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ERp44 retrieves some endoplasmic reticulum (ER)-resident enzymes
and immature oligomers of secretory proteins from the Golgi.
Association of ERp44 with its clients is regulated by pH-dependent
mechanisms, but the molecular details are not fully understood.
Here we report high-resolution crystal structures of human ERp44 at
neutral and weakly acidic pH. These structures reveal key regions in
the C-terminal tail (C tail) missing in the original crystal structure,
including a regulatory histidine-rich region and a subsequent ex-
tended loop. The former region forms a short α-helix (α16), generat-
ing a histidine-clustered site (His cluster). At low pH, the three Trx-like
domains of ERp44 (“a,” “b,” and “b′”) undergo significant rearrange-
ments, likely induced by protonation of His157 located at the interface
between the a and b domains. The α16-helix is partially unwound and
the extended loop is disordered in weakly acidic conditions, probably
due to electrostatic repulsion between the protonated histidines in
the His cluster. Molecular dynamics simulations indicated that helix
unwinding enhances the flexibility of the C tail, disrupting its normal
hydrogen-bonding pattern. The observed pH-dependent conforma-
tional changes significantly enlarge the positively charged regions
around the client-binding site of ERp44 at low pH. Mutational analy-
ses showed that ERp44 forms mixed disulfides with specific cysteines
residing on negatively charged loop regions of Ero1α. We propose
that the protonation states of the essential histidines regulate the
ERp44–client interaction by altering the C-tail dynamics and surface
electrostatic potential of ERp44.
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The early secretory pathway (ESP), which consists of the en-
doplasmic reticulum (ER), ER–Golgi intermediate com-

partment (ERGIC), and Golgi apparatus, has evolved elaborate
and coordinated systems that facilitate the folding and matura-
tion of secretory and membrane proteins (1). Nascent secretory
proteins enter the ER and undergo folding, N-glycosylation, and
disulfide-bond formation, in which a large number of chaper-
ones, glycosylation enzymes, and oxidoreductases are involved
(2, 3). For instance, BiP and calnexin/calreticulin function as
stringent checkpoints that only allow natively folded proteins to
be transported to the Golgi (4). In compartments downstream of
the ER, ERp44, a member of the protein disulfide isomerase
(PDI) family, serves as a second checkpoint that surveys the
proper assembly of some secretory proteins (5, 6). ERp44 is
mostly localized in the ERGIC and cis-Golgi. In concert with
KDEL receptors, it mediates the transport of immature oligo-
meric proteins such as IgM (7, 8), adiponectin (9–11), and se-
rotonin transporter (SERT) (12) from the Golgi to the ER.
ERp44 also retains some ER-resident enzymes that lack KDEL-
like motifs and are hence unable to return to the ER without
assistance, including ER oxidoreductin 1 (Ero1) (7, 13, 14),
peroxiredoxin 4 (Prx4) (15), sulfatase modifying factor 1 (Sumf1)
(16), and ER aminopeptidase 1 (ERAP1) (17). ERp44 is com-
posed of three thioredoxin (Trx)-like domains (“a,” “b,” and “b′”),

followed by a C-terminal extension (C tail) composed of 52 residues
(18). The a domain contains a rather unique CRFS motif (13). The
cysteine in this motif (Cys29) is known to form mixed disulfide
bonds with client proteins to promote their thiol-dependent
retention (7).
We recently showed that interactions between ERp44 and

client proteins are pH-dependent (19). At neutral pH (∼7.2) in
the ER (20, 21), the C tail of ERp44 interacts with the a domain
through a number of hydrogen bonds, including one between
Cys29 and Thr369. These interactions shield the client-binding
site around Cys29 (18). Once transported into the weakly acidic
Golgi (pH 6.0 to 6.7), ERp44 undergoes conformational changes
that open the C tail and facilitate association with its clients.
Furthermore, conserved histidine residues located around the
base of the C tail are important for the pH-dependent regulation
of ERp44 (22). However, the original crystal structure was de-
termined only at pH 7.5, and several important regions, including
the histidine-rich region, were not defined in the electron density
map. Thus, molecular details of the pH-dependent regulation of
ERp44 were still unclear.
To elucidate the mechanisms underlying the pH-dependent

conformational changes of ERp44, we determined the crystal
structures of ERp44 in neutral and weakly acidic conditions at
higher resolutions (2.00- and 2.05-Å resolution, respectively)
than that of the original crystal structure (2.6-Å resolution). The
updated crystal structures reveal that protonation of several
conserved histidines (His157, His299, His328, His332, and His333)
induces pH-dependent movements of the three Trx-like domains
and triggers local helix unwinding, leading to enhanced dynamics
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of the C tail. These conformational changes expose a wider pos-
itively charged molecular surface, promoting the electrostatic in-
teractions with client proteins. These findings provide a basic
framework for understanding the ERp44-mediated protein quality
control cycle at the ER–Golgi interface.

