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ABSTRACT: Pyrroline-5-carboxylate reductase (PYCR) is a
proline biosynthetic enzyme that catalyzes the NAD(P)H-depend-
ent reduction of Δ1-pyrroline-5-carboxylate (P5C) to proline.
Humans have three PYCR isoforms, with PYCR1 often
upregulated in different types of cancers. Here, we studied the
biochemical and structural properties of the Thr171Met variant of
PYCR1, which is found in patients with malignant melanoma and
lung adenocarcinoma. Although PYCR1 is strongly associated with
cancer progression, characterization of a PYCR1 variant in cancer
patients has not yet been reported. Thr171 is conserved in all three
PYCR isozymes and is located near the P5C substrate binding site.
We found that the amino acid replacement does not affect
thermostability but has a profound effect on PYCR1 catalytic
activity. The kcat of the PYCR1 variant T171M is 100- to 200-fold lower than wild-type PYCR1 when P5C is the variable substrate,
and 10- to 25-fold lower when NAD(P)H is varied. A 1.84 Å resolution X-ray crystal structure of T171M reveals that the Met side
chain invades the P5C substrate binding site, suggesting that the catalytic defect is due to steric clash preventing P5C from achieving
the optimal pose for hydride transfer from NAD(P)H. These results suggest that any impact on PYCR1 function associated with
T171M in cancer does not derive from increased catalytic activity.

■ INTRODUCTION
Proline is unique among the standard 20 amino acids with its
heterocyclic five-membered ring formed by its hydrophobic
side chain and the amino nitrogen. Proline has important
structural roles in proteins such as disrupting α-helix structures
and stabilizing loops and turns. Collagen is highly abundant in
proline, with a significant number of proline residues becoming
post-translationally modified to hydroxyproline. Because
collagen is a major structural component in bones, skin,
cartilage, blood vessels, and connective tissues, one-third of the
extracellular matrix, which is about 80% of the human body, is
made up of proline.1 Proline also regulates cellular processes
such as apoptosis,2 is utilized as a nutrient source under stress
conditions,3 and is important for redox homeostasis4 and
osmotic balance.5

Proline biosynthesis derives from glutamate and ornithine
(Figure 1). Both pathways involve the metabolite Δ1-pyrroline-
5-carboxylate (P5C), which is reduced to proline by P5C
reductase (PYCR in humans). There are three isoforms of
PYCR, denoted PYCR1 (UniProt P32322), PYCR2 (UniProt
Q96C36), and PYCR3 (a.k.a. PYCRL, UniProt Q53H96)
(Figure 2). PYCR1 and PYCR2 are 84% identical in amino
acid sequence and are primarily involved in proline biosyn-
thesis from glutamate in the mitochondrion. PYCR3 is only
45% identical to PYCR1 and is localized in the cytosol.6 It has
been noted however that PYCR1 is active in high ornithine

conditions7 and can be recovered from the cytosol in small
amounts.8 Insufficient proline levels caused by deficiencies in
PYCRs are linked to connective tissue disorders such as cutis
laxa.9

PYCR1 has been implicated in the metabolic shift of cancer
cells. A summary study done by D′Aniello et al. showed that
the PYCR1 gene is linked to at least 22 different cancer types
and is the most cancer-related gene of all of the proline
metabolic enzymes.10 A study done by Wang et al. showed that
PYCR1 overexpression promotes proliferation and metastasis
of lung cancer cells, and high expression of PYCR1 in patients
with non-small-cell lung cancer correlates with poor
prognosis.8 Another study by Ye et al. on melanoma, a type
of skin cancer, showed similar findings where an increase in
PYCR1 expression correlated with increased melanoma
cases.11 PYCR1 has also been implicated in breast cancer,12

melanoma,7 multiple myeloma,13 non-small lung cancer,8 and
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colorectal cancer,14 for all of which a correlation between
PYCR1 overexpression and metastatic growth has been shown.

Despite the number of studies that have been published on
the role of PYCR1 in cancer, to our knowledge, there have
been no reports on specific PYCR1 variants that are found in
cancer patients. Herein, we report the biochemical and
structural characterization of a PYCR1 missense variant
found in cancer patients. Analysis of The Cancer Genome
Atlas (TCGA) revealed a somatic mutation resulting in the
Thr171Met variant of PYCR1 associated with skin and lung
cancers. T171M was purified and characterized by steady-state
kinetics and X-ray crystallography. The variant has a
substantially lower catalytic activity. The structure suggests
that this defect results from a steric clash between the side
chain of Met171 and the substrate P5C.

■ RESULTS
Identification of a PYCR1 Variant Linked to Cancer.

