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Abstract
The aldehyde dehydrogenase (ALDH) superfamily member !1-pyrroline-5-carboxylate
dehydrogenase (P5CDH) catalyzes the NAD+-dependent oxidation of glutamate semialdehyde to
glutamate, which is the final step of proline catabolism. Defects in P5CDH activity lead to the
metabolic disorder type II hyperprolinemia, P5CDH is essential for virulence of the fungal
pathogen Cryptococcus neoformans, and bacterial P5CDHs have been targeted for vaccine
development. Although the enzyme oligomeric state is known to be important for ALDH function,
the oligomerization of P5CDH has remained relatively unstudied. Here we determine the
oligomeric states and quaternary structures of four bacterial P5CDHs using a combination of
small-angle X-ray scattering, X-ray crystallography, and dynamic light scattering. The P5CDHs
from Thermus thermophilus and Deinococcus radiodurans form trimer-of-dimers hexamers in
solution, which is the first observation of a hexameric ALDH in solution. In contrast, two Bacillus
P5CDHs form dimers in solution but do not assemble into a higher order oligomer. Site-directed
mutagenesis was used to identify a hexamerization hot spot that is centered on an arginine residue
in the NAD+-binding domain. Mutation of this critical Arg residue to Ala in either of the
hexameric enzymes prevents hexamer formation in solution. Paradoxically, the dimeric Arg-to-
Ala T. thermophilus mutant enzyme packs as a hexamer in the crystal state, which illustrates the
challenges associated with predicting the biological assembly in solution from crystal structures.
The observation of different oligomeric states among P5CDHs suggests potential differences in
cooperativity and protein-protein interactions.
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Introduction
The enzyme !1-pyrroline-5-carboxylate (P5C) dehydrogenase (P5CDH, EC 1.5.1.12)
catalyzes the NAD+-dependent oxidation of glutamate semialdehyde to glutamate, which is
the final step of proline catabolism (Fig. 1).1 In humans, P5CDH also catalyzes the final step
of hydroxyproline catabolism, which is the conversion of 4-hydroxyglutamate semialdehyde
to 4-erythro-hydroxy-L-glutamate. The enzyme is widely distributed in eukaryotes and
bacteria. In the former organisms, P5CDH is localized to the mitochondrial matrix. In some
bacteria, mostly Gram-negative bacteria, P5CDH is combined with the first enzyme of
proline catabolism, proline dehydrogenase (PRODH), into the bifunctional enzyme proline
utilization A (PutA).2,3 However, in Gram-positive bacteria, PRODH and P5CDH are
separate monofunctional enzymes encoded by distinct genes. Monofunctional P5CDH is the
subject of this research.

Defects in P5CDH underlie the autosomal recessive disorder type II hyperprolinemia.4-8

Certain missense and frameshift mutations in the gene encoding P5CDH abrogate enzyme
function, resulting in elevated levels of P5C and proline in plasma, urine, and cerebrospinal
fluid.9 Type II hyperprolinemia is causally linked to neurologic manifestations, such as
increased incidence of seizures and intellectual and developmental disabilities,10 although
exactly how the enzyme deficiency contributes to these conditions is unclear. Possible
mechanisms involve the role of proline as a neurotransmitter,11-14 oxidative stress,9 and
mitochondrial dysfunction.15

P5CDHs from microorganisms have been gaining attention as well. A recent study of
proline catabolism genetics in the fungal pathogen Cryptococcus neoformans showed that
P5CDH is required for optimal production the major cryptococcal virulence factors.16 This
work also showed that a mutant strain of C. neoformans in which P5CDH was disabled is
avirulent in a mouse model of infection. Recent immunological studies have shown that
P5CDH is associated with the outer surface of two important bacterial pathogens,
Streptococcus pneumoniae and Staphylococcus aureus.17 Although the secretion mechanism
and nature of the physical interaction that anchors the enzyme to the surface are unknown,
P5CDH appears to be a new member of an emerging class of anchorless surface proteins
found in Gram-positive bacteria that are thought to be potential virulence factors.18

Furthermore, S. pneumoniae and S. aureus P5CDH are immunogenic and have been
proposed as components of vaccines against S. aureus, a bacterial pathogen that causes
significant morbidity, mortality, and healthcare costs worldwide.17 Three-dimensional
structural studies of P5CDHs should aid efforts to design inhibitors of fungal P5CDHs and
new vaccines based on bacterial P5CDHs.

P5CDH is a member of the vast aldehyde dehydrogenase (ALDH) superfamily and is known
as ALDH4A1. Like other ALDHs, P5CDH exhibits a 3-domain fold, as exemplified by
Thermus thermophilus P5CDH, the first P5CDH to be structurally characterized (Fig. 2a).19

The catalytic domain provides the essential Cys nucleophile that attacks the C atom of the
substrate aldehyde group. The NAD(P)+-binding domain exhibits the Rossmann fold. The
oligomerization domain is a β substructure that protrudes from the NAD+-binding domain
and consists of a β-hairpin and the final β-strand of the polypeptide.

Oligomerization is an important aspect of the ALDH structure-function paradigm. All
ALDHs form a domain-swapped dimer in which the oligomerization domain of one
protomer engages the catalytic domain of the other protomer (Fig. 2b). In some ALDHs,
such as ALDH1 and ALDH2, two of these dimers assemble into a dimer-of-dimer
homotetramer.20 Oligomerization appears to be important for ALDH function and
stability.20 For example, the inactive form of ALDH2 found in 40% of the East Asian
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population has a glutamate to lysine substitution in an oligomerization interface.21 Also, the
tetrameric assembly of ALDH protomers appears to be essential for the half-of-the-sites
reactivity exhibited by ALDH1A1 and ALDH2.22

In contrast to other ALDHs, relatively little is known about the oligomeric states and
quaternary structures of P5CDHs. The oligomeric state in solution has been determined only
for human P5CDH, which forms the classic ALDH homodimer, but does not assemble into a
higher order oligomer.23 To address this knowledge gap, we report an analysis of the
oligomeric states and quaternary structures of the bacterial P5CDHs from Thermus
thermophilus (TtP5CDH), Deinococcus radiodurans (DrP5CDH), Bacillus halodurans
(BhP5CDH), and Bacillus licheniformis (BlP5CDH).

