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Small-angle X-ray Scattering Studies of the Oligomeric State
and Quaternary Structure of the Trifunctional Proline
Utilization A (PutA) Flavoprotein from Escherichia coli*™®
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Background: Trifunctional proline utilization A (PutA) proteins are multifunctional flavoproteins that catalyze two reac-

tions and repress transcription of the put regulon.

Results: PutA from Escherichia coli is a V-shaped dimer, with the DNA-binding domain mediating dimerization.
Conclusion: Oligomeric state and quaternary structures are not conserved by PutAs.
Significance: The first three-dimensional structural information for any trifunctional PutA is reported.

The trifunctional flavoprotein proline utilization A (PutA)
links metabolism and gene regulation in Gram-negative bacte-
ria by catalyzing the two-step oxidation of proline to glutamate
and repressing transcription of the proline utilization regulon.
Small-angle x-ray scattering (SAXS) and domain deletion anal-
ysis were used to obtain solution structural information for the
1320-residue PutA from Escherichia coli. Shape reconstructions
show that PutA is a symmetric V-shaped dimer having dimen-
sions of 205 X 85 X 55 A, The particle consists of two large lobes
connected by a 30-A diameter cylinder. Domain deletion analy-
sis shows that the N-terminal DNA-binding domain mediates
dimerization. Rigid body modeling was performed using the
crystal structure of the DNA-binding domain and a hybrid
x-ray/homology model of residues 87-1113. The calculations
suggest that the DNA-binding domain is located in the connect-
ing cylinder, whereas residues 87-1113, which contain the two
catalytic active sites, reside in the large lobes. The SAXS data
and amino acid sequence analysis suggest that the A'-pyrroline-
5-carboxylate dehydrogenase domains lack the conventional
oligomerization flap, which is unprecedented for the aldehyde
dehydrogenase superfamily. The data also provide insight into
the function of the 200-residue C-terminal domain. It is pro-
posed that this domain serves as a lid that covers the internal
substrate channeling cavity, thus preventing escape of the cata-
lytic intermediate into the bulk medium. Finally, the SAXS
model is consistent with a cloaking mechanism of gene regula-
tion whereby interaction of PutA with the membrane hides the
DNA-binding surface from the put regulon thereby activating
transcription.

* This work was supported, in whole or in part, by National Institutes of Health
Grants GM065546 and GM061068.

51 The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1-S6.
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Proline catabolism in Gram-negative bacteria is catalyzed by
the bifunctional enzyme proline utilization A (PutA)> (1, 2).
The catalytic apparatus of PutAs consists of an FAD-dependent
proline dehydrogenase (PRODH) active site that catalyzes the
oxidation of proline to A’-pyrroline-5-carboxylate (P5C), and
an NAD " -dependent P5C dehydrogenase (P5CDH) active site
that catalyzes the oxidation of glutamate semialdehyde to glu-
tamate (Fig. 1). These two reactions are linked by a hydrolysis
step that converts P5C into glutamate semialdehyde.

In addition, some PutAs provide genetic regulation by acting
as transcriptional repressors, thereby establishing a class of tri-
functional PutAs (3—9). The best studied trifunctional PutA is
EcPutA from Escherichia coli (5, 10—17). EcPutA controls the
expression of the put regulon, which contains the genes encod-
ing EcPutA and the proline transporter PutP. When proline
levels are low, EcPutA blocks transcription by binding to oper-
ator sites located between the two divergently transcribed
genes. Increased proline levels cause EcPutA to dissociate from
DNA and bind the inner membrane, which activates gene tran-
scription, uptake of proline, and proline catabolic enzymatic
activity. The mechanism by which proline stimulates proline
utilization, e.g. functional switching, involves global conforma-
tional changes induced by proline reduction of the FAD, which
enhance membrane binding affinity and shift the equilibrium of
PutA from DNA-bound to membrane-associated. Thus, tri-
functional PutAs are dynamic proteins that function both as a
sensor that monitors the level of environmental proline and a
transducer that converts proline into usable energy for the
organism.

2The abbreviations used are: PutA, proline utilization A; PRODH, proline
dehydrogenase; P5C, A'-pyrroline-5-carboxylate; PSCDH, A'-pyrroline-5-
carboxylate dehydrogenase; BjPutA, B. japonicum proline utilization A;
EcPutA, E. coli proline utilization A; RHH, ribbon helix helix; CTD, EcPutA
C-terminal domain of unknown function; CCM, conserved C-terminal
motif; PDB, Protein Data Bank; SAXS, small-angle X-ray scattering; SEC, size
exclusion chromatography; MALS, multiangle light scattering; PutA1-
1085, domain deletion mutant of EcPutA having residues 1-1085; PutA86 —
1320, domain deletion mutant of EcPutA having residues 86-1320; TEVP,
tobacco etch virus protease.
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FIGURE 1. Reactions catalyzed by PutA.

The crystal structure of a bifunctional PutA is known (18)
(supplemental Fig. S1). At 999 residues, PutA from Bradyrhizo-
bium japonicum (BjPutA) is among the smallest of PutAs and is
therefore considered to be a minimalist PutA. The PRODH
active site is located in a (Ba)g barrel, whereas the P5CDH site
resides in a crevice between the Rossmann-like NAD " -binding
domain and the catalytic domain that furnishes the essential
reactive Cys. The two active sites are separated by 41 A and
connected by a large, irregularly shaped internal cavity (silver
surface in supplemental Fig. S1A). It has been hypothesized that
the cavity functions in substrate channeling by serving as an
internal reaction vessel for the hydrolysis of P5C to glutamate
semialdehyde and a protected conduit for the diffusion of the
semialdehyde to the P5CDH active site. In addition to the cat-
alytic domains, the structure includes four ancillary domains
(arm, o, linker, and oligomerization) that not only help to create
the aforementioned cavity, but also provide the sites for oligo-
merization. Of particular note for the current work is the olig-
omerization domain.

