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ABSTRACT: Here we report the solution structure of oxidized ERp18 as determined using NMR spectroscopy.
ERpl8 is the smallest member of the protein disulfide isomerase (PDI) family of proteins to contain a
Cys-Xxx-Xxx-Cys active site motif. It is an 18 kDa endoplasmic reticulum resident protein with unknown
function although sequence similarity to individual domains of the thiol—disulfide oxidoreductase PDI
suggests ERp18 may have a similar structure and function. Like the catalytic domains of PDI, ERp18 adopts a
thioredoxin fold with a thioredoxin-like active site located at the N-terminus of a long kinked helix that spans
the length of the protein. Comparison of backbone chemical shifts for oxidized and reduced ERp18 shows the
majority of residues possess the same backbone conformation in both states, with differences limited to the
active site and regions in close proximity. S* order parameters from NMR backbone dynamics were found to
be 0.81 for oxidized and 0.91 for reduced ERpl18, and these observations, in combination with amide
hydrogen exchange rates, imply a more rigid and compact backbone for the reduced structure. These
observations support a putative role for ERp18 within the cell as an oxidase, introducing disulfide bonds to
substrate proteins, providing structural confirmation of ERp18’s role as a thiol—disulfide oxidoreductase.
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A great many proteins essential for life contain one or more
intramolecular disulfide bonds. These disulfide bonds help to
stabilize the protein and in some cases are important for their
functionality. During formation of these disulfide bonds it is
important for the correct cysteine residues to be paired together
in order to achieve the correct three-dimensional (3D) structure.
Within the endoplasmic reticulum (ER) there are a number of
proteins that are thought to help in the formation (oxidation),
breakage (reduction), and isomerization of disulfide bonds so
that the correct fold can be achieved (7, 2). These reactions are all
catalyzed by members of the thioredoxin superfamily, each
having at least one thioredoxin-like domain and a thioredoxin-
like active site motif of the form Cys-Xxx-Xxx-Cys. Members of
the human PDI family of proteins, for which the three-dimen-
sional structures have been determined, show at least one domain
that displays a thioredoxin-like fold with a central mixed S-sheet
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surrounded by helices. Apart from displaying a similar fold,
domains within members of the PDI family share several other
conserved features suggesting that these features are important
for the function of such proteins.

(i) The Cys-Xxx-Xxx-Cys active site motif of thioredoxin
related proteins is always located on a turn immediately before
helix 2, with the C-terminal active site cysteine being part of helix 2.

The active site motif can vary between members of the family,
and this can be used as an indication of function. For example,
family members with a Cys-Gly-Pro-Cys active site, as seen in
thioredoxin itself, are generally disulfide reductants whereas
DsbA, a highly oxidizing PDI-related protein found in
Escherichia coli, has the active site motif Cys-Pro-His-Cys. Many
PDI family members have multiple Cys-Gly-His-Cys active sites
and also inactive thioredoxin domains, and these have both
thiol—disulfide oxidase and isomerase activity. However, some
members of the PDI family have one or more of the cysteine
residues in this motif replaced by serine and therefore lack the
disulfide oxidoreductase activity of other family members.

(i) Thioredoxin folds often contain a conserved cis-proline
residue located in the turn before strand 4. This is located in the
vicinity of the active site of catalytic domains. The purpose of this
cis-proline is not known, but it may be implicated in substrate
binding. Removal of the cis-peptide bond by mutation to alanine
gives rise to a significant conformational change in DsbA (3), and
equivalent mutations in the a and a’ domains of yeast PDI lead to
abolition of refolding activity (4).

© 2009 American Chemical Society
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(iii) A further conserved proline is found in the o-helix
immediately following the active site that causes this helix to
bend and disrupts the secondary structure. This proline is not
present in the new human family members AGR2 and AGR3,
referred to as Hag2 and Hag3 by Appenzeller-Herzog and
Ellgaard ({), or in Mpdlp from Saccharomyces cerevisiae (5).

(iv) A buried charge pair, Glu30 and Lys64 in PDI a (6),
located in proximity to the active site, that may be involved in
proton transfer reactions important for the stability and mechan-
ism of PDI, as per Asp27 and Lys57 in E. coli thioredoxin (7, 8).

(v) A conserved arginine residue, Argl120 in the PDI a domain,
is thought to modulate the pK;, of the active site cysteines (9) and
is implicated in the reoxidation of PDI and the release of the
substrate.

This study focuses on the ER resident protein ERp18 (10), the
smallest member of the PDI family to have a Cys-Xxx-Xxx-Cys
active site motif. ERp18 contains the unusual Cys-Gly-Ala-Cys
active site sequence, and so its function could differ from that of
the molecules described above. ERp18 has been investigated by
several groups under different names: ERp19 (1), hTLP19 (12),
and more recently ERp16 (/3). Investigation into the function of
ERpl8 is limited, but cellular location and activity assays have
given some insight into its physiological role. Sequence analysis
shows that ERpl8 contains a putative endoplasmic reticulum
localization motif, EDEL, similar to the KDEL found in many
other ER resident proteins and has been shown to be located
within the ER by several independent groups (10, 11, 13).
ERp18 has been shown to have 15—20% of the oxidase activity
of PDI (10, 13) and has been reported to have 22% of the PDI
isomerase activity (/3). ERpl8 has been found to play an
important role in cellular defense against prolonged ER stress,
and its redox potential and inhibition of dithiothreitol (DTT)
induced apoptosis suggest that ERp18 contributes to disulfide
bond formation in nascent proteins (/3).

