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ABSTRACT: The bacterial N&/galactose cotransporter vSGLT \dibrio parahaemolyticuss a member of

the sodium:solute symporter family (SSS). Previous studies using electron microscopy have shown that
VSGLT is a monomeric protein. Computational and experimental topological analyses have consistently
indicated that this protein possesses 14 transmemhramsices. Our previous study using attenuated
total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) to quantitate secondary structure
content had indicated, in contrast, arhelical content of only 35%, too little to be consistent with the
14-span model [le Coutre, J., et al. (20@ipchemistry 418082-6]. ATR-FTIR had also indicated that

upon binding of N& andb-galactose, the-helical content increased to 53%. Here we revisit the vSGLT
secondary structural distribution using an alternative approach, ultraviolet circular dichroism spectropo-
larimetry (CD), which is highly accurate in determining théelical content of a protein in solution. CD
spectra were obtained from actively functional, soluble vSGLT and, as an internal check, from a fusion
protein of vSGLT and th¢-barrel green fluorescent protein (GFP). Far-UV CD of vSGLT indicates a
predominating 85%x-helical content, and an absence ®ttrands. Far-UV CD of the vSGL-TGFP

fusion corroborates this profile, indicating an equivalkesitelical content, and g-strand content consistent

with the GFP contribution. No detectable substrate-induced macroscopic changes in secondary structure
are apparent in the far UV. In the near UV, increases in positive CD intensity occur in a stepwise manner
with added substrates, implying changing environments of aromatic amino acid residues. CD thus confirms
the current 14-transmembrane span model of vSGLT and reveals distinct substrate-induced conformational
changes. The high percentageoshelical structure found requires, when considered in the context of
membrane topology, that nearly a third of the tatahelical fraction lies in extramembrane domains,
which distinguishes this cotransporter from the unrelated lactose and glycerol 3-phosphate transporters.

Cotransporters drive the import of metabolites into cells N-linked glycosylation scanning mutagenesis and corrobo-
through coupling to cation transport. The sodium:solute rated by several computational algorithms, indicates SGLT1
symporter family (SSS)includes more than 700 sequences consists of an extracellular N-terminus which precedes 14
(1, 2). TheVibrio parahaemolyticuda‘/galactose cotrans- transmembrane spanS§)( This basic structural motif has
porter, vSGLT, is an accessible model of SSS cotransportersince been found experimentally to be common to three
function. Previous work has shown that both vSGLT and homologues of human SGLT1: rabbit SGLT1 (14 spans),
the human isoform SGLT1 are fully functional as monomers the rat Nd/iodide symporter NIS (13 spans), and the
(3, 4). The topology of human SGLT1, determined by Escherichia coliNa/proline transporter PutP (13 span&)-(

9).

t Supported by NIH Grants DK19567 and DK44602. The Microse- ~ We previously employed ATR-FTIR to examine vSGLT
quencing Core Facility, Beckman Research Institute of the City of Hope, secondary structure, using active, reconstituted proteolipo-
was funded by NIH Cancer Center Support Grant CA33572. somes dried on a germanium internal reflection elendt (

*To whom correspondence should be addressed: Department of __, . . L . . - .
Physiology, David Geffen School of Medicine at UCLA, Los Angeles, 1 Nis technique indicated an increase in ¢éhelical fraction
CA 90095-1751. Telephone: (310) 825-6968. Fax: (310) 206-5886. from 35% in K" to 53% in the presence of Naand
E-mail: eturk@mednet.ucla.edu. p-galactose, with a corresponding decrease in the extent of

* Department of Physiology, David Geffen School of Medicine at : : .
UCLA. University of California, hydrogen-deuterium exchange. The reproducible, surpris

s Department of Pathology, David Geffen School of Medicine at INgly |ar9‘_3, substrate-induced Chan_ges in secor?dar_y_structure
UCLA, University of California. are puzzling, and the low, 35%-helical content is difficult

" Department of Ophthalmology, Jules Stein Eye Institute, University {q square with the secondary structure model of 14 trans-

of California.
1Abbre\(iations: ATR-FTIR, attenuated total reflectance Fourier membrane spans.
transform infrared spectroscopy; C12M, dodegyb-maltoside; CD, To resolve these questions, here we have utilized circular

circular dichroism; DSSP, algorithm for secondary structural fractions dichroism (CD), a method recognized for its particular
from crystallographic data; GFP, green fluorescent protein; nrmsd, ’

normalized root-mean-square deviation; RSD, relative standard devia-&Ccuracy in determination of thehelical content of proteins
tion; SSS, sodium:solute symporter family. (12). Notably, CD structural analysis is currently experienc-

10.1021/bi052160z CCC: $33.50 © 2006 American Chemical Society
Published on Web 01/11/2006