Results
Higher-Resolution Crystal Structures of ERp44. Previous studies in-
dicated that the pH gradient between the ER and the Golgi
regulates the interaction of ERp44 with its clients (19). To reveal
the structural and mechanistic basis of the pH-dependent regu-
lation of ERp44, we attempted to solve high-resolution crystal

structures of ERp44 in the range from pH 6.5 (Golgi) to pH 7.2
(ER). By optimizing precipitant and cryoprotectant conditions as
well as deleting the C-terminal RDEL motif, we successfully
determined the crystal structure of ERp44 at neutral pH
(pH 7.2) at 2.00-Å resolution (E form; Table S1). As previously
shown (18), the overall structure of ERp44 consists of three Trx-
like domains (a, b, and b′ domains) and a closed C tail, adopting
a clover-shaped structure (Fig. 1A). However, the domain ar-
rangement in the present structure differs, the a and b′ domains
rotating by ∼11° and 25°, respectively, with respect to their po-
sitions in the original structure (Fig. 1B). This difference is
presumably due to the small molecule (succinic acid) bound to

Fig. 1. Higher-resolution crystal structure of ERp44 at neutral pH. (A) Overall structure of ERp44 at 2.0-Å resolution. The a, b, and b′ domains and the C tail
are shown in green, yellow, blue, and magenta, respectively. (B) Superposition of the present (cyan) and original (wheat) structures of ERp44. A succinic acid
(SIN) molecule bound to the original structure is shown in sphere representation. (C) Regions that are built into the present structure but absent in the
original structure (2.6-Å resolution) are highlighted in green (residues Arg119 to Ser130 and Ser170 to Gly177) and cyan (residues Lys326 to Ala350).
(D) 2mFo − DFc sigma-weighted map (green; 1σ) and feature-enhanced map (magenta; 1σ) (51) of the region around residues 119 to 130 (cyan). (E) Close-up
view of the C tail of ERp44. Conserved histidine residues are shown as sticks. A dotted line represents a missing region in the electron density map. (F) Close-up
view of the histidine-clustered site in the C tail. (G and H) 2mFo − DFc sigma-weighted map (green; 1σ) and feature-enhanced map (magenta; 1σ) of the region
around the His cluster (G) or the extended loop (H).
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ERp44 in the original structure (Fig. 1B). In the updated struc-
ture, almost all of the residues, including the C tail and other
regions missing in the original structure, are clearly resolved in the
electron density map (Fig. 1 C, D, G, and H). Residues Arg119 to
Ser130 and Ser170 to Gly177 in the flexible loops of the b domain
are found to assume 310- and α-helices, respectively (shown in
green, Fig. 1C). The crystal structure further reveals that the C tail
of ERp44 consists of three regions: an α-helix (α16), extended
loop, and shielding segment (Fig. 1E). The histidine-rich region
(residues 326 to 333) containing three conserved histidine residues
(His328, His332, and His333) forms the α16-helix. Notably, His328
and His332 are in close proximity to His299, forming a histidine-
clustered site (His cluster) (Fig. 1F). This site may facilitate metal
ion binding to ERp44. Residues Gly334 to Ala350 form the long
extended loop, connecting the α16-helix to the shielding segment
(Fig. 1 E and G). The shielding segment (residues 351 to 378)
covers a hydrophobic patch in the b′ domain and interacts with
the a domain through several hydrogen bonds, as observed in the
original structure (see also the next section).

