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The Partially Folded Homodimeric Intermediate of Escherichia coli Aspartate

Aminotransferase Contains a “Molten Interface” Structure’
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ABSTRACT: The role of intersubunit side chain—side chain interactions in the stability of the Escherichia
coli aspartate aminotransferase (¢AATase) homodimer was investigated by directed mutagenesis at 10
different interface contacts. The urea-mediated unfolding pathway of this enzyme proceeds through the
formation of a dimeric intermediate, D*, that retains only 40% of the native enzyme secondary structure
as judged by circular dichroism. Disruption of any single intersubunit interaction results in a >2.6 kcal
mol~! decrease in native state stability, independent of its location or nature. However, the stability of D*
with respect to U, the unfolded monomer, is the same for all mutants. The stability of the eAATase
interface cannot be ascribed to the contribution of a few hot spots, or to the accumulation of a large
number of weak interactions, but only to the presence of multiple important and interconnected interactions.
It is proposed that a “molten interface” structure, flexible enough to accommodate point mutations, accounts
for the stability of D*. Nuclei of tertiary structure, which are not involved in native intersubunit contacts,
likely provide a scaffold for the unstructured interface of D*. Such a scaffold would account for the
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cooperative unfolding of the intermediate.

Protein function can be fully understood only within the
context of interaction with other proteins and with other
components of the biological environment. Knowledge of
the composition, formation, stability, and structural organiza-
tion of protein—protein interfaces is crucial in the acquisition
of a functional understanding of any participatory biological
process. While the thermodynamics and kinetics of formation
of a number of protein—protein complexes have been
thoroughly investigated, typical examples being barnase—
barstar (3—6), antigen—antibody (7—10), or protein ligand—
receptor complexes (//—14), comparatively few studies have
been performed on obligate multimeric proteins. The latter
systems differ from the former systems in that the individual
polypeptide chains of such assemblies generally do not exist
as folded monomeric entities under physiological conditions,
and therefore, the oligomers are likely formed during or
immediately following translation. The thermodynamic
characterization of obligate multimers may be understood
only within the context of protein folding.

Despite the predominance of large oligomeric proteins in
living organisms, most folding studies have been performed
on globular or small multidomain monomers and mainly
report on their secondary and tertiary structural organization.
There have been comparatively few detailed thermodynamic
investigations of large multimeric proteins (/5—18), and
thorough characterization of obligate multimer interfaces by
site-directed mutagenesis has been restricted to very small
systems such as coil—coil formation (/9), the tumor repressor
p53 tetramerization domain (20), or the 10 kDa P22 Arc
repressor homodimer (27). Although it is generally accepted
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that the organization and properties of obligate multimer
interfaces should be similar to those of interdomain contact
regions found in monomeric proteins (22), few thermody-
namic data for testing those hypotheses are available.

Escherichia coli aspartate aminotransferase (eAATase)'
is a relatively large homodimeric protein (87 kDa) whose
stability has been well characterized (/, 2, 23—27). Each
monomer is composed of an N-terminal (Nt) tail (residues
5—15) (28), a large domain (residues 47—329), and a small
domain (residues 16—46 and 330—409). (The numbering of
residues is based on the Pig cytosolic AATase sequence.)
Its >3000 A2 broad interface is composed of a large contact
area between the two large domains and of two equivalent
smaller surfaces formed by the Nt tails that wrap around the
opposite large domains (Figure 1). The former interface is
composed mainly of electrostatic and hydrogen bond interac-
tions, while the intersubunit side chain contacts in the latter
are predominantly nonpolar.

The two pyridoxal 5-phosphate (PLP)-dependent active
sites are nested at the inter-large domain interface. The
enzyme catalyzes the reversible transfer of an amino group
from an acidic amino acid to a dicarboxylic a-keto acid (eq

1.

! Abbreviations: AASA, change in solvent accessible area; o,
standard deviation; Cy,, denaturant concentration at a transition midpoint;
D, folded homodimeric state; D*, partially unfolded homodimeric
intermediate; DTT, dithiothreitol; eAATase, E. coli aspartate ami-
notransferase; Hisq tag, six-histidine tag; I, unfolding intermediate
species; KEEK, K68E/E265K double mutant; KMEQ, K68M/E265Q
double mutant; KG, o-ketoglutarate; LEM, linear extrapolation method;
m, cooperativity parameter; N, native state; Nt, N-terminal; PCR,
polymerase chain reaction; PLP, pyridoxal 5’-phosphate; Pr, total
concentration of monomer; U, unfolded state; WT, wild type; Xp+, mole
fraction of D*.
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L-aspartate + a-ketoglutarate (KG) = oxaloacetate +
L-glutamate (1)

The ping-pong mechanism of this enzyme has been
investigated in depth (29—32), and the catalytic roles of
several residues involved in quaternary interactions have been
characterized (33—37).

eAATase unfolds in the presence of urea through a dimeric
intermediate (D*) (eq 2) that retains <50% of the native
secondary structure. The active site regions of D* are
unstructured and do not bind PLP (/, 2).