Here we provide confirmation of function via the elucidation
of the solution structure and analysis of backbone dynamics
using nuclear magnetic resonance (NMR) spectroscopy. ERp18
exhibits a thioredoxin fold consisting of a four-stranded S-sheet
surrounded by four helices, yet has several unusual features
previously thought to be conserved among PDI family members.

Full resonance assignment has been completed for the oxidized
form of ERp18 as well as extensive backbone resonance assign-
ment of the reduced form of ERpl8 using a range of hetero-
nuclear, multidimensional NMR experiments. Through-space
NMR experiments were used to obtain structural information
of oxidized ERpl8, and solution structure ensembles were
calculated using the crystallography and NMR system (CNS).
Backbone assignments and HSQC experiments of the reduced
form of ERp18 allowed comparative NMR dynamics and amide
hydrogen exchange rates for oxidized versus reduced ERp18 to
be collected. The results of these investigations and the impact on
the potential function of ERp18 are discussed.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification. ERp18 was expressed
in E. coli BL21(DE3) pLysS strain with an N-terminal His tag
and purified as described previously (10). Isotopic labeling with
13C and "N was achieved by expression of ERp18 in M9 medium
enriched with [*CJglucose and [*NJammonium sulfate.

Multidimensional NMR Spectroscopy. Oxidized and re-
duced ERp18 samples were prepared by incubation for 30 min at
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room temperature with a 4-fold molar excess of oxidized
glutathione or a 10-fold molar excess of dithiothreitol, respec-
tively. Glutathione was removed from oxidized samples by
buffer exchange prior to NMR experiments whereas dithiothrei-
tol remained to prevent reoxidation. The oxidation state of the
protein was confirmed by the appearance of the '"N-HSQC
(see Figure 1) and was checked before and after any series of
experiments. ERp18 samples used for NMR experiments were
0.5 mM for relaxation experiments and 1 mM for structural
experiments. All samples were prepared in 20 mM sodium
phosphate and 100 mM sodium chloride, pH 6.5. Sample
volumes of 330 uL were placed in Shigemi BMS-005V tubes
and included 10% D,0O. All NMR experiments were carried out
at 600 MHz using a Varian Unity INOVA equipped with a 5 mm
HCN :z-pulse field gradient probe except heteronuclear NOESY
spectra that were recorded at 800 MHz using a Varian Unity
INOVA spectrometer at NIMR, Mill Hill. Chemical shift
referencing was based on the position of the water resonance
with the exact value being related to the known relationship of the
"H,0 resonance with temperature (74). Unless otherwise stated,
all NMR experiments were solvent suppressed to reduce the
water signal using WATERGATE (/5) that was typically
obtained using a gradient field strength of 40—50 G ecm™'. All
indirect NMR dimensions were acquired using the hypercomplex
method (/6), and all reported data numbers reflect the total of
real and imaginary points collected in each dimension. Experi-
ments were carried out at 25 °C, and an additional *N-edited
TOCSY experiment was carried out at 35 °C to optimize signal
transfer. All NMR data processing was carried out using
NMRPipe (17), chemical shifts were assigned using NMRView
(18, 19), and manual NOE assignment was carried out using the
CCPN analysis package (20, 21).

NMR Resonance Assignment. Backbone chemical shift
assignment was achieved using 'H—'°N HSQC, CBCANH,
CBCA(CO)NH, HBHA(CBCA)NH, HBHA(CBCACO)NH,
C(CO)NH, and HNCO experiments; side chain assignments
were achieved using HCCH-TOCSY, N-edited TOCSY,
'H-"C HSQC, and where necessary '“N-edited NOESY
and *C-edited NOESY experiments. Chemical shift differences
between the backbone amide N and 'H resonances of oxidized
versus reduced ERp18 were calculated using the equation:

1
shift difference = \/(AIH)2 —I—E(AISN)2

where A'H and AN are the chemical shift values (in ppm) of
amide proton and nitrogen, respectively. The nitrogen value is
weighted to account for the larger range of ppm values in this
dimension.