Histidine Protonation Induces the pH-Dependent Domain Rearrangement
and Changes in Surface Potential. To elucidate the pH-dependent
conformational changes of ERp44, we also determined the crystal
structure at weakly acidic pH (pH 6.5) at 2.05-Å resolution (G form;
Table S1). Both E and G forms belong to the space group P3121,
with similar unit-cell dimensions and crystal packing. Therefore, the
observed structural differences between the two forms should not
be due to the difference in crystal packing but most likely to pH-
dependent conformational changes. Each Trx-like domain in the G
form is nearly identical to its corresponding domain in the E form
(Fig. S1A). However, superposition of the b domain of the two
forms shows that the a and b′ domains in the G form are rotated by
∼7° and ∼10°, respectively, with respect to their counterparts in the
E form, leading to a significant separation between the b′ and b
domains (Fig. 2A). These movements appear to be induced in part
by the different modes of interaction between His157 (b domain)
and Gln110 (a domain) (Fig. 2B). In the E form, a configuration of
His157 protonated at Nδ1 produced the best fit in the electron
density map. The Nδ1 of His157 is within hydrogen-bonding dis-
tance (3.1 Å) of the carbonyl oxygen of Asn154 and also forms a
weak hydrogen bond with the main-chain carbonyl oxygen of
Asn153. The Oe of Gln110 makes van der Waals contact with the
Ce of His157 at a distance of 3.3 Å. In the G form, the flipped
imidazole ring of His157 gives a better fit, suggesting that the Ne1 of
His157 is protonated and forms a hydrogen bond with the Oe
of Gln110. As a result, Gln110 gets closer to His157, leading to the
∼7° rotation of the a domain. These local conformational changes
surrounding His157 are also transmitted to the linker region be-
tween the b and b′ domains through van der Waals contacts be-
tween Cys160 and Cys212, resulting in the ∼10° rotation of the b′
domain (Fig. 2C). These findings indicate that His157 protonation
significantly influences the overall conformation of ERp44.
Importantly, the observed domain movements result in sub-

stantial changes in the electrostatic surface potential. In the G form,
the relative positions of several arginine and lysine residues are
altered relative to those in the E form, and two hydrogen bonds and
a salt bridge formed between Arg329 and Asp336 in the E form are
disrupted (Fig. 2D). As a result, the positively charged regions on
the surface of the a and b′ domains (about 1,800 Å2) are sig-
nificantly enlarged in the G form compared with those in the
E form (about 1,000 Å2) (Fig. 2E). Likewise, the overall elec-
trostatic surface potential is affected (Fig. S2). A hydrophobic
patch between the b and b′ domains is more solvent-exposed in the
G form (Fig. S2), which is ascribed to the significant separation
between these two domains mentioned above (Fig. 2A). These
differences in the surface charge distribution between the E and
G forms are consistent with our previous finding that ERp44 binds

to and dissociates from client proteins in a pH-dependent manner
(19) (see also Discussion).

The pH-Dependent Dynamics of the C Tail. A change in pH also af-
fects the conformation and dynamics of the C tail (Fig. 3A). In the E
form, the histidine-rich region in the C tail (residues 326 to 333)
adopts an α-helical conformation (α16), in which His332 and
His333 form hydrogen bonds with the main-chain atoms of Val349
and the side chain of Asp348 in the extended loop, respectively (Fig.
3A). Notably, a part of the α16-helix (residues Glu330 to His333) is
unwound in the G form (Fig. 3B). His332 and His333 assume an
extended configuration in the G form, leading to disruption of the
hydrogen bonds at the interface of the α16-helix and the extended
loop (Fig. 3B). As a result, the extended loop is highly disordered in
the G form (Fig. 3C, magenta dotted line).
Compared with the extended loop, the shielding segment of

the C tail in the G form undergoes little displacement from the
position in the E form upon a 7.2 to 6.5 pH shift (Fig. S1B),
despite previous studies that suggested a significant opening of
the C tail at weakly acidic pH (19). This observation may be
ascribed to the crystal packing restricting the dynamics of the
shielding segment. To model the dynamics of the C tail, we
carried out molecular dynamics (MD) simulations using the
higher-resolution crystal structures determined in the present
work. The overall structures were stable over the entire simula-
tion duration, with an average backbone rmsd of ∼3 to ∼5 Å
from the starting structure (Fig. 4A). In the MD simulation of
the E form with deprotonated Cys29, the distance between Sγ of
Cys29 and Oγ of Thr369 remained almost constant throughout
(Fig. 4B, red line and Movie S1). Protonation of Cys29 in the E
form markedly increased the fluctuation of the Sγ-to-Oγ distance
(Fig. 4B, green line). However, the number of hydrogen bonds
between the C tail and the a or b′ domain did not change ap-
preciably throughout the simulation (Fig. 4 C and D and Movie
S2). In contrast, the number of hydrogen bonds formed around
the C tail in the G form decreased significantly during the sim-
ulation (Fig. 4 C and E and Movie S3), resulting in the transient
exposure of the Sγ of Cys29 (Fig. 4 F and G). These results
strongly suggest that unwinding of the α16-helix at weakly acidic
pH increases the dynamic properties of the extended loop and
shielding segment through significant disruption of hydrogen
bonds around the C tail.