CD Structure of vSGLT Biochemistry, Vol. 45, No. 5, 20061471

ing a renaissance, due primarily to increased computational 3C423
accuracy which in turn is based upon the current availability 3
of many more determined protein crystallographic structures
(12-14). 3
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subject to artifacts from light scattering and band flattening, )
we chose to study detergent-solubilized vSGLT. The func-
tional integrity of the soluble protein was established using

a fluorescence assaylf). Analysis of the far-UV CD IN
spectrum of vSGLT reveals a protein of high, 85%helical VNGFPH6 0005 L

content, which fully supports the 14-transmembrane span % 3 X §8g B

model. A fusion protein of vSGLT an@-sheet-rich GFP & o 3 %3 5 e

served as a check in evaluating the reliability of vSGLT CD g
analysis. Although ligands did not alter the far-CD spectra ¢
of VSGLT, we detected changes in the near-UV CD %
consistent with substrate-induced conformational changes. §
Possible explanations for the differences in the interpretation &
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of the ATR-FTIR and CD spectra of vSGLT are discussed. e - ;:? y L
N~ = | '.', )
METHODS Green 2Rl i
Fll.;,omt:rl.::nt 1 1} 1
. . . ro
Design and Expression ofSGLT Fusion Constructs (GFPy,) Var ’ 4

3C423 and VNGFPH6I'wo vSGLT constructs were studied
by CD spectropolarimetry: (1) construct 3C423 (Figure 1), VNH6A
which in addition to the 14 native transmembrane spans has %

an introduced 15th (from human glycophorin A) appended
C-terminally, to place the C-terminal hexahistidine tag within
the cytoplasm, and (2) construct VNGFPH6 (Figure 1), ¢

-l

fusion (green fluorescent protein). The cysteine-less version
of 3C423 displays 122% of the Na-galactose uptake

activity of wild-type vSGLT in JM1100 cellsI€) and 11- Ficure 1: Secondary structure models of three vSGLT constructs
20-fold greater activity than the 14-span construct VNHGA The hexahistidine sequence used for purification is highlighted in

(Figure 1) which had been used previously for ATR-FTIR pjack, and other residues appended to the native vVSGLT C-terminus
(10). Cells expressing VNGFPH6 exhibited, in different cell are colored gray. The VNHB6A construct was used in a related ATR-

cultures, from 20 to 102% of the uptake activity of wild- FTIR study, and not here. It has 14 native transmembrane spans
type VSGLT. and a periplasmic orientation of the hexahistidine tail. Construct
. . . 3C423 incorporates a 15th transmembrane span from human
Construct 3C423 has, in addition to the glycophorin span, gjycophorin A to reorient the hexahistidine tail to the cytoplasm.
an introduced cysteine residue, A423C, and a C411A The A423C mutation is its only Cys residue, which was used for
mutation which removes the sole native cysteiri®).( fluorescent labeling to demonstrate substrate-induced functional
Construct VNGFPHS6 is a fusion protein of (a) wild-type conformational changes in detergent. Construct VNGFPH6 has a
VSGLT (GenBank accession number P96169) fused to (b)ﬁ-strand-rich green fluorescent protein domain appended to the 15th

) t b .
the 15th transmembrane span as in 3C423, fused to (c) theransmem rane span

green fluorescent protein GgPvariant (L7), and terminates exchanged into buffer B containing 6 mMVuKPO,, 4 mM

!n (d) a hexahistidine tagd]. The cytoplasmic GFP moiety KH,PO,, 20 mM KCI, and 0.02% dodecys-p-maltoside

is fluorescent and, hence, properly folded. (C12M) (pH 7.2) by using a Microcon YM-50 centrifugal
The coding sequences for all constructs were placed underytrafiltration device (Millipore). Particulates were removed

the control of the pBAD promote#j. All constructs were  py centrifugation at 150@ Positive displacement pipettors

sequgnced to ensure fid?”W- EXDFESSiOH of construct prteinS(Rainin, Woburn, MA) were used exclusively to ensure high

was induced constitutively with 2&M L-arabinose in  accuracy and reproducibility of volumes. The protein was

overnight cultures at 36C in LB medium. added to buffer B containing the test cation*(iér Na*
Protein Purification.The protein of each vSGLT construct  sulfate) and the test sugap-@galactose on-glucose) at

was expressed iB. coli strain XL1-Blue (Stratagene) from  concentrations of 200 mequiv of 'L or 200 mequiv of

a pBAD18 plasmid vector by constitutive induction overnight Na*/L, with 0—20 mM sugar and 0.4 mg/mL protein. The

in 20 uM L-arabinose in LB medium at 38C. The His- AggdAzeo UV absorbance ratio of 3C423 was 1.81, indicating

tagged protein constructs were purified by nickel chelate and essentially no nucleic acid contamination.

gel filtration chromatography4j. The purified protein was Assessment of 3C423 Functional Integrity by Fluorescence

kept at 4°C in a detergent solution containing 0.5 mM  Quenching.Fluorescence measurements of 3C423 labeled

D-galactose, 200 mM NacCl, and 12% glycerol and did not with the maleimide ThioGlo-3 (Covalent, Woburn, MA) at

aggregate in storage. Cys423 were taken on a Fluorolog-3 spectrofluoroméis: (
Preparation of Protein Samples for CD Spectropolarimetry ThioGlo-3 (final concentration of-515 «M) was added to

and FluorometryPurified 3C423 or VNGFPH6 protein was 620 nM 3C423 (4Q«g/mL) in 120uL of 50 mM potassium
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phosphate (pH 7)15). Fluorescence emission was recorded
after labeling was complete (320 min) at 443 nm, with
excitation at 363 nm. Thkg s for b-galactose was determined
from the extent of fluorescence quenching of ThioGlo3-
labeled 3C423 with an increasenrgalactose concentration
in the presence of 200 mequiv of N& (phosphate coun-
terion); an increasing concentrationiefjlucose, a nontrans-
ported sugar, served as a control. TKgs for Nat was
similarly determined by increasing the Neoncentration in
the presence of 20 mMb-galactose; an increasing *K
concentration served as a control.