Structural Calculations of Oxidized ERplS. NOE
distance restraints were manually assigned from '’N-edited
NOESY and "*C-edited NOESY spectra using CCPN analysis.
Structural calculations were performed using CNS (22) and
refined by inclusion of dihedral angles predicted from backbone
chemical shifts using TALOS (23) and hydrogen bonds
determined from hydrogen exchange experiments and visual
analysis of structure outputs. The CISP patch was used in the
CNS input in order to define the conserved proline residue
as being in the cis conformation as defined from CfS chemical
shifts. During the simulated annealing protocol of CNS for the
final ensemble, calculations were performed with 10000 cooling
steps from 50000 to 2000 K similar to previously reported
methods (24).
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FIGURE 1: "H—'°N HSQC spectra of oxidized (A) and reduced (B) ERp18. Assignments for some of the backbone cross-peaks are shown using
one-letter amino acid code and sequence number. The difference in backbone '’N—"H chemical shift for each residue is shown in the chemical shift
map (C) with residues that are seen to change significantly labeled. Note that residues C66, G67, and A68 are only seen in the reduced spectrum.

SN Relaxation Measurements. >N T, and T, experiments
were acquired using well-developed pulse sequences similar
to those described elsewhere (25). T} and 7, delay times
were set as 128, 256 (x2), 384, 512, 640 (x2), 769, and 897 ms
and 20, 40, 60 (x2), 80, 100, 120 (x2), 140, and 160 ms,
respectively. '°N heteronuclear NOE experiments were collected
with a relaxation delay of 5 s with and without saturation
of the amide protons. Saturation was achieved using 120°
high-power pulses (26), and spectra were collected with
2048 points (9000 Hz) in F> and 192 points (2100 Hz) in Fj.
Relaxation times were calculated as the exponential fit of single
exponential decays to peak intensity values: I = I exp(—¢/T),
where T, = T or T, and I = resonance intensity at time ¢.
Heteronuclear NOEs were calculated according to the Noggle
and Schirmer definition of (I — )/, (27) except for model-free
analysis where /I, was used. Model-free analysis of the
relaxation data was carried out using the ModelFree
4.0 suite of programs (28—30) to obtain the simplest fits
(one or two parameter) of > (order parameter of motion) and
R (exchange broadening) for reduced and oxidized ERpl8,
respectively.

PN—'H Hydrogen Exchange. Slow exchanging amide
protons were identified from rapidly acquired '’N—"H HSQC
experiments taken from lyophilized oxidized and reduced ERp18
resuspended in 100% D,O. Each experiment was acquired with
2048 points in the direct dimension and 128 points in the indirect
dimension and took 300 s to complete. Experiments were
collected over 3 h for both oxidized and reduced ERp18. The
decay in resonance volume was fitted to a monoexponential
decay, as in "N relaxation data, to the equation I = I exp(—k?),
where 7 is the intensity at time  defined by an exponential decay
with decay constant k.

RESULTS

Protein Expression and Purification. "N and "C/">N
isotopically labeled ERpl8 were recombinantly expressed
with an N-terminal His tag using E. coli BL21(DE3) pLysS
cells with yields of up to 60 mg/L. Purification using
metal affinity chromatography followed by anion-exchange
chromatography produced ERpl8 with a purity level
greater than 95% as determined by SDS—PAGE and mass
spectrometry.
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Chemical Shift Assignments. Backbone chemical shift
assignments were completed for both oxidized and reduced forms
of ERpl8, with 98%, 99%, and 99% assignment, respectively,
for backbone amide, C,, and Cg resonances for oxidized ERp18
and 100%, 100%, and 99% for reduced. No assignments could
be made for the Cys-Gly-Ala residues of the active site for the
oxidized protein in the 'H—"°"N HSQC. Comparison of the
chemical shifts of proline residues with random coil chemical
shift values for proline residues in both the cis and trans
conformation (3/) reveals that proline-113 is in the cis conforma-
tion, based on the higher chemical shift value for the Cg nucleus.

The 'H—""N HSQC spectra in Figure 1 show assigned amide
resonances for oxidized (A) and reduced (B) ERpl8. The
differences in chemical shift between these two forms can be
seen in the chemical shift map (C) that shows the majority of
resonances do not significantly change with oxidation state;
however, some resonances appear at different chemical shifts
for each form of the protein, particularly in the immediate
vicinity of the active site Cys-Xxx-Xxx-Cys motif. TALOS
analysis of backbone chemical shifts from ERp18 confirmed that
the definition and limits of secondary structure were the same for
both oxidized and reduced protein. Side chain assignments were
completed for oxidized ERp18 to allow structure calculations of
this form of the protein.

Structure Calculations. Structural calculations were per-
formed using a combination of manually assigned NOE data,
dihedral angles, and hydrogen bond information. The use of the
CISP patch to define the cis conformation of proline-113 produced
a structure with lower energy than that with Pro113 in the trans
conformation, as calculated using GROMOS96 43B1 parameter
set (32) within DEEPVIEW version 3.7 (33). Table 1 summarizes
the statistics for the 40 structure ensemble shown in Figure 2A
including the results of PROCHECK-NMR (34) analysis of the
ensemble. The use of 10000 cooling steps in the simulated
annealing of ERpl8 structure calculation gave an improved
RMSD for the calculated ensemble compared to calculations
performed with the standard 1000 cooling steps (data not shown).

