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We have used UV absarbance spactroscopy to study the binding of lincar and circular matiodextring to maltose<hinding protein (MBI, Tittations

with maltese yickd three soabestic points in the difference spoectrum of MAP. consistent with two protein conformations: ligandsfree and ligand-

bound. In comtrast, titratioas with maftotettacse revesl three conformations: Hgand-free, o tow-aftinity hganded state, and a high affinity liganded

state, Those resufts confirm and oxtend the results from trtium NMR spectroscopy. samety., that MBP can bind maltodestrin elther by the sugar's
anomeric end (high allinity) or by the midlle of the maltoadentrin chain gow affiaity).

Maltose: Malodevrin: UV difforence spoctroscopy: Anomer speciticity: Periplasmic binding protein

I INTRODUCTION

Maltose-bindire protcin (MBP) is a periplasmic pro-
tein from Zwinrichia coli inv. od in transport and
chemotanis towards maltose and maltodextrins [1).
Purificd MBP binds both lincar and circular malto-
detrin molocules (&t 1.3)o-glucose polymers) with high
affinity (K = ~ 1 uM) and a stoichiometry of one
ligand per MBP [2]. The 2.4 A X-ray crystal structure
of MBP shows two folded domains counected by a
hinge region with the substrate binding site located be-
tween the two domains [3).

Upon ligand binding. MBP undergoes a conforma-
tionat change. This change was first observed by fluo-
reseence emission spectroscopy [4] but definitive proof
required flucioscence energy transfer experiments with
fuvissrently derivatized protein [S). ‘The nature of this
conformanonal change was partially clarified by sma. -
angte neutron saattering expenments with arabinose
binding protein (a similarly structured protein) that
suggested that the two domains come together during
ligand binding in what was colorfully termed the
*Venus flvtrap™ model [6.7].

Tritium NMR spectroscopy with labeled malto-
dextrins has shown that MBP recognizes the ligand's
anomeric configuration, binding a-anomers with much
higher affinity than S-anomers [8]. The degree of ano-
meric specificity depends on the length of the malto-
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dextrin. In addition, two distinct tritium NMR res-
onances were detected for intermediate length f-malto-
dextrins bound to MBP. These were interprete’  irise
from sugar-protein complexes with the ligand ~sond
cither by its reducing end ("end-on binding’) or by its
middle (‘middle binding’).

We contirm these conclusions by using UV absorb-
ance difference spectroscopy. Lincar and circular mal-
todextrins, upon addition to MBP. induce specific and
characteristic changes in the protein's near UV absorp-
tion spectrum that can be used to distinguish between
the two types of ligand-MBP complexes. We find that
addition of maltose (two giucose residues) to MBP
results in only one ligand-MBP ¢ s'mplex while addition
of maltotctraose (four glucose residues) results in two
complers 2nd-on-birding and middle-binding.

2. MATERIALS AND METHODS

Maltodextrins, lincar 2i1.4) glucopyranose polymers sanging from
maltose ftwo glucose residucs) to maltoheptaose (seven glucose
residucs and circular (F-cyclodextrin, seven glucose residucs) were
purchasad from Sigma Chemical Co. and used without further pu-
rification. MBP (mahosc-binding protein was purified as described
[$1using the cross-linked amylose affinity column of Ferenci and Klotz
[9]. To remove bound maltose. MBP was extensively dialyzed as de-
scribed by Sithavy et al. [10) The UV extinction coelficient of MBS
used to calculate protein concentrations was 1.7 (7%, ) at 280 am
8
: l-U\" spectroscopy was earried out on a Perkin-Elmer Lambda 2
spectrometer and a Shimadzu UV-2000 spectrometcr. For difference
Ao, MRP (OD ~ 1,280 nm} in 20 mM potassium phosphate bufter.
pH 7.4, was added 1o both sample and reference cuveites and the
baseline correction procedure of the spectrometer run. Titraiions were
made b sucovssively adding 3 ul of a maltodextrin solution (1 mM\D
cortaining MBP to the sample cuvette (1 ml). The presence of Myl
in the stock maitodexirin soluiion climinated any difution of MBP in
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the sample: cuvette. Titrations wete always started by a blank (no
addition) spectrum that was subtracted {rom subsequent spectra.
Spectra wete aequived at ambicnt temperature with the slowest pos-
sible scan speeds (20 nwv/min, Patkin-Elmer; = 12,5 no/min, Shi-
madzw) and either 1 or 2 am monochromutor st widihs,
The computer fitting of the maltotetrnose tittation wus carricd ow
of .Fortran:programs:on-a.Sllicon Graphics:Personal Aris
meters wis dchieved by
ing simplex algorithin
comparing the six observed
leulinled concenteations