The Genomics Data Commons Data Portal was used to
identify PYCR1 missense substitutions in samples from cancer
patients.15 We found 27 different variants in this initial screen
that were associated with cancer. Of these, four variants in The
Cancer Genome Atlas (TCGA) were selected based on being
unique to PYCR1 and not in PYCR2 or PYCR3 (Supporting
Information Table S1). The four PYCR1 variants found in
TCGA were next cross-referenced with The Genome
Aggregation Database (gnomAD)16 to select for those not
found in healthy individuals. After applying this filter, only one
single-nucleotide variant resulting in a missense substitution in
PYCR1 was identified that is specifically linked to cancer
patients, Thr171Met (Supporting Information Table S1). We

note that this missense replacement is denoted as T198M in
databases that use UniProt P32322-3 as the reference sequence
instead of the canonical PYCR1 sequence (UniProt P32322-
1). The T171M PYCR1 variant is linked to lung and skin
cancers.

Thr171 is located in the C-terminal domain of PYCR1,
which is an α-helical domain involved in substrate binding and
oligomerization.17 The residue is part of an α-helix and begins
a 7-residue stretch of amino acids that is identically conserved
in all three PYCR isoforms (Figure 2). The helix to which
Thr171 belongs forms one wall of the P5C/proline binding
site.17 The side chain of Thr171 hydrogen bonds to a water
molecule that is conserved in PYCR1 structures (Figure 3).
This water molecule bridges Thr171 to Arg119 and Gly98.
Perhaps the most notable feature of Thr171 is that its methyl
group contacts the pyrrolidine ring of P5C/proline at a
distance of 3.6 Å (Figure 3). Thus, Thr171 appears to help
orient the substrate P5C for hydride transfer from NADPH.
The impact of substituting Thr171 with Met is predicted to be
“moderate”, “deleterious”, or “probably damaging” by the
programs VEP, SIFT, and PolyPhen, respectively.18

Thermostability of T171M. T171M was expressed in
Escherichia coli and purified using procedures similar to wild-
type PYCR1. We observed no significant differences in the
expression and purification of T171M compared to wild-type
PYCR1. Sodium dodecyl-sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) showed that the purity of T171M
matched that of wild-type PYCR1 (Supporting Information
Figure S1).

Many missense variants associated with inherited metabolic
disorders affect protein stability,20 therefore, we measured the

Figure 1. Enzymatic reactions of proline biosynthesis from ornithine in the cytosol (top) and from glutamate in mitochondria (bottom).
Abbreviations used: OAT (ornithine-δ-aminotransferase), PLP (pyridoxal-5′-phosphate), PMP (pyridoxamine-5′-phosphate), α-KG (α-
ketoglutarate), L-Glu (L-glutamate), P5CS (Δ1-pyrroline-5-carboxylate synthase), ATP (adenosine triphosphate), ADP (adenosine diphosphate),
nicotinamide adenine dinucleotide phosphate (NADP+), reduced nicotinamide adenine dinucleotide phosphate (NADPH), PYCR1/2/3 (Δ1-
pyrroline-5-carboxylate reductases 1/2/3). Pathway illustration generated using ChemDraw and Biorender.com.
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thermostability of T171M using fluorescence thermal shift
assays. The melting curves of PYCR1 wild-type and T171M
are very similar and yielded nearly identical melting temper-
atures of nearly 65 °C, respectively (Figure 4). This suggests
that the Met substitution does not substantially impact thermal
stability.

T171M was also characterized by circular dichroism (CD).
The CD spectrum of T171M is similar to that of wild-type
PYCR1. The two spectra acquired at 37 °C are overlaid in
Figure 5A. Both spectra exhibit prominent features at 200−220
nm. The correlation coefficient between the two spectra is
0.986 (Pearson moment product correlation), suggesting that

Figure 2. Multiple sequence alignment of human PYCR1 (UniProt P32322), PYCR2 (UniProt Q96C36), and PYCR3 (UniProt Q53H96). The
secondary structure elements are from a structure of PYCR1 (PDB ID 5UAV). The black box indicates a conserved region containing Thr171. This
figure was made with ESPript 3.018 from a multiple sequence alignment calculated in Clustal Omega.19 This figure is adapted from Figure 3 of a
previous publication on PYCR6 (Bogner, A. N.; Stiers, K. M.; Tanner, J. J. Structure, biochemistry, and gene expression patterns of the proline
biosynthetic enzyme pyrroline-5-carboxylate reductase (PYCR), an emerging cancer therapy target. Amino Acids 2021, 53 (12), 1817−1834. DOI:
10.1007/s00726-021-02999-5. PMID: 34003320; PMCID: PMC8599497).

