1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Immunology. Author manuscript; available in PMC 2025 January 01.

-, HHS Public Access
«

Published in final edited form as:
Immunology. 2024 January ; 171(1): 131-145. doi:10.1111/imm.13709.

Structure-guided discovery of aminopeptidase ERAP1 variants
capable of processing antigens with novel PC anchor
specificities

Suchita Pandel2, Hwai-Chen Guol”

1Department of Biological Sciences, University of Massachusetts Lowell, 1 University Avenue,
Lowell, MA 01854, USA

2Present Address: Molecular Cardiology Research Institute, Tufts Medical Center, 800
Washington Street, Boston, MA 02111, USA,;

Abstract

Endoplasmic reticulum aminopeptidase 1 (ERAP1) belongs to the oxytocinase subfamily of

M1 aminopeptidases (M1APs), which are a diverse family of metalloenzymes involved in a

wide range of functions and have been implicated in various chronic and infectious diseases

of humans. ERAP1 trims antigenic precursors into correct sizes (8-10 residues long) for MHC
(Major Histocompatibility Complex) presentation, by a unique molecular ruler mechanism in
which it makes concurrent bindings to substrate N- and C-termini. We have previously determined
four crystal structures of ERAP1 C-terminal regulatory domain (termed ERAP1_C domain) in
complex with peptide carboxyl (PC)-ends that carry various anchor residues, and identified a
specificity subsite for recognizing the PC anchor side chain, denoted as the PC subsite to follow
the conventional notations: S1 site for P1, S2 site for P2 etc. Here we report studies on structure-
guided mutational and hydrolysis Kinetics, and peptide trimming assays to further examine the
functional roles of this SC subsite. Most strikingly, a point mutation V737R results in a change

of substrate preference from a hydrophobic to a negatively charged PC anchor residue; the latter
is presumed to be a poor substrate for WT ERAPL. These studies validate the crystallographic
observations that this SC subsite is directly involved in binding and recognition of the substrate PC
anchor and presents a potential target to modulate MHC-restricted immunopeptidomes.
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ERAP1 mutant (V737R) dislikes
hydrophobic residues (L) at the PC end

WT ERAP1 prefers hydrophobic
residues (L) at the PC end

ERAP1 mutant (V737R) prefers negatively
charged residues (E) at the PC end

Altering a single amino acid at the SC specificity site of ERAPL, such as the V737R mutant,
results in a change of substrate preference from a hydrophobic to a negatively charged PC anchor
residue; the latter is presumed to be a poor substrate for WT ERAPL. These results point to a
potential target, located ~28 A away from the canonical S1 site, for selective agents or therapeutics
to modulate MHC-restricted immunopeptidomes.
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specificity SC subsite; peptide carboxyl (PC) anchor; antigen processing kinetics; molecular ruler
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Introduction

Endoplasmic reticulum aminopeptidase 1 (ERAP1) is a member of a diverse family

of metalloenzymes called M1 aminopeptidases (M1APs) (1). In humans there are nine
characterized and closely related M1APs (2), which are involved in a wide range of
functions including cell maintenance, development, and defense, and have been implicated
in various chronic and infectious diseases of humans (3-10). The closest clans of ERAP1 are
ERAP2 and IRAP (insulin-regulated aminopeptidase) (11-15). These three enzymes belong
to the oxytocinase subfamily of M1APs (15) and are integral parts of cell-mediated immune
surveillance and responses that involve the major histocompatibility complex (MHC) and
subsequent recognition by the appropriate T-cells (9, 16-18). ERAP1 and ERAP2 strongly
prefer antigenic peptide precursors of 9-16 residues long but spares peptide of 8-10 residues
(19, 20), the latter are the commonly found sizes to fit into the binding cleft of MHC class-I
molecules (21, 22). Furthermore, ERAP1 prefers peptides with hydrophobic side chain at
the C-termini (23), similar to the binding preference of most MHC-I molecules (24). As
such ERAP1 is specialized to process precursors into appropriate MHC-1 epitopes. These
unusual properties distinguish ERAP1 from a typical aminopeptidase. There are indications
that IRAP may also have similar properties (25-27). Thus in shaping the peptide repertoire
available for presentation by MHC molecules, these oxytocinases carry out the trimming of
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antigen precursors by a unique molecular ruler mechanism in a peptide-length and sequence
dependent manner. This activity is enabled by ERAP1’s unique capabilities to concurrently
bind antigen peptide N- and C-termini by its N-terminal catalytic (peptidase_M1) and
C-terminal regulatory (ERAP1_C) domain, respectively (19, 28). Longer precursor peptides
with a vast variety of sequences are thought to be sequentially trimmed by the concerted
action of ERAP1 and ERAP2 (29, 30). These two enzymes complement and synergize to
process antigen precursors with different sequence specificities and anchor residues located
at N- and C-termini (31).

Based on four ERAP1_C complex structures and SPR (surface plasmon resonance)

binding assays (28, 32, 33), our lab has identified two distinct ERAP1 binding subsites

for recognizing the PC (peptide carboxyl)-end of immunopeptidomes: a conserved motif
(residues around Tyr684) and a variable specificity SC pocket among oxytocinase subfamily
of M1APs (around ERAP1 hydrophobic residues 11681, Leu733, Leu734, Val737 and
Phe803 in Figure 1). They are to recognize the common PC-carboxylate and the variable
PC side-chain anchors, respectively. Regardless of differences in PC anchors, internal
sequences, and/or lengths, ERAP1 utilizes the same specificity pocket to accommodate and
bind different PC anchors: a Leu (32), Phe (33), or His (28). Altogether, these structural
analyses and SPR binding assays provide further supports for the proposed molecular

ruler mechanism via binding of peptide C-termini by the ERAP1_C regulatory domain.

