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Asp187 and GIn190 were predicted as conserved and
closely located at the Na' binding site in a topology
and homology model structure of Na™/proline sympor-
ter (PutP) of Escherichia coli. The replacement of
Asp187 with Ala or Leu did not affect proline transport
activity; whereas, change to Gln abolished the active
transport. The binding affinity for Na™ or proline of
these mutants was similar to that of wild-type (WT)
PutP. This result indicates Asp187 to be responsible
for active transport of proline without affecting the
binding. Replacement of GIn190 with Ala, Asn, Asp,
Leu and Glu had no effect on transport or binding,
suggesting that it may not have a role in the transport.
However, in the negative D187Q mutant, a second mu-
tation, of GIn190 to Glu or Leu, restored 46 or 7% of
the transport activity of WT, respectively, while muta-
tion to Ala, Asn or Asp had no effect. Thus, side chain
at position 190 has a crucial role in suppressing
the functional defect of the D187Q mutant. We con-
clude that Asp187 is responsible for transport activity
instead of coupling-ion binding by constituting the
translocation pathway of the ion and GIn190 provides
a suppressing mutation site to regain PutP functional
activity.

Keywords: coupling-ion binding/Escherichia coli/
homology modelling/Na™/proline symporter/
transport activity.

Abbreviations: DM, Davis and Mingioli; HM,
homology modelling; IPTG, isopropyl B-p-1-
thiogalactopyranoside; MES, 2-(N-morpholino)
ethanesulphonic acid; PAGE, polyacrylamide gel
electrophoresis; PMS, phenazine methosulphate;
SCF, sodium cotransporter family; SDS, sodium
dodecyl sulphate; SSS, sodium solute symporters;
TEV, tobacco etch virus; TM, transmembrane;
WT, wild-type.

The high-affinity transport of proline is mediated by a
secondary active transport system encoded by the putP
gene (/). The transport of proline across the cytoplas-
mic membrane into cells is coupled with an electro-
chemical gradient of Nat or Lit (2, 3). Based on
sequence similarities, sodium/substrate transporters
are grouped into different families (4), of which the
sodium solute symporter (SSS) family comprises
more than hundred members of prokaryotic and eu-
karyotic origin (5). The Na™/proline symporter (PutP)
of Escherichia coli is a well-characterized secondary
active transporter, like SGLT (6) or NIS (7) and be-
longs to the SSS family (5).

PutP is an integral membrane protein (2) consisting
of 502 amino acid residues with a molecular weight of
54,343 Da (8). This protein has been purified and char-
acterized well to be responsible for Na™/proline trans-
port (3). The topology model has been proposed (9)
and the mechanism of Na™/proline symport was sug-
gested to follow the ordered binding model (10, 11).

In vitro site-directed mutagenesis has widely been
used to study the structures and functions of PutP.
Ser57 and Gly58 in the transmembrane region II
(TM 1II) and Ser340 and Thr341 in the TM IX of
PutP were shown to be important for high-affinity
Na™ and/or proline binding (/2). Also, a carboxylate
residue at position 55 of PutP was suggested to play a
crucial role in coupling-ion binding (/3). Aspl87
located at the cytoplasmic loop between TM V and
TM VI in the topology model of PutP was suggested
to be important for uptake of proline and/or binding
of coupling-ions (/4). According to this study, an elec-
trostatic interaction with the polar side chain of
Aspl87 was speculated to occur with the coupling-ion
or other part of the transporter for active transport
(14). In contrast, molecular dynamics simulation sug-
gested that Aspl189 in the SGLT of Vibrio parahaemo-
Iyticus (VSGLT), which corresponds to Aspl87 in
E. coli PutP (see below), was responsible not for
coupling-ion binding but for facilitating the diffusion
of the ion toward the cytoplasm (/5).