Figure 3. Structural context of Thr171 in PYCR1. Crystal structure of
PYCR1 complexed with L-proline (pink) (PDB ID 5UAU). NADPH
is superimposed from a structure of the PYCR1-NADPH complex
(PDB 5UAT). Black dashes indicate hydrogen bonds. The closest
contact between Thr171 and the product L-proline is 3.6 Å.

Figure 4. Fluorescence thermal shift analysis of PYCR1. Shown is the
fraction of unfolded PYCR1 wild-type (straight line) and T171M
(dotted lines) enzymes as a function of temperature. The melting
point temperatures derived from this plot are 64.9 °C for PYCR1
wild-type and 64.8 °C for T171M. Plot was made using SigmaPlot
14.5.
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the Met replacement did not significantly impact the secondary
structure of the enzyme. Thermal melting monitored by CD at
222 nm yielded melting temperatures of 59.4 and 57.3 °C for
PYCR1 and T171M, respectively (Figure 5B−D). The CD
analysis shows no significant difference in secondary structure
between T171M and wild-type proteins, consistent with the
mutation having minimal impact on thermostability.

Steady-State Kinetics. Kinetic assays were performed for
PYCR1 wild-type and the T171M variant using DL-P5C as the
variable substrate and NAD(P)H at a fixed saturating
concentration of 0.5 mM. Plots of the initial rate as a function
of DL-P5C concentration revealed that T171M has a
substantially lower maximal velocity (Supporting Information
Figure S2) than wild-type PCYR1. The kcat for the T171M

Figure 5. CD analysis of PYCR1 wild-type and T171M variant. (A) Overlay of the CD spectra of PYCR1 wild-type (solid line) and T171M
(dotted lines) measured at 37 °C. (B) Thermal unfolding curves obtained by monitoring changes in CD at 222 nm for PYCR1 wild-type (solid
line) and T171M (dotted line). Three-dimensional representation of CD thermal melt data for (C) PYCR1 wild-type and (D) T171M. Data in (A)
and (B) were analyzed using SigmaPlot 14.5.

Table 1. Kinetic Parameters for PYCR1 Wild-Type and the T171M Varianta

varied substrate fixed substrate kcat (s−1) Km (μM) kcat/Km × 104 (M −1 s−1)

PYCR Wild-Type
P5C NADH 217 ± 21 677 ± 253 32 ± 12
P5C NADPH 71 ± 3 373 ± 91 19 ± 5
NADH P5C 85 ± 4 448 ± 54 19 ± 2
NADPH P5C 25 ± 1 172 ± 25 15 ± 2

PYCR T171M Variant
P5C NADH 1.0 ± 0.1 405 ± 134 0.3 ± 0.1
P5C NAPDH 0.65 ± 0.02 114 ± 29 0.6 ± 0.2
NADH P5C 3.5 ± 0.1 21.4 ± 5 16 ± 4
NADPH P5C 2.6 ± 0.1 51 ± 12 5 ± 1

aValue ± std error are the apparent best-fit parameters from nonlinear least-squares fit of the data to the Henri−Michaelis−Menten equation using
SigmaPlot 12.5. Data plotted as the (mean ± SD) of n = 3 technical replicates. Reported Km values with P5C are the concentration of L-P5C, which
is assumed to be half the concentration of the DL-P5C racemic mixture.
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PYCR1 variant is >200-fold lower with NADH, and >100-fold
lower with NADPH relative to wild-type PYCR1 (Table 1).
The estimated Km values for P5C with the variant were slightly
lower than that of wild-type PYCR1, resulting in catalytic
efficiencies for the T171M variant that are 30- and 100-fold
lower compared to wild-type using NADPH and NADH,
respectively.

Kinetic assays were also performed with NAD(P)H as the
variable substrate and keeping DL-P5C fixed. The initial rate
data indicate a large defect in the maximal rate of T171M
regardless of which reducing NAD(P)H substrate was used
(Supporting Information Figure S3). The values for kcat
decreased by 25- and 10-fold relative to wild-type PYCR1
with NADH and NADPH, respectively (Table 1). The T171M
variant reaches saturation with NAD(P)H at lower concen-
trations than wild-type PYCR1, resulting in lower apparent Km
values, particularly with NADH (Table 1). As a result, the
apparent kcat/Km values for T171M are similar to wild-type
PYCR1 when DL-P5C is held fixed (5 mM).