Tertiary Structure of Oxidized ERp18. The final structure
ensemble shows ERpl18 to display a thioredoxin-like fold consist-
ing of a central four-stranded f-sheet surrounded by four helical
sections as seen in Figure 2. Figure 2D shows the secondary
structure pattern and limits as indicated by the residue numbers
underneath the scheme. Figure 2B shows the strands in the order
(left to right) 52-51-53-p4 with 53 being antiparallel to the other
strands. Helix 2 is subdivided into three helical sections with a
310-helical section between two o-helices as determined from
NOE connectivites, dihedral angles, and hydrogen-bonding pat-
terns. This manifests as a bend in the helix and allows it to span
from one end of the -sheet to the other. Helix 3 is also a 3¢-helix
from the pattern of NOE connectivities. Three-dimensional
structure comparison using DaliLite v.3 (35) revealed structural
similarity of ERp18 to many thioredoxin fold proteins; the top
50 structural matches featured thioredoxins from many plant and
animal species. These included the first thioredoxin domain
of mouse PDI (2DML, unpublished) and the C-terminal domain
of DsbD, a bacterial oxidoreductase (36). Also within the top
50 matches were molecules that are not PDI related: Fas-asso-
ciated factor 1 (2EC4, unpublished), spliceosomal US snRNP-
specific 15 kDa protein (37), and the UAS domain of UBX-
domain-containing protein 7 (2DLX, unpublished). Unsurpris-
ingly, the closest match was with that of Rp19, a crystal structure
of ERpl8 with the PDB accession code of ISEN (unpublished).

Biochemistry, Vol. 48, No. 21, 2009 4599

Table 1: Structural Statistics for the 40 Structure Ensemble of Oxidized
ERpl8

parameter value

No. of NOE Restraints

total 2979
intraresidue 1621
sequential 642
medium range 358
long range 358
hydrogen bonds (/OX) 52
dihedral angles (deg) 153
NOE violations >0.2 A 0
dihedral angle violations >2.0° 0
Lennard-Jones energy (kJ mol™") —3183.1
RMSD Backbone (C', Co, N) (A)

residues 20—145 0.846
residues in secondary structure 0.678
RMSD Heavy Atoms (A)

residues 20—145 1.386
residues in secondary structure 1.169
Ramachandran Plot (%)

most favored regions 64.4
additionally allowed regions 26.9
generously allowed regions 6.0
disallowed regions 2.8

Backbone Dynamics. In order to probe the dynamic beha-
vior of the two oxidation states of ERp18 and how this relates
to function, measurements of '°N longitudinal and transverse
(T and T») relaxation times and ""N—"H heteronuclear NOEs
were measured. Plots of each of these parameters against residue
number can be found in the Supporting Information. The mean
SN 7, values over the structured regions of the protein (those
within 1 standard deviation of the mean) for oxidized and
reduced thioredoxin were 732 & 40 and 706 & 30 ms, respectively.
The mean T, values were 88 + 16 ms for oxidized ERpl18 and
99 £ 9 ms for reduced ERpl8; this gave T7/T) ratios of 8.32 and
7.13 for oxidized and reduced ERpl8, respectively.

The values for hetNOE and R; (1/T) and R, (1/T5) were used
for model-free analysis (28, 29). The results of model-free
calculations are shown in Figure 3 for both oxidized and reduced
ERpl18. The order parameter S>is plotted against residue number
for both oxidized and reduced ERplS, and where needed
R.x values were also plotted. No R, values were required to fit
reduced ERplI8 NMR relaxation data. Both oxidized and
reduced ERp18 show similar patterns with decreased S* values
seen for loop regions, in particular, the loop containing the
310-helix, helix 3, and the loop preceding helix 4. The mean and
standard deviation of S* was calculated to be 0.81 + 0.11 and
091 £ 0.1 for oxidized and reduced ERpl8, respectively.
Using the known equations for dipolar relaxation (38) and
the model-free formalism (28, 29), global correlation times, 7,
were calculated as 9.0 £ 0.4 ns for oxidized ERp18 and 8.0 £
0.2 ns for reduced ERp18, assuming an average internal motion,
T, of 50 ps.

Hydrogen Exchange. Backbone amide "H nuclei in retarded
exchange with solvent “H were identified from rapid HSQC
experiments (data not shown). The oxidized protein had
50 unambiguous and a further 5 ambiguous resonances detect-
able after 510 s, whereas reduced ERp18 had 62 unambiguous
and 6 ambiguous resonances detectable after 615 s. Of these,
40 and 42 resonances could be fitted to an exponential decay
with a confidence level of over 80% for oxidized and reduced
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FIGURE 2: Solution structure of oxidized ERp18 showing the 40 structure ensemble with an RMSD over the heavy atoms in secondary structure
elements of 0.678 A (A) and ribbon diagrams of the front (B) and back (C) of the molecule with active site cysteine residues shown by ball and stick
representation. The location of secondary structure elements within the sequence is shown with residue numbers beneath (D); blue arrows
represent S-strands, red boxes with solid outlines represent a-helices, and red boxes with dashed outlines represent 3;o-helices.

