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Summary
PR39, a naturally occurring and cell-permeable proline-and arginine-rich peptide, blocks the
degradation of IκBα hereby attenuating inflammation. It is a non-competitive and reversible
inhibitor of 20S proteasome. To identify its basis of action, we used solution NMR spectroscopy
and mutational analyses of the active fragment, PR11, which identified amino acids required for
human 20S proteasome inhibiting activity. We then examined PR11 mediated changes in the
expression of NF-κB-dependent genes in situ. The results provide prerequisites for proteasome
inhibition by PR-peptides providing a powerful new tool to investigate inflammatory processes.
These findings offer new leads in developing drugs to treat heart diseases or stroke.
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INTRODUCTION
PR39 is a cathelin-like ‘proline-and-arginine rich peptide’ (PR-peptide) that was originally
isolated from pig intestine for its antimicrobial property1; 2. PR39 and its homologs are
secreted by macrophages and found in the wound fluid of many animals as well as along the
border of acute myocardial infarction3. Secreted as a prepropeptide, the mature 39 amino
acid C-terminal polypeptide chain (PR39) is produced by rapid cleavage of a canonical
leader sequence4.

Recent studies show that PR39 stimulates angiogenesis in vitro and in vivo. Transgenic
expression in cardiac myocytes results in increased vessel numbers and reduced coronary
resistance5 and myocardial hypertrophy6. These effects appear to derive from the inhibition
of HIF-1α degradation, which results in increased VEGF expression. Interestingly, PR39
also increased the expression of FGFR1 and syndecan-4, another FGF receptor7; 8,
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suggesting that PR39 may also induce angiogenesis via the FGF pathway. Furthermore,
PR39 treatment reduces tissue injury in inflammatory states by reducing the influx of white
blood cells and by decreasing expression of NF-κB -dependent expression of adhesion
molecules on endothelial cell surface9; 10. PR39 appears to function by selectively
inhibiting degradation of HIF-1α and the NF-κB inhibitor, IκBα10.

Non-lysosomal degradation of cellular proteins occurs by the action of E1, E2 and E3
enzymes that result in the tetra-ubiquitinylation of target proteins and their proteolysis by the
enzymatic activities residing within the central chamber of the 20S proteasomes. Ubiquitin
and ubiquitin-like proteins are responsible for regulating numerous cellular pathways
including the cell division cycle, transcription, protein sorting in the secretory pathway,
membrane protein transport, endocytosis, nuclear transport, and signal transduction, by
marking substrate proteins for degradation by proteasomes. The identification and analyses
of inhibitors of proteasome are, therefore, of immense value to treat a variety of diseases
such as cancer, autoimmune diseases, muscle wasting, and inflammation 11; 12; 13; 14; 15.
One most successful example of proteasome-based drug is the boronate, bortezomib
(VelcadeTm or PS-341) 16; 17.

Cylindrical 20S proteasomes of eukaryotes, at approximately 700 kD mass, are composed of
two heptameric inner rings of β-subunits and two heptameric outer rings of α-subunits. The
chymotrypsin-like, PGPH (caspase)-like, and trypsin-like activities of proteasomes reside
within the beta subunits18; 19. The α-subunits are not known to possess proteolytic
activities. It is, therefore, remarkable that binding of PR-39 to the α7 subunit of 20S
proteasome is able to selectively inhibit proteolytic degradation of some polypeptide chains,
such as IκBα 10. This interaction produces a gross structural change in 20S proteasome20.
However, no high resolution structures of the complex are available, presumably due to the
reversible nature of the interaction. Therefore, properties of PR39 that are necessary for
inhibition of 20S proteasomes remain unknown.

A peptide comprising the first eleven residues of PR39, namely PR11, is also able to inhibit
the 20S proteasome20. Using site-specific mutagenesis and solution NMR spectroscopy,
here, we identify the conformational requirements for PR11 activity against 20S proteasome.
We find that to effectively inhibit 20S proteasome, PR11 requires at least two positively
charged residues (Arg or Lys) at the N-terminus and hydrophobic residues at the C-
terminus. Importantly, properties of PR11 required to inhibit 20S proteasome in vitro are
also required to alter gene expression along the NF-κB pathway. We discuss various models
that explain PR11 activity.