The oligomerization domain of BjPutA is a bipartite flap con-
sisting of a B-hairpin and the C-terminal ~20 residues of the
chain (supplemental Fig. S1A, orange). The latter part of the
oligomerization domain forms a 3-strand followed by a turn of
a-helix and contains the conserved sequence motif EXXXXv(N
or D)t(T or A)AaGGnaXL, where uppercase, lowercase, and X
indicate identical, highly conserved, and any residue, respec-
tively. The sequence appears to be in all branch 1 PutAs, a group
that includes both BjPutA and trifunctional PutAs (1). BjPutA
forms a domain-swapped dimer in which the flap of one
protomer forms main chain hydrogen bonds with the B-sheet
of the catalytic domain of the other protomer (supplemental
Fig. S1B). As a consequence of dimerization, the flap of one
protomer seals the cavity of the other protomer from the bulk
medium preventing loss of the intermediate (supplemental Fig.
S10).

Trifunctional PutAs have two additional domains not found
in the minimalist PutA (Fig. 2). The DNA-binding domain (res-
idues 1-49) has a ribbon helix helix (RHH) fold and forms the
canonical RHH dimer in solution (9, 19). The other extra
domain (CTD, C-terminal domain) has ~200 residues and is
inserted between the NAD *-binding domain and the predicted
conserved C-terminal motif. The function of the CTD is
unknown.

Although structures of the DNA-binding (9, 19) and PRODH
(14, 16, 20-22) domains of EcPutA are known, the three-di-
mensional structure of a full-length trifunctional PutA has
remained elusive since the discovery of PutAs in the late 1970s
(23). Here, we report small-angle x-ray scattering (SAXS) stud-
ies of EcPutA, which provide the first view of the three-dimen-
sional architecture of a trifunctional PutA.

DECEMBER 16, 2011 +VOLUME 286+NUMBER 50

EXPERIMENTAL PROCEDURES

Expression and Purification of EcPutA—The plasmid used to
express EcPutA (pKA8H-EcPutA) was created by subcloning
the putA gene from a previously described pET-3a vector (11)
into pKA8H (kindly provided by Dr. Christopher Hill) using
Ndel and BamHI restriction sites. The expressed protein
includes the 1320-residue EcPutA with an N-terminal Hisg tag
and intervening tobacco etch virus protease (TEVP) cleavage
site. Treatment with TEVP results in the native polypeptide
preceded by Gly-His.

EcPutA was expressed in E. coli using standard methods and
purified using immobilized metal affinity chromatography
(His-Trap Ni*"-Sepharose HP, GE Healthcare). Fractions
eluted from the Ni**-Sepharose column that contained
EcPutA were pooled, and TEVP, 1 M DTT, and 20X TEV buffer
(1 m Tris-HCL, 10 mm EDTA, pH 8.0) were added so that the
resulting solution contained 3 mg of TEVP per 50 mg of EcPutA
in 50 mm Tris-HCl, 0.5 mm DTT, and 0.5 mm EDTA, pH 8.0.
The sample was incubated for 3 h at 30 °C, dialyzed overnight at
4.°C, and injected onto the Ni**-Sepharose column. The flow-
through was collected, dialyzed into 50 mm Tris-HCl, 50 mm
NaCl, 0.5 mm EDTA, 0.5 mm DTT, and 5% glycerol, pH 8.0, and
concentrated to 10 —25 mg/ml using a centrifugal concentrator.
The protein concentration was measured with the bicin-
choninic acid method (Pierce kit). Size exclusion chromatogra-
phy (SEC) was used as the final step of purification. As
described by Brown and Wood (24), EcPutA exhibits two
apparent species in SEC. The major species is the functional
dimeric protein, and the minor species appears to be the iso-
lated subunit. The dimer was isolated using either a Superdex
200 SEC column or a Shodex KW-803 SEC column.

Subcloning and Purification of Domain Deletion Constructs—
A domain deletion construct having EcPutA residues 1-1085
(PutA1-1085) was created. The coding sequence for residues
1-1085 was amplified by PCR from a pET-23b plasmid harbor-
ing the putA gene (25) and subcloned into pET-23b using Ndel
and EcoRI restriction sites. PutA1-1085 was purified as
described above for EcPutA, except the C-terminal His tag was
retained.

Another domain deletion construct having EcPutA residues
86-1320 (PutA86-1320) was also created. The coding
sequence for these residues was amplified by PCR from the
plasmid pKA8H-EcPutA and subcloned into pKA8H using
Ndel and BamHI restriction sites. PutA86 —1320 was purified
using immobilized metal affinity chromatography followed by
cleavage of the affinity tag, passage through the affinity column
to remove the tag and uncleaved protein, and finally anion
exchange chromatography (HiTrap Q-Sepharose, GE Health-
care). For the latter step, the loading buffer was 50 mm Tris, 0.5
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FIGURE 2. Schematic diagram depicting a multiple sequence alignment of minimalist PutAs, represented by BjPutA (top), and trifunctional PutAs,
represented by EcPutA (bottom). BjPutA and EcPutA have 999 and 1320 residues, respectively. DBD, DNA-binding domain; NBD, NAD " -binding domain; CCM,

conserved C-terminal motif.

mM EDTA, and 5% glycerol, pH 8.0, and the protein was eluted
with a 0—0.5 M linear NaCl gradient.