RESULTS
TtP5CDH and DrP5CDH form hexamers in solution

TtP5CDH and DrP5CDH were analyzed with small-angle X-ray scattering (SAXS), which
can define solution conformation and assembly states in combination with
crystallography.24,25 The SAXS curve for TtP5CDH is shown in Fig. 3a. The Guinier plot
exhibits good linearity and yields radius of gyration (Rg) of 43.4 ± 0.3 Å (Table 1).
Calculations of the pair distribution function (P(r)) suggest Rg of 43.0 – 43.2 Å for
maximum particle dimension (Dmax) of 120 - 125 Å (Fig. S1). The P(r) function has one
maximum centered at r = 60 Å (Fig. S1). Similar results were obtained for DrP5CDH,
suggesting that the two enzymes adopt the same oligomeric state in solution (Fig. 3c). The
Guinier Rg for DrP5CDH is 43.1 ± 0.1 Å. The Rg and Dmax estimates from P(r) calculations
are 43.6 Å and 120 - 125 Å, respectively. The P(r) function for DrP5CDH is nearly identical
to that of TtP5CDH (Fig. S1).

The crystal structure of TtP5CDH was used to help determine the quaternary structures of
TrP5CDH and DrP5CDH. The crystal structure of TtP5CDH was reported by Inagaki and
coworkers in 2006.19 The space group is H3 with one classic ALDH dimer (Fig. 2b) in the
asymmetric unit. The Rg of the dimer is only 30 Å, which suggests that TtP5CDH assembles
into a higher order oligomer in solution. Furthermore, the SAXS curve calculated from the
dimer deviates substantially from the experimental curves (Figs. 3a, 3c). The H3 crystal
lattice was inspected to identify a higher order assembly that is consistent with the SAXS
data. As described previously,19 application of the crystallographic 3-fold rotation to the
asymmetric unit generates a trimer-of-dimers hexamer (Fig. 2c). The hexamer has Rg of
42.6 Å, which agrees with the experimental Rg of 43 Å. The theoretical SAXS curve
calculated from the hexamer exhibits good agreement with the experimental ones for both
TtP5CDH (Fig. 3a) and DrP5CDH (Fig. 3c). Ensembles containing both the hexamer and
dimer models were also considered using the minimal ensemble search method.26 Slightly
better fits to the experimental profiles are obtained with ensembles consisting of 94 %
hexamer and 6% dimer for TtP5CDH (Fig. 3a), and 87 % hexamer and 13 % dimer for
DrP5CDH (Fig. 3C). These calculations suggest that the hexamer is the predominant
oligomer in solution. Moreover, the ab initio SAXS envelope matches the size and shape of
the hexamer (Fig. 3b). It is concluded that TtP5CDH and DrP5CDH exist primarily as a
trimer-of-dimers hexamer in solution. This is the first observation of a hexameric ALDH in
solution.

The hexamer oligomeric state was confirmed using dynamic light scattering (DLS) (Table 1
and Table S1) and the SAXS volume of correlation (Vc).27 DLS data indicate a
hydrodynamic radius (RH) of 7.2 nm for TtP5CDH, which implies a molecular weight (M)
of 351 kDa. The latter value is within 3 % of the predicted M of 342 kDa for a hexamer.
Similarly, the estimated RH and M of DrP5CDH are 7.3 nm and 361 kDa. The Vc values of
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TtP5CDH and DrP5CDH are 1294 Å2 and 1295 Å2, respectively (Table 1). The
corresponding M values are 314 kDa for TtP5CDH and 316 kDa for DrP5CDH (Table 1),
which are within 8 % of the M of the hexamer. The DLS and Vc results confirm that
TtP5CDH and DrP5CDH exist primarily as hexamers in solution.

BhP5CDH and BlP5CDH are dimeric in solution
The SAXS profile of BhP5CDH is profoundly different from those of TtP5CDH and
DrP5CDH (Fig. 4a). In particular, the pronounced valley at q = 0.083 Å−1 and peak at q =
0.102 Å−1, which are characteristic of hexameric P5CDHs, are absent in the SAXS profile
for BhP5CDH. The Rg of BhP5CDH from Guinier analysis is 31.3 ± 0.1 Å, while the real
space Rg from calculations of P(r) is 31.8 – 31. 9 Å for Dmax = 95 – 105 Å. These values are
much smaller than the Rg of 43 Å of hexameric P5CDHs, suggesting that BhP5CDH does
not form a hexamer. Furthermore, the P(r) has a maximum at r = 35 Å, whereas the P(r) for
hexameric P5CDH has a maximum at 60 Å (Fig. S1). The Rg calculated from a P5CDH
dimer is 30 Å, implying that BhP5CDH forms the classic ALDH dimer but does not
assemble into higher order oligomers. M estimated from SAXS Vc is 98 kDa (Table 1),
which is suggestive of the dimer (114 kDa) and certainly eliminates tetramers (228 kDa) and
hexamers (342 kDa) from consideration. Also, DLS data are consistent with BhP5CDH
forming a dimer (RH = 4.4 nm, M = 106 kDa, Table S1).