RESULTS
NMR spectroscopy of PR11

To establish conformational requirements of active PR11, we examined PR11 using
homonuclear solution NMR spectroscopy. PR11 contains five arginines and four prolines.
Severe overlap in the beta and gamma proton chemical shifts of these residues presented a
significant challenge to spin system identification, resonance assignment, and
conformational analysis by NMR with data taken using a 800 MHz spectrometer. To
overcome these challenges, we used TOCSY and NOESY spectra of wild type and various
alanine substituted PR11 to identify each spin system and to make sequence-specific
assignments (Table I). The finger print region of the NOESY spectrum of PR11 is shown in
Fig. 1 (Left panel). Sequential connectivities between of alpha proton (Hα) of the any given
residue (i) and the amide proton (HN) of the following residue (i+1) were used to establish
residue specific assignments. Such NOE contacts were not observed for the first three
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arginines, presumably due to fast relaxation. The intervening Pro residues lack a backbone
amide proton, and hence, the connectivity is broken four times.

The four prolines are located at positions 4, 6, 7, and 10. The cyclic nature of the proline
side chain restricts rotation about the Xaa-Pro bond and constrains it to either cis or trans
configuration 21; 22. Peptides containing prolines can, therefore, exist in multiple
conformations. Furthermore, when preceded by branched chain or bulky amino acids, the
population of cis conformer increases23; 24. Thus, with its Pro-Pro and Leu-Pro bonds,
PR11 is expected to consist of populations in which one or more cis conformers exist. If so,
we would expect to see multiple sets of NMR cross-peaks corresponding to each of these
conformers. As expected, the NMR spectrum of PR11 (Fig. 1) shows one set of cross peaks
corresponding to the major conformer at about 80% concentration and at least one minor
conformer. In addition, amide protons of Arginine 5 and Leucine 9 each resonate at two
distinct chemical shifts. We also observed weak NOE cross peaks between CαH (i) to CαH
(i+1) confirming the presence of minor conformers containing Xaa-Pro cis bonds. However,
strong NOE cross peaks between CαH (i) to Pro CδH2 (i+1) (Fig. 1, right panel) confirmed
that the major conformer of the peptide consists of the all-trans conformer.

The amide region of the NOESY spectrum of PR11 shows that NOEs between amides of
adjacent residues are observed only for Tyr8 and Leu9 (Supplementary data, Fig. S1). Also,
weak NOEs are detected between the amide protons of Leu9 and the CδH ring proton of
Tyr8, consistent with spatial and sequence proximity of these residues.

PR11 contains one aromatic residue, Tyr8. Its Hδ and Hε side chain protons resonate at 7.13
and 6.84 ppm (Table I). Nuclear Overhauser Effect (NOE) correlations to these peaks from
various residues of PR11 provide unique signatures for wild type and each mutant peptide
(Supplementary data, Fig. S2). For instance, cross-peaks corresponding to Tyr8’ (a minor
conformer) Hδ that resonate at 6.7 ppm disappear in the Pro7Ala mutant. Furthermore, cross
peaks to Tyr8’ Hδ are very weak in the Pro6Ala mutant, and several cross peaks to the
major and minor conformer are missing in the Pro10Ala mutant. These data indicate that
Pro7, Pro6, and Pro10 produce the minor. conformers in PR11. In the case of Pro4Ala
mutant, certain cross peaks to the major conformer are weaker or missing, consistent with
loss of side chain protons of the proline. These results suggest that Pro4 and Pro10 provide
conformational rigidity to the molecule.

In general, small peptides like PR11 do not contain regular secondary structural elements.
Hence, it is not surprising that the alpha proton chemical shifts of PR11 deviate little from
random coil values except due to local sequence variations, such as when a residue is
preceded by a proline. NMR-based model of the trans PR11 peptide (Supplementary data,
Fig. S3 and Table S1) confirms this prediction and only the backbone and side chains of
residues, Pro4 and Tyr8 are relatively well-defined.