Small-angle X-ray Scattering—SAXS experiments were per-
formed at the SIBYLS beamline (12.3.1) of the ALS (26). For
each sample, scattering intensities (I) were measured at three
protein concentrations to ensure concentration-independent
scattering. Exposures 0f 0.5, 1.0, and 5.0 s were used to check for
radiation damage. The scattering curves collected from the
protein sample were corrected for background scattering using
intensity data collected from the dialysis buffer, SEC effluent, or
flow-through from a centrifugal concentrator. Composite scat-
tering curves were generated with PRIMUS (27) by scaling and
merging the background-corrected high g region data from the
5.0-s exposure with the low g region data from a shorter expo-
sure (0.5 or 1.0 s). For one of the EcPutA samples, the scattering
curves (3.3, 6.7, and 10.0 mg/ml) were extrapolated to zero con-
centration, and composite scattering curves were generated by
scaling and merging the background-corrected high g region
data from the 10 mg/ml sample with the low g region zero-
extrapolated data. Scattering curves were subjected to indirect
Fourier transform using GNOM (28) to yield the pair distribu-
tion function (P(r)), from which the radius of gyration (R,) and
the maximum particle dimension (D, ,,) were estimated. PRI-
MUS was used to calculate Porod volumes. The molecular
weight in solution was estimated from SAXS data using the
relationship, M = 1(0)/Kc, where M is the molecular weight, 1(0)
is the intensity extrapolated to zero scattering angle, ¢ is the
protein concentration in mg/ml, and K is a constant deter-
mined from beamline calibration measurements using glucose
isomerase as a standard (29). GASBOR (30) was used to calcu-
late shape reconstructions, and DAMAVER (31) was used to
average and filter the resulting dummy atom models. The Situs
module pdb2vol was used to convert the averaged, filtered
models into volumetric maps (32). SUPCOMB was used to
superimpose dummy atom models (33).

Rigid Body Modeling Using SAXS Data—Modeling of
EcPutA was performed using two rigid bodies: the 1.9-A reso-
lution crystal structure of the DNA-binding domain dimer
(PDB 2GPE) (19) and a hybrid x-ray/homology model of resi-
dues 87-1113. The model of residues 87-1113 was built by
combining the crystal structure of an EcPutA PRODH domain
construct (PutA86 — 630, PDB code 1TIW) (16) with homology
models based on the BjPutA structure (PDB code 3HAZ) gen-
erated with I-TASSER (34) and SWISS-MODEL (35). The
BjPutA structure is a good template for modeling this part of
EcPutA because the two enzymes are 47% identical (62% simi-
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lar) in this region (Fig. 2, supplemental Fig. S2). Furthermore,
PutA86—-630 exhibits the arm, PRODH barrel, and linker
domains also found in BjPutA (1.4-A root mean square devia-
tion). Neither the CTD nor the conserved C-terminal motif was
included in rigid body modeling.

The strategy for rigid body modeling was based on the
assumption that the DNA-binding domain is essential for
dimerization, which follows from the domain deletion studies
(see below). This assumption implies that the DNA-binding
domain dimer resides in the connector region of the SAXS
envelope, whereas residues 87-1113 are located in the large,
spatially separated lobes. The EcPutA DNA-binding domain
dimer (PDB code 2GPE) was manually fitted into the connector
region of the consensus SAXS volumetric map with its 2-fold
axis coincident with the 2-fold axis of the SAXS map. The struc-
ture fit equally well in two orientations corresponding to the
DNA-binding surface facing the concave or convex surfaces of
the envelope.

COLORES (36) was used to dock the x-ray/homology model
of residues 87—1113 into the lobes. The volumetric maps used
for these calculations were created as follows. First, the dummy
atoms of the averaged, filtered consensus reconstruction model
that overlapped the docked DNA-binding domain dimer were
identified manually with PyMol and deleted. The remaining
dummy atoms formed two clusters corresponding to the two
lobes. These clusters of atoms were saved as two separate coor-
dinate files and converted to volumetric maps, which were used
for two COLORES docking calculations.

The poses of the x-ray/homology model of residues 87-1113
from COLORES were combined with the two poses of the
docked DNA-binding domain dimer to generate several mod-
els, which were then ranked according to the agreement with
the experimental scattering profiles using the FoXS y parame-
ter (37). The linker between residues 47 and 87 was modeled
using rapper (38) via ccp4i (39). The SAXS volumetric map was
input to rapper to constrain the modeled peptide inside the
SAXS envelope.

Multiangle Light Scattering—The molecular weight of
EcPutA in solution was estimated using a multiangle light scat-
tering (MALS) detector coupled to a Shodex KW-803 SEC col-
umn. The MALS analysis was performed in-line to SEC sepa-
ration using an 18-angle DAWN HELEOS detector (Wyatt
Technology) with detector 12 replaced with a DynaPro quasie-
lastic light scattering detector. Protein concentrations were
simultaneously monitored with an Optilab refractive index
detector (Wyatt Technology). System calibrations were per-
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formed with glucose isomerase (Hampton Research) dissolved
in 50 mM Tris-HCI, 50 mm NaCl, 0.5 mm EDTA, 0.5 mm DTT,
and 5% glycerol, pH 8.0. The flow rate was 0.9 ml/min. The
molecular weight of PutA86-1320 was estimated similarly
using a MALS detector coupled to a G5000PWXL SEC column
(Tosoh Bioscience, Montgomeryville, PA). The column buffer
was 50 mm Tris-HCl, 50 mm NaCl, 0.5 mMm EDTA, 0.5 mm THP,
and 5% glycerol, pH 8.0. The flow rate was 0.75 ml/min.