Except vSGLT (PDB ID: 3DH4) of the SSS family
(6), other membrane proteins including PutP have not
yet been crystallized due to difficulties in crystalliza-
tion. But three-dimensional (3D) structure is essential
to elucidate the functional mechanism of a protein.
Therefore, for unresolved proteins, homology model
(HM) generated by various techniques could be
useful to understand the structure/function relation-
ship (16).
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By multiple alignments of the amino acid sequences
of PutP of E. coli with vSGLT and several members of
the SSS family, we found that Aspl87 of PutP is a
conserved residue corresponding to Aspl89 in
vSGLT. We constructed a HM of PutP based on this
multiple alignment and found Aspl87 in the loop
region near the Na*t binding site with few other resi-
dues including the conserved adjacent GIn190.

Based on a previous analysis of Asp187 in PutP (/4)
and a recent molecular dynamics simulation of Asp189
in VSGLT (15), we re-examined the role of position 187
of PutP in more detail. We also gave attention to
GIn190 of PutP because of its location near Na* in
the HM structure.

Materials and Methods

Materials

DNA ligase and Taq polymerase were obtained from Takara
Biotechnology Inc. (Kyoto, Japan). Synthetic oligonucleotides
were from Operon Biotechnologies (Tokyo, Japan). The
Benchmark protein ladder and Ni-NTA AP conjugate were pur-
chased from Invitrogen life technologies (Tokyo, Japan) and
QIAGEN  (Tokyo, Japan), respectively. L-[U-'"*C]-proline
(246 mCi/mmol) was obtained from Moravex Biochemicals Inc.
(CA, USA). Other chemicals were of reagent grade and obtained
from Wako Chem. Co. (Osaka, Japan). The E. coli K-12 strain
IMI109 [recAl, endAl, gyrA96, hsdRI7, A(lac-proAB)|F (traD36,
proAB', lacl? ZAM15)] (17) and PT21recA [ST3009 (proA, putC21,
rpsL, putP21, proT, proP), recA] (I, 3) were used as recipients for
transformation. The transport activity of proline in intact cells and
the cytoplasmic membranes was measured using strain PT21recA
harbouring various putP mutant plasmids. The PutP gene on
pKHP1 (18) was excised and inserted into the HindIII—EcoRI
sites of pUCI19 under the control of the lac promoter/operator.
Then a small DNA fragment containing a short linker, a tobacco
etch virus (TEV) protease site and six His codons at the C-terminal
tail followed a stop codon, TAA, was inserted at the C-terminal end
of putP of this construct and named as pMYP. The putP was mod-
ified as introducing Sacll in Leul81 [Leu (CTG) = Thr (ACC)] and
Sacl in Leu 371 [Leu (CTG) = Leu (CTC)] restriction sites at suit-
able positions in pMYP, which was renamed as pYAAI and used
as the parental wild-type (WT) plasmid for introducing various
mutations into PutP.

Multiple sequence alignment

To determine those amino acid residues conserved among the
sodium cotransporter family (SCF), multiple sequence alignments
by the ClustalW (www.ebi.ac.uk/clustalw/), and LALIGN algo-
rithms (www.ch.embnet.org/software/LALIGN_form.html) were
used. With these tools, we also predicted the sequence similarity
and identity of PutP and designed the HM structure.

Homology model

The crystal structure of the sodium/galactose symporter (SGLT) of
V. parahaemolyticus has been solved. The predicted sequence simi-
larity and identity of PutP with vSGLT were 57% and 18%, respec-
tively (6). According to this and our multiple sequence alignment, we
constructed a HM for PutP. Swiss-PdbViewer (V_4.01_PC) (19) and
Accelrys Discovery studio 2.1 were mainly used for building the
model. The structures were improved by using secondary structure
prediction data methods (20) and previously published hydropathy
data of this protein (27). A multiple alignment of Mhpl (PDB ID:
2JLN) with PutP was also developed because Mhpl exhibited 16%
identity to vSGLT (22). We also utilized this alignment for an add-
itional HM structure of PutP. After energy minimization by
Swiss-PdbViewer, the obtained structures were processed to intro-
duce Na™, according to the coordinate of Na™¥ in vSGLT after ver-
ifying the docking site in PutP using Discovery studio v2.1.
Furthermore, according to multiple sequence alignments
(Supplementary Fig. S1) and secondary structure model (9), we
added the missing part of PutP TM I as a long a-helical extension
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(Supplementary Fig. S2), which was longer than other TM regions,
by the help of bioinformatics tool (20) and Swiss-PdbViewer.
Because of the highest similarity and identity with vSGLT and
since Ala53, Met56, Ser340 and Thr341 (/2) were the nearest to
Na*, a PutP HM based on vSGLT was finally chosen for our
experiment.