It employs a specificity pocket of ERAPL to grasp the hydrophobic side chain of the peptide
PC anchor. Additional affinity comes from binding of ERAP1 on other common features

of peptides such as the backbone and terminal-carboxylate, by making hydrogen-bond
contacts using conserved residue Tyr684, and also by forming salt bridges with Lys685
and/or Arg807. Thus the peptide C-terminus recognition by ERAP1_C domain enables

the critical trimming of antigen peptides to appropriate lengths in order to fit into the
antigen binding cleft of MHC-1 molecules (21, 22). Meanwhile ERAP1 also has a somewhat
non-discriminatory surface near the middle part of its binding cleft, around a prominent
SNP variant at GIn730 (34, 35). These structural features enable ERAP1 to exhibit a high
specificity towards peptide N- and C-termini, yet with certain flexibility to accommodate
peptides with different internal sequences and lengths (33).

Although it is generally accepted that binding of peptide PC-end by ERAP1 plays a key role
in antigen processing, the exact location of the SC subsite for recognizing peptide PC-ends
and its functional roles in antigen processing remain controversial (28, 32, 33, 36, 37). To
further examine the significance of the putative SC subsite (Figure 1) and its interactions
with peptide PC anchor, in this report we have carried out site-directed mutational and
kinetics studies of peptide hydrolysis and antigen trimming. We first generated several point
mutations that change each hydrophobic residue of the putative SC subsite to a positively
charged Arg. We then investigated all purified mutants for their peptide trimming activities
using 11-mer peptides designed based on a well-studied ovalbumin-derived MHC Class
I-restricted epitope (38). Results indicate that changing these hydrophobic residues to a
positively charged Arg has significantly negative impacts on binding and processing activity
towards the natural antigen precursor carrying a hydrophobic PC anchor. However, few of
them were able to better bind and trim an altered antigen precursor harboring a negatively
charged Glu PC anchor, suggesting a critical functional role of the proper SC-PC contacts.
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Generation and purification of human ERAP1 mutants using insect cell culture

To evaluate the significance of the hydrophobic SC pocket (Figure 1) in recognizing and
processing antigen peptides (immuopeptidomes), we generated single-point mutations at
each position of 11e681, Leu733, Leu734, Val737 and Phe803 for catalytic analyses. To this
end, each of these five hydrophobic residues were changed to a positively charged arginine,
to create five single-point variants designated as 1681R, L733R, L734R, V737R and F803R,
respectively. ERAP1 WT and mutant enzymes were expressed using an insect-cell system
(28, 32, 33), and purified by a protocol with two-step chromatography: an initial capture by
IMAC (immobilized metal affinity chromatography) followed by a single-peak elution from
a SEC column (size exclusion chromatography). As shown on Figure 2a, with an exception
of the 1681R mutant, all ERAP1 variants had been purified as a single-major band on an
SDS-PAGE gel stained with Coomassie blue.

Monitoring interactions between ERAP1 variants and peptide C-terminus by an allosteric
activation assay

Although peptides shorter than 8 residues are not long enough to be efficiently trimmed

by ERAP1, they have been shown to be able to activate hydrolysis of small substrate

such as the dipeptide analog L-AMC (leucine-7-amido-4-methyl-coumarin) (20, 28). This
allosteric effect is postulated to be a result of concurrent bindings of L-AMC and the short
peptide to the ERAP1 N-terminal catalytic site and the C-terminal ERAP1_C regulatory
site, respectively (32, 33). This unique feature of ERAP1 allows us to analyze interactions
between the ERAP1_C and the peptide C-terminus using a three-component assay that
contains ERAP1 WT/variant enzyme, small substrate L-AMC for monitoring hydrolysis,
and a short peptide to bind to the ERAP1_C domain. For these binding assays we
synthesized a pair of 7-mer peptides. One peptide IINFEKL is based on the C-terminal
segment of a well-studied ovalbumin-derived MHC Class I-restricted epitope SIINFEKL
(19, 38). Binding of the C-terminal end of such a peptide sequence has also been visualized
by crystallographic studies (32). For comparative analyses, we also synthesized a second
7-mer IINFEKE which differs from the first peptide by a single a.a. at the PC position, a
hydrophobic L (leucine) vs a negatively charged E (glutamic acid). We speculated that with
a negatively charged Glu (E) at the PC position, the second IINFEKE peptide may bind
better to the mutants that carry a positively charged Arg (R) in the putative SC specificity
pocket.

To evaluate the activity of ERAP1 WT and each mutant enzyme, we analyzed L-AMC
hydrolysis by the enzymes in the absence or presence of either IINFEKL or INFEKE
peptide (Figures 2b and S1). We first carried out simple activation assays with or without a
peptide activator at a fixed concentration (0.1 mM) of L-AMC (Figure S1). Like the ERAP1
WT, each mutant enzyme hydrolyzed L-AMC with a low but detectable basal level in the
absence of the peptides (Figure S1, purple columns), suggesting that these mutations at the
SC pocket do not prevent substrate binding and catalysis at the catalytic S1 site that is
positioned about 28 A apart (20, 28). It is however noteworthy that the basal activity of
mutant I1681R, and to a smaller extent L734R, was higher than the other mutant enzymes
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and the WT enzyme. One plausible explanation for these different basal activities is that
individual mutation has a slightly altered static and/or dynamic conformation, but still retain
correct fold to trim peptides (see below). Consistent with this notion, in the SDS-PAGE gel
of purified enzymes (Fig 2a), two prominent protein bands below the full length 1681R
variant were consistently observed in multiple preparations, probably due to a unique
conformation of 1681R mutant that becomes more susceptible to protease degradation during
the purification process. It is also possible that the I681R mutation could have resulted

in a conformational changes in the substrate binding groove that allows for better peptide
engagement and/or trimming.

In the presence of the peptide containing C-terminal sequence of naturally processed
antigenic peptide that had a leucine at the PC position (IINFEKL), a significant increase

of ERAP1 aminopeptidase hydrolysis of L-AMC over the basal level was detected for the
WT and F803R mutant (Figure S1, blue columns), suggesting an allosteric binding to the
regulatory domain. This finding also indicates that the F803R mutation does not alter much
of its aminopeptidase activity. The allosteric activation by the INFEKL peptide was about
75%, 50% and 55% in mutants 1681R, L733R and L734R, respectively, when compared

to that of the wildtype enzyme. Mutant V737R had the lowest activity in the presence of
IINFEKL peptide and with the smallest activation from its basal activity.