Biochemical Assays—Kinetic parameters for PRODH activity
were determined at 25 °C in 100 mm MOPS buffer, pH 8.0,
using proline as the substrate (0-500 mwm) as previously
described (17). P5CDH activity was measured using P5C as the
substrate (0—1.5 mMm, L-P5C) and 0.2 mm NAD™ as previously
described (24). NADH formation was monitored at 340 nm,
and the extinction coefficient of 6220 M~ ' cm ™! for NADH was
used to calculate the kinetic parameters. P5C is not commer-
cially available, therefore pL-P5C was chemically synthesized as
described (40). pbL-P5C was stored in acid at 4 °C. Immediately
before performing kinetics experiments pL-P5C was neutral-
ized to pH 6.5-8.0, quantified with O-aminobenzaldehyde
(forms complex absorbing at 443 nm with € = 2590 M~ " cm ™ %),
and diluted with ice-cold assay buffer to make a stock solution.
Due to the limited availability of P5C, the saturation region of
the Michaelis-Menten curve was not accessible, which pre-
vented determination of k_,, and K,,,. Therefore, the ratio of k_,,
to K, in the limit of [S] << K|, was estimated from the slope of
the linear region of the Michaelis-Menten curve at low sub-
strate concentration.

Tryptophan fluorescence quenching was used to study the
binding of NAD™ to PutA following an approach described
previously (41). PutA (0.5-1.0 uMm) was excited at 295 nm, and
the maximal emission at 335 nm was measured at increasing
concentrations of NAD™ (0-60 um). A control assay without
protein was performed similarly and used to correct for any
inner filter effect. The dissociation constant (K ;) was estimated
by fitting the corrected fluorescence quenching data to a single-
site binding isotherm. The DNA binding activities of PutA and
PutA1-1085 were studied using gel mobility shift assays as pre-
viously described (9).

RESULTS

Oligomeric State of EcPutA from SEC-MALS—The oligo-
meric state of EcPutA in solution was studied using SEC-MALS
(Fig. 3A). The data suggest that the purified protein is mono-
disperse with an apparent molecular mass of 274 = 3 kDa. This
value is within 6% of the predicted molecular mass of 290 kDa
for the dimer, in agreement with previous studies (24).

SAXS Analysis of EcPutA—SAXS data from five EcPutA sam-
ples differing in the reference buffer used for subtraction or the
protein batch are shown in Fig. 4, and parameters derived from
SAXS are listed in Table 1. The scattering curves exhibit a per-
ceptible depression near g = 0.045 A~ and bump near ¢ =
0.065 A~ (arrows in Fig. 4A4). The Guinier plots show good
linearity, with R? scores greater than 0.994 (Fig. 44, inset). The
P(r) curves exhibit a major peak at 44 A and a prominent shoul-
der peak at 110 A (Fig. 4B), which is consistent with a particle
having two spatially separated lobes. The maximum particle
dimension (D,,,,) is in the range 200-210 A. The real space

max
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FIGURE 3. Determination of the molecular weight of EcPutA (A) and
PutA86-1320 (B) using SEC-MALS. The red curve represents the light scat-
tering response measured at 90°. The black curve represents the response of
the refractive index detector. The blue curve shows the derived molecular
weight.

radius of g}:ration (R,) derived from P(r) C%lculations spans
62.4—63.3 A with an average of 62.8 = 0.4 A. The 1(0) value
obtained from a scattering curve that was collected on a cali-
brated beamline yielded a molecular mass of 285 kDa, consist-
ent with a dimeric protein.

Porod-Debye analysis was performed to assess the flexibility
of EcPutA (Fig. 4C). For well folded proteins, a plot of g*I(q)
versus q"* restricted to low g reaches an asymptotic value, and
the absence of a Porod-Debye plateau suggests that the protein
contains substantial regions of unstructured polypeptide (42).
Thus, the Porod-Debye plateau is a diagnostic indicator of fold-
edness akin to Kratky analysis. The Porod-Debye plots for
EcPutA exhibit an obvious plateau, suggesting that the protein
is well folded and does not have large regions of unstructured

polypeptide (Fig. 4C).
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FIGURE 4. SAXS data for five replicate EcPutA samples. A, composite scat-
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the depression and bump features at ¢ = 0.045 A~" and q = 0.065 A",
respectively, which are characteristic of EcPutA. B, P(r) curves. C, Porod-Debye
plots.
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Porod-Debye analysis also provides confirmation of the olig-
omeric state. The Porod volume estimated from the five data
sets is 396,000 * 16,000 A%, The assumption of a dimeric pro-
tein leads to a value for the protein density of 1.22 = 0.05 g/ml.
This value is well within the range of 0.9 —1.5 g/ml obtained in a
recent analysis of SAXS data from 31 different proteins (42). In
contrast, the assumption of a monomeric or trimeric protein
results in density values of 0.6 or 1.8 g/ml, respectively, which
are unrealistic for a compact folded protein. The MALS and
SAXS data support the hypothesis that EcPutA is a stable,
monodisperse dimer in solution.

Shape Reconstructions of EcPutA—The low resolution shape
of EcPutA was derived from the SAXS data using the shape
reconstruction program GASBOR (Fig. 5). Shape reconstruc-
tions were performed for each of the 5 data sets, and a consen-
sus shape was obtained by averaging 10 independent models
from each data set. The mean normalized spatial discrepancy of
the 50-model reconstruction performed without enforcing
symmetry (P1) is 1.60 £ 0.07. The normalized spatial discrep-
ancy for the P2 consensus model is 1.51 =+ 0.08, thus neither the
mean normalized spatial discrepancy nor the variation
increased substantially when enforcing 2-fold symmetry. This
result is consistent with the fact that the P1 shape exhibits
approximate 2-fold symmetry (Fig. 5A4).