Site-directed mutagenesis

Mutated constructs were individually obtained by site-directed mu-
tagenesis utilizing the plasmid pYAAI as a template. Nucleotide
primers (Supplementary Table SI) having the desired mutations
were used to obtain the specific mutated PCR products. The ob-
tained fragments were excised by Sacl and Sacll and inserted into
PYAAI cut with the same restriction endonucleases. After ligation,
both strands were verified by sequencing DNA [BigDye Terminator
v3.1 (Applied Biosystem)] with an ABI 3130x] Genetic Analyzer.

Measurement of transport activity

The transport activities in intact PT21recA cells harboring various
mutant plasmids were measured as described (10, 23). According to
these, cultivated and washed cells were suspended at 200 pug protein/
ml with 50mM Tris—MES (pH 7.0) (23, 24). The uptake reaction
(0.1 ml) was started by adding labelled 2 uM L-[U-'*CJ-proline and
S0mM NaCl at 25°C to incubate for different time intervals
(0—3005s) and was stopped by cold Davis and Mingioli (DM) min-
imal salt medium and the mixture was passed through a nitrocellu-
lose filter. The radioactivity on the filter was measured with a liquid
scintillation counting system (Beckman Coulter LS 6500). Three in-
dependent experiments were performed and the data were averaged.
To estimate the apparent affinity for proline (Kj,,) and the maximum
rate (Vpmax) of transport activity, the initial rate of L-[U-'*CJ-proline
uptake was measured in the presence of 50 mM NaCl using various
concentrations of proline from 0.25uM to 200 uM. For determin-
ation of the apparent affinity for Na™, the proline concentration was
fixed at 2uM and NaCl concentration was varied from 0mM to
2mM. According to the Michaelis—Menten equation, K, and
Vmax Values were obtained using at least three independent experi-
ments. Curve fitting and estimation of K, and V. were done with a
software prism (GraphPad, San Diego, USA). We measured the
contaminating Na™ concentration in the reaction mixture using an
atomic absorption spectroscopic flame emission spectrophotometer
(SHIMADZU, AA6200). The highest concentration of the contam-
inating Nat was 3uM in the Tris—=MES buffer, which was con-
sidered in analysing the kinetic data.

Cytoplasmic membrane preparation and immunological
analysis

Mutant PutPs were expressed using PT21recA as a host strain cul-
tured in 11 of casamino acid medium at 30°C with shaking (99 rpm).
When the cell density, ODgg9, was 0.6, IPTG (final concentration
0.2mM) was added and cells were subjected to membrane prepar-
ation as described previously (23). The amount of protein was deter-
mined according to the Lowry method (25). Expression efficiency
was compared between different mutants and WT PutP by loading
same amounts of cytoplasmic membranes (20 pug) for SDS—PAGE.
Gels were electroblotted on nitrocellulose membranes. A western
blot analysis was performed using an alkaline phosphatase (AP)
conjugated Ni-NTA to detect the His6-tag at the C-terminal end
of the proline transporter (QIAGEN: Catalog 34510).