In the presence of the second peptide (IINFEKE) carrying a negatively charged PC residue
that is considered to be a poor substrate for WT ERAP1 (23), the aminopeptidase activities
of ERAP1 WT and most mutants were not activated significantly above their basal levels
(Figure S1, orange columns). The only exception in this assay is mutant V737R that

gains a slight but significant activation (~ 30%) from its basal activity in the presence

of IINEKE peptide. Interesting to note that this single-point mutation at residue 737,

from a hydrophobic valine to a positively charged arginine, appears to make the enzyme
more accommodating to a negatively charged glutamic acid at the substrate PC-terminus,
suggesting that this Val737 is involved in binding to the PC-terminus of antigenic peptides.

Hydrolysis kinetics of dipeptide analog L-AMC using short peptide as an effector

We further compared the hydrolysis of ERAP1 and variants by steady state kinetics in the
presence or absence of a peptide activator (Figure 2b). To this kinetic assay, we follow
hydrolysis of L-AMC at varying concentrations (0.001-2 mM). In the absence of peptide
activator, mutations L733R and V737R have the largest negative impacts on the initial rate
and Vmax (blue curves in Figure 2b, and Table 1), most apparent at high concentrations of
substrate (e.g. at 2 mM on the right side of graphs in Figure 2b). Nonetheless all variants
showed a similar initial rate vs. substrate concentration curve that did not follow simple
Michaelis-Menten kinetics, but exhibited an allosteric sigmoidal velocity curve (blue curves
in Figure 2b). Consistent with previous reports (20), these sigmoid curves are characteristic
of positive cooperativity of enzymes with one or more ligand binding sites. Our gel
filtration results suggest that ERAP1 WT and mutant enzymes were purified predominantly
in a monomeric form (data not shown). It is however possible that the regulatory site

can be occupied by L-AMC as a homotropic allosteric activator, leading to the positive
cooperativity and allosteric sigmoidal activation of the enzymes in the absence of peptides.
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The Hill coefficients (h, measure of cooperative binding) for ERAP1 WT without peptides
was calculated to be 2.6 (Table 1) and is comparable to the previously reported value (20).
F803R had a same h value as the WT. For mutants 1681R, L733R, L734R, V737R, the h
values were 1.8, 1.5, 1.3 and 1.9, respectively. The lower Hill coefficients of these mutants
suggest that the hydrophobic pocket targeted by this mutational study is involved in this
homotropic allosteric activation.

Strikingly, in the presence of IINFEKL peptide, the velocity curves of all variants followed
more like a hyperbolic (Michaelis-Menten) kinetics with reduced cooperativity (smaller h
values), except L734R that had a slightly increased h (Table 1). Meanwhile ERAP1 WT
and variants all have a significant or dramatic increase of Vmax, mostly apparent the

WT and F803R mutant (green curves in Fig 2b). These results indicate that the allosteric
activity of the enzymes was “switched further on” after the addition of peptide IINFEKL.
Several classical enzyme systems have long been reported in which addition of an allosteric
activator/effector molecule increases the affinity of enzyme for the substrate and shifts

the sigmoidal curve to a more hyperbolic curve with increased reaction velocity (39-41).
On the other hand, addition of IINFEKE peptide did not change much the sigmoidal

curves (magenta curves in Fig 2b), h values, or Vmax for most enzyme variants (Table 1),
suggesting weak binding of this peptide to the hydrophobic or mutated pocket. Nonetheless,
consistent with data in Figure S1, mutant \V737R appeared to be significantly activated by
the peptide IINFEKE (see the zoom-in inset in Figure 2b), with a concurrently reduction

of h value and an increase of Vmax (Table 1), indicating that the INFEKE peptide is

able to switch the V737R mutant “further on” to a more hyperbolic kinetics”, similar to
IINFEKL did to the WT enzyme. These small but significant activations of V737R by the
peptide IINFEKE over IINFEKL or the basal level (L-AMC alone) were confirmed by
Brown-Forsyth one-way ANOVA and Tukey’s multiple comparisons test (Fig 2c).

Furthermore, by comparing K1/, values (half Vmax concentration of L-AMC) of WT or
F803 mutant (Table 1), INFEKL afforded a low (~0.19 mM) Ky, value when compared to
IINFEKE or L-AMC itself (0.34-0.38 mM), indicating IINFEKL was an effective allosteric
activator on WT and F803 mutant. However, IINFEKL did not exert the same effect on
K1/, of other variants, suggesting an impairment of the allosteric interactions between the
mutated hydrophobic pocket of ERAP1 and the IINFEKL activator (Table 1). For V737R
mutant, although IINFEKE was able to somewhat offset the mutation by an allosteric
activation, it is not a very effective activator with a relatively high Ky, (0.45 mM, see Table
1).

To further investigate the effect of mutations on binding affinity of peptide activators, we
analyzed the hydrolysis kinetics of L-AMC at a fixed concentration (0.1 mM) but with
varying concentrations (0.001-2 mM) of peptide effector INFEKL (Figure 3). With the
exception of 1681 R, all other variants show a similar hyperbolic curve but at different levels.
WT ERAP1 had the largest Vmax and the smallest AC50 value (half maximal activation
concentration of IINFEKL), whereas the V737R mutant had the smallest Vmax and one of
the largest AC50 value (Figure 3 and Table 2). Other variants fell in between in the order of
F803R, L733R, and L734R, with a decreasing value in Vmax and a concurrent increase of
value in AC50, indicating these mutants could still bind to the IINFEKL but with a lower
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affinity for activation. The activation curve of 1681R appeared to be unique, with a shallower
slope throughout the entire range of IINFEKL concentrations examined, resulting in a much
higher AC50 estimate of 1.46 mM. This deviation could be results of protease degradation
(Figure 2a) and/or a higher intrinsic/basal activity due to a subtle conformational change
(Figure S1).