To further assess the functional impact of the Met
replacement, assays were conducted using physiological
concentrations of P5C (25 μM L-P5C)21 and NAD(P)H
substrates (30−40 μM).22 Figure 6 shows that the activity of

the PYCR T171M variant (turnover number of 0.05 s−1) is 26-
fold lower than wild-type PCYR1 (1.3 s−1) in assays with
substrate concentrations that are relevant to mitochondria.
Including NAD(P)+ and L-proline in these assays did not
influence the activity observed with the PYCR wild-type and
variant enzymes. These results show that the PYCR1 T171M

variant has a defective catalytic function under conditions that
mimic substrate concentrations in the mitochondrion.
Crystal Structure of T171M. The structure of T171M

complexed with NADH and was solved at 1.84 Å resolution.
Purified PYCR1 T171M was co-crystallized in the presence of
2 mM NADH and 5 mM of the known PYCR1 inhibitor N-
formyl-L-proline. Electron density for NADH is strong and
indicates the typical binding pose of the cofactor bound to
PYCR1 (Figure 7A). Although the inhibitor N-formyl-L-

proline was also used in co-crystallization, clear electron
density for the ligand was not observed. The maps did exhibit
diffuse features that likely represent a sulfate ion bound in the
active site with partial occupancy, which is common for
PYCR1 crystals.

The Met substitution caused no discernible change to the
tertiary or quaternary structure. The pairwise root-mean-square
deviation (RMSD) between the chains of T171M and those of
other human PYCR1 structures in the PDB spans the range of
0.17−1.01 Å. For reference, the pairwise RMSD between the
chains of T171M is only 0.21−0.69 Å. Also, the enzyme
crystallized as a pentamer-of-dimers decamer, as observed in all
other PYCR1 structures. Evidence of a decamer for the PYCR1
T17M variant was also observed in solution by sedimentation
velocity (Supporting Information Figure S4). Sedimentation
velocity analysis indicated PYCR1 T171M exhibits both dimer
and decamer species, consistent with previous sedimentation
velocity analysis of wild-type PYCR117 and the observation of

Figure 6. Activities of PYCR1 wild-type and T171M variant using
physiological concentrations of substrates. Assays were performed in
phosphate-buffered saline (PBS) (pH 7.5) with all substrates L-P5C
(25 μM), NADH (30 μM), NAD+ (200 μM), NADPH (40 μM),
NADP+ (4 μM), and L-proline (100 μM) (values are final
concentrations in the assay). Assays were also conducted without L-
proline and NAD(P)+ as indicated. Shown are the mean velocity data
(±standard deviation, n = 3 technical replicates) for PYCR1 wild-type
(purple) and T171M variant (cyan). Data were analyzed using
SigmaPlot 14.5.

Figure 7. Crystal structure of the PYCR1 variant T171M. (A)
Electron density for NADH (polder omit, 4σ). (B) Electron density
for Met171 in chain D (polder omit, 4σ). (C) Electron density for
Met171 in chain A (polder omit, 4σ). (D) Superposition of T171M
(white) with PYCR1 complexed with L-proline (light blue with L-
proline in pink, 5UAU). The dashed lines indicate enzyme−proline
hydrogen bonds in 5UAU.
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a pentamer-of-dimers decamer in the crystal structures of both
wild-type PYCR1 and T171M. Thus, the Met substitution does
not appear to disrupt the oligomeric structure of the enzyme.

Electron density maps confirmed the mutation of Thr171 to
Met. The shape of the density feature was somewhat variable
among the five chains in the asymmetric unit. The density in
chain A suggests a single conformation for the side chain of
Met171 (Figure 7B). The electron density in the other chains
indicated this conformation plus low occupancy of a second
conformation; however, the density was considered insufficient
to model the second confirmation (Figure 7C).

The mutation of Thr171 to Met is tolerated with minimal
perturbation to the protein structure. The CB and CG atoms
of Met171 are almost perfectly superimposed with the CB and
methyl group of Thr171 (Figure 7D). The remaining two
atoms of Met171 (SG and the methyl group) extend into the
vacant space of the active site. In this conformation, Met171
invades the P5C/proline site. Superposition of the structures of
T171M and the PYCR1-proline complex predicts a severe
steric clash of less than 1 Å between the side chain of Met171
and P5C/proline (Figure 7D). The potential for clash likely
inhibits the formation of the optimal Michaelis complex of the
enzyme with P5C and NAD(P)H.