The reconstructions suggest that EcPutA is a symmetric,
V-shaped dimer having dimensions of 205 X 85 X 55 A (Fig.
5B). The particle has two large lobes that connect via a short
cylindrical section with a diameter of 30 A. The molecular
shape resembles a curved and slightly twisted dumbbell. The
molecular 2-fold axis passes through a connecting cylinder and
is perpendicular to the longest axis of the dimer and parallel to
the 85-A axis. Thus, the two protein chains presumably meet in
the connecting cylinder to form a symmetric dimer interface.

Domain Deletion Analysis—Domain deletion analysis was
used to identify the domain(s) involved in dimerization. Two
domain deletion mutants were created: PutA1-1085 and
PutA86 —1320. PutA1-1085 lacks the CTD and the conserved
C-terminal motif, whereas PutA86 —1320 contains all domains
except the DNA-binding domain and the polypeptide that con-
nects the DNA-binding domain to the arm (see Fig. 2).

Enzyme and DNA-binding activities were measured to
examine the impacts of the deletions on EcPutA function. Both
deletion mutants exhibit PRODH activity similar to that of
EcPutA (Table 2). The PRODH kinetic parameters for
PutA86-1320 were k_,, of 7.5 = 0.1 s" " and K, of 67 = 4 mm
(k.. /K,, = 112 M ' s'). Those of PutA1-1085 were k_,, of
10.6 = 0.2s 'and K, of 122 + 5 mm (k_,/K,, = 87 M ' s~ 1),
For reference, the PRODH kinetic constants for EcPutA were
7.5s ' and 100 mm (k_,/K,, = 75 m ' s~ 1) (12). The P5CDH
activity of PutA86 1320 (k_,,/K,, = 783 M~ ' s~ ') is near that of
EcPutA (1409 M~ 's™ '), but the P5CDH activity of PutA1-1085
was below detection (Table 2). The latter result likely reflects
that fact that PutA1-1085 lacks a conserved ~20-residue sec-
tion of the P5CDH domain (1086 -1108, supplemental Fig. S2).
To determine whether the loss of PSCDH activity in PutAl-
1085 was due to diminished NAD ™" binding, tryptophan fluo-
rescence quenching experiments were performed. The K, value
for NAD™ binding to PutA1-1085 was 5.5 = 2 uMm, which was
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TABLE 1
Parameters derived from SAXS experiments
Sample RS D,." Voorod” Mass? Oligomeric state
A A A3 kDa
EcPutA 62.8 = 0.4 200-210 396,000 = 16,000 285 £ 29 Dimer
PutA1-1085 599 *0.1 200 345,000 ND¢ Dimer
PutA86-1320 432+ 0.1 165 186,000 140 = 14 Monomer

“ The real space radius of gyration was estimated from calculations of P(r) using GNOM. The uncertainty for EcPutA is the S.D. from five replicate samples. The uncertain-

ties for PutA1-1085 and PutA86 —1320 were obtained from single P(r) calculations.

 The maximum particle dimension was estimated from calculations of P(r) using GNOM. The range listed for EcPutA is based on five replicate samples.

¢ The Porod volume was calculated using PRIMUS. The uncertainty for EcPutA is the S.D. from five replicate samples.

“ The molecular mass was determined from /(0), which was calibrated using glucose isomerase as a standard. The protein concentration was 3.3 mg/ml for EcPutA and 9
mg/ml for PutA86 —1320. The quoted uncertainty of 10% is from Mylonas and Svergun (29).

¢ Not determined because the concentration of this sample was not measured prior to SAXS analysis.

90°
2-fold axis

i
1°

205 A

FIGURE 5. Consensus shape reconstructions for EcPutA calculated using
GASBOR assuming P1 (A) and P2 (B) symmetries. Each surface represents
the averaged, filtered volume based on 10 independent models from each of
five samples (50 models total). Two orthogonal views of each shape are
shown. The oval in panel B (right) represents the 2-fold axis of the envelope.

TABLE 2
Kinetic parameters for EcPutA and domain deletion mutants
PRODH activity P5CDH activity,
Keae K, keal Ky, kealK,,,
5! mm Mgt m st
EcPutA® 7.5¢ 100 75% 1410 + 31
PutA1-1085 106+02 1225 87=*4 BD*
PutA86-1320 7.5+ 0.1 67 *+ 4 1127 783 +57

“ From Vinod et al. (12).
? Below the detection limit of 0.03 M NADH/min.

similar to that of EcPutA (2.6 = 0.2 uMm), demonstrating that the
NAD *-binding domain was functional in PutA1-1085. Finally,
the DNA-binding activity of PutA1-1085 was comparable with
that of EcPutA, as demonstrated by gel mobility shift assays
(supplemental Fig. S3). In summary, the domain deletion
mutants exhibit the expected activities.

The SAXS curve for PutA1-1085 is very similar to that of
EcPutA (Fig. 6A). In particular, the curve exhibits the depres-
sion and bump at ¢ = 0.045 A~ ! and ¢ = 0.065 A1, respec-
tively, which are characteristic of the full-length, dimeric pro-
tein. The P(r) curve for PutA1-1085 is strikingly similar to that
of EcPutA (Fig. 6B). Theﬂ R, value was 60 A, which is comparable
with the value of 63 A for EcPutA. Porod-Debye plots for
PutA1-1085 exhibit a well defined plateau resulting in a Porod
volume of 345,000 A® (Fig. 6C), which is just 13% smaller than
that of EcPutA. These results suggest that PutA1-1085 is
dimeric in solution.