N terminal trimming of antigenic peptides by ERAP1 WT and mutant enzymes

We also evaluated and compared peptide trimming activities of ERAP1 WT and variants
using a well-studied antigen precursor QLESIINFEKL, which has the same C-terminal
sequence as the 7-mer effector used in the activation assays above (Figures. 2-3). This
11-mer antigenic substrate contains the ovalbumin-derived MHC Class I-restricted epitope
SIINFEKL, and has been shown to be efficiently processed by ERAP1 (19, 20, 38). A
companion 11-mer peptide QLESIINFEKE was also used for comparative studies by LC-
MS analyses. These two peptide substrates only differ by one residue at the peptide PC
position, a hydrophobic leucine (L) vs a negatively charged glutamic acid (E). This pair
of 11-mer peptides were designed to examine how the presence of a positively charged
arginine residue in the hydrophobic pocket of ERAP1 mutants would affect recognition
and processing of peptide substrates that have either a hydrophobic or a complementing
negatively charged PC anchor

To follow peptide-trimming efficiency of each enzyme variant, we used liquid
chromatography mass spectrometry (LC-MS/MS) to monitor a decrease of the 11-mer
substrate QLESIINFEKL (KL1), and concurrent generation and further cleavage of the first
(10-mer) product LESIINFEKL (KL2). As shown in Figure 4, ERAP1 WT and mutant
F803R were able to efficiently process 11-mer QLESIINFEKL (KL1) at its N-terminal to
generate the 10-mer product LESIINFEKL (KL2). After 10-min, the amount of this 10-mer
KL2 product began to decrease, indicating ERAPL1 WT and mutant F803R were able to
further process it (Figure 4b). Consistent with this trimming trend, there was concurrent
increase and subsequent decrease of the second (9-mer) intermediate ESIINFEKL (KL3)
peptide (Figure S2). However, the other mutants processed these peptides at a slower rate
(Figures 4 and S2). Mutant V737R was the slowest to process this series of peptides. These
results are consistent with the L-AMC hydrolysis assays above using IINFEKL peptide as an
activator (Figures 2-3).

We also analyzed trimming efficiency of the second peptide by each enzyme variant,

from the 11-mer substrate QLESIINFEKE (KEZ1) to the first (10-mer) product/intermediate
LESIINFEKE (KE2) (Figure 5). Interestingly, the rate of processing from KE1 to KE2 by
V737R mutant was the fastest, followed by L734R and I681R mutants, while the peptide
trimmings by WT, FB03R and L733R were slower (Fig 5 a—b). Again, these results agree
with the L-AMC hydrolysis activation assay above, where the allosteric activation of ERAP1
WT, L733R and F803R enzymes by IINFEKE peptide did not show significant difference
from their respective basal activity (Figures 2 and S1). Together these results suggest that
binding of IINFEKE sequence to ERAP1 WT, L733R and F803R is poor and hence, peptide
substrates containing C-terminal IINFEKE sequence are processed at a much slower rate.
On the other hand 1681R and L734R appears to process KE1 and KE2 peptides with a
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higher rate. However, as pointed out earlier, the latter two variants also have a higher basal
L-AMC hydrolysis in the absence of any activator (Figure S1), suggesting that these two
mutations could have generated substantial conformational changes that result in an elevated
aminopeptidase activity without interacting with substrate PC-end. Among ERAP1 WT and
variants, the V737R mutant was the most efficient enzyme to process substrates KE1 and
KE2 (Figure 5). This is consistent with results above from activation assays that demonstrate
IINFEKE was able to activate L-AMC hydrolysis of V737R mutant significantly (~30%)
above its basal activity, either in the simple activation assays (Figure S1) or by steady state
kinetics studies (Figure 2b—c).

We also compared and analyzed each mutant the depletion of 11-mer precursor peptide
(KL1 vs KE1 in Figure 6) and accumulation followed by trimming of the 10-mer
intermediate (KL2 vs KE2 in Figure 7). It is evident that ERAP1 WT as well as FB03R were
able to process KL1 and KL2 peptides far more efficiently than KE1 and KE2, followed by
L733R. The processing patterns are reversed for 1681R, L734R, and VV737R mutants. For
peptides with a Glu PC anchor, WT and F803R were less efficient to process KE1 (Figures
6a & 6f), concurrently with a slower accumulation of KE2 as well a slower disappearance

of KE2 via subsequent cleavage (Figures 7a & 7f). In contrast, these substrate profiles were
reversed for the V734R and V737R mutants: they are more efficient to process KE1 (Figures
6d & 6e), concurrently with and a faster accumulation of KE2 as well a faster disappearance
of KE2 via subsequent cleavage (Figures 7d & 7e). Among all variants, V737R was the most
efficient in processing KE1 and KE2 peptides that carry a complementary charged anchor
residue (E) at their PC position.

Discussion

ERAPL1 trims antigenic precursors in a sequence and length dependent manner, to generate
final antigens with an appropriate size for MHC presentation (19). It thus acts as a molecular
ruler by binding simultaneously to the peptide N- and C-termini, using its N-terminal
peptidase_M1 and C-terminal ERAP1_C domain, respectively. Several crystal structures of
ERAP1 in complex with different peptide sequences and lengths have been reported (28,

32, 33, 37). Based on these structural analyses we had identified two distinct subsites in
ERAP1_C to recognize the peptide PC termini: a conserved motif (Tyr684 and Arg841) and
a variable specificity pocket among oxytocinase subfamily of M1APs (the SC subsite around
ERAP1 Val737 in Figure 1) to bind to the common peptide backbone/carboxylate and

the variable anchor residue at the PC position, respectively. To correlate structure-function
relationships and investigate functional roles of these SC-PC interactions, in this report

we have generated several structure-guided point mutations that change each of these
hydrophobic side chains to a positively charged Arg: 1681R, L733R, L734R, V737R, and
F803R. All mutant proteins have been purified and analyzed for their peptidase activity

by studying dipeptide analog L-AMC hydrolysis and kinetics, and long peptide trimming.
Results showed that ERAP1 WT is able to process peptides with a Leu PC anchor far

more efficiency than peptides with a Glu PC anchor. In contrast, the processing patterns

of a few mutants, particularly V737R, are reversed, such that they are more efficient in
processing peptides with a Glu PC anchor than the natural antigenic epitope carrying a