■ DISCUSSION
The PYCR1 gene is commonly found upregulated across
multiple types of cancers6 with high PYCR1 levels associated
with increased metastasis and poorer patient outcomes.23 This
observation has led to the hypothesis that the catalytic activity
of PYCR1 is important in the metabolism of cancer cells.
Consistent with this, several studies have reported that
knockdown of PYCR1 impairs cancer cell proliferation and
tumorigenesis.24 Additionally, small molecule inhibitors of
PYCR1 have been shown to impair the spheroidal growth of
MCF10A H-RASV12 breast cancer cells25 and proliferation of
myelogenous erythroleukemic K562 and epithelial breast
cancer MDA-MB-231 cell lines.26 Recent therapeutic studies
have shown that silencing of PYCR1 reduces the progression
and proliferation of the cancer cells27,28 and leads to the
induction of apoptosis.11 Increased apoptosis with loss of
PYCR1 has also been reported in other diseases such as
autosomal recessive cutis laxa.9 PYCR1 disease-causing
mutations were observed to increase susceptibility to apoptosis
implicating PYCR1 in protecting mitochondria against
oxidative stress.9 Interestingly, mitochondrial respiratory
chain activity was not impacted by the loss of PYCR1,
suggesting that PYCR1 is not essential for respiratory chain
function.9

With PYCR1 strongly implicated in cancer progression, we
sought to determine the impact of PYCR1 variants that are
identified uniquely in cancer patients. Analysis of the publicly
available databases revealed the PYCR1 variant T171M is
found in patients with certain skin and lung cancers.
Interestingly, both types of cancers were shown previously to
exhibit higher PYCR1 expression.6 Because PYCR1 promotes
cancer cell growth and metastasis, we anticipated the T171M
variant may exhibit enhanced catalytic activity. Unexpectedly,
we found that PYCR1 T171M has substantially lower catalytic
activity relative to wild-type PYCR1 with the greatest impact
observed in catalytic efficiency with P5C (30- and 100-fold
lower using NADPH and NADH, respectively).

The diminished activity observed with the T171M variant is
not caused by significant changes in secondary structure or

thermal stability. Circular dichroism and thermal stability
measurements did not show significant differences between
T171M and wild-type PYCR1. Insights into the effect of
replacing Thr171 with Met were obtained by an X-ray crystal
structure of the variant enzyme. Thr171 is close to the proline/
P5C binding site in PYCR1. As shown in Figure 7D, the side
chain of Met is likely to directly interfere with P5C binding,
thus resulting in diminished catalytic activity. The lack of
electron density for N-formyl-L-proline, which was included in
co-crystallization and occupies the P5C/proline site of the
wild-type enzyme (PDB ID 6XP0), in the crystal structure of
T171M is consistent with the Met substitution interfering with
substrate binding. Thr171 is conserved in human PYCR1,
PYCR2, and PYCR3 suggesting that a Met replacement at the
corresponding Thr residue would have the same effect in
PYCR2 and PYCR3. Although the steric clash between
Met171 and P5C is the simplest interpretation of the crystal
structure, we acknowledge that the structure of the active site
of T171M with P5C bound is unknown and could be different
from the structure reported here. It is also possible that the
mutation affected the flexibility of the active site, which could
certainly influence the rate of catalytic turnover.

Why the PYCR1 Thr171Met variant is preferentially found
in lung and skin cancer patients is not apparent. Splice variants
of PYCR1, which are predicted to lack catalytic activity yet
show strong association with cancer progression, present a
similar conundrum.6 The role of inactive PYCR1 splice
variants in cancer is hypothesized to involve the loss of
PYCR1 interactions with other proteins.6 PYCR1 has been
reported to interact with various proteins in different cancers
such as Kindlin-229 in lung adenocarcinoma,30 ORAOV1 in
esophageal cancer,31 and STAT3 in colorectal cancer.32

PYCR1 has also been reported to interact with the Lon
chaperon,33 SIRT3 mitochondrial deacetylase,34 ribonucleo-
tide reductase small subunit B,35 and other metabolic enzymes
such as those involved in mitochondrial glycine, glutamate, and
fatty acid metabolism.36 Thus, the PYCR1 Thr171Met variant
may exhibit different interactions with other proteins that
influence cell signaling and ultimately disease progression.