Binding activity of proline in membrane vesicles

The binding of proline to cytoplasmic membranes was measured
using a microdialysis apparatus (26). The reaction mixture (100 pl)
contained 250 pg of cytoplasmic membrane vesicles and 50 mM
Tris—MES buffer (pH 6.5). To determine the binding affinity for
proline, the NaCl concentration was fixed at 50mM and
0.5—100 pM L-[U-"*CJ-proline was used. On the other hand, to esti-
mate the binding affinity for the coupling-ion Na™, 2 M L-['*C]-
proline was used with different concentrations of NaCl (0—100 mM).
An uncoupler carbonyl cyanide m-chlorophenylhydrazone (10 uM)
was included in the reaction mixture. The results were analysed ac-
cording to a nonlinear regression plot using three individual experi-
ments. Curve fitting and estimation of Ky were done with a software
prism (GraphPad, San Diego, USA).
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Fig. 1 The homology model structure and multiple sequence alignment of PutP. (A) The side chain of Asp187 (pink) and GIn190 (orange)
were located at loop and TM regions, respectively in PyMol (DeLano Scientific) cartoon model. The TM region II and IX were shown in green
and blue color, respectively, with the Na™ (magenta sphere). (B) PyMol close-up view of the predicted Na™ binding site and nearby residues
with Asp187 and GIn190 within 6 A of the Na™ (magenta sphere) of PutP. (C) Multiple sequence alignments were performed using ClustalW.
Homo sapiens, V. parahaemolyticus, Salmonella typhimurium, E. coli and Helicobacter pylori are indicated by prefixes h, v, s hp and e, re-
spectively. The alignment shows the conserved (*) Asp187 and GInl190 of ePutP and the corresponding residues in other family members.

Results

Homology model

A brief description of the HM is included in the
Supplementary Data (Supplementary Figs S1 and S2;
Results section in Supplementary Data). Based on HM
(Fig. 1A and B), predicted neighbouring residues (in
Swiss-PdbViewer) within 6 A of the coupling-ion Na™
were Ala53, Ser54, Met56, Ser57, Aspl87, GInl190,
Ala336, Ala337, Val338, Ser340 and Thr341
(Fig. 1B). Ala53, Met56 in TM II and Ser 340,
Thr341 in TM IX have been demonstrated to be im-
portant; but Ser54, Ser57 in TM 11 and Ala336, Ala337
and Val338 in TM IX have played no/less significant
role in coupling-ion binding and/or active proline
transport of PutP (27). Moreover, Asp187 was charac-
terized as important for transport but its role in
coupling-ion binding was conflicting because of its
location not so close to the Nat as Ala53, Met56,
Ser340 or Thr341 in the HM of PutP. In contrast,
GIn190 was predicted to be within 6 A of the
coupling-ion though the role of this residue has not
yet been investigated.

Multiple alignment of PutP

In alignment, Aspl87 and GInl190 showed excep-
tional sequence conservation in SSS family (4, 5).
Except the Nat/myoinositol symporter of Canis famil-
iaris and Na'/pantothenate symporter of E. coli,
Aspl87 was conserved in most of the known protein
sequences and GIn190 showed sequence divergence
only in the E. coli Na'/pantothenate symporter.
We thus characterized these two adjacent residues
by site-directed mutagenesis to clarify the role
(Fig. 10).

Expression of Asp187/GIn190 mutants PutP

PutP expression and insertion into membranes were
examined by western blotting (as shown in ‘Materials
and Methods’ section). The proteins ran at the pos-
ition of around 40 kDa, which corresponds to the cal-
culated value of 55kDa (24) (Fig. 2A) and the
approximate protein contents in membranes were simi-
lar, suggesting no substantial effect on PutP protein
expression.
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Fig. 2 Level of protein expression and effects of mutations on proline uptake of PutP. (A) Western blotting using cytoplasmic membranes (20 pg of
protein) was done as described in “Materials and Methods’ section. A black arrow indicates the position of PutP. (B and C) The initial rate (B)
(0—10s) and maximum uptake (C) of proline uptake is represented as a percentage of the WT activity. The proline transport activity of PT21recA
expressing the WT PutP protein was taken as 100% (solid bar). Each value represents the mean and standard deviation for at least three
experiments. The initial rate and maximum uptake of WT PutP were 2.64 nmol/min/mg protein and 1.55nmol/mg protein, respectively.

Proline transport activity of mutant cells

Under standard conditions, the initial uptakes by the
DI87L, D187S, D187A and D187Q mutants were 71,
33, 13 and 0% and maximum uptakes of 73, 34, 20 and
0%, respectively (Fig. 2B and C), compared with WT
PutP. Replacement with GIn impaired the transport
activity similar to that of PT21recA. Substitutions of
GIn190 with other residues had no significant effect on
PutP transport activity. The measured transport activ-
ities for the PutP QI90E, Q190L, Q190D, Q190N and
QI190A mutants were 80, 73, 65, 60 and 50%, respect-
ively, of WT PutP. It seems that the conserved GIn190
has no significant role in transport (Fig. 2C).