D-PLP,==2PLP + D*=2U (2)

where D-PLP; is the native PLP-bound homodimer and U
the unfolded monomer. The total free energy of unfolding
of the apoenzyme is 36 4 3 kcal mol™! (/), and PLP
stabilizes D by ~6 kcal mol™! (2) (both values are given for
a | M standard state). Despite the significant structural losses
undergone in the D == D* transition, this intermediate is quite
stable (AG’p«=y = 25 £ 1 kcal mol™!), unfolds coopera-
tively (mps=y = 3.4 £ 0.2 kcal mol~! M!), and persists as
a dimer at urea concentrations of <5.3 M. It was proposed
that the D* quaternary interactions, which might also be the
key intersubunit contacts in D, must be located in a
dimerization region removed from the active sites (2).

It is of special interest to understand how the large and
small interfaces of this enzyme and their amino acid
compositions contribute to the stability of the native (D) and
partially folded intermediate (D*) species. The intersubunit
location of the active sites implies that the interface structure
is vital for the catalytic function of this enzyme. However,
the extent to which catalytically important intersubunit
residues contribute to dimer stability is unknown. Hydro-
phobic and electrostatic side chain—side chain interactions
distributed throughout the eAATase interface were perturbed
by site-directed mutagenesis to address those questions.

MATERIALS AND METHODS

Site-Directed Mutagenesis and Purification of eAATase
Variants. All mutants contain a C-terminal six-histidine tag
(Hise tag) (33) and were made by PCR. Cloning of Hisg-
tagged wild-type eAATase (WT) into the pBluescriptll KS+
(Stratagene) plasmid (pKS+AAT) and site-directed mu-
tagenesis at positions 68 and 265 (pKS+K68M, pKS+K68E,
pKS+E265Q, pKS+E265K, pKS+KMEQ, and pKS+KEEK)
are described in ref 33. The same procedure was used to
obtain pKS+R266M, pKS+R266K, and pKS+N294D.
Stratagene’s Quick-Change protocol was followed for in-
troduction of all the other mutations (pKS+F6A, pKS+E7A,
pKS+I9A, pKS+TI10A, pKS+DI15A, pKS+N294R, and
pKS+N297R), except that the PCR extension time was
doubled. Expression and purification of holoenzymes were
performed as reported previously (/, 2, 33). The proteins
were stored in 20 mM phosphate buffer containing 10 uM
PLP at pH 7.5 and 4 °C.

Denaturation of eAATase Variants. Concentrations of
holoenzyme of 0.5—10 uM (all protein concentrations given
as monomer concentrations) were incubated overnight in 20
mM potassium phosphate, | mM DTT, 10 uM PLP, and 0—8
M urea at pH 7.5 and 25 °C (/, 2). Urea concentrations were
based on the refractive index (38, 39). The extent of protein
unfolding was measured by monitoring the changes in
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tryptophan fluorescence at 335 nm (4., = 280 nm). Emission
spectra of the native, partially folded, and unfolded states
were recorded between 300 and 400 nm for each mutant.
The dimer dissociation process was generally identified by
comparing denaturation curves obtained as functions of
enzyme concentration. The buffer signals were linearly
dependent on urea concentration and were subtracted from
the data prior to further analysis. All measurements were
recorded at 25 °C on a PerkinElmer LB50S fluorimeter.

Data Analysis. (A) Transition Midpoints. For each enzyme
concentration, the fluorescence data were fitted to a three-
state unimolecular denaturation model (eq 3) with eq
4 (1, 40, 41).

N=I=U A3)

S=1[S\"+ ay[urea] + (S,” + o, [urea]) Ky + (S, +
o lurea]) Ky Ky 1/ [1 + Kyeoy(1 + K] (4)

where N, I, and U are the native, intermediate, and unfolded
states, respectively, S is the measured fluorescence, S’ the
intrinsic fluorescence of species i at 0 M urea, and o; the
dependence of the intrinsic fluorescence of species i on
denaturant concentration. Kn=; and K=y are defined accord-
ing to the linear extrapolation method (LEM) (39, 42) with
eqgs 5 and 6, respectively

Ky = explmy—([urea] — Cm,NZI)/ RT) 5)
Ky = explmy([urea] — C,, 1))/ RT] (6)

where m is the cooperativity parameter and C,, the urea
concentration at the transition midpoint of the indexed
equilibrium.