Another consideration is the possibility of mixed alleles of
PYCR1 wild-type and the T171M variant in the tumor which
would enable some level of proline production. In addition, the
PYCR2/3 isoforms could compensate for the significantly
lower activity of the T171M variant. Accordingly, transcript
levels of PYCR2 and PYCR3 are both increased in lung and
skin cancer cell types. Thus, a compensatory mechanism
caused by the PYCR1 T171M variant could lead to higher
proline biosynthesis via PYCR2/3 which would support cancer
cell growth. A related mechanism is the finding by Hollinshead
et al.37 that a mutation in isocitrate dehydrogenase 1
(Arg132His) results in upregulation of PYCR1 and proline
biosynthesis in glioma tumor cells. It is proposed that PYCR1
provides an alternative source of NAD+ that supports the TCA
cycle when respiratory chain activity is low, thus ultimately
promoting cancer cell progression.37 PYCR1 was also shown
recently to have a critical role in tumor cell growth by
supporting redox homeostasis and the TCA cycle under
hypoxic conditions.27 Future work that examines whether the
PYCR T171M variant reshapes proline metabolism in a way
that favors cancer cell growth is needed to test this possibility.
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■ CONCLUSIONS
The human PYCR1 variant T171M identified in cancer
patients was found to have a significantly lower turnover
number than wild-type PYCR1. Thus, cells harboring the
T171M PYCR1 variant are anticipated to have lower levels of
proline production. The large decrease in P5C reductase
activity is likely due to the Met side chain directly interfering
with binding of the P5C substrate. The ability to rewire
metabolism is a hallmark of cancer cells and with a loss of
PYCR1 activity in the T171M variant, it will be interesting to
determine whether cells generate proline predominantly via
PYCR2/3. How the T171M variant impacts interactions with
proteins that influence cell signaling pathways is another
important consideration. Last, finding the T171M PYCR1
variant in lung cancer and melanoma patients may contribute
to the discovery of genes that increase susceptibility to these
cancers. For example, melanoma is considered largely sporadic
as only 10% of cases are known to be familiar with a large
portion of these being due to a mutation in the gene encoding
cyclin-dependent kinase 2A.38 Identifying new gene variants
linked to melanoma and exploring their role in carcinogenesis
is essential for advancing our understanding of genetic risk
factors.39

■ METHODS
Protein Purification. PYCR1 (UniProtKB P32322) was

expressed from a pET-24b(+) plasmid containing a synthetic
gene with codons optimized for expression in E. coli. As
described previously, this construct encodes residues 1−300 of
the full-length 319-residue protein plus an N-terminal
hexahistidine tag and tobacco etch virus protease cleavage
site.17 Truncation of the C-terminus aids crystallization as
previously described.17,25 The plasmid encoding T171M was
generated from this plasmid by GenScript.

The following procedures were used to generate both
PYCR1 and T171M. Both constructs were expressed in E. coli
BL21(DE3) and grown in terrific broth media containing 50
μg mL−1 kanamycin. A 20 mL starter culture was then used to
inoculate two 1 L cultures. The culture was placed in a 37 °C
shaker for approximately 6 h until the optical density at 600
nm (OD600) was 0.8, at which point protein expression was
induced by adding 0.2 mM IPTG to the culture for overnight
induction at 18 °C. After overnight induction, the cells were
incubated with 100 μg mL−1 chloramphenicol for 3 h at 18 °C
as previously described.40 The cells were then harvested by
centrifugation at 5000 rpm for 20 min at 4 °C and stored at
−80 °C.

The harvested cells were then resuspended in 50 mL of
binding buffer (20 mM tris(hydroxymethyl)aminomethane,
pH 7.4, 0.5 M NaCl, 5 mM imidazole, and 5% glycerol)
containing five protease inhibitors (ε-amino-N-caproic acid,
phenylmethylsulfonyl fluoride, N-tosyl-L-phenylalanyl chloro-
methyl ketone, N-α-p-tosyl-L-lysine chloromethyl ketone
hydrochloride, and leupeptin) and 0.5% Triton X-100. The
cells were broken on ice by sonication (Fisher Scientific 550
Sonic Dismembrator) for 5 min with 5 s on and 15 s off pulse
settings, after which 0.2 g of N-octyl-β-D-glucopyranoside was
added to the cell lysate solution and sonication was continued
for one additional min (5 s on, 15 s off). After sonication, the
cell lysate was stirred at 4 °C for 30 min and cell debris was
removed by centrifugation at 16,000g for 30 min at 4 °C.

PYCR1 wild-type and T171M variant proteins were purified
by immobilized metal affinity chromatography using Nickel-
Nitriloacetic acid (Ni-NTA) resin. The Ni-NTA column was
loaded with the supernatant and placed in a 4 °C cold room
overnight, the supernatant was then run through the column
twice. The resin was next washed with 10 column volumes of
the washing buffer (binding buffer + 30 mM imidazole),
followed by 10 column volumes of binding buffer. The target
protein was eluted with 5 volumes of elution buffer (binding
buffer + 500 mM imidazole). The elution fraction was put into
1 L of dialysis buffer (50 mM Tris-HCl pH 8.0, 25 mM NaCl,
0.5 mM EDTA, and 10% glycerol) for 4 h, and then the sample
was transferred to a fresh 1 L dialysis buffer overnight. The
histidine tag was not removed. Proteins were concentrated
using an ultrafiltration stirred cell (Model 8050, Amicon EMD
Millipore-Sigma), with a 5 kDa PLCC low bind 44.5 mm
diameter ultracentrifugation disc (EMD Millipore-Sigma) at 4