20S-inhibitory activity of PR11 and its mutants
To determine whether the major, all-trans conformer of PR11 is the active form and to
establish the chemistry responsible for PR11 activity, we examined the inhibition of
chymotrypsin-like activity of human 20S proteasome by PR11 and its site-specific mutants.

AAA-PR11, in which the first three arginines are mutated to alanines, does not inhibit IκBα
degradation by 20S proteasome9. To determine whether the PR11 activity was specific to
the presence of arginine residues or simply requires positive charges at the N-terminus, we
replaced each of the three arginines with a lysine. The replacement of any one of the first
three arginines of PR11 with lysine alters the activity only slightly and the I50 remains in
the range of ~0.5–0.8 µM (Fig. 2, Table II). This is not surprising. as Arg->Lys is a

Anbanandam et al. Page 3

J Mol Biol. Author manuscript; available in PMC 2009 December 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



conservative replacement and the positive charge on the side chains are retained in each of
these mutants. However, replacement of all three arginines with lysines (KKK-PR11) makes
the peptide less active (I50 to 2.7 µM). It suggests that PR11 interaction with 20S
proteasome involves not only electrostatic forces but perhaps also hydrogen bonding since
hydrogen-bonding patterns of lysine and arginine are different.

To establish that positively charged residues are necessary for PR11 activity, we replaced
each arginine with alanine. The mutant peptides have activities similar to the KKK peptide
even though only one arginine is mutated to alanine, indicating that charge-charge
interactions play an important role in recognizing 20S proteasome. To then examine whether
all three arginines are necessary for the activity or just any two would suffice, we mutated
pairs of arginines in the first three residues. Strikingly, the I50s for double mutants are in
between those of single mutations and the triple (AAA) mutation. Thus, the contribution of
the arginines to the 20S inhibiting activity of PR11 is additive. Like the single alanine
mutations at positions 1–3, the Arg5Ala mutant shows lower activity indicating it also
contributes similarly to PR11 activity.

To determine whether the active form of PR11 consists of a cis bond, each Proline was
mutated to an alanine. Ala mutants of residues Pro6, Pro7, or Pro10 had little to no effect on
PR11 activity and we conclude that proline cis-trans isomerization about the Arg5-Pro6,
Pro6-Pro7, or Leu9-Pro10 bonds do not contribute noticeably to PR11 activity. Pro4Aala
mutant shows increased I50 (5 µM). It suggests that the cis conformer at the Arg3-Pro4 bond
may contribute to the 20S inhibiting activity of PR11. However, since the mutation does not
abolish 20S proteasome inhibiting activity (compare with AAA-PR11), it is likely that
presence of Pro4 enhances PR11 activity by providing structural rigidity or by limiting
spatial sampling by N-terminal residues of PR11 as also indicated by results from our NMR
experiments.

A peptide containing the N-terminal 8 residues of PR11 (PR8, RRRPRPPY) does not inhibit
20S proteasome suggesting that Leu9 is important20. We asked if this is because
hydrophobicity of Leu9 is necessary interactions with 20S proteasome. To test this, we
replaced Leu9 with glycine. We chose Gly over Ala, since Ala is also hydrophobic.
Unexpectedly, the Leu9Gly mutant is more active (I50 of 0.14 µM) than wild type PR11
(I50 of 0.81 µM), indicating that Leu9 does not determine the 20S-inhibiting or binding
activity of PR11 and that a bulky hydrophobic residue is not preferred at position 9. The
results imply that Leu9Gly mutation converts the cis Leu9-Pro10 to trans Gly9-Pro10, which
is the favored active conformation. One explanation why PR8 is inactive is that although
Leu9 and Pro10 are not essential for the activity, perhaps Arg11 is. So, we made an
Arg11Ala mutant. This mutant is also quite active with I50 for 20S inhibition of 0.69 µM.
These results show that although any one of the three residues at the C-terminal end is
dispensable, together these are necessary for either recognition of or selecting the
conformation associated with the selective inhibition of 20S proteasome.