Leu PC anchor. Furthermore, we also investigated kinetics of dipeptide analog L-AMC
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hydrolysis with or without a 7-mer peptide that carries either a Leu or Glu PC anchor.
Altogether, these findings validate the crystallographic observations that 11e681, Leu733,
Leu734 and Val737 are directly involved in binding and recognizing substrate peptide PC
anchor for the allosteric activation of aminopeptidase activity through the molecular ruler
mechanism. As such a point mutation like V737R would result in an enzyme that prefers a
substrate carrying a complementary PC anchor, e.g. the KE1 peptide precursor. Interestingly,
Val737 was identified as an SNP polymorphism associated with ankylosing spondylitis
(42), likely due to a result of altering MHC-I restricted immunopeptidomes. However, in a
large-scale analysis of common ERAP1 allotypes, none of the SC positions studied in this
report has been concluded as a top-ten polymorphic residue (43). An interesting question
awaiting to be addressed is whether these newly generated ERAP1 variants could trim
peptide precursors down to 8-mer SIINFEKL or SIINFEKE epitopes.

ERAP1 structure consists of 4 subdomains I-1V, with a more conserved N-terminal
peptidase_M1 domain (subdomains I+I1) and a more variable ERAP1_C domain
(subdomains 111+1V). Two different conformations of ERAP1 have been found inside
crystals: an open and a closed conformation (20, 44). It had been postulated that in the
molecular ruler mechanism a concurrent binding of the peptide N- and C-termini in ERAP1
would switch the enzyme from the low-activity open conformation to a high-activity closed
conformation (28, 32, 45), by bringing subdomains 1l and IV together. Interestingly, the
I1681R mutant studied in this report appears to be more susceptible to protease degradation
(extra bands in Figure 2a), probably as a result of acquiring a new conformation, and

was also switched to a high basal-activity mode without peptide activation (Figure S1).
Further analyses are needed regarding the nature of these extra protein bands, and their
effects on enzymatic measurements. In addition to be part of the SC specificity pocket,
11e681 is also located in an a-helix (residues Glu669-Lys689Lys) that was hinged closer
(via subdomain I11) to another a-helix of subdomain Il (residues Tyr399-Ala412) to make
additional contacts, resulting in the closed conformation (e.g. Asp406 in contact with
Asn678). Hence, similar to other interdomain interactions described elsewhere (46), the
I1681R mutation may have altered the molecular dynamics and/or energetic barrier for the
allosteric transition from the open to the closed conformations.

MHC class-1 molecules are known to prefer different PC anchor residues, but predominantly
with either a hydrophobic or a positively charged side chain (21, 24, 47). In concert,

ERAP1 also has dual specificities on the substrate PC anchor, either a hydrophobic or a
positively charged side chain (23) to generate appropriate immunopeptidomes for MHC
presentation. While this study targets at the SC specificity pocket for binding a hydrophobic
anchor, peptides with a charged PC anchor would need to be accommodated into a different
specificity pocket. In a crystal structure of ERAP1-peptide complex, a 10-mer peptide
analog was found to place its positively charged Lys PC anchor near Asp766 of ERAP1
through a salt bridge interaction (37). However, validity of this charged SC site to bind a
positively charged PC anchor remains to be confirmed since the interaction between PC

Lys and ERAP1 residues in the crystals appears to be limited. Another potential charged
specificity pocket with more extensive interactions to bind peptides with a positively charged
Lys or Arg PC anchor had been proposed previously: around Glu802 and Glu831 of ERAP1
(28). For binding by this latter putative charged SC subsite, the conserved Arg841 of ERAP1
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can make direct contacts with the peptide PC-carboxylate to provide additional binding
affinity.

Although peptides shorter than 8 residues are not long enough to be efficiently trimmed

by ERAP1 at the S1 site, they have long been demonstrated to be able to allosterically
activate in fransthe hydrolysis of a second substrate bound at the S1 site, likely by binding
the short peptide to the SC site of ERAP1_C domain (20, 28, 32, 33). Using the L-AMC

+ IINFEKL trimming assays, we were able to report here Ky, of L-AMC and ACsg of
IINFEKL for S1 and SC binding affinities, respectively (Tables 1 and 2). Recently, small
molecules have also been discovered by crystallography or computationally docking to bind
to the conserved PC binding motif, and are found to affect in #rans ERAPL activity in a way
similar to a short peptide (48-50). However as pointed out above, that conserved PC binding
motif (around Tyr684) is different from the hydrophobic SC pocket studied here (11681,
Leu733, Leu734, Val737 and Phe803 in Fig. 1). This novel and variable SC pocket studied
in this report presents an exciting target, located ~28 A away from the canonical S1 site
(28), for structure-guided screen and design of selective agents or therapeutics to modulate
ERAP1 functions in antigen processing and presentation (2, 16, 51, 52). It may also present
an opportunity to engineer a novel oxytocinase that could alter the immunopeptidomes by
processing and generating antigenic peptides harboring a “poor or impermissible” anchor at
the PC position (such as carrying a PC Glu like the KE1 peptide studied in Figure 6).