Table 2. X-ray Diffraction Data Collection and Refinement
Statistics

beamline APS 24-1D-E

space group C2
unit cell parameters (Å, deg) a = 110.60

b = 179.93
c = 88.30
P = 107.01

wavelength (Å) 0.97918
resolution (Å) 91.18−1.87 (1.87−1.85)

observationsa 977,058 (31394)
unique reflectionsa 140,673 (5414)
Rmerge (I)a 0.128 (1.918)
Rmeas (I)a 0.139 (2.098)
Rpim (I)a 0.052 (0.826)
mean I/σa 11.6 (0.7)
CC1/2

a 0.998 (0.435)
completeness (%)a 98.5 (76.7)
multiplicitya 6.9 (5.8)
no. of protein residues 1389

No. of Atoms
protein 9976
NADH 220
SO4 40
water 425
Rcryst

a 0.188 (0.382)
Rfree

a,b 0.217 (0.388)
RMSD bonds (Å) 0.007
RMSD angle (deg) 0.856

Ramachandran Plotc

favored (%) 97.97
outliers (%) 0.00
clashscore (PR)c 2.36 (99)
MolProbity score (PR)c 1.08 (100)

Average B (Å2)
protein 38.9
NADH 44.7
water 40.1
SO4 52.5
PDB ID 8DKG

aValues for the outer resolution shell of data are given in parentheses.
b5% test set. cFrom MolProbity. The percentile ranks (PR) for
Clashscore and MolProbity score are given in parentheses.
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°C. The enzyme concentration was determined using the
Pierce 660 nm Protein Assay Reagent (Thermo-Fisher
Scientific Pierce Biotech) using bovine serum albumin as the
standard. The wild-type and T171M proteins were flash-frozen
in liquid nitrogen at 1.2 and 0.8 mg mL−1, respectively, and
stored at −80 °C.
Kinetic Measurements. Steady-state kinetic analysis was

performed using DL-P5C and NAD(P)H as the substrates and
monitoring the loss of NAD(P)H at 340 nm (ε340 = 6.22
mM−1 cm−1) and 380 nm (ε380 = 1.314 mM−1 cm−1) with a
UV−vis spectrophotometer (Cary-50, Varian-Agilent). Assays
were performed in spectrophotometric cuvettes (optical path
length = 1cm) at 37 °C in 0.1 M Tris-HCl (pH 7.5) buffer
containing 1 mM EDTA and 0.01% Brij-35 detergent (Santa
Cruz Biotechnology), varying concentrations of DL-P5C and
NAD(P)H, and 0.05 μM PYCR1 wild-type or 0.5 μM PYCR1
T171M for a total reaction volume of 600 μL. Initial assays
indicated that T171M has a defect in catalytic activity, thus the
kinetic constants for the T171M variant were determined using
a 10-fold higher enzyme concentration than that of wild-type
PYCR1.

DL-P5C used was synthesized as described previously40

according to the protocol by Williams et al.41 and was freshly
neutralized with 6 M NaOH to pH 7 immediately prior to the
assays. In assays with DL-P5C as the variable substrate,
NAD(P)H concentration was held fixed at 500 μM, whereas in
assays with NAD(P)H as the variable substrate, DL-P5C
concentration was kept fixed at 5 mM. A mixture of the Tris-
HCl buffer, NAD(P)H, and DL-P5C was preheated at 37 °C
for 5 min prior to each reaction. Reactions were initiated by
adding the PYCR1 enzyme, and the reactions were monitored
for 2 min with all assays performed in triplicate.

Absorbance changes over the first min of the reaction were
used to calculate the initial velocity (v0, μM s−1) using
extinction coefficients of 1.314 mM−1 cm−1 at 380 nm for
NADPH and 6.220 mM−1 cm−1 at 340 nm for NADH.7 The
initial velocity data were fitted to the Michaelis−Menten
equation using SigmaPlot v12.5 (Systat Software Inc.) to
obtain the steady-state kinetic parameters.