ERp44 Recognizes Multiple Ero1α Cysteines Through Electrostatic
Interactions. The present finding that the putative client-binding
surface around Cys29 is more positively charged at low pH (Fig.
2E) suggests that ERp44 preferentially recognizes negatively
charged regions in its client proteins. To gain insight into the
mode of interaction between ERp44 and client proteins, we in-
vestigated which cysteine(s) of Ero1α engage(s) in covalent
linkages with Cys29 of ERp44, using a set of Ero1α mutants (Fig.
S3). Mixtures of ERp44 and wild-type (WT) Ero1α demon-
strated that the two proteins form at least three types of mixed
disulfide complexes (CI, CII, and CIII in Fig. 5A, lane 1). The
CIII band disappeared upon mutation of Cys208/241Ser (WTSS)
(lane 2), suggesting that CIII contains a mixed disulfide between
Cys29 of ERp44 and Cys208 or Cys241 of Ero1α. A CI band was
only observed for the hyperactive Ero1α (HA) mutant, its variant
with Cys208/241Ser mutations (HASS), and the inactive (IA)
Ero1α with Cys208/241Ser mutations (IASS) (lanes 3, 4, and 6,
respectively). These three mutants all had Cys94 in common,
which implies that Cys94 is the primary Ero1α cysteine involved
in formation of the CI complex. In agreement with this, a
cysteine-less mutant in which Cys94, Cys99, Cys104, and Cys131
were all mutated to Ala did not form a CI complex (lane 7).
Whereas WTSS did display a CII band (lane 2), IASS did not
(lane 6). These observations suggest that CII involves Cys99 or
Cys104 of Ero1α. Collectively, these results led us to conclude that
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Fig. 2. pH-dependent domain movements in ERp44. (A) Comparison of the overall structure of the E form (pH 7.2; cyan) and G form (pH 6.5; magenta). The b
domains of the two structures are superposed onto each other. (B) Close-up view of the interaction between His157 and Gln110 (Left, E form; Center, G form;
Right, superposition). Hydrogen bonds and van der Waals contacts are represented by yellow broken lines, with distances in angstroms. Feature-enhanced
maps at 2.5σ are shown in pink. (C) Close-up view of a communication between His157 and Pro213 that leads to the rotation in the b′ domain. (D) Comparison
of the positions of arginine and lysine residues of the two structures. Arginine and lysine residues are represented by sticks. Hydrogen bonds and a salt bridge
are indicated with dashed circles. (E) Electrostatic potential of ERp44 in the E form at pH 7.2 (Lower Left) and G form at pH 6.5 (Lower Right), viewed from the
same direction as the ribbon diagram (Upper). Positively and negatively charged regions are denoted in blue [+3 Boltzmann constant (kB)T/e] and red (−3 kBT/e),
respectively. The positively charged regions of the a and b′ domains encircled by green dashed lines bury ∼1,800 and ∼1,000 Å2 of accessible surface in the G and E
forms, respectively.

Watanabe et al. PNAS | Published online April 3, 2017 | E3227

BI
O
CH

EM
IS
TR

Y
PN

A
S
PL

U
S



Cys29 forms mixed disulfide bonds with either one of the regulatory
loop cysteines of Ero1α (23). Cys208 or Cys241 of Ero1α engages in
complex formation with ERp44 more frequently when Cys94 is
unavailable (see the bands marked with an asterisk in lanes
5 and 7).
It is noteworthy that both Cys94–Cys131 and Cys208–

Cys241 in Ero1α are located in loop regions rich in negative
charges (Fig. S4 A and B), although the flexible segment around
Cys99 is not resolved in the crystal structure of Ero1α (23). In
contrast, the regions around the N-terminal cysteines (Cys35,
Cys37, Cys46, and Cys48) of Ero1α, which were not involved in
mixed disulfide formation with ERp44, are positively charged
(Fig. S4C). These observations support our notion that the
positively charged surface around Cys29 of ERp44 interacts pref-
erentially with the negatively charged loop regions of Ero1α, leading
to the efficient formation of the ERp44–Ero1α covalent complex.