Materials and Methods

Site-directed mutagenesis

Mutagenesis to introduce the five point mutations into ERAP1 (1681R, L733R, L734R,
V737R and F803R) were carried out by a three-stage PCR amplification, using a template
plasmid reported previously (28), carrying ERAP1 gene of the common allotype-1 (15, 43).
Briefly two site-directed mutated fragments were generated first using mutant-specific
forward/reverse primers and the attL1/L2 universal primers, with ~25-27 bp overlap
between the two mutant-specific primers that cover the mutated site. In the next step, PCR
products of two overlapped mutant-specific fragments (generated from step 1) were mixed in
a ratio of 1:1 without any primers and PCR-amplified for 5 cycles. Due to the overlap in the
mutant-specific fragments, a hybrid DNA containing the mutation was generated with a
poly-His tag sequence at the 3’ end (for protein purification) flanked by the attL.1 and attL.2
universal primer sequence. In step 3, the entire mutant genes were further PCR-amplified for
30 cycles using attL 1 and attlL 2 universal primers. The sequences of mutant-specific primers
were (5'-3") as follows: 1681R_F,
GTTTGAATGAGCTGAGGCCTATGTATAAGTTAATGGAGAAAAGAGATATGAATGAA
GTG; 1681R_R, TAACTTATACATAGGCCTCAGCTCATTCAAACCTTGAAACACGGG;
L733R_F, GTCAACTACTACGCCTCGCCTGTGTGCACAACTATCAGCCG; L733R_R,
ACACAGGCGAGGCGTAGTAGTTGACTCCGCAGCATTCGCTC; L734R_F,
CAACTACTACTCCGCGCCTGTGTGCACAACTATCAGCCG; L734R_R,
GTGCACACAGGCGCGGAGTAGTAGTTGACTCCGCAGCATTCG; V737R_F,
CTCCTCGCCTGTCGGCACAACTATCAGCCGTGCGTACAGAGGG; V737R_R,
CTGATAGTTGTGCCGACAGGCGAGGAGTAGTAGTTGACTCCGC; F803R_F,
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AGCCAAATTGAACGTGCCCTCTGCAGAACCCAAAATAAGGAAA; FBO3R_R,
TCTGCAGAGGGCACGTTCAATTTGGCTTTTCTCAGTACTGGAC.

Recombinant ERAP1 expression and purification

Expression clone of each mutant was generated according to the manufacturer’s instructions
(Invitrogen). Sequences of all selected mutants were verified by DNA sequencing.
Expression clone of the wild-type (WT) or mutant was transformed into DH10Bac
competent cells. White colonies were then selected for isolation of recombinant bacmid.

To confirm the correct insertion of the gene of interest in the bacmid DNA, PCR was
performed using M13 forward and reverse primers followed by electrophoresis of PCR
products on 1% DNA agarose gel. The bacmid DNA was then transfected to insect Sf9

cells growing in SF-900 11 serum-free medium (Thermo Fisher Scientific), according to the
manufacturer’s instructions. When the signs for transfection appeared, the culture medium
containing recombinant baculovirus (VO) was collected by centrifugation for 6 minutes at
700g. Two amplification rounds were carried out to generate recombinant baculoviral stock
with higher titer (V1 and VV2). The V2 titers of WT and mutant viral stocks were determined
by viral plague assay to be 1-2 x 108 PFU/ml. To determine the optimal MOI and time of
post-infection for best protein expression yield, culture samples with varying MOI (0.5, 1, 2
and 4 pfu/cell) and at various post-infection incubation (48, 72 and 96 hours) were collected
and analyzed by Western blotting.

WT and mutant ERAP1 enzymes were expressed in Spodoptera frugiperda (Sf9) insect
cells via Bac-to-Bac baculoviral expression system by a method modified from previously
described approaches (53, 54). Each of these enzyme variants with a C-terminal Hisg-tag
was purified from a 400-ml cell culture using Ni-NTA affinity chromatography. Briefly, Sf9
insect cell culture was pelleted by centrifuging at 700g using Sorvall Dupont HS-4 rotor
for 10 min. The cell pellet was re-suspended in binding buffer (50mM Tris HCI, pH 7.5,
300mM NaCl and 10mM imidazole) and lysed by 3 cycles of sonication for 10 seconds

on ice with 20 seconds break in-between. Soluble protein in the supernatant was separated
from cell debris by high-speed centrifugation using a SS-34 rotor at 13,0009 for 55 minutes
at 4°C. The supernatant was loaded onto a pre-equilibrated Ni-NTA resin in a gravity flow
column (Bio-Rad), which was further washed 5x with a wash buffer (50mM Tris HCI,

pH 7.5, 300mM NaCl and 30mM imidazole). The histidine-tagged recombinant protein
was then eluted with elution buffer (50mM Tris HCI, pH 7.5, 300mM NaCl and 400mM
imidazole). The entire purification process was performed at 4°C.

The eluted proteins from Ni-NTA resin were concentrated to ~4 mg/ml in 500pl for further
purification with a Superdex 200 Increase gel filtration column (Cytiva). Before loading to
the column, 16% (v/v) glycerol was added to the concentrated protein sample to stabilize
it. Separation was carried out with running buffer containing 20mM Tris HCI, pH 7.5 and
10mM NaCl. The first peak was aggregation peak, the second peak was the ERAP1 full
length peak, and the third peak was the degraded ERAP1 C-terminal. The second peak of
protein, eluted around 12 ml, was collected and concentrated to 0.5 to 1 mg/ml.

To quantify ERAP1 wildtype and mutant proteins, different concentrations (1, 0.5, 0.25
and 0.125 mg/ml) of bovine serum albumin (BSA) protein (Thermo Fisher Scientific) were
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prepared in the gel filtration buffer as standards. Equal volume (8ul) of BSA standards

and ERAP1 (wildtype and mutants) proteins were then loaded onto an SDS-PAGE gel

for quality and quantity analysis. The protein concentration of the ERAP1 proteins was
estimated by comparing it to the protein standard bands on the gel. From each 400-ml
culture, approximately 0.05 to 0.25 mg of protein was obtained for ERAP1 WT or variants.