The hypothesis that BhP5CDH forms a dimer in solution was tested using crystallographic
data. The structure of BhP5CDH was determined by the New York Structural Genomics
Research Consortium. The enzyme crystallizes in space group C2 with three molecules in
the asymmetric unit (PDB code 3QAN, unpublished). Two of the molecules form the classic
ALDH dimer, while the crystallographic 2-fold rotation generates the other half of the dimer
for the third molecule. Analysis of the crystal lattice with PDBePISA28 indicates that the
dimer is the most probable assembly in solution. Inspection of crystal packing with COOT
confirmed that the hexamer is absent. The SAXS profile calculated from the BhP5CDH
dimer agrees well with the experimental profile (Fig. 4a), and the SAXS reconstruction
exhibits good agreement with the dimer (Fig. 4b). It is concluded that BhP5CDH is dimeric
in solution.

The oligomeric state of BlP5CDH (75 % identical to BhP5CDH) was determined using DLS
and analysis of crystal packing. The RH is 4.6 nm, which corresponds to M = 119 kDa,
consistent with a dimer (Table S1). The crystal structure of BlP5CDH was also determined
by the New York Structural Genomics Research Consortium. The enzyme crystallizes in
space group P21 with eight molecules in the asymmetric unit. As deposited, dimers are not
evident in the asymmetric unit. However, application of crystallographic symmetry allows a
different choice of asymmetric unit that contains four dimers. Analysis of the BlP5CDH
crystal lattice with PDBePISA indicates that the dimer is the most probable assembly in
solution. It is concluded that BlP5CDH is also dimeric in solution.

Site-directed mutagenesis rationale
Site-directed mutagenesis (to Ala) was used to identify residues important for
hexamerization. TtP5CDH was chosen as the model for this study because high resolution
crystal structures are available (e.g., PDB 2BHQ). The major interface between dimers in
the hexamer is formed by a helix from the NAD+-binding domain (α3, residues 96-111) and
the oligomerization domain (red in Fig. 2a). These structural elements form a symmetric
interface lining the inside surface of the tunnel that surrounds the 3-fold axis (red in Fig. 5a).
This interface buries 1100 Å2 of surface area. For comparison, the interfacial area of the
domain-swapped dimer interface is 2900 Å2. A smaller dimer-dimer contact surface (600

Luo et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2014 September 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Å2) is located on the outside of the hexamer (blue in Fig. 5b). The α14 helix of the catalytic
domain (residues 454-463) and α3 are prominent in this interface (Fig. 2a).

The α3 helix was targeted for site-directed mutagenesis because it participates in both
dimer-dimer interfaces (Fig. 5c). Specifically, three positively charged residues that form
dimer-dimer electrostatic interactions were individually mutated to Ala: Arg100, Lys104,
and Arg111. Arg100 is unique in that it is the only residue in the protein that interacts with
two protomers outside of its own dimer (3.2 Å cutoff). These dimer-dimer interactions
include ion pairs with Asp166, Glu168, and Glu458, and a hydrogen bond with Tyr154 (Fig.
5c). Arg100 also forms an intermolecular stacking interaction with Arg461. The other two
residues targeted for mutagenesis, Lys104 and Arg111, form dimer-dimer ion pairs with the
carboxyl-terminus of the polypeptide chain (Fig. 5c).

Arg153 of the oligomerization domain was also mutated to Ala. This residue is interesting
because it is next to the two-fold axis of the major dimer-dimer interface, and thus its
guanidinium group stacks in parallel with that of the symmetry-related related Arg153 (Fig.
5c).

Steady-state kinetic measurements
The kinetic constants for the native and mutant enzymes were estimated using P5C as the
variable substrate and NAD+ fixed at 1 mM in order to assess whether mutation of the
hexamer interface causes any gross change in enzyme activity (Table S2, Fig. S2). The
catalytic efficiencies (kcat/Km) of the TtP5CDH mutant enzymes are within 20 % of that of
the native enzyme, indicating that these particular mutations do not have an obvious,
substantial effect on activity.

Hexamerization hot spot
SAXS analysis of TtP5CDHR100A clearly shows that mutation of Arg100 to Ala is
sufficient to disrupt the hexamer. The SAXS curve for TtP5CDHR100A lacks the valley and
peak features that are diagnostic of the hexamer (Fig. 6a). The Rg from Guinier analysis is
32.1 ± 0.2 Å, which is close to the value of 30 Å calculated from the dimer and substantially
smaller than that of the hexamer (43 Å). Furthermore, the SAXS curve calculated from the
dimer exhibits excellent agreement with the experimental one (Fig. 6a), and the SAXS
envelope matches the dimer (Fig. 6b). Also, the RH estimated from DLS is 4.7 nm, which is
substantially smaller than the RH of 7.2 for the TtP5CDH hexamer (Table S1). The
corresponding M from DLS is 123 kDa, which is similar to value of 114 kDa expected for
the dimer. M estimated from SAXS Vc is 100 kDa (Table 1), which is also consistent with
the dimer. It is concluded that TtP5CDHR100A exists in solution primarily as a dimer.

The analogous mutation was generated for DrP5CDH (DrP5CDHR102A). The SAXS
profile of DrP5CDHR102A is likewise indicative of a dimer (Fig. 6a). The Rg is 32.6 ± 0.1
Å, and the SAXS curve calculated from the dimer agrees well with the experimental curve.
The SAXS envelope exhibits good agreement with the dimer (Fig. 6b). Also, the M of
DrP5CDHR102A estimated from DLS is 126 kDa, which is similar to the value of 114 kDa
expected for a dimer (Table S1). M estimated from SAXS Vc is 111 kDa (Table 1), which is
also consistent with the dimer. These data show that DrP5CDHR102A likewise exists
primarily as a dimer in solution.

