, and Leull2 have ¢. values
close to 0 and form a continuous cluster, suggesting
that the region experiences significant structural
disruption in the partially unfolded form. However,
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none of the mutated residues has a ¢. value close to
1. The observation that a majority of the mutated
residues have fractional ¢. values is distinct from
the observation we made with E. coli maltose bind-
ing protein in which the majority of the mutated res-
idues from an initial survey show ¢. values close to
1.2°> We interpret the fractional ¢, values similarly
to the way that fractional transition-state ¢ values
have been interpreted.3! Fractional ¢, values could
mean that some but not all of a residue’s native con-
tacts are lost, or an ensemble exists with forms that
are close in energy but possess somewhat different
structural features. One of the folding intermediates
of DHFR, Iy, has been described as a group of four
species with similar properties.®32 The fractional ¢,
values may have resulted from a different contribu-
tion of each species in a group of partially unfolded
forms. Although the partially unfolded form we
probed may be a group of structurally distinct forms
with similar energetic properties, the residues with
¢. values close to 0 allow us to determine the com-
mon unfolded region of the partially unfolded forms
in the group. Another source of the fractional ¢. val-
ues is underestimation of AGc_nN° due to proteolysis
through global unfolding. The free energy for unfold-
ing of the partially unfolded form (AGy_c°) is just
1.8 0.3 keal mol™!. If a mutation destabilizes the
partially unfolded form by more than 1.8 kcal mol !,
proteolysis would occur through the globally
unfolded form rather than the partially unfolded
form even in OM urea. In this case, AGc_n° deter-
mined by native-state proteolysis is not the free
energy for partial unfolding but the global stability
of the mutant. Underestimated AGc_n° results in
underestimation of AAGy_c¢° and subsequent under-
estimation of ¢, We found one mutant that may
have this scenario. The global stability of L4A is
only 2.9 kcal mol !, and its AGc_n° determined by
proteolysis is 3.0 kcal mol 1. This similarity between
the global stability and AGc_N° suggests that prote-
olysis of L4A may occur through global unfolding
and the ¢, value of 0.49 may be an underestimated
value. Even if L4A has a ¢, value of 1, underestima-
tion of AAGy_c° to 1.8 keal mol ! would result in e
value of ~0.5.

A significant portion of the native contacts of
161 and 191 seems to be retained in the partially
unfolded form (Fig. 3). This result suggests that the
adenosine-binding domain mostly remains in the
native-like conformation in the partially unfolded
form. From m-values for partial and global unfold-
ing, we estimate that partial unfolding exposes only
~30% of the buried surface that is exposed upon
global unfolding. The relatively small m-value of
partial unfolding is also consistent with intact
adenosine-binding domain in the partially unfolded
form. Still, the fractional ¢. values of 161 and 191
may arise from structural heterogeneity or partial

Partial Unfolding of E. coli DHFR
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Figure 4. Unfolded region in the partially unfolded form.
Leu8, Leu110, and Leu112, which have low ¢, values, are
shown in red spheres. Side chains in contact with the three
residues are shown in pink sticks. Contacts are defined as
residues within 5 A of any carbon atom lost upon mutation.
The F-G loop and the Met-20 loops are also shown in pink.
The invisible part of the Met20 loop is shown in a straight
line. The image was created with PyMOL.

loss of the native contacts within the adenosine-
binding domain in the partially unfolded form.