Determination of Protein Concentrations for CD Analysis.
Accurate protein quantitation is critical to CD analysis.
Standard colorimetric methods failed for accurate measure-
ment of vSGLT, due to irreversible protein aggregation after
precipitation with either chloroform and methanol or trichlo-
roacetic acid, in attempts to remove interfering solutes. High
variability and spuriously low estimates of protein content
resulted from subsequent quantitation by either amino acid
analysis or bicinchoninic acid assay (BCA).

The spectroscopic protein quantitation method of Waddell
(18) was ultimately found to be accurate and insensitive to
the solutes in vSGLT samples, thereby circumventing the
need for precipitation. A proportionality consta@t, relates
the difference in absorbance at two wavelengths to protein
concentration

[protein] (mg/mL)= C(Ay15 — Agzs) 1)

whereA15 andAgzs are sample absorbance values corrected

for buffer absorbance. Peptide bond UV absorbances on the

steep upslope at 215 and 225 nm are nearly independent o
protein amino acid composition. By taking the difference

between these two absorbances, we minimize the potential

interference from light scattering and background variability.
These three features, together with several-fold greater
sensitivity, distinguish this method from the common mea-

surement of tryptophan/tyrosine absorbance at the single

wavelength of 280 nm. Estimates Gfwere determined for
the two vSGLT proteins using total amino acid analysis. The
values Cgc423: 0.137 andCyngepHs = 0148) were within
5% of the value reported for the total serum protein (0.144).
For total amino acid analysis, a 3@0 uL aliquot of the
protein sample used for CD was added ta/&0of dialysis
buffer (5 MM NH,;sHCO; and 0.02% Triton X-100) in a Mini
Dialysis unit (Pierce Biotechnology). Dialysis proceeded
overnight agairtsl L of dialysis buffer. The retentate was
transferred to a glass hydrolysis tube, dried under vacuum,
and hydrolyzed aba/6 N HCl at 110°C in argon for 24 h.
The hydrolysate was dried and dissolved in 200f water.
Amino acid analysis was carried out at the Microsequencing
Core Facility, Beckman Research Institute of the City of
Hope, Duarte, CA. The mix of 17 amino acids used as a
standard was Standard Reference Material 927c (Nationa
Institute of Standards and Technology, Gaithersburg, MD).
The bovine serum albumin standard was at 7H50.74

g/L (Standard Reference Material 2389). The test samples

and triplicate samples of 0.40g of BSA standard were
hydrolyzed simultaneously. Underivatized amino acids of the

Turk et al.

ence Material 2389 were used to determine the percentage
recovery of hydrolyzed BSA standard, from the known amino
acid composition of BSA. The recovery was then used to
correct the integrated peak values of the hydrolyzed test
samples. The known amino acid sequences of the vSGLT
constructs were used with the corrected integrated peak
values to calculate their protein concentrations. Duplicate
samples agreed to within 0.5%.

Circular Dichroism and Secondary Structural Analysis.
CD spectra were recorded at 2Z on a Jasco J-810
spectropolarimeter. For far-UV measurements, a quartz cell
with a path length of 0.2 mm was used, and each final
spectrum was the average of 16 scans from 260 to 190 nm.
Protein concentrations in milligrams per milliliter were
typically 0.38 (3C423) and 0.40 (VNGFPH6). Near-
ultraviolet CD spectra of 3C423 (0.49 mg/mL) were recorded
using a 1 cmpath length cell, and each final spectrum was
the average of 32 scans from 320 to 250 nm.

CD spectra were analyzed for the content of secondary
structure fractions using CDPro and its suite of three
algorithms: CONTINLL, CDSSTR, and SELCON33).
These programs are based upon a locally linearized ridge
regression method (CONTINLL), and the self-consistent
method using the singular-value decomposition algorithm
(CDSSTR and SELCONS3). Each program utilizes a unique
strategy and differing constraints and criteria to select the
best set of calculated structural fraction values. The protein
reference set used was SMP56, which includes 13 trans-
membrane and 43 soluble proteiris8). Final estimates of
secondary structure fractions were taken as the average of
orresponding fraction values calculated by CDSSTR and
ONTINLL. The normalized root-mean-square deviation
(nrmsd) was used as a measure of the goodness of fit between
the experimental spectrum and the curve calculated from the
crystallographic data in SMP56. The nrmsd for a calculated
curve is expressed as

(Aeexptl - AEcaln‘)z

nrmsd=

2)
;(Aeexmoz

whereAeepn and Aecac are the experimental and calculated
dichroic molar absorption per amino acid residue, respec-
tively, andN is the number of data pointd ).