In contrast, mutation of Arg111, Lys104, or Arg153 individually to Ala does not disrupt the
hexamer. The SAXS curve for TtP5CDHR111A clearly exhibits the valley and peak features
that are diagnostic of the hexamer (Fig. 6a). The Rg from Guinier analysis is 46.1 ± 0.2 Å,
which is consistent with a hexamer. Furthermore, the profile calculated from the hexamer
matches the experimental profile (Fig. 6a), and the shape reconstruction resembles the
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hexamer (Fig. 6b). Minimum ensemble search calculations also suggest that the hexamer is
the predominant (88%) oligomer in solution (Fig. 6a). The M value estimated from SAXS
Vc is 319 kDa (Table 1), which is just 7 % lower than M of the hexamer. TtP5CDHR111A,
TtP5CDHK104A, and TtP5CDHR153A were analyzed with DLS. The hydrodynamic radii
for these proteins span the range 6.8 – 7.2 nm, implying M = 304 - 337 kDa, which is
consistent with the hexamer being the major species in solution (Table S1). These results
suggest that TtP5CDHR111A, TtP5CDHK104A, and TtP5CDHR153A exist primarily as
hexamers in solution.

Crystallization of dimeric TtP5CDHs
TtP5CDHR100A was targeted for crystallization to better understand why mutation of
Arg100 to Ala disrupts hexamerization. Surprisingly, the mutant enzyme crystallized in the
same H3 lattice as TtP5CDH (Table 2), and thus the trimer-of-dimers hexamer is evident in
crystalline TtP5CDHR100A despite loss of the numerous interactions formed by Arg100.

Electron density maps indicated that the Arg100Ala mutation causes a cascade of
conformational changes in the vicinity of residue 100 (Fig. 7a). Glu168 rotates into the void
created by removal of the Arg100 side chain, while Tyr154 moves into the space vacated by
Glu168 (Fig. 7b). Also, electron density for the side chains of Arg153 and Glu458 is weak
and diffuse, implying disorder.

Formation of the H3 lattice by TtP5CDHR100A prompted the generation of double and
triple mutants designed to induce a new crystal form that is devoid of the hexamer (Table
S3).

This goal was achieved with the triple mutant R100A/K104A/R111A, which crystallizes in
space group P1. A moderate resolution diffraction data set was obtained (Table 2), which
was sufficient to determine the arrangement of dimers in the crystal lattice. The calculations
show that the triclinic cell contains 4 dimers (Fig. 8). Analysis of protein-protein interfaces
using manual inspection and PDBePISA shows that the hexamer is not present in the lattice.

Discussion
Global sequence identity apparently is not a good predictor of the oligomeric state of
P5CDHs. We previously showed using analytical ultracentrifugation that human P5CDH is
a dimer in solution. The human enzyme has 30% sequence identity to the bacterial enzymes
studied here (Table S4). The Bacillus enzymes are also dimeric despite having 50% identity
to the hexameric enzymes TtP5CDH and DrP5CDH. Thus, prediction of the oligomeric state
of P5CDH from sequence requires a more careful examination of both sequence and
structure. This conclusion is consistent with the hot spot theory of protein-protein
interaction, which posits that a few critical residues in the interface account for most of the
binding energy.29,30

We used structure-guided alanine scanning mutagenesis to identify a hexamerization hot
spot for bacterial P5CDHs. The hot spot is centered on Arg100, which is consistent with
early work showing that protein-protein interaction hot spots tend to be enriched in arginine,
surrounded by less important residues.29 Arg100 is unique in that it is the only residue that
interacts with two other protomers of the hexamer (Fig. 5c). This key residue forms dimer-
dimer interactions with five residues: Tyr154, Asp166, Glu168, Glu458, and Arg461.
Arg100 is also present in DrP5CDH but is substituted by Ala/Asn in the Bacillus enzymes
and Gln in human P5CDH (Fig. S3), consistent with it being essential for hexamerization.
Arg461 is also found in DrP5CDH, while Asp166 is conservatively substituted with Glu. On
the other hand, Arg461 and Asp166 are not conserved in the three dimeric P5CDHs. Also, a
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clear trend is not evident for Tyr154 or Glu168. This analysis suggests that the triplet of
Arg100, Asp/Glu166, and Arg461 is a hexamerization hot spot, which could be used to
predict the oligomeric states of P5CDHs. For example, S. aureus P5CDH, which has been
proposed as a vaccine reagent, is predicted to be dimeric since it has Glu in place of Arg100.

The prediction of stable oligomeric species in solution from crystal structures is an
important area of research. PDBePISA is used widely for this purpose and has been adopted
by the PDB for predicting the biological assembly of deposited structures (remark 350 of
PDB entries). TtP5CDHR100A is interesting in this regard because it forms a hexamer in
the crystal yet is predominately dimeric in solution under the conditions used for SAXS and
DLS (1-5 mg/mL). Analysis of the TtP5CDHR100A H3 lattice with PDBePISA indicates
that the hexamer is the most probable assembly in solution, which contradicts the SAXS
data. However, the PDBePISA results do suggest that the R100A hexamer is less stable than
the native one. For example, considering only the protein component and omitting solvent,
the mutation causes 5 % and 7 % decreases in the surface area buried in the major and minor
hexamer interfaces, respectively. Also, the complexation significance score of the major
hexamer interface decreases from 1.0 for TtP5CDH (maximum possible value) to only 0.2
for TtP5CDHR100A. Thus, the program was able to discern a difference in the interfaces of
the two crystal structures. Our results suggest that the prediction of the solution oligomeric
state from crystal packing remains challenging in some cases.

