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ABSTRACT: The 20S proteasome core particle is a
molecular machine that plays a central role in the
regulation of cellular function through proteolysis, and it
has emerged as a valuable drug target for certain classes of
cancers. Central to the development of new and potent
pharmaceuticals is an understanding of the mechanism by
which the proteasome cleaves substrates. A number of
high-resolution structures of the 20S proteasome with and
without inhibitors have emerged that provide insight into
the chemistry of peptide bond cleavage and establish the
role of Thrl Oy1 as the catalytic nucleophile. The source
of the base that accepts the Thrl Hy1 is less clear. Using a
highly deuterated sample of the proteasome labeled with
3CH, at the Thr-y positions, the pK, of the Thrl amino
group has been measured to be 6.3 and hence
deprotonated in the range of maximal enzyme activity.
This provides strong evidence that the terminal amino
group of Thrl serves as the base in the first step of the
peptide bond cleavage reaction.

he 20S proteasome core particle (CP) is a 670 kDa barrel-

like structure that regulates cellular homeostasis by
degrading misfolded or damaged proteins before they
accumulate to levels that would interfere with cell function.'
It consists of four heptameric rings that are stacked on top of
each other” as a,f,f.a,, Figure 1A. In the case of the 20S CP
from the archaeon Thermoplasma acidophilum, each of the
heptamers is comprised of seven identical repeats of a single
polypeptide chain, either @ or f, that simplifies structural
studies relative to eukaryotic versions of the molecule where
seven distinct a and f subunits are used. Active-site residues
that catalyze the degradation of substrate polypeptides are
localized to the  subunits and are sequestered in the lumen of
the 20S CP barrel. Key residues include Thrl, Lys33, Glul7,
and Aspl66, Figure 1A, with mutation of any of these amino
acids abrogating activity. Structures of the 20S CP with bound
covalent inhibitors unequivocally establish that the hydroxyl
oxygen of Thrl is the catalytic nucleophile.** The identity of
the base that accepts the hydrogen ion from the Thrl hydroxyl
moiety is less clear, however, since amino groups of both Thrl
and Lys33 (N¢) emerge as candidates due to their proximity to
Thrl Oyl. It is unlikely, however, that Lys33 is the catalytic
base since it would be expected to be fully protonated in the
pH interval 6—9, where a broad pH optimum activity profile is
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Figure 1. (A) Ribbon diagram representation of the T. acidophilum
208 CP (1YA7),” with the heptameric a () rings in black (gray). A
pair of f subunits have been removed to provide a better view of the
“yellow” f subunit that is highlighted to the right, showing the
arrangement of ionizable residues at or near the active site. (B)
Proposed reaction scheme for 20S CP-catalyzed peptide bond
hydrolysis. Residues from the CP are in black, while the substrate is
in green. Details are given in the text.

observed.” If the amino group of Thrl is the base, then it must
be deprotonated at the initial stage of the hydrolysis reaction. In
principle, this can be tested by measuring the pK, of the amino-
terminal group using solution NMR spectroscopy. Indeed,
studies of the pH dependence of protein stability and function
have been performed on a large array of different systems using
NMR approaches."”® However, in practice applications have
focused on relatively small proteins, with the 20S CP well over
an order of magnitude larger than molecules that have been
studied in the past.

The development of isotope labeling strategies whereby very
high molecular weight proteins are methyl-protonated in an
otherwise highly deuterated background, coupled with the use
of NMR experiments that preserve magnetization from methyl
group probes, has significantly increased the scope of NMR
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applications.” It has now become possible to undertake
quantitative NMR studies on some protein systems with
aggregate molecular weights up to 1 MDa, including the 20S
proteasome CP and its complexes with regulatory par-
ticles.""™'* Of particular interest for the present study is the
fact that a protocol for preparing Thr in a form that is methyl-
protonated ("*CH;) and deuterated at the Ca and Cf3 positions
has become available."® Precursors generated in this manner
can be added to protein expression media to generate highly
deuterated molecules with protonated methyl groups at Thr
positions, complementing previously described schemes for
obtaining protonated methyl groups at side chains of Ala, Ile,
Leu, Val, and Met residues."*™*® Here we have exploited this
new technology and used the methyl group of Thrl as a probe
of the ionization state of the amino terminus, establishing that
the Thrl amino group is deprotonated in the substrate-free
form of the enzyme at neutral pH, in support of the model for
proteasome catalysis.