Calculation of the Number afi-Helices andf-Strands.
Because of differences in H-bonding, the dichroism of
peptide groups at the ends of arhelix (called “distorted”)
differs from that of the internal remainder of tlehelix.
The total number ofi-helical segmentsy,, can be estimated

|from the distorted fraction:

N, H(d)
4

o

3)

whereN,, is the total number of amino acid residues in the

hydrolyzed standard or test samples were resolved by HPLCprotein, H(d) is the calculated distorted-helical fraction,

on a Dionex AAA-Direct column and detected by pulsed

and 4 reflects an empirical value of two distorted peptide

amperometry. The integrated peak values of Standard Refer-groups at each end of ashelical segment20). The number
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Ficure 2: Binding of substrates quenches the fluorescence of detergent-solubilized vSGLT construct 3C423. (A and B) 3C423 in 0.02%
dodecyls-p-maltoside was fluorescently labeled at Cys423 by preincubation for 800 s withhioGlo-3 in either 200 mequiv of NigL

or 200 mequiv of K/L, with phosphate counterioni-glucose om-galactose was then added to a final concentration of 20 mM at the
indicated times. (C) Effect of increasing Naoncentrations on the fluorescence in 20 migalactose. (D) Effect of increasimggalactose
concentrations on the fluorescence in 200 mequiv of/NaThe apparent affinityy) and saturated quenchFsan = Fo — Fsan) Were

derived by nonlinear curve fitting of the equatia/Fo = (AFsarlFo)[S)/(Kq + [S]) to the quench vs concentration plot. Note that the
studies depicted in panels A and B were carried out with protein samples different from those used for panels C and D.

of f-strands was estimated by an analogous equation, usingan apparenb-galactoseélq of 0.42 mM. Likewise, in 20 mM
the empirical value of 2 distorted peptide groups/pstrand p-galactose, the quench was a saturable function of the Na

(20). concentration (Figure 2C), with an apparent'N& of 5.2
mequiv/L. Thesdy values are indistinguishable from those
RESULTS obtained for 3C423 vSGLT reconstituted in proteoliposomes

. . . . (15), showing that the cotransporter retained its functionality,
MlCol?forrgeglE_r;al Acf“tyt%fciggz.gdmt Detertgent M|>I<ec1 q and its associated repertoire of native conformations, in
icelles.v construc in detergent was selecte detergent micelles.

for these studies because this construct permits the recording ) ) o

of CD spectra and the determination of functional activity =~ 3C423: Circular Dichroism in the Far UVCD spectra
of the same protein sample. The function of 3C423 vSGLT of detergent-solubilized 3C423 were obtained under five
in detergent was assayed by measurement ofdémendent different substrate conditions with sulfate as the counterion:
p-galactose quenching of fluorescence of ThioGlo-3-labeled (&) 200 mequiv of K/L, (b) 200 mequiv of K/L and 0.48
3C423 (15). Labeled 3C423 in 200 mequiv of K& showed MM p-galactose, (c) 200 mequiv of N&., (d) 200 mequiv

an immediate 41% quench of emission upon addition of 20 of Na*/L and 0.48 mMp-galactose, and (e) 200 mequiv of
mM p-galactose but no quench with the nonbinding sugar Na"/L and 0.48 mMc.-glucose. The dodecyi-p-maltoside

20 mM L-glucose (Figure 2A). Thio-galactose-specific  detergent (C12M) contributed negligibly to the background
effect was essentially absent in"Kouffer (Figure 2B). In UV absorption and light scatter. The profiles of the five CD
200 mequiv of Na&/L (Figure 2D), the quench induced by spectra of 3C423 (Figure 3) were essentially superimposable,
D-galactose was concentration-dependent and saturable, witlwith no visible differences among the five substrate condi-
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Ficure 3: Far-UV CD spectra of 3C423 and VNGFPH6 and derived curves calculated by CONTINLL. (A) The CONTINLL-calculated
curves conform well to the experimental spectra of 3C423 and VNGFPH6. CDSSTR-calculated curves (not shown) were essentially identical
to those of CONTINLL. (B-D) The 3C423 residuals of the CONTINLL and CDSSTR curves are small, but those of SELCON3 are
significantly greater and indicate the broad regions where the SELCON3 curve deviated persistently from the experimental results.

Table 1: Secondary Structure Fractions Determined from CD Spectra

o-helix (%) B-strand (%)
VSGLT construct program H(r) H(d) >H ) S(d) >S % turn % unordered nrmsd
3C423 CONTINLL 58 24 82 0.2 0.1 0.3 45 14 0.019
CDSSTR 62 28 89 16 -1.0 0.7 2.8 5.9 0.019
VNGFPH6 CONTINLL 39 20 59 4.1 35 7.5 12 22 0.022
CDSSTR 39 21 60 4.9 35 8.4 11 20 0.035

aH(r) is for regulara-helix (o-helix peptide groups other than the two at eachelix end).H(d) is for distortedo-helix (two a-helix peptide
groups at each end of eaghhelix). YH = H(r) + H(d). ® §r) is for regularB-strand -strand peptide groups other than the ones at gestihand
end).S(d) is for distorteds-strand (ongs-strand peptide group at each end of efeftrand).>S= Sr) + Sd).