Consideration of dynamic self-association equilibrium provides plausible explanations for
the discrepancy in the oligomeric state of TtP5CDHR100A in the aqueous and solid states.
The SAXS data show that the dimer-hexamer equilibrium of TtP5CDHR100A lies far on the
dimer side under conditions of 1-10 mg/mL protein in Tris/NaCl buffers at pH 7.5. It is
possible that the conditions used for crystallization shift the equilibrium to the hexamer,
enabling crystal growth. However, DLS performed on TtP5CDHR100A under solution
conditions similar to those of the initial crystallization drop yielded RH of 4.3 nm and M of
101 kDa (Table S1). Thus, the combination of low pH and high concentration of 2-
methyl-2,4-pentanediol does not dramatically shift the equilibrium toward the hexamer.
Another explanation is that the H3 crystal form may have sufficiently favorable free energy
to allow crystal growth even at very low hexamer concentration. As hexamers join the
growing crystal, the dimer-hexamer equilibrium shifts toward the hexamer according to Le
Chatelier's principle, sustaining crystal growth.

The role of oligomerization in P5CDH function is unknown, but possibilities include
cooperativity and substrate channeling. Positive cooperatively in cofactor binding and half-
of-the-sites reactivity are exhibited by some tetrameric ALDHs.22,31 Analogous kinetic
studies have not been performed for P5CDHs, but the observation of a higher order oligomer
for TtP5CDH and DrP5CDH suggests that such experiments are worth pursuing.
Oligomerization of P5CDH could also be connected with substrate channeling.32,33 The
potential for substrate channeling between monofunctional PRODH and P5CDH is
suggested by the observation that the two enzymes are combined into a single polypeptide
chain (PutA) in some bacteria. Eisenberg's group first proposed that such fused proteins
could be used to predict protein-protein interactions (Rosetta Stone hypothesis of protein-
protein interactions).34 Kinetic studies have indeed shown that PutAs exhibit substrate
channeling.35,36 Thus, it is possible that monofunctional PRODH and P5CDH physically
interact and engage in intermolecular substrate channeling. If so, it seems likely that the
oligomeric states and quaternary structures of the interacting proteins will play an important
role in dictating PRODH-P5CDH associations. This idea also remains to be tested.
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Experimental Procedures
Expression and purification of TtP5CDH

The gene encoding P5CDH from Thermus thermophilus HB27 (NCBI Reference Sequence
YP_005182.1, 516 residues) was cloned from genomic DNA into pKA8H using NdeI and
BamHI sites by the University of Missouri DNA Core. The expressed protein includes an N-
terminal His8 tag and Tobacco Etch Virus Protease (TEVP) cleavage site. Treatment with
TEVP results in Gly-His followed by the TtP5CDH polypeptide.

TtP5CDH was expressed in Escherichia coli BL21(DE3)pLysS. A 10 mL overnight culture
was used to inoculate 1 L of LB media. The cells were grown at 37 °C at 250 rpm and
induced with 0.5 mM IPTG at OD600 = 0.6 with an induction temperature of 22 °C at 200
rpm for 18 hours. Cells were harvested by centrifugation, resuspended in 50 mM HEPES,
300 mM NaCl, 10 mM imidazole, and 5% glycerol at pH 8.0, and flash-frozen in liquid
nitrogen. The frozen cells were thawed with protease inhibitors (AEBSF, TPCK, E64,
Pepstatin, Leupeptin) and broken by sonication. Cell debris and unbroken cells were
separated by centrifugation at 16,500 rpm for one hour in a SS34 rotor. The supernatant was
applied to a His-Trap HP column charged with Ni2+ (GE Healthcare) equilibrated with 20
mM HEPES, 300 mM NaCl, and 5% glycerol at pH 8.0. TtP5CDH was eluted with
equilibration buffer containing 300 mM imidazole. Fractions were pooled, and TEVP, THP,
and 20X TEV buffer (1 M Tris-HCl, 10 mM EDTA, pH 8.0) were added so that the final
solution contained 5 mg of TEVP per 30 mg of protein in 50 mM Tris–HCl, 0.5 mM THP,
and 0.5 mM EDTA, pH 8.0. The sample was incubated at 30 °C for 2 hours and dialyzed
overnight at 4 °C before injection onto the His-Trap HP column. The tag-free protein was
collected at 30 mM imidazole and dialyzed in 50 mM Tris-HCl, 0.5 mM THP, 5% glycerol,
0.5 mM EDTA, pH 8.0 in preparation for anion exchange chromatography (HiTrap Q). The
protein was eluted with a linear 0 - 1 M NaCl gradient. Size exclusion chromatography
(SEC) (Superdex 200, 25 mL) was used as the final step of purification.

Expression and purification of DrP5CDH
A gene encoding DrP5CDH (NCBI Reference Sequence NP_294537, 523 residues) with
codons optimized for expression in E. coli was synthesized (Genscript) and subcloned into
pKA8H using NdeI and BamHI sites. The expressed protein includes an N-terminal His8 tag
and TEVP site. Cleavage with TEVP produces Gly-His followed by the DrP5CDH
polypeptide.

DrP5CDH was expressed in BL21(DE3)pLysS (induction at OD600 = 0.8 with 0.5 mM
IPTG for 5 hours at 22 °C). The cells were collected by centrifugation, resuspended in 50
mM Tris, 100 mM NaCl, 10 mM imidazole, 5% glycerol, at pH 7.5, and frozen at −80 °C.