Tyr8 is a particularly interesting component of PR11. It consists of multiple chemical
characteristics – a hydroxyl, aromatic ring, and hydrophobicity. So, are all of these
properties essential for PR11 activity? We hypothesized that if the electronegative hydroxyl
group is necessary for 20S binding or inhibition, mutation of Tyr8 to Glu would improve
PR11 activity, whereas if the aromatic or hydrophobic interactions are more important,
mutation to Glu would impair PR11 activity but mutation to another hydrophobic residue
lacking the hydroxyl group (Phe) would leave PR11 activity unaltered. We find that
Tyr8Glu mutation worsens the I50 (2.4 µM), whereas the double-mutant Lys1Glu8 has a
significantly increased I50 (6.3 µM). In comparison, Lys1 mutation alone shows a slight
improvement with I50 at 0.6 µM. That Lys1Glu8 is a worse inhibitor of 20S, once again,
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reiterates that mutating multiple key residues compounds the adverse effects with regard to
20S recognition or inhibition. We also designed a Glu8Trp12 mutant to help determine
peptide concentration using the UV absorbance properties of the tryptophan, in mutants
lacking tyrosine. This peptide behaves much the same as the Glu8 mutant indicating that the
addition of Trp12 does not significantly alter PR11 activity. To confirm the latter, we also
designed a control in which Trp 12 is added to the normal PR11. Surprisingly, Trp12 PR11
is actually more active than PR11 (Table III) and is, within errors, as active as full-length
PR39 (Table II). Thus, the adverse effects of Glu8 carboxyl overpower the benefit of Trp12
and we conclude that the hydroxyl group of Tyr8 does not play a role in PR11 activity. As
for the hydrophobic mutations – Ki of Tyr8Ala is nearly half of PR11 (Table III) and that of
Tyr8Phe, which simply removes the hydroxyl group, is only about two-fold greater than that
of PR11. Thus, our efforts to identify the key chemistries in PR11 have also led to the design
of more active PR11 variants, namely Ala8 PR11 and Trp12 PR11.

PR11 regulation of NF-κB-related gene expression
NF-κB is a key component of the inflammatory pathway. Previously, we showed that PR39,
which crosses cell membranes readily 4; 25; 26, acts as an anti-inflammatory agent by
inhibiting degradation of IκBα, and thereby inhibits NF-κB activity 9; 10. This results in
down-regulation of NF-κB-dependent gene expression of the vascular cell adhesion
molecule, VCAM-1 10. We reasoned that, like PR39, PR11 and its mutants that inhibit 20S
proteasome activity in vitro would down-regulate NF-κB-dependent gene expression of
VCAM-1. Indeed, in the presence of PR11 and several of its mutants, induction level of
VCAM-1 isoforms (110kDa and 100kDa) was considerably reduced, on average by 50%
relative to controls lacking PR-peptides. This indicates that NF-κB activity is impaired (Fig.
3A and B). Consistent with these results, the AAA PR11 mutant does not significantly
reduce VCAM-1 induction, indicating that this peptide is inactive in vivo as well as in vitro.
The Ala1Glu8 and Lys1Glu8 mutants, and to a lesser extent, the Ala1 and Ala3 mutants are
less effective in down-regulating VCAM-1 expression (Fig. 3B). Thus, PR39 and PR11 are
most active in situ and in vitro and AAA-PR11 is least active. Other mutants with
intermediate activities in vitro also show intermediate activities in vitro. These findings
suggest that the in situ effects of PR11 stem largely from its ability to inhibit proteasomes.