The inactive mutant D187Q was subjected to an
additional substitution of GInl90 with Ala, Asn,
Asp, Leu or Glu, same substitutions used to character-
ize the GIn190 single mutation as described above. The
double mutants, D187QQ190A, D187QQ190N and
D187QQ190D, showed no transport activity similar
to the parental D187Q; whereas, a neutral Leu substi-
tution at position 190 (D187QQ190L) resulted in 7%
of the initial and maximum transport activity of the
WT PutP. Interestingly, the GIn190 to Glu mutation in
addition to D187Q, DI187QQI190E, resulted in ap-
proximately half of the maximum proline transport
of WT PutP (Fig. 2C). This result suggests that
although GIn190 seemed apparently insignificant, the
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amino acid at position 190 is important for suppressing
the inactivating mutation of D187Q as expected by its
conservation and location close to the Na® binding
site.

Proline transport properties of the mutants

We performed a kinetic analysis of the mutant cells as
described in ‘Materials and Methods’ section. The
summarized data were presented in Table I with the
values of maximum velocity (V) and apparent K,,’s
for substrate and coupling-ion Na*. The WT PutP
showed the highest V. with a K, of 3.3 uM for pro-
line while the mutants showed reduced V,,.x and ap-
parently similar K,;’s in the standard assay. Therefore,
the substrate-specificity of these mutants was mostly
similar to that of the WT (Fig. 3A and B), suggesting
that none of the mutated amino acids played a major
role in substrate binding. Furthermore, the estimated
apparent K., value of the WT PutP for Na® was
34 uM, similar to a previous report (23). As shown in
Table I, the mutant Q190E showed the highest affinity
for Nat (Knay=41uM) and D187QQI190L showed
the lowest (Kna4 = 68 uM) affinity, suggesting not sig-
nificantly different from the WT PutP (Fig. 3C and D).
Thus, neither single nor double mutant PutP showed a
significant alteration of the apparent affinity for the
coupling-ion Na™.
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Table 1. Kinetic values of proline transport activities of WT and mutant PutPs.

K., and V.« values of WT and mutant PutPs

Kn Kn Kn Kn Kn
PutP-D187 V,..* (Proline)® (Na)™  PutP-Q190 V" (Proline)® (Na)™®  PutP-D187QQ190 V,.."  (Proline)® K, (Na)*™
WT 844022 33+0.4 34480 QI9A 524024 6.5+0.75 574£9.0 DISTQQIA d d d
DI87A 30402 8.0+1.6 64412 Q190D 54402 50+0.68 52480 DI87QQI90D d d d
DI187L 744032 45+0.6 48+10 QI90E 8.044+0.37 40+0.6 41+9.0 DISTQQI9E 53403 7.04+1.0 53+12
D187S 4540.15 6.0£0.8 51+13 QI9L 6.9+£03 45+0.5 47480 DISTQQIL 12401 85427 68423
DI187Q d d d Q190N 624025 5.0+0.8 61+10.0 D187QQI90N d d d

The initial uptake activity of proline was measured using 20 ug of protein from intact cells as described in ‘Materials and Methods’ section.
Apparent V. and K, values were calculated by fitting the data to the Michaelis—Menten equation using the nonlinear regression program
(software prism 5). Data shown are means for three experiments. *V,,,, values for uptake are given in nmol/min/mg protein. YK, value for
proline and °K,, value for Na® are shown as puM. ‘Represents less than or close to negative control.
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Fig. 3 Kinetics of the active transport of proline by various mutants. (A and B) Proline transport activity at various concentrations of proline in
the presence of 50 mM NaCl. The initial uptake activity for proline was measured in triplicate using 20 pg of protein of intact cells. (C and D)
Dependence on NaCl concentration of proline uptake activity in intact cells. The initial uptake activities in intact cells of WT and mutants were
measured in the presence of 2 pM L-[U-"*CJ-proline and different concentrations of NaCl as described in ‘Materials and Methods’ section.
Kinetic values of transport were calculated using the Michaelis—Menten equation and presented in Table I. The Na™ concentration in the buffer
was 3 uM. Values are shown as the mean + standard deviation (n = 3).