The pH-Dependent Enthalpy-Driven Interactions Between ERp44 and
Ero1α. To further probe the electrostatic interaction between
ERp44 and Ero1α, we investigated the thermodynamics of the
binding of ERp44 to Ero1α by isothermal titration calorimetry
(ITC). In the ITC experiments, the Ero1α hyperactive mutant
was used as a titrant because this mutant bound strongly to
ERp44, mainly through the single interaction mode (Fig. 5A,
lane 3). At pH 7.2, ERp44 interacted weakly with Ero1α ΗΑ,
with a Kd of 11 μM (Fig. 5B). At pH 6.2, however, the affinity of

ERp44 for Ero1α ΗΑ was significantly increased (Kd 1.3 μM), as
previously shown by surface plasmon resonance measurements
(19). The ITC analyses uncovered that the interaction between
ERp44 and Ero1α HA was an exothermic reaction at both
pH 7.2 and 6.2. The large negative enthalpy (ΔH) values gen-
erated by titration of ERp44 with Ero1α indicate that electro-
static interactions and hydrogen bonds are the primary driving
forces, consistent with the distribution of opposite charges on the
surfaces of ERp44 and Ero1α as addressed above.

Discussion
Previous studies have indicated that the protonation state of
Cys29 is a key determinant of the opened/closed configuration of
the C tail (19). However, the observation that a number of hy-
drogen bonds and van der Waals contacts are formed between
the C tail and the a and b′ domains (Fig. 4 D and E) suggested
that additional factors are involved in the pH-dependent regulation
of ERp44. The higher-resolution crystal structures of ERp44 at
pH 6.5 and 7.2 described herein reveal that the protonation and
orientation of the histidine bridging the a and b domains (His157)
and of the conserved histidines constituting the His cluster (His299,
His328, His332, and His333) (Figs. 2 A and B and 3 A and B) are
also key to the pH-dependent conformational changes of ERp44.
MD simulations demonstrate that acidic conditions induce the
unwinding of the α16-helix, resulting in the disruption of several
hydrogen bonds around the C tail. This enhances the dynamics of
the C tail and facilitates the exposure of Cys29 to bulk solvent (Fig.
4G). Previous results showed that mutating these histidine residues
abolished the pH sensitivity in living cells (22), which could be
explained by the inhibited α16-helix unwinding.
Our systematic mutation assays demonstrated that Cys29 lo-

cated at the positively charged surface of ERp44 forms the mixed
disulfide with cysteines located within the negatively charged
loop regions of Ero1α. These results suggest that electrostatic
interactions play an essential role in client recognition in ERp44.
However, previous studies suggested that the surface around
Cys29 in the ERp44 a domain mediates “hydrophobic” interac-
tion with client proteins (18, 19). This discrepancy is likely due to
inappropriate representation of the molecular surfaces (Fig. S5A).
Reanalysis of the chemical properties of the ERp44 surfaces in
light of the present higher-resolution crystal structures shows that
the substrate-binding site around Cys29 is less hydrophobic (Fig.
S5B) but rather positively charged (Fig. S5 C and D). This struc-
tural feature therefore appears suited to interact with the nega-
tively charged surface of Ero1α.
Importantly, other ERp44 clients also share similar surface

properties with Ero1α. Prx4 contains three solvent-exposed cys-
teines (Cys51, Cys124, and Cys245) (24–26). In the oxidized form
of Prx4, the peroxidatic (Cys124) cysteine of one protomer forms
a disulfide bond with the resolving (Cys245) cysteine of another
protomer, whereas Cys51 is not visible in the electron density in
the reported crystal structures (24, 25). Notably, the molecular
surface around the Cys124–Cys245 disulfide bond in Prx4 is
negatively charged, as are the surfaces surrounding the ERp44-
targeting cysteines in Ero1α (Fig. S6 A and B). The crystal
structure of SERT also reveals that the target disulfide bond
(Cys200–Cys209) is surrounded by negatively charged loops (Fig.
S6D) (27). Similarly, other client proteins, Sumf1 and ERAP1,
have negatively charged regions, although their putative ERp44-
binding sites are not resolved in the reported crystal structures
(28–31) (Fig. S6 E and F). Altogether, a negatively charged flex-
ible loop is likely a common structural feature in ERp44 clients.
Based on these findings, we can draw a molecular model of the

pH-dependent protein quality control cycle exerted by ERp44
(Fig. 5C). In the ER (pH ∼7.2), the Nδ of His157 is presumably
protonated and makes hydrogen bonds with the carbonyl oxygens
of Ala153 and Asn154 (Fig. 2B and Fig. S7A). The histidine-rich
region in the C tail assumes the α16-helix, interacting with the