tions. The spectra cross the zero ellipticity axis between 202 produced two averaged composite curves, one each from
and 203 nm, and two minima appear at 221 and 209 nm,CDSSTR (not shown) and CONTINLL (Figure 3A). The
typical of an a-helix-rich protein. Positive ellipticity is  composite CDSSTR and CONTINLL curves made excellent
maximal at 193 nm. The\eypi/Aeagg ratio is 0.98; a ratio fits with the composite experimental spectrum, as indicated
near 1 is characteristic of-helices that closely interact, such by the residualsAéexperimenta— A€caicuiaed(Figure 3B,C). The
as coiled-coila-helices 21, 22). average value of the normalized root-mean-square deviations
Five 3C423 spectra, one for each of five substrate (nrmsd, eq 2) of the five CONTINLL and five CDSSTR
conditions, were analyzed for secondary structure contentcurves, calculated for each 3C423 experimental spectrum,
using the CDSSTR and CONTINLL algorithm&3). (De- was 0.019; an nrmsd value of0.1 indicates excellent
spite algorithm SELCON3’s general agreement with the agreement between the experimental and calculated curves
curves calculated by these two algorithms, it was not used (19, 23).
for reasons discussed below.) Each spectrum represented the Secondary structure fractions of 3C423 were calculated
averaged composite of 16 tandem scans. from each of the five substrate-specific experimental spectra,
These five spectra were essentially superimposable, withand each fraction was averaged: the relative standard
no apparent dependence on substrate conditions. As with thedeviations (RSD) were<1%. The totala-helical fraction
five originating experimental spectra, the five derived curves calculated by CONTINLL (82%) and CDSSTR (89%) gives
were also essentially superimposable. Therefore, to fully an average value of 8% 5% a-helix (Table 1). Both
utilize all spectral data that were collected, the five spectra programs indicated less than 184strand (i.e., fewer then
were averaged together to form one composite experimentalsix amino acid residues, or fewer than three H-bonds), an
spectrum (Figure 3A). Similarly, the calculated curves average turn fraction of 4 1%, and an average unordered
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Table 2: Derived Values of the Number afHelices,3-Strands, and Amino Acid Residues in Structure Fractions

a-helix2 B-strand

VSGLT construct program no. of amino acid residues} H(r,d) (%) N AA,  AAims AAgag Ng AAg
3C423 CONTINLL 593 82 35 485 355 130 0.4 2

CDSSTR 89 41 530 175 —2.8) 4)
VNGFPH6 CONTINLL 827 59 41 485 355 130 14 62
CDSSTR 60 43 495 140 14 69

(GFP) CONTIN 238 20 - 48 - - - 124

CONTINLLY 5 3 11 - - 15 98

CDSSTR 7 4 16 - - 16 79

(DSSP} 2 1 4 - - 11 118

a3 H is the percentage total calculateehelix fraction= %H(r) + %H(d). N, is the total number of calculatedhelical segmentd\, = (total
number of amino acid residues) H(d)/(4 distorted residuesthelix). AA, is the number of amino acid residues in the calculatdtlix fraction.
AA .—ms is the number of amino acid residues in membrane-sparminglices and was estimated from the sum of 28 residues in the glycophorin
A span plus the residues delimited by spanning helix ends of vSGLT as determined by the interfacial hydrophobicity/reverse turn propensity
method IFH/RT 2, 26). AA«—aqis the number of residues in non-membrane-spanaihglices= AA, — AAu-ms ° Nz is the number of calculated
p-strands.N; = (total number of residuesy H(d)/(2 distorted residuggistrand). A4 is the number of amino acid residues in the calculated
B-strand fraction® Experimental data of Visser et aB5) as originally analyzed using a data set of 16 soluble proteifs { Experimental data
of Visser et al. 85) reanalyzed using the SMP56 data sE)( ¢ “Actual” GFP secondary structure fraction values derived from crystallographic

data @7).

structure fraction of 10t 5%. From the distortedi-helix 3C423 in Near UV

S ) ~ 0.3

fraction, it may be estimated that there are between 35 and g ———
41 a-helical segments in 3C423 (Methods and Table 2). —; o

VNGFPH®6: Circular Dichroism in the Far UV.CD o ;T{
spectra of VNGFPHS6, a fusion protein of vSGLT and GFP, 5 ai
were recorded under the same five substrate conditions used [ I
for 3C423, and these were also found to be superimposable; » A/
therefore, all were used for CD analysis as an averaged § i WX
composite spectrum as described above. The composite CD §
spectrum (Figure 3A) is characterized by an overall reduction € -0-01
in intensity relative to that of 3C423, which is consistent é
with “dilution” of the primarily a-helical vSGLT structure L -0.02 K
with the nonhelical 8-barrel GFP structure. The minimum 2 B L T
at 209 nm is~40% less intense than that of 3C423; theratio < .g.03

of the minima is slightly greatemNez»dAesge = 1.02), and 240 260 280 300 320

the positive maximum is red-shifted relative to that of 3C423 WEsiahoNine)

by ~1 nm, to 194 nm. These changes are consistent with FIGURE 4: Increased near-UV dichroism of aromatic residues of

expected consequences of the introduction of BRPeets, 35423 induced by the addition of substrates. 3C423 spectra were
recorded in buffer B containing (i) 200 mequiv of" K., (ii) 200

The CONTINLL- and CDSSTR-calculated curves conform  mequiv of Na/L, or (jii) 0.48 mM p-galactose and 200 mequiv of

closely to the experimental spectrum (Figure 3A), showing Nat/L, with sulfate counterion. The horizontal line indicates positive

low nrmsd values of 0.022 and 0.035 (Table 1). dichroism of the tryptophangdband. Phenylalanine contributions