Assays were also conducted under conditions designed to
mimic physiological substrate concentrations, as that reported
previously for P5C reductase from Saccharomyces cerevisiae.42

These assays were performed at 23 °C in phosphate-buffered
saline (PBS) solution (10 mM Na2HPO4, 1.8 mM KH2PO4,
137 mM NaCl, 2.7 mM KCl, pH 7.5) containing DL-P5C (50
μM)21 and different combinations of NADH (30 μM),43

NAD+ (200 μM),44 NADPH (40 μM),45 NADP+ (4 μM),22

and L-proline (100 μM) in a total reaction volume of 1 mL.
Reactions were initiated by adding enzyme (0.5 μM final
concentration for PYCR1 wild-type and T171M), and initial
velocities (v0, μM s−1) were determined by monitoring the
absorbance decrease at 340 nm.
Thermal Shift Assays. The enzyme was dialyzed into 100

mM potassium phosphate buffer (pH 7.0) prior to analysis.
For melting point analysis, 6 μM enzyme (final concentration
after mixing) was added to a PCR tube containing 5 μL of 25×
SYPRO orange dye (Bio-Rad) and then balanced with 100
mM potassium phosphate buffer (pH 7.0) to make a final 50
μL total reaction volume. The tubes were covered with
aluminum foil and then placed on a shaker at 4 °C for 2 h.
Thermal denaturation assays were performed using Bio-Rad
CFX Connect real-time PCR detection system, with a

temperature range of 20−90 °C with 0.2 °C intervals per 15
s. Data were analyzed using SigmaPlot 14.5 (Systat Software).
Circular Dichroism. The enzymes were dialyzed into a 10

mM sodium phosphate buffer (pH 8.0) prior to analysis. For
CD thermal melt analysis, 24.2 μM wild-type PYCR1 was
heated from 22 to 95 °C in 5 °C intervals. Similarly, 20.6 μM
T171M was heated from 5 to 95 °C with 5 °C intervals. The
wavelength range monitored was 180−260 nm. The melting
point analysis was done at 222 nm for both enzymes by fitting
the data (SigmaPlot 14.5) to the following equations:

= * +U F F( )
= +G RT G RTexp( / )/(1 exp( / ))

= *G H T T(1 / )m
= +T x 273.15 where δ is the (y-axis) signal, ΔG is the

Gibbs free energy, ΔH is the enthalpy change and Tm is the
melting point.
Sedimentation Velocity Analysis. The oligomeric

structure of the PYCR1 T171M variant was characterized by
sedimentation velocity ultracentrifugation. Sedimentation
velocity experiments were performed at 20 °C using an
Optima XL-I analytical ultracentrifuge (Beckman Coulter,
Inc.) equipped with an eight-hole An50Ti rotor. The PYCR1
T171M variant was analyzed at 4.3 mg mL−1 in 50 mM Tris
(pH 8) containing 150 mM NaCl. The protein sample (400
μL) and buffer control were loaded into their respective
compartments of a double-sector cell. After incubation of 2 h
at 20 °C, the protein sample was centrifuged at 40,000 rpm
with a total of 200 absorbance scans at 290 nm recorded at 2
min intervals. The data from scans 20−200 were analyzed
assuming a partial specific volume of 0.73 mL g−1 with
SEDFIT version 10.58d46 using the continuous c(s) distribu-
tion model to generate the apparent c(s) distribution. The
frictional ratio value was fixed at 1.7 after initially being set at
1.94 as reported previously for wild-type PYCR1.17

X-ray Crystal Structure Determination of T171M.
Following the procedures used for the wild-type enzyme,17,25

T171M (10 mg mL−1) was co-crystallized with NADH (2
mM) and the inhibitor N-formyl-L-proline (5 mM). Crystals
were grown in sitting drops at 20 °C using a reservoir solution
of 0.36 M Li2SO4, 0.1 M 4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid (HEPES) pH 7.5, and 20% (w/v) PEG
3350. Sitting drops were formed by combining 2 μL of
reservoir solution with 2 μL of protein−ligand solution. Drops
were seed streaked with wild-type PYCR1 microcrystals.
Crystals were cryo-protected with 20% PEG 200 and flash-
cooled in liquid nitrogen. Additional NADH and N-formyl-L-
proline were not included in the cryo-buffer.

X-ray diffraction data were collected at Advanced Photon
Source beamline 24-ID-E (Eiger-16M detector). The data
were processed with XDS47 and AIMLESS.48 The space group
is C2, and the asymmetric unit contains five chains arranged as
one-half of a pentamer-of-dimers decamer. We note this is a
PYCR1 crystal form that we have used previously (PDB ID
6XP3).25 The starting model used for refinement was derived
from a deposited structure of PYCR1 (PDB ID 6XP3).
PHENIX and Coot49 were used for iterative model building
and crystallographic refinement.50 The structure was validated
using the MolProbity,51 the wwPDB validation service,52 and
polder omit maps.53 Data processing and refinement statistics
are listed in Table 2. The coordinates and structure factor
amplitudes have been deposited in the PDB under the
accession code 8DKG.
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