A tentative mechanism for substrate hydrolysis, based on site-
directed mutagenesis’® >* and X-ray crystallography,>* is
illustrated in Figure 1B. Transfer of Thrl Hyl to the assumed
neutral amino-terminal group (see below) may be facilitated by
a crystallographically observed water that is close to both Thrl
Oyl and N atoms. Subsequent nucleophilic attack of the
substrate peptide bond undergoing hydrolysis by Thrl Oyl
results in the formation of a tetrahedral oxyanion that is
stabilized by the backbone amide of Gly47.* As the oxyanion
collapses, the peptide bond of the substrate is cleaved, leaving
an acyl—enzyme intermediate that is thought to resemble the
active site of numerous complexes of the proteasome with
bound covalent inhibitors."* The water molecule mentioned
above plays a critical role in the next step, where it is assumed
to attack the substrate—enzyme ester, producing a second
product peptide and regenerating the enzyme. Thus, the
available data suggest that catalysis is mediated exclusively by
Thrl and that the role of Lys33, Glul7, and Aspl66 is to
provide the appropriate electrostatic environment to facilitate
the reaction.

As described above, central to the first step in the reaction
scheme of Figure 1B is that Thrl is neutral, so as to serve as a
catalytic base. In order to test this assumption, we began by
preparing samples of highly deuterated proteasome labeled as
3CH,-Thr using either a commercially available U-[BC,'H]-
Thr precursor or [a-*H;B->H;y-3C]-Thr that has been
produced in-house.”” 3C—'H HMQC correlation maps that
benefit from a methyl-TROSY effect”™* are illustrated in Figure
2A,B, showing clear improvements when deuteration extends to
the a and f positions of the residue. For example, correlations
from all 15 Thr methyl groups are observed in the HMQC
spectrum of [a-*H;f-*H;y-">C]-Thr proteasome (Figure 2B),
while a much smaller number of peaks are visible in the data set
measured on the sample prepared as U-["*C,'H]-Thr (Figure
2A). Spectra from samples generated with the
[a-*H;-"H;y-"*C]-Thr label were analyzed in what follows.
Assignments for many of the Thr peaks could be obtained from
NOEs connecting the methyl groups of previously assigned Ile,
Leu, and Val residues'? to Thr, interpreted on the basis of the
available X-ray structural model of the complex.** Correlations
from Thrl, Thr3, Thrl6, and Thr44, with all four residues
localized to a single central f-sandwich, could not be assigned
unambiguously via NOE patterns. In order to obtain the
assignment of Thrl, we prepared a pair of 20S CP samples with
(i) T1C and (ii) T3S, T16S, and T44S mutations and
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Figure 2. *C—'"H HMQC correlation maps of the Thr region of the
20S CP, 18.8 T, 70 °C, with labeling restricted to the f-rings only.
Labeling was accomplished by adding U-[*C,'H]-Thr (A) or
[a-*H;-*H;y-"*C]-Thr label (B) prior to the induction of protein
overexpression, as described previously."® Assignments of the 15 Thr
cross-peaks are as indicated. (C,D) Assignment of Thrl has been
achieved via mutagenesis, exploiting T1C and T3S, T16S, T44S 20S
CP samples, as described in the text. Spectra of the wild-type (wt)
protein are shown in black. Peaks from a protein species that slowly
increases in concentration over time are indicated by the circles.

compared their NMR spectra. The peak resonating at (23.20
ppm, 1.40 ppm) in the *C and 'H dimensions is eliminated in
T1C, Figure 2C, while it is still present at a slightly shifted
location in the triple mutant, Figure 2D. This cross-peak could
therefore be assigned to the y2 methyl of catalytic residue Thrl.
In total, 10 of the 15 Thr correlations have been assigned. Of
the remaining five peaks, two are very strong (Thrl06 and
Thr147), but neither of the Thr residues from which they are
derived is proximal to a methyl-containing group in the
structure, so no NOEs are observed. The remaining three weak
correlations have been assigned to T3, T16, and T44 (although
the identity of each peak is not known) on the basis of the Thr-
to-Ser substitutions described above.