DISCUSSION
The prototypical NF-κB, p50/p65 heterodimer, is the most abundant and biologically active
member of the mammalian Rel/NF-κB family of inducible transcription factors. Nuclear
localization signal comprising the C-terminal 13 residues of NF-κB is masked by binding to
IκBα, an ankyrin repeat domain-containing protein, impeding nuclear localization of NF-
κB. Also, a nearly 180° movement of the N-terminal domain of p65 upon complexation
with IκBα hinders DNA binding. Thus, the expression of numerous genes involved in
immune and inflammatory responses, cell proliferation, and apoptosis that are under the
control of NF-κB is regulated by IκBα binding. IκBα itself is rapidly turned over in cells27.
PR11 inhibits IκBα degradation resulting in high levels of ubiquitinated IκBα retained in
cells10 and is associated with down-regulation of NF-κB-dependent expression of
VCAM-1.

In cells, proteasomes exist in equilibrium between the fully assembled, 26S, and partially
disassembled, 20S+19S, subunits. Proteasomal degradation of cellular proteins can proceed
directly using the 20S subunit or require unfolding first using the 19S lids of 26S
proteasome. It is possible that IκBα, with its loose fold28, could be degraded by 20S as well
as 26S proteasomes, contributing to its rapid turnover. How then, does PR11 influence the
turnover rate of IκBα? We previously established that PR39 binds to the N-terminal
segment of the α7 subunit of 20S proteasome 10. Here, we propose that PR11 interacts with
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20S proteasome based on complementarity between the surfaces of PR11 and N-terminal
region of α7 subunit. There are at least two consequences of this binding. First: the
entryway into the central chamber is occluded disallowing entry IκBα for degradation 20. If
this were the only mechanism, then the degradation of all protein substrates of 20S
proteasome would be reduced just like IκBα. However, total cellular protein degradation is
not greatly inhibited by the presence of PR11 compared to other inhibitors like MG132 10.
This may be due to reversible binding of PR11. Second: more recently, the isolated
heptameric C-terminal peptide of the 19S ATPase containing the ϕYX motif (for e.g., Leu-
Tyr-Ala and Leu-Tyr-Trp) was found to be capable of inducing gate opening in 20S
proteasomes29. Since proline and leucine are isosteres, PR11 with its Pro-Tyr-Leu and its N
and C-terminal Arg may bind to the α7 subunit, in a manner analogous to that by PAN C-
terminal peptide to open the 20S gate and interfere with assembly of the 19S lid. This is
consistent with the atomic force microscopic evidence demonstrating a partially open 20S
proteasome when complexed with PR11. The consequences of such an interaction would be
two-fold: (a), proteins requiring unfoldase activity in the 19S lid may not be degraded by
PR11-bound 20S. (b), since the peptide associates with 20S proteasome in a reversible
manner, the inhibition to degradation by 20S would be temporary such that the net reduction
in cellular protein turnover would be small. This model is also consistent with our earlier
observations that PR11 reduces proteasome mediated total cellular protein degradation but
does not abolish it.

Alternatively, PR11-bound 20S presents a new surface to incoming IκBα which masks part
of the original 20S surface at the mouth. It is conceivable that interactions between IκBα
and α7 subunit of 20S proteasome improve lifetime of the IκBα/20S complex. If so, IκBα
might suffer from unproductive encounters with the altered surface of 20S when bound by
PR11, resulting in inhibition of its proteolysis. That some other proteins could also favorably
interact with the new surface cannot be discounted, and may explain the overall reduction in
the degradation of cellular proteins10. In reality, one or more of these scenarios may
determine the mechanism of action of PR-peptides.

In a most exciting finding, we have identified not only the residues critical for PR11 action,
but also discovered new, more potent, PR11-based 20S inhibitors. Furthermore, the manner
in which PR-peptide activity affects IκBα degradation closely corresponds to the extent by
which 20S proteasome activity is inhibited in vitro. Similarities the in situ and in vitro
effects makes these peptides excellent targets for further development of anti-inflammatory
drugs targeting the NF-κB pathway. Since PR11 inhibition of IκBα degradation results in
high levels of ubiquitinated IκBα to be retained in cells10 it remains to be seen whether
expression of upstream genes, including NF-κB itself, are altered by PR-peptides.