Enzyme Activation Assays

Aminopeptidase activity for ERAP1 WT and mutant enzymes was determined by measuring
fluorescence of 7-amido-4-methylcoumarin (AMC) release from hydrolysis of the dipeptide
analog Leucine-AMC (L-AMC) (Figure S1). The assays were performed in 200 pl buffer
composed of 50 mM Tris/HCI (pH 8.0), 0.1 M NaCl, containing 1.5 pg mI~1 of enzyme

in the presence or absence of 100 uM IINFEKL or IINFEKE peptide (Genescript) at 25°C.
Hydrolysis of 100 uM L-AMC was followed for 5 minutes and hydrolyzed AMC was
measured using an excitation wavelength of 380 nm and an emission wavelength of 460 nm.
Fluorescence intensities were calibrated using AMC as standards.

Kinetics Studies of Peptidase Activation by 7-mer Peptides

Kinetic studies of L-AMC hydrolysis activated by 7-mer peptides were performed to
determine kinetic parameters. Each reaction contained 1.5 ug ml~1 ERAP1 (WT or mutants)
with varying concentrations (0-2,000 uM) of L-AMC (in Figure 2b) or peptide (IINFEKL
in Figure 3) in a buffer containing 50 mM Tris/HCI (pH 8.0), 0.1 M NaCl at 27 °C,

and with either 100 pM of peptide if applicable (in Figure 2b) or L-AMC (in Figure 3).
Hydrolysis of L-AMC was followed for 5 minutes and hydrolyzed AMC was measured
using an excitation wavelength of 380 nm and an emission wavelength of 460 nm.

Curve fitting to obtain Vmax, half-Vmax concentration Ky, of L-AMC, half maximal
activation concentration ACsq of peptide activator, and the cooperativity Hill coefficient (h)
values were calculated using the Prism 8 software, GraphPad (https://www.graphpad.com/
scientific-software/prism/). Statistics were performed by Brown-Forsyth one-way ANOVA
and Tukey’s multiple comparisons test, using GraphPad Prism 8 software.

Peptide Trimming Assays

100 nmoles of the 11-mer peptide QLESIINFEKL or QLESIINFEKE (synthesized by
Genescript, Piscataway, NJ) were incubated at 30 °C with 3.5 ug of ERAP1 WT or mutant
enzyme in 1ml of 50 mM Tris pH 7.8 containing 0.5 ug protease free bovine serum
albumin (Sigma Aldrich, Louis, MO) in a time course experiment (aliquoted at 0.5, 1, 2,
5, 10, 30, 60, 90, & 120 minutes). The reaction was stopped by adding formic acid to a
final concentration of 1% (v/v). Samples were then run through a Shim-pack GWS C18
column (150 mmL. x 4.6 mml.D., 5um, Shimadzu) and analyzed by LC-MS/MS (Shimadzu
Icms 8040). Peptide separation was performed using an 8 min gradient running from 5%
acetonitrile, 0.1% formic acid in H20 to 100% acetonitrile, 0.1% formic acid in H20 at a
flow rate of 0.5 ml/min. Quantitative data was obtained by the generation and integration
of multiple reaction monitoring (MRM) of the product ions of each peptide intermediate
using the Lab Solutions Analysis Software (Shimadzu). For normalization, the areas of all
MRMs observed in each time point were added together, and the signal of each peptide
intermediate was calculated as a percentage of the sum of all MRMs. 100, 50, 25, 12.5,
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6.25 nmol standards of peptides were used to quantify trimming and generation of peptide
fragments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Interactions between substrate PC anchor side chain and the putative ERAP1
specificity subsite SC.
(a) The C-terminus binding cleft of ERAP1 is shown as solvent accessible surfaces colored

by electrostatic potentials: from red to blue for negatively charged to positively charged
areas. The peptide Leu anchor at the PC position (Leu_PC) is shown as a stick model
colored by atom types: yellow for carbons, blue for nitrogen, and red for oxygens. ERAP1
residues surrounding the Leu_PC side chain are shown as turquoise stick models.

(b) Structural superposition of two different peptide PC anchors, Phe_PC and Leu_PC,
bound at the same SC hydrophobic pocket around ERAP1 side chains Leu733, Leu734,
Val737, and Phe803. 11e681 is omitted here for clarity. Bound peptides in complex with
ERAP1 are indicated as thick stick models, whereas side chains forming the ERAP1
specificity pocket are shown as skinny stick models. Atoms of PC anchors and surrounding
ERAPL residues are colored by atom type: yellow for carbons in complex with Phe_PC
anchor, green for carbons in complex with Leu_PC anchor, blue for nitrogens, and red for
oxygens. Figures are adapted from previous structural reports (32, 33).
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Figure 2. Enzyme variants purification and Kinetic analysis of L-AMC hydrolysis in the absence
or the presence of IINFEKL or IINFEKE peptide.
(a) SDS-PAGE analysis of purified ERAP1 WT or mutant enzyme, stained with Coomassie

blue. Lane M represents molecular weight markers. Note that for I681R mutant, apart from
the full length ERAP1 band (~100 kDa), there are two additional bands around 55 kDa
(highlighted by *).

(b) Steady state kinetics studies of L-AMC hydrolysis were measured in the absence or

the presence of a peptide activator (IINFEKL or IINFEKE) with varying concentrations
(0-2,000 uM) of L-AMC. Initial rates (V) were calculated based on reactions at three
different time points, and are expressed in unit of nmoles.min~1.ug=1 enzyme. In the absence
of peptides, L-AMC hydrolysis show positive cooperativity and fits a sigmoidal allosteric
curve for all enzymes (blue curves). In the presence of IINFEKL peptide, all variants had
an increased activity and followed hyperbolic (Michaelis-Menten) kinetics without apparent
cooperativity (green curves). On the other hand, presence of IINFEKE peptide did not
significantly change the sigmoidal curve of the enzymes except for the V737R mutant that
had a small but significant increase in activity (magenta curves). The insets are zoom-in
graphs of L733R and V737R mutants. The assays were performed with 1.5 ug ml~1 ERAP1
(WT or mutants) with varying concentrations (0-2,000 uM) of L-AMC at 27 °C, and if
applicable with 100 uM of peptide (IINFEKL or IINFEKE). Hydrolysis of L-AMC was
followed for 5 minutes. Error bars represent standard errors of three independent repeats
(only visible when sufficiently large on the graph).