The scattering curve for PutA86 —1320 is noticeably different
from that of EcPutA (Fig. 6A4). In particular, the characteristic
features observed in EcPutA SAXS curves at g = 0.045 A~ ' and
g = 0.065 A1 are absent. The P(r) function shows a more
profound difference, exhibiting just a single maximum near 41
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A (Fig. 6B). The R, of PutA86-1320 is 43 A, which is 20 A
smaller than that of EcPutA. Also, the maximum particle
dimension is ~165 A, which is about 40 A shorter than that of
EcPutA. The estimated Porod volume for PutA86-1320 is
186,000 A3, which is about one-half of the volume of EcPutA.
The molecular mass estimated from 1(0) is 140 = 14 kDa, which
is within 4% of expected monomer molecular mass of 134 kDa
(Table 1). Furthermore, analysis of PutA86—1320 using SEC-
MALS suggests a molecular mass in solution of 144 kDa (Fig.
3B). These data are consistent with PutA86-1320 being
monomeric.

In summary, domain deletion analysis suggests that residues
1086—-1320 are not essential for dimerization, and that an
essential dimerization domain is located within residues 1-85.
We suggest that the DNA-binding domain (residues 1-47) is
the essential dimerization domain, because RHH domains bind
DNA as obligate dimers (43). Furthermore, the DNA-binding
domain of EcPutA has been expressed as an isolated protein
(PutA52) and shown to form the classic RHH dimer in solution
(9, 19).

Rigid Body Modeling—Rigid body modeling was performed
to generate hypotheses about the spatial arrangement of
domains in the EcPutA dimer. Two rigid bodies were used: the
1.9-A resolution crystal structure of the DNA-binding domain
dimer (PDB 2GPE, Fig. 7A, left) and a hybrid x-ray/homology
model of residues 87-1113 (Fig. 7A, right). As described under
“Experimental Procedures,” the strategy used for modeling was
based on the assumption that the DNA-binding domain is
located in the connector section of the SAXS envelope with its
2-fold axis coincident with that of the envelope. This assump-
tion is consistent with the domain deletion results, which show
that the DNA-binding domain is essential for dimerization.
Consequently, the catalytic units (residues 87-1113) corre-
spond to the two large lobes of the envelope.

The best model (model 1), as judged by the lowest x value
from FoXS, is shown in Fig. 7B. Model 1 shows good agreement
with the experimental scattering profiles (Fig. 7C). Note that
the model curve exhibits the characteristic depression near g =
0.045 A~ and bump near ¢ = 0.065 A, The y values calcu-
lated from FoXS for the fits to the five experimental curves are
intherange of 2.0 -5.2 over the entire g range. The fit is remark-
ably good, considering that 208 of the 1320 residues are missing
in the homology model. These results suggest that, at this res-
olution, the shape of the rigid body model is close to that of the
full-length enzyme and that the additional missing residues are
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FIGURE 6. SAXS analysis of ECPutA domain deletion mutants PutA1-1085
and PutA86-1320. A, composite scattering curves and Guinier plots
(restricted to gR; = 0.61-1.3 for PutA1-1085 and gR, = 0.43-1.3 for PutA86 -
1320). The linear fits of the Guinier plots have R? = 0.999 for both proteins.
The arrows mark g = 0.045 A~" and g = 0.065 A", A scattering curve for
EcPutA is shown for reference. B, P(r) curves for the domain deletion mutants
and EcPutA. C, Porod-Debye plot for PutA1-1085. D, Porod-Debye plot for
PutA86-1320.

packed against the structure as opposed to extending into
solution.

Several features of the model are notable. The catalytic units
are oriented with the PRODH half of the polypeptide chain near
the DNA-binding domain and the P5CDH half in the outer-
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FIGURE 7. Rigid body model 1 of EcPutA. A, crystal structure of the DNA-
binding domain dimer (left, PDB code 2GPE) and a hybrid x-ray/homology
model for residues 87-1113 (right). The model of 87-1113 has the same ori-
entation as the BjPutA protomer under supplemental Fig. S1A. Note that this
model is essentially identical to the BjPutA protomer, except the oligomeri-
zation flap is absent. The domains are colored according to the domain dia-
grams in Fig. 2. B, two views of the current working model of EcPutA. The
locations of the PRODH, «, and P5CDH domains are noted in the upper panel.
The dashed oval shows the location of the putative substrate-channeling cav-
ity. As modeled, the cavity is open to bulk solvent. The arrows in the lower
panel indicate possible locations of the CTD. C, comparison of the five exper-
imental SAXS curves for EcPutA (black) and the theoretical curve calculated
from model 1 using FoXS (red). The FoXS x value is listed for each curve.

most part of the lobe. Residues 47 and 87 are located on
the same face of the envelope and separated by 44 A, which is
close enough to be connected by 39 residues. The a domains
line the trench between the two lobes and face each other at a
distance of 40 A. A consequence of the large separation
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between the two catalytic units is that the putative substrate-
channeling cavity is open to the bulk medium (dashed oval in
Fig. 7B).

Other models generated by the COLORES docking calcula-
tions were examined to test the reliability of model 1. The top
two of these alternative models, as judged by the fit to the exper-
imental scattering profiles, are shown in supplemental Fig. S4.
In model 2 (xy = 3.2-10.2 for the five replicate EcPutA SAXS
curves) COLORES positioned the catalytic units such that the «
domains face the convex surface of the envelope. With the cat-
alytic units in this orientation, the DNA-binding surface is con-
strained to also face the convex side of the envelope for residues
47 and 87 to be connected by the intervening 39 residues. Thus,
the DNA-binding domain dimer was manually rotated by 180°
from that of model 1. Model 3 (y = 4.0-9.1) is different from
models 1 and 2 in that the PSCDH domains are near the DNA-
binding domains, whereas the PRODH domains are in the dis-
tal ends of the lobes. Although models 2 and 3 have satisfactory
agreement with the consensus SAXS shape, the fits to the scat-
tering profiles are substantially worse than that of model 1.
Thus, the experimental SAXS data are sufficiently sensitive to
rule out models having domain orientations that are substan-
tially different from those of model 1.