MATERIALS AND METHODS
Proline-and-arginine rich peptides

The amino acid sequence of chemically synthesized PR-peptide used the porcine PR39
sequence (NH2-RRRPRPPYLPRPRPPPFFPPRLPPRIPPGFPPRFPPRFP-COOH).
Synthetic PR39, PR11 (bold typeface in PR39 sequence), and AAA-PR11 were purchased
from C S Bio Inc. (San Carlos, CA) or Genemed Biotechnologies, Inc. (South San
Francisco, CA). All other peptides were purchased from the Tufts University Core Facility
(Boston, MA). All peptides used in this study were HPLC-purified and dissolved in
phosphate-buffered saline. Peptide concentrations were determined using the molar
extinction co-efficient, at 280 nm, of the single tyrosine (1280 M−1 cm−1) or tryptophan
(5700 M−1 cm−1).
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Determination of Enzymatic Activity
Mammalian (Human) 20s Proteasome was purchased from Boston Biochem (Cambridge,
MA). The substrate, N-succinyl-LLVY-AMC and negative control, Lactacystin, were
purchased from Sigma. The chymotrypsin-like (ChT-L) peptidase activity was measured
using the N-Succinyl-LLVY-AMC substrate (Sigma, MO) as described earlier20. Activity
was determined by measuring the amount of a fluorescence observed upon release of the
MCA group after a 1 h incubation at 37 °C in 50 mM Tris.HCl buffer at pH 7.5 containing
0.03% SDS (Supplementary data, Fig. S4). Inhibition by PR-peptide was measured after a
15 minute pre-incubation at 37 °C of each peptide with 20S proteasome, followed by the
addition of the substrate and the one hour incubation. I50 values correspond to concentration
of PR-peptide required for 50% inhibition of 20S activity and were determined from plots of
activity vs. PR-peptide concentration by least-squares curvefitting of the data using the
equation:

Eq. 1

where, n corresponds to fractional occupation of PR-peptides on 20S. Curve-fitting was
performed using Origin Ver. 6.1 (Microcal, MA).

Ki determinations – Human 20S proteasome (5nM) was incubated in 50 mM Tris.HCl
buffer, pH 7.5, containing 0.03% SDS and 0, 75, or 150 nM PR-peptide. Kinetic reactions,
at 37 °C, were initiated by the addition of substrate (Suc-LLVY-AMC) at 20–100µM. Data
was fit to the Michaelis-Menton equation using non-linear least-squared curve-fitting routine
in Origin Ver. 6.1 (Microcal, MA). The reactions followed reversible non-competitive
kinetics (Supplementary data, Fig. S5). Ki was determined from the measured Vmax using
the equation:

Eq. 2

Where, Vm is the maximum velocity achieved by the enzyme in the absence of inhibitors
and Vapp is the maximum velocity achieved by the enzyme in the presence of a given
concentration of PR-peptide, namely, [PR-peptide].

Cell culture experiments
VCAM-1 expression assay—Human umbilical vein endothelial cells (HUVECs,
Cambrex Bio Science Walkersville, Inc) were cultured in endothelial cell basal medium-2
supplemented with EGM-2 SingleQuots (Cambrex) and 20%FBS. Confluent HUVECs,
passaged 3–5 times, were starved overnight in medium supplemented with 0.5% FBS and
0.25% BSA. HUVECs, were exposed for 2 hours to TNF-α (0.25ng/ml) in the absence or
presence of PR-peptides (1µM) as described by Gao et al. 10. Cells were then washed, lysed,
and VCAM-1 immunoprecipitated. Following SDS-PAGE and membrane transfer of the
immunoprecipitated sample, VCAM -1 expression was visualized by Western blotting with
an anti VCAM-1 antibody (Santa-Cruz Biotechnology, Inc.) and normalized relative to actin
(loading control).