(c) One-way ANOVA analysis for comparing activities of L733R and V737R in the absence
or the presence of a peptide activator (IINFEKL or IINFEKE). Statistics were performed

by Brown-Forsyth one-way ANOVA and Tukey’s multiple comparisons test, based on the
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kinetics data points at the L-AMC concentration of 2.0 mM in (4). For L733R, Pvalues are
*=0.0224, **=0.0067. For V737R, Pvalues are **=0.0027, ***=0.0003.
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Figure 3. Determination of kinetic parameter ACsgq for the peptide effector IINFEKL.

Initial rates of L-AMC hydrolysis as a function of peptide concentration are shown for

Page 21

ERAP1 WT, and variants 1681R, L733R, L734R, V737R and F803R, and are expressed in
unit of nmoles.min~L.ug™! enzyme. Solid lines show the best fit to an equation describing
simple Michaelis-Menten Kinetics with estimated Vmax and AC50 values listed in Table

2. The assays were performed with 1.5 pg mI~1 ERAP1 (WT or mutants) with varying

concentrations (0-2,000 uM) of peptide IINFEKL at 27 °C, and with 100 puM of L-AMC.
Hydrolysis of L-AMC was followed for 5 minutes. Error bars represent the standard errors
of three independent repeats (only visible when sufficiently large on the graph).
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Figure 4. The N-terminal peptide trimming of a natural antigen precursor by ERAP1 variants.
Peptide trimming of ERAP1 WT and mutants were monitored by LC-MS/MS for: (a)

the decrease of the initial 11-mer antigen precursor KL1 (QLESIINFEKL), and (b) the
concurrent generation and further trimming of the 10-mer product KL2 (LESIINFEKL).
Error bars represent the standard errors of two independent experiments (only visible when
sufficiently large on the graph). Each data point (relative quantity) was normalized to the
starting 11-mer substrate KL1 (at 0-min in (&)).
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Figure 5. The N-terminal peptide trimming of an altered antigen precursor carrying Glu at the

PC position.

Peptide trimming activity on a modified peptide precursor with a negatively charged residue
(glutamic acid, E) at the PC position was monitored by LC-MS/MS for: (a) the decrease

of the initial 11-mer antigen precursor KE1 (QLESIINFEKE), and (b) the concurrent

generation and further trimming of the 10-mer product KE2 (LESIINFEKE). Error bars
represent the standard errors of two independent experiments (only visible when sufficiently
large on the graph). Each data point (relative quantity) was normalized to the starting 11-mer

substrate KE1 (at 0-min in (a)).
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Figure 6. Comparative analyses of N-terminal trimming efficiency on precursor peptides that
differ in only the PC anchor: a hydrophobic Leu vs a negatively charged Glu.

LC-MS/MS was used to compare N-terminal trimming efficiency on precursor peptides KL1
(QLESIINFEKL, blue curves) vs KE1 (QLESIINFEKE, orange curves), carrying either a
hydrophobic Leu or a negatively charged Glu at the PC position. Comparative analyses are
presented for the ERAP1 WT (a), and mutants 1681R (b), L733R (c), L734R (d), V737R

(e), and F803R (f). Error bars represent the standard errors of two independent experiments
(only visible when sufficiently large on the graph).
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Figure 7. Comparative analyses of concurrent generation and cleavage of the 10-mer peptide
intermediate that differ in only the PC anchor: a hydrophobic Leu vs a negatively charged Glu.

LC-MS/MS was used to compare the rate of generation and subsequent cleavage on the
peptide intermediates KL2 (LESIINFEKL, blue curves) vs KE2 (LESIINFEKE, orange
curves), carrying either a hydrophobic Leu or a negatively charged Glu at the PC position.
Comparative analyses are presented for the ERAP1 WT (a), and mutants 1681R (b), L733R
(c), L734R (d), V737R (e), and F803R (f). Error bars represent the standard errors of two
independent experiments (only visible when sufficiently large on the graph).
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Table 1.

Kinetic parameters of L-AMC hydrolysis in the absence or the presence of a peptide activator?.

ERAP1 + Activator  Vmax (nmol/min/ug) Ky (MM)  Hill coef. (h)

Wildtype
- 193 +8 0.38 +0.05 2.6
IINFEKL 391+6 0.19 £0.03 2.6
IINFEKE 169 + 6 0.34 £0.08 24
1681R
- 210+8 0.23+0.04 1.8
IINFEKL 359+5 0.40 £ 0.09 1.4
IINFEKE 23447 0.24 +0.06 17
L733R
- 50+ 1 0.19 +0.03 15
IINFEKL 84+1 0.22 +0.04 1.0
IINFEKE 56+ 1 0.23+0.08 1.4
L734R
- 263+4 0.33 £0.09 13
IINFEKL 351+5 0.33+0.09 1.6
IINFEKE 264+2 0.30 £ 0.07 15
V737R
- 90+1 0.52 +0.09 1.9
IINFEKL 107 +1 0.34+0.14 1.4
IINFEKE 1411 0.34+0.14 1.4
F803R
- 200£2 0.39 £ 0.06 26
IINFEKL 379+4 0.20 +0.03 2.0
IINFEKE 179+1 0.35+0.08 23

a,. .. . -
Kinetic parameters were calculated using the data presented in Figure 2b.
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Table 2.

Kinetic parameters of peptide activator INFEKL for L-AMC hydrolysis?.

ERAP1 Vmax (nmol/min/pug)  ACsq (MM)

Wildtype
1681R
L733R
L734R
V737R
F803R

241+6
175+ 54
211+10
112+8
62+7
217+9

0.08 £0.01
146+0.84
0.44 +0.06
0.58 £0.12
0.59+0.17
0.17+0.03

a, . . . -
Kinetic parameters were calculated using the data presented in Figure 3.
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