ERplS, respectively. Exchange rates were similar for each
oxidation state with the exception that residues Trp40 and
Lys47 in helix 1, Lys73, Ser83, and Glu84 in helix 2, Gly122
and Hisl25 in strand 4, and Ile128 and Tyr139 in the loop
between strand 4 and helix 4 have faster exchange rates in
oxidized ERpl8 than in reduced ERpl8. Ser121 in the loop
between strand 3 and strand 4 and Argl57 in the random coil
C-terminus showed faster exchange in reduced ERp18.

DISCUSSION

Solution Structure of Oxidized ERpl8. The structure
reveals a thioredoxin fold with a loop insertion between strand
4 and helix 4 that is adjacent to the active site in the 3D structure
(see Figure 2). The position of secondary structure elements
within the sequence and therefore the position of the loop
are different to those predicted by sequence alignment (10),
highlighting the necessity of structural studies rather than relying
on prediction methods based on sequence alignment. A structure-
based sequence alignment between ERp18 and a number of other
human thioredoxin-like proteins is shown in Figure 4. The loop

insertion is the most noticeable difference in the structure of
ERpl8 compared to other thioredoxin fold proteins except
AGR2 and AGR3. An insertion into the thioredoxin fold is also
seen for the bacterial protein DsbA; however, this forms a
separate all-helical domain in the loop that contains helix 3 in
ERp18, and soislocated in a different region of the fold (39). This
insertion in DsbA is also located in proximity to the active site
and is thought to modulate access to it by movement about a
hinge region where the two domains join (40). From the smaller
size and position of the insertion in ERp18 it is unlikely that the
loop performs the same function as a large structural change
would be needed to prevent access to the N-terminal active site
cysteine.

Chemical Shift Differences between Oxidized and Re-
duced ERpl18. Differences in chemical shift between oxidized
and reduced ERpl8 indicate changes in the electronic environ-
ment and hence structural differences. Figure 1C highlights that
the largest changes are located in the region of the active site
(His62—Lys73). Other residues that show chemical shift differ-
ences are Asp96, Glu98, Glul03, Phel05, Ile112, Argl14, and
Tyrl41l. From Figure 5A it is apparent that many of these
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FIGURE 3: Model-free fit parameters for oxidized (A) and reduced (B) ERp18 plotted against residue number. The order parameter S” is shown
for both oxidized (green) and reduced (purple) ERp18 as solid triangles. The rate of exchange (R.) is shown as blue diamonds for oxidized ERp18
only. Error bars are the errors obtained directly from the model-free software program. Above each graph is shown a schematic of the secondary
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ERpl8 SDGHNGLGKGFGDHIHWR-T
Thx
PDI_a
PDI_a’
ERp44
ERp46 a’
P5 ao
PS5 a
ERp57_a
ERp57 a’
ERp72 ao
ERP72_a
ERp72_a’
TMX

AGR2 -——-PQTLSRGWGDDITWVQTYEEALYKSKTSN---KPLMIIHHLDE-CPHSQALKKVFAENKEIQKLAE----QFVLLNLVYET
AGR3 —-——HNGLGKGFGDHIHWR-TLE-LFYAQK-SK---KPLMVIHHLED-CQYSQALKKVFAQNEEIQEMAQN---KFIMLNLMHET

c d
ERpl8 RLTGDAFRKKHLEDE
Thx -
PDI_a
PDI_a’
ERp44
ERp46 a’
P5 ao -YQ—--GGR-
P5 a D--GGR-
ERpS57 a
ERp57a’ AN-DVPSPYEVRGF-
ERp72 ao S DVSGY-P
ERp72_a DVSGY-P
ERp72_a’ ANDVPSDRYKVEGF-P!
TMX EPBEIEERE 1 TA-1p
AGR2 ---TDKHLSPDGQYVPRIMFVDPSL-TVRADITGRYSNRLYAYEPADTALLLDN-MKKALKLL---————-~— KTEL
AGR3 —--TDKNLSPDGQYVPRIMFVDPSL-TVRADIAGRYSNRLYTYEPRDLPLLIEN-MKKALRLI-=-——————~ QSEL

FIGURE 4: Modified sequence alignments of ERp18 with other a-like domains of the PDI family. Alignments were modified from initial Clustal-
W searches to maximize alignment based on equivalent hydrogen bonding between adjacent strands. Secondary structure elements are those
defined in the PDB. Strands are shown in cyan, a-helices are shown in red, and 3;o-helices are shown in pink. Above the alignment residues of
interest have been highlighted: active site motif cysteine residues (or their equivalents) are marked with an “*”, residues forming a charge pair
thought to be important for proton transfer reactions are marked with an “a”, a proline residue found in helix 2 causing it to bend is marked with a
“b”, the conserved cis-proline is marked with a “c”, and an arginine residue thought to modulate the pK, of the C-terminal active site cysteine is
marked with a “d”.
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FIGURE 5: Significant differences seen in chemical shifts between oxidized and reduced ERpl8 for backbone amide NH and Ca (A) and
significant differences seen between the coordinates of the oxidized ERp18 structure and the crystal PDB structure 1SEN with the two structures
aligned by the three central strands (B). For (A), red indicates regions where the amide NH chemical shifts reported in Figure 1C are greater
than the mean difference; orange indicates Ca shifts greater than the mean plus 2 standard deviations. For (B), red indicates changes in backbone
N coordinates between oxidized ERp18 and 1SEN greater than the mean plus 1 standard deviation.

residues are within ~10 A of the active site region with Asp96
being in the turn immediately after strand 2, Ile112 and Argl14
are on either side of the conserved cis-Pro-113 (discussed later)
situated at the beginning of strand 3, and Tyr141 is located in the
loop preceding helix 4 and is close to the active site. Glu98,
Glul03, and Phe90 are further from the active site but may move
due to changes in the packing of residues around the upper
surface of the molecule.