DISCUSSION

The oligomeric states and quaternary structures of PutAs are
not conserved. To date, the oligomeric states of just two PutAs
have been determined using rigorous biophysical methods.
Almost 20 years ago, Brown and Wood (24) used sedimentation
and light scattering to show that EcPutA forms a dimer in solu-
tion. We confirmed this result using MALS and SAXS. Last
year, we reported SAXS and equilibrium sedimentation data
showing that BjPutA, a minimalist bifunctional PutA, forms a
ring-shaped, dimer-of-dimers tetramer having 222 symmetry
(18). Thus, despite nearly 50% amino acid sequence identity,
these two PutAs have different oligomeric states.

Considering the high identity between EcPutA and BjPutA,
one might hypothesize that the EcPutA dimer resembles one of
the three 2-body assemblies of the BjPutA tetramer. However,
the R, values of those assemblies are 44.8, 44.3, and 47.5 A,
which are much smaller than the R, of 63 A for EcPutA. Fur-
thermore, the P(r) curves calculated from the BjPutA assem-
blies are distinctly different from that of EcPutA (supplemental
Fig. S5). In particular, the distributions of vectors in the BjPutA
dimers lack the prominent shoulder at 110 A, suggesting that
the catalytic units are farther apart in EcPutA than in BjPutA. In
fact, if two BjPutA protomers are separated as in rigid body
model 1, the resulting P(r) exhibits the characteristic bimodal
shape of EcPutA (supplemental Fig. S5, dashed curve). We thus
conclude that neither the oligomeric state nor the quaternary
structure are conserved in the PutA family.

This lack of conservation perhaps makes sense considering
the additional function of EcPutA as a transcriptional repres-
sor, which requires dimerization of the DNA-binding domain.
Indeed, the DNA-binding domain was found here to be essen-
tial for dimerization of EcPutA. The connecting cylinder of the
SAXS envelope accommodates the RHH dimer, but is not large
enough to fit additional domains, suggesting that the DNA-
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binding domain is the sole dimerization domain. Thus, it
appears that function trumps homology in determining the
oligomeric state and quaternary structure of PutA.

DNA is predicted to bind in the trench on the concave sur-
face of the protein (supplemental Fig. S6). The model is consist-
ent with structural data on EcPutA-DNA association. In partic-
ular, side chains of the RHH domain that are known to contact
DNA (9) are solvent exposed in the SAXS model. These critical
residues are located in the B-strand (residues 5, 7, and 9) and N
terminus of the second helix of the RHH-fold (residues 28 —30).
The model suggests the hypothesis that elements outside of the
RHH domain, such as residues in « domain and PRODH barrel,
may influence DNA binding. The SAXS model also provides
new insights into the redox-dependent transcriptional regula-
tion of the putA and putP genes by EcPutA. The 419-bp put
control DNA region was previously shown to have five operator
sites, with two of the operators (sites 3 and 4) separated by only
one nucleotide (9). The mode of DNA binding predicted in our
model (supplemental Fig. S6) suggests that PutA binding to
sites 3 or 4 preclude binding at the neighboring operator
sequence. Thus, PutA most likely binds only four operator sites
at one time to repress transcription of the putA and putP genes.

Consideration of the SAXS data in the context of existing
biochemical and biophysical data on EcPutA provides a new
model for gene regulation by EcPutA. Previous studies showed
that reduction of the FAD causes just a 2-fold increase in the
dissociation constant of PutA with put control DNA (11), indi-
cating that the FAD redox state has little influence on the
intrinsic affinity of EcPutA for DNA. On the other hand, reduc-
tion of FAD increases the binding constant for membrane asso-
ciation by several orders of magnitude (15). Essentially, oxi-
dized EcPutA has negligible affinity for the membrane, whereas
the reduced protein exhibits nanomolar affinity. Two studies
have shown that membrane binding and DNA binding are
mutually exclusive (15, 44). Finally, limited proteolysis and Trp
fluorescence studies of EcPutA showed that FAD reduction
induces a conformational change in the o domain, implying
that reduction of the flavin triggers a global conformational
change involving, in part, the a domain, that causes EcPutA to
switch from being a transcriptional repressor to membrane-
bound enzyme (13, 17).

A new model of gene regulation that is consistent with these
observations and the SAXS model is that the DNA-binding and
membrane-association interfaces are located on the same face
of the protein, and that in the oxidized state, the former inter-
face is exposed, whereas the latter is concealed. Reduction of
FAD induces a conformational change that exposes the high
affinity membrane-binding interface without disrupting the
DNA-binding interface. The unveiling of the membrane-bind-
ing interface drives EcPutA to the membrane surface, which
hides the DNA-binding interface from the put regulon thereby
activating gene transcription. In SAXS model 1, the DNA-bind-
ing interface and both & domains are located on the same face of
the protein, i.e. the concave face (Fig. 7B). We thus hypothesize
that the concave face of EcPutA supports both DNA- and mem-
brane-binding, enabling a cloaking mechanism of gene
regulation.
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The SAXS model also provides insight into the nature of the
global conformational changes associated with functional
switching. The V-shape of oxidized EcPutA suggests hinge
bending analogous to the v, normal mode of water as a natural
degree of freedom. Bending in one direction (closing) brings the
a domains closer together and narrows the DNA-binding
trench, resulting in a less elongated particle. Hinge bending in
the opposite direction (opening) extends and flattens the dimer.
Whether reduction of the FAD closes or opens the hinge is
difficult to predict, but it may be possible to distinguish
between these two general models for redox-linked conforma-
tional change using SAXS of reduced EcPutA and fluorescence
resonance energy transfer of labeled EcPutA.