NMR spectroscopy—One- and two-dimensional solution NMR spectra of PR11 and its
alanine mutants were taken in PBS at 7 °C using an 800 MHz NMR Bruker Avance
spectrometer fitted with a cryoprobe. The lower temperature was chosen to minimize
thermal motion (conformational fluctuations) in peptides. Standard pulse programs available
within the Bruker suite of experiments were used with optimization of pulse lengths and
power levels. Two-dimensional NMR spectra were recorded in the phase sensitive mode
using states-TPPI for quadrature detection in the t1 dimension30; 31. Solvent suppression
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for NOESY and TOCSY experiments was achieved using excitation sculpting method with
gradients32. TOCSY and NOESY spectra were referenced to water proton signal at 280 K.
For TOCSY data, recorded using a MLEV-17 mixing scheme33, mixing times of 50 and 80
ms were used. NOESY experiments were carried out with 250, 400, and 600 ms; the latter
was used in spin system identification and proton assignments. Two-dimensional data were
collected with 2048 × 512 complex data points with 8 scans per increment and a spectral
width of 10 ppm in each dimension. All data were processed using Felix (Accelrys Inc., San
Diego, CA). Either a 60°-shifted sine-squared bell or, for resolution enhancement, a 30°-
shifted sines-quared bell window function were applied in both dimensions, then zero-filled
and Fourier transformed. Face-Lift34 base line correction method was applied to both
dimensions. Sequence-specific assignments were made using established protocols35 and
various site-specific mutants of PR11. Assignments of the first three residues were
confirmed using alanine scanning mutations at these positions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Homonuclear NOESY spectrum of PR11
Left. Finger print region identifying sequence-specific assignments and correlations to
backbone amide protons.
Right. Cross peaks originating from side chain protons.
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Figure 2. Inhibition of chymotrypsin-like activity of 20 S proteasome by PR-peptides
The ability of PR11 and its mutants to inhibit the chymotrypsin-like activity of mammalian
20S proteasomes were assayed. Relative activities of the proteasome in the presence of
various PR-peptides were assessed from the concentrations of the fluorescent
methylcoumaramide (MCA) product.
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Figure 3. VCAM-1 expression was evaluated in TNF-α-activated (+) human umbilical vein
endothelial cells (HUVECs) in the absence or presence of PR11 or its mutants
(A) Western Blots identify the expression of VCAM-1 expression and that of actin. (B) Plot
of VCAM-1 expression levels normalized relative to actin.
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Table I

Proton Chemical Shift Assignments for PR11a

Residue NH Hα Hβ Other

ARG1 8.31 3.79 1.81 γCH2, 1.64; δCH2

ARG2 8.69 4.37 1.81 γCH2, 1.68, 1.65; δCH2, 3.23

ARG3 8.67 4.62 1.87 γCH2, 1.76; δCH2, 3.25

PRO4 4.44 2.31, 2.04 γCH2, 1.88; δCH2, 3.86, 3.67

ARG5 8.58 4.58 1.84 γCH2, 1.74; δCH2, 3.22

PRO6 4.69 2.36, 2.04 γCH2, 1.81; δCH2, 3.88, 3.62

PRO7 4.39 2.27, 2.02 γCH2, 2.11; δCH2, 3.81, 3.67

TYR8 8.09 4.56 3.06, 2.97 δCH2, 7.13; εCH2, 6.84

LEU9 8.02 4.62 1.51 γCH, 1.51*; δCH3, 0.91

PRO10 4.35 2.31, 2.04 γCH2, 1.98; δCH2, 3.64, 3.60

ARG11 8.04 4.14 1.85 γCH2, 1.74, 1.64; δCH2, 3.21

a
Experimental conditions: PBS, pH 7.40, 280 K

*
Ambiguous assignment
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Table III

Inhibition constants of PR11 and some its most active mutants.

Peptide Ki (nM) Error

PR11 (wild type) 86.5 21.1

W12 39.5 2.3

F8W12 184 16.3

A8W12 50.7 16.8

Conditions: 5 nM human 20S proteasome, 20–100 µM Suc-LLVY-AMC substrate, 0, 75 or 100 nM PR-peptide, 25 mM Tris, pH 7.5, 0.03% SDS,
37 °C. Under these conditions, Km for the enzyme was 47.4±5 µM and Vmax was 0.55±0.03 µmol/h/mg.
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