Structural Comparison with the Unpublished Crystal
Structure. The closest structural match to ERpl8 was the
unpublished crystal structure of Rp19 (ISEN) from the South-
east Collaboratory for Structural Genomics. Rp19 is essentially
the same as ERp18 with a different purification tag added during
cloning. The crystal structure PDB specifies the presence of a
disulfide bond, thus making it the structure of oxidized ERp18
and so both crystal and NMR structures should be almost
identical. Two forms of Rpl19 are present in the structure file,
with the major difference being the presence of two forms of the
active site cysteine residues. The disulfide distances for the two
forms are 3.77 and 2.38 A, both values being larger than that
expected of a disulfide bond (2.08 A). Despite no disulfide bond
restraints being used in our solution structure calculations, the
disulfide distance was found to be 2.03 A. Close comparison of
the NMR structure of ERpl8 and the crystal structure Rp19
reveals that the hydrophobic core packing is essentially identical,
and the only major difference observed for the region of the active
site is that involving the sulfur y distances as already mentioned.
Overlay of the central three S-strands of these two structures
gives an RMSD of 0.68 A for all heavy backbone atoms. The
greatest deviations between the two structures are seen in the
active site region and in the helix immediately following it as
shown in Figure 5B. An RMSD of 2.06 A is obtained from the
overlay of helix 2 alone (Gly67—His87) but the RMSD for the
separate N-terminal (Gly67—Pro74) and C-terminal (Lys75—
His87) regions of this helix are 0.32 and 1.65 A, respectively.
Interestingly, these areas are seen to display different chemical
shift values from our NMR studies of the oxidized and the
reduced form of ERp18 and are highlighted in Figure SA. This
suggests that the Rp19 structure is of the reduced protein.

From the PDB header it can be seen that no glutathione was
used in the crystallization buffer, and so it is our belief that the
crystal structure represents the reduced form of ERpl8 rather
than the oxidized; this is consistent with the finding that the
reduced form is more rigid, and therefore more likely to crystal-
lize, than the more flexible oxidized state. Assuming the crystal
structure is indeed that of the reduced form of ERplS8, the
structures of the two redox states show few differences as seen in
other thioredoxin fold proteins such as thioredoxin (4/) and
DsbA (40). However, given that currently there is no available
report describing the process of obtaining the Rp19 structure, it
would be unfair to attempt to extrapolate any further significance
between our findings and those pertaining to the Rp19 structure.

Dynamics of Oxidized and Reduced ERpl8. Model-free
analysis of oxidized and reduced ERp18 (Figure 3) shows similar
trends for each oxidation state; in particular, a marked decrease
in S? can be seen in the loop between 54 and o4 indicating an
increased flexibility of this loop. However, a significant difference
in the average S> values is seen between the two forms, 0.814 +
0.108 and 0.907 £ 0.101 for oxidized and reduced ERplS,
respectively. The higher average S* observed for reduced
ERpl8 indicates a more conformationally rigid structure than
that in oxidized ERp18. This is in contrast to dynamics experi-
ments carried out on thioredoxin in which little difference is
seen in S between oxidized and reduced forms (42). A compar-
ison of NMR ERpl8 S* values with B-factors from I1SEN
(Supporting Information) highlights similar regions having
motional flexibility and disorder.

Exchange rates of backbone amide hydrogens illustrate that
reduced ERpl8 forms a more compact structure than that of
oxidized ERpl18 as more hydrogens are retarded in reduced
ERpl8 for a longer period of time in D,0. This increased
structural stability is consistent with similar findings using
guanidinium chloride denaturation studies of oxidized and
reduced ERpl8 in which reduced ERpl8 remains folded at
higher guanidinium chloride concentrations than oxidized
ERpl8 (10). This difference in structural stability emphasizes
that the disulfide bond formed in ERp18 is functional and not
structural as in many other proteins.
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FIGURE 6: Plot of experimental 7} against T, for each amide "H—""N
of oxidized (O) and reduced (®) ERp18. Contour lines are calculated
using the spectral density function from the model-free formalism for
the order parameter S = 0.6, 0.8, and 1.0. Residues that fall away
from the clustered majority are labeled with residue type and number.