(B) Cooperativity Parameters. The observed transitions
for all eAATase variants are consistent with the model of
eq 2 (4, 2). The data densities in the transition regions for
most mutants were insufficient to determine accurate m
values; therefore, mp=p+ and mp«=y were computed inde-
pendently from a global fit of the experimental data using
the LEM as outlined below.

Pre- and post-transition baselines calculated from eq 4 (S,
and o; parameters) were used to compute Xp« (mole fraction
of dimeric intermediate) during the formation (eq 7) and
unfolding (eq 8) of D*.

S — (S + ay[urea])

Xp = ;
P (89 + ayurea]) — (% + ay[urea])
for [urea] within the D <= D* transition (7)
S — (S, + ay[urea])
Xpe

(8" + ayfurea]) — (8, + o [urea])’
for [urea] within the D* <==2U transition (8)

Free energy changes associated with each equilibrium
transition were calculated according to eqs 9 and 10.

AGp—p«=—RT In(Kp—p.) = —RT In[Xp./1 — Xp)]1;
0.1<X,.<0.9 (9)

AGp—yy=—RT In(Kpys—spy) = —RT In{[2P(1 —
Xp)'1/ X }30.1 < X < 0.9 (10)

Equations 7—10 are fully described in ref /; Pr is the total
concentration of monomer. Xp+ values outside the indicated
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FIGURE 1: Map of mutated interface residues in the eAATase structure. One monomer is represented with a space-filling model and the
other with its backbone thread to highlight the homodimer interface. Arrows and dotted circles indicate the positions of the Nt tails and
small domains, respectively. The latter are not involved in intersubunit interactions. Intersubunit amino acids targeted for mutagenesis are
colored black. Orange residues were not altered but directly interact with mutated positions in the opposite subunit.

range could not be determined accurately and were not used
in the following calculations.

The LEM formula (eq 11) was rewritten (eq 12) by
centering each transition midpoint at 0 M urea ([urea]cq; =

[urea] — C,) and used to compute mp=p+ and mp==oy
independently.

AG = AG" — m[urea] (11)

AG = AG" — m[ureal,, (12)

where AG®n is the free energy change associated with the
measured process at the transition midpoint. For the D ==
D* equilibrium, AGSp=p- = 0 (eq 9 with Xp+ = 0.5), and
mp=p= 1s obtained from a fit of all calculated AGp=p+ values
(eq 9) to eq 13.

AGp—p«=A — mp_p.[urea]q,, (13)

For the D* == 2U equilibrium, AGmpsy = —RT In Py
(eq 10 with Xp+ = 0.5). Thus, mp+=>y can be obtained from
the slope of eq 14.

AGpieyy + RT In Pt=A — mpy.,[urea] (14)

AGp+=y values are computed with eq 10. Theoretically, eqs
13 and 14 should intercept at the origin (A = 0).

(C) AG° Values. The denaturation data were treated
according to the model of eq 2. For each mutant concentra-
tion, Xp+ values obtained from eqs 7 and 8 were fitted to eq
15 (1, 16, 18, 43), where the m parameters were fixed to the
globally fitted values.

Xp« = Kpepe{ 4P1(1 + Kpps) + KpepeKprsyy —
[(KpepyK o) + 8P K gy K gy (1 +
Kpep)]1/[4P1(1 + Kpep)] (15)

where Kp=p+ = exp[—(AGp=p+ — mp=p-[urea])/RT], and
Kpi=y = exp[—(AG sy — mp==oy[urea])/RT]. The errors
associated with the AG® values (0x5°) were estimated from

eq 16 (44).
OAGO = VO’mZC'm2 + aszmz

where 0,, and o¢,, are the standard deviations associated with
those parameters. The effect of interface mutations on the
stability of eAATase is quantified by eq 17

Corr

(16)

AAGO(Mutam) = AGO(Mutam) - AGO(WT) (17)

where AGO(Mmam) is the average of independently determined
AG p=p+ or AG’p:—yy values at varied enzyme concentra-
tions. AG%wr) was calculated by fitting all the denaturation
data reported for PLP-bound eAATase (2) to eq 15 with the
m values calculated here. Double mutant cycles were carried
out as described previously (33, 45—47).

RESULTS

Selection and Perturbation of Potentially Important In-
teractions at the eAATase Interface. Intersubunit contacts
are defined by the crystal structure of PLP-bound eAATase
[PDB entry 1ASN (28)] with a 4 A cutoff. Only side
chain—side chain interactions were considered for site-
directed mutagenesis. Those judged to be potentially impor-
tant for the interface stability are listed in Table 1 along with
the point mutations designed to disrupt them. Three inter-
subunit interactions (Lys68—Glu265*, Arg266—Asn297%,
and Asn294—Asn294%) spaced >8 A from each other were
chosen to map the stability contribution at different locations
of the large domain—large domain interface. (Asterisks
indicate residues from the opposite subunit.) Most of the
targeted amino acids were replaced with both a relatively
conservative substitution and a more disruptive replacement
(K68M and K68E, E265Q and E265K, R266K and R266M,
and N294D and N294R) to provide a better understanding
of the forces that contribute to the interface stability at each
position. N297D and double mutants K6SM/E265Q (KMEQ)
and K68E/E265K (KEEK) were also constructed.