“olbound a- and
A-maltotetraos

-MBP: :
wute digitized every 0.5 sott 240,58 and 340 tm with u limiting
resolution of § x 107 nbsorbance unlits, .

In the stmplest fitting, 10 parameters were vatied: o constant (fre
quency independent) offset Tor each observed spectrum (6 parume.
tor), and:the:composition of the: two.model spectra (4 purumeters),
Each model spectrum wan culeulated s w linear combination of two
observed spectra: one before saturation of the available MBP sites (13
AM nddition) and one after complete suturation (304M nddition), The
umount of bound &~ and Z:maltotetraose wis culeulted unulytically
from . the -amounnt: of: maltodextrin added, the equilibrium solution
(input) o/ varlo, the concenteation of MBE, and the dissoclmtion
cohstanty for = and Pmnltowtraose. In loter {tings, more paras
melers were added to the mininization. The input a/8 ratio, the MRP
concentration, and the dissociation constants were allowed 1o vary: o
lineat (frequency.dependont). oftset for vuch observed spestvum was
added (10 .account lor non-specilic-sentter). Amd, taliy, the model
spectra were calculuted as Hnear combinations of all observed spectra
in order to reduce the effocty ol noive or other blus in the individual
spectra,

3. RESULT*®

3.1. Difference spectra of MEP

The UV absorbance spectrum of maltose-binding
protein (MBP) showed a beautiful set of difference
curves when maliodextins were added (Fig, 1) The
absorbance changes were saturable and highly vepro-
ducible (Fig. 2). Comparison of the amount of wmalto-
dextrin added and of the amoum of MBP presemt was
consistent with a one-to-cac stoichiometry of binding
(Fig. 2).

For the purpose of comparing the spectinn i was
convenient. to divide the spectta into three regions:
above 280 nm, 280 nm to 265 nm, and below 265 mm.
The most dramatic differences between the specten ob-
tained with threc substrates, maltose, maltoheptaose,
and cyclic maltoheptoase, occurred above 280 nm (Fig.
1). As discussed below. the fractional changes velative
to absolute absorbance were also greatest in this vogion,
It is possible that the movement of individual ¢hro-
mophores may de responsible for the numerous peaks
and valleys observed. MBF contains 8 tryptophan
residues that are responsible for the majority of the
protein absorbance, particularly above 290 am. Be-
tween 265 nm and 280 am, addition of the three sub-
strates generated essentially identical difference spectra.
Maltoheptaose produced a small vertical offset but like
the other maltedextrine showed an identic: 1 pattern of
three small peaks at 278 nm, 273 nm, and at 265 nm.
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Fig. 1. UV dilTerence spectiy of maltose-binding protein (MBP). The

ultravivlet absorbance spectrum of MBP {16 2¢M, thin line, tight hand

senlo) I compured to the dilforence spectea after addition of 60 uM

multose (heavy line), maltoheptzose {dashed Hned or Scyclodentrin

eyclomaltoheptaose, dotted line), The dilerence spectra were alighed

(zeroed) ut 330 und expanded 19fold (left hand scale). Buiter: 10 mM
Triv-Cl, pH 7.5, 20°C,

In the third region, below 265 nm, the spectrum of MBP
in the presence of eyclic maltodextrin departs strongly
from thut in the presence of lincar maltodextrins. There
was little evidence for fine structure in this region of the
spectrum,