The frozen cells were thawed at 4 °C in the presence of protease inhibitors (0.1 mM TPCK,
0.05 mM AEBSF, 0.1 μM Pepstatin, 0.01 mM Leupeptin, 5μM E-64) and broken using
sonication. The mixture was centrifuged at 16500 rpm in an SS34 rotor for 1 hour at 4°C,
filtered through a 0.45 μm filter (Millipore) and loaded on a HisTrap HP column (5 mL) that
had been charged with NiCl2 and equilibrated in 50 mM Tris, 300 mM NaCl, 10 mM
imidazole, and 5% glycerol at pH 7.5. Washing steps were performed using the loading
buffer supplemented with 10 mM imidazole followed by 30 mM imidazole. The protein was
eluted with 300 mM imidazole. The histidine tag was removed by incubating the protein
with 0.2 mg/ml TEVP for 1 hour at 28°C followed by dialysis at 4 °C against 50 mM Tris,
50 mM NaCl, and 5% glycerol at pH 7.5. The mixture was applied to the HisTrap HP
column to separate the cleaved protein, which appeared in the flow-through, from the tag
and TEVP. The cleaved protein was dialyzed overnight at 4 °C into 50 mM Tris, 0.5 mM
EDTA, 0.5 mM DTT, and 5% glycerol at pH 7.8 in preparation for anion exchange
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chromatography (HiTrap Q). The sample was loaded onto the column using a buffer of 50
mM Tris and 5% glycerol at pH 7.8, and a linear NaCl gradient was applied. DrP5CDH
eluted at 280 - 340 mM NaCl. The protein concentration was estimated using the
bicinchoninic acid method (Pierce kit) with bovine serum albumin as the standard.

Expression and purification of BhP5CDH and BlP5CDH
Expression constructs for BhP5CDH (NCBI Reference Sequence NP_243603.1, 515
residues) and BlP5CDH (NCBI Reference Sequence YP_077616.1, 516 residues) were
obtained from the New York Structural Genomics Research Consortium. The expressed
enzymes have C-terminal His8-tags and a TEVP cleavage site. TEVP cleavage produces the
enzyme polypeptide followed by AENLYFQ. The enzymes were expressed and purified
using the protocols described for TtP5CDH.

Site-directed mutagenesis
Site-directed mutants of TtP5CDH and DrP5CDH were generated using the QuikChange II
site-directed mutagenesis kit (Agilent) using the primers listed in Table S3. The mutations
were confirmed with sequencing performed by the University of Missouri DNA core. The
mutant enzymes were purified as described above for the native enzymes.

SAXS
SAXS experiments were performed at beamline 12.3.1 of the Advanced Light Source via the
mail-in program.37,38 Prior to data collection, all protein samples were subjected to SEC
using a Superdex 200 column. The column buffer was typically 50 mM Tris, 5% glycerol,
0.5 mM THP, and 50 mM NaCl at pH 7.5. In some cases (e.g., DrP5CDH), the SEC
fractions were pooled, concentrated to ~12 mg/mL, and dialyzed at 4 °C for 24 hours against
50 mM Tris, 50 mM NaCl, 0.5 mM EDTA, 0.5 mM THP, and 5% glycerol at pH 7.8. For
each protein, scattering intensities were measured at three nominal protein concentrations (1
- 10 mg/mL). For each protein concentration, exposure times of 0.5, 1.0, 3.0, and 6.0 sec
were used. Scattering curves collected from the protein samples were corrected for
background scattering using intensity data collected from the SEC effluent or dialysis buffer.

The SAXS data were analyzed as follows. A composite scattering curve for each sample was
generated with PRIMUS39 by scaling and merging the high q region from one of the longer
time exposures with the low q region from a shorter time exposure. The scattering curves
were multiplied with a concentration factor and overlaid on each other to check for
concentration dependent variation of the profile. No substantial concentration effects were
observed for any of the samples. PRIMUS was also used to perform Guinier analysis. FoXS
was used to calculate theoretical scattering profiles from atomic models.40 FoXS was also
used to perform minimum ensemble calculations.26 GNOM was used to calculate pair
distribution functions.41 MOLEMAN was used to calculate Rg from atomic coordinates.42

The SASTBX server43 was used for shape reconstruction calculations.

Estimation of molecular weight from SAXS volume of correlation
The molecular weight was estimated from the volume of correlation (Vc) as described
recently by Rambo and Tainer.27 Briefly, Vc is a new SAXS invariant defined as the ratio of
the zero angle scattering intensity, I(0), to the total scattered intensity. The latter quantity is
equal to the integral ∫qI(q)dq performed over the entire range of the scattering data. Vc thus
has units of Å2. Rambo and Tainer showed that Vc is independent of solute concentration
and the aforementioned integral converges for both folded-compact and unfolded-flexible
particles. For proteins, they also demonstrated that the molecular weight (M) in units of Da
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can be estimated from a single SAXS curve by the relationship, M = Vc
2RG

−1/0.1231. An
analogous relationship was provided for RNA.

Vc was calculated as follows. First, I(0) and RG were estimated from Guinier analysis using
PRIMUS. These values were used to extrapolate the experimental SAXS curves to q = 0
using the equation, I(q) = I(0) exp(−q2RG

2/3). Extrapolation to q = 0 is needed for accurate
calculation of the total scattered intensity. The extrapolated region consisted of 18 – 19
points with q spacing of 0.000610 Å−1, which matches the q spacing of the experimental
data. The area under the curve of qI(q) versus q was calculated using the Polygon Area
utility of Origin 9 software, and Vc was calculated as the ratio of I(0) to the area.

Crystallization of TtP5CDHR100A
Crystals of TtP5CDHR100A were grown in sitting drops at room temperature using the
protocol for TtP5CDH.44 Briefly, screening using commercially available kits (Hampton
Research) yielded positive results in several conditions, which led to either the twinned form
described earlier44 or the more desired H3 form that was used for structure determination.
Space group H3 crystals of TtP5CDHR100A were grown using sitting drops formed by
mixing 1 πL of the protein stock solution (7 mg/mL protein in 50 mM Tris-HCl at pH 7.5,
100 mM NaCl, 5 % (v/v) glycerol, 0.5 mM THP, and 0.5 mM EDTA) and 1 πL of the
reservoir containing 45 % 2-methyl-2,4-pentanediol and 0.05 M sodium citrate buffer at pH
5.2. The reservoir was used as the cryoprotectant. The space group is H3 with unit cell
dimensions of a = 173 Å and c = 279 Å and two protein molecules in the asymmetric unit.