Selected Nt tail residues involved in intersubunit interac-
tions were substituted with alanine (F6A, I9A, T10A, and
DI15A). Additionally, the interactions of the Glu7 carboxylate
group with the N-terminal amino group of Met5 and the Phe6
peptidic NH were disrupted (E7A) to investigate the impor-
tance of the Nt tail internal structure in mediating interface
contacts. Interactions targeted for mutagenesis are mapped
in Figure 1.

All Interface Mutants Unfold through the Same D*
Intermediate. Urea-mediated unfolding of eAATase variants
was monitored by fluorescence (A, = 280 nm; Ao, = 335
nm). All denaturation curves show the same trend as those
obtained for WT, i.e., an ~5-fold increase in emission
intensity at intermediate denaturant concentrations followed
by an ~2.5-fold decrease at higher urea concentrations
(Figure 2). The former emission change is mainly due to



436  Biochemistry, Vol. 48, No. 2, 2009

Deu et al.

Table 1: Potential Important Intersubunit Interaction Contributors to eAATase Homodimer Stability”

interaction type

disruptive mutations

inter-large domain interface Val39—Tyr70*
Glu57—Lys68*

Lys68—Glu265*

hydrophobic
salt bridge”
salt bridge”

Asn69—Asn264* H-bond
R113—R113* H-bond
R113—-D117* salt bridge
Arg266—Asn297# H-bond”
Asn294—Asn294*  H-bond”
His301—His301* stacking
large domain—N-terminal tail interface Met5—Vall25* hydrophobic
Phe6—Phe118* hydrophobic”
Phe6—Val272% hydrophobic”
Ile9—Phel18%* hydrophobic”
Aspl5—Arg292# salt bridge”
intra-N-terminal tail Glu7—Met5 H-bonds”*

K68M, K68M/E265Q, K68E, and K68E/E265K
K68M, E265Q, K68M/E265Q, K68E, E265K, and K68E/E265K

R266K, R266M, N297R
N294D, N294R

F6A
F6A
19A
DI5A
E7A

“ Intersubunit side chain—side chain interactions were identified from the eAATase crystal structure with a 4 A cutoff (28). Asterisks indicate
residues from the second subunit. ” Denotes interaction perturbed by mutagenesis in this work. © Met5 is the N-terminal amino acid. The y-carboxylate
group of Glu7 makes hydrogen bonds with both the amino terminus and the first peptide bond.

solvent exposure of Trp140 upon cofactor dissociation (2, 48).
The emission spectra of the folded, intermediate, and
unfolded species for each mutant are comparable to those
observed for the WT enzyme (data not shown). Only the
transition at higher denaturant concentrations is enzyme
concentration-dependent (see the Cy, values in Table 2 and
the insets of Figure 2). These results indicate that all mutants
unfold through the same partially folded dimeric intermedi-
ate, D* (eq 2). TIOA and N294R stabilities were measured
at a single enzyme concentration, but their denaturation
curves present the above-mentioned characteristics; therefore,
the same denaturation model was also assigned to these two
mutants.

Interface mutations affect only the D == D* transition. The
Cp=p= values are 0—1.4 M urea lower than that of WT. In
contrast, very little variation is observed in Cy,p«=y at a
given enzyme concentration (Table 2 and Figure 2). This is
especially interesting since all mutations were designed to
disrupt the homodimer interface.

Coupled Denaturation Transitions Decrease the Apparent
Cooperativity of Unfolding. In general, changes in solvent
accessible surface area (AASA) and m values associated with
denaturation processes are considered to be proportional to
each other (49). Ordinarily, a single point mutation would
not significantly change the total AASA due to unfolding,
especially for large proteins such as eAATase. Thus, average
m values are commonly used to calculate free energies of
unfolding and to compare the stabilities of different point
mutants (44).

However, the LEM is likely to yield underestimated m
values if more than two species exist in the transition region
of a denaturation curve (39). Spudich and Marqusee identified
a hidden partially folded intermediate from an unusually low
apparent m value in an E. coli ribonuclease HI mutant (50).
The denaturation transitions for several eAATase variants,
including WT, exhibit coupling between D == D* and D*
= 2U steps, especially at low enzyme concentrations. This
indicates that D, D*, and U coexist at intermediate urea
concentrations (2).