Figure 6 shows a plot of T, against T} for each amide "N in
oxidized and reduced ERp18. The contours represent the model-
free S° parameter with values of 0.6, 0.8, and 1.0 and constant
7. of 50 ps. The plot shows that the data for the oxidized
form of ERpl8 are more dispersed while the data for reduced
ERp18 form a more compact cluster indicating a more uniform
behavior in reduced ERplS8. In this plot, residues that have
an $° value of less than 0.8 show increased motion in the
pico- to nanosecond time scale indicating increased flexibility
and are confirmed by the heteronuclear NOE experiments.
These motions are observed in both oxidation states of
ERpl8 and are restricted mainly to residues in loops located
close to the active site in the 3D structure and in the
helix immediately following it. Residues that have an S value
greater than 1.0 (1.0 denotes fully rigid structure) are residues
that have short T, values indicating line broadening caused
by exchange and milli- to microsecond motion and are also
mainly located in loops around the active site region. Residues
that fall into this second category are predominantly from
oxidized ERpl8. This finding is in agreement with model-free
analysis where R., values were only required to fit oxidized
data. Relaxation analysis highlights that only oxidized ERp18
displays motion in the milli- to microsecond time scale, and
so conformational exchange is limited to this oxidation state of
the protein. Residues found to be in conformational exchange
were found to be predominantly located in the helix immediately
following the active site and those regions in close structural
proximity to this helix.

The calculated global correlation times, 7,,,, were 9.0 £ 0.4 ns
for oxidized ERpl8 and 8.0 + 0.2 ns for reduced ERplS,
suggesting once again a more compact structure for the reduced
form of ERp18. For E. coli thioredoxin, t,,, values were found to
be 6.41 £ 0.04 ns for oxidized thioredoxin and 6.30 £ 0.01 ns for
reduced thioredoxin (42), reflecting not only the smaller size of
the thioredoxin molecule (~12 kDa) but also the high degree of
similarity between the two forms. In contrast to this, the 7,,, values
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for the thioredoxin-like domain of the E. coli protein DsbA
are 12.70 and 10.73 ns for oxidized and reduced DsbA, respec-
tively (40). In addition, greater levels of exchange are seen in
oxidized DsbA as in ERp18. DsbA is a known oxidase enzyme,
and the dynamics reflect this in that a shorter 7,,, and lower levels
of exchange for the reduced form suggest a higher structural
stability; DsbA would therefore adopt the reduced conformation
in preference to the oxidized and in turn oxidize other molecules
or substrates. Our relaxation dynamics therefore indicate that
ERpl8 is also an oxidase and will preferentially adopt the
reduced form over substrate molecules as indicated by the shorter
global correlation time in reduced ERp1S8.

The 7,,, of a 132-residue protein molecule can be estimated as
9.59 ns at 25 °C using equations by Daragon and Mayo (43); this
discounts approximately 25 residues at the termini of ERp18 that
are unstructured, as determined from both the lack of NOE
contacts and fast picosecond motion observed in the hetero-
nuclear NOE data for both oxidation states of ERpl18. The 7,
values for ERpl8 are indicative of a monomer in solution, in
contrast to that reported by Jeong et al. (/3), who saw a dimer: a
larger 7,,, would be expected for a larger entity. Our observation
of a monomer is further confirmed from the collection of
TOCSY-based NMR data for ERpl8 which would not have
been possible for a species with a molecular mass in excess of
approximately 20 kDa.

Presence of Conserved Features Found in Human PDI-
like  Domains. The highly conserved cis-proline peptide
bond within thioredoxin family members has importance
for the activity of these oxidoreductases. Chemical shift assign-
ments and structure calculations confirm that proline-113
is in the cis conformation in ERpl18 and is situated in a loop
adjacent to the active site at the C-terminus of the antiparallel
p-strand. The crystal structure of ERpl8 (ISEN) also shows
the conformation of proline-113 to be in the cis rather than
trans conformation.

The presence of the second conserved proline residue, the one
found in helix 2, causes this helix to bend. The bend in oxidized
ERpl8 is almost 90°, more than that seen in other PDI family
members. Proline residues cause bends in helices because of the
disruption in hydrogen bonding caused by the lack of an amide
proton (44); this in turn gives the helix increased flexibility as is
seen by decreased S* values for this region of the protein. The
highly conserved nature of this proline residue and the scarcity of
this residue in helices suggest an important functional role for this
feature;, however, this function has not yet been elucidated for
any family member.

The charged pair of residues seen in thioredoxin and PDI a and
a’ domains that are thought to be involved in structural stability
and proton transfer reactions during disulfide bond isomeriza-
tion (6—8) are located on the central 5-sheet with the side chains
protruding toward the active site. The sequence alignment in
Figure 4 shows the equivalent residues to Glu30 and Lys64 in
PDI a to be Ile60 and Asn93 which do not exist as charged species
at physiological pH. As this charge pair is believed to be
important in thioredoxin-like species, it is expected that ERp18
will possess equivalent residues. Inspection of the charged
residues in the vicinity of the active site in ERpl8 reveal His62
and Glu95 to be potential candidates for performing the role
played by these charged residues. These residues are as much
as 2 A closer to the active site cysteine sulfur atoms than the
charged residues Glu30 and Lys64 found in the a domain of PDI
and are capable of forming a salt bridge and so are likely to be
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Loop
insertion

FiGURE 7: Potential binding site of ERp18. Surface charge potential diagram (A) and ribbon representation in the same orientation (B) of
oxidized ERp18. In (A), the blue coloration represents positively charged areas, red represents negatively charged areas, and gray represents
neutral (hydrophobic) areas. Key residues that are speculated to be involved in substrate binding are labeled. The figure was generated using

default parameters in MOLMOL (48).

capable of performing the same function. However, it is unclear
why the amino acid type and position of these conserved charged
residues are different in ERp18 than in other human PDI family
members.