The VNGFPH6a-helical fraction values calculated from to negative dichroism at 262 and 268 nm are indicatedbby

the five substrate-specific spectra by CONTINLL or CDSSTR . . L
averaged 5960% with RSDs of <1% (Table 2). Each 3C_423_: Circular Dichroism in the I_\Iear U\CD spectral_
program significantly underestimated the actual (14%) contributions frqm tryptophan, tyrosine, and phenylalanine
p-strand fraction contributed by the GFP domain, 7.5% by Were recorded in the near UV between 320 and 250 nm.
CONTINLL and 8.4% by CDSSTR, with RSDs of 4 and The peak at 292 nm in the absence of substrates indicates
18%, respectively. The turn fraction was calculated at 11 that positive dichroism of the tryptophan band dominates
12% and the unordered fraction at-282%, both with RSDs the spectrum (Figure 4). Phenylalanine contributions to
of <6%. The number ofo-helices in VNGFPH6 was hegative dichroism are evident in the peaks at 262 and 268
estimated from the distorteathelical fraction to be 4443 nm; the first Phe fine structure band is typically near 270
(Methods and Table 2). nm (24, 25). Relative to the spectrum in 200 mequiv of K

L, a small increase in intensity extending below 283 nm

- — - appeared in 200 mequiv of NA and increased with
2 SELCONS analysis of 3C423 indicated a+helical content of 90%

and an absence gstrands. Although the SELCON3 nrmsd was an decreasing wavelength.
otherwise acceptable value of 0.07, the residuals ranged il b A further increase in intensity, but now extending below

molar absorption units per residue, as graphed in Figure 3D, and the . .
calculated curve deviated persistently from the experimental curve. For 309 nm, occurred in Nawith 0.48 mM p-galactose. A

VNGFPH6, SELCON3 calculated am-helical content of 57% and  careful measurement of the UV absorbance curve was
generated a curve that again deviated persistently from the experimentafacorded simultaneously with acquisition of each CD spec-
spectrum and had a relatively high nrmsd of 0.105. Therefore, .

SELCONS results were not used in the structural analyses of either 'Um. The three absorbance spectra were superimposable,
3C423 or VNGFPHS. indicating that the intensity changes noted among the three
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CD spectra did not derive from differences in scatter,

background, or sample variability.
Estimation of the Extrabilayer Subfraction afHelical
Amino Acid ResiduesThe total a-helical fraction can be

Turk et al.

(i) The soluble form of vSGLT was functionally active.
Substrate-dependent conformational changes in vSGLT were
demonstrated in proteoliposomes by fluorescence quenching
of labeled 3C423 15). 3C423 in detergent micelles also

subdivided into (ayt-helices participating in membrane spans shows this substrate-specific quench, Withvalues for Na
and (b)o-helices in nonbilayer domains. These were derived and p-galactose that are essentially indistinguishable from
as follows. Using the experimentally and computationally those obtained in cotransport-competent proteoliposomes.

determined transmembranehelical regions of SGLT1 as

Evidently, vSGLT retains its functional activity in C12M

a starting point, the putative ends of homologous VSGLT detergent.
membrane spans were estimated by an interfacial hydropho- (iv) The use of detergent-solubilized protein avoids scat-

bicity/reverse turn propensity method, IFH/RZ6|, which

tering and band flattening artifacts associated with mem-

had been applied previously to human SGLT1 and lactosebranes 29, 30).

permeased, 5). The number of lactose permease residues

in transmembrane-helices as found by crystallography is
within 5% of the IFH/RT estimate, an indication of suitable

(v) A large crystallographic reference set of protein basis
spectra was utilized. The prior lack of a CD database that
includes membrane proteins has been cited to compromise

accuracy. IFH/RT analysis of vSGLT (not shown) indicates structural accuracy for membrane proteitd)( This issue
327 amino acid residues in membrane spans, averaging 23 was addressed by introduction of the SMP56 reference set,
24 residues per span, consistent with bilayer thickness. 3C423which incorporates data on ninehelical membrane proteins
has an additional (15th) transmembrane span comprised of(13).

the 28-residue glycophorin-helix, yielding ~355 residues
in transmembrane-helices. Thus, from 130 to 175 residues,
or 27—33% of the totala-helical fraction, are implied to
occur in nonbilayei-helices (Table 2).

An estimate of the number of-helical segmentd),, can
be derived from the distorted-helical fraction.N, was
calculated to be 3541 for 3C423, agreeing well with the
value of 41-43 similarly obtained for VNGFPH6, which
incorporates one additional-helix of four residues. The
factor of Y/, in eq 3 was originally tailored such that CD-
derived estimates dfl, best matched thd, values derived
by DSSP 27) from the crystallographic structures of the

(vi) CD-derived estimates of secondary structure content
were cross-checked by utilizing three independent computer
algorithms.

(vii) The CD-derived decrease in relatiwehelical content
which results from fusing GFP to 3C423 (VNGFPH6
construct) is consistent with the calculated value, accounting
for the secondary structure contributions of GFP, as deter-
mined from crystallography.