Fig. 3. pH-dependent conformational changes around the histidine-rich
region. (A) Close-up view of interactions between the histidine residues in
the α16-helix and their contact residues located in the extended loop in the E
form. Hydrogen bonds are shown as yellow dashed lines. (B) Close-up view
of the partially unwound α16-helix in the G form. Note that electron density
was invisible for most of the extended loop in the G form, probably due to
the highly disordered structure. Only the tentatively placed N-terminal and
C-terminal short segments of the loop are represented by dashed lines.
(C) Superposition of the α16-helices of the two structures. The dotted lines
indicate the unstructured regions whose electron density is invisible even in
the present higher-resolution crystal structures.
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Fig. 4. pH-sensitive dynamics of the C tail. (A) Root-mean-square deviation plots of the backbone atoms (N, Cα, and C) from the energy-minimized
starting structures. (B) Distances between the Sγ of Cys29 and the Oγ of Thr369 during the MD simulations. (C ) Number of hydrogen bonds between
the C tail (residues 350 to 378) and the a and b′ domains (residues 10 to 340) during the MD simulations. (D and E ) Hydrogen bonds
around the C tail in the crystal structure of the E form (D) and those in a snapshot of the MD simulation of the G form (E ) are represented by green
dashed lines. (F ) Close-up view around Cys29 (shown in sphere representation) in the initial structure of the E form with Cys29 modeled as the
deprotonated state. All atoms except Cys29 and Thr369 are colored in gray. The carbon, oxygen, nitrogen, and sulfur atoms of Cys29 and Thr369 are
colored green, blue, red, and yellow, respectively. (G) Close-up view around Cys29 from an MD simulation snapshot of the G form. The Hγ of Cys29 is
colored cyan.
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subsequent extended loop (Fig. 3A). At this stage, the client-
binding site around Cys29 is masked by the C tail. In the more
acidic Golgi, however, both the Nδ and Ne of His157 are likely to
be protonated, and the imidazole ring is flipped. This flipped
conformation seems to be induced or stabilized by the hydrogen
bond between the Ne of His157 and the Oe of Gln110 (Fig. 2B and
Fig. S7A), leading to the significant rotation of the a and b′ domains
and an enlargement of the positively charged surface area around
the client-binding site (Fig. 2D and E). Concomitantly, electrostatic
repulsion is likely to occur between the protonated His299, His328,

His332, and His333 in the His cluster, which unwinds the α16-helix
and disrupts the hydrogen bonds around the C tail (Fig. 3B and Fig.
S7B). As a result, the C-tail dynamics is enhanced and the positively
charged surface involving Cys29 is more exposed, facilitating elec-
trostatic interactions, hydrogen bonds, and mixed disulfide forma-
tion between ERp44 and its client proteins.
During the evaluation process of this paper, Yang et al.

reported the crystal structure of the ERp44–Prx4 complex (32),
which overall supports our proposed model of ERp44 binding
to the client proteins. The observation that ERp44 prefers the

Fig. 5. Modes of interaction between ERp44 and Ero1α. (A) Disulfide-bond formation of ERp44 with WT and cysteine mutants of Ero1α. ERp44 was mixed
with each of the indicated Ero1α mutants at an equal molar ratio (5 μM). The mixture was treated with 1 mM NEM and then subjected to nonreducing SDS/
PAGE. Asterisks indicate the complexes involving Cys208 or Cys241 of Ero1α. Lane 1, wild type; lane 2, WTSS (C208S/C241S); lane 3, HA (C104A/C131A); lane 4,
HASS (C104A/C131A/C208S/C241S); lane 5, IA (C94A/C104A); lane 6, IASS (C94A/C104A/C208S/C241S); lane 7, Cysless (C94A/C99A/C104A/C131A); lane 8,
CyslessSS (C94A/C99A/C104A/C131A/C208S/C241S). (B) ITC raw data (Upper) and binding isotherm data (Lower) for titration of Ero1α HA into ERp44 at pH 7.2
(Left) or 6.2 (Right). DP indicates a measured differential power between the reference and sample cells. Error bars represent errors estimated by a program
NITPIC (49) for each integrated heat. (C) Proposed working model for the pH-dependent regulation of ERp44. Green dots represent cysteine residues that
could be involved in the covalent complex. Dashed lines represent hydrogen bonds formed between the C tail and the main body of ERp44. CI, CII, and CIII
denote the three types of mixed disulfide complexes between ERp44 and Ero1α suggested by experiments shown in A.

E3230 | www.pnas.org/cgi/doi/10.1073/pnas.1621426114 Watanabe et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1621426114/-/DCSupplemental/pnas.201621426SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1621426114/-/DCSupplemental/pnas.201621426SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1621426114/-/DCSupplemental/pnas.201621426SI.pdf?targetid=nameddest=SF7
www.pnas.org/cgi/doi/10.1073/pnas.1621426114


oxidized form of Prx4 to its reduced form (32) can be explained by
the different electrostatic surface properties between these two
redox states. The Cys87–Cys208 disulfide bond of Prx4 in the
oxidized state is surrounded by negatively charged regions,
whereas there is a positively charged region near the solvent-
exposed Cys87 in the reduced state (Fig. S6 B and C). Thus,
electrostatic interactions are likely critical for ERp44 to ap-
proach the target disulfide bond in Prx4. The crystal structure of
the ERp44–Prx4 complex (32) reveals that a Cys29 (ERp44)–
Cys208 (Prx4) intermolecular disulfide bond and a number of
hydrogen bonds form at the interface between the ERp44 a
domain and the Prx4 homodimer. In this context, the flexible
C-terminal region of Prx4 assumes a β-strand, which forms hy-
drogen bonds with the β4-strand of ERp44 (32). Taken together,
these observations suggest the following general mechanism of
ERp44–client complex formation. In the weakly acidic Golgi, the
enlarged positively charged surface of ERp44 binds clients’
negatively charged loops, increasing C-tail opening. The ERp44–
client complex is further stabilized by hydrogen bonds and in-
termolecular disulfide linkages between Cys29 of ERp44 and
specific cysteines of client proteins.
The partial release of the C tail induced by low pH may ex-

plain why ERp44 localizes primarily in distal ESP compartments
(ERGIC and cis-Golgi) unless abundant clients are expressed
(10). The feasible benefit from client binding to ERp44 is the
even greater exposure of the C-terminal RDEL motif, ensuring
recognition by KDELR. In agreement with this notion, the
overexpression of a client protein significantly inhibits the se-
cretion of ERp44 mutants with impaired pH sensitivity that lack
the conserved histidines (22).
As exemplified by ERp44, the ESP is equipped with several

pH-dependent regulatory systems involving protonation of histi-
dine residues. The lectin activity of ERGIC53, which functions as a
transport receptor for some secretory glycoproteins, is controlled
by a conserved histidine switch (33). The ER-resident collagen-
specific chaperone HSP47 binds its folded clients in the ER and
releases them in the Golgi. The bind-and-release cycle of HSP47 is
regulated by protonation of a tandem histidine pair (34). A histi-
dine switch also controls the pH-dependent interaction of receptor-
associated proteins with LDL receptor family members in the ESP
(35). In these cases, protonation of the histidine residues increases
their mutual electrostatic repulsion and thereby induces partial un-
folding of the client-binding sites, resulting in client release. Simi-
larly, in ERp44, histidine protonation induces domain movements
and local helix unwinding, and these modulate the affinity for client
proteins. Thus, pH-dependent histidine protonation likely controls
both anterograde and retrograde transport in the ESP.
In summary, our results reveal how histidine protonation de-

termines the pH-dependent regulation of ERp44. It is reason-
able that other folding assistants residing in the ESP use this
strategy to regulate their localization and functionality. In all
likelihood, they also sense the redox states of client proteins and
the surrounding redox environment. Our in vitro analysis showed
that ERp44 forms covalent complexes with the hyperactive state
of Ero1α more efficiently than with its inactive state (Fig. 5A).
Likewise, ERp44 binds oxidized Prx4 better than reduced Prx4
(32). ERp44 may thus selectively transport active oxidoreduc-
tases back to the ER to promote oxidative protein folding in this
organelle. It will be interesting to further explore the hypothesis
that ERp44 selectively binds to clients in a particular redox state
to maintain the redox status and protein homeostasis in the ESP.

Materials and Methods
Purification and Crystallization of ERp44 at Neutral and Weakly Acidic pHs.
Expression and purification of recombinant WT ERp44 and a ΔRDEL mu-
tant were performed as described previously (19). All crystallizations were
performed by the sitting-drop vapor-diffusion method at 277 K. Crystals of
ERp44 ΔRDEL at neutral pH were obtained in a few days by mixing 1.2 to

1.5 μL of protein solution (30 mg/mL protein in 20 mM Tris·HCl, pH 7.5 and
150 mM NaCl) with 1.2 to 1.5 μL of precipitant solution containing 0.1 M
Tris·HCl (pH 7.6) and 19 to 21% (wt/vol) polyethylene glycol (PEG) 8000 (final
pH of 7.2). Crystals of ERp44 ΔRDEL at weakly acidic pH were grown at 277 K
for a week by mixing 0.7 μL of the protein solution (20 mg/mL protein in
20 mM Bis-Tris·HCl, pH 6.5 and 150 mM NaCl) with 0.7 μL of precipitant so-
lution containing 0.1 M Bis-Tris·HCl (pH 6.1) and 0.6 to 0.7 mM Na/K tartrate
(final pH of 6.5). Crystals of full-length ERp44 were also obtained under the same
conditions with the same space group, showing that deletion of the RDEL motif
hardly affected the overall structure, although the diffraction qualities of these
crystals were poor (3- to 4-Å resolution), compared with ERp44 ΔRDEL crystals.

Before data collection, a cryoprotectant solution containing 0.1 M Tris·HCl
(pH 7.6), 22% (wt/vol) PEG 8000, and from 5 to 15% (vol/vol) PEG 400 (for
neutral pH) or 0.1M Bis-Tris·HCl (pH 6.1), 0.68mMK/Na tartrate, and 3.5MNa
formate (for weakly acidic pH) was added to the drop in a stepwise manner,
and then crystals were flash-cooled in a nitrogen stream at 100 K.

Data Collection and Structure Determination. The X-ray diffraction data were
collected on beamline BL44XU at SPring-8 (proposal nos. 2013A6804, 2013B6804,
2014A6904, 2014B6904, 2015A6558, and 2015B6558) and beamline BL-1A at the
Photon Factory. The diffraction imageswere processedwith theHKL2000 package
(36) or XDS (37). The structures of ERp44 at neutral and weakly acidic pHs were
determined by the molecular replacement method using MOLREP (38), with the
previously determined ERp44 structure (Protein Data Bank ID code 2R2J) as a
search model. The initial electron density map was improved with RESOLVE (39).
Manual model building was performed with Coot (40), refined with PHENIX (41),
and validated with MolProbity (42). Electrostatic surface potentials were calcu-
lated using PDB2PQR (43) and APBS (44). Protonation states of the E and G forms
were assigned at pH 7.2 and 6.5, respectively, using PROPKA (45). Structural fig-
ures were prepared with PyMOL (www.pymol.org).

MD Simulation.MD simulations were performed with GROMACS 4.6.7 (46) using
the AMBER03 force field (47). The disordered extended loop in the structure
of the G form was manually modeled using the equivalent structure in the E
form. The RDEL motif was manually fused to the C terminus of the crystal
structures of the E and G forms determined in the present work. Hydrogen atoms
were added to the protein model using the pdb2gmx module in GROMACS. In
the simulation of the E form, both protonated and deprotonated forms of
Cys29 were modeled. The structures thus modified were placed in cubic boxes
filled with TIP3P water molecules (46). Systems were electrically neutralized by
replacing water molecules with an appropriate number of chloride ions. After
energy minimization, NVT (isothermal-isochoric: constant number of particles,
volume, and temperature) and NPT (isothermal-isobaric: constant number of
particles, pressure, and temperature) equilibrations (46) were performed, each
for 100 ps at 300 K. Production MD simulations were carried out for 30 ns with
integration steps of 2 fs. The number of hydrogen bonds between the C tail
(residues 350 to 378) and the Trx domains (residues 1 to 340) was determined
using the g_hbond module in GROMACS with default parameters.

Disulfide-Bond Formation Between ERp44 and Ero1α.WT andmutants of Ero1α
were prepared as described previously (23, 48). In all constructs, Cys166 was
mutated to alanine to avoid formation of aberrant disulfide-linked oligo-
mers of Ero1α. ERp44 (5 μM) andWT or mutant Ero1α (5 μM) were mixed and
incubated on ice for 30 min in 20 mM Bis-Tris·HCl (pH 6.2) and 150 mM NaCl.
Mixtures were then treated with 1 mM N-ethylmaleimide (NEM) for 10 min
on ice and separated by nonreducing SDS/PAGE (8%).

Isothermal Titration Calorimetry Analysis. ITC experiments were carried out
using a MicroCal iTC200 calorimeter (Malvern) in 20 mM Bis-Tris·HCl (pH 6.2 or
7.2) and 150mMNaCl. After an initial injection (0.4 μL), a total of 24 injections of
1.5 μL Ero1α HA (420 μM) were titrated into ERp44 (30 μM) at 180-s intervals
with a stirring speed of 750 rpm at 283 K. Integration of the injection peaks was
performed with NITPIC (49), and global analysis was performed with SEDPHAT
(50) using a 1:1 binding model. All experiments were performed at least twice.
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