Crystallization of TtP5CDHR100A/K104A/R111A
Triclinic crystals of the triple mutant TtP5CDHR100A/K104A/R111A were grown at 295 K
with the sitting-drop method of vapor diffusion. Initial conditions were identified using
commercially available crystal screens (Hampton Research). TtP5CDHR100A/K104A/
R111A was crystallized using a reservoir of 0.2 M MgCl2, 0.1 M Tris-HCl pH 8.5, and 30%
w/v PEG 4000. The protein stock solution contained 5 mg/mL TtP5CDH triple mutant in the
buffer of 50 mM Tris, 100 mM NaCl, 0.5 mM THP, 0.5 mM EDTA, and 5% glycerol at pH
7.8. Crystals were cryoprotected with 0.2 M MgCl2, 0.1 M Tris-HCl at pH 8.5, 30% w/v
PEG 4000, and 28% PEG 200. The space group is P1 with unit cell dimensions a = 65.1 Å,
b = 102.7 Å, c = 160.6 Å, α = 86.3°, β=87.5°, and γ = 79.4°. The asymmetric unit includes
8 protein molecules (4 dimers), which implies 48 % solvent and VM of 2.35 Å3/Da.

X-ray diffraction data collection, phasing, and refinement
X-ray diffraction data from crystals of TtP5CDHR100A in space group H3 were collected at
beamline 4.2.2 of Advanced Light Source. The 1.54 Å resolution data set used for
refinement consisted of 360 frames with an oscillation width of 0.5° per image, detector
distance 110 mm, and exposure time 2 s/image. The data were processed with XDS45 and
SCALA46 via CCP4i.47 Refinement using PHENIX48 commenced from the coordinates of
TtP5CDH with Arg100 truncated to Ala. COOT49 was used for model building. Data
collection and refinement statistics are listed in Table 2.

X-ray diffraction data from crystals of the triple mutant TtP5CDHR100A/K104A/R111A
were collected on an in-house Rigaku rotating anode generator coupled to an R-AXIS IV++
detector. Two data sets were recorded and merged. The first one consisted of 360 frames
collected with an oscillation width of 0.5°, detector distance of 270 mm, and exposure time
of 7 minutes per frame. The second set consisted of 360 frames collected with an oscillation
width of 0.5°, detector distance of 200 mm, and exposure time of 5.2 minutes per frame. The
data were integrated with MOSFLM50 and merged to 2.42 Å resolution with SCALA. The
arrangement of the dimers in the asymmetric unit was determined using molecular
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replacement as implemented in PHASER51 with a search model derived from a dimer of
TtP5CDHR100A with Lys104 and Arg111 truncated to Ala. A clear solution with 4 dimers
in the unit cell and log-likelihood gain of 31444 was obtained. Rigid body refinement
yielded Rwork = Rfree = 0.290 for all data to 2.42 Å resolution.

DLS
These experiments were performed on a Protein Solutions DynaPro 99 Molecular Sizing
Instrument (Wyatt Technology) at 20 °C with a wavelength of 836.3 nm and scattering angle
of 90°. Protein concentrations were in the range 0.5 - 2 mg/ml in 50 mM Tris buffer at pH
7.5. Prior to DLS, each sample was centrifuged for 10 min at 13,000 × g at 4°C and passed
through a 0.22 μm Millipore filter (Whatman). The data were collected with acquisition
time of 10 s with at least 18 acquisitions. The DLS data were analyzed by the program
DYNAMICS v.5.26.38 by performing regularization fit using the regularization algorithm
on the measured autocorrelation functions.

Steady-state kinetics
The P5CDH activity of TtP5CDH and TtP5CDH mutant enzymes were measured at 20 °C
by monitoring NADH production at 340 nm as described previously.23 The final assay
mixture (1 mL) contained 6 πg/ml P5CDH (0.1 πM), 1 mM NAD+, and various
concentrations of P5C in 0.1 M potassium phosphate buffer at pH 7.5. The pH of the P5C
stock solution was adjusted to 7.5 before adding to the reaction mixture. Kinetic constants
(Table S2) were estimated by fitting the initial rate data to the Michaelis-Menten equation
using Origin 9.0 (Fig. S2).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

PRODH proline dehydrogenase

P5C !1-pyrroline-5-carboxylate

P5CDH !1-pyrroline-5-carboxylate dehydrogenase

PutA proline utilization A

ALDH aldehyde dehydrogenase

TtP5CDH !1-pyrroline-5-carboxylate dehydrogenase from Thermus thermophilus
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DrP5CDH !1-pyrroline-5-carboxylate dehydrogenase from Deinococcus radiodurans

BhP5CDH !1-pyrroline-5-carboxylate dehydrogenase from Bacillus halodurans

BlP5CDH !1-pyrroline-5-carboxylate dehydrogenase from Bacillus licheniformis

SAXS small-angle X-ray scattering

DLS dynamic light scattering

TEVP Tobacco Etch Virus protease

SEC size exclusion chromatography
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• We determined the oligomeric states and quaternary structures of four P5CDHs.

• We report the first observation of a hexameric aldehyde dehydrogenase in
solution.

• Global sequence identity is not predictive of the oligomeric state of P5CDH.

• Ala scanning reveals a hexamerization hot spot centered on an Arg residue.