The difference spectra of saturating concentrations of’
intermediate length maltodextrins between maltose and
maltoheptaose were also examined (Fig, 3 and data not
shown). The dilference curves for maltotetraose and
maltopentaose were very similar to the ditference curve
for maltoheptaose. The difference curve for maltotriose
was intermediate between maltose and maltoheptaose
but more similar to maltoheptaose, This situation is
similar to changes in the fluorescence cmission spectrum
oft MBP measured upon the binding of intermediate
length maltodextrins (4],

One of the most notable features of these Jifference
spectra was the large relative amplitudes octween 300
and 320 nm, The maltose difterence spect: din shows o
small peak of hyperchromicity at 316 nm where the
MBP absorbance spectrum bas toss than 2% of i< peak
280 uin absorbanee. The chapge vt ths car dagth cor-
responds to S0% increasc in absorbance. This most
likely represents a red shift in the absorption spectrum
of the most red-shilted tryptophan. Movement of an
aromatic residue into a more hydrophobic environment
can lead to a ved shitt of its absorption spectrum {1 2,1 3],
Sinvilarly, the maltoheptaose difference spectrum shows
a peak of hypochromicity at 304-305 nm where MBP
has only 7% ol'its peak 280 nm absorbance. The change
at this wavelength corresponds to almost a 20% de-
crease in absorbance, possibly due to movement of a
teyptophan into a more hydrophilic environment.

At shorter wavelengths, all the linear maltodextrins
generated, upon addition to MBP, a marked hypochro-
micity around 250 nm. For maltose, this corresponded
to a decrease in relative absorbance of 14% at 247 nm.
As is clear from the vertical axis in Fig. 1, the total
absorbance change of MBP (measured between 340 and
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Fig. 2 Thraton of the UV differenc: spectra by axlione additions 1o maltose-himding peotain. haosbestiv points are prosent at VLE 304 and 294

arm. Additions to MBE 13 M) were carmiod oul as downbad in Scotion 2 to obtain final concenteations of 2.4, % 02, 30 and 34 M maliose,

Stna’l offscts (0310 ~ LI mAR <o sdbdal to alie= the spaxtes at W0 nm and a Bank spectrum (difference of two no-addition spectrad shown
for retcienee. Buflor: 20 mM K PO, pH 7.4, 200C.

240 nm) was not conserved. In all cases, the addition of
ligand caused a general decrvase i absorption.

3.2, Taration of maltese

Titration of maltose into MBP vichded three isosboes-
tic points consistent with a titration between two con-
formations: maltose-frec and maliose-liganded MBP
(Fig. ). The differcnce spectrum was saturable and
additions afler saturation had no measurable offect. in
principle, both the dissociation constant and protein-
ligand stoichiometry can be cakulaiad frem the ditra-
ton conves {soe e 13al). . practice. however, the high
affinity of maltose (relative to the MBP concentration!
makes determination of the dissociation constant rcla-
tively inaccurate. This problem might be overcome by
the use of 10 cm path length cuvettes.

3.3. Titration of maitetetraose

Titration of maltotetraose did not vield any isosbestic
points. By eye, the spectra appear to represent a mixture
of several absorbing species in varying ratios (Fig. 3).
The nature of this mixturc became clear after NMR
experiments showed that - and B-maltodextrins bind
with very different affinities and that they fe:m differcnt
types of bound complexes. [8). Since linear malto-
dextrins exist in selution as two anomers, v and 8. a
titration wilh malioteiraosc accessarily containg theee
components: ligand free MBP. a-maliodextrin-MBP.
and S-maltodextrin-MBP. In the casc of maltosc. be-

cause the dissogiation constants of @- and f-maltose are
similar, the ratio of @ and 8 complexes remains constant
throughout the titration. (1t is also probabic that differ-
ence speetra of the two complexes. a- and f~maltose-
M3P. are similar.)

In contrast. because the dissociation constants of a-
and S-mahetctraose differ by a factor of at least 10 [8).
ine raie of the @ and f complexes does not remain
constant throughout the titration and three compouents
are requited (0 fh wae observed spectra. In order to
cvrract the two difference 3 v Ui Geinallodoxinin
MBP and S-maltodexirin-MBP. a Fortrun compuier
program was writtent to fit the observed speetra. As
described in Section 2. a descending simplex method
was used. The results of a representative fitting are
shown in Fig. 4. in the upper panci the two meodel
differcnice spectra are shown a- and S-maltotctraose
bound to MBP along with the 10-fold expanded residual
dtfferences between the observed and simulated spectra.