To examine how the coupling between the two denatur-
ation steps affects the apparent m values, mp=p+ and mp:=sy
were globally fitted by either including or excluding mea-
surements obtained from denaturation conditions that resulted

in overlapping transitions (Figure 3). Lower m values and
poorer Pearson factors (R?) are found when all of the data
are included in the fit. The values obtained from uncoupled
transition data (mp=p+ = 4.6 £+ 0.2 kcal mol™! M, and
Mps=oy = 3.5 £ 0.3 kcal mol ! M™!) are within experimental
error of those reported for apo-eAATase (mp=p+ = 4.8 £
0.8 kcal mol™! M™!, and mps—y = 3.4 £ 0.2 kcal mol™!
M1 (1) and were used in eq 15 to calculate AG’p=p+ and
AGOD*:QU (Table 2)

Effect of Interface Mutations on Stability. Any homodimer
mutation perturbs two identical sites. Thus, the AAG® values
reported in Figure 4 reflect the disruption of two equivalent
but spatially distant interactions, except for position 294
where Asn294 interacts with Asn294* of the opposite subunit
(Table 1). Fourteen of the 16 mutants (all but N294D and
T10A) perturb the stability of the native state (AAG’p=p=)
by 2.6 & 0.2 to 7.3 & 0.2 kcal mol™! (Table 2 and Figure
4). Therefore, the vast majority of the interface residues
chosen for mutagenic analysis are involved in interactions
that are important for the stability of eAATase. However,
none of them significantly affects the stability of the D*
intermediate relative to U; all AAGpi—oy ~ 0 kcal mol™!
(see Figure 4).

Local Perturbations at the Large Domain—Large Domain
Interface. (A) Lys68—Glu265* Intersubunit Salt Bridge.
Lys68 participates in two salt bridge interactions across the
interface with Glu265* and Glu57%*. Burial of three negative
charges at this site strongly destabilizes the enzyme
(AGOD:D*(K(,gE) = —4.8 £+ 0.2 kcal mol_l), but it is not
the most detrimental mutation at this locus. A positive charge
at position 265 (E265K or KEEK) destabilizes the enzyme
by >6.5 4 0.2 kcal mol ™! (part of this effect is probably
due to steric clashes of the large E265K* side chain with
Lys68, Pro299, Ala300, His301, or Asn264*). Enhancing
the effect of the Glu265* negative charge via the K68E or
K68M mutation is less detrimental than neutralizing it
(E265Q). Thus, the negative charge of Glu265* is a stronger
contributor to stability than the positive charge at position
68 (K68M, K68E, and KMEQ are equally stable).

This contrasts with the role of this salt bridge in the activity
of eAATase (33). Mutations at position 68, especially K6SE,
were found to impair the enzyme catalytically much more
strongly than replacements of Glu265* (e.g., 100- and 10-
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FIGURE 2: Fluorescence as a function of urea concentration for
interface mutants. Holoenzyme samples were incubated overnight
at 25 °C in 0—8 M urea and 10 uM PLP. Tryptophan emission at
335 nm (A, = 280 nm) was monitored during unfolding for the
following eAATase variants. (A) Lys68—Glu265* salt bridge
mutations: 5 uM WT (@), K68M (a), E265Q (O), KMEQ (Vv),
K68E (O0), E265K (M), and KEEK (V). (B) Other large domain
replacements: 5 uM WT (@) and 10 uM R266K (A), R266M (V),
N294D (O), N294R (V), and N297R (O). (C) Nt tail alanine
scanning: 5 uM WT (@), F6A (a), E7A (2), T1I0A (O), and D15A
(M) and 10 uM I9A (O). The lines represent simulated fluorescence
curves calculated from fitted AG® (Table 2) and m (Figure 3) values.
Insets show the dependence of Xp+ on urea concentrations at high
(a) and low (A) enzyme concentrations for representative mutants.

fold decrease in k./Kyxc for K68E and E265K, respec-
tively). The dominant role of position 68 in activity and of
residue 265 in stability might explain why this electrostatic
interaction is conserved in 80% of family Iat aminotrans-
ferases. An interesting exception is the Met68 —GIn265* pair
conserved in plant mitochondrial AATases (33). The KMEQ
mutant of eAATase is almost as active as WT (33) but
significantly less stable (Figure 4). The latter effect might
be compensated by a set of seven residues that were found
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Table 2: Stability Parameters for eAATase Holoenzyme Mutants®