The native contacts of Leu8, LeullO, and
Leull2 seem to be mostly lost in the partially
unfolded form (Fig. 3). These residues belong to the
discontinuous loop domain, the large domain con-
taining the N- and C-termini, and contact quite a
few residues in the central B-sheet, the F-G loop,
and the Met-20 loop (Fig. 4). The low ¢, values of
Leu8, Leull0, and Leull2, therefore, indicate that
the partial unfolding involves a concerted loss of
structure in the F-G and Met-20 loops and exposure
of the residues on the B-sheet that the two loops
cover. The Met-20 loop is known to undergo confor-
mational changes between the “occluded” and
“closed” conformations along the catalytic steps of
DHFR.?33* Moreover, residues 16-20 of the Met-20
loop are invisible in the structure of the apo form of
DHFR determined by X-ray crystallography. This
apparent disorder of the Met-20 loop was suggested
to result from an interconversion between the
occluded and closed conformations.®® The conforma-
tions that the two loops experience during the cata-
Iytic cycle seem to be distinct from their
conformations in the partially unfolded form. The
significant free energy (4.9+0.1 kcal mol 1)
required for partial unfolding indicates that the par-
tially unfolded form is rarely populated under native
conditions (1 out of 4000 molecules), while the con-
formations accessible during the catalytic cycle are
significantly populated under native condition.?*
Although the partially unfolded form is energetically

Kasper et al.

distinct from the conformations accessed during the
catalytic cycle, the partial unfolding in the F-G and
Met-20 loops seems to be the consequence of the con-
formational energy landscape of DHFR optimized for
its function. To achieve the dynamic nature of the
catalytic site, the protein structure may have sacri-
fied the local stability of the loop regions, which
results in transient partial unfolding of the region
under native conditions.

The relatively high ¢. values of Leu4 and
Val136 could indicate the boundary of the unfolded
region in the partially unfolded form (Fig. 3). Again,
the fractional ¢. values may arise from structural
heterogeneity or a partial loss of the contacts around
Leu4 and Vall136. Still, the significant difference in
the ¢. values of the two residues from those of Leu8,
Leull0, and Leull2 implies that the degree of
unfolding is much less severe outside of the cluster
of Leu8, Leull0, and Leull2. The relatively high ¢,
value of Vall36 supports that the central B-sheet is
largely intact in the partially unfolded form, which
is consistent with the observation that many of the
amide hydrogens in the central B-sheet are protected
quite early in the folding pathway of DHFR.”

The partially unfolded form and folding
intermediates
The structure and stability of the partially unfolded
form are consistent with the folding intermediate
Itir. The folding of DHFR has been shown to involve
multiple intermediates.?%1° Matthews and
coworkers describe DHFR folding as occurring
through an early intermediate (Izgp) and a group of
four later intermediates (Igr) that lead to four
native conformers via parallel folding channels.® The
parallel channels may form even earlier,” and the
native B-sheet topology begins to form before the for-
mation of Igp b2

Pulse labeling H/D exchange and the effect of
mutations on the burst-phase CD amplitude suggest
that Igp contains native-like secondary structure
and limited hydrophobic packing.”® The burst phase
amplitude is affected by mutations at Ile91, I1e94,
and Ile155 but is not substantially affected by muta-
tions at Ile2, Ile61, and Leull2, indicating that the
later group does not participate in hydrophobic
packing in Igp® The ¢@. values of Ile91 (0.5 0.2)
and Leul22 (—0.3 =0.3) are in line with this result.
However, the relatively high ¢. value of Ile61
(0.69 =0.09) clearly indicates that Igp is different
from the partially unfolded form we observed. Igp
buries about 20% of the surface buried in the native
form®® and is 1.5 + 0.5 kecal mol ! more stable than
globally unfolded DHFR.? Our partially unfolded
form has stability similar to Igp (1.8 +0.3 kcal
mol 1) but buries a significantly larger fraction of
surface (~70%) than Igp. Therefore, the partially
unfolded form is distinct from Igp.
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The later intermediate Iggp forms within the
range of hundreds of milliseconds and is an essen-
tial, on-pathway intermediate.!® Iy has a higher
fluorescence than Igp, native, or unfolded DHFR.
The high fluorescence is attributed to the formation
of a hydrophobic cluster in the adenosine-binding
domain in which Trp47 and Trp74 form their native
interaction and become protected from sol-
vent.1%1336 T1e61 forms a hydrophobic cluster with
Trp47 and Trp74. The high ¢, value of Ile61 strongly
supports that the hydrophobic cluster including
Trp47 and Trp74 is intact in the partially unfolded
form. Furthermore, Iyr was previously found to
bury about 65% of the buried surface of the native
form,* which agrees well with our finding that
~70% of the buried surface of the native form
remains buried in the partially unfolded form. The
structure and fraction of buried surface suggest that
the partially unfolded form and Iygr are likely to be
the same species.