• Predicting the solution oligomeric state from the crystal can be challenging.
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Fig. 1.
The reactions of proline catabolism.
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Fig. 2.
Structure of TtP5CDH (PDB code 2BHQ). (A) The protomer is shown with the catalytic
domain in green, NAD+-binding domain in light blue, and oligomerization domain in
yellow. Red patches indicate residues that form the major dimer-dimer interface of
hexametric P5CDHs. Dark blue denotes residues involved in the minor dimer-dimer
interface of hexametric P5CDHs. (B) Structure of the classic ALDH dimer. (C) Two views
of the TtP5CDH hexamer deduced from SAXS and X-ray crystallography.
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Fig. 3.
SAXS analyses of TtP5CDH and DrP5CDH. (A) Experimental and calculated SAXS curves
for TtP5CDH. The inset shows a Guinier plot spanning the range of qRg from 0.489 to 1.28.
The linear fit of the Guinier plot has R2 of 0.996. (B) Superposition of the TtP5CDH SAXS
shape reconstruction and the hexamer generated from crystallographic symmetry. The
SAXS envelope was calculated using the SASTBX server. Two orthogonal views are
shown. (C) Experimental and calculated SAXS curves for DrP5CDH. The inset shows a
Guinier plot spanning the range of qRg from 0.458 to 1.30 (R2 = 0.999).
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Fig. 4.
SAXS analysis of BhP5CDH. (A) Experimental and calculated SAXS curves. The inset
shows a Guinier plot spanning the qRg range of 0.352 – 1.30 (R2 = 0.998). (B) Superposition
of the SAXS shape reconstruction and the dimer.
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Fig. 5.
Dimer-dimer interfaces within the P5CDH hexamer. (A and B) Orthogonal views of the
hexamer with the A-B dimer colored cyan-green, C-D dimer in gray-yellow, and E-F dimer
in brown-magenta. Red and blue denote residues in the major and minor dimer-dimer
interfaces, respectively. (C) Dimer-dimer interactions formed by the residues targeted for
mutagenesis (Arg100, Lys104, Arg111, and Arg153). As in panels A and B, protomer A is
colored cyan, and dimer C-D is colored gray-yellow. The oval denotes the approximate
location of one of the 2-fold axes of the hexamer.
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Fig 6.
SAXS analysis of P5CDH mutant enzymes. (A) Experimental and theoretical SAXS curves.
Arbitrary offsets were applied to the curves for clarity. The theoretical SAXS curves for
TtP5CDHR100A (red) and DrP5CDHR102A (green) were calculated from a TtP5CDH
dimer. The theoretical curve in cyan for TtP5CDHR111A was calculated from a TtP5CDH
hexamer, while the curve in orange was calculated from an ensemble consisting of 88%
hexamer and 12 % dimer. The inset shows Guinier plots spanning the qRg ranges of
0.361-1.30 for TtP5CDHR100A (R2 = 0.9992), 0.347-1.30 for DrP5CDHR102A (R2

=0.9996), and 0.519-1.31 for TtP5CDHR111A (R2 = 0.9997). (B) Superpositions of the
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SAXS shape reconstructions and oligomer models for TtP5CDHR100A, DrP5CDHR102A,
and TtP5CDHR111A.
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Fig. 7.
Hexamer interface of TtP5CDHR100A. (A) Electron density for residues of
TtP5CDHR100A that change conformation. The cage represents a simulated annealing σA-
weighted Fo - Fc omit map (3σ). The orientation and coloring scheme are identical to those
of Fig. 5c. (B) Comparison of the hexamer interfaces of TtP5CDH (gray) and
TtP5CDHR100A (pink).
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Fig. 8.
Triclinic unit cell of TtP5CDHR100A/K104A/R111A. The red spheres denote the locations
of the mutated residues, Ala100, Ala104, and Ala111.
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Table 2

X-ray diffraction data collection and refinement statistics
a

TtP5CDH R100A TtP5CDH R100A/K104A/R111A

Wavelength (Å) 1.000 1.542

Space group H3 P1

Unit cell parameters (Å, °) a = 102.7, c = 279.5 a = 65.1, b = 102.7 c = 160.6, α = 86.3, β = 87.5, γ = 79.4

Resolution (Å) 47.3 - 1.54 (1.62 - 1.54) 83.2-2.42 (2.55-2.42)

Total observations 835877 287864

Unique reflections 158507 114331

Multiplicity 5.3 (2.8) 2.5 (1.8)

R merge 
b 0.045 (0.461) 0.038 (0.110)

R meas 
b 0.050 (0.549) 0.047 (0.156)

R pim 
b 0.021(0.291) 0.028 (0.110)

<I/σ(I)> 20.7 (2.3) 15.4 (5.2)

Completeness (%) 96.8 (78.5) 73.5 (64.4)

Predicted oligomeric state
c hexamer dimer

R work 0.168 (0.282)

R free 
d 0.185 (0.291)

Number of atoms 8608

Protein residues 1032

Water molecules 623

RMSD bond lengths (Å) 0.006

RMSD bond angles (°) 1.04

Ramachandran plot
e

    Favored (%) 98.64

    Outliers (%) 0

MolProbity score (percentile) 99

Average B-factors

    Protein (Å2) 22.5

    Water (Å2) 29.7

Coordinate error (Å)
f 0.13

PDB code 4K57

a
Values for the outer resolution shell of data are given in parenthesis.

b
Definitions of Rmerge, Rmeas, and Rpim can be found in Weiss.52

c
Oligomeric state predicted from crystal packing using PDBePISA.

d
5% random test set.

e
The Ramachandran plot was generated with MolProbity.53
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f
Maximum - likelihood based coordinate error from PHENIX.
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