[protein] AAGpeps”
(ILLM) Cm.DT—’D* (M) Cm.D*T—’ZU (M) (kcal mOlil)
WT 5 3.89 (0.04) 5.02 (0.03) -
F6A 1 2.28 (0.02) 4.26 (0.07) —7.3(0.4)
5 2.28 (0.02) 5.09 (0.03) —7.4(04)
E7A 1 3.04 (0.02) 4.5(0.1) —3.8(0.5)
5 3.20 (0.02) 5.03 (0.04) —3.0(0.6)
I9A 1 2.81 (0.01) 4.42 (0.04) —4.9(0.5)
10 2.74 (0.02) 5.20 (0.03) —5.1(0.5)
TI10A 5 3.62 (0.03) 4.77 (0.03) —1.3(0.6)
DI15A 0.85 2.77 (0.07) 3.8(0.4) —5.8(0.6)
1 2.61 (0.02) 4.11 (0.05) —=5.9(0.5)
5 2.58 (0.01) 4.88 (0.03) —=5.1(0.5)
K68M 0.85 2.71 (0.02) 4.29 (0.07) —5.4(0.5)
5 2.81 (0.02) 5.08 (0.02) —4.7(0.5)
K68E 0.5 2.76 (0.02) 3.90 (0.08) —5.2(0.5)
5 2.93 (0.02) 5.01 (0.04) —4.5(0.5)
E265Q 1 2.52 (0.02) 4.77 (0.05) —6.3(0.5)
5 2.68 (0.02) 5.10 (0.05) —5.4(0.5)
E265K 0.85 2.23(0.03) 4.59 (0.06) —7.6 (0.4)
5 2.31(0.02) 5.27 (0.06) —7.1(0.4)
KMEQ 1 2.73 (0.01) 4.55 (0.04) —5.3(0.5)
5 2.88 (0.02) 5.17 (0.02) —4.6 (0.5)
KEEK 0.85 2.26 (0.09) 4.8 (0.7) —6.7 (0.6)
5 2.49 (0.02) 5.19 (0.08) —6.5(0.4)
R266K 2.5 2.8 (0.2) 4.50 (0.06) —=7.6 (1)
10 2.82(0.02) 5.14 (0.03) —5.0(0.5)
R266M 0.5 3.06 (0.02) 4.54 (0.04) —3.8(0.5)
10 3.12 (0.01) 5.19 (0.02) —3.4(0.5)
N294D 0.5 3.86 (0.06) 4.9 (0.1) 0.0 (0.7)
10 4.15 (0.06) 5.13(0.04) 0.8 (0.8)
N294R 10 3.30 (0.02) 5.17(0.04) —2.6 (0.6)
N297R 0.5 2.91 (0.01) 4.24 (0.05) —4.4(0.5)
10 2.66 (0.02) 5.47 (0.04) —=5.9(0.5)

“ All mutant AAG’p«=yy values are within experimental error of the
one obtained for WT (see Figure 4). © AAG values and standard errors
were calculated from eqs 15—17.

to covary with the Lys68—Glu265* — Met68—GIn265*
changes that differentiate plant mitochondria AATases from
those from animal cytosolic and other organisms’ AATases
33).

The free energy change for the interaction (AAGY, p=p-)
between Lys68 and Glu265* can be calculated from two
double mutant cycles (7, 45—47), K68E <> E265K <> KEEK
[AAG p=pkrex) = —5.6 £ 0.7 kcal mol™!] and K68M
< E265Q <= KMEQ [AAG p=p«xmEQ) = —6 £ 1 keal
mol '] (Figure 5). The agreement between these two free
energies of interaction indicates that the contacts of these
two residues with their surroundings have little importance
for the stability of eAATase. However, in terms of activity,
AAG*,, values (calculated from ke,/Ky parameters) are at
least 2-fold larger for the K68E <> E265K <> KEEK double
mutant cycle than for the K68M <> E265Q <> KMEQ double
mutant cycle (33). Therefore, although the neighboring
contacts of the Lys68—Glu265* pair are relatively important
for maintaining the catalytic activity of the enzyme, they do
not significantly contribute to its stability.

(B) Asn294—Asn294*. Substitution with a larger positively
charged residue at this site (N294R) results in a stronger
destabilization effect than substitution with a nearly isosteric
negatively charged replacement (N294D). The proximity of
Argl13 to position 294 might explain why the N294R
structure, which needs to accommodate an additional pair
of bulky and positively charged side chains at this locus,
results in a 2.5 & 0.2 kcal mol ! destabilization of D. In
contrast, electrostatic interactions of N294D with Argl13
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FIGURE 3: Determination of m values by linear extrapolation.
AGp=p+ (top panel) and AGp+=y (bottom panel) were calculated
at each urea and enzyme concentration for all mutants (eqs 7—10).
Black and white symbols represent denaturation conditions in which
uncoupled and coupled transitions were observed, respectively.
Corrected urea concentrations are [ureale, — Cp. Linear fits (eq
13 or 14) including (-+*) or excluding (—) data from denaturation
conditions resulting in overlapping transitions are shown. Insets
show numerical fits of Xp+ vs [urea]co, using the m values obtained
from uncoupled transition data for the D == D* (top inset) and D*
= 2U (bottom inset) equilibria.

and/or Argl13* may make this mutant as stable as WT
[AAG p=pnaoap) = 0.5 £ 0.6 kcal mol™']. However, this
mutation results in a 100-fold decrease in k.,/Kyxc (data
not shown) despite the fact that Asn294 is situated >12 A
from the cofactor or substrate.