After assignment of the Thrl methyl group, a titration over a
pH range extending from 5 to 10 was performed. With the
exception of Thrl, the positions of all of the remaining Thr
correlations changed little; by contrast, Thrl shifted by close to
1 ppm in *C and 0.14 ppm in 'H, as might be expected if the
terminal amino group titrates within this range, Figure SI.
Measured chemical shifts fit only poorly to a simple
Henderson—Hasselbalch equation assuming a single pK,
value, Figure S2. We therefore intergreted our data using a
“spectroscopically coupled” model” involving a pair of
protonation events that are thermodynamically independent
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but where the chemical shifts of the reporter nuclei depend on
the ionization state of both titratable moieties (see Supporting
Information). Such a scheme is indicated in Figure 3A with the
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Figure 3. Extraction of pK, values from the titration data of Thrl. (A)
Model involving two titratable groups, where 0 and 1 indicate
deprotonated and protonated sites, respectively. For example, 00
indicates that both sites are in the deprotonated state. In the most
general case, three unique pK, values are required, with the fourth
obtained from the relation K K, = K,K;. Chemical shift profiles have
been fit simultaneously to a model of two microscopic pK, values that
derive from sites that are non-interacting, K, = K; = K, ; and K, = K, =
K,,. (B,C) Best-fit curves (solid lines) from simultaneous fits of 'H
(B) and C (C) chemical shift titration data (circles). Error bars are
within the sizes of the circles denoting measured shifts. (D) Contour
plot of the y* surface from the fit, showing the global minimum with a
dot (*yuy = 21.0; 8 degrees of freedom) and the 95% confidence area
with a thick contour (* = Y’y + 6.18).>° Contours are spaced on a
logarithmic scale, with y* values indicated on every second contour.

microscopic dissociation constants, K; (i€{a,b,c,d}), related as
K, = K; =Ky, and K;, = K, = K, ,. Initial independent fits of the
'H and "*C chemical shift titration data led to very similar pK,
values (Figure S2), justifying simultaneous analysis involving
both sets of data. pK,,; and pK,, values of 6.3 and 7.7 were
obtained, Figure 3B,C, with the 95% confidence regions
ranging from 6.18 to 6.35 and from 7.53 to 7.83, Figure 3D.
As has been described previously, any titration curve based
on two ionization events can be fit by a general macroscopic
binding model with two pK, values and three chemical shifts,”
irrespective of the underlying microscopic mechanism giving
rise to the titration profile. The two extracted pK, values from
fits using the macroscopic binding model® do not necessarily
have an interpretation in terms of a microscopic process.
However, in the case where the obtained pK, values from a fit
to a microscopic model are significantly different (IpK,, —
pKy,l > 1), as in the present situation, both macroscopic and
non-cooperative microscopic models reduce to a model that
assumes independent sequential protonation events.® Indeed,
fitting our data to a macroscopic model produced pK, values
within 0.02 unit of the microscopic values and an identical y*
value. While our data appears to be well described by a
microscopic model with independent pK, ; and pKj, values of
6.3 and 7.7, it is possible that the underlying molecular details
are more complex, with the two ionization events thermody-
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namically coupled.® In this case three independent pKj values
are required to describe such a system using a microscopic
model, with the fourth obtained by summing over the
thermodynamic cycle, Figure 3A (or equivalently 2 pK, values
and one cooperativity factor @, see Supporting Information).
Although the NMR titration data can be well fitted to a model
with two independent pK, values, pK,; and pK,, a
relationship can be derived to describe the four microscopic
pK, values of the general scheme of Figure 3A in terms of
pKa,1, Ky, and @, as discussed in the Supporting Information.
For the most extreme case of cooperativity compatible with our
titration data, we find that both pK, and pKj; converge to 6.6,
with a = 0.15. Thus, starting from a fully protonated state (1,1
in the scheme of Figure 3A), the pK, corresponding to the
release of the first proton is calculated to be 6.6, as opposed to
6.3 that is obtained from a model that does not assume
cooperativity (@ = 1), Figure S3. Thus, independent of the
model used to fit the data, the overall picture, as described
below, remains similar.