Frieden and coworkers explain the fluorescence
change upon DHFR refolding with a linear model
containing three intermediates (I3-I5).>® I; forms
with an increase in fluorescence intensity and occurs
on the timescale of hundreds of milliseconds.?® I; and
Iy are the species with the highest fluorescence in
their respective models, and both form on the milli-
second timescale. Because the structure of our par-
tially unfolded form is similar to Iyp, it is possible
that the partially unfolded form corresponds to I;. I
and I3 form with a decrease in fluorescence. I5 has
been shown to be only 1-2 kcal mol ! less stable than
the native form.® Because our partially unfolded form
is closer in energy to the unfolded form, I5 is clearly
distinct from the partially unfolded form. However,
we cannot rule out the possibility that the partially
unfolded form corresponds to Is.

The partially unfolded form is also similar to an
equilibrium intermediate of DHFR, which was discov-
ered in an extensive analysis of the dependence of
spectroscopic signal on temperature and urea concen-
tration.?” The equilibrium intermediate has a com-
pact structure and, like Iyy, has higher tryptophan
fluorescence than native or unfolded DHFR. The m-
value for the equilibrium between the native form
and the equilibrium intermediate was determined to
be 0.7 = 0.2 keal mol * M1, which agrees well with
the m-value (0.7 = 0.3 keal mol ! M 1) for unfolding
to our partially unfolded form. The equilibrium inter-
mediate, the kinetic intermediate Igr, and the par-
tially unfolded form detected by native-state
proteolysis all appear to be the same species that is
the most accessible non-native form of DHFR.

Comparison with computational studies

Computational approaches to DHFR unfolding have
previously suggested the structures of folding inter-
mediates. Sham et al. investigated thermal unfold-
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ing of DHFR by molecular dynamics simulation.®

The first step of unfolding was the loss of the con-
tacts between B-strands 1 and 2, which include Ile61
and Trp74. The effect of mutations on the burst-
phase CD intensity showed that this region is folded
in Igp but not Igp® Disruption of the interaction
between B-strands 1 and 2 captured by the molecu-
lar dynamics simulation seems to indicate that the
unfolding simulation quickly reaches a conformation
that resembles Igp. The unfolding to Iyw or a confor-
mation equivalent to our partially unfolded form
may be of too small a scale to be detected in this
simulation because the analysis only takes into
account contacts with >70% occupancy during a con-
trol simulation.

Pan et al. investigated unfolding of DHFR using
the COREX algorithm.'® This approach estimates
the energetic impact of iteratively unfolding small
segments of a protein to identify residues that have
a high probability of unfolding.?! Their study found
that residues 60-90 have the highest probability to
unfold in DHFR. Interestingly, the region includes
Ile61 and Trp74, which are believed to be folded in
our partially unfolded form. The high-energy confor-
mation that COREX predicts is clearly different
from the partially unfolded form we observed in this
study. A possible explanation for this discrepancy is
the difference in the choice of the native state. The
structure used for the COREX study was the crys-
tallographic structure of DHFR:folate:NADP™ ter-
nary complex with the two ligand removed, which is
clearly different from the structure of the apo-DHFR
under our experimental conditions.

Clementi et al. simulated DHFR folding only
explicitly accounting for the native topology of the
protein.* Their simulation predicted that the adeno-
sine binding domain is mostly folded but the discon-
tinuous loop domain is mostly unfolded in Iyr This
structure is clearly distinct from the model of the
partially unfolded form we describe here in which
the central B-sheet of the discontinuous loop domain
is mostly intact. The extensive protection of the cen-
tral B-sheet in the hydrogen/deuterium exchange
pulse chase experiment’ is rather more in line with
our model of Iyr than the model proposed from the
simulation. It is possible that the intermediate
observed in the simulation occurs much earlier in
the folding pathway than Iyr and is not observable
in our native-state proteolysis experiment. Still,
their calculation shows that contacts between the
Met-20 and F-G loops have some of the lowest prob-
abilities of contacts at the intermediate stage of fold-
ing, which is consistent with the concerted unfolding
of the loops in the partially unfolded form.