The algorithms supplied with the CDPro CD analysis
package 12) were used to analyze the far-UV CD spectrum
of 3C423. CONTINLL, CDSSTR, and SELCONS3 indicated
that theVibrio vSGLT Na'/p-galactose cotransporter has no

proteins in CD reference set SMP56. However, it should be S-strands and is a primarilyg-helical structure with 82, 89,
noted that by using the protein structure visualization and 90%a-helix, respectively. The averaged CONTINLL

program Swiss-PdbViewe2§), it is apparent that DSSP
yields a greater number of transmembranbelices than is

and CDSSTR values for other fractions were 3:61.2%
turns and 9.7+ 5.4% unordered structure (Table 1).

apparent to the eye, a result of subtle bends and kinks inCONTINLL and CDSSTR analyses of 3C423 gave the low
otherwise continuous helices. For example, lactose permeas@rmsd value of 0.019, and their calculated curves conformed
has 12 o-helical transmembrane domains, while DSSP closely to the experimental spectrum (Figure-38). The

partitions these into 1@-helical segments.

DISCUSSION

Our previous ATR-FTIR study of theVibrio Na/b-
galactose cotransporter vSGLT indicated a lavhelical
content inconsistent with the topological model of 14
transmembranen-helical spans §, 10). The secondary

calculated fraction of totak-helix was not overly sensitive
to potential errors in the determination of protein quantity;
a hypothetical error of£5% in estimated protein concentra-
tion resulted in a 34% change by either program.

The secondary structural profile of vSGLT that results is
that of a largelya-helical protein devoid of-sheets. This
profile parallels that of two transporters in the functionally

structure content of vSGLT was therefore reevaluated by CD related major facilitator superfamilydg). Crystallographic

spectropolarimetry, a fundamentally different physical tech-

analyses of the lactose permease and the glycerol 3-phosphate

nigue whose particular strength is the accurate estimationantiporter (GIpT) reveal 80 and 74&6helical structures and

of a-helical content.

a complete lack of-sheets 32, 33). In contrast to the CD

The secondary structural profiles of vSGLT that were of lactose permease and GIpT, the CD of 3C423 indicates
indicated by CD and by FTIR were so disparate that several that a large fraction of its totak-helical content resides in
stringent measures were taken to ensure high CD accuracynontransmembrane domains+30%, vs 5% for lactose

(i) Protein concentrations were estimated using an accuratepermease or GIpT (see below). The greater nonbilayer
and robust UV absorption difference method. We standard- a-helical content of vSGLT is consistent with its larger
ized eq 1 for each construct, based upon amino acid analysimmumber of extramembrane residuef@8 vs 102 in lactose

(Methods).
(ii) Structural quantitation by CD is fundamentally de-

permease, 140 in GlpT).
The legitimacy of the CD secondary structure values

pendent upon the accuracy of the estimate of protein obtained for 3C423 was examined by appending a protein
concentration. The volume accuracy of detergent solution of known structure. The GFP moiety of construct VNGFPH6
aliquots is inherently low for air displacement pipets due to (Figure 1) is3-rich and contributes one four-residoehelix.

tip wettability; therefore, positive displacement pipettors were Its calculateda-helical content should therefore closely
used exclusively to ensure accurate protein concentrationsmatch that of 3C423. Preparations of VNGFPH6 are
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intensely green fluorescent; the GFP moiety is thus folded tional changes in the environment of one or more tryp-
into its nativeS-barrel structure. CONTINLL and CDSSTR  tophans. Tryptophan is commonly found to contribute to the
calculated the equivalent of 48895 amino acid residues binding site of sugar-binding protein3%). It is conceivable

in the totala-helix fraction, in agreement with the range of that the dichroic increase withrgalactose reflects the direct
485-530 calculated for 3C423 (Table 2), despite the greater influence of a boun@-galactose molecule on a binding-site
size and complexity of VNGFPHG6. The addition of a large tryptophan.

p-rich structure (GFP) had evidently little effect on the In the previous study, ATR-FTIR of vSGLT construct
calculation of thex-helical fractions, although both programs VNH6A (Figure 1) had indicated a minimura-helical
underestimated thg-strand content (7998 amino acid content of 35%, which increased to 53% in the presence of
residues vs 118 actual, Table 2). The large contribution of substrates 10). In contrast, CD analysis in the far UV
VSGLT a-helical structure to the total ellipticity of VNG-  indicates an 85%u-helix content that is invariable with
FPH6 may be expected to partially mask the wegkstrand ligands. It has been noted that the interpretation of protein
contribution. Underestimation of thg-strand content is  FTIR data by curve fitting methods, like those we had
consistent with the significantly lower accuracy of all CD employed, has a marked tendency to find-2B% 5-sheet
algorithms in determining thg-strand fractions 12, 13). content ina-helical proteins that are devoid of shee38,(
Both programs overestimated the numbelpestrands (14 39). For example, the crystallographic structure of the
vs 11 actual) [PDBFINDER databas®]], but the difference  membrane protein aquaporin 1 is predominanthelical

of three strands falls within the range of errors reported for (56%) with noS-strands, but two FTIR studies indicated 18
CD estimates of-strands for 29 proteins of known crystal- and 42%j3-sheet structure conterd@, 41).

lographic structure20). In ATR-FTIR, adsorption to the germanium surface has

A previously published CD analysis of GF85j estimated been observed to induce significant conformational changes
the s-strand content to be 52%, close to the actual value of in several proteins, producing multiple adsorbed conforma-
50%, but significantly overestimated tlehelical fraction tional states, thus altering the IR spectrud)( Such
(20% vs <2%). A reanalysis of that data via CONTINLL adsorption effects may be responsible for the anomalous
and CDSSTR and the SMP56 reference set (Table 2) yieldsATR-FTIR estimates of vSGLT secondary structure. Ad-
an improved estimate of-5/% o-helix but less accurate  sorption phenomena may also account for the discrepancies
estimates ofy-strand content (3341%). noted between two earlier structural assessments of lactose

This CD-derived profile of 3C423, 8% 5% a-helical permease: CD had indicated 83#4helix, while ATR-FTIR
content with an absence gfsheets, more closely reflects had indicated 65%u-helix and 25%/-strand 3, 44).
the experimentally mapped topological structure of vSGLT Crystallography now demonstrates the permease has 86%
than does the profile indicated by ATR-FTIR. o-helix and nog-sheets 32).