Binding properties of the mutants including D187Q changed the substrate binding prop-
As presented in Table II, the WT PutP showed max- erties. Aspl187 and GIn190 were two conserved resi-
imum affinity for proline (K3 = 6.5 pM) and the highest dues neighbouring Na® in the model of PutP;
of ~2-fold reduction in proline binding affinity was therefore, we measured the apparent affinity for the
observed for the D187QQ190L mutant (Fig. 4A—C). coupling-ion Na™ (Fig. 4D—F). The inactive mutants
Interestingly, the apparent affinity for proline of also showed apparently similar affinities for Na*, com-

transport-negative mutants (Table I) did not differ parable to 6.0 mM of the WT (Table II), suggesting no
markedly from the affinity of the WT PutP substantial alteration in coupling-ion binding
(Table II). Thus, it is clear that none of the mutants properties.
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Table I1. Binding affinity for proline and the coupling-ion Na™ of WT and mutant PutPs.

K4 values for proline and coupling-ion Na*

PutP-D187 K, (Proline)* Ky (Na™)®  PutP-Q190 K, (Proline)’ Ky (Na™)®  PutP-DI87/Q190 K, (Proline)’ K, (Na™)®

WT 6.5+0.8 6.0£1.2 QI190A 10.0£1.6 11.0£2.5 DI187QQ190A 12.0+1.9 145+34
DI87A 11.0+1.5 10.5+2.6 Q190D 12.0+1.7 11.5+2.4 D187QQ190D 13.04+2.7 13.5+3.0
DI87L 80+£1.3 9.0£23 QI190E 9.5£1.0 7.5+£1.2 DI187QQ190E 10.0£1.2 11.0£2.0
DI187S 9.5+1.6 8.0+2.0 QI190L 11.0£1.3 85+1.9 DI187QQ190L 14.0£2.0 13.0+2.6
D187Q 10.0+2.3 12.0+3.0 Q190N 8.0+1.1 10.0+2.0 D187QQ190N 11.0+1.9 120+2.2

Specific binding activity was determined using membrane vesicles expressing WT and mutant PutP as described in ‘Materials and Methods’
section. The Ky’s for proline and Na™ were calculated using software prism5. “The K value for proline is shown in pM; °Ky4 value for Na™ is
shown in mM.
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Fig. 4 Results of the equilibrium binding experiment of L-[U-'*C]-proline using membranes from WT and various mutants. (A—C) Membrane
vesicles were incubated in the presence of increasing concentrations of L-[U-"*C]-proline and a fixed concentration of NaCl (50 mM) and the
equilibrium binding was assayed as described in ‘Materials and Methods’ section. Data of specific binding, expressed as nmol bound/mg of
protein (Y-axis), were plotted against the total ligand (S) concentration (X-axis). These curves were analysed by nonlinear regression. (D—F)
NacCl concentration-dependence of specific proline binding activity in cytoplasmic membrane vesicles were measured in the presence of 2 uM L-
[U-'*CJ-proline with different concentrations of NaCl as described in ‘Materials and Methods’ section. A nonlinear regression curve was
prepared for the proline bound to the cytoplasmic membrane vesicles (BS) against the total NaCl concentration. Error bars show the standard
deviation of measurements estimated from three independent experiments. The calculated Ky values are presented in Table I1.
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Discussion