A large number of different simulations were carried
out in order to determine the robustness and uniqueness
of the fitting. Different degrees of freedom were in-
cluded ¢2.¢ fixed or variable dissociation constants.
fixed ui varubk aput /R matios. eic) to assess cach
parameter’s relative importance and to avoid problems
with local minima. From these studies. we conclude
it G} certain parameters and the general shape of the
model spectra were well determined (identical in all fit-
tings). (ii) certain parameters were inter-related which
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Fig, L btration of the UV difference speetea by maltotetraose additions 1o malose-binding protein. Additions were vwde to MBP (6.4 M) 1o
obin Hnal concentradons of 8, 10, 15, 20, 28 tnd 30 M maltioterraose, The speetra were atigied acvonding w the computer it in Fig. 4 and a
line at zere abyorbanee deawn for telerence, Butler: 20 mM K10, pH 74, 20°C,

precluded their simultancous fitting, and (i) other pa-
rameters were undersdetermined. As an example of the
last category, the binding affinities of a- and f-nul-
totetraose were poorly defined because of the high MBP
coneentration (see Section 3.2), On the other hand, the
same zero oftsets of the spectra were consistendy found
in all fittings, Of particular interest were the parameters
that were inter-related. For example. the relative am-
plitade of the model beta spectrum depended on the
MBF concentration. In the majority of tittings, the
MBP concentration was fixed at (6.4 uM.

The most serious limitation of the computer fitting
was the inability to account for anomeric inter-conver-
slon wuring aequisition of the spectra. Because of the
higher affinity of MBP: for a-maltotetraose, the pres-
cnce of MBP shifts the equilibrium a8 ratio from its
solution value of = 0.5 to values of' 5 or more [8]. Using
p-glucose as & guide, we estimate that the rate constant
for inter-conversion of maltodextrins in our experimen-
tal conditions to be approximately 40 wmin, This was
reflected in the titvation fitting by a shift in the frec input
/8 ratio from 0.5 to 2.0 in the best fittings. Fixing the
input &¢/f ratio to 0.5 did not significantly change the
shape of the mod-! difference spectra but did alimost
double the root-mean-squared sum of error residuals.

Comparison of the model spectra with thosc of Fig.
1. reveals a striking similarity between the model -
maltotetraose-MBP spectrum and the S-cyclodextrin-
MBP (cyclomaltoheptaose) spectrum. Between 270 and
310 nm. both spectra show an identicar pattern of

36

rounded peaks descending to a broad valley (negative
peak) at 275 am. The similarity s cven more
pronounced around 250 am where both spectra present
a broad peak. The presence of this peak is the most
characteristic difference between the difference spectra
of the cyclic and lincar maltodextrins,

The model a-maltotetraose -MBP spoctrum resem-
bles the last experimental curve in the titration with
maltotetraose (Fig, ) 0. the curve obtained with o
large excess of ligand, This is a natural consequence of
the high atfinity ot the ¢ anomer since late in the tiea.
tion, addition of free a-maltotetraose displaces any
bound S-wmaltotetrnose. As deseribow shove. the vl
totetrose and maitoheptaose auffecencs caeves at sat-
urating concentrations arce quite similar.

4. DISCUSSION

We have studied changes in the UV absorbance
spectrum of MBP upon ligand binding. Our results arce
a strong confirmation of the model of waltodextrin
binding to MBP presented previously [8]. The conclu-
sion of this NMR study was that maltodextrins longer
than wmaltose could bind to MBP in two different
fashions: cither with the maltodextrin reducing end in
the MBP binding pocket or with the middle glucose
residue(s) oceupying this site. The balance between
these two binding modes was seen to depend on the
length of the maitodextrin and on the configuration of
the reducing end (a or B). While intermediate length
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Fig. 4. Cakulatad UV dufcrenge spwcta foe 2-malioiciiaose amd M-
mahotettuone. Compreter fitting of the maliotctzane Ltiadion siiown
in Fig, Yyrehhed two maoded speviza: ond for o high allimsy foem (uidia)
and ome for a kow afliniy forms §8vsa. The romainiag crros sosidual
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in onder of incroming maltotctraoss Conecntra..s (a 1), Spoctea arc
plotted on the same vertical salke {enarged 1010l Ko the residual
spectrad amd offsct for comparison. The computes fitting culculaied a
Ko 0F 0.008 2M for z-maliotetraesa., 217 M for mahotiiravw. and
an mpat 28 atio of 20 The MBE concentration was fisal at 16,3
@M.