What is the nature of the two titrating groups that we
observe? Figure 1B shows that there are four titratable moieties
(one amino group from each of Thrl and Lys 33 and two
carboxylates, Glul7 and Aspl66) that are proximal to the
reporter Thrl y2 methyl group. The pK, values reported here
(6.3 and 7.7) have not been corrected to take into account that
the titration was performed in a 99% D,O solution, so the pH
values measured are approximately 0.4 unit lower than for the
corresponding H,O solution. Even with the correction, the pK,
values do not precisely match reported values for unperturbed
amines (8.0 and 10.8),>® although they are significantly closer
to what is expected for amines than for carboxylates (4.1).°
Thus, we assign the pK}, values of 6.3 and 7.7 to the N-terminal
amine (Thrl) and the Lys33 amino group, respectively. In
order to confirm the assigned pK, values, we have prepared 20S
CP with an Asp-to-Asn substitution at position 166 in the
subunits. Mutants with Aspl66 substitutions are no longer
functional,”* so that the prosequence that preceeds Thrl, and
that is normally cleaved by active 20S CP in the final step of
proteasome assembly,”” remains attached. In this manner the
amino group of Thrl is converted to an amide and can no
longer titrate. If our assignments are correct, then the
prediction is that the Thr 1 methyl group would no longer
titrate in the pH range 6—7. Comparison of the titration
profiles of the wild-type 20S CP (Figure 4A) and the
Aspl166Asn mutant (B), focusing on Thr 1, shows that this is
indeed the case. The interplay between the N-terminus, Lys33,
Glul7, and Aspl66, together with hydrogen-bonding eftects
from nearby backbone and side-chain atoms, must therefore
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Figure 4. Superposition of *C—"H HMQC correlation maps of wild-
type (A) and Asp166Asn (B) 20S CP focusing on Thrl and recorded
at pH 6 (red), 7 (green), and 10 (blue), 18.8 T, 70 °C.
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account for the deviations in pK, values from those
corresponding to free amino acids.

Our results are consistent with and lend support to the
proposed mechanism of substrate hydrolysis (Figure 1B), since
they imply that the N-terminal amine exists largely in a
deprotonated state at neutral pH. This amino group would thus
be able to function as a base, accepting a hydrogen from the
Thrl hydroxyl group, resulting in efficient catalysis in the pH
range 6—9, where maximum activity of the T. acidophilum 20S
CP has been observed experimentally.® Interestingly, our data
supporting the fact that the catalytic base is neutral in the
substrate-free form of the proteasome are consistent with
studies on the catalytic triad histidine in serine proteases such
as chymotrypsin. NMR pH titrations of chymotrypsin bound to
a transition-state analogue establish a shift in pK, of the
histidine from 7.5 in the free enzyme to 10.8—12.0 in the
complex.”’ The elevated histidine pK, in complex with
substrate would make it better able to retain the proton that
is removed from the catalytic serine, facilitating formation of a
Ser alkoxide anion that is critical to catalysis. Recent studies of
complexes of fluorinated inhibitors and the 20S CP suggest that
a similar mechanism may be operative for the proteasome as
well,”® with the amino terminus of Thrl functioning as a
catalytic base whose pK, increases between substrate-free and
bound states. This, in turn, leads to deprotonation of the Thrl
hydroxyl in a more efficient manner.

In summary, we report here a pH study addressing the first
stage of the catalytic mechanism of the 20S CP proteasome.
Using a highly deuterated 20S CP sample with Thr labeled as
[a-’H;B-"H;y-"*C] in concert with methyl-TROSY NMR
spectroscopy, high-quality '*C—"H spectra were obtained so
that the pH dependence of Thrl methyl *C and 'H chemical
shifts could be quantified. The fitted pK, value for the Thrl
amino group (6.3) indicates that the terminus is neutral over
the pH optimum range, so that it can function as an efficient
catalytic base in the first step of the hydrolysis reaction, Figure
1B. Given that the proteasome is a multi-billion dollar drug
target in the fight against certain classes of cancers and
neurodegenerative disorders,”*® an understanding of its
mechanism is critical. This study provides an important step
in that direction.
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