Conclusion

We report here the structure of a partially unfolded
form of DHFR that transiently forms under native
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conditions. Our comparison with previously observed
folding intermediates of DHFR suggests that the
identified partially unfolded form is likely the same
species as the folding intermediate Iy The partially
unfolded form shows a similar degree of unfolding to
that of Igr Also, the spectroscopic nature of Iyrp is
consistent with the structure of the partially
unfolded form. The structure of the partially
unfolded form provides much greater details of the
structure of Iyp; the adenosine-binding domain is
mostly folded, and the hydrophobic core formed by
the F-G and Met-20 loops and one face of the central
B-sheet is largely unfolded. However, even the folded
region seems to have some degree of structural het-
erogeneity. The final and also the slowest step of
DHFR folding is then the docking of the two loops to
the central B-sheet as observed in the structure of
the native form. The completion of the folding of the
two loops may also cause the rest of the protein to
achieve more compact packing and reduce the struc-
tural heterogeneity. As shown by previous native-
state H/D exchange studies,???® our study clearly
demonstrates that investigating partially unfolded
forms under native conditions is a valuable means
to elucidate structures of folding intermediates.
Also, partial unfolding of the F-G and Met-20 loops
whose dynamics have functional importance for
catalysis by DHFR implies that optimization of the
conformational energy landscape of a protein for its
function may influence how the protein achieves its
native structure along the folding pathway.

Materials and Methods

Preparation of proteins

We expressed DHFR in E. coli BL21(DE3)pLysS
cells grown to ODgg of 0.6 and induced with 0.50M
isopropyl-B-p-thiogalactopyranoside (IPTG). Plas-
mids with mutated DHFR genes were prepared by
thermal cycling of the plasmid carrying the DHFR
gene sequence and mutagenic oligonucleotide pri-
mers according to the protocol for Quikchange Site-
Directed Mutagenesis (Agilent Technologies, Santa
Clara, CA). All the DHFR proteins we used in this
study have C85A/C152S mutations. We purified
DHFR by DEAE Sepharose Fast Flow (GE Health-
care Life Sciences; Piscataway, NJ) anion exchange
chromatography and Superdex 200 (GE Healthcare
Life Sciences) size exclusion chromatography. Ther-
molysin was prepared by dissolving lyophilized ther-
molysin (Type X; Sigma-Aldrich; St. Louis, MO) in
2.5M NaCl and 10 mM CaCl,.?® Concentrations of
all proteins were determined by absorbance at
280 nm wusing extinction coefficients determined
according to their amino acid composition.?® We con-
firmed that less than 10% of purified DHFR was
bound to the cofactor NADPH by monitoring change
in fluorescence upon NADPH titration.

Kasper et al.

Native-state proteolysis

For wild-type DHFR, we determined proteolysis
kinetics at varying concentrations of thermolysin
(0.6-70 ug mL™ 1Y) in 0-2.5M urea. We initiated pro-
teolysis by adding concentrated thermolysin to
DHFR in a buffer to achieve the final condition of
0.10 mg mL ! DHFR, 20 mM Tris—HC] buffer (pH
8.0), 100 mM NacCl, 10 mM CaCl,, and 0-2.5M urea.
At desired time points, 15-ul. aliquots were
quenched with 5 pL of 50 mM EDTA. The low pro-
tein concentration (0.10 mg mL ™! DHFR) was cho-
sen to minimize the inhibition by cleavage products
(Kasper and Park, unpublished result).