ATR-FTIR had indicated a 1.5-fold increase in the A possible explanation of the dramatic effects that
o-helical content of vSGLT upon addition of substrates. In substrate binding had on the FTIR spectrum of vSGLT
contrast, five far-UV CD spectra of 3C423, each recorded follows. The ATR-FTIR experiments of Oberg and Fidi2)
under a different substrate condition, were superimposable,demonstrated that a fraction of protein molecules adsorbed
suggesting no changes occur in secondary structure contentto Ge equilibrates between an adsorbed, distorted state(s)
We examined the near-UV CD spectrum of 3C423 to detect and the nonadsorbed native state. Conformational changes
substrate-dependent conformational shifts affecting the en-in vSGLT accompany substrate binding, as evidenced by
vironment of any of the 76 aromatic amino acid residues. In near-UV CD. (The change from Kto Na" resulted in a
the absence of substrates, a positive tryptophgarbdnd 60% increase in the absorption ratiy/Aq, of the ATR-
dichroism dominates, as evidenced by the peak at 292 nmFTIR amide Il band of vSGLT, indicating a significant
(Figure 4). This indicates a prominent contribution from decrease in helical tilt relative to the Ge surface.) The
tryptophans in hydrophobic environments. Nine of the 3C423 considerable adsorptive structural distortion detected by
tryptophans are indicated in the secondary structure modelATR-FTIR would likely render the adsorbed state(s) of
to reside within the membrane, which is consistent with both vSGLT incapable of binding substrate. By simple mass
the dominating L type of CD band and the blue-shifted action, addition of Na would shift the adsorbe#> nonad-
tryptophan fluorescence emission peak seen at 3273@n ( sorbed equilibrium toward two native, nonadsorbed forms:
Relative to CD in K, dichroism below 283 nm increased both unbound and Nabound forms. Sugar would then shift
in Na™ as the wavelength decreased (Figure 4). CD differencethe equilibrium further (i.e., toward unbound, Nhound,
spectra show no obvious vibrational band (data not shown).and bound to Naand sugar). (Additionally, the diminished
Dichroism increased further upon additionmfalactose in rate and extent of HD exchange seen in ATR-FTIR upon
Na’, now extending to~309 nm. These dichroic increases the addition of substrates indicated substrate-bound confor-
indicate stepwise conformational shifts accompanying bind- mations of vSGLT to be more rigid and, thus, may
ing of ligands. themselves be more resistant to re-adsorption and deforma-

The CD intensity increase observed upon addition of tion than unbound vSGLT.) The preceding scenario es-
D-galactose, seen extending up to 309 nm, indicates increasedentially describes a “conformational selection mechanism”,
CD of the tryptophan kL band, centered near 280 nm. which has been demonstrated in antibody/antigen recognition
Tryptophan is the only aromatic residue capable of absorbingand leucine zipper formatio§, 46). Whatever the mech-
up to and slightly beyond 309 nm, and its near-UV CD anism, it is quite intriguing that conformational effects of
transition is especially sensitive to solvent accessibility and substrate binding were somehow greatly magnified in ATR-
to the proximity and orientation of other aromatic side chains. FTIR; any plausible mechanism must account for the large
The CD increase witlb-galactose thus reflects conforma- magnitude of the change. It is not inconceivable that the
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phenomenon, should it become physically well understood, 10.
may offer a new investigative tool.

In summary, far-UV CD reveals vSGLT to be a highly
o-helical protein withoup-strands, similar to the structural
profiles of two crystallized, functionally related transporters
of the major facilitator family. The use of the vSGLT single-
Cys construct 3C423 in a detergent-solubilized form simpli-
fied CD spectral acquisition, essentially eliminated scattering
and band flattening artifacts, and permitted CD acquisition

and a functional assay on the same sample. The fluorescence
quenching upon substrate binding demonstrates the solubi-

lized 3C423 construct is conformationally active, not dena-
tured, with ligand affinities indistinguishable from those
measured in cotransporting proteoliposomes. Calculated CD 15
curves closely conform to the experimental far-Uv CD
spectra with highly significant nrmsd values. Use of the large

spectral analyses. The 858&shelical content indicated by
CD is fully consistent with the 14-transmembrane span
topological model of native vSGLT that has extensive
experimental support. CD analysis of a fusion of vSGLT to
p-rich GFP as a control supported this estimatexdfelix
content. Analysis of the CD data, coupled with IFH/RT
predictions of transmembranehelix ends, indicates that a
large fraction of the totad-helical content of vSGLT (27
33%) resides in its nonbilayer domains.
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