(C) Arg266—Asn297%* The guanidino group of Arg266
is in salt bridge contact with the phosphate moiety of PLP.
Replacing Arg266 with a Lys is more detrimental than
neutralizing the positive charge (R266M) (Table 2). This
suggests that the opposite charges of the R266K amino group
and of the cofactor’s phosphate group do not interact
productively. The N297R mutation buries two arginines in
the proximity, resulting in a very unstable mutant.

The Nt Tail Is Crucial for Homodimer Stability. The two
11-amino acid Nt tails form extensive interactions with the
backs of the large domains of the opposite subunits (28)
(Figure 1). Met5, Phe6, and Ile9 interact with Vall25%,
Phel18%, and Val272%, all of which belong to a conserved
hydrophobic cluster of ~20 residues. A reduction in the size
of this intersubunit surface (F6A and I9A) strongly decreases
the stability of eAATase (AAGp=p+ = —7.3 0.2 and —5
+ 0.2 kcal mol !, respectively). Additionally, the salt bridge
between the last residue of the Nt tail (Aspl5) and the key
substrate binding residue (Arg292*) contributes significantly
to stability [AAGp=p+pi5a) = —5.4 £ 0.2 kcal mol ™ '].
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FIGURE 4: Effect of interface mutations on the stability of eAATase.
AAG p=p+ and AAG’p:—,y are shown in the top and bottom panels,
respectively. Negative values indicate destabilizing effects. Mutants
whose stabilities were measured at a single enzyme concentration
are marked with asterisks.

The importance of the internal structure of the Nt tail with
respect to intersubunit interactions was investigated via the
E7A and T10A mutants. The former breaks the interactions
of the Glu7 carboxylate group with the amino terminus and
the Met5—Phe6 peptide bond and results in a 3.3 £ 0.7 kcal
mol ! decrease in stability. The T10A mutation was expected
to be inconsequential as it simply replaces the solvent-
exposed hydroxyl group of Thrl0 with a hydrogen atom,
and only a modest decrease [AAGOD.:D*(TIOA) =-12+£02
kcal mol '] was measured. These observations highlight the
important role of the Nt tail with respect to the stability of
eAATase. These results are in accord with those reported
for other AATases such as that from Bacillus circulans (51)
and the cytosolic (52) and mitochondrial (53, 54) isoenzymes
where the importance of N-terminal regions was explored
by complete or partial deletion as opposed to mutagenesis.

DISCUSSION

Multiple Interactions Contribute to Dimer Stability. Per-
turbation of each of the nine interactions shown in Table 1
results in destabilization of the native state by at least 1.2 &
0.2 kcal mol !, independent of its location (large domain or
Nt tail) or nature (salt bridge, hydrogen bond, or hydrophobic
contact). The distribution of contributions to homodimer
stability is more uniform than those of transient protein—
protein complexes where a few key residues (hot spots)
account for most of the free energies of association
(3—10, 12, 13). The stability of the eAATase interface cannot
be described as a sum of many weak interactions distributed
across its large surface, as most positions tested could be
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FIGURE 5: Double mutant cycle analysis of the contribution of the Lys68—Glu265* salt bridge to the stability (left) and activity (right) of
eAATase. Charge to neutral and charge reversal mutations are shown in the top and bottom double mutant cycles, respectively. The values
above each arrow correspond to AAGp—p« (Figure 4) and AAG*. The latter were calculated from the keal Knmasp Values reported in ref 33.
The free energies of interaction between Lys68 and Glu265* (AAG;,) are shown for each double mutant cycle. All free energy change
values and their associated standard errors (in parentheses) are in kilocalories per mole.

defined as hot spots (AAG p=p+ > 2 kcal mol™!) (7). Every
mutation seems to perturb the interface globally as all
variants unfold through the same denaturation pathway, i.e.,
D == D* =2 2U. Contrary to what might be expected, none
of the interface mutations perturbs the D* == 2U equilibrium.
The residual stability of D* must therefore be provided
through other interactions (see below).