We analyzed quenched reaction samples by 15%
SDS-PAGE gels. Mark12 Protein Standard (Life Tech-
nologies; Grand Island, NY) was used as a molecular
weight marker. Gels were stained with SYPRO Red
Protein Gel Stain (Life Technologies), and fluorescent
images were taken with a Typhoon scanner (GE
Healthcare Life Sciences). Intact protein gel bands
were quantified from images with Imaged software.
Apparent rates of proteolysis (k) were calculated from
fitting the change in band intensity over time to a
first-order rate equation in OriginPro 8.5.1 (Origin-
Lab; Northampton, MA). We confirmed proteolysis
through the EX2-like kinetics by examining the linear
dependence of &, on thermolysin concentration at each
urea concentration. Thermolysin maintains its struc-
ture under our experimental condition, but the activ-
ity decreases as urea concentration is increased.z4°
We approximated the k;,; value at each urea concen-
tration using the k../K,, value for proteolysis of a
generic peptide substrate for thermolysin, 2-
aminobenzoyl-Ala-Gly-Leu-Ala-4-nitrobenzylamide by
thermolysin.?® Because proteolysis of DHFR by ther-
molysin does not generate any cleavage products
observable by SDS PAGE, the initial cleavage site is
not known, and a generic peptide substrate is used
instead of a peptide substrate with the actual sequence
of the initial cleavage site. We determined the equilib-
rium constant for unfolding to the cleavable form (K,)
from the slope of the plot of &, versus thermolysin con-
centration and the k../K,, value for proteolysis of the
peptide substrate.?* Then, we calculated the free
energy for unfolding to the cleavable form (AGapp°)
from the K, value at each urea concentration.

We fit the plot of AG,;,° versus urea (Fig. 2) to

AGapp”=—RT In(eA0w /~RT 4 AGut"/~RT) = (2)

in which the free energies AG.,° and AGu. are
expressed as functions of urea by the linear-
extrapolation method:

AGop°=—mgplureal+AGp 1,0° (3)
AG s’ = —mype[ureal + AGuns 1,0 - (4)
From this fitting, we determined the m-value

and free energy of unfolding for both partial
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unfolding (m,p,, AGepm,0°) and global unfolding
(Munt, AGunru,0°). The use of the approximate kit
value from the generic substrate may introduce a
systematic error in K,, and AG,,. However, the m-
values are independent of k;,; and can be deter-
mined reliably regardless of the uncertainty in &;;.

Equilibrium unfolding

We conducted equilibrium unfolding experiments
with 1.0 pM DHFR in 20 mM Tris—HC] buffer (pH
8.0) containing 100 mM NaCl, 10 mM CaCl,, and
varying concentrations of urea. We incubated all
samples overnight at 25°C before measurement. We
measured ellipticity for each sample at 222 nm by a
JASCO J-815 CD spectrophotometer (JASCO,
Easton, MD). We determined C,, and m-value by fit-
ting the dependence of ellipticity on urea concentra-
tion to a two-state unfolding model using OriginPro
8.5.1 (OriginLab, Northampton, MA).*! AGy_n° was
calculated as the product of C,, and m, and AAGy_N°
was calculated by subtracting AGy_n° of wild type
DHFR from that of a mutant.

Determination of ¢. values
We calculated ¢. by

_AAGu-¢° _

b . AAGe-y’
<" AAGy -’

AAGy-x°’ ®)

using the relationship of AAGy_c°=AAGy-n° —
AAGc_N°.2% AGy_¢° is the free energy for unfolding
of the partially unfolded form, AGy_N° is the free
energy for global unfolding, and AG¢-N° is the free
energy for partial unfolding. We determined
AAGc-N° by native-state proteolysis with the
assumption that proteolysis occurs with EX2-like
kinetics for all DHFR variants under our experimen-
tal condition, using

R K,p(mut) kp(mut)/king
AAGeN’=—RT In=-2— "/ = _RT [n-2—— 2/t
oN Kop(wt) Fep (Wt) /Eint
——RT1In kp(mut) :
ky(wt)
(6)

in which K, is the equilibrium constant for unfold-
ing to the cleavable form, k, is the apparent rate
constant for proteolysis, and ki, is the intrinsic rate
of proteolysis for the cleavable form.?® The k, value
of each variant was determined at a single concen-
tration of thermolysin (20 pg mL ™~ 1).
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