Previous study (/4) showed that Cys at Asp187 inacti-
vated the transport with exceptionally high affinity for
coupling-ion Na™, leading to high affinity for proline
binding, while introducing Glu and Asn in place of
Aspl87 retained the transport and binding activities
as WT PutP. In this study, we changed Aspl87 to
Ala, Leu, Ser and GIn and found that substitutions
with Ala, Leu and Ser in place of Aspl87 led to trans-
port activities with similar affinity for substrate and
coupling-ion compared with the WT PutP, suggesting
the non-polar side chain at position 187 of PutP did
not affect the transport or binding properties. Thus, it
is probable that polar and non-polar residues work
equally well and that side chain polarity at position
187 of PutP may not be important for maintaining
the active proline transport process. Despite that elec-
trostatic interactions by the side chain residue were
proposed to play an important role in transport activ-
ity (/4), adding Gln in place of Aspl87 remarkably
abolished the transport activity with no impairment
in the binding of the substrate and/or coupling-ion
Na™. Since substitution of Aspl87 to Asn or Glu did
not affect the transport activity so much (/4), it is
probable that the mutation of Aspl87 with Gln in
PutP formed a specific interaction and/or conform-
ation owing to the side chain property specific to Gln
that blocked the release of Nat as well as proline to-
wards the cytoplasm. Thus, we conclude that the side
chain at position 187 of PutP is responsible for main-
taining the transport activity rather than coupling ion
binding, which is consistent with the prediction that
Aspl89 of VSGLT may not be the binding site of
Na* (15).

As shown in the HM (Fig. 1A), Asp187 is located in
a loop region and may be more flexible than in a helical
part. A Na'-induced conformational change was
observed between positions 37 and 187 of PutP in
E. coli (28). We, therefore, speculate that introducing
Gln or Cys in place of Aspl87 may have resulted in
different interactions with other parts of the protein,
which caused a possible conformational change in the
loop region. The inward-facing conformation of
vSGLT (6), outward-facing and occluded state of
LeuT (29, 30), and outward-facing, occluded and
inward-facing conformations of Mhpl (22, 31).
Therefore, we assumed that interaction of the side
chain of Gln at Aspl87 with other parts of PutP
might have occurred in such a way that the protein
can form an outward-facing conformation to bind pro-
line and Na™ like LeuT or Mhp1 but turned to a fixed
conformation at inward-facing state (Fig. 1A) to inter-
rupt the release of Na® and proline to accomplish
active proline transport (6, 32).

According to this speculation, we hypothesized that
the deleterious interaction/conformational change
brought about by Gln substitution at Aspl187 may be
recoverable by second site mutations at adjacent resi-
dues. As we mentioned, GInl90 is conserved and
located close to Na™ in HM, therefore, we introduced
mutation at GIn190 of the D187Q mutant, since this
GIn190 residue seems to orient in a similar direction as

Function of Asp187/GIn190 in Na*/proline symporter

Aspl87 in the HM (Fig. 1A). Surprisingly, D187Q
PutP resumed to approximately half and 7% max-
imum transport activity of the WT PutP upon add-
itional QI190E and QI90L mutations, respectively;
while Ala, Asn and Asp substitutions had no effect.
We modelled the side chain substitution at GIn190 in
HM; side chains of Glu and Leu located close to the
coupling-ion Na™ and those of Ala, Asn and Asp were
more distant than Glu and Leu. These results suggest
that a subtle difference in the side chain interactions is
important to maintain a favourable conformation for
forming an active transport pathway of the
coupling-ion. A cytoplasmic membrane protein TetC
showed reduced efflux activity by Ser202 to Phe muta-
tion but second site mutations of L11F, A213T and
A270V suppressed the defect suggesting a similar
mechanism of second site suppression (33). Thus, the
position of GIn190 could also play an important role,
restoring the transport activity of the inactive D187Q.
In this respect, although it may be interesting to exam-
ine the suppression effect of Q190E second mutation
on the D187C mutant reported by Quick and Jung
(14), we do not think that Q190E shows similar sup-
pressive effect since the mechanism of transport nega-
tive phenotype of D187C [very high affinity for Na™*
and proline; (/4)] should be different from that of
D187Q.

We conclude that Aspl87 is located in the loop
region and responsible for translocation instead of
binding of the coupling-ion and the side chains of
Aspl87 and GIn190 may contribute to a conformation
favourable for coupling-ion translocation. These re-
sults are consistent with our HM structure that
served as a good starting model to study the struc-
ture/function of the Na™/proline symporter.

Supplementary Data

Supplementary Data are available at JB online.
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