B-maliodextrins bound in both modes. = -mahodextrins
up to maltohexaose bound exclusively “end-on” due to
the much higher affinity of MBP for such complexes.

o complement to the NMR stedy which observed
*H-labeled ligands. in the present study. we have studied
MBP-fticard complexes by observine the endogenous
aromaiic repostar grovns in MBP. AL it ebserved by
NMR. we contirm that the complex titration behavior
of maltotetraose is due to the presence of two com-
ponents: a low-affinity and high-affinity ligand. Based
on the NMR work. we assign these to - and x-mal-
totetraose, respectively. It was previously proposed that
cyclic maltodextrins must bind by the “middle’ binding
mode because they lack a terminal residue for “end-on”
binding [8]. The clear similarity between the S-mal-
totetraose and S-cveclodextrin difference specim con-
firms this hypothesis.

The model S-maltotctraose differenc:  spectrum
should. in fact, represent contributions from both “end-
on® and ‘middle’ binding. NMR of maltotetraose-MBP
complexcs measured approximately a 2:1 ratio of
‘middlc’ tc ‘end-on” binding for the 8 anomer. Some of
the minor differences between the f-maltotetraose and
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B-cyclodextrin difference spectsa may be due to the con-
tribution from ‘end-on” binding. We note atso that the
form ol the S-maltotetraose ditference spectrum is com-
pletely differemt from the maltose difference spectrum
which rules ot the presence of endogenous maltose as
A wivial explanation for the comples. maltotetraose
titration behavior,

Despite 1he richness of UV absarbance dilference
spectraseopy compared 10 fluorescence emission spee-
troscopy, it has not been frequently used inthe siudy of
periplasmic binding protens (see however [15,16)]). In
particular, UV absorbance difference  spectroscopy
should have a clear advantage in the study of the MBP
tryptophan mutant proteins [17] Such a study woukd
allow better insight imto the roles of the different tryvp-
tophan residucs in ligand binding and might allow the
assignment of some of the transitions observed. In this
regard, the additional dimension provided by cireular
dichroism spectroscopy might be helplut,

Lastly. oue  wonders abowt  the  physiological
refevance for the two modes of maltodextrin binding.
Does middie hmdm&g oceur with the presumed con-
formational chianges in MBP that permit it to mteract
with the other protein components in maltose transport
and chemotaxis? This question could be answered t
certain degree if cyclodextrins were found to be actin.
OF INUCLVE in vitro systems (oF other systems devoud of
the outer membrane permeability barrier) [18.19],

We may also be in a position to explain a class of
MBP mutants. deseribed in 1952, that have very un-
usual transport propertics in whole celts [20]. These
mutants bigkd both maltose und maltodextrins, suppont
transport maltose. but do not transport maltodestrins
in whole celts. The unusual aspect is that, while maltose
tramport by wild-type MBP i subject (o competitive
inhibitton by maltodextnins, transport by the mulam
MBPs is ondy slightly inhibited [20]. A similar enigma
exists in the . of maltadextrin dervatives {eg. -
nitrophenyvl-Oemaltohens~#ds) tha: Prgg - MBP with
good aftimiy but are not competiine intabitors of
maltose traasport [21.22] The fact that these derivagives
are altered at the sugans” reducing end gives us the cssen-
tial hint that in both cases (mutant MBP or altered
ligand) maltodexirin is unable to bind in the physiologi-
cally active end-on conformation. Middic binding is
unaflected but physiologically inactive. Since MBP is
present in wild-type ceils in large excess (roughly S-fold)
[23]. no compettive inhibition of transport activity in
whole cells is observed until high concentrations of the
inactive substrate are added.
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