Spatial separation of the P5CDH domains, as in our rigid
body models, is unprecedented in the aldehyde dehydrogenase
(ALDH) gene superfamily. The superfamily includes
NAD(P)*-dependent enzymes catalyzing the oxidation of a
variety of aldehyde substrates to their corresponding carboxylic
acids (45, 46). P5CDHs belong to the ALDH4 family. Crystal
structures of several ALDHs are known (47—-49). All feature a
3-domain tertiary structure consisting of a Rossmann-like
cofactor-binding domain (also called the N domain), a catalytic
domain that furnishes the reactive Cys (also called the C
domain), and an oligomerization flap domain formed by a
B-hairpin and C-terminal B-strand. BjPutA and the monofunc-
tional P5CDH from Thermus thermophilus (50) exhibit this
defining architecture. The known structures also show that
ALDHs form a domain-swapped dimer in which the oligomer-
ization domain of one protomer interacts with the catalytic
domain of the other protomer as in supplemental Fig. S1C. In
some ALDHs, the domain-swapped dimers assemble to form
tetramers (48, 49) or hexamers (50).

The domain deletion and SAXS data suggest that dimeriza-
tion of EcPutA is not mediated by traditional ALDH oligomer-
ization flap domains. Although unprecedented in the ALDH
superfamily, this result is consistent with multiple sequence
alignments. In particular, the alignments clearly show that the
B-hairpin of the minimalist PutA (residues 633—648) is trun-
cated in trifunctional PutAs (supplemental Fig. S2, orange box).
Consequently, we hypothesize that the ALDH domains of tri-
functional PutAs do not have the traditional dimerization flap
seen in other ALDHs. Rather, our results suggest that trifunc-
tional PutAs are unique members of the ALDH superfamily
because of their mode of dimerization.

Finally, our results provide insight into the function of the
CTD. The observation that PutA1-1085 is dimeric suggests
that the CTD is not involved in dimerization. Remote homol-
ogy detection analysis suggests that the CTD is homologous to
the Rossmann domain of ALDHs. For example, HHSearch (35)
identifies 33 ALDHs with probability scores of 99.1-99.9%,
with the top match being BjPutA (probability = 99.9%,
E-value = 7.7E-26). The alignment shows that the CTD of
EcPutA is 25% identical to residues 551-761 of BjPutA (Fig. 2).
Of particular note is the prediction that CTD residues 1175—
1190 (supplemental Fig. S2, green box) form an ALDH B-hair-
pin homologous to the one found in BjPutA residues 633— 648.
As noted above, the substrate channeling cavity is open to the
bulk medium in the SAXS models, which is inconsistent with
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the observation that PutAs exhibit several kinetic signatures of
substrate channeling (18, 51).> These results suggest the
hypothesis that the CTD occupies the vacant space in the SAXS
envelope between the two active sites (arrows in lower part of
Fig. 7B), thereby forming an intramolecular lid analogous to the
intermolecular lid of BjPutA. Future studies will be needed to
test this, and other, hypotheses raised by the model of EcPutA
proposed here.
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Fig. S1. Structure of the minimalist PutA, BjPutA. (A) Structure of the protomer with the domains
colored according to the domain diagram. FAD and NAD" are drawn as sticks in yellow and green,
respectively. Abbreviations used in the domain diagram: NBD, NAD"-binding domain; CCM, conserved
C-terminal motif. (B) Structure of the domain-swapped dimer. (C) Close-up view of the dimer interface
highlighting how the B-flap (orange) of one protomer seals the substrate-channeling cavity of the other
protomer of the dimer.
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Fig. S2. Global sequence alignment of BjPutA (Bj, GenBank BAC52526.1) and EcPutA (Ec, GenBank
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AAB59985.1). The secondary structure elements above the sequence are from the BjPutA structure (PDB
code 3haz). The secondary structure elements below the sequence for the N-terminal ribbon-helix-helix
domain are from a structure of the EcPutA DNA-binding domain (PDB code 2GPE). The star denotes the
catalytic Cys of the PSCDH catalytic domain. The orange box denotes the f-hairpin of BjPutA, which is
abbreviated in EcPutA. The green box denotes the 3-hairpin of EcPutA predicted by remote homology

detection. The blue box denotes the conserved C-terminal motif shared by minimalist and trifunctional
PutAs.
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Fig. S3. Gel-mobility shift assay of EcPutA and PutA1-1085. Two different concentrations of EcPutA
and PutA1-1085 were added to binding mixtures containing IRdye-700 labeled E. coli put intergenic
DNA (2 nM) and 100 pg/mL of nonspecific calf thymus DNA at 23°C.
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Fig. S4. Two alternative models of EcPutA. Locations of the PRODH, a, and PSCDH domains are

indicated. The FoXS y value is listed for each model. Note that these values (10.2, 9.1) are substantially
higher than that of model 1 (5.2).
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The
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model in which two BjPutA protomers were superimposed onto SAXS model 1 (Fig. 7B).

Fig. S5. Comparison of an experimental P(r) curve for EcPutA (solid black) with theoretical curves
theoretical P(r) curves were calculated using GNOM from theoretical scattering data calculated using

calculated from the three two-body assemblies of the BjPutA tetramer (red, green, and blue). The chains

FoXS.



Fig. S6. Model of DNA bound to SAXS model 1. This model was created by superimposing the crystal
structure of the EcPutA DNA binding domain complexed with DNA (PDB code 2RBF) onto the DNA-
binding domain of SAXS model 1.
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