Key Stabilizing Intersubunit Interactions Are Also Crucial
for Catalysis. As each active site has components contributed
by both monomers, the integrity of the homodimer is
essential for catalytic activity. It is nonetheless interesting
to note that important residues that are directly or indirectly
involved in catalysis and cofactor binding are also important
determinants of stability. These include Arg292 (36) and
Asn297 (37, 55, 56), which are important for substrate
specificity, Arg266 (28, 30), which helps to anchor the
cofactor at the active site, Lys68 and Glu265, which are
situated in the second shell of active site residues and
tune the activity of eAATase (33), and the cofactor itself,
which stabilizes the enzyme by >6 kcal mol ! (2). Mutation
of the remote Asn294 results in a substantial decrease in
activity (J. Dhoot, unpublished data). Finally, deletion of the
Nt tail in other AATase isoenzymes has been shown to
impair these enzymes in terms of both catalysis and
stability (53, 57). For example, sequential deletion of Nt
residues in the Pig cytosolic isoenzyme results in increasingly
compromised activities and thermostabilities (52).

Mutations at the D* Interface Do Not Perturb the D* ==
2U Equilibrium. Several explanations might account for these
observations. (1) The key intersubunit interactions respon-
sible for the quaternary structure of D* were not selected
for mutagenesis. Those might include some of the unper-
turbed contacts listed in Table 1 and/or interactions with the
backbone. (2) The D and D* interfaces are not composed of
the same set of residues. (3) The D* interface is very flexible
and can accommodate single point mutations without observ-
able effect on the stability of D* relative to U.

These explanations are not mutually exclusive. The results
indicate that most native side chain—side chain intersubunit
interactions become unstructured upon D* formation, which
is accompanied by a 60% loss of secondary structure (/). In
addition, PLP is unable to associate with D* (2). Therefore,

Scheme 1: Proposed Denaturation Model for eAATase in
Urea“

2 PLP

2 PLP

D* 2U

“Black and gray filled shapes represent the two subunits of the
homodimer. Triangles, arrows, ovals, and rectangles represent the
cofactors, Nt tails, and small and large domains, respectively. The
“molten interface” described in the text for D* and the unfolded state
are depicted by random coils, and the nuclei of the tertiary structure
are contained in the still folded regions of the large and small domains.
The illustrated extents of the unfolding of the polypeptide chain in D*
are arbitrary.

an important structural perturbation of the dimeric interface
takes place upon D* formation. On the other hand, D* is
very stable relative to U (AG%ps=y = 25 £ 1 kcal mol™!)
and unfolds cooperatively (mp«=y = 3.5 & 0.3 kcal mol ™!
M1, which indicates the presence of significant tertiary
structure. Overall, it is unlikely that the D == D* process
would lead to the formation of a highly stable and structured
interface involving a set of residues that is not found in the
native interface. The sharpness of the D* == 2U transition is
more likely due to the unfolding of residual tertiary structure
nuclei inside the small and/or large domains rather than to
the collapse of a newly formed interface in D*.

A possible structural model for the D* interface might be
that of a nonrigid surface whose flexibility is mediated by
the partial unfolding of the enzyme. Within that context, point
mutations could be compensated locally through rearrange-
ments of the backbone and side chain structures and by the
shielding of repulsive electrostatic forces with water and urea
molecules. The D* interface might thus be depicted as a
“molten surface” whose disassembly is mediated by the
unfolding of residual tertiary structure (Scheme 1).

The structural model depicted in Scheme 1 differs from
that proposed in ref 2 in that the denatured region in D*
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extends throughout the interface and is not limited to the
active site region. The previous model (2) was built
exclusively on data obtained from the different WT forms,
which differ only in the presence or absence of different
cofactors in the active sites. The results presented above
indicate that most side chain—side chain interactions are lost
upon D* formation. Scheme 1 refines our previous model
and includes this structural information by representing the
full interface as a loosely packed molten surface.

An Unfolding Model for eAATase. All interface contacts
involve interactions with the large domain, either between
the two active site faces or through the Nt tails that wrap
around them. Therefore, intersubunit perturbations would
directly destabilize the large domain but not the small one,
which does not form quaternary interactions. As reported in
ref 2, the D <= D* transition accounts for >50% of the
structural losses observed during unfolding and might
correspond to the partial denaturation of the large domains
into a molten globule-like structure. In that context, the D*
interface might be held together through loose and/or indirect
(mediated by water and urea molecules) interactions between
the two partially folded large domains with themselves and/
or with the Nt tails. In addition, the still folded small domain
might provide a structured scaffold that stabilizes the D*
quaternary structure (in D*, the small domain could also be
directly involved in intersubunit interactions). Unfolding of
the small domain would then result in monomer dissociation
and explain the cooperative unfolding of the D* intermediate.
The importance of the small domain with respect to the
dimeric stability of the enzyme is evidenced by the fact that
a truncated form of eAATase lacking the Nt tail and the small
domain forms a folded monomeric protein (58), but deletion
of only the Nt tail in several AATase isoenzymes is not
sufficient to prevent dimerization (52—54, 57).
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