The sequence alignment in Figure 4 shows that there is no
arginine residue present anywhere in the loop preceding helix 4 as
is the case in all other PDI family members, and this conserved
arginine is considered to play an important role in the PDI
catalytic cycle (9). In ERpl8, this loop contains 11 inserted
residues compared to PDI itself and was found by NMR
relaxation dynamics to have increased flexibility in both oxidized
and reduced ERp18 as shown by lower S values (Figure 3). This
insertion is shared only by the AGR2 and AGR3 molecules
which, according to the alignment, do contain an arginine residue
within this loop. Unfortunately, there is currently no structure
published for either AGR protein nor have any detailed mechan-
istic studies been reported, and so it cannot be confirmed that this
arginine residue is the equivalent to Argl03 in PDI a. The
designation of an equivalent residue is also complicated by the
sequence alignment being somewhat ambiguous in this area and a
second arginine residue that could also be a potential candidate
for this role.

The solution structure of ERpl18 can be used to propose a
potential equivalent residue to Argl03 from PDI a, and close
inspection of the orientation of the side chains of residues in this
loop for each structure in the oxidized ERp18 NMR ensemble
has revealed that the distance between Sy of Cys69 and Op of
Tyr141 varies from 5.0 to 16.4 A. This is not seen for any of the
other residues in this loop and so has potential to be a significant
feature of Tyr141. This behavior within the ensemble was used to
identify Argl03 in PDI a (9). There is the possibility that the side
chain of Tyr141 could modify the pK, of the active site cysteines
in ERpl8 by stabilizing the thiolate anion in conjunction with
acid—base assistance from His62 and Glu95 (the charged residues
situated close to the active site cysteines), but there is no evidence
from biochemistry or mutagenesis that this the case. However, it
was reported by Alanen et al. (10) that the rate-limiting step of
ERpl8-catalyzed oxidation was the oxidation of the substrate in
contrast to other PDI family members where the rate-limiting
step is reoxidation of the enzyme. As Argl03 in PDI a is
thought to be an important factor in the mechanism of substrate
oxidation versus enzyme reoxidation by modulating the pK, of
the C-terminal active site cysteine (9), it i3 possible that the

difference in the comparative rates of these reactions in ERp18 is
due to the equivalent role being carried out by this putative
tyrosine residue.

The loop preceding helix 4, being unique to ERp18, AGR2,
and AGR3, may have functional significance as it contains a
number of hydrophobic residues that define an extended hydro-
phobic patch adjacent to the active site, as seen in Figure 7, and so
could potentially be involved in substrate binding. This region of
the structure is comparable to a hydrophobic surface seen in
E. coli thioredoxin (45), and residues in this region also
show significant backbone chemical shift differences between
oxidized and reduced thioredoxin species (1), as seen in Figure 1
for equivalent areas in ERpl18. Furthermore, Qin et al. have
determined the structures of mixed disulfides of human thior-
edoxin with target peptides from the transcription factor
NF«B (46) and ref-1 (47), again showing that hydrophobic
residues in comparable loops close to the active site in the
thioredoxin structure are involved in substrate binding.

This study has highlighted the difference in the conformational
rigidity of oxidized and reduced ERpl8, with both relaxation
dynamics and hydrogen exchange experiments showing that
reduced ERp18 forms a more compact structure. This property
suggests that the function of ERp18 is to oxidize disulfide bonds
in substrates, and in doing so it will itself become reduced and
more stable. The relaxation analysis has also uncovered the
highly flexible nature of the unique loop situated between strand
4 and helix 4 and in close proximity to the active site in the
3D structure.

Further studies involving site-directed mutagenesis will con-
firm the importance of residues identified in this study and how
they are implicated in the reaction mechanism of ERplS.
Although no natural substrates of ERpl8 are known, finding
molecules that bind to ERp18 is also key in helping to understand
its function in more detail and could help unravel the mechanism
of thiol—disulfide exchange reactions involved in the production
of nascent secretory proteins.

SUPPORTING INFORMATION AVAILABLE

Top 50 structural matches using Dali; 77, 7>, and hetero-
nuclear NOE plots for oxidized and reduced ERp18; graph of the
difference in hydrogen exchange rates between oxidized and
reduced ERpl8; plot of B-factors from 1SEN. This material is
available free of charge via the Internet at http